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A bstract

C urren t practices in developm ent of V irtu a l R eality  (VR) applications are very costly in 

general and  difficult to  ad ap t to  various V R  platform s. T his thesis solves some of th e  issues 

related  to  th e  developm ent of V R  applications when a variety of hardw are p latform s is 

available, as in curren t V R  labs and  developm ent sites. We make visible a t a high level 

of ab s trac tio n  th e  m ost im p o rtan t elem ents in th e  interface of a  V R  application . C urren t 

rep resen tation  m ethods of V R  are e ith er to o  form al or to o  close to  a program m ing language 

to  be understood  by users, which precludes th e  analysis, evaluation, and  im provem ent of 

interface issues. We define a  clean separation  between different software com ponents in 

a  V R  application  and  its associated  sem antics. T his separation  allows us to  reuse V R  

com ponents, w ithout having to  w orry ab o u t unexpected side-effects. We also define a new 

way to  transfo rm  an  application  from  one hardw are p la tform  to  ano ther. We call th is 

process retargeting , and  it is based on our ability  of com ponent reuse and  th e  high level 

of ab s trac tio n  language we define. W e separate  two im p o rtan t roles in th e  developm ent of 

V R  applications. One is in charge of th e  overall arch itec tu re of th e  application . T hey  pay 

a tten tio n  to  interface issues, requirem ents coverage, and  com ponent reuse. T he second one is 

in  charge of fine -detail developm ent of com ponents and  its tun ing  to  a p a rticu la r deploym ent 

environm ent. We consider th is  separation  an  im p o rtan t way to  handle com plexity in the  

developm ent process. I t  enables different people to  concentra te  on different issues and  a t 

th e  sam e tim e co llaborate on th e  developm ent.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To Blanca, C laudia, and Monica.

To all people th a t  I rem em ber, and to  all people I do not, for the ir con tribu tions to  th is
p ro jec t I call life.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

1 I n t r o d u c t io n  1

2 R e la te d  W o rk  5
2.1 A n Overview of V R  Toolkits .............................................................................................  5
2.2 Dom ain Specific L a n g u a g e s ................................................................................................. 15
2.3 Software A rchitectures for V R  A p p lic a t io n s .................................................................  17
2.4 Execution M o d e ls ......................................................................................................................  19
2.5 R e ta r g e t in g ..................................................................................................................................... 20
2.6 Users of V R  T o o lk i t s ................................................................................................................... 21

3 C o n c e p t s  22
3.1 A n Inform al In tro d u c tio n  to  I n T m l ....................................................................................... 22
3.2 Execution M odel of an  InT m l A p p lic a t io n ......................................................................... 24

3.2.1 Im plem enta tion  issues of th e  E xecution M odel .............................................. 26
3.3 InT m l E x a m p l e s ........................................................................................................................ 27
3.4 InT m l Ontology an d  XM L r e p r e s e n ta t io n .......................................................................30

3.4.1 P o r t ................................................................................................................................  31
3.4.2 I P o r t ...............................................................................................................................  31
3.4.3 O P o r t ............................................................................................................................ 32
3.4.4 F ilte r ................................................................................................................................32
3.4.5 D e v ic e ................................................................................................................................ 32
3.4.6 Physical D e v ic e .............................................................................................................. 33
3.4.7 O b je c t ............................................................................................................................  33
3.4.8 Scene G raph  N o d e ....................................................................................................... 34
3.4.9 B e h av io r .............................................................................................................................35
3.4.10 C o n n e c t io n .................................................................................................................  35
3.4.11 O b je c tH o ld e r .............................................................................................................  35
3.4.12 E vents in th e  D ataflow  and  T y p e s ....................................................................... 36
3.4.13 C onstan t ..................................................................................................................... 36
3.4.14 C o m p o sed F ilte r ..........................................................................................................  37
3.4.15 A p p l ic a t io n .................................................................................................................  37
3.4.16 O ther L anguage F e a t u r e s ......................................................................................... 38

3.5 A Form al D escrip tion  of InT m l in  th e  Z L a n g u a g e ....................................................... 39
3.5.1 Basic C o n c e p t s .............................................................................................................. 39
3.5.2 F ilte rs and  D e l a y s ....................................................................................................... 41
3.5.3 An Exam ple: A O ne-B it A d d e r .............................................................................. 42
3.5.4 A pplications .................................................................................................................. 42
3.5.5 D ataflow  E xecution  ....................................................................................................45
3.5.6 Changes in  th e  D a ta f lo w .............................................................................................46
3.5.7 O perations Over an  A pplication ......................................................................  50

3.6 P roperties of th is  A rch itectu re  ..........................................................................................  53
3.6.1 An Exam ple of In T m l I n te r p r e ta t io n ...............................................................  54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.6.2 Lessons Learned from the  Z Language D e s c r ip t io n ...................................  55

4 D e v e lo p m e n t  P ro c e s s  b a s e d  o n  I n T m l  57
4.1 P rocess D e sc rip tio n .................................................................................................................  57

4.1.1 A pplication  G o a l ......................................................................................................  58
4.1.2 D escription and Refinem ent of A pplication  R equirem ents in InTm l

D o c u m e n ts .................................................................................................................. 59
4.1.3 Check C orrectness in InT m l D o c u m e n ts ........................................................  59
4.1.4 C om pleteness T est for C urren t L ib r a ry ............................................................  60
4.1.5 S tru c tu re  and  R eusability  Test for C urren t L ib r a r y ...................................  60
4.1.6 Im plem enting or T uning of A dditional F i l t e r s .............................................  60
4.1.7 T uning or Reorganizing of C oncepts in th e  InT m l L ib r a r y ..................... 60
4.1.8 E xecuting  and  Testing  of a New InT m l A pplication  ....................................61
4.1.9 Test Coverage of User R e q u ire m e n ts ....................................................................61
4.1.10 R e ta rge ting  of A n InT m l A pplication to  A New P l a t f o r m ...........................61

4.2 Exam ple: A M atching A p p l ic a t io n ......................................................................................62
4.2.1 A pplication  G o a l ......................................................................................................  62
4.2.2 D escription and  Refinem ent of A pplication  R equirem ents in InTm l

D o c u m e n ts ...................................................................................................................... 63
4.2.3 Check C orrectness in InT m l D o c u m e n ts ............................................................. 65
4.2.4 Com pleteness T est for th e  C urren t L ibrary  .................................................  65
4.2.5 Im plem enting or T uning of A dditional F i l t e r s ..................................................65
4.2.6 T uning or R eorganizing of C oncepts in  th e  InT m l L ib r a r y ......................... 65
4.2.7 E xecuting  and  Testing of a New InT m l A pplication  ...............................  66
4.2.8 Test Coverage of User R e q u ire m e n ts ...............................................................  66
4.2.9 R e ta rge t A n InT m l A pplication  to  A New P l a t f o r m ....................................66

4.3 Some M e t r i c s ............................................................................................................................  67
4.4 C om parison w ith  O th er Developm ent M ethodologies an d  3D Technologies . . 69

5 E x a m p le s  o f  U s e  71
5.1 A M atching A p p l ic a t io n ....................................................................................  71
5.2 Perform ance C om parison for T he Four V R  P la tfo rm s .................................................... 86

5.2.1 C om parison M e t r i c s ....................................................................................................87
5.2.2 M ethod  and  A p p a r a t u s .............................................................................................89
5.2.3 R esu lts .............................................................................................................................89
5.2.4 D isc u ss io n ......................................................................................................................... 93

5.3 A V irtu a l Clay A p p l ic a t i o n ....................................................................................................94

6 S u p p o r t  T o o ls  fo r  I n T m l- B a s e d  D e v e lo p m e n t  97
6.1 A n In T m l-B ased  D evelopm ent E n v iro n m e n t....................................................................97
6.2 T he In T m l L a n g u a g e .................................................................................................................. 98
6.3 L ibrary  of In terac tion  T e c h n iq u e s ....................................................................................... 100
6.4 T o o ls ................................................................................................................................................ 102

6.4.1 InT m l B r o w s e r ............................................................................................................ 102
6.4.2 InT m l Com piler .........................................................................................................105
6.4.3 InT m l C h e c k e r ............................................................................................................ 106

6.5 InT m l Fram ew ork I m p le m e n ta t io n ................................................................................... I l l
6.6 L ibrary  I m p le m e n ta t io n .........................................................................................................112
6.7 Core F ra m e w o rk s ....................................................................................................................... 112

6.7.1 R un tim e E n v ir o n m e n t .............................................................................................. 112
6.8 F u tu re  W ork .............................................................................................................................. 113

7 C o n c lu s io n s  114

A  I n T m l  F i le s  fo r  t h e  M a tc h in g  A p p l ic a t io n  117

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B  I n T m l F i le s  fo r  t h e  V i r tu a l  C la y  A p p l ic a t io n  159

C  D T D  fo r  I n T m l  F i le s  167

D  L ib r a r y  o f  R e u s a b le  C o n c e p ts  in  I n T m l  171

E  U s e r  S tu d y  P r o p o s a l  t o  t h e  E th ic s  C o m m it te e  205

F  A  B r ie f  I n t r o d u c t io n  to  Z 217

B ib l io g r a p h y  219

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

2.1 C allback based A rc h ite c tu re ........................................................   19

3.1 Select by Touching. A n Exam ple of a F i l t e r ................................................................  23
3.2 Simple A pplication. Touching O bjects W ith  a  V irtua l H and .......................................24
3.3 T h e  G o-Go in teraction  technique. G eneral and  detailed  views...............................  24
3.4 E xecution  M odel of InT m l A pplications betw een two rendering s te p s ..................... 25
3.5 E x tended  InT m l E xecution M odel......................................................................................  26
3.6 A Sim ple R epresen tation  of a M ouse in In T m l.................................................................. 28
3.7 A n InT m l R epresentation  of th e  In terSense W an d .......................................................  28
3.8 A n InT m l R epresentation  of th e  R ing M enu................................................................... 29
3.9 A n InT m l R epresen tation  of W orld -R elated  M ovem ent................................................. 29
3.10 A n InT m l R epresentation  of an  In terac tive  O b jec t......................................................  30
3.11 E n tities  and  relationships in  In T m l....................................................................................  31
3.12 R elationsh ip  betw een scene g raph  nodes and  InT m l ob jects ........................................ 34
3.13 Different s ta te s  of an  O bject H older during  execution .................................................... 36
3.14 In tern a l S tru c tu re  of an  F ilte r H older ............................................................................... 48
3.15 A M odified Version of a  Simple A pp lication ...................................................................  55
3.16 A M odified Version of SelectB yTouching.............................................................................. 55

4.1 C ollaborative developm ent process for a  p articu la r hardw are an d  software 
p la tfo rm .......................................................................................................................................... 58

4.2 A dap ting  a V R  application  to  a new hardw are and  software p la tfo rm .....................59
4.3 Tasks covered by several te s tin g  app lica tions.................................................................  66
4.4 C hanges in  Lines of Code per H ardw are P la tfo rm ............................................................68

5.1 A pplication  running  on a  P C  env ironm ent........................................................................... 72
5.2 A pplication  running  on a  SM ART B o a rd .........................................................................  72
5.3 A pplication  running  on a  HM D plus Joystick ..................................................................... 72
5.4 A pplication  running  on a P C  p lus 3D M ouse.................................................................. 73
5.5 R andom P Q  p o r ts .......................................................................................................................  74
5.6 R andom R ela tiveP Q  p o r ts .......................................................................................................  74
5.7 SelectB yR ay p o r ts ...................................................................................................................... 76
5.8 View an d  Selection in th e  H M D J P la tfo rm ..................................................................... 77
5.9 SelectB yTouching p o r ts ...........................................................................................................  78
5.10 R otationB ehav io r and  T ransla tionB ehavior p o r ts .............................................................79
5.11 Log p o r ts ........................................................................................................................................ 84
5.12 O rder of events th roughou t tim e .......................................................................................... 88
5.13 D istance error over tim e ..........................................................................................................  89
5.14 P h an to m  p o r ts ................................................................................................................................. 95

6.1 A rch itectu re  of an  im plem entation  of In T m l.......................................................................98
6.2 F ile view of In T m l........................................................................................................................103
6.3 C ategory  view of In T m l............................................................................................................. 104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.4 A rchitecture of th e  InT m l Com piler. R ounded boxes represent code genera
tors, rectangles are classes, ellipsis are  files, and we use the UML sym bol and 
sem antics for a package of classes.......................................................................................... 105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

2.1 Coverage of Interface E lem ents in V R  Toolkits. Short nam es in th e  first row
are as follows: p rogram m ing language ease of use (LE), hardw are coverage 
(HC), in itializa tion  and  se tup  (IS), m ultiprocessing (M P), device reg istra tion  
(DR), detailed device configuration (DD), m ain execution cycle (M E), device
rela ted  event handling (D E), draw ing (DW ), synchronization m anagem ent 
(SY), sim ulation ta sk  m odeling (ST), connections between com ponents (CC), 
geom etry details (GD ), and  navigation  techniques (N T). A darker gray m eans
a b e tte r  op tion  th a n  a  lighter one, from the  view point of a V R  developer. . . 15

2.2 Coverage of Interface E lem ents in  V R  Toolkits. A darker gray m eans a  b e tte r
option  th a n  a lighter one, from  th e  view point of a V R  developer...............................17

2.3 Extension M echanism s in  V R  T o o lk i t s ...........................................................................  18

4.1 Average num ber of Lines of Code (LOC) changes per P la tfo rm ..................................69

5.1 InT m l and  Java3D  Fram e R a te s ...............................................................................................90
5.2 T im e per E xperim en t.....................................................................................................................90
5.3 T im e for m atch ing ...........................................................................................................................90
5.4 N um ber of control events............................................................................................................. 91
5.5 D istance e rro r....................................................................................................................................91
5.6 O rien ta tion  erro r.............................................................................................................................. 91
5.7 P rep ara tio n  tim e ..............................................................................................................................91
5.8 Rankings of p latform s p er m e tric ............................................................................................. 92
5.9 P a rtic ip a n ts ’ previous experiences............................................................................................92
5.10 Averages of user answers in  th e  surveys.................................................................................92

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

T he field of V irtua l R eality  (VR) is now m ore th a n  30 years old, and in several ways is still 
in its infancy. A fter in itial overrated  publicity, m otivated  in p a r t by spectacu lar applications 
envisioned by science fiction au tho rs, and  th e  fru stra tion  th a t  followed when expectations 
were not m et fast enough, V R  is finally becom ing a real technology w ith  clear solutions 
in some specific industries. V R  applications in car p ro to typ ing , oil exploration , m ilitary 
sim ulators, en terta inm ent, an d  fear trea tm en t, am ong others, have dem onstra ted  th a t  V R  
technology has d istinct advantages in certain  fields, and th a t  m ore research is required to  
broaden its p o ten tia l use.

One problem  w ith  V R  technology is th a t  application  developm ent is still a  daun ting  task , 
partia lly  due to  th e  lack of m a tu re  an d  widely accepted developm ent too ls and  m ethodolo
gies. In  order to  achieve quality  in  a  V R  application, several novel inpu t and  o u tp u t devices 
should be seam lessly in tegrated ; as well, users should be able to  in te rac t w ith  inform ation in 
powerful ways. Such a deploym ent is com plex due to  hardw are ca lib ra tion  issues, software 
in tegration  of fram eworks and  libraries, and  th e  inherently  technical and  interwoven n a tu re  
of V R  technology. C urren t p rac tices are very costly in general and difficult to  ad ap t to  
various V R  platform s.

T his thesis solves some of th e  issues rela ted  to  th e  developm ent of V R  applications when 
a  variety  of hardw are p latform s is available, as in curren t V R  labs an d  developm ent sites. 
T he m ain contribu tions of th is  thesis are:

•  W e m ake visible a t a  high level of abs trac tion  th e  m ost im p o rta n t elem ents in the  
interface of a  V R  application . C urren t rep resen tation  m ethods of V R  are either too  
form al or to o  close to  a  program m ing language to  be understood  by users, which 
precludes th e  analysis, evaluation , and  im provem ent of interface issues.

•  We define a clean separa tion  betw een different software com ponents in a  V R  applica
tio n  and  its associated  sem antics. T his separation  allows us to  reuse V R  com ponents, 
w ithou t having to  w orry ab o u t unexpected  side-effects.

•  W e define a new way to  transfo rm  an  application  from  one hardw are platform  to  
another. W e call th is  process reta rge ting , and  it is based on our ab ility  of com ponent 
reuse and  th e  high level of ab s trac tio n  language we define.

•  We separate  tw o im p o rta n t roles in th e  developm ent of V R  applications. O ne is in 
charge of th e  overall arch itec tu re  of th e  application. T hey  pay a tten tio n  to  interface 
issues, requirem ents coverage, and  com ponent reuse. T h e  second one is in charge 
of fine-detail developm ent of com ponents and its tu n in g  to  a p articu la r deploym ent 
environm ent. W e consider th is  separation  an im p o rtan t way to  hand le com plexity in 
th e  developm ent process. I t  enables different people to  concen tra te  on different issues 
and a t  th e  sam e tim e co llaborate on th e  developm ent.

1
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The ideas presented  in th is  thesis evolved from  a tho rough  s tudy  of previous results 
in the  area of developm ent environm ents for V R  applications, our developm ent of four 
environm ents w ith  key ideas, and our developm ent of an  application  as a proof of concept for 
retargeting . O ur first environm ent used C + +  and P y th o n  as program m ing languages, which 
allowed us to  change th e  behavior of th e  application  a t runtim e. T he second environm ent 
used C + +  and M RToolkit, a  library  developed here a t th e  U niversity of A lberta , and went 
fu rther into the  com plexity of a program  w ith replaceable behavior and defined the  m ain 
concepts and s tru c tu re  in our represen tation  of V R  applications. We took  these previous 
experiences and  added  th e  im portan t concept of separation  of roles for developm ent in 
our th ird  developm ent environm ent, based on th e  Java program m ing language and XML. 
Finally, a  fourth  developm ent environm ent based on C + + , XM L, and Perform er is under 
construction , which provides developers of our CAVE-like environm ents w ith  a platform  
th a t  supports th e  concepts in th is  thesis. We m ade some a ttem p ts  to  use o ther libraries 
and dom ains, such as inform ation visualization based on th e  V T K  library, b u t we decided 
to  concentra te  m ost of our efforts on scene-g raph-based  technologies such as Java3D  and 
Perform er as a  way to  lim it th e  scope of th is  thesis. A fter th e  second pro to type, we also 
s ta rted  a process of refinem ent of our dom ain analysis by describing it in  a form al language 
(Z), and developing arch itec tu ra l reviews w ith  peers based on such a  description. M ore th a n  
80 person-hours were spent in  th is  review process.

T he following sections give fu rther explanation  of our m ain  contribu tions, which will be 
tre a te d  in  full deta il in th e  rest of th is  docum ent.

HCI E lem ents o f V R  A pplications
In  order to  em phasize th e  m ain concepts in a  V R  app lica tion  from  th e  point of view of 
its interface, we have developed a dom ain-specific language in  which the  dom ain is th e  
set of v irtua l reality  applications. D om ain-specific languages allow developers to  describe 
solutions to  problem s in  a language closer to  the  dom ain th a n  to  a generic program m ing 
language. C u rren t program m ing environm ents for V R  are lim ited in dom ain-specific con
cepts: some of them  cover a  p a rtia l set of concepts or th e ir  im plem entation  as a  fram ew ork 
on top  of a  program m ing  language. This usually requires high level p rogram m ing skills.

C urren t V R  specific languages usually describe in  g reat deta il th e  geom etry of th e  so
lu tion  and  som etim es th e  behavior expected from  th e  application . However, they  usually 
lim it th e  set of in p u t an d  o u tp u t devices to  a  few, or th e  capabilities of available hardw are 
to  the  ones th a t  are  s ta n d a rd  to  several installations. O ur novel approach describes th e  
arch itec tu re of an  application  in term s of abs trac tions of all im p o rtan t elem ents one can 
find in a  V R  app lica tion  interface: devices, behavior, and  content. Such a novel language 
gives developers th e  possibility  of designing solutions for any V R  installation  th a t  m ight be 
available w ith o u t going in to  excessive am ount of details.

We have developed a  form al descrip tion  of our language in  Z, a form al program m ing 
language w ith  a  clear sem antics. T his description allows us to  und erstan d  concepts rela ted  
to  th e  s ta te  and  dynam ic behavior of a system  w ithou t referring to  sub tle  details in any 
p articu la r im plem entation . T his language also allows developers to  im plem ent such concepts 
in  any V R  p la tfo rm  available. Nevertheless, our tw o last im plem entations in Java3D  and 
in C + +  fulfill a  subse t of th e  concepts in th e  Z language descrip tion  and  can  be taken  as a 
functional reference.

Software C om ponents for V R  A pplications
C om ponen t-based  developm ent allows the  construction  of applications based on reusable 
com ponents. A com ponent should clearly s ta te  its interface 1, its s ta te  inform ation, and

1T h e  in terface  of a  com p o n en t is th e  se t of charac te ris tics  t h a t  define its  in p u t an d  o u tp u t.
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possible side effects. M ost of th e  curren t too lk its for V R  developm ent organize applications 
in some m odular way, based on particu lar program m ing language constructs, b u t these 
m odules usually have in ternal side-effects and rely on a  fixed, non-scalable execution model, 
which makes th em  very difficult to  reuse.

We in troduce a m odular way to  construct V R  applications based on our dom ain specific 
language and  its well defined com ponents. C om ponents for devices, behavior, and  geom etry 
can be defined and  used, a t a higher level th a n  a  program m ing language such as C + +  or 
Java. Such com ponents can be much m ore relevant to  developers, since they  re la te  directly  
to  concepts found in th e  V R  dom ain, thus applications can be s tru c tu red  in a way closer to  
the  dom ain. They also d istance th e  developer from  details of the  execution model, so bo th  
sequential and  concurren t m odels are allowed in th e  im plem entation  and details are hidden 
inside com ponents.

R etargeting o f V R  A pplications
R etarge ting  is a  te rm  used in th e  com piler com m unity th a t  refers to  th e  ad a p ta tio n  of a 
particu la r source code to  th e  characteristics of a p a rticu la r processor, therefore an  im ple
m entation  uses th e  m ost of an  arch itecture. I t rela tes to  all m ethods for transfo rm ing  an  
im plem entation  to  th e  m ost su itab le stru c tu re  in a  ta rg e t p latform .

O ur novel so lu tion for V R  application  developm ent m akes possible th e  reta rge ting  of 
V R  software to  th e  p articu la r capabilities of a V R  environm ent. Since a  V R  application  is 
described in a high level language, it is possible to  accom m odate its im plem entation  to  th e  
p articu la r characteristics of an  installa tion . In  add ition , since dom ain specific com ponents 
like devices an d  behaviors are easily recognized, it is possible to  transform  an  application  
from  one in sta lla tio n  to  ano ther, by replacing devices an d  behavior while keeping su p p o rt for 
th e  sam e tasks. T h e  idea of re ta rge ting  in th e  field of V R  is novel, and it opens possibilities 
for V R developm ent w here several hardw are configurations can  be tested  and com pared.

R oles in V R  A pplication  D evelopm ent
One way to  reduce com plexity of a problem  is to  divide it in to  d istinct subproblem s, each 
one solvable by people w ith  certa in  kinds of skills. T h is sim ple idea can be used to  control 
th e  com plexity of v irtu a l reality  applications, allowing developers w ith  different skills to  
a ttack  different issues in a  developm ent effort.

O ur approach  differs from  previous a ttem p ts  to  solve th is  problem  in th e  definition of 
different roles for developers, in such a  way th a t  responsibilities and skills can be differen
tia ted . P revious a t te m p ts  could separate  concerns betw een developm ent groups, b u t they  
assum e sim ilar skills in each group. In our approach  we define th e  following roles, each one 
w ith  different skills: designers, developers, and  technicians. T h is reflects curren t p rac tice  in 
team s build ing V R  applications.

A designer of a  V R  application  concentrates on th e  application  dom ain and  is a user of 
a dom ain specific language th a t  gives her access to  th e  technology. Designers know w hat 
V R  applications can  do, th e ir  lim itations, and  possibilities, b u t do not necessarily have p ro 
gram m ing skills to  code a system  using languages such as C + +  or Java. A designer is also 
able to  analyze th e  app lica tion  dom ain, and  tra n s la te  it in to  a solution based on in tercon
nected com ponents in  th e  V R  dom ain. Designers are  capable of defining requirem ents for 
new com ponents, or reuse previously defined ones, w ithou t a  deep understand ing  of how 
they  work. T hey  know ab o u t a V R  specific language to  express V R  applications, and  they  
use such a  language to  express requirem ents to  developers. A designer is m ore in te rested  
in th e  overall behavior of th e  application  and  in  its usability  characteristics, ra th e r th a n  in 
th e  nu ts an d  bo lts  of th e  im plem entation . T heir knowledge is p la tform  independent, b u t 
they  know th e  p a rticu la r  characteristics of each V R  insta lla tion  and how to  take advantage 
of such differences in  an  application.
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A developer is th e  role assigned to  people who know how to  program  V R  applications, 
who know ab o u t th e  technology involved, and  how to  use it. Developers are proficient 
in p rogram m ing languages such as C + +  or Java and are able to  im plem ent functionality  
required by designers. Developers are in terested  in perform ance and fram e ra te , and  they 
are capable of tu n in g  an  im plem entation  in order to  get th e  m ost out of a  V R  installation .

A technician  in  a V R  installation  is responsible for calib rating  sensor and  device perfor
mance. T hey  know abou t low level drivers, devices, equipm ent, and networking. T hey  are 
responsible for hardw are tun ing  and  general se tu p  for V R  applications in an  installation .

In th is  thesis, we concentra te on th e  separation  of concerns between designers and  de
velopers, since th is  division is th e  m ost difficult to  address. The work of technicians is 
considered highly specialized, and it is closer in skills to  w hat developers do. For th is  reason 
bo th  will be considered as one role.

O rganization o f This D ocum ent
C hap ter 2 describes previous work th a t  is re la ted  to  our thesis. Several po in ts of view 
are analyzed, one per each of our m ain contribu tions. C hap ter 3 introduces our d o m ain - 
specific language, in  b o th  an inform al and  form al way. C hap te r 4 describes th e  developm ent 
m ethodology th a t  is rela ted  to  our language, and  an  exam ple on how our te s t app lication  
was developed. C hap te r 5 describes in m ore detail some of th e  work around  our d o m a in - 
specific language, including two V R  applications described in such a language, and  a  user 
s tudy  th a t  was m ade possible due to  our rap id  re ta rge ting  process. C hap te r 6 describes 
in detail th e  developm ent environm ent we envision, th e  tools we have developed, an d  some 
guidelines on how to  develop fu rthe r th e  key tools in  th e  future. Finally, we p resen t our 
conclusions an d  new  research directions.
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Chapter 2

R elated Work

O ur work im proves th e  techniques, tools, and  procedures involved in th e  developm ent of 
V R  applications. We describe in  th is  section th e  curren t litera tu re  in V R  developm ent, 
as well as how software engineering techniques apply  to  V R  projects. W e first give an 
overview of th e  m ost im portan t ideas in cu rren t too lk its for V R  developm ent, an d  describe 
exam ples of applications. We th e n  analyze th e  m ost im portan t results in th e  m ain  areas of 
our contribu tion , i.e. dom ain specific languages, software architectures, execution  models, 
reta rge ting , an d  developm ent roles for V R. We th en  com pare curren t V R  too lk its  th a t  one 
can find in  th e  litera tu re . Along th is  com parison, we resta te  our m otivations and  our m ain 
contributions.

2.1 A n O verview  o f V R  T oolkits
T here are  m any too lk its for V R  developm ent, w ith  different scope and  com plexity. Some 
allow users to  configure a wide spec trum  of issues, while o thers hide some decisions from 
developers in  order to  reduce com plexity. Some environm ents are ta ilo red  to  a  p articu la r 
hardw are p la tform , and  o thers allow developers to  use a wide range of in p u t and  o u tp u t 
devices. T h is section describes th e  m ost im p o rta n t features of com m ercial p roducts and 
research activ ities around  V R  in th e  la s t 15 years. A t the  end, com parison will be done in 
term s of th e  issues developers concen tra te  in, and  how one can deal w ith  th is  w ide variety 
of p latform s.

In itia l efforts in  th is  area were very am bitious and  generic. AVIARY [86, 105] is an 
exam ple of such a  system , a  software a rch itec tu re  for a d istribu ted , generic, v irtu a l reality  
system . AVIARY is a  d istribu ted  system  w ith  tim e m anagem ent capabilities, shared  world 
m anagem ent am ong its  processes, and  su p p o rt for m ultiple v irtua l worlds. Devices are han
dled by in p u t processes th a t  are able to  inform  changes to  o ther in terested  processes. O u tp u t 
processes handle o u tp u t devices an d  a  V irtu a l E nvironm ent M anager process handles the  
consistency of th e  application  s ta te . N ot m any details are available ab o u t im plem entation  
of applications using AVIARY, or ab o u t its  extension or com ponent reuse m echanism s.

A popu la r system  a t  the  beginning of th e  nineties was th e  M R -T oolkit [81], a C library  
for th e  developm ent of V R  applications. T he system  runs several processes, one for the  
application  com putations, one for device polling, an d  a slave process for o u tp u t tasks. De
velopers needed to  be proficient w ith  configuration files for some devices. D evelopers could 
also ex tend  th e  system  by adding functions for new devices, following a  certa in  set of con
ventions for registering callbacks a t  run tim e. L isting 1 shows an  exam ple of a M R -T oolk it 
app lication , described in [81]. Tw o program s are represented  in the  sam e source code, a 
p rogram  in  charge of reading devices an d  u p d a tin g  th e  sim ulation (m aster), and  a  program  
th a t  updates its s ta te  afte r each com pu tation  (slave). Such a configuration is able to  up d a te  
tw o displays in a stereo setup. From  th e  listing, one can notice the  required  opera tions for 
adding devices (lines 26,27), several configuration tasks (lines 29-37), and  th e  m ain  loop
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(lines 39-54), which reads devices, tran s la te s  inpu t signals in to  gestures, and updates the 
v irtua l represen tation  of a  hand. E xtensions to  th is  program  require changes in the  code, 
in order to  accom m odate new devices, new behaviors, or new objects to  be displayed.

CAVELib [100] was the  first lib rary  developed for CAVE-like environm ents, and  it has 
been evolving since 1992. I t helps developers isolate from issues related  to  th e  m anagem ent 
of several displays, several inpu t devices, and  m ultiprocessing capabilities of th e  underlying 
p latform . L isting 2 shows th e  sam e exam ple described in [51], based on O penG L

T he application  reads configuration files (line 9), initializes inform ation shared am ong all 
app lication  processes (line 10), th e  application  environm ent (lines 12,13), and  th e  rendering 
function (line 14), and th e  sim ulation  cycle (line 15). Once th e  in itializa tion  tasks are done, 
it will com pute and show th e  next sim ulation  cycle un til th e  escape key is pressed (lines 
17-19). Configuration files allow developers to  activate hardw are options, select device 
or network calibration  options, and  tu rn  on or off debugging capabilities. D etails about 
rendering on several displays, and  synchronization  of several processes are h idden from 
developers. S upport for new devices or new in teraction  techniques is lim ited  to  some w ell- 
known com m ercial alternatives.

T he V irtua lity  Builder II (VB2) [45] is an  arch itec tu re  th a t  defines a  process for each 
key V R  ta sk  (device inpu t, app lica tion  com putation , rendering), and  a  constra in t-based  
m echanism  to  change p ropagation  betw een en tities in th e  application. T h e  application  code 
is organized in te rm s of active variables, daem ons in terested  in variable changes, constra in ts , 
an d  reaction  objects. A ctive variables an d  constra in ts  can be encapsulated  inside classes, and 
tran sac tio n s can be defined in order to  group  several atom ic operations over active variables 
in a class. R eaction  objects can  be called a t  th e  end of transactions for invariant checking. 
A global tim e is m aintained, an d  increm ented every tim e constra in ts are executed. VB2 
appears to  be th e  first system  to  use th e  concept of hierarchical constra in ts  for relationships 
betw een elem ents in an  application , an d  th e  concept of a  virtual tool, a  reusable w idget th a t  
allows users to  visually handle a  certa in  type of inform ation. VB2 is w ritte n  in Eiffel, and 
uses a sophisticated  algorithm  for constra in ts  resolution a t  every frame.

Perform er [79] is a  fram ew ork for m an ipu la ting  scene graphs, created  by SGI. I t  features 
an  arch itec tu re  capable of fixed fram e ra te s  and fram e synchronization  betw een several 
m achines, su itab le for h igh -end  graphics applications. T he application  d a ta  is organized in 
a  scene graph, a tree-like  s tru c tu re  th a t  organizes geom etry and  o ther m edia in  th e  v irtua l 
space. P erfo rm er’s execution m odel is a  pipeline of th ree  tasks: CULL, DRAW , and  A PP, 
th a t  m ake geom etric culling, scene draw ing, and  application  com putations, respectively. 
User specific functions can be added  as callbacks in each one of these stages, or in user 
defined traversals of th e  en tire scene g raph . L isting 3 shows th e  general s tru c tu re  of a  
Perform er application  2.

T he in itia liza tion  process, w hich m ay include th e  execution of several th reads, is done 
by th e  framework. A scene is created  (line 10), which is th e  roo t for a  tre e  th a t  represents 
th e  geom etry in  th e  world. P ipes an d  channels, th e  m ain  abstractions for th e  hardw are 
a rch itec tu re, are created  afte r (lines 13-16). A t th e  end, th e  application  en ters th e  sim ulation 
loop, in which images are p roduced, d raw n in a second buffer, and  shown in th e  possibly 
several screens of th e  system  (lines 16-21).

A vocado [96] is a fram ew ork for th e  developm ent of d is trib u ted  V R  applications. A ppli
cations can  be w ritten  in  C + +  or Scheme, a  scrip ting  language. I t is im plem ented on to p  of 
Perform er, and  deals w ith  th e  com plexity  of ob ject d istribu tion  am ong several com puters. 
I ts  a rch itec tu re  uses inheritance to  deal w ith  new types of d is trib u ted  ob jects, an d  a  callback 
m echanism  from  Perform er for receiving changes from  th e  world.

L ightning [13] features a  dataflow -based  execution m odel and  a program m ing  interface 
in  b o th  Tel and  C + + . L isting 4 shows p a r ts  of an  application  in  Tel, m entioned in [13], th a t  
defines an  inpu t sensor for th e  head position  an d  orien tation , some frustum  param eters, and

1 C A V ELib can  also use P erfo rm er as ren d erin g  engine.
2 C om plete  exam ples can  be  found  in  a  P erfo rm er in sta lla tio n , u n d e r th e  d irec to ry  

/u s r /sh a re /P e r fo rm e r  /  src /  p g u id e / l ib p f /C + + / .
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L istin g  1 A M R-Toolkit Application  
1 # in c lu d e  <MR/mr.h>

# d e fin e  machine ‘ ‘ta w a y ik ’ ’
# d e f in e  program ' ‘h e llo _ w o r ld ’ ’ 
ex te rn  G table g ta b le s  [ ] ;

5
main (a r g c , argv) 
in t  argc ; 
char *argv [ ] ;

10 in t  q u it _ id ,  count = 0;
Program s la v e ;
Data sh ared_cnt;
Hand hand ;
G table g s t _ t b l  ;

15 G estu re_even t u sr _ g s t ;

/*  C o n fig u ra tio n  s e c t io n  * /
M R_init (argv [0] ) ;

# i f d e f  MASTER 
20 M R _set_role (MR_MASTER);

# e l s e
M R _set_role (MR_SLAVE) ;

# en d if  MASTER
s la v e  = M R _start_slave( m achine, program) ;

25 sh ared _cn t = MR_shared_data (&count, s i z e o f  (cou n t) , s la v e ,  MR_FR0M) ;
M R_add_device_set (E yePhone);
M R_add_device_set (D a ta G lo v e);
EyePhone_slave ( s la v e )  ;
M R_configure ( ) ;

30
/*  Computation s e c t io n  * /  
r e a d _ g e s t u r e _ f i le (  ‘ ‘m y -g s t ’ ’ ) ;  
a s s ig n _ g e s tu r e _ id s  ()  ; 
g s t _ t b l  = g t a b le s [0 ];

35 q u it_ id  = g e t _ g e s t u r e _ id ( ' ' s e l e c t ' ’ ) ;
se t_ r o o m _ r efer en ce ( 1 .0 ,  1 .5 ,  2 .0 ) ;  
m a p _ r e fe r e n c e _ to (0 .1 , 0 .0 ,  0 .5 ) ;

w h ile  (1 ) {
40 update_hand( ) ;

hand = g e t_ h a n d () ;
u sr _ g s t  = r e c o g n iz e _ g e s tu r e (g s t_ t b l)  ; 
i f  (M R _get_role() == MR_MASTER) 

i f  (u s r _ g s t -> id  == q u it_ id )
45 M R_term inate(0 );

M R _ sta rt_ d isp la y () ; 
cou n t++ ;
i f  (M R _get_role()  == MR_MASTER) 

sen d _sh ared _d ata (sh ared _cn t ) ;
50 e l s e

sh a red _ d a ta _ sy n c(sh a red _ cn t ) ;  
draw_hand(hand) ;
M R_end_display ( ) ;

>
55 >
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L is tin g  2 A CAVELib Application
1 # in c lu d e  <cave.h >

v o id  a p p _ s h a r e d _ in it ( ) ; 
v o id  a p p _ c o m p u te _ in it( ) ; 
v o id  a p p _ in i t _ g l ( ) ;

5 v o id  app_draw ();
v o id  app_com pute( ) ;

m a in (in t a r g c ,c h a r  **argv) {
CAVEConf ig u re (fea r g c , a r g v , NULL);

10 a p p _ sh a r e d _ in it (a r g c , a r g v ) ;

CAVEInit( ) ;
C A V E In itA p p lica tio n (a p p _ in it_ g l,0 ) ;  
C A VEDisplay(app_draw ,0);

15 a p p _ c o m p u te _ in it(a r g c ,a r g v );

w h ile  ( ! getbutton(ESCKEY)) {  
app_com p ute();

>

20
CAVEExitO ;

>

connections betw een th e  head sensor and th e  fru stum  param eters.
T he s tru c tu re  of th e  application  looks easier to  understand  th a n  in previous system s 

developed in C or C + + , since th e  scrip ting  language shows ju s t th e  high level elem ents and 
th e ir  connections, an d  hides th e  in trinsic com plexity of device drivers and  application  code. 
E vents from  devices a re  p ropaga ted  th rough  th e  rou tes (lines s ta rtin g  w ith  l t r o u t e ) ,  in a 
way th a t  guaran tees th a t  previous nodes are executed first. Devices are read in different 
processes, so different u p d a te  ra tes  are  supported .

W orldToolkit (W T K ) [78] is a C /C + +  based lib rary  for th e  developm ent of po rtab le  
V R  applications. I t  provides fairly sophisticated  visual effects and  support a  wide variety 
of hardw are an d  file form ats (for geom etry descrip tion). L isting 5 shows an  exam ple of a 
program  using W T K  [77]. An application  in W T K  defines th e  file for th e  ob jects in th e  world 
(line 19), devices to  use (line 20), and  tasks associated  to  ob jects (lines 22, 27-30). T he 
fram ework hides th e  com plexity involved in th e  environm ent se tu p  (line 17) and  sim ulation 
execution (line 25).

M ASSIVE-2 is a  fram ew ork for m ulti-user, V R  applications. I t  concentrates on th e  “... 
m echanics  of m anaging  aw areness and  com m unication am ong hum an participants  in crowded 
[Collaborative V irtu a l Environm ents]” [11, p. 59]. I t in troduces im p o rtan t concepts for the  
m anagem ent of m ultip le  users in  a V R  environm ent, such as th e  concept of a u ra  —  the  
volume of in te rest of an  ob ject — , and th e  concept of th ird -p a r ty  ob jects —  m ediators th a t  
represent groups of people. A pplications are w ritten  in  C or C + + , and th e  m echanism s for 
th ird -p a r ty  ob jects  are tran sp a ren t to  th e  program m er.

Alice [97] is a  3D program m ing environm ent w ith  a  sim ple user interface th a t  allows 
people w ith  no program m ing  experience to  create th e ir  own program s. T he developm ent 
process is th e  following [30]: U sers first define th e  scene of th e ir  world, by selecting objects 
from  a rich library, included in  th e  environm ent. A fter th e  scene is defined, users can add 
behavior by creating  scrip ts in an  ad ap ted  version of P y thon . L isting 6 shows an  exam ple 
of a small sc rip t in Alice, th a t  m akes a bunny b ea t a d rum  [30, p. 489].

A program  in Alice is very intuitive, since its language hides the com plexities o f 3D
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L is tin g  3 A Performer Application in C + +
1 in t  main ( in t  a r g c , char * a r g v [])

/ /  I n i t i a l i z e  and co n fig u r e  OpenGL Perform er 
p f I n i t ()  ;

5 p fM u lt ip r o c e ss  ( PFMP_DEFAULT );
pfConf ig O  ;
p fF i le P a th ( " . : /u s r /s h a r e /P e r fo r m e r /d a ta : . . /■ • /■ ■ /■ ■ /d a t a " ) ;

/ /  C reate a sc e n e , co n fig u r e  i t  and add some geom etry and l i g h t s  
10 p fS cen e *scen e  = new p fS cene;

I I  . . .

p fP ip e  *p ip e = p fG etP ip e (O ); 
pfC hannel *chan = new p fC h a n n e l(p ip e );

15 ch an -> setF 0V ( 6 0 .O f, O.Of);
c h a n -> s e tS c e n e (s c e n e ) ;

w h ile  ( le x i t F la g )
{

20 p fS y n c O ;
pfFram e( ) ;
UpdateViewO ;

}

25 / /  Term inate p a r a l l e l  p r o c e s se s  and e x i t .
p f E x i t ( ) ;  
r e tu r n  0;

>

L istin g  4  A  Lightning Application in Tel 
1 # d e f in i t i o n  o f  th e  tra c k in g in p u t

lt tr a c k e r s e n s o r  h ead sen sor  -d e v ic e  b ir d  - s e n s o r  1 . . .

# d e f in i t i o n  o f  th e  cameras (o r ig in :  cave c e n te r )
5 ltcam era  fron tcam era  - p o s i t io n  ‘ ‘0 150 O’ ' - o r ie n t a t io n  ‘ ‘0 0 O '’ 

ltca m era  le ftc a m e r a  - p o s i t io n  ' ‘ 150 150 O’ ’ - o r ie n t a t io n  ‘ ‘ -9 0  0 O’ ’ 
ltcam era  r igh tcam era  - p o s i t io n  ‘ ‘ -1 5 0  150 O’ ’ - o r ie n t a t io n  ‘ ‘90 0 O’ ’ 
ltcam era  bottom cam era - p o s i t io n  ‘ ‘0 0 - 1 5 0 ’ ’ - o r ie n t a t io n  ‘ ‘0 -9 0  O’ ’

# con n ect cam eras w ith  head tra c k e r
l t r o u t e ‘h ea d sen so r  p o s i t i o n ’ ’ ‘ ‘fron tcam era  p o s i t i o n ’ ’
l t r o u t e ‘h ea d sen so r  o r i e n t a t io n ’ ’ ‘ ‘fron tcam era o r i e n t a t io n ’ ’
l t r o u t e ‘h ea d sen so r  p o s i t i o n ’ ’ ‘ ‘ le ftc a m e r a  p o s i t i o n ’ ’
l t r o u t e ‘h ea d sen so r  o r i e n t a t io n ’ ’ ‘ ‘le ftc a m e r a  o r i e n t a t io n ’ ’
l t r o u t e ‘h ea d sen so r  p o s i t i o n ’ ’ ‘ 'r ig h tca m era  p o s i t i o n ’ ’
l t r o u t e ‘h ea d sen so r  o r i e n t a t io n ’ ’ ‘ ‘r igh tcam era  o r i e n t a t io n ’ ’
l t r o u t e ‘h ea d sen so r  p o s i t i o n ’ ' ‘ ‘bottomcam era p o s i t i o n ’ ’
l t r o u t e ‘h ea d sen so r  o r i e n t a t io n ’ ’ ‘ ‘bottomcamera o r i e n t a t io n ’ ’
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L isting 5 A W TK Application
1 /*  SAMPLE PROGRAM * /

/ *
* s im p le .c

5 * Usage: Use th e  mouse b u tto n s  to  f l y  around a sp in n in g  p la n e t .
* /
# in c lu d e  "wt.h"

v o id  spin(WTnode * );
10 # d e f in e  Y_AXIS 1

v o id  m a in (in t  a rg c , char * a r g v [])

WTnode *ro o t;
WTnode * p la n e t ;

15 WTsensor * sen so r ; /*  th e  Mouse * /
WTviewpoint *view ; /*  th e  V iew point * /
WTuniverse_new(WTDISPLAY_DEFAULT, WTWINDOW_DEFAULT);
r o o t = W T u n iv erse_ g e tro o tn o d es();
p la n e t  = W Tmovnode_load(root, "PLANET.NFF", 1 .0 ) ;

20 se n so r  = WTmouse_new();
v iew  = W T u n iverse_getv iew p o in ts( ) ;
W T view point_addsensor(view , s e n s o r ) ;
W T task_new (planet, s p in ,  1 .0 ) ;
W Tuniverse_ready( ) ;

25 W T u niverse_go(); /*  S ta r t s  s im u la tio n  * /
W T u n iv e r se _ d e le te (); /*  A ll  done * /

>
v o id  spin(WTnode * p la n e t)
{

30 W T m ovn ode_rotateaxis(p lan et, Y_AXIS, 0 .0 1 ) ;
>

L istin g  6 A n Alice A pplication
1 ArmsOut = DoTogether(

Bunny. Body. LeftArm . T u rn (L eft , 1 /1 8 ) ,
B unny.B ody.R ightA rm .T urn(R ight, 1 /8 )  )

Armsln = D oTogether(
5 B unny.B ody.L eftA rm .T urn(R ight, 1 /8 ) ,

B unny.B ody.R ightA rm .T urn(L eft, 1 /8 )  )
BangTheDrumSlowly = D oln 0rd er(

ArmsOut,
Armsln,

10 B u nn y.P laySou nd ('ban g’ ) )
BangTheDrumSlowly.Loop()
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program m ing. An interesting  feature is th a t  users do not require knowledge of the  ob
je c t’s abso lu te coordinates, since all an im ations can be described in te rm s of o b jec t-cen tric  
directions (i.e. forward and backw ard), or relative to  o ther objects in th e  environm ent.

V R Juggler [12] is an  open source fram ew ork for the  developm ent of im m ersive environ
m ents. V R Juggler provides several features, such as operating  system  independence, device 
abstrac tion , sup p o rt for several g raphic A PIs, and  hardw are arch itec tu re abstraction . VR 
applications in V R Juggler are w ritten  in C + + , by creating  subclasses of key elem ents in the 
framework. E xcerp ts of cu b es [33], an  exam ple in the  V R  Juggler d istribu tion , is shown in 
listings 7 and  8.

L istin g  7 M ain function in a V R  Juggler A pplication 
1 in t  m a in (in t  a rg c , char* a r g v [ ] )

v j P r o j e c t io n : : se tN earF ar ( 0 .0 1 ,  1 0 0 0 0 .O f ) ;

5 vjK ern el*  k e r n e l = v jK e r n e l: : in s ta n c e  0 ;
cubesApp* a p p lic a t io n  = new cu b esA p p (k ern e l);

f o r ( i n t  i= l; i< a r g c ; i+ + )
k e r n e l-> lo a d C o n f ig F ile (a r g v [ i] ) ;

10
k e r n e l - > s t a r t ( )  ;
k e r n e l -> s e tA p p lic a t io n (a p p l ic a t io n ) ;

w h i le ( l )
15 {

u s le e p  (250000);
>

>

T he m ain  function  in a  V R  app lica tion  defines param eters for the  display (line 3), ini
tializes th e  V R  Juggler kernel and  th e  app lica tion  (lines 5, 6, 11, 12), loads configuration 
files w ith  details ab o u t devices (lines 8,9), and  runs th e  application  in a  different th read  
th a n  th e  one for th e  m ain  function. M ost of th e  application-specific code goes inside the  
overridden functions of th e  applica tion  subclass (cubesApp, in th is  case), w hich is show n in 
L isting 8.

U serD ata  holds th e  navigation  techniques an d  devices for a p articu la r user (lines 1-13). 
A subclass of vjG lA pp 3 redefines com m on functions w ith  application  specific code: i n i t  
for device in itialization , p reF ram e for com pu tations after reading devices, draw for scene 
draw ing, in tra F ra m e  for operations while th e  scene is draw n, and  p o stF ram e for operations 
afte r th e  scene is drawn. This class also holds d a ta  structu res for the o u tp u t devices in  use 
and  th e  reg istered  users. Several details ab o u t devices are h idden in configuration files, and 
o ther details ab o u t devices, in te raction  techniques, and  users are defined in C + +  code.

X3D [104], a  rew rite of V RM L w ith  X M L -based  syntax, provides a com m on ground for 
descrip tion  of 3D objects and  sim ple an im ations, su itab le for browsing over th e  In ternet. 
M ost of its definitions are re la ted  to  geom etry, b u t th e re  are also ways to  describe sound and 
scrip ts of an im ation. L isting [37] shows an  exam ple in X3D th a t  shows th e  le tte rs  VRM L 
on th e  screen.

T he nav igation  technique is defined in  line 3, from  a  predefined set of constan ts. T he 
code th e n  defines how to  position  each le tte r  in  th e  screen 4. A bsolute 3D coord inates are

3vjGlApp is a  com m on p laceholder for all O p en G L -b a sed  app lica tions. T h e re  a re  o th e rs  for P e rfo rm er-  
b ased  an d  O p en S G -b ase d  app lica tions.

4G eo m etry  for le tte rs  is loaded  from  th e  m en tio n ed  files.
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L isting 8 An application subclass in VR Juggler
1

10

c la s s  UserData  
{
p u b l ic :

U serD ata(vjU ser*  u s e r ,  s t d : : s t r in g  wandName, s t d : : s t r in g  in cB u tto n , 
s t d : :s t r in g  d ecB u tton , s t d : : s t r in g  s to p B u tto n ); 

v o id  u p d ateN av iga tion Q  ; 
p u b l ic :

/ /  D ev ic es  to  u se  fo r  th e  g iv e n  u ser
v jP o s In te r fa c e  
v j D ig ita l I n t e r f a c e  
v j D ig i t a l ln t e r f a c e  
v j D ig ita l I n t e r f a c e

mWand;
m ln cV eloc ityB u tton ;
m D ecV elocityB utton;
m StopButton;

/ /  th e  Wand
/ /  B utton  fo r  v e lo c i t y

/ /  B utton  to  s to p

15 c la s s  cubesApp : p u b lic  vjGlApp

p u b l ic :
v ir t u a l  v o id  i n i t O ;  
v ir t u a l  v o id  preFram eO ;

20 v ir t u a l  v o id  drawO ;
v ir t u a l  v o id  intraF ram eO  ; 
v ir t u a l  v o id  postFram eQ  ;

vjG lC ontextD ata<C ontextD ata> mDlData;
25 vjG lC ontextD ata<C ontextD ata> mDlDebugData;

s t d : :vector<U serD ata*> mUserData;
>;

/ /  Data fo r  d is p la y  l i s t s  
/ /  Debugging d is p la y  l i s t s  
/ /  A ll th e  u s e r s  in  th e  program

L istin g  9 An Application in X3D
1 <X3D>

<Scene>
< N a v ig a tio n In fo  h e a d lig h t= " fa lse "  type="EXAMINE ANY"/> 
<Group>

5 < D ir e c t io n a lL ig h t  DEF="SceneLight" a m b ie n tln te n s ity = " .7"
d ir e c t io n = " l -1  -1" in te n s ity = " l" />

<Transform DEF="VRML:" tr a n s la t io n = " -5  0 0">
<TouchSensor DEF="vrmlTouch"/>
<Transform DEF="char_V" t r a n s la t io n = " l .416 - .2 9 1  0">

10 < In lin e  u r l= " le t te r _ V .w r l" />
</Transform>
<Transform DEF="char_R" tr a n s la t io n = " 1 .9 4 6  - .0 4 8  0"> 

< In lin e  u r l= " le t te r _ R .w r l" />
< / T r a n s f o r m >

15 <Transform tr a n s la t io n = " 2 .621 - .0 4 8  0">
< In lin e  u r l= " le tte r _ m .w r l" />

</Transform>
<Transform tr a n s la t io n = " 4 .0 4 2  - .0 4 8  0">

< In lin e  u r l= " le t te r _ L .w r l" />
20 </Transform> </Transform > </Group> </Scene>

</X3D>
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required for positioning objects, and  D E F sta tem en ts allow cross references in o ther parts  
of the  world, or scripts.

CO N TIG R A  [35] is a XML application  on to p  of X3D th a t  give users com ponents for 
in teraction  techniques and control w idgets. Behavior3D  [36] is a lib rary  w ith  a  set of reusable 
com ponents for behavior. C om ponent classes and instances are w ritten  in XM L docum ents, 
which follow C O N TIG R A  schemas. Connections betw een geom etry and behavior are w ritten  
as xpointers [28], the  s tan d ard  way to  refer to  p a r ts  of XM L docum ents. Listing 10 shows 
excerpts of an  application  in C O N T IG R A  [36].

Two X3D touch sensors trigger th e  an im ation  of a lap top  5. A s ta te  m achine node in 
Behavior3D  defines th e  order for th e  an im ations (lines 4-8), by defining which sensor triggers 
which anim ation. Lines 10-14 define th e  anim ations th a t  open and  close th e  laptop. Finally, 
lines 16-27 define an im ations to  open and close th e  keyboard (rem ovable in th is  exam ple). 
T he core concepts in Behavior3D  are anim ations, sequences of actions, and s ta te  machines. 
On to p  of them , o ther behaviors can be defined. Behavior3D  ta rg e ts  3D applications running 
over the  web, in s tan d ard  PC s, due th e  intrinsic characteristics of X3D and its in teraction  
model.

M assink, Duke, and S m ith  [61] m ake a proposal for s tru c tu rin g  and  form alizing the 
in teraction  techniques behavior. T heir form al p roposal is based on th e  concept of hybrid 
models, a  m odel th a t  contains continuous and  discrete com ponents a t th e  sam e tim e. T he 
no ta tio n  they  chose for th e  rep resen ta tion  of in teraction  techniques is H yN et, a hybrid 
extension of P e tri N ets. Developers can com pletely specify in te raction  techniques in HyNet, 
analyze them , and  com pare th em  in a  p la tfo rm -independen t m anner. W hile th is  form alism  
has some in teresting  characteristics for th e  specification of in te raction  techniques, P e tri N ets 
are too  detailed  for designers needs.

Jacob, D eligiannidis, and M orrison [53] present th e  P M IW  m anagem ent system  th a t 
describes an  application  w ith  a com bination of two nota tions: a dataflow  th a t  describes the  
continuous flow of in form ation  from  devices, and  a  s ta te  m achine th a t  describes different 
m odes in th e  execution. T ransitions in th e  s ta te  m achine are triggered  by events from  the  
interface. E xecution of each node in th e  dataflow  depends on s ta te s  in  th e  s ta te  m achine, so 
it is possible to  shu t down p a r ts  of th e  dataflow  by changing sta tes. T h is no ta tion  provides 
enough detail for represen ting  an  in te raction  technique, b u t it m ight be too  detailed  for 
designers w ho w ant to  use it w ithou t knowing its in te rnal m echanism . F u rthe r research is 
also required to  te s t th is  n o ta tio n  in  com plex V R  applications.

T he V irtual-R eality  P eripheral N etw ork (V R PN ) [75] is a  C + +  fram ew ork th a t  handles 
devices by th e  definition of v ir tu a l devices —  abstractions for th e  m ain  types of inform ation 
th a t  devices can provide — , connected  to  real devices by a  nam e and an  index (the device’s 
sensor num ber). D evelopers can  add  new devices as com position of previous ones, create 
new classes of devices, an d  receive events in  specially defined callbacks. A n exam ple of how 
such devices are used is show n in listing 11 [75, p. 59]. A n app lica tion  in  V R P N  is a  set of 
callbacks th a t  handle events from  one or m ore v irtu a l devices. These callbacks are registered 
in  th e  system  (line 10) and  th e  system  will redirect th e  events to  such a  function. E vents 
can  be tim e-stam p ed , so it is possible in theory  to  correla te  in p u t from  several devices.

O ther ideas have influenced our results in our proposal. System s like JA D E  [67] and 
B am boo [103] are system s th a t  can be reconfigurable a t run tim e by adding or rem oving 
m odules. O ur system  also defines m odules for th e  m ost im p o rta n t elem ents in a  V R  appli
cation, b u t w ith  a  m ore com plex interface, rela ted  to  th e  application  execution, not only 
to  the  dynam ic loading behavior. O th er com ponent technologies in  program m ing languages 
such as Java have been used for 3D applications [41], b u t th ey  are specific to  these environ
m ents, and  lim ited by th e  inheren t perform ance characteristics of th e  generic com ponent 
approach. T he requirem ent of event m odels m ore com plex th a n  th e  one in  W indow s-Icons- 
M enus-P o in ter (W IM P) applications have been described before, and som e solutions have 
been described, such as th e  one in [54] th a t  m anages detection  of com posed events a t the

5 C onnections to  th e  la p to p  g eom etry  a re  n o t show n here.
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L isting 10 A CONTIGRA Application
1 <TouchSensor DEF="LCD_Sensor"/>

CTouchSensor DEF="K eyboard_Sensor"/>

<StateM achine stateC ount="3" tr a n s it io n s = "
5 1 2  LCD_Sensor.touchTime OpenLaptop. s ta r tT im e ,

2 1 LCD_Sensor.touchTime C loseL ap top . s ta r tT im e ,
2 3 K eyboard_Sensor. touchTime O penK eyboard.startT im e,
3 2 K eyboard_Sensor.touchTim e C loseK eyboard . startT im e" />

10 <A nim ateR otation key="0 1" to = " l 0 0 0 , 1 0  0 -1 .7 "  
c y c le ln te r v a l= " 2 "  DEF="0penlaptop "/>

<A nim ateR otation key="0 1" to = " l 0 0 - 1 . 7 ,  1 0  0 0" 
c y c le ln te r v a l= " 2 "  DEF="CloseLaptop"/>

15 < S eq u en tia l DEF="0penKeyboard">
<A nim ateT ranslation  key="0 1" to="0 0 0 , 0 0 .0 5  0" 

c y c le ln te r v a l= " l"  />
<A nim ateR otation  key="0 1" to = " l 0 0 0 , 1 0  0 -1 .5 "  

c y c le ln te r v a l= " l"  />
20 < /S eq u e n tia l>

< S eq u en tia l DEF="CloseKeyboard">
<A nim ateR otation key="0 1" to = " l 0 0 - 1 .5 ,  1 0  0 0" 

c y c le ln te r v a l= " l"  />
<A nim ateT ranslation  key="0 1" to="0 0 .0 5  0 , 0 0 0"

25 c y c le ln t e r v a l= “l" />
< /S eq u e n tia l>

L is tin g  11 A V R PN  Application  
1 # in c lu d e  vrp n _T racker.h

v o id  h a n d le_ p o s(v o id  * , co n st vrpn_TRACKERCB t )  {
p r in t f  ( ' 'P o s , se n so r  7»d = °/05 . 3 f ,  7.5 .3 f ,  705 . 3 f \ n ’ ' ,

5 t . s e n s o r ,  t .p o s [ 0 ] ,  t . p o s [ l ] ,  t .p o s [ 2 ] ) ;
}

m ain() {
vrpn_Tracker_Remote * tk r  = new vrpn_Tracker_Rem ote( ‘ ‘TrackerO Sm yhost'’ 

10 tk r-> reg ister_ch an ge_h an d ler(N U L L , h a n d le _ p o s );
w h ile  (1 ) {  tk r -> m a in lo o p () ; }

>
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operating  system  level, while the  application  concentra tes on behavior. We consider such 
a solution p artia l, since it does not consider relationships and event-based  com m unica
tion  between behavioral com ponents. Some prelim inary  ideas of classes, encapsulation , and 
com ponent linking applied to  3D applications appeared  in [90]. The concept of dataflow  
have appeared  in visual program m ing environm ents for V R  such as [89], or in program m ing 
environm ents such as VRM L, bu t w ith  lim ited sem antics for m odules in th e  dataflow.

I t is useful to  com pare how much inform ation is required in order to  produce a  p rogram  
in each V R  too lk it above. Table 2.1 shows th is  com parison, for th e  V R toolk its w ith  listings 
in the  previous overview. We have added a  line for InT m l, th e  system  th a t  will be described 
in th is thesis. In  sum m ary, one can conclude th a t  m ost environm ents w ith  wide coverage 
of hardw are p la tfo rm s require developers to  take  decisions on m any detailed  aspects, and 
to  know a  ra th e r  com plex program m ing language. E nvironm ents w ith  lim ited hardw are 
coverage te n d  to  ease th e  developer’s work, by hiding m any issues. InT m l provides a high 
level solution th a t  b o th  eases th e  work of developers and  allows them  to  use any hardw are 
platform .

Toolkit LE HC IS M P D R DD M E DE DW SY ST CC GD N T
M RToolkit m m ■ ■ ■1 ■1

CAVELib ■ ■1 ■1 ■1
Perform er ■1 ■1 ■ ■1 ■ ■ I
Lightning ■ I ■ I ■ I ■1 ■ I " " .............

W T K H B l m H U

Alice III ■
| V R  Juggler | .* *3: | H  | ■ m ■ ■

■........ ..  H

X3D ■1 ■ I H ■ 1 ■1
V R P N ■

InT m l ■1 ■ 1 ■1 ■  ■ i 1
Table 2.1: Coverage of Interface E lem ents in V R  Toolkits. S hort nam es in th e  first row are as 
follows: p rogram m ing  language ease of use (LE), hardw are coverage (HC), in itia liza tion  and  
se tup  (IS), m ultiprocessing (M P), device reg istra tion  (D R ), detailed device configuration 
(DD), m ain  execution  cycle (M E), dev ice-related  event handling (DE), draw ing (DW ), 
synchronization  m anagem ent (SY), sim ulation  ta sk  m odeling (ST), connections betw een 
com ponents (C C ), geom etry  details (GD), and navigation  techniques (NT). A darker gray 
m eans a  b e tte r  o p tion  th a n  a lighter one, from th e  view point of a  V R developer.

2.2 D om ain  Specific Languages
C oncepts in  a  D om ain Specific Language (DSL) are specialized to  a  particu la r field, an d  help 
designers to  concen tra te  on th e  solution space ra th e r  th a n  bo th  th e  solution space and  th e  
intricacies of a  program m ing  language. A solution  for a  problem  can be w ritten  in a  m ore 
succinct an d  clear way in a  DSL th a n  in a  general pu rpose language. I t is im p o rtan t th a t  a  
DSL can be ex tendible, so users can add th e ir  own concepts to  th e  dom ain. M odularity  is 
also im p o rtan t, so different levels of specialization  can be defined in th e  sam e dom ain  [34, 
p. 138]. A n exam ple of m odu larity  and  different levels of abs trac tion  is th e  S im p le U n iv e rse  
class in Java3D , th a t  facilita tes th e  use of Java3D  concepts rela ted  to  display m anagem ent 
in the  case of a  s ta n d a rd  P C  platform . If th e  application  is ta rge ted  to  th e  s ta n d a rd  P C  
platform , th e  im plem entation  can use S im p le U n iv e rse  instead  of th e  m ore com plicated 
s tru c tu re  in  te rm s of lower level classes.

From  th e  previous analysis of V R  too lk its, we notice th a t  trad itiona l languages for V R  
applications are  C + +  an d  Java, enriched w ith  specia l-purpose frameworks. T here are few 
developm ent environm ents th a t  use o ther languages, such as P y th o n  [97], Tel [39], M odula-3 
[59], or Scheme [5]. A developer working on one of these environm ents should be proficient
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in the  language they  use and in th e  lib rary  or fram ework th a t gives access to  V R  concepts. 
Extensions to  th e  DSL are defined in te rm s of classes or functions in the  general-purpose 
language. Usually, these languages are not m odular, so a  developer sees ju s t one level of 
concepts.

In  con trast, VRM L [21] is a DSL su itab le  for W eb-based V R  applications th a t  does 
not require ex tra  knowledge in program m ing  languages. Its  concepts are m ainly rela ted  
to  th e  geom etrical characteristics of the  v irtua l ob jects to  be shown, and ex tra  behavior 
can be defined in JavaS crip t or Java. D evelopers who w ant sim ple an im ated  m odels in the  
In tern e t can use it w ithou t th e  extensions, so program m ing skills are not required. Also, it is 
assum ed th a t  th e  learning curve for VRM L is easier th a n  th e  ones for trad itio n a l languages 
in VR. However, m odeling has proved to  be easier w ith  the  help of tools, such as M aya [3], 
3D M ax [2], or B lender [14]. Hence, it is m ore efficient to  learn to  use one of these editors 
th a n  to  w rite  raw  VRM L. E xtensions of VRM L are created  w ith the PROTO sta tem en t, so 
developers can enrich th e  language using th e  sam e language. VRM L is not m odular, bu t 
th e  new version of VRM L, X3D [104], defines several layers of functionality  in w hat they  
call profiles. In  th is  way, developers in terested  in a subset of th e  functionality  can  avoid the  
concepts in  o ther profiles.

In  th is  thesis, we present a  new DSL for th e  general arch itecture of a V R  application , 
where details are not as im portan t as th e  overall relationships between devices, behavior, 
and  conten t are. O ur approach gives developers a high level language in which com plete V R  
applications can  be described, w ithou t going in to  details abou t hardw are ca lib ra tion  and 
setup, behavior algorithm s, or special con ten t details. We allow developers to  concen tra te  
on th e  definition of th e  m ain elem ents in a V R  application  and  the ir relationships. T he 
details are solved in th e  lower layers of th e  in frastructu re . For exam ple, our developers can 
use novel devices w ithou t w orrying ab o u t th e  details of th e  connection, in a  sim ilar way to  
VRM L developers who can create touch-sensitive  geom etry w ithout knowing th e  p articu la r 
algorithm s for collision detection. W e th in k  our DSL allows non-program m ers to  design 
en tire  V R  applications, and  collaborate w ith  program m ers in such a way th a t  a  design can 
im plem ent these  functionality  in an  op tim al way.

O ur DSL, th e  In terac tion  Techniques M arkup  Language (InTm l), is defined using an 
XM L language w ith  a  defined schema. T h is  allows basic type  checking using s ta n d a rd  XM L 
tools. InT m l allows developers to  define new devices, new in teraction  techniques, an d  new 
content, so th a t  th e  language can be enriched. Since InT m l applications can  be defined 
in  te rm s of elem ents in  a  lib rary  of reusable com ponents, it is possible for a  developer to  
create an  en tire  application  w ithou t knowledge of trad itio n a l program m ing languages, or 
specific details ab o u t th e  im plem entation . W hen new elem ents are desirable, a  developm ent 
process defines how such elem ents can be im plem ented as a  collaboration betw een designers 
and  coders 6. Table 2.2 shows how o ther developm ent environm ents cover these  interface 
elem ents, and  w hich program m ing language th ey  use. In  general, we th in k  In T m l provides 
a higher level language w ith  a  b e tte r  coverage of devices, behavior, and conten t references.

6 T h e  developm ent process is defined in Section  4.
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Toolkit Lang. Devices Behavior Content

M RToolkit C ■ ffift
CAVELib C ■ ;+c

VB2 Eiffel ■
Perform er C + + ■a

Avocado CH—h,
Lightning C + + , ll# *

W T K C + + ■ I MM
M ASSIVE-2 C + + ■8,

Alice P hy ton ■1 m
V R Juggler C + + H

X3D XML 113 m
C O N T IG R A XML ■1 H i

H yN et P e tri Nets n
P M IW Dataflows 

and  S ta te  
M achines

m

V R P N C + + ■ >

InT m l XML ■ M 111

T able 2.2: Coverage of In terface E lem ents in V R  Toolkits. A darker gray m eans a  b e tte r  
op tion  th a n  a  lighter one, from  th e  v iew point of a V R  developer.

C urrently , InT m l is defined as ju s t one m odule. However, its X M L -based im plem entation  
will allow th e  creation  of new m odules in  th e  sam e way th a t  X3D does.

2.3 Software A rchitectures for V R  A pplications
Bass, C lem ents, and  K azm an [9, p .23] define a  software arch itecture as follows:

T he software arch itec tu re  of a p rogram  or com puting system  is th e  s tru c tu re  
or s tru c tu re s  of th e  system , w hich com prise software com ponents, th e  externally  
visible properties of those com ponents, an d  th e  relationships am ong them .

A software arch itec tu re  helps developers, users, and  o ther people in te rested  in  a  soft
w are p roduct to  understand  its  high-level design, th e  context of each com ponent, and  how 
developm ent w ork is divided am ong peers. I t  also makes clear th e  m ajor system  properties 
[29] and helps in  th e  reuse of com ponents from  system s w ith  sim ilar requirem ents [52].

Some general-purpose arch itectures, such as M VC [20, p. 125] and  PAC [20, p. 145], 
have been proposed for th e  b roader field of user interfaces, in which V R  is an  specialization. 
A lthough  th e  problem s they  solve are also very im p o rtan t in V R, requirem ents of V R  system s 
such as high th ro u g h p u t an d  sim ultaneous use of non-conventional devices are no t addressed 
in these proposals.

Table 2.3 shows an  overview from  th e  softw are arch itecture viewpoint of too lk its de
scribed in  section 2.1. T he tab le  shows th e  m ain  em phasis in each too lk it, w hich com ponents 
can be created  or used, and w hat are th e  rela tionsh ips between defined com ponents.
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Toolkit Lang. Dom ain C om ponent Types R elationships

M RToolkit C Devices, 
3D Displays

Devices
Displays

Control flow 
Conf. files

CAVELib C Devices, 
3D D isplays

Devices
Displays

Control flow 
Conf. files

VB2 Eiffel Int. Techniques, 
3D W idgets

3D W idgets C onstra in ts

Perform er C + + 3D G raphics C ontent,
Callbacks

Scene links 
Callbacks

Avocado CH— 
Scheme

D istribu tion From P erform er

Lightning C + + ,
Tel

Event
P ropagation

Devices R outes

W T K c ,
C + +

G eom etry
Devices

C ontent, 
Simple A nim ations

Callbacks 
Control flow

M ASSIVE-2 c ,
C + +

M ulti-u ser C ontent Callbacks

Alice P hy ton Novel user 
p rogram m ing

B ehavioral
Scripts

Callbacks

V R Juggler C + + Devices, 
M ultip latform , 

R u n -tim e  C ontrol

Devices, 
R endering Syst.

C ontrol flow, 
Callbacks 

Conf. files
X3D XML

Java
3D G raphics 

Behavior
C ontent

Scripts
R outes

Callbacks
C O N TIG R A XML C ontro l W idgets 

Behavior
Behavior Nodes 

Frc

R outes
C om position

m  X 3D
HyNet P etri

N ets
In terac tion
Techniques

S tates D iscrete and 
C ontinuous T ransitions

PM IW Dataflows 
and S ta te  
M achines

In terac tion
Techniques

States,
Variables

Conditions,
Links

T ransitions
V R P N C + + Devices Devices Callbacks

InT m l XM L Devices, Behavior 
C onten t refs.

Devices, Behavior 
C ontent refs.

R outes,
C om position

Table 2.3: E xtension  M echanism s in V R  Toolkits

M ost of these environm ents concen tra te  on devices and  content for V R  applications. 
T hey  present a  ra th e r  low level interface for developm ent, based on a  program m ing language 
such as C + +  or Java, or in form al languages such as P e tri N ets and  s ta te  machines.

An arch itec tu re  for V R  applications should present a t  th e  to p  level of ab s trac tio n  all 
im p o rtan t concepts, not only con ten t and  devices, b u t also ob ject behavior and  in teraction  
techniques. A n arch itec tu ra l language for V R  applications should represent such com ponents 
and  th e ir  relationships, w ithou t going in to  to o  much detail, or in to  th e  detailed  design of a 
particu la r com ponent.

InT m l is an  a rch itec tu ral language for V R  applications. I t allows th e  descrip tion  of 
content, devices, and  behavior as ty p ed  com ponents. A V R  application  is defined as a 
set of interconnected  instances of com ponent types. InT m l extends th e  P ipes and  F ilters 
a rch itec tu re  [20, pp. 53-70] for th e  com position of com ponents in  an  application , and a 
ty p e  hierarchy for th e  design and  reuse of types of com ponents. D etailed  design for com
ponents is defined outside of th e  language, and  it is possible to  count w ith  different design
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m ethodologies for each type  of com ponent 7.

2.4 E xecution  M odels
T he execution m odel of a  p rogram m ing parad igm  defines how construc ts on such a paradigm  
are executed by a  com puter, and  how such an  execution will affect the  s ta te  of a program . 
I t defines th e  sem antics of a  docum ent th a t  represents a program .

As we have seen in  section 2.1, the re  are several too lk its  th a t  provide suppo rt for V R  
developm ent, w ith  different scopes and execution models. M ost cu rren t V R  environm ents 
im plicitly follow the  execution m odel of trad itio n a l w indow s-based toolkits, as shown in 
F igure 2.1. Simply, a w indows application  receives events from  a d ispatcher th a t  selects 
in teresting  events from  a  system  queue. Usually, th e re  is a fixed set of events which a 
window receives, from a fixed set of inpu t devices. Some too lk its allow th e  creation of 
extensions for new devices or new events, b u t these capabilities ta rg e t senior developers and 
they  are rarely  used.

C2

C3

C4 C5Dispatcher

Callbacks, per event type
Event Queue

F igure 2.1: Callback based A rchitecture

A pplication code is w ritten  in  special callback functions, th a t  are registered  in the  system  
in some s ta n d a rd  ways. D espite its success in s tan d ard  interfaces, th is  arch itec tu re  has th e  
following lim ita tions for V R  applications:

•  A ddition  of new events from  novel inpu t devices is a  difficult task , so it is usually 
avoided by reusing events from  stan d ard  devices th a t  are not p resen tly  in  use. This 
creates problem s due to  usab ility  differences betw een devices, and  conflicts if new and 
old devices w ant to  be used.

•  T here  are no provisions for m ore com plex s tru c tu re s  betw een callbacks. All callbacks 
are ju s t a t one level from  th e  dispatcher, w ithou t s tru c tu re  betw een them .

•  In terrela tionsh ips betw een callbacks are difficult to  m odel, and are usually based on 
global memory, w hich is no t a  good solution from  th e  software engineering viewpoint.

•  T here  are lim ited  possibilities for com position an d  reuse of th ird -p a r ty  com ponents 
due to  th e  lack of scalability  in th e  arch itecture. I t is difficult to  com pose callbacks 
th a t  were previously developed in isolation.

•  Since all events are queued and  serialized, th e re  is no provision for trea tm e n t of sim ul
taneous events from  different devices w ith  different generation  rates.

7For exam ple, co n ten t can  b e  c rea ted  w ith  a  sp e c ia l-p u rp o se  too l, w hile in te rac tio n  techn iques can  be 
w ritte n  in a  p ro g ram m in g  language.
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O ur proposal ad a p ts  trad itiona l execution m odels for P ipes and F ilters architectures, 
such as Synchronous D a ta  Flows [10], to  th e  following characteristics of a V R  application:

•  Not all in form ation  from  inpu t devices should be processed. D epending on the  speed 
of com putations an d  th e  refresh ra te  of o u tp u t devices, some inform ation from inpu t 
devices could be irrelevant or out of date. We allow filters to  define an interval of tim e 
w here all received in form ation is considered sim ultaneous, so redundan t inform ation 
inside th e  interval can be elim inated. T his inform ation does not affect successive 
intervals, so discarded inform ation do not affect fu tu re  executions.

•  Com plex V R  applications require dependencies am ong different tasks and in teraction  
techniques. T h e  callback model is difficult to  scale to  m ore com plex structu res, where 
dependencies am ong callbacks are required. A m odel based on P ipes and F ilte rs can 
define b e tte r  relationships between different behavior com ponents in th e  system , and 
it exposes th e  coupling clearly.

•  New in p u t and  o u tp u t devices are com m on in new applications. I t should be sim ple 
to  add new devices to  an application. M oreover, sim ultaneous events from  different 
devices should  be easy to  detect. F ilters w ith  several in p u t and o u tp u t po rts  are  our 
solu tion  to  th is  problem . They can model any ty p e  of device in an  uniform  way, and 
it is easy to  create new types of filters for new types of devices. O n the  o ther hand, 
a  filter in te rested  in  sim ultaneous events from  different devices ju s t needs to  include 
th em  as in p u t, an d  read  all events received in a tim e interval, from  all its  inputs.

Some in trinsic characteristics of V R  applications are still no t directly  addressed by the  
proposal p resen ted  here, such as th e  desirable fixed refresh ra te  for o u tp u t devices. However, 
it is straigh tforw ard  to  in teg rate  previous solutions to  th is  problem  to  our proposal, such as 
th e  one presen ted  by Shaw an d  G reen [81], w hich decouples device reading from sim ulation  
execution.

A pipes an d  filters arch itec tu re  also allows us to  consider dynam ic and s ta tic  schedul
ing algorithm s, in th e  case of a  m achine w ith several C PU s. T his approach can no t be 
im plem ented in  cu rren t dataflow -based  solutions such as V RM L and X3D, due to  intrinsic 
lim itations on th e  o rder of execution of com ponents in  a  program . Kwok and  A hm ad [56] 
discuss several a lgorithm s for s ta tic  scheduling, an d  solutions for a rb itra ry  g raph  s tru c tu re s  
w ith  a rb itra ry  com pu ta tional costs per node such as C P /M IS F  and D F /IH S  are prom ising 
for high perform ance solutions in  VR.

2.5 R etargetin g
R etargeting  is th e  nam e used in th e  field of com piler design for techniques th a t  generate  code 
for different hardw are  arch itectures, w ithout loosing perform ance or special features of each 
p latform  8. T h e  concept of re ta rge ting  is sim ilar to  th e  concept of porting , m ost com m only 
used in th e  softw are engineering com munity. However, trad itio n a l ways to  p o rt system s do 
not accom m odate to  th e  p articu la r features of an  installation . For exam ple, ob ject oriented  
fram eworks allow developers to  p o rt applications over a  variety  of platform s, w here th e  
fram ework has been  im plem ented. However, a  fram ew ork usually  encapsulates th e  com m on 
features of all its im plem entations, so developers can no t use special features of p articu la r 
platform s. T h e  perform ance of a program  th a t  uses th e  fram ew ork is usually lower th a n  an 
application  specially ta ilo red  for such environm ents.

T here have been several approaches to  com piler re ta rge ting  [24]:

•  A com m on language can be created  and  in te rp re ted  a t run tim e for all im plem entations. 
T he run tim e environm ent is capable of tran s la tin g  th is  com m on language code to  
m achine code in an  efficient m anner.

8It has also been  used in com puter graphics anim ation for the task of adapting a m otion schem e of a 
character to  different m odels. We w ill use a definition of retargeting closer to  the one in compilers.
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•  A com piler can generate source code su itab le for several targets. Such code is th en  
com piled by a  com piler in th e  ta rg e t m achine. I t requires the  compiler to  know details 
ab o u t ta rg e t platform s, so the  generation  process is specially tailored.

•  As a varian t of the  last m ethod, a com piler can  b o th  generate code for a p articu la r 
ta rg e t p la tfo rm  an d  also derive the  specific features of th is  target.

Since V R  applications are still very diverse, and  in teraction  techniques are not s ta n 
dardized for 3D applications, we decided to  take a  basic approach to  retargeting , which can 
be au to m ated  la ter on. Since th e  variations from one p la tform  to  ano ther are unknow n, 
th e  reta rge ting  process takes place a t design tim e, re -shap ing  an  InT m l-based  application  
from one p la tform , to  th e  particu lar features of th e  new environm ent. Several com pilers are 
im plem ented, one per V R  platform , in order to  specially ta ilo r executable program s from 
InTm l descriptions. W e define a form al m odel in th e  Z language [87] w ith  th e  overall se
m antics of an  InT m l program . In th is  way, it is possible to  have a sem antic reference a p a rt 
from any im plem entation . We selected th e  Z language since it has a m atu re user com m unity 
and  it has been used in the  p as t for the  com m unication  and  understanding  of s ta tic  and  
dynam ic p roperties of system s O ur descrip tion  is based on previous work by P h ilipps and  
R um pe [68], an d  Lee and  P arks [57]. P h ilipps an d  R um pe define a m ethod  of specification 
refinem ent of P ip e -a n d -F ilte r  arch itectures, from  w hich m ost of our concepts are  taken. 
T here are som e differences between these works: our purpose is not refinem ent b u t com 
m unication of concepts, we define an execution m odel m ore su itab le to  th e  concepts of V R  
we define, an d  concepts like objects, and object holders are novel. Lee and  P arks define in 
g reat deta il th e  concept of dataflow  networks, and  its  sem antics. A lthough our descrip tion 
is m ore sim ilar to  th e  one from  P hilipps and  R um pe, we borrow ed th e  im p o rtan t concept 
of delays from  Lee an d  Parks.

T here have been some a ttem p ts  to  define a  concept like reta rge ting  in  th e  com puter 
graphics area. Scalable graphics is a field th a t  stud ies m ethods for parallel rendering  of 
scenes 9. Some resu lts  have been achieved in th is  a rea  [49, 42, 66, 64] w hich basically p ro 
pose algorithm s for load balancing th e  rendering ta sk  over several com puters. A pplication  
re targe ting  in  V R  requires th is  type of rendering solution, in order to  use th e  capabilities of 
cluster an d  para llel m achines. However, reta rge ting  also involves changes in  o the r im p o rtan t 
elem ents of a  V R  applica tion , such as devices, conten t, and  in teraction  techniques. IBM  
presented  sim ilar ideas in  its in te rp re ta tion  of Scalable graphics [15], b u t few m any details 
are available in  th e  paper. In  sum m ary, our p roposal describes how to  re ta rg e t devices and  
in teraction  techniques in  V R  applications, as oppose to  changes in graphic con ten t only.

2.6 U sers o f V R  Toolkits
T he interface of a  developm ent environm ent defines a  level of knowledge th a t  users should 
fulfill. W ith  th e  exception  of Alice [97] and  V RM L [21], all V R  toolkits in Table 2.3 require 
program m ing skills from  V R  developers.

We consider th a t  th e  design of V R  applications should  no t require strong  program m ing 
skills. T h e  overall arch itec tu re  of a  V R  program  and  decisions abou t in teraction  techniques, 
devices, an d  conten t can  be taken  w ithou t w riting  code in C + -1- or Java. For th is  reason, 
we differentiate betw een a V R  designer, whose ta sk  is to  design an application  a t  th e  archi
tec tu ra l level, an d  a V R  developer, whose ta sk  is to  design th e  details inside com ponents in 
th e  application . InT m l allows us to  make th is  d istinction . Designers create types of devices, 
content, or behavior in  InT m l and  plug instances of such types toge ther in  applications. 
Developers fill th e  details of such types, so each com ponent does w hat it is designed for. 
There is a  separa tion  of concerns betw een designers and  developers, and a co llaboration  in 
the  developm ent process.

9There is also th e  Scalable Vector Graphics language, but th is refers to  a different field.
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Chapter 3

Concepts

In  th is  chap ter, we describe from different view points our model for V irtual R eality  applica
tions. We give first an  inform al descrip tion of th e  basic concepts, the execution m odel, and 
some exam ples of m odeling for devices, behaviors, and m edia content elem ents. Second, we 
give a  m ore in d ep th  description of each concept, th e  way they  are re la ted  to  each other, 
and  the ir XM L syntax . Finally, we p resen t a m ore form al description in th e  Z language [87] 
th a t  clarifies th e  sem antics of th e  m odel an d  generalizes some of th e  concepts presen ted  in 
th e  two previous presentations.

3.1 A n Inform al Introduction  to  InTm l
W e consider a  V R  application  a  d a ta  flow of in terconnected  filters, described in  a  language 
called InT m l, th e  In terac tion  Techniques M arkup  Language. F ilters are th e  build ing blocks 
th a t  describe th e  s ta n d a rd  connections for any of th e  following entities: in p u t or o u tp u t 
devices, in te rac tion  techniques, ob ject behavior, anim ations, geom etric ob jects, and  other 
m edia ob jects. D etails ab o u t gathering  in form ation from  devices or ab o u t ob ject behavior 
code are described in a  lower level of ab s trac tio n  th ro u g h  th e  use of p rogram m ing languages. 
Also, geom etry  or o the r m edia types re la ted  to  V R  objects are produced in any of th e  
available too ls  for th a t  purpose, such as M aya [3], 3D M ax [2], or B lender [14]. In T m l is 
th en  an  in teg ration  language for all elem ents involved in  V R  applications. I t enables th e  
designer to  concen tra te  on th e  a rch itec tu re  of th e  application , w ithout dealing w ith  too  
m any details. As an  exam ple, while dataflow -based  languages such as V RM L focuses on 
descrip tion  of geom etry  and  an im ation , InT m l focuses on th e  in tegration  of ap p lica tio n - 
specific behavior, ob ject behavior, and  events from  inpu t devices. G eom etry is som ething 
th a t  is described a t  a  lower level, in a  loadable form at, an d  InT m l refers to  it as a  reference 
to  an  ob ject. T he sam e can be applied to  sound or hap tic  content.

A filter  represen ts any device, in te rac tio n  technique, behavior, or conten t in  a V R  ap
plication. I ts  interface is defined in te rm s of inpu t an d  o u tp u t ports, which are th e  ty p e  of 
events it can  receive or produce, respectively. Some inpu t po rts  can be considered p aram 
eters, or p o rts  th a t  will receive inform ation only once a t  application  s ta rtu p . A filter can 
have an  in te rnal s ta te , which is im p o rta n t in  o rder to  model com plex filters. However, we 
do no t include th is  descrip tion  a t th e  a rch itec tu ra l level due to  its low-level na tu re . F igure
3.1 shows a way to  represent a filter, S e le c tB y T o u ch in g , w ith  input po rts  on th e  left of a 
box and  o u tp u t p o rts  on the  right. In  th is  p a rticu la r exam ple, its o u tp u t p o r t is a  selected 
ob ject from  th e  scene, and  its in p u t p o rts  are th e  V R  object used as hand  represen tation , 
th e  curren t position  and  o rien tation  of such an  ob ject, th e  scene of ob jects  to  pick from, 
and  th e  events th a t  inform  abou t added  or deleted  ob jects from the  scene. N ote th a t  th e  
inpu t po rts  for th e  hand  represen tation  an d  th e  scene can be considered param ete rs of such 
a filter, i.e. th ey  will no t change once they  are assigned.
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position SelectByTouching
orientation

handRepr

scene

addObject

removeObject

selectedObject

F igure 3.1: Select by Touching. An Exam ple of a F ilter

T he com putation  of a  filter is divided in th ree  m ain stages:

•  D a ta  collection. All inform ation generated  in a certain  tim e interval is collected. This 
stage is considered a  preprocessing stage, in which filters select and  m an ipu la te  the  
inform ation they  have received, in  order to  p repare for the  next stage.

•  Processing. In  th is  stage a filter executes, given th e  collected inpu t inform ation and 
its in te rnal sta te . O u tp u t inform ation is generated , b u t not p ropagated

•  O u tp u t propagation . O u tp u t in form ation  is p ropagated  to  all in terested  filters.

VR objects represent identifiable pieces of conten t in th e  v irtua l environm ent: elem ents 
th a t  can be seen, heard , or touched  by th e  user. A n object holder is a  filter th a t  associates 
one object to  a  set of desired changes. I t  is d raw n w ith  an  additional decoration  for a  special 
inpu t po rt, object, th a t  receives ob jects to  be hold (a sm all rectangle betw een th e  p o rt and 
th e  ob ject holder) *. Once an  ob ject O  is associated  to  an  object holder, by sending such an 
object th ro u g h  th e  p o rt object, all in form ation  com ing to  th e  object holder is red irected  to  
O. In  th e  sam e way, o u tp u ts  from  O are sent to  th e  filters connected to  th e  ob ject holder. 
An application is a  set of in terconnected  filters, th a t  m eet certain  user requirem ents. F igure
3.2 shows a  sim ple application , w hich allows a  user to  move a v irtua l h an d  w ith  a  tracker 
and  touch  v irtu a l objects. In  th is  exam ple, a  device (handTracker) gives position  and 
orien tation  inform ation to  a  selection technique (SelectByTouching) an d  an  ob ject holder 
(handRepresentation). T he ac tu a l ob ject representing  th e  user’s hand  (handRepr) is given 
to  SelectB yT ouching  for collision detection , an d  to  h andR epresentation  for changing th e  
object. Once a collision is detected , th e  collided ob ject is passed to  Feedback, w hich changes 
th e  color of th e  object. F ilte rs an d  applications are independent of any p articu la r software 
fram ew ork and  hardw are, so th e  designer does not have to  be lim ited by p la tfo rm  specific 
elem ents, and  th e  developer is free to  reorganize th e  im plem entation  in order to  improve 
th e  perform ance of th e  application  in  a  p a rticu la r platform .

xFor more details about object holders, see Section 3.4.11
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position selectedObjectSelectByTouching Feedback
orientation type

handRepr color

scenescene

addObject

rem oveObject

handRepr
console

handTracker

handRepresentation

Figure 3.2: Simple A pplication. Touching O bjects W ith  a V irtua l Hand.

An input device is a filter w ith  ju s t o u tp u t po rts  th a t  sends events of a certa in  type 
to  the  dataflow. A n output device is a  placeholder th a t  describes w here th e  o u tp u t of the  
application  will be displayed -  it is in ternally  rela ted  to  th e  V R  objects, b u t the  details are 
hidden to  th e  V R  designer.

In order to  reduce th e  com plexity of an  application, subsets of interconnected  filters can 
be encapsulated  in a  composed filter. A com posed filter represents a  com plex behavior in 
an application, th a t  m ight be tre a te d  as a u n it and  reused in new applications. Com posed 
filters can be used to  encapsu la te  all necessary details of an  in teraction  technique. As an 
exam ple, F igure 3.3 shows two views of th e  G o-Go in teraction  technique [71] -  an in teraction  
technique to  lengthen th e  user’s v irtu a l arm  for reaching d is tan t objects. T he left image 
shows enough deta il to  allow V R  designers to  use such an  in teraction  technique, while th e  
im age a t th e  right shows all th e  filters an d  ob jects involved.

cubeObjobject
qHead

ScleciByToucliing

GoGoITposHead

qHead

posHand

qHand

handRepr

addObject

removeObject

type

color

Figure 3.3: T he G o-G o in te rac tion  technique. G eneral and  detailed  views.

3.2 E xecution  M odel o f an InTm l A pplication
A n InT m l application  is executed  as a  sequence of identical steps, each one com posed of 
four stages. T he ac tua l execution tim e of each step  and  th e  resulting  application  fram e ra te  
are considered im plem entation  dependan t, since they  vary according to  th e  com putational
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power of th e  p articu la r hardw are p latform  and th e  p articu la r m ethod  for transla ting  InTm l 
to  such a ta rg e t environm ent. We assum e th a t  a m inim um  fram e ra te  per device is known, 
and th a t th e  tran sla tio n  process from InT m l to  code takes in to  account such rates in order 
to  provide a usable v irtua l experience. T he sem antic m odel of InT m l defines which filters 
are executed in each step , no m a tte r  the ir order, and which results are expected. It is up 
to  the  InT m l im plem entation  to  execute such filters fast enough to  reach the  ta rg e t speed 
of the  V R  application.

F igure 3.4 shows th e  stages in an InT m l execution step. T he activ ities perform ed during 
each stage are th e  following:

. . .

Read Behavior Update Output
* input execution VR rendering t+l

devices objects

Figure 3.4: E xecution M odel of InT m l A pplications betw een two rendering steps.

•  Device reading: E vents from  active devices are read during  th is period of tim e. All 
events during  such a period  are considered sim ultaneous.

•  D a ta  flow execution: E vents received in th e  previous stage are fed to  th e  dataflow, 
w hich p ropagates th e  events th roughou t reachable filters. All changes to  ob jects re
quested  by filters are queued, and  they  will be executed  in  the  following stage.

•  O bject updating : All changes requested  in th e  previous stage are considered, and  
th e  selected ones are executed. Each ob ject ty p e  should  im plem ent its own conflict 
resolution  policy, w hen several conflicting changes are requested. For exam ple, if an  
ob ject receives several position  changes, it m ight decide to  e ither execute any of the  
changes a t random , or execute th e  average of th e  requested  changes. This o b jec ts’ 
feature is im p o rta n t due to  th e  fact th a t  th e  order of execution of filters behind 
any ob ject is unknow n, since InT m l im plem entations w ith  m ore com putational power 
m ight execute filters in  parallel, and  each object m ight receive changes from m ore th a n  
one filter. However, a  selection policy defines if th e  dataflow  is determ inistic or no t 2.

•  O bject rendering: C hanges to  ob jects are shown to  users, in each one of th e  o u tp u t 
devices available. T his stage is usually tran sp a ren t to  users of m odern  graphic A PIs, 
such as Perform er and  Java3D , and  usually sup p o rted  by ded icated  hardw are.

T he non-determ inistic  feature of some object u p d atin g  policies deserves one m ore com
m ent. W hile th is  is in general an  undesirable characteristic , created  by th e  availability of 
m ore th a n  one in p u t event of a  certa in  type, in p rac tice it is not very noticeable. If we 
assum e th a t  all in p u t events have been generated from  a  certa in  device, or by several fil
te rs  th a t indirectly  received such events, and  th a t  filters com pute “sm ooth” functions, the  
spatia l and  tem poral coherence of th e  inpu t events will guaran tee  certain  proxim ity of the  
values com puted from  each in p u t event. In  practice, w hen in p u t values are close enough, 
users will not notice differences re la ted  to  th e  chosen value.

2 The average policy results in a determ inistic execution, whereas a random selection policy will produce 
a non-determ inistic result.
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Stages can be parallelized or pipelined, so it is possible to  get th e  best perform ance 
from each p la tform , w ith  only one application description. A n exam ple is shown in F igure 
3.5. A dditional th read s are dedicated to  device event gathering , filter execution, or object 
updating . T here  are som e points where th reads should be synchronized, b u t in general th is 
approach perm its  a b e tte r  application  th ro u g h p u t and  m ore com plex com putations.

thre

thre
Read
input
devices

thre

thre
Behavior
execution

thre

thre
Update
VR
objects

F igure 3.5: E x tended  InT m l E xecution  Model.

Inform ation in th e  dataflow  and  th e  s ta te  of V R  ob jects  are considered im m utab le in a  
particu la r tim e fram e. For th is  reason all filters will see th e  sam e s ta te  of an  ob ject inside a 
com putation  fram e. A n InT m l application describes th e  first two stages —  devices to  read 
and d a ta  flow — , and  th e  o ther two are h idden a t th is  level from  th e  designer. We assum e 
an  im plicit connection  betw een m edia ob jects and  o u tp u t devices, in order to  allow devices 
to  render th e  en tire  s ta te  of th e  world.

From  th e  po in t of view of designers of V R  applications, an  InT m l application  is a  set of 
m odules th a t  has to  be im plem ented on to p  of a foundation  framework, and certa in  rules 
of execution have to  be taken  into account. T h e  designer’s w ork is divided betw een th e  
definition of new  filters, reuse of previously defined ones, and  definition of applications. 
Designers co llaborate w ith  developers of V R  applications, whose m ain job  in an  In T m l-  
based environm ent is to  develop th e  inner code in th e  filters 3 .

3.2.1 Im p lem en ta tio n  issues o f th e  E x ecu tio n  M od el

As we have m entioned, th e  ac tu a l execution tim e of a  p articu la r InT m l application  depends 
on the  im plem enta tion  in  w hich th e  code is runn ing  on, since all concepts rela ted  to  tim e are 
ab s trac ted  from  th e  general description we have presented . In  particu lar, we assum e th a t  
all inform ation generated  a t a  p articu la r tim e sim ultaneously arrives to  in terested  filters.

3 This separation of roles w ill be described in more detail in Section 4.
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The purpose of th is  ab s trac tio n  is to  hide com plexity to  designers, whose work is to  describe 
a solution no m a tte r  th e  hardw are characteristics of the  platform  they  have available. An 
im plem entation  of InT m l has to  address th e  following issues related  w ith  tim e:

•  N etw ork delay. T h is delay is due to  th e  physical characteristics of th e  netw ork tech
nology used betw een th e  com puters of a specific platform . Once it is m easured, it can 
be considered constan t, no m a tte r th e  netw ork load.

•  P rocessing delay. This delay is due to  th e  inheren t tim e required to  com pute resu lts 
inside a filter. It depends on the  am ount of inpu t a t a  particu la r tim e, and  the  
a lgorithm s used in th e  im plem entation  of a  filter. I t is possible to  create m odels for 
p articu la r filters in  order to  pred ic t th is  delay and  take decisions regarding fram e 
execution.

•  Latency. T his tim e is caused by the  load in th e  network. It is difficult to  pred ic t, bu t 
it is possible to  define a  m axim um  w aiting  tim e, used to  discard m essages th a t  arrive 
late.

A sim ple im plem entation  of InTm l, in  w hich th e re  is only one com puter receiving d a ta  
and processing it, does not require to  handle th e  previous concepts. In  a  m ore com plex 
setup, it is possible to  create a model based on th e  previous tim e definitions in o rder to  
handle such delays. A sim ple way to  deal w ith  such issues, based on th e  fram ew ork for 
m ulti-m odal V R  applications presented  in [95], requires th a t  every filter w aits for a period 
of tim e before collecting inform ation from inpu t ports . Such a  period of tim e assures th a t  all 
sim ultaneous events are  received before its processing, so a filter can execute in th e  norm al 
way w ithou t e x tra  considerations.

3.3 InT m l Exam ples
InT m l is useful to  represent devices, in te raction  techniques, content behavior, and  appli
cations th a t  com bine all these elem ents. Let us illu stra te  these  concepts w ith  som e sim ple 
exam ples. A  real design of such elem ents m ight be different in  order to  suppo rt a  m ore 
m odular an d  reusable s tru c tu re , b u t th e  p resen ta tion  here aim s a t illu stra ting  in stead  of 
optim izing for reuse.

One can s ta r t  w ith  a  com m on inpu t device, a  th re e -b u tto n  mouse. A graphical rep
resen tation  of a  m ouse w ith  th ree  b u tto n s  in  In T m l is shown in F igure 3.6. W e show th e  
inform ation one can get as separate  o u tp u t ports: x  position, y position, b o th  coord inates 
toge ther as a  m ouse move, an d  events for th e  actions of pressing and  releasing each b u tto n 4. 
O ther rep resen ta tions and  events are possible. For exam ple, bu ttons can  be represen ted  as 
separate  devices inside a  mouse, and events for clicking or double clicking a b u tto n  can  be 
generated, sep ara te  from  th e  press and  release events. Any elem ent can have redundan t 
o u tp u t po rts . In  th is  way, o ther elem ents can  choose w hat is th e  right ty p e  of in form ation  
they  are in te rested  in.

4T ypes for each event are not shown in this diagram, but each port only allows events of a certain type.
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GenericMouse xPos
yPos
mouseMove
rButtonDn
mButtonDn
lButtonDn
rButtonUp
mButtonUp
lButtonUp

Figure 3.6: A Simple R epresen ta tion  of a M ouse in InTm l.

A m ore advanced device is th e  6D O F  w and tracker from InterSense. I t no t only provides 
position and  o rien ta tion  in 3D space, b u t it also has a  sm all joystick and four b u ttons . Such 
a w and can be represented in  InT m l as it is shown in F igure 3.7. In th is  case, b u tto n s  only 
generate one ty p e  of event, when they  are clicked. I t  is also possible to  have events w hen a 
b u tto n  is pressed or released, as in th e  m ouse exam ple.

InterSenseWandTracker

button! Clicked
button2Clicked
button3Clicked
button4Clicked

F igure 3.7: A n InT m l R epresen ta tion  of th e  InterSense W and.

A n exam ple of a  3D selection w idget is th e  ring m enu [58]. A ring m enu shows a  se t of 
ob jects in a  ring  th a t  can be ro ta ted  along its  3D axis. E x tra  geom etry in th e  m iddle of th e  
ring  makes th e  selected ob ject m ore visible, w hich is betw een th e  user’s v iew point an d  th e  
r in g ’s axis. A n InT m l represen tation  of a ring  m enu is shown in F igure 3.8.
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frameObj RingMenuIT object
pHead
posHand
qHand
setObjs

Figure 3.8: A n InT m l R epresen tation  of th e  R ing Menu.

T he geom etry for th e  fram e can be given th rough  th e  fram eO bj port. T he position  of 
th e  user’s head is also required, w ith  th e  position  and o rien tation  of a h and  tracker. Its 
o u tp u t is the  selected ob ject, if i t  has changed since the last selection.

B arrilleaux [8] describes several in teraction  techniques for 3D m anipu la tion  in  s tan d ard  
desktops. For exam ple, ob ject m ovem ents can be perform ed in relation  to  th e  displacem ent 
of th e  m ouse in th e  display p lane, or th e  p ro je tion  of such a m ovem ent over th e  v irtua l 
“floor” . T he la tes t op tion  is called w orld -related -m ovem ent, and it can be represen ted  in 
InT m l as it is shown in F igure 3.9. T he m an ipu la tion  technique receives a  position  p in 
display coordinates, th e  p lane th a t  represen ts th e  floor in th e  curren t scene, th e  ob ject to  
be moved and th e  curren t u se r’s view point. T he resu lt is a new 3D position  for th e  object.

P WRMMoveOffset pos
plane
object
viewpoint

F igure 3.9: A n InT m l R epresen ta tion  of W orld R elated  M ovement.

T he basic behavior for ob jects in  th e  world can also be represented  in  InT m l. F igure 
3.10 shows VRObject, w hich encapsulates basic behavior of an  in teractive object. Position, 
orien tation , and  scale can be changed, in a separate  way or a t once by a  transfo rm ation  
m atrix . P a r ts  can  be added and  rem oved, a bounding  box can be draw n around  th e  object, 
and  its m ain  color can be changed. A n object can also inform  any in terested  filter of any of 
th e  previous m odifications.
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setPos VRObject posChanged

setQ qChanged

setScale scaleChanged

setMatrix object Added

addObject objectRemoved

removeObject transparencyChange

setTransparency highlightChanged

highlightState visibilityChanged

setVisible

Figure 3.10: A n InT m l R epresen tation  of an  In terac tive  O bject.

Exam ples of applications will be given in Section 5.

3.4 InTm l O ntology and XM L representation
W e describe in th is  section th e  concepts in  InT m l and  th e ir  relationships, toge ther to  the  
XML syntax  we have created  for them . F igure 3.11 shows two views of th e  concepts (in 
rectangles) an d  relationships (as arrows) in  InTm l. A dashed box represents an ab s trac t 
concept w ith  no instances, b u t useful to  describe relationships of several o the r concepts 
rela ted  to  it by an  isA  relationship . T h e  following parag raphs describe these concepts and 
relationships in m ore detail 5. T h is descrip tion is rela ted  to  th e  curren t XM L im plem enta
tion , according to  th e  D T D  definition presented  in  A ppendix  C. T he descrip tion  in  Section
3.5 separates from  curren t im plem entations and  describes a  m ore general approach, w ith  
m ore solid sem antics. XM L fragm ents in th is  section use th e  following conventions: S tring 
values are w ritten  as value, op tional a ttr ib u te s  or en tities are enclosed in  “[ ]” , op tional 
values are w ritten  as o p t l / o p t2 /o p t3 ,  w here o p t l  is th e  value by default.

5Section 6 describes the coverage of this concepts in the platform s where InTm l has been im plem ented.
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T ypeC onstan t Info O bject

A pplication

InisMany
A pplication O bjectH o lderC ornposedF ilter G raph

D evice

IPort

1 FilterPhysical

J  F ilterO bject

O Port
Type

B ehavior

Figure 3.11: E ntities and relationships in InTm l.

3.4.1 P ort

A port is a  filte r’s connection poin t. I t is called an  in p u t p o rt (iport) if receives inform ation, 
and  an o u tp u t p o rt (oport) if p ropagates inform ation generated  from th e  filter.

T he m ain purpose of a  p o rt is to  tran sp o rt inform ation from  one filter (origin) to  ano ther 
(destination), which are connected by an  oport and  an  iport, respectively. T he type  of 
inform ation flowing th ro u g h  a  p o rt should be com patib le w ith  th e  p o rt type.

We have no t designed any XM L represen tation  for th is  ab s tra c t entity.

3.4 .2  IP ort

A n input p o rt is an  en try  po in t for inform ation of a  certa in  type. I ts  declara tion  inside a 
filter class has th e  following syntax:

<IPort id="aName" type="aType" [defValue="stringRep"] [policy="aPolicyName"]  
[ i s A r r a y = " f a l s e / t r u e "] [typeArray="static/dynamic"] 
[maxArray="aNumber"] >

< S h ortD escX /Sh ortD esc>
[< D e scr ip t io n > < /D esc r ip t io n > ]

< /IP ort>

An inpu t p o rt is identified by a  nam e. T he inform ation received by th e  p o rt should have 
a  com patible ty p e  w ith  th e  in p u t p o r t’s type. A n inpu t p o rt m ight have a default value, 
which corresponds to  th e  first value received. T he a ttr ib u te  p o l i c y  refers to  th e  nam e of 
th e  policy m anagem ent for m ultiple events of th e  sam e ty p e  a t th e  sam e tim e. It is optional, 
w ith  im p lem en ta tion -dependan t values. I t is also assum ed th a t  any im plem entation  has one 
policy by defau lt 6. As a way to  reduce the syntax  of som e filter classes, and  also as a way 
to  create m ultiplexors an d  m ergers, we use th e  following a ttr ib u te s  to  describe an  array  of 
po rts  w ith  th e  sam e basic syntax . T he a ttr ib u te  isA rray  is tru e  w hen th e  node is an  array  
of inpu t po rts , in which case th e  nex t two a ttr ib u te s  can be defined: typeArray th a t  says if 
the re  is a fixed (static) o r variable num ber of po rts  in  th e  array, and maxArray th a t  defines 
th e  m axim um  num ber of p o rts  if th e  array  is sta tic . For exam ple, an  IP o rt declara tion  such 
as

6For exam ple, in the Java3D im plem entation described in Section 6 we use two names: ALL and A N Y  
to  describe a policy that takes into account all events, or one at random, respectively.
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<IPort id = " ip l"  type=" in t"  isArray="true" typeArray="dynamic"/>  

will allow references to  po rts  i p l [ 2 ]  or i p l [ 1 5 ] ,  whereas 

<IPort id = " ip l"  type="int"  isArray="true" typeA rray= " sta t ic"  maxArray="10"/> 

will allow ju s t th e  first one.
Any inpu t p o r t m ight have a  short and a long description. I t can also be associated to  

an object holder, in which case it is not explicitly declared (i.e. the re  is no declara tion  of a 
type  for an  ob ject holder), b u t it is deduced from th e  type of th e  first object connected to  
the  object holder 7.

References to  po rts  are used inside connections. T his syn tax  will be described la te r in 
th is  chapter.

3.4 .3  O P ort
An o u tp u t p o rt is a  channel of inform ation from  a filter. A filter can have several o u tp u t 
ports, some of th em  red u n d an t 8, w ith  an  entire set of in form ation  it can produce. I ts  XML 
stru c tu re  is sim ilar to  th e  one of an input port:

<0Port id="aName" type="aType"
[ i s A r r a y = " f a l s e / t r u e "] [ typeA rray="static /dy.nam ic "]
[maxArray="aN umber"] >

<ShortDesc></ShortDesc> [ < D e s c r ip t io n X /D e s c r ip t io n > ]
</0Port>

T he a t tr ib u te s  id ,  typ e ,  isArray, typeArray, an d  maxArray have th e  sam e m eaning 
as th e  ones in an  IP o rt. O u tp u t po rts  do no t have a defValue, since th e  only inform ation 
th a t  goes ou t of a  filter is th e  one com puted from  th e  in form ation  in its inpu t po rts , a t any 
period of tim e. N either does it have a p o l i c y ,  since all inform ation generated  is sent to  
in terested  filters, an d  it is up  to  the ir inpu t p o rts  to  decide a policy for several sim ultaneous 
events. In  th e  sam e way as an  IP o rt, it m ay have som e te x tu a l description associated  and 
it m ay be associated  to  an  O bjectH older.

3 .4 .4  F ilter

A F ilte r is th e  m inim um  un it of com putation  in InT m l. I t defines a set of inpu t p o rts  th a t  
receive events from  o ther filters, and a  set of o u tp u t p o rts  th a t  sends com puted values from  
th e  received events a t any tim e. I t also can have an  in te rnal s ta te , h idden from th e  ex ternal 
definition in  te rm s of p o rts  9. A filter can be p a r t of com posed filters, applications, or object 
holders. I t is involved in  connections by b inding an  o u tp u t p o rt of a  filter w ith  an  inpu t 
p o rt of ano ther. T here  are th ree  concrete flavors of filters: devices, ob jects (or m edia), 
and  behavior (or in te rac tion  techniques). I t  perform s th e  following th ree  tasks a t every 
execution step: collection of events from its inpu t po rts , processing of th is  inform ation, and  
generation of events to  be send th rough  o u tp u t ports . I t  does not directly  have instances, 
b u t the  ones from  its  subclasses (Device, O bject, Behavior).

3 .4 .5  D ev ice
A device 10 is th e  sim plest filter class. I t represents a  physical un it th a t  produces certa in  
type of in form ation. I t  usually gets its inform ation by pulling it from a  physical device,

7More details in Section 3.4.11.
8 In som e cases it is useful to  count w ith  several ports w ith  several representations of the sam e inform ation, 

i.e. a m atrix and a quaternion representation of a rotation.
9 Such an internal sta te is usually docum ented for com pleteness reasons

10Som etim es is called logical device, in contrast to  a physical device, defined below.
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b u t th e  rela tionsh ip  is not necessarily one to  one, i.e. a  logical device can pull inform ation 
from several physical devices, or a physical device can be associated to  several logical ones. 
Devices are instances of device classes, declared as follows:

< D eviceC lass  id="aName" >
< S h ortD escX /Sh ortD esc>
[ < D e s c r ip t io n X /D e s c r ip t io n > ]
[< Im plem ents c lassId= "aC lassl\lam e"/> ]
[ < I P o r t > . . .< /IP o r t> ]
[<0Port> . . . < /0Port>]

< /D ev iceC lass>

A device class has a  nam e as identifier, and  it contains the  input and o u tp u t po rts  
of every instance of such a  class. T he special ta g  Im plem ents allows an  inheritance-like 
relationship  betw een device classes: T he class contains all inpu t and o u tp u t p o rts  of the  
im plem ented one. A n instance of a device class can be created  inside an app lica tion  as 
follows

< ID ev ice  id= "aN am e" ty p e= "aT y p e"/>  

or

<0D ev ice  id= "aN am e" typ e= "aT y p e"/>

T he IDevice em phasizes th e  fact th a t  th e  device will produce inpu t in form ation  for 
o ther filters in  th e  application . T he purpose of ODevice is to  m ention o u tp u t devices in 
th e  environm ent. If  a  device b o th  produces and  consum es inform ation a t th e  sam e tim e, it 
should be considered as an  IDevice.

3 .4 .6  P h y sica l D ev ice
A physical device is a  physical en tity  th a t  produces in form ation  to  be read by th e  com puter. 
I t is represen ted  in  an  InT m l application  as one or m any instances of class D ev ice . Special 
tun ing  of physical devices (callibration  procedures, s ta rtu p , alignm ent, p a rticu la r m ethod  
for accessing in form ation  from  it) are considered o u t of th e  scope of InTm l. In  th is  way, 
InT m l users concen tra te  on w hat type  of in form ation  th ey  can use from  devices, in stead  of 
b o th  in form ation  an d  setup . T here is no visibility of physical devices in  InT m l, a p p a r t from 
a tac it correspondence w ith  logical devices.

3 .4 .7  O b ject

A n object is a  filter th a t  affects th e  m edia involved in th e  V R  application, i.e. a  piece of 
geom etry, a  sound effect, a hap tic  effect, etc. In  th e  case of geometry, m edia is usually 
represented  w ith  a  scene graph. InT m l ob jects are bu ilt on  to p  of scene g raph  nodes, and 
are used inside an  InT m l application  to  m ake changes in particu la r nodes in th e  scene. 
D uring an  execution  step , an  ob ject queues all changes th a t  filters request. A t th e  end 
of the  execution  step , once all filters involved in  its  inpu t have been executed, an  ob ject 
executes th e  requested  changes according to  th e  policies of its input ports. If th e  ob ject 
report changes th ro u g h  its o u tp u t ports, th ey  will be noticed in the next execution step. 
In th is  way it is assured th a t  all filters can read  th e  sam e s ta te  of an  ob ject du ring  one 
execution step , no m a tte r  th e  order of execution. A n object type  is defined as follows:

<O bjectC lass  id="aName" >
< Sh ortD escX /S h ortD esc>
[ < D e s c r ip t io n X /D e s c r ip t io n > ]
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[<Implements classId="aCiassName"/>]
[ < I P o r t > . . . < /IP ort> ]
[<OPort>. . .</OPort>]

< /O b jectC lass>

T his s tru c tu re  is identical to  the  one for device classes. An instance of an  ob ject can be 
created  inside an  application  or a com posed filter as follows:

< 0b jec t  id="aName" type="aType" [fileName="aFile“] 
[p r im i t iv e= " B o x /C o n e /C y li i2 d er /£ 2 2 ip se"] />

Every ob ject has an  unique identifier (aName), declares the  nam e of its ob ject class 
(aType), can load a piece of geom etry or o ther loadable type of content from  a file (aFile), 
or it can correspond to  one of 4 sim ple shapes (B ox /C one/C ylinder /E ll ip se ) .

O bjects can also be sent to  o ther filters as inform ation, and in p articu la r to  object 
holders. T he following syntax  is used for th is  task:

< B ind ing  iE="_self" iP="objectl\lam e" 
oE="aFilter" oP="anlPort" />

T he special id e n tif ie r  self refers to  th e  cu rren t com posed filter or application  th a t  con
ta in s  th e  ob ject called objectName. T h e  filter aFilter will receive objectName th ro u g h  the  
p o rt anIPort. O bjects can be plugged to  ob ject holders th rough  a special p o rt called object.

3.4 .8  S cene G raph N o d e

A Scene g rap h  is th e  m ain  d a ta  s tru c tu re  for geom etry processing in m odern  graphic A PIs, 
such as Perform er [79] or Java3D  [63]. A n object in InT m l can refer to  an  elem ent in 
such a  hierarchy, in  such a way th a t  it hides th e  com plexity of geom etry rendering  inherent 
to  th e  scene g raph  s tru c tu re  b u t a t th e  sam e tim e allows in teraction  w ith  such elem ents. 
F igure 3.12 shows th e  rela tionsh ip  betw een nodes in th e  scene graph and  InT m l objects. 
T here  could be an  im plicit dependance betw een InT m l objects, since they  can  refer to  scene 
graphs nodes th a t  depend on each other, i.e. ob jects A and B in the  figure. T here  are ways 
to  make th is  rela tionsh ip  explicit, for exam ple, by allowing InT m l ob jects to  replicate such 
a hierarchy. However, in th e  general case, we consider th is  relationship ou t of th e  scope of 
th e  InT m l description.

Scene Graph InTml

F igure 3.12: R elationship  betw een scene g raph  nodes and InT m l objects.

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4.9 Behavior
Behavior is represented  by filters in InTm l. A filter can represent a  piece of com putation  
in an  InT m l application. I t represents in te raction  techniques, special ob ject behavior, ani
m ations, or application  specific behavior as filters in the  dataflow. In its sim plest form, the 
ty p e  of a filter in InT m l is declared as follows:

< F i l t e r C l a s s  id="al\lame" >
<ShortD escX /Sh ortD esc>
[< D e scr ip t io n > < /D esc r ip t io n > ]
[<Implements classId="aClassName"/>]
[ < I P o r t > . . . < /IP ort> ]
[<0Port> . . .< /0Port>]

< /F i l t e r C la s s >

This has th e  sam e s tru c tu re  of a  DeviceClass or an O bjectC lass. F ilte r instances can be 
created  in applications or com posed filters w ith  th e  following sta tem ent:

< F i l t e r  id="aName" type="aType"/>

As in devices and objects, a  filter is identified by a nam e and  a  type.

3 .4 .10  C onn ection

A connection defines a  rela tionsh ip  betw een devices, behavior, and m edia content. I t is the 
only way to  pass inform ation from  one softw are com ponent to  another, an d  th e  only visible 
rela tionsh ip  possible a t run tim e 11. T h e  XM L syn tax  of a  connection is as follows:

<B inding iE="aFilter" iP="anOPort" [il="anlndex"]
oE="aFilter" oP="anlPort" [oI="anlndex"] />

A connection is uniquely identified by an  origin elem ent (iE ), an o u tp u t p o rt in  such an  
elem ent (iP ), an  op tional index in  th e  o u tp u t p o rt declara tion  ( i l ) ,  a  des tina tion  elem ent 
(oE), an  in p u t p o rt in  such an  elem ent (oP), an d  an  optional index for th e  in p u t p o r t (o l). 
C onnections appear inside applications an d  filter classes in order to  describe th e  dataflow  
betw een elem ents.

3.4 .11  O b jectH old er

An object holder is a  way to  define placeholders w ith  a  certa in  stru c tu re  of connections in 
a  dataflow , places w here m edia conten t elem ents can be plugged, executed, and  changed. 
Section 3.5 will describe a m ore general concept, a  filter holder, allowed to  hold any type 
of elem ent. C urren t im plem entations of InT m l are lim ited to  hold ju s t ob jects, b u t th is 
constra in t can be avoided in  th e  fu ture , by following th e  sem antics of filter holders 12.

T h e  XM L syn tax  for an  ob jec t holder is as follows:

<0bjectH old er  id="aName" />

We can  notice th a t  an  ob ject holder does no t have a type  in its declaration. O ur current 
im plem entation  of object holders finds ou t its p o rts  by “copying” th e  po rts  of th e  first object 
it gets to  hold. A dditionally, an  ob jec t holder will always have two add itiona l ports: an 
ip o rt called object th a t  allows receiving new objects, and  an  opo rt called objectChanged th a t  
will inform  in terested  filters ab o u t changes in th e  contained object. If such an  ob ject is 
replaced, subsequent ob jects will be connected to  th e  p o rts  already defined a t th e  object 
holder, provided th a t  p o rts  are com patib le 13. A n exam ple of th is  m echanism  is shown in

11 Devices are related to  physical devices and objects to  scene graph nodes, but such relationships are 
considered out of the scope of InTml.

12 F ilter holders are defined later in th is chapter.
13Currently, com patibility betw een ports is defined by their names.
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Figure 3.13. W hen the  application  s ta r ts  and an  object holder has not received any events, 
there are only two po rts  declared: one for receiving ob ject events, one to  inform  changes in 
the  contained object. O nce an  ob ject A is connected, th e  ob ject holder copies its definition 
and  adds to  itself the  corresponding ports. L ater on, w hen A is replaced by an object B 
of a different class, ju s t th e  com patib le po rts  are connected, i.e. po rts  r  and s will not be 
connected. If A is em bedded again in the  object holder, it will be conneted as it is was 
before.

O b jec tH o ld e r O b jec tH o ld e robject
O b jec tH o ld e r

F igure 3.13: Different sta te s  of an O bject H older during execution.

3 .4 .12  E vents in th e  D ataflow  and T yp es

Every piece of inform ation flowing th ro u g h  th e  dataflow  is an  event, or Info  in F igure 3.11. 
Pieces of inform ation have a  ty p e  associated to  it and its value could be atom ic or composed. 
A value is considered atom ic if it is im plem entation  -dependant and do not have a com plex 
represen tation  in  InTm l. N ote th a t  a  com plex s tru c tu re  such a  quatern ion  [73] can  be 
trea ted  as atom ic if th e re  is no definition of its s tru c tu re  in InTm l. A value is com posed 
if they  correspond to  ob jects defined in InTm l. T ypes can  have an  im plicit com patib ility  
relationship, i.e. inheritance in ob jec t-o rien ted  languages. However, th is rela tionsh ip  is not 
declared in th e  curren t im plem entation  a t th e  level of InT m l, b u t a t  th e  im plem entation  
level. T ype declarations are e ither im plicit, w hen they  appear as types of p o rts  or constants, 
or explicit, when they  are described as an  O b je c tC la s s .

All events are tim e-s ta m p ed , and  all events received a t  th e  sam e fram e from  devices 
and  p ropagated  th ro u g h  th e  dataflow  are considered sim ultaneous. Events are im m utable, 
so th e ir  values can no t be changed by filters. A n event can be p ropagated  to  several filters 
(fan-out), so several filters can refer to  th e  sam e Info.

3 .4 .13  C onstant

A constan t is a value of a  ce rta in  type. C onstan ts are used to  give a  defau lt in itia l value to  
a filter, th rough  a p articu la r in p u t po rt. A constan t is declared  as follows

<Constant id="aName" type="aType" value="aValue"/>

A constan t has an  identifier and  a  type. I ts  value is a  s trin g -b ased  rep resen tation  of its 
value inside the  InT m l execution. C onstan ts can  be pushed th ro u g h  inpu t po rts , so its value 
will be th e  first value received by a port. C onstan ts can be declared inside applications and 
com posed filters, and  sent to  filters th ro u g h  a p articu la r in p u t po rt. T he following is an 
exam ple, in  which a filter f receives a constan t c l  th ro u g h  its  inpu t p o rt ip. We use the  
special identifier _self in o rder to  refer th e  constan t c l  defined in th e  curren t context.

<B ind ing  iE="_self" iP = " c l"  oE="f" oP="ip" />
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3.4.14 C om posedFilter
A com posed filter is an  InT m l construc t th a t  allows designers to  hide com plexity by encap
sulating  a piece of an  InT m l program  as a sim ple filter in th e  environm ent. A com posed 
filter describes a subset of filters, objects, object holders, constan ts, and connections th a t 
execute certain  tasks. We use th e  sam e XML elem ent to  declare sim ple and com posed filters, 
bu t a com posed filter can include o ther elem ents, such as:

< F i l t e r C la s s  id="aName" >
< S h o rtD e sc X /S h o rtD e sc >
[< D e s c r ip tio n > < /D e s c r ip t io n > ]
[<Implements classId="aClassName"/>]
[ < I P o r t> . . ,< / IP o r t> ]
[ < 0 P o r t> . . .< /0 P o r t> ]

[ < F i l t e r > . . . < / > ]
[<0b j e c t > . . . < / > ]
[< O b je c tH o ld e r> . . . < / > ]
[ < C o n s ta n t> .. .< /> ]
[<B inding>. . . < / > ]

< /F i l t e r C la s s >

A com posed fiter describes a  dataflow  w ith  a certa in  interface given by its own inpu t and
o u tp u t ports. IP o rt and  O P ort elem ents should be connected  to  po rts  of in ternal entities
th rough  B in d in g  s ta tem en ts . For example:

< F i l t e r C la s s  id="ComposedFilterl" >
<ShortDesc>An example o f  composed f i l t e r < / S h o r t D e s c >
< IP o r t  id = " ip l"  ty p e = "T y p e l" />
<OPort id = " o p l"  ty p e = "T y p e l" />

< F i l t e r  id = " f l"  ty p e = "F ilte r l" />
< 0 b jec t  id="objl" type="Objectl" f ileNam e="fl" />
< B ind ing  iE="_self" iP = " ip l"  oE="fl" oP=,,ip"/>
< B ind ing  iE = "o b jl"  iP = "op" oE="_self" o P = "o p l" />

< /F i l t e r C la s s >

Assum ing th a t  filter f l  has an  inpu t p o rt ip, and  th a t  ob ject ob jl has an  o u tp u t p o rt op, 
th e  previous exam ple connects th e  inpu t and  o u tp u t o f th e  com posed filter to  its in te rnal 
s truc tu re . N ote th e  use of _self to  refer to  th e  com posed filter, when necessary.

An instance of a  com posed filter can be created  inside an  application  or inside o ther 
com posed filters w ith  th e  sam e syn tax  used for norm al behavior.

3 .4 .15  A p p lica tio n
A n application elem ent in  InT m l describes a  dataflow  of filters th a t  accom plish certa in  tasks. 
T he XML syn tax  for an  application  is the  following:

<App id="aName" >
<ShortDesc></ShortDesc>
[< D e s c r ip tio n > < /D e s c r ip t io n > ]

[ < I D e v ic e > . . .< /> ]
[< 0 D e v ic e > . . .< / > ]
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[ < F i l t e r > . . . < / > ]
[< O b je c t> . . . < / > ]
[<O bjectH older>. . . < / > ]
[<Constant> . . . < / > ]
[<B inding>. . . < / > ]

< /App>

An app lica tion  is identified by a nam e. I t contains all th e  required elem ents for a 
dataflow  in InTm l: inpu t devices, o u tp u t devices, filters, objects, object holders, constants, 
and connections.

Two im p o rta n t developm ent tasks are involved w ith  applications: initial definition, and 
reta rge ting  to  o ther hardw are platform s. T he in itial definition creates th e  required filter 
classes and  connections to  satisfy certain  set of user requirem ents in a  p articu la r platform . 
A reta rge ting  process consists of deriving new applications from  a previously defined one, 
by replacing elem ents for th e  more suitable ones in a new hardw are p latform . Such a change 
s ta rts  in devices, and  changes can be p ropagated  to  filters, constan ts, objects, ob ject holders, 
and  connections.

3.4 .16  O ther L anguage Features

T he XM L rep resen ta tion  of InT m l has some ex tra  construc ts, which are useful a t  design 
tim e or for docum en ta tion  purposes. These concepts are th e  following: P ackage, Im port, 
O v e rr id e s , P la tfo rm , Index , and P aperR ef.

Package allows th e  creation  of nam e spaces in  InTm l. T he nam e of a  filter class can 
be used w ithou t qualifiers by classes or applications of th e  sam e package. O therw ise it 
should be fully qualified, or its package should be im ported . T he sentence Im p o rt allows 
any package to  refer to  filter classes in a non fully-qualified form. T he syn tax  for these  two 
elem ents is as follows:

<Package id="aN am e">
[c im p o rt id="aPackageN am e">]

[< D e v ic e C la ss> . . . < /D ev iceC lass> ]
[ < F i l t e r C la s s > . . . < /F i l te r C la s s > ]
[< O b je c tC la s s> . . . < /O b je c tC la ss> ]

< /P ackage>

A package gives a  prefix to  all classes declared inside of it. Classes can be used w ith o u t a 
qualifier inside classes of th e  sam e package. O utside th e  package, classes can be nam ed either 
by its fully qualified nam e, or by im porting  its package. W hen an  package is im ported , all its  
classes can  be used w ith  th e ir  sim ple nam es. Conflict nam es in th e  curren t im plem entation  
are resolved by ta k in g  th e  first m atch  to  a  filter class in  th e  list of im ported  packages.

An app lica tion  is no t defined inside a  package declaration , b u t instead it can be created  
w ith  its fully qualified nam e. For example:

<App id= "a .b .c"  >

< /App>

defines app lica tion  c, in th e  package a .b .
O v e r r id e s  is a special relationship  betw een applications. If application  B overrides A, 

th e  resulting app lica tion  is th e  set operation  (A \  B )  U B .  In  o ther words, B has all ob jects, 
behaviors, devices, and  connections in A th a t  are not defined in  B, plus all elem ents of B. In  
th is  way, B replaces elem ents in A w ith  new definitions. T his m echanism  has been  used in
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order to  create default values for an application: A corresponds to  the  basic im plem entation  
of an application , com m on to  o ther ones, while B redefines only some elem ents an d  adds 
m any more.

P la tfo rm  is a  special construc t th a t groups toge ther sets of devices. It is p lanned  to  be 
used for au to m atic  re ta rge ting  of applications, b u t the ir sem antics is not fully defined.

In d ex  in an  ex tra  tag  th a t  applications and  class declarations have for docum enta tion  
purposes. Index classifies an application  or a class under an  index name. Several indexes are 
allowed, so an  elem ent can be classified under several criteria. For exam ple, the  following 
declaration:

< F i l t e r C l a s s  id="SelectByTouching">
<Indexes>

<Index id = " f ir s t "  v a lu e = " in tm l. s e l e c t i o n . d e t a i l s " / >
<Index id="papers" value="_hidden"/>

</In dexes>

< /F i l t e r C la s s >

classifies th e  class S e lec tB y T o u ch in g  under tw o criteria: first, w ith  value in tm l .
s e l e c t  io n .  d e t a i l s ,  and  p a p e rs  w ith  th e  special value —hid d en , which is used to  offi
cially hide an  elem ent from a p articu la r classification. D ocum entation  tools described in 
Section 6 will use th is  inform ation to  create browsers of elements.

3.5 A  Formal D escription  o f InTm l in the Z Language
A V irtua l R eality  application  is described here as a  flow of m essages in which in p u t messages 
or events are read  from  devices and  p ropaga ted  to  all th e  functionality  of an  application , 
represented  in  te rm s of filters. T his dataflow  m ight be executed in parallel or p ipelined, 
com plex functions can be encapsu lated  in o rder to  reduce complexity, in form ation  from 
several sim ultaneous devices can be received, and  all sim ultaneous filters are guaran teed  
to  see th e  sam e world sta te . A form al descrip tion  of th is  arch itecture based on th e  Z lan
guage [87] is given here, and it is shown how these special characteristics are accom plished, 
independently  from  a p articu la r im plem entation  14. Such a formal descrip tion  serves as a 
b lueprin t for new  im plem entations of th is  arch itec tu re, a reference th a t explains th e  sem an
tics of InT m l, independently  from  any p articu la r im plem entation . Finally, we analyze the  
differences betw een our p resen ta tion  and  theirs, an d  some of the  lessons learned  from  th is  
specification exercise.

3.5 .1  B asic  C oncep ts

A filter  is a  processing elem ent in th e  dataflow. Nam es for filters are unique in th e  system , 
an d  belong to  th e  set L. F ilte rs  are connected by channels, whose nam es are also unique 
and belong to  th e  set C. A channel uniquely describes a  particu la r o u tp u t of a  filter 15. 
Messages a re  indivisible chunks of inform ation th a t  go th ro u g h  channels and  belong to  th e  
set M .

A  stream  is a  function  th a t  relates a  channel nam e w ith  a  p articu la r sequence of messages. 
M essages in  a  stream  are ordered in bags, and  each bag represents a set of messages received 
in a  p articu la r interval. In  th is  way, m ore th a n  one message can be received in a  p articu la r 
interval, m essages of different intervals can be identified, and  the  order of messages in th e  
sam e in terval is no t relevant, a  very useful p roperty  for non-synchronous, parallel execution

14 A brief introduction to  the Z language and the  concepts used in this specification can be found in 
Appendix F.

15 Channels are a concept defined by [68] which facilitates connections between filters. It replaces at the  
specification level the concept of ports, which are the entry and exit points of channels.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of com ponents. We use th e  p roperty  described by Philipps and R um pe [68] th a t  it is 
im possible to  distinguish  between a function th a t  com putes its o u tp u t given the  h isto ry  of 
its input so far, and one th a t  selects th e  cu rren t o u tp u t from a sequence of p recom puted 
results. T h is gives uniform ity betw een our p resen tation  and the irs in order to  reuse some of 
the ir specification styles.

 S tre a m ____________________________________________________________________
c : C
m  : seq (b ag M )

We use the  opera to r j  16 to  refer to  th e  m essages in a  stream  up to  a certa in  m om ent, 
and  it is defined in several contexts. In  its sim ple form, st I  i is the opera tion  of ex tracting  
a sequence from a stream  st w ith  only th e  first i elements.

r W —   ...................... - .......................................... - -
_  I  _  : seq I x N  — > seq X

V st : seq X ; * : N •  
st J. i =  (1 ..  i) <1 st

We also use th is  opera to r a t th e  level of stream s

_  1 _  : Stream  x N —» Stream  

V st, s tO  : Stream-, i : N •
(st J. i =  stO  <=> stO .c  =  st.c  A s tO .m  =  s t .m  |  i)

A nd a t  th e  level of sets of stream s

_  |  : P Stream  x N  —x P Stream

V stSet  : P Stream-, i : N •  
stSet I  i =  { s t l  : s tSet  •  s t l  J. *}

T he function  stream  describes th e  association  betw een a  channel nam e an d  its corre
sponding stream . T he function streams  applies to  a set of channel nam es and  gives us a set 
of stream s.

stream : C  — Stream
streams : P C —x P Stream

V c : C  •  (3 st : Stream  •  stream(c) — st A s t.c  =  c)

V cSet - .P C  • streams(cSet)  =  {c : cSet •  stream(c)}

We use th e  function  restr  la ter, in  th e  definition of a  filter function. I t is th e  selection 
of a  subset of stream s w ith  specific nam es.

restr  : (P Stream  x  P C) -+-)• P Stream  

V iSet : P Stream; cSet : P C  •
restr(iSet ,  cSet)  =  {s : Stream  | s G iSet  A s.c  G cSet}

16The sym bol j  is read “downarrow” .
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3.5.2 Filters and D elays
A prim itive filter  is a com putation  un it th a t  receives some inform ation in its inpu t stream s 
and  com putes inform ation each interval in its o u tp u t stream s. By definition, inpu t and 
o u tp u t stream s do not form  cycles. We define the  function inside a filter in th e  schem a 
Behavior , w ith  th e  p roperty  th a t  th e  o u tp u t of two stream s th a t  are equal up  to  a  interval i 
is the sam e up to  such an interval. In  th is  way, th e  com putation  of the  behavior up to  th is
interval does not depend on fu tu re  s ta tes, ju s t previous sta tes. Such a  function  is capable
of com puting th e  inform ation in 0 ,  th e  o u tp u t channels of interest.

 B ehav ior -----------------------------------------------------------------------------------------------------
fu n  : P Stream  -h- P Stream

V S I ,  SO  : P Stream  •  f u n ( S I )  =  SO  => S I  fl SO  =  0

V 51, 52  : P Stream ; * : N •
51 I  i =  52 |  i => f u n ( S l )  i  i =  fu n{S2 )  [ i

 Prim itiveF il te r____________________________________________________________
name  : L 
I  : P C  
O - . P C  
Behavior

restr( fun(s tream s(I)) ,  0 )  =  streams(O)

I D O =  0

A delay of one un it is a special ty p e  of filter, w ith  one inpu t and  one o u tp u t stream , in 
which th e  o u tp u t a t  interval i+ 1  is equal to  th e  inpu t a t interval i. W e define it as:

__ D elay  :----------------------------------------------------------------------------------------------------
PrimitiveFilter  
ID  : C  
OD : C

{ ID }  =  I  A {O D }  =  0

fun (s tream s{ID })  =  s tream s({O D })  A 
tail  ( (s tream (O D )) .m ) =  (s tream (ID )) .m

We can sim ulate m em ory inside a  filter by having a  delay betw een a  pair of inpu t - 
o u tp u t stream s, in which th e  in form ation  th ro u g h  th e  delay can  be as com plex as necessary:

 Filter W ith M e m ____________________________________________________________
PrimitiveFilter  
delay : Delay

delay.ID  6 0  A delay. OD  € I

We can also define param eters, as those inpu t channels th a t ju s t receive inform ation a t 
th e  beginning of th e  execution.

 Filter W ithP aram s__________________________________________________________
PrimitiveFilter  
params : P C

params  C I

Vp : params  •  (V i : N •  i >  1 => ( (s tream (p)) ,m )(i)  =  0 )
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We define a filter  as a  prim itive filter th a t  m ight have m em ory and param eters,

Filter  =  PrimitiveFilter  A FilterW ithM em  A FilterW ithParams

3.5 .3  A n E xam ple: A  O n e-B it A dder

As an exam ple of how a P rim itiveF ilte r represents an opera tion , lets describe an adder 
of the inform ation from two stream s. A one-bit adder has th ree  inpu t channels, two for 
actual values and one for a carry  value, and sends its o u tp u t th rough  two channels, one for 
th e  actual add ition  and  one for the  possible carry  value. All messages are assum ed to  be 
either Is  or Os. Since an  in p u t channel can receive several m essages a t once, we define the 
functionality  in te rm s of an  appearance of a t least a 1 value.

asBin : M  — > {0,1} 
asBinBag  : bag M  —> (0 ,1}

V b : bag M  •  ( asB inBag(b ) =  l » ( 3 m : M « m E i A  
asB in (m )  =  1))

We use th e  following definition of a  xor function betw een two bits,

xor : ({0, 1} x {0 , 1}) —■> {0 , 1}

V a, b : {0,1} •  (a;or(a, b) =  0 (a =  0 A b =  0) V (a  =  1 A b =  1))

A b it adder is th en  defined as follows:

 Bit  A d d e r_______________________________________________________________
PrimitiveFilter
11 : C
12 : C  
c l  : C
0 : C 
cO  : C

1 =  { i l ,  i2, c l }  A O =  {o, cO}

V* : N •
# ( ( ( s tr e a m (o ) ) .m ) ( i ) )  =  1 A =ff(((stream(cO)).m)(i)) =  1 

Vi :  M •
asB inB ag(((s tream (o)) .m )( i) )  =
x o r (x o r (a sB in B a g (( (s trea m ( i l ) ) .m )( i) ) ,  a sB inB ag(((s tream (i2 )) .m )(i) ) ) ,  
asB inBag(((s tream (cI))  ,m )( i ) ) )

V i : N •  asB inB ag(((s tream (cO )) .m )( i) )  =  1 
\a sB in B a g ( ( (s t rea m ( i l ) ) .m ) ( i ) ) ,  a sB inB ag(((s tream (i2 )) .m )(i) ) ,  
asBinBag {{{s tre a m ed ) ) . m)(i))]J j) 1 >  1

Such an  adder can be used as a parallel or a sequential adder. Several bit adders can 
be connected in order to  ad d  several b its  a t  once, or ju s t one adder can sequentially receive 
several b its to  be added, providing some delayed feedback of th e  carry  inform ation.

3.5 .4  A pp lica tion s

W e com pose groups of filters to  form  applications. We define first two auxiliary functions: 
successors, and paths. T h e  successors of a  filter /  given a  set of filters iSet are all those 
filters in iSet  th a t  have an  in p u t channel connected to  an  o u tp u t channel of / ,
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s u e d  : (P Filter  x  Filter  x  C) — > P Filter  
successors : (P Filter  x Filter)  — > P Filter

V iSet : P Filter; f  : Filter •  (V c  : f  . 0  • 
s u c c l ( i S e t , f , c) =  { /2  : iSet \ c G /2 . /} )

V iSet : P F ilter ; /  : Filter •
successors(iSet, f )  =  { /2  : iSet \ (3 c : C  •  c £ f  . 0  A 
C G /2 .J )}

T he pai/is from a filter /  in a  set of filters is th e  set of all sequences of consecutive 
successors, s ta rtin g  a t / .  T h is set m ight be infinite, if th e re  are cycles.

paths : (P Filter  x  Filter)  —  ̂P(seq Filter)

V iSet : P F ilter ; /  : Filter  •
p a th s ( iS e t , f )  =  {s : s e q Filter  | s(0) =  /  A (V * : N •  
s( i  +  1) £ successors (iSet,  s(*)))}

Given a set of filters F, we say th a t  the re  is a  cycle from  one of its filters if it exists a 
p a th  th a t  nam e such a filter m ore th a n  once. W e define th e  function cyclic over a  set F  
th a t  gives us a  subset of filters w ith  th is  property.

cyclic : P Filter  —>■ P Filter  

V iSet : P Filter  •
cyclic(iSet)  =  { /2  : iSet  | (3 p  : paths(iSet, f  2) •  
( items p  | / 2) >  1)}

T he concept of cycles is used now for th e  definition of a  com position of filters. A set of 
in terconnected  filters c reate  a  composed filter  17. A com posed filter is uniquely identified by 
a  nam e, its inpu t and  o u tp u t channels are disjoint, its  filters do no t share o u tp u t channels, 
and  filters do no t have loops unless they  are m ediated  by delays. Delays can  connect two 
distinct filters or delays, in any com bination, so strings of delays are allowed. O bjects 
represent references to  conten t in  th e  application  18. W e avoid two filters from  reading 
different ob ject s ta te s  in  a  p articu la r execution fram e by forcing ob jects to  be followed by 
delays. T he behavior of a  com posed filter is defined as th e  com position of all behaviors in 
its filters and  delays 19.

17A Com posedFilter is also a Filter, when all its details are hidden,so several layers of com position are 
possible.

18Such objects m ight be interrelated, but any conflicts betw een operations in different objects are treated  
w ith application logic, which m ay be generic.

19The last condition in th is schem a is redundant, but we want to  em phasize the relationship between the  
com posed filter’s function and th e  functions of each filter inside.
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 ComposedFilter-------------------------------------------------------------------------------------------
nam e  : L 
fi lters  : P x Filter  
delays : P Delay 
objects : P Filter  
IU  : P C 
OU  : P C 
I  : P C
0  : P C
Behavior  

objects C filters

IU  =  U { /  ; fillers  •  / . / }  U (J{c? : delays •  d .I}

OU  =  ( J { /  : fil ters •  f . O }  U (J{d  : delays •  d .O }

1 = I U \ O U  

0 = 0 U

V /1 , /2  : filters •  f l  / 2  ( f  I .nam e  7  ̂f2 .n a m e  A
f l . n a m e  nam e)

m o  = 0

V /1 , /2  : fi lters  . / l / / 2 = > / l . O n / 2 . O  =  0  

cyclic(filters) =  0

V o : objects •  (V c : o.O •  c £  l j { /  : fi lters  •  / • / } )

res tr ( fun (s tream s(I )) ,  0 )  =  streams(O)

V c : O •  ( ( 3 /  : fi l ters ; I : P  IU  •  
stream(c) €  f  .fun(streams(l)))  V
(3 d  : delays-, I : P IU  •  stream(c) £ d . fun(s tream s(l))))

O ur first a t te m p t to  define an  application is as a  com posed filter w ith  a  special subse t of 
filters, called devices. Devices are sources or sinks of inform ation. In  general, inpu t channels 
to  sources of in form ation  are param eters, an d  th e  in p u t of a sink of inform ation is th e  entire 
set of ob jects in th e  application .

 Application0 ______________________________________________ ______________ ___
ComposedFilter  
devices : P-, Filter

devices C fi lters  A devices fl objects — 0

An app lica tion  can  be seen in some cases as a  com plex filter, by hiding th e  e x tra  defini
tion. W e do th a t  w ith  th e  function app2Comp

app2Comp : Application0 — > ComposedFilter

V a : Application0; c : ComposedFilter  •  app2C om p(a ) =  c 
a .nam e  =  c.nam e  A a.filters =  c.filters A a.delays =  c.delays 
A a.objects =  c.objects A a.fun = c.fun
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3.5.5 D ataflow E xecution
An ExecutionStep  of a filter is th e  process of ob ta in ing  certa in  inform ation in th e  o u tp u t 
ports, given th e  inform ation in th e  inpu t p o rts  a t  a p articu la r interval. T he opera tion  ju s t 
shows th e  inform ation in th e  o u tp u t channels a t a  given interval.

Execu tionS tep_____________________________________________________________
RFilter
in p u t? : P (b a g M ) 
ou tpu t! : P (b a g M ) 
i l  : N

V in  : inpu t? •  (3 c : I  •  in  =  ((stream (c )) .m )( i7 ))

V out : outputl  •  (3 c : O' •  out =  ( (stream(c)) ,m ) ( i ?))

T he in itia liza tion  s ta te  of a filter assigns th e  inpu t and o u tp u t channels of such a filter, 
and executes changes rela ted  to  its param eters.

 Jn itF il te r__________________________________________________________________
Filter' 
i d  : P C  
o d  : P C
in p u t? : P (b a g M ) 
outputl : P (b a g M )

/ '  =  i d  A O' =  oc?

V in  : in p u t? •  (3 c : I '  •  in  =  ((stream(c)) ,m ) ( 0))

V out : outputl  •  (3 c : O ' •  out =  ((streom (c)).m )(0 ))

A n execution step  for an application  is given by th e  execution step  of all filters th a t  have 
some inform ation in  th e ir  inpu t po rts  in a  given fram e, plus delays th a t  had  in form ation 
in th e  previous interval. We define th e  functions executingFilters  and executing Delays  to  
describe w hich filters an d  delays are  ac tiva ted  a t any given interval.

streams W ith lnput  : (P Stream  xM ) — > P Stream  
executingFilters : ( ComposedFilter  x N) — > P Filter  
executing Delays  : (ComposedFilter  x  N) —x P Delay

V iSe t : P S tream ; i : N •  streams W ith In p u t( iS e t , i) =  { s  : iSet | ( s .m ) ( i )  /  0 }

V /  : ComposedFilter; i : N •
executingFilters(f , i) =  { /2  : / .filters | streams W ithlnput (streams(f 2.1 ) , i)  ^  0 }  

V /  : ComposedFilter', i : N •
executingDelays(f , i) =  {d2  : f .de lays  | s tream sW ith !npu t(s tream s(d2 .I) , «) /  0 }

Is it possible th a t  not all filters and  delays are executed in a particu la r interval, b u t over 
tim e, all filters and  delays should be executed. T he m inim um  num ber of intervals required 
for the  execution  of a  com posed filter is called its m inim um  execution tim e.

In  order to  properly  execute an  application  we define ex tra  requirem ents. No filter 
in an  app lica tion  generates o u tp u t from inform ation in param eters a t interval 0 , an d  the  
only filters w ith  in form ation a t interval 1 are devices or connected to  devices. These two 
conditions avoid problem s w ith  filters in execution separated  by delays.
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 Applica tion -------------------------------------------------------------
Application0

V /  : filters •  (V c : / . 0  •  ( (s tream (c)) .m )(0) =  0 )

V d : delays •  ( V c  : d .O  •  ((stream(c)) .m ) (0) =  0 )

V /  : executingFilters(app2Comp(9 Application!)),1) •  
/  £ devices V (3 d : devices •  (3 p : paths (filters, d) • 

P \ { f } ^  0 ) )

3 .5 .6  C hanges in th e  D ataflow

We will consider th ree  types of changes in th e  dataflow: One th a t changes channels in a 
filter, w ithou t changing th e  s tru c tu re  of its o u tp u t connections, ano ther one th a t  changes a 
filter in a  connection scheme by replacing it for a com patible one and connecting it to  th e  
previous scheme, and  a  last one w hen filters are removed or added to  th e  dataflow.

C hannel C hanges in a F ilter

We assum e th a t  a filter function can  com pute th e  new o u tp u t channels from  th e  new inpu t 
ones, since we have assum ed th a t  in general we see ju s t a  subset of possible resu lts 20. 
T he opera tion  is defined in a  way th a t  each old channel keeps the  sam e, o r has only one 
replacem ent. We also define th e  function  isCompatible, which says if tw o channels can be 
replaced one by th e  o ther.

isCompatible : ( C  x  C) —t {0,1}

V c l ,  c2, c3 : C  •  (isC om patib le (c l , c l)  =  1 A 
isCompatible(c\,  c2) =  isCompatible(c2, c l)  A 
( isC om patib le(c l , c2) =  1 A isCompatible(c2, c3) =  1) =>- 
is Compatible (c l ,  c3) =  1)

For a filter, a  channel change is straigh tforw ard : th e  new channels replace th e  old ones, 
p roviding th a t  they  are only pairs  betw een these sets th a t  are com patible.

 ChangeChannels___________________________________________________________
/  : Filter  
f  : Filter  
n e w IC l  : P C  
n e w O C l  : P C  
oldIC 1 : P C  
o ld O C l : P C

f  .name =  f  .name

o ld lC l  C f . I  A oldO C l C f . O

f ' . I  =  new /C ? A f f n e w I C l  =  ffoldIC*!  A
(V c' : new IC I  •  (3-l c  : oldIC ? •  c' — c V isCompatible(c, c') =  1))

/ ' . O = n e w O C l  A f f n e w O C l  =  f fo ld O C l  A
(V c' : n e w O C l •  (3 j c : o ld O C l  •  d  =  c V isCompatible(c, c') =  1))

ChangeChannelsCF  defines a  change of channels in a  com posed filter. All references to  
old channels are replaced by th e  new  ones, and  th e  s tru c tu re  of the  com posed channel is 
kept, since th e re  is only one possible replacem ent for each channel.

20See the textitB ehavior schema.
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Chang eC hannelsC F ---------------- ----------------------------------------------------------
A  ComposedFilter 
n e w IC l  : P C 
n e w O C l : P C 
o ld lC l  : P C 
oldO C l : P C

nam e1 = name  A 
filters = //f i l ters '  A / /  delays =  / /  delays' A 

/ / objects =  / /objects '  A / /de lays  =  / /delays '

V / : filters •  (31f  : fi lters' •
( ( o l d l C l r f . I  =  0  A o ldO C l O f .  O =  0  A /  = / ' )
V ((o ld lC l  n  / . /  ±  0  V oMOC? n  f . 0 ^ 0 )
A (3 j ic, oc, ic ', oc' : P C •  ic C o ld lC l  A oc C oldO Cl  A 
ic ' C n e w IC l  A oc' C n e w O C l  A
C hangeC hannels[ ic /o ld lC l, o c /o ld O C l,  ic ' / n e w I C l , oc'/ new O C ?]))))

V /  : filters •  (3X / '  : fi lters' •
(3j c : f  .0]  c ' - . f ' .O  .
{ j .nam e  =  f  .name  A { /2  : succl(filters, f , c) •  / 2 . name}  =
{ /2' : succl( fi l ters ', f , c') •  f  2 ' .name})))

C hange a F ilter  in a C on n ection  Schem e

L e t’s now define a way to  replace a  filter by ano ther in th e  dataflow, while connections are 
kept as m uch as possible. A filter holder allows us to  replace a  filter /  by ano ther, while 
keeping as much as possible previous connections of / .  P a r t of th e  definition of a filter 
holder are a m erge filter, a  dup licato r filter, and  a com pability function betw een channels 
sim ilar to  isCompatible, defined as follows:

 Merge 2 ____________________________________________________________________
Filter  
i l  : C 
*2 : C
0  : C

1 =  {*1, i2} A 0  =  {o} A i l  *2 A *1 o

\ / i  :N •  ( (s tr ea m (o ) ) .m )( i) =  ( ( s t rea m ( i l ) ) .m )( i )  ttl ( (s tream (i2 )) .m )( i)

 Duplicate___________________________________________
Filter  
i : C
01 : C
02 : C

I  =  { i }  A 0  — { o l, o2}

V n  : N •  ((s tr e a m (i ) ) .m ) (n ) =  ( (s tr ea m {o \) ) .m ){n ) A 
((s tr ea m (i ) ) .m ) (n ) =  ( (s trea m (o 2 )) .m )(n )
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fhCompatible : (C  x  C)  — > {0,1}

V c l ,  c2, c3 : C  •  (fhC om patib le (c l , c l)  =  1 A 
fhC om patib le (c l , c2) =  fhCompatible(c2,  c l)  A 
(fhCompatible(cl,  c2) =  1 A fhCompatible(c2 , c3) =  1) => 
fhCompatible(c  1, c3) =  1)

V c l ,  c2 : C •  (fhC om patib le{c \ , c2) =  1 => isCompatible.(cl,  c2) =  1)

M ergers and duplicators can  be seen as filters w ith  th e  following functions:

m 2 f  : Merge2 —► Filter  
d 2 f  : Duplicate — > Filter

V m  : Merge2; /  : f i i t e r  •  ( m 2 f ( m )  = f  =$■
m .nam e  =  / .name  A m .J  =  f . I  A m .O  = f . O  A m .fu n  = f  .fun A
m.delay — f  .delay A m .param s  =  / .params)

V d : Duplicate; f  : Filter  •  ( d 2 f (d )  =  /  =*•
d.nam e  =  / .name A d . I  =  f . I  A d .O  = f . O  A d .fun  =  f . f u n  A
d.delay =  / .delay A d.params = f  .params)

A holder su rrounds its contained filter by a  s tru c tu re  of filters shown in F igure 3.14. 
We assum e th e  im posed s tru c tu re  is given by th e  channels w ith  num bers and th e  contained 
filter /  originally had  th e  channels w ith  letters.

Filter Holder

m l
Du

m2
Du

mp
Du

Figure 3.14: In ternal S truc tu re  of an  F ilte r  Holder

T he schem a for a filter holder is as follows:
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Fil terH older
nam eF H  : L 
IFH  : P C  
OFH  : P C
predecessors : P Filter  
successors : P Filter  
fS e t  : P Filter  
mrgs : P Merge2 
dels : P Delay 
dups  : P Duplicate

# f S e t  < 2

V p : predecessors •  p. 0  PI IF H  ^  0

V s : successors •  s . I  n  OFH  /  0

V ifh : IF H  •  3 j m  : mrgs •  ifh — m . i l

V ofh : OFH  •  3 j del : dels; dup : dups •
(del.OD = dup.i  A dup.o 1 =  ofh)

fS e t  ±  0  A ( 3 /  : fS e t  •
((V  zc : f . I  •  (V  ifh : IF H  •  fhCompatible(ic, ifh) =  0 )  V 
(3 j ifh : IF H  •  fhCompatible(ic, ifh) =  1))))

Once a  new filter / 2  is assigned to  an object holder, it disconnects th e  previous /  con
ta ined , restores its  original connections, and connects / 2  inside th e  structu re . Such a s tru c 
tu re  keeps th e  original connections of any filter, and  avoids cycle problem s, due th e  delays 
in the  ou tpu ts .

 N ew F il terF H ______________________________________________________________
AFilterHolder  
f l  : Filter  
/ !  : Filter

nam eF H  =  n a m eF H '  A IF H  =  IF IV  A O FH  = O F H '  A 
predecessors =  predecessors' A successors =  successors'

fS e t  /  0  A (3 j fO ld  : fS e t  •  
fO ld .nam e  =  f l .n a m e  A
/ ! . /  =  fO ld . I  \  {m rg  : mrgs | mrg.o  £  fO ld . I  •  m rg .o jU
{mrg : mrgs | mrg.o  £  fO ld . I  •  mrg.12} A
f \ . 0  =  fO ld .O  \  {del : dels | del.ID  £ /O M .O  •  d e l./D jU
{dup : dups | (3 oc : fO ld .O  •  fhCompatible{dup.o2, oc) =  1) •  dup.o2})

3 / ? '  : /5 e t ';  zc, zc', oc, oc' .-P C 1*
(zc =  {c : / ? . /  | (3 j ifh : IF H  •  fhCompatible{c, ifh) =  1)} A 
oc =  {c : f l . O  | (3 j ofh : OFH  •  fhCompatible(c, ofh) =  1)} A 
ic' =  { m  : mrgs \ (3 j ifh : I F H ; c : f l .1 •
(fhCompatib le(c , ifh)  =  1) A z/7t =  m .z l) •  m .o} A 
oc' =  {del : dels | (S j ofh : OFH; dup : dups; c : f l . O  •
(fhCompatib le(c , ofh) =  1) A ofh = dup .o l  A dup.i  =  del.OD)  •  del.ID}  A 
C h a n g e C h a n n e l s [ f ! / f , f ! ' / f ,  i c /o ld lC l ,  oc/ o ldO C l,  ic ' /  n e w I C l , oc' /  newOCl])
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A dd and R em ove F ilters

T he add ition  and  removal of filters — or delays —  in a com posed filter is straightforw ard: 
T he new filter is added or removed from the  set of filters 21.

 A d d F il te r__________________________________________________________________
A Application  
newF? : Filter

nam e  =  n a m e ' A delays — delays' A objects =  objects' A 
devices =  devices'

n e w F l .n a m e  ^  { / : filters •  f  .name}  U {nam e} A 
n ew F l.  O fl ( J { /  : filters •  f . O }  =  0  A 
(V o : objects •  o.O  fl n e w F l . I  =  0 )  A

filters' =  filters  U {new F?} A cyclic(filters') =  0

 R em oveF il ter ---------------------------------------------------------------
A Application  
oldFI : Filter

nam e — n a m e ' A delays =  delays' A objects =  objects' A 
devices =  devices'

filters'  =  filters \  { o ld F l}

In  th e  sam e way, m odifications of delays can be defined as follows:

 A ddD elay___________________________________________________
A Application  
new D I  : Delay

nam e  =  nam e'  A filters =  fil ters' A objects =  objects' A 
devices — devices'

new D ?.nam e {d  : delays •  d .n a m e} U {n a m e}  A 
n ew D I.O  f l l j { d  : delays •  d .O } =  0

delays' =  delays U {new!??}

_  R em oveD elay______________________________________________________________
A  Application  
oldDl  : Delay

nam e  =  n am e'  A filters =  filters' A objects =  objects' A 
devices =  devices'

delays' =  delays \  { oldD?}

3.5 .7  O p era tion s O ver an A p p lica tion

T he operations over an  application  are based on th e  previous schemas. A n I n T m l  application 
is a well defined app lica tion  w ith  object holders:

21 It is im portant to  notice that these two operations have to  fulfill all previous requirements for com posed  
filters; in particular, cycles w ithout delays are not allowed.
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I n T m lA p p ----------------------------------------------
Application
fhs : P FilterHolder

i f h  : fhs  •  fh . IF H  C  IU  A fh .O F H  C  OU  
A fh.predecessors  C  filters 
A fh.successors  c  filters 
A fh . fS e t  C  fil ters A fh.dels  C  delays 
A {rm-gr : fh .mrgs  •  m 2 f(m r g )}  C filters 
A { d u p  : fh .dups  •  d 2 f(dup )}  C  fdters

T he execution of an InT m l application  is either th e  norm al flow of messages, or one of 
the  following special changes: channel changes, ob ject holder executions, add ition  of filters, 
removal of filters, add ition  of delays, and  removal of delays. T he norm al dataflow  execution 
is sim ilar to  th e  execution of any filter:

 InTm lExecu teD ata flow _____________________________________________________
E I n T m lA p p  
in p u tD l  : P (b a g M ) 
o u tpu t! : P (b a g M ) 
i l  : N

i  in  : in p u tD l  •  (3 c : I  •  in  — ( (s tr e a m (c ) ) .m ) ( i l ))

V out : outputl •  (3 c : O' •  out =  ((stream(c)) ,m ) ( i l ) )

A change of channels is defined on to p  of th e  changes in a com posed filter, w ith  ex tra  
conditions for filter holders th a t  assures th a t  if th e  change involves a  filter connected  to  a 
filter holder, th e  change will keep th e  s tru c tu re  of th e  dataflow  as it was before:

InTm lExecuteChangeChannels_____________________________________________
A  In T m lA p p  
n e w IC l  : P C  
n e w O C l  : P C  
o ld lC l  : P C  
o ld O C l : P C

ChangeChannelsCF  

' i f h :  f h s *  (Bj fh '  : fh s '  •
( fh .IF H  n  n e w IC l  =  0  A fh .O F H  n  n e w O C l  =  0  A 
fh  =  fh ’) i
((fh . IF H  fl n e w IC l  /  0 V  fh .O F H  n  n e w O C l ^  0 )
A ( fh .nam eF H  =  fh ' .n a m eF H  A fh.predecessors =  fh'.predecessors  A 
fh.successors =  fh '.successors  A fh . fS e t  =  fh ' . fS e t  A 
fh ' . I F H  = fh . IF H  \  o ld lC l  U { m  : fh ' .m rgs  •  m .*1} A 
fh ' .O F H  = fh .O F H  \  o ldO C l  U [d  : fh ' .dups  •  d .o l} ) ) )

T he execution of filter holders in an  InT m l application  is based on th e  previous schem a 
NewFilterFH,  w ith  an  add itiona l condition  to  assure th a t  no th ing  else changes:
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 InT m lE xecu teF H s -------------------------------------------------------------------
A ln T m lA p p  
/ ?  : Filter  
/ !  : Filter

/ ?  6  fi lte rs  A / !  £  filte rs

nam e = nam e'  A delays =  delays' A objects = objects' A 
devices — devices'

3 j fh  : fh s ; //i ' : fhs'; NewFilterFH •
{fh .nam eFH  = nam eF H  A / / j . /F t f  =  IF H  A //i .O F /f  =  OFH  A
fh,.predecessors = predecessors A fh.successors = successors A
fh . fS e t  = fS e t  A fh .m rgs  =  mrgs A fh.dels = dels A
fh .dups  =  A fh ' .n a m eF H  = n am eF H '  A fh ' . IF H  = IF H '  A
fh ' .O F H  = O FH' A f h ' .predecessors  =  predecessors' A
fh '.su c c e sso rs  =  successors' A
fh ' . fS e t  =  /S'e^' A fh ' .m rgs =  mrgs' A fh ' .dels  =  dels' A 
fh '  .dups =  dups')

A dding an d  removing filters are d irectly  defined over the  previous schem as AddFilter  
and  RemoveFilter , respectively:

 InTm lExecute  A ddF ilte r____________________________________________________
A ln T m l A p p  
n e w F l  : Filter

fh s  =  fhs '

AddFilter

 InTmlExecuteRemoveFilter
A ln T m l A p p  
oldF l : Filter

fhs  =  fhs '

RemoveFilter

Sim ilarly changes in delays are defined as follows:

 InTm lExecu teAddD elay____________________
A  In T m lA p p  
n e w D l  : Delay

fhs  =  fhs '

AddDelay

 InTmlExecuteRemoveDelay
A ln T m l A p p  
oldD l : Delay

fh s  =  fhs '

RemoveDelay
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Finally, an InTm lS tep  is th e  execution of any of the  tasks th a t  change th e  s ta te  of th e  
dataflow, followed by the execution of th e  dataflow.

InTm lS tep  =  (InTmlExecuteChangeChannels  V InTm lExecuteFH s  V 
InTmlExecuteAddFilter  V InTm lExecuteRem oveFilter  V 
InTmlExecuteAddDelay  V InTmlExecuteRemoveDelay)  A 
InTmlExecuteDataflow

3.6 P roperties o f th is A rchitecture
This arch itecture has th e  following features:

•  F ilters can run  in different processors. T here are no restric tions on th e  sim ultaneous 
execution of filters, and  how th ey  send inform ation to  followers. T his allows parallel 
im plem entations and  also sequential ones, w ith  the  sam e sem antics.

•  A filter ’’knows” all events th a t  are o rig inated  in th e  sam e tim e fram e and received 
th rough  its inpu t channels. T h is allows specific im plem entations to  filter unnecessary 
inform ation.

•  T he s ta te  of th e  world, reflected in  te rm s of th e  s ta te  of th e  ob jects in th e  application, 
is consistent for all filters during  th e  execution of a  tim e frame. This avoids side effects, 
as in o ther dataflow -based  im plem entations such as VRM L, re la ted  to  th e  order of 
execution of filters.

•  Com posed filters have clear recursive sem antics and  allow com plexity m anagem ent, 
by h iding unnecessary details.

•  An application  can have as m any devices as required, all trea ted  in a uniform  way.

•  T he p articu la r im plem entation  of th e  behavior of a filter is h idden from  th e  dataflow  
poin t of view. In  th is  way, we can  separate  th e  high level design of th e  dataflow  and 
the  low level design of behaviors and  in teraction  techniques.

•  O bject holders define a  m echanism  sim ilar to  po inters in  com m on program m ing lan
guages, and  they  are very useful for th e  definition of dynam ic changes.

•  T he sem antics described here can  be im plem ented in several p latform s from  a sim ple 
desktop com puter to  a  m assively parallel com puter. In  th is  way, a V R  applica tion  is 
scalable to  a wide variety  of hardw are p latform s, while it keeps th e  sam e sem antics.

•  A designer can easily identify  w hich filters in a  dataflow  are specific to  a  particu la r 
hardw are p latform . T his allows designers to  perform  a  process of reaccom odation of 
V R  applications to  different hardw are p la tform s and  in teraction  styles. We call such 
a process retargeting , an d  it will be p a rt of th e  m ethodology we define la ter in th is  
thesis.

T here are also some issues th a t  require fu rther research, such as:

•  A ctual com parative resu lts betw een a  parallel and a  sequential im plem entation  of 
InT m l have to  be perform ed. Ideally, we should be able to  create  some analytical 
m ethods for m easuring perform ance advantages in a parallel im plem entation  of a  spe
cific application , b u t we have to  explore th is  possibility in m ore in  detail.

•  InT m l is a new com ponent technology th a t  takes in to  account th e  specific quality  
a t tr ib u te s  required in V R  applications. However, we require m ore applications im ple
m ented in th is  technology to  validate m ore thoroughly  its  advantages and features. 
Such experim ental te s ts  will require a com m unity of users and an  active developer 
com m unity to  sup p o rt them .

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



•  E xact tim e m anagem ent and  synchronization are issues not directly visible in InTm l. 
T his allows designers to  worry abou t requirem ents w ithou t tak ing  care of synchroniza
tion  issues. However, such issues should be addressed in a succesful V R  application. 
O ur current approach forces designers to  hide synchronization  issues under filters th a t  
transparen tly  handle several stream s into a synchronized one. T his approach has to  
be te sted  in more deta il to  understand  its im plications.

•  M ore developm ent tools are necessary in order to  provide a tru e  professional environ
m ent for V R  designers.

•  As InT m l libraries grow, too ls for finding and organizing them  will be required in 
order to  make them  usable and  avoid work repetition .

3.6 .1  A n  E xam p le o f  In T m l In terp reta tion

T his specification allows us to  und erstan d  the  sem antics beh ind  an InT m l application rep
resentation. For exam ple, if we analyze again F igure 3.2 one can infer th e  following charac
teristics:

•  All filters in th e  app lica tion  can  be executed in one step , since all filters are reachable 
from th e  device handTracker w ithou t delays in th e  m iddle 22. T h e  handTracker sends 
changes to  bo th  th e  ob jec t an d  th e  selection technique. T h e  selection technique takes 
th e  new coordinates an d  th e  cu rren t object s ta te  and  decides if th e  object will collide 
any o ther ob ject in th e  scene, once th e  new coordinates are set. If th is  is th e  case, the  
collided object is sent to  th e  feedback technique. All these operations are executed at 
th e  sam e interval. Once th e  dataflow  execution has finalized, changes in ob jects are 
executed (In th is  case, new position  an d  o rien ta tion  for handRepr from  th e  trac k er).

•  Since InTm lExecuteFH s  is executed  before InTmlExecuteDataflow,  th e  ob ject handRepr 
is assigned to  th e  ob ject holder handRepr e se n t  a t  io n  before events from  th e  tracker 
arrive (i.e., p o s i t io n  an d  o r ie n ta t io n ) .

•  A nother rep resen ta tion  of th e  sam e application  is shown in F igure 3.15, w ith  a  slightly 
different m eaning b u t w ith  th e  sam e results. In  th is  case, changes in position  and  
orien ta tion  are p ropaga ted  afte r th ey  are executed in  th e  object. T his represen ta
tion  executes the  en tire  dataflow  in two steps: th e  first one w ith  {handTracker, 
h an d R ep resen tation } and  th e  second w ith  {S electB yT ou ch in g , Feedback}. T his 
approach m ight be preferred  if th e  ob ject can decide if it can do th e  requested oper
ation. In  th is  case, th e  processing is executed first, and  if th e  ob ject decides th a t  the  
change can be done, it will p ropaga te  th e  changes to  th e  selection technique. Also note 
th a t  w hen th e  selection technique executes, handRepr actua lly  has th e  sam e position  
and  o rien tation  as th e  ones received in th e  inpu t p o rts  p o s i t io n  and  o r ie n ta t io n .  
We allow th e n  S electB yT ou ch in g  to  operate  in  two slightly  different modes, since it 
does not take in to  account th e  ac tu a l position  and  o rien ta tion  of th e  object.

•  T he ac tua l descrip tion  of th e  function  executed by a  filter is h idden from  the  diagram , 
and in th e  curren t InT m l im plem entation , it is defined in  a te x tu a l description a t
tached  to  each filter class. For exam ple, th e  function  S electB yT ou ch in g  is described 
as follows: I t  is a  selection technique th a t  takes an  ob ject and  checks if it will collide 
w ith  ano ther ob ject in  a  scene afte r m oving to  a  new position  and orien tation , received 
as param eters. A dd ition  an d  rem ovals of ob jects in  th e  scene are allowed, b u t those 
changes have to  be explicitly  inform ed. It is possible to  design th is  selection technique 
in a  different way, an d  F igure 3.16 shows a different one, w ith  th e  following in te r
preta tion : it is a selection technique th a t  takes th e  cu rren t position  of an  object and 
checks if it collides w ith  ano ther ob ject in the  scene. C hanges in th e  scene or in the

22See definition of executingFilters in Section 3.5.5
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object are im plicitly taken  in to  account. T his definition m ight be preferred, since it 
allows less m odes of operation  and  avoids possible m isin terp reta tions of its execution. 
I t m ight also be defined in te rm s of th e  previous one. However, it takes two intervals 
to  be to ta lly  executed, due the  inner object holders.

•  If the  first represen tation  of S e lec tB y T o u ch in g  is used, handR epr will receive two 
copies of th e  events from  han d T rack er: one from th e  ob ject holder inside the  selection 
technique, one from  h a n d R e p re s e n ta tio n . W hile th is  m ight be redundan t it does not 
affect the  sem antics of the  application  in any way, and  com piler techniques can be 
used to  avoid th is redundancy.

selectedObjectposition

orientation type

handRepr color

handRepr addObject

removeObject

console

handTracker handRepresentation
FeedbackSelectByTouching

Figure 3.15: A M odified Version of a  Simple A pplication.

NewSelectbyT ouching

pos

handRepr

scene

addObject

removeObject object

hand

sceneOH

SelectByTouching

Figure 3.16: A M odified Version of SelectByTouching.

3.6 .2  L essons L earned from  th e  Z L anguage D escrip tion

O ur a tte m p t to  form ally describe th e  sem antics of InT m l gave us a b e tte r  understand ing  of 
w hat our m odel is, and  w hat are its  capabilities. We s ta rte d  our first im plem entation  after 
p ro to typ ing  th ree  environm ents for V R  developm ent, w hich gave us a  good understand ing  
of the  requirem ents of such an  endeavour. However, th e  descrip tion  in th e  Z language 
th a t  we s ta rte d  afte r th e  first im plem entation  gave us a  m ore generic, clean, and  scalable 
descrip tion  th a n  th e  one th a t  we im plem ented. W e ex tended  th e  concept of ob ject holders 
to  allow any ty p e  of filter, which m akes InT m l a second-order language (filters can have 
filters as argum ents).

Form alization allowed us to  b e tte r  understand  th e  m eaning of an  InT m l application  th a n  
from  ju s t a  draw ing, since th e  inner sem antics of each elem ent and  th e  overall execution
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model is clearer. T he form alism  allowed us to  cleanly separate  th e  m eaning of a filter from 
th e  concept of a  filter holder, and w hat could be the  type  of a  holder. It also allowed us to  
make clearer th e  differences and sim ilarities betw een applications and com posed filters.

T he concept of a delay em erged from  the  work Lee and  P arks [57] as a very useful 
add ition  to  th e  set of concepts in InTm l. D espite the  fact th a t  it does not yet appear in 
th e  XML syntax , a delay is a  very useful ab s tra c t concept th a t  allows us to  understand  the 
execution m odel, how cycles are executed, and how object holders work.

An im p o rtan t concept in the  Z description is th e  one of dynam ic changes in the  s tru c tu re  
of th e  dataflow , th a t  will allow us in the  fu tu re to  offer a  richer language, i.e. w ith  sup p o rt 
for adding or deleting filters, changes in connections, delays a t the XML level, and filter 
holders.

Finally, th e  descrip tion  in the  Z language also allowed us to  com pare th e  sem antics of 
our dataflow  proposal w ith  o ther dataflow  proposals, and  reuse p a rt of th e ir  n o ta tio n  and 
the ir sem antics. T h e  differences of our proposal w ith  previous ones in th e  a rea  of dataflow  
based com pu ta tion  are clearer, and  new questions have em erged for fu tu re work.
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Chapter 4

D evelopm ent Process based on  
InT m l

In  th is  ch a p te r, we describe an  In T m l-b ased  developm ent process for 3D in teractive  app lica
tions. T h e  process establishes a co llaboration  betw een two types of people w ith  com plem en
ta ry  skills a n d  different view points. W e show how our te s t application  was developed, how 
o u r m ethodo logy  differs from  o th e r m ethodologies for 3D applications. W e also show some 
m etrics a b o u t developm ent of m ulti-p latform  V R  applications from th e  CVS repository  of 
o u r ex am p le  app lica tion .

4.1 P ro cess  D escrip tion
O ur developm ent process divides ta sk s betw een tw o groups of people: designers an d  devel
opers. D esigners are in  charge of th e  overall design of th e  application. T hey  know abou t 
In T m l, its  sem antics, an d  th e  com ponents in th e  InT m l library. Developers are  in  charge of 
th e  fin e-g ra in  deta ils  inside com ponents, and  know how com ponents can be im plem ented on 
to p  of available fram ew orks an d  libraries. E ach role develops com plem entary tasks: design
ers a re  closer to  en d -u se rs  of th e  application , while developers are closer to  th e  program m ing 
an d  h ardw are  deta ils  of th e  solution.

T h e  first version of a  V R  application , ta rg e ted  to  a particu la r hardw are p la tform , is 
c reated  by pursu ing  th e  ta sks in  F igure 4.1. Such a process guarantees a clear division 
betw een th e  arch itec tu re  of th e  so lu tion  and  th e  im plem entation  of each com ponent in th e  
a rch itec tu re . O nce a  first version is com pleted, new versions can be created  by re ta rge ting  
th is  app lica tion  to  o the r hardw are p la tform s. F igure 4.2 shows th e  process for re ta rg e tin g  an 
existing V R  application , w ith  general references to  th e  processes in F igure 4.1. C ollaboration  
in  F igure  4.2 refers to  th e  relationships betw een designer and developer ta sks in  F igure  4.1.

T here  are o ther m ethodologies for th e  developm ent of V R  applications, such as th e  one by 
T anriverd i an d  Jacob  [93]. W hile such a lternatives have sim ilarities w ith th e  one presented  
here, ours ex tend  th em  w ith  th e  concept of re ta rge ting  and th e  concept of separation  of 
roles. F u rth e r com parison can be found in Section 4.4.

C ontent com ponents, such as geom etric m odels for objects, special graphic effects, sound, 
or haptics, a re  designed w ith  th e  aid of th ird  p a rty  tools. It is necessary th a t  all created  
m edia types can  be understood  by th e  foundation  fram ew ork w here th e  InT m l application  
will run.

Since InT m l can be im plem ented on to p  of several foundation frameworks, it is possible to  
discover p la tfo rm  lim ita tions in th e  process of developing new applications. Such lim ita tions 
can be detected  by developers while try in g  to  c reate  new com ponents. In  th is  case developers 
and designers can com prom ise in a  so lu tion  th a t  b o th  satisfies requirem ents an d  m inim izes 
changes in th e  foundation framework. However, th e  m ore m atu re  an InT m l im plem entation
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is, th e  less these changes will be required.
T he following sections describe th e  tasks in our m ethodology in m ore detail.

DeveloperDesigner

No

Yes

No

Yes

NoNo

Yes
Developer Development TasksDesigner Development Tasks

^  A pplication 
goal

D evelop m edia

Im plem ent/Tune 
additional filters

A re current
libraries
sufficient? Tune/Reorganize 

concepts in the 
InTm l library

C heck correctness 
in  InTm l docum ents

A re the user requirem ents 
m et?

E xecute /  Test 

InTm l application

D escribe application 
requirem ents in 
InTm l docum ents

Can library be 
reorganized for 
reuse?

F igure 4.1: C ollaborative developm ent process for a particu lar hardw are an d  softw are p la t
form.

4.1 .1  A p p lica tion  G oal

T his is th e  ta sk  of eliciting u se r’s requirem ents. Designers identify m ain task s in th e  appli
cation, an d  m ain  InT m l com ponents in  th e  solution. Techniques borrow ed from  requirem ent 
gathering  in trad itio n a l developm ent m ethodologies, such as th e  ones in  K ulak  and  G uiney 
[55] or M ayhew [62], can  be applied  here.

T he resu lt of th is  ta sk  is a  descrip tion  of user requirem ents, th e  tasks to  be im ple
m ented in  th e  V R  application , th e  quality  a ttr ib u te s  of the  desired im plem entation , an d  an  
understand ing  of th e  hardw are p la tfo rm  to  be used.
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Collaboration

Designer 
developm ent 
for p latform  A

Developer 
developm ent 
for platform  A

Collaboration

Developer 
developm ent 
for platform  B

Designer refinem ent 
for p latform  B

Check correctness 
in InTml documents

Retarget an InTml 
application to a 
new platform

F igure 4.2: A dap ting  a  V R  application  to  a  new hardw are and  software platform .

4 .1 .2  D escrip tion  and R efin em en t o f A p p lica tion  R eq u irem en ts in  
In T m l D o cu m en ts

W ith  inform ation abou t user’s requirem ents and  desired quality  a ttr ib u tes , designers work 
on th e  required  InT m l com ponents and  relationships. T he m apping betw een requirem ents 
an d  InT m l concepts can be influenced by usability  rules and  techniques described elsewhere 
[85, 88],

Designers should balance several forces in th is  task . C om ponents m ay or m ay not be 
d ependan t on th e  hardw are p la tfo rm  on which they  will run , or the  specific application  
dom ain. P la tfo rm -d ep en d en t com ponents are easier and faster to  describe, b u t usually m ore 
difficult to  reuse in o the r applications. In  th e  sam e way, ap p lica tio n - dependan t com ponents 
can  be specifically ta ilo red  to  solve user requirem ents, b u t they  have less value for a  general- 
purpose library. Since our objective is to  fac ilita te  th e  process of application  retargeting , we 
encourage designers to  develop p la tfo rm -independen t com ponents, since they  can be m ore 
easily reused in o ther environm ents. T hey  could be app lica tion -dependan t, since these types 
of com ponents do not affect th e  ab ility  of retargeting .

A n application  can be divided in several files, som e of th em  w ith  reusable classes, some 
w ith  generic descriptions of applications, an d  some w ith  th e  ac tua l application  as it will 
be deployed to  th e  users. Such a  division facilita tes fu tu re  reuse an d  suppo rt for o ther 
applications in a  p articu la r platform .

4 .1 .3  C heck C orrectn ess in  In T m l D ocu m en ts
InT m l docum ents can be validated  in  tw o ways: by checking XM L syn tactic  rules and by 
revising its sem antics. T here  are several XM L tools to  validate docum ent syntax , by ana
lyzing th e  docum ent’s conform ance to  its schem a [98, 27, 38]. T his validation  assures th a t  
docum ents can be parsed by XM L tools, b u t th is  does not guaran tee  th a t  th e  sem antic of 
th e  docum ent is correct. For a m ore thorough  checking, InT m l docum ents can be validated 
against th e  InT m l sem antics in  th e  Z specification language, p resented  in Section 3.5. Such 
a  process is sim ilar to  a  design peer review, w ith  th e  difference th a t  th e  reference sem antic 
m odel is described in Z. However, th is  ta sk  is not necessary in  m ost cases, since it is equiva
lent to  a  process of revising an  app lica tion  against its functional sem antics. For exam ple, it
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is equivalent to  check a  VRM L program  against th e  VRM L specification. This task  is not 
perform ed everytim e a new application  is created, and  usually th e  execution of a  program  is 
enough to  understand  its m eaning. Designers w ith  a general knowledge of InTm l, given by 
an understanding  of the  m ore inform al descriptions in Section 3, should be able to  develop 
m edium  size V R  applications 1.

Section 6 will present a sim ple tool for checking InT m l docum ents. T his is an  in te r
m ediate step  between basic XM L syntax  checking and a peer review against the formal 
description. We th ink  th is  will be the  m ore efficient way to  check InT m l docum ents, once 
th e  checker has enough functionality.

4 .1 .4  C om p leten ess T est for C urrent L ibrary

Designers create new applications by reusing filters in th e  InT m l library  2 and  by defining 
new filter classes, to  be created  by developers. In th is  stage designers check if th e  available 
com ponents in th e  lib rary  are enough to  describe th e  new application . If not, designers 
create new InT m l classes and  ask developers to  im plem ent them .

Developers can also decide to  im prove the  coverage of th e  lib rary  by adding new app lica tion - 
independent com ponents. T his is a way to  improve the  library, bu t since we concentrate 
here on retargeting , we will no t describe th is ta sk  in m ore detail.

4 .1 .5  S tru ctu re and R eu sa b ility  T est for C urrent Library

Once designers request new com ponents by defining new InT m l classes, developers should 
create the  code behind  them . A t th is  m om ent they  should consider to  reorganize th e  current 
im plem entation  scheme of th e  library, since it may be w orth  to  reuse p a r ts  of o ther classes 
already in th e  library.

4 .1 .6  Im p lem en tin g  or T uning o f  A d d ition a l F ilters

InT m l can be im plem ented on to p  of several foundation  fram ew orks or libraries, such as 
Perform er, Java3D , V R Juggler, V R P N , and  so on. O nce an  InT m l application  has been 
defined, developers should tra n s la te  th is  represen tation  to  th e  core frameworks. Ideally, code 
generators should be available to  aid  in such a  process, in o rder to  keep general restrictions 
and  characteristics of th e  underly ing im plem entation . In  th is  way, th e  work of a  developer 
consists of generating  “tem p la tes” of code for new com ponents, and filling th e  blanks for 
th e  particu la r behavior of such com ponents.

A developer has to  tak e  in to  account the  sem antics of InT m l com ponents when doing an 
im plem entation. In  p articu la r, filters can no t directly  change th e  scene graph, and ob jects 
can only apply changes for th e  next interval in tim e 3.

Developers should in teg ra te  new code to  th e  InT m l ru n tim e environm ent, so designers 
can use th e  new filters and  te s t th e m  in InT m l applications. A good practice is to  create a  
sim ple te s t app lication  for any new filter.

4 .1 .7  T uning or R eorgan izin g  o f C oncep ts in  th e  In T m l Library
If new filter classes are requested , developers should create  such new classes either from 
scratch, or by reusing o ther im plem ented classes. T he purpose of th is  ta sk  is to  reorganize 
class im plem entations w hen new classes can be in teg rated  in  a b e tte r  way to  th e  rest of 
th e  library. T he rela tionsh ips in  im plem entation does not necessarily have to  be reflected 
a t the  InT m l code, i.e. it is possible to  reuse code of a  class th a t  is not rela ted  in InTm l.

1In  th e  sam e w ay th a t  V R M L  pro g ram s can  be  developed w ith o u t u n d e rs ta n d in g  th e  fine d eta ils  of its  
specification.

2T h e  In T m l lib ra ry  is defined in  Section  6.3.
3 O u r cu rre n t im p lem en ta tio n  fulfills th is  cond ition  by execu ting  filters before any  o b jec t a t  any  tim e 

fram e.
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This task  assures an  organized evolution of the  InT m l lib rary  im plem entation , since code 
reorganization is considered when new classes are required.

4.1 .8  E x ecu tin g  and T estin g  o f a N ew  In T m l A pp lication

Designers and developers te s t th e  new classes and  th e  new application  th a t  uses them . Tests 
can be done separa te  for each class, or as a subset of th e  application. Developers should 
care abou t th e  perform ance of th e  im plem entation  an d  overall quality  of the  algorithm s in 
th e  solution. Designers should care abou t conform ance to  th e  given specification in InTm l, 
and other possible uses, i.e. when not all inpu t po rts  are connected.

4.1 .9  T est C overage o f U ser R eq u irem en ts

Designers check if th e  curren t application  covers user requirem ents s ta ted  before. If users 
do not agree ab o u t th e  coverage, or if new requirem ents should be included, designers can 
s ta r t  a new  cycle over these  developm ent tasks. Ite ra tio n  over th e  previous tasks also allows 
for evolutionary  developm ent of a V R  application.

4.1 .10  R eta rg etin g  o f  A n  InT m l A p p lica tio n  to  A  N ew  P latform

T his ta sk  re ta rg e ts  an  existing V R  application  to  a  new platform . T he process involves 
changes in devices, in teraction  techniques, and conten t elem ents, according to  th e  availability 
and com m on practices in th e  new platform . O ur purpose is to  change th e  m echanism s used 
to  im plem ent th e  application  tasks in th e  curren t p la tfo rm  to  th e  m ore su itab le ones in th e  
new p latform , while keeping th e  overall app lication  functionality  sim ilar.

This a d a p ta tio n  process includes th e  following steps:

•  C hange of devices to  th e  ones available in p la tfo rm  B.

•  C rea tion  of ad ap te rs  in order to  sim ulate th e  ty p e  of inform ation th a t  was received 
from  devices in  p la tfo rm  A. For exam ple, if we move from  a  tracker-based system  to  a  
m ouse an d  keyboard based system , an  ad ap te r can  be created  to  sim ulate th e  tracker 
o u tp u t by m ouse an d  keyboard  events. T his is th e  process of p o rting  an  application  
to  new  hardw are, w ithou t changing in teraction  techniques.

•  R eplacem ent of behaviors, in teraction  techniques, an d  w idgets, for th e  ones th a t  are 
m ore su itab le  in  p la tfo rm  B. For exam ple, if th e  selection technique in p la tform  A is 
based on collision w ith  a  v irtu a l hand , we can decide to  change th is in p la tform  B to  
selection by in tersection  w ith  a  ray. T his replacem ent m ight p ropagate changes to  the  
en tire  application .

•  A ddition  or rem oval of tasks, behaviors, in te raction  techniques, and w idgets th a t  are 
p la tfo rm -dependen t. For exam ple, the  coord ination  of m ovem ent of th e  im age and 
th e  head  in  a  HM D based environm ent should be rem oved in o ther platform s.

Developers rep ea t th e  developm ent process in p la tfo rm  B, reusing code or designs from 
p latform  A w hen possible, and  in teracting  w ith  designers un til user requirem ents have been 
m et. In th is  way, the  app lica tion  keeps th e  sam e functionality  in bo th  platform s, while also 
tak ing  in to  account th e  p articu la r advantages of each one of them . M ore ite ra tions of th e  
entire process can  create evolved versions of th e  app lica tion  in  each platform , w ith  im proved 
functionality.

D evelopm ent tim e for new versions is reduced for tw o reasons: C om ponents from previous 
versions of th e  app lica tion  can be reused in new applications, and  com ponents in th e  InT m l 
library  can  also be reused. Since InT m l com ponents are  se lf-contained and  independent 
from  th e  environm ent, reusing th em  is straightforw ard. Also, since th e  sem antics of InT m l 
helps designers to  und erstan d  w hat a  com ponent does w ithou t knowing the  im plem entation  
details, th e  ap p a ren t com plexity of the  application  is reduced.
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4.2 Exam ple: A  M atching A pplication
As an exam ple, we describe here our experience w ith  an  application  to  m easure perform ance 
for tasks such as selection, transla tion , and  ro ta tio n  of 3D objects. T his application  was 
developed as a proof of concept of the  re ta rge ting  process, and  also as a  s tudy  of user 
perform ance in different hardw are se tups 4. T he application  shows th ree  ob jects in the  
user’s visible area, w ith  positions and orien tations chosen a t random . T hree replicas are 
shown in different positions and orientations, and th e  user’s goal is to  select, move, and 
ro ta te  th e  ob jects to  m atch  the ir replicas.

We decided to  te s t re ta rge ting  in different hardw are platform s for these tasks. T he 
hardw are p la tfo rm s th a t  we have available are:

•  A s ta n d a rd  P C  environm ent (s tandard -P C ).

•  An environm ent w ith  a head -m oun ted  display (HM D) and  a joystick (H M D J).

•  A com m ercially available SM ART B oard  5.

•  A P C  environm ent w ith  a  Space M ouse (3D D esktop) 6.

•  T he V isroom , a CAVE-like environm ent w ith  th ree  stereo  projectors 7.

T he s ta n d a rd -P C , H M D J, SM ART Board, and  3D D esktop platform s use M icrosoft 
W indows an d  Java3D  as th e  foundation fram ework, w ith  some specific drivers in th e  case 
of th e  la tte r  two, while th e  V isroom  uses IRIX , Perform er and  V RPN . Since th e  inpu t 
and  o u tp u t devices of these hardw are p la tform s have different characteristics, in te raction  
techniques have to  accom odate and  use th e  available resources. Users will be able to  execute 
th e  sam e task s in all platform s, b u t in a  way th a t  devices afford.

T he following sections describe some details for each ta sk  in th e  developm ent process.

4 .2 .1  A p p lica tio n  G oal

T he following are th e  application  tasks we are in te rested  in. We give here an  inform al 
description, since th e  applica tion  is very simple.

•  Load o b jec ts’ geom etry. Java3D  and  V R -Juggler allow us to  load objects in different 
form ats, such as 3D M ax or O B J, so we use files in  these form ats.

•  Localize an d  orient ob jects a t random .

•  C rea te  copies of ob jects and  localize them  a t  random .

•  Define th e  set of ob jects th a t  will be selectable (the  original ones) and  th e  ones w hich 
are no t (the  replicas).

•  Give u se r’s feedback w hen an  object is selected. W e change th e  o b je c t’s color to  green.

•  G rab  an d  release an  object. These actions are usually jo in t w ith  th e  ro ta tio n  and 
tran s la tio n  of an  object.

•  R o ta te  an d  tran s la te  an  object.

•  C om pute m atch ing  function. This function defines w hen an  object and its replica are 
close enough, in  position  and in o rien ta tion  to  be considered “m atched” .

4W e will d iscuss th e  user s tu d y  la te r  in th is  docu m en t
5SM A R T B o a rd  is a  tra d e m a rk  of SM A R T Technologies Inc.
6 Space M ouse is a  tra d e m a rk  of 3D connexion
7A lthough  th e  design  for th is  p la tfo rm  is a lread y  d escribed  in In T m l, its  com plete im p lem en ta tio n  is n o t 

finished yet.
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•  D elete ob jects once they  m atch. We decided to  elim inate objects once they  m atch  in 
order to  provide feedback.

•  Log s ta r t  and stop  tim es, th e  u se r’s identifier, and other im portan t events of the 
experim ent: u se r’s movements, in form ation abou t the  ob jects’ selection, m ovem ent, 
o rien tation , and m atching.

•  F in ish  th e  application.

4.2 .2  D escr ip tio n  and R efin em en t o f A pp lica tion  R eq u irem en ts in  
In T m l D ocu m en ts

T he entire InT m l files for these application  are shown in A ppendix A, and  we show here 
some excerpts. Some of these files are defined by the  developers according to  th e  available 
functionality  in th e  foundation fram eworks, and some by th e  designers, according to  the 
p articu la r requirem ents of the  users.

T he files defined by developers are:

•  library.intm l: In itia l set of filters, objects , and  devices. Exam ples of elem ents defined 
here are th e  s tan d ard  inpu t devices —  mouse, keyboard, joystick — , 3D O F  an d  6D O F 
trackers, available selection techniques, and  an  ob ject in the  scene.

•  genericPC .in tm l: Generic functionality  for any P C -b ased  application.

•  genericH M D J.intm l: Generic functionality  for any H M D J-based  application .

•  genericSM A R TB oard.intm l: Base application  in th e  SM ART Board.

•  genericV isroom .intm l: Base app lica tion  in th e  Visroom.

For exam ple, L isting 12 shows th e  descrip tion  of a  generic H M D J app lica tion  as th e  
definition of devices in  such a  p la tfo rm  (keyboard, joystick, tracker, and  hm d in lines fi
l l ) ,  th e  expected  ob jects (the  cu rren t view point and th e  rendered scene in  lines 12-13), 
and  th e  s ta n d a rd  connection betw een th e  o rien ta tion  of th e  head and th e  o rien ta tion  of the  
view point (lines 15-16). id  stan d s for identifier, iE  for inpu t elem ent, iP  for in p u t po rt, oE 
for o u tpu tE lem en t, and  oP for o u tp u t p o rt 8.

T he files defined by designers are th e  following:

•  newC lasses.intm l: New types of filters defined by th e  designers and  used in  th e  ap 
plications. For exam ple, th e re  are filters for moving objects to  random  positions, for 
rep licating  objects, for ro ta tio n  and  tran sla tio n  of objects, for com puting th e  m atch ing  
function.

•  m atching-pc.in tm l: T he m atch ing  application  in  th e  P C  environm ent.

•  m atching-hm dj.in tm l: T he m atch ing  application  in  th e  HM DJ environm ent.

•  m atch ing-sm artboard .in tm l: M atching application , SM ART B oard based

•  m atching-visroom .intm l: M atching application , V isroom  based.

For exam ple, L isting 13 shows th e  InT m l code for selection in a  P C  environm ent. A 
selection filter ( s e le c t io n ,  in lines 4 -5 ) tw o ob jects ( o b j l ,  obj2  in lines 6 -9 ) an d  a  scene 
(s e le c ta b le O b js  in  line 10) are created . O bjects are included in th e  scene by sending 
th em  to  th e  addObject po rt of th e  scene (lines 11-14) 9. Finally, th e  selection technique is 
connected to  its inpu t, th e  position  of th e  selection ray in th e  image p lane mousePos, and 
th e  cu rren t set of selectable ob jects (lines 15-19).

8F ilte rs  for red u c tio n  of noise from  th e  tra c k e r m igh t b e  necessary, b u t th ey  are n o t describ ed  here for 
sim plicity .

9 C urren tly , th e  In T m l sy n ta x  uses B in d in g  to  sim u la te  Send.
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L isting 12 Generic HMDJ application. HMDJ Code
1 <App id = " m atch in gT est. genericHMDJApp"> 

<ShortD esc>G eneric app fo r  an
I - g la s s e s  HMD and a J o y s t ic k  

</ShortD esc>
5 <Import id="m atchingT est"/>

< ID evice id="keyboard"
type="G enericK eyboard"/>  

< ID evice  id = " jo y stick "
ty p e= " G en ericJ o y stick " />

10 < ID ev ice id="tracker"
type="G eneric3D0FTracker"/>  

<0D evice id="hmd" ty p e= " IG la sses" />  
<0b jectH old er

id = "theCurrentV iewpo i n t "/>
15 < 0b jectH old er

id = "theR enderedScene"/>

<Binding iE ="tracker" iP="q" 
oE="theCurrentViewpoint"

20 oP="setQ"/>
< /App>

L isting  13 Selection in th e  P C  environm ent. InT m l code
1 <App id="m atchingTest.m atchingAppPC">

< !— s e le c ta b le O b js  s e l e c t a b le  — >
< F i l t e r  id = " se le c tio n "

5 type="SelectB yR ay"/>
< 0 b jec t  id ="ob jl"

f i l e n a m e = " f i l e i . 3ds"
ty p e = "VRObj e c t "/>

< 0 b jec t  id = " se lec ta b le O b js"
10 type="Scene" />

<Send in fo= " ob jl"
oE = " selectab leO b js"
oP="addObj e c t "/>

<B inding iE="mouse"
15 iP="mousePos"

oE = " selection "  oP="pos"/>
<Send in fo = " se le c ta b le O b js"

oE = " selection "  oP="scene"/>

20 </App>
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4.2.3  C heck C orrectness in  In T m l D ocu m en ts

We checked our docum ents w ith  th e  s tan d -a lo n e  application  described in section 6.4.3. The 
tool checks th e  existence of filter types, type correspondences, and  nam e validity. T he use of 
th is  tool allows designers to  detect problem s in the  InT m l description before its com pilation.

4.2.4  C om p leten ess T est for th e  C urrent Library

D uring developm ent, designers evaluated  th e  com pleteness and  relevance of the  InT m l li
b rary  10 for th e  m atching application. In general, device descriptions were found in the 
library, w hereas application  dependan t behavioral com ponents were added 11. I t is possible 
to  ex trac t some of th e  filter classes in th e  app lica tion -dependen t file to  th e  general library, 
such as in teraction  techniques for ro ta tio n  and  ways to  create tran sp a ren t copies of objects. 
However, work concentra ted  on reta rge ting , not building th e  library, and th is  ta sk  was left 
ou t of th e  scope of th is  developm ent.

4.2.5  Im plem en tin g  or T uning o f  A d d ition a l F ilters

Developers im plem ented new filter classes for th e  application. T h e  process was aided by a 
code generator, th a t  takes InT m l class descriptions and  transfo rm  them  in to  Java code 12. 
Once the  in itial version of th e  Java code is generated , developers com plete th e  required code 
for the general behavior of th e  new  filter class. In  our im plem entation, a developer had to  
com plete th ree  pieces of code: how to  read p aram eters from  a te x t file, how to  process input 
d a ta  before execution, an d  how to  execute in a  certa in  frame.

Once code for a new filter class w as com piled and  tested , it was added  to  th e  runtim e 
environm ent, by adding a line in  a  configuration file th a t  specifies th e  file nam e for the 
ob ject code of a p articu la r In T m l class, identified by its full nam e (package nam e and class 
nam e).

M any param eters have to  be defined in th e  im plem entation, som etim es w ith  negotiation  
betw een designers and  developers, since th e  InT m l descrip tion  defines only how com ponents 
can be connected to  o thers in an  application . We consider such details to  be generally out 
of th e  scope of w hat a designer needs to  know, and  m ore re la ted  to  th e  job  and skills of 
developers. For exam ple, developers should define the  near and  far clipping planes for the  
view, tak ing  in to  account th e  requirem ents of th is  application. However, developers should 
be able to  express technical lim ita tions to  designers, in order to  achieve th e  best perform ance 
of a  particu la r im plem entation .

4 .2 .6  T uning or R eorgan izin g  o f  C oncep ts in th e  In T m l Library

Developers created  th e  code in  Jav a  for all InT m l classes defined by designers. D uring 
developm ent, several com ponents reused previous classes due to  sim ilarities in th e  ta sk  they  
developed. Some exam ples are th e  following:

•  Classes for system  m anagem ent were organized in  an  inheritance hierarchy. Such 
com ponents are im plicit in  each p la tfo rm ’s InT m l execution environm ent.

•  T he way we orient and  localize ob jects  a t random  changed during developm ent. The 
new class reused code from  th e  previous im plem entation.

•  T he way we create  copies of o b jects changed during  developm ent. T h e  new alternative 
is im plem ented on to p  of th e  previous one, by adding a  param ete r for th e  required 
changes.

10T h e  In T m l lib ra ry  is co n ta in ed  in  th e  file library, intml.
11 A p p lica tio n -d ep en d en t classes a re  defined  in th e  file newClasses.intml.
12T h e  code g en e ra to r  is described  in  Section  6.
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4.2.7 E xecuting and Testing of a N ew  InTm l A pplication
Once com ponents are ready  to  be in tegrated  in an  applica tion , we tested  them  together. O ur 
approach was to  increm entally  te s t com ponents and tasks in th e  application , so we created 
several applications w ith  p a rtia l functionality. F igure 4.3 shows the  separation  of tasks 
we had in the  seven te s tin g  applications we created , from  th e  overall set of requirem ents 
previously given.

Load objects

Create Viewpoint
testl

Localize objects at random
test2

Create copies of objects
test3

Make objects selectable

Give feedback of selection

Rotate an object

Translate an object

Coordinate interaction techniques test4

Compute matching function test5

Delete objects when they match test6

Quit the application

Log user’s experience test7

F igure 4.3: Tasks covered by several te s tin g  applications.

4.2 .8  T est C overage o f  U ser R equirem ents

W e evaluated th e  coverage of user requirem ents once th e  application  was in testing . T his 
evaluation resu lted  in  ex tra  functionality , i.e. ex tra  log functionality  to  save user and p la t
form  identifications. In  th is  case th e re  was no need for ex tra  filter classes, ju s t ex tra  po rts  
in already existing ones.

4 .2 .9  R eta rg et A n  In T m l A p p lica tion  to  A  N ew  P latform

We produce a  new InT m l file for th e  m atching application  in  o ther p latform s by chang
ing devices, in teraction  techniques, and  ob jects in  th e  P C  version. G eneric tasks stay  th e  
sam e, such as how to  find positions for objects, or how to  decide when tw o objects m atch. 
However, some tasks change, since different inpu t and  o u tp u t devices afford different in te r
action  techniques. For exam ple, we show th e  code for th e  selection in teraction  technique 
in bo th  th e  H M D J and  th e  V isroom  platform s. L isting 14 shows th e  selection technique 
in  th e  H M D J p la tform , w hich is based on a full 3D ray defined by th e  user’s eye position, 
th e  joystick position, an d  th e  curren t center of th e  field of view (eyePos, in  lines 8-9) 13. 
L isting 15 shows th e  selection technique code for th e  V isroom  platform . In  th is  case we 
use the  G o-G o selection technique by Poupyrev [71], and  we connect it to  the  hand  repre
sen tation  (lines 6-7, 16), an d  th e  position  and o rien ta tion  of b o th  head and  hand trackers 
(lines 8-15). D espite th e  fact th e  ta sk  is the  same, th e  ty p e  of inform ation expected for th e  
selection technique and  th e  ty p e  of inform ation gathered  by devices are to ta lly  different.

13T h e  c o m p u ta tio n  for th e  3D  ray  is done inside H M D JR ay.
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N evertheless th e  application  has m any sim ilarities w ith  th e  one for a P C  environm ent, so 
much of the  code in them  is th e  same. N ote th a t  different im plem entations of th e  sam e 
ta sk  can be com pared a t th e  InTm l level by designers. W e consider th is  is one of the  key 
advantages provided by our methodology.

L is t in g  14  Selection in th e  H M D J environm ent. InT m l code 
1 <App id="m atchingTest.m AppHM DJ">

< !— s e le c ta b le O b js  s e le c t a b le  — >
< F il t e r  id = " se le c tio n "

5 type="SelectBy3D R ay"/>
< F il t e r  id="hmdj2Ray"

ty p e = "HMDJ2Ray"/>
<C onstant id="eyePos"  

value="0 0 0"/>
10 <Send in fo="eyePos"

oE="hmdj2Ray" oP="headPos"/>
<Binding iE ="tracker" iP="q"

oE="hmdj2Ray" oP="headQ"/>
<B inding iE = " jo y stick "  iP="pos"

15 oE="hmdj2Ray" oP="jPos"/>
<B inding iE="hmdj2Ray" iP="posRay" 

o E = " selectio n "  oP="pos"/>
<B inding iE="hmdj2Ray" iP="qRay" 

oE = " se lec tio n "  oP="q"/>
20 <Send in fo = " se le c ta b leO b js"

o E = " se le c t io n ” oP="scene"/>

</App>

4.3 Som e M etrics
A lthough we do no t have inform ation abou t tim e spent in  each ta sk  during th e  developm ent 
of our exam ple application , we can ex trac t some inform ation from  the  CVS repository  used 
by developers. In  general, th e  developm ent of th e  first four versions m entioned in Section 
4.2 took  p a r tia l tim e during  6 m onths for two developers, w ith  some in terrup tions during  
th a t  tim e. A t th e  end of th is  process th e  applications were extensively used for a  user s tudy  
th a t  is described in  Section 5.2.

One way to  describe th e  am ount of w ork per app lica tion  version is to  see changes in 
files registered  in  our C V S -based  repository  (addition  an d  rem oval of lines). A lthough th is  
inform ation is lim ited  since th e  in itial file size is not recorded in  th e  CVS reporting  too l and  
some classes are  m ore im p o rtan t th a n  o thers in th e  application , such changes give a  good 
idea of th e  am ount of effort dedicated  per hardw are p latform . F igure 4.4 shows changes 
in  num ber of lines o f code during  tim e, in files grouped  by hardw are p latform s (All  refers 
to  files th a t  were com m on to  all versions). E ach po in t in  th e  g raph  of each p la tfo rm  is 
com puted as th e  add ition  of all insertions plus deletions in  all files related  to  such p la tfo rm
14

14 A file w as classified in on ly  one ca tegory  of th e  5 op tions.
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L isting 15 Selection in the Visroom environment. InTm l code
1 <App id="matchingTest.mAppVisroom">

< !— se le c ta b le O b js  s e le c t a b le  — > 
< F il t e r  id = " se le c tio n "

5 type="G oG oSelection"/>
<O bject id="handRepr"

filenam e="hand .3ds"  
ty p e = "VRObj e c t "/>

<B inding iE="head" iP="pos"
10 oE = " selectio n "

oP="posHead"/>
<B inding iE="head" iP="q" 

oE = " selectio n "  
oP="qHead"/>

15 <Send info="handRepr" 
oE = " selectio n "  
oP="handRepr"/>

<Send info="handRepr"  
oE = " visib leO bjs"

20 oP="addObject"/>

</App>

LOC Changes During Time. MatchingApp

o  1000

Time

F igure  4.4: Changes in  Lines <§i®Code per H ardw are Platform .

. :  All
■  3DD

■ ' HMDJ
PC

■  SB
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We can  notice th a t  general files dom inate changes during tim e which m eans th a t  most 
of th e  effort in  developm ent can be shared  am ong several versions of the application . Peaks 
show some deadlines for deliverables in each p latform , s ta rtin g  w ith the  P C  and  SB p la t
forms, followed by H M D J and 3DD. We can also notice th a t  th e  later versions required  less 
changes (or less tim e) to  com plete th a n  th e  previous ones. This indicates th a t  th e  cost of 
p roducing new versions is reduced during  tim e.

T he last peaks in th e  A ll /C o m m o n  curve are related  to  th e  log m echanism  of th e  appli
cations. All versions log inform ation abou t th e  user’s experience in a centralized database, 
and th is  functionality  required several changes, during tim e.

Table 4.1 shows the  average of changes per platform , during the to ta l period  of tim e 
considered in F igure 4.4 (190 days). A lthough  one can not com pare such num bers due 
to  th e  dim inishing effort given by th e  succession of developm ent cycles, we can  see th a t 
th e  H M D J and  3DD versions have a higher change average th a n  the  o ther two platform s. 
A nalyzing such a  result we have found th a t  th is  effect is due to  th e  several versions of 
InT m l files we created  for te s tin g  such environm ents, and due to  the  special classes we 
created  to  deal w ith  the  special devices th a t  these platform s required. We can also see th a t  
th e  SM A R TB oard environm ent was really easy to  in tegrate , despite the  special hardw are it 
involved. A gain, we can notice th a t  m ost of th e  effort was concentrated  on com m on files to  
all p latform s.

P la tfo rm A verage in  LOC changes
P C 9.6
SB 7.3

H M D J 20.5
3DD 16.2

All 98.2

T able 4.1: Average num ber of Lines of Code (LOC) changes per P latform .

4.4 C om parison w ith  O ther D evelopm ent M eth od olo
gies and 3D Technologies

O ther m ethodologies for th e  developm ent of 3D applications have been proposed  in  th e  
last decade. T h e  m ethodology described in  th is  section differs from  previous proposals in 
th e  level of ab s trac tio n  th a t  designers handle, an d  th e  special m anagem ent th a t  re ta rge ting  
requires. O ur m ethodology works a t th e  arch itec tu ra l level of th e  developm ent cycle, and 
th a t  th e  details in  o ther m ethodologies can be used in  order to  achieve th e  expected  results.

T he w ork by T anriverdi and  Jacob  [93] divides a 3D application  in th e  following com
ponents: graphics, behavior, in te raction , m ediator, and com m unication. T hey  define a 
tw o-level design process, by d ividing h igh level and  low level decisions in each com ponent. 
O ur m ethodology deals m ostly w ith  th e  high level decisions m entioned in th is  paper. O ur 
m ethodology can be enriched w ith  th e  low level design process for m edia elem ents (which 
corresponds to  th e ir  graphics com ponent), behavior (which is subdivided in th e ir  behavior, 
in teraction , an d  m ed iato r com ponents), and  application  connectivity  (which corresponds to  
th e ir  com m unication  com ponent).

Sm ith, Duke, and  M assink [84] define a  form al m ethod  to  com pare in te rac tion  techniques 
in  different p la tform s, in a way independen t from  th e  actual code. W hile th is  n o ta tio n  is 
very useful to  understand  th e  inner behavior of an  in teraction  technique, a  developm ent 
m ethodology based on such a n o ta tio n  can  be to o  detailed for our designers. W e believe 
th a t  such a  n o ta tio n  can be used for detailed  design of com plex in teraction  filters in our 
methodology, provided some m apping  betw een th e ir  concept of continuous devices and  our 
stric tly  d iscre te m odeling.
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Stanney  e t al. [88] define a set of usability  guides for the  design of V R  applications. We 
believe th a t  such guidelines can be easily used and in tegrated  to  our proposal, in th e  ta sk  
of describing applications in InT m l docum ents. A t th is  stage designers should take into 
consideration  not only user requirem ents b u t also usability  guidelines th a t  can be applied 
to  th e  ta rg e ted  hardw are platform s.

T here  are also some differences betw een th e  InT m l-based  developm ent versus devel
opm ent based on o ther technologies, such as VRM L or V R Juggler. We th in k  th a t  our 
m ethodology and division of tasks betw een roles can be applied w ith  o ther im plem entation 
environm ents, b u t the re  are som e lim ita tions.

F irs t, an  a rch itec tu ra l language is required  for designers, in o rder to  allow them  to  
develop the  sam e tasks a t a  higher level of ab s trac tio n  th a n  code. T here are no o ther archi
te c tu ra l languages specially ta rg e ted  to  V R  applications, and general-purpose  arch itec tu ral 
languages can no t show th e  im p o rtan t issues in a  3D application.

Second, environm ent capabilities can  be an  issue in a general in teractive application. 
For exam ple, VRM L is an  environm ent for 3D applications where users can navigate envi
ronm ents, b u t the ir in teractive capabilities are lim ited: i.e. it is not possible to  allow an 
ob ject to  be tran sla ted  in  the  th ree  axes and  ro ta ted  a t th e  sam e tim e; several independent 
m odes have to  be created. Such lim ita tions are very im p o rtan t when an  im plem entation  
environm ent is chosen a priori,  w ith o u t any consideration to  th e  application  requirem ents.

T h ird , since curren t V R  environm ents do not provide a clear descrip tion  of behavioral 
com ponents and  th e ir  in terre lationsh ips 15, developers can decide any subdivision as they  
wish, precluding our support for re ta rge ting . For exam ple, code for reading devices is usually 
interm ingled  w ith  the  expected  response to  it, so it is difficult to  replace such devices w ithout 
going to  th e  level of code.

F ourth , re ta rge ting  is a  new  developm ent ta sks defined in our m ethodology, and  depends 
heavily in  our division of com ponents. W ith o u t th is clear separation  is not possible to  
re ta rg e t an  application  by changing com ponents, and  m ore detail changes a t  th e  code level 
are required.

As one can see, our m ethodology separates from particu la r im plem entation  m echanism s 
in  order to  create  m ore portab le , re ta rg e tab le  applications. I t is also heavily suppo rted  by 
our language, InTm l.

15Java3D  does have clearly  defined behav io ra l com ponen ts , b u t in te rre la tio n sh ip s a re  n o t so clear since 
all b ehav io rs have to  be  aw aken by th e  system .
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Chapter 5

Exam ples of U se

In th is chapter we d em onstra te  w ith  th ree  exam ples how th e  concepts p resented  in th is  thesis 
can be used. T he first is a sim ple application  th a t  we developed as a proof of concept for 
our reta rge ting  process. T he second is a  com parative user interface s tudy  betw een several 
hardw are p latform s, based on th e  sim ple application  of our exam ple in  th e  previous chapter. 
T his user s tudy  shows how different im plem entations in different hardw are p latform s can be 
com pared, and how our developm ent techniques help in th e  com parison and  developm ent 
processes of m u lti-p la tfo rm  V R  applications. T he final exam ple is a p a rtia l design, th a t  was 
developed w ith  P auline Jepp, a  P hD  s tuden t a t th e  University of Calgary, th a t  shows how 
designers can s ta r t  th e  developm ent of a com plex application  for several hardw are p latform s 
by using InTm l.

5.1 A  M atching A pplication
We have already m entioned th is  app lica tion  in Section 4.2, as an exam ple of th e  developm ent 
m ethodology for InT m l applications. W e will describe in detail th e  com ponents behind the  
app lica tion ’s tasks, and  th e ir  in terre lationsh ips. T he InT m l files of th e  four im plem entations 
of th is  application  are in A ppendix  A.

T he application  runs on different hardw are platform s:

•  T he P C  aplication  uses a  s ta n d a rd  P C  interface (Figure 5.1), w ith  a  CR T m onitor, a 
m ouse and  a keyboard.

•  T he SM ART B oard  based (SB) application  uses a SM ART B oard  [94] (F igure 5.2). 
O ur SM ART B oard  is a  front p ro jec ted  system  w ith  touch-sensib le  screen, four pens, 
and  an  eraser. T here  are  also tw o b u tto n s  beside th e  pen  holders, b u t we did not use 
th em  in th is  application.

•  T he H M D J application  uses a  V irtu a l 1-0 Glasses head m ounted  display [50] and a 
M icrosoft Sidewinder force-feedback joystick [31] (F igure 5.3). T h e  1 -0  Glasses is a  
low resolution HM D w ith  a  3 degrees-of-freedom  (D O F) tracker for head orientation . 
T he SideW inder has m any capabilities, b u t we only use its positioning device and  four 
bu ttons.

•  T he Space M ouse based P C  (3DD) application  uses a  CR T m onitor, a  keyboard, and 
a  SpaceM ouse in p u t device [1] (F igure 5.4). T he SpaceM ouse is a  6 D O F  device th a t 
allows users to  change th e  position  and  o rien tation  of a  given ob ject. I t also has some 
b u tto n s  in teg rated  in  th e  device, b u t we use the  keyboard instead  for im plem entation  
reasons.
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Figure 5.1: A pplication runn ing  on a P C  environm ent.

F igure 5.2: A pplication  runn ing  on a SM ART Board.

F igure 5.3: A pplication  running  on a  HM D plus Joystick.
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Figure 5.4: Application running on a PC plus 3D Mouse.

T he M atching application  was designed as a  self-contained set of InT m l files, w ithout 
references to  ex ternal libraries, since InT m l general libraries of devices and  in teraction  tech
niques were also under developm ent. For th is  reason, th e  application  defines all devices and 
in teraction  techniques required by its im plem entation.

T he following sections describe th e  InT m l im plem entation  of each ta sk  in th e  application. 
Such tasks were previously m entioned in  Section 4.2.

O b ject’s G eom etry  Loader

O b jec t’s geom etry is loaded from  ex ternal files, in  O B J and  3ds form ats. T he InT m l code 
for loading th e  th ree  ob jects in th e  app lica tion  is in th e  L isting 161.

L isting  16 Load objects in an  InT m l A pplication.
1 < 0 b je c t  id = " o b j l"  f i le n a m e = " m e d ia /c a r .3 d s "  ty p e= "V R O b jec t" />

< 0 b je c t  id = " o b j2 "  file n am e = "m e d ia /D o d g e 3 2 .3 d s"  type= "V R O b jec t" />
< 0 b je c t  id = " o b j3 "  f ile n a m e = " m e d ia /b e e th o v e n .o b j"  ty p e= "V R O b jec t" />

Each ob ject is nam ed by an  un ique identifier. G eom etry is loaded from  a file, given here 
by a  p a th  relative to  th e  application  location. T he o b jec t’s ty p e  defines w hat functionality  
is expected. In  th is case, we use th e  VRObject, which was described in  Section 3.3. T he 
code in Java loads each file in to  memory, w ithou t m aking th em  visible. T h e  im plem entation  
of th is  ta sk  is p la tform  independent.

L ocalizing  and O rien ting  O b jects  at R andom

T h e filter RandomPQ assigns a  random  position  and  o rien ta tion  to  th e  ob jects it receives. Its  
interface is shown in F igure 5.5.

'T h e  X M L n o ta tio n  in  th is  se c tio n ’s listings w as described  in Section  3.4.
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objs

gridDimension

viewpoint

outputDevice

Figure 5.5: R andom P Q  ports.

T he filter divides th e  space in front of th e  viewpoint in a  grid of size g rid D im en sio n . 
T he o u tp u tD e v ic e  param ete r is used to  change the  d istance a t  which th e  ob jects are shown, 
according to  th e  type of display (HMD or a  norm al m onitor). C onsecutive ob jects received 
th rough  th e  p o rt o b js  are  se t to  a  random  position in th e  grid. E x tra  param eters are 
available from  th e  Java im plem entation  of th e  class, to  define a  near and far clipping planes 
for the  random  position  generation, and  a  random  seed. In  general, such param eters are 
in teresting  to  developers only, no t to  designers, and we will n o t discuss th is  further.

D uring in itial te s ting  of th e  application , we noticed th a t  som e objects were closer to  
the ir copies th a n  others, and  th a t  some objects occlude o thers since they  were closer in 
our perspective projection . T his is because RandomPQ does no t tak e  in to  consideration the  
relative distances (euclidean and  angular) between an  ob ject and  its  copy, and  th e  way the  
screen is divided. W e decided to  create a m ore specialized class, Random RelativePQ . This 
new class gets an  ob ject and  its copy a t th e  sam e tim e, divides th e  screen in 6 disjoint areas, 
assigns a  random  position  to  th e  ob ject in one of these areas, and  assigns a random  position  
to  th e  o b je c t’s copy such th a t  th e  angular and euclidean distance betw een an  object and 
its  copy are constan t. T h e  new  class is shown in F igure 5.6. Each ob ject and  its copy are 
received in  different po rts , so th ey  can be distinguished. Two param eters are necessary, the  
o u tp u t device to  use, and  th e  view point position  and  orien tation .

objl________

copyl_______
obj2________
copy2_______
obj3________
copy3_______
outputDevice
viewPoint

Figure 5.6: R andom R elativePQ  ports.

L isting 17 shows th e  InT m l code th a t  creates th e  filter of class Random RelativePQ , 
and  connects th e  ob jects and  p aram eters to  it. T he previous code for RandomPQ was sim 
ilar, w ith  th e  difference th a t  all ob jects were received in ju s t  one port. T his code can be 
considered p la tfo rm  independen t, providing th a t  the  o u tp u t device is called s c re e n  in all
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im plem entations.

L isting 17 Localize ob jects a t random .
1 < F ilt e r  id="randomRelativePQ" type="RandomRelativePQ"/>

<Binding iE = " _ se lf"  iP ="objl"  oE="randomRelativePQ" oP="objl" />
<Binding iE = " _ se lf"  iP="obj2" oE="randomRelativePQ" oP="obj2"/>

5 <Binding iE = " _ se lf"  iP="obj3" oE="randomRelativePQ" oP="obj3"/>
< !— Bind th e  cu rren t ou tput d is p la y  — >

<Binding iE = " _ se lf"  iP="screen" oE="randomRelativePQ" oP ="outputD evice"/>

< !— Bind th e  cu rren t v iew p o in t — >
10 <Binding iE = " _ se lf"  iP="view point"  oE="randomRelativePQ" oP="view Point"/>

C reating  C opies o f  O b jects  and L ocalizing  T h em  at R andom

Copies of ob jects are created  by th e  filter TransparentCopy. I t has one inpu t p o rt th a t  
receives ob jects and  one o u tp u t p o rt th a t  produces tran sp a ren t copies of th e  received objects. 
Listing 18 shows th e  InT m l code th a t  creates th e  copies, and  send them  to  th e  in terested  
filters. We create th ree  instances of TransparentCopy since we w ant to  d istinguish  each 
o b jec t’s copy. Copies of ob jects are sent to  randomRelativePQ in order to  change the ir 
in itial position  an d  o rien ta tion  to  th e  one required by th e  application. This ta sk  is p la tform  
independent.

L isting 18 C rea te  copies of ob jects and localize them .
1 < F i l t e r  id="tC opyl" type="TransparentCopy"/>

< F il t e r  id="tCopy2" type="TransparentC opy"/>
< F il t e r  id="tCopy3" type="TransparentC opy"/>
<Binding iE = " _ se lf"  iP="objl"  oE="tCopyl" oP="obj"/>

5 <Binding iE = " _ se lf"  iP="obj2" oE="tCopy2" oP="obj"/>
<Binding iE = " _ se lf"  iP="obj3" oE="tCopy3" oP="obj"/>
<Binding iE="tCopyl" iP="objCopied" oE="randomRelativePQ" oP="copyl"/>  
<B inding iE="tCopy2" iP="objCopied" oE="randomRelativePQ" oP="copy2"/>  
<Binding iE="tCopy3" iP="objCopied" oE="randomRelativePQ" oP="copy3"/>

D efin ing S e lecta b le  O b jects

We designed filters for th e  different selection techniques th a t  we used. T he P C , H M D J, and 
SB versions use S electB yR ay in different ways, while 3DD uses SelectB yT ouching. T he 
sim plest selection technique is SelectB yR ay. T his technique selects an  ob ject from  a 2D 
position in th e  screen, w hich defines a  ray perpend icu lar to  th e  user’s p lane of view. In  its 
sim plest form, it h as  tw o inpu t po rts  for th e  2D position  an d  th e  scene of selectable objects, 
and  an  o u tp u t p o r t for th e  curren t selected object (F igure 5.7). I t also has ex tra  p o rts  for 
control purposes, inherited  from C o n tr o la b le F ilte r , b u t they  are not shown in th e  figure 
since they  are n o t relevant for th e  ac tua l selection technique.
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pos SelectByRay object

scene

Figure 5.7: SelectB yRay ports.

T he P C  version of th e  selection ta sk  is straigh tforw ard  (Listing 19): O b jec ts are added  
to  the  set s e le c ta b le O b js , th e  selection technique is created  and  its inpu t is plugged in to  
th e  set of selectable ob jects and  th e  2D position  from  th e  mouse 2.

L isting 19 Define selectable objects, P C  version.
1 < 0 b jec t id = " se lec ta b le O b js"  type="Scene" />

<Binding iE = " _ se lf"  iP ="objl"  oE = " selectab leO b js"  oP="addObject"/>  
<Binding iE = " _ se lf"  iP="obj2" oE = " selectab leO b js"  oP="addObject"/>  
<Binding iE = " _ se lf"  iP="obj3" oE = " selectab leO b js"  oP="addObject"/>

5
< F il t e r  id = " se le c t io n "  type="SelectB yR ay"/>
<Binding iE = " _ se lf"  iP = " se lec ta b leO b js"  oE = " selection "  oP="scene"/>  
<B inding iE="mouse" iP="mousePos" oE = " selection "  oP="pos"/>

T he SB version uses th e  sam e in teraction  technique, b u t instead  of receiving a  2D position  
from th e  m ouse, it receives inform ation from  th e  touch-sensitive w hiteboard . L isting 20 
shows th e  new code 3, w ith  th e  connection of th e  SM A R TBoard o u tp u t to  th e  selection 
technique. T here  is a  difference w ith  th e  P C  exam ple th a t  is w orth m entioning: T he 
SM A R TBoard allows users to  detach  from  th e  inpu t device, to  jum p from  one position  in 
th e  screen to  ano ther, w hich is different from  th e  m ouse th a t  always com putes a  position  as 
a  relative displacem ent from  th e  previous position. For th is  reason, we added  functionality  
to  allow th e  in te rac tion  technique to  know w hen users are no t touching th e  screen, so th e  
selected ob ject can be de-selected . W ith o u t th is  functionality, users select an  ob ject, leave 
the  screen, an d  see th e  ob ject still in selected m ode. I t  is also im portan t to  rem em ber th a t 
filters reac t to  any user inpu t in th e ir  inpu t po rts , b u t not to  absence of inpu t. A selection 
technique can  no t react to  absence of a position  for selection, since w ithout an  in p u t it does 
not have to  be executed  a t all.

L isting 20 Define selectable objects, SB version.
1 < F i l t e r  id = " se le c t io n "  type="SelectB yR ay"/>

<B inding iE="smartboard" iP="touchPos" oE = " selection "  oP="pos"/>  
<B inding iE="smartboard" iP = "screen R eleased "  

oE = " selection "  o P = " flu sh S ta te" />
5 <B inding iE = " _ se lf"  iP = " se le c ta b le O b js"  oE = " selection "  oP="scene"/>

T he H M D J version takes into account tw o m ore inpu t devices available: A sim ple orien
ta tio n  tracker a ttach ed  to  th e  HM D and  a  joystick. T h e  in teraction  technique created  takes

2T h e  class S cen e  allows us to  c rea te  se ts  of o b jec ts  t h a t  are  n o t o b jec ts  them selves, so th e y  can  n o t b e  
selectable.

3 Since th e  c rea tio n  of th e  se t of se lectab le  o b jec ts  is th e  sam e, th e  code is n o t rep ea ted  here an d  in th e  
following listings.
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into consideration bo th  devices as it is shown in F igure 5.8. T he user’s head m ovem ents 
define th e  cu rren t viewpoint and view plane as a displacem ent of the real one. Since we 
do not use th e  m ouse po in ter for in teraction , a new visual representation  is created . Also, 
since we do not w ant to  lose th e  po in ter once the user’s head moves, the  po in ter position  is 
defined in term s of th e  current view p lane center and th e  actual joystick displacem ent. In 
th is  way, th e  po in ter is always visible, an d  it can be moved by the  joystick m ovem ents or 
indirectly  by head m ovem ents 4.

(Joystick offset

Current vie

Virtual
head
position

/  View direction 

Head position
Virtual view plane

Figure 5.8: View an d  Selection in th e  H M DJ Platform .

T he H M D J version of th e  selection technique, illu stra ted  in Listing 21, has a  filter to  
com pute th e  center of th e  view p lane (ce n ter , of type O rien ta tion C en ter) 5, a  filter to  
com pute th e  joystick po in ter position  (p o in terP o s , of type HMDJPointer), and  a  visual 
rep resen ta tion  of th e  po in ter (p o in ter ) . T h e  c e n te r  filter requires th e  h ea d ’s position  
(a constan t in  th is  case), th e  h ead ’s o rien tation , and th e  curren t o u tp u t device in  order 
to  com pute th e  view plane center. T h e  m ost im p o rtan t inpu t po rts  for p o in te r P o s  are 
th e  cu rren t view plane center and  th e  joystick position. T he final step  in  th is  se tup  is to  
change th e  ac tu a l position  of th e  po in te r rep resen ta tion  w ith  th e  3D position  com puted  by 
p o in ter P o s. T he selection technique takes th e  2D position com puted by p o in te r P o s  and 
th e  scene. We can  see th a t  we do no t ac tua lly  change th e  code for the  selection technique, 
b u t th e  ac tu a l setup.

Finally, th e  selection in th e  3DD environm ent is based on collision w ith  a  h an d  repre
sen tation , as shown in L isting 22. T he filter class SelectB yT ouching (F igure 5.9) perform s 
th is  task , w hich requires th e  selectable ob jects , th e  hand  represen tation  ob ject, and a  signal 
w hen to  com pute such a  collision (everytim e th e  hand  represen tation  is moved or ro ta ted ). 
T he hand  position  an d  orien ta tion  com es from  th e  mouse3D device 6.

4T h e  jo y stick  m ig h t a p p e a r fixed re la tiv e  to  th e  u se r ’s view  plane, b u t it  is m oving in  ab so lu te  coo rd inates.
5 W e can  n o tice  t h a t  th e  view  is an  ap p ro x im a tio n  o f th e  real view. I t  can  b e  im proved  in o rd e r  to  

co m p u te  th e  fru s tru m  from  th e  rea l h ead  position .
6T h e  p o sitio n  ac tu a lly  com es from  th e  r e s e t P o s i t i o n  filter, t h a t  allows users to  m ove th e  cu rso r back 

to  th e  cen te r o f th e  screen , b u t  th is  fu n c tio n a lity  is o u t o f th is  scope of th is  descrip tion .
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L is tin g  21 Define selectable objects, HMDJ version.
1 < !—  Show s e le c t i o n  p o in te r  from th e  head tra c k e r  p lu s  j o y s t i c k  — >

< F il t e r  id ="center"  typ e= " O rien ta tion C en ter" />
< F il t e r  id ="p ointerP os"  type="HM DJPointer"/>
<Constant id = " sh ift"  ty p e = " flo a t"  v a lu e = ”0 .0 1 " />

5 < 0 b jec t id = "p ointer"  file n a m e = " m e d ia /p o in te r . o b j" type="VRObject"/>  
<Binding iE = " _self"  iP="pV" oE = " center1' oP="p"/>
<B inding iE ="tracker" iP="q" oE="center" oP="q"/>
<Binding iE = " _ self"  iP="hmd" oE="center" oP="screen"/>
<Binding iE ="center" iP="pos" oE="pointerPos" oP="headCenter"/>

10 <Binding iE = " jo y stick "  iP="pos" oE="pointerPos" oP="jPos"/>
<B inding iE = " _self"  iP="hmd" oE="pointerPos" oP="screen"/>
<Binding iE = " _self"  iP = " sh ift"  oE="pointerPos" oP="shiftA m ount"/> 
<B inding iE ="pointerPos" iP="pos3D" oE="pointer" oP="setPos"/>

15 < !—  C reate s e le c t i o n  tec h n iq u e  and b in d  i t  as n ece ssa r y  — >
< F il t e r  id = " se le c tio n "  type=" SelectB yR ay"/>
<B inding iE = " _ self"  iP = " se le c ta b le O b js"  oE = " selection "  oP="scene"/>  
<Binding iE ="pointerPos" iP="pos" oE = " selection "  oP="pos"/>

compute SelectByTouching object
handRepr deselected
scene

F igure 5.9: SelectB yTouching ports.

L istin g  22 Define selectable ob jects, 3DD version.
1 < F i l t e r  id = " se le c tio n "  type=" SelectB yT ou ch in g" />

< 0 b jec t id="vHand" file n a m e= " m ed ia /p o in te r .o b j"  type="VRObject"/>  
<Binding iE = " _ self"  iP = " se le c ta b le O b js"  oE = " selection "  oP="scene"/>  
<B inding iE="mouse3D" iP="pos" o E = " selectio n "  oP="compute"/>

5 <B inding iE="mouse3D" iP="q" oE = " se lec tio n "  oP="compute"/>
<B inding iE = " _ self"  iP="vHand" oE = " selection "  oP="handRepr"/> 
<B inding iE = " r e se tP o s it io n "  iP="pos" oE="vHand" oP ="setPos"/>  
<Binding iE="mouse3D" iP="q" oE="vHand" oP="setQ"/>

Feedback for T h e U ser S election

O bjec ts are shown in green w hen th e y  are selected, in all platform s. T h e  InT m l code for 
th is  functionality  is shown in L isting 23. T he filter h ig h l ig h t  changes th e  color of an  object 
to  th e  selected color and  back to  th e  norm al one, once an event by th e  d e s e le c te d  p o rt is 
received or a  new object is selected.
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L is tin g  23 Define selectable objects, 3DD version.
1 < F ilt e r  id = " h ig h lig h t"  type=" H igh ligh tedF eed back" />

<Binding iE = " se le c tio n "  iP = "ob ject"  o E = " h ig h lig h t" oP="obj"/>
<Binding iE = " se lec tio n "  iP = " d ese lec ted "  oE =" high ligh t"  oP = " d ese lec ted " />

G rabing and R eleasin g  an  O bject

O bjects are g rabbed in order to  s ta r t  a  m anipulation  by transla tions or ro tations. Each 
p latform  uses different devices and  in teraction  techniques for th is  functionality, as follows.

T he P C  version im plem ents ob ject ro ta tio n  and  tran s la tio n  w ith  m ouse dragging op
erations, left and  right bu ttons. In  th is  case, th e  grabbing opera tion  is different either 
for ro ta tion  or transla tion . T he SB version uses also separate  dragging controls w ith  four 
different pens (one for ro ta tion , th ree  for transla tion ). T he H M D J based im plem entation  
uses four b u tto n s in  th e  joystick for g rabbing an  ob ject, e ither for ro ta tio n  or translation . 
T he 3DD platform  takes a  different approach since it is possible to  ro ta te  and tran s la te  an 
ob ject a t th e  sam e tim e, w ith  th e  sam e device. In addition , we decided to  offer a  toggle 
functionality  for b o th  ro ta tio n  and  transla tion . In  th is  way, it is possible to  ju s t move or 
ju s t ro ta te  by pressing a  key. U sers found th is  very useful in order to  divide th e  ta sk  in a  
succession of ro ta tions and  transla tions.

T he code rela ted  to  th is  functionality  is shown in th e  following section, including the  
code for ro ta tions and transla tions.

R o ta tin g  and T ranslating  an O bject

A n object can be ro ta ted  or tran s la te d  in several ways, given a certa in  set of inpu t devices. 
W e decided to  im plem ent sim ple in te raction  techniques th a t  could be reused am ong p la t
forms. In  th e  fu ture, these in te raction  techniques can be replaced by m ore s tan d ard  ones, 
especially for ro ta tions [47].

T he P C , SB, and  H M D J versions use th e  R ota tion B eh av ior and  T ra n sla tio n B eh a v io r  
classes for ro ta tin g  and  m oving ob jects, shown in F igure 5.10. R ota tion B eh av ior  takes the  
un it of ro ta tio n  per po in ter m ovem ent, s ta rtin g  events, ending events, th e  curren t po inter 
position, th e  ob ject to  be ro ta ted , an d  an  indication th a t  th e  ob jec t is no t selected anym ore. 
T r a n sla tio n B eh a v io r  takes a m ovem ent scale, s ta rtin g  events, ending events, th e  current 
po in ter position, th e  object, and  an  ind ication  of w hen an  ob jec t is deselected. I t also takes 
inpu t events th a t  define in  which p lane th e  m ovem ent will be applied (X Y /X Z /Y Z ), from 
th e  user’s viewpoint.

scaleMov R ot a t ionB ehavior
bu ttonP ressed
buttonR eleased
pointerPos
obj
deselected

scaleMov T ranslationB ehavior
bu ttonP ressed
buttonR eleased
pointerPos
movXY
movXZ
movYZ
obj
deselected

F igure 5.10: R otationB ehav io r and  T ranslationB ehavior ports.

T he P C  version of these m an ipu la tion  techniques shown in L isting 24 7, connects th e

7In th e  follow ing L istings, we rep lace  t r a n s la te O b j  for tO bj an d  j o y s t i c k  for j  for space reasons

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ro ta tion  technique to  le ft-b u tto n  dragging in th e  mouse, and tran sla tio n  to  r ig h t-b u tto n  
dragging. In  order to  sw itch betw een th e  th ree  axes of m ovem ent, we use th e  keys z, x, and 
c. We though t of using th e  s ta n d a rd  le tte rs for coord inate axes, bu t we decided to  choose 
th ree  consecutive le tte rs  instead, since users can ju s t leave th e ir  fingers on top  of them  and 
select them , w ithout looking a t th e  keyboard.

L is t in g  24  R o ta te  and tran s la te  objects, P C  version.
1 < !— R otate  an o b je c t  — >

< F ilt e r  id = " ro ta teO b j" typ e= " R ota tion B eh av ior"/>
<Binding iE="mouse" iP ="lB uttonP ressed"

oE ="rotateO bj" oP="buttonPressed"/>
5 <Binding iE="mouse" iP="lB uttonR eleased"

oE ="rotateO bj" oP="buttonR eleased"/>
<Binding iE="mouse" iP="mousePos" oE ="rotateO bj" oP="pointerPos"/>  
<Binding iE = " se le c tio n "  iP ="ob ject"  oE ="rotateO bj" oP="obj"/>
<Binding iE = " se le c tio n "  iP = " d ese lec ted "  oE ="rotateO bj" oP = " d ese lec ted " />

10
< !— T r a n s la te  an o b je c t  — >
< F il t e r  id ="t0bj"  typ e= " T ran sla tion B eh av ior" />
<Binding iE="mouse" iP="rB uttonPressed"  

oE ="t0bj" oP="buttonPressed"/>
15 <Binding iE="mouse" iP="rButtonR eleased"  

oE ="t0bj" oP="buttonR eleased"/>
<Binding iE="mouse" iP="mousePos" oE="t0bj" oP = "pointerP os"/>
<B inding iE="keyboard" iP="z" oE="t0bj" oP="movXY"/>
<B inding iE="keyboard" iP="x" oE="t0bj" oP="movXZ"/>

20 <B inding iE="keyboard" iP="c" oE="t0bj" oP="movYZ"/>
<B inding iE = " se le c tio n "  iP ="ob ject"  oE="t0bj" oP="obj"/>
<Binding iE = " se le c tio n "  iP = " d ese lected "  oE="t0bj" oP = " d ese lec ted " />

T he SB version connects ro ta tio n  to  the  first pen  in th e  SM A R TB oard, and  each tra n s 
la tion  axis to  pens 2, 3, an d  4, for planes XY, XZ, and  YZ, respectively. T h e  code is shown 
in Listing 25. W e can see how th e  selection of a  pen  for tran s la tio n  b o th  activates the  
tran sla tio n  technique and  selects th e  p articu la r p lane of m ovem ent.

L isting 26 shows th e  code for ro ta tio n  and  tran sla tio n  in th e  H M D J platform . T his code 
is sim ilar to  th e  one of in  th e  SB platform , except th a t  four b u tto n s  in th e  joystick are used 
for m ovem ents and  ro ta tions.

O ur last p la tform , 3DD uses a  different class for ro ta tio n  an d  transla tion , due to  th e  fact 
th a t  the  space m ouse allows users to  perform  bo th  operations a t the sam e tim e. L isting 27 
shows th e  corresponding code, in  w hich keys z and  x are used for g rabbing and releasing 
th e  selected ob ject, and  keys a  and  s  are used to  sw itch on and  off tran sla tio n  and  ro ta tion , 
respectively. A no ther difference betw een th is  im plem entation  and  the  previous ones is th a t  
it is possible to  get a  3D ro ta tio n  and  tran sla tio n  directly  from  th e  device. R o tT ran s takes 
th is  into account and  m aps m ore natu ra lly  events from  th e  device into ob ject movements.

C om pu tin g  M atch in g  F unction

T he m atch ing  betw een an  ob ject and  its copy is a p la tfo rm -independen t opera tion  th a t 
m easures th e ir  angu lar an d  euclidean distances and  generate  an  event w hen b o th  d istances 
are under certa in  th resholds. T he class M a tch F u n c tio n  takes an  ob ject, its copy, and an 
event of w hen it has to  be com puted. I t generates an  event w hen b o th  ob jects are close 
enough.
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L isting 25 R o ta te  an d  tra n s la te  objects, SB version.
1 < !— R o ta te  an o b je c t  — >

< F il t e r  id = " ro ta teO b j" typ e= " R otation B eh av ior" />
<Binding iE="sm artboard" iP = " p en lS elected "

oE ="rotateO bj" oP="buttonP ressed"/>
5 <Binding iE="sm artboard" iP ="penlR eleased"

oE =" rotateO b j" oP="buttonR eleased"/>
<B inding iE="sm artboard" iP="touchPos" oE ="rotateO bj" oP="pointerP os"/>  
<B inding iE = " se le c tio n "  iP = "ob ject"  oE ="rotateO bj" oP="obj"/>
<B inding iE = " se le c tio n "  iP = " d ese lec ted "  oE ="rotateO bj" o P = " d ese lec ted " />

10
< !— T r a n s la te  an o b je c t  — >
< F il t e r  id = " t0b j"  type="T rE inslationB ehavior"/>
<B inding iE="sm artboard" iP ="p en 2Selected "  

oE = " t0b j" oP="buttonPressed"/>
15 <B inding iE="smartboard" iP="pen2Released"  

oE = " t0b j" oP = "b utton R eleased " /:>
<B inding iE="smartboard" iP ="p en 2Selected "  oE ="t0bjH oP="movXY"/>
<Binding iE="smartboard" iP ="p en 3Selected "  oE="t0bj" oP="movXZ"/>
<Binding iE="smartboard" iP ="p en 3Selected "

20 oE="t0bj" oP ="buttonPressed"/>
<B inding iE="smartboard" iP="pen3Released"

oE = " t0b j" oP ="buttonR eleased"/>
<B inding iE="smartboard" iP ="p en 4Selected " oE="t0bj" oP="movYZ"/>
<Binding iE="sm artboard" iP ="p en 4Selected "

25 oE="t0bj" oP ="buttonPressed"/>
<Binding iE="smartboard" iP="pen4Released"

oE =" t0b j" oP ="buttonR eleased"/>
<B inding iE="smartboaxd" iP="touchPos" oE="t0bj" oP ="pointerPos"/>  
<Binding iE = " se le c tio n "  iP ="ob ject"  oE="t0bj" oP="obj"/>

30 <Binding iE = " se le c tio n "  iP = " d ese lected "  oE=''t0bj" oP = " d ese lec ted " />
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L is tin g  26 R otate and translate objects, HMDJ version.
1 < !— R ota te  an o b je c t  — >

< F ilt e r  id = " ro ta teO b j" type=" R otation B eh avior" />
<Binding iE="j" iP = " b u tton lP ressed "  oE="rotateO bj" oP="buttonPressed"/>  
<Binding iE="j" iP = " b u tton lR eleased "  oE ="rotateO bj" oP ="buttonR eleased"/>

5 <Binding iE="j" iP = " b u tton lP ressed "  oE="pointerPos" oP ="buttonPressed"/>  
<Binding iE="j" iP = " b u tton lR eleased "  oE="pointerPos" oP="buttonR eleased"/>  
<Binding iE ="pointerPos" iP="pos" oE ="rotateO bj" oP ="pointerPos"/>
<Binding iE = " se le c tio n "  iP ="ob ject"  oE="rotateO bj" oP="obj"/>
<Binding iE = " se le c tio n "  iP = " d ese lec ted "  oE ="rotateO bj" o P = " d ese lec ted " />

0
< !— T r a n s la te  sin o b je c t  — >
< F ilt e r  id="tObj" typ e= " T ran sla tion B eh av ior" />

•j" iP="button2Pressed" oE="tObj" oP="buttonPressed"/>
'j" iP ="button2R eleased" oE="tObj" oP="buttonR eleased"/>
'j" iP="button2Pressed" oE="pointerPos" oP="buttonP ressed"/>  
'j" iP ="button2R eleased" oE="pointerPos" oP="buttonR eleased"/>  
ij" iP="button3Pressed" oE="tObj" oP="buttonPressed"/>
'j" iP="button3R eleased" oE="tObj" oP="buttonR eleased"/>
'j" iP="button3Pressed" oE="pointerPos" oP="buttonP ressed"/>  
'j" iP ="button3R eleased" oE="pointerPos" oP ="buttonR eleased"/>  
ij" iP="button4Pressed" oE="tObj" oP="buttonPressed"/>
'j" iP ="button4R eleased" oE="tObj" oP="buttonR eleased"/>
'j" iP="button4P ressed"  oE = " poin terP os" oP="buttonP ressed"/>  
ij" iP ="button4R eleased" oE="pointerPos" oP="buttonR eleased"/>  
'p o in terP os"  iP="pos" oE="tObj" oP ="pointerPos"/>
■j" iP="button2P ressed"  oE="tObj" oP="movXY"/>
'j" iP="button3Pressed" oE="tObj" oP="movXZ"/>
'j" iP="button4P ressed"  oE="tObj" oP="movYZ"/>
’s e le c t io n "  iP ="ob ject"  oE="tObj" oP="obj"/>
's e le c t io n "  iP = " d ese lec ted "  oE="tObj" oP = " d ese lec ted " />

L is t in g  27  R o ta te  and  tran s la te  objects, 3DD version.
1 < !— R o ta te  and T r a n s la te  an o b je c t  — >

< F il t e r  id="rotT rans" type="R otT rans"/>
<Binding iE = " se le c tio n "  iP = "ob ject"  oE="rotTrans" oP="obj"/>
<Binding iE = " se le c tio n "  iP = " d ese lec ted "  oE="rotTrans" o P = " d ese lec ted " />  

5 <Binding iE="keyboard" iP="z" oE="rotTrans" oP="buttonPressed"/>
<Binding iE="keyboard" iP="x" oE="rotTrans" oP ="buttonR eleased"/>
<Binding iE="keyboard" iP="a" oE="rotTrans" o P = " to g g leT ra n sla tio n " />
<Binding iE="keyboard" iP="s" oE="rotTrans" oP = " togg leR ota tion " />
<Binding iE="mouse3D" iP="q" oE="rotTrans" oP="setQ"/>

10 <Binding iE="mouse3D" iP="pos" oE="rotTrans" oP="setPos"/>
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L is tin g  28 Matching function.
1 < F i l t e r  id = "m atchF u nction l" type="M atchFunction"/>

< F il t e r  id="m atchFunction2" type="M atchFunction"/>
< F il t e r  id="m atchFunction3" type="M atchFunction"/>
<B inding iE = " _self"  iP ="objl"  oE ="m atchFunctionl" oP="obj"/>

5 <B inding iE="tCopyl" iP="objCopied" oE="matchFunctioni" oP="copyObj"/> 
<B inding iE = " _self"  iP="obj2" oE="matchFunction2" oP="obj"/>
<B inding iE="tCopy2" iP="objCopied" oE="matchFunction2" oP="copyObj"/> 
<B inding iE = " _ self"  iP="obj3" oE="matchFunction3" oP="obj"/>
<B inding iE="tCopy3" iP="objCopied" oE="matchFunction3" oP=”copyObj"/> 

10 <B inding iE ="objl"  iP="posChanged" oE="matchFunctionl" oP="compute"/> 
<B inding iE ="objl"  iP="qChanged" oE="matchFunctionl" oP="compute"/> 
<B inding iE="obj2" iP="posChanged" oE="matchFunction2" oP="compute"/> 
<B inding iE="obj2" iP="qChanged" oE="matchFunction2" oP="compute"/> 
<B inding iE="obj3" iP="posChanged" oE="matchFunction3" oP="compute"/> 

15 <B inding iE="obj3" iP="qChanged" oE="matchFunction3" oP="compute"/>

D ele tin g  O b jects  O nce T h ey  are M atch ed

W e m ake ob jects  invisible in order to  sim ulate th e  operation  of deleting. T he filter 
D eleteW henSignal sends a  signal to  th e  ob ject and  its copy received th rough  its in p u t po rt 
obj, once an  event th rough  its  s ig n a l  p o rt is received. As illu stra ted  in  L isting 29, we 
create  th ree  instances of th is  filter in o rder to  delete each tup le  object- copy.

L isting  29 D eleting ob jects function.
1 < F i l t e r  id = " d ele teO b jsl"  type="D eleteW henSignal"/>

< F il t e r  id = " d e le te 0 b js2 "  type="D eleteW henSignal"/>
< F il t e r  id = " d e le te 0 b js3 "  type="D eleteW henSignal"/>
<B inding iE = " _ self"  iP ="objl"  oE =" deleteO bjsl"  oP="obj"/>

5 <B inding iE="tCopyl" iP="objCopied" oE ="deleteO bjsl"  oP="obj"/>
<B inding iE="m atchFunctionl" iP="match" oE ="deleteO bjsl"  oP = " sign a l" />  
<B inding iE = " _ self"  iP="obj2" oE="deleteQ bjs2" oP="obj"/>
<B inding iE="tCopy2" iP="objCopied" oE =" delete0b js2"  oP="obj"/>  
<B inding iE="matchFunction2" iP="match" oE = "delete0bjs2"  oP = " sign a l" />  

10 <B inding iE = " _ self"  iP="obj3" oE = " d elete0b js3"  oP="obj"/>
<B inding iE="tCopy3" iP="objCopied" oE = " delete0b js3"  oP="obj"/>  
<B inding iE="matchFunction3" iP="match" oE = "delete0bjs3"  oP = " sign a l" />

L ogging A p p lica tion  E ven ts

W e logged all events th a t  result of th e  in te rac tion  w ith  th e  application, in all four im
p lem entations. F igure 5.11 shows th e  in p u t p o rts  for th e  Log filter class, which basically 
registers all possible o u tp u t events: tim e associated  w ith  each execution fram e, user and 
p la tfo rm  identifications, m atch ing  signals, end  or abo rt signals, changes in  positions and  
o rien tations for ob jects and  ob ject copies, selection signals, change of p lane of m ovem em ent 
(X Y /X Z /Y Z ), s ta rtin g  and  ending signals for ro ta tio n  and  transla tion , and  toggle signals for 
ro ta tio n  an d  transla tion . N ot all events can be generated  in ju s t one system ; instead , each 
im plem entation  connects p o rts  to  an  instance of th e  Log class according to  th e  inform ation 
available.
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curT im e Log

userid
m atchSignal
p la tfo rm ld
endSignal
abortS ignal
p o sO b jl
posR eplical
posO bj2
posR eplica2
posO bj3
posReplica3
q O b jl
qR eplical
q O b j2
qReplica2
qO bj3
qReplica3
selectedO bj
deselectedO bj
movXY
movXZ
movYZ
poin terPos
ro ta te S ta rt
ro ta teS to p
tra n s la te S ta rt
tran sla teS to p
toggle T ransla tion
toggleR otation

F igure 5.11: Log ports.

Listing 30 shows th e  connections for logging on th e  P C  platform . T h e  fram e tim e is 
tak en  from  th e  tim er device. T h e  user id an d  p la tform  id are initialized w ith  constan t 
values. W ith  th e  aid of a  p rogram  w ritte n  in  XSLT [108], th e  user id w as replaced by a 
different value each tim e th e  program  w as run. E vents from th e  mouse, keyboard, m atching 
filters, selection filter, and  ob jects are sent to  th e  log accordingly. Copies of ob jects are 
w rapped  in  ob ject holders, and  th e ir  position  and  o rien tation  changes are rou ted  to  th e  log.

T he SB version of th e  log functionality  is sim ilar to  th e  P C  version, w ith  th e  differences 
th a t  th e  devices generate from  inform ation. L isting 31 shows such differences. A t a  difference 
of th e  P C  version, we can  notice th a t  th e re  are several ways to  s ta r t  a tran sla tio n , since 
th e re  are different devices for each tran s la tio n  plane.

T he version for th e  H M D J version is sim ilar to  th e  SB one, and it can be found in 
A ppendix  A. L isting 32 shows th e  differences in th e  3DD version. In  th is  case, keys are 
associated  to  th e  ta sk  of grabbing  an  object for ro ta tio n  and transla tion . T here  are also 
keys for toggling ro ta tio n  and  tran s la tio n  behavior, which is no t presen t in th e  previous 
versions.
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L isting 30 Logging functionality on the PC platform.

20

1 < F ilt e r  id="log" type="Log"/>
CIDevice id="tim er" type="Tim er"/>
<Binding iE="timer" iP="curTime" oE="log" oP="curTime"/>
<Binding iE="quit" iP="endInfo" oE="log" oP="endSignal"/>

5
< !— I d e n t i fy  u ser  and p la tfo rm  — >
< !— Change t h i s  co n sta n t to  an id  fo r  a p a r t ic u la r  u ser  — >
<Constant id ="u serld"  typ e=" S trin g"  va lu e= " T est u ser" />
<Constant id = "p latform ld "  type=" String"  value="PC"/>

10 <Binding iE = " _ self"  iP="userId" oE="log" oP="userId"/>
<Binding iE = " _ self"  iP="platform Id" oE="log" oP="platform Id"/>

< !— i n i t i a l  tr a n s fo r m a tio n s , s e le c t e d  o b j e c t s ,  p o s i t io n  and o r ie n ta t io n  
w h ile  m oving, match t im e s  — >

15 <Binding iE =" m atchF un ction l" iP="match" oE="log" oP="m atchSignal"/>
<Binding iE="m atchFunction2" iP="match" oE="log" oP="m atchSignal"/>
<Binding iE="m atchFunction3" iP="match" oE="log" oP="m atchSignal"/>
<Binding iE="mouse" iP="mousePos" oE="log" oP ="pointerP os"/>
<Binding iE="mouse" iP ="lB uttonP ressed"  oE="log" o P = " ro ta teS ta r t" />
<Binding iE="mouse" iP ="lB uttonR eleased"  oE="log" oP = " rota teS top "/>
<Binding iE="mouse" iP="rB uttonPressed" oE="log" o P = " tra n s la teS ta r t" />  
<Binding iE="mouse" iP="rB uttonR eleased" oE="log" o P = " tran sla teS top " />  
<Binding iE="keyboard" iP="z" oE="log" oP="movXY"/>
<Binding iE="keyboard" iP="x" oE="log" oP="movXZ"/>

25 <Binding iE="keyboard" iP="c" oE="log" oP="movYZ"/>
<Binding iE="keyboard" iP="q" oE="log" oP = " ab ortS ign a l'7>
<Binding iE = " se le c tio n "  iP ="ob ject"  oE="log" o P = " se lec ted O b j"/>
<Binding iE = " se le c tio n "  iP = " d ese lec ted "  oE="log" oP ="d eselectedO bj" />

30 <Binding iE ="objl"  iP="posChanged" oE="log" oP ="p os0bjl" />
<Binding iE ="objl"  iP="qChanged" oE="log" oP="qObjl"/>
<Binding iE="obj2" iP="posChanged" oE="log" oP="pos0bj2"/>
<Binding iE="obj2" iP="qChanged" oE="log" oP="q0bj2"/>
<Binding iE="obj3" iP="posChanged" oE="log" oP="pos0bj3"/>

35 <Binding iE="obj3" iP="qChanged" oE="log" oP="q0bj3"/>

< 0b jectH old er id = " cop yl" />
< 0b jectH old er id="copy2"/>
< 0b jectH old er id="copy3"/>

40 <Binding iE="tCopyl" iP="objCopied" oE="copyl" oP ="ob ject" />
<Binding iE="tCopy2" iP="objCopied" oE="copy2" o P = " ob ject"/>
<Binding iE="tCopy3" iP="objCopied" oE="copy3" oP ="ob ject" />
<Binding iE="copyl" iP="posChanged" oE="log" oP = " p osR ep lica l" />
<Binding iE="copyl" iP="qChanged" oE="log" oP = "q R eplica l" />

45 <Binding iE="copy2" iP="posChanged" oE="log" oP="posR eplica2"/>
<Binding iE="copy2" iP="qChanged" oE="log" oP="qR eplica2"/>
<Binding iE="copy3" iP="posChanged" oE="log" oP="posR eplica3"/>
<Binding iE="copy3" iP="qChanged" oE="log" oP="qR eplica3"/>
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L is tin g  31 Logging functionality on the SB platform.
1 <Binding iE="smartboard" iP="touchPos" oE="log" oP ="pointerPos"/>

<Binding iE="smartboard" iP = " p en lS elected "  oE="log" oP = " ro ta teS ta r t" />
<Binding iE="smartboard" iP="penlR eleased" oE="log" oP = "rotateS top "/>
<Binding iE="smartboard" iP = " p en lS elected "  oE="log" o P = " tra n s la teS ta r t" />

5 <Binding iE="smartboard" iP ="penlR eleased" oE="log" o P = " tran sla teS top " />
<Binding iE="smartboard" iP ="p en 2Selected "  oE="log" o P = " tra n s la teS ta r t" />
<Binding iE="smartboard" iP="pen2R eleased" oE="log" o P = " tran sla teS top " />
<Binding iE="smartboard" iP ="pen3Selected" oE="log" o P = " tra n s la teS ta r t" />
<Binding iE="smartboard" iP="pen3R eleased" oE="log" o P = " tran sla teS top " />

10 <Binding iE="smartboard" iP ="p en 4Selected "  oE="log" o P = " tra n s la teS ta r t" />
<Binding iE="smartboard" iP="pen4Released" oE="log" o P = " tran sla teS top " />  
<Binding iE="smartboard" iP ="p en 2Selected "  oE="log" oP="movXY"/>
<Binding iE="smartboard" iP ="pen3Selected" oE="log" oP="movXZ"/>
<Binding iE="smartboard" iP ="pen4Selected" oE="log" oP="movYZ"/>

L isting 32 Logging functionality  on th e  3DD platform .
1 <Binding iE="keyboard" iP="z" oE="log" oP=="rotateStart"/>

<Binding iE="keyboard" iP="x" oE="log" oP = "rotateS top " />
<Binding iE="keyboard" iP="z" oE="log" o P = " tr a n s la te S ta r t" />
<Binding iE="keyboard" iP="x" oE="log" o P = " tra n sla teS to p " />

5 <Binding iE="keyboard" iP="q" oE="log" oP = "ab ortS ign al" />
<Binding iE="keyboard" iP="a" oE="log" o P = " to g g leT ra n sla tio n " />
<Binding iE="keyboard" iP="s" oE="log" o P = " togg leR ota tion " />

T erm inating  th e  A p p lica tion

T here are  two ways to  end th e  application, either by com pleting th e  ta sk  of m atching the  
th ree  objects, or by aborting . B o th  are im plem ented in  a  p la tfo rm -independen t way as
showed in L isting 33. T h e  filter class Q uitM atching ends th e  application  w hen it receives
either th ree  m atch ing  signals or one ab o rt signal.

L isting 33 InT m l code for ending th e  application.
1 < F i l t e r  id = "q uit"  type="Q uitM atching"/>

<Binding iE="m atchFunctionl" iP="match" oE="quit" oP = " sign a l" />
<Binding iE="m atchFunction2" iP="match" oE="quit" oP = " sign a l" />
<Binding iE="m atchFunction3" iP="match" oE="quit" oP = " sign a l" />

5 <Binding iE="keyboard" iP="q" oE="quit" oP = "ab ortS ign al" />

5.2 Perform ance Com parison for T he Four V R  P la t
forms

T he following exam ple shows how InT m l can help in  th e  design and developm ent of com
para tive  user studies. In  any user study, developers have to  create different versions of a 
te s t application , in o rder to  cover th e  different conditions th ey  w ant to  explore. InT m l 
facilita ted  th e  creation  of such versions, since it is triv ia l to  change filters as p a r t of the  
re ta rge ting  process. A lthough  th is  s tudy  is no t very conclusive, it illu stra tes a  powerful 
aspect of InT m l, w hich is th e  facilities to  create variations of a  sam e application  in com par
ative user studies. We conducted  an  experim ent in w hich sub jects used one of four versions
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of th e  m atch ing  app lica tion  running on different hardw are  platform s. We used InT m l as 
th e  im plem enta tion  fram ew ork in order to  share as m any sim ilarities as possible betw een 
different hardw are p la tfo rm s and, a t the  sam e tim e, to  be able to  re ta rge t th e  in te raction  
techniques to  th e  available hardw are. InT m l also fac ilita ted  th e  creation of com m on m etrics 
am ong all im plem entations.

5.2.1 C om parison  M etrics

M any user stud ies in V R, m entioned later, have concen tra ted  on the  system atic  analysis of 
in teraction  techniques, devices, and content characteristics. Some have stud ied  varia tions 
of a  p articu la r app lica tion , and  some have concen tra ted  on th e  reactions th a t  people have 
to  th is  technology. O ur goal is to  define m etrics an d  m ethods to  com pare all these factors 
a t once, for a  p a rticu la r  applica tion  and  a user com m unity. T he following sections presen t 
a  detailed analysis of these  studies.

Several s tud ies have com pared in teraction  techniques, such as com parisons of m an ip 
u la tion  techniques [72, 109], grabbing techniques [16], an d  travel techniques [19]. Such 
com parisons usually  create  environm ents w ith  param ete rs  relevant to  a p articu la r se t of 
in te raction  techniques in  study, and they  typically  use a  fixed set of devices. O ther stud ies 
have com pared a sm aller subset of in te raction  techniques in o rder to  show advantages and  
disadvantages in  m ore detail, such as a  v irtua l h and  versus a  v irtua l po in ter [70], H O M E R  
versus Vodoo D olls [69], or speed-coupled flying w ith  o rb iting  versus o thers [91].

Several pap ers  have in troduced  new V R  devices (e.g. [80, 46]), some w ith  detailed  user 
stud ies ab o u t th e ir  benefits and characteristics (e.g [65, 60, 101]), and  some w ith  com parison 
w ith  o ther devices in  a  p articu la r task  [47]. O th er papers have been devoted to  th e  s tu d y  
of sm all changes in  devices for an  application , such as a  joystick versus a sty lus [17], a  3 D - 
ball versus a  tracker [47], two hand  control versus one hand  [7], or eye m ovem ents versus a 
po in ter [92]. A lthough  these  studies provide good design guidelines for V R  developm ents, 
they  are of lim ited  use in  real applications w hen a  device is not used in  isolation.

Some papers have shown studies of several im plem entations of in teresting V R  app li
cations in  areas such as 3D m odel design [43] o r n on -linear d ram a [32], b u t th ey  have 
considered only a  lim ited  num ber of im plem entations, and  th e ir  analysis techniques have 
been very subjective.

T here are  also som e stud ies on th e  effect of V R  environm ents on hum ans, e.g. a  s tu d y  
of object ro ta tio n  [102], a  s tudy  of role of k inesthetic reference fram es in tw o handed  inpu t 
perform ance [6], or a  s tudy  on nausea effects of nav igation  techniques [48]. These stud ies 
found design guidelines th a t  are very useful in  th e  developm ent of V R applications.

W e argue th a t  th e  im p o rtan t issue in a  real app lica tion  is th e  com bination of all factors, 
in teraction  techniques, devices, and people. Hence, it is difficult to  directly apply  previous 
studies since th ey  do no t show th e  effect of factor com binations. P revious resu lts are very 
im portan t as guidelines, b u t a set of previously te s ted  devices and  in teraction  techniques 
have to  be te s te d  to g e th er in  order to  und erstan d  th e ir  relationships.

We use ob jective and  subjective m etrics to  com pare several versions of an  application . 
T here are m any ways to  cap tu re  subjective in form ation from  th e  user, b u t we decided to  use 
questionnaires, because th ey  can be filled online an d  they  are easily processed. T here  are 
m any exam ples of questionnaires for user evaluation  in  V R  applications, e.g. [106, 83], and 
th e  m ore general ones are  applicable to  any in terface [22]. D espite known disadvantages, 
e.g. a  lack of co rrela tion  w ith  reality  [99], we consider th em  useful for com paring different 
im plem entations of a  V R  application.

We collected th e  following s tan d ard  set of events for all platform s:

•  SEL and  D ES: Selection and de-selection of objects.

•  M OV_XY, M O V _XZ, MOV_YZ: Change in th e  p lane of movement, applicable in  all 
platform s except 3DD.
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•  RI and  RE: S ubject s ta r ts  or stops an  ob ject ro tation .

•  T I and  T E : Subject s ta r ts  or stops an ob ject movement.

•  IN T M L _E X E C _T IM E : T im e for th e  execution of tasks in InTm l, in milliseconds.

•  M A T C H -SIG N A L: Event received when an  ob ject and its copy are close enough so 
they  are considered a m atch.

•  E N D -S IG N A L  and A BO RT_SIG N A L: E vents received when the application  finishes 
or its abo rted .

•  MOV: A n object has moved

•  RO T: A n ob ject has been ro ta ted

Some events can  not be generalized, such as th e  MOV_* group, since such events do
not exist in th e  3DD platform . O thers behave differently in different p la tform s, such as
th e  R I /R E /T I /T E : In  th e  3DD platform , bo th  groups are sim ultaneous to  th e  S E L -D ES 
events, since once an  ob ject is grabbed , it can be ro ta ted  and tran sla ted  a t th e  sam e tim e 
8. Still these events allow th e  developm ent of a  set of uniform  m etrics an d  an  objective 
com parison of different im plem entations. We define th e  following m etrics, based on th e  raw 
events described previously: T im e for ob ject m atching, num ber of control events per ob ject, 
d istance error, o rien ta tion  error, and  p rep a ra tio n  tim e. D etails of such m etrics are described 
below.

T he events generated  by an application  are tem porally  organized as shown in F igure 
5.12. O b jec ts are m an ipu la ted  in selection intervals, th e  intervals th a t  s ta r t  w ith  a  SEL 
and  end w ith  a  DES. We define th e  tim e for ob ject m atching as the  sum  of all selection
intervals ded ica ted  to  a  p articu la r ob ject, in tervals th a t  m ight be interm ixed an d  sparse,
b u t are always disjoint. T he num ber of contro l events per ob ject is th e  sum  of all control 
events, M O V -X Y , M O V -X Z , M O V -Y Z , RI, R E , T I, T E , inside th e  selection intervals of 
an  object.

TI 1fE  1T rE

E
R O T  

LI EIE
M O V M O V

•

R O T
RI

SEL D E S SEL D E S  SE L

F igure 5.12: O rder of events th roughou t tim e.

T he d istance error (DE) is defined in te rm s of th e  MOV events. Every tim e such an  
event is generated  for a  p articu la r ob ject, we save th e  d istance to  its copy, and  we consider 
th is  d istance fixed during  th e  period of tim e given by th e  M OV event and  th e  nex t one, or 
the  end of th e  selection interval. T h e  d istance erro r can vary substantially , as is illu stra ted  
in  F igure 5.13. Ideally, th e  u se r’s in te raction  will steadily  decrease the  d istance betw een an  
object an d  its copy. However, errors in  th e  u se r’s in te rp re ta tio n  or in th e  use of th e  interface 
can create  a m ore e rra tic  behavior, as in th e  right panel of th e  figure. We tak e  th e  num ber 
of tim es th a t  th e  d istance increases as a  m easure of th e  distance error in  an  experim ent. 
T his m easure can be com puted in several ways, depending on how fine-grain  deta il changes 
are considered, an d  how im p o rtan t th e  errors are. In  th is  analysis, we use every th ird  point, 
and  we record any increase in distance. All o th e r m easure techniques we used gave sim ilar

8We also  use th ese  g roups to  m ark  th e  ta s k s ’ d is-en tan g lem en t in  th e  3D D  environm ent.
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results. T h e  o rien ta tion  error (O E) is defined in a  sim ilar way, except th a t  every tim e a 
R O T  event is received, we consider th e  angle betw een th e  quaternions th a t  describe the  
curren t o rien ta tion  of an  ob ject and its copy.

F igure 5.13: D istance error over tim e.

If th e re  are no ob jects selected, we assum e th a t  th e  user is p reparing an  in te raction  w ith  
th e  system . T h e  p repara tion  tim e re la ted  to  an  ob ject is th e  sum  of all p rep a ra tio n  intervals 
th a t  precede selection intervals for th is  ob ject.

5 .2 .2  M eth o d  and A pp aratu s

W e conducted  an  experim ent in w hich sub jects used one of four versions of an  application  
runn ing  on different hardw are p latform s. A to ta l of 42 partic ipan ts volunteered  for the  
experim ent, 8 women and 34 m en betw een 21 an d  30 years. T hey  were d ivided in to  4 groups, 
one for each hardw are setup. T hree  p a rtic ip a n ts  d id  not finish th e  experim ent, and  we did 
n o t consider th e ir  d a ta  in th e  analysis, so th e re  were 10 p artic ipan ts for all experim ental 
condition except one. P artic ip an ts  read a  general in troduction  to  the  experim ent an d  filled 
o u t a  form  w ith  general inform ation a b o u t them selves, inspired by th e  QUIS evaluation  
questionnaire [82, 22] and  shown in A ppendix  E. W e guided them  while th ey  were m atch ing  
th e  first ob ject, and  allowed them  to  be free w ith  th e  o ther two objects.

A fter th e  experim ent was com pleted, perform ance d a ta  was collected and  th e  p artic ip an ts  
were asked to  fill ou t a  second form, a  sh o rt version of th e  one designed by W itm er and 
Singer [106] (see A ppendix  E) ab o u t th e ir  experiences and  personal opinions. P a rtic ip an ts  
took  ab o u t half an  hour to  com plete th e  whole experim ent.

5 .2 .3  R esu lts

We will discuss in  th is  section th e  general resu lts of th e  experim ent, th e  ev en t-re la ted  results, 
and  th e  sub jective results of th e  questionnaire evaluation.

G eneral R esu lts

T able 5.1 shows th e  InT m l fram e ra te , th e  tim e spent in  an execution of InT m l behavior, 
given by th e  average of execution tim e of th e  InT m l code, and th e  Java3D  fram e rates, given 
by th e  m ean of th e  difference betw een s ta r t  tim es of InT m l frames. We find th a t  th e  InT m l 
execution ra tes  for th e  SB and  H M D J p la tfo rm s are considerably slower th a n  for th e  P C  
and  3DD. T h e  InT m l fram e ra tes for th e  P C  an d  3DD environm ents are enough to  keep the  
Java3D  fram e ra tes  up  to  speed. T he im plem entation  of th e  SB and H M D J environm ents 
should, however, be faster in order to  get a t least one up d a te  per Java3D  frame.
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P latfo rm InTm l 
Frm . R.

Java3D  
Frm . R.

P C 51 50.65
SB 29 57.33

H M D J 31 34.83
3DD 60 28.68

Table 5.1: InT m l and  Java3D  Fram e R ates.

T able 5.2 shows th e  average d u ra tio n  and s tan d ard  errors 9 per experim ent in each 
p latform . P C  took  longer th a n  th e  o ther platform s, and  H M D J was th e  fastest one, despite 
th e  lower fram e ra te  th a t  th is  p la tfo rm  had.

P la tfo rm Tim e
(min)

SE

P C 11.9 2.46
SB 10.76 1.03

H M D J 7.61 0.91
3DD 9.75 0.93

Table 5.2: T im e per E xperim ent.

E v en t-R e la ted  R esu lts

M ost users s ta rted  th e  ta sk  w ith  th e  Beethoven face, m atched second th e  yellow car and 
th e  red car as th e  last one.

Table 5.3 shows th e  tim e for ob jec t m atching, in seconds, for th e  2nd an d  3rd m atched 
objects for each platform . W e notice th a t  m atching tim es do indeed decrease betw een the 
second and  th ird  m atching. F rom  faster to  slower m atching tim e, we have th e  following 
o rder of platform s: 3DD, SB, H M D J, P C . I t is in teresting to  notice th e  good perform ance 
of th e  SB p latform , despite th e  slower hardw are th a t  it uses. T he P C  p la tfo rm  perform s 
slower th a n  th e  o thers, desp ite th e  fact th a t  users were already fam iliar w ith  th e  devices 
used in th is  p latform .

P latfo rm 2nd O bject 3rd O bject
M EAN SE M EAN SE

P C 262.6 103.0 134.8 29.4
SB 119.3 18.9 100.8 23.8

H M D J 129.2 36.3 128.2 25.4
3DD 106.8 27.2 98.1 22.1

T able 5.3: T im e for m atching.

Table 5.4 shows th e  num ber of control events per p latform . 3DD presents th e  lowest 
num ber of control events, m ainly due to  th e  absence of M OV_* events. D espite th e  unifor
m ity  of in teraction  techniques in  th e  SB an d  P C  platform s, SB registers significantly fewer 
control events th a n  PC.

®The s ta n d a rd  erro r is defined as th e  s ta n d a rd  dev ia tio n  d iv ided  by th e  square  ro o t of th e  nu m b er of 
sam ples.
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P latform 2nd O bject 3rd O bject
M EAN SE M EAN SE

P C 940.9 549.8 619.3 186.6
SB 63.3 11.8 62.6 10.5

H M DJ 26.5 3.8 26.9 2.9
3DD 4.2 2.5 3.8 1.8

T able 5.4: N um ber of control events.

Table 5.5 shows d istance errors. Users are m ore accurate in th e  SB and  H M D J platform s 
th a n  in th e  P C  and  3DD ones. Pairw ise differences between SB and 3DD, and  between 
H M D J and  3DD are significant.

P latform 2nd O bject 3rd O bject
M EAN SE M EAN SE

P C 20.7 11.3 10.1 2.6
SB 3.5 1.0 2.7 0.9

H M D J 5.3 0.9 5.9 1.4
3DD 13.6 3.2 19.3 2.4

T able 5.5: D istance error.

Table 5.6 shows o rien ta tion  errors. Users are m ore accurate  in th e  SB and th e  3DD 
platform s th a n  in  th e  P C  and H M D J ones. T he difference between th e  P C  and  3DD 
platform s for th e  second ob ject is significant.

P latform 2nd O bject 3rd O bject
M EAN SE M EAN SE

P C 76.4 25.9 52.5 15.1
SB 15.7 3.4 15.9 3.1

HM DJ 28.2 14.6 36.9 6.1
3DD 13.1 4.3 23.1 4.7

Table 5.6: O rien ta tion  error.

Finally, Table 5.7 shows th e  p rep a ra tio n  tim e per p latform . T h e  H M D J p la tfo rm  requires 
m ore tim e before selecting objects, followed by 3DD, SB, an d  PC .

P latform 2nd O bject 3rd O bject
M EAN SE M EAN SE

PC 16.4 3.7 11.8 2.1
SB 104.9 13.9 92.4 17.8

H M DJ 22.0 5.2 29.6 6.0
3DD 94.7 35.4 68.5 25.9

T able 5.7: P rep ara tio n  tim e.

Table 5.8 shows rankings for all p latform s, according to  each one of th e  above m easures. 
T here are some ties due to  con trad ic to ry  results betw een th e  second and  th ird  m atched 
object. O n average, th e  H M D J, SB, and  3DD platform s ou tperfo rm  th e  PC . Again, it is 
in teresting  to  note th e  good perform ance of th e  SB p la tfo rm  desp ite th e  slower hardw are.
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P latform TO M N CE DE OE T T AVE

PC 4 4 3.5 4 4 3.9
SB 2 3 1 1.5 3 2.1

HM DJ 3 2 2 1.5 1 1.9
3DD 1 1 3.5 3 2 2.1

Table 5.8: R ankings of p latform s per m etric.

S u b je c t iv e  R e s u l t s

Users are classified according to  two factors: im m ersive tendency  and previous 3D experi
ence. We consider th a t  partic ip an ts  have had  previous experience w ith 3D system s if they 
selected any of th e  following options in the  first questionnaire (A ppendix E): G am e consoles, 
HMDs, Tracking devices, Stereo glasses, Passive Stereo D isplays, 3D Mouse, CAD, or 3D 
Video Games. Table 5.9 shows the  averages of im m ersive tendency  and previous experience.

P latform Im m ersive Tend. 3D experience
PC 6.05 ±  0.47 90%
SB 5.5 ±  0.37 80%

HM DJ 5.97 ±  0.38 90%
3DD 5.7 ±  0.51 89%

Table 5.9: P a rtic ip an ts’ previous experiences.

Table 5.10 shows average answers of questionnaries.

P latform User
R eactions

Screen Learning System
C apabilities

Sense of 
Presence

PC 5.4 ±  0.31 8.33 ±  0.08 5.12 ±  0.13 7.1 ±  0.44 5.73 ±  0.4
SB 5.58 ±  0.17 7.73 ±  0.16 5.84 ±  0.29 5.23 ±  0.42 5.59 ±  0.35

H M DJ 6.08 ±  0.19 6.97 ±  0.28 5.52 ±  0.25 6.45 ±  0.23 6.41 ±  0.34
3DD 6.41 ±  0.33 7.26 ±  0.19 5.6 ±  0.1 7.08 ±  0.18 5.76 ±  0.53

Table 5.10: Averages of user answers in  th e  surveys.

User reactions to  th e  P C  and  SB environm ents are n o t as good as th e  ones for H M D J 
and 3DD. Some users com plained abou t th e  difficulty of th e  in te raction  techniques in th e  P C  
and  SB environm ents, especially for ro tations. Users in th e  H M D J p la tform  asked to  m ap 
ro ta tions in th e  Z axis to  th e  joystick’s tw ist capability. U sers liked th e  screen appearance 
of th e  P C  best, an d  th a t  of th e  H M D J least. Users com plained abou t th e  screen size in 
th e  H M D J environm ent, and  abou t the  visual feedback for selectable ob jects, especially in 
th e  3DD environm ent 10. In  te rm s of learning, users did no t find any interface particu larly  
intuitive, an d  th e  m ost disliked was th e  P C  platform . T h e  system  as a whole was considered 
b e tte r  for p artic ip an ts  in  3DD and  P C  environm ents th a n  for partic ip an ts  in th e  SB and 
HM DJ ones. F inally, presence ra tings were in general very low, w ith  a slight advantage for 
th e  H M D J p latform . Users com plained abou t th e  in te raction  techniques, th e  front p ro jection  
system  in th e  SB, th e  m apping  of th e  joystick in th e  H M D J, and  th e  jit te r in g  of th e  tracker 
in th e  HM D J.

A sim ilar analysis of T able 5.8, w ith  th e  in form ation from  th e  users, reveals th a t  all 
platform s are sim ilar from  th e  user’s point of view, w ith  a  slight preference for th e  SB 
environm ent. It is also in teresting  to  no te th a t  desp ite  th e  fact th a t  th e  P C  and  H M D J

10In  th e  3D D  env ironm en t, users check if an  o b jec t is se lec tab le  by m oving th e  p o in te r  to  th e  o b je c t’s 
position , w hich  is slow.
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environm ents are com parable from th e  user’s point of view, th e  H M DJ has a b e tte r  objective 
ranking. For th is  reason, bo th  objective and subjective m etrics should be taken  into account 
in the developm ent of new prototypes.

5.2 .4  D iscu ssion

These four p ro to types show some in teresting  results. T he fram e rates were low in SB, as 
can be expected  w ith  th e  slower m achine use. H M D J also had a low InT m l and  Java3D  
fram e rates, possibly caused by device drivers, o rien ta tion  tracker or display. Users in the 
H M D J p la tfo rm  com pleted  th e  ta sk  faster despite its low fram e rate , which m akes th is  
p latform  very prom ising in te rm s of user perform ance. M atching tim es for th e  3DD and 
SB were com parab le and b e tte r  th a n  th e  ones in  P C  and  HM DJ. Users took  probably  
more tim e to  prepare  in these environm ents, and they  were m ore efficient w hen they  were 
in teracting. T h is resu lt is also supported  by th e  num ber of control events generated  in th e  
P C  pla tform  com pared to  th e  others: P C  users generated  m any more control events th a n  
users of th e  o ther p la tform s. We believe th a t  users were m ore com fortable and fam iliar w ith 
th e  P C  p la tform , so th ey  allowed them selves m ore in te raction  m istakes th a n  in th e  o ther 
environm ents.

Users p roduced  large distance errors in th e  P C  and  3DD platform s th a n  in th e  o ther 
two. We believe th a t  they  took  more tim e to  in te rac t and  move the  ob jects in these two 
environm ents, and  consequently  th e  d istance errors were bigger. T here is a  bigger num ber of 
orien tation  errors th a n  d istance errors, suggesting th a t  users spent m ost of th e  tim e ro ta tin g  
objects, in stead  of m oving them .

Users spen t m ore tim e preparing  in th e  SB environm ent th a n  in the  o ther ones, suggesting 
th a t  the  characteristics of th is  environm ent, bigger display and  slower m achine, affected th e ir  
perform ance. However, increased p repara tion  tim e resu lted  in lower num ber of erro rs and  
shorter m atch ing  tim es.

From  th e  questionnaires, we see th a t  users reacted  m ore critically  to  th e  P C  environm ent 
th a n  to  th e  o thers. M aybe th e  fam iliarity  of th is  environm ent created  a  higher expecta tions 
w ith  respect to  th e  in te raction  techniques. Screen quality  was b e tte r  on th e  P C , b u t it is 
in teresting  th a t  users gave a  lower ra tin g  to  th e  3DD, desp ite th e  fact th a t  they  had  basically 
th e  sam e screen. T h e  lack of fam iliarity  w ith  th e  Space M ouse m ay have affected th e  overall 
ra ting  of im age quality.

T he P C  an d  3DD p la to rm s were classified as m ore powerful th a n  th e  H M D J and  SB. We 
believe th is  is due la tency  and  delays on th e  la tte r  tw o and  th e  b e tte r  m achines used for th e  
former two. U sers in  3DD com plained ab o u t lack of visual feedback, despite th e  fact th a t  
all p latform s used th e  sam e approach: th e  copy of an  ob ject was not selectable, only th e  
original, so any a t te m p t to  select a  copy d id  no t give any feedback. We believe th is  is due 
to  the  slower process of selecting an  object in  th e  3DD p latform , since users have to  move a 
po in ter in  3D un til i t  collides w ith  an  object. T his can  tak e  m ore tim e th a n  sim ply m oving a 
2D poin ter in  th e  d isplay p lane and using ray casting  for selection, so th e  slower th e  process 
th e  m ore noticeable were problem s w ith  feedback. Finally, users ra ted  th e  H M D J b e tte r  in 
te rm s of presence, m aybe because vision w ith  th e  HM D was lim ited to  th e  v irtua l world, so 
d istractions were avoided.

We have show n how several im plem entations of a  3D application  can be developed and 
com pared using ob jective and subjective da ta . O ur resu lts  show th a t  th e  environm ent th a t  
users prefer m ay no t necessarily be th e  one in which th ey  perform  best. T he resu lts also 
show th a t  im plem entations on slow m achines can com pete w ith  faster ones, a t least a t  a 
p ro to type level for th e  in teraction  techniques and  behavior. In sum m ary, th e  developm ent 
of several p ro to ty p es of an  application, in strum ented  by s ta n d a rd  m etrics am ong them , can 
help understand ing  th e  b est im plem entation  for a  given population .

We p lan  to  run  m ore stud ies w ith  different applications, in order to  te s t our m ethodology 
m ore thoroughly. W e also p lan  to  add  m ore p la tform s to  th is  study, to  do m ore stud ies ab o u t 
controlled im provem ents of th is  application, and  to  com pare specially tuned  im plem entations
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in these platforms.

5.3 A  V irtual Clay A pplication
T he collaboration  w ith  P auline Jepp  a t th e  U niversity of Calgary evolved in a  first InT m l 
descrip tion  of ta sk s in her V irtual Clay A pplication. T he V irtual Clay A pplication  is a 
m u lti-p la tfo rm , V R  environm ent th a t  will allow a rtis ts  to  create  models w ith  v irtu a l clay, 
a  v irtua l m ateria l w ith  sim ilar characteristics to  real clay. InT m l code for th e  ta sk s we have 
designed is included in A ppendix  B, and  we describe here the  curren t s ta te  of our design 
effort.

We envisioned th ree  platform s where th e  application  should run:

•  PC: A s ta n d a rd  desktop com puter, w ith  a m onitor, mouse, and keyboard.

•  Simple3D: A p la tform  w ith  active stereo  display 11, and a SpaceBall [25] as inpu t 
device.

•  H aptic3D : A p la tfo rm  w ith  active stereo display and a P han tom  [76] device for inpu t 
and force-feedback.

T he functionality  th a t  th e  application  will provide includes th e  following tasks:

•  Load m odels. A way to  save and load m odels will be provided. W h a t is particu la rly  
im p o rtan t for th is  ta sk  is th a t  th e  m odel should  be deform able as clay, an d  th is  affects 
th e  ty p e  of inform ation to  be saved.

•  N avigate around  th e  m odel. T he app lica tion  will allow users to  see th e  m odel in 
construc tion  from  different viewpoints. T h e  m ost com m on navigation will consist on 
ro ta tin g  th e  m odel around  its p rincipal axis, which is th e  way a rtis ts  analyze clay 
m odels in  th e  real world. M ore nav igation  techniques can be provided, according to  
device affordances.

•  M an ipu la te  m odeling tools. T h e  way a rtis ts  m anipulate  clay in th e  real world is by 
deform ing a  piece of m ateria l w ith  a set of objects, or tools, which im prin t certa in  
shape an d  te x tu re  to  th e  piece. T he application  will allow users to  grab  too ls an d  use 
them  to  re -sh ap e  th e  v irtua l clay.

•  Spin m ateria l. A com m on way to  m odel clay is by m ounting a piece in a  wheel and  
spinning it, so an  a rtis t can define its contour. T he v irtu a l clay app lica tion  should 
allow a rtis ts  to  spin a  v irtu a l m ateria l, given a  certa in  axis of ro ta tion . Tools can  be 
used in  th is  m ode in  order to  shape th e  contour of th e  clay piece.

•  C on tac t feedback. If force-feedback is available, users should receive som e feedback 
from  th e  m an ipu la tion  they  perform  on th e  clay.

•  C u t m ateria l. A clay piece can be deform ed w ith  tools, and it can also be cut. T he 
v irtu a l clay application  will allow b o th  m odes of operation . If force-feedback is avail
able, a  cu t will be perform ed if enough force is applied in the  in te raction  w ith  th e  
v irtu a l m ateria l.

•  U ndo th e  application . T his opera tion  will provide some degree of undo, in  o rder to  
allow users to  re tu rn  to  previous s ta te s  of the ir work.

11 W e call ac tive  s te reo  to  th e  ste reo  tech n iq u e  of show ing consecutive im ages to  each eye, w hich are 
covered by sh u tte r  glasses.
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We are in th e  in itial design stages of th is  application , So far, we have identified classes 
for specialized devices in th e  Simple3D an d  H aptic3D  platform s, and som e classes for th e  
im plem entation  of th e  navigation ta sk  in the  P C  platform . T he special devices are a Space 
Ball [25] inpu t device, and a force-feedback P h an to m  arm  [76]. The required  interface for 
the  space ball is sim ilar to  the  one of a  Space Mouse, w ith  a difference in th e  num ber of 
bu tto n s  available. T he required interface for a P han tom  device is shown in F igure 5.14. 
Forces and  to rques can be defined a t any given tim e. T he device keeps a  list of ob jects 
to  collide w ith , th a t  can be modified. T h e  o u tp u t consists in the cu rren t position  and 
orien tation  of th e  tip  of th e  arm . T his is a  p a rtia l definition of the  P h an to m  capabilities, 
and  we p lan  to  ex tend  them  once we define in m ore detail the application  for th e  H aptic3D  
platform .

force Phanton ’q
torque pos
addObject
removeObject

Figure 5.14: P h an to m  ports.

T he classes rela ted  to  th e  P C  im plem enta tion  are 12:

•  M a te r ia l :  M aterial m odels, i.e. any m ateria l th a t  can be deform ed by or deform  to  
any o ther object.

•  V ir tu a lC la y E n v iro n m e n t: T he environm ent th a t  coordinates deform ation am ong ob
jects.

•  Mouse2Ray: T he m ouse position  defines a ray in th e  curren t screen.

•  In te rse c tB y B S p h e re : In tersect w ith  ob jects by using the irs bounding sphere.

•  R o tateB yD ragg ing : R o ta te s  an  ob ject by using a po in t in its  bounding  sphere.

•  T ra n s la te P la n e :  Moves an  ob ject in  a  plane, given a 2D position. T h e  in p u t position  
m ay come from  a po inter, as a  m ouse or a joystick

T he app lica tion  uses th e  R otateB yD ragg ing  technique in order to  ro ta te  th e  clay m ateria l 
in the  P C  environm ent. T he position  of th e  m ouse in th e  screen is tran s la te d  in to  a  3D ray 
th a t  can  be collided w ith  an  ob ject. D ragging w ith  th e  left m ouse b u tto n  ro ta tes  a  po in t in 
th e  bounding  sphere th a t  contains th e  ob jec t, once a  collision has been detected . Releasing 
th e  left m ouse b u tto n  releases th e  ob ject, an d  flushes th e  s ta te  of the in te raction  technique. 
T he InT m l code for such a  behavior is show n in L isting 34.

W hile ou r cu rren t s ta te  of developm ent does not have re ta rge ted  tasks, we are confident 
th a t  InT m l will allow us to  describe th is  app lica tion  in the  identified platform s, an d  to  reuse 
as m uch code as possible.

12These  filte r classes are defined in  th e  file n e w C la sse s . in tm l, available in A ppend ix  B.
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L isting 34 InTm l code for rotation in the  PC -based virtual clay application.
1 < F i l t e r  id="mouse2Ray" type="Mouse2Ray"/>

< F ilt e r  id = " getP oin t"  typ e=" In tersectB yB S p h ere" />
< F ilt e r  id = " ro ta te"  type="R otateB yD ragging"/>
< F ilt e r  id="sw itchR ot" type=" Sw itch " />

5 <B inding iE="mouse" iP="mousePos" oE="mouse2Ray" oP="pos2D"/>
<Binding iE =" th eC u rren tV iew poin t" iP="objectChanged"  

oE="mouse2Ray" oP ="view poin t"/>
<Binding iE = " _ se lf"  iP="screen" oE="mouse2Ray" oP="screen"/>
<Binding iE = " _self"  iP="clay" oE="getPoint" oP = "object" />

10 <Binding iE="mouse2Ray" iP="ray" oE="getPoint" oP="ray"/>
<Binding iE="clay" iP="currentBSphere" oE="getPoint" oP="compute"/> 
<Binding iE =" getP oin t"  iP="point"  oE="rotate" oP="point"/>
<B inding iE = " _ self"  iP="clay" oE="rotate" oP ="object" />
<Binding iE="mouse" iP = "lB uttonP ressed"  oE="switch" oP="signalO n"/>

15 <Binding iE="mouse" iP = "lB uttonR eleased"  oE="switch" o P = " sig n a lO ff"/> 
<Binding iE ="sw itch" iP="on0ff"  oE="rotate" oP="on"/>
<Binding iE ="sw itcli" iP="onO£f" oE="rotate" o P = " flu sh S ta te" />
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Chapter 6

Support Tools for InTm l—Based  
Developm ent

In  th is  section, we describe th e  general arch itec tu re of our In T m l-b ased  developm ent envi
ronm ent, and  th e  tools developed w ith in  th is  architecture. T he too ls are  in a first p ro to type 
stage, m ore coverage of th e  InT m l sup p o rt and  m ore w ork on th e  user interface are required. 
N evertheless, we consider th a t  th e  cu rren t s ta te  shows th e  opportun ities and  developm ent 
power of our tw o-level of ab s trac tio n  technique, and  th e  possibilities of a m ore user-friendly  
environm ent. We have concen tra ted  our work on th e  following tools: a  lib rary  of in teraction  
techniques, a  browser for InT m l docum ents, an  InT m l checker, and  InT m l com pilers in to  
Java3D  an d  C + + . T he following is a  discussion of each one of these tools, preceded by a 
general overview of th e  In T m l-b ased  developm ent environm ent.

6.1 A n InTm l—B ased  D evelopm ent Environm ent
InT m l describes V R  applications and 3D in teraction  techniques th a t  can be im plem ented 
in several too lk its and  environm ents, such as Java3D , V R Juggler, or V R M L /X 3D . InT m l 
suppo rts  two levels of ab s trac tio n  during  developm ent, one su itab le  for designers w ith  no 
program m ing skills, and  one for developers w ith  a  good understand ing  of th e  im plem entation  
of com ponents required by designers. F igure 6.1 shows our a rch itec tu re  for a  developm ent 
environm ent based on InT m l. D ivision of tasks is encouraged by its architecture: V R  design
ers define new applications by plugging-in com ponents from  th e  library, and V R  developers 
w rite th e  required code for new com ponents. T he required  code m ight be geom etry and 
ob jects appearance details, code in th e  core fram ew ork for new  in teraction  techniques and 
anim ations, or code for th e  in teg ration  of new devices. V R  designers create new applica
tions by com posing com ponents from  th e  InT m l library. We have envisioned th e  following 
too ls for designers: a  lib rary  browser, a sem antic checker for new com ponent definitions, a 
com piler th a t  tran sla te s  applications w ritten  in  InT m l to  a  p articu la r fram ew ork language, 
and  a visual p rogram m ing environm ent. V R  developers use, ex tend , and  m ain ta in  a  w hite 
box fram ew ork1, th a t  im plem ents th e  InT m l concepts on  to p  of a  core fram ew ork or A PI, 
and  th e  im plem ented com ponents of th e  InT m l library.

1A w hite  box  fram ew ork is th e  firs t s ta g e  in  th e  evo lu tion  o f a  fram ew ork  as is defined  in [74],

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



YR Designer

In I m l L .in gu .ige  ln'l'ml I i h . n v In T m l ' l o u l s  i In I m l ' h

VR Developer

In I'm] 1 m m e w i ' i k  
( ln ' lm l -1  ) IIji'1 ml l . i h i a i v  

Im p lem en ta t io t i

L’nrv h ia n ie w c n k s /X P l s -  !av : i3D , \ 3 U ,  V R J u g g ltT ,

Figure 6.1: A rch itecture of an  im plem entation  of InTm l.

A new im plem enta tion  of InTm l, in te rm s of F igure 6.1, consists of creating  the  appropri
a te  com piler, InT m l Fram ew ork, and InT m l L ibrary  Im plem enta tion  for a  p articu la r Core 
Fram ework. For exam ple, an  im plem entation  of InT m l in  X3D can be defined as a  set of 
rules of how p ro to types for in teraction  techniques should be defined, th e  InT m l lib rary  im
plem entation  can  be a  set of pro to types th a t  im plem ent th e  interfaces defined in  th e  InT m l 
library, and  th e  com piler can be em bedded in  a  browser th a t  reads bo th  InT m l and  X3D 
files, or a  s tand-a lone m odule th a t  o u tp u ts  X3D files from  InT m l descriptions. However, 
restrictions on th e  X3D execution model may com prom ise perform ance in such an  im ple
m entation . For th is  reason, despite th a t  InT m l can be im plem ented on m any platform s, 
some of th e m  m ay perform  b e tte r  and  support m ore features th a n  others.

T he following sections describe in m ore deta il cu rren t im plem entations of th is  develop
m ent environm ent arch itec tu re , and  th e  fu tu re developm ents we have envisioned.

6.2 T he InT m l Language
We have a lready  described th e  current s ta te  of th e  In T m l language in  Section 3.4. We 
describe here th e  D T D  th a t  defines it.

T he first version of In T m l is described in a  D a ta  T ype D efinition File for XML, or D T D 2. 
I t defines all elem ents required  for InT m l applications an d  for creating  libraries of devices, 
in teraction  techniques, o r objects. Definitions can be d ivided in th ree m ain  groups: InT m l 
entities, m echanism s of reuse, and  docum entation . T h e  en tire  D TD  is found in A ppendix  
C.

2We could use  also X M L Schem a for th is  purpose , b u t a t  th e  tim e  we s ta r te d  th is  im p lem en ta tio n  th e  
XM L Schem a specifica tion  w as n o t en tire ly  approved.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Some D T D -specific  m echanism s were used in o rder to  m ake such a descrip tion  m ore 
concise. For exam ple, sets of a ttr ib u te s  are enclosed in  ENTITY clauses, which are m acro 
su b stitu tio n s in to  elem ents th a t  use them . In  th is  way, several elem ents reuse th e  definition 
of an identifier (ID), an  identifier w ith  required ty p e  (ID_TYPEREQ), or a t tr ib u te s  for arrays 
of p o rts  (ARRAY_DEF). D T D  files have a special a t tr ib u te  ty p e  ID, which allows th e  definition 
of unique identifiers p er file. We decided no t to  use th is  feature of a s tan d ard  D T D  due to  
th e  fact th a t  we need identifiers of several types in th e  sam e and across files, and  th e  D TD  
m echanism  for ID s assum es bo th  a file as a boundary  an d  th a t  the re  is only one ty p e  of IDs.

T he InT m l elem ents described in th e  D TD  can  be divided in to  two m ain  groups: class 
elem ents an d  instance elem ents. T he following parag rap h s describe these two subcategories3.

Class elem ents help designers to  create new classes of en tities in the  InT m l environm ent: 
new devices, new  p latform s, new filters, or new objects . T he D TD  elem ents D e v ic e C la s s , 
P l a t f  o rm C lass, F i l t e r C l a s s ,  and O b je c tC la s s  define such types. A D e v ic e C la s s  defines 
new types of devices in th e  environm ent, in te rm s of th e  inpu t and  o u tp u t po rts  available. A 
P la tfo rm C la s s  defines a  collection of inpu t an d  o u tp u t devices, th a t can be used toge ther 
in a  p articu la r application . A F i l t e r C l a s s  defines e ither a  sim ple filter, w ith  ju s t  inpu t 
and  o u tp u t p o rts , or a  com posed one w ith  in te rnal filters, objects, object holders, constan ts, 
an d  connections betw een them . Finally, an  O b je c tC la s s  defines th e  inpu t and  o u tp u t p o rts  
expected  from  a  p a rticu la r  type  of ob ject in th e  environm ent.

Instance elem ents describe instances of InT m l classes inside com posed filters or app lica
tions 4. F i l t e r  defines an  instance of a  F i l t e r C l a s s ,  given a  nam e and  a  type. O b je c t 
defines an  instance of an  O b je c tC la s s , given a nam e, type , and some geom etry 5. A n 
O b je c tH o ld e r  defines a new object reference, whose in p u t and  o u tp u t p o rts  are defined 
by th e  first ob jec t to  be held. B in d in g  describes a connection between InT m l instances 
(filters, devices, ob jects) in term s of a  nam e of an  in p u t elem ent, its o u tp u t p o rt, an d  a 
corresponding nam e of an  o u tp u t elem ent w ith  a  com patib le  inpu t port. I P o r t  and  O Port 
define inpu t an d  o u tp u t p o rts  inside InT m l instances. T hey  allow th e  definition of arrays 
of ports, w ith  e ith e r fixed or dynam ic size 6. App defines all elem ents in an  application: 
A platform , o b jects , constan ts, object holders, filters, an d  bindings. ODevice an d  ID e v ic e  
define o u tp u t an d  in p u t devices, from  a  certa in  D e v ic e C la s s . C o n s ta n t defines a  constan t 
in an  InT m l application . In th is  way, in itia l values are  sent to  po rts  in an  application . 
Finally, a  P la tf o r m  is an  instance of a certa in  P la tf o r m C la s s

Four m echanism s of reuse have been designed in  th e  InT m l language. P ackage defines 
a  nam e space for a  set of classes and  applications. I t avoids nam e conflicts betw een classes 
and  gives s tru c tu re  to  a  lib rary  of InT m l concepts. Im p o rt includes definitions from  o ther 
files to  th e  cu rren t one. Im plem ents is an  in te rface-based  inheritance m echanism : all in p u t 
and  o u tp u t p o rts  defined in  an  im plem ented filter are added  to  th e  current definition. T his 
m echanism  is sim ilar to  th e  m echanism  w ith  th e  sam e nam e in Java. O v e r r id e s  is a  form  of 
delegation betw een filter classes. If class B overrides A, B contains all po rts  defined in  A th a t  
are not defined in  B, p lus th e  ones in B. T his m echanism  allows us to  create app lica tions as 
enhanced versions of previous ones, by overriding som e definitions and adding som e more.

T he In T m l D TD  defines some sim ple ways to  docum ent all previous elem ents. A lm ost 
all elem ents require a  sho rt description, defined by S h o rtD esc , and  m ight have a  longer one, 
w ith  the  elem ent D e s c r ip t io n .  InT m l classes ex trac ted  from  in teraction  techniques from  
o ther au th o rs  can ad d  a  paper reference, as a  P a p e rR e f , and  th e ir  classification in  one or 
several indexes, so lib rary  users can browse classes in  a  m ore sem antic way.

3T his inform ation has been already presented in Section 3.4. It is presented here in a condensed form  
from the point o f view  of the  D T D  file.

4 Currently, an application is defined just as an instance, not as a type
5 G eom etry can be loaded from an external file or defined as one of the following prim itive types: Box, 

Cone, Cylinder, Ellipse
6 A port w ith  dynam ic size allows other InTm l instances to  connect to  a port they  like, w ithout any 

restriction of index. A n exam ple of when this is useful is a generic OR port, in which several boolean inputs 
are combined to  produce a logical OR gate.
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6.3 Library of Interaction Techniques
We use device classes to  describe th e  inpu t and  o u tp u t devices in our lab, and  filter classes 
to  describe some of th e  in teraction  techniques th a t  have been proposed in th e  research 
com m unity in th e  last 10 years. Full listings of th e  files in th e  lib rary  are included in 
A ppendix D.

T he available devices, defined in th e  file devices.xm l are:

•  B u tto n : A basic b u tto n  th a t  sends a signal once is clicked.

•  G e n e r ic J o y s t ic k :  A basic joystick th a t  o u tp u ts  a  2D position

•  S ideW inderP ro : O ur InT m l interface to  a M icrosoft SideW inder P ro  joystick, im ple
m ents th e  G enericJoystick interface an d  w ith  8 b u tto n s  (instances of th e  class B u tto n ), 
a  h a t sw itch as th e  8 possible events it can generate (up, down, left, right, NE, SE, 
N W , SW ), an d  two sliders for th ro ttle  and ro tation .

•  Generic3D0FTracker: A tracker th a t  gives o rien tation  only, as a  quaternion.

•  Generic6D0FTracker: Im plem ents a  G eneric3D O FTracker, it adds a 3D position  as 
o u tp u t.

•  InsideT rack: Im plem ents a G eneric6D O FTracker, our InsideTrak device.

•  InterSenseH eadTracker: Im plem ents a G eneric6DO FTracker, our head tracker from 
InterSense.

•  InterSenseW andTracker: Im plem ents a  G eneric6D O FTracker and  a  Joystick. In 
cludes also 4 b u tto n s  present in th e  InterSense W and.

•  G enericScreen: A generic 2D, P C  screen.

•  F ishTankScreen: A 3D o u tp u t screen, aw are of th e  viewpoint position.

•  I - g la s s e s :  V isual o u tp u t of th e  I-glasses HM D.

•  Visroom Screen: Each one of th e  screen in  th e  V isroom , our CA VE-like environm ent.

•  GenericHMD: A generic head m ounted  display description.

•  V6HMD: V irtu a l R esearch’s V 6 HMD.

•  GenericM ouse: A general descrip tion  of a  m ouse w ith  th ree b u tto n s  an d  x  an d  y 
positions.

•  WheelMouse: A m ouse w ith  a  wheel for scrolling.

•  GenericKeyboard: A generic keyboard definition, w ith  bu ttons th a t  m odel le tte r  keys.

•  MicroScribe3DFX: Im m ersion’s M icroScribe 3D FX  3d digitizer.

It is im p o rta n t to  notice th e  separation  th a t  we do for ab s trac t and concrete devices, i.e. 
G eneric6D0FTracker and  InterSenseH eadT racker. B oth  have the  sam e interface, and  in 
th e  curren t im plem entation  th e  la tte r  is defined com pletely in term s of th e  form er, b u t they 
represent tw o different needs in InTm l: th e  first descrip tion  can be reused in o th e r concrete 
devices and  it can  also represent com m on code in th e  im plem entation , while th e  la tte r  allow 
designers to  find a  p articu la r device easier.

In terac tion  techniques are divided in  four groups: control, travel, selection, and  the  
ones defined in  th e  book by B arrileaux [8]. C ontrol defines for th e  m om ent ju s t one filter, 
Q u itbyB u tton , th a t  qu its  an  application  w hen a  b u tto n  signal is received as inpu t. Travel 
defines th e  following filters:
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•  S te e r in g IT :  Basic in teraction  technique associated w ith  basic behavior in HMDs. It 
receives a  position  and  o rien tation , and  changes th e  viewpoint.

•  F ly U n re s tr ic te d IT :  Moves th e  v iew point as if one is flying around, given a  s ta rtin g  
point, a  direction, and  a certa in  speed.

•  F ly ln P la n e lT : Moves th e  view point as if one is flying restric ted  to  a plane.

•  WalkIT: Moves th e  view point as if one is walking.

M ost of these in teraction  techniques are defined as com posite filters, based on a  sim pler 
filter th a t defines th e  basic behavior, an d  a set of auxiliary filters and ob ject holders th a t 
allow th e  changes to  be m ade in th e  corresponding objects.

Selection techniques represented  in In T m l are:

•  FeedbackO nelT: I t changes th e  appearance of an object. It has memory, so th e  previ
ously selected object restores its previous appearance once a new object is selected.

•  F eedbackS etIT : T he sam e as th e  previous one, bu t for a  set of objects.

•  S e lec tB y T o u ch in g IT : Selection by collision w ith  an  object th a t  represents th e  u se r’s 
po in ter in th e  world (or her hand).

•  S electB yR ay lT : Selection in a  p a rticu la r  direction.

•  GoGoIT: Defined in [71], an  in te rac tion  technique to  lengthen th e  u se r’s v irtu a l arm  
for reaching d istan t ob jects

•  S p o t l ig h t I T :  I t selects a  se t of ob jects, given a d irection and a  rad ius of a  cone 
centered  in  such a  d irection  [58].

•  RingMenuIT: Selection technique defined in  [58] th a t  shows a ring of ob jects  to  th e  user, 
w ith  th e  closest one as selected, an d  w ith  an interior fram e for readab ility  purposes.

S e lec tB y T o u ch in g IT , S e lec tB y R ay lT , GoGoIT, and  RingMenuIT are selection techniques 
th a t  allow users to  select ju s t one object, w hereas S p o t l ig h t I T  allows m ultip le selection. 
T his is why tw o feedback techniques are  shown, one for ju s t one object and  one for groups. 
I t  is feasible to  ob ta in  m ultiple ob ject selection techniques based on th e  basic behavior of 
th e  single-selection ones, b u t th is  is o u t of th e  scope of th e  curren t library.

T he book by B arrileaux defines several in te raction  techniques. T he following are a  subset 
of those an d  some auxiliary  definitions required.

•  D O bject: A n object in  display space. T h e  display is the  space th a t  is in front of th e  
u se r’s view. I t contains layers num bered  from  1 (the  closest).

•  WRM_MoveBasic: Im plem ents w orld-relative movem ent in  a  plane.

•  O rbitM ovem ent: C om putes a  new  position  and  o rien tation  around  an  ob ject, given a 
s ta rtin g  position. I t  keeps th e  d istance from  th e  s ta rtin g  position to  th e  center of th e  
ob ject.

•  O rb itC am era: Im plem ents nav igation  by m oving around  an object. It uses orbit 
m ovem ent in its im plem entation

•  P in o c c h io C o n tro l:  C om putes th e  new  position  for th e  3rd person contro l and  for the  
viewpoint.

•  P inocch ioC am era : Im plem ents nav igation  by m anipu la ting  a  cam era represen tation , 
w ith  a  body for position  and a  big nose for o rien tation  in a plane.

101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



•  O b jectB a rr illea u x : Describes an  ob ject w ith  extended features, in order to  support 
in teraction  techniques in B arrilleaux, such as identification of ob jects by name.

•  AddLabel: A dds a  label to  an  object. I t assum es th e  ob ject doesn’t  have one.

•  RemoveLabel: Removes a  label from an object. It assum es the ob ject has one.

6.4 Tools
A professional developm ent environm ent for InT m l should count w ith  a set of too ls th a t 
allows designers and  developers to  be m ore efficient in th e ir  work. M odern  program m ing 
languages usually count w ith  a wide variety  of in tegrated  developm ent environm ents (ID E s), 
in which developers find a  set of too ls th a t  suppo rt coding tasks: editors, source code 
organizers, cross reference u tilities, com pilers, in terpreters, docum enta tion  aids, and  s te p -  
b y -step  debuggers. We envision som ething sim ilar for InT m l-based  developm ent, su itable 
for designers. Since developers create th e  inner details of com ponents in core frameworks, 
they  use an  ID E  su itab le for such language. Some add itional tools for designers are necessary, 
b u t we concentra te  on th e  too ls for designers, due to  th e  fact th a t th ey  are th e  ones less 
fam iliar w ith  program m ing, and  th e ir  w ork can be greatly  benefited by th e  availability of 
such tools.

6.4.1 In T m l B row ser

T he readability  of InT m l files, w hich are basically XML docum ents, can be greatly  im proved 
by the  advantages th a t  XM L provides. XM L docum ents can be shown in m ore readable 
form ats by th e  definition of style files and  tran s la to rs  in XSLT[108]. W e have defined XSLT 
scrip ts th a t  generate screens as th e  ones shown in F igures 6.2 and  6.3. T h is screen shows 
th e  following elements:

•  File view. A pplications an d  in teraction  techniques are classified by th e  file they  are 
contained in. I t  is th e  basic view for th e  lib rary  contents and th e  sim pler way to  
browse th e  inform ation. F iles a re  shown in th e  left-top  fram e of th e  screen. Once a 
file is selected, its  con ten ts are  shown in th e  bo tto m  left panel.
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F igure 6.2: File view of InTm l.

•  C ategory views. I t  is possible to  create several hierarchical indexes for filters and 
applications. In  th is  way filters can be classified by several criteria, which can help 
designers to  easily u n d erstan d  th e  lib rary  and  choose th e  best options for a p articu la r 
application. For exam ple, all in te raction  techniques we have described in InT m l are 
classified by th e  pap e r they  appear in  and  by th is  basic classification: travel, selection, 
m anipulation , control, and  feedback 7. A list of categories replace th e  list of files in 
th e  to p -le ft corner of th e  screen. Once a category  is selected, its ca tegorization  is 
shown in th e  m ain  fram e (rig h t-b o tto m , in F igure 6.3).

7Inspired by Bow m an’s [18] and Barrileaux’s [8] work
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F igure 6.3: C ategory  view of InTm l.

•  F ilte r details. I t p resents a  general descrip tion  of th e  filter, its interface -  inpu t and 
o u tp u t p o rts  its  position  in o ther categories, details abou t its po rts , and  bibliog
raphy. I t is show n in th e  b o tto m  right panel in  b o th  views (file and  category). A n 
exam ple is shown in F igure 6.2.

•  C om posed filter details. I t presents a  general descrip tion  of th e  technique, its in te r
face, its im plem enta tion  -  ob ject holders, filter instances - ,  details abou t ports , and  
bibliography.

•  A pplication  details. I t  p resents a sum m ary of th e  task s -  InT s and  filters - ,  objects, 
and devices th a t  th e  application  uses, w ith  a detailed  inform ation of connections and 
purposes of each elem ent.

T he program  th a t  generates th is  docum entation  perform s th e  following tasks

•  I t creates th e  necessary d irectories and copies s ta n d a rd  style files.

•  In  th e  case of th e  file view, it generates th e  list of files available in a  predefined 
directory, an d  it creates all the  necessary files w ith  th e  detailed  view for each filter 
class.

•  Specialized views are generated  for p latform s and  applications. A pla tform  view shows 
inpu t an d  o u tp u t devices by separate , and  an  application  view shows separate  lists of 
objects, in p u t devices, o u tp u t devices, constan ts, ob ject holders, filters and  bindings. 
B oth  views require still m ore work and  they  are p a r t of our list of fu tu re work
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•  In  th e  case of th e  category view, it ex trac ts  first th e  categories in the  files. O nce ca t
egories are  found, it gets the classification for all classes in all available files. Initially, 
classes are classified in th e  category _unknown, and  th is  initial value changes accord
ing to  th e  real one, if any is assigned. Finally, files for each category are generated . 
Classes th a t  do not define a value for a p articu la r category are shown as _unknown, 
as it is shown in F igure 6.3. A designer can force a class to  be left ou t of a category, 
by defining its  category  as _ h id d en . For exam ple, the  B u tto n  device is left ou t of the  
p a p e rs  category since it does not apply  to  it.

Since th e re  are several files in analysis and generation  a t th e  same tim e, th e  im plem enta
tion  uses some extensions to  XSLT defined by th e  X alan  [4] im plem entation of XSLT. Some 
ex tra  shell an d  AW K [40] scrip ts were used for th e  creation  of th e  file and category  indexes, 
since th is  ta sk  are e ither ou t of the scope of th e  XSLT processing power or they  required 
several passes over several InT m l files, which is slow in curren t XSLT im plem entations.

6.4.2 In T m l C om piler

T he InT m l Com piler allows developers to  transfo rm  InT m l docum ents into executable code. 
O ur curren t im plem enta tion  reads InT m l definitions, adds behavior code for filters, and 
creates source code in Java3D  th a t  represents th e  InT m l application  8. F igure 6.4 shows 
th e  general a rch itec tu re  of th e  im plem entation.

InTml
Generator

Representation o f InTml Classes
in Java

BindReferences

G enerateJava3D

GenerateCPIus

Code
Gene
rators

InTml V irtual M achine 
( J a v a /C++)

- - - - - - - - - - - j I
Unit Test Extra L ibraries
Classes Classes

Application Specific Code

Figure 6.4: A rch itectu re  of th e  InT m l Com piler. R ounded boxes represent code generators, 
rectangles a re  classes, ellipsis are files, and  we use th e  UM L symbol and  sem antics for a 
package of classes.

InT m lG enera to r is a  p rogram  generator w ritten  in  TL  [23] th a t  creates a  d a ta  s tru c tu re  
in Java from  th e  definitions in  the  InT m l files. Such a  s tru c tu re  is used for validation  of th e  
InT m l files an d  for code generation. T he com piler uses th e  V isitor p a tte rn  [44] in  o rder to  
traverse th e  d a ta  s tru c tu re  and  create th e  corresponding source code. This source code is a 
set of subclasses from  th e  InT m l v irtua l m achine a b s tra c t classes, w ith  added code for th e  
particu la r behavior of each filter. T he added code requires a  special trea tm en t:

1. Source code from  InT m l is created  w ith  special m arks, w here th e  program m er can  add  
behavior-specific code.

2 . Once th e  code is com piled, behavior-specific code is ex tracted  from  all files created  
by th e  com piler an d  it gets saved in a different file.

8T here  is an  im p lem en ta tio n  for C + +  u n d e r developm ent.
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3. If th e  InT m l files are compiled again, th e  new generated  code will include th e  previous 
version of behavior-specific code, w hich was saved in the  previous task.

T his m echanism  allowed us to  develop a t the  sam e tim e b o th  the  behavior-specific code 
and the InT m l v irtu a l machine.

Let us follow an  exam ple of how the  process works. Let us assum e we w ant to  im plem ent 
the  InT m l class in Listing 35. T he class has to  be given w ith  all o ther re la ted  classes 
and  types, and  w ith  inform ation ab o u t how to  tran s la te  sim ple types into th e  underly ing 
language, in th is  case Java.

L is t in g  35 InT m l code for G eneric3D 0FT racker.
1 < D ev ic eC lass  id= "G eneric3D 0F T racker">

<ShortD esc>A  g e n e r ic  o r i e n t a t i o n  t ra c k e r< /S h o r tD e s c >  
< D e s c r ip t io n />
< Indexes>

5 < Index  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t" />
< /In d e x e s>
< 0 P o rt id = "q "  ty p e = "Q u a te rn io n ">

< S hortD esc> G enera l o r i e n t a t i o n  o f th e  tra c k e r< /S h o r tD e s c >  
< /0 P o rt>

10 < 0 P o rt id = " e u le rA n g le s "  ty p e = "V ec to r3 ">
< S h o rtD esc> G en era l o r i e n t a t i o n  o f th e  tra c k e r< /S h o r tD e s c >  

< /0 P o rt>
< /D ev iceC la ss>

InT m lG enera to r takes all th e  InT m l files and  generate Java code th a t  creates a  g raph
like s tru c tu re  in  memory. This code has to  be com piled and  th en  traversed in order to  create 
th e  Java files th a t  represent th e  InT m l class. L isting  36 shows th e  basic code generated  for 
th e  class in  F igure 35. T he generato r defines th e  class, its  superclass, th e  fixed code for 
constructors, execution m ethod, se tup  m ethod  (shared  code am ong construc to rs), th e  code 
for creating  po rts , an d  th e  code for loading and  saving properties (P roperties are param ete rs  
th a t  can be sto red  in  a file and  loaded a t run tim e, for configurability purposes).

T he zones enclosed by / /  -= -= -= -= -=  are developer-specific code. T he possible changes 
include changes in  th e  superclass (in th e  case of specialized code not visible a t  th e  InT m l 
level), th e  specific execution function, ex tra  construc to r code, changes in th e  accessor m eth 
ods, changes in  th e  default values for a ttr ib u te s , code for loading properties, an d  ex tra  
m ethods an d  a ttr ib u te s . T his code is saved in a  file in order to  allow fu tu re  changes in 
th e  InT m l class w ithou t losing th e  ac tu a l code created  by th e  developer. L isting  38 shows 
th e  s tru c tu re  of th e  ex tra  code in th is  file. E ach  possible addition to  th e  s ta n d a rd  class 
is considered, and  ac tua l code is enclosed by CDATA sta tem en ts. Developers should take 
in to  account th e  special requirem ents for an  InT m l filter class: it should no t change th e  
s ta te  of th e  scene, it should avoid dependencies no t show n a t th e  InT m l level, an d  it should 
no t m odify th e  events it receive. T h is is of p a rticu la r im portance in th e  design of accessor 
m ethods an d  ex tra  a ttr ib u te s  and  m ethods, since they  can bypass th e  general restric tions 
of th e  InT m l model.

6.4 .3  In T m l Checker

T he purpose of th e  checker is to  validate a set of InT m l docum ents, and  rep o rt sem antic 
problem s to  th e  user. Currently , it is im plem ented as th e  first stage of th e  com piler. In  its 
curren t s ta te , th e  checker is capable of de tec ting  th e  following basic problem s:

•  Referenced nam es not found, in applications and  in com posed filters. In  particu la r, 
Im p o rt, Im plem ents, or O v e r r id e s  references not found.
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L isting 36 Initial Java code for Generic3D0FTracker.
1 p u b l ic  c l a s s  Generic3D0FTracker

/ /  -= -= -= -= -=  Extends/Im plem ents d e f i n i t i o n s  here  
ex te n d s  Device  

/ /  -= -= -= -= -=  End Extends/Im plem ents  
5 {

p u b l ic  v o id  e x e c u t e ! )  

s u p e r . exe cut e ( ) ;
/ / D o  whatever i s  n e c e s sa r y  w ith  th e  in form ation  c o l l e c t e d  in  i p o r t s .  

10 / /  Send in fo r m a tio n  through th e  o p o r ts .
/ /  -= -= -= -= -=  Extra e x e c u t e ! )  code here  
/ /  -= -= -= -= -=  End e x tr a  e x e c u t e ! )  code 

>
p u b l ic  Generic3D0FTrackerf ) { su p er!  ) ;  }

15 p u b l ic  v o id  s e tu p !  S tr in g  n )
■C

s u p e r . s e t u p ! n ) ;
/ /  -= -= -= -= -=  Extra c o n s t r u c t o r  code here  
/ /  -= -= -= -= -=  End e x t r a  c o n s t r u c t o r  code 

20 c r e a t e P o r t s ! ) ;
>
p r iv a t e  v o id  c r e a t e P o r t s ! )

/ /  Add OPort o f  ty p e  jav a x .v e cm a th .V e c to r3 f  
25 eu le rA n g les  = new AbsOPort! t h i s ,  "eulerAngles" ) ;

o p o r t s .a d d !  eu le r A n g le s  ) ;
/ /  Add OPort o f  ty p e  javax .vecm ath .Q uat4f  
q = new AbsOPort! t h i s ,  "q" );  
o p o r t s .a d d !  q ) ;

30 >;
/ /  -= -= -= -= -=  A ccessor  methods h ere  
/ /  -= -= -= -= -=  End a c c e s s o r  methods

/ /  A t t r ib u te s  
35 AbsOPort eu lerA n g les;

AbsOPort q;
/ /  -= -= -= -= -=  Extra methods and a t t r i b u t e s  here  
/ /  - = -= -= -= -=  End e x t r a  methods and a t t r i b u t e s

40 p u b l ic  v o id  s a v e D e f a u l t P r o p e r t i e s ()
{

P r o p e r t i e s  p = new P r o p e r t i e s ! ) ;
S t r in g  f i le n a m e  = new S t r in g !  "P roperties"  + F i l e . s e p a r a to r  +

g e t C l a s s ! ) . getName!) + " .p r o p e r t ie s "  ) ;  
45 / /  - = -= -= -= -=  D e fa u l t  v a lu e s  f o r  p r o p e r t ie s

/ /  -= -= -= -= -=  End d e f a u l t  v a lu e s  f o r  p r o p e r t ie s  
t r y  
{

FileOutputStream  f  = new FileO utputStream ! f i le n a m e  ) ;
50 p . s t o r e !  f ,  " P r o p e r t ie s  f o r  " + g e tC la s s ! ) .g e tN a m e ! )  );

>
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L isting 37 In itia l Java code for G eneric3D 0FT racker (Second part).
1 ca tc h !  E xcep tion  e )

S t d O u t . g e t ln s t a n c e O . addMsg! 1, t h i s ,  "Error sa v in g  p r o p e r t ie s
+ f i le n a m e );

5 >
}
p u b l ic  v o id  l o a d P r o p e r t i e s ()
{

s u p e r . lo a d P r o p e r t i e s ( ) ;
10 P r o p e r t ie s  p = new P r o p e r t i e s ! ) ;

S tr in g  f i le n a m e  = new S t r in g !  "Propert ies"  + F i l e . s e p a r a to r  +
g e tC la s s ! ) .g e tN a m e ! )  + " .p r o p e r t ie s"

t r y
{

15 F i le ln p u tS tr ea m  f  = new F ile ln p u tS tr ea m !  f i le n a m e  );
p . lo a d !  f  ) ;

>
c a tc h !  E xcep tion  e )
{

20 S t d O u t .g e t ln s t a n c e ! ) .addMsg! 1, t h i s ,  " P rop ert ies  f i l e  not  found
+ f i le n a m e );

>
/ /  -= -= -= -= -=  Loading p r o p e r t i e s  
/ /  -= -= -= -= -=  End lo a d in g  p r o p e r t i e s  

25 }
>;
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L isting 38 Developer-specific code for Generic3DOFTracker.
1 <Class id="Generic3D0FTracker">

<AddedPackages>
<![CDATA[ import ja v a x .vecm ath .* ;  

import ja v a x .m e d ia . j 3d .* ;
5 import intmlRT. Loader.*;

]]>
</AddedPackages>
<Extensions>
<![CDATA[ ex ten d s  D ev ice  

10 ]]>
< /E xtension s>
<InsideExecute>
<![CDATA[ i f  (e r r o r  == 0)

{
15 f l o a t  [] e;

e = t h i s  .getHMDValuesO ;

f l o a t  yaw = ( f l o a t ) ( ( e [0] + y a w O f fs e tP r o p e r t y . f lo a t V a lu e Q ) *  Math. P I / 1 8 0 ) ; 
f l o a t  p i t c h  = ( f l o a t ) ( e [ l ]  * M a th .P I /1 8 0 ) ;

20 f l o a t  r o l l  = ( f l o a t ) ( e [ 2 ]  * M a th .P I /1 8 0 ) ;
Quat4f quat = c o m p u t e b ( p i t c h ,y a w ,r o l l ) ; 
la s tQ  = q u a t ;
A bslnfo  q in fo  = new A b s ln f o (q u a t ) ; 
q .p u s h ( q i n f o ) ;

25 >
e l s e
{

Quat4f quat = new Q u at4 f( ) ;
A xisA ngle4f aa = new A x isA n g le 4 f ( 0 . O f, 1 .O f , 0 . O f , 0 . 0 f );

30 q u a t . s e t ( a a ) ;
q u a t .n o r m a l iz e ( ) ;
A bslnfo  q in f o  = new A b s ln f o (q u a t ) ; 
q .p u s h ( q i n f o ) ;

>

35 ] ]>
< /In s id eE x ecu te>
< In sid eC onstru ctor>
< ! [CDATA[ System.loadLibrary("HMD"); 

er r o r  = t h i s  . startHMDO ;
40 i f  ( e r r o r  == 1)

S y s te m .o u t ,p r in t ln (" E r r o r  open ing  th e  HMD.");
>

]]>
45 < /In s id eC o n str u c to r >

<NewAccessors>
<![CDATA[ javax .vecm ath .Q u at4 f  g e t q (  )
{  re tu r n  la s tQ ;
>

50 ] ] >
</NewAccessors>
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L istin g  39 Developer-specific code for Generic3DOFTracker (Second part).
1 <AddedElements>

<![CDATA[ Quat4f lastQ  = new Q u a t4 f( );
Quat4f computebC f l o a t  p i t c h ,  f l o a t  yaw, f l o a t  r o l l  )
{

5 re tu r n  compute(
-1  * ( ( f l o a t )  Math.PI*2f -  r o l l ) ,
-1  * ( ( f l o a t )  Math.PI*2f -  yaw ),
-1  * ( p i t c h  + ( f lo a t )M a th .P I )  ) ;

}
10 Quat4f compute( f l o a t  p i t c h ,  f l o a t  yaw, f l o a t  r o l l  )

{
Quat4f qu = new Q u at4f0 ;  
se tQ ( qu, p i t c h ,  yaw, r o l l  ) ;  
re tu r n  qu;

15 }
v o id  se tQ ( Quat4f q, f l o a t  p i t c h ,  f l o a t  yaw, f l o a t  r o l l  )

Quat4f qx = new Q u at4f( ( f l o a t )  M a t h .c o s ( p i t c h / 2 f ) ,
( f l o a t )  M a t h . s i n ( p i t c h / 2 f ) ,  0 ,  0 ) ;

20 Quat4f qy = new Q u at4f( ( f l o a t )  M a t h .c o s (y a w /2 f ) , 0,
( f l o a t )  M a t h .s in ( y a w /2 f ) ,0 ) ;

Quat4f qz = new Q u at4f( ( f l o a t )  Math. c o s ( r o l l / 2 f ) ,  0 ,  0 ,
( f l o a t )  M a t h . s i n ( r o l l / 2 f ) ) ;

Quat4f q t  = new Q u at4 f( ) ;
25 q x .n o r m a l iz e ( ) ;  q y .n o r m a l iz e ( ) ;  q z .n o r m a l i z e ( );

/ / S y s t e m . o u t . p r i n t l n (  " \tqx: " + "(" + qx + ")" );
/ / S y s t e m . o u t . p r i n t l n (  " \tqy: " + "(" + qy + ")" );
/ / S y s t e m . o u t , p r i n t l n (  " \ tq z:  " + "(" + qz + ")" ) ;
q t . s e t  ( qx ) ;

30 q t .m u l(  qy );
qt .mul( qz ) ;  
q . s e t ( q t  ) ;  
q .n o r m a l iz e ( ) ;

>
35 p u b l ic  n a t iv e  i n t  startHMDO;

p u b l ic  n a t iv e  i n t  stopHMDO; 
p u b l ic  n a t iv e  f l o a t  [] getHMDValuesO ; 
i n t  er ro r ;
I n te g e r  comNumberProperty;

40 F lo a t  ya w O ffse tP r o p e r ty ;
] ]>

< /AddedElement s>
< D e fa u ltP r o p e r t ie s>
< ! [CDATA[ p . s e tP r o p e r ty (" p o r t" ,"3") ;

45 ] ] >
< /D e f a u l tP r o p e r t ie s >
<LoadProperties>
<![CDATA[ S t r in g  c S t r in g  = p .g e tP r o p e r ty ( " p o r t " ,"3") ;

comNumberProperty = C o n sta n tT ra n s la to r . S tr in g 2 j a v a _ la n g _ I n t e g e r ( c S t r in g ) : 
50 System .out.printIn("PO RT IS " + comNumberProperty);

S t r in g  y S t r in g  = p .g e tP r o p e r ty (" y a w O ffse t" ," -9 0 .0 " ) ;
yaw O ffse tP roperty  = C o n s t a n tT r a n s la t o r .S t r in g 2 j a v a _ la n g _ F lo a t ( y S t r in g ) ; 
System .out .pr in t ln C Y A W  OFFSET IS " + y a w 0 ffse tP r o p e r ty ) ;

] ]>
55 < /L oad P rop erties>

< /C lass>  HO
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•  N am e convention errors. For exam ple, an app lica tio n ’s nam e can not include do ts in 
order to  avoid problem s w ith conventions for package nam es, or subcom ponents can 
not be referenced inside an object holder.

•  Incorrect types in a  binding. The type of events of th e  o u tp u t and  inpu t p o rts  con
nected  in a b inding elem ents m ust m atch.

•  In p u t or o u tp u t po rts  not found in a binding.

•  P roblem s w ith  overriding classes. A n application  can only override o ther applications, 
a  filter class only o ther filter classes, and  so on.

•  N am e conflicts between packages, filter classes, or instances.

•  M ore th a n  one Im plem ents in a class 9

T he im plem entation  of the  checking task  is an  in trinsic p a r t of the code for creating  the  
d a ta  s tru c tu re  from  th e  InT m l files. I t is im plem ented as e l s e  scenarios during  th e  code, 
in which th e  error is registered, so it can be show n to  th e  user a t th e  end of th e  com pilation 
stage. W hile th is  basic approach produced the  desired effects, it is also interm ingled w ith  
th e  code, w hich m akes it difficult to  m aintain. F u tu re  versions of the  checker will separa te  
th is  code in o rder to  m ake it m ore readable. In  fact, som e checking tasks are now described 
as p a rt of v isitors, w hich b e tte r  enclose th e  processing ta sk  on to p  of the  d a ta  s tru c tu re .

6.5 InT m l Framework Im plem entation
T he InT m l fram ew ork provides the  sem antics of th e  InT m l specification over a  p a rticu la r 
core framework. Tw o im plem entations have been done, one in Jav a  and one in C + + . B o th  
im plem entations contain  th e  classes shown in L isting 40.

L is t in g  4 0  Classes in th e  InT m l Fram ework. In d en ta tio n  is used to  show inheritance.
F i l t e r

InTm lSystem
InT / /  C o n c re te  c l a s s  f o r  f i l t e r s
D ev ice

> G O bject
O b je c tH o ld e r

AbsApp
TSApp

A bsP ort
) IP o rt< T > / /  C++ o n ly

AbsOPort
OPort<T> / /  C++ o n ly

A b sln fo
Info<T> / /  C++ o n ly

All elem ents inside an  application  can be seen as filters, according to  th e  inheritance 
hierarchy in  th e  im plem entation . T he curren t im plem entation  of the  execution m odel is 
em bedded in  th e  TSApp class, which m akes a  topological so rt of th e  filters in th e  application , 
afte r breaking th e  cycles. T here are m any ways of breaking th e  cycles, so th is  m ay create  
different execution  orders. In  th e  Java im plem entation , all inform ation th rough  p o rts  is 
considered of th e  sam e type, which m ay be to o  wide. In  th e  C + +  version, we used tem p la tes

9T h e  c u rre n t im p lem en ta tio n  su p p o rts  only  one im plem ents clause.
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in order to  get a finer control of types, and  we p lan  to  explore the  new im plem entation  of 
tem pla tes in Java in order to  have the  sam e behavior.

T he C + +  im plem entation  of the  library  tries to  reproduce as close as possible th e  Java 
version, for m ain tenance purposes. T here are two noticeable differences: po rts  are tem pla tes, 
so it is possible to  have s ta tic  type  checking for the  inform ation flowing in th e  dataflow, 
and a basic garbage collection technique is added, since th is  facility was used in th e  Java 
im plem entation.

Code generation  for Java is fully supported  by th e  com piler. C + +  com ponents still have 
to  create th e ir  code from scratch, b u t it is triv ia l to  add a C + +  generator to  th e  curren t 
one for Java.

6.6 Library Im plem entation
T he lib rary  of InT m l elem ents is not im plem ented yet, and  it is one of th e  m ain elem ents 
of fu ture developm ent. We plan  to  create also a  te s t app lication  for each elem ent in the  
library, in order to  provide a exam ples of use to  designers. This collection will facilita te  
th e  understand ing  of th e  several op tions available in  the  library, and a t th e  sam e tim e will 
provide an  excellent m ethod  of testing .

6.7 Core Frameworks
As we have said, we have im plem ented InT m l in two environm ents, one for Jav a  an d  its 
set of libraries, and  one in  C + +  and  Perform er. O ther im plem entations are possible, bu t 
special care should be taken  w ith  th e  lim ita tions th a t  such fram eworks m ight have. For 
exam ple, a V R M L im plem entation  is possible provided th a t  it is required to  e ither consider 
ju s t one event a t any p articu la r tim e (th e  basic execution m odel for V R M L), or a  d rastic  
design th a t  allows nodes to  ac t w ith  th e  sem antic of InT m l filters.

E ach im plem entation  presents its own advantages and  difficulties: while garbage collec
tio n  was useful for event handling in  Java, th e  environm ent also m ade th e  im plem entation  
difficult w ith  th e  non uniform  im plem entation  for com m on devices (mouse, keyboard) and 
o thers (trackers, for exam ple). W e h ad  to  use different m ethods to  collect th e  in form ation 
and  provide a  com m on interface, w hich m akes th e  im plem entation  a little  b it awkward.

6.7.1 R u n tim e E nvironm ent

T he run tim e environm ent executes an InT m l application  over a  p latform . W e developed 
th ree  im plem entations of run tim e environm ents, tw o in  Java and  one in  C + + .

T he first im plem entation  executes a Java im plem entation  of an  InT m l application , which 
is found by reflection techniques. Such an  im plem entation  makes th e  run tim e environm ent 
very sim ple, b u t it m akes changes in  InT m l m ore difficult, since they  have to  be tran s la te d  
in to  a Java class an d  th e n  com piled in  order take effect.

T he second im plem entation  solved th is  problem  and  allowed a dynam ic loading of all 
elem ents in  an  InT m l application . Such files can be loaded from  either th e  local file disk 
or from  th e  In tern e t, w hich m akes it very convenient for fu tu re w eb-based  deploym ents. 
However, it m akes th e  run tim e environm ent dependen t on th e  In ternet, w hich fails in  s ta n d 
alone com puters, especially in  presen tations.

T he th ird  environm ent is a  dynam ic loader for C + + , which runs in Linux an d  IR IX  
m achines. T h is im plem entation  provides an  InT m l solution in CAVE-like environm ents. 
F u rthe r te s tin g  is required  to  give m ore s tab ility  to  such an  environm ent.
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6.8 Future Work
In  the  area  of tools, we have several p lans for fu tu re developm ents. A visual program m ing 
environm ent will allow designers to  create applications in an easier way, w ithou t direct 
con tact w ith  XM L docum ents. T h is will m ake th e  stru c tu re  of an  application  m ore evident, 
and it will allow th e  creation  of m ore com plex applications.

A lib rary  of InT m l com ponents has to  be im plem ented, rich enough so th a t  design
ers could create applications w ithou t developers aid. In th is way, designers will have an 
environm ent for rap id  p ro to typ ing  of V R  applications.

A tool for au tom atic  reta rge ting  is also in our plans. T he m ain idea is to  tak e  advantage 
of a lib rary  of re ta rge ted  applications, and  give suggestions to  users of how a new application  
can be re ta rge ted  to  previously known platform s. This will require a d a tab ase  of exam ples 
of retargeting , which will require fu rth e r use of InTm l.

F u rthe r developm ents in th e  InT m l fram ew ork will provide a more com plete coverage of 
th e  concepts in th e  InT m l sem antics. For exam ple, com posed filters and  delays are still not 
sup p o rted  in  th e  InT m l frameworks.
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Chapter 7 

Conclusions

We believe th a t  V irtu a l R eality  technology will be m ore im p o rtan t in the  future, once th e  
appropria te  too ls are available to  a w ider audience. We th in k  our work helps to  move th e  
s ta te  of th e  a r t  in th is  direction, and our results will help to  provide a  b e tte r  su p p o rt for 
designers of V R  applications.

We have sep ara ted  th e  concerns related  to  any V R  application  into two sets, one easy to  
understand  w ithou t m uch technical background and  th e  o ther highly technical. T he form er 
level ta lks abou t behavior, content, and devices a t a  high level of abstraction , in a  way th a t  
facilitates th e  com prehension and design of com plex V R  applications. T he la tte r  level allows 
developers to  divide th e ir  work in clearly identified com ponents, in a  way th a t  facilita tes 
developm ent, reuse, and  testing .

We define th e  concept of retargeting , as a new way for applica tion  portab ility , in which 
an  application can  change b o th  devices and in teraction  techniques while a t th e  sam e tim e 
reuse as m uch as possible of previous im plem entations. R etarge ting  provides a  way for 
effective m igration  of V R  applications, so ac tua l rap id  p ro to typ ing  becomes possible in th is 
field. This fea tu re  will fac ilita te  the  creation  of several options, and  as a  result it will provide 
a  b e tte r  understand ing  of u se r’s requirem ents and th e  required  solution.

T he form al descrip tion  of th e  sem antics of our p roposal will allow several im plem enta
tions of our fram ew ork, in  very different ways. We believe th is  provides some freedom  for 
improved im plem entations, once m ore d a ta  is available ab o u t th is  technique. I t  will also 
provide ways to  te s t p roperties of th e  InT m l environm ent a t th e  level of th e  specification, 
so im p o rtan t theorem s can be provided and proven.

T he separation  of concerns we have defined allow us to  suppo rt two different com m uni
ties, involved in  any m ultim ed ia  developm ent: a r tis ts  w ho know abou t th e  interface and  th e  
way to  com m unicate ce rta in  inform ation, and  program m ers w ho know abou t th e  technology 
and  how to  m ake it work. W ith  th e  creation  of a  language in  th e  m iddle, we provide bo th  
a  com m unication channel and  a separation  m echanism  for these two com m unities.

S upporting  too ls can  be highly improved, w ith  th e  add ition  of new tools and th e  enhance
m ent of cu rren t ones. As we have m entioned before, a  visual program m ing environm ent will 
allow designers to  c reate  applications in an  easier way, w ith o u t d irect contact w ith  XM L 
docum ents. T his will m ake th e  s tru c tu re  of an  application  m ore evident, and it will allow 
th e  creation  of m ore com plex applications. T h is a rea  will probably  require a  fair am ount of 
developm ent, since high quality  user interfaces are required  in order to  support a  com m unity 
of non-program m ers. W e will try  to  create p roof-o f-concep t versions of some of th e  tools 
we believe are a  priority , an d  offer th em  to  the  com m unity for feedback purposes.

A lib rary  of InT m l com ponents have to  be im plem ented, rich enough so th a t  design
ers could create applications w ithou t developers aid. In  th is  way, designers will have an
environm ent for rap id  p ro to typ ing  of V R  applications.

We also w ant to  enhance th e  InT m l language, in  order to  incorporate all concepts avail
able in th e  form al specification. In th is  way, we will provide a m ore com plete p latform , and
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a b e tte r  s ta rtin g  po in t for the  im plem entation  of tools.
I t is possible to  fu rthe r com pare th e  system s for V R  developm ent presented in C hap te r 

2 w ith  ours: O ur system  provides a clear and  sim ple view of w hat a V R  application  is, 
b e tte r  th a n  th e  ones based on languages such as C + +  or Java, and sim ilar to  X3D and  
Alice. O ur separation  of concerns is novel, a lthough  it can be applied in system s such as 
Alice, in which is possible to  enrich the  visual p rogram m ing environm ent w ith  newer devices 
and in teraction  techniques. O ther system s such as H yN et [61], which uses P e tri N ets for 
behavior specification, and PM IW  [53], which uses a  com bination of dataflow s plus s ta te  
m achine networks, also divide concerns and provide an  ab s tra c t view of a  V R  application , 
b u t such views are m ore detailed  th a n  th e  one in InT m l, and directed to  developers of 3D 
in teraction  techniques.

R etargeting  is also a novel concept in our thesis. It allows designers to  change an  applica
tion  according to  new requirem ents in a new p latform , w ithou t dealing w ith  specific details 
of several core technologies involved. InT m l provides a  clear stru c tu re  for retargeting , which 
is not presen t in o the r system s available now. O ur form al description provides a  foundation  
for m ultiple im plem entations of InTm l, which is necessary to  provide real re ta rge ting  am ong 
diverse p latform s. D espite o ther system s have a m ore com plete user interface for developers 
(such as th e  ones for H yN et and  PM IW ), we believe we can provide a b e tte r  environm ent, 
due to  th e  fact th a t  th e  concepts in InT m l are easier to  understand  th a n  th e  ones in  such 
formalisms.

T here are also several areas th a t  we w ant to  explore in th e  future. T he separation  of 
concerns also creates problem s in understand ing  th e  overall im plem entation  of th e  applica
tion , since th e  en tire  behavior is divided betw een high and  low levels of abstraction . W hile 
we th ink  th is  is no t a  problem  for designers who do not w ant to  know abou t specific im ple
m entation  details, it m ay be a  problem  for developers who try  to  understand  a piece of code 
during testing , since th ey  also have to  und erstan d  th e  InT m l com pilation process and  th e  
InT m l fram ework. W e w ant to  do m ore work on th is  regard. T here  are also several ways to  
create an  app lica tion  in  InT m l, by applying different com ponents and connections betw een 
them . W e believe th is  m ay change in th e  fu tu re  w ith  th e  adop tion  of guidelines for InT m l 
developm ent, ex trac ted  from  previous experiences. W e also m entioned th e  following areas 
as fu tu re work in section 3.6:

•  A ctual com parative resu lts betw een a  parallel and  a sequential im plem entation  of 
InT m l have to  be perform ed. Ideally, we should  be able to  create some analy tical 
m ethods for m easuring perform ance advantages in a  parallel im plem entation  of a  spe
cific application , b u t we have to  explore such possibility  in more in detail.

•  InT m l is a  new com ponent technology th a t  takes in to  account th e  specific quality  
a ttr ib u tte s  required  in  V R  applications. However, we require m ore applications im 
plem ented in  th is  technology to  valide m ore thoroughly  its advantages an d  features. 
Such experim en tal te s t will require a  com m unity  of users and an  active developer 
com m unity to  su p p o rt them .

•  E xact tim e m anagem ent and  synchronization  are issues not directly visible in InTm l. 
T his allows designers to  worry ab o u t requirem ents w ithou t tak ing  care of synchroniza
tio n  issues. However, such issues should be addressed in a  succesful V R  application . 
O ur cu rren t approach  forces designers to  hide synchronization  issues under filters th a t  
tran sp a ren tly  handle several s tream s in to  a synchronized one. This approach has to  
be te s ted  in m ore deta il to  und erstan d  its  im plications.

•  M ore developm ent tools and  m ore com plete ones are necessary in order to  provide a 
tru e  professional environm ent for V R  designers.

•  As InT m l libraries grow, tools for finding and  organizing them  will be required , in 
o rder to  m ake th e m  usable and  avoid w ork repe tition .
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Problem s such as hardw are calibration , hardw are reliability, lack of 3D in teraction  s ta n 
dards, network issues, and storage issues are not addressed by our work, b u t we hope we 
provide a way to  independently  handle each one of these problem s, in a way th a t  is tra n s 
paren t to  designers. This will allow th e  creation  of b e tte r  im plem entations w ith  th e  sam e 
interface, which is the  way other com m unities have grown and m atured.
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A ppendix A

InTm l Files for the M atching  
A pplication

W e divided th e  InT m l application  in  several files, according to  the  generality  of th e  defined 
classes. T he file l i b r a r y . in tm l com prises all general definitions, the ones th a t  m ight be 
exported  to  a  general purpose library. Such elem ents are:

•  B u tto n : I t m odels when a b u tto n  is clicked.

•  G e n e r ic J o y s t ic k :  Generic joystick definition

•  JX In p u t J o y s t ic k :  A joystick based on th e  JX In p u t interface

•  G eneric3D 0F T racker: A generic o rien ta tion  tracker

•  G eneric6D 0F T racker: A generic position  and orien ta tion  tracker

•  In te rS en seW an d T rack er: H and  tracker from  InterSense

•  In te rS e n se H e a d T ra c k e r : H ead tracker from  InterSense

•  SpaceMouse: Previously called M agellan 3D Controller.

•  G en e ric S c re e n : A generic o u tp u t screen

•  PCScreen: A generic o u tp u t screen from  a  P C

•  I G la s s e s :  V irtua l i-glasses HM D

•  V irtualW indow : Passive 3D Stereo display by D im ension Technologies

•  V isroom S creens: Screens a t th e  V isroom

•  G enericM ouse: A generic m ouse definition

•  G enericK eyboard : I t defines th e  a  keyboard as a collection of keys. I t contains only 
some im p o rtan t keys right now... Because th is  lim ited im plem entation  doesn’t  use 
a rrays of ports , the  descrip tion  is ra th e r  long.

•  SMARTBoard: I t defines th e  im p o rta n t events from  any SM ART B oard  type  of interface.

•  Tim er: T im er in th e  execution environm ent.

•  VRObject: V R O bjectC lass defines th e  inpu t and o u tp u t p o rts  of any V R O bject in th e  
dataflow . T ransform ations are organized as follows: Scales, R otations, T ranslations.
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•  V iew poin t: V iew point defines a basic elem ent w ith  ju s t position  and  orientation . In 
th e  fu tu te , it m ight include a  descrip tion  for th e  avatar.

•  Scene: A Scene is a  set of u n stru c tu red  geom etry th a t  ca n ’t  be selected, and a set of 
V R objects, which can be selected. Its  im plem entation  defines th e  general structu res 
required for selection com putation .

•  C o n t r o la b le F i l t e r :  Defines th e  p o rts  th a t  a controlable filter should understand . It 
is basically a way to  disable a filter.

•  S w itch : It doesn’t  generate  repe titions due receiving th e  sam e signal several tim es.

•  S electB yR ay: Im plem ents details of selection by in tersection  w ith  a ray. I t receives 
position  updates of a  ray in th e  scene and it com putes w hich object from  the scene is 
in tersected  first. Internally, it takes into account additions and removals of objects, 
to  and  from  the  scene.

•  SelectBy3D Ray: Im plem ents details of selection by in tersection  w ith  a ray, given a 
ray specification as 3D position  plus orientation . I t receives position  and  orien tation  
u p d ates  of a ray in th e  scene an d  it com putes which ob ject from  th e  scene is intersected  
first. Internally, it takes in to  account additions and rem ovals of ob jects, to  and  from 
th e  scene.

•  S e lec tB y T o u ch in g : I t selects an  ob ject th a t  is colliding w ith  th e  v irtua l pointer. It 
executes its opera tion  everytim e a signal is received by th e  ’com pu te’ inpu t po rt. This 
varies from  previous Selection Techniques, and  makes m ore clear th a t  the  position 
and  o rien tation  can be ob ta ined  from  th e  ’handR epr’. Sem antically  is m ore correct, 
b u t it forces th e  system  to  w ait tw o fram es in order to  m ake a  selection since, as it 
was in  previous selection techniques, selection used to  receive th e  proposed changes in 
position  and orien tation , changes th a t  were no t com m ited a t  th e  tim e of execution of 
such filter.

•  G oG oSelection : GoGo com putes a  new hand  position  as a function  of th e  distance 
of th e  real hand  from  th e  chest, K , and  D. I t  also com putes a v irtu a l position  for the  
h and  represen tation , as it is described in  [71].

•  Jo y s tick 2 R ay : I t com putes a  ray  from  th e  joystick position . I t is useful for selection 
by a ray in a joystick-based environm ent. I t uses refPos as th e  cen ter of th e  p lane th a t  
will contain  posRay, an d  refQ  as th e  norm al of such plane.

•  HMDJ2Ray: I t com putes a  ray  from  th e  HMD and  joystick positions, th a t  can be used 
by a  SelectByRay filter. T h e  cursor is always centered in  th e  field of view, w ith  an 
offset given by th e  cu rren t joystick  position. T he ray is defined as centered between 
th e  u se r’s eyes and  passing th ro u g h  th e  joystick cursor (posRay).

T he file n e w C la s s e s . in tm l has application  dependent definitions, those  filters th a t  are 
im p o rtan t for th e  behavior of th is  application . Such filters are:

•  RandomPQ: It assigns a  random  new position  to  an  object th a t  is received in objs. If 
th e re  are several ob jects in ob js, it orders them  by nam e an d  th en  assigns them  a new 
position  and orien tation .

•  Random RelativePQ: A ssigns a  random  position  and o rien tation  to  an  ob ject w ithin 
several constra in ts . F irstly , th e  xy of th e  position  is fixed based on a  grid  w hich divides 
th e  screen into six sections so as to  m axim ize screen usage and  m inim ize occlusion. 
Secondly, the  d istance betw een each object and  its copy m ust be equal for each pair 
of objects.
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•  T ran sp a ren tC o p y : I t creates a  new object w ith  half th e  transparency  of th e  previous 
one, and sends it th rough  objC opied. I t changes neither position  not orien tation , so 
the  copy has to  be moved la ter on to  be distinguisable. If several ob jects are received, 
all are copied. T he copy of an  object w ith  identifier ” id” is called ’’CopyOfid” .

•  H ig h lig h te d F e e d b a c k : I t changes th e  color of an ob ject to  a translucen t green ap
pearance. Used for selection feedback.

•  R o ta tio n B e h a v io r : I t ro ta tes  an  object received in th e  ” ob j” port, between th e  events 
bu ttonP ressed  and  bu ttonR eleased

•  T ra n s la t io n B e h a v io r :  It tran sla te s  an  object received in the  ”o b j” po rt, between 
the  events b u tto n P ressed  and  buttonR eleased. T he events movXZ, movXY, movYZ 
change th e  p lane of m ovem ent. By default, the  m ovem ent is in p lane XY

•  EchoPQ: It echoes th e  position  and o rien tation  inpu t events to  th e  o u tp u t. Its  purpose 
is to  move ob jects in  3D ju s t w hen th is function is activated .

•  R otT rans: I t m anages b o th  tran sla tio n  and ro ta tion , from  a  pos3D and a quatern ion  as 
input. T he ob ject received a t obj is moved w hen th e  b u ttonP ressed  signal is received. 
If any of th e  toggle signals is received, th e  object will be either ju s t moved or ju s t 
ro ta ted . M ovem ents are relative to  th e  position  and  orien ta tion  of th e  po in ter when 
the  grab  signal is received.

•  M atchF im ction : I t m easures th e  difference in o rien ta tion  and position  betw een an 
object an d  its  copy.

•  D ele teW henS ignal: I t accum ulates a set of ob jects an d  deletes them  once a  signal is 
received.

•  Q u itM atch ing : I t w aits un til th e  th ree  ob jects have been m atched, sends a  log event 
and ends th e  app lica tion  tw o fram es later. I t also qu its  if th e  user presses a designated 
letter.

•  O r ie n ta t io n C e n te r :  I t  re tu rn s  th e  in tersection  po in t of an  im aginary  line from  th e  
user’s view point and  o rien ta tion  and  th e  near clipping plane. It assum es th e  clipping 
plane is big enough to  be intersected , and th a t  the  clipping plane is a t a  d istance d, 
when th e  quatern ion  is po in ting  to  -z.

•  HM DJPointer: T h e  position  of th e  po in ter in a H M D J environm ent is given by the  
point com puted  by O rien ta tionC en ter, and th e  cu rren t joystick position. T he o u tp u t 
is always th e  last value for th e  h ead ’s position  plus the  joystick  offset (pos and pos3D). 
If th e  joystick is in  dragging m ode (given by b u tto n P ressed  and  buttonR eleased), pos 
is shifted by th e  am ount given th rough  shift A m ount.

•  C o n tro lM atch in g : D isables selection w hen ro ta tio n  or tran sla tio n  are executing. 
W hen ro ta tio n  s ta rts , selection and tran sla tio n  are disabled. W hen tran sla tio n  s ta rts , 
selection and  ro ta tio n  are disabled. W hen ro ta tion  ends, selection and  tran sla tio n  are 
enabled. If th e  p o r t ’a llow B othT ransR ot’ receives true , b o th  orien tation  and tran s la 
tion  m ight be active a t  th e  sam e tim e.

•  R e s e tP o s i t io n :  I t  allows to  decouple a  position  from  a device and  a  position  from 
an object. W hen  th e  signal is received, th e  last position  is saved and  all new positions 
generated  are rela tive to  th e  last one. It is useful w hen you w ant to  come back to  th e  
origin.

•  Log: I t logs all th e  relevant inform ation from an  application . It also logs an  execution 
counter, everytim e it runs.
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T he o ther files in th e  exam ple define either basic characteristics of an application  in a 
platform , or th e  m atch ing  application  itself, re ta rge ted  to  each platform . Such files are F

•  g en e ric3 D D esk to p . in tm l: I t defines elem ents present in all 3D D esktop application , 
which are a keyboard , a screen, a mouse3D, and  an  ob ject holder for th e  viewpoint.

•  genericH M D J. in tm l: I t defines a  keyboard, a  joystick, a 3 D 0 F  tracker, and  an 
IG lasses HM D as s ta n d a rd  devices in any H M D J-based  application; and  a viewpoint, 
whose o rien ta tion  is connected to  the  o u tp u t of th e  3 D 0 F  tracker.

•  g e n e r ic P C . in tm l: I t defines a keyboard, a mouse, a screen, and  a view point as the  
basic elem ents in any P C -b ase d  application.

•  genericSMARTBoard. intml: I t defines a keyboard, a SM ART B oard and  a  view point 
as th e  basic devices in any S M A R T B oard-based application.

•  gener icV isroom . intml: I t defines th e  basic devices in the  V isroom  —  a w and, a 
head tracker, an d  th e  screens —  plus th e  view point as th e  basic elem ents in  any 
V isroom -based  application .

•  m a tc h in g -3 d d e s k to p . in tm l: M atching application , 3D D esktop version. I t connects 
th e  3D m ouse to  a  hand  represen tation  geom etry, which is used to  select ob ject by 
colliding w ith  them .

•  matching-hmdj . intml: M atching application , H M D J version. I t uses th e  joystick and  
th e  head o rien ta tion  to  define th e  position of a  po in ter, which in  tu rn  allows selection 
by ray casting.

•  m a tc h in g -p c . intm l: M atching application, P C  version. I t uses th e  s ta n d a rd  key
board  and  m ouse to  select and  move objects.

•  m atching-sm artboard . intml: M atching application , SM ART B oard  version. I t  con
nects pens in  th e  SM ART B oard to  ro ta tio n  and  m ovem ent operations in th e  app li
cation.

•  m a tc h in g -v isr o o m . in tm l: M atching application , V isroom  version. I t  uses th e  Go 
Go in teraction  technique for selection and  m anipu la tion  of ob jects 2.

T he following sections are a  copy of th e  files already described, and  th e  code for each 
version of th e  application .

Library F ile
<?xm l v e r s io n = " l . 0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackag e  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / / w w w . c s . u a l b e r t a . c a / ” p f ig u e r o / I n T m lT e m p /s p e c / in tm l . d t d ">
< ! —  C o p y r ig h t  i n f o

l i b r a r y :  P r e d e f in e d  c la s s e s ,  f ro m  th e  d e v e lo p e r  t o  th e  d e s ig n e r .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  t h e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

1 We skip here som e files for newer versions of the application and som e test files.
2 This application has not been im plem ented yet.
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T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be  u s e f u l , 
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  C hanges:
May 8 ,  20 02  : F i r s t  v e r s io n
May 2 3 , 2 0 0 2 : P C S creen  i s  c r e a te d ,  i n  o r d e r  t o  ke e p  G e n e r ic S c re e n  

as an  a b s t r a c t  s u p e r c la s s  o f  a l l  d i s p la y  d e v ic e s .
— >

< ! —  D e v ic e s  i n  t h e  M a tc h in g  T e s t a p p l i c a t i o n  — >
<P ackage id = " m a tc h in g T e s t " >

< D e v ic e C la s s  id = " B u t t o n " >
< S h o r tD e s c > B a s ic  B u t to n < /S h o r tD e s c >
< D e s c r ip t io n >

I t  m o d e ls  w hen a  b u t t o n  i s  c l i c k e d .
< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >

< /In d e x e s >
< 0 P o r t  i d = " c l i c k e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > tru e  w hen i t ’ s b e e n  c l i c k e d  (p re s s e d  and  re le a s e d )< /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > tru e  when i t ’ s b e e n  p re s s e d  < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " r e le a s e d "  t y p e = " b o o le a n '’ >

< S h o r tD e s c > tru e  when i t ’ s b e e n  r e le a s e d  < /S h o r tD e s c >

< /0 P o r t>
< /D e v ic e C la s s >

< D e v ic e C la s s  id = " G e n e r ic J o y s t ic k " >
< S h o r tD e s c > G e n e r ic  j o y s t i c k  d e f in i t io n < / S h o r t D e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t  id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  l e f t - r i g h t  o f  th e  jo y s t ic k < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " y P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  f r o n t - b a c k  o f  th e  jo y s t ic k < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > (x P o s , y P o s )< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t t o n lP r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 p re s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = " b u t to n 2 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = " b u t to n 3 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 p r e s s e d .< /S h o r tD e s c >
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< /O P o rt>
c O P o rt id = " b u t to n 4 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  4 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = " b u t to n lR e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  i d = ” b u t to n 2 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 4 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  4  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " J X In p u t J o y s t ic k " >
< S h o rtD e sc> A  j o y s t i c k  b a se d  on  th e  J X In p u t  in te r fa c e < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t  id = " t r a n s f o r m "  ty p e = "T ra n s fo rm 3 D ">

< S h o rtD e s c > T h e  in f o r m a t io n  f ro m  J X In p u t< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t t o n lP r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  1 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 2 P r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 P r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  3 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n lR e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  1 r e le a s e d .< /S h o r tD e s c >
< /D P o r t>
< 0 P o r t  id = " b u t to n 2 R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  2 r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  3 r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = "G e n e r ic 3 D 0 F T ra c k e r ">
< S h o rtD e sc> A  g e n e r ic  o r i e n t a t i o n  t r a c k e r < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t  id = " q "  t y p e = " Q u a te r n io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  th e  t r a c k e r < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " e u le r A n g le s "  ty p e = " V e c to r 3 " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  t h e  t r a c k e r < /S h o r tD e s c >  
< /0 P o r t>
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< /D e v ic e C la s s >

< D e v ic e C la s s  id = "G e n e r ic 6 D 0 F T ra c k e r ">
< S h o rtD e sc> A  g e n e r ic  p o s i t i o n  and  o r i e n t a t i o n  t r a c k e r< /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< ! —  Im p le m e n ts  G e n e r ic 3 D 0 F T ra c k e r — >
< 0 P o r t  id = " q "  ty p e = " Q u a te rn io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  th e  t r a c k e r< /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  p o s i t i o n  o f  th e  t r a c k e r < /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " In te rS e n s e W a n d T ra c k e r ">
< S h o rtD e sc> H a n d  t r a c k e r  f ro m  In te rS e n s e < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< ! —  Im p le m e n ts  G e n e r ic J o y s t ic k  — >
< 0 P o r t  id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  l e f t - r i g h t  o f  t h e  jo y s t ic k < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " y P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  f r o n t - b a c k  o f  t h e  jo y s t ic k < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s J o y s t ic k "  ty p e = "P o s 2 D ">

< S h o r tD e s c > (x P o s , y P o s )< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t t o n lP r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 p r e s s e d .< /S h o r tD e s c >

< /0 P o r t>
< 0 P o r t  id = " b u t to n 2 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 P r e s s e d "  ty p e = ''A n y T y p e ">

< S h o r tD e s c > B u tto n  3 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n lR e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 2 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< ! —  Im p le m e n ts  G e n e r ic 6 D 0 F T ra c k e r  — >
< 0 P o r t  id = " q "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  t h e  t r a c k e r < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  p o s i t io n  o f  th e  t r a c k e r < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 4 P r e s s e d "  ty p e = "A n y T y p e ">
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< S h o r tD e s c > B u tto n  4 p re s s e d .< /S h o r tD e s c >
< /O P o rt>
< O P o rt id = " b u t to n 4 R e le a s e d "  ty p e = "A n y T y p e ">  

< S h o r tD e s c > B u tto n  4 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " In te rS e n s e H e a d T ra c k e r " >
< S h o rtD e sc> H e a d  t r a c k e r  f ro m  In te rS e n s e < /S h o r tD e s c >  
< D e s c r ip t io n />
< I n d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< ! —  Im p le m e n ts  G e n e r ic 6 D 0 F T ra c k e r  — >
< 0 P o r t  id = " q "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  th e  t r a c k e r < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD esc> 3D  p o s i t i o n  o f  th e  t r a c k e r< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = "S p a c e H o u s e ">
< S h o rtD e sc> A  L o g i t e c h ’ s S pace M o u s e < /S h o rtD e s c >  
< D e s c r ip t io n >

P r e v io u s ly  c a l l e d  M a g e lla n  3D C o n t r o l l e r .
< /D e s c r ip t io n >
< In d e x e s >

<Index id="basic" value="Devices. Input"/>
< / In d e x e s >
< 0 P o r t  id = " b u t t o n lP r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 2 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 3 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 4 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 5 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< O P o rt id = " b u t to n 6 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 7 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  i  p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 8 P r e s s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n lR e le a s e d "  ty p e = "A n y T y p e ">  

< S h o r tD e s c > B u tto n  1 r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " b u t to n 2 R e le a s e d "  ty p e = "A n y T y p e ">  

< S h o r tD e s c > B u tto n  2 r e le a s e d .< /S h o r tD e s c >
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< /O P o rt>
< O P o rt id = " b u t to n 3 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>
< O P o rt id = " b u t to n 4 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>
<O P ort id = " b u t to n 5 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>
< O P ort id = " b u t to n 6 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  3 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>
< O P ort id = " b u t to n 7 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  1 r e le a s e d .< /S h o r tD e s c >
< /O P o rt>
< O P o rt id = " b u t to n 8 R e le a s e d "  ty p e = "A n y T y p e ">

< S h o r tD e s c > B u tto n  2 re le a s e d .< /S h o r tD e s c >
< /O P o rt>
< ! —  Im p le m e n ts  G e n e r ic 6 D 0 F T ra c k e r  — >
< O P o rt id = " q "  t y p e = " Q u a te r n io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  th e  3D m o u s e < /S h o rtD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  p o s i t i o n  o f  th e  3D m o u s e < /S h o rtD e s c >
< /D P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " G e n e r ic S c re e n " >
< S h o rtD e sc> A  g e n e r ic  o u tp u t  s c re e n < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s .O u tp u t " />
< / In d e x e s >

< /D e v ic e C la s s >

< D e v ic e C la s s  id = "P C S c re e n ">
< S h o rtD e sc> A  g e n e r ic  o u tp u t  s c re e n  fro m  a P C < /S h o rtD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . O u tp u t " />
< / In d e x e s >
< Im p le m e n ts  c la s s Id = " G e n e r ic S c r e e n " />
< 0 P o r t  id = " n e a r C l ip p in g P la n e "  t y p e = " f l o a t " >

< S h o rtD e s c > N e a r c l i p p i n g  p la n e < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " f a r C l ip p in g P la n e "  t y p e = " f l o a t " >

< S h o r tD e s c > F a r c l i p p i n g  p la n e < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = "F 0 V "  t y p e = " f l o a t " >

< S h o r tD e s c > F ie ld  o f  V ie w < /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " IG la s s e s " >
< S h o r tD e s c > V ir tu a l  i - g la s s e s  H M D < /S hortD esc>
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " in t m l . D e v ic e s . O u tp u t " / >
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< /In d e x e s >
< Im p le m e n ts  c la s s Id = " P C S c re e n " />

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " V ir tu a lW in d o w " >
< S h o r tD e s c > P a s s iv e  3D S te re o  d is p la y  b y  D im e n s io n  T e c h n o lo g ie s < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " in t m l . D e v ic e s . O u tp u t " / >
< / In d e x e s >

< Im p le m e n ts  c la s s Id = " P C S c re e n " />
< /D e v ic e C la s s >

< D e v ic e C la s s  id = "V is ro o m S c re e n s ">
< S h o r tD e s c > S c re e n s  a t  th e  V is ro o m < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s .O u tp u t " / >
< / In d e x e s >
< Im p le m e n ts  c la s s Id = " G e n e r ic S c r e e n " />

< /D e v ic e C la s s >

< D e v ic e C la s s  id = "G e n e r ic M o u s e ">
< S h o rtD e sc> A  g e n e r ic  mouse d e f i n i t i o n  < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  i n  X .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = " y P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  i n  Y .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = "m o u s e P o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > A b s o lu te  p o s i t i o n  o f  th e  mouse p o in te r < /S h o r tD e s c >  
< D e s c r ip t io n > A d d s  u p  xP os  and  yP os i n t o  one o u t p u t . < /D e s c r ip t io n >  

< /0 P o r t>
C O Port id = " r B u t to n P r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > R ig h t b u t t o n  p re s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = "m B u tto n P re s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > M id d le  b u t t o n  p re s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = " lB u t t o n P r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > L e f t  b u t t o n  p re s s e d .< /S h o r tD e s c >

</0Port>
< 0 P o r t id = " r B u t to n R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > R ig h t b u t t o n  re le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t id = "m B u tto n R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > M id d le  b u t t o n  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " lB u t to n R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > L e f t  b u t t o n  re le a s e d .< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< D e v ic e C la s s  id = " G e n e r ic K e y b o a r d " >
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< S h o rtD e sc> A  g e n e r ic  k e y b o a rd  d e f in i t i o n . < / S h o r t D e s c >
< D e s c r ip t io n >

I t  d e f in e s  th e  a k e y b o a rd  as  a c o l l e c t i o n  o f  k e y s .  I t  c o n ta in s  o n ly  some 
im p o r ta n t  k e y s  r i g h t  n o w . . .  B ecause  t h i s  l i m i t e d  im p le m e n ta t io n  d o e s n ’ t  
u se  a r r a y s  o f  p o r t s ,  th e  d e s c r i p t i o n  i s  r a t h e r  lo n g .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t  id = " a "  ty p e = " b o o le a n " X S h o r tD e s c > K e y  ’ a ’
C O P ort id = " b "  ty p e = " b o o le a n " X S h o r tD e s c > K e y  ’ b ’
< 0 P o r t  id = " c "  t y p e = " b o o le a n " X S h o r tD e s c > K e y  ’ c ’
< 0 P o r t  id = " d "  ty p e = " b o o le a n " x S h o r tD e s c > K e y  ’ d ’
< 0 P o r t  id = " q "  ty p e = " b o o le a n " X S h o r tD e s c > K e y  ’ q ’
< 0 P o r t  id = " p "  ty p e = " b o o le a n " X S h o r tD e s c > K e y  ’ p ’
< Q P o rt id = " s "  t y p e = " b o o le a n " X S h o r tD e s c > K e y  ’ s ’
< D P o rt id = " x "  t y p e = " b o o le a n " X S h o r tD e s c > K e y  ’ x ’
< 0 P o r t  i d = " z "  t y p e = " b o o le a n " X S h o r tD e s c > K e y  ’ z ’

< /D e v ic e C la s s >

p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>

p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c X /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>
p re s s e d < /S h o r tD e s c > < /O P o r t>

< D e v ic e C la s s  id= "S M A R T B oa rd ">
< S h o rtD e sc> A  SMART B o a rd  b y  SMART T e c h n o lo g ie s C /S h o r tD e s O  
< D e s c r ip t io n >

I t  d e f in e s  th e  im p o r ta n t  e v e n ts  f ro m  an y  SMART B o a rd  ty p e  o f  i n t e r f a c e .  

c / D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I 0 " / >
< / In d e x e s >
< Im p le m e n ts  c la s s Id = " G e n e r ic S c r e e n " />
C O P ort id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  i n  X .< /S h o r tD e s c >

< /0 P o r t>
C O P ort id = " y P o s "  t y p e = " in t " >

C S h o r tD e s O P o s i t io n  i n  Y .c /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = " to u c h P o s "  ty p e = "P o s 2 D ">

c S h o r tD e s O A b s o lu te  p o s i t i o n  o f  a t o o l  i n  th e  s c re e n C /S h o r tD e s c >  
C D e s c r ip t io n > A d d s  u p  xP os and  yP os i n t o  one o u t p u t . c /D e s c r ip t io n >

C /0 P o r t>
C O P ort id = " s c r e e n S e le c te d "  ty p e = " b o o le a n " >

c S h o r tD e s O T h e  s c re e n  h a s  b e e n  to u c h e d  w i t h  n o  p e n  s e le c te d .C /S h o r tD e s c >  
C /0 P o r t>
C O P ort id = " s c r e e n R e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  s c re e n  ha s  b e e n  r e le a s e d  w i t h  n o  p e n  s e le c t e d .  c /S h o r tD e s c >  
C /0 P o r t>
C O P ort id = " p e n lS e le c te d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  1 h a s  b e e n  s e le c t e d .  c /S h o r tD e s O  
c /0 P o r t>
C O P ort id = " p e n 2 S e le c te d "  ty p e = " b o o le a n " >

cS h o rtD e s c > T h e  p e n  2 h a s  b e e n  s e le c te d .C /S h o r tD e s O  
c /0 P o r t>
C O P ort id = " p e n 3 S e le c te d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  3 h a s  b e e n  s e le c t e d .  c /S h o r tD e s c >
C /0 P o r t>
C O P ort id = " p e n 4 S e le c te d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  4 has b e e n  s e le c te d .C /S h o r tD e s O  
C /0 P o r t>
C O P ort id = " p e n lR e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  1 ha s  b e e n  r e le a s e d .  C /S h o r tD e s O
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< /O P o rt>
C O P ort id = "p e n 2 R e le a s e d "  ty p e = " b o o le a n " >

< S h o rtD e sc> T h e  p e n  2 has b e e n  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
C O P ort id = "p e n 3 R e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  3 has b e e n  r e le a s e d .  c /S h o r tD e s O  
c /O P o r t>
C O P ort id = "p e n 4 R e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s O T h e  p e n  4 has b e e n  r e le a s e d .  C /S h o r tD e s O  
C /0 P o r t>  

c /D e v ic e C la s s >

C D e v ic e C la s s  id = " T im e r " >
c S h o r tD e s c > T im e r  i n  th e  e x e c u t io n  e n v ir o n m e n tc /S h o r tD e s O  
C O P ort id = " s e c s "  t y p e = " in t " >

C S h o rtD e sc> S e co n d s  s in c e  th e  p ro g ra m  i n i t i a l i z a t i o n c / S h o r t D e s O  
c /0 P o r t>
C O P ort id = " c u r T im e "  ty p e = "T im e ">

cS h o rtD e s c > S e c o n d s  s in c e  th e  p ro g ra m  i n i t i a l i z a t i o n c / S h o r t D e s O  
C /0 P o r t>
C O P ort i d = " t i c k s "  t y p e = " in t " >

< S h o r tD e s c > S im u la t io n  s te p s C /S h o r tD e s O
C D e s c r ip t io n > N u m b e r  o f  s im u la t io n  s te p s ,  s in c e  th e  p ro g ra m  i n i t i a l i z a t i o n  

c /0 P o r t>  
c /D e v ic e C la s s >

C O b je c tC la s s  id = "V R O b je c t ">
C S h o r tD e s c > In te r fa c e  f o r  a VR o b je c t  i n  th e  d a ta f lo w C /S h o r tD e s O  
C D e s c r ip t io n >

V R O b je c tC la s s  d e f in e s  th e  in p u t  a n d  o u tp u t  p o r t s  o f  an y  V R O b je c t 
i n  th e  d a ta f lo w .

T r a n s fo r m a t io n s  a re  o r g a n iz e d  a s  f o l l o w s :
S c a le s ,  R o ta t io n s ,  T r a n s la t io n s  

C /D e s c r ip t io n >
< In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " O b je c ts .V R O b je c t ” />
C /In d e x e s >
C IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

c S h o rtD e sc> C h a n g e s  th e  w o r ld  p o s i t i o n  o f  a n  o b je c tc /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  p o s i t i o n  o f  a n  o b je c t .
I t  i s  c o n s id e r e d  a r e l a t i v e  p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  
a n o th e r  o b j e c t .

c / D e s c r ip t io n >  
c / I P o r t >
C O P ort id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">

< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s c /S h o r tD e s c >  
c /0 P o r t>
C IP o r t  id = " s e tQ "  t y p e = " Q u a te r n io n " >

C S h o rtD e s O C h a n g e s  th e  w o r ld  o r i e n t a t i o n  o f  an  o b je c tC /S h o r tD e s c >  
c D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  o r i e n t a t i o n  o f  an  o b je c t .
I t  i s  c o n s id e r e d  a r e l a t i v e  o r i e n t a t i o n  i f  i t  i s  c o n ta in e d  i n  
a n o th e r  o b je c t .

C /D e s c r ip t io n >
C / IP o r t >
C O P ort id = "q C h a n g e d "  ty p e = " Q u a te r n io n " >

C S h o r tD e s O ln fo r m s  when th e  o b je c t  r o ta te s c /S h o r tD e s c >  
c /0 P o r t>
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•C IP o rt id = " s e tS c a le "  t y p e = " V e c to r 3 " >
c S h o r tD e s O C h a n g e s  th e  s c a le  o f  an  o b je c tC /S h o r tD e s O  
< D e s c r ip t io n >

Changes th e  s iz e  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
s iz e  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
C O P ort id = "s c a le C h a n g e d "  ty p e = " V e c to r 3 " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  ch a n g e s  i t s  s iz e < /S h o r tD e s c >
< /0 P o r t>
C IP o r t  i d = " s e t M a t r i x "  t y p e = " M a t r ix 4 " >

C S h o rtD e s O C h a n g e s  th e  r i g i d  t r a n s f o r m a t io n s . c /S h o r tD e s c >
C D e s c r ip t io n >

C hanges th e  r i g i d  t r a n s f o r m a t io n s  t h a t  a p p ly  t o  th e  o b je c t .
I t  i s  u s e f u l  when i t  n e c e s s a ry  t o  a p p ly  r i g i d  t r a n s fo r m a t io n s  
a t  on ce  and a t  a s p e c i f i c  o r d e r .  

c /D e s c r ip t io n >
C / IP o r t >
C IP o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

c S h o r tD e s O A d d s  a new p a r t  t o  t h i s  o b je c tc /S h o r tD e s c >  
c / I P o r t >
C O P ort id = " o b je c tA d d e d "  ty p e = "V R O b je c t">

C S h o r tD e s O In fo rm s  when a p a r t  i s  a d d e d  t o  th e  o b je c tC /S h o r tD e s c >  
c /0 P o r t>
C IP o r t  id = " r e m o v e O b je c t"  ty p e = "V R O b je c t">

cS hortD esc> R em o ves  a p a r t  f ro m  t h i s  o b je c tc /S h o r tD e s c >
C / IP o r t >
C O P ort id = "o b je c tR e m o v e d "  ty p e = "V R O b je c t">

C S h o r tD e s O In f  orm s when a p a r t  i s  re m o ve d  fro m  th e  o b je c tc /S h o r tD e s c >  
c /0 P o r t>
C IP o r t  id = " s e tT r a n s p a r e n c y "  t y p e = " f l o a t " >

c S h o r tD e s c > D e f in e s  th e  c u r r e n t  t r a n s p a r e n c y  o f  an  o b je c t  ( 0 - l ) c /S h o r tD e s c >  

c / I P o r t >
C O P ort id = " t r a n s p a re n c y C h a n g e d "  t y p e = " f l o a t " >

C S h o r tD e s O In f  orm s ch a n g e s  i n  th e  t ra n s p a re n c y C /S h o r tD e s O  
c /0 P o r t>
C IP o r t  id = " h ig h l i g h t S t a t e "  t y p e = " b o o le a n " >

< S h o r tD e s c > tru e  i f  th e  o b je c t  h a s  t o  a p p e a r h ig l ig h te d C / S h o r tD e s O  
c / I P o r t >
C O P ort id = " h ig h l ig h tC h a n g e d "  ty p e = " b o o le a n " >

C S h o r tD e s O In f  orm s when th e  h i g h l i g h t  s t a t e  c h a n g e s C /S h o r tD e s O  
c /0 P o r t>
C IP o r t  i d = " s e t V i s i b l e "  ty p e = " b o o le a n " >

C S h o r tD e s O tru e  i f  th e  o b je c t  h a s  t o  be  v is ib le C /S h o r tD e s O  
C / IP o r t >
C O P ort id = " v i s i b i l i t y C h a n g e d "  ty p e = " b o o le a n " >

C S h o r tD e s O In f  orm s when th e  v i s i b i l i t y  s t a t e  c h a n g e s C /S h o r tD e s O  
C /0 P o r t>  

c /O b je c tC la s s >

c O b je c tC la s s  id = " V ie w p o in t " >
c S h o r tD e s O R e p r e s e n ta t io n  o f  a v ie w p o in t  i n  th e  a p p l ic a t io n C / S h o r tD e s O  
c D e s c r ip t io n >

V ie w p o in t  d e f in e s  a b a s ic  e le m e n t w i t h  j u s t  p o s i t i o n  and o r i e n t a t i o n .
I n  th e  f u t u t e ,  i t  m ig h t  in c lu d e  a d e s c r ip t i o n  f o r  th e  a v a ta r .

C /D e s c r ip t io n >
c ln d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " O b je c t s . V ie w p o in t " / >
C / I n d e x e s >
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< IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">
< S ho rtD e sc> C h a n g e s  th e  w o r ld  p o s i t i o n  o f  an  o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  p o s i t i o n  o f  an  o b je c t .
I t  i s  c o n s id e re d  a r e l a t i v e  p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  
a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t  id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">

< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s < /S h o rtD e s c >
< /0 P o r t>
< IP o r t  id = " s e tQ "  t y p e = " Q u a te r n io n " >

< S h o rtD e sc> C h a n g e s  th e  w o r ld  o r i e n t a t i o n  o f  an o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  o r i e n t a t i o n  o f  an  o b je c t .
I t  i s  c o n s id e re d  a r e l a t i v e  o r i e n t a t i o n  i f  i t  i s  c o n ta in e d  i n  

a n o th e r  o b je c t .
< /D e s c r ip t io n >

< / I P o r t >
< 0 P o r t  id = "q C h a n g e d "  t y p e = " Q u a te r n io n " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  r o ta te s < /S h o r tD e s c >
< /0 P o r t>
< IP o r t  i d = " s e t E u le r "  ty p e = " V e c to r 3 " >

< S h o rtD e sc> C h a n g e s  o r i e n t a t i o n  b y  new E u le r  a n g le s < /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  o r i e n t a t i o n  o f  th e  v ie w p o in t  t o  th e  new 
E u le r  a n g le s .

< /D e s c r ip t io n >
< / I P o r t >
< IP o r t  i d = " s e t V i s i b l e "  ty p e = " b o o le a n " >

< S h o r tD e s c > tru e  i f  t h e  o b je c t  h a s  t o  be  v is ib le < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  i d = " v i s ib i l i t y C h a n g e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > In fo rm s  when t h e  v i s i b i l i t y  s t a t e  c h a n g e s < /S h o rtD e s c >
< /0 P o r t>

< /O b je c tC la s s >

< O b je c tC la s s  id = "S c e n e ">
< S h o r tD e s c > In te r fa c e  f o r  a S cene i n  th e  d a ta f lo w < /S h o r tD e s c >
< D e s c r ip t io n >

A S cene i s  a s e t  o f  u n s t r u c t u r e d  g e o m e try  t h a t  c a n ’ t  be  s e le c t e d ,  and  a 
s e t  o f  V R o b je c ts ,  w h ic h  ca n  be s e le c t e d .  I t s  im p le m e n ta t io n  d e f in e s  th e  
g e n e r a l  s t r u c t u r e s  r e q u i r e d  f o r  s e le c t io n  c o m p u ta t io n .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " O b je c t s . S c e n e " />
< / In d e x e s >
< ! —  Im p le m e n ts  V R O b je c t — >
< IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> C h a n g e s  th e  w o r ld  p o s i t i o n  o f  an  o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  p o s i t i o n  o f  am o b je c t .
I t  i s  c o n s id e re d  a r e l a t i v e  p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  
a m o th e r o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t  id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">

< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s < /S h o rtD e s c >
< /0 P o r t>
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C IP o r t  id = " s e tQ "  ty p e = " Q u a te r n io n " >
< S h o rtD e sc> C h a n g e s  th e  w o r ld  o r ie n t a t io n  o f  an o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

Changes th e  w o r ld - r e la t e d  o r i e n t a t i o n  o f  an o b je c t .
I t  i s  c o n s id e re d  a  r e l a t i v e  o r ie n t a t io n  i f  i t  i s  c o n ta in e d  i n  

a n o th e r  o b je c t .
< /D e s c r ip t io n >

< / I P o r t >
C O Port id = "q C h a n g e d "  ty p e = " Q u a te rn io n " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  r o ta te s < /S h o r tD e s c >

< /0 P o r t>
C IP o r t  id = " s e tS c a le "  t y p e = " V e c to r 3 " >

c S h o r tD e s O C h a n g e s  th e  s c a le  o f  an o b je c tc /S h o r tD e s c >
C D e s c r ip t io n >

C hanges th e  s iz e  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
s iz e  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

C /D e s c r ip t io n >
c / I P o r t >
C O Port id = "s c a le C h a n g e d "  ty p e = " V e c to r 3 " >

C S h o r tD e s O In f  orm s when th e  o b je c t  cha nges  i t s  s iz e c /S h o r tD e s c >
C /0 P o r t>
C IP o r t  i d = " s e t M a t r i x "  t y p e = " M a t r ix 4 " >

C S h o rtD e s O C h a n g e s  th e  r i g i d  t r a n s fo r m a t io n s .C /S h o r tD e s O  
C D e s c r ip t io n >

C hanges th e  r i g i d  t r a n s fo r m a t io n s  t h a t  a p p ly  t o  th e  o b je c t .
I t  i s  u s e f u l  when i t  n e c e s s a ry  t o  a p p ly  r i g i d  t r a n s fo r m a t io n s  
a t  once  and  a t  a  s p e c i f i c  o r d e r .

C /D e s c r ip t io n >
C/IPort>
C IP o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

C S h o rtD e s O A d d s  a new p a r t  t o  t h i s  o b je c tc /S h o r tD e s O  
C / IP o r t>
C O P ort id = " o b je c tA d d e d "  ty p e = "V R O b je c t">

C S h o r tD e s O In f  o rm s w hen a  p a r t  i s  added  t o  th e  o b je c t< /S h o r tD e s c >  
c /0 P o r t>
C IP o r t  id = " r e m o v e O b je c t "  ty p e = "V R O b je c t">

c S h o rtD e s O R e m o v e s  a  p a r t  f ro m  t h i s  o b je c tc /S h o r tD e s O  
C / IP o r t>
C O Port id = "o b je c tR e m o v e d "  ty p e = "V R O b je c t">

C S h o r tD e s O In f  orm s w hen a p a r t  i s  re m oved  fro m  th e  o b je c t c /S h o r tD e s O  
C /0 P o r t>
C IP o r t  id = " s e tT r a n s p a r e n c y "  t y p e = " f l o a t " >

C S h o r tD e s O D e f in e s  t h e  c u r r e n t  t r a n s p a r e n c y  o f  an  o b je c t  ( 0 - l ) c /S h o r tD e s c >  
c/IPort>
C O Port id = " t r a n s p a re n c y C h a n g e d "  t y p e = " f l o a t " >

C S h o r tD e s O In f  o rm s ch a n g e s  i n  th e  t ra n s p a re n c y C /S h o r tD e s O  
c /0 P o r t>
C IP o r t  i d = " h ig h l i g h t S t a t e "  ty p e = " b o o le a n " >

c S h o r tD e s O t r u e  i f  t h e  o b je c t  h a s  t o  a p p e a r h ig l ig h t e d c / S h o r t D e s O  
C / IP o r t>
C O Port id = " h ig h l ig h t C h a n g e d "  ty p e = " b o o le a n " >

C S h o r tD e s c > In fo rm s  when th e  h i g h l i g h t  s t a t e  c h a n g e s C /S h o rtD e s c >  
c /0 P o r t>  

c /O b je c tC la s s >

c F i l t e r C la s s  i d = " C o n t r o l a b l e F i l t e r " >
C S h o rtD e s c > G e n e r ic  b e h a v io r  o f  a f i l t e r C / S h o r t D e s c >  
c D e s c r ip t io n >

D e f in e s  th e  p o r t s  t h a t  a c o n t r o la b le  f i l t e r  s h o u ld  u n d e rs ta n d .
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I t  i s  b a s i c a l l y  a  way t o  d is a b le  a f i l t e r .
< /D e s c r ip t io n >
< In d e x e s >

C In d e x  id = ' 'b a s ic "  v a lu e = " In T s  . C o n t r o l " / >
< / In d e x e s >
C IP o r t  id = " o n "  ty p e = " b o o le a n " >

< S h o r tD e s c > D e f in e s  i f  th e  f i l t e r  i s  w o rk in g  o r  n o t< /S h o r tD e s c >  
< D e s c r ip t io n >

A t s t a r t u p ,  e v e ry  f i l t e r  i s  o f f .  I f  an e v e n t w i t h  ’ t r u e ’ i s  
r e c e iv e d ,  th e  f i l t e r  i s  a c t i v a t e d ,  and  i s  th e  e v e n t ’ s v a lu e  i s  ’ f a l s e ’ 
th e  f i l t e r  i s  d e a c t iv a t e d ,  so  no  o th e r  in p u t  i s  c o n s id e re d .
I f  ’ f a l s e ’ i s  r e c e iv e d  b y  t h i s  p o r t ,
th e  f i l t e r ’ s s t a t e  s h o u ld  b e  k e p t ,  so th e  n e x t  t im e  i t  i s  t u r n e d  on 
i t  w i l l  c o n t in u e  i t s  e x e c u t io n .

< / D e s c r ip t io n >
< / I P o r t >
C IP o r t  i d = " f l u s h S t a t e "  ty p e = "A n y T y p e ">

c S h o r tD e s c > C le a rs  th e  c u r r e n t  i n t e r n a l  s ta te c /S h o r tD e s c >  
c D e s c r ip t io n >

I f  a n y th in g  i s  r e c e iv e d  i n  t h i s  p o r t , th e  i n t e r n a l  s t a t e  o f  th e  
f i l t e r  i s  s e t  as  i f  i t  w e re  ru n n in g  f o r  th e  f i r s t  t im e .  

c / D e s c r ip t io n >
C / IP o r t>
CO Port id = " in M o d e "  ty p e = "A n y T y p e ">

C S h o r tD e s O E v e n t s e n t  when th e  f i l t e r  i s  e x e c u t in g C /S h o r tD e s O  
C D e s c r ip t io n >

T h is  p o r t  se n d s  e v e n ts  e v e r y t im e  th e  f i l t e r  i s  p e r fo r m in g  an 
o p e r a t io n .  I t  ca n  be  u s e d  f o r  m o d a l o p e r a t io n s ,  when o n ly  one 
h a s  t o  b e  a c t i v e  a t  a p a r t i c u l a r  t im e  o f  t h e  e x e c u t io n .

C /D e s c r ip t io n >
C /0 P o r t>
C O Port i d = " f i n i s h i n g "  ty p e = "A n y T y p e ">

C S h o r tD e s O E v e n t s e n t  when th e  f i l t e r  i s  a b o u t t o  f in is h C /S h o r tD e s c >  
C D e s c r ip t io n >

T h is  e v e n t i s  s e n t  a f t e r  th e  e x e c u t io n  o f  t h e  f i l t e r  h a s  e n d e d , 
and we w a n t t o  t e l l  o t h e r  f i l t e r s  t o  r e a c t  t o  t h i s .  

c /D e s c r ip t io n >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " S w i t c h " >
C S h o r tD e s O T u rn s  on  and  o f f ,  f ro m  tw o  s ig n a ls C /S h o r tD e s c >
C D e s c r ip t io n >

I t  d o e s n ’ t  g e n e ra te  r e p e t i t i o n s  due r e c e i v in g  th e  same s ig n a l  
s e v e r a l  t im e s .  

c / D e s c r ip t io n >
C In d e xe s>

C In d e x  i d = " b a s ic "  v a lu e = " I n T s . C o n t r o l " / >  
c / In d e x e s >
C IP o r t  id = " s ig n a lO n "  ty p e = "A n y T y p e ">

C S hortD esc>O n s ig n a lc /S h o r tD e s c >  
c / I P o r t >
C IP o r t  i d = " s i g n a lO f f " ty p e = "A n y T y p e ">  

c S h o r tD e s O O ff  s ig n a lc /S h o r tD e s c >  
c / I P o r t >
C O Port id = " o n O f f "  ty p e = " b o o le a n " >

C S h o rtD e s c > B o o le a n  f r o m  th e  tw o  in p u ts C /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >
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< F i l t e r C la s s  id = "S e le c tB y R a y " >
< S h o r tD e s c > S e le c t io n  b y  i n t e r s e c t i o n  w i t h  a r a y  fro m  th e  im age p la n e < /S h o r tD e s c >  

< D e s c r ip t io n >
Im p le m e n ts  d e t a i l s  o f  s e le c t io n  b y  i n t e r s e c t i o n  w i t h  a r a y .
I t  r e c e iv e s  p o s i t i o n  u p d a te s  o f  a r a y  i n  th e  scen e
and i t  co m p u te s  w h ic h  o b je c t  f ro m  th e  sce n e  i s  in t e r s e c t e d  f i r s t .
I n t e r n a l l y ,  i t  ta k e s  i n t o  a c c o u n t a d d i t io n s  and  re m o v a ls  o f  o b je c t s ,  t o  
and fro m  th e  s c e n e .

< /D e s c r ip t io n >
< In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " I n T s . S e le c t io n ” /?
< / In d e x e s >
clmplements classId="ControlableFilter"/>
C IP o r t  id = " p o s "  ty p e = "P o s 2 D ">  

c S h o r tD e s c > P o s it io n  i n  th e  im age p la n e  f o r  th e  s e le c t io n c /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = " s c e n e "  ty p e = "S c e n e ">

C S h o r tD e s O S e le c ta b le  o b j e c ts c /S h o r tD e s c >  
c / I P o r t >
C O P ort i d = " o b je c t "  ty p e = "V R O b je c t">  

c S h o r tD e s c > S e le c te d  o b je c tC /S h o r tD e s c >

C /0 P o r t>
C O P ort id = " d e s e le c te d "  ty p e = " b o o le a n " >  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d c /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

c F i l t e r C la s s  id = "S e le c tB y 3 D R a y ">
C S h o r tD e s c > S e le c t io n  b y  i n t e r s e c t i o n  w i t h  a r a y  i n  3 D C /S h o rtD e sc>  
c D e s c r ip t io n >

Im p le m e n ts  d e t a i l s  o f  s e le c t io n  b y  i n t e r s e c t i o n  w i t h  a r a y ,  g iv e n  a 
r a y  s p e c i f i c a t i o n  as  3D p o s i t i o n  p lu s  o r i e n t a t i o n .
I t  r e c e iv e s  p o s i t i o n  and o r i e n t a t i o n  u p d a te s  o f  a r a y  i n  th e  sce n e  
and i t  co m p u te s  w h ic h  o b je c t  f ro m  th e  scen e  i s  i n t e r s e c t e d  f i r s t .
I n t e r n a l l y ,  i t  ta k e s  i n t o  a c c o u n t a d d i t i o n s  and  re m o v a ls  o f  o b je c t s ,  t o  
and  f r o m  th e  s c e n e . 

c /D e s c r ip t io n >
C ln d e x e s >

C In d e x  i d = " b a s ic "  v a lu e = " In T s . S e le c t io n " / >
C /In d e x e s >
C lm p le m e n ts  c la s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " p o s "  ty p e = "P o s 3 D ">

C S h o r tD e s O P o s i t io n  i n  th e  im age  p la n e  f o r  th e  s e le c t io n C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " q "  ty p e = " Q u a te r n io n " >  

c S h o r tD e s c > P o s it io n  i n  th e  im age  p la n e  f o r  th e  s e le c t io n c /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " s c e n e "  ty p e = "S c e n e ">

C S h o r tD e s O S e le c ta b le  o b je c ts C /S h o r tD e s c >
C / IP o r t >
C O P ort i d = " o b je c t "  ty p e = "V R O b je c t">  

c S h o r tD e s c > S e le c te d  o b je c tC /S h o r tD e s c >
C /0 P o r t>
C O P ort id = " d e s e le c te d "  ty p e = " b o o le a n " >

C S h o rtD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d c /S h o r tD e s c >  
c /0 P o r t>

C / F i l t e r C la s s >
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< F i l t e r C la s s  id = " S e le c tB y T o u c h in g " >
c S h o r tD e s c > S e le c t io n  b y  c o l l i s i o n  w i t h  a v i r t u a l  p o in t e r . < /S h o r tD e s c >  
< D e s c r ip t io n >

I t  s e le c t s  an o b je c t  t h a t  i s  c o l l i d i n g  w i t h  th e  v i r t u a l  p o in t e r .
I t  e x e c u te s  i t s  o p e r a t io n  e v e r y t im e  a s ig n a l  i s  r e c e iv e d  b y  th e  
’ c o m p u te ’ i n p u t  p o r t .  T h is  v a r ie s  f ro m  p r e v io u s  S e le c t io n  T e c h n iq u e s , 
and  makes m ore  c le a r  t h a t  th e  p o s i t i o n  and  o r ie n t a t io n  can  be 
o b ta in e d  fro m  th e  ’ h a n d R e p r’ . S e m a n t ic a l ly  i s  m ore  c o r r e c t ,  b u t  
i t  f o r c e s  th e  s y s te m  t o  w a i t  tw o  fra m e s  i n  o r d e r  t o  make a s e le c t io n  
s in c e ,  as i t  was i n  p r e v io u s  s e le c t io n  te c h n iq u e s ,  s e le c t io n  u s e d  t o  
r e c e iv e  th e  p ro p o s e d  ch a n g e s  i n  p o s i t i o n  and o r i e n t a t i o n ,  ch a n g e s  t h a t  
w e re n ’ t  c o m m ite d  a t  th e  t im e  o f  e x e c u t io n  o f  su ch  f i l t e r .  

< /D e s c r ip t io n >
< In d e x e s >

C In d e x  id="basic" value="InTs. Selection"/>
< /In d e x e s >
c lm p le m e n ts  c l a s s I d = " C o n t r o la b le F i l t e r " / >

C IP o r t  id = "c o m p u te "  ty p e = "A n y T y p e "  p o lic y = " A N Y " > C / IP o r t>
C IP o r t  id = "h a n d R e p r"  ty p e = " V R O b je c t " > C / IP o r t>
C IP o r t  id = " s c e n e "  ty p e = " S c e n e " > c / IP o r t>
C O P ort i d = " o b je c t "  ty p e = "V R O b je c t"> c /O P o r t>
C O P ort i d = ” d e s e le c te d "  ty p e = "A n y T y p e ">  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d C /S h o r tD e s c >
C /0 P o r t>

C / F i l t e r C la s s >

C F i l t e r C la s s  id = "G o G o S e le c t io n ">
C S hortD e sc>G o-G o I n t e r a c t io n  T e c h n iq u e ,  b y  P o u p y re v .c /S h o r tD e s c >  

C D e s c r ip t io n >
GoGo co m p u te s  a  new h a n d  p o s i t i o n  as  a f u n c t i o n  o f  th e  d is ta n c e  
o f  th e  r e a l  h a n d  fro m  th e  c h e s t ,  K , a n d  D . I t  a ls o  co m pu te s  a 
v i r t u a l  p o s i t i o n  f o r  th e  h a n d  r e p r e s e n t a t io n ,  as  i t  i s  d e s c r ib e d  
i n  th e  P o u p y re v ’ s p a p e r .  

c / D e s c r ip t  io n >
C In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " I n T s . S e le c t io n " / >  
c / In d e x e s >
c lm p le m e n ts  c l a s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " K "  t y p e = " f l o a t "  d e fV a lu e = " 0 .1 6 7 " > C / IP o r t>
C IP o r t  id = " D "  t y p e = " f l o a t "  d e fV a lu e = " 0 .6 " > c / IP o r t>
C IP o r t  id = "p o s H e a d "  ty p e = " P o s 3 D " > c / IP o r t>
C IP o r t  id = "q H e a d "  t y p e = " Q u a te r n io n " > C / IP o r t>
C IP o r t  id = "p o s H a n d "  ty p e = " P o s 3 D " > c / IP o r t>
C IP o r t  id = "q H a n d "  t y p e = " Q u a te m io n " > C / IP o r t>
C IP o r t  id = "h a n d R e p r"  t y p e = " V R O b je c t " > c / IP o r t>
C IP o r t  id = " s c e n e "  ty p e = " S c e n e " > C / IP o r t>
C O P ort i d = " o b je c t "  ty p e = "V R O b je c t"> c /O P o r t>
C O P ort id = "g o g o P o s "  ty p e = "P o s 3 D "> C /0 P o r t>
C O P ort id = "g o g o Q "  ty p e = " Q u a te rn io n " > C /O P o r t>
C O P ort id = " d e s e le c te d "  ty p e = "A n y T y p e ">  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d c /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " J o y s t ic k 2 R a y " >
c S h o r tD e s c > G e ts  a r a y  fro m  th e  j o y s t i c k  p o s it io n C /S h o r tD e s c >  
c D e s c r ip t io n >

I t  co m p u te s  a  r a y  fro m  th e  j o y s t i c k  p o s i t i o n .  I t  i s  u s e f u l  f o r  s e le c t io n
b y  a  r a y  i n  a jo y s t i c k - b a s e d  e n v ir o n m e n t .  I t  u s e s  re fP o s
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as th e  c e n te r  o f  th e  p la n e  t h a t  w i l l  c o n ta in  p o sR a y , and  re fQ  as th e  
n o rm a l o f  s u c h  p la n e .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " I n T s . S e le c t io n " / ?
< / In d e x e s >
< IP o r t  id = " p o s "  ty p e = "P o s 2 D ">  

c S h o r tD e s O J o y s t ic k ’ s p o s it io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " r e fP o s "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 , 0 ">

< S h o r tD e s c > R e fe re n c e  p o s it io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " r e fQ "  ty p e = " Q u a te r n io n "  d e fV a lu e = " 0 ,  0 , 0 , 1 ">

< S h o r tD e s c > R e fe re n c e  o r ie n ta t io n C /S h o r tD e s c >

< / I P o r t >
< 0 P o r t  id = "p o s R a y "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  th e  ra y < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = "q R a y "  t y p e = " Q u a te r n io n " >

< S h o r tD e s c > R o ta t io n  o f  th e  ra y < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id= "H M D J2R ay">
< S h o rtD e s c > G e ts  a r a y  fro m  th e  HMD and  j o y s t i c k  p o s it io n < /S h o r tD e s c >  
< D e s c r ip t io n >

I t  co m p u te s  a  r a y  f ro m  th e  HMD a n d  j o y s t i c k  p o s i t io n s ,  t h a t  ca n  be u se d  
b y  a  S e le c tB y R a y  f i l t e r .  The c u r s o r ’ s i s  a lw a y s  c e n te re d  i n  th e  f i e l d  
o f  v ie w ,  w i t h  an  o f f s e t  g iv e n  b y  th e  c u r r e n t  j o y s t i c k  p o s i t i o n .  The 
r a y  i s  d e f in e d  as  c e n te re d  b e tw e e n  th e  u s e r ’ s eye s  and  p a s s in g  th r o u g h  
th e  j o y s t i c k  c u r s o r  (p o s R a y ) .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " In T s . S e le c t io n " / >
< / In d e x e s >
C IP o r t  id = "h e a d Q "  t y p e = " Q u a te r n io n " >

< S h o rtD e sc> H e a d  o r ie n ta t io n < /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = "h e a d P o s "  ty p e = "P o s 3 D ">  

c S h o r tD e s O H e a d  p o s it io n C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " jP o s "  ty p e = "P o s 2 D ">

C S h o r tD e s c > J o y s t ic k  p o s it io n C /S h o r tD e s c >
C / IP o r t >
C O P ort id = "p o s R a y "  ty p e = "P o s 3 D ">  

c S h o r tD e s c > P o s it io n  o f  th e  ra y c /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = "q R a y "  t y p e = " Q u a te r n io n " >  

c S h o r tD e s c > R o ta t io n  o f  th e  ra y C /S h o r tD e s c >
C /0 P o r t>

c / F i l t e r C la s s >

C /P ackag e>

A pplication  Specific C lasses
< ? xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
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<!DOCTYPE P ackage  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "
" h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d t d ">

< ! —  C o p y r ig h t  i n f o
n e w C la s s e s : C la s s e s  d e f in e d  b y  th e  d e s ig n e r ,  u se d  i n  th e  M a tc h in g  t e s t

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope  t h a t  i t  w i l l  be  u s e f u l ,
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  C hanges:
May 8 ,  2 0 0 2 : F i r s t  v e r s io n  

— >

< ! —  D e v ic e s  i n  th e  M a tc h in g  T e s t  a p p l i c a t i o n  — >
<P ackage  id = " m a tc h in g T e s t " >

< F i l t e r C la s s  id= "R andom P Q ">
< S h o r tD e s c > A s s ig n  a ra ndom  p o s i t i o n  and  o r i e n t a t i o n  t o  a n  o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

I t  a s s ig n s  a random  new p o s i t i o n  t o  an  o b je c t  t h a t  i s  r e c e iv e d  i n  o b js .
I f  t h e r e  a re  s e v e r a l  o b je c t s  i n  o b js ,  i t  o r d e r s  th e m  b y  name and  th e n  
a s s ig n s  the m  a new p o s i t i o n  and  o r ie n t a t io n .

< /D e s c r ip t  io n >
< In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " In T s . I n i t " / >
< / In d e x e s >
< IP o r t  i d = " o b js "  ty p e = " V R 0 b je c t " >

< S h o r tD e s c > 0 b je c t  t o  be c h a n g e d < /S h o rtD e s c >
< / I P o r t >
C IP o r t  id = " g r id D im e n s io n "  t y p e = " in t " >

< S h o r tD e s c > 0 b je c t  t o  be  c h a n g e d < /S h o rtD e s c >
< / I P o r t >
C IP o r t  i d = " v ie w p o in t "  t y p e = " V ie w p o in t " >

C S h o r tD e s O C u rre n t  v ie w p o in tc /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = " o u tp u tD e v ic e "  ty p e = "G e n e r ic S c re e n ">

c S h o r tD e s O l t  i s  u s e d  t o  know  a v a l i d  new p o s it io n C /S h o r tD e s c >  
c / I P o r t >

C / F i l t e r C la s s >

C F i l t e r C la s s  id = "R a n d o m R e la tiv e P Q ">
c S h o r tD e s c > A s s ig n  a  ra ndom  p o s i t i o n  and  o r i e n t a t i o n  t o  p a i r s  o f  o b je c ts C /S h o r tD e s c >  
C D e s c r ip t io n >

A s s ig n  a  random  p o s i t i o n  and  o r i e n t a t i o n  t o  an o b je c t  w i t h i n  s e v e r a l  
c o n s t r a in t s .  F i r s t l y ,  t h e  x y  o f  th e  p o s i t i o n  i s  f i x e d  b a s e d  o n  a g r i d  
w h ic h  d iv id e s  th e  s c re e n  i n t o  s i x  s e c t io n s  so  as  t o  m a x im iz e  s c re e n  
u sa g e  and  m in im iz e  o c c lu s io n .  S e c o n d ly ,  th e  d is ta n c e  b e tw e e n  ea ch  
o b je c t  and  i t s  co p y  m u s t be e q u a l f o r  ea ch  p a i r  o f  o b je c t s .
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< /D e s c r ip t io n >
c ln d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " In T s . I n i t " / >
< /In d e x e s >
< IP o r t  i d = " o b j l "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be c h a n g e d < /S h o rtD e s c >
< / IP o r t >
< IP o r t  id = " c o p y l "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be ch a n g e d  r e l a t i v e  t o  th e  f i r s t  o b je c t< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " o b j2 "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be c h a n g e d < /S h o rtD e s c >
< / I P o r t >
C IP o r t  id = " c o p y 2 "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be ch a nged  r e l a t i v e  t o  th e  f i r s t  o b je c tc /S h o r tD e s O  
< / I P o r t >
C IP o r t  id = " o b j3 "  ty p e = "V R O b je c t">

C S h o rtD e s c > O b je c t t o  be  c h a n g e d C /S h o rtD e s c >  
c / I P o r t >
C IP o r t  id = " c o p y 3 "  ty p e = "V R O b je c t">

C S h o rtD e s c > O b je c t t o  be ch a n g e d  r e l a t i v e  t o  th e  f i r s t  o b je c tc /S h o r tD e s O  
C / IP o r t>
C IP o r t  id = " o u tp u tD e v ic e "  ty p e = "G e n e r ic S c re e n ">

C S h o r tD e s c > It  i s  u s e d  t o  know  a v a l i d  new p o s it io n C /S h o r tD e s c >
C / IP o r t>
C IP o r t  id = " v ie w P o in t "  t y p e = " V ie w p o in t " >

C S h o rtD e sc> U se d  t o  know  th e  p o s i t i o n  and  o r i e n t a t i o n  o f  v ie w p o in tc /S h o r tD e s c >  
c / I P o r t >  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " T ra n s p a re n tC o p y " >
C S h o rtD e sO M a ke s  a t r a n s p a r e n t  co p y  o f  an  o b je c tc /S h o r tD e s O  
c D e s c r ip t io n >

I t  c r e a te s  a new o b je c t  w i t h  h a l f  t h e  t r a n s p a r e n c y  o f  t h e  p r e v io u s  o n e , 
and se n d  i t  t h r o u g h  o b jC o p ie d .  I t  d o e s n ’ t  change  p o s i t i o n  n o r  o r i e n t a t i o n ,  
so th e  co p y  h a s  t o  b e  m oved l a t e r  on  t o  be d i s t i n g u i s a b le .  I f  s e v e r a l  o b je c t s  a re  
r e c e iv e d ,  a l l  a re  c o p ie d .  The co p y  o f  an  o b je c t  w i t h  i d e n t i f i e r  " i d "  i s  
c a l l e d  " C o p y O f id " .  

c /D e s c r ip t io n >  
c ln d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " In T s . I n i t " / >  
c / In d e x e s >
C IP o r t  i d = " o b j "  ty p e = "V R O b je c t"  p o l ic y = " A L L " >

C S h o rtD e s c > O b je c t t o  be  c o p ie d c /S h o r tD e s c >  
c / I P o r t >
C O P ort id = " o b jC o p ie d "  ty p e = "V R O b je c t">

C S h o r tD e s c > T ra n s p a re n t c o p y  o f  th e  in p u tC /S h o r tD e s c >

C /0 P o r t>
c / F i l t e r C la s s >

C F i l t e r C la s s  id = " H ig h lig h te d F e e d b a c k " >
C S h o r tD e s c > It  ch a n g e s  a n  o b je c t ’ s a p p e a ra n c e  t o  h ig h l ig h te d C /S h o r tD e s c >  
C D e s c r ip t io n >

I t  cha nges  th e  c o lo r  o f  an  o b je c t  t o  a t r a n s lu c e n t  g re e n  a p p e a ra n c e .
Used f o r  s e le c t io n  fe e d b a c k .  

c / D e s c r ip t io n >  
c ln d e x e s >

C In d e x  i d = " b a s ic "  v a lu e = " In T s .M a n ip u la t io n " />
C /In d e x e s >
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C IP o r t  i d = " o b j "  ty p e = " V R O b je c t">
< S h o r tD e s c > O b je c t t o  be c h a n g e d < /S h o rtD e s c >

< / IP o r t >
C IP o r t  id = " d e s e le c te d "  ty p e = " b o o le a n " >  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d C /S h o r tD e s c >  
c / I P o r t >
C O Port i d = " c u r r e n t O b je c t "  ty p e = "V R O b je c t">

C S h o r tD e s O C u rre n t  h ig h l i g h t e d  o b je c ts C /S h o r tD e s c >
C /0 P o r t>

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " R o t  a t  io n B e h a v io r ">
c S h o r tD e s c > I t  r o t a t e s  an o b je c t  when a b u t t o n  i s  d ra g g e d c /S h o r tD e s c >  
c D e s c r ip t io n >

I t  r o t a t e s  an  o b je c t  r e c e iv e d  i n  th e  " o b j "  p o r t ,  b e tw e e n  th e  e v e n ts  
b u t to n P re s s e d  and  b u t to n R e le a s e d  

c / D e s c r ip t io n >
C In d e xe s>

C In d e x  id = " b a s ic "  v a lu e = " I n T s .M a n ip u la t io n " />  
c / In d e x e s >
c lm p le m e n ts  c la s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " s c a le M o v "  t y p e = " f l o a t " >

c S h o r tD e s O S c a l in g  f o r  th e  in p u t  m o ve m e n tC /S h o rtD e sc>  
c / I P o r t >
C IP o r t  id = " b u t to n P r e s s e d "  ty p e = " b o o le a n " >

c S h o r tD e s c > S ta r t  th e  r o t a t i o n  o f  th e  o b je c tc /S h o r tD e s O  

C / IP o r t>
C IP o r t  id = " b u t to n R e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s c > S to p  th e  r o t a t i o n  o f  th e  o b je c t< /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " p o in te r P o s "  ty p e = "P o s 2 D ">

c S h o r tD e s c > C u r re n t  p o in t e r  p o s it io n C /S h o r tD e s O  
C / IP o r t>
C IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

C S h o r tD e s O O b je c t t o  be ro ta te d c /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " d e s e le c te d "  ty p e = " b o o le a n " >  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d C /S h o r tD e s c >  
c / I P o r t >

C / F i l t e r C la s s >

C F i l t e r C la s s  id = " T r a n s la t io n B e h a v io r ">
c S h o r tD e s O I t  t r a n s l a t e s  an  o b je c t  when a b u t t o n  i s  d ra g g e d c /S h o r tD e s c >  
C D e s c r ip t io n >

I t  t r a n s la t e s  an  o b je c t  r e c e iv e d  i n  th e  " o b j "  p o r t ,  b e tw e e n  th e  e v e n ts  
b u t to n P re s s e d  and  b u t to n R e le a s e d .  The e v e n ts  movXZ, movXY, movYZ 
change  th e  p la n e  o f  m ovem en t. By d e f a u l t ,  th e  m ovem ent i s  i n  p la n e  XY 

C /D e s c r ip t io n >  
c ln d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " In T s .M a n ip u la t io n " />  
c / In d e x e s >
C lm p le m e n ts  c l a s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " s c a le M o v "  t y p e = " f l o a t " >

C S h o r tD e s O S c a l in g  f o r  th e  in p u t  m o v e m e n tC /S h o rtD e s O  
c / I P o r t >
C IP o r t  id = " b u t to n P r e s s e d "  ty p e = " b o o le a n " >

C S h o r tD e s O S ta r t  th e  r o t a t i o n  o f  th e  o b je c t c /S h o r tD e s O  
C / IP o r t>
C IP o r t  id = " b u t to n R e le a s e d "  ty p e = " b o o le a n " >
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< S h o r tD e s c > S to p  th e  r o t a t i o n  o f  th e  o b je c t< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " p o in te r P o s "  ty p e = "P o s 2 D ">

c S h o r tD e s c > C u r re n t p o in t e r  p o s it io n < /S h o r tD e s c >

< / I P o r t >
< IP o r t  id = "m o v X Y " ty p e = " b o o le a n " >

< S h o rtD e sc> C h a n g e s  th e  m ovem ent t o  th e  p la n e  X Y c /S h o rtD e s c >

< / I P o r t >
C IP o r t  id = "m o v X Z " ty p e = " b o o le a n " >

C S h o rtD e s O C h a n g e s  th e  m ovem ent t o  th e  p la n e  X Z c /S h o rtD e s c >  
c / I P o r t >
C IP o r t  id = "m o v Y Z " ty p e = " b o o le a n " >

C S hortD e sc> C hang es  th e  m ovem ent t o  th e  p la n e  Y Z c /S h o rtD e s c >  
c / I P o r t >
C IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

c S h o r tD e s O O b je c t  t o  be ro ta te d C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " d e s e le c te d "  ty p e = " b o o le a n " >  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d c /S h o r tD e s c >  
c / I P o r t >  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = "E c h o P Q ">
C S h o rtD e sc> E ch o e s  p o s i t io n  and  o r i e n t a t i o n  fro m  in p u t  t o  o u tp u tC /S h o r tD e s c >  
C D e s c r ip t io n >

I t  e ch o e s  th e  p o s i t i o n  and o r i e n t a t i o n  in p u t  e v e n ts  t o  th e  o u t p u t . I t s  
p u rp o s e  i s  t o  move o b je c t s  i n  3D j u s t  when t h i s  f u n c t i o n  i s  a c t i v a t e d .  

c / D e s c r ip t io n >  
c ln d e x e s >

C In d e x  i d = " b a s ic "  v a lu e = " In T s . I n i t " / >  
c / In d e x e s >

C lm p le m e n ts  c l a s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

C S h o rtD e sO N e w  p o s i t i o n  e v e n ts c /S h o r tD e s c >
C D e s c r ip t io n >

P o s i t i o n  e v e n ts  t o  be q u eued  t o  th e  o u tp u t  
c / D e s c r ip t io n >

C / IP o r t >
C O P ort id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">

c S h o r tD e s c > P o s it io n  e v e n ts  t h a t  h a ve  b e e n  re c e iv e d c /S h o r tD e s c >  
c /0 P o r t>
C IP o r t  id = " s e tQ "  ty p e = " Q u a te r n io n " >

C S h o rtD e sO N e w  o r i e n t a t i o n  e v e n ts C /S h o r tD e s c >
C / IP o r t >
C O P ort id = "q C h a n g e d "  t y p e = " Q u a te r n io n " >

c S h o r tD e s c > O r ie n ta t io n  e v e n ts  t h a t  h a ve  b e e n  r e c e iv e d c /S h o r tD e s O  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " R o tT ra n s " >
C S h o r tD e s O E x e c u te s  t r a n s l a t i o n  and  r o t a t i o n  o f  an  o b je c tc /S h o r tD e s O  
c D e s c r ip t io n >

I t  m anages b o th  t r a n s l a t i o n  and  r o t a t i o n ,  f ro m  a pos3D  and a q u a te r n io n  
as in p u t ,  t h e  o b je c t  r e c e iv e d  a t  o b j i s  m oved when th e  b u t to n P re s s e d  
s ig n a l  i s  r e c e iv e d .  I f  an y  o f  t h e  t o g g le  s ig n a ls  i s  r e c e iv e d ,  th e  
o b je c t  w i l l  be  e i t h e r  j u s t  m oved o r  j u s t  r o t a t e d .  M ovem ents a re  r e l a t i v e  
t o  th e  p o s i t i o n  and  o r i e n t a t i o n  o f  th e  p o in t e r  when th e  g ra b  s ig n a l  i s  
r e c e iv e d .  

c / D e s c r ip t io n >
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< In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " In T s .M a n ip u la t io n " />
< / In d e x e s >
c lm p le m e n ts  c la s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  id = " b u t to n P r e s s e d "  ty p e = " b o o le a n " >  

c S h o rtD e s c > G ra b  th e  o b je c tC /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " b u t to n R e le a s e d "  ty p e = " b o o le a n " >

C S h o rtD e s c > R e le a s e  th e  o b je c tC /S h o r tD e s c >  
c / I P o r t >

C IP o r t  i d = " t o g g le T r a n s la t io n "  ty p e = "A n y T y p e ">
C S h o rtD e s c > T u rn s  o n / o f f  th e  t r a n s l a t i o n  b e h a v io rC /S h o r tD e s c >  

c / I P o r t >
C IP o r t  id = " t o g g le R o t a t io n "  ty p e = "A n y T y p e ">

C S h o rtD e s c > T u rn s  o n / o f f  th e  r o t a t i o n  b e h a v io r c /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " o b j "  ty p e = "V R O b je c t">

C S h o rtD e s c > O b je c t t o  be r o ta te d c /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = " d e s e le c te d "  ty p e = " b o o le a n " >  

c S h o r tD e s c > L a s t s e le c t e d  o b je c t  d e s e le c te d < /S h o r tD e s c >  

c / I P o r t >
C IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

C S h o rtD e sO N e w  p o s i t io n  e v e n ts < /S h o r tD e s c >  
c D e s c r ip t io n >

P o s i t i o n  e v e n ts  t o  be q u e u e d  t o  th e  o u tp u t  
c / D e s c r ip t io n >

< / I P o r t >
C IP o r t  id = " s e tQ "  ty p e = " Q u a te rn io n " >

C S h o rtD e sO N e w  o r i e n t a t i o n  e v e n ts C /S h o r tD e s o  
c / I P o r t >

C / F i l t e r C la s s >

C F i l t e r C la s s  id = " M a tc h F u n c t io n " >
C S h o r tD e s O lt  m e a su re s  how f a r  a re  tw o  o b je c ts C /S h o r tD e s O  
C D e s c r ip t io n >

I t  m e a su re s  th e  d i f f e r e n c e  i n  o r i e n t a t i o n  and  p o s i t io n  b e tw e e n  an  o b je c t  
and  i t s  c o p y . 

c / D e s c r ip t io n >
C ln d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " I n T s .M a n ip u la t io n " />  
c / In d e x e s >

c lm p le m e n ts  c l a s s I d = " C o n t r o la b le F i l t e r " / >
C IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

C S h o r tD e s O O b je c t  t h a t  h a s  b e e n  m o v e d c /S h o r tD e s O  
c / I P o r t >
C IP o r t  id = " c o p y O b j"  ty p e = "V R O b je c t">  

c S h o r tD e s O R e f e re n c e  o b j e c tC /S h o r tD e s O  
c / I P o r t >
C IP o r t  id = "c o m p u te "  ty p e = "A n y T y p e ">

C S h o r tD e s O I f  i n f o  i s  r e c e iv e d ,  t h i s  f u n c t i o n  i s  e x e c u te d c /S h o r tD e s O  
c / I P o r t >
C O P ort id = " m a tc h "  ty p e = "V R O b je c t">  

c S h o rtD e s c > T h e  o b je c t  i s  s e n t  h e re  w hen th e  tw o  o b je c t s  m a tc h C /S h o r tD e s O  
C /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = "D e le te W h e n S ig n a l">
C S h o r tD e s O D e le te  a s e t  o f  o b je c t s  w hen a s ig n a l  i s  r e c e iv e d c /S h o r tD e s O
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< D e s c r ip t io n >
I t  a c c u m u la te s  a s e t  o f  o b je c t s  and d e le te s  them  once a s ig n a l  i s  r e c e iv e d .  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " I n T s .M a n ip u la t io n " />
< / In d e x e s >
< IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c ts  t h a t  ha ve  t o  be d e le te d < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " s ig n a l "  ty p e = "A n y T y p e ">

< S h o r tD e s c > S ig n a l t h a t  t r i g g e r s  th e  b e h a v io r< /S h o r tD e s c >
< / I P o r t >

< / F i l t e r C la s s >

< F i l t e r C la s s  i d = " Q u itM a tc h in g ">
< S h o rtD e sc> E n d s  th e  a p p l i c a t i o n  when th e  o b je c t s  ha ve  be en  m a tc h e d < /S h o rtD e s c >  
< D e s c r ip t io n >

I t  w a i t s  u n t i l  th e  t h r e e  o b je c t s  h a ve  b e e n  m a tc h e d , se n d  a lo g  e v e n t 

and en ds  th e  a p p l i c a t i o n  tw o  fra m e s  l a t e r .  I t  a ls o  q u i t s  i f  th e  u s e r  
p re s s e s  a  d e s ig n a te d  l e t t e r .

< /D e s c r ip t io n >
< In d e x e s >

c ln d e x  id = " b a s ic "  v a lu e = " In T s . C o n t r o l " / >
< / In d e x e s >
< IP o r t  i d = " s ig n a l "  ty p e = "A n y T y p e ">

< S h o r tD e s c > S ig n a l t o  q u i t  t h e  a p p l ic a t io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " a b o r t S ig n a l "  ty p e = "A n y T y p e ">

< S h o r tD e s c > S ig n a l t o  a b o r t  th e  a p p l ic a t io n < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  id = " e n d In fo "  t y p e = " S t r in g " >

< S h o r tD e s c > S e n t when th e  a p p l i c a t i o n  i s  a b o u t th e  q u it< /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " O r ie n ta t io n C e n te r " >
< S h o r tD e s c > C e n te r  o f  th e  c u r r e n t ’ s h e a d  o r ie n ta t io n < /S h o r tD e s c >
< D e s c r ip t io n >

I t  r e t u r n s  th e  i n t e r s e c t i o n  p o in t  o f  an  im a g in a r y  l i n e  fro m  th e  u s e r ’ s 
v ie w p o in t  and  o r i e n t a t i o n  and  th e  n e a r  c l i p p i n g  p la n e .  I t  assum es th e  
c l i p p i n g  p la n e  i s  b ig  e n o u g h  t o  be  in t e r s e c t e d ,  and  t h a t  th e  c l i p p i n g  
p la n e  i s  a t  a  d is ta n c e  d ,  when th e  q u a te r n io n  i s  p o in t i n g  t o  - z .  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " In T s . C o n t r o l " / >
< / In d e x e s >

< IP o r t  i d = " p "  ty p e = "P o s 3 D ">
< S h o r tD e s c > U s e r ’ s h e a d  p o s it io n < /S h o r tD e s c >

< / I P o r t >
< IP o r t  id = " q "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > U s e r 's  h e a d  o r ie n ta t io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " s c r e e n "  ty p e = "P C S c re e n ">

< S h o r tD e s c > C u rre n t s c re e n  p a ra m e te rs  ( i . e .  c l i p p i n g  p la n e s )< /S h o r tD e s c >
< / I P o r t >
< D P o rt id = " p o s "  ty p e = "P o s 3 D ">

< S h o r tD e s c > In te r s e c t io n  p o in t  i n  th e  c l i p p i n g  p la n e < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >
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< F i l t e r C la s s  id = "H M D J P o in te r ">
< S h o r tD e s c > D e fin e s  th e  p o s i t i o n  o f  a p o in t e r  i n  a H M D J< /S ho rtD esc>  
< D e s c r ip t io n >

The p o s i t i o n  o f  th e  p o in t e r  i n  a HMDJ e n v iro n m e n t i s  g iv e n  b y  th e  
p o in t  com pu te d  b y  O r ie n t a t io n C e n t e r , and  th e  c u r r e n t  j o y s t i c k  
p o s i t io n .  The o u tp u t  i s  a lw a y s  th e  l a s t  v a lu e  f o r  th e  h e a d 's  
p o s i t io n  p lu s  th e  j o y s t i c k  o f f s e t  (p o s  and p o s 3 D ) . I f  th e  j o y s t i c k  i s  
i n  d r a g g in g  mode ( g iv e n  b y  b u t to n P re s s e d  and b u t to n R e le a s e d ) , po s  i s  

s h i f t e d  b y  th e  am ount g iv e n  th r o u g h  s h i f tA m o u n t .
< /D e s c r ip t io n >
< In d e x e s >

C In d e x  id = " b a s ic "  v a lu e = " I n T s . C o n t r o l " / >
< / In d e x e s >
< IP o r t  id = " h e a d C e n te r " ty p e = "P o s 3 D ''>

< S h o r tD e s c > In te r s e c t io n  p o in t  i n  th e  c l i p p i n g  p la n e < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " jP o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > J o y s t ic k  p o s i t i o n ,  i n  th e  c l i p p i n g  p la n e < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " s c r e e n "  ty p e = "P C S c re e n ">

< S h o r tD e s c > C u rre n t s c re e n  p a ra m e te rs  ( i . e .  c l i p p i n g  p la n e s )< /S h o r tD e s c >  

< / I P o r t >
< IP o r t  id = " s h i f tA m o u n t "  t y p e = " f l o a t " >

< S h o r tD e s c > S h if t  am ount when d ra g g in g < /S h o r tD e s c >

< / I P o r t >
< IP o r t  id = " b u t to n P r e s s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > S ta r t  d r a g g in g  mode f o r  th e  jo y s t ic k < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " b u t to n R e le a s e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > S to p  d r a g g in g  mode f o r  th e  jo y s t ic k < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  id = " p o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > P o in te r  p o s i t i o n  o v e r  th e  e n la rg e d  c l i p p i n g  p la n e < /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = "p o s 3 D "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  P o in t e r  p o s it io n < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " C o n t r o lM a tc h in g " >
< S h o r tD e s c > C o n tro l o f  In T s  i n  e x e c u t io n < /S h o r tD e s c >

< D e s c r ip t io n >
D is a b le s  s e le c t io n  when r o t a t i o n  o r  t r a n s l a t i o n  a re  e x e c u t in g  
When r o t a t i o n  s t a r t s ,  s e le c t io n  a n d  t r a n s l a t i o n  a re  d is a b le d  
When t r a n s l a t i o n  s t a r t s ,  s e le c t io n  and  r o t a t i o n  a re  d is a b le d  
When r o t a t i o n  e n d s , s e le c t io n  and  t r a n s l a t i o n  a re  e n a b le d .
I f  t h e  p o r t  ’ a l lo w B o th T ra n s R o t ’ r e c e iv e s  t r u e ,  b o th  o r i e n t a t i o n  
and t r a n s l a t i o n  m ig h t  be  a c t i v e  a t  th e  same t im e .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " I n T s . C o n t r o l " / >
< / In d e x e s >
< IP o r t  id = " a llo w B o th T r a n s R o t "  ty p e = " b o o le a n " >

< S h o r tD e s c > A llo w  b o th  In T s  a c t i v e  a t  th e  same t im e . < /S h o r tD e s c >
< / I P o r t >
c lP o r t  i d = " s e le c t i o n "  t y p e = " C o n t r o la b le F i l t e r " >

< S h o r tD e s c > S e le c t io n  te c h n iq u e < /S h o r tD e s c >
< / I P o r t >
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< IP o r t  i d = " r o t a t i o n "  t y p e = " C o n t r o la b le F i l t e r ">
< S h o r tD e s c > R o ta t io n  te c h n iq u e < /S h o r tD e s c >

< / IP o r t >
< IP o r t  i d = " t r a n s l a t i o n "  t y p e = " C o n t r o la b le F i l t e r " >

< S h o r tD e s c > T ra n s la t io n  te c h n iq u e < /S h o r tD e s c >
< / IP o r t >
< IP o r t  id = " in M o d e R o ta t io n "  ty p e = "A n y T y p e ">

< S h o r tD e s c > R o ta t io n  i s  e x e c u t in g < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " in M o d e T r a n s la t io n "  ty p e = "A n y T y p e ">

< S h o r tD e s c > T ra n s la t io n  i s  e x e c u t in g < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " e n d R o ta t io n "  ty p e = "A n y T y p e ">

< S h o rtD e sc> E n d  o f  r o ta t io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " e n d T r a n s la t io n "  ty p e = "A n y T y p e ">

< S h o rtD e sc> E n d  o f  t r a n s la t io n < /S h o r t D e s c >
< / I P o r t >
< IP o r t  i d = " n ia t c h l "  t y p e = " C o n t r o la b X e F i l t e r " >

< S h o r tD e s c > M a tc h in g  f u n c t i o n  l< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " m a tc h 2 "  t y p e = " C o n t r o I a b I e F i I t e r " >

< S h o r tD e s c > M a tc h in g  f u n c t i o n  2 < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = "m a tc h 3 "  t y p e = " C o n t r o Ia b X e F i i t e r " >

< S h o r tD e s c > M a tc h in g  f u n c t i o n  3 < /S h o r tD e s c >
< / I P o r t >

< / F i I t e r C I a s s >

< F iX te r C Ia s s  id = " R e s e tP o s i t io n " >
< S h o r tD e s c > R e s e ts  a  p o s i t i o n  when a s ig n a l  i s  re c e iv e d < /S h o r tD e s c >  
< D e s c r ip t io n >

I t  a l lo w s  t o  d e c o u p le  a  p o s i t io n  fro m  a d e v ic e  and  a p o s i t i o n  f ro m  an 
o b je c t .  When th e  s ig n a l  i s  r e c e iv e d ,  th e  l a s t  p o s i t i o n  i s  sa ve d  and 
a l l  new p o s i t io n s  g e n e ra te d  a re  r e l a t i v e  t o  th e  l a s t  o n e . I t  i s  u s e f u l  
when y o u  w a n t t o  come b a c k  t o  th e  o r i g i n .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " I n T s . I n i t " / >
< / In d e x e s >
< IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> n e w  p o s it io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " r e s e t "  ty p e = "A n y T y p e ">

< S h o r tD e s c > S e t new z e ro < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t id = " p o s "  ty p e = "P o s 3 D ">

< S hortD esc>N ew  p o s it io n < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " L o g " >
< S h o rtD e s c > L o g s  th e  a p p l i c a t i o n  e x e c u t io n < /S h o r tD e s c >
< D e s c r ip t io n >

I t  lo g s  a l l  th e  r e le v a n t  in f o r m a t io n  f ro m  an a p p l i c a t i o n .  I t  a ls o  lo g s  
an e x e c u t io n  c o u n te r ,  e v e r y t im e  i t  r u n s .

< /D e s c r ip t io n >
< In d e x e s >
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C In d e x  i d = " b a s ic "  v a lu e = " In T s . C o n t r o l " / >
< / In d e x e s >
< IP o r t  id = " c u r T im e "  ty p e = "T im e ">

< S h o r tD e s c > C u rre n t t im e < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " u s e r ld "  t y p e = " S t r in g " >

< S h o rtD e s c > U s e r id < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " m a tc h S ig n a l"  ty p e = "V R O b je c t">

< S h o r tD e s c > S ig n a l o f  a m a tc h in g  i n  th e  w o r ld < /S h o r tD e s c >  
< / I P o r t >
< IP o r t  i d = " p la t f o r m ld "  t y p e = " S t r in g " >

< S h o rtD e s c > H a rd w a re  p la t f o r m  id e n t i f i c a t io n < / S h o r t D e s c >
< / I P o r t >
< IP o r t  id = " e n d S ig n a l"  ty p e = ''A n y T y p e ''>

< S h o rtD e sc> M e ssa g e  b e fo r e  f i n i s h i n g  th e  a p p l ic a t io n < /S h o r tD e s c >  
< / I P o r t >
< IP o r t  i d = " a b o r t S ig n a l "  ty p e = "A n y T y p e ">

< S h o rtD e sc> M e ssa g e  b e fo r e  a b o r t in g  th e  a p p l ic a t io n < /S h o r tD e s c >  
< / I P o r t >
< ! —  Im p o r ta n t  e v e n ts  i n  th e  e x e c u t io n  — >
< IP o r t  id = " p o s O b j l "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  o b je c t  l< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " p o s R e p l ic a l "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  r e p l i c a  o f  o b je c t  l< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " p o s D b j2 "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  o b je c t  2 < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " p o s R e p l ic a 2 "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  r e p l i c a  o f  o b je c t  2 < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " p o s 0 b j3 "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  o b je c t  3 < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " p o s R e p l ic a 3 "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  o f  r e p l i c a  o f  o b je c t  3 < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " q O b j l "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > O r ie n ta t io n  o f  o b je c t  l< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " q R e p l i c a l "  t y p e = " Q u a te rn io n " >  

< S h o r tD e s c > O r ie n ta t io n  o f  r e p l i c a  o f  o b je c t  l< /S h o r tD e s c >  
< / I P o r t >
< IP o r t  id = " q 0 b j2 "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > O r ie n ta t io n  o f  o b je c t  2 < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " q R e p l ic a 2 "  ty p e = " Q u a te rn io n " >  

< S h o r tD e s c > O r ie n ta t io n  o f  r e p l i c a  o f  o b je c t  2 < /S h o r tD e s c >  
< / I P o r t >
< IP o r t  id = " q 0 b j3 "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > O r ie n ta t io n  o f  o b je c t  3 < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " q R e p l ic a 3 "  ty p e = " Q u a te rn io n " >  

< S h o r tD e s c > O r ie n ta t io n  o f  r e p l i c a  o f  o b je c t  3 < /S h o r tD e s c >  
< / I P o r t >
< IP o r t  id = " s e le c t e d O b j " ty p e = "V R O b je c t">

< S hortD esc>N ew  s e le c t e d  O b je c t< /S h o r tD e s c >
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< / I P o r t >
< IP o r t  id = " d e s e le c te d O b j" ty p e = "A n y T y p e ">

< S h o r tD e s c > L a s t o b je c t  ha s  b e e n  d e s e le c te d < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = "m o vX Y " ty p e = " b o o le a n " >

< S h o rtD e sc> C h a n g e s  th e  m ovem ent t o  th e  p la n e  X Y < /S h o rtD e s c >

< / I P o r t >
< IP o r t  id = "m o v X Z " ty p e = " b o o le a n " >

< S h o rtD e sc> C h a n g e s  th e  m ovem ent t o  th e  p la n e  X Z < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = "m o v Y Z " ty p e = " b o o le a n " >

< S h o rtD e sc> C h a n g e s  th e  m ovem ent t o  th e  p la n e  Y Z < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " p o in te r P o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > A b s o lu te  p o s i t io n  o f  th e  p o in te r < /S h o r tD e s c >  
< D e s c r ip t io n > P o s i t io n  o f  th e  p o in t e r  i n  th e  im age p la n e . < /D e s c r ip t io n >  

< / I P o r t >
< IP o r t  i d = " r o t a t e S t a r t "  ty p e = " b o o le a n " >

< S h o r tD e s c > R o ta te  f u n c t i o n a l i t y  ha s  b e e n  s e le c te d .< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " r o t a t e S t o p "  ty p e = " b o o le a n " >

< S h o r tD e s c > R o ta te  f u n c t i o n a l i t y  h a s  b e e n  re le a s e d .< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " t r a n s l a t e S t a r t "  t y p e = " b o o le a n " >

< S h o r tD e s c > T ra n s la te  f u n c t i o n a l i t y  h a s  b e e n  s e le c te d .< /S h o r tD e s c >  
< / I P o r t >
< IP o r t  i d = " t r a n s la t e S t o p "  ty p e = " b o o le a n " >

< S h o r tD e s c > T ra n s la te  f u n c t i o n a l i t y  h a s  b e e n  re le a s e d .< /S h o r tD e s c >  

< / I P o r t >
< ! —  3D Mouse e v e n ts  — >
< IP o r t  id = " t o g g le T r a n s la t io n "  ty p e = "A n y T y p e ">

< S h o r tD e s c > T u rn s  o n / o f f  th e  t r a n s l a t i o n  b e h a v io r< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " t o g g le R o t a t io n "  ty p e = "A n y T y p e ">

< S h o r tD e s c > T u rn s  o n / o f f  th e  r o t a t i o n  b e h a v io r< /S h o r tD e s c >
< / I P o r t >

< ! —  Mouse e v e n ts  — >
< ! —  K e y b o a rd  e v e n ts  — >
< ! —  J o y s t i c k  e v e n ts  — >
< ! —  T r a c k e r  e v e n ts  — >

< / F i l t e r C la s s >

< /P a c k a g e >

M atching A pplication. P C  Version
< ?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE App PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / / w w w . c s . u a lb e r t a . c a / 'p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d td " >  
< ! —  C o p y r ig h t  i n f o

m a tch in g A p p P C 2 : The m a tc h in g  a p p l i c a t i o n ,  s ta n d a r d  PC v e r s io n

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic
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L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope  t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59 Tem p le  P la c e ,  S u i te  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  A s s u m p tio n s
-  The i n i t i a l  v ie w p o in t  i s  lo o k in g  t o  - z  f ro m  ( 0 , 0 , 0 )
-  The v a l i d  x ,  y  p o s i t io n s  a re  b e tw e e n  ( - 2 0 ,  20 )

— >

<App id = "m a tc h in g T e s t .m a tc h in g A p p P C 2 ">
< S h o r tD e s c > M a tc h in g  a p p l i c a t i o n  i n  th e  PC p la t fo rm < /S h o r tD e s c >
< D e s c r ip t io n >

R o ta t io n  i s  d o in g  b y  d r a g g in g  th e  mouse w i t h  th e  l e f t  b u t t o n
T r a n s la t io n  i s  d o in g  b y  c h o o s in g  a  p la n e  w i t h  a k e y  ( z / x / c )  and  d r a g g in g

th e  m ouse w i t h  th e  r i g h t  b u t t o n
Random p o s i t io n s  a re  now c o m p u te d  b y  R a n d o m R e la tive P Q , w h ic h  makes a

b e t t e r  jo b  th a n  RandomPQ. Now random  p o s i t io n s  a re  d e t e r m in i s t i c ,  so 
we ca n  d e f in e  a p o s i t io n  o f  a l l  o b je c t s  w i t h  j u s t  a  nu m b e r. The d is ta n c e  
b e tw e e n  an o b je c t  and  i t s  c o p y  i s  c o n s ta n t ,  and  i t  a ls o  
d iv id e s  th e  s c re e n  i n  6 a r e a s ,  and  p u t  th e  o b je c t s  i n  the m . 

< /D e s c r ip t io n >

< Im p o r t  id = " m a tc h in g T e s t " />
< 0 v e r r id e s  c la s s Id = " m a tc h in g T e s t ,g e n e r ic P C A p p " />

< ! —  L o a d  o b je c t s  — >
< 0 b je c t  i d = " o b j l "  f i le n a m e = " m e d ia /c a r .3 d s "  ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " o b j2 "  f i le n a m e = "m e d ia /D o d g e 3 2 . 3 d s "  ty p e = " V R 0 b je c t " />
< 0 b je c t  id = " o b j3 "  f i le n a m e = " m e d ia /b e e th o v e n .o b j" t y p e = " V R 0 b je c t " />
< 0 b je c t  id = " s e le c ta b le O b js "  ty p e = " S c e n e " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />

< ! —  C re a te  v ie w p o in t  — >
< C o n s ta n t id = " p V "  ty p e = "P o s 3 D " v a lu e = " 0  0 0 " / >
< C o n s ta n t id = " q V "  t y p e = " Q u a te r n io n "  v a lu e = " 0  0 -1  0 " / >
< C o n s ta n t i d = " n o t V i s ib le "  t y p e = " b o o le a n "  v a lu e = " f a ls e " / >
C O b je c t id = " v ie w p o in t "  f i le n a m e = " "  t y p e = " V ie w p o in t " / >
< B in d in g  iE = " _ s e l f "  iP = "p V "  o E = " v ie w p o in t "  o P = "s e tP o s " />
< B in d in g  iE = " _ s e l f "  iP = "q V "  o E = " v ie w p o in t "  o P = "s e tC |" />
< B in d in g  iE = " _ s e l f "  iP = " n o t V i s ib le "  o E = " v ie w p o in t "  o P = " s e t V is ib le " / >

< ! —  L in k  i t  t o  th e  v ie w p o in t  i n  th e  s y s te m  — >
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = " th e C u r r e n tV ie w p o in t "  o P = " o b je c t " />

< ! —  L o c a l iz e  o b je c t s  a t  ra ndom  — >
< C o n s ta n t id = " d im G r id "  t y p e = " i n t "  v a lu e = " 1 0 " />
< F i l t e r  id = " ra n d o m R e la t iv e P Q "  ty p e = "R a n d o m R e la t iv e P Q " />

< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j l " / >
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j2 " />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j3 " />

< ! —  B in d  th e  c u r r e n t  o u tp u t  d is p la y  t o  ra n d o m R e la t iv e P Q . o u tp u tD e v ic e  — >
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< B in d in g  iE = " _ s e l f "  iP = " s c r e e n "  o E = "ra n d o m R e la t iv e P Q " o P = " o u tp u tD e v ic e " />

< ! —  B in d  th e  c u r r e n t  v ie w p o in t  t o  ra n d o m R e la t iv e P Q . o u tp u tD e v ic e  — > 
< B in d in g  i E = " _ s e l f "  iP = " v ie w p o in t "  o E = "ra n d o m R e la t iv e P Q " o P = " v ie w P o in t " />

< ! —  C re a te  t r a n s p a r e n t  c o p ie s  o f  o b je c t s  and l o c a l i z e  th e m  a t  random  — > 
< F i l t e r  id = " t C o p y l "  t y p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 2 "  ty p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 3 "  ty p e = " T ra n s p a re n tC o p y " />
< Q b je c t id = " t r a n s p a r e n tO b js "  ty p e = " S c e n e " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " tC o p y l"  o P = " o b j" />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " tC o p y 2 "  o P = " o b j" />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " tC o p y 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = " c o p y l" />  
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = "c o p y 2 " />  
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = "c o p y 3 " />  
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tD b js "  o P = "a d d O b je c t" />  
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tO b js "  o P = "a d d O b je c t" />  
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tO b js "  o P = "a d d O b je c t" />

< ! —  Make s e le c t a b le O b js  s e le c t a b le  — >
< ! —  C re a te  s e le c t io n  te c h n iq u e  and  b in d  i t  as  n e c e s s a ry  — >

< F i l t e r  i d = " s e le c t i o n "  ty p e = " S e le c tB y R a y " />
< B in d in g  iE = " _ s e l f "  iP = " s e le c ta b le O b js "  o E = " s e le c t io n "  o P = "s c e n e " />  
< B in d in g  iE = "m o u s e " iP = "m o u s e P o s " o E = " s e le c t io n "  o P = "p o s " />

< ! —  G iv e  fe e d b a c k  o f  s e le c t io n  — >
< F i l t e r  i d = " h ig h l i g h t "  t y p e = " H ig h l ig h te d F e e d b a c k " />
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " h ig h l ig h t "  o P = " o b j" />
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " h ig h l ig h t " o P = " d e s e le c te d " />

< ! —  G ra b  an  o b je c t  (S ee t r a n s l a t e  o r  r o t a t e )  — >

< ! —  R o ta te  an  o b je c t  — >
< F i l t e r  i d = " r o t a t e O b j "  t y p e = " R o ta t io n B e h a v io r " / >
< B in d in g  iE = "m o u s e " iP = " lB u t to n P r e s s e d "  o E = " r o ta te O b j" o P = " b u t to n P r e s s e d " />  
< B in d in g  iE = "m o u s e " iP = " lB u t to n R e le a s e d "  o E = " r o ta te O b j" o P = "b u t to n R e le a s e d " />  
< B in d in g  iE = "m o u s e " iP = "m o u s e P o s " o E = " r o ta te O b j" o P = " p o in te r P o s " />
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " r o ta te O b j" o P = " o b j" />
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " r o ta te D b j" o P = " d e s e le c te d " />

< ! —  T r a n s la t e  an  o b je c t  — >
< F i l t e r  i d = " t r a n s la t e O b j " t y p e = " T r a n s la t io n B e h a v io r " / >
< B in d in g  iE = "m o u s e " iP = " r B u t to n P r e s s e d "  o E = " t r a n s la te O b j" o P = " b u t to n P r e s s e d " />  
< B in d in g  iE = "m o u s e " iP = " r B u t to n R e le a s e d "  o E = " t r a n s la te O b j" o P = "b u t to n R e le a s e d " />  
< B in d in g  iE = "m o u s e " iP = "m o u s e P o s " o E = " t r a n s la te O b j" o P = " p o in te r P o s " />
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " t r a n s la te O b j" o P = "m o vX Y "/>
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " t r a n s la te O b j" o P = "m o vX Z "/>
< B in d in g  iE = " k e y b o a rd "  iP = " c "  o E = " t r a n s la te Q b j" oP = "m o vY Z "/>
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " t r a n s la te O b j" o P = " o b j" />
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " t r a n s la te O b j" o P = " d e s e le c te d " />

< ! —  R e le a s e  an o b je c t  — >
< ! —  (Done by  r o t a t e  and  t r a n s l a t e )  — >

< ! —  Com pute m a tc h in g  f u n c t i o n  — >
< F i l t e r  id = " m a tc h F u n c t io n l "  ty p e = " M a tc h F u n c t io n " />
< F i l t e r  id = " m a tc h F u n c t io n 2 "  ty p e = " M a tc h F u n c t io n " />
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< F i l t e r  id = " m a tc h F u n c t io n 3 "  ty p e = " M a tc h F u n c t io n " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " m a tc h F u n c t io n l"  o P = " o b j" />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " m a tc h F u n c t io n l" o P = "c o p y O b j" / >  

< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "m a tc h F u n c t io n 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 2 "  o P = "c o p y O b j" />  
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "m a tc h F u n c t io n 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 3 '' o P = "c o p y d b j" / >  
< B in d in g  i E = " o b j l "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n l"  o P = "c o m p u te " />  
< B in d in g  i E = " o b j l "  iP = "q C h a n g e d " o E = " m a tc h F u n c t io n l" o P = "c o m p u te " />

< B in d in g  iE = " o b j2 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j2 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />
< B in d in g  iE = " o b j3 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 3 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j3 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 3 "  o P = "c o m p u te " />

< ! —  C o n t r o l  a l l  In T s  — >
< F i l t e r  i d = " c o n t r o l "  t y p e = " C o n t r o lM a tc h in g " />
< B in d in g  iE = " _ s e l f "  iP = " s e le c t i o n "  o E = " c o n t r o l "  o P = " s e le c t io n " />

< ! —  L in k  p l a t f o r m - s p e c i f i c  In T s  — >
< B in d in g  iE = " _ s e l f "  iP = " r o t a t e O b j " o E = " c o n t r o l "  o P = " r o t a t io n " / >
< B in d in g  iE = " r o t a t e O b j " iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e E o ta t io n " />  
< B in d in g  iE = " _ s e l f "  iP = " t r a n s la t e O b j " o E = " c o n t r o l "  o P = " t r a n s la t io n " / >  
< B in d in g  iE = " t r a n s la t e O b j " iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e T r a n s la t io n " />  
< B in d in g  iE = " r o t a t e O b j " i P = " f i n i s h i n g ” o E = " c o n t r o l "  o P = " e n d R o ta t io n " />  
< B in d in g  iE = " t r a n s la t e O b j " iP = " f i n i s h i n g "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />  
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n l "  o E = " c o n t r o l "  o P = " m a tc h l" />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n 2 "  o E = " c o n t r o l "  o P = "m a tc h 2 " />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n 3 "  o E = " c o n t r o l "  o P = "m a tc h 3 " />

< ! —  D e le te  o b je c t s  on ce  th e y  m a tc h  — >
< F i l t e r  i d = " d e le t e O b js l "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  id = " d e le t e 0 b js 2 "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  id = " d e le t e 0 b js 3 "  ty p e = " D e le te W h e n S ig n a l" />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " d e le te O b js l"  o P = " o b j" />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " d e le te O b js i"  o P = " o b j" />
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " d e le te D b js l "  o P = " s ig n a l" / >  
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " d e le te 0 b js 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 2 "  o P = " o b j" />
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " d e le te 0 b js 2 "  o P = " s ig n a l" / >  
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " d e le te 0 b js 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 3 "  o P = " o b j" />
< B in d in g  iE = " m a tc h F \m c t io n 3 "  iP = "m a tc h "  o E = " d e le te 0 b js 3 "  o P = " s ig n a l" / >

< ! —  End o f  th e  a p p l i c a t i o n  — >
< F i l t e r  i d = " q u i t "  t y p e = " Q u i tM a tc h in g " />
< B in d in g  iE = " m a tc h F u n c t io n l "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" / >
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" / >
< B in d in g  iE = " m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" / >
< B in d in g  iE = " k e y b o a rd "  iP = " q "  o E = " q u i t "  o P = " a b o r tS ig n a l" />

< ! —  L o g  s t a r t / s t o p  t im e s  — >
< F i l t e r  id = " lo g "  ty p e = " L o g " />
< ID e v ic e  i d = " t im e r "  t y p e = " T im e r " />
< B in d in g  iE = " t im e r "  iP = " c u rT im e "  o E = " lo g "  o P = "c u rT im e " />
< B in d in g  iE = " q u i t "  iP = " e n d In fo "  o E = " lo g "  o P = " e n d S ig n a l" />

< ! —  I d e n t i f y  u s e r  and p la t f o r m  — >
< ! —  Change t h i s  c o n s ta n t  t o  an  i d  f o r  a p a r t i c u l a r  u s e r  — > 
< C o n s ta n t id = " u s e r ld "  t y p e = " S t r in g "  v a lu e = " T e s t  u s e r " / >  
< C o n s ta n t i d = " p la t f o r m ld "  t y p e = " S t r in g "  v a lu e = "P C " />
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< B in d in g  iE = " _ s e l f "  iP = " u s e r I d "  o E = " lo g "  o P = " u s e r Id " />
< B in d in g  iE = " _ s e l f "  iP = " p la t f o r m ld "  o E = " lo g "  o P = " p la t fo r m Id '7 >

< ! —  lo g  th e  e x p e r ie n c e  — >
< ! —  i n i t i a l  t r a n s f o r m a t io n s ,  s e le c t e d  o b je c t s ,  p o s i t i o n  and  o r ie n t a t  

w h i le  m o v in g , m a tc h  t im e s  — >
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =
< B in d in g  iE =

m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
in a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
’m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
m ouse" iP = "m o u se P o s " o E = " lo g "  oP =” p o in te r P o s " />  
m ouse" iP = " lB u t to n P r e s s e d "  o E = " lo g "  o P = " r o t a t e S t a r t " / >  
m ouse" iP = " lB u t to n R e le a s e d "  o E = " lo g "  o P = " r o ta te S to p " />  
m ouse" iP = " r B u t to n P r e s s e d "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >  
m ouse" iP = " rB u t to n R e le a s e d "  o E = " lo g "  o P = " t r a n s la te S t o p " />  
k e y b o a rd "  iP = " z "  o E = " lo g "  o P = "m o vX Y "/>  
k e y b o a rd "  iP = " x "  o E = " lo g "  oP = "m o vX Z "/>  
k e y b o a rd "  iP = " c "  o E = " lo g "  o P = "m o vY Z "/>  
k e y b o a rd "  iP = " q "  o E = " lo g "  o P = " a b o r tS ig n a l" />  
s e le c t io n "  iP = " o b je c t "  o E = " lo g "  o P = " s e le c te d O b j" / >  
s e le c t io n "  iP = " d e s e le c te d "  o E = " lo g "  o P = "d e s e le c te d O b j" / >

< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =

o b j l "  iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s O b jl" />  
o b j l "  iP = "q C h a n g e d " o E = " lo g "  o P = " q O b j l " />  
o b j2 "  iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s 0 b j2 " />  
o b j2 "  iP = "q C h a n g e d " o E = " lo g "  oP =” q 0 b j2 " />  
o b j3 "  iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s 0 b j3 " />  
o b j3 "  iP = "q C h a n g e d " o E = " lo g "  o P = " q 0 b j3 " />

< O b je c tH o ld e r  id = " c o p y l " / >
< O b je c tH o ld e r  id = " c o p y 2 " />
< O b je c tH o ld e r  id = " c o p y 3 " />
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = " c o p y l"  o P = " o b je c t " / >
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "c o p y 2 "  o P = " o b je c t " />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "c o p y 3 "  o P = " o b je c t " / >

< B in d in g  iE = " c o p y l "  
< B in d in g  iE = " c o p y l "  
< B in d in g  iE = " c o p y 2 "  
< B in d in g  iE = " c o p y 2 "  
< B in d in g  iE = " c o p y 3 "  
< B in d in g  iE = " c o p y 3 "

iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s R e p l ic a l" />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a l " />  
iP = "p o s C h a n g e d " o E = " lo g "  o P = "p o s R e p l ic a 2 " />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a 2 " />  
iP = "p o s C h a n g e d " o E = " lo g "  o P = "p o s R e p l ic a 3 " />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a 3 " />

< / App>

M atching A pplication . SB Version
< ?xm l v e r s io n = " 1 . 0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE App PUBLIC " ~ / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d td " >  
< ! —  C o p y r ig h t  i n f o

m a tch ingA ppS M A R T B oard : The m a tc h in g  a p p l i c a t i o n ,  SMART B o a rd  v e r s io n

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r
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version 2.1 of the License, or (at your option) any later version.

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a cop y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  

F o u n d a t io n ,  I n c . ,  59 Tem ple  P la c e ,  S u i t e  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  A s s u m p tio n s
-  The i n i t i a l  v ie w p o in t  i s  lo o k in g  t o  - z  f ro m  ( 0 , 0 , 0 )

— >

<App id = "m a tc h in g T e s t.m a tc h in g A p p S M A R T B o a rd 2 ">
< S h o r tD e s c > M a tc h in g  a p p l i c a t i o n  i n  th e  SMART B o a rd  p la t fo rm < /S h o r tD e s c >  
d m p o r t  id = " m a tc h in g T e s t " />
C O v e r r id e s  c la s s Id = " m a tc h in g T e s t  .g e n e ricS M A R T B o a rd A p p ll/>

< ! —  L o a d  o b je c t s  — >
c O b je c t  i d = " o b j l "  f i le n a m e = " m e d ia /c a r . 3 d s "  ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " o b j2 "  f i le n a m e = "m e d ia /D o d g e 3 2 .3 d s "  ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " o b j3 "  f i le n a m e = " m e d ia /b e e th o v e n .o b j" t y p e = " V R 0 b je c t " />
< 0 b je c t  i d = " s e le c t a b le 0 b j s "  ty p e = "S c e n e " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />

< ! —  C re a te  v ie w p o in t  — >
< C o n s ta n t id = " p V "  ty p e = "P o s 3 D " v a lu e = " 0  0 0 " / >
< C o n s ta n t id = " q V "  t y p e = " Q u a te r n io n "  v a lu e = " 0  0 - 1  0 " / >

< C o n s ta n t i d = " n o t V i s ib l e "  t y p e = " b o o le a n "  v a lu e = " f a ls e " / >
< 0 b je c t  id = " v ie w p o in t "  f i le n a m e = " "  t y p e = " V ie w p o in t " / >
< B in d in g  iE = " _ s e l f "  iP = "p V "  o E = " v ie w p o in t "  o P = "s e tP o s " />
< B in d in g  iE = " _ s e l f "  iP = "q V "  o E = " v ie w p o in t "  o P = "s e tQ " />
< B in d in g  iE = " _ s e l f "  iP = " n o t V is ib le "  o E = " v ie w p o in t "  o P = " s e t V is ib le " / >

< ! —  L in k  i t  t o  th e  v ie w p o in t  i n  th e  s y s te m  — >
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = " th e C u r r e n tV ie w p o in t "  o P = " o b je c t " />

< ! —  L o c a l iz e  o b je c t s  a t  random  — >
< F i l t e r  id = " ra n d o m R e la t iv e P Q "  ty p e = "R a n d o m R e la t iv e P Q " />

< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j l " / >
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j2 " />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j3 " />

< ! —  B in d  th e  c u r r e n t  o u tp u t  d is p la y  t o  ra n d o m R e la t iv e P Q . o u tp u tD e v ic e  — > 
< B in d in g  iE = " _ s e l f "  iP = " s m a r tb o a rd "  o E = "ra n d o m R e la t iv e P Q " o P = " o u tp u tD e v ic e " />

< ! —  B in d  th e  c u r r e n t  v ie w p o in t  t o  ra n d o m R e la t iv e P Q .o u tp u tD e v ic e  — > 
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "ra n d o m R e la t iv e P Q " o P = " v ie w P o in t " />

< ! —  C re a te  t r a n s p a r e n t  c o p ie s  o f  o b je c t s  and  l o c a l i z e  th e m  a t  random  — > 
< F i l t e r  id = " t C o p y l "  t y p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 2 "  ty p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 3 "  ty p e = " T ra n s p a re n tC o p y " />
< 0 b je c t  id = " t r a n s p a r e n tO b js "  ty p e = "S c e n e " / >
< B in d in g  iE = " _ s e l f "  iP = " o b j l "  o E = " tC o p y l"  o P = " o b j" />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " tC o p y 2 "  o P = " o b j" />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " tC o p y 3 "  o P = " o b j" />
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< B in d in g  iE = " tC o p y l"  iP = " o b j  
< B in d in g  iE = " tC o p y 2 "  iP = " o b j  
< B in d in g  iE = " tC o p y 3  
< B in d in g  iE = " tC o p y l  
< B in d in g  iE = " tC o p y 2  
< B in d in g  iE = " tC o p y 3

C o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = " c o p y l" />  
C o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = "c o p y 2 " />  

jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = "c o p y 3 " />  
C o p ie d "  o E = " t ra n s p a re n tO b js "  o P = "a d d O b je c t" / >  
C o p ie d "  o E = " t ra n s p a re n tO b js "  o P = "a d d O b je c t" />  

o E = " t ra n s p a re n tO b js "  o P = "a d d O b je c t" / >

iP = "o b  
iP = " o b j  
iP = " o b j  
iP = " o b jC o p ie d

< ! —  Make s e le c ta b le O b js  s e le c t a b le  — >
< F i l t e r  i d = " s e le c t i o n "  ty p e = " S e le c tB y R a y " />
< B in d in g  iE = " s m a r tb o a rd "  iP = " to u c h P o s "  o E = " s e le c t io n "  o P = "p o s " />
< B in d in g  iE = " s m a r tb o a rd "  iP = "s c re e n R e le a s e d "  o E = " s e le c t io n "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " _ s e l f "  iP = " s e le c ta b le O b js "  o E = " s e le c t io n "  o P = "s c e n e " />

< ! —  G iv e  fe e d b a c k  o f  s e le c t io n  — >
< F i l t e r  i d = ” h i g h l i g h t "  t y p e = " H ig h l ig h te d F e e d b a c k " />
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " h ig h l ig h t "  o P = " o b j" />
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " h ig h l ig h t "  o P = " d e s e le c te d " />

< ! —  R e le a s e  th e  c u r r e n t  s t a t e  o n ce  a p e n  r e le a s e  th e  s c re e n — >
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lR e le a s e d "  o E = " s e le c t io n "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 2 R e le a s e d "  o E = " s e le c t io n "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 3 R e le a s e d "  o E = " s e le c t io n "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 4 R e le a s e d "  o E = " s e le c t io n "  o P = " f lu s h S t a te " />

< ! —  G ra b  am o b je c t  (S ee t r a n s l a t e  o r  r o t a t e )  — >

< ! —  R o ta te  an  o b je c t  — >
< F i l t e r  i d = " r o t a t e O b j " t y p e = " R o ta t io n B e h a v io r " / >
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lS e le c te d "  o E = " r o ta te O b j" o P = " b u t to n P r e s s e d " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lR e le a s e d "  oE =” r o t a t e O b j " o P = "b u t to n R e le a s e d " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = " to u c h P o s "  o E = " r o ta te O b j" o P = " p o in te r P o s " />
< B in d in g  iE = " s e le c t i o n "  iP = " o b je c t "  o E = " r o ta te O b j" o P = " o b j" />
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " r o ta te O b j" o P = " d e s e le c te d " />

< ! —  T r a n s la t e  an  o b je c t  — >
< F i l t e r  i d = " t r a n s la t e O b j " t y p e = " T r a n s la t io n B e h a v io r " / >
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 2 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 2 R e le a s e d "  o E = " t r a n s la te O b j 
< B in d in g  iE i= " s m a r tb o a rd "  iP = " p e n 2 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 3 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 3 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 3 R e le a s e d "  o E = " t ra m s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 4 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 4 S e le c te d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 4 R e le a s e d "  o E = " t r a n s la te O b j 
< B in d in g  iE = " s m a r tb o a rd "  iP = " to u c h P o s "  o E = " t r a n s la te D b j"  o P = " p o in te r P o s " />  
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " t r a m s la te O b j" o P = " o b j" />
< B in d in g  iE = " s e le c t i o n "  iP = " d e s e le c te d "  o E = " t r a n s la te O b j" o P = " d e s e le c te d " />

< ! —  R e le a s e  an  o b je c t  — >
< ! —  (D one b y  r o t a t e  and t r a n s l a t e )  — >

o P = " b u t to n P r e s s e d " />  
o P = " b u t to n R e le a s e d " />  
o P = "m o vX Y "/>  
o P = "m o vX Z "/>  
o P = " b u t to n P r e s s e d " />  
o P = " b u t to n R e le a s e d " />  
o P = "m o vY Z "/>  
o P = " b u t to n P r e s s e d " />  
o P = " b u t to n R e le a s e d " />

< ! —  Com pute m a tc h in g  f u n c t i o n  — >
< F i l t e r  id = " m a tc h F u n c t io n l "  t y p e = " M a tc h F u n c t io n " />
< F i l t e r  id = " m a tc h F u n c t io n 2 "  t y p e = " M a tc h F u n c t io n " />
< F i l t e r  id = " m a tc h F u n c t io n 3 "  t y p e = " M a tc h F u n c t io n " />
< B in d in g  i E = " _ s e l f "  iP = ' 'o b j l "  o E = " m a tc h F u n c t io n l"  o P = " o b j" />
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = " m a tc h F u n c t io n l"  o P = "c o p y O b j" / >  

< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "m a tc h F u n c t io n 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 2 "  o P = "c o p y O b j" / >
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< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "m a tc h F u n c t io n 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 '' iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 3 "  o P = "c o p y O b j" / >  
< B in d in g  i E = " o b j l ' '  iP = "p o s C h a n g e d " o E = " m a tc h F u n c t io n l"  o P = "c o m p u te " />  
< B in d in g  iE = " o b j l "  iP = "q C h a n g e d " o E = " m a tc h F u n c t io n l"  o P = "c o n p u te " />  
< B in d in g  iE = " o b j2 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />  

< B in d in g  iE = " o b j2 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j3 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 3 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j3 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 3 "  oo P = "c o m p u te " />

< ! —  C o n t r o l  a l l  In T s  — >
< F i l t e r  i d = " c o n t r o l "  t y p e = " C o n t r o lM a t c h in g " / >
< B in d in g  iE = " _ s e l f "  iP = " s e le c t io n "  o E = " c o n t r o l "  o P = " s e le c t io n " />

< ! —  L in k  p la t f o r m - s p e c i f i c  In T s  — >
< B in d in g  iE = " _ s e l f "  iP = " r o t a t e O b j " o E = " c o n t r o l "  o P = " r o t a t io n " / >
< B in d in g  iE = " r o t a t e O b j " iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e R o ta t io n " />
< B in d in g  iE = " _ s e l f "  iP = " t r a n s la t e O b j " o E = " c o n t r o l "  o P = " t r a n s la t io n " / >
< B in d in g  iE = " t r a n s la t e O b j " iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e T r a n s la t io n " />  
< B in d in g  iE = " r o t a t e O b j " i P = " f i n i s h i n g "  o E = " c o n t r o l "  o P = " e n d R o ta t io n " />
< B in d in g  iE = " t r a n s la t e O b j " iP = " f i n i s h i n g "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />  
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n l "  o E = " c o n t r o l "  o P = " m a tc h l" />
< B in d in g  i E = " _ s e l f "  iP = " m a tc h F u n c t io n 2 "  o E = " c o n t r o l "  o P = "m a tc h 2 " />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n 3 "  o E = " c o n t r o l "  o P = "m a tc h 3 " />

< ! —  D e le te  o b je c t s  on ce  th e y  m a tc h  — >
< F i l t e r  id = " d e le t e O b js l "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  id = " d e le t e 0 b js 2 "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  id = " d e le te O b js 3 "  ty p e = " D e le te W h e n S ig n a l" />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " d e le te O b js i"  o P = " o b j" />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " d e le te O b js l"  o P = " o b j" />
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " d e le te O b js l"  o P = " s ig n a l" / >
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " d e le te 0 b js 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 2 "  o P = " o b j" />
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " d e le te 0 b js 2 "  o P = " s ig n a l" / >
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " d e le te 0 b js 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 3 "  o P = " o b j" />
< B in d in g  iE = "m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " d e le te 0 b js 3 "  o P = " s ig n a l" / >

< ! —  End o f  th e  a p p l i c a t i o n  — >
< F i l t e r  i d = " q u i t "  t y p e = " Q u i tM a tc h in g " />
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />
< B in d in g  iE = "m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />
< B in d in g  iE = " k e y b o a rd "  iP = " q "  o E = " q u i t "  o P = " a b o r tS ig n a l" />

< ! —  L o g  s t a r t / s t o p  t im e s  — >
< F i l t e r  id = " lo g "  ty p e = " L o g " />
< ID e v ic e  i d = " t im e r "  t y p e = " T im e r " />
< B in d in g  iE = " t im e r "  iP = " c u rT im e "  o E = " lo g "  o P = "c u rT im e " />
< B in d in g  iE = " q u i t "  iP = " e n d In fo "  o E = " lo g "  o P = " e n d S ig n a l" />

< ! —  I d e n t i f y  u s e r  and p la t f o r m  — >
< ! —  Change t h i s  c o n s ta n t  t o  an  i d  f o r  a  p a r t i c u l a r  u s e r  — >
< C o n s ta n t id = " u s e r ld "  t y p e = " S t r in g "  v a lu e = " T e s t  u s e r " />
< C o n s ta n t i d = " p la t f o r m I d "  t y p e = " S t r in g "  va lue= "S M A R T  B o a r d " />
< B in d in g  iE = " _ s e l f "  iP = " u s e r I d "  o E = " lo g "  o P = " u s e r Id " />
< B in d in g  iE = " _ s e l f "  iP = " p la t f o r m ld "  o E = " lo g "  o P = " p la t f o r m Id " />

< ! —  lo g  th e  e x p e r ie n c e  — >
< ! —  i n i t i a l  t r a n s f o r m a t io n s ,  s e le c t e d  o b je c t s ,  p o s i t i o n  and o r i e n t a t i o n  w h i le
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m o v in g , m a tch  t im e s  — >
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
< B in d in g  iE = "m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " lo g "  o P = " m a tc h S ig n a l" />  
< B in d in g  iE = "m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
< B in d in g  iE = " s m a r tb o a rd "  iP = " to u c h P o s "  o E = " lo g "  o P = " p o in te r P o s " />
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lS e le c te d "  o E = " lo g "  o P = " r o t a t e S t a r t " / >  
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lR e le a s e d "  o E = " lo g "  o P = " r o ta te S to p " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lS e le c te d "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >  
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n lR e le a s e d "  o E = " lo g "  o P = " t r a n s la te S t o p " />  

< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 2 S e le c te d "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 2 R e le a s e d "  o E = " lo g "  o P = " t r a n s la te S t o p " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 3 S e le c te d "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >  
< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 3 R e le a s e d "  o E = " lo g "  o P = " t r a n s la te S t o p " />  
< B in d in g  iE = ''s m a r tb o a rd "  iP = " p e n 4 S e le c te d "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >  

< B in d in g  iE = " s m a r tb o a rd "  iP = "p e n 4 R e le a s e d "  o E = " lo g "  o P = " t r a n s la te S t o p " />  
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 2 S e le c te d "  o E = " lo g "  oP = "m o vX Y "/>
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 3 S e le c te d "  o E = " lo g "  o P = "m o vX Z "/>
< B in d in g  iE = " s m a r tb o a rd "  iP = " p e n 4 S e le c te d "  o E = " lo g "  o P = "m o vY Z "/>
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " lo g "  o P = " s e le c te d O b j" / >
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " lo g "  o P = " d e s e le c te d O b j" / >  
< B in d in g  iE = " k e y b o a rd "  iP = " q "  o E = " lo g "  o P = " a b o r tS ig n a l" />

< B in d in g  i E = " o b j l "  
< B in d in g  i E = " o b j l "  
< B in d in g  iE = " o b j2 "  
< B in d in g  iE = " o b j2 "  
< B in d in g  iE = " o b j3 "  
< B in d in g  iE = " o b j3 "

iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s O b jl" />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q O b j i " />  
iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s 0 b j2 " />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q 0 b j2 " />  

iP = "p o s C h a n g e d " o E = " lo g "  o P = "p o s Q b j3 " />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q 0 b j3 " />

C O b je c tH o ld e r  id = " c o p y l " / >
< O b je c tH o ld e r  id = " c o p y 2 " />

< O b je c tH o ld e r  id = " c o p y 3 " />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " c o p y i"  o P = " o b je c t " />  
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "c o p y 2 "  o P = " o b je c t " />  
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "c o p y 3 "  o P = " o b je c t " />

< B in d in g  iE = " c o p y l "  
< B in d in g  iE = " c o p y l"  
< B in d in g  iE = "c o p y 2 "  
< B in d in g  iE = "c o p y 2 "  
< B in d in g  iE = "c o p y 3 "  
< B in d in g  iE = "c o p y 3 "

iP = "p o s C h a n g e d "  o E = " lo g "  o P = " p o s R e p l ic a i" />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a l " />  
iP = "p o s C h a n g e d "  o E = " lo g "  o P = "p o s R e p l ic a 2 " />  
iP = "q C h a n g e d "  o E = " lo g "  o P = " q R e p l ic a 2 " />  
iP = "p o s C h a n g e d "  o E = " lo g "  o P = "p o s R e p l ic a 3 " />  
iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a 3 " />

< / App>

M atching A pplication . H M D J Version
< ? xm l v e r s io n = " l . 0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE App PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d t d ">  
< ! —  C o p y r ig h t  i n f  o

h m d j: An e n v iro n m e n t w i t h  th e  I - g la s s e s  and  a j o y s t i c k

I t  h a s  th e  f o l l o w in g  f i x e d  c h a r a c t e r i s t i c s :
-  A j o y s t i c k ,  a k e y b o a rd ,  and  th e  i - g la s s e s  HMD, w i t h  i t s  t r a c k e r
-  th e R e n d e re d S c e n e  i s  an O b je c tH o ld e r  t h a t  c o n ta in s  th e  re n d e r e d  sce n e

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

http://www.cs.ualberta.ca/~pfiguero/InTmlTemp/spec/intml.dtd


-  th e C u r r e n tV ie w p o in t  i s  a n  O b je c tH o ld e r  w i t h  th e  c u r r e n t  v ie w p o in t
-  th e  v ie w p o in t  r o t a t e s  a c c o r d in g  t o  th e  t r a c k e r  p o s i t io n

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  

L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be  u s e f u l , 

b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59  T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA 
— >

<App id = "m a tc h in g T e s t .h m d jA p p ">
< S h o r tD e s c > G e n e r ic  app f o r  a n  I - g la s s e s  HMD and a J o y s t ic k < /S h o r tD e s c >  

C Im p o rt id = " m a tc h in g T e s t " />
< ID e v ic e  id = " k e y b o a r d "  ty p e = " G e n e r ic K e y b o a rd " />
< ID e v ic e  i d = " j o y s t i c k "  t y p e = " G e n e r ic J o y s t ic k " / >
< ID e v ic e  i d = " t r a c k e r "  ty p e = "G e n e r ic 3 D 0 F T r a c k e r " />
< 0 D e v ic e  id = "h m d "  t y p e = " IG la s s e s " />
< 0 b je c tH o ld e r  id = " t h e C u r r e n tV ie w p o in t " / >
< 0 b j e c tH o ld e r  i d = " th e R e n d e re d S c e n e " / >

< ! —  S ta n d a rd  h e a d  b e h a v io r  — >
< B in d in g  iE = " t r a c k e r "  iP = " q "  o E = " th e C u r r e n tV ie w p o in t "  o P = "s e tQ " />

< / App>

M atching A pplication . 3D D  Version
< ?xm l v e r s io n = " l . 0 "  e n c o d in g = "U T F -8 "? >
< ! D0CTYPE App PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / /w w w . c s . u a lb e r t a . c a /~ p f ig u e r o / In T m lT e m p /s p e c / in tm l . d t d ">  
< ! —  C o p y r ig h t  i n f o

m a tc h in g A p p 3 D D e s k to p 2 : The m a tc h in g  a p p l i c a t i o n ,  3D D e s k to p . V e r s io n  2

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  ho pe  t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a  c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA
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— >

< ! —  A s s u m p tio n s
-  The i n i t i a l  v ie w p o in t  i s  lo o k in g  t o  - z  f ro m  ( 0 , 0 , 0 )
-  The v a l i d  x ,  y  p o s i t io n s  a re  b e tw e e n  ( - 2 0 ,  20 )

— >

<App id = "m a tc h in g T e s t .m a tc h in g A p p 3 D D e s k to p 3 ">
< S h o r tD e s c > M a tc h in g  a p p l i c a t i o n  i n  th e  3D D e s k to p  p la t fo rm < /S h o r tD e s c >  
< D e s c r ip t io n >

I t  u s e s  th e  k e y b o a rd  in s te a d  o f  th e  b u t to n s  i n  th e  3dm ouse .
I t  u s e s  R o tT ra n s  in s te a d  o f  EchoPQ
Random p o s i t io n s  a re  now com pu te d  b y  R a n d o m R e la tive P Q , w h ic h  makes a 

b e t t e r  jo b  th a n  RandomPQ. Now random  p o s i t io n s  Eire d e t e r m in i s t i c ,  so 
we ca n  d e f in e  a  p o s i t i o n  o f  a l l  o b je c t s  w i t h  j u s t  a nu m b e r. The d is ta n c e  
b e tw e e n  an o b je c t  and  i t s  cop y  i s  c o n s ta n t ,  and  i t  a ls o  
d iv id e s  th e  s c re e n  i n  6 a re a s ,  and  p u t  t h e  o b je c t s  i n  the m .

I t  a ls o  ha s  a k e y  f o r  r e s e t in g  th e  p o i n t e r ’ s p o s i t i o n  
< /D e s c r ip t io n >

< Im p o r t  id = " m a tc h in g T e s t " />
< 0 v e r r id e s  c la s s Id = " m a tc h in g T e s t ,g e n e r ic 3 D D e s k to p A p p " />

< ! —  L o a d  o b je c t s  — >
< 0 b je c t  i d = " o b j l "  f i le n a m e = " m e d ia /c a r .3 d s "  ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " o b j2 "  f i le n a m e = "m e d ia /D o d g e 3 2 . 3 d s "  ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " o b j3 "  f i le n a m e = " m e d ia /b e e th o v e n .o b j" ty p e = " V R 0 b je c t " / >
< 0 b je c t  i d = " s e le c t a b le 0 b j s "  ty p e = "S c e n e " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = " s e le c ta b le 0 b js "  o P = "a d d Q b je c t" />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " s e le c ta b le 0 b js "  o P = " a d d 0 b je c t " />

< ! —  C re a te  v ie w p o in t  — >
c C o n s ta n t id = " p V "  ty p e = "P o s 3 D "  v a lu e = " 0  0 0 " / >
< C o n s ta n t id = " q V "  t y p e = " Q u a te r n io n "  v a lu e = " 0  0 -1  0 " / >
< C o n s ta n t i d = " n o t V i s ib l e "  t y p e = " b o o le a n "  v a lu e = " f a ls e " / >
< 0 b je c t  i d = " v ie w p o in t "  f i le n a m e = " "  t y p e = " V ie w p o in t " / >
< B in d in g  iE = " _ s e l f "  iP = "p V "  o E = " v ie w p o in t "  o P = "s e tP o s " />
< B in d in g  iE = " _ s e l f "  iP = "q V "  o E = " v ie w p o in t "  o P = "s e tQ " />
< B in d in g  iE = " _ s e l f "  iP = " n o t V i s ib le "  o E = " v ie w p o in t "  o P = " s e t V is ib le " / >

< ! —  L in k  i t  t o  th e  v ie w p o in t  i n  th e  s y s te m  — >
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = " th e C u r r e n tV ie w p o in t "  o P = " o b je c t " />

< ! —  L o c a l iz e  o b je c t s  a t  random  — >
< F i l t e r  id = " ra n d o m R e la t iv e P Q "  ty p e = "R a n d o m R e la t iv e P Q " / >

< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j l " / >
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j2 " />
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "ra n d o m R e la t iv e P Q " o P = " o b j3 " />

< ! —  B in d  th e  c u r r e n t  o u tp u t  d is p la y  t o  ra n d o m R e la t iv e P Q .o u tp u tD e v ic e  — > 
< B in d in g  iE = " _ s e l f "  iP = " s c r e e n "  o E = "ra n d o m R e la t iv e P Q " o P = " o u tp u tD e v ic e " />

< ! —  B in d  th e  c u r r e n t  v ie w p o in t  t o  ra n d o m R e la t iv e P Q . o u tp u tD e v ic e  — > 
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "ra n d o m R e la t iv e P Q " o P = " v ie w P o in t " />

< ! —  C re a te  t r a n s p a r e n t  c o p ie s  o f  o b je c t s  and l o c a l i z e  th e m  a t  random  — > 
< F i l t e r  id = " t C o p y i "  ty p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 2 "  ty p e = " T ra n s p a re n tC o p y " />
< F i l t e r  id = " tC o p y 3 "  ty p e = " T ra n s p a re n tC o p y " />
< 0 b je c t  id = " t r a n s p a r e n tO b js "  ty p e = "S c e n e " />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " tC o p y l"  o P = " o b j" />
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "tC o p y 2 " o P = " o b j" />
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< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "tC o p y 3 " o P = " o b j" />
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = " c o p y l" />  
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = ''c o p y 2 " />  
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "ra n d o m R e la t iv e P Q " o P = "c o p y 3 " />  
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tO b js "  o P = "a d d D b je c t" />  
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tO b js "  o P = "a d d O b je c t" />  

< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = " t r a n s p a r e n tO b js "  o P = "a d d O b je c t" />

< ! —  Make s e le c t a b le O b js  s e le c t a b le  — >
< ! —  C re a te  s e le c t io n  te c h n iq u e  and b in d  i t  as  n e c e s s a ry  — >

< F i l t e r  i d = " s e le c t i o n "  ty p e = " S e le c tB y T o u c h in g " />
< 0 b je c t  id = "v H a n d "  f i le n a m e = " m e d ia /p o in t e r . o b j " ty p e = "V R O b je c t" />
< B in d in g  iE = " _ s e l f "  iP = " s e le c ta b le O b js "  o E = " s e le c t io n "  o P = "s c e n e " />  
< B in d in g  iE = "m o u se 3 D " iP = " p o s "  o E = " s e le c t io n "  o P = "c o m p u te " />
< B in d in g  iE = "m o u se 3 D " iP = " q "  o E = " s e le c t io n "  o P = "c o m p u te " />
< B in d in g  iE = " _ s e l f "  iP = "v H a n d "  o E = " s e le c t io n "  o P = "h a n d R e p r" />
< F i l t e r  i d = " r e s e t P o s i t i o n "  t y p e = " R e s e tP o s i t io n " />
< B in d in g  iE = "m o u se 3 D " iP = " p o s "  o E = " r e s e tP o s i t io n "  o P = "s e tP o s " />
< B in d in g  iE = " r e s e t P o s i t i o n "  iP = " p o s "  o E = "vH a n d " o P = "s e tP o s " />
< B in d in g  iE = "m o u se 3 D " iP = " q "  o E = "vH an d" o P = "s e tQ " />

< ! —  G iv e  fe e d b a c k  o f  s e le c t io n  — >

< F i l t e r  i d = " h i g h l i g h t "  t y p e = " H ig h l ig h te d F e e d b a c k " />
< B in d in g  iE = " s e le c t i o n "  iP = " o b je c t "  o E = " h ig h l ig h t "  o P = " o b j" />
< B in d in g  iE = " s e le c t i o n "  iP = " d e s e le c te d "  o E = " h ig h l ig h t "  o P = " d e s e le c te d " />

< ! —  G ra b  an  o b je c t  (S ee t r a n s l a t e  o r  r o t a t e )  — >

< ! —  R o ta te  a n d  T r a n s la t e  an  o b je c t  — >

< F i l t e r  id = " r o t T r a n s "  ty p e = " R o tT r a n s " />
< B in d in g  iE = " s e le c t i o n "  iP = " o b je c t "  o E = " r o tT r a n s "  o P = " o b j" />
< B in d in g  iE = " s e le c t i o n "  iP = " d e s e le c te d "  o E = " r o tT r a n s "  o P = " d e s e le c te d " />  
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " r o tT r a n s "  o P = "b u t to n P r e s s e d " />
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " r o tT r a n s "  o P = "b u t to n R e le a s e d " />
< B in d in g  iE = " k e y b o a rd "  iP = " a "  o E = " r o tT r a n s "  o P = " to g g le T r a n s la t io n " />  
< B in d in g  iE = " k e y b o a rd "  iP = " s "  o E = " r o tT r a n s "  o P = " to g g le R o ta t io n " />
< B in d in g  iE = "m o u se 3 D " iP = " q "  o E = " ro tT ra n s "  o P = "s e tQ " />
< B in d in g  iE = "m o u se 3 D " iP = " p o s "  o E = " ro tT ra n s "  o P = "s e tP o s " />

< ! —  R e le a s e  an  o b je c t  — >
< ! —  (D one b y  r o t a t e  and t r a n s l a t e )  — >

< ! —  Com pute m a tc h in g  f u n c t i o n  — >
< F i l t e r  id = " m a tc h F u n c t io n l "  t y p e = " M a tc h F u n c t io n " />
< F i l t e r  id = " m a tc h F u n c t io n 2 "  t y p e = " M a tc h F u n c t io n " />
< F i l t e r  id = " m a tc h F u n c t io n 3 "  t y p e = " M a tc h F u n c t io n " />
< B in d in g  iE = " _ s e l f "  iP = " o b j l "  o E = " m a tc h F u n c t io n l"  o P = " o b j" />
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = " m a tc h F u n c t io n l"  o P = "c o p y O b j" / >  
< B in d in g  iE = " _ s e l f "  iP = " o b j2 "  o E = "m a tc h F u n c t io n 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 2 " o P = "c o p y O b j" / >  
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = "m a tc h F u n c t io n 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "m a tc h F u n c t io n 3 "  o P = "c o p y O b j" / >  
< B in d in g  iE = " o b j l "  iP = "p o s C h a n g e d " o E = " m a tc h F u n c t io n l"  o P = "c o m p u te " />  
< B in d in g  iE = " o b j l "  iP = "q C h a n g e d " o E = " m a tc h F u n c t io n l"  o P = "c o m p u te " />  
< B in d in g  iE = " o b j2 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j2 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 2 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j3 "  iP = "p o s C h a n g e d " o E = "m a tc h F u n c t io n 3 "  o P = "c o m p u te " />  
< B in d in g  iE = " o b j3 "  iP = "q C h a n g e d " o E = "m a tc h F u n c t io n 3 "  o P = "co m p u te " / >
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< ! —  C o n t r o l  a l l  In T s  — >

< F i l t e r  i d = " c o n t r o l "  t y p e = " C o n t r o lM a t c h in g " / >
< F i l t e r  i d = " s w i t c h l "  t y p e = " S w i t c h " />
< F i l t e r  id = " s w i t c h 2 "  t y p e = " S o i t c h " / >
< C o n s ta n t id = " b o t h A c t iv e "  ty p e = " b o o le a n "  v a lu e = " t r u e " / >
< C o n s ta n t i d = " s t a r t F a l s e "  ty p e = " b o o le a n "  v a lu e = " f a ls e " / >
< B in d in g  iE = " _ s e l f "  iP = " b o th A c t iv e "  o E = " c o n t r o l "  o P = "a llo w B o th T ra n s R o t" / >  
< B in d in g  iE = " _ s e l f "  iP = " s e le c t io n "  o E = " c o n t r o l "  o P = " s e le c t io n " />

< ! —  L in k  p l a t f o r m - s p e c i f i c  In T s  — >
< B in d in g  iE = " _ s e l f "  iP = " r o tT r a n s "  o E = " c o n t r o l "  o P = " r o t a t io n " / >
< B in d in g  iE = " _ s e l f "  iP = " r o tT r a n s "  o E = " c o n t r o l "  o P = " t r a n s la t io n " / >
< ! —  Can b o th  In T s  be a c t i v e  a t  th e  same t im e ?  — >
< B in d in g  iE = " r o tT r a n s "  iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e R o ta t io n " />  
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " c o n t r o l "  o P = " e n d R o ta t io n " />
< B in d in g  iE = " r o tT r a n s "  iP = " in M o d e "  o E = " c o n t r o l "  o P = " in M o d e T ra n s la t io n " />  
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " s w i t c h l "  o P = " s ig n a lO n " />
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " s w i t c h l "  o P = " s ig n a lO f f " / >
< B in d in g  i E = " s w i t c h l "  iP = " o n O f f "  o E = " r o tT r a n s "  o P = "o n " />
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " s w itc h 2 "  o P = " s ig n a lO f f " / >
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " s w itc h 2 "  o P = " s ig n a lO n " />
< B in d in g  iE = " s w it c h 2 "  iP = " o n O f f "  o E = " s e le c t io n "  o P = "o n " />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n l"  o E = " c o n t r o l "  o P = "m a tc h l" />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n 2 "  o E = " c o n t r o l "  o P = "m a tc h 2 " />
< B in d in g  iE = " _ s e l f "  iP = " m a tc h F u n c t io n 3 "  o E = " c o n t r o l "  o P = "m a tc h 3 " />
< B in d in g  iE = " m a tc h F u n c t io n i"  iP = "m a tc h "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />  
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />  
< B in d in g  iE = " m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " c o n t r o l "  o P = " e n d T r a n s la t io n " />  
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " c o n t r o l "  o P = " e n d R o ta t io n " />  
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " c o n t r o l "  o P = "e n d R o ta t io n " />  
< B in d in g  iE = " m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " c o n t r o l "  o P = " e n d R o ta t io n " />  
< B in d in g  iE = " k e y b o a rd "  iP = " p "  o E = " r e s e tP o s i t io n "  o P = " r e s e t " />

< ! —  D e le te  o b je c t s  on ce  th e y  m a tc h  — >
< F i l t e r  id = " d e le t e O b js l "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  i d = " d e le t e 0 b js 2 "  ty p e = " D e le te W h e n S ig n a l" />
< F i l t e r  id = " d e le t e 0 b js 3 "  ty p e = " D e le te W h e n S ig n a l" />
< B in d in g  iE = " _ s e l f "  i P = " o b j l "  o E = " d e le te O b js l"  o P = " o b j" />
< B in d in g  iE = " tC o p y l "  iP = " o b jC o p ie d "  o E = " d e le te O b js i"  o P = " o b j" />  
< B in d in g  iE = " m a tc h F u n c t io n l " iP = "m a tc h "  o E = " d e le te D b js l "  o P = " s ig n a l" / >  
< B in d in g  i E = " _ s e l f "  iP = " o b j2 "  o E = " d e le te O b js 2 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 2 "  o P = " o b j" />  
< B in d in g  iE = "m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " d e le te 0 b js 2 "  o P = " s ig n a l" / >  
< B in d in g  iE = " _ s e l f "  iP = " o b j3 "  o E = " d e le te 0 b js 3 "  o P = " o b j" />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = " d e le te 0 b js 3 "  o P = " o b j" />  
< B in d in g  iE = " m a tc h F u n c t io n 3 "  iP = " m a tc h "  o E = " d e le te 0 b js 3 "  o P = " s ig n a l" / >

< ! —  End o f  th e  a p p l i c a t i o n  — >
< F i l t e r  i d = " q u i t "  t y p e = " Q u i tM a tc h in g " />
< B in d in g  iE = " m a tc h F u n c t io n l"  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />  
< B in d in g  iE = " m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />  
< B in d in g  iE = " m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " q u i t "  o P = " s ig n a l" />  
< B in d in g  iE = " k e y b o a rd "  iP = " q "  o E = " q u i t "  o P = " a b o r tS ig n a l" />

< ! —  L o g  s t a r t / s t o p  t im e s  — >
< F i l t e r  i d = " lo g "  ty p e = " L o g " />
< ID e v ic e  i d = " t im e r "  t y p e = " T im e r " />
< B in d in g  iE = " t im e r "  iP = " c u rT im e "  o E = " lo g "  o P = "c u rT im e " />
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< B in d in g  i E = " q u i t "  iP = " e n d In fo "  o E = " lo g "  o P = " e n d S ig n a l" />

< ! —  I d e n t i f y  u s e r  and  p la t f o r m  — >
< ! —  Change t h i s  c o n s ta n t  t o  an i d  f o r  a p a r t i c u l a r  u s e r  — >
< C o n s ta n t id = " u s e r ld "  t y p e = " S t r in g "  v a lu e = " T e s t  u s e r " />

C C o n s ta n t id = " p la t f o r m ld "  t y p e = " S t r in g ' '  v a lu e = "3 D D e s k to p " />
< B in d in g  iE = " _ s e l f "  iP = " u s e r I d "  o E = " lo g "  o P = " u s e r Id " />
< B in d in g  i E = " _ s e l f "  iP = " p la t f o r m ld "  o E = " lo g "  o P = " p la t f o r m Id " />

< ! —  lo g  th e  e x p e r ie n c e  — >
< ! —  i n i t i a l  t r a n s f o r m a t io n s ,  s e le c t e d  o b je c t s ,  p o s i t i o n  and o r i e n t a t i o n  

w h i le  m o v in g , m a tc h  t im e s  — >
< B in d in g  iE = " m a tc h F u n c t io n i"  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
< B in d in g  iE = "m a tc h F u n c t io n 2 "  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
< B in d in g  iE = "m a tc h F u n c t io n 3 "  iP = "m a tc h "  o E = " lo g "  o P = "m a tc h S ig n a l" />  
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " lo g "  o P = " r o t a t e S t a r t " / >
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " lo g "  o P = " r o ta te S to p " />
< B in d in g  iE = " k e y b o a rd "  iP = " z "  o E = " lo g "  o P = " t r a n s la t e S t a r t " / >
< B in d in g  iE = " k e y b o a rd "  iP = " x "  o E = " lo g "  o P = " t r a n s la te S t o p " />
< B in d in g  iE = " k e y b o a rd "  iP = " q "  o E = " lo g "  o P = " a b o r tS ig n a l" />
< B in d in g  iE = " s e le c t io n "  iP = " o b je c t "  o E = " lo g "  o P = " s e le c te d O b j" / >
< B in d in g  iE = " s e le c t io n "  iP = " d e s e le c te d "  o E = " lo g "  o P = "d e s e le c te d O b j" / >

< B in d in g  iE = " k e y b o a rd "  iP = " a "  o E = " lo g "  o P = " to g g le T r a n s la t io n " />
< B in d in g  iE = " k e y b o a rd "  iP = " s "  o E = " lo g "  o P = " to g g le R o t a t io n " />

< B in d in g  iE = " o b j l "  iP = "p o s C h a n g e d " o E = " lo g "  o P = " p o s O b jl" />
< B in d in g  i E = " o b j l "  iP = "q C h a n g e d " o E = " lo g "  o P = " q O b j l " />
< B in d in g  iE = " o b j2 "  iP = "p o s C h a n g e d " o E = " lo g "  o P = "p o s 0 b j2 " />
< B in d in g  iE = " o b j2 "  iP = "q C h a n g e d " o E = " lo g "  o P = " q 0 b j2 " />
< B in d in g  iE = " o b j3 "  iP = "p o s C h a n g e d " o E = " lo g "  o P = "p o s 0 b j3 " />
< B in d in g  iE = " o b j3 "  iP = "q C h a n g e d " o E = " lo g "  o P = " q 0 b j3 " />

< O b je c tH o ld e r  id = " c o p y l " / >
< O b je c tH o ld e r  id = " c o p y 2 " />
< O b je c tH o ld e r  id = " c o p y 3 " />
< B in d in g  iE = " tC o p y l"  iP = " o b jC o p ie d "  o E = " c o p y l"  o P = " o b je c t " />
< B in d in g  iE = " tC o p y 2 "  iP = " o b jC o p ie d "  o E = "c o p y 2 "  o P = " o b je c t " />
< B in d in g  iE = " tC o p y 3 "  iP = " o b jC o p ie d "  o E = "c o p y 3 "  o P = " o b je c t " />

< B in d in g  iE = " c o p y l "  iP = "p o s C h a n g e d "  o E = " lo g "  o P = " p o s R e p l ic a l" />
< B in d in g  iE = " c o p y l "  iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a l " />
< B in d in g  iE = "c o p y 2 "  iP = "p o s C h a n g e d "  o E = " lo g "  o P = "p o s R e p lic a 2 " />
< B in d in g  iE = "c o p y 2 "  iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a 2 " />

< B in d in g  iE = "c o p y 3 "  iP = "p o s C h a n g e d "  o E = " lo g "  o P = "p o s R e p lic a 3 " />
< B in d in g  iE = "c o p y 3 "  iP = "q C h a n g e d " o E = " lo g "  o P = " q R e p l ic a 3 " />

< / App>
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A ppendix B

InTm l Files for the V irtual Clay 
Application

T h e InT m l files for th e  v irtu a l clay application  are listed in th is appendix . T he file 
l i b r a r y . i n t m l  is th e  sam e one as in th e  m atch ing  application , and  for th is  reason is om itted  
here.

A pplication  Specific C lasses
< ?xm l v e r s io n = " 1 . 0 "  e n c o d in g = "U T F -8 "? >

<!D0CTYPE P ackage  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "
" h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d t d ">

< ! —  C o p y r ig h t  i n f o
n e w C la s s e s : C la s s e s  d e f in e d  b y  th e  d e s ig n e r ,  u s e d  i n  th e  V i r t u a l  C la y  a p p .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a s  p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  ho pe  t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  t h e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

Y ou s h o u ld  ha ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  C h a n g e s :
Aug 13 , 2 0 0 2 : F i r s t  v e r s io n  

— >

< ! —  D e v ic e s  i n  th e  M a tc h in g  T e s t  a p p l i c a t i o n  — >
<P ackage i d = " v i r t u a lC la y " >
< Im p o r t  i d = " l i b r a r y " / >
< Im p o r t  id = " u o fa D e v ic e s " />

< 0 b je c tC la s s  id = " M a t e r ia l " >
< S h o r tD e s c > D e fin e s  a  d e fo rm a b le  o b je c t  w i t h  a  c e r t a i n  d e n s ity < /S h o r tD e s c >  
< D e s c r ip t io n >
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M a t e r ia l  m o d e ls  any m a t e r ia l  t h a t  can  be d e fo rm e d  b y  o r  d e fo rm  t o  
an y  o th e r  o b je c t .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " O b je c t s " />
< / In d e x e s >

< IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D f">
< S h o rtD e sc> C h a n g e s  th e  w o r ld  p o s i t io n  o f  an o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  p o s i t i o n  o f  an o b je c t .
I t  i s  c o n s id e re d  a r e l a t i v e  p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  
a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t  id = " c u r r e n tP o s "  ty p e = "P o s 3 D f">

< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s < /S h o rtD e s c >
< /0 P o r t>
< IP o r t  id = " s e tQ "  t y p e = " Q u a te r n io n " >

< S h o rtD e sc> C h a n g e s  th e  w o r ld  o r i e n t a t i o n  o f  a n  o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

Changes th e  w o r ld - r e la t e d  o r i e n t a t i o n  o f  an o b je c t .
I t  i s  c o n s id e re d  a  r e l a t i v e  o r i e n t a t i o n  i f  i t  i s  c o n ta in e d  i n  
a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >

< D P o rt id = " c u r r e n tQ "  ty p e = " Q u a te r n io n " >
< S h o r tD e s c > In fo rm s  w hen th e  o b je c t  r o ta te s < /S h o r tD e s c >

< /0 P o r t>
< IP o r t  id = " f o r c e s "  ty p e = " F o r c e " >

< S h o r tD e s c > C u rre n t f o r c e s  a p p l ie d  t o  t h i s  m a t e r ia lc / S h o r t D e s o  
< / I P o r t >
< IP o r t  id = " d e n s i t y "  t y p e = " f l o a t " >

< S h o r tD e s c > D e n s ity  o f  t h e  m a t e r ia l ,  1 f o r  h a r d ,  0 f o r  v a p o r< /S h o r tD e s c >  
< / I P o r t >
< IP o r t  id = "d e fo rm e d B y "  t y p e = " M a te r ia l " >

< S h o r tD e s c > O b je c t i n  c o n ta c t< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " s p in "  ty p e = "S p in P a ra m e te rs ">

< S ho rtD esc> M ake s  th e  m a t e r i a l  s p in  o v e r  an  a x is < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " c u tB y "  t y p e = " M a t e r ia l " >

< S h o r tD e s c > C u ts  t h i s  o b je c t  w i t h  th e  one r e c e iv e d  h e re < /S h o r tD e s c >  
< / I P o r t >
< 0 P o r t  id = " d e fo r m e d "  ty p e = " D e fo r m a t io n " >

< S h o r tD e s c > In fo rm a t io n  a b o u t th e  d e fo r m a t io n  i n  th e  o b je c t< /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  i d = " c u r r e n t V e l "  ty p e = "S p e e d ">

< S h o r tD e s c > C u rre n t v e l o c i t y  o f  th e  o b je c t< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  i d = " c u r r e n t A c c e l "  t y p e = " A c c e le r a t io n " >

< S h o r tD e s c > C u rre n t a c c e le r a t io n  o f  th e  o b je c t< /S h o r tD e s c >
< /D P o r t>
< 0 P o r t  id = " c u r r e n tB S p h e r e "  ty p e = "V R O b je c t">

< S h o r tD e s c > C u rre n t b o u n d in g  s p h e re < /S h o r tD e s c >
< /0 P o r t>

< /O b je c tC la s s >

< O b je c tC la s s  id = " V i r tu a lC la y E n v i r o n m e n t " >
< S h o r tD e s c > E n v iro n m e n t f o r  d e fo rm a b le  o b je c ts < /S h o r tD e s c >
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< D e s c r ip t io n >
The e n v iro n m e n t t h a t  c o o r d in a te s  d e fo r m a t io n  among o b je c t s  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " O b je c t s " />
< /In d e x e s >
< IP o r t  id = " a d d O b je c t "  t y p e = " M a te r ia l " >

< S h o rtD e sc> A d d s  a new p a r t  t o  t h i s  o b je c t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t id = " o b je c tA d d e d "  t y p e = " M a te r ia l " >

< S h o r tD e s c > In fo rm s  when a p a r t  i s  added t o  th e  o b je c t< /S h o r tD e s c >  
< /0 P o r t>
< IP o r t  id = " r e m o v e O b je c t "  t y p e = " M a te r ia I " >

<S hortD esc>R em o ves  a p a r t  f ro m  t h i s  o b je c t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t id = "o b je c tR e m o v e d "  t y p e = " M a te r ia l " >

< S h o r tD e s c > In fo rm s  when a p a r t  i s  re m oved  f ro m  th e  o b je c t< /S h o r tD e s c >  
< /0 P o r t>
< IP o r t  i d = " s p l i t O b j e c t "  t y p e = " S t r in g " >

< S h o r tD e s c > S p li ts  an  o b je c t  i n t o  i t s  p ie c e s < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t i d = " s p l i t t e d O b je c t "  t y p e = " S t r in g " >

< S h o r tD e s c > S p l i t te d  o b je c t< /S h o r tD e s c >
< /0 P o r t>
< IP o r t  id = "c o m p u te "  ty p e = "A n y T y p e ">

< S h o r tD e s c > E v e n t t h a t  t r i g g e r s  a c o m p u ta t io n  s te p < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  i d = " c o l l i d i n g O b je c t s "  t y p e = " M a te r ia l2 " >

< S h o r tD e s c > O b je c ts  i n  a  c o l l is io n < /S h o r tD e s c >
< D e s c r ip t io n >

O b je c ts  in v o lv e d  i n  a  c o l l i s i o n ,  a t  a  c e r t a i n  t im e .  R ig h t  now h a n d le s  
c o l l i s i o n s  o f  tw o  o b je c t s  o n ly ,  a n d  o n ly  o f  o f  th e m  w i l l  r e c e iv e  th e  
’ d e fo rm e d B y ’ e v e n t  ( th e  one w i t h  lo w e r  d e n s i t y ,  o r  a t  ra n d o m , i f  
d e n s i t i e s  a r e  t h e  sa m e ). M a te r ia l2  i s  an a r r a y  o f  2 o b je c t s  o f  t y p e  
M a t e r ia l  

< /D e s c r ip t  io n >
< /0 P o r t>

< /O b je c tC la s s >

< F i l t e r C la s s  id = "M o u s e 2 R a y ">
< S h o rtD e s c > C o m p u te r a r a y  i n  3D fro m  th e  mouse p o s it io n < /S h o r tD e s c >  
< D e s c r ip t io n >

The mouse p o s i t i o n  d e f in e s  a r a y  i n  th e  c u r r e n t  s c re e n  
< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " b a s ic "  v a lu e = " O b je c t s " />
< / In d e x e s >
c I P o r t  id = "p o s 2 D "  ty p e = "P o s 2 D i">

< S h o r tD e s c > P o in te r  p o s it io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " s c r e e n "  ty p e = "G e n e r ic S c re e n ">

< S h o r tD e s c > S c re e n  in fo r m a t io n < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " v ie w p o in t "  t y p e = " V ie w p o in t " >

< S h o r tD e s c > C u r re n t v ie w p o in t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t id = " r a y "  ty p e = "R a y ">

< S h o r tD e s c > C u r re n t ra y < /S h o r tD e s c >
< /0 P o r t>
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</FilterClass>

< F i l t e r C la s s  id = " In te r s e c tB y B S p h e r e ">
< S h o r tD e s c > In te r s e c ts  an o b je c t  b y  u s in g  i t s  b o u n d in g  s p h e re < /S h o r tD e s c >  
< D e s c r ip t io n >

The i n t e r s e c t i o n  i s  w i t h  a r a y  and g iv e s  a  p o in t  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " b a s ic "  v a lu e = " O b je c t s " />
< / In d e x e s >
C lP o r t  i d = " r a y "  ty p e = "R a y ">

< S h o r tD e s c > In te r s e c t in g  ra y < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " o b je c t "  t y p e = " M a te r ia l " >

< S h o r tD e s c > O b je c t t o  in te r s e c t< /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = "c o m p u te "  ty p e = "A n y T y p e ">

< S h o rtD e sc> C a u se s  a c o m p u ta t io n < /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  i d = " p o in t "  ty p e = "P o s 3 D f">

< S h o r tD e s c > P o in t  o f  i n t e r s e c t i o n  i n  th e  s p h e re < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " R o ta te B y D ra g g in g " >
< S h o r tD e s c > R o ta te s  b y  u s in g  a p o in t  i n  i t s  b o u n d in g  s p h e re < /S h o r tD e s c >  
< D e s c r ip t io n >

The p o in t  g iv e s  th e  d r a g g in g  b e h a v io r .  The i n i t i a l  p o in t  i s  th e  
r e fe r e n c e  f o r  th e  r o t a t i o n .  S u b se q u e n t p o in t s  d e f in e  th e  a n g le  
o f  r o t a t i o n .  The i n i t i a l  p o in t  ca n  be f lu s h e d  b y  f l u s h in g  th e  s t a t e  
o f  th e  f i l t e r ,  a v a i l a b le  b y  th e  in p u t  p o r t s  f ro m  C o n t r o la b le F i l t e r  

< /D e s c r ip t io n >
< In d e x e s >

C In d e x  i d = " b a s ic "  v a lu e = " O b je c t s " />
< / In d e x e s >
< Im p le m e n ts  i d = " C o n t r o l a b l e F i l t e r " / >
C IP o r t  i d = " o b je c t "  t y p e = " M a te r ia l " >

< S h o r tD e s c > O b je c t t o  r o ta te < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " p o in t "  ty p e = "P o s 3 D f">

< S h o r tD e s c > P o in t  o f  th e  b o u n d in g  s p h e re ,  f o r  d ra g g in g < /S h o r tD e s c >  
< / I P o r t >

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " T r a n s la te P la n e " >
< S h o rtD e sc> M o ve s  an  o b je c t  i n  a  p la n e ,  g iv e n  a 2D p o s < /S h o rtD e s c >  
< D e s c r ip t io n >

The in p u t  p o s i t i o n  may come fro m  a p o in t e r ,  as  a mouse o r  
a j o y s t i c k

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " b a s ic "  v a lu e = " O b je c t s " />
< / In d e x e s >
< Im p le m e n ts  i d = " C o n t r o l a b l e F i l t e r " / >
•C IP o rt i d = " o b je c t "  t y p e = " M a t e r ia l " >

< S h o r tD e s c > O b je c t t o  m o v e < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = "p o s 2 D "  ty p e = "P o s 2 D i">

< S h o r tD e s c > P o in te r  p o s it io n < /S h o r tD e s c >
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< / I P o r t >
< IP o r t  i d = " p la n e "  ty p e = " C a r te s ia n P la n e ID " >

< S h o r tD e s c > P la n e  o f  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " s c a le F a c t o r "  t y p e = " f l o a t " >

< S h o r tD e s c > S c a le  f a c t o r  f o r  th e  p o in t e r  p o s it io n < /S h o r tD e s c >  
< / I P o r t >

< / F i l t e r C la s s >

< /P a cka g e >

A pplication  Specific D evices
<?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackag e  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d t d ">  
< ! —  C o p y r ig h t  i n f o

P h y s ic a l  D e v ic e s :  T r a n s la t io n s  and  e x te n s io n s  t o  b a s ic  ty p e s  i n  th e  
l i b r a r y .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a s  p u b l is h e d  b y  th e  F re e  S o f tw a r e  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  ho pe  t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  C han ges :
Aun 1 3 , 20 02  : F i r s t  v e r s io n  

— >

< ! —  D e v ic e s  i n  th e  M a tc h in g  T e s t  a p p l i c a t i o n  — >
<P ackage  id = " u o fa D e v ic e s " >
< Im p o r t  i d = " l i b r a r y " / >

< D e v ic e C la s s  id = " S p a c e B a l l " >
< S h o rtD e sc> A  3D C o n n e x io n ’ s S p a c e B a ll< /S h o r tD e s c >
< D e s c r ip t io n >

A 6D0F d e v ic e ,  w i t h  a  b a l l  i n s te a d  o f  t h e  p u c k  i n  th e  SpaceMouse 
< / D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >
< / In d e x e s >
< 0 P o r t  id = " b u t t o n s "  t y p e = " B u t to n "  i s A r r a y = " t r u e "  

ty p e A r r a y = " s t  a t  i  c " m a x A rra y = "1 2 ">
< S h o r tD e s c > S p a c e B a ll b u t to n s < /S h o r tD e s c >

< /0 P o r t>
< D e v ic e  id = " t r a c k e d P o s "  ty p e = "G e n e r ic 6 D 0 F T r a c k e r " />

< /D e v ic e C la s s >
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< D e v ic e C la s s  id = "P h a n to m ">
< S h o rtD e sc> A  P han tom  d e v ic e < /S h o r tD e s c >
< D e s c r ip t io n >

A fo r c e - fe e d b a c k  arm 
< /D e s c r ip t io n >
< In d e x e s >

< In d e x  id = " b a s ic "  v a lu e = " D e v ic e s . I n p u t " / >

< / In d e x a s >
< IP o r t  i d = " f o r c e "  ty p e = " F o r c e " >

< S h o r tD e s c > S e ts  a new f o r c e  i n  th e  d e v ic e < /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " t o r q u e "  ty p e = "T o rq u e ">

< S h o r tD e s c > S e ts  a new to r q u e  i n  th e  d e v ic e < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

< S h o rtD e sc> A d d s  a new o b je c t  t o  c o l l i d e  w ith < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " r e m o v e O b je c t"  ty p e = "V R O b je c t">

< S hortD esc>R em oves an  o b je c t  f ro m  th e  c o l l i s i o n  l i s t < /S h o r tD e s c >  
< / I P o r t >
< ! —  Im p le m e n ts  G e n e r ic 6 D 0 F T ra c k e r  — >
< Q P o rt id = " q "  ty p e = " Q u a te rn io n " >

< S h o r tD e s c > G e n e ra l o r i e n t a t i o n  o f  th e  t r a c k e r< /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  p o s i t io n  o f  th e  t r a c k e r < /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >

< /P a c k a g e >

V irtual Clay A pplication. P C  Version
< ? xm l v e r s io n = " l . 0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE App PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" h t t p : / /w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / I n T m lT e m p / s p e c / in t m l . d t d ">  
< ! —  C o p y r ig h t  i n f o

v i r t u a lC la y A p p :  The V i r t u a l  C la y  a p p l i c a t i o n

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  t h e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o f tw a r e  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  t h e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

Y ou s h o u ld  ha ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA
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<App id = " v i r t u a lC la y P C .a p p " >
< S h o r tD e s c > V ir tu a l C la y  a p p l i c a t i o n .  PC V e rs io n < /S h o r tD e s c >
< Im p o r t  i d = " l i b r a r y " / >
< Im p o r t  id = " u o fa D e v ic e s " />

< ID e v ic e  id = " k e y b o a r d "  ty p e = " G e n e r ic K e y b o a rd " />
< ID e v ic e  id = "m o u s e "  ty p e = "G e n e r ic M o u s e " />

< 0 D e v ic e  id = " s c r e e n "  ty p e = "P C S c re e n " />
< 0 b j e c tH o ld e r  id = " t h e C u r r e n tV ie w p o in t " / >
< 0 b je c t  id = " v ie w p o in t "  f i le n a m e = " "  t y p e = " V ie w p o in t " />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = " th e C u r r e n tV ie w p o in t "  o P = " o b je c t " />

< ! —  O b je c t  t o  be m o d e le d  — >
< 0 b je c t  i d = ' 'c la y "  t y p e = " M a t e r ia l " / >

< ! —  Lo ad  O b je c ts  — >

< ! —  Move V ie w p o in t  — >
< ! —  R o ta t io n  — >
< F i l t e r  id = "m o u s e 2 R a y ” ty p e = "M o u s e 2 R a y " />
< F i l t e r  id = " g e t P o in t "  t y p e = " X n te r s e c tB y B S p h e re " />
< F i l t e r  i d = " r o t a t e "  ty p e = " R o ta te B y D r a g g in g " />
< F i l t e r  id = " s w i t c h R o t "  t y p e = " S w i t c h " />
< B in d in g  iE = "m o u s e " iP = "m o u s e P o s " oE ="m ouse2R ay" o P = "p o s 2 D "/>
< B in d in g  iE = " th e C u r r e n tV ie w p o in t "  iP = "o b je c tC h a n g e d "  

oE ="m ouse2R ay" o P = " v ie w p o in t " />
< B in d in g  iE = " _ s e l f "  iP = " s c r e e n "  oE ="m ouse2R ay" o P = " s c re e n " />
< B in d in g  iE = " _ s e l f "  iP = " c la y "  o E = " g e tP o in t "  o P = " o b je c t " />
< B in d in g  iE = "m o u se 2 R a y " iP = " r a y "  o E = " g e tP o in t "  o P = " r a y " />
< B in d in g  iE = " c la y "  iP = " c u r r e n tB S p h e r e "  o E = " g e tP o in t "  o P = "c o m p u te " />  
< B in d in g  iE = " g e t P o in t "  iP = " p o in t "  o E = " r o ta te "  o P = " p o in t " / >
< B in d in g  iE = " _ s e l f "  iP = " c la y "  o E = " r o ta te "  o P = " o b je c t " />
< B in d in g  iE = "m o u s e " iP = " lB u t to n P r e s s e d "  o E = " s w itc h "  o P = " s ig n a lO n " />  
< B in d in g  iE = "m o u s e " iP = " lB u t to n R e le a s e d "  o E = " s w itc h "  o P = " s ig n a lO f f " / >  
< B in d in g  iE = " s w it c h "  iP = " o n O f f "  o E = " r o ta te "  o P = "o n " />
< B in d in g  iE = " s w it c h "  iP = " o n O f f "  o E = " r o ta te "  o P = " f lu s h S t a te " />

< ! —  T r a n s la t io n  — >
< F i l t e r  id = " t r a n s X Y "  ty p e = " T r a n s la te P la n e " >
< F i l t e r  id = " t r a n s X Z "  ty p e = " T r a n s la te P la n e " >
< F i l t e r  id = " s w itc h X Y "  t y p e = " S w i t c h " />
< F i l t e r  id = " s w itc h X Z "  t y p e = " S w i t c h " />
< C o n s ta n t id = " x y "  v a lu e = " X Y " />
< C o n s ta n t id = " x z "  v a lu e = " X Z ” />
< C o n s ta n t i d = " s c a le "  t y p e = " f l o a t "  v a lu e = " 0 .0 0 1 " />

< B in d in g  iE = "m o u s e " iP = "m B u tto n P re s s e d "  o E = "s w itc h X Y " o P = " s ig n a lO n " />  
< B in d in g  iE = "m o u s e " iP = "m B u tto n R e le a s e d "  o E = "s w itc h X Y "  o P = " s ig n a lO f f " / >  
< B in d in g  iE = " s w itc h X Y "  iP = " o n O f f "  o E = " tra n s X Y "  o P = "o n " />
< B in d in g  iE = "m o u s e " iP = "m B u tto n R e le a s e d "  o E = " tra n s X Y "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " _ s e l f "  iP = " x y "  o E = " tra n s X Y "  o P = " p la n e " />
< B in d in g  iE = "m o u s e " iP = "m o u s e P o s " o E = " tra n s X Y "  o P = "p o s 2 D "/>
< B in d in g  iE = " _ s e l f "  iP = " c la y "  o E = " tra n s X Y "  o P = " o b je c t " />
< B in d in g  iE = " _ s e l f "  iP = " s c a le "  o E = " tra n s X Y "  o P = " s c a le F a c to r " />

< B in d in g  iE = "m o u s e " iP = " r B u t to n P r e s s e d "  o E = "s w itc h X Z "  o P = " s ig n a lO n " />  
< B in d in g  iE = "m o u s e " iP = " r B u t to n R e le a s e d "  o E = "s w itc h X Z "  o P = " s ig n a lO f f " / >  
< B in d in g  iE = " s w it c h X Z "  iP = " o n O f f "  o E = " tra n s X Z "  o P = "o n " />
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< B in d in g  iE = "m o u s e " iP = " rB u t to n R e le a s e d "  o E = " tra n s X Z "  o P = " f lu s h S t a te " />  
< B in d in g  iE = " _ s e l f "  iP = " x z "  o E = " tra n s X Z "  o P = " p la n e " />
< B in d in g  iE = "m o u s e "  iP = "m o u s e P o s " o E = " tra n s X Z "  o P = "p o s 2 D "/>
< B in d in g  iE = " _ s e l f "  iP = " c la y "  o E = " tra n s X Z "  o P = " o b je c t " / >
< B in d in g  iE = " _ s e l f "  iP = " s c a le "  o E = " tra n s X Z "  o P = " s c a le F a c to r " />

< ! —  S p in  M a t e r ia l  — >
< ! —  Move T o o l — >
< ! —  C o n ta c t  F e e d b a ck  — >
< ! —  C u t M a t e r i a l  — >
< ! —  Undo — >

< /A pp>
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A ppendix C

D T D  for InTml Files

The following is a tran sc rip t of th e  InTm l D T D  file. E N T IT Y  elem ents define m acros th a t  can 
be reused in th e  following elem ents. E lem ents define which o ther elem ents can contain  and 
available a ttr ib u te s . C ontained elem ents are described in o ther entities in th e  docum ent, 
and indicate th e ir  card inality  (no decoration is 1, * indicates 0 or more, and + 1 or m ore). 
T he special keyword EMPTY defines an  elem ents w ith  no contained elem ents. A ttrib u te s  
indicate th e ir  nam e, th e ir  type, and the ir defau lt value, if any. For m ore details, consult 
[26 ].

< ! —  I n t e r a c t i o n  T e c h n iq u e s  M a rkup  Language  — >
< ! —  V e r s io n  1 .5 —>
< ! —  A u th o r :  P a b lo  F ig u e ro a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o Q c s .u a lb e r t a . c a  — >
< ! —  C han ges :

May 21 2 0 0 2 :
C o n s ta n ts  h a ve  a ls o  a t y p e ,  i n  o r d e r  t o  a l lo w  f a s t  d e v e lo p m e n t 

o f  lo a d e r s  ( i . e .  In T m lL o a d e r ) .
May 9 2 0 0 2 :

Change App d e f i n i t i o n  fro m  
App ( ( I m p o r t ) * ,  ( O v e r r id e s ) * ,  (O D e v ice  I I D e v ic e ) * ,  P la t fo r m ? ,
(O b je c t  I C o n s ta n t  1 O b je c tH o ld e r ) * ,  F i l t e r * ,
B in d in g *  ) 
t o
App ( ( Im p o r t ,  O v e r r id e s ,  O D e v ic e , ID e v ic e ,  P la t f o r m ,
O b je c t ,  C o n s ta n t ,  O b je c tH o ld e r ,  F i l t e r ,
B in d in g ) *  )
i n  o r d e r  t o  a l lo w  t h e  d e f i n i t i o n  o f  e le m e n ts  i n  an y  o r d e r .  The 
s e m a n t ic s  ch a n g e s  f o r  P la t f o r m ,  w h ic h  now h a s  t o  be  c h e c k e d  l a t e r  on 
f o r  r e p e t i t i o n s .

May 7 2 0 0 2 :
P o l i c y  i s  ch a n g e d  t o  I P o r t s ,  s in c e  i t  c a n ’ t  v a r y  among b in d in g s .

Jan  24 2 0 0 2 :
Name c h a n g e d  t o  In T m l 

P o l i c y  i s  ad ded  t o  B in d in g .  I t ’ s s e m a n t ic  i s  a p p l i c a t i o n  d e p e n d a n t, 
and  th r e e  d e f a u l t  names a re  d e f in e d :  ADD (a d d  e v e n ts )  , ANY ( p ic k  any 
e v e n t ) , and  AVE (a v e ra g e  o f  th e  e v e n t s ) .

C h e c k :
P a cka g e s  n a m e s . . .  i n  F i l t e r C la s s S e t ?  i n  F i l t e r C la s s ?  Im p o r t?  

n o t a t i o n  a . b . c . . .
F i l t e r / O b je c t / D e v ic e C la s s  v s  F i l t e r / O b je c t / D e v i c e  

June 8 2 0 0 1 :
t a r g e t / p o r t  ch a n g e d  t o  o r i g i n / d e s t i n a t i o n  i n  TARGET_DEF 

B in d in g  i s  l i m i t e d  t o  F i l t e r C l a s s  and A pp . Removed fro m
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F i l t e r  and  O b je c t .
I n p u t  i s  e l im in a t e d  fro m  O b je c tH o ld e r .  Use B in d in g  in s te a d .

In p u t  i s  e l im in a t e d  fro m  A pp. T h e re  a re  no a l ia s e s  an ym o re .
P o r t  i s  e l im in a t e d  fro m  I P o r t  and  O P o r t .
P o r t  i s  e l im in a t e d  fro m  B in d in g .  I n s t e a d ,  a m ore c o m p le x  s y n ta x  
i s  u se d  i n  b in d in g .  Now, o r i g i n  and d e s t i n a t i o n  has 
th e  fo rm  a . b . c [ i ]
o r i g i n / d e s t i n a t i o n  i n  B in d in g  a re  ch a n g e d  t o  i E / i P / i l / o E / o P / o I  
Scene i s  e l im in a t e d  fro m  A pp. I t  i s  now d e f in e d  as  an O b je c t  
w i t h  t y p e  S cene
IT  i s  e l im in a t e d  fro m  A pp . I t  i s  now d e f in e d  as F i l t e r  
A d e f i n i t i o n  o f  a  p a p e r  i s  ta k e n  o u t  o f  t h i s  s p e c i f i c a t i o n .

I t  ha s  t o  be  d e f in e d  b y  a co m p a n io n  DTD 
May 29 2 0 01 :

F i l t e r C la s s S e t  ch a nged  t o  P ackage
D o c u m e n ta t io n  go es  t o  th e  d e s c  f i l e  a t  docDTD. U s in g  d td 2 h tm l f ro m  

h t t p : / / w w w . o a c . u c i . e d u / in d iv /e h o o d /p e r lS G M L .h tm l 
May 25 2 0 0 1 :

I n t e g r a t e  IT s  t o  F i l t e r s  
A r r a y s  o f  I /O  p o r t s  

An i n t e r f a c e  ca n  " Im p le m e n t"  a n o th e r
Add O b je c tC la s s  as a d e f i n i t i o n  f o r  t y p e s  t h a t  ca n  be  m o d i f ie d  
Add D e v ic e C la s s  
Add P la t f o r m  

M a rch  2 0 0 1 :
I n i t A r g s  and  A rg s  i n  IT C la s s  h a s  b e e n  re m o ve d .
I / 0 P o r t  m anage R e fs ,  i n  o r d e r  t o  manage an  IT C la s s  in t e r f a c e .

S u p p o r t  f o r  a p p l i c a t i o n s  added  
Change o f  t h e  p r o j e c t ’ s name t o  3dm l
W e b s ite  i s  now h t t p : / / w w w . c s . u a lb e r t a . c a / ~ p f ig u e r o / 3 d m l / s p e c / 3 d m l . d t d  
The B in d in g  g ro u p  ha s  b e e n  re m oved
R u le s  a b o u t c o n te n t  a r e  in c lu d e d  as i n v a r i a n t s  ( i n s id e  com m ents)

— >

< ! ENTITY ’/. ID
" i d ID #REQUIRED">

< ! ENTITY 7. ID 2
" i d NMTOKEN #REQUIRED">

< ! ENTITY 7. ID 3
" i d NMTOKEN # IM P L IE D ">

< ! ENTITY '/. ID_TYPE
" ’/ ID 2 ;
ty p e  NMTOKEN # IM P L IE D ">

< ! ENTITY •/, ID_TYPEREQ 
"*/,ID 2 ;
ty p e  NMTOKEN #REQUIRED">

< ! ENTITY */. ID_TYPE_DEF 
"'/.ID _TYPE;

d e fV a lu e  CDATA # IM P L IE D ">
< ! ENTITY 7, ID_TYPEREQ _DEF 

"*/.ID_TYPEREQ;
d e fV a lu e  CDATA # IM P L IE D ">

< ! ENTITY % D E SC _IN IT0
"S h o r tD e s c ? ,  D e s c r ip t io n ? " >

< ! ENTITY •/. D E SC _IN IT
" '/,D E S C _ IN IT 0 ;, In d e x e s ? ,  P a p e r R e f * " >

< ! ENTITY */. BOOLENUM
" (  t r u e  I f a l s e  ) " >

< ! ENTITY '/. ARRAY_DEF
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’ i s A r r a y  ( t r u e l f a l s e )  " f a l s e "
t y p e A r r a y  ( s t a t i c  I d y n a m ic )  "d y n a m ic "

m a x A rra y  NMTOKEN # IM P L IE D ’ >

< !  —    —  >

<!ELEMENT P ackage  ( I m p o r t * ,  ( F i l t e r C l a s s  I O b je c tC la s s  I D e v ic e C la s s  )+  )>  

< ! ATTLIS T P ackage  y .ID 3 ;>

<  ! —    —  >

< ! ELEMENT Im p o r t  EMPTY >

< ! A TT LIS T Im p o r t  ’/ . ID 2 ; >

< !  —    —  >

< ! ELEMENT F i l t e r C la s s  ( */,DESC_INIT; , Im p le m e n ts * ,
( F i l t e r  I O b je c t  I O b je c tH o ld e r  I C o n s ta n t  I 
B in d in g  I I P o r t  I O P o r t ) *  ) >

< ! A TT LIS T F i l t e r C l a s s  "/.ID; >

< ! —    —  >

< ! ELEMENT O b je c tC la s s  ( ’/,D E S C _ IN IT ; , Im p le m e n ts * ,  ( I P o r t  I O P o rt ) *  ) >
< ! A TT LIS T O b je c tC la s s  ’/ . ID ; >

< !  —    — >

< ! ELEMENT D e v ic e C la s s  C /J)E S C _IN IT ; , Im p le m e n ts * ,  ( I P o r t  I O P o r t ) *  ) >
< ! A TT LIS T D e v ic e C la s s  '/.ID ; >

< ! —    — >

< ! ELEMENT S h o r tD e s c  (#PCDATA) >

< ! —    — >

< ! ELEMENT D e s c r ip t io n  (#PCDATA) >

< ! —    — >

< ! ELEMENT In d e x e s  (  In d e x *  ) >

< ! —    — >

< ! ELEMENT P a p e rR e f EMPTY >
< ! A TTLIS T P a p e rR e f ’/ . ID 2 ;

d e t a i l  NMTOKEN #REQUIRED >

< ! —    — >

< ! ELEMENT Im p le m e n ts  EMPTY >
< ! A TT LIS T Im p le m e n ts  c la s s ld  NMTOKEN #REQUIRED >

< ! —    — >

< ! ELEMENT F i l t e r  (  '/.DESC_INITO; )  >
< ! A TT LIS T  F i l t e r  "/,ID_TYPEREQ; >

< !  —    — >

< ! ELEMENT O b je c t  ( ’/.D E S C .IN IT O ; ) >
< ! A TT LIS T  O b je c t  */,ID_TYPEREQ;

f i le n a m e  CDATA # IM PLIE D  
p r im i t i v e  ( B ox I Cone I C y l in d e r  I E l l i p s e  ) "B o x "  >

< !  —    — >

< ! ELEMENT O b je c tH o ld e r  EMPTY >
< ! A TT LIS T O b je c tH o ld e r  ’/. ID 2 ; >

< ! —    — >
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< ! ELEMENT B in d in g  EMPTY >
< ! A TTLIST B in d in g  iE  NMTOKEN #REQUIRED

iP  NMTOKEN #REQUIRED
i l  NMTOKEN #IM PLIE D

oE NMTOKEN #REQUIRED
oP NMTOKEN #REQUIRED
o l  NMTOKEN # IM P LIE D  >

< !  —    —  >

< ! ELEMENT In d e x  EMPTY >
< ! A TTLIST In d e x  i d  NMTOKEN #REQUIRED

v a lu e  NMTOKEN #REQUIRED >

< ! —    —  >

< ! ELEMENT I P o r t  ( 7.DESC_IN IT0; ) > 
< ! A TT LIS T I P o r t  '/,ID_TYPEREQ_DEF;

'/.ARRAY_DEF; 
p o l i c y  CDATA #IM PLIE D  >

< !  —    — >

< ! ELEMENT O P o rt ( %DESC_INITO; )  >
< ! A TT LIS T O P o rt '/,ID_TYPEREQ;

‘/.ARRAY_DEF; >

<!  —    —  >

< ! ELEMENT App ( % DESC_INIT; , ( Im p o r t  I O v e r r id e s  I O D ev ice  I ID e v ic e  I
P la t f o r m  I

O b je c t  I C o n s ta n t I O b je c tH o ld e r  I F i l t e r  I
B in d in g ) *  ) >

< ! A TTLIS T App 7 .ID 2 ; >

< !  —    — >

< ! ELEMENT O D ev ice  ( 7 .DESC _IN IT0; )  >
< ! A TTLIS T O D ev ice  '/,ID_TYPEREQ; >

< !  —    — >

< ! ELEMENT ID e v ic e  ( 7 .DESC _IN IT0; ) >
< ! A TTLIS T ID e v ic e  '/,ID_TYPEREQ; >

< ! —    —  >

< ! ELEMENT C o n s ta n t EMPTY >
< ! A TTLIS T C o n s ta n t 7.ID_TYPE; 

v a lu e  CDATA #REQUIRED >

< ! —    — >

< ! ELEMENT P la t fo r m C la s s  (7 .D ES C _IN IT ; , ( I m p o r t ) * ,  ( ID e v ic e  I O D e v ic e ) *  ) > 
< ! A TTLIS T P l a t f  o rm C la s s  7 .ID ; >

< !  —    — >

< ! ELEMENT P la t f o r m  EMPTY >
< ! A TTLIS T P la t f o r m  7.ID_TYPEREQ; >

< ! —  Im p le m e n ta t io n  t a g s .  J u s t  when th e  la n g u a g e  i s  im p le m e n te d  . . . .  — >

< !  —    — >

< ! ELEMENT O v e r r id e s  EMPTY >
< ! A TTLIS T O v e r r id e s  c la s s ld  NMTOKEN #REQUIRED >

170

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix D

Library of Reusable C oncepts in 
InTm l

These is a  copy of th e  files th a t  define the  InT m l library. T hey  define basic V R -re la ted  
devices, basic definition for geom etric objects, control techniques, navigation techniques, se
lection techniques, feedback techniques, and a  subset of th e  in te raction  techniques described 
in [8].

D evices
< ?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackage PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N "

" i n t m l . d t d " >
< ! —  C o p y r ig h t  i n f  o

d e v ic e s :  D e v ic e  d e f i n i t i o n  c la s s e s .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as p u b l is h e d  b y  t h e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See t h e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a  c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rku p  Language  — >
< 1 —  V e r s io n  0 .0 1  — >
< ! —  A u th o r :  P a b lo  F ig u e r o a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o 0 c s . u a lb e r t a . c a  — >
< ! —  C hanges:
F i r s t  v e r s io n  

— >

< ! —  D e v ic e s  i n  a  VR a p p l i c a t i o n  — >
<P ackage id = " d e v ic e s " >

< D e v ic e C la s s  id = " B u t t o n " >
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< S h o r tD e s c > B a s ic  B u t to n < /S h o r tD e s c >

< D e s c r ip t io n >
I t  m o d e ls  th e  s t a t e s  on  a b u t t o n .  C heck th e  m o d e l and  change th e  
s im p le  o u tp u t  o f  a s ig n a l  f o r  a b o o le a n .  A f t e r  t h i s  change th e  name 

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t . A b s t r a c t " / >

< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />
< / In d e x e s >
< 0 P o r t  i d = " c l i c k e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > tru e  when i t ’ s be en  c l i c k e d  ( p re s s e d / re le a s e d )< /S h o r tD e s c >  
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  id = " G e n e r ic J o y s t ic k " >

< S h o r tD e s c > G e n e r ic  j o y s t i c k  d e f in i t io n < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t . A b s t r a c t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< D P o rt id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  l e f t - r i g h t  o f  th e  jo y s t ic k < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " y P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  f r o n t - b a c k  o f  th e  jo y s t ic k < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " p o s "  ty p e = "P o s 2 D ">

< S h o r tD e s c > (x P o s , y P o s )< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  id = " S id e W in d e rP ro " >

< S h o r tD e s c > M ic ro s o f t& a p o s ;s  S id e w in d e r  jo y s t ic k < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< Im p le m e n ts  c la s s I d = " G e n e r ic J o y s t ic k " / >
< 0 P o r t  i d = " b u t t o n C l i c k e d "  is A r r a y = " t r u e "

m a x A r ra y = "8 "  ty p e = " b o o le a n "  t y p e A r r a y = " s t a t i c " >
< S h o r tD e s c > A v a i la b le  b u t to n s  i n  th e  S id e W in d e rP ro < /S h o r tD e s c >

< /0 P o r t>
< 0 P o r t  id = " h a tS w it c h C l ic k e d "  i s A r r a y = " t r u e "  m a x A r ra y = "8 "  

ty p e = " b o o le a n "  t y p e A r r a y = " s t a t i c " >
< S h o r tD e s c > D ir e c t io n a l  c o n t r o l< /S h o r tD e s c >
< D e s c r ip t io n >  I t  p r o v id e s  d i r e c t i o n a l  c o n t r o l  w i t h  th e  th u m b . The 

o u tp u t  b u t to n s  a r e  a r ra n g e d  c o u n te r - c lo c k w is e ,  s t a r t i n g  fro m  
f r o n t  ( l e f t - f r o n t ,  l e f t ,  . . . )  < /D e s c r ip t io n >

< /0 P o r t>
< 0 P o r t  i d = " t h r o t t l e "  t y p e = " in t " >

< S h o rtD e sc> A  v a lu e  t h a t  in d ic a t e s  an in c r e m e n ta l  a c t io n .< /S h o r tD e s c >  
< /0 P o r t>
< 0 P o r t i d = " r o t a t i o n "  t y p e = " in t " >

< S h o rtD e sc> A  v a lu e  t h a t  in d ic a t e s  th e  r o t a t i o n  o f  th e  jo y s t ic k .< /S h o r tD e s c >  
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  id = "G e n e r ic 3 D 0 F T ra c k e r ">

< S h o rtD e sc> A  g e n e r ic  o r i e n t a t i o n  t r a c k e r < /S h o r tD e s c >
< D e s c r ip t io n />
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< In d e x e s >
< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t . A b s t r a c t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< O P o rt id = " q "  ty p e = " Q u a te rn io n " >

< S h o r tD e s c > G e n e ra l o r ie n t a t io n  o f  th e  t r a c k e r < /S h o r tD e s c >  
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  id = "G e n e r ic 6 D 0 F T ra c k e r ">

< S h o rtD e sc> A  g e n e r ic  p o s i t io n  and o r i e n t a t i o n  t r a c k e r< /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t . A b s t r a c t " / >

< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />
< / In d e x e s >
< Im p le m e n ts  c la s s Id = " G e n e r ic 3 D 0 F T ra c k e r " />
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> 3 D  p o s i t i o n  o f  th e  t r a c k e r < /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  i d = " I n s id e t r a c k " >

< S h o rtD e sc> P o lh e m u s  in s id e t r a c k  6D0F t r a c k e r < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
C Im p le m e n ts  c la s s Id = " G e n e r ic 6 D 0 F T ra c k e r " />

< /D e v ic e C la s s >
< D e v ic e C la s s  id = " In te rS e n s e W a n d T ra c k e r ">

< S h o rtD e sc> H a n d  t r a c k e r  f ro m  In te rS e n s e < /S h o r tD e s c >

< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< Im p le m e n ts  c la s s I d = " G e n e r ic J o y s t ic k " / >
< Im p le m e n ts  c la s s Id = " G e n e r ic 6 D 0 F T ra c k e r " />
< 0 P o r t  id = " b u t t o n C l i c k e d "  i s A r r a y = " t r u e "  m a x A r ra y = "4 "  

ty p e = " b o o le a n "  t y p e A r r a y = " s t a t i c " >
< S h o r tD e s c > A v a i la b le  b u t to n s  i n  th e  w a n d .< /S h o r tD e s c >

< /0 P o r t>
< /D e v ic e C la s s >
< D e v ic e C la s s  i d = " In te rS e n s e H e a d T ra c k e r ">

< S h o rtD e sc> H e a d  t r a c k e r  f ro m  In te rS e n s e < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< Im p le m e n t s c la s s ld = " G e n e r ic 6 D 0 F T ra c k e r" / >

< /D e v ic e C la s s >
< D e v ic e C la s s  id = " G e n e r ic S c re e n " >

< S h o rtD e sc> A  g e n e r ic  o u tp u t  s c re e n < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u t p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
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< /D e v ic e C la s s >
< D e v ic e C la s s  id = "F is h T a n k S c re e n ">

< S h o rtD e sc> A  3D o u tp u t  s c re e n  w i t h  v ie w p o in t  p o s it io n < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u tp u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  i d = " I - g la s s e s " >

< S h o r tD e s c > V ir tu a l  i - g la s s e s  H M D < /S hortD esc>
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t r a l . D e v ic e s . O u tp u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  id = "V is ro o m S c re e n s ">

< S h o r tD e s c > S c re e n s  a t  th e  V is ro o m < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u tp u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  id = "V is ro o m S c re e n ">

< S h o rtD e sc> A  P a r t i c u la r  s c re e n  a t  th e  V is ro o m < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u t p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  id = "G e n e r ic H M D ">

< S h o rtD e sc> A  g e n e r ic  H M D < /S hortD esc>
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u t p u t . A b s t r a c t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  id= "V 6H M D ">

< S h o r tD e s c > V ir tu a l  R e s e a rc h  -  V6 H M D < /S hortD esc>
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . O u t p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< /D e v ic e C la s s >
< D e v ic e C la s s  id = "G e n e r ic M o u s e ">

< S h o rtD e s c > A  g e n e r ic  mouse d e f i n i t i o n  < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< 0 P o r t  id = " x P o s "  t y p e = " in t " >

< S h o r tD e s c > P o s it io n  i n  X . < /S h o r tD e s c >
< /0 P o r t>
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< O P o rt id = " y P o s "  t y p e = " in t " >

C S h o r tD e s c > P o s it io n  i n  Y .< /S h o r tD e s c >
< /O P o r t>
< O P o rt id = "m o u se M o ve " ty p e = "P o s 2 D ">

< S h o r tD e s c > A b s o lu te  p o s i t i o n  o f  th e  mouse p o in te r< /S h o r tD e s c >  
< D e s c r ip t io n > A d d s  up  xP os and yP os i n t o  one o u t p u t . < /D e s c r ip t io n >  

< /0 P o r t>
C O P ort id = " r B u t to n D n "  ty p e = " b o o le a n " >

< S h o r tD e s c > R ig h t b u t t o n  p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = "m B u tto n D n "  ty p e = " b o o le a n " >

<S h o rtD e sc> M e d iu m  b u t t o n  p r e s s e d .< /S h o r tD e s c >
< /0 P o r t>
< O P o rt id = " lB u t to n D n "  ty p e = " b o o le a n " >

< S h o r tD e s c > L e f t  b u t t o n  p r e s s e d .c /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " r B u t to n U p "  ty p e = " b o o le a n " >

< S h o r tD e s c > R ig h t b u t t o n  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = "m B u tto n U p "  ty p e = " b o o le a n " >

< S h o rtD e sc> M e d iu m  b u t t o n  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>
< D P o rt id = " lB u t to n U p "  ty p e = " b o o le a n " >

< S h o r tD e s c > L e f t  b u t t o n  r e le a s e d .< /S h o r tD e s c >
< /0 P o r t>

< /D e v ic e C la s s >
< D e v ic e C la s s  id = "W h e e lM o u s e ">

< S h o rtD e s c > A  mouse w i t h  a w h e e l f o r  s c r o l l in g C /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

c ln d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< Im p le m e n ts  c la s s Id = " G e n e r ic M o u s e " />

< /D e v ic e C la s s >
< D e v ic e C la s s  id = "G e n e r ic K e y b o a rd ">

< S h o rtD e sc> A  g e n e r ic  k e y b o a rd  d e f in i t io n < /S h o r tD e s c >
< D e s c r ip t io n />
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
C O P ort id = " a s c i iK e y C l ic k e d "  i s A r r a y = " t r u e "  m a x A rra y = "2 5 6 "  

t y p e = " b o o le a n "  t y p e A r r a y = " s t a t i c " >
< S h o rtD e s c > A  b u t t o n  f o r  ea ch  A S C II co d e  i n  th e  k e y b o a rd .C /S h o r tD e s c >  

< /0 P o r t>
< /D e v ic e C la s s >
c D e v ic e C la s s  id = "M ic ro S c r ib e 3 D F X ">

< S h o r tD e s c > Im m e rs io n  -  M ic r o S c r ib e  3DFX 3d  d i g i t i z e r  < /S h o r tD e s c >  
< D e s c r ip t io n />
< In d e x e s >

c ln d e x  i d = " f i r s t "  v a lu e = " in t m l . D e v ic e s . I n p u t " / >
C ln d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />  

c / In d e x e s >
C O P ort id = " p o s "  ty p e = "P o s 3 D ">

c S h o rtD e s c > T h e  c u r r e n t  p o s it io n .C /S h o r tD e s c >
C /0 P o r t>

c /D e v ic e C la s s >
c /P a c k a g e >
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O bject D efinitions
<?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackage PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" i n t m l . d t d " >
< ! —  C o p y r ig h t  i n f o

o b je c t s :  G e n e r ic  o b je c t  d e f i n i t i o n s .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  ho pe  t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  e ve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rku p  Langua ge  — >
< ! —  V e r s io n  0 .0 1  — >
< ! —  A u th o r :  P a b lo  F ig u e ro a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o @ c s .u a lb e r t a . c a  — >
< ! —  C han ges :
F i r s t  v e r s io n  

— >

< ! —  M a in  ty p e s  i n  a  VR a p p l i c a t i o n  — >

<P ackage id = " o b je c t s " >

< 0 b je c tC la s s  id = " V R 0 b je c t " >
< S h o r tD e s c > In te r fa c e  f o r  a  VR o b je c t  i n  th e  d a ta f lo w < /S h o r tD e s c >  
< D e s c r ip t io n >

V R O b je c tC la s s  d e f in e s  th e  in p u t  a n d  o u tp u t  p o r t s  o f  any V R O b je c t 
i n  th e  d a ta f lo w .

T r a n s fo r m a t io n s  a re  o r g a n iz e d  as f o l l o w s :
R o ta t io n s ,  s c a le s ,  t r a n s l a t i o n s  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . O b je c t " / >
< In d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
C IP o r t  id = " s e tP o s "  ty p e = "P o s 3 D ">

< S h o rtD e sc> C h a n g e s  th e  w o r ld  p o s i t i o n  o f  an  o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  p o s i t i o n  o f  an  o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
C O P ort id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">
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< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s < /S h o rtD e s c >  
c /0 P o r t>
< IP o r t  id = " s e tQ "  ty p e = " Q u a te r n io n " >

< S ho rtD e sc> C h a n g e s  th e  w o r ld  o r ie n t a t io n  o f  an o b je c t< /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  w o r ld - r e la t e d  o r i e n t a t i o n  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
o r ie n t a t io n  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t id = "q C h a n g e d "  ty p e = " Q u a te r n io n " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  r o ta te s < /S h o r tD e s c >
< /0 P o r t>
< IP o r t  id = " s e tS c a le "  t y p e = " V e c to r 3 " >

c S h o rtD e sc> C h a n g e s  th e  s c a le  o f  an  o b je c t< /S h o r tD e s c >
< D e s c r ip t io n >

C hanges th e  s iz e  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
s iz e  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t id = "s c a le C h a n g e d "  ty p e = " V e c to r 3 " >

C S h o r tD e s O ln fo rm s  when th e  o b je c t  cha nges  i t s  s iz e < /S h o r tD e s c >
< /0 P o r t>

< IP o r t  i d = " s e t M a t r i x "  t y p e = " M a t r ix 4 " >
< S h o rtD e sc> C h a n g e s  th e  r i g i d  t r a n s f o r m a t io n s . < /S h o r tD e s c >
< D e s c r ip t io n >

Changes th e  r i g i d  t r a n s fo r m a t io n s  t h a t  a p p ly  t o  th e  o b je c t .
I t  i s  u s e f u l  when i t  n e c e s s a ry  t o  a p p ly  r i g i d  t r a n s fo r m a t io n s  
a t  once  and a t  a s p e c i f i c  o r d e r .

< /D e s c r ip t io n >
< / I P o r t >
c I P o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

< S h o rtD e sc> A d d s  a  new p a r t  t o  t h i s  o b je c t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  id = " o b je c tA d d e d "  ty p e = "V R O b je c t">

< S h o r tD e s c > In fo rm s  w hen a p a r t  i s  added  t o  th e  o b je c t< /S h o r tD e s c >
< /0 P o r t>
< IP o r t  id = " r e m o v e O b je c t "  ty p e = "V R O b je c t">

< S hortD esc>R em oves a p a r t  f ro m  t h i s  o b je c t< /S h o r tD e s c >
< / I P o r t >
C O P ort id = "o b je c tR e m o v e d "  ty p e = "V R O b je c t">

< S h o r tD e s c > In fo rm s  when a p a r t  i s  re m oved  fro m  th e  o b je c t< /S h o r tD e s c >  
< /0 P o r t>
C IP o r t  id = " s e tB B "  ty p e = " b o o le a n " >

C S h o rtD e s c > D e fin e s  i f  t h e  b o u n d in g  b o x  i s  v i s i b l e  o r  n o tC /S h o r tD e s c >  
c / I P o r t >
C O P ort id = "B B C h a n g e d " ty p e = " b o o le a n " >

C S h o rtD e s c > In fo rm s  ch a n g e s  i n  th e  b o u n d in g  b o x  v i s i b i l i t y C / S h o r t D e s O  
c /0 P o r t>
C IP o r t  id = " s e t C o lo r "  t y p e = " C o lo r " >

C S h o rtD e s O C h a n g e s  th e  m a in  c o lo r  o f  an  o b j e c tc /S h o r tD e s c >  
c / I P o r t >
C O P ort id = " c o lo rC h a n g e d "  t y p e = " C o lo r " >

c S h o r tD e s c > In fo rm s  when th e  c o lo r  c h a n g e s C /S h o rtD e s c >  
c /0 P o r t>

C /O b j e c tC la s s >

c O b je c tC la s s  id = "S c e n e ">
c S h o r tD e s c > In te r fa c e  f o r  a S cene i n  th e  d a ta f lo w C /S h o r tD e s c >
C D e s c r ip t io n >
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A S cene i s  a s e t  o f  u n s t r u c tu r e d  g e o m e try  t h a t  c a n ’ t  be s e le c t e d ,  and a 
s e t  o f  V R o b je c ts ,  w h ic h  can  be s e le c t e d .  I t s  im p le m e n ta t io n  d e f in e s  th e  

g e n e r a l  s t r u c t u r e s  r e q u i r e d  f o r  s e le c t io n  c o m p u ta t io n .
< /D e s c r ip t io n >
C In d e xe s>

c ln d e x  i d = " f i r s t "  v a lu e = " in t m l . 0 b je c t " / >
C ln d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />

C /I n d e x e s >
C Im p le m e n ts  c la s s ld = "V R O b j e c t " / >

C /O b je c tC la s s >

C O b je c tC la s s  id = "V R S y s te m ">
cS ho rtD esc> V R  r u n t im e  e n g in e c /S h o r tD e s c >  
c D e s c r ip t io n >

The VRSystem  r e p r e s e n ts  th e  v i r t u a l  m a ch in e  t h a t  r u n s  a  p a r t i c u l a r  
a p p l i c a t i o n .  I t ’ s i n t e r f a c e  r e p r e s e n ts  a l l  p o s s ib le  m o d i f i c a t io n s  
i n  a  v i r t u a l  e n v ir o n m e n t (V E ) .

C /D e s c r ip t io n >
c in d e x e s >

C ln d e x  i d = " f i r s t "  v a lu e = " in t m l , 0 b je c t " / >  
c ln d e x  id = " p a p e r s "  v a lu e = " _ h id d e n " />  

c / In d e x e s >
C IP o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

c S h o rtD e s c > A d d s  an  o b je c t  t o  th e  V E C /S h o rtD e sc>  
c / I P o r t >
C O P ort id = " o b je c tA d d e d "  ty p e = "V R O b je c t">

C S h o r tD e s O ln fo rm s  when a p a r t  i s  added  t o  th e  V E < /S h o rtD e s c >  
c /0 P o r t>
C IP o r t  id = " r e m o v e O b je c t "  ty p e = "V R O b je c t">

C S h o rtD e s c > D e le te s  an  o b je c t  t o  th e  V E < /S h o rtD e s c >
C / IP o r t>
C O Port id = "o b je c tR e m o v e d "  ty p e = "V R O b je c t">

C S h o r tD e s O ln fo rm s  when an  o b je c t  i s  d e le te d  fro m  th e  V E c /S h o r tD e s O  
C /0 P o r t>
C IP o r t  id = " s e tS c e n e "  ty p e = "S c e n e ">

C S h o rtD e s c > D e fin e s  th e  c u r r e n t  s c e n e . C /S h o r tD e s O  
C D e s c r ip t io n >

D e f in e s  th e  c u r r e n t  s c e n e . T h e re  i s  o n ly  one a c t i v e  sce n e  i n  a VE. 
c /D e s c r ip t io n >  

c / I P o r t >
C O P ort id = "s c e n e C h a n g e d "  ty p e = "S c e n e ">

C S h o r tD e s c > In fo rm s  when t h e  sce n e  i s  c h a n g e d .< /S h o r tD e s c >
C /0 P o r t>

C IP o r t  i d = " a d d F i l t e r "  t y p e = " F i l t e r C la s s " >
c S h o rtD e s c > A d d s  a  new u n c o n n e c te d  f i l t e r  t o  th e  V E c /S h o r tD e s O  

C / IP o r t>
C O P ort i d = " f i l t e r A d d e d "  t y p e = " F i l t e r C la s s " >

C S h o r tD e s O ln fo rm s  when a f i l t e r  i s  added  t o  th e  V E C /S h o rtD e s O  
C /0 P o r t>
C IP o r t  id = " r e m o v e F i l t e r "  t y p e = " F i l t e r C la s s " >

c S h o rtD e s O R e m o v e s  an  u n c o n n e c te d  f i l t e r  f ro m  th e  V E c /S h o r tD e s O  
C / IP o r t>
C O P ort id = " f i l t e r R e m o v e d "  t y p e = " F i l t e r C la s s " >

C S h o r tD e s O ln fo rm s  when a f i l t e r  i s  re m oved  fro m  th e  V E c /S h o r tD e s O  
c /0 P o r t>
C IP o r t  id = " a d d C o n n e c t io n "  ty p e = " B in d in g " >

c S h o rtD e s c > A d d s  a new c o n n e c t io n  b e tw e e n  f i l t e r s  i n  th e  V E c /S h o r tD e s O  
C / IP o r t>
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<O P o rt id = " c o n n e c t io n A d d e d "  ty p e = " B in d in g " >
< S h o r tD e s c > In fo rm s  when a c o n n e c t io n  i s  added  t o  th e  V E c /S h o r tD e s O  

< /0 P o r t>
< IP o r t  id = " re m o v e C o n n e c t io n "  t y p e = " B in d in g " >

<S hortD esc>R em o ves  a c o n n e c t io n  b e tw e e n  f i l t e r s  i n  th e  V E < /S h o rtD e s c >  
< / I P o r t >

C O P ort id = "c o n n e c t io n R e m o v e d "  ty p e = " B in d in g " >
< S h o r tD e s c > In fo rm s  when a c o n n e c t io n  i s  d e le te d  fro m  th e  V E < /S h o rtD e s c >  

< /0 P o r t>
< /0 b j  e c tC la s s >

< /P a cka g e >

A pplication  C ontrol Techniques
<?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
< !DOCTYPE P ackag e  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" i n t m l . d td " >
< ! —  C o p y r ig h t  i n f o

c o n t r o l :  In T s  f o r  a p p l i c a t i o n  c o n t r o l

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  t h e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  h a ve  r e c e iv e d  a  co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rkup  Langua ge  — >
< 1 —  V e r s io n  0 .0 1  — >

< ! —  A u th o r :  P a b lo  F ig u e r o a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o Q c s . u a lb e r t a . c a  — >
< ! —  C han ges :
F i r s t  v e r s io n  

— >

< ! —  G e n e ra l C o n t r o l  T e c h n iq u e s  — >

<P ackage id = " u a l b e r t a . c o n t r o l " >

< F i l t e r C la s s  id = " Q u i tb y B u t to n " >
< S h o r tD e s c > Q u it  when a b u t t o n  i s  p re s s e d < /S h o r tD e s c >

< D e s c r ip t io n >
I t  t e r m in a t e s  th e  a p p l i c a t i o n  
when th e  b u t t o n  i s  p re s s e d .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "
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v a lu e = " in t m l . c o n t r o l " / >
C ln d e x  id = " p a p e r s "  

v a lu e = " _ h id d e n " />
< / In d e x e s >
< IP o r t  i d = " b C l ic k e d "  ty p e = " b o o le a n " >

< S h o r tD e s c > B u tto n  t h a t  q u i t s  th e  a p p l ic a t io n < /S h o r tD e s c >  
< / I P o r t >

< / F i l t e r C la s s >

c /P a c k a g e >

N avigation  Techniques
<?xm l v e r s io n = " l . 0 "? >
<!D0CTYPE P ackag e  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" i n t m l . d td " >
< ! —  C o p y r ig h t  i n f o

t r a v e l :  T r a v e l  i n t e r a c t i o n  te c h n iq u e s .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  y o u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore  d e t a i l s .

You s h o u ld  h a v e  r e c e iv e d  a co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o ftw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i t e  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rkup  Langua ge  — >
< ! —  V e r s io n  0 .0 1  — >
< ! —  A u th o r : P a b lo  F ig u e ro a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o Q c s . u a lb e r t a . c a  — >
< ! —  C han ges :
F i r s t  v e r s io n  

— >

< ! —  T r a v e l  T e c h n iq u e s  — >

< P ackage i d = " t r a v e l " >
< Im p o r t  i d = " o b je c t s " / >

< F i l t e r C la s s  id = "S te e rH e a d ">
< IP o r t  id = "h e a d P o s "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 " > < / I P o r t>
•C IP o rt id = "h e a d Q "  t y p e = " Q u a te r n io n "  d e fV a lu e = " 0  ,0  , 0 ,  l " X / I P o r t >  
< IP o r t  i d = " p o s 0 f f s e t "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 , 0 " x / I P o r t >
•C IP o rt i d = " q 0 f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = " 0  , 0 ,  0 ,  l " X / I P o r t >  
< 0 P o r t  id = " p o s "  ty p e = " P o s 3 D " x /0 P o r t>
■COPort i d = " q "  t y p e = " Q u a te r n io n " X /0 P o r t>

< / F i l t e r C la s s >
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< F i l t e r C la s s  id = " M o v e U n r e s t r ic te d " >
< S h o rtD e sc> M o ve  a t  a c e r t a i n  sp e e d  fro m  an s t a r t i n g  p o s it io n < /S h o r tD e s c >  

< D e s c r ip t io n >
M o v e U n r e s t r ic te d  com pu te s  a
new p o s i t i o n ,  g iv e n  a s t a r t i n g
p o in t ,  a d i r e c t i o n ,  and  a c e r t a i n  s p e e d .

< /D e s c r ip t io n >
< In d e x e s >

C ln d e x  i d = " f i r s t "  
v a lu e = " in t m l . t r a v e l " />

C ln d e x  id = " p a p e r s "  
v a lu e = "_ u n k n o w n " />  

c / In d e x e s >
C IP o r t  i d = " d i r e c t i o n "  ty p e = " Q u a te r n io n "  d e fV a lu e = "0  ,0  , 0 ,  1 ">  

C S h o r tD e s c > D ir e c t io n  o f  m o v e m e n tc /S h o rtD e s c >  
c / I P o r t >
C IP o r t  i d = " p o s 0 f f s e t "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 ,  0 ">  

c S h o r tD e s O S ta r t in g  p o s it io n c /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = " q O f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = "0  , 0 ,  0 , 1 ">  

C S h o r tD e s c > S ta r t in g  o r ie n ta t io n C /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = " s p e e d "  t y p e = " f l o a t "  d e fV a lu e = " l . 0 " >  

c S h o rtD e s c > S p e e d  o f  m o v e m e n tc /S h o r tD e s O  
c / I P o r t >
C IP o r t  i d = " t im e r "  t y p e = " in t " >

c S h o rtD e sc> N u m b e r o f  s e c o n d s C /S h o rtD e s c >
C D e s c r ip t io n >

The f i r s t  v a lu e  r e c e iv e d  i s  
t a k e n  as t im e  0 . 

c /D e s c r ip t io n >

C / IP o r t >
C O P ort id = " p o s "  ty p e = "P o s 3 D ">

C S ho rtD e sc> C om pu ted  p o s it io n C /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = " q "  t y p e = " Q u a te r n io n " >

C S h ortD e sc> C om pu ted  o r ie n ta t io n C /S h o r tD e s c >
C /0 P o r t>

c / F i l t e r C la s s >

c F i l t e r C la s s  id = "M o v e In G ro u n d ">
C IP o r t  i d = " d i r e c t i o n "  ty p e = " Q u a te r n io n "  d e fV a lu e = "0  ,0  , 0 ,  l " > c / I P o r t >  
C IP o r t  i d = " p o s 0 f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 " > c / I P o r t>
C IP o r t  i d = " q 0 f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = " 0  , 0 ,  0 ,  l " > c / I P o r t >  
C IP o r t  id = " s p e e d "  t y p e = " f l o a t "  d e f V a lu e = " l . 0 " > c / I P o r t>
C IP o r t  id = " p la n e "  ty p e = "P la n e 3 D "  d e fV a lu e = " 0 ,  0 ,  0 ,  1 , 0 ,  0 " > c / I P o r t >  
C O P ort id = " p o s "  ty p e = "P o s 3 D "> C /0 P o r t>
C O P ort id = " q "  ty p e = " C )u a te rn io n " > c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = "W a lk ">
C IP o r t  id = " p "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 ,  0 " > C / IP o r t>
C IP o r t  i d = " p o s 0 f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 " > c / I P o r t>
C O P ort id = " p o s "  ty p e = "P o s 3 D "> c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " S t e e r in g I T " >
C F i l t e r  i d = " s t e e r "  t y p e = " S te e r H e a d " > C /F i l t e r >
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<ObjectHolder id="v"/>

C IP o r t  id = " p o s "  ty p e = "P o s 3 D ">

< / I P o r t >
C IP o r t  id = " q "  ty p e = " Q u a te r n io n " >  
c / I P o r t >

C IP o r t  id = " v ie w p o in t "  ty p e = "V R O b je c t">  
c / I P o r t >
C IP o r t  id = " p o s O f f s e t "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 , 0 ">  
c / I P o r t >
C IP o r t  id = " q O f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = "0  ,0 ,  0 , 1 ">  
c / I P o r t >

C B in d in g  iE = " s t e e r "  iP = " p o s "  o E = "v "  o P = "s e tP o s "  />
C B in d in g  iE = " s t e e r "  iP = " q "  o E = "v "  o P = "s e tQ "  />

C B in d in g  iE = " _ s e l f "  iP = " p o s "  o E = " s te e r "  o P = "h e a d P o s" />
C B in d in g  iE = " _ s e l f "  iP = " q "  o E = " s te e r "  oP ="headQ " />
C B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />  
C B in d in g  iE = " _ s e l f "  iP = " p o s 0 f f s e t "  o E = " s te e r "  o P = " p o s 0 f fs e t "  />  
C B in d in g  iE = " _ s e l f "  iP = " q O f f s e t "  o E = " s te e r "  o P = " q 0 f f s e t "  />  

C / F i l t e r C la s s >

C F i l t e r C la s s  id = " F ly U n r e s t r i c t e d I T " >
C F i l t e r  i d = " f l y "  t y p e = " M o v e U n r e s t r ic t e d " > c /F i l t e r >
C O b je c tH o ld e r  id = " v " / >

C IP o r t  id = " q "  t y p e = " Q u a te r n io n " >
C / IP o r t>
c I P o r t  i d = " v ie w p o in t "  t y p e = " V R 0 b je c t " >
C / IP o r t >
C IP o r t  id = " p o s Q f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 , 0 ">
C / IP o r t>
c I P o r t  id = " q O f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = "0  , 0 ,  0 ,  1 ">  
c / I P o r t >
c I P o r t  id = " s p e e d "  t y p e = " f l o a t "  d e fV a lu e = " l . 0 " >
< / I P o r t >

C B in d in g  i E = " f l y "  iP = " p o s "  o E = "v "  o P = "s e tP o s "  / >
C B in d in g  i E = " f l y "  iP = " q "  o E = "v "  o P = "s e tQ "  />
C B in d in g  iE = " _ s e l f "  iP = " q "  o E = " f l y "  o P = " d i r e c t io n "  />
C B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />  
C B in d in g  iE = " _ s e l f "  iP = " p o s 0 f f s e t "  o E = " f ly "  o P = " p o s 0 f f s e t "  />  
C B in d in g  iE = " _ s e l f "  i P = " q 0 f f s e t "  o E = " f l y "  o P = " q 0 f f s e t "  / >  
C B in d in g  iE = " _ s e l f "  iP = "s p e e d "  o E = " f l y "  o P = "s p e e d " />  

C / F i l t e r C la s s >

C F i l t e r C la s s  id = " F ly I n P la n e I T " >
C F i l t e r  i d = " f l y "  t y p e = " M o v e In G r o u n d " > c /F i l te r >  
c O b je c tH o ld e r  id = " v " / >

C IP o r t  id = " q "  t y p e = " Q u a te r n io n " >  
c / I P o r t >
C IP o r t  i d = " v ie w p o in t "  ty p e = " V R 0 b je c t " >
C / IP o r t>
C IP o r t  i d = " p o s 0 f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 , 0 ">  
c / I P o r t >
C IP o r t  i d = " q 0 f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = "0  , 0 ,  0 , 1 ">  
c / I P o r t >
C IP o r t  id = "s p e e d "  t y p e = " f l o a t "  d e fV a lu e = " l . 0 " >
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< / IP o r t >
< IP o r t  id = " p la n e "  ty p e = "P la n e 3 D "  d e fV a lu e = " 0 ,  0 ,  0 ,  1 , 0 ,  0 ">  
< / IP o r t >

< B in d in g  i E = " f l y "  iP = " p o s "  o E = "v "  o P = "s e tP o s "  />
< B in d in g  i E = " f l y "  iP = " q "  o E = "v "  o P = "s e tQ " />
< B in d in g  iE = " _ s e l f "  iP = " q "  o E = " f ly "  o P = " d i r e c t io n "  />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />  
< B in d in g  iE = " _ s e l f "  iP = " p o s 0 f f s e t "  o E = " f ly "  o P = " p o s 0 f f s e t " />  

< B in d in g  iE = " _ s e l f "  iP = " q O f f s e t "  o E = " f ly "  o P = " q 0 f f s e t "  />  
< B in d in g  iE = " _ s e l f "  iP = "s p e e d "  o E = " f ly "  o P = "s p e e d " />
< B in d in g  iE = " _ s e l f "  iP = " p la n e "  o E = " f ly "  o P = "p la n e "  />  

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " W a lk IT " >
< F i l t e r  id = " w a lk "  t y p e = " W a l k " x / F i l t e r >
< 0 b je c tH o ld e r  id = " v "  />

< IP o r t  id = " p "  ty p e = "P o s 3 D ">
< / I P o r t >
< IP o r t  i d = " v ie w p o in t "  t y p e = " V R 0 b je c t " >
< / I P o r t >
< IP o r t  id = " p o s D f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 ">
< / I P o r t >

< B in d in g  iE = " w a lk "  iP = " p o s "  o E = "v "  o P = "s e tP o s "  />
< B in d in g  iE = " _ s e l f "  iP = " p "  o E = "w a lk "  o P = "p " />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />  
< B in d in g  iE = " _ s e l f "  iP = " p o s 0 f f s e t "  o E = "w a lk "  o P = " p o s 0 f f s e t "  />  

< / F i l t e r C la s s >

< /P a c k a g e >

Selection  and Feedback Techniques
< ?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackage  PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" i n t m l . d t d " >
< ! —  C o p y r ig h t  i n f  o

s e le c t io n :  S e le c t io n  i n t e r a c t i o n  te c h n iq u e s .

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as  p u b l is h e d  b y  th e  F re e  S o ftw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  any l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope  t h a t  i t  w i l l  be  u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 
L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a c o p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n , MA 0 2 1 1 1 -1 3 0 7  USA
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< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rkup  Language 
< ! —  V e r s io n  0 .0 1  
< ! —  A u th o r :  P a b lo  F ig u e ro a  
< ! —  C o n ta c t  I n f o :  p f ig u e r o S c s . u a lb e r t a . c a  
< ! —  C hanges:

June 10 2 0 01 :
C hanged t o  th e  new s p e c i f i c a t i o n  

Mayo 2 0 0 1 :
F i r s t  v e r s io n  

— >

< ! —  S e le c t io n  T e c h n iq u e s  — >

<P ackage id = " u a lb e r t a . s e le c t i o n " >
< Im p o r t  i d = " o b je c t s " / >

< ! —  T h is  c la s s  h a s  t o  be d e f in e d  i n  th e  im p le m e n ta t io n  — > 
< F i l t e r C la s s  id = " S e le c tB y T o u c h in g " >

< D e s c r ip t io n >
Im p le m e n ts  d e t a i l s  o f  s e le c t io n  b y  c o l l i s i o n  d e t e c t io n .
I t  r e c e iv e s  p o s i t i o n  and  o r i e n t a t i o n  u p d a te s  o f  h a n d R e p r 
and i t  co m p u te s  w h ic h  o b je c t  f ro m  th e  sce n e  i s  in t e r s e c t e d  
b y  h a n d R e p r. I t  a l lo w s  d yn a m ic  cha nges  t o  th e  sce n e  b y  
c o n n e c t in g  th e  p o r t s  a d d O b je c t and  re m o v e O b je c t .

C /D e s c r ip t io n >
< In d e x e s >

C ln d e x  i d = " f i r s t "  

v a lu e = " in t m l . s e l e c t i o n . d e t a i l s " / >  
c ln d e x  id = " p a p e r s "  

v a lu e = " _ h id d e n " / >  
c / In d e x e s >
C IP o r t  id = " p "  ty p e = "P o s 3 D "  d e fV a lu e = "h a n d R e p r,p o s C h a n g e d ">  

C S h o rtD e sO C h a n g e  o f  p o s it io n C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " q "  t y p e = " Q u a te r n io n "  d e fV a lu e = "h a n d R e p r.q C h a n g e d ">  

C S h o rtD e sO C h a n g e  o f  r o ta t io n C /S h o r tD e s c >
C / IP o r t>
c I P o r t  id = "h a n d R e p r"  ty p e = " V R 0 b je c t " >

C S h o r tD e s c > 0 b je c t t h a t  r e p r e s e n ts  th e  u s e r s ’ h a n d c /S h o r tD e s c >
C / IP o r t>
C IP o r t  id = " s c e n e "  ty p e = "S c e n e ">

C S h o r tD e s O S e le c ta b le  o b je c ts c /S h o r tD e s c >
C / IP o r t >
C IP o r t  id = "a d d O b je c tT o S c e n e "  ty p e = " V R 0 b je c t " >  

c S h o r tD e s c > D y n a m ic a lly  a d d e d  o b je c ts C /S h o r tD e s O  
c / I P o r t >
C IP o r t  id = " re m o v e O b je c tF ro m S c e n e "  ty p e = " V R 0 b je c t " >  

C S h o r tD e s c > D y n a m ic a lly  re m o ve d  o b je c ts c /S h o r tD e s c >  
c / I P o r t >
C O Port i d = " o b je c t "  ty p e = " V R 0 b je c t " >

C S h o r tD e s c > S e le c te d  o b j e c tC /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " S e le c tB y R a y " >
C D e s c r ip t io n >

Im p le m e n ts  d e t a i l s  o f  s e le c t io n  b y  i n t e r s e c t i o n  w i t h  a r a y .
I t  r e c e iv e s  p o s i t i o n  and  o r i e n t a t i o n  u p d a te s  o f  a r a y  i n  th e  scen e
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and i t  co m p u te s  w h ic h  o b je c t  f ro m  th e  sce n e  i s  in t e r s e c t e d  f i r s t .  
I t  a l lo w s  d y n a m ic  ch a n g e s  t o  th e  scen e  b y  
c o n n e c t in g  th e  p o r t s  a d d O b je c t and re m o v e O b je c t .

< /D e s c r ip t io n >
C ln d e x e s >

c ln d e x  i d = " f i r s t "  
v a lu e = " in t m l . s e l e c t i o n . d e t a i l s " / >

C ln d e x  id = " p a p e r s "  
v a lu e = " _ h id d e n " />

< / In d e x e s >
C IP o r t  id = " p "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 , 0 ">

C S h o r tD e s O P o s i t io n  o f  t h e  ra y C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " q "  ty p e = " Q u a te r n io n "  d e fV a lu e = " 0 ,  0 ,  0 , 1 ">  

c S h o r tD e s c > R o ta t io n  o f  th e  ra y C /S h o r tD e s c >
C / IP o r t>
C IP o r t  id = " s c e n e "  ty p e = "S c e n e ">

C S h o r tD e s c > S e le c ta b le  o b je c ts C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = "a d d O b je c tT o S c e n e "  ty p e = " V R 0 b je c t " >  

c S h o r tD e s c > D y n a m ic a lly  ad ded  o b je c ts C /S h o r tD e s c >
C / IP o r t >
c I P o r t  id = " re m o v e O b je c tF ro m S c e n e "  ty p e = " V R 0 b je c t " >  

C S h o r tD e s c > D y n a m ic a lly  re m oved  o b je c ts c /S h o r tD e s c >  
c / I P o r t >
C O P ort i d = " o b je c t "  ty p e = " V R 0 b je c t " >  

c S h o r tD e s c > S e le c te d  o b je c tc /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = "F e e d b a c k O n e ">
C S hortD e sc> C hang es  th e  a p p e a ra n c e  o f  an  o b je c tC /S h o r tD e s c >  
C D e s c r ip t io n >

I t  ch a n g e s  th e  a p p e a ra n c e  o f  th e  o b je c t  t h a t  
i s  r e c e iv e d  i n  i t s  in p u t  p o r t .  I t  i s  u s e f u l  
as  fe e d b a c k  o f  a n  o p e r a t io n  t h a t  s e le c t s  one 
o b je c t .  I t  i s  m e an t t o  ha ve  tw o  o b je c t  h o ld e r s  a s  o u tp u t ,  
one  f o r  t h e  c u r r e n t  o b je c t  and  th e  o th e r  f o r  th e  p r e v io u s  
o b je c t ,  i n  o r d e r  t o  change  b a c k  i t s  s t a t e .  

c / D e s c r ip t io n >
C In d e xe s>

c ln d e x  i d = " f i r s t "  

v a lu e = " in t m l . fe e d b a c k . d e t a i l s " / >  
c ln d e x  id = " p a p e r s "  

v a lu e = " _ h id d e n " / >  
c / In d e x e s >
C IP o r t  i d = " o b j "  t y p e = " V R 0 b je c t " >  

c S h o r tD e s c > O b je c t t o  be c h a n g e d C /S h o rtD e s c >
C / IP o r t >
C I P o r t  id = " t y p e "  t y p e = " S t r in g "  d e f V a lu e = Mb o u n d in g B o x " >  

C S h o rtD e sc> T yp e  o f  c h a n g e .C /S h o r tD e s c >  
c D e s c r ip t io n >

Type o f  c h a n g e . I t  ca n  be "b o u n d in g B o x "  o r  " c o l o r "  
c / D e s c r ip t io n >

C / IP o r t >
C IP o r t  i d = " c o lo r "  t y p e = " C o lo r "  d e f V a lu e = " l , 1 , 1 ">  

C S h o rtD e sc> F e e d b a ck  c o lo rC /S h o r tD e s c >
C D e s c r ip t io n >

F e e d b a ck  c o lo r .  I f  t y p e  i s  " c o lo r "  th e  o b je c t  w i l l  be
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ch a nged  t o  t h i s  c o lo r .
< /D e s c r ip t io n >

< / I P o r t >
< D P o rt id = " c u r r e n t O b je c t "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be c h a n g e d .< /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tB B C u r r e n t "  ty p e = " b o o le a n " >

< S h o r tD e s c > C u rre n t v a lu e  f o r  th e  B B . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tC o lo r C u r r e n t "  t y p e = " C o lo r " >

< S h o r tD e s c > C u rre n t v a lu e  f o r  c o l o r . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " p r e v io u s O b je c t "  ty p e = "V R O b je c t">

< S h o r tD e s c > P re v io u s  ch a n g e d  o b je c t . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tB B P r e v io u s "  ty p e = " b o o le a n " >

< S h o r tD e s c > P re v io u s  v a lu e  f o r  t h e  B B . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tC o lo r P r e v io u s "  t y p e = " C o lo r " >

< S h o r tD e s c > P re v io u s  v a lu e  f o r  c o lo r .< /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "F e e d b a c k S e t">
< S h o rtD e sc> C h a n g e s  th e  a p p e a ra n c e  o f  a s e t  o f  o b je c ts < /S h o r tD e s c >  
< D e s c r ip t io n >

I t  ch a n g e s  th e  a p p e a ra n c e  o f  th e  s e t  o f  o b je c t s  t h a t  
i s  r e c e iv e d  i n  i t s  in p u t  p o r t . I t  i s  u s e f u l  
as fe e d b a c k  o f  an  o p e r a t io n  t h a t  s e le c t s  a s e t  o f  
o b je c t s .  I t  i s  m e an t t o  h a ve  tw o  o b je c t  h o ld e r s  as o u tp u t ,  
one f o r  th e  c u r r e n t  s e t  and  th e  o th e r  f o r  th e  p r e v io u s ,  
i n  o r d e r  t o  cha nge  b a c k  i t s  s t a t e .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " i n t m l . f  e e d b a c k . d e t  a i I s " / >  

c ln d e x  id = " p a p e r s "  
v a lu e = " _ h id d e n " />

< / In d e x e s >
C IP o r t  i d = " o b j "  ty p e = "S c e n e ">

C S h o rtD e s c > S e t o f  o b je c t s  t o  be c h a n g e d c /S h o r tD e s O  
c / I P o r t >
C IP o r t  id = " t y p e "  t y p e = " S t r in g "  d e fV a lu e = "b o u n d in g B o x ">  

C S h o rtD e sc> T yp e  o f  c h a n g e . C /S h o r tD e s c >  
c D e s c r ip t io n >

Type o f  ch a n g e . I t  ca n  be "b o u n d in g B o x "  o r  " c o lo r "  
c /D e s c r ip t io n >  

c / I P o r t >
C IP o r t  i d = " c o lo r "  t y p e = " C o lo r "  d e f V a lu e = " l ,  1 , 1 ">  

c S h o r tD e s c > F e e d b a c k  c o lo r C /S h o r tD e s c >
C D e s c r ip t io n >

F e e d b a ck  c o lo r .  I f  t y p e  i s  " c o l o r "  th e  o b je c t s  w i l l  be 
ch a n g e d  t o  t h i s  c o lo r .  

c /D e s c r ip t io n >
C / IP o r t >
C O P ort i d = " c u r r e n t O b je c t "  ty p e = "S c e n e ">  

c S h o r tD e s c > O b je c ts  t o  be  c h a n g e d .C /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = " s e tB B C u r r e n t "  t y p e = " b o o le a n " >
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< S h o r tD e s c > C u rre n t v a lu e  f o r  th e  B B . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tC o lo r C u r r e n t "  t y p e = " C o lo r " >

< S h o r tD e s c > C u rre n t v a lu e  f o r  c o l o r . < /S h o r tD e s c >

< /0 P o r t>
< 0 P o r t  id = " p r e v io u s O b je c t "  ty p e = "S c e n e ">

< S h o r tD e s c > P re v io u s  ch a nged  o b je c t s . < /S h o r tD e s c >
< /0 P o r t>
< 0 P o r t  id = " s e tB B P re v io u s "  ty p e = " b o o le a n " >

< S h o r tD e s c > P re v io u s  v a lu e  f o r  th e  B B . < /S h o r tD e s c >
< /0 P o r t>
C O P ort id = " s e tC o lo r P r e v io u s "  ty p e = " C o lo r " >

< S h o r tD e s c > P re v io u s  v a lu e  f o r  c o l o r . < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

c F i l t e r C la s s  id = "F e e d b a c k S c a le S e t" >

cS h o rtD e sc> C h a n g e s  th e  p o s i t i o n  and  s c a le  o f  a s e t  . o f  o b je c ts C /S h o r tD e s c >  
c D e s c r ip t io n >

I t  ch a n g e s  th e  s c a le  and p o s i t i o n  o f  a s e t  o f  o b je c t s ,  
a c c o r d in g  t o  th e  r u le s  o f  th e  IT  " S c a le G r a b " . I t  i s  m eant t o  be u s e d  
w i t h  tw o  h o ld e r s  as o u tp u t ,  one f o r  th e  c u r r e n t  s e le c t e d  s e t  o f  
o b je c t s ,  an d  th e  o th e r  f o r  th e  p r e v io u s  o n e . 

c / D e s c r ip t io n >  
c In d e x e s >

C ln d e x  i d = " f i r s t "  v a lu e = " in t m l . f e e d b a c k . d e t a i l s " / >  
c ln d e x  id = " p a p e r s "  v a lu e = " m in e 9 7 " />  

c / In d e x e s >
C IP o r t  id = "p H e a d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  1 , 0 ">

C S hortD e sc> H ead  p o s it io n .C /S h o r tD e s c >  
c / I P o r t >
c I P o r t  id = "q H e a d "  ty p e = " Q u a te r n io n "  d e fV a lu e = " 0 ,  0 ,  0 ,  1 ">

C S hortD e sc> H ead  o r ie n t a t io n . c / S h o r t D e s c >
C / IP o r t >
C IP o r t  i d = " o b j "  ty p e = "S c e n e ">  

c S h o r tD e s c > S e le c te d  o b je c t s . C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = "m a x R a d iu s "  t y p e = " f l o a t "  d e fV a lu e = " l . 0 " >

C S hortD esc>M axim um  r a d iu s  o f  t h e  s c a le d  o b je c t s . c /S h o r tD e s c >  
c / I P o r t >
C O P ort id = " c u r r e n t O b je c t s "  ty p e = "S c e n e " >  

c S h o r tD e s c > C u r re n t s e le c t e d  o b je c t s . C /S h o r tD e s c >
C /0 P o r t>
C O P ort id = " s e t M a t r ix C u r r e n t "  t y p e = " M a t r ix 4 " >

C S h o r tD e s c > C u rre n t s c a le  f o r  t h e  s e t . c /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = " p r e v io u s O b je c t s "  ty p e = "S c e n e " >

C S h o rtD e s c > P re v io u s  s e t  o f  s e le c t e d  o b je c ts C /S h o r tD e s c >  
c /0 P o r t>
C O Port id = " s e t M a t r ix P r e v io u s "  ty p e = " M a t r ix 4 " >

C S h o rtD e s c > P re v io u s  s c a le . C /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = "G o G o ">
C S h o rtD e s c > L e n g th e n in g  b e h a v io r  o f  G o G o IT .c /S h o rtD e s c >
C D e s c r ip t io n >

GoGo co m p u te s  a new h a n d  p o s i t i o n  as  a  f u n c t i o n  o f  th e  d is ta n c e  
o f  th e  r e a l  h a n d  f ro m  th e  c h e s t ,  K , and  D.
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< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . s e l e c t i o n . d e t a i l s " / ?
< In d e x  id = " p a p e r s "  v a lu e = " p o u p y re v 9 6 " /?

< / In d e x e s >
< IP o r t  id = "p H e a d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  1 , 0 ">

< S h o rtD e sc> H e a d  p o s i t i o n . < /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = "p H a n d "  ty p e = "P o s 3 D " d e fV a lu e = " 0 ,  0 ,  - 1 " >

< S h o rtD e sc> H a n d  p o s it io n .< /S h o r tD e s c >
< / I P o r t >

C IP o r t  id = " K "  t y p e = " f l o a t "  d e fV a lu e = " 0 .5 " >  
c S h o r tD e s c > C o e f f ic ie n t  k  ( 0 . . 1 ) C /S h o r tD e s c >  

c / I P o r t >
C IP o r t  id = " D "  t y p e = " f l o a t " d e fV a lu e = " 0 . 6 ">  

c S h o r tD e s c > D is ta n c e  f o r  le n g h te n in g C /S h o r tD e s c ?
C D e s c r ip t io n ?

M in im um  d is ta n c e  f o r  le n g th e n in g  b e h a v io r .  U s u a l ly  2 /3  o f  th e  
u s e r ’ s arm  le n g th .  

c /D e s c r ip t io n >  
c / I P o r t >
C O P ort id = " p o s "  ty p e = "P o s 3 D ">  

cS ho rtD esc> N ew  h a n d  p o s i t io n . c /S h o r tD e s c >
C /0 P o r t>
C O P ort i d = " s e t V i s i b l e "  ty p e = " b o o le a n " >  

c S h o r tD e s c > tru e  i f  le n g th e n in g  b e h a v io r  i s  in a c t iv e .C /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " S p o t l ig h t " >
C S h o rtD e s O M a in  c o m p u ta t io n  f o r  s e le c t io n  b y  a s p o t l i g h t . c /S h o r tD e s c >  
C D e s c r ip t io n ?

S p o t l i g h t  co m p u te s  t h e  d i r e c t i o n  and a n g le  o f  th e  s p o t l i g h t  
con e  t h a t  s t a r t s  i n  th e  u s e r ’ s h e a d . I t  r e t u r n s  a s e t  o f  o b je c t s  
t h a t  a re  in s id e  th e  co n e .

C /D e s c r ip t io n >
C In d e x e s ?

C ln d e x  i d = " f i r s t "  v a l u e = " i n t m l . s e l e c t i o n . d e t a i l s " / ?  
c ln d e x  id = " p a p e r s "  v a lu e = " l ia n g 9 3 " / ?  

c / In d e x e s ?

C IP o r t  id = "p H e a d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 "?
C S hortD e sc?H ea d  p o s it io n C /S h o r tD e s c ?

C / IP o r t ?
C IP o r t  id = "q H e a d "  ty p e = " Q u a te r n io n "  d e fV a lu e = " 0 ,  0 ,  0 ,  1 "?

C S hortD e sc> H ead  o r ie n ta t io n C /S h o r tD e s c ?  
c / I P o r t ?
C IP o r t  id = "p H a n d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  - 1 ,  0 "?

C S hortD e sc?H an d  p o s it io n C /S h o r tD e s c ?
C / IP o r t ?
C I P o r t  i d = ,'qH and" t y p e = " Q u a t e r n io n "  d e f V a lu e = " 0 , 0 ,  0 ,  1" ?

C S hortD e sc?H an d  o r ie n ta t io n C /S h o r tD e s c ?  
c / I P o r t ?
C IP o r t  id = " a "  t y p e = " f l o a t "  d e fV a lu e = " 1 .0 " ?

c S h o r tD e s c ? c /S h o r tD e s c ?
c / I P o r t ?
C IP o r t  id = " s c e n e "  ty p e = "S c e n e "  d e fV a lu e = " " ?

c S h o r tD e s c ? 0 b je c ts  t o  be  s e le c te d c /S h o r tD e s c ?
C / IP o r t ?
C IP o r t  id = "a d d O b je c tT o S c e n e "  ty p e = "V R O b je c t"?
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C S h o r tD e s c > D y n a m ic a lly  added  o b je c ts < /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " re m o v e O b je c tF ro m S c e n e "  ty p e = "V R O b je c t">

< S h o r tD e s c > D y n a m ic a lly  re m o ve d  o b je c ts c /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  i d = " o b je c t "  ty p e = "S c e n e ">

< S h o r tD e s c > S e le c te d  o b j e c ts < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "F e e d b a c k O n e IT ">
< S ho rtD e sc> C h a n g e s  th e  a p p e a ra n c e  o f  a  s e le c t e d  o b je c tc /S h o r tD e s c >
< D e s c r ip t io n >

I t  ch a nges  th e  a p p e a ra n c e  o f  an  o b je c t .  I t  ha s  m em ory, so th e  p r e v io u s ly  
s e le c t e d  o b je c t  r e s t o r e s  i t s  p r e v io u s  a p p e a ra n c e  on ce  a  new o b je c t  i s  s e le c te d .  

< /D e s c r ip t io n >
< In d e x e s >

c ln d e x  i d = " f i r s t "  v a lu e = " in t m l . f e e d b a c k " / >
•Clndex id = " p a p e r s "  v a lu e = " _ h id d e n " />

< / In d e x e s >
< F i l t e r  id = " fe e d b a c k "  ty p e = "F e e d b a c k O n e ">

< S h o rtD e s c > M a in  c o m p u ta t io n < /S h o r tD e s c >

< / F i l t e r >
< 0 b je c tH o ld e r  i d = " c u r r e n t "  />
< 0 b je c tH o ld e r  id = " p r e v io u s "  / >

C IP o r t  i d = " o b j "  ty p e = "V R O b je c t">
< S h o r tD e s c > O b je c t t o  be c h a n g e d < /S h o rtD e s c >

< / I P o r t >
C IP o r t  id = " t y p e "  t y p e = " S t r in g " >

C S h o rtD e sc> T yp e  o f  c h a n g e C /S h o rtD e s c >
C / IP o r t>
C IP o r t  i d = " c o lo r "  t y p e = " C o lo r " >

c S h o r tD e s c > C o lo r  f o r  th e  ch a n g e d  o b je c tc /S h o r tD e s c >  
c / I P o r t >

C B in d in g  iE = " fe e d b a c k "  iP = " s e tB B C u r re n t "  o E = " c u r r e n t "  o P = "s e tB B "  / >

C B in d in g  iE = " fe e d b a c k "  iP = " s e tC o lo r C u r r e n t "  o E = " c u r r e n t "  o P = " s e tC o lo r "  />  
C B in d in g  iE = " fe e d b a c k "  iP = " s e tB B P re v io u s "  o E = " p r e v io u s "  o P = "s e tB B "  />
C B in d in g  iE = " fe e d b a c k "  iP = " s e tC o lo r P r e v io u s "  o E = " p r e v io u s "  o P = " s e tC o lo r "  />  
C B in d in g  iE = " fe e d b a c k "  iP = " c u r r e n t O b je c t "  o E = " c u r r e n t "  o P = " o b je c t "  />
C B in d in g  iE = " fe e d b a c k "  iP = " p r e v io u s O b je c t "  o E = " p r e v io u s "  o P = " o b je c t "  />
C B in d in g  iE = " _ s e l f "  iP = " o b j "  o E = " fe e d b a c k "  o P = " o b j"  / >
C B in d in g  iE = " _ s e l f "  iP = " t y p e "  o E = " fe e d b a c k "  o P = " ty p e "  />
C B in d in g  iE = " _ s e l f "  iP = " c o lo r "  o E = " fe e d b a c k "  o P = " c o lo r "  / >  

c / F i l t e r C la s s >

C F i l t e r C la s s  i d = " F e e d b a c k S e tIT ">
C F i l t e r  id = " fe e d b a c k "  t y p e = " F e e d b a c k S e t " > C /F i l te r >  
c O b je c tH o ld e r  i d = " c u r r e n t "  / >
C O b je c tH o ld e r  id = " p r e v io u s "  />

C IP o r t  i d = " o b j "  t y p e = " S c e n e " > c / IP o r t>
C IP o r t  id = " t y p e "  t y p e = " S t r in g " > C / I P o r t >
C IP o r t  i d = " c o lo r "  t y p e = " C o lo r " > c / I P o r t >

C B in d in g  iE = " fe e d b a c k "  iP = " s e tB B C u r re n t "  o E = " c u r r e n t "  o P = "s e tB B "  />
C B in d in g  iE = " fe e d b a c k "  iP = " s e tC o lo r C u r r e n t "  o E = " c u r r e n t "  o P = " s e tC o lo r "  />  
C B in d in g  iE = " fe e d b a c k "  iP = " s e tB B P re v io u s "  o E = " p r e v io u s "  o P = "s e tB B "  />
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< B in d in g  iE = " fe e d b a c k "  iP = " s e tC o lo r P r e v io u s "  o E = " p r e v io u s "  o P = " s e tC o lo r "  />
< B in d in g  iE = " fe e d b a c k "  iP = " c u r r e n tD b je c t "  o E = " c u r r e n t "  o P = " o b je c t "  />
< B in d in g  iE = " fe e d b a c k "  iP = " p r e v io u s O b je c t "  o E = " p r e v io u s "  o P = " o b je c t "  />

< B in d in g  iE = " _ s e l f "  iP = " o b j "  o E = " fe e d b a c k "  o P = " o b j"  />
< B in d in g  iE = " _ s e l f "  iP = " t y p e "  o E = " fe e d b a c k "  o P = " ty p e "  />
C B in d in g  iE = " _ s e l f "  iP = " c o lo r "  o E = " fe e d b a c k "  o P = " c o lo r "  />

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "F e e d b a c k S c a le S e t IT ">
< F i l t e r  id = " fe e d b a c k "  t y p e = " F e e d b a c k S c a le S e t " X /F i l t e r >
< O b je c tH o ld e r  i d = " c u r r e n t "  />
< O b je c tH o ld e r  id = " p r e v io u s "  />

< IP o r t  i d = " o b j "  t y p e = " S c e n e " x / I P o r t >
< IP o r t  id = "m a x R a d iu s "  t y p e = " f l o a t " X / I P o r t >
< IP o r t  id = "p H e a d "  t y p e = " P o s 3 D " x / IP o r t>
< IP o r t  id = "q H e a d "  t y p e = " Q u a t e r n io n " X / I P o r t >

< B in d in g  iE = " fe e d b a c k "  iP = " s e tM a t r ix C u r r e n t "  o E = " c u r r e n t "  o P = " s e tM a t r ix "  />
< B in d in g  iE = " fe e d b a c k "  iP = " s e tM a t r ix P r e v io u s "  o E = " p r e v io u s "  o P = " s e tM a t r ix "  />
< B in d in g  iE = " fe e d b a c k "  iP = " c u r r e n tO b je c t s "  o E = " c u r r e n t "  o P = " o b je c t "  />
< B in d in g  iE = " fe e d b a c k "  iP = " p r e v io u s O b je c ts "  o E = " p r e v io u s "  o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " o b j "  o E = " fe e d b a c k "  o P = " o b j"  />
< B in d in g  iE = " _ s e l f "  iP = "m a x R a d iu s "  o E = " fe e d b a c k "  o P = "m a xR a d iu s " />
< B in d in g  iE = " _ s e l f "  iP = "p H e a d "  o E = " fe e d b a c k "  oP = "p H e a d " />
< B in d in g  iE = " _ s e l f "  iP = "q H e a d "  o E = " fe e d b a c k "  oP = "q H e a d " />

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " S e le c tB y T o u c h in g IT " >
< F i l t e r  i d = " s e le c t "  t y p e = " S e le c t B y T o u c h in g " X / F i l t e r >
< F i l t e r  id = " fe e d b a c k "  t y p e = " F e e d b a c k O n e I T " X /F i l t e r >
< 0 b je c tH o ld e r  id = " h a n d "  />

< IP o r t  id = " p o s "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  i d = " q "  t y p e = " Q u a t e r n io n " x / I P o r t >
< IP o r t  id = "h a n d R e p r "  t y p e = " V R O b je c t " x / I P o r t >
< IP o r t  id = " s c e n e "  t y p e = " S c e n e " x / I P o r t >
< IP o r t  id = "a d d O b je c tT o S c e n e "  t y p e = " V R O b je c t " X / IP o r t >
< IP o r t  id = " re m o v e O b je c tF ro m S c e n e "  t y p e = " V R O b je c t " x / I P o r t >
< IP o r t  i d = " t y p e "  t y p e = " S t r i n g " X / I P o r t >
< IP o r t  i d = " c o lo r "  t y p e = " C o l o r " x / I P o r t >
< 0 P o r t  id = " o b je c t "  ty p e = " V R O b je c t " X /O P o r t>

< B in d in g  iE = " s e le c t "  iP = " o b je c t "  o E = " fe e d b a c k "  o P = " o b j"  />
< B in d in g  i E = " _ s e l f "  iP = " p o s "  o E = " s e le c t "  o P = "p " />
< B in d in g  i E = " _ s e l f "  iP = " p o s "  o E = "h a n d " o P = "p "  />
< B in d in g  i E = " _ s e l f "  iP = " q "  o E = " s e le c t "  o P = "q "  />
< B in d in g  iE = " _ s e l f "  iP = " q "  o E = " s e le c t "  o P = "q "  />
< B in d in g  i E = " _ s e l f "  iP = "h a n d R e p r "  o E = " s e le c t "  o P = "h a n d R e p r" />
< B in d in g  i E = " _ s e l f "  iP = " h a n d R ep r "  oE ="han d" o P = " o b j e c t "  / >
< B in d in g  i E = " _ s e l t "  iP = " s c e n e "  o E = " s e le c t "  o P = "s c e n e "  />
C B in d in g  i E = " _ s e l f "  iP = "a d d O b je c tT o S c e n e "  o E = " s e le c t "  o P = "a d d O b je c tT o S c e n e " />  
C B in d in g  i E = " _ s e l f "  iP = "re m o v e O b je c tF ro m S c e n e "  o E = " s e le c t "  o P = "re m o v e O b je c tF ro m S c e n e " 
C B in d in g  i E = " _ s e l f "  iP = " t y p e "  o E = " fe e d b a c k "  o P = " ty p e "  />
C B in d in g  i E = " _ s e l f "  iP = " c o lo r "  o E = " fe e d b a c k "  o P = " c o lo r "  />
C B in d in g  iE = " s e le c t "  iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  / >  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " S e le c tB y R a y IT " >
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< S h o r tD e s c > S e le c t io n  i n  a p a r t i c u l a r  d i r e c t io n < /S h o r tD e s c >
< D e s c r ip t io n >

S e le c tB y E a y lT  s e le c t s  an  o b je c t  
f ro m  a s e t  g iv e n  a p o s i t io n  and 

a d i r e c t i o n .
P e n d in g : Add a r a y  as fe e d b a c k  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " in t m l . s e l e c t io n " / >

< In d e x  id = " p a p e r s "  
v a lu e = " _ u n kn o w n " / >

< / In d e x e s >
< F i l t e r  i d = " s e le c t "  t y p e = " S e le c t B y R a y " x / F i l t e r >
< F i l t e r  id = " fe e d b a c k "  ty p e = " F e e d b a c k Q n e I T " X /F i l t e r >

< IP o r t  id = " p o s "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  id = " q "  t y p e = " Q u a t e r n io n " X / I P o r t >
< IP o r t  id = " s c e n e "  t y p e = " S c e n e " X / IP o r t>
< IP o r t  id = "a d d O b je c tT o S c e n e "  t y p e = " V R O b je c t " x / I P o r t >
< IP o r t  id = " re m o v e O b je c tT o S c e n e "  t y p e = " V R O b je c t " X / IP o r t >
< IP o r t  i d = " t y p e "  t y p e = " S t r i n g " x / I P o r t >
< X P o rt i d = " c o lo r "  t y p e = " C o lo r " > < / IP o r t>  
c O P o rt i d = " o b je c t "  ty p e = " V R O b je c t " X /O P o r t>

< B in d in g  iE = " s e le c t "  iP = " o b je c t "  o E = " fe e d b a c k "  o P = " o b j"  />
< B in d in g  i E = " _ s e l f "  iP = " p o s "  o E = " s e le c t "  o P = "p "  / >

< B in d in g  iE = " _ s e l f "  iP = " q "  o E = " s e le c t "  o P = "q " />
< B in d in g  i E = " _ s e l f "  iP = "s c e n e "  o E = " s e le c t "  o P = "s c e n e " />
< B in d in g  iE = " _ s e l f "  iP = "a d d O b je c tT o S c e n e "  o E = " s e le c t "  o P = "a d d O b je c tT o S c e n e " />
< B in d in g  i E = " _ s e l f "  iP = "re m o v e O b je c tT o S c e n e "  o E = " s e le c t "  o P = "re m o v e O b je c tF ro m S c e n e "
< B in d in g  i E = " _ s e l f "  iP = " t y p e "  o E = " fe e d b a c k "  o P = " ty p e "  />
< B in d in g  iE = " _ s e l f "  iP = " c o lo r "  o E = " fe e d b a c k "  o P = " c o lo r "  />
< B in d in g  iE = " s e le c t "  iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  />

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "G o G o IT ">
< F i l t e r  id = " g o g o "  t y p e = " G o G o " X / F i l t e r >
< F i l t e r  i d = " s e le c t "  t y p e = " S e le c t B y T o u c h in g I T " X / F i l t e r >
< 0 b je c t  id = " c u b e O b j"  ty p e = "V R O b je c t"  p r im i t i v e = " B o x " X / O b je c t >
< O b je c tH o ld e r  id = " c u b e "  />

< X P o rt id = " K "  t y p e = " f l o a t "  d e fV a lu e = " 0 .1 6 7 " > < / IP o r t>
< IP o r t  id = " D "  t y p e = " f l o a t "  d e f V a lu e = " 0 . 6 " X / I P o r t >
< IP o r t  id = "p o s H e a d "  t y p e = " P o s 3 D " x / IP o r t>
< IP o r t  id = "q H e a d "  t y p e = " Q u a t e r n io n " X / I P o r t >
< IP o r t  id = "p o s H a n d "  t y p e = " P o s 3 D " x / IP o r t>
< IP o r t  id = "q H a n d "  t y p e = " Q u a t e r n io n " X / I P o r t >
< IP o r t  id =  "h a n d R e p r" t y p e = " V R O b je c t " X /X P o r t>
< IP o r t  id = " s c e n e "  t y p e = " S c e n e " X / IP o r t>
< IP o r t  id = "a d d O b je c tT o S c e n e "  t y p e = " V R O b je c t " X / IP o r t >
< IP o r t  id = " re m o v e O b je c tF ro m S c e n e "  t y p e = " V R O b je c t " X / IP o r t >
< IP o r t  i d = " t y p e "  t y p e = " S t r i n g " X / I P o r t >
< IP o r t  id =  " c o l o r "  t y p e = " C o lo r " X / I P o r t >
< 0 P o r t  i d = " o b je c t "  t y p e = " V R O b je c t " X /O P o r t>

< B in d in g  iE = "g o g o "  iP = " s e t V i s ib le "  o E = "c u b e " o P = " s e tV is ib le "  />
< B in d in g  iE = " _ s e l f "  iP = "c u b e O b j"  o E = "c u b e " o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = "c u b e O b j"  o E = "c u b e " o P = " o b je c t "  />
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< B in d in g iE = g o g o " iP = " p o s "  o E = " s e le c t "  o P = "p o s " />

< B in d in g iE = _ s e l f " iP = "q H a n d "  o E = " s e le c t "  o P = "q "  />
< B in d in g iE = _ s e l f " iP = "K "  o E = "g o g o " o P = "K " />
< B in d in g iE = _ s e l f " iP = "D "  o E = "g o g o " oP ="D " />
< B in d in g iE = _ s e l f " iP = "p o s H e a d "  o E = "g o g o " oP = "pH e ad" />

< B in d in g iE = _ s e l f " iP = "p o s H a n d "  o E = "g o g o " oP ="pH and" />
< B in d in g iE = _ s e l f " iP = "p o s H a n d "  o E = "c u b e " o P = "p "  />
< B in d in g iE = _ s e l f " iP = "q H a n d "  o E = " s e le c t "  o P = "q " />
< B in d in g iE = _ s e l f " iP = "q H a n d "  o E = "c u b e " o P = "q "  />
< B in d in g iE = _ s e l f " iP = "h a n d R e p r "  o E = " s e le c t "  o P = "h a n d R e p r" />
< B in d in g iE = _ s e l f " iP = "s c e n e "  o E = " s e le c t "  o P = "s c e n e " />
< B in d in g iE = _ s e l f " iP = "a d d O b je c tT o S c e n e "  o E = " s e le c t "  o P = "a d d O b je c tT o S c e n e " />
< B in d in g iE = _ s e l f " iP = "re m o v e O b j e c tF ro m S c e n e " o E = " s e le c t " oP =" re m oveO b j e c tF ro m S ce n e

< B in d in g iE = _ s e l f " iP = " t y p e "  o E = " s e le c t "  o P = " ty p e "  />
< B in d in g iE = _ s e l f " iP = " c o lo r "  o E = " s e le c t "  o P = " c o lo r "  />
< B in d in g iE = s e le c t 1 iP = " o b je c t "  o E = " _ s e l f " o P = " o b je c t "  />

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " S p o t l ig h t I T " >
< S h o r tD e s c > S e le c t o b je c t s  w i t h  a  s p o t l ig h t< /S h o r tD e s c >  

< D e s c r ip t io n >
I t  s e le c t s  a  s e t  o f  o b je c t s ,  g iv e n  
a d i r e c t i o n  and  a r a d iu s  o f  a cone 
c e n te re d  i n  s u c h  d i r e c t i o n .

< /D e s c r ip t io n >
< In d e x e s >

C In d e x  i d = " f i r s t "  v a lu e = " in t m l . s e le c t io n " / >
< In d e x  id = " p a p e r s "  v a lu e = " l ia n g 9 3 " / >

< / In d e x e s >
< F i I t e r  i d = " s e le c t "  t y p e = " S p o t l ig h t " >

< S h o r tD e s c > B a s ic  s e le c t io n  b e h a v io r < /S h o r tD e s c >  
< / F i l t e r >
< F i l t e r  id = " fe e d b a c k "  ty p e = "F e e d b a c k S e t IT ">  

< S h o r tD e s c > V is u a l fe e d b a c k < /S h o r tD e s c >
< / F i l t e r >

< IP o r t  id = "p o s H e a d "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  id = "q H e a d "  t y p e = " Q u a t e m io n " x / I P o r t >
< IP o r t  id = "p o s H a n d "  t y p e = " P o s 3 D " X / IP o r t>

< IP o r t  id = "q H a n d "  t y p e = " Q u a t e r n io n " X / I P o r t >
< I P o r t  i d = " a "  t y p e = " f l o a t " x / I P o r t >
< I P o r t  id = " s c e n e "  t y p e = " S c e n e " X / IP o r t>
< IP o r t  id = "a d d O b je c tT o S c e n e "  t y p e = " V R O b je c t " X / IP o r t >  
< IP o r t  id = " re m o v e O b je c tT o S c e n e "  t y p e = " V R O b je c t " x / I P o r t >  
< IP o r t  i d = " t y p e "  t y p e = " S t r i n g " X / I P o r t >
< IP o r t  i d = " c o lo r "  t y p e = " C o I o r " x / I P o r t >
< 0 P o r t  i d = " o b je c t "  t y p e = " V R O b je c t " x /O P o r t>

< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =  
< B in d in g  iE =

s e le c t "  iP = " o b je c t "  o E = " fe e d b a c k "  o P = "o b j"  />
_ s e l f "  iP = "p o s H e a d "  o E = " s e le c t "  oP = "pH e ad" />
_ s e l f " iP = "q H e a d "  o E = " s e le c t "  oP = "qH e ad" />
_ s e l f "  iP = "p o s H a n d "  o E = " s e le c t "  oP = "pH a nd" />
_ s e l f " iP = "q H a n d "  o E = " s e le c t "  oP = "qH a nd" />
_ s e l f " iP = " a "  o E = " s e le c t "  o P = "a "  / >
_ s e l f "  iP = "s c e n e "  o E = " s e le c t "  o P = "s c e n e " />
_ s e l f "  iP = "a d d O b je c tT o S c e n e "  o E = " s e le c t "  o P = "a d d O b je c tT o S c e n e " />  
_ s e l f "  iP = " re m o v e D b je c tT o S c e n e "  o E = " s e le c t "  o P = "re m o v e O b je c tF ro m S c e n e " 
_ s e l f "  iP = " t y p e "  o E = " fe e d b a c k "  o P = " ty p e "  />
_ s e l f "  iP = " c o lo r "  o E = " fe e d b a c k "  o P = " c o lo r "  />
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< B in d in g  iE = " s e le c t "  iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  />  
< / F i l t e r C la s s >

< F i l t e r C la s s  id = "S e X e c tB y S c a le IT ">
< F i l t e r  i d = " s e le c t "  t y p e = " S p o t l i g h t I T " x / F i l t e r >
< F i l t e r  id = " fe e d b a c k "  t y p e = " F e e d b a c k S c a le S e t IT " X / F i l t e r >

< IP o r t  id = "p o s H e a d "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  id = "q H e a d "  t y p e = " Q u a t e r n io n " X / I P o r t >

< IP o r t  id = "p o s H a n d "  t y p e = " P o s 3 D " x / I P o r t >
< I P o r t  id = "q H a n d "  t y p e = " Q u a t e r n io n " X / I P o r t >
< IP o r t  id = " a "  t y p e = " f l o a t " X / I P o r t >
< IP o r t  id = " s c e n e "  t y p e = " S c e n e " x / I P o r t >
< IP o r t  id = "a d d O b je c tT o S c e n e "  t y p e = " V R O b je c t " x / I P o r t >  
< IP o r t  id = " re m o v e O b je c tT o S c e n e "  t y p e = " V R O b je c t " X / IP o r t >  
< IP o r t  id = "m a x R a d iu s "  t y p e = " f l o a t " x / I P o r t >
< O P o rt i d = " o b je c t "  ty p e = " S c e n e " X /O P o r t>

< B in d in g iE = s e le c t ' iP = " o b je c t "  o E = " fe e d b a c k "  o P = "o b j"  />
< B in d in g iE = _ s e l f " iP = "p o s H e a d "  o E = " s e le c t "  o P = "po sH ead" />
< B in d in g iE = . s e l f " iP = "p o s H e a d "  o E = " fe e d b a c k "  oP ="pH ead" />
< B in d in g iE = . s e l f " iP = "q H e a d "  o E = " s e le c t "  oP = "qH ead" / >

< B in d in g iE = . s e l f " iP = "q H e a d "  o E = " fe e d b a c k "  oP ="qH ead" />
< B in d in g iE = . s e l f " iP = "p o s H a n d "  o E = " s e le c t "  o P = "po sH and" / >
< B in d in g iE = . s e l f " iP = "q H a n d "  o E = " s e le c t "  oP = "qH and" />

< B in d in g iE = . s e l f " iP = " a "  o E = " s e le c t "  o P = "a " />

< B in d in g iE = . s e l f " iP = " s c e n e "  o E = " s e le c t "  o P = "s c e n e " />
< B in d in g iE = . s e l f " iP = "a d d 0 b je c tT o S c e n e "  o E = " s e le c t "  o P = "a d d 0 b je c tT o S c e n e "  />
< B in d in g iE = . s e l f " iP = " re m o v e O b je c tT o S c e n e "  o E = " s e le c t "  o P = "re m o v e 0 b je c tT o S c e n e

< B in d in g iE = . s e l f " iP = "m a x R a d iu s "  o E = " fe e d b a c k "  o P = "m a xR a d iu s " / >
< B in d in g iE = s e le c t ' iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  />

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "R in g M e n u ">
< S h o r tD e s c > B a s ic  b e h a v io r  o f  a r i n g  m e n u < /S h o rtD e s c >  

< D e s c r ip t io n >
A r i n g  menu shows some o p t io n s  
a r ra n g e d  i n  a r in g .T h e  s e le c t e d  
o p t io n  i s  th e  c lo s e s t  t o  th e  h e a d  
p o s i t i o n .  T h e re  i s  an  o b je c t  who 
a c t s  as  a  fra m e  t h a t  r e c e iv e s  
i t s  c o o r d in a te s  fro m  t h i s  o b je c t .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a l u e = " i n t m l . c o n t r o l " / >
< In d e x  id = " p a p e r s "  v a lu e = " l ia n g 9 3 " / >

< / In d e x e s >
< IP o r t  id = " p o s O f f s e t "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 , 0 ">  

< S h o r tD e s c > S ta r t in g  p o s i t i o n  f ro m  th e  h a n d < /S h o rtD e s c >  
< / I P o r t >
< IP o r t  id = " q O f f s e t "  t y p e = " Q u a te r n io n "  d e fV a lu e = " 0 ,  0 , 0 ,  1 ">  

< S h o r tD e s c > S ta r t in g  o r i e n t a t i o n  f ro m  th e  h a n d < /S h o rtD e s c >  
< / I P o r t >
< IP o r t  id = "p H e a d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  0 ">  

< S h o r tD e s c > V ie w p o in t  p o s it io n < /S h o r tD e s c >
< / I P o r t >
< I P o r t  id = "p H a n d "  ty p e = "P o s 3 D "  d e fV a lu e = " 0 ,  0 ,  2 ">  

< S h o rtD e sc> H a n d  p o s it io n < /S h o r tD e s c >
< / I P o r t >
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C IP o r t  id = "q H a n d "  ty p e = " Q u a te r n io n "  d e lV a lu e = " 0 ,  0 ,  0 , 1 ">  
< S h o rtD e sc> h a n d  o r ie n ta t io n < /S h o r tD e s c >

< / I P o r t >
< IP o r t  id = " s e tO b js "  ty p e = "S c e n e ">

< S h o r tD e s c > D b je c ts  i n  th e  m e n u < /S h o rtD e s c >
< / I P o r t >
< 0 P o r t  id = " o b je c t "  ty p e = "V R O b je c t">

< S h o r tD e s c > s e le c te d  o b je c t< /S h o r tD e s c >
< /0 P o r t>

< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">
<S h o rtD e sc> F ra m e  p o s it io n < /S h o r tD e s c >

< /0 P o r t>
< 0 P o r t  id = " q "  t y p e = " Q u a te r n io n " >

< S h o rtD e sc> F ra m e  o r ie n ta t io n < /S h o r tD e s c >
< /0 P o r t>
< D P o rt id = " s e tF r a m e V is ib le "  ty p e = " b o o le a n " >

< S h o r tD e s c > I f  th e  fra m e  s h o u ld  be v i s i b l e  o r  n o t< /S h o r tD e s c >  

< /0 P o r t>
< / F i l t e r C la s s >

< F i l t e r C la s s  id = "R in g M e n u IT ">
< S h o rtD esc> M en u  i n  a r in g < /S h o r tD e s c >

< D e s c r ip t io n >
S e le c t io n  te c h n iq u e  t h a t  
shows a r i n g  o f  o b je c t s  
t o  th e  u s e r ,  w i t h  th e  c lo s e s t  

one as s e le c t e d ,  and  w i t h  an 
i n t e r i o r  fra m e  f o r  r e a d a b i l i t y  
p u rp o s e s .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  

v a lu e = " i n t m l . c o n t r o l " / >
< I n d e x  id = " p a p e r s "  

v a lu e = " 1 i  a n g 9 3 " / >
< / In d e x e s >
< F i l t e r  id = "m e n u "  t y p e = " R in g M e n u " X / F i l t e r >
< 0 b je c t  id = " f r a m e O b j" ty p e = " V R 0 b je c t "  p r im i t i v e = " C y l i n d e r " X / O b je c t >  
< 0 b je c tH o ld e r  id = " f r a m e "  />

C IP o r t  id = " p o s O f f s e t "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  id = " q O f f s e t "  t y p e = " Q u a t e r n io n " x / I P o r t >
< IP o r t  id = "p o s H a n d "  t y p e = " P o s 3 D " X / IP o r t>
< IP o r t  id = "q H a n d "  t y p e = " Q u a t e r n io n " x / I P o r t >
< IP o r t  id = " s e tO b js "  t y p e = " S c e n e " X / I P o r t >
< 0 P o r t  id = " o b je c t "  t y p e = " V R 0 b je c t " X /0 P o r t>

< B in d in g  iE = "m e n u " iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  />
< B in d in g  iE = "m e n u " iP = " p o s "  o E = " fra m e "  o P = "s e tP o s "  />
< B in d in g  iE ="m enu " iP = " q "  o E = " fra m e"  o P = " se tQ "  / >
< B in d in g  iE = " _ s e l f "  iP = " f r a m e O b j" o E = " fra m e "  o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " p o s O f f s e t "  oE ="m enu" o P = " p o s 0 f f s e t "  />  
< B in d in g  iE = " _ s e l f "  iP = " q O f f s e t "  oE ="m enu" o P = " q 0 f f s e t "  / >
< B in d in g  iE = " _ s e l f "  iP = "p o s H a n d "  oE ="m enu" oP = "pH a nd" />
< B in d in g  iE = " _ s e l f "  iP = "q H a n d "  oE=:"m enu" oP = "qH a nd" />
< B in d in g  iE = " _ s e l f "  iP = " s e tO b js "  oE ="m enu" o P = " s e t0 b js "  />
< B in d in g  iE = "m e n u " iP = " o b je c t "  o E = " _ s e l f "  o P = " o b je c t "  />  

< / F i l t e r C la s s >
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< /P a c k a g e >

Interaction Techniques from Barrileaux
<?xm l v e r s io n = " l .0 "  e n c o d in g = "U T F -8 "? >
<!D0CTYPE P ackage PUBLIC " - / / p f i g u e r o / / 3 D  I n t e r a c t i o n  T e c h n iq u e s  M L //E N " 

" i n t m l . d td " >
< ! —  C o p y r ig h t  i n f o

b a r r i l l e a u x :  In T s  fro m  h i s  b o o k  "3D U s e r I n t e r f a c e s  w i t h  Java3D "

C o p y r ig h t  (C ) 2 0 0 1 , P a b lo  F ig u e ro a

T h is  l i b r a r y  i s  f r e e  s o f t w a r e ;  yo u  ca n  r e d i s t r i b u t e  i t  a n d /o r  
m o d ify  i t  u n d e r  th e  te rm s  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  as p u b l is h e d  b y  th e  F re e  S o f tw a re  F o u n d a t io n ;  e i t h e r  
v e r s io n  2 .1  o f  th e  L ic e n s e ,  o r  ( a t  y o u r  o p t io n )  an y  l a t e r  v e r s io n .

T h is  l i b r a r y  i s  d i s t r i b u t e d  i n  th e  hope t h a t  i t  w i l l  be u s e f u l ,  
b u t  WITHOUT ANY WARRANTY; w i t h o u t  eve n  th e  im p l ie d  w a r r a n ty  o f  
MERCHANTABILITY o r  FITNESS FOR A PARTICULAR PURPOSE. See th e  GNU 

L e s s e r  G e n e ra l P u b l ic  L ic e n s e  f o r  m ore d e t a i l s .

You s h o u ld  ha ve  r e c e iv e d  a co p y  o f  th e  GNU L e s s e r  G e n e ra l P u b l ic  
L ic e n s e  a lo n g  w i t h  t h i s  l i b r a r y ;  i f  n o t ,  w r i t e  t o  th e  F re e  S o f tw a re  
F o u n d a t io n ,  I n c . ,  59 T e m p le  P la c e ,  S u i te  3 3 0 , B o s to n ,  MA 0 2 1 1 1 -1 3 0 7  USA 
— >

< ! —  3D I n t e r a c t i o n  T e c h n iq u e s  M a rkup  La nguage  — >
< ! —  V e r s io n  0 .0 1  — >
< ! —  A u th o r :  P a b lo  F ig u e r o a  — >
< ! —  C o n ta c t  I n f o :  p f ig u e r o Q c s . u a lb e r t a . c a  — >
< ! —  C han ges :

June 20  2 0 0 1 :
F i r s t  v e r s io n  

— >

< ! —  T e c h n iq u e s  d e s c r ib e d  i n  B a r r i l l e a u x 's  — >

<P ackage i d = " b a r r i l l e a u x " >
< Im p o r t  id = " o b je c t s " / >
C Im p o r t id = " u a lb e r t a .a p p E n v . c la s s e s " / >

< 0 b je c tC la s s  id = " D 0 b je c t " >
< S h o r tD e s c > 0 b je c t  i n  d is p la y  s p a c e < /S h o r tD e s c >
< D e s c r ip t io n >

An o b je c t  i n  d is p la y  s p a c e . The d is p la y  i s  t h e  sp a ce  t h a t  i s  i n  f r o n t  
o f  th e  u s e r 's  v ie w .  I t  c o n ta in s  la y e r s  num bered  fro m  1 ( t h e  c lo s e s t )  
and  a b o v e .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " i n t m l . O b je c t " / >
< In d e x  id = " s p a c e "  v a lu e = " d is p la y " / >
< In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

< / In d e x e s >
< IP o r t  id = " s e tP o s "  ty p e = "P o s 2 D ">

< S h o rtD e sc> C h a n g e s  th e  p o s i t i o n  o f  an o b je c t< /S h o r tD e s c >
< D e s c r ip t io n >
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C hanges th e  p o s i t i o n  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
p o s i t i o n  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >

< / I P o r t >
C O Port id = "p o s C h a n g e d "  ty p e = "P o s 3 D ">

< S h o r tD e s c > In fo rm s  when th e  o b je c t  m o v e s < /S h o rtD e s c >
< /0 P o r t>
< IP o r t  i d = " s e t R o t a t io n "  t y p e = " f l o a t " >

< S h o rtD e sc> C h a n g e s  th e  r o t a t i o n  o f  an o b je c t< /S h o r tD e s c >
< D e s c r ip t io n >

C hanges th e  r o t a t i o n  o f  an o b je c t  f ro m  th e  h o r iz o n .
I t  i s  c o n s id e re d  a r e l a t i v e

r o t a t i o n  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .
< /D e s c r ip t io n >

< / IP o r t >
< 0 P o r t id = " r o tC h a n g e d "  t y p e = " f l o a t " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  r o ta te s < /S h o r tD e s c >
< /0 P o r t>
< IP o r t  i d = " s e tL a y e r "  t y p e = " in t " >

< S h o rtD e sc> C h a n g e s  th e  d i s p l a y ’ s l a y e r  o f  an  o b je c t . < /S h o r tD e s c >  
< D e s c r ip t io n >

C hanges th e  l a y e r  i n  th e  d is p la y  o f  an o b je c t  
< /D e s c r ip t io n >

< / IP o r t >
< 0 P o r t id = " la y e rC h a n g e d "  t y p e = " in t " >

< S h o r tD e s c > In fo rm s  when th e  l a y e r  o f  th e  o b je c t  c h a n g e s . < /S h o r tD e s c >  
< /0 P o r t>
< IP o r t  i d = " s e tS c a le "  t y p e = " V e c to r 2 " >

< S h o rtD e sc> C h a n g e s  th e  s c a le  o f  an  o b je c tc /S h o r tD e s c >
< D e s c r ip t io n >

C hanges th e  s iz e  o f  an o b je c t .  I t  i s  c o n s id e re d  a r e l a t i v e  
s iz e  i f  i t  i s  c o n ta in e d  i n  a n o th e r  o b je c t .

< /D e s c r ip t io n >
< / I P o r t >
< 0 P o r t id = "s c a le C h a n g e d "  ty p e = " V e c to r 2 " >

< S h o r tD e s c > In fo rm s  when th e  o b je c t  ch a nges  i t s  s iz e < /S h o r tD e s c >  
< /0 P o r t>
C IP o r t  id = " s e t M a t r i x "  t y p e = " M a t r ix 3 " >

< S h o rtD e sc> C h a n g e s  th e  r i g i d  t r a n s f o r m a t io n s . < /S h o r tD e s c >  
c D e s c r ip t io n >

C hanges th e  r i g i d  t r a n s fo r m a t io n s  t h a t  a p p ly  t o  th e  o b je c t .
I t  i s  u s e f u l  when i t  n e c e s s a ry  t o  a p p ly  r i g i d  t r a n s fo r m a t io n s  
a t  on ce  an d  a t  a s p e c i f i c  o r d e r .

< /D e s c r ip t io n >
< / I P o r t >
C IP o r t  id = " a d d O b je c t "  ty p e = "V R O b je c t">

cS h o rtD e s c > A d d s  a new p a r t  t o  t h i s  o b je c tc /S h o r tD e s c >  
c / I P o r t >
c Q P o rt id = " o b je c tA d d e d "  ty p e = "V R O b je c t">

c S h o r tD e s c > In fo rm s  when a p a r t  i s  ad ded  t o  th e  o b je c tc /S h o r tD e s c >  
C /0 P o r t>
C IP o r t  id = " r e m o v e O b je c t "  ty p e = "V R O b je c t">

C S hortD esc>R em oves a p a r t  f ro m  t h i s  o b je c tC /S h o r tD e s c >
C / IP o r t>
C O P ort id = "o b je c tR e m o v e d "  ty p e = "V R O b je c t">

C S h o r tD e s O In fo rm s  when a p a r t  i s  re m o ve d  fro m  th e  o b je c tc /S h o r tD e s c >  
C /0 P o r t>
C IP o r t  id = " s e tB B "  ty p e = " b o o le a n " >

C S h o r tD e s c > D e fin e s  i f  t h e  b o u n d in g  bo x  i s  v i s i b l e  o r  n o tc /S h o r tD e s c >
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< / I P o r t >
< O P o rt id = "B B C h a n g e d " ty p e = " b o o le a n " >

< S h o r tD e s c > In fo rm s  ch a nges  i n  th e  b o u n d in g  bo x  v i s i b i l i t y < / S h o r t D e s c >  
< /0 P o r t>
< IP o r t  id = " s e t C o lo r "  t y p e = " C o lo r " >

< S h o rtD e sc> C h a n g e s  th e  m a in  c o lo r  o f  an o b je c t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  id = " c o lo rC h a n g e d "  t y p e = " C o lo r " >

< S h o r tD e s c > In fo rm s  when th e  c o lo r  c h a n g e s < /S h o rtD e s c >
< /0 P o r t>

< /O b je c tC la s s >

< F i l t e r C la s s  id= "W R M _M oveB as ic ">
< D e s c r ip t io n >

Im p le m e n ts  w o r l d - r e la t i v e  movem ent i n  a p la n e .
< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " in t m l . c o n t r o l .m o v e . d e t a i l s " / >

< In d e x  id = " p a p e r s "  
v a lu e = " b a r r i l l e a u x 0 1 " / >

< / In d e x e s >
< IP o r t  id = " s t a r t P o s "  ty p e = "P o s 3 D ">

< S h o r t D e s c > I n i t ia l  p o s it io n < /S h o r tD e s c >

< D e s c r ip t io n >
I n i t i a l  p o s i t i o n ,  w hen th e  m ovem ent i s  a c t i v a t e d .

< /D e s c r ip t io n >
< / I P o r t >
< IP o r t  i d = " p "  ty p e = "P o s 2 D "  d e fV a lu e = " 0 ,  0 ">

< S h o r tD e s c > In p u t p o s i t i o n  f o r  th e  m o v e m e n t< /S h o rtD e s c >
< D e s c r ip t io n >

I t  s a v e s  th e  p o s i t i o n  when cha nges  t o  t r u e .  L a t e r  o n , i t  
co m pu te s  an  o f f s e t  w i t h  t h i s  s t a r t  p o s i t i o n  and th e  c u r r e n t  
in p u t  p o s i t i o n  

< /D e s c r ip t io n >
< / I P o r t >
< IP o r t  id = " p la n e "  ty p e = "P la n e 3 D ">

< S h o r tD e s c > P la n e  o f  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  i d = " s w i t c h "  ty p e = " b o o le a n " >

< S h o r tD e s c > a c t iv a te s  and  d e a c t iv a te s  th e  f i l t e r < / S h o r t D e s c >
< / I P o r t >
< IP o r t  i d = " o b je c t "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be m o v e d < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " v ie w p o in t "  ty p e = "V R O b je c t">

< S h o r tD e s c > c u r r e n t  v ie w p o in t< /S h o r tD e s c >

< / I P o r t >
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

<S ho rtD esc>N ew  p o s i t i o n  f o r  th e  o b je c t< /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = " S w itc h 2 P o s " >
< D e s c r ip t io n >

S ends th e  l a s t  p o s i t i o n  when th e  in p u t  s w i t c h  ch a n g e s  fro m  
f a l s e  t o  t r u e .

< /D e s c r ip t io n >
< In d e x e s >

197

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



< In d e x  i d = " f i r s t "  

v a lu e = " in t m l . c o n t r o l .m o v e . d e t a i l s " / >
< In d e x  id = " p a p e r s "  

v a lu e = " b a r r i l l e a u x 0 1 " / >
< / In d e x e s >
< IP o r t  id = " p "  ty p e = "P o s 2 D " d e fV a lu e = " 0 ,  0 ">

< S h o r tD e s c > In p u t p o s i t io n  f o r  th e  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " s w i t c h "  ty p e = " b o o le a n " >

< S h o r tD e s c > a c t iv a te s  and d e a c t iv a te s  th e  f i l t e r < / S h o r t D e s c >
< / I P o r t >
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

< S h o r tD e s c > P o s it io n  when th e  s w i t c h  ch a n g e s  t o  t r u e < /S h o r tD e s c >  
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "W R M _ M o ve O ffse t">
< D e s c r ip t io n >

Im p le m e n ts  w o r l d - r e la t i v e  m ovem ent i n  a  p la n e ,  w i t h  an o f f s e t  f ro m  
th e  s t a r t i n g  p o s i t io n  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " in t m l . c o n t r o l .m o v e " />

< In d e x  id = " p a p e r s "  
v a lu e = " b a r r i l l e a u x 0 1 " / >

< / In d e x e s >
< F i l t e r  id = "m o v e B a s ic "  ty p e = "W R M _ M o v e B a s ic "X /F i l te r >
< F i l t e r  id = " s w itc h 2 P o s "  t y p e = " S w i t c h 2 P o s " x / F i l t e r >
< 0 b je c tH o ld e r  i d = " t a r g e t "  />
< IP o r t  i d = " p "  ty p e = "P o s 2 D " d e fV a lu e = " 0 ,  0 ">

< S h o r tD e s c > In p u t  p o s i t i o n  f o r  th e  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  i d = " p la n e "  ty p e = "P la n e 3 D ">

< S h o r tD e s c > P la n e  o f  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  i d = " s w i t c h "  ty p e = " b o o le a n " >

< S h o r tD e s c > a c t iv a te s  and d e a c t iv a te s  th e  f i l t e r < / S h o r t D e s c >
< / I P o r t >
< IP o r t  i d = " o b je c t "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  be m o v e d < /S h o rtD e s c >
< / I P o r t >
< IP o r t  id = " v ie w p o in t "  ty p e = "V R O b je c t">

< S h o r tD e s c > c u r r e n t  v ie w p o in t< /S h o r tD e s c >
< / I P o r t >
< 0 P o r t  id = " p o s "  ty p e = "P o s 3 D ">

<S ho rtD esc> N ew  p o s i t i o n  f o r  th e  o b je c t< /S h o r tD e s c >
< /0 P o r t>

< B in d in g  iE = " _ s e l f "  iP = " p o s "  o E = "m o v e B a s ic "  o P = "p "  />
< B in d in g  iE = " _ s e l f "  iP = " p o s "  o E = "s w itc h 2 P o s "  o P = "p "  />

< B in d in g  iE = " _ s e l f "  iP = " p la n e "  o E = "m o v e B a s ic "  o P = "p la n e "  />
< B in d in g  iE = " _ s e l f "  iP = " s w it c h "  o E = "m o v e B a s ic "  o P = " s w itc h "  />  
< B in d in g  iE = " _ s e l f "  iP = " s w it c h "  o E = "s w itc h 2 P o s "  o P = " s w itc h "  />  
< B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = "m o v e B a s ic "  o P = " o b je c t "  />  
< B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = " ta r g e t "  o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "m o v e B a s ic "  o P = " v ie w p o in t "  />  
< B in d in g  iE = "m o v e B a s ic "  iP = " p o s "  o E = " _ s e l f "  o P = "p "  / >

< B in d in g  iE = "m o v e B a s ic "  iP = " p o s "  o E = " ta r g e t "  o P = " s e tP o s it io n "  />
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< B in d in g  iE = " s w itc h 2 P o s "  iP = " p o s "  o E = "m o v e B a s ic "  o P = " s ta r tP o s "  />  
< / F i l t e r C la s s >

< F i l t e r C la s s  id = " V ie w p o in t2 P la n e " >
< D e s c r ip t io n >

C om putes a p la n e  p e r p e n d ic u la r  t o  th e  v ie w p o in t  a t  a g iv e n  d is t a n c e .  
< /D e s c r ip t io n >
< ln d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " in t m l . c o n t r o l . m o v e . d e t a i l s " / >

< In d e x  id = " p a p e r s "  
v a lu e = " b a r r i l l e a u x O l " / >

< / In d e x e s >
< IP o r t  i d = " v "  t y p e = " V ie w p o in t " >  

c S h o r tD e s c > V ie w p o in tc /S h o r tD e s c >
< / I P o r t >
< IP o r t  id = " d "  t y p e = " f l o a t "  d e fV a lu e = " 0 . 0 ">

< S h o r tD e s c > D is ta n c e  fro m  th e  v ie w p o in t< /S h o r tD e s c >

< / I P o r t >
< 0 P o r t  id = " p la n e "  ty p e = "P la n e 2 D ">

< S h o r tD e s c > P la n e  p e r p e n d ic u la r  t o  th e  v ie w p o in t< /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "D R M _ M o v e O ffs e t">
< D e s c r ip t io n >

Im p le m e n ts  d i s p l a y - r e la t i v e  m ovem ent i n  a p la n e ,  w i t h  an  o f f s e t  f ro m  
th e  s t a r t i n g  p o s i t i o n  

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  
v a lu e = " in t m l . c o n t r o l ,m o v e " />

C In d e x  id = " p a p e r s "  
v a lu e = " b a r r i l l e a u x 0 1 " / >

< / In d e x e s >

< F i l t e r  id = "m o v e B a s ic "  ty p e = " W R M _ M o v e B a s ic " X /F i l te r >
< F i l t e r  id = " s w itc h 2 P o s "  t y p e = " S w i t c h 2 P o s " x / F i l t e r >
< F i l t e r  id = " v 2 P la n e "  t y p e = " V ie w p o in t 2 P la n e " x / F i l t e r >
< O b je c tH o ld e r  i d = " t a r g e t "  />
C IP o r t  i d = " p "  ty p e = "P o s 2 D " d e fV a lu e = " 0 ,  0 ">

< S h o r tD e s c > In p u t p o s i t io n  f o r  th e  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
C IP o r t  i d = " s w i t c h "  ty p e = " b o o le a n " >

C S h o r tD e s c > a c t iv a te s  and  d e a c t iv a te s  th e  f i l t e r C / S h o r t D e s c >
C / IP o r t >
C IP o r t  id = " o b je c t "  ty p e = "V R O b je c t">  

c S h o r tD e s c > O b je c t t o  be m o v e d C /S h o rtD e s c >
C / IP o r t >
C IP o r t  i d = " v ie w p o in t "  ty p e = "V R O b je c t">  

c S h o r tD e s O c u r r e n t  v ie w p o in tC /S h o r tD e s c >  
c / I P o r t >
C O P ort id = " p o s "  ty p e = "P o s 3 D ">

C S h o rtD e sO N e w  p o s i t io n  f o r  th e  o b je c tc /S h o r tD e s c >
C /0 P o r t>

C B in d in g  iE = " _ s e l f "  iP = " p o s "  o E = "m o v e B a s ic "  o P = "p " />
C B in d in g  iE = " _ s e l f "  iP = " p o s "  o E = "s w itc h 2 P o s "  o P = "p "  />
C B in d in g  iE = " _ s e l f "  iP = " s w it c h "  o E = "m o v e B a s ic "  o P = " s w itc h "  />
C B in d in g  iE = " _ s e l f "  iP = " s w it c h "  o E = "s w itc h 2 P o s "  o P = " s w itc h "  />
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< B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = "m o v e B a s ic "  o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = " ta r g e t "  o P = " o b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "m o v e B a s ic "  o P = " v ie w p o in t "  />  
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v 2 P la n e "  o P = "v "  />
< B in d in g  iE = "m o v e B a s ic "  iP = " p o s "  o E = " _ s e l f "  o P = "p " />
< B in d in g  iE = "m o v e B a s ic "  iP = " p o s "  o E = " ta r g e t "  o P = " s e tP o s it io n "  />  
< B in d in g  iE = " s w itc h 2 P o s "  iP = " p o s "  o E = "m o v e B a s ic " o P = " s ta r tP o s "  />  
< B in d in g  iE = " v 2 P la n e "  iP = " p la n e "  o E = "m o v e B a s ic " o P = "p la n e "  />  

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "O r b itM o v e m e n t">
< D e s c r ip t io n >

C om putes a new p o s i t i o n  and  o r i e n t a t i o n  a ro u n d  an o b je c t ,  g iv e n  
a s t a r t i n g  p o s i t io n .  I t  ke e p s  th e  d is ta n c e  fro m  th e  s t a r t i n g  p o s i t io n  
t o  th e  c e n te r  o f  th e  o b je c t .

< /D e s c r ip t io n >
C In d e xe s>

C In d e x  i d = " f i r s t "  

v a l u e = " i n t m l . n a v i g a t i o n . d e t a i l s " / >
< In d e x  id = " p a p e r s "  

v a lu e = " _ h id d e n " />
< / In d e x e s >
< IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  o r b i t  a ro u n d  to < /S h o r tD e s c >
< D e s c r ip t io n >

R e fe re n c e  f o r  th e  o r b i t  
< /D e s c r ip t io n >

< / I P o r t >
< IP o r t  id = " a lp h a "  t y p e = " f l o a t " >

< S h o r tD e s c > H o r iz o n ta l a n g le < /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = " b e ta "  t y p e = " f l o a t " >

< S h o r tD e s c > v e r t ic a l  a n g le < /S h o r tD e s c >
< / I P o r t >
C IP o r t  i d = " s t a r t P o s "  ty p e = "P o s 3 D ">

C S h o r tD e s c > S ta r t in g  p o s it io n C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  id = " s t a r t Q "  t y p e = " Q u a te r n io n " >  

c S h o r tD e s c > S ta r t in g  r o ta t io n C /S h o r tD e s c >
C / IP o r t>
C O P ort id = " p o s "  ty p e = "P o s 3 D ">  

cS ho rtD esc> N ew  p o s it io n C /S h o r tD e s c >
C /0 P o r t>
C O P ort id = " q "  t y p e = " Q u a te r n io n " >

C S h o rtD e sO N e w  o r ie n t  a t  io n C /S h o r tD e s c >  
c /0 P o r t>  

c / F i l t e r C la s s >

c F i l t e r C la s s  id = "O r b itC a m e ra ">
C D e s c r ip t io n >

Im p le m e n ts  n a v ig a t io n  b y  m o v in g  a ro u n d  an  o b je c t  
C /D e s c r ip t io n >  
c ln d e x e s >

C In d e x  i d = " f i r s t "  
v a lu e = " in t m l . n a v ig a t i o n " />

C In d e x  id = " p a p e r s "  
v a lu e = " b a r r i l l e a u x 0 1 " / >

C /In d e x e s >
C F i l t e r  id = " o rb itM o v e m e n t"  t y p e = " O r b i tM o v e m e n t " > c /F i l t e r >
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<Obje c tH o Id e r  i d = " v "  />
< IP o r t  i d = " o b j "  ty p e = "V R O b je c t">

< S h o r tD e s c > O b je c t t o  o r b i t  a ro u n d  to < /S h o r tD e s c >

< D e s c r ip t io n >
R e fe re n c e  f o r  th e  o r b i t  

< /D e s c r ip t io n >
< / I P o r t >
< IP o r t  id = " a lp h a "  t y p e = " f l o a t " >

< S h o r tD e s c > H o r iz o n ta l a n g le < /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = " b e ta "  t y p e = " f l o a t " >

< S h o r tD e s c > v e r t ic a l  a n g le < /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = " v ie w p o in t "  ty p e = "V R O b je c t">  

c S h o r tD e s c > c u r r e n t  v ie w p o in tc /S h o r tD e s c >  
c / I P o r t >

C B in d in g  iE = " _ s e l f "  iP = " o b j "  o E = "o rb itM o v e m e n t"  o P = " o b j"  />
C B in d in g  iE = " _ s e ! f "  iP = " a lp h a "  o E = "o rb itM o v e m e n t"  o P = "a lp h a "  />
C B in d in g  i E = " _ s e l f "  iP = " b e ta "  o E = "o rb itM o v e m e n t"  o P = "b e ta "  />
C B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />
C B in d in g  iE = " v ie w p o in t " iP = "p o s C h a n g e d " o E = "o rb itM o v e m e n t"  o P = " s ta r tP o s "  />  
C B in d in g  iE = " v ie w p o in t "  iP = "q C h a n g e d " o E = "o rb itM o v e m e n t"  o P = " s ta r tQ "  />  
C B in d in g  iE = " o rb itM o v e m e n t"  iP = " p o s "  o E = "v "  o P = " s e tP o s i t io n "  />
C B in d in g  iE = " o rb itM o v e m e n t"  iP = " q "  o E = "v "  o P = " s e tO r ie n t a t io n "  />  

c / F i l t e r C la s s >

C F i l t e r C la s s  id = " P in o c c h io C o n t r o l ">

< D e s c r ip t io n >
C om putes th e  new p o s i t i o n  f o r  th e  3 r d  p e rs o n  c o n t r o l  and  f o r  th e  v ie w p o in t .  

C /D e s c r ip t io n >  
c ln d e x e s >

C In d e x  i d = " f i r s t "  v a l u e = " i n t m l . n a v i g a t i o n . d e t a i l s " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x O i " / >

C /In d e x e s >
C IP o r t  id = " p in o c c h io "  ty p e = " D O b je c t " >  

c S h o r tD e s c > 3 rd  p e rs o n  c o n t r o l< /S h o r tD e s c >
C D e s c r ip t io n >

A c o n t r o l  t h a t  r e p r e s e n ts  th e  p o s i t io n  and  o r i e n t a t i o n  o f  
th e  v ie w p o in t .  I t  h a s  tw o  p a r t s ,  b o d y  and n o s e , t h a t  c o n t r o l  
ea ch  o f  th e s e  p a ra m e te rs .  

c /D e s c r ip t io n >  
c / I P o r t >
C IP o r t  id = " d r a g C o n t r o l "  ty p e = " b o o le a n " >  

c S h o r tD e s c > in D ra g g in g C /S h o r tD e s c >
< / I P o r t >
C IP o r t  id = " p "  ty p e = "P o s 2 D ">  

c S h o r tD e s c > in p u t  p o s i t i o n  f o r  th e  m o v e m e n tc /S h o rtD e s c >  
c / I P o r t >
C IP o r t  id = " s e lO b je c t "  t y p e = " D O b je c t " >  

c S h o r tD e s c > s e le c te d  p a r t  o f  p in o c c h io  (b o d y  o r  n o s e )C /S h o r tD e s c >
C / IP o r t>
C O Port id = "p o s P "  ty p e = "P o s 2 D ">  

cS ho rtD esc> N ew  p o s i t i o n  f o r  p in o c c h io C /S h o r tD e s c >  
c /0 P o r t>
C O P ort id = " q P "  t y p e = " f l o a t " >  

cS ho rtD esc> N ew  o r i e n t a t i o n  f o r  p in o c c h io C /S h o r tD e s c >
C /0 P o r t>
C O P ort id = " p o s "  ty p e = "P o s 3 D ">
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<S hortD esc>N ew  v ie w p o in t  p o s it io n < /S h o r tD e s c >
< /D P o r t>
< 0 P o r t id = " q "  ty p e = " Q u a te rn io n " >

<S hortD esc>N ew  v ie w p o in t  o r ie n ta t io n < /S h o r tD e s c >
< /0 P o r t>

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "P in o c c h io C a m e ra ">
< D e s c r ip t io n >

Im p le m e n ts  n a v ig a t io n  b y  m a n ip u la t in g  a cam era  r e p r e s e n t a t io n ,  w i t h  a bo d y  
f o r  p o s i t i o n  and  a b ig  no se  f o r  o r i e n t a t i o n  i n  a  p la n e .

< /D e s c r ip t io n >
< In d e x e s >

< In d e x  i d = " f i r s t "  v a lu e = " in t m l . n a v ig a t i o n " />
< In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

< / In d e x e s >
< F i l t e r  i d = " c o n t r o l "  t y p e = " P in o c c h io C o n t r o l " x / F i l t e r >
< O b je c tH o ld e r  id = " r e p "  />
< O b je c tH o ld e r  id = " v "  />

< IP o r t  id = " p in o c c h io "  ty p e = "D O b je c t" >
< S h o r tD e s c > 3 rd  p e rs o n  c o n t r o l< /S h o r tD e s c >
< D e s c r ip t io n >

A c o n t r o l  t h a t  r e p r e s e n ts  th e  p o s i t io n  and o r i e n t a t i o n  o f  
th e  v ie w p o in t .  I t  ha s  tw o  p a r t s ,  b o d y  and  n o s e , t h a t  c o n t r o l  
e a ch  o f  th e s e  p a ra m e te rs .

< /D e s c r ip t io n >
< / I P o r t >
< IP o r t  i d = " d r a g C o n t r o l "  ty p e = " b o o le a n " >

< S h o rtD e  s O in D r  a g g in g < /  S h o r tD e s  c>
< / I P o r t >
< IP o r t  i d = " p "  ty p e = "P o s 2 D ">

< S h o r tD e s c > in p u t  p o s i t i o n  f o r  th e  m o v e m e n t< /S h o rtD e s c >
< / I P o r t >
< IP o r t  i d = " s e lO b je c t "  ty p e = "D O b je c t" >

< S h o r tD e s c > s e le c te d  p a r t  o f  p in o c c h io  (b o d y  o r  n o s e )< /S h o r tD e s c >
< / I P o r t >
< IP o r t  i d = " v ie w p o in t "  ty p e = "V E O b je c t">

< S h o r tD e s c > c u r re n t  v ie w p o in t< /S h o r tD e s c >
< / I P o r t >

< B in d in g  i E = " _ s e l f "  iP = " p in o c c h io "  o E = " re p "  o P = " o b je c t "  />
< B in d in g  i E = " _ s e l f "  iP = " p in o c c h io "  o E = " c o n t r o l "  o P = " p in o c c h io "  />
< B in d in g  iE = " _ s e l f "  iP = " d r a g C o n t r o l "  o E = " c o n t r o l "  o P = " d r a g C o n t ro l"  />  
< B in d in g  iE = " _ s e l f "  iP = " p "  o E = " c o n t r o l "  o P = "p "  />
< B in d in g  iE = " _ s e l f "  iP = " s e lO b je c t "  o E = " c o n t r o l "  o P = " s e lO b je c t "  />
< B in d in g  iE = " _ s e l f "  iP = " v ie w p o in t "  o E = "v "  o P = " o b je c t "  />
< B in d in g  i E = " c o n t r o l "  iP = "p o s P "  o E = " re p "  o P = " s e tP o s i t io n "  />
< B in d in g  iE = " c o n t r o l "  iP = "q P "  o E = " re p "  o P = " s e tR o ta t io n "  / >
< B in d in g  i E = " c o n t r o l "  iP = " p o s "  o E = "v "  o P = " s e tP o s i t io n "  / >
< B in d in g  i E = " c o n t r o l "  iP = " q "  o E = "v "  o P = " s e tO r ie n t a t io n "  / >

< / F i l t e r C la s s >

< O b je c tC la s s  i d = " O b je c t B a r r i l l e a u x " >
< D e s c r ip t io n >

D e s c r ib e s  an  o b je c t  w i t h  e x te n d e d  f e a t u r e s ,  i n  o r d e r  t o  s u p p o r t  In T s  i n  
B a r r i l l e a u x .

< / D e s c r ip t io n >
< In d e x e s >
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C In d e x  i d = " f i r s t "  v a lu e = " in t m l . O b je c t " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

C /I n d e x e s >

c im p le m e n ts  c la s s Id = " V R O b je c t " / >
C IP o r t  id = "g e tO b je c tb y N a m e "  t y p e = " S t r in g " >

C S h o rtD e sc> se n d s  th e  o b je c t  w i t h  th e  g iv e n  n a m e < /S h o rtD e sc>  
c / I P o r t >
C O P ort id = "o b je c tb y N a m e "  ty p e = "V R O b je c t">  

cS h o rtD e s c > R e s p o n s e  t o  g e tO b je c tb y N a m e C /S h o rtD e s c >
C /0 P o r t>

c /O b je c tC la s s >

C F i l t e r C la s s  id = " C r e a te L a b e l" >
C D e s c r ip t io n >

C re a te s  a l a b e l  g iv e n  a s t r i n g .
C / D e s c r i p t i o n >
c ln d e x e s >

C In d e x  i d = " f i r s t "  v a lu e = " in t m l . m a n ip u la t i o n . d e t a i ls " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >  

c / In d e x e s >

C IP o r t  i d = " t e x t "  t y p e = " S t r in g " >
C S h o r tD e s O T e x t f o r  th e  la b e lC /S h o r tD e s c >  

c / I P o r t >
C IP o r t  i d = " a x is "  t y p e = " V e c to r 3 "  d e fV a lu e = " 0  1 0 ">

C S h o rtD e s c > A x is  t o  p u t  th e  l a b e l ,  r e l a t i v e  t o  th e  o b je c tc /S h o r tD e s c >  
C / IP o r t >
C IP o r t  i d = " o f f s e t "  t y p e = " f l o a t " >

C S h o r tD e s c > O ffs e t f ro m  a n  a x is C /S h o r tD e s c >  
c / I P o r t >
C O P ort i d = " l a b e l "  ty p e = "V R O b je c t">

C S h o r tD e s c > c u r re n t  v ie w p o in tC /S h o r tD e s c >  
c /0 P o r t>

< / F i l t e r C la s s >

C F i l t e r C la s s  id = " A d d L a b e l" >
C D e s c r ip t io n >

Adds a  l a b e l  t o  an  o b je c t .  I t  assum es th e  o b je c t  d o e s n ’ t  ha ve  o n e . 
C /D e s c r ip t io n >  
c ln d e x e s >

C In d e x  i d = " f i r s t "  v a lu e = " in t m l . m a n ip u la t io n " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

C /In d e x e s >
C O b je c tH o ld e r  i d = " o b j "  />
c F i l t e r  id = " c r e a t e L a b e l "  t y p e = " C r e a te L a b e l" > C /F i l t e r >

C IP o r t  i d = " t e x t "  t y p e = " S t r in g " >  
c S h o r tD e s c > T e x t f o r  t h e  la b e lc /S h o r tD e s c >  

c / I P o r t >
C IP o r t  i d = " a x is "  ty p e = " V e c to r 3 "  d e fV a lu e = " 0  1 0 ">

< S h o r tD e s c > A x is  t o  p u t  th e  l a b e l ,  r e l a t i v e  t o  th e  o b je c tC /S h o r tD e s c >  
C / IP o r t >
C IP o r t  i d = " o f f s e t "  t y p e = " f l o a t " >  

c S h o r tD e s c > O f fs e t  f ro m  an a x is C /S h o r tD e s c >  
c / I P o r t >
C IP o r t  i d = " o b je c t "  ty p e = "V R O b je c t">  

c S h o r tD e s c > O b je c t t h a t  w i l l  c o n ta in  th e  la b e lc /S h o r tD e s c >
C / IP o r t >
C O P ort i d = " l a b e l "  ty p e = "V R O b je c t">
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< S h o r tD e s c > c u r re n t  v ie w p o in t< /S h o r tD e s c >
< /0 P o r t>

< B in d in g  iE = " _ s e l f "  i P = " t e x t "  o E = " c re a te L a b e l"  o P = " te x t "  />
< B in d in g  iE = " _ s e l f "  iP = " a x is "  o E = " c re a te L a b e l"  o P = " a x is "  />
< B in d in g  iE = " _ s e l f "  i P = " o f f s e t "  o E = " c re a te L a b e l"  o P = " o f f s e t "  />
< B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = " o b j"  o P = " o b je c t "  />
< B in d in g  iE = " c r e a te L a b e l ' '  iP = " la b e l "  o E = " o b j"  o P = "a d d O b je c t"  />  

< / F i l t e r C la s s >

< F i l t e r C la s s  id = "R e m o v e L a b e l">
< D e s c r ip t io n >

Removes a l a b e l  f ro m  an o b je c t .  I t  assum es th e  o b je c t  ha s  one o b je c t  w i t h  
name " l a b e l " .

< /D e s c r ip t io n >
< In d e x e s >

C In d e x  i d = " f i r s t "  v a lu e = " in t m l . m a n ip u la t io n " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

C /In d e x e s >
c O b je c tH o ld e r  id = " o b j "  / >  

c O b je c tH o ld e r  id = " o b j2 "  />  
c C o n s ta n t id = "n a m e " v a lu e = " la b e l " / >

C IP o r t  i d = " o b je c t "  t y p e = " O b je c t B a r r i l le a u x " >  
c S h o r tD e s c > O b je c t t h a t  w i l l  c o n ta in  th e  la b e lC /S h o r tD e s c >

C / IP o r t >

C B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = " o b j"  o P = " o b je c t "  />
C B in d in g  iE = " _ s e l f "  iP = " o b je c t "  o E = "o b j2 "  o P = " o b je c t "  />
C B in d in g  i E = " _ s e l f "  iP = "n a m e " o E = " o b j"  o P = "g e tO b je c tb y N a m e " />
C B in d in g  iE = " o b j "  iP = "o b jb y N a m e " o E = " o b j"  o P = "re m o v e O b je c t"  />  

c / F i l t e r C la s s >

C 0 b j e c tC la s s  i d = " A c t iv a te b y T im e ">
C D e s c r ip t io n >

T u rn s  o n  a  v a r ia b le  f o r  a c e r t a i n  p e r io d  o f  t im e .
C /D e s c r ip t io n >
C In d e xe s>

C In d e x  i d = " f i r s t "  v a l u e = " in t m l . m a n ip u la t i o n . d e t a i ls " / >
C In d e x  id = " p a p e r s "  v a lu e = " b a r r i l l e a u x 0 1 " / >

C /In d e x e s >
C IP o r t  id = "g e tO b je c tb y N a m e "  t y p e = " S t r in g " >

C S h o rtD e s O s e n d s  th e  o b je c t  w i t h  th e  g iv e n  n a m e c /S h o rtD e s c >
C / IP o r t >
C O P ort id = "o b je c tb y N a m e "  ty p e = "V R O b je c t">  

cS h o rtD e s c > R e s p o n s e  t o  g e tO b je c tb y N a m e C /S h o r tD e s O  
C /0 P o r t>  

c /O b j e c tC la s s >

C /P a c k a g e >
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A ppendix E

User Study Proposal to  the  
Ethics C om m ittee

T he user s tudy  had  to  be approved by th e  E th ics com m itte a t th e  University. T his are 
docum ents we presented  for such approval.
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Request for Ethical Review
Date N ovem ber 4th, 2002

Researchers, Faculty Affiliation, Phone, Email

W alter F. Bischof 
A sso cia te  P ro fe sso r 
492  3114
w fb@ cs.ualberta .ca

P ierre B oulanger 
A sso cia te  P ro fe sso r 
492  3031
p ierreb @ cs.u alb erta .ca

Pab lo  F igueroa 
PhD  S tuden t 
492  7418
pfiguero@ cs.ua !berta .ca

Title of Proposal, Type (e .g ., re se a rc h  project, g ra n t application)

U ser S tudy  on R etarg etab le  Virtual Reality In terfaces. R esea rch  Project.

Short Summary of Project (50 w ords or less)

W e a re  conducting  com parative s tu d ie s  on  th e  u se  of virtual reality hardw are, w hen  th e  task  in e a c h  se tu p  is 
exactly  th e  sa m e . E ach  partic ipant will b e  e x p o se d  to a  ta sk  in a  particu lar ha rd w are  se tup , a n d  w e will 
collect perfo rm ance d a ta  an d  opinions from questio n n aires . W e will co m p a re  resu lts  be tw een  su b jec ts  
e x p o se d  to  different hard w are  se tu p s , w hich a re : a  s tan d ard  PC , a  SM ART B oard , a  P C  with a  joystick and  
a  h e a d  m oun ted  d isplay, a  P C  with s te re o  sc re e n  an d  a  s p a c e  m o u se , a n d  o u r V isroom . T he an a ly sis  of the 
d a ta  will allow u s  to  infer u s e r  p re fe ren ce s  an d  perform ance is su e s  re la ted  to  th e  technology desc ribed .

1. Describe the source o f research participants or data. For participants not obtained through the 
104/105 system indicating the manner in which participation will be solicited and the nature of any 
inducements or promises offered for participation.

W e a re  planning to recru it vo lun teers  by em ail, in th e  C om puting S c ien c e  D ep artm en t o r in o th e r faculties of 
th e  University. T h e  tex t of su c h  a n  em ail is a ttac h ed  in A ppendix 1.

2. Describe the procedure to be used.

d )  P artic ipan ts re ad  th e  g en e ra l introduction of th e  experim ent (S e e  A ppendix 2).
b )  Partic ipan ts re ad  an  sign  th e  inform ed c o n se n t form (A ppendix 5). If th ey  d ec id e  not to continue, 

th ey  ca n  live th e  ex perim en t a t  an y  tim e.
c )  P artic ip an ts  fill a  form with g en e ra l inform ation ab o u t them  (S e e  A ppendix 3).
d )  P artic ip an ts  s ta r t  th e  te s t  by a  d irec ted  exam ple , in w hich th ey  g e t fam iliar with th e  in terface and  

th e  w ay  it works.
6 )  P artic ip an ts  perform  th e  ta sk  in o n e  of th e  four im plem entations of th e  application: A  s ta n d a rd  PC, 

a  P C  with a  S p a c e  M ouse, a  SMART Board, or a  h ea d  m oun ted  d isp lay  with a  joystick. P articipan ts 
c a n  d ec ide  no t to  do  th e  ex perim en t a t  an y  tim e, and  th e  inform ation reco llected  w on't b e  included 
in th e  study.
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f )  At the end o f the task, participants will be asked to fill a second form, with their opinions about the 
application and the experiment (See Appendix 4).

3. D e s c r ib e  h o w  y o u  will d e a l  w ith  th e  i s s u e s  o f  in fo rm e d  c o n s e n t  a n d  c o n tin u in g  v o lu n ta r in e s s  o f 
p a r tic ip a tio n  in th e  p ro p o s e d  r e s e a r c h .

Participants are required to sign an informed consent form and will be informed that they may leave the 
experiment at any time.

4 . D e s c r ib e  h o w  y o u  will g ra n t  a n o n y m ity  to  p a r tic ip a n ts  a n d  h o w  r e s p o n s e s  will b e  k e p t 
c o n f id e n tia l . If n a m e s  o r  o th e r  id en tify in g  in fo rm a tio n  a r e  c o d e d  w ith  d a ta ,  d e s c r ib e  how  a c c e s s  to  
d a ta  is  lim ited  a n d  s a f e g u a r d e d . In d ica te  w h o  will h a v e  a c c e s s .  If a p p r o p r ia te ,  d e s c r ib e  h o w  c o n s e n t  
is  o b ta in e d  fro m  p a r tic ip a n ts  fo r  e x c e p t io n s  to  a n o n y m ity /c o n fid e n tia lity . If d a ta  a r e  to  b e  ta k e n  fro m  
e x is t in g  s o u r c e s ,  d i s c u s s  th e  im p lic a tio n s  o f p re -e x is t in g  (im p lic it o r  e x p lic it)  g u a r a n te e s  o f 
co n f id e n tia lity /a n o n y m ity .

Data provided by each participant will be coded in such a way that anonymity o f participants is guaranteed. 
Data will only be accessible to authorized personnel. Published data will contain no indication of the 
participants' identities.

5. If c o n c e a lm e n t  a n d /o r  d e c e p t io n  is  to  b e  e m p lo y e d , p ro v id e  e x p lic i t  ju s tif ic a tio n . In d ic a te  h o w  a n d  
w h e n  p a r t ic ip a n ts  will b e  in fo rm e d  o f th e  c o n c e a lm e n t  a n d /o r  d e c e p tio n .

We will not use concealment nor deception in our experiment.

6. D e s c r ib e  t h e  n a tu re  o f a n y  r is k s  to  t h e  p h y s ic a l  o r  p s y c h o lo g ic a l  w e ll-b e in g  o r  in te g rity  of 
p a r t ic ip a n ts  t h a t  m ig h t a r is e  fro m  y o u r  p ro c e d u re s ,  a n d  d i s c u s s  y o u r  ju s ti f ic a t io n s ,  s a f e g u a r d s ,  a n d  
re s o lu t io n s  fo r  t h e s e  r is k s  w h e re  a p p r o p r ia te .

In the event of sickness or dizziness on the part of the participant, the experiment will be terminated 
immediately.

7. Indicate when participants will be debriefed, and describe the nature and extent of debriefing.

Partic ipan ts will b e  inform ed ab o u t th e  n atu re  o f th e  experim en t b e fo rehand  a n d  will b e  fully briefed ab o u t 
g o als /re su lt a f te r th e  experim en t. T hey  will a lso  b e  en c o u rag e d  to  a sk  q u es tio n s . S e e  a p p e n d ix es  for details.

8. Describe any apparatus, element of the physical environment, substance or other materials that 
could cause harm to a participant if a malfunction, misuse, accident, allergic reaction, or side-effect 
were to occur. If the participant comes into contact w ith a potentially hazardous apparatus or 
material, w ho will be responsible for checking for defects/malfunctions, and on what schedule will 
inspections be made? If participants come into contact with some substance that could cause harm, 
please document your safeguards.

W e do not expose participants to hazardous apparatus or materials.

9. Describe qualifications of research personnel if special conditions exist within the research that 
could cause physical or psychological harm or if participants require special attention because of 
physical or psychological characteristics, or if made advisable by other exigencies.

N/A

10. D e s c r ib e  a n y  p o te n tia l ly  h a z a rd o u s  d u t ie s  t h a t  will b e  re q u ir e d  o f  r e s e a r c h  p e r s o n n e l ,  in c lu d in g  
p h y s ic a l ,  m e n ta l , o r  le g a l  r i s k s .  D e s c r ib e  th e  s a f e g u a r d s  y o u  h a v e  im p le m e n te d  fo r  y o u r p e r s o n n e l .

N/A
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Ethics S tatem en t

I h av e  re ad  th e  University S ta n d ard s  for th e  P ro tection  of H um an R e se a rc h  P articipan ts (1999) an d  ag ree  
tha t th e  p ro p o se d  re se a rc h  will b e  con d u c ted  in a c co rd a n ce  with th e  gu idelines an d  policies therein.

S ig n a tu re  of r e s e a r c h e r  D a te  _

S ig n a tu re  of r e s e a r c h e r  D a te  _

S ig n a tu re  of r e s e a r c h e r  D ate _

S ig n a tu re  of D epartm en t C h a ir_
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Call for P articipants
T he following em ail will be sent to  th e  C om puting Science D epartm ent, asking for p a rtic i
pan ts in  th e  experim ent.

S u b ject: C a ll fo r  v o lu n te e r s  in  V ir tu a l R e a lity  

H e llo ,

We are con d u ctin g  an experim ent on in t e r f a c e s  fo r  v ir t u a l  r e a l i t y  
a p p lic a t io n s  and we are in te r e s t e d  in  your p a r t ic ip a t io n .  We w i l l  m easure 
your perform ance and your o p in io n  about a s im p le  t a s k ,  moving and r o t a t in g  
th r e e  g r a p h ic a l o b je c t s  to  a c e r ta in  t a r g e t  p o s i t io n .  Each p a r t ic ip a n t  
w i l l  perform  t h i s  ta sk  fo r  about 1 hour, in  one o f th e  hardware p la tfo rm s  
a v a ila b le  in  th e  Computer G raphics Lab. The d ata  we w i l l  c o l l e c t  from your 
p a r t ic ip a t io n  w i l l  be anonymous, and w i l l  a llo w  us to  compare d i f f e r e n t  
hardware se tu p s  in  th e  v ir t u a l  r e a l i t y  domain.

Thanks in  advance fo r  your c o l la b o r a t io n . I f  you are in te r e s t e d  in  
v o lu n te e r in g  p le a s e  co n ta c t us by em ail t o  ro b y n O c s .u a lb e r ta .c a , w ith  
your sc h e d u le  p r e fe r e n c e s .
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Matching Test. Introduction. UofA, Pablo Figueroa

A Matching Test

Page 1 o f 3

The purpose o f  this test is to compare different implementations o f  the same task in different hardware 
platforms. Tha task is a matching test, in which an object has to be moved to a target position. This 
particular test shows three objects: a red car, a yellow  car, and a blue model [1] o f Beethoven's face [2]. 
Each object has a semi-transparent copy, that defines the target position and orientation. In the 
application, you can select an object (not its copy), grab it, move it, and rotate it, until it matches its 
corresponding copy. Once an object and its copy are close enough, they dissapear, You can move the 
objects in any order, until all o f them have been matched, in which moment the application ends. An 
example o f  how this application looks it is  shown in the following figure.

http://www.cs.ualberta,ca/~pfiguero/Fall2002/MatchingEval/introduction.html 07/11/2002
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Matching Test. Introduction. UofA, Pablo Figueroa Page 2 o f 3

First, you will be asked to fill an introductory form with general information. After that we w ill ask you 
to match the three objects in a particular hardware platform, as soon as you can, and when you finish, we 
w ill ask you to fill a form with your opinions about the experience.

Thanks for your collaboration!

Special Considerations

http://www.cs.ualberta.ca/~pfiguero/Fall2002/MatchingEval/introduction.html 07/11/2002
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Matching Test. Introduction. UofA, Pablo Figueroa Page 3 o f  3

Each hardware platform has a different way to manipulate the objects, according to the particular input 
and output devices. The following links describe some details about each platform and the way tasks are 
accomplished.

•  Standard PC
• SMART Board
• HMD and Joystick
• PC and SpaceMouse

People involved

Pablo Figueroa. PhD Student 
Robyn Taylor. Research Assistant

References

[1] - Models provided as free o f  charge by Viewpoint.
[2] - Model provided as an example in the Java 3D distribution

http://www.cs.ualberta.ca/~pfiguero/Fall2002/MatchingEval/introduction.html 07/11/2002
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U ser E xperience Q uestionnaire. In troduc tion

Introductory Questionnare

lH tp ://\vw w .cs.ualbertu .ca/~ pfiguero /F all2002 /M aiclM igE val/q lb .h tin l

T he fo llow ing  questions nre general in form ation  abou t you and you r involvem ent w ith  com pu ters.

Iden tification  [Age
„ , . r  \ c  r  r  I f

’ ; -20  21 -25  :26 -3 0  i  31-35 :35 -4 0  41+

Past Experience

H ow  m any o pera ting  sy stem s (V arie ties  o f  W indow s, L utux , U nix, M ac, ...) h ave  you w orked  w ith?

: C none  i <" 1 ! f  2  ! C 3-4 i (" 5-6 m ore  than 6

O f the  fo llow ing  dev ices, softw nre, and sy stem s, check  those  tha t you  have  pe rsona lly  used:

[Touch S creen  F [T rack ing  dev ices [21P" [ V o ice  R ecogn ition  F r  :
[Joystick F iS tereo g lasses  13] f" [C A D  (C om pu te r A ided  D esign) p ' r  i
[T rack B a ll!... [Passive S tereo  D isp lays [4] f i V ideo  E d iting  S y s te m s F r

[G raphics tab le t f i!3D M o u se  [5] [D raw ing /P a in ting  P ro g m m sf" r  :
jG nm e C onso les  F i r ;3 D  V ideo  G a m e s F r

[SM A R T  B oards [JJ f If ;2 D  V ideo  G am es] ''' r
jH ead M oun ted  D isp lay  1 •T' [G raph ics  S o ftw are!

[Pen B ased C o m p u te r f" I r | r
P lease  w rite  y o u r com m en ts  ( i f  any ) abou t th e se  lis t here:

Description

[1]. A  SM A R T  B oard  is  a  d ev ice  produced  by  SM A R T  T echno log ies  fo r com pu ter ba sed  p resen ta tions
[2]. A  T rack in g  dev ice  allow  the  com pu ter to  know  th e  positio n  and orien ta tion  o f  th e  u se r’s  han d  o r  head.
[3], A  stereo  g la sses  d ev ice  allow s an u se r  to see  a specia l im age in  3D.
{4). A  P assive  s te reo  d isp lay  a llow  use rs  to see  im ages in  3D  w ithou t w earing  specia l g lasses.
[5 j. A  3D  m ouse  allow  an u se r  to  m o v e  a  po in te r in  3D .

Immersive Tendency

P lease  c irc le  th e  n u m b e r th a t m o st app rop ia te ly  reflec t you r im pressions abou t using  th is  com pu ter sy stem . N o t A pp licab le  =  NA

:H ow  easily  can  you  sw itch  y o u r  a tten tion  
I fro m  th e  task  in  w h ich  you  a re  cu rren tly  
| invo lved  to  a new  task?

D ifficu lt i r«FT
__ „ .........

i FT" r  6 ! C  7 C  8 C  9
[Easily j; C  N A  '

i H ow  frequently  do  y o u  get e m o tiona lly  
j invo lved  (angry , sa d , o r  ha p p y ) in  som e th in g  you  do?

N ever
i |  c  i r  2 C 3 C 4 - ■ T T F T c 8

[A lw ays 1; r  NA

[H ow  w ell do  y o u  fee l today? N o t so w ell j r  j C 3 C  4 i r  s 1*6 j ^ 7 C  8 c 9 [E xcellent ;[ C N A  '

i A re  you  easily  d is tra c te d  w hen  w ork ing  oh 
I a task?

A lw ays \ r  i r  2 r  3 r  4 i r  5 r  6 \ n C  8 r  9 •Never
(

; C N A

! H ow  o ften  do  y o u  p lay  arcade  o r  video  
i g am es?  (o ften  is  everyday )

[ H ow  w e l fd o  you  co n ce n tra te  on 
j tasks y o u  do  n o t like?

N ever

11

c'i
_ _

<* 3

? r

r  4

" r  4

7r 5

i F T

"r 6

C  6

| > 7  

j C l

r  8

. ̂ .....

> 9  

"c" 9

[Often

[Always

|  C  N A

i r  n a

P lease  w rite  y o u r  com m en ts abo u t y o u r im m ersiv e  tendency  here:

1 o f  1 10/28/02  11:28
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U ser E xperience  Q uestionnaire . A fte r E xperience Q. h ttp ://w w w .cs .ualberta .ca /~ pnguero /F all2002 /M atch iugE val/q2b .h tm l

Questionnare About the Experience

1 of 2

T he fo llow ing  questions are  abou t you r op in ion  o f  the  experience  you ju s t had.

Iden tifica tion  [?} j

Please  c irc le  the  num ber th a t m ost approp ia le ly  reflec t you r im pressions about u sin g  th is  co m p u te r system . N o t A pp licab le  =  NA

Overall User Reactions

[O verall reac tions to th e  system T errib le
• 7 1 j r  2 i r  3 f r  4 " \ 7 T \ C 6 7  I T ; T 8 " r  9

iW onderful : C  NA

Frustra ting
I f r  i j <"2 • r  3 ' r  4 i ' 7 s j ?6 f r  7 r  9 [Satisfying i r  n a

.D ull
i; r i T ' f ' i rT " f

■ ™
7 c  5 " T 6 :| r  7 ; r  8 : 9 [S tim ulating ; r  n a

D ifficu lt |; r  i j r  2 1 r  3 ; r \ 5 j ? 6 ! ^ 7 ; r s : r  9 :Easy : r  n a

Inadequate  pow er
j r  i 1 r2 j c  3 ■ r  4 ; r  5 I r  6 r  7 i r8 : r  9

[A dequaie pow er ; r  NA

Rigid Hr i T c  2 • r  3
___

~ c T fr 6 fr  8 T r V
[Flexible I n a

P lease  w rite  y o u r g e n era l com m en ts  abou t the sy stem  here:

Screen

4.1n O b jects  in the  sc reen

4. j . 1 Q uality  o f  th e  im age

j 4.3.1 A m o u n t o f  in fo rm ation  tha t 
j c an  b e  d isp lay ed  on  screen

H ard  to  see

[Fuzzy

[Inadequate

P lease  w rite  y o u r com m en ts  abou t the  screen  here:

Learning

r t Z i
fr  3 I r  4 1 C 5 1 r 7 j r  8 [(Easy to  see | f  NA

c 1
Z I

i r 3 j r T I'rT" j r  6 1~ —j7T" [ r l [[Sharp | C  NA

c 1"if 2 j r  3 " [ f  4 * r 5 i r  6 ]  f  7 k 9 HAdequnte 1 <“ NA

[6.1 L ea rn ing  to  o p e ra te  th e  sy stem I D ifficu lt r v i .. | C 2.T cT - f c T "]'F 6 ' " c l .. ' r  8 ’ [ > 9
'Jj Easy ]  c  n a " '  ;|

16.1.1 G etting  s ta lled i D ifficult r  i |C2 [ 3 j 'f 4 ]" 7  "5' i r '6 j  r y
P~8~

; jj Easy | r  n a  ;i
[6.3.1 R em em bering  sp e cific  ru les abou t 

ex ecu tin g  tasks
[D ifficu lt !j"rl.. P 2 ) f  3"I r  4 I7c" s""j r~6"” j r  7.. p r ■ r , J Easy [ r  n a  [i

i 6.4 T asks can  b e  pe rfo rm ed  in a 
; stra ig h tfo rw a rd  m anner

j N ever liVi" \ C 2 _ 1 3 1 I r  5 [f« r  7 | r  s j r  9 'jij A lw ays | f  N A  ||

.
i D eve lop ing  fin e  con tro l o f  m ovem en t [ D ifficu lt

j |  C  1 i r r ■i C 3 f r  4 [! f  5 K<\ 1 f  7 j r 8 1r  9 Easy I C  N A  ;j

P lease  w rite  y o u r com m en ts  abo u t learn ing  here:

System Capabilities

7.1 S y s tem  speed n  i c 2 \c 3 r  4 ;irs ; r  6 \c i c 8 \ C 9
Fast enough  i f  n a

1 0 / 2 8 / 0 2  1 1 :2 9
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U se r E xperience  Q uestionnaire. A fter E xperience  Q. h ttp ://w w w .cs .L ialberta .ca /~pfiguero /F all2002/M atchingE val/q2b .h tiu l

2 of 2

7.1.1 R esp o n se  tim e for m ost ope ra tions [Too slow  [   p :  ̂ .- ... ,.. ^ ...... r j   ^ ^ ... j [Fast enough  [ f -  f\]A

7.2 .2  S y s tem  failu res o c cu r [Frequently  j  : r  ^  : .... ^  j r 4  : r _ r  6  r ?  [ r Cl )  Se ldom  r  [sJA

7 .4  C o rrec tin g  you r m istakes '{Difficult | r i  ; T 2  ' V 3 I r 4 * <■* 5 C 6  > 7  > r  9  ;E a s y  1 f  N A

! h ; ! - ........‘  L   ..................... ...........

P lease  w rite  y o u r com m en ts  abou t system  c apab ilities here:

Presence Items

[ H o w  m uch  w ere  y o u  ab le  to 
[contro l even ts?

[ N o t too  m uch i r 
i 1

K
1 r3 [4

: r 
5

: r 
i6

r  I r
[3 9

T ota l con tro l r
NA

[H ow  resp o n siv e  w as th e  env ironm en t 
[ to  ac tions th a t you in itiated?

! N ot
: responsive : f "  

jl

..

2
1
3

i r 
■A

r
:5

i r ’ 
[6

r " \ r  
[8

i r  1 
9

P erfect
response

r
N A  :

i H ow  n a tu ra l d id  y o u r in te rac tions w ith  
[th e  en v iro n m en t seem ?

IN o t natura l ! c  
; i

1 c
I2

j ' r

3

i C
::4 :5 j f  '

r  ; r
:[8

i r "j
;9 j

N atura l r
NA

: H o w  com plete ly  w ere  a ll you r senses 
[engaged?

[N o t at all
i c
jl

1 c
2

I r 
3

ii r 
K f 1 C 

[6
r  r  

;8

r ' 'j 
.9

C om plete ly r
N A  [

{H ow  n a tu ra l w as the  m echan ism  w hich  
[con tro lled  m ov e m en t th rough  the  env ironm ent

[N o t a t all 1 c
ji

1 c
2

_

3
"""c" 
i 4 5

! c  
[6

<r... \"r
:8

: ^  j
■9

N atura l c
n a  ;

; H o w  aw are  w ere  y o u  o f  y o u r disp lay  and 
[co n tro l dev ices?

[N o t a t all
i c
ji

I2 "
1 r  
3

[j c  
[4

: r .5 1 r " 
;6

r  r  
[8

; r 1
9

V ery aw are r
NA

j H o w  m u c h  fa tig u e  d id  you  feel du rin g  y o u r experience  w ith  the  virtual 
[env ironm en t?

[ N ot a t all ...

|i 1 c2 I r  |3 ■A : r 5 : r . [6 r r  8 v ..1
[9

A  lo t r
N A  [

[H ow  com p ellin g  w as y o u r  sense  o f  objects 
[ m oving  th rough  th e  space?

[ N o t a t a ll
i rji f r

I2
j r 
3

i r 
i4

r[5 r[6 ' r ; r [8 : C 1 9
Very
com pelling

r
N A  i

[W e re  you  ab le  to  an tic ipate  w h at w ould  
! ha p p en  n e x t in  re sp o n se  to  the  ac tions tha t you 
j perfo rm ed

[N o t a t all f r '
[i 2

fr"
3 i C j4 i r

:5
fr"”!j 6 r r 

8
■: r"’"’!
;9 i

A lw ays r
NA

j H o w  w ell cou ld  you  m ove  o r  m an ipu la te  
{objects in  th e  v irtu a l env ironm ent?

j N ot a t a ll [ rji Tc'
2 Y

1 r 
•4

: r [5 : r
[6 '

r i r 
8

’ r  I
[9 j

V ery  w ell r
N A  [

[H o w  invo lved  w ere  y o u  in  th e  virtua l 
1 en v iro n m en t experience?

: N o t a t a ll I r:i
...

2 1 f* 3
I C
:|4

r[5 Ir
6

r i'r 
[8

J c..19 |
V ery involved r

NA

{H o w  p ro fic ie n t in  m ov ing  and in te rac ting  w ith 
i the  v ir tu a l e n v iro n m en t d id  you  feel a t the  end 
j o f  th e  e xperience?

1 H o w  m u c h  d id  th e  v isu a l d isp lay  qua lity  in terfere  
{o r  d is tra c t y o u  fro m  pe rfo rm ing  assigned  tasks ! o r  requ ired  ac tiv itie s?

i N ot a t a ll 

I In terfere  a  lot

: rji Tc '
I2 F

7H ; r
[5

]>~r[6 r •: r 
[8

: r 1
i9

V ery  p ro fic ien t 

N o t a t ail

r
N A

i r
jl

1 r
r

1 r  
3

i r[14 ; r 
;5

(
[6 :

r i r  
8

; r I ■9 1 N A  i

{H ow  m u c h  d id  th e  co n tro l d ev ices  in te rfe re  w ith  ! th e  pe rfo rm an c e  o f  a ssigned  tasks o r  w ith  o the r 
{activ ities?

| In terfere  a  lo t 1 r 
jl

1 r
2

fr
3

Irj; 4 • r
:5

17
[6 :

r :> r
;[8

= r I
[9 [

N o t a t a ll r
N A  [

P lea se  w rite  y o u r  com m en ts  ab o u t y o u r sense  o f  p resence  here:

1 0 / 2 8 / 0 2  1 1 : 2 9
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Inform ed C onsent Form
U ser P erform ance and Satisfaction  in a M atching Test

Inform ed Consent Form
I , ____________________________________ , agree to  partic ipa te  in th e  s tudy  “U ser Perfor

m ance and  Satisfaction  in a  M atching T est” under th e  d irection of Dr. P ierre  Boulanger. 
I am  aware th a t  th e  application  will record inform ation abou t my perform ance during  the 
task , for la te r analysis. I und erstan d  th a t  my opinions in th e  questionnaires are anony
mous and  th a t  my nam e will not be associated  w ith  the  data . I und erstan d  th a t  th e  use 
of these com puters and v irtua l reality  hardw are m ight cause dizziness. I u n d erstan d  th a t  
th e  experim ent takes approxim ately  1 hour to  com plete, and th a t  I am  free to  discontinue 
partic ipa tion  a t any tim e.

S ig n a tu re :_______________________________ D a t e : ____________________________________
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A ppendix F

A B rief Introduction to Z

T his appendix  gives a short in troduction  to  th e  Z specification language and  its no tation, 
useful for understand ing  Section 3.5. A m ore com plete description can be found in [87, 107].

T he basic construc t in  Z is a schema. A schem a defines bo th  a type  and a set of 
conditions. I t can be used to  describe a  type, or a transfo rm ation  over a  ty p e  of values. T he 
basic syn tax  of a schem a is as follows

 Schem aN am e  ,_________________________________________________________
a l : T l
a2 : seq(bag T2) 

conditions...

In th is  exam ple, a  schem a w ith  nam e Schem aN am e  is declared, as a  set of variables and 
a  set of conditions. Any instance of th is  schem a will have two elem ents, a l  or type  T l,  and 
a2, a  sequence of bags of T2. T l  an d  T2  can be a t th e  sam e tim e schem as by them selves, 
or basic types which are not described further. C onditions are p red icates in  propositional 
logic ab o u t th e  variables inside th e  schem a, i.e. a l  and  a2.

A generic definition is a  schem a w ithou t a nam e, th a t  defines functions th a t  can  be used 
in o ther schem as. A generic definition can also have param eters, in o rder to  allow a more 
general definition of concepts. For exam ple, from  Section 3.5 we have:

F=W—   ̂ ' = .„-;=..=  ,m = ^ = ^ = ^ „ . ^ = ^ =
_ I  _  : seq I x N  —► seq X

V st : seq X ; i : INI •  
st |  i =  (1 ..  i)  <3 st

This defines th e  function  J, w ith  tw o argum ents: a sequence of elem ents of type  X  (a 
schem a param eter), an d  a  n a tu ra l num ber. T he function m aps these tw o values to  a  sequence 
of elem ents of type X .  T h e  condition  p a r t in th is  exam ple has also some in teresting  no tation . 
I t can be read as follows: For any sequence st of elem ents of ty p e  X ,  and  for any i n a tu ra l 
num ber, st I  i corresponds to  th e  dom ain  restric tion  of st, for th e  elem ents betw een th e  
na tu ra l num bers 1 and i.

A variable of ty p e  Schem aN am e  can be declared as var  : Schem aN am e. V ariables inside 
var  can be nam ed as v a r .a l  or va r .o2. P Schem aN am e  corresponds to  th e  power set (a set 
of variables) of variables of ty p e  Schem aN am e. dSchem aN am e  refers to  a  p a rticu la r instance 
such a  type.

Variables can be decorated  in  several ways, in order to  add  some sem antics abou t the ir 
purpose, va r? refers to  an  inpu t variable in a  schema, while var\ is an  o u tp u t variable, var' 
refers to  th e  s ta te  of var  a fte r certa in  operation , described by th e  schem a th a t  contains bo th  
variables.
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Names for variables in a schem a can be replaced, and variables can be hidden. For exam 
ple SchernaNam e[new Nam e / a l]  is a  schem a identical to  Schem aN am e, w ith  th e  difference 
th a t all occurrences of a 1 are replaced by newNam,e. T he schem a Schem aN am e  \  ( a l)  is 
the  following schema:

 Schem aN am e \  ( a l ) _______________________________________________________
a2 : seq(bag T2)

3 a l  : T l  •  conditions...

A schem a can be decorated  by two special symbols: A  and  H. A Schem a  is a schem a 
th a t repeats tw ice th e  variables an d  constra in ts in Schem a , once as they  are, and a  second 
copy decorated w ith  Its  purpose is to  indicate an  opera tion  on Schem a, a  change in its 
state . HSchem a  also defines b o th  copies of variables, b u t also defines th a t  bo th  copies are 
th e  same. I t refers to  opera tions th a t  does not change th e  s ta te  of Schem a.
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