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A semi- portable m1croprocessor based compthr graph1cs
system enhapces.COmputed tomography (CT) images and displays
a three-dimensicnal mode1 6f the essential physical
structUres of a human brain. Th{s;system'is ihtendéd to aid
- a neurosurgeon Jn 1nterpret1ng CT data to both diagnose the
naturg and extent‘og a pathology andéfo p]an posswble.
suhgica1'proceduﬁes. . - . T ;///

| The 3D model i's derived from a series of CT siices Qi;
%mége enhancement operations, aufoﬁatic and manual .
'extfaCtion of‘coniours,‘and generétion of polyhedral
surfaces'compoéed>of triangular tiles. ”Mqvié]BYU is\aﬁj
‘;cbmmercially available éqftware package which provides a
 fu1] rangé o% graphical attribufes with which to display the
mode]

Detailed operat1ng instructions and no;es on the

Logica] Microcomputer’ Company VLMC)'MegaM1cro:computer are

provided.

iv
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. Computed Tomography (CT) is an X-ray tmagfngﬂprocess which

ﬂ.produces ax1a1 cross sect1ons of the obJect be1ng examined.

e
A s1ng]e T 1mage or s]1ce 1s{a two- d1mens1ona1‘
.

lrepresentat1on of the dens1ty d1str1but1on over a th1n cross

'sect1on through the obJect

In med1ca1 app11cat1onSq the 1nte>ga1 sﬂkucture of the

‘ body, the organs and any patho ogy present are the obJects

of interest. mﬁ%{ma1ly, 1ntern 1 features can be V1sua11y

identified _on a sl1ce from their character1st1c dens1t1es

-and their physica] shapes and or1entat1ons Abnorma11t1es o

in these ‘may offer clues as to the_nature and ‘cause of the

medical problem. 'Image process1ng teéhn1ques can’ enhance

'subtle”ﬁeatures and help to make ‘the 1nterpretat1on of the

2D imageg more bbJect1ve. -These techn1ques include

F11ter1ng, contrast enhancement false colouring, and

boundary detect1on among others

L
@

A series of.ax1a11y dlsplaced 2D slices constitutes a

o~

3D representation of the object. A three-dimensional

v1sua11zat1oh can be mentally synthes1zed from: a set of
slices, but a computer can maKe th1s process more objective:
and quant1tat1ve|y precise through graphic: d1sp1ay of a
mode 1 derived from Uhe slices. An 1ntu1t1ve1y natura] way
to def1ne a 3D mode1’1s to descr1be contou.s*ground the
ﬁeature< of 1nterest sllce by shc:e’l and then create a

surface 1y1ng on these sets of axially displaced contours

14 T -
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A subJect1ve review ofrthe variety of approaches to the N - 'y
three d1mens1onal reconstruct1on probl/m d1scussed in the
I1terature [1,2,3,4,5,6,7.8,9,10,11,12] reinforced this
natural -inclination. | -
| In~prg?tical application to neurosurgery, ehhancement,
of the CTfslice images, and'measurement and diSplay'of a 3D
- model of the intra-cranial structures can a1d in d1agnos1s
'The ability to measure. phys1ca] character1st1cs of the model‘
and toﬁrelate‘model features to the coordinate system of a
stereotactic frame would aid in planning and carrying out”
~surgical procedures‘SLch as biopsy, fluid aspiration, etc.
Further, thé&ab111ty o0 interact:vely manipulate rad1at1on
and/or thermal dosimetr,/ mndels and overlay these data onto
bra1n model features would aid in planning and carry1ng out
,surgxcal procedures using implanted rad1oact1ve beads and/or
1aser 11ght |
The purpose of th1s pPOJect was to produce a relat1ve1y(
1nexpens1ve semi-portable computer graph1cs system wh1ch -
would perform as many of these functions as poss1b1e and be .
eas11y operable by someone without extens1ve exper1encevw1thuﬁ
_ computirs. The System’s,portabitity wou]d enabTe its use in
the surgeon’s'office and in the operating rooml The ma1n d
focus and worK of ‘this project was to deve]op and/or
implement computer programs wh1ch cou]d ach1eve these:“
B oPJect1ves. - ' »rn_ P AN
| The.early,decisionftoeuse“ad'exjsttpg computer program o

for the actual display of the 3D'model.]edvto the selection



and 1mp1emeﬁtat1on of Movie.BYU [13] a softwafe package for;‘
manipulating and d1sp1ay1ng geometr1o data which 1s read11y

compatible with the tiled- surface coritour - based mode]l

.~

approach that was schosen. - v .

The other aspects are dealt with by,e‘nUmber of -
programs written by the author 1nc]Uding cursor, colours,
_ ’ . : { o '
enhance, premos, registrate, as well as a ]ibrary of basic

graphics functions.’ The1r source code 11st1ngs have not

4

been included 1n th1s document but are ava11ab1e in pr1nted

?

or electronic form. a

E

!

v Y,
N Vi

.
s

L _—__...__..._-\- _______

Throughout this~ document ltaIICIZed terms. refer to -
app]zcat1on programs, operat1ng system commands, or f11es )



II. Three-DimensionaI Medical Image Data

'Modern medical practices rely inoreaSingly on sophisticated
measurements of the properties of1body tissues. Diagnosis,
'.and'possibly treatment, depend on accurately "seeing” what
'the,situation is. Adyances in virtually non-invasive
medical imaging systemsvare particu]arty impor tant to

neurosurgery since manua] exploration and manipulation of

the brain are cons1derab1y more .dangerous than such surgery -

in the rest of the body

Neurosurgery and neurorad1o]ogy were revo]ut1on1zed by
the introduction of CT scanners in the ear]y 197Q0's [14].
Advances continue to be made in imaging systems and in
surgical teohnigues, butiobtaining'and understanding precise
information about- what is inside the patient’s body'remains

as their foundation.

A. 3D Measurements

"Sensitive'detectors can measure the’tntensity of
radiation coming from a body. _Dependingrupon the imaging
technique employed, this energy might,be unabsorbed X-rays
from a beam directed through the body; emissions from |
artificially introduced radioactive'substanceshgnaturally
occurring particle emissions.'or re-emitted radiO-Frequency
waves . | B '

In most imaging systems, digital computers contro] an

s -

e]ectro mechan1ca1 apparatus which determ1nes the locations, -

d1rect1ons, and t1m1ng of the. detect1on of this energy. The

4




computers also co11ect the data and'then perform complex
. mathematical and heur1st1c mannpu1at1ons to reconstruct the
internal arrangement of patterns of absorpt1on or emission.
.For~examp1e,,an ordinary X—rey image, captured on film,
shows the tbta} absorption by body tissues along each path
from the X-ray source to the £ilm. No information about the
2pth within the body is avai]éb]e from a single image.v A
hollectiongﬂf such images, however, taken from all [~
directions around the’Eody,'contaihs‘the basic information
heeded tohcalculatevthe absorption and hence the density of
each point within tﬁe body. This is the basis for Computed
Tomography, a process which yields cross sectiohal images of
.issue density. o >

Positron Emission Tomography and Ultrasound are tLo
c = imaging pfocesses wh?ch yield cross sectional images
of tissue properties. A collection of axially displaced
eross sectiona1‘images make up a three dimensional array or
image of'tissue meesurements. Nuclear Magnetic é;sonance is
'an‘imaging proeess which . uses strong magnetic fields and

radio-waves to produce a three dimensional array directly.

B. Analysis and Display
Hav1ng measured and calculated a 3D array or image,
- presenting this voluminous data in eas11y under s tood #orms
- poses a problem. Fiynn et al. [1] exam1ned the basic system
requ1rements and a number of display and analys1s methods

The need to extract simple descr1pt1ons of the features of



1nterest and. thereby drast1ca1]y reduce the amount of data

actively man1pu1ated is a common thread in Flynn s and other
works. -

In neurosurgica]vapplicatiohs,'the out]ines.of‘the"‘
skull and some of the brain’s physical structures'arévthé
features of interest. Ventric]ee are the well-defMed
fluid-filled spaces between the folds and lobes of brain
tissue. . Tumours or 1esiens consist of abnormal or diseased :
tissue.

» Theee intra cranial structures can be desbribed by -

polygonal sur?aces lying on cross sectional contours

~l]6,8,11,12] or by directed graphs of unit ve]uﬁe elements
‘called voxels? t2,3]. Finding the boundaries between
“regions of interest is of primary importance to any method.
Wheﬁ image contrast is high, the bbundaries'ean be found by
simple automatic algorithms. Low contrast images require
sophisticated algorithMS‘or may yield only to subjective
interpretation and manual edge;tracing by experienced
operators..

Other analysis methods that might be emloyed are
texture analysis of the image and statietical comparisons of
assymmetries in the shapes of the ventricles, or of the 7

+sKull. | They may high]ight.potential current or  future
prob. ems [11]. | |

Once a model of the patient’'s features of interest has

been extracted, it may be graphically displayed in a number

2 Voxeis are the 3D analog of p1xe15



' .
system both in monochrome and in colour.

TR

of ways, 1nc]ud1ng ‘7fm-;; } - ” T
1. (Cross- sect1ona1 11ne draw1ng v1ews of the model either

l\h plain backgrounds, or overlaid on the orlg1nal |
cont1nuous tone images. No 3D s1mu1at1on 1s achleved |
but intermediate stages in the building of a 3D model'x;f”"r
may be mon1tored and contro]]ed \
Perspect1ve W1re frame v1ews of’ the ‘entire model w1th BD
s1mu1a ed by perspect1ve and removal of h1dden lines.:
Image qua11ty 1s sacr1ﬁ1ced for speed of computat1on
Shaded surface views:" of the model wh1ch prov1de a-. more
rea11st1c appearance at the expense of 1ncreased
'computat1on. Iterat1ons of wire frame views are usual]y‘evv
‘used'to set up the desired v1ewpo1nt for .a shaded
surface view.
Stereoscopic pa1rs of wire frame or shaded curface

views.» The 3D s1muJat1on is strongly enhanced by the

effects of parallax. : o 'l/.
Virtual 3D image of model by projectionb £

computer—synthesized‘ho]ograms or CRT. images
synchroniied with~a,computer?driven vibrating mirror.
’Vtrtual displays may become more common tn the future,
but probab]y only on the 1argest systems.
All bbt the last of these have been-;mp]emented on this .

a
#



C _1aser and a computer graph1cs system

3~

C. Surgica'l Applicahons ‘

Apart from the 1nformat1on provided by CT scanners ‘and
“other imaging systems. the stereotactic frame is perhaps the
most 1mportant tool ava11able to neurosurgery. It prov1des
the means to go beyond d1agnos1s fo re]at1vely unobtrusive
1ntervent10n Prior to the mid- 197Q\\' surgery was limited
to the most severe cases or ‘to those where\the tumour lay
close to the sku]] “Now, such procedures as b1ops1§§ or
fluid asp1rat1ons to reduoe 1ntra cran1a1 pressure are
s1mp]e and rout1nq% Even deep- seated tumours have been
successfully remoyed using a spec 211y modified frame. a

~ -

%tereotact1c frames have been in use s1nce the ear]y

’1900’5, though then most]y for an1ma1 exper1mentat1on

Image to frame registration was ddne by manual tr1angu1at1on
from p]anarbx ray images. The 1ntroduct1on of CT scanners’
has spurred the deveTopment of frames to the present’ state
in_which frame registration is automaticalty oalculated in
about 20 seconds, and instrument placement to submillimetre
accuracy is attainable. |

A modern stereotactic frame consists of an arrangement

of precisionlgimba]s,'s]ides, linear guides/probe'holders,

‘ and locator pins on a base assembly which can be securely

fastened to a patient’s skull.

Prior to surgery, the.patient_is scanned with the

~

locator assembly of the frame in place. The locator pins

appear on the tomographs and are used to calculate the



various frame angle and displacement settings needed to hit.
the'target‘areat ,DUring surgery the.frame-guides"surgical
instruments to their intended position within the skull. A

. .sm'allw' drill bit, guided by the frame, makes a hole through
thebsku11 Other 1nst{uments are‘then.guided through this
hole to the specified targets

Computer graphics treatment pt;nn1ng systems are
available and are continually being further refined. They
enable the simulation of surgical procedures, euch as
external radiation therapyvusingwparticJe beams or the
implantation of radioactive pellets which can deliVeh
extremely high doses of radiation to small areas within the
brain. Placement of the‘radiation sources can be optimized
to maximize destruction of the pathology while minimizing
expoSUre of the surrounding.healthy tissue. | »

Some systems incorporate the Steheotactic anatomical
database - ﬂ.e. radiographs, stereotactic arteriography, and
stereotact1c atlases - into their programs[15] This
1nformat1on, combined with the CT data for a part1cu1ar
pat1ent ytelds a very accurate picture of that particular
brain. Extra precautions can then be taKen For example,'
to guard aga1nst damag1ng an artery, and thereby causing
intra cran1a1 b]eedmg,3 an artery- avo1d1ng stereotact1c
traJectory to the target can be calculated and executed.

nfra red laser 1rrad1at1on therapy technology is also
progre°s1ng and will depend on computer graphics systems and

—-_.--.-..______-.-__..

3 Rhodes et al. [14] cite this concern as one reason for
performing a post-operative scan. :
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stegeotact1c frames for- dosage caleulation and control

Deep-seated intra cranial tumours have been
successfully removed\us1ng a surg1ca1 carbon dioxide laser,
a specially adapted stereotactic frame, and a computer |
graphics system[15]. The graphics system presents a view of
the tumour outline in relation to the laser’s foca] po1nt as
the tumour is vapourized 1aye by layer. The system does
not utilize 3D reoonstructions, but rather, simply Keeps
track of the positions of the surgical 1nstrumehts in the CT
‘and stereotact1c coord1nate s;;tems as the operat1on
progresses through successive layers. \\§

~

.



111. The Reconstruction Problem

In this application, the skuil, the ventricles, anc ‘e

. ' : A
tumours or lesions are the main features we are: interested
in. We want to re-construct a 3 dimensional model of these

features based on a setrqf CT slices.

A. Model Selection -

Two types of models phedominate"in the literature: thé
cuberille-based and the tesse]lated (tiled-surface)
contbur-baéed models.

A cuberille-based mode | consists of a set of unit
Xvolume é]emeﬁts (ca]]ed_vo*e]s or cubeEi]ies) located at the
boundaries of the objecfs[2,3]. This model has the
dvahtage that once it has been generated, all model
surfaces are fully spec1f1ed right down to the level of the
smallest-element (p1xe1) w1thout any further ca]cu]at1ons
In add1t1onriany surface wh1ch can be extracted can\be
rendered. The date fs usually arranged in structures called
"directed graphs so that it can be efficiently accessed.
D1splay consists of a projection into a p1xe1 1ntens1ty
array wh1ch is subsequently sent to the d1sp1ay dev1ce
The hidden-surface problem 1s,so]ved_by a techn1que'\.
Known as depth-sorting, or Z—buffering. This conSiﬁts of
maintaining an‘extra array of‘thé Z-coordinates or dfstances
from each pixel to the'onerveF. The intensity and
7-coordinate of any given pixel is updated only if the new
values were to lie c]osér to the observer than the old ones.

-

11



The disédvantages‘of'fhe'quberilletmodel include véryl

/

-~ large data array sizes, sémewhat grainy éurface héndition,
and the lack of available software to perform any of the
necéssary redonstruction or display functions.

The contour—baééd.tiled-surface modelsvhave the

14

aanntages of small data array sizes, good sUrface //‘
rendition, and tﬁe availability of software to perform part -

of the reconstruction and all of the display functions. The
main disadvantage is the high number of calculations

required to do the perspective>projeqtions. Since-the data
array isiso sparse, consisting only of the vertices of the
surface tiles, the ways the surfaces intersect and obscure

each other have 0 be éa]culated»for each pFSEgégion.4 In

addition, some particularly convoluted surfaces may not lend

themselves to this approach[2].

B. Edge Detection'

Edge detection is a fundamental image analysis problem
and a good deal of research has been and contihues to be
focussed on it. Levialdi [16] has classified the wide range
of approaches into five categories: |
1. loéai - ‘examine a small area immediately surrounding

each edge pixel, |
2. regional - examine larger aAeas for general trends,
textures, etc.,

4

4Rhe'Z-buffem‘ng technique is also app]icable in this
~situation, but it has not been incorporated into Movie.byu.

5
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3. 'global - appliedﬂnnffermly te’fhe:entire_image,:e;g.
thresholding, | | | |

4, iine-fo]]owing -‘points‘known to lie on boundaries‘;re -
linked together with other similar points to build
contours, and’ | |

'5.“.others... - often incoreerating combinations of the
above asgwe11 as a variety of new'approaches.

The locel approaches are the most commonay used due to
their ease- of implementation and their good performance =y
Current 1oca1 methods often rely on conventional convo]ut1on

operators which calculate grad1ent Laplacian, or
multiple-order derivatives [17,18,19,20,21, 22 23,24,25, 26]
Most edge-detectors use var1at1ons~and~comb1nat1ons of these
as well as thresholding, non‘haximum'supp:e;;:ézy
pre- f11ter1ng, and absorpt1on[24] operations. 'The'other
approaches often rely on and/or dynam1ca11y control local
me thods . _—. N

The simplest type of edge detection involves
thresholding the imaée and then tracking the non-zero
‘pixels. . This yields good results only for relatively high
contraet edges such as between tissue and bone or air. .In
lower contrast areas, gaps.may appear or the edges nay’
.disappear altogether. Edge connectivity is reduced as a
result.

A number of local edge detectors were examined and

subjectively evaluated, including:

1. Difference4of-Gaussian (DOG) which consists of
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 subtracting the results of two dffferent ]ow-paés or
averaging filteﬁs [17], for eXample, a 5x5 subtbacted
from a 7x7, |

Prewitt, a direction-dependant 3x3 conyolution arrays of
the form {1,1,1, 0,0,0, -1,-1,~1},

Sobel, a direétion-dependant 3x3 convo]ufion array of

- the form {1,KJ1; 0,0,0, -1,-K,-1}, where K usually‘
quals 2, but may range from 2_te 3 dccording to some
sources,

Kittler’'s absorption algorithm [24)] wh?&h is based on a

diagonal superposition of Sobel detectors,® and,

5. %arious 3x3 direction-independent highpass Kernels.

The magnitude, direction?, connectivity, and smearing

~of the edges in the resultant images were examinéd._ The

Sobel detecto with parameter Kk = 5/2 to 3, and the

absorption detector with parameter K = 3 offered the best

per formance.

Three versions of the DoG filter, implemented as the

differences between pairs of averaging filters of dimensions

3x3 & 5x5, 3x3 & 7x7. and 5x5 & 7x7 induced a lot of edge

smearing and failed to adequately highl}ght thé subtle

features.

Prefiltering with an edge-enkhancing filter consisting

of a rofationaliy invariant 3x3 high bass kernel of the form

{-1,-1,-1, -1, 9,-1, -1,-1,-1} added to a scalar transfer

5 A convolution array is often referred to as a 'kKernel’.

6§ See Appendix 2, p. 104 for this kernel.
-7 where.app]icab]e; i.e. only for directional detectors
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function produced a visually significant effect but appeared

./ '

not to improve the performance of any'of the algorithms

except the DoG.

The relqtionships between the local, regional, and
global 1mage character1st1cs are usually too complex to be
totally automated. Typically,. following some 1oca1
edge-detection operations, regional, global, and "~

line-following approaehes are emp]oyed:to attempt te

classify the edge pixels and to trace contours joining the
L . \

significant ones. } . -

v

A -computer graph1cs reconstruction system shou]d
provide functions whjch can be comb1ned to automate these
processes as much as poss1b1e, and which can serve as

. "
. powerful tools for the inescapable manual processes.



IV. Model Generation

" A. Data Input . fl

The image data consists of CT images of a pat1ent’
bréin. In our case,-these images are on a sheet of
radiographic film cutput by e'C{;sca@ner. Each CT image is
digitized by the video camera arid the/grsphtcs boards and
thén written to a disk file. '

Care must be taken to ensure that the fi]m is uhiform]y
bécK-i]]uminated. that the axis-of the. video camera is .
perpend1cu1ar to the plane of the film, and that the focus,
‘magn1f1cat1on and horizontal alignment is opt1mum

Non-linearity in the camezé has not been fully
compehsated for. The i]]uminatioh 1htensity and/or the
'f-stop of'the lens canvbe‘Used,to pértia]]y compensate for,
this. Camera and d1g1t1zat1on noise, est1mated at 1.5 bits,
could be reduced by averag1ng a number of d1g1t1zed frames

| together -
. y
The411terature\descr1bes other commonJy used methods of

. \wter1ng data 1nto the_pomputer 1nclud1ng "j'”

1.. manually d1g1t1z1ng the - contours d1rect1y from the film
uding a grtgk1cs tablet, , ' !

- 2. eléctron1Ca11y transferrind the daté between'computer )
systems’ via magnetlc tape d1sKs, er a wire 1nK or’

3. .1mp1ement1ng the reconstruct1on system on a CT scanner.

The f1rst of these is not very attract1ve s?;ce the 2D

images are not available té&the system for display or

Vv_-( . - N ) \‘\\v
e v D

-



" manipulation, and editing the contours may require a return
“to the: physical fi{p images” o . o ‘ | ’
The other two offer advantages of(1ncreased data N
accuracy and resolution, decreased noise, freedom from the
greyscale w1ndow1ng emp]oyed in producTng the f11m 1mages,
and from the character1st2cs of the video camera. They also

eliminate the manual fiddling around with cameras and bits

of film etc.

W@: It may be d1ff1cu1t to ga1n access to a scanner s
hardware and software Th1s wou]d be- requ1red to estab11sh f

a. wire 11nk5 from the scannen\to another computer system.

\

~ 7

At] scanners are set up for dazf output onto magnet1c tape,-
but the add1t1on of a 9 tracK tape drive to thts system
would -add s1gn1f1cant expense and may substant1a11y teduce -
portab111ty " This aside, data format compat1b111t1es for

each type of CT scanner to be. used would. have to be

.estab11shed o e

A reconstruct1on system can be” 1mp1emented on the‘\ ‘
hardware of a CT scanner prov1ded detailed documentat1on of
the hardware and software, and significant amounts of
development time on the scanner are available. . Some
researchers advocPte and conduct. surg1ca1 procedures in
- wh1ch\pwe—operat1vb scann1ng, treatment p]annlng, t

dtereotactic suréery, and post- operat1ve scann1ng are

2 conducted in the CT scanner suite in single sess1ons 1ast1ng

from 30 to 60 m1nutes [14].' This is pract1ca1 on]y in

8 such as a tap into a photop]otter ‘connection, for example

)

B
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situations where use of the scanner is relatively low or

‘-

where a dedicated écanneh is available.

~Using a camgra/digit{zer ensufeS'compa¢1h:1ity with any
QT scannér. The éubjective 1ﬁterpretation involved in
current diagnostic meﬁhods depends upon the visible featpres
in the CT fmééés. These features appear to be adequately

recovered by‘this method.

B. Image Processing o ng
.The'@hief purpose of image proées§ing in ﬁhis context
is fqlmake thé boundariés between various regions of similar
pixels easier ‘to find. To this end, various methods can
maKe similar.pikels ﬁore similar, and/or dissimiiar pixels

more dissimilar.

,Fi]teriné
| A wide range cf filtering functions and the effects
they pronce {or are infended_to produce) are discussed in
—the teréture. They inélude spatial_convo]utions and |
frequency domain approaChes_usihgh6iscrete Fourier - 9
T%énéforms (DFT’s). ~
Fourien trahsform methods‘are inherently épatig]]y'
jnvériaht_and entail a fixed minimum ovéfheéd., They are>
‘_moét effecfivé”for Funcfions which operate on texture and
 other spectral” character1st1cs, or for transfer funct1ons
'wh1ch would require - 1arge convo]ut1on arrays?

s The DFT/convolution break-even point is at about a 13x13
’Kernel if 1mp1emented by Convolut1on (Verhagen [271).
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Convo]utionskare far more commonly used because of
*heir computafional efficiency and fransfer—functioni
flexibility. .In a convolutgon operation on an image, the °
final value of any g1ven pixel is ‘determined by its 1n1t1a1
value and the value of the p1xels in a small w1ndow

surrounding it. The re]at1on may be linear (i.e. averaging

or differencing) or non-linear (i.e. thresho]d1ng, local

maximum/minimum, median, standard.deviation, etc.). The

relation may also be either spatially {hvariant, or else
depend on the characteristics of regions of the ihage (i.e.
histograms can provide global or local thresholds). The

comp]exity of the relation and the size of the window should

. be minimized. -

The desired effects of fi]tering are offen either
smoothing an@ reduction of noise (low-pass), or

1dent1f1cat1on of edges and other d1scont1nu1t1es

‘(h1gh-pass) These two processes are at odds with each

other and must be ba]anced

Certain edge detect1ng a]gor1thms are very sensitive to

‘noise. While smoothing the image first blurs the edges

somewhat, it also prevents the high-pass-functions from
being overcome by noise and producing only a randomly
speck]ed pattern X

Exper1mentat1on is usually necessary to determ1ne the

best f11ter(s) to use to ach1eve the des1red effects under

constrajnts'of process1ng time and n1m1zat1on of side

'



*

the pixel values.

 effects. 10 ‘ <L

H1stogram 0perat1ons

A h1stogram consists of an array of values each of 1,'
which contains the total number of‘members of“some set of
interest which are equal,to that value’'s index in the
histogram array. The cumulat1ve distribution function (CDF)
is the integral of the h1etogram scaled,down by the tothl
number of members in the set of mtenes%

Histograms of the pixel intensities of ah'image‘can_be
ised directly to alter its contfast. When pixe] va]UeS‘

occupy only part of thevavailable dynamic range of

d1sp1ayab1e 1ntens1t1es, they can be redistributed to use

“more of the range of available intensities and hence

increase the visible confrast. .

When most or all oé the dynamic range is used, but
re]atively lar '= numbers of intensity 1eve]s are occupied by
relatively few.pixels, histogram flattening can be invoked.

Typically, the inyerseqof'the CDF is used to redistribute

M ‘ : ) ¢ |
When using the above techniques, care must be taken to

avoid reducing the contrast'rather than increasing it. For
example, heavily occupied (i.e. background) intensity levels

tend to cause excessive merging of the surrounding levels.

10 Ppart of the work of this project was to write the program

~enhance. 1t provides a pleasant and powerful interactive

enviroriment for the implementation of and experimentation
with filtering functions. See Chapter VI-D for details.



vThis can be overcome by imposing a ceiling on the histogram
bins for the purpose of ca]gulating the CDF. Another way is
to measure the CJF’of‘an arza with a contrast range

repreéentétive of the boundary conditions 6ne is interested

. y
in. : _ ‘ ‘

These manipulations can be per formed over regions of an

L4

image and can be restricted to affect only part of the

dynamic range. .Locations of péaKs and valleys of the
histogram of a regipn can be used‘to dyhamiqally calculate
spatially variant thresholds fer other.opéraiions. -
Exberimentation is usually required to determine howvbesf to.

use histograms on a given image.'!

False Co]oufing‘

| Contrasting colours are.a more powerfu]‘visua] cue tHéH
‘are monochrome intensities. . While enhancea contrast can
reveal subt]e detai\s which might othefwfse remain'unseén in
the'origihal image, differentiation of pixel values using
cd]ours can resUlt in a more‘dramatic visual effect. It&is‘
not necessary that Specific'colours be“éssﬁgned to
particu]af intensitieé or Qf densfty‘vafues.  Expérihenta11y

- chosen colour combinations can yieid good results.'?

11 The program enhance, written as part of the worK of this
project, ‘includes a range of interactive histogram : o
operations on images. See Chapter VI-D for details.

12 The program colours, written as part of this work, °

prov.des a flexible jnteractive environment for selectin95

any 256 of the possible 224 shades. See Chapter VI-C for
details. ‘ ’

°
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C. Automatic Cpntouring'

Detecting and traerhg the edges of regiohs of similar
density yields a set of contoure for each Cf slice. In
practjceﬁ thie procese iskcemplicated by image noise and
variations in image contrast whieh, though objectively
small, may be subjective]y sighificant. ‘

fThe a]gor{thm'selected was'judged to bevthe most
promising found in the recent 1i;e:a§ure [19]. The authors
_were aware’of problems wifh other methods and combined a
number of techn1ques to attempt to overcome them. Several
:mod1f1cat1ons were made .to the or1g1na1 algorithm, but the
basic strategy remains the same: _ _'J\

{ An edge magn1tude image and an edge d1rect1on image are
Jproduced by a high-pass convolution operation from the
:erigﬁnal image which s left undisfurbed and may be
-referenced by later i ges of the algorithm} Each edge
jimage pixe] is then examined and classified as a superior?,
an inferior-, or a non- boundary point based on the |
+magnitudes of its 8 nearest ne1ghbours

I[f the image contrast is low, the edge magnitude image
may be logarithmically scalediprior to-the classification
step'3. The edge magnitude image is then scanned, pixel by
piXel, line by 1ine,'to:find a suitable eoint from which to

start tracing a contour. d

13 This effectively increases the contrast but avoids
introducing breaks in edge continuity such as those often
- caused by threshho]d1ng
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Tracing prdceeds‘from one point to the next in a
direction‘perpendicular to the gradient'4 at that point
until a termination condition is reached (-uc1 as
1ntersect1ng a prev1ous]y traced contour or the 1mage
boundary or simply stopping in a 1ow contrast area)

Tracing then proceeds in the opposite direction's from the

same starting point until it also terminates. A forward and

‘a reverse tnace pnoduce arrays of point-to-point coordinates

which are retained’in memory. The scanning process is

resumed in search of other trace start1ng points.

At the end of a complete scan the contours are exam1ned

"and classified. The non-closed contours invoke f11ter1ng of

- the original image in the recfangu]ar regions formed by

their endpoints. Subsequent re-scans and re-traces attémpt

to resolve these ' loose ends’ . After a speCified number of
iterations, the contour coordinates ane written to a file.-
Modifications madé to the alggrithm include:

1. Rép]acing the Prewitt mask edge detector temp]ates with
Sobel masks having a variable parameter ‘K’ which was
experimentallyvdptinized to a value of 5/2,'8

2. Remoying image pixels belonging tb previous]y-traCed,
cOntoqr§ and/or the 8 nearest neighbour"pfxeTs from
consideration by the algorithm thereby allowing
1dwer-confrast edges . to be identified after the

high-contrast'edges‘have been extracted, and"

14 us1ng the right- hand rule
15 using the left-hand rule
16 See Appendix 2 fer the forms of Prew1tt and Sobel masks.
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3. Implementing a thinning operation which eliminates all
coordinates except the endpoints of horizontal,
vertical, and diagonal line segments during the output

of contours.

D. Manual Intervention
| The automatieally-traced contours include contour:

fragments and artifacts along with the complete, closed
curves. The artifacts should be remeved’and the fragments
linked together and/or extended to form closed curves. Any ‘
of the curves judged to deviate from their optimum locations
should be modified or replaced withvmanua11y entered |,
curves. 7 . o

fﬁe auto-traced contours consist of adjacent pixels and
thus total many hundreds of coordinate pairs per slice. To
reduce the data to manageable levels, a thinning operation
should be performed.in which all points lying within a
specifiable curvature are removed and replaced with a line
segment Undue degradation to the shépe of the curves should
be avoided. Greater contour detail may have to be retained
where requtred, by small contour radii for example.

When a stereotectic frame is attached to a patient[s
head during the CT’scanning, the frame's 1ocatpr assemblies

appear as nine dots in an hexagonal pattern To\prov1de for

the registration of all sl1ces ‘to a common framework and to

17 The program pPemos written as part of the work of th1s
- project, is an interactive contour editor. See Chapter VI- E
“for detai]s.



a stereotactic 000rdihate system, the 1ocationé of these
locator pins must be manually éntered, in a consistent
ofder,18 for eacﬁ slice [14]. The disp]écement~along the
z-axis which appears on each slice is entered as well and is
currently used for model generation and display.'?® |
After each set of contours is verigied against its
origiha] CT in¢e~image, the inter-slice relationship of the
entire set of curves must be examined and possibly modified.
Curves corresponding to the same-structura] features are
gathered together as parts of the model and labelled

acqording]y} The data is then written to a file.

E. Infer-s]ice Registration

Any misalignment in the positions of the stereotéctic
locator pins from one slice to the next shows that
registration errors have occurred. These errors should be
removed by shifting all the contours of each slice by the
améunt of hisa]ignment which has occurred.

A computer“program which does this automatically is

required. 20

__________________

18 See Plate 14. S

19 Any subsequent coordinate computation must be referred
back to the frame pins rather than the (x,y,z) of the model
coordinate system. . : v .
20 The program réegistrate, described in Chapter VI-F was
written to meet this requirement.



F. Triangulation and Display
A three-dihensionaf sur face lying- on the set of
contours obtained through the previous steps must be
generated. Thié data will be the final geohetric
description of fhe model and must be organized in such a way
that it can be subjeéted to a full range of graphical
~display techniques including:
1. Viewing from any vantage point,
2. Surféace shading and rendering,“
3; Differentiation of various model parts using ihtensity
and colour, | |
4. Withho]djng various model partsror makKing them
transparéQt thereby revealing pafts which would

otherwise bBe obscured.

\



V. System Hardware and i;%?ware

A. System Hardware

L
Computer

« The Log1ca1 M1crocomputer Company (LMC) Megamicro
System is based on the National Semiconductor NSC16000/32000
microprocessor chip set (8MHz) and includes:

- Demand-paged virtual memory hardware, \

o Hardware f]oéting poinﬁ processor,

- 2.5 Mbyte 150 nanosecond RAM,

- 32 Wbyte Quantum fast 5 1/4 in. hard disk drive,
- 36 Mbyte Atgsi fast 5 1/4 in. hard disk drive??,
- 800 Kbyté (unique-format). f]oppy disk drive, and,

- 8 RS-232 seria1 communications ports.

Graphics Output

The graphics boards used ahé the Imaging)Technology
Inc. (ITC) IP-512 éeries including an FB-512 frame buffer,
and an AP-512 analog processor (A/D & D/A). The ALU-512
math processor per forms 1mage convolutions at high speed but
requ1res at least two FB-512 frame buffers and hence could
nat be used. |
These boards'drive a Barco GD 233 RGB colour monitor and
obtain the necessary sync signé] énd video input from an

Hitachi KP-120U video camera.

21 no longer functional

27
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Graphics Input Device e

It was ihtended that a tactile hardware input device
such as a graphics tablet, trackba]l,‘mouse*or joystick
would provide user interaction with the systemil As none was
available until the end of this project, a library of cursor
functions and cursor, an operating system uti]ity'wh%CE\WQve
‘a crosshair"éérsor around on the scfeen iﬁ response to the

terminal’s arrow keys were written.

B. System Software and Support
Operating System N

The system was first received with the Unity22
operating éystem complete with a selection of bugs and
generally poor peéformanCe.l A major problem was the ‘lack of
a way to direcﬁ]y access physical memOry from an application
program., | T |

Later,-thé manufacturer advised that the systehs were
being retro-fitted with Genix23 and an 8 MHz CPU to replace
thé 6 MHz chip. System performance wés"mueh improved by
these Changes. The new bugs are relatively minor and
fleeting. Vspy(), a system function call unique to Génix,
pbovides the required access to the memory-mapped graphics

boards.

% : ’
22 Human Computing Resource’s version of Unix for the .
NSC16000 series microprocessor L
23 National Semiconductors’ version of Berkeley 4.1 Unix



Remaining bugs in the syStem include:

1. Genix’s inability to consistently protect itself from
user program address. space violations.. |

2. Spur{ous cons§1e tty device lockup from which only a }
system re-boot gains an escape. |

3. Unreliab]é serial line communicat{bn at baud rates over
1200, when more than 256 characters are transferred at a
time.

4. Use of floating point math in C programs fs somet imes
straightforward and sometimes extremely difficult to
comprehend. Manuaily’scaled integer fixed-point was

| ugéd‘where‘possible. Where floating point was
necessary, perseverance and some interesting tricks
eventua]]yiyie1ded runnabgéiche. '

5. The memory allocator call ) dées not ajways zero the

‘allocated sZorage.

6. FORTRAN - C interaction does not conform to the
documentation?4 and required a lot of effort to sort
out. Functions written in C can’ be called from FORTRAN

only if the subroutihes which call them were compiled

-

with £77 “e ..., and if these subroutines are

argumentless. Access to the operatihg system from
_FORTRAN is limited to reading the command 1ine
arguments, file 1/0, and calling argument less system

functions.

7. Debugging'facilities ddt and dbg are clumsy to use and

24 The documentation was never received from the
manufacturer,‘but from another LMC user.

)
7



80

[
inadequate, both for C and for FORTRAN. In cértain'
situation% however , théy can yield important clues and

thus should not be avoided altogether.

LMC Installation .

The Company did the bare minimum work in installing the
dpeg;ting.system and in providing utilities. The disk
formatter Fonhatft worked but the procedure for formatting
flopﬁies was tedious and error-prone. - User—unfriend]gness
also pervaded the backup utility cp which, if used as
documented, wod]d have yielded a mangled disk image ubon
reloading. 253 The other uti]ities\ cat, down, icheck, 75,
memtest, were either non-FunctionaH or useless.

The source‘'code for the above routings was
semi-present, but initially on]d th compile. After the
needea pieces of code were found, collected, and modified,
the above utilities could all be re-generated.

Su?sequent]y, formatthem and Cptheh, user-friendly uti]ipies
were*produced. 26 ’

These uti]itieé are dgpendent on a particular Se% of
hard disk configurations coded into the disk driver deu.c. /
In the event of a catastrophic hard disk failure, 27 if the |

replacement disk does not have the same storage parameters

25 Device blocks of 512 bytes were-onfused with system
blocks of 1024 by Fs within this utility. & -

26 These ut111t1e%§were the informal LMC User’s Group which
now. serves as the 30le source of support, LMC having folded’
during 1985. :
27 This has occurred in 100% of the Atasi disks shipped by -
LMC. :
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‘(numgeb of heads and tracks) the utilities will not work

- correctly-uniess mod1f1ed

»

To provide for the ability to're- conf1gure the
utilities and system;software, independent of the hard N
ldiské,'a floppy disk called mini.unix which con%?ins the
essentia]éiof»the'operatingvsystem wés~proddced'és paft of
this work. 28 ,The'§ystem c§n.be booted up'from this disk??
and run usingJohly the floppy driye as the méin systgﬁ

storage devjée. (

it

28 See Wppendix 3 for deta1ls

29 Use e monitor comnand bd’ followed by
'dc(4,0)/vmunix’ S



VI. App1ication'Software-

The’matn work of this groﬁect was to develop a body of
computer programs whichvwou1dfperform'the reqdired tdnctions'
outlined in Chapter V. The strategy employed was
five- fold | ) b‘ o
1. er1te and debug a- 11brary of graph1cs funct1ons wh1ch
) ,‘wodld allow maximum andaf]exibte use of‘the‘graphics
boards by app]icationwprograms; ’
2. 'Install and 1mprove Mov1e BYU this included writing‘.
device drivers and mod1fy1ng the main code
3. Write the programs which would man1pu1ate_the images, ”
fe*tract‘the_requfred contour data, and output it.in a
format compat ible wi th, Movie.BYU. |
) 4;l,$can,the 1iterature for techntques and‘alporithms used
. by others working on sjmt]ar prob]ehs, select and
’imp]ement the promisihovohes; evaluate them, and finally .
,decide whether or not to«ihcorporate them into the body :
of programs along with my own. 1deas | ¢
5. Ultimately, make the system user friendly by 3
streamlining the use of the various programs, fites, ahd}

directories

The first four of these were approached 1terat1ve1y

Progress in one area sometimes facilitated progress 1n

" another, and sometimes requ1red the upgrad1ng of SUpport

; de.

-
S

Functidns and ]1brar1es.. The_f1fth strategy. user w
. L . ¢ - _ b

" friendliness was only partly achieved.

PR R
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The resuitant-bOdy of programs5° consists‘of:
1. 1ibraries of graphics and cursor functions which
. interface the graphics boards to the computer system,
2. graphics commands of variousitypes avaiiabie from the
| -operating system, . | e

3. enhance, an.interactive image processing and automatic
: contour extraction program,
4. premos, an interactive contour line- editor program
5. Pegistrate, a program which,automaticaliy aligns a set
of contour lines, |

6. mosaio3‘, an interactive 3D surface genera or program
(The output format of premos is such that mosalc is used’
automaticai]y rather than manually.) and
- T. dfsp]ay32 the interactive graphics program used to
dispiay the geometric model generated by mosaic.

The structure of the resu]tant body of programs is
'illustrated by the diagram in Figure 2. Figures 3 through
”12 show the structure of the individual application programs

‘

in detaii. The format used in these diagrams is exp]ained

-

'in Figure 1.
A high 1eve1 of. overa]i user- friendliness was not
achieved The command syntax of enhance and priamos was made

easy to learn’ and use, but the procedures needed to produce

-

-a view of a model generated from a set of CT siices requ?res'

greater attention to detail than shouid be the case. :7e

30 written by the author except as noted Y
31 part of Movie.BYU - s : '
32 part_of Movie.BYU ¢
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6perator mustvkeep in mind the'vériousvprograms and their
associatéd data'fi]es; therevis no automatié facility. to
’ gdide the brogess or to deal with the intermediate |
fiTes/operations for, the user.

vA;‘Graphics Boards Uti]itiesv

- The functions mapltc() mapftCQ(), field(),

fleld_panam() memplanemask( ), clear(), clearhi(),

clearlo(), clearmask(), acquirel(), grab(), line(), Tine2(),

1ine3(), save(), restore(), msave() “mrestore(), operate(),

«f"subtﬁac%(),_dup7icate() comprise the main body of

- dé%pcefdepehdent'interface software.

TheCITC graphics boards are controlled via registers?3
¢ S '
as per their technical manual [28].

.»."\”*

3

Oh]y 1nd1r¢ct access. to the image memory is available.

Randoh pixel access‘requ1res,the7p1xe] coordinates to be
written into the xbos and ypos fégisters, fo116wéq by an
access on thé“pixel-registéri Raster pixel accéss,;uéﬁhg
’ the auto-incremént feature,‘reduces the xpos and ypos |
‘reg1ster accesses to once each per raster line.

\ Interact1ve per¢%rmancé/Hs bdosted by ma1nta1n1ng a

s’

bcopy-ofvthe frame buffer in v1rtuq1’memory. Most 1mage

oberations are perfoFmed on. this virtual copy ‘ich is sent

to the fréme buffer only on .command 3 ¢ '  0'

e

33 See the include file itc.h for details.

34 The access cycle time of the,ITC boards is on the order

of 1 us as compared with .4 us Wor the system RAM.
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,mapitc(),'mapitc2()

One of these tunctions must be called in an application
program before any calls to the j9llowing utilities: They
establish a cbnnection between the graphics.boards and the
current program. The ITC boards are seen by the system as
two sets of registers memory-mapped into the physical
address space at address ITC_Graphics (OxOCOeOOO)."Access
to this physical address is obtained via vspy(), a GENIX
system'call which maps and |oeKs a virtual page onto a
physical page.?®5 - Subsequent aecesses to that‘virtua] page,
part of the normal user memory spaee, actuaily access the
pnysical pageg

The function mapith() is an extension of mapitc()
wh1ch a]]ocates a number of pages of "non- vo1at11e system-
memory in RAM. This global storage may be - used for
communication between programs running either coneurrent]y;

or sequentially.

vmemp]anemask(m)‘ ‘
This functton sets»the,memory p]ane protection mask to
m and returns the old value of the reg1ster
‘ It was exper1menta11y determined that the lowest 2 bits
do not contribute s1gn1f1cant1y to the appearance of a

"grey-scale'1mage. In add1t1on, the frame grabber only

35 Mod1f1cat1on to the system kernel (/vmunix) was required
to allow access to this call by users other than the
super-user. The structure spytable in file param.C was

~changed to include the required phys1ca1 addresses and the
Kerneﬂ re-' make' -ed.



digifize to 6 b1t§, Simple and independent interacfions

'between grey scale images and graph1cs and/or text are

&

requ1red To thiseend the upper 6 b1tplanes are des1gnated
asﬁgrey scale 1mages and ‘the. lower 2 b1tp1anes as
graphic/text overlays. This prov1des for 64\1eve1 (or
-colour) images, and 3-colour overlays. Th1s convention can

of course be overruled when required

Memory plane protect1on is a feature of the graph1cs

'boards and affects a11 p1xe1 write accesses. By our

4

convention, a value of Oxfc protects the grey scale_ﬁmage
while alﬁowing Write—access to the overlay image; a value of °

°

Ode does the converse. ‘ '

e‘-‘ o _ . ) . ' B . g\

clear(c) | | : |
This function uses the ITC_olear feature to set the

current]y visible p1xe1s lo.the value c (subJect to the

memory plane mask reg1steréset;1ng) To ensure re11ab1e

‘operat1on[ thqs function repeats the hardware c]ear a few

el

- milliseconds after 1ts first comp]et1on.ﬂmThﬂs function

~determines whether its argument is an integer or a pointer

f

to an integer (as irt FORTRAN calls). ,
/' S Sl

. ] : ; .Fj“q‘; }
c]earh1(c) clearlo(c), clearmask(c,m) .
These functions call memp%aﬁemask() with OxO3 Oxfc, m,
respect1vely, call clear(cz then restore the memplanemask

Th1s c]ears the image, graph1cs, and m-defined bit p]anes

s ‘respect1ve]y,,to the va}ue c.



_ grab(),aoquire()

These functions‘implement,the single and continuous

S

frame-grabbing features Offthequc boards. ' 7$,

. >
field(f’ ) | |

The . ame buffer'can”holo an imaée of‘512x512§8 bifs of
which 512x480 can be‘displayed at one time using interlaced
scanning Our v1deo camera does not perform 1nter1aced
scanning, and since it prov1des the sync s1gna1 for the ITC
boards, on]y the even or the odd field of 512x240 could be
d1sp1ayed at any one time ~ The ITC boards lock onto the
even or the odd field arb1trar11y after an ﬁnterrupt1on in
the sync signal (i.e. by sw1tch1ng the 1nput source selector
to a non-existent signal) Bit 5 of the»status reg1ster
Fbotrl indicates wh1ch f1e1d is current]y d1sp1ayed

The first version of th1s function allowed. the
‘selection of fields e,o,b’. 6 This a]]owed for ifmage size‘
and processing time to be‘halved compared_Wifhia fuli
512x512 image, and for two images'to be,interchanged
instantaneously on‘the screen. “ ‘

The half-reso]urion modes in bd%h x and .y, comoinéd.
with the scroll and pan features,‘suggested‘a further
halving in image size to 65 Kbytes. Four fouadrants’ named
q, r, s, and t, were defined and are 1ooSe1y.réferred.to as
fields. They may be swapped instantaneously, or viewed

simultaneously. ‘Plate 3 shows the 4 quadrants. as viewed

36 The ‘b’ field depends on a rather unre11ab1e crysta]
N LS
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from the ‘o', field; ”q’ is the upﬁgr left quadrant; 94’»the,
ot ; D . .
upper right, *s’ the lower 1efté{énd 't’ 'the lower right.

jon allows the selection of

« The current version of this funé
‘ s (-‘ . : :

fields '‘e,o0,b,q,r,s,t’ which occupy 128,128,256,65,65,65,
and,65,Kbyte$ respective1y. |

Afie1d;héfaﬁ§(fieﬂd,o,xoff,yoff,xinc,yinc,xdef,ydef{Y1,Yu)'
) Various parameteré such as offsets, deféu]t.figld }
dimenéﬁon; and indexing increments associated with the
curréﬁt field are made available to applications through
this call.
Tsé abguments, excepting field, are afylpoiﬁters to int:
o=1 j} field is ‘o', 0 otherwise: o (
, xoff=256 if field is ‘r’or’t’, 0 otherwise;
© yoff=256 if field is 's’or’t', 0 otherwise;
&xinC;1 a1ways; yincz2 if field 15"e’or’o’, 1 otherwi§e;
' xdef=511 if field is ‘e’ "o or'b', 255 otherwise; '
-ydef=479 if field is "e', o ,or'b’, 239 otherwise;

Y1 = Y]/yincr*yincﬁ'+ odd; Yu = Yu/yincr*yﬁncr + odd;

line(colour,x1,y1,x2,y2), 1fne2(..:), line3(...,colour2)
bfhe function Jine() is an implementation of Bresénham’s

line-drawing algorithm [29]. If 0< colour <OxOff, frame

Jbuffer pixels aﬁ% replaced with colour. If

0x100< co]our>sox1ff, frame buffer pixels are

exc]usive-oﬁ’ed with co]dur. This function does not téke

fields into account; a line drawnjin field 'o’ will also

AY
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appear in field 'e’.
The function 1ine2() is an extension of Jine() with

“coordinates (x1,y1) & (x2,y2) offset to conform to the

currently visible field. A Tine drawn in field ‘o’ will not
ij = )
The funct1on 1ine3() further extends 1ine2() thh the

appear in fie1d' e'.

addition of linear co]our var1at1oﬁ§from colour to colour2
gﬁong the 1engthiof“the line.

typestr1ngrf1e1d str1ng X,y , Xmag, ymag) ‘

Alphanumeric text specified by the character array
str1ng is dep]ayed on the mon1tor by wr1t1ng pixel patterns
directly into f1e1d of the frame buffer at the location
(¥x,*y). Magnification (by p1xe1 replication) is spec1fied'
by *xmag and *ymag. | | |

Four fonts are currently avaitab]e:

object module width height cloned character set
typestring.of 8 10 Infoton 400 fixed width
typestring.op 3-8 10 Infoton 400 proport1onal
typestring.on  2-7 10 Infoton 400 narrow
typestring.om 3-10 13 Apple Macintosh prop.37

" Each font definition cé&%%gts o?’two~mahua1]y composed
f11es Dne f11e contains the character bltmaps in a format
such as data f ixd (per1ods are the bachround p1xels) The
other file contains the array sizes in a format such as
data fixd. h; These are transformed using Makef ile into an
object modu]e suych as data.of wh1ch defines the static

bitmap and Character w1dth arrays. The character generator

37 Thanks to Ron Unrau for enter1ng this "font def1n1t1on

R DR TS SN PR O R U Oy L B I T N B LD UL i U R I S
’ \xij R S FEEA I S AT T e N T T
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driver in typestning c is comp11ed to reflect the size of

the b1tmap array, and comb1ned with the above data of module
using ld -r. The resultant obJect module res1des in

typestring. of

e

P G
EAY
va p?

The file main.c contains the hooks to ca]] typestring()  *
diEectly from the operating system. Executable,modﬂles
ty% typ,tyn,tym are currently available. When 1nvdkéd the
character curscr is located at the last pos1t4;n of the -
graphics crosshair cursor. This pos1t1on_1s a local ’hOme"
position which may be reset by two successive presses of the
/home'-Key. |
- save(field, filedescr,pack), restore(...)

Save() writes field of the frame buffer to 'the file
spec1f1ed by filedescr. _ ‘ ’
Restore() reads the contents of the file spec1f1ed by .' C¥
filedescr into. field of the frame buffer.

If the argument pack is 'p’, the image data is
encoded/depoded. Thisvtypically'resu1ts in a 50% reduction
in file size. \
msave(field, £ ledescr ,pack), mrestore(. )

Msave() writes fleld in v1rtua1 memory to the f1lev
specified by filedescr. |
MneStOPe() reads fhe dontenfs Qf the file specffied by

filedescr into field in virtual memory.
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If the argument pack is 'p', the image data is »
encoded/decoded. This typ1ca11y results in a 50% reduct1on

»

in file size.
These functions do not access the graphics b@g{ds and

are thus suited to non-interactive}aEplications.

gﬁt(fie]ditc,fieIdmem), put(...)

-]

Get() copies fielditc of the frame buffer into fieldmem

-

in virtual memory.
put() copies fieldmem in virtual memory into fielditc of the

frame buffer. . ,;

For these functions only, upper case arguments replace'
$

the normal raster access pattern with a random1zed random
access pattern. The square. gr1d & block sizes default to 6

&J6, but may be reset with get([1 -9}, 1 9]).

duplicate{fielddst, fieldsrc)

Dupl icate() copies fieldsrc in virtual memory into

fielddst also .in virtual memory. An ‘e’ or ‘o' field can be

"shrunk’ into the 'q' field (by omitting alternate
horizontal pixels), and conversety, the 't field can be

anded (by pixel rep]1cat1on) into an ‘e’ or o' field.

/ other combinations of non- conform1ng f1e1ds may yleld
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unexpected results.

subtract (fielddst, fieldspe)
Subtract() leaves the absolute value of the
pixel-by-pixel difference between fieldsrc and fielddst in

the latter. For this function, 1ower;§ase,érguments refer

to fields in virtual memory and uppe?tase arg%&gnts refer g

5

to fields in the frame buffer. Subtraching fbeldd

differing sizeé.may yield unpreﬁﬁctgd_results. 2
' g g - RN

operate(fielddst, fieldsrc,operation,x1,y1,xu,yu)

0penate() perforhs the operation selected.bymthe
charécter string.operation between two sub-regidns.of fields
in either virfué]‘memory or éhe fﬁame buffer. Calling this
function with fielddst='x’ and fieldsrc='d’'/'s’' sets the ¥
 ]sub-regions in the destination/source fields from the
arguments xi,y];xu,yu. The pixel-by-pixel résqus of thé
operation between fielddst, fieldsrc, ahd some\externa]
constéﬁté are,leftvfn fielddst. For fhis‘fﬁncfion, ibwer
é?se arguments refer to fields in virtual memor§ éﬁd upper
éase arguments refer to fields in the frame buffer.
Operations on fields of differing sizes is supported but>may
yield unpredicted results. The operation '+’ leaves dst+src
in dst, ‘-’ leaves |dst-src]| in dst, =’ cop#ésisré to' dst,
and ’=hnnf clears dst pixels to‘nnn. Consult the fi1é

selfunc.c to add new operators.
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B. Cursor

These functions comprise a utility which moves a
crosshair cursor around on the screen in response to the

terminal’s arrow Keys:

cursor_dolc,x,y) . - does the actual work
cursor;1400(c,x,y) - infoton400 irterface to _dd‘
stopwa%Ch() - - key press interval timer
cursor (ipixel,x,y) - interface to Genix

Key,ﬁnesses at s]owvrates (<1.5/s) yie]d'pixel;byfpixel
CUPsoﬁ‘movements on the screen. Progressively faster Kkey
events increase the cdrsd? disp]acement/event thereby
a]Towing full-screen traversal with a minimum of hits. The
variable displacement rate strategy was 1nsp1red by prev1ous
_use of HP test equipment wHﬁch provided steps of max1mum
gﬂreso]ut1on at slow knob speeds yet allowed traversal of the @
fu]l operating range via-a few fast twfgts

The file generlc.c:def1nes the fo]]ow1ng

device- 1ndependent standard cursor funct1ons

get cursor(x y) - put cursor(x y)
move_cursor (X,y) track_cursor(c)
draw_cursor () .ebase_cursor()‘
print_cursor ( fpo) xpriht_cursor(fpo)

get_screen;SCale(xoffset,yoffset,xscale,ysca1e).
put;sdfeen_éca1e(xoffset,yoffset,xscale,ysca1e)
The x andfy’positions as well as the screen pixel value are

. updated both in the ITC;registebs and in an area of global
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non-volat{le RAM,

C. Colours
Colours is an interactive program which provides a -

pleasant environment for manfpu]at1_g the colours in the

"oy
look up - tables (LUTs) of the graphics boards. Its syntax is

 similar to that of the Unix/Genix text editor vi in that
‘many commands are single letters which are executed
immediately upon being typed.

The‘LUT values cannot be read“back by the system, so
therefore a‘floatihg point image éf the LUTs is retaineds in
global non-volatile storage.and written to thélgraphﬁcs
board as required. Manipulations are- supported for both, the
" RGB (red, green, blue) and the HLS (hue,']ightnesg,
saturation) colour spaces LQéi. |

A colour is selected for modification either by direct
numeric entry, or by pointing to it with the cursor. When
do_all is c]eér, colours, begipning with the selected
co}our, in increments of 256/ncolours, are modified and
assume the.RGB values of fhe selected colour. In the
{default} case of ncolours=256, on]y the selected colour is
,modified. When nco]our§=4,‘as is éhe case for the greyscaTe

rhaphicé/text overiay, up to 16 colours are'modified.at
a time. | | |
When all is set, by the ‘A’ command, the entire

lutset is m ified incrementally, colour by colour.




F11e operations are all done to the d1rectory maps in
the worK1ng directory, or else to the directory

/usr1/gnaphlcs/colours/maps Colours with R=G=B=0 are not’

output to a f11e This allows over lays to be created which

‘can be read in on top of existing colour LUT setups

Command Summary

HQA "&{'“ Set do_all - for operations on the entire lutset.
~lﬁa , ‘;j' Clear do_all - for operations on single rgb values
o : of the lutset. : ' :
nu?’ Set ncolours. {256}”
N Set lutset#. {1}
I Set Maxlhtens. {255}é§§?‘-
‘ u V'Update the graphics board LUTs. frém the LUT image _

in memory.

\V; View the pixel, R, G, B, H, L, S values.

y YanKk the rgb’s from colour @ current cursor.

P ‘Put the rgb’'s to colour @ current cursor.

z Zero a]T rgb.

i Set 1ncrement used by the fo]]ow1ng 16 commands
I S translate +=incr T translate -=incr
.r - red . +=incr - R red -=incr
g ,green - +=incr G green. -=zincr

b "blue +=fncr B blue -=incr

W white +=incr . W . white -=incr

h hu& +=incr- = H hue . -=iner

1. 11ghtness +=incr '5' L lightness -=incr

s saturat1on += 1n¢r & S saturation -=incr

= d1rect entry of last-twiddled parameter

fs Co1our save to file ... .‘,{iafi

fr Coleur restore from ije?ff.

v @?Litera] next character
L 2
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? Help
! Shell escape to operating system.

q- Quit

When ’cokburs'arg1 aré2 arg3 ...’' is invoked, the .
.command line arguments are executed before commands are reed'
from the input. Forvexample, ‘colours N3 fr greyscale fr
ov.8.bold 0 w=0 fs fred g’ will‘change_the LUT set to 3,
read‘a greyscate definitioﬁ file, ovef]ay it with 8 bold
colours, set the colour of intensity level 0 to black, save
the.result in the file fred, and exit hhe pregram.v
D. Enhance '

k]

Enhance 1s an interactive program wh1ch prov1des a
.

p]easant environment for man1pu1at1ng 1mages Its syntax is’
similar to that of the Unix/Genix text editor vi in that >~
many commands are single characters which are executed

immediately upon being.tybed.

Shell Command Summ@bF:

: G SN ‘ -
AC.'in the first: niands stands for a field

speciftcation character,'dﬁé;bf" vhbeogrst’'. A 'v' means
the visible field, an ’h’ the hidden field, and a ' ' is

interpreted as ﬁ¥§r%@ vv’' ‘depending on context

) ;;'\?Sh—

h. . H1stogt&n|§Unctions subshe]]
F.o : F11teF”functlons subshel]
f. . Field: select . wwt

3
A v
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Get screen > memQry.

Put screen < memory.

Duﬁ[ﬁcate a field.

Subtract 2 fields ('.’ may also be ’VHB%EQRST’).
Operate on 2 fields (’.’ may also be~fJHBEDQ§ST’Y.
View current parameters: field, box-cursor values.
Set box-cursor numerically.  > P )
Set box-cursor upper porner'from chsOr. §
Set box-cursor 1ower corner from cursor:"i
Cursor to upper corner of box-cursor.
Cursor té lower corner of box-cursor;7

Move the\EurEent box-cursor .

Cursor coordinates.

Initia}ize visib]e screen. | o
Clear [hi'io mask] [vall.

Erése box-cursor .

Draw box-cursor.

Save to file

Restore from file

Restore from file }L. B

A

'Shell escape to operating system.

Quit.

He]pvmenu displayed.

The folloWing commands allow for the-éreation and use

of macros which are ﬁiles containing sequences'of'shell and




. cu.

-

subshell commands. The ?hput and output redirection syntex.

is borrowed frem Mov1e byu and)the commun1cat1ons ut111ty

”
B

>[>3  Input logging to file; MacrO'creatfon
< 'Input redirect from file (may be nested 10 deep) ;
: Macro usage. v

&> Output redirect to fi]e; - program'output and
echoed input.

(/) Expand macros = on/off; while reading from a macro
file, the (entire macro contents/just the macro
name) are echoed on the output or the logging
file. _

# Comment line; input line is ignored. ' .

In theAcurreht'imp]emertation, any charaeters not
accepted by‘the'basic shell’s command parser are passed'eh
to the edrsor tracKing function. When a graphics input
device is ihcorpdrated,vunaccepted characters shouid'sound a
warning and be discardedr a separate function shou]d update
the system s érosshalr coordinates.

' When the fo]low1ng subshells are 1nvoKld a line of
input is read in and stored. For eech word recognjzed,
[optiona]’parameters], if present, are SCanned from this
line and the appropriate‘static variab]es updated. A1l
sdbsheJ] functions ere executed over the erea of the image
.ienc]osed by the box-cursor 'Their return codes are
;displeyed in.square brackefs upon completion; an error
condifion'(reﬁurn.cdde <Of'cause3«the subshell to exit | ;

dihmediately.



Fi1fering‘Functions

Each word not recognized by the parser is assumed to be

a filtering function file name. The directory

Jusrl/graphics/filter/filterspecs is searched" and if the

file is found, its contents define a convolution kerné%.38

edge [ek.es]
‘j/eﬁiea [ek,es]
fihdcand [ct]
scale

findmarg

resetstat
zerostat .

scan [min]

‘evalstat [ev]

- fix [-ss](ré)[rc]

auto [i;ev,-ssl

plot [b,e,t,m]

e SO S

Sobel-based (K=ek/es) edge detector for auto

cofifouring algorithm.

Absorption’ (K=ek/es) edge'detector,’.ﬂ

Find candidate edge points.

App]y'logarithmic scaling to edge magnitude

image.

Mark box-cursor boundaries on edge images;

Delete all previously-traced contours an.i

reset status array.

Delete all unflégged previoué]y-traéed
contours. -~ - -y ‘

Initiate scanning/tracing.proéess.

Examine the status of traced contours

Contours with fewer than ev points are

deleted.

of un-closed contours. -ss is the.
“filename of the filter which defaults
"replace®. “1f evalstat immediately
preceeds, -rc gives number of contours
peed of fixing.

Initiate complete autogcontouringp
operations. The number. of iterations

Invokes filtering on endpoint'rectangﬂes

to

in

is

denoted by i. -ss is the filter filename

as in fix.

plot contoursvb(eginning) to e(nd) at
m(agnification) The absolute value of

t (hreshold) specifies the minimum number

cfbcoordinates for a contour to be

38 Appendix 1 gives a summary.of,éand Appendix 2 the kernel
definitions of, the available filters. '



- print [b,e,t,m]

save [s1,z]<betm>

zeropt

‘flagpt

!f]agpt

squeeze

f lag

! flag

maskpt
B

’ s
s,
R

putemag

putmem2

help,?
1f -
1s

cflag []

.Put alternate (filtered) buffer into the

’ 62
plotted.
-pr1nt contours b(eginning) to e(nd) at
m(agnification) The absolute vilue of
t(hreshold) specifies the minimum. number
of coordinates for a contour”to be

printed. If t(hreshold) is <=0, only
headers are printed.

The axial displacement of the current
sl(ice) is specified by z. The
parameters b,e,t,m last set by the print
or plot commands are used by save.

Set all unflagged,points to ‘untraced’..

Flag all superior-boundary points

Unflag all points

Delete all un-closed contours, re-order the

'11st

Flag all tracedvcontour points.

Unflag elf traced contour points.

'Select action fo be taken in cases of

ambiguous edge direction. Default action is
to choose the direction randomly. "~ InvoKing
this command causes the ambiguity to be
resolved by using the edge d1rect1on of the
previous pixel.

Put edge magnitude 1mage into virtual
buffer. .

virtual buffer.

Display a help menu. - ”“\\\\

Display available filtering function types.

Display available filtering filenames.

. Set level of function tracing {0}

Toggle the'be11-on?comp1etfon flag.
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Histogram Functions

An unrecognized word causes the he]p'ménu to be
displayéd. 1f the aUtoplot featUreffs'dn (fhe‘defau]t); the
graphics overlay is cleared and the hié%égﬁam_and CDF;ére
plotted upon exiting this subshé]k?yC‘

_ : ‘ \
nbins Set the number of bins. {64}

bin : Binning - totalizes the number of pﬁxels of
value 0-255 into array of size nbins; the
array index is scaled by 256/nbins.

bins C .Binning_spread with 4:1 pixel value
- , redistribution based on adjacent pixel
¢ -values. ‘ : .
" binsa Hist_bin_spread_auto; see source code for
details. :
bine Binning only of pixels near edges.
bineq - Binning of pixels near edges‘-‘quickly, R
without the implicit filtering operation.. - -
- cdf : Calculate the cumulative distribution -
function of the values currently ‘in the *
bins. - R A
flat "Flatten the image pixel distribution by -

replacing pixels with their inverse-cdf
function values. ‘ e T

s

flatluts Flatten the‘distayéd pixeﬁ intens{fygyaldeé"

by modifiying the video looKup . table .’
according to. the inVerse-cdf fuhctipny*

o

peaksall  Find all peaks and valleys in the bins. -
Peaks [T,Ti,Tm] - Select signifiéaht]y 5peaky@.pééké; does
' : ' peaksall first. L ‘

peaks IT,Ti,TM] . Select significant, ’peéKyi péaks{

peak [i,cum,dir] Select first peak with at least i% of
' bin index, or cum% of total pixels; dir
specifies minimum acceptable peak
amp1i tude. T )

e N . (Q-g) . . ) .
peakmagic Select one optimum peak; see source code

-



for deta1ls

psmooth [al = Perform simple exponent1a1 smoothing on the
peak ‘values.
smooth [al Perform simple exponential smooth1ng on the
' » bin values.
print Print the va]Ues in the bins, and of the
E cdf '
Print ' Pr1nt the values of the peaks and valleys of
| » . the bins.
plot -Plot theé&fn peaks... properly scaled
S *  to the sﬂ' z f1e1d :
Plot Toggle® aut@ plbt {on} ’
min,max Set the range of grey scale values used by |

the flattening function {0-255}

fiddle [f] . Impose a ce111ng on the h1stogram bins so
» that any bin value greater than f is set to
f. The pixel total is decremented by the
difference to retain an accurate count.

cflag [1 Set level of function tracing.
19 ~ Toggle the bell-on-completion flag.
. . (
/
E. Premos & 5iﬁ‘f§?71

Premos {g an interactive graphics editor ‘which
facilitates mahué] intervent%On’in'the geheration of a set
of contours. Its syntax is similar to -that of the
Unix/Genix text editor vi in that many commands are single
 1ettérs which are exécuted immediately upon being fyped.
The’fnput and output fiies ané in a mosaic oommand fi1e
format, hence its:nqpe. |

Once read‘Hn'from a file, or manuafly entered using the

cursor, the data in memory consists of contours and contour

N v

64 .
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fragmentéborganized‘by ‘part’ and by ‘slice’ . These curVes
‘can be displayed aqd_mOdified either on a blank backgfoUnd
or superimposed on th¢~origina1 greyscale or false;coloured
CT image. |

The ’'visibility’ oﬁkparté and slices is control]ed by
* the command 'V’ , and their 56perabiiity’ by ’Vf. |
Cdmmahésvwhich search for existing data will 6%?3 find a
fragmeat whﬁse bart'and slice are both visible.

Command§ which modify data will wprk only on & fragment
whgse part and slice are both operable.

Commands which require coordinate entry will
’rubberfbahd;ﬁtﬁéiline segments from the current cursor
location to the’édjacent poiht(s) to show what is happening.
A'." will tell the command to‘accept the current cursor
1ocafion as its current point. A carriage'return terminates

thé_command.

Command Summary

fs/fr * File save/restore which first makes all parts. and
o slices visible and operable and resets any part
and slice offsets to zero. _ i -

Fs/Fr File save/restore which operates only on ;
operable/visible parts and slices. The partis are
offset by currentpart-1. The slices are offset. by

& currentslice-1. This mode can be used to merge

N _ files or to save only part of the data. -
p - Set currentpart and part label.
s . set cufrents]icé'(z).- .
b - Begin cUrrénfpart & currehtéﬁice at the current
. ‘cursor location. Points are added using ‘.’ with

the cursor in the desired position until an ‘e’ or
'c’ terminates the command. ) :
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End part} inéremeﬁt cubrentparf.

Close part - add a segment from the last po1nt to
the first, increment currentpart.

Append @ endpoint of nearest operable*éurve.

Insert @ nearest operable point.

~ Move nearest operable point.

Fwd cursor to next point on the current contour.

Fwd cursor to last pdint on the current COntour," 

Rev cursor to prev point on the current contour.

Rev cursor to first»point on the current contour. = -

Snap cursor to nearest point and update the
current contour. _ i )

Use point at current cursor location.

Delete nearest operable point, or the 1ast
manually-entered point.

Delete a c‘ v

Move cursoﬂﬁﬁé’centro1d of and pr1nt the area of
the current contour.

-

Print the current cursor 1ocatioh

" Link two open loops. The resultant loop w11]

retain the number of the loop first selected. A
loop may be linked to itself to close it. '

Unlink at current segment. I1f the segment is
adjacent to an endpoint, it is simply deleted;
otherwise, a new fragment is generated cons1st1ng
of all the points from the segment to the last
point. The new fragment will be placed into the
first operable part-available on‘that sTice

e

Dup11cate the visible parts and slices into the

‘operable parts and slices.

Reverie the point'ordering of the current contour.
Redraw the screen. |

Redraw the screen with crosses.
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%0

Autoredraw toggle.

A, .
Set offset&scale params. yd

&

Do offset&scale on operable parts and slices.

vpl0-9a-z*"] Set visible and operable parts.

vpl0-9a-z*"] Set operable parts.

vs[0-9%"]

Vs[0-9%"1
o

v

tf[minTeh;

%S

}'P[ps 1]

Set visible and operable slices.
Set operab]e slices.
A1l parts & slices visible and operable.

" A1l parts & slices operable.

max len,maxdiff] :

Thin the contour. Any series of points lying
within a specified curvature is replaced by the
endpoints of an equivailent line segment.

This command prompts--for the optional input of the
parameters minlen, maxlen, maxdiff. A point is
subject to deletion if the distance to the
previous point is less than minlen, or if the
difference between the euclidian distance and the
distance along the original curve to the '

~last-retained point is greater than maxd iff.

A point subject to deletion is retained if the
resulting segment length would be greater than

. maxlen. . : -

C]ear-opepéble parts & slices.

Shrink -”béth‘arenrefdrdéred with empty pafts

‘removed .

Print information about the visible contours.

‘Pp’ will print the number, name, number of .
occupied slices, and volume of each visible part.
"ps’ will add to éach of the above part headers
the*slice number, number of points, and area of
each occupied contour. of each visible slice.

P’ will add to each of the above contour headers
the number and-the coordinates of each point of
the contour. ’ ‘ o

P will'not"pnfnt'anything, but will label each

part and each's}fce on the display.

She]] escapé_fq'operafing'systqu‘

uit. o O

- / b
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H Help menu is printed.

F. Registrate
The utility registrate operates on files in premos
output format.: The assumption is mé@e that part #1 of each
slice consfsts of the 9»ﬁoints of the stereotact{c frame
digitized in conventzpbéi‘airection, beginning and.endfng,at
the left-most point‘as shown in Plate. 14. For each s]ice;v
linear scale factors and translation constants in fhe X ahd
y directions are calculated by fitting b055£5.#1¢ 2, 4, 5,
7, 8 to the geometry of the frame which is.usually
hexagonal. B '
The remaining points on the slice are then subjected -to the
‘same transformatioh. ) |
%v%he output file may be re-examined by premos, as\ééen
in Plate 16, or passed on to mosaic-for»triahgulatiqhQFTA
| G. Movie.BYU
Movie.byu is a system of
"FORTRAN pﬁognams for the display and manipulation’
of data Pephesehting_mathematical,.architectural;
and topological models whose geomé%ny may be
described in térms'of pénel and solid eJeménts, or .
contour 1ines". | R
written at Brigham Young Univérsity.[131'\
The progp;ms mosaic and display are installed and uged ih'

this syStem.
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The Movie.byu source code was downloaded from a UofA

Comput1ng Sc1ence VAX using uUCp via a serial line. | The

majority of it ls dev1ce SJ‘s“c‘i;hd system- 1ndependent and was

compiled w1thout d1ff1cu1ty“

The following changes were

made to the device- 1ndependeﬁt‘source code in the

1nsta11at1on process:

1.

‘The variable OUTPUT, un1ﬁf 'mper for terminal

i
ﬂl@’om 1 to 0 thereby

directing terminal output t&

communications, was change

stderr. R
The characters ",$" were added to FORMAT statements
goverhihg terminal input prompts to allow the cursor to
remain on the same line as the‘prompt.

The subroutines COLO and PCOLOR wefe'rewriften to
provide colour infermation te the device-dependent
screen-c]earing'and line-drawing functions. Display's
’COLOur; command now allows 1npuf values ih either of
the ranges 0.01-1.0 and 2-255. A part number range
followed by a return now prints the exisfing colour
settings, 1eav1ng them unchanged.

The array size constants in the user- mod1f1ab1e or
"variable’ 39 DIMENSION statements were repltaced w1tH
macro name§ which are defined in Makefile and reso]ved_'
by the pre-processor Cpp prior‘te compilation.
Modifications to ref]ect'medel sizes énd complexity can

now be done quickly and accurately.

39 This" termv1s used in the source code and the manual [13].

y-
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Mosaic | . "
The program mosaic generates three-dimensional sﬁrfaces
-lying on setgdof contours by generating triangles between
nearest-ppjnts of adjacent pairs of contours. As a means of
automating this step,rfiles‘output by the‘brogram premos
contain sequences of mosaic commands and data. These
commands first AKE' files of reformatted coordinates named
partn, one for each 'PART' of the model. They then 'READ’
these’files, "AUTO’ -triangulate to geﬁérate the surfaces,
and finally ‘WRITE’ the 3D model description (in terms of
nodes and connectivities) into a file named geom which is
destined for displayi |
Mosaic has a wider range of commands than those above
and can be used fnteﬁ%etively to gain more control over the
triangulation process if necessary. For a complete

’degcripﬂion of all mosaic.commands, the reader is referred

il

i€ #Mosaic User’s Manual" [13]. Normally, however , the

éutoma%ac procedure curbently being used should be adequate.

.-

lDisplayf;g

The éb model can be viewed from any vantage point with
a variety of attributes and physical.characterfstics using
‘the progﬁam display. Parts can be di%ferentiated'by colour,
bevwithhe1d'fromrthe display, be made transpareht,a]]bwing
obscured barté to become viéib]e, énd SO on.  The mer] may
be rotated and translated to prévide the desired viewjng

- orientations. The viewer may also zoom-in or zoom-out,
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@elect the degree of perspective distortion desired, or
arbitrarily position 1light sources to provide pleésing and
informative surface rendéring.

The following display commands are'ﬁhe‘most'important'
for this -application. For a complete description of all
display commands, the reader is referred to the "Diép]ay

User’s Manual" [13].

SCop Selects the desired output device with a choice of
4 modes and 2 resolutions. Must be used before
the first DRAW or VIEW command. :

DRAW Draw the wire frame picture of the model defined
by all the previous commands. Hidden line '
processing is done only if FAST was issued.

VIEW Draw the picture, but invoke hidden 1line

’ processing, and if applicable, surface rendering.
LIGH Position the light sourcels).
FIEL Define the frustrum of visioﬁ and c]ippihg planes.

Decreasing the angle will increase the model size
and decrease the perspective distortion. i

DIST Specifies distance from the viewer to the model
origin. When used in conjunction with FIELD,
distance * angle is directly proportional to
picture size. ' '

PART Withhold some parts from the display.

- COLO ‘Set/print colours for. the backgroﬁnd and the
; parts. Specifying-a part range with null input
prints the current colour setting. :

ROTA Rotate the model about the trans]ated origip.
‘REST Restore the model to its unrotated, untranslated
state. | ‘
SHIF  Shift the model in the viewing plane.
SAVE ?g*e the current state of hrogrém paraheters to a
: ile. ‘ '
RESE Reset the current state of program parameters fromb'

a file. :
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1c ‘the Terminate signal is used by display to abort
the current command. Several repet1t1ons will
cause the program to EXIT. ,

>file The input is logged onto file. This file can be
edited and used as a macro in subsequent runs.

<file The 1nput is taken from flle as if it were typed
at. the term1na1

‘When invoked with thetopefating system command
‘rw display ...’ , the command line arguments are passed to
display as commands, oné‘per line. In addition, shell

escape access to the system with cu-like syntax is provided.

l'emd Cmd is executed; its output goes to the terminal.
“$cmd Cmd is executed; its output goes to the program’s
input. -
Dfile Program output is. wr1tten inte. file as well as the'lh‘,;'
‘ terminal. )
Kfile Program input is‘taken‘from file.
) Quit.

A shell script StePeo-facilitates genération'of ;té;eo
pairs. To initialize, stePeo -] ang ‘dist Shlf’ where 'ahg’
is the field éngle, ’d1st' is the.d1stance to the model, and
"shif’ is the shift needed to centre the model in ohevhalf
of the screen. To use, ’'stereo dist’ w11] Peturn the
commands needed to redraw a stereo pair at a d1stance
V'd1st’. The appropr1ate amount of perspect1z¢'canvthus;be

iteratively determined.



H. Dev1ce Drivers for Movie.BYU ~

Thege routines interface the device-independent parts
of Movie.byu to the ITC graph1csaboards. The operations
required 1nc1ude loading the co]our ‘Took- up tables (LUTs),
‘clearing the screen, drawing a line, draw1ng a shaded Paster
line, and drawing alphanumeric text at a given location.

A1l of the I1TC interface functions were developed in
tﬁe C programming language. Functions written in C could be
célled from FORTRAN.-only if the subroutines which calied
them were'compiledfwith "f77 e ...', and if thése
subroutines were called without arguments.

Instead of adding an interface subroutine foﬁﬁeach
case, the device dependenée was ' pushed Up é level’ . For
exampfe. the subboutfne PLTLIN which woutd oréinari]y call
the'sqbrcutine‘PLTITC wifh its own argﬁmehts'has been
modified to update a common block with its arguments, then'

-

call the now argumentless PLTITC. ; 4ca1is the function

_11ne2() with PLTLIN's arguments’wh‘_ w_traéts from the

above common block
11n§2()
Th1s function is a s]1ght]y modified vers104~\¥ the
graphics Library function Tine2(). Its arguments ‘are in
reverse order, and are pointers to integers rather than

integers. This is to accommodate FORTRAN stacking and
ca]l-by-reference conventions.

”
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_SCanIine(a)

This‘function writes the va]ues contained in the

integer array. argument a4 1nto the ITF frame buffer. The x
*»

and y coord1rates and the length of the raster line are

contained in the f1rst_three e]ements of this array.

A

clear(c) | ’ @5f

" This graphics 11brary funct1on sets the v1s1b1e screen

[

type(string, x, y) o

Th1s function adJusfs 1ts x and y coord1nate arguments

;to conform to ‘the current f1e1d~bounds, then ca]]s the

graph1cs 11brary funot1on typestrlng() to wr1te the

5 . Q:%:‘t‘ .
a]phanumer1c character array str?hg to the frame buffer

Il

u/‘ 4
sdtiut(a) , |
This’ funct1on Ioads the Jook up-tables w1th the 256*3

‘; integer values in its array argument a, and wr1tes these

) Va]ues to a‘tile named maps/lutout. = S - )
o h 4 S T i | s
' )J o q . @ ' ‘
_super_initt),'SUber_line(), suoer_draw() o s

" MoVie.byu useS'an'RGBico1our-cube-mode1 which, for 256
!
d1splayab1e colours has a max1mum dimension of 6x6x0 To

compensate for the 1imited number of colour shades

<

'ava11ab1e, name\y 6 in each of red green, and blue (RGB)

3

4',__.-..________'_ _____ : L N
40 Arguments are Int un]ess 1nd1cated otherwxse
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an enhancement mode which selects 256 colours from the 224
poss1ble has been 1mp1emented [30]. This enhancement mode

&

is based on a property of a three dimensional Peana curve.
5 A Peano curve has ‘the property of travers1ng a space bv
making equal use of all the available degrees of freedom A
raster scan of an area, to take a 2D example, takes many
more steps in the hor1zonta1 direction than in the ve&t1ca1
As a result, two vert1ca]1y adJacent p1xels will a]ways be
sequent1a11y far apart> A scan of an area fo\]ow1ng a Peano
curve will taKe the same number of hor1zonta1 as vertical
steps,.the dame number upward as downward, and leftward as
rightward. . This results in the curve-staying re]at1ve1y
ciose”to'ﬁtself as it progresses. Very few1adJacent po1nts
will be encountered sequent1a]1y far apart along the curve.

Th1s property ensures that po1nts close together in the

colour space will usudlly be c]ose together in the resultant

h1stogram

P]ate 1a shows the 1owest degreekPeano traversal of a
3

‘uth area - ./ d1v1d1ng the a.ea 1nto quadrants If each

quadrant is rurther subd1v1ded 1nto quadrants, each of wh1ch

1s traversed in,a’ s1m11ar manner, the curve shown 1n o

Plate ic resu]ts " This curve is rep11cated\four t1mes at

each level of the subd1v1d1ng process o,

Y After be1ng subdﬂv1ded two more441mes; the curve in
P]ate 1d would traverse each p1xe1 in 1ts un1t area.

| Plate ib shows the 1owest degree Peano traversal of a

unit volume - by d1v1d1ng»the vo]ume info octants. By
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ana]ogy w1th the 2D case, '‘a unit volume can be traversed
véxel -by- voxel | ) |

‘A Peano traversal'of-Movie.BYU’s 6x6x6 colour space’
(red increases toward the rtght, blue‘tncreases downwards,
green increases into the screen) is shown in Figure 2{

When this enhanced-cd]our mode is invoked; supeP_init()_
clears and‘opens the fite smnt/super. i i. The shaded raster
11nes are intercepted and written to this file a llne at a
time by the function super_line(). At the end of a frame,
the file 'is read the 8-bit RGB values are truncated to 6
"bits and then h1stogrammed in a three dimensional array of

o«

218 elements. A three dimensional Peano curve traversa] of
: s AN

this array yields a linear histogram [3OJ:from which the‘256
colours which best, repreSent the driginaﬂ colour sﬁace_are |
‘selected and loaded into the LUTs. |

A second Peano curve traversal of the three d1mens1ona1

A

array replaces each value w1th the LUT- address of the co]our

- ass1gned to that po1nt in the co]our space The f11e 1s_

re read and’ the truncated RGB values are used to 1ndex the

mod1f1ed three- d1mens1onal array to determ1ne the vaIues of

A

PR

'the,raster output;



VII. ~Sample System Session ..

The following pages illustrate the use of the system. The
operat1ng syntax (enclosed in quotes) needed to execute the
processes described in Chapters IV and VI are g}ven

Photographs of the monitor show the resultant }mages.

v

\ o _ 7
Patient #1 : ) ' v

ation for a new patient, a file system.
.wa11 conta1n a]] of the pat1en¢’s 1mage and

created with mkdlr le . It becomes the

W1th1n th1s d,wectory, mkdi& maps’hmtnakes

the LUT .(1ook .up table) setup flles

5 R
Enhance &= R aé

Thes;:egram “enhance’ is 1n#%Ked and used-until further
notice. V;'y | | \ ‘ ‘ ,
: A v1deo camera mounted over ar 11ght table 1s used to
d1q1t1ze theiﬁﬁ‘f11m 1mages Se]ect the o f1e1d us1ng the
Qcommand "¥o' . This. ensures ‘the mages are acqu1red with
max1mum resolution. Set the boards for cont1nuous :
hacqu1s1t1on with. A' to pos1t1on the CT° lmage in the fleld
of v1ew of.- the camera4‘; Once p051t1oned G grabs the
'current Frame wh1ch can then be saved to a pacKed 1mage f11e
w1th p>’; Th1s.sequence is. repeated for each CT 1mage to

be d1g1t1zed

4t See Chapter IV-A for cons1derataons to observe.

78,
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A gomplete set of digitized CT images is shown in
Plate 3; _A collage of images can be produced by shrinking -
each original image with '=qo’, then cutting and pasting |
them.into‘pOSition with @' . - The macro ﬂ<multi.9’ was used
to produce Plate 3. o | |

The command ' !colours’ was invohed, and the LUT setup
file False.4 loaded to produce the image of Plate 4. Within
colours, the shades were translated using “t', to achieve
the best overall v1suaq‘d1fferent1at1on of detail. Even on

cursory examination, the difference in perceptab1llty of

detail between Plate 3 and Plate 4 is readily apparent.

. The images of Plate 5 are a False-coloured renditjon of
‘the four most interesting slices. Each of the four images
are at half the original horizontal resolution, restored
‘iﬁto the fields 'qﬂ,'r'kis’,&ft’, and then displayed in
field ‘o | | - '

FPlate 6 shoms a plot of the ‘image hlstogram in blue,
.and a plot of the assoc1ated CDF (cumulat1ve d1str1but1on
‘funct1on) in orange. These plots were overla1d ‘on the CT -
1mage using the commands h b1n cdf’ and-can’ be cleared
without affect1ng the grey SCale image by us1ng ‘cl10’.

The LUT setup f1le greys.B 1sﬁgoaded v1a'w
f'colours fr greys. B q Our convention of 64 grey shades|-
oVerla1d by 3 graphlcs/text colours is demonstrated gére

' Plate 7 shows -a. contrast enhanced CT 1mage "The

boXcursor would‘typ]cale be'pos1tloned over the central,

' . o -
M 3



E 'f',p.]atve' .4_3';';"' Ccmp’lete Set of CT Images

P“l'at'e'._a'l f Cbﬁbléte Set of CT Images - Faisé‘,'vc'b’l'ou_r"‘éd' .

-
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relatively low contrast area of the image, followed by the

commands "h bin cdf’ . The boxcursor is then repositioned as

vshown; and 'h flat bin cdf’ éxecuTbe{ The command ‘p ' puts

the virtual image onto the screen. he increase in contrast

over the image of Plate 6 is apparent over most of the

image; only in some areas is there a 1o of detail:

i3

An edge-enhancing £Hiter, invoked via 'F hi+i/3d"and,

s

p ', produced the image of Plate 8. The 1mage has acquired

i

“a.graininess, the result of 1ncreased no1se due to th

high-pass portion of the filter. Compared with P]ate 6"

however, many of the featune edges are sharper.
c P

. Plate g shows the result of “Difference—of—Gaussian"

(DoG) f{ltering [17] using 'F dog/3:5".

The left half of Plate 10 is the magni tude output of

the Sobel edge detector used by the auto—contourﬁng

Aa]gorithmq Execute 'F edge 5 2 putemag’ and,’p'c10’ to use -
_ _ . 7% N

this function.. The right half of Plate 10 is the magnitude
output‘of'Kittler’s absorpt{on edge detector ('F edgea’)
which c]eariy exhibi;s_]ess,edge smearing which is precisely

what he claimed for it.[24]

The output of- the auto-contoucind algoriihm is shown\in

Platé 1 and Plate 12. Only the backgrounds vary. The

-

,contour - trac1ng commands are- in a macro - file and can be’

‘ “executed by typisg '<F3’ The re1at1onsh1p of the contours

tQ the or1g1na] 1mage can be ver1f1ed by. Plate 11 wh11e the

[
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Plate 9. Difference of Gaussian Filtered CT Image
‘ L ‘

E




e

Plate 12, Apto-e‘xtnaété«‘i Contdursj clm‘bi.avnk‘ background
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éhapes of the contours are more easi]y,seenrin Plate 12.

By ' F plot’ -ing the contours onto two fields, one having a

blank and the other a CT image background, both types of

comparisons can easily be made. i

To save the contour coordinates to a file, execute

’&Sfile’, 'F save’', '&>'. After the cohtoUrs‘have'been <
extracted for each image and saved in files*?, enhance is
E g
exited.
\ {,
Premos -

« The program pPemos ¥s now 1nvoKed and used until

k]

further n%t1ce - ot

Pl

Contours can be hanua]]y'entehéd modified, or deleted
as illustrated by Plate 13. Some areas of the image are
un-traceable by,the afgorithm and w11] requ1re manua]

recihg by the operator. The usual procedure 1S-tO .

tore the auto-tréced contoubs via ' fr file’, edit
‘Tany required curves, and then 'fs file’ on a

‘Hce basis. The files w111 subsequent]y be loaded

-

b*1ocator pins of the stereotactic frame must be
;»iT@ﬁt{Zed~in the manner and order shown in Plate 14.

7/ ¢
Subsequent reg1strat1on operat1ons, both inter-slice and

between the model and the frame rely on this.

42 A macro which performs this function is available. )

% ’/\
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Display - TR S

¥

. . A complete set of curves is shown in Ptate'15 just
d < ; s

‘prior to a file-save and the exiting of premos. (Nete the

small alignment errors at the vertices of the ‘locator pins.)

rl

4

Reglstrate and Mosaic . ) o . o~
Execut1ng reglstrate <flle_pre >File regrstered’
yie]ds a f11eqwh1ch can be e¥amined by premos, as shown by -

Plate 16.. Compare the a]ignment of the locator pin vertices

“with that of Plate 15. Thée ‘change in aspect ratio is due to’

the difference between the width and the height of the

mon1tor p1xe1°. There is a siﬂﬁ]ar'difference invaspect

‘_‘rat1o 1n the v1deg camera, and so the two tend to dihcel

B When a geometr1ca11y regu]ar poéygonfjs d1sp1ayed

appears to be skewed _ - ‘ o
Executing ' mosarc <flle Peglsteﬁed"w11l create the

gquired partn aﬁd geon f11es w1thout any operator

1nteract1on. . ¢
% ?

The image of Plate 17 1s the'result of a number‘OF'

-idléplay commands which. appropr1ate1y pos1t1on the mode] d

the 11ght sources relative to the viewer, rotate the model
/

to a des1red orientation, define the colours of each part, -

and update the screen. It can be qu1cK1y reproduced by

reading the file geom doing a 'reset’ from the file

demo.save, and issuing a 'view’ command. The yellow pa~t is



Plate 14. Prem.
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Plate '17. Movie.BYU Display of 3D Model

A

1

}é}é{ééiéijMov{éTBYU Display_wiiﬁwEhhgnceq Colour
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the hexagonal prism fqrmed by fhe locator pins of the
stereotactjc'freme.. The p]ue part is the interior surface‘
of the sku}ﬁ. The red part is pari of the ventricular

/
system. 43

% ¢ _ | »

. Plate 18 shows the enhaneed colour‘version of P]ate'15:
Note\the'reduction of surface grainihess and the recovery‘of"
subtle sﬁadipg details. Note also that the yellow colour is
affected eonsiderably more- than the;blue or red by the

vincreased resolution. This;is due to the mixing of two

- colours (red and green) required to obtain yellow; the

quantization errors are compounded.

While Plate 17 takes about one minute to be drawn in
the low reso]ufion mode shown, Plate 18 requ1res an
add1t1ona1 two to three: m1nutes Macros can‘be used to
produce such views non-interactively fﬁeh interactively

determined Viewpoints and store them for future viewing.

Patient #2
A second set of CT iﬁages'was‘recently obtained.
| Theiimégefof Plate .19 is anaiagpus to that of Plate 3.
It was prodUcedeifH the macro \<muiti.8’ In these images,
ethe'venfricies are much more’cle r]erisible,'ana oveﬁ\a
widen;raﬂééﬁOf“slices than in the prevﬁpus set. In
ad@ition, a lesion is apparent in 7 of the 9'slices. an

43 D1splay of the other parts was suppressed to reduce
execution time’ dur1ng experimentation. :

-



Plate 19. Comp]efe sét of -CT images - Patient #2

Plate 20. Movie.BYU Display of 3D Model - 4 Views

ERER



03
slices 5, 6, and 7, it is clear that tfe lesion distends and

1

néar]y fills the ventric]és on the right side.
| Plate 201shows four”régultan{ dfsplay v%ews at vaﬁ%ous.
model orientations. | A
- Upper Left (field 'd’): the model is Seen from behind
‘and below. |
- Upper Rigﬁt (field 'r'): fhe inyerted model is.seen from
the front and above.
- Lower. Left (fié]d ’s’): the medel, lying on its right.
- 1;$1de, is ‘seen from~behﬁnd and above.
- /Lowerijght (field #t’): the model, s;ﬁented w{th its
ffon{ toward the bottom of the screer is seen from
vdirectly above.
The views weré writtén,)one at a time, into the four
.]ow-resolutioﬁ“fields and thén displayed simultaneously in
the higher-fesb]Ution ’6Q field. _Al] parts except the
tumour (red in colour) aﬁd the’ventric1es (grﬁén in éo]our)
have been exé]udéﬁ.from‘thé display.
Examples of the uses of 'rw display’ are.seen in
~ Plates QTﬁéhdMQQy‘ K rudimehtary'bn-screén menu is ovér]aid
.:én.a sha€§d'surfé§e yﬁew of.thé‘kumour and véﬁtricies wi th
:an orangé colouréa wiﬁefframe»VieW-of.the inner surface of
‘the skull behind them -in Plate 21. The most commanly used
dfsplay commandé can thus be executéd,ﬁgjng'the term1na1fs

cursor keys and/or the mouse®*.

44 The-e features were implemented at the very end of the
projec . ' _ a

<



Plat: 21. Movie.BYU Display of ‘3D Model - with menu

Plate 22. Movie.BYU Stereo Pair Display of 3D Model

n»
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The'abilify to invoke the operating system and di(éct
its output into display makes the production of siereo'image
*pairsf
error. The model must first be displayed so that it

such as that of Plate 22, easier and less prone to

occupies only half of the screen. The initialization .

command ‘Tlstereo -i 5 1000 35 view'*5 was followed by |

’;$stereo 900’ to produce shaded surface stereo paip images.

s
w

45 See Chapter VI-G, p;72 for detai]s:‘
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VIII. Conclusions )
. ) "') —_

The aim of this project was to oroduce a éem?-portable

¥

computer gréphics system whtch could generate and display a
three d1mens1onal _model of the_egsentIal 1nformat1on
contained in ‘a set of computed tomography (CT) scans of: the

1t
. 70.7

brain a§ an aid.to surgery. .

€ . ' ) ' '
This aim was on]y_part]y realized due to the complexity .

of the task which‘Wes not fully appreeiaétd at the outset.

The stretegy-adopted wes.to build a Foundation of functions

and programs which wqu1iﬂyﬁ

A

images and graphic_ da /s gher level functions would then

have been imp lemented, or‘eommercial eoftwére_ihstélled to

do ‘more useful work. Virtually all the time spent went.into |

attending to the details which seemed to never quite“be.

.adequately-resolved

D1ff1cu1t1es with the computer system 1tse1f were an

obstacle to progress as well. uFa11ure of one hard disk

drive imposed stringent file space restrictions. Efforts:to

sa]vage part of the storage capac1ty through cha%ges to the
d1sk dr1ver were met w1th success. 1n1t1a]ly ~ Eventually,

the drij¥e .had to be abandoned, and some_of the seldom-used

Genix system files were removed from the working disk to

free up some space. Expert assistance in dealihg with these
problems was very Timited.

Interface to the stereotactic frame was not ach1eved

:LW1th bas1c graph1cs funct1on§ ju erat1onal attention to

stereotactic details was not justified. From Rhodes [14] it

98
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kiress the detéi]s,éf manipﬂ1ating-'”°
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~refinement, however.

97

'is.seen thaththe problem is not a difficult one. The

"parameters of “the frame m1ght be obta1ned from the

manufacturer or from the present stereotact1c coord1nate
transformat1on computer programs in use in the Department of
Surgery L | N | |
Dos1metry ca]culat1ons and treatment s1mu1at1ons for
intracranial radlat1on sources or for\ﬁotrarﬁd therma]
rad1at1on delivered via optical fibre‘are not yet' .
1ncorporated"w§urther work needs ‘to be done in th1s area.
Ideally, the isodose surfaces could be ca1cu1ated and

super imposed on the 3D mode] of the pathology 1nteract1ve1y

'Opt1m1zat1on of source placement and orientation would

attempt to aghieve tota]'tumour coverage wjth minimums
eXposure of healthy tissue. Current system performance

wou]dAin%ibit the_interactive process{ ThHe images take

re]at?vely long to draw and changes to the mode] ~geom try

itself, as opposed to the vﬂewpo1nt are inherent]
non-interdctive in Movie.byu.
S : 2

At present, the system couid not be used in a clinical

"settjng.7 It may be a- good base for further deVe1opment and

£
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Appendi§ 1

The fol]owing’is'a-liéting 6f the typeé;of image processing

filters that are available to the pboérém enhance. Each of

L .
these entries is a directory in the filterspecs directory,

and contains file- whose contents define and initia]iie_theA

convolution array or kernel.

“/usr/graphics/filter/filterspecs/:

absorb/ gradient/ marr/
davies/ .hiﬁ\ matsu
dog/ hi+i/ max/
freichen/ 1o/ median/ .

min/ replace
nagao scbel/ .

ripple/ transi,l,o0,0

rmedian/

The following % é listing of the f°lter filenames in each

of the filter type directorie
. /absorb: 135.1.4  135.2
./davies: 3.x 3.y 5.x
. /dog: 1.3 1.5 3.5
./freichen: x Ly

./gradient: 5.x 5.y

/hi: 3 3 3b
/hiti -3 3a 3b
/lo: © 10 13 19
./marr: 11

}/max: | 3 5
./median: .13 15 31

. /min: - min3 minb

S.

3d

135
5.y
3.7

3d
20

33

102

.E 45.1.4 45.2°  45.E

5.7

51 55
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L/prewitt: - 3.x 3.y
/ripple: . 135 .45 oo
./rmedian: . 13 15 31 33 51 55

./sobel: Coux 2yx "x,. E Yy v.

S e



The follOWing is.a listing of the contents of selected
.yThe first']ines contain the X and y
convolution array dimensions and a scale factor by which the

sum of the}image pixel-Kernel products is divided.

filtering files
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2

~ T

ewitt/3.x

gl‘

-9
-23 -22

-1 -1
-2 -4 -8
0
-22

-7 -15

_14
52
52

-14

-1

-22 -14 52 103

103 178 103
_1.
-22 =23 -22

-22 -14 52 103

-8

-1
-24 -14
-1

-4 -15

-8

-7 -15

-4
-2

-8

-9

0

1



_— : Appendix 3

TN

The Genix command mkfs /dev/fdO mkfs.miniﬁnix‘Creates a

bootable (using ’bd’,w'dc(4,0)/9hun§x’) floépy disk which

holds a minimalist file system capable of supporting Genix

without benefit of a hard disk drive. All files are

standard LMC-supplied versiohsgwith_the exéeption of:

- /Pepnoduce/vmunix.mihi, (which was modified to make
bootdev=32 (/dev/fd0)), )

- othe source files in /usr/sys/stand/them, and\

- the utilities in /stand which supplant thé original
versions. | \ N

\~\J

mkfs.miniunix: -

" usr/sys/mdec/flopboot .down

800 200
- d--777 04 o
boot ~ ---644 U 4 /boot
vmunix ---755 0 4 /reproduce/vmunix.mini
wboot.7.645 " ---644 0 4 /usr/sys/mdec/wboot.7.645
wboot.8.512 ---644 0 4 /usr/sys/mdec/wbgot.8.512
.profile . ---644 0 4 /.profile
bin © d--777 0 4 : _
chmod  ---755.0 4 /bin/chmad ‘ -
cp . - ---755 0 4. /bin/cp .
ddt ---755 0 4 '/bin/ddt
echo({ ---755 0 4 /bin/echo
ed - ---755 0 4 /bin/ed
Is ---755 0 4 /bin/1s
mv ---755 0 4 /bin/mv
sh ---755 0 4 /bin/sh
stty --=-755 0 4 /bin/stty
sync ---7550 4 /bin/sync
_ ;ar ~ -=--755 0 4 /bin/tar
etc . d--777 0 4 | "
: dumpdir . ---755 0 4 /etc/dumpdir

init -=-755 0 4 J/etc/init
106 :



[

mount -

. ;estor -

stand d--777 0 4
. cpthem -
$formatthem -

,src d--777 0 4

Makefile ---644
README ---644
cpthem.c ---644
dcu.c . ---644
: formatthem.c ---644
/usr/sys/stand/them/forma

libsa.a ---644
mkfs.stand ---644

$ _
usr -d--777 0 4
include d--777 0
signal.h ---64
sys d--77
dir.h -
filsys.h -

/usr/include/sys/filsys.h

ino.h -
3 inode.h o=
param.h- -
saio.h ' -
$
: $
$
mnt d--777 0 4
$
reproduce d--777 0 4
miniunix
mkfs.miniunix
$ .
dev d--777 0 4 7
console
mem
Kmem
null
KnOa
KnOb
knOe .
fdo
fdOv
rfdO
. rkn0la -
N rknOb
rknOe
tty
tty07

< 107

--755 0 4 /etc/mount .
--755 0 4 /etc/restor .

Fo.
--755 3 4 /stand/cpthem
--755 0 4 /stand/formatthgm

usr/sys/stand/them/Makefile

04/

0 4 /usr/sys/stand/them/README

0 %/usr/sys/stand/them/cpthem c

0 /usr/sys/stand/them/dcu.c

0 4

tthem.c ‘ ;

0 4 /usr/sys/stand/them/libsa.a

0 4 /usr/sys/stand/them/mkfs.stand
4

4 0 4 /usr/include/signal.h

70 4 :
--644 0 4 /Jusr/include/sys/dir.h
--644 0 4

--644 0 4 Jusr/include/sys/ino.h
--644 0 4 /usr/include/sys/inode.h
--644 0 4 /usr/include/sys/param.h
--644 0 4 /usr/include/sys/saio.h

~.

---755 0 4 /reproduce/miniunixv
---644 0 4 /reproduce/mkfs.miniunix

c--622 0 4 0 0
c--6000 0 4 1 0
c--600 0 4 1 1.
c--666 0 4. 1 2
b--600 0 4 0 0
b-"644 0 4 0 1
b--644 0 4 0 4
b--066 0 4 0 32
b--066 0 4 0 34
c--600 0 4 2 32 .
c--600 0 4 2 O
c--600 0 4 2 1
c--600 0 4 2 4
c--666 0 4 3 0 .
c--622 0 4 0 0



