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‘neiq and

:\‘ . 'To ' achieve a sophli‘ati level Of
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CHAPTER 1

‘mhe' systems proér

CINTRODUCTION -y

.

A computer"network is a set of autonomous computer
.systems thCh communlcate wlth each other.. The purpose: of

thelr *nterconnectJOn is to permit interactive resource -

utillzatlon, to share programs and data bases,‘or.topachieue

i

'rellablllty and . load levellng. f R . ,j" {a

A'computer netuork-may encompass a mide varlety ofj'
users and serve many dlverse purposes. It makes avallable to .
'a large populatlon a wlde selectlon of hardware ‘and softuare.
.capabllltles whlch 1nd1v1dually, they 'could not.afford; .

From the- uSer's V1ewp01nt, a computer network can prov1de

,_0’3

access to‘ a\ rellable c0mputer f c111ty whlch' has manyi

[

speCialized ' appllcatlons. To »fﬁthe , computlng center
'management - the network \ébffbrs attractlve‘ economlc‘

con51derat10ns asiyg r 354
AP

. ‘.» &Q!

Q.spec1allzeé?%é§iﬁdat1A? L'fograms and, hardvare Capabllltles."

T

Thus for [a \
RECE oy

.,1.., . .
»reqt&ementgi aw’ computer network presents attract1Ve

4

_alternatlves ‘and opportunltles over a conventlonal system.

A\

A computer network encounters many problems 1f 1t 1s to'

r

‘functlon as a viable entlty. Perhaps the tmost» fundamental;

. and. obv1ous} of these. is COmmunication.‘This‘inVOfmés_not

‘«fpgnéang customerv_SErv1ces;

the, network 'as” prov1d1ng_-

oﬁﬂ V-asons,- unlque tof each user'v



»Lh"-—-\ﬂm, -------------- i ‘ ’ . 2 2

_only the phyS1cal means of communlcatlon but also a protocol

e . »

whlch allows machlnes to 1nterpret and acknowledge messages
‘correctly. Coupled w1th communlcatlon is the questlon of
etwork archltecture.,It 1s the de51gn of the network Wwhich
meets sotne requ1red performance spewatlons. ’ | |
.lnp'contrast to 'the former p01nts, whlch‘con51der the o
_ physxcal make-up of the network, Tthef thlrd problem. area.
”deals Hlth the: loglcal structure of a computer networh. It
is at thlS level that the utlllty of the network is deflned}
" The network's organlzatlon and structure makes avallable to
'athe user thet resources, the data bases,;and the. software.
however,va loglcal structure whlch supplles these fac111t1es
:tand.Yet remalns 4pract1cal and fea51ble is dlfflcult “to
" achieve. B . '. B

o

'fIn ~ terms of'fthe' p *vious paragraph t is. thesis

and control of a'acomputer

ratlon is a study of . resource

con51ders the loglcalﬂstruct

o

lnetwork. The partlcular cons.

el -

'sharlng among memhers of-a computer network. The objectlve

1s to attaln resource sharlngiat a‘more,sophlstlcated level

than is = urrently avallable. {-To accompllsh this - a

.‘_,

fundamental understandlng of resource sharlng is essentlal."

; . L
,Thls work ﬁis_‘ans examlnatlon of the underlylng process

)

1nvolved in resource sharlng Assertions Uthh :expla1n~ thel

Aprocess are made and emplrlcal results substantlatlng theser

7



v

',_assertions.are given. Several important -conclusions wigich.

will have a great influence on both current and future
resource sharing networks are drawn. #

"

'jsubsequent” chapters puill discuss * these points - in
- greater detail.' Chapter two .presents‘a brief outliné'and

reylew of all aspects:of computer networks. There will be a

dlscu531on of current networks and some con51deratlon glven

to areas of: current research, ‘%hapter three presents in
, :

greater detall - the problem which thlS th951s cons1ders. It

)

outllies the restrlctlogs andhllmltatlons under uh;ch-lthls
study\takes place.'chapter four inVestigates the fundamentalj
,processv off resource 's"Ha"f”ing"in~ relatlon to a computer
network..The flnal chapter summarizes the conclu51onsfof the -

-

fwork and dlscusses furSher extenslons.
[« S

In summary, computer networks represent a major part of

computer serv1ces both currently and in the futurc. Thelr
potentlal -utlllty and serV1ceab111ty _comes. f;om resourc?
'sharlng..Thls study con51ders means of 1ncrea51ng the leve;
of »ﬁresource;t sharing beyoud”'that ’vhich: is currentlyt

;practisedr'; . C &
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‘CHAPTER 2
L L ' ) ‘ e ’ R L
Y A REVIEW, OF COMPUTER NETWORKS LT
. .' ;.\.\ ' T \\ . i o . . ‘ '
s A computer network 1s “3 set -of autbnomous-:. computer
R g 'stens  which communicate uith'each;other;.The purpose of
I ’ ”1 thelr 1nter onnectlon _is to permit 1nteract1ve resource
I g§ _ ' utillzatlon, (o} share programs and data hases, or to achleve

4

:f&eliabjlity én

; oad sharing [1,2,3,5].

. ' gg Conceptuall a cowputer netuor@-mdy be V1suallzed as a
Lo . R
' o ‘ graph in uhlch edg 5 are communlcatlon ﬂlnks and nodes are

'~computers,» termlnal ,f‘and"other netuorks.- In suhsequent

S L sectlons this pr1m1t1'e notlon Hlll be expanded ' at more- -

P ; formal descrlptlon; Fol oulng th1s, several current netvorkst

Ha g?ff wlll vbe' rev1ened and. elevanq groblems 'encountered ‘iﬁn
;'f'lcomputer_networks discussed.

2.1 NE WORK_ORGANIZATION

o
s
P

- o TE ‘ o
elements; which define a -

In general there .arebAfiul

]

K

network topology, 'coutrol,' ommunication, ,nodesf dnd

3 . .
1oglcal structure. The. f1rst four a'e the bulldlng blocks of

= S Aof the,netqorkq

o 2:1.1 NETWORK TOPOLOGY

° .

The .topology of a network is the configuration of nodes



L T L
and.'linksl'ihlchl characterize . the network. There are
essentially .three. types-ﬁ(1) star; (2) dlstrlbuted and (3)
‘ r1ng (see Flgure 2 1).\The star conflguratlon is represented‘
by a cogmunlcatldn structure in ahlch all 1nter npde trafflc'
‘ passes through a central sultchlng 'node. Thls of course:

glves hlgh utlllzatlon of the data 11nks but is susceptlble

to saturatlon ;,nd sacrlflces rellablllty ~[6] ‘Ln a

distr 1buted~—topology—the—inter-node”lrnks—are“more*general

wTher§; .less. sharlng of 'c1rcu1ts, wlth ’ 1ncreased:
,: reliahility and flexlblllty. ThlS is a. natural consequence
of the greater connect1v1ty of the network as-\a whole. If
each node is dlrectly llnked to. each other node, the networkh
is. sald to be fully connected However 1? 1s more common to
p'r'o_vide a?’ least- two but not- a_l_l N po.551hle._.paths " between
~nodes. A ring. netHOrk-tmaY -be' coas;dered a,subcaSebof_a
dlstrihutedf network; However'iﬁts unique g.coannication

serves' ' delineate vthe:two claSses._In a rlng

topology, communlcatlon 1s only in onei dlrectlon 'and is
usually multlplexed 1nto slots whlch a node may "clalm" and

use to‘transmlt messages.

}n summary, the topology of a network deals” only with

@"the- relatlre» p051t10n_ of" nodes ‘1n the network. It 1s of;

'N

-gréat 1mportance 'in'»determining the rellablllty andA

performance of the netwofk. ‘~j‘
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2.1.2 NETWORK CONTROL

Network cOntrol ‘is concerned wlth the overall

performance of the network There are essentlally two types.

“1) centralized and (2) dlstrlbuted A centrallzed control

structure is one in wh%ch a sxngle node ekercises ‘authority

over the entire network. \In contrast, a dlstrlbuted ycontrol

function. has the control algorlthm embedded in each node of -

~between control structure and'topology.'

the neﬁworx.‘ There  is not necessarily any relatlonshlp-
v N .’ ' s ’ »

The .priLary-'control‘functions are: establishing node:,

to-node links; creating; ‘breaking.. ‘and . maintaining
. - A\ :

L

‘connections; ensuring ' that messages are correct and in

.

sequence 'when ‘they . .arrive; monitorin? and adaptlng .to'

Acharges in netuork conflguratlons due to fallure of hosts or

communltatlon‘ llnes. Another 1mportant functlon is 1m flow

'cqntrol, that is, routlng messages through 'the, network .to

av01d .congestion “and vprov;de grapeful.jdegradation of an

overloaded systen.

~

part of the control functlon also includes monitorin

‘and malntenance. Communlcatlon 11nes and node 1nterfaces are

tested at perxodlé 1ntervals Aﬂto: -determlne. ‘their

. e

serviceability;* In addltlon, statistiCS' on . network“

}utilication nd performance ‘are taken for- future analy51s

and improVements. A more.statlc_aspect-of network control is .

SN



the de51gnatlon og pro%ocol -- that.ois,' establ'shind‘ a

‘procedure by whlch host% may communicate. This would include

- message address1ng, fornat, and acknowledgements.

‘_~of'the‘network entity.

\ . \ ~. .
: . A \ ‘
- In summary, the \jurrsdlctlon \oE\\network; control

-

,1nc1udes those functlons which affect the smdoth operation

F

2,1.3 COMMUNICATION

¢

»

=T 1t lS ‘shunted from node to node untll 1t' arrlves at ther

-
N

‘message—sultched or c1rcu1t sultched.

‘Since thé. ovérhead can, be larg

l the messages and then forward them to the next node

‘A

y [\
of a c"?eputer‘ network is the

The c&nmunlcatlon elemen

phy51cal means of" 1nformat10n 1'tercha ge. This may include
dlgltal or analog transmission on a wide varlety of devices;

twlsted“palr,- coaxlal- cable, m1‘rowave, radio llnks [65],

etc. Although a netggrk may use man communlcatlon medla, it

1s usually homogeneous in vits us of channels, 'elther

O . N ’ - .
. _ _ ™ O S
A circuit—suitched, channel 'is’

.direct 1link between

source and destination for the 4 of vthe ‘ message.

-Only fo;k long messages."i traSt, he more flexlble

message sultched channel 1s usually a dlgltal

nodes., A message is placed on the commun1cat1 n c1rcu1t and*

(N

is orga ization is useful;

llnk between E

destinatlon 51te. The 1ntermed1ary nodes tempor rll} v&oﬂb .

r/ - :

] ’
3
- ’/

Hhei ﬁhe;
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o . , K 9 =
[} K . v ‘ | ‘-

communlcatlon channel is free -- hence the term'y"store—and-

forvard" Thls format"'s eff1c1ent for short 1nteract1ve
messages but can be cumbersome for long messages slnce they

. . must be split nto small packets foor transmlgglon, then

‘reassembled. at. the destlnatlon.' $ "
. .
slgnlflcant c0n51derat10ns 1n the communlcatlon element

.)

are error rates, dlrectlon, speed, and setup tlme of the

s . @

T \11nk. Typically speeds range from 60 100 bps to 50K DpS vith

N
'"'l;th errdr rates of one in 105 - bits [2]. In °any case the
xS o .

ar,
r’ffn:” ‘ commun1cat10n element is a critical factor in a network.~.
'\v',".'t“ L. - .
TV 20 NETWORK NODES . \

_Thé noges of a netvork are the 1ntersect10n pofhts (or

terminati points) ‘of one or more communlcatlon lmnks.,t-

hlS context a node may contaln a computer system, a |

‘user termlnal, ano\her netuork, or a data concentrator.
’ AT
oA

. : :
Opbvidusly a major component of a node is the computer

systenm, (often referred to as' a host). Computers 'in“ a
netmorh m:y be rhomogeneous :(identical)- or.heterogeneous
‘(different) The problems of program moblllty, file handl1ng*'
.and data translatlon are greatly reduced in a homogeneous

network. On the other hand a heterogeneous netvork can 6ffer'

complementary ystems to the user, for example, hlgh speed

\

production and 1nteract1ve edltlng [28]

5)'-
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The 1mportant p01nt in any node 'is the cOmmunlcatlon
i &
115" regardless of the contents of the nd@eithere .nust bq

SQEe support for the communication linesfaf;nlcomputers with

\'4¢?v yost are the.

thelr speed, rellablllty;'flexlblllty,lg_‘ﬁ
usual choice- for 'this’ support. Employlnq a mimlbomputer aﬁ a.
.front-end to the network relleves the burden-of-theAnetwork v

1nterta¢e and protocol that vould otherwlse”fall to the host

cem,pu;er;s_yﬂste_m' In add1+1nn it temdq ~_to make j:he

‘:communlcatlons network 1ndependent from.the-host,;théreby

— it

. ’

enhan01ng rellablllty [181]. ' o I .

L
4 4
AN

R

As has been mentloned a node may be some type of 'user e

-

7term1nal. ThlS_ embraces. a wlde varlety of dev1ces from a

s1mple teletype to a remote job entry statlon [7]. Support ‘7“'j

© for thls terminal can- come elther from a host computer
;.

system or from the interface minlcomputer. In_any,case thls
. node is 'a consumer of - network services in contrast to a =

host, which provides services.

A node contalnlng a 'data=-concentrator is 'msdali;' a -
-‘:major swltchlng centre des1gned to multlplex many llnes onto"
one or. two. A typlcal appllcat;on 1s,for a~concentretor tk;gf;
interface remote dial-up teletypes to the /computer jmetvork ‘
:[26J-' They may also be used to dlstrlbute messages and vork

among sever%} hosts.

N 4
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The concept of a node belng anotheﬁ;'net‘;ork can ‘occur

‘e

%n twvo forms.’ Thls network may be a*‘subnetwork assocxated ’

L4

with the host computer at that node xor it may ‘%e a ,v:.abl‘e\
network entlhy in . 1tseLf. Obv10usl o to *xnterﬁace the
o . . ‘ \ o,
" networks, there mfst - be SQme con51deratlon ‘given to -the

unique attributes of each [37] R p

. . . E ) o : - R ) ©
_I'nv summary S a- node . may be a cgnsume@ Qr suppller (or '
- _ N R

bo t h ). o f net work_qompmtlng_p o wer._A&—consu me r——ma y—be—am Y

.

' user, host 'cou\puter .or networkﬁ’ ancl‘ ‘a sqppller may be a‘ .

computer or a ne‘tworfl(‘. i v o . L

. IR Lo ey e ”
2. 1.5 LOGICAL ancu;,unE Lb i A T

The prev1ou£ sef::tlons ghave dlscussed the topology,'

'control communﬁcatlons and nodds of a network These items =

LRA

ae,flne the phy31cala structure‘ of  the network, a its

composz_tlon, N aﬂd 1ts 1mplem.entatlon. They do not, however,' '
\ 8 ’ ! .
'reflect the loglcal organlzat?.on of the network. .T'he' abovef‘v-..
‘attr}_h"utes ,descrlbev how the net&ork operates but not, for' SN

exanpie, vhat the messages contain or: thelr utlllty. ‘The
'1ogicel organlzafloh “of a3 network deflnes the functlonal
capabllltles of the nétwork that is, what’ :hef‘user vsees,
when he glews‘the network. | | | o
o'ﬁetworkskﬂbmey..‘be.':ciassified ;into; four' genera;
,.categoriegt | | | B

oS
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(f) SPECIALIZED -networks which prqvide-a specific service.

——-—-———-—-——

Thls typ of neswork prov;des the user with a limited

_capabaélty directed toward some spec1f1c type or class of .

'problem, A tYPlca\

[6]. In elther case the - user:-has a severely llmlted" set of

"

L serv1ces he may request from the network

)

/

example would be an- alrllne reservatlon“

system ~or the f11e transport subnet of the 0CTOPU$ networkuwu

-networks»‘which allow user access to a '

2 A network of this type is ‘logically ‘(and phy51cally) ;

structured ‘as a tree 'W1th users as leaves and the host‘v

' computers as roots. The sole\purpose of thlS type of network
1s to as51gn users to machlnes. Host access can be . exp11c1t,
o

the user .reguestlng a spec1flc host, 'or 1mpllclf,‘ tne

’

network assrgnlng the user to. a host. In_any casevthere is
'only mlnlmal host~host 1nteract10n. TYMNET [3],; CYBERNET
o e[14] and GE Informatlon Serv1ce [3] are typlcal networks :in

‘ﬂ

-this- category.

- - “.'  :' ]

'power.' « .‘i‘p ' . -}

In thisﬂ,enyinonnentl. host 'JcomputerS' collectlvelY.4

(3) DISTRIBUTED -the network is a- 51ngle source of computlng .

' cooperate . through the network to . prov1de service to the -
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r;user. The user 1m turn v1$ws the network as a- single large'“-
‘.computer _fac111ty. TUCC [24] and DCS [22] are examples of

- this organization.

\‘ ) .
N : ‘ .

ThlS type of netuork does’ not have a- de51gnated 10g1ca1

'organlzatlon- rather, 1t is very f1e11b1e 1n nature ‘and - can.. -

'7_,1nclude any of the above structures.< It is prlmarlly a

%

-capabilityuto the user.

-f(1)'ARpA'

research tool to 1nvestlgate network design and- behav1or.

ThlS is the case in the ARPA [5] and TSS [25] networks. .

‘The 1logical  structure fof'ajcomputer netwbrk reflects .

the functional purpose of 'the network.; Uslng topology,

l‘comﬁunication, control, »ahd_fnodes as bulldlng blocks the

" designer structures the network tohprovlde some functlonal

'
,

./

©.2.2 CONPUTER NETHWORKS = . .

2.2.1 CURRENT NETWORKS

.

char\fterlstlcs of a computer network These attrlbutes vare’

reflected by some of the networks in use today.v_'gf-”“

. \
RS

4

The AdYancedf Research Projects'Agenoy (ARPA) f1,ﬂ,5,]

The preV1ous sectlon has outlined sone Of'the basic -

b
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‘network"is an experimental 'COmputer - network j01n1ng

university' and‘ research centres. Its prlmary purpose is to

hlnvestigate cOmputer networks as well as provide serv1ce to

“the 'varlous research_ centres. ’ ItT is '.composed,vof

apprbximately:US host centres'which-are“locatedu throughout

”',the‘ United  States and elsewhere. These host centres are

@

“;connected ”in a dlstrlbuted fashlon wlth wat leqst two .

]

alternate paths between each host ' j

»

. The - communlcatlon section,'of -thg netwogk forms an .
: -
autonomous network on 'its [15 18] Thls network is

- 1ndependent~_and t ansparent to the;host computer centre. It

"_1s composed of 9 and 50 kilobaud leased phone llnes 'and'ia

mlnlcomputer, ‘call‘d- an 1nterface message processor (IMP),

'which‘perfdrms message sw1tch1ng.p Thus ‘a‘ host. passes 'a,'

: message for a rem f H“st tb the Inp Uthh then sends it to

S e

_ the remote host's IMP, thenCe }to 'the, remote- host.’ The'~

1nterface message processors ma1nta1n dlstrlbuted control ofp""

v,

the communlcatlons— network [20 21]. Control_ is adaptlve3

/

:51nce messages are sent, to 1ntermed1ate IMPi along the

shortest path (in tlme) to the destlnatlon IHP. Thlstpath

changesv dynamically ‘Hlth loadlng Aand errors ; in,f“the'

_communicatiOn‘ 1ines.” As well, malntenance and performance'

A'logglng by the IMP's can be done from a remote locatlon. The‘

.max1mum message size 1s 8000 blts, whlch iS- broken vlntoi

‘,1000 bit packets by the IMpP for transm1551on throughout thee:,

e .



‘ f‘netvork. 51nce each packet may take a dlfferent route ~“and o

) o
arrlve _in“random order the destlnatlon IMP reassembles the!?

packets and glves,‘the message to the host ‘system.uaThehy
~maxrmum ‘transit time -for messages end to‘%nd through the

network is 0.5 sec’

The'nodes are“composed -of -heterogeneous machlnes "or

user - termlnals. If ‘a node con51sts solely of termlnals e

“spec1al—termrnai“TMP”Of_TIHP“_fﬁ9] prOV1des the necessary

~ terminal support., Howeyer, if . thE’ node. contalns a hostvv
’~computer+ fthe local *machiué' provldeS' thejunnecessary.
assistance.e. The host computers represent' nearly eyery S
.'manufacturer and type, the most ‘notable member be;ng;~theh
.ILLIAC IV [1] netvork. contrQl program at éaéh'hbstﬁ-
prov1des control 'ahd“ monltorlng "of?‘indrviduaitlprograms}

'assoc1ated wlth the network

P

The 'ARPK network 1s by far the largest and best knownu

research orlented network.‘
,(2)".’ DCS ‘

tThe Dlstrlbuted Computlng System (DCS) f1'135]*5"" an.
‘.experlmental computer network belng developed -and bullt at
- -the. Unlver51ty of Callfornla at Irv1ne. Its purpose is‘ toJ
»‘serv1ce small- and medlumbscale computers and yet malntaln'r

. 1ow cost for both s‘art up and expan51on,. rellahrllty,-,andv:
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easy addition of new .services.” ... - ' -

G "";&f O | '
To achleve these goals, ‘a’ ring topology was chosen

[23]; he r1ng cons1sts of a' c1rcular communication path

-» -

_NOdes ‘are attached to the network through a r1ng 1nterface.-
The processors are homogeneous mlnlcomputers. Communlcatlon
"'lS accompllshed by the rlng 1nterface acgulrlng an avallablé'

B . QO e
message slot and plac1ng the message on" the rlng All

7

messages are sent to processes rather than processors.. _Each_

L

rlng 1nterface reads any message sent to 1ts processes.'"

"
»

'Contr01. is dlstrlbuted throughout the network wlth a

_network support program 1n each procéssor [22] Each node off

Te oy
‘the system spec1allzes 1n some. partlcular appllcatlon..vFor*

'example,_cone node may support dlsk flles vand._dataset
fnanlpulatlon;hwhen'ahijb””arriues tat the netiork“‘it is

assigned uto the node whlch can prov1de the most eff1c1ent

UService; A notary records the act1V1ty of 5serv1ces- wlthlng
the network ‘The - unlgue communlcatlons structure fac111tatese

: the dlstrlbuted loglcal organlzatlons of thlS netvork
. _— . ‘:' B 0 .
. (3) MERIT o
CoT Rt oo

.Th' Mlchlgan Educatlonal Research Informatlon Trlad:'

(MERIT) [1 10 11, 12] network 1s a network effort by Mlchlgan

\

'State Unrver51ty, Wayne State Unlver51ty and 'Unlver51ty -of‘

aym

fMlchlgan - to ‘sharem the, computlng_ serv1ces vof ‘the three_ff
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schools. ”di‘ o ,
| S _‘ ‘ DR F@n ‘ .

Ihis:' fnlly ‘connected but ‘distributed network.
Communioa LS through dlal-up lines and minicomputer
1front;ends. n co'trast to the prevaous networks this is a

c1rcu1t swltched ‘network. Mlnlcomputers acting.as network

Q

'1nterfaces perform the necessary control functlons. The host -

?.computers are two 360/67'5 and one CDC 6500

"The objectlve of ‘the Merit network ‘is to allow’

L Y- TN pairc oﬁmpnocesses tobe connected, -The purpoSe',

) of the .connection’ is +to @llow records to be

';transfered between .the connected processes. The
connection is a duplex, logical path between a R

- pair of ‘pProceéssors. Only one connection is

allowed between ‘any palr of processes in the

initial - 1mplementat10n _:.... a Master/Slave

relationghip. is ° imposed on the  connected

- processes so”™that the record traffic ‘is
- manageable." [12 P65] ‘ : o ' .

y - ' = . :
\

W Tucc o R %

[ ¢

-

ﬁThe; Trlangle Unlver51t1es Computation' Centre (TUCC)

- [1 2u] network is a joint effort by ‘Duke, North ' cCarolina

-aﬁtState and North Carolina Unlver51t1es. The network topology

1s a. star organlzatlon. Ihe remote. nodes communlcate Hlth

Ead

. .thef central node, whlch is also the major computer fac111ty

"for the net orka. The remote nodes are 360 model 30' -and

"'UO's- aﬂﬁ~ the central node is a 360 model 75 wltb LCS The
;'“remote nodes do some batch processlng but are malnly engaged_

"1n transmlttlng jobs to ‘the central processor. ‘Since. the

1

'»network is composed of . homogeneous machlnes, problens of

R

. VZ?". -"‘._:l' . .' o .' . " ". ‘ . .."' M

R

—

el

4
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‘ comnuﬁications and control are greatly regduced.
ot

qu. three_subnets_each_performlng—

v - - \
. N

e 18

(5) "0CTOPUS

'The OCTOPUS . [1,6] netuork is an  inhouse computerl

facxllty at the Lawrence Berkeley Laboratory. It is composed

Lﬁtransport subnet to access the user's flles.,'

flrst is a fully connected but dlstrlbuted ‘teletype subnet‘

de51gned to connect termlnals wlth tlme shared hosts. The

v

second is a centrallzed flle transport subnet which prov1des i;

the necessary f11e structure for the entlre: network. The .di

thlrd is a centrallzed remote job entry netyork. The nodeS'

of the nétwork are heterogeneous (CbC 6600'5, 7600'5, Slgma-

(6) CYEERNET
P 17

.7's and. PDP 6 s) computers w1th tlme~shar;ng operatlng

_systems.f‘There are no direct hostftoéhqst'links- Rather; a

user ‘at a ﬂterminal, thrdughﬂ'the 'teletype‘ netuork, “is

a551gned5 t “a host computer. A host computer uses the flle

\

: , 2 "J
0 B Y :

The CYBERNET [1 1&] netuork is a commercial network .

whlch ‘links: Control Data Corporation!s data centres. The

a

purpose of the network is to;fprovidef‘reliabilitj, load’

.leveLing; ~and - better utilization' of 'computlng centre

“ﬁanpbaéi~ as well .as . supplylng customers .Hlth avizwide

selectlon of fac111t1es, and shared progtams and data bases.

Sy,
c
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' CYBERNET s a distributed network in both torology and
con rol Communicationn is ﬁnessageeswitched and 'circuitf

swl ched. ..The_:»netuork ‘contains a  wide variety"' of

'".'com unlcatlon deV1ces, 1nc1uding hlgh-speed dedlcated 11nesv

slow-speed dlal-up connectlons. fA' user termlnal is

v n e sy ae

“to

Tconnected +o the communlcatlon system whlch, jolns elther a’

,concentrator or a centr01d. The concentrator 1s prlmarlly ab
”message—sultchlng centre, whlch dlrects‘ the user to the_
5.;centro;d whlch jcan pronide the desirea' serv1ce.:'The.
.cen£r01ds are the major workers of the netvork. They con51st
'7_of»CDC 6600's and 7600's. - A centr01d functlons SLmllarly to:
a.jconcentrator except that '1t contalns ‘a‘ma]or serv1ce
conputergJ{ e - o T
ThlS network is a. typicais‘erenple~‘of a “ :ralizedrt
“loglcal organlzatlon. The - purpose of the netvork is: to: allow‘

‘user access 'to ‘ computlng -centre, and ﬁor thlS reason,’
communlcatlon 1s user to host.,By serv1ng tbe user through

. .the network v1t is relatlvely conVenlent to shift the‘us%f

o .

from centr01d to centr01d Slnce the processors "gre
'“;homogeneous thls is7 transparént to thep‘user;_ Thus then
network prov1des thgﬁf“ilablllty and flex1b111ty requlred '

td

f,for load sharlngréﬁ
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(7) TsS , o
. e o

The TSS [8 1 25] network is a collectlon of homogeneous

machlnes whlch re llnked as 'a’ network Thls network 1s:

\.r

sponsored by IBH and several of 1ts customers,'each w1th IBM

. 'k'

g360/67's operatlng under TSS/360 Slnce- each -host of - the

' network - is .1dent1cal, program and data»3shar1ng are
-relatlvely easy. ‘In addltlon it is easy to modlfy and changeyl

the network since one change wlll alter»allrnodes.

. Ay
.
\\\

_The :network ris dlstrlbuted } both topology .and .
- contrOl.f:A"network command 1nterpreter interfaces the user'
(andf thus the ‘local host) with :.the ‘remote - host.
.Communioationiiis through c1rcu1t sxltched dlrect host -to-
host data llnks. Control functlons are re51dent in ‘the TSs.
operatlng' system.; Although the netuork,ls homogeneous some.

nodes contaln subnets.
;sy-TymNET

The TYMNET [3 26] netwdrk"is 'a' commerc1al netwomk::
de51gned ‘to prov1de 1nteract1ve support to a remote user.-.

_‘The netvork topology is dlstrlbuted \'but control .is'g

~centrallzed ‘The netuork controller re51des as a normal ‘time -

"sharlng ‘user «on‘ an XDS 9&0 : There ,are three dormant»

controllers,' one *of~ whlch isf awakened 1f -the' actlveﬁ.

' controller_ fails. Although most of the hosts are XDS 9uo~
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there are also some PDP-10's and Varian ﬁ20's‘k@ user dials

* into - a communlcatlon’ processor, a .mlnlcomputer,“which :

provides . support ,for the~ terminal The communication

proCeSsor has a mesSage svltched, store-and forward

3

~"'organlzat10n. The functlon of the controller is to establlsh

\ :
.a path or vrrtnal__chénnel__through__thev—netuork——to~—thewme—_e

: 1o ° 2 _
approprlate CPU. ThlS path’ ‘is fixed and provides' lowiy_
‘overhead, eff1c1ent comm n1c1tionﬁ:Theihost‘machines of the:

[ : . L

pnetwork are heterogeneou N o E .. N

-~ (9) GE'Information Servides

v

The  General " Electiric- Information"SerVices' netnork-_

[3,27] is designed: to allou*»remote user access to. a
conputing centre. The user terminals. are 11nked to a remote
»concentrator thCh performs the’ necessary bufferlng and‘

" support. for tthe user's termlnal The remote concentrators

t _
_are 11nked to a\central concentrator vhlch then 1nterfaces

-

to .the computlng fac111ty or to a. sJﬁtchlng concentrator..

¥

AThe swltchlng concentrator is ;lrmked to another central
' 2

.concentrator. The communlcatlon path between concentrators~ ’
ey dua\l 4800 or 9600 bps . full- duplex llnes.  The
,communication philosophy is store and foruard Jmessage- '

~SHitched' The central *concentrators are respons ble fdr“ :

. i , e
:dlrectlng '“the iuser' 'ﬂmessage _to »the .computer systen NN

'icontaln;ng his ID and files. cControl - of_'the’.;network
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-,essentlallx re51des in the“central conqentrator{ These

. 1 .
mlnlcomputers monltor the trafflc on a partlcular line ‘and

durlng network down time can reconflgure to  improve
yﬁtilization.f ' ' - B ' R ’ !
(10) IBM NETWORK/440

1

.

The “IBM ' Networksu40 [9,28,29] is g : heterogeneous
%twork of éonputers designed to study the problems

assdc1ated wlth networklng.. ~ is Sprincipally tlocated at

SN

IBM's J. Watson Research Center. The topology and control of

the network is centrallzed All network jobs ‘are sent to the

-

central controller. Thls 'controller 1nterprets the user s
'vnetwork command 1anguage »and sends " the 'job -tov the
approprlate machlne. Communlcatlon .is throngh ;ZLHOO'and
IBO 0CcQC- bps half duplex llnes. The conmunlcatlons -subsYstem"v
at ﬂthe\‘eentral node».acts as"a store-and forward dlgrtal-“n_er

‘  switch for messages in the network. S - dﬁ R o \

<

an: OTHERS

s

5% ~-

i I

The above _sections - have ﬁshmmarizedf the significant

v e,

-:Characteristiesi' and eomponents ,d: soneeiofjfthe_ major
networks;‘Tnere"are also 1arge numbers 'o‘;-leSSer<known.‘
‘networks. Some of these‘are spec1allzed networks deslgned
'Afor one sppc1flc functlon whlle others ‘are research orlented

-.4/‘ . ) ., Y
' S
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The Natlonal Assoc1atlon _ of SeCuriti‘es~ Dealers

"Automated Quotatlons (NASDAQ) System [3] is de51gnedvto glve

up- te- the mlnute »bid ~and. asked prmces-.of 'securltles..

ooy

\ . ,‘,-,.,

Slmllarlly alrllne reservation systems are designed

prov1de a conversatlonal real t1me 1nformat10n system. These

»

are only two examples of”many_such—speCLaltzed netvnrks
: \

-‘systemvat‘the Unlver51ty of . Toronto (32] and the 'MISS

.project :[31] ‘&t ‘the Unlver51ty of Chlcago. The former is a -

-'communlcatlon ring whlch allows the. 1nterconnect1on of

computers, perlpherals, and termlnal. The MISS prOJect deals

w1th prOV1d1ng a hlerardhy. of computer support “for"

mlnlcomputers in a laboratory env1ronment.

There are of course many planned networks.‘ Ofirthese:n“

| CANUNET [30] 'is the j major Canadlan proposaleunder

con51derat10n. Its purpose is to’ promote Canadian industry

in the development and manufacture of. netuork components.-

,The major users are to be Canadlan Unlver51t1es, hopefully
a-reduc1ng the cost of compute§ serv1ces. It 1s patterned very
closely in hardware -and software after the ARPA network in

the United States.

some researchéoriented- netuorks' are. the Star Ring -



| 202.2 NETWORK PROBLEMS

The previous sectlons have glven a br1ef outllne of the

structure of 4 network.}and .a review of some- ‘current
'networks;_.During that discussion‘ some of the prdblems

ﬁencountered 'in netuorklng 'were noted.. A more’ formal

treatment of these problems wlll ‘now be con51dered They can

be cla551f1ed ‘1nto‘ three‘ general areas-' archltecture,

‘cmmunication," and control;. E o ' T o
. (1) ARCHITECTURAL DESIGN . S «
' The architecture of a network is the specification of -
nodes " and »communication links: between -the nodes. " .The

) > ] B

de51gner's goad as, to construct the optlmum‘ network for "a

partlcular- appllcatldn ESG].c fhe regulrements .of,‘anf

1nteract1ve network are far dlfferent in terms of. response_ill."

Utlme and message 51ze “from those ,of a remote job entry
"netuork.~,it isp_-usual - to spec1fy 'some performance'

L r
‘requirements jin terms of message delay and a flxed max1mum

*

‘ecost.-The (optlmum) netvork 1s then de51gned to Ameet ,these-

requlrements.

'Th parameters »whlch the de31gner must con51der are,'

>

- for example. cost, speed error' rate, and duplex/51mplex

...connection . ln/'the communrcatlonflinkﬁ'setup tine and node o

‘delay;‘att,each‘ 1nterface:;]message s1ze, i prlorlty ;-andi-



. - 25
ve’,‘."w' . .

quency‘,,of ‘transmission;' and ;routlng 'in' inter-node
ggmunlcatlons.vlt is: generally agreed that ‘the;,ngmbet of
thel problem unacceptable for .integer

‘sis;‘ 051ng heurlstlc | algorlthms .some

. SYRLhesis.

"modelimg"and simulatlon to arr;ve at " a sultable de51gn'figf

:?t

at;xg__&ppnoaches__lnclude__statmst&ea144—4—4

.[3&}&0)» Hd'bver »thereg “no general cowputatlonally."

D : o N
efficient solution to’ ‘the problem of network analysls or

-

.

. (2) COMMUNICATION - \

Communlcatlon is one ‘of the most 51gn1f1cant aspects of

a computer netvork Eff1c1ent operatlon of the communlcatlon:

;process is cr1t1cal to the performance of thé netuork

..!- ,
B ]

The most . elementary consideration .jis?“i"-‘avj ~ suitable . -

l‘,Communications protdcol ‘ThiS‘Ais the] establlshment of a‘;

€

prescrlbed method for- acknowledgement of messages. “In thls
Bkt '

-' ,regard the most fundamental guestlon of error detectlon and‘

»handllng arlses.  AJ message may "be garbled  or. entlrely;»fv

'mlss;ng The problem_then is’ to deflne an eff1c1ent strategy"

for acknouledgement and re- transm1551on of messages as welltf»;"

as hoy:to.maﬁQlefthe<fa111ng llnk S
iIm_a\stote-ang-formatd;tmessagefSVitcpedlnetﬁork itl“is

[ L.

7



s ’ ' 1
often neceSsary to break a long message into several small

. packets for transm1531on. "This 1mmed1ately ralses_' the

. - gquestion of’ packet. sequenc1ng and message reconstructlon. :j

 ‘since the interface message processor has llmlted memory.

‘.Capaolty :it is_ conCeivabled“that'. segeralf.partially

. reconstructed. messages are ' presept but"neither' can be,{f'

completed due to, 1nsuff1c1ent buffer ,space.‘Therefore‘a"

. suitable algorlthm- must ensure that a -message can 'be

g reconstructed correctly" :In _addltlon ‘there .must.beHSOmef‘““"

means of 'detectlng -dupllcate packets _or -mesSages: .Tbisru
;probdem 1s tuo fold; the flrst con51derat10n is that packets

may be 'dupllcated by errors in the network and so . exlst 1n'

: sevﬁpal dlfferent nodes only to arrive at random 1ntervals.l'
ffhe vsecond aspect »is; that, snnce the message 1dent1f1er‘
_'space is flnite,’there must be a';means for‘ dlstlngulshlng -
“betueen‘f dlfferent ) messages with?ljhee.same fldentlflera

>(18 19, M 37] Y

.'Efficient ‘routln i‘strategies'Fand “flow . control: are

ha¥

I

;.further questlons pert'lnlng to 'mesSage bswitching.;nThe .

?regulrements :of these algorlthms are‘e to 'malntaln ‘a

ﬁpredetermlned level of petformance under normal‘loads whlle:

)

degradlng gracefully w1th heavy loads. They are compllcated,

f the‘ "bursty" 'nature of tele trafflc and faults ‘in theii‘

.;‘communlcatlon 11nk ThlS problem has been formulated both as
R TR
‘,;a~ heurrstlc aigorlthm [35] and adaptlve flow control |




ts

[18,21).
fDealing 4with the actual communlcatlon llnks, work is. -

belng done on the allocatlon of channels to serve a varlety
"of traff1c4 hav1ng dlfferent mesSage lengths and prlorltles g.:m‘
[2]. In addrtlon some studles [36] have been concerned with
_—féés—éénetwork———rel&abtllty——analysrs~"—Thrs——iSN"determ1n1ng——the‘——“‘—
-re11ab111ty of ‘the network from-,the. communlcatlon:-far;urei?
rate;.. A; guestlon of" cdn51derable f 1nterest is*-the
'establlshment of a sultable protocol ﬁor netvork to network

llnks. More generally 1t 1s the problem of 1nterfac1ng twof

heterogeneous networks [37]
'(3)" LOGICAL  CoN TROL -

vLogical;controlris thertprotocolifwhich ymaintains‘;thefi
'iogical."structure'fof the.“netnOrk _‘fhié ?islfai-prohlemr;'. ‘
hbconcernlng the 1nterfac1ng of heterogeneous Oi» homogeneays
"hoperatlng systems. to. promote symblotlc.cooperatlon. As yet

there 1s no sultable hlgh 1evel protocol to fa0111tate .thrse

relatlonshlp.‘

,iThis‘,problem 'may be Spllt 1nto three subproblems' (1)'
'resource'sharing, (2) data. sharlng, and (3) program sharlng.‘fﬂf

Deallng w1th the flrst, there is no . accepted v1ewp01nt 6n-;-

K}

.Qelther- thev mechanlcs or the structure of . resource sharlng.y

- JThere is ho agreement on what resources are shareable or how S



-1

A they wlll appear and be controlled [15]." Nor;iis' there any§,_"

-
1ﬁﬁ1catlon of ?n acceptable level of resource 1nteractron.

[ Data sharing has two’ facets. The flrst is. spe01flcatloni
"‘tof\\iata such that it is mach1ne~1ndependent.- Thls is
' ‘espec1a11y hatd uhen accountlng for machrnes -of _dlfferent

-word 51zes and. formats [39]. The second is flle sharlng.v

SN

'mhrs notlonwallous hpst access to a remote flle.- t can be
-dynamlc _access‘uln the case where the f11e remalns re51dent;

at- the remote statlon or 1t may. 51mp1y be access to ~copy the“

+

'flle. In elther, ase there !are problems.,ln' transiatlnga‘v

#
betveen the &ata-méﬁagement schemes of two systems [38]
: "3 -'53" . - o .
Ty ot

1nto two facets. The flrst 1s program sharlng 1n ~the senseﬁ‘

C e f

fﬂoff-a; user u51ng -a 'progran re51dent at some host. Thas »

‘The 1ast sectlon,v program sharlng,jcan,also be- spllt

'11mp11es lmplementlng the neces%ary structure to allou thef”‘

user ‘to monﬂEor ,and control the program. The second lsbfy'”

“program moblllty. It 1s very rare that even ‘a. hlgh levelsf S

‘.Program can' be moved ho 'another 'envmronment and*stillf

complle COrrectly. ThlS 1s

.

'1nd1v1dual compllers.; One Aapgroach is to edit. the program.“

-~

thuhen it. 1s transfered [28] uhlle another has been to provrde

a ﬁun;versalﬁ language [QJ,HZ]g .

I

‘:rthe 1dlosyncra51es' Of'

0



o CHAPTER '3 B
.THE RESOURCE-SHARING PROBLEM *

In the COntext’.of’ camputer netvorks ’there ‘are a .

£ . : . ' o .

*unexptore&¥e—~f—

.

"possibilities. PreV1ous1y some of the problems encounterea

“in. archltecture, communlcatlon, and controL,were enumerated.

S

Slgnlflcant research efforts “aref:under‘fwaywin'ali“these

\

B areas. The mostlnotable results in. both -archrtecture ,énd:

’ communlcatlon have accrued through the ARPA network project.'

st

However _very 11ttle has been publlshed concernlng netuork*

LA

control and resource management.”Thus 1t seems reasonable to

v

'-',explore' some of the guestlons encountered in network“,:‘*&

control, spec1f1cally resource. sharlng among nodes.:J-

In its purest form, resource sharlng is the 1ntegrat10n,

”‘dfj all computlng resources 1nto a. 51ngle unlform entlty. At

-

thls level, programs ceh be dlstrlbuted across -severel,f 

» machlnes, u51ng those resources whlch sult thelr needs. Mofe,'

o 'exp11c1tly ‘*there _are three areas;_ofi-sqperyrslon' thatﬁ;

comprlse.)an operatlng system'7 resodrce’:hcontroi, f‘tQSR‘”

-:managementa;;and data"management. To achie&e‘true»resohrcer:
vi sharlng these areas :of superv151on must_jhe'rextended.,to;»;ﬁ
, 0 CL

1nclude the network env1ronment “f R

<7y,
>
I‘f
RN



‘”fThe' obv1ous temptatlon 1n approachlng network resource

' sharlng is to de51gnna "super;.network operatlng ‘system"

HThlS 1s a monumental task' Such an‘ 1ntegrated netuork system-u

‘.fmgst -provrde.'the functlons of ga“ conventlonal operatlng-'ﬂ

»fsyste - from an" envmronment; which is extremely oomplex,ff‘H

S

* Consﬂ@er~ the phy51cal resources of the system- they are
“:1arge in. number and type,.tas }uell‘“ s' belng dlstrlbuted

'throughout the network.v These deV1ces 'must-vbe~not_only‘

' _controlled hut also alloc%ted to programs in- the':network.'“‘?

‘Thus _the system must coordlnate the. act1V1ty of dlstrlbutedv_
.programs' using. dlstrlbuted dev1ces. .rhég large'_ numhers
- 1nvolved.imake ‘thls a dlfflcult schedullmg problem (not to
"'mentibn'deadlock). The 51tuat10n 1s further oompllcated by'

} ";ﬁhey representatlon and translatlon «of dafa types in a.

°¢theterogenous env1ronment rAT problem ‘ of‘” even'l greater Lo

"'dlfflculty ~prov1dlng a. system whlch'ls opt1mal for all

L user appllcatlons._clearly 1f the user does not fQCeIVG .thei:

'"best“ p0551b1e"serv1ce' from the ,network he wlll seek;.

- ”computlng serV1ces elsewhere. These problems are undoubtedlyf

'r'solvable theoretlcally but the solutlon must be economlc “in

oterms of dollar cost and computatlonal eff1c1ency.

Y

-

'”f§n7'a1ternat1ve solutlon is to recognlze the v1ab111ty_l .

'of5§p;= ndepenﬁent operatlng system,~and work wlth thls-“Vaﬁ

'oonéépr.flrherefore 'a“ solutlon,4lies,in'prov1d1pglresou§cep"

S . : . .
- \



3.2 CURRENT RESOURCE~SHARING_NETWORKS .

31

~

'.sharlng among netuork members but at a higher\ lé¥el tha®

\
v R

that whlch takes place 1n an operatlng system.

Pesource sharlng in current computer hetwork. is

J

prlmarlly directed. touard allowlng user access to a . remate

N\

R

'%o .the former 'category except that the partltlonlng or .

machine. Thus the» process Tis usually user 1n1tiated‘aud

~

“’conttolled There are- three 1ncrea51ngly sophlstlcated forms

nooe

H

-
N

of this act1v1ty.

)

The first is statlc resoﬂrce Sharing."This‘ typef'of
netuoriiprlmarlly ph9v1des a computlng serv1ce. The resource

sharing consists of partltlonlng the computlng serv1ce among

- thé users.‘impcc; CYBERNET and GE Informatlon Serv1ces are-

. .
)

examples. -

The second 15 dynamlc resource sharing. It is  similar

5

allocatlon of users is dynamlc. “OCTOPUS and Netvork/puo are

typlcal examples.v"" . -
: . e A T
L : .

'Tve‘ thlrd type iis the moSt sophlstlcated In this

ool

-

category resource shaang 1s accompllshed by~ allowlng the .e

user “to aéﬁﬁﬁs any node in the network. ARPAH TYMNET and 7SS

-

‘the_netuorkfand utilize the ‘resources of that15ysté(i”7"

are exam les. Thus the user can "51gn on" to .any machine in

N w S P

PR



oy

(;\

The DCS network accohpllshes resource' sharing in a.’

‘sllghtly dlfferent manner. Its ring topology :and_smallrf

computer nodes promote specialization. ThlS -is similar to

the-specialized subnets in ‘the OCTOPUS network. e

N

The RSEXEC system [UM] 1mplemented on the ARPA network

is the most sophlstlcated 1n terms of. resource sharlng. ‘This
systen enlarges the range of resources avallable to. a user; o

to. 1nclude those beyonﬁ his local ‘system. By actlng as ang7>

ot

'~v1ntermed1ary between ‘the  user and non- local systems' the

Toyical distinction betweeh local and remote resources is

e

lﬂl

L-oved, Thls system*xsesestrlcted to those hosts whlch have

-

- the TENEX Operat;ng systen.

In terms of ‘resource sharlng, the RSEXEC system“comes

closest to the. 1dea1 level lOfv 1nteract10n. 'That~is, a

e

netwo%k which shares resources to solve the user's prohlem

effectlvely -and ‘do T s0 _wlth a hlgh degree oﬁ eff1c1ency,

HoweVer'the RSEXEC}‘COncept must-_be -extended tp 1nc1ude
S Lo o . \\_‘, ‘

. . B ‘:\‘\l'.

3.3. THE RESQURCE-SHARING PROCESS . \ o

~

L Lo e .
-heterogenous operating systems. g :

¢ . . . ' v

'Following is' a "proposed: resource-Sharihg .eXeéu&iVer

.VV.

"sYStem-for a“computer'network.-fltl'COmbines the 41deal&zed;'

‘concept of }ntlmate resource sharlng v1th the practlcalltles

“ of a network’fb achleve a greater degree of ‘resource sharlng»

-’ . . s



‘than .is currently'available- I L

l
D

3, 3.1+X"RESOURCE<SHARING E XEC UTIVE SYSTEM

. The fexecutive system is based upon recognltlon that a

network is composed of 1ndependent autonomous systems.

33

‘ pserv1ce..:

rurthermore,——the members expect to benerlt rrom j01n1ng the

something:‘to ’the' network ‘As an entlty the network 1s a

“netvork but recognlze that they in’ turn ‘must prov1de.

source of resources whlch any node may call upon for help or -

J

requests 1

'

,mutual-beneflt.r B E 7‘>f SR

sharlng process, the- 1nterchange and  use ‘of resources to

return- each .node ‘is obllgated to fulf.xlil~ .

the ~network;r This 1Sv-thefba51c‘resource-

Such a phllosophy has many advantages._Each node is

Ao

1ndependent and the- 1mpact of the netvork is mlnlmal As" a'

consequence there iis no’ major change ;nyolved ,in the

BN

operatlng systenm. 'Furthermorel;thy'foperating system . is

N

:Vpresumably< optimai"for the" appllcatlons of 1ts users and:

‘requ;rements: Iherefore it sh§UJdube the‘oue'whdch_-gO$s» to

thls wlll not be compromlsed The operatlng system tds_sthe

'only entlty whlch ﬂis‘_aware_ ofv,its-‘capabilities pand,

v

|

the network"wgor. serv1ce.‘ ReSOurce sharing .should'gbe
. transparent to the - user and under system control;-This-‘doeS'
not 1nh1b1t _remote access or program sharlmg bux Lt does ‘

”prov1de a hlgher level of resource sharlng. Other goals ,of-3



B

bload 1eve11ng "and .enhanced reliability-areValso-available
;Hlthln thlS context. | |

The finction of - the executive is to’ implement - the ||
'network philosophyf The"executive‘ systend'is necessarily
dlstrlbuted and re51des as a modnle in. the 'control program?

.

of each node. In addltlon to supportIng—remote—access—andL

dprogram.sharing‘.then executlve.;is,~malnlyp-concerned Hltnﬁ’
;resource sharing. | | , | | ”
T T . :
:I'.‘ “the execuvt‘ive sf'stem pres..'ed" here th’ere..ar’e, nany
problems to be solved For example, de51gn1ng the. lnterface .
‘between the operatlng system and the netuork, spec1f1catlon
'of protocols, & su1table -data’ management <scheme for the
'network, 'and resource sharing. It is, this 1atter questlonxi
j-uhlch is conSLdered by thls uork Resource‘ sharlng iis an
.1mportant component of the executlve and an- understandlng of

Tew

.thls process is essentlal
| 13.'3'.2 A RESOU’RCE—SH}KING_ n_opEL

It is apparent that more sophlstlcated resource sharlng '
is the next fea51ble advancement in» computer networks.ﬁ
h_However hefdre any meanlngful 'exten51ons can take place

there .mustl be ﬁa” greater understandlng of the fundamentall

process behind - resource:. sharlng. It prrec1sely that,

deficiency‘_whichr-thisi work ’fulfllls. The'dintent.;is to

T ST . “ T ol
LN . !



aexamlne the concept of . resource sharlng.f‘to _formulate thej
: theory vhlch :explalns and predlcts the-performance'of‘a
'network under resource sharlng, and to relate these: resh}ts:

to a network executlve system. More correctly a-resource-”°

o B : . .

‘Sharing network executlve system ‘must 'accountﬂlfor‘ ~the

———_-————behav1or-—oﬁ—_the—network;—?here ore—1-ts—necessary—te—havewm——w—
tsome foreknowledge of hou the netuork operates in order .to

'control 1t in a fashlon whlch 1s rellable and optlmal

dunfortunateiy ﬂverf llttle research has been publlshed

“in thls respect. The most notable work lS the 51mulatlon ofg
a_'network wlth respect to 1oad levellng (4s5]. Invthls.studgx
'three 1dent1cal/computer centers were 51mulated : promote
lload levellng, jOb streams were equallzed between the three
-a“systems.' Under 'an,_asymmetrlcal' load,'the, objectlveh'was

achieved;.

Persuant to this questlon a model of a resource sharlng
executlve.‘uas,vconstructed.-.Thls% network ~model. was_then‘
'simulated:and_thebperformancexor-the model‘ monitored; ;The
.béhauior‘ ’of"vthev vnetuork ' Was *determinedv_from ;theéé-'f
hmeasurements;;“ | b o |

s

el Con51der a network of n nodes. Each node“is lidentical
f,and con51sts of 1ndependent, autonomous computer fac111t1es.hw‘
;rhey are 1ndependent in the sensé that each node can operate

hequally;‘uell- as a network host or as:a pr;vate center. Theji'



_ power or through-put capac1ty an&<a job can run equally well

i
!

.at any node 1n the network. N . Co {'

- . VQ‘V

The’ executlve system is One vhich - v1ews the - network as_

a 51ngle source of computlng power. A job submltted at.’a

noaes.are identical in that each' has the ’same procéSsing gﬂ'

S S

glven node may“run at—any—noae in the networx. Furthermorer
it is a dlstrlbuted control system. Each node _has ‘embedded

. in ‘its operatlng system a. structure uhich allows it to:

" interface to the netuork;

- The function of the netwOrk iis as- fdllows. As jobs

'arrrVe at localgnodes amw attempt is made to run them there.

)

If thls is not. p0551ble the netuork is polle%ﬁ‘(ln ,random.

-_order)v to“flnd a node whlch can accept the- jObS. If there-

.are no avallable machlnes the job remalns in- the walt queue
: ’ b . o
huntll 1t can be run’ (at elther a local or remote node)

'The = .resource- sharlng 'process has been modeled by a

‘i.probablllstlc structure. It is a Study of‘then'pure. sharlngp

of . resources among several syStems. The model chosen glves a

‘fgood approxlmatlon to the real process tsee Appendlx A) Thef_v

_technlque -of modellng and 51mu1at10n has been successfullyh'

_-used 1n many other appllcatlons. The parameters of the-model

are ea51ly controlled and represent performance ‘meaSurement o

.characterlstlcs."-



'ftyu'.s_g._uueu .

The resource—sharrng executlve was chosen to lllustrate"

the 'functlon of the resource-sharlng process in-a computer_f

i

-network. This process uas 1n turn modeled in orfer that it

COuld be studzed Inr thls manner several fundamental and:'r

‘Important-questtons——concerﬂrng—-resource——»shar1ng were.

1nvest1gated Foremost _was a study of the resource sharlng"

;process to 1dent1fy its behavxor and SLgnlflcant parameters.

iASSéIthﬂS thch expla;n and predlct thls behav1or were

‘made. hese ’resuits Here relate&«-back to the resource-'

‘sharlng executlve system to permlt e£f101ent ‘nd rellable

functlonlng of -the ’network . From ‘thls anestlgatlon a -

greater unQerstandlng of resource sharlng was achleved. jThe

‘.answers ‘which rt ~y1elds can. be applled not only to future

Jdevelopments ~in netwo(? xsystems _but also to  ~systems'

-currently in ex1stence’ .

N
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 CHAPTER .4

RESOURCE SHARING

4.1 INTRODUCTION .

o Im the previous’ chapter ‘the model' for a resource--J
‘sharingvcomputerjnetvork .was '1ntroduced ‘In, this model

<7 h
. Ty e

'r;'independent:‘ﬁpb streams arrlve at each node»am a netuork.

‘The-executlve system shares the‘ resources of vthep netuorku-

i

'among the ]ObS requlrlng serv1ce. 051ng thls model severaliffY

[ “

1mportant polnts“ concernzng 'resource sharlng ,,w111~ be :

’ ’ . . . . ‘i“ .
glnvestlgatedJ- L S S T R
4.1.1 THE REsouRcE—saABINGEMODEL S

part of tblS 1nvestrgatlon the network resource-

'sharlng model was 51mu1ated A more detalled dlscu551on “of.

’*'the smmulatlon 1s to be found 1n Appendlx a. The 1tems whlchp

”_the,'network shares are arbltrarlly chosen to be measured 1n1
vunlts called resources. Each node has a: flxed total number’

rof, resources,- all of whlch are con51dered to be 1dent1cal.'

'37Remov1ng the dlstlnctlon between types of resources' permlts'

R - S - I
‘the behav1our - of the- resource sharlng process to ‘be. .-

'ihvestlgatedf;-o»'- EER R L' R L
The relevant parameters to the 51mu1atlon are-f" o
‘,:e1;‘ih._” Number of nodes in the network
2. a .' Mean executlon tlme of the jObS, deflnéd”_by'”‘J '



~an exponential distribution with weap a. .
3;, 1 7Mean'ftimea'betueenf the arrlval of jobs at a

fnode,ndeflned by a P01sson process wlth rate‘u

1. | B |
-u,\fRfi;' The..-resource 'reguest size for each fobr”

‘deflned as'a unlform dlstrlbutlon om¢{1 100]‘

ﬂThe 1ength of s1mulat10n and sample 1nterva1 fmay also be-';‘

d'fSPQCIfled?: The :stat;sths collected from “the simulation
include: o
\ L 2.

mode. oo

2.7 UL The
| “,to'job_ whlch orlglnated at the node at uhlchJ
it was run.sb | . i |
‘;?;3..‘Urﬂi hThe mean number of resources in use belonglng
| v:to JObS thch orlglnated at a node other thang
that at whlch it was ran. - | | '

"u35‘Q;1:ﬁ'Theﬂ mean length of the queue of jObS waltlngi‘

to be processed ’ )
5;‘sJ | Q%The mean number of jobs“:processedJ;by‘ each - -
'node.

1. U¢ . The ‘mean number of resourcesfib'use -at each ..

ean number of resources in'use belonging o

Local utlllzatlon (UL) are those resources used by jobsrw”'

.whlch origlnate -and execute, at the same ,node. Remote_‘

——— s S < A — g “m——
3

"5Hh1ch‘,or1g1nate and - execute at dlfferent 'nodes.'-ggtg;*”‘ s
R T " ‘ o e LT



‘utilization Ur is the Sumﬂof‘16cal “and remote’ utlllzatlon

and is the number of resources 1n use at any node.

~'4,1.2 LOAD ON THE :‘NET‘!‘ORK:'\;,'V e

Each node’ in the network has an 1ndependent stream of  '

ddjobs arr1v1ng for serv1ce (accordlng to a~P01sson process).m
‘Each Job‘ hi% a certaln resource requlrement and execut10n1_
1t1me. Thus two nodes may have' dlfferent ]Ob streams but
@>51m11ar loads. More exp11c1tly, a large number of small fast )

Jobs 1s equlvalent to a small number of 1arge slow ]obs. The7

futlllzatlon of the machlnes ls egulvalent 1n each case. I .

<

"Rr (a constant) 1s the total number.of .resources .avallableil“

at ha; node and Rr 1s the number qi resources requested byf

a each JOb then the expected number of jobs 3in* executlon {iff'

s

. any tlme is’ ~'J;F‘
"= Ry /. Rr- P LR

Therefore the' proces51ng capac1ty of any node 1s M / a.- To,,'

'.preserve the stablllty of the system the (expected) arr1Vall’““

'grate__must ,be -less than.the:(max1mum~expected).processlng’"

capacity.’ ~
sy

. or
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o1 < ( X 1)/ B ()
."If M 1! thls expre551on -(4.3) 1reduces1 to'fthe familiar
1 , ATty

stablllty condrtlon for "a‘-élngle -server: queueing system .
‘ ‘[L‘6 ]r |
. o ; . o . . (‘.J." ' »
a/ 1l <1.
A measul:e__af_the load is:
| ‘A.Q a./ (Mx 1) ”V'J’f')”"_.“fh' (u 3

j,The load, A, is an 1nd1cator of the utlllzatlon of a node. c

_Thus;.a' load of 0 represents\an 1nf1n1te tlme betueen the‘ B

','arrlval of jObS and hence no resource utlllzatlon. As_.the_-

N

;1oad approaches 1 the utlllzatlon of a node 1ncreases.vlh“

) ". E EEN ! . : . . .

.2 THE-REgOUch:SHARING‘PROCESS

'4.2:1 PRINCIPLE OF NETWORK MULTIPLICITY
CTHEOREM 4.1 oo by

»Gluen a netuork of resource sharlng couputers, iffsomel.
iohs uust queue for serv1ce then°! | |
- a) the rate at thCh Jobs are processed bybthe‘vnetuorkh
‘,lS greater than the rate at thch ]obs are processed
‘oby."a; collectlon.'ofivln&ependent machlnes under

v

_ similar loads. ST ,Af

b)'as the ‘size of the network 1ncreases the‘,proceSSingh ~”

"rate a1so 1ncreases.:"“"”"" -



"Proof:
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[y

Consider 'a collectlon of n 1ndependent nodes each Hlth

L ¥ .
51m11ar loads A, such that A < 1. There is a,,non~2ero'

‘probablllty that any glven node 1s 1d1e,' :

Prob(ldle) ;jp;'m o - 0'< p's 15

et

Correspondlngly,_the probablllty of 1ts belng busy 1s
Prob(busy) =1 “P. | '97"

t : ' ‘Z'<

An 1dle pode is one whlch can accept another ]Ob and a busy

node’ cannot B N

In the collectlon of n nodes the probablllty of one, or

more’ nodes belng ldle is one mlnus the probablllty that they '

'are all busy or’

'Prob(at least 1 1dle node a S oo
cout of m). =1 - (1<) gLy

' Now comblne the§e n 1ndependentynodesiinto a resource-

sharlng network Conszder‘theiijobs.:uhich 'must'.queue “for
:serv1ce.,-51nce+ thls ‘is .§ resource sharlng network ,the

. probablllty that a gueued }ob can run on another node is

Prob(at least 1 1dle'node.out of,nJ SR AR
!nede ds busy) = 1. (-p-ioo s

'Thus, there is a non- zero probablllty that a queued job '

‘can begln executlon sooner than 1t would otherwlse be able_'

. !

' to, Hence the proce551ng rate is greater 1n a netuork thanhn_i,o

in an 1ndependent node 51tuat10n; (where - the ,probablllty

B



‘can. run on another node is . .- _f.“- S

node to the network Agaln the probablllty that a gueued job

Prob(at least 1 idle node out of n+1| S
1 node .is busy) ~;-,(1--P)"‘-lH T (4. 6)

. ‘given by 4.5 is zera)- o Lo
| o T T e A

. Followiné a sinilar"argument, add'anotherﬂidenticaI7

. greater;

‘network. .. S T ARL
COROLLARY 4.1

;‘network then the proceSSlng rate lS constant

";Therefore in'a netvork of 51ze n+1 the chances of'“g_;queued

" job . belng executed;-sooner “than ‘in a-netvork of size n is

*'Prob (1 idlg of‘£f1|1 busy) > Prob (1 idle of nj1 busy)’

) / -*»_‘,_ Lo

- - > 1 - (1_-9)'“—1_, ‘ -:a.? PR .

"

Therefore-'thev'proceSSingf'rate greater~‘1n7ia{:1arger I

If there “are” no? queued  jobs 1n a resource-sharlng

Proof. v DR ) *l

\

A change in the rate of proce551ng ‘jobS“ is. 'a ,direct';

result of there belng some queued jObS avallable 6 be run

on those node whlch perlodlcally become 1dle.

,,,,,
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As the 51ze of the network becomes largéithe{processincj.

\rate becomes constant.

Proof. . i

IR

Slnce the process1ng rate; increases with 1ncrea51ng

nehwork 51ze, eventually the,bnetiork's capablllty will -

-‘excéed ‘the load placed, on  it. ”Recall that .thef load i$'fl‘

: \ : :
-vconstantwand 1dentical for ‘each node. Hhen thlS occurs there.
. a o . *

”nill no 1onger be any gueuelng ]ObS and from Corollary LR 1v"

the rate becomes constant..
, «\;, .

. e

'-f\.,,-,'..-—wf"
A :
- - L]
a

L

There are two 1mmed1a&e consequences of the preceedingﬂ

results. Flrst “the. total .utlllzatlon 1s constant as the o

™

'nnmber of nodes in- the network becomestlarge.' Thls follows

'70 dlrectly from Corollary 4 2 If the load and proce551ng rate,;

RN

. also constant _ -
‘The isecond conseguence is that local "utlllzatlon»f
‘approaches a constant as the number of nodes in the network,;'

becomes large. By definltlon total utlllzatlon is the sum of»‘

local utlllzatlon and remote utlllzatlon., I' wlll o bej

_tare both constant then necessarlly the resources in use aref-l':

'-_Suff;c;eptg to show that for large n- the remote utlllzatlon'”'f

'is .ck:onsAt'aI.l't'.




T ‘f“. ftf  . 4e
ta) Subpoee’ﬁ} is' inoreasing."From tthe 'Prdnodplef‘of"
‘Multlpllcaty thlS‘ implies .the .probability \oﬁ at:
"_o.least one node vut of n belng 1dle is“dncreasingQ
"~However;>by Corollary 4, 2 there are novqueued jobs
rand the;probability"is one. |
b).SugpoeeHUr is deéreaei;d.lrnis re';%nposéibie since

Nt

' the,ioad_is conétant.

‘I_Therefore"by-.contradlctlon “the T 1ocal itildzation becomnes
g conStant for‘large n. IR - R

. ("v_ ',. . .
‘In“summary the Prlncrple of _Multiplicity establishes

: the' relatlonshlp between a network and its capabllltaes. It .
has been demonstrated that-a resource-sharing,~networh will
‘have definite ~improvements over independent nodes and why

f;th s .'comee'- about._».The.e relatlonshlp betweeng"totaf

utlllzatlon, ‘lo¢al utlllzatlon,rload, and network snze haS‘

13
been\fhown. } ' PR . - . -.~J“ ‘%
Proceedlng ‘ulth *thentiniestigation of »the']resource

sharing process, several -simulation runs were pade. The

parameters are summarlzed in Table 4. 1. -

Ce : .. sIMULATION . - L
' ‘ B B L2 — .3 : -
/1 = 45,0 . o 2841 o u5.0
Br - = [10.0,30.0] [2Y5,22. 5} [2:5,22.5] ,
a  =_50, 100 120, 50,100,120, . 80,160,192,

135,1&0 145, 135, 149 145, 216,224,232,
150,160,175, 150,160,175, 240,256,280,

180 200 21¢ 180 200,210 288 320 336
A : e B 5 ;
Taole bot: Parameters for: three 51mulatlon experlments.-

of e



4,2.2 FRAGMENTATION

' ‘ R ' '" o o g
As a member of a network, a host syst;;\ms\obligated %6_

prov1de serv1ces to other nodes in~,the -netWOrk. This

necessarlly entails the loss" of certain resourcés,t9 the

‘ ey e B
network becomes just another source.

- . .
v o . N

‘netvork.” Logically, th

%

of jobs' to.be.proceSSed by the,node,:Howeyer,.a;iqeal u§er s
méy'be'sﬁperseded by e network jdb.-To this<user‘rhe nethrk -
v_.1s creating an art1f1c1al load depr1v1ng h1m'-of. -service.

- _g‘::_‘*“‘,

Con51der1ng the aLternatlve- v1ew p01ut, thls 1nfr1ngement
upon the local system has enhanced the capablllty of -some

other system. Membershlp in _a‘petworkzlnvolves a balance.
, betweeh-losses‘to the‘network of some resource and gain from

the netiork,of‘other serv1ces.'

) A measure pf7the’inv61vement of E»hd%t“cdmputer center -
. in a network is the fragmentation of the'hOSt!s'resourées;'
R S L - R

s O Fragmentation is the ‘portion .of " a lgcﬁl host = computer,

ZSystem's. (to{al) resources.-vhidh jare :used by ‘a remote

system. In thls dlscus51on fragmentatlon refers to ‘a state

where; the majorlty of’ the resources,;n use,belong to remote )

- . . L . . U C. . . Yo

. . Jjobs. . JEE T AR
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Figure d.3: ' Percentaqe'resoﬁrce _utlllzatlon “in a five

" node netuork w1th varylng load.

The ‘infkial' experiment‘is,designed to examine how the . °
~ local and remote utilization change With respect ‘to ‘a .

"_%arYing_'load;'_Téble 4.2 summarizes thefpardmeters‘oﬁ this

s

- experiment.
, ’ ' . .
'n =5 - Number of nodes in the network.
.1 = 0.5 sec. - Interarrival time of Jjobs.
a = 1.0 sec. - Execution’ time of- jobs.
ke= (10,70) -

]Resources requests vary- between 10 and |
. : o 70. :

Sample intefval 1.0 secs . .
~-Length of. simulation 100 sec. | S S .

Loads 51mulated A =.0.4, 0.6, 0.7, 0.8, 0'9,31.0.

Table 4 2._, Parameters .of s 51mulat10n _to . examlne“

N resource utlllzatlon under varylng loads.

. , - e L . o e
First copsider total utilization as sMaVn_by Figure



,;Er—» hs expected, as the load on the network nodes 1ncreases,‘
ithere 1s a correspondlng 1ncreasg inv‘the” utlllzathR: ofp‘
: resources. As the lopd approaches one the utilizatlon
reaches a,maximum of approxlmately 90%.‘ ThegirelationShip

_between 1oad ‘and utiliiation' is. linear. This 'will be

ﬁexplored 1n greater deta11 1n a folloulng sectlon.

The . two component parts of total utilization are shoun,
1n Flgure 4, 2. An unexpected phenomenon occurs. Con51der the

local utlllzatlong curve~ as the load 1ncreases the local
i . I

-utilization actually dgg s ’ Correspondlng!y vthe rempte'

-—--

utlllzatlon ;ggreasgg. '

£ ]

This continues untll A > 0. 6-'1n thlS region the number:

‘_of..resources‘ dedlcated to remote jobs is greater than the'

.

number of resources dedlcated to. local ]ObS. That 1is, g_gh.:

node is proce551ng 'more remote JObS than 1ocal JObS even .

" -

' though all nodes are slmllarlly loaded. This .fragmentationf
is even.more apparent An Flgure 4.3, In this figure the
”percentage 'of used resources belonglng to remote and local

bjobs’is shown.:With-a load dff Ate 0.6 the resources are

-'n d1v1ded equally ,between local and remote jobs,,however, as

B S R

the load 1ncreases the ldbal utlllzatlon becomes less untlll
v, e \/
at 'A = 1. only 25% of the used resources belong ‘to local
-' Y

]ObS. Slnce each node contrlbutes 1/5 of the load as Hell ‘as
/

”l~1/5 of the computlng power, it is expected that the local



e

: B ,h SRR 50

.ﬂtilization " should .be\-greatef"than ‘is - indicated by the

simulation. . = .- ' 1 S s
. . : N : . : ' v . 7o
. S L - o

Resource sharing has degenerated, under a heavy loagd,
. . . . /
: ) . ’ - ] e : R
; toa 'situation -whereA'each no@e 1s using- another node's /
- ) Lo C ' : , o of

_— . . . . N
reSources to ' _process its jobs.' This domino 'effect i

’ /

—~—--———1neff1c1ent~—not—monly“‘In“terms~of“IHCreased”commun1cat7ons_'

Lo

costs but- also in. proce551ng time to redlstrlbute jobs.

4;2;3 TOTAL-RESOU?CE UTILIZATION

The total uti{}zation,, U+, for each“-of thé ft ree
simhlations‘ is shown ,ﬁn ‘Figure 4.4. ‘Referring to.
flgures and the preV1ous assertlons, the'\total util#z:tion

'is"constant and 1ndependent of the number of nodes,'n the

‘the probablllstlc nature. of the. 51mulatlon.'_§fs ?
o | : y
it

On the;basis‘of this} the,,total utlllzatlon cah'ﬁbe 

. : : 'R A
: aCCUrately: modeled. . Flgure 4 5 shows the total ut‘ izatiodn
_versus the Load for each of the three 51mulatlons. -here is;'

.a llnear relatlonshlp betveen the total utlllzatl n and the

load Us1ng the. method of least squares [u7 48] to estlmate.
the paraweters, the follow1ng relatlonshlp exists , °

- (4. 8)
‘V

U-,-(nA) é‘388+8882x1&
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 4.2.4 LOCAL RESOURCEiUTILIZATION_

: ‘utlllzatlon is a function of the vload .and -the .number; of

.r,nodes finluthe netuork. The analy51s _of 3this:'aspectfof

- resource sharlng wrll be' accompllshed 'by obserV1ng that

'local 'utlllzatlon" may be partltloned into. four%dlsﬁnnct

R B e
Again ' appeallng to the previous ' work, the local.

A

Ny

"utlllzatlon is characterlzed by

' types based upon load These partltlons are - thg\nstafes‘ o@ .

\ w BN
the resource sharlng process in varlous env1ronhent§..‘ R

i : . I

-

o

In ‘a llghtly loaded network that is A e - (0,0. u],?ﬁoaéS.f*'

are . able- to serv1ce requests lmmedlately as. f@bs arrlve.‘

'-From Corollary a 1 the local utlllzatlon is constant. Figure

.6 shous the close proxlmlty between the local 'utlllzation 4

. and »the total utlllzatlon under these condltlons~ both are.

"h'constant. Thls 1ndlcates that v1rtually no resqurqé shar1ng*

~.

”'is_‘tak;ng place nor 1s any necessary. Houever as the loadl

.

"ihcreases '(h's 0.4), observe the‘-vlncfeasing dlsgarlty;_’

\

, betueen Uf!'and AUL. Thus .as the load 1ncreases 1t become&_"'

. [
NV

,necessary to share resources to malntaln bﬁe same leveljyof.*f~

performance, that is: 1mmed1ate response. lhls classvoﬁglocal'"

1. Lo.ad ‘A = (O O 14] v‘ . L : BRI
% ‘ .

2, A wait gueue 51ze_ of zéro;:indic&ting imnediateh.ﬂ“:'(

response and adequate resources to handle the load. 3

0



Fe o
I | : .53
”3 Constant local utlllzatlon 1nd1cat1ng each node'fisf r'
| able to handle its own load. | | B
;Due’fto the fact that each'node_caniﬁaa&;e'meetref‘its Oiﬁ”
- lload; 1nd1cated by the: 511;{//rem6te utilization,f'and- fhef:

'constant load on the netwo the local utlllzatlon 1s -

~,,;\Uf-(n,_lx);= 1““‘5‘? (0,0 ﬂ], n > 1. v{‘» (u m

;"2,L'\\\<u‘oD»ERATE-" I'.-OAD‘ ’ - .' '

ira'Afa moderatéiy ‘“iioaded ’rinetwdrk,f Aff (0.4'0.7Sj,c
. 1llustrates the 1ncreased performance “which” isj avallable )
from elncrea51ngb the v51ze‘~6§' the ne!tork. The tran51tloh
_between thls class and the prev1ous occurs when, ‘for a. Small
Lqetwork size, a- queue 'ef jobs waltlng to :b‘ processed
‘.éXiérs..Table 4.3 glves an.example of thlS tran51t10n. .‘9‘.
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LOAD

NODES .63 <44
R B : R
T2 .6 0.0
e 3. .09 0 0.0
‘gt‘ ) 4 X C;‘. 03 . O‘o 0
£ 5 0.0 0.0
¢ 6 0.0 0.0
i 7 0.0 0.0
8 0.0 0.0
9 0.0 0.0

<

55

Table 4. 3.'

Halt queue size for a moderate Load.>

:The. Pr1n01ple of Mu1t1p11c1ty -and Corollary 4, 2 show that

for a larger netuork the queue size. becomes small. .ConSLder.

Flgure u.7.

" In all cases as the network size increases, the

1ocal utlllzatlon converges "to . a constant

'env1ronment. 'Furthermore thls convergence

is defined 1n the followlng manner.

Re&errlng to: the prev1ous assertlons,

.

network of suff1c1ent 5129 w1ll be - able to

placed _on,

.it;' when thlS

o steady. state

‘1s-from above and’

»ny ﬁultiblicity.a

hanidle  the load

occurs the network w111 enter a .

steady state env1ronment.and UL Hlll be constant. Let C be

f,the‘,local

ﬁi(é? be the

eSS

e

gLead
N

[

guein

<

<

utlllzatlon for

‘a steady state env1ronment andil

‘local utlllzatlon for a network of 51ze 2. Then'

c 4'i92.x Rr.

C +1/3 % Rr .

c +[1/i x Relk,

i

i=’2 ? ‘h *.a '. n



ke

Uhere k= 1 if the wait queue for the 1th node ‘is zero, .-

~

—0 otherwlse.

Thué s e . o C e 4 -'

Ut(n,d) = C+ k(Rp /0dec w0

'The term 1/n arlses in the follovlng manner; Consrder a -job_:_'

‘in ‘the walt queue. Hh!n a job departs, the probablllty that

a local jOb is run at the local node is 1/(number_ of_ nodes

in network) Thus' in‘ a two- node network one -half of the'

;waltlng jObS wlll run locally.

A*Under’a moderate ioad-'a'networkjcontaining few nodes
will have -a walt queue of jObS. ‘As the'size ofAthe network
increases the local utlllzatlon w111 monotonlcally 'decrease
until ’a ‘constant 1evell'of operatlon is reached,_EquatiOn,

4.10.

At tnis vjuncture it should bef pointed out bthat
‘fragmentation - as ‘discussed in section,:q,z.z' has ‘not
occurred. In the env1ronments thch have .been‘ examined so
far tne netuork has performed in a’predictable and very

desirable'manner. o a o : : S
- ) } o
L L. . . » . 5 ) ‘ R T,
3. HEAVY LOAD .. o o
v S ) ; - o > v' . x

In a preV1ous sectlon it was shown that under heavy

? a v

laad,. a resource—sharlng cnetwork enters an unstable state

- called ”fragmeutatiou. Generally"’a: load” the ”,reg;on



A =:(O,75,1] is Sufficiept"to bring about thisICOnditidh{

Figure 4.8 shows the.locai.utilizat{bn_in-this regibn.‘ft'is

' B

evident ‘that " as thé‘";qetiork size ‘'increases, 'local‘i

e )

utilization decreases until a minimum 1

K/

" Beyond this size; the level increases until
steady state is reached. Table 4.4 shows the wait queue size

and - local ptilization for various- network sizes. The

vis reached.’

a constant ‘or

E
»

Principle of Multiplicity is confirmed by these results.:

! r oy
NODE Q¢{>  gud)
2 0.26 51
3 1.03 43
4 0.16 42 .
5 0.14 -39 B '
6 0.02 28 ... /-
7 0.0 - 35
8 0.045 39
. 9 0.0 39
. 1/1 = 45 sec. '_. N
- Ry = [2:5,22.5]
a = 280 sec. [T —»
“Table 4.4: Queue size and local'utilizationvfor"a heavy
o load. - " ' '
~ Observe >£ha£  the’ size of {he uaiﬁ queue.decreasés'as'the.

capability,.of‘the iatger neiﬁork._ﬁt"a»critical siiefbf‘siX'

PR

imum -local : resource utilization. Beyond six nodes,

. . coT - v
reéed#cted, the local utilization rises.
e PR
. ~l" b ) : : / ‘
». . ’. -

network size increases. This indicates .the . increasing

_the queue size becomes small and this corresponds to

4
2



4. OVERLOAD

The fourth and flnal con 1tlon is an overloaded state,

. __...M a -~ . -

a = (1,cﬂ Performance in; his/‘env1ronment .COrresponds “
closely to the network ln a heav1ly loaded condltlon‘ in fsp‘h

far as’ fragmentatlon is. concerned If this load were applledh

<

'to an Jlndependent machlne there, would be an mnstable.'

v

-

§1tuation; noweVer,‘by Hult1plic1ty~tnrs is N6t the case.

/In an overload 51tuatlon, with complete fragmentatlon,

,,,,,,,,

t;e‘ ass;gnment ‘of Jobs to nodes is completely random. That'
is,jda' job " will he' a551ghed to aay. node ulth B equal»
probablllty. If Re 1s the. mean size’ of the resourc%\;equestsd‘
then the mean number of jObS in executlon 1s‘
o P ,.
M o=----, . a

' ,.-_-;&;;_ NI

-7 " .since: local"utilization'is a product ofuthe_ngmher-of

' ///;loégl ‘jobs in- execution and rthe ‘size of ‘their. resource

:requlrements, the local utlllzatlon 1s‘-

-1
gL = M- xl X R»‘_r _
IR | LA

‘or

oS

]
o -
e

,;UL
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Therefore ' under overload conditibns ‘the 'minimum local -
, S s o , , S - L,
utlllzatlon 1s R O ’ I ‘ B
. UL(n,A) = Be - . AD> 1y o | '('u..11y.-
R ' . SR | o .
: o ‘
Thls of course assuﬂes that pf—af, all resource .arfe in use.
‘ ')
' Under th1s assumptlon it xé'necessary to normallze the local e
e . 7 ORI : J ) ] .
utlllzatlon by the toM » "' :

.

i .
.

.i,
L

-

e

(PR

et
h’{ ’

b, : g
AT = (R-,--x Ut /91- P

v . e

’X
‘:’ L

: L( , - .
51mplatlon ':fT.HJ. ]The_ local u;~ ization ‘_is
decrea51n§ﬂand m@ bounded from belov by 4. 11.ii; /

H 3 RES@URCE.AILOCATION IN- COMPUTER NETHORKS

..
o

.‘The preylous sections ﬁave developed Almodel for a'

v . ,'1‘

resource sharrng network - This model has been explored both

v

',theoretlcally and emplrlcally. on E}e basis of these tesults

S a problem 'i hresource_ sharlng ocpurs when the network is

\

qupce ‘ﬁ é‘”époi’ th normallzed 1ocal utﬂi’rﬁg;on from a K

9 -

T
. “ e
RN ¢

heavlly. loaded Therefore,, potentlal resource-sharlng '

' executive for the network must 1nc1ude a sultable mechanlsm

for reﬁpurce allocatlon-,Several algorlthms wlll be. explored
o o : ST L
in ‘the followlng sectlons. o '_‘w.; '“

051dg ﬁresu%*s from tormer sectlons,b_tﬁo; tyées'_of:pf

. v

resource allocatlon strategles wlll be explpﬁgd The flrst‘

e

D

*

o .

e




e

.. :
S Do

'1s a statlc control whlch governs’ resource» sharlng on-an. ' -

'3:3 "1nd1v1dua1 ‘nOde ba51s. This control is dlstrlputed and can

. 4

be applled 1ndebendently by each node of the n%tuork

' 'vw o .
The second is a dynamlc control 'The control parameter

changes in tlme accordlng to the performance of the network.

;f;;) resourBE;allocatlon schemes will be explored here. . [

It‘ is based ‘upon knouledqe of the netjork_s‘operatlon~and_——“ﬁ;
‘ - e . . )

applles to the network as a whole. e
4.3.1 THREE RESOURCE—'ALI-,oCATIG_DF!-,S.TRA?EGIE-S '
. . . " o : " . . ._ .‘ ‘\

~
PR . K

. N

It ha& been -shown . that in a geﬁerallzed resourée-

sharlng eﬁVironment,'fa 'cOmpufer‘network'ls susceptiblevto
S T : 2 - -
"the' phenomemon ‘of fragmentatlon. . This :arlses from- the

[P

resource shaﬂlhg process, and to preserve the eff1c1ency of
L & s
* the network thlsn situation "“must be ~=yontrolled Three’ LA

P . .

.\n; K R B e T : . N v
m;:k . " N ) .

o .ﬁﬁe~4 allocation strat891es.f~-uncontrolled llmlted }**;ﬁ

requesg‘2 and llmlted acceptance, aré algorlthms suitable ’tov?~

%

dlstrlbuted—network ’executlve tem. The" flrst is th”

. o JEREN

. benchmark or worst case agaiﬁst uhlch ;he other strategles
- “ : .

L are irompared The - other two corresponé—%e—%he only plj“
, o v Chaie _
where some control can be applled .ji' the Asource of g
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ST : - LA
© (1) Utcontrolléa ‘ R SN
“ t ., .‘ L . e ’ - .. o X By ] & .
. ‘The netwgrk is allowed to operate ¥free of any controls.
;F (2) lelted Request ' | L ‘ . P
' L - e - S ! ) i C ‘." “-". :

This algoritﬂm éttempts " to control,‘fragmentation‘ byl

contrbiling the circumstances under_ whlch the’ local host______

]

will seek help frbm the network It recognlzes that network

getqork jpbs;.controlrlsvachieved"by settmng threshold

~

A T
e S

vihicht~imaiCates the local host's 1nvolvement with network

o

']obs. If the avallable resources plus those resources, above

N | . .
- . . - . RN [N

~in‘ essence, a request e made to the network only when the -

‘

requlred senv1ce cannot be suppiled ) o t)'
g . i N S o .

: s \\ ". » e h L ‘ . 4\\
© (3) Limited Acceg;amce‘ s e _ : T

1

! . |

'\ilm' ,The llmlted dCceptance algorithmvvsontrols resource
LR - - . RERRY Vo

i( %}lodhtlon_iﬁy refu51ng nctwork Jobs. 1f the _number of

e
'*5 3
a

: “ - LS

membershlp ‘entails the dedlcatlon of some iresources to

. the threshold belonglng to’.a- network job- stlll, canhoti
satlsfy the jlocal ijh,' then~'dp\requeSt is’ 'made tofthe‘

B network.-Tpe first aVailableAnetworthosf‘provides- service.

s

'} cg§7'control d b remote jobs will exceed \some.'
.~-% . y PR “
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To investigate these algorithms a etwork of  computers

was simulated usinghthe above\ébcontr 1 ‘schemes. Table 4.5
- L w . ' ‘ o AN R
summarizes the parameters to- the simpulation. The parameter T .

- (resources) is the control variable of he. algorithms. -
o Nodes = g ‘ '..# ? ‘P‘rV”,.i;f;, ::;YQ‘ ; .,.‘ R
- load A = 0,22, 0.44,.0.67, o‘:agfq..‘n; S
"Sample interval = 60 sec. . AR ¥
Length .of 51mu1atlon = 3600 sec.v‘
. limited Request threshold T= 10, 1

&

, 30 resdurces.

.n.%lelted Acceptance threshold T =15 ~30*resourCeSa

,Table 4. 5.,,7 Parameters ‘for a‘comparls n of three resource
control algorlthps.,' ,

»

‘p o ',m‘ The‘three,control algorlthms attem t ‘to . modlfy the

Abepav1or }fg‘the network ln such a mann T that under heavy

1oads frag entation‘ls controlled. W1th reference toj Flgure /

e

7ut1112at10n of the network resource is preserved

.

4.10 tota

». :.-" by the two, ontrol\schemes. Thls 1s 51gn1f1cant Sane any

rednction. “in this_e’fignre‘. would : 1nd1cate decreased

perfornanCe by the'networkf’“

,,».' £

The normallzed local utlllzatlon for all three schemes
s glven by Flgure 4.1, Con51der1ng flrst the uncontrolled_

’algorlthm, at a load of A = 0.75 there is'a dlscontlnulty.or

sharp decrease in the local utlllzatlon. At thlS p01nt the

"network can' be- assumed tb be in an unde51rable condatlon~v‘

N o - 4

ofw,f,“for 'example “at A = 0 89 -there\ ;gs(L;b:;j- 35% local

D toa (SN

3"5" utlllz&tlon. By comparlson mth'

/

-
TR ‘ AN
"ﬁ’ ?éﬁous 1lnear response : to e e



o

. . ‘. .
utilization .is"not extrgmely %enSlt1Ve‘-to the “control
parameter. It 1s an 1mprovement' \1th a load of A % 0;é§ the’

local utlllzatlon ~is greab@R than 55%",'Thé'l llmlted-;e

» b

‘facceptance algorlthm 'provlaes the beSt control.-exy is

extremely sen51t1ve to the COQtrQl parameter as :ﬁ’11‘~>

‘., L-l S

glv1ng . graceful response KL 1U°rea31nq loadt~At a load of

—= e;ey the loeal utlllzatloﬂ s greater than 85%.. R ,f'.

The major falllng of the 11mlted~acceptance scheme lles.
in- the fact that 1t attempt% ¢°1“Se the netuork only ’aS' a

last ‘resort 'The contr$§ ;S.-structured such that - ‘the

B »avallable resources of a nOQe ate {nflated These inflated

resources are, of course, unué&ble and merely serve to force S

w,r;’

us‘.’of the network only. Hhem lt 1g necessary Thls clearly'

.('

falls under a heavy load 51nce a nQde 1s fOPCed to .turm-;to

7 the network by the overwhelmlng 512@ of the load.

- In, cqu;u51on, aTan' .uﬂcontrolled ‘ metﬁbrk' 'Begimsf,

‘fragmentatlon ggder moderate 1Aadlng dltions.andwf%amf bel<

SN

hrejected outrrgﬁﬁ?as a feaslpie ﬂ°u'-o \Ylmlted acceptance
,,4' '\»‘A,;@.n \ 'u“ R .“\"{lﬁv_. N2 KRN N».
prov1des for a’ remarkably llneat 1ner§§§g 1nﬁﬁ remote

has only ;

[8

utlllzatlon. However 'd' thﬁeshold 'para.-

Y & - S
moderate effect on the schem "ahd fragme tatlov: is stlll

-

U adgerstwa L0 o
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4.3.2,LInImED7ACCEPTANCE ALLOCATION .-

'x,

Pursuant to the conclu51ons of the prevaous sectlon the
11m1ted~acceptance algorlthm 1s explored ln greater depth.
The= s1mu1at10n fof a computer network wlth parameters shown

.1n Table 4.5 ls.repeated However the control threshold has\ﬁ '

values ~-15 20, 25, 30 35, and’ uo., a'“”

-~ . - A . : g . .' . . | ."
. ) ‘. . ',_ . ~A ' e . T - . }
? Recall' that ‘this algorlthm llmlts the amount of Temote
W [+ B . B
reSOUrce utlllzatlon to the threshold values.\ The results

"ﬁ‘uaré..presented 1n‘Flgure 4.13.4For each threshold value the -

-

* -

algorlthm provides robust control of remote utlllzatlon.

]

:f_ Secondly thg;{emote utlllzatlon reSQOpds 1n a llnear fashlon‘ :

"5f£q, ﬂﬁcrea51ng load Using ftﬁe”’method foj 1east sguares‘

‘o .'.'\‘

arelatlonshlp is’

o -.«-

[47 as; to estlmate paraneters, th:

RCE 1n

w&ere Ur 1s the mean (normallzed) remote utlllzatlon and

lis' the threshold value. Us;ng thls functy&g the network ma%'},

be "flne tuned“ ‘in; response to some load

.Figu-fé'lu.1 presentsthe tOtal resource U‘tlllzatlon for ‘ | .

_;,the varlous th eshold values. Agaln the total utlllzatlon 1s
s1m11ar ;orT all threshold values, 1nd1cat1ng av stable-.

@

l' : R B . ?‘ N T R R
\ ‘: . L o .
Sy 3 - - %
‘ g ’ : |
v j :.. :
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To summarize,‘ 'th llmlted acceptance resource-”

allocatlon strategy 1s desxrable for several reasons. Flrst,'
- [~ %

1t 1s 1n keeplng wlth the concept of 1ndependent nodes.{ Theh'

dec151on to accept or reject a network job 1s made by the

node, whlch may (or may not) prov1de serv1ce. Thus the node

'is a"'all times in control of 1ts operatlon._Secondly,fthe'.[

"-\'_ +hreshoLd—panameter—1s—very—strong~1nrthe'sense—tnat it can
effectlvely 11m1t _the. resource utlllzatlon}_ Third " - the
o\ g - :
“linear ,relatlonibbetueen loadlng . and _remote' resource'

utlllzatlon is f_benef1c1al' 51nce it prov1des for gracefult.‘
,‘degradatlon‘Aofffa' heavily 1oaded network‘ Flnally,- the.’

functlon 1ndlcated by 4.13 clearly dé?ines the relatlonshlpt.

SN e L

oetween ‘the threshold ."and the mean eremote ,utlllzatlonv‘
thereby provrdlng a mechanlsm for accurately control}ing‘

fragmentatlon. "" ‘»\; - prs ~gu
. 4.3.3 DYNAMIcfALroCATION_

It is known that under heavy loads the_.netuork
,susceptlble to fragmentatlon (see Sectlon 4.2.2)." Control of{

thls s based -upon the follow1ng observatlon. Flgure 4.8
shows local resource. utlllzatlon for’ various .51zest'oégwy

- ?‘ﬂgﬁétworks"under heavy loads...It is apparent that local

Bl faaniis
utlllzatlon lS 1nversely related to both ‘the - load and the

number of nodes. For small networks the ﬁooaﬁvmtlllzatlon 1s
a . mk\; i

e hlgher \than ' for 1arge 'orks. ThlS su.gg,'ests a means of :

4 . L . : \:‘}
- .



contfblling.fragmehfatioh‘hased on the hetworknsizerv

.

There are two' forms 'in which thls control may - be

applled. The flrst 1s restrlctlng the 31ze of the network to 

Pt

‘maintain .37 predetermlned level of local ‘utilization.

_Relatiﬁg the nmmber of nodes to}the 103d-uill provide»a'good'

static control but necessarily a small. network.'

[

- The “alternative »form is dynamically ‘altering~4.the

hetwork size. When"lecal utlllzatlon falls beloi‘ some
threshgrd value the network 51ze is decreased. As the local

".ut;llzatlon- rises the network s1ze 1s/1ncreased. Control of

N 4

- the'siie’can teke.place as ‘a- thsicai partitioning of a.

L J

lerge network : into semi- 1ndependent - sSubsets - or by

'restrlctlng the number of nodes polled ,ih7-an .attembt to~

acquire resources. _ o
Table . 4.6 glves the parameters of a 51mu1at10n of thlS ‘ oy
PR . - . . “ '."
latter»SCheme‘ , . S
3 Load = 0. 8° ’ - LT
j,- NOdeS = 2, 3,.--,9 . : . 5 B L
‘ Threéshold T = 50, 60 70 resources. : o
Sample interval = 60 sec. . o
- Length of 51mulat10n = 3600 sec. o

Table 4.6: Parameters of 5a; 51mulatlon “for’ dynamic
resource control. o : . o S —_—

A\

. A

B
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The fesultingu local utilization»'for both(éontrolled-and 

uncontrolled is shown in Figuge 4. 1“ This control.scheme

very good for large netuorks. As can ‘be seen 1t malntalns

is

a

\
constdnt level of ut1112at10n for all network sizes.
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 Figure 4.14: chal ‘resource utilization ~for the dynamic
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CHAPTER 55 - o

A _ - CONCLUSIONS .~ - )

L o,

5.1 gumMARY OF RESULZ§'.

-

L:The prev1ous chapter. presentgé el results' of an

3 1nvestlgat10n into the resource sharlng process in computer

e_thraShiﬁg

‘networksﬂﬁfrbm thls, seVeral slgnlflcant conclus1ons ‘have

i* S ' N L. N _ ~

v

e

‘been dxaun._ L 4,_y T S i .A. L

Iy

fForemostwf “*the phenomenon ot fragmentatloh. Thls has
-been shown to be a breakdown in the orderly performa ce of a

L o »
ﬂ‘resodéce sharlng computer network when 1t 1s subjected to a

”,ouerloadedloperating syStem.'ﬂherefore a.similar event - has

e

~ been identified for resource sharing in computer networks.

v

o .,

.. The second major"result--ofi this thes1s is theorems

»whlch predlct the pertormance of the computer network under

4

' varylng condltlons. These theorems show that a large network ..
' is’ more 'eff1c1ent and stable than a smaller _one. Prov1d1ng

.5the load on the metw g is wlthln -a reasonable range~'the

s

resource sharlng process is- stable and. unlform.

- ne

—
-~

v

’ﬂroccurrence is con31stent wlth similar
"in other  ‘Somputer: systems. <Consider .

paging’ system or Tesponse time. in an |

RN

S . An o empirical ;investigation"CanirmédT?the' previocus .
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‘:theorems as well as reveallng several 1mportant p01nts. The—

’

' relatlonshlp between resource .sharlng,, network 51ze, and

_load ‘was determlned The performance of -the"network ‘under

fjvarylng loads revealed more 1nformat10n on the phenomehon of

'fragmentatlon.,_ .». > R ' f},. f e .,ﬂ‘

Dageese . * : ’~0 .
o Subseguent ;to--theSej p01nts. control strategles z§1ch"

‘,‘structure oféa node whlch accepts resource sharlng requests._

,recognlzejsthe potential - danger 'of fragmentatlonf[‘were"-i"

R

1nves;igated : Control is best 1mplemented 1n the loglcaI

-.“\'

I .

El

:'_‘from the " n ?twork. An alternatlve scheme of control through

the - ‘size of the network wa's also 1nvest1gated ,;‘f cag‘fbe

-rapplled _in_'a‘ dynamlc fashlon or as a statlc control bulit

e

5.2 APPLICATIONS OF RESULTS

1nto the. network durlng des1gn.' ‘45 . Coe

e w -vu . _. ‘
" The conclpsions reached vin~‘this"study~ ‘haVe “*two
o . . : . . ' K .

/5651gn phase of ‘a netw0rk.ﬁ.It has - been shown .that  ah

‘operate. The second appllcatlon 1s 1n control strategles for"

4 -

s

immediate appllcatlons.‘.The first is 51gn1ﬁ1cant .in the -

o : ke o A SRS

potentlally unStable 51tuaq;ph an ,exlst. The assertions

T concernlng network performange ‘give ‘the. designer- insight-
// = . : R ~ : -
1nto the: type ‘of‘ env1ronment vin.pwhich h1s systgm Ulllf»j

handllng fragmentatlon. These mechanlsms 'caﬂ;,beﬁ,added' to e

1"

hcurrcnt networks . o o o o DR S

&

4
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I b o . . :
~ ﬂ,;s.-ag;éUGGESTIONs "FOR FURTHER_ WORK
v /? ' ) : N . . ~-v".

K

ThlS study 'is>;one of nthe' first 1nvestlgatzons of"

o R L “ ,(»’ 2N {/

resource sharlng at thrs level 1n computer netuorks. As such

"1t has 1a1d ‘the’ groundwork ~for more exten51ve futwre,

u&gpelopmentstin computer netuorks.‘ . f
Ttti ' f The. most obulous erten51on tobthls work 1s an exten51on \
'ﬁof"éhé' resource starlng mbdel There are several areasxln
:rwv‘whlch thlS could take place. o ,. L L |
e T l:‘Employ an-operatlng system ‘simulationv'unlct
) represents a well known.-system.‘ Thusvtmerf
input. loads and measurement StdtlSthS would :
L’G‘I:respond to-a “real world" sltuatlon.

2..A isecond exten51on would be div rslflcatlon
' ,b,f _the"' ) resource types. ' Thl#g

e o "differentiatiOn< fbetweenﬁithe» typl “ag

"5avallablllty of resources.p NeceSSaril?>V

LI

"suggests‘ the need for more,‘lﬁyolved job:

,,%:";" ,-gl :A;=stre§ms ._whlch reflect “;the.j 1ncreased:'d
/ dcomplexlty the resource classlflcatlons.
'{Another frultful addltlon uould be to examlnej_'; :
) e : . A A
fasymmetrlc loads and job- types esﬂ*to;;thelr‘bnli'
FGV_"HT fi-;‘téffect on’, the network.vwb R
'd- tiﬁ;fdt thlrd exten51on could be the'lnﬁestfcation

'f"'»;hq~ ':**~5l*‘of dlffer"f types of network orggnization, ‘f




s g
. A . v 3 1 4
® C . - T
L : ’ ,This uouldn 1nc1ude, for cxamp;eh_
?,‘- ' . R
) ’»':&' ’ eftect “on . , a . ‘
° * ¢ o ‘ b o~ .d ‘ ' * ' . : & ',v -’a . " B )
development of e edullng btrategles dndﬂ__*, RN
oo R RN e : s ' ot
R dlfferent contTt .;rjﬁ'\smes‘, qu
T t ' IRl
con51der a. network of-ﬁu,
o i There‘ is( a

e@351

',4»1.Ya W
RN

\exécutmwe

~‘the proposedﬁ. nesourcenshatlng

u" - "

to be con51dered

'-71; De51gn of an executlvqksystem %hlch could be

; embedded nlan’ opefdtlnq syste .
o ;ﬁ.”i‘i'ﬂ L g g ;@ ¥ \”-ﬁ
G relaflvely llttle modiggcatlon._b,.é“;

et e

protagols J;gdt i both
\"l

.- ~
' 2., Spec1facat10n
I e communlcatlon and resource contr'l f ThlS -Aﬁte%ﬁf

inbiudéé : ome strdiegy for
T - J{QQ’j shé%lng varlous dev1cesf“

ya De51gp1nq the opénatinQ'~
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: APPENDIX A
- - _("\\ g . T N = - T "
- ~.''.  SIMULATION OF A COMPUTER NETWORK ‘
W . e , 4 ‘ o ,
INTRODUCT ION : » o .
‘ '. . L ‘} S e . )
" As an, .aid ~to studylng computer/netuorks a sigglatlon'k
Yo , '
‘progranm uas written. The prlmary 1ntent of the 51mq1atlon is .
_“to .examine thé” Tdynamlc ‘behav1or of  the netvork,
T spec1£1cally, job movemenfiand,reSOurce[utilization.~ s
N .'nHE BAS,IC SIMULATION N \
. _ : ' -
. o _ ".-»..,.
B “thhe\ 51qglat10n con51sts of generéklng a, stream of jobs
. ! g v
' at eaé@lnode 1nvthe network These jobs are then a351gned tOr
'some ngde for execptlon. The state of each_node is monltored
v at regX}ar sample 1ntervais. At the terminaiipn\gof;lfhe'
51mulat10n ) the; séét;stics - which weré collected are -
S Ly R
' summarlzed.' N o S . N

o

;'The prbgram,'wrltten 1n ALGOL W (wlthout the GOTO), is

-

--mcomposed of a serles of modular procedures whlch emulate the_'-J

~requ1red operatlons.‘- e _‘. - ‘ ' LT . . -;;‘\'
. - ! 5 . ) ’ o Co

‘The informationuéellecred‘on‘eaCh¢jbbbinciudés:

Arrival time. -the time at.ehich.the.jeh_
.f,L;hh : .farrired. ’ |

Start tiﬁe - .=the timerat‘whiEh the job

,beganiexecuting.'
A
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’ ) ‘\ - s .

Etop_timé -the 'time at which the joB'

. . stopped execu;izg!.‘.

' Resources ° . -the number of resources

~ " required by the job.

'Ssource node  .-the node at uhich'the job
A ‘ T . \
‘ Co : D e ’ ' '
ot ‘ Qriginated. _ e
L, ﬁpn‘qqaé g ' -the node at‘whichﬂ‘thé 'jqb s
. ‘ = B ." . ) . . .
« ! ' executed.
. . .‘ ._ ’ ‘ I-. - - . . ) o
« At each sanple intervals the information collected on.
. ) . . . . . . ’;'/I B
each node includes: o e £
‘P \ -\ .l I W . B
‘Hait queue. * -the numbét of jobs waiting
Fles _ B R o . . S . . - - o

to be’executed.

Local resources.-the . number of resources in

_usé’by'lbcal;jdbs.gf

Remote resources-the number of resources in -

. 'usezby_remote'jQLA;

A

In -dddition the total number of jobs processed by;each nbde-

pParameters to the simulation are:

1. Type ,of Simulation - -which ~ resource - -z
allocation scheme is to bé used:. -’
‘2. Intermediate output ° -contfols’ “the ¥
n . ,;‘\ )



90

prlntlng of statlstiqs_gn__the__operatxef

“the resource reguest 51ze.

of 1nd1v1dual nodeS' other91se, just the

mean‘results are«glyen._-'

Number of Nodes ~the number of nodes’  in

.

v

the network

-

T eshold Value-~- (optlonal) the resource-

&
uttllzatlon threshold required by an

~allocation scheme, e

) ." . ) . ' ~ o
Fﬁur Parametersﬁ ~parameters for ‘the

distributions' mean time - betueen  the

atrlval of jobs at a node' mean. executlolhl

=N

txpe of ‘a jOb and bhe 1nterval (a b) of

SampLe Intervalf and Maxtlme ~the time:

between samples and the Iength .of the-

el
A

51mulat10n.

o
. .\_l

" Note? items 3 to 6 are repeated as ,necessary until

humber of nodes- is' less than one.. o .

The results retnu‘?' by .the Simulation. are;

e

>

Each - of the - above. parameters . is

displayea;' o . )

Y

The mean wait queue 51ze, mean number of
1ocally used resources, mean number of

remotely used resources, mean number_ of

the
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91
\ ‘ ﬁ)/_ jobs 'proceSSed;tffhd the towal number of »
A ~— Y - i
jo'bs procef,sed are*lsplayed
]

xhe 1tems in 2 above ‘may be repeated fot each node or may be
the mean result from all Lh\ e ‘, g
‘ . K ‘ :‘ 3 .

901sson process. Thus the 1nterarr1va

ﬂiana exponentlal dlstrlbutlon. The re51db ce time of a jqb,‘

Y

THE nETkAE.SquLATION .

th . . ' ) » T .
.that is (stop time)-(start'\time), is ‘also exponentlally
\

-

't'dlstrlbuted JTﬁef«numver of resources vhich a job requlres

[

has\a unlform d;strlbutlon on the - lnterval (a b)-‘uhere

‘l’

1<a<b<100, If R is a unlformly dlstrlbuted random number on

. {0, 1] then unlformly and exgoneltlally dlstrlbuted vnumbers

’may he generated by the followlng transformatlon (647:

-

1. un;form dlsﬂ'ibutlon on (a, b)

| . SZa+ (b-a) * R
2. exponentlal dlstrlbutlon -paremetzr L
%‘f,- In( R ) / L _ S0

A randon number o&“[o 1] is generated by the multlpllcatlve o

O

congrue tlal method [63] The ch01ce_of these distributions

- owill be;?iscussed in'a&subsequent section. .°

e

.Essentially the'simulation consists of 4 parts:. (1) the

arrival of\jobs at ‘a node,,(2) a551gn1ng a job to a’ node for -

:proeessindx (3) the departure of a job from a. node, and ~(4)

bt
e

.\A ‘ S

| Jobs are assumed to arrlii aévtfe.nodes accordlng-tu*“afttf;;

'5t e between jobs has'”
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N
N

"sampllng the perfornance of each node. The flrst' and third
l o,

sections ‘-are‘ reflected by ‘the “data structure iof the

l

srmulatlon._As jobs arrive at ‘each node they. are apgggﬁed to ”

Vo 2T

the llSt of jobs valtlng tﬂ(beb pﬁpcessed--the wait queue.

Similarly uhen a ]Ob beglns execution it 1s.remgyed from the‘

wait queue,and placed, in order of departure (stop) time, in

*\ A (8 -

-

the "list of cug*ently' executlng jobs--the process queue.

Both ‘the ualt gueue and procgss queue are global to..the

network. All jbbs from all nodes re51de in elther queue in

tlme sequence. The second and fourth séctions are the actlve

14

[

”elements of the 51mulat10n.

Since the network is sampled at regular intervals' the

51mulatlonA proceeds in these tlme steps:. 1 b is the length'

‘&

.of the samp%; interval then the job arrlvals whlch occur \in

(t,t+h] are generated. The wait and process queues are

examlned and those jOb 1n1t1at10ns and departures vhich can A

take place in thls 1nterval .are handled (1n order of their“

occurrence) .. When these events are exhausted the network  is

>

“sanpled and E%e algorithm™ repeated for (t+h t+2h]. ;t“““':

Processingh proceeds as follovs. Considering the'uaitJ

-

queue, process gqueue, and the resources available -at each
/

node the néxt feasible event is determlned. A feasible event

is elther ‘the 1n1t1atlon of a ]Ob or the departure of a jOb

frog the.network.-A'departure is aluays feasible. Hovever

SN



| ‘thlﬁ .1sn‘not true of 1n1t1at10ns sf;ce a nhode %.{

- ;§ 'jobs is examlned to t}nd the first job whlch may be execut

at

the resources to run the‘job.

Therefore the,llst "of

ualf!ng
-

/1

. some - node in the network (not necessarlly.the node at

mhlch the ]Ob arrived). ‘Thus several lérge jobs may 3e

'u-

ig§;w-‘ ,pasSed ‘over in favor of a small job~ wgich_cag{be;rum

7 <L Lt Vo imm

'“"»‘L“_’ :-

N a;*.‘ t;aization’

edlately  This strategy 1is ‘chosen io

/

A
waximize - the

of thé network. Clearly a more oPtimql stfategy

é%yld be ;ound u51ng the resource 51ze, estlnated execution

3

b

" A ’

, ‘ Q
e, and“,.cnrrently eXecutlng jobs- ,houev r, such a*

cu551on is . beyond thé scope of this thesxs
|

cation strateqy.>.:m.ns“”1¢_~

he algorlthm

There are 3 possib%e outcomes from the above selection:

»

1. No* feasible_ 'Events .-Therel@

are no

departures nor .any jobs in the vait queue

which can be ruan.

°

2. Either a departure or initiation but not

both is possible.

3. Both a departure and initiation are

feasible'ahd'thefefore the earliest of .

"y

the 2 events becomes the fegéibleievent.

Ld
s . . \

nYy

o

’ : S I S N S
. There a two consequences.of this selection process:

a551gn1ng.ﬂgoh& to nodes is. _iermed the —-LesSoutce=. - -
, SN

i
R
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e

1.»II tbere ‘are no fea51b1e events then the \

S o ch node is rsampled and the vy
i - . i . ‘ v \5
' C ﬁggrithm regpated for the next clock °
! \

it

. c
2. Process

€he™ *5ob ;from- the process gueue and

from the wait queue to the process queue - f/g-g

and acquire the ;necessdry resources.
. "y ‘

contlnue vith, the next feasible event.

SRR ' R

o

The selection ' of a feasible initiation eyent proceeds

q R : ., .

as‘follows. The list, in order of &rrivéi " of _5llq jobs~ 59

_the network waltlng to be processed is examlned An attempt'
is made to asslgn the. first (oldest) ]Ob of the queue to run

“on the node at thCh it. arrlved If'thls 1s not_p0531b1e the

netvork is polled to find a node- at which the Jjob may be
| o . B .
run. In determining yhether a job may be run at a remote

-

‘nodertne\specigded‘resource~ailocation strategy is used. ~£§:-

~

the  job is still "unable to run it is passed over. and the

next job examined. This‘procedure is repeated untii either a

Afeasible job is found or the list exhausted.

5 . L3 -
¢ ESNEN
/ - . . JRIAY

The first feasible departure event is aluays the head

of the process queue since thlS llst is sozted 1n .order of

3‘-

releasing its resources-or mowe the job . .7

"-»'.4 . : S S
B | A
. ) ' ) l/ .‘,> '(

fbas;ble event by removing ?7/\
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stop -time.

. . L. . ) “. . [ & .
once a’'job has been selected for initiation the gtart

¥ ' time for the job is either the departure tlme of the last

. -~ job (the ‘job whlbh released enough resburces- to Erun this.

job) or ;he armlval tlme of tHe job. The 1atest ot these two

P o

tlmes is the start time. It is assumeﬂ that task 1n1t1at10n

L3

- . 2
‘is 1nstantapeous. {he stop . tlme 1s computed by _ad¢1ng .the

.8

.. generated .residence time tolthe start tlme.

-, ’ - ’ - ) . ) . .

W ' After the network's. operation has been simulated for
.the specified time, the statistics which have been collected

e . o ' . .
@ \

are summarized. ' ‘;‘ Lo .
‘ - * 4 .

DISCUSSION OF THE ARRIVAL AND DEPARTURE PR_QCES‘SI_\E.S.‘
. In the simulated model'of .2 computer system the arrival’
and d&parture of JObS is assumed to take place accordlng -to
.,someﬂ distribution. Spec1f1ca11y the length of tlme betveen
| thevarr;val'of sucqessiVe "jobs and~ the length. of time
"between - the ,depar_tu'r.e . ‘:of..,.. successi\vebjobs'l.ha.s . .so‘me
N distribution. Thus in the‘simulation the inter- sarrival and
inter- departure tlmes are generated accordlng to some random

process. The_ follow&ng dlscu551on wlll attempt to justlfy

these processes.



Poissoh [Procesg . ' , o

. " “ . . ) l:'~'.v." . . ‘: ; T s _. l _
In. a- computer\%gysted‘ the arrival” of Jjobs to Iye
processed 'may be vlevgp as the ocaurrence of random events

.

in-time;"The 'dec131on of .a usar to submit a Jjob -is
completely 1ndependen§ ,e'7similar 'ﬂeCisibn\by another

user. Furthermorg, ‘the - dlscrete natufe of ’compﬁ%ers and
- \ ‘k

channels makes it 1mpossrble ‘for two or moré jobs: to arrive

at‘exéctly the same instant. Prlorlty arbltratlon_ betveen

chahnel 1nterrupts also precludeS' the poesibiiity» of

4‘51multaneous arrlvals. For these reasons jobs are assumed to

‘arrrve-at“a‘COIputer accordlng to a P01sson process.

\ 4

propertles uof ‘a éoisson ' proeess [a9,91h6],
[50 P1713, [47,?120] Hlth parameter L are- | |
®
1. Given a short¢interval of size h
a. the érobehility:bf 0 even£5'occurring
inhis1-L*h+o(h).
 b. the probablllty of 1 evenr oecurring o
- in h is L'* h + o (h). R
c. the‘_probability' of -~ 2 or merehevents
| eecﬁrriné in. h is ;(h). |
2. The occurrence 'gf an’  event in one
lnterval of length h hasvno effect on rhe

-«

occurrence oOr non-occurrence in another .,

at
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T3, The probabllyty of tne occurrence -of' amw
IR event in y1) fabove. ddes not change in
“time. /

o It is well knoun that computer ‘usage varies ‘'in .time\

vlth peak loads occu rlng durlng the afternoon. Clearly thlS

3
\

\

. ® -
v1olates : property (3) of a P01sson process. However
' con51der1ng some»re sonable 1nterva1 of tlme, say’ a 1 or 2
hour period, 1t 1s.plau51ble to assume that the arrlval and

departure rate is constant.’

[ o | From réferences (50, P2éj and '[uq'p1asj if  randoam
.varlable. X-'ls the length of tlme from the occurrence ‘of an
event untll the occurrence of the next event in ab Poisson
process wlth :rate L then X has an exponentlal dlstrlhutlon.

'wlth parameter L..The dlstrlbu€§§§ functlon of X is 0

F(t) = 1 = exp( =L x t ) - (t>0) e
“And the demsity function is A - L
| 4 f(t) = L x exp( -L x t ) (t>0). ’ tt

N

tThe expected value is 1 / L. and variance 1 / L2 Therefore

-

in a P01sson process the mean time between events is 1 / L.

-~ g ‘ - . "

Arrival'and;Residence Distributions
o » T .

Ihe assumptlon that jobs arrlve at a computer system in

.accordance with a 901sson process vould, seem, from the-

. ' . ."
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preceedlng dlscu551on, osten51ble. Thls is in fact born .out:

indicate 'that the 1nter arrlval tlme of“ jobs T rare
exponedtially dlstrlbuted but give. no statistical basis for

thls con01051on. Table 1 below summarlzes the 1nter -arrival

time" for jobs durlng a 1 hour perlod at the UnlverSLty of;

Alberta_Computing center [S3],1n 1971.

Y

Time (min.) 0.5 1.0 1.5 270 ‘2.5 3.0 3.5 23.5

No. of Jobs 39 24 12 .2 2 . 0° 2 1
Table 1: Inter-Arrival'Tire of Jobs.
e

Under the hYpothesis that the inter-arriVal times are -
exponentially - dlstrlbu);j/ th“Chl square statlstlc is 9.33

wlth 6 deérees of freéedo Hlta(§ 1% chance ' of error the

hypothe51s is- acqepted ;A?“”ﬂ
\Z "

"§,§§SSibi§ to ’ﬁake quite as

debartﬁre~process.VRecall fthat

°;51%L
r'-wicutlng, wlll take before departlng.

.

,@ﬁe'~s§Stem.} This t1me 1ncldﬁes the executlon tlme as -
'well as the tlme the task is blocked waltlng for 1/0 or
'serv1ce. . Once agaln appeallng to the 1ndependence of.* jobs"

the completlon of a ij is completely 1ndependent of other

,‘;’ L: - .

jobs., That,,is, .analogously‘ to .the 'arrrval process, a‘.
. . o ‘

-

ervatxea——£51752]1__lm__these__references_the_anthors‘
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departure is the occurrence'of -a random event in time..-

RESOURCE. REQUEST |

- libraries, operating sys

At tﬁev mdst ,iqi§ica£éa

: - e — - —
v  Several "authors .[54,55] have -attempted to, model

i

éomputer _ sys@ems .under the aSéumptiQn . that a' -process

| -dlternates'bétueen’ready, computing and blocked states. The

Iength of . these. cycles'«is erﬁined' by an exponential

distribution. This assumpfion/is‘also borne out by empirical

'résﬁltsi[56], Thgs7in the éimulatipn‘ the »départu:é*'r&ndom

“variable was chosen to be eprnential.

v a

‘

. . . . ". ‘ .‘V’\- . )
.Thes resource request random .variable is the .number of

~ resource units which a job requires. Resources include a

-

_-wide 'variety of Hhardware and software items. For example,

CPU tinme, channels, disk space, tape drives, &ard - readers,

'lihe‘ptinters; core, as well as compilers, loaders, ‘run time

services--the list -is very-long. .
vel a simulation must account for

the performance of a real§fomputer system. EvVery. resource

,mustnfbewmodeléd,.itS'size,ntheuienétﬁfofmuse,,the{number'of,;"

“times it'is_used as vell as exceptional conditions which
“arise’ from  its operation,' Clearly this is a difficult

problem. ~ - = o~ . 7 T : ,
) R “. o ra o0 o . } . . -8
. N - . "’ N ' » : - ’ N y -
- The problem of generating @ some reasonable resource
y S a _

utilization = process is ‘equivalent to the problem of
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constructlng benchmark or synthetlc programs [59 59,60,61].

i

-whether they perform 51m11arly to a real. job As p01nted out
| ¥

'.The gnecflnn.-1s not how—to—desxgn—%he—prograﬁs—bﬂt—rather——————

) 1n,reference (59] there is not even agreement, on " what

.characterises'job types.  3 | - v

- It may, be p0551ble to 51mp11fy some of’ the above p01nts

by 51mulat1ng only cry tlme and I/0 requests. However thls

nece551tates some con51derai&on of the service rate, number

a

~and type of channels.$mi:£ce thls 51mu1at10a deals wlth a
network the problemﬂas dupllcated for each node." ‘

™
.

'Essenfially'such a.detaile& simulatibn is not reguired

. to answer the vpoint in questlon. As has been p01nted out'

[62] a 51mu1at10n should reflect the‘ ‘question §it is to . v

o

amswer.-'The .followlng generalization . has been made to

. expedlte the s1mu1atlon. Each node or computer ‘sfstem vill

con51st ‘of 100 resource unlts. These units represent all the
ava;lable . resources of . a computer--CPU jtime,“core,

peripherals and softvare modules. Each job places a request

for some number of resource.units. There is no distinction

made betweén types or cldsses of resources oh\,jobs;' By

accepting a job ‘the systen ' las decreased its ablllty to
prov1de service by some flnlte amount '
. PR . ‘ ‘ o g :

..Under this assumption it is recognized - that -every Jjob

in an operating. systen requires some portion of the system's

>
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’

resources. Furthermore these resources are 1ost in the sense_v

a

1hat' while a551gned to that job they can be used by no

h others. Alternatlvely 1t may be 'argued that an operatlng"

system rs f1n1te and under any operatlng condltions there'

trf~y'are a flnlte number of jobs which the system can "dlgest" at'

_____;__numher_of_gobs—in—execut&ou.

&

-

‘;_coﬁcw?idu B

one tlme. Conslder 05/360 (MFT),-lt can support only a flxed”
&

'“number of . part1t10ns and #t any tlme there. is~ a,-maxlmum'

' "A .’:\
ca fg
b

/

" a
. \

This approxlmatlon allows «the 51mu1atlon to proceed'

W
‘ '~¢

. s ’
-v1thout hav1ng to become 1nvolved 1n the problems of current B

*research in other. areas. By norma1121ng the' resourcesL in

thlsf manner "the' questlon tof‘ job types and program .

| performance whlch are necessary to represent the load on‘ a-

-

"fmsystem “aré_ 1gnored Flnally, it is ﬁo longer necessary to

:prov1de a detalled srmulatlon of the 1nterna1, 1nteractlons '

¢

' of an operatlng systemu

i

]

The purpose of thls 51mu1at10n is to .study the/movemeat

[}

 of jObS in a computer network Necessarliy thls entalls the

_\modellnb of .the operatlng system ‘and hardware iat‘ member'

_.nodes of .the..network The broad guestlon hhlch thls study”_‘

“’

examlnes permits . a flrst order approx1matlon to the “real"p

operatlon _ of the netuork. " The choice of arrlval and’

Lj"departure process thch thlS 51mulatlon uses is. well. foundedé;fl

"
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in both,‘empiriéal results © and theoretiéal' modeiing,

Normalizstion' of the fresources. circumvents ‘the problems
'encountered in performance measurlng and lload'.definition.17
RENEY

Therefore the results oﬂ' thlS 51mulatlon are at least a

'first order approxlmatlon to the performance of ,an_ actual'

' Sthem. - . ' b- - o

RGNS

v



