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Introduction

_ This paper treats the problem of ass1gn1ng prlorltles
to 1mprove the traffic handllng characteristics of store and
forward computer networks, for example, of the CANUNET(l) type.

. In such networks message trafflc flows, between host
computers that are connected to the network v1a node control
units. Messages flowing betWeen hosts- are broken up ‘into

packets. These packets are routed by the nodercontrol units.
Furthermore, the operatlon of the network isusuch that each

time a node COntrol unlt sendseapacket to another node control
unit, it stores a copy. This stored copy is erased only

after an'acknowledgement has been recelved that the transmission
is error.free. ’In thls paper, a scheme 1s developed for g1v1ng
priority to the short messaqes in partlcular the acknowledqements.
This results 1n -a cons1derable 1mprovement of the trafflc handllnq

characterlstlcs of the network.t

In sectlon I, a reV1ew is glven of" the results For a . ' i
s1ngle channel queue under a non—preemptlve head of-the line . ‘ |
Drlorlty service dlSClpllne with two prlorlty levels. The ' - l
moments of the. serV1ce time dlstrlbutlon .and express1ons for
the averaqe queuelng tlmes ‘for messages 1n each prlorlty level
are presented.' The expres51on for the overall average queueling
time 1is shown to be a function of the percentage oF the ‘total

number of messaqes that are of lower priority.

In sectlon II, the solutlon to the problem of flndlnq
-the Optlmum division of a flow of messaqs,lnto two prlorlty
classes is presented. It is shown that the optlmal asslqnment
of prlorltles, that is, the as51gnment of prlorltles for ‘which
.the average queuelng delay is- mlnlmlzed, ls,agfunctlon of .the

trafflc 1nten51tv.




. In Section III, the results obtalned in Section 1T,
are applled to a network of channels. By way of an example
of a fully connected network of channels, it 1s shown that
a dynamlc ass1gnment of prlorltles offers a con51derable
.advantage in- terms of average message delay over the case
of a flrst-ln flrst—out serv1ce dlSClpllne, espe01ally for

hlgh trafflc 1nten51t1es..

'The'application of a dYnamic assidnment‘of~
prlorltles to-a. non—fully connected network is then
1nvest1gated The major problem here is that messages
travelllng between any palr of nodes will on the average
use more than one channel on their way to the destlnatlon
node. In this case, the output of a channel. will be the i
input of another channel and the property of Poisson
:arrlvals which makes the analy51s of complex networks easy
could be destroyed "It is then shown that the property
of Poisson arrlvals is Stlll preserved for any as51gnment

.of prlorltles..

In the appendlx, the express10n for the nessage
interdeparture time dlstrlbutlon is derived and it 1s
shown that the output of the queue 1s a P01sson process

with mean equal to the 1nput P01sson process.t




SINGLE CHANNEL QUEUE = TWO ‘PRIORITY CLASSES

Consider two priority classes, (1 and 2), where
messages of class 2 have priority over messages of class 1.

‘The service is assumed to be non preemptlve priority,

. that 15, whenever a message of c1ass 2 arr1ves when a

message of class 1 is belng served the class 1 message
is not_pre empted..

In store and forward networks of the ARPA or CANUNFTcl).
types ACKNOWLEDGEMENT messages’ would he con51dered as
class 2 messages. Also W1th1n each prlorlty class messages
are served in a’ rlrst 1n Flrst out (TIFO) ba51s, by a-
srnqlo server : ‘ ’

Let Az and Az be the rates of class 1 and class 2
’messages respectlvely, and A .= Al + Ao be overall arrival -
rate. The service time for these messages is. assumed to
- be an 1ndependent1y dlstrlbuted random varlable, ‘with
dlstrlbutlon function B, (x) i=1o0r 2 for class 1 or 2
messages respectlvely The overall service. t1me
5dlstr1butlon B(X). is thereforeo'

'A;Blcx) +’A2Bé(x)

'B(X)x?
MOMFN'TQ: "or SERVICE T1 ME'
The moments of" the serV1ce t1me are ohtalned From this

dlstrlbutlon as

RO







it follows that the first and second moments of the
dlstrlbutlon function B~ (X) are’.

Ay/uy ot lz/Pz

M LA
n o A

and the average queuelng time- for class ”1“ messages
1n ‘the case of P01sson arrlvals 15(3)

P Qe (eop)

~ where

> A§ 2
o; = X _1 = I Pj
therefore - ‘
Ay Xé l.f
G, = + -7 P % Py =P
M Uy
e o
0y T T e
o, =0

The expected tlme to complete seTV1ce on a message

alrcady in service when a new one arrlves 1s F(T ), where

A oo
Em L oo




Using equation (1) the aVerage.queueing time for
“class 1 and7class Zemessages,_is found«to be

E[To]
| (1 p) (1 o+p )

E]T

oy s

and the overall average queueing time pér message is

=
e

" where

>

The parametercxrepresents the percentage of the total
number of" messages - .that are of class 1. U51ng equatlon (2)
and (3), equatlon (4) can be rewrltten as

- E[T ] (1 @+@D)
(1 p) (1 o+o )




Queuing Time ﬁon'gyéfem$'WL£hTand w1thoaxyPhionéiieé’

Fquatlon (5) is .an expresslon For ‘the overall average
queu1ng delay encountered by messages arr1v1ng in a Poisson
fashion, Here, a of these are low priority ‘messages. It should
be noted that no: assumptlons are made regardlng the service t1me _
d1str1but10n.; That is, the seTV1ce t1me d1str1but10n is ar- '
bltrary and general It is now poss1b1e to compare the value of
the averaqe queuing delay for a two prlorlty class queuing o
system . w1th the value of the average queueing time obtained-
for a system w1th no prlorlty classes, that is, For systems
where messages are served on a first- 1n flrst -out basls.

For a general serv1ce time d1str1but10n uslng the POLLACZFK—
KHINCHIN equatlon, the. value of the average queu1np ‘delay
W[FIFQ] for the flrst in flrst out (FIFO) case w111 be

given bv

wlrrrol E-[lol— | oL T
A e

d1v1d1ng equatlon (5) by equatlon (6), it 1mmed1ate1y .
follows that '

W[P-R_IORITY].:‘:W']:FI'Fo:]"_ »clfp"_“ 0?93'_ et
: T o cl_p: .+. p,_l)'l:.‘ | . | 7

- It can be shown(7) that the factor multlplylny the
»expected_queuelng delay under the ETFO d1sc1p11ne, on - the’
right hand side of equation (7), is always 1ess'or.equa1 ‘

than unity. . This means~that'for any aibitrafy‘selectioh of
_priorities the expeéted queueing‘deiay"ahder a priority
service d1sc1p11ne is always. less than ‘the expected queuelnp‘
‘delay under ‘a FITO service d1sc1p11ne. Agaln it should be .
‘noted that this result 1s valid for any servxce time d15tr1—

butlon.‘




11 OPTiMUM:AéSiGNMsNT;OFfPRTORITIEs-BASED_ON.MESSAGE'LENGTHS

In thls sectlon, the solutlon is presented to the problem
of opt1mally a591gn1ng prlorltles to a Flow of 1ncom1nv
-messages w1th exponentlally dlstrlbuted lengthe , ThlS Optlmum

'_a551gnment of prloTltleS 1s shown to be. dependent on message

lengths and 1nvolve> mlnlmlzlng the ratlo of the expected
queueing delays w1th ‘and w1thout pr10r1t1es as glven by
the follow1ng equatlon

W[PRIORITIESJ . _(=p 4+ ap)
W[FIPO] . (- +0)) o

To mlnlmlze the ratlo in. equatlon (8), it is necessary
to der1ve an expre551on for 0, in terms of p and a.. “This
-express1on is readlly obtained as. follows. lettlng the
pr0bah111ty den51ty Functlons oF the average message’ 1engths'
be b(x) where ‘ ‘ | ' |

b(x) = we ™, x>0
and 1/u is the average message 1ength then it is readlly
apparent that if priorities are to be assngned accordnng to
message 1engths it is reasonable to give hlgh prlorlty to
shont messages and low pr:orlty to Long messages. There-
fore’ denotlng the threshold level on message lengths below
which messages are high: prlorlty messages by ©; recalllng that

o denotes the Fractlon of messages that are : u'of Low - prlorlty,
that 15, of class 1, then the follow1ng relatlonshlp is
readily. obtalned between o and 03 namely
0/u ‘ "f_@/u '
1-a = .f-b(X)dx =/ ye’ ”xdx =
.o o




and therefore | .

or -

Then the rélationshiﬁ between
of the low prlorlty messages and b
follows, o

P, = Xff*xhe_uxdx
- elu

O;’:_DQ@ + pa
that is

pi = pd‘(e-i-l‘)._‘ _

p,, the trafficiintcneity
and o, -is obta1ned as

and substltutlng the . value of o, - from equatlon (9) in

‘ equatlon (8), it £ol1lows that

W[PRIORITIEs] . [1“p:+'“93'

wlFIFo]  [1-p + ap(e%1j] .:‘>_-5 :>1o'

To m1n1m1ze equation (10) 1t is nece%sarv to locate

the maximum of pOo. This max1mum will yleld the opt1mum

value of 0. This value can be shown to be

)
= 1. +,_e___-_ R

S e-1

o}

(23,




1hereFore it is p0991ble by dynamlc asslpnment of

pr10r1t1es to obtain an average queuelnp delav which is

less than the average ‘queueing " delay_w1th no:pr10r1ty.

In a typical problem one is glven the value of A~
and u. From these values, o and O .are then computed
-and prlorltles‘are ass:gned. to those. mesqages .whose
1ength is 1ees than O/u. ' ‘




i
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111 APPLICATION TO A NETWORK OF CHANNELS -

_ In section II, an expreesion tequation (10)) for
the expected queueing delay under an a551qnment of prrorltles
.based on message lengths was derived, This express1on is
~valid in the case of a 51ngle channel system.- ‘In this
section, these results are generallzed and applled to a
network of channels, nnder the "assumption: that JACKSON' 4

(5

Tt is also proven in’ the appendix that these assumptlons.

theorem .and Kleinrock's independence. resu]t( ) are true.

are in fact correct.

Conalder now a network oF M chqnnel% where the expected
queuing delay W on the’ 1Fh channel is nlven by UWPRIORITIES}
(equation 101 The tota] averape queue1no trme Wt for the. .

overall network will be

: X o co
wornohw R
t_~i Y ;l‘ S AR 11h

o™ Z

1

where A1 represents the average numher of messaqcs on the
ith channel and Y. the total 1nput traFFlc to .the networ%
from external sources. ' .

To annly the results glven 1n thr% paper and anprove
.th

its traFFlc handllnp canahrlltles the networks it node‘

control un1t would. comnute the value of p;-at a grven
instant and flnd ‘the corresnondlnq value oF ® that
‘minimizes W Thls optimum value oF 6 would of course be
d]fferent for each channel, The - network% total average’
message queuelng time W (equatlon llL u91nq thlq anproach
would he: much less than the total’ average queuelng time
ohtained under ‘the normal Flrst come flrst.served service

d1sc1pl1ne.~
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EXAMPLE OF A FULLY CONNECTED'NETwORK‘:

These results w111 now be applled to the spec1a1

case of a ful]y connected three node network shown in Tlgure 1.
The routing scheme used is that a meééaqe will aﬁwagé uéa
~,the danect Zth COHHQCILRQ &ié onaqan to AL deét&naiaon. ‘
The 11ne speeds and average . message 1engths are chosen to be
respectlvely 50 kb/sec. and 400 bltS.. For 51mp]1c1ty,‘the
traffic matr1x 1s assumed ‘to be uanorm and svmmetrlc - This
allows the: same 11ne utlllzatlon Factors to be used for three

channels,.

1he ratlo of the total average queulnp time under a
’prlorlty serv1ce d15c1p11ne over the total average queulng
time under a PITO serv1ce dlsc1p11ne and -the upper bound of
the 1ength of h1gh pr10r1ty messages, were calculated as a
“functlon of the 11ne utlllzatlon factor. o

. The results obtalned (table 1) were used to plot
several graphs (flgures 2 3 4 5)

_ Several observatlons can be drawn from tahle 1 and
Flgures 2,3, 4 S ' '

For. 1ow line ut111zat10ns the dlfference between
the-total average queuelng time with and .without pr10r1t1es
is negllgeable and the average queuelng tlmes for hlgh and
low prlorlty messages is almost the same. Also for low line
utlllzatlons the. upper bound of. high. pr10r1ty is . close to
the average message 1ength Wthh for thls example is. 400 bltS.
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!
i

As the 11ne utlllzatlon 1ncreases it becomes more
advantageous to conslder a pTlOTltY scheme That is, for
"high line utilization the reduction in . queuelnp time (see
flgure 4) obtained using a prlorlty scheme 1s dramatic.
For high 1line utlllzatlons almost -all messages are high
'prlorlty messapes (see figure . 5),_thereFore the hlgh
average queueing times. obtalned for the low prlorlty

messages are. acceptable. o

| CASE OF A'DTSTRTBUTED'NETMORK OchHANNELS~

' The precedlng eyample of a Fully connected network
had the nroperty ‘that. any message only used one" channel of
the network. Therefore the flow of arrivals at any node.
control unit. would be described by a POISSON process .- For
a general dlstrlbuted network this hypothesis is no lonper
necessarlly valid, because the output of a channel constltutes
the input of another channel “Therefore the 1ntermessage
departure time dlstrlbutlon for an M/M/l queuelng system with
a priority serV1ce d1SC1p11ne has to be . 1nvest1gated Th1s'
work is the subject of another: paper( ) ‘and only some results
are . reproduced here (see Appendlx), ‘but . the results obtalned
in the appendlx clearly establlsh that the departure process
~of an M/M/1 gueueing system with a- pTlOTltY service d1sc1p11ne’
of the tvne descrlbed in thls paner, will be a POIQQON process.

- CONCLUSTON

It hasobeen-shown.that when average queueing delay is .
the main performance:criteria'ot'a computer. network,the intro- -
duction of a non preemptlve head-of~the-1line prlorlty service
dlsc1p11ne,in partlcular for high traffic: 1ntens1t1es ‘is
desirable. ' ' '
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This study was . undertaken cbhsidering only two .
“priority classes but if more than two priority classes are
introduced further gains will be possible at the expense

of increased complexity of the node control units.
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| APPENDIX - |
THE OUTPUT OF THE M/M/1 OUEUE UNDER A PRIORITY SERVICE DISCIPLINE.

In the appendix, an expression is derived for the
lntcrdeparture time distribution D(t) of'an.M/M/l queue for
‘the case where mossages belony to two different'classes‘or
prlorlty 10vels, ‘and where the service dlsC1p11ne is oF the
type non preemptive head-of-the- 1ine priority service
discipline. Th1s is’ accompllshed by first der1v1ng the
stationary . 101nt Drobab111ty dlstrlbutlon of the numbel de

~messages of. type 1 and type 2 1eFt behind by the departure

of the. nth message.

The model that 1s used here 1is shown 1n Flgure A-1.
~In thls model messages w1th exponentlally dlstrlbuted 1ength

(w1th mean 1 ) arrlve in a POISSON fashlon w1th mean rate A
u

at the dQCLéLon box. In thlS box a dec151on whlch is a
Functlon of the Lrnfflc 1ntens1tv, is made whorebv a part1cular'
message is sent to the queue #1"or the queue #2,"depend1ng"on |
its length, A,message joining queue #2 Will be a'high priority
message. Messages in queue #1~wil] be'iow priority messages.
Service at a qﬁven 1nstant will be given to queue #2 1F

the number of messages in this queue is greater. OT equal

than one, but a message of type 1 cannot be preempted from
service if a message of - type 2 arrlves. . ‘

Let al(1}  and an(z) denote'the ﬁﬁmbef bf;ldW~(Cla$S 1)
and high (c]ass 2) priority messaves leFt hehind‘jn»the system
by the nth dcpartlng message. The total number‘of messages
Vpresent in the system at time t=0 Js assumed to. be zero,

Under thl&'dssumpt1on the F0110w1ng statlonary Drobabllltles

are ohtalned(4)




| 1im PT L‘@)>n u(z) ] :.;L”‘i
1N ~>co . u
B i Ao
lim Pr |olt)>0 , o) >,0J - 2
L

i rr 102 0, 02 0] < 1

) Lo

The Laplace transform oE the 1nterdeparture tlme distribution
will cherefore be given by ' '

.D*(S) = (l‘p)]X;;U B*(S)?+ :r Bi($)j+ 7r‘Bé(S)_ .ﬂ;..JT:(A‘l)

- where R (s) and B ( ) are the Laplace transforms of the servncc
time dlstrlbutlons of type 1 -and type 2 messages. B (s) is .

the Laplace transform of the overall serv1ce.t;me dlstrlbutlon;.,

Equation (A- 1) can be’ wrltten 1n terms oF the denSJty functlon

~and the 1nverse transform of D (s) is

"X, A o S
d(t) = (1- D)De 3t®b(t)] ¥ Tb (t) ¥ —«b (t) i (AR2)

Pcrfofming the convolution product denoted}nﬁQQamdxreplacihg

all the densityffunctions\by their expressions gives

- ;, oMy Ay - : '
d(t) - }\LC >\t _ ut] 2 2 uzt + eult e (A_S')
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Uslng ‘the expr0551on of the ovorall service
time .distribution B(x) in terms of the serv1ce time
dlstrlbutlons of the two types of messages By (x) and
R,(x) it .can 01S11y be shown that equatlon A 3 can be.
wm tten as: ' ]

d(t) = re M e (A8)
Which means that the interdeparture time distribution

is an exponentlal distribution with mean equal- to the

"mean of the 1nterarr1va1 t1me d1str1but10n. Th1s result

also says that the output process will be a POISSON procesS'

_regardless ‘of the trafflc 1ntens1ty and the a551gnment of

prlorltles to’ the two types of messages




. FIGURE 1

Three Node Network
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TABLE 1

Total A\/;‘er_agé' Quéu‘ei’hg Time (No Priorities)

" ( Priorities )

Average Queueing Time for class 1 messages

[

AR 1

"

" class 2 messages
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