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Introduction 

This paper treats .  the problem of-assigning priorities 

to improve the traffic handling characteristics of store and 

forward computer networkè, for example, of thé CANUNET (1)  type. 

In such networks message traffic flows, between host 

computers that are connected to the network via node control 

units. Messages flowing between hosts are broken up into 

packets. These packets are routed by the node control units. 

Furthermore, the operation of the network is such that each 

time a node control unit sends apacket to another node control 

unit, it stores a copy. This stored copy is erased only 

after an acknowledgement has been received that the transmission 

is error free. In this paper, a scheme is developed for giving 

Priority to the short messages in particular the acknowledgements. 

This results in a considerable improvement of the traffic handling 

characteristics of the network. 	. 

In section I, a review is given of the results for a 

single channel queue under a non-preemptive head-of-the line 

priority service discipline with two priority levels. The 

moments of the service time distribution and expressions for 

the average queueing times for messages in each priority level 

are presented. The expression for the overall average queueing 

time is shown to be a function of the percentage of the total 

number of messages that are of lower priority. 

In section II, the solution to the problem of finding 

the optimum division of , a flow of messaga3into two priority 

classes is presented. It is shown that the optimal assignment 

of priorities, thàt is, the assignment of priorities,for which 

the average queueing delay is minimized, is a function of the 

traffic intensity. 



' In Section III, the results obtained in Section II, 

are applied to a network of channels. By way of an example 

of a fully connected network of channels, it is shown that 

a dynamic assignment of priorities offers a considerable 

advantage in térms of average message delay over the case 

of a first-in first-out service discipline, especially for 

high traffic intensities. 

The application of a dynamic • assignment of 

priorities to a non-fully connected network is then 

investigated. The major problem here is that messages 

travelling between any pair of nodes will on the average 

use more than one channel on their way to the destination 

node. In this case, the output of a channel will be the 

input of another channel and the property of Poisson 

• arrivals which makes the analysis of complex networks easy 

could be destroyed. It is then shown that the property 

of Poisson arrivals is still preserved for any assignment 

of priorities. 	. 

In the appendix, the expression for the message 

interdeparture time distribution is derived and it is 

shown that the output of the queue  •is a Poisson process 

with mean equal to the input Poisson process. 
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SINGLE CHANNEL OUEUE " TWO1DRIORITY 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-preemptive priority, 

that is, whenever a message of class 2 arrives when a 

message of class 1 is being served, the class 1 message 

is not pre-empted, 

In S'tore-and.forward networks of the ARPA or CANUNET (1) 

 types, ACKNOWLEDgMENT - rilessages:would be considered as 

class 2.Messages. Also withIn'each priority class messages 

are served in a'firstinfirst-Out - (FITO) . basis by a 

• single Sérvèr, 	- 	 • 

•Let .À 1  and X2 be the rates of class 1 and class 2 

messages réspectively, and 	= À 1 	X2 be overall arrival 

rate. The service time for these messages is assumed to 

be an independently distributed, random variable; with 

distribution function B(x)i =lor 2 for class 1 or 2 

messages respectively. The overall service time 

distribution B(x) is therefore 

X1B1(X) 	)1/42 (x) 

MOMFNTS OF SERVICE TIME 

The moments of the service time are obtained from this 

distribution as 

1 	- 
_ 	fx dB. (x) 
1-1 1 	o 

= lx 2 dB. 
n.
r 	0 . 
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Âj 
a. = E 

-3- 1  Pj 

2 

E 

it follows that the first and second moments of the 

distribütion functiOn  B (x )  are'. 	. 	:• . 

xl/P1 	4- 	x2/112 

.11 

and the average . queueing timefor claSs "i".ffiessages. 

in the caSe:Of'Poisson arrivals isq) 

where 

• 
therefere • 

À y 

u  1 	
1 

X 
F . 	2 = p 7 p i . 

P2  

z 0 

The expected time to complete service on a message 

already in service when a new one arrives is E(To  )' where 

f .  

E[T0] = — fx 2 dB(x) 
• 2 	0, 

Pi 
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Using equation (1) the average queueing time for 

•class 1 and class 2 messages , is fouricL to be 

E [T 01 

• • 	rr 
. 	0- 

(T7P + P 

and the overall average queueing time per message is 

W 	01 1 	(1-a)W 2  

where 

The parameter curepresents the percentage of the total 

number of messages .that are of class 1. • Using equation (2) 

. and (3) , equation (4) can be rewritten as 

w = E[T_] 	(1 -0. 1ap) 

(.1-p+pi) 
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Queuing Time 4ak .  systeiri4 with -.4nd Oïthout Tk4ie4 

Equation (5) is an expression for the overall average 

queuing delay encountered by messages arriving in a Poisson 

fashion. Here, u of these are low priority messages. It should 

be noted that no assumptions are made regarding  the service  time 

distribution. That is,  the service time distribution is ar-

bitrary and general. It is now possible to compare the value of 

the average queuing delay for a two priority class queuing 

system with the value of the average queueing time obtained 

for a system with no priority classes, that is, for systems 

where messages are served on a first-in first-out basis. 

For a general service time distribution, using the POLLACZEK-

KHINCHIN equation, the value of the average queuing delay 

WEFIFO] for the first-in first-out (FIFO) case will be 

given by: 

wIFFrol 	Efrol  
(i-p) 

dividing equation (5) by .equation (6), it immediately 

follows that 

6 

It can be shown (7) that the . factor multiplying the 

expected queueing delay under the FIFO discipline, on the 

right hand side of equation (7), is always less or, equal 

than unity. This means that  •for any arbitrary selection of 

priorities the expected queueing delay under a priority 

service discipline is always less than the expected queueing 

delay under a rire  service discipline. Again dt should be 

noted that this result is valid for any service time distri-

bution. 



11 	OPTIMUM.ASSIGNMENT:OF. PRIORITIES BASED ON MESSAGE" LENGTHS 

In this section, the solution is presented to the problem 

of optimally assigning priorities to a flow of incoming 

messages with exponentially distributed lengths. This optimum 

assignment of priorities is shown to be dependent on message 

lengths and involves minimizing the ratio of the expected 

queue  ing  delays with and without priorities as given by 

the following equation: 

w [Fug] 	• 

(1-p +  Œp)  

-(1-p + p l ) 
8 

To minimize the ratio in equation (8), it is necessary 

to derive an expression for p l  in terms of p and a. This 

expression is readily obtained as follows; letting the 

probability density functions of the average message lengths 

be b(x) where 

b(x) = pe -", x > 0 

and 1/p is the average message length; then it is readily•

apparent that if priorities are to be assigne d.  according to 

message lengths it is reasonable to give high priority to 	. 

..61/okt messages and 1ow pri.ority 	to tong messages. There- 

fore denoting the threshold level on message lengths below 

which messages are high priority messages by 0; recalling that 

Œ denotes the fraction of messages that are P  of .eow priority, 

that is, of class 1, then the following relationship is 

readily obtained between a and 0; namely 

Ofp 
f-b(x)dx 	r 

.b 	o • 	• 



and therefore 

• 	-0 1-e = 1-a 

- 0 	• 

Then the telatiohship betWeen p 1 , the. traffiç intensity 

of the loW priority messages.  and 0 and a, ds'obtained.as 

follows; 

CO 

e 
,e/p 

pea .1-  pa 

	

that is 	. 

	

pl 	OOE(e+1)  

and substituting thé.value of O l  from eqUation''.(9) . in 

equation . (8),. it f011ows that: 

or or 

111PRIORITIES:]  

w [F I yo] 

[l-p + otp] 

0-0 + ap(0+1) 10 

To minimize equation (10) it is necessary to locate 

the maximum of pea. This maximum will yield the optimum 
(2). 

value of O. This value can be shown to be 

1 	• 
= + e 

 P 	0-1' 
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ThereFore it is possible by dynamic asSignment or 

priorities to obtain an average queueing delay which is 

less than the average queueing delay with no priority. 

In a typical problem one is given the value of 

and p. From theSe values, p and Oare then - computed 

:and pribritiesare assigned to those-mes•ages-whoSe 

length is less.than 0/p. . - 
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III 	APPLICATION TO A NETWORK  OF  CHANNELS 

In section II, an expression (equation (10)) eor 

the expected queueing delay under an assignment of priorities 

based on message lengths was derived. This expression is 

valid in the case of a single channel system. In this 

section, these results are generalized and applied to a 

network of channels, under the assumption that JACKSON'3 
( 5).) theorem 	and Kleinrock's independence resu1t (6  are true. 

Tt is also proven in the appendix that these assumptions 

are in fact correct. 

Conside'r.now a network oe M channels where:the expected 

queuing delay W. on the 1
th channel is given IY WPRIORITIE1 

› 	- 
(equation l 0 ). -  The total average'queueing time W 	or the  

- 
overall netwOrk will be 	—.. . 

M X 
W 	E t 	 I 

i=1 Y 

where X. represents, the average, number.  of messages  on the 
th 

channel and 	the total input traffic'to:the network 

from external Sources: 	. . 

To apply the results given in this paper and annrove 

its traffic handling canahilities the networks i th  node 

control unit would comnute the value of p. at a given 
1 

instant and eind the corresponding value of 0 that 

minimizes W 1  .. This optimum value of 0 would oe course be 

different for each channel. The networks total average 

message queueing time Wt  (equation 11), using this approach, 

would be much less than the total average queueing time 

obtained under the normal first-come first-served service 

• discipline. 

11 
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EXAMPLE OF A FULLY CONNECTED NETWORK 

These:results Will noW be applied to the special 

case of a fully .connected three node network shown in Figure 1. 

The routing scheme used is that . a me4,sage, CoiLe aZway'S 11.4e 
. 	. 	. 

The fine Speedsand  average  message lengths .are chosen to be 

respectiVely .: 5.0 .  kb/sec. and 400 bits 	For simplicity, the 

traffic matrix-is assumed to be uniform and Symmetric. This , 
allows thes -ame.line :utilizatiOn faCters to heused for three 

channels. 	• 

The ratio of the total average queuing time under a 

priority service discipline over the total average queuing 

time under a FIFO service discipline and the upper bound of 

the length of high priority messages, were calculated as a 

function of the line utilization factor. 

The results obtained (table 1) were used to plot 

several graphs (figures 2,3,4,5). 

Several observations can be drawn from table 1 and 

figures 2,3,4,5,. 

For, low line utilizations the difference between 

the total average queueing time with and without priorities 

is negligeable and the average queueing times for high and 

low priority messages is almost the same. Also for low line 

utilizations the upper bound of high priority is close to 

the average message length which for this example is 400 bits. 
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As the line utilization increases it becomes mère 

,advantageous to consider a priority scheme. That is,  for  

- high line utilizationthe reduction ïn,queueing time (see 

figure 4) obtained using a priority scheme is dramatic. 

For high linè 'utilizations almost-all messages:are-high 

. priority messagesjsee figureS),..theref6re the high 

average queueing times -obtained for the low priority 

messages are:.aCCepiable.. 

CASE OF A DISTRIBUTED NETWORK OF CHANNELS 

The preceding example of a fully connected network 

had the property 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 distributed network this hypothesis is no longer 

necessarily valid, because the output of a channel constitutes 

the input of another channel. Therefore the intermessage 

departure time distribution for an M/M/1 queueing system with 

a priority service discipline has to be investigated. This 

work is the subject of another paper (4)  and only some results 

are reproduced here (see Appendix), but the results obtained 

in the appendix clearly establish that the departure process 

of an M/M/1 queueing system with a . priority service discipline 

of the tvre described in this paper, will be a POISSON process. 

•CONCLUSION 

It has been shown that when average queueing delay is 

the main performance criteria of a computer network, the  intro-

duction of a non preemptive head-of-the-line priority service 

discipline,in particular for high traffic intenSities, is 

desirable. 
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This study was.undertaken considering 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 PEUE UNDER.A :PRIORITY:SERVICE DISCIPLINE: 

- 	In the appendix, an expression is derived for the 

interdeparture time distribution D(t) of an M/M/1 queue for 

the case where messages:belong to two different'classeS.or 

priority leveIs,':and where. the service  discipline is of the 

type non preemptive •ead-of-the-liné priority'service 

discipline. This iS . accomplished by first deriving the 

stationary:joint probability distribution of thé number of 

:messages of.type:1 .and type - 2 . 1eft:behind by the departure 
.• 	• of the n th  Message 

Tho model that is used here is.  shown  in figure 

In this model,: messages with.exponentially distributed length • 

(with.mean. 1  ):arrive in a' POISSON faShion with :,mCan : rate 

at the deci4ion box. In this•box, a deCision,.which is a 	- 

'function of the tri Flic  intensity, is made Whereby a parti cular  

message is  sent,  to the queue  #1 or thé queuedepending on 

its length.  IA message joining queue #2 will be a high priority 

message. Messages in queue #1 mill be low.priority messages. 

Service at a . given instant will be given to queue #2 if 

the number  of messagesin this queùe - is greater or eqUal 

than one, h'ut à message of ;type 1 cannot be pTèempted from 

service if a message of type 2 arrives. - ' 	. ' 

(1') . • 	. Let a - 	and a 
(2) 

 denote the ntimber of - low.(class 1) 

and high (class 2) priority messages left behind in the system 

by the n th  departing message. The total •number of messages 

present in the system at time t=0 is assumed to be zero. 

Under this assumption the following stationary probabilities 

are obtained(4): 



lim 

Pr [

04  (1) _ 
n 

an(2 ) 	1- p lim 
11->o. 

X 2 p 2 
d(t) = 	e -1-11 

X 1 p l 
e 

1-1 
A-3) 
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. X 

	

) 	 ' a.( 2  ) - 	- 

	

n 	n lim  •13  

The Laplace transform of the interdeparture time distribution 

will therefore be given by: 	 « 

A l 	 X * 	2 	* 
D*(s) = (1-p) — B*(s) + 	B (s) + 	B (s) 	..... 	(A-1) 

X+s 	 p 	2 

where 13 (s) and. 13 (s) .  are the Laplace -transforms or the . service 
time distributions of type 1 - and type 2 messages.. B (s) ïs 
the Laplace transform of the overall serviCe'.time distribution. 

Equation (A-1) can be written in terms of the derity function 

and the inverse transform of D (s) is' 

.X 2 
d(t) 	(1-o) rAe -X: t  Ob(t) + 	h 2 (t) + 	b 1  (t) 	 .(A-2) 

Performing thé convolution -product denoted by.® and replacing 

all the density• fùnctions by their  expressions  gives• 
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. 	Using the expression of the overall. service 

time.diStribution B(x):in  tenus  of the service - time 

distributions of the two types of messages B i (x) and 

B 2 (x) it .can easily be Shown that equation'A-5 can he 

written as: 	• 	 . 

. 	. 
Âe -Xt 	 .(A-4) 

which means that the interdeparture time distribution 

is an ekponential distribution with mean equal..to the 

mean of the inièrarrival time distribution. This .result 

also says that  the output  process will be a  POISSON proceSs 

regardless- :Of the traffic intensity'and the assignment'of 

priorities:to:the two• types of messages. 
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FIGURE  1 

Three iblede.Nètwork  



ueueing Time '(No Priorities) 

" ( Priorities 

Average Queueing Time  for cfaSs I messages 

" -class 2 messages 

TAQmp 

 TAQ 

A.Q 1  

A 'Q2 

Total Average 

TT 	 IT 

--- - 

Line 	TAQmp 	TAQ 
'1 	

A.Q
2 	

- 	TAQ 
P 	

A.0 
.1D  

Utiliz.at- 
Cits) ion 	(sec) 	(sec) 	(sec) 	(sec) 	TAQmp  

.994 	1.2718 	.3198 	-13.076 	.082 	' 	2514 	•1600> 

.987 	-.6320 	.1823 	:: . 4.157 13.. .052- 	. 2885 	80  

.. -979. 	-.37.60 	.1211 	1.864 	-.03 	32.20 	1240  
958 	.1840 	.0697 	. 	• 	-3787 - 	1.060 
.917 	.0880 	.0398 	:21-5 	.018 	• 4528 	. 88-0 - : 

780 .875 . 	:0560 	.-,0284 	.114H 	.
014«06  1 81 .833> 	:0400 	,0220 	.072 	.012 	555 . 	720. 

.750 	.0240 	.0150 	.0. 37' . 	.009 	. 6236 	640  

.583 	- 4112 	.0082 	.015 	.006 	• 7356 	540 

.417 	.0057 	.0.047 	.007 	.004 	.8248 	480 
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'TABLE 1 
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