
• 

• 

• 

• 

ADAPTIVE ROUTING TECHNIQUE AND SIMULATION 
OF COMMUNICATION NETWORKS 

Alexander V. Butrimenko 

Institute of Information Transmission Problems, USSR Academy of Sciences 

Moscow, USSR 

ABSTRACT 

The report describes decentralized distribu

tion of the information flows in a switch

ing connecting network, when the controlling 

devices have incomplete information on the 

network state. Some results of computer simu

lation of the network allow to assess the ef

fectiveness of this method in different con

ditions. 
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Modern systems of wire communication, covering 

vast territories and having connecting units 

located far from one another, require effective 

control. 

Since statistical characteristics of the network 

are, as a rule, not known in advance and may chan

ge in the process of operation, the control sys

tem must be able to redistribute information 

flows in accordance with the altered traffic capa

city of various parts of the network and traffic, 

i.e. to be adaptive. 

Besides, the control system must possess great 

survivability, for disruptures of various parts 

of the network not to affect the control system 

as a whole. 

All these features stipulate for the application 

of the decentralized or distributed method which 

transfers the control function to each connect

ing unit. 

The controlling devices in various units do not 

repeat one another and none of them gets complete 

information on the network state. Such a distri

bution of control functions among various parts 

of the data system, non~ of which knows the task 

as a whole and uses only some data on the adjacent 

elements, resembles an automata game in which the 

automaton knows neither the payment functions nor 

the action of its partners. M.L. Tsetlin 4 show

ed that a group of automata operating in similar 

conditions exhibited advisable behaviour. The 

possibility of application of automata games for 

the purpose of organizing adaptive and survivable 

systems of decentralized control over the networks 

was proposed by V.G. Lazarev 3 

Let us describe the decentralized control method 

using the example of a switching long-distance 

telephone network. The connecting units are assum

ed to be receivers and sources of information . 



If unit Vi is to be connected with unit Vj , 

the control system is to find a path between 

these two, consisting of working trunk lines, 

.each containing at least one empty channel. 

Usually, the number of intermediate transit 

connecting units determines the communication 

quality and is one of the parameters of the 

optimal control. The number of transducers de

termines another criterion of the network ope

ration - the probability of successful termina

tion of a conversation, i.e. The conversation 

is not interrupted in case of a trunk line dis

rupture. The main parameter of the control 

quality is the probability of a refusal for es

tablishing a call, which is due to one of the 

three reasons: 

a) a trunk line disrupture disintegrates the 

network and the units to be connected belong 

to different subnetworks; 

b) there is no path due to an "uneconomical" oc

cupation of the channels by previous demands, 

in other words the call could be established 

if earlier demands were distributed in a dif

ferent way; 

c) there is a path but it cannot be found by the 

control system either due to the lack of data 

or incorrect data on the network. Evidently, 

the former reason is determined only by the 

reliability of the system and does not depend 

on a control method. Though the probability of 

a network disintegration is not great, the op

timal control inside each newly formed sub

network becomes of particular importance and 

makes the use of centralized control systems 

impossible. 

To control a network, algorithms described in 

1, 2 could be used, but their direct appli

cation encounters certain technical difficul

ties. 

Let us see how a network can be controlled, whose 

trunk lines and units do not fail and possess 

unlimited traffic capacity. In this case it is 

enough to indicate the shortest paths connect

ing each pair of units, so that, in accord-

ance with decentralization, neither the initial 

unit nor any transit one would know the list of 

further transit units, and only one trunk line 

leading to adjacent units would be selected, 

i.e. the route matrixes should be pointed out. 

Let us indicate the shortest paths leading to 

unit Vi (Fig.i) and introduce integers which 
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Fig. 1 

would denote the shortest path from a respective 

unit to Vi' The shortest path is the minimum num

ber of transit units. Thus Vi will be denoted 

by 0, the adjacent units by 1, etc. If the above 

integers are assigned to the network units, the 

network possesses Vi-relief and the integers 

will be called heights and denoted as hViVj' 

The second index is a unit to which the height 

is assigned, and the first one is the relief 

index. All the other reliefs are constructed 

similarly, and their number is equal to the num

ber of network units. Thus each unit has a set 

of N heights hViV j (j=1,2, ••. , N), hVjVj=O. 

Each unit V. knows the heights of the adjacent 
J 

units. This information is presented as matrix 

M(V j ) consisting of N rows and having a number of 

columns equal to the number of units adjacent to 

Vj . The lines' indexes Vi' V2 ' ..• , VN correspond 

to the unit numbers. The column indexes corres

pond to the numbers of units adjacent to Vj • The 

matrix element flI + 1 = h characterizes J . vkvL vkvL 
the minimum number of transit trunk lines lead

ing to unit Vk ' going from Vj to adjacent VL . 

The method of selecting the outgoing trunk line 

in each initial and transit unit naturally results 

from the relief definition. If a message is to 

be transmitted from V. to V., the minimum element 
J ~ 

is selected in row Vi of matrix M(V j ). The ele-

ment's second index determines the next transit 

unit. In the next unit again the minimum element 

is selected in row Vi' and so on. Thus all the 

units are connected and the message reaches the 

address. 

~o, the knowledge of the structure is not necessa

ry to transmit information along the shortest 

ways in such an ideal network. The formation of 

the relief requires no complete data on the net

work either. Let each unit Vi have a device se

lecting the minimum in each row of matrix M(V i ). 
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Each of the number obtained is increased by a 

unit and written down in the column with index 

Vi of all the adjacent units. This set of num

bers is heights of all the reliefs of unit Vi 

increased by a unit. 

Thus the finite number of steps depending on 

the capacity and competency of the graph 

denotes the correct relief, i.e. a relief 

ensuring transmission of messages along the 

shortest paths. The algorithm of relief for

mation operating after the correct relief 

was established does not alter the heights. 

Of course, for the idealized network under con

sideration the very notion of control has no 

sense. 

In case of serious trunk line disruptures and 

disruptures of units, requiring, as a rule, long 

restoration time, the search of a path in a 

network with constant relief does not secure 

a good quality of connection. If a 'trunk line 

fails, the graph relief will be wrong. Let 

trunk line 112 be out of order (Fig.1); then, 

hv1v 2 = 1 is not the correct height, since 

unit V2 is at least three trunk lines apart 

from V1 • If the relief-changing device conti

nues to operate, the relief will be altered. 

For a certain period of time, depending on 

the rate of the control device operation, a cor

rect relief will be formed on the network, cor

responding to its new structure. The minimum is, 

of course, selected from the elements of the 

columns corresponding to the functioning trunk 

lines only. If the relief is not yet formed, 

the path may not be found at all and the mes

sage will pass from one unit to another for a 

long time and occupy new channels. To avoid 

this, each message is given, besides the address, 

a special label pointing to the number of pas

sed units 7r. If this number exceeds the allow

ed level, Tr max' the message will be turned 

down and all the channels occupied by it will 

be freed. In the example with trunk line 112 

disrupture, the selection of the minimum in 

unit V2 will use only a set of heights of 

column V3 , matrix M(V 2 ), and no information of 

column V1 will be used. A new correct V1 relief 

is represented by bracketed numbers (Fig.1). 

As soon as trunk line 112 is restored, the 

relief is altered. It is insignificant what 

numbers are contained in column V1 of matrix 

M(V 2 ) at the moment of putting trunk line 

112 into operation. It may be assumed that the 

trunk line has just been constructed and 

put down both in column Vi' matrix M(V 2 ), and 
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col umn B2 , matri x M(V 1 ). The instruction to chan

ge the relief is transmitted along the s ame trunk 

lines as ordinary messages. Assuming the traffic 

capacity of the trunk lines is unlimited, the 

control system learns how to find the shortest 

paths in the altered network. The less time is 

required to exchange control information and the 

more accurate the account of changes in the net

work is, the less is the number of call losses. 

Relatively rare disruptures of trunk lines are 

easy to be taken into account and, if the opera

tion rate of the controlling device is high 

enough, the relief is, as a rule, correct. The 

account of too heavy traffic of the trunklines 

represents more difficult problem, since the fre

quency of occupation and liberation of trunk lines 

is comparable with the controlling device opera

tion rate, and the relief has not enough time 

to adapt itself to the quickly changing situa

tion. Let us exemplify this case. In each second 

let all the channels of trunk line 151 (Fig.1) 

be occupied with probability poc .' and the next 

instant at least one of the channels is freed 

with probability Pfree ; hv1v S = 3 - the unit 

height at moment t in the conditions of comple

te occupation of the trunk line, appears to be 

wrong by moment t ,+ 1 with probability Pfree ; 

hv1v S = 1, the height, calculated in the condi

tions of the availability of free channels, is 

wrong at a randomly taken moment with probability 

Poc . If the mean time of the trunk line complete 

restoration and the time at which at least one 

channel is free are of the same order and do not 

differ greatly from the period of the controlling 

device operation, then the probability that the 

measured height carries wrong information is 

great. 

In order to take into account the network sta

tistical properties, it is expedient to intro

duce "inertia" into the control ' system to consi

der a "mean" height of the units. 

Assuming the call flows to be stationary, it is 

natural to average the height over a greatest 

possible number of steps. When averaging 

steps of the controlling device operation, the 

height takes the following form: 

hvlvk(t) + hv1v k (t-1) + ..• +hvlvk(t-~+l) 

s 

where hv
l

v
k

(t-1) denotes the instant value of 

the height obtained at moment t-i. 

In real networks the stationarity of flows ar

riving at one and the same trunk line is usual-



ly . not observed. Hence, for a system to take 

into account the statistical changes of calls, 

some optimal inertia is required. The averag

ing of the height through S steps depands 

additional memory. To spare the memory, it is 

expedient to introduce inert ia, with the 

height given by 

h (t-l)· m + h (t) 
vlvk vlvk (1) 

m+l 

In this case the height at instant t depends 

only on the "averaged" height at instant t-l 

and the instantly measured height at moment t. 

Parameter m plays the role of inertia and 

does not allow the heights to "oscillate" 

under the influence of arbitrary short-lived 

changes of traffic. 

Since the analytical study of a network, cont

rolled as described above, is practically im

possible, its features were studied with the 

help of computer modelling. 

The programme is compiled so that the system 

could be studied in different conditions. 

The traffic of the network is given by gravity 

matrix T = t ij , whose element denotes the 

average number of calls for connecting unit 

Vi with Vj • Conversation time distribution 

is given by a table. The changes in gravita

tion and conversation time matrixes allow to 

follow up the effectiveness of the traffic cont

rol system. 

The network reliability is given . by the total 

time of the trunk line work for refusal and 

mean time of its renewal L ~ ref.' ren.' 
these time distributions are also given by 

tables. The changes of these parameters 

reveal the dependence of the network operation 

quality on the reliability. 

Fig. 2 shows a network being simulated. The ele

ments of matrix t ij were given by approximately 

proportional powers of units Vi and Vj . 

The number of demands per hour . was 1000. The 

average conversation time was ·the same for 

all the units and equalled 5 min. All the trunk 

lines were considered equally reliable and 

failed once a day, the average renewal time was 

1.25 hours. The number of channels in the gene

ral variant in each trunk line direction was 6. 

The maximum number of transits for each signal 

was assumed to be 10 (Tr max = 10). 
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Fig. 2 • Simulated first was a network, with the flows dist-

ributed in accordance with matrixes formulated in 

advance and not changing during the operation, 

i.e. the flows were distributed along the short

est paths with available by-passes in case of ext 

remely heavy traffic or disrupture of the main 

direction, but the order of selection of by-passed 

did not change in the process of operaion. 

For the time corresponding to one hour of the 

network operation in real time, the following 

data were obtained: 

a) Pref .' the mean frequency of refusals; 

b) 1, the mean length of the p~th travelled by 

a message; 

c) psuc.term.' the average amount of succeSSfUllY . 
terminating conversations. 

Experiment 1: Pref . = 0.157; psuc.term.= 0.92; 

1 = 3.05. · The refusals may be due to both a trunk 

line disrupture and limited traffic capacity. It 

is interesting to know the number of refusals 

caused by each of the reasons. For this purpose 

two experiments were carried out. In experiment 2 

the L ref. was assumed to be cP (Table 1). 

In experiment 3 the trunk line traffic capacity 

was increased 5 times (j3 = 30), the reliability 

and traffic was the same as in the experiment 1. 

It may be assumed that in experiment 3 all the 

refusals were due to a trunk line disrupture . 

• 
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exp 

2 

3 

4 

6 

30 

12 

Pref . 

0.006 

0.093 

0.090 

Table 1 

1 

2.56 

2.99 

2.96 

This is confirmed by experiment 4, carried out 

in the same conditions as experiment 3, but 

the number of the channels in the trunk line 

~as less (? = 12). The coincidence of results 

of experiments 3 and 4 allows to think that a 

further increase ih the trunk line traffic ca

pacity does not improve the quality of the 

network operation. 

Comparing the results of the experiments with 

infinite (3) and limited (experiment 1) trunk 

line traffic capacity, we come to a conclusion 

that about 6.4% out of 15.7% of all the re

fusals are due to the insufficient traffic 

capacity, while the frequency of a trunk line 

disrupture is the same. At the same time com

parison of the results of experiments 1 and 

1 shows that the lack of traffic capacity is 

due to a decrease of the traffic capacity 

of the network as a whole when the trunk lines 

are out of order. 

The results of the experiments were used to 

evaluate the effectiveness of the dynamic 

adaptive control of a relief-employing network. 

When simulating relief changes, it was assumed 

that the controlling devices in a real net

work operate simultaneously. This means that 

the calculation of a new height by formula 

(1) and exchange of the control information 

between the units occur in the network at one 

and the same time. The units exchange control 

information once in half a minute. At first 

it may seem that the synchronization of the 

controlling devices is a limitation, but in 

fact this is not so. Let 0.5 min be a period 

of operation of a slowest device. The informa

tion coming from this device is important for 

all the network, and a faster device cannot be 

employed. Synchronizing the operation of all 

the devices by the greatest period possible, 

we shall get a worse quality in the model than 

f~_!h~_QY~~~f2~~!Y_20ntrolled real network~) 
x) It is natural to assume that the operation 

rate of a controlling device within a decrea
se in the number of trunk lines outgoing from 
this unit. A high-rate device is to be placed in 
a unit in which a trunk line disrupture may gre
atly change the relief,and this is a unit with 
the minimum number of outgoing trunk lines. 
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The results of the experiments carried ou t i n 

the same conditions of the traffic, traffic ca

p~~ity and reliability as experiment 1 a n d at 

different values of the inertia parameter m, 

are given in Table 2. 

Tabl e 2 

m Pref . 1 

5 0 0.06 3.05 

6 2 0.07 3.06 

7 5 0.07 3.06 

8 9 0.06 3.03 

9 14 0.10 3.09 

The minimum refusal probability is 0.06. 

Comparing this result with the refusal probabili

ty obtained in experiment 2 at J3 = 30 we see 

that in this case no increase of the trunk line 

traffic capacity ensures the quality of opera

tion reached when the proposed method of dynamic 

control is applied. 

The q~alitative dependence may be explained in 

the following way. At low values of m the 

system considers quickly and well trunk line dis 

ruptures but at the same time is unstable in 

respect to random changes in the traffic. At high 

values of m the control system reacts to trunk 

line disruptures too slowly though it distribu-

tes the flows well, providing a constant network 

structure, since it makes a good statistical con

sideration of the traffic in different directions. 

The consideration of these two processes re-

quires different inertia. It may be assumed that 

with a decrease of the traffic the optimal value or 
of m decreases, and with the decrease of the loss 

probability it increases. The existence of va

rious processes, adaptation ~o each of which dif

ferently depends on m, means a possibility of the 

existence of two minimums of function Pref . 

The optimal value of inertia parameter may be 

obtained only in experiments. Since the con

ditions in a real network may change in the 

process of operation, m worked out in advance 

may not be the best choice after some time. 

Therefore it is important to introduce inertia 

changing with altering conditions of the net

work operation. 



Wh.en calculating some height Hv. v. , tne tner-
~ ] 

tia must decrease with a decrease in the dis-

tance between the units Vi and Vj . This be

comes clear if one takes into account the 

fact that the less the distance between the 

units, the less is the number of possible 

paths (in respect to the relief) from Vj to Vi' 

the sooner the data on these paths will reach 

V·. On the contrary, the data on the changes 
] . 

of the network will reach a far-off un~t later 

and reflect the real situation worse. Hence, in 

this case the averaging of the heights must be over 

over a larger number of steps, and the inertia 

is to be greater. This allows to introduce the 

inertia parameter m as a monotonously increas

ing function of the height, for instance 

H(t) = d.. H(t-l) + h(t) ) 0 .c..rJ..' 
2 

The results of Table 2 were obtained on the 

assumption that in each trunk line there is a 

special additional channel for transmitting 

control information. The data of experiment 10, 

carried out in the same conditions, as ex

periment 6 but without a special channel, 

shows the channel's significance. 

Experiment 10. Pref • = 0.09; ' Psuc.term. ,-

0.92; 1 = 3.05. Hence, when designing a network 

in which heavy traffic is expected, it is ex

pedient to single out a special channel for 

transmitting control information. For networks 

in which the main difficulty for information 

transmission is represented by frequent struc

tural changes and no heavy traffic is expected, 

the absence of the special channel does not 

affect the operation quality. An important 

characteristic of the system operation is rep

resented by the changes in the number of re

fusals, depending on the distance between the 

units. Table 3 shows that an increase in the 

distance between the units by 1 in an uncont

rolled network leads to an increase in refusal 

probability by about 6%, while in a dynamical

ly controlled system this increase is about 

3%. 
Table 3 

~8tance Uncontrolled Controlled network 
network P 

P ref. 
---------------- ref.--------------------------

1 

3 

4 

8.1 

14.8 

18.7 

25.6 

3.0 

5.5 

8.4 

11. 2 
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Hence, the relative effectiveness of the des

cribed method grows with the network volume. The . 

above methods were obtained with the help of a 

programme which allowed modelling of networks 

in which the number of units could not exceed 

29, and the number of channels in each trunk 

line was 30. At present, experiments are being 

conducted by a programme allowing to simulate 

networks with the number of units reaching 120, 

the number of trunk lines not exceeding 1170 and 

the number of channels in each trunk line being. 

not more than 255. 
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