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U.S.S.R. Academy of Sciences, Moscow, U.S.S.R. 

ABSTRACT 

This paper discusses the structures of space
division connecting networks, for which cross
point minimisation problems are solved. Theo
retical studies of bounds for minimum cross -
point number are reviewed. Discussion of con
necting networks designs focuses on the struc
tures of non-blocking simultaneous connecting 
networks (rearrangeable systems). Other clas
ses of blocking and non-blocking networks are 
briefly described. 

1. INTRODUCTION 

Teletraffic theory addresses itself mainly to 
three objects: the offered traffic, the struc
ture of the connecting network, and the SYs -
tern performance characteristics. From 35 to 
40 per cent of papers presented at the prece
ding teletraffic congresses dealt with one of 
these objects, the other papers discussing 
them jointly (see Fig.1). 
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One is f'aced typically with the classical 
problem of analysis: given objects 1 and 2 
determine object 3. There is another problem 
of analysis which, while far less common, is 
solved by similar techniques: given objects 
2 and 3 determine object 1. Now the problem 
of determining 2 from 1 and 3 is quite diffe
rent, being one of synthesis. 

The present stage in the evolution of telet -
raffic theory sees a heightened interest in 
problems of synthesis. One is concerned with 
synthesising teletraffic system components 
like communication nets or switching centers. 
Each of these, in turn, gives rise to prob -
lems of the choice of the structure, the es -
timation of the carried traffic, and the cho
ice of control principles. Each of these 
groups of probl ems involves the use of speci
fic mathematical techniques, such as combina
torial analysis and graph theory, probability 
theory, calculus of variations, etc. Fig.2 
shows the relationship between the components 
in question, the teletraffic theory problems, 
and the mathematical techniques used. 

One of the first to propose the s~thesis of 
connecting networks was V.E.Bene~ [1] ,who 
identified the combinatorial, the probabilis
tic, and the variational aspects of this pro-
blem (see Fig.2, columns 2 and 3). Even befo
re the problem was thus stated in general 
terms, some workers had dealt with particular 
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problems of connecting network synthesis. 
e.Clost s paper [2] has had the greatest im -
pact on developments in the synthesis of con
necting network structures. There is now a 
sizable body of contributions to the various 
aspects of connecting network synthesis. Some 
of these contributions, covering the region 
marked by dotted line in Fig.2, will be revi
ewed here. In other words, this survey is de
voted to studies of switching centre structu
res. However, even within this region the 
survey is limited to the spatial switching 
structures which seek to minimise the number 
of crosspoints. While time switching structu
res are known to be often discussed through 
spatial analogies, they have many peculiar 
properties which are not considered here. 
Those wishing to familiarise themselves with 
time switching structures are referred to a 
recent interesting paper by S.R.Treves [3) • 

Teletraffic 
system com
ponents 

Telecommuni 
cation nets 

r sw:itcli:Gig-
I centers "------

Objects 
of study 

Fig. 2 

Mathematical 
techniques 

Switching centers are a major means of impro
ving the use efficiency of telecommunication 
channels. The switching equipment installed 
in them can perform a variety of functions. 
The concept of a three-level net is advanced 
in [41 whereby three independent levels are 
formed on a net using appropriate switching 
facilities. The constant traffic component is 
transmitted through a non-switchable net, the 
slowly fluctuating (seasonal, diurnal) compo
nent is transmitted through a cross distribu
ting switching net, and the rapidly fluctua -
ting component is transmitted through a net 
formed by ordinary automatic switching facili
ties. This concept is of interest because it 
emphasises the role of different operating 
conditions of switching facilities, notably 
ordinary connection and simultaneous (batch) 
connection. Each of these makes its special 
demands on the structure, therefore a network 
must be chosen to match the operating condi -
tions. Bene~ (1] calls simUltaneous connec -
ting networks rearrangeable networks. The two 
terms are identical for non-blocking networks, 
since any list of simUltaneous connection 
requests can be realised by successively exe
cuting the individual connections in any se -
quence using rearrangements wherever necessa-
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rye On the other hand, a new call which requi
res a rearrangement of established connections 
can be set up in a batch connecting network by 
simultaneously selecting a path for each of the 
connections concerned (including the new call). 
Therefore, in terms of control principles, 
simultaneous connection and rearrangeable con
nection are not identical even for non-blocking 
networks. And the two terms are quite different 
as regards blocking network structures. 

We shall discuss the structures of ordinary 
and simultaneous (batch) connecting networks 
used for individual and free selection. A ful
ler classification of switching modes is found 
in f5,6] • Any discussion of connecting net -
works has for its central task to determine 
system performance characteristics and to com
pare them with the potential ones. Determining 
the potential characteristics of a connecting 
network thus poses as a major theoretical prob
lem in its own right. In other words, the prob
lem is to identify the conditions for existence 
of a connecting network meeting certain requi
rements. The next section reviews briefly stu
dies addressed to this problem. 

2. BOUNDS FOR MINIMUM CROSSPOINT NUMBER 

The successes scored by information theory in 
the '50s led to attempts to adopt its principal 
results in teletraffic theory using the analogy 
approach [7 } • The rationale behind the sear -
ches for analogy between the two disciplines 
is that both use combinatorial and probabilis
tic methods having a number of common traits. 
However, this approach failed to bring the de
sired results. Any analogy between the two sub
jacts is rather incomplete (thus, teletraffic 
theory lacks an. object to parallel the informa
tion theory noise). Still, it does not follow, 
that we must not look for theoretical limits 
of connecting system quality and for ways of 
attaining these limits in practice. Works dea
ling with the estimation of bounds for minimum 
crosspoint number should best be considered 
separately for non-blocking and for blocking 
networks. 

2.1. NONBLOCKING NETWORKS 

Consider first a symmetrical network without 
concentration having N input lines and N out
put lines, which is designed for executing up 
to N non-intersecting input-output connections 
(one-one). This network can be described by a 
single quantitative characteristic, viz. the 
number of crosspoints, either total or specific 
(i.e.as per input), and the task of the theory 
is to determine the minimum number of cross -
points to make possible the network concerned. 
An approach to this Froblem derives from the 
following reasoning la} • Any network state 
described by a set of input-output connections 
is covered by NI maximum states, each having 
had all the N possible connections established. 
To fix Nl different sets of connections we need 
at least 10gNl connecting elements; hence, ta
king a logarithm to the base 2 and using the 
Stirling formula we have the minimum number of 
connecting elements given by 

(N) = 10g2(Nl)~Nlog2N - 1.4 K + 1/2 10g2N 
~ N log~. 

It remains to find out the physical entity 
behind the concept of a connecting element en
suring non-intersecting paths. According to the 
simplest version, this element must be at the 
intersection of connecting paths and must pro
vide for their switching at the input and out
put. This requires the use of two crosspoints 
at input and two crosspoints at output, i.e. 
four crosspoints in all. Then the minimum num-
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ber of croBspoints in a non-blocking network is 

T (N) - 4N 10g2N - 5.6N + 210g2N 
~ 4N log~ (1) 

It is, not inconceivable, however, that a connec
ting element can be designed differently, resul
ting in a saving of crosspoints. Anyway, the 
lower bound of the minimum number of crosspoints 
known so far (it was given by R.L.Dobrushin(9) 
is ~ N 10g2N + O(N). The above reasoning 
does 2not include details of the setting up of 
calls. A structure satisfying relation (1) is 
sufficient for establishing N non-intersecting 
connections and can be used in batch connection. 
Ordinary connection, however,whereby individual 
connections set up and terminate independently 
of, and may interfere with, one another,demands 
some structural redundance. 

Studies which set out to determine the minimum 
quantity of structural redundance started in the 
'60s with an investigation of the crosspoint 
number in known nonblocking network designs 
(the Clos network and its modifications). The 
croBspoint number in the Clos network is a 
function of structural parameters, such as the 
nwnber of stage, the size and number of swit -
ches (switching arrays or matrixes) in each sta 
ge,which vary with the network size N.Therefore 
before an- expression like (1) can be arrived at 
for the Clos network, one will need, first, to 
develop a recurrence relation for crosspoint 
number taking account of the numerical growth 
of stages with size growth and, second, to find 
optimal values of structural parameters minimi
sing crosspoint number, expressing these para -
meters in terms of N. For comparison purposes 
asymptotic expressions for crosspoints for 
sufficiently high values of N are convenient. 
Such an expression for the Clos network [10J 
takes the form: 

'Modifications of the Clos network are discussed 
in (11,12) which provide for fewer crosspoints 
and better asymptotic expressions than (2). 
However, in each case the estimate of the mini~ 
mum crosspoint number is worse than N (log~) • 

Another line of research is trying to develop 
proofs of the existence of connecting systems 
with the minimum number of crosspoints, relying 
on purely theoretical considerations rather 
than particular designs. This line of research 
is based on graph theory, but, contrary to the 
tradition of the literature of switching tech - ' 
nology, the crosspoint is depicted as a graph 
edge, rather than vertex (the principle of 
graph duality). 

SUbstantial contributions to research along 
this line were made by (9,13] • L.A.Bassalygo 
and M.S.Pinsker (9] have obtained so far the 
theoretically best asymptotic bound 

T(N) , 6~ 10g2N + O(N) , (3) 

which, however, does not point to ways of imp
roving the Clos network in the region of size 
values of practical interest because of an 
overly large constant (C=67). But this result 
indicated, for the first time, that symmetrical 
individual selection networks for the ordinary 
and batch connection modes differ in complexity 
bt: t by a conetant. The exact value of the cons
tant, which characterises the minimum required 
redundance for the ordinary switching operation, 
is yet to be found. 

One-sided individual selection networks are 
dealt with in (14,15] which show some special 
features of these networks. In most cases, 
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however, results obtained for one-sided net -
works match those for two-sided ones. 

Problems of the minimum number of crosspoints 
in free selection networks are of great inte -
rest,in particular, for concentrator synthesis. 
Unlike the networks discussed earlier where 
each connection has its input and output clear
ly indicated, free selection (concentration) 
networks usually indicate only their inputs~ 
whlch can be connected with arbitrary outputs. 
M.S.Pinsker (16] has developed the bound for 
a batch connecting concentrator which, in cont
rast to (1), indicates a crosspoint number pro
portional to N. Interesting theoretical ideas 
about a desi~ for this network are given by 
G.A.Margulis r17] • N.Pippenger [18) estimates 
that a concentration network for ordinary oon
naction involves 3N 10gZN - O(N) crosspoint. 

Thus, a free selection and an individual selec
tion network when they work in the ordinary 
connection mode differ in complexity but by a 
constant. This is not true, however, for the 
case of simultaneous connection, where the free 
selection network is substantially simpler than 
the individual selection network. Consequently, 
the difference between ordinary and simultane
ous connection modes is more significant with 
free selection networks than with individual 
selection networks. 

2.2. BLOCKING NETWORKS 

When the traffic per line is not high, use of 
the switching equipment will decrease and it 
will be cost-effective to reduce it, allowing 
of some likelihood of lost calls. In this case 
crosspoint number no longer can be referred to 
the number of lines; instead, one will speak of 
the number of crosspoints per Erlang of carried 
traffic. But the definition of carried traffic 
depends on the admissible probability of lo&s. 
Blocking networks then should be described by 
at least two quantitative characteristics, viz. 
carried traffic and blocking probability. 
Definition of either of these characteristics 
represents in different specific cases a series 
of quite complex problems which for years have 
been attacked by scientists and engineers in 
many countries of the world. In the Soviet 
Union massive contributions to the solution of 
theoretical problems of teletraffic have b~en 
made by A.Ya.Khinchin r19J , B.V.Gned~nko L20, 
21] ,G.P.Basharin (22-~6], M.A.Shneps 2~25,27, 
28J , and other mathematicians, and t e solu
tion of the engineering problems of traffic and 
loss calculation owe much to B~S.Livshits [29-
32J , A.D.Kharkevich [25,30,33J and .other tele
communication experts. Major contributions to 
teletraffic theor~ have been made by Australi
ans I.A.Newstead .L34] , C.W.Pratt (35,39,42J , 
J.Rubas (36-38,40] ,R.J.Harris[41] and others. 

The numerous studies in teletraffic theory com
pleted in different countries have dealt with a 
veriety of practical problems which are of 
relevance for telecommunication engineering. 
However, the development of a general theory 
faces grave problems. Lack of a theory to per
mit calculating carried traffic and loss proba
bility reasonably easily and in a general form 
hampers the study of existence of blocking net
works. The results obtained so far rely on ap -
proximate methods of traffic calculation and 
thus cannot be viewed as definitive. 

The first major study of existence Of b~ocking 
networks was carried out by N.Ikeno 43J. A ' 
model of Lee probabilistic graphs (44J was used 
to demonstrate the existence of blocking connec , 
ting networks in which the number of crosspoin
ts per Erlang is given by the expression 

T 
lim A 10gA~10.9 A - 00 
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(T= total number of crosspoin ts in the net .
work, and A= carried traffic in Erlangs), and 
the probability of blocking approaches the 
quantity B~O.0628. The study also outlined an 
approach to decreasing blocking probability. 

The main objection which can be made to Ikeno's 
results is that the Lee model gives an error 
which grows in magnitude particulatly where 
small-size square switches are used (45] • Pa
pers by Koverninskiy (46] and the present 
author (12J discuss an improved Lee model 
which also depends on the representation of 
connecting network structure by a probabilistic 
graph, but rejects the assumption of indepen
dence of occupancy of the in.termediate links. 
It introduces instead the conditional probabi
lities of link occupancy depending on ' the 
state of inputs of the switch in which the 
links in question originate. The improved pro
babilistic graph model is used to demonstrate 
the existence of blocking connecting networks 
in which the number of crosspoints per Erlang 
is ' given by the expression 

T 
lim A logA ~ 8.4 A - 00 

and the probability of blocking approaches zero. 
Here, a curious relationship between blocking 
probability and aver.age link occupancy is found 
which is not unlike the phenomenon of phase 
transition. Every connecting network is charac
terised by a critical value of average link 
occupancy. Where the average link occupancy is 
below the critical one, blocking probability 
with an unlimited increase in network size 
(hence, in the overall carried traffic) approa
ches zero. Where, on the other hand, the ave
rage link occupancy is above the critical one, 
blocking probability approaches unity. 

A multi-stage connecting network was simulated 
on computer to investlgate the behaviour of 
blocking probability with the increase in net
work size [47] • In order to cover the largest 
possible number of stages a class of networks ' 
was chosen which was built entirely from 2x2 
switches. The experiment consisted in measuring 
the blocking frequency for a series of networks 
gradually increasing in size (doubling at each 
,test step), the traffic per link remaining 
constant throughout. The results indicate a de
crease in blocking probability with an increase 
in network size, which is particularly sharp 
for link occupancy values remote from the criti
cal one. 

There is still another line of research which 
continues the study of existence of blocking 
systems proceeding from more general considera
tions and relying on methods known in informa
tion theory. Papers originating in this line of 
investigation which are worth mentioning here 
are [48-50J • 

3. NONBLOCKING NETWORK DESIGNS 

3.1. ORDINARY CONNECTING NETWORKS 

Ordinary multi-stage non-blocking networks for 
individu~ selection are built on the Clos prin
ciple [2J. This principle affirms that in a 
single-link multi-stage network no blocking 
will ever occur between n inputs of an i-th 
stage switch and m outputs of an (i+2)th-stage 
switch, if there are at least n+m-1 interme
diate switches between them in the (i+1)th 
stage. According to this principle, the symmet
rical network of N inputs and outputs shown in 
Fig.) will be nonblocking if m=2n-1. With net
work size N increasing, Clos proposed to decom
pose by this principle medium-stage switches 
into new three-stage networks, etc. He su~ges-
ted the use of identical size n x (2n-1) : 
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switches in all stages but the central one. 

1 

.. . 
H 

---...... ..1- n 

Fig.3 

Investigation of various modifications of the 
Clos network (for example, the decomposition 
by the Clos principle of switches not only in 
the central but in peripheral stage [11] ,and 
the optimisation of different decomposition 
methods [12J ) indicates, that in networks of 
practical sizes these improvements can decrease 
crosspoint number by just a few per cent. But 
this saving requires the use of switches of 
different sizes in different stages. Another 
method for non-blocking system design is desc
ribed by D.G.Cantor [51] , based on the use of 
2x2 switches, which, however, is of purely 
theoretical interest. Ordinary non-blocking 
connecting networks of practical sizes which 
are substantially more economical that the 
Clos networks are yet unknown. 

3.2. BATCH CONN~TING NETWORKS 

3.2.1. SYMMETRICAL INDIVIDUAL SELECTION 
NETWORK WITHOUT CONCENTRATION 

A design for an almost optimal batch connec -
ting network with N inputs, N outputs and N 
connections and the crosspoint number given by 
(1) is offered by the Benet'§ theorem [1 ] • 
However, it would be helpful to strip the 
statement of this theorem of number-theoretic 
deta~ls which are of no practical consequence 
[52J. Benes gives a formal rule for building . 

a batch connecting network with identical 
switches in each stage, whereby switch size de
pends on the prime divisors of N (network size). 
It would be easier to determine the optimum 
switch size which is the same for all network 
stages. Here use can be made of an asymptotic 
expression which has been developed under the 
assumption that all the network stages use 
n x n switches 

C 1 - T£N) 
• ~m Nog N N-M 2 

2n 
log2n 

The plot of function Cef(n) in Pig.4 indicates 
that the most preferable switch sizes for batch 
connecting networks are n=3 (C~3.786) or n-2 
or 4 (C=4, see formula (1». As switches grow 
in size, so does C, which corresponds to the 
increased number of crosspoints. 

C 

6 
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The preferability of the above approach can be 
illustrated by a simple example. A batch con -
necting ne~work of N=1021 inputs (prime number) 
requires N crosspoints, according to the Bene~ 
theorem. An engineer, however, will suggest in 
this situation a network of N=1024 inputs, 
which has only 4N 10g2N - 2N crosspoints. 

The control principle of connection processes 
for this class of batch connecting networks 
composed of arbitrary size switches is disc.s
sed in [53-55J • The control principle of this 
class of networks composed of 2x2 switches is 
discussed in .t45, 56-581 • What distinguished 
this principle of control of bina~ switching 
systems is centralisation. This means that 
decisions on the positions of closed and open
ed contacts are taken simultaneously for each 
switch after the information contained in the 
full list of requested connections has been 
analysed. By contrast, there is a decentrali
sed control principle which has been developed 
for sorting networks (59-61] • The substance 
of this principle is that the position of con
tacts in each switch is determined individually 
while the paths for each connection are selec
ted one after another. The choice of control 
principle affects network structure to some 
extent. Still, the basic principle of binary 
switching system design remains valid. A small 
saving of switches which is gained in some 
networks considered in [59-61] can be effected 
with centralised control as well, if switches 
are removed from all the points in which the 
control algorithm in the looping procedure 
allows of random choice. 

3.2.2. INDIVIDUAL SELECTION NETWORKS WITH 
CONCENTRATION 

If there is a limit on the number of simUlta
neous connections which may be requested in a 
batch connecting network, it may be preferable 
to use a network with concentration, i.e. a 
narrowing in the central part, and a subsequ
ent widening. Consider a network with N inputs', 

. M outputs, and the maximum possible number of 
connections, D. If M,N and D are not too 
small (D > 4 ) and D< 2 VMN/(M+N) , then a 
three-stage network without concentration be
comes less attractive than a four-stage net
work (Fig.5) with the crosspoint number 

T = (M+N) (n +~) , which is at the minin 
mum when n =VD • 

1. 

N 

N D 
n"-n 

n ......... --.-.. ...... t-

1 

M .... ..... --............ -n 
Fig.5 

Fig.6 shows the plot of function T.f(D) for 
different structures. Line 1 represents the 
the function T .VMN(M+N) , which is the opti
mum three-stage network with limitless connec
tions; line 2 stands for T = (M+N)D , which is 
the optimum four-stage network with D links 
between st~~es; and line J stands for 
T = 2(M+N)-YD , which is the optimum four-stage 
network with concentration. As network size 
increases still further (D~12) it is prefe
rable to use networks with more numerous 
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stages,which can be obtained by iterative deco
mposition of paired switches of the second and 
third stages to form four-stage sub-networks • 
For details of studies of these networks, see 

[6,62-66] and their lists of references. 

Fig.6 

3.2.3. ONE-SIDED NETWORKS 

M!L 
M+N 

D 

In one-sided networks external poles do not 
fall into the inputs lto which calling lines 
are connected) and the outputs (to which called 
lines are connected), but form a common group. 
All the external poles in a one-sided network 
have equal switching capabilities, and each of 
these lines may pass a request for connection 
with another line. 

Two methods of building multi-stage one-sided 
networks are known. The first is to dissect a 
symmetrical two-sided network along the verti
cal synunetry axis 'substituting triangular 
switches for the dissected switches. It seems 
that Clos was the first to study this method 
( 2] , therefore, the one-sided non-blocking 

network obtained by this method can be refer -
red to as the Clos truncated network. The se -
cond method is to establish folded connections 
between the inputs and outputs of a symmetrical 
network. This method is investigated in (67] 
and (68) • 

The second type network is, in general, more 
preferable because triangular switches are less 
convenient from the control viewpoint. However, 
in the case of batch switching there is a more 
serious objestion to the first type: it requi
res a larger number of crosspoints than does 
the second type of network (15] • 

It would be in order to mention here another 
important class of connectin~ networks. They 
were investigated by A.Joel l69] who called 
them nodal networks. It is caracteristic of no
dal networks, too, that all the lines connec -
ted to them are of equal status, although they 
are not connected to an assigned input swit -
ching stage but are evenly distributed over the 
entire network. Each line to be connected in 
the nodal network is connected to an individual 
switching facility, which performs switching 
functions not just for this line but for the 
entire network. The individual switching faci
lities (or nodes), which may be designed accor
ding to one or another scheme depending on 
system requirements, are joined together to 
form a homogeneous structure. The principal 
advantage of the nodal network is ease of size 
build-up. The principle underlying the design 
of nodal networks has enormous latent possibi
lities for building a variety of blocking or 
non-blocking structuree, which may operate in 
the ordinary as well as batch connecting mode • 
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3.2.4. GROUP CONNECTING NETWORKS 

Switching during seasonal traffic fluctuations 
involves whole groups of channels. Unlike the 
batch connecting networks discussed earlier, 
here the switching of whole groups often does 
not require exact disignation of channel pairs 
to be switched, because rearrangements can be 
made within a group. This simplifies both con
nectin~ networks structure and the control tech
nique L10-721 • 

In complex communication networks, a multitude 
of variously directed trunk groups may converge 
at switching centers. The trunks may be one-way 
and connected to network inputs (input trunks 
by which call orders come) or outputs (outgoing 
trunks to which connections are made). There 
may also be two-way trunks. For this reason, a 
more general class of connecting network struc
tures must be considered than the conventional 
one-sided and two-sided networks. The various 
connections which can be established in such 
systems are conveniently represented by charts, 
in which trunk groups are shown as circles and 
connections are shown as lines with arrows. 
Thus, connections which may' be established in 
a two-sided network (e.g. in Figs 3 or 5 ) are 
represented by the chart in Fig.7a, and connec
tions in a one-sided network are represented 
by the chart in Fig.7b. The chart of Fig.7c is 
equivalent to that of Fig.7b, since the lines 
in the two groups do not differ as to connec -
tion type and can be joined into a single 
group-. Crosspoint numbers were calculated in 
(73] for ordinary and batch connection in 

switching centers shown in Figs 7d and 7e. 

N M 

0--0 O· ·0 
a) c) 

Fig.7 

4. REMARKS ON BLOCKING NETWORK DESIGN 

Blocking network design is the base of tele -
phone switching technology and has been a sub
ject of study for nearly a century now. During 
this time, major parts of teletraffic theory 
have evolved, like the theory of gradings, the 
theory of link-systems, etc., which have been 
presented in special review papers at teletraf
fic congresses. Formally, all of these parts 
fall under the head of "blocking network design~ 
but the present survey cannot pretend even to 
consideration of methods of synthesis of these 
networks. These methods, which originated in 
assessments and comparisons of empirically cho
sen variant versions, have in recent years 
attained a high level of sophistication and 
help to optimise gradings and link-systems 
which are of interest for practical applica -
tions. Particularly great contributions to the 
development of these methods as applied to 
link-systems were made by Prof. A.Lotze and his 
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collaborators [14 15] and by A.Feiner and 
J.G.Kapell [16,11j • Therefore, we shall have 
to restrict ourselves to a few brief comments 
on the synthesis of link systems, which help 
to approach the bounds derived under 2.2. 

In link system synthesis problems, an impor -
tant role belongs to the optimisation of the 
channel-graph of a multi-stage network. The 
graph is shown in Fig.8. It indicates all the 
possible paths from an arbitrary network input 
to an arbitrary output, the assumption being 
that each "input-output" pair has this form of 
graph (otherwise each version will have to be 
considered separately). Graph vertices repre -
sent switches, or, more exactly, the unique 
crosspoint in each switch through which passes 
the path in question. Graph edges represent 
intermediate links which connect the switches. 
The edges of the central section (shown by dot
ted line) do not correspond to links. They are 
shown merely for the sake of clarity, and the 
vertices joined by the dotted lines correspond 
to one and the same medium-stage switch and 
should be identified. 

Fig.8 

The connecting network corresponding to the 
graph in Fig.8 provides for the maximum pos -
sible availability of the medium links from 
the input and output sides. This fact is shown 
by the left-hand and right-hand tree-like sub
graphs. It is demonstrated in [43] that almost 
all the graphs of this class, and the respec
tive connecting networks, satisfy the require
ments of minimisation of blocking probability, 
but [43] does not present a regular method for 
optimum graph construction. The problem of op
timum graph construction was solved in r78,79]. 
Further elaboration of the theory of optimum 
channel-graph (in particular, the extension of 
the square switch case to the rectangular 
switch case) and its applications to problems 
of co~ecting network synthesis are dealt with 
in [80J • 

The design principle of a connecting network 
with an optimum channel-graph can be described 
broadly as follows. Consider a multi-stage 
connecting network without concentration having 
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N inpu~s and N outputs, and N intermediate 
links between each of two adjacent stages • If 
a sub graph with the highest possible availabi
lity of medium links is to be obtained, N con
necting paths must be formed between any two 
adjacent stages by the method that follows [1, 
12 ]. We number the outputs of the preceding 
stage and the inputs of the following stage 
with ordinal nuabers 1 through N from the top 
downward. Then the sequential numbers of a 
preceding stage output and a following stage 
input to be connected will be in this relation
ship: 

j = ( i - (k-~).N - 1 ).n + k ( 4 ) 

where j is the sequential number of a follo
wing stage input; i is the sequential number 
of a preceding stage output; and n is the num
ber of inputs in the following stage swith. 

(k-1)' N < i ~ h.!.! 
n n 5 ) 

The procedure of identifying interstage connec
tions by (4) starts with i=1 and amounts to 
the consideration of the cases of ka1,2, ••• ,n, 
in each of which the range of values of i is 
found by inequality (5); then the preceding 
stage outputs are examined successively, and 
for each formula (4) is used to find the sequ
ential number of the input in the next stage 

j with which the output i in question is 
being connected. 

• 

• 
An optimum channel graph minimising blocking 
probability is derived if the intermediate 
links at the medium stage output are also cho
sen in compliance with (4) and (5). On the 
contrary, the worst possible graph which does 
not meet the requirements of minimised blocking 
probability is obtained if medium stage outputs 
are connected with the following stage inputs 
haVing the same sequential numbers (j=.l). In 
the latter case an iterative netWork is obtai- • 
ned which is readily controllable in the batch 
connecting mode. 

CONCLUSION 

In this paper, the author tried to give an 
abridged but systematic survey of the general 
structural properties of connecting networks. 
Because of the large number of publications in 
this field, it was impossible to mention all 
interesting studies. Therefore the authors, 
which could' t be named are asked to apologise, • 

The author is indebted to Prof. A.D.Kharkevich 
and Prof. M.S.Pinsker who read the manuscript 
and made several helpful comments, which were 
taken into account in the final editing. 
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