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ABSTRACT ,: 
.; .... 

Large swttChing networks are generally divided 
into stages to facilitate growth. The divisions 
of t~e network are wired together. To insure 
full availability during growth either space must 
be preassigned in matrices to provide for the 
ultimate equipping of crosspoints or wiring re
arrangements are required to add switch matrices. 
To assure approximately the same quality of 
service throughout a network as it grows, it is 
frequently necessary to reassign traffic sources 
and sinks to the network terminations so that the 
links within the network will share equitably the 
total load. 

This paper describes new concepts in switching 
networks with the objectives of exploring methods 
for improved growth and load balance character
istics. The arrangements described are not being 
offered as viable solutions. They are presented 
here to stimulate others to search for networks 
which are not based solely upon linearly connec
ted switching stages. The control of the network 
based on these concepts also presents a challenge, 
the implications of which are excluded from this 
paper. 

The initial concept of this network design is 
to assume clusters of identical nodes on a 
toroida1 surface. Each node provides for both 
a network termination and a self-contained 
switching stage. Crosspoint configurations are 
introduced at these nodes. Their topology is 
determined by the connectivity rules of the 
network, the average load on the terminations and 
the size of the network. Conversely, the desired 
loss due to blocking and the average load per 
termination determines the needed connectivity. 
Since each node is a small network in itself, 
the same techniques may be employed recursive1y. 
A unique characteristic of the resulting network 
is one in which rearrangeability may take place 
without interruption of existing connections. 

Instead of imbedding the node in a single surface, 
the node may connect and interact with nodes on 
other surfaces. It is visualized that other 
surfaces might employ different technologies. 
In this manner the network could grow in several 
dimensions with different objectives. Where a 
particular technology such as metallic cross
points is required, rearrangement could be used 
to avoid blocking. In other cases cooperation 
could be introduced between nodal surfaces by 
employing a strategy of mixed technology. 

INTRODUCTION 

There are two types of switching arrangements of 
interest to traffic engineers and theorists. One 
type is the network used within switching systems, 
while the other is the telecommunication network 
of switching offices known loosely as IIswitching 
plans. 1I In practical networks each office is 
different and serves many terminations (lines and 
trunks). 

The networks within switching systems usually con
sist of a fixed number of stages used serially. 
Terminations appear on one or two sides of these 
networks. This paper proposes switching networks 
where line or trunk terminations are integrated 
into a switching network that grows uniformly and 
multidimensiona1ly. Connections are established 
through a variable number of identical stages. 

The basic principle employed is to consider the 
network terminations (lines, trunks, etc.) as 
identical nodes. (The name IINodal Switching 
Networks ll (NSN) is used although terms such as 
lIiterative ll and IIcellularll have also been used 
in other applications of this concept.) Each 
node provides the crosspoints and associated 
links to make it an equivalent and equiconnected 
member of the entire set. It is anticipated 
that networks of this type could grow to very 
large sizes. During growth additions, fewer 
links are changed than in either single or two
sided mu1tistage networks. 

Since the entire network is homogeneous it should 
be possible to make the assignment of lines, 
trunks, etc., to the network independent of the 
traffic they offer or receive. An objective is 
to design a network for which load balancing and 
preferential assignment of terminations should 
not be required if the network as a whole is 
capable of carrying the entire offered load . 
When designed for lower overall ' capacity lower 
cost should result. 

Another characteristic of the topology of this 
network is the possibility of constructing it in 
several physically separate but cooperating 
planar sections. The technology employed on each 
plane could be different so that space and time 
division and metallic and nonmetallic techniques 
might all be employed simultaneously. 

Each node of a switched telecommunication network 
is a wire center containing a switching entity. 
Calls originate, terminate, or are switched 
through the node. By analogy in a nodal switch
ing network each input, output, or two-way term
ination is associated with a miniature switching 
network called a II no da1 crosspoint configuration ll 
(NCe). Figure 1 shows a symbol for an NCC. The 
network is constructed by deterministically 
connecting the individual NCC's to their neigh~ 
bors. Figure 2 shows a minimally-connected two
~imensional planar array of nine NeC's. For 
unifo~mity, each neighbor is connected in a 
similar manner with the same number of 
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neighboring . nodes. To avoid edge effects the 
network is convoluted into a toroid. Since the 
pattern of connectivity.is u~iform, arb~trary 
edges are cut in each dlmenslon to provlde for 
growth. 

Between any two points Xl, VI, and X2 , V2 the 
number of minimum length paths is given by 

Xl - X2 = Ixl 
( I X I + I V I) 

C 
I X I 

(X + V~! 
X! v. 

For the cases where IXI or Ivl = 0 only one min
imum length path is possible. Obviously in 
large networks with only a single link between 
adjacent nodes it is unlikely that when these 
connections are required nonminimum length paths 
would be available. 

Most switching networks that have previously 
been used are of the cascade or multistage type 
with terminations appearing on only one or two 
stages. The size of the stages and the number 
of stages are optimized for the total number 
(or size range) of terminations and the desired 
amount of blocking with a given anticipated 
average occupancy per input. The number of 
crosspoints per input or per Erlang is determined 
by the resulting design. 

In NSN's the number of crosspoints per termina
tion (node) may be less dependent on the size of 
the system. The number of crosspoints per term
ination is fixed at the node with a given NCC. 
A wide variety of NCC's can be conceived and this 
paper describes only a sufficient number to 
illuminate this network concept. All NCC's are 
assumed to be identical. This facilitates their 
mass production implementation particularly with 
the planar techniques of large scale integrated 
circuits. 

The blocking characteristics of the network are 
determined by the capability of the NCC's and 
the link pattern adapted. Considerable mathemat
ical study is required to determine the blocking 
characteristics of these networks. Although an 
objective is to make the network accept termina
tion loads independent of location, future study 
may show the improvement in load carrying capac
ity that may be obtained if algorithms were used 
for assigning lines, trunks, and service circuits 
to the Nee's particularly those of known high 
occupancy. 

With the large average number of paths possible 
between nodes in these networks it is believed 
that nonblocking may be approached or achieved 
by employing rearrangement. However, rearrange
ment is not essential to the practical applica
tion of the network concept. It is also possible 
to further reduce blocking by increasing the 
number of dimensions in which the nodes are inter
connected. 

It is assumed that common control and possibly 
stored program call processing techniques would 
be used for NSN's so that a path of idle links 
may be selected and connections established by 
the operation of one or more crosspoints in each 
NCC. 

The control of a network is an important part of 
its cost. As discussed in Reference 1 the cost 
of a multistage network is proportional to the 
number of links and terminations, and not neces
sarily proportional to the number of crosspoints 
employed. However. networks of this type may 
em~loy . control . techniques for which this relation
ShlP mlght be lnvalid. 
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BASIC TOPOLOGV 

The symbol representing an Nee, Fig. 1, shows a 
configuration with four links and one terminal 
(circled) used for a connection of an inp'ut, 
output, or two-way external termination (line, 
trunk, service circuit, etc.). Only a 

FIG. 1 
SYMBOL FOR 4 LINK NCC 

single wire is shown, but it is understood that 
this could be a balanced two-wire or four-wire 
transmission circuit with a sleeve or other con
trol leads if necessary. Four links are needed 
as a minimum to imbed an NCC into a two-dimen
sional array as in Fig. 2. More complex NCC's 

FIG.2 

MINIMALLY CONNECTED 
TWO-DIMENSIONAL 9 NODE - NSN 

include diagonal and other coordinate and non
coordinate link connections. Some of these are 
discussed below. 

If the NCC is nonb1ocking it is capable of 
supporting a maximum number of connections 
through or to the node. The simplest single
stage nonblocking folded (single-sided) network 
which results is the familiar triangular cross
point array of Fig. 3. Generally for ~ links, 
the number of crosspoints for such an NCC is 

C = t ( t + 1)1/2. (1 ) 
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X,Y+1 

X-1,Y 

X,Y-1 

X+1,Y 

(a) 

X,Y+1 

X-1,Y 

X ,Y-1 

X+1,Y 

(b) 

FIG.3 

GENERALIZED PLANAR IDENTIFICATION OF LINKS 

Generally the number of noninterfering simultan
eous connections through such an array is (~). 
Each termination may reach all t links. 

LINK OCCUPANCY 

Many variations of NSN's are possible. To de
termine those which might be useful and econom
ically competitive with current multistage net
works requires a mathematical evaluation of the 
load carrying or blocking characteristics of 
such networks. To better understand blocking in 
networks of this general type, without a rigor
ous mathematical treatment, is difficult. How
ever, it is known that various types of network 
topologies can be compared by examining the 
averags occupancy of their internal links under 
offered load. Once the average link occupancies 
are obtained, then the first order or minimum 
blocking probability, S, may be determined by 
application of the Lee's Mode1 2 as discussed by 
Bene¥3 (see Appendix). 

A convoluted two-dimensional equilateral surface, 
which - we call a planar iletwork, with and a total 
of T=X 2 terminations, X terminations to a side 
requires a maximum path length between termina
tions of 

(2 ) 

to interconnect any two nodes, assuming unit 
links connect only with adjacent nodes. The 
average number of unit links, in a rectilinear 
path of length r is 

r= 2(i) = ~ (3 ) 

As a general re1ationshp, the average occupancy, 
A, of the links in a planar network is 

A = ~ 2L 
(4 ) 

where a is the average occupancy of each node 
termination and L is the total number of simulta
neously usable links provided in the network. 
(The 2 in the denominator of equation (4) takes 
into account that each connection uses two ter
minations.) Macroscopically an NSN is essen
tially a single-sided network. For the NCC of 
Fig. 2, L = 2T since each node can support two 
connections. Therefore, 

(5 ) 

If X > 8, then the network acts as a concentrator 
since the links would have a greater average 
occupancy than the terminations. A typical con
centration ratio is 4:1 (A/a). To limit this 
NSN to this ratio X ~ 32, T = 1024, which is 
small. The number of parallel minimum length 
paths for the average path length is, from Fig. 4 
and equation 3, 

A( Xy Yz ) 

FIG.4 

MULTIPLE PATHS BETWEEN NODES 

(6 ) 

For X = 32 and r = 16, R =12,870 which is con
siderable. In addition there are nonminimum 
length paths which may be used. This increases 
the average link occupancy, A. Note that from 
equation 1 this network requires 10 crosspoints 
per termination. 

ADDING UNITARY LINKS 

More than one unit link may interconnect two 
adjacent nodes. By adding unitary links and 
associated crosspoints at each node, the traffic 
capacity of the network may be increased. 
Assuming the number of fully accessible unitary 
links is uniformly increased in each of the four 
dimensions (L = kT) then 

where k = t/2. 

a.X 
4k (7) 

Mr. J. G. Kappe1 has prepared the Appendix and 
the associated graph that shows the minimum 
blocking if the number of possible paths (R) is 
large. For example with k = 8 and A = .5 the 
minimum blocking S = .007. The number of cross
points per termination would be 1-36. 
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For this network to have a 4;1 (A/a) concentra
tion ratio, X ~ 128 and T = 16,384. Since the 
average number of links (and crosspoints) 
required per call is large (r = 64) a number of 
methods have been studied to reduce crosspoints 
and the average number of links required per 
connection. 

CROSSPOINT REDUCTION - SINGLE STAGE NCC 

With a plurality of unit links entering the node 
from the same direction it is possible to reduce 
the number of crosspoints in the single stage 
NCC. If it is assumed that links from the same 
direction are not to be interconnected, then 
from Fig. 5 the small triangles on the hypo
tenuse of the large triangle are not needed. 

T = (X,Y+1) 
T R -

~ .. ...... 
~ 

T-B 

R-L~ 
/ / I I -+ +1 , ;! I I I I 

'-..... I .,,- I T-T I 
............ _.J 

L=(X-1,Y) 
1 " I 

: . ~ I T-L-L I L 
114 _-J 

I 
1,,- I 

8-L 8-8 I 
It--_....J 

I 
I 

r-+-"~~ 
8 - R 

..- .. ~ J.l4 

8 = (X,Y-i) : R=(X+1,Y) 
1 

(R-R, B-B, L-L, AND T-T CROSSPOINTS NOT NEEDED) 

FIG. 5 
SECTIONALlZING OF A SINGLE - STAGE 

NON - BLOCKING NCC 

The crosspoints omitted, Co' are 

i (i - 1) i i 
Co 2 = ~ (~ - 1) 

(8 ) 

c = R- ( R- + 1) _ c = R- (lR- + 1) ( 9 ) 
r 208 

for the earlier example where k = 8, R- = 16, C = 
136 we now have Cr = 112 or a reduction of some 
17 percent. 
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CROSSPOINT REDUCTION - MULTISTAGE NCC 

One way to reduce the number of crosspoints with
out changing the link occupancy is to replace 
the single-stage one-sided NCC of ~ (~+1)/2 cross
points with a mu1tistage nonb10cking network for 
NCC, (as described in Reference 4). This is 
applicable only when ~ is larger than 22 . 
Application of the "same direction" restriction 
might also change the optimum for mu1tistage 
networks. 

CROSSPOINT REDUCTION - TERMINATION ACCESS STAGE 

Another way to reduce crosspoints is to provide 
an extra switching stage for the termination 
to access the NCC. Figure 6 illustrates a 
trivial network of this type which might be used 
for networks with very low occupancies and 
rearrangement. The terminations connect to the 
NCC or links through a separate switching stage. 
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FIG.7 

TERMINATION ACCESS TO SEPARATE PLANES 

One interesting arrangement is shown in Fig. 7 
where the termination accesses several separate 
NCC's which may be thought of as p separate 
convoluted planes. The total crosspoints 
required here is 

+. 1) Pi~ (i
E (10) C 2 + P 

or Cr = Pip (l i 
8 P 

+ 1) + p (11 ) 

Keeping the terminal access the same as for one 
plane 

pR. kT' then mi n. B (k p' A ) P 
P P 

Some examples are given in Table A. 

TABLE A 
Min. Min. C 

kT £. ~ ~ ~ _B_ R 

8 2 4 .25 .0078 .00006 66 

8 4 4 .125 .031 9.2xlO- 7 44 

6 3 4 .167 .0547 1.66xlO- 4 43 

As described, the planes are independent "and 
once one is chosen it is used to complete the 
connection. However, this has an advantage 
that as technology changes new planes may be 
added. However, it is possible to spiderweb 
the links between planes to further reduce the 
mi n. B. 

INCREASE IN THE NUMBER OF DIMENSIONS 

An NSN may be increased in size by adding to the 
number of nodes to which an NCC connects. 
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For a three dimensional simplj~co~nected ~etwork 
where L = 3T, 

A 

mi n. 9.. = 6 and k 3 

C = ~ = 21 
2 

With a concentration ratio of 4:1 

T = 32,768 

~ X 
8 

(12 ) 

Also R is very much larger for all connections 
that involve all dimensions. 

ADDING NONUNITARY LINKS 

In the NSN of Fig. 5, the links all subtend only 
the distance between adjacent nodes. Assuming 
the location of a node in the plane to be (X,Y) 
the link outputs are identified as in Fig. 3. 

The average link occupancy may be reduced by 
decreasing the number of links per connection. 
This may be achieved by having links of lengths 
greater than the distance between adjacent nodes. 
As shown in Fig. 8, for example, the additional 
links may have what might be called "binary skip 
distances." 

X,Y+2 
X,Y+1 
X-2,Y 
X-1, Y 
Xt1, Y 
Xt2,Y 
X,Y-1 
X,Y-2 

FIG.8 

X,Yt4 
X,Yt2 
X,Y+1 
X-4,Y 
X-2,Y 
X-1,Y 
Xt1,Y 
X+2,Y 
X+4,Y 
X,Y-1 
X,Y-2 
X,Y-4 

NCC WITH BINARY SKIP DISTANCE LINKS 

Assuming the added links represent binary skip 
distances, the following results 

TABLE B 

maximum crosspoint 
links/node ski~ distance ~er node 

4 10 

8 2 36 

12 4 78 

16 8 136 

i (i/4 - 1 ) R, (i+ 1 ) 
2 --z--

ITe 7 



The path using links of all binary orders, n, 
defines the maximum size network since 

X n 
2" = 2 - 1 (13 ) 

where n binary radix orders are required to 
define a path between two nodes in one dimension. 
For example, if n = 6, X = 126 (T = 15,876). 
(Links are of length 2° to 2n- l that is 1, 2 --
32.) For the average path, r, only 1/2 of these 
orders are used. Extending to two equal dimen
sions 

(14 ) 

The number of possible paths through each node 
is R,/2, then 

A = arT ~ 
2T R, (15 ) 

The relation between R, and n is defined (from 
Table B) as 

therefore, 

R, 
4 -

A = a/4 

n -

4n (16) 

AI a = 1 14 

This means that if sufficient links are pro
vided, NSN's are possible where the average 
occupancy of the links is less than the occupancy 
of the terminations. Rather than concentration 
we have expansion. The average link occupancy 
for such networks is a constant. The number of 
links, and therefore, the number of crosspoints 
per NCC grows as the size of the network grows. 
The number of links grows as the base 2 logarithm 
of the number of terminations. 

LIMITING NUMBER OF BINARY LINK ORDERS 

Truncating the number of binary skip distances 
to m out of the n needed to serve efficiently the 
x2 terminations means that for distances greater 
than 2m additional links of length 2m would be 
used. These links would therefore, have higher 
occupancies than the shorter links. For example, 
if X = 254 normally requires n = 7 (n = 0 to 6) 
(longest link = 64) what would be the effect of 
truncating the skip distances at m = 3? 
(2m-l link lengths - 1, 2, and 4). 

For each distance> 2m, addition links of length 
2m- l would be used~ In one dimension the 
occupancy of links of order m are required on 
(1_2 m- n) of the possible connections, which m 
rapidly approaches 1. Each skip distance of 2 
or greater requires a weighting factor which 
determines the total number of links of length 
2m- l to be used. 
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Each order is still equally likely, therefore, 
the number of required links of length 2m is 
1 + 2 + 4 ... 2n- m- l = 2n- m - 1. Then in two 
dimensions 

r = m 
~(2) 

2 
( 17) 

Using a mixed discipline of binary and fixed skip 
distance links networks can be designed where the 
number of links per node may be adjusted to 
obt~in the desired blocking and link occupancies. 
Also when a network reaches a size where an 
additional skip distance could be used, all term
inations may be reached without returning to each 
node to add links for the next binary skip dis
tance. 

FURTHER CROSSPOINT REDUCTION WITH BINARY LINKED 
NCC's 

Links of the same binary length are not expected 
to be interconnected by the NCC. Therefore, in 
these networks it is possible to save further by 
eliminating the diagonal line of n crosspoints 
(Fig. 9a) in two sub-matrix, R-L and T-B, of 

r+ 
124 

(n-1) n 

FIG. 90 

R-L, T -8 CROSSPOINT CONFIGURATION 
(R-R, 8-8, L-L ,T-T CROSSPOINTS NOT NEEDED) 

T 
T-R 

otN~ 
T-8 

R-L~ J J I I -
~.:J, '-' 

..... ~ I; I I I 
.......... 1'-. T T-T I 

"-... .- - ..J 

L 
1 I'lIIIt. , I 
2 ", L-L I T-L 

4 1-1-
__ ....J 

I 
1'-. , B-B 1 8-L 

__ ....J 

I 
8-R 

r-R:'RJ 
...- Nlo:r 4 

8 2 R 
1 

FIG.9b 

5ECTIONALlZING OF A 51 NGLE-5TAGE 

FOR A BINARY SKIP DISTANCE NONBLOCKING NCC 
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(Fig. 9b) interconnecting the lines in the same 
dimension. In this case the total crosspoints, 
Cr , and omitted crosspoints, Co' f~r a dimen-
sional NSN are 

h- Ch - 1) 2d (\ 
2 + d ~d) 

(18 ) 

If the number of dimensio.ns, 
d = 2 and t 4n 

2n (3n +1) (19) 

If n 5,C r 160 compared with C 21 0. 

GROWTH 

Nodal networks are particularly attractive from 
the standpoint of the number of links that must 
be disconnected and connected to make an 
addition. 

For one or two-sided multistage networks the 
number of links, hms' of the existing network, 
that must be disconnected, reconnected and added 
may be defined in terms of the network termina
tion capacity which, for a two-dimensional net-
work, is X2 (chosen to correspond with the NSN 
capacity) with a link occupancy, A. Only links 
connected to existing switches are considered 
since it is assumed all other links come pre
wired with the addition, ~X. 

h m s = 3 A [( X + ~ X ) 2 - X 2] 

= 3 A [2 ~ X X + (~X) 2 ] (20) 

For NSN's with binary skip distances links, 
where additions are limited to those within the 
binary order, n, chosen for the network, a 
value of h may be calculated. (Since the nsn 
change in maximum network size changes slowly 
with n this assumption is considered valid. 

. 2 
For example, for a network where X = 10,000, 

. 2 
the value of n does not change for X between 
3,844 and 15,876.) Then, from equations (13) 
and (16) 

6X 1 og (~+ 1) (21 ) 

If A - .5 with a 10 percent addition (~X 32) 

11 ,136 4,200 

CONCLUSION 

This paper has served as an introduction to a 
new concept in switching center networks. The 
reader should recall that the efforts of ex
perts over many years have been devoted to the 

312/7 

current high state of understanding and develop
ment of one or two-sided multistage networks and 
their implementation. This paper introduces a 
new form of switching network. Much more effort 
is needed if we are to understand its properties. 
As new types of switching devices are developed, 
or when an application that finds advantage in 
the particular properties of these networks 
appear, further research of these network con
cepts should be undertaken. 
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APPENDIX 

ASYMPTOTIC (LOWER BOUND) BLOCKING PROBABILITY 
FOR A NODAL NETWORK 

By - J. G. Kappel 

In a symmetrical nodal structure with average 
path length, r, the average number of paths of 
minimum length between nodes is obtained 
(approx.) by equation (6). 

The actual linking pattern has the following 
form, for a high proportion of the terminal
terminal path searches: 

.,': .... ~A=AVG.LlNK LOAD 

ORIG . ~~ I ::. TERM. 

Nee~::: I :; Nee 
.!. LINK STAGES ..... I ...... 
2 ..... 

~L + 1 Nee's . 
2 

This form will always have higher blocking, at a 
given average 1ink load A, than the following ' 
form: 

r -2 STAGES 
WITH LOAD "O~' 
FOR LARGE R 

A A 

<::DCA> 
MIN B = 2A2_A4 

• A2 (2-A2 } 
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For a more generic form, permit, k-link access 
from each starting and ending point node, to 
obtain: 

AND MIN 
k k 

B = A (2 - ·A ) 

Load vs. blocking curves from this formula are 
shown in Fig. 10. With reference to the form
ulae k~:~,j2. 

1.0..----------------------...., 

c.:> z 
~ 
(,) 
0 
..J 
III 

~ 
0 

cD 
0 
Cl: 
CL 

..,: 
Cl) 
101 

III 
III 

z 
2 

.10 

.02 

.Of 

.005 

( )=C(CROSSPOINTS) 

A : AVERAGE LOAD PER LINK (ERL .) 

FIG.10 
ASYMPTqTlC BLOCKING ESTIMATES FOR A NODAL NETWORK 
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