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ABSTRACT 

This paper presents some of the main ideas which 
were used .in the development of OPTMOD an inter
active computer based system for designing 
minimum cost circuit switched alternative routing 
networks. 

A nonlinear integer programming formulation is 
proposed and a solution technique is given which 
is based on intrinsic properties of teletraffic. 

Results are given for the application of the 
system to a medium sized metropolitan telephone 
network with 37 nodes, 4 tandem switching centres 
and 1141 origin-destination pairs. 

A number of purposes for which the system may be 
used are discussed. 

1. INTRODUCTION 

In september 1970 a project with the title !lA 
theoretical investigation of the problem of 
economic optimization of alternate routing 
networks" was commenced , under contract for the 
A.P.O., by the Applied Mathematics Department of 
the University of Adelaide. Subsequently three 
further contracts were undertaken, each with a 
related theme to the above topic. The results of 
these investigations appear in 16 reports, 20 
published papers and 5 Ph.D. theses. 

A mathematical model was developed to give a 
practical solution to the problem of dimensioning 
a full availability network for specified end to 
end congestion values between each pair of 
exchanges in the telephone network, at minimum 
total junction cost [1]. The problem was 
formulated as a nonlinear programme and efficient 
solution techniques were demonstrated by 
application of the model to the Adelaide 
metropolitan network [1,2,3,4]. Two restrictions 
were placed on the model: 
(i) the cost per junction on a link i was 

assumed to be constant, ci. 
(ii) the number of junctions allocated to link i 

was permitted to be a continuous variable, 
ni' in the dimensioning model. 

The present model allows for 
(i) nonZinear relations between circuit 

quantities and circuit costs. 
(ii) provision of channels in finite size modules. 
(iii) network design for end to end grade of 

service criteria, expressed as ranges of 

blocking probabilities. 
(iv) interactive participation in decision 

processes by the user. 

2. THE CHAIN FLOW MODEL 

In this section the chain flow dimensioning model 
is described in concise algorithmic form. This 
model gives a mapping from the traffic dispersions 
(tk) and chain flow vector b to the correspond-
ing circuit vector n. In the following the 
suffixes i,j,k refer to links, chains and origin
destination pairs respectively. 
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3. NONLINEAR INTEGER PROGRAMMING FORMULATION 

(8) 

(9) 

The system OPTMOD allows for any type of nonlinear 
circuit cost function. In the following discussion 
we assume the formula given in [5]. N is the 
module size, p a fixed cost per module, q the 
incremental cost per circuit and [.] represents 
the integer part of . . 

Formulation 
rrni-ll \ 

Minimize C(n) t {p(\ \!.-N -t 1 } + q.n.} (10) 
l l 

n -+ h such that Ih~ ~ b
k 

q.l) 
j J 

n integral (12) 

n ~ ° (13) 

where 

fO if n. 
= ° O. l 

l II otherwise 

The correspondence between circuit vector Q and 
chain flow vector ~ is governed by the 
dimensioning model described in algorithm 1 and 
(11) states that the total traffic lost between 
O-D pair k must not exceed tk-bk . The 
prescribed upper bound on the O-D congestion for 
pair k is therefore 1 - bk/tk = ~. 
In developing an efficient solution technique 
suitable for general application in dimensioning 
large networks (3000 or more integer variables) 
major difficulties have to be overcome due to 

(i) 
(ii) 
(iii) 
(iv) 
(v) 

size of the problem 
the integrality condition on variables 
nonlinear relations 
a nondifferentiable objective function 
the mapping Q -+ h being unavailable in 
explicit form (it is only known implicitly 
from the mapping ~ -+ Q) • 

Although, at present , some promising nonlinear 
integer programming algorithms exist for very 
small problems, they cannot be considered for the 
above problem. The direction pursued is one which 
exploits the special features of the problem. A 
special application algorithm is developed based 
on intrinsic properties of teletraffic. 

4. NUMERICAL INVERSION OF A DIMENSIONING FORMULA 

The formulae (d), (e) of section 2 can be used to 
determine the number of circuits ni required on 
a link i when offered traffic having mean Mi 
and variance Vi results in a flow (mean carried 
traffic) of value xi' After numerical analysis 

2 

of the formulae a completely reliable and very 
rapid algorithm was developed for inverting this 
mapping. Given the combined mean Mi and variance 
Vi of overflow traffic offered to a link with ni 
circuits, the carried traffic xi can be computed. 

ALGORITHM 2 

It is recommended that a subroutine for locating a 
zero of a function (such as ZEROIN [6] which 
combines inverse quadratic interpolation with mid
point iteration) be used to solve for x: 

2 / 2 (l-X\O.l 
5x +Ex+K-(x-C)/(M-x-3) +12A,~} 

where A = V + 3~(~ - 1) 

C = n + AM/[M(M-l)+V] 

E 3 - 5 (C+M) 

K C(5M-3) - 6A. 

A good lower bound is given by 

( 
x = Max,O, 

- E - 1E2="2oi) 
10 

and an upper bound is given by 

x = Min(M,n) 

° 

This algorithm is applied in a subroutine for 
estimating chain flows from a partial circuit 
vector (see section 7). 

5. SPLITTING FORMULAE AND THE CRITICAL STREAM 

(14) 

The previous algorithm can be used to compute the 
total flow on a common link. Flows for individual 
streams can then be estimated from "splitting 
formulae" . Two formulae used for the purpose of 
giving estimates of the individual losses, mi' 
are Olsson·s formula: 

and 
Wallstrom's formula: 

[V. + M~/V.] 
l l l 

I (v. +M .Z/v . ) 
. l l l 
l 

'm (15) 

rBMi Vi] 
m

i 
= L~ + (l-B)V- . m . (16) 

In the above formulae Mi,Vi are the mean and 
variance of the traffic offered by the ith stream, 
M and V are their combined mean and variance, 
m is the total lost traffic and B (= m/M) the 
blocking probability. 

The Critical stream 

Suppose that a number of streams with means and 
variances Mi,Vi respectively are offered to a 

common link and we wish to specify upper bounds 
Yi on the individual stream losses, namely, 

From (15) we observe that the total loss m is 
bounded, for each i, by 

(17) 
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To satisfy (18) we require 

m ~ min 
i 

(v + kM~/V£)Yi 
V. + M~/V. 

l l l 

(18) 

(19) 

Clearly, the stream i* which minimizes the right 
hand side of (19) controls the number of circuits 
required to satisfy all performance constraints 
(17) for the individual streams sharing the common 
link. We call 

m 
c 

the critical loss, stream number i* 
stream and define the stream slack 

the critical 
Si' by 

Si = Yi - mi . (2 0) 

An interesting interpretation may be put on Si. 
In some sense, a large value of Si is an 
indicator of wasted resources. This thought is 
developed further in section 8. We note that the 
stream with least value of Yi/(Vi +Mf /Vi) 
determines the number of circuits required, that 
is , streams with small specified upper bounds on 
final losses and/or large values of Vi+Mf/Vi 
imply small upper bounds on the total loss and 
hence large numbers of allocated circuits. 

A similar argument using Wallstrom's splitting 
formula gives a critical loss 

m 
c 

r-M2v. +/(M2V. ) 2+4M2vy. (M. V-MV. ) 
. l l l l l 

m~nL 2 (M.V-MV.) 
l l l 

(21) 

and critical stream i*. Upon compariso~ of a 
number of cases it was found that i* = i* and 
that the ordering of streams based on increasing 
stream slack was identical for both sets of values 
Si and Si· 

To decrease the number of circuits required on the 
common link we must increase Yi*/(Vi*+Mf*/vi *) . 
This is achieved by decreasing Mi* (Yi* is a 
prescribed constant). Thus network cost savings 
may result by transferring flow for this stream to 
another (preferably, but not necessarily, cheaper 
route) if the stream slacks for the remaining 
streams are large . Alternatively, for a stream 
with a large stream slack it may be advantageous 
to remove flow from an alternative chain (by 
decreasing circuits) and to offer more of this 
stream to the common link under consideration. 
These ideas were, in fact, found to lead to very 
effective heuristics for optimizing small PABX 
networks and encouraged further development along 
these lines for large networks. 

6. LINEAR COST FUNCTION APPROXIMATION AND FULL 
MODULE ALLOCATION 

When the circuit cost function is linearized the 
objective function (10) becomes 
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Min C(n) = I(2 + q.)n .. 
- N l l 

(22) 

i 

This approximation simplifies the problem to one 
with constant costs per circuit (viz. ci=p/N+qi) 

A good starting point for the nonlinear integer 
programme can be obtained by replacing the 
inequality constraints (11) by equality constraints 
and applying the technique described in [7]. A 
valuable starting heuristic is to compute the 
gradient projection vector from an arbitrary 
starting point and then to transfer all flow for 
each 0-0 pair onto that route which has the 
maximum positive value of the projection vector. 
It is also important to be somewhere near the 
optimal point for the continuous problem before 
implementing the penalty function. 

The minimum cost design with full module allocation 
is also readily solved by the above approach. If 
mi modules are allocated to link i, set 
ni = mi N and replace the objective function by 

TIn. 
Min I(q.+PN-)n. + IS.sin 2---

N
l 

. l l . l 
l l 

(23) 

with values p=1200 and N=30 the above 
approaches were applied to the metropolitan 
Adelaide network. A comparison of total network 
costs for full module and "continuous circuit" 
allocations for the following four selected 
feasible points are of interest. 

Continuous Full modules 
circuits 

All flow on directs $4 062 426 $16 593 300 
All flow on 2nd choice $4 527 012 $ 6 686 610 
All flow on 3rd choice $4 719 119 $ 7 126 020 
A feasible starting point $3 269 761 $11 945 610 

The large cost for the first point ($16 593 300) 
is a result of many 0-0 pairs in the network 
having small offered traffics, t k 

It is known that the solution for the continuous 
circuit case, with equality performance constraints, 
is approximately $2 700 000. In comparison, the 
minimum cost network with full module allocation 
has been estimated at approximately $6 000 000. 
It appears that full module allocation is an 
expensive dimensioning approach. 

7. NETWORK DECOMPOSITION - CONCEPT OF GROUPS 

In this section we show that the introduction of 
a reasonable assumption simplifies the nonlinear 
integer programme in two important respects. 
Firstly, the dimensionality is reduced and 
secondly the problem of inverting the performance 
mapping Q + Q is avoided. The effect of the 
assumption is to essentially induce a decomposition 
which allows groups of 0-0 pairs to be considered 
individually in the optimization process. 

Paper #6 



Definition: The set of carried traffics occurring 
when different streams are offered to a single 
link is called a natural t raffic assignment . 

Let r (k) 
O-D pair 

be the number of chains available for 
k. 

Assumption: A natural traffic assignment occurs on 
all first links of chains 2 , 3, ... ,r(k)-l. 

In other words, it is assumed that sufficient 
circ~its are provided on subsequent link s of all 
such chains (i.e. other than the first and last 
choice) to avoid distortion from a natural assign
ment, on the first links of such chains, to any 
significant degree . This assumption was based on 
the examination of simulation data, which indicated 
that losses from the common first links of second 
choice chains we re closely predicted by the 
splitting formulae (15), (16). It was concluded 
that the assumption is reasonable for practical 
purposes . The effect of the assumption, as far a s 
the nonlinear integer programme is conce rned, is 
essentially to reduce the feasible region; i . e. 
the chain flow vector b is restricted to sets of 
flows which satisfy a natural assignment on chains 
2,3, ... ,r(k)-l. From this point of view, the 
assumption is that the set of chain flows thus 
eliminated have an insignificant effect on the 
value C(Q*), the minimum network cost. Later 
r e sults tend to confirm this assumption . 

In the remaining discussion we restrict our 
attention to alternative routing telephone networks 
provided wi th three routes per O-D pair 
(generalization is straightforward). 

we now partition the circuit vector Q into three 
row vectors, Q = (Qi,QZ,Q 3). The elements of Qi 
are the numbers of circuits on the direct links, 
those of Qz are the numbers of circuits on the 
first links of the second choice chains and the 
elements of Q3 are the remaining elements of Q. 

Definition: The par tial circui t vector QP is the 
row vector (Qi,QZ). 

Suppose now th~t ~p is specified. From ~i we 
can compute hi using the Erlang loss formula, 
and V~ from the Riordan-Gil tay formula. The 
flows on links corresponding to elements of Qz 
are found by applying algorithm 2, and a simple 
application of a splitting formula determines h~. 
Finally, h~ can be set at a value which satisfies 
the performance constraints, i.e . 

h~ = min(O,bk-h~-h~ ) (24) 

Thus, we have a mapping DP + b. To obtain the 
complete circuit vector D corresponding to b 
we apply algorithm 1. The values of ~3 so 
obtained are rounded up to the next integer , thus 
guaranteeing satisfaction of the performance 
constraints, Ih~ ~ bk . 

J J 

Clearly , the above approach 
(i) leads to a significant reduction in 
dime nsionality of the nonlinear inte ger programme 
(the variables in the optimization are QP 
instead of Q). 
(ii) Le ads to a simple inversion of the mapping 

h + !} . 
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It is also clear that two models have bee n use d 
above, and this raises the question of their 
compatibility. The first model gives a mapping 
n P + h. where nP = (ni,nz). The second model 
;ives-a mapping- h + ~ =-(~1'~Z'~3) = (~P'~ 3 ). 
The two models are compatibile provided nP ~ nP. 
Application of the two mode~s to the Metr~politan 
Adelaide network revealed that the values of nP 

were in fact approximately equal to those of n P , 
the difference rarely being more than 1 circuit in 
magnitude . In general the elements of DP were 
slightly larger than those of !}p. This is 
partly a consequence of the chain flow model 
requiring rounding-up of continuous numbe rs of 
circuits . 

A further simplification is now possible. 
Because of the chain independence assumption in the 
dimensioning model the O-D pairs which use the 
same first link on their second choice chains can 
be grouped . For example, the data for the Adelaide 
network shows that overflow link 1 is used by O-D 
pairs 1, 32-41. These 11 O-D pairs on l y need be 
considered when updating the chain flow vector h, 
following a change of circuits on direct links 1, 
32-41 or overflow link 1. 

Definition: O-D pairs which use a common first 
link on second choice chains are said to form a 
group . There are 128 such groups for the Adelaide 
network. Each group can be considered 
independently in the sense that whenever the 
partial circuit vector is changed, during the 
optimization, only the chain flows related to the 
groups involved in the change need be adjusted. 
This effects a very large reduction in computing 
time! It has been found in applications that 
effective global optimizations can be achieved by 
systematically optimizing the groups of the 
network . 

In the next sec tion we discuss a method for 
altering QP in order to decrease the total 
network cost . 

8 . CRITICAL FACTORS 

The heuristics discussed in section 5 are now 
adapted for use with chains . 

Recall that the number of circuits required to 
carry specified minimum mean traffic stre am flows, 
when a number of traffic streams are offered to a 
single link, is determined essentially by one 
stream . This crit i cal s t ream is identified by 
its having a minimum ratio of y (the specified 
upper bound on its loss) to V+Mz/V, V and M 
being respectively the variance and mean of the 
offered traffic stream . For all streams, other 
than the critical stream , the stream s l ack 
Si = Yi-mi (where mi is the actual mean of the 
lost traffic for stream i) is posit ive . For 
the critical stream i*, si*=O. (It should be 
noted that these comments refer to the case when 
circuit numbers are computed as continuous values). 
It has been pointe d out previously that a large 
value of s· is an indicator of wasted resources. 
For example~ if a stream has a re lative ly large 
value of Si it may be possible to decrease the 
number of circuits on the links of its earlier 
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choice routes and still meet the specified overall 
point to point loss upper bounds for that stream -
at cheaper cost. 

Definition: The critical factor for stream i, Pi 
is defined by 

Since 

V.+MYV. 
l l l 

M. M. 
Pi ~ l ~ l 

Vi +M1/Vi Mi +M1 /V i 

it follows that Pi E [0,1]. 

(25) 

A generalization of the above concept, for streams 
offered to chains is now given. 

Definition: 
defined by 

Chain critical factors, 

P (j ,k) 
k 2 k 

(M. 1) IV: 1 
J+ J+ 

j=1,2, ... ,r(k)-l. 

P (j ,k) , are 

(26) 

For the case r(k)=3 there are two critical 
factors, related to the 1st and second overflow 
routes respectively. An experimental examination 
of the effectiveness of p(l,k) and p(2,k) 
(both absolute and relative values) in deciding 
criteria for changes to QP was made for the 
Adelaide network. 

The following decision table was used as an 
initial guide to circuit changes: 

L H L H 

(decrease 
1st) 

(increase 1st) (decrease (increase 
1st or 2nd) 1st or 2nd) 

HH HL 
(decrease 

1st or 2nd) (increase 2nd) 

LH 
(decrease 

2nd) 

LL 
(increase 

1st or 2nd) 

The comment decrease 1st refers to a reduction (by 
1 circuit) on the direct circuit whereas decrease 
2nd refers to a reduction (by 1 circuit) on the 
common link of second choice chains. H indicates 
a relatively large value and L indicates a 
relatively small value. O-D pairs were considered 
in groups. 

An interactive program was written to permit 
examination of the critical factors for the O-D 
pairs belonging to each group. The following 
table shows the form of the screen printout. 
(Upper bounds on ni were obtained by computing 
the maximum of the number of circuits required 
when (i) all flow was on directs (ii) all flow on 
second choice (iii) all flow was on third choice.) 
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Group 1 
15 circuits on common link 

OD-k p(l,k) p(2 ,k) DIRECTS UPPER BOUNDS 
1 .2126 .0435 8 19 

32 .2194 .1846 30 34 
33 .2204 .1551 30 35 
34 .2125 .4126 10 12 
35 .1769 .0274 0 8 
36 .1769 .0273 0 8 
37 .2158 .3388 12 15 
38 .2068 .0419 5 14 
39 .2053 .0456 4 12 
40 .2156 .3473 18 20 
41 .1769 .0264 0 11 

It can be seen that the values of p(l,k) are of 
the same magnitude and all may be considered to be 
"high" (H) whereas the values of p (2 ,k) are 
variable in magnitude, some "high" and some "low" 
(L). These O-D pairs (1,38,39) conform to an HL 
pattern - suggesting an increase in the number of 
circuits on the common link. Three O-D pairs 
(34,37,40) conform to an HH pattern - suggesting 
a reduction in the number of circuits on their 
direct links. 

Increasing the number of circuits on the common 
link by 1 circuit and decreasing the number of 
directs for O-D pair 37 by 1 circuit led to a 
cost decrease ($309). A similar increase on the 
common link and decrease on directs for O-D -pair 
40 led to a further cost decrease ($121). The 
critical factors at this stage are shown below. 

Group 1 
17 circuits on common link 

OD-k p(l,k) p(2,k) DIRECTS UPPER BOUNDS 
1 .1854 .0494 8 19 

32 .1967 .2060 30 34 
33 .1967 .1729 30 35 
34 .1857 .4133 10 12 
35 .1494 .0323 0 8 
36 .1494 .0321 0 8 
37 .1912 .2383 11 15 
38 .1790 .0479 5 14 
39 .1774 .0525 4 12 
40 .1929 .3229 17 20 
41 .1494 .0310 0 11 

The values of p(2,k) for OD pairs 37 and 40 have 
decreased, following the removal of 1 circuit on 
their direct links. This is to be expected as 
the heuristics tend to "equalize" the values of 
p(l,k) and p(2,k) respectively, within a group. 
The above table shows a large value of p(2,34) 
viz. .4133 and a small value of p(2,38) viz. 
.0479. The low value of p(2,38) suggests an 
increase in the number of circuits on a former 
route. This may be achieved by increasing the 
number of direct circuits for OD pair 38. When 
the number of circuits on the direct link for OD 
34 was decreased by 1 circuit and the number of 
circuits on the direct link for OD 38 was 
increased by 1 circuit the total cost also 
decreased . 
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The above example illustrates what is called an 
improvement pattern namely , the occurrence of HH 
and HL for two OD pairs within a group. we shall 
denote such a pattern by HHiHL . 

A search through groups 1 to 50 for improvement 
patterns of the kind HHiHL or HHiLL (a similar 
interpretation to the above) was made. A 
reduction (of 1 circuit) on the direct link for 
the OD pair associated with HH and an increase 
on the direct link for the OD pair associated with 
HL or LL almost invariably led to cost 
decreases . 

Clearly , the heuristic discussed above does not 
include link or chain cost information . Such cost 
information was tabulated and kept on hand during 
the experimental interactive investigation but it 
was concluded that it was not necessary to 
incorporate such costs explicitly into the 
heuristic process . Rather , simple improvement 
patterns were sought to suggest changes to nP . 
Whenever a suggested change led to a cost increase 
a return to the previous feasible point was made. 

A number of other improvement patterns were 
detected. For example, the occurrence of a number 
of 0 - 0 pairs with HL (increase common) and one 
with HH (decrease 1st choice) or a predominance 
of LH (decrease common) with one LL (increase 1st 
c hoice) or the predominance of HH (decrease 1st 
choice) . 

Heuristics based on the above considerations may 
be readily incorporated into a batch program but 
there is also instructive value in implementing 
the changes to the partial circuit vector in an 
interactive manner. The cost in terms of computer 
time is negligible (only a few seconds) when 
changes are made to the circuit allocations for 
groups of the network . The subsequent batch 
program, which determines the complete circuit 
vector and network cost, takes about la seconds 
c.p. time on the CYBER 173 . 

9. RESULTS 

To provide a reasonable starting point for the 
network optimization the chain flow model was used 
to generate a circuit vector corresponding to the 
chain flow pattern : 

h~ = 0.6t
k h~ = 0 . 25t

k h~ = 0 . 13t
k 

for OD pair k whenever a direct link was 
provided , otherwise 

h~ = 0 h~ = O. 6t
k h~ = 0.38t

k 

The non-integer circuit values were rounded up to 
the next integer . with N=30 and p=1200 the 
initial total network cost for this feasible point 
was $ 4 ?5? 532 . 

Linearization of the objective function and 
application of the method in [7] gave a partial 
circuit vector which was then used as a starting 
point in the batch phase of OPTMOD. The 
corresponding complete circuit vector with the 
nonlinear objective function gave an initial cost 
of $3 202 332. The heuristics based on critical , 
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factors were then applied to groups 1 to 128 (a 
single change being made to each group) . This 
resulted in a new cost of $3 098 342 ($103 990 
decrease) . As a lower bound on the minimum cost 
has been independently computed at approximately 
$3 000 000 the computational experience supported 
the opinion that an effective global optimization 
could be achieved by systematically optimizing the 
individual groups . 

la. CONCLUSIONS 

An efficient practical numerical procedure based 
on intrinsic properties of teletraffic has been 
proposed. It was shown that when a set of traffic 
streams share a common link with prescribed upper 
bounds on their losses, one stream , the cri tical 
stream, decides the circuit allocation . This idea 
was developed to provide effective heuristics for 
solving the nonlinear integer programme. 

The solution procedure was applied to the 
metropolitan Adelaide telephone network , giving 
a resultant cost reduction of 35% from a reasonable 
starting point . The computer processing time for 
the complete optimization was less than 30 minutes 
(c.p. time) on a CYBER 173 . 

A feature of the optimization system OPTMOD is the 
interactive phase in which it is possible to start 
the optimization at a feasible point corresponding 
to the actual current physical network. 

The system OPTMOD may be used for a number of 
purposes: 

(i) By varying the module size N, opti mal 
module s i zes may be determined for particular 
networks. 

(ii) Starting with the current network, its cost 
relative to the minimum cost may be 
determined . 

(iii) When changes to the netwo rk are proposed, it 
is possible to detect unnecessary circuit 
allocations . Such circuits increase the 
network cost but do not necessarily lead to 
an improvement in performance. This 
information is obtained by determining the 
computed complete circuit vector from the 
partial circuit vector (for the proposed 
network) and comparing it with the proposed 
complete circuit vector . 

(iv) Performance information such as the means 
and variances of offered , carried and lost 
traffic on individual links and chains may 
be readily obtained. 

(v) The inter-active phase may be used to test 
and improve one's insight and intuition . 
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Q.l (D.J. Songhurst) 

1. The heuri$tic procedure based on the identification of l critical 
streams' requires small changes in circuit group sizes. This 
m~y not be possible when , ~odular provision is used. . 

2. Do you · think that the use of a state-protective routing strategy 
{trunk reservati9n) to gi.ve priqrity to critical, streams would 
have similar results? " 

A.l {~.T.M. Berry) 
.! 

1. 

~. 

The paper ,· considers two kinds. rAl~: .. .modular ,:.alloc.a1i:.ioll. -~:-Firs,tly, 
tJie allocation of" inte'rger multiples of "full module,s" to ' ~inks • 
~pis is a straightfo'rwardproblem leading to an objective ' 
function with constant costs per circuit (see (22»). A solution 
technique is given in ref. 7. ' Secondly, modules are allocated 
to each link but pot all ' cir.cui ts ip. the modules have to b~ 
Qsed. (see (10» ' If the number of modules allocated to link i 
is (n; - 1 IN) + 1 11 m (say), then the number of connected 
circuits ni satisfies (m - l)N<.ni~ InN,. The critical stream 
comcept (generalized to chain critical factors) is used in , 
tqis second case. ',' A number 'of simultaneouS. changes (! 1 circqit) 
are made to the circuit vector at each step of the optimization. 
~e h~uristic was " found to be very effective. It is also possible 
to apply t.he method to th.e case 'where same links have "full module" 
allocatiQn. . \ ! 

Nb. A stream which is critical (ie. controls th~ number of 
circuits required on links of ' chalris) at one step pf the 
optimization need not be a critical $.tream at the next step. 

I 
') 

, I 

• 

• 
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Q.l (M. Lakshminarayan) 

The critical stream heuristic is the key to reasonable computer 
expense in your method. Can you further explain this concept? 
Can bhe concept be applied to larger networks? 

A.l (Dr. ;·.L. 'r.M. Berry) 

Equation (19) shows that when pooled overflow streams use a 
single link the number of circuits required to meet specified 
upper bounds 't i as individual Ilosses is controlled by the stream 
with minimum value of ti/(Vi ~ Mi 2/Vi). The loss for this critical 
stream is equal to its performance upper bound. Other streams 
may· have a possitive stream slack. If the stream slacks are 
large for some critical streams, . traffic can be shifted from 
other r outes to take up this slack. Alternatively a shift of 
cri tical stream traffic to another route . can _. lead ··_~to cost 
decreases, the generalization of this idea for chains is 
given in section 8 _ where the concepts of critical factors and 
improvement patterns . are discussed. The concepts in ' this paper 
have been generalized to other routing patterns in hierarchical 
alternative routing networks. . 

Q.2 (Halgreen) 

Would you please comment on the possibility of generalizing 
your procedure to take' both-way trunks into account. 

A .. 2 (Dr. L • T . M. Berry) . 

At present the optimization and dimensioning methods are 
being generalized for application to non-hierarchical routing 
networks but again the traffic on a route .ts that .initi.tiate.d ,by 
an origin exchange. The traffic generated by the destination 
(for the previously mentioned origin) us~s another route. It 
may be possible to take both-way trunks into account. I believe 
that Dr. aarris has some ideas on this matter and I shall give 
this generalization some consideration. ~ 

• 


