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ABSTRACT 

We describe the application of an optimisation 
procedure to a large evolving metropolitan 
telephone network. This network, proposed for 
Melbourne in 1990, ' consists of an analogue 
component together with a growing digital 
component superimposed upon it. 

The method allows for modular allocation of 
circuits, nonlinear circuit cost f~~ctions and 
prescribed bounds fo~ origin to destination (OD) 
grades of service. This work extends the model in 
[1] and a number of new improvements have been 
incorporated into the design procedure to assist 
the network planner. 

Results of the application are discussed and are 
compared with an alternative (more conventional) 
design approach. This comparison reveals that 
there are significant cost savings to be made 
using the new method. 

1. INTRODUCTION 

At the previous ITC, an interactive computer 
based system for designing minimum cost circuit 
switched alternative routing networks was 
presented [1]. The approach was to solve a 
nonlinear integer program which gave optimal 
modular circuit allocations for each link of the 
network whilst guaranteeing specified upper 
bounds on the OD grades of service were not 
violated. Results were given for the application 
of the system to the metropolitan Adelaide 
network. This network had 37 nodes, 4 tandem 
switching centres and 1141 OD pairs. A cost 
reduction of 35% from a reasonable starting point 
was achieved. 

Whereas the Adelaide network allowed for at most 
3 alternative routes, each within 3 fixed routing 
schemes, the present study considers a very much 
larger network with up to 15 alternative routes 
(chains) for each OD pair, and an unrestricted 
number of routing patterns. For the Melbourne 
network, considered in this study, the total 
number of chains increased by a factor of 
approximately 150. 

A number of special features have been included 
in the extended optimisation system, such as: 

(1) A data transformation algorithm which allows 
the user to input data in a simple format 
related to a local view of the individual 
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links of the network. This algorithm 
generates the complete connected graph and 
permitted chains for an hierarchical network. 

(2) A network transformation algorithm which 
permits complex hierarchical routing 
structures to be dimensioned by conversion of 
the network into an equivalent "flow 
decomposable" form. 

(3) An algorithm to determine the optimal cost 
and mix of transmission media to be used on a 
link. 

(4) An interactive mode which enables planners to 
make or assess potential changes to circuit 
allocations on links of the network. 

The purpose of the study was to develop a 
practical dimensioning model for large digital 
networks incorporating circuit modularities and 
mixtures of transmission types; and to compare 
such a model with conventional design systems 
such as the SWITCHNET system [4] as used in 
Telecom Australia. 

2. NETWORK DESIGN AND OPTIMISATION MODEL 

The model used for this study represents an 
extension to the work presented in [1]. In this 
section, we shall briefly restate this model, for 
the sake of completeness, and introduce the new 
extensions and features. 

We consider a full availability network 
conSisting of E exchanges and L directed links 
connecting these exchanges. All exchanges are 
divided into nodes which represent the switching 
functions occurring at that exchange site, and 
each node performs one of the following three 
functions: (1 )origin for fresh traffic, 
(2)destination for terminating traffic and, 
(3)transit (tandem) switching function. From this 
set of nodes, we determine a set of N 
origin-destination (OD) pairs and create a 

traffic demand matrix with elements t k (k=1, •• N) 
representing the offered traffic for OD pair k; 

k 
the traffic t is assumed to be pure chance. 
Traffic between each OD pair k may use up to m(k) 
different routes (chains) and must satisfy 
specified OD grade of service objectives. The 
j-th chain for an OD pair k is represented by the 
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k 
symbol Rj • An extension to the model of [1] is to 

allow the model to select the most cost effective 
transmission media (or a mixture of media types) 
on a link. Each link i may have up to T(i) 
different transmission media types available to 
carry the traffic. The circuits on these links 
are grouped into their various media types and, 
corresponding to each type, we specify the 
permitted circuit module sizes. Details of this 
new feature and the circuit allocation procedure 
are described in subsection 5.1 of the paper. 

In mathematical terms, the model is a nonlinear 
integer programming problem and can be formally 
described as follows: 

Minimise: C(n) 

total cost of links in the network 
total cost of link i 

T(i) 
L c

i 
n

i r:1 r r 

cir cost per circuit of link i with 

transmission media type r; 

nir : number of circuits on link i with 

transmission media type r; 

T(i) 
L nir is the total number of circuits 

r:1 on link i. 

Subject to: 

(1_Bk)tk < m~k~~ 
j: 1 J 

k k 
L kL aijhj 
j 

k < t for k:1, ••• ,N (2) 

for i:1, ••• ,L 

h~ > ° for j:1, ••• ,m(k) and k:1, ••• ,N (4) 

nir~ ° for i:1, ••• ,L and r=1, ••• ,T(i) (5) 

Integer multiples of 1,15 or 30 according to r. 

where Bk : prescribed maximum end to end loss for 
OD pair k; 

h~ traffic carried on chain R~ (chain flow 
J J 

represented as h in vector form); 

fi total traffic carried on link i; 

k 
k {if link i is on chain R j • 

a i · : 
J ° otherwise. 

In the original continuous model, described in 
[2], the chain flow vector h was updated in the 
optimising process and the number of circuits 
required on a link was determined from the 
offered and carried traffic moments. In the 
present model, the independent variables are the 
numbers of circuits on "flow assignment" links 
(c.f. subsection 3.3). Since the network is 
hierarchical, the process of computing the chain 
flows can be performed in a single pass through 
the ' network, starting with the direct routes and 

moving through the successive choices until the 
final choice chains are reached. At this point, 
circuit requirements are computed in order to 
satisfy the end to end congestion constraints. At 
each stage of this dimensioning process, the mean 
and variance of the offered traffic to link i are 
computed as: 

k k L L aijMj (Mean offered traffic) (6) 
j k 

k k 
Vi: L L aijV. 

j k J 
(Variance of offered 
traffic) 

j 
t k _ L hk for j=1, ••• ,m(k) 

s: 1 s 

Mk / k l' 

~{3-M~+l+1(3-M~+l)2+12tkJMj+if } t t k 
(8) 

The variance of the lost traffic from link i is: 

Vi: i i {3-(Mi-fi)+/(3-Mi+fi)2+12Ai ____ i } (M -f ) / f1-ftO.1' 

~ . Mi (9) 

Vi Vi 
where Ai : Vi +3 Mi(Mi - 1) is the well-known Rapp 

i i 
formula for the equivalent random traffic. 
Circuits on the final choice links are computed 
using Berry's formula: 

(10) 

As indicated above, the hierarchical nature of 
the network enables it to be dimensioned in a 
single pass. This is achieved by ordering the 
links in a special sequence, referred to as the 
"dimensioning sequence", and then, provided the 
network has been transformed into "flow 
decomposable" form (c.f. subsection 3.3 for 
details) the individual chain flows may be 
determined by applying Wallstrom's splitting 
formula to the dimensioning sequence of "flow 
assignment links" (c.f. subsection 3.3). 

3. TRANSFORMATION OF THE NETWORK 

3.1 Network description. 

The Melbourne network consists of 162 exchanges 
which can be subdivided into 889 switching nodes. 
The functional breakup of these nodes is: 280 
originating traffic nodes, 326 transit nodes and 
283 terminating traffic nodes. This results in 
67,517 OD pairs with significant traffic levels 
between them; of these, approximately 1800 have 
direct routes linking them; the remaining OD 
pairs must utilise the overflow routes in order 
to terminate their traffic demands. There is a 
large number of routing schemes available, and 
particular schemes are specified by the input 
data for the various OD pairs, according to the 
switching technology available to interconnect 
them. The maximum number of chains for any OD 
pair is 15, and since there are approximately 
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456,000 chains, the average number of choices for 
an OD pair is 7 chains. 

The overflow network consists of 18,073 links and 
a maximum of two different transmission types are 
possible for a given link. Voice frequency (VF) 
analogue circuits may be utilised singly, whilst 
Pulse Code Modulation (PCM) circuits are 
typically used in multiples of 15 or 30 circuits. 
Each link of the network is classified into one 
of 172 different types for the purposes of 
determining link costs. Associated with these 172 
types, there are 186 different cost curves which 
specify a media type, termination and repeater 
equipment, and distance related cost information 
for the transmission media. The list of media 
types available for any specific link determines 
which cost curves will be used in this 
calculation. 

3.2 Conversion to chain format 

The size of the Melbourne network in 1990 
precluded the possibility of enumerating the 
456,000 chains manually! Furthermore, the large 
number of possible overflow patterns also 
precluded individually programming these patterns 
for automatic generation. Thus, a procedure was 
required to develop an arbitrary network 
structure from a simplified input specification. 
The procedure developed was a composite of the 
process utilised in the SWITCHNET network design 
system and an algorithm specially written by the 
authors to produce the required network 
specification. The data required for the 
procedure consists of three items for each OD 
pair and overflow link in the network, viz: 
(i)the originating or transit node name; (ii)the 
transit or t erminating node name; (iii)the name 
of the node to receive overflow traffic from this 
l ink. (If the link has no overflOW, then this 
name will be left blank.) 

This data is clearly much simpler to provide and, 
in t he present instance, it required 85,600 sets 
of i nformation to be prepared. The first stage in 
the processing of this data is to number the 
nodes, commencing with the originating traffic 
nodes and progressing to the transit nodes and 
finally numbering the destination nodes. The 
numbering must be performed i n such a way that 
links of the network always j oin a low numbered 
node to a higher numbered node, with traffic also 
flowing in that direction. The purpose of this 
rule is to prevent loops in the chain generation 
phase of the process. If the input data cannot 
satisfy this condition, the input data is 
rejected and the user must create "dummy nodes" 
in such a way that this rule can be satisfied. 
The second stage involves sorting the links into 
a list for which the origin and t r ansit exchange 
numbers are sorted into descending order and the 
destination nodes of the link are sorted with a 
secondary sort into ascending order. Link numbers 
are then allocated to all OD pairs starting with 
1 and ending with N (even if, physically, the 
actual direct route does not exist or is not 
permitted to have circuits). The remaining 
overflow links are then numbered from N+1 to L, 
commencing with the lowest origin and ending with 
the last transit exchange. 

The final stage of the algorithm involves joining 
together of the links to form the legal chains 

available to each OD pair. This is a complex 
process since the algorithm produces many invalid 
chains as well as valid ones. To overcome the 
validity problem, the overflow (third parameter) 
is used to determine which chains are correct. 
The general procedure can be illustrated by the 
following simple two destination network. 

Fig. 1: Simple two destination network. 

The procedure outlined above results in the 
following link list: 

Row Nodes 

1 3 4 
2 3 5 
3 2 3 
4 1 2 
5 1 3 
6 1 4 
7 1 5 

The list is now expanded by starting at the top 
and copying each row containing the destination 
node, from earlier rows which have that 
destination node as the first node in the row 
progressively, until the--end of the list is 
reached; e.g. rows 1 and 2 remain unchanged, but 
the destination of row 3 is node "3" and hence, 
rows 1 and 2 which have origin node "3" will each 
be copied to produce 2-new-rows (3a and 3b) 
respectively as follows: 

3a 2 3 4 
3b 2 3 5 

Having completed this expansion we continue to 
row 4 and repeat the procedure. The final 
expanded list is: 

Row Nodes 

1 3 4 
2 3 5 
3a 234 
3b 235 
4a 123 4 
4b 123 5 
5a 1 3 4 
5b 3 5 
6 4 
7 5 

From this list, the, chains for OD pair "1-4" are 
located in order by searching the list from 
bottom to top, and matching the origin "1" with 
the destination "4". The resulting ordered list 
of chains is given as: 

2.3A-5-3 
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Chain 1: {1, 4 } 
Chain 2: {', 3, 4} 
Chain 3: {1, 2, 3, 4} 

For a network the size of Melbourne, this process 
takes nearly two hours of CPU time on a Honeywell 
DPS8 computer and requires a sizeable amount of 
backing storage. The end result is a list of 
nodes which specify the individual chains joining 
all OD pairs of the network, these lists are then 
converted into link numbers. This completes the 
conversion of the input data into the network 
specification required by the model. 

3.3 Transformation into "flow decomposable form". 

In order to generalise the methods used in [1] so 
that they may be applied to general hierarchical 
routing networks, we introduce the concept of a 
"flow decomposable" network. Given a circuit 
allocation vector n, the vector of chain flows h 
may be estimated from a subset of the circuit 
allocation vector called the partial circuit 
vector n , provided the network satisfies certain p 
conditions. We call the class of networks that 
meet these conditions "flow decomposable". 

Definition 1: When one or more streams are 
offered to a single link, the 
carried traffics on that link are 
called "single link flows". 

In general, the flow on a link forming part of a 
chain depends on the number of circuits on 
preceding and succeeding links on that chain. For 
example, the flows on link IY in Fig.2 depend on 
the number of circuits on links YJ 1 and YJ 2 • 

However, provided that the final choice routes 
IXYJ, and IXYJ 2 are dimensioned to give a 

sufficiently low OD blocking probability, the 
flows on chains IYJ" IYJ 2 can be accurately 

estimated by determining the single link flows 
for link IY. With this assumption, from the 
partial circuit vector (n"n2 ,n

3
) it is easy to 

, 2 , 2 
compute the chain flows h" h" h 2 , h2 and then 

, 2 
the flows on the final routes h

3
, h

3
, are 

determined from OD grade of service values. Then, 
from the chain flow vector h, the chain flow 
model [2] is used to compute the complete circuit 
vector n. 

Fig. 2: Single origin - two destination network 

It should be noted that the assumption of a 
single link flow pattern on link IY is 
restrictive in the sense of limiting the class of 

feasible chain flows considered during the 
optimisation. 

Definition 2: A link of a network is said to be 
"chain disjOint" iff for each OD 
pair using the link, it belongs to 
only one of the set of permissible 
chains for that OD pair. That is, 
for every k 

k k 
and j,ij2' i E R. => i f Rj • 

J, 2 

Definition 3: A link is said to be a "flow 
assignment link" iff it satisfies 
the following: 
(i) it is chain disjoint; 
(ii) the 1 ink is carr~es single 

link flows. 

Definition 4: A network is said to be "flow 
decomposable" iff for each OD 
pair, every permissible chain, 
except the last choice, has 
exactly ONE flow assignment link. 

Fig. 2 is an example of a flow decomposable 
network, the flow assignment links being IJ, and 

IJ 2 (the direct links) and IY. A further example 

is given in Fig. 3, the flow assignment links 
being IJ, IY, XJ, XY, and ZJ. 

A simple non flow-decomposable network is 
illustrated in Fig. 4. For example, there does 
not exist a chain disjoint link on R3 as I-T, 

belongs to both R2 and R3 and the link T,-J 

belongs to both R2 and R4 • 

Chains 

R 1: I-J 

R
2

: I-Y-J 

R3: I-X-J 

R4: I-X-Y-J 

R5: I-X-Z-J 

R6: I-X-Z-Y-J 

Fig. 3 A flow decomposable network 

Chains 

R,: I-J 

R2: I-T,-J 

R3: I-T ,-T 2-J 

R4: I-T3-T,-J 

R5: I-T 3-T,-T2-J 

Fig. 4: A non flow-decomposable network 

To transform the above network into an equivalent 
flow decomposable network, we introduce dummy 
t'low assignment links labelled "-8, -9 and -10" 
as shown in Fig. 5. A negative signed link number 
indicates that the link is not on a final choice 
chain for any OD pair. The dummy links are 
introduced to the network at no cost. Direct 
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route -1 and dummy links -8, -9 and -10 control 
the chain flows on R1,R 2, R3 and R4 respectively. 

5 

-1 

File X 

-1 

-2 -3 

-2 4 5 

6 1 -3 

6 7 4 5 

Fig. 5: An equivalent flow decomposable network 

The following algorithm allocates dummy flow 
assignment links to chains where they are needed, 
for arbitrary multiple OD networks. The rows of 
file X contain ordered chain lists for each OD 
pair (e.g. see Fig. 5) and it is assumed that the 
links of the network are labelled consecutively 
from 1 to L (the number of links in the network) 
together with their appropriate sign. The 
elements of the file FAL are the flow assignment 
links for each high usage chain. 

Transformation Algorithm 

1. Initialise each row of the FAL file to zero. 
2. Set NL -+- L + 1. 
3. Declare each row of the file X unscanned. 
4. Is there an unscanned row of file X? 

Yes: Go to step 5. 
No: Change the sign of numbers in FAL and 

stop. 
5. Are all of the elements of the row positive? 

Yes: Declare the row scanned and go to 4. 
No: Go to step 6. 

6. Is there a negative number in the selected 
unscanned row which, for every OD pair, 
occurs in ONE chain only? 

Yes: Choose the first such negative signed 
link, declare that link a flow 
assignment link and write for all rows 
of file X containing the link, the 
absolute value of the link number into 
the corresponding rows of FAL. Declare 
each row of X containing that flow 
assignment link scanned. Go to 4. 

No: Is the entry in the corresponding row 
of FAL positive? 

Yes: Declare the row scanned. Go to 4~ 
No: Enter NL in the corresponding row of 

FAL. Set NEG equal to the first negative 
number in that row of X and declare the 
row scanned. For each unscanned row of 
the same OD pair, whenever both the link 
number NEG occurs in a row of X, and the 
corresponding row entry of FAL is zero, 
enter values in FAL of NL+1,NL+2, ••• 
respectively for each such row. For each 
unscanned row of different OD pairs, 
whenever both the link number NEG occurs 
in a row of X, and the corresponding row 
entry of FAL is zero, enter in FAL the 
values NL,NL+1,NL+2, ••• respectively for 
each such row. (These rows of X contain 
potential chain disjoint links, and the 
numbers NL,NL+1, ••• are dummy flow flow 
assignment link numbers.) 

1. Set NL equal to the next largest unused 
integer. Go to 4. 

The above algorithm is applied to the network 
once only. The practical implementation was 
performed efficiently using simple expansion and 
sorting sequences. 

4. DESIGN PROCEDURE OVERVIEW 

The network transformation and design procedures 
have been programmed in FORTRAN for a Honeywell 
DPS8 computer and currently amount to nearly 8000 
lines of documented code. 

The system can be thought of in four parts: 
(1) Network Transformation. 

In this phase, the procedures outlined in 
subsections 3.2 and 3.3 are applied to the 
network to develop the complete network 
specification and the dimensioning sequence 
for the links. 

(2) Initialisation 
In this phase, data files are set up which 
contain information about OD pairs and links 
in the network. For OD pairs, information is 
held concerning the offered traffic, current 
chain flows, overflow chain variances, direct 
route circuits, cost curve data for the 
direct routes, and origin and destination 
node numbers. For links, information is held 
concerning the mean and variance of the 
offered traffic and the total carried 
traffic, cost data and numbers of circuits on 
the routes, exchange names and overflow node 
numbers. 

(3) Design and Optimisation 
This phase may be performed either by 
automatic optimisation strategies (c.f. 
Section 5), or by specific changes made 
through the use of an interactive program 
which enables a planner to interrogate the 
network data base and compile a list of 
alterations based on his knowledge of the 
network. The lists compiled either by the 
planner in the interactive phase or by 
automatic generation, are passed to a main 
batch processing program which carries out 
the alterations to the data base. When this 
has been completed, the program determines 
the new network cost. 

(4) Report 
Finally, at the completion of these phases, 
or a specific optimisation strategy, it is 
possible to produce full or partial reports 
for use by technical or non-technical staff 
for further study or implementation. 

5. OPTIMISATION PROCEDURES 

5.1 Optimal Transmission Bearer Allocation 

Two types of transmission bearers were considered 
within the network. These were PCM circuits 
installed in modules of size 1, 15 or 30, and VF 
circuits installed in modules of unit size. The 
general forms of the 185 different cost curves 
are illustrated in Fig. 6 which shows the the 
cost per circuit as functions of distance between 
exchanges. The discontinuities in the curves are 
due to changes in cable diameter and installation 
of repeater equipment at prescribed distances. 

2.3A-5-5 
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Suppose that a chain flow pattern h requires n 
circuits on a particular link, and that from the 
cost curves for that link, the cost per circuit 
is c

1 
for a VF bearer and c 2 for a PCM bearer. 

Let K be the module size for PCM groups. We 
determine the optimal mix of VF and PCM bearers 
as follows: 

Cost per 
circuit 

d 
Q . VF Bearer 

Distance 

Cost per 
circuit 

d 
b. PCM Bearer 

Distance 

Fig. 6: Typical circuit cost curves 

Let x be the number of circuits using VF and 
therefore, at least n-x circuits must use PCM. 
The problem may now be formulated: 

n-x-1 Min. {c 1x + c2 (1+[---K---])K for x=0,1, ••• ,n} (11) 

where [.] denotes "the greatest integer less than 
or equal to ." 

This optimisation problem can be simplified by 
defining 

n-1 m = (1 + [~]) , where m is the minimum 

number of PCM modules to provide n circuits. Then 
(11) is equivalent to: 

Min {c~ , c2K(m-j)+(n-(m-j)K)c 1 for j=1,2, •• m} 

(12) 

A straightforward algebraic argument leads to the 
following solution: 

For the case c 1 ~ c2 allocate n VF circuits. 

For the case c 1 > c2 , let r=n-(m-1)K. 

Then, if c2K ~ c 1r then provide m PCM modules of 

size K and reset n=Km, otherwise provide m-1 
modules of size K and r VF circuits. Note that it 
is necessary to reset n in order to compute 
correct overflow means and variances. 

5.2 Heuristic Strategies 

In [1], the concept of chain critical factors was 
introduced. 

Definition 5: 

defined by 

k Chain critical factors, P
j

, are 

j=l, •• ,m(k)-l 

( 13) 

From this concept, an heuristic optimisation 
strategy was developed from observations made on 
the relative sizes of the chain critical factors 
in the network. Work in the present study has 
involved extending this heuristic to more than 
three chains and to taking incremental chain 
costs per unit flow into account before applying 
the strategy. 

Definition 6: The incremental chain costs per 
k 

unit flow Wj are defined by: 

where 

where 

(14) 

6i = incremental cost/flow on link i; 

6n
i c i --

6f i 

(15) 

ci = cost per circuit on link i for this 

increment; 
60i permitted change in circuits on i; 

6fi change in carried traffic for this 

change in circuits. 

Note that 6i =0 if the actual number of circuits 

required is less than the module size which must 
be allocated because of transmission media 
constraints, i.e. the addition of a circuit would 
not affect the actual number of circuits required 
for the link. 

In past studies ([1]), it was shown that the 
number of circuits required to carry specified 
minimum mean traffic stream flows was essentially 
determined by one stream. This stream was 
designated the critical stream. Heuristic methods 
used in the previous study identified streams 
which resulted in "wastage" of link resources and 
marked circuit groups for changes. 

The present study network was designed for a 1% 
end to end congestion probability for all OD 
pairs. The network was designed firstly using the 
conventional methods outlined in [4]. The circuit 
values obtained by this method were then 
transfered to our model to be used as a starting 
point for the optimisation procedure. The inital 
cost of this network was $28,323,000. 

The first step in our procedure was to determine 
the chain flows associated with this network and 
to assess the end to end grade of service 
achieved by the conventional model. The network 
grade of service was found to be better than the 
nominal 1% value, and hence, an algorithm was 
constructed to adjust the circuit values on links 
in order to achieve the nominated grade of 
service more precisely. This algorithm considered 
each flow assignment link (in the dimensioning 
sequence) and determined the maximum number of 
circuits required on that link for the grade of 
service standards and the modularity constraints 
to be satisfied, and reduced the circuit levels 
to that maximum if they exceeded this limit. 

The second procedure used the critical factors to 
determine circuit reductions on direct routes. If 
the direct route had four or more circuits and 
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th~ final choice chain had a high critical factor 
(>0.2), then, provided the incremental cost per 
unit flow on the direct route was not the lowest 
for all chains, a reduction by one circuit wa~ 
made to that route. This procedure was repeated 
until no further improvements could be made to 
the network cost. 

The final heuristic method used in the present 
study examined the chain critical factors and 
established a "scoring system" which identified 
circuit groups for changes. The scoring system 
was applied to flow assignment links and is 
conducted in the following way: 

Scoring System: 
Examine the chain critical factors for each OD 
pair using the flow assignment link and determine 

an OD score Tk where: 

k m(k)-1 k 
T L Tj 

j=1 
(16) 

r 
if 

k 
Pj~0.1 

if k 0.2 0.1 < Pj < 

-1 if 
k k 

Pj ~0.2 and hj+1= 

j=2, •• m(k)-1 

o (17) 

Having determined the individual OD pair scores, 
they are summed to produce a score for the flow 
assignment link. Generally speaking, a high 
positive score suggests that circuits should be 
increased on the flow assignment link, whilst a 
high negative value suggests a decrease in 
circuits is warranted. Since the scoring system 
is only concerned with traffic carrying 
efficiency and not with cost , it is supplemented 
with knowledge about the incremental chain costs 
before alter ations are made to the circuit values 
on affected links. 

6. RESULTS 

The strategies outl ined in the previous section 
were applied to the Melbourne Network and a 5% 
reduction t o a n ew total network cost of 
$2 6 ,900,000 has been achieved. This does not 
represent an optimal so l ution, as further 
improvements can still be achieved using the 
~xisting strategies. However, note that such 
reductions are consistent with the improvements 
shown to be possible from comparisons of the 
conventional design with continuous forms of the 
Berry optimising models discussed in earlier 
papers, (e.g. [3]) . It should also be pointed out 
that improvements of 35% from an initial starting 
point, reported in [1], have not yet be e n 
r ealised in the present study and this can be 
attributed to the fact that, in this case, the 
initial point selected is much closer to an 
optimal solution. In addition, much of the 
initial optimisation has concentrated on the 
elimination of wastage in the network, rather 
than fine tuning to reach a global optimum. In 
the continuous model, the optimal·i ty conditions 
are satisfied when the chains with positive flow 
have equal marginal chain costs per unit flow. 
For the integer model described in this paper, we 
have used the incremental chain costs per unit 
flow as a guide to optimality, since no other 

optimality conditions have been developed for 
this type of integer program. Modularity 
constraints add a further complication to this 
issue and it is known that such constraints 
create local minima. Studies are continuing on 
the question of suitable optimality criteria for 
the model. 

Application of the various optimising strategies 
described above to the 890 node Melbourne Network 
generally each required 10-15 minutes of CPU 
time. The most significant calculation effort is 
the computation of the chain flow vector from the 
partial circuit vector np' This process takes 

approximately 1/2 hour CPU time and 2 1/2 hours 
of 10 processing time to complete. Studies are 
also being carried out to reduce this overall 
computation time. 

7. CONCLUSIONS 

In this paper, we have described our ongoing 
research into improved dimensioning and 
optimising models based upon the concept of end 
to end grade of service constraints. We have 
demonstrated that cost gains of at least 5% are 
possible over conventionally designed networks 
(employing marginal occupancy and link by link 
grades of service constraints). The work also 
demonstrates that the Berry models can 
successfully be applied to very large networks 
(up to 1000 nodes) - despite the large numbers of 
variables involved. 

As a practical tool for our research and for 
planning engineers , a comprehensive interactive 
software package has been developed to enable 
interaction with the design process. Studies of 
new optimising strategies are planned, and it is 
hoped that improvements will be found which 
further reduce the costs of providing large and 
complex networks of the future. 
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