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Planning a cost effective transmission network requires a method which finds a route for 
the traffic demands, and groups them into bundles. The latter problem is usually referred 
to as the grouping or bundling problem. The aim is to combine traffic demands into 
groups of a multiplex hierarchy, such that the multiplex and demultiplex costs are 
minimal. 

Although the two aspects of the problem, the routing and the bundling, are not 
independent of each other, the combined problem seems to be so complex that we present 
here a heuristic solution method, which treats the two aspects separately. 

The method has been applied to a number of real-world networks, consisting of up to 50 
nodes, carrying 250 traffic demands. The results compared well to those obtained by 
network planners. Moreover the required CPU time is very small. 

401 

1. INTRODUCTION 

Planning a cost effective transmission network requires 
a method which finds a route for the traffic demands, 
and groups them into bundles. The latter problem is 
usually referred to as the grouping or bundling problem. 
The aim is to combine traffic demands into groups of a 
multiplex hierarchy, such that the multiplex and 
demultiplex costs are minimal. 

is routed along station 3; d13 and d23 are routed along 
the shortest path. Configuration 1 requires 6 
multiplexers, whereas configuration 2 requires only 4. 
So the number of multiplexers in configuration 2 is 
reduced by two in comparison with configuration 1. 

The two aspects of the problem, the routing and the 
bundling, are not independent of each other, as the next 
example shows. 

The network is shown in fig. 1.1. It consists of 3 
stations. 

3 

2 

Figure 1.1 

Denote the traffic demand, in number of circuits, 
between station i and station j by dij' Suppose we have 
a multiplex hierarchy which multiplexes 4 circuits into a 
second order line system. Let d12 = I, d13 = 2 and d23 
= 3. In configuration 1 (fig. 1.2) all traffic is routed 
along the shortest path. In configuration 2 (fig. 1.3) d12 

Figure 1.2 
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Figure 1.3 
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Although the previous example shows the dependence 
between the two subproblems, the combined problem 
seems to be so complex that we present here a heuristic 
solution method, which treats the two aspects separately. 
This natural separation allows the problem to be 
handled more easily. The routing problem is solved 
first. Next, given the routes of the traffic demands, we 
present a method for the bundling phase. 

Many papers have been written on the routing problem. 
The grouping problem has been studied far less 
extensive. In reference [1] a method is described that 
starts with a candidate network. Then traffic demands 
are tried to be rerouted in such a way that the number 
of multiplexers decreases. This is done by eliminating 
the line system with the highest per channel cost. In 
reference [4] the cost of a direct group is compared with 
estimated costs for the use of two groups in tandem 
with the subgroups interconnected at a node somewhere 
along the path. In reference [2] firstly groups are set up 
sequentially with a view to reducing costs as far as 
possible, and secondly the capacity conditions are 
satisfied by further sequentially grouping. 

The multiplex hierarchy we consider is such that a fixed 
number of signals of a certain level are contained in a 
signal of the next higher level. This holds e.g. for PDH, 
where a 2 Mbit/s signal contains 30 signals of 64 
Kbit/s, an 8 Mbit/s signal contains 4 signals of 2 Mbit/s, 
etc. In SDH we can apply the present method if we 
assume that the STM-l signal contains equal sub signals 
only, e.g. 63 signals of 2 Mbit/s, or 3 signals of 45 
Mbit/s. We then have a hierarchy consisting of e.g. 64 
Kbit/s, 2 Mbit/s, STM-l, STM-4 and STM-16. 

The outline of this paper is as follows. We first present 
the network model and introduce some notation. Next 
we pay attention to the routing problem. We then 
discuss the bundling phase. Finally we mention some 
results and conclusions. 

2. NETWORK MODEL AND NOTATION 

We consider transmission networks consisting of 
stations and links. Traffic demands have to be 
transmitted between the stations. Using multiplexers, a 
number of lower order signals are bundled into higher 
order ones, and these are sent via a line system on the 
links. 

We assume that the location of the stations is fixed. The 
same is true for the interconnection pattern of the 
stations, given by the links. Further to each link there 
corresponds a line system of a given order of the 
multiplex hierarchy. The traffic demand between each 
pair of stations is specified by the number of signals to 
be transmitted between them. 

The statements above can also be written using the 
tenninology of graph theory. We thus have a graph G = 
(V, E), where the vertices correspond to the stations and 
the edges to the links. The stations are numbered 
1, ... ,n and the links are denoted by el, ... ,em' The 
traffic demand between station i and j is given by dr. 
The multiplex hierarchy consists of the levels 0, ... ,L, 
where 0 corresponds to the lowest level and L to the 
highest level. The number of signals of level /-1 which 
are contained in level I is denoted by al-I,I. The 

I 
capacity of a level I signal is given by ~/=IIak-l,k' 

k=l 
Each link ei has a given capacity ci, which is equal to 
the product of the number of circuits of the lowest order 
per line system and the number of line systems on link 
ei' We also use the notation Ce for the capacity of link 
e, or Cij for the capacity of the link between stations i 
andj. 

In summary, we have the following notation : 

Stations or vertices V = { I, ... ,n} 
Links or edges E = {el, ... ,em} 
Graph G = (V, E) 
Capacity of link ei ci 
Capacity of link e ce 
Capacity of link between i and j Cij 
Traffic demands d·· 
Network N = (G, c) 
Levels of the multiplex hierarchy {O,' .. ,L} 
Multiplex factor al-l,1 

Capacity of level I 

3. ROUTING 

I 

~/=IIak-l,k 
k=l 

In this section we suppose the network N=(G,c) and the 
demands dij for i,j E V to be given. Note that c is a 
capacity function on the links and that the demands are 
a function of the pairs of stations. 

The routing of the traffic demands consists of finding 
one or more paths for each pair {i,j} of stations, such 
that: 

1. the total capacity reserved for {i,j} on these paths 
equals the demand dij 

2. on each link e E E the total throughput of demand 
does not exceed the capacity ce • 

This routing problem can be viewed as a preprocessing 
step to the final phase, the bundling process. Therefore 
the main goal of the routing part is to find a feasible 
solution, if one exists. However it is clear that the actual 
routing influences highly the quality of the bundling 
solution. One obvious reason is that longer paths are 
more expensive per unit of demand, in terms of need of 
multiplexing equipment. A heuristic way to overcome 
this difficulty is to define a cost for use of a unit of 
capacity in each link. Then the objective becomes to 
find a feasible solution at minimum cost. However the 
feasibility problem itself is already NP-hard, even on 
very simple graphs like grids, as has been proved in 
Kramer and van Leeuwen [3]. Therefore we concentrate 
on this problem first. A necessary condition for 
feasibility is the so-called cut condition: 

For any subset S of V 

L dij ~ L cvw 
{i,j} : ieS, jeS {v,w}eE: veS, weS 

It says that for any subset S of the complete set of 
stations the cumulative traffic demand of pairs of 
stations, with one of them in S and the other not in S, 
may not exceed the total capacity of the links between S 
and ¥\S. 



The following examples show that the cut condition 
needs not be sufficient: 

2 

3 4 

Figure 3.1 

In fig. 3.1, we have unit link capacities and d14=d23=1 
and all other demands are zero. It is easily seen that the 
cut condition holds. However, it does not matter how 
the path from 1 to 4 is chosen, either 2 or 3 becomes 
disconnected from the rest of the network. 

5 

3 

Figure 3.2 

In the network of fig. 3.2 we again have unit link 
capacities and demands d12=d23=d13~5=1, other 
demands are zero. In this network each demand can be 
satisfied only by a path of at least two links, therefore 
to satisfy all four demands we need at least eight units 
of link capacity, where there are only six available. 

In many practical cases however the cut condition is 
also sufficient. In Okamura and Seymour [6], it has 
been shown that this holds for plane graphs where each 
station i satisfies a parity condition. It states that the 
sum of capacities of all links incident with i, and the 
sum of all demands where i is one of the end stations, 
have the same parity. Moreover all stations with 
positive demand should lie on the boundary of one face 
in the plane graph. 

Note that the parity condition is not met in the first 
example: d14+c12+c13=3 and the second graph has an 
inner vertex with positive demand, no matter how it is 
drawn. 

In our problems the parity condition is of minor 
importance, since the capacities are usually very large. 
The second condition is met by most practical networks, 
since these are almost all outer planar (see the two 
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examples in section 5). 

An efficient O(n3) algorithm to find feasible solutions 
can be found in Matsumoto, Nishizeki, Saito [5]. This 
algorithm may be very useful in networks with little 
overcapacity. In more precise terms, when the networks 
contain some cuts where demand requirements meet or 
almost meet the available capacity. However in practice 
i.e. in all our real life examples there is much 
overcapacity. This is due to the fact that the network 
should be able to satisfy expected future growth. 
Unfortunately the mentioned algorithm (and others) 
tends to behave poorly by choosing unnecessary long 
paths in such networks. Therefore we adapted a greedy 
strategy by taking, as much as possible, shortest paths : 

ROUTING ALGORITHM 

Initially we are given the complete network 
with capacities and demands. As long as 
the routing has not been completed we 
pick a pair of stations with positive 
demand that has to be routed. The shortest 
path P in the network is calculated. Here 
links with no rest capacity are not 
considered. Now as much demand as 
possible is routed through P. If P has 
enough capacity (the minimum capacity 
among the links on P) we go on with a 
new pair of stations, after subtracting the 
demand from all capacities of links on P. 
If P has not enough capacity, at least one 
link becomes saturated with demand. Such 
a link is deleted from the network. Then 
the whole process is repeated for the rest 
demand of the current pair of stations. 

The following example illustrates the process (see fig. 
3.3): 

3 

Figure 3.3 

All CapaCltIeS are 4, and the demands are d12=6 and 
d13=1. First four units of demand are routed through 
the link {1,2}. Then this link becomes saturated and it 
is deleted from the network. The rest demand of two 
units is routed along the path 1, {1,3}, 3, {3,2}, 2. 
Finally the demand of {1,3} is routed on the path 1, 
{1,3}, 3. 

Since the feasibility problem is NP-hard, we cannot 
expect that this algorithm always leads to feasible 
solutions. A problem arises when a link is deleted such 
that G becomes disconnected and there exists a pair of 
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stations {ij} with positive traffic demand such that i 
and j are in differe.nt compone~ts. of G. ID: that case the 
corresponding cut IS checked, If ItS capacIty suffices to 
fulfill demands. If so then there is a demand, that is 
routed on a path through the cut, unnecessarily. T.his 
demand is then rerouted on a shortest path not passmg 
the cut. An example of this situation is the following 
(see fig. 3.4): 

5 
4 

4 2 
4 

4 
4 3 

Figure 3.4 

Let the capacities of all links be 4. Let d12=d13=d23=3. 
Suppose the demand of {1,3} is routed first. This is 
done by routing it on the path 1, {1,2}, 2, {2,3}, 3. The 
network in fig. 3.5 results: 

5 

4 2 

4 3 

Figure 3.5 

Now there is not enough capacity in the cut ({2), 
(1,3,4,5}) to satisfy the demand of {1,2}. Since the cut 
condition holds in the initial network we reroute the 
demand of the stations 1 and 3 over the path 1, {1,5}, 
5, {5,4}, 4, {4,3}, 3. 

Finally it should be mentio~ed that the, shortest. path 
part was implemented usmg Dykstra s algonthm. 
Besides its efficiency the algorithm has the advantage 
that it calculates all shortest paths from a given station 
to the other stations. This provides a useful mechanism 
for the order in which the demands of pairs are routed: 
in the bundling phase demands which have been routed 
along almost equal paths are bundled together, in order 
to use as few multiplexers as possible. Since Dykstra's 
algorithm generates a tree of sho~est paths, the shorte~t 
paths from one station fulfill thIS property. ~rom thIS 
station we sequentially choose the longest, smce these 
seem the hardest to be rerouted. 

4. BUNDLING 

Having determined the routes of the traffic demands, it 
remains to decide how to bundle them. It turns out to be 
rather difficult to develop a model description for this 
problem. We therefore present a heuristic solution 
method. This method bundles the traffic demands level 
by level. So a problem instance consisting of several 
levels is split into a number of one-level problems. 

The bundling of traffic demands starts at the lowest 
level. Once a level has been bundled, the bundles 
formed constitute the traffic demands of the problem 
instance of the next higher level. Bundling per level 
continues until the highest level has been reached. The 
solution of a one-level problem is done iteratively: new 
bundles are formed subsequently. This iterative process 
ends when no more traffic demands have to be bundled. 

Because the objective is to construct a configuration 
having a minimal number of multiplexers, the number 
of bundles should be minimized. We try to achieve this 
by making as many bundles as possible of the greatest 
possible length. The unit used for the length of a bundle 
is the number of links used by the bundle. When several 
bundles of equal length can be forme~, the bundle 
which uses the shortest traffic demands WIll be selected. 
This is because long traffic demands are suitable for use 
in short bundles, whereas short traffic demands can 
never be used in long bundles. Consequently, longer 
traffic demands are more suitable in the next iterations 
than shorter ones. 

The basic idea to determine the most suitable bundle 
can be described as follows. For every pair (ib j1), 
(i2, h) of begin and end points of traffic demands, 
define 

f1 (i1, j1, i2, h) = the length of the longest 
common path of the routes 
between i1 and jb and 
between i2 and h. 

f2(ib j1, i2, h) = the length of the remaining 
paths if we delete the 
common path from the 
routes between i1 and j1, 
and i2 and h. 

The best bundle will be the one formed by pairs of 
traffic demands with f1 maximal and f2 minimal. The 
next matrix shows the pairs f1' f2 for the network given 
in fig. 4.1, where shortest path routing has been applied. 

• • • 
2 4 

Figure 4.1 



1,2 1,3 1,4 2,3 2,4 3,4 
1,2 1,1 1,2 0,2 0,3 0,2 
1,3 1,1 2,1 1,1 1,2 0,2 
1,4 1,2 2,1 1,2 2,1 1,2 
2,3 0,2 1,1 1,2 1,1 0,2 
2,4 0,3 1,2 2,1 1,1 1,1 
3,4 0,2 0,2 1,2 0,2 1,1 

We next create for each pair of stations (io, jo) with a 
positive traffic demand a so called candidate bundle. 
This is done by first incorporating into the bundle the 
traffic demand itself, and after that by adding other 
traffic demands until the bundle is complete. The traffic 
demand di , j, which is added, is one for which the 
length of the longest common path is maximal. If ties 
occur, (i1> jl) is chosen such that the length of the 
remaining paths is minimal. This process is continued 
until the bundle is complete. More precisely, at 
bundling level /, we construct a bundle S = S(io, jo) for 
every pair (io, jo) of begin and end points of a traffic 
demand, as follows : 

1. S = { (io, jo) }. 

2. Let T = { (i, j) : (i, j) E S and fl (io, jo, i, j) = 
max fl (io, jo, k, 1) } 

(k,1)@S 

Choose (i 1> j 1) E T such that it satisfies 
f2(io, jo, il , jl) = min f2(io, jo, i, j). 

(i. j) ET 

3. S = S U {(il, jd) 

4. If L dij < Cll-l.1, then goto 2. 
(i.j) E S 

5. Stop 

Having determined a candidate bundle for each pair of 
stations, the next step is to select the best one. The 
criterion we use is to maximize the length of the 
shortest common path of any pair of traffic demands. So 
we first have to find the bundle having the shortest 
common path of any pair of traffic demands. To this 
end we calculate for every pair (io, jo) 

gl (io, jo) = min fl (i, j, k, 1). 
(i. j). (le, I) E S(io • .io) 

In case of ties we rely again on the second rating : 

g2(iO, jo) = max f2(i, j, k, 1). 
(i. j). (k, I) E S(io • .io) 

The bundle to be made is one for which the shortest 
common path is as long as possible. This means that we 
select the bundle according to the following algorithm : 

• Let U = { (i,j) : gl (i,j) = max gl (k, I)}. 
(le. I) 

• Choose (io, jo) E U such that g2(iO, jo) 
min g2 (i,j). 

(i.j) E U 

• The bundle to be made is S(io,jo). 

Example. The next example shows the result of the 
algorithm for the network in fig. 4.1. There are 4 traffic 
demands : d12 = 1, d13 = 2, d14 = 1 and d23 = 2. We 
further assume a multiplex hierarchy which multiplexes 
4 circuits into a second order line system. The first step 
is to construct for every traffic demand dij its candidate 
bundle S(ij), together with its ratings gl (i,j) and g2 (i,j). 
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The result is 

Node pair (ij) S(ij) gl (i,j) g2(i,j) 

(1,2) { (1,2) , (1,3) , (1,4) } 1 2 
(1,3) { (1,3) , (1,4) , (1,2) } 1 2 
(1,4) { (1,4) , (1,3) , (1,2) } 1 2 
(2,3) { (2,3) , (1,3) } 1 1 

Since the ratings with respect to gl are all equal, the 
bundle to be made is the one corresponding to the 
minimal value of g2. This means that bundle S(2,3) is 
constructed. 

The present heuristic essentially considers only pairs of 
traffic demands. As a consequence, it may happen that it 
is impossible to form a bundle. An example is shown in 
fig. 4.2. 

4 

3 

Figure 4.2 

Suppose a candidate bundle S(3,4) = { (3,4), (1,3), (1,4) 
} has been created. However no bundle can be formed 
from this set. This problem is overcome by splitting in 
advance one or more traffic demands, such that this 
situation doesn't occur anymore. 

5. RESULTS 

The algorithm described here has been applied to a 
number of practical real-world networks. Judging the 
results of the algorithm is difficult, since we do not 
know the optimal solution. We did however compare 
the results with those obtained by network planners. 

Here we present two examples. The first network is 
given in fig. 5.1. It consists of 11 stations and 10 links. 
The number of traffic demands to be transmitted equals 
34. There are 5 levels in the transmission hierarchy, the 
multiplex factor between each subsequent pair of levels 
being 4. The routing problem is rather simple in this 
example, since the graph has no cycles. The required 
CPU time on a V AX-8650 is about 5 seconds. 
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Figure 5.1 

The second example is more complex. The network is 
given in fig. 5.2. 

Figure 5.2 

There are 46 stations and 46 links. The number of 
traffic demands is 148. Because of the cycle in this 
network, the routing problem is non-trivial. However the 
capacities in the network are such that no severe 
restrictions are encountered. 

The required CPU time is about 1 minute, the larger 
part of which is used to bundle six hierarchical levels. 

In both examples the results obtained by the program 
were at least as good as those obtained by the planner. 

6. CONCLUSIONS 

Due to the complexity of the overall problem we 
separated it in the most natural way, a routing part and 
a bundling part. However the routing problem is still 
very hard, as argued in section 3. But since its solution 
affects the cost function only indirectly we chose a 
greedy heuristic. Indeed the shortest path algorithm 
certainly minimizes total use of network capacity and 
moreover it gave feasible solutions for all tested 
networks. However, as the example in the introduction 
shows, it might exclude optimal bundlings, due to the 
fact that some links are sparsely filled with demands. 
This problem is the subject for future research. 

With respect to the bundling part we opted for a level 
by level approach, starting with the lowest level. The 
advantages of this approach are two-fold: First it divides 
the problem into several equivalent subproblems, which 
are easier to handle. Secondly it is very flexible: usually 
the demand is built up of different types of signals, 
some of which need more than one unit of un split 
capacity, like for instance video signals. These higher 
order demands can be incorporated at the right level. 
Moreover technological innovation might cause changes 
in the multiplication factors a/-I,I. For instance, the 

new SDH standard multiplexes 3 signals of 2 Mbit/s 
into a 6 Mbit/s signal, 7 signals of 6 Mbit/s into a 45 
Mbit/s signal and 3 signals of 45 Mbit/s into an STM-1. 
This affects only the one-level subproblems. These 
subproblems are handled by bundling paths which differ 
the least with respect to the links on them. 

This solution method results in multiplex configurations 
which are at least as good as the configurations 
constructed by planners. The gain is most significant on 
large and/or complex networks (Le. with many circuits). 
The quality of the generated solutions with respect to 
optimality is hard to measure, since the natural lower 
bounds give poor information. 

In this paper we assume a constant multiplication factor 
between two subsequent levels in the multiplex 
hierarchy. The impact on the present method of the 
SDH option to multiplex signals of different order into 
an STM-1 signal requires further study. 

Other issues for future research concern the robustness 
of our method. One might be interested in how the 
algorithm reacts on small changes in demand. Does the 
algorithm then generate alike configurations? Can we 
get information on the desirability of constructing new 
links? 

Another extension of the present method is related to 
the application of cross-connects. This allows a network 
operator to quickly reconfigure the logical structure of 
the network. This offers the possibility to adapt the 
capacities of the links to the required traffic demands. 

Finally, a more practical consideration is the reliability 
of the network: if link failures might occur it is 
desirable to divide demands over disjoint paths. 
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