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Edge Loading Algorithms for De Bruijn and Modified De Bruijn Graphs and
their Performance Analysis in Lightwave Networks

‘Bachala Sathyanarayana

ABSTRACT

This paper proposes edge-loading algorithms for the De
Bruijn graphs [4,5,8,11] and Modified De Bruijn graphs
{10], which are logical topologies for rltihop light wave
networks. For a given in-degree, out-degree and average
mumber of hops between nodes in a network, the edge
loading algorithms for Modified De Bruijn graphs has
shown smaller average edge loading, better network
utilization than that of De Bruijn graphs. Results for De
Bruijn and Modified De Bruijn graphs are computed for
different values of ‘A’ (degree) and ‘d’ (diameter) are

presented.

Keywords : Edge loading, regular logical topologies,
WDM optical networks, Multihop lightwave networks.

1. INTRODUCTION

This paper is about regular logical topologies in multihop
WDM lightwave networks[1,2,3]. Alogical topology can
be superimposed on a physical topology, viz., a broadcast
star, by using many channels at different wavelengths.
This technique is called Wavelength Division
Multiplexing(WDM) which significantly enhances the

network capacity.

De Bruijn graphs are presented as regular logical
topologies for multihop lightwave networks [4],[5].
Modified De Bruijn graphs are presented as regular

Togical topologies for multihop lightwave networks[10],
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which has shown that the average hop length for
Modified De Bruijn graphs is minimum when compared
to De Bruijn graphs. In this paper I propose the
development of edge loading algorithms in Pe Bruijn
graphs and Modified De Bruijn graphs. Using these
algorithms, the various parameters related to edge loading
namely, average edge loading, maximum edge loading,
average network utilization, edge load distribution, are
derived for different values of A ( degree) and d
{diameter} of De Bruijn graphs(G(A,d) ) and Modified
De Bruijn graphs(G*(A,d)).

In the following sections an overview of the competing

topologies, their edge loading algorithms and their

performance measures are presented.
2. LocIcaL TOPOLOGIES

In this section consider the definitions of the two logical
topologies viz., De Bruijn graphs and Modified De Bruijn
graphs.

2.1 De Bruijn graphs

A De Bruijn graph[4] G(A,d), A.d = 2, is a directed graph
with the set of nodes(0,1,2,... N-1), where N = A? . A
De Bruijn garph G(2,3) is shown in fig. 1.

The salient properties of De Bruijn graphs G(A,d) are

given below:
i)  There are A nodes in the graphs

ii) The diameter of the graph is D

iii) The degree of the graph is fixed and equal to A
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iv} - Bven under uniform load, the link loading is not
uniformly distributed over all the links/edges in
the De Bruijn graph

2.2 Modified De Bruijn Graphs

The construction of Modified De Bruijn graphs G*(A,d)
is mainly based on the De Bruijn graphs [3] and [4].
The network for Modified De Bruijn graph[10] is defined
for ‘N’ nodes, where N=Alfor A22andd>2. A
typical representation of Modified De Bruijn graph is
given in fig. 2.

On similar lines of the De Bruijn graph, a node in the
Modified De Bruijn graph can be represented by a string
of ‘d’ digits. An edge from node ‘X * to node “Y”’ can be
represented by a string of d+1 digits, the first ‘d’ digits
representing the node ‘X ‘and the last ‘d ‘digits
representing node’” Y'. Similarly, any path in the graph
of length “k’ hops can be represented by a string of d+k
digits. In the case of self-edges, an edge from self-node
‘X’ and self-node “Y’ can be represented by a string of
d+1 digits, all of which representing the node ‘X,” and
there exists a self-edge between self-node *X’ and self-

edge * Y ‘ifand only ifand only if b-a =1,

0013 0101 1010|1108

Figure 1. De Bruijn Graph G(2,3)

i

Figure 2. Modified De Bmuijn Graph G” (2,3)

3. ALGoRITHM FOR EDGE LoApING IN DE BRULIN GRAPHS

{NETWORKS)
3.1. Notations and Definitions of both algorithms
A—degree of the network

d —string length of each node label, which denotes the
maximum distance in Hops between any two nodes when

static routing applied.

N=A", which is the total number of Nodes in the
Network.

Sre, Dest— be any source and destination in the network
and denoted as A=(a.a,..a)) and B=(b,b,...b,) where

a(i’s) and b(i’s) can take values
Self-node- in which all symbols in address are same

Spath - gives the path between source and destination

as a sequence of node Ilabels

~Edge (M), M=1,.,AN - is an array of M edges in the
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network. Its label consists of the sequence of slen
charactess in the bottom node label plus the last character

in the top edge label

IsSelf(Nede) -> finds whether it is a Self node or not.

B - FRTIN .
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DistBothSelfload-> finds the shortest distance in aumber
of hops between two elf-node nodes PreSelfToDest->

refers to the preceding self node to the destination node.

AdjselfToSre-> refers to adjacent self node to the source

node

DistPreselfToDest-> returns the shortest distance

between the PreselfToDest(self node) and destination.

DistOfAdjselfToSre-> returns the shortest distance
between the source and AdjselfToSre.

DistSrcToAdjSelf -> returns the shortest distance

between the source and the immediate adjacent selfnode

Shiftmatch(i,Sre,Dest),0<=i<=slen —> An operation on
the two strings Src and Dest o TRUEiff (b,b,,...,b, ) =
(a,,,3,,-,3,) and FALSE otherwise.

Merge(i,Sre,Dest), 0<=i<=d —>is a string(or sequence)

of length slen+] given by = (a,a,,...8, b by

d-i+t

Edgeload{spath,edge) —> finds the edges on reading
the spath, incretnents the occurrence each identified edge

in the spath.

‘SelfLoad —> increments the counters of the

corresponding  edges on the path taken berween self

nodes.

Transmit next node —> refers to the adjacent node from

source node to which the packet has to be transmitted.

FindNormalLength —> finds the distance between

source node and the destination node
Input to the algorithm:
For a given A and d, the total no of edges = AN

Example: A=2,d=3

Then N = § total Edges=M =2*8=16. Since A=2,
there 2 symbols namely ‘0°and ‘1’ are used for labeling
the network nodes. Hence the nodes of the network are
*000°,7001',°010%,°011",' 100, *101°,°110', *111°. Edges of
the network are

Edge(M), M=0,1,..,15 is an array of 16(=2*8) edges
in the network.

They form 16 counters corresponding to 16 edges

used for determining the loading of each of the edges.

An Edge from two nodes say ‘000’ to ‘001" is *0001".
So the 16 possible edges can be written as ‘0000°,
‘00017, <0010°, *0011°, ‘01007, 01017, “0110°, *0111°,
‘10007, °1001°, *1010’, €1011°, 11007, *1101°, *1110°,
1111,

3.2 Algorithm for Edge Loading in G(A,d) De Bruijn
Networks

Procedure DeBruijnEdgeLead (Sre,Dest,A,d) '
begin

for (i=1 to d)

begin

if (ShiftMatch(i,Sre,Dest) = TRUE)

break;

end;

Length=i;

Merge(Src,Dest,Length,spath);

Edgeload(spath,edge);

end;

end;

Procedure EdgeLoad(spath,edge)
begin
pathlength=length(spath);
while(TRUE)
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~ begin
. if{pathLength = d) then
“break;
Gl gl
for(j=0;3<=d)
ei=ei+spath[i-j] * A™);

edge[ei]=edge[ei]+1;
pathlength = pathlength -1;

end;

end;

4. ALcoriTHM FOR EDGE LoaADING v MoODIFIED DE

Brunn Grarus (NETWORKS)

4.1. Notations

Here the notations used in this algorithm are as presented

in section 3.1

4.2 Algorithm for Modified De Bruijn networks
(G*(Ad)

Procedure ModifiedDeBruijnEdgeLoad (Sre,
Dest, A,d)
begin
if (Isself{Src=FALSE) AND Isself{(Dest=FALSE})
then
Length=BothNonselfLoad(Stc,Dest);

Else if{IsSelf(Src=TRUE) AND

IsSelf{Dest=TRUE))
then  Length = BothSelfLoad(Src,Dest);
Else if(IsSelf(Src=TRUE)AND
Isself{Dest=FALSE)) then
Length=SourceSelfLoad(Src,Dest);

else if{Isself{ Src=FALSE) AND
IsSelf{Dest=TRUE)) then

Length=DestSelfLoad(Sre,Dest);
next node=FindAdjacent(type,tc);
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Transmit Next node;
return: Length;

end;

Procedure EdgeLoad(spath,edge)
begin
pathlength=length(spath);
while(TRUE)
begin
if(pathEength = d) then
break;
ei=(;
for(j=0;j<=d)
ei=ei+spath{i-j]*(ms"j};
edge[eil=edge[ei]+1;
pathlength = pathlength -1;
end;

end.

5. PERFORMANCE MEASURES OF EDGE LOADING IN G(A,D)

AaND G*{A,p)

This section presents the definitions of various
performance measures which could be computed using
the edge loading algorithms (presented in sections {2.2)
and (3.2).

5.1 Average Edge Loading (L)

The loading on edge i is defined as the number of source-
destination pairs that use that edge i for communication.
The average edge load is defined as the sum of edge load
over all edges averaged by total number of edges(M) in

the network.

Let M be the number of edges in the network.. The
average edge load of a network is denoted by L and is

given as

w7
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For the De Bruijn graph, G(A,d) A self-loops are present

which are not counted as edges. Hence number of nodes

NaEAT e 2
is the number of edges is
DN = crorreirene 3

From the egns. Fig. (2) and (3) the average edge loading
inG(ad)is

| 2N-A

L=——%
N4 =1

Now consider the average edge loading in Modified De
Bruijn graph,G(A,d). Here for G%(A,d) the number of
edges is 2N (as per the definition G*(A,d) in{2]).On
using eqn. (1) and (3) the average edge loading on
G*(A,d) can be written as

T o= .

ZNEP
A comparison of the average edge loading values for
G(A,d) and G*{A,d) using the edge loading algorithms
presented in sections (3.2) and (3.3) respectively is shown

in Table (1).
5.2 Maximum Edge Loading (L_ )

The maximum edge load (L__ ) is the load on the edge,
which has the maximum load. This parameter is computed
for G(A,d) and G*(A,d)
algorithms { presented in sections (2.2} and (3.2)). A

comparision of the L values for G(A,d) and G*(A,d)

using their edge loading

for different network sizes are presented in Table 1.
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5.3 Edge Load Distribution

The edge load distribution is defined as the distribution
of loading on all the edges in the network through which
N(N-1) source-destination pairs that communicate. This
is am important network parameter for determining the
network throughput. For instance, comparison of the edge
loading distributior: as shown in fig (3) and fig Fig. (4)
for G(4,5) and G*(4,5).

edge load DB,5)
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Figure 3: Edge Loading i De B Graph G(4.5)

TFygure 4: Edge Loading i Modifed De Brain Graph G¥4.5)

5.4 Average Network Utilization

The utilization of an edge “i” is defined as the proportion
of the loading on edge “i” to an edge with maximum

loading (L__ }and it can be written as
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The average network ufilization is defined as the edge
utilization averaged over all the edges in the network,
which is denoted by UMS and is given by

1 Moy

RECREVE -,

Where M = total number of edges i the graph.

A comparison of the average edge utilization for De
Bruijn and Modified De Bruijn networks of different

networks is shown in Table (2). ‘
6. ResuLts anp CONCLUSIONS

From the Edge loading algorithms presented for De
Bruijn graphs and Modified De Bruijn graphs, the
following  conclusions can be  drawn:
The results in Table-1 exhibited that Modified De Bruijn
Graphs have smaller edge loading than De Bruijn graphs.
Further it is observed from Table-2, that the average
network utilization for Modified De Bruijn graphs is
better than De Bruijn graphs. The edge load distribution
for G*(4,5) and G(4,5) in Figures 3 & 4 describe more
uniform edge load distribution for Modified De Bruijn
graphs. Finally it is concluded that a physical topology
based on Modified De Bruijn graphs are better logical

topologies for multihop light wave networks.
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