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1.0 INTRODUCTION

Current research in algorithms to generate fundamental
cycles in g graph is being reportegq in Deo et a1, {17, Egyhazy

[2] and Paton [3]. Both are focused on developing ang Measuring

Set with respect to a Spanning tree T in graph G, Since the
total length is dependent on T, we are interested ip obtaining a

Spanning tree for which 1, (T)- L (T 'n} is ‘small.

Each algorithm is implementeqd using the three most common graph
Iepresentations, namely the adjacency matrix, one way adjacency
lists and adjacency multilists, In general, we are persuing the

determination of two major dependent vafiables, the average

rithm—graph representation combination, for 12 intuitively inter-

esting graphs,



2.0 THE THREE HEURISTIC ALGORITHMS

2.1 BACKGROUND

.The Basic Cycle Algorithm (BCG) was formulated by Paton [3]
as a fast method for finding a fundamental set of cycles. A
spanning tree is first generated and the vertices examined in
turn. The unexamined vertices are stored in a pushdown ligt
awaiting examination. The second step is to také the top element
t of the pushdown list and examine it; i,e., inspect all those
edges (t,25 of the graph for which z has not vet been examined.
If.z is already in the tree, a fundamental cycle is added; 1if
not, the edge (t,z) 1is placed in the tree. The algorithm termi-
ates when all the unexamined vertices have been examined. 1Inp
genéral, BCG is.classified among algorithms that employ a mixed
Search method in traversing.the-graph.

The Static'Degree Sort (8DS) algorithm, formuléted by Deo
[1]1, generates thé Spanning tree in & straightforward breadth
first fashion. Thé first vertex explored from is'the vertex with
higheét degfee. The next vertex considered is the one with the
highest degree among the successors of the oldest vertex.explored
from and not necessarily the vertex with the highest degree among

those that are al;eady Present in the partial tree.



The Multipoint Breadth First Search with respect to '"unex-
blored" edges conceived by Egyhazy [2], extends Deo”s [2] origi-
nal MBFS, which Says that we always explore from the vertex of
highest degree, with the edges chosen in descending order of
degree of their end vertices., MBFSUE Merges MBFS and the concept
of unexplored edges, which Says that as vertices are explored
from, their degrees are thought of as getting depleted; therefore
évery vertex in the partial Eree has a degree with respect to
"unexploregd" edges that isg smaller than itg degree in the crigi-
nal graph. Therefore, the New vertex considered is always the
vertex of highest degree in G, the degree measured with respect
to unexplored edges.

For purposes of this study only this three algorithms for
generating fundamental cycles are investigated. The reader
interested in a more comprehensive discussion of the subject

should refer to Deo [1], Egyhazy [2], Paton [3], and Welch [47.

3.0 GRAPH REPRESENTATIONS

The choice of 3 particular graph representation is an impo-
tant design decision in implementing algorithme.to pe:fq:muﬁunc-__
'"tibhé'én”greéhé}'“We”khoﬁmiﬁteiéivei§ éhat the performance char-
acteristiecs of software, given the same set of draphs and
algorithms, will bpe different for each graph representation

implemented. It is this claim that We are set forth to prove in



the context defined by algorithms to generate fundamental cycles
in graphs. - The next three sections will define the terminology
and notation for the three most common graph representations:

Adjacency matrix, adjacency list and adjacency multilist.

3-1. Adjacency Matrix Graph Representation

*In an adjacency matrix representation of a graph G the
matrix entry (Vi, Vi) equals one if and only if there is an edge
between vertex v; and vertex Vj‘ Since for this investigation
only simple graphs are considered, the main .diagonals in the
adjacency matrix will always equal zero. Accordingly, in the

adjacency matrix representation of a graph, only the upper trian-

gle of the adjacency matrix will be used to represent the graph.

3.2. Adjacency List Graph Representation

In the adjacency 1list Tepresentation of a graph G there will
be one list for each vertex vy in G. In each list the nodes
represent the specific verticies adjacent to vertex Vj' Each
node consists of two fields, INFO and LINK. Th INFO field con-
tains the identifier of the next vertex that is also adjaéent to

vertex vi.



3.3. Adjacency Multiligt Graph Representation

In the adjacency multilist representation of 3 graph G there
will be one list for each vertex in G. Each list has one node
for each edge in G. The node represents an edge that has verti-
cies v; and Vj incident on a specific edge. Thus each node will
be a member of tywo lists; one a member for vertex v; and one a
membér for vertex Vj'

Each list node has five fields. Let M, INFOVI, INFOVJ,
LINKVI, and LINRVJ denote these five fields. The first fleld M
is an indicator of whether the edge has been inspected. The sec-
ond fielqd INFOVI contains the identifier of vertex v, that is
incident to the edge represented by the node. The third field
INFOVJ contains the identifier of vertex vj for which both v. and
vj are incident to the edge represented by the ndde. The fourth
field hINKVI_contains a pointer to another node for which an edge
is incident to vertex Vi« The fifth field LINRVT contains a
pointer to another node for which an edge is incident %o vertex

V..
J

3.5. Implementation.gﬁ Graph Representations

All three graph Fepresentations describeg above were imple-

“mented in both IBM and VAX computers using the Programming lan-



guage PASCAL. The choice of DASCAL eliminated any consideration
to alternati&e implementations within a particular graph repre-
Sentation. Therefore, the emphasis was in finding the proportion
of CPU time consumed in representing graph G as opposed to the
execution of a particular algorithm to generate the set of funda-
mental cycles in G. Tests were conducted for twelve preselected
graphs, using all three graph representations and the BCG, 8Ds,
and MBFSUE algorithms. Details of the tests are found in Section

5.0.

4.0. GRAPHS USED IN TEST RUNS

Two sets of graphs were produced for the test runs, randomly
generated and preselected from typical computer network configu-
rations [5, 6, 7, 8]. These graphs are examples of the following
network structures:

a) Distributed Network: This graph has il vertices and is

configured so that no vertex is further away than three

edges from any other vertex (Figure A).

P) Point to Point Long Haul Network: This graph has 41
vertices, with 8 vertices forming a ring structure. One
of the ring vertices ig connected to a subnet structure
while the others are the roots of tree structures (Fig-

ure B).



d)

g)

h)

3)

Double Ring Network: This graph has a double ring like
structure consisting of 12 vertices. Each ring vertex
is connected to one and only one vertex of the other

ring (Figure C).

Intersecting Loop: This graph has two distinct cycles

with one vertex in common (Figure D),

Two Level Hierarchy with Five Regions: This graph, com-
prised of 17 vertices has two levels of hierarchy and

five distinet regional topology (Figure F),

Interconnection Network of Networks: This graph has a
complete subgraph of five vertices as the interconnect-
ing network and five Separate network structures con-
nected to the complete subgraph by only one edge (Figure

G).

Regular Network Representation: Thig graph has 20 ver-

ties with every vetex of degree for (Figure H).

Irregular Network Representation: This graph has 12
vertices with one star tree configuration as one sub~

graph (Figure I).

Linked Network Representation: This graph'has 24 ver-
tices with a "unibusg" Structure to which five subgraphs

are connected (Figure J).



k)

1)

Distributed Network Representation: This graph has 128
vertices with a complete subgraph and four star like
configurations. This network is similar in structure to
the DATAPAC Packet Switched Network [5]). The graph is

given in Figure K.

Subnet Representaticns: Two subnet graphs of 15 and 8

vertices are illustrated in Figure L and E respectively.

All of the above graphs are given pictorially in Appendix A,

Figure 1.0 shows the number of nodes and edges for each graph, as

well as the values for the nullity or number of fundamental

cycles,



L No. No.
. Graphs Nodes Edges Nullity

’ A 10 i3 4
B 41 49 9
C 12 18 7
D 15 16 2
E 8 9 2
F 17 21 5
G 38 57 20
H 16 32 17
I 12 12 1
J 21 25 5
K 18 ! 20 3
L 15 19 5.

Figure 1.0




2.0 IMPLEMENTATION AND TEST RESULTS

The BCG, S8DS ang MBFSUE algorithms were implemented using
the adjacency matrix, one way adjacency list, and the adjacency
multilist graph representations. Thus, there were 3 total of ten
algorithm-graph representation combinations. Two different com-
buters, an IBM 4341 vM/CMS and a VAX 11-780 VMS, were used in
order to chserve the performance of the algorithm graph represen-
tations running on two different machines. The computer language
PASCALlwas used to implement the algorithm-graph representation
combinations. The code listings for the three algorithms and
three graph representations are given in Appendix B.

For each of these combinations, three different CPU minute
consumption measures occurred. The first measure was obtained by
determ1n1ng the CPU minutes consumed in the execution of a spe-
cific PASCAL program, hereby referred to as the "total" program,
which implemented a particular algorithm-graph representation
comblnatlon. The " second CPU minute meésure indicated the CPU
minutes consumed in program 1n1t1a11¢atlon for ascertaining the
fundamental cycles and the initialization of a spe01f1c graph
representation data structure, This second mMeasure was obtained
by determining the CPU minutes consumed in the execution of a
particularIPASCAL program, heteby referred to as the “initiaiiza—

tion" program, which implemented the initialization process. The

=10~



third CPU measure indicated the minutes consumed in traversing
the graph and the determination of the average length of the fun-
damental cycle set. This third measure was obtained by simply
subtractig the CPU minutes consumed by the "initialization” proF
ram from the CPU minutes consumed by the "total" program.

The virtual CPU minutes consumed was'used for measuring CPU
minute consumption on the IBM 4341 VM/CMS. This quantity was
obtained b? involking a QUERY TIME command just prior to execu-
tion, immediately after execution and then subtractig the first
from the second. Gn the other hand, the total Cpu minutes con-
sumed was used for measuring CPY minute consumption on the
VAX-11/780 VMS. ‘"Thisg quantity was obtained by involving a SHOW
STATUS commané just prior to executing a program, immediately
after execution.and then substracting the first from the second.
‘Since the total CPU time on the VAX is influenced by the load on
the system at the time of execution, the measures of CPU minute
consumption were averaged over three executions, performed. at
diffetent times of the day, of the séme program.

The average length of the fundamental cycle was determined
using the BCG,.SDS and MBFSUE.algorithms for all twelve dgraphs.
Table I displays the individual results, with totals for each of
the three algorithms. The SDS and MBFSUE algorithms vielded the
minimal total fundamental cycle set averages of 57.6548 and
57.8402 respectively, while the BCG algorithm yielded 59.1548.
This result, although expected should be considered as an indica-

tor only, since there is some arbitrariness to be accounted for.
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est degree in arbitrary choice is made. While the MBFSUE algo-
rithm selects the starting vertex and all subsequent adjacent
verticies according to the vertex with the highest degree,
_ Therefore, with all three algorithms the arbitrary choices made
in the initial labeling of the graph and those inherent to them
lead to different average fundamental cycle lengths for the same
graph G. It is conceivable therefore, that given a different
initial labeling, the results for the same graph G turn out to be
quite different. The.extent 0f the variatidns)is in itself 3
subject for further research,

A close examination of Table I shows that the MBFSUE algo-
rithm gives a longer average length for fundamental cycles for
graphs B, F and L. We conjecture that the reason for this liés
partly in the fact that in all three of these graphs we fing ver-
tices of high degree forming long cycles. MBFSUE will find them
before any of the shorter cycles.are génerated. This is not the
casé with the BCG or SDS'algorithms, since both examine all adja-
cent vertices firge regardless of their degrees, generating
shorter cycles (if any in the vicinity) before considering the

longer ones,
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The SDS algorithm generated shorter, or at least the same,
average fundamental cycle length for each of the twelve graphs.
Thus, corraborating Deo”s [1] eclaim about the superior verfor-
mance of SDS over BCG. On. the average, the S$DS and MBFSUE algo-
rithms performed similarly; for graphs A, C, G, H and J the
MBFSUE did better while for graphs B, and L it was the other way
around.

Table II presents for each graph the IBM 4341 VM/CMS virtual

CPU minute consumptlon values for the BCG, SDS, and MBFS, algo-

_tion. Tables IIT and IV p;esent the IBM 4341 VM/CMS virtual Cry
minute consum?tioq values for the BCG, 8DS, and MBFS algorithms
as implemented respectively with the one way adjacency list angd
adjacency multilist graph representations. Table V presents the
Same results as Tables II, III, and IV except the Table V shows
that for each algorithm (BCG, s8DS, and MBFSUE) the adjacency mul-
tilist graph representation implementation yielded the minimal
expenditure of virtual CPU minutes, the one way adjacency list
graph representatioh vielded fhe next -lowest expenditure of vir-
tual CPU minutes whlle the adjacency matrix graph representation
vielded the highest expenditure of virtual CPU minutes. The dif-
ference in CPU minute consumption between the adjaéency multilist
representations and-the one way adjacency list representations is
due primarily to lower CPU minutes consumed in the traversal of
the adjacency multilists vS. the traversai of the one way adja-

cency lists. The difference in CPU minute consumption between
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the one way adjacency 1list representations and the adjacency
matrix representations is due primarily to lower CPU minutes con-
sumed in the program and graph representation initialization for
the one way adjacency lists as Compared to the program and graph
representation initialization for the adjacency matricies.

Table VI presents for each graph the VAX—li VMS total CPU
minute consumption values for the BCG, 8DS, and MBWSUE algo-
rithms as implemented using an adjacency matrix graph representa-
tion, Tables VII- and VIII present the VAX-1l VMS +total CPU
minute consumption values for the BCG, S5DS, and MBFSUE algorithms
as implemented respectively with the one way adjacency list and
adjacency multilist graph representations. mable IX presents the
same results as Tables VI, VII, and VIII €Xcept the CPU minute
measures are summed across ail twelve graphs. Table IX shows
that for each algorithm (BCG, SDS, and MBFSUE) the adjacency mul-
tilist graph representation implementation and the one way adja-
cency list graph representation implementation'yielded the lowest
expenditure of total CPU minutes while the adjacency matrix graph
representation vielded the highest expenditure of VAX-11 total
CPU seconds. The difference in VAX-11 total CPU minute consump~
tion between the adjacency matrix graph representatﬂon and the
other two graph representations is due orlmarlly to higher CPU
mlnutes consumed in the Program and graph representation initial-
ization for the adjacency matricies as compared to the program
and graph representation initialization for the other two graph

representation.
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; . e
%.0 Discussion Of Results

ence of different graph properties (blocks, colorability, rings,
high density, low density). No attempt was made to draw a random

sample from a population of alj possible gfaphs.

fundamental cycle generation algorithm substantially influences
the CPU time consumed. Indeed comparisons of CPU tinme expendi-

tures by the BCG, 8DS, ang MBFSUE algorithms must not be con-

CPU time than did the adjacency matrix 9¥aph representation

implementations,
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APPENDIX A

A SPECTAL CLASS OF GRAPHS

This appendix contains the topologies for the twelve graphs
used in this research effore,
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