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Abstract

The the cycle space, C (G), of a given graph has many bases. We are interested in
finding a basis with minimum length called a minimum cycle basis. The length of
a cycle basis is the sum of all the lengths of its cycles, where the length of a cycle
is the number of edges in it.

In this paper we prove that the cycle spaces of the Semi-Strong product of paths
with paths, paths with cycles, cycles with paths and cycle with cycle have minimum
cycle bases consisting of 4-cycles. Also we give the lengths of these bases.
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1. Introduction

Throughout this paper we consider only finite, connected, simple, unweighted, undirected
graphs. For the undefined terms see [3]. Let G be a graph, the set Wg of all subsets of
the edge set of G, E(G), form an | E(G)|-dimensional vector space over Z; with vector
addition X @ Y = (X\Y) U (Y\X) and scalar multiplication 1 - X = X and0- X =0
forall X,Y € Wg (& is the ring sum). A cycle space, C(G), of a graph G is the vector
subspace of (WEg, @, -) spanned by the cycles of G. It follows that the non-zero elements
of C(G) are cycles or union of edge disjoint cycles. A cycle basis of G is a basis of C(G).
The dimension of the cycle space denoted dim C (G) is |E(G)| — |V (G)|+ 1. The length
of a cycle C is the number of its edges and denoted |C|. The length of a cycle basis B,
denoted p (B), is the the sum of the lengths of all cycles in B. A minimum cycle basis
is a cycle basis of minimum length. In general, the minimum cycle bases are not very
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well behaved under graph operations in the sense that there is no way to extend these
properties from subgraphs to the whole graph.

The cycle space and its analysis has various applications in different fields of sciences
like electrical engineering [5], structural analysis [1], biology and chemistry [2] and
periodic timetabling [6]. Some of these applications require cycle bases with special
properties [7].

Graph products are the best natural way to enlarge the space of graphs. In the lit-
erature, one can find a lot of graph products such as; Cartesian product, direct product,
strong product, semi strong bproduct and lexicographic product and many more prod-
ucts. Imrich and Stadler [4] found minimum cycle bases of product graphs; in fact they
constructed minimum cycle bases of the Cartesian and strong products of graphs, they
were interested in these two products being they are commutative products.

Definition 1.1. The Semi-Strong product of two graphs G| and G, denoted by G| x G,
is a graph whose vertex setis V(G x G2) = V(G1) x V(G2) and edge set is

_ (ul,vl) (un, vp) : either [uuy € Eq and vi = v

E(GI*GZ)_ { or [uluzeEl andvlvzeEz] )

Itisclearthat |[E(G1 * G2)| =2 |E(G1)| |E(G2)|+|V(G2)| |E(G1)|and [V (G * G2)| =
IV(GDIIV(G2)l, thus dimC (G x G2) = |E(G1 * G2)| — [V(G1 * G2)| + 1.

The purpose of this paper is to construct minimum cycle bases of the semi-strong
product of paths, cycles and paths with cycles with emphasizing on the fact that the semi-
strong product is neither noncommutative nor associative product and doesnot behave
well, so we study the semi-strong product of graphs on their own.

2. The Main Results

In this section, we use the notations P,, C, to denote a path and a cycle respectively.
We will investigate the minimum cycle bases of the semi strong product of the graphs
P, x Py, P,xC,, C, x P, and C, * C,,. Throughout this work, we use P, to denote the
path 1,2, ..., n and C, to denote the cycle 1,2, ..., ny, such that E(P,) = {i(i + 1):
1<i<n-—1}and E(C,) = E(P,) U {nl}.

Note that |V (P, * Py)| = mn, |[E(P, % P,)| =2mn—1)(m—1)4+mn —1) =
3mn —2n — 3m + 2, and so dim C (P, * P,,) = 3mn — 2n — 3m + 3.

Theorem 2.1. The cycle spsce of P, * P, has minimum cycle basis consisting of
4-cycles with length 8mn — 6m — 8n + 12.

Proof. Our object is to construct a cycle basis of minimum length for C(P, * P,,). For
eachi =1,2,...,n — 1 we define the set of cycles

Ai={G DG+ 1L DGI+DG+Lj+ DG ) 1<j<m—1),
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also, foreachi = 1,2,...,n — 2, we define the set of cycles

B = {G,)E+1Lj-DG+2,)0+1Lj+DGjH:2<j=m—1}
UG DE+1L,1D)GE+2, D)0+ 1,2) G DY,

n—1 n—2
then, we set A = U A;jand B = U B;. Itis clear that, |[A| = (n — 1) (m — 1) and

i=1 i=1
|B| = (n —2) (m — 1). If we define B (P, * P,,) = A U B, then

|B (P, * Py)| =2mn —3m — 2n + 3 =dimC(P, * P,,).

Since |B (P, * Py)| = dim C(P, * Py,), it is enough to prove that B (P, * P,,) is linearly
independent set of cycles to guarantee that it is a basis of C(P, x P,,).
Note that each i(i + 1) % P,, is isomorphic to the graph i(i + 1) x P, and so it
is planar and has A; as the set of all boundaries of its finite faces, thus A; is a basis of
C@i(i,i+1)%Py,),foreachi =1,2,...,n— 1. Since each A; is linearly independent
n—1
and E(A;)) N E(Aj) = ¢, foralli # jtheset A = U A; is linearly a independent set
i=1
of cycles in C(P, * Py,).
Foreachi = 1,2,...,n — 2, B; contains edge disjoint cycles, so the cycles of B;
are linearly independent, thus B; is a linearly independent set of cycles in C(P, x Pp,).
Note that, B; C C(i(i + 1) (i +2) % Py) and Bjy1 C C(G + 1) (@ +2) (i +3) * Py).
It is clear that each B; contains one or two edges of the form (i, j) (i +1,j — 1) or
(i, j) (i + 1, j 4+ 1) which donot occur in any other cycle of B; UB;,1, so such a cycle
cannot be obtained from any linear combination of cycles of B; UB; 1 which implies
that all cycles of B; UB; are linearly independent and one can easily notice that B;
n—2

NBijo» = ¢ foralli =1,2,...,n —4. Then, we conclude that B = U B; is a linearly
i=1

independent set of cycles in C(P, * Py,).

Every linear combination of cycles from A contains one or two edges of the form
(D)

G+1,j);j=12,...,mandi = 2,3, ..., n—1whichdoesnot occur in any cycle
of B, thus all linear combinations of cycles of A are linearly independent with B, then
AU B = B (P, x Py) is linearly independent set of cycles in C(P, x P,). Therefore,
B (P, = P,) is a basis of C(P, * P,). Moreover, it is clear, from the construction of
B(P, x P,), that all cycles in B(P, * P,) are 4-cycles, and so, p (B(P, * Py)) =
8mn —m — 8n + 12. Since the girth of P, * P, is 4, B(P, * P,,) is a minimum cycle
basis of C(P, * Pp,). [ |

Now, we consider the graph P,*C,, whichhas |V (P, x C,,)| = mnand |E(P, x Cy,)|
= 3mn — 3m, and so dimC(P, * C,) = 2mn — 3m + 1.
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Theorem 2.2. The cycle spsce of P, % C, has minimum cycle basis consisting of
4-cycles with length 8mn — 12m 4- 4.

Proof. 1tis clear that P, % C,, can be obtained from P, * P, by adding the set of edges
D={G,H)(i+1,m),i,m)@+1,1):1<i<n-—1},|D|=2n—1). So, all what
we need is to find 2(n — 1) linearly independent cycles in C(P, * C,,) that are linearly
independent with all cycles of B(P, x P,). Define the set of cycles B(P, x Cy,) =
B(P, * P,) UK U L where

K = {(.DG+1,m)G@,mGi+1L, DG D:1<i<n—1)
L = {(DG+1L,mi+2 )G +1,2)G1):1<i<n—2}U
fa=0,m)2, 1)3,m 2 m—1)1,m)}.

The cycles of K are linearly independent because they are edge disjoint. The cycles
of L\ {a} are edge disjoint, so they are linearly independent and each of these cycles
contains two edges of the form (i, 1) (i + 1, 1) and (i, 2) (i + 1, 1) which donot occur
in any cycle of K, thus the cycles of L\ {a} are linearly independent with all the cycles
of K. The cycle a has the two edges (3, m) (2, m — 1) and (2, m — 1) (1, m) which dont
occur in any cycle of (K U L)\ {a}, so it is linearly independent with all these cycles.
Therefore, K U L is linearly independent set of cycles in C(P, * C,,). Moreover, every
linear combination of cycles from K U L contains two edges from the set D which donot
occur in any cycle of B(P, * P,,), so all cycles of K U L are linearly independent with all
cycles of B(P, x Py,), hence B(P, * Cy;) = B(P, * P,) UK U L is linearly independent
set of cycles in C(P, * Cy,) and since

|IB(Py * C)l = |B(Py % Py)| + |K|+|L|
Cmn—-3m—-2n+3)+m—-—1D+m—-1)
= 2mn—3m+1=dimC(P, x Cp,),

we conclude that B(P, x Cy,) is a basis of C(P, * C,,;). Since the girth of P, x C,, is 4
and B(P, * Cy,) contains only 4-cycles it must be a minimum cycle basis of C(P, x Cy,)
and its length is p (B(P, * Cy;)) = 8mn — 12m + 4. [ |

We consider now the graph C,, * P, which can be obtained from the graph of P, * P,
by adding the set of edges

F={(n )0, j+D, @ j+D{A,j):1=j=m—-1U{n, j)[d, j):1=j=m}

It is clear that |F| =3m — 2, |V(C,, * P,,)| = mn and |E(C,, * Py,)| = 3mn — 2n.
Thus, dim C(C,, x P,,) = 2mn — 2n + 1.

Theorem 2.3. The cycle spsce of C,, % P, has a minimum cycle basis all of its cycles
are of length 4 except one of length n and p (C,, * P,,) =8n (m — 1) + n.
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Proof. We define the set of cycles B(C, * P,,) = B(P, % P,) UB,_1UB,UA, U{Q},
where B, 1, B;, A, and Q are defined as follows:

Bpy = {n—-1Lj)mj-DA, )@ j+hHm—-1,/):2<j<m-1}U
{m—1,DHn DA, 1)n,2)(n—1,1)}
B, = {(n, ), j—-D2, HA,j+D(nj):2=<j<m—-1}U
{(n, D (1, 1) 2, 1)1,2)(n, 1)}
Ay = {n, DA, D j+DAj+D M j):1<j<m—1}
O = UI,mQ@2,m)---(n,m)(1,m).

It is clear that B,_1, B, and A,, are defined the same way we have defined the sets
B; ’s and A; ’s in Theorem 2.1 just by replacing i by n or n — 1. Thus, we can redefine
B(C, * P,,) as follows:

B(C, % P,) = (CJ Ai> U (LnJ Bi> u{g}.
i=1

i=1

n n

If we mimic the proof of Theorem 2.1 we conclude that <U A,-) U <U Bi> 18
i=1 i=1

linearly independent set of cycles in B(C,, * P,). We notice that Q has no edges in

common with all the cycles in (U B,-) and it has one edge in common with the cycles
i=1

of A; for each i, so Q cannot be obtained from any linear combination of cycles from
B(C,*P,)\ {Q}. Hence, B(C,,* P,,) is a linearly independent set of cycles in C(C, * P,,)
and one can easily see that |[B(C,, x P,)| = 2mn—2n+1 = dim C(C, * P,,). Therefore,
B(C,, x Py) is a basis of C(C,, x P,), moreover, it is of minimum length being all of
its cycles are of length equals to the girth of C,, * P,, except one of length n, and so,
p(CpxPy)=8n(m—1)+n.

Now, we consider the graph C, x C,, which may be recognized as a graph obtained
from the graph C,, x P, by adding the set of edges

T=DUN;N={n,1){,m),(n,m)(1, 1)}, |T|=2n

where D is defined before Theorem 2.2. It is clear that |V (C,, x C,;)| = mn and
|E(C, x Cpy)| = 3mn, sodimC(C,, x Cy,)) = 2mn + 1. [ |

Theorem 2.4. The cycle spsce of C,, * C;,, has a minimum cycle basis all of its cycles
are of length 4 except one of length n and p (C,, * P,,) = 8mn + n.

Proof. We define the set of cycles B(C, x Cy,) = B(C,, x P,,) UK UL U {k, [}; where
k and [ are two cycles defined, the same way we have defined the cycles of K and L, as
follows:

k=m DA, D)(n,m)(A,m)(n,1) andk=mn—1,D)(n,m)(1,1)(n,2)(n —1,1).
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Using similar arguements to those used in the proof of Theorem 2.2 one can easily
verify that B(C, x P,,) U K U L is linearly independent set of cycles being K U L has no
common edges with the cycles of B,,_1, B,, and A,,. Itis easy to notice that k and [ are
linearly independent and each of them contains one or two of the edges (n, m) (1, 1) and
(1, m) (n, 1) which donot belong to any linear combination of cycles of B(C,, x Cp,)\
{k, 1}, hence, B(C, x C,,) is linearly independent set of cycles in C(C, * C,,), and
|IB(C,, x Cpy)| = 2mn + 1 = dimC(C,, * C,,). Therefore, B(C,, * C,,) is a basis of
C(C,, % Cy,) of minimum length because C,, * C,, has girth 4 and all cycles of B(C,, x C;,)
are 4-cycles excepe one of length n, and so p (C, * Py,) = 8mn + n. |

References

[1] A.C. Cassell, J. C. Henderson and K. Ramachandran, Cycle bases of minimal mea-
sure for the structural analysis of skeletal structures by the flexibility method, In
Proc. Royal Society of London series A, 350:61-70, 1976.

[2] P. M. Gleiss, Short Cycles, Minimum Cycle Bases of Graphs from Chemisrty and
Biochemistry, PhD thesis, Fakultit Fiir Naturwissenschaften und Mathematik der
universtiat Wien, 2001.

[3] J. Gross and J. Yellen, Graph Theory and Its Applications, CRC Press New York,
1999.

[4] W.Imrich and P. F. Stadler, Minimum Cycle Bases of Product Graphs, Australasian
J. Comb., 26:233-244, 2002.

[5] G. Kirchhoff, Uber die auflosung der Gleichungen, auf welche man bei der Un-
tersuchungen der linearn Verteilung galvanischer Strome gefiihrt wird, Poggendorf
Ann. Phy. Chem., 72:497-508, 1847.

[6] Ch. Liebchen, Periodic timetabe Optimization in Public Transport, PhD thesis, TU
Berlin, 2006.

[7] Ch. Liebchen and R. Rizzi, Classes of cycle bases, Discrete Applied Mathematics,
155(5):337-355, 2007.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


