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Abstract

A biclique is a complete bipartite subgraph of a graph. This paper investigates
the fractional biclique cover number, bc*(G), and the fractional biclique partition
number, bp*(G), of a graph G. It is observed that bc*(G) and bp*(G) provide lower
bounds on the biclique cover and partition numbers respectively, and conditions
for equality are given. It is also shown that bc*(G) is a better lower bound on the
Boolean rank of a binary matrix than the maximum number of isolated ones of the
matrix. In addition, it is noted that bc*(G) < bp*(G) < 5*(G), the fractional vertex
cover number. Finally, the application of bc*(G) and bp*(G) to two different weak
products is discussed.

Keywords: fractional biclique covers, fractional biclique partitions, Boolean rank, weak
products

1 Introduction

Fractional graph theory is the modification of integer-valued graph parameters to allow
them to take on non-integer values. This article investigates the fractional analogues
of the minimum number of complete bipartite subgraphs (bicliques) needed to cover or
partition the edges of a graph. For more on fractional graph theory and other fractional
graph parameters, see Berge [1] or Scheinerman and Ullman [17].

To begin, some definitions are given which are used throughout. A simple graph is
denoted by G with vertex set V(G) = {1,2,---,n} and edge set E(G). An edge of G
is an unordered pair of vertices {u,v}, usually written uv. For general graph theory
terminology used throughout, see [2]. A subgraph of G whose edge set forms a complete
bipartite graph is called a biclique of G. Let K (R, S) denote the biclique of G with edge
set {ij :i € R,j € S} where R and S are disjoint non-empty subsets of vertices of G.
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The sets of vertices R and S are called the bipartition of K(R,S). If |R| =r and |S| = s,
then K(R,S) is said to be a K, ;. A biclique K (R, S) is a star centered at vertex v if one
of R or S contains only a single vertex v. The set of all bicliques of G is denoted B(G).

A biclique cover of a graph G is a collection B of bicliques K(X;,Y;), 1 <i <k, of G
whose edge sets cover the edge set of (G. That is, each edge of GG is in at least one of the
bicliques in B. The biclique cover number, bc(G), of a graph G is the minimum number
of bicliques in a biclique cover of GG. A biclique partition of a graph G is a collection B
of bicliques K(X;,Y;), 1 <i <k, of G whose edge sets partition the edge set of G. That
is, each edge of GG is in exactly one of the bicliques in B. The biclique partition number,
bp(G), is the minimum number of bicliques in a biclique partition of G. For more on
biclique covers and partitions, see [3, 8, 11, 14, 15, 16].

Sections 2 and 3 introduce the fractional biclique cover and partition numbers, re-
spectively, via linear programs that assign weights to either the bicliques or the edges of
a graph. It is observed that the fractional biclique cover (resp. partition) number is a
lower bound on be(G) (resp. bp(G)). In addition, it is shown that the fractional biclique
cover number is a better lower bound on Boolean rank than a well known lower bound
given by Gregory and Pullman [10]. An example is given which shows that the fractional
biclique cover number may be smaller than the fractional biclique partition number. It
is well known that for any graph G, be(G) < bp(G) < B(G), the vertex cover number,
and section 4 shows that the fractional analogues of these three numbers share the same
relationship. Finally, section 5 discusses the application of the fractional biclique cover
and partition numbers to weak product and weak bipartite product. In particular, it is
observed that the fractional biclique cover number of a weak bipartite product of bipartite
graphs equals the product of their fractional biclique cover numbers. A similar result is
true for weak product.

2 Fractional Biclique Covers

Another way to view a biclique cover is as a function w that assigns to each biclique
B of G either 0 or 1 so that, for each edge e € E(G), > w(B) > 1 where the sum is
taken over all bicliques that contain e. Then, be(G) is the minimum of >y 5 w(B)
over all biclique covers. Thus, bc(G) is the value of a (0, 1)-integer program and its linear
relaxation defines the fractional biclique cover number.

A fractional biclique cover is a function w that assigns to each biclique B of a graph
G a number so that w(B) > 0 and, for each edge e € E(G), > w(B) > 1 where the
sum is taken over all bicliques that contain e. Note that every biclique cover is in fact
a fractional biclique cover. To compare biclique covers and fractional biclique covers,
consider the complete graph on four vertices, K, shown in Figure 1. A biclique cover
of K, is given by bicliques By = K({1,3},{2,4}) and By = K({1,2},{3,4}). The
function w associated with this cover assigns the values w(B;) = w(By) = 1 and 0

for all other bicliques of K,. As observed above, w is also a fractional biclique cover.
Now, consider the function w; where wy(K({1,3},{2,4})) = wi(K({1,2},{3,4})) =
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wi(K({1,4},{2,3})) = 3 and wi(B) = 0 for all other bicliques B of K,. Note that

wy is a fractional biclique cover of K, since each edge e of K, is in exactly two of the
bicliques K({1,3},{2,4}), K({1,2}, {3,4}), K({1,4},{2,3}) and 50 3 ey w1(B) > 1.

3 4
2 1
Figure 1

The fractional biclique cover number, bc*(G), is the infimum of } -y ) w(B) over all
fractional biclique covers. That is, bc*(G) is the value of the linear program

minimize 3 pcp g w(B)
subject to > p cpy w(B) > 1 for each edge e of ¢ (1)
w(B) > 0 for each biclique B of G

where each biclique B of G is assigned a weight w(B). Since the value of the fractional
biclique cover number is determined by a linear program, bc*(G) may also be found using
the dual program. Thus, bc*(G) is the value of the linear program

maximize . pq v(€)
subject to Y .z v(e) <1 for each biclique B of G (2)
v(e) > 0 for each edge e of G

where each edge e of G is assigned a weight v(e). Note that v(e) < 1 since each edge is a
biclique. For results regarding linear programming mentioned throughout, see Chvéatal [4].

An automorphism of G is a permutation of the vertices of G which maps edges to edges
and non-edges to non-edges. Let Aut G denote the automorphism group of a graph G. The
orbits of Aut GG partition the edge set of G into equivalence classes. It is straightforward to
check that if v is an optimal weighting of the edges of G in (2) with bc*(G) = >~ c 5 v(e)
and 0(e) = ‘Au—ltqzaeAuth(a(e)) then o(e) also satisfies the constraints of (2) and
be*(G) = X eep(q 0(e). Thus, in finding bc*(G) using (2), edges in the same orbit of
Aut G may be assumed to have the same weight. In particular, if G is edge-transitive
(that is, if for each pair of edges e and f of G there exists o € Aut G with o(e) = f) then
each edge of G may be assumed to have the same weight. Consequently, bc*(G) = %
where K, is the largest biclique of an edge-transitive graph G in terms of the number of
edges. For the proofs of these statements, see Watts [19].

The cycle C), on n vertices is an edge-transitive graph and for n # 4 its largest biclique
is a K. Thus, bc*(C,) = § for n # 4 and bc*(Cy) = 1. Similarly, the complete graph
K, on n vertices is edge-transitive and its largest biclique is a Kz 2. Consequently,

be* (K,) = 2("—;1) if n is even
" nQ—fr’l if n is odd
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Harary, Hsu and Miller [12] showed that bc(K,) = [log,n| and so as n — oo, be(K,,) — o0
while bc*(K,,) — 2.

Consider the complement of the cycle on six vertices, C, shown in Figure 2 below.
The orbits of Aut Cj yield the following equivalence classes: A = {13, 15,24, 26, 35,46}
and B = {14,25,36}. According to the statement given above, the edges in A may all
receive the same weight, a, and the edges in B may all receive the same weight, 0. It
follows that the objective function of (2) for Cg is 6a + 3b since there are six elements in
A and three elements in B. The seven different stars centered at vertex 1 produce the
following constraints:

Biclique Constraint
K({1},{3}) a<1
K({1},{4}) b<1

K({1},{5}) a<1
K({1}.{3,5}) | 2a<1
K({1},{3,4) | a+b<1
K({1},{4,5}) | a+b<1

K({1},{3,4,5}) | 2a+b <1

Similar constraints occur for the stars centered at each vertex ¢. The only other bicliques in
Ce are Kyy's, such as K({1,2},{4,5}). Each K, yields the same constraint: 2a+2b < 1.
Then from (2), bc*(Cy) is the value of the linear program

maximize 6a + 3b

subject to 2a <1
a+b<1
2a +b <1
2a +2b <1
a,b<1

Since 2a + b < 1, it follows that 6a + 3b < 3. Taking a = % and b = 0, the maximum of 3
may be attained. Therefore, bc*(Cg) = 3.

4
Figure 2

Theorem 2.1 shows that the fractional biclique cover number is a lower bound for the
biclique cover number and conditions for equality are given. The proof of Theorem 2.1
first appeared in the thesis of the author [19].
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Theorem 2.1 For a graph G, bc*(G) < be(G) with equality holding if and only if for
some (and every) minimum biclique cover B and optimal weighting v of the edges of G
for (2), > .cpvle) =1 forall Be B, Y gzv(e) <1 for all bicliques B of G, v(e) = 0
for each edge e of G that is covered more than once by the bicliques of B and v(e) > 0 for
each edge e of G.

Proof. Let B be a minimum biclique cover of G. Let v be an optimal weighting of the
edges of G for (2). Then bc™(G) = X e v(€) < X pes (Yecpvle) <X psl=|Bl=
be(G). Thus, be*(G) = be(G) if and only if Y pv(e) = 1 for all B € B and v(e) = 0 for
each edge e of G which is covered more than once by the bicliques of B. O

The case of bipartite graphs is of special interest since bc*(G) provides a lower bound
on Boolean rank. The Boolean rank, rg(A), of an m x n Boolean matrix A is the smallest
integer k such that A = XY for some m x k binary matrix X and n x k binary matrix
Y. If Aisan m x n (0,1)-matrix and G is the bipartite graph with bipartite adjacency
matrix A, then be(G) = rp(A), an observation provided by Orlin [16]. Consequently,
bc*(@G) is the fractional analogue of rp(A) and rp(A) > be*(G). For more on Boolean
rank, see [6, 7, 8, 10, 13, 15]

As in [10], a set of ones of a binary matrix A is isolated if no pair of ones are in
an all-ones submatrix of A together. Let i(A) be the maximum number of ones in an
isolated set of A. It follows that rg(A) > i(A). However, Theorem 2.2 below implies
that bc*(G) > i(A) where G is the bipartite graph with bipartite adjacency matrix A.
Consequently, fractional Boolean rank is a better lower bound for rz(A) than i(A). For
example, the 5 x 5 matrix I5 with zeros down the main diagonal and ones everywhere else
has r5(I5) =4, r5(I5) = & and i(I5) = 3.

Theorem 2.2 For a bipartite graph G, bc*(G) > i(A), where A is the bipartite adjacency
matriz of G.

Proof. A set of isolated ones in A corresponds to a matching in G with the property
that the subgraph induced by the matching is K o-free. This implies that the edges of
the matching cannot be in any biclique together. Let M be the matching corresponding
to a maximum isolated set of A. Define a weighting v on the edges of GG as follows:

U(e):{ 1 ifee M

0 otherwise

This weighting of the edges of G satisfies the constraints of (2) since, for any biclique B
of G, > cpv(e) < 1. Thus, be*(G) > 3 ey v(e) = [M| = i(A). O

3 Fractional Biclique Partitions

A biclique partition is a function w that assigns each biclique B of G either 0 or 1 so
that, for each edge e € E(G), > w(B) = 1 where the sum is taken over all bicliques
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that contain e. Then, bp(G) is the minimum of ) p ) w(B) over all biclique partitions.
Thus, bp(G) is the value of a (0, 1)-integer program and its linear relaxation defines the
fractional biclique partition number.

A fractional biclique partition is a function w that assigns to each biclique B of a graph
G a number so that w(B) > 0 and, for each edge e € E(G), > w(B) = 1 where the sum
is taken over all bicliques that contain e. The fractional biclique partition number, bp*(G),
is the infimum of ) BeB(G) w(B) over all fractional biclique partitions. That is, bp*(G) is
the value of the linear program

minimize > pcp ) w(B)
subject to > Z(p cpy w(B) =1 for each edge e of G (3)
w(B) > 0 for each biclique B of G

where each biclique B of G is assigned a weight w(B). As before, the dual program may
also be used. Thus, bp*(G) is the value of the linear program

maximize . p(q v(€) (@)
subject to ). pv(e) <1 for each biclique B of G

where each edge e of G is assigned a weight v(e). Note that in (4) edges may receive
negative weights, whereas in (2) non-negative weights are required. Similar to the case
with bc*(G), edges in the same orbit of Aut G may receive the same weight when (4) is
used to determine bp*(G).

In the examples immediately before Theorem 2.1, each optimal weighting of the edges
for (2) is also an optimal weighting of the edges for (4). Consequently, bc*(C,,) = bp*(C,,),
be*(K,) = bp*(K,) and be*(Cg) = bp*(Cp). As with the fractional biclique cover num-
ber, the fractional biclique partition number is a lower bound on the biclique partition
number. The proof of Theorem 3.1 is similar to the proof of Theorem 2.1 and is omitted.
Alternatively, the proof may be found in Watts [19].

Theorem 3.1 For a graph G, bp*(G) < bp(G) with equality holding if and only if for
some (and every) minimum biclique partition B and optimal weighting v of the edges of

G for (4), > .cpv(e) =1 forall B € B and ) zv(e) <1 for all bicliques B of G.

A well-known lower bound on bp(G) is the eigenvalue bound, attributed to H.S. Wit-
senhausen by Graham and Pollak [9], which states that bp(G) > max{n,(G),n_(G)},
where ny (G) (resp. n_(G)) is the number of positive (resp. negative) eigenvalues of the
adjacency matrix of G. Although Theorem 3.1 provides a lower bound for bp(G), in gen-
eral bp*(@) is not as good a lower bound on bp(G) as max{n,(G),n_(G)}. Theorem 3.2
below shows that bp*(G) < %, the proof of which first appeared in the thesis of the au-
thor [19]. Consequently, the only instances when bp*(G) may be of interest as a lower
bound on bp(G) is when max{n,(G),n_(G)} < 2. An example of this is Cs since it was
observed above that bp*(Cs) = bp(Cs) = 3 but max{n, (Cs),n_(Cs)} = 2. Other graphs
which have max{n,(G),n_(G)} < % include all the bipartite graphs.
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Theorem 3.2 For a graph G with n vertices, bp*(G) < 3.

Proof. Let v be an optimal weighting of the edges of G for (4). For each vertex x
in G, let S, be the star centered at x, containing all the edges incident to x. Then

W(G) = 2ieene V() = %Z%V(G) (Xees, v(e) < %erv(G) 1=3 O]

As with the fractional biclique cover number, the bipartite case is of special interest.
Not only are bipartite graphs of interest because of the eigenvalue bound mentioned
above, but also because the fractional biclique partition number gives a lower bound on
the non-negative integer rank of a binary matrix . The non-negative integer rank, rz+(A),
of an m x n matrix A with non-negative integer entries is the smallest integer k such that
A = XYT for some m x k matrix X and n x k matrix Y, both with non-negative integer
entries. If A isan mxn (0, 1)-matrix and G is the bipartite graph with bipartite adjacency
matrix A, then bp(G) = ryz+(A), an observation provided by Orlin [16]. Consequently,
bp*(G) is the fractional analogue of rz+(A) and r7+(A) > bp*(G) when G is bipartite. For
more on non-negative integer rank, see [5, 8, 15].

It is always interesting to see if known integer results have corresponding fractional
analogues. Since every biclique partition is a biclique cover, it follows that be(G) < bp(G).
The fractional analogue of this statement is given in Theorem 3.3, together with conditions
for equality. The proof of Theorem 3.3 first appeared in Watts [19].

Theorem 3.3 For a graph G, bc*(G) < bp*(G) with equality holding if and only if for
some optimal weighting v of the edges of G for (4), v(e) > 0 for all edges e of G.

Proof. It follows immediately from (2) and (4) that bc*(G) < bp*(G) since a weighting v
of the edges of G that satisfies the constraints of (2) also satisfies the constraints of (4).
To prove the characterization for equality, suppose v is an optimal weighting of the edges
of G for (4) with v(e) > 0 for all edges e of G. Then v satisfies the constraints of (2) and
50 bc*(G) > 3 e v(e) = bp™(G). It follows that be*(G) = bp*(G).

Conversely, suppose that bc*(G) = bp*(G) and v is an optimal weighting of the edges
of G for (2). Then v satisfies the constraints of (4) and bc*(G) = 3_ ¢ ) v(e) = bp*(G).
Thus v must be an optimal weighting of the edges of G for (4) with v(e) > 0 for each
edge e of G. U

Figure 3

Theorem 3.3 implies that to have a graph with bc*(G) # bp*(G), an optimal weighting
of the edges of G for (4) must have some edges that receive negative weights. The graph
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G shown in Figure 3 above is an example of a graph with bc*(G) # bp*(G). Under
the automorphism group, the orbits of Aut G yield the following equivalence classes:
Xy = {12,15}, Xy = {13,14}, X5 = {23,45}, X, = {34}. Assign each edge in X; weight
x; for 1 <4 < 4. Then, according to (4), bp*(G) is the value of the linear program

maximize 2x1 + 2x9 + 223 + T4
subject to 2z 4+ 219 < 1
21‘1 + Z9 S 1
T+ a9 <1
21‘1 S 1
25[’2 S 1
T+ 233'2 < 1
1 +w3 <1
To+ w3 +1x4 <1
To+ w3 <1
x3+mxy <1
To+mxy <1
T+ 2o+ a3+ 24 <1
T1,T9,T3,T4y S 1
Solving the linear program (5) yields bp*(G) = 2 with z; = 25 = 1, 23 = 3 and 24 = —1.
Adding the additional constraints xi,zs, x3,24 > 0 to (5) gives the linear program for
be*(G) in (2). Solving this new linear program gives be*(G) = 2 with z; = z3 = 1 and
o =14 = 0.

4 Fractional Vertex Covers

The vertex cover number, 3(G), of a graph G is the minimum number of vertices in a
vertex cover of G. As described in Berge [1], a fractional vertex coveris a function g that
assigns to each vertex v of G a number so that 0 < g(v) < 1 and for each edge e € E(G),
> g(v) > 1 where the sum is taken over all vertices incident to e. The fractional vertex
cover number, 3*(G), is the infimum of >y ) g(v) over all fractional vertex covers.
That is, 8*(G) is the value of the linear program

minimize Y2 (g 9(v)
subject to > .., g(v) > 1 for each edge e of G (6)
0 < g(v) <1 for each vertex v of G

where each vertex v of G is assigned a weight ¢g(v). Dually, 5*(G) is the value of the linear

program
maximize . cpq) f(e)
subject to > -, ¢y f(€) <1 for each vertex v of G (7)
0 < f(e) <1 for each edge e of G
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where each edge e of G is assigned a weight f(e). In fact, the dual program given in (7)
is the linear program for the fractional matching number of G. For more on fractional
vertex covers and fractional matchings, see Berge [1] or Scheinerman and Ullman [17].

A biclique partition may always be obtained by successively deleting the edge sets
of stars centered at the vertices in a vertex cover of G. This gives a biclique partition
of G consisting entirely of stars and consequently be(G) < bp(G) < B(G). It follows
immediately from (2) and (7) that bc*(G) < *(G). In fact, Theorem 4.1 shows that
be*(G) < bp'(G) < B(G).

Theorem 4.1 For any graph G, bc*(G) < bp*(G) < 5*(G).

Proof. It was observed in Theorem 3.3 that bc*(G) < bp*(G) and so it remains to prove
bp*(G) < B*(G). Let v be an optimal weighting of the edges of G for (4). Construct a
new weighting f for the edges of G as follows:

_ f v(e) ifw(e)>0
f(e)_{ 0 ifo(e) <0

Note that for any vertex z € V(G), the edges incident to x with v(e) > 0 form a star
centered at x. Since v satisfies the constraints of (4), >_, 5o v(e) < 1. Thus, for each
€ V(G), Xotemeey [(€) = 2950 v(€) < 1. Hence, f satisfies the constraints of (7) and

bp*(G) = ZeeE(G) v(e) < Zv(e)zov(e) = ZeEE(G) f(e) < B*(G). O

5 Weak Bipartite Products and Weak Products

Let (Xg,Ys) be the (ordered) bipartition of a bipartite graph G. The weak bipartite
product of bipartite graphs G and H is the bipartite graph G'x H with ordered bipartition
(X x Xy, Y x Yy). Two vertices (g;, hi.) and (g;, hy) in GX H are adjacent if and only
if g; is adjacent to g; in G and hy is adjacent to hy in H. In fact, GxH is one of the
components of the weak product G x H described below. Note that each edge g;g; of G
and each edge hihy of H yield only one edge of G'x H. Further, every edge of G'x H is the
result of a unique pair of edges of G and H.

For a bipartite graph G with ordered bipartition (X¢, Y) each biclique of G may be
written as K(R,S) with R C X and S C Y. Then, the biclique K(R,S) is called an
ordered biclique of G with ordered bipartition (R, .S). All of the bicliques of G may assumed
to be ordered. Hence, the bicliques of G, H and G'x H may all be assumed to be ordered
bicliques. Note that the weak bipartite product of an ordered biclique K (R¢, S¢) of G and
an ordered biclique K (R, Si) of H yields an ordered biclique K (Rg, Sq)XK(Ry, Sg) =
K(Rg x Ry, Sq x Sy) of Gx H with ordered bipartition (Rg x Ry, Sg X Sg). A biclique
of Gx H which can be written as the weak bipartite product of an ordered biclique of G
and an ordered biclique of H is called an ordered product biclique of Gx H. Every ordered

product biclique of Gx H can be expressed uniquely as the weak bipartite product of an
ordered biclique from B(G) and an ordered biclique from B(H). Let B(G)xB(H) denote

THE ELECTRONIC JOURNAL OF COMBINATORICS 13 (2006), #R74 9



the set of ordered product bicliques of GxH. Then B(G)xB(H) is a subset of all the
ordered bicliques of Gx H and |B(G)xB(H)| = |B(G)||B(H)|.

The weak product of two graphs G and H, not necessarily bipartite, is the graph G x H
with vertex set V(G) x V(H). Two vertices (g;, hi) and (g;, he) are adjacent in G x H if
and only if g; is adjacent to g; in G and hy, is adjacent to hy in H. Note that each edge
gig; of G and each edge hih, of H yields two edges of G x H: the edges (g;, hi)(9;, he)
and (g;, he)(gj, hi). Further, every edge of G x H belongs to a unique pair of this type.

The weak product, Bg X By, of a biclique Bg = K(Rg,Sq) of G and a biclique
By = K(Ry, Sy) of H yields two disjoint bicliques of G x H: one is Bax By = K(Rg X
Ry, Sg x Sg) defined above and the other is K(Rg X Sy, Sg X Ry). A biclique of G x H
which is one of the two bicliques produced from the weak product of a biclique of G and
a biclique of H is called a product biclique of G x H. Each product biclique of G x H
belongs to a unique pair of bicliques Bg X By. Let B(G) x B(H) denote the set of all
product bicliques of G x H. Then B(G) x B(H) is a subset of all the bicliques of G x H
and |B(G) x B(H)| = 2|B(G)||B(H)|.

Let Ag and Ap be the bipartite adjacency matrices of bipartite graphs G and H re-
spectively. Then Ag® Ay is the bipartite adjacency matrix of G'x H, where ® denotes the
Kronecker product of matrices Ag and Ag. A result of de Caen, Gregory and Pullman [7]
showed that 77+(Ag ® Ag) < rz+(Ag)rz+(Ag). Tt follows that bp(Gx H) < bp(G)bp(H).
Also, Kratzke, Reznick and West [14] observed that bp(G x H) < 2bp(G)bp(H). Theo-
rem 5.1 gives the corresponding fractional analogues, the proof of which first appeared in
the thesis of the author [19]. Note that Theorem 5.1 gives an inequality for the fractional
analogue of the non-negative integer rank of the Kronecker product of binary matrices.

Theorem 5.1 1. Let G;, 1 < i < k, be bipartite graphs with ordered bipartitions
(Xe,, Ya,) respectively. Then bp*(Gyx -+ xGy) < Hle bp*(G;).

2. Let Gy, 1 <i <k, be graphs. Then bp*(Gy x --- x Gy) < 2V 1 [E, bp*(Gy).

Proof. The proof of 1 follows below. The proof of 2 is similar and is omitted. It suffices
to prove the result for £ = 2; the general case follows directly by induction on k. Let
G = Gy and H = G5. Let wg and wy be optimal weightings of the ordered bicliques of
G and H, respectively, for (3). Construct a weighting w of the ordered bicliques of G'x H
from the ordered bicliques of G and H. If B is an ordered product biclique of Gx H and
B = Bgx By where Bg € B(G) and By € B(H), let w(B) = wg(Bg)wu(By). For all
other ordered bicliques B of Gx H, let w(B) = 0.

Note that by construction w(B) > 0 for each ordered biclique B of GXH. Let e =
(9i, i) (g5, he) be an edge of Gx H with (g;, hy) € X¢ X X and (g5, hv) € Yo x Y. Then
gig; and hih, are edges of G and H respectively. Note that e is an edge of an ordered
product biclique B = Bg X By if and only if g;g; and hyh, are edges of the ordered bicliques
B¢ of G and By of H respectively. Then, remembering that at each stage the bicliques
are ordered accordingly, for each such edge e,
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> w(B) = > w(B)

{B:ecB} {B:ecB}
BeB(G)xB(H)

= > we(Be)w (By)

{BG>~<BH:6€BG;<BH}
BoeB(G), B eB(H)

= > we(Be)wn(By)

{Bg:gig;€Bc}
{BH:hkhEEBH}

= ( > wG(BG)) ( >, wH(BH))

{BG:gingBg} {BH:hkhZEBH}
= 1

Thus, w satisfies the constraints of (3) and it follows that

bp'(GxH) < > w(B)

BeB(G)xB(H)

= Z wg(B(;)wH(BH)
B=BgxBg
BeB(G)xB(H)
= Y we(Be)wn(By)

Bg€eB(G)
BpeB(H)

- (X wewa))( X wnisn)

BgeB(G) Br€B(H)

= bp*(G)bp*(H). O
A result of de Caen, Gregory and Pullman [7] showed r5(Ac ® An) < rp(Ac)rs(An)
where Ag and Ap are the bipartite adjacency matrices of bipartite graphs G and H
respectively. Consequently, be(GxH) < be(G)be(H). Watts [18] observed that this in-
equality can be strict. However, equality always holds for the fractional analogue, given
in Theorem 5.3. That is, bc*(GxH) = bc*(G)bc*(H). The same can be said for the
weak product. Watts [19] observed that be(G x H) < 2bc(G)be(H) and that equality
need not hold, while equality holds in the corresponding fractional analogue, also given

in Theorem 5.3. The proofs of Lemma 5.2 and Theorem 5.3 first appeared in [19].

Lemma 5.2 1. Let G and H be bipartite graphs with ordered bipartitions (Xq, Yo) and
(Xg,Yy) respectively. Each ordered biclique of GxH s a subgraph of an ordered
product biclique of Gx H.

2. Let G and H be graphs. Each biclique of G x H is a subgraph of a product biclique
of G x H.
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Proof. The proof of 1 follows below. The proof of 2 is similar and is omitted. Let
K(R,S) be a biclique of G'x H with ordered bipartition R C Xg x Xy and S C Y5 X Yy.
Let

Rg ={9: € X¢ : (95, hi) € R for some hy € Xy}

Ry = {hy € Xy : (9i, ) € R for some g; € X5}

S =19, € Yo : (g, he) € S for some hy € Yy}

S ={he € Yy : (g, he) € S for some g; € Y }.
Then R € Rg X Ry € Xg x Xg and S C Sg x Sg C Yo x Y. Each vertex of Rg
is adjacent to each vertex of Sg, so K(Rg,S¢) is an ordered biclique of G. Similarly,

K(Ryg,Sy) is an ordered biclique of H. Consequently, K(R,S) is a subgraph of the
ordered product biclique K(Rg, S¢)xK(Rg,Sy) = K(Rg x Ry, Sg x Sg). O

Theorem 5.3 1. Let G;, 1 < @ < k, be bipartite graphs with ordered bipartitions
(Xe., Ya,) respectively. Then be*(Gix -+ xGy,) = Hle be* (G).

2. Let Gy, 1 < i <k, be graphs. Then bc*(Gy x --- x Gy) = 2F! Hle be* (G;).

Proof. The proof of 1 follows below. The proof of 2 is similar and is omitted. It suffices
to prove the theorem for k = 2; the general case follows directly by induction on k. Let
G = Gy and H = G5. The proof that bc*(Gx H) < be*(G)bc*(H) is similar to the proof
of Theorem 5.1 and is omitted.

To show the reverse inequality, let v and vy be optimal weightings of the edges of
G and H, respectively, for (2). For each edge e = (g, hi)(g;, he) of GxH with (g;, hi) €
X x Xy and (gj,he) € Yo x Yy, construct a weighting v of the edges of GxH with
v(e) = va(gig;)vn (hihe). i

Note that by construction v(e) > 0 for each edge e of GXxH. Let B = K(R,S) be
an ordered biclique of GxH with R C X¢ x Xy and S C Yg x Yy. By Lemma 5.2
B is a subgraph of an ordered product biclique of GxH. That is, B is a subgraph of
an ordered product biclique Bgx By for some Bg € B(G) and By € B(H). Note that
e = (gi, hi)(gj, he) is an edge of Bgx By if and only if g;g; and hyhy are edges of Bg and
By, respectively. Then for each such ordered biclique B,

Zv(e) < Z v(e)

e€EB GGBG>~<BH

= Z UG(gigj)UH(hkhf)

(9i>hi)(g5,he)EBa X By

= Z Uc(gz‘gj)UG(hkhf)

9i9;€Bc
hirhy€By
- (T w0 (£ o)
e€Bg e€By
< 1.
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Therefore, v satisfies the constraints of (2) and it follows that

be*(GxH) > Z v(e)

e€E(GxH)

— > v (9i9;)va (hihe)

(gi,hi)(g5,he)EE(GX H)

= Z v (9i95)vi (hihe)

9i9;€E(G)
hihe€E(H)

= ( > vc(e))( > vH(e))

ecE(Q) e€E(H)
= bc*(G)bc*(H).

Consequently, be*(Gx H) = bc*(G)bc*(H). O
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