ON THE NUMBER OF BI-COLORED GRAPHS

FRANK HARARY

1. Introduction. This is an extension of papers [2,3,4] whose
notation and terminology will be used. The main result is a formula-
tion of the generating function or counting polynomial of bicolored graphs,
obtained by the enumeration methods of Pélya [6]. A modification of
the method yields the number of balanced signed graphs, solving a pro-
blem proposed in [5]. In the process of enumerating bicolored graphs,
we consider two binary operations on permutation groups called *‘ car-
tesian product’’ and ‘‘ exponentiation’’ which are abstractly but not
permutationally equivalent to the direct product and Poélya’s ““ Gruppen-
kranz ’ [6], respectively.

A graph consists of a finite set of points together with a prescribed
subset of the collection of all lines, i.e., unordered pairs of distinet
points. Two points are adjacent if there is a line joining them. A graph
is k-chromatic* if each of the points can be assigned one of %k given
colors so that any two adjacent points have different colors. A graph
is k-colored if it is k-chromatic and its points are colored so that all &
colors are used. More precisely, a k-colored graph is a pair (G,f) where
G is a graph and f is a function from the set of points of G onto the
set of numbers 1,2, ---, k such that if ¢ and b are adjacent points, then
fla) #+ f(b). Two graphs are isomorphic if there exists a one-to-one
adjacency preserving transformation between their sets of points. Two
k-colored graphs are chromatically isomorphic if there is a color preserv-
ing isomorphism between them. Thus (G, f,) is chromatically isomor-
phic with (G,, f,) if there is an isomorphism 0: G, — G, and a permuta-
tion w: {1, -+, k} - {1, ---, k} such that w(fi(a)) =rf,(0(a)) for every
point @ in G,. Let g} be the number of chromatically nonisomorphic
k-colored graphs with p points and ¢ lines, and let the corresponding
generating function be

p(p-1)/2

)/
(1) gP(x) = 3 gyiat.
q=0

We first derive the number of bicolored graphs, k¥ = 2, and then
discuss the formula for & = 3. The problem remains open for & > 2.
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1 This definition is different from that of Dirac [1]. According to Dirac, a graph has
chromatic number k if it is k-chromatic but not (k—1)-chromatic as defined here.
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In precisely the form in which we require it, Pélya’s enumeration
theorem is reviewed briefly in §2 of [2]. Therefore, we shall not repeat
here the definitions leading up to it, but shall only restate the theorem
itself.

POLYA’S THEOREM. The configuration counting series F(x) is obtained
by substituting the figure counting series ¢(x) into the cycle index Z(I") of
the configuration group I'. Symbolically,

(2) F(x) = Z(I', ¢(x)) .

This theorem reduces the problem of finding the configuration count-
ing series to the determination of the figure counting series and the
cycle index of the configuration group.

2. Bicolored graphs ; the cartesian product of permutation groups.
Let K, be the complete graph of » points, in which any two points are
adjacent. Let K,, be the bicolored graph whose m + » points are
Qgy Qyy ***y Ay, by, by, «++, b, and whose mn lines are all those of the form
ab;.

Clearly if a graph is k-colored then its point set is partitioned into
k disjoint non-empty subsets such that no two points in the same subset
are adjacent. Hence a bicolored graph with p points is a ‘‘ line-sub-
graph’’ (as in [3]) or a spanning subgraph® of a graph K,, for which
m + n=p. Let ¢g,.,, be the number of chromatically nonisomorphic
spanning subgraphs of K,, having ¢ lines, and let

(3) Gan(@) = 2, Gn2*
Then
(4) gp(z)(w) = ]S%asngmn(x) ’

where the sum is taken over all m and » such that m + n = p. There-
fore in order to obtain a formula for the counting polynomial (4), it is
sufficient to find that for (3). In this section, we find g¢,.(xr) for the
case m # n using the ‘‘ cartesian product’’ of two permutation groups.
In the next section we see that this combinatorial technique is not valid
for m = n and formulate g,,(x) in terms of the ‘‘exponentiation’’ of
the appropriate two permutation groups.

By Theorem 1 of [3], the counting polynomial g¢,.(x) for the

2 A spamning subgraph of a graph G is one whose set of points coincides with that
of G,



ON THE NUMBER OF BI-COLORED GRAPHS 745

number of spanning subgraphs of K,, is obtained by substituting
1 + 2« into the cycle index of the line-group’ of K,,,:

(5) gmn(x) = Z([Vl(Kmn)’ 1 + CU) .

We note that this equation can also be obtained from the main re-
sult, equation (5), of [4]. For the subgraphs of K,,, correspond to the
different supergraphs of the union K,, U K, of two complete graphs on
disjoint point sets. The derivation of Z(/"(K,.)) for the case m # n is
parallel to and algebraically simpler than that of Z(/",(K,)), which ap-
pears in §3 of [2]. Throughout the rest of this section we assume
m +* n.

The line group of K,, may be described as an appropriately for-
mulated product of the symmetric groups S,, and S,. This product can
be generally defined for any two permutation groups in the following
way. Let A and B be any two permutation groups with object sets
X and Y, degrees d and ¢ and orders m and = respectively. The car-
tesian product A x B of these two permutation groups has degree de
and order mn. Its object set is the cartesian product of X and Y and
each of its permutations («, ) is the cartesian product of permutations
« and 8 from A and B defined by (a, f)(z, ¥) = (az, fy). As an abst-
ract group, the cartesian product is isomorphic to the direct product
AB, but they are not permutationally equivalent. For the degree of
the direct product is d + ¢ since the group AB has X U Y as its object
set.

There is a precise method for finding the cycle index of a cartesian
product in terms of the cycle indices of the two permutation groups.
We first illustrate the method by finding Z(/",(K.)). The line group of
K,; is the cartesian product of S, and S; which is a permutation group
of degree 6 and order 12, written I"'(K,) =S, x S,. Let a, a, be the
indeterminates occurring in Z(S,) and b,, b,, b, be those in Z(S,) so that

2S,) = ; (@ + a) and Z(S,) = (1; (b + 3bb, + 2b,) .

Then we write!
Z(I'(Kyp) = Z(S, x S;) = Z(8,) x Z(S;)
= 112 (@i x b 4 3ai x bb, + 2a} x by + a, x b + 3a, x bb, + 2a, x by) ,

3 The line group I''(G) of a graph G is the collection of all permutations on the set
of lines of G consistent with the automorphism group I' (@) of G; see [3].

¢ By the following formulas we mean that the cartesian product of two permutation
groups can be extenZed to the cartesian product of their cycle indices in the indicated
manner.
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and give each of these six terms in Table 1, in which ¢, to ¢; denote
the indeterminates in Z(I'\(K,)).

Table 1
Term of Z(S, x Sg) ) @xB alxbb @’xb axB  axbb  axb
Term of Z(I'(Kzs)) l c? cies c2 el el cs

We illustrate Table 1 for the term a, x bb,. Let the 2-cycle (pp,) stand
for a, and the 1-cycle and 2-cycle (¢,)(q.q;) for bb,. The admissible lines
of K,; are only those of the form p,q,, The pair pq is transformed
into p,q;, and then back again to give the cycle of length 2 in the corre-
sponding permutation of I"(K,) of the form (p.q; p.q;). Similarly the
transpositions (p,g. .¢;) and (p.q; p.g.) are factors of this element of I',(K,;).
Altogether there are three transpositions, so the corresponding term of
Z(I'(Ky)) 18 ci.
In general, we have

(6) atialz <+« alym X biibfz «++ bin = 11 (ake x bie)
a,B

and

(7) tyigd(@,B)

k3 —
ate x blp = cbp

where d(«, #) and m(«, 8) are the greatest common divisor and least
common multiple.
The cycle index of S, is

1 p!
7 — s f el I
(8) () p! g)‘ 1915, <o« pog,! Jiree gy

where the sum is taken over all partitions (j) = (Ji, 72, * -+, 7) Of » such
that
Ui+ 24 o + 0 =p
The last four equations together with
(9) Z(I'(Kna)) = Z(Sy) % Z(S,)

provide a formula for g,.(x) when m #* n.
We use Table 1 to illustrate equation (9) by finding g.(x). Here

AT(Ky)) = 7112 (@ + 3¢ + 26 + 46 + 26,) ,

so that
gu(@) =1+ o+ 32> 4+ 32® + 3zt + 2° + .
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The bicolored graphs with two points of one color and three points of

the other color which correspond to the coefficients in the preceding
counting polynomial are shown in Figure 1.

XSS 2%
< s
= =

Fig. 1.

ARV

3. Bicolored graphs; exponentiation of permutation groups. We
now turn to the enumeration of bicolored graphs for the case m = n.
As in the preceding section, we again have equation (5) holding for this
special case:

Jun®) = Z(IT'(Kun), 1 + ) .

However, it is not true that I"(K..) = S. x S, since S, x S, is a proper
subgroup of I'y(K,,). The remaining (n!)* permutations in 7"(K..) are
obtained on interchanging the two colors in accordance with the defini-
tion of chromatic isomorphism.

LT S X
~

Fig. 2.

For example, all the (chromatically nonisomorphic) bicolored graphs for
m=mn=2 are shown in Figure 2, so that g,(z) =1 + = + 22* + 2* + @'
However, the formulas in the preceding section give

ZS, x Sy, l4+a)=14+a + 30>+ o + a*,

since the permutations in S, x S, distinguish between the two bicolored
graphs in Figure 3, in which the color assigned to each point is in-
dicated by one of the integers 1 or 2.

With the appropriate definition of group exponentiation, we will
express I'(K,,) as S, raised to the power S,. We first review the
definition of the ‘‘composition ’’ of two permutation groups (the ¢ Grup-
penkranz’’ of Pélya [6]). Let A and B be any two permutation groups
as in the preceding section. Then using the notation of Pélya [6] the
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composition A[B] of A with B has object set X x Y (as for the car-
tesian product). However, it is more convenient to regard the object
set here as a d by e matrix M = («;;). Then the elements of A [B] are
the permutations of the entries of M constructed as follows. First
permute the rows of M in accordance with an element of A. Then
permute the column indices in each row separately using one element

! i? 172
Ie 2 ! 2
Fig. 3.

of B for each row, repetitions permitted. Hence the degree of A [B]
is de and the order is mn?®.

The exponentiation BA of A with B is that permutation group whose
object set is Y'#, the collection of all functions from X into Y, and whose
elements are constructed as follows. It is assumed that the objects
Z, %, +++, %, In X are indexed. First permute the objects in X in ac-
cordance with an element « of A. Then for each object x, in X,
permute the e objects of Y into which it can be mapped, using a per-
mutation B; from B. More precisely each selection of @ ¢ A and
Bi, By -+, Ba € B (not necessarily distinct) determines a permutation of
Y* which takes the function f into the function f* defined by:

[*@,) = B:.f(ax,) for all o, e X; 1 =1,2,.4,d.

It can easily be shown that distinct selections of «, 5, ---, 5, lead to
distinct permutations of Y* and that these permutations form a group.

The degree of BA is ¢ and the order is mn? It follows at once
from their constructions that the group BA and A[B] are isomorphic as
abstract groups. But they are not equivalent as permutation groups
since they have different degrees.

With this definition of exponentiation, it follows at once that the
line group of K,, is given by

(10) T'(Kun) = S5

Before calculating the cycle index of S$:, we illustrate for » = 2 and 3.
Since S§$: = S,[S,] = D,, the dihedral group of degree 4 and order 8, its
cycle index in terms of the indeterminates ¢y, ¢, ¢, ¢, is given by

ZD,) = —;(6‘} + 3¢} + 2¢ic, + 2¢,) .

The correct polynomial g,,(x) which verifies Figure 2 follows at once from
this cycle index.
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For n = 3, let the object set of I'(K;;) be denoted:
X ={11,12, 1%, 21, 22/, 28, 31’, 32/, 33’} .

Then 7I',(K,;) = S§: contains the (8!)* permutations in S; x S; and also the
(3!)* permutations obtained from these on multiplying each of them by
the following reflection p which interchanges primed and unprimed digits
in the objects in X:

p = (11') (22) (33') (12’ 21') (23’ 32) (31’ 13') .
Symbolically, we write
I'(Ky) = S5 = (S; x Sy) U p(S; x Sy) .
Then

1

AS: X 8) = ()

- (6] + 6ciel + 8¢; + 9ecs + 12¢406)

and a straightforward calculation gives (using not quite proper notation
since cycle index is defined for groups rather than cosets):

Z(p(S; x 8y) = ! (6cic; + 18c.ci + 12¢,c) .

31
Combining these, we have
Z(S§2) = 9. (13 N (¢ + 12¢ic3 + 8c; + 9eics + 18cici + 24cycs) ,

from which one readily calculates using (10) and (5),
gs(@) =1 + @ + 22* + 42° + bt + 52° + 42° + 227 + 2° + 2° .

We now proceed to obtain a closed formula for Z(S$:), thereby com-
pleting the explicit solution of the enumeration of bicolored graphs. The
process of finding this cycle index is also analogous to the calculation of
of Z(I'(K,)) which appears in §3 of [2]. Clearly, the automorphism
group of K,,is S[S,]. For the complement K, consists of two disjoint
copies of K,. By aresult in Pblya [6], the cycle index of the composi-
tion of two permutation groups is the composition of their cycle indices.
For example,

ZSI80) = 1| ( (@ + 3aa, + 20)) + L (@ + 300, + 20,) |

But we require here the cycle index of the line group of K,,. There
is a one-to-one correspondence between the terms of the cycle indices
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Z(S%2) and Z(S,[S,]) with the same integral coefficients. Analogous to the
terms in the above illustration of Z(S,[S;]), let us write

(11) Z(S.[8,]) = —;—[(Z(Sn))2 + Z(S4(2))] .

Thus Z(S,(2)) is obtained from Z(S,) on replacing each indeterminate f,
by fi.

The term of Z(S$:) corresponding to the first term of the right hand
member of equation (11) is Z(S, x S,). For bicolored graphs with m + n,
this is the result of the preceding section. The term of Z(S$:) corre-
sponding to the term Z(S,(2)) of (11) is derived as follows. Let the
general term of Z(S,(2)) be given by

(12) Shfleeefin,

This term (12) occurs in the cycle index of the point group of K,,.
We require the corresponding term in the cycle index of the line group
obtained by calculating the induced permutation on pairs of points from
two disjoint sets. Let the letters ¢; be the indeterminates in the cycle
index Z(S$:). There are two contributions to Z(S$:) arising from (12):
those from each of the n factors fzj;i‘ separately, and those from pairs of

factors f7r Sls, v +# s,
The contribution to the cycle index due to each factor in (12) is

J o7, J
S — Ctjlcz(il)’ ff-’ g 015(22), Jis > (C3cﬁ)j3063(23)7 oo

It is convenient to express the contribution of fj;t separately for k even
and % odd:

: J
J (czkk/Z)chzkk(Zk)y k even
J ‘
fzzf —)1 (ch02k<za_1)/z)j/a Czkk("?k), k odd .
Similarly, the contribution from pairs is given by

Sy g — plpdgd(r,8)
fz:‘fzs Czﬁu(r,s) ’ r<s,

where m(r, s) and d(r, s) are the least common multiple and greatest
common divisior respectively.
Collecting these observations, we find

ASS) = %[Z(sn x 8) + 71, where
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)
i N I T T (eu0n ") e #(20) [Legra' 57
n! &

r<s
jkjk’ k even

This formula for Z(S$:) together with equations (10) and (5) give the
number of bicolored graphs for m = mn. For n = 3, this expression for
Z' specializes to that for Z(o(S; x S;)) in the above example.

The only other known cycle index of the exponentiation of two
permutation groups also involves complex combinatorial calculations and
is worked out in Slepian [8]. Consider the counting polynomial b,(x) =
Sbpmx™, where b, is the number of symmetry types of boolean func-
tions of n variables having m nonzero terms when written in disjunctive
normal form. Pélya [7] showed that

by(w) = Z(Qu, 1 + ),

where Q, is the automorphism group of the n-cube. It is easily seen
that Q, = S$» and in fact Pélya [7, footnote 7] comments that Q, and
S.[S.] are isomorphic as abstract groups. Slepian [8] completed the
enumeration problem for b,(x) by providing a calculus for an explicit
formulation of Z(S$»), although using different terminology and notation.

It would be interesting to solve the general problem of obtaining
an expression for Z(BA) in terms of Z(A) and Z(B). This would be
analogous to equations (6) and (7) which give Z(A x B) in terms of
Z(A) and Z(B).

To summarize, the counting polynomial g, (x) for bicolored graphs
is given by

{Z(Sm X S,, 1+ x) when m #= n
(14) Iunl®) = 1788, 1 + ) when m = n .

4. k-colored graphs. We illustrate the general problem for k = 3.
Here we have, analogous to equations (3), (4) and (5), and with similar
notation:

mnb

3) Inil@) = 25 e,
(4/) (3)(17) m%zgt gmnt(w) ’
(51) gmnc(w) = Z(Fl(Kmnt)r 1 + w) .

Thus K,... is the complete tricolored graph with m + n + ¢ points
D1y Doy ** 3 Pmy Q15 D2y ** 25 G0y T1y Ty 2225 T and all mn + nt + tm lines of the
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form p.q;, /7, and ryp,. Similarly ¢,,,., is the number of spanning sub-
graphs of K,,,, having ¢ lines, etc. We distinguish between three cases:
(a) m,n,t distinet, (b) m =n +t, and (¢c) m =n=t. These are illustrated
in Figures 4 (a), (b), and (c).

@) ) «©)
Fig. 4.

Only in case (a) have we obtained an algorithm for Z(/'(K,.)) in
closed form. The result analogous to (9), derived in same manner, is
as follows. Let @, to a,, b, to b, and ¢, to ¢, be the indeterminates in
Z(Sw), Z(S,), and Z(S,) respectively. Let the indeterminates in (/"y(Kyn:))
be d,d, ---. Let A4, B, and C denote arbitrary terms of Z(S,.), Z(S,),
and Z(S,) respectively. Then in this notation the left-hand member of
equation (6) is A x B and the term of Z(/"y(K,..)) obtained from A, B,
and C is,

(15) (A4 x B)(B x C)(C x A),

where each of the three factors in the expression (15) is a product of
the indeterminates d, using equations (6) and (7). For example,

A (Ke)) = —112 (@ + 3 + 2402 + did: + 3dd, + 2d,d,d)

is the cycle index of the line group of the tricolored graph K, shown
in Figure 4 (a).
Referring to Figure 4(b), one can find

ALK = | (@ + 2 + 4did: + 4 .

The group /' (K.,) appears to be irreducible by any of the operations
of direct product, cartesian product, composition, or exponentiation.
However, it is abstractly isomorphic to D, and can be obtained from
two copies of D, defined on disjoint object sets {1,2,3,4} and {5,6,7,8}
by the following operation.

Let the set X be the union of the disjoint sets X, and X,. Let A,
and A, be permutation groups defined on X, and X, respectively, such
that % is an abstract isomorphism of A, onto A,. Then the permutation
group A; @, A, can be defined as follows: The function f from X onto
X belongs to A, P, A, if and only if there exist a,e A, and «a,¢c A,
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with «, = ha, such that f(2) = a(x) if ze X, and f(x) = a,(x) if zeX.
Clearly A = A, @, A, is abstractly isomorphic to A,.

Now let D,; be the dihedral group of degree 4 generated by the
permutations (1234) and (12)(34), let D,, be generated by (5678) and
(57)(6)(8), and let % be the isomorphism between them which preserves
respective generators. Then

Ivl(Km) = D4,1 @h D4,z .

Finally, it is easy to see that /',(K,,) is abstractly isomorphic to
S:[S,] and that

AT (K)) = [0 + Bl + 46) o+ 3-2(26i6; + 26) -+ 2-2(c} + €]

- 218 (e + 3¢ict + 4¢3 + 8¢t + 8¢ + 126, + 12¢) .

It is clear that the line group of K,,, is abstractly isomorphic to the
automorphism group of K,,.,. Its complement K,,, consists of three
disjoint copies of K,, so that the group of K,,, is S,[S,]. But an
explicit expression for Z(/"(K,..)) does not appear to be obvious. (For
the particular case n = 3, it can be shown that 7"',(K;;) is permutationally
equivalent to S$s.) It does not appear that the operations considered
here will suffice to enumerate even the tricolored graphs.

5. Connected k-colored graphs. Let
9@ y) =3 95 (@)y"

be the generating function for all (connected or not) k-colored graphs,
and let ¢(x, y) be that for the connected ones only. Then to find the
number of connected k-colored graphs, we substitute into equation (33)
of [2] to get

(16) L+ 0w, v) = exp (3 cla”, u7)

or equivalently,

(16) S Lo,y = 3 OV gray).

, (=1
n=1 9, n

-

From either of these last two equations, the number of connected
k-colored graphs of p points can be computed recursively in terms of the
total number of k-colored graphs.
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6. Balanced signed graphs. Signed graphs are obtained by assign-
ing either a positive or a negative sign to each line of a graphs. It was
indicated in [5] how one could enumerate all signed graphs by a varia-
tion in one of the formulas of [2]. The sign of a cycle is the product
of the signs of its lines, and a signed graph is balanced if all its cycles
are positive. The problem of enumerating balanced signed graphs was
proposed in [5]. The result is derivable by an appropriate modification
of the generating function for bicolored graphs.

It was shown in [5] that a signed graph is balanced if and only if
its set of points ecan be partitioned into two disjoint subsets such that
each positive line and no negative line joins two points in the same sub-
set. In view of this characterization, called the *‘structure theorem for
balance ”’, on deleting all the positive lines of a balanced signed graph
one obtains a bicolored graph. Let G, and G, be arbitrary graphs with
m and n points respectively, m < n, and let p = m + n. Let I'(G,) and
I'(G,) be the groups of G, and G, respectively. Let b,(G, G;) be the
number of nonisomorphic balanced signed graphs with q negative lines,
whose positive lines generate the (disjoint) graphs G, and G, in accord-
ance with the structure theorem for balance. Let

WG, Gy 2) = 330Gy, G)a

be the desired configuration counting series. Then the figure counting
series is 1 + x. For the figures are the mn pairs of points (¢, d) where
ce@G, and de G,. The content of a figure (¢, d) is 0 if ¢ and d are not
joined by a negative line and is 1 if they are.

Analogously to the situation for bicolored graphs there are two pos-
sibilities. If G, and G, are not isomorphic, then the configuration group
is I'(Gy) x I'(G,). But if they are isomorphic, the configuration group is
I'(G))%:. Hence an application of Pélya’s Theorem yields

Z(I'(G)s:1, + x) when G, = G,

It is clear for the special case where G, and G, are the totally discon-
nected graphs of m and = points that b(G,, G,, @) = gu.(x), ['(G)) = S,
and I'(@,) = S,. Thus the formula (17) is a generalization of that for
bicolored graphs.
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