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Abstract

Indefinite summation, together with a generalized version of the Kro-
necker delta, provide a calculus for reasoning about various polynomial
functions that arise in combinatorics, such as the Tutte, chromatic, flow,
and reliability polynomials. In this paper we develop the algebraic prop-
erties of the indefinite summation operator and the generalized Kronecker
delta from an axiomatic viewpoint. Our main result is that the axioms are
equationally complete; that is, all equations that hold under the intended
interpretations are derivable in the calculus.

1 Introduction

The indefinite summation operator is very much like a discrete version of an
indefinite integral. One can sum an algebraic expression over the values of an
unspecified finite set of unspecified size X, and the result is a new expression
involving the indeterminate X. The summand may contain symbols 6 4, for A
a set of variables, a modest generalization of the usual two-variable Kronecker
delta d,, which constrain the elements of A all to have the same value.

The interaction of the summation operator ZZ with the d4 can be described
with various algebraic identities. For example,

Z((Sxyz + 6uv5:c) = 5yz + 5qu-

x

Intuitively, Y~ dzy> = dy., because if y and z should have the same value, then
x will take on that value exactly once in the summation, so the constraint that
x,y, z have the same value reduces to the constraint that y and z have the same
value; and the singleton constraint J, is no constraint at all, so §, = 1, therefore
Y Ouwdy = > Ouy = 0y X, where X is the symbolic representation of the size
of the set of all possible values for x.
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Indefinite summation, together with the generalized Kronecker delta, pro-
vide a calculus for reasoning about various polynomial functions that arise in
graph theory, notably the Tutte polynomial and its variants. These polynomials
give a succinct encoding of a large amount of interesting information about the
graph, such as the number of spanning forests, the number of spanning edge-
induced subgraphs, and coloring information. They have a host of applications
in computer science, mathematics, and physics [15, 10, 3].

Not surprisingly, Tutte polynomials are highly intractable to compute in
general. Jaeger et al. [7] show that evaluating the Tutte polynomial at a given
point (x,y) is #P-hard except at points on the curve (z — 1)(y — 1) = 1 and
8 other special points. Evaluation is tractable in graphs of bounded treewidth
[2, 12, 1, 11, 10] but with very large constants. Many of these algorithms are
combinatorial in nature and rely on graph manipulations (e.g. [1]) or reductions
to monadic second-order logic (e.g. [10]).

It is well known that the Tutte polynomial and its variants can be derived
using summation formulas involving the Kronecker delta d,,. The first use of
the Kronecker delta in this context seems to be the 1932 paper of Whitney [17],
although it was not called by that name. The theory is strongly allied to the
theory of Mébius inversion and incidence algebra [13, 14, 4], and to some extent
to the calculus of finite differences [8]. In fact it can be cast as a theory of
certain linear operators on the Mobius algebra of a semilattice of partitions [6].

Our ultimate goal is to exploit this theory to derive more abstract sym-
bolic algorithms for the Tutte polynomial and its variants in special cases, with
the hope that such algorithms might be more efficient or easier to program or
analyze. This paper constitutes an initial step in this direction. We study a
system of polynomials with indefinite summation operators and the general-
ized Kronecker delta. We develop the algebraic properties of these constructs
from an axiomatic viewpoint. Our main result is a complete axiomatization
of their equational theory; that is, all equations that hold under the intended
interpretations are derivable in the calculus.

This paper is organized as follows. In Section 2, we develop the algebraic
theory of the generalized Kronecker delta and prove several basic results. In
Section 3, we introduce an axiomatization and prove that it is sound and com-
plete with respect to the class of intended interpretations. In Section 4, we
introduce the indefinite summation operator, extend the axiomatization and
the semantics to include summation, and reprove soundness and completeness.
Finally, in Section 5, we illustrate the use of the calculus by giving a symbolic
derivation of the closed form of the chromatic polynomial.

Our development relies on some elementary concepts from algebra, for which
we refer the reader to [9, 16].

2 The Kronecker Delta

Let V' be a finite set of size n. Let A, B, ... denote subsets of V. The powerset
of V is the set of all subsets of V and is denoted 2¥. Let C be another finite



set of size m, and let CV denote the set of functions f : V' — C. Intuitively,
we regard C' as a set of colors and a function f : V — C as a coloring of the
elements of V. The set C'V is the set of all possible colorings.

For A C V, the Kronecker delta § 4 is the function 64 : CV — {0, 1} defined
by:

) G e T 21)

- 1, if A is monochromatic under the coloring f
o 0, otherwise.

This is a modest generalization of the usual Kronecker delta, which is tradition-
ally defined only for two-element sets:

otherwise.

Here we have written d,, as an abbreviation for dy, ;. We will similarly write
0y for dgpy, Ouy. for g,y 2y, ete.

2.1 Axiomatization

The space of functions F : CV — {0,1} forms a commutative monoid under
the pointwise operations, and the functions d4 are elements of this monoid.
Multiplication on the d4 satisfies all the laws of commutative monoids (associa-
tivity, commutativity, and the identity laws), as well as the following additional
properties.

(2.2) 0a6p =0aupif ANB#@

(2.3) 94 =1if Ais either & or a singleton.

Equivalently,

24) ba= ][ o5
BCA
|B]=2

(2.5)  Opylys = 0zy0y-0,. (transitivity).

Lemma 2.1 Modulo the laws of commutative monoids, (2.2) and (2.3) are
equivalent to (2.4) and (2.5).

Proof. We apply the laws of commutative monoids (associativity, commuta-
tivity, identity laws) without comment. Suppose (2.2) and (2.3) hold. Property
(2.5) follows immediately from three applications of (2.2):

5zy§yz = 5zyz = 5myz§zz = 5zy6yzézz-



For (2.4), let A = {x1,... ,2,},n >0. f n=0o0r n =1, then 4, =1 by
(2.3), and the right-hand side of (2.4) is also 1 since it is a vacuous product, as
there are no subsets of A of size 2. If n > 2, we can express the right-hand side
of (2.4) as the product [[;_; dz,z;, then use (2.5) (which we have just proved)
to eliminate factors d,,,,; in order of decreasing j — i until obtaining a product
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We then use (2.2) inductively to combine adjacent factors until we obtain 4.

Conversely, suppose (2.4) and (2.5) hold. Axiom (2.3) follows from (2.4),
since as noted above, the right-hand side of (2.4) is 1 when |A] < 1. For (2.2),
suppose A N B # @. Picking z = y in (2.5) and using (2.3) (which we have just
proved), we have

Oy = Omylyy = Ouylyylzy = 592531- (2.6)
Then

5AUB = H 5xy H 593y H 5xy = H 5xy H 5xy = 5A(SB~

T€EA TEA €D €A €D

yeA yebB yeB yeA yebB
The first equation is just (2.4), using (2.6) to obtain the duplicated factors for
xz ory € AN B. The second follows from several applications of (2.5) to get
rid of the middle product, using the fact that A N B # @. The last is just two
applications of (2.4). a

A useful consequence is that if A C B, then dp = d40p. This is imme-
diate from (2.3) if A = @ and (2.2) if A # @. In particular, multiplication is
idempotent: 64 = 6% for any A. Multiplication in the monoid CV — {0,1}
is idempotent, but it is important to note that we did not use this fact in the
proof of Lemma 2.1, but derived the idempotence of the 4 axiomatically from
(2.2)-(2.3) and (2.4)—(2.5).

2.2 Partitions

A partition of V is a family of pairwise disjoint subsets of V' whose union is
V. Partitions are denoted 7, p,.... We say that 7 refines p and write m C p if
each set of 7 is a subset of a set of p; equivalently, if each set of p is a union
of sets of m. Refinement is a partial order, and every pair of partitions has a
least upper bound with respect to refinement, denoted 7 LI p. This is the finest
partition refined by both 7 and p. The C-least element is the identity partition
t = {{z} | x € V} and the C-greatest element is {V'}. Thus the family of
partitions of V' forms an upper semilattice II(V). It also forms a lattice, the
meet operation being coarsest common refinement, but this is not relevant for
our purposes.
For any family F C 2V, define

or =] oa-

AeF



Theorem 2.2 The free monoid generated by {54 | A C V}, modulo (2.2) and
(2.3) (or equivalently by Lemma 2.1, (2.4) and (2.5)), is isomorphic to II(V),
the upper semilattice of partitions of V.

Proof. Tt follows from the laws of commutative monoids and the axioms
(2.2)—(2.3) or (2.4)—(2.5) that every ' C 2V generates a unique partition 7 of
V such that 05 = d,. We can form 7 by starting with (F—@) U {{z} | « € J F'},
as justified by (2.2), and replacing A, B such that A N B # & with A U B until
no more such steps are possible, as justified by (2.3).

It also follows that 6,0, = 0rup and @ T p iff 66, = 6,. Also, §, = 1,
where ¢ is the identity partition. Thus the map that takes 7 to §, constitutes
an isomorphism of monoids. O

2.3 Normal Form

Let R be a commutative ring. The space of functions F' : CV — R also forms a
commutative ring under the pointwise operations, and the monoid of functions
CV — {0,1} embeds faithfully into this ring.

One can also form the polynomial ring R[4 | A C V1 and its quotient
modulo (2.2)—(2.3) or (2.4)—(2.5). In light of Theorem 2.2, this quotient struc-
ture is isomorphic to the semigroup algebra over R of the upper semilattice of
partitions of V. This structure is known as the Mobius algebra of the semilattice
[6]. We will explore this correspondence more fully in Section 3.7.

Lemma 2.3 (Normal Form) Any polynomial expression in R[4 | A C V]
is equivalent modulo (2.2)~(2.3) or (2.4)—(2.5) to an expression of the form
Y. axdr, where ax € R.

Proof. Multiply out the given expression to obtain a sum of terms of the form
apdp, replace dp by 0, where 7 is the partition generated by F', and combine
like terms. a

3 Soundness and Completeness

Let R[04 | A C V1 denote the ring of polynomials with indeterminates d 4,
A C V, and coefficients in R. In this section we show that the axioms (2.2) and
(2.3) (equivalently by Lemma 2.1, (2.4) and (2.5)) are equationally sound and
complete for all interpretations of the d4 as functions of the form (2.1). That is,
any equation between polynomials in R[d4 | A C V] that holds under all such
interpretations is provable by equational logic from the axioms. We will also
show that the axioms are complete for interpretations over a fixed color class
C, provided |C] > n. Color classes of size less than n require an extra axiom.
Technically, we must include the equational theory of R in our axiomati-
zation. In all our applications, R will be either Z or a polynomial ring Z[X]
or Q[X]. The equational theory of Z or Z[X] consists of nothing beyond
the axioms of commutative rings, since these are free commutative rings. For



QLX1, we must also include arithmetic in Q. The equational theory of R and
the axioms of commutative rings will be part of all our axiomatizations, so we
will take this for granted and not mention it further.

3.1 Notational Preliminaries

To formulate the theorem precisely, we must distinguish between the formal
symbol 04 and the function CV — {0,1} it represents. We will henceforth use
the notation [J4]¢ for the latter.

We will also use the notation () for the characteristic function of a propo-
sition ¢, defined by

def 1, ife
Olp) = {07 otherwise.

For a coloring f : V — C, let py be the partition on V induced by f~!:

pr E O ceC fH o) £ 2).
The elements of py are the maximal nonempty subsets of V' that are monochro-
matic under the coloring f.
Similarly, for a set A C V, let p4 be the partition generated by A, namely
{Ay U {{z} |z & A}, or just ¢ if A =0.
With this notation, we can rewrite (2.1) as

1, ifVe,ye A f(z) = f(y)
0, otherwise

oade(f) {

— Oy A f(r) = ) o
= O(pa Cpy).
Equation (3.1) defines a set map
[lc:{0alACV} — (CV—R),
which extends uniquely to a ring homomorphism
[lc:RG4|ACV]I — (CY—R). (3.2)

This is just the evaluation homomorphism that evaluates a given polynomial p
by substituting the values [4]¢ for the indeterminates 4. Under this exten-
sion,

[6-1c(f) = O(xC py). (3.3)

It is clear from (3.1) and (3.3) that the interpretation [plc : CV — R does
not depend on the actual colorings f : V' — C, but only on the partitions py
they generate.



3.2 Problem Formulation

Let I be the ideal in R[§4 | A C V] generated by the polynomials

840 —daup for AAB CV, AN B +# o, (3.4)
0, — 1, forallz eV, (3.5)
0p—1 (3.6)

corresponding to the axioms (2.2) and (2.3). Equivalently, by Lemma 2.1, I is
generated by

OpyOyz — Ogy0y20s, for z,y,z €V, (3.7
sa— [] 05 forAcv (3.8)
BCA
|B[=2

corresponding to the axioms (2.4) and (2.5). Let I,,, be the ideal generated by
I and the polynomial

I @=6n). (3.9)

|m|=m

Note that I, = I for m = n, since [, _,(1 —0z) =146, € I.

By general considerations of equational logic, a pair of polynomials p,q €
R[5a | A C V1 are provably equal from (2.2)—(2.3) (or (2.4)—(2.5)) iff p—q € I;
equivalently, if p and ¢ are equated in the quotient ring R[64 | A C V1/I.

Semantically, the ring homomorphism [ J¢ equates p and q if their difference
is in the kernel

ker [1c = {r€R[ba|A C V]| [rlc =0} (3.10)

Thus the inclusion I C [ ker [ J¢ asserts the soundness of the axiomatization
over all interpretations [ J¢, and completeness says that ((ker [ I¢ C I.

We will show below (Theorems 3.1(i) and 3.4) that the axiomatization is
sound and complete in this sense. The proof will also establish that I is complete
for any fixed color class C, provided |C| > n; that is, I = ker [ J¢.

What if |C| = m < n? Call C deficient in that case. Here the proof of
Theorem 3.4 does not go through, and in fact the conclusion of the theorem
is no longer true. To obtain a complete axiomatization for deficient C, we
must include the extra axiom (3.9). Intuitively, (3.9) says that some partition
with m partition elements refines the partition determined by a coloring of V'
with m or fewer colors. We will show below (Theorems 3.1(ii) and 3.6) that
this axiomatization is sound and complete in the sense that I,,, = ker [ 1o for
|IC] =m <mn.



3.3 Soundness
The first theorem establishes soundness in all cases.
Theorem 3.1 (Soundness I)

(i) For any C, I C ker [ 1¢.

(ii) For C such that |C| <m <n, I, C ker [ J¢.

Proof. (i) It is enough to show that the generators of I are in ker [ 1.
Let f:CY — Randlet A,B C V with AN B # .

[04dp —dauplc(f) = ©(pa Cpy)-O(ps C pr) —O(paus E pf) = 0,
[1-6,1c(f) = 1-0O(pCps) = 0,
[1-601c(f) = 1-O(psEpr) = 0.

(ii) Assume |C| < m < n. We need only show that the remaining generator
(3.9) of I, is in ker [ Jc.

[T (1 — 6)1c()

I1 (1 - :3c()

|7w|=m
= J[ 1-6tC )
|w|=m
= O(r [n| =m=m L pf))
) (3.11)
which is 0 since |pf| < |C] < m. O

3.4 Completeness

Now we turn to completeness. First we show that the axiomatization repre-
sented by I is complete for all interpretations over all color classes or over a
single color class with |C| > n.

Define inductively

e o6 e, (3.12)

Then
0r =Y p (3.13)

mCp

The expression (3.12) for e, can be expanded inductively to give a linear combi-
nation of the d,, 7 C p. The coefficient of §, in this expression can be computed
explicitly by Mébius inversion [13]; it is (—1)/7I= el Hlﬂl(z — D)™ where n; is
the number of elements of p that contain exactly i elements of 7 (although we
do not need to know this for our development). The following lemma can also
be derived from that theory, but it is just as easy to give an explicit proof.



Lemma 3.2 Forall f: V — C, [e:1c(f) = O(m = py).

Proof. By downward induction on C. Assume that the lemma is true for all
p such that w C p, m # p. Then

[exde(f) = D6 - edelf)

wClp
TF#Ep
= [0:dc(f) =Y Le,do(f)
wCp
TP
= O(Cpp)—) Op=py)
wCp
TFEp
= O(rCpp)—O(r Cps AT # py)

O

Lemma 3.3 Let [C| > m. Any polynomial 3 . <, ardx o1 3 1 <, brcr that
vanishes under [ 1¢ is identically 0. - -

Proof. Suppose [ Zlﬂlﬁm brerlc = 0. We show by induction on C that all
coefficients b, are 0. Let |o| < m and assume b, = 0 for 7 C o, 7 # 0. We
show that b, = 0 as well. Let f: CV — R such that p; = 0. Such an f exists
by the assumption |C| > m.

O = I[ Z bT{'gTr]]C(f)
|m|<m

= Z b-0(m =0)
i<

= Z b-O(r=0)+ Z bO(r=0)+ Z b:O(m =0)
el <m ([ <m i<
wCo T=0o Lo
T#o

— 0+4b,+0

= by

The result for }° . ,, ardx follows from this via (3.12) and (3.13). o

Theorem 3.4 (Completeness I) For all C such that |C| > n, ker [ 1¢ C 1.

Proof. Let p € R[4 | A C V1] such that [plc = 0. We wish to show
that p € I. By Lemma 2.3, p is equivalent modulo I to a polynomial }__ a6x,
ar € R. By Theorem 3.1(i), [Y__ar6-1c = 0. By Lemma 3.3 with m = n,
Y axdr = 0, therefore p € I. O



3.5 Completeness for Deficient C

To prove completeness for deficient color classes, we need one more lemma.
Lemma 3.5 If |n| > m then e, € I,.

Proof. Modulo I,,,, €, is equivalent to

(1= T] (1-5,)). (3.14)

[p|=m

so it suffices to show that (3.14) is in I,,. In fact, it is in I. Let |C| > n. For
all f:V — C, by (3.11),

- [ 0=6)3c(r) = Opsl <m),
lp|=m
and since || > m,
Cer(1 =TI pem(=6,)1c(f) = [Cexde(f) - 01 =1 (1 = 6,)Tc(f)
= O(m=py)-O(lps[ <m)
= 0.
As f was arbitrary, (3.14) is in ker [ J¢. By Theorem 3.4, it is in [. a

Theorem 3.6 (Completeness II) For all C such that |C| > m, ker [ 1¢ C
Ip,.

Proof. The proof is similar to Theorem 3.4. Let p € R[04 | A C V] such
that [plc = 0. We wish to show that p € I,,,. Combining Lemma 2.3 with
Lemma 3.5, p is equivalent modulo I,,, to a polynomial ZIWISm brer, br € R.
By Theorem 3.1(ii), [[Z‘ngm brexlc = 0. By Lemma 3.3, ngm brer = 0,
therefore p € I,,,. O

The following are some consequences of the completeness theorem.

Corollary 3.7 Let m <n and let x| > m. The following three expressions are
all equivalent to 6 modulo I, :

1- JJa-6) 1= JJ-6) 1= J] a-¢p. (3.15)

wCp mCp wCp
[m|=m [w|<m [m|<m

Proof. Let |C|=m and f:V — C. Then

O-1c(f) = ©O(xE py). (3.16)

10



Reasoning semantically, the three expressions reduce to

- [ 0=6,)1c(f) = ©GpmCpAlpl=mApC py),
=

- [[ 0=6,)3c(f) = ©Gp7CpAll <mApC py),
pes

- [ 0=c)le(f) = ©GpxCpAlpl <mAp=py)

mCp
[p|<m

= O(r Cpr Alpg| <m).

These are all equal to (3.16), since |pf| < m. As f was arbitrary, the expressions
(3.15) are equivalent to d, under the map [ J¢. By completeness, they are
equivalent modulo I,,. O

3.6 Dimensionality

We have actually shown
Theorem 3.8

(i) The quotient rings R[6a | A C V1/I and R[4 | A C V]/ker [ 1¢ for
|C| > n are isomorphic R-modules of dimension B,,, the nth Bell number
(number of partitions of a set of size n). The sets {ex | m € II(V)} and
{6, | m € II(V)} each form a basis.

(ii) The quotient rings R[6a | A C V1/I,, and R[64 | A C V1/ker [ 1¢

for |C| =m < n are isomorphic R-modules of dimension BJ*, the number
of partitions of a set of size n with at most m partition elements'. The
sets {ex | m € I(V), |n| <m} and {6, | # € II(V), |7| < m} each form a

basis.

Proof. The statement (i) is a special case of (ii) with m = n.

For (ii), it follows from (3.12) and (3.13) that one of {0, | 7 € II(V), || <
m} and {e, | 7 € II(V), |7| < m} is a basis if and only if the other is, so we
need only show the latter.

As argued in Theorem 3.6, every polynomial is equivalent modulo I,, to
one of the form ngm brex, thus R[4 | A C V1/I, is an R-module of
dimension at most B} spanned by the e, |7| < m. By Theorem 3.1, there is a
homomorphism of R-modules

h:R[6A|AC V1/I, — RIA|AC V1/ker [ Ic,

thus the dimension of R[04 | A € V1/ker [ J¢ is bounded by the dimension of
R[54 | A C V1/I,,. By Lemma 3.3, the &, for || < m are linearly independent

YThis is 3> _o {"}, where the {} are Stirling numbers of the second kind [5].

11



modulo ker [ I¢, thus the dimension of R[64 | A € V1/ker [ 1¢ as an R-
module is at least B;'. Putting these observations together, we have

B” <dimR[84 | A C V]/ker [ 1¢ < dimR[64 | A C V1/I,, < B,

therefore all these inequalities are equalities, and the homomorphism A is an
isomorphism. O

3.7 The Mobius Algebra

As mentioned in Section 2.3, the quotient R[4 | A C V1/I is isomorphic to the
semigroup algebra of II(V'), the upper semilattice of partitions of V', over R. This
is known as the Mobius algebra of the semilattice II(V') [6]. Informally, it consists
of linear combinations of elements of II(V') with coefficients in R. Formally, it
can be characterized in two ways: (i) as a quotient ring R[0, | 7 € II(V)1/J,
where ¢, for 7 € II(V) is a set of indeterminates and J is the ideal generated
by

57r5p - 57‘rl_lp 6L - 1, (317)

where ¢ is the identity partition {{u} | v € V}; or (ii) as the coproduct of R
and Zj [TI(V)] in the category of commutative rings of characteristic k, where
k is the characteristic of R and Zj [TI(V)] is the image of II(V') under the left
adjoint of the forgetful functor that takes a ring to its multiplicative monoid.

Theorem 3.9 R[04 | A CV]1/I =2 Rl |meIl(V)]/J.

Proof. Let h(d4) def dp., where p4 is the partition generated by A. Let

9(0x) = IIacr 0a. The maps h and g extend uniquely to homomorphisms

h : R[0a|ACV] — R, |mell(V)]/J
g : Rl |mell(V)] — R[da|ACVI1/I,
and one can show without difficulty that I C ker h and J C ker g, therefore h

and g induce homomorphisms between the two quotient rings in the statement
of the lemma, and that the induced homomorphisms are inverses. a

This result says that we can take (3.17) as an alternative axiomatization.

4 Indefinite Summation

In this section we introduce the indefinite summation operator and its axioma-
tization.

For # € II(V) and = € V, we say x is isolated in 7 if {x} € m. For any
7, let 7|z be the partition obtained from 7 by replacing the unique set A € 7
containing x with the sets A — {z} (if it is nonempty) and {z}. The partition

12



7|z is the coarsest refinement of 7 in which « is isolated. If z is isolated in m,
then 7|z = 7.

Let Q be the field of rational numbers. Let X be a new indeterminate. For
x € V, define the linear operator

> iQIX, 64| AC VI — QIX,04|AC VI

to be the unique Q [X]1-module homomorphism such that

(4.1)

Z 5. def Ox|e, if z is not isolated in 7
T 0-X, otherwise.
x

By Theorem 3.8(i), this uniquely determines the map > on all elements of
QI[X,64 | A C V1/I (the R in Theorem 3.8(i) is Q[X]). The linear operator
>, is called an indefinite summation operator. Intuitively, > behaves like a
summation operator with indefinite bound X, which will be interpreted as the
number of colors.

To formulate soundness and completeness in the presence of the indefinite
summation operators, we must augment the language of polynomial expressions
with new unary operator symbols ) , one for each x € V. Expressions in
this new language are called extended polynomial expressions. Modulo the ring
axioms and Q[X]-linearity for ) (thatis, > (ap+bg) =ad , p+b)>", q for
a,b € Q[X1), the set of extended polynomial expressions forms a Q [X]-algebra
with operators ), which we denote by Q[X, X,d4 | A C V1.

An ideal in this algebra is a ring ideal J such that if p € J, then > p € J.
Ideals are the kernels of Q [X1-algebra homomorphisms that also preserve .
Let (A) denote the ideal generated by the set A.

Abbreviate A — {} by A — . Let I be the ideal in Q[X, X,64 | A C V1]
generated by I and the following extended expressions.

(4.2) (>>,rq) — p>_,4q, if p does not involve x, that is, if the expression p
does not contain any d4 with z € A;

(4.3) (32,04) — 04—, zT €A, |A>2;
(44) (T,1) - X.
These expressions correspond to equational axioms
e > pg=pYy_ . qfor pnot involving z,
>  0a=04_ forz e Aand|A|>2, and
o> 1=X,
respectively.

Theorem 4.1 The operators Y, on Q[X,04 | A C V1/I defined by (4.1)
satisfy the equations corresponding to (4.2)—(4.4). Conversely, (4.2)—(4.4) and
linearity uniquely determine ), on Q[X,04 | A € V1/I.
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Proof. To show (4.2), suppose p does not involve z. By Lemma 2.3, write
pP=>. a0 and ¢ = Zp b,0,. Reasoning modulo I, we get

S = S a0 = e Y (45

Now consider any dr, in the sum. Since p did not involve z, x is isolated
in 7, therefore z is isolated in 7 LI p iff it is isolated in p. It follows that
(mUp)lx =mU(p|lx), so

S Gy = O(mtip)es Hf TUp# (7 Up)lx
- o drupX, otherwise

57r5p\w7 if P 7£ p|$
0-0,X, otherwise

Sz Y 0,
Substituting this in (4.5), we obtain

qu = Zafﬂ'bp(sﬂ'zép = pZQ-
T ™ T T

For (4.3), let x € A, |A| > 2, and let 7 be the partition generated by A. Then
m|z is the partition generated by A — {x}. Thus

Z(SA = Zdﬂ' = 571'\x = 614—{:17}'

Finally, for (4.4),

o= >4 = 66X = X

Conversely, (4.1) follows from (4.2)-(4.4). If 7 = 7|z, then J, contains the
factor d,, which can be removed since 1 — §, € I; then (4.2) can be applied,
followed by (4.4). If m # m|x, so that the A in 7 containing z is of size at least
2, then (4.2) can be applied, followed by (4.3). O

We have essentially shown
Corollary 4.2 The structures
QLX,04 | A CVI/I and QIX,X,64|AC VI/T

are isomorphic as Q[X1-algebras with operators ) .

14



4.1 Soundness and Completeness

We now extend the semantic interpretation [ J¢o to extended expressions and
prove soundness and completeness over these interpretations. For z € V and
ceC, let

det | fly), ify#u,
fla/ly) = {c, if y=ux.

Thus f[z/c] takes the same value as f on all inputs except z, on which it takes
the value c¢. The operator [z/c] that takes f to f[x/c] is called a rebinding
operator because it rebinds x to the value c.

In addition to (3.1) for [d4Jc(f), define

[XIc(f) € |Cf (4.6)
[, le(f) € Y Dle(flz/c). (4.7)
ceC

Thus [}, plc, given a coloring f, sums the value of the expression [plc over
all colorings obtained by recoloring x and leaving the colors of the other elements
the same.

Lemma 4.3 For a polynomial p, if p does not involve z, then [plc(flz/cl) =
[plc(f).

Proof. Tt suffices to show the result for p = § 4, where x ¢ A. In this case the
result reduces to the observation that p4 C Py lael iff pa © py. This is true
because x is isolated in p4, so its color does not matter in determining whether
pa & py. d

Theorem 4.4 (Soundness II) Linearity and the azioms (4.2)—(4.4) are sound
with respect to all interpretations [ 1c. The aziom X = m is sound if |C| = m.
In other words, for |C|=m, (I, X —m) C ker [ I¢.

Proof. The soundness of linearity is a straightforward consequence of the
linearity of [ J¢. For the others, let f : CV' — Q be arbitrary. For (4.2) we use
Lemma 4.3. Assume that p does not involve x.

LY. pade(f) = > Ipade(fle/ad) = Y [ple(fLe/cd)Lqde(fLx/cl)

ceC ceC
= Y le(Ndde(flz/d) = Iple(f) ) Lale(flz/cl)
ceC ceC

= [plc(HLYX,ddc(f) = [pY,qdc(f).
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For (4.3), let z € A, |A| > 2. We abbreviate A — {z} by A — z.

[Y,0adc(f) = > [6ale(flz/cdd) = Z@(pAEpf[m/c])

ceC ceC
= Y O(y,zeA—x f(y)=f(2) =0
ceC

= O(Vy.z€A—z f(y)=f(2) = [da—slc(f)
For (4.4),

[, 10c(f) = > Dle(fla/d) = Y1 = [0 = [XIc(f).

ceC ceC

If |C| = m, then the soundness of X = m is immediate from (4.6). O

The following theorem asserts that the axioms (4.2)-(4.4) (equivalently,
(4.1)) and linearity, in conjunction with the complete axiomatization for or-
dinary (nonextended) polynomial expressions established in Section 3, are com-
plete for the equational theory of extended expressions with respect to all inter-
pretations [ J¢. That is, any pair of extended expressions that are equal under
all interpretations [ J¢ are provably equal in equational logic from the axioms.
Equivalently, any extended expression that vanishes under all interpretations
[ I¢ is provably equal to 0.

Theorem 4.5 (Completeness III) (. ker [ 1¢ C I.

Proof. Modulo ﬁ every extended expression p can be reduced to a ) -free
expression p’ by starting from the innermost occurrences of ) and working out-
ward, eliminate each occurrence by an application of linearity and (4.2)—(4.4).
In turn, by Lemma 2.3, p’ is equivalent modulo I to an expression ) _ a0x,
where a, = a,(X) € Q[X].

If [ple = 0 for all C, then by soundness (Theorem 4.4), LY a0-1c =0
for all C. Interpreting under [ 1¢ with |C] =k > n, for any f: V — C,

0 = I]:Zazrraﬂ']lc(f) = Za‘n’(k) I]:(Sﬂ:ﬂc(f) = [Zaﬂ(k)aﬂ:ﬂC(f)

By Lemma 3.3, all a,(k) = 0. As this is true for arbitrarily large values of k,
the polynomials a,(X) are all identically 0. a

The following theorem asserts that the axioms mentioned in Theorem 4.5
along with the polynomial X — m and, if m < n, the polynomial (3.9) are
complete for the equational theory of extended expressions with respect to the
interpretation [ I for |C| = m.

Let I, be the ideal in Q[X, X, 64 | A C V1 generated by I,,, and (4.2)—(4.4).
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Theorem 4.6 (Completeness IV)

~

(i) ker L J¢ C (I, X —m) form <n;

(ii) ker [ 1o C (f, X —m) form >n.

Proof. For (i), as in the proof of Theorem 4.5, any extended expression p is
equivalent modulo ]A'm to an expression ) . ar0r, where ar = a,(X) € Q[X].
Again by Lemma 3.3, if [plc = 0, then all a,(m) = 0, thus all a,(X) vanish
modulo X — m, therefore so does Y ar0r.

The proof of (ii) is similar. B a

We have actually shown that the operator > on Q[X,d4 | A C V1/I
commutes with the linear operator

SC. (Y -Q) — (CV—-Q),
defined for F: CV — Q by

SCF)(f) €N F(fla/a)

ceC

under the interpretation [ J¢.

4.2 Deficient Color Classes

Curiously, >, cannot be defined on Q[X,d4 | A C V1/I,, to satisfy linearity
and (4.2)—(4.4), since these axioms are strictly stronger than I,,,. However, it
can be defined trivially on Q[X,X,04 | A C V1] /:fm The definition is the
obvious one: the operator ) maps the expression p to the expression ) _ p.

For m < n, the ideal fm inQ[X, X,d64 | A C V1 is strictly larger than (I,,,),
the ideal generated by I,. Specifically, let (X),, denote the falling factorial
power X(X —1)---(X —m + 1). The ideal I,, contains (X — 1), (Lemma
4.7), but (I,,,) does not. This makes intuitive sense, since it is consistent with
the restriction |C| < m. Note also that the polynomial (X),, is the chromatic
polynomial of the complete graph with m vertices (see Section 5).

The main result of this section (Theorem 4.12) is that I, is exactly the
intersection of the kernels of [ ¢ for |C] < m.

Lemma 4.7 Form<mn, (X —1),, € In.

Proof. Suppose m < n. Let U C V such that [U| = m+ 1. Let

p ¥ {6z ||r] =n—1, all x € U are isolated in 7}
= {0uy | z,y €U} (mod I).
If |p| = m, let

o = {ANU|Aecp, ANU#2}U{{z} |z &U}.
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Then o C p and o has at least one nonsingleton subset of U, since |U| > m. By
further refining o if necessary, we can obtain a w € D such that 7 C p. Thus
every p with |p| = m has a refinement in D.

Moreover, if 7 C p, then (1 —6,)(1 —6,) =1 — 0, since

(1-6:)1-0,) = 1=6z—0,4+0rup = 1—105.
It follows from these two facts that

[[a-6) = -6 ] 0=6,) € In. (4.8)

weD weD lpl=m

Now let z € U be arbitrary. Applying all the indefinite summation operators
>, for x € U except z (we abbreviate this by >, .),

S ITa-60 = > I (0= 6ay). (4.9)

U—zmweD U—zaxz,ycU

The expression (4.9) is equivalent modulo I to a polynomial in Q[X], since it
contains only singletons §,, which modulo I are 1.

We claim that this polynomial is exactly (X — 1),,. The chromatic polyno-
mial on an (m + 1)-element complete graph is

Ot = 3 I (1=62),

U z,ycU
and
oIl -6 = 3> [T0-6y) = X I (-6
U z,yeU z U—zzyeU U—zz,ycU

since (4.9) is a polynomial in Q[X], so
_ (X)m+l o
(-1, = B S a6
This polynomial is in I by (4.8), since I,,, C I, and I, is closed under Y ow
O

For m < n, let

pm = [ -9,

[p]l=m

the polynomial (3.9) such that I,,, = (I, py,). For U C V, let

aw = [] -6, Qu=1- ] a-aw).

y,z€U |[U|=m+1

Note that [qplco(f) = O(Vy,z € U f(y) # f(2)).
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Lemma 4.8 The polynomials p,, and Q,, are equivalent modulo I.

Proof. By Theorem 3.4, it suffices to show that they are equivalent under
any interpretation [ l¢. By (3.11), [pmIc(f) = ©(lpy| > m). But @, has
the same interpretation: for any f:V — C,

[Qnlo(f) = 1— J[ (—6WvyzeU fy) # f(2)

|U|=m+1

= 1-0WU [U|l=m+1=3y,z€U f(y) = f(2))
= O |[Ul=m+1AVYy,z€U fly) # f(2))

= O(lps| >m).

Lemma 4.9 I, ={I, qu | |U =m+1).

Proof. The forward inclusion follows from Lemma 4.8 and the observation
that Qm, € (qu | |U| =m +1).

For the reverse inclusion, we show that gy € I, whenever |U| = m + 1. If
|C| = m, then

Lawlc(f) = ©(My,z€U f(y) # f(2) = 0,
thus [guylec =0, and gy € ker [ 1¢ C I,,, by Theorem 3.6. O

Lemma 4.10 Let |U| =m and x ¢ U. Write quio for quu{ey. Modulo f,
Y i = (X —m)qu.

Proof. Applying (4.2)—(4.4) to eliminate the summation from the expres-
sion ) qu+z, We obtain a polynomial r(X) with coefficients in Q[X] that is

equivalent modulo T to Y wqU+a- Forany C and f:V — C,

r(X)1c(f) = [X,a+adc(f)
= > Lavtede(flz/c)

ceC

= Z OVy,z e UU{x} flz/cl(y) # flz/cl(z))

ceC

= Y O(Vy,zeU f(y) # f(2) A fy) # )

ceC

= (Z O(vy e U f(y) # c)) O(Vy,z € U f(y) # f(2))

ceC
= (ICl-=m)-6(Vy,z €U f(y) # f(2))
= [X —mlc(f)Lqulc(f)
= L[X -m)qulc(f).
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As f was arbitrary,
[r(ICNIc = [r(X)le = [X-m)wlc = [(|C]-m)qlc.

This is true for arbitrarily large C, thus by Theorem 3.4, r(n) and (n—m)qy are
equivalent modulo [ for arbitrarily large n. The polynomial coefficients must
be equal, therefore r(X) and (X — m)qy are equivalent modulo 1. a

Lemma 4.11 Ifk <m—1, then I,y C (I,,, X — k).

Proof. Let [U| =m and = ¢ U. From Lemma 4.9, we have g4, € I,,. By
Lemma 4.10, (X —m)qu = >, qu+« € I,,. Since k #m, qu € <fm, X — k). As
U was arbitrary, by Lemma 4.9, p,,_1 € (IAm, X — k). Since R <f,pm_1>
and T - IAm, the result follows. O

Theorem 4.12 For m < n, I, = Nicj<m ker [ 1c.

Proof. By Theorem 4.6(i), for |C| = k < m, ker [ J¢ = (I, X — k). By
m — k applications of Lemma 4.11, we have (I}, X — k) C (I,,, X —k); but
since I,,, C I, they are equal. Thus

() kerLlc = (e X—k) € ()T X —k).

|IC1<m k<m k<m

Now using an argument from [16, p. 138], since the X — k for k < m are
relatively prime, we have

ﬂ <fm7 X_k> = <fm; H (X—k‘)),

k<m k<m

which by Lemma 4.7 is just fm. ]

5 An Application

In this section we illustrate the use of the calculus to derive the chromatic
polynomial of an undirected graph G = (V, E). This is the polynomial function
X (X) whose value x¢ (k) on an integer k is the number of vertex colorings of
G with k colors such that no pair of adjacent vertices receive the same color.

The chromatic polynomial is normally defined inductively in terms of edge
contractions and deletions:

Xa(X) = Xg-e(X) = Xg/e(X), (5.1)

where G — e denotes G with the edge e deleted and G/e denotes G with the
edge e deleted and its endpoints identified. The basis is xg(X) = X* for a
set of k vertices with no edges. Intuitively, (5.1) captures the idea that the
number of proper colorings of G is the number of proper colorings of G without
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the constraint e less the number of colorings that violate only the constraint e.
This equation provides a recursive method, albeit very inefficient, for computing
the chromatic polynomial of a graph.

There is however a closed form of the chromatic polynomial, namely

Xo(X) = 3 (~1)Flxlel,
FCE

where the summation is over all subsets I of edges and ¢(F) € II(V) is the
set of connected components of the subgraph (V, F'), including isolated vertices.
Note that ¢(F) is just the partition of V' generated by F in the sense of Section
2.2.

Here is how we would derive this symbolically in our calculus.

Lemma 5.1
(i) ForACV, A#a,> ,0a=X;
(i) Form € II(V), 3y 8 = XI7I.

Proof. (i) By induction. If [A| < 1, > ,0a = > 41 = X by (44). If

A >2let € A By (4.3), S04 =54 .3 04 =5 4 . 0u_s=X.
(i) By (4.3), (4.4), and (i),

zvzaﬂ = > [Ioa = JID 04 = J[x = x".

V Aerm Aemr A Aem
O

For each edge e € V, the Kronecker delta d. selects those colorings for which
the endpoints of e receive the same color. Thus the expression

[Ta-s0,

eck

interpreted as a map CV — {0,1}, takes value 1 on f : V — C if f is a proper
coloring of G, 0 otherwise. Summing over all possible colorings,

Xe = Yy JJa-é).
V ecFkE

Now using the various axioms and Lemma 5.1,

vo = S J[a-6) = 3 3 0]

V ecE V FCFE ecF

= X X 0Flar = 3 )Y e
V FCE FCE %

= Y DY bumy = S (—D)IFIXIEL,
FCE % FCE
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