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A DEGREE REDUCTION METHOD FOR AN EFFICIENT QUBO
FORMULATION FOR THE GRAPH COLORING PROBLEM

HyosaNG KANG **, HYUNWOO JUNG P, CHAEHWAN SEOL ¢,
NaMHO HoNG P, HYUNJIN LiMP AND SEOKHYUN UMP

ABSTRACT. We introduce a new degree reduction method for homogeneous sym-
metric polynomials on binary variables that generalizes the conventional degree
reduction methods on monomials introduced by Freedman and Ishikawa. We also
design an degree reduction algorithm for general polynomials on binary variables,
simulated on the graph coloring problem for random graphs, and compared the
results with the conventional methods. The simulated results show that our new
method produces reduced quadratic polynomials that contains less variables than
the reduced quadratic polynomials produced by the conventional methods.

1. INTRODUCTION

A graph is a 1-dimensional object that consists of vertices and edges. Two vertices
are called adjacent if they are connected by an edge, and a graph is called simple
if there is neither a loop nor multiple edges that joins adjacent vertices. A vertex
coloring is an assignment of “colors” to vertices in a simple graph in a way that no two
adjacent vertices are assigned by the same color. The chromatic number of a simple
graph is the minimum number of colors that a vertex coloring of the graph exists.
The graph coloring problem is a problem that concerns about finding the chromatic
number and the existence of a vertex colorings with a certain number of colors. It
applies to a range problems such as scheduling [1], register allocation in compilers
[3], and frequency assignment in wireless communications [8]. The graph coloring
problem is NP-hard, meaning that there is no known polynomial-time algorithm
that solves the problem unless P=NP [2, 5].
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For graphs with large numbers of vertices and edges, finding a solution to the
graph coloring problem may require lots of computational time and resources. To cir-
cumvent this, one can use a quantum annealing machine, such as D-Wave’s quantum
annealer, which relies on the quantum tunneling effect [4, 6]. A quantum annealing
system can solve optimization problems whose objective functions are formulated as
polynomials of binary variables, when there is no constraining equations. The num-
ber of qubits in a quantum annealing machine limits the number of binary variables
that the objective function can have. Although there are few algorithms, such as
minor-embedding, that breaks down a large problem into a set of smaller problems
that a quantum annealing machine can handle [12], it is highly desired to formulate
the original objective function with as few variables as possible.

An optimization problem that the objective function is given as a polynomial
of degree two with binary variables and no constraining equation is called QUBO
(quadratic unconstrained binary optimization) [13, 14]. D-Wave’s quantum annealer
can find a solution of QUBO, i.e. it can find the global minimum of a quadratic poly-
nomial of binary variables. However, many of discrete optimization problems, such
as K-SAT and graph coloring problems, are formulated with the objective functions
as polynomials of the degree higher than two [10]. Thus one needs to reformulate
the objective functions as quadratic polynomials by using degree reduction methods
[11].

Let p be a polynomial that consists of n binary variables xg, -+ ,x,_1. A degree

reduction method is a method of finding a polynomial g of the degree less than

the degree of p that consists of binary variables zg,--- ,x,_1 and extra variables
wo, - ,Wq—1, called auxiliary variables, that attains the same values of p for
any given values for zg,--- ,z,_1. More precisely, we will say that the polynomial
q(xo, - ,Tp_1,wp, - ,wq_1) is reduced from p(xq,- -+ ,x,—1) if degq < degp and
(11) p(fI,'(),"' 7xn—1) - wr-]iiéll Q(x07"' sy Tp—1,W0, "+ 7wd71)

i=0.....d—1
for any binary values for xg, -+, Zp_1.

The objective polynomial for the graph coloring problem is formulated as follows.
Let V and E be the sets of vertices and edges in the graph G. Suppose that all
the colors are 0,---,2™ — 1 for some m > 1, and the color of the vertex v € V

is represented by the binary representation [, - Zy,m—1](2)- Given two adjacent
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vertices v and w, we define the polynomial P, ,, as

(1.2) H Ty Tk + (1 = To k) (1 = T k).

The value of P, is 0 if and only if x,, j, # x4, 1, for some k =0,--- ,m —1, i.e. when

the colors of two vertices v, w are different. We define the polynomial Q¢ as

(1.3) Qg = Z P, .

(v,w)EE

The polynomial Q¢ is the objective function for the graph coloring problem on G.
The minimum value of Q¢ is 0 and it is attained if and only if when the graph G is
properly colored, i.e. the coloring on G satisfies the criteria of the vertex coloring.
With sufficiently large m > 0, the solution to Q¢ = 0 always exists, while the real
question is how small the m could be in order to have such solution.

When m is small, Qg = 0 may not be attainable. Even though, finding the
solution for the global minimum of ¢ could be necessary, because it gives the
optimal vertex coloring of the graph in the sense that it minimizes the number of
conflicts, i.e. pairs of adjacent vertices that are colored with the same color.

The degree of the Q¢ is greater than two, except when there are only two colors
in the color set. Thus, in general, we need degree reduction methods to formulate the
graph coloring problem as QUBO. There are degree reduction methods that reduce
monomials of degree greater than 2 to a quadratic polynomial. Freedman’s method

[7] applies to the monomials whose coefficients are negative:

d—1

d—1
(1.4) —ij: niinlw (d—l)—ij ,
=0 w=0, =0
Ishikawa’s method [9] applies to the monomials whose coefficients are positive, and

it has two distinct formulae depending on whether the degree of the monomial is

even or odd:

2d+1 [d—1 2d+1
w5 Jlz= > wa+ min, S wi [(4i+3)-2> x|,
3=0 0<i<j<2d+2 i=0.....d—1 | i=0 j=0
2d [d—2 2d
16)  JJzi= D wma + min, > wi | (4i+3)-2)
j=0 0<i<j<2d i=0.....d—1 | i=0 =0
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2d
+ wg—1 (2d — 1) — Z.%'j
7=0

From now on, we will call these degree reduction methods as the monomial
reduction methods. As an example, let us formulate the objective polynomial of

the graph G below, and apply the monomial reduction methods.

o OO0

Let the colors at the vertices 0,1,2 be denoted by [7170](2), [T372](2), [T574](2)

respectively. Then objective function Q¢ is

(L7) Qg = (z1w3+ (1 — 21)(1 — 23)) (o2 + (1 — 20)(1 — 22))
+ (w325 + (1 — 23)(1 — @5)) (w2ws + (1 — 22)(1 — 24))
=2—2x0—T1 — 2x9 — 203 — T4 — T5 + ToT1 + 2x9x2 + ToT3
+ x129 + 20123 4+ 2293 + 22074 + Xox5 + T3T4 + 27375
— 2x0x1T2 — 2200123 — 2X0T2X3 — 2T1T2T3
— 2x0x3%4 — 2X9X3T5 — 2X9X4X5 — 2T3T4T5

+ dxgrix90T3 + 4T0X314T5

Let us apply Freedman’s methods (c.f. Equations (1.4)) to all monomials of the
degree 3:

—2xgr1Te = 22021 + 220%0 + 22120 + 2 migl1 [Bwy — zowp — W — Taw|
wo=Y,

—2x0z1T3 = 27071 + 27073 + 22123 + 2 mig1 [Bwy — xowy — x1w1 — T3W1]
wi1=Y,

—2xgror3y = 2x0T2 + 2x0x3 + 2x023 + 2 migl1 [Bwe — zgwy — Towy — T3ws|
w2=\,

—2x1w9w3 = 20129 + 22123 + 22023 + 2 migl1 [Bwsg — r1w3 — Tows — T3Wws3]
w3z="u,

—2T9T3T4 = 2T9T3 + 2T0x4 + 22374 + 2 mig1 [Bwy — xowy — x3Wy — T4WY)]
w4 =Y,

—2T9x3T5 = 2T9T3 + 2075 + 22375 + 2 mig1 [Bws — xows — x3W5 — T5WS)
ws=U,

—2wox4T5 = 200X4 + 220%5 + 22425 + 2 migl1 [Bwg — Towg — T4we — T5we)
we=Y,

—2xw3w45 = 20324 + 22325 + 22425 + 2 migl1 [Bwr — z3wy — T4w7 — T5WT]
wr=U,
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Let us apply Ishikawa’s method (c.f Equation (1.5)) to all monomials of the degree

droxrixors = 4xox1 + 4dx9To + 42913 + 4129 + 4123 + 4013

+4 migl1 [Bwsg — 2zgws — 2w1Wws — 2T2wW8 — 2T3Ws]
wg=Uv,

droxsryrs = 4roxy + dxoxy + 42015 + 4324 + 42375 + 4drgs

+4 migl1 [Bwg — 2wowg — 2w3w9 — 2T4W9 — 25w
w9 =V,

Thus Q¢ is reduced to the following polynomial:
Qa=2—x9— 21— 219 — 203 — T4 — X5 + dwg + 4wy + dws + 4wz + 4wy
+ 4ws + dwg + 4wy + 12wg + 12wg9 + Sxgx1 + 62022 + dToT3 + D122
+ 6z123 + 102923 + 62274 + D275 + D324 + 62375 + D475

—2.’EOU}0 - 2:61’[1)0 - 2:62’[1)0 - 23:0101 - 2(E1U}1 - 2:631[}1 - 2:60’[1)2
—2x0wo — 2x3W2 — 2T1W3 — 2Taw3 — 2x3W3 — 2xT2Ww4 — 2T3W4
+ min —2x4wy — 2x9W5 — 22x3W5 — 2X5W5 — 2X9Wg — 2X4We — 2X5We
w;=0,1
i=0,...9 | —2r3w7 — 2r4W7 — 2x5W7 — 8r1Wws — 8r2Ws — r3zWs — 8T2W9
—8x3wg — 8xrqwg — 8x5Wg
Note that 10 auxiliary variables are produced, and they even outnumber the orig-
inal variables. This situation only gets worse when the number of vertices or edges
increases. For example, the objective polynomial Q)¢ for the complete graph G = Ky
with eight colors (m = 3) consists of 24 binary variables and has 1429 distinct mono-
mials. The monomial degree reduction on Q¢ produces 1156 new auxiliary variables
and there are total 5849 distinct monomials in the reduced quadratic polynomial
(c.f. Table 3 in §5).
Meanwhile, the objective function for the graph coloring problem may contain
some homogeneous symmetric polynomials. For example, Q¢ in Equation (1.7) con-

tains the following homogeneous symmetric polynomial
(18) — 2PZ£3) (IE(), X1, T2, .’Eg) = —2($0$1IE2 + 2ox123 + ToT2T3 + $1$25E3).

Higher the connectivity of the graph G is, larger the homogeneous symmetric poly-
nomial that the objective function ()¢ contains.
The values of this symmetric polynomial only depend on the number of 1’s in
the binary variables. For example, if | = xg + - - - + x3, then P4(3) (xg,--- ,x3) =0 for
l
[ < 3, and P4(3) (zg, - ,x3) = 3 for 3 <[ < 4. We can easily observe that this

simple rule applies to all homogeneous symmetric polynomials of binary variables.
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Let 5™ be the set of all subsets in S, = {0,--- ,n — 1} whose cardinality is m. We

will denote qum) (g, ,Tn—1) as the homogeneous symmetric polynomial of degree
m on n variables xg, -, T,_1:
(1.9) Pr(lm)(xo,--- ,.%'n_l) = Z Lig = Ly _q -

{io, yim—1}€S™

Then, we have
n—1
0 if ij <m
§=0
l n—1
if | = ;>
(m) =3 a2m

In this paper, we propose a new degree reduction method called the symmetric

reduction method that reduces Py(Lm) to a quadratic polynomial. It produces less

(1.10) P (zg, -+ ) =

n

number of auxiliary variables than the monomial reduction on the objective polyno-
mials for the graph coloring problem. In §2, we state main theorems 2.1, 2.2 on the
formulae of the reduced polynomials of the symmetric polynomials with positive and
negative coeflicients. In §3, 4, we prove these theorems. In §5, we describe algorithms
1, 2 that implement the symmetric methods for applications . In the same section, we
present the results on testing these algorithms on random and complete graphs with
various vertex sizes. We compared the efficiency of the symmetric reduction method
with the conventional reduction methods by comparing the numbers of variables and

monomials of reduced polynomials obtained by two methods.

2. THE MAIN RESULTS

n
Let us re-define a binomial coefficient symbol < > as follows: for any two non-
m

negative integers n and m,

n!

(2.1) <n> T ifm<n '

0 ifm>n

Here we state our two main theorems.
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—2 -1
Theorem 2.1. Let n > m > 2 and define L = (n 2), d= VL 5 J For each
m—
0<i<d-—1, let us define
n—2 214+ 3 21 +1
2.2 = (4243 — —1 —
eawmwen(n ) seen ((70°) - (7).
2142 2i n—2
2. b, = — —2 .
(23) ! <m—1) <m—1> <m—2)
Then the following equality holds:
d—1 n—1
(2.4) P (x) =L Z rixj+ min w; | a; + b; Z xj
0<i<j<n-—1 Z-;Sfi?gf,l i=0 j=0

n—m-+2

Theorem 2.2. Let n > m > 2 and define d = { 5

then for each 0 <i <d—1,

(25) “i:(m—1)<(m+§j+1>—(erii_l))a

(2.6) bi:—<m+22>+(m+22_2> for0<i<d-—1.

m—1 m—1
If n —m = 2d — 2, then Equations (2.5), (2.6) hold for 0 < i <d—2 and let

(2.7) a1 = (m—1) <:1__D byt = _<:L_—22>

Then the following equality holds:

J.Ifn—mz?d—l,

(2.8) — PM(x) = mln Zwl a; + b; Zx]
i= 0 d 19=0
Before we present the proofs for Theorems 2.1, 2.2, let us explain the underlying

ideas with examples.

Example 2.3. First, let us explain Theorem 2.1 with Pég) (x). Our goal is to find
(3)(

a quadratic polynomial @) that attains the same value of P;™(x) consists of vari-
ables xg, - - - , x4 together with d auxiliary variables wy, ..., wq_1. The only possible

formula for @ is

(2.9) Q= Z szacx]—i—chx]—i— wrlii&l sz al—i—Zb”xj

0<i<j<4 i=0,...,d—1 | =0
In fact, this could be the general form of any reduced polynomial if it had a constant

term. We omitted the constant term here, since we know that the minimum P5(3) (x)
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is 0 (and the same for pim™ (x) in general). Just for now, let us assume that b; ; = b;,
L; j = L, and ¢; = 0. This means that b; ; will depend on the index of the auxiliary

variables, L; ; is a constant, and () does not have any linear terms on x;’s

I(x) | PP (x) Z;m] A wronzi&lwo(7—5l(x)) wlrlrlzi&lwl(?)—l(x))
1<J
0 0 0 0 0 0
1 0 0 0 0 0
2 0 1 -3 -3 0
3 1 3 -8 —8 0
4 4 6 —14 —-13 -1
) 10 10 —20 —18 -2

Table1l. The sequence A; (c.f. Equation (2.10)) when L = 3 and the
arithmetic progressions that sums up to A4;.

Let I =1(x) = 29 + ... x4 and define the sequence A; by

(2.10) A=PPx) L Y mu
0<i<y<4
The second and third columns of Table 1 show the values for P x) and Z ;T
0<4,j<4
for I = 0,---,5. If we choose L = 3, then the sequence A; becomes a decreasing

sequence of non-positive integers (the fourth column of Table 1). In fact, L = 3 is
the minimum integer that makes the sequence A; as a decreasing sequence. The first
two non-zero numbers in A; are —3, —8 at [ = 2, 3 respectively, and they follows the
arithmetic progression 7 — 5l. Let us subtract wronzia1 wo(7 — 5l) (the fifth column of
Table 1) from A; for each [. Then we get a sequence that has only two negatives
—1,—2 at [ = 4,5 respectively, where all other values are 0 (the sixth column of

Table 1). This sequence is the same as min1 w1 (3 —1). Thus we obtain the following

w1=0,
identity:
4 4
(2.11) Pég)(x) =3 Z T + migo ) wo(7—5 ij) + w1 (3 — ij)
0<i<j<4 o= =0 =0

It is worth noticing that we reduced the polynomial Pég) (x) with only two auxiliary
variables wy and w;, whereas the monomial reductions would produce 10 auxiliary

variables, one for each monomial (c.f. Equation (1.6)).
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I(x) | By | min wo(8—3I(x)) | min w;(12 — 3I(x))
wp=0,1 w1=0,1
0 0 0 0
1 0 0 0
2 0 0 0
3 -1 -1 0
4 —4 —4 0
5 | —10 -7 -3

Table 2. The values of B; in Equation (2.12) and the arithmetic
progressions that sums up to Bj.

Example 2.4. Next, let us explain Theorem 2.2 with the example of —Pég) (x). Let

us define a sequence B; as
(2.12) B, =-P¥(x).

The sequence B is already a decreasing sequence of non-positive numbers, and its
numbers are shown in the second column of Table 2. Let us observe the first two non-
positives —1,—4 at | = 3,4 respectively. The arithmetic progression that matches
with these numbers is 8 — 3[. We subtract the sequence wl;n:iély1 wo(8 — 3l) from B; to
obtain a sequence of zeros except —3 at [ = 5. Then we take the last two non-positive
integers 0, —3 at [ = 4,5 respectively, and use the arithmetic progression 12 — 3[ to

match these numbers. In this way, we get the following reduction:

wo,w1=0,1

4 4
(2.13) ~PPx) = minfw® -3 a;) +wi(12 -3 ).
j=0 5=0

Again, we reduced the polynomial —Pég) (x) with only two auxiliary variables whereas

the monomial reductions would produce 10 auxiliary variables (c.f. Equation (1.6))

Remark 2.5. Before we proceed to the next sections, let us point out some impor-

tant facts.

(1) In the sequence A; = pim™ (x) — L -1(x), the constant L is set as minimum
as possible to make A; a non-positive decreasing sequence. There are n — 1
negatives in A;, so we need [(n — 1)/2] auxiliary variables in the reduced
polynomial of P,(lm) (x).

(2) In the sequence B; = —pim (x), there are n—m+2 negatives. Thus, we need
|(n—m+2)/2] auxiliary variables in the reduced polynomials of —p{m™ (x).

(3) Ishikawa’s formulae in Equations (1.5), (1.6) are the special cases of Theorem
2.1 when n = m. If n = 2d + 2, then for all 0 < 7 < d — 1, we have
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2i+3<2d+1<n=mand 2i+2<2d <m—1, so Equations (2.2), (2.3)

become
(2.14) a; = (4i+3), b =-2.
If n = 2d + 1, then Equation (2.14) hold for all 0 <1i < d — 2, and
i1 =Ad—1)—(n—1)=2d—1 by1=1-2=-1,

which coincides with Ishikawa’s formula in Equations (1.5), (1.6). Freed-
man’s formula in Equation (1.4) is a direct consequence of Theorem 2.2

when n = m: there is only one pair of coefficients ag, bg, which are
ap=n—1, byg=—1.

Thus, we can say that Theorems 2.1, 2.2 are the generalizations of Ishikawa’s

and Freedman’s methods.

3. PROOF OF THEOREM 2.1

The original binomial coefficients satisfies the following property: for 0 < s < r,

- (0 (r)=C0)

With the new definition of binomial coefficients in Equation (2.1), the same property
holds for all r, s > 0: if s = r, both sides of Equation (3.1) are 1; if s > r + 1, both
sides of Equation (3.1) are 0. We will use Equation (3.1) often in the subsequent
calculations.

Let us fix the variables as zg, - -+ , 2,1 and omit the notation x = (z¢, - ,zp_1)
whenever there is no ambiguity. Let us define the sequence A; as follows:
(3.2) Ay =pP™ _ L Z T

0<i<j<n—1
Our first task is to find a value L so that the sequence A; satisfies the following

two properties:

P1 A; is a decreasing finite sequence of non-positive integers for 0 <[ < n;

P2 the difference between two consecutive numbers in A; is also decreasing, i.e.

(33) (Anfz - An,ifl) < (An,i,1 - An,i,Q) for all 0 < ) <n-— 2.
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For each 0 < i < n — 2, Equation (3.2) gives a triple of consecutive numbers in A;:

(3.4) Anioo = (" _7;_ 2) - L(n _; - 2>,
(3.5) An g = (n_i_1>—L(n_;_1>,
o (D))

We can re-write the inequality (3.3) as

(-0
() O ()

Thus we have

()= () () -07)
(57 -e=0

The number of negatives in the sequence A; determines the numbers of auxiliary
variables in the reduced polynomial (c.f. Examples 2.3, 2.4 and Remark 2.5). Thus

L should be chosen as minimum as possible so that A; has the least number of

negatives. Therefore,

(3.7) L= (Z:Z)

With this L, all A;’s are also non-positive (i.e. A; satisfies P1).
Next, we want to find the coefficients a;, b; that satisfy

l
(3.8) A= Pr(Lm) — L(2> = mln [Z wy (a; + bl)

= 0

There are n — 1 negative integers in A; at [ = 2,--- ,n. We need to split the cases

for n where n is odd or n is even.

3.1. The odd case Suppose that n = 2d+1 for some d. Then there are 2d negatives
in A; and we want d arithmetic progressions in Equation (3.8) subsequently appear

as follows:

(3.9) <§L> - (2:22) @) = ag + 2bo,
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(3.10) (jl)
(3.11) <§L>
(3.12) <;>

-2
:z ><>:a0—|—3bo, (wo=1l,wp=0for 1 <k<d-1)
n—2
)( ) — (a0+4b0)+(a1+4b1),
m —
n—2
)( ) = (ag + 5bo) + (a1 + 5b1),

(wo=w1 =1lwy=0for2<k<d-1)

o () (7 So)
(3.14) <:L> - (Z:Z) (Z) - :_Zl<ak —I—nbk>. (wo = -+ = wg_q = 1)
=0

That is, for each 0 <7 <d—1,

(3.15) <227:; 2) - <;:QQ> <2i ;r 2> = Z <ak (20 + 2)bk>,

k=0

(3.16) <227:; 3) - <:L__22> <2i ;r 3> = Z <ak + (2 + 3)bk>.

k=0

(
(
(

m —

This is possible because the sequence A; satisfies the inequality (3.3): the differences
A1 — A are getting smaller (as negatives) as [ increases. We equate A; on the left
hand-side of Equation (3.8) by introducing new arithmetic progressions of negative
common differences on the right hand-side.

To find the formulae of b;, we subtract Equations (3.15) from Equation (3.16) to

o= (U5 (- (02 () (1)
( n

2Z+2> (m_2) (20 +3)(i +1) = (i +1)(2i + 1))

m

(3.17) <:+i) 2(i +1)(”_22>

Thus for 0 <i<d—1,
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= ()2 (03) - (G) (7))
o = () ()

To find the formula of a;, we add Equations (3.15), (3.16) to get

2Zi:ak+(4¢+5)zi:bk = (2i$2> + <2i;3>

k=0 k=0

— (20 +3)(i+1) + (i + 1)(2 + 1))@:22)

Applying Equation (3.17), we get

(3.19) ;ak = % (<QZ;Lr 3) + <227;: 2) —4i+ 1) <:,L__22>
—(4¢+5)((2if3)—2(2+1)( __22>>>
=5 ((07) = () -wen (020)
(4 + 5)(23 + 1)) — 4G + 1)2)(77;__2))
) () () e (1)
+2(2i2 —|—52—|—3)( __22>)

:(i+1)(22+3)( __22> (m—l)(2i+3>,

(3.20) a; = ((i +1)(2i +3) —i(2i + 1)) (Z:Z)

(-
w7 () ()

3.2. The even case Suppose that n = 2d + 2. We have 2d — 1 negatives in the

sequence A; for starting from | = 2. We can write the first few equations of Equation
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(3.8) exactly as Equations (3.9) — (3.12). However, the last three equations will be
d—1
n—2 n—2\(n—-2
21 — = -2
s (*5) - (o) (1) = (o)
n—1 n—2\(n-1 —
.22 — -1
s () - () (") = E v )
—1

(323 ()= 3) () =X (wem) ===,

This happens because the triple A,,_s, A,,_1, A, are always an arithmetic progression

ol

U
= o

(]

ST

with a common difference:

wemae= (%) () (2 ) (00 -6 (%)
(-0 -G (2 )-02)

)= (3 E) - () - G )
)=o) -G () -(2Y)

Therefore, the same formulae of a; and b; for 0 < i < d — 1 in Equations (3.18),
(3.20) hold.
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4. PROOF OF THEOREM 2.2

Let us define the sequence B; as follows:
(4.1) B, =—p™

The sequence B; satisfies the properties P1, P2 in the previous section: first, each
B; is obviously non-positive. Second, if n > m + 2, then for each 0 < i <n —m — 2,

the triple of consecutive numbers By, 1, Bytit1, Bm+it2 satisfies

(Bm+it2 — Bm+it1) — (Bmtit1 — Bmti)

_ m+1+ 2 n m+i+1 m+1+1 n m 41

N m m m m
m+1+1 m+1i m+1i

— + = — <0
m—1 m—1 m— 2
The goal is to find the coefficients a;, b; satisfying

(4.2) Bl:—<7;> min [Zwl a; + b;l)

d 1

There are n + 1 — m negative numbers in the sequence B; for m <[ < n. Thus we

need to split the cases for n when n — m is odd or even.

4.1. The odd case Suppose that n —m = 2d — 1, i.e. n —m + 1 = 2d. Then there

are d arithmetic progressions in Equation (4.2) that appears subsequently as follows:

(4.3) = (Z) — ag + mbo,
m—+1
(4.4) —( m )zao—i—(m—i—l)bo, (wo=1lywg=0for 1 <k<d-1)
(4.5) — (m%— 2) = (ap + (m + 2)bg) + (a1 + (m + 2)by),
4 (") = ot (4300 + (o1 + (43,

(wop=wy =Lwp,=0for2<k<d-1)
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(4.8)
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_(:) :di(ak+nbk). (wo="--+=wgq_1 =1)

k=0

For 0 <i<d—1, we have

(4.9)

(4.10)

_ (m;22> - i(ak +(m+ Qi)bk>,

k=0
%+ 1 :
—<m+ﬂ;+ > :%(ak+(m+2z’+1)bk>,

Subtracting Equation (4.9) from Equation (4.10), we get

(4.11)

: m+ 2+ 1 m+ 2 m+ 2
Zbkz— =+ = — .
prt m m m—1

Therefore, for 0 < <d—1,

(4.12)

b= — m + 2t n m+ 2 — 2 .
m—1 m—1

By adding Equations (4.9), (4.10), we get

(4.13)

m+2t+1 m + 2t
25 2 47 + 1 g b, = — — .
k—1ak+( m )kﬂ ' ( m ) ( m >

Applying Equation (4.11), we get

i
D
k=0

% <_<m+:j+ 1) - (m;22> + (2m+4z'+1)(7::21i)>
% <_ ((m +:zi+1> * (m;22> + (Zt?)) +2(m+2i+1)<2+_2f)>

—(m+2i+1) +(m+2¢+1)<m+2i)

m m—1
(m—1) m+2+1
m
Therefore,
21+ 1 21— 1
(4.14) ai:(m_1)<(m+ i+ >_(m+ i ))
m m
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4.2. The even case Next, suppose that n —m = 2d — 2. In this case, the first few
equations of Equation (4.2) are exactly same as Equations (4.3) — (4.6), but the last
three equations would be

d—2

(4.15) — (nﬂ_@ 2> = kz (ak +(n— 2)bk>,
=0
(4.16) —<nﬂ_rl 1) :dzz(ak+(n—1)bk>, (wg=-+=wg_9=1)
k=0

(4.17) —(”) = df(ak + nbk) + (age1 +nba_1). (wg_q =1)

m
k=0
The last arithmetic progression ag—1 + bg—1l must satisfy a + (n — 1)bg_1 = 0. This

ws = (1) ("0 S
k=0
221§+(m:3“‘1”><;i>+(;i>
n—2
~\m=2)

(4.19) ag-1=—(n=1bg=(n-1) (:1_—22>
-1 7))

5. SIMULATED RESULTS

In this section, we introduce two algorithms, MaxSymm and SymmRed, which
implement the symmetric degree reduction method based on Theorems 2.1, 2.2.
MaxSymm is an algorithm that finds mazimal (which will be defined shortly) sym-
metric polynomials in a given polynomial. SymmRed is an algorithm that obtains
a reduced quadratic polynomial from a given polynomial of binary variables, which
prioritize the degree reduction of symmetric polynomials found by MaxSymm.
After reducing all symmetric homogeneous polynomials, SymmRed still uses the
monomial reduction methods for reducing the remaining monomials.

We will call P\™ (x) for x = (20, -+ ,zp—1) in Equation (1.10) as the symmetric

m~polynomial on x. We will say a polynomial ¢ lies in a polynomial p if all
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monomials in ¢ are monomials in p. In this case, we will say p contains ¢. A
symmetric m-polynomial ¢ is said to be maximal in p if ¢ lies in p and there is
no other symmetric m-polynomial that lies in p and contains ¢. For example, the
symmetric 3-polynomial on 5 variables P5(3) (zg,- -+ ,x4) is larger than the symmetric
3-polynomial on 4 variables PAE3) (o, -+, x3).

The MaxSymm algorithm takes two arguments, the polynomial p and the degree
m. Again, this algorithm finds maximal symmetric m-polynomials that lies in p. We
say a symmetric m-polynomial is trivial if it consists of only m variables, and the
algorithm returns nil if there is no symmetric m-polynomial except trivial ones. Let
us call a monomial of degree m simply as m-monomial. We can represent every m-
monomial by a set of distinct m variables (or more simply, m indices). Generally, we
can represent every symmetric m-polynomial by a set of distinct variables (or indices)
whenever there is no ambiguity on the constant m. For example, the symmetric
polynomial Pég) (g, -+ ,x4) is characterized by the set {zg, 1,22, 23,24}, or more
simply, {0, 1,2,3,4}.

Algorithm 1 MaxSymm algorithm

1. procedure MAXSYMM(p, m) > p is a polynomial, m > 3 is a degree
2 A, B + the set of all m-monomials in p

3 while C' is not empty do

4 B,C <+ C,0

5: for ¢ in B do

6 for r in A do

7 if r Z q then

8 s < the symmetric m-polynomial on g U r
9: if s lie in p then

10: C+ CU{s}

11: end if

12: end if

13: end for

14: end for

15: end while

16: return B

17: end procedure

Algorithm 1 is a pseudocode ot MaxSymm algorithm. It utilizes three sets
A,B,C. The set A is the set of the all m-monomials in p, and it is the reference
set so we do not change it throughout the algorithm. The set B is the set of largest

symmetric m-polynomials in p polynomials that are currently found. The set C' is
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the set of all symmetric m-polynomials in p that are even larger than at least one in
B. The algorithm starts by initializing the sets A, B, C' as the set of all monomials in
p. The initialization of C' is only for the first iteration of the below cycle to happen.
(The line numbers refers to Algorithm 1.)

(1) Firstly, we replace the set B by C and empty the set C' (Line 4). This means
we transfer all information on the symmetric m-polynomials in C' to B.

(2) Secondly, we look up all pairs (g,r) of monomials in B and A (Lines 5, 6).
Only when r contains an element which is not in ¢ (Line 7), the algorithm
creates the symmetric m-polynomial s on all variables in the set ¢ Ur (Line
8). If s lies in p, we insert s in C' as an element (Lines 9, 10).

(3) The cycle aborts when there is no update on C after the full iteration of (2).

After the iteration of cycles are aborted, the algorithm returns all symmetric poly-

nomials stored in the set B.

Example 5.1. Let us re-visit the example in Equation (1.7) to see how MaxSymm(p, 3)

works:

p=2—x9— 2] — 222 — 223 — T4 — T5 + x0T + 22072 + TOT3
+ x172 + 23173 + 27273 + 27074 + ToTs + T3T4 + 27375
— 2.%'01‘11‘2 — 2.%'0.%'1.%'3 — 21‘01‘2.%’3 — 2.%'1.%'21‘3

— 2x9T3T4 — 2X0X3X5 — 2X9X4X5 — 203T4X5 + 4ToT1T2x3 + 4ToT3T4X5

At the beginning of the algorithm, the sets A, B are initialized as below (variables

are represented by their indices):
A = {{07 17 2}7 {07 17 3}7 {07 27 3}7 {17 27 3}7 {27 37 4}7 {27 37 5}7 {27 47 5}7 {37 47 5}}

At the first cycle, the algorithm searches all pairs of elements in the set B and A. The
pair ({0,1,2},{0,1,3}) produces a symmetric 3-polynomial s = {0, 1,2,3} (Line 8).
Since P4(3) (o, x1,x2, x3 lies in p, we update the set C' as C' = {{0,1,2,3}} (Line 10)
There is no further update to the set C' until the end of this cycle. Since C' # 0,
the algorithm goes into the second cycle, which starts with B = {{0,1,2,3}} and
C = (). Since there is no other symmetric polynomial in p that consists of variables
more than xzg,z1,Z2,x3, there is no update to the set C. The algorithm returns
{{0,1,2,3}} and terminates.
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The algorithm SymmRed takes a single argument, the polynomial p that re-
quires a degree reduction. It uses the algorithm MaxSymm to find any maxi-
mal symmetric m-polynomials iteratively for m from 3 to degp. For each maximal
symmetric polynomial found, namely s, it determines a constant a so that the m-
monomials in p are maximally removed by p — a - s. For this matter, this algorithm
works properly only when the polynomial p has a discrete spectrum of coefficients.
Then the symmetric m-polynomial s is reduced to quadratic polynomial by The-
orems 2.1, 2.2. When the process of searching and reducing maximal symmetric
polynomials are done, the algorithm applies the monomial reduction methods to the

remaining monomials.

Algorithm 2 The Symmetric Reduction algorithm

1: procedure SYMMRED(p) > p is a polynomial
2 q+ 0

3 for m < 3 to degp do

4 while s «+MaxSymm(p, m); s # 0 do

5: a < the most common coefficient of monomials in p and s

6 p&—p—a-s

7 if @ > 0 then

8 r < apply Theorem 2.1 to s

9: else

10: r < apply Theorem 2.2 to —s

11: end if
12: g q+lal-r
13: end while
14: end for
15: q < ¢+MonoRed(p) > do the monomial reduction

16: end procedure

Algorithm 2 shows a pseudocode for SymmRed. The constant a (Line 5 in
Algorithm 2) is determined by counting the number of occurrences of all coefficients
of monomials in p that lies in s. However, the choice of a may not be unique. For

example, suppose that s = {0,1,2,3}, m = 3, and the polynomial p is

— TT1T2 — ToT1T3 + ToT2x3 + T1T2T3

(5.1) = XoT1T2 + xox1X3 + ToTax3 + T1ToT3 —2T0T 1Ty — 2ToT1T3
Theorem 2.1 monomial reduction
(5.2) = —X0X1T2 — TOX1XL3 — TOT2T3 — T1T2T3 + 2ToTox3 + 2T1T2T3

Theorem 2.2 monomial reduction
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Since there are the same numbers of +1 and —1 coefficients, we can take either
Equation (5.1) or (5.2). In the actual implementation of the algorithm, we took a
random choice of a between candidates when this kind of situation happened.
Now, we present the efficiency of the symmetric reduction method. We tested
SymmRed on the objective function Q¢ in Equation (1.3) for random p-graphs
G, where p is the probability of the existence of an edge between each pair of two
vertices in G. We varied the number v of vertices v = 3,4,5,6,7,8 and p = 0.75,
0.80, 0.85, 0.90, 0.95. The number of colors are set to be the minimum number of
the form 2™ satisfying v < 2™. Thus m = [logy(v — 1)] + 1 number of binary digits
are used for the binary representation of colors, and n = muv binary variables are
used in the objective function. We generated 10* random graphs and their objective
functions for each p and v. We applied the symmetric and the monomial reduction
methods, and counted the numbers of total variables and monomials in the reduced

quadratic polynomials.

Symmetric reduction | Monomial reduction | r1 —n

PV Ny 2 N ro—mn M1/
3|16 | 10.31 41.72 17.20 66.97 40.00% | 62.29%

41 8 | 16.90 75.88 30.41 125.41 40.00% | 60.50%

0.75 5115 | 145.12 795.16 327.76 1597.50 | 41.61% | 49.78%
’ 6|18 212.62 1182.61 486.06 2382.62 | 41.58% | 49.63%
71211 291.53 1636.67 673.41 3313.83 | 41.47% | 49.39%
8124 | 384.38 2174.45 894.23 4413.20 | 41.41% | 49.27%

3|6 | 10.63 43.49 17.87 70.04 40.00% | 62.10%

4| 8 | 17.52 79.96 31.89 132.63 40.00% | 60.28%

0.80 51|15 | 153.63 845.02 348.57 1701.93 | 41.56% | 49.65%
’ 6| 18 | 224.47 1253.53 515.08 2528.39 | 41.54% | 49.58%
71211 309.64 1743.23 717.00 3532.79 | 41.47% | 49.34%

8 | 24 | 407.97 2315.10 951.84 4702.65 | 41.38% | 49.23%

3] 6 | 1098 45.53 18.64 73.59 40.00% | 61.87%

4| 8 | 18.20 84.52 33.53 140.75 40.00% | 60.05%

0.85 5| 15| 162.28 895.16 369.25 1805.79 | 41.58% | 49.57%
' 6| 18| 237.42 1331.70 546.97 2688.59 | 41.48% | 49.53%
7121132647 1841.98 758.43 3740.97 | 41.42% | 49.24%
8|24 | 431.16 2453.30 1007.69 | 4983.24 | 41.39% | 49.23%

3|16 | 11.35 47.78 19.47 77.54 40.00% | 61.62%

4| 8 | 18.82 88.81 35.07 148.39 40.00% | 59.85%

0.90 5|15 170.38 942.11 389.19 1905.94 | 41.52% | 49.43%
' 6| 18| 249.12 1404.09 577.36 2841.28 | 41.32% | 49.42%
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7121 |344.49 1946.97 803.22 3966.03 | 41.36% | 49.09%
8|24 |454.33 2594.31 1065.11 | 5271.75 | 41.33% | 49.21%
316 | 11.69 49.87 20.23 81.22 40.00% | 61.41%
41 8 | 19.40 92.83 36.51 155.55 40.00% | 59.68%
0.95 5|15 | 178.64 989.51 409.39 2007.44 | 41.49% | 49.29%
' 6 | 18 | 259.17 1470.89 608.56 2998.07 | 40.84% | 49.06%
7121 360.95 2041.47 844.74 4174.64 | 41.27% | 48.90%
8124 |474.11 2722.52 1121.66 | 5555.88 | 41.01% | 49.00%
316 12 52 21 85 40.00% | 61.18%
41 8 20 97 38 163 40.00% | 59.51%
1.00 5| 15| 187 1037 430 2111 41.45% | 49.12%
' 6|18 | 264 1516 639 3151 39.61% | 48.11%
7121 378 2137 889 4397 41.13% | 48.60%
8124 | 480 2797 1180 5849 39.45% | 47.82%

Table 3. The average numbers of total variables r; and monomials
N; in the quadratic polynomials reduced from the objective function
of the graph coloring problem on the random p-graphs, obtained by
the symmetric reduction method (i = 1) and the monomial reduction
methods (i = 2). The v is the number of vertices in the random graph
and n is the number of variables in the objective function. The last
two columns are ratios between averages on numbers of auxiliary
variables ((r; — n)/(r2 — n)) and the total numbers of monomials
N7 /Ns.

Table 3 shows the summarized results. The r; and r9 on the fourth and sixth
columns of the table are the average numbers of all variables in the reduced quadratic
polynomials obtained by applying the symmetric and monomial reduction methods
respectively. The Ny and N5 on the fifth and seventh column of the table are the
average numbers of all monomials in the reduced quadratic polynomials obtained
by the symmetric and monomial reduction methods respectively. We take the ratio
between average numbers of auxiliary variables in the reduced quadratic polynomial
obtained by the symmetric and monomial reduction methods. The last rows of Table

3 shows the cases for the complete graphs.
Figure 1 shows the data points for (v,r1) and (v,r3) for each p. The symmet-

ric reduction method produces only 39.45% ~ 41.61% of auxiliary variables than
the monomial reduction method. The average number of monomials in the re-
duced polynomial obtained by the symmetric reduction method are approximately
47.82% ~ 62.29% of what produced by the monomial reduction method.
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6. CONCLUSION

One of the main limitation that the current quantum annealing systems have,
in solving real-world problems, is the number of qubits of the quantum annealing
machines. Thus minimizing the number of variables in a QUBO formulation is essen-
tial. We showed that the symmetric reduction method can produces substantially
less number of auxiliary variables than the conventional methods for the QUBO

formulation of the graph coloring problem.
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Figure 1. Plots on the average numbers of auxiliary variables in the
quadratic polynomial reduced from the objective functions of the
graph coloring problems on random p-graphs by the symmetric re-
duction method (circle-dot) and the monomial reductions (square-
dots). The number of colors are set to be the number of vertices of
the graph. The horizontal axis represents the number of vertices and
the vertical axis represents the average numbers of auxiliary variable.
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