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Abstract

We consider the problem of packing congruent circles with the maximum radius in a unit square.
As a mathematical program, this problem is a notoriously difficult nonconvex quadratically constrained
optimization problem which possesses a large number of local optima. The nonconvexity stems from a
collection of pairwise non-overlapping constraints, a structure that appears in many important applica-
tions such as metal cutting, communication networks, and distance geometry. We study several existing
and new convexification techniques for the circle packing problem, including polyhedral and semi-definite
relaxations and assess their strength theoretically. As we demonstrate both theoretically and numerically,
when embedded in a branch-and-cut based global solver, the current state-of-the-art bounding techniques
are only effective for small-size circle packing problems.

Key words: Circle packing problem, Non-overlapping constraints, Polyhedral relaxations, Semi-definite
relaxations, Boolean quadric polytope.

1 Introduction

The problem of finding the maximum radius r of n identical non-overlapping circles that fit in a unit square
is a classic problem in discrete geometry. It is well-known that this problem can be equivalently stated as:

Locate n points in a unit square, such that the minimum distance between any two points is maximal.

Denote by (z;,v:), ¢ € {1,...,n} the coordinate of the ith point to be located in the unit square. It then
follows that the above problem can be stated as the following optimization problem:

(CP) maximize 0%
subject to  (x; —x)? + (y; —v:)> >, 1<i<j<n, (1)
z€[0,1]", ye[0,1]",

where ~y denotes the minimum squared pair-wise distance of the points in the unit square and n > 2. The
corresponding radius r for n circles that can be packed into the unit square is then given by r = KT%
Throughout this paper, we refer to Problem (CP) as the Circle packing problem. In spite of its simple
formulation, the Circle packing problem is a difficult nonconvex optimization problem with a large number
of locally optimal solutions. This nonconvexity is due to the presence of non-overlapping constraints defined
by (1). In fact, non-overlapping constraints appear in a variety of applications including circular cutting,
communication networks, facility layout problems, and distance geometry applications (see [2] for a detailed
review of industrial applications).

The Circle packing problem and its variants have been studied extensively by the optimization community;
several customized stochastic and deterministic algorithms have been proposed to find high quality solutions
for this problem (see [12] for a review of the existing optimization techniques). Yet, we are unable to
solve Problem (CP) to global optimality for n > 10 with any of the state-of-the-art general-purpose global
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solvers [9, 6, 15] within a few hours of CPU-time. This surprisingly poor performance is mainly due to the
generation of weak upper bounds on the optimal value of =y, which in turn is caused by our inability to
effectively convexify a collection of non-overlapping constraints. Indeed, current global solvers exhibit very
slow convergence rates for optimization problems containing non-overlapping constraints.

In this paper, we perform a systematic study of the existing techniques to convexify a nonconvex set
defined by a collection of non-overlapping constraints. To this end, we consider the Circle packing prob-
lem as our prototypical example in that its simple formulation makes it amenable to a theoretical study,
yet it demonstrates the limitations of existing convexification schemes. We consider various widely-used
polyhedral and semi-definite relaxations of the Circle packing problem; interestingly, we are able to solve
these relaxations analytically and conduct a theoretical assessment of their relative strength. Moreover, we
investigate the effect of symmetry-breaking constraints based on tightened variable bounds and/or order
constraints on the quality of these relaxations. As we detail in the following sections, the best polyhedral
and semi-definite relaxations are obtained via a certain combination of the two types of symmetry-breaking
constraints. We should emphasize that the purpose of this paper is not to identify the most efficient cus-
tomized optimization algorithm for the Circle packing problem but to examine the applicability of the most
widely-used convexfication schemes for non-overlapping constraints.

In Section 2, we consider relaxations of Problem (CP) obtained by replacing each non-overlapping con-
straint with its convex hull over the corresponding domain. We refer to such relaxations as single-row
polyhedral relaxations of the Circle packing problem. We demonstrate that the upper bounds given by such
relaxations are quite weak, confirming their ineffectiveness when embedded in global solvers. In Section 3,
we propose tighter polyhedral relaxations of Problem (CP) by convexifying multiple non-overlapping con-
straints simultaneously. Namely, we consider a reformulation of the Circle packing problem whose relaxation
is closely related to the Boolean quadric polytope [7], a well-studied polytope in combinatorial optimization.
By building upon existing results on the facial structure of the Boolean quadric polytope, we present multi-
row polyhedral relaxations of the Circle packing problem whose quality is significantly better than single-row
counterparts. In Section 4, we examine the strength of semi-definite programming (SDP) relaxations for the
Circle packing problem. We show that the upper bounds achieved by these relaxations are identical or
worse than the bounds obtained by the proposed multi-row polyhedral relaxations. Finally, in Section 5, we
incorporate our best multi-row polyhedral relaxations in the global solver BARON [9] and demonstrate their
impact on the convergence rate of the branch-and-cut tree for Circle packing problems with 3 < n < 20.

2 Single-row polyhedral relaxations

The basic approach. Perhaps the most intuitive approach to obtain a convex relaxation for the Circle
packing problem is to replace the nonconvex set defined by a single non-overlapping constraint by its convex
hull. Denote by conv(C) the convex hull of a nonconvex set C and denote concy f the concave envelope of the
function f over the convex set X. It is simple to show that the concave envelope of a convex quadratic function
of the form f(u) = (u1; — uz2)? over the box H = [0, 1] is given by concy f(u) = min{u; + ug,2 — ug — uz}.
Since non-overlapping constraints are separable in x and y variables, we have

conv{ (i, 25, yi, v, 7) * (w5 — )2 + (y; —9:)* =7, x € [0,1]%,y € [0,1]?} =
{(:I:lax]ayluyju/y) : CODC’Hf((E) +CODC’Hf( ) > Y, T € [0 1] Y € [0 1]2}

It then follows that the following linear program (LP) provides an upper bound on the optimal value of
Problem (CP):

(TW) maximize 7y
Ti+xi Yty >
—zi—zityity; 227
TitTi—yi—y;+227
—Ti— T - Y~y 4=y
0<z<1,0<y<l.

subject to



Claim 1. The optimal value of Problem (TW) is v* =2 for all n > 2.

*

Proof. Denote by (Z,7) a point at which 7* is attained. By symmetry, v* is also attained at the following
points: (1—2,9), (Z,1—9), and (1 —Z,1— ). Hence, by convexity of the feasible region, v* is also attained
at the point obtained by taking the average over the above four points; i.e., x; = y; = % fori=1,...,n.
then follows that v* = 2 for all n > 2.

=

Remark 1. Define X;; = x;xz; and Yi; = vy, for all 1 < ¢ < j < n. Then the feasible region
Problem (CP) can be equivalently written as P = {(z,y,X,Y,v) : Xii —2X5; + X;; + Vi, — 2Y5; + Y5
v, V1 <i<j<n, Xiyj =uz2;,Yi; = yiy;, V1 < i < j < n}. We replace the set {(x;,x;, Xi;) + Xij
zizj,x € (0,12} (resp. {(vi,y;,Yi;) © Yij > viys,y € [0,1]2} by its convex hull for all 1 < i < j <
Moreover, we replace the set {(x;, Xi;) : Xi < 22,2 € [0,1]} (resp. {(vi,Yii) : Yi < y2,y € [0,1]} by it
convex hull for all 1 < i < n to obtain the following relaxation of P:

SIVIVE

VA

S:{(Iavavx'y): Xu_2X1J+XJJ+}/“—2}/”—|—}/H Z"Y, Xijzo,
Xij>wi+a;—1,Y; >0, Y >yi+y; — 1, V1 <i<j<n, Xy <,
Yi < ui, v1§ign}.

It is simple to verify that the projection of S onto the (x,y,7) space is given by the constraint set of Prob-
lem (TW). This lifted relazation is often referred to as the first-level Reformulation Linearization Technique
(RLT) relaxation [11] of the Clircle packing problem and is utilized by most of the general-purpose global
solvers to find upper bounds for this problem.

Clearly, the Circle packing problem is highly symmetric. It has been observed that utilizing symmetry-
breaking constraints is beneficial for solving this problem to global optimality [1, 3]. In the following, we
present stronger polyhedral relaxations for Problem (CP) by utilizing a couple of simple symmetry-breaking
type constraints.

Tighter variable bounds. Let n, = [n/2] and n, = [n,/2]. By symmetry, we can assume that at any

optimal solution of Problem (CP)
ngig_ 7;:17"'7”17 (2)

and

o
A

&

IN

i=1,...,n,. (3)



Utilizing the above bounds on z and y variables and replacing each bivariate quadratic function in (1) by
its concave envelope over the corresponding box, we obtain the following relaxation of Problem (CP):

(TWbnd) maximize -~

T+ 2+ Yty =2y
Ti+x;—yi—y;+122y
—x; —xj +y; +y; 1> 2y
—T; — X — Y —Y; 22> 2y

i+ 2+ yi+2y; = 2y
T+ x5 — 3y +2 2> 2y
—xi—xj+yi+2yj+122~y
—$1—$J—3yz—|—322’}/

Ti + 225 +yi + 2y; = 2
T+ 2z — 3y; +2 > 2y
—3xi+yi+2yj+222~y
—3x; — 3y +4 > 2y

x; +xj + 2y + 2y; > 2y

T +x; =2y, — 2y, +4 > 2y
—x; — T +2y; +2y; +1 > 2y
—x; — T — 2y; — 2y; +5 > 2y

Ii+2517j+2yi+2yj 22")/
T+ 2x; — 2y; — 2y; +4 > 2y
—3x; +2y; +2y; +2 > 2y
—3x; — 2y; —2y; +6 > 2y

subject to , 1<i<j<ny (4)

,1<i<ny, <5< ng

y1<i<ng<ng <y

sy <1< j<ng

s Ny <1< ng <j

it Tityity; =

T+ T —Yi—Y; 227
—ri =X+ Yty 22y
—Ti— T —Yi—y;+4=y

, Ny <1< j<n

0

IN
IN

xT; si=1,...,n, 0<x; <1, 0=n,+1,...,n

0

IN

IN
N[~ N =

Yi st=1,...,ny, 0<y; <1, i=ny+1,...,n

Claim 2. The optimal value of Problem (TWbnd) is v* = 1 for all n > 5.

Proof. If n > 5, we have n, > 2; i.e., there exists at least one pair (,j) satisfying inequalities (4) in the
constraint set of (TWbnd). We first obtain an upper bound 4 on the optimal value of Problem (TWbnd),
by finding the maximum value of v over the the constraint set (4) together with lower and upper bounds on
the corresponding = and y variables. Subsequently, we show that 7 is sharp by providing a feasible solution
of (TWhbnd) that attains this bound. Now consider the constraint set (4); using a similar line of arguments
as in the proof of Claim 1, by symmetry, from these inequalities it follows that ¥ = % Consider the point
(Z,9,7), where &; = §; = 1 for 1 <i <ny, and &; = §; = 4 for ny, < i < n. It is simple to verify that (Z, 7, ¥)
is a feasible solution of Problem (TWbnd) and this completes the proof. O

Remark 2. An equivalent formulation for Problem (TWbnd) in a lifted space can be obtained by utilizing
the first-level RLT constraints of the Circle packing problem over the domain defined by (2) and (3). That



18, the projection of the set Spnq defined by the following inequalities

Xig —2X55 + X5+ Y —2Y;+ Y2, 1<i<j<n
Xi;>0,Y;>0,1<i<j<n

Xii <@, Yis <y, 1<i<n

Xij > wi/2+2;/2-1/4, 1<i<j<mny,
Xy >ai+a;/2-1/2, 1<i<ng<j
Xij2xi+x;—1, Xy <z, ny<i1<j<n
Yii>ui/2+y;/2—-1/4, 1<i<j<mn,
Yii>yi+y;/2—-1/2, 1<i<n,<j
Yij2yi+y;—1, ny<i<j<n,

onto the (x,y,~) space coincides with the feasible region of (TWbnd).

Order constraints. Next, we study the impact of another type of symmetry breaking constraints on the
quality of single-row polyhedral relaxations for the Circle packing problem. Clearly, we can always impose
an order on = (or y) variables by adding the inequalities

0<a <@ < <ay <1, (5)

to Problem (CP). Subsequently, we replace each bivariate quadratic function f(x) = (z; —x;)?, by its concave
envelope over the triangular region 0 < z; < z; < 1, and each bivariate quadratic function f(y) = (y; —v:)?,
by its concave envelope over the unit hypercube to obtain the following relaxation of (CP):

(TWord) maximize vy

1<i<j<n

— T ) S
subject to Tj =Tt Yity; =7 }

Tp—wi—yi—Y;+227
0<z <--- <z, <1

0<y<1.
Claim 3. The optimal value of Problem (TWord) is v* =1+ ﬁ for alln > 2.

Proof. Consider the following constraints of Problem (TWord):

Tit1 — T +Yi +Yit1 =Y ,
, 1 <4< n. 6
Tip1 — i —Yi —Yir1 +2 27 - ©)

We now find the maximum value of v over the region defined by these inequalities together with the lower
and upper bounds on z and y variables. Let (Z,¢,7) denote an optimal solution of this auxiliary LP. By
symmetry (Z,1—g,7) is also an optimal solution. Hence, by convexity of the feasible region, there exists an
optimal solution of the form (Z, g, ), where §; = % for i € {1,...,n}. It then follows that ¥ is equal to the
optimal value of the following problem:

maximize 1+ Az
subject to  xi11 —a; > Az, 1<i<n
0< 2z, z, < 1.

It can be shown that the optimal value of the above problem is attained at x; = %, 1 =

[y

,...,n and

is equal to ¥y =1 + ﬁ Furthermore, it is simple to check that (Z,7,%) with &; = %, Y = %, for all
1 =1,...,n is a feasible solution of (TWord) and this completes the proof. O



Remark 3. Consider the first-level RLT relazation of the feasible region of Problem (CP) as defined in
Remark 1. We can strengthen this relazation by utilizing the order constraints given by (5) to generate the
following RLT-type constraints:

< <n.
xi—Xijng_Xj,},l_z<j_n ™

Suppose that we add the above inequalities to the set S defined in Remark 1. Then it can be shown that
the projection of this new set onto the (x,y,7) space is given by the feasible region of (TWord). Using
inequalities (5) together with the bounds on x variables, one can construct many more RLT-type inequalities.
However, it can be shown that all such inequalities are redundant in the sense that they do not improve the
quality of the upper bound obtained from the corresponding relaxation.

Best single-row polyhedral relaxations It is not surprising that combining the two aforementioned
symmetry-breaking constraints leads to a stronger relaxation of Problem (CP). In the following, we analyze
the quality of the bound given by such a relaxation. Suppose that n > 5, so that n, > 2. If we impose
tighter bounds on 2 and y variables as given by (2) and (3), then z,,, <z, 11 is no longer valid. Thus, we
impose the order constraints as follows

xigxi-‘rlu Vle{l,,n—l}\{ny}

Subsequently, we replace each quadratic term by its concave envelope over the corresponding rectangular,
triangular or trapezoidal domain to obtain the following relaxation:

(TWcomb) maximize -y

Tj— X Y +y; > 2y
Tj—x —Yi—y;+1>2y
T + x5 + oy +2y; > 2y
T + x5 —3Yy; +2 > 2y
—xi—xj+yi+2yj+122'y
—x; — Tj —3Y; +3 > 2y

Ti + 25 +yi + 2y; > 2y
T +2x; — 3y; +2 > 2y
—3%; +y; +2y; +2 > 2y
—3x; — 3y +4 > 2y

Tj — @i +2y; +2y; > 2
T;—x; — 2y —2y; +4 =2y

Tj — @i +2y; +2y; > 2y
T;— x5 — 2y — 2y; +4 > 2y
2:Ej —3Ii+2yi+2yj > 2")/
225 — 3y — 2y; — 2y; +4 > 2y

subject to } , 1<i<j<ny (8)

,1<i<n,<j<n,

,1<i<n,<ng<j
},ny<i<j§nx

s My <1 <ng <J

T =T+ Y+ y; =y

, Ny <1<j<n
a:j—xi—yi—yj—i-Zz'y} * J

0<; <=,i=1,....n;, 0<x; <1, i=mn+1,...,n

yi=1,...,ny, 0<y; <1, i=ny+1,...,n

NN ORI

0<y <

1

Claim 4. The optimal value of Problem (TWcomb) is v* = %(1 + T

) for allm > 5.

Ty
Proof. If n > 5, we have n, > 2; consider the following inequalities present in constraint set (8) of (TWcomb):

Tit1 — Ti +Yi +Yig1 = 27

, 1 <4< ny,
Ii+1—1?i—yi—yi+1+122”¥} - Y



and denote by 4 the maximum value of v over the region defined by the above inequalities together with
lower and upper bounds on z and y variables. Using a similar line of arguments as in the proof of Claim 3,
it follows that 4 = %(1 + ﬁ), and this upper bound is attained gt Tip1l — Ty = m and y; = %
for all 1 < ¢ < n,. Now, consider the point (Z,y,7) where &; = #ﬁl), Ui = % fori =1,...,ny, and
T =4 = % for i = ny +1,...,n. It is simple to verify that (Z,y,7) is a feasible solution of (TWcomb)
implying v* = 7. O

Remark 4. Define the set T ={(i,7) : 1 <i < j <n,}U{(4,7):ny +1<1i<j<n} An equivalent lifted
formulation for Problem (TWcomb) can be obtained by adding the following RLT-type constraints to the set
Spnd defined in Remark 2:

Xii < Xy, V(i,j)€eT
5~ Xy <5 - Xy V0,5) € Twithj <n, (9)
,Ti—XijSLL'j—ij, V(l,])EIWlthj>nm

Remark 5. To combine the order constraints (5) with the tighter variables bounds (2) and (3), we eliminated
the order constraint x,, < xn, + 1, while keeping the rest of the symmetry-breaking constraints unchanged.
There is an alternative method to combine these two types of symmetry-breaking constraints: we can impose
the order constraints in their original form as defined by (5) as well as tighter variable bounds on x variables
as defined by (2), but do not impose any tighter bounds on y variables. Subsequently, to obtain a relazation
of the Circle packing problem, we replace each bivariate quadratic function with its concave envelope over
the corresponding domain. It can be shown that the optimal value of this relaxzation is v* = 1 + m,
which is strictly larger than the optimal value of Problem (MTcomb). Hence, we do not pursue this approach
throughout the paper.

We summarize the results of this section in the following theorem. We should remark that Anstreicher [1]
conjectured these upper bounds and verified them numerically for 3 < n < 50.

Theorem 1. Consider the single-row polyhedral relazations of the Circle packing problem defined above:

(i) Let n > 2. Then the optimal value of Problem (TW) is attained at x} =y} = %, foralli=1,....n,
and is equal to

~y*=2.
(ii) Let n > 2. Then the optimal value of Problem (TWord) is attained at x; = =L y* = 1 for ail
i=1,...,n, and is equal to
1
=14 ——.
7 i n—1

(i1i) Let n > 5. Then an optimal value of Problem (TWbnd) is attained at x} = yF = i forall1 <i<n,,
xfzyfz%forallny—i—lgign, and is equal to

L1
=5

(tv) Let n > 5. Then the optimal value of Problem (TWcomb) is is attained at x} = %, yr =

, for

PN

all 1 <i < ny, x*:yf:%forallny—klgign, and is equal to

v =5 (1 )



3 Multi-row polyhedral relaxations

In this section, we introduce stronger polyhedral relaxations of the Circle packing problem by convexifying
multiple non-overlapping constraints simultaneously. This is in contrast with the polyhedral relaxations
studied in Section 2, where the feasible region defined by a single constraint was replaced by its convex hull
over rectangular or triangular domains. Throughout this section, we assume n > 3 so that the constraint
set of (CP) contains multiple non-overlapping constraints . We start by introducing a reformulation of
Problem (CP) which will be important for our later developments:

(CPr) maximize ~
subject to (w5 —x:)® + (y; —v:)* > By, 1<i<j<n,
Bij =, 1<i<j<n,
x €10,1]", ye][0,1]™.

Denote by X the feasible region of Problem (CPr) and define the sets

n(n—1)

7’2{(9&,3/,6,7): (:vj—xi)2+(yj—yi)226ij,V1§i<j§n, x,y €10,1]", R = ,WER}

and
n(n—1)

K:{($7y5ﬂ57)BZJZV)V1SZ<]SnaIay€RnaﬂeR 2 7FY€R}

Clearly, conv(X) = conv(P N K) and K is a convex cone. This in turn implies conv(P) N K D conv(X), and
hence conv(P) N K is potentially a good relaxation for the feasible region of the Circle packing problem. In
the following, we characterize the convex hull of P. To this end, consider the set

Xij = @iy, Yig = gy, V1 i < j <, ayy € 0,1},

Denote by P the projection of P onto the space (z,%,3). Define the linear mapping £ : (z,y, X,Y) —
(x,y,ﬂ), where ﬂij = X — 2X1J + ij + Y — 2}/1] + }/jj forall 1 <i< j < n. It then follows that to
characterize conv(7P), it suffices to characterize conv(Q), as P is the image of Q under the linear mapping
L, and we have conv(P) = conv(£Q) = Lconv(Q).

Now consider the set Q defined by (10). Denote by Q. (resp. Q,), the set obtained by dropping the
inequalities containing (y,Y") variables (resp. (z,Y’) variables) from the description of Q. It then follows
that conv(Q) = conv(Q,) N conv(Q,). Let Q, denote the projection of Q, onto the (z,X) space; it can
be shown that the vertices of conv(Q,) are binary valued by using the fact that there does not exist any
function of the form f(z) = Y1 asw; + Yy wiix? + D oi<icjonWijzirj for some a € R™, w;; > 0 for
all i € {1,...,n} and w;; < 0 for all 1 < i < j < n, whose unique maximizer over the unit hypercube is
attained at a non-binary x (see [13] for more details). Hence, without of loss of generality, we can assume
that z,y € {0,1}™ in (10). Accordingly, define the two sets

Qb = {(x,X): Xyj > iz, VI<i<j<n, zc{0,1}"}

and
Q5 ={(z,X): a7 > Xy, V1 <i<n, z€{0,1}"}.

Claim 5. conv(Q,) = conv(Q%) N conv(Q%).

Proof. Let I = {1,...,n} and let k € I; define Q5 = {(2,X) : 2} > Xy, 2 € {0,1}} and Q) =
{(,X) : 22 > Xy, Vi e I\ {k}, X;; > zx;, V1 <i < j<mn, z€{0,1}"}. Consider a point (Z, X) €
conV(Qg\Ck) Nconv(Q;, ). Clearly, & can be uniquely written as convex combination of the two points {0, 1};
i.e., there exists a unique multiplier A € [0, 1] such that Z;, = (1—-X)(0)+A(1) = X. Let Lo = {(z, X) : 2, = 0}
and £1 = {(z,X) : a4 = 1}. Define Q, 0 = Q, N Lo, Qu1 = O, N L1, Q) = Q2 N Lo, OV = & n £y,



s = Q;k NLgy, and Q

Ik,o

= Q5 NLy. Clearly, conv(Q; ) = conv(Q;]fO) Nconv(QZ o) and conv(Q, 1) =

;k,l Ik,o

conV(Qg\fl) N conv(Q;, ;). Furthermore, conV(Qg\Ck) = (1- )\)conV(Q;]fO) + )\conV(Qg\fl) and conv@; =

(1=X)econv(Q;, o) +Aconv(Q;, ;). This in turn implies that conv(Q,) = conv(Qg\Ck) Neconv(Q;, ). The proof

follows from a recursive application of this argument and using the fact that conv(Q5) = (,c; conv(Q; ). O
Clearly, conv(Q2) = {(z,X) : Xy < z;, V1 < i < n, z € [0,1]"}. Symmetrically, we obtain a

characterization of conv(Q,). Hence, the following relaxation of Problem (CPr)

maximize 0
subject to  (z,y,08,7) € conv(P)NK

can be equivalently written as

(MT) maximize vy
subject to Xii—2Xij+ij+Yvii—2Y;j+ijj >v,1<1<j<n (11)
(z,X) € conv(Qb)
(45,Y) € conv(Q?)
Xii <xy, YVig <y, 1 <0 <n.

Now consider conv(Q?2); this polyhedron is a relaxation of the Boolean quadratic polytope [7] defined as

BQP = conv{(z, X) : X;; = xzj, V1 <i<j<n, x€{0,1}"}.

While BQP is bounded, conv(Q?) is an unbounded polyhedron whose recession cone is given by Co, =
{(z,X): X;; >0, V1 <i < j<n}. Recall that given two sets S,T € R, their Minkowski sum is defined as
S®T:={s+t:s€8S,tcT} We have the following characterization of conv(Q?%).

Claim 6. conv(Q%) = BQP & Cwo.

Proof. To prove the statement, is suffices to show that conv(Q%) and BQP have the same set of vertices; the
result then follows from Minkowski-Weyl theorem (see for example Section 17 of [8]). Let & denote a binary
vector in R” and let X;; = #;4; for all 1 <i < j < n. To show that (2, X) is a vertex of conv(Q%), it suffices
to characterize a linear function ¢”x + d7 X whose maximum over conv(Q?) is uniquely attained at (i, X).
Let k=", &;. Define ¢; = —1 for all j such that #; = 0, ¢; = k for all j such that &; = 1, and d;; = —1
for all 1 <i < j < n. Using the fact that the function f(m) = km —m(m—1)/2, where 0 < m < k is strictly
increasing, we conclude that the unique maximizer of ¢’z + d7 X over conv(QY) is given by (&, X). O

Claim 6 enables us to characterize several classes of facet-defining inequalities for conv(Q?%) by leveraging
on the existing results for the Boolean quadratic polytope.

Claim 7. Suppose that ax + bX < c defines a facet of BQP. Then this inequality is facet-defining for
conv(QY) if and only if bij <0, for all 1 <i < j <n.

Proof. By Claim 6, a facet-defining inequality ax + bX < ¢ for BQP is valid at all vertices of conv(Q?%)
and is binding at n affinely independent vertices of this polyhedron. Hence, this inequality defines a facet
of conv(QP) if and only if ad, + bdx < 0 for all (d,,dx) € Cs. By definition of Co, it follows that this
statement holds if and only if b;; <0 for all 1 <7 < j < n. O

Let J denote a subset of {1,...,n} with |J| > 3 and let « be an integer with 1 < o < |J| — 2. Tt is
well-known that the following so-called clique inequalities

1
az:vi - Z Xij < % (12)
icJ i€J,5€ i<

are facet-defining for the Boolean quadric polytope [7]. Since the coefficients of X;; are nonpositive for all
1 <i < j < n, by Claim 7, clique inequalities define facets of conv(Q%) as well. More generally, any valid



inequality ax + bX < ¢ for conv(QZ;) must satisfy b;; < 0 for all 1 < ¢ < j < n. We should remark that
the facet-description of conv(Q?P) contains many inequalities that are not present in the description of BQP;
the additional inequalities correspond to unbounded facets of conv(Q%). However, for Problem (MT) such
facet-defining inequalities are redundant.

We are now ready to analyze the quality of the upper bound given by Problem (MT).

Claim 8. Let n > 3. Then the optimal value of Problem (MT) is given by v* = 1+ %, if n s an odd
number and is given by v =1+ ﬁ, if n is an even number.

Proof. Since Problem (MT) is symmetric in (z, X) and (y,Y) and its feasible region is convex, there exists
an optimal solution with x = y and X =Y. Consider inequalities (11); at any optimal solution, at least one
of these inequalities is active as otherwise, we can obtain a feasible solution with a better objective value
by increasing the value of v until one of these inequalities becomes active. Moreover, there exists a pair
of indices (k,m) for some 1 < k < m < n associated with such an active constraint for which inequalities
Xir <z and X,y <z, are also binding as otherwise it is possible to make the corresponding inequality
in (11) inactive by increasing the value of Xy or X,u,. In fact, we argue that at an optimal solution
of (MT), inequalities X;; < x; are binding for all ¢ € {1,....n}. To obtain a contradiction, denote by ! the
index of an inactive inequality constraint. Since the problem is symmetric in (z;, X;;), i = 1,...,n, it follows
that there exists an optimal solution with X;; < a; for any [ € {1,...,n}. Hence, by taking the average
over all such solutions, we obtain an optimal solution of (MT) for which X;; < z; for all i = 1,...,n, which
is a contradiction. Thus, at an optimal solution X;; = x;, for all i € {1,...,n}. Using a similar symmetry
argument, we conclude that at an optimal solution inequalities (11) are all active implying that there exist
optimal solutions of (MT) with

LL‘i—2Xij+$j=yi—2Y;j+yj:%, Vi<i<j<n.

Summing up over z; — 2X;; + x; = v/2 for all 1 <1i < j <n, we obtain

(n; 1) ;Iz 3 Z Xy — n(ng— 1)7.

1<i<j<n

Thus, an optimal solution of (MT) can be obtained by solving the following problem:

- 8 (=D

(MTx) maximize x; — Xij
n(n —1) 2 ; 1g§§n ’

subject to  (x, X) € conv(Q?)

Ii—QXij—ij:Ik—QXkl-l-Il, Vi<i<j<n,Vi<k<lI<n.

Now suppose that n is an odd number implying that (n — 1)/2 is an integer. Note that (n —1)/2 <n — 2
as by assumption n > 3. Letting J = {1,...,n} and a = (n — 1)/2 in (12) yields

(n; D) sz - Z X < 7(7128_ 1). (13)

= i,j€J,i<]

By Claim 7, inequality (13) defines a facet of conv(Q%). Since the objective function of Problem (MTx)
is parallel to this facet, it follows that an upper bound on the optimal value of this problem is given by
y=1+ %, if n is an odd number.

Now consider a relaxation of (MTx) denoted by (MTx’), which is obtained by removing the equality
constraints from the constraint set of (MTx). Clearly the optimal value of (MTx’) is given by 4. Denote
by (:E,X') a feasible solution of (MTx’). Let Z, denote a permutation of Z and let XH(i,j) = f(,,(i)y,,(j) for
all 1 <4 < j < n. It is then simple to verify that (&, Xp) is also a feasible solution of (MTx’) with
the same objective value. It then follows that by taking the average over the feasible points corresponding

10



to all possible permutations of #, we obtain a feasible solution (zZ, X) of (MTx’) with Z; = --- = Z,, and
)_(172 =... = _"—17" that attains the same objective value as (Z, f() Hence, we conclude that there exists
an optimal solution of (MTx’) with x; =t forall1 <i<mnand X;; =zforall1 <i<j<n Assucha
point clearly satisfies all equality constraints present in (MTx), we conclude that ¥ is a sharp upper bound
for (MTx).

Now, let n > 4 be an even number, and let J denote a subset of {1,...,n} of cardinality n — 1. By
summing up over x; — 2X;; +x; = 3 for all 4, € J with ¢ < j and following a similar line of arguments as
above, we obtain that for an even n, the optimal value of Problem (MTx) is given by v* =1+ ﬁ O

It is well-understood that the Boolean quadric polytope has a very complex structure. In fact, an explicit
description for BQP is only available for n < 6 [4]. As before let I = {1,...,n} and let a be an integer.
Denote by C, the polytope defined by all inequalities of the form

ala+1) .

ad m— Y, X< ———» W CIL J#£0, Vmin{lJ| - 2,1} <a <max{|[J| - 2,1} (14)

i€ (,7)€Jd,1<j

If | J| > 3, the above inequalities are clique inequalities defined by (12). If |.J| = 2, these inequalities simplify
to X;; > 0and X;; > x; +x; — 1 for all 1 <4 < j <n, which are McCormik inequalities and if |J| = 1, they
simplify to 0 < x; < 1 for all i € I. We should remark that conv(Q%) = C, for n < 4 while conv(Q%) C C,
for n > 5. Consider the following relaxation of Problem (MT):

(MTiauey  maximize vy
subject to Xii—2Xij+ij+Yvii—2Y;j+ijj2’7,1§i<j§’n
(z,X) eC,
(ya Y) € C?!

Xis <, YVig <y, 1 <0 <.

Claim 9. Let n > 3. The optimal value of Problem (MTC9U®) js given by v* = 1+ L+

)
1 n

number and is given by v* =1+ —, if n is an even number.

if n is an add

Proof. From the proof of Claim 8 it follows that the bound 7 given in this claim is a valid upper bound on
the optimal value of Problem (MT¢9%¢) as well. The statement then follows from the fact that (MTelaue)
is a relaxation of (MT).

O

Tighter variable bounds. By incorporating tighter bounds on z and y variables as defined by (2) and (3),
we obtain the following multi-row polyhedral relaxation of Problem (CP):

(MTbnd) maximize 5
subject to Xii—QXij—l—ij—l—Y;i—2}/ij+Y}j2’7,1§i<j§n
(2, X) € conv(Q

Toma)
(y,Y) Econv(Qand)
Xi<F 1<i<n,
Xy <z, ng +1<i<n
Ya<Z 1<i<n,

Yii <wyi, ng +1 <13 <n,

where Q= {(z,X): X;; > wiw;, 1 <i<j<n, z;€[0,3], 1<i<n,, ;€[0,1], n,+1<i<n}
and ngnd ={(y,Y): Y >yy;, 1 <i<ji<m, y € [O,%], 1<i<mny, y €[0,1], ny, +1 < i < n}.

11



The polyhedron conv(Q® X)) can be obtained from conv(QPY (&, X)) defined before, via the one-to-one

Tbn d(
linear mapping;:

xi:%, V1<i<ng

T, = Vng,+1<i<n

Xij: ij, V1§2<3§n1 (15)
Xy=%3 VY1<i<n,<j<n

Xij:Xij, Vn1<z<3§n

Similarly, conv(Q?

b...) can be obtained from conv(Q}) using a one-to-one linear mapping.

Claim 10. Suppose that n > 5 and let n, = [n/4]. Then the optimal value of Problem (MTbnd) is given
by v =1(1+ n—ly), if ny is odd, and is given by v* = 1(1+ o —L2), if ny is even,

Proof. Since n > 5, we have n, > 2. Consider the following subset of constraints of Problem (MTbnd)

Xii =2X55+ X5, +Yu —2Yi5+ Y2y, 1<i<j<ny

(z,X) € conv(Qg)

(y,Y) € conv(Q}) (16)
Xu<i, 1<i<n,

V<4 1<i<n,

where Q% = {(2,X) : Xi; > wizj, 1 <i<j<my, €05} and Q) ={(y,Y) : Vi > yiy;, 1 <i <
j <mny, y; €[0,4]"}. Over the region defined by constraints (16), consider the set of points at which the
maximum value of ~y is attained. Using a similar argument as in the proof of Claim 8, by symmetry, there
exist points satisfying x; = y; for all i € {1,...,ny}, Xj; = Vi forall 1 <i < j < n,, X = F for all
1<i<ny, }/“: L3 fOI‘&HlS’LSny andX“- 2XZJ+XJj:}/ii_2}/ij+}/jj:l fora111<i<j<ny,
implying (n, — 1) Zl 1T — 421§i<j§ny Xi; = ny("y 1)7 Hence, employing a similar line of arguments
as in the proof of Claim 8, we conclude that the maximum value of  over the region defined by (16) is
given by 7 = 1 (1 + n—ly), if ny is an odd number, and is given by 5 = (1 + ﬁ), if n, is an even number.
Finally, using the linear mapping defined by (15), such an optimal solution can be lifted to a feasible point
of Problem (MTbnd) and this completes the proof. O

Consider the polyhedron C, defined by inequalities (14). Denote by C,,, , the image of C, under the
linear mapping defined by (15). The polyhedron C,, , is similarly defined. We now construct a relaxation
of Problem (MTbnd) by replacing the constraints (z, X) € conv(Q5, ) and (y,Y) € conv(QY ) with the

ZTbnd

constraints (z, X) € Cy,,, and (y,Y) € Cy,,., respectively. We refer to the resulting LP as (MTbndclidaue).
It can be shown that the optimal value of (MTbnd<!9u¢) is equal to the optimal value of (MThbnd).

Order constraints. Next, we obtain a multi-row polyhedral relaxation of Problem (MT) by incorporating
the order constraints (5) on = variables. More precisely, we characterize the convex hull of the following set:

Pord = {(:v,y,ﬁ,v) Dy — )P+ (g —yi)® > By, 1<i<j<nm,
0<z <...<an<1, y¢ [0,1]"}.
To do so, it suffices to characterize the convex hull of the set:
Qoo ={(@,Q) i (j —2:)? > Gij, 1 <i<j<n, 0<ar <. <@y <13,

as conv(Pqorq) is the image of conv(Q,,, ) X conv(Q,) under a linear mapping, where as before we define

Claim 11.

conv(Qy,..) ={(x,¢)rxj —2z; > (j, 1<i<j<n, 0<z <...<z, <1} (17)
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Proof. First note that the polyhedra defined by (17) is a valid relaxation of the set Q,_, as it is obtained
by replacing each convex function (z; — z;)? by its concave envelope over 0 < z; < z; < 1. In addition, this
relaxation coincides with conv(Q,,.,), as the projection of each point in the convex hull of {(x;, z;, (;j) :
(zj—x;)? > j, 0 < x; < x; < 1} onto the (z;, ;) space can be uniquely determined as a convex combination
of the vertices of the simplex 0 < z; < z; < 1. O

Hence, the following relaxation of Problem (CPr)

maximize vy
subject to  (z,y,08,7) € conv(Pora) NK

can be equivalently written as
(MTord) maximize v
subject to x; —x; + Yy —2Y,; +Y; >, 1<i<j<n
(y,Y) € conv(QZ)
Yii<yi, V1<i<n.

Claim 12. Let n > 3. An upper bound on the optimal value of Problem (MTord) is given by
2 1
:y:—(1+7). (18)
3 [(n—1)/2]
Proof. As in the previous proofs, by symmetry, we can argue that at any optimal solution of (MTord) we
have Y;; = y; for all 1 <4 <n, and

-ty —2Yi+y; =7, Vi<i<ji<n.

Summing up over three of the above equalities associated with pairs of indices (i, ), (j, k) and (4, k) for some
1 <i<j<k<n,it follows that at any optimal solution the following is satisfied

2 . .
72g(ivk—$i+yi+yj+yk—yij—yik—yg‘k), 1<i<ji<k<n.

Since x; < z; < xy, for all 1 <4 < j < k < n, the expression xj —x; attains its smallest value when j =i+41
and k = j + 1. Furthermore, as we detailed before, the following clique inequalities are facet defining for
conv(QY):

vi+tyituye—Yy; — Y —Yp <1, 1<i<j<k<n

Consequently, at an optimal solution we have v < %(QCH_Q —z;+1) foralli € {1,...,n—2} implying that the
optimal value of the following problem provides an upper bound on the optimal value of Problem (MTord):
. 2
maximize 3 (14 Ax)
subject to  miyo —x; > Az, 1 <i<n-—2. (19)
It is simple to verify that the optimal value of the above problem is attained at Az = 1/[(n — 1)/2] and is
equal to (18). O

We now construct a relaxation of Problem (MTord) by replacing the constraint (y,Y) € conv(Q%) with
the constraint (y,Y) € Cy:

(MTord®!9"¢)  maximize vy
subjectto xj—xz—I—}/“—Q}/”—F}/”Z”y,1§Z<j§n
(y,Y) ecC,

Vi <y, V1 <i<n.

13



Our numerical experimentations show that the optimal value of MTord®i9"¢ is equal to 4 given by (18) for
n < 13. Indeed for n = 13, the optimal value of the above problem is v* = 0.7742 while 4 = 0.7778. However,
our numerical experiments reveal that the relative gap (¥ —~4*)/7* x 100% remain below five percent for
13 < m < 30. Hence, we argue that 4 defined by (18) is a reasonable measure for the quality of the bound
given by Problem (MTord!9u¢), In fact, we have the following sharpness result

Claim 13. Letn > 3 and consider the following relazation of Problem (MTordcldue):
(MTord"™)  maximize v
subjectto x; —x; +Y, —2Y;, +Y;; >, 1<i<ji<n
ity +tye—Yi; — Y —Yy <1, 1<i<j<k<n
Yii<yi, VI<i<n.

[(n=1)/2]

Proof. First, we establish that 7 defined by (18) is a valid upper bound for Problem (MTord'") via the exact
line of arguments we used to prove that 4 is an upper bound for (MTord). Now consider the point:

The optimal value (MTord'™) is given by v* = %(1 + é)

(20)

where as before Az = 1/|(n — 1)/2]. Tt can be checked that #; — &; + Yi; — 2Yi; + Yj; = 2(1+ Az) =7
for all 1 <4 < j < n. Moreover, we have §; + §; + Gr — Yij — ffj — Y =1+ (1- k;l)Ax < 1, where the
last inequality is valid since k — i > 2. Hence, the point defined by (20) is feasible for Problem (MTord'"),
implying that its optimal value is given by (18). O

Best Multi-row polyhedral relaxations. Finally, consider a multi-row polyhedral relaxation of the
Circle packing problem obtained by combining the order constraints on x variables and tighter upper bounds
on x and y variables as defined by (2) and (3). To construct this relaxation, we replace the set

Qe =@, Q) () —2)* > Gy, 1 <i<j<m a1 <. <@y, Tpytr < oo < T,

1
:1:1-6[0,5],lgignz,xiE[O,l],nx—i-lgiSn}, (21)

by its convex hull. Moreover, we let (y,Y) € conv(Q? ) and refer to the resulting LP as (MTcomb).

Ybnd

Claim 14. Let n >9. Then an upper bound on the optimal value of Problem (MTcomb) is given by

:Y:%(” L(ny—ll)/2j) (22)

Proof. Since n > 9, we have n, > 3. Consider a pair (¢,7) with 1 < ¢ < j < n, and consider the following
inequalities present the constraint set of (MTcomb):

Ij—Ii

+Yi —2Yi;+Y 2y, 1<i<j<ny.

Summing up over any three of the above inequalities associated with the pairs of indices (4, 7), (j, k) and
(i,k) for some 1 <1 < j < k < n, and using the fact that at any optimal solutions of Problem (MTcomb)
we have Yj; = % for all 1 <i < ny, we conclude that at an optimal solution we have

1
WSg(ivk—ivi+yi+yj+yk—2yij—2Yik—2Y}k).

As we detailed before, the inequality 2y; + 2y; + 2y, — 4Y;; — 4Yi, — 4Yj, < 1 defines a facet of conv( and).
Moreover, as ; < x;41 for all 1 < i < n,, a minimum value of z;, — z; is attained when k = i 4 2. Finally,

the maximum value of x; 2 —x; over x; € [0, %] for all 1 <i < ny is equal to m Hence, we conclude
Y
that an upper bound on the optimal value of (MTcomb) is given by (22). O
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Subsequently, we construct a relaxation of Problem (MTcomb), denoted by (MTcomb®9u€) by replacing
the constraint (y,Y) € conv(Q?}, ) with the constraint (y,Y) € Cy,,,. Our numerical experiments show that
for 9 < n < 30, the relative gap between the optimal value of Problem (MTcomb®9"¢) and 4 remains below
five percent and thus we argue that (22) is a reasonable measure of the quality of the bound given by Prob-
lem (MTcomb®9u¢). Now, consider a relaxation of the Problem (MTcomb®i9'¢) denoted by (MTcomb'™),

in which the constraint set (y,Y") € Cy,,, is replaced with the following set of clique inequalities:
2y + 2y + 2y —4Y5; —4Y —4Y <1, 1<i<ji<k<ny
2yi +2y; +yr —4Yi; — 2V —2Yj, <1, 1<i<j<n,<k<n
20 +y;+yr —2Y5; —2Y - Y <1, 1<i<n,<j<k<n
Yityi+ye =Y — Y - Y <1, ny,<i<j<k<n

Claim 15. The optimal value of Problem (MTcomb'™) is given by (22).

Proof. First, employing a similar line of arguments as in the proof of Claim 14, we conclude that 4 defined
by (22) is an upper bound on the optimal value of Problem (MTcomb'™). Moreover, it can be checked that
the point (Z, X,7,Y, %) with

T =50z, i=1,...,ny,
< _ I42A
yl: +6 1;7 = 7"'7n’lj7
Bi— i =4 =yt Leon
TR
=% i=1,....n
i ~27 ’ 9 y Iy 23
Yii=0i;, i=ny+1,....n (23)
YVij =240z, 1<i<j<n,
% 142A - :
¥z‘j: +12””, 1<i<n, <j<n
Yi-:%, ny <t<j<mn,
_ 1 : : tri
where Ax = oD feasible for (MTcomb"™). O

The following theorem summarizes our results.
Theorem 2. Consider the multi-row polyhedral relazations of the Circle packing problem defined above:

(i) Let n > 3. Then the optimal value of Problem (MT) is equal to

1
’7*:1—’__7
n
if n is odd and is equal to
1
*:1 -
Y +n_17

if n is even.

(i) Let n > 5 and let ny = [n/4]. Then the optimal value of Problem (MTbnd) is equal to

e
7_4 ny'

if ny is odd, and is equal to

.1 1
7 :Z(l—’—ny—l)’
if ny is even.
(iii) Let n > 3. Then the optimal value of Problem (MTord") is
v = 2(1 + ;)
3 [(n—1)/2]
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(iv) Let n>5 and let n, = [n/4]. Then the optimal value of Problem (MTcomb™) is given by v* = 1 for
n <8 (i.e., forn, =2) and is given by

v =5+ o)

forn>9 (ie., forn,>3).

4 Semidefinite relaxations

The basic approach. Semidefinite relaxations are among the most popular techniques for bounding
nonconvex QCQPs [14]. The basic idea is to lift the problem to a higher dimensional space by introducing
new variables of the form X;; = z;z; (resp. Yi; = y,;y;), for all 1 <14 < j <n, and subsequently replace the
nonconvex set {(z, X) : X = 22T} (vesp. {(y,Y) : Y = yy?'}) by its semi-definite relaxation {(z, X): X =
2T} (vesp. {(y,Y):Y = yyT}). Such a relaxation can be further strengthened by including constraints of
the form

Xii <z
Yii <y

}, Vie {l,...,n}, (24)

on the diagonal entries of matrices X and Y. Hence, the following SDP provides an upper bound on the
optimal value of the Circle packing problem:

(SDP1) maximize 5
subject to Xy —2X;; + X + Y =2+ Y, >, 1<i<j<n
X =zl Y =gyt
Xii <@y, Yie <yi, 1<i<n
0<az<1,0<y<l.
Claim 16. The optimal value of Problem (SDP1) is given by v* =1+ —L= for all n > 2.
Proof. As in the proof of Claim 8, by symmetry, there exist optimal solutions of (SDP1) at which we have

r=y, X=Y, Xy =u;forallic{1,...,n}, and Xy —2X;; + X;; = 2 forall 1 <i < j <n. Thus, (SDP1)
simplifies to the following problem:

maximize y (25)
subject to  x; —2X;; +x; = %, 1<i<j<n

X = zxT

0<z<1

To further simplify the above problem, we eliminate Xj;, 1 < j < n using the equality constraints,
1

and write this SDP in terms of x variables. Define X = (m

Xi; = Lz + rj—3), 1 <i<j<n. It then follows that Probl

<1
””;), where X;; = x; for all i = 1,...,n and
5 em

(25) can be equivalently written as:

maximize y (26)
subject to X=0
0<z<1.

Now consider a feasible solution of the above problem denoted by (Z,%). Clearly, any permutation of Z,
denoted by Z, results in a feasible solution of the form (Z.,%). Since, the feasible set of (26) is convex,
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by taking the average of all such feasible points, we obtain a feasible solution of the form (Z,%), where

T1=T9=...=2Ty. Let ; =t and let Xij = z. Then Problem (26) simplifies to a bivariate SDP:
maximize 4(t — z) (27)
1 ¢t t ... t
t t z ... z
subject to t ozt 2 1>0
t z z ... t

0<t<1,0<z<1.

To further characterize the feasible region of Problem (27), equivalently, we examine the positive semi-
definiteness of the following matrix:

t—t2 z—t2 ... z—t2

2=t t—t* ... z—1t?
A:

z—t2 z—t2 ... t—t2

By direct calculation, it can be shown that the mth order principal minor of A is given by:
My, =t—2)"" t+(m-1z-—mt?), 2<m<n.

Since the objective of (27) is to maximize (¢t — z), we can assume that at an optimal solution ¢t — z > 0.
Thus, M,, > 0 if and only if ¢ + (m — 1)z — mt? > 0, or equivalently, z > (mt?> —t)/(m — 1). In addition, the
right-hand side of this inequality is increasing in m for any ¢t € [0,1]. Thus, for a given ¢ € [0, 1], the matrix
A is positive semidefinite if z > % and at the optimal solution we have z = % Thus, problem (27)
simplifies to the following univariate optimization problem:

4n
max
o<t<in —1

(t —t?).

It is simple to verify that the optimal value of the above problem is attained at ¢ = % and is equal to
14+ 1/(n—1). Accordingly, an optimal solution of (SDP1) is attained at:
w=y =X =Yi=1  1<i<n
X5 =Y =0 1<i<j<n (28)
7=l ey

O

Remark 6. Consider the first-level RLT constraints of the Clircle packing problem as defined in Remark 1.
It is simple to verify that the point defined by (28) satisfies these constraints, implying that the addition of
RLT constraints to (SDP1) does not strengthen the relazation.

Tighter variable bounds The optimal solution of Problem (SDP1) given by (28) satisfies the tighter
bound requirements on x and y variables, as defined by (2) and (3), respectively. Thus, the simple addition
of these constraints to (SDP1) does not improve the value of the upper bound. However, relations (2) and
(3) can be utilized to strengthen (SDP1) as follows. We replace the linear constraints defined by (24) by the
following inequalities:

X < %, 1<i<ng
Xii < x4, ny+1<i<n

We refer to the resulting relaxation as (SDP2

~
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Claim 17.  Let n > 5 and let ny = [%]. Then the optimal value of Problem (SDP2) is given by
0 )
Proof. We first provide an upper bound on the optimal solution of (SDP2) by considering a specific subset

of the constraints. Subsequently, we provide a feasible solution of (SDP2) that attains this bound. Consider
the following relaxation of (SDP2) which only contains the constrains corresponding to the points in lower

left quadrant of the unit square:

(SDPr) maximize ~
subject to Xii—QXij—l—ij—f—Y;i—2Y;‘j+ijj >, 1§z<3§ny

Yi

Xa<2 vu<% 1<i<n,
2 2

3

Xt:m:T, Ytny

1 1

Note that in the above problem, X and Y are n, x n, matrices. The important property of Problem (SDPr),
is its symmetry in (z,X) and (y,Y) variables. Thus, we can employ a similar line of arguments as for

(SDP1) to conclude that there exists an optimal solution of (SDPr) with x =y, X =Y, Xy = %, Yy = %,
i=1,...,ny, Xi —2Xy+ Xy =3Fforall 1 <i<j<ny,andz =x2 = =2, Lett=uwx;, 2= X;;, and
t)2—t2 2—t2 .. z—1t2
_ z—t2 t)2—t2 ... z—t2
X = . . .
z—t2 2t L t/2—t2
It follows that (SDPr) simplifies to the following problem:
maximize 2(t — 2z2)
subject to X =0 (29)
0<t< L
p— p— 2'

By direct calculation, it can be shown that the mth order principal minor of X is given by:

M, = (%)m (t —22)™ 7 (t 4+ 2(m — 1)z — 2mzt?).

Since the objective of (29) is to maximize ¢ — 2z, it follows that X is positive semidefinite, if ¢ + 2(n, —
2

1)z — 2n,2t%> > 0, and at an optimal solution we have 2z = % Therefore, the optimal solution of (29)
h Y

is attained at ¢* = §, 2" = #;_21) and is equal to f* = (1 + nyl_l ). We now construct a feasible point of

(SDP2) whose objective value is equal to f*. Consider

571:2]1—%7 Vi:l,...,ny,

~j:ﬂi~:§7 Vi=ny,+1,...,n,

Xi=%, Vi=1,...,ng,

Xiz:{EZu V’L:’nm‘f'l, T

}N/ii:%v Vi=1, » Ty (30)
Yii=9i;, Vi=ny+1,...,n,

K - -3 : ;

)gij:}fij:#y*”’ V1<i<j<ny,

=Y =1 V1<i<n, n,+1<j<n,

Xi;j=Y;=1, VYn,+1<i<j<n

It is simple to verify that X“ - 2XZJ + ij + Y/“ — 2Y/ZJ + i/jj Z ’7 = %(1 + o 1_1) for all 1 S 1< j S n.
Y

Thus to prove feasibility of (30), it suffices show that X — 2z = 0 and Y — g7 = 0. Let X = (glc I;) and
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Y = (11/ ”YT) To show X = 0 at (#, X) (resp. Y = 0 at (7,Y)), it suffices to factorize X as X = L,D,LT
(resp. YasY = LyDng), where L, (resp. L) is a lower triangular matrix with ones in the diagonal and
D, = diag(d®), d* € R™ (resp. D, = diag(d¥), d¥ € R") is a nonnegative diagonal matrix. Define dj =1

and -
%Hle(l—ﬁ)a 1<j<ny+1

1
G=90 ny+1<j<ng+1
e n; +1<j<n+1.
Let
1, ifi=j
L.(i, ) Ti—1, ifj=1,2<i<n+1
(%, 7) = _ . T
J %_—;_H, if2<j<i<ng+1
otherwise.

Similarly, let L, = L, and d} = df fori =1,...,n,+ 1, and d = 1, for i =n, +2,...,n+ 1. Hence, we
have shown that the point defined by (30) is a feasible solution of Problem (SDP2) and this completes the
proof. O

Remark 7. Consider the first-level RLT constraints of the Circle packing problem corresponding to the
tightened variable bounds as defined in Remark 2. It is simple to verify that the optimal solution of Prob-
lem (SDP2) defined by (30), satisfies these constraints. Hence, adding first-level RLT constraints to (SDP2)
does not strengthen the SDP relaxation.

The following theorem summarizes our results in this section. The bounds given in this theorem were
conjectured and numerically verified by Anstreicher [1].

Theorem 3. Consider the SDP relaxations of the Circle packing problem defined above:
(i) Let n > 2. Then, the optimal value of Problem (SDP1) is

1
*:1 -
7 +n—1

andisattainedatxf:y;*:Xi*i:Y’f:%,forlgign, andX%z%,forl§i<j§n.

i

(i1) Let n > 5. Then, the optimal value of Problem (SDP2) is

v =5 (1 o)

. . * _ oox 1 . * % 1 s *_mf
and is attained at v; = y; = 3, fori=1,...ny, v =y = 5, fori =ny +1,...n, X; = 5, for
1,

. . y .
i=1,...ng, X} =], fori=n,+1,...n, Y] =5, fori

=1,...ny, Vi =y, fori=ny,+1,...n,
Xi*sz*f:L(ny_2),f07"1§i<j§ny, X*-ziﬁ}f:%,forlgigny and ny +1 < j < n,

K3

ij 16 \ny—1 J
X5 =Y5=1% forny,+1<i<j<n.

Furthermore, addition of first-level RLT constraints do not improve the bounds given by (SDP1) and (SDP2).

Order constraints. Consider the RLT-type inequalities (7) obtained utilizing the order constraints (5).
Clearly, the optimal solution of Problem (SDP1) given by (28) does not satisfy these constraints. Let us
denote by (SDPlord) the semidefinite optimization problem obtained by adding inequalities (7) to (SDP1).
In the following, we first show that Problem (SDPlord) has a more compact formulation. Subsequently, we
analyze the quality of the corresponding bound for the Circle packing problem. Consider the set

S={(z,X,¢): Xis — 2Xi5 + Xj; > Cij, Xii < Xij, i — Xij <aj— Xj5,1<i<j<n,
Xy <wi, 1<i<n}

It can be shown that the projection of the above set onto (x,() is given by {(z,{) : z; —x; > G5, 1 <i <
j < n}, and by Claim 11, this set is the convex hull of {(z,¢) : (zj; — ;) > (5, 1 <i<j<n, 0<ax <
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... <z, < 1}. This in turn implies that the constraint X > z2T in the description of Problem (SDP1lord)
is redundant and this problem can be equivalently written as:

(SDPord) maximize ~y
subject to x; —x; + Yy =25+ Y >y, 1<i<j<n
i<y, 1<i<n
Y o= gy
x €10,1)", y €[0,1]™.

Clearly, Problem (SDPord) can be further simplified by noting that there exist optimal solutions with Y;; = y;
for all i € {1,...,n}. In Figure 1(a), we compare the the optimal value of Problem (SDPord) with that
of Problem (MTord"™), as given by Part (iii) of Theorem 2, for 3 < n < 30: while the SDP bounds are
slightly stronger than the the polyhedral counterparts for n > 13, the relative gap between the two bounds
is below five percent for all values of n. Moreover, the computational cost of solving Problem (MTord'") is
significantly lower than that of (SDPord).

1.4
0.51
127 —SDPord —SDPcomb
L - tri 0.4 - tri
~ 1 MTord" - MTcomb
0.81 0.3¢f
0.6/ 1 N
. . . . . 0.2 . , . .
5 10 15 20 25 30 5 10 15 20 25 30
n n

(a) (b)

Figure 1: Comparison of the upper bounds for the Circle packing problems obtained by SDP relaxations
versus the LP counterparts. In Figure 1(a) the optimal value of Problem (SDPord) is compared with that
of Problem (MTord"!). In Figure 1(b) the optimal value of Problem (SDPcomb) is compared with that of
Problem (MTcomb!™).

Best SDP relaxations. We combine the two types of symmetry-breaking constraints discussed above
by adding inequalities (9) to Problem (SDP2) and denote the resulting SDP relaxation by (SDPcomb). In
Figure 1(b), we compare the the optimal value of Problem (SDPcomb) with that of Problem (MTcomb®1),
as given by Part (iv) of Theorem 2, for 5 < n < 30: while the bounds given by the two relaxations coincide
for 5 < n < 8, the multi-row polyhedral bounds are stronger than the SDP bounds for all n > 9.

5 Discussions and future directions

In previous sections, we conducted a theoretical assessment of several convexification techniques for the Cir-
cle packing problem: single-row polyhedral relaxations, multi-row polyhedral relaxations, and semidefinite
relaxations. Our main findings are stated in Theorems 1-3: from Theorem 1 and Theorem 3 it follows that
(i) the bound given by the basic SDP relaxation is identical to that of the single-row polyhedral relaxation
with order constraints, (ii) the bound given by the SDP relaxation with tightened variable bounds is iden-
tical to that of the best single-row polyhedral relaxation. In addition, via numerical experimentations (see
Figure 1(b)), we discovered that the upper bound given by the best multi-row polyhedral relaxation is better
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than that of the best SDP relaxation. As the computational cost of solving aforementioned polyhedral relax-
ations is significantly lower than SDP relaxations, we conclude that for Circle packing problem, polyhedral
relaxations are superior to SDP relaxations.

From Theorem 1 and Theorem 2 it follows that the proposed multi-row polyhedral relaxations are con-
siderably better than single-row polyhedral relaxations. That is, by utilizing certain facets of the Boolean
quadric polytope, we are able to improve the quality of the upper bound on Problem (CP) by about 30% for
large n values. In Figure 2, we plot the upper bounds given by the best single-row and multi-row polyhedral
relaxations along with the optimal value of Problem (CP) for 5 < n < 50. The exact solutions of the Circle
packing problem are taken from www.packomania.com. As can be seen from Figure 2, by increasing the
value of n, the quality of the multi-row polyhedral bounds deteriorates quickly.

We further demonstrate the above fact by incorporating our best multi-row polyhedral relaxations in the
global solver BARON [10]. We employ two upper bounding schemes to solve Problem (CP) to global optimality:
the basic single-row polyhedral relaxation (TW) and the best multi-row polyhedral relaxation (MTcomb®?).
These relaxations are constructed at every node in the branch-and-bound tree of the global solver. For
each upper bounding scheme, we solve the Circle packing problem for all 3 < n < 20. All problems are
solved with relative/absolute optimality tolerance of 107%, and a CPU time limit of 1200 seconds. Other
algorithmic parameters are set to the default settings of the GAMS/BARON distribution. Results are listed in
Table 1; for each run, we present five quantities: CPU time in seconds (T'), total number of nodes in the
branch-and-bound tree (N;), upper bound on the optimal solution upon termination (U B), lower bound on
the optimal solution upon termination (LB), and the percentage of relative optimality gap upon termination
0 = (UB — LB)/UB x 100%. As can be seen from this table, for n < 9, utilizing multi-row relaxations
results in significant speed ups. However, for n > 10, BARON is not able solve the Circle packing problem to
global optimality within the time limit. For all these problems, the proposed multi-row relaxations result in
a 30% reduction in relative optimality gap.

0.5
0.4
—TWcomb
0.31 tri
= —MTcomb
0.2 —exact
0.1r

O 1 1 1 1
10 20 n 30 40 50

Figure 2: Comparison of the upper bounds for the Circle packing problem obtained by the best single-row
(TWcomb) and the best multi-row (MTcomb"!) polyhedral relaxations versus the exact optimal solution
(exact).

Recall that to construct the proposed multi-row polyhedral relaxations, we considered a reformulation
of the Circle packing problem; namely, Problem (CPr), and argued that the polyhedron conv(P) N K could
serve as a good relaxation of conv(PNK). It can be shown that the set conv(P NK) is polyhedral as well. In
addition, it can be shown that even for n = 3, the polyhedron conv(PNK) is strictly contained in conv(P)NK.
In fact, the clique inequality r1 + To +x3 — X12 — X13 - X23 S 1 (OI‘ Y1 + Y2 + Y3 — }/12 — Y13 — }/23 S 1) is
not facet-defining for conv(P N K). Therefore, an interesting future research direction is to study the facial
structure of conv(P N K) directly, possibly by using ideas from reverse convex programming [5].
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n T™W | MTcombtr!
| T N UB LB s | T N, UB LB &

3 0.05 19 1.07180 1.07180 0.0 0.05 9 1.07180 1.0718 0.0
4 0.18 177 1.00000  1.00000 0.0 0.05 3 1.00000  1.00000 0.0
5 2.68 3781 0.50000  0.50000 0.0 0.05 4 0.50000  0.50000 0.0
6 469.0 378920 0.36112 0.36112 0.0 0.97 621 0.36112  0.36112 0.0
7 1200 441474  0.50861 0.28719 43.5 | 11.55 5518 0.28719  0.28719 0.0
8 1200 310987 0.58776  0.26211 55.4 | 73.03 23980 0.26795  0.26795 0.0
9 1200 197781  0.71653  0.25000 65.1 | 79.00 19216 0.25000  0.25000 0.0
10 1200 135154 0.85889  0.17748 79.3 1200 182664 0.24182 0.17748 26.6
11 1200 97511 0.92104 0.15857 82.8 1200 119727  0.24672  0.15857  35.7
12 1200 73269 1.01677 0.15111  85.1 1200 80877 0.25286  0.15111  40.2
13 1200 54103 1.06400 0.13403 85.8 1200 62674 0.23139  0.12822 44.6
14 1200 42054 1.11510 0.12174  88.6 1200 45764 0.24010 0.11936 50.3
15 1200 30721 1.13379 0.11634 89.7 1200 34847 0.24331 0.11329 534
16 1200 26288 1.14947  0.11111  90.3 1200 25612 0.24593  0.09670 60.7
17 1200 21593 1.17361 0.09373  92.0 1200 16413 0.20365 0.08771 56.9
18 1200 16842 1.17354  0.09028 92.3 1200 14225 0.20547 0.08489  58.7
19 1200 14874 1.19834 0.08383 93.0 1200 11685 0.22221  0.08215 63.0
20 1200 11513 1.20390 0.08215 93.2 1200 7925 0.21643 0.06737 68.9

Table 1: Effect of the basic single-row (TW) and the best multi-row (MTcomb®!) upper bounding schemes
on the performance of BARON for Circle packing problems with 3 < n < 20. The two algorithms are compared
with respect to CPU time (T'), total number of nodes in the branch-and-bound tree (N;), final upper bound
(UB), final lower bound (LB), and final relative optimality gap (6%)
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