KPATKUWUE COOBIIIEHU A
SHORT PAPERS

9CTBEy,
od\\”""é/‘,;_ Cepusa «Maremarukas N3BECTNAA
£ [ 5 2020. T. 31. C. 142—149 Hprymexozo
% MI”!IE E T 20cy0apPCMBEeHHO020
RErma

. . YyHusepcumema
OmutaiiH-IOCTYII K 2KypHAJLy:

T A
‘7 ¥ http://mathizv.isu.ru

VIIK 519.853
MSC 90C26
DOI https://doi.org/10.26516/1997—7670.2020.31.142

Convex Maximization Formulation of
General Sphere Packing Problem
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Abstract. @ We consider a general sphere packing problem which is to pack non-
overlapping spheres (balls) with the maximum volume into a convex set. This problem
has important applications in science and technology. We prove that this problem is
equivalent to the convex maximization problem which belongs to a class of global opti-
mization. We derive necessary and sufficient conditions for inscribing a finite number of
balls into a convex compact set. In two dimensional case, the sphere packing problem is
a classical circle packing problem. We show that 200 years old Malfatti’s problem [11] is
a particular case of the circle packing problem. We also survey existing algorithms for
solving the circle packing problems as well as their industrial applications.

Keywords: sphere packing problem, convex maximization, optimality conditions, Mal-
fatti’s problem.

1. Introduction

The sphere packing problem is one of the most applicable areas in
mathematics which finds numerous applications in science and technology.
Sphere packing problem with one sphere is called the design centering
problem. A practical application of the design centering problem in the
diamond industry has been discussed in [13]. The industry needs to cut
the largest diamond of a prescribed form inside a rough stone. This form
can often be described by a ball. The quality control problem which arise in
a fabrication process where the quality of manufactured item is measured
can be reduced to the design centering problem [17].
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Two dimensional sphere packing problem is circle packing problem.
Circle packing problems finds applications in circular cutting problems,
communication networks, facility location and dashboard layout. The cir-
cular cutting problem is to cut out from a rectangular plate as many circular
pieces as possible of N different radii.

In [10] it has been shown that the circular cutting problem is NP-hard
and the authors propose heuristic methods and algorithms for solving it.
In [9] Fraser and George consider a container loading problem for pulp
industries which reduces to the circle packing problem. For solving this
problem, the authors implemented a heuristic approach.

In [1] Dowsland considers the problem of packing cylindrical units into
a rectangular container. Under some assumptions, the author shows that
the problem is equivalent to the circle packing problem and proposes a
simulated annealing method to solve it.

In [7] Erkut introduced the p-dispersion problem which consider the
optimized location of a set of points that represent facilities to be found.
In [2] it is shown that the continuous p-dispersion problem and the circle
packing problems are equivalent. A local search methods were used to solve
this problem.

Martin in [12] showed that the robot communication problem is
equivalent to the circle packing problem.

Drezner in [2] considers the facility layout problem reduced to a
circle packing problem where facilities are modeled as circles. Different
optimization methods and algorithms [3] are used for solving the problem.

In general, the circle packing problems are reduced to difficult noncon-
vex optimization problems which cannot be handled effectively by analyt-
ical approaches. Moreover, the complexity of the circle packing problems
increases rapidly as a number of circles increases. Thus, only heuristic type
methods are available for high dimensional cases (N > 50).

The circle packing problem has also important applications in auto-
mated radiosurgical treatment planning [18;19]. Gamma-rays are focused
on a common center creating high radiation dose spherical volume. The
key problem in the gamma knife treatment is how to place spheres in the
tumor of arbitrary shape.

2. Formulation of Sphere Packing Problem

Let B(2,7) be a ball with a center 2° € R" and radius r € R.
B(2°r) = {z € R"[||]z — 2°|| < r}, (2.1)

here || - || is Euclidean norm.
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The n-dimensional volume of the Euclidean ball B(z?,7) is [8;14]

n
2

V(B) = ——p", (2.2)

where I' is Leonhard Euler’s gamma function.
Define the set D as follows:

D = {x € R"|gi(z) <0,i=1,m}, (2.3)

where ¢; : R* — R,i = 1,m, are convex functions. Assume that D is a
compact set which is not congruent to a sphere and intD # (). Clearly, D
is a convex set in R”.

For further purpose, let us introduce the functions ¢; : R"*! — R, i =1, m,
for x € R"™ and r with help of vectors h € R™.

pi(x,r) = ”Iil”aX gi(x +rh),r >0,i=1m. (2.4)
<1

Lemma 1. B(z°,r) C D if and only if

0
; < 0. .
ax wi(z",7) <0 (2.5)
Proof. Necessity. Let y € B(z°,r) and y € D. The point y € B(z°,r) can
be presented as y = 2°+rh, h € R™, ||h|| < 1. Then condition y € D implies
that

gi(2° +rh) <0,Yh e R" : ||h|| < 1,i =T, m.
Consequently, max ;(z°,7) <0.
1<i<m

Sufficiency. Let condition (2.4) be satisfied, and on the contrary, assume
that there exists § € B(2°,r) such that § ¢ D. Then we have h € R™ so
that 7 = 2% + r%, ||EH < 1. Since y ¢ D, there exists j € {1,2,...,m} such
that g;(z° + rh) > 0 which contradicts (5). O

Denote by u',u?, ... u* centers of the spheres inscribed in D defined by
(2.3). Let ry,72,...,7; be their corresponding radii. Now we consider a
problem of maximizing a total volume of k£ non-overlapping spheres (balls)
inscribed in D C R™. This problem in the literature [9] is often called
sphere packing problem for different spheres.

Now we formulate the following optimization problem :

n k
T2
max V = Ty, 2.6
V= 26)
subject to:
sz(u ,T])SO,Z:l,m,]:l,k, (27)
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Il —w|? > (ri 7). 5 =T, i < (28)
1 2 0’7"2 Z 07...,7°k > 0. (29)

The function V', which is convex as a sum of convex functions r* defined on
the positive orthant of R, denotes the total volume of all spheres inscribed
in D. Conditions (2.7) describe that all spheres are in D while conditions
(2.8) secure non-overlapping case of balls. Denote by S C R(+DE the
feasible set of problem (2.6)-(2.9). (u,7) € S ¢ R™+tVE where (u,r) =
(ut, u?, o uf ey ey ), Ut = (Ul ub, el i = 1k

Denote problem (2.6)-(2.9) by SP(n,m,k), where n,m and k are its pa-
rameters.

Theorem 1. Let (u,7) € S be a solution of SP(n,m,k). Then (u,7) is a
solution to sphere packing problem.

Proof. By the condition of theorem, we have the following inequalities
V(w,7) > V(u,r) for all (u,r)es.

According to (2.6), V is the total volume of balls. Taking into account
conditions (2.7)-(2.9) which describe non-overlapping spheres inscribed in
the convex set D, we conclude that (@,7) is a solution to the sphere packing
problem proving the assertion. O

Then problem SP(n,m,k) can be written as:

max V (2.10)
(u,r)es

The problem is convex maximization problem and the global optimality
conditions of A.Strekalovsky [15] applied to this problem are following.

Theorem 2. Let (u,7) € S satisfy V'(T) # 0. Then (@,T) is a solution to
problem (2.10) if and only if

(V'(y),r —y) <0 for all y € By (V) (2.11)
and (u,r) € S,

where E.(V) = {y € R®TVF | V(y) = ¢} is the level set of V at ¢ and
V'(y) is the gradient of V at y. Here (,) denotes the scalar product of two
vectors in R(HDE,
Condition (2.11) can be written as

k
> yilri — i) <0, ¥y € By (V) =
i=1

k k
={y e RWTF N "2 =N "7} (u,r) € S.
i=1 =1
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Let D be a polyhedral set given by the following linear inequalities.
D = {z € R"|(d",z) < b;,i =1,m},a’ € R",b; € R.

Assume that D is compact. Then the functions ¢;(z,r) in (2.4) are com-
puted in the following way.
; = ; h) = : h) — b;] =
soz(w,f) s gi(a +rh) [ﬁ%“a o +7h) — b
o (0, 2) & 1{a', 1) — b] = (a2} + o]~ bii = T
<1
Then the problem (2.6)-(2.9) has the form

7.[.n/2 k
max V= ———— i 2.12
(u,r) r'g+1) ; i (2.12)
subject to: o '
(a',u’) +rjla'|| < b, i =1,m,j =1,k, (2.13)
' — !> > (r; +15)% 4,5 =1k, i <], (2.14)
Ty > O,Tz > 0, ey Tl = 0. (2.15)

If we set r; = r,j = 1,2,...,k, then problem (2.12)-(2.15) is reduced to
the classical packing problem of inscribing k equal spheres into D with
maximum volume:

/2
max V= ———Fkr" 2.16
A YEEY (210)
subject to: o ‘ o
(a',u?) +r|a'|| <bj,i=1,m,j =1k, (2.17)
|u? =/ ||* > 4r?i,5 = 1,k, i < j, (2.18)
r>0. (2.19)

The design centering problem [13;17] can be formulated as circle packing
problems (2.12)-(2.15) and (2.16)-(2.19) for different and equal radii.

The most practical sphere packing problems [9; 10] are formulated for
box constraints. For instance, if D is a box set, D = {z € R"|oy; < z; <
Bi,i = 1,n} then problem (2.16)-(2.19) is equivalent to the problem of
inscribing k equal spheres into a box set which is formulated as:

/2
max V= ———Fkr" 2.20
eI ey 220
subject to: '
ui +r<pBi=1n,j=1L1k, (2.21)

I
=
&

—ug +r<—ai=1,n,j (2.22)
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lu’ —w?||* > 4r?,i, 5 = Tk, i < j, (2.23)
r > 0. (2.24)

If we set n = 2,m = 3 and k = 3 in problem (2.12)-(2.15), then problem
SP(2,3,3) becomes Malfatti’s problem which was first formulated in 1803
[11]. Indeed, the problem has the form:

3
r(ria:)( V= W;T? (2.25)
subject to: o '
(a',u?) +rjlla’|| < bs,i,5 =1,2,3, (2.26)
[ul —w?||? > (r; +75)% 0,5 = 1,2,3,0 # 5, (2.27)
ry > 0,79 >0,r3 > 0. (2.28)
The original Malfatti’s and its extended four circle problem SP(2,3,4)

as well its three dimensional problem SP(3,4,3) were solved numerically
in [4-6].

Note that problem SP(n,m,k) for a polyhedral set can be reduced to
D.C. programming (minimization of difference of two convex functions)
with d.c.constraints so that one can apply D.C programming approach [16]
for finding a local maximum point. Indeed, let us put convex constraints
(2.13) in the set Q:

Q = {(u,r) € Rk a, uly +rillat|| < b, i=T1,m,j =1k}
j

Then problem SP(n,m, k) can be reformulated as:

. /2 i n
min fo= TEi ;ri , (u,r) €Q, (2.29)
subject to:
fig =t = > = (ri +73)? > 0,4,§ = Lk, i < j, (2.30)
ry > 0,79 >0,...,7; >0, (2.31)

where fp and f;; are D.C. functions which are differences of two convex
functions.

Computational algorithms for solving the problem SP(n,m, k) based on
D.C programming will be discussed in a next paper.
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Conclusion

We have examined the general sphere packing problem which is to pack
non-overlapping spheres into a convex set with the maximum volume from
a view point of theory of convex maximization. We prove that a solution of
a new formulated convex maximization problem is a solution to the sphere
packing problem for a polyhedral set.

We show that the classical circle packing problems, the design centering
and Malfatti’s problems [11] are particular cases of the general packing
problem. We also survey recent advances of the packing problems and
their industrial applications.
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IToctanoBka 3aj/ilauM BBINYKJIOW ONTUMHU3AIMU KaK OOIIei
3a/1a4u yNaKoBKu cdep

P. Quxbar

Havyuonarvrut ynusepcumem Moneosuu, Yaan-Bamop, Moneoausn

Awnnoranusi. Paccmorpena obmas 3a7ada ynakoBKu cdep, KOTOPasi 3aKII0UaeTCs
B yIIaKOBKe Herepecekamomuxcs cdep (IapoB) ¢ MaKCUMAaIbHBIM 00bEMOM B BBIILYKJIOE
MHOKECTBO. DTa mMpobjeMa NMeeT BarKHbIe IPUJIOXKEHUsSI B HayKe u TexHuke. Jlokazano,
9TO 9Ta 3a/javda dKBUBaJICHTHA BI)IHyKJIOﬁ 3a/lavde MaKCUMU3allul, KOTOpasd IIPUHAJIC2KUT
KJlaccy riobasipHoi onruMmusanuu. [losydensl HeoOOXOAMMbIE U JOCTATOYHBIE YCJIOBHS
JJIs1 BIIMCBIBaAHUS KOHEYHOT'O YHuCJ/Ia IIapoOB B BBIHyKHLIﬁ KOMIIaKT. B ABYMEPDHOM CJly4dae
3a/avua yIAKOBKU Cep sABJISIeTCS KJIACCMYIECKON 3ajadeil ymakoBku Kpyros. [lokaszano,
uyro 200-seTHss1 3a7a4a Manbdartu [11] siBiasieTcss 9acTHBIM CIIy9aeM 3a/aun yIIaKOBKU
KpPYTOB. TaK}Ke PACCMOTPEHDBI CYIIECTBYIOUINE aJITOPUTMBI JIJId PEINEHUA 3a1a9 YIIAKOBKHI
KPYTOB U UX IIPOMBIIIJIEHHOE IIDUMEHEHUE.

KHIO"IeBI)Ie cJioBa: 33/1a4a YIIAaKOBKH Cq)epbl7 BBIIIYKJIasl OIITUMU3aIUsA, YyCJIOBUA
ONTUMAJIBHOCTH, TTpobaeMa ManabdarTu.
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