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Abstract

The paper deals with the circle packing problem which arises in topology optimization for
additive manufacturing. The problem consists in packing a number of circles of radii within a
particular range imposed by technical limitations, the packing factor being maximized. A bi-
objective formulation for the problem compromising the packing factor and the maximum
mechanical stress of parts is suggested. The e-constraint method is applied to search for a
trade-off solution of the problem. A new packing approach based on a modified Apollonian
circle packing and nonlinear optimization is developed. Numerical examples and graphical
illustration of results are given.
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1. Introduction

One of the most important topics of modern mechanical engineering is reducing weight while
maintaining specific characteristics of structures designed. Such problems with conflicting criteria are
related to decision making in a formidable manufacturing process. A key objective of the problems is
finding optimal geometric shape and topology of the designed product ensuring minimum weight at
specified strength. To this end, topology optimization methods [1] are used to find the best design
parameters satisfying the technological and strength constraints and thus providing the objective
function extremum. When optimizing topology of a structure, the stress level in a particular part of the
structure can be used as an indicator of ineffective material usage. Ideally, the stress level in the
structure should be uniform, close to the limiting, but safe value [2].

Applying topology optimization methods in mechanical engineering is a newish development in
the design procedure. The methods received the greatest impetus in their development when it became
possible to use additive technologies in the manufacturing process [3] instead of classical subtractive
methods. Additive technologies enable to expand the range of designs for the same product.

In the last two decades, topology optimization became an active field for scientific research. This
led to the use of a multidisciplinary approach in the search for solutions to the problems, which use
the methods of solid mechanics, thermodynamics, biology simultaneously [4].

Paper [2] reviews modern topology optimization methods.
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Currently, the following main methods of topology optimization can be distinguished: SIMP (solid
isotropic material with penalization), ESO (evolutionary structural optimization), Level-Set (level
setting method) and their various combinations. One of the most effective applications of these
methods is in optimizing the topology of continuous structures, i.e. finding the best placement
location and geometry for holes (cavities) within the modeling area.

Circle packing problems (CPP) have a wide range of industrial and engineering applications, for
example, facility layout design, cutting stock problems in the glass, metal, paper, textile and wood
industries etc.

As a rule, practical optimization problems have several conflicting objectives. Such problems are
called multi-objective. Optimization methods for multi-objective optimization problems and its
applications are reviewed in [5, 6].

In this paper we first propose a bi-objective formulation for circular-hole based topology
optimization which takes into account both the packing factor and the maximum mechanical stress of
parts. A new approach for packing circles based on a modified finite Apollonian circle packing (ACP)
and optimized homothetic transformations of circles is suggested. Both techniques allow to
advantageously arrange circles within polygonal parts minimizing material expenses. The e-constraint
method [7] is applied to find out a trade-off circular arrangement.

In accordance with ACP (see, for example [8]), starting from three mutually tangent circles, next
circles are added to be tangent to the three circles forming four mutually tangent circles (or tangent to
the frontier of the container). We modify ACP for taking into account the upper bound of circle radii
and the minimal allowed distance between the circles. Some circles are allowed to be moved within
the container and located to positions which give a possibility to enlarge radii of next circles being
packed.

The main contributions of the paper are as follows:

e A bi-objective model of non-standard circular packing problem considering both the

maximum packing factor and mechanical stress of parts for a topology optimization

e A new approach for constructing starting points based on ACP

e New benchmark instances for packing circles with variable radii.

2. Related papers

The number of papers concerning CPP goes up and up each year. Paper [9] reviews selected works
dealing with packing methods and applications for CPP. We make mention of some recent papers [10,
11, 12]. A powerful tool of solving CPP with unequal circles is treating additional variable metric
characteristics of circles and/or containers (see, for example, [11, 12, 13, 14]). The best results for a
set of benchmark CPP instances are continuously updated in the well known website [15].

Paper [16] proposes a circular packing model and a fast heuristic algorithm to optimize part
geometries subject to the DMLS constraints. A feature of the model is that radii of circles are
preassigned.

In [9] a model and a numerical solution approach to packing egg-shaped objects with arbitrary size
and orientation into optimized convex containers is presented. The area of the container is minimized
The solution strategy is based on the analysis of embedded Lagrange multipliers and nonlinear
optimization. Within the universal model, circles and ellipses are considered to be special cases of
egg.

The e-constraint method introduced in [7] is often used for solving multi-objective optimization
problems. The method optimizes only one objective while the other objectives are imposed by limits.
In [5] the Pareto optimality of solutions obtained by the e-constraint method is investigated.

A bi-objective function for packing in a spacecraft module is proposed in [17]. The dimensions of
the module are minimized and other criteria such as desired adjacency between items and packing
costs are also taken into account. Paper [18] uses a genetic algorithm for bi-objective topology
optimization: minimization mass and maximization effective flexural and torsional rigidities. Methods
for analysis of stress state in parts with different geometries are discussed in [16, 19]. Effective
methods of nonsmooth optimization for allocation problems are considered in [20].



3. Problem statement

Let P, be a polygon given by its vertices vy =(Xg;,Y0;)> i €Ly ={1,2,...,80}. We define a
disconnected polygonal domain of the form
P=UR, P cPylel,, P1 P,=0,I<jel,={1,2,.,np},

lel,

where
Pl:{(xay) € R2 : (pml(xay) 2 Oa m= 172a~-~aM1}
are  convex  polygons given by  vertices v =, 25, iel;={L2,..,s};
@ (X, ) = @y x+b,y y+c,, =0, €1, , are normal equations of the edges of £, /€, . Let us also
define a collection of circles
_ _ 2. 2 2.2

Cq _Cq(vq’rq)_ {(.X',y)ER '(x_‘xq) +(y_yq) Srq }

of variable radii r, and translation vectors v, =(x,,»,) for gely={L2,..,N},

q

++

_ — + . . .
0<r™<r,<r"<r™, r7, r" are given lower and upper allowed values for 7,, *" is the maximal

possible radius of the circle which can be inscribed into P;, [e/,, .

Conditions of packing the circles C,(v,,7,), q€ly, into the domain P are determined as

follows.
e Containment the circle C,(v,,r,) into the domain P

. *_ 1
C,(v.r)cPeintC, (v, r,)1 P =@, qely, (1)

where P = V% \int P
e Minimal allowed distance between the circles C, (v,,r,) and Cy(v,,r,)
dist(C, (v,,7,),Co (Vg,15)) 2P, (9,8)€0;, [€1,,p>0 (2)

where
dist(Cq (v,, I ),C (vg Ty )= min p(a,b),

aqu (vq A ), bng (vg g )
p(a,b) is Euclidean distance between points a,b € R?,
0, ={(¢,.8):C,(vy,1r,) B, Co(vg,rg) = B, qg<g}.
A problem of bi-objective circle topology optimization into the polygonal domain is formulated as

follows.
Pack circles C,(v,,r,), g€ly, into the domain P providing containment A; circles into the

polygon P;, lel,, Z lel, Ay =n<N and the distance constraints (2) and maximizing the packing

factor while minimizing the maximum mechanical stress.
The packing conditions (1), (2) are analytically described using the phi-function technique [21],
which makes it possible presenting a mathematical model as the following bi-objective problem:
max {k(®),—c(m)} (3)
subjectto we W,
where o= (v,r) is a vector of variables; v=(v,V,,...,v,) is a vector of variable packing parameters;

r=(7,n,....1;,) is a vector of variable radii of circles; function

K(w)=7 z rqz

qel,

(4)



is the total sum of the circle areas; o(w) is an implicit function which defines the maximum

mechanical stress depending on the vector v of center coordinates of circles and the vector » of radii
of circles;

W= {coeRsn: &qu(vq,vg,rq,rg)—pzo, (9,2) €0y, lelp,(Dq(vq,rq)ZO, qgel,, (5)

rq—rq_ZO, qel,, —rq+rq+20, qgel,}

is a feasible region;
— 2 2 2
qg(Vq,Vg,Vq,Vg) - (xq _xg) +(yq _yg) _(rq +rg +p) °
is an adjusted phi-function of the circles C, and C,, (¢,2) € 0;;

® (v,,r,)=max{ min v )—r
q( q° q) lelp {m:1,2,...,M,{(pml( q) q}}

is a phi-function of the circle C, g> 4€ 1, , and the set P =R’\intP.

The inequality o g (Vg VgsTys1g) 20 ensures the condition (2) for packing the circles C, and C,,,
(¢,g)€®;, on the minimal allowed distance p and the inequality ®,(v,,7,)20 provides the
condition (1) for packing the circle C, into the polygon P.

We note that x(m) and —c(®) are compromising objectives. Therefore, our aim is to find a trade-
off solution of the bi-objective problem (3)-(5).

4. Solution approach

We use the multistart strategy [22] for solving the circular problem (3)-(5).

4.1. Solution strategy

On the assumption that an accepted value of the maximum mechanical stress is tolerable we solve
the problem by means of the ¢ -constraint method [7] which reduces the problem (3)-(5) to a single-
objective one

max k(o) (6)
subjectto e W'
W'={oeW |-o(0)+e20}.

The main objective is maximizing sum of squares of circles to be packed. Continual review of
mechanical stress is a formidable problem. Of importance is the threshold value ¢ of mechanical
stress.

Let us temporarily relax the inequality

—o(® )+e=0 (7)

Then we can evaluate a posteriori the maximum mechanical stress for the obtained topology of the

domain F) \int U:’Zl Cl-(o)*) and verify the condition (7) with respect to the local maximum point o .

If the condition (7) holds true, i.e. —G((D*)+820, then a feasible point of the problem (6)-(7) is

found, otherwise we calculate another local maximum point o and repeat the procedure until (7)
will be met.

We decompose the problem (6)-(7) into / subproblems separately for each polygon P;, [l X
Our multistart strategy involves the following main stages.
Stage 1. Define a lower bound A;  of the number A; of circles which can be packed into the

appropriate polygon P;, /e, with the maximum packing factor, using Algorithm 1 based on

packing equal circles [14]. Form a point u; .



Stage 2. Generate feasible points for the problem (6) starting from the point u, by use of

Algorithm 2 based on ACP (Apollonian Circle Packing) [8]. Form a point w; .
Stage 3. Search for a local maximum point of the problem (6)-(7) starting from the point

=W, w;,...w, ) using IPOPT [23].
Stage 4. Choose the best local maximum point satisfying the inequality (7) found at Stage 3.

4.2. Solution algorithm

Let us consider our solution strategy in details.

4.2.1. Algorithm 1. Searching for a lower bound of the number of circles

Packing results depend heavily on the number of circles packed and starting points. We make use
the idea of ACP. According to ACP circles are packed repeatedly touching three other circles [8]. To
start ACP we first construct an initial configuration of tangent circles. To this end we realize a

preliminary packing of equal circles with radius »* (if possible). The problem is known as IIPP

(Identical Item Packing Problem) [24] The circle layout algorithm is based on the models described in
[14].

We consider packing circles into the polygon P;, /e, . Let n;_; = Zi;llk ; be packed into the
polygons P;, j=1,2,..,/-1. Now we pack the circle C,, g=n;+1. By condition, 7, is bounded
above by ", that can be, in general, less than the maximal possible radius r,+ , lel P the circle
C q(vq,rf) being inscribed into P;. In this case the center v, of the circle C q(vq,r+) is free to

move within a polygonal set P ; © P, (Figure 1) ensuring feasible locations of C , (v,, ") inP;.

Figure 1: Packing the first circle into P,

A random position of the circle center is chosen and then a step-by-step procedure of sequential
addition of next circles according to the algorithm [14, 25] is carried out. If a circle with radius »*
cannot be packed into P;, we go to Stage 2 (ACP) starting from the circle with the maximal possible
radius r,* ,lel X If there are several possible locations for the circle, we choose a location for which

the circle is tangent to the maximal number of the polygon edges.
To this end we solve consequently the problems.



max 7, , k=0,1,2,...k (8)

k k
subject to M/( ) e Wl( )

(k) _ (k) 3 _ (k) _ (k) 2k+3
where u," = (x,,y,,1,) €W R 1if k=0 and ;" = (xX,,Vysees Xgis VgukoTyer) €W, SR for

k=1,2,..k ;
WE = {u® e R W (X ¥) =7, 20, m=12,..M;, l€l,, (9)

2
(xqﬂ'—l ~ Xg+-1 )2 + (yq+j—1 Vg1 )2 —(2r+ + p) >0,

Git=12, 0k j<t, ke{2..k},

2
(xq+j71 ~Xg+k )2 +(yfﬁj*1 ~Va+k )2 _(r‘1+ gk +d) 20,
J=12 0k, ke {l, 2, k) ).

A local maximum of the problem (8)-(9) is calculated. If rq* ¢ =r", then we continue to solve

problem (8)-(9) for the next k, considering u*" :(xj;,y;,...,x;k_l,y;k_l,xﬁk,yq+k,0) where

(k)* 03 . . * + . .
Xg4k0Vqer are randomly chosen (u,”" e W") as a starting point. If 7, , <r", we stop the iterative

process. The point
% * * * * * * * + + *
u/ = (v/ ,Vl )= (xqsyq 7-'->xq+k713yq+k—1sxq+ksyq+k3’i441_2-4%srq+k;‘)
k-1

is the algorithm output. Then £ = k,* , the circle Cq+ « touches at least three circles (or edges of P,)

Ky
and can be considered as a first circle packed according to ACP (Figure 2).

Figure 2: Construction of a starting circle configuration for ACP
4.2.2. Algorithm 2. Generating starting feasible points

C . are

If r; 4+ 1s a strict local maximum of the problem (6)-(7), then the circles C,, C,.,..., gk

rigidly fixed forming a “jammed” packing [26]. We pack next circles Cq+k,*+1’ Cq+k7+2,...,Cq a1

according to ACP until the current radius r

. where &, is the number of additional circles
q+hky +k gp+1

following ACP becomes less than »~ (Figure 3). A point



o * * * * n n * *
Wy = (g Vg reees X 15V g, 1> TA4D- Ao Ty >+ Tg 1)
k-1

is obtained. The total number of circles packed into P; is A; = kl* +k g , the radii values being within

[r,r].
4.2.3. Local optimization

After having constructed the starting packing for each polygon P;, /€l,, we have the total

p 9
number 7 = Z 1oy M of circles to be packed into P.
P
We turn to problem (6)-(7), calculate a local maximum point and then construct a starting point
o’ = (COR. w:p ). To solve the nonlinear programming problem we make use of [POPT solver [23]

together with the decomposition strategy [15].

q+k; +k 4cp
Figure 3: Circle arrangement according to ACP

Several local maximum points are computed and ordered in decreasing order of Kk(w) (see

problem (6)-(7)) and then one can choose a point meeting (7). The first point in the ordering for which
the inequality (7) holds true is a trade-off solution of the problem (3)-(5). If there is no a point

satistying the threshold value &, (see (7)), new local maximum points are computed or a compromise

value 6, —Ac is selected. Calculation of mechanical stress values is not considered in this paper. We
refer to paper [10].

As computations show, local maximum points are close to or coincide with the starting points
constructed according to ACP.

5. Computational results

We consider the benchmark geometry presented in [10] and provide new benchmark examples for
packing circles with variable radii. The dependence of the number of circles packed and the packing
density on the minimal allowed distance between circles is studied. All experiments were running on
an Intel Core I5 750 computer. We use the Delphi programming language and the Windows 10
operation system. Software library IPOPT [23, 27] for nonlinear optimization problems exploiting
first and second derivative (Hessians) information is utilized.

Example 1. P, is given by 11 vertices vy =(0,0), vy, =(0,9), vy3 =(18,9), vy, =(5,28),
VOS = (0,33), VOS = (0,40), VO6 = (O, 40), V07 = (60,40), VOS = (76,34), V09 = (98,1 1), VO,IO = (100, 6),



Vo1 = (100,0). P:Ulelp P,, where [p={L2,..5}, vertices of P, lel,, are vy =(22,31),
vi» =(35,27), Vi3 =(6,8); V1 =(40,25), vy, =(54,9), vo3 =(12,7); v3; =(44,30),
v3y =(68,12), v33 =(59,8), v34 =(42,28); v4 =(42,36), v4 =(63,36), v43 =(89,30), v34 =(73,13);
vs; =(74,37), vs, =(95,37), v53 =(9L31), vs4 =(74,35). The minimal allowed distance between
circlesis p=0; r~ =0.5; r* =5;

The total number of circles packed into P is n=91 (A, =15k, =23,A; =14,A4 =31,15 =8).
Value of the objective in the starting point (ACP) is K((DO) =361.3287 and one in the local maximum

point is K =362.0946. Illustration of the circles packed is shown in Figure 4. This example is
relevant to maximizing the packing factor and meaningless in relation to mechanical stress being
infinite at p=0.

Example 2. See Example 1. p=0.5. The starting objective value is K(coo)=317.9666 and the

local maximum point is « =319.3224. Illustration is shown in Figure 5. n=66
(A =11, &, =19, A3 =10, Ay =21, A5 =5).

Figure 4: Circle arrangement according to Example 1

5

Figure 5: Circle arrangement according to Example 2



Example 3. See Example 1. p=0.75. The starting objective value is K((DO) =301.0078 and the
local maximum point is k =301.7119. Illustration is shown in Figure 6. n=50 (A; =8, A, =12,
Ay =8, Ay =17, A5 =5).

Example 4. See Example 1. p=1. The starting objective value is K((DO) =288.9095 and the local

maximum point is « =289.7335. Illustration is shown in Figure 7. n=47 (A, =8, A, =12,
Ay =8 Ay =14, hs =5).

The runtime is within 30 seconds for all examples.

As computational results show, with an increase in the minimal allowed distance between circles,
the contribution of large circles to the total circle area increases, since it is proportional to the squares
of the circle radii. Obviously, this leads to a decrease in the number of circles with small radii and an
increase in the radii of other circles.

In this regard, the choice of p is of importance. A compromise value is chosen: a too low value
can lead to poor quality printing due to the technical features of the process, while a too large one
causes additional material consumption. Furthermore, the secondary objective o(®) can be

influenced by varying the values of p, #~ and r*.

ul

b

o

Figure 6: Circle arrangement according to Example 3

5

Figure 7: Circle arrangement according to Example 4



6. Conclusions

Topology optimization is a key point in additive manufacturing. Circular-hole based layout models
help to cut down material expenses while meeting strength requirements.

We formulate non-standard packing problem of circles with variable metric characteristics. The
proposed bi-objective model takes into account both the maximum packing factor and mechanical
stress of parts. An efficient packing algorithm based on Apollonian circle packing, nonlinear
programming and the g-constraint method has been developed. The approach allows estimating the
number of circular perforations needed and search for an approximate solution of the problem
maximizing the packing factor and following a threshold value of mechanical stress.

Further research is directed to layout of circular perforations inside a 3D part considering
balancing conditions [22, 28]. Therewith a more nuanced approach to multi-objective optimization
should be constructed.
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