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Numerical shape optimization via dynamic
programming

Jan Pustelnik

University of Lodz, Fac. of Math. & Computer Science,
Banacha 22, 90-128 Lodz, Poland

Abstract. In this paper we describe a novel framework for finding nu-
merical solutions to a wide range of shape optimization problems. It
is based on classical dynamic programming approach augmented with
discretization of the space of trajectories and controls. This allows for
straightforward algorithmic implementation. This method has been used
to solve a well known problem called the ”dividing tube problem”, a state
problem related to fluid mechanics, that requires simultaneous topology
and shape optimization in case of elastic contact problems and involves
solving the Navier-Stokes equations for viscous incompressible fluids.

Keywords: dynamic programming, numerical approximation, contact
problem, shape optimization, sufficiency optimality condition, structural
optimization, topological derivative, stationary Navier-Stokes equations.

1 Introduction

In the paper, as a model problem, we consider state problems related to fluid
mechanics, namely the Navier-Stokes equations for viscous incompressible fluids.
The main problem is to search for optimal shape of a given objective. For an
incompressible fluid, conservation laws for momentum and mass are assumed to
be in force. The displacement field of the body is governed by the Reynolds-
averaged Navier-Stokes (RANS) equations with an algebraic mixing length tur-
bulence. The volume of the body is assumed to be bounded.

The results pertaining the existence, regularity and finite-dimensional ap-
proximation of solutions to mentioned problems are given in [4], [5]. The primal—
dual algorithms for numerical solving of contact problems were developed in [6],
[8]. In the course of solution the necessary optimality condition for simultaneous
shape and topology optimization is formulated, while the shape and topological
derivatives are employed, what stays close to classical optimization problems and
gives sufficient optimality conditions. It is a different approach than the one ap-
plied e.g. in [2] where the notion of topological derivative and results concerning
its application in optimization of elastic structures are reported.

We describe a new numerical algorithm for that optimization problem.
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2 General shape optimization problem

We consider the following shape optimization problem, which is being analyzed
and subsequently solved in [3]:

minimize J(Q):/QL(au(m),Vu(ac))dw (1)

subject to
€O, Aulz)=f(z,u(x)), Bu(r)=¢(x) on 02 (2)

where © is a certain family of bounded with C%! boundary domains of D C R"
which will be defined precisely in subsection 2.1 and A is a differential operator
e.g. defining Navier-Stokes equations and B an operator acting on the boundary.
We assume that L : R® x R x R" — R is Lipschitz continuous with respect to
all variables, f : R™ x R™ — R™ is continuous and Lipschitz continuous with
respect to last variable, ¢(-) is continuous on 9{2.

2.1 Reduction of shape optimization problem to classical control
problem

We will summarize in this subchapter the results of research published in [3] in
order to introduce relevant objects on which the presented numerical method
operates.

Let U be a given nonempty, compact set in C%! of surfaces defined on E C
R" 1. We assume that each supremum of each subfamily of U also belongs to U
as well as finite concatenation of element of U belongs to U. Let U 3 v — £2(v)
be a given family of simply connected domains in D ¢ R™ with C%! boundary
such that some fixed part of their boundary is changing and is a surface v from
U. We assume that £2(v) depends in a smooth way on v and that there exists a
Umax € U such that 2(v) C 2(vmax), for all v € U and there exists a vy € U
such that £2(vmin) C 2(v), for all v € U. Let us denote the part of the boundary
O82(Vmin) corresponding to the surface vmin as I'y while that corresponding the
surface v as I'(v). We have the following BVP:

Find zpmax € C*(2(vmax)) such that Az(z) = 0 in 2(Vmax)\2(Vmin), 2(z) =
0 on Iy, z(z) = 1 on I'(Umax). Next for v € U, v # vy, find
2z € CYF(2(v)\2(vmin)) such that: Az(z) = 0 in 2(Vmax)\2(Vmin), 2(x) =
0 on Iy, z(x) = zZmax(z) on I'(v). Solutions to the BVP above belong to
CH*(2(v)\2(vmin))and in fact they are restrictions of zmax to £2(v)\§2(Vmin)-
Because z(z) depends (in a continuous way) on v, we will use the notation
z(x,v).We define the family © of sets over which the problem (1)-(2) is consid-
ered as: © = {2(v) : v € U}. The sets from O are called admissible sets for
problem (1)-(2). For a given §2(v)\£2(vmin ), we introduce the field and the defor-
mation: V(x,v) = ||Vz(z,v)||2Vz(z,v), T(w,v) = z(s,w,v), s € [0,1], where
x(-,w,v) is a solution to d%x(s,w, v) = V(x(s,w,v),v), s € [0,1], (0, w,v) = w,
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w € TIp. Notice, that for a given fixed w € I, the point z(1,w,v) belongs to
I'(v).
For a given control v € U we can write:

di;z(s,w,v) =V(z(s,w,v),v), se€]l0,1], z(0,w,v) =w. (3)

Then the boundary I'(v) is the image of Iy by the map z(1,-,v). Thus,
for a given v # Umin, we have an alternative definition of the 2(v)\2(vVmin):
QWN\2(Vmin) = {7 : 2 = 2(5,w,v),0 < s < 1, w € Ip}. This means that we can
construct and study some objects over the set £2(v) with the help of the family
F(v): F(v) = {z(s,w,v) : 0 < s <1, w € Iy}. The original functional J({2) in
terms of the family F'(v) can be rewritten as J(F(v)) = I(v),

(o) = /Q L Muul), Vu(o)dy + /Q o L ute), Vu()ds

= /Q(Umm) Ly, u(y), Vu(y))dy —|—/0 /FO L(z(s,w,v))dwds,

where L(z(s,w,v)) = L(x(s, w,v), u(z(s, w,v)), Vu(z(s, w,v))) ‘%m %x’.

Therefore we are able to reduce the original shape optimal control problem
to classical optimal control problem (P): minimize I(v) subject to “x(s, w,v) =
V(x(s,w,v),v), s € [0,1], (0, w,v) = w, w € Iy, v € U,

Nv) € ©,Au(x) = f(z,u(z)), z € 2(v). (4)

In order to formulate any sufficient optimality conditions for this problem we
apply classical dynamic programming scheme.

2.2 Dynamic programming approach as a method to solution of (P)

Let us take any 2 € 2(Vmax)\$2(vmin) and denote by U, a subfamily of U such
that x € v for each v € U,. Next denote by v, = maxU,, where the maximum
over U, means that 2(v) C 2(v,) for all v € U,. By our assumption on U, v,
exists and v, € U. Put U, = {v € U : 2(v) C 2(v,)}. By (3) for each v € U,
there is a trajectory x(-, w,v) such that x = x(1, w,,v), for some w, € Iy. The
problem (P) falls into the category of Lagrange control problems treated in many
books (e.g. [1]). Following Chapter IV of this book we define a value function
for (P), for x € 2(Vmax):

S(z) :inf{/ﬂ( A )L(y,u(y)Vu(y))dy—i—/() /F [A/(az:(s,w,v))dwcls}7 (5)

where infimum in (5) is taken over all pairs (z(-,w,v),v) satisfying 4 (s, w,0)
= V(z(s,w,v),v), s €[0,1],v € U, w € Iy and for v € U, x(1,w,,v) = z, for
some w, € Ipy. Each pair (z(-,w,v),v) satisfying these equations will be called
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admissible for the point € 2(vmax)\2(Vmin). However, in practice, we cannot
expect that S(-) is of C' in £2(vmax)\f2(Vmin), this is why we are interested in
numerical approximation of S(-). Therefore, we shall look for e-value function:
S.(+). For given & > 0 we call S: : 2(Vmax)\2(Vmin) — R, e-value function if

S(x) < Se(z) < S(x) + &, 2 € 2(Vmax)\2(Vmin)- (6)

It is clear that there exists infinitely many e-value functions Se(+).

3 Numerical approximation of the value function

This section is an adaptation of the method developed by Pustelnik in his Ph.D.
thesis [7] for numerical approximation of value function for Bolza problem from
optimal control theory.

Let us define the following set T = {m i x € Q(Umax)\ﬁ(vmin)}. Since
2(Vmax)\2(Vmin) is bounded, the set T is compact. Let T > x — g(z) be
an arbitrary function of class C' in T such that g(z) = ¢, x € I, where c is
some constant which will be determined later. For a given function g, we define

(xz,v) = G4(z,v) as

Gg(z,v)zgx(:z:)V(x,v)—/ L(2(1, w, v))dw, 7)

Iy

v € Uy, where z(-,w,v), u are defined as previously. Next, we define the function
x — Fy(x) as B
Fy(z) = max {Gy(z,v) : veU,}. (8)

Note that by the assumptions on L and V, the function Fj is continuous in 7'
By the continuity of Fy; and compactness of T, there exist kq and kg such that
kg < Fy(x) < k4 for € £2(Vmax) \£2(Vmin)-

3.1 Definition of covering of T

Let n > 0 be fixed and {q;7 }jez be a sequence of real numbers such that q;? = jn,

Jj €Z (Z - set of integers). Denote
J={j€Z: thereis z €T, jn < Fy(z) < (j+1)n},
Next, let us divide the set T into the sets P"?, j € J, as follows

P i={z €T :q] <Fy(x) <qli,}, j€ T

3.2 Discretization of Fj

Define in T a function

W (x) = —q],, v € P9, jel (9)
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Then, by the construction of the covering of T, we have
0< Fy(z)+h"(z)<n, xeT. (10)

Let (z(-,w,v),v) be any admissible pair with the trajectory defined in [0, 1],
starting at the point z(0,w,v)), w € Iy fixed. We show that there exists an
increasing sequence of m points {7;}i=1,...m, 1 = 0, T, = 1, such that for
T E [Ti, Ti+1]

|Fy(2(7i,w,0)) — Fy(x(r,w,v))| < g i=2,...,m—2, (11)
|Fg(:c(72,w,v)) - Fg(‘r(va,U)N < ga TE (TlaTZ]a
|Fy(2(Tm—1,w,v)) — Fg(z(1,w,v))| < g, T € [Tim—1,Tm)-

Indeed, it is a direct consequence of two facts: Lipschitz continuity of z(-, w,v)
with a common Lipschitz constant and continuity of Fy;. From (11) we infer that
for each i € {1,...,m — 1} if 2(7;, w,v) € P;"? for a certain j € J, then we have
for 7 € [Ti,Ti-i-l)

z(r,w,v) € P9 UPMUPY.

Define

R (x(m,w,v)) = K9 (x(7,w,v)) for some 7 near 7,

R (2(Tp, w,v)) = A9 (z(T,w,v)) for some T near 7,,.

Thus for 7 € [7;, Ti11]

R (x(1;, w,v)) —n < AWM (x(r,w,v)) < A9 (x(r, w,v)) + 1, (12)
and so, for i € {2,...,m —1}

W9 (i, w, ) = W9 (2(Tim1, 0, 0)) = My ), (13)

where n;(~,1u,v) is equal to —n or 0 or 7. Integrating (12) we get

1

|/0 W9 (z(rw,o))dr — Y [ w,0)) (T = )] < 0.
ie{l,...,m—1}

By using the formula above and the following simple arithmetic transformations
S (@ (i, w,v) — (2 (7, w,0)] (T — i)
i€{2,...,m—1}

= > W (a(mw,0) (i — )] = kM (a(r, w,0)) (1= ),

ie{1,..,m—1}
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we obtain

Z (A9 (z(1, w,v)) — K9 (x(Ti—1, w, v)] (T, — Ti)

i€{2,...,m—1}

+ A9 (x(11,w,0)) (T, — 1) — (T, — T1)

< / " W9 (x(T, w,v))dT

< D> (e w,v) = B (a(riog, w, ) (T — T)
i€{2,...,m—1}

+ A9 (x(m,w,v))(Tm — 71) + (T — T1)-

and, taking into account (13), we infer that

Do M) (T = )+ R (@ (71, w,0)) (T = 71) = (T — T1)
ie{2,...,m—1}

< / W9 (x(T, w,v))dT (14)

T1

<D M (T = ) F R (@ (1, w,0)) (T = T1) 4 0T — 7).
ie{2,...m—1}

We would like to stress that (14) is very useful from numerical point of view:
we can estimate the integral h™9(-,-) along any trajectory z(-,w,v) as a sum
of finite number of values, where each value consists of a number from the
set {—n, 0,7} multiplied by 7, — 7. Moreover, for two different trajectories:
(-, wtvb), z(-,w? v?), the expressions

S ey (Tm = ) + R (2 (r,wh oY) (T — 1)
i€{2,...,m—1}

and ‘
D Mt (Tm = T) + B (@, 0P 0) (T — T1)
i€{2,...,m—1}
are identical if
R (z(r, wh, vt)) = W9 (x (T, w?, v?)) (15)

and 4 4

T];(_’w]’vl) = 'I’];(.’wz’,uz) fOI' all Z S {2, e, — 1} (16)
The last one means that in the set B of all trajectories z(-,w,v), w € Iy,
v € U, we can introduce an equivalence relation r: we say that two trajectories
(-, wlvt) and z(-, w?,v?), wl,w? € Iy, v!,v? € U are equivalent if they satisfy
(15) and (16). We denote the set of all disjoint equivalence classes by B,. The
cardinality of B,, denoted by ||B,|], is finite and bounded from above by 3™*1.

Define

X = {Zi(ﬁﬂla--w»Tm—l)lxl =0, z; :77;.7‘7

i=2,...,m—1,27€B,, j=1,..., ||B}.
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It is easy to see that the cardinality of X is finite.

The considerations above allow us to estimate the approximation of the value
function.

Theorem 1. We have the following estimation

: [ g _
;ceBrTI,lqll;noeF()( /T R (x (T, wo,v))dT g(x(Tm,wmv)))

1

< mye{ | 1”” -/ 0 E(e(s,w,0))dw ) ds — gla(r. o) |

< _ mh'rlfg d — —
< (= [ et o) = gta (im0, 0) ) 4t - 1)

1

where u is a solution to (4) for 2(v).

Proof. By inequality (10) 0 < Fy(x) + h"9(x) < n we have —h"9(x) < Fy(x) <
—h"9(x) + n. Integrating the last inequality along any (-, wg, ) in the interval
[71, Tm] we get

—/ h™9(x(T, wo,0))dT

1

< [ (gm(n wo )V (e (r,0,9),0) - [

velU ol Iy

L(z(r,w, v))dw) dr
< 7/ h9(x(1,wo,0))dT + n(Tm — 71).
T1
Hence, we get two inequalities

. _ m 7]79 ~ _ ~
i (= [T Wt wn, 0 = oot ) )

1

Tm
< i - v
- xEBI;I,Ig;EFOI’L{IEag _/7_1 ( g(x(’rm’ wOa v))

+ 9. (x(7, wp, )V (x(7, wo, D), v) —/ f/(x(T,w7v))dw> dr

Iy
and
;ceBrrI,l%oXeFo ?ea[}( /T1 (—g(x(Tm, wo, D))
+g. (x(7, wp, 0))V (x(7, wo, D), v) —/ I:(x(T,w,v))dw> dr
Iy
<

< max (- /:m B9 (2, wo, 5))dr — g(x(Tm,wo,a))) + (T — 1)

m.
z€ B, woEly 1
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As a consequence of the above we get

min (— /:m 9 (2 (T, w0, 0))dT — g(z(Tpm, wo, 5)))

TE€Br,wo€lo 1

< max {/T (_ /F L (rw, v))dw) dr — g(m(Tl,wo,v))}

< max (— / :’” B9 (e, wo, ) — (7, o, ﬁ))) F——

T€B,,woEl

and thus the assertion of the theorem follows.

Let us now define four following symbols: F,, 1y(2) := = >,y 1 7% (T —
), F1(x) == — Zie{17,,,,m_1} 2 (T —T1), -F(n,i)(m) = Zi:27,..,m—1 N (T —Ti),
Fi(x) = = Yie(t,.m-1 24 (7, — 7). Now, we use the definition of equivalence

class to reformulate the theorem above in a way that is more useful in practice.
To this effect let us note that, by definition of equivalence relation r, we have

min {Fan(@)} = min {F1(z)}, max {Fan(@)} = max {F1(x)} -
Let us now also  define the following  auxiliary  symbol

H(z,wo) := —h"9(x(11,wo, ) (Tm — 1) — g(@(Tim, wo, v)). Taking into account
(14) we get

min {Fi(z)} + _ min_{#H(z,wo)} = n(rm —71)

r€B,,woEIly
Tm
< min {— B9 (2w, ) dr —g<x<fm,wo,v>>}
reB, o)

< min {Fi(x)} + pe BAX_ {H(z,wo)} +n(Tm — 71)

and a similar formula for supremum. Applying that to the result of the theorem
above, we obtain the following estimation

min {Fi(2)} + _min_ {H(z, wo)} — 20(7m — 1)

< [T (-] 0 Ela(rouw,o)du ) dr = glelrun e} (7

1

< max {Fi(x)} + pe BOX_ {H(x,wo)} +n(Tm — 71)-

Thus, we come to the main theorem of this section, which allows us to reduce
an infinite dimensional problem to the finite dimensional one.

Theorem 2. Letn > 0. Assume that there is 0 > 0 and ¥ such that
max {F(z)} (18)
* v€Brwoe Ty (@, wo)}
< min {F;
< min {F;(2)}

+xeB{%I$eF0 {H(z,wo)} + (T, — 1),
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. g . N _
peptin_ AH(@wo)} = min {=h"9(z(ry, wo, 0))(Tm — 71) — g(a(Tm, wo, U)}

Then
1+ 0)(Tm —71) + _ min_{H(z,wo)} + min {F;(z)} (19)

x€B,,woEl)

is e-optimal value at (11, wo) for e = 2n+ 6 with
g(w) = /Q( )L(y, u(y), Vu(y))dy, w € I,
Umin

where @ is a solution to (4) for (7).
Proof. From the formulae (17), (18) we infer

g[éi}l{l {Filx)} + min  {H(z,w)} —2n(1m — 11)

TEB,,woEIl

< ma { / 1” ( /F 0 E(I(T,w,v))dw> dr — /Q L), va<y>>dy}

<max{Fi()}+ max AH(@wo)}+n(rm —7) +0(Tm — 7).

Next, using the definition of value function (5), we get (19).

3.3 The algorithm for numerical solution of (P)

In the previous section the last theorem allows us to estimate an e-optimal value
of function (see (6)) for problem (P). As can be seen from the formulas (18) and
(19) the essence of the approximation is to be able to calculate the value of the
following expressions:

sup § — Z (T — 1) ¢, inf { — Z T (T — 75)

reX . rzeX .

i€{l,....m—1} i€{l,....m—1}

To achieve this aim we construct a particular directed weighted graph G, in
which the weight of every edge is the value of the expression z*(7,, — 7;). This
graph has following properties

1. Every path has length of m — 1 edges.

2. Every two vertices connected by an edge correspond to points (7,z1) and
(1 + Ar, z3) such, that the point x5 is reachable from the point z; in the
next unit of time 7 + Ar.

Therefore by identifying in the graph G the path with lowest (greatest) cost
we find the value of the expression in)f( {-} (sup{-}).
z€ zeX
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The algorithm for generation of the graph G

1.

Let B — a set of trajectories — be a finite set Bezier curves.

2. Let P be a set of points. At the beginning, P contains only one point: p = wy,

where wy is any but fixed point such that wy € 2

3. Create in graph G node which corresponds to point p.

4. Calculate F,(zo) (equation (8)) where g = (0,wp) , i.e. find a Bezier curve
a € B which minimize value of G4(xo, -).

5. For t =dr,...,1 repeat
(a) Let P’ be an empty set of points.

(b) For each point p from P repeat
i. For each Bezier curve § from B repeat
A. Find point p’ reachable from p under ,,control” 3 in time ¢.
B. Calculate Fy(z') (equation (8)) where 2’ = (¢,p'), ie. find a
Bezier curve a € B which minimize value of G4(2’, ).
C. Create in graph G node which correspond to point p’.
D. Create in graph G edge e, ) from point p to p'.
E. Label edge e(,,) with a weight z*(1 — t) calculated basing on
the indexes j of sets P;"Y which contain points (t — dt,p) and
(t,p') generated in the ¢-th step (depending on the difference in
those indexes, = itself is equal to —n, 0 or 7).
F. Save p’ in P’.
(¢) Replace set P by P'.
6. Generation of the graph G is complete.
References

1. Fleming W.H., Rishel R.W., Deterministic and Stochastic Optimal Control, New
York, Springer-Verlag, 1975

2. P. Fulmarnski, A. Laurin, J.F. Scheid, J. Sokotowski A Level Set Method in Shape
and Topology Optimization for Variational Inequalities, International Journal of
Applied Mathematocs and Computer Science, 17, 2007, 413-430.

3. P. Fulmarnski, A. Nowakowski, J. Pustelnik Dynamic programming approach to
structural optimization problem — numerical algorithm, submitted for publication

4. J. Haslinger, R. Mékinen, Introduction to Shape Optimization. Theory, Approxi-
mation and Computation, SIAM Publications, Philadelphia, 2003.

5. 1. Hlavacek, J. Haslinger, J. Necas, J. Lovisek, Solving of variational Inequalities
in Mechancs, Mir, Moscow, 1996 (in Russian).

6. S. Hiiber, G. Stadler, B. Wohlmuth, A Primal-Dual Active Set Algorithm for Three
Dimensional Contact Problems with Coulomb Fristion, SIAM J. Sci. Comput, 30
(2), 2008, 572-596.

7. J. Pustelnik, Approximation of optimal value for Bolza problem (in Polish), Ph.D.
thesis, 2009.

8. G. Stadler, Semismooth Newton and Augmented Lagrangian methods for a Simpli-

fied Friction Problem, SIAM Journal on Optimization 15 (1), 2004, 39-62.



