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Abstract We present a locally cubically convergent algo-
rithm for topology optimization of Stokes flows based on
a Chebyshev’s iteration globalized with Armijo linesearch.
The characteristic features of the method include the low
computational complexity of the search direction calcula-
tion, evaluation of the objective function and constraints
needed in the linesearch procedure as well as their high
order derivatives utilized for obtaining higher order rate of
convergence. Both finite element and finite volumes dis-
cretizations of the algorithm are tested on the standard
two-dimensional benchmark problems, in the case of finite
elements both on structured and quasi-uniform unstructured
meshes of quadrilaterals. The algorithm outperforms New-
ton’s method in nearly all test cases. Finally, the finite
element discretization of the algorithm is tested within a
continuation/adaptive mesh refinement framework.

Keywords Topology optimization - Stokes flows -
Chebyshev’s algorithm
1 Introduction

Given a bounded Lipschitz domain Q C R, d e {2,3},fe
[LY5(Q)19, ug € [H'/2(3Q)]¢ satisfying the compatibil-
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ity condition fasz up -n = 0, and a number y € (0, 1) we
consider the minimization problem introduced by Borrvall
and Petersson (2003):

minimize J(u, p),

(u,p)
subjectto (u, p) € %d X Pad, @))]
where
1 2 2
J(u, p) = > Q[IVuI +a(p)|ul” —2f - u],
Upa = {u e [H (2)]9divu =0, Tu =up },

%d={pGLOO(Q)IOSPSI,fQP=V|QI}, @)

T : [H( Q1 — [HI/Z(BQ)]d is the trace operator, and
| - | is used to denote the Euclidian norm on R?, Frobenius
norm on R4*“_ and Lebesgue measure on measurable sub-
sets of R, A non-negative coefficient o : [0, 1] — Ry
featuring in (2) has a physical meaning of inverse per-
meability of porous material and is typically taken to
be a(p) = aqglq + 1)/(p + q) — 1], for some large
positive parameters & (inverse permeability of the ersatz
“solid” material) and ¢ (design parametrization parameter
related to the sharpness of the solid/flow interface); see
(Borrvall and Petersson 2003).

Due to its simple structure and practical importance
the problem has attracted significant attention in the com-
munity, see for example (Aage et al. 2008; Othmer 2008;
Challis and Guest 2009) for various computational ap-
proaches to this and a related and even more practically
important problem for Navier—Stokes flows.

A typical computation then consists of solving a
sequence of problems (1) for increasing values of ¢, until
a solution (u*, p*) is obtained with p* being an approxi-
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mation to a characteristic function x,+ of some subset
o* C Q. In this case, w* can be viewed as an optimal
domain for a Stokes flow; see (Borrvall and Petersson 2003)
for more details. The whole procedure relies upon enforcing
the boundary conditions through penalties, the idea which
may be traced at least to Babuska (1973). As a result,
despite the common practice of keeping the penalty param-
eter a fixed (though some authors also recommend relating
it to the inverse of the Reynolds number in the case of
Navier—Stokes problems (Kondoh et al. 2012)), this param-
eter should be increased as one refines the discretization
of (1) in order to improve the accuracy of the computed
solutions. We refer to Evgrafov (2005) for the discussion of
the validity of the limiting process @ — 4o0¢ in the context
of topology optimization.

Recently Carlsson et al. (2009) and Evgrafov (2014)
proposed applying Newton’s iteration embedded into a gen-
eral globalized optimization framework, such as SQP, to a
smoothed problem obtained by eliminating the design vari-
ables from (1). If such an elimination can be carried out
computationally inexpensively and without ruining the spar-
sity of the problem, which is true for problems without
global design regularization, the resulting practical algo-
rithm attains fast local convergence due to the immediate
availability of the second order information and its spar-
sity. Unlike the “1-step” or simultaneous analysis and design
based approaches, the method operates in a smaller space,
see Evgrafov (2014) for a discussion of advantages and dis-
advantages of the method. In fact, the complexity of the
Newton’s direction finding subproblem in such a method
is virtually the same as the cost of computing a steep-
est descent direction in the traditional nested framework
(Borrvall and Petersson 2003) when direct linear solvers
are utilized; for iterative solvers drawing the compari-
son is a slightly more delicate issue owing to the differ-
ences in spectral properties of the matrices involved. The
method, which is briefly reviewed in Section 2, demon-
strates fast convergence, which is almost independent of
the utilized PDE discretization or the mesh refinement
level.

The main purpose of this note is to further improve the
rate of convergence of the method proposed in Evgrafov
(2014). Namely, the availability of the higher order deriva-
tives of the objective function/constraints for very little
computational effort allows us to apply Chebyshev’s instead
of Newton’s algorithm, see Nechepurenko (1954), to the
system of the first order necessary optimality conditions for
a slight modification of (1) formulated in the state space.
Thereby we obtain a method demonstrating third order local
convergence, as may be expected (Nechepurenko 2004).
One iteration of Chebyshev’s algorithm is computationally
relatively inexpensive since it requires solving two linear
algebraic systems with the same matrix. Thus if the direct
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solvers are used, the additional computational effort when
compared to the Newton’s algorithm is negligible. Even
in the case of Krylov subspace solvers one may reuse the
computed preconditioner and utilize deflation techniques to
speed up the solution of the second system.

We end this brief introduction by mentioning that there
are locally cubically convergent methods, which only
require derivatives of the objective function/constraints up
to the second order, see for example (Kleinmichel 1968;
Bartish 1969). There is also some recent interest and pre-
liminary, but encouraging results on the use of the inexact
versions of the methods in Halley class (which includes
the Chebyshev’s method), see for example (Steihaug and
Suleiman 2013; Gundersen and Steihaug 2012; Deng and
Zhang 2004) and references therein.

2 State space Newton’s method for dissipated power
minimization of Stokes flows

Instead of (1), we consider a barrier-type problem

minimize  J,(u, p) = J(u, p) — uf log[(1 — p)p],
(u,p) Q

subjectto  (u, p) € %d X Dad, 3)
for a small barrier parameter © > 0. The first order neces-
sary optimality conditions for (3) is a system of non-linear
equations in (u, p, p, A) € %q X L(Z)(SZ) X Dad X R:

—divVu+a(p)u+Vp =f, 4
divu = 0, (5)
1
—a/(p)u-u— By B o= 0, (6)
2 0 1—p
I
/p=ﬂm- )
Q

Note that at an arbitrary point (u, p) € g4 X Zag satis-
fying the inequality J,(u, p) < oo the expression J), the
p-derivative of J,,, does not define a bounded linear func-
tional on L°°(€2). However, when p solves (6) for a given
(u, ), which we will denote by writing py ), we have the
inclusion

B__2

1
ST T, = ¥ et e @), 8)

owing to the Sobolev embedding H' () c L°(), which
is valid in dimensions 2 and 3. Since both quantities in the
left hand side cannot be large simultaneously, we deduce
that both /(1 — p) and u/p are in L3(Q), and therefore
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the barrier part of J, is three times differentiable with
respect to p.!

The Newton’s system for (4)—(7) at a point (u, p, pu., A)
may be formally stated as follows: find (dy, dp, dp, d)) €
[HJ ()19 x L§(R2) x L=(R) x R such that

—div Vdy + a(py,3)du + a/(pu,k)dpu +Vd, =f ©
+div Vu — a(pou)u — Vp,

div dy = —div u, (10)
o (pus)u - du+ J) ,dy +dy, =0, a1
/ dy = —/ Pus — 71, (12)
Q Q
where
1 2 7
J' = —a"(pur)u-u+ + ) (13)
pp T 7 WA (pur)? (1= pus)?

Unfortunately, the linear operator in the left hand side
of (9)—(12) is not a locally Lipschitz function of the param-
eter p, when p is considered as an independent variable.
Since this may tamper with the local quadratic convergence
of the Newton’s algorithm, we eliminate d,, from this sys-
tem by taking a Schur complement with respect to J //)’ o =
8/ and obtain a Newton’s system in a smaller state space
[H} ()]¢ x L3(Q) x R:

—div Vdy + Ady + Vd, + pyd, = (14)
+div Va — a(py,)u — Vp,
div dy, = —div u, (15)
/ Py - du+ prdy. = —/ [ou — v], (16)
Q Q
where
/ 2
A = a(pu)]— [a(Jp+A)]u ®u,
0.0

1 o' (pu,1)

Ay "

It is easy to verify that in this space the non-constant
elements of the operator in the left hand side of (14)-(16),
namely A, p}, pj are locally Lipschitz functions of
(u, p, 1), see (Evgrafov 2014) for details. Therefore one can
expect local quadratic convergence of the Newton’s algo-
rithm with unit steps towards points of local minimum,
which satisfy the second order sufficient conditions.

In dimension 2, the inclusion in (8) can be further strengthened and
thus higher order derivatives may be obtained without assuming any
further regularity of u. Alternatively, since the zeroth order term o (p)u
in (4) is a priori in [L%(£2)]? one may appeal to the standard regularity
results for the Stokes problem, see for example (Kellogg and Osborn
1976; Amrouche and Girault 1991), to assert that u € [H*(2)]9, 1 <
s < 2, under the appropriate additional assumptions on f, ug, and €2,
and in this way further strengthen the inclusion (8) using the Sobolev
inequality.

To globalize the convergence of this method we uti-
lize two strategies. Firstly, we perform backtracking
linesearch with respect to the augmented Lagrangian
function

() = JM(U + 0dy, Putod,)

. Vp o
_/Q(p + 6d,)div[u + 0d,] + 7p||dlv[u+9du]|\iz(m
+[A +961')\]/Q(/Ou+ewl..,x+é)d;~ -v)

2
D,
+= [ f (Putody.st0d; — y)} , (18)
2 lJa

where vy, > 0, v, > 0 are penalty parameters. Note that
the search goes along a curve in the full space, owing to
the non-linear dependence of p, ; on its arguments through
the equation (6). Secondly, when the Newton’s system is
unsolvable (we have not experienced this in our numerical
computations) or when the Newton’s direction is not a direc-
tion of descent for ¥, we compute a modified Newton’s
direction by replacing A in (14) with

s
07

If the resulting direction still fails to be a descent direction
for v, we also increase some or all of the penalty parameters
V), V p-

. o’ (pup)]?
if a(pou,n) > Tu U, (19)

otherwise.

3 Chebyshev’s method for (3)

Chebyshev’s method for solving a system of equations
F(x) = 0 is based on the iteration xf*! = xk — (I +
0.5[F'(x*) I F" (X)L F' () 17T FGONF ()1 F ().
Nechepurenko (2004) has shown that under certain assump-
tions, including that of local Lipschitz continuity of F”,
the method attains local third order convergence, which is
much faster than the second order local convergence rate
of Newton’s iteration. Unlike other methods based on the
the second order derivatives of F, such as Halley’s method
(method of tangent hyperbolas), see for example (Mertve-
cova 1953), Chebyshev’s iteration requires solving two
systems of equations with the same operator F’(x) in the
left hand side.

In the present context we calculate the Chebyshev’s
correction (dS,dS.df) € [Hy(Q)]¢ x L§(Q) x R to
the Newton’s direction (dy, dp, d;.) given by (14)-(16) by
solving the following boundary value problem:

— div VdS + AdS + VdS + ppdf =1, (20)
div d§ =0, 21
/Q pu-dy +prds =15, (22)
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where
1 Ol/(,OuA J///
C App0 | 2
t, = 2(J” TR [a/(pu,w - —J,, diu  (23)
o' (pu,2) o' (pu,n)J)
(J//ll))tz |:05//(,0u,)\) % d)h(u du)u
£,0
' (pur) (@ (pu))?
i + 2J—‘,” 4uPu + 20 - du)d]
0.0
(@' (pu))? o' (pu)J)!
YTV J/l/” 3 3o (pu,p)— % (u- du)zu,
( M’) N
J" Ol/(,O )
C PPP 12 u, 2
o= 55,754 +/—|dl (24)
A /S; 2(_]//’ )3 A o 2]//)/”0 u
o' (pu)J))
(J” [a”(pu’k)_ u_]// ELL N dy (u - dy)
Ot/(pu )L) [ 7 /(pll )\.) l/)//p p] 2
20 (pu,3) —————= |(u-dy)*,
and
l 21 21
" ///
(pu)lu)? — =~ + ———— (25)
s " ey (= pus)?

Algorithm 1 Globalized Chebysheyv iteration in state space

1: (u,p) < solve (4), (S) withp =1, 4 < A0
2: while True do

(du,d,,d),)  solve (14)—(16)
if ||(dy,d,,d))|| < € then stop
end if

(dg,dg,dc) < solve (20)—(22) > Chebyshev’s correction

if (utdy+dS, p+d, +dS, A +dj +d5) accepted by y then

> Initialization

> Pure Newton’s direction

® NNk w

(u,p, 1) — (u+dy, +dC ,p+dy+dS A +dj +d5)
9: else if (dy,d,,d) )—descent dir. for y then
10: (w,p,A) < linesearch for y along (dy,d,,d))
11: else > Compute modified Newton’s direction
12: (du,dp,d))  solve (14)-(16) with modified A (19)
13: (u,p,A) < linesearch for y along (dy,d,,d),)
14: end if

15: end while

The resulting algorithm is formally summarized as
Algorithm 1.

4 Solving the linear systems

Utilizing the exact Chebyshev’s direction (or the exact New-
ton’s direction) is primarily feasible if a factorization of
the left hand side of the system (14)—(15) is available as a
result of an application of a direct solver. To keep the num-
ber of non-zero elements in the discretized operators to a
minimum, instead of enforcing the zero mean pressure con-
straint p, d, dg € L%(Q) we simply prescribe the pressure
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to be zero at some point in the computational domain. The
solution to (14)—(16) is obtained by computing a Schur com-
plement with respect to the first two equations as follows.
We first solve the systems

— div VA" +Ad{" +Vd'" =f+ div Vu — a(py;)u - Vp,

divd({) = —div u, (26)
and

—div vd$ + AdY + Vd = p].

divd? =0, 27

which requires only one matrix factorization. Using this
information we obtain the Newton’s direction

d - fg[l)u,k —y]- fg )01/1 : dﬁl)
A. = 9

Jari—Jarh: dflz)
@u,dp) = (4, dV) - 5 (42, d2) 28)

Furthermore, the Chebyshev’s direction is found by solving
the system

—div Vd1(13) + Adf) + Vdf) — tl(I'

divd{) =0, (29)
after which we similarly to (28) compute
3
AT ’ ;. q@’
Ja P = Jo Pu - du
@.d5) =(a.dP) - df (a@.d?). (30)

Thus, in the considered case no new matrix factorizations is
required and the additional computational work compared
to finding the Newton’s direction is truly negligible.

5 Benchmarking Chebyshev’s iteration

In this section we compare the performance of the Cheby-
shev’s and Newton’s algorithms on a set of two-dimensional
benchmarks described in detail in Borrvall and Petersson
(2003).

We discretize Algorithm 1 using the approach proposed
for the Newton’s method in Evgrafov (2014). Namely, we
select a stable discretization? of the Stokes equations and
use it for representing the discrete versions of (u, p) and the
search directions (dy, dj), (df , dg). The quantity py ;. is
not stored, but rather recomputed on the fly by solving the
scalar (6) at points determined by the selected discretization
of the Newton’s direction finding subproblem (14), (15).

2In Evgrafov (2014) we have verified that the state space Newton’s
algorithm performs virtually independently of the selected discretiza-
tion/mesh refinement.
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Finite element discretization In this note we use two
popular stable mixed finite element families on quadri-
laterals, namely [Q2]2/ Q1 (Hood and Taylor 1973) and
[02-is0-Q1]?/ Q1 (Bercovier and Pironneau 1979).3 We do
not store discretized py ;. but instead recompute it by solv-
ing (11) at Gaussian quadrature points whenever needed for
evaluating integrals.

Within the Newton’s method framework we typically
need to integrate non-polynomial functions (terms involv-
ing py,3) times polynomials (terms involving u or dy). For
the pure Newton’s direction, the polynomials are at most
piecewise bi-quadratic for [Q2-iso-Q1]?/Q1 elements or
piecewise bi-quartic for [02]?/Q1 elements, which require
tensor product Gaussian quadratures of at least degree 2 or 3
over every u-element (thus a reiterated Gaussian quadrature
of degree 2 over the macro-element) to compute the inte-
gral over the polynomial part exactly. In Evgrafov (2014)
we used a rule of thumb of adding another quadrature
point along each coordinate axis for evaluating all the
non-polynomial integrals, thus leading to tensor product
Gaussian quadratures of order 4 for Taylor—Hood elements.

In the case of Chebyshev discretization, integrating the
expression (23), which features in the right hand side
of (20), times a test function involves some non-polynomial
terms including py; times piecewise tensor-products of
polynomials of the order up to 12 in the case of Taylor-
Hood elements or of order 6 in the case of Bercovier—
Pironneau elements. To address this we raise the quadrature
power to 8 and 5, respectively; however, we report the
performance of the Taylor—Hood discretization with the
quadrature of order 4 as well. A general comment based
on our computational experience is that for coarse dis-
cretizations the accuracy of the quadrature plays a much
more important role for reducing the KKT residuals to near
machine accuracy than for the finer discretizations, which
is not surprizing as the volumetric Lebesgue measure of the
elements where py ) deviates significantly from a constant
becomes smaller and smaller near optimal solutions for fine
discretizations.

We have implemented the FEM-discretized New-
ton’s and Chebyshev’s algorithms in C++ using deal.Il
libraries (Bangerth et al. 2007). Umfpack (Davis 2004) is
utilized as a linear solver.

Finite volume discretization We utilize the standard stag-
gered grid approach, see for example Griebel et al. (1997).

3 This discretization has been used in the original paper of Borrvall
and Petersson (2003). Note that we count the number of elements dif-
ferently: in (Borrvall and Petersson 2003) the number of u-elements is
reported, whereas we list the number of macroelements. As a result the
number of degrees of freedom in [Q2]2/Q1 and [Q2—is0—Q1]2/Q1
elements is the same on the same discretization level. In other words
our 100 x 100 discretization [Q2-is0-Ql]2/Q1 corresponds to 200 x
200 u-elements.

Since the divergence is exactly zero at the discrete level, we
remove the terms involving divergence from the augmented
Lagrangian function or the right hand side of the Newton’s
system. Additionally, we integrate |curlu|? instead of |Vu|?
when evaluating J or its derivatives in our implementation.
All the terms involving oy, are evaluated only at the vortic-
ity nodes, see Fig. 1, and then interpolated back to #1 and u»
nodes, where momentum conservation is formulated. The
algorithm is implemented in Matlab (we used an excellent
educational Navier—Stokes code (Seibold 2008) as a basis
for the Stokes solver) and utilizes the built-in LDL factor-
ization based on MA27 (Duff 2002) for solving all the linear
systems. The full code including setups for the benchmarks
is available as Online Resource 1.

For both discretizations We normally initialize (u, p) to the
solution of the pure Stokes problem (p = 1) in the domain,
and put A° = 100.0. In the case of the “rugby ball” problem,
such a starting point satisfies the first order optimality con-
ditions. To escape this critical point we initialize (u, p) to be
the solution of Brinkmann’s equations corresponding to p =
1.0 — 0.25x p(0.1) instead, where xp(0.1) is the characteristic
function for the ball of radius 0.1 around the center of 2.
We begin the iterations by using the modified Newton’s
search direction, see (19), and we do this until the linesearch
accepts unit steplength and |[dulljz1 g/ ll0lligr @ <
10~!. This normally happens within the first few iter-
ations, after which we proceed as outlined in Algo-
rithm 1. We terminate the algorithm when either
ldulli 1@/ Il g1y < 10710 (success) or the limit of
iterations has been exceeded (failure). For the benchmark
problems presented in this study we have empirically found
out that typically 50 iterations are sufficient for algorithm’s

e oy fata] (o) [au)
] oy o] (o> o

e (o> fata] (o) [aua)

Fig. 1 Standard staggered FVM discretization utilized in this work.
Pressure nodes coincide with diva nodes. Non-linear terms invol-
ving py,; are evaluated at curlu nodes. Bilinear ansatz is used for
interpolating all quantities between their staggered locations
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convergence, and therefore we use 50 as the iteration limit
throughout our computations. Occasionally the algorithm
stagnates—in the sense that a discrete Newton’s directions
becomes a direction of ascent for the discretized augmented
Lagrangian function with a very small positive directional
derivative on the order of the discretization error. This is
particularly true on coarse meshes and can often be rec-
tified by increasing the number of quadrature points. The
algorithm still makes progress utilizing the modified New-
ton’s directions, but the fast local rate of convergence is of
course lost in this case. Fortunately, this happens at near-
optimal points. To address this issue at least partly, we
modify the algorithm as follows. In the linesearch routine,
if |/ (0)| < 10~® and the search direction is based on non-
modified Hessian, we accept the unit step. On the other

hand, if a modified Newton’s step is taken but the relative
improvement in the merit function after linesearch is less
than 10~ we stop the algorithm and declare that it has stag-
nated. Strictly speaking these criteria should be adjusted
with the discretization choice and mesh refinement level.
However, in our numerical simulations we observe that stag-
nation occurs only occasionally, provided that the mesh is
“fine enough.”

These stopping conditions are unnecessarily stringent
as the final error will be dominated by the errors in the
discretization (small parameter /), approximation of the
Dirichlet boundary conditions (small parameter @), relax-
ation of the “0-1" affine penalty to a(p) (small parameter
g™, or the barrier function (small parameter (). Neverthe-
less, owing to the fast local convergence of the algorithm the

Table 1 Numerical performance of the state space Newton’s/Chebyshev’s algorithm on the two-dimensional benchmark problems from Borrvall

and Petersson (2003)

Prob. — Diffuser Pipe bend Rugby (y=0.8) Dbl. pipe (short) Dbl. pipe (long)
Discr. | Jﬂ #it Time J:l #it Time i #it Time J; #it Time J; #it Time
(
50 x50 30.59 29 ~29 10.01 64 ~ 64
100 x 100 30.46 33 ~33 9.76 85 ~ 85 31.75 47 ~ 47 25.67 61 ~ 61 27.64 236 =236
100 x 100 36.57 197 =~47.6 13.18 717 =~52.1 38.02 127 =572
200 x 200 36.16 725 =~ 1885 12.99 706  ~51.7 37.50 278 =~ 112.8 31.68 595 ~53.0 32.68 681 ~58.6
[02]%/Q1 FEM, Newton, 4-point quadrature:
100 x 100 30.45033 12 17.7 9.643469 33 41.9 31.42813 13 16.5 21.89791 27 37.7 23.86315 27 359
200 x 200 30.45239 12 16.1 9.642835 29 339 31.42744 13 16.7 21.90054 26 342 23.86641 26 31.3
400 x 400 30.45305 12 15.8 9.642701 29 32.6 31.42740 13 15.6 21.90193 25 32.7 23.86787 27 33.1
[©2]%/Q1 FEM, Chebyshev, 4-point quadrature:
100100 3045033 11 17.7 9643468 28 381 3142813 12 170 21.89857 50 990 2386315 24 342
200 x 200 30.45239 11 14.3 9.642835 24 29.8 31.42744 12 15.8 21.90054 23 322 23.86641 24 31.0
400 x 400 30.45305 11 14.4 9.642701 23 25.8 31.42740 12 14.4 21.90193 23 29.8 23.86787 24 31.3
[02]%/Q1 FEM, Newton, 8-point quadrature:
100 x 100 30.45033 12 19.2 9.643457 28 36.1 31.42812 13 19.2 21.89826 50  100.5 23.86310 26 36.3
200 x 200 30.45239 12 16.8 9.642834 29 36.0 31.42744 13 17.1 21.90047 26 36.8 23.86642 26 35.6
400 x 400 30.45305 12 16.7 9.642701 29 32.0 31.42740 13 15.9 21.90193 26 349 23.86787 26 32.6
[©2]%/Q1 FEM, Chebyshev, 8-point quadrature:
100 x 100 30.45033 11 18.0 9.643457 24 323 31.42812 12 17.8 21.90004 50 1025 23.86310 24 342
200 x 200 30.45239 11 16.4 9.642834 24 31.6 31.42744 11 15.5 21.90047 24 36.2 23.86642 23 339
400 x 400 30.45305 11 14.6 9.642701 23 27.0 31.42740 12 15.6 21.90193 22 28.2 23.86787 23 30.6
[02-is0-Q1)?/Q1 FEM, Newton, iterated 5-point quadrature:
100 x 100 30.45033 12 20.3 9.643457 29 42.6 31.42813 13 20.7 21.89813 26 42.7 23.86310 27 41.3
200 x 200 30.45239 12 18.0 9.642833 29 36.8 31.42744 13 16.6 21.90047 25 36.2 23.86642 27 36.6
400 x 400 30.45305 13 17.1 9.642701 29 329 31.42740 13 16.2 21.90193 26 33.4 23.86787 27 33.6
[02-is0-Q1)?/Q1 FEM, Chebyshev, iterated 5-point quadrature:
100 x 100 30.45033 11 20.0 9.643457 23 36.9 31.42813 11 17.7 21.89813 27 459 23.86310 25 39.2
200 x 200 30.45239 11 17.6 9.642833 24 31.1 31.42744 11 15.0 21.90047 22 334 23.86642 24 32.6
400 x 400 30.45305 11 15.6 9.642701 24 28.0 31.42740 11 13.9 21.90193 21 29.1 23.86787 23 29.5
FVM, Newton:
100 x 100 30.55573 15 20.9 9.691091 41 87.6 31.55465 15 21.7 22.13683 37 59.1 23.99473 27 47.8
200 x 200 30.47737 13 20.2 9.652791 33 67.8 31.45903 13 18.5 21.95593 25 32.0 23.89662 28 47.3
400 x 400 30.45881 14 26.2 9.644621 32 93.1 31.43537 14 32.6 21.91517 25 36.4 23.87475 28 87.9
800 x 800 30.45458 14 13.6 9.643010 29 33.5 31.42939 16 322 21.90533 27 31.6 23.86966 28 45.8
1600 x 1600  30.45360 14 354 9.642712 30 106.8 31.42789 12 37.1 21.90306 27 43.7 23.86859 28 125.4
FVM, Chebyshev:
100 x 100 30.55573 15 22.7 9.691091 25 46.9 31.55465 16 24.9 22.13687 31 527 23.99473 25 44.8
200 x 200 30.47737 13 21.2 9.652791 29 58.0 31.45903 14 20.3 21.95593 24 324 23.89662 25 41.2
400 x 400 30.45881 13 11.9 9.644621 29 78.7 31.43537 14 15.0 2191517 22 37.7 23.87475 25 48.1
800 x 800 30.45458 13 22.4 9.643010 25 67.7 31.42939 14 27.1 21.90533 23 27.2 23.86966 25 51.2
1600 x 1600  30.45360 13 37.0 9.642712 23 78.0 31.42789 11 31.4 21.90306 23 39.3 23.86859 25 78.8

All computations are done on uniformly refined structured grids. The algorithmic termination is shown as success, stagnation or failure (number
of allowed iterations has been exceeded). All times are reported relative to solving one Stokes problem. See Section 5 for more details and

discussion
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strictness of the stopping criteria has very little effect on the
number of algorithmic iterations.

For other algorithmic parameters we set @ = 2.5 - 10,
g = 0.1, o = 1073. We use a non-monotone heuris-
tic strategy for updating the penalty parameters vy, v,
of the augmented Lagrangian penalty function . At the

beginning of every iteration we put (vx,v,) = (JA| +
3, ||p||L%(Q) + §), where 6 = 10.0 in our computations.
In backtracking/Armijo’s linesearch, we use ¢ = 1074

in the sufficient decrease condition, and we successively
halve the steplength until this condition is satisfied. The
results of the numerical benchmarks are summarized in
Table 1 and the first two block rows of Table 2; the snap-
shots of some of the optimal designs are shown in the top
row in Fig. 2. Whether the algorithm terminates success-
fully, Stagnates op runs out of interations ¢ converges towards
the optimal solutions with the same topology as the ones
reported in (Borrvall and Petersson 2003; Challis and Guest
2009). It is undoubtedly possible to fine-tune the algorith-
mic parameters to further reduce the number of iterations in
either Newton’s or Chebyshev’s cases. The purpose of this
work is rather to illustrate the effect of the “freely” available
high-order search direction on the algorithmic performance.
Before proceeding further, we would like to make a few
comments about Tables 1 and 2:

Mesh size:

— For the test case “double pipe (long)” the number of ele-
ments along the x axis should be multiplied by a factor
1.5;

— Quasi-uniform unstructured meshes of quadrilater-
als have been generated using Gmsh (Geuzaine and
Remacle 2009). Mesh #1, #2, and #3 have approx-
imately 10K, 40K, and 160K quadrilateral elements
(x1.5 in the case of “double pipe (long)” problem),
which corresponds to the number of elements used in
the structured grids;

— The mesh resolutions taken from Borrvall and
Petersson (2003) are measured in u-elements, and
therefore should be divided by 2 to get to the resolu-
tion in terms of [ Q2-iso-Q1]?/ Q1 macro-elements, see
footnote 3;

— The mesh resolutions taken from Challis and Guest
(2009) are rounded to the nearest hundred, see the cited
paper for details.

Timings:

— In order to get “architecture-independent” results we
report the total running time of the algorithm relative
to one solution of the Stokes problem, even exclud-
ing the finite element assembly time for the latter in
the case of FEM implementation. Note that this met-

ric is especially unfair to the FVM discretization as the
number of non-zeros in the discretized Jacobian of the
Newton’s system is much larger than that for the pure
Stokes or Brinkmann system due to the presence of
the terms in the momentum equations, which explic-
itly couple u; and u;. Also note that we were not able
to obtain very reliable timings of our algorithm on the
multi-user server, on which we performed our compu-
tations, and some outliers could be easily spotted in
Table 1;

— For the results taken from Borrvall and Petersson
(2003), we simply “guess” the relative timing to be the
number of algorithmic iterations. This is a very opti-
mistic estimate as it is based on the assumption that all
calculations other than solving the Stokes/Brinkmann
system take zero time;

—  For the results taken from (Challis and Guest 2009), we
estimate the time relative to the solution of the Stokes
problem on the full computational domain based on the
data reported in the cited paper. This is done because the
level set algorithm utilized in the cited paper needs to
solve the flow equations only on a smaller flow domain,
and explains the fact that the estimated timing is much
smaller than the number of algorithmic iterations. Note
that the timing is still proportional to the number of
algorithmic iterations.

Objective function values:

— It is extremely important to keep in mind that the cal-
culations are based on a numerical discretization of
Algorithm 1 and not on applying a mathematical pro-
gramming algorithm to a discretized version of (1).
That is, we utilize “optimize, then discretize” rather
than “discretize, then optimize” approach. Therefore,
the fact that the algorithm terminates successfully with
ldull{g1 (@) < € does notimply that the resulting point
(u, py,2) is an O(g)-optimal for the discretized prob-
lem (1). The computed solutions are only as accurate,
as the utilized discretization scheme!

—  One can directly compare the objective function values
reported in Borrvall and Petersson (2003) and the ones
found by the present algorithm, even though we report
the power dissipation J augmented with the positive
barrier function;

— One cannot directly compare the objective function
values reported in Challis and Guest (2009) and the
ones found by the present algorithm, as we underim-
pose the no-slip Dirichlet boundary conditions in the
present case. This is not unique to our algorithm for
solving the topology optimization problem but rather a
major weakness of the homogenization based topology
optimization approach to fluid mechanics inherent in
formulation (1).
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Table 2 Numerical performance of the state space Newton’s/Chebyshev’s algorithm on the two-dimensional benchmark problems from (Borrvall
and Petersson 2003)

Prob. — Diffuser Pipe bend Rugby (y=0.8) Dbl. pipe (short) Dbl. pipe (long)
Discr. | a q u Iy #it  Time Jh #it  Time Ju #it  Time Iy #it  Time Ju #it  Time

Quasi-uniform grids, [02]?/Q1 FEM, Newton, 8-point quadrature:
Mesh #1 25-10*  1.0-107"  1.0-1073 3044900 12 17.7 9.643073 29 35.8 31.42842 13 174 21.89234 26 363 23.86987 33 44.0
Mesh #2 25-10* 1.0-107"  1.0-1073 3045344 12 163 9.640938 29 33.8 31.42749 13 164  21.90251 26 34.1 23.86840 29 393
Mesh #3 25104 1.0-107"  1.0-1073 3045279 12 157  9.642210 29 32.7 31.42740 13 159 2190148 26 332 23.86743 27 333
Quasi-uniform grids, [02]?/Q1 FEM, Chebyshev, 8-point quadrature:
Mesh #1 25-10*  1.0-107"  1.0-1073 3044900 11 167  9.643073 22 29.2 31.42842 12 164  21.89234 22 329 23.86987 30 43.9
Mesh #2 25-10*  1.0-107"  1.0-1073 3045344 11 157  9.640938 24 28.6 31.42749 12 156 21.90251 21 30.3 23.86840 26 36.7
Mesh #3 25-10*  1.0-107"  1.0-1073 3045279 11 148  9.642210 24 26.5 31.42740 11 139 2190148 20 273 23.86743 23 293
Continuation strategy #1, [02]?/Q1 FEM, Newton, 8-point quadrature:

Refinement #1  2.5-10*  1.0-10°'  1.0-107% 3045179 7 9.642731 3 3142752 3 21.90026 8 23.86862 3
Refinement #2  2.5-10*  1.0-107"  1.0-1073  30.45296 1 9.642691 2 31.42744 2 21.9017 1 23.86848 3
Refinement #3  2.5-10*  1.0-107"  1.0-1073  30.45323 2 9.642670 2 31.42741 2 21.90224 2 23.86836 3
Refinement #4  2.5-10*  1.0-107"  1.0-1073  30.45330 2 9.642664 2 31.42741 2 21.90234 2 23.86833 2
Continuation strategy #1, [02]?/Q1 FEM, Chebyshev, 8-point quadrature:
Refinement #1  2.5-10* 1.0-107'  1.0-107% 3045178 2 9.642731 2 3142752 2 21.90024 1 23.86662 2
Refinement #2  2.5-10*  1.0-107"  1.0-1073  30.45296 1 9.642691 2 31.42744 2 21.90177 2 23.86807 14
Refinement #3  2.5-10*  1.0-107"  1.0-1073  30.45323 2 9.642670 2 31.42741 2 21.90224 1 23.86821 2
Refinement #4  2.5-10*  1.0-107"  1.0-1073  30.45330 2 9.642664 2 31.42741 1 21.90234 2 23.86829 2
Continuation strategy #2, [02]?/Q1 FEM, Newton, 8-point quadrature:
Refinement #1  2.5-10* 2.0-10""  5.0-107* 3132134 6 10.07666 7 3242190 6 23.36283 5 25.04417 7
Refinement #2  2.5-10*  4.0-107'  2.5-107* 31.83089 5 10.33390 8 3299263 5 2425412 5 25.74418 17
Refinement #3  2.5-10*  8.0-107! 13-107% 3208979 5 1047179 5 33.28090 5 2471847 5 26.10504 5
Refinement #4  2.5-10*  1.6-10° 3.1-107° 3220128 4 10.53051 6 33.40492 5 2492134 4 26.26188 6
Continuation strategy #2, [02]?/Q1 FEM, Chebyshev, 8-point quadrature:
Refinement #1  2.5-10*  2.0-107'  5.0-107* 31.32134 7 S 3242190 5 23.36283 7 25.04417 5
Refinement #2  2.5-10*  4.0-107'  25-107* 31.83089 6 1033343 7 3299263 5 2425412 5 2574418 7
Refinement #3  2.5-10*  8.0-107" 1.3-107*  32.08979 7 1047183 5 33.28090 7 2471847 17 26.10504 6
Refinement #4  2.5-10*  1.6-10° 3.1-107° 3220128 4 10.53051 6 33.40492 4 2492134 6 26.26188 6
Continuation strategy #3, [02]?/Q1 FEM, Newton, 8-point quadrature:
Refinement #1 ~ 5.0-10*  2.0-107' 5.0-107* 32.55751 11 9.518515 29 33.73643 10 25.63163 9 26.82841 17
Refinement#2  1.0-10°  4.0-107"  2.5-107*  33.73063 8 11.37980 37 34.95537 14 2792111 9 28.54689 29
Refinement #3  2.0-10°  8.0-107! 13-107* 3439721 8 11.75413 8 35.66936 16 29.29217 10 29.54514 15
Refinement #4  4.0-10°  1.6-10° 3.1-107°  34.80009 16 11.98308 16 36.03318 15 30.14311 12 30.15443 20
Continuation strategy #3, [02]?/Q1 FEM, Chebyshev, 8-point quadrature:
Refinement #1 ~ 5.0-10*  2.0-107!  5.0-107* 32.5751 9 9.466042 1 33.73643 8 25.63163 12 26.82840 15
Refinement#2  1.0-10°  4.0-107'  2.5-107* 33.73063 8 38005 26 34.95537 16 27.92111 8 28.54688 21
Refinement #3  2.0-10°  8.0-107"  1.3-107%  34.39722 6 11.75444 13 35.63153 16 29.29218 9 29.54509 25
Refinement #4  4.0-10°  1.6-10° 3.1-107°  34.80009 15 11.98365 18 36.03315 1 30.14311 8 30.15431 15

Computations are done on quasi-uniform or adaptively refined unstructured grids of quadrilaterals. The algorithmic termination is shown as

success, Stagnation op failure (number of allowed iterations has been exceeded). All times are reported relative to solving one Stokes problem.
See Sections 5 and 6 for more details and discussion.

In most of the cases Chebyshev’s iteration outperforms  to an even larger degree the Chebyshev’s iteration. Never-
the Newton’s iteration with respect to both the number of  theless, benchmarks in Table 1 demonstrate that utilizing
required iterations and the total running time. The effect = Chebyshev’s correction is beneficial within this framework
seems to be more prominent for the examples where the  as well.

optimal configurations contain long straight channels, such Note that the level set method utilized in Challis and
as the “pipe bend” and “two pipes” test cases, see Fig. 3,  Guest (2009) does not require continuation with respect
bottom. In these cases the linesearch accepts unit New-  to the parameters (&, q, ), which to a degree com-

ton’s steps long before the fast decrease of the residuals  pensates for the large number of algorithmic iterations
occurs. On the other hand, for the “diffuser” and “rugby”  that it requires, which also seems to grow with mesh
test cases the Newton’s algorithm behaves extremely well  refinement.

with quadratic convergence occurring almost immedi-

ately after the algorithm switches from the initial mod-

ified Newton’s to pure Newton’s directions, see Fig. 3, 6 Continuation and adaptive mesh refinement

top. This makes it very difficult to outperform such a

process. We now apply the fast locally convergent algorithm devel-
Another general statement is that the discretization errors ~ oped in the previous sections in the framework of adap-
stemming from the interpolation of certain non-linear quan-  tive mesh refinement and parameter continuation. For

tities between the staggered grids in the FVM discretization ~ simplicity, we use a residual-based error estimator for (4),
negatively affects the rate of convergence of Newton’s and (5) (note that (6) is preserved at the discrete level), see for
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example (Verfiirth 1989). Thus for every element 7 in the
mesh we compute the a posteriori error indicator
nt = ITIll —div Vu+a(p)u+Vp —£I7 5

. 1
Hidiv sy 450 3 lelllVa-nkl,,, G
ecdT\IQ2

where [Vu - n], is the jump of the normal derivative of
u across the edge e in the mesh. A conceptual continua-
tion/adaptive mesh refinement algorithm is thus stated as
Algorithm 2. Note that in step 5 of the algorithm we do not
need to project the design field p, as it is recomputed on the
new mesh using (6). Additionally, the interpolation does not
preserve the conservation of mass (in the weak sense) con-
straint diva = 0, which is another reason for adding it to the
right hand side of Newton’s system and the merit function.
We test Algorithm 2 in the following fashion. In all cases,
we start by computing the optimal solution on unstructured
grid #1 using Algorithm 1. We then make four adaptive
refinement steps (four iterations of the loop in Algorithm 2)
by refining 20 % of cells with the largest indicator, and
coarsening 3 % of cells with the smallest indicator. Deal II
also needs to refine some adjacent cells (we refer to the
library documentation for details), and this strategy leads to
roughly speaking doubling of the number of cells at every
iteration. For parameters (&, g, /L_l) we test the follow-
ing strategies: #1: («, q, ,u_l) are constant on all meshes;

1
075
0.5
025
8.21e-06
1
075
0.5
025
4.4e-07

#2: (g, n~") are doubled before each refinement, but @ is
constant; #3: all parameters are doubled before each refine-
ment. We note that in the topology optimization literature
typically a strategy analogous to our strategy #2 is utilized,
however without adaptive mesh refinement or parameter
1, which is not found in the original problem (1), see for
example (Borrvall and Petersson 2003; Aage et al. 2008).

The results of these benchmarks are summarized in
Table 2 and some of the optimal designs obtained are shown
in Fig. 2, middle and bottom rows. One can see that both
Newton’s and Chebyshev’s algorithms perform incredibly
well in the strategy #1, needing in most cases only two iter-
ations for reducing the residuals in Algorithm 1 to the level
described in the previous section.

For strategy #2, both algorithms also perform reasonably
well, although both Newton’s and Chebyshev’s algorithm
stagnated on most instances of “pipe bend” test case.
Interestingly enough, Chebyshev’s method in some bench-
marks required one or two more iterations when compared
to Newton’s algorithm. Even ignoring the advantages of
adaptive mesh refinement where most of the iterations are
performed on coarse meshes and therefore are very compu-
tationally inexpensive, 12 + 5 + 5 4+ 7 4+ 4 = 33 iterations
needed by Chebyshev’s algorithm to solve “rugby ball”
problem to a very high precision can be compared with 384
iterations reported in (Aage et al. 2008) for this benchmark
problem and a similar continuation procedure based on a

Fig. 2 Snapshots of the final designs computed using Chebyshev’s
iteration for some of the benchmark problems. Note: the field has been
projected onto the space of piecewise linear polynomials for visuali-
zation purposes. In the top two rows, from left to right: “diffuser”,
“pipe bend”, “rugby (y = 0.8)”, “dbl. pipe (short)”, and “dbl. pipe

(long)”. Top row: designs computed on a quasi-uniform unstructured
mesh #3; middle row: designs computed as a result of the adaptive
mesh refinement/continuation strategy #2; bottom row: zoom into the
leading edge of the “rugby (y = 0.8)” design including the mesh lines
for the quasi-uniform and adaptive meshes
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first order algorithm and much less strict stopping criteria,
resulting in a more than 10-fold speedup.

Strategy #3 is the most challenging one, with both
methods struggling to reduce the residual to the requested
tolerance on most problem instances. Additionally,
increasing « results in larger residuals in the “solid” regions
of the domain, which are then refined in accordance with
our refinement strategy. This results in meshes, which are
much more quasi-uniform when compared with strategies
#1 and #2.

When one takes into account the fact that most of the
computations are done on low resolution meshes, the sav-
ings are quite significant: for example on a multi-user Linux
machine with 4 x 6 core Intel Xeon 2.67 GHz CPUs and
256Gb of memory, one “pipe bend” problem run using New-
ton’s (Chebyshev’s) method on the unstructured meshes #1,

107 == <y :
10 L L . . . AN 4
»
@
3 -6 Newton
% 10~ —.—ldu |[H1(Q)]d § T
= | clChebyshevl Dy
o u [H ()]
10° | |d)l\hlewton| i
|dghebyshevl L
10 12 L ‘ ‘ . Lo J
0 2 4 6 8 10 12
iteration

0
©
> Newton
% 3 o | d u |[H1(Q)]d
210" | | dChebyshe’vl
—m— "y H' @y
10_12 i |d)ltlewtonl
|dghebyshevl :
0 5 10 15 20 25
iteration

Fig. 3 Convergence of the residuals for the state space New-
ton/Chebyshev methods. Top: diffuser problem; bottom: pipe bend
problem. In both cases, FEM discretization with 8-point quadratures
on an unstructured Mesh #3 with approximately 160 K quadrilaterals
is used. In the second case, faster-than-Newton local convergence of
Chebyshev’s iteration is particularly prominent
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Algorithm 2 Continuation/adaptive mesh refinement

1: repeat

2 Apply Algorithm 1

3 Increase (&,q,u~"); compute error indicators (31)
4: Refine/coarsen elements 7" with large/small 1z

5 Interpolate (u, p) onto the new mesh

6: until convergence

#2, and #3 take respectively 566 (453), 3330 (2 860), and
29 100 (25200) seconds.* On the same hardware, adaptive
strategies #1, #2, and #3 utilizing Newon’s (Chebyshev’s)
iteration take respectively 1920 (1740), 3520 (3360), and
11500 (11 500) seconds.

We end this brief discussion by stating that in our
opinion a much more thorough analytical/numerical study,
providing recommendations for updating many parameters
involved in topology optimization problems such as (1)
within the adaptive mesh refinement context, would be ben-
eficial for further advancing the application of topology
optimization to real-life problems.

7 Conclusions

We have presented, to the best of our knowledge, the first
locally cubically convergent method for topology optimiza-
tion. On quasi-uniform meshes the method demonstrated
savings of 8 % to 17 % of iterations when compared with
already fast Newton’s algorithm, or 60 % to 90 % when
compared with approaches based on the first order algo-
rithms, even disregarding differences in stopping criteria.

The local cubic convergence is attained at the cost of
solving one additional linear system only differing in its
right hand side per algorithmic iteration when compared
with the Newton’s iteration. When direct solvers are used,
the increase in the computational cost is negligible. If itera-
tive solvers are utilized, one should use inexact versions of
Newton’s or higher order methods, but at least in the case
of Chebyshev’s iteration one can reuse the constructed pre-
conditioners and utilize deflation techniques to speed up the
solution of the second system.

Both Newton’s and Chebyshev’s iterations have been
tested within the framework of parameter continuation and
adaptive mesh refinement, where neither of the methods has
decisively outperformed the other. Nevertheless we hope
that the ideas utilized in deriving a higher order method for
this simple benchmark problem are useful in other contexts
pertinent to structural and multidisciplinary optimization
problems. Additionally, Tables 1 and 2 could be used for
benchmarking other optimization algorithms applied to (1).

“4Note the lack of numerical scalability owing to the utilization of the
direct linear solver.
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