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min /(w,x) i n-loop
Adjoint solver n=1,...,N
s.t. R(W,X)=0 » *(W,Lle,Xn)=O
dimx=M gradient

(V1) = [i(w,y, (&), )dV

k-loop

m-loop
m=1,...,M

RANS solver V|

optimization
strategy

xn+1
(13 3
All-at-Once”?!
ﬂ [Ta’asan, 1992]
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Problem Statement

Goal: min f(y,u) s.t. c(y,u)=0,
u
where Y and U are the state and design variables.
Given fixed point iteration Y,.; = G(Y,.U) (e.g. pseudo-time

stepping) to solve PDE c(y,u)=0.

Assumptions:
0
I é always invertible. IFT = given U,dly s.t. c(y,u) =0.
E G, feC,

G contractive: HGy(y, U)H = HG; (y, U)H <p<l

# Deutsches Zentrum )
DLR fiir Luft- und Raumfahrt eV Varna, September 22-24, 2010 Nico Gauger
in der Helmholtz-Gemeinschaft FlowHead Workshop Slide 4



One-Shot approach
L(y, y,u) = f(y,u) +(G(y,u)-y)'y
=N{y.yu)-y'y
shifted I:ragragian Ly = G(y, U) —
Stationary point: {L, = N (Y, y,u)' =y
L =N, (y,y,u) =
One-step one-shot (step k+1): - (¥, )
Yk = G(Yk’ k) primal update
(OS)- Yiir = Ny (Vi» Yo U D dual update
U =U —BINL (Y, Vi U)' design update

\

Aims: Choose B such that: < Convergence of (OS).
 Bounded retardation.

Varna, September 22-24, 2010 Nico Gauger
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BOu'nded retardation

Jacobian of the extended iteration:

) (G, 0 G,
_ 8(yk+1’ yk+l’uk+1) _ N GT N
oY Yo W) | oy a AnT #
(y.yu) \—B N, —-B°G, I-B"N,

Whenever we can define B such that

1_/0(Gy)

<const, ie. opt)/! Asim) < const

we have bounded retardation.
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Eigenvalues of J, are the zeros of the equation

det((1-1DB+H (1)) =0

where

_ T(~T -1 Nyy Nyu _(Gy_ll)_lGu
H () =(-G] (G] - AI) ,|{N \ j[ | ]

uy uu

Necessary (but not sufficient) condition for contractivity:

B=B'-0 and B>£H(—1).

2 [Griewank, 2006]
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Exact penalty function: L2

Remark:
Deriving (sufficient) conditions on B for J. to have a
spectral radius smaller than 1 has proven difficult.

Instead, we look for descent on the augmented Lagrangian

(v, 7,0) = 26 (yu) —y[ + 2N, (v, you)T — [ +N =Ty,
QP 2 T A T T

primal residual dual residual Lagrangian

where ¢>0and 5 >0.
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Correspondence condition

The full gradient of L2 is given by

v L - G(y,u)-y
V,L*|=-Ms(y,y,u), where s(y,y,u)= Ny(y,V,U)T—V
v, —B7N,(y,y.u)" |

[ T

a(l-G,"), —1-pN,, 0
and M = —1, p(1-G,), 0
-aG,', -pN,,' B
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Consequence (Correspondence condition):

There is a 1-1 correspondence between the stationary points

of L2 and the roots of s if

detlef(1 -G, )(1-G,)—1-pN, 10,

for which it is sufficient that

aB(1-p)® >1+ BN, |
[Hamdi, Griewank, 2008]
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Descent condition

Theorem (Descent condition):

s(Y,Y;U) is a descent direction for all large positive B

if and only if

af( —%(Gy +G,")) > (I +§NW)(I —%(Gy +G," ) (I +§NW),

which is implied by /a5 (- p) >1+§HNWH.

2 2C
> Satisfied f =—, a= ith C=|N_|.
atisfied for [ o @ ) wi H WH
Theorem: A suitable B is given by:

T T
B=aG,G, + N, N, +N,.

[Hamdi, Griewank, 2008]
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One-step one-shot
Aerodynamic shape design

2 2C

Descent for p=—, « >
C

@-p)
(In practice choose c=1, = £ =2, a>>1.)

A suitable B is given by B=0G,;G, + N N, +N,,.
Instead BFGS updates for the Hessian
VI =aG]G, + ININ , + N, +a(G-y) G, +B(NT -y) N .

%K—J
B —+0 —.0

The gradient V L*=a(G-y)' G, +B(N,-y) N, +N,

is evaluated by Algorithmic Differentiation (AD).
[Ozkaya, Gauger, 2008]
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X ew dx m
design vector (P) —» defgeo — difgeo —» meshdefo — flow solver —» C,

7

surface grid grid

* Adjoint version of entire design chain by ADOL-C / TAPENADE
* TAUij (2D Euler) / ELAN (2D/3D RANS) + mesh deformation + parameterization

dCD _ aCD om G(dX) . aXneW 8(dX) _ a(xnew B Xold) _

= . . and 1d
dP f@m odx) ox,, ©OP OX .., OX_..,
TAUij_AD/ meshdefo_ AD defgeo AD [Ozkaya, Gauger, 2008]
ELAN_AD [Gauger, Walther, Ozkaya, Moldenhauer, 2008]
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Treatment of lift constraint by e
penalty multiplier method

minCD(y1u) S.t. CL ZCL,target and y ZG(y,U)

~-C,), h<0

Penalty function for lift: h=(C_ age

Redefine objective function: f =C_ + 4h
muinCD(y,u)+/1h , h—>0

Update the penalty parameter in each one-shot step k:
Ay = A, (1+ch), c>0

h>0 = AT, h<0 = a4
A good starting value is: A, = HWVUUChDH

Nico Gauger
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Extension to Navier-Stokes (ELAN Code)

Flow Solver: ELAN (TU Berlin)

3D Navier-Stokes (RANS)
incompressible with pressure
correction

multiblock

k-w (Wilcox) turbulence
model (and others)

Fortran (20.000 lines)

AD Tool: TAPENADE (INRIA)

source to source

reverse for first derivatives
tangent on reverse for
second derivatives
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Drag reduction with lift constraint
« NACA 4412

« Re =1.000.000, a=5.1°

« RANS

* k-w (Wilcox) turbulence model

» 300 surface mesh points

AD-FD Comparison

[0 |
300
2agq
s88
ZEE
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Approaches for Optimization -, .+

Varna, September 22-24, 2010
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one-shot method

entire design chain differentiated
gradient smoothing

penalty multiplier method

Nico Gauger
Slide 16



Drag reduction with lift constraint
NACA 4412
Re =1.000.000, o=5.1°
RANS
k-w (Wilcox) turbulence model
300 surface mesh points
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Drag reduction with lift constraint
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[Ozkaya, Gauger, 2009]
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Ingredients for Efficient One-Shot Approach

b

 Shape Derivatives:

dF, (Q)[V] :I<V,n>[<Vp£n,n>+divr(p£ —(wTWH)u) ds
I [Schmidt, llic, Gauger, Schulz, 2008]

e Gradient Smoothing / Preconditioning:

c-%.%¢G
o0& o¢

[Jameson et al., 1994 ff.],..., [Schmidt, llic, Gauger, Schulz, 2008]

=G

e Multilevel-Parameterization: ‘y«g,m%%@g&;%v
X aves SRR
Dual Weighted Residual (DWR) JAVAr i T
[Rannacher et al., 1996], [Giles 1999], ... V‘:" ?ﬁ?{%’éﬁg | { %@I%W
e | 1
[Vollmer, Gauger, 2005], [Kroll, Gauger et al., 2007] ) Ay, AR
Nico Gauger
Slide 19
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Efficient One-Shot Approach

1-Uk,
» b

3

I"I:"“"“’-Hn.
A
L= e
o
m
.
‘J'
.#I
-E];llg'a

=7 NACA0012, M=2.0, a=0°, TAU (Euler)
7 Drag Reduction

D YaAVay A AV VAVAY e
SVAVAVIN S v,y IVav v /\ .
g}gﬁﬁ%ﬁ%&ﬁ%&gﬁ S Supersonic drag
AR ‘ 1
%gga 0.1
RS
R A B %;«,vmﬁh 0.09
VAT Ty AT o
VAVAVAVEVA R v A AN =
ANLEERRS XA 3 008
007
3
2 0.06
o]
A N A AN v e s o
AV BVAYAYaiv gy VAYAYY
A A R RSO 0.05
yvuggggmﬂmfv‘ o SRS | | |
ﬁégﬁim ! K i}:’%ﬁ’ 0.04 i 1 | | A
vy K
DAVAVAY 2l w.%wmihﬂﬂ 0 200 400 600 800 1000 1200
S O vy, % aia vy S VAVAVAY
B AT sru b S S i g Y AV
Ay

B Yy, '
gﬂ%&%ﬁﬁ%ﬂ‘ elapsed time [s]

[Schmidt, llic, Gauger, Schulz, 2008]
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Efficient One-Shot Approach

—~ ONERA M6, M=0.83, 0=3.01°, TAU (Euler)

7 Drag reduction by
=7 Constant lift

—Z 867.168 points for volume mesh

... 7 Design variables:
B~ Al 18.285 surface points!
1.1681
Iomm =7 Approach:
e > Shape Derivatives
el 7 Gradient Smoothing / Preconditioning
7 One Shot
[llic, Gauger, Schmidt, Schulz, 2009]
ﬁ f[:ﬁ”flf?tefnzde;m?fam eV Varna, September 22-24, 2010 Nico Gauger
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Efficient One-Shot Approach m

— ONERA M6, M=0.83, 0=3.01°, TAU (Euler)

7 Drag reduction by
7 Constant lift

density
1.3780

drag [d.counts]

1.15851

|D.93209

0.70911

0.48613

Optimization history
160 . ! .
150 | § drag il

T volqme |

110 | 1 j :
90
80 ‘

10 | -

1 20

10

0 I | ] 0

0 50 100 150 200

iteration

O(opt) / O(sim) =5 (wall clock time)
= 2 (# iterations)

[llic, Gauger, Schmidt, Schulz, 2009]
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Efficient One-Shot Approach g;lﬁ*
— Initial geometry — Optimized geometry et
7 Cpnit=106 drag counts 7 Cport=72 drag counts
7 C init=27.6 lift counts 7 Cort=26.5 lift counts

32% Drag reduction

density
1.3780

1.1861

IU.‘?SQGQ

0.70911

0.48613
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s X % 8 “f"‘-,
. . SN
Scaling With Number of Parameters Sam
Transonic drag reduction 3D Yy % f,?
110 — : ! ! : : . .
18k fn.par. ———
10 ¢+ ................... .................. . 36k fnpar -
100 : —
95 optimal drag =
— 90 induced drag (planform)
i) + spurious drag (numerics)
=0 85
8]
S 80
75 _
70 5 5 5 5 5 5 5 Otlmal
65 |- .................. .................. .................................... ................. .................. ...... -
60 i | i i : i i i
0 10 20 30 40 50 60 70
iteration count
optimization to simulation
time ~5 [llic, Gauger, Schmidt, Schulz, 2009]
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Multilevel Descent
»2-level: coarse grid 18k design parameters, fine 36k

Transonic drag reduction, 3D multilevel
110 ; : . T .

\ '5.-
Ippes®

it
dy'thll o] D'
o s, <:'
o r'|
-?
. o
3

5 | 36k fn.par'. thmulghout —_—
105 U O ...... 1 Sk fl'l Pﬂr before adaptatlon -

100 fy — .3.’.?.5..fﬂ..R?'.lf....F‘.f'?.?.‘f..?!QQRF?!F!F?'_F.‘....E__ __________________ -

95 F-- ....................................... .................. ................... ...................................... ................... .................. ....... -

90
85 fine grid
throughout

30 | .................................... .................. ................... throughout ................... .................. ....... i
75 |
70 b ....................................... T ........... \ﬁnegrld ..................................... .................. ....... i
R e — I — ___________________ S——

60 L— | i i i | i i i |
0 20 40 60 80 100 120 140 160 180

wall time [min]

» 2-level iteration brings factor ~2 in optimization time
[llic, Gauger, Schmidt, Schulz, 2009]

S e R S -

drag [dc]
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Dual (Adjoint) Weighted Residual Approach (DWR)

Idea stems from Rannacher et al. in FEM context.
Transfer to FVM by Venditty & Darmofal, but repeated extrapolation

between certain mesh levels (coarse H, fine h) in practice not handy.
. H H H

Therefore, instead of 1,(U, )—1,(Uy) = (Wh ) Rn(Up ),

we consider |(U,)—-1(U) = (//g R(Uy).

Now the idea (by R. Dwight) is, to interpret the discretization

error R(Uh) as dissipation error. This yields:

OR OR
|(uh)—|(U)Wﬁ£k(2> = +k@ 7
ok ok [R. Dwight, JCP, 2008]
E[)LR Ejiul_tj;t}jejniegztjr;nfahrt eV Varna, September 22-24, 2010 Nico Gauger
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Dual (Adjoint) Weighted Residual Approach (DWR)

The (global) value

T @ R @ R
‘”[k @ K ak(“)j’

is a scalar product over the computational mesh, i.e. we have a

summation over all mesh cells of terms

R R, ;
T 1,2 2] (4) 7]
W"’Lk"’ K@ " 5@ J

N

Sensor for mesh adaptation
(Local dual weighted residual)

# Deutsches Zentrum
DLR fiir Luft- und Raumfahrt e/ Varna, September 22-24, 2010 Nico Gauger
in der Helmholtz-Gemeinschaft FlowHead Workshop Slide 27



- _.— 3 ..
- - e o
: : (T ar T
N ./Zi“é»:‘%

Esti'mate /

------
Py

o
.
.

Sensor ~——"abs y/-T-[k-(z-) Rij @ aRi’jJ

H s I, 1 1 3
Lift @ k@ )l “Drag
err,.€[2.24e-11, 1.34e-03] ", B Qannneneren eI €[7.42e-14, 6.42e-05] | 5205
BE-05 BE-05
5.8E-05 5.8E-05
5 6E-05 5 GE-05
5 4E-05 5A4E-05
5 2E-05 5.2E-05
BE-05 BE-05
4 .8E-05 4 8E-05
4 6E-05 4 BE-05
4 4E-05 4 4E-05
4.2E-05 4 2E-05
4E-05 4E-05
3.8E-05 3.8E-05
36E-05 A6E-05
34E-05 34E-05
32605V 30E-05
3E-05 AE-05
Z.8E-05 2 BE-05
2.6E-05 26E-05
24E-05 2 4E-C5
2.28-05 2.2E-05
2E-05 2E-05
1.88-05 1.8E-05
1.6E-05 1 BE-05
14E-05 - 1 4E-05
1.2E-08 1 2E-05
1605 1E-05
8E-06 BE-06
6E-06
0 0.5 1 BE-06
;‘Egg X 4E-06
] 2E-06
(NACA0012 Ma = 0.5, a = 1.0°) [Gauger, 2009]
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Adjoint-based (Global) Error
Estimate and Correction

NACAO0012 (Euler flow)

AN

N
A,

AV
N/
0

0.6

Ve v

o
>
e
iss

_ _ 4 (o SO K
Ma =05, a=1.0 R N
0.002 , 0.4 Egﬁ%gggg %%!ﬂi& gg

| S 7 e IS Vi 4% e
00018 |- Y NNIIN vvivay, S AV )T ATAV

: A I OO A AR AT

i Ry qETAYAYLp b iV /1 e

‘ u C_D(initial mesh) 0.2 #ﬁ'e%iF%"#I‘v"’éﬁ'iiﬁl‘“%%@“‘l%f@%ﬂ?}&
0.0016 - : R S R N A OO S OA

- u C_D(global refined mesh) gggggﬁﬁi%%#:ggg‘%’"H#I%I*I%'%‘%:ﬁ@%’gmrﬁgﬁgﬁ
5001 b | C_D(corrected by estimate) LA ""A'A'A'M%ﬁ% AR

. — ANy, A

| [ ] s
0.0012 f : s

i : R O R R R SR R

B H AT oy ATAVAVANAY VAV WAV KON ANAY B S AT el ePar SN

- : 0 0.2 0.4 X 0.8 0.8 i
0.0008 | :

B : Adaptation 1:

0.0006 | : .

i : C_D(global refined mesh) = 0.00033382
0.0004 | : - estimated error = W*[(dRdk2 * k2) + (dRdk4 * k4)] = - 0.00024721
00000 £ w corrected C_D for global refined mesh = 0.00008661

: é

oL | |
0 |
Adaptation [Gauger, 2009]
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(Local) Adjoint-based Error Estimate

Adjoint-based error estimates coupled to SOLAR
Manually performed for the DPW4 meshes

Error estimate based on the artificial viscosities k2 and k4
Only field cells with sensor > 5e-07 are plotted in color

NN NN

o cells with V4>5e-07
[Crippa, 2009]
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Error estimator and mesh adaptation indicator
based on adjoints and explicitly added artificial
dissipation

HIRENASD Case (SFB 401)

Cd (initial mesh) = 1.181e-02

Adjoint-based Adaptation:
Cd (7.5% of cells refined) = 1.179e-02
Cd (15% of cells refined) = 1.175e-02

Cd (globally refined mesh) = 1.171e-02

(Global) Error estimate for initial mesh = -1.431e-04

— Corrected value for initial mesh = 1.167-02
[Gauger, Orlt, 2010]
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Outlook

« Redo one-shot theory in function spaces for coupling
with adaptivity

« Combine one-shot with adaptivity in FVM as well as

DG context (DLR PADGE Code used in BMBF Project
DGHPOPT)

Thanks!
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