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Development of Adjoint Methods

OBJECTIVES:

= Development of Discrete/Continuous Adjoint Methods for the
computation of first/second/third order (exact) sensitivities of various
objective functions.

TOPICS:

m  Metrics-free adjoint formulations

®m  Validated vs finite-differences, direct differentiation, complex variables

®m  Various parameterizations (including normal sensitivities, free form
deformation, NURBS, etc)

Based on in-house CFD tools and OpenFOAM

The adjoint to the turbulence model equations

Adjoint wall function techniques

Vo YL S « I { SINIPE L 2 dh (R S S
bOIIlPUI'dIlOIl OI €XAaCT O €XaCt Ir1cSSslain 1matrices

Robust Design
Adjoint for the optimization of flow control

Adjoint methods for Cluster- & Grid-Computing. : ¢ A.S. Onassis
370, - ol Foundation

Adjoint method implementations on Graphics Processing Units (GPUs)

Scholarship
Foundation
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The Continuous Adjoint Approach
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Flow Model - State Equations & Discretization

Flow Model (State Equations) :

Example: Euler equations, compressible fluid

inv

Uy P 1k Py
ol O inv UQ P 521 pPUL U 105;«.:1
R, =_—"4 2nk — Us puz S | =| pugug + pog
ot D, Uy pus ik pusty + poks
Us ] LB ] LT ur(E + p)
Solid Wall Boundary Conditions : upny, =0
Discretization :
Z h..n_?pQASpQ =0 Y gpL/Q:
Qenei(P) <N

1 1
h—-n.‘PQ — § (flnk‘PUk‘L + flnk‘QUk‘R) T § flnk‘PQ (Uk‘L o Uk“R)
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Objective Functions

1
¢ || F=2 [ (P~ Puga)’dS
Sw

* Inverse design.
* Functional and design variables correspond to the same boundary !!!

F= jpv pds— [ pV,pds f
S f

* Functional and design variables correspond to different boundaries !!!

¢

e L.osses Minimization.

¢ || F= ijSdS ijSdS jpul Q= I—r —dQ
Sout @)ﬂ Q

* Losses Minimization.
*Transformation of the inlet/outlet integral to a field integral !!!
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Direct Differentiation (DD) Approach

00 _ 0% 0% i
Total Partial
Variation Variation

5 (6 f;f'}i”) P (8 ) | e

O 82 inv (Slg
o Anm o =0
O ( ¢ ) T Dwrdar ob,

... add the pseudo-time derivative and discretize (FV) ...

Solid Wall Boundary Conditions :

O(ugnyg) Oy, Auy, Oy O,
— Y 0= —np=———np — Up—

6()-?: abz Ox I ) bz ) b'i

K. GIANNAKOGLOU, NTUA 7




Direct Differentiation (DD) Approach

Example : Inverse Design Problem :

1
I = 5/ (p o ptar)gds
S

3

@ @

op 1 5
— — Ptar —dS + - — Ptar) T
b, /Sw (P = Prar) o5 5 /Sw(p Prar)” =5

F variations with respect Variations in the flow variables
to the design variables b U with respect to b

THE OUTCOME OF DD

5(dS)

gy

Variations in geometrical
quantities with respect b

» CPU cost: N Equivalent Flow Solutions (N EFYS)
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Continuous Adjoint Approach

Example : Compressible Fluid Flow Equations

inv
6 nk

ds2
:‘:'?:r;‘

Foug = F+[ W, R™dQ = F+f\11
Q

Py OF 8 o finy
_ v, 2Tk )
b b b, / 0,

5 (—) inuv 6\1}‘ (—) inwv 6 a v af?ﬂ-'b" ( )
— [ U,k 4O = nkd0) + / . dS) f :
5 Jo " Oy / 5b O o ob, (aa,k) L o, o,

@

5(dQ) 0 (o
-7 4
(Sb.i 8533 ( (Sbl )
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Continuous Adjoint Approach

Final Expression :

O F g 1 ,0(dS) ] Sp
= — . _ ar - -5 - LT ,_fS
55, 2fgw(p Ptar) o . (p — pe )éb.f
SWCR
ow,, OU. o finv op
— A —— =82 U, —* p4dS . P s
/ﬂ Dy Oy +/sm b, +f5w ST
FAE ) 10BC ’ SWCR
0 (npdS) / dfine g
1:[; qj iny - 7 _ llj dS
+ [Sw( k1] — ) 5, . Or, oh, n

dfme s oW, O, o\ Ofme
n / f €Iy gdb +/ ‘ B (;_ ‘Tg nk 70
S " Oy, ébzﬁ a \ 0b; Ory ob; ) Oy,
Field Adjoint Equations :

A\ E)‘l!n
or Apme—— =10 ... add discretize (FV) ...

K. GIANNAKOGLOU, NTUA 10



Continuous Adjoint Approach

Sensitivity Derivatives :

5F . (5((33) (5 (H;{.ffg)
aug __  — o | 2\ 0, _p finw
5b, ) ~/:5‘m (P—Dtar) 5h, +,[gw ( e+1] . ) —-

r)fint _ fim_: |
J— @ — el .ngf @ § : ES
/S'w Jxy M’fe ”M " /Sw dxy, ébfg ”H

Sensitivity derivatives based exclusively on boundary integrals
(valid, even if the objective function was a field integral !!!)

D.I1. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘A Continuous Adjoint Method with Objective Function
Derivatives Based on Boundary Integrals for Inviscid and Viscous Flows’, Computers & Fluids, Vol. 36,
pp- 325-341, 2007.

D.1. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Total Pressure Losses Minimization in Turbomachinery
Cascades, Using a New Continuous Adjoint Formulation’, Proc. IMechE, Part A: Journal of Power and
Energy (Special Issue on Turbomachinery), Vol. 221, pp. 865-872, 2007.
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Application: Minimization of Losses

0.00134 e H e —
0.00132 AU N N . —

0.0013
0.00128

0.00126

Entropy Generation

0.00124

0.00122

Design-Optimization of a 3D peripheral compressor blade cascade, for minimal viscous
losses, with geometrical constraints, using the continuous adjoint method.
Turbulence model : Low-Re Spalart Allmaras
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(Continuous) Adjoint Methods

for Turbulent Flows

The Adjoint to the Spalart-Allmaras
Turbulence Model
(for Incompressible Flows)
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State Equations : (Incompressible Fluid Flows)

_ Oy
O j

Ov;  Op 0 vy O, _
RY = v B : L )1=0. i=1.2(.3
i = d; + Dr;  Ox; [(y + ) (d;r:j + dr!)] : (-3)

R? =0

R = — _ —— [(wa) ﬂ] _ ( aﬁ)g—i}'P(E}')HJD (7) =0

d:lﬁ‘j

The “Usual” Assumption ( at least in continuous adioint):

)
£

m
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Adjoint to the Spalart-Allmaras (SA) Turbulence Model

Foug = F + / w; RY A + / gRPd f Uy RS2
0 0 0

S

New terms ot, even, equations appear!!!!

p Field Adjoint Equations :

dF,
o Uy

*

+ R, + R}, HR; =0

(A

dFq

ov

ﬁp *

bR R =0

Sensitivity Derivatives :

AF

b

-

SD, + SD, |+ 5D;

P Adjoint BCs :

3F5 i u T *
+ Biy + By Biz | =0
i_}t.’j 1 ,P ¥
g
(_‘5 + BG‘ =10
dp :
aF.S m i
—+B*+B =0
v

*

A.S. ZYMARIS, D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU, C. OTHMER: ‘Continuous Adjoint
Approach to the Spalart-Allmaras Turbulence Model for Incompressible Flows’, Computers & Fluids,
38, pp. 1528-1538, 2009.
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du; E)u 7, (v4,) ou; n Ou; n dg| _ov, O Cs Ovg dFq
% —— — = —— U, ||= —
5‘:1‘_? E)ﬂri S;Irj ' dxr; Ox; Ory|  Ox; Ox Citi€ma S O, Ov;

L -
el

Turbulence Model Field Adjoint Equations :

dyﬂt ) [(y_'_ ) 3.11&] lé)ya av _|_2cb-;- -('f' (l?& o‘y) P C(5.D)

dr; 3:1: dr JdT d.l' o Or; dr;
diy du; (Ov;  Ovy - 0Fq
: : P+D 4
ov dx; (&)rj—i_@mi)—'_( +D)Va+ o
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Adjoint BCs (INLET) :

JFs, -
Ul = —— u, =0, v, =10
Adjoint BCs (OUTLET) : *
a i — Val/ =7 €jmqFjli i b=
g = UjVjTURYVin) v+ o, dIE 75 f»’._q,.v ValV/=—€jmgqgtil Dz, nmJ 0m)
0 =upvpm + (V+1) (a:r.j +3—“,,:i) n;t; ‘l‘LaU?EjqujHEﬂ-sfi 1 &{E
N

0 oy v, +8Uj L N _|_ v\ o, +8FSG
= ——uyl - ni+ vgvin; + (v : —
ov \Ox; Odz;/) " I 3:1.'_;. o

Adjoint BCs (SOLID WALLS) :

SJTSW_ \ 'I_l{t} =0 . I:'“:: =0
dp

K. GIANNAKOGLOU, NTUA 18

Uin) = =



F=[pV,pdS- | pV,pds
Sh Sout

A

L/
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Term (Al), i.e. the new term in the field adjoint
:>momentum eqgs. is by far the most important
among (Al), (A2) and (A3).

Thus, (A2) and (A3) can safely be neglected.
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Adjoint to the Spalart-Allmaras (SA) Turbulence Model

OF ' 51*':; A 51‘& . ' 5{@5) " (Sui tjl!J t’iui 5.’1’-‘&_
o : o) ks [ _ P )y — i 2228k g
5o j w(:‘:!:r.k | ) . +j£j o o " \Bz, "0z )" T | Dy o0
o, O oz — __0d_|%
_ ds Coli7,5) )
Bz, oz ob, L““"”' alV5) 55

Ory, dx;
—|—/ u; R ndeﬂ—/ qRY — ?ide
J S

‘ 3b o O b,

0.01 .

) . I I T I | I
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— |
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SEHQUVWYUEHVEﬂVE
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)
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Term (B), or its (computationally intensive)
field integral (including DISTANCES FROM  -0.006
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Adjoint to the Spalart-Allmaras (SA) Turbulence Model

o
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Applications

Design Variables= Nodal Normal Displacements

The drag sensitivity map shows
beneficial areas for:
* Inward surface movement OR suction jets (red)
* Outward surface movement OR blowing jets (blue)

OpenVFOAM
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Continuous Adjoint Approach

The (Continuous) Adjoint to the
High-Re Turbulence Model -
k-e Model with Wall Functions

K. GTANNAKOGLOU, NTUA



Adjoint to High—Re Models — Adjoint Wall Functions

State Equations : (Incompressible Fluid Flows, k-¢ model)

o 2
Example: Unstructured grids, finite- kp = C (E) kp N
volumes, k-¢ turbulence model, with y 1423
. . 5 kpA 5
slip velocity at the wall ep =k} _AP ep = :_E-,
ke, * A
+ _ A + _ U
y - ‘l_)‘ U - UT .
OF, OF ORY oRP o RF O R*
= = + —dQ+ | qg—dQ+ [ ky——dQ+ [ z,——dS)
0b,, ab,, 0 by, o 0b, a 0by, a  0by,

SdQ) [ 8(d9) 5(d9) 5(dS)
TS AN Y (A R N 7%
+/ﬂ”" A /ﬂ"*’ o /ﬂ b [_, 5h.-

K. GIANNAKOGLOU, NTUA 24



Adjoint to High—Re Models — Adjoint Wall Functions

.. after satisfying the field adjoint equations and eliminating the
field integrals,

it can be shown that

OF ot
_ (_j"r 2 T
5h / 5E;m + /S Esh

On; 0T
E3 L dS E* s
+ / 5, 0 /S 5h, "

Ou;  Ou;
u =(v+v + — | n;t;
( i!'} (d‘."; 517?- I
Definition :

Adjoint friction velocity: 2o
2= —
CLI

Uptivr — | v ni— — (v n;
o Pri | Ox; 7 60, Ox; ! Su,

A.S. ZYMARIS, D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU, C. OTHMER: ‘Adjoint Wall Functions:
A New Concept for Use in Aerodynamic Shape Optimization’, Journal of Computational Physics, Vol.
229, pp. 5228-5245 , 2010.
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Adjoint to High—Re Models — Adjoint Wall Functions

0.014 T T T
: i ADJOINT (ka-ea) 4
D_G'Iz — ............... . ....... FlNlTE D|FFEHENGE D =

001 ' 'cPt.finalshape ---
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0.017 g
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Design of an axial diffuser with minimum total pressure losses (Re=1x10°)
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Applications

(See Presentation by Dr. C. Othmer, VW)

Drag sensitivity map.
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Hessian Matrix Computation,

using the Adjoint Technique N
A.S. Onassis

) ) o Foundation
Presentation based on discrete adjoint !!!

Formulation & s/w for both discrete & continuous AV !!!
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Hessian Matrix Computation

Newton Methods :

bl = b 4 db,

2F 5 _dF
dbdb; dbj = — @,
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Hessian Matrix Computation

Using Discrete Adjoint : AdF OF OF (dU,.

B k=1,....N
db;  Ob; T oUy.

design variables

P _ PT | 0T dUi a?r dU
dbydb, OO, | 0b0T; "
02°F  dUy dU,,

T o0 0U,, b, db,

Direct Differentiation dR,, OR,, OR. (dU m=1,...,.M
(DD) db, Ob, T au.Nan. )~ U nodes x egs.

iR, 9’R, R, dU, O°R, dU;

dindb,  Obydl; | 060U, db, | OUpdl b,
0?R, dU, dU,, R/ d?U;

T OUOU,, db, db, | oUNdbidb,
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Computation of the Hessian Matrix

The DD-AV Scheme:

ARy _ ORy  ORpdUp dUy, N
db,  Ob, | oU. db, E> db; —
System solutions
(EFS)
OF - OR,
8(] + lpn. aUn — 0 II:> ~
k k v, 1
EFS
$F_ OF o R, 0F dUdU, o 0°R, dUpdU,
dbidb;, — ObOb; kb, | OUIU,, db, db; " OUIU,, db; db,
OF dU. . R, dU.  *F dU, 9°R, dU,
+ P, P, + T F, + P, P, + T P,
b, 00, db, 00U, db;  OUoh, db, U0, db,
E - T, dQUk
' U, ) dbdb,
42 FA dF> .
an == 2 |IN+1
dbdb; 7~ db,
' EFS
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Computation of the Hessian Matrix

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Direct, Adjoint and Mixed Approaches for the
Computation of Hessian in Airfoil Design Problems’, International Journal for Numerical Methods in
Fluids, Vol. 56, pp. 1929-1943, 2008.

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Computation of the Hessian Matrix in Aerodynamic
Inverse Design using Continuous Adjoint Formulations’, Computers & Fluids, Vol. 37, pp. 1029-1039,
2008.

K.C. GIANNAKOGLOVU, D.I. PAPADIMITRIOU: ‘Adjoint Methods for gradient- and Hessian-based
Aerodynamic Shape Optimization’, EUROGEN 2007, Jyvaskyla, Finland, June 11-13, 2007.

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘Aerodynamic Shape Optimization using Adjoint and
Direct Approaches’, Archives of Computational Methods in Engineering (State of the Art Reviews),
Vol. 15(4), pp. 447-488, 2008

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘The Continuous Direct-Adjoint Approach for Second

Order Sensitivities in Viscous Aerodynamic Inverse Design Problems’, Computers & Fluids, 38, pp.
1539-1548, 2009.
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Flow Eqguations | 1EFS

i T ar v.w
db\ " db, g db
R R il AV | 1EFsS aners | DD AV

d’F U,du, d'U ] d ¥ [U,‘{-‘,dﬁj d°F [U,‘FT(EJ_LF]
dbdb, | db " dbdb, db,db, db dogh | b b
DD-DD: «N2 | DD-AV: (N+2) AV-DD: (2N+2)

K. GTANNAKOGLOU, NTUA
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Computation of the Hessian Matrix

Using Continuous Adjoint — The DD-AV Scheme:

5Fy,  OF o [ofm o O, O fine
Ofawg 08 [y, & (D) oy [ g, Dk 00 gey [ Zn e
5, 5, oo \ o )T o ab_.} mds+ | T, Oy

Sensitivity Derivatives :

52Faug Op Op Op 5(db) Op 5(db)
= ff_) ar ar
5b;iSb; 5.0b; 0b; +f( T )55 5b; +f( e )55 by
52 db) OQﬂk
2 _ inuv J
+ f (=t [ O = i) S as

5p SFmUN Sny
I, W, - S
+ /w( MUSh, " b, ) ob; ¢
/ Ay OU,, OU O,
€2

: : : —— 2
oU,  db; Ob; Oag
52frnk day E)fonk day E)ank 0y 0y, (.jfnk 523‘»: ~
— G — - — - - S
S Ob;dx; 0b;  Db;Oxy 0b; DDy, 0b; 0b; day 0b;0b;

D (Af S O [OfmON Say
U, — nk IJ — nydS
* fb o ( D ) 5b; " " b, ( D ) b,

Afme 52y / me o) O, \ Oxy .
g, Lk 070 s ,dS
+ / Dan bk, 17T c)xk 9z, \ 00, ) b,

o, ()f”"’ 51mo.r,g afr ”"’ 19} o\ O,
O dS — [ W, nydS
+ / S P T fs drk DT (o‘bi b,

f T D?fine Sy Sam
s Oxpda Sb; ab;

Sp SFmUN Sy
s = W, S
Sw( MSL, " ob; ) 5by

Ty (S
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Accuracy of the Computed Gradient/Hessian

0.5 I A R R VN S B
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: o
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0 bt i, 0.84 : -
082 | g g
0.8 [T R S TR N N S S
-0.1 0 010203040506 0.70.80.9
X
0.0006 . 0.04 R T
; : 5 f DD-AV —%—
0.0004 j 0.035 oo FD (1.E-5) -—--m--- ]
E- B
©  0.0002 [rverhoecb . o 003 FD (1.E-6) -
3 | | s 0025 H ¥ F kg -
> 7 R S S S A— - T =
= Sg — z 0.02 . L SRR £ R B 1
2 e R S . @ : i 5
S 0.0002 FD LR : g 0.015 b I A B S A =
B -0.0004 [t . 8 0.0t A -
-0.0006 0.005 R A T
5 0 N """ s I S
-0.0008 ' ' . L : : : : |
1 2 3 4 5 6 -0.005 | ] | | | | |
0 5 10 15 20 25 30 35 40

Design Variable

Design Variable

64+1=7 EFS
(DD-AV)

2L x4 =060 vs

Inverse Design of a Compressor Cascade,

Inviscid Flow (6 design variables) (FD)
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Newton methods: About CPU Cost

F Value

F Value
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Computation of the Hessian Matrix

0.025

0.02

0.015

0.01

0.005

Hessian Value (H_ij)

0

-0.005

0 10 20 30 40 50 60 70 80 90
Design Variable ((i-1)*N+j)

| I | | I I | I | | I
[ Steepest Descent _ Steepest Descent ]
0.01 Quasi Newton ------- 3 0.01 Quasi Newton -------
Exact Newton -------- ‘>U Exact Newton -------- 1
0.0001 R Ex. Init. Quasi Newton e - = 0.0001 [t Ex.Init. Quasi Newton - e -
T ' ; : o e i 5 | 3 :
E L b b 5 I R R
@ 1€-06 [t sy oo e Fonaennes . 5 1e-06 [yt e eoeseeeoes R P e .
= T | | I 1/ T N R B
- I s o o IS T A R R R
I e e e IS [0 ) o e
T ST S @ R i | % :
e, i.... 1\“:,-':,_, S ;'. 3':“":"-- .
1e-10 |7 "7 s e - o 1e-10 s T e T e -
| 1 i | I i I 1 | | I
0 20 40 60 80 100 120 0 100 200 300 400 500 600 700
Cycles Equivalent Flow Solutions

Inverse Design of a Plane Diffuser, Viscous Flow
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One-Shot Newton Methods
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SSD » 2 EFS/cycle
SQN P 2EFS/cycle
SEN P (N+2) EFS/cycle

SOLVE
SEQN » 2 EFS/cycle, apart from ...

THE FLOW
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W
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Segregated Variants — CPU time comparison

0.0001

0.0001
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Design of a Compressor Cascade
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Newton Methods — One-Shot (O) Variants

SEGREGATED ONE-SHOT
F (Flow)
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b (Update)
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OQN » One-Shot Quasi-Newton (BFGS)
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OEQN P One-Shot Exact(first cycle)-Quasi(then) Newton

Design of a Compressor Cascade
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One-Shot Variants — CPU time
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Design of a Compressor Cascade

K. GTANNAKOGLOU, NTUA

42



One-Shot Variants — Overall CPU time comparison

1} I
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Design of a Compressor Cascade, 6 (Left) & 12 (Right) Design Variables

D.I. PAPADIMITRIOU, K.C. GIANNAKOGLOU: ‘One-Shot Shape Optimization Using the Exact
Hessian’, ECCOMAS CFD 2010, 5 European Conference on CFD, Lisbon, Portugal, June 14-17, 2010.

K. GIANNAKOGLOU, NTUA 43



The Adjoint-Based
Truncated Newton Algorithm
for Large-Scale Optimization
Problems
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The Conjugate Gradient method for linear problems

Ar =g

el bt = b+ db;
x +— init() 2R g _drp
’.’"U — A — g p — _?.,U db;dbj dbi

while 7" # 0 and k < M¢c¢ do

(rk]T?‘k
I pt Ap
€I — I ~+7p

PRk Ap

)) (Tk+1)TTk+1
(rk}TTk

P — —Tht1 + Op
b k4 1

end while
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The AV-DD Approach for Truncated Newton

C d2F j
ompute g b,
AF _OF . OR,
b, o U,
Z2F PE L PF (U 2R,
3 4, 5+
b, = g DU, \ by ) ahon, D
2R [ dU, dU. \ R,
+\,, —— si )+
AN db; b,

> OF L IR,
o, — U,

OR,. R, (dU,
| ;) =0 (6
> T, %o, (dbj “i’) ©

PF PF dUj, PR,,
Sij |V ———s;+
ou,, C)b ()Er U \ db, OU,,0b;

Ry ( dU dW,, \ OR,,
0, —— - (¢
T (db )+( db, ) o, ®
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The AV-DD Truncated Newton Method (with CG)

kE—0

b — init() n+1l _ 1n
—_— \:Thﬂe k< kpar do bg _ bg + dbt
U, — Flow Equations [1 EFS] *

W, — Adjoint Equations [1 EFS]* dgF db — F

-rD = % «— Gradient Expression db db db

dbjo — it (0)

pj— =1} Q

m «— 0
— while 7™ £ 0 and m < Mqq do
%pj — DD (Flow Equations) [1 EFS] *
4F=p; — DD (Adjoint Equations) [1 EFS] Y
w; = df;; p;j < Hessian Expression
n — 5"3;’1
dbm+1 — dbm + 1p;
rm+1 — i+, Total Cost= 2+2MCG << N

- * %
P — —'T'_;ﬂ_‘_l + ,Spj * *

m—m-+1

end while

b; — b; + db;

k—k+1
end while

ce X4 X¢
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Vector
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_dF
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adjoint method
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AV-DD Truncated Newton method — Why & How?

Objective Function Value

Parametric Study of the recommended
value of the number of CG steps (M)
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Robust Optimization

(Or the need for higher-order derivatives... )
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Robust Design — Problem Formulation

Conventional Algorithm "Modified” Cost Function F:
Robust Algorithm

F = jip + ko'p
e /ir estimated mean value of F' (model 7).

e o standar deviation of F' around pp (model 7)

Optimization Function, F

e [ constant (engineer’s decision).

Environmental variable

I [d*F
o= o4 2
=Pt g

A EQQJFE > F 222
or = dc; I?i 2 | deide; Dgiaj

e ¢ robust variables’ vector with M elements (M <<). Assuming Gaus-
sian distribution of ¢; variables.

e 0; deviation of i-th robust variable.
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Robust Design

The steepest descent method 1s used.

dFF
by =0 - 'Udsz

e [ design variables’ vector with elements (N >> M).
e 1) step.

Computation of the following derivative is required

dF d?F 2 d?F d3F 2 _2
de; degdby 7t + dejde; de;de;dby 0, Uj

dF  dF 1 d&*F

— = +——5—0;+k
db dby  2dc2dby 12 0 il 12 0
h v g 2 |:;f—:| oF + b |:.;. dc :| g; 075
terml term? c; degde; 7
terma3

So the derivatives of F. up to third order. with respect to 7 and b . must be
computed.
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How to compute the required derivatives of F

Derivative Method Cost Cost when M =1
d
d—;j AV 1 1
e DD M 1
d? M (M+1)
e j; - DD-DD ——+M 2
d2
i j;E DD-AV 1b+ M 2
4L | DD-DD-AV | 2+ 3M + M? 6

All costs are independent on the design variables’” number.

K. GTANNAKOGLOU, NTUA

53



Robust Design — A Pseudo 1D Example

P o pu ; 0
1 }‘S - L
ﬁ = | pu |, 7\ = ﬂug +p ; E} = _f;’_; ;‘;'u.g o Qv = _A?D; ﬂ’”-g
pE u(pE +p) u(pk +p) i pu’ |
94500 T | | T |
94400 - "Target" Distribution -
94300 Initial Distribution «=::--- | Two environmental variables:
94200 R e R *Outlet Mach number M,
%941 00 *Darcy friction loss coefficient A
94000
93900
93800 (Solution to be obtained depends on k)
93700
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Robust Design — A Pseudo 1D Example

"Exact" CFD —+—
F First Order Taylor ---¢---

6e+06
4.8e+06
3.6e+06
2.4e+06
1.2e+06

0.024

Why second-order Taylor expansion?

First Order Taylor expansion fails to capture the non-linearity of the problem
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Robust Design — A Pseudo 1D Example

500000
450000
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o o
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-4.2e+07 ! i | i 1 4e+06 L I 1 I 1
1 2 3 4 5 6 7 1 2 3 4 5 6 7
control point (I) control point (I)
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Robust Design — A Pseudo 1D Example

-5e+08 ! .
~ DD-DD-AV —+—
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-8e+08 i | i i i
1 2 3 4 5 6 7
control point (I)
4.5e+08 T T T T T 0] T
g j DD-DD-AV ——— 5 DD-DD-AV ——
46+08 |-t oo : FD ---%-- | | | FD -3¢
© o -5e+07 [ e e E— S—
= 3.5e+08 [ o e oo e . 4 = i : 1 | :
o e e e e : ©
= ' | ' ' : £ e e 1 a ;
8 3e+08 g -1e+08 |- ............ ............ ............ ............ .......... -
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Robust Design — A Pseudo 1D Example

94300 ——TT—
94200 ~_ @
94100 76850 | | : |
294000 - GBM-FOSM %
93900 R A GBM-SOSM~ ©
93800 76800 MOEA-SOSIVI O
93700 ‘ " %
0 05 1 15 ) 25 3 0 76750 I O R o -
X % i X :
© : . X
’ 76700 - ................ R e TURT— -
0.995 |- H o El ) O 0o
sl ossg L1
= e L 54000 54300 54600 54900 55200 55500
0.975 =
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Hessian Computation & Parallelization on GPUs
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I1.C. KAMPOLIS, X.S. TROMPOUKIS, V.G. ASOUTI, K.C. GIANNAKOGLOU: ‘CFED-based Analysis and
Two-level Aerodynamic Optimization on Graphics Processing Units’, Computer Methods in Applied
Mechanics and Engineering, Vol. 199, No. 9-12, pp. 712-722, 2010.

V.G. ASOUTI, X.S. TROMPOUKIS, 1.C. KAMPOLIS, K.C. GIANNAKOGLOU: ‘Unsteady CFD
Computations Using Vertex-Centered Finite Volumes for Unstructured Grids on Graphics Processing
Units’, International Journal for Numerical Methods in Fluids, to appear 2010.
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Summary/Conclusions

» In aerodynamic optimization, the use of second-order sensitivities
dramatically reduces the number of required optimization cycles. However,
with many design variables, the CPU cost per cycle of exact Newton
methods becomes “prohibitive”.

» This problem can be overcome by means of the exactly-initialized quasi-
Newton algorithm. This approach outperforms both exact and quasi-Newton
methods, irrespective of the number of design variables.

» A further noticeable improvement is achieved by applying a one-shot
algorithm in which the state and optimization equations are solved
simultaneously. In all cases, the one-shot method outperforms its
conventional counterpart. The use of the one-shot, exactly initialized, quasi-
Newton algorithm is highly recommended.

» With problems with many design variables, the use of Truncated Newton
Methods (based on AV-DD) are highly recommended.

» Robust design methods (SOSM approaches) may also benefit a lot from
the availability of efficient methods to compute high-order derivatives of F.
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CALL FOR PAPERS

The thematic conference on CFD & OPTIMIZATION is devoted to all
aspects of optimization studies using CFD tools. The conference topics
include but are not limited to :

Gradient based methods

Adjoint methods Aerodynamic shape optimization

Evolutionary algorithms o Acroclastic optimization
Genetic algorithms

o Aeroacoustic optimization

Response Surface methods « Drag minimization
ANN based methods e Robust control
POD based methods T I .

o Turbomachinery applications
Hybrid methods o Wind energy applications
Multi-objective optimization o Multi-disciplinary Design Optimization
Parallel algorithms

Abstract submission deadline : January 10, 2011

http://eccomas.ae.metu.edu.tr
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