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Generalized Space Mapping (GSM) Framework
(Koziel, Bandler, and Madsen, 2006)

at iteration i, a surrogate model R,.®: X — R™ used
by the GSM optimization algorithm 1s defined as

RY(x)=AV-R,(BY - x+c)+d® +E"-(x—x")
where

(AV. B ¢V} = arg min {ZLZOWk IR, (x¥)=A-R.(B-x® +c) |+

(A,B,c)
Sy [[3p (X9 = A3, (B-x© +c)-B ||}
E(i) _ ‘JRf (X(i))_ A(i) "JRC (B(i) . X(i) +C(i))- B(i)

d(i) _ Rf (X(i))_ A(i) . RC(B(i) . X(i) _|_C(i))
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Rosenbrock Banana Function

Rosenbrock, 1960

Fletcher, Practical Methods of Optimization, 1987

Bakr, Bandler, Georgieva, and K. Madsen, 1999

Bandler, Mohamed, Bakr, Madsen, and Sendergaard, 2002

Sendergaard, 2003

Bandler, Cheng, Dakroury, Mohamed, Bakr, Madsen, and Sendergaard, 2004
Giunta and Eldred, 2000; Eldred, Giunta, and Collis, 2004

Robinson, Eldred, Willcox, and Haimes, 2006
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Original Rosenbrock Function (Coarse Model)
(Bandler et al., 1999, 2002)

R, (X¢) =100(%, — X )* +(1- %)’

X « | 1.0
where X, = N and X, = L0
2 .
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Transformed Rosenbrock Function (Fine Model)
(Bandler et al., 2002)

parameter transformation of the original Rosenbrock function

R (X¢) =100(u, —uf ) +(1-u,)?

U, 1.1 -0.2 -0.3
where U= = X +
U, 02 0.9 0.3

1.2718447
0.4951456

%k
Xy
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Transformed Rosenbrock Function

(Mohamed et al., 2006)
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Transformed Rosenbrock Function

(Mohamed et al., 2006)
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N 1.2718446
0.4951456
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Response-Transformed Rosenbrock Function (Fine Model)
(Mohamed et al., 2006)

a response linear transformation of the original Rosenbrock
function

Ry (X¢) =2 10006 =X7)* +(1-%)* |+3

X « [1.0
where X; = ' and X; = 0
2 .
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Response-Transformed Rosenbrock Function
(Mohamed et al., 2006)
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Response-Transformed Rosenbrock Function
(Mohamed et al., 2006)

A =2.0007 AT =2.0
D(6) ~30 D(true) ~30
| 1.0000003 - {1.0}

1.0000005 1.0
R =1.4e—13 Ri =0
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Response and Parameter-Transformed Rosenbrock Function
(Fine Model) (Mohamed et al., 2006)

a response (scale + shift) and parameter (rotation + shift)
transformation of the original Rosenbrock function

Ry (X¢) =2[100(u, —u7)* +(1-u)* |+3

U, 1.1 -0.2 —0.3
where U= = X¢ +
u, 0.2 0.9 0.3

1.27718447
0.4951456

ES
Xy

@ ChnDLER

CORPORATION



n
-] o
o
wl = T
_I_I 2 £ o 8 o
i} = 2 2 b o
- = & =1 ul o )
= L2 8 L -
k & T E E g W w
[ o .m =] u ! m m
C R R = =R A= o= L.
— — o o L o o [ [=3 i)
(@) " . H e B _ . 5 © &
. 2 5 8 @ 3 £ £ 2 % 5 o £
r o & i i = = T . @ i = o L 5 T =
£ £ 2 5 & 2 8 2 & = :t £ § & £ B &
[=) = o v T =
O = 3 £ £ 8 g £ &8 2 £ £ § £ © 8§ 3 3@
n W e @ W W = & & = £ nﬂ!“ iz R _._m. =
<) |
© i
=
D >
et =
5 E &
E & £
0 i =
r 0_ =
=
o S £
o) 3
c =
L
a m 10113 uoipEoynads,
- ] & 5 g
..n_ 35
- E 3
s = =
1 9 35 |2 =
r [=] £ 2 b= £ &
= n £ E =] S o
<) c .- ® 3|2 |43
| o o & 2 £ =
b vy E = T B fc-|Ef
O —/ | n B = |3~
= O [ _ _ |
2 = i .
O o e = —
C O [E 5 A 5
- Nl B 2 - 5 i
[ = =3 e
G c : : :
- =] o 3 =1
Dl - - o : L1 |
— 3 £ .
S ¥
© X .
fd L 2
C o IE i ¢
= g
© = 2]
=
goll © Ik
e =] o g £
(«DJNN| Bn : i
& o &
) < - £ = £
- = o (iR IONE 3
O a v asuodsay I z &
s _ [ _
x <

@ANDLER
—_ORPORATION



Response and Parameter-Transformed Rosenbrock Function

(Mohamed et al., 2006)
A" = 48715

H015) _ 0.9862 —0.6372
- 11.8238 —1.1784

L) _[0:8446
1.449

d? =0.0

1.2718442
W (15) _
f 0.4951449

R =3 (4.6e—13)

A(true) _ 2.0

(e _ 1.1 -0.2
02 09

C(true) _ —0.3
0.3

d(tI’UE) — 30

o 1.2718447

' 10.4951456
R =3

@ANDLER

CORPORATION



Rosenbrock Function (Low Fidelity Model with Offsets)
(Eldred, Giunta, and Collis, AIAA, 2004)

low fidelity model

R.(X.) =100(x, — %’ +0.2)" + (0.8 X,)’

X « | 0.8
where X, = y and X, = 044
2 .

high fidelity model

Ry (X¢)=100(%, — X ) +(1-x,)*

X « | 1.0
where X; = y and X; = 0
2 o
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Rosenbrock Function (Low Fidelity Model with Offsets)
(Mohamed et al., 2006)

method #of iters FM Evals R;
Full 2nd add 5 11 1.24e-15
Full 2nd mult’ 31 59 8.96e-15
SR1 2nd comb’ 23 42 4.73e-15
FD 2nd add’ 5 23 1.53e-10
SMF 6 35 2.79¢-14

'‘Eldred, Giunta, and Collis, AIAA, 2004
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Rosenbrock Function (Low Fidelity Model with Scalings)
(Eldred, Giunta, and Collis, AIAA, 2004)

low fidelity model
R.(X.)=100(1.25%, — x*)* +(1-1.25X%,)*

X . 0.8
where X, = y and X, = 0510
2 .

high fidelity model

R (X¢)=100(%, — X ) +(1-x)*

X « | 1.0
where X; = y and X; = 0
2 o
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Rosenbrock Function (Low Fidelity Model with Scalings)
(Mohamed et al., 2006)

method #of iters FM Evals R;
BFGS 2nd comb’ 292 514 1.68e-14
BFGS 2nd mult 87 154 1.38e-13

Full 2nd mult’ 42 76 2.5%¢-12
FD 2nd add’ 17 68 4.58¢-9
SMF 14 77 9.39¢-15

'‘Eldred, Giunta, and Collis, AIAA, 2004
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Multi-Fidelity Optimization (MFO) Algorithm
(Castro, Gray, Giunta, and Hough, 2006)

the MFO algorithm incorporates a derivative free optimization
approach based on two techniques:

1. Asynchronous Parallel Pattern Search (APPS)
2. Space Mapping (SM)
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Multi-Variable Rosenbrock Function (Case 1)
(Castro, Gray, Giunta, and Hough, 2006)

high fidelity model

Ri (X;)=100(X, — X7 )* + (1= %)> +100(X; — %3 )* + (1= X,)*

where X; =[X X, X3] and X; =[1 1 1]

low fidelity model
Re(Xe) =1000%, — X )* +(1-X,)*

where X, =X, X2]T and X, =[1 I]T
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Multi-Variable Rosenbrock Function (Case 1, using B)
(Mohamed et al., 2006)

six SM parameters
10.05 —0.15 —0.45]

B® =019 1.03 -1.02
0.0 0.0 1.0

method XT: R, # of fun(.:tlon
evaluations

MFO'  [0.3 0.68 0.46] 135 87

SMF [1.05 1.09 1.14]T 0.38 30

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 2)
(Castro, Gray, Giunta, and Hough, 2006)

high fidelity model
Re (X )=100(X, —X°)> +(1=%)> +100(%; — X3 )* + (1= X,)*
+100(X, — %3 ) + (1= X;)°

where X; =[X X, X X4] and X; =[1 1 1 1]

low fidelity model
R, (%) =100(%, =) + (1= %)’

where X, =X, Xz]T and X, =[1 I]T

@ IANDLER
o RPORATION




Multi-Variable Rosenbrock Function (Case 2, using B)
(Mohamed et al., 2006)

eight SM parameters 549 -1.92 -2.81 031
o |356 256 -5.07 0.68
B® =
00 0.0 1.0 0.0
00 00 00 1.0
method X R, # of funf:tlon
evaluations
MFO'  [0.55 0.29 0.087 -0.003]"  1.58 154
SMF (099 093 089 —0.64]  0.451 103

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 2, using B and E)
(Mohamed et al., 2006)

eight SM parameters (0.56 0.08 1.66 0.25
093 1.19 094 -2.70
00 00 1.0 0.0
00 00 00 1.0

BUD _

method XT: R, # of funs:tlon
evaluations

MFO'  [0.55 0.9 0.087 -0.003] 1.8 154

SME  [099 1.01 1.02 -0.60]  0.056 110

‘Castro, Gray, Giunta, and Hough, 2006

@ IANDLER
= RPORATION




Multi-Variable Rosenbrock Function (Case 2, using B)
(Mohamed et al., 2006)

four SM parameters 096 00 0.0 00 |
7) 0.0 1.85 —-0.98 0.21
B(7 —
0.0 00 1.0 0.0
00 00 00 1.0
method Xj: R, # of func.:t10n
evaluations
MFO' [0.49 0.24 0.081 0.009]T 1.73 80
(071 047 027 —0.96]  0.76 76

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 2, using B and E)
(Mohamed et al., 2006)

four SM parameters (0.74 00 00 0.0
0.0 7.35 -3.82 0.67
0.0 0.0 1.0 0.0

1 00 00 00 1.0

B(7 —

# of function

method X1 Rt evaluations
MFO'  [0.49 024 0.081 0.009]  1.73 30
SMF  [1.20 143 206 -2.68]  0.36 76

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 3)
(Castro, Gray, Giunta, and Hough, 2006)

high fidelity model

Ri (X;)=100(X, — X7 )* +(1—%)> +100(X; —%3)* + (1= X,)*

where X; =[X X, X3] and X; =[1 1 1]
low fidelity model

R, (X¢) =100(%, — X7 )* +(1- %)’

where X, =X, Xz]T and X =[1 I]T
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Multi-Variable Rosenbrock Function (Case 3, using B and ¢)
(Mohamed et al., 2006)

five SM parameters

090 0.0 0.0 | (—1.14 |
B®=| 00 123 -0.05[,¢c"*=|-1.28
00 00 1.0 | 0.0

metod o
MFO'  [0.55 032 0.12]  0.728 50
SME  [1.06 1.13 125]  0.062 Iy

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 3, using B and ¢)
(Mohamed et al., 2006)

six SM parameters

057 0.0 —0.12° (038
B® =100 158 -0.71],c"=[-0.18
00 00 1.0 0.0

v % G
MFO'  [035 0.12 0.007] 12 62
SMF  [1.04 1.07 115]  0.015 56

‘Castro, Gray, Giunta, and Hough, 2006
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Multi-Variable Rosenbrock Function (Case 3, using B and ¢)
(Mohamed et al., 2006)

eight SM parameters

(0.92 —-0.05 0.67 —0.23 |
B® =038 078 0.01],c™® =] 0.71
00 00 1.0 0.0 |
method Xj: R, # of fun.ctlon
evaluations
MFO' 1095 091 0.84]  0.032 91
SMF [1.02 1.04 1.09]T 0.011 38

‘Castro, Gray, Giunta, and Hough, 2006
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MIT Rosenbrock Function
(Robinson, Eldred, Willcox, and Haimes, 2006)

high fidelity model

Rp (1) =406 =) +(1=%)°
where X; =[X, X2] and X; = =[1.0 10]T

low fidelity model

2 2
R.(X.) =X +X;

where X, =X, Xz]T and X, =[0.0 O.O]T
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MIT Rosenbrock Function
(Mohamed et al., 2006)

POD: Proper Orthogonal Decomposition

method FM Evals R;
Multi-fidelity with

corrected SM' 20 1.0e-14

Multi-fidelity with
corrected POD' 20 1.0e-15
SMF 24 8.2¢ 14

'‘Robinson, Eldred, Willcox, and Haimes, 2006
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R; # fine model evaluations
Test Problem
SMF Other SBO SMF Other SBO
1.25e-15 11
8.96e—15 59
Eldred et al., 2004 (Case 1) 2.79¢—14 473610 35 47
1.53e-10 23
1.68¢—14 514
1.38¢—13 154
Eldred et al., 2004 (Case 2) 9.39¢-15 5 59612 77 76
4.58¢-9 68
Castro et al., 2006 (Case 1) 0.38 1.35 30 87
0.451 103
Castro et al., 2006 (Case 2a) 0.056 1.58 110 154
0.76 76
Castro et al., 2006 (Case 2b) 0.36 1.73 76 80
Castro et al., 2006 (Case 3a) 0.015 1.2 56 62
Castro et al., 2006 (Case 3b) 0.062 0.728 42 50
Castro et al., 2006 (Case 3c¢) 0.011 0.032 38 91
: 1.0e-14 20
Robinson et al., 2006 (Case 1) 8.2¢—14 1 0615 24 20




Conclusion
we utilize SMF to solve several Rosenbrock-like test problems

l we compare SMF with other SBO implementations

within 1ts current configuration, SMF manages to behave as well as
or better than the other SBO implementations
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