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Motivation and Outline

0$7+(0$7,&$/�02'(/6�6+28/'�%(�“*22'�(128*+’’
)25����
���������������'(&,6,21�0$.,1*�	�'(6,*1
���������������&21752/�	�237,0,=$7,21

287/,1(�2)�35(6(17$7,21

u 3UHVHQW�D�SURMHFW�WR�PRWLYDWH�FXUUHQW�LQWHUHVW
● &21752/�2)�7+,1�),/0�*52:7+

u 8VH�HOHPHQWDU\�H[DPSOHV�WR�LOOXVWUDWH�WKH�LGHDV
u 3UHVHQW�QXPHULFDO�UHVXOWV�IRU�D�FRPSOH[�SUREOHPV

● +<'52*(1�,1-(&7,21�6&5$0-(7�,1-(&7,21
'(6,*1�$1'�237,0,=$7,21

● &+(0,&$//<�5($&7,1*�)/2:6



ICAM - Interdisciplinary Center For Applied Mathematics

Why Sensitivities?
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Key Points and Goal of the Talk

POINT #2:  The order of development in the design
of an algorithm can have great impact on the
construction of efficient computational methods.
KEY QUESTION:  When should approximation take
place?

POINT #1:  Infinite dimensional “ theory’’  can be
helpful in solving real engineering problems.
KEY QUESTION:  How can information about the
infinite dimensional problem be maximized?

GOAL OF THE TALK:  To make a case that points #1
and #2 are valid for some real problems
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Control of Thin Film Growth

Ei = .1 eV Ei = 5.0 eV

“VARIABLE ENERGY ION SOURCE”

OR
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Control of Thin Film Growth

2SWLPL]HG�LRQ�EHDP�SURFHVVLQJ
WKURXJK�0RGXODWHG�(QHUJ\
'HSRVLWLRQ

���/RZ�HQHUJ\�IRU�LQLWLDO�PRQROD\HUV

���0RGHUDWH�HQHUJ\�IRU�LQWHUPHGLDWH
����OD\HUV

���+LJK�HQHUJ\�WR�IODWWHQ�ILOP�VXUIDFH

Successful proof-of-concept experiments using Modulated Energy Deposition approach (Honeywell)
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Ion Beam Deposition Process

MD  SIMULATION

MD  SIMULATION
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? Models ?
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Optimization/Control Problem
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Ion Beam Deposition Process
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1D Model Problem
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Model Problem
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Typical Cost Function
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Computing Gradients
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Computing Gradients
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A Sensitivity Equation Method
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A Sensitivity Equation Method
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● :KHQ�GRQH�FRUUHFWO\�“PHVK�JUDGLHQWV” �DUH�QRW�UHTXLUHG
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A Sensitivity Equation Method
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Convergence Issues
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Convergence Issues

N=16, M=32
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Convergence Issues
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7+(�&$6(�k� �h�LV�RIWHQ�XVHG��EXW�PD\�QRW�EH�“JRRG�HQRXJK”

127�&219(5*(17

N=M=16 Tol = 0.00001 Tol = 0.0001 Total: 378.82
Iter q Grad. Norm Step Time (secs) Cost Time Grad. Time

0 1.2000 4.3998E+00 -3.6427E-02 0.1231  
1 1.1636 3.1583E+03 1.4051E-03 31.3210 31.2697 0.0478
2 1.1650 3.0910E+03 -1.4339E-03 36.2310 36.1798 0.0480
3 1.1635 5.8909E+02 7.8372E-03 46.1160 46.0075 0.1043
4 1.1714 5.0139E+03 -8.8462E-04 45.3550 45.3006 0.0511
5 1.1705 2.9396E+03 -1.5052E-03 43.6720 43.6208 0.0470
6 1.1690 1.7238E+04 2.5880E-04 42.5810 42.5301 0.0468
7 1.1693 2.5888E+03 1.7342E-03 46.3470 46.2965 0.0472
8 1.1710 4.6995E+04 -9.4732E-05 44.1900 44.1396 0.0468
9 1.1709 1.5743E+02 0.0000E+00 42.8790 42.8265 0.0485
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Timing Issues

7+(�&$6(�k� �2h�RIIHUV�IOH[LELOLW\�DQG ),,,(-)]   (  [ xdq
d GJ qqh

h 2h

FRQYHUJHQFH� %XW��ZKDW�DERXW�WLPLQJV"�

$SSUR[LPDWHO\��������RI�FSX�WLPH�VSHQW�LQ�IXQFWLRQ�HYDOXDWLRQV
$SSUR[LPDWHO\��������RI�FSX�WLPH�VSHQW�LQ�JUDGLHQW�HYDOXDWLRQV

N=16, M=32 Tol = 0.00001 Tol = 0.0001 Total:   39.81
Iter q Grad. Norm Step Time (secs) Cost Time Grad. Time

0 1.2000 4.8489E+00 -3.2414E-02 0.1968   
1 1.1676 2.0720E+01 4.0347E-01 34.9270 34.8053 0.0911
2 1.5711 4.4544E+00 3.7808E-01 1.2613 1.1234 0.1075
3 1.9491 6.9846E-02 -1.2442E-02 0.9941 0.8714 0.0925
4 1.9367 1.5779E-02 2.7472E-03 0.4190 0.2907 0.0938
5 1.9394 3.3558E-03 -5.8723E-04 0.4095 0.2845 0.0943
6 1.9389 7.3235E-04 1.2801E-04 0.4525 0.3135 0.1083
7 1.9390 1.5892E-04 -2.7785E-05 0.8602 0.6327 0.1968
8 1.9390 3.0703E-05 0.0000E+00 0.2914 0.1451 0.1083
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Timing Issues

$SSUR[LPDWHO\��������RI�FSX�WLPH�VSHQW�LQ�IXQFWLRQ�HYDOXDWLRQV
$SSUR[LPDWHO\��������RI�FSX�WLPH�VSHQW�LQ�JUDGLHQW�HYDOXDWLRQV

12:�)25�$�“6(5,286” �352%/(0

N=32,M=64 Tol = 0.00001 Tol = 0.0001 Total:   96.91
Iter q Grad. Norm Step Time (secs) Cost Time Grad Time

0 1.2000 4.9082E+00 -3.2679E-02 0.3508
1 1.1673 1.8722E+01 5.0219E-01 82.9600 82.6775 0.1826
2 1.6695 2.6636E+00 2.9462E-01 3.5167 3.2308 0.1826
3 1.9641 1.7279E-01 -3.3035E-02 1.9769 1.6607 0.1964
4 1.9311 4.4619E-02 8.0364E-03 1.5274 1.1746 0.2383
5 1.9391 1.0217E-02 -1.8672E-03 1.0228 0.7004 0.2174
6 1.9373 2.4206E-03 4.4087E-04 1.1680 0.8792 0.1847
7 1.9377 5.6533E-04 -1.0305E-04 1.7608 1.3065 0.3556
8 1.9376 9.9844E-05 -1.8196E-05 1.6172 1.2212 0.2802
9 1.9376 1.7636E-05 0.0000E+00 1.0120 0.7050 0.2070
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Injection Scramjet Design
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Finite Rate Chemistry   5 - Species
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N2 and H2O Contours

u :HGJH�$QJOH�����GHJ
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H2O Mass-Fraction Sensitivities

u Sensitivity to  q1 =  U∞

● Converges 14 OM in 4 Iterations
● H2O mass fraction decreases

u Sensitivity to q2 =  Uj

● Converges 13 OM in 5 iterations
● Slip line shifts up
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H2O Mass Fraction Sensitivity

u Slip line shifts down

u Sensitivity to q3 =  θj

● Converges 15 OM in 4 iterations
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Mathematics Impacts “ Practically”

u 81'(567$1',1*�7+(�3523(5
0$7+(0$7,&$/�)5$0(:25.�&$1�%(
(;3/2,7('�72�352'8&(�%(77(5
&20387$7,21$/�722/6

u $�-(7�(;$03/(�:,7+����'(6,*1�9$5,$%/(6
● 35(9,286�(1*,1((5,1*�0(7+2'2/2*<�5(48,5('
�����&38�+56�a���<($5

● 86,1*�$�+<%5,'�6(0�'(9(/23('�$7�&2'$&�$6
,03/(0(17('�,1�6(16(��5('8&('�7+(�'(6,*1
&<&/(�7,0(�)520����

�����&38�+56 ~ ��<($5��72 ����&38�+56 ~ ��:((.6



ICAM - Interdisciplinary Center For Applied Mathematics

Another SENSE™�Application

u 6HQVLWLYLW\�WR�0RGHOLQJ
���&RHIILFLHQWV
u�$UUKHQLXV�(TXDWLRQ�IRU
����WKH�)RUZDUG�5HDFWLRQ
����5DWH

u�6HQVLWLYLW\�ZLWK
���5HVSHFW�WR�η

● )RU�WKH�'LIIXVLRQ
���5HDFWLRQ�RI�1

�

������1
�
�&���!��1�&

±�0DFK� �����

±�7� ������.

±�S� ��������1�0�

±

���VSHFLHV

±����UHDFWLRQV

)kT/exp(TCk aff εη −=

(N2, O2, NO, N, and O)
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Another SENSE™�Application

u *$63�����6SDFHG�0DUFKHG
)ORZ�6ROYH

●������VHF�RQ�D
�������������&UD\�-��

u�6(16(�����6HQVLWLYLW\
����6ROYH

●������VHF�RQ�D
��������������&UD\�-��

(N2, O2, NO, N, and O)

u &RPSDUHG�WR�&HQWUDO
����'LIIHUHQFH�LQ�η
u�5HVXOWV�DUH�“7\SLFDO”
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Another SENSE™�Application

ρ
ρ

2N
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Other SENSE™�Applications

6(16,7,9,7,(6�)25��'
6+$3(�237,0,=$7,21

:,7+�«�

&203/(;�*(20(75,(6
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General Comments

u 7+(5(�$5(�0$1<�9$5,$7,216�7+$7�&$1�,03529(
7+(�%$6,&�,'($

● &20%,1,1*�$8720$7,&�',))(5(17,$7,21�$1'�6(0
● 60227+,1*�$1'�*5$',(17�352-(&7,216
● $'$37,9(�*5,'�*(1(5$7,21

u 7+(�25'(5�2)�7+,1*6�0$77(5
● ',))(5(17,$7(�7+(1�$3352;,0$7(
● '(5,9(�6(16,7,9,7<�(48$7,21�%()25(�0$33,1*�72�$
³&20387$7,21$/�'20$,1´
± '2(6�127�5(48,5(�0(6+�'(5,9$7,9(6
± 5(48,5(6�$�025(�623+,67,&$7('�0$7+(0$7,&$/
)5$0(:25.

± 1(('6�$�“',))(5(17�7+(25<”

-��$��%XUQV�DQG�/��*��6WDQOH\��“$�1RWH�RQ�WKH�8VH�RI�7UDQVIRUPDWLRQV�LQ�6HQVLWLYLW\
&RPSXWDWLRQV�IRU�(OOLSWLF�6\VWHPV” ��-RXUQDO�RI�0DWKHPDWLFDO�	�&RPSXWHU�0RGHOLQJ��LQ
SUHVV�
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Method   of  Mappings

)()( xfxwx =∆−

Ω(q)

),()( qgz ξξξ =∆−

)(   ξzh)(  xwh

x=M(ξ,q)

“SOLVE”

),()]([ qgz qq ξξξ ∂
∂

∂
∂ =∆−

)(]z[ q ξ ∂
∂ h)x(]w[ q  ∂

∂ h

0)]([ =∆− ∂
∂ xwqx 0)( =∆− ξξ r

)(r ξ     h,k)(]w[ q ξ   ∂
∂ h,k

),()),(( qrqMs ξξ =

s

ξ=T(x,q)

),()),,((),( qzqqxTzqxw ξ==
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Order Matters
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Closing Remarks

u THIS IS NOT THE ONLY METHOD FOR
OPTIMAL DESIGN

● DERIVATIVE FREE METHODS
● AUTOMATIC DIFFERENTIATION
● ADJOINT METHODS

uOPTIMAL DESIGN IS NOT THE ONLY WAY
TO DESIGN

u THIS IS NOT ALWAYS THE BEST WAY TO
DO OPTIMAL DESIGN

u $�*22'�7+(25<�&$1�/($'�72�*5($7
$/*25,7+06


