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Parametric Shape Optimization

Start with baseline aerodynamic shape

< Shape Parameters

teratively modify shape =aox®+ a1x® + az2X + as
to Improve performance

Constraints

Analyze

()

Modify shape

Objective 17 Flow variables

min C'p(Q(S))
T— Surface
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Motivation

Scalable Resolution

6DV . —

(or)
b How many shape
< parameters are needed?

(or)
A

2Dy ime
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Motivation

Objective

BFGS convergence rate
Nitefr ~ O (NDV)

Low resolution:

/

-- 14 DV

.- 24DV
30 DV

High resolution

Cost (Major design iteration)

Superior final design

Faster design improvement
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Progressive Parameterization

Instead of choosing a static  ...Progressively refine the shape
(fixed) parameterization... control concurrently with optimization.

< 6DV _ P
(or) ﬁ and then

<14 DV /T/ﬂ>~

Ee—

(or)
Automatic refinement

andthen

Optional manual
refinement to continue
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Optimization Loop

Analyze

()

Modify shape

until the objective
converges with respect to
the shape parameters.
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Optimization Loop

Analyze

()

Modify shape

/\

Refine shape
control

) S

until the objective converges
with respect to the shape
control refinement.
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Motivation

s
G

“Inside track”

Shape-matching objective

Major design iteration

Introduce new degrees
of freedom only when
necessary to improve
the design.

In the limit of refinement, we
approach the continuous
design space.
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Objectives

)

<

<

Demonstrate adaptive shape control system:

Automate shape control refinement.

Accelerate design improvement.

Discover the parameters necessary to improve a design.
Obtain better designs with less sensitivity to designer’s
decisions about parameterization.
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Outline

v Introduction

» How does refinement work?

» Geometry modelers
» Refinement mechanics

» When should refinement happen?
» Pacing
» Example 1 — Transonic airfoil design

» Where should the shape control be refined?

» Adaptively choosing the best parameters
» Example 2 — Discovering necessary parameters

10
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Direct Manipulation

Remainder of airfoll

Pilot points
(desig;n variables) deformation interpolated by
N / radial basis functions

~
~
~
~
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~
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~

---

1

1

1

/ Spanwise interpolation
between control stations

Discrete

geometry , .
» \ertices Ve L
» Faces V1
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Refinement Mechanics

View shape parameterization as binary tree:
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Refinement Mechanics

View shape parameterization as binary tree:

Level O

)/‘/u L \L\l\ Level 1
\ — Level 2

N— —

-
-
-
-
-
-
-
-—
-—
-
-
-
-
-—
-—
-_—
— =
- —
-~ ——
-——
-~ ——
- —_—— -
—_—— ——
e e e e —————

Each “leaf” gets
two children
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Refinement Mechanics

View shape parameterization as binary tree: ,, >

E i : : : 5 : | 5 : : /
o 0 . i Fuselage
/O\g Oj)\/O \/O\ cross-sections
: g0 0

Wing stations ,

Tall stations

A ) A
— e
ol
A A
A e\
™
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Automatic Refinement

Automatically generate setup files P

v /O Fuselage
: Cross-sections

1. Insert new parameter
2. Interpolate value

3. Transter optimization parameters:
» Min and max bounds
» Scale tfactor
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Outline

v Introduction

v How does refinement work?

» Geometry modelers
» Refinement mechanics

» When should refinement happen?
» Pacing
» Example 1 — Transonic airfoil design

» Where should the shape control be refined?

» Adaptively choosing the best parameters
» Example 2 — Discovering necessary parameters

16
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Pacing of Shape Control Refinement

Trigger: Automatic signal to transition to the next parameterization.

500 — {

e—e P0: 7DV |
e— PL 15DV | Sufficient reduction of gradients (or KKT)
—e P2: 31DV
400 ‘ - » Indicates that nearly all expected
design improvement for this search
» {@ space has been attained.
Substantially delays

Objective

% [
\O design progress.
200

100 /
Refinement of
shape contro

0 20 40 60 80 100 120
Search direction

17 GRA — Jan. 2015

0




Pacing of Shape Control Refinement

Trigger: Automatic signal to transition to the next parameterization.

500 | | |
e—e Slope-trigger

Full convergence

Sufficient reduction

400 » Indicates that nearly all expected

 Transition when slope design improvement
starts to taper off. space

|
300

Slope Trigger:

/Deceleration of design improvement

Objective

200

/ » Indicates diminishing returns on
/ computational time.

/

100

/ » Avoids over-optimizing in coarse
< savfngs N search spaces.
OO 20 40 60 80 100 120

Search direction
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Example 1: Transonic Airfoll Design

Purpose: Demonstrate
computational acceleration

with automatic
parameterization refinement.

minimize J = Cp, + Cp,
S.t. CLl = CL2 = 0.75
Chy, > —0.18 (V)

O, > —0.25 (V)

9° < ¢ < 13° | o=y

v < 6° (V)
A> Apap ~ 0.07T787
ti > 0.9traE, V1

19

JE—

RAE 2822 ’ A

Objective: Minimize drag at
Mach 0.79 and Mach 0.82

27 Constraints:
» (2) Fixed Lift
» (2) Min. Pitching moment
» Min. Area
» (20) Min. 90% thickness
» Trailing edge camber line

» Boat-tall angle
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Cart3D Adjoint-based Design Framework

20

Inviscid Cartesian cut-cell method

Aerodynamic objective and

. . . . Analyze
constraint gradients via adjoints .

()

Modify shape

/N

Refine shape

Geometric constraints control

differentiated analytically

SNOPT SQP optimizer
Adjoint-driven mesh adaptation
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Parameterization

by

Curve parameterization <: e

with direct manipulation ﬁ — . 6 Eemfmem
Compare to uniform

Consider 3 static parameterizations progressive refinement

——

< 6oV —— < 2DV
(VS.) (opt|m|ze and refine)

Ve 6OV

(VS ((optlmlze and refine)

e e — e

14DV -

through 62 DV
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Static Parameterizations

0.09‘
< ° bV . S s
[
C
———— )
T by e
—— -GCJ
=

0.06

Low resolution: 08
Faster design improvement

0.05

0.03

|

High resolution:
Better designs /0 600 1200 1800 2400 3000 3600 4200 4800 5400

Wall clock time

In minutes, plotted at major search

iterations, on 20 lvybridge cores
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Progressive Parameterization

Refinement of

0.09 g\
(E. __ Shape control

< 2 DL> é (D ;/

ﬁopt|m|ze and refine) 8 é /
e £

)
ﬁ(opt|m|ze celr]dﬂrej‘lne)r . > o6
 1apv

L
*

( 0.05
through 62 DV
0.04 \ 3

Fast improvement in coarse search
spaces, but ultimately approaching | 003

fu" deSIQn space 0 600 1200 1800 2400 3000 3600 4200 4800 5400

Wall clock time

In minutes, plotted at major search

iterations, on 20 lvybridge cores
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Cost

Factors contributing to acceleration:
e Early on there are few design variables:

e Accelerates BFGS rate of improvement
w.r.t search direction.

 Reduces # of shape sensitivities and
gradient projections.

e |Later, more design variables are added,
preventing optimization from stalling.

Cost per design iteration: 4-8 minutes
e (Geometry generation
* Npvshape derivative computations
e 2 adaptively meshed flow solutions
e 6 adjoints (drag, lift, pitching moment)

e 29 Npv gradient projections
24

Merit Function

0.08

0.07}

0.06

0.05

0.04

0.03

0 600 1200 1800 2400 3000 3600 4200 4800 5400

Wall clock time

n minutes, plotted at major search

iterations, on 20 lvybridge cores
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Case I: Drag minimization for symmetric

airfoil containing NACAQ0012
(MO0.85, inviscid)

Case ll: Drag minimization for airfoil at fixed

lift, pitching moment and area A /AA 20 15- 1 719

(M0.724, viscous)

PN
N\
N4
~_

/

%’4 Four optimization

S benchmarks using
C N7/ ‘ progressive

Case llI: Wing twist for minimum

induced drag at fixed lift
(MO0.5, inviscid)

Case IV: Drag minimization for swept wing at paramete rlzatIO n

fixed lift, pitching moment and volume
(M0.85, viscous)

25
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Outline

v |Introduction

v How does refinement work”?

» Geometry modelers
» Refinement mechanics

v When should refinement happen?
» Pacing
» Example 1 — Transonic airfoil design

» Where should the shape control be refined?

» Adaptively choosing the best parameters
» Example 2 — Discovering necessary parameters
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Candidate Shape Parameters

Add the most important shape control.

» Goal: Further accelerate design by using a
more optimal distribution of shape control.

Level O

(1
»

Level 1

(1

Level 2

1

llllllll

I 00000000
__________ ~—
candidates

1. Modeler provides a list of possible shape
control refinement locations.

”
”
_ [ [ [
/’
e — L S I N |
—
—_——
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Adaptive Refinement

Priority queue

2. Rank candidates by relative “importance”.
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3. Selectively refine most important regions.

Level O
Level 1

Level 2
Level 3
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Effectiveness Indicator

Rank parameters by ability to improve design.

P S —

- Objective gradients with respect
A Y 5 {0 candidate design variables

8‘7‘ /
0X.. Low extra cost:

Compute by projecting new
shape derivatives into existing
adjoint solutions.

30

GRA — Jan. 2015



Effectiveness Indicator

Rank parameters by ability to improve design.

Gradients alone can be
misleading, especially for
poorly scaled problems.
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Effectiveness Indicator

Rank parameters by ability to improve design.

Ajexp Ag7actuobl
_.-Quaderatic fit

oX2

-
-
-
="
-
--

Minimizer gives expected design improvement:

— i — — ,
1 07 T 82j 0F Gradients
AJer(Ce) = 5 5% 0X2 ) X,
\ ~_Hessian
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Goal:

Discover most important
parameters to match the
target shape

Chord Profile

, : Baseline :
1.2
—e— larget :
- : 0
Twist Profile o 4
+2.250 '

0 .

Y(y) = —y* + 3y
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Initial Shape Parameters

Fixed Root
—————————® Sweep Control

I— Chord Control
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Shape Matching under Initial

Parameterization

35
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Initial Optimization

- . 5
Objective 10
Nyerts
T= > |vi—vi|’ Target is unattainable
i=1 104 under the initial 3-DV

parameterization.

103
\-—. Termination

102

10"

3 6 9 12
Search direction
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Adapt Shape Parameters

—od Root v/21 candldates\
——0——0—0—0—"—9 Sweep Control

'———————— Chord Control

'———————— Twist Control
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INndicator Validation

For each candidate:

1. Predict design improvement (via indicators)
2. Measure actual design improvement (run optimization)

10°

104

103

Objective

102

101

38

At

|

S

12

18 24 30

Search direction

21 lines correspond to adding
each one of the candidates.
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Compute Indicator

107" (2T\ " 0F
Ader(Ce) = 5 5% (axg) 0X.

Transformation from surface derivatives to
design variables:

Shape matching
2J 8J Q/ oST >J 89S ety
0X?2 ?§/8X2 T 9X, 987 X, i Z [vi — vl
O for linear Surface Hessian known
deformers .
analytically:
Shape derivatives 927
= 21

0S?
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Full Hessian Correlation

Ajactual
150, | 1 o
@ @O Full Hessian ® @
1201 - - Ideal (Ajactual — ijpredicted) /./ 8
- 20 N
../ - Most effecllve
a0 - parameter
Oy 30 60 90 120 150

Ajea:p
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Approximations

150

I ' I ®
ExaCt Hess i an O 120 ‘[.— —. ]I;;leliilI—I(eAS?Lftual = AJpredicted) } o -2 *
2 T A2 90 ] bo'
PJ _9J 9's 08T g 08 e
p— = &
an aﬁ/axg aXC 08* aXC 30 /o“ /
%~ = 30 60 90 120 150
Ignore Hessian "
2
"I .
0X2
24
16 b
5D
oh‘gﬁgg—---———-——— -------- - -
0 5000 10000 15000 20000 25000 30000
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Approximations

150 — | =
ExaCt Hess i an O 120 “.— —. El;;llieﬁs?iitual = AJpredicted) } @ -2 *
90 ] bo.
°J _0J S  9STPg 98 | e
0X: 6}/ ox2 " X, 052 OX, "
30 e
Ajactual 06~ = 30 60 90 120 150

Diagonal § Y
82j L &76’ S | o /%/f’/ v
aXQ - ayaxg I 16 _ /”/7 \‘

P - /,//’/////.'/

40

32

0 o
J =1 b

Ommm_@ LD — o = — = — — — @D — — - —— ———— = - =
0 5000 10000 15000 20000 25000 30000
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Shape Matching Video

43
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Recovery of Necessary Parameters

LE Matched target profiles

Sweep ‘aro, /
Discovered wing break

Chord

Optimally clamping
down error in twist

Twist

/

Used 24 parameters,
instead of 48 under
~uniform refinement
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Adaptive Summary

* For shape-matching:

 \We can recover the necessary parameters to
solve the problem.

 Completely ignoring second-order information
leads to very misleading predictions.

e Approximation of Hessian diagonal is sufficient
to make decent predictions.

* Ongoing work: extend results to
aerodynamic functionals.

45
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Conclusions

for aerodyr

Demonstrated adaptive shape parameterization

amic optimization.

» Automates process of shape control refinement.

» Progressive, uniform shape parameterization can
accelerate optimization (here ~3x).

46
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Conclusions

for aerodyr

Demonstrated adaptive shape parameterization

amic optimization.

» Automates process of shape control refinement.

» Progressive, uniform shape parameterization can
accelerate optimization (here ~3x).

Ongoing work:

» Adaptive refinement can discover the important
parameters, but second order information is essential.

47
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Thank you!

48
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