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» semidefinite programming (SDP)
» robustness function a(a)
» how to compute a(a) for trusses
s MAX-a(a)
s find the truss design maximizing robustness function




» convex, nonlinear
» includes LP, convex QP, etc.

» primal-dual interior-point methods [Kojima et al. 97]
» can solve SDP in polynomial time
s practical software

» application
s eigenvalue optim. of trusses [Ohsaki et al. 99]
s combinatorial optim. [Goemans & Williamson 95]
s sSupport vector machine [Lanckriet et al. 04]
» robust LP [Ben-Tal & Nemirovski 02]
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min Z b;y;
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s.t. C — iAiyi =~ O
1=1

variables : Y1, Um
coefficients :  b1,....b,,
A,....A,, CcS§S"
T n x n symmetric matrices

s P-0O <+ P ispositive semidefinite
— nonlinear, convex constraint




» stochastic model
s reliability design
» non-stochastic model
» unknown-but-bounded




» Stochastic model
s reliability design
» hon-stochastic model

» unknown-but-bounded

. convex model [Ben-Haim & Elishakoff 90]
« robust truss optim. [Pantelides & Ganzerli 98]

. robust LP, QP, SDP [Ben-Tal & Nemirovski 02]
« robust truss optim. [Ben-Tal & Nemirovski 97]

s sensitivity w.r.t. uncertain parameters
s [Han & Kwak 04], etc...

. robustness function [Ben-Haim 01]
s measure of robustness



» info-gap decision theory [Ben-Haim 01]

AN

» a(a) — function of design variables a
s €.g. a : member cross-sectional areas

» qualitative measure of robustness
. a(al) > a(ag)
—> a1 1S more robust than a»
» largest level of uncertainty

s S.t. any constraint on mechanical performance cannot
be violated




K(a)u=f ()
uncertaina: a=a-+¢,, a>|C.lx
uncertain f: f=f+¢, o>l
a, f nominal
¢ unknown-but-bounded
a >0 ‘level’ of uncertainty




uncertaina: a=a-+¢,, o>

uncertain f: f=f+¢, o> |

Calloo
Cell2

» U(a) = set of u solving (&)

oA




nominal constraints

u e F, wu solves equilibrium egs.

robust constraints

U(a) C F

veF, Ku=Ff u e F,Vu € U(a)




robust constraints




robust constraints




robust constraints

alal) = oy

» a=max a s.t. u € Fis always satisfied




F — feasible set

F={ulg(u) <0}
gi(u) «— polynomialin u

U(a) — set of u solving uncertain equilibrium eqgs.
ueclU(a)
)

K(6+Ca)u:}+Cfa a2 ||Ca||007 Q2> ”Cf”Q

a — robustness function
a = max{a|U(a) C F}




» U(a) — set of u solving uncertain equilibrium egs.

fact:

for any o > 0, U(«) can be expressed via some
quadratic inequalities in u, i.e., letting Q;(a) € S*!,

-
<1> ﬂl(Ck) <1> ZO, ll,...,m}

o F — feasible set

fact:
JF can be expressed via some quadratic inequalities in u

» eliminate uncertain parameters ¢
L osnesoTussesva S0P 12



guadratic inequalities

-
(11") P, (3”) >o}, P, P,.... . P, c&"

(Q1N---NQm) C Qg
i

E|’7'1,...,Tm20, PO_ZTZPZEO
=1

fact:




guadratic inequalities

-
(11") P, (3”) >o}, P, P,.... . P, c&"

fact (special case):

Q1 C 9y
)

41 >0, Pog—11P1 >0




ala) =max{a|U(a) C F}

l
S-procedure

|
SDP in (¢, p):

(3(@))? = max {t|G(t.p) = 0. p >0}




ala) = max {a|U(a) C F}

l
S-procedure

|
SDP in (¢, p):

(3(@))? = max {t|G(t.p) = 0. p >0}

particularly, if only f is uncertain, then

(@(a))* = max {t|G(t,p) = O, p > 0}

» « is obtained by solving an SDP



s f=Ff+(¢ a>]|(]2
» Stress constraints
A
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s f=Ff+(¢ a>]|(]2
» Stress constraints
A

-04 -02 0 0.2 0.4 0.6 0.8 1
6, /o, (member 1)

stress states




uncertain loads
. . 2 E
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In what follows, we assume that only f has uncertainty




» « depends on a (cross-sectional areas)

ala)? = IItlaX{t : G(a,t,p) = O, p>0}
7p

MAX-a(a)

mgx{&(a) :a>0, V(ia) <V}




» « depends on a (cross-sectional areas)

ala)? = HtlaX{t : G(a,t,p) = O, p>0}
7p

MAX-a(a)

mgx{&(a) :a>0, V(ia) <V}

nonlinear SDP formulation

max {t : G(a,t,p) = O, p>0,a>0, V(a) <V} (NL-SDP)
a,i,p




NL-SDP

max CTIE

xr

s.t. G(x)>= O

» G : nonlinear function ¢ s7t!
(G is affine < SDP)

SDP approximation of NL-SDP at «*

1
max ¢ Ax — —c||Ax|?
Az 2

st. G(zf)+DGY - Ax = O




Step 0: Choose an initial solution a®, and set & := 0.
Step 1: Fixing a = a” in NL-SDP, find an optimum (t*, p*).

Step 2: Find the (unique) optimal solution (At*, Ap¥, Aa*)
of the SDP model (&).
If |(AtF, ApF, Aa¥)| < e, then STOP

Step 3: Update a"*! := a* + Ad*.
Step 4: Choose ¢**1 > 0. Set k — k + 1 and go to Step 1.

» global convergence

» SDP models (&)
s can be solved by using the Interior-Point Method



s f=Ff+¢  a>|¢l:
» Stress constraints

» Interior-point method
» SeDuMi 1.05 [Sturm 99] / Matlab 6.5.1

A
g 0 (a)




» stresses for randomly generated ¢

» at the optimal design
— both members encounter worst cases

-04 02 0 02 04 06 038 1 -04 02 0 02 04 06 08 1
6, /o, (member 1) ¢, /o] (member 1)

a(a’) = 69.3 kN (initial sol.)  a(a*) = 153.8 kN (optimal sol.)




o S
RN X . . *
ﬁ % optimal design a

» uncertain f applied at all nodes
» stress constraints |o;| < of




members (1)

initial sol. a"
» uncertain f applied at all node
s a(a’) =0.72kN
» a(a*) =10.85 kN




uncertain f applied at all node

members (1)

initial sol. a'

a(a’) = 0.72 kN
a(a*) = 10.85 kN

5 10 15 20 25

members

optimal sol. a*




» robustness function a(a)
s measure of robustness
s uncertain loads / stiffness
s quadratic embedding + S-procedure
s can be found by solving an SDP
s MAX-a(a)
s nonlinear SDP
s successive SDP method
s find the optimal design by solving SDPs successively




	outline
	semidefinite program, SDP
	SDP
	uncertainty
	robustness function
	uncertain equilibrium eqs.
	constraints
	robustness function $wh {alpha }$
	robustness function $wh {alpha }$
	quadratic embedding
	zmath {SC }-procedure $+$ homogenization
	SDP providing a lower bound of $wh {alpha }$
	example (2-bar truss)
	example (20-bar truss)
	
	maximization of robustness function $wh {alpha }$
	sequential SDP method
	S-SDP for MAX-$wh {alpha }(�i {a})$
	MAX-$wh {alpha }(�i {a})$
: 2-bar truss
	MAX-$wh {alpha }(�i {a})$
: 2-bar truss
	MAX-$wh {alpha }(�i {a})$
: 29-bar truss
	MAX-$wh {alpha }(�i {a})$
: 29-bar truss
	conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


