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Al)st.ract

‘1’llis ~mII(’1  validatm  t,lle intcgratd  lnodcling  rfldllorl-
olop,y US(S(l  f o r  d(siF,ll  allcl lmrforlllallcc  cvaluatio~l  of
c()]III)ICX  ol)to nwhatlical systmtls,  lwticularly  s~jaw
Imll(’ illt(’lf(’lol]lctc[s. ‘1’hc I]lcttlodology illtqyatcs
struct(lral Illo(l(’lillg,  olJtical ~nodclillg, aIId colitrol  sys-
t(vll dcsi~,[l into a cottl~noll cllviron~]wllt,  tllc llitegratd
h’fod(lil]~,  o f  Ol)tical  Systcrns  (lhfOS)  soft\\rarc ~)ack-
aF,(’.  ‘1’11(’ \wlidatioll  utilid tlic h4icro-I’recisicJ1l  11]-
t(rf(lolllct(’[  (All’]) tw+tfd,  a p,round-based  full-scale
l]ardwalc  II Iodcl of a sI)aceborIte illtcrfcrorl~dc~. l’al -
allc] dc\dol HII(v]t  o f  tllc NII’I  testt)ccf arl(l tl]c NJ])]
IMOS lfl(xl(l cl:al)lcd a(l[licl(le o}l~)ortutlity tovali({atc
tlLc [Ilod(,litlg  11](’tllodolog.y wit]]  actual llarclwarc ~IIc:i-
surel]lc]lts  flo~rl ttlc tf.wtl)cd.  ‘1’his  ~~a~xr assrsscs  ttle
ai)i]ity of the illt(’glat(!d  lMdClillg  Illcttlodolc):,y  to ])lC-

dict ~mforlllallcc  i~] a clod IOc)l)corlfigu!atiol];  ~IaItI(~ly
!vitli  tll(~ }liF,lt  lmr)dwidtll  c)j)tical  col]tro]  looln+ ojm-
at iO1lal. ‘J’his lm~wr ~)rmcnt,s  a  com~)atisoll  o f  il}te
p,l~itc(l ]l](d(,l  closed loo[)  ~ndictiolm  with NII’I ial)o-
l:ltory  (’I(H(’(1  l(KJI)  )11(’asll[clrlrllts,  illdicatit)F, t h a t  tllc
illl(’p,lat(,(l  IIl(d(>lillg  IIletllo(lology Ilas tllc accuracy  r(’-
(Illir(’(1  to (’valllatc  illtelfrlolll(’tly  missiotl (l(!sip, Ils \vit,ll
(.OI]fi(l(,lt((,.

1 lni,rocluction

Slmc(l)or]lc Ol)tica] itlte[fcI(J1ll(,tc!rs  ~)rmri(lc tllc only
fc’asil]le IIlctlio(l t o  sigrlificzmtly  iillI)rovc tl}c a)l~,ula!
lmolutio~)  arid astrolilctric accuracy of currerlt  ast[(~-
IIolllical t(~l(wol)cs Suc’11  a s  tllr! l]Llht)lC S~~acc l’clc-
s(. olw (11 S’’1’). ‘J’liis I]:illi:i]-:l})crl(l]’c  al)l)macl) offers a
1111 II I\)(Ir of itlll)O1’Lal]t  advalltaF,cs OVC1 t,flc tra(]it,io~lal
full-al)(v~lll(  al)l,loa(tl  ilicltldil)?,: colltI(~l of syst~~~l.
:Lti~ (,l~(),.s a  si,f,llificalltly li~,lltm irlstrulll(~llt yicldillF,
tl)(’ salll(, ]1(’rfollrlallcc,  alId illl])rovcd ~)clforlllallcc  fo]

a givcll altloullt  of collcct  i]+, area.  llowmwI, t tlis al)-
l)loacll rxquir(s  ~msitiol)al stal)ility  of ol)tica] Cl(v}lcllts
(1ow’1I to the Ila[lortlclcr lcwl  as urcll as lasc~ 111(’tr(ology
rwo]utiori  tc) the I)icornctm level [1, 2]. .Acllirl’ilig tllmc
cmit,rol and sel]sillg  rquitcmmlts  is  ]mrticularl! difli-
cu]t l~ccausc t}ic illstrulne]lt  consists of lnanjr Ol)tical
Clmnmlts  dist]ibutd  acrossa 10-III  flexil)lc truss struc-
tu]e.  ‘1’ofurtl]cr  co]Il])licatet}lc  ])rol)lern, tllr strurturc
i s  cxcitcd I)y Irleclmriical disturbal]ccs  cvl]aflati]lg ~)rc-
do]lliIlalltly  fmrll tllc attitude corltroi systclri actuators.

3’1 Ic cllart(’r for  tlte Jet I’loj)ulsio~l I,almratory lnt(r-
fclolnclcr  ‘I bcl]l]ology l’logra~n is to Irlitigatc  risk fo]
this  c)l~tical-illt(:  !fc:rolllctcr m i s s i o n  c l a s s  [ 3 ] .  .-1 IIU]II-
Lwr of o~lgoill~, colnl)lclnmltary  activities a(ldrcss ttlcsc
cl)allcngcs irlcluclillg: illtc.,gratwl lllodcli[lg llletllodo-
ogy dcwclo~]tllcmt  atld validation]), hardware ~lletr(~logy
tcstids, llal(lr~rarcvit)latiorl  testbrxls,  allcl flight qual-
ification of tllc illtcrfcro[rl(,  tcr  Corlll)ollrllts. 2’tKNl@l
all of these activities arc xmessary  to buy dowl]  mis-
siol] [isk, it i s  illtcglatc!d ll)odclill~, that ult, irllatcly
u’ill be usd ill ttlc Inissioll and itlstlu]n(~r]t  (lcsig Ii.
Sl)wifirally,  [Imdding  \vill Cllal)lc  (i(’filiitioll all(l flo\\!
do\vIl o f  sI):ic(’craft/i llstr(l~tt(’llt  rc([ui[(rtlclits,  l)orfor-
l[l:ilic(: ofsl)ac(cl:tft,/i[  lstr(lI1l(:llL  dmigl)  tra(i(~s, al](l IIrc-
dictioll  of  illst~ul[~(:llt  ~x’lfor]l~allcc  il] tile ant, icilmt,e(l
o~l-orbit distu]barlcc  cllvirolllllellt. ‘J’llis lHl)cr in\res-
tif,atcx w’ll(!tllcr tllc illtq,ratcd )nodeliflp,  lIlcttlodolop,y
11:1s tf~c Iiccessary ca))al)ility  to IIlcct t}l(w,  d(,lrlall(lirlp,
al)a]ysis tlds.

lf] alltici~mtio[~  o f  tfwsc nwds, tilt! IIltcp>lat(!(l  Mo(i-
Clillp; o f  OJ)tical  Systcrns  (I IVIOS)  all(l ttlc [~orltroll(d
Ol)tics Nlod(lillg l’arkaf,c  (CON!]’)  softura[c l)aekaF,(s
w’(rc dc\’clo{)d at ,]1’1, [5, 6]. ‘1’l]c il~t,(,p,rat(.(1 II)ocIcl  -
ill F, lli(’ttlo(lolo~,}’ collll)i~l(vi structural ]Ilodclillg, OI)tical
111 Od(’lillF,,  and Cotltrol Syst(>l[l  Clcsigll wit]lill a (’0111111011
software mivito[l[[lctlt, usi!lg, tllesc  ~mckafI,(5, ‘1’0 (’11-



IIlet hodology)  its (1{’~~{’l~)l)]tl(’l]t  ill-
\\’itl) th(’ IJllascd dcli\rclv of t}l(’

k[i(to-l)tc’(isi(J1l IIlt(,lf(’lc,lll(tc,r ics~l,cd (h’1l’1  ).’

‘1’11( h{]’] tcstlxxl  is  a ~roull(l-hscd,  susINvIdcd IlaId-
\vat (’ JI]c)(I(’1  of a fut IIrC slmc(’-lmscd  itlt,erfctrc)lll[,tcl  I(J-
(’atw] at .ll)l,  [7. 8. 9 ] .  I’lic }Jri[tlary objcctivc  o f  tllc
tcstt)c[l is illtcfyati(J1l of tllr villratio[] attclluatioll tccll-
]lolop,i(vi”  rc(luitc(]  to dc[]lo!lstratc  tlie cIl&tc)-c)Id OINV
at ion of’ a slmcblmsed  il)terf(,lO1ll(~t,(:l. I“i:,l]rc  1 slIONfs
a I)itd’:;-ey(,  \ric\tr  of t II(> test I)cd w]lictl  colltairls  all
syst(>llls  ]lw(~ssal ~~ to ~wrfolrll a s~mcc-hascd,  ol)t, ira-
itlt(’lf(’]otll(’t]y IIlcasurmllellt. ‘1’tlcsc  Systc[lls  i~lcludc a
7 111 x ‘i’ III x 6.5 111 SOft,fy  SUS])C1ldC(]  tI’llSS  structl]w
\\fitll rllolttllillg ~)latcs f o r  subsystrvil  llardwarcl  a six-
ax i s  vil)ratioll  isola(ioll systwll  wl]ich su~)i)orts  a INic-
Lioll WII(T1 ass(vul)ly tc) ~)rovirlc  a fligtlt-like inl)ut  dis-
turlMifIcr  SOUICC,  a colm)lctc  MichclsoIl illtelfcro~[lctcr
\vit 1) l]i~,l~-l)zll](ilvi(it}l  o~)tical  Colltml Systcmls,  illt,crnal
arid cxhlrlal Irlctrology systcmls, arkd a stat si~nul ator
that iiljccl,s  tlt(’ “stellar” signal il]to tl)c il)tclfcrc)rllc~t(,r
col]cctillp, alm (ures,

(Iistl]ll)ar!w sourc(J/o[mI 100I) ol)tical syst[’rrl.  ( 2 )  lIa Icl
llloll]ltcd dist, urbalice  sollrcc/closed IOol) o~)t ica] s~rst (Ill)
and (3) isolated distullmllcc  S[)lll”( ’( ’/( ’10 S(’(1 1001)  ()[)t i(’ill

Sj$tclll, I)lOt)lclll  ( 1 )  l]as I)rell  ~)rcviolwl}’  [~d(lloss((i
011 t}lc tcstl)ml [ 4 ] .  ‘1’llis lml)rr  addtmws  I)lol)lrt[l  (2)
})},  I)l(,sc])t  itlg t IIc closed loo[) 1)(’rfol ~nallcc \wlidat iol)
l)locedulc,  tllc oi)tical  colltr(ll })l{)l)lcl[), tllr Cl(vml lo(q)
111’1 illtcgralcd  Illodcl, all(] tll(’ Villi(l:itiO1l  I’{’slllls.

2  Valiciatioll I’roccdurw

h’igul (! 2 l~rcscltts tllc irltx!gratul I)lo(lcliilg 111(’t,llot:lolog}r”
validation l)roccdurc  for tllc closed 100I) o~)tical corltm]
systclll  collfigut at,iolL. ‘1’lic figure Classifies each Stq) as
citller  a hardwwr(!  J)mccdurr  or all allal+ysis ~)roccdul(,.
‘1’IIc II]oclcl is initially l)uilt (stel) 1) using ktlowlcdgc of
tl]c strmctul (’gcmnctry,  o~)tical Iayolltl et c. ‘J’he  stl-uc-

(U I a] lmra[nctcls  arc uldated  (stc~) 3) Imxxl otl HLOA1
t e s t  d a t a  acquiml fro]]] tllc testlm] (ste~) 2) .  Stcl)s
(l), (2) aTld (3) l,avc I,c!c]l  lJrcsc]ltcd cxt(’nsilc]y  i,, tl,c
Iitclature [] [] [].

A II irlt qyate(l IIIodcl of N1l’1 was CICVC101XX1 ill ~mIa-
1(1 \\’it II (1)(>  test INK]. “J’his l]lcJ(lelirlg/ll:lrcl w;llc: syl)crgy
rcs(lltwl i]) a {Illiquc ol)lmrtullity  to validate tfic IIm(lcl-
ifl~, ][l(~tllo(lol[)f,,y”  l)y col[ll)aring rrlodc]  ~)rcclictiolls  wit]]
tcstt)cd  rllcasurmncr]ts. Of the thrrc functions  r’cquirml
frolll tlm lnodclit~~ IIwtllodology (I)crformancc  lJrcdic-
tioll, rwlt]ilcrllerlts (Icfi]]itioll, alId dcsigrt tlades), l)cl-

fol l]la]]cc  })rc(lict  ion was i)litially  dcrqned  tllc lnost crit-
i(al validati(~]l. dur  to t})c associated Ilziliolric~t,el-lc\,(~l
l)twitiollal st,aljilify rc(~llirellleIlts.  AS SuCII, this ~)al)el

ICIX)I ts validat iorl of tllc ifltcgratcd  lncdelirlg  lrlM,}Lo(lo-
OP,S l)y coltl~mlillg I) Aictcd aIJd IIlcasurcd I)CI forlua[lcc
I[lctlics.

l:,xl]allst iv(, 1110(1 (’1 l)(Tfot”rIla  Ilr’[J valid atio]l I cqlli[ m
lflodcl slid trst I)d Cotll~mrisotls  for all ilistl  ull~c]lt dis-
t(]lfmllcc (orlfip,(lr:ltio]ls”  illcluditlg:  ( 1 )  IIard rl~olltlt(d

hmgramcl  Model Validation}  }’rocecfure
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]“i~;urc 2 :  J~]t~~liit[,(l  ~,lo[lclitlp, III(IIIO(lO1OgY validation
r,roccd{l!{,.

StC})  (4)  irlvolvcs (Icsigr]itl,g  tile o[)tica]  co]ltrol  sy,stc]]l
usil]g tlic i]]tcg]atd IIlodcl. l’rdictcd  l)lar]t, tra~lsfc]
futlctiol]s aIc  usc(l t o  ~mfollli  tllc CO IIt,IWl  syst,rq[l  d(l-
si~,[l. Iksig,ll Cor]sidcl ations  i]lclu(l(,  I)ractical  irul)lr-
IllcI]tatioxl  issu(x  sl]ctl as ttlc eflwt of sallll)lillg, dclaysl
qualltimtiolt mrors,  actuator arid se IIsoI  (Iynal[lic raII:,c
li]llitatioris,  arlcl IcasoIIal)lc filtcl  oMIcr.  ‘J’llis COI~I~WII-

sato] i s  tllcfl iIIll)lcIflclltcd ill tile lal)orat,ory  o]~ tllc ac-
tllal  IIardu’ale (Stcj) 5). (s tate assu[lll)t,ic)~ls  alml]t srll-
SO1/a(’tlliltOl l[IO(IC1  fidelity)

l)isturbarlcc  tt:illsfclf( lllctio!lsflolll” (list,llrlJ:irlceillJJLlt
lo(a(io]l to  ol)tical  out~)ut lrxat,ioli arc ~Iscd to  assess



. . r,systf~lrl I)(,I f{)rrnarlm J hmw trarlsfer  fullcLicJlls arc  111(,21-

siil (’(1 ill 1 11(, latwlatorjr  (Sk’]) 6) alI(l I]rwli(((’(1 usi]lp, tlI(L
(IIMVI  I()()I)  irltep, rat. cd tIIcKlcl (Stclj 7 ) .  l“illally, tllcsc
Imlills  arc  (’olIl\mlcd usitlg 111(’tri(s  (s(q)  8) as defil)cd
ill [:l]. (llliiJ’l)C’  :1(1(1  [)lallt tra!lsf(’1 fuIl(lioIl coIIll)alisoIi
of a I)(II for[Il:~r)cc/s(  211)ility sctlsit ivity I)lot to assess ro-
i)llst 11(’ss  {[) L’OIl)])(nlsatoI ])ar’alll(!l’t  [’r’ (’}larl~(,s)

‘111( ~IUI  }IOSC of t,l)c flil)g(, t]acl(iil~  coIItIoi  systclt) is to
vqll:ilizc St(’llar’  I)tlt]l]CllF>t]l  fr’orf)  tllc target star throup,h
cacl) arIIi of t II(’  irltclfc)rc)l]l{~tc!r- to the I)oirlt  tllcy arc
cotnl)ill(xl. ‘J’}Ic frir]gc  tracking rllust [lolrli~lally  staljilizc
ltlis ol)t,ical  imtll dift’ernlcc dowli to 10 il]li (l{ NIS). I:i~;-
llr(, 3 slttnvs a Imsic  I)lock diag[ al]) of tllc frillr,c t~ackitlp,
Colltl’ol syst( ’111.

11’ig,llrc 3: IIlock  cliaglatl] of tl,efiili~ctlac!icl  cc,]]t]ol sys-
t(,rll.

‘I’l Ic a(tuat(]r  for  this  sul)systcrll  is tllc active  delay
li~lc wrllicll  actually corlsists  of tfilcc  llcst,cd  actuators.
‘J’}tis tlll(,c’-tiercd actuator acts as a Iincar]y trarlslat-
i]lg ret, rmcflrxtor  wittl trwlncl\ci{ous dynamic  ra~l?,e. A
stq)lm IIIOLOI.  IJmvides  low frqucrlcy  (de), lo]]g travel
cai)al)ilit,y (I]]). All irltel~llcdiatc  voice coil  actuator
t l-iillSlat(S (Cl]l) tll( c]ltirc  cat’s eye asse~[lbly  ill tl,c  Ini(l-
fr(~qtl(lt(y IaII~,(, ((lc-10fI  }Iz).  A  tcactuat(cl ~)iw,o sul)-
[mltill~,  tllc  sccoIIdaIy  Ininor  })tovidcs  ttlc lligll  balId-
!vidtll  (kllz) ])lccisc  actuatiol! stage (//7IL).  ‘J’l  IC coarse
stc~)~wr Ilwtor sl,a~,c is used I)rirl)alily to slew all(l ac-
quir(l a  II(W slcllau frirlgc. or]ce  acquired,  this  s tage
i s  l(wkml dowr)  a]]ti tftc otllcr  two stages  l)lcwidc tllc
a(’toat,io]l  llcccssa~y  to rcjecl distoi  lml]ces during  a[l
olwl \~atioll.

cross-ovt’]  ilt Or  I)c]owr ]f)fj ]]z

o  (Iistult)allcv  disclii)tioll

‘J’llis I)a~wl  al)l)li(,s  tllmc  drwigll l)ro(T(lIIr(Y to (11(~  ill[(}.

~rat(’(1 lIiOCl(\l. S1)ccial collsidclatioll  is  ~,iv(,tl to I)t:l(ti.
ca] iirlI)l(’lrl(,llltiior]  issues.

4  IIlt[!gl’atccl  Modc!li  Jlg

I1ltcgratcd Illodcli!lg  i s  lwrfoxlIled  \\itll t\\() s(,ftt!fa~(>
lmckag,cs: IIltcglatcd  Modeling  o f  OI)tical Syst(l(ls
(JivJOS) [5] and ttte(;orlt,rc)l) ccl~)l)ti(sh  `J()(](,]iflF,]  ':\(k-
a~,e (C,OA  41’)  [6]. IIot]l I)ackas,cs l]avc l)rT]I (l(IvcI(I[)N1  at
tf}c .Ict I’lol)ulsiotl ]tal)olatory.  1h40S is a set of fllllc-
tio]ls t}lat rLirl witllill t}le N4KJ’1JA II cll\’irx)rlltlrrlt [ 1 2 ] ,
w]lcrwas  C0h41’  is a stand-alollc,  I“ol{’I’l{f\ hT-(’(JIlt  I)ilc~(l
])IogYaII~.  A ccnrlrllcrcia] vcmiori of CON41”  is a~rili]al)](~

UIICICI  tllc Ilarric  h’l ACOS (Moclcli~lp,  ar]d A~lalj’sis  o f
(k)ritrollecl  OI)tical Systmns).

IMOS is a colk’ctiotl  of MA~’I, AI I ]1)-files tl)at catl
lm used to ~]elforrrl  structural firlitc Clcrrlellt  lrlodclirl~,
arid arla]ysis, ol)tical lay tracirl~,  arid t}rclrrlal arlalysis.
lNIC)Sa  lso~)l()\'icl(,  sgraI)}licsf[  lrl(tic)rlality t]lat PII:lI)ICS
vi(,~,i]lg of st,rllctura]  p,cw~nctrics, str~lct,ulal dcfotr J\a-
tions, o~)tical ]a~’ traces, arlcl oI)tical Clclllc,rlt J~rcscril)-
tiolls. ‘1’lIc COLYI l)rograms  are easily COUIJINI  irl MAr J’-
I,AII, allci call IN twtcndwi  by tile USN l)y wlit,irlg })is
own INJA’I’I,  AI I furlctiolls. h4.4’1’1,  Al\ too]lmxcs  for corl-
t]o] systc!nl  desi~,tl and arlalysis,  sip,rlal I)rormsirl~,, arid
ol)tirrlizatioll  are availakrlc for cllllarlciliF, ttlc caI)abilit\r
of ll140S. lhlailwl o~~tical ar)cl tllcril}al arla]ysis are ac-
Colrlrrlociated  irl Ik40S by illtelfaccs  \vittl Col Ii’, arid
‘J’l{,AS}’S  arl(l SIN1)A  (fc)rtllcrrllal:i  rlalysis).  ‘J’llcilltcr-
fiacc wit]]  COM1’ has bun) Irladc effortless by creating
a h’lA~’l,Al;  r[lex-file version of AfACOS.  ‘J’lic result  is
arl cxtrcrn(:ly ffcxible t o o l  t}lat cvlablcs tllc  us(,r t o  irl-
tcp,ratc rnoclcls flcrIrl different  disci[)li~lcs  ar)d corjduct
a n a l y s i s ,  dmi:,rl, allct c)~)tilni7,atiorl trades t}]at u’ould
ottlcI\*’iscl) ccxccc(lirlp,ly clifli(lllt [5].

CON41”  i s  all o})tical  analysis  and Illodclirlu,  ljrogralll,
j)lovidill~ g(wlnctlic  ray-trace, differcrltial  Lay-trace,
arid dift’ractioll Illodclillg cal)al~ilit,y. CO MI) corlcerl  -
tlatrs  ml ]]rovidirlg  dctaild  o~)tical  rltodc]s  f o r  irlt[,-
gr’atd  CfCSiF,ri arid al~alysis t a s k s .  III l)articu]ar,  t]lc
dif[(, [crltial ray-t  raw ca~)abi]ity  of Cohn” earl  I)c used
t o  F,ulcratc  Iillear I)crtllrbatioll  rIiodcls of ol)t,ical  sys-
tclrls [G].

‘J’ll(! Ml’] it)tep,latd 1110(1(11  cotlsist,s Of a strlictura] fi-
~lit(~ Clclrlcr[t  tIw{lCl all(l a lillcar  o})tical Irlo(lcl  that, arx’
illtcp,latcd  tog(tllcr. ‘J’lIc  stIuctll Ial II IO(lC1  is g,(’rl(r-
atd wit}] INIOS,  ~vllcrcas  Loth IM(),S  arid Coh J1) arc



. .
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\Isc(l to crcatc tl}(~ ()])tical II I(MI(4. ‘I’i Ir i]llcg]atjioli, (oII -

t I(JI SYSI(’111  ]rl(xl(,li]lp,, a]ld dist Ill barlcr  allal.ssis arc I) Pf -
folll](’(1  ill N’If\rI’lff\ll  wit II t JIc ai(l of IAIOS f(lrlctit)]is.

5.1 St] ’uct I]ral  Mo{lcl
‘1’llc sl IIlctI]Ial III(XICI i s  s]wcifird i]] ILIOS as a fillitc
(Jlclll[’tlt p,ml]lct ly, slIowIl  ill I:i,g, urc 4. ‘J’llis gco]llct 1 y
(’olisists Of ])liit(’, 1)( ’alll, tr\lsS, and rigid t)()(ly (Jl(!lll(’llts,
IIlo(l(’lil)g  ttlc tmc tlllss structrltc and ttlc Cot[l]wr]c]lts.
‘1’}1(’ l)il S(’ t] (1SS S(1 llCtlll C is llladC Ill) Of till’(1’ l) OolllS:
t II(’  1101 izotltal oI)t ics l)oollll tlic vertical  tmvcr, a]ld tllc
(.allt(’d Illetrology I)(mlll.  ‘I’l IC colIIImnc}lt,s co]isist of ill-
INmr(l af]d outlmard  o~)t ics ljlatcs,  a disturlmice ]Ilount
J)liLt(},  two  sidemstat rllotlnt,$,  an ol)t,ic.s  cart colltai]lirlg

all a~tivc delay likl(’, t  lle o})tics cal t Sulq)c)rt structl]rc,

a  lI(xalmd  isolatiorl  systc!m , a I)assiv[,  delay line, and
all cxtcrl]a]  ]llctrolo~)y  beam launcher’ ~)latc!. ‘1’l]e fl~litc
(’1(’111(’llt  Illod(’1 U!+(’S  2,577 dq!,lc(!s  of fr(!c!dc)m  ((l Of) of
wlliclt 1,832 dofs are indclwlldcvlt wittl Ics}wct  to the
lll\ll(i-Imi!lt collslraillts  (M1’(;s)  of tllc rip,id lwdy cl(I-
I l l ( ’ l I t s  ( R i m s )  [ 5 ] .

I ,62?. .
I

I

1+’i?,ure  1).

SilIcP tllc focus of t,llis effort is to validate the irltc~)l  at,cd
Illodciillp,  71 Lcthodolo9y, it, is illllmrta~lt to lla\’c a struc-
tlllal l]lodcl with accoratc lllolmtics. If this inl)ut to
tllc il]t(p,rated Illod(’li[lg rnctllodolO~y i s  i[)Colrwt, tllrrl

t II(’ vali(iat)iorl ~estll(s wo(l]d h ~mOr rq,ardlwx o f  1  IIc
:Lc(wf a(’y of tlic  ~llmlclirlg  ]Ilctllo dology. Fbr tl)is ] caso]l,
t tl[’ ])lill (’ :111(1  lX’EIII] ~)mlwltics  as well as t}lc fi]litc clc,-
l[lcli( ~,m)lnctry  itself  lla\’c Iwcl] xcfilml t}y illcor~mratil~?,
M1’I II)odal  test d a t a  into tllc mocle]. ‘J’llc st]uc.tural
rlt(xlcl  ul)datitlg  h a s  beer] done it] two I)}kascs,  follo\v-
irlp,  tllc ]JIIascd delivery  o f  tllc h41}I  tcstbed. ‘J’IIc filst

I)tlasc ill\,[)lvcd  cst,ilrlatirlg tllc j)aralllct,e[s of ttle bcallis
collll)risillg tl]c tmw truss stl ucturc  froln ~f)odal testillr,
JIc[folllltd  o]] tllc t]a7c truss [13, 14]. ‘J’}Ie  second l)tlas(’
illvolv(,(l  ~$wIIIctry  lliodiflcatiot~ atld l)atalI~ctel csti\lla-
tioli of tllc oj)tics earl Sul)lx)rt  structutc,,  using Z?L ,sif?l
(“ollll)ollcllt Illo(lal test data [15, 16].

1“[ o111  ttlr fillitc (Ilc!lrlmlt gcolllcl ly and i t s  associat,cd
l)N)l)(,t  t it:s (IIC systcl[l  [[lass slid stift’]lcss  ~l~atricrs  alp

A f t(’ I
lllult, i-
Ill(,llts

\vlIcm d,, ar(’ tlic iltdcl)clldcr]t  dcgrccs  of frcNlorll all(i
d ,,, arc tllc dcI)clldc!lit dc!grccs of frccdotli.  I’llrw cotl -
S1 lairlts  ate tl]cn a~)~)lied  to bkluatio])  1 ,  rcducillg, {11P
St atl of tllc Systcm to ttlc iIKlc~)[Wk!llt  dcglm of fl”(’(’-
dol]l:

6’7’ AIG[l,, -t G’7’ K6’(l,i

Irf,,,, (1 -i K,,,,  d

‘1’llc  ci~,cllsolu(ion o f  Fkluatiotl

= (?l{ff
= I;,ijf (3)

3 is found. Yieldilm
flcxibl{’-lmdy Inodcs arid lrlod(wl]al)(’s.  ‘1’lIe rrsultaI1t

(iiap,onali7,e(l  Systcvo is:

i; -1 ?Zf)i) -1 fF1/ = @; ’l{,LJj

(1 : G’4’,17/ (4)

~vticre  7) is ttlc Illodai state ~’ector,  Z is a diar,ollnl ][lodal
dallll)illg lnatrix,  Q i s  t]]{’ diaF,ollal lnodal  fwqucllcy
II)atlix,  arid  d’,l  is tllc  cigm)vccto~ Iimtrix.  Z is for]ocd
I)y assul[ii[lg  a Illocfal dalnl)ing  of ().3% for flcxil)l(’ body
]IIodcs  almvc 32 }Iz alld dalnl)iIlg rallp;itlg fmlrl 0. 15%
to 0.45% fo! ]nodes LW1OW  32 II Y,. ‘J’llese dalnIJir\g  val-
ues corws~)ot~d  to mtilnatcs ol)t aillcd frorll  I IIc s(,con(l
]]llasc of ]Ilodal tests.

5.2  O1]tical  Model
‘J’llc ol)tical Irlodcl  l)cp,ills \{’ittl a  sl)ccificatioll  o f  ttlc
ol)tical  l]rescril)tiorl. ‘1’llis I)rcscril)tioll  irlcl(](lt,s  ttlc
sl~ai)cs,  ~)ositioils, al~d oliclltatio]ls  o f  tllc ol)t,i(;i]  cl(’-
II)crlts.  A ray  trace of tllc or)tical J)rcscli])tio[l is SIIOJVI)
in l’igrltc 5 .  q’}lis o~)tical ~)rescril)tiorl  is ~,cllcratcd ill
lNJOS  based orl tllc ~)rcscrir]tiorl  of t,tlc actual (,l)t ical
clcrl)cxlts  of  hfl’1  (SCC I’i,qu[c  ( i ) .  ‘J’hc II Iodcl p,PlIeta-
tio]l uses tllc Structural firlit,c clctllctit  f,(,()[rletrjr  ill ordrl
t o  Sillll)lify  t}~c J)rc!scli~)tioll  defirlitioll and to caw  ttlc
Succccdillg  strt~c,t{lr:{l-c)~~tical ]~lod(!l  illtegratioll.  ‘1’liis
[illouw tllc locatiol~ o f  ttlc actual c)l)tical elcl[lc]lts (0
tjc ~t]casulcd wit}l rcsl)cct  t o  rcf(,tcl)cc l)oirlts (Jr] tllc
st I uct, ure as ol)~)osed to \vitll cac]l ot,llcr. }1’ltrt,ll(,rlllor(’,
st luctura] rlodes that Corrcslm]]d  t,o ol)t, ical elcl!lcnt at-
t aclllllc!lt lmillts  aIC (!asily  idellt ificd m dcfiliml.



\YII(,r(~ d is a \’(’ctol of ol)tica] clm]lcllt  ~)mitioll arid oli-
Crit,at iorl ]Jel (Ill lmt ions, y is a vmtor of o~)tical outl)lll,,
:111(I L’c,,, t i s  111(’ ol)tical Sm)sitivity llliitri X. “1’llc ol)ti-
ca] oull)ut  call Ij(’ ~)attllcltgtl~, waw!frollt t i l t ,  or  s~)ot
IIlotit)rl.

l~i~urc 5: liay t I ace of the hfI’I  o~)tical pwscri~,tion  ou the
fi!lit(~  elclllelit gcolnetly of tile o~]tics  boo]l],

]’ii~ure  (i: .~\ct ual optical layout on t}lc MI’I o~)t ics boo]rl,

5.3  St~llctll].al-OI>tical  Moclel lntcgratioll
OIICC tllc, s t r u c t u r a l  ~nocial IiIodcl and tllc lirlcar ol)-
t ical lIIodcl  l]avc Imcl] created, t hey  arc itltq,ratcd to
folltl a stlu{t Ilral-oi)t  ical lrIod(!l.  ‘J’}lis irltc&l atcd  ruodci
i s  si)(,cific(l irl fi[s(-oldcl,  stat[,-si)acc  frolrl, lel)di[lg it-
sc,lf Iltost  ei)sil~ to  analysis  wilh cxistillg  NI.A’I’J, AI I
fllllct ions. l]! imlticlllar, tile stat,c-s})acc  illtcgratml
IIl(ldt’1  (“iLll 1)(’ Usml  for flc’(~{:~lllcy-clorllairl atlalysis,  tilll(,-
(iofllilill  siljllliatioll.  illld  Cl OS(d-100])  sylJtllcsis.

P’iwt, t  11( stl uctu!al IIIodel  i s  truncated to rcIJIo\c
IIloclm at]ovc tl]c I)alldwridth of cxjmcted  dist,utbalices
(i. e., alx)vc 900” I IT,) [17, 18]. ‘J1}IC  trurlcatml  Illodal
11)()[1(’I  is tllcll coll~rm (ml illlo first-order, state-s~mcc
for])) i)y llsill~, illc su})stitutioll  [5]:

(6)

l{csultillf, ill:

y. Ar -I  l]u

d ~ c~.r 4  1)71 (7)

I’illall~’, tllc litlear  oi)ticai  IIIodcl  i s  illcol i)or:lt(x]  itlto
tllc fi]st-ordcl  ]tl(dcl.  ‘J’lIr oi)tical  ollt~)ut  i s  ol)taill(’(1
by inmnultii)]yirlg  d }jy tllc Oi)ti(’iLl sensitivity Illatlix,
L’Ol,t.  III this  c a s e  tllc lllatrix (~ of  tllc 111(’aslll(llt(llt
c(luat,io[l  of IJquatioll  7 lwcoI[]w+:

No t e  that tllr nlatrix 1) of hkiuat,iorl 7 is still mro  I)ut,
II(J}V }Ias diflk~rclit,  ciiluelmioll.

6 Ml’]  Tcstl.)ccl

6 . 1  ~omI)cllsator  llll~}lelllc:lltatioll
6 . 2  I’erforlnancc  Measurelncnts
‘J’}lc hi]’] testl)cci  is dedicated to tllc dcvcloi)rrlcllt afld
~waluatioll o f  \ribratior) attcrluatioll tccllrlologies, 111
])iil  t, this  mfaluation collsists  of olmq\rillf,  Lllc i[ll)}rove-
IIlc’llt ir~ i]ltcl fcrolncter  imrfolll~alice due to t}lc ai)i)li-
catio]l of tile various tccll TloloF,ies. I[ltcrfctomcter  Jw-

fortllarlce is i)rirrlari]y  degraded by variation ill ol)tical
i)at}llC!Ilgt]l diflcrct]cc (01’ D), i.e., tllc diffcrerlcc ii) tl)c
dist ancm that t}lc lig}lt t ra\’cls  fro!n tlic stellar sc~LIIc(:,

t]]] (JIIglI each arrt]  of t llc illtclfcrc)lllctcl  to t,llc irtterfm -
e]tcc oi)t ical detector, ‘J’llis difl’crctlce ~nust  t)c stal)i-
liycd to t,llc 10 lI1fI  (1{11S) lc~,el in tllc 011-o[l)it  JIIC(]Iar I-

ic:il distu[tmllcc  erl\’itorltncIlt. [2].

111 colltlast  t o  Cstirllatirlg ]flodai cllarac(cristi(s as
ill [15, 16], disturbailcc  illi)ut to stellar 01’1) outl)ul
t] arisfcr  fullct ions wme IIlcasurNl sillcc t tlcy co]n~)lctcl~
cllal acterin: (ill a lilleat  sclisc) tile l)roj)ag:~tioll of dis-
t urf)arlms to 01’1). I“igu] c 7 S11OWS t}le distulballcc ill-
ijllt Iocatioll r(,lativc to tllc 01’1) Olltl)l(t, Iocatioll  for
ttlc M l ) l  tcstt)cd.  ‘J’tlis disturl)allcc  L]allsf{,r  flltlct,ioll
}~:is ]ll[!asu[  C(] for t}ll’(~(’ f@tCC dist,l]rl)allC(~  dil (J(’t  i o n s :
( x ,  y, 7). .kll 111’ clata a]la]yzcr  \vas usc(l to c o l l e c t
tllc data.  A 10 h’ sl~akel, Illoui}tcd  at tl]c lmsc of thr
tow(r,  a~)i)licd tllc force illi)ut,  itl each of ttlc tllrcc  d)ucc-
tiolls, ‘J’IIC fol CC illi~ut w~is IrI(asuKIcl \\rit,ll a  ioa(l ((11

llloLllltc(l lx’t\vwIl t,ll(! Sllakl aIlc] t,]l[~ St] ’(l(’t[l]’(’. ‘1’11(’

al~alynx  calcl]latcd  tllc t] arlsfer fu]lct,io]]  froIll  for(()  ir]-
j)ut to 01’1) outjlut.



.
.“

Ff{lNGr ‘ INPuT
L)  LILCTOFI CllSTU~rIANCE
our PuI SOUFICE

]“iglll’c! 7: Ic,Ciiti  r,llsOfC ]ist,ur}JallCei  1, I,lltall[]( )I'I)CJ\ltl,l!t
011 tll(> h41’1 tcstbcd.

111  ~,(~[1(’1’i~l  01]  SI)aCC-l)WCd  illtclfclOlllCtel’S, lnccllarlical
distullmllccs  will Iw citllcr  t)roadbar]d or Ilarlowbal]d
wittl t,tlc mlm~~ \wryi Ilg over broad frequency tangcs
as a fulictioll of ti!lic [ 1 7 ,  18]. ITI cit]lm c a s e ,  ttic
~xnvcr slmrtra]  dmsity of the disturl)al]ce  is l)roadbal~d,
‘1’llcrcfotc,  Ltlc il)tc~,ratml  It]odcl stiould bc accurate in
a  l)loa(]l)ill)(l  smse.  i140rc  s~)ccifically,  WC (icsirc  00,),1  tO

1)(’ au’ulat(’,  W’l  I(T(! [19]:

for a  I)r(m(ll):llld  disturbal]cc  ~mwe]  s~wctral  dr?xlsity,
@~(ti),  a]]d a distull)ance  to  01’1)  transfer  functiorlj
C;(J41 )

Sill(c l’; quation 10 yields the qL]antity that WC, wish tc)
a c c u r a t e l y  I)l(,(lict, w(, call usc this salnc cquatioll  as
a ]ttctric  to cllalactjerizc  tllc measured arid ])rcdictcd
tr:i~lsfcr fo]lctiolls. As ol)I)osNi to I)icki[lg  a ~)articular
cxlwctc(]  distllrl):illcc  Imver  sj)cct, ral dmlsity, balldlilll-
itml \vtlilc Iloisr (ovc,r [f,rl~,,l j,,, nr]) is USC(]:

..ld f’””’*2 ,
!/ -3

/
16’(JW)  Izdti (11)

J,,, , ,,

WIIC’N .4(f is tllc allll)litLldc o f  t,llc l)a]ldlilnited  white
IIois(’(list(lll):lllce  lwums~wctlal der)sity  wit}l j~,,~,, and

~wa~ (1(’fillil%  ~llc fWWIICY  Iarlgc  of inter’cst. Ug is
IIsc(l illstca(l o f  0OJlll ‘[1 ol’~lCt  tO  S t  L’CSS  t,llat  tllC r~s~l]t  is

a IIlc’tlir  of ttlc t]a]lsfcl  fullctio]l  itself.

(Jsitl{\ Lllis [Ilct[ic, tllc accuracy of tllc Inodcl call 1X
(Illalltifiml I)y co]rlImlillg  09 for LILC ~)rcdictcd and mca-
slltcd  t,till)sf(l  fullctiorls.  AS  SU(II,  tllc j)alticular value
of tllc distllrlxillrc  ar]l~)litudc is ilfl[llatclial.  ‘J’lic arnl)li -
tudc is CII(EW]I  so t}lat L]lc variance of t]lc> disturbance
is Ollc. ‘ltlis clloire is arbitrary, EMI(]  t]lC ValUC of og
Ilas II() sif,[lificallce  l)y i tself .  IL is t~lc! cont~mriso!~  o f
tll(, ttl(,tri(s fol collcsl)c)ll(lill~, lllcasLl[ccl a]ld ~)dictcd

Lrarlsfcr  fu]lctio[ls  that is InmlliIlp,ful. (;(vI(’rally.  it is
(Iwiwd tllal 01)1)  variatiorl  [)ldictiolis  I)c a(YIIralc  to
trilllill  :i factor  of 4. Sillcc ttlr lrlctric  rT ~ is clos(,ly  r(,-
latd t,()()I 'l)\tiIiatio t]sfc)]l)r o:l(ll]:il](lI] ()is(', tllcfactor
of .1 i s  al)[)li(~(l a s  :i tquir(,lilc’]lt to tlI(’ latio of ,09 fo[
t]Ir Illcasuml  afld  i)l’cdictc’d  tra]u+fcr f~lllctiot]s.

‘J’l Ic tllc)cl{ll~lsoftll(!  lncasurcd  tr:lllsf~’lf~lrlctiolls.  aloIIg
\vitll  tllc ({)]](’s])()]lcli[lg I)mlictd  tr’allsfcr flll]ctio]ls.
ill’(’  S110!!’1]  ifl 1’igLlres  8 - 1 0 . ‘1’llr l]lcdictcd  t)allsfcr
f{}llctiolls \v(lf(:il(lllatc’cl  l)y al)j)lyitl~,st:ill(l:lr(l  hl:irl’-
lj:\ll fLlllctiolls  to tl)(! itltcgratml  III(NIC1  ufit]l (list ur-
Imllcc  folcc itll)llt and 01’1) out])ut.  ‘1’tlc valtlc t)f tllc
l, I():i(ll):ill(lr  l](t,ri(,  alsocal c(llatccl\\itll MArl’l,Allfull(.-
tio])s) i s  ?,iwvl ill tllc ICg(md  for (’acll  tlallsf(’r  fumrtioll.

W. LqO,SIL,cbA..e  l,&.sf.,  F...lO. x-ax#s Fore.
,0’[ ., . . .
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l’i~urc 8: I’ldictd  a[id  nlcasulcd h41’I disturl]allce  to
01’1 ) trallsfcr  functiot,: x-axis force in[)ut,

,0 ,,~ ,’, !,,,,,,, ,,1.1
10 10’

Fre+e.cf  (Hz]

]“i~(lrc 9: l’wdictcd  and Illeasurcd hfI’J distill lm]tcc  to
01’1)  traltsfcl f,l,tc~io,,: y - a x i s  folcc illl,lit.

T h e  rcsLllts o f  tllcsc coInlJarisol)s arr S} IOWII ill ‘J’a-
I)lc 1. ‘J’l]e balld\vidttl  of irltcrcst  is [4, 900] IIz. lic-
10W 4 117,  tllc force cal)al)ility  of tllc stlakct  is li!nit,cd
arid tllc tmtt)(!(l  susjm]siorl  II IC)(I  (’S ])ollutc  the 111( ’a SLl [’& “
IIletlt.  Above 900 Ilz, tllc lllccllallical  distLlr})a[lccs arc
exI)cctcd  tO ]la\K’ 110 cllcrgy. ‘J’l)is  I)alldwi(ltll  i s  fur-

tllcl brolwn  roughly  i[lto decades  slid COIIllmI  iso[ls  arc
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l(ii~~lrc 10: I’mlictcd  a]ld ]Iieasurd  h41’1  disturt,alicr to
01’1 ) transfer functiol):  z-axis form ill~~ut.

‘J’IIc coll]Imrisolls  f o r  tl]e t,l)rcw f o r m  disturlm]]cc
t ral]sfcr f u n c t i o n s  s}low tliat tl]e broad ba]ld  Inctrics
([4, 900] 117)  for the prwlictd  t ra,lsfcr  functio,ls  a~c ac-
cur atc  witfl  rt?s})cct  to the mcasurd  trmsfcr  fllllctiolls
to !vcl]  wi~llill  tile desird  factor  of four. l“llrtl]crl[lc)lc’,
l}lr  colll~wisorts  for each “dccadc” sl]cnv  acwracics  o f
lwttw  tllall a factor of four. ‘1’llis  indicates  tliat  01’1)
viir  i:lt ion mt i[natcs  fm colored broadb?uid illl)ut sl]ould
;11so 1)(’ am’llrat(’.

I)istllltmllcc

Illl)ut

x - a x i s  I n,cas”

1’01 C(

t ___

l)rcd
factm

y - a x i s  [ n]ras

4-10 ‘[z I 10-.’OO “z
7 117
13 “253

1.91 2.15
r

84

1: 2(KI
“ 3 . 5 7 3.08

4 117
d“ ] {),]

1.02 1.65

100  YOo  F[*

43

31
0.73

32
35

1.11

76
67

0.87

4 !30,1  H,

125
255
.2.04
90

26:1
2.92

140
205
1.~’7

‘J211Jlc 1 : lllO~(llliill Cl ttalhfm fonctio[i  ]Ilctlic
co]r]~)arison  I)ctwe(’11  tllc prdictc(l  al)d

f functioI,s o f  t h e  M}’]II Icasurd trans  cr

“1’estl)d.

8 (;ollcl~lsio]l/I’~ltllrc W o r k

I)ilitics o f  t]le itltcgrakd Itlo(lc]i])g  rnct~lodc)lo~y  w’]lit’]i
illcorlmratm  tllc  IMOS and COM1) atlalysis  t o o l s .  A
Illct ric i s  ~)rolmsd  tltat Cllaractcxiws  tllc  disturl)allcc

tr:lllsfcr  ful)ctiolls  (Jv(’1”  ii l)Ioii(l  fl’(’({llf’11(”~  rarip,e.  ‘1’llis
Il)ctric  is sirlll)ly  tl](’  ex[x’ct(’(t 01’1)  \’;ll  iatiotl asslllllir~y
a  I)alldli!llitml  \vllit(  Ilois(” disl(lrl)allc(  itll)llt. (~(~lfll)ar-
isolw l)ctmlK’11 I)t(’(lictml  all(l 111(’;lslll(’(1  tl:lllsf(’1  fill IC-
ti(lll Illctrirs  Sllo!$” Illat tll[’ Illo(l(’1  is a(’cllr:lt(’  to witllill
a f:ict(ll of 3.() ()\’(’l tll(’ flcqll(’ll(”y rallp,c of illlm cst ,
[4, 900] 117. ‘1’tiis is corlif{), tal~]y l~(:ttcl ttla,, tllc desiml
factor of four. l’llrtll(:trll(]lc’,  colnlmrisolls  of tlic II]ct tic
;Ll)l)licd over each dcmdc  ill the frqucllcy latl~,c slmv
aII acculacy  to witlli Tl a factol of folll. ‘1’tlis i nd ica t e s
that ~x:rforll~allcc  I)rc(lictiolls for cololc(i I)roa(ll)tlrl(l  ifl-
]Jut Stlould  also I](’ acc~llat(’.

Ilowc\w  , this sttldy Only  addrcssd  tllc l)ilrclllloLII)tcI(l-
disturtmncc, active  -ol)tics  col)fi~,(ll’:itic)~l. \/a]i~latio*~

resll]ts ]Iavc  l)rcviously  tmrll rclmrtd  f o r  tile ]Iarcl-
rnountd,  olmrl-lool) collfip,uratioll  [4]. O[lgoillg a c t i v -
ities itlcludc validation of tllr ltletllodolOF,y  fol [mssive
and active  vit)ration  iso]atioll,  inclusion  of disturl)allce
torque tt allsfcr fullctio]ls  ill  tllc  validation, and  asscss-
tnmlt  of tile smisitivity  of tllcsc  rwults  to tllc accr.lracy
of tll(’  structural ~~lodcl.
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