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ABSTRACT (Cont'd)

Experimontal techniques are given for each of these mothod$ and the suitability
of each for field use 1$ evaluated in terms of kay partlfflctfr~l Two laboratory
experiments are presented to demonstrate the tochnolog1o~ Involvod in holo­
graphic and moire deformation contCluring. The mofro mQthod using a cohorent
projected grid was chosen as the optimum one for produc1n!] runway defrJrmations
because of its simpler technology and correct dtformat1on !Muur1ng rM~e. The
feas1b111 ty of this mo1 re method is shown by cons1doring tho areas of importance
in measuring a whole field deformation pattern that is typfcal of deformation
basins measured by some existing techniques. n~commondat1ons for a modular
approach to producing a deformation contouring device ~ro g1ven.
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The faaHibllity or holuMf"phJo find moiro contouring mathod»

10 dotormincd for m~nnut'inR t11";fCH'ffiAt:ion bn,.ina of nircraft run­

ways. Deformation hlldno At'@ lUH~d in dotermining runwuy timQ

to Ed. lura • prcdtotton cf f'IlUllfl:i toea tionD. And for cnlcultltlnR

pavement dofornllltlol\ udng tl'~n~f~l~ function modolinp,. Frouen!;

mothods of dQtorminlng l'UnWtly tHHltn~ involvo tho URO of dovlo@D

buried in tho runWAy itt pl..~dtH:t'rm1J\f'tl pointo, Tho difficultlQII

in making this mellouremQnt ~nd th@ dntA transformationa necotJoAry

for rafQrQ~cQ fr~m@ convorulon to th~ ro~d framo of rofcroncQ

lnt.roduco en'ora thAt HmU thfl uUHt:r ot trllnnfor function

modo ling of runw(l)'tl. Al'H> I t,hl'l hol\HI in~t"()duccrl into tho runwllY

for instrumentation vlllcem~nt mAy CAUM I2ceelcrl\t:l.oll of runwny

fl\Hut'Q mochnn19u\tI AmI nlt~r thcs. {toCuAl trans for function llfl

comparod to tho undhturbt!d l'lUlWAyO. 'L'h@ nOllcuntact and arQA

covorllgo pt'ovidQtl by opHod tj:lQlmlqutlft pl:ovidco Eor an obvioUll

»elution to th~RO problcmg, rh~ ftf@Q coverago provides dutD

poi.ntB which \'lIllY b@ 8cluottH.t t.n l:hn prim<1-Inover roEcroncQ

syutcm and allow R~o~tor frp~d"ill Ln oal~ctlon of dlltn pointR

fur input to trlln~rf.\r (U""tJUII (\oihHJ, An optical oyst.em lTIAy

aho bo movod to provtlla drtUt ~t: t\ny locAtion on tho "irHold

or Clin bo clu:ri(ld on tho l\il'(,INft or. i)t;hor hOllvy lond vt1h:lcl(l,

It nlso enn ba upod 1n pr~VM"tAttv~ mnlnl~nnncc by ropcntod

scanning of hip,h lltr~tHI r()~tol\tl. or CO\H'06, tho noncontllct

llUpcct provido6 (or no Crf~llL of thQ IIItHHHlrCfficnt tlyutCll\ on

deformation data,

• 1 •
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Ail ttddi tiona 1 rt~{\f]on em' @)\{l}(II.' f"~ th(H~ft t:.*'\ctmiquc8 h

thAt tht\ pot.ontid for Apr'i.. ",.,du f:l tn OtlH'n' nn,,\s is ll\rB~.

Roccmtly dovololl@d t.clUlolo~ho j n th~ boot' opticlI field hAve

lllro~u.ty found Davonl UIJOIt 1n alvU ~1l1~lnoftr1ng motrology.

Aho I lAborntClry mCltho~tll at mlHuH,,~lnR dofonuAtion for nondo­

.truotLvft toatln6 CAn now b~ Appl1~d 1n tho field to pavemonts
•

rofHHlt'ch, Among theto now AppUu#\tlono whloh might continuCl

t~'{'\m tllQ davolopmcmt of an optJ,ottL dfoiformAtlon uontour1118

.Ydta~nl Ino thnrmlti cyclc, or~~1'1 ttl'll' vtbrAtlon moasuremonto

thAt would yield v«lunblo dAtA tor "~~ in prtvontlng and

prodlQCinR vnv~mont failufD.

'1'llo introduction of r.ohtH7tmt 0IlUQAl tl\chniquo8 to tho

«,.!vll @n~tnoor "ltQuld aho )'t.~ld Ht'lW rtl(l\11r~mltnt8 and appHcn"

tiona, V~r inAtftnco. the ht~h "~n~ltlvlty mOft6Uremcnt of lineAr

voltnt\@ dUftlrolithl tr61\tHhw~r nNnT) d@n~ctlon 88go6 1.0

ottoot by t.hQ1r llotoriorAtion W!l~ time. An opt:ical solution

to th18 probl~m 1u tho uno ot th~ dlrf~~Qto8ftBO, a lanettlv.

do£ormltt1on dfttaetor which hftft pr(w~n, v@r)' lol\B-term ral1nbiUty

und~t" ftdVerNQ onvironmontftl lJOIHHUonll, Aoothor example 1IJ

tho t"chnlquo or 8urfacc-WAV" d@t~g\.1on of WAV~§ with amplitude

IHmdti.vlty of II. raw anB.'1trO"'f:j hy hllM t:Ictltt~dng tcchniquM.

BOBtnnlnB with one toh~rQnt optiCAL ~y~t~m, tho typical roluc­

tl\nc,"" t:f' try n~w tc.\chniqueh t ~ OVt1r,IOIlH:! (md fur-thor advanceR in

tochnoloKY can ~ccur.
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SECl'ION II

DEFORHATION CONTOUR GE~ERATION: HETHODS

In this scction we desc~1be various methods of making

doformation contours. We Umit our discussion to whole-field

covorago methods because of the advantages of the parallel

input providing data redundancy and identification of anomalous

points. Also, tho external noncontact nature of area det.ection

Allow. for componsation for environmental effects on the

1.n6trumcnt. Point-by-point techniqu.· q can givQ excellent

Accuracy At a given point and a continuous tlme history but

roquiro complex and time-crnauming operations on the runway.

Tho areA coverr.6~ techniques transfer the effort to the

bborl1tory and computer, thus saving time in the field.

In order to produce doformation contours, it is required

thAt tho load-free surface topology bo stored and then compared

to tho loadod surface. Therefore, any method of recording the

8urfnco topology is a candidate for 1mplementatio~ as a defor­

mtlt1.on basin detector and should be considered until shown to

bo impractical. The paramoters of a topology recorder which

ftr~ portincnt to deformation measurement arc sensitivity, range,

r6p~atlbility, area of measurement, ~a8C of implementlltion,

f4to§ of data gathering, advances in Ntate-of-art required for

t,'\Il1WAY usc, and compatibility Hith prc!wnt pl1Vl~ment evalua-

tion rcooarch, The methodn discussed hore rango in sensitivity

from oterco-pair contouring to holographic interferometry.

- 3 -
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Storoo-l",d,r 1tn4gory can he used to produco contout' mnplt

by tho Itand&rd methods of (Ibserving d"pths in a stereo v1~wt.'(.

ny milking contour" before a':1d after de{'ol-mation, the tt'H~hniquea

could be UClQd to detoct grol1s changes in tho surface. ThQ

starao-pair mathod is applicahle to contouring mountaino.

oratoro, and obj@ct. with fairly large changes in depth cum­

PAfOd to tho ArOA under view. Unfortunately, the contoufO

Aro subJoct to arrors in depth judgement and deformation

obMcrvAtions would be unreliable and insensitive becausA tho

contour Uno .. pacing is too large for deformation detection

on runways. Tho prcciaion is reduced by tho human judgouumt

~ of the depth. Tho beat sensitivity that could bo cxpoct~d 10

to dotl,rm1.na daforntl1tic.:\ of the order of inchos.

2. !i.oJogrl\phic Surface Rccording

Tho mOlt lonuit1ve method of topology recording 18 hologrAM

phy. Tho hologrAphic technique records the light wavefront trom

tho leona 1n both amplitude and phase. Details are gtvon in

Appcmd1x. A. Whon this wavefront is recons true ted. tho lf1\A~ft

porcoivod by the oboerver is three dimens1.onnl in nature A.nd

f.'vcn tho microBtructure of the object is presented to wllvf;tlcnEJ,th

of light praciuion. Coherent speckle is prescnt and muut h~

k~pt Rm411Qr thai I tho sensitivity required 1n tho mensurUffiDnt,

Dneo tho Hurf/leo topology has been recorded. various mochotla

·4-
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exist which CAn uae tho roconDtructcd wl\vofrontl tho otaroo­

pair tllclmiquQ could tlVl2n bo u8ud. Tho most oenftitivB Mt)thod

of applJ cAtion 1.& cAllod holographic interforomutry. Sovoral

typeD or hologt'aphic 1nt;or£eromctry axht. Am()n~ th~m Ara

doublo-oxpouuro and live-fringe interferometry which "r~ d1.s­

cussed in ~QtA1l in App~ndix n. Th086 techniquon g1vo imAgo.

of tho obj eet which io modulated by a COif M torm. 'l'ho phuQ

chango, h~, introducod by tho doform~tion produc~1 dArk or

light arotUl in tho 1.moHo of the object which enn btl Annlyzod

by using tho optical {)lIth difforonco to rolata th@ dft!orrnation

and tho oblCn.'vod phooa chango. Also, thtt tcehniquo or cons tont

amplituda holographic int:orfcromotry for vibratin~ nurfacCltl 11

given 1n Appendix n. In thin caso th" imllgo 10 rnod\llAttHl by A

Jl<x) 1!unction, whcro Jo(x) is tho fimt-order IhHHH~l function.

iiiil#iiie;"","",,,"':"""---,'!"'''::;'~;' '~'':'''' --'''"........._~".....:-'....::.'.':".:,::, ::::.:::":::::~

~ H
~1

-
3. Motro Pofornlllti0'l..S:..ontoura

Wo hAVO diocuoood two methods of dQtcnninlnB tho d'1formA­

tion 0f a ourfaco, .t~roo-pAir contouring nnd holo~rAphic

interforometry. The titHt i8 a grons method whor~ tho doforrna­

tlon i~ tak~n by comparing two contour". Tho o~cond involvos

tho U,..hl InHmtl{l:v trtl!lllmlttcd by n l,101.op,fnphtc plAto ~nd UfJOS

thL! modulftUon ot tlH~ i.rnllp,o as the.' ind1clitor of thts deformlltion.

If wo cu"~ino tho npprOftChQD and provide contour mhn~ by on~of

many tochn1quQB and th~n uao tho contour mlip nft n filLar, wo

obtain on imllKc of tho objoct modulntud by dark nnd light

-. 5 -
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raBiona cal.led fringe.. Thb tftchniquQ 11 called moiro fringo

defo~mtion measurement. Tho applicAttona of the moiro method

for through transmission and ep8culur refloction deformation

mo••uroments are numerous. Application. to contouring and

doformation measurement of diffuso .urfkcla are les8 numeroul

but modern optical techniques are making those applications

feaaible. A discussion of the moire fringe and a derivation

of tho intensities that produce tho frinsc. is given 1n

Appondix c.
A 8iu~le explanation of moiro fringeD 1s that two 8~tO

of parallel lines whose spacings vary Ilightly will lino up in

lorna areas and not 1n othero. Where the 11ne8 are 1n alignmont,

light is transmitted in o\'\c-half cho arOll. Where tho HneD are

fully misaligned, the light is bl(lc~(~d. The visibility is

limited in this simple case, but tho method is valuable beCbU80

the .cnsitivity can be varied with the choice of l~ne spacing.

To produce" surface topology contours,lino. are projected on the

object and compared to a uniformly ap4cod master. To produce

deformation contours, the lino8 projoctod into the undeformcd

surface are used as a master and tho linol projected on tho

doformed surface are compared with it. Tho sensitivity 1s

approximately one lino opacing but varicD with projection and

viewing geometry. The ana1y801 for topology and deformation

anl11y01.9 are given in Appendix Dwhero moire contouring is

diocu8sed in detail. Aloo given thoro are discussions of

compllrison of similarly shaped O,jcctd "and of constunt amplitude

vibrntion measurement by moire mothodo.

.. 6 •
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DEFORMATION CONTOUR GEN!mAl'tON : EXl)I~Hl MENTAL TECHNIqUES

We hav( briefly describad thQ mt\thoda of producing topol­

ogy and deformation contour8 And have Rivan analyses to ohow

how the i~6es of sceneq Aro modulatod by fringes which repre­

sent these contours, Wo now giVD experimental techniquos used

to implement the various contour mot,hod.. The methods discuss~d

are the double exposuro, livo fringe And constant amplitu~c

vibration methods of holographic interferometry and the mothods

of producing grid lines on tho objoct for the moire. Theoo

moire methods use grido produced by hulo8raphic contour methods:

dual frequency, dual 90urco, dual indox, llnd grid-projection

methods: grid shadow, ordhHlt'y pro,'ocHon, and coherent projec­

tion,

\
.}

I

1. Holography

The equipment usod in holography consists of a coheront

source, a beam splitter, mirrors, boam Qxpanding lenses,

i~atial filters, and a holographic plato. If the coherent

source is continuous ruther thnn puh"d, there must be vibra­

tion is,'. ation to keep moti-on of the components to a minimum.

The arrangement given in Itigura 1 Dhows II typical arrBngtlmcnt

for diffuse object holography. An W~ diocussed earlier,

double exposure interforom(ltry 1.0 parformod by making two

exposures on the same hologrllm whilQ 1iVQ fringe interferometry

is performed by making a hologrAm, dovoloping the plate, and

·7·. \ '
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replacing it in tho holder. By re-illuminnting tho objoct and

reconotructing tho hologram simultaneously. the defonnntions

of tho object Dhow up 88 fringes on the object imago. Constant

amp11tudo vibrAtion can be detected by a single exposure which

intClgrat08 mAny v1b:t'lltion cycles or i.>y live fringe methods.

MOlt of tha dhcuu10n here holds for all these mothoda.

Tho arrangCMent ~iven in Figure 1 has sevaral dOt4ils

which Ihould bo notad. First. the length of Lho obja~t illumina­

tion banm 10 81 cloBO 48 possible to being equal to tho reference

beam longth. Tho rogion in space where the path longths differ

by 10ftl thnn tho coherence length is the region thnt 11 recon­

structod by holography. Therefore. the paths aro adjultad 90

thnt A hologram con bo made in the proper scene 'rogion.

Second, tho hologram plate is located so that its nonnal bisects

tho Anglo botwe@n tho line from object to plate and tho line of

the roforonca boom. This 1s required to ensure that tho most

efficiont hologram 10 produced sinc~ holographic diffraction is

1n rOftlity a DrASS process where volume effects in tho hologra­

phic omulsion Aro important. Third. the angle betwoen the object­

to-plAto and reference beam is optimized to yield comfortable

viewing Away from tho reference bea~ but a minimum anglo 1s

requirod to roduce the film resolution requircmentn. Fourth.

unluul the 1lloQr io n pulsed type and can stop-motion nny vibra­

tion. the lahle on which the arrangement stands must bo vibration

iaolntnd and protocted from strong air curr~nt8. No component

motion groator than llbout'A/8 can be allowed during the hologram

- 9-
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expolur.. Also, tho rAtio of tho lntan.ity of the relorenco

beam to the intenJJ1ty licAtterod from tho object :Ls controlhd

to obtain either the optimum hologrAtl\ or the highest vh1b1Uty

fringel. Finally, tho app11cAtion of atro8S or vibration to

induce doformation of tho object in controlled 80 that body
•

motion. are minimlzftd. If tho oxpor1mont 10 a live ttinao

one, tho hologram plate 1. ulually surrounded by a wot tAnk

or in-plAce developor to roduco thQ offocts of emulsion

shrinkago inducod by tho dov.. lopment procl... Expoauro ond

developmont of tho plato Aro carefully controlled to /lchiova

the optimum hologrAm. In aome casol the hologram i8 ble.chad

to enh.nco the efficioncy And obtain brighter hologram••

Whon recon.tructlon in performed, a camero 10 u8ed to

record the fringo Oyutohl. This atop 1. not a8 straightforwArd

as it lounds bocAuao tho fringQD Aro localized (have thoir

higholt visibility) 1n a place athor than on the obj.c~ And

a lars. depth of field 1••oquihed to have both the objoQt

and fringes in cloAr focUI. Th1a 1. not a problem In doubl.­

exp08ure interforomatry whore both d~formed and undeformed

image. are affocted tho o~mQ by omulalon effects. Howovor,

the emulsion shrinkAge CQuoa. .avoro displacement of tho

fr:Lngo localhllt1on in l1VCi fdngo interferometry. Aho, tho

rec~nltruction boam mu~t hAve exn:tly the aame wavefront AD th~

orisLnlll reforenco beorn if aborration. are to be minimizod.

ThiB miHltlB that tho pht~ IIlUOt bo replaced to accurac10l of

- 10 -
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better than one wavelength 1f errorwfree fringe analysis is

to be made in live-fringe interferom~try.

The above makes hologrhphic UBO outoido tho laboratory

seem foreboding, but succcsaful quantitative holographic

interferometry has been performed by this author in severe

environments. With the use of puhcd laBor sources, reference

points in the scene, and Fourier optics tQchniques to reduce

noise, the use of holography in sevol''' env1.ronments is no'W

possiblo. The following are some eval~ation~ of the three

types of holographic interfcromutry as applied out of the

laboratory in a field dituntion.

In field applications of holography several considera­

ti0ns m~st be made to insure data over a given area. We will

discuss these using a simple examplo given tn Figure 2. The

first point to consider is ~oherenco length, to' The maximum

difference 1s reference path, and illumination path is

and for holography we must have

At < t o

...
where to is the coherence length. Tho maximum spatial

frequency response of the hologram plate, Pm~x' is related to

the minimum energy for hnlogram expoBurc, Emln l by the empirical

relation

• 11 •
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Figure 2. Geometry for Holography do Large Sarface..



Pmax • K log J'l''nLi.n

where K is a constant which dependu on cha oxponuro time.

Therefore, both the maximum froquGncy rQlpOn8e and the mini­

mum energy required for exposuro at thAt froquency must be

considered.

The spatial frequency required to produce a hologram

is given by:

p • 2 sin \ll~
X

• ,-

I' I
p

I' i
~

t

.~

I 't-
fI t',

J I'f

I
i:
/,
I.

-

where ~ is the wavelength and \I 18 tho ong1e betwo.n the

illumination and the reference beam. For our example

gives the maximum spatial frequoncy thAt i ••xpe~;ed from the

arrangement. The energy per unit are. r.turn~d to the plate

from the illuminated region is

E •

where r is the reference to sceno intenu1ty ratio, p is the

reflectivity, and £: 18 the total laoor anergy emitted during

• 13 •
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the exp08u~e. With theRe equations and a given geometry, «

and b, we can find the 4pprox~ate maximum spatial frequency

by using a wavelength of 500~. This enBuraa a factor uf

safety. Then, thA film 16 ch.osen by considering t'''v811. 'w.:~il­

able with. response at that spatial frequency. Finally, the

total laser energy required for expo.lure 15 found by ua1ng

the surface reflectivity. the beam ratio, and the m1~1mum

exposure energy from the film specification. Thel. equations

could also be used to predict the geometries and surface

which can be hologramed for a &iven laser and film,

The beam ratio required in a given situation depends on

the desired results. Recommended refe:ence to 8cene ratios

for imaging are about 4, but the best fringe visibility is

obtained at ratios from 1 to 1.5 depending on surface reflec­

tivity. Surfaces with high reflectivity require closer to

1:1 ratios of reference to scene intensity.

2. Moire

a. Holographic Contouring for Moire Grids

The methods of holographic contouring require the lame

holographic steps as the deformation holographic interferom-

etry. but the hologram process is changed 00 that topology

contours ate obtained instead of deformation contours. These

can be used in a moire form to obtain le08 Ben.1tivo deforma-

tion contou~6. There are th~ee well-developed holographic

contouring methods: dual wavelength, dual index. and dual source.

- 14 -
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The method of dUAL wA.vtlhnf\th cnn hI.' CJxplained in simple

torms by tho ubservtltiol\ thlll U: A llOUr(~e :La operating at two

diffo.re.nt temporal treqH~nQ.l~" thal10 trQquencles will beAt

together and cause th@ Ollt\'ut to VAry with time with sevornl

frequency component t~J~~, on@ ot which 19 the differenco

frequency. With optla~l ftOUrD~~ thia difforence frequency is

tho only obaorvcd fl'(c\QurnQY oinco other torms oscillate too

fAst to be detected. The APPt\ArftnCft 10 t.hat of a light bcnm

with variations in timt\, Olv~n A holoRraphic arrangement, the

light path for the 'H'iHW h~rtm VAdeR with object depth while

the reference beam hft~ fi~@d l@n~th. ~lon the scene and

rofnrence beams are brou~hl tOI\t!char A~ the hologram plate,

they vary in phase due to t:h~ ';':'!'f.oronc(}(l in the pa th lengths

CAused by the varyinR ~(l~lI\'S d#pth, Wh<m the time variations

are in phase, ~ holoR~\m tmaMO i~ producod but out-of-phnna

l!Iignals produce no hol(j\t\~~m, . 'l'hu8, th~ leone hologram oxiots

only at those distang~ft wh~r@ th@ tlmo ulgnBls are in phase

and the sceno is mod\lht~t\ by contour fringes. This explana­

tion is a simplified on~ ~nd An Alt~rnfttlvo analysis is derived

in Appendix E whero th~ ~q"MLl"n for ~ontour fringe levols is

found to be

whore 6 is tho sepnr~tLon dt~lRnCQ of th~ contour fringes and

A1,2 are tho two wllvC)bnuth~. Adt\1.t i(>nnl details on recon­

struction of dual-!t'tlClIl81WV hu1.oAt'~mB ftrA given in Appen.dix E.

II 1~ •
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Onn dU'ticutey with thh tnt'thod 111 thQ limited number of

&ouraCUI with dut\l-wavahmgth.s nnd hologrAphi.c coMt'onco. Punl­

wAvdlo.ngth. O\H,\rat1on of putDe<.t ruby LAure 18 ponaiblo by the

lJ~laQtj,on ot double hur mouott utlillR lin etalon in the optical

lA§@f CAv1ty. Exp~r1montdl re8ult~ of auch an cxporimont Aro

g1v~n ~.n Sout-ion lV. OthQt foauibh altarl.l&\tlves arc tho argon­

10n 1naor which oporAto. At many Itron~ wAvelengths, Its two

Itron;oot wAvolangtho Ir. 515 nm Gnd 468 om. The contour fringe

'pAolnG tor thh lAler wouLd bo 4, 7 ~Hl\ ("0.2 thousandthu of an

1no1\) • UowQv('r. wAvohnj-\th tuning of thQ 8cnsitivtty 11 not

pouMlblo. Tho l~-C~ lABor also op@tltco at several fixod wava­

lanR (;1\,. ,

thd UGUIl difficulti~~ for holoRrApl~ olso ara proscnt

and th@ promhiug 8cmnitivlty of tho araon-ion laaor nluot bo
•

co,uil1tl\:'~d 1n light of: itl contimlouo WAVO operation. l'u18od-

modft op~rAt1on i. poft.1blo {or th'Ao lAftOra, but oporAtion

with lons QohoroncQ bngthg in thou modon is not common prac­

tie@, Alua, tho aingla oxpolure roqu1rou presents An Advantago

of QontourtnK by this m~~nou.

J.i: ltHHu' llIoduhtor8 cxistuJ (10 tlutt tho time v«riAtiona

W6r~ o~t~rnllly inducod. it would ba ldont, Not only would

tUlndUv1tl"n be vAr.1nbb, but tho Qhlt(H,l of the pulfHHI could

ho varl~(t fram 11nu801d~1 to obtain nArrow contour 11non on 4

brLMllL obJact or othor tnt~rQGting vArlAtions. Modulutoru

do nat ~Ki~1 ftC this tim~ for thip typ~ of oporation but may

in the futuru t)ecnuoo of the domand for fulfilling tha u~e of

th~ In!orm~tlon-cArrylnR cnpnbl1ity of the ldscr beAm,
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DU41- indoK c;.ontom::1ng by holography requires the imlllor­

sion of thft object Co bo contoured into two fluids of varyinB

index for two oxposurou. The explanation for this technique

is similar to that of dual wavelength contouring except thAt

the key advAntlge of holography ia used; that is, tho Burface

topology At on. time 11 atQred for interferometric compdr:loon

at anothor tl~o. By changing the index of the fluid surrounding

the objoet. tho effective wavelength is changed to

where ).1 18 th('l new wnvelen[.!:h and n1 is the index of rofrAc­

tion. WhCH\ Wt:> comp8ra tho two images by reconstruction of the

doublo ..oxpo~ur~ hologrAm, we have simulated the process of

dual-wavli11euGch contouring with the fringe separation roprooont­

lng contourft or depth,

•

I,

-

which cnn be. obtained by 9ubotituting Alnl for A1 and A/n2 for

>'2 in tho dUA1-wavelongth contour depth relationship.

Although thu immer.don method is not very useful outsidu

the 1aborntt3fy, it docs point out that double exposuro techniquQs

are 8ubje~t tu brrors if index variations are present botwoen

expoaur ..,o.

- 17 •
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The third hologrAphic contouring mot.hod is the dual­

.ourae technique which 18 aahiClved by " double exposure

where tho illuminatiun .ouroe 18 moved between exposures.

This method i. an application which i' eqUivalent to illu­

minating tho Icene with two diffo~ont ,ourcee at the same

time, but tho time .toras. advantage ot holography 1s used

10 that a .ingle aource can bo u.ed a. both sources. For

moat field Application. it i. technicaLly simpler to provide

dual 80urce. and make A lingle exposure 10 the techniques of

coherent grtd projection .lpply to dual Bouree holographic

contouring. By Thompmon'o Rulo--holography should not be

uaed when conventionAL techniques work--thia method is

redundant and adds unnOCOG.Ary complexity unless single

lources aro roquired for othar rossono.

These mothods ot holographic contouring pro~id8 topology

maps that CAn be used to mako doformation contours by their

luperpos1t1on, one map being mad. beloro the deformation and

the other mAp being mAda aftor tho deformation. The belt con­

tour referonco (point which 1. ~qu1d1otftnce from the contours)

iD to the 8ido of thQ obaorvnr when de~ormat1on moire is to be

used. This will mako modificAtions to the usual analyses

given for dUAL-index contouri.ng but nOlle for dual frequency or

dual source oince they cnn be applied wLth the reference point

in various pODltiona. Dual ind~x il udod only with the reior­

ence nearly in line with the ob••rver, but the high sensitivity

of dual-ind~x method gival tho type of topology maps required

• 18 •
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for moiro when anglos botwoen tho surface normal and th~

ob.orvor are changed by only 8 few degrees from norr~l.

b. Projected --Grid Moiro

~o~tour1ng of 8urfacoo for use 1n moire deformAtion con­

touring can also be uch!ovod by the projection of grid linol

on tho leone. The projoction can be mAde by placinr, A acreon

noar tho object 80 that itl Ihadow provides a surfAct p.rid

whila tho screen acto AI A roforence grid. Also," dmplo

projoctor may be usod to projoct a grid on the sconD. F1nally,

tho projector equivalont of the dual-oource hologrAphic contour­

1nR mothod can be uBod. For this caUQ two coherent lources

1nterfOr6 and form n p;rid structure on tho SUrfllCQ.

Tho ohadow-grLd method offers tho advantage or being

.tropla to implement for .m~ll objects. All that i. roquired

h tl Heht Bource, a grid mt\do up of black strings hold on a

trame, and a camera to rtcord tho moira between tho arid and

LtD shadow. Since no cohorent light 11 used, laler .p~ckle

and coherent noiso arc not prescnt. R0801ution of"thi, method

iGapproximately the npncing of the grid. The main limitation

ia tho construction of u gr.id, which covers the entire ocene

Aro~ and 1s sufficiently rigid to hold its shape accurately,

and the closeness of tho grid to tho object. Aho, hlghar-ordor

frequencies sometinleJll bont. together and cause alilUJinB on the

orono. Aliasing appcnrd ao additionnl mojrc fringe.. Motion

• 19 -
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of tho grid during exposure does not affect the contours and

hu tho bemeflt of reduC'ing the aliasing. The most serious

disAdvAntage i1 the contour reference location diroctly above

tho pLnno of the grid. In order to record two topology con·

tour. which produce deformation contours, the reference should

bo to tho side of the observer. This could be corrected by

tiltins the grid but then the limited depth of sharp shadows

CAUDOI Qocreased fringe visibility. It may be possible to

build • grid structure which is composed of many tilted grid

,oamont. which would work. This would be callod a Fresnel

grid .inca it would work on the similar principle of the Fresnel

leno whore segmented parts are used to obtain a large phase

shift ovor an area while using only thin sheets.

~\a interesting alternative of this method 1s to use a

lArgo plAstic grid instead of an opaque element grid. The

inton.1ty of light in the contour fringe is much highor since

only tho surfaco of the scene absorbs intencity.

Tho I:'~e of an ordinary projector which focuses a Ronch!

ruling upon the Bcene is a viable one if the scene is of limited

dnl)ch. The consideration of depth of focus of tho p-rojcctor

4100 rQqui-reB that the grid projector be directly above the

Deana. Special optics could be obtained which gave Q tilted

proJ~ction focal plane but the reference point is still fiKed

And d008 not have ve-rsatility for other applications. For

vlcwtnR, grid cameras which perform tilted plane imagery arc

fenft1blc because of the reduction in size obtained in photography.

- 20 -
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They are callod holo8ymmotrical optical 8yst~m8 and are not

necessarily cxp~n.lvo or complicated and may be adjuatod on

the field. The projector system offers the advantago thAt

no screen 1s locAted ncar the scene and no cohorent n01so or

speckle is pro.ont in tho image.

If a topology contour is required, a Ronch! rulinG is

used 8S a roforonce grid. However, it 1s not necessary for

deformat~on contouring uince the photograph of the projected

grid on the object i. to be compared with anothor geid

projected on tho doformDd surface. The moiro comparilon is

made a8 discus.cd in Appendix C and Appendix D.

Similar r ••ultl may be obtained by the coherent grid

projector except that no focal depth in the projoctor need

be considered. Tho coheront grid projector works by tho wave·

front division of amplitude performed by a boalllsplittor or by

wavefront separation by mirrors. By separatinR tha beam and

recombining at on anglo, the two beams interfore And produce

an interference pattern. There are planes of light proj~cted

out from the devic. which appear as a grid whonever thoy

strike the 8cone. Since tha angles of the recombining bearne

can be controlled, tho coherence length requiroments are low.

The planos of light are separated by a diotance

d • 2 sin e/2
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where e is the angle betwo@n the two combining beams of light

and). is the w8vulongth. fHncCl the rotation of optical com"

ponents is a minor tllsk, thea variability of the angle and

lensitivity is ft prime adv«ntftsa of this method. The achieve"

ment of a given rGGolution 1~ obtained by placing a Ranch!

ruling and the projected frinBQ8 to give an accurate Bceno

pitch. The coherent proj~otion method contours best whon thQ

contour referenco plane 1. to the side of the observer. Thla

enhances the us. of the tochn1.qu8 for deformation contour

measurement.' One di.advAntA80 i8 that shadows and vignetting

occur if large depressiono or peaks occur in the scene. Tho

contour interval il

6 • (d/cos t)cos ~

where ~ is the anglo betwoal\ tho surface normal and the

observer, d is the leparation of the planes of light, and

t 1s the angle between th~ normal to that plane and the viaw­

ing direction. Thil cas. holdtJ only for a given point uinco

for some optical ttrranf\cmcnt tho angles a, ~, and 4' vary

with position on tho Beeno, Note that the arrangement hall

its highest sensitivity wlltm tho angle ~ is near zero. ThiG

is the case when'the light phnoB come in from the side at

90°. Also, the senoitivlty 1ft nil if the obaerver io In 11na

with the light plan6o. A dotAiled three-dimensional ana1y.18

of projected grid l1loire 8l'IH4itlvity i9 given in Appendix F.
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The maximum subject siZQ is limited by the ability of the

camera to resolve the grid on the scene because the object

either presents too large an area or because the scene has

large depth variaUon. In either case the limitations is the

depth-of-focus 01 the camera. The discussion given earlier

for the holographic application holds here except that the

film resolution requirementB are lessened. The depth of

focus is given by

AD •

-.

where X is the apparent grid spacing, A is the lens diameter,

and D is the distance from the camera to the object. For

resolution by the eye, X should not exceed the magnification

times 0.003; however, cameras do not have the same limitation

and X should be less than the maximum spatial frequency where

film response is obtained times the magnification. Since

X « A in most cases,

AD • 2XD
A

Laser speckle is characterized by a size, S, equal to

the Airy disk diameter

- 23 -
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If W8 roquire the speckle to be smaller than the grid ~pftQing

by a factor of N, we obtain

•x - N·S

The focal depth can be found in terms of tho .pocklQ Oill

using a/A • D/A.

AD IX

A roasonable value of N is 5, so tor 4 grid ap~Qinl of

0.1 mm and wavelenRth 0.5 nm we can have a dopth-or·t1@ld

AD " 0.1 meter

Notico that this result turned out to be indopondent or th.

camera 1eno diameter and the camera distanco. The d~r@ndonce

of tho depth-of-field on the square of th~ grid Ip4e1tl~ t.ndlcates

that £actors of two changes in sensitivity yhld faotu)~ or four

chan~~8 in depth-af-field. Also, the ratio of grid Hr~elng to

8pecklo size used here is only a reasonable p,U08. n" to the differ­

ence in speckle and resolution. The effoct of OXCOfttHtll{ the

basic limitations in depth-of-focus will b~ 4n 1ncren~~ 1n

- 24 -
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laser speckle which will only reduce the fringe visibility,

not destroy the dat~ completely.

The implementation of this technique is relatively simple

since most types of standard interferometers may be used to

make a projection of two beams at different angles. The

double-exposure moire or the filter-comparison moire, discussed

in Appendix D, can be used to produce the deformation moire.

A constraint on the method is that the planes of light must

remain stationary in Borne directions during the exposure. A

motion of one-half the spacing during exposure can eliminate

them completely if the motion is norm~l to the planes. How­

ever, one method of speckle removal is the motion of the source;

and if motion were achieved in the dl~cction of the light pl~nes,

no effect could be observed by the camera except speckle would

be removed.

Both live fringe, dounle exposure and separate exposures

could be used with this technique. Vibration detecti"n is

possible with this technique since time averaging over several

cycles yields nodal patterns.

Since the method uses coherent sources, the stop-motioTi

application of pulsed lasers is possible and fast moving

deformations can be detected and measu~ed. This is one of its

advantages over ordinary projectors since no short time pulsed

projectors exist in the few nar.,'qecfmd range. Another advan­

tage is the si~e wave nature of interference of two sources.

Other moire analyses ignore the square-wave grid structure

- 25 -
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and al.ume that extra terms from the square wave are insigni­

ficant. A mota accurate development would show the existence

of alia8ing and othor errors. The coherent projected grid is

sine WAve inherently and none of these additional error terms

are prl.ent.

Wo will now attempt to make a general comparison of the

technique. of doformation contour generation before comparing

the method for tho .pacific application of deformation of run­

way pavements. Many statements have already been made on the

detail' of application of the various technique. and an attempt

18 mado to summarize them here by using tables and graphic

d1epLAy••

This graphic form is simplifying, and dependences on

othor parameter. are hidden. Therefore, the values and judge­

ment. are not abGolute but are chosen to be self-consistent.

For inltance, 1f In improvement in one parameter is required,

it may be possible with a sacrifice in other parameters. The

value. given here Are those obtainable without large sacrifices

in tho general parAmeters of the method.

Tables 1 through 7 give key parameters for each of the

method. of making whole field measurements and deformation

co~tour8 of surfacos. The bar chart in Fieure 3 gives a

prosentation of 6 key parameter, the range of sensitivities

po.sible, for 84ch of the techniques. The most desirable

method would be onG which has the sensitivity required but is

not over sensitivo 80 as to make positioning for comparison

- 26 -
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difficult. 'nle dual-frequenc)" holographic conto\'ring, shadow­

grid moire, and projected-grid moire have the largest range&

with their minimum sensitivities in the 10 to 100 millimeter

region. Also, the shadow-grid moire and the projected-grid

moire can be used at varying sensitivities bO that the send··

tivity is not made small~r than necessary.

- 27 -

lrt'1nsr

zc:rrm'tt''t'hHtttntCMM''b t Mtr!SirtH:lh,'wt:I'1SdrnWmttt ttm1r9fEi



Table 1

KEY PARAMETERS--DOUBI.E-EXPOSURE HOLOGRAPHIC INTERFEROMETRY

i

.I

.-

Item-
Wavelength (~)

Minimum Resolution

RtJnge

Repeatability

Direction of Deformation

Nohe (speckle)

Noise (coherent)

Scene Distortion

Fringe Visibility

Field Handling

Laboratory Data Handlii.lg

D.:\ta

pulsod-694 nm; continuous-633 nm;
515 nm; 488 nrn

>./8
interpolation to 1/4 fringe

>. to 25>-
minimum based on sufficient fringe

to interpolate
maximum based on 50 fringes in scene

>./2
duo to body motion error (could be

reduced if reference 1s in Bcene)

all
l~a£t sensitive in direction out of

plane of reference beam and i11u­
. mination beam

low
useR large aperture in recording

eamera

pulsed-fair; continuous-good

low
< ±.Ol% in literature with special

handling
< tl% with routine handling

ncar 1
coherence length ~ust te long compared

to object size

pulsed"good; continuous-poor

good
excellent if reference marks in view,

automatic computer analysis pouslble

- 28 •
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I
t

T3bl~ 1 (C~nt'd) ,

-

, Technology

Source

Location

Time for Field 5@t\\(\

Ae,f 'renee Mark"

Calibration

MsJ '1 tenance

Satety

Environmental ~]W'J..

pu1.t1ad 18,ser-l joule. 30 nacc "Q"
fiwitch 10 joule. 1 mesc normal

pu18~d-on prime mover or fixed to
fiold (portable)

continuous-fixed to field (portAbh)

ohart
mOlt time spent in laboratory

diffuse reflectors on field

vftridble wedge ?laced in fiold

~ulDod laser can damage optical
components

only problem with. h:l.gh-encH:-RY puh~\t
lA8(ilt' sources \o:'1ich roUA t bo 6hit'ltl~1l

op~r«tors can wear gogg\ea for oy~

pl·otoction

condonsation and dust on optics will
rQquire some cleaning or shiolding

vibration may be problom with Any
continuous laser hologrdphy arrAn~@­
mont

all' current and turbulencQ ~ffcctn e~n

ho minimized if arrangcm~nt no~rly
normal to surface
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TAbl.o 2

KEY PARAMETERS--LIVE..FRINOlt HOLOGRAPHIC INTERFEROMETRY I'

Item

WAvelength (X)

Sonaitivity

RAnge

Rcapoatabi11ty

Direction of Deformation

Noise (speckle)

Noise (cohorcQt)

Scone Distortion

Fringe Visibility

Jl'ield Handling

Laboratory ~ata HandlinB

Bource

l.'clltion

Data-
continuous-633 nm; 515 nmj 488 nm

~/8 by interpolation to 1/4 fringe

~ to lSX whore minimum is based on
interpolation requirements and
mAximum is based on 30 fringes-­
motion of fringes- also limits
fo.olution more difficult

body motions error plus live fringe
motion

All loast sensitive to motion out of
plACO of reference and scene beams

high 8pcckle noise because small
aportures are required to image
fringesj speckle increases with
roductions in aperture size

low

,ovrtal l at edges is possible
rwducod by wet tank for holding plate

poor
low Qf:ficiency since laser is used

tor both reconstruction and illu­
mination

POOl'
pul~~d oyatems for live fringe holog­

r"phy have not been developed for
outnide laboratory usc

complicated by large volume of data

continuous wave lasers only

mUMC be vibration isolated, fixed
loc&tion only

• 30 .."
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lli!!!
Time for Field Setup

Roplacement Reference

CALibration

Environmental Factors

Table 2 (Cont'd)

~

photographic devolopment is required
on field

marker on object can be observed and
11~umination changed to eliminate
extroveOUB fringes

motion can bt' observed because of
live fringe Aspect

very sensitive to any air currents,
temperature changes, vibrations,
shocks, etc.

- 31 .'

I •

;I
\ I
i I,

1,



KEY PARAMETERS--CONStANT AMPLITUDE VIBRATION
HOLOGRAPHIC INTERFEROMETRY

lli!!l
Wavelength ().)

Sensitivity

Range

Repoatability

Direction of Doformation

Nobe (speckh)

Noise (cohnent)

Scene Distortion

Fringe "isibility

Field Handling

Laboratory Dato Handling

Technology

So\s;:ce

Location

Time for Fiulu Setup

Replacement Ruf~rence

Calibration

J.:nv!ronrnen ttll I·'ne torR

Uata

continuous wave lasers

limited to "A/2 since int:erpolfttlnft
1s more difficult

only). to 5). because intensity
drops off rapidly and furthor
fringes are difficult to dot_at

excellent

normal to vibrating surfaco

not a problem

lh.'t a problem

mOlting object 1s not imaged hut
fringes are imaged

scane is not necessarily obsor'Hul

good to. pror and varies with ora~r

mUllt control vibration amplitut1~ to
applicable range so drivor In\j!jt be
adjusted to get right valuo

more difficult because of Bo"ft~l
function dependence

continuous

fixed to stnRle location

low

none used--a single expo8uro

must use vibrating surface for 0~libration

usual for continuous Wllve h010ltl'lil'hy
oxcept S0me vibration pl'obl"'llI~ I~r"
relaxed

- 32 -
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Table 4

KEY PARM1ETERS--DUAL-FREQUENCY HOLOGRAPHIC CONTOURING

.-,

Item

Wavelength

Sensitivity

Ranp,e

Repeatability

Direction of Doformation

Noisp.

Scene Distortion

Fringe Visibility

Field Handling

Laboratory Data BandUna

Technology

Source

Location

Raferencc

Calib::ation

Safety

Environmental Factors

~

dual wavelength with 0.1 nm a~~cing

near 694 nm for pulsed ruby laser
and etalon control of modoal also
488 nm and 515 nm with arBon-ion

pulded--l mm to 1 em

same as other holography but use
limited by depth of focus of
camera

within one contour spacing 1\oll81ble
but depends on r~placemont for moire

normal to surface if moiro unad

similar to holographic interforometry

holographic

pulsed source otalon control I may
give some loss in visibility

good if pulsed source
poor if continuous source

moire used
resolution determined by moire factors

ruby pu18e~ laser gives aon.itivities
which are varia.ble but COItUO

pulsed could be on prime movur

markers on field

place wedge on fIeld betwcon exposures

typical pulsed laser problcn~

must consider index variation, en data

- 33 -
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table 5

KEY PARAMETERS--SHADOW GRID MOIRE CONTOURING

F

-

lli!
Wavelength (lIp)

Sensitivity

Ranae

Area

Repeatability

Direction of Deformation

Noise (speckle)

Noise (coherent)

Scene Distortion

Fringe Visibility

Field Handling

Laboratory Data Handling

Technology

Source

Reference

Calibration

Environmental Factors

~

P is pitch of grid

IIp with interpolation to less possible

limit.ed by diffraction effects on
shadow

lLmited by grid size construction

good
motion of grid during exposure reduces

n01se and has no effect on contours
ctherw1tle

normal to grid plane only

none

none

limited by camera only

fair but to achieve high visibility
the grid ohould have same reflectivity
as sceno

simple
motion of large grids may cause some

distortion if frames are insuffi­
ciently strong

normal
typical moiro

noncohercnt or coherent

can leave frame in place

addition of wedge to field ot view

thermal oxp~n9ion of frames
humidity effact on grid material

- 34 -
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Table 6

KEY PARAMETERS--INCOHERENT PROJECTED GRID

Item--
Sensitivity (lIp)

Range

Area

Direction of Deformation

Noise (speckle)

Noise (coherent)

Fringe Visibility

Field Handling

Laboratory Data Handling

Technology

Source

Reference

Calibration

Environmental Factors

~

pitches of 1000 Hnes/mm to 1 line/mm
Ronchi rUlings are available

limited by dopth of focus of projector

is limited by projector lenses

normal to reference surface only

none

none

varies with scone reflectivity

simplo to apply; double exposure would
reqUire 8tnble platfonn in field

requires realignment of photographs by
optics system

incoherent

markers on field

wedge added to Bcene

little complexity in system so effects
should be minimal

- 35 -
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Table 7

COHERENT PROJECTED GRID

-

Item

Sensitivity

Range and Area

Repeatability

Direction of Deformation

Noise (speckle)

Noise (coherent)

Visi1:ility

Field Handling

Laboratory Data Handling

Technology

Source

Time for Field Setup

Reference

Calibration

Safety

Environmental Factors

Data

about IIp where the pitch is achieved
by projection of two coherent beams
at an angle to each other; can
obtain ~ A of source to centimeters
for pitches

no depth of focus problems with
coherent grid projection because
light planes are projected to sur­
face

must replace to within IIp in same
direction but motion allowed in
other directions

normal to surface only

yes. but can be made small by proper
photography of grid

yes, but can be reduced by spatial
filtering

any moire technique has some
visibility problems

coherent grid projection has some
added noise

much better than holography because
of simplicity of method

typical moire

pulsed or continuous lasers

must make check of light plane pitch
projection

marker on field

wedge added to scene

typical pulsed laser safety limitations

effects of air currents are reduced as
sensitivity is reduced

- 36 •
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SECTION IV

DEFORMATION CONTOUR GENERATION: EXPERIMENTAL RESULTS

1. General Experimental Consideration

There are several lnboratory methods which demonstrate

the technical problems involved with deformation contouring

of runways. Here we describe experiments which use pulsed­

laser and continuous-laser sources both for holographic and

moire contouring methods. By doing this we hope to produce

examples whose techniques include most of the complexities of

the methods which are not demonstrated. The coherent-grid

projection moire method demonstrates the moire methods, con­

tinuous laser use, and shows the results obtainable with dual­

source holography. Dual-wavelength holographic contourin~

includes pulsed holography and ruby laser use. It also givos

results similar to that of dual-index holographic contouring.

Examples of the use of holographic interferometry methods are

not given here because of the numerous examples previously pub­

lished by the author of this report.

2. Projected-Grid Moire Experiment

The purpose of this experiment was to produce deformation

contours of a runway model and to demonstrate the principlos

of moire testing. Also, a constraint was accepted in the work

in that readily available equipment used in othp.r projects was

to be used and cost kept to a minimum. Therefore, this experi­

ment does not represent the optimum one but is intended only as

.. 38 -
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a demon&tration of deformation contouring. Since the eventual

field versions of chi.s techni~ue would require a three­

dimensional arrangement where source, object, and receiver are

not a single laboratory table, the arrangement given in

Figure 4 was used. The table holding the equipment was vibra­

tion isolated, but the runway modol W88 placed on the floor

and was not vibration isolated. This should magnify any low­

frequency vibration sensitivity of the moire method since

motion between the table and the floor is not fixed but allowed

to unde't'go low frequency oscillations. The laser used was a

50-mW HeNe laser, with 633-nm wavelength, and approximately a

Gaussian power profile output. The coherence length of the laser

was not measured directly,but a minimum value was determined

by making a hologram and obtaining 8 bright reconstruction

over a coherence length of at least 5 em, which represents a

bright scene over a lO-cm difforence in reference and scene

beams. This degree of coherence was not necessary for the

coherent-grid projector but a minimum 'alue had to be established.

The laser output was steered by mirrors into the coherent

grid projector which is detailed in Figure 5. The projector

used consisted of a spatial iilter, a b~amsplitter, two mirrors,

and an expanding lens. The spatial filtor consists of a micro­

scope objective and a pinholo which wo adjusted to remove any

~ight from the output which in not parnllel to the input beam.

By this method any coherent noise prior to the spatial filter

- 39 -
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Mirror

Beamsputter

Mirror
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Figure 5. Detail of Coherent Grid Pr ojector ,
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is removed and only coherent noise in the later stages can

contribute. The low quality of this particular spatial filter

prohibited the achievement of a noiseless input to the beam­

splitter. The lens at the spatial filter output is used to

collimate the beam back into a parallel beam. This lens also

contributed to coherent noise because of multiple internal

reflections. Additional coherent noise was introduced by

multiple reflections in the beamsplitter. All these coherent

noise additions can be removed by properly coating the optics

for the wavelength used in the experiment.

The beamsplitter is a glass flat which is coated Lo reflect

fifty percent and transmit fifty percent of the incident light.

This transmission takes place twice since the mirrors return

the beam through the beamsplitter. Note that one-half of the

incident light is lost and exits in the opposite direction of

the input beam. With proper adjustment this lost light could

be used to provide a second exposure area and double the field.

For this case only the normally exiting beams were use~ and the

projection of the two beams was made into the runway model by

an expanding lens and a mirror. The mirrors are mounted so

that screws can change the mirror angles with respect to the

beamsplitter and with respect to each other. By varying these

screws, the pitch and the orientation of the grid produced by

their interference are changed. The desired pitch can be.

determined by a Ronchi grid held on the scene or by ~imple

counting of the number of grid lines per centimeter.

- 42 -
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Although the ana1y818 oquation~ from AIJpendix F were not

used to determine an optimum camct'ft \,(,,,tl:ion. it was observed

that nil sensitivity wad obtnined it rhe grid was viewed from

the locations near the grid pr.Ojoctl\t whr.re the cosine term

(s.v) is zero. The "arnera UllS locllttld 4lt a convenient loc&tion

on the table and light l)lAnO& adj\l~l@d to obtain good sensitivity

to the defomations. ThQ camera uA@d WAe a simple view-finder

camera with a ground gla~8 screen for 0&&0 in observing the

Ilcene.

The runway model ccmubted ot " tub of water covered with

a viri.yl sheet. This modal gsve lO(1ftlf~()d deformations near

10o1ds whereas a simple membrana would hllvo had deflections ex­

tending to the supporting edgo and would not have ~imulated

the localized deformation bllsin. 1,()~Hlo made of tantalum disks

~ere placed in an aDsortm~r.t of loftd1nS p~tternl\ simulating air­

craft wheel location. Th~ ffiombrlln@ ov",r ilt.'i r! model was not.

intended to truly repre60nt runwayM ~lncG no material parameters

were con~id~red. In fact, the almo"t undamped surface vibra­

tions exhibited after load changoll w"uld not be considered to

represent the runway phydcnl situatloH,

The £'Kperimental procedure wIn to AdjuSt' the coherent grid

projector and observe thQ grid on tht! "round glass of the camera

and on ~he model surfaco. The pitch u,,~d durir;g these experi­

ments was O.S/mm so the gdd separAtion to 2 nun on the surface.

By 1.nterpolation to onc..t~nth of 11 fdOft0 the minimum resolution

that could be hoped for 18 0,2 mm (litiS inch). This is not the

best that can be achieved but matcht'il tho deformations produced
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by the disk loads. When this pitch was obta1ned and the grid

oriented for maximum sensitivity, the photographic film was

expoaed. After development it was replaced in the image posi­

tion and the ground glass was removed. MOire fringes represent­

ing deformation contours could be observed by viewing the

deformed grid through the filter produced by the first exposure.

Thi8 process is explained in Appendix D and is the single-exposure

case,

After the suitability of the arrangement was verified,

double-exposure moire patterns were ohtained by making a refer­

ence exposure, loading the model with a suitable arrangement of

disks and making a second exposur~ on the film. Note that the

surface vibration caused by loading the circular membrane over

fluid continued during the second exposure and was of a low

amplitude so that no a~verse effects were made on tho results.

The continued vibration was detected by observing the speckle

pattern variations which are far more sensitive than this par­

ticular arrangement for moire.

, The double-exposure results are shown in Figures 6a through

I 6d where the double-exposure photographs are reproduced. The

I negatives produced had much higher visibility than the photo-
~
t. graphs produced from them, so the moire patterns arc presented
~
t in a line drawing form to the right of the photographs to help

the untrained eye in observation. The line drawing gives the

lows of each dark and each light fringe.
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By recording the cartesian coordinates of the camera and the

apparent location of the source behind the mirror, we can find

the angles needed to analyze the moire contours. The coordinate

ayatem had its center in the center of the model surface.· The

results of analyzing the load patterns are given in Figures 7a

through 7d where plots of deformation versus x positions are

given for various positive y values.

The analysis of the fringes was made using a field fixed

coordinate sY8t~m'instead of a load-based coordinate system in

order to make a single calculation of analysis angles for all

t:he loading patterns. This is evidenced in Figures 6b and 7b in

the a8~etry of the two deflection minima along a given y coor­

dinate. For this case the disks were not placed properly on

the model surface and the center line of the loading pattern

11 not parallel to the y axis. Analysis with res'pect to a

coordinate system defined by the center line of the two weights

i. not difficult if they are in view. The analysis for this

case was performed by using the positions of the full- and half­

order points with interpolation used only for finding minima or

maxima values of deformation. Note the crosshatched region

obscured by the weight and its shadow where no data can be

taken. An alternative approach to analysis is the interpolation

of orders for fixed positions.

The double-disk loading experiment was repeated with a

limilar geometry but with a stack of four disks at each load

point.
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The results of this experiment are given in Figures 8a and

8b. A comparison .hould be made with Figures 6b and Figure 7b

where the deformation contouro for the lower weights axe g::'ven.

3. Dual-Wavelength Uologr,aphic Contouring Expertlnellt

An arrangement for producing dual-frequency holographic

t:ontours of the modol rlf.lway 11 given in Figure 9. It is

similar to the previous arrangement except for the complexity

added by the reference beam. Aleo, the pulsed laser compo­

nents are included because they are manipulated to achieve

dual frequency laser operation. Two common lab tables were

used in an "L" shape and no vibration isolation was present,

The pulsed ruby laser was ltQtI switched by the Pockel's cell

polarization rotato~ and stack polarizer. The ruby rod was

not of holographic quality, but a series of tests were per­

formed to locate a small portion of the ~ 1.25-cm diameter

rod that would act with holographic quality and have acceptable

phase uniformity in the output. This region was selected by

. a small aperture, about 2 mm in diameter, placed in the laser

optical cavity. Tho helical coil flash lamp does help by ensur­

ing a uniform rod pumping.

The optical cavity is fClI.mad by the 100 percent near reflector

and the sapphire etalon at the output. The sapphire etalon is an

optical flat made of sapphire and looks like ordinary glass to

the eye. However, it 1s a crystal (ruby is sapphire with addi­

tional impurities to give a pink color and energy levels suitable
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Figure 8a Double-Disk Moire Deformation Contours with Increased Load
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for lasing). The polarization axis must be adjusted properly

to align with those of the ruby rod. and the glass 1s aligned

w1th its faces parallel to those of the rod. The reflectivity

of the sapphire is high because of its high index compared to

ordinary types of optical glass and each of its two surfaces

returns about eight percent of the light into the laser cavity.

These two surfaces form an etalon whose spacing determines the

output wavelengths of the laser. By correctly manipulati~g the

etalon spacing and changing the flashlamp pumping energy. the

laser may be made to operate with single or multiple wavelength

outputs. A double etalon made of two sapphire etalons is

commojly used to extend the coherence length of the laser by

narrowing the width of the output wavelength. For this experi·

ment single and double etalons were used and the spacing varied

to obtain dual-wavelength contours. Als~. a thermoelectric

cooler was attached to a single etalon mount and a dual-frequency

mode was selected by varying the etalon temparature.

A beam-turning prism is necessary for other high-energy

applications of the laser but was used for convenience only

for this application since only a small portion of the laser

rod is use~and the resulting output energy is reduced to a

small fraction of the possible output.

The wavelength selection gives an output which will contour

the scene with spacing

• 58 -



6 •

from a reference position at the scene illumination source.

The theory of ctalons gives us an etalon optical spacing, s,

requirement

ns -

,-

,'"

where n is thp. index of the etalon material. Therefore, the

contour interval is related to the etalon spacing by

IS - ns

The index of refraction of sapphire is 1.76, so with a sapphire

etalon

6 • 1. 76s

where s is the thickness of the etalon. Since no sapphire

etalons were available at less than about 2 mm, this experiment

was limited in resolution to contour spacings of about 4 mm

(apart from some geometrical factors).

A Herschel wedge was used as a beamsplitter. This wed6e

has a 10° angle and one high-quality optical snrfece. The
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reflection from this surface is used as a reference beam source.

and the reflection from the other surface is discarded. The

r«:~erence beam was steered by mirrors and expanded by a lens

with several criteria kept in mind: the ref~rence path

length must equal the scene path length. the angle between

the reference and scene beams should be kept small. and the ratio

of the reference to scene intensity should be kept between one

and four. The first two criteria are met by changing mirror

locations and the last by changing the expanding lens focal

length. Without an evacuated region at the pinhole no spatial

filter can be used in pulsed-laser applications.

The scene beam was manipulated to illuminate the model

and reflect toward the holographic plate. The orientation

of the holographic plate is such that its normal bisects the

angle betwe2n the scene beam and the reference beam.

Figure 10 gives a typical photograph of the reconstr' .cted

contour produced by the pulsed ruby syst~m. No attempts were

made to produce moire deformation contours using this system

because the sensitivity was not in the proper range to be

applied to the deformations included in our model.

4. Evaluation of Experimental Results

The relative success of the projected-grid moire method

as compared to dual wavelength holographic contouring in this

laboratory feasibility study is due to the limitations of

commercially available etalons. An additional limitation is
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F~gure 10. Contour Lines Produced by Ruby Laser
Operating at Two Wavelengths
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width of a single ruby fluorescent line. There are methods

which can be further developed to operate the ruby laser in

both of its ruby lines at once. These lines are centered at

694.3 nm and 693.1 nm giving a contour spacing of about 20p

meters. Therefore, a comparisor. of the relative success or

failure of this experiment should not be of prime considera­

tion in choosing one method over the other or for rejecting

dual-wavelength holography for all applications of contouring.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

1. Choice of Alternative Methods

The experiment for dual-wavelength holographic contouring

failed to establish a laboratory proof of applicability for

deformation measuremen~but the sensitivity limitations are

well-known and methods of improving the sensitivity are not

difficult. The scaling-up in size from model to runway can

be made by the use of higher quality laser rods and laser

amplifiers to provide the necessary energy. Also, the field

application of holography by pulsed lasers has been made by

the author. In sum, we feel that the application of holography

to deformation contouring is possible. However, the moire

method of deformation is technically easier to perform. The

holographic considerations of high film resolution requirements

and corresponding insensitivity are not necessary. The added

complexity of providing a separate, high-quality reference

beam is not required. The need for a long coherence length

source is eliminated. The holographic methods are not as

versatile since most laser sources have fixed wavelengths,

and ~ariation of contour spacings for changing deformation

sensitivities is technically sophisticated. Continuously

operating lasers can only be used with difficulty as sources

for field operations because of the ~/8 vibration limitation.

Therefore, we will assume that, except for special applications,

the projected-grid moire method is to be applied to deformation
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contouring of runways. The method has a minimum resolution

and range of resolution matching runway deformation require­

ments and is not as difficult to implement as holographic

interferometry.

2. Example System Engineering

We will show the feasibility of moire deformation contour­

ing for runways and other field applications by a step-by-step

consideration of critical factors.

The key factors in the field are the resolution. range.

and area over which data can be collected. A prime considera­

tion in the minimum resolution and maximum area is the laser

speckle and camera depth-of-field relationship. The example

used earlier gave O.l-meter depth-of-field for a O.l-mm grid

spacing. Assuming interpolation between moire fringes thus

represents a minimum resolution of about 10-2 mm (- 0.4 x 10-3

inches). The area that can be included by a camera directly

above the surface is limited by the 0.1 meter depth of focus.

Assuming a height above the rtmway equal to the diameter of

the area to be covered. we find the maximum difference in the

distances to the camera

1:.9. - j D2 + (D/2)2 - D

or approximately

b.t !:O 1/8D
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For the assumed geometry the depth of field is related to the

difference in pathlengths by

AD - At sin(tan- l 1/2)

or

AD 1.125M,

Thus. the diameter of the area which can be photographed

is about

.- D 9AD

--.

I
I
I

I
I

l

and for the example only a 0.9 meter diameter can be photo­

graphed with full visibility if laser speckle is not limited

by some other means or the source resolution is sacrificed.

This does not mean that data are not collected over additional

area but that the effects of speckle can be observed if greater

depth of field is used. For example, relaxation of the resolu­

tion requirement by a factor of 2.5 (minimum resolution at

ab-ut 10- 3 inches) yields a value of about 6 meters for diameter

and camera distance, and this distance is for no significant

effects of speckle and for full fringe visibility.
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However, we assume the minimum. resolution and suggest

methods by which the speckle can be removed. The basic cause

of laser speckle is the coherence of the laser beam. This

filter must be kept clear of dust. Air motion may have to

be induced over these elements to minimize coherent noise.

!

I
r.

r
1
i,

~I coherence is necessary for producing the sharp interference

} from the dual source but introduces speckle noise if the coher-

i ence is high over the solid angle formed by the observer and a
!! point of the obj ect. One method of removing this coherence
f
t is to introduce a linear motion in the light source during

exposu~e. Then the speckle averages out and does not deterio­

rate the fringe visibility. This can be achieved by moving

the dual source parallel to the light planes during the exposure,

thus averaging speckle out. Other methods are also feasible

for reducing speckle if necessary to improve the moire fringe

visibility in the region outside the minimal speckle diameter.

Coherent noise reduction can be achieved by proper care

of opt-ica and the use of spatial filters. If possible, the

design of the coherent projector should be such that no com­

ponents are placed in the optical path after the final spatial

filtering. Any components placed after the final spatial

Prope= optical coatings are also required to eliminate undesired

internal reflections in the elements and the resulting coherent

noi~~ and visibility losses when these additional sources are

added to the desired dual sources.
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We can find the effect of index changes along different

paths by using the contour spacing

•

as was derived for use in dual-index holographic contouring.

In order to apply it here the period of the grid, p. replaces

~. We will consider the ~£fects of index variations by cal­

culating the temperature gradient allowable across the scene.

Vertical temperature and index gradients are larger but do

not have significant effects on the results since they do not

shift the fringes. We write

l1n = an t:.T
aT

where

an _ 1 {n(n - l)(n + l)\a
aT 2 \ 2n2 + 1 /

with

B a ~ (~;)
p
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(the isobaric thermal expansitivity). For gases B - 10-3 °K- l

and for air

1-

giving

(n - 1) -

I
I

.1

i··-

and

An - 3 x lO-7AT

-

The path over which one contour appears is then

a ~ «3 x 106»)
. 2 AT

For example, a lOoK change in temperature would allow a 15­

meter laser path before one interference fringe appeared in

the data. We have assumed a relatively calm, night atmosphere.

Further development would be required to determine the wind

and thermal current conditions observed during daytime opera­

tion.
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The problem of relocation of moire images is a further

possible point of difficulty. For cases where locations on

the ground are used and prime movers move through the test

region, there is little difficulty in repositioning. The

obvious solution is double-exposure moire but even better

would be a dual camera which makes multiple exposures.

Between exposures the dual source is shifted so that correc­

tions to the final deformation contour map are minimal.

Repositioning errors are also red~ced by using the multiple­

exposure method by using various optical processing techniques

to shift one grid with respect to another. When location on

the prime mover is required, the relocation of reference and

deformed grids for moire is more difficult. The sensitivity

to motion in the light planes is very smal~ but for minimum

corrections to l:he deformation contours the repositioning

. must be withing a few grid periods. The exact accuracy of

repositioning is dete~ined by the deviation of the surface

from a plane. In fact, for a flat there is no error in

deformations due to repositionirg errors in the plate; indeed,

no first exposure is required and laboratory rulings may be

used as references.

The system is calibrated by placing a wedge in the

scene and making a moire deformation contour, with the wedge

representing the deformation. Markings on the wedge would

give depths and direct comparisons could be made with the

deformation contour lines on the wedge. Several markers.
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placed in the scene, would act as repositioning points. Other

verification and comparisons of the moire deformation contours

and contours from other methods should be made. In fact, a

study of the effects of the holes bored for other types of

deformation detectors should be included by making before-

and after-deformation contour evaluations.

An additional key parameter. is the total energy required

from the coherent light source. This must be considered wit~

respect to film sensitivity, exposure time to stop motion

dynamic motions, background light, total deformation contour

area, and safety. The film sensitivity is related to the film

resolution. For a grid spacing on the field of 0.1 mm over a

region of 2 meters diameter, the film must have a usable respunse

of 200 lines/rom. This is not holographic quality but is higher

than most ordinary films. A possible film is Kodak SO-243

with usable resolution to 500 lines/rom. About 0.3 erg/cm2 ar.e

required to produce a density change of 1. Earlier we gave a

relationship which we can use to solve for the laser energy re­

quired to expose the 50-243 film.

£ • E(r + 1)(a2 + b2)
p

-
I

where E is the required energy per unit area, ais the height

above the field, b is the rl'.dius of the area to be photographed,

p is the reflectivit~ and r is a beam ratio used for holography
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and is set to zero for this application. For a typical case of

2-meter diameter on the ground and a reflectivity of 0.25, we

find

£ - 6 x 10-3 joules

----_...

. .

I
..-.. 1

i

Ignoring reciprocity failure, this can be achieved by any

combination of continuous laser exposure and PO~2, or by pulsed

lasers. The value of exposure time must be chosen to correspond

to a stop moticn of the grid so that only a small fraction of a

grid spacing is allowed to change during the expOfure. The

noise due to background illumination is reduced by making

shorter exposures. Since the energy requirement goes as the

square of the area, a ten-meter radius on the ground would

require a 0.6-joule exposure. These values may be halved for

double exposure cases.

The operation of high-power pulsed lasers on the field

requires a safety evaluation to ensure the protection of the

eyesight of incidental persons. Operators should be required

to wear laser safety goggles. A thorough checking of the

area for specular reflector~ and a screening of the specular

reflection regions may be required to contain any possible

specularly reflected laser beams.

Laboratory data handling would be facilitated by optical

processing prior to providing raw data for the computer. Reposi­

tioning errors can be corrected by optical methods or by having
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comruter corrections to data. Als~, contrast enhancement by

optical or film processing can improve raw contour visibility.

Schemes for changing the contour reference point by optical

methods exist, but this transformation is easily handled by

the computer. For small amounts of data only semi-automatic

data analysis is necessary and an x-y position output device is

the major equipment necessary for reasonable, speedy analysis.

Automated picture digitizers are numerous (the author has

built one such device) and would be required if a large number

of data analyses are to be made.

3. Feasibility Conclusions

a. Feasibility

The usefulness of a scientific instrument is the major

factor in determining its feasibility. The moire deformation

contouring can yield, without any significant advances in the

state-of-art, qualitative information of great utility. For

example, detection of frost heaving locations, abnormal surface

motion, detection of weakest points on the runway, etc., can

be performed without concerning oneself with any advances in

the state-of-art of moire optical techniques. Although these

applications may justify the development of a moire device on

their own accord, we must concern ourselves with the feasibility

of producing a moire device for production of quantitative

deformation contours with minimum grid spacing less than 0.1 mm
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over an area larger than 3 meters in diameter and for opera­

tion under field environments.

There are three areas where further development and design

data are required. First, thE limitation on area of coverage

d'le to laser speckle must be solved and the level of allowable

speckle determined. Several approaches were suggested and require

further efforts to determine the optimum solutie,n to the speckle

limitations. The effect of index variations of the air on the

data was discussed here, but only field tests will determine

the extremes of weather under which the loss of resolution is

significant. Several possible solutions to the repositioning

error correction were given. Again, it remains to be seen

which method best solves the errors of inaccuracies in grid

replacement. Finally, the operation of modern sophisticated

optics, such as lasers and coated optics requires that special

care be given in their selection, application, and maintenance.

We feel that due to the relative simplicity of the optics

as compared to holography, past experiences in the applica­

tion of holography in severe environments and the considera­

tions given here that the quantitative application of moire

deformation are feasible and that o~ly present techniques need

be selected for the optimum system.

b. Compatibility with Transfer Function Techniq~es

The data requireml~nts for transfer function analysis of

runways are such that whole field information is required to

eliminate any errors due to shifting reference to the prime
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mover. By using the whole field data from moire at positions

with respect to the prime mover, the data are automatically

in the prime-mover frame without any transformations. The

examples used in this feasibility study have been aimed at a

minimum resolution and an area corresponding to a typical

width and depth of deformation basins, thus ensuring magnitude

compatibility. Since data spacing can be chosen after the

experiment, greater flexibility is achieved.

Indeed, there ar:~ studies underway which hope to produce

vibratory prime movers. This new device may be even more

compatible because only a single exposure is required to

produce the deformation moire fringe patterns, and the problems

of repositioning the reference grid are replaced by the simpler

problems of longer exposures.

. .
c. Suggestions for Further Development

Since there are several alternative approaches to improv­

ing the key factors in a moire deformation contouring device,

we suggest a modular apprJach to further effort. First, a

basic applicability module should be constructed. This device

will be more limited in scope in that sacrifices are made in

area coverage; however, the smaller sized and relatively inex­

pensive module can giye design data upon which larger units

for specific applications are constructed. Thus, after its

use in determining optimum configurations for transfer f~ction

deformation contouring, it can be changed to provide both appli­

cability tests and design data for other applications. By
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-investigating design alternatives with this module, the costs

of the transfer function system are reduced and additional

applications investigated without the dealys of waiting for

gaps in usage of the transfer function system.

The flow chart in Figue 11 demonstrates the utility of

the modular approach.

The basic applicability module should be a versatile

system which can be adjusted to obtain the design information

for a given case. For instance, a continuous wave laser of

high power can be used in short exposure-small area applica­

tions or long ex?osure-large area ones. Since the unit is

intended tv provide design data, the us~ of different optical

arrangements for dual source projection and photography is

required. This unit would also be used to verify theory by

checking derived analysi~ equations with known induced defor­

mations.

The basic applicability module would consist of a system

including the following items: The dual source, a camera

receiver, an analysis system, optics for data enhancement, and

a photographic processing laboratory. The dual source has

several alternative designs so a building block optical system

would be used to achieve versatility. Necessary equipment

would be spatial filters, beamsplitters, optics, mirrors, and

optical mounting hardware. Of course, a laser would be

required for this system. The most obvious choice is an argon­

ion laser due to the high powers obtainable from reasonably

small sizes.

- 75 -

~'

I
,



) )

Fourier
Optics
Support

Computer
Codes

\
Routine
Basin
Contouring

Erosion I I Turbulence
Detection

L~ i

Airborne
Suitability

Applications
Research

Frost tIThermal
Heave Cycle

.~
Vibration
Analysis

Laboratory
Feasibility
Study

Basic
Applicability
Module

Transfer
Function
Deformations

/\

Automated
Analysis

Analysis
Development

I

-..J
0\i

t
l
r

t•I
r
i

,

,
t

I
f

t
~
t.
I
t

Figure 11. Development and Use Flow Chart.



The camera receiver must consist of two cameras because

the filter method requires a camera to photograph the moire

behind the reference camera. Also, the alternative approach

of two cameras to eliminate replacement problems can be tried.

Wedges and Ronchi rulings are required to perform calibration.

The analysis system should include analysis equations and

a computer code. This code should be adaptable to allow for

its application as a design aid. It can be used to find

opti~ source and receiver locations, to predict experiment

results, and to solve for dual source locations required to

give desired grid projections. A scheme should be developed

for data collection so that automated data analysis is not

~equired in these developmental stages. Also, an optical

arrangement is needed to perform image enhancement, optical

filtering and to test the methods of labroatory repositioning

of the reference surface grid and the deformed surfac~ grid.

After the design data are provided by the basic applicability

module, the data ~ould be used to build a system for contouring

deformation basins. Since these basins are elliptical, several

alternatives would exist and an advanced system would be made

using a cost-effective approach. For instance, increases in

the diameter of coverage may have significant break points in

laser expense; a~c two smaller systems, each covering a little

more than one-half the total area of the ellipse, may cost

significantly less than one large system. The basic applica­

bility module would allow for low risk in making evaluations

like this.
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The analysis of data from the basic research module would

also provide a solid estimation as to the requirements of

analysis computer code development, optical data enhancement.

and automated data analysis systems.

- 78 -

, .. +tefdr» '. _ t fi:itfi*. un rle •. t tM ' .• " - d b J'J'._............._'.....................,'......""'.....'...Ool~.........· ' ........ _



APFENDIX A

HOLOGRAPHY

The basic principle of holography is that the wavefront

·from an object can be preserved by recording the interference

between the wavefront and a reference beam. By reapplying the

reference beam (called the reconstruction beam) the amplitude

and phase of the original wavefront is reconstructed. In

addition to the reconstructed wavefront, which for the case

given here is perceived as a virtual image by the observer,

a second wavefront, called the conjugate wavefront, is obtained.

The conjugate wavefront gives a real pseudoscopic image of the

object as shown in Figure 12. More complete discussion may

be found in Smith or in Colliel; ~ a1. (see bibliography).

The intensity incident on the hologram plate of Figure 12

is due to two sources. The reference source, with complex
i$ i~

amplitude Re r and the amplitude scattered from the object Oe 0

Since the light is coherent, the intensity is given by

or

I •
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After developing, the amplitude transmittance of the hologram

plate is given by

t ..

where tb is the result of terms without phase factors and C

is a constant of proportionality. We now replace the plate

and illuminate it with a wave identical to the original

reference wave. The complex amplitude behind the plate is

given by

•

The final term in this amplitude is the original complex

amplitude scattered from the object multiplied by a constant

factor, CR2 . Thus, the original object wave has been recon­

structed from the hologram plate. N~te an assumption was

made that the identical reference beam was used to reconstruct

the object waves. Various error terms could be introduced if

this is not true. Also, the photographic process is not a

magic ·wand and the process described requires careful processing

to achieve. However, in practice these problems are not usually

serious and reasonabl~ results are obtainable with a minimum

of photographic care, as the extra terms introduced are not impor­

tant in most applications.
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The simple mathematics presented to describe the holographic

process hides many subtle factors. The phase of reference and

object waves vary with position on the plate and the angle of

incidence of each is coded into the plate. Thus. the term t b
passes through the plate along the original reference beam

direction. the term representing the reconstructed object wave

is diffracted int'J its original direction. and the extra term

is diffracted into some other direction depending on the phase

terms. This extra term gives rise to a conjugate image since

the phase of the object is reversed. If the object presents

a virtual. image. this conjugate wavefront usually gives a real

image which can be inter~epted with a screen .

f
!
I
r,.

I
r,
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APPENDIX B

HOLOGRAPHIC INTERFEROMETRY

The precess of holography described in Appendix A can

be used so that interferometric data is obtained. Double-

exposure holographic interferometry is performed by making

a hologram of an object which records the topology of the

surface by the scatter~d wave. Then the object is deformed

and a second exposure made on the holographic plate. Using

the terminology given for holography for the process with

subscript 1 for the first exposure and subscript 2 f~r the

second, we obtain a~ amplitude transmittance

t =

Assuming that the deformation has insignificant effect on the

surface microstructure, we find that 01 ~ °2, The reference

beam was identical in the two cases, so Rl = R2, Combining

the::::a gives
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Applying the reconstruction wave gives an amplitude behind

the plate

The terms of interest are the ones in the direction of the

original object wave

This represents a wave movinE in the right direction with

intensity

. Using M • ~l - ~2' we obtain

Since the phase change ~$ is related to the optical path

difference introduced by the deformation, it 1s a sensitive

indicator of the d~formation.
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Live-fringe holographic inter.ferometry yields similar

data but is performed by making a single hol~gram and recon­

structing the virtual image as a standard for comparison with

the object as it is deformed. The object is illuminated and

the reconstruction beam applied at the sam~ time. The recon­

structed standard object wave then interferes with the deformed

object beam depending on optical path changes. Again we show

the transmittance ot: the plate wi!:h our established terminology

t ""

When reconstructed, we obtain

A ""
1

Adding the illumination to the object gives an additional term

behind the plate due to the reilluminated deformed object

""

-----

The intensity behind the plate is I = (Ai + A2)(Al + A2)*.

Solving for the intensity in the object wave direction, we

obtain
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I
or the result obtained for double exposure except for propor­

tional factors and the addition of numerous terms in direc-

tions other than the object direction. Thus, both live-fringe

and double-exposure holography techniques give a sensitive

measure of light path changes with surface topology changes.

For example, consider the deformation normal to a plane with

angles of incidence a1 from the illumination source and as

to the observer.

For a deformation A at a general position on the plane,

we get an optical path difference

The phase difference can be related to the path difference

by

Solving for D and. eliminating s gives

--

A ,.
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For small angles of incidence, the first dark fringe occurs

at approximately A/4, the second at 3A/4, etc. The deforma­

tion required to go from one dark to the next is A/2 since

the optical path changes at twice the rate of deformation.

Sinc~ interpolation to 1/10 fringe is possible with a reason­

ably good accuracy, the method has precision of about A/20,

w;lich is approximately 30 nanometers. The minimum detectable

deformation is about ~/4 since the magnitude of the cosine

term is unknown and must be established. The range is limited

by the number of fringes observable and, therefore, depends

on the geometry and spatial extent of the deformation.

Constant amplitude vibration can also be detected by

holographic interferometry. Suppose we make holograms over

a period of time much greater than the period of the vibra­

tions of the object. We obtain the intensity at the plate.

which must be averaged to obtain the exposure

r",
I
\
I

(I} = 1 fP I('f) dt
P .

o

Reconstruction with the original reference beam and picking

out the term with the object wave direction gives an amplitude

behind the plate

- 87 -



-, --------------------------------,

A a:

p

~f
o

i, (1:)
O(t)e 0
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For small vibrations OCt) is a constant witn time. For this

case we write the phase shift to show the solution

~,,(T) IS - 2"Tf A(cos !.In) [Sin 6i + sin as]

where A is the wavelength, A is the displacement, 6i and as

are the angles of incidence to the illuminating source and the

observer and w is the frequency of vibration. Substituting

this and averaging, we obtain

A so

-(i;TfA(sin6i+sin6S)coswt)
e d(wT)

or performing the integration we find

where J o is the zero order Bessel function. The intensity

observed goes as the square of the first order Bessel function,

so the modulation of the image is not of uniform intensity

but drop off fast as higher orders occur for larger deformations.
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Live fringe constant amplitude vibration detection is also

possible. This method is even more sensitive than the double

exposure method since the first zero of the Bessel function

occurs when the argument is approximately 2.4. Therefore,

with (sin 61 + sin as) - 2

at the first zero yielding

=

D - >.
5

2.4

Further, fringes must be evaluated using the zeros of

the Bessel function instead of zeros of the cosine function

as previously done. The total number of fringes which can

be obtained is limited by t.he rapid decreade in intensity of

J o (x)2 as x increases, and six or seven fringes are the most

which have been experimental:y observed unless nonlinear

photography is used to bring out larger numbers.
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APPENDIX C

MOIRE FRINGES

The modulation introduced by the superposition of two

gratings is called a moire fringe. Here we will develop an

expression for that modulation using the intensity that is

transmitted by a sine wave grating with a plane wave incident

upon it.

I(x) ... !- + ~ sin(21Txp)

where x 1s the position perpendicular to the grating lines

and p is the pitch (spatial frequency) of the grating p.

,
f
I
I
!
\

p = 1
L

relates the pitch and di.stance between lines L. We have

assumed geometrical optics for this relationship and its use

when coherent illumination is used or very large pitches are

present is risky. Diffraction effects are minimized because

the grating is a sine wave and edges are soft. If two grat­

ings with the same pitch are held together, the intensity

behind the.plate is the product of the two transmittances
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where the phase shift repr~senting the possible difference in
1 2

origin. x. is given by 2~pxo. For the case where Xo - O. P . p

we obtain the original intensity squared and would call this no
1 3

fringe. For the case Xo - 2p • 2p •... we get

I(x) ... ! (1 - cos 2x)
8

-

-

which is a double frequency-reduced amplitude signal over the

entire scene and is called one dark fringe. If square wave

gratings were used. the extinction would be total instead of

the higher frequency reduced amplitude. For this case the

full screen has the same fringe order.

An additional. more practical case is to have two different

pitches in two gratings. The intensity directly behind the

grating,s is

l(x) - [~ .. ~ sin<2UXP)] .[l + l sin (2ux(p + AP»)]

For simplicity we have placed the origin so that any initial

phase shift from offset is nulled, where ~p is the difference

between the pitches of the two gratings. In this case the

phas, varies across the scene as 2n~px. giving the trensmitted

intensity
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lex) - 1t (1 + sin 2n~px) [1 + sin(2npx) cos(2n6px)

- cos(2npx) sin(2n6px)]

Now as x increases. the intensity changes from the no fringe

to dark fringe condition and back. An example. produced by

a line grating, is shown in Figure 13.

A third case is obtained when the gratings are rotated

with respect to each other. Now we must separate the pitches

into components and the second grating would pose an intensity.

l(x,y) .. ~ + t sin [2n(xpx + YPy)]

Where Px == p cos yand Py = p sin y for original pitch, p, and

y is the angle of rotation. The total transmitted intensity

of the two is

lex)

or

.. ~ + l Sin(2.xp~{l + ~ sin~.(Xp cos y + yp sin Y~}

./

lex) = t [1 Sin(2nxp)] {l + sin(2npx cos y) cos (2npy sin y)

- cos(2npx cos y) sin(2npy sin y)J

An example, produced by 3 line grating, is shown in Figure 14
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Other situations are found by similar technique~ of

combining intensities. Results for line gratings ~re pro­

duced by using the Fourier expansion for the line grating

and using the superposition principle to sum the resulting

intensity.
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Figure 14. Moire Between Two Gratings at Angle

To Each Other: Imperfections Cause Jagged

Appearanc e in Fringes
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APPENDIX D

TOPOLOGY AND DEFORMATION CONTOURING BY 110~RE FRINGES

We show !l.ere how a topological or deformation contour is

generat~d by the comparison of grid lines. The met~vds of

producing the grid lines are discussed elsewhere, but the analy­

sis is essentially the same since the plane of compar1.son can

vary if suitahle imaging optics are used. This statemejt h~lds

except for the double-exposure case where the sc~ne g~id and

the reference grid are on the same film. For the caee nosepa­

ration of the images is easily obtainable, making individuul grid

manipulation by lenses difficult. The analysis for double­

exposure contouring follows the analysis for separate grid-Lwage

analysis.

The difference between topology contours and dctormatio~

contours is that the reference for comparison for topology

contours is an equally spaced grid while the deformation con­

tour reference is a grid modulated by the surface features of

the unstressed object. Since the ~eference grid is pitch

modulated, the varying pitch must be known at some point in the

scene. In order to obtain quantitative results. one option is

to obtain a topology contour at the same time and determine

sensitivity from considering the effect of the surface on the

pitch. In addition to deformation contours, the differences

in two similarly shaped objects can be compared with one as

master and the other as "deformed."
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To analyze contour generation by grids, consider the

intensity modulation of a plane wave to bp.

.~ ~"

I (x) -
\.,

"

,/

-.......

Where ~ is che position normal to the light planes. The

rays of the plane wave make an angle a with the normal to the

surface and a shift of the scene grid by z(x,y) tan a is

obtained where z is the height above a standard datum plane.

Figure 15 shows the angle. The intensity on the surface is

Is • K[Sin(21Tp[x - z(x,y) tan a]) + 1]

where K is a factor which includes reflectivity and the original

intensity divided by two and p is the original pitch Po multi­

plied by cos a. When viewed by an observer at angle B from

the surfac~ normal, the deformation shifts the position by

z(tS:l a + tan /3).'

The reference grid is now placed in the observation yath

so that it is parallel to the scene datum plane and scaled so

that its pitch matches the pitch, p = po(cos a), which is the

pitch observed at the scene datum plane. For topology ccntour­

ing the reference grid has intensity transmission

T(X) - t (1 + sin 2npx)
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The intensity behind the reference grid is

I .. ~ (l + sin 21TpX) [1 + sin121TP (x - z tan a)n
substituting

and

-2wz tan a = b2 = bb

into tbe trigonometry :f.dentities:

1
where 1

,~
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Sums gives us I,
... (

bl + b2) 6b
2 + 2 sin al + 2 cos lr

Products give us

-.
.. [(

b1 + b2) 6b]2
sin a1 + 2 + cos T

I
1
~
\

We perform the multiplication to give

I ... {Sin[27TP (x - z[tan a + tan a))] + COS(1Tz[tan a + tan B])12

The term cos2(1TpZ [tan a + tan a]) will give moire fringes

which are dependent on Z and are contours of the object topol­

ogy. To vary the sensitivity, we would change Po' a or B.

This result would have the same form as the second case

of Appendix C if our simplifying trigonometry had been used

and fringes occur as the phase changes linearly with z.

Deformation contouring is achieved by using reference

grid filter which is a recorded grid defined by the surface

before deformation. The undeformed grid has intensity trans­

mittance
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and the intensity from the deformed surface is

Multiplying these intensities gives the inte~sity behind

the filter

I • KK' {l + sin [2np( x - ~l (tan a + tan a»]}

11+ sin [21TP(X - z2(tan a + tan B»)]}

Using Az = z2 - zl and the trigonometry relations given earlier,

we obtain

I • KK'{Oin~.p(" + (zl : z2) (tan 0 + tao al

+ COO(_pAz(tan 0 + tan a»))Jf
Thus, the moire fringes that occur here form contours of

equal Az values instead of z values.

For the double-exposure case the reference grid and the

scene grid are both photographed on the same film. In this

case the intensities ad~ and the transmittance of the developed

film is
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T ~ 2K\1 + sin (.P [2X - (zl + z2)( tan a + tan 8)])

cos (.p,z(tan a + tan 8»)l

which is proportional to the intensity when illuminated by a
1

plane wave. This result is similar to the result for the filter

just found except no cos2(np~z[tan a + tan ~]) term is present.

Moire fringes are obtained from the single cos(np~z[tan a + tan 8])

term, but the overall sensitivity is usually limited because the

viewer must be able to resolve the original generating pitch in

order to see the moire. When the cos2(np~z[tan a + tan al) term

is present, this is not necessary and the sensitivity can be

enhanced by using finer pitches for illumination of the object.

One additional use of the live fringe filter moire exists in

vibration analysis. The analysis is similar to that for constant

amplitude vibration measuretnent which requires the integration of

a sinusoidal variation over a cycte

Iaverage • ~ j[P I(x,y,t) dt
o

Replacing z(x.y) by zo(x,y) + A(x,y) cos(wt). The integral of

the time-varying intensity is a first order Bessel function and

the result is

Iaverage ... Kll + sin[21fP (x - zo(tan a + tan a»))

J o [271P tan aA(X,y)] I
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where A(x,Y) is the amplitude distribution of the vibration.

The discussion of the fringes obtained is the same as for con­

stant amplitude holographic interferometry except for the

desensitizatIon by the factor

(

p tan a + tan a )
} (sin 81 + sin a2)

or approximately the ratio of the wavelength of light to the

period. 1 of the grid.p
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APPENDIX E

HOLOGRAPHIC CONTOURING

Dual-wavelength contouring by holography uses the same

formu1isms as ordinary holography except that the amplitude

scattered to the plate from the scene has two components

• (
41Tiz/X1 -41TiZ/X 2)

o e + e

because of the two w3ve1engths. The reference beam also con­

sists of two components

• (
-21Tixsin6/X1 -21Tixsins/x2)R e + e

where e is the offset angle.

The amplitudes add at the plate;and,when developed, the

amplitude transmittivity is proportional to the intensity

The term of interest is the one with the object amplitude in it,

and upon applying the reconstruction beam we obtain an amplitude

-~ ..-

.. -21Tixsin8/X
Ce c
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We obtain the amplitude behind the plate which is moving close

to the original object beam direction. This amplitude is

-
Now we substitute to find the amplitude in terms of the original

variable

=
-2'11'ixsin6/Ac (+2'11'ixsina/Al

Ce R e

(
-4'11'iz/Al -4'11'iZ/A 2)

x 0 e + e

+21Tixsin8/Az)
+ e

.'

Note that there is a problem in reconstruction since both Al

and A2 cannot be eliminated with a simple reference beam. The

difference in wavelength gives two images which leave it slightly

different directions because of the wavelength differences. For

the case where· both wavelengths are available 'for reconstruc-

tion, such as for the argon-ion laser, there are proper terms

in the object beam directions. This term is

or

=

=

[
-Z'II'i·Zz/Al -Z1Ti'ZZ/A 2 ]

C e + e
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which has b~ight fringes when

N

where N = O. 1. 2•.... Solving for tae depth for a bright

fringe. we find

Z lIZ

--

,
t I

, I

> I
; I

;I
I

, ,
I

I
I.

Other schemes are possible for application at ~econstruction

time to reduce the effect of the reconstruction wavelength dif­

ferences in dual-wavelength contouring. One can use a diff-~ction

grating to input the reference and reconstruction beam into the

hologram plate. Since sin a/A is a constant for any wavelength.

the different wavelength bt.::ams make different angles with the

plate and the problem is eliminated. Also, the hologram should

be an image hologram which has the image of the scene located

close to the hologram plate. This reduces the reconstruction

problem by minimizing z.
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• APPENDIX F

PkOJECTED-MOIRE GRID SENSITIVITY

The sensitivity of projected moire grids for th~ detection

of deformations depends on the locations of the observer, the

dual sources, and the object point that is to have its defor­

mation measured. Also, the orien~ation of the projected fringes

with these positions is to be considered. The diagram of .... igure 15 _

shows the simplified case where we are viewing the scene from

the normal direction to the plane formed by the observer, the

center of the dual sources, and the object point. The light

planes are normal to that plane also and their intensities are

indicated by the plot alon~ the perpendicular to their path .

The deformed surface intercepts the light planes and the shift

of the light planes is a measure of the deformation. This shift

is detected by comparison with a record of the light plane in­

terception with the reference surface by a moire comparison.

The moire results in a new picture of the surface with a super­

position of fringes which define the locus of equal deformation

regions. This fringe production has been discussed in Appendix

D. Coordinate. transformations are nece~sary to convert to other

systems, e.g., the prime mover system. Since the contour map

gives a whole field, this transformation can be handled after

the collection of data without shifting errors by choosing the

desired points in the scene for analysis with respect to the

desired coordinate system.
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We may find the relationship between the deformation, 6.

the grid spacing Lo and the experimental geometry by considering

Figure 16. Here the light planes are shown striking a surface

in the coordinate system whose center is shown. The unit vec­

tors, ;, ;. ~, and t define the directions from the point to be

analyzed, (x, y, z). toward the viewer, along the perpendicular

between light planes, along the normal to the surface and toward

the point between the dual sources, respectively.

The distance along the viewing vector ~ between light

planes is the deformation f\ which produces a full 21f phase change

in the fringe at the point. nliD distance is related to the grid

spacing by

'" "
6 • L/(s v)

'"where s v - cos~. The normal component of this motion is the

deformation of interest so

A • 61 COS$ or in vector terms

A ,..

n)/ (s ~)]

We must now determine these angles in terms of experimental

locations. The angle between the normal and the line to the ob­

server is given by
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-l{~-:~ x)2 + (Vy_y)2
6 - tan (V _ z)

z

where V is the observer position. Likewise the angle between

the normal and the line to the midpoi~t of a line between the two-

sources is

a .. tan-1{V<_T..:.:x,-__X_)2_+._(T..LY_-_Y_)2_}
(Tz - z)

where T is the midpoint source position.

Cos C = Cos A cos A' + sin A sin A' cos(B' - B)

equation

f The angle a is required in determining the deformation in

I order to find the angle between the surface normal and the per­

pendicular to the light planes. We use the spherical angle

I,
where A. A'. B, B', and C are shown in Figure 18. C is the angle

to be found. the diagram in Figure 19 shows the relationship

between the light planes and the source and if the axis is taken

to be the line to the source midpoint substitutions
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A • a, A' • 900

B .. 0, B' - y

c '"' n

o '"' cos -1 (sin a cos 1)

Now back to Figure 17 because the normal as the axis to find

the angle between the line to the viewer and the perpendicular

between the light planes by substituting

A - fl, A' - B

c == ~

to get cos4l = cosO + sin Bcos (at

Thus, the angles e and $ have been found and by substitution

the deformation can be relateJ to the phase change in the moire.

The deformation in general is not a 2n change so for a change in

order, ~O, the normal component of the deformation ic given by

A .. tlO[t (~ . i)]
(8 . v)
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