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HOLOGRAPHIC INTERFEROMETRY USING A DIGIT AL PHOTO-CAMERA
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Bezrǔcovo nám.13,74601 Opava,CzechRepublic

Received9 July2001,in final form 17 July2001,accepted18July2001

The possibilitiesof running digital holographicinterferometryusing commonlyavailable
compactdigital zoomphoto-camerasarestudied.Therecentlydevelopedholographicsetup,
suitableespeciallyfor digital photo-camerasequippedwith an undetachableobject lens, is
used.Themethoddescribedenablesa simpleandstraightforwardway of bothrecordingand
reconstructingof a digital holographicinterferogram.The feasibility of the new methodis
verifiedby digital reconstructionof theinterferogramsacquired,usinganumericalcodebased
on thefastFouriertransform.Experimentalresultsobtainedarepresentedanddiscussed.

PACS: 42.25.-p,42.30.-d,42.40.-i

1 Intr oduction

Classicalrayinterferometryenablesthemeasurementandcomparisonsof lengthvariationsalong
a fixeddirection. On theotherhand,in holographicinterferometrywe comparethewholesur-
facesof theobjectsunderconsiderationandthedisplacementof individual pointsof thewhole
surfacecanbedetermined.Usingholographicinterferometrywe compare(with accuracy corre-
spondingto approximatelyonetenthof thewavelengthused)two partlycoherentwaves,at least
oneof which beingobtainedby reconstructionof thecorrespondinghologram.Sincethewaves
comparedby theholographicinterferometryarecoherentandsituatedat thesameregion of the
space,they interferelettinganinterferencepattern(holographicinterferogram)arise.Theknowl-
edgeof the interferencepatterndistribution enablesus to determinethedisplacementvectorof
eachpoint at theobject’ssurface.

Nowadaystheopticalholographicinterferometrycanbedivided into two maingroups:the
classicalholographicinterferometryandthedigital holographicinterferometry. Thetypical fea-
turesof theclassicalholographicinterferometryarethefollowing:

� Thehologramsarerecordedonamediumwith ahigh resolutionof thousandsinterference
line pairsper millimetre (

�������
–� ����� lines/mm). A goodexampleof a reliablemedium

with sucha resolutionis, eventoday, aphotographicplateor a film.
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� The reconstructionof the interferogramsobtainedhave to be carriedout physically by
meansof light in anopticallaboratory, whichformstheholographicinterferogramexisting
in reality. Theholographicinterferogrammustbeevaluatedby meansof othertechniques.
Thesurfaceof localisationof theinterferencepatternhasto beestablishedasa partof the
evaluation. Moreover, it is possibleto compareholographicallyreconstructedwave, and
thewave reflectedby therealobject(holographicinterferometryin realtime).

Thetypical featuresof thedigital holographicinterferometryarethefollowing:

� Thehologramrecordingis carriedout on moderndigital media,which still meansmedia
having a relatively low resolution. The main featureof thesemediais that they change
someof their electriccharacteristicby the incidenceof the light wave. The typical ex-
amplesaretheCCD or CMOSchips. CCD chipsconsistof a certainnumberof points—
pixels.Eachpixel allowseithermonochromatic(acertainnumberof grey levels)or colour
recording(againwith thegivenbit depthin eachof thethreebasiccolours).Thenumber
of pixelsandthesizeof eachof themaretheprincipalcharacteristicsof theCCDchips,the
typical valuescommonlyavailableat presentare[1, 2]: pixel size �	��
�� – ���� m, color
depth10–14bits for eachof thethreebasiccolors(optionally10–14bits for grey levelsin
thecaseof monochromaticCCDchips),thenumberof pixelsabout� ��� –� ������� � ��� –

� � ���
andthe diagonalsizeof the wholeCCD chip about

��� � –� ��� inch. The pixel sizedeter-
minesthe resolutionof the whole CCD chip. Even with the state-of-the-arttechnology,
thechip resolutionis low (approximately

�����
lines/mm)whencomparing,e.g.,bothwith

availablephotoplatesandfrom the aspectof holographicinterferometrydemands(in the
regionof thevisible light).

� Thereconstructionis not carriedout physicallyin a laboratorybut by meansof numerical
methodsusinga computer. This is becausethe hologramsrecordedon CCD cannotbe
reconstructedby light physically. Therefore,the holographicinterferometryin real time
is excluded,andboth comparedwavesmustbe obtainedholographically. However, the
computerreconstructionof digital hologramshasremarkableadvantage:thesimulationof
realreconstructionis possible,but not necessary. Usinga computercode,we candirectly
calculatethe phasemap[3] that enablesdirect determinationof the displacementvector
for eachsurfacepoint (without localisationof interferencepatternsurface).

In theoptimalway, thedigital holographicinterferometrycanberunwith specialCCDarrays
that canbe directly insertedinto the interferencefield. The main purposeof this article is to
demonstratethattheholographicinterferometrycanberunsuccessfullyalsowithoutspecialized
equipmentusingcurrentlyavailabledigital photo-cameraswith undetachableobjectlens(usually
calledcompactphoto-cameras).

2 Method

Thehologramreconstructionis in principlediffractionof thereconstructingwaveat ahologram
pattern.Giventhehologram—aplanetransparency with arealamplitudetransmittance����� ������ 
proportionalto theintensityof thesumof thereferencewave !#" andtheobjectwave !%$ ,

�'&)(*! ",+ ! $ ( -.
0/ "1+ / $2+ !	3" ! $2+ ! " !	3$ � (1)
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wecanreconstructtheobjectwaveby illuminating thehologramwith thereferencewaveagain.
Theresultis awave with complex amplitude

!4
0�5!#"6&�!%"7/�" + !%"7/�$ + /�"�!#$ + !8-" !	3$ (2)

in thehologramplane.Thethird termon theright-handsideis theobjectwavemultipliedby the
intensity / " of thereferencewave. If / " is uniform acrossthetransparency, this termconstitutes
the desiredreconstructedwave. The fourth term is a conjugatedversionof the object wave
modulatedby ! -" . Thefirst two termsrepresentthereferencewave,modulatedby thesumof the
intensitiesof thetwo waves.

In the following we shall identify the hologramplanewith the plane 9:
 �
, i.e., with the��; plane. The amplitudetransmittanceof the hologramthendependson the two coordinates

only, �=<4��>?� � ;#@ . Further, we shall selectthe referencewave to be a uniform monochromatic
planewave propagatingalongthe 9 axis. The referencewave will be termed‘reconstructing’
henceforth.

2.1 The Fresnelapproximation

Now, we shall focuson how thelight field propagatesalongthepositive directionof the 9 axis,
i.e., how the imageis reconstructedby diffraction of the reconstructingwave at the hologram
microstructure.

TheHuygens–Fresnelprinciple[4] statesthateachpointonawavefrontgeneratesaspherical
wave. Theenvelopeof thesesecondarywavesconstitutesa new wavefront,andtheir superposi-
tion constitutesthewave in anotherplane,say, 9.
BA .

Let us considera point with coordinates>?C �EDF� AG@ lying at the 9H
IA plane. According to
the Huygens–Fresnelprinciple, the light complex disturbanceJLKF>MC �ND @ causedby the spherical
wave originatedin an infinitesimalportionof areaJL�OJL; at a point >?� � ; �P� @ in the transparency
planeis proportionalto theamplitudetransmittance��>?� � ;#@ , theareaof thespot JL�QJG; , thephase
factor(the time dependenceis omitted),andinverselyproportionalto the distancebetweenthe
two pointsconsidered:

JLK%>?C �ND @,&R��>?� � ;#@�S�TVU >EWYXEZ
[]\ Z^ @^ JL�QJG; � (3)

wherethevector Z^ <)>?C�W_� �ND W_; � AL@ ispointingfromthecenterof thesphericalwaveto thepoint
in which thedisturbanceis to becalculated,̂ <�( Z^ ( is themodulusof Z^ , and Z[ 
B>`��a ��b @ Z^ � ^
is the propagationvector. With this in mind, it is easyto show that the scalarproductin the
argumentof theexponentialfunctionin Eq. (3) canbeexpressedas

Z[]\ Z^ 
:�ca Ab � + >?C.Wd�,@ - + > D We;#@ -
A - 
H�ca Ab � +ef'gh � (4)

wherewe introduced

f gh <4i -j + i - kA - (5)

andtheprojectionof thevector Z^ ontothetransparency plane

Zi <l>?C.We�
�ND We; �m� @Nn (6)
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If the valuesof the f gh arenegligible in comparisonwith unity for all valuesof Zi considered,oqp T
r ( CsWe�,( � ( D We;%(?t]uvA , we canusethepowerexpansion

� +df gh 
 � +
�
� f gh +xw f - gh n (7)

While theexponentialis verysensitive to thechangeof Z^ , the
^sy%z

-factorin (3) canbereplaced
with a constantvalueof A without lossof accuracy. HenceEq.(3) canberewrittenas

JLK%>?C �ND @,&
�
A ��>M�

� ;#@ S�TLU WYX{a Ab f gh +xw > f - gh @ JL�OJL; � (8)

whereweomittedtheconstantfactorS�TLU >EWYX?�ca|A
��b @ . Thetotaldisturbancein any point >MC �ND @ in

theoutputplane9}
�A canbedeterminedby integrating(8) overwholethe ��; plane:

KF>MC �ND @1
�~��
�F�
y � ��>?� � ;#@ S5TLU WYX�a Ab f�gh +xw > f - gh @ JL�QJG;�n (9)

Theconstantfactor ~V� includes,in additionto
�c� A andtheconstantcomplex unit S�TVU >EWYX?�ca|A

��b @ ,
theamplitudeof thereconstructingwave. Thedefinitionof theimpulse-responsefunction[5]

~O>M� � ;%@1<�~ � S5TLU WYX{a Ab f g� +xw > f -g� @ (10)

with Z� <�>M� � ; �m� @ enablesto interpretEq. (9) in termsof theoryof linear systemsasthe two-
dimensionalconvolutionof theamplitudetransmittanceandtheimpulse-responsefunction(10):

KF>MC �ND @1

�F�
y � ��>M� � ;#@E~O>MCsWd� �ED Wd;#@�JL�OJL;Fn (11)

If we restrictourselvesto the f z -termonly, theimpulse-responsefunction(10)will simplify
to Fresnelapproximationimpulse-responsefunction

~O>M� � ;%@1<�~V� S5TLU WYX{a � - + ; -b A (12)

whichconvertstheformula(9) into a simplerform

KF>MC �ND @1
�~ �
�F�
y � ��>?� � ;#@ S5TLU WYX�a >MC.We�1@ - + >

D We;#@ -b A JG�QJL; � (13)

wheresphericalwaves are approximatedby paraboloidalwaves. The term impulse-response
functionarisesfrom thepropertythatsuchfunctionrepresentstheresponseto animpulseinput,
namelytheDirac � -function. Indeed,substituting��>?� � ;#@1
���>M� � ;#@ into Eq.(10)yields K%>?C �ND @,
~�>?C �ED @ .

In summary, the space-domainapproachdescribedabove is basedon a treatmentin which
the input wave is expandedin termsof sphericalelementarywaves(or in termsof paraboloidal
elementarywavesin Fresnelapproximation).

Now it remainsto clarify theconditionof validity of theFresnelapproximation.TheFresnel
approximationholdsif the 1. post-Fresnelianf - -term in the impulse-responsefunction (10) is
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muchsmallerthan a for all Zi , i.e., a|A f - � >`� b @Yu�a . Usingthedefinitionof f (5), we canfind
this to be equivalentto i

� u�� b A�� . Denoting � the largestradial distancein the outputplaneC D , it is clearthat i -s� � - , sothattheconditionof validity of theFresnelapproximationmaybe
written in theform

� � uI� b A � (14)

or equivalently

�
�
�2�F� -�,�m� u �c�

(15)

where

� � < � -b A (16)

is theFresnelnumberand

� �,�m�}� �
A (17)

is thelargestanglecorrespondingto � . Theintegral (13)canberewritten in theform

KF>MC �ND @1
�~�� S�TVU WYX ab A >?C�- +
D -G@

�
y �

���>?� � ;#@ S5TLU X ��ab A >?Cc� +
D ;#@ JG�QJL; � (18)

wherewe denoted

���>?� � ;#@,<0��>M� � ;%@ S5TLU WYX ab A >M�Q- + ;�-V@ n (19)

Hence,whenrestrictedto Fresnelapproximation,theoutputfunctioncanbeconvenientlycalcu-
latedvia fastFouriertransformtechniques.

Having calculatedthe complex amplitudeKF>M� � ;%@ in the outputplane,we canimmediately
determinetheintensityby takingthemodulusandsquaring

/F>M� � ;%@|
�( KF>M� � ;#@P( - 
)� � S K%>?�
� ;#@`� - + � � o KF>M� � ;#@�� - n (20)

Thephasecanbecalculatedas

� >?� � ;#@1
 p� m¡�¢Pp�£ � o K%>?�
� ;#@

� S KF>M�
� ;%@

�
(21)

wherethe inversetangentusedin (21) must be capableto recognizethe quadrantto ensure� �¤�PW6a � a  .
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2.2 Numerical tr eatment

The function K%>?C �ED @ canbe digitized if the hologramtransmissionfunction ��>M� � ;%@ is sampled
on a rectangularrasterof

� j � � k matrix points,with steps�	� and �	; alongthecoordinates.
Thenthediscreterepresentationof Eq. (18) is givenby thefollowing formula[3]:

KF>M¥ �E¦ @,
 S5TLU WYX�a b A ¥ -� -j �	� - +
¦ -� -k �	; -

� §|¨ y%z
©«ª �

§|¬ y#z
 ª � ��>

[ ��® @ S�TVU WYX ab A >
[ - �	� - + ® - �	; - @

�
S5TLU X?�ca

[ ¥� j +
®¯¦
� k n (22)

From the numericalpoint of view, Eq. (22) canbe calculatedefficiently usingthe fastFourier
transform(FFT) [6]. The function to be Fourier transformedis the productof ��> [ ��® @ with the
first exponentialfactorin thesum.In thecalculationof thetransformation,thestandard‘radix 2
Cooley–Tukey’ (see,e.g.,[6]) hasbeenapplied.Thefactorbeforethesumis acomplex unit and
canbeomittedwhencalculatingtheintensity. Thecodedevelopedis capable

1. to readan input file (recordedhologram),using them to calculateintensity, phaseand
complex amplitudeaccordingto Eqs(18), (20), (21)and(22);

2. to performper-pixel subtractionor additionof two input files containingcomplex ampli-
tudes;

3. to performper-pixel subtractionof two inputfilescontainingphase,usingthemto produce
themodulusof thedifferenceof phasesmodulo ��a , i.e.,

� � <
� z W � - if

� z � � -
�� z W � - + ��a if

� z_° � - n (23)

2.3 The possibilitiesof numerical reconstruction

Thecomputerreconstructionrunssimilarly asthephysicalone—therecordedhologramis ‘illu-
minated’by thewave correspondingto therecordingreferencewave, therebygettingthecorre-
spondingobjectimages.

However, in orderto obtaininterferometricresultswe don’t have to simulatethereallabora-
tory reconstructiononly.

Therealreconstructionsimulationpossibilities:

1. At first we performadditionof amplitudetransmittancesof two chosenholograms,then
thesumcanbenumericallyreconstructed.Of coursewegetobjectimages(corresponding
to theclassicalholographicinterferograms)overlaidwith interferencepatternwhich char-
acterizesobjectchangesbetweenhologramexposures.This processis simulationof two
exposureholographicinterferometry. This approachinvolvesonehologramreconstruc-
tion; theinterferogramobtainedmustbeinterpretedby additionalmethods.
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2. Becausethecorrespondence��> [ �5® @ andK%>?¥ �N¦ @ in (22) is linear, wecanconsideraversion
of thepreviousprocedurein which wereconstructeachhologramseparatelyandthenadd
thereconstructedcomplex amplitudes.

Thepossibilitiesover realsimulationareasfollows:

3. In compliancewith [7], it is alsopossibleto subtracttheamplitudetransmittancesof two
holograms,to reconstructthedifferenceobtained.Generallyit is claimed[7] thatsubtrac-
tion givesbetterresultsin thecontrastof theinterferencepattern.However, our resultsdo
not confirmthis conclusion.

4. We usethemethodfrom [3] which enablesnot only thedirectcalculationof theintensity,
i.e., theintensityacquiredof theusualholographicinterferogram,but alsothedirectphase
computationfor eachhologram. The phasedifferencemodulo �ca definedby Eq. (23)
calculatedfor eachpixel—thephasemap—isthan the direct visualizationof the corre-
spondingchangesof the examinedobjectsurface. We spreadthe treatmentin [3] to the
arrangementusinglensesduringthehologramrecordon thephoto-cameraCCDchip.

Further, thedigital filtering canbeappliedto remove thereconstructingwave modulatedby
thesumof theintensitiesof thereconstructingandobjectwave,i.e.,thefirst two termsin Eq.(2).
Thedigital high-passfilter andits enhancedversion(bandpassfilter) wereused.

3 Hologram recording

High-qualityCCD chipsin presentphoto-camerasconsistof severalmillion pixels. Theexperi-
mentalinvestigationswerecarriedout with OlympusCA3000Zoomphoto-camera,which is at
disposalin our optical laboratory. TheCCD arrayof thecamerausedconsistsof 2048pixelsin
horizontaldirectionand1536pixelsin verticaldirection,thepixel sizeis �	�0
R��n � �� m in both
directions.

As mentionedabove, digital real time holographicinterferometryis not realisable,only
the double-exposuremethodor the sandwichholographycan be used. Holographicinterfer-
ometry termedsandwichholography[7] is a very usefulmodificationof the double-exposure
methodbecauseit eliminatessomeseriousdisadvantagesof the double-exposuremethod.Just
sandwichholographyis usedin this article. As mostdigital photo-cameras(including Olym-
pusCA3000Zoomphoto-camera)areequippedwith theundetachableobjectlens,we usedfor
thehologramrecordingarrangementattestedin therecentarticle[8]. Thearrangementis a ver-
sionof theclassical‘of f-axis’ holographycharacterisedby a nonzeroholographicangle.

The mentionedarrangementconsidersthe affect of the photo-cameraobject lens on the
recordedinterferometricfield. If we usethe camera’s zoom(the transverseoptical magnifica-
tion ±²
 � in our case)andthecamera’s objectlensis focusedon its minimal distance(� � cm
in our case),thepassageof thelight throughtheobjectlensincreasesthe interferencefield fre-
quenciesabout ³ � . Consideringtheusedphoto-cameraCCD chip parametresandapplyingthe
sampletheorem[6] we getthemaximalrecordablespatialfrequency ´ �,�µ� 
l>�� � ��n � �� o @ y#z .
Fromthewell known formula

´¶
 �b	· X £.¸ �
�

(24)
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Fig.1.A photographof theholographictablearrangementused:L, laser;BS, beamsplitter;M1, M2, mirrors;
P, polarizer;O1, objective;L1, lens;IS, imagingsystemdescribedin [8]; PL, aluminiumplate;AP, aperture;
PCA, digital photo-camera.

which determinesthe interferencefield spatial frequency ´ of the two planemonochromatic
waves(with thewavelenght

b
,
b 
H¹ � ��n º nm in ourcase)containinganglȩ , we obtainthatthe

anglȩ mustfulfil theconditioņ � ��n �Q��» .
We canconcludethattherelatively low CCD chip resolutionlimits theholographicanglȩ ,

thatmaybeusedfor hologramrecording,on thementionedvalueof severaldegrees.It results
— seeFig. 1 — theobjectsof themaximaldiameterabout

�
cm(platePL) situatedatadistance

of ³ � cmfrom theimagingsystemIS canbeholographed.
The main advantageof the used‘of f-axis’ holographyover the ‘in-line’ holographyis that

evenwith theholographicangleof singledegrees,the reconstructedimagesarespatiallysepa-
rated. Using the sandwichholography, eachof the approachesdescribedin the subsection2.3
enablescomparisonof arbitrary two surfacestatesof the object (i.e., each¼ statewith each½
state,where¼ , ½ correspondsalwaysto oneof

¦
recordedholograms).Thususingthesandwich

holography, we recordalwaysonehologramon onephotograph.The recordedhologramdata
areloadedinto thecomputerandstored(in theTIFF format)on theharddisk.

4 Experimental results

Thepossibilitiesof holographicinterferometryusingthedigital photo-cameraweretestedusing
the apparatusOlympuscameraCA3000Zoom which parameterscanbe found for instanceon
URL [9] andits applicabilityin holographywasdiscussedin [8]. For thehologramrecordingwe
usedthearrangementfrom [8], thephotographillustratedthesetuprealizationontheholographic
table is in Fig. 1. The light from the linear polarizedHe-Ne laserL (

b 
¾¹ � ��n º nm) with an
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(a) (b)
Fig. 2. Two interferogramschosenasthedemonstrationof thedigital holograminterferometryusingthe
digital photo-camera.(a) The interferogramcorrespondingto the changeof the weightsfrom 7g to 2g.
(b) The interferogramcorrespondingto thechangeof theweightsfrom 2g on 0g. Both theprimary (the
left partsof the images)andthesecondary(theright partsof theimages)interferencepatterncanbeseen.
Both interferogramswereobtainedby the methoddescribedin the subsection2.3 aspossibility 1. The
centralmaximumis completelysuppressedusinghigh-passfiltering.

energyoutputof ¿À
H� � mW is dividedby abeam-splitterÁ.Â into anobjectwaveandreference
wave at the ratio of intensities95% to 5%. The object wave is expandedby a microscopic
objectlensO1 (magnificationÃÄ
)� � ) andincidentson the testedobjectPL—the aluminium
plate(dimensionsº � � cm) placedin a stableholder. The whole testedplate,which couldbe
deformedby hangingof weightby meansof thread,wasilluminated.

The referencewave is reducedby the polarizerP andafter its passagethroughthe lensL1
incidentson a mirror M2 placedbesidethe illuminated plate. The object and the reference
wave interfere(the usedapertureAP only reducesthe dimensionsof the object wave in the
horizontaldirection on about2cm, so that we recordhologramsof object of the size aboutº � � cmwhichshouldrespondto themaximumof todaydigital holography)andafterits passage
throughtheopticalimagingsystemIS describedin [8], theinterferencefield is photographedby
the OlympuscameraCA3000 Zoom (PCA) by which we get the hologram. Taking snapsof
interferencepatternweusedthecamera’scontrolcomfortincludingits remotecontrol,exposure
and focusingautomatics.The valueof the deformationpower waschangedamongeachtwo
exposures(exposuretimeabout

�c� � s).
As we usedthe sandwichholographyonehologramwasrecordedon onephotograph,the

presentedresultscorrespondto weights7g, 2g and0g. Thehologramfiles(� � ��º �Å� � � ¹ pixels)
wereloadedinto thecomputerandstored.TheTIFF formatwasconvertedto PPMformat,from
eachhologramwasdonethecutoutof thesize

��� ��� �0��� ��� pixels. Numericalreconstructions
namedin thesection2.3wareperformedusingthepreparedcomputercode.

So, in theFig. 2awe canseetheholographicinterferogramcorrespondingto thechangeof
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the weightsfrom 7g to 2g. In the Fig. 2b is depictedthe interferogramcorrespondingto the
changeof theweightsfrom 2g to 0g. Both theprimary (alwaysthe left partof image)andthe
secondary(theright partof images)holographicimagescanbeseen.Both interferogramswere
obtainedby the methoddescribedin the subsection2.3 aspossibility 1. The spuriouscentral
maximumis alwayscompletelysuppressedusinghigh-passfiltering.

5 Conclusions

The possibilitiesof the realisationof the digital holographicinterferometryusing the digital
photo-camerahavebeendiscussedandtested,theexperimentalresultshavebeenpresented.Var-
iousapproachesto thenumericalreconstructionarelisted.Theefficientcomputercodeperform-
ing thedigital hologramreconstructionhasbeendeveloped.

As theresultsobtainedaredistinctandcanbereproducedeasily, we havedemonstratedthat
thedigital holographicinterferometrycanberun without thespecializedequipment.Theprob-
lemsconcerningholographicinterferometryusingadigital photo-cameraareveryinterestingand
themethodhaspromisingperspectives.Ouranotherwork maybededicatedto theoptimalization
of thedigital reconstruction.

We canconcludeit seemsto beusefultrying to find properfeasibility of usingthedescribed
variantof holographicinterferometryin praxis—generallyin thesurfaceinspectionbut also,for
instance,in the artwork diagnostics.We hopethat with the developmentof the technology, a
constantexpansionof theuseof thedigital holographicinterferometrywill occur.
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