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» Abstract L

S p— » .

One problem centrgl to the study of slow deformation of the
gronnd is ité“accnrate meesurement;'Traditionel techniques,
repeated ‘high precxs1on surveys, t11t meter observptlons and

stra:n meter observatxons suffer £1rstly from expense,:

' _d1ff1cu1t f1e}d procedure and low prbducniV1ty and secondly

)

from the pr blem of extrapolatlng measurgments made at a

. .single p01n on the eafth's surface tdfa measure of averagej
behavxour over ‘a larger area. It may be poss1ble to make
estlmates f strain changes in photographxc records. of the .,
‘ground‘at different times, using commerc1a11y ava11ab1e
\photogrammetrlc equxpment, comblned with a. commerc1a11y
avaglable frequency analy51ng opt1ca1 set-up. Prel1m1nary
'9calculat10ns show that it is p0551b1e ‘to detect a '
‘dafferent1al ground d1splacement of 1cm, using a 51mp1e
‘optlcal f1lter1ng technlque for the analy51s of the o .

fphotographs o - .7 ,“, : N k ' _vtx
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| w - 1. 1NTRODUCTION
Prcdictlon' occurence of large earthquakes requires

careful nén»toring of the accumulation.of stress and strain

alohg major faults. Y

Accorainq to the theory of plate tectonics, the earth's

crust consists of a number of brittle plates. Due to their

13}60 ,izc, thcac}ﬁlatos will exhibit elastic behaviour, in
spite of thcir’rolati;oly high ihonr strength. The plates
are driven across éhclasthqno;pheru with relative ipoods up
to 12 éﬁ/yodr: Usually, the motion along a plate boundary is
continyous, through aseipmic creep, however portions of some
boundaries may become locked, with little relative motion
taking place., Stress accumulates on a lock;d fault, until it
readhes‘a critical value, known as the faiiure stress. When.
the failure stress is reached, the contact zone ruptures,
causing an earthquakeg accombanied by a sudden displacement,
wvhich releases the accumulated stress., J
We‘éxpect.that due to plastic deformation, the fault
will be locked only to a certain depth h, below which the
motion will be continuous. Turcotte.and Spence (1974) made
the following simplifications, which enabled thqﬁ to model”
the stra{n accumulation along a locked strike slip fault:
1. The depth h is constant along the fault.
2. Tﬁere'is zero friction below this .depth.
3. The base of each plate-is at a constant depth H, and is

free to slide over the asthenosphere.

Using these simplifications,\the authors derived the



nld1sp1acement f1eld at the surface, the'mean stress on the
:'fault plane as a function df txme, and the rate. at whlch
energy is- stored in the system.
The dr1V1ng‘mechan1sm of plates is associated with
EOrces extending'across the'entlre plate. Erictional.forces
acting on the sides of the plates balance part of the
‘fdriving forces. The accumulation of stresses aSsociated with
these forceshprior to an earthquake only extends‘a'distence :
.‘q into the plate; where qiis the'typical dimension'of the
”fault break assoc1ated w1th a strike. sllp earthquake.
Observatlons of surface deformatlongﬁawe thus of vital

importance to the understandlng of earthquake mechan1sms.

: Due to the slow rates‘ofistrain_accumulation nearrfaults,'

L measurements wigh a precision'of at least 1 part per million
;are necessary, if" the observatlons are to be completed in,
_one or two yearsfi

Satelllte laser ranglng technlques have reached a stage
‘where distances between two p01nts on the earth can be
determ1ned to w1th1n a few centlmeters, -and are therefore
exellent tools for determlnlng motlon on a large scale (50
km or more) At present, the ma1n source of error is the
,motlon oﬁ thehspaceeraft, whlch 15~af£ected bf'grav1ty |
anomalies.‘ LT | ‘ 1 |

?or distances shorter‘than,ten.km;iground—basedb
'geodetic.techniqueS'are the principal means of detormationn

monitoring. In 1973, Savage and Prescott'showed’one‘can



‘attain the required iccuraéy in é single measurement, using
a Geédolit;f\gﬁ'electfonicdistance measﬁring unit:(EDM$.
gA Geodolite producés a modulated l;ser bean, whiéh is
;eflecfed'baCk to the instrument by a distént :
retroreflector. The instrument then compares the modulation"
phases bfvthe incoming and outgoing beamé, Ghich_deéerminQS‘
the optical path iﬁ terms of -an unknown number of whole -
modﬁla%ion wavelengths, plus a fraction of a wavelength.
This fractioﬁ'can be §recisely measurea, and:the;number of
whole wavelehgths ié“detefmined by repeating the measurement
Hafdsuqcessively loﬁer modulatioh‘freguencies.;The stability
of the moduiation,freqﬁénéy;will give the limit of accuracy
of the instrument. | | |
v%\ln practice”ﬁ0wever,‘the accu?acy.with which we caﬂ
determine the path length, or make any optical measUrement,'r
will depénd oﬁ the accuracy of thé.measufement of the
refraétive index of air, (n).thfough°Which the beam basses,
The spectrum of fluctuations in n shows significant povétfﬂ
ﬁrom periods of a few milliéeconds‘up to qery.loné périods,
measured in days (Slater, 1975). It is reasonable: to assume
thét-loﬁg*period fluctuationslare caused by weathér chanéeé
which affect Qery iarge areas, and short-period flgctﬁatioh§
are caused by atmospheric turbulence, affécting very small
areas (having hiq? Spatial frequeﬁty components). In the
SavagerPrescott»prériments, the high frequency fluctuations

in n are eliminated by-1—i;¢ﬂ0-secohd signal averaging built

into the geodolite. ToO eliminate intermediate and long



frequency fluctuations, it is ~necessary’ to measure the
-humidity, temperature and pressure along the 11ne of sight.
The accuracy w1th which these measurements are made w1ll
limit the prec151on of the distance measurement. ;

Savage and Prescott made these measurements %y use of
ffan aircraft w1th a probe mounted on each 51de (on Wing
-struts of an airplane or sklds of a he11COpter). Répeated
«measurements were taken durlng the - flight ‘to eliminate
'1ntermed1ate-frequen"y f1uctuations. Pressure was measured
at tne two end poznts of the line. Since the accuracy of the

-

measurement is proportional to the stability of the
modulation frequency, the 1nstrument is recalibrated after
each line is measured The requ1red agreemeﬁt between the
modulation frequency -and ‘the frequency of a quartz
OSCillaEbs\gas 4 10' It was estimated that the centergnq'of
1nstruments and phase cpmparison within the Geodolite/cause
an error’of i1'mm and an error in the'average pressure,~
temperature and vapour pressure of A mb, 1°C, and '3 mb
respectively_cause an error of .1 ppm each. By staying lnr‘k“
continuous radio contact with the pilot, the fiight path "was
kept very close to the optical path. The airspeed'wasikept
constant, and was accounted for when determining the average
temperature.: - . . o

To test the reproducibility ofvthe‘data, the:authors
resUrveyed/a network of 30 lines. The surveys were done ‘
within a three“month interval, so that tectonic movement did

not,affect their measurements critically, but there was a
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‘good meteorological contrast. The.differences in line

1.4

V4

- lengths were plotted'against the‘}ine length; and 77% and

' 93% of .the points were found to lie between %0, and $203,

-where c, ranges from 4mm and 10mm for llnes 1km and 30km ‘

‘multiwavelength distance measuring instrument. This

‘respectlvely

v

The need for an aircraft makes these measurements
extremely expensive, and measurements must be done during,
the daytime, as was pointed‘out by Slater and Huggett

(1976)., he repeatablllty of these measurements is usually

not.test@h because of the expense. The lines measured ranged
from 1 to 35 km with standard deviations glven by the -
authors as 3 mm'tova mm respectlvely. .

| In ﬁ976, Slater and Huggett developed and tested a

instrument uses a red He-Ne laser (632.9 nm) and a blue

" He-Cd laser (441.6 nm) along with,a,microwaﬁe source. The

‘difference in measured path lengths for\the two laser beams

-gives an atmospheric correction Suppose the measured length

ide#S,:where L is the true length, and S is the extra
lengthvﬁue to the- atmosphere. S is therefore given by

L “

=j'(nf1)d7 L : ' | | | /

and the difference in S obtained at two different

wavelengths (red denoted by subscript one and blue by

-

subscript two) 1i's given by:



AS =S5,-S+—=1{(n,-n,)dl
: . . L L ‘ ] ]
e Q_=fhj(n,—1)d7, . B ] . (1.1)

o - A N \ "

where A.B(n,-n,)/(n,—i)‘is only weale‘dependent on

atmospheric density and. composition, so that we can replace
it by its average valde A, and take it outside;the integral

<

sign (Bender and Owens, 1965). Therefore, AS=X,S,; AS can

bé measured, and A, can be calculated from published values

A

of the index efﬁrefraction for the two wavelengths, and a
frough;knowledge of"the water‘vapor contentt'If AS is known
te :.3% L can be\calculated to 1 ppm or better. The |
uncertalnty in water vapor pressure along the path glves an
v‘error of .1 - ppm per m1111bar Thexlndex of refraction is
very sen51t1ve to water vapor at mlcrqwave frequenc1es,v
therefore a thlrd wavelength in the m1crowave range is added
to the 1nstrument to determlne the average vag\?\ ressure

along the path. Prec151on of a few parts in 10‘ for pa h -

lengths of up to 50 km and moderate temperatures, shouldfbe\\

possible using this 1nstrument. Fleld tests show excellent
‘results up to dlstances of 10 km. |

At distances greater than 10 km, amﬁiguity errors
arise. In this instrument the modulatlon frequency 1s
adjusted such that any remalnlng fractlon of the modulatlon
’wavelength is made zero. An error- in thevmeasurement of k,

the number of whole wavelengths, was called amblgulty error

by Slater Us;ng a;slngle wavelength, the ambiguity error‘is"

resolved by slewing\the'modulatjon‘frequency from £, to f,.

-

-~



The error 'in k is givef by (see Slater, 1975) :

o

Ske2kfE/(£,-8) Sy

, ﬁhere Jf-is'the error in fv’The;electronic stabillty of
thelr present EDM system can determlne the frequency to an
accuracy Jf/(f,-f )& 5*10"; Therefore amblgulty errors arise

: when k becomes greater-than 10’j which corresponds to a
range of about.10 km;with a nodulatlon.frequency of 10 cm.

fAnother factor‘uhich limits the range in this

1nstrument is the 51gnal to n01se ratlo. To allow suceessful

1 3

J’
solutlon of the multi- wavelength distance equatlons, ‘the

srgnal to no1se rat1o needs to be high. Th1s means that,
51gnal attenuation due to . spread1ng and scatterlng plays an.
1mportant role in a multl-wavelength instrument.

. Tectonlcally lnterestlng-stralns can be observed'using
small surveyvnetworks of aperture not exeeding 2 km
(Margrave, 1980). In fact, smallraperture networks are
preferred for measuring strain, to.aVoid averaging out
'signifrcant'strain variatlons (savage and,Presoott, T973).
Inghis study of the Peruvlan Andes,'Margrave used a Henlett
Packard 3800 ﬁDML’This'particular unit uses'four different
modulation freguencies of an 1nfrared beam to g1ve a readlng
- to, w1th1n (5 mm + 7 mm/km) w1th a maximum range of 3 km.
With a large number ofvrepetltzons of dlstance measurements,

they wer e able. to attain standard dewviations comparable to

those obtalned by Savage et al in Callfornla. Atmospherlc

v -



1.1 EDM Accuracy

maximum range of onlyf2,kllometers, but is more compact,

»
, &
»7;?1

1nstrument and at the reflecoor) and a 1near‘nelqtlonship

In the late summer of 1981' the HP§800 wasftested and .

comparec.to a Sokklsha Red 1A EDM The Sokkisha has a

‘easier to use and can take readings at a rate of

approximately once per 6 seconds. The manufacturer's

specifications give the standard deviation as (5 mm + 5

‘mm/km). The atmospheric correction is in steps of 10 ppn,

whereas it is continuous on the HP3800. The Red 1A was

" tested in the continuous read-out mode,‘(figure 1) at

approximately 15°C under very w1ndy and dry conditions. The
instrument was turned .on at 2:40 pm,r which corresponds to

0.00 seconds in the fique.'Warm-up time seems ‘to be about'

100 seconds. The 1nstrument was acc1dentally moved by almost

4 mm at 1400 seconds, whlle changing the battery Thzs-would
not happen hadfwe used concrete pillars 11k6‘thOSQ used in

the microgeodetic network in Mexico'(Nyland et al, in

- preparation), From 100,seconds to 1400 seconds,f%ye standard

deviation came to 2.5 mm, which is well within the

manufacturer's specifications. and is comparable to
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Margrave's deviations which range from 1.8 mm to 4.0 mm
(Margran,.1980,'b56).v1n a comparison of the two EDM unipé
(figure 2), the standard deviation was calculatéd using the

formula giQen by Savage and Prescott (1973)
o=(a?+b?L3?)* ' : (1.3 a)

- where o is the standard deviation for each instrument. The

combined deviation of both instruments is therefore given by

L4

-
c.=(2a*+2b2L?)s (1.3 b)

For an ideal normal distribution, 68% and 95% of tﬁe pointé.
lie between +o and %20 respectively, therefore we can take
a:3 mm énd b=3%10"¢. These walues give 70% and 97% of the
- points between i6, ané +20,. | »
There.seems‘to be a slight bias toward the positive,
which means that the Sokkisha gave cénsistaﬁfly higher'.
values for the same distance ﬁhan'thevHPBBOO. This was
probably due to‘tbé iﬁstrument constant, which was later

‘found to need slight adjustment. To test this,. two

‘reflectors were placed about 100 meters apart, with the

4 v

instrument roughly half way betwéeﬁ,them and the distance to
each reflgctor was méasured and added to give the total
h_disténce. Onevof the reflectors was then replaced by the. .
inStruméht; and the total distance was measured directly.
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400 800 oo 600 2060
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Figure 2.... Difference between distance measurements of
‘the SOKKISHA and HP3800 infrared EDM units. 70% of the
points lie between #0.; 97% lie between *20;

’



The difference between these two values is called the .
instrument constant. ‘
Figures 3 and 4 show the percentage of return signal as

a function of area of reflector surfa ure 3), and as a-

function of distance f e center of.the reflector

(figure_4¢). maximum return signal is dependent on the
ffice of the instrument from the reflector, and on the

weather conditions. From figure 4; the spreading of the beam

can be calculated to be‘about 10-? radians. Due to the

spreading of the infrared beam and the use of corner cube

reflector, the pointing of the instrument at the reflector
is not cr1t1cal a good reading can be taken with a return

51gnal of 25% or ‘more. The background level was. about 15%&1n,

-both cases (fig. 3 and 4); readings were taken under hot and

windy veather conditions. The three corner cube reflectors

(5 em diameter each) were set up in a triangular'

‘conflguratlon w1th the centers of the prisms separated by

écm, The effectlve radius of the reflector was about 5 ‘cm.

Even with stable monumentation,repeated surveys of

geodetic networks are expensive and require a high

~commitment of manpower. Under normal circumstances, one

should allow 2-3 weeks for a survey of a typical hetwork-
(35;40 distances and approx. 80 angles) (Margrave,1980).

I propose an alternatiVe observation method If the
p051t10n or discrete points on the surface of the earth is
recorded photograpblca ly at different times, a comparison

of the two records by an optical Fourier technique might
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?igure 3.... Fall=off of return signal with decreasing
reflecteor surface area for three different distances for the
HP3800
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Figure ‘4.... The return signal reaching the instrument
pointed a distance D away from the reflectorof rad1us,R1,/””
1290 meters away. Spreadlng of the beam is therefore about

.001 radians. ) T
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serve to determine the strain which has accumulated during
that time.

" One point on the ground vwill be taken as the reference
point. Lim{tations on the precision of camera lliqﬁmont will
result in slight displacement of and rotation about this
point. The method is thus capable oilmeasuring accumulatéd
strain, but not the actual displacements. The attainable
accuracy is limited by the atmosphere, as in the previously
discussed methods. Atmospheric conditions for desert areas,

- and measurements of atmospheric turbulence are discussed in
detail by Walters and Kunkel (1981). ’
It is the aim of this work to find the theorétical

feasibility of this method.”



2 1MaGING sy‘s'rsxs‘ |

To understand the approach we will take in an:lyzing
our two photographs, we’ need to first. look at 1mag1ng
'systems and how they work 1In partlcular, ‘we want to look at
the part of 1maglng systems theory called frequency analysis
Vlof optlcal systems{ or Four1er.opt1cs. In thlS, and all
following chapters,:'freqnency' is taken to mean the spatial
frequency. When speaking about the light source, I will
refer to its ﬁavelencth‘ only, to avoid confusion. It is
: peyond ‘the scope of this chapter to give more than a |
snperf1c1al treatment of Fourler opt1cs, a number of good
books‘are.avallable on the subject. (eg, Goodman, 1968)

“AS an example, consider a simple imagingvSystem,
-consistingnof a_point“source) a'camera and film. In. the
resultant photograph, the p01nt will be. spread by an amount
determlned by the resolut*on of the film and the size of the
camera aperture. That is, both the camera and the tilm haye
a point spread function associated with them.

ln any real camera, lensnaberrations,.and errors due to
the camera frame cannot be'made exactly zero. These
aberrations can be minimized in a compound lens consisting
entirely of spherical surface lenses, by use of elaborate
computer programs which find optimum configurations, and
appropriate multi-layer coatings. ln goodvteirestriall
camerae' the aberration errors'are small and some of these
errors,will cancel out when we compare two photograpns taken

with the same camera and lens, since we,are only interested

16
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in relative displacements._

2.1 Lenses

The most impontént compohents of optical 3ys£ems'are
lenses. Consider a thin converging spherical lens (a lens is
'said to be thin if’ its radii of cﬁrvature are much greater
than its thlckness) A‘lens_ls made of materlal optically ,
denser than air, and hence it will delay a liéht ray by an
amount proportional to the thickness of the lens ét that
point. Assume we have a spherical lens of*thickness-T(x,Y),
with-a maximum thickness T,. If g(x,y) is the complex
.amplltﬁﬂ’bdlstrxbutlon immediately in front of the lens, and

g'(x, v) is the dlstrlbutlon immediately behlnd the lens,

(figure 5) then

where t is the phase transformation and is given by:
A ¢

t=exp(ikT.)exp(ik(n<1)T(x,y)) | (2.2)

(R
—~

In this eqguation the term containing nT is due to the phase
delay in the lens, and the term containing (T,~T) is due to
the delay by the space adjacent to the lens.

;

number, given by k=2n/)
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Figure 5.... Object with complex amplitude‘disgribution
g.is placed in front of a convex thin spherical lens of

18

focal length f. The resulting amplitude distribution is g,.
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From the‘geometry‘of L'lens with'sphgrical surféces
with radii of curvature R, and R, we éahﬂ&alculate the
thickness.of‘the‘yéﬁs atlany péin;'(x,y):“ :
 T=T.-(x*+y*)/2 (1/R. = 1/R,)
=T, = (xi+y?)/(2£(n1)) ‘ (2.3)

where we used the lensmaker's formula in the'1ast step. The

phase transformation will therefore be (if we substitute

!(2.3)‘int04(2.2) and{drop the constant phase delay,

expliknT,1):

| t=expl-ik(x2+y2)/2f]1 - R I (2.4)

8
The complex amplitude distribution behind the lens is

therefore given by:

-g'(x4y)=g(x;y)exp[-ik(x’+y’)/Zfi- o » . (2.5)

One of the mqst'useful propért;es of a converging lens
is its‘ability toiperfdrm a two”dimgnéioﬁai Fourier |
transform. The back focal planévof a converging lens
contains the Fourier transform of é cohérently iiluminated>
object placed in the front focal“plane'(proofiis given in
the Appéndix), The back focal plane is'théfefore'called the
tranéfqrm plane, or frequency plane,:and the f:ont focal

plane is u$ually regperred to as the input plane.
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In interferometry, we ®ften talk about phase -

differences of a given number of wavelengths. Slnce fglly—

monochromat1c light is 1mp0351ble to attaln, we cannot have
a path dﬁfference of one wavelength precisely for all the
wavelengths in.the beam. The degree of monochromaticity of'
the light 1s called temporal coherence.

Because mathematical p01nt sources are excludable in
pr1nc1ple, rays reach a p01nt in an 1nterference pattern
from all po1nts ;n tne source’ polnt“ Perfect matching is
therefore impossible. The degree of approximation of a
source to a p01nt source is called spatlal coherence.

Before the lnventlon of lasers, good coherence was
achieved by spectral fllterlng and by mhking the source very
“small (resultlng 1n con51derable light loss) Lasers can
‘only amplify photons if the1r wavelengths and d1rect10ns of
travel lie in certain narrow bands, and therefore good
’coherence is achlevec w1thout llght logs
| The effects of coherence on imaging systems have been .
discnssedohy P. Considine (1966), and will be summarired in

the next section,

AZ.ZrEffects:oflcoherence onwimaging systems

The highest’fregnency'passed by a lens depends on its
- aperture. Suppose we are trying to.iﬁageVa sharp‘edge,'(such
' as that/of a razorvblade) containing very high freguency‘
components.~A sketch_of'intensity versus distance

R
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. 4 ‘ - ' , .

perpendicular to the edge was made (figure 6). An

examination of a photograph of'a coherently or incoherently

“illuminated edge'wﬁli showjthis type of an intensity

| distribution.,The same distribution can be derived

theoretically (see}Considine, 1966). From the'sketch, two

things are immediately apparent: |

1. The coherent illumination-produces ringing or intensity

| ”.oscillations‘about i, (the Fresnel aiffraction of an
edge). | |

é. On the‘basis that the edge ts located at the

| : half-intensity point the coherently- 1llum1nated edge is
shifted. (see Con51d1ne, 1966)“

The two effects are a resulr‘of the difference between

transfer functions of coherent and 1ncoherent imaging

systems. That is, the transfer func1on of an optlcal system,

depends on the type of 1llum1natlon. In the_frequency plane,

a coherently-i;lumineted len; has a sharply CUt-off transfer

function,;whereas the transfer'function of'an incoherently

1llum1nated lens decreases gradually w1th frequency If thet

cut-off frequency is lower than the hlghest frequency of the

edge, rlngrng will occur 1n-the coherent system. ThlSalS

'_important! since ringing 9¢eetly intluencesﬂthe resolutionﬁ

-

ConSidine shows that a lens which can resolve_114\lines/nm .
when 1ncoherent1y illuyminated, onlyfresolves 36 lines/mm
when -a cOherent light_source is‘used, because the ringing of

one line starts to overlap the next.closest line.
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Figure 6.... Image of a sharp edge: Intensity as'a function
of distance -perpendicular to the edge. Dashed line
represents coherent illumination; solid line represents
~incoherent illumination of the edge S
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Another effect of coherent illumination is speckling,

.which is not a pfopefty of the light beam itself, but.is

present only when phase variations are introduced into the-

wavefront by transmission through an optically rough surface

such as a scotch tape, or by reflection from a'fough surface

such as a painted lel. The sizevofvthe‘spéckles depends on

‘the wave number, and?;hey can thus be made small enough to
‘ - ’ L . ;]':-.._ g .‘ . Dt . :
be useful in certain types-of. experiments (Khetan and

-Chiang,1§7$)‘which will be ‘discussed iater.

There is n6VSign_of‘edge\ringing within the speckle
pattern. A simple experiment cgn showitﬂét the absence of
édge ringing is not caused by 1055 %Y coherence:

Passing'a iése;_beam through a diffuser such as a
scotch tape produces a speckle pattern. Placing a double
siit in contact with the diffuser produceS clear
inﬁerference f:inges4écross the speckle paﬁtern. The field

thus remained coherent after having been diffused.

2.3 Optical Processing
1f g, is the input function and g, is the corresponding
output for a linear system, |

oy “
,,,,, )

w0 P - .
'gz(x',y')=Jyg,(x,y)p(Q',y'gx,y)dxdy (2.6)

” - , _ :
where p is the impulse response, or the point spread

function. If the system is space-invariant, then p:depehdS'

Al
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4

only on the distances (x'-x) and (y'-y).
w .
g;(x‘,y')=Sgg,(x,y)p(x'—x,y'fy)dxdy (2.7)
-
which is just the two dimensional convelution:
9. = gy * p. R o (2.8)

Taking the Fourier transform, we get:

G.(u,v)=G, (u,v) P(u,v) g : (2.9)

where P is the Fourier transform of p, and is called the
‘transfer function of the system.:" |

Consider & plaﬁe wave iil%yinating an inpUi placed at
.pldne P,. (figure 7) A thin spnerical lens L. is placed a
distance £, from P,, where f, is the focal length of the
lené.ign thé‘baék focal plane of the lens Qill appear the
Fourier transform of the object . This plane is called the
transform plane, and is denoted by P,. We can Fourief
t;ansform this plane by the use'df‘anothet'lens. The output
will appeaf.in plane P,, the image plane. The image is
inverted, because we are performing two consecutive.

1 ,

trahsforms, rather than a Fourier transform followed by an
inverse transfbrm. We therefore choose the tbérdinates in P,
in reversed directions, as denoéed by the negative sign in

figure 7. The magnification is given by the ratio of the
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Figure 7.... Arrangement'of an optical Fourier analyser
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focal lengths of the two lenses, and is usually chosen to be
unlty The plane P2 con\alns the Fourler transform of the
1nput, with the spatlal frequenc1es related to the spatial

coordlnates by , . .

Xx.=flu

(2.10)

Y2=fAv

e, we
‘can therefore alter the image in the output. plane For
example, to block out ‘high frequency components of the
input, we would place a small aperture at the transform
plane. The higbest'frequency passed bv a given aperture is
gi&en by equat*ons 2.10. .

| The flrst attempts_to_manlpulate the Fourler spectrum
of an 1mage were done in 1893 by Abbe, and a few years later
by Porter. The Abbe-Porter experiments are a good
demonstration of the principle of Fourier analysis. A fine
wirelmesh_is placed in a collimated coherent beam, in the
front focal ~plane of a lens. The back focal plane will
contain a rectangular array of dots, the Fourier transform
of the mesh. With a narrow horlzontal slit, passing only one -
row of spectral components,“the image will contain only'the
vertical components of the wire mesh input.

Most uUseful filters are harder to fabricate, and until

the development cf digi l_al optlcal converters they could

onlv be aporox1mated These fllters are used to attenuate

@
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undesired effects such as linear smear, blur or atmospherlc
effects in photographs. It is hoped that the transfer
function of the compensating filter will remove thg transfer
‘function of the undesired effect, theréfore the filter is

given by (if we ignore noise):

F(¥) =1/ 2(9) | (2.11)

e o . ]
——————"""" wWhere P(V) ‘is the Fourier transform of the point spread

function of the effect we want to remove. For example, the

point spread -for linear smear is a rectangle function

ion 1is simpry'iﬁs Fourier transform, which
is the Sinc function, o .
If additive noise is present,'howeve;, the filter given
by equatién 2.11 could degrade the‘photogrgbh instead»of
improving it, deﬁénding on,;he signal to noise fatio. To
“include the noise, we start with the equation fora lineér
system (egn. 2.6), In this,exagple, our'system ¢onsists‘o;\
an object, atmosphere, a cameré and f£ilm. The output
o(x',y') is related to the input i(x,y) by

L

=Y i(x,y)p(x'¥x,y'-y)dXdy o (2,12 a)

-~

O(u,v)=I(u,v)P(u,v) (2.12 b)

P ﬂontalns all lens aberrations and .conditions Whlch may
Ogr»
degrade the image. The overall transfer function is
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A
therefore given byi

P =B, P_P, P, " | (2.13)

where:

F, =atmospheric transfer functién,'

é = trahsfer function, K of the lens

P.= transfer function of motion during e#posurg

P, = transfer function due to the film.

e

xWe now complete the model by considering noise. The.
noise, which we will assume to be additivey cdnsists of all
the ;andom procésses present, such as dirt, dust,
discbnfinuities; film grain and laser speckle. The observed
image is therefore . |
\

olx,y)=i(x,y)*p(x, Y+n(x,y) (2.14)

If we take ?(x,y)»to be the estimate of-i(x,yv), then the
error function e(x,y) is just ?(x,y) - i(x{y), and has the

\ .
power spectrum |E(u,v)|?. Xhe mean sguare error will be
given by: : o
N )
“ ' ' ' y\
MSE#‘\SJ‘W(L:,V)IE(U,V)[z dudv
] .

where W is a frequency weighting function. For example, for
frequencies which we consider unimportant, we can put W

equal to zero.
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If we assume that the noise is not correlated with the
signal, then for a linear system, minimizing the mean square

error gives (see Considine and Gonsalves, 1978):

| |2
1 N
F(V)= (2.15)
PO o) 2 ~ | -2
S5 * - [0

which is known as the Wierer filter. It was first designed
to improve atmosphere-degraded images. The estimate of the
input, T is O(u,v)sF(u,v). It can be seen that if the signal
to noise ratio is very iarge, this reduces to the inverse
filter, 1/P. Thus for a sysﬁem with infinite signal to noise

ratic, we get:

T =OF = IP/P = 1 S (2.18)

2.4 Atmosphere

In tﬁis section, we assumé that in our system, there is
no limitation on size or quality of the lens, or resolutiod
of the film. The light beam we are récording‘will be
diétorted by inhofmogeneities in the refractive index of the
atmosphete through which it travels. D.L. Fried (1966)
calculated the efféctsuof the atmosphere on a point source

as a function of altitude, using a model of vertical
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d;Stribution df the index of refraction structure-parameter,
Cy based on experimental data. He found that at an altitude
,hr  '~

|

Cz =4.2%10-"* h- ' exp(-h/h,) C (2.17)

where h, was found to be 3200 m. C2? is é éoefficient which
measures the strength of thé refractive index tu:bulencé, a
function cf both time and'space. It is usual tb measure the
.temperature structure parameter CZ, which”is di;eétly

- proportional to Cj. Another parameter which is often used to
give a measure of turbulence is the transverse coherence

Al

length, r,. The felation bétween Ci and r, is:

Aroa[JCj(z)dz];”;. | ‘v (2.18)

For a loﬁg exposure, the maximum resolution R. has been
defined as the limiting value of the resolution R, a§ the
diameter of thé lens becomes infﬁnitely large. In ﬁerm; of
ﬁhe altitudé z, Fried gets; |

T . .
R, = (n/4}(r},/)z)2 "~ (cycles/meter)? . (2.19)
At an altiﬁude.z,Agherenis a minimum size of an objéct which
we can see. The max imum spaﬁial freqguency is giveh'by the
‘squa;e,root of the fesolution, and is in‘units‘gf.line pairs
petr meter. The minimum resolvable length’is

.
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7= 1/ 2(r)" | (2.20)
R approaches its limiting value asymptotically as the lens
diameter D becomes<very large. When b=2r,;,R is almost_?O%"
of R.. When D equalé Lo, Rvis approximately .45R.. |

: The transverse coherence length r, has been measured
accurately fof mountain and desert.areas by Waltgrs & Kﬁnkel
'(19§1). During the night, r. in the.dése:t is fairly
ccngtantvuntil‘sunrise, yith a mean‘balue.of 50mm. Optical
'turbulence is lowest (r, is at a maximum) when the
témperatdke of the gfound‘is eqﬁal to thé temperature of the-

air. This occurs just after sunrise, and just before sunset.

4

2.5 Optical monitoring of surfate'déformatiqns

"The method proposed herebis,a variation of the idea Sf
Vacquier and Whiteman (1973), Qho_USed a camera of .10-meter
focal léng;h to photograph two pairs 6§ lights, oneroh‘eaéh
side of an active fault.‘Averége displacemeht err the past
5 million years on‘this portion of the fault is 6 cm/yea;.
The separations bf the dbts-gn the photographic plates wére
measured using a TO—powe: miqroséope with a mic:bmeter
screw. If there is a ﬁorizontal temperature gradient, a
systematic error would be introduced. This error would be
&anceled out by another éaméra, pointed in the opppsite
dirgctidn. This second station was never built, maihly

because of the expense, and because the authors felt that it

v



would not signiﬁicaﬁtly improve the precision,

Over a two year period, thevexpeoted 12- cm displacement-
was not observed. Thec authors believe this ls because the
fault is locked, and over the distance of‘25 km (the
distance betﬁeen the camera and the far pair-of,lights)~the
"strain is linear. Since they were“measurihg parallax,'on;y a
non-linear strain could be detected.

Even thouéh their egperiment did not give the expected
~results, much can still bew~learned from their data (p 8€2,
JGR, ?ol;78, no.s). There is-agreat variation 'in the ,
quality‘of,tﬁédbhOtographst The size offthetépots can vary
from :35 to .5 mm. The photographs were taken in twenty
minute intervals, in which the size of the spots could
chaﬁge by a factor of 2 or more. -

. Two pairs‘of‘dots apoear on each photographi the innet
pajt’being the image of the fer_lights (25 km), aﬁdethe
outer pair the near lighté (8 km). Therinne" pair may appear
above or below theaoﬁter'pair dependlng on the vertical-
temperature gradient durlng the exposure. The vertical
alsplacement of the 1nner dots varies. from about .2 mm to“"i1
-.7 mm. Horiz tal’temperature’gradlent cannot be observed.
:from these photdgraphs. - ~;> | |

The expected shift of the inner pair of sgg%s is .05 mm
over tne two year period. Averaging ovet a large number of
photographs, the authors claim to be able to}detectva shift
-0f 002 mm (correspondlng to a ground movemeqf along the

fault of 4 mm) .
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Our method will differ in two ways. One, we will use a
" random-array of light sources'or-réflectors; and th, ve
will process the data using a double exposure
interferometric technique. The ;rea‘of study (approximately
1 square kilometer) will be an.active féult.in a desert area
‘inlnbrthern Mexico (Dérby et al., 1981). The_mbtion along
the fault is almost entirely horizontal, and expected
maximum'yea;lyﬂdisplacements are 1-tp 2 cm. An array of °
precisely positioned reflectors in the area will be imaged
on a 10 by 10 cm high résolution_film;_on an Estar base or
glass‘p;ate for good stability. Hclographic films with a
‘reSolution of 500 to ZOOQflinés/mm.are commercially
available on lohg-lasting stabie_baﬁés. For more discussion-
on‘recording,media, see'Gbodﬁan (ﬁ§68). :

| The recqrding of the lights is thus the same as the
Vacquier and Whiteman .experifhentv on- a smaller sc,aleb. \Wher'

their line of sight was 25 km, ours will be abbu§:1 km,

-

¢ oy "

‘Their 10 meter focal length lens has a resolution of
approximately 25 microns, and the displacement they were
looking for was 50 microns. Our lens will have a focal

lendth 5 to 10 cm, with a resolution .5 to 1 micron, and the

o E

dispiacement we are -looking for is 1 to 2 microns. Our
system will be manually operatéd whereas theirs Qas
automatic, but Vacgquier and'Whitemanfran'into4sqme problems
with their automatic sfstem, and most ofltheir‘useful dgta
was taken manually.JPhotographs should be taken

approximately every twenty minutes, because atmospheric
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conditions‘can,change significantlfvin this time interval,
’and the size of the lhages of the reflectors will vary. When
we compare two transoarencies separated in time hy one or
two years, we will choose the two in which the size orlthe
.reflector'images.is similar.

F It-is assumed that an area 10 meters in length wi ll
have a unlform displacement rate, and that it is sufficient
‘to_use an array of reflectors w1th a separation of about 1?
meters. The transparencies will be compared using a dooble
'exposure interferometry“technique. The attainable-accuracy
w1ll be dlscussed in chapter 4

The p051t1on of ‘the reflectors is not critical, but a
line perpendlcular to the fault and pa551ng through a p01nt
directly beneath the camera (referred to as the main axis.
from now on) will have the least error, since the vertlcal
index of refraction gradient only affects precieion onethe
component.perpendicular to the fault. The reflectors should
therefore be concentrated near the main axis, as shown in
the‘lower part of flgure 8. (Black squares represent
reﬁlectorel. When in the field, it is usually impossible to
make‘a straight row of lights which does hot’deviete from
the mein axis. It is therefore useful to estimate the error
introduced by the vertical‘refrection.gradient. A camera on
~top of a mountain at a height h; is pointed at point P,helow
(wvhere P is the position of the reflector which deviates
most from the hain axis). The light réys.will follow a bent

path, and the image of P will seem to originate at P'
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_(figute 8). |

. The ground in a desert area at night cools off very
rapldly Dense air near the ground is cooled, and»thus tries_
'to maintain its p051tlon near the ground. " Thus atmospherlc
turbulence is near m1n1mum dur1ng the desert night. a
detailed discussion on measurements.of atmospheric
turbulence in a desert area can be found in a paper by
Walters and Kunkel (1981). '

The assumption I make is that the 1ndex of refractlon
varles llnearly with altltude z. That is, n(z)= c+kz. From
Snell's law we have that n(z)sin6(z) is a constant. The

dlstance s is thus given by:
}‘ .
= Sdz tan6(z)
]
=(a/k)lcosh™ ' ((c+kh)/a)-cosh~ ' (c/a)] - (2.21)

' where a=sinf , and 8 is the angle at any point along the
curved path to the vertlcal As a.spec1f1c example, suppose
the vertical temperature gradlent is 5 degrees per iOO
meters of altltude. This value is extremely high; 1n most ¢
cases, the gradient will be much less. Since a change of 1°CG
causes a ohanoe in £he refractrVe index of\Am/n=1d;‘. This
gives k=%*10" km;‘. For Y=60°,1and h=.5_km, the error in
the‘position of the reflector will have a compenent parallel

to the fault eoual to 107 *y. For y=100 meters, thlS is 1 cm.

' This error w1ll be reduced by about one order of magnltude
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Figure 8.... Above: 51de view of the path followed by the
rays from p01nt P to the camera’'at C. Below: top view -
d’stance s spllt up into its components parallel and /

perpendicular to the fault. '
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if the'vertical gradient of nis approximately the same
during“the exposure of the second photograph.

A horizontal tenperature gradient, if one occurs, will
be much smaller than the vertical gradient A horizontal
gradlent of 2°/km for example, at 45° to the line of 51ght
would cause an error of 1 mm in the posxtlon of a point
about 1 km from the camera., It was found by Vacquier and
Whiteman, (1973)hthat this error due to horizontal gradient
was too small to affect their results significantly.'since"
our lines of sight are much shorter than.theirs, we can
neglect the error due to horizontal refractive’index
‘ gradient.

It is obvious that.the camera cannot be positioned 50
precisely that each lightbwould be'exactly aligned, (were
there no movement. along thé" fault at all) and 1t is also
unlikely that the average refractive index will be the same
at the time the second photograph is taken. Thus there will
be a amall'displaceﬂ%nt between the lights as seen on the

' photographs. In‘ghapter 4, it will be shown that it is not.
,only preferable; bnt necessary to add a displacement (not
,necessarily a known displacement) before the comparison can
be made. Because of this unknown added displacement only
non-uniform strains can be detected. The results of chapter
4 also show that high frequency noise does not present a
serious problem, To get the yearly strain rate, a comparison
of‘two,photographic records,'eeparated in time by one year,

will be made.
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A method capable of detecting such small difﬁerences‘in‘
two transparencies will be discussed in chapter three.
several'assnmptions are made:

1. The same lens and same camera were used both times.

2. ”The lens was not damaged in between the two trials.

3. The transparenczes and thelr transforms were stored
carefully.

4. The exberimentlwas carried out under conditions of
minimum optical tu"bulence and under conditions of
s1mllar temperature and pressure. ,

5. Haze was removed by the use of colour filters.

A photograph contains a vast amount of data, and
digitizing itlwonldlrequire exorbitant stotage‘soaoe. In onr
case howe;er, theuphotographlis used to record the precise
positioh of one or two hundred smallrboints, with the rest
of the photograph being dark background.‘Optical—digital
converters have reached 2 high degree of sophistication;
transparencles‘can be digitlzé@ with‘precision to 500 ”
lines/mm. The experlment coula therefore be equally well

carried out dlgltally or. optlcally (as will be shown w1th

synthetlc data in chapter 4)

2.6 Preliminary Calculations
Using ecuation 2. 3) and the results of the prev1ous
sections, it is possible to calculate the width of the

intensity peaks on the transparency. It will be_shown in
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chapter 3 that the size of the image points ultimately.
limits the resolution of the interferometer. Assume the size
of the transparency is a sqﬁare decimeter, and the grbund
surface coveré a square kilometer.

The following calculations are based on parameters of a
-commercialiy available terresﬁriai camera.(Zeigs (Jena) UMK’
10/1318). The comppund'abberation—corrected lens, camera
. frame and the film plate produce a combined error no greater

than .008mm. For our purposes, this is nét a negligible :

‘error, however‘using thé>5amé lens and camera will eliminate
most of this error. ‘

1. Resolution of film will be 1000 lines/mm , 6r 10
iines/dm. This corresponds to an‘objecf on the grouﬁd of
diameter 10-*km, or 1cm. This is the minimum size of an
object on the ground which we can resolve.

2. Using concrete pillars, it is hoped that the camera will
not move dqring exposure, theréfore the motion transfer
function (Pn) equal§ one, even fqr long exposure times.

The lens will have a . radius of 2.5 cm and a focal length

*Fw

of about 50 mm. Using equation 2.10, the highest spatial
frequency (u) passed by ghe lens is approximately 1/2};
Téking the average waveléngth of the source to befSOOnm,
werget u=10* lines/meter. This correspondé to an objéét'
on the ground with a diameter of fem. Smaller objects
will not be passed by the lens. (The smallest object
péSsed by a 100 mm lens of same dimensibns would be 2

cm) .
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For‘Dér,iSCT, we have (using equation 2.20),
R=.4SR§=3560 (cycles/m)* ( for z=lkm ),

therefore ] = ,01m = 1icm.

Theée calculations pertain to lbng exposures (greaﬁer

than one second). Long exposures'average out‘Qery short

variations in the index of refraction due to turbulence.

Using long. exposures doés not make it unnecessary
however to takevas many photographs as one can.

Since we are taking an oblique photograph, éome points
will be farther than others, and thus some points will‘

not be in perfect focus. The amount by which a point on

the ground is spread will depend on the height'éf the

camera and the position of the point. Assuming the
points near the central iine are in good focué, the
nearest~ahd farthest pqinﬂs will be spread by.one to
three cm.

Thé combined effect will be that a 10 cm source'will be

-

exceeding .02 mm. The above errors affect the size of the

image points, but not their position. The folloﬁing errors

will alter the position of the reflectors.

1.

The camera should be positioned such that any point
whichrﬁas experienced no movement will appear in the
same position to within about'40cm;.Supposé the caméra
is .3km above the area to be imaged, and 1km away from
it horizontally, then the precision to which the camera

must be poéitioned is 7*x10-° radians (Vertically), and
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4#10°* radians (hqrizentally),

2. The horizontal gradient of n can introduce an error of
about 1 mm in the position of the reflectors. A vertical
gradient produces an error in .the displacement along the
.fault wh*ch 1s proport1onal to th distance of the point
from the main axis. This error will be of the order of 1
mm for p01nts lying within 100 m of the main axis.

3. Dlstortlons in the sxze or shape of the photographlc
plate due to temperature or humidity can cause errors in
the position of all points in the image. If we require
that this errer be less than :1 micron, (ground
displacement error of less than 1 mm) and we are
'measuring»the distance between two pointe which are
aporokiéately .04 mm apart, then the plate dietortion
must be kept to less than .25%. We can 1mpose a stronger
condition on the distortion., If we examlne each palr of
dots by a laser beam of 1 mm diameter, and we require
that a2ll points illuminated by the beam‘have a position
error of .1 micron, then the distortion must be  less .
than .01%.

It 1is clearly demonst"ated by the two photographs on
pages 162 and 193 of Hecht and Zajac (1976), that today's "
camerasvare capable of attaining the needea accuracy. The
photogtaph was taken by a.Hyac 1 panoramic camera with a
300mm f/S lens (lens diameter=6cm).vlt covers an area of 3
by 6 km,‘and objects 3¢, by 60 cm can be clearly seen in the

blow-up (second photograph).



3. INTERFEROMETRIC COMPARISON OF TRANSPAftENC 1 ES'
Usingwa film with resolution of 1000 lines/mm enables us to
record separations of 10~ °mm. |

"Each of our two photographs will contain lightlpeaks on
a dark‘background. When superimposed on a single
tr;;sparency by a double exposure, the new transparency or
plate will contain pairs of peaks, separated by a small
distance d. Due to the fact that the camera cannot be
aligneé exactly, and that the average index of refréction
was slightly d%fferent,when the first photbgraph was t#ken
and during the exposure of the second photograph, d will not
‘be entirely due to the strain accumulation on the ground
surface. It4is hoped that d will not be more than .06 mm;'
which is about three times the width of the peaks, because
this will limit the the accuracy of the system (chapter 4).
| Assume that ﬁhe photographic plate has a resolution of
1000 lines (or picture elements) per millimeter, and that it
has been properly expéséd and developed. In pointwise
filtering, we use a laser beam as a probe tp.examine a small
portion of the photograph of diameter about 1 mm, which
¢orresponds to 10 meters ci the ground surface and thus
gontains only one reflector. In whoieffieldpfiltering, we
examine the whole photograph at once, but we look at only
one component of khe displacement. Both methods will be
discussed in detail later. |

From nbﬁ on, the units I will use will be picture

elements. The conversion factor is given by the film

42
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resolution. .In our case, 1000 picture elements equals one
millimeter. The diameter of the peaks thus becomes b=20,
their separation will be 40 to 60, and the laser beam covers
an areaof diameter about 1000. ’
Our method for determining the digplacement will be
similar to the egberiment of KheEan and Chiangw£1976), andv
Chiang and Juang (1578), in which the authors used laser
speckles to analyse strain on a plane surface under load.
The random patterh formed by the speckles is a resﬁlt of
interference of coherent light bouncing off different parts
of an optically rough surface. The pattern is recorded on
high resolutxon film before and after the s§fffface has béen

' of the

4 is then

deformed by an applled load, by ;ouble eXPR
photograph%c film or plate. Thé'double exR
Fourier transformed to analyse the recorded strain
1nformat10n. The film contarhs pairs of dots, separated by a
small distance d, one correspondlng to the first exposure,
and the other to the second. If we consider a section of the
£ilm which consists of only one pair of dots, the |
transmittance of that section approximates-a pair of
pinholes.‘The interference pattern produced by this section

will thereforé be "a light circle modulated by parallel;

‘equidistant fringes. The fringe separation will depend on

the separation and relative orientation of the two pinholeé.
Now, if we examine the whole film, the fringes produced
by other pairs will have different spacing and crientation,

andgtherefore no~clear pattern will be visible.

"y
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This orcbiem can be overcome by two methods: Pointwise
filteri ng, or whole field fllterlng In pointwise filtering, .
We examine an area of the film which is small enough that
the displacement in that section iefuniform. We'can do this
simply by passing a laser beam (1 to 2 mm diameter) through
the film, and observing the diffraetion pattern on a screen.
In the Qhole field method, we examine fhe whole filmyat
once, ana we place a small\aperture in the frequency plane.
We use another lens\to perfofm”the Fourier transform cf the
frequency plane.‘The output plane'will theh contain fringes
which afe the leci of points of egqual displaceﬁenf
component. By plaéing an aperture at different positions

(r,8) in the frequency plane, the fringes in the outputs

. Q - . .
plane change accordingly. r changes the spacing. of the

fringes, while 6 changes the component of displacement we
are looking at. Thus the strain on the test surface can be

calculated, however it is useful to know a p*lorl if the

jdeformatlon was in or out of the plane of the surface.

Our problem is identical to this, except that our
pattern of dots is not completely random, and in our case,
the pattern of dots is produced by reflectors positioned on

‘ LN

the ground, rather than a'speckle pattern produced by

‘reflection of coherent light from a rough surface.

In the next sections, it will be shown mathematlcally
tnat these frlnges are a cosmez modulatlon of the light
1nten51ty‘1n the frequency plane of a single exposure.‘The

limitations which exist on the size of the spots will also
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be given.

r oy
Y -

3.1 Recording a randomfpattefn
| In a dodble exposure method, we expose each of our two
pHotogréphs on a single plate, one at a time.
“Consider the complex émplitude of light h(x,,y,) in the
object transparency (the first photograph) af the point:
gﬁx.,y,); The light amplitude at P' due to radiation'from~P

(figure 9) is given by the Huygens-Fresnel principle: -

h{exp(ikS))/iAs ‘ (3.1)
The total amplitude at P' is therefore:

»

° .
- ﬂ}h(x,,y.)/iAS]exp(ikS)dx‘dy. ‘ ' ' (3.2)

The amplitude g€x,,y,) at point Q in the image plane is:

(see Appendix)

,9<X=rY=)=ﬁr[ff<h<x‘rY1>/i*S> exp(ikS)dxidy|]A(x,y)
eexpl-ik(x*+y?) /261 (exp(iks')/iks") dxdy (3.3)

where A is the ‘aperture function and f is the focal length. ;

of cthe lens.

Si=p?+{x,-x)*+(y, -y)?
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Figure 9.... Régording a ‘tdrdom pattern

46

A2



47

=pz+x|2+Y|2°2(x1x'+Y1Y)+x2fyz

=R?-2(x,x+y,y)+x?+y?* . .
S 2 R -(x,x+y,y)/R + (x%+y*)/2R
2 p -(x,x+y,y)/p + (x*+y*)/2p (3.4)
~similarly o - | |
S 2°q -(xx,+yy.) /g + (x2+y7)/2q SR ER )

. , , e bR ‘
These approximations apply when thewpg‘ kﬁﬂ‘and P, are far

' vb'-?\“‘"v"wﬂ
Wyl ‘z\jy“ ',){’r"‘

from the lens, and are known as the Frauy foter

approximations, ’

Assume the variations in S and S' are small, then S& p

4

~and S'=q can be considered constant (see Khetan and Chiang,

1976).

L&

7hea) [l y OAG,y) expl-ik(xi+y?) /28]
éi%(ikS)éxp(iks‘Yax.dyidxdy : - (3.6)

Pl

g(x, ¢ 1

Now plug in equations (3.4) ané (3.5)

_ '. | W,

g(x;,y,)=(-1/42pq)fﬁT h(x, y,)\é(x;y)exé[;ik(x’+y’)/2f]
. exp[ik(p+q-(xx,+yy.)/p - (xx, ® yy.)/q

‘ +(x‘+y’5/2p + (x2+y?)/29)] dxdyd;k - “ (3.7)

-~ (explik(prq) 1)/ poaffff nixi v atk,y)

eexpl (ik/2) (x*+y*)(=1/f + 1/p +1/q )]

B

o expl-ik((xx,+yy.,)/p + (xx,+yy.)/q)] dx,dy.dxdy S (3.8)
but ‘

/¢ - i/p-t/g =0 | (3.9)
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therefore,
g(x,, Y=k [fff nx,ya0x,y) | }

o exp[-ik(x(x./p +x,/q)+y(y./p + y;/q))] dx.dy.dxdy (3.10)
wherei ' ' |

- R=—(explik(p*q) 1)/ \*pq

‘Double exposure is made with displacement (as observed in
the imagé plane) being d(ds ,dy ). Assuming the source shabe
-does not chahge drastically with time,. the total.exposure at

the image plane is:

e,(.xJ rYa )'_'t[

y

g(XJIYJ)lz + lg(x;*d;,y;"'dj)l‘] ' (3.11)

where t is the exposure time. Examples in chapter 4 show

that small shape changes do not afféct_thearésulfs very

much. We assume the film was p:operiy developed; then the \h
amplitude transmission’function g' will be a linear functie
of exposure time, and

g‘ (xJ IYJ)=b = Ce(X; ,y;).

The amplitude of light behind the photdgraphic record is:

9'(x;,y;)=b~étflg(x,,ya)|? + |g(x,+d,,y3+aj)12] . (3.13)
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3.2 Whole fiéid ffltering

lTo obtain the displacement informétion from this
pattern, we perform an optical Fourier transform in the
usual way. We put the trénsparency in the input plane, so
thar g(x;,y,) in the previous section now becomes g(x,,y,).
The light intensity distribution at the transform plane of

the lens is then the square of the Fourier transform of the

amplitude transmission function. g'.

I(x,,y lﬂ’g X,¥4) R ,
.'exp[_lk(xt).iz "'Y1Yz)/f]dx1dY|l‘2 ) (3.14 a)

Neglecting the cdnstant (or DC) term b, which will give a
brignt spot‘at-tbe center of the frequency plane , we get
(away from the center). |

I Fz,yz) =c?t? |1} |g(x,,v,)]? exp[-iE (x, iz*y yz)/f]dx'dy{

g—3¢8

-~

fj]g(x +d,,y,+dj)|2exp —1k(x X4V, V2 /f] dx, dv b2 (3.15) -

From the shift theorem of a Fourier transform (see Appendix
for proof), we get: ’ .
I(xz,yz) =c t’|y§lg f‘,y Izexp[ ik(x,x,+y,y.)/f)ldx dy,

{~W|g(x,,y )| *expl-ik (x,x. +y y.)/f1dx, dy }

~of

* expl-ik(dyx,+dyy:)/E]]" o (3.16)
/ : o R

therefore’
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o0
I(x,,y.)=c?*t? EY (x,,yi)|%expl-ik(x,x;+y,y.)/f1dx,dy,

© {1+ expl-ik(d,x,+dyy,;)/£]]]?
=I,(x;,y.)] 1 + exp[-ik(d,x;fdyyg)/f]l’ (3.17)

\ j‘ , .

' s
where

"
I.(x,,y. v‘t’lf?lg(x,,y,)|’exp[-ik(x.x;+i,y,)/f]dx‘dy.I’

[ 1+ exp(—iz)][.1+ exp(iz)]‘

| 1+ exp(-iz) |* =
. | = 1 + exp(-iz) + exp(iz) + 1
= 2 +2 cos z
= 2( 2 cos*(z/2) - 1 + 1)
- 4 cos*(z/2) | |
therefore ‘ ’ _
I(xs,y2)= 4 I,(x,,y:.)cos*[(k/2f)(dxx, +'d7y2)j “ (3.18 a)

where I, is fhelintensity distribution at the transform
plane if only one exposure is recorded on the film. Most'of
. the energf‘from thlS term is concentrated near the center of
,the diffraction’pattern and ;s rererred»to as the ,
diffraction halo of a single exposure;(see Khetan & Chiang,
.1975). This halo ‘is the Fourier transform of the plate if

. .d=0, or if'enly one expesure_has been fecdrded on the plate.
Its radius is given by the highest frequencies.iQ)the
photograph. Outside it, there is no light and therefore no
“gringes. It is ﬁherefo;e obvious that if the photograph
contains only low freqhencies, we cannot observe f:inges due
to smell qgsplacements, since they will be outside ‘e halo.

In other words, the. displacement needs to be larger than the
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width of the infenSity peaks for the whole field filtering
method.

In our case, the displacement is 40, and the peak width
is 20. It will be shown in chapter four that there is an
eaéily Measurable difference between spectra obtained when
d=40; and when d=41. Suppose that the width of the peak was
200 instead of 20. Then we would need to increase our
displacement to at least 200, and try to measure a
diffefeqce between fringe patterns produ:eé by d=200 énd
3-301. . o :

. The resolution is thus limited‘by the size of the
peaks, wgiéh'is in turn dependent on the'atmosphere, film
resolution and lens diametér‘and gpaliﬁy.

When_a double exposure :.is made with a displacément
d(dx,dy) between exposures, the halb is modulated by cosine
square fringes. These can be se2en if d is uniform over the

. : y ‘
‘whole field. I'f'd is non-uniform, the gpﬁfeéponding»fringeé-
will have different spacings and ¢rientations, and therefore
no pattern‘will'be seen, If a sméll aperture. is placed in
the‘trangform plane‘at'xzf fringes will be observed in the
image plane of another lens depicpiﬁg different valués‘of
the éomppnént oﬁ‘d along x,. |

Dark fringes are obtained for

cos[(k/2f)(d,x,+djy=)]=0

re
0]
rt

or

dex:*dyys=(n + 1/2)Af | L (3.19)
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ﬂThese fringes are the isothetics; that is, loci of points of
equal'displacement component. For example, if we are looking
at;the y—component of displacement of a disc under rotation,
the fringes would appear as straight lines, parallel to the
y-axis, w1th spacing between fringes given by the magnitude

of the displacement component.

3.3 Pointwise"filtering

A selected point on the photographlc record is
1llum1nated by a narrow beam of coherent light. The
diffracted light can be observed by placing a plate of
ground glass at some distance L from the photographic plate
(figure 10). An'accurate way to measure these fringes would
be to replace the ground glass by a photographic plate and
expose the fringe pattern directly on it. A
mlcroden51tometer could then be used to scan the frlnges and
the obtalned curve could then be fitted by a least squares
‘methcd to a curve of the form Alx)cos’kx, where A(x). forms
the envelope of the fringes7 From the geometry of'the |

figure, we have (see Khetan and Chiang, 1976):

I o={L*+[x,=(x,-%7) ]2 + tyz—(y'-§1)]*}V2

SLL 1+ (4T -x, )2 /L 4 (ya+7, -y, )2 /L7 ] v

Taking the first two terms in the binomial expansion, . |

(Fresnel approximation) we get:



Y|

Figure
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] & L+ (X,%+y,? + 2x,X, + 2y,7,)/2L.

+((X|"x_|);+(y'_§—1)z)/2L - (xzx|+YzY1)/L (3.20)

The intensity in the transform plane is:

| | | | )
I(x,:,y:)= ijg'(x,,y.)exp(ikl)dx.dy, E /(3.21)

The TiTst two terms in equation (3.20) will give a phase
‘fac¢tor, and can be dropped. We ™assume tnat except near

the center of the diffraction halo,

(X2X,+¥:7.)/L >> ((x,~K, ) +(y,~§.) %) /2L (3.22)

w

(This is again the Fraunhofer approximation, therefore we
are again dealing with Fraunhofer diffraction).

Inserting equatibn (3.20) into equation (3.21),we get: ‘ :

I(x,,y,)=|ﬂ‘gf(x,,y,)exp[ik(xzx,fy,y,)/L] dx,dy,l" (3.14 b)

Jeam
Sire

which is identical\tg eqﬁation (3.14 a) except that the

integration limits are given by the beam size rather than—-

the aperture function. Then ggxhave7*a§ﬁbefore,

P

I(x,,y.)= 4 I,(x,,y,) cos’[l(k/ZL)(d,x2+d7yz)] (3.18 b)
4ﬁﬂw¢ﬁ,¢/““””//¢/
;@ - In this éasgLﬁgtza;ghtf'rlnges‘can be seen even for an

inhomogeneous deformation because within the limits of the
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beam size, ( 2 1 to 2 mm) the displacement field can be

considered uhiform.'The fringes in this'case'are~uniformly

spaced straight iines, with spacing density proportional to

the magnitude ofhzhe displacement vector, and orientation

normal to the displacement vector. Pointwise filtering

yields more accurate results than the whole field apprdach

for the following reasons:

1. 'The fringes_are eqpidistant‘and their spacing can
therefore be averaged.

2. The fringes are sharper and more>clearly defined.

3. No lenses,a;é required, thus there are no errors due to
lens abberations. *

4. A rigid body translation or rotation can be introduced .

to éiveAsome initial fringes, and change of fringe

spacing can be measured, rather than the fringe spacing
itself. If no rigid body displacement is introduced, the
sensitivity is the same as for the whole field case.

If we have two peaks, they will be resolved (by Rayleigh's

criterion) ;ﬁ/d:b/W:Zz;'Sihée the intensities of the peaks

L are added, we can't expect to get any fringes if the peaks

are not resolved, therefore S

Using the whole field method, the smallest

displacement we refore see is 20/1.22 =16 a

Centigneters. However, in the pointwise filtering approach,
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we can add a small displacement to the photogréphs before
they are exposed on a single plate, to make d about 40. When
d=40, the Fourier transform obtained has clearly defined.
fringes, with a spacing mgasurably different from the o
fringes obtained when d=41.‘This means that a difference in B
ground displacement qf 1 cm can be detected using the

pointwise filtering method, but not the whole fieldymethod.

It is p0551ble to digitize the 1nterest1ng se;tlons of

the doubly- exoosed plate, and measure the separat1ons

directly. This method would have the advantage that i.f the

peaks were much wider than the expected 20 pixéis, (a pixgl

is a picture element) and if they were too close to be

resolved by Rayleigh's criterion, they could still be

deconvolved (since we know their approximate shape): and

their separation could be obtained. If the noise level is §
high, deconvolution filters may beéome unstable, and even

this method will not wérk Assuming hoJéver that it i - 7 T
possible to get peak w1dths of 20 plxels or less analysing
tpgwq;ﬁﬁzactlon patﬁérn would have the following advantages‘

over direct measurement:

1. To obtain the diffraction pattern we need only pass a

o

laser beam through the double exposure. The fringes can 3.

then be photographed, and their separation can be

— measured with a ruler, in the direction parallel to the

fault direction. An error in direction of 5 degrees will

introduce an error of less than 1/4 cm in the

displacement of the reflector.
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To do a oirect measurement of peak separation,?we
need to use a microscope to enlarge each area and
digitize the enlarged sections. This digitizé%ion needs
to be done in two dimensions. The separation between the
peaks can be found by cross correlation with a single
peak. _

2. < Since fringes are equidistant, we can average over
several fringes to get the average separation, or do a
least squares fit of thé frinées.to a cos? curve . No

+ such averaging is possible when we do a direct
measurement.

If the noiae_level is very high, the'direct‘ﬁeasorement
may work better, since the cross-correlation can still pick
out the position of the peaks even if they_are qompletelyz

o

buried in random noise. The transform plane analysis has
‘been chosen, because this method makes it  unnecessary to

. digitize in two dimensions. Also, if sections of the

L e

. ) ‘u*{'—,‘e:h . . ) s .. .
g&n . orﬁglnal photograph are digitized, using a mlcroscopi“and a

u5mx¢roden51toq§ter and the séparations are found using the

vregt comparison method we can perform the digital Fourier

jﬁ transﬁorm and ana‘vse the dlg :al ly~ obtalned frlnges. This

Away, we w111 be able to compare the results obtained by
V'drrect,measurement and by analvs1ng the transform plane.
In the next chapter we &111 assume that d=d and d =0,
thus enabllng us to do all computations in one -dimension
‘without‘any loss of generality, and at one tenth tﬁe cost

and storage space requirememnt.sbne example is done in two
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'sample interval T. The transform of the sampled function

i

dimensions to show that sma.l shape changes do not affect

the results.

3.4 The Discrete Fqurier\zfansform

The calculations in chapter three were all done by the

use of the continuous Fourier transforms, whereas in chapter

-

four, the discrete Fourier transform has been calculated by

the computer,.

In one dimension, we can use a vector ofvaOO points

and perform the Fourier transform quite inexpehsively._To s

 extend the problem to two dimensions, we should first reduce

the number of data points, since it would be impractical to

use an array of 1000 by 1000 points. In order to reduce the

ydata,,we must first understand exactly how the computerfx

calCulates the discrete transforms. Normally, theyFourier

\ .

series is developed ihdependently Qf”the Fourier integral.

Hefé, we are interested how the discrete Fourier transform

reiatesvto the continuyocus one, therefore ~we will develop it
N , .

as,a"speéial,case of the continuous Fourier integral

(Brigham, 1974). Consider the continuous function h(t), and

'

. ’ - \ .
its Fourier transform H(f), where t can stand for time or

spacg,,and4fbcan be either temporal or spatial freguency

i

(figure 11). We want & discrete Fourier transi{-rm pair which

approximates the pai- ' '-):H(f). First, we need togéample

the function h(t), by wmultiplying it by the Dirac comb, with
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. | | _ o
h(t) is given by the convolution of H(f) and the t:ﬁ%ﬁform

of

'the'Dirac comb (see Appendix for proof). A11a51ng wy@l
modify the transformlpaif (as seen in figure 11(c)), iE the
sampling interval is chosen too large. If h(t) is
bahd-limited, we can avoid aliaSing?er;or by chooeing‘
TST/ZF, whete'F is the highest frequency componené of H(f).

So far, we have only considered an infinite number of
samples of hit). Te be suitable for computation byctompute;,
the function,h(t) has to be truncated by multﬁplicaticn with
a rectangle function x(t), se that N samples are left. The
resultihg transferm is shown in figure 11(e). As x(t) \‘
becomes very wide, X(£) approachee a delté:function,-and the
ribple which has beenfadded to the transform will be"
attenuated. | o

It is now'neceséerybto moﬁify the frequency transform
by a freguency sampling function to make it suiteble for

machine computation. Just as the samp11ng in th%ktlme doma n

reSthed in a perlodlc function of frequency, sampling in

the frequency domain results in a per1od1c function o¥ time.

I1f thevorlglnal functloﬂ 1s approhlmated by N samples, the
transform’ w111 a1so be aporox1mated by N samples (flgufe
11(q)).

ﬁhder the Following conditions,:the discrete Fourier
transform willfhe exactly equal to the'continuous t:ahsttms
1. h(t) must he periodic

‘ ,

2. nit) must.he band-limited

3. Samplingvi%terval must he.smalLer'than 1/2F

I

o
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4. x(t) must‘befnon—zefo over an ihtegef multiple of
éxactly one period of h(t}

The class éf functions we are déa;ing with are of
finite dqratibn'in space, and theregpre cannot be
‘band-limited, but they need ﬁot be trunéated. Consider for
example a triangle fun;tion.(figure 12). In the next * ’
chapter, the péaks will be roughly gaussian in:shape. Since
‘thg*Fourier trangform of ngahssian is again a gaussian, a
triangulat\pulse will i1llustrate these ideas more clearly.
Th;scontQQQOUS transform is a Sinc? functioh.'The-discréte
;ransﬁorm may or may not résémble the contihuous,one,
depend}ng'on the aliasng effect, which is determ;héé by the
- sampling interval T, and depending on>:he spacing of the
points i? thé§frequencY domain, which can bercontrdlled.by
the'humbér qf zeros which we stick‘on the ends. Ig_figure
“12(a), N, the numberbof éémples is.128,_and no zeros are
adaed. iﬁ figure 12(b), N is'16, with n; Zeros addea,:and in
fig. 12(c), 16 samples ére taken of thévtriangle, withvthe

rest of the samples being zero, to give a tdtal of 128.
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CROSS SECTION 'Nz128 TRANSFORM

CRO8S SECTION N=18

N=128 .

Figure 12.... A triangle function sampled
rates, with itS-discrete’Fourier transform

at aifferent
on the right
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4. COMPUTATIONS WITH SYNTHETIC DATA
I do not have actual data, so in the followiﬁg computations,
the 51mulated cross sections of correspondlng sections of 2.
photographs were added together, giving the 1nten51ty
| d15tr1but1on ©wf a double exposure plate. The sections have a -
d;ameter of 1000 p1cture elements, or 1 h1lllmeter, which 1sp€
about the diameter of a laser’beam'used to illuminate the -
section. The double exposurelis then Fourier transformed,‘to
give the intensity in the frequency plane. Since ohe picture’
element on the photograph corresponds to 1 cm on the ground,
the laser heam covers an area with‘diameter‘about 10 meters,
-and contalnlng only one light. The computat1ons ‘therefore
-simulate the pointwise filtering approach described earlier.
Maximum resolutlon is poss1ble when the w1dth of the peak o
(b) equals one. As the peak approaches a delta function, the
radius of the halo approaches 1nf1n1ty, and since the
frlnges are equxdlstant we can measure the separation .
between a large number of frlnges, thus greatly reducing’ the
error. As the halo radlus approaches 1nf1n1ty, the brlght
fringes approach a constant 1nten51ty (f1gurev1)
Diffraction patterns vere obtained for'd=40,25,10 and
~\3, (figure 2) and a graph of (frihge separation)“ versus'
“the dlsplacement a has been made (figure 3) Itdis-linear,

¥

as predlcted by. equatlon ‘3. 19.

.

Next, we will look at mOre realistic intensity
distributions, that is, peaks of finite width. In chapter

two, preliminary calculations showed that it is possible to

v‘/?:ri‘.’ >
6 3 . B f’ v
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the peaks
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obtain peaks of a width of bz20. A displacement d=0 is
equivalentvto a single exposure, and therefore shows only
the diffractio# halo (figure 16). For a delﬁa function, a
disp;acement d=2 pioduces a clearly visible fringe pattern.
. In the case of a ﬁinite-width peék, however, fringes are not
visible, until the displacement is larger than d{(min) given
by equation 3.23. Since the intensitiés of the two peaks are
added, we only expect fringes if the total inténsity
distribution looks like two peaks,‘and not one ffigure 17);‘
The diffraction pattern produced by d=40 is not‘clearly
different from one obtained when d=41'or 42, but the
difference can be measuredvusing a ruler (figure 18).

The next step isbto add random noise to each photograph
(figure 19). The signal to noise ratio is about 10:1 and the
fringes are still clégyly'visible. Using a diéital band-pass
filter subroutine written by Dave Ganiey'(see Appendix), the
high frequency ﬁoise was filtered out. In an optical 5ysfem,
bandfpass iiltering is a very easy process, as was shown 1in
chapter two. Unfortunately, the visibility of fringeé was
not improved at all (figuré 20). The same results were
obtained when the signal‘to noise ratio was reduced to 2:1
(figuré 21) ahd (figure 22).

- The importance of peak width has already béen discussed
in‘the previous chapper. The diffraction halo, which forms
an envelépe containing thé-fringe pattéfn, decreases with
increasing peak diameter (figuré 23). The peak width in this

figure is about 50.
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It is to he expected that the width of hhe'peak'wily
not be the same on two pictures which are taken at different
times.‘Ii one peak is wider than‘the other, the size of the
halo will be limited by the size of the wider'peak (figure
24). Ih this fighre, one peak had a width of 18 and the
second .about 50 Out of the photographs taken, we hope to

'have about twenty good quallty photographs for each year.
These will be paired up such that we are comparing |
phoeograph€ containing spots of similar sizes. Thusé%?

‘ comparlng two pea'slwlth a widt h ratlo of 3:1 would occur
| %551bte Case. The error. 1ntrodu’ed by

11‘.

this asymmetry is easy to ca1Culate f:om fi gu'e 24. The
év
fringe separat1on is 1nversely proporthéh%; to the distance

0n1y in the worsh

be*ween the peaks, where the constans of proportlonafﬁty is

32.8 cm? (calculated from figure 13 or 14). The mg;n f"1nge

separation in figufe 24 is (.80%.04)cm. This gives'a.grQund :

vdisplacement af 41#2 cm;‘ﬁhe actuai‘displaCement usedjwas
40cm. The‘erro: is large, not beqause'of.the esymmeQEYQ but
begause one peak'wes three'times.the maximum acceptabie
width “‘and because only 1/2 of a dlffractlon ‘halo was
meashred in the actual experiment, we will have about 201 A
full dlffractlor patterns, and the error should thus'

’;decrnase by a factor of Vr—- T

Clearly, At is und°51rable to have ‘two Deaks ‘in one

sectlon,,51nce this w1{l give a superposltlon of two sets. of
fringes, If\th? separation of theéiﬁgh;s 1s much .greater

dg;ban d, the spperposition will resemble a beat pattern,

‘Z,(._‘i";

i
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(figure 25) and a less enlightehingbpattern is obtained if

the distance between them is almost equal to the

disbiaéement, or if the displacement is different for peak.
mIf ‘we have a large number of randomly- spaced lights in

the area, then our experimeﬁ; approaches thatuof Khetan and

Chiang. The fringe pattern obtalned is guite noisy, and

resembles the pattern obtalned for two peaPs. (flgure 26).

. This 1s-probably_because the pattern 1sdnot4completely

f"

*?éndom, but it is obvious that an interferogram obtained

with a large number of peaks will not have fringes;aé
v

.clearly defined as that obtained using just one peak

From: flgure 16, we know that the max imum freq&%ncy %s
kY

about 120, so the sampling interval used was much finer than

.necessary. The number of data points can thus be reduced

from 1024 to 128 before alia#®ng problems becomg
significanﬁ. A 'simple extension of figure 18 to two

dimensions_has been done (figure 27). In this figure, the

‘f width of one peak is 20 pixels in the y direction and 24 in

the x direction. The second peak is widest in the dlrection
at 45° to the x axis. 4,=48, and d,=40 (|d|=62.48 at 39.8°
to the X aXIS) The figure was drawn on an electrostatic

printer/plotter, using 16 different dot sizes.
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Figure 27.... Density plot of a diffraction pattern

produced by 2 gaussian-shaped peaks showing . the orientation
. and magnitude the displacement. The actual displacement was
.. d=(48,40). @ . '
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5. CONCLUSION

It is only in the last decade that geodetic

'instrumencation and measurement techniques have reached the

sophistication necessary to detect yearly surface
deformation near active faults. Stress accumuletion, which

is always accompanied by surface deformation, is of major

. importance for understanding earthquake mechanisms.

Earthquakes occur when the accumulated stress reaches some
critical value, called the failure stress. We proposed a

method of determining surface strain rates in an area of

w«n > '

.small aperture (about - 1- km). It was assumed that in an area

10 meters in diameter, the dlsplecement will be uniform, and

the area can therefdre be represented by a single point. A ,
row of lights (or reflectors) separated by 10 - 20 meters, '

and; perpendicular to the fault, can thus be used to measure

‘the cross section of Yearly strain accumulation across the

fault.
t B
Using a rectangular array of reflectors, rather than a
linear array will increase the amouynt of usefuleinformation,

For example, if thé surface strain‘distribution is linear

'across the' fault, a linear array of reflectors w1ll st1ll\

look linear after it has been dlsplaced One cannot

therefore distinguish between a real 4inear displacement o

Pl

‘distribution, and an apparent displacement caused by

misalignment of the camera, or a horizontal temperature

‘gradient; A»rettangﬁlar array, on the Sther hand, will still

appear rectangular-iflthe chﬁera is rotated, however it will

-
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be parallelogram-shaped if the displacement is real. Due to
~the small displacements involved, 1 feel that it is umlikely
that one could recognize the difference between a
parallelogram and a rotated rectangle,.

Prelimingry calculations in chapter two were based on
parameters set‘by commercially aVailable’terrestrial cameras
of'phctotheodolites (camera combined with a theodolite).
Several models are available from both Wild and Zeiss
Canada., Some significant characteristics of these models
are: v
1. Picture formats vary from 60 by 80 mm to 130 b& 180 mﬁ.

on photographic plate, or cut and roll film. '

2.‘rLens distortion, camera frame and photegraphic‘plate or

Co v i
+film produce a ¢ombined error no greater than .008 mm. |

3. Focal lengths range from 45 to 200 mm. '
4. Focal length to object distance 'should be kepf down to
1:3000. -
2}
5.° Prlces start at $7000 (1n 1976)
It has been shown that a measurable difference exists
in the interference patterns produced by a reflector which

was displaced by 40 cm, and one displaced by 41 cm.

Non-uniform dlsplacements of the order of 1 cm can therefore

~ -

be detected “To dlstlngu1sh between real displacements, and

|

apparent dlsplacements caused |

by the :;1tmoSphere,Ja we can
concentrate on p01nts close to the miﬁn axis, which.
eliminates error due to vert1ca1 refractlon 1ndex gradlent,

and we can neglect the small effect of a hor;zoqtal
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gradient. Rapid atmospheric fluctuat%ons are removed by long
perioo averaging, achieved by long exposure times (one
minute or more). Slow fluctuations can be minimized by
monito;ing the weather conditions, |
The most important result obtained is that by

introducing a small initial displacement, the sensitivity of
the system has been increased by a factor of about 20. That
is, if the smallest detectable displacement using a direct

comparison is b/1.22, where b is the width of the/EEEEQ”eSt

T

peaks in the photograph, then using the method described
earlier, the smallest detectable displacement is 1/20 of
b/1.22. At the same time, the problems encountered in a

direct comparison~ such as mlsallgnment are avoided in this

method, since the initial d1sp1acement can be unknown.

v

5.1 Suggest1on for geOphyslcal experxment
The fleld set up of the\experlment is shown in: flgure

8. A terrostrlal camera is used to image an array of lights

*

a distance h below. The light sources could be a set of
,
reflectors, with one powerful‘light source somewhere below

the camora, and well out of sight from the camera's
position. Using reflectors will allow us\to carry out the
experiment at night, underrless turbulent atmospheric
condltlons. Reflectors can be left in the f1eld over long
! o1y

l¢1me .ggd they will work agaln wheﬁ needed

d7 av1ng to be located first. The power needed for the

\

.‘ T I3 . .
%ﬁ‘ - 1
te, .
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. o \
aingle light source will be much grehter than tho @ombinnd

pover which vould be needed if all rotloctors were replaced :

by battery powered light sources, however due to}ihe large

) number of reflectors proposed for thil experiment, usxng

”{ight,sources would

The reflectors

minimize the effect
. gradient. They need

_ pattern. A "random”

not be economically feasible.

should be ciose to’the main axis, to
of thegver;ical index ef refraction
not form anyvbkgcise geometrical

pattern such.as in figure 8 is
&

uff1c1ent The only constfaint is that the reflectors lie»

in a band approxxmately 200 meters . wide, centered on the

N
.

ma;n axis. The ultimate goal of the experiment is to overlap

two photographs of these lights onto a single transparency.

This will produce an array of;lighp-painsjon a dark

background. The separation and relative orientation of the

I

two lxghts in each pair can then be deteqmlned by examlnzng

the 1nterference pattern they produce when a laser beém 1s

passed through them.

The experlment

must be broken up 1nto sectlonSM and

each part must be carefully tested before 901ng on/éo the

| next.’ In the flrst case, the w1dth of each llght qh the! fllm(

/
)

must be kept to less than .02 mm. Theoretlcally,/tﬁls can be

easily achieved u51ng a f1lm with resolutlon of 1000‘

11nes/mm and a f/1

!

2 lens. The light source w1ll produce a &

brlght SpOt on the transpg;ency The width’ of the spot can

be e3311y obtazned %y xnspectlng the Fraunhofer diffraction”

J

produced when we pass a laser beam through the Spot. The




' f11m m\st be properly developed to get peaks of th1s w1dth i

between‘the ight source and. camera,_to s1mulate the:

‘?atmospherlc cond1t1ons. The requlred peak w1dth should aga1n
be less than .02 mm., Here, it is 1mportant to have a lens

+

with diameter of 5 cm or',more.. ' ‘
" Once the double_eXposure Fas been obtained;‘and the

separation$ between'the peaks'in every pair have'been |
measured the separat1onsﬁcan be graphed as a functlon of 3
the peaks perpendlcular d1stance froﬂ“the fault. Before |
graphlng the results, ve must remove the dlsplacement due to
camera allgnment To do this, we wlll assume that- the'-
~closest, reflector»has not moved w1th respect‘to the camera,bp

~-~and that the camera is in exactly the same p051t10n, but may.
have been rotated sl1ght1y.va

| Using the model of Turcotte and Spence (1974 equatlon v
6) one could do ,a least squares f1t to the data, to f1nd the
'rate of strain aqcumulat1on, and the depth below whlch the d‘
plates 511p freely | /

The errors in the p051tlon of ‘the reflector 1mages are‘
due to the atmosphere, camera alrgnment and plate. stablllty
11m1tat10ns. The errors due to the atmosphere are most B
troublesome, because of their var1ab111ty As was found by
Vacquler\and Wh1teman, a large;percentage,of the*photographs-

.are'unusabIe because of unfavorable atmospheric conditions

~during exposure.
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Photographic plates should be stable to within .01%. A

10 cm plate should therefore be stable to 10 mlcrons. &

Testzng plate stab111ty can be done in the lab -as the f1rst-‘;’

, step 1n\aeterm1n1ng the pract1ca1 feasib111ty of th1s ,“”

‘method.

!,

The camera cannot be a11gned prec1sely as 1t ‘was’ one or
two years before. Th1s unfortunately 11m1ts our’ method to .

aetectlon of non 11near d1splacement flelds.

The 1deas beH}ng th1s exper1ment are very s1mp1e, but

\\

to actually cary out the whole experlment wlll requlre a
s
' great deal of care and patlence. The method seems fe351b1e

theoretlcally, and this work should be taken 1nto 1ts next

' stage, wh1ch is to- determlne the practlcal fea51b111ty

2 . ] K S I E »
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APPENDIX A: Notation /

f=focal length ~
A=vavelength of source (=2nc/wg
P,=object plane o
P,-transfqrm‘plane

P,=image plane

(x,,y,)=point in P,
(x,,y,)*point in P,
(x,,y:)=point in P,, ihyérted
(u,v)=spatial freguencies in x and y dﬁ;éctions respectively
ia(x,f), j¥(u,v) |
i=\-1
i(x,y)=input
o(x,y)#output
p(x,y)=point spread function (impulse response)
Fourier transforms of functions are denoted by capital
;etters |

P(u,v)=optical transfer function (F.T. of point spread)
s(x,y)=observed image ]
n(x,v)=noise

A(x,y)=aperture function ‘ [ \ ®

1,0,P,S,N are Fourier transforms of i,o,p,s,n respectively
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APPENDIX B: Proofs of Fourier Transform Theorems

Fourier Transform properties of lenses
\ Consider the input amplitude distribution g,(x.,y,) in
- front of a spherical lens, wiép fhe observation plane a
y/gjstance f behind the lens(seeffigure 5). From the

Huygens-Fresnel principle, we have :

Tg(x,y) -[exp(lkd)/lld] _
ﬁg exp[lk/2d((x X,)?+ (y*y )3)ldx,dy, Al

where we used the approximations

cos(n,r,)# 1

o2 al 1+ (x-x,)7/2d> + (y-y,)?/2d7]

and we ignore the finite size of the aperture. If the

constant phase factor is drépped, then we have

g(x,y)¥f1/ika)‘g g;(k,,y,» pxx-g‘,y—y.)dx.dy..
=éxp[ik/2d (x’+y’f]/ild _
OJTg'expfik((x,’+y,’)/2d - (x‘x+y,y)/d)]dx‘dy‘ A2
similarly, | - ) | N
‘gz<Xz:Yz),‘exp[(lk/Zf)(X;'*y;’)]/le )
Oggg’ explik ((x*+y? )/2f - (x,x+y y)/f)]dxdy . A3

substitute in for g' from eguation 2.5



96

g,(x.,y,) wexp( ( 1k/2f)(x.'+y,')]/ikt _
o fgtx,y)expli-ik/t) (x, x+y.y) ldxdy M
=(expl (1k/28) (x, ' +y, 1) 1780 E) Glu,v) AS
where (u,v)=(x,/Af,y./\t) |
G(u,v)«G, (u,v)P(u,v) | (from'oqusiion Al)
P(u, v)-exp(lkd)exp[ 1nkd(u’+v')] v
-exp(lkd)exp[( ikd/2£‘)(x,?+§,')] , A6
G. ‘ﬁg (xy,y.) expl(- 1k/£)(x X,*%y.y.)]dx,dy,
therefore | ‘ |
g.=expl(ik/2f) (x,2+y,?*)(1 - 4/£f)]
ijg.(x,;y.)exp[(fik/ﬁ)(x.x, + y.y,)dk.dy.* A7

Obviously, if \d=f, the first exponential drops out and we

are left with an exact Fourier transform relation.

Shift theorem : '
F{g(x-a_y*b)}vsyg(x-a f-b) éxp[—zﬁi(ux;vy)]dxdy
'Yexpl[- 2n1(u(x'+a)+v(y'+b))]dx dy
SYg(x‘,y )exp[ 2n1(ux'+vy )ldx'dy’
3 Oexp[ 2n1(ua+vb)]

=G(u, v) erp[ 2n1(ua+vb)] o . A8

Convolutlon thecrem
tIf G(u v) = F{ g(x, y) }
| and H(u, v) = F{ h(x,y) }.
then )

F1{ YQ(X‘;y7)h(k;xf,y-y") d§;dyf§' :
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.ﬁq(x’,y') F{h(x-x',y=-y')} dx'dy’
-ﬁq(x".y')‘upt-kzni(ux'*vy')) ax'dy' H(u,v)
»G(u,v) H(u,v) . : ) A9
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