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INIRODUCLION

The application of automation to enrivonmental
geographic data «collection is creiting an information
explosion which threatens to completely inundate and
paralyze even the most efficient systems tor data analysise.
Faced with such tremendous volumes of data as are now being
collected relevant to the spatial arrangements of phenomena
over the earth®s surfacey, methods of data storagye, reftrieval
and analysis which are at least as etficient in the
management of the data as the data collection devices must
be developed. Indeeay, gygiven the current state of fhe
techniques of geographical anaiysiss it is highly douotful
that more than a very small percentaye of the deta collected
in such programs as the 1970 Census or oy the Earth
Resources Technoloyy Satellifte ever will o0e examined more
than cursorily. The problem is one that has to pe seen at
the extremeses At one end, is the problem of the detection
ot signiticant variation when the cycles range from less
than seconds to more than decades. OUn the other end, lies
the magnitude of the scope of the data collection devices
that are capable of sampl ing the entire surface of the earth
gcre ULy acre, The problem becomes one of identifying and
isolatiny the di ftferences and samiliarities be tween

phenonmena half an earth's circumference aparte.
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It is clear that an attitude of indifference can not be
assumed. Continually, it is Dpeing demonstrated that
varlations exist above and pelow the scale of numan activity
which have important etfects upon all life on fthis planet,
whether these variations be the long term cycle ot ice ayes
or the diurnal fluctuations of the winas. The rproblem is
that wuntil fools to detect the chanjes in the extremes of
the environment have oeen created, i? will be impossible 1to
know if there Jare varjations occurinyg fnai do attect ihe
human environment either beneficially or note. Thusy the
precolem to pe faced in the analysis ol tne masses of new
data being made availanle is the one of transcending the
timitations of fne scale and scop2 of normal human activity,
that fevel for which the analytical tcols are most sharply

definedy, and moving on to the study of reailms of activity

which up to now only have peen conjectured.

An examination of the capacity of normal modes of
scientitfic analysis portrays the inherent limitations of the
traditional zoproaches for ¢the management of gJgeogyraphic
informations Consider the fol{liowing examples. The normal
13244800 United Stvates Geoioyical Survey 7 172 minute
topograpnic map, it has been estimated, contains
approximately 1.0 x 106 bits worth of information on each

sheet. This is approximately the amount of information that

the averajge human can effectively analyze at any given

Introauction 1
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instanée in reaching a decision. A 10264 by 1024
microdensitometer scan in- 32 different gray levels will
produce approximately 1.0 x 107 bits wortn of information,
pretty near the upper end of the level of professiona:
analysise. However, this is only the middle of the range of
the analytical ability of sequential digital computers and
at the lower end of the capability range of parallel digital
processors. The siandard 4-band eRTS iimnage increases the
complexity of the information handling prcolem 2y another

order and about exhausts the capaplit:ifty of the parallel

digital processorse. ine normal home fteievision sef is
capable of transmitting tremenaous volumes of signal
information operating at the 1.0 x 1u8 oits per second

level and far surpassing the analytical speed of fné largest
concelvaole computer, This level is the beginning the
capabilities of paraliel optical processings. The tnroughput
{imitations of optical processors are limited only by the
speed with which imayes can be generated for analysis(Bray
and Jacobss 19065y pe677). Thusy 1n terms of analytical
powery, parallel optical processing appears to offer the
greatest potential for handaling these masses of new

geographic datae

Standard geographic methodology provides 3 tnheoretical
framework to address problems posed at all levels of scale

and scope. Optical processing would make it possiple to

Introduction 2
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extend the channel capacity of ¢the availabie analytical

modes imoroving and amplifying data handling apnilities so
that wvariations in the environment at the extremes of scale
and scope could be detected and phenomena tnat operate at
those levels coula be studied and analyzede It may well be
that there are no variations of significance to nhumans at
these extremes or that within the numan environment such
wide ranjing analyses vieild no meaningful results.e However,
the possible existence of such significant variation should
not be overlooked until at least the buisic descriptions of
the phenomena sensed at the extremes arc made. However, the
question arises as fto whether it is wise to continue to use
procedures developed tor probliems statea at the 1.0 x 106
level when faced with problems on the order of 1.0 x 101

or larger.

In many ways this problem represents a new age of
discovery, where questions on the order of “what wnhere?" are
asked. Atter the basic descriptions are made it will be
gzéslule to advance to askinj analytical questions of “why
where?” and mak ing predictive statements. With ever-
increasing stress on the world®s environmental systems and
the greater interdependence of the nations and peoples,y it
is even more essential to be able to effectively monitor the

status of fthe soaceship earth. The massive throughput

capability of cptical processing techniques when applied to

Introduction 3
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environmental and geographic analysis perhaps may be the

means by which it will be possible to live in harmony with

the finite resources of this planet.
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ERELIMINARY RESEARCH PRQOGRAM

The goal of this preliminary investigation has been to
assess the current state of the art in optical data
processing with an eye towards the pofential contributions
of this technology to geographical data hanal inye. Chiefly,
the tocus has been wupon fthe applications of laser
holography, as refated to the storage, retriewvaly, analysis,
and display of geographical data. This nas l=2ac t2o a
consideration of geographic data structures and the
potentiai of holography as a storagye medium and analytical
tool in conjunction with digital computers. It was not
intended that new ftechniques of optical analysis oe invented
or hybrild aigital-optical applications Dbe developed, Dout
that the applicability of the current technology to
geographical anlysis in general and the needs of the
sponsoring ayency in specific be assessede oJSOme experiments
have been conducted in order to evaluate selected optical
processinyg and display techniques and fto juxtapose some
proceduras that have not been combined neretofore. It mwas
felt that it was necessary to demonstrafe tne relative ease
witn awhich holoyraphy ﬁight be used in a sinply equipped
optical |aboratorys as well as the sopnistication that could
be achieved in a state-ot-tne-art facility. Further, the
direction of continugd research and application through the

improved interface between optical and digyital processing is

Introduction S




pointed towards oy this projecte.

This research project originally was proposed while the
principal investigator was a member of tne Oepartment of

Geography at the O0Ohio State University, Columdus, Onio.

Considerable assistance and advice was ootained from Prof.

Stuart A. Collinsy Jrey of the UJepertment of clectrical
Engineering and the clectro-Science Laporatory at 0Onio
State. Prior to the awaraing of tne contract, the principal
investigator accepted a position aith tre University of
Washington, Seattley, dasningtony, and the oulxk of the
research work has been conducted at that institution.
Prof. Ltollins continued his participation in tye project
under suocontracts to Ohio 3tate from tne University of

Washingtone

Introduction
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HOLQGRAPHY=-=A PRIMER

Hologjraphy 1is a kind of photography that uses caherent
laser li;ht to 1) record the three dimensional nature of
objectsy and 2) utilize more completeiy tne resciving power
of photogjraphic emulsion. Holograpny was invented in 1948
by Denis Gabory a oritish physicist sho was trying to find 2
way to increase tne magnification of the electron microscope
(1948 and 1949). Gapor®s invention came to be callea a
“holoyram,™ after the oGreek word '"holos"™ which means
wholegl e Hologram-~the whole messagye. wfter nis initial
discovery and some experimenfation which verified the
concepty, holography fell into disuse pecause of the lack of
a reliable and practical source for conerent illumination,
the necessary element in holoyraphy. In 19b3y two enyineers
at the University of Michigan, Leith and upatnieks (19b4),
working with tnhe obrand new lasery, a convenient source of
coherent light, revived holography to show that it was
practical. From thnis initial work hnas flowed many
axtensions and the development of mathematical f{formulations
tfor holography as mwell as various forms of obotical
processing based on the laser. Today, tne laser ranks as
one of the most powerful new scientific devices,y, perhaps
second only to the computer, and holography is on2 ot the
simplesty, yet most powerful applications of the laser. A

comprenensive scientific discussion of the cnharacteristics

Holography=-A Primer 7
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and meftnous of nolography can pe found in Goodman, AN

b dntroduction to fFourier Qpticss (1908).

Holography; like aimost all forms of photogranshy, is a

'Q; two=-step processe. In the first step, the hoioyram is
x recordedy that is the film is exposed and fthen chemically
developed. The second step consists of using the hologram

to reconstruct the original scene. HolograpniZ 1majes adare

j recorded by the encoding in a photographic emulsion of an
E optical interference pattern. The pattern is {cormed by w0
o7

t tignt Aaves infer fering in space. In order that a

consistent spatial interference pattern be maae during the
i exposure, conerent light from a laser :s used. Coherant
tignt pasicaily may be understood to be light waves in which
any part of the waves maintain a constant ralationship to
any ofner part across the-entirety of the wsnaves. This means
that the phase and amplitude of all iight waves in coherent
fight are in unison reflecting their concentration in very
nacrrow oands of the energy spectrume Furthermore, coherent
Jiaht waves mainfain o fixed relationsnip oetween any pount
atong theirr patn and any other points That 1Sy they proceed
essentially In ¢ parallel form over great distances
divergin; only in a miniscule amount from the source of
ilfuminsiiune Indeeaday it |Is often necessary to wuse a
collimaring lens to spread them wider in order to provide

idtumination sufficient for the complete coverage of the

Holography==A Primer 8
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objects to be holographed.

Quring the recording process coherent {(ight frrom a
laser (s Jsed to illuminate the ooject of tne holoyrame The
coherent light reflected from the object, such as tne 1iyght
reflected from a fiasn guny is made to interfere in space
with a secona ©p=2am from the laser. The second beam is
usually derived from the {irst by means of oeam-splitfter.
In that reyion of the space where tne two veams are crossing
a photographic emulsion is placed as in fijgure 1. The
emulision then ecords the interference pattern of the twsc
beams. Tne inter ference pattern recorded on tne tilm is a
complex series of dark and {ignt lines--light where the
amplitudas of the interfering waves compine conStructively
and dark where the waves counteract each other, The
distance between any typical dark and light line is on the
order of about half a microny, hence a film with a nigh
resolution emulsion 1s requirede. This very fine-grained,
black and wnife tilm is developed in the normal manner and

the first step is completed.

The reconstruction of the imaye is accomplished by the
rainircduction ot the coherent reference veams The series
of very fine iines in the interference pattern of the

hologram act s a diffraction ygratinge.

Holography=-=-A Primer 9
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the Ilight of the reference peam is bent by this diffraction
pattern so as to reconstruct the original reflected 1ight
wave. Therefore, looking into the hologram one sees the
object via the reconstructed fight wave exactly as one would
have seen the real object via the reflected object light

with ful) depth and complete parallax, figure 2,

Depending on now the twd beams were caused fto interfere
during the <creation of the hologramy, aifferent types of
holograms can ve createde The most conventional hologjram,
the transmission hologramy is formed wnen both intertfering
beams impinye upon the pnotoyrapnic emulsion trom the same
directione. during the reconstruction ftne ftransmission
holograms acts upon the light transmitfted fthrouygh it as in
figure ¢ so as to gygenerate 4 virtual image sehind the
hologram. Variations in the geomefry of the taking
situation can flead to the formation of other types of
holograms such as the reflection hologram in which the
hologram acts wupon reflected rather than transmitted light
during reconstruction to cause a virtual mage behina the
platey the ftocused image hologram in which the hologram
plate is included in the image spacey, and the real image
hologram in which the image appears to hany out in front of

the holograme.

The advantages of a hologram over fthe ftraditional

Holography=-A Primer 11




pnhotograph are severale. First, the full tnree dimensional
form of the real object as observed in o field of view
subtended by the hologjraphicy plate is preserved and may be
viewed without special optical apparatus such as red and
green anaglyphic glasses or optical stereoscopes. Unlike a
normal pnotograph, the hologram is not a recording of the
variations in reflected light as gray-tone images in which
the direction of the incidence of the light is not recorded
but onily the total intensitye In holoyrapny, the object
beam is used to prooe the surface of thne object, the
variations in the paths of the two peams create the encoding
of the gaometry of the object. decause of the wuse of
optical interference to record the sceney, it is merely
necessary to reintroduce one of the veams in order to
reconstruct the other. It one returns to.the original
taking scheme and reintroduces the object oeam reflecting
from tha object to the photoyrapnic plate, one can view the
reconstruction of the reference beam in the same manner ftnat
reversing the situation allows the viewing of the

reconstructed object bpeame.

A second advantage of the hologram is that by a varying
the anyle of incidence of the reference beaa with the
recordiny photographic platey, and thereby, ;arylng the
spatial frequency of the interterence pattern of the plane

or spherical waveform of the reference beamy, many full

Holography=-=-A Primer 12




holograpnic images may be interspersed. Since the lines of

the diffraction pattern do not fully occupy the entire space
of the emulsion, there exists in between the diffraction
lines considerabole wunutilized space for the storage of
additional images. One needs only to pbe careful to vary the

angle of incidence sufficiently to prevent crosstalk between

B ae e

T

adjacent imagese. Using such proceauresy, thick film
holograms have been used to record some 300 to 400 seperate

images.

A tnird advantage of the multiple image hologram is
that the random data access format of tne nologram provides
more ready access to the data than the seguential structure
of microform media wnicnhn must be searcn vefore the proper
image can be retfrievede. The the multiple image nologram
need only be indexed to the proper anyle of incidence to
simul taneousiy recall all of the informdtion in that framee.
It should be further noted that the hologram vyields a
relatively high information packing rate ahich approaches
and in many cases exceeds the capacities of microform

recordingyg mediae

A fourth advantage of tne hologram is its potential for
information preservatione 3ecause the information for all
images is stored in all sections of the pnoto3jrapnric plate,

physical damage to a portion of the plate destroys a little

Holography=-=-A Primer 13




of all images and not all of some images. The holographic

. plate may be dropped and brokeny, out the broken pieces each

will reconstruct in a field of view relatea to their size

all of the original images stored in them.

L

Despite the many inherent advantages of the holoygram,
there are several major difficulties associated with their

construction and use. One of the fundumental problems is

Lo

that associated with the creation of tne imagees It is

necessary to have a very stapbple and nearly vioration-free

platform, as well as Quality optical components, in oraer to

be successful in tne creation of the nolojrame The
. potentially hiyn startup costs of such eyuipment may deter %
many fron venturing into holographye. optical systems are

now availaple however wnich will provide some Dpasic
capabilities in a price range no more costly than that of a
fine 35mnm photograpnic camerae. A secunu problem is the
necessity of usiny conherent lignt to record the image and at -

least monochromatic light of a sharply defined freguency to

view the nolograme Thus, in audition to navinyg a vasic
optical Dpenchy it necessary to have a laser of reasonaole
quality anu at least 3 metal vapor lamp in order to view the
hologram. Thirdlyy the images are g3generaslly monocnromatic

and usually redy, the spectral line associated with the most

commonly avallaple helium=-neon |asere. gecause of this ]
problem all the advantajes of selective frequency
2

Holography-=-A Primar 16
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enhancement, such as that associated watn color infrared
photoyraphy or density slicing, are lost with nolographye
Some work has oeen done with multicolor holography, but the
resul ts nave been inconsistent and primarily limited to two
colorse. The fourth and pernaps the most disconcerting
aspect ot a holographic image is tne tendency of holograms
to appear yrainy due to the ever-present conerent light
specklee This image quality proplem is related to the
reflection of conerent 1lignt from non-polisned surfaces
which cadJses interference in the reflection and can not be

overcome easily in directly viewed hologramse.

Holography-=-A Primer 15
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QEQGRAPHLC APPLICATIUNS

Tne gJuestion tnat tnis research nas attemptea to
address 15 whether tnose advantayges that' holuyraphy presents
can pe brought to pear upon the prooiems of geogyraphical
data handlinge. A& survey of the gJeoyraphic literature
reveals tnat there hnave been only scattered references to
the potential of nolojraphye Etven in the comprehensive work
of the [nternational uveogjraphical Union Commission on
Geoygraphical Jata Hanalingy, fthere 1S only a prief
agescriotion of the nolographic process and the statement
that *noloyraphy has many dJdpplications™(Tomiinson, 1972,
Pek52). veojraphers nave made consideraovle use of optical
processing 1in investiyatln; the use of the Fourier transform
in the spectral analysis of spatial patterns (MacDouyall,
19703 odarton and Toblery 19713 M“cCullaygn anua Vaviss 197¢2).
Some 1nterest nas oeen shown in the wuse of optical
correlation tecanigues for pattern recognition worke
Wingert (1373) dJdemonstrated the uyuse of parallel optical
processin an tne application of tne Weaver=-pooodman optical
correlation technique in onhoto interpretation. Rayner,
Golledye and Col]ins (1971) did use a noloyraphic technigue
in the analysis of spatial patterns put only tor storing the
phase of the fourier transforme. None of tnis work nas
addressed the capabilities of holography as an optical

processing technigque for image storaye or uisplaye An area

Geogyraphic Applications 16
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with geographic overtones that nas recieved some attention,
especially from the military, is the use of holograms in
automafted navigation and guidance systems (Kilpatrick, 19069
Burton and Clay, 1972). It does not appear however that
geographic considerations ever have played a role in these
developmentse The area of geograpnic interest that nas
received fthe most aftention and in which the holographic
applications are the most developed is tne use of coherent
optics in engineering mapping JruocedJdrese. These
applications are typified by the pioneerinjy work of Mikhail
and his associates at Purdue University in the development
and use of holoyaphic stereomodels (Glaser and Mikhail,
19703 Kurtz, 1971). A major force in tne continuing
research eftort in this ares has been Leiygnty at the United
States Army E&Engineering Topogjraphic Lavoratories Research
Institutaes A superb statement of the state ot the art {n
this arz2a is to be founda in Coherent JUptics in Mappings the
proceedings from a meetinjy organizea oy Leighty and
Balasubramanian anad Jointly sponsored by the American
Society of Photogrametry and the 3Society of Photo-optical

Instrumentation Engineers (1974).

Geographic Applications 17




2PATIAL_JATA-=-FOM_AND_FORMAL

opefore one can consider the nature of nolograpnic data
system for geoyrapnic information, it 13 necessary to
examine the general classes and cateyories of spatial datae.
Geographz2rs like to distinjuish spatial data from data
utiliczea Doy otner scientists vy emphasicing tne fact that
they ar2 interestea in the occurance and openavior of
phenomena over sSpace and throuyh time. Tnis means ftnat
wnereas some scientists may ve concernead avout the variation
in ftne characterisitics or vehavior of some portion of the
real worl)i, tne jeograpner couples tnis concern with one for
the interralationsnip of such pnenomenological
characterisrics with those associatea witn tie Jisfripution
and intz2raction of the pnenomena over space ana also with
times THhe phenomena may bpe seen as essentially static
distriovut ions existiny at jiven wmoments in time or as

dynamic orocesses in action over time and spacee.

The simplest conceptual structures for spatial data are
those that relate to rthe dimensional cnharacteristics of the
phenomena, Point geographic phenomena then d4re trose tnat
are cnaracterized as as existingy occuring or having veen
measured at a particular definavle location in space and
timee. cxfensionallyy, such phenomena nave no dimensions ana

are mainly interpreted as incident at the specified

Spatial VUata=--Form ana Format 18
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location. Many things are treated as poinf phenomen

however, in reality only the existence of some individu
specimens or the occurance 2f some activity or behavior at
yiven point are ftrue point gJeoyrapnic pPnenomena. Line
geoygrapnic phenomena 3re conceived os conditions existi
along a line or as interactions petween two pointse. Su
phenomeni are one dimensional in tnat somnetning extends fr
one point in space towaruas anotner or exists 3lony a 2ad
such tnit its location can ce specified oy a single numb
denotiny its posttion within the {(ineal ftrame ot referenc
Traftic alony a highway or the nz2iyghvoring o2tween memoe
of aifterent social Jroups dJdr2 examples of gJeograpn
phenomens that have oveen conceptualizeis as linear. T
third formn of spatial! data relates to those thinjs that a
conceptualized as naving extension in two directions, i.e
areal gataes Tnere are relatively few things wahich occ
simply in two dimensionsy; however, there are many tnin
nnich exist over space ana for wnich the desjination

areal difta is useful. Census ftractsy lanad use and zoni
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categoriesy political jurisdictions, and property rights are

all exawples of the partitioning of space on an are
basise JInese pnenomena are ovasically seen as existi
within the pounds of some two Jimensionally varia

description of ftneir extente On tne otner handy tha four

al

ng

nt

th

form of spatial Jdatay volumetric, reflects the variation of

Spatial Data<=-Form ana Format
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pnenomena in three spaces Thus, a means is provided for the
analysis of the continuous variation of pnenomena as with
atmospneric pressure ahich 1is present everywhere at the
earth°'s surfacee. Furthermore, enumerations carried on
Wwithin aata collection areas can ve treated as a count of
the numoer of thingds existing within a sample and can be
handled volumetrically in the same manner as the volume of
water in a tidal rush or the volumne of material in a terrain
surface.. A distinction must De araen oe taeen the
conceptualication of the spatisl cnaracteristics of the
geograohig phenomena and the identification of the Jlocation
of tnat pnenomena. Jften there is confusion over the fact
that tne positional information relaftfes to measurement in
two or tnree spatial axes and one temporal axise. WKhereas,
the data elements mustpbe aistinjuished on the oasis of

further 1ntormation as to kinay rank or amounte.

Many Spdatial phenomena dre active at levels other tnan
those at which they are conceptualizeue. For example,
automovile accidents wnicn are most often viewed as deinyg
point ohe:nomena are in reality tne ena proauct of the
conjunction of at least one linear process with another
point, linear or volumetric phenomenone. Linear features
like a tide line are conceptualized also as one spatial form
when it is actually represent tne operdation ot a second set

of forms. In this casey the interaction between two

Spatial Uata==-Form ana Format 20




volumes. Consequently, it is necessary to be aware not only

of the nature of the pnenomena as it actually exists in

reality, but cautious as to the oviases introduced in the

capture iand recordiny ot data related to the phenomenade.

Any new system for hnanding geoygraphic pnenomena must be
interfaced with the existing methods dand tecnnigues for the
storage and manipulation of sJycn informnatione It serves
well to look at the nature of jJe2ographic realsty as it is

sensedy 2ncodedy, recorded, and represented.

The primary perception of spatial reality by humans is

related to their senses, in that a successiion of stimuli
are allowed to course fnrough tnem as the individudls
cnanges their location in space and timees Tnusy a feeliny
is developeda for the extent and dimensions uf the world, as
well as the relative organjization of pnenonena within tnat
woriae. In order to ovpetter unaerstand rne nature of the
world, a variety of technofojical J4i1ds 6ave oeen devised
which assist in sensing ana recordinj tne variations tnat ;
occur in the dimensions and the extent of fthis reality as

well as phenomenological characteristicse Chietly, these

devices afilow Jreater precision in specifying the
differences between sensory observationse Takey, for

exampley the problem of the measurement of temperatures. The

simplest observation of temperature iSs the subjective
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statement of tne condition of an individual 1n relation fto
their environment, statements on tne order of “It®s freezing
in nere,” or "“It*s a scorcher today.® A more refined, but
stil}) suojective set of statements are those relating to the
comparisun of tne sensible temperatures of oojectse Thus,
it is possible to distinguisn vetween ice cubes that nave
just come out of the freezer and a pot that nas come off the
stove and to rank accorainjly tne sensiole temperatures of
other objects in relation to thesee. [t is not possiple
however to specify exactly tne ouifferences amony Ssuch
oojects.e In order to Jdo tnis, it is necessary to resort to
some forn of instrumentationes Chiefly,y, the liguid expansion
thermometer has oeen relied upon for this functione. The
calibration of such tnermometers agjainst ovjects of known or
theoretical temperaturas provides relative scales for the
assignment of more precise Jdi fferences between the
temperatures of given oojectss Contact sensing devices such
as the liquid thermometer ana neat sensitive electronic
aetectors,y, are perhaps the third most common measuring
device created after tne mass measuring scale and the volume
measuring cupe These contact sensing dJdevices may be
instrumented for continuous or discrete interval sampling of
the variation in pnenomenological temperaturey, or reaaings
may Dbe recorded manuallye It is important to note that the

use of such information implies tne redauction of the
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confinuous analog values presented Dby these devices fto
discrete numerical annotations. Such a data recordingy
process allows the entry of many different forms of error as
well as fthe possipility of the well-xnown feisenouryg
effect. A numder of procedures for non-contact sensing of
temperature have been created wnhich allow measurement from
within near dJdistances to sensinj from greatly removed
positionsy ie.eey remote sensinge Relyinj on tne aoility of
cryogenically cooled sensors fto detect minuyte changes in
long=-wavz2 infrared radiation, devices 5;ucnh 4SS the Barnes
thermogriph and the dendix IR scanner hdve peen created
which provide either analog film or ai1g4ital readouts of the

temperature patterns of an imajed scene,

With respect to the consideration of the ranga and
scope of gjeougyraphic information, it will be seen that data
can ve coded and recorded in a wide numoer of ways, even for
Ssuch a simple phenomena as temperature. For example, in
just one study a data systenm could be called 4pon to handle
information as diverse as manual ooservations of sea water
temperature taken by discrete sampling, continuous loygs of
air ana g4round temperature from a land-vased weather station
and tnhnermal infrared images recording tne spatial extent of
surface temperature variation. All of these forms of data
collected with one object in mind=-the analysis of

temperature variation in and around the action of some
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phenomena under study, yet they are all pasically aifferent

in their forms and format as well as thneir accJracye.

Another important aspect of jeoyrapnic reality is the
manner in which that reality is represented. Representation
involves the permutation of recorded data tnrouyh a series
of steps in order to create a useful form of presentation
for the Jdatde Primarilys, tne problem is one o2f taking
recorded datd and creating a structure for it such that its
integrity is preserved and its use is facilitateds that is,
creatingy a4 data structure. Uata structures may be formally
organized things such 4as @elaboratey random access disk
systems or very simple procedures such as arawing a diagonal
line across the top of a card deck. Thne most important
function of a data st~ucture is that in some way 92r anothner
it pravents the uata from falling into adisorganization mwnich
leads to the 1{oss of part or all ot the information.
Additionallyy it provides a means by wnich tne user of fthe
data can find ali of that information that is pertinent to
the proolem under consideratione. Jrdinarily, for the
representation of geoygraphic reality most people immediately
think of the map as the sole means for portraying the
spatial arranygement of phenomena. Indeedy, maps and other
map-like oryanizations of data into two wuimensional data
structures such as orthophotos, stereomodels, and actual

physical models are very efficient and usetul techniques tfor
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representing geograpnic reality. However, there (s a

variety of otner techniques that are just as wuseful in

recordiny and representing geograpnic information. One of
the most common is fthne Jazeteer. This represents an
ordered, sequential list of coordinates of geographic
phenomena. Tariff schedules and time ftaples represent a
means for reporting the structure of 3 network of linear
phenomena. Tide tables record the variations of the water
mass with respect to the terrain ana indirectly can be used

for tne calculation of tidal currentse.

] The preparation of a jraphic or tne printing of a taole
however is only the fina)l aspect of the representation i
problem tor geographic phenomenae. Jata as it is initially
collected must ove organized and stored in some form amenable
! to the final modes of representation, out not necessarily in
the final modes For example, the coordinates of a gazeteer
may be initially recorded in this formy, out the coordinates
of map information which are to be portrayed later in a flat

g graphic also may be in numerical form and stored

accordingiye. Furthermore, the data as collected may be
global in nature and may not be related to the Iocale and

phenomena under consideratione. Therefore, it is often

necessary to extract from a large data set smallery, more
» cogent ones that relate more directiy to the probleams under

considerations In general, the data collection is ftollowed
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by the entire problem of the reduction of the recorded
intormation to a comprehensible form or cipher in the
language of the communication medium to oe utilizedes Tnis
process Jften necessitates the application of a set of
classiticatory criteria and the assignment of symbolic
ciphers to the classese Once the enciphering process has
been completed, it is necessary to allow some means for the
generation of fthe final representation which may be

accompl ished in a number of different mannerse

Hopafully, this discussion of ¢the ways in which
gyeographic reality comes to be known has dJemonstrated the
vast scope of activities and the range of potential
information that could be uysed with a holographic data
storaygye systeme It is possible to conceive of situations in
which it would oe necessary to store geoygrapnic information
at any staye of its use clear from the initial recording to

the final representation,

As nas happened in the application of the computer to
geographic investigationy the application of holography
potential ly could proceed along similiar linese On the one
handy holoyraphy could be wuseud for the augmentation and
expansion of the current modes of geographical analysise On
the ofther handy holograpny might provide a method of

approach to problems and means for asking questions tnat
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would extend far peyond current modes of analysise Thus,
- two broadly defined areas must be examined to identify what
holography muyht be aole to do for geograpnye Firsty is the
general application of holography fto a variety of problenms
that are already known in terms of the storaje, retrieval,
analysisy ano display of geograpnic informatione. Secondiys

holograpny has the potential for providing ftofally new

Sy e

approaches to geogjraphic problems.
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DAIA_STORAGE AND ANALYSKS APPLICATIONS

The direct applications of holography to the storage
and analysis of geographical data must be viewed in teras of
the modes in which data can be stored. Basically, a
distinction must be drawn between those metnods in which no
image is created and those that are image forminge. In the
former procedures, the data must already be in a numerical
or coded form or amenable to such encodinge KWith tne latter
systems, geographical data in the form of grapnics, maps and
photos may be directly stored without translation into
nuaerically coded data structures. Most of the work that is
being done with non-image forming procedures is related to
either the development of computer memories and peripherals
or other electronic applications such as video recordinge
(Rajchmany 1970). Computer data storage devices capable of
storing 1.0 x 10 10 bits retrievable at optical speeds have
been proposed by Pohl (1974yp.346) and slower acCﬁfs devices
capable of storing 1.0 x 10 13 bits are currently are in use
with the Illiac IV computer (Gusiky 1974y, pe24)e Any
advances that can be made iIn increasing the analytical
capabilities of digital computer by the use of holographic
procedures will prove beneficial in the end to geographical
appllications Just obecause of the great use to which
computers are already being put |In geographye. Such

developments will not be covered here since they represent
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primarily the extension of known capabilities rather than
different approaches to geograpnical analysise The area
which bears greater potentjial for ennanciny the reoertory of
geographical analysis methods is the integration of optical
and dijital computing techniques througn tie use of 3

varjety of new image forming techniquese.

Hebrid_ _Jigital-Qotical _pcogessing The dichotony between
the optical and digital processing of imagery is a nell-
recognized fact. Optical processing is nearly instanteous
and processes all parts of an image equally in a parallel
formate. Digital processinyy, on the otner hand, provides
only capaoility for the selective analysis of an imaye.
Scientists concerned with the processing of images,
includinj cartographers, ohofogrammeters. and computer
scientistsy, have searcnhed for methoads ana techniques tnat
would allow the effective interface wvetween the two
processing techniquese. The difficulty to aate has been in
achieving an effective cross connection beftween the two
proceduras (Vander Lugts 1971). uUntil recentliy, the most
effective procedures have pbeen pnotographic and do not allow
for any effective interactive analytical capaoility. The
problem is essentially one of tinding not just a means of
producing a coherent Jight imaye from a digyital record, out
the creation of differentially translucent optical filters

under digital control. The inverse procedure has been
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hampered oy the coarseness of the detectors available for
measuring the resultant images. Therefore, most of the
previously created systems have used cumbersome, non-real
time procedures and are characterized by an overall lack of
quality in fthe digital-to-optical and optical-to-digital

inter tacese.

A number of new and practical intertace procedures are
or may soon become available. One of these new procedures
being developed by Nisenson, Feinlieby, and Iwnasa at the Itek
Corporation is tne Pockels Read-ouf Optical Modulator or
PROM crystal (1974). This crystal, a thin slice 2f pbismuth
silicon oxidey is electro-optically sensitive to that it may
be written optically and erased at near electronic speed.
The images are of sufficient optical density and the crystal
possesses fransmission characteristics adequate for the use
of the PROM as a input image or as a optical filter. A Dlue
light is wused to record the image on tne crystal and the
duration of the image is lony enouyn to permit the optical
modulation of a coherent liygnt beam shown through ite A
device with such capapbilities could be useu to ‘replace all
of the photographic imayges in an optical analysis procedure
with digitally driven optical modulators under the control
of a computer. Such a capavility coupled with optical
detectors in the form of a sector and ring Fourlier analyzer

or and an xyy array detector, would provide the building
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blocks for an electro-optical image processing facility

capable of dynamic interaction between the digital and

optical computers.

A hybrid digital-optical processing system would be
composed two chief elements$ an image processing computer
and an optical bench. The image processing computer
ostensibly would have availapble a ftull complement of the
normal data storage facilities as well as the specialized
digital-to-optical output and optical-to-digital input
devices. It is anticipated that the PROM crystals could be
driven ejither ooy a refreshaole vector drawing g9graphics
screen as well as by a raster scanning digital [TV, tnus
providing interactive graphics capapbilities to tfurther
extend the utility of the system. It appears that with
three PROM crystal output modules most of the currently
devised image analysis procedures could ope performed. Two
types of optical detectors also would be neededs One would
be a sector and ring device for sampling the symmetrical
diffraction pattern of a simple Fourier analysise.
Thomasson, Middleton, and Jensen of Recoygnition Systems,
Incey Nave developed a detector with 32 wedges covering one-
half of the optical power spectrum and 32 equally spaced
rings on the otner half wnich will allow a fairly accurate
interpretation of the spatial trequencies of an

Image (197 4) . Information derived from tne sector and ring
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detector would be used fto construct spatial and correlation

filters in other PROM®s in the Fourier plane. The other
optical detector would be an xygy array detector for wuse in

the re-quantizing of the optical image.

The second major component of the system is a staole
optical opench for the optical ftrain and coherent light
source compatible with the PROM crystals. It is anticioated
that the most useful system would include servo-controlled
fens and optical modulie mounts, such that the alignment and
fine tuning of the optical processor could be achieved under

program controle.

The application of such a hyorid optical computer would
be limited only by the creativity and skill ot its operators
in applying it to the multitude of image processing tasks
that are faced in the geographical sciencese. Three
applications are reaaily apparent based upon proven
experimental procedures? three dimensional graphics, spatial

filteriny, and image correlation.
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Graphics Computer

)

Diffusion
Screen

Shutter
Image Input
Film Transport
with 2-5mm Slit
’”hr Optical Arrangement for King=-Noll-Berry Hologram

Figure 3
THREE DIMENSIONAL COMPUTER GRAPHICS
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Ihcee _dimensional_ _Grapnics the PROM module could be used
as the image output device for tne consftruction of King-
Noll-3derry holograms in conjunction with a relatively simple
tilm transport mechanism (king, et.aley1970). The KNB
hologram is Dbasically a series of very smnall nolograms
presenting the view of some perspectively projected three
dimensional imagee A numober of views of the object varying
by only a few degrees of rotation alony the x axis of the
hologram or by a few degrees of elevation along the y axis
are recorded as normal fransmission hologramse. Presentliy,
it is necessary to create these seperate views as microfilm
from a computer output on microfilm device or film ot a
graphics terminale Oue to the photographic transfer of the
images from the computer to the hologram taking situation,
the process {is arduous and fime-cogsuming. Replacing the
photographic steps witn a PROM crystal would make the King-
Nolt-g8erry hologram a useful and wractical display
procedura, figure 3. dy such a tfechniquey, it would be
possible to generate a computer yraphic output that appeared
to the viewer to pe truly three dimensional in nature. By
judicious selection of the increment for the film transport
and the use of a slit rather than a series of small cellsy a
three dimensional animation could be acnhievedes This effect
would be accomplished by the movement of a continuous KNB

holoygrapnic film across the line of the reterence beam. A
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modification of the film holder mechanism to provide angJlar
variation rather than film movement would allos the creation
of multiple image holograms from digitally encoaed data
facilitating tne_ dissemination of up-to-date maps and

graphics for holoyraphic navigation and guidance systemse.

Spatial Filtecina spatial filtering tecnniques are used
quite commonly in geographical research in order to isolate
elements on the basis of their spatial frequencies or
orientationse. In the optical arrangement illustrated in
figure 4 an image is infroduced into the system through the
first PROM crystal Pl. Its Fourier transform is detected by
the sector and ring device D1 after the beam has been split
by the half-silvered mirror. The computer can analyze the
information derived from the sector and riny sensor in order
to construct a spatial filter in the second PROM P2 so as to
eliminate either certain orders of spatial frquencies found
in the original image or particular orientations of spatial
lrequgncies. The result of the spatial filteriny can be
read in an xey format compatible with the original input by
the array detector D2e. Such a system in an interactive mode
would provide a highly flexiole tool for tne analysis of

spatial oatternse.
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lnage Coccelation carrying on from tne spatial filtering
idea, it can pe seen that it the tilter that is interjected
into the optical path is the Fourier transform of an image
element, its {Jocation within ¢the original image can be
aiscerned in a pnhoto interpretation mode. In figure S, fthe
coherent |ight beam is split and part of the beam proceeds
down an optical path identical to fthat ot the spatial
filtering setupe. The other part of the beaa proceeds
througn a similiar spatial filtering setup; however, instead
of an 1maje Dpeing presented oy the PRUOM crystal P2 for
analysisy a spatial element of some form, 1s presented and
its Fourier transform |is detected oy the sector and ring
device Ule. From the Fourier transtorm of the spatial
elementy, a filter is constructed for tne original image and
introduced into the optical path oy the second PROM crvstal
P3 in tne spatial filtering scheme. The points of
correlation between the spatial element ana the original
image are detected as brignt spots by the array detector D2
in xyy positions corresponding to the original imagee. The
computer could wve proygrammed to chanyge the orientation of
the spatial elements in order to dchieve the ni;hest overall
correlation between the filter and the original image.
Conceivaolyy the computer could create a opank of spatial
filters of a variety of different spatial elements and the

computer could select ¢from amonj these for element
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igentification in a photo interpreation mode.

There is some evidence that ¢this imaje correlation
procedur: could be used to solve a variety of non-image
problems including matnematical projramming problems such as
spatial allocation and classitications In the abstract, the
image correlation and analysis oroolem is not unlike a
number of geographical problems involving the classification
of entities on the pasis of their measured similiarities.
There appedrs to be no reason why tne multi agimensional data
pertinent to a particular set of entities could not be
converted into some analog owtical representation. The
programmad selection of spatial filtering combinations could
tead to a classiticatory ordering of the observationse.e Many
mathematical pEOQrammlng problems are structured similiarly
and their solution constraints could be expressed as fixed

spatial filters.
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ASSOCIATIVE DATA STRUCIURES

One of the things that holography has caused a number
of peopla to consider is the general manner in which the
holograpnic recording process operates as a model for the
storaye of information in other contexts. One of these
contexts is related to epistemology and the organization of

MEMOrvYe

Consider what happens in an abstract sense when a
hologram is created. A reyular, predictaole pattern, the
reference beamy is allowed to interfere with an irregular,
unpredictable pattern of lignt, the relfected object beam,
and this interference is recorded. Tne reintroduction of
the regular pattern allows the recreation of the irregular
pattern. However, the inverse is also trues the
reintroduction of the irregular pattern reconstructs fthe
regul ar imayes In the case of optical holograshy, this
procedure is not very interestinge. However, there is no
reason wny the reference beam could not bpe of some form
other than a regular spherical or plane wave. Indeed, the
reference beam theoretically could be fil}ered and
transformed in any manner as long as it was possibile in
reconstruction to exactly duplicate the nature of fthe

reference beam in the original takinyg situation.
Now consider the mind which also may be thought to use
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a holographic interference technique for tne storage and
man ipulation of information. The entire education process
may be s2en as one involved in the development of a [large
and wuseful set of mental holograms to be wused in the
recalliny of information as well as its processinge For
exampley throughout an individual®s experience with written
language many examples of the letter "a* are encountered.
Most persons are so familiar with the general structure of
this letter that it is possible for them to identify it even
when it is grossly distorted or only partially discernable.
How does the mind do this? Part of this process is
accomplished in the psycho-physical manipulation of the
sensory image in its transmission to the sensory store and
the snhort-term memorye. The oroken parts of line may be
filled in mentally in order to gJenerate a more complete
figure. However, the mind can WorK remarkable
transformation on the basic gjeometry and relationships of
the figure, performing extreme, nonlinear permutations of
images in order to fit them into some comprenhensible form of
realitye It may oe that in this initial process somewhere a
holograpnic filter is utilized by the mind in order fto
transfora the irregular, unpredictable patterns represented
by the broken and distorted figure info tnhe regular,

predictaole pattern known as the letter "a".
In this situation, analoyous to the reconstruction of
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FE . the optical hologram, the retrieval is performed in |is

1} parallels That is a given stimuli is taken as a whole ad
the referent is retrieved as a whole simulftaneousliye. The

3 mind nas the additional capability of being able to feed
information o0ack into itself to turther refine its

g understanding and to add information toyether in order to

recoygnize words, phrases, sentences, and idease.

All of this makes for an interestinj excursion out now
does it relate to geography? general intformation storage
systems as they now exist work on simpley, direct input and ;
retrievale. Fundamentaliy, information is stored in a data
structure with some reference scheme related fto xnown
external characterjistics of the data or internal addressing
procedures and through the use of the reference scheme the
information can be directly recallede As an example, one
mignt nave a set of nealth statistics for each county in the
United states randomly stored on a disk anda for wmhich 5
directories have been puilt which index counties by states.
It is a simple matter to access the adata for the jth county l
of the ith state by referencing the directory for the ith

state and offsetting oy Jj to fina the address the record for

the jth countye Regardiess of now complex such a directory
scheme or record format may oecomey, systems like this one
only provide directly the infgrmation that was stored within

ite That information is returned only in the simple
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sequential manner in which it was originally stored. The
access to the data may be Jreatly expanded by the
introduction of spatial retrieval techniquesy, but the
information still only comes back sequentially within the
context of the imposed organizational structure. This kind
of system is 3jood for record keeping but poor for analysise.
For example, if one wishes to study the high incidence of
heart disease then the file containing that information must
be inverted on the basis of the information related to neart
diseasey and then specifically searcned for those elements
that could be defined as highe 3uch a system facilitates
access to the information obut it does not facilitate the
developmant of higher undrestanding about the distribution.
Consider, however, tne concept of dJan assdciative data
storage system where data is stored indirectly as a result
of the presentation of the information to tne system and is
retrieved when information aobout thne Jimension of the
proolem under consideration is presented. In ofyer words,
in the example given apove, the 3Jeneral terms in which the
problem was defined, fthe high incidence of heart disease,
would be used as regular pattern to pe input to the data
structure in order to affect the retfrieval (Kugely, 139b3).
Meant by high incidence and heart disease. The digitial
simulation of the functioning of an associative data

structure is performed only with great difficulty and each
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accession incurs considerable system overheade The use of
an integyrated digital-optical processor with holographic
memory units might make such a sophisticated system

feasiole.

The relevant use of thnis idea of associative ddta
struc tures for geogyraphic information systems is that they
would allow attention to ovpe Jdirected towards to the
structure of the nroolem$ rather than upon the manipulation
of the dataes In other words, instead of pnrasing the data
retrieval questions in very specific terms necessary for
direct sequential access where it is possiole to Dbypass
important interrelationships in the data, the questions
could oe posed in general fterms such that the associative
data sftore would extract tne most meaningful portion of the
information from storaje that was relevant to the problem.
As the system was repeatedly used for similiar accession, it
would learn analytical strateyies suitable to the specitic
torm of the analyses and further facilitate the data
accesse If this type of the machine were allowed 1o free-
wheel such as the human brain, it mignt tind relationships

in the particular problems that were threretofore

unsuspectede.
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