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ABSTRACT

The purp‘o.ses of this repo;'f are: (1) ;o.sfudy fHe Earth Re;ourceé Technology
Satellite system wi'thA e;'nphosis on sensors and data processing requirements, and- (2)A _
to evaluate image data compression using the Fast Fourier a.n.d:._Haddmard:'t,rar;54 |
“forms. |

The ERfS-A system and the fundamentals of remote sensing are discussed.
Three user dpplications (foresfry;. crop.s,v and rangelands) are selected and their
.spectra'l signatures are described. It is shown that addifionéxl sensors are needed" |
for rangeland mdncngement. An 6n;boar.d informati_oﬁ processing system is recom;
mended to redu;e the amount of data transmitted. |

Imagé data compression can be performed using fra_ﬁsfqrm techniques either -
by truncation or by coarse quantization. These }wo comp’réssion schemes were
implemented on the. digital computer usiﬁ‘g both the Fast Fourier énd Hadamard
fransfo’rm.s'; Experiments were performed on three digitized images provided by
MSFC t§ study distortion versus compression. Significant data coﬁpression can

be obtained. with thése methods before distortion becomes noticeable. .



PREFACE

Thg wofk performed under Confrcct NA58—28545 consists of two fosks. The
~ first task, Eorfh ReSOLA:rrces Technélogy Satellite (ERTS) cpplicotions; is documented -
ianqrf'.'I of this reporf,‘ and the second tdsk, Transform Techniques for Data Com-
pression, is documented in quf. II.

The main objective of the first- task is to study data processing tgchniques for
fhree.sele'cted user applications of ERTS-A and to recommend remote sensors o:nd
information pfocessing for each application';

The main objeéfive of the second task is to study AGfa compression versus
picture distortion, using Fourier and Hadamard fronsformqfions. -

Part 111 of this report contains suggestions for future efforts.

- Robert J. Polge

Huntsville, Alabama

May ]973
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PART 1

'EARTH RESOURCES TECHNOLOGY SATELLITE APPLICATIONS




- CHAPTER 1
INTRODUCTION

The Earth Resources Technology Satellite (ERTS) is a-sateHife'_thaf_.is placed

in a high orbit above the earth. It contains remote sensors that are used to detect o
| objef;fs .ond their change of state on the earth's surface or subsqrfacei. Thé pur-
pose of the ERTS prog;dm 1] is to demonstrate that remote sensing from space

is a f;easible:cn_d practical apprédch to efficient 'managemenf.of earfh'seresources.
‘The remote sensors have been selected to cover a wide range of applications. ' In
addition to the development of sensors‘ and the satellites, fhefe are signiﬁcaﬁf
technico>| problems in the area; of data transmission ;:nd data handling and analysis,
where the prodigiops-quantitigs of data to be g_eneraféd challenge man'svability" |
to monége c.:nd..digest them. For ekamp‘e,_ with its 496 ﬁauticol mile high_
inclinofion, sun-synchronous orbit dnd fhree.'high .resolu'tion,' return-beam yidicoﬁ '
tel evision cameras, it is estimated that _opprbximate'l.‘y 250,000 pictures (85,000
;gts of three) will be taken' énnualliy, by the ERTS over the U. S., Canada, and
selected intgrnotional and:fé_rei.gn areas. The ﬁumber o_f_spécfral :chcnneis will
probably increase .aﬁld the resolution decrease in future ERTS 'S ’:Thlﬁs, the data
output will grow. Clearly, techniques which can reduce. fhe_dqfqtransmis_sién.
rofés are required in'order;to pseA efficiently the predicted increase |n sensor
capability. | |
fhis part documents the work done under Tosk I of Cor'\'tract NA58-2854‘5. N

The goals of Part I of this report are to: (1) conduct a literature search and



define data collection and processing of the Earth Re'so;Jrces Technology Satellite
(ERTS), (2) select fhree user applications for a detdilledAsfud‘y, (3) stuc;ly data |
processiﬁg techniques for the selected applications, and (4) ifecomrhénd sensor;;
on-_fboard processiﬁg and gfound prgcessing;for each dpplic'cstion. .

Chapter 2 Aescrises the ERTS sy;rem by tracing the siQ_nal flow through the
on-board bnd ground systehs .. It is noted that no on-board information processing
takes place. Chapter 3 dichssés tHé fundamentals of r-emofe s'ehsing and points.
ouf. that the remote senSor; of ERTS-A cover the spectral bands of re-flectam’:e'. and
.rcd'ionce for many objects. .Chopfer 4 selects three user ap“plicationsiz  (]) forestry
(increase of yield), (2) crops (feduction of Iosses).a'nd 3) Vrang_elcmds (effecf.ive
r.nan'oge'ment).,-. Spectral signatures are déscribed for eaph application. In order
to sense rangelands effectively, additional sen;sors are recommended. Chop‘fer 5.
discuSsesvsignal-procgﬁsing_by ERTS-A. An'on-boﬁrd and ground informéfion pro- .
c_essfng system is suggested. | .This system uses fHé Hadomvar.dAfransform and delta
moduloffon to reduce the amount of data transmitted wiﬂ':xou‘t ‘cm appreciable loss

of information.



CHAPTER 2
- EARTH RESOURCES TECHNOLOGY SATELLITE

2.1 Introduction

_ The Earth Resources Technology Satellite (ERTS) is used to -gqther infor- .
mation remotely on fhe_ear,th 's surface or subsurface [ 1 1. This information caﬁ be
ona|yz'ed'a_nd interpreted to extract séeciﬁc information for different scientific
disciplines such as agriculture, forestry, geology, hydi"ology, oceanography or
other disciplines concerned with man's environment. The first satellite ,. launched
in 1972, is called ERTS-A and is described below.

2.2 Block Diagram for the ERTS-A System

A block diagram of the ERTS-—A Syéfem’is shown in Figure 2.1. The ERTS-A
system can be divided into two systems: the on-board system and thé ground system.

2.3 On-board System

-Figur_e 2.2is a‘simp_lified blocl; diag.ram of the ERTS-A_on-board system.
It is seen that groond radiance is the input to the two remote sensors: Rket_urn Beam
Vidfcén (RBV) Cameras and Multispectral Scanner (MSS). . The v!.?BV sensor Vconsisfs.
of three cameras which sense spectral bands .475 - 375y, .580 - .680  , and
.698 - .830 ., respecfivel*. The MSS sensor is an optical scanner which detecfs;-
ground radioncé in the spectral bands .5 - .6y, .6 -.7y, .7 - .8 b, and
.8 = 1.1 . The outputs of the sensors, 3.2 mhz aﬁalog video for the RBV and 15 mbps
digital data for the MSS, are sent directly to the wideband telemetry system for trans—

‘mission to the ground or to the wideband video tape recorders for delayed transmission -
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to the ground. A Data Collection System (DCS) is also part of the on-board
system. It obtains data from remote, automatic data collecfioh'platforms and
relays the data to ground stations.

2.4 Ground System

A block diagram of the ERTS-A ground system is depicted by Figure 2'..3'.
Wideband éqyload video data are received by space fracking and data network:
. stations i.n Fairbanks, Alaska; Goldstone, California; and Gr'eenbelf,»MaryIandb.
The video data; in the form of ma‘gnefic‘tcpes, are sent to the Operations
Cor{nfrpl-Cenfer (OCC) which controls the ERTSA-A mission o_p,eratibns. The A_R_BV and
MSS ivideo.t(:pes are then sent to the NASA Data Processing Facility (NDPF). .Thrvee
types of processing are done at the NDPF: (1) bulk processing 'fo_convertA_fhe yiaeo
tapes to corrected 55 mm images on 70 mm film, (2)- precision processing which uses
the 70 mm film images to produce error—corrected film images on a 9 1/2 inc;h" format,
and. (3) special processing which outputs data from the bulk or precision proceésiné
on computer com.patible digital tapes for distribution. The NDPF output dq;d pro-
ducts ar,é_ disseminated to the user by work orders which are generated to rr_udfch inyésﬁ- I'
gator requests for received.data. A storage and retrieval system aids the investigator
by making available microfivlm browse files, listings of images returned, and listings
of information available from the data collection sysfém .
2.5 Conclusions
ERTS-A is well designed to sense remotely the earth spectral reflectance and

radiance and fo transmit images of ground scenes back to the earth for processing.
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How,'evel-', the nurﬁber of'bivfs ‘néc_essary' to transmit a single image is enormous.
For example, PCM requires KN2 bits/image where N X-N is an drrdy of picture
elements encoded by a sequence of N2 K-bit code words fhaf‘specifies the grdy
|eve.|s'of the image [2 ]. If K=8 and N = 256, then KN2 = 524,288 bits/
i'mage. In the ERTS-A only the SIgnol is processed not the information.

Clearly, it will be advantageous to compress the information befqre trans-
mission. In this manner the number of bits transmitted will be reduced without.an
apprecioblg loss of information. One of the goals of this report is to iﬁvestigoté '

on-board and ground processing for a more efficient transmission.




CHAPTER 3

REMOTE SENSING WITH ERTS-A

3.1 Introduction
Remote sensing can be defined as the detection of some property of an
objecf with a sensor that is located at a distance from the object. In the case of

ERTS-A, ‘the sensors are the return bedm vidicon cameras and the multispectral

scanner. The object of interest is the earth and its resources. The detection of
a property of a particular object is based on the electromagnetic energy that it
radiates or reflects. The fundamentals of remote sensing are discussed next.

3.2 Remote Sensing

The sun is the primary source of electromagnetic energy and emits bhotons
(smal_lest. units) of élecf_romagnetic eﬁergy. This energy is. of an oscillating nature
dnd éon be described in terms of wavelength (distancé be.twe'er.\,pe'a.ks‘), velocity
(speed of fhe peaks) and frequency: (r;umber of peaks passihg;: po’iﬁf in a given
fime) [3] When the photons hit an object, one or more of the following inter-
actions [ 4] betwéen the photons and object can take place: the phofc;ns can be
fraqsmitted through, reﬂected by, olbsorbec.i by, émifted from,. or scattered by the
object. | |

The degree 'to which.fhe above interactions between phofons and object take

Apla;e depends on the wavelength and is specific for each differenf object. Thus,
it seems feasible for an objécf to be identified by remote sensing of one or more of

the interactions given above. In practice only two of the interactions (reflectance
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cmd emiﬁdnce)'clre‘ used in remote sensing. The electromagnetic spectrum that is
most useful for remo}e sensing extends from wavelengths of .4 to 15 micrometers

- (microns w). It ‘has been shown [5 ] that "Solar reflectant péwer is decreased with
iﬁcrecsfng wavélengths until the radiation emitted by the object is dominant. The -
' crossover point where *he emitted radiation becomes. dominant over tif\e reflected
radiation is at approximately 3 . "

FiAgurt.a-3.'l is an exomble of spéctro| reflectance of solar radiation from corn
leoveS [ 6. Percent reflectance (measured by a spectrophotometer) is pllotf_'ed as
a function of wavelength in microns. The following observations are r_nadé. Beléw
about .4 w the reflectancé is low due to atmospheric atfenuuﬂon. BefWeen .4and
3y ' the feflectance is good However, the band from 1.3 to 3 is eliminated.~

' bt_acau,se:o_f water ab_sorptioh. Therefore, the band .4 to ]‘-3.;}& can be used
effgctively for sensing the reflectance of corn leaves [ 7 ]. .The sensors of - -
ERTS-A have been designed to cover most of this band. Comparisons of the
spectral signatures for numerous resources reveal that ol!» of the reflectances are

~similar but yet each reflectance is unique. It is this uniqueness of each spectral
signature }hat implies the possibility of i_dentifying a remote object by measuring
its reflectance.

Although an object can be detected with a single wavelength band [ 8 ],
identification of the object requires several wavelength bands. The term mulfi;
specfral sensing is used to mean sensi‘ng an ijecf within several different wave-

length bands. Two objects may have .the same reflectance in one band but will
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2
have different reﬂgctcnces in qnofher band. Thus, comparison of the reflectances.
for several bonds enables one object to be distinguished from the other [ 9 J. -
Measured values of reflectance within the wavelength bands listed above repre-
sent the 6utpuf of the remote sens;orgof ERTS-A. Thus, the-reméte sensors of ERTS-A ‘
|‘1dy_e been opfimpmly s‘elec't'ed to cover the region of the eiectr_omagnéfic‘ spectrum
(‘.4 tc; 1.3 u,-) where the inte’m?:tion of réﬂecfcmce OCCU;'S» befﬁgen the éhoténs |

and the objects being detected.’



CHAPTER 4

SELECTION OF THREE APPLICATIONS

4.1 Applications of the ERTS-A

It was pointe_a out.in Chapter 2 that ERTS-A can be used to gather infor%
mation remotely on the earth's surface or subsurface for applicafiong such as ﬁ‘griculfure,
forestry, geélégy, hydrology, and oceanography . Otvher:apb!icafion_s include
terrdin mapping, water pollution, air pollution, climatology, meteofo'ogy,
zoologyr, sociology, economics orV\dbnja.ny Aqthers.. Chépfer 3 providea the
fundamentals of remote sensiﬁg. It was shown that cb'jec.:fs on the earth's sur-
face radiate and reflect elec.:“tromqgnefic energy.vv Each ébjécr refl ecf; and radiates

-ener’gy at unique spectral bandwidths. And thus, the.._spe‘cfrql signature of et':ch.
‘object can be used to detect remotely its presence or change of stafe';

The ability of ERTS-A to detect fhe presence or ;cHahge of state of objects
depends on several factors. Some of these factors are (1) the di_stance,_ﬁ'orﬁ the
sensor to the object, (2) resol ving capability of the sensors, (3) condition ;)f
t.he' atmosphere, (4) concealment of the object to bé detected, and (5) .reflec-
tivity and/or emissivity of the objec;f.

Therefore, the selection of dpplicdfions should take into account both the '
user needs ana the capability of the ERTS-A system. For e-xample', itis difficult
to gather informotion under the water surface Because of the refléctivity of this

surface.

13
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4.2 Selection of User Applications -

In each of the applications listed above I'h'eré is a need fpr investigating
some property. For example, .in agricuhur'e early detection of the areas of dete-
rioration of crops due to disease and pe;fﬂencg can be used to ’implement controlé
that wi'l-l check further ;precd of the damaging agents to é_fh‘er’areas.- ERTS-A can
be used to locate the problem areas and provide ddvance warning fo the user soA »
that he can apply the proper measures of control . -

By 1985 the us;e of timber is expected to increase to abqut twice a.s mUch
as it is pow' (10 ]. Therefore, there is a n_eedv to increase the yieid of foresAfryvin »
order to satisfy future requiremehts.

Each year millions of dollqrs worth of crops are lost due to-insects and _disea.sé-..v
Réducfion in the loss of these crops not only represents a mbnefcry savings, but also” -
makes available food and other products which wduld'qfherwisé_ be lost. Thus; the o
need exists to reduce the losses of crops due to .insects and disease . |

Grass is the main food for cattle and sheep. Since these animals are the source "
of meat, wool, leather and milk, it becomes desirable to él_’ecfe conditions that aré E
conducive to their growth and reproduction. Effectivé managemenf of pastures or
rangelands is an important factor in increasing the number of cattle and sheep whfch |
tHe ran_gélonds are capable of.sqppérfing.

Therefore, a need is established for investigating the user applicafions,férestry.
(increa_se of yield), crops (reduction of |'osses), and rangelands (effective rﬁgnoge_;ner'lt).' '

In order to utilize ERTS-A for remote sensing of the above user applications, it is
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necessary to-know their spectral reflectance (signaf_ures;); These spectral
‘signaturé; are obtained by méasuring spectral reﬂecfonég of the desired trees, _' ..
-crops or grasses-with a spectroreﬂecfomefer or other similqr_fnsfrum_enf. Once
tBe spectral -s'ignotures. are oBfained, }hen the rémofe sénsor is defined in terms
of ﬁs required specfrol'band..'

Each of the abo_ve user upp!icatiéns is discussed in the follovﬁng sections.
The spectral signature for each opplicctgon is described, and comparisons are made
with the ERTS -A rémote sensors fo determine the combpcn't_ibilitky need with the ERTS -A
pofentiél . | | |

4.3 Foresfry (Increase of Yield)

There are several ways that the yield of forestry can be incr;eased. One way
is/t.o determine the location of suitable new.areas. This can be accomplished by
studyiﬁg the environment th'ét exists where forestry fh;'ives abundantly., Some of
the characteristics of the environment that can be analyzed are the soil variables,
correlation between plant types and forest productivity, and the amount of rainfall
or other water supply fhroughou.f the year.

Anéfher way to increase the yield of forestry is fhrough sequential observations
of the change of vigor. In the '_cbse of an increase. in vigor, advantage can bé taken
of noting those factors that are conducive to accelerated growfh and attempting to
recreate similar conditions in other areas. 1f a decrease in vigor is detected, then .
the possible causes can be investigated more closely through the use of large scale
photbgraphy and ground observations. This method is known as,mulfisfagé sensing.

Generally, multistage sensing consists of sensing objects in several decreasing stages
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of remoteness. '.I.:or'exomple, the first stage of se:nsing con be fror-ﬁ the ERTS-A -
platfqrm where Iérge areas are contained in each image. Ar_ualysis:-of_ the re?ulti'ng
images ghows the .sections where a‘decl.ine in freé vigor has occurred. More
important, the analysis eliminates mcm-y areas Qhere further'sensing is not necessary.
The next stage of sensing can be »frqm a high altitude cirblané . This ﬁmbe>onl).) those
areas fh_dt were indicoted-in the firs_t.sfc;ge are sensed. The large s?ale .im'qgery of
the airplane further defines the 'éxdc* location of the declinjng ;/igc;r trees. Follow-
ing this, other stages spch as low oltitude. flights and Qouhd'_observotioﬁs cdn be
usebd‘t:o_ |oc§fe exactly the points of dist.ress.‘ Once the coordinafes ha-ve beef\ pfh-
pointed, i_f may be possible to take certain measures-to -cb-r_l.'ect_ the bréblem "qf
declining vigor.

A third method to increasé ‘thlé yield of forestry s by mokving fim.ber yield
estimates and preaicfions. The use of ERTS-A enables strcti.ficaﬁon or séctibning
of the:timber stands. The mull.f_isfage s’énsing' te.chn'ique aes_ciribed above cén bé'corfl- '
bined -vgifh variable probability .sqmpl_iné theory fo.v_reduc'e the Sqmplirig error by as
much as 60 percent [ 11 1.

o ,.O__ther methods. to incyéd;e yield include Ioéafing thé best areas in the forest
for harvesting the trees and determining the areé of f_imbér for inventory purposes'.‘
Both of these methods can use multistage sensing technique§ for optimum results.

Figure 4.1 shows the spectral signature for pine foliage [ 12 ]. Variations in.‘
reflectance as a function of ,wcveléngfhs are evident in the region .4 - .7 . |
Since this band is within the range of ERfS-A sensors, then ERTS-A can be

used to detect changes in reflectance of pine trees due to increase or decrease

of vigor.
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Figure 4.1 Spectral Reflectance from Pine Foliage
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‘4.4_ "Crops (Réduction of Losses)

An iméorfo_nf application of ERTS-A is to predicrtilossve'sA &ue to disease and
insect infestation of c'ropé so that corrective measures E:arn be fa.ken. The fechhiqu;
devsc>ribed beloyv uses multispectral and_'mu|>f-itemp.ora|'sensing to compare the actual
'predicféd yield to a typiqul ‘prcr.adi;:ted'yield. If the d;fﬁdl prédictéd yie|d_is?nuch h
less than the fyéiédl Vpredicfed yield, c'c>fr|"ec.ti\./e‘steps cqnvbe_t‘ck}e.n to.‘inc.r_efasé.- :the..' :
yield.

In orde;»to réduce Io'ssesi of crops, :it is necessary fo d.is.fingui.sh Healthy
plants frqﬁi_ unhealthy ones. T_h‘vis Vdistin.cfion is based bonvrem‘qt_e mult_is.pecfra.l. o
sensing. As previously ment':io‘ned',v ERTS -A utilizes threq,.bcr_\ds_ fOr»th.'e fefurh
beam vidicon and four bands for the mqltispectrc;l scar.m‘,er.._ If ;everal ima‘ge§ of .
the same scene are projecfed simultaheovuslyvon a scre.er‘\vand coml.>ine'd’ optically
through a ‘fil;er systerﬁ, a color ‘c.omposife __wi"_ be obtafned [13]. Asa speci'f_ic - ’
éxarﬁple, cofton‘, one _Qf the major éréps of the Southern U, S., is often affacke_d_
By an insect known as the pink boll worm. The leéves,of the cotton pliarnt‘dré'
damaged, and this affects the qa;;alify am’:l_quant_ity.'of the crop. Through the use
c_sf its multispectral .scann_er ana return beam. vidicon sensors, ERTS_’-A is ﬁble to
view the cotton fields remotely. Figure 4.2 shows the specfral- signature of cotton
leaves -[_ 14 7. This graph of reflectance Qersug wavelength has regions of interest -
within the band of the ERTS-A sensors.

Evaluation of the condition of the cotton crop involves mulrifemporqlbsen_s_irjg'.
By making observations of the same area at aifferént times, a _crop‘calendar cdn_Bé |
obtained showing the spectral signoluré of the cotton fivéld fhrou'ghopf. tHe growing

season. The crop calendar can then be used to compare an image with a previous
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image made under similar circumstances. Inferences can be made oBOUf the condition
of the cotton by ﬁoting changes in t-l'-\e color. For example, the presence of certain
diseases.cause a change in the chlorophyll c-onfenf of the |eove;. This effect shéws' ’
up as a darker tone or color on the color coTpQ_site.' Since the effects of certain

diseases are most readily detected in'v the near infrared spectrum (.7 to .9 ), the

sensors should inélude this band. The mulfispecfral_ scanner of ERTS¥A includes »
‘this bandwidth, but the return beam vidicon does not include it all (up to .83 W)

4.5 Rangelands (Effective Management)

The third cppl.icct_ion of ERTS-A to be. aiséussed ngxf is rqn‘gélc'qnd management.
A considerable portion of the earth's surface consists of grasses dnd p|a>ntsi that are - '
suitable for grazing cows, shéep and other herbivorous animals. Since fhe growing
world population places an»in-cr,eosi.ng demand on milk and meat from these aﬁimals,
|t is important that the rongelo_nds'be managed effective"y. The term effecfEQe
management considers the following ifems? (l) ‘prevention of ove'rgrozihg, (2) ’pre-
vention of undergrazing, (3) imprbvemen’ts of pastures, ‘and (4) extension of pres’enf ~
acreage . |

The remote location of ERTS-A sensors enables the vievwing of large areas
(approximately 100 x 100 miles) of the -ear.f_h 's surface. The multitemporal imaging
techniques described above faci|i‘tate the formulation of deciéiqhs about effective
management of rangelands. For example, an indicatiqn of overgrazing is a decrease
in the predicted yield of gfasses or pldnfs and shrubs associated with good rangelands.

This effect is observed through a change in tone of the multispectral image. Some



of the results of ovérgrozihg'oré a reduction of the mc;isture retention écpobiliﬁes
of the ground and increased erosion due to water run—off.cbri.ng rainy seasons. It
is theréfore important to be able ¥o _défect overgrazing and then oﬁply effective
measures such as prope; fencing qnd efficient herding.

S}milarly; it is advantdge@s to prevent undergrozing since a decrease in
nutritive value of the grasses 'resQlfs:.' This is in part due to '<.:n' inCredse in
undesirable plants such ds Weeas. Spectral signafurés for grasses are simila>r to tHo‘s‘e '
given previously for cotton.

| Rémote sensing can be usedi_effég:fively to locate soil, water;_ 'remp_eratur‘e,.

‘and other facfor§ conducive to rangeland growth. For éxamplé, it is known rha}_

~ certain types of plants or shrubs can be found in re,gions> of flourishing rangelands.
By transplanting healthy grasses to these regions,.‘it .is_possib.le to extend the fénge— :
lands. ERTS'fA can be,utillizec.:l as @ warning signal .to detect signs of reduced yield..
More specifically, the near infrared spectral _bcmd (7 to .9 ) has Been found to
be most effective in indicating a decline in 'nufritfve.;/OIUe sf plants. Allso,.‘if
has been observed [ 115-] that moist range sites were detected on the .32 - .38 W
band, ponded spring water was d;atected on the 1.5 - 1.8, band, and areas of

moisture, open or concealed by vegetation, were most readily detected on the

8 - 14 , band.

Summarizing the three user applications: forestry (increase of yield), crops -
(reduction of losses) and rangelands (effective management), the following general -

izations can be made. The ERTS sensors are adequate for detecting changes in vigor
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of trees and plants. In order to extend the rangelands, it is desirable to sense the.

location of soils of high moisture content and bodies of water concealed by trees °

and undergrowth. Fof this purpose, senséfs of .32 - .38 g,-, 15 -1.8y;, qnc.i '
8 - 14 |, are indicated. o | |

| The smallest area of the earth's surface that can be detected by ERTS-A is
limited by the ground resolution distance of the sensors. -

The éro_und résolution disfqnce is inversely proportional to the height of é.
sensor above an object. Since it is desired to maintain o ;iewing angle of .Iess. B
 than + 10 degreés from. the norrﬁal with a swath width of 100 nautical miles, thé
height of ERTS-A is fixed at about 496 nautical miles.

The ground resolution di:stances for the RBV and MSS are 126 meters and 224
mefeg's; respectively, for h‘igh contrast objects [ 16 7. HoWever, this doesn't al'wa.ys.
mean that an object must be 126 meters to be resolved. Other factors such as fhg |
shape ,. background .and decreased complexity of environme.‘n:f permit smaller objects
to Be discerned. . Therefére, .sincé the area of the minimufr). resolved ground elemehf
is large, it is recommended that the ERTS sensors be provided wifH variable focal
length lenses. It is also recommended_.that ERTS, bé complemenfed‘ with the multi-

stage sensing techniques described above.



CHAPTER 5

DATA PROCESSING

5.1_ ~Introduction ‘

Chapter 2 described ERTS -A showing the different steps for sensing, trar;s-»
mitting, and proces;ihg an image. The -grouhd ,scéne _isAremot.elxy sern'sevd,' frons-j_
mitted to the ground and }hen précessed. The bulk, precisioﬁ and special pro-

- cessing convert the video fapes to film images and make radiometric and geometric '
corrections. It qu' pointed out that only ‘sigrbaol processing takes place in the |
satellite. .That is, there is no on-board infom'\obtion processiné. The followin.gb
sections déscribe some of the pdssibilities fof on-board information processing.
Cchlo_g"ing and displays for the user are discussed. Recomméndﬁtion;_ére made for

changes on ERTS-A to provide an on-board processing system.

5.2 Potential Information Processing Techniques

.Vorioustypes of on-board information pro;:essing Vcc.:l'n be performed. Some of
these types require more space than ERTS-A allows. Some possibilities vha,ve. beeh
_suggé_sted by W. E. Stoelzner [ 17 ]. For example , with trained pe'rsonnel,‘on-v
board information processing and anal'ysiﬁ could be performed. Then ,'onlY_ the
important vdato'would be transmitted to tEé ground thereby reducing the required
- bandwidth. The use of film and its tremendéus storage capability could also reduce
transmission requirements. Optical data p‘ro;:éssing would also be a definite péssi-
‘ bility. Various other schémes could be enumerated, but will not be co‘n'sidevredv at

this time.

23
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" In order to limit the scope of the investigations, the fol[oWing assumption is
made concerning the pro§§séd satellite.A Minimum configu-raﬁon changes will be
made to ER_TS—A. Thus, the satellite will Be unmanned, and bn-Bbord équipment
is,_'n.o‘t-retrievoble during the 'rrA\ission'. These restrictions irﬁpose;o considerable
limitation of the amount and fypes of oh-_board informafio-‘n proéessing rhcf' can be
accomplished. |

Since on-board equipment is not retrievable dJring the mis'sion,. the use of
film as a storage device is nbof recommended. 'T.here.fore, although on-board
optical data proces;ing is feasible for some appl ications su;:h a$ s‘péé_frol analysis, :
cbmplex ;potial filtering, matched filtering and c‘orrelcﬁdn [ 18], it would be’
difficult and uneconomical to implement on an unmanned satellite.

Another 6|ferr¥afive'for dafo procéssing (rather than vo.pt_ic_al) is the QSe of
electronic data processing'. vSp}ecifica.llyv,‘ on-~board digifc#l | infbrmaﬁ_bn processing. -
- can be accomplished efficiently and economically up to a certain extent. The |
electronic dofa‘ processing fo be recommended falls under the category of data
compression. | Data compression is a-method to decrease the time or bandwidth
required to transmit a given amount of inférrhation . A general survey of the various
schemes of data compression. has been fcbu‘latéd by C: M. _Koffm;:n [19]. He
describes four genera! metho&s: parameter extraction, adaptive sampling, redun-
dancy reduction and coding. Any usable data compression scheme must be infor- :
mation preserving. Therefore, the firsvt method (parameter extracfioh) will not be

considered since a loss of information is inherent with its use. The second method
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1

(adaptive sdmpliné) is not &esirablé since its compléxity has so far prohibited any
practical mechanization. The last h)vé methods (redundancy reduction and cod'ihé) o
are*definit_e possibilities for data compression on an u.nm_c_'ihhed sﬁfellife. These two
methds are -diScussed_vnexf._
| Rec!vundon.;y”ireduc;ionb is a co.mparison fechriiqug fo _ir)h‘ibit transmission Aof.

redundant samples. T_hus, a saving pf time or bandwidth mcny. bé obtaine.d.‘
R_edunddncy. reductibn algorithms can be_ broadly categorized as predicférs or inter-
vpélafors. Predicfors are used to estimate future data poihrsv within a $pecified
tolerance knowing the past data points. The siﬁplesf'predfctor is tHe zero-order
or straight line predictor which operates as follows. The first sample of a sequehcé L
of data is transmitted. Then as long ﬁs each succeeding sample has an amplitude |
within a specified tolefqnce band, it is not transmitted. When a sam.pl‘e' occurs

‘that is 6utside the tolerance b‘and,v it is transmitted. The 6_mp|ifude of tHe trans-
mitted sample is used to determine a new reference for '.th_e‘ tolerance bqnd; It hqs
been found fhat\‘f‘fhe zéro—ord_er predictor is not only economical to implemeﬁf, but
if._also yields a high’covmpression efficiency. Interpolot_ors_vus'ef both past and future
datﬁ points to qc.hieye data compréssion. The zero-order interpolator is simillar_t‘o
the zero-order predictor except that the last sample of a sequence is transmitted
(after an averaging procéss) instead of the first sqmple, A secénd type of ‘inte.r_-
poqu_or’ is called the first-order interpolator. It is a first—ﬁrder polynomial approxi-
mation to the curve of the transmitted data. Generally, higher compression r;:tios
(up to about 6:1) can be obtained by the interpolators, but storage requiremerﬁé are.

greater than those required by the predictors.
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Encodiné is a method of:trarnsformingr data into a seq-ue'nﬁal_formaf. An
example of statistical enc;)dipg i; Delta Modulation [ 20 ]which produces pulses =

"tht.ﬁ c;re dépéndehf ion the in’comfr@ -sig'nal_. These pd's,es are infegroted _Iinefirly'-

or ném-iinecrl} ona fed back for comp.a.rison with the ihput s'igﬁol; THé oufpﬁt
consists of a series éf positive and negaﬁ\}e pulse#. Only .ther_pos‘i.tvive pulses are °
trdr.ms\mitted-. N_on-linear integration of the .pul;es is probably more efficient. fhdn.
“linear i.ntegration.' Adaptive feedback caﬁ also be used to improve the perfor-
mancé.. | | |

cher types of dovta _compreésion schemes applicable to image coding _afe‘ the
Fast Fourier Traq;form (FFT) and the Hcdama.rd Transform [21 J. Of these two
the Hadamard Transform is the most efficient since it requires .only N long
additions whereas the FFT requires N |>og N ad:diﬁons and N log N mul‘-ﬁplicafions.'
The Hadamard operator is particularly suited fé_ imdgé coding sir;nlce it is i"WO' :
dimensional, self-inverse, symmetric . and orthogonal_. fhe irﬁc_ge»cbdingﬂn'\éfhvod‘
consists of transforming the data to fhe frequenc* dom/ain, compressing the data
(zonal or fhreshold sampling) and transmitting the data. At the receiving end an
v'in\'/erse'trcnsform is taken to obtain the approximate image. The advantage of trans-
mitting in the frequency d§rﬁéin is that the effects of chonne_l nqise or errors are-

minimized by the averaging effect of the inverse transform.

5.3 = Cataloging and Display

The information, display, cataloging and dissemination techniques for
ERTS-A have been described in Section 4 of [1 ]. Various services are avail -

able to the user. The normal method for obtaining images or other ERTS~A data
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i; By, req&e’s-t.' The user. qumits an order for imagés or a reqéesf for dﬁto on file
a* the NASA b&;to Prﬁéessing Facility. Catalogs of imaées, image descfipfofs,
and data command system transmissions are distributed to the user. Other services
available include mi.crofilm. images, a browse facility and a computerized do'fc_'x
base which can Be_qu'e'ried and searched Afo iden'fify images of irﬁ'ere_st to the
user.

The %ervices listed above provide a variefy of opfionﬁ for the user and_appedr
to be qdeéuafe for the present state of the prog'rc‘:m . More information on the above
can be found in (22, 23 ]. | |

5.4 Recommended Chdnges, on ERTS-A

“In Chapter 4 three user applications wéré selecfed._on the bc;isis of an existing
‘need. For each application detection of the ob.jects of interest is based on'in.‘di\'/idj-
qiistic spectral signatures. These spectral isignatures aiffer frorﬁ each other by fhé
variqfiéns of response to radiance and refieétance wj_th respect fo wov'eleng'th; Thus,
selection of fhve sensors »depe.n_ds on the spectral 'sighat‘ures; It Qvas concluded fhﬁt
the present ERTS-A sensors are adequate for the selected user applications with the
addition of sensors of wavelengths of .32 - 384, 1.5-1.8 , and 8 - 14 e
The processing techniques described.in Section 5.2 are applicable to ahy of
the wavelengths of the recommended ERTS-A se.nsor.s'. Therefore, processing for.é_a_ch
Opp“ca‘ﬁon is the same once the sensors have been fixed. |
F_iguré 5.1 is a simplified block diagra.m of proposed ERTS-A on-board image
processing. This figure is tvhe‘ same as Figure 2.2 except that additional blocks (w'idé,r

lines) have been added to perform the on'-ﬁoard image processing. Figure 5.1 shows
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that one of the in'érw blocks is a -s'péciql purpose digitdl- computer. The main fuﬁcfions
of this digital computer are to take the Hadamard transform of the incoming image
data and to compress the data by zonal or fhr‘eshold Sompliﬁg'. Sincé the output of
: the RBV is analog video, it is nec_essdr* to include an anqlég-to-digiml converter
" before the dig‘ital-’ qorﬁputer anci a’»digitdl_;fo"-on.olog.conver.tér at the inpu‘f of the |
“ wideband telemetry sysfem. The purpose of the.fw.o data cqmpressbrs~ is to further lcobmi_
press the image do.ta by »red..mdancy re.cbctio_n (e.g:, zero-br,der predictor) or gncoding
(e.é., delta modulcﬁion). | | |
After the image is received on the grou__ndva_rid Befgrq ;the magnetic tape
is converted to film, another Hadamard transform must be ték'en to restore the "imavgve
data to its original domain. This procéss is performed using a dig.ital ;oméutef similar
to the proposed on-board computer. | Ong of the ddv&ntdgé_s of using the tran;forin .
fechnique is that transmission noise is reduCéd due to fhebvav‘eraging char_qéteriﬁﬁcs |
of the transform. De_ta‘iled information én imdge_ datacompre;sioﬂ using.vfhe H.ador;'»o‘jrd
transform is given in Part Il of tlﬁis.reporf. |
Figure 5.2 gives a recapitulation of the ERTS-A datd.ﬂom./‘for the selecfeci user
applications. The blocks in this figure contain either thé.pe_rt:ine_nf' information o_r.fhe

location in Part I of this report where the information can be found.



30

suoypa) |ddy payosas Joj MO|4 DIDQ V-S1¥3 2§ SnBly -

AN 4 wsmm

ONIOOIVIVO

aANNoO¥o

viva

[ | J @ouaiayay , . Mmooy - g *.coEo.mo

€'G uoldag | pup §°G uoydag WD Puo Wi L'g by | mge g O} ioj1wig -UDW 9A1493}43)

S C - . . ol - 9 : mvc.c_omcom
nge - ¢

g uondag| [ [ ] 9douaisiayl  WDId Pup Wo |G onBig o-9 2"y by (sasso aonpay)

puD p°G UO1d3g . o C B sdoun

g'g uoyoag | [ | ] eduasagay|  wod pup wy g anB1y 1071 - 9 "y aunbiy | (plaiA espaiouy)

- | pup §°G uoydag| : Aysaioy

“AVdSIA ANV | ONISSID0¥d ,ﬁzo_mm_imzs: ONISSID0Yd SYOSN3S NLYNOIS NOILYDIlddY

- QY¥vOe-NO ILOWIY TV¥LD3dS -¥3sN




CHAPTER 6

SUMMARY AND CONCLUSIONS

6.] '- .Summary |
| The Ect;.th Re'sou-rces Teclf;nology Satellite (ERTS;—A) system wés destribgd. '
Block c_]idgrams were presented showing the flow of infbrmat-iOn from the rerﬁofe
sensors-to the film or tape output. It was pointed out that on the SQtéllite only
signal processing takes pllqce-on board, but no infoi'méﬁon proqessing. Remote
sensing fuhdomentals were given showing that each objecf being sensed has a
particular spectral signature. Th-rc.ee :user.-applicotions were selected: forestry
(increase of yield), crops (reduction of .osses), and rcmgel’ﬁnds (effective manage -
ment). The spectral signature for each appiicaﬁoﬁ was givén. Then, the
s'pecfrqlibo_n;:ls of the remote sénsors .were determined for eéch qpplicdfion. On-
‘board and ground information processing was fn.vesfigated.'_ It was ’sh'own-fhaf the.p |
Hadamard trdnsform and delta niodulqtio_n can be used to re'du'ce the qmdpﬁtéf data
transmitted with no appreciable loss §f‘ information. |
An investigation was made of the cataloging and displavy of ERTS-A output
data. It was found that the user services provide a variety of option_s for the user
and appear to be adequate fc)r the present state of the program. 'Referen;es were
given For'vfurth.er iﬁformation on this subject.
6.2 Conclusions
ERTS-A is a well designeci remote sensing system fqr detecting rhany-ijecﬁ

on the earth's surface and observing their change of state over a ﬁeriéd of time.
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From the many reports in the literature ERTS-A has derho}nsfrated that remote -
sensing from space i; a feasible- and practical appro&ch to efficient monqgerhént
Of rﬁdst Of, the earth's resoufces.

For many applications the current remote sensors and processing are adequate. -
Howé?er, for other bapplications, e.g., rcngeldn’d m_dnagéknenf, changes must be
mad'e; tq the existing system to éffecfively sense all the spécﬁal bands of.ir.neresf.
It was s_hown that for effective management of rangeldnds additional sensors of
‘._32 - .38y, 1.5 -1.8 g,, and 8 - 14 |, are needed. In addifion,_ resolution can
be improved b} using variable focal len.gth controlled frbm the ground.

| An on-board information processing system using the 'quama.rd-, trcns_form,;and'
delta mvo_dul'ah;o'n is feasible and recommended. Thus; the amount of data_‘ necessary
to transmit an image can be reduced by a factor of 5.with‘out an appreéioble‘_ loss of

information.
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CHAPTER 1
INTRODUCTION

This part documents the worl; done under Task I of contract NA58-28545.. ‘
The main'objécfive of -this task is to study the eéfects of tmﬁsformctional aota com-
pression on the quality of a picture using discrete Fourier and Hadamard transforms.
The specific objectives are: |

(M 1o develop computer programs for. fhg fast computation of two-

dimensional discrete Fourier and Hoddmcl_rd transforms,
(2) to define and discuss différént transformational corqpression
schemes and the corresponding compression ratios,

(3) to experiment on a few digitized picf>ures, using both the
Fourier and the Hadamard tu;ansforms, and different com-
pression schemes to study distortion versus compression ratio.

The problem of interest in this part of the report is one of digital transmission
of image data over a noisy communication chcnnel.. In such a situation, it is
necessary to design a coding method which will minimize the bandwidth required
to transmit a picture. The scheme should not degrade the quality of the image
beyond certain ffdelity limits, and furthermore, the'coding_ method must not be
<;ver|y sensitive to channel errors. Extensive investigation has been performed
towards this end [ 1-3 ]. Most of these methods operate directly on the image,
and they either do not exhibit satisfactory performance, or are too difficult to:
implement. A relatively new approach to the problem of bcndwidfhv reduction

is the use of transformational compression of images. This procedure achieves
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a reasonably large bandwidth reduction and offers a cértoin immunity to channel
errors. It is particularly attractive for use with the Fast Fou»rier and the Hadamard
trénsforms, since fast computational algorithms are available for these transforms.
The main intent of this part of the report is-to study the effects of traﬁsform_ationol
data compression on the quality of a pic'ture, using the Fast F<‘>urie.r transform and
,th-e Hadamard fransfoﬁn.

Throughout this report, it is assumed that the or_iginal picture-is already
sampled and qudnfized, on.d the data are available in digital form. Sarﬁpling a
picture corresponds to scanning in two dimensions where thé oufhut at each point
is the cqrrelspo.nding gray level. After digitization, the image data can be arran.gec.i
in the form of a matrix. It is further assufnéd that this matrix is scjuore and that
the number of rows (cmd columns) is an infegro.| power of two.

The two transforhs that are coﬁsidered as condidates for fransformaf_ional
cdmpression are the Fast Fourier transform and the Ha»ddrﬁard.transform. Definitions
and fast computation 6f‘-these transforms asbtv:pplied to two-dimensional data are -
briefly discussed in Chaptér 2,

Two methods of data compression, truncation and coarse quantization, are
examined in this report. General models of these schemes along with some .
preliminaryjustification for using transformational compression are discusséa in
Chapter 3. Suitable coding schemes are proposed for the two methods of com-
pression. A measure of bandwidth reduction called the ‘compression ratio' is

defined based on these coding schemes. Also included in Chapter 3 is a brief
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comment about the insensitivity to channel noises when the Fast Fourier or the
‘Hadamard transform is used.
Implementations of the two compression schemes on a digital computer are

explained in Chapter 4. This includes transformation, compression and inverse
transformation.

The two compression schemes using both the transforms were applied to
three typical pictures supplied by MSFC, and the results are presented in
Chcpfer 5. Since no general measure of image distortion exists, the compressed
pictures and the original pictures are examined visually to study the degradation
| in the quality of the picture. Experiments are conducted using vorioué
compression ratios and the results are compared.

A brief summary of the investigation and some concluding remarks are
presented in Chapter 6.

Appendices A and B contain the development and implementation of the
Fast Fourier and Hadamard transforms, respecrively.. FORTRAN listings of

all the computer programs used in this study are included in Appendix C.



CHAPTER 2
IMAGE TRANSFORMS
: 21 | Infrdducfioﬁ
'In, this investigation, bandwidth reductioh is achieved by transformational com-
preésion of images, where a transform of fl’ie irﬁaée rather fHan the imﬁge i‘fself is Eons—
mitted. Two discrete transforms, Discrefe'F;:urier transform ahd the Hadamard t-ra.nsform,
are considered. In this chapter, the definition dnd_ fast compﬁfction of these two trans -
forms as applied to image data are discussed. It is assumed that the image is available
in digitized form and is contained in a fWo—dimensiqnal array f where the size‘of._each
dimension is N = 2™, m being a positive integer.

2.2 Two-Dimensional Transforms

The general forward transform of a two~dimensional array f of size N in each

dimension is defined as

N-1 N-1 | o _
FGL)) = E Y aliimn) fmm) 10,1, NS @)
m=0 n=0 -

where a(i,j,m,n) is the forward transformation kernel. The inverse transfori'nat_ion is

defined as
N-1 N-1 ,
fm,m) = ) ) bG,jmn) FGLQ) , mn=0,1,...,N-I 2.2)
| i=0 j=0 : ’

where b(i,j,m,n) is the reverse transformation kernel. The kernels a(i,j,m,n)

and b(i,j,m,n) are said to be separable and symmetric if
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ali,jm,n) =ay(i,m) a;G,n) S (2.3)

and | b(iljlmln)-= b](i.,m) b](J/n) . | - - (2.4)

A separable symmetric property is desirable for ease of implementation. Both the

discrete Fourier transform and the Hadamard transform kernels exhibit this.

property .

2.3 Discrete and Fast Fourier Transforms
2.3.1 Deﬁnitibn and Implementation

The Diécrefe fouri_eni troﬁsform of a complex two-dimensional array f is
_ defihedi -by_fhe kerngl

ali,jom,n) = — w M ¥ in)

N Y

~ where 'w is a complex number giveh by
w=exp (V-T 2a/N) . - . (2.6)

It is easily seen that this kernel is a symmetric separable kernel and the forward
transformation can be written as

N-1 N-1

Fi=— ) ) w™ W b @7
N m=0 n=0 |

where i and j are the spatial frequencies corresponding to the component F(Gi,j).

Equation (2.7) can be implemented in two steps as follows:
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N-1 | )
f'(i,n) = % z wim fm,n) , i,n=0,.,...,N=-T - (2,8)'

m=0 : ' S

N-1 o
FG) = o 0w FGn) 05 =0,1,.. N . 2.9)
' n=0

L 1 im e .
It is well known [7 ] that = w  represents the forward transformation kernel of

N .
a one-dimensional discrete fourier transform. Therefore, equation (2.8) represents
a set of N one-di_mensioncﬂ transforms, corresponding to each value of n, where
the transform is taken along each column of the afray. f. Similarly, -equo.tion 2.9)
represents a series of one-dimensional discrete transforms taken allong each row of
the matrix f' . Thus, the two;dimensfonal transform can be replaced by the one-
dimensional transforms of each column followed by the‘onve—'dimensioncl transqumg
of each row.

If A isthe N x N matrix which defines the discrete fourier transfbrm,_i.e'.', .

N .1 im . ) .
“its (i,m)th elementis —w , then equation (2.7) can be written as

N
F=AfA ' | ‘ .('2.10).

This can be implemented as

F= (A (Af)T) ' | 2.11)

since A is symmetric. The implementation is achieved in four steps: (a) transform

all the columns, (b) transpose, (c) transform all the columns, and (d) transpose.
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The Fﬁst Fourier transform is an effic-ienf al gorithm for c-omputing the Discreté
Fourier transform. The four-sfep‘pro;:edur;e outlined above is used to}:drﬁpute fHe -fwo-.
dimensional transform starting from the one-dimensi_or.fal‘.Fast ’Fourier-fransfo‘rm. The
principle and implementation of the one -dimensional Fast Fourier transform are briefly -
discussed in Appendix A. |
2.3.2 Fast Fourier Transform of Image Data

The Fourier transform is complex transform, aﬁd hénce reqﬁires the .dafo to
be stored in o.ne complex two-dimensional array"or.two r‘eal fwo-c.iime.nsio.nal. arrays.
However, vthe image dufé .its.elf are real and so the imaginary pérf pf gqgh sampl.ev»i_s‘zero'.

An important property of the Discrete. Fourier frcsnsfdrm is the.vsymm_e'tify in the |
fronsform_ddmain. If the imag:vinq‘ry,parf of the .qrir‘ay f is zero, it can be edsf.ily_seen

from equation (2.7) that, since wN =1,
FGL0) = F'(N =i, N =) | @

where superscript * denotes complex conjugate. Therefore, for image data, all

relevant information is contained in N(N + 1) complex samples inen by
, 2 ,

FG,j), 1=0,1,...,N-1 and j=0,1,...,i .

Another property inherent in the definition of the Discrete Fourier trarsform is the -

periodicity in the transform domain. It is easily shown that .

F(i,j) =F(N +i, N +j) ' (2.12)
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and consequently

F(N-i, N=j)= F(=i, =) . | o (2.13)

For a direct transformation kernel given by equation (2.5), it can be shown

that the reverse transformation kernel is

b(i,j,m,n) = Awim+v In (2.14) .5
Uv.ﬁi‘ng ‘fhis, it»»ccn be easily shown that

AL | e
where the matrices B and A are related by

B=NA" _Q i | | '»_QJQ

Thus, the inverse transformation is an exact replica of the direct transformation except

that w is replaced by its conjugate and the components are scaled by a factor of N.

2.4 The Hadamard Transform

The Hadamard transform is based on the Hadamard matrix which is a square array
of plus and minus ones whose rows and columns are orthogonal to one another. If H

N

is a symmetric Hadamard matrix of order N then

H, H_ = NI ' - RVE



“
whefe 1 is.fhe identity matrix. The matrix Hy may be ﬁ\adé qrthogonol By
multiplying each element of the matrix by 1/¥ N . It is._kno_wn that if a Hadamard
matrix of order N exisfsb (N> 2), then N =0 (mod 4). | The_ existence ofq
Hadamard matrix for all such values Qf N has not been showﬁ, but a simple con-
struction procedure is available when N is an integral ,powerl of 2. This con--

struction procedure is

Hy=H, x H x .... x H | | . (2.18)

LN

AV .
m products .

where N =2, x ‘denotes matrix Kronecker product and H2 isa 2“d _ordér

Hadamard matrix givenlby .
H. = : : | - (219

A frequency interpretation can be given to the Hadamard matrix [8 J.- The-'v;vc_'mrd
“sequency" is used to designate the number of sign chohgeé qlong each r'ow_ of the .
Hadamard matrix. This frequency interpretation of the rows of a Hadamard matrix
leads one to consider the rows to be equi\}alenf to rectangular waves taking on v'qlues
of plus and minus one. Such waves are called Walsh functions. Thus, the Hadamard
transform can be considered as a decomposition of a function into a set of Walsh functions.

The Hadamard f;'onsform of a real two-dimensional array of size N = 2™ in.

each dimension is defined as
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F=—H fH . | | o (@.20)

1.

N NN

This definition is analogous to the Discrete Fourier transform and \/'LN HN defines
the one-dim»ensionol Hadamard transformation matrix. A fast computational qlgorilt.hm -
for computation of the one-dimemioﬁal Hadamard tra;\sforrri is di.s-q_;Jssed in Appendi%( B.
This procedure can be used for computation of two-d_ime'nsiong.l.i transform usir-\gAfhg-same
four step process as in the case of the Fast Fourier transform.

It sHled be noted that thé array obtained Qsing equation (2.20) does not ha'v.g‘ :
the transform values in an incre_csiné.order of sevquencv:ies'.- If it is necessary to arrange
the components in an order of increasing sequencies, an unsqrambling pfocedJ.re has-
t§ be '__implem‘ented during the one-dimensional transformations.

- Since 'HN is symmetric and orthogonal , the inverse transformation is defined by

WP H . | o (2.21)

AN N

Thus, the direct and inverse transformations are defined by the same relations. However,
if the direct transformation were followed by an unscrambling operction,'_it is necessary

to scramble this array before inverse transformation.

2.5 Compufer Programs

| SuBroufines FFTON2 and SCHMD2 have been aeveloped for the compufdtidn_
of the .Fdst Fourier transform and the Hadamard transform, res.pectively. These ére N
based on the four-step procedure discussed above. A brief description of each program

along with a FORTRAN listing is included in Appendix C.



| CHAPTER 3
'TRANSFORMATIONAL COMPRESSION OF IMAGE DATA

3.1 Introduction

Do;a compression is a techhique to réduce the bandwidth needed to- trgnsrhif .
a given amouﬁf of informofion in a .given time, or to feduc'e the time needéd fq B
fransmif a given amount of information in a given bandwidth. If a picture is
répresented by a set ofA discrete somples',. in most cases it is found that the fo‘fal ,
information is qlmost uniformly distributed over all the samples. Furthermore,
depending on the scanning rate, ﬂ.mevre.e'xis‘t‘s a high degree of correlation :‘bet_ween
vt‘he samples. i'heref;)re, to fefoin most df vthe ihfo'rmoti‘b.n con;\fenf, it bééomes
necessary to transmit a relatively large percentage of the samples. Thi;, however:,

~results in transmission of redundant data because of the correlation between the

samples.

In order to make more efficient use of the available bandwidth, it:is ﬁecessory
to perform some preprocessing on the image. The main.gcicls_'of the preprocessing
operation are twofold:

(1) to pack the total amount of information in a relatively small number _of
samples, so that most of the inf&mation content can be refri_’e'x}é_d'by .
transmission of a few samples, -

(2) toA reduce the degree of correlation between the sqmples so that redundancy
in transmission is minimized.

The simplest preprocessing technique would be a reversible Iineal; transformation

with the desirable properties. While. the amount of decorrelation obtained
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depends only on the transformation, the compaction of information using a

given transform depends on the particular picture in question.,

If a source»_consis_t; of N samples, and only M<N sq'mplesrare frdr;smftfed,
the transformation which minimizes the mean squared é‘r.ror> is fhe"Kérhqhen-
- -Loeve transform [ 4 1 FurtHer; thé»tfonsform samples are uncorrelated with each -
other, t.h'evrby minimizing redundancy . One big disadvanfdge'of' the Karhunen-
-Loeve transform is the fact that the transformation itself depends on the |
| particular ‘picture, resulting in a large computational 'effovrt-a‘nd no general
algorithm Consequently, this method is not very practical and will not be )

investigated further.

In an effort to stri_keva compromise between perforhancé and practicality, -
the Fast Fourier transform and the Hadamard .tronsform wivll be 'co‘n"sider‘ed as
candidates for the transformation. While both have similar noise immunity prvo;")‘ert'i_es,
* the Fourier 'transfor.mafion introduces more decorrélaﬁon, but fequireé 'mor_e‘
computational effort than fhe‘ Hadamard transvform. In terms 'oF"ihformat'i'on‘ packing,
the pefformonce depends on the picture and each transform is nior\ev efficienf than

the other in certain cases.

A general image transmission model is proposed in this chapter. The various
components of this model, i.e.,comp'ression,:quontization and coding, are
discussed. Comments are made regarding the noise immunity property of the

proposed model .
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3‘.2 The General Model

T.he -proposed model for digital image transrﬁiésion'is illustrated in
Figure 3.1. The digitized picfurg in fhe form of a fwo—dimensionél array f is
ltrcm.sforméd using a révérsible- linear transformation T. The transformed samples V
are then'quonfized for transmission o;/er fHé digital: traqsmission ‘s}stéfn. VThesé
quontized samples F are then subject to -compression which is represented by a
non-reversible linear transformation Q The comlpressed transform samplesv-F] -
are then coded for trons.mi.ssion. The rece.ived ;et of samples._'G], ‘which isl
the same as F] bpf con_tamiﬁoted by channel errors, is therj-decédec;] and an

inverse transformation yields the output picture data.

The two linear transformations considered are the Fast Fourier transform
and the Hadamard transform, which were discussed in detail in Chapter 2.

Other -components of the model will be studied in subsequent sections.

3.3 Quantization

When the diéitized imdge is transformed usiné a c.i:igifcl compdfer,.edch trans -
formed sample.can assume one of a finite set of values, where the size of the sét depends
§n the word length of the computer. However, the number of different values
that can be transmitted over quigitol channel is usually muvch less than the size
of this set. For example, a typical computer could have a 36 bit word, whereas
a typical transmission channel can accommodate 6 or 7 bits. Thus the transform
samp‘les can take one of 236 different values, while only 26 or 27 different
numbers can be transmitted on the channel. Consequently, it becomes neceszmiry

to approximate each transform sample by an available transmission level. Hence,
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if a 6 bit chaﬁnél is used, then each transform sample must be a'ppro>-<im-_ofed By .
one of Zé = ;54- .Ievels. The quantization levels should be séleéted such that the
. error dug to quantization is minimiied.
ln‘ order to determine the effect of quantization, it is.nvecessa.ry to define
" an error criterion. In general, the error criterion chosen depends on the particular -
application of thg final reconstructed image. Thus, it is nof possible f§ defiﬁe a
quunti_zdfion scheme which is optimum for all applications. If F(i,j) is the value
of a sample before quonfiidrion, and E(‘iv,j) ?s the. cornl-'esponvding quantized sémple_,
Figures 3.(2 and 3.3 depiét Iined( and nonlinear quantiz.cntic.::"h schemes , feSpécf_iVe|)_f-
W}l\vile the linear scheme is very simple‘ to implement, it is necessary to use.a
suitable nonlinear scheme in order to satisfy fidelity crifer'ia.

If the final application of the image is subjective viewing, thé incremental
brightness changes in the reconsfru;ted image are much more notfceob'le if the
brightness level is low than if it is high. fhus; 'fhe density of quantization levels

* should be greater for low level transform samples. From ps*chologiccl tests, it.is
known that the human viewer is very sensitive to the location of the high frequency
brightness transitions, but relafivély insensitive to their actual ,magnitudes.v Hence,
the density of quantization levels at a given transform sample amplitude should be
greater at higher frequencies (or sequencies) than at lower frequencies (or sequencies).
In summary, the density of quantization levels should be:

(a) greater at lower sample values .for a given frequency.(or sequency),

(b) greater at higher frequencies (or sequencies) for a giQen sample“yalue-.

If photometric measurements are to be made on an image, the cumult;':tive

mean squared error is a common fidelity criterion. In such a situation, the levels
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Figure 3.2 Linear Quantization Scheme

F(i,j)

FGLD)

L_\‘\

Figure 3.3 Nonlinear Quantization Scheme

FGi,j)
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" of quantization in the trdnsfd_rm domain must be selected to minimize the

cumulative mean squared error in the spatial domain.

The effect due to ciuonﬁzo’r'non exists whether the irhage scmp‘es theAmse\.ves
arev,rraerm?fted or the transform samples 6ré tranSmitfed. Thus- fhe-error. due to
quantization does not have a high 'influénce on the error due ~f§ tran’sfc‘)rmaﬁo'nal B
compression. Since fheA main purpose of this investigation was to study the: effects
of compression, no further study of quantization was made, nor was é quantization
scheme implemented in the experiﬁents. A detailed review of different qudntizafic')n

séhemes and their effects are to be found .in [5].

3.4 Compression and Coding

Eveﬁ after transformaﬁc‘)nvand quantization, the set F contains the same number
of samples as the oriéinol image f. Therefore, no. bandwidth reduction is achieved
if this set E is transmitted in its entirety. In order to obtain data compression, it is;
necessary to fransmit only a few of the samples while still retaining a large f)orﬂon of
‘information. The set F should therefore be replaced by a set F] which is smaller in

. L) . . ’

size than F . Two types of compression, truncation and coarse quantization, are con=
sidered. Since each compression technique requires a differénf type of coding, a
typical coding scheme is briefly discussed along.wifh the compression p?ocedur&

In order to determine the amount of bandwidth reduction achieved, a term calle& :

compression ratio (CR) is defined as follows,

CR = Original number of samples

Number of samples transmitted
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3.4.1 Truncation

In most images of interest, the- ene-rgy in the fransforrﬁ domain fends:fo-bé-
clustered at certain spatial frequénc_ies or sequencies. Speciﬁcally, most of the.
: iﬁfo'nnation is contained in the Iow_er frequénc} (or sequency) c,orﬁéonents. Thus,
the obvious m‘eﬂ.\od of conserving bandw#dth is simply to not transrﬁit the high fre-
quer.lcyb (or sequency) information. These compbnents are réélaced by zé_ros at the
receivér before inverse transformation. |
3.4.1.1 Truncdt‘io.n_U.sin‘g Hadamard Tronsformdfion

Let F be the quantized sét of transform samples where the elements -are
sequency ordered. If the ﬁumber of s.amples in each dimension is N.and only” o
M <N samplés are retained in each dimension, then the array after compression F

1

is a two-dimensional array of size M in each dimension where
CFLG0) = FGL) for i=1,
. s :

M - : _ (3..1)
After decoding at the receiver, zeros are substituted in place of each of the trans-
form samples that were not transmitted. Therefore, assuming no channel errors, the
set G is given by

Glij) = FG,j) . ij<M -
(3.2)

0 Otherwise

where G is a two-dimensional array of size N in each dimension.
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3.4.1.2 Trbn(:ction Using ,Fosf Foprfér Trqnsﬁrﬁ\oﬁon o

In this case, the transform consists of two a'rrdys, magnitude and phase, each
‘of which is a two-dimensional array of size N in eifheridimension. But it was
shown in Chapter 2 that Fast Fourier transformation implies periodicity and that only
N(N + 1) samples of each array need to be ﬁonsmiffed. Séecificclly, if F is the

2 . _
complex transformed array, then all the. information is contained in

FEGD, i=1 N j=1,...,0)

If it is desired to retain only ‘M sample in each dimension, then, using the periodicity
property of the Fourier transform the compressed array G of size M in each dimension

is given by
GG.j) = FG.p) | L 63

for (i)  i,j=1,2,...,M/2

(i) i=1,2,...,M/2; j=N,N-1,...,N-M +1

(i) i, =N,N-1,...,N-M+1

2
and(iv)  i=N,N-I,...,N-M+1; j=1,2,...,M/2
2

Hence, the array G is a complex array which is two~dimensional of size M in each

dimension. However, only M(M + 1) samples of the array need to be frc.nsmitfed'. After
2

decoding at the receiver, zeros are filled in for the rejected samples as in the case of

the Hadamard transform.




34 1.3 Coding for Truncation
Since the samples are olre;zdy quantized fo the number of levels oyoil_able
for transmission, no special coding schgme is necessary.
3.4.1.4 Compres;ion Ratio
In the case of the Hadamard transform’, it was seen that a total of M2 squI_eé
“have to be transmitted. Since the total number of samples to start with v;/aé N2, the

compression ratio is given by

CR="—f . | | O (3.4)

In the case of the Fourier transform, it is required to transmit a complex array of
size M(M *+ 1) . Therefore, the compressioh ratio is

2.

CR = N2/M(M + 1) . | (3.5)

3.4.2 Coarse Quantization

In the case of fruncafion bandwidth reduction was achievéd by suppressing the
high frequency (or sequency) corhponents. Itisa we||—knowﬁ fact that the high fre-
quency fransitions are important even though they are relatively. few in number and
contain a low.proportion of the image energy. Further, in the case of truncation,
large magnitude samples of high frequency are indiscriminately discarded. An obvious
alternative is to retain only those samples vyhose magniru&s are above a given threshold
level and the others are set to zero. With this type of compressibn, it becomes necessary

to provide information as to the location of the significant samples.
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3.472..1- fhe Compression Scheme
The compression technique is merely to eliminate certain samples in thé transform
domai.n. The other elements> whiéh are c':ssu'm‘ed to be insignifécanf are set equal to

zero. Specifically, if T > 0 is a preselected threshold, then the compressed ar_rd’yl_

F] “is a two-dimensional array of size N in each dimension where

FLG.0) = FG.i) il >
| (3.6)

0 if ||?(i,j)|’ <71

The above équc;fioﬁ, which hq-i ds good for both the Hodamard transform and

the Fburier traﬁsform, suggests‘ that thé c;amp.resse;:lz array F, cqntéi ns a large n'umb.er‘
~of zeros if the .image energy is'cohcentro.ted iﬁ a few fransfoﬁn samples;. However, F']

still contains N2 samples and 'nq-compression is achieved if al‘lv the samples are tra'n:s-
. rﬁfffed. In order to achieve ;:ompréssion a special coding scheme is deviséd which -

makes use of the fact that F] cor;fains aA large number of zeros. Using this special

coding scheme, the output of the decoder at the receiver is exactly the same as

F] if no channel errors exist. In this case, therefore, the best transform is the

one which maximizes the number of transform samples which are zero or near zero.

3.4.2.2 Run Length Coding

In order to achieve a bandwidth reduction, it is.necessary to code the fposi,filon,sv

of the significant samples as well as their values. Position coding, of course, adds
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“to 'fl.'\e transmission bandwidth. Instead, a method ﬁalled'?uh;leng;h coding isluse.d '
to Aachieve ban;lwidfh reducﬁorj.- In this .méfho,d, rather than frt;nsmifting a posi tién
» cod;a for each deleted sample, a code giving t‘hei numbgr ;:f adjaceﬁt samples which
have been deleted (called run length) is _transmﬁﬂed. >>Experi"'menrol results have
shown that enoﬁgh deleted sample_; oc cur adjoéé;\t to each other to moke_this technique
feasible . |
As an example let the transform samples be quantized into 64 levels, -31 to
+32, or.\d let the fhréshold.bé set at a level of +4. Then, all samples that f.all..ivn the
levels -3 to +4 are set equal to i’ero, which |edves a total.of_ei'ght levels which are |
not used for coding the samples. These can be used for coding run lengths. Thefefore,
each sample and each run length requires the rrdnsmfssion of a 6-bit word.
The coding is done by scanning dlong each line of the transformed data, and,
if a sample falls above the threshold, its amplitude is_co.devd; ifa ‘somplev falls below
the threshold, then the coder waits to defermi‘n..ev how many consecutive samples fall
below the threshold. This numb"e; is. then coded in liey of coding the zero omplifqdeé.
One problem with this technique, however, is the error propagation effect;"-
occurring whenever an error oc<l:ur‘s in one of the run-length words [6 7. An error
in a run-length word causes all of the subsequent words to be shifted in the frcmsf;:rm
domain. In order to compensate for error propagation effects, synchronizorionvd.afa
must Be included in the transmitted signal, so that fhé shifting §f the data caused
‘ by an error does not extend over the eﬁtire data set. |
3.4.2.3 Compression Ratio
The number of fronsmifted samples depends on the run lengths. Let K- be |

the maximum run length allowed and let Li ,1=1,2,...,K be the number of run
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‘lengths of |'en'gt.h‘ i . Therefore, the total number of de'l_et:e-d's‘ump“llé"s"’fi.s-; given by
=) L - EE < )
and fhé ‘total number of run lengths is

L= Yy . . - (3.8)

. ) ,
v -The total number of sugmflcont somples to be tronsmutted is N NZ , and ‘the total

number of words to be transmitted including run Iengths is N2 - NZ + L . Therefore,

the compression ratio is given by

CCR=— N . . @)

N2 - NZ_+ L

It is easily seen that the compression ratio depends on the threshold level chosen.
For .o given threshold, the c§mpression ratio obt‘oined depends on the particular
picture.
3.4.2.4 Selection of Thre_shold
Since the f-hreshzold depends on the particular imdge for a desi;ed com- -
pression rcﬁio, it was made adaptive by defining it as a multiple of the absolute

mean of the image transform. Variation of the constant multiplier yields different

compression ratios.
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3.5 Immunity to Noise

The effects of noise oré reduced in two ways. First, since oniy_a few samples
ére transmitted, the noise energy entering the system is mu;:h sfndller. than if all thev
samples were fransrﬁitted. Secondly, the effect of noise at the output is lower-than
that if the image were transmitted directly instead of its frang'form,‘ since -the' noise-
contaminates the transform samples and any large disfurbﬁnce of one frequency (ort-
sequency) value is .sp.read out over the entire ou tpuf picfpré because gf the averaging
nature of the inverse transformations. This suggests thﬁt the transmission of trans-
forms might bé of great vo|ue'e\-/en under a zero compression fequiferﬁent.

3.6 Summary |

A general model for the digital transmission of ibmages was; proposed. This -

model», wherein the transform of the image was transmitted instead of the picture
itseif, featured transformational data compression as a tool to bandwidth redUcﬁoﬁ.
A brief outline of quonﬁzﬁtion of transform data was followed by a .détoiied.descripﬁOn
of two types of compression, truncation and coarse quantization. " Each of the two com-
pression techniques w;:s discussea for application using the Fast Fourier trcmsfc;srm ;:nd , |
the Hadamard transform. Typical coding schemes and the corresponding compression

ratios were proposed for both methods.



CHAPTER 4

| COMPUﬂTER IMPLEMENTATIONS OF THE EXPERIMENTS.
4.1 ».IntrodJct-ion : o -
In order to évalua_téf_Htiair‘pAe’rfofmdncé, the tWo co.mpress‘ion-'tecl_'\niq.ue; \;vefé
N e_>:<p‘erirhented- on three digitized pictures usiﬁg Eoth_the Hac;lcmordffr-ansfc')rr'h and the
k Fdjst Fourier transform. Sincé-o'nly the compression te'chn_ique.% clrej_b_eing evaluéfed;
the experiheﬁﬁ do not ir;clude quantizafion',. coding oncvl.'channe‘llnoi%es_. The sfmpl_i-

-~ fied expéri‘men'f_vis illustrated in Figure 4.1,

Inverse Reconstructed

Image o » i
g Transform |— Compression Transform | Picture

’ Figure 4.1 The Simplified Experiment ~

: Thréé sef§ of.irvn‘age .dd.fo were pn_'oyided. by the MSFC. Each picture was scanned fo":256 ‘_

| sémples- in.bofh diniensio_ﬁs and the 'datd were stored.on'd magne_ﬁc tape . FORTiRAN-'
Iisfingsvol.ong wiﬂ‘\ brief descriptions of all the'subroufir.me_s Us'e'd..c_r'e i'nciu'ded'i.n -
Appendix C. - | |

4.2 -‘Haddmlard Trcmsfofm Cdrﬁpression

- 4.2.1 Transformation |
The. tWo-dimensioﬁal image data are read into an array X of size 256 x 256.

VSubroufin'e’ SCHMDZ(N,M,KOP’T)'is used to obtain fhé'Hodamafd transform of

s
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the array X. 'fhe resu‘lf'is_u|so sforebdv inarray X which is _.fran;f‘ef;ga‘tg- the
subroutine‘ fhréugh a labelled common,'.v Thg valuve of N vi-s 256, thatof M is §
“and KOPT =3 is u'se.d_ so that th-er transform is sequency ordered. - -
4.2.2 Compression by Tmhcofion |

As explained in vthe previous chéptgr, ﬁll components correspdnding to
sequencies higher than a particulal.f number are deleted. These deleted sampl.e's' ’
. are r_eplocéd by zer§s' at the ‘réceiiv.ing end. Subroutine CMPH.N:\I(NTRUNC, N‘, M)
is used for truncation. The tronsformed array X of sizé N x N is “tronsmbit_fedb through |
a _Iobglléd common. In the subroutine, all cd;nponénfs correspdnding to se_q.uencies
'greavtfarfhan -NTRUNC aré-s:et_ e;]uol_ to zero and the re.sulfipg drr‘cy‘ is stored in X.-
Thu;; |

s+, NTRUNC and

X(1,J) =X(1,J)  for 2
| 2,..., NTRUNC

and X(I,J) = (0 otherwise.

An inverse Hadamard transformation of the array X is taken before it is returned:
4.2.3 Compression by Coarse Quantization
In this case all components whose magnitudes are less than a threshold are 3

set equal to zero. Before compression, it is necessary to fix a fhreshold, TRSOLD,

and tbe number of levels available for run length coding, KZEkO. TRSOLD is
computed as XCOEFF times the absolute meon‘_olf the image transform. Subroutine
CMPHM2 (JN,N,M,IRUN,TRSOLD,KZERO) is used fpr coarse quahtizofion._, T-_hé
uncor;1pressed transform array X of size N x N is transmitted through a labelled

common. In the subroutine, all the elements of X whose magnitudes dre below

the threshold are set equal to zero and the resulting array is stored in X. Thus, -
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X@,d) =X@,d) i X({,J) >TRSOLD

=0 if X(I,J) <TRSOLD

An inverse Hadamard transformation of the array X is taken before it is returned.
In order to cbmpufe the compression ratio, it is necessary .fo cal;:ulcte the nUmber of
run |engtHs in the compressed orray. Subroutine CMPHM2 provides this info.rmatio'n |
é'alled IRUN as an output olor;g with JN ‘which is the fétol number of zeros .in. the
array .
4.2.4 Inverse Troﬁsformoﬁon

A's"wc;s explained in 'ﬂ';e previous subsections, the inverse transformation Qf the
compressed and éero filled array is take.n in.the compression subroutine. The inverse
Hadamard transform is obtained by called subroutine SCHMDZ (N,M,KOPT) wuth '
N =256, M =8 and KOPT =1 .' The array X to be‘fronsformed-i.s transferred o )
the subroutine through a labelled common. |

4.3 Fourier Transform Compression

.4.3.] Transformation

. The two-dimensional image data are read into the array XR of size 256 x 256.
The array XI of the same size as XR is filled with zeros and corresponds to the
“array containing imaginary parts. The direct transformatior'\. is achieved by calling
subroutine FFTON2(N,M,KRZIN, KRZOUT, KUNSCR) where N =256, M =8,
KRZIN =1, KRZOUT =2 and KUNSCR =1. The arrays XR and XI are; trans-
ferred to FFTON2 through labelled commons and the transformed,arroy is coﬁtainéd
in XR and XI, where XR contains the magnitude samples and XI contains the

phase samples.



4.3.2 Compression by fruncotion 6’2
In this case all samples correspénding to frequencies higher than a particular
value are set equal to zc;:‘ro. Subroutine CMPFT]I(NTRUNC,N,M) is used for
truncation and receives the transformed arrays XR and XI through labelled com- -
mons. The transformed data are cqmpressed and the resulting arrays are again stored
in XR and XI. Thus,. .
i,j=1,2,...,NTRUNC . ,
for i,j=1,2,...,NTRUNC; j = N,N-1, .. N 1 - NTRUNC

and XI(I,J) = XI(I,J) ©i,j=N,N-1,...,N +1-NTRUNC
| | i =N,N-1,...,N+1 -NTRUNC;j =1,2,...,NTRUNC

XR(I,J) = XR(I, J)

An inverse Fast Fourier Transformation of XR and XI is taken before returning.

4.3.3 Compression by Coarse Quantization
Here all components which have magnitudes smaller than a threshold are set

equél to zero. The threshold TRSOLD is computed as XCOEFF times the absolute |

mean of the image transform. Subroutine 'CMPFTZ(JN,N,M,IRUN',TRSOLD,KZERO)VI

is sirfnila; to subroutine CMPHM2 and receives XR and XI through labelled cofﬁmdhé

The co'mipressed data are also stored in XR and XI. Tht;s, |
XR(1,J) = XR(I,J)

| if XR(1,J)> TRSOLD
XI(1,J) = XI1(1,J)

XR(1,J) = 0

if XR(I,J) < TRSOLD .
XI(1,J) = 0 |

An inverse Fast Fourier Transformation is taken before returning. As in the case of

CMPHM2, the subroutine CMPFT2 also returns as outputs the total number of zeros
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JN and the number of run lenéths_ IRUN  which are req.u ired for cpmpufdtion' of -
the compression ratio. |
4.3.4 Inverse Transformaf.ion

| It is necessary to obtain thg inverse transformation of the compressed
arrays XR oﬁd XI in order to reconstruct the picture. This is achieved By calling
subroutine FVFTQNZ(N,M,_KRZIN,KRZOUT,KUNSCR) with N=256, M =8,

KRZIN =2, KRZOUT =1 .and KUNSCR =Al. This subroutine receives XR and

X1 through labelled commons and the reconstructed picture is sforéd in the two-

dimensional array XR.

4.4 Subroutines XREAD and XWRITE

The original image data were stored on a tape and if was decided to store the
r'econ.sfrucfed-image data also on a magnetic tape. Subroutines XREAD and XWRITE
are used for reading one complete picture and writing one complete picture, |
respectively. In the casé of the subroufine XWRITE, an end of file mark ‘is written

to mark the end of the picture data.



CHAPTER 5

" EXPERIMENTAL RESULTS

5.1 Introduction
Three images corresponding to three di_ffefent frequency bands of thé same
-subj'e‘ct: were pr'o.vided .by MSFC., chh' of fhe imdgeé had beeﬁ sc;cmned at
50 microhs with a scanner giving 64 gray levels. Even though fhe original images
sﬁpplied were of size 1024 x 1024, only a portion of each image of size -
256 x 256 Qos sele‘cfed. for experimeﬁtal ‘purpo;ses. Experiments were conducted
Using the computer programs described in.Ci'\épfér 4 on each ovf the f)ictures for
the following cases.
(1)  Truncation with Hadamard transform,
(2) Truncation with FFT,
@) | Coarse ciuqntizatién with Hadamard transform, and
(4) - Coarse quantization with FFT.
In each case the experiments were conducted for various compression ratios.
After compression and reconstruction, the data. were quantized to 64 levels andv,a
64 level photowriter was used to record the images on film at a 50 micron rate.
Enlarged photographic prints of these films are used as the resulfs of the experi-

ments.
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5.2 - Presentation of Experimental Results

' To\focilitafe easy comparison, Afhe orféinol picfures. themselves were printed
and are shown in Figure 5.1. Two values of NTRUNC_, 162 and IOO, were used
- for truncation with the Hadamard transform, resulting in compression ra;ios of
approximately 2.4 and 6.5; respectively. The resuits of thése are- shown in
Figure 5.2 and 5.3 and the corresponding results for truncation with FFT are shown .-
in Figures 5.4 and 5.5.

Two values of XCOEFF, 0.8 and 1.2, were used for coarse quantization. These |
resulted in compression ratios of approximately 2.4 and 3.5 for eﬁch of the piciUres .
and both the transforms. Results of coarse quantization with the' Hadamard trcms%
form are given in Figures 5.6 and 5.7, and those with the Fourier Transform are giveh_ :
in Figures 5.8 and 5.9.

5.3 Discussion of the Results

It was rﬁentioned in Chapter 3 that é drawback of truncation is the foét-that B
large magnitude samples of high frequency (or sequency) are indiscriminafély diséarded.
Thi§ is overcome using coarse quantization and from the results it is seen that coarse
quantization is superior to truncation for a given compression ratio. Howgver, coarse
quantization requires a coding scheme which is far more complicated than the _onei
used with truncation.

From the results it is seen that there is no appreciable degradation in .fhe
quality of the image for a compression Arafio of 2.4 with either method and either
transform. However, there is va defocussing effect iﬁ the case of truncation due
to the elimination of high frequency transitions. Distortion becomes noticeable for

compression ratios higher than 3.0 especially in the case of truncation.




Figure 5.1 The Test Pictures
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Figure 5.2 Truncation with Hadamard Transform, CR = 2.4
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Figure 5.3 Truncation with Hadamard Transform, CR = 6.5




Figure 5.4 Truncation with FFT, CR =2.4




Figure 5.5 Truncation with FFT, CR =6.5
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Figure 5.6 Coarse Quantization with Hadamard Transform, CR =2.4




Figure 5.7 Coarse Quantization with Hadamard Transform, CR =3.5



Figure 5.8 Coarse Quantization with FFT, CR =2.4
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Figure 5.9 Coarse Quantization with FFT, CR =3.5
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Fo'r.ff'h‘ie picﬂ:reg under te_slt,.the Fol:g;ier transform results in Iess.qegra&bfib;. : -
fhan fHe Hadaﬁ\ard transform for a given method of comf:ress?on and a given com—
pression ratio. Ho’weven‘-,. the spitébilify of the transform depends on the par_ticulﬁr
picﬁuje in quesfion. A major fa;:tor in f0yor-6f the Hoddrﬁard transform is ﬂweI focf
that the direct or inverse Fast Fourier troﬁsforrﬁ requirés much more cbmpu_fofflonal :
effort than 'fhe Hddamard transform.‘ The Hadamard transform of image da.f.av of. the
size N x N requires 2N_2 Io;qu a.lg';ebraic a‘dditi"ons, whereas the Fdst_ Fourier-frané_-

form requires 2N2|092'N complex additions and N2|ogzN complex multiplications.



CHAPTER 6

SUMMARY AND CONCLUSIONS

6 1 S-ummorx
| The effects of tronsformdtiono.l imagé data compression _.on the qualfty éf
a picture was the subjécl; of di»sc;Jssion in this pdrf of fhéb repérf._ The two image
transforms considered, the Fdsf Fourier fror)sform and .t‘he Hadamard transform,
were briefly described along with efficient schemes for their computations. A
ge’neravl digital image transmis;sion model was o'utlined. which inclpaes trans-
for.mationql data compression. Two rﬁérhods of compression, truncation and |
coarse quantization, were propo:sed; S‘uitable‘.co'd‘ing schemes were suggested
" for each method of cérﬁprégsion and a measure of ‘d‘ato compression calléd the
compression ratio was defined. The compression schemes Were implemented on
évdigital computer using both trqnﬁf_oﬁn;-, Experiments were performed using . -
three digifized pictures and differle'nt COmpréssion ratios to study distortion versus
- compression.
6.2 Con‘clusions
Based on the results of the experiments on fhe. three pictures, it is seen
that considerable data compression can be achieved by using the Fast Fourier
and the Hadamard transforms. The. Four'_‘i-efr.v transform is slightly superior to the
Hadamard transform in terms.of distortion, but the ease with which the Hﬁdamord
transform can be computed makes it espeéiclly attractive. In addition to pro-
viding high data compression,ﬁ the ‘trar'wsmission-of the transform ‘also'resulfs in |

a certain amount of noise immunity.
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The main problem in usiﬁg the transform techniqde is 6n§ of data hd‘ndling. :
THe amount of -data involved is so huge that al_l the data cannot Vbe'sfored.in
the core of the computer and hence it must be stored externally. This
pose§ serious problems during the compufd_tion of the transférm 9] wHich requires’
d'fronsposing of the array. Thus, it is necessary to deve|§p ef.ffciehtigchemes for
trénsposing |drge fwé-dimensional arrays Which are stored externally. One
such scheme has.been devélopéd by UAH and a FORTRAN lisfing of this program
is available on request.I |

One way to overcome the problem of ha._ndbli_ng large arrays is to divide
the original pictures into smaller subpfcturés and treat each subpicture as a separate
picture [ 10 7. ‘This method will result in addifional distortions at the boyn&aries
of the subpictures and extr.er;me care must be exercised v‘v.hi.le dividing the piéfUre

into subpictures.,
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" APPENDIX A
" THE FAST FOURIER TRANSFORM

“'The dir-éc_:t discrete Foufier transform (DFT) of a set X containing N complex

sofnpleé is defined by the relation

N-1 | o -
x'(lk)='N]— Y owkeg , k=01, N A
=0 - : | |

‘where the complex coefficient w is,equdl-‘td exp(V -1 2¢/N). Simildrly, the inverse

DFT is defined as

. N-T o |
_x(j)=§ w ), i=0,1,...,N-1 (A2

The transformation défined by (A.1) requires N2 complex multiplications _andba o
direct implementation would be cqmpuhtibnully inefficient.

" The Fast Fou;ier Troqsforﬁ\ (FFT) is an efficient computational algorithm, originated
By.,Cooley aﬁd Tukey [ 11 ] to compute the DFT. Many. olgorithms have ,Been deQelpped
since . Genflerﬁan and Sande [ 12 ]proposed an FFT olgorifhm which m_inimi;zés computer
storage by usiﬁg the same drrdy for the input davfa and the transformed data. However,
the transformed samples are not stored at the proper lécafions and thev transformation
must be fo||owed'by a permutation called unscrambling. |

The algorithm explained here is based on the work of Gentleman and Sqnde and

is useful only for arrays of size N where N is an integral power of two. Using this
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o\gorithm', one can compute the D’FT.of an array ofrs_i-ze N = 2M wﬁfh only |
%MN co.bmplevx”m'ulr?plicario’ns. ‘T'he‘algorifhm is based on fhe.Fqctorizafion of N --
into M- fccfors,;each of which is two. The f‘nethod is illustrated for the case when
N_= 8 and .M =3. Using the binary VexApuinsion,' the oddfésses j and .k can ber

written as -

=4y * 2+, Sy
g=4k2 * 2y kg | o - Ag

where J; and k'i_ are equal to 0 or 1. 'Su.‘bs'fifuting these into equation (A.2) and’

rearranging it yields

x(iph + 2 * Jg) =

1 1 . \ 1 .
Z 4,2 o Z wz,] (Zk] + ko> g (4k2 + %, + k) »
o | , Z_ w X ( 2
]:0 : k2—0
+ k2 +'ko) ; . - (A.5)
8, k, 8, k, ‘ 16), k
where the factors w ;W ~and w were deleted because they

~ always remain equal to one. Equation (A.5) is implemented in four steps:

: | o
j(?.k +k>vv 4j k : ‘ .

(')(4+k2+|<0) AN ozw02x'(k4+k2+k)'(A.6)'
| B 2 1“ ¥ %o ,
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] - o

’ ZJ 4j.k . ~

2)(. . - 10 11 j4 + k.2 + k), ;

x( )(104 + le + k0> =W Z: w | X )(JO ._] 0) | (A.7) -
l

: 1
4J : :
3) /. s 20 . . ‘ :
0

(it a2t ‘o) = )<Jo4 Tz ‘2) o “.9

where equations (A.6) to (A.B) are three partial frans{;'qrniations'_and _(A.‘?) shoWs o
that a permutation is necessary because the samples are stored cnvf a wrong oadre;ss. |
The transformation is said fé be fn place becouse the arrays X', X(]), X(z), X(3)
and X can share the same storag.e.' | |

This procedure can be extended to a general case when N = 2M where the
L th

. transformation is done in M steps and is followed by a permutation. The k

step of the transformation can be shown to be equivalent to

',(k)(s+ Nk) (k ])< +gNk>+ x(kn])<s+gNk + Sk)

x(k)<s +gN, +sk)= s [x(k_])<s ’+ gNk> - .x("")<s + N, +sk) (A.10)

where k=1,2,.., M
s =O,],...,(Sk—])

g =OI]I"'I(Gk_])



N oMk k=1

k. A , =Nk/2 and G, =2

5 K

k

Equation (A.9) can be generalized to

CmMel M-1 S o
x'y.j.2| _—0 Z.j.z"""" - . (AL

Equation (A.10) can be implemented so that no.odditioncnl stércgé is .'re‘quired. :

However, it is necéssary to unscramble‘ the érroy after the th sfép. The 'unsr;jrom—
bling given by équation (A.11) corresponds to a bit reversal. For a detaiiled study of
fhe transformoﬁon algorithm aﬁdé variety oé a|goriths for imélemenﬁng bit révgrsol ;.

see reference [ 13 7.



'APPENDIX B
THE HADAMARD TRANSFORM
B.1 Definition
In 1922 H. Rademacher exhibited a new set of orthogonal functions taking
on only the_ valyes + .I, in the interval [ 0,1 ], which was of use in his study of
the general theory of orthogdhal functions. However, the Rademacher functions

are not complete and there exist other non-trivial functions _orthogohal to all of

them. The Rodemochéf functions gpi(f) are defined on the interval [ 0,1 Jas

o Vosr 5% |
.mo(f> = | o (B.1)
-1 fff < 1 :
q}o(t +k) = ,»epo(f) with k integer : o (_B.2)‘.v '
e ()= ep0(2'%) 0<t<l S . - (B.3)

The first three Rademacher functions are shown in Figure B.1. It can be seen that
n+l .. . N
Qpn(f) has 2 zero crossings in the interval (0,1).
In 1923, based on independent research, J. L. Walsh published a set of
- orthogonal functions which is complete in the interval [0,1). They take the

values + 1 and are similar in oscillation to the trigonometric functions. The set

of Walsh functions includes the Rademacher functions. The Walsh functions ‘pi(f).

83
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can be defined in terms of RademccHer fur_lctions as
wo(f) =1
wl(f) = e@o(f)'
bt = o) o - - X

131) = @, () 0 ()

¢ () = eén () wné(f) :pnr(t) '

where n=2"1 + 2" 4+ ™ L 4 ™

and n1>n2>n3 ....

b. Thus, the Walsh functions are the products of all possible combinations of
Rademdchér functions, with the ‘_Radveimacher functions taken according to the
binary represenfavtion of n, where n is the order of the Walsh function. From
this representation it can.be seen that m Rademacher functions can be used tor..'
generate a set of n =2" Walsh functions. The eight Walsh functions generated -
from the three Rademacher functions in Figure B.1 are shown in FivguAre B.2.

A frequéncy interpretation can be given to the Walsh functions. The word
"sequency" was proposed by Harmuth to denote the number of zero crossings in
the open interval (0,1). The Walsh functions in Figure B.2 are also labeled
accordi.ng to this notation.

If wol' (k,t) denotes the Walsh function of sequency k, then a function x(t)

which is square inf'egroble in [ 0,T).can be expanded as
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® .
x(t) = Z a. wal (k,-.-;-) for O<t<T
k=0 ,
| ; " (B.5)
where dk = fx(f) wal (k,:tr—) dt . |
: o
In the case of a discrete function with a sdmpli'ng in‘tervol V_of T, the Wdlsh:t'rqns_ .

form coefficients {ak 1 become,

N-1 ' ' S
'°.'k= . f x(i 1) wal (k, '-T-) | I -_(1.3.6).
i=0 _ .
whefe T=Ng«.

If only the first N terms of the expansion are taken, then the transformation

becomes
a=Wx

where' a is the set of coefficients, and x is the set of sampled fuu;icfidn values of the
first N Wcﬂsh functions.

The Hadamard matrix is an orthogonal matrix made up of plus and minus ones.
It is therefore easy to see that the matrix W as defined above is a Hadamard matrix
of order N if a Hadamard matrix of order N exists. The matrix W correqundihg
to N =8 is shown in Figure B.3. The Hadamard transform is the same as the d‘isc'rete .
Walsh transform as gengroted using a Hadamard matrix. Hadamard matrices do not
exist for all orders. A necessary (but not sufficient) condition for existence is that

N is either equal to 2 or to 0 (mod 4).
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B.2 Fast Computation of the Hadamard Transform

In the case when the order N =2, where m is an integer, a very

elegant procedure is available for the construction of the Hadamard matrix. This -

is Bosed on the fact that the Hadamdrd matrix . HN

in a recursive fashion using the relation

of order N can be generated . :

i
H,_ '
H, = . X._K (8.8)
2K | ;
KUK _
. o | o | '
staring from H2 = o . (B.9)

This can be equivalently written as

I ERP RSSO —

2@ 2@""-""@“2 | o | : ®.1

m products

' m ' , . L
where N =2" and (;) denotes matrix Kronecker product. This construction

procedure can be used to develop a computational algorithm which can transform

10)

an array of size N using m N algebraic additions as opposed to N2 additions

for direct matrix multiplication. It should also be noted that a matrix generated
in this manner is orthogonal and symmetric and hence is its own inverse except

for a scaling factor. Specifically,

Hy Hy, = NI .

where [ is a unit matrix of order N and hence the forward and inverse trans-

- formations are the same except for a éonsfanf. The Hadamard matrix of order 8

1)



89

Matrix _ Sequency |
o o o 0 T 0
TR T W = B o
L1 a4 R T 2
| S TR RS R (S IS B 3
L RS RS TS R R 4
R (R PR T S D 5
L T R T T N 'S
LR B IR - 7

Figure B.3 Hadamard Matrix of Order 8 (Sequency Ordered)

_ Matrix _ Sequency
I I R R A R 0
-1 1 - 1 a1 -] 7
TR S TS T N N S 3
1 -1 210 1 1 49 a0 4
L IS TS TS (RS S IR 1
1 -1 1 21 -1 1 -1 )
S (RS R S [ I 2
ILUNELENE! IR T B I B I 5

Figure B,.4 Hadamard Matrix of Order 8 (Generated Using Matrix Kronecker .
Products)



'jg.;ener_ated using the above procedure is shown in Figure B.4, along with the
sequencires c‘orresponding to eqc>h row.

rThe computational procedure to implémenf fHe-_transformation is based on
the Kronecker products cons-fruction. The transformation is done in m steps

for an array of size N = 2m.‘ If the tl;qnsformqfion of X is defined by

1 =
X = TR _HN)~(- _ | (B.12) »_
and if y =HN_)5 ; ' o : : (B]3)

the computation of y proceeds as follows:
(1) x is partitioned into two vectors X4 and X, of size N/2 each.

The first step of the transformation is defined by

x = Hy t---| = -2 | (B.14)

(2) The array _>5] is partitioned to two vectors of size N/2 each and .

'step (1) is performed on each one of these partitions‘.' Hence if

]
X - = .
' 2] | (8.15)
]
X3

then the second step of the transformation is defined by



L
2
< T Tx
-1 T =2
_x3',+§4_'
X]_X]
-3 " 4

91

(B.16)

(3) This procedure is repeated m times. In the kth step. (k <m), the

k-1

- array X

.

k=1

| X
|

-

— e g

. -
x k=1

-1
k-1
i .

« k-1
z 2|<

is partitioned into 2 partitions as

The k th step of the transformation is defined,by

p—

I T T
k=17 1 k- k=1
x b 4 + x
H, [0 e S
2 k- -1 kel
X2 ] X X2
B S b 1 k-1, ke
Ho |23 1 %3 X4
2 'XE-"I | Tkl 'x"k_-T
K (~4 =3 -4
x = = |
|
o |
k=1 I
he T2 L
2 . l:l K=l ke
-2 ke =
- — k-1 k-1
IR 2

®.17)

(8.18)



%

It can be seen that a>f each step, a total pf N algebraic addifioln"w.s are:needed_,
so that the trqﬁsformotion is achieved in-. m N olgebraicv additions. |

- B.3 Unsc.rombling' . | |

It can be seen from Figure B.4 that an uvnscrambling“hqs;to‘be done m order .
: té_arrange the Hadamard transform cvoe_fficA:i»e‘nfs in an ascendihg orde»r ’c'>fvseq|.-:énc.ies.
It is l;nown that if N =2 theﬁ the sequency numbers of rh'e osﬁingd »tronsfor'm_
are(0,1). If N =4, the sequency numbers as they appear ofter the tr.o‘n.s- A
formation are (0,3,1,2). This can be generalized to any 6rdér. Let the set-

(ml', m, .v cedy mN) be the sequency numbers for an N -element hénsform '

and (k,, kzl,..‘.v., kZN) be'tHe s?_quency numbers for o 2N element trans= -
form. Then
IR o )
BEL2, N @)
and k,. =2N-1-m, '
: 20 i

These relations can be used to generate the sequency numbers 'dnd then arrdnge
the transform values in the requiréd order by using a _sorfingv’p‘rocess-. Howe ver,
this reéuirés additional storage. A recursi've_ method to unscramble an orray. of
size 2N is as follows:

(1) Rearrange the array by collecting olte;nate elements. That is, the
sequency numbers are arranged as
2N-17 Kprkgre k)

(kqokg,eens k

This can be done with no extra storage by careful manipulation.-



(2) Partition into two arrays of equal size and inte_rghonge every alternate -
element of the second array with its succeeding element yielding a sequency

number arrangement of

O R R LRV NN

By using the relation between the set {ki } and {'mi } given above, it can be

shown that the sequency number arrangement is equivalent to

N + m,, N + m2‘,.

(m].,rlnz,--‘-( LINY o N + '_“N)"

(3) The procedure is now repeated on the two halves of the array treating

each as a separate N-dimensional array. The process is continued until the size

of each partitioned array is two.

B.4 Inverse Transformation

The inverse transform of an array X is given by

]

x= R Hg X (B.20)_u

which is defined by the same relation as the direct transform. This is due to the
fact that the matrix HN is a symmetric orthogonal operator,” However, if the array
X were unscrambled, it is necessary to scramble it before implementing equation

(B.20). The scrambling operation is the precise opposite of the unscrambling operation

and the same algorithm as that of unscrambling, but a reverse order can be used. -



APPENDIX C

LISTINGS OF COMPUTER PROGRAMS

~This appendix contains lisfings of all the pfografns desérib‘edv in Chapter 4.
These include the main programs for truncation and coarse quantization with FFT
and Hadamard transform, and subroutines CMPHM1, CMPHM2, CMPFT1, CMPFT2, °

FFTON2, SCHMD2, XREAD and XWRITE.

All the programs are coded in FORTRAN IV and ddequate comments are

included where necessary.
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PART 111

SUGGESTIONS FOR FUTURE EFFORTS

In fhi; study, transform data compression techniques were inVesfigafed from
the.poiﬁf of view of cbmpression versus distortion. Since the selection of.the
'method of compression and the compresﬁion réfio depends upon the type of picture
and the infofmqtion sought, further work is necessary to specify the most efficient
data compression technique for each application.

Ong problem area in digital proceké.sing of pictures is vthe amount of storage
required. For example, if a picture of s.ize 50 x 50 mm is scanned at intervals
of 50 microns, the size of the correspoﬁding array is one million. This means

that a peripheral storage device must be used which results in a considerable"

increase in computation time because of the many transfers required between the -
core and the peripheral device. The following three approaches are suggested fo  |
alleviate this problem.
| (1) A computer program which minimizes the number of transfers
during the transformation can be developed.
(2) Since most scanners define only 64 levels, it is likely that a full
computer word is not required to store one image sample. It will
be useful to study the minimum number of bits required during and
after transformation for a specified accuracy. In this manner, the .

computer core will be used more efficiently.
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| us
3) It is ’I.ivk»erAthat a hyBrid processing inciudiné both_ldpficdl ondl
- aigitol précessiné will be more efficient. Th‘is:cou|d be 'i-mple-
mented with vefy few changes to the exisfing’AE'R-T"S sysfe;rm';
.S:ince hfh.é' -imoée: data ére contaminated by' noise , ao‘fa ‘fil-teri'n:g and plA'.vo'ce‘s‘s'i'h'g-,a
should be ver;/ useful . It is proposed to study both noﬁ-reé_ursivé dn&_’récurSiVe o
filtering and erthnéemenf te-chniqu_'es.. The use of Fast Fou?ier fronsfdrm qﬁd

Hadamard transform are suggested for non-recursive filtering.

A very important-area in image proces;siné is info'rma-tiori l;efriéva. a.nd. pdftern B
recognition. It |s re;ommended to study the appliéqfigﬁ of. fransforrh‘fech_ni%ques,.f.o |
_pﬁffern recognition as well as maximum Ifkeiihéod and qf_her sfqndard techniques.' .
| Muéh work remvainsvto_be done on fBe selecti}c‘m and specification of:‘sehsors
" and of sensor migeé .. Fbr'e_xamp'le,.if was shown that fhe gx_isti:ng sensqr:s,:w,e_re n__of" :
‘odequar.e for rénge|ond manogen;ment.. ‘We suggest that a cdmprehensi.ve §h1..dy-:“lbe

made of optimum selection of sensors for all planned applications.




