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ABSTRACT

l'laìignant meìanoma is the most lethal skin cancer. lt often

develops from a pre-existing moìe (nevus) or the pigment (tanning)

ceìls of the upper layer of the skìn. The mortaìity rate of malignant

melanoma is increasing at a faster rate than any other cancer in North

America except lung cancer in women. At the current pace I person out

of 25O i n the Uni ted States wi I I develop maì ignant melanoma. But,

nearìy ull melanomas can be cured if detected earìy and promptly

removed surgicaì ìy. Changes in thickness, size, color and shape have

been found to be the best features to recognìze melanoma in its early,

curabìe phase. Unfortunately there is no method avai ìabìe at present

to detect these changes in situ over time.

This thesis presents a new non-invasive method based on

three-dimensionaì (3D) computed tomography (CT) of nevi, to scan the

skin to detect earìy meìanomas. The nevus is transiìluminated using

fibre optics directed into the surrounding skin. Three images of the

transi I luminated nevus are obtained at different "nnt.= by an opticaì

dev i ce ca ì I ed a "nevoscope". The 3D reconstruct i on of the nevus i s

then obtained using new I imited-view CT algorithms. Thus, without

excision, a baseì ine 3D structure is establ ished for each nevus. Some

time later, the procedure is repeated. A quantitative and objective

analysis performed on consecutive JD reconstructions would bring out

any changes in thickness, size, color, and structure of the nevus. Any

changes detected would be taken as an earì-y warning of probable

mal ignant melanoma.
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Computed tomography of nev i , i n the approach presented, i s a

speciaì case of I imi ted-view CT. lmages reconstructed from a few views

(only three, in this case, as compared to 180 views in commercial CT

scanners) are characterized by systematic distortion and streaking

artifacts aìong the view angles used. A new CT algorithm, based on the

2D deconvolution of the poi nt spread function of the reconstruction

process, is presented. lt incorporates a priori knowledge derived from

the known projections. lt is shown that if a linear (or a

quasi-linear) reconstruction algorithm is used, the 2D deconvolution

algorithm substantial ìy removes the distortion and artífacts in

limited-view CT.

Results of nevoscopy performed on a nevus of a cadaver are

presented. The sectional computed reconstructions of the cadaver nevus

correlate wel I with their corresponding histoìogicaì sections.
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Chapter I

I NTRODUCT I ON

Helanoma is the most mal ignant primary cutaneous tumor. 0ften the

origin of a melanoma is a pigmented nevus. Hetastases may occur early

and the maì ignant transformation is accompanied by pigmentary

increase, induration, and ulceration at ìater stages. lt is the

ìeading kilìer in dermatoìogicaì disease. The number of deaths caused

by mel anoma was est i mated to be 8,000 per year i n North Amer i ca i n

1980 (Ariel, .l98ì). The occurance rate of maìignant melanoma is rising

faster than almost any other cancer i n North Amer i ca, doubl i ng every

ì0 years (Kopf et al., .l984). Currentìy over ,l7,000 new cases of

meìanoma are- anticipated in the United States per year

(Sober,1983,a,b,c; cf. Gumport et aì., l98l) . Authorities project that

ì in every 250 persons wi ì I develop this threatening maì ignancy, ¡f

the current trend of i ncrease i n i nc i dence rate cont i nues (Kopf et

â'|., 1984). The increase in mortaì ity rate from melanoma in Austral ia,

Canada, and USA has been found to be more than l00Z from ì960 to 1970

in a survey conducted by World Health 0rganization (cf. Ariel, l98l).

The mortal ity rate of mal ignant meìanoma in the United States is

increasing at a faster rate than any other cancer except lung cancer

in women (Rigel et aì., ì984).

The average age at which meìanoma deveìops is in the mid-thirties
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for patients with atypical moles and often occurs in the twenties

(Kopf et al., 1984). Fortunateìy nearìy aìì patients with meìanoma may

be saved and cured i f detected ear I y and treated prompt I y.

Unfortunately, in most cases of death (because of melanoma), mal ignant

melanomas are not detected earìy enough.

The detection of melanoma i n i ts early, curable phase i s now

primariìy left up to the patient or the general practitioner. The

change from a benign to a maìignant ìesion produces only a few warning

symptoms that are of ten not observed by the pat ient (W¡ct< et âl .,

1980). The classic signs that heraìd the transformation are changes in

size, shape and color, deveìopment of infìammation, bìeeding,

uìceration, and appearance of pigment around the lesion.

Thickness in mi ì I imeters is the best prognostic factor for

cì inicaì stage I (early) melanoma patients even when regionaì lymph

nodes contain metastases (Day et al.,ì982 a,b,c,d). But untiì now this

could not be measured directly without excision and histoìogicaì

sect i on i ng of the nevus. Consequent I y, an attempt has been made to

correl ate other s i gns and symptoms wi th tumor th i ckness dur i ng the

earl iest stages of tumor growth. These signs are primarily increase in

size and change of color (cf. Wick et â1., 1980) . Bìeeding,

uìceration, tenderness, and itching occur less frequently (Sober et

al.,ì983,a,b). The primary signs are rather subtle to expect a patient

to notice, and since they involve what may be small changes in one or

a few of what may be a ìarge number of benign nevi, the probability of

detection by the unsuspecting patient may be quite low (Cassileth et

â1., .l982). l'loreover, â signif icant fraction of melanomas occur on the
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back, a difficuìt part to observe oneself. The general practitioner is

in a way in a worse position than the patient, because she or he will

generalìy have even less memory of the previous state of each nevus.

The thickness - survival reìation is best characterized as a step

function with the four natural thickness groups (i) ìess than 0.85 mm,

(2) 0.85 mm to 1.69 mm, (3) l./0 mm to 3.64 mm, (4) greater than or

egual to 3.65 mm (Sober et aì., 1983). (These groups have been formed

on the basis of survival rates.)

ln clinicaì stage I patients, the primary tumor thickness and

anatomical location predict the survival rate better than do the

thickness and histoìogical determination of regional node metastases

(Day et al., 1982; Sober et aì., .l983). The survival rate for patients

with primary tumor cl inical stage l, less than .l.69 
mm thick, is

excel lent (greater than 952) . But patients with melanomas 2.Jj nn

thick on the hands or feet have a survival rate cìose to zero. Sober

et aì. (1983) found that nearìy aìì patients with stage I primary

tumor thickness greater than or equaì to 3.65 mm anywhere on the body

died because of melanoma within the following eight years.

The thickness of a tumor is not only important for predicting the

survival rate, but al so important for recogni z i ng the cutaneous

melanomas in the earìy curable phase. io¡er et al., (ì983 a,b), Day et

al. (ì982) and Bresìow (1975 a,ø) have demonstrated that the ìevel of

invasion and thickness of the lesion are highly correlated.

To recognize the melanoma in its earìy phase, the other important

features are increase in size, change in color, and increase in
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elevation. These three signs are the most useful in detecting earìy

lesions. l'lany other salient features, such as bìeeding, tenderness,

and ìack of heaìing of the skin lesion occur ìate, and ìess

frequently, in the natural history of melanoma. For the lesions of

thickness greater than or equal to 3.65 mm, increase in size was noted

in more than 722 of the cases studied. ln jBZ of the cases, color

change was noted and in 82"¿ of cases, increase in elevation of the

primary tumor was found as the symptom or increase in sign (Sober, Day

et al., 1983 a,b).

ln

uncommon

dysplasti

variabili

me I anoma

pat i ents

(C lark et

c nevt

ty and

with f amiìial

al.,1978).

which dìffer

are precursors

melanomas more than one primary is not

These patients often have multipìe

from ordinary nevi in size, color, and
I

of melanoma. The lifetime risk of

may approach .l00? for those people with dysplastic nevi who

are from meìanoma-prone fami I ies (fami ì ies wi th two or more fi rst

degree relatives having cutaneous melanomas) (Kopf et aì., 1984).

l'lelanomas in peopl e f rom those f ami ì ies may ar ise wi th in the

dyspì ast i c nev i or de novo. Changes detected would al low early

excision of those nevi developing mal ignant melanoma.

The objective of this research is to develop a non-invasive

technique to detect suspect nevi by 3D imaging of the skin lesion of

the patient. The 3D reconstructions of al I nevi would be performed

through suitabìe CT techniques to conduct quantitative and objective

analysis for the above mentioned features (thickness, size, color,

structure, and elevation). Changes in the values of these parameters

over time could be used to ascertain which nevi are suspected to be
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mal ignant. This method is compìeteìy non-invasive and could be used

detect meìanoma in its earìy phase to save the life of tlie patient

excising the mal ignant ìesion.

To create images of a nevus or meìanoma that couìd be used tn

lD reconstruction process, the dermaì object is transi ì luminated using

fibre optics to direct ìight into the surrounding skin. One gets a

direct impression of depth when viewing transi I ìuminated nevi in a

stereomicroscope (Gordon t Dhawan, 1983). The nevus looks as ¡f it

were backlit. lmages of a transiìluminated nevus may be recorded using

an optical device, caì ìed a "nevoscoperr. A prototype nevoscope has

been developed. I t both transi ì luminates the dermaì object and

produces three images: an image at 4! deg, a vertical image at !0 deg,

and a gìancing image at 180 deg. These images are used for the 3D

reconstruct i on.

Various ì imited-view reconstruction aìgorithms (Rangayyan 6

Gordon, 1982, Gordon 6 Rangayyan, .|983, Gordon, Dhawan 6 Rangayyan,

1984; Dhawan et al., 1984a, b, c; Dhawan et aì., '|985), have been

studied and modified for this specific appl ication.

The ordinary reconstruction algorithms, ì ike ART (Algebraic

Reconstruct i on Techn i ques: Gordon , 197t+) i ntroduce a systemat i c

geometric distortion and streaking artifacts along the view angles

used. The reconstructed images are severely distorted when only a few

views (such as three, in this study), are avaiìable for the

reconstruction. The geometric distortion and other artifacts are

caused by the 2D point spread function of the reconstruction process.

to

by
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A new CT aìgorithm (Dhawan et. â1., .l984a, b; Dhawan et al., 1985) has

been deveìoped which substantial ly removes the systematic geometric

distortion and artifacts in the ì imited-view reconstruction. This

aìgorithm performs 2D deconvolution via Wiener fiìtering incorporating

a Þriori knowledge derived from the known projections.

The performance of these atgorithms b/as tested by reconstructing

simulated nevi from three views only (Dhawan et â1., .l984a, b, c).

Var i ous computed sect i ona I reconstruct i ons of a nevus were obta i ned

from the proj ect i ons computed at those sect i ons. The reconstruct i ons

of a simulated nevus and an actual nevus from onìy three views are

both given in this report.

A quantitative analysis is performed on these three-dimensionaì

reconstruct i ons of a nevus for the prognost i c var i ab I es such as

thickness, size, and elevation. The structure of the reconstructed

nevus may a I so be exam i ned and compared to determ i ne the corre l at i on

between reconstruction and histology, whenever excision is planned.

ln order to check the relaibiìity of this method and to examine

the correlation between reconstruction and histoìogy, nevoscopy was

carried out on a cadaver. lmages of a transilluminated nevus were

recorded in situ on a .cadaver using nevoscope. The nevus was then

excised, fixed, and sectioned for direct comparison between the

reconstructed and actua I sect i ons. The procedures and the prob I ems

associated with this are discussed later in this thesis.
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NOTE: The bulk of this thesis consists of my own work. I studied the

problem of earìy detection of maìignant ¡¡eìanoma in detaiì, which is

reported in the next chapter. I developed "nevoscopy" from the concept

ìevel to the practicaì impìementation, designed the requi red

i nstrumentat i on (nevoscope) , performed nevoscopy on a cadaver , d i d

h i stoì ogy of the cadaver nevus, and compared the computed

reconstructions with the histoìogical sections (Dhawan et al., 1984d,

e) . The work on the development of an algori thm to isolate skin

lesion's image from the surrounding skin was started by Daniel lvlartin,

a medicaì student, but compìeted by me, The'rgeometric deconvolution"

aìgorithm was developed by Drs. Gordon and Rangayyan but I modified

i ts i mpl ementat i on and then used i t for the reconstruct i ons of nevus.

I also worked on the geometric deconvoìution algorithm to show that it

improves the projections of the initiaì I imited-.¡iew reconstruction

which are used to obtain the final reconstruction (Gordon, Dhawan 6

Rangayyan,1984) Later, I developed the 2D deconvolution aìgorithm

for removing the artîfacts in ì imi ted-view reconstructions (Dhawan et

â1., 1984a, b, c). These are reported in this thesis from Chapter j to

Chapter 8.
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Chapter 2

CUTANEOUS ¡4AL I GNANT 14ELANOI'14:

PROGNOSTIC GUIDELINES AND EARLY DETECTION

Hal ignant melanoma is the most ìethal skin cancer. lt often

deveìops from a pre-existing birthmark, mole or a nevus. lt is a

pigmented growth that usuaì ìy is characterized by variations of brown,

bìack, gray, blue and even red and white. Aìthough it begins as a sìow

initia'l growth of tumor ceìls on the surf ace of the skin or mole,

maì ignant melanoma, after a period of time that may range from months

to years, sends down "rootsrr into deeper ìayers of the skin where some

of these microscopic extensions may enter bìood vessels or lymph

channe ì s and spread to other areas of the body as metastases. I f

removed in earìy stages of growth, meìanoma can usuaì ly be cured and

recurrences prevented. 0nce i t spreads or metastas i zes beyond the

skin, maì ignant melanoma can be fatal. Therefore, it is imperative

that mal ignant melanoma be díagnosed early and treated promptìy. 0nly

5?6 of all skin cancers are meìanomas, but this !Z accounts for more

than 7OZ of al I deaths from skin cancer. ln Canada, at ìeast 8O% ot

al I reported deaths from skin cancers resul t from maì ignant melanoma

alone (Canadaian Cancer Society Report, 0ctober .l982).

The Nevus and the l'1al i qnant l,lel anoma
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A nevus is an accumuìation of pigment celìs in the skin. A nevus

may be skin-coìoured or pigmented. Basically, a nevus is a benign

tumor arising from neural crest cells present since the embryonic

period, which have differentiated into pigmented cel ìs (Stewart et

â1., ì978). The celìs composing it are caììed nevus cells. ln adults

these cells are present in coìIections in the epidermis and in the

dermis, having migrated to these locations during the developmental

period and then proì iferated. They are intimateìy associated with the

pigment-producing meìanocytes and al-e of the same neural origin. They

may form var i -s i zed growths, w i th vary i ng degrees of brown

pigmentation, commonly referred to as moìes or I'beauty marks".

I n brief, the biology of pigment cel ls (meìanocytes) , which are

present in ìarge numbers in the skin, hair, eyes, and ears, is as

fol ìows. Cutaneous meìanocytes arise from the neuraì crest, migrate to

the epidermis during embryogenesis, and settle among basal

kerat i nocytes . Each me I anocyte extends numerous s I ender processes

cal led dendrites, along intercel lular spaces. Jtlelanocytes synthesize

the pigment melanin which is a highly stable polymer of oxidation

products of tyrosine. There are three different meìanins: eumelanin,

phaeomeìanin, and neuromelanin. Eumelanin is the brown-black pigment

of skin and hair and most responsibìe for skin color. Phaeomelanin is

a red-yelìow pigment found in hair in human. Neuromeìanin is present

in neurons of the central nervous system, in adrenaì medul la, and

other areas of chromaffin system. flelanin has a variety of ¡mportant

functions such as protection of skin against sunburning, protection
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against photodegradation of essential nutrients in the blood (such as

fol ic acid), decreasing the formation of skin cancers, etc. Within the

cytoplasm of the pigment celì, meìanin is synthesized inside

cytoplasmic organelìes called melanosomes. The dendritic processes of

the meì anocytes project i n between kerati nocytes so that a s i ng l e

me ì anocyte supp ì i es me ì anosomes to i ts group of 36 kerat i nocytes .

These meìanosomes migrate centrifugaì ìy aìong the dendritic processes

of the me ì anocytes and are then transfered to or captured by

keratinocytes. The size and the number of meìanosomes transferred into

keratinocytes determines to a great degree the color of person's skin.

Melanocytes and melanin within the keratinocytes are transported

through the epidermis and melanin is excreted by desquamation of the

stratum corneum. Usual ìy, in normal human skin, no melanosomes are

present in the dermis except in mongoìian spots. I'telanosomes may be

found in the dermis, contained in either meìanocytes and,/or nevus

ceììs which produce melanosomes and retain ihem in their cytopìasm, or

phagocytized in meìanophages. When melanocytes prolifei-ate into the

dermis, as with maì ignant meìanoma, large numbers of meìanosomes also

appear i n the dermi s.

Nevi or moles are common to all races, and most people have more

than a dozen nev i (mol es) somewhere on the sk i n. Pub ì i shed stud i es

have reported numbers of nevi varyi ng from i4 nevi,/person to 40

nevi,/person ín Caucasians, on average (Bondi, 1984). They have a

remarkable variation in appearance, since they may occur as fìat,

sì ightly elevated, dome-shaped, hair-bearing, smooth, oi

rough-surfaced lesions. Their color ranges from normal skin color



aa
LJ _

through tan, gray, and dark brown to black. They vary from I or 2 mm

in size to ìesions covering a large part of the body surface. Their

common characteristic is the possession of nevus cells or melanocytes

appearing as rounded or polygonal, paìe-staining cel ls in the dermis.

The specific location of nevus cel ls in the dermis is used in the

classif ication of nevi (Hishima, 1970; Hishina,l967; Rower, 1978).

ln approximately 752-852 of meìanoma patients questioned, the

nevus was present for a variabìe period before it underwent mal ignant

transf ormat ion (Ar ie I , l98l) . l'lost nev i appear dur i ng the ear ly years

of ì ife (chi ìdhood and puberty). lt is beì ieved that these seìdom

undergo mal ignant transformation (Dubreui lh, 1912) . Nevi that appear

later in ì ife are more suspicious. Dubreuilh termed them "precancerous

circumscribed melanosis". Becker, in lg5t+, emphasized the danger of

delayed nevi, which he cal led "maì ignant lentigo" (Becker,l95l+,.|958) .

Atypi cal (dyspì asti c) mol es are assoc i ated wi th a h i gher r i sk of

developing melanoma on normaì appearing skin or in the moles

themselves. Hicroscopic changes of dyspìasia (abnormal growth of

tissue) can be found even in minor portions of moles. Dysplastic nevi

are often J mm, or larger in diameter, but 2 mm, histoìogically

confirmed dysplastic nevi have also been found (crutcher, 'l984). The

common features of dysplastic neví include haphazard speckles of

brown, dark brown or black hues, reddish brown or sl ightly pinkish

background, erythematous (pinkish) areas, irregular and/or fuzzy

outì ine that fades ínto normal skin, and irreguìar pigmentation.

Numerous nevi, even hundreds, are sometimes present, but few or even

soì i tary smal I atypicaì moles are common.



A congenital nevus is a melanocytic nevus that is present at

birth. Not all pigmented lesions present at birth represent

melanocytic nevi. Congenti tal nevi may be smal I (ìess than ì.! cm in

diameter), or medium (1.5-ZO cm in diameter), or large (greater than

20 cm in diameter). Smal ì congenital nevi may not be recognized at

birth. Also, the cì inical features of small congenital nevi may be the

same as those of acquired meìanocytic nevi. For exampìe, they may have

a smooth surface and uniform pigmentation. Congenitaì nevi occur in

approximately l To_2.5% of the U.S. popuìation (Rigeì et al., 1984) .

llost of these nevi are smaì I (ìess than 1.5 cm). lt is sti I I 
. 
unclear

to what extent melanoma deveìops in smaì I and medium-sized congenitaì

nevi (Kopf et aì., .l984). The lifetime risk of melanoma in patients

with large congenital nevi has been estimated to be 5'r.o 10'.6 (Kopf et

al ., 1984) .

Hal ignant melanoma is a neopìastic disorder of melanocytes with

the potential of widespread invasion, metastasis, and subsequent

mortal ity. The different types of meìanoma exhibit different shades of

color, sizes, shapes, and potential for invasion and metastasis.

lnitiaì growth of tumor cel Is usual ly takes place superficial ly across

the surface of the skin or mole (Ariel, l98l). The early evolutionary

changes in most of the cases last for a relatively long period (6

months to more than ! years), during which, if they are recognized,

cure is generaììy possible. However, once deep invasion has occurred,

the survival rate drops drastical ly. Helanoma spreads not onìy by

local extension and through regionaì lymphatics, but aìso by the blood

stream. Th¡s accounts for the high mortaìity rate in invasive ìesions.
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Haìignant change is indicated by changes

color, ulceration, pruritis, bìeeding, irregular

satel ittosis.

s i ze, shape,

of the marg i n,

The hereditary nature of mal ígnant meìanoma is frequently

commented upon in relation to fami ly occurrence. Hi ì ler E Pack (i962)

reported an example of famiìial malignant melanoma; a white girl died

at the age of 16 because of maì ignant melanoma. The patientrs maternaì

grandfather had died at the age of l+2 years of a mal ignant melanoma

originating on the lower l.g, and her maternaì uncle also died of

melanoma. The patientrs female infant had a black congenital nevus

situated on the ìeft leg at a location identical to her motherrs

melanoma. ln 1962, more cases of familial melanomas were studied by

Pack medicaì group (Pack, 1962). ln most reported cases, a 67?6 to 8S%

incidence of preexisting moles was found in patients with fami I ial

melanomas. Pack bel ieved that al l melanomas arise from preexisting

nevi, many of which may be invisibìe to the naked eye for some period

(Pack,1961; Pack, .l948; Pack E Devis, 1962). Thus, inherited

tendencies for deveìoping maì ignant meìanomas are not uncommon. Clark,

Greene et âì., (.l978) descrîbed an atypical nevus label led the B.K.

mole (after the first two families investigated). They described the

so-caììed inherited B.K. syndrome, in which certain nev.i with specif ic

characteristics were more prone to the deveìopment of mal ignant

me I anoma .

The not i on that dyspì ast i c nevi (DN) represent a cì ass of

meìanocytic nevi which are precursors of cutaneous mal ignant melanoma

in

itv

or

or
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has its origin in studies of melanoma-prone fami I ies (Greene, .l984).

Greene, i n the 4lrd Annua I l'leet i ng of Amer i can Academy of Dermato logy,

reported that 5ì fami I y members wi th cutaneous maì i gnant mel anoma out

of 40 I members of l4 meìanoma-prone families were examined. 48 (91+?ó)

of them had biopsy proven dysplastic nevi. Among lll primary Cfilll

(Cutaneous iïa ì i gnant lle ì anoma) tumors i n wh i ch an assessment cou ìd be

made, 78 (7OZ) had histoìogical evidence of a dysplastic nevus at a

margin of the melanoma. lt was also reported at this meeting that the

I ifetime rìsk of melanoma approaches l00Z for those peopìe with

dysplastic nevi who are from melanoma-prone fami ì ies (i.e. fami I ies

with two or more first-degree relatives having cutaneous melanomas)

(Rigeì et aì., .l984) . l'lelanomas f rom these f amiìies may arise within

the dysplastic nevi or de novo. The early and proper treatment of

patients with familial malignant melanoma may be life saving. They may

thus represent a group in which the effectiveness of nevoscopy can be

rapidly evaìuated.

The growing mortaì ity from meìanoma is due largeìy to the

increase in population, increase in expected years of ìife, and the

absolute increase in the numbers of melanoma (Ariel, i98l). The

i ncreased i nc i de.nce of mel anoma among the wh i te races can be noted

throughout the worìd. ln Queensland it quadrupìed in J0 years. ln

Norway, Br i ta i n, the Un i ted States, and Canada, the i nc i dence has

doubled in the last ì0 years. The occurance rate of malignant melanoma

is increasing faster than any other cancer in the United States except

ìung cancer in women. The mortaì ity has also shown a relentless

increase. At the current pace, ì person in 250 in the United States
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wi I I develop maì ignant melanoma (tne stin cancer Foundation, .l984) 
.

Currentìy, over .l7,000 new cases of mal ignant melanoma are seen

annuaìly in the united states aìone out of which more than 8,000

persons díe annually largeìy because their meìanomas were detected too

late.

Atypical (dysplastic) moles are associated wi th an increased risk

of developing melanoma on normaì appearing skin or in the moles

themselves. Among Caucasians in the United States, the I ifetime risk

of deveìoping cutaneous meìanoma is currently about 0.032 (i.e.

I in 185). Aìmost j% of Caucasians may have dyspìastic nevi and t+OZ to

5OZ of their close relatives may be effected. The National Cancer

lnstitute (USA) reported that 18% of individuals with dysplastic nevi

wi I ì eventual ìy develop melanoma (Kopf et al., 1984). The risk is

greater and may approach l00Z f or those people l-raving one or more

relatives with melanomas. This marked increase in incidence has not

been observed in other skin cancers. ln fact, in some countries, the

mortal ity from other skin cancers excìusive of melanoma has decl ined

(Elwood t 1ee,1979). Eìwood and Lee have estimated a rise of about 9Z

per year in mortality, so that the death rate has doubìed in the past

l0 years. These rates are real and not due to better reporting or

other factors in evaluation. lf there were a common factor, all tumors

rates would rise; however, such is not the case, for the increase in

i nc i dence and morta I i ty i s greater among younger peopl e than those

over 6! years of age. The fact is that peopìe born in more recent

years have both a higher incidence rate and a higher death rate from

mal ignant meìanoma, at al I ages, than those born earl ier (Lee ê
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The average age at which melanoma deveìops is in the

cases often occur i n the twent i es (Kopt et dl . ,

Classification of l'le I anoma

The modern assessment and treatment of mal ignant meìanoma is

based on a classification devised in 1967 by Clark (1967) and almost

simuìtaneousìy by l4cGovern (1967) in Austraìia. l4al ignant melanomas

are cìassified into (ì) ìentigo meì igna meìanoma, (2) superficial

spreading melanoma, (3) nodular melanoma, and (4) acral ìentiginous

melanoma. Acraì ìentiginous melanoma has only recently been recognized

as a histologic entity (Lupuìescu et al., 197Ð.

Some years ago, it was beIieved that maIignant melanoma never

occured in chi ldren before puberty (Ar ieì, ì981) . Often the

pathoì og i st used to ask the age of the pat i ent before mak i ng h i s

diagnosis. lf the patient's age was before puberty, the diagnosis

would usuaì ly be benign nevus, if after puberty, as mal ignant

melanoma. Woringer (1939) described a pinkish, sl ightly raised, ìesion

of the hand of an eight year-old girl, whose histology revealed

unusuaì nevus ceì ì s. Webster, Stevenson, and Stout (.l944) descr ibed

pink elevated ìesions in chi ldren that had the microscopic appearance

of mal ignancy, but which very rarely metastasized. ln .l948, 
Spi tz

called such lesions in chi ldren rtjuvenile meìanomas" (Spitz, ì948) .

Spitz described the benign juveniìe melanoma as a distinct entity with
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characteristic histoìogical features. Kopf (1966) cal led them "benign

j uven i I e mel anomas" to emphas i ze the ben i gn nature of the tumor, and

to segregate the entity from the maì ignant metastasizing neoplasm. A

few other synonyms are: spindle celì, epitheliod celì, and round ceìì

juvenile meìanoma, pseudomelanoma, juveniìe nevus, and Spitz nevus. A

typical benign juvenile melanoma is a papillar, pinkish lesion usuaìly

occuring on the cheek of a chi ld, but it may occur anywhere in the

body. The coìor of the ìesion may vary from a tan to a deep brown. The

juveni ìe melanomas usuaì ly vary in shape, increase in size (tne

average size is 7 to l0 mm), and then remain stationary. Kopf (1966)

accumu I ated reports from var i ous authors of I+,556 nev i exc i sed i n

ch i ìdren, out of wh ich / I (1 .6'4) were ben iSn j uven ì le me lanomas. At

p.resent these lesions are assumed benign with the same potentiaì of

formimg mal ignant melanoma as do the usual compound nevi, which is

rare. However, some authors believe that benign juvenile melanomas do

have an increased potential of becoming mal ignant, especial ly after

aduìthood (Attie 6 Khalif, 196\).

Leveìs of invasion of these tumors are very important in regard

to surgicaì or radiation therapy, and are directìy related to

survival.0riginally, the depth of invasion was determined by the five

ìevels suggested by Clark et al. (1967). They are as folìows:

Level l: intra-epidermal (in situ, pre-invasive);

confinement of the mal ignant melanoma cel ls to the epidermis

and i ts appendages.

Leve I 2: invasion into the papi I Iary layer of the dermis,
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a few melanoma cel ls extending

papil'l ary and reticular dermis.

to the

Level 3:

papi I I ary

reticuìar

Level 4:

extens i on of the tumor ce ì ì

dermis, fiììing it and impi

dermis without, however invading

i nvas i on i nto the ret i cu I ar derm i

s th roughout the

ng i ng upon the

ir.

S.

Level 5: invasion into subcutaneous fat.

Later, Breslow (1975), Cassi leth 6 Clark (1982) and Sober et al.

(1983) found that the ìevel of invasion of melanoma is highly

correìated with the thickness of the lesion (cf. Wick et al., 1980;

Sober et aì., .l983 a,b,c) .

itlelanomas are now usuaììy staged into four categories (Ariel,

ì981). Stage ì represents a primary ìesion without evidence of

metastases to regionaì lymph nodes. These would incìude smal I

satel ì ites within the immediate vicnity of the primary melanoma.

Stage 2 represents those that have metastases to the regional lymph

nodes. Stage 3 are those that, i n addi tion to metastases to regional

I ymph nodes, al so have metastases to the aff I i cted I imb: ei ther

satelìites or metastases intransit. (lntransit(s) are def ined as

tissue metastases that result from impìantation and growth of

'rin-transit" ceììs between primary end regional nodes.) Stage 4

represents blood-borne metastases. I n addi tion to the above, some

experts stage melanomas as fol lowing:



Stage l:
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Loca I i zed pr i mary me I anoma

A. Pr i mary i ntact

B. Primary ìocalìy excised

C. l-lutipìe primaries

Stage 2: Loca ì recur rance

per i phera I nodu ì es ì ess than

'primary lesion with ìocal

equal to J cm.

or

or

Stage l: Regionaì metastases

A. ln-transit(s)

B. Node (s)

AB. lntransits, plus nodes

Systemi c metastasesStage 4:

Lent i go l'le I i gna l'le I anoma

Lentigo mel igna meìanoma constitutes about 8Z of the maì ignant

meìanomas and follows a slow, steady progression through enlargement,

mottl ing, darkening, and eventual thickening and nodule formation. ln

this, a focus of invasive melanoma deveìops in a pre-existing, usually

long standing intra-epidermal ìesion, also known as Hutchinson's

freckìe. These lesions affect persons over !0 years of age. They are

usuaì ìy quite large, flat freckles of varied color, irreguìarìy
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pigmented, and occur virtual ly excìusiveìy in sun-exposed areas,

commonìy in the malar region of the face. The size is 3-6 cm or more

with an irreguìarly scattered bìack nodular portion of size ranging

from a few mm to l-2 cm, on the surface. The color shades incìude tan,

brown, black, and blue-gray. The survival rate is high, lying between

90% and 9\% (Clar¡< s tlihm et at., 196Ð .

Superf icial Spreading l'leìanoma

This lesion constitutes 70'a of malignant melanomas. lt begins in

young to middle age and has no predilection for specific areas of the

skin. lt may be flat or sì ightly eìevated. The pre-invasive lesion is

variabìe in coìor, with a fairly discrete but irregularly shaped

outìine. lt tends to remain superficial and grow horizontally for

several years, after which it deveìops a verticaì growth phase with

noduìes becoming apparent. The superimposed invasive lesi.on is an

eìevated noduìe, often with a verrucous surface, showing loss of

normal skin marking (mirrm et al., 197Ð . The coloration of superf icial

spreading melanoma often includes a variegated assortment of pink,

red, blue, bìack, tan, and white. Host of these meìanomas arise from

prexistent nevi. During the early epidermal phase, the pathoìogist may

caì I them nevi with atypical ceì lsr or active junction nevi, or

atypical melanocytic hyperpìasia.

The histo'l ogical appearance of superficiaì spreading melanoma

ìesions is characterized by involvement of the fuì ì thickness of the
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epidermis by mal ignant melanocytic cel ìs, usual ly containing melanin

pigment, and showing large nucìeol i and mitctic activity (Stewart et

â1., .l978). Deveìopment into an invasive maì ignant melanoma is usual ìy

i nd i cated by the appearance of papu ì es and nodu ì es or by d i ffused

índuration. Ulceration, if it occurs, is a ìate feature. The prognosis

is predictable from the stage of the disease and the depth of

penetration, and depends less on other factors, which are di scussed

ìater in this chapter. The !-years survival rate of patients in

stage-ì averages about 652 (Clark et aì., 1969; Clark et aì., 1979;

l'lcGovern et aì., 1970; Sober et al., .l983; Day et al., 1J82 a,b,c,d) .

Noduì ar Heì anoma

The characteristic nodular melanoma is an invasive ìesion that

grows more rapidìy than other melanomas. I t is pigmented, round to

i rreguìar, sl ightìy elevated, embedded beneath the surface and

const i tutes about 152-2OZ of the ma l i gnant mel anomas. The col or

usuaì ly consists of shades of gray and gray-blue on a background of

brown to bìack. A pigmented haìo is not uncommon. The surface is

smooth, and rarel y verrucous. The border i s I ess i rregul ar than other

melanomas. f4icroscopicaì ìy typicaì meìanoma ceì ìs occur at the

junction of rete ridges and dermis as well as invading weìl into the

dermis. The mitotic rate is higher than seen in the two previous

categories of mal ignant melanoma. Lymphatic or blood vessel invasion

can frequently be found in these lesions, and the incidence of ìymph

node and hematogenous metastases from these tumors i s very h i gh.
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Perineural invasion may also be encountered in the primary lesion. lt

increases in size very rapidìy and cíten undergoes uìceration. When

nodular melanoma is treated in stage-1, the 5-year survivaì rate I ies

between jOZ and 60% (Clark et al., 196Ð .

Acraì Lentiqinous Helanoma

Acral lentiginous melanoma occurs on the hairìess skin of the

palms and soìes and in the unguaì and periungual regions. lt is

characterized not onìy by its specific location but also by its

usuaììy short period of in situ growth before invasive growth occurs.

(Clart et al ., 197Ð . Even though i t accounts for onìy 8Z of al l

mal ignant meìanomas, it is the most common type in black patients

(Pinkus E lilehregan, l98l).

Cl inicaì ìy, acral lentiginous melanoma shows uneven pigmentation

with an irregular, often indefinite border (Lupulescu et al., 197Ð.

Tumefaction and ulceration, as wel I as metastases, often occur within

a short time, resulting in very ìow survivaì rates of only ll?< to l5'¿

(Coìeman et al., .l980; Fleming et al., 197Ð .

General Histoìogical Aspects of l4al ignant iïelanoma

Whatever the subtype,

common by wh i ch they can

mel anoma cel I s have

be recognized even in

certain properties in

the absence of pigment
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production.

Helanoma ceì ìs are usual ly large, polygonaì, or spindìe-shaped

with an amphophilic, grayish cytoplasm and 'l arge nuclei . The ìarge

nucìei often have very prominent nucìeoìi. The nucìeoli may be

acidophi I ic and sometimes are so large that they resembìe inclusion

bodies. l,leìanoma cells grow in clusters but do not cohere (Ariel,

l98i) . l'1 itoses can aìmost always be demonstrated in considerable

numbers in maìignant melanomas (Cìart et al., 197Ð.

Pigment production by melanoma ceì ls can occur in an irregular

manner. Pigmented cel ls in the deep portions of melanoma are not

uncommon. This production of pigment in deeply situated ceì ls is

usual ly helpful in the diagnosis of doubtful cases.

Many, if not al I mal ignant melanomas are underlain by a zone of

chronic infìammatory ceì I infi ltration. This is cited as indicative of

the malignant nature of the lesion. However, ìnfìammatory celIs are

also present in the vicinity of I'juveni le melanomas", and thus shouìd

not give rise to erroneous diagnosis of mal ignant meìanoma.

Proqnostic Factors and Survival Rate Relationship

Clark et aì., (.l969) subdivided the invasion of the papillary

dermis into a deep group in which melanoma cel ls accumulate at the

junction of the reticular and papi ì lary dermi s (leveì 3) , and a

superficial group in which they do not (level 2). The overal I
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mortaìity of patients with level 2 to ìeveì ! lesions \^/as 82, 352,

\62, and 522 respe\:tively. The probìem of this method is that it

depends on the identification of the junction between the papiììary

and reticular dermis. ln some parts of the body this is simple, but in

many the ínterface is vague and fhe distinction is very difficult or

impossible to make. There are also other probìems with this method,

which could not make it practicaì in many cases. The correlation

between the max i ma I tumor th i ckness and the rate of metastas i s has

been found to be exceì ìent (Bresìow, 1970,197Ð . The rate of

metastasis as a function of thickness is shown in Table l. This shows

that the rate of metastasis increases with the increase in thickness:

for lesions with the thickness less than or equaì to 0.75 nn it is lZ,

but for the ìesions more than 1.00 mm thick there is a high metastasis

rate of 842. The correlation of maximal thickness and the rate of

metastasis in the study of melanomas from aìl body sites was found to

be very close with a correìation coefficient of 0.!Ji (Bresìow, 197Ð.

Simultaneous statistical analysis of the thickness and leveì of

invasion (Wanebo, 197Ð revealed the maximaì thickness to be superior

to the ìevel of invasion in predicting mortal ity. lt has been found

now that once thickness is measured, there is littìe that can be added

by determining the leveì (Geeìhoed E Breslow, 1977). This was also the

concìusion of various studies of meìanomas of the extremitiesz JjZ of

the avai labìe prognostic information was recovered when thickness was

measured first, ìeaving only j?t to be recovered by determining the

I eve ì (Bres I ow, 1978) . l,lax ima I tumor th i ckness has been f ound to be an

independent variable and 'rthe singìe most important determinant for
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Table I

TH E RATE OF T4ETASTAS I S AS

A F UNCT I ON OF PR I I'IARY TU¡îOR TH I CKN ESS

Th i ckness (mm) Number of cases Zl4etastas is

o-0 .7 5

0.76-ì.50

1 .51-2.25

2.26-3.00

greater than

3 .00

33

33

69

84

5\

27

r9

t3

25

Taken from Ariel (1981).
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stage I di sease" (Day et al ., 1982) .

flore recentìy Baìch et aì. (1980) ; Balch et al. (197Ð; Day et

al. (1981 a,b,c,d) ; Day et aì. (l982a,b,c,d,e) ; Wick et al. (1980) ;

Sober et al. (197Ð; Sober et aì. (1980) ; and Sober et at.

(l983a,b,c,d); have found that: (l) thickness in mi I I imeters, of

pr i mary tumor, and (2) anatom i ca I I ocat i on of the pr i mary tumor are

the two most important variables which highìy correlate with the

survival time of the patient. The survival rate for cutaneous melanoma

wíth distant metastases (cìi_nical stage 3) has been found zero,

because al I these patients eventual ìy died of disease within .five to

sixteen months. Approximately 3OZ of cì inicaì stage 2, pathoìogical

stage 2 patients I ive for five years, and ìO-year survival is

uncommon. Balch et al. (ì980) had no l0-year survivors among this

group. ln clinical stage ì patients, the survival rate depends on many

prognostic factors (l'lcGovern, 1976). Tney include thickness of the

l es i on, l ocat i on of the l es i on, sex of the pat i ent, âgÊ of the

patient, and number of mitoses per square mm in a standard section.

The probabiìity of death from cìinicaì stage I melanoma has been

tabulated in Tabìe I I by primary tumor thickness. Table I I I shows the

probability of death in the first seven years after diagnosis of

cl inical stage I melanoma by tumor thickness and anatomical location.

Some of the important facts regarding survival and prognosis are as

fol lowíng: (l) Specific location and primary tumor thickness are

better than any other comb i nat i ons for pred i ct i ng recurrence and

death; (2) Clinicaì stage I melanomas ìess than 0.85 mm. thick have an

excelìent patient survival rate (greater than g5"¿); (3) Clinical



Table I I

PROBABILITY OF DEATH FROI4 CLINICAL

STAGE I ¡lELANOI1A BY PR II4ARY TUI,IOR TH I CKNESS

Thickness Two E half Five Seven E half

years years years

rn mm in percent in percent in percent

ì ess than 0.85 I

(N= I 90)

0.85- I .69

(N=l /8)

t .70-3.6t+

(N=t5t)

greater than equaì

t-o 3.65 \3

(N=7 9)

3l2l+12

8259

N is the number of cases investigated.

Taken from Sober et al. (ì983).
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Table I I I

PROBAB IL ITY OF DEATH (Z) FROI4 I'lELANOI4A IN THE

FIRST SEVEN YTARS AFTER DIAGNOSIS OF CLINICAL STAGE I

HE LANO¡{A

Th i ckness (mm) Non-BANS Non-BANS Non-BANS Hands E Feet BANS

Extremities Head Trunk

Exc ì ud i ng and

Hands 6 Feet Neck

o-o .85

0.85-t.69

1 .70-3.6t+

greater than

equal to 3.65 17

22

\2

67

4023JÞ

35

lj{

78 t00

The tabìe shows seven-year death rate from melanoma determined

by the Iife tabìe analysis of 598 clinical stage i patients from

the l,lassachusetts Generaì Hospital and New York Universìty t'ledicaì

Center. BANS=upper Backr posterolateral Arm, posterior and lateraì

Neck, and poster i or Sca ì p.

Taken from Sober et al. (lgA:).
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stage I meìanomas from 0.85 mm to ì.61 mm thick anywhere on the body

excluJing the posteroìateraì portion of the arm rareìy metastasize and

have the same excel lent patient survival rate; (4) Cì inical stage I

patients with meìanomas greater than or equaì to 3.65 mm thick on the

trunk and those with meìanomas greater than 2.75 nn thick on the hands

or feet nearly al ì die of melanoma; and (5) The cl i nicaì stage I

patients most I ikeìy to benefit from elective regional node dissection

are those with melanomas from 0.85 mm to 1.69 mm on the upper back,

posterolateraì upper arm, poster ior and ìateral neck, and poster ior

scalp, and most patients wi th melanomas .l.70 
mm to 3.64 mm thick.

However, an early totaì excision may save or at least proìong tne i ife

of the patient of any category (Gumport et al., l98l) .

Ear ly Detect ion of Pr imary lçla ì ignant l'lel anoma

Hany salient features of maìignant meìanoma such as bleeding,

tenderness , and I ack of hea I i ng occur very I ate. But for ear I y

detection of malignant melanoma (level I to level 2), change in size,

change ìn color, and change in elevation are found to be the most

often seen features. Since primary tumor thickness is a more accurate

predictor of prognosis than level of invasion, and ìevel of invasion

and thickness of lesion are highly correlated, it has been found by

Sober et al. (,l983) that thickness, size, color, and elevation form

the best combination of frequentìy seen symptoms for the detection of

earìy meìanomas. Tabìe lV shows the percentage of patients who

reported the presence of a symptom or change in sign in a study of
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PERCENT OF

S I GNS AND

Table lV

PAT I ENTS PRESENT I NG WI TH

SYI-4PTO¡1S BY PR I ¡{ARY TUMOR

THE FOLLOW I NG

TH ICKNESS IN I4I'1.

Th i ckness 0-0.84 0.85-r.69 I .70-3.64 >=3.65

S ize

Coì or Change

E I evat i on

Bìeeding

Uìcer

Tenderness

Itching

55

49

\6

r3

5

I

12

5o

48

5t

)E

t5

7

20

51

l+7

59

\5

33

rÀ

28

72

58

8z

63

\5

r9

\6

Taken from Sober et al. (1983).
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598 patients conducted by Sober et al

percentage of pat i ents present i ng wi th

of i nvas ion (wi ct< et a I . , l98o) .

(lge¡) whi ìe

the signs and

Table V shows the

symptoms by ìeveì

The meìanoma danger signs, âs described by the Skin Cancer

Foundation, New York, are any of the foì ìowing in ìocaì ized area of

the sk i n.

l). Change in size: sudden increase in size is of special

concern, slow change is much more common. This change in

size may be found unevenìy in all the three dimensions. For

example, in the case of superficial spreading meìanoma,

horizontaì spread of cel ìs is common in the very earìy phase

which is immediately fol lowed by lateral spread. But in the

case of nodular melanoma, the lateraì (vertical) growth is

seen more frequentìy.

2) . Change in color: slow or sudden darkening of brown or

black shades, or the mixing of shades of red, white, and

bìue.

J). Chanqe in shape or elevation: finding of an irregular

border wi th or wi thout notches of a ì es i on wh i ch used to

have a regular border. The eìevation above the surface or

the total thickness which is more precised and relaible, is

another important sign. The i rregulari ty of the border of

mole is usual ly accompanied by change in shape of the mole

(for example from round to oval shape).
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Tabì e V

PERCENTAGE OF PAT I ENTS PRESENT I NG

S IGNS AND SYI4PTOI4S BY LEVEL

WITH THE FOLLOI./ING

OF INVASION

LEVEL

IVlltil

S ize

Color

Eìevation

Bìeeding

Ulcer

Tende r nes s

Itching

71

55

56

l0

4

o

2l+

68

55

65

26

r3

lr

25

6\

5\

6l

\2

27

15

36

83

6l+

8o

5t+

43

l8

\3

Ref.: Wick et al., 1980.
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4). Chanqe in surface characteristics: flaking, scaì iness,

oozing, crusting, uìceration, bìeeding, appearance of a

noduìe or bulging, etc. These signs may be seen in maì ignant

meìanomas but usuaì ìy are observed late or very late.

Thus, from these facts and investinuaionr, it is evident that

changes observed in the three-dimensional size or shape (growth of

ceì ls in aì ì the dimensions) and the color of the skin lesion over

time are the most useful features in recognizing early mal ignant

meì anoma. Tota I th i ckness i s the most common and strongest prognost i c

factor found in all prognostic models. This suggests that earìy

detection of primary cutaneous malignant melanoma (superficial

spreading meìanoma, and noduìar melanoma, in particuìar) may be

feasibìe by three dimensional computed tomography of lesions and by

observing the above mentioned parameters over time. This wi I I aì ìow

the possibìe excision of the lesions in time to save the I ife of the

pat i ents.
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Chapter 3

PROCEDURES AND I'IETHODS:

TRANS I LLUI'lI NAT I ON AND THE NEVOSCOPE

Computed Tomography by transi I lumination is a case of the inverse

radiative transfer problem, and received its first mathmetical

solution in this form by Chandrasekhar (1960 a,b). Here, it has been

treated in a simpìer fashion, in effect considering that the nevus

ceì ls act as absorbing objects seen against a bright

(transiìluminated) background (cf. Anderson et ä.l., l98l). Dermal

scattering plays a major role in determining the depth to which

radiation of various waveìengths penetrates the dermis (Hardy et aì.,

1956; Bachem t Reed, 1929). ln general, ìonger wavelengths across the

UV-visible-near infrared spectrum penetrate the dermis to a greater

extent than do shorter wavelengths. The absorption ánd scattering in

the dermis ìayers aìso determine the appearance of different colors in

skin ìesions. For exampìe, the appearance of blue skin nevi can be

explained based upon this fact. The average dermaì pathlength and

depth of penetrat i on of rem i tted ì onger wave ì engths (such as red)

ì ight is larger than that of shorter wavelengths (such as blue) I ight.

This is because of increased scattering at shorter wavelengths. ln

blue nevi, melanin is pathologically deposited fairìy deep in the

dermis. Blue I ight encounters less of the dermaì ìy deposíted meìanin
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Figure 3.1. Schernatic diagran of optlcs of human skin.
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than red I i ght, and may therefore suffer ì ess absorpt i on. Such

differentiaì scattering is the onìy means by which a pigment, such as

melanin, which absorbs shorter waveìengths more strongìy than'l onger

waveìengths, can produce bìue coìor (Anderson E Parr i sh, l98l) .

The Opt i cs of Human An Overv i ew

lJhenever skin is involved as the site for photo-bioìogicaì

reaction, its opticaì properties pìay a major roìe in affecting the

response. Radiation passes through the stratum corneum before reaching

tissues, and hence the thickness, composition, and morphoìogy of the

stratum corneum is aìways a modifying factor. Having reached viabìe

t i ssue, the rad i at i on i s scattered and absorbed by structures and

chromophores which vary dynamical ly and between individuals (Anderson

E Parrish, .l980).

To understand th i s, cons i der the opt i cs of norma ì sk i n as shown

in Figure l.ì. At nearìy perpendicular incidence, a smal I fraction of

an incident radiation is reflected due to the change in refractive

i ndex between a i r (ref. i ndex = I .0) and stratum corneum (ref.

index = 1.55) (Scheuplein, 1964) . For normal ìy incident radiation,

this regular reflectance of an incident beam from normaì skin is

aìways between 4Z and 7% over the entire spectrum from 250-3000 nm,

for both white and black skin (Parrish et al., 1978). This same

air-tissue optical interface also causes internaì reflections of

diffused, back-scattered radiation. Because the surface of the stratum

corneum is not smooth and planar, skin reflectance does not maintain

Sk in:
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an image. Also, a beam of col I imated incident radiation, upon passing

through th i s surface and i nto the sk i n, i s refracted. These effects

are similar to those which make ground glass translucent, compared

wi th the transparency of pol ished glass.

W i th i n any of the ì ayer s of the sk i n, the 93% to 96?6 of the

incident radiation not returned by regular refìectance may be absorbed

or scattered. These two process taken together essent i a ì ì y determ i ne

the penetration of radiation into the skin, as weìl as remittance of

scattered radiation f'rom the skin. Scattering resuìts from

inhomogeneities in a medium's refractive index, corresponding to

physicaì inhomogeneities. The spatial distribution and intensity of

scattered ì ight depends upon the size and shape of the inhomogeneities

reìative to the wavelengths, and upon the difference of the refractive

îndex between the medium and the inhomogeneities (Anderson et al.,

l98O). For molecuìes or smal I particìes with dimension less than one

tenth of the waveìengths, scattering is generaì ìy weak, polarized, and

varies inversely with the 4t¡r power of wavelength (Rayleigh

scatterins) . For part i c I es wi th d imens i on on the same order as the

wavelength, scatter i ng i s much stonger and forward-di rected. When the

particle size greatly exceeds the wavelength (so cal led tlie

scattering), scattering is again diminished and becomes highìy

forward-d i rected. Al I these types of scatter i ng occur wi th i n the sk i n

(Parrish et al., 1978).

Kubel ka (i954) presented a modeì for rad i ation transfer i n a

turbid, absorbing medium. Anderson ê Parrish (198.l) uti I ized the

Kubelka-l'lunk modeì in the problem of optical radiation transfer of
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skin to measure the transmittance and remittance of skin layers. They

considered the dermis as a turbid tissue matrix and found that with

the dermi s, opt i ca l scatter i ng was an i nverse funct i on of wavel ength

and largeìy defined the depth of optical penetration.

ln the visibìe part of the spectrum, melanin is essentiaì ìy the

only pigment affecting the transmittance of normal human epidermis.

This causes a wide range of dìscernabìe skin coìors from "bìack" to

rrwhiter'. The 300nm transmittance of full thickness suction-separated

epidermis including the basal cel I ìayer varies by 2 lo J orders of

magnitude from Caucasian to darkly pigmented Negro individuaìs (Hais,

1969). The ìack of significant absorption by meìanin for wavelengths

ìonger than l,100 nm, and increased absorptíon at shorter waveìengths,

have been observed (Anderson et al., l98l) .

For dermis the transmittance is both higher and forward-directed

for longer wavelengths over the region between 0.5 and 1.25 um.0n the

other hand, scatter i ng i s of major importance i n the dermi s. Dermal

scattering plays a major role in determining the depth to whích

rad i at i on of var i ous wavel engths penetrates the derm i s. Scatter i ng

makes it possible for a bìack pigment such as melanin to produce

different colors. l'lelanin absorbs shorter wavelengths more strongly

than ìonger wavelengths. The opticaì scattering is also an inverse

funct i on of wave I ength .

Anderson found that up to 1% of the 605 to 850 nm waveìength

region penetrates the entire human chest waì l, post mortem (Anderson

et âì., l98l). l,lore than 25?4 of the incident radiation density of
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wåvelengths ranging from 400 to 800 nm can penetrate approximateìy

0.5 to 3 mm deep for fair Caucasian skin (cf. Anderson et al., l98l).

These data are based on a highìy simpl ified model of human dermis

(ttu¡elka-Hunk model for radiation transfer in turbid, absorbing

med i um) .

Thus, the stratum corneum and epidermis provide an opticaì

barrier primari ìy by absorption of radiation, and to a lesser degree,

by opticaì scattering and refìection. The dermis may be considered a

turbid tissue matrix within which optical scattering ìargeìy defines

the depth of penetrat ion and apparent col or of sk i n ìes ions. l'loreover,

the absorption bands present in the remittance spectra of skin can be

used to moni tor or anaìyze the pigmentation responses (Anderson et

ã1., 198.|) .

The Nevoscope

The prototype nevoscope has been bui lt out of a pìexigìass

cyl inder machined to fit around the objective ìens of a Wi ld t48

stereomicroscope. Nyìon screws permit it to be moved up and down along

the tube of the objective lens for focussing. A plexigìass plate

screws on to the bottom of the cylinder. This plate (Figure 3.2)

contains a trapezoidaì slot. Two front surface mirrors

(9 x l9 x 1.8 mm, Efstonscience, Toronto) were gìued onto the sìanted

parts of the slot at intended angìes of 45 deg and 22.5 deg from the

vertical. The actuaì angìes were measured by refìection of a beam of

light and were found to be 45 deg and 23 deg respectively. Light for
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Figure 3.2. View angles and line diagram of nevoscope.

( ii)



Figure J.l. Nevoscope mounted on a stereomicroscope.
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imaging was provided by a Voìpi (switzerland) heat fi ttered

iìluminator using Philips #6t+4 l5v, l5oVJ bulbs. Two of its three

fiber optics bundìes were directed in a pìane perpendicular to the

sìot through two holes driIled at Ir! deg through the cyìinder and the

pìate (Figure 3.2). These were alìowed to protrude slightìy (about

2 mm) so that they would dent the skin and make direct contact with

it. (The protruding edges of the mirrors were ground down with a

carborundum stone to a I ì ow the sk i n to buì ge i nwards next to the

si lvered surfaces.) Some of the superficiaì ìy backscattered I ight was

blocked off with black tape on the lateral wal ls of the trapezoidaì

slot. The transi ì luminated image, so obtained, was recorded on 35 mm

Panatonic-X (xoaal) film and then the film was digitized using a sony

(..lapan) video camera AVC-3260 with a Nikon 55 nn macro lens.

Digitizatíon was accompl ished at a six bit resoìution averaging

8 consecutive frames by Gr i nneì I G¡lR-27 frame buffer.

For surface illumination, the third optics f iber bundle

d i rected at the nevus through the transparent cy ì i nder .

transi I ìumination was not blocked.

The nevoscope b/ith the stereomicroscope is shown in Figure l.l.

was

The
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Chapter 4

PROCEDURES AND HETHODS: .

HISTOLOGICAL SERIAL RECONSTRUCTION OF SKIN LESION

Since it \^/as important to study and compare the histological

sections of a skin lesion (nevus or melanoma) with the computed 3D

reconstruct i on of the same ì es i on, nevoscopy was performed on a

cadaver. A nevus on a cadaver was first trnasilluminated in situ using

the nevoscope and then excised the tissue to obtain histological

serial sections.

After excision, the tissue was fixed to prevent postmortem

changes and to minimize shrinkage and distortion during subsequent

procedures. The tissue was dehydrated after fixation and then embedded

for sect i on i ng.

The lesionrs left top corner was marked on the skin of the

cadaver before the tissue was excised. To orient the tissue properìy

for cutting sections perpendicuìar to the skin, the tissue was first

trimmed into a cubic shape. A dissecting needìe was pierced across the

dermis to the ìeft of the lesion. A fine wire was pushed through the

needle and ìeft in pìace during fixation to make a hole across the

dermis. The fixative used just after excision of tissue was 10?6

neutral buffered formaì in. After keeping the tissue in formaì in for
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24 hours, it was dehydrated in 302,5O2, 7OZ, and 9OZ aìcohol for

ì5 minutes each. Then it was put in absolute aìcohol for 20 minutes

and in methanoì f or 20 minutes. lt was inf i ltrated in 'rsoìution A"

consisting of glycoì methacryìate, butoxyethanoì and benzoyì peroxide

overnight. Embedding was done with a JB-l+ Pìastic Embedding Kit with a

solution A plus'rsolution B" consisting of Poìyethyìene gìycol 400 and

N-dimethylani I ine.

After embedding the specimen in plastic, serial sections were cut

using a Sorval ì JB-4 (Connecticut) Hicrotome with a gìass knife.

Sections were cut with a thickness of 5 microns and then mounted on

plain sl ides and dried at 6o aeg c for 48 hours. Standard staining

procedure with hematoxyì in was used (Humason, lgTg). After staining,

sections were mounted on the slides with Protex mounting coverslips.
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Chapter !

PROCEDURE AND iIIETHODS:

II'4AGE PROCTSS ING SYSTEI'1

The image process i ng system used cons i sts of three major

components: A) the image input devices such as a I ight tabìe,

microscope, video camera, etc., B) an image processing buffer with

digitizer and dispìay, and C) a minicomputer or computer with

peripheraìs. A schematic block diagram of the image processing system

is shown in Figure !.ì.

Al ì programs for image processing except the two-dimensionaì Fast

Fourier Transform (FFT) and Wiener fi lter were implemented on a

Contro I Data Canada (Toronto) Cyber 171 computer at the l'led i ca I

Coì ìege campus of the University of Hanitoba, Winnipeg, Canada ìn the

Pascal language (University of It1 i nnesota compiìer) . The

two-dimensional FFT and Wiener fi lter programs were written in the

F0RTRAN lV language. Fiìe handling of images was performed with the

Cyber Control Language (CÇL) and N0S operating system commands.

Documented programs are given in Appendix A.

The images were displayed on a Conrac (Covina, Calif .) co'l or

television monitor via a jl2 x 480 pixel Grinnell Gl4R-27 (San Jose,

Caì íf.) frame buffer with lO bit planes connected to the Cyber
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Figure !. l. Block diagram of image processing system.
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computer via two CA|4AC crates I inked by a seriaì highway. lmage

enhancement, threshoìdi r,g, and boundary trac i ng were carr i ed out us i ng

the CDHS Hanitoba Video Processor (¡,tVP) software. Digitization was

accompl ished at 6 bits density resoìution with averaging of I

consecutive video frames by the frame buffer. The video images were

acquired with a Sony video camera (AVC-3260) using a Nikon (¡apan)

55 nn macro ìens on a C-mount adapter.

The grey scale 0-6J for acquired 6 bit resolution video images

was transformed ìinearìy to 0-255 (8 ¡its). The Fourier magnitude

spectrum images were transformed to a higher grey scale (to enhance

the detai ls) before thei r photographs were taken. Photographs were

taken wi th a Lang System Vi deos I i de l! mm camera un i t us i ng J2 and

400 ASA Kodak b I ack and wh i te f i ì ms .
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Chapter 6

PROCEDURES AND 14ETHODS:

II4AG ING OF P IGI'IENTED SK IN LES ION

Alqorithm to lsolate Helanotic Lesion from Surrounding Skin

Before a subset of an image (that part of the pi cture wh i ch

contains only the object of interest such as pigmented ìesion in the

photograph of ìesion on the skin) can be characterized, it is

necessary to isolate it from the background. A computer algorithm has

been developed to separate the pigmented lesion from the background of

surrounding skin (Dhawan et âì., 1985). This approach is different

from those ordinariìy used in automated cytology to separate the image

of a cel I from its background (Wiea et al., 1976), because pigmented

lesions (nevi or melanomas) may have faint irreguìar margins which

must be included unl ike the relativeìy wel I defined boundaries of

celìs. The aìgorithm is based on an image processing method calìed

"Region Expansion" along with an adaptive histogram technique.

The h i stogram techn i ques for i mage enhancement and i mage

segmentation are wel ì known in image processing (Gonzalez E Wintz,

1977; Hal l, 1979; Rosenfeld ê Kak, .l982). lmage segmentation by

histogram threshoìding (Rosenfeld, 1969; Hal l, 1972) is an approach

based on dividing the grey scale into bands and using thresholds to



-66

determine regions or boundary points. The accuracy of this approach is

entirel'/ based on the computation of thresholds. The problem of

finding such thresholds for optimum results was discussed by Chow E

Kaneko, (1972) for outl ining boundaries of the left ventricle in

cardioangiograms. Their approach included preprocessing by ìogarithm

transformation of every pixe1, subtraction of images and averaging of

severaì angiograms before computation of optimaì thresholds. The

method finds the threshoìds for a region of interest and the remaining

regions of the image. I t then assigns a threshold to every point in

the image by interpoìating the original thresholds of the region of

interest and remaining regions. But these methods do not isolate an

i rregul ar reg i on of i nterest from i ts background and tire i r performance

depends on how weìl the region of interest is defined. This approach

is much simpler and aìlows both sensitive and specific isolation of a

pigmented lesion from the surrounding skin.

The aìgorithm takes as input the image to-be partitioned into

lesion and backgound, a rectangular subset of the image containing

onìy the lesion, and another rectanguìar subset containing only an

area of the background. Al I pixels touching the rectangular subset

containing lesions are considered for inclusion in the lesion. The

nearest neighbors of the included pixeìs then have their nearest

neighbors tested for incìusion in the lesion, etc., until the

rectangle has been "grown outrrto include the whole lesion.

The decision to include a given pixel in the lesion is made if

the normal ized histogram for the part of the region processed so far

has a greater number of pixels with that same grey level than the
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background does. The pixeì must also be adjacent to at least one pixel

which is already considered to be part of the ìesion (considering only

connected regions). The algorithm is as folìows:

Step I : Acquire two subimages, one consisting of pixels lying

entireìy within the lesion, the other consisting entirely

Step ll:

Step lll

Step I V:

Step V:

of the background.

Compute the histogram of the Iesion subimage.

Compute the histogram of the background subimage.

Compute a ì i st of coordinates of the pixels which wi ì I

constitute the initial border of the ìesion subimage.

For each pixel in the I ist (tirst generated in Step lV)

check each of i ts 8-nearest ne i ghbors ( i gnor i ng those that

a I ready be ì ong to the I es i on) to see whether the ne i ghbor

ought to belong to the lesion. lf for the grey level of the

pixeì being checked the percentage of the ìesion¡s current

norma I i zed h i stogram i s greater than the backgroundr s

current h i stogram,

then

l) add

assign the pixeì to the lesion:

to the histogram of the lesion and recompute the

A.

it

normalized histogram;

2) add the pixeì's coordinates to

step I V) of pi xel s to be

belonging to the region.

otherw i se

the ì i st (star ted i n

searched for ne i ghbors
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Step Vl:

B. assign the pixeì to the background:

l) add it to the histogram of the background and recompute

the norma ì i zed h i stogram of the background;

When the I ist of boundary pixels (pixels to be checked for

inclusion in the ìesion) is exhausted, expansion of the

I es i on sub i mage stops.

Since the aìgorithm continuaìly changes the histograms of the

lesion and background, cal ìed an I'adaptive histogramil method. The

technigue is analogous to the region growing method (Rosenfeld ê Kak,

1982) which tests smal I groups of points cal led cel ls, for incìusion

in an object, and accepts them if their textures resembìe that of the

object sufficiently closeìy. But it appears to be distinct from other

boundary finding or region growing algorithms (Zucker,1976).
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Chapier /

PROCEDURES AND I4ETHODS:

3D U'1AGE REC0NSTRUCTt0N FR0t'4 A L u4tTED NUt'4BER 0F VtEI^tS

lmage Reconstruction: An Overview

The problem of reconstructing three-dimensionaì objects from a

set of two dimensional (2D) projected images has been dealt with in

many ways in different fieìds. The process of reconstruction creates

an image from projections of the three Cimensionaì (3D) object

obtained onto a two-dimensionaì surface such as fi lm. Thus, the

reconstruction probìem is: given a subset of alì possible projections

of an object, Êstimate its internal density distribution. A 3D

reconstruction problem can usuaììy be reduced to a 2D reconstruction

probìem. This is accompl ished by using projection data taken across

paraì'l el planar cross-sections of the object, and stacking the

reconstructed two dimensional cross-sections in the third dimension.

But the prob I em becomes cr i t i ca I when the proj ect ì on data are very

I imited (Herman, 1980). The reconstruction algorithm takes projection

data as input to estimate the original structure based on the given

data (projections observed from different angìes). ln continuous

space, the projections are, to a first approximation, simply time

integrals of the image (object), measured for different ray positions
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and angìes. (tne set of projections is also known as Radon transform

of the image, named after the originator of the principìe). ln

pract i ce, however , d i screte measurements are made, and the so I ut i on to

the problem can be formulated variousìy as convoìving, backprojecting

and summing the given projection data; compìeting the corresponding

Fourier space, Soìving a set of simuìtaneous equations; optimaì

estimation of the image satisfying the constraints imposed by the

given projections, etc. Each of these methods has its own advantages

and disadvantages which determines. its suitabi I ity to a particuìar

reconstruction problem. ln the case of limited data, the

reconstruction is very poor, if proper numerical methods are not

adopted dur i ng the reconstruct i on procedure. The usua I methods of

reconstruction from projection such as summation, Fourier transform,

and other algebraic formulations cannot give satisfactory results

without major modifications in the procedures, and often fail even

then.

Summatìon is the simplest aìgorithm for reconstruction. The

principìe underlying this technique is the same as in cìassical

tomography: the density of each point is estimated by adding aì I the

ray sums (estimated time integraìs of the densities) of al I the rays

through the poi nt. The pl anar vers i on of the summat i on method was

discovered in electron microscopy by Vainshtein (1970) and Gordon et

al. (1970). Because the projections are spread back across the

reconstruction plane this method is also caì led "back projection"

(Crowther et â1., ì970). (See also Gaarder t Herman, 1972). The

accuracy of the summation method is limited as it blurs out the sharp
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features of the originaì image.

ln the Fourier transform method the projections are transformed

into Fourier space to obtain some of the values of the fuì I Fourier

spectrum of the unknown image. Each projection yields values on a

radiaì I ine in Fourier space. 0ther unknown values of the ful ì Fourier

spectrum are obtained by interpolation from the values at the known

radial I ines. After interpolation the reconstruction is obtained by

taking the inverse Fourier transform. The Fourier transform method was

first discussed by Bracewell (1958) for the reconstruction of

brightness distributions from strip integrals in radio astronomy, and

suggested by DeRosier ê Klug (ì968) for the reconstruction of 3D

structures from electron micrographs. Crowther et al. (1970) and

DeRos i er (l 97 l) d i scussed the mathemat i ca I aspects of the approach

with exampìes showing eìectron micrograph reconstructions. The

problems associated with this method are the computational

difficuìties of interpolation and selection of a cutoff to the

(infinite) Fourier plane. Any type of interpolation procedure cannot

prov i de exact va l ues of Four i er components, even wi th i n the des i red

resolution.

Radon (.l917) discussed the reconstruction problem anaìyticaì ìy in

the form of a set of integraì equations and presented an ànaìytical

soìution. ln this method the relation between the image and its

projections is expressed by a set of integral equations which are then

solved anaìyticaì ly. The image elements are estimated based on the

analytical soìution. Several methods of numericaì ly evaluating the

integraìs to estimate the analytical solution are avai lable. These



72

include the methods of Bracewell S Riddìe lgel), Ramachandran 6

Lakshminarayan (l97la,¡), Gi ìbert (1972a,b), and Vainshtein 6 0rtov

(1972). Different approximations are used in these methods which yieìd

d i fferent est imates of the structure to be reconstructed. Because th i s

method of reconstruction is simpìy a numerical method for evaluating

the anaìyticaì solution of the integraì equations, the numericaì

implementaion may yieìd different results in practice than what are

expected in theory.

ln series expansion methods it is assumed that an image, which is

to be reconstructed, can be sufficientìy approximated by a ì inear

combination of some pre-determined basis images. The unknown

coefficients in this ì inear combination are estimated from the

equations obtained by expressing the projections of the unknown image

as l inear combinations of the projections of basis images. Thus, for

example, if one assumes that the object ì ies within some square region

and can be approximated by combining identicaì little square regions,

then he can caì I the I íttle square region (pixel) as a basis function.

The digitized version of the image can now be obtained by defining

average values of the image in the little squares. Series expansion is

a feas i b I e approach to the reconstruct i on prob ì em because the

projection operatíon is linear. Gordon et al. (1970) proposed

Aìgebraic Reconstruction Techniques (ART) which are iterative methods

of this class. Herman et al. (197Ð proved that unconstrained additive

ART converges to the solution with the smaì lest variance. With noisy

projections, images produced by ART in successive iterations are, at

first, better and better estimates of the image to be reconstructed,
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iveìy worse. A

on er ror was

197 t+) .

workabl e convergence cr i ter

proposed by Herman et

ron

al.

The seìection of a parti

reìative to others depends on the

projections, and how the projeóti

cu ì ar techn i que and

object, the number

on data are col lected

i ts performance

and ang I es of

ln this thesis, a dist

prob ì em has been presented.

ì imi ted-view reconstruction by

I i near) i s carr i ed out. Second,

aìgori thm is deconvolved.

i nct i ve approach to the reconstruct i on

I t i nvol ves two stages. F i rst, a

one of the above algorithms (which are

the 2D point spread function of that

For the reconstruction probìem in nevoscopy, one has a few images

of the transi I luminated dermal object: The prototype nevoscope gives

onìy three images of the dermaì object: one diagonaì image al l+j deg.,

one verticaì image at l0 deg., and one gìancing image at 180 deg.

Thus, though onìy three views are avai ìabìe to derive only three

projections per sectional reconstruction, a wide angular range of

135 deg is covered for imaging the ìesion. This makes the

interpolations discussed beìow perform better. The problem of

reconstructing an image of the object from only three views is thus an

extreme case in I imited-view reconstruction. Some of the recently

deveìoped limited-view CT reconstruction algorithms were chosen and

modified for this application (Dhawan et al., l984a,b; Dhawan et al.,

1985; Rangayyan ê Gordon, 1982; Rangayyan t Gordon, l983a,b; Gordon E

Rangayyan" 1983; Gordon et al., .l970). These techniques and algorithms
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w;l I now be d i scussed.

The Aìqebraic Reconstruct i on Techn i gue

The Aìgebraic Reconstruction Techninique (ART) is an iterative

procedure which starts with an initiaì estimate of the image and

updates the pixeìs so as to satisfy the given projection data. A brief

description of ART from a digital image processing point of view is

given below (cf . Gordon f' Herman, 197 1+ a,b).

The image reconstruction problem can be posed as follows: Given a

set of projections R(l,k) at angles 0¿, for a number of '¡iews

ì= 1...P, each view having a number of rays k= -K...K, compute an

image p(i,j) such that the raysums S (l,k) of {p(i,j)} are as close to

R(ì,k) as possibìe. The ART aìgorithm updates pixels belonging to

individual rays of a view to meet the raysum criterion as

p?*t(i, j) = pÏi, j) + (R(ì,k) -s?(l,k)/N (l,k)

where N(l,k) is

the iteration

const i tutes one

executed before

cr i ter i on can

AS

(ì)

the number of pixels in the ray (l ,t<) and q refers to

number. The above operation, performed over al ì views,

cyc'l e, and a number of such cycles will have to be

aìl raysum constraints are met. A suitabìe convergence

be set up based on the error of reconstruction defined

Llt8k
%

c'-
lR (r,k) -s? 0,k) l/ R (l,k)
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Equation (l) represents addi tive ART, so cal led because the

correction appì ied is additive. As this can lead to negative vaìues

being assigned to píxels, an additional constraint is essential. This

is done by setting a pixeì to zero whenever the value given by

equation (l) is negative.

The multipl icative version of ART is defined as

oth*t (i,j) = p?^(i,j)n(ì,k) /s?(r,o)
(3)

whìch has the advantage that negative pixel values are not

encountered. The initial values of p0(i,j) must aìl be set positive.

The raywidth at different projection angìes is defined as

tv(t) = max {lcos(0¿) l, lsin(9¿) l}

(2)

so that each

This way, a plot

The SPARTAF Alqorithm

The SPARTAF aìgorithm

F i I ter i ng) prevents streaks

reconstructions made from very

(4)

crosses one and onìy one pixel per row or coìumn.

N(ì,k) versus k will be smooth.

(Streak Preventive ART via Adaptive

and other art i facts that ar i se i n

few views (Rangaraj E Gordon, .l982). 
A

ray

of



Figure J.l. Ray

- t6 -

geometry of projections.

p(i, i)

lray?rÌd.th \

n(1,1ç)
or
s(1.k)
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brief description of the aìgorithm follows. Let a(i,j) denote a linear

combination of the immediate neighbors oi p(i,j) which belong to the

rays to the left and right of the ray passing through p(i,j) (see

Figure 7.1). ln order to prevent the occurrence of streaks, one can

iterativeìy minimize

Z{ p(i,i) - a(i,i) }z

wi th respect to p (i ,j) , subject to the constrai nt

2 n(i'¡¡ = R(ì,k)

(5)

where the summations are over

Appl y i ng Lagrange's method of

algorithm is obtained:

aì ì pixels belonging to ray

undetermined multipìiers, the fol

(6)

(t,k) .

lowing

o +*' (i,j) = a(i,j) + ( R(l,k) -2"(i,j) )/N(l,k)

Q)

where the summation is over al I a(¡,j) associated with the pixels

ray (l,k) . The multipì icative version of the above eguation can

expressed as

p+* | (i, j) = a (i, j) R (t,k) /)a (i, j)

(8)

The important feature of the above aìgorithm is that it tends to keep

the difference between adjacent ray pixels to a minimum, satisfying

tha raysum constraint at the same time (Equation 6).

of

be
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ln order to avoid loss of details, the neighborhood factor a(i,j)

has to be appropriately defined at each location using the information

available at that cycìe in such a way as to both prevent streaking and

avoid indiscriminate blurring of features. For this three contrast

measures are def i ned to hel p determ i ne a ( i ,j) :

rl=[lp-l(i,j) -p(i,j) l*lJtfi,j) -p(i,j) l]ztp'(i
.. +1,.,J)+p (t

rz=[l I (i,j) -p (i,j) l+l r (i,j) -p (i,j) l] /11 (i,j)+r (i,j)+2p (i,j) l

Tl=l ì (i,j) -r (i,j) 
I /11 (i,j)+r (i,j) l

,j)+2p(i,j)l

(e)

ana f t(i,j)

average of

(i,j) is the

,k-l) (see

p(i,j) when

where p(i,j) is a pixel belonging to ray (l,k) , p-l(i,j)

are neighbors of p(i,j) aìong the ray (l,k), I (i,j) is the

neighbors of p(i,j) Ueìonging to ray (l,k+l), and t

average of neighbors of p(i,j) ¡eìonging to ray (l

Figure 7..|). The pixels used are in the 8-neighborhood of

the raywidth is defined as in Equation (4).

Three options are provided in the definition of a (i,j) using the

above contrast measures:

if (T2 > Wl) and (Tl < I,l2)

l.then {possibìe streak}

if T3 > t,J3

i a. then {edge}

a(i,j) = nearer of I (i,j) and r(i,j) to p(i,j)
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lb. el se {streak}

a(i,j) = 0.5(l (i,j)+r(;,j))

2. else fproceed with ART]

o.
a(r,JJ = p'(r,J)

where Wl , W2, and I.Jl are thresholds def ined f or the three contrast

measures to.detect streaks and edges in the reconstructed image. By

setti ng the contrast threshoìds to the maximum possible value of l,

the algorithm may be forced to foì low regular ART.

Alqorithms For Limited-View CT: An Overview

ln many appì ications of Computed Tomography, it may not be

possible to acquire projection data at al I angìes as requìred by most

of the commonly used algorithms. ln such a "ìimited-viewil or

"ìimited-data" situation one faces an ill-posed probìem in attempting

to reconstruct an image from an incompìete set of projections. l'lany

techniques have been proposed to solve this probìem employing diverse

theories such as signal recovery, image restoration, constrained

deconvoìution, constrained optimization, etc.

When a smal I number of projections is used, the reconstructed

i mage suffers from severe art i facts such as streak i ng and geometr i c

distortion. Further, the solution obtained wi I I be non-unique. For

instance, if a basis function approach is used, the set of

simultaneous equations to be solved wi ì I be highly. underdetermined
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(Gordon, 1973; Smith et al., 1977; Smith el aì., 1982; Snyder 6 Cox,

1977; Duerinckx G l,lacovski, j980) . The ìack of information, however,

may be partiaìly made up in fact by adequate a priori knowìedge about

the image or object. Such knowledge may be used to impose constraints

on the soìutions or the reconstruction procedure. The use of more

specific knowledge about the object, when avai lable, regularizes the

i ì ì -posed prob ì em but makes the reconstruct i on procedure

object-dependent and may not be generaììy appl icabìe directly to other

case,s. 0n the other hand, constraints ì ike positivity may be directìy

applied to almost aìl cases, but they may not heìp much in improving

the i mage.

A ìarge number of algorithms avai labìe for I imited-víew CT are

based on lmage-Fourier Space l4ethods which use the projection (Fourier

sl ice) theorem. The I imited-angìe probìem may be characterized by a

cone of missing information in Fourier space corresponding to the

anguìar region (in the object domain) where no projections are

avai lable. This comes about because the Fourier sl ice theorem shows

that the one-dimensional (lD) Fourier transform of a lD projection of

a two-dimensional (2D) image is simply a radiaì sÌ ice of the 2D

Four i er transf orm of the 2D image at a cor respond i ng ang ì e . l'lany

authors have proposed iterative image Fourier-space revision methods

for extrapolation of known information into the missing cone based on

the methods of Gerchberg, (1974) and Papoul i s, (197Ð for

super-resolution and signal recovery. Tam 6 Perez-Hendez (l98la,b) and

Sato et al. (ì98.l) have proposed iterative image revision between

image and Fourier spaces. Byrne E Fitzgerald (1982) appl ied these
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methods in tomography for reconstruction from

specific g priori information, if avai lable,

constra i nts to the rev i sed i mage est i mate and i ts

be noted that such a procedure may be highìy

non- I i near.

partial data. llore

may be appì i ed as

transform. lt shouìd

obj ect-dependent and

Tam (1982) has suggested the use of muì ti spectral imagi ng i n

,ì imited-angle reconstruction. This method separates out individuaì

component substances in the object through multipìe energy scans and

aìso uses non-linear constraints in reconstruction. The use of

orthogonaì expansion aìgorithms has aìso been suggested by lnouye

0979) to estimate the missing cone components in the Fourier space.

This, in fact, is another method for extrapolating the avai ìabìe data

in the Fourier space employing the property of analytic continuity.

The method of orthogona I expans i on, though g i v i ng the exact

limited-data re.construction in theory, is very sensitive to the

presence of noise as wel ì as the numericaì inaccuracies in the given

projection data. The same problems are encountered wi th almost every

image-Fourier space revision method. Aìso, they are good for paral lel

ray geometry on I y.

When fan beam geometry is used, the missing projections do not

correspond to missing sì ices in the Fourier domain. Nassi et al.

(ì982) proposed an iterative reconstruction-reprojection aìgorithm

which estimates the missing views at each iteration based on

reprojection. The method uses convolution-backprojection for image

reconstruction. The authors caì I it a I'software substitute of scanning

process". ln the process of reprojection specific a priori information
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is used as a constraint to the estimation of the revised image and its

reprojections. This makes the i terative reconstruction reprojection

method obj ect-dependent. The i terat i ve convol ut i on backproj ect i on

a ìgor i thm (¡teAott et â I . , .1983) and i terat ive

reconstruction-reprojection techniques presented by Heffernan E Robb

(lgg¡) are other examples of image-projectìon space iterative revision

methods used in limited-view CT.

I n order to reduce the streak i ng art i facts and geometr i c

distortion to reveal extra detai ls from ì imited-view reconstruction,

one requires a safe inversion technique (one that gives a stabìe and

unique soìution). The restoration algorithms may be based on I inear or

non-linear methods incorporating constraints based on a priori

information about the object. The I inear restoration methods include

I'geometric deconvolutionrt (Gordon 6 Rangayyan, 1983; Gordon, Dhawan g

Rangayyan, 1 984) and the 2D deconvo l ut i on method (Dhawan et a l . ,

'l984a, b, c). I shall discuss these methods in detaiì in the next

sect i ons. The non- I i near restorat i on methods appl y to the

reconstruction of non-negative objects. 0ne of these methods is Burgrs

max i mum entropy method (Burg , 197Ð . The Burg method i s a

non-iterative method that provides a positive reconstruction

consistent with the data. The maximum entropy method may be used as an

inversion technique in both image restoration (Frieden, 1972) and

image reconstruction (Wernecke 6 D'Addario, 1977; Gul I & Daniel ì,

ì978). Also, it may be applied iteratively to CT (ll1inerbo, 1979; Kemp,

1980; Burch et ãl ., .|983) . Burch et al. (1983) assumed the

I imited-view reconstruction as avai lable data and the convolution of
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an originaì object with a spatially variant point spread function with

the adCition of noise. The solution is obtained by maximizing the

entropy function of a sei of numbers which represent the pixel values

of the image. The e priori information is appì ied to reach the unique

feasible soìution that fits the actual data. Since the positivi ty

constraint is inherent in entropy maximization, the maximum entropy

restoration methods may provide lower noise (Burch et al., .l983). (See

also Gordon et ãì., l98l+; and Gordon, ì985). There may be some

variations in defining the entropy, but the underìining principle of

maximizing a function incorporating some constraints remains the same

in al I the algorithms (Kikuchi E Soffer, 1979:. Jaynes, 1982; Frieden,

1980a, b). The main disadvantages of these methods are they are very

time consuming. That makes processing of large size images

computational ìy very expensive.

The Baysian approach also alìows one i ncorporate a pr i or i

the unknown sourcei nformat i on to est i mate the m i ss i ng components

functions (Hanson 6 Wecksung, 1983). The Baysian maximum a posteriori

(l1AP) reconstruction method presented by Hanson I WecksunS (1983) is

equivalent to a minimum-variance I inear estimate with non-stationary

mean and covar i ance ensembl e character i zati ons. The authors cì a im that

if the g priori information is specific enough, reasonabìe estimates

of the nul l-space components of the source function can be obtained,

therby reducing the artífacts in the reconstruction. Burg's maximum

entropy method has also been aplied to computed tomography probìems by

Byrne et al. (1983) in a non-l inear restoration model and compared

with other I inear restoration models extending the minimum-energy band

*rO

of
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I imited extrapolation methods based on Gerchberg-Papoul is methods.

The other approach for the opt i mum est i mator i s us i ng the

principìe of maximum I ikel ihood which becomes one of the entropy forms

under different conditions of prior knowìedge. Frieden (lg8¡) has

discussed various maximum ìikelihood (l4L) estimators such as maximum

Shanon entropy, max i mum K i kuch i -Soffer entropy, and max i mum Burg

entropy.

Geometr i c Deconvolution

lmages reconstructed from a ì imited number of projections suffer

from a systematic geometric distortion aìong the direction of the rays

used, and poor contrast at angles not used (Gordon, 1973; Gordon 6

Rangayyan, 1983). This distortion appears because of the 2D point

spread function of the reconstruction process. By appìying the

projection theorem, the problem of removing this distortion may be

reduced to that of estimating the one-dimensional spread function (in

the projection domain) and deconvolving projections computed for a

complementary set of new angìes from the initial reconstruction

(Gordon ê Rangayyan, 1983). An initial reconstruction is obtained

using the avai labìe I imited number of projections with a I inear

reconstruction algorithm such as multipl icative ART.

The procedure of geometric deconvolution can be explained as

follows: I first reconstruct a known test pattern A (Figure /.2) using

projection data P1,P2,.. ",Pl from a I imi ted set of known views at
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Figure J.2. A schemati. ."p."=entation of geometric deconvolution.
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angles dl, s(2,...,d1. The reconstruction is performed using a linear

computed tomography al gor i thm L. I f the test pattern i s a poi nt, as

shown in Figure J.2, I can obtain the point spread function of the

reconstruction process, as in image B. A projection Qìr of B at a new

angìe 0l is now caìculated. The projection Ql of test image A is also

calculated. I can now compute Clr , the function that deconvolves Ql',

to give Ql. Next I reconstruct the unknown image C, using the I inear

aìgorithm L and its known projections Rl, R2,...,Rl at angìesctl,

q2,...,41 obtaining image D, with the characteristic geometric

distortion. A projection Sl ' at the angle &1, for which I have no

measured projection, is calcuìated from image D. Sl I is then

deconvolved using C;t, , to obtain an estimated projection Sl, at

angle 01, of the unknown object C. This operation is performed for

the whoìe compìementary set of angles chosen. The combi ned set of

proj ect i ons i s then used for recons truct i on by another computed

tomography aìgorithm R. Aìgorithm R may be nonl inear, object

dependent, and may incorporate a priori information. lt could also

give different weights to the measured and estimated projections. The

result is image E, a reconstruction of the unknown object with some of

the geometric distortion of image D removed. Geometric deconvolution

al lows any combination of any I inear and nonì inear computed tomography

aìgorithms. ln the exampìes given in this thesis, I used

multipl icative ART

deconvolution.

for both reconstruct i on stages i n geometr i c

Deconvolution i n Limi ted-ViewI mage Res torat i on ry. 2D CT



-87-

The geometric distortion and streaking artifacts are due to the

2D point spread function of the reconstruction process for the given

set of projection angles (Gordon, 197Ð. I have the foìlowing problem:

Given a distorted reconstruction, compute a distortion-free and

noise-free reconstruction of the image. A direct approach wouìd be to

deconvolve the 2D point spread function (Gordon, 1972). This may be

done via Wiener fi ìtering. Klug ê Crowther (1972) and King et al.

(1983) have pointed out the possibi I ity of appì ication of the Wiener

fi ìter in image reconstruction from projections but have not explained

how i t may be impìemented i n I imi ted-view reconstruction tomography.

lf I restrict myself to a I inear reconstruction aìgorithm, the probìem

reduces to that of estimating the point spread function of the system

for a g i ven set of proj ect i ons and perform i ng an appropr i ate

deconvolution. I wi I I show that geometric distortion and streaking

artifacts in limited-view reconstruction can be reduced substantially

by 2D VJiener deconvolution performed using a priori knowìedge derived

from the known proj ect i ons. I have used the unconstra i ned

mul tipl icative Aìgebraic Reconstruction Technique (ART) (Gordon et

â1., 197\a, b) for aìl the images to obtain their limited-view

reconstruct i ons wh i ch were then used i n 2D Wi ener deconvol ut i on.

(These resul ts are d i scussed i n the. next chapter.) The unconstrai ned

multipl icative ART is an iterative reconstruction aìgorithm. lt is

"quasi-linearrrbecause of its slightly spatiaìly variant point spread

function (Andrews å Hunt,1977). For now I wiìl treat the problem as

if this reconstruction aìgorithm were strictly linear.
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TWO-D I ¡1ENS I ONAL DECONVOLUT I ON 14ETHOD

I perform 2D deconvolution on the limited-view reconstruction of

an unknown image via Wiener fi ltering to remove distortion and obtain

a noise-free restored image. I make use of a priori knowìedge derived

from the given projections in the formulation of the Wiener filter.

Assume that the reconstruction process produces

g (x,y¡ from the given projections of an unknown image

(Gonzalez E Wintz, 1977) as:

degraded image

(x,y), modeled

a

f

9 (x, y¡ = h (x, y) trf (x, y) + n (x, y)

(t0)

where h (x,y) is the two-dimensional (2D) point spread function of the

reconstruction process and n (x,y) is the noise introduced. The rr'r'rr

designates 2D deconvolution. The image restoration problem can be

written as that of obtaining an approximationl(*,y) to f (x,y) , given

g(x,y) and a knowìedge of h(x,y) and n(x,y). The Wiener filter

^estímate gives F (u,v), the Fourier transform of ?(x,y) , as:

1(u,,r) - tlH(u,v) l^ ,flH(u,v) l" *t(u,v))lc(u,v)/H(u,v)

(l t)

where G(u,v) is the Fourier transform of g(x,y), H(u,v) is the system

transfer function, and W(u,v) is the noise-to-signaì ratio function in

the frequency domain. Wiener fi ltering may be used if I can estimate

H (u, v) and t,J (u, v) .
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The sysÈem transfer function H (u,v) is obtained from the

reconstruction of a poi nt image by the chosen reconstruction algor i tirm

for the given set of angles. These angìes are the same as those for

which the projections of the unknown image are avai lable. I compute

the 2D Fourier spectra of the point image and its reconstruction, say

J (u,v) and K (u,v) , respectiveìy. The 2D system transfer function is

now computed as:

H (u, v) = K (u, v) /J (u, v)

(l2)

where the noise is assumed to be zero.

One shouìd expect K(u,v) to be the same as the system function

H (u,v) (when J (u,v) i s uni ty for an ideal impul se) . But the system

transfer function differs from K(u,v) because of the finite extent of

the so caìled point image used in image processing, which consists of

a singìe pixel. The Fourier spectrum of a pixel ìmage constructed by

assigning a higher density level to a singìe pixeì than the background

is the Fourier spectrum of a square function because of the finite

dímensions of the pixel.

The noise-to-signal ratio function W(u,v) requires an estimate of

both the noise N (u,v) and the signal S (u,v) . The signal spectrum

S (u,v) is estimated in the fol lowing way. I obtain the 2D Fourier

transform of the I imited-view reconstruction of the unknown image by

the chosen reconstruction algorithm from the known projections. From

the Fourier sl ice theorem, I know that the one-dimensional (ìD)

Fourier transform of a projection corresponds to a radial slice of the



90

2D Fourier transform of the image, at a corresponding angle. I compute

the average of the known p:oj ect i ons, and take i ts I D Four i er

transform. From this I obtain the average lD Fourier spectrum in the

projection domain. I fi I I the 2D Fourier spectrum of the ì imited-view

reconstruction using this average "sl ice" to compute an image spectrum

model. Thus the use of a Þriori information is to roughìy fi I I in

Fourier space with this average spectrum. (0ther interpolation

schemes, such as those designed for the simpler Fourier algorithm,

couìd be used: Lutz, 1975.) Let this f iìled-in spectrum be the

estimate of S (u,v) .

I assume a white noise spectrum N(u,v), introduced in the

reconstruction process, wi th a total energy equaì to a smal I

percentage of the total energy in the image and to be a constant B

independent of u and v. A 2D noise-to-signal-ratio function is now

computed as:

w(u,v) = lru(u,u) 12 /ls(u,v) |

( I ¡)

This is used in the Wiener f ilter Equation (ll).

The restored image may be obtained by taking the inverse Fourier
.^

transform of F (u,v). I have found from the experiments that the choice

of the value of N(u,v)=B is very critical in achieving optimum

restoration. Lack of knowìedge of the 2D noise spectrum and values of

B other than the one that gives optimum restoration cause some

excessive values in the Fourier spectrum the î(u,u). These values may

be cì ipped using S (u,v) as a 2D magnitude cl ipping function. I take

z
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the inverse Fourier transform of the cì ipped spectrum Ê(u,u) to yield

the restored image. Fast Fourier transform (FFT) tecl-rniques are used

throughout the procedure.

Further, the system transfer function may also be obtained from a

basis image ¡(x,y) based on some g priori information about the

geometr ical shape of the object to be reconstructed (Burch et âl .,

1983; Andrews E Hunt, 1977). For exampìe, the basis image may be a

disc image or an eTl ipse image for the objects having cel lular

structures. The function H (u,v) can be obtained as fol lows:

H(u,v) = D(u,v)/B(u,v)

(l 4)

where B(u,v) is the Fourier spectrum of basis image b(x,y), and D(u,v)

i s the Four i er spectrum of the reconstruct i on of the bas i s i mage

(assumed to be spatialìy invarient). The noise has been assumed to be

zero here as in Eq.12.
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Chapter 8

RESULTS AND DISCUSSION

3_q Reconstruction: Simulation

To test the ability to reconstruct the third dimension_using

computed tomography from only three views, I used the simulated

patterns shown in Figures 8.1 and 8.¡. Each pattern, ideaì izing a

vertical cross section through a nevus of a given thickness and

eì evat i on as an el I i pse, was reconstructed us i ng the SPARTAF

aìgorithm, multiplicative ART, multipìicative ART with geometric

deconvcìution, and muìtiplicative ART followed by \,/iener

deconvolution. Aì though the net anguìar range (45 ¿eg-180 deg) i s not

so narrow, the number of views is so smal I as to ìeave significant

anisotropic resoìution (cf. Jaman et al., 1985). The original set of

angles used in SPARTAF, and muìtipl icative ART was 145, 90, and

180 deg. ln geometricaì deconvolution the angìes used for the

compìementary set were 22.5, 67.5, 112.5, 157.5 deg giving eight views

equalìy spaced by 22.5 deg. To remove the geometric artifacts from the

I imited-view reconstruction obtained from unconstrained multipì icative

ART, I used a Wiener fi lter incorporating a priori knowledge derived

from the projections obtained from the three known views. A comparison

of the reconstructions obtained by various aìgorithms is given in this
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Figure 8.'l. Computer simulations of reconstructions of elì ipticaì

"nevi". (a). Test pattern of eccentricity 0.78, arbitrary densities of

20,200 and 2 were assigned to skin, nevus and air, respectìvely. The

densi ties are reversed compared to actual nevi . Reconstructions were

made of the test pattern with angles of l+j deg., l0 deg. and 180 Ueg.

The SPARTAF al gor i thm was used. Reconstruct i on i s shown at the r i ght

side.
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reconstruct i on

in (a). A

of the test pattern and

threshol d of I l0 un i ts

its

was
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Figure 8.2. Measurements on SPARTAF reconstruction vs Ehesholds.
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sect i on.

I took the cr i ter i on of success of reconstruct i on to be a

reasonably accurate estimation of the width and thickness of the nevus

from the reconstructed images. To obtain such measurements from the

simulations, I had to choose a threshold for contouring the

reconstructions. A fit to an eì ì ipse with horizontal ly and vertical ly

oriented axes was caìculated, by f itting it to a boundary trace of the

thresholded reconstruction. For this, the thresholded reconstructed

image was first converted into a binary image, and then the boundary

was traced by chain coding (Rosenfeld 6 Kak, ì982). The major and

minor axes were estimated by counting the number of pixels within the

boundary along the x and y axes, respectiveìy. Then, the area was

estimated by counting the total number of pixels within the traced

bounda r y .

As can be seen from Figure 8.2, the reconstructed major and minor

axes of this fit to an el I ipse match those of the test pattern over a

broad range of threshold values. Thus the choice of a threshold,

anywhere within this range, is not critical. I found that selection of

a threshoìd was required when the SPARTAF algorithm was used. But when

muìtipì icative ART with geometric deconvoìution was used, this probìem

was taken care of by applying a sui table constraint (threshold from

the curves shown in Figure 8.2) during the reconstruction procedure.

Pixeìs with less than the threshoìd value at any stage in the

reconstruction procedure were set to zero. Note that in muìt¡pl icative

ART, a pixel, once set to zero, remains so"
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F i gure 8. ¡-8.5. Test patterns of d i fferent geometr i c structures are at

extreme ì eft. Reconstruct i ons of the test patterns us i ng

multiplicative ART with angles of 4! deg., !0 deg. and .l80 deg. are in

the middle. Reconstuctions of test patterns. using multipl icative ART

with geometric deconvolution, where the compl imentary angles fi ì ì în

every 22.5 deg. are at the extreme right.

F i gure 8. J.
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Figure 8.4. Test pattern-2 and its reconstructions by multi. ART onìy

and multi. ART with geometric deconvolution.
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Figure 8"!" Test pattern-3 and its reconstructions

and multi, ART with geometric deconvolution.

by muì ti . ART only
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I also carried out tests on a pattern simulating a section of a

nevus. This test pattern, as shown in Figure 8.4, has an e1 I ipse with

discs. The discs, representing melanin structure, were assigned a

density of 200 on a 0-255 grey scale. The el ì ipse representing the

nevus was assigned a density of 170 with backgrounds of 20 and 2

representing skin and aìr respectiveìy.

t'lul tipì icative ART wi th geometr i ca ì deconvo ì ut i on appeared to

give better reconstructions than the SPARTAF and plain muì tipl icative

ART algorithms, as is evident from Figures 8.3,8.4 and 8.5. lt aìso

retained the internaì structure of the test pattern when compared with

the reconstruction by multipì icative ART onìy. Thus it is evident that

in spi te of introducing noise and blurring out the boundary of the

test image, the lD deconvoìution method of the geometric deconvolution

aì gor i thm improved the reconstructed image obtai ned from ART.

lmaqe Restoration ÞJ 2D Wiener Deconvoìution

I f i rst obta i ned the 2D po i nt spread funct i on of the

reconstruction process by reconstructi ng a poi nt image by

multipì icative ART using the given set of angles. The rrpoint image"

was chosen to be a pixeì of grey level value 255 in the center of a

background of 25 on a l0lXl0l raster. I shaìl refer such a rrpoint

image" as a "single pixel image" in the next discussion. I observed,

from a comparison of the Fourier spectrum of the test image and its

reconstruction, that the phase values at radial sections corresponding
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F i gure 8.6 . (a) Four i er spectrum of

spectrum of the reconstruction of the

ART using eight views at 55,65,...,

of the system transfer function.

F i sure 8.6 (a)

a po i nt i mage.

point image using

125 des. (c) Ampl

(b) Four ier

multiplicative

i tude spectrum
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Figure 8.6 (b).
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F igure 8.6 (c) .
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to the data projections were simi lar in the ìower spatial frequency

region. I obtained the system transfer function H(u,v) from Eq. l2 and

found that the phase va I ues at rad i a I sect i ons correspond i ng to the

known projections in the low spaiiaì frequency region were nearly

equaì to zero.

To illustrate these aspects, the Fourier transform of a singìe

pixeì image and its ì imited-view reconstruction using muìtipl icative

ART with eight views at 55, 65, 75,..., l2f deg are shown in

Figures 8.6(a) and 8.6(b). The Fourier spectrum displays were enhanced

by a I inear ìookup transformation of pixel values to see and

photograph the details. Figure 8.6(a) shows the superposition of 2D

sinc patterns (ttre Fourier transform of square windows) , because of

the square shape of the pixeì and the square support of the image.

Thus the Fourier transform of single pixel image differs substantial ìy

from the Fouríer transform of an impuìse function. As the Fourier

transform of the ì imíted-view reconstruction of a singìe pixeì image

is aìso affected by the same components (fis. 8.6(b)), it cannot be

directìy taken to be the system transfer function H (u,v) . The system

transfer funct i on therefore has to be obta i ned from Eq. I 2. Th i s i s

shown in Figure 8.6(c). The contribution of the square dimensions of

the pixeì and the square support of the image síze are now removed.

The distinct sinc patterns are not seen in Figure 8.6(c). lnstead, the

streaks, at the correspond i ng ang ì es used i n the reconstruct i on

process, fiây be seen cìearly. Thus, the system transfer function, so

obta i ned, has the spread funct i on of the reconstruct i on process for

the set of ang I es used.
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F igure 8./. A test image.



Figure 8.8.

multipìicative
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L i m i ted-v i ew reconstruct i on of the

ART using eight views at 55, 65,...,

test i mage

I 2! deg.

by



F i gure 8 .1 . Four i er spectrum
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of the test image.
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spectrum of the I imited-view reconstruction shownFigure 8.10. Fourier

in Figure 8.9.
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I used a test image consisting of a disc inside an eìlipse with

the grey leveìs of 255 and ì75 respectiveìy on a grey leveì scale of

0-255. The background in the test image was assigned a grey ìevel

value of 20. The test image and its l imited-view reconstruction,

obtained by unconstrained multipl icative ART using eight views at 55,

65,75,85,95,1o5, 115, and l2f deg are shown in Figures 8.7 and 8.8

respect i vel y. The characteristic geometric distortion in the

I imited-view reconstruction can be seen along the view angìes used in

the reconstruct i on process. The Four i er spectra of the test image

(figure 8.7) and its reconstruction (Figure 8.8) are shown in

Figures 8.! and 8. lO. lt is evident from a comparison of Figures 8.1

and 8.10 that the Fourier spectrum of the ìimited-view reconstruction

has no significant spatial frequency information aìong radial ì ines

(lines through the origin or dc value in Fourier space) corresponding

to the angles not used in the reconstruction process. lt shouìd be

noted that the lD Fourier transform of the lD projection at the angle 0

(with respect to horizontaì axis) is the same as the components aìong

the radial I ine incì ined at (90+Þ deg. with respect to horizontal axis

in the 2D Fourier transform of the image.

The Fourier spectrum of the limited-view reconstruction, obtained

as expl a i ned above, was used to compute the 2D noi se-to-s i gnal rat i o

f unction W(u,v) assuming a white noise spectrum N (u,v) with a constant

value equaì to 2.0% of the variance of the reconstructed image g(x,y¡.

Figures 8.ll(a) and 8.ìl(b) show the filled spectrum and the 2D

noise-to-signal ratio function. I performed 2D deconvoìution using

Eq. 1i. The spectrum thus obtained is shown in Figure 8,12, which
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F igure 8. I ì (b)
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F igure 8.12. The deconvoìved spectrum obtained after Wiener

deconvoìution. The system transfer function H (u,v) was obtai ned from

the 2D point spread function (shown in Figure 8.6(c)).
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shows some excessiveìy large values as bright spots. However, the

deco¡.,¡o lved spectrum shows spectra I components i n reg i ons f or wh i ch no

information was avai labìe in the Fourier spectrum of the I imited-view

reconstruction (Figure 8.9). The 2D noise-to-signal ratio function

W(u,v) in Eq. ì I can be regarded as a modification function which

controls l/H (u,v) in order to provide optimum restoration. To achieve

optimal restoration W(u,v) should be obtained using the exact model of

the noise function N (u,v) in Eq. .l3. which is not avai labìe. Since I

have assumed the noise to be white, different values of the constant

B = N (u,v) wi I I give different restored images. Unfortunateìy, there

is no theory to serve as a guide in the optimaì choice of B at

present. (Rn interactive approach, to obtain the optimal choice of B

could be investigated in the future. Such an approach could be based

on the airr"r"n." ]r the variance between the measured and computed

projections.) To obtain an optimal or a sub-optimaì value of N (u,v) ,

one has to try a few values and then the cì ipping procedure may be

used to cl ip the extreme vaìues in the deconvolved spectrum. Thus, the

critical dependence of the restoration on N (u,v) may be reduced to a

cer ta i n extent .

The clipping procedure used is as folìows:

if lx(f)/x(o) | > lY(f)/Y(o) I

(r ¡)

then X (f) = x (f) ly (f) /y (o) l/ lx (f) /x (0) 
I

where X(f) and Y(f) are the values (in complex numbers) of Ê(u,v) and

cl ipping function respectively, and f is spatial frequency
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Figure 8.13. The deconvolved spectrum after cl ipping.
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image obtained by taking the inverse FFT ofF i gure 8. 1 4. The restored

the deconvo ìved specr-rum.
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Figure 8.15. The restored image when a disc image

funct i on to obta i ned the system transfer funct i on.

was used as a bas i s
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(f = u2 *r? where u and v are the rectanguìar co-ordinates). The

deconvoìrred spectrum af ter cìipping is shown in Figure 8.13. The noíse

in the higher frequency region is almost removed in the cì ipped

spectrum, which looks smoother than the deconvolved spectrum shown in

Figure 8.12. The inverse FFT of the clipped spectrum, which is the

restored image, is shown in Figure 8..l4. ln the restored image it is

evident that most of the geometric distortion and artifacts are

removed by the 2D deconvolution performed via Wiener fiìtering. lt is

interesting to note that this reconstruction is obviousìy better than

muìtipì icative ART, which maximizes entropy (Lent, 1976) .

As a matter of fact, the 2D deconvolution provides a better way

of interpolation and modification of spatial freguency information

than Fourier algorithms. I also found from the experiments that better

resuì ts are obtai ned when the system transfer function H (u,v) i s

obtained from a basis image instead of a point image. The system

transfer function, obtained from a basis function may províde better

deconvolved spatial frequency information, if the basis image has some

i nformation about the object. Thus, the system transfer function, so

obtained, incorporates some a Þriori information about the geometrical

shape of the object. For example, the basis image may be a disc for

obj ects hav i ng c i rcu ì ar structures. (See Andrews 6 Hunt , l97l .) The

function H(u,v) can be obtained from Equation 14.

The image restored from the ì imited-view reconstruction

(Figure 8.8), using the system transfer function obtained from a disc

image of radius 6 pixels, is shown in Figure 8..l5. lt is evident from

a compar i son of the two restored images (shown i n F i gures 8. l4 anU



- 119 -

f rom aF i gure 8. ì 6. A test i mage taken Sony video camera.



F igure 8. t 7. f fre

in Figure 8.ì6

for Figure 8.8.
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I imi ted-vi ew reconstruct i on

using multipl icative ART and

of the test image shown

the same eight views used
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bas i s i mage used to obta i n the system transferFigure 8.18.

funct i on.
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The restored image from the reconstruction shown inFigure 8.19.

Figure 8.17.
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8.15) that restoration is better when a disc

system transfer funct i on. The c i rc ì e

Figure 8.15.

used to obta i n the

restored better i n

To test the abi ì ity of the method in the restoration of generaì

images, I appì ied the aìgorithm to the images shown in Figures 8.16

and 8.20. These images were acguired by a Sony video AVC-3260 camera

and digitized on a Grinnell G¡4R-27 image processing system. The size

of the stored images was 127X127 pixels. Figure 8.ì/ shows the

ìimited-view reconstruction of the image shown in Figure 8.16. f¡re

reconstruction was obtained by multipl icative ART using the same eight

views used in the ear I ier exampìe (with the viewing ang les at

55,65,75,...,125 d"g). I used a disc of radius two pixels as the basis

i mage to obta i n the system transfer funct i on for th i s prob I em. The

basis image is shown in Figure 8.i8. Note that the disc of radius two

pixels is a rectangìe. The system transfer function was then obtained

from Eq. 14. The restored image obtained by this method is shown in

Figure 8. I9, which clearìy shows details not seen in the ì imited-view

reconstruction, and lacks the streaks typical of standard aìgorithms.

I aìso found from the experiments that sometimes application of a

low pass f ilter during -r-he cìipping procedure may smooth the image and

improve the restoration. This is advantageous when one is unable to

find a suitable value of white noise (represented by N(u,v) in Eq. ì3)

and the image contains uniform grey leveìs. For example, the image of

a face (shown in Figure 8.20) was reconstructed by muìtipl icative ART

using only f ive views at viewing angles 4!, 6-7.5,90, 112.5, and

135 deg. The reconstruction is shown in Figure 8.2.l. The restoration

is

is



F i gure 8.20. An i mage
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of a face having weì I distributed grey levels.



F igure 8.21 . lrre

multipl icative

I 35 deg.
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I ìmited-view reconstruction of

ART using onìy five views at 4!,

the face i mage

67.5, 90, ii2.s

by

and



Figure 8.22. The restoreC image of
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face reconstruct i on.
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was performed using the same basis image as in the last exampìe (shown

in Figure 8.18), but with additionaì exponentiaì fiìtering (Gonzalez E

Wintz, 1977) after the cl ipping. Exponential ìow pass fi ìtering was

used with the cut-off frequency ìocus at a radiaì distance of 40 from

the origin (dc value) in the frequency plane of the 256x256 clipped

spectrum F(u,v). The restored image is shown in Figure 8.22. The

comparison between Figures 8.2'l and 8.22 cìearly shows the magnitude

of improvement. The ì imi ted-view reconstruction hardìy shows any

information about the object but most of the detai ls of the face can

be seen in the restored image.

Restorat i on For Nevoscopy Þy 2D Wiener Deconvolution

I have shown in the last section that the 2D l{iener deconvolution

aìgorithm not onìy removes artifacts in I ìmi ted-view reconstructions,

but, also brings out image features lost by other algorithms. I have

only three views avai labìe (\5, 90, and l8O Aeg) from the prototype

nevoscope to obta i n reconstruct i ons of the nevus. I obta i ned a

I imited-view reconstruction of the simulated vertical section of the

nevus (an ellipse of grey level .l70 with four discs of grey level 250

on a square raster of grey leveì 20). The test' pattern is shown in

Figure 8.23. The reconstruction obtained by multipìicative ART for the

given angìes (t+5, 90, and l8o deg) is shown in Figure 8.24. The

restored image, after performing 2D deconvolution via Wiener fi lter as

expìained in previous sections, is shown in Figure 8"25. The system



F i gure 8.23, A test

nevus.
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pattern represent i ng vert i ca I sect i on of



F igure 8. Zl+. lne

in Figure 8.23 øy

and 180 deg"
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i i m i ted-v i ew recons truct i on of

multipìicative ART using onìy

the test pattern shown

three v iews at l+5, 90,



F i gure 8.25. The restored
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i mage us i ng 2d l^/ i ener deconvo I ut i on .
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transfer function was obtained from the basis function of a disc of

radius of six pixeìs. lt shouìd be noted that the verticaì minor axis

of the eì ì ipse was measured and found to be the same as in the

reconstruction obtained by geometric deconvoìution, and in the

reconstruction obtained by mul tipì icative ART foì ìowed by 2D Wiener

deconvoìution. The reconstructed minor axis was found to be l+.162

bigger than the true minor axis (ín # of pixels). The major axis was

improved in case of Wiener fi ltering as compared to geometric

deconvolution (3.582 bigger against 7.752 smal ìer in number of

pixels).

I mages of Transi ì ìuminated Nevus

Nevi viewed by transillumination give a direct impression of

depth when seen in a stereomicroscope. The nevoscope, attached to a

microscope, yields the images shown in Figure 8.26 with incident

i I lumination. These images of a transi I ìuminated nevus, obtained

through the nevoscope wi th surface i I ìumi nation and externaì I ight

removed, are shown in Figure 8.27. ln incident i I lumination, due to

the bulging of the skin into the space between the two mirrors, often

one of the reflections cannot be seen. Nevertheìess both refìected

views are seen in transi ì ìumination, demonstrating that

transiìlumination is providing a means of seeing through the skin. The

three images of a transilluminated nevus obtained by the nevoscope

(shown in Figures 8.26 and 8.Zl) are, from left to right, an image at

45 deg, the vertical image at !0 deg, and a gìancing image at 180 deg,
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Figure 8.26. lncident ilìumination image of

its ref Iections in the two mirrors of

indicated by the separation of the mi rrors,

a nevus (on a

the nevoscope.

which is 3.3

cadaver) and

The scale is

mm.



Figure 8.27. Transi I ìuminated

reflections. The direct image
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image of the same nevus

is in the center.

and its



respect i veì y. (Note that

the mirrors are mounted.)
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the viewing angìes are doubìe that at which

p Computed Reconstruct i on of Nev i

To see if reconstructions obtained from lD computed tomography of

a transi I luminated nevus are correìated with their histoìogy, I

performed the method of imaging on a nevus in situ on a cadaver. A

stand was bui ìt with an arm to hoìd the stereomicroscope. The ìength

of the arm of the stand was made adjustable through cìamps to reach

the specific location on the cadaver. A nevus on the left arm of the

cadaver (65 years old male) was selected for nevoscopy. The nevoscope

mounted on the objective lens of the microscope was positioned on the

cadaver nevus. For ilìumination, the fiber optics cables were inserted

in the base pìate of the nevoscope. The camera with exposure control

uni t was hooked up wi th the stereomicroscope and nevoscopy was

performed. The nevus was then excised and histologicaì seriaì sections

were obtained. The detai ìs of the procedure of excision and serial

sectioning have already been discussed in Chapter 4.

The i mages of the trans i I I um i nated cadaver nevus were then

digitized and processed by the aìgorithm discussed in Chapter 6 to

isolate melanotic ìesion images from the surrounding skin and the

background. The images were then extracted in to 280Xll0 pixel arrays

which were used to compute the projections. These projections were

used to obtain the 3D reconstruction using multipìicative ART with

geometric deconvoìution, and then by multiplicative ART followed by
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l.i iener f iltering deconvolution. The reconstruction were obtained at

the scan line numbers 20,40, 50,60, 70, and 80 (along the Y-axis) by

mul tipl icative ART wi th geometrical deconvoìution. These

reconstructíons are shown in Figures 8.28(a) , (b), (c) , (U) ,(e) , and

(f) respectiveìy. From the separation of the mi rrors in the digi tized

image I calculated the pixeì width (or pixeì-dimension) which is as

fol I ows:

Separation of mi rrors = 3.3 mm.

Separation of mirrors in digitized image = 120 pixeìs

Pixeì width = 0.0275 nn.

I computed the vert i cal th i ckness of the nevus cel ì s i n pi xeì s

for each sect i on .".onrtruct i on and obta i ned the i r correspond i ng

thicknesses in mm. I aìso computed, using the pixeì width, that the

sections at ìine number 20, À0, 50,60, 70, and 80 correspond to the

sections 0.055, 0.605, 0.88, 1.155, 1.1+3, and 1.705 mm away f rom the

left edge of the lesion along the cadaver arm or from the bottom edge

of the digitized images (paraì lel to the mirror axis) . Note that the

mirror axis serves as a guide for the orientation of the nevus. The

sections, with their computed verticaì thicknesses of meìanin ceìls,

are tabulated in Tabìe Vl.

I selected two sections, one at section I ine f0 and other at

section line 70, for the comparison with the corresponding

histological sections. I also performed the Wiener fi lter algorithm on
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Figure 8.28. Reconstructions of the cadaver nevus. Six reconstructions

are shown at section lines 20, 40, 50,60, 70, and 80 in (a), (b),

(c), (d), (e) and (f) respectively. The most distal section is 8(f).

The scale bar represents 200 mìcrons. The corresponding

reconstructions to the sections shown in Figures 8.30(a) and 8.30(b)

are shown in Figures 8.28(c) and 8.28(e) respectiveìy. Their computed

thicknesses are 0.495 mm and 0.565 mm respectiveìy.

F i gure 8.28 (a)

@
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F igure 8.28 (b) .

@
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F i gure 8.28 (c)
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F i gure 8.28 (d) .
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F i gure 8.28 (e) .

-
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F i gure 8.28 (f) .
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F i gure 8.29. Two restored reconstruct i ons (us i ng

at section Iines f0, and /0 are shown in (a) and

scale bar represents 200 microns- Their computed

to be the same as in Figures 8.28(c) and 8.28(e)

Wiener deconvolution)

(b) respect i veì y. The

th i cknesses are found

respectively.

F i gure 8.29 (a)

E



-r43-

F i sure 8.28 (b) .

Tæ'



the computed reconstructions (obtained from mul tipì icative ART only)

of these two sections. The restored computed reconstructions are shown

in Figures 8.29(a) and 8.29(b), which are reconstructions at section

I ines !0 and 70 respectively. The comparison between Fìgure 8.28(c)

and Figure 8.29(a), and between Figures 8.28(e) and 8.29(b) shows that

the Wiener fiìter aìgorithm has improved the reconstruction by

removing the geometricaì structure caused by the I imited geometry of

three viewing angìes. Detai ls of comparisons are discussed Iater in

th i s Chapter.

Histoìogicaì Seriaì Sectioning of Nevus

The width of the ìesion excised from the cadaver was found to

be I ./6 mm (from the I eft edge to the r i ght edge paral leì to the

mirror edges). Serial sections were cut with a thickness of 5 microns.

Thus 352 sections were supposed to be obtained. But only 330 sections

were obtained on the sl ides. The remaining 22 sections were the ìost

or damaged during the process or because of shrinkage of the tissue. A

seriaì number record was maintained for all sections including lost or

damaged sections. I marked a few sections and their related positions

in the digitized images so that corresponding sections could be

obtaÎned from reconstruction. The actual thickness of the meìanin part

of the serial sections was measured from the top melanin ìayer to the

deepest cluster of melanin cells with a micrometer. Pictures of the

sect i ons were taken

sections 0,88 mm and I

shown in Figures 8.30

through a stereomicroscope. Two histological

.4J mm away from the ìeft edge of the nevus are

(a) and 8.30(b) . The computed reconstructions of
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Figure 8.30. Two histological sections corresponding to the section

ìines !0 and JO are shown in (a) and (b) respectively. These sections

are at 0.088 mm away from the left edge of nevus. Heasured thickness

of nevus is o.!ì2 mm. The scale bar represents .l00 microns' The arrows

marked A in Figures 8.28(c), 8.29(a) and 8.lO(a) show similar regions

in the reconstruction, restored reconstruction and the corresponding

histoìogicaì section.

F i gure 8.30 (a) .

d

'f ",r:Ê "'Å
,,":Íi4À.;t

ii"Èt e *

#E'.t:

F'tl,,rtt
: 1.ffig¡l

.'S'"É . ¡' 
"*;hl. 'r-i..

Hrt*F '
%'..

iL:.':,
:t

l

!r:.ta,::.7..
: "','lr,':

':1.'Û,:\'

":::',yítg



-L46-

Figure 8.30 (b) . Histological serial section of the nevus at I.41 mm

far from the left edge of the nevus. Heasured thickness is 0.586 mm.

The scaìe bar represents l0O microns. The arrows marked B in Figures

8.28(e), 8.29(b) and 8.30(b) show similar regions in the

reconstruct i on, restored reconstruct i on and the correspond i ng

histological section.

F igure 8.30 (b) .
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the same sect i ons, obta i ned

F i gures 8.2! (a) and 8.zg (u)

geometr i ca I deconvout i on are

respectiveìy. I estimate the

* 4 sections.
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by Wi ener f i I ter i ng, are shown i n

respectively, and those obtained by

shown i n F i gures 8.28 (c) and 8.28 (e)

error in this correspondence to be

Compar i son of Ccmputed Reconstruct i on wi th H i stoì ogy

A comparison of the actuaì thicknesses of the nevus in the seriaì

sections with their thicknesses obtained from reconstructions of the

corresponding sections is shown in Tabìe Vl. The percentage error of

thickness of the reconstruction at each section is aìso shown in this

table. This shows that the error is positive at the edges of the

lesion while ¡t is negative in-between. This could be because of

sìightìy out of focus mirror images (particularly the t80 deg view)

and a scattering effect at the edges. Even then the error in computing

the vertical thickness is around i % or ìess.

Comparison of histological sections in Figures 8.30(a) and

8.30 (b) wi th the correspondi ng computed reconstructions in

Figures 8.28(c) and 8.28(e) and aìso with Figures 8.29(u) and 8.29b)

shows some simi larity in the pattern of the meìanin. The regions

marked by arrows in Figures 8.30(a) and 8.28(c), and in

Figures 8.30(b) and 8.28(e) are found to be alike and at the same

place. Further these simiìarities are also found at the same places in

the restored computed reconstruct i ons (F i gures 8. z9 (u) and 8.29 (b) ) .
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Tabìe Vl

COI'lPAR ISON OF VERT I CAL TH I CKNESSES OF RECONSTRUCTED

AND HISTOLOGICAL SECTIONS OF A CADAVER NEVUS

Distance of Line representing Histoìogical Computed Z error

sect i on away sect i on i n

from left edge digitized images.

of nevus.

th i ckness th ì ckness

0.0!! mm

0.605 mm

0.88 mm

l..I55 mm

l.l+3 mm

I .705 mm

20

40

50

6o

70

8o

0.262mm 0.275nn +¡+.96

0 .,1+!8 mm 0 .1+4 mm -l+ .09

0.5i2 mm 0.1+!! mm -3.32

0.5\ mm 0.523 mm -3.15

0.586 mm 0.!6! mm -3.58

0.34 mm 0.358 mm +5.29

Width of nevus measured paralìe1 to mirror axis = |.76 mm

Pixel dimension: I pixel = 0.0275 nn
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(The restored computed reconstructions are also found to be less noisy

than those obtained by geometric deconvolutio¡-r when cornpared with

their corresponding histological sections). Thus, not only thickness,

but some of the details of the morphoìogy are recoverable in

I imited-view computed tomography of transi ì ìuminated nevi.

Two controì lable factors could ìead to significant improvements

i n the reconstructed images of nevi . F i rst, the ì80 deg vi ew of a

nevus is out of focus because of its ìonger optical path length to the

microscope. An objective lens of short focal length or a properìy

designed correction plate could bring aìl three images to a common

focus. Second, onìy three views were used. A nevoscope with more

mirrors or rotatable mirrors couìd be designed. Some detai ìs about

this are given in next chapter.



-150-

Chapter I

FURTHER STUDIES AND RESEARCH

I started th i s research program aimi ng at the deveìopment of a

technique for automated detection of the skin cancer melanoma. I have

come up with a new non-invasive method for obtaining different views

of skin lesions by transi ì lumination. I have developed reconstruction

algorithms suitabìe for obtaining the JD reconstructions from very few

views. The lD computed reconstructions and the histology were found to

cor re ì ate.

Further studi es and research are requi red ì n order to develop a

complete procedure that is reproducible, rel iable, and could be used

by a dermatoìogist easi ly. The fol lowing are the problems and areas'

beyond this thesis, that I intend to study in detai I to develop the

required equipment and procedure for automated skín-scanning:

l. Transi I lumination as an inverse radiative transfer problem for

p i gmented human sk i n: The opt i cs of norma I and p i gmented human

skin is to be studied to formulate the problem mathematical ly.

The mathematical model wi I I be used i n objective and quanti tative

anaìysis for more accurate lD computed reconstruction of nevi or

melanomas in order to provide the best informatìon about changes

in diagnostic and prognostic variables.
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Optics of the nevoscope: The images yieìded by the reflections

through the mirrors of the nevoscope suffer by being out of focus

because of different optical path lengths. This problem can be

solved simpìy by pìacing a very short focal Iength lens at a

distance more than the focal ìength of the lens from the base

pìate of the nevoscope. Thus all the images wilì be focussed in

the same plane.

Objective and quantitative analysis of prognostic variables

(s i ze, th i ckness, coì or, and structure) on 3D computed

reconstruction of skin lesions: An appropriate calibration

procedure for the obj ect i ve and quant i tat i ve ana ì ys i s has to

developed to perform correct measurements repeatedly.

Muìti-color anaìysis; To study the changes in coìor of the

lesion, coìor picture processing is requìred. This may be done by

using color fiIters (redr greêrì, and blue) and obtaining

different color fi ltered images separately. These images wi ì I be

used to obtain different color filtered reconstructions. The

comparative analysis of color-fi ìtered reconstructions would

provide information about the changes in color of the lesion.

Growth of normal nevi: Since melanoma is relativeìy rare, and it

is unethical to study its growth in situ, I will use the proposed

method on chi ldren to study the growth of normal nevi in normaì

young chi ldren. Any planned excisions of suspect nevi wi I ì also

be reconstructed in situ by nevoscopy for comparison with their

hi stoìogical sections.

6. Resuìts with real melanomas: To study the results of this method

and diagnostic

3.

5.

regarding its repeatability, rel iabi I ity,
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capabi I ity, I intend to use this method on melanoma patients.

Automated Skin-scanner: I also intend to study the possibi I ity of

deve ì op i ng a robot-v i son system for automated scann i ng of the

skin of patients. A robot arm holding a soìid state (CCD) camera

wil I be made to move a'ì ong the contours of the body of the

patient by a computer-control led posi tion controì system. The

robot-vision system wi ì I first find the nevi on the body and

determine their positional coordinates. The robot-arm would then

record the i mages of the trans i I I um i nated nevus through a

nevoscope hooked up with a second CCD camera. The images will

then be stored and the reconstruct i ons wi ì I be obta i ned. The

recent 3D reconstructions would be compared wi th previous 3D

reconstructions of the same nevus to detect the changes.

I also intend to deveìop a hand-hold nevoscope which wi I I

transiìluminate the skin-lesion and provide different images of

transi I luminated lesion. The instrument may have a number of

mirrors placed at different angles around the lesion covering al ì

angl es. The i nstrument wi I ì al so have an opt i caì system wi th a

micrometer to focus the different vertical ìayers of nevus celìs

as wel I as to make surface (2D s î ze) measurements. Thus an

appropriate measurement of the depth of the nevus cel ls would be

obta i ned a I ong wi th the measurements of the 2D s i ze of the

lesion. This set may be used by a dermatoìogíst to look into the

moìes, to record images of a transilìuminated nevus on film (when

hooked up with a camera), and to decide which lesions should be

checked through 3D nevoscopy or biopsy.
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Chapter I 0

CONCLUS I ON

ln this thesis, a detai led study on prognostic variables and

ear I y detect i on of cutaneous ma I i gnant me I anoma has been presented.

Based on several investigations, thickness, size and color are found

to be the best features for detect i on of ear I y me I anoma. A new

non-ìnvasive method for obtaining different images of a

transiììuminated nevus has also been presented and the required

instrumentatìon has been developed. lt has been shown that these

images are capable of providing sufficient information for 3D

reconstruction. Three-dimensional reconstructions obtained from these

images using the reconstruction and restoration techniques provide

detai ls about the internal structure of the nevi. Reconstructions of

several sections permitted quantitative measurements of the desired

variables (such as size, thickness, elevation, etc.) without excision.

Thus a _basel ine 3D shape and structure can be establ ished by this

procedure. Any changes found in these specified variables, when the

procedure is repeated after some time, could indicate possible

development of mal ignancy.

The possibility of detecting suspect nevi and melanomas by

scanning the skin through an automated skin-scanner has been pointed

out for future work. Th i s has been proposed for the automated
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detection of maìignant melanoma in its early curable phase. ltlethods of

pattern recogni tion, computer vision, image processing and artificiaì

intelìigence would have to be deveìoped to enabìe the skîn scanner to

locate the same lesions at different times, determine their nature

(papule, pustule, nevus, melanoma, etc.), and calculate if significant

changes have occurred.

Nevoscopy could be general ized for the investigation of other

dermatologicaì problems" For instance, the problem of measuring skin

thickness without using ionizing radiation (Tan, l98l) might be

solvable by transi I ìumination, especiaì ìy if grazing images were

recorded at different wavelengths and subtracted from one another (a

multispectral approach). A generaì purpose instrument for skin

investigation might be cal led a "JD dermascope". lt couìd be carried

by a computer controlìed robot, which then becomes a "skin scanner".

Nevoscopy could also be carried out using emi tted infrared ì ight.

This would be a form of microthermography. Microthermography (or

infrared microscopy, reviewed by Puchtler, l'leloan E Pascha, 1980;

Focht, l98l) might show up the earì iest stages of reddening or

erythema assoc i ated wi th mel anoma. 0f course, i nfrared

transi I ìumination of nevi could also be considered (cf. Todor,

i978a,b; l'lorton, l98l) .

The investigation of the pathology of the skin, which is the

'largest and most accessible organ, has tended to be aìong traditional

lines. lt is hoped that this approach towards automated investigation

and detection of maì ignant melanoma wi ì l open new research areas in
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automation of diagnostic methods in dermatoìogy.
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GLOSSARY

Acraì Lentiginous l,lelanoma a form of maìignant melanoma that usuaììy

occurs on the hairìess skin of the palms and soles. The most

common type of mal ignant melanoma in black peopìe.

ART a class of reconstruction aìgorithms which reconstruct the unknown

object from the measured projections i teratively.

Atypical deviating from the normal (abnormal).

Atypicaì I'loles abnormaì moles or pigmented nevi. Usualìy referred to

as dysplastic nevi.

Basal Cel ì Carcinoma raised, translucent, pearìy noduìes which may

crust, uìcerate, and sometime bleed. They occur most often on the

exposed areas of the body. They grow slowìy and rarely spreads'

' but if left untreated it can cause considerable problems. Easi ìy

cured, if detected earìy.

Beniqn Tumor a mass of abnormaì ceì ls that may

not spread or metastasize. Also see cancer.

Cancer a disease in which abnormal cel ls in some

grow local ly but does

organ or t i ssue go

out of control , growi ng and i ncreas i ng i n number formi ng a mass

which is cal ìed a tumor. The tumors, which are not benign, not

only enìarge ìocal ìy but also have the potential to invade and

destroy the normal tissue around them and to spread to distant

parts of the body. These are caì ìed mal iqnant tumors. 0n the

other hand, the benign tumors either do not grow or grow and
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enlarge only at the site. Distant spread of a cancer occurs when

mal ignant cel ls detach themselves from the originaì or primary

tumor, are carried to other parts of the body through the blood

or lymphatic vessels and establish themselves in the new site as

an independent or secondary cancer. A tumor that spreads in this

mannerissaidtohave@edandthesecondarytumor(or

tumors) is calìed a metastasis (or metastases).

Conqenital Nevi melanocytic nevi that are present at birth. They may

be small (less than ì.5 cm in diameter) or larger than 20 cm in

diameter. Large congenital nevi are also called "giant

congen i ta ì I' nev i .

Corium the dermis: the ìaYer of

cons i st i ng of a deeP bed

a I so cut i s-vera.

Cutaneous per ta i n i ng to the sk i n;

Cytoplasm protoplasm (unicel lular

than that of the nucleus.

the sk i n deep to the eP i derm i s ,

of vascuìar connective tissue; cal ìed

of or on the skin.

an i ma I organ i sm) of a cell other

Dendritic processes which project between the basaì cells of the

epidermis.

Dermatoloqv the medical special ity concerned with the diagnosis and

treatment of diseases of the skin.

Dermis An alternative for corium. The dermaì components of the skin

are conventional ìy devided into two Iayers: papi ì ìary ìayer which

is adjacent to the basement memberane of epidermis, and includes

ridges, and papi ì ìae of fine connective fibres, loops of

capi ì ìaries and some nerve endings; and reticuìar layer which

contains coarSe, dense, interlacing fibres, a few reticular
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fibres, col ìagen fibres and numerous elastic fibres' blood

vessels, some sweet glands and hair folìicìes.

Desquamation shedding of the superficial ìayer of the skin in scales

or shreds.

Desmosome intercel lular structure of

Bundles of intracytoplasmic fi

surface at s i tes of contact

desmosomes are at poi nts of

the basement memberane.

few mm to ìarger than ! mm.

Endopl asm zone of granul ar cytopì asm found

unicel lul ar organi sms.

epidermal celìs of aìl ìevels.

laments loop to attach to the disc

between adjacent ceììs. Half

i nt i mate contact of basa I ce I I s to

the nuc I eus of many

Dysplasia Abnormal development of tissue.

Dyspìastic Nevus a melanocytic nevus with disordered growth. lt

usualìy has faint to moderately intense pink pigment as the

background color, irreguìarity of pigmentation, haziness of

outì ine, and a sl ightìy pebbled surface. lt varies in size from a

Embryo in man, the developing organism from about two weeks after

ferti I ization to the end of seventh or eíghth week.

Embrvonic of or pertaining to the embryo.

Epi dermi s the outermost and nonvascul ar I ayer of the skin, deríved

th ickness f romfrom embryonic ectoderm, varying in

1/2OO to 1/20 inch, and made up, from within outward' of five

layers: (ì) a basaì ìayer (stratum basale epidermidis), composed

of columnar cel ls arranged perpendicularly; (2) a spinous layer

(stratum spinosum epidermidi s) , composed of rounded or poìygonal

pigmented ceì ls; (3) a granular layer (stratum granulosum
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epidermidis), composed of flattened granular cel ls; (4) a clear

layer (stratum ìucidum epidermidis), consisting of several layers

of transparent nucleated cel ìs; and (5) a horny ìayer (stratum

corneum epidermidis), composed of flattered horny cel ls.

Epithel ium cel ls that cover body surfaces and mucous membranes and

that I ine lands

Erythema Faint to moderately intense pink (distinct from

reddish-brown) pigment as the background color or as a peripheral

blush about darkly pigmented more advanced ìesions.

Fami I iaì affecting severaì members of the same fami ìy.

Fix to make f irmly attached or set.

Fourier Transformation a method to transìate a signaì that is

observable as intensity over time or space into a signal of

i ntens i ty versus frequency by resolv i ng the compos i te s i ne and

cosinewaves that constitute the intensìty versus time signal. The

Fast Four ier Transf orm (ti.I) is a standard computer aì gor ithm to

perform Four i er transformat i on fast.

fugq!þ Tan, smaìl or ìarge, irregular macule that appears with sun

exposure, often fades away wÌ th avoidance. Hi stoìogical ìy, there

are no more melanocytes in the bassal cel I ìayer, but they are

ìarger and have more melanin.

Grey Level dens i ty or I i ght i ntens i ty I evel of the image.

Histoqram a graph of the frequency of the various grey leveìs in an

i mage. The absc i ssa represents the grey ì eve I s , and the ord i nate

represents the number of pi xel s havi ng a g iven grey I evel . A

normal ized histoqram has the ordinate converted to the percentage

of pixels in the image.
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Hi stoloqy microscopical anatomy.

Histopatholoov the histology of diseased tissues.

Juveniìe l,lelanoma a papiìlar, pinkish lesion most commonly found on

the.cheek of a chiìd, but can occur anywhere in the body. The

lesion is usualìy found in children as benign. lt metastasizes

rareìy. Also known as benign juveni le melanoma, sPindle cel l

nevus , Sp i tz nevus ' etc.

Keratinization the process of differentiation by which epidermal ceì ls

transform themselves into the firm compact barrier of the outer

stratum corneum.

Lentiqo Tan, I to 5 mm macule. Usuaììy it does not change with season

or sun.

Lesion any pathologicaì or traumatic discontinuity of tissue or loss

of function of a Part.

Lymph a transparent., Slightìy yelìow ìiquid of alkaline reaction,

found in the lymphatic vessels and derived from the tissue

fluids. Under the microscope, the lymph is seen to consist of a

I iquid portion and of cel ls, most of which are ìymphocytes.

Hacule a flat circumscribed discoloration of the skin or mucous

memberane up to I cm in its ìongest diameter.

lvlaliqnant tending to become progressively worse and to result in

death. Having the properties of anapìasia, invasion, and

metastas i s; sa i d of tumors.

tlaliqnant Tumor a mass of abnormal cells that spreads and

metastas i zes. See cancer.

l,lelanin the dark amorphous pigment of the skin, hair, and various

tumor s .
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Heìanocyte the cel I responsibìe for the synthesis of melanin;

melanocytes constitute 5 to25 per cent of epidermal ceì ls.

l'lelanoma a tumor made up of meìanin-pigmented cells. VJhen used alone

the term refers to maì ignant melanoma.

fletastasis a growth of pathoìogical microorganisms

cel ls distant from the site primari ìy involved

process. I n other words "seed" of cancer that may

original site to other areas. Also see cancer.

or of abnormal

by the morb i d

spread from the

lvl itosis a method of indirect division of a cel l, consisting of a

daughter nuclei normaì ly receive identical compìements of the

number of chromosomes character i sti c of the somati c cel I s of the

spec i es.

Mole a pigmented nevus, smooth-surf aced papuìe that is usuaì'l y skin

colored to brown and is commonly found on the face, but may

appear any where in the body at birth, during adolescence, or

during pregnancy. l'lorphoìogic pertaining to shape or form.

Nevus a mole. The classification of nevi includes intradermal nevi,

junctionaì nevi, and active junctional nevi depending on the

location of melanocytes found in the dermis. Special forms of

nevus are ltors nevus, Becker's nevus, haìo nevus, blue nevus,

and ltlongo I i an spot .

Nevus Cel ìs special ized epithel ial cel ìs containing varying amount of

melanin.

0rqaneì le special ized part of a protozoon (unicelluìar animal

funct i on; one of manyorgan i sm) that performs a spec i a ì

intracel luìar cytoplasmic structures.

Papiìlaris the mesodermal components of the skin are conveniently
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divided into pars papi ì Iaris consistìng of papi ì ìae and

subpapi ì ìary layer, pars reticularis, and subcutaneous fat tissue

or hyperderm. The pars papiIlasis contains relativeìy more ceìls

and vessels then does the pars reticularis. The frame of the pars

papi I laris is made of coì ìagen fibres and thin bundles.

Papillary Layer see papillaris; also see dermis.

Papule a solid elevated lesion of the skin or mucous memberane up to

I cm in its longest diameter.

Piqmentation coloration, especial ìy abnormal ìy i ncreased coì orat i on,

black, irregularly shaped, muìtiple

in size. Also see moìe.

by melanin.

P i gmented Nevus F l at, tan

macules, usuaìly I to l0

to

Pixel smallest picture element, usuaìly a square in digitized images.

Precursor a lesion that has a significantìy higher rate of evoìving

into meìanoma than wouìd be expected by randon chance alone.

Proiection shadow of the object from a specific angìe. ln computed

tomography, proj ect i ons are records or photographs taken from

various directions using transmitted radiation.

Pruritis itching, a sensation that el icits the desire to scratch.

Pustule a vesicìe or buìla containing pus rather than clear fluid.

Reticularis consists of a three-dimensional meshwork of coì lagen

bund I es wh i ch are accompan i ed by th i ck i nterconnected el ast i c

fibres and ribbons in simi lar three-dimensional arrangement.

Ret i cul am f i bres are present i n dense array j ust bel ow the

epidermi s and are arranged verti caì to the i nterface.

Reticular Layer see reticularis; also see dermis.

Rete ridqes network of projected fibres.
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Satel I itosis accumuìation of neurological cel ls about neurons; seen

whenever neurons are damaged.

Scar first red then paìe avascuìar, smooth hyaì ine wound repair; may

be flat, depressed, elevated, or hypertrophic.

Sk in Cancer cancer of the sk i n, cl ass i f i ed accord i ng to the cel I s

involved: basal cel I carcinoma, squamous cel I carcinoma' and

mal ignant melanoma. Approximately 95% of al I skin cancers fal I in

the fi rst two classifications, but at least 752 ' 8OZ of the

reported deaths from al I skin cancers occur because of mal ignant

melanoma alone. Almost all ìesions can be cured' if detected

ear ì y enough.

Squamous Cei I Carcinoma raised, pink, opaque noduìes or patches which

frequentìy ulcerate in the center. They most often appeared on

exposed areas of the body, and occasional ìy can spread rapidly.

Curabìe easiìy, if detected earìY.

SPARTAF a reconstruct i on a I gor i thm wh i ch reduces the streak i ng

Reconstruct i onartifacts, Sp€lìed as Streak Preventive Algebraic

Technique via Adaptive Filtering.

Stratum basale see epidermis.

Stratum corneum see epidermi s.

Stratum lucidum see epidermis.

Stratum qranu I asum see ep i derm i s .

Stratum spinosum see epidermis.

Syndrome set of symptoms and s i gns occuring together in a compìex.

on an object al lowing some ì ightTr4¡si I lumination shiníng ì ight

pass through.

Tumor a sol id, eìevated ìesion of the skìn or mucous memberane, with

to
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the added dimension of depth in tissue.

Ulcer

loss of tissue from a surface, leaving an uncovered wound.

Verrucous surface rough surface.

Vesicle a fluid-fi I led, superficial, elevated lesion of the skin or

mucous memberane, usual ly less than I cm in diameter.

Wiener Deconvolution the two-dimensional deconvolution wi th the point

spread function of the aìgorithm, performed via Wiener fi lter.
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{ zSNosrllsSasnrnop ARTISTSxNSxL/end./SxNSxc0PYD ARTo

iI$F ILE,ARTO,RSTSXCOPY ARTI J(SF ILE,ARTI,RSXBSREADP
PUSTSxNSxL/end . /Sp,tSxruS L/ver s i o

The above XEDIT commands create two backup fi les and copy compi ler
error messages to the end, as a comment, if any. ]

{
Ì
{
Title:ART:PLAIN ART

Author:11. R. Rangaraj
Address:Department of Pathology, University of l'îanitoba'

I'led ical Col ìege, //0 Bannatyne avenue'
W i nn i peg, l'lan i toba , Canada R3E 0W3 .

Proqram descr i pt i on :

This program returns reconstructions of a given picture by
summation ( back projection ) and additive/muìtipì icative ART.

Paral leì ray geometry i s used throughout. Projections ( views )

of the picture are first computed and then using them, the
picture is reconstructed. Parameters of the picture and
reconstruction method to be used are to be entered in the
constants ìist and within the main program as well.

Proqram Statement

]
{

]
program artp (i nput/,
mvp3) i

{

i np i c, output, prompt, ì s tf rm, nxtf rm, ca I com, mvp I' mvp2'

Use of External F i les

i nput: term i na I i nput
output: debugging output and Pascaì dump on error exits
prompt: term i na I output
lstfrm: last frame recorded
nxtfrm: next frame to be output by this program
calcom: output fi le for PASPLOT commands
inpic: input test picture
mvpì: test pìcture returned in l4VP format 5
mvp2: reconstructíon by summation
mvpJ: ART reconstruct i on

Execute as:
/ARTX, I NPUT, I NP I C, ARTU, OUTPUT, ART I, ARTO, ARTZ,I"IVP I,I'IVP2,
r4vP3.
]
{

ARTC for execution

Assoc i ated Files
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ARTI4 for batch compiìation
ARTS for batch j ob subm i ss i on
]
{

Comp i 'l er I nc I ude Directives

i
{s I ', PASPLoT',}
{

Labe ì s

Cons tan ts

i
Cons t
IA cons tan ts : ]
{ tor additive ART set artadd to true ; muì
for constrained ART set artconstr to true i
artadd=faì se;artmul=true; artconstr=faìse ;

{B constants:}
{C constants: }
{D constants: }
{E constants: }
{F constants: }
{G constants: }
{H constants : }
{ t constants: }
{J constants: }
{K constants: }
{L constants: }
{l'1 constants : }
{ max (+-) y/ j index of
mj=63 i

picture ( origin at

{N constants: }
{ tlo. of rows and columns of picture and no.
I)
norow=127 ; nocol=127 ; nobits=8 ;
{

tipI icative ART set artmuI to true 1

set others to false ]

center of picture ) ]

of bits per word in HVP output fi le

ni:max(+-) x/i index of picture; np:no. of projections,/views to be used;
nr:max(+-) index no. of rays; nr2:totaì no. of rays per view(2r'rnr+ì) i
nprmax:max no. of pixeìs a ray can cross - raywidth in pixeìs:t max of
norow, noco ì

]
ni=63;np=5 ; nr=12-l ; nr2=255;nprmax=127;
{0 constants: }
{P constants:}
pi = 3.lt+15926536;
{Q constants: }
{R constants: }
{S constants: }
{T constants:}



{U constants: }
{V constants: }
version number = l;
{w consEants:}
{X constants: }
{Y constants: }
{Z cons tants : }
{

LgL _

Types

in terms of constants
which are defined in

, are given first,
terms of other types.

Pr i mary types, def i ned
fol lowed by compound types'
Ì
ïype
t

]
Pr imary Types

[A types:]
iB types: ]
Ic types: ]
{o types: }
{E types: }
{r types: }
{G types: }
{H types: }
{ t types: }
in_f i le = (input_f i ìe, ìstfrm-f í le) ;

fu types:]
{K types: }
{L types: }
{H types:}
{tt types: }
{o types: }
{e types: }
{q types:}
{R types:}
{S types:i
{t types: }
twod=arrayIinteger, integer] of real ;
twodl=arrayIl..np,-nr..nr] of real ;

twod2=array[-ni..ni,-mj..mj] of real i

{u types: }
{V types: }
{w types: }
{X types: }
{Y types: }
{Z types: }
{

Compound Types
't
)
i

Variables
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Var
{A variables:}
averagepi c: text ;

angì,avg:reaì ;

{B variables:}
bufferpic: text;
{C variables:}
counti:integer ;

countj:integer i
cosl:reaì ;
cal com: cal comf i I e; {Needed by PASPL0T}

{D variabìes:}
{E variabìes:}
eucìiderr : real ;

error: real ;

{F variables:}
{G variables:}
{H variabìes:}
{l variables:}
i, ip, imin, imax, inpr, iteration: integer ;

inpic: text ;

{J variabìes:}
j,jjl,ji2,jj3,jj4,jmin,jmax,jp: integer i
{K variables:}
k: i nteger t

{L variabìes:}
l:integer ;
ìstfrm: text; {See program statement}
{H variables:}
mvpì,mvp2,mvp3:text ;

{N variables:}
nxtfrm: text; {See program statement}
npr: i nteger i
{0 variables:}
{P variables:}
preerr:reaì ; {error at previous iteration }
{ pseudo projection of ray }
pseudop: reaì ;

{ picture array -ni..ni, -mj..mj }
pic:twod2 i
{ angles of projections : to be entered in main program }
prangl: array Il..np] of real i
{ tirst dimension refers to view no. and second to ray no. }
projection:text i
pixel:array[1..2, l..nprmax] of integer I
prompt: text; {Caì I to program should be

/ARTX,,ARTU,0UTPUT, etc., to
pìace anv bugs into file ARTU and have the prompts
come out on OUTPUT. All prompts are to fiìe PR0HPT

whìch thereby becomes 0UTPUT.]
{Q variables:}
{R variables:}
raysum: real i
{ ray width : modify in main program at all locations if necessary
rw: rea I ;

{S variables:}

{}
{}
{}
{}



spot: rea I ;

sinì:real I

scale: real; {Scale
{T variabìes:}
{ threshoìd for ray
thr: reaì ;

test i ng: booì ean; {F
{U variables:}
{V variables:}
version_date: alfa;
version_time: alfa;
val:reaì ;

vaì el p: real ;

{W variabìes:}
{X variables:}
xinfo:scaleinfo t

{Y variabìes:}
yinfo:scaleinfo i
{Z var i abl es:}
{

factor for pl ott i ng]
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:'( ray width

nsi

boundarY = 0.5

ì ag for debugg i

{Date compi led}
{time compi I ed}

Forward Declarations

{Forward dec I arat i ons of
{A forward dec I arat i ons: }
function Amaxl (a,b: real)

procedures and funct i ons : ]

function Aminl (a,b: real
{B forward dec I arat i ons:
{C forward declarations:

: real; forward;
: real; forward;

{D forward dec I arat i ons: }
{E forward dec I arat i ons: }
{f forward dec I arat i ons: }
function Factorial (n: integer): real; forward;
{G forward dec I arat i ons: }
{H forward dec I arat i ons: }
{ t forward dec I arat î ons: }
{J forward dec l arat i ons: }
{K forward dec ì arat i ons: }
{L forward dec ì arat i ons: }
{H forward declarations:}
f unct ion ltlax0 (a, b: i nteger)
f unction l'1in0 (a,b: integer)
{N forward dec ì arat i ons: }
{0 forward dec I arat i ons: }
{P forward dec I arat i ons: }
{Q forward decìarations:}
{R forward declarations:}
{S forward dec I arat i ons: }
{T forward dec I arat i ons: }
{U forward dec I arat i ons: }
{V forward dec I arat i ons: }
{W forward declarations:}
{X forward declarations:}
{Y forward declarations:}
{Z forward declarations:}

: i nteger; forward;
: i nteger; forward;
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Procedures and Functions

Ì
{Procedures and funct i ons: }
{A procedures and funct i ons: l
{

Absma I

i
function absmaì (one,two: integer): integer ;

{ returns no. with smal ìer absoìute vaìue
and sign of the first no. ]

begin { absmal }
if one < 0 then

begin
if abs(one) < two then absmal:=one else absmal:=-two
end

el se
begin
if one < two then absmal:=one eìse absmal:=two
end

end;{absmaì}
f(

Amax ì

]
function Amaxl{(a,b: reaì) : real};

begin {Amaxl}
if a > b then Amaxl := a else Amaxl := b;
end; {Amaxl}

{

Aminl

]
function Aminl { (a,b: real) : real};

begin {Rm¡nl}
if a < b then Aminl := a else Aminl := b;
end; {Rm¡nl}

{B procedures and functions:}
{D procedures and funct i ons : }
{

del

]
function del (¡,j,k: integer;sinì,così:real) :booìean ;

i del : true if pixel (i,j) belongs to ray (l,k) ]
var dist,jy:real ;

begin { ¿el i
jy:=i¡tsinl + ktcrw ; jy:= jy/cosl ;

di st:= abs (j-jy) :tabs (così) ;
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if dist<=thr then deì:=true else del:=false
end; {del}

{E procedures and funct i ons: }
{

euclid error ;

]
procedure euc I i d_er ror i
{ computes the Eucl idean distance between the originaì picture
and i ts reconstruct i on ]

begin { eucl id_error }
eucl iderr:=0.0 ;
reset(inpic) ;
for j:=-mj to mj do

begin { row }
for i:=-ni to ni do

begin { pixeìs }
read(inpic,val) i
vaì:=vaì-picIi,j] ¡

eucì iderr:=eucl iderr * vaì:'tval ;

end;{pixelsi
readln(inpic) i
end;{row}

eucl iderr:=eucl iderr / (norow:',nocol) ;

end i { eucl id_error }
{F procedures and functions:}
{

Factor i a I

]
function Factorial { (n: integer) : real};

begin {Factoriali
if n = 0 then Factorial := I

else Factoriaì := rì t'. Factorial(n-l);
end; {Factorial}

{

formvp

]
procedure formvp ( var f ig:dynamic twod;nrow,ncoì,bi ts: integer; var mvpf i I :text) ;

{ writes picture in t{VP format 5 in f iìe mvpf iì }
var ij,jk,newval,twelv: integer ¡ maxel,mineì,1 im:real ;okay:boolean r

begin { for mvp }
okay: =true t
íf (nrowcl) or (nrow>512) or (ncolcl) or (ncol>512) then

begin{error2}
writeln (prompt,rl'laximum picture size permitted is 512 X 512') i
writeln (output,¡l'laximum picture size permítted is 512 X 512') i
okay:=false ;
end;{error2}

if (bits<l) or (¡¡ts>lz) then
begin{error3}
writeln(prompt, 'l4VP resoìution limited to 'l...l2 bits') i
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imited to 1..12 bitsr) ;wr i tel n (output, I l'lVP resol ut i on I

okay:=fal se ;

end;{error3}
i f okay then

begin { execute formvp }
maxel:=0 i

case bits of { resoìution }
l: I im:=l ;

2: ì im:=3 t

jz I im:=7 i
4: lim:=15 ;

jz I im:=31 ;

6: I im:=63 i
Jz lim:=127 i
8: ìim:=255 i
)z lim'=5i I i
ì0: I im:=1023 i
ll:linz=2O[+l t
l2: I im:=4095 i
end ; { resolution }

ij:=ìow(fig,l
for rJ:=low(ï
for jk:=low(f

; jk:=low(fig,2) ; mineì:=fiSIij,jk] ;

g,l) to high(f ig,l)do
9,2) to high(fig,2) do

maxel:=figIij,jk] t

mineì:=figIij,jk] i

begin { minmax }
if maxelcf igIij,jk] then
if minel>f igIij,jk] then
end ; { minmax }

writeln(mvpf il,rPlCTURE FILE FOR DISPLAY USING l'lVP.')
wr iteln (mvpf i I , 'END0FHEADR' ,ncol :5, nrow:5,bits:5, I:5)
for jk:=low(fig,2) to high(fig,2) do

begin { row }
twelv:=0 i
for ij:=ìow(f ig,ì) to high(f ig,l) do

begin { col }
{ìinear transformation from O-maxel to 0-lim}
newval:=round (l im:'.f isIij, jk],/maxel) ;

if newval<0 then newval:=0;
wr i te (mvpfi l,newvaì:5) i
twe lv: =twe I v*l i
if twelv=.l2 then

begin { end I ine i
tweìv:=0 ;
writeln(mvpfiì) i
end ; { end line }

end;{col}
writeln(mvpfil) i
end;{row}

end ; { execute formvp }
end ; { tor mvp }

{G procedures and functions:}
{H procedures and functions:}
i t procedures and funct i ons: ]
{J procedures and funct i ons: }
{

Jm r nmax
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]
procedure jminmax (nl,n2,n3,n4 : integer ; var min,max: integer ) ;

{ returns min and max of four integers given }
begin i jminmax Ì
min:=nl ; max:=nl l
f n2<min then min:=n2 ;

f nlcmin then min:=nl i
f n4<min then min:=n4 ;

if n2>max then max:=n2 ;

if nJ>max then max:=nJ i
if n4>max then max:=n4 a

end;{jminmax}
{K procedures and funct i ons: J

{L procedures and funct i ons: J

{14 procedures and funct i ons: J

{

Hax0

]
f unction t'laxO{ (a,b: integer) : integer} ;

beg í n {t'lax0}
if a > b then lilaxO:= a eìse l4ax0:= b;
end; {t'1ax0}

{

14in0

]
f unction HinO{ (a,b: integer') : integer};

begin i¡4ino]
if a < b then 11 in0 := a el se Hin0 := b;
end; {¡,ti no}

{N procedures and funct i ons: }
{0 procedures and funct i ons: }
{P procedures and funct i ons: }
{Q procedures and funct i ons: }
{R procedures and functions:}
{

raypixels

i
procedure raypixels(ì,k: integer ) ;
(t
Paraìleì ray geometry. Returns nc. of pixels covered by ray(ì,k) in npr,
their coords in pixelIl,i],pixeì[2,i] and the pseudo projection in
pseudo. Raywidth rw, threshold thr, sin and cos of víew angle sinl,così
to be defined in main program before calling raypixels.
Cal I s absmal ,del ,jmi nmaxrmi n0,maxO.
I)

begin { raypixels }
npr:=0 ; pseudop:=0 i
{ get I imi ts of search in y/j di rection }
j j l:=round ( (-ni>tsinl+(k-l):t¡¡a¡ /cosl) ;
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jj2:=round
jj l: =round
jj 4: =round
jjì:=absmaì
jjl:=absmaì
jminmax(jj
for j'=jmin to jmax do

begin { row }
{ get I imits of search in x/ i direction }
jjì :=round ( (¡:tçerl- (k-l) :'<¡ç¡lsinl) ; jjì :=absmal Uj l,ni-l) ;
jj2:=round ((¡:tçqrì- (k+l);,rw)/sinl) ; j j2:=absmaì U j2,ni-l) ;

imi n:=mi nO Uj I ,jj2) -1 ; imax:=maxO Uj ì ,jj2) +l ;

for i:=imin to imax do
begin { column }
if del (i,j,k,sinl,cosl) then

begin { store ray pixels }
npr:=npr*l ; pseudop:=pseudop+picIi,j] i
pixel[],nprl:=i ; pixel[2,npr]:=j ;

end; { store ray pixels }
end;{column}

endi{row}
end ; { raypixels }

{S procedures and funct i ons: }
{T procedures and funct i ons: i
{U procedures and funct i ons: }
{V procedures and funct i ons : }
{

l'lain Bìock

beg i n {artp}
rewr i te (cal com) a

reset(inpic) i
writeìn(prompt,' START Tlf'lE ' ,clock:10) i
for j:=-mj to mj do

begin
for i:=-ni to ni do
picIi, j]:=0 ;

end i
for j : =-mj to mj do

begin { get pic i
for i:=-ni to ni do
if (i=O) and (j=o) then picIi, j]z=2jl eìse p¡cIi,jf z=2i .

end i
{

read(inpic,picIi,j]) i
readìn(inpic) ,

end i

begin {elpsi
va ì el p:=i :'<i /l 600+j ::) /)OO i
if valeìp<=1.0 then picIi,j]:=2!! else
if j<0 then picIi,j]:=lO else picIi,j]:=20 i
end ; {elps}

(-ni:ksi nl+ (k+l),lrw) /cosl) ;

(nitcs inl+ (k-l)'lrw) /così) ;
(nicc5 i nì+(k+l),krw) /cosl) ;

Uj I,mj) i j j2:=absmaì (jj2,mj) i
(jj3,mj) ; jj4:=absmaìUj4,mj) ;

, JJ2, JJ J, JJ 4,Jm r n,Jmax/ ;

]
i



i
{

]
{

]
{

- r99

end ; { get pic }

begin Irectangìe]
picIi,j]:=.ì00 i
if j>21 then picIi,¡]:=.l60 ;

if i>J! then picIi,j]:=ì60 ;

if j<-lO then picIi,j]:=160 ;

if ì<-30 then picIi, j]:=160 ;

vaìelp:= (j-ì0) :'< U-10) /1oo+i;.i/400 1

if valeìP<=l then PicIi,j]:=150 i
end ; {rectangle}

end ; {get pic}

for j:=-fij to mj do
begin {circle}
for i:=-ni to ni do

begin
vaì el p:=j:'<j /l+OO+i ¡ti /400 ;

if valeìp<=l.O then picIi ,if :=255 ;

end i
end ; {circle}

for j:=-mj to mj do
begin
for i:=-îi to ni do

begin
valelp:= (j-ì!):'c U-.l5) /too+ (i-ll),'r (i- lÐ /too ì
if valeìp<=.l.0 then picIi ,j]t=255 ;

end t
end ;

for j:=-mj to mj do
begin
for í:=-ni to ni do

begin
valelp:= (j+t5) :t (j+l Ð /tOo+(i-lS) :'c (i -l Ð /loo t

if valelp<=1.0 then picIi ,j]z=255 i
end i

end t
for j:=-mj to mj do

begin
for i:=-ni to ni do

begin
valel p:= (j+15) rc (j+l Ð /lOo+ (i+'l5) :t (i+ì Ð /lOO ;

if vaìelp<=ì.0 then picIi , j)t=255 i
end t

end t
for j:=-mj to mj do

begin
for i:=-ni to ni do

begin
valel p:= (j-ì!) rr (j-15) /lOO+(i+t5¡ :k (i+ì Ð /lOO i
if valelp<=l.O then picIi , jf z=255 ;

end i



]
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end i

counti:=l ;

countj:=l ;

for j:=-mj to mj do
begin
countj:=countj*l ;

for i:=-ni to ni do
begin
counti:=counti*l I

if (counti<=lO) and (countj<=10) then picIi,j]:=127 else
if (counti>lO) and (countj>ì0) then picIi,j]:=ì27 eìse
picIi,j]:=2oo i
if counti=20 then counti:=l i
ì f countj=20 then countj:=l i
end i

end i
for j:=-mj to mj do

begin
for i:=-ni to ni do

begin
val el p:=i cri /l 600+j :,i /625 i
if valeìp>l.O then picIi,j]:=20 ;

end i
end ;

rewrite(mvpl) i
formvp (pic,2rcmj+l,2:'<¡i+l,8,mvpl) ;

{ Aef i ne proj ect i on ang ì es i n degrees }
for l:=l to np do prangì [l]:=45+ (l-1)x22.5 i

prangì[l]:=45 i
prang I [2] : =90 i
prangl [3]:=l80 i

{}
{
{}

# ## ##### ### # # # # ## ## # # # # ## .

I compute projections ]
rewr i te (proj ect i on) ;

avg:=O ;
for ì:= I to np do

beg i n { np proj ect ¡ ons }
angl := prangì [l]:tpi/180.0 ;

sinì:=sin(angì) ; cosl:=cos(angl) |

{ ray width rw may be muìtipìied by an integer to use wider rays ( more
pixeìs per ray : modify nprmax ). Perform corrections at all occurrences
of
rw]
rw:=amaxl (abs (sinl) ,abs (così)) ; thr;=Q.!:t¡¡t ;

for k:= -nr to nr do
begin { ray i
raypixeìs (l,k) ;

wr i te (proj ect i on, pseudop) i
avg:=avg + pseudop ;
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end; {ray}
writeìn(projection) ;

end ; { np projections }
reset (proj ect i on) ;

avgz=avg/ (norow>'<noco I t',np) |

writeìn(prompt,' AFTER PROJECTIONS',clock:10) ;

]
######################### .

]
Reconstruction by ART ]

for i:=-nî to ni do
for j:=-mj to mj do pìc[i,j]:=avg i
iteration:=0 ;error:=0.0 ; preerr z=9999999.9 ;

repeat { ART }
reset (proj ect i on) ;

i f i terat i on>O then preerr:=error i
i terat i on: = i terat ion+l ;

for I:= I to np do
begin I projection ]
angì :=prangl Il]:tpil180.0 i
sinl:=sin(angl) ; cosl:=cos(angl) t

rw:=amaxl (abs (sinl),abs (cosl)) ; thr:=0.5)'<rw ;

for k:=-nr to nr do
begin { ray }
read (proj ect i on, raysum) ;

raypixels (l,k) i
for inpr:=l to npr do

begin { correction }
ip:=pixelIl,inpr] ; jp:=pixel[z,inpr] ;

if artadd then
begin { additive ART }
pi cIi p,jp] :=picIip,jp]+ (raysum-pseudop) /npr i
{ if constrained ART, check for negative values }
if (artconstr) and (picIip,jp]<o) then picIip,jp]:= 0 ;

end ; { additive ART }
if artmuì then

begin { multipl icative ART }
if pseudop<>O.0 then
pi cIi p,jp] := pi c Ii p, jp]'traysum/pseudop
else PicIiP,jP]:=0.0 t

end ; { multipì icative ART i
end; {correction}

end;{ray}
readln (projection) i
end; { proj ect i on }

eucl id_error ;

writeln(prompt,r ITERATI0N r, iteration:1,' EUCLIDEAN ERROR ',eucl iderr) |

{ a suitable criterion on the error may be included here to stop ART }
until (iteration=5); { ART }
rewr i te (mvp3) i
f ormvp (pic,2:tmj+.l,2:'c¡i+l ,8,mvp3) i
writeln(prompt,' CPU TlllE USED r,clock:lO,r 14lLLlSECONDS.r) ;
end. { artp }
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{ zSN0BELLsSBSnrn0p spARTr STSxN$xL /end./$xNSxc0pyD spARTo
r;$F I LE, SPARTO, R$TSXCOPY SPART] T;$F I LE, SPARTI , RSXBSREADP
PUSTSxN$XLlend. /SPrr$xNS L/vers i o

proj ect- 3d reconsruct i on of nev i ; atam prakash dhawan graduate
student UN I VERS I TY 0F ¡4AN I T0BA The above XED I T commands create two
backup f i I es and copy comp i ì er error messages to the end, as a
commen+-, if any. Ì

{
j
i
Titìe: SPART: WEIGHTED ART WITH AVERAGING
Author:H.R.Rangaraj
Address;Department of Pathology, Universi ty of l4ani toba,

liled i ca I Co I I ege, 770 Bannatyne avenue,
W i nn i peg, l'1an i toba, Canada R3E 0W3 .

Program descr i pt i on :

This program returns reconstructions of a given picture by
summation ( back projection ) and additive/multiplicative ART
combined with a selective neighborhood averaging to prevent streaks.
Paral lel ray geometry is used throughout. Projections ( views )
of the picture are first computed and then using them, the
picture is reconstructed. Parameters of the picture and
reconstruction method to be used are to be entered in the
constants list and within the main program as well.

Program Statement

]
program spartp(input/,inpic,limits,output,prompt,lstfrm,nxtfrm,caìcom,
mvpì ,mvp2,mvp3,vi ewl ,vi ew2,vi ew3,vi ew4,vi ew5,vi ew6,vi ew7,vi ew8) i
{

Use of External Fi les

input: terminal input
output: debugging output and Pascal dump on error exits
prompt: termi na I output
I stfrm: ì ast frame recorded
nxtfrm: next frame to be output by this program
caìcom: output fi le for PASPLOT commands
inpic: input test picture
mvpl: test picture returned in flVP format 5
mvp2: reconstruct i on by summat i on
mvpj: ART reconstruction

Execute as:
/SPARTX, I NPUT, I NP I C, L I 11 I TS, SPARTU, OUTPUT, SPART I, SPARTO, SPARTZ,
t4vPI,t{VP2,t4VP3.
i
{

]
{



Assoc i ated
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Fiìes

SPARTC
SPARTI'1

S PARTS

i
{

]
{S I 'PAsPLol i
{

]
Cons t
{A cons tants : }
{ for additive ART set
for constrained ART set
artadd=ti'ue ; artmul=fa

for execut i on
for batch compi lation

for batch j ob subm i ss i on

Compiler lnclude Directives

Labe I s

Cons tan t s

artadd to true ; muì
artconstr to true:'

'I se ; ar tcons tr=true

tipì icative ART set artmuì to true ;
set others to faìse ]
t

{B constants:
{C cons tants :

{D constants
{E constants
{F constants
{G constants
{H constants
{ I constants:
{J constants:
{K constants:
IL constants:
{H constants:
{ max (+-) y/j index of picture ( origin at
mj =50 i
{N constants: }
{ t'¡o. of rows and coìumns of picture and no.
]
norow=ì01 ; nocol=l0l ;

{
n i : max (+-) x/ i i ndex of
nr : max (+-) i ndex no. of
nprmax:max no. of pixel
norowrnocol.
]
ni=50; np=3; nr=l 10inr2=221 ; nprmax=l0l ;

{0 constants: }
{P constants : }
pi = 3.1415926536;
{Q constants:}

center of picture ) ]

of bits per word in HVP output f¡ le

nob i ts=8 i

picture; np:no. of projections/views to be used;
rays; nr2:total no. of rays per view(2:'<nr+l) i

s a ray can cross - raywidth in pixels:'< max of
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[R constants: ]
{S constants: }
[T constants:]
{U constants: }
{V constants: }
version_number = l;
{l^/ constants: }
{X constants: }
{Y constants: }
{Z constants: }
{

Types

Primary types, defined in terms of constants, are
foìlowed by compound types, which are defined in terms of
]
Type

, 
tr imary Types

{R types : }
{B types: }
{c types : i
{D types : }
{E types:i
{r types:}
{c types: }
{H types:}
il types:]
in_f i ìe = (input_f i ìe, ìstfrm_f i le) ;

{¡ types: }
{K types : }
{L types : }
[H types: ]
{N types: }
{o types : l
{P types : }
{q types: i
{R types: }
{S types:}
{T types: }
twod=arrayIinteger, integer] of real i
twodl=arrayIl..np,-nr..nr] of real ;
twod2=array[-ni..ni,-mj..mj] of real ;

{u types: }
{v types: }
{W types: }
{X types: }
iY types:Ì
{Z types: }
{

Compound Types

given first,
other types.

]
{
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Variables

]
Var
{A variables:}
along,across : reaì ; {contrast aìong E across a ray}
averagep i c: text t

avgwt:real ; { weighting factor for neighbors'average }
angì,avg:real ;

{B variables:}
bufferpic : text ;

{C variables:}
cosl:real ;
calcom: calcomf i le; iNeeded by PASPL0TÌ
{D variables:}
{E variables:}
eucì iderr:real i
error: real ;
vaìelp:real;
{F variabìes:}
{G variables:}
{H variables:}
{t variables:}
i, ip, imin, imax, inpr, iteration: integer i
inpic: text ;

{J variables:}
j,jj l,jj2,jj3,jj4,jmin,jmax,jp: i nteger ;

{K variabìes:}
k: i nteger I

{L variables:}
I imits:text ; { input fi le containing streak contrast threshoìds }
ì trt:real ; {ìeft to r ight contrast across a ray}
ì: integer i
I stfrm: text¡ {See program statement}
{f4 var i ab ì es: }
midpix:real;
mvpì ,mvp2,mvp3: text i
{N variabìes:}
nsmooth,nart,nsharpen : integer ;

nextray:arrayIl..nprmax]of real ; {neighboring pixeìs of next ray }
nnexpix,nprepix: integer ; I number of neighboring pixeìs in next & previous
rays ]
{ string of average oí neighbor's of a pixel
ne i ghborhood: array Ij . . nprmax] of rea ì t

{ average of neighbor array over al I pixels
neighbor_total: real;
nxtfrm: text; {See program statement}

i

ofarayÌ

npr: i nteger i
{0 r¡ar i ab I es: i
{P variables:}
pixpre,pixnex: reaì ; {previous E next pixels aìong ray}
prevray:arrayIl..nprmax] of real ; { neighboring pixels of previous ray
projì:integer ;
preerr: r'eal ; { error of previous iteration }
picavg: real ; { average density of picture }
{ pseudo projection of ray }
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pseudop: real;
{ picture array -ni..ni, -mj..mj }
pic:twod2 t

{ angles of projections : to be entered in main program }
prangì: array Il ".np] of real ;

{ firsi dimension refers to view no. and second to ray no. }
proj ect i on: text i
pixeì.array [.l..2, l..nprmax] of integer i
prompt: text; {Cal I to program should be
{} /SPARTX,,SPARTU,ourPUT, etc., to
{} place any bugs into fi ìe SPARTU and have the prompts
{} come out on OUTPUT. Aìl prompts are to file PROHPT

{} which thereby becomes OUTPUT.}
{q variables:}
{R variables:}
raysum: real ;

í ray width : modify in main program at alì locations if necessary l
rw: rea I ;

{S variables:}
sinl:real )

scale: real; {Scale factor for plotti ng}
{T variables:}
threshl,thresh2 : real ;

{ threshoìd for ray boundary = 0.! rc ray width }
thr: rea I ;

testing: boolean; {Flag for debuggingi
{U variables:}
{V variables:}
v i ew I , v i ew2 , v i ew3 , v i ewl+ , v i ew! , v i ew6 ,1, i ew/ , r, i ew8 : tex t i
version_date: al fa; {Date compi ìed}
version_time: alf a; {time compiìed}
vai:real ;

{W variables:}
weight : real ; { weighting factor for average }
{X variables:}
x:arrayIl..nr2] of real ;

xinfo:scaìeinfo;
{Y variables:}
yzarray Il..nr2] of real ;

yinfo:scaleinfo ;

{Z variables:}
{

Forward Dec ì arat i ons

]
{Forward dec I arat i ons of procedures and funct i ons: ]
{A forward dec I arat i ons: }
function Amaxl (a,b: real): reaì; forward;
function Amini (a,b: real): real; forward;
{B forward dec ì arat i ons: }
{C forward dec I arat i ons: }
{D forward dec l arat i ons: }
{E forward dec I arat i ons: }
{F forward dec I arat i ons: }
function Factorial (n: integer) : real; forward;



{G forward dec I arat i ons: }
{H forward dec ì arat i ons: }
{ I forward dec I arat i ons: }
{J forward dec I arat i ons: }
IK forward Cec I arat i ons: ]
{L forward decìarations:}
[H forward declarations:J
f unct i on l'laxO (a, b: i nteger) :

f unction 14inO (a,b: integer) :

{l'l f orward dec I arat i ons: }
{0 forward dec I arat i ons: }
IP forward dec I arat i ons: ]
{Q forward dec I arat i ons: }
{R forward declarations;}
{S forward dec I arat i ons: }
{T torward dec I arat i ons: }
{U forward dec I arat i ons: }
{V forward dec I arat i ons: }
{l{ forward dec I arat i ons: }
{X forward dec I arat i ons: }
{Y forward dec I arat i ons: }
{Z forward dec I arat i ons: }
{

]
function Amaxl { (a,b: rea'|) : rea

begin iAmaxlÌ
if a > b then Amaxl := a eìse
end; {Amaxl}
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i nteger; forward;
i nteger; forward;

Procedures and Funct i ons

]
IProcedures and funct i ons : ]
{A procedures and funct i ons: }
{

Absma l

]
funct i on absmal (one, tb/o: i nteger) : i nteger ;

{ returns no. wi th smal I er absol ute val ue
and sign of the first no. ]

begin { absmal }
if one < 0 then

begin
if abs(one) < two then absmaì:=one else absmaì:=-two
end

eìse
begin
if one < two then absmal:=one else absmal:=two
end

end;{absmaì}
t

Amax I

t];

Amaxl := b;
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Aminl

]
function Aminl{(a,b: real) : reaì};

begin {Rminl}
if a < b then Aminì := a else Aminl := b;
end; {Rminl}

{B procedures and funct i ons: }
{C procedures and functions:}
{D procedures and funct i ons: }
{

del

]
f unction cjel (¡, j,k: integer;sinì,cosl:real):boolean r

{ ¿el : true if pixel (i,j) belongs to ray (l,k) }
var dist,jy:reaì ;

begin { ael }
jy:=i¡tsinl + k:lrw i jy.= jylcosì i
di st:= abs U-jy) r;abs (cosl) ;

if dist<=thr then deì:=true else del:=faìse;
end; {del}

IE procedures and funct i ons: ]
{

euclid error ;

Ì
procedure eucl id_error ;

{ computes the Euclidean distance between the original picture in file inpic
and its reconstruction i

begin { eucl id_error }
eucl iderr:=0.0 ;
reset(inpic) ,
for j:=-mj to mj do

begin { row }
for i:=-ni to ni do

begin { pixeìs }
read(inpic,val) i
if picIi,j]<>-999 Ûren
val:=val-picIi,j];
eucl iderr:=eucl iderr * 1r¿l:'cv¿l ;

end ; { pixels }
readln(inpic) i
end;{row}

eucl iderr :=eucl iderr / (norow:lnocol) ;

end ; { eucl id_error }
{F procedures and funct i ons: }
{

filter
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procedure filter i
begin { rilter }
for j:=-mj*l to mj-l do
for ¡;=-¡i*ì to ni-l do
if picIi,j]<>-999 Úren

begin { operations }
avg: =0 t
for jjl:=-l to I do
for jj2:=-1 to I do

begin { neighbors i
ij3z=i+jjl ; jj4:=jj2+j t

i f picUj3,jj4l<>-999 then
avg:=avg + picUj3,jj4l ;
end;{neighbors}

neighbor_total:=avg i
avg:=avg - picIi,j] ;

avg:= avg/8 i
i f ne i ghbor_tota I =0 then va I : =0
eì se val:= abs (pi cIi ,j]-avg) /nei ghbor_total ;

if val>=thresh2 then picIi,j]:=avg t

end;{operations}
end ; { filter }

{

Factor i a I

]
function Factoriaì {(n: integer) : real};

begin {Factor¡al}
if n = C then Factorial := I

else Facto:'ial 3= ¡ )k Factorial(n-l);
end; {Factor¡al}

Í
L

formvp

]
procedure formvp ( var f ig:dynamic twod;nrow,ncoì,bi ts: integer; var mvpf i I :text) ;

{ writes picture in t'lVP format 5 in f ile mvpf iì }
var ij,jk,newval,twelv: integer ; maxel,minel, ì im:real ;okay:boolean ;

begin I for mvp i
okay:=true;
if (nrowcl) or (nrow>512) or (ncolcl) or (ncol>512) then

begin{error2}
writeln(prompt,' i'lAXll'1ut4 PICTURE SIZE PER|4ITTED lS 5ì2 X 512') t

writeln(output,'Haximum picture size permitted is 512 X 512') t

okay: =fa I se ;
end ; { error 2 }

if (bitscl) or (¡its>lz) then
begin{error3}
writeìn(prompt,'¡/tVP RESOLUTI0N Lli'llTED T0 1...l2 BITS') ;

writeln(output,'l'lVP resoìution limited to 1...l2 bitsr) i
okay: =fa ì se t
end;{error3i

i f okay then
begin { execute formvp }
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maxel:=0 i
case bi ts of { resolution }
l: I im:=l ;
2z lim:=3 t

3; I im:=7 ;
l+: lim:=15 t

5z Iim:=31 ;
6z I im:=63 ;

7: lim:=127 ;
E: \ in:=255 i
9: lim'=5ì I i
l0: ì im:=ì023 i
I l: lim:=2047 ;
l2: lim:=l+095 ;

end; {resolutioni
ij:=lgw(fig,l) ; jk:=low(fig,2) ; minel:=fiSIij,jk] ;
for ij:=1ow(tig, l) to nigh(f ig, l)do
for j k:=l ow (t i g, z) to h i gh (f i g,2) do
if f igIij,jk]<>-999 then

begin { minmax }
if maxelcfigIij,jk] then maxel:=fiSIij,jki ;

if minel>figIij,jk] then minel:=fi9[¡j,jk] ,

end;iminmaxÌ
writeln(mvpf il,'PICTURE FILE FOR DISPLAY USING l4VP.r) ;

writeln(mvpf i l,'ENDOFHEADRt,ncol :5,nrow:5,bits:5, I :5) i
for j k:=l ow (r i g, z) to h i gh (f i g,2) do

begin { row }
twelv:=0 i
for ij:=ìow(f ig,l) to higfr (f ig,l) do

begin { col }
if figIij,jk]=-999 then newval:=0
eìse
newval :=round (l imif isIij,jk]/maxel),
i f newva I <0 then newva I : =0 i
wr i te (mvpfi l,newvaì:5) ;
twe lv: =twe lv*l ;
if twelv=12 then

begin { end I ine }
twelv:=0 ;
writeìn(mvpfil) i
end ; i end line Ì

end;{coìi
writeln(mvpfil) ;

end;{row}
end ; { execute formvp }

end ; { for mvp }
{G procedures and functions:}
{H procedures and functions:}
i I procedures and funct i ons: ]
{J procedures and funct i ons: }
{

J fn r nmax

J
procedure jmi nmax (nl , n2, n3, nL : i nteger ; var mi n,max: i nteger ) ;
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{ returns min and max of four integers given }
begin { jminmax }
min:=nl ; max:=nì ;
if n2<min then min:=n2 i
if n3<min then min:=nl ;
if nl+<min then min:=n4 ;
if n2>max then max:=n2 ,
if nJ>max then nax:=nJ ;

if n4>max then max:=nl+ ;

end;{jminmax}
{K procedures and funct i ons: }
{L procedures and funct i ons ; }
{14 procedures and funct i ons : }
f

flax0

i
funct i on Hax0 { (a, b: i nteger) : i nteger} ;

beg i n {t'lax0}
if a > b then Hax0:= a eìse l'1ax0 := b;
end; {lilaxoi

{

llin0

]
funcr i on l'1 i n0 { (a, b: i rrteger) : i nteger} ;

begin {¡lino}
if a < b then ltl in0 := a eìse 11 in0 := b;
end; {¡t i no}

{N procedures and functions:
[0 procedures and functions:
{P procedures and functions:
{Q procedures and functions:
{R procedures and functions:
t

raypixels

i
procedure raypixels (ì,k: integer ) ;

{
Paraììel ray geometry. Returns no. of pixels covered by ray(l,k) in npr,
their coords in pixeì [], i],pixel [2, i] and the pseudo projection in
pseudo. Raywidth rw, threshoìd thr, sin and cos of view angle sinl,cosl
to be defined in main program before cal I ing raypixels.
Cal ls absmal,del,jmi nmax,mi n0,maxO.
]

begin I ray
npr:=0 ; ps
{ Set I imit
jj l:=round
jj2:=round
jj l: =round
jj 4: =round

pixels Ì
eudop:=0 i
s of search in y/j direction ]
(-ni:tsinl+(k-l) r<¡*¡,/così) ;
(-ni:'rs inl+ (k+l ) r,rw) /cos ì ) ;
(nirrs inl+ (k-l) rtrw) /cos l) ;
(nitcs inl+ (k+l)'trw) /cos l) ;
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jj l:=absmal (jj l,mj) i ii2:=absmal (jj2,nrj) i
jjl:=absmaìUj3,mj) ; jj4:=absmal (jj4,mj) t
jmi nmax Uj I ,jj 2,jj3,jj4,jmi n,jmax) i
for j '=jmin to jmax do

begin { row }
{ get I imits of search
j j I :=round ( (¡icçst ì - (k-l
j j 2 :=round ( (j'tcos I - (k+l
imin:=min0 (j j I , j j 2) -l i
for i:=imin to imax do

begin { coìumn }
if deì (i,j,k.sinì,cos

n x/i direction i
r.rw)/sinl) ; jjl:=absmal Uil,ni-l) ;

'trw)/sinl) i jj2:=absmal Ui2,ni-l) ;

imax:=maxO Uj 1,jj 2) +1 t

) and (picIi,j] <> -999) then
begin { store ray pixeìs }
npr:=npr*l ; pseudop:=pseudop+picIi,j] ;

pixelIl,npr]:=i ; pixel[2,npr]:=j i
end; { store ray pixels }

end;{coìumn}
end;{row}

end:" íraypixels]
{S procedures and funct i ons: }
{T procedures and functions:
{U procedures and functions:
{V procedures and functions:
{

v r ew_average

]
procedure view_average ;

{ produces a picture which is the average of reconstructions
at end of each view ]

begin { view average }
if i=l then

begin I initiate averagepic ]
rewr ite (averagepic) ;

for j:=-mj to mj do
begin { row }
for i:=-ni to ni do
wr i te (averagepic,picIi,j]) i
writeln(averagepic) |

end;{row}
end { initiate averagepic }

else
begin { add next view picture }
reset (averagep i c) i
rewr i te (bufferp i c) t
for j:=-mj to mj do

begin { row }
for i:= -ni to ni do

begin { pixel }
read (averagep i c, va I ) ;

val:=vaì + picIi,j] t
wr i te (butferp i c, va ì ) t
end;{pixel}

readln(averagepic) ;
wr i tel n (bufferpi c) t
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end;{row}
rewr i te (averagep i c) ]
reset (bufferp i c) ;

for j:= -mj to mj do
begin { swap fiìes }
for i:=-ni to ni do

begin I interchange ]
read (bufferpic,vaì) ;
wr i te (averagepi c,val) i
end ; { interchange }

reacil n (buf f erp i c) ;
writeln(averagepic) ;

end ; { swap files }
end ; { add next view picture ]

if l=np then
begin { transfer picture }
reset (averagep i c) ;

for j:=-mj to mj do
begin { pui picture in pic }
for i:=-ni to ni do

begin { aivide }
read (averagep i c, va I ) ;
picIi,j]:=vaìlnp ;

end;{divide}
readln(averagepic) i
end ; { put picture in pic }

end ; { transfer picture }
end ; { view average }

{W procedures and functions:}
{X procedures and funct i ons : i
{Z procedures and funct i ons : J

{

l'la i n B I ock

begin {spartp}
rewr i te (ca I com) ;
reset(inpic) ;
rewr i te (proj ect i on) t
writeln(prompt,' START Tlt'1E ' ,cìock:10) i
for j:=-mj to mj do

begin { get pic }
for i:=-ni to ni do

begin {eìps}
val el p:=i :'c i / l6OO+j:rj /625 ;

if valelp<=1.0 then picIi , j7:=255 else picIi, j]:=20 t
end {e ì ps}

end ; { get pic }
rewr ite (mvpl) i
formvp (pi c, 2:lmj+.l, 2:k¡i+l,B,mvpl) ;

{ define projection angles in degrees }
for l:=l to np do
prangl Il]:=ircl+S i
{}
{ ### # ## # # ## # # ### # ### # # ## ## .
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{}
{ compute projections }
rewrite(projection) ; picavg:=0 ;

for l:= I to np do
beg i n { np proj ect i ons }
angl := prangl Il]tlpil.l80.0 i
sinì:=sin(angl) ; cosl:=cos(angl) i
{ ray width rw may be multipìied by an integer to use wider rays ( more
pixeìs per ray : modify nprmax ). Perform corrections at all occurrences of
rw]
rw:=amaxl (abs (sinl) ,abs (cosl)) ; thr;=Q.!:'r¡ç ;

for k:= -nr to nr do
begin { ray }
raypixels (l,k) ;

wr i te (proj ect i on, pseudop) ,

picavg:=picavg + pseudop ;
end; {ray}

writeln(projection) ;
end ; { np projections }

p i cavg: =p i cavg,/ (npt',¡sto*rcnoco ì ) ;
writeìn (prompt,' AFTER PROJECTIONS ',ñpr5,clock: l0) t

{}
{
{}

# # ##### ## # ## ### # # # # # # # ### .

{ Reconstruction by a Iinear combination of seìective averaging and ART }
reset (l imi ts) ;
read (l imits,threshl,thresh2) ;
writeìn(prompt,' STRTAK CONTRAST THRESH0LDS ',threshl:.l0:4,thresh2:.l0:4) i
for i:=-ni to ni do
for j:=-mj to mj do picIi,j]:=picavg ;
i teration:=0 ;preerrz=9999999.0 ; error:= 0 ;
reset (projection) ;

{ starting picture for ART computed from first projection only}
l:=l ,
angl := prangì [ì]:'rpili80.0 ;
sinl:= sin(angl) ; cosl:= cos(angl) ,
rw:= amaxl (abs (sinì) ,abs (cosl) ) ; thr;=Q.!:l¡ç '
for k:= -nr to nr do

begin { ray pixeìs i
raypixels (l,k) t
read (projection,raysum) i
for inpr:= ì to npr do

begin i aefine pixels ]
ip:= pixel[], inpr] ; jp:= pixel[2, inpr] ;

picIip,jp] := raysum/npr ;
end ; { define pixeìs }

end ; { ray pixels }
repear { ART }
reset (proj ect i on) i
iteration:=iteration+l ; projl:= l;
if iteration=l then projl:=2 eìse projl:=ì i
for l:= projl to np do

begin { projection }
nsmooth:=0 ; nart:=0 ; nsharpen:=0,
angl :=prangl Il]:tpil180.0 ;
sinl:=sin(angl) ; così:=cos(angl) i
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rw:=amaxì (abs (sinl),abs (cosl)) ; thr¡=Q.!:'c¡¡¡ ;

for k:=-nr to nr do
begin { rays }
read (proj ect i on, raysum) ;

if raysum>O.0 then
begin { neglect zero rays }
raypixeìs (l,l<) ;
for i npr:=ì to npr do

begin { neighborhood operations}
ip:=pixel[l,inpr] ; jp:=pixel[2,inpr] ;

nprepix:=0 ; nnexpix:=0,
prevrayIinpr]:=0 ; nextrayIinpr]:=0 ;

for i:= I to 3 do
for j:= I to 3 do

begin { search 8-neighborhood i
jjl:= ip+i-2t jj2¡= jp+j-2 i
if (abs(jjl)<=ni) and (abs(jj2)<=mj) then

begin { test distance }
val:= (jjìicsinl + (t<-t¡,',¡*¡/cosl i
val:= abs(Ui2'val) i.cosl) i
i f val<=thr then

begin I previous ray pixel ]
nprepix:=nprepix + I I

vaì:=picUj I,jj2l i
if vaì=-999 then val:=0.0 ;
prevrayIinpr]:= prevrayIinpr] * val i
end ; { previous ray pixeì i

val:= (jjl:tsinl * (t+t¡tt¡yr¡/cosl i
va l : = abs ( Ui 2-va l) J,cos l) i
i f val<=thr then

begin I next ray pixel ]
nnexpix:=nnexpix+l;
val:=picUj I,jj2l I
if val=-999 then vaì:=0.0 ;

nextrayIinpr]:= nextrayIinpr] t val i
end ; I next ray pixel ]

end ; { test distance }
end ; { search 8-neighborhood }

i f nprep i x=0 then prevray I i npr] : =0.0
el se prevrayIi npr] := prevrayIi npr]/nprepi x ;
i f nnexp i x=O then nextray I i npr] : =0 .0
else nextrayIinpr] := nextrayIinpr]/nnexpix ;

end ; { neighborhood operations }
for inpr:=l to npr do

begin { compute weighted neighborhood }
midpix:= pic[pixel [], inpr],pixel12,inprll t
¡f inpr=ì then pixpre:=pic[pixel Il,npr],pixel [2,npr]]
eìse pixpre'=pic[pixel [], ¡npr-l],pixel [2, inpr-l]l i
if inpr=npr then pixnex:=pic[pixel [ì, l],pixel [2, l]l
el se pixnex'=pic[pixel [], inpr*l],pixe112,inpr+l]l ;

vaì:=nextrayIinpr] + prevrayIinpr] + 2:tmidpix i
i f va I <>0.0 then
across : = (abs (nextray I i npr] -m í dp ¡ x) +abs (prevray Ii npr] -m i dp i x) ) /va I

else across:=0.0 ;
val:= nextrayIinpr] + prevrayIinpr] i
i f val<>0.0 then I trt:=abs (nextrayIi npr]-prevrayIi npr]) /val
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else ìtrt:=0.0 ;
val:=pixpre + pixnex * 2Jcmidpix ;

i f va I <>0.0 then
aìong:= (abs (midpix-pixnex) * abs (midpix-pixpre) ) / (2xval)
else along:=0.0 ;
i f (nnexp i x=O) or (nprep i x=0) then

begin {avoid false contrast}
across:=0.0; along:=0.0;
end ; {avoid false contrast}

i f (across>thresh l) and (aIongcthreshI) then
begin I streak ]
if ltrt>thresh2 then

begin I edgei
nsharpen:=nsharpen*l t

i f abs (midpi x-nextrayIinpr]) <abs (midpix-prevrayIi npr]) then
nei ghborhood Ii npr] :=nextray Ii npr]
else neighborhoodIinpr] :=prevrayIinpr],
end { edge }

else { bump }
begin { smoothinS }
nsmooth¡=¡s¡e6tþ*l;
neíghborhoodIinpr]:= Q. j:'c (nextrayIinpr] + prevrayIinpr]) ;

end ; { smoothing }
end { streak

else I nothing
begin
nart:=nart+l
nei ghborhoodIi npr] :=mi dpi x ,
end i

end ; { compute weighted neighborhood }
neighbor_total:=0.0 ;

for inpr:=l to npr do
ne ighbor_tota ì : =ne ighbor_tota I * ne iglrborhood I inpr] ;

for inpr:=i to npr do
begin { correction }
ip:=pixelIl,inpr] ; jp:=pixel[2,inpr] t
i f ne i ghbor tota I <>0.0 then
pi c [¡ p;jp] tI n"i ghborhood Ii npr] ?'rraysum,/nei ghbor-totaì
eìse picIip,jp]:=0.0 i
{ if constrained ART, check for negative values }
if (artconstr) and (picIip,jp]<0) then p¡cIip,jp]:= 0 t
end ; { cor rect i on i

end ; { neglect zero rays }
end;{rays}

read ì n (proj ect i on) i
filter I
if iteration=5 then view average i
writeln(prompt, ' PRoJN Ï, 122, ' SHARPEN ', nsharpen:lO, I SHooTH ',
nsmooth:10, ' ART ', nart: l0) ;
end; { proj ect i on }

euc I i d_er ror ;
writeln(prompt,' EUCLIDEAN ERROR r,eucì iderr) i

{ a suitable criterion on the error may be included here to stop ART }
untiì iteration=5 ; i ART ]
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formvp (pic,2fcmj+.l,2:tni+l,8,mvp3),
writeln(prompt,' CPU Tl¡lE USED ',clock:10,' t4lLLlSEC0NDS.r) ;

end" { spartp }
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i zSN0BELLSSBSREADp prCpRl$TSXNSXL/end./$XN$XCoPYD PICPRO
;t$FtLE,ptcpRo,R$TsxcopY PtcPRl :t$FILE,PICPRI,RSXBSREADP
P u S r S xN $ x L / end. 7 $ p:'< $ x N S L /ve r s i o

The above XEDIT commands create two backup fi ìes and copy compi ìer
error messages to the end, as a comment, if any. ]

{
]
{
Ti tìe:Pl CPR: Pl CTURE PROJECTI 0N

Author: Atam P.Dhawan
Address:Department of Electrical Engineering

University of Hanitoba
W i nn i peg, l'lan i toba, Canada R3T 2N2 .

Program descr i pt i on :

This program computes the projections of the input image at
, specified angìes.

Paral lel ray geometry is used throughout. Projections ( views )

are stored in fi le HVPI
in format 5.

Ì
{

Proqram Statement

j
program
picprp(input/,inpic,output,prompt,lstfrm,nxtfrm,calcom,convfn,mvpl,);
{

Use of Externaì F i les

i nput: term i na I i nput
output: debugging output and Pascal dump on error exits
prompt: term i na I output
lstfrm: Iast frame recorded
nxtfrm: next frame to be output by this program
calcom: output file for PASPLOT commands
inpîc: input test picture
mvpl: projections of the image in format !.

Execute as:
/plcpRX,lNpuT,tNplc,ptcpRU,0UTPUT,PtcPRl,PtcPRo,PlCPRZ,l,lvPl,l'1VP2,
r'lvP3.
]
I

Associated Files

P I CPRC for execut i on
P I CPRI{ f or batch comp i I at i on
PICPRS for batch job submission
i
ct



]
{$ I ' PAsPLor'}
{$ I 'i4ATH'}
{

]
Cons t
{A constants: }
{ for add i t ive
for constra i ned
artadd=fal se;ar
{B constants: }
{C constants: }
{D constants: }
{E constants:
{F constants:
{G constants:
{H constants: }
i t constants: ]
{J constants: }
{K constants: }
{L constants: }
{11 cons tants : }
{ max (+-) y/j
mj=63 i
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Compi ler lnclude Di rectives

Labe ì s

Cons tan ts

ART set artadd to true ; mul
ART set artconstr to true;

tmuì=true; artconstr=true;

tipl icative ART set artmul to true I

set others to false ]

center of picture ) ]

of bits per word in HVP output fi le

index of picture ( origin at

{N constants: }
{ ¡¡o. of rows and columns of picture and no.
ì)
norow=127 ; nocol=127 ; nobits=8 ;

{
ni:max(+-) x/i index of picture; np:no. of projections/views to be used;
nr:max (+-) index no. of rays; nr2:totaì no. of rays per view(2tcnr+l) i

nprmax:max no. of pixels a ray can cross - raywidth in pixels:'< max of
norow, nocol
]
ni=63;np=8 i nr=127 i nr2=255;nprmax=12l;
nft=5ì2 ; mft=l ;

{0 constants: }
{P constants: }
pi = 3.1 \15926536;
{Q constants: }
{R constants: }
{S constants: }
{T constants: }
{U constants:}
{V constants:}



version number = l;
{w consEants:
{X constants:
{Y constants:
{Z constants:
t
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Types

in terms of constants, are
wh i ch are def i ned i n terms of

given first,
other types.

Pr i mary types, def i ned
foì lowed by compound types,
]
Type
t

]
Pr i mary Types

{A types: i
{B types: }
{c types: }
{D types: }
{E types:}
{r types: }
{G types: i
{H types:}
{ I types: }
in_f i le = (input_f i le, lstfrm_f i le) ;

{.t types : }
{K types: }
{L types: i
{t'i types : }
{N types: }
{o types: }
{P types: }
{Q types: }
{R types: }
{S types: }
{T types: }
twod=ar ray I i nteger , i nteger] of rea I t

twodì=array Il..np,-nr. "nr] of real ;

twod2=array[-ni..ni,-mj. "mj] of real ;

twodl=array[-nr" 'nr' l..np] of real ;

{U types: }
{V types: }
{w types:}
{x types:}
{Y types: }
{Z types: }
{

Compound Types

Ì
Var

l
{

Variabìes
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{A variables:}
averagepic: text ;

angl,avg:real ;

{B variables:}
bufferpic: text1'
{C variables:}
convfn: text ,

cosl:real l
calcom: calcomfi le; {Needed by PASPL0T}

{D variables:}
dcpower: reaì ,

{E variables:}
eucliderr : reaì ;

error: real ;

{F variables:}
{G variabìes:}
{H variables:}
{t variables:}
i, ip, imin, imax, inpr, iteration: integer i
inpic: text;
{J variables:i
j,jj l,jj2,jj3,jj4,jmin,jmax,jp: integer t

{K variables:}
k: i nteger i
{L variables:}
ll:integer ;
ì:integer i
lstfrm: text; {See program statement}
{H variables:}
maxfac: rea ì |
mvp I , mvp2 , mvpl: text ;

{N variables:}
nf th : i nteger ,

nxtfrm: text; {See program statement}
npr: i nteger i
{0 variabìes:}
{P variabies:}
pj num z array [] . . npl of i nteger i
preerr:real ¡ {error at previous iteration i
{ pseudo projection of ray }
pseudop: real ;

{ picture array -ni..ni, -mj..mj }
p i c: twod2 i
pi cpr: twodl i
{ angles of projections : to be entered in
prangl: array Il..np] of reaì ;

main program ]

{ tirst dimension refers to view no. and second to
proj ect i on: twod ì ;
pixel:array[1..2, ì..nprmax] of integer i
prompt: text; {Caì I to program shouìd be

ray no. ]

{}
{i
{}
{}
{Q variables:}
{R var i abl es:}

/PlCPRX,,Pl CPRU,0UTPUT, etc., to
place any bugs into fi le PICPRU and have the prompts
come out on 0UTPUT. All prompts are to file PROHPT

which thereby becomes 0UTPUT.i
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locations if necessary{ ray width : modify
rw: real ;

{S variabìes:}
suppd: i nteger ;

suml,sum2:real ;

spot: rea I i
sinl:real I
scale: real; {Scale
{T variables:}
{ threshoìd for ray
thr: real ;
test i ng: boo ì ean; {F
{U variables:}
{V variabìes:}
version_date: alfa;
version_time: alfa;
vaì:real ¡

{W variables:}
{X variables:}

in main program at all

factor for pl ott i ngÌ

width i

xreal,ximag,xabs:arrayIi ..nft]of reaì
x:array[ì..nr2] of real ;

xinfo:scaleinfo;
{Y variables:}
y: ar ray [] . . nr2] of rea I ;
yinfo:scaleinfo;
{Z variables:}
{

Forward Dec I arat i ons

i
{Forward decìarations of procedures and functions:}
{A forward dec I arat i ons:}
function Amaxl (a,b: real): reaì; forward;
function Aminl (a,b: real): real; forward;
{B forward declarations:}
{C forward dec I arat i ons: }
{D forward declarations:}
{E forward decìarations:}
{F forward dec I arat i ons: }
function Factorial (n: integer): real; forward;
{G forward decìarations:}
{H forward decìarations:}
{ I forward dec I arat i ons : }
{J forward dec I arat i ons: }
{K forward declarations:}
{L forward dec I arat i ons : }
{¡4 f orward dec I arat i ons: }
f unct i on flaxO (a, b: i nteger)
f unct i on l'li n0 (a, b: i nteger)
{N forward decìarations:}
{0 forward dec I arat i ons:
{P forward decìarations:
{Q forward declarations:
{R forward declarations:}
{S forward declarations:}

boundarY = 0 .5 fi raY

'lag f or debugg i ng]

{Date compi led}
{time compi I ed}

: integer; forward;
: integer; forward;
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{T forward dec I arat i ons: }
{U forward dec I arat i ons: }
{V forward dec I arat i ons: }
[W forward dec I arat i ons : ]
{X forward dec I arat i ons: }
{Y forward declarations:}
lZ forward decì arations:]
t

Procedures and Functions

]
{Procedures and funct i ons: }
{A procedures and funct i ons : }
{

Absma I

]
funct i on absma I (one, two: i nteger) : i nteger ;

{ returns no. wi th smal I er absol ute vaì ue
and sign of the first no. ]

begin { absmal }
it one < 0 then

begin
if abs (one) < tv,ro then absmal:=one eìse absmal:=-two
end

el se
begin
if one < tb/o then absmal:=one else absmal:=two
end

end;{absmal}
{

Amax I

]
function Amaxl { (a,b: real) : real};

begin {Amaxl}
if a > b then Amaxl := a else Amaxl := b;
end; {Amax l}

t

Aminl

]
function Aminl{(a,b: real) : real};

begin {Rminli
if a < b then Aminl := a else Aminl := b;
end; {Rminl}

{B procedures and funct i ons: }
{

boas_kac



- 224

procedure boas_kac i
{ Boas å Kac cì ipping procedure i

begin { boas_kac }
dcpower:=sqrt (xreal Il]:'c¡¡g¿l Il] + ximag[ì]r,ximagIl]) ;

nfth:= nft div 2 t
nfth:= nfth * l;
suppd:=0 i
for kz=2 to nfth do

begin { peak suppression }
val := sqrt (xreaì [k]r'r¡¡s¿l [k] + ximag[t]'',"imag[k]) ;

maxfac:= pi / (Z + nfth div k) ,

maxfac:= cos(maxfac) ;

i f va I > (maxf actcdcpower) then
begin { cl ippinS }
xreal It<] := xreal Ik]ttt"*t"cr'rdcpob/er,/val t

x i mag [t<] : = x i mag [k] ttt"*t 
"c:kdcpower,/va 

ì i
supPd:=suPPd * ì;
end ; { cìipping }

end ; { peak suppression }
end;{boas_kac}

{C procedures and funct i ons: }
{D procedures and funct i ons: }
Í(

del

]
function del (i,j,k: integer;sinl,cosl:real) :boolean ;

{ Oel : true if pixeì (i,j) belongs to ray (l,k) }
var dîst,jy:real ;

begin { ael }
jy:=i¡tsinì + k:trw t jyt= jy/così ;

di st:= abs U-iV) tcabs (cosl) ;
i f d i st<=thr then del :=true el se deì :=fa I se
end; {del}

{E procedures and functions:}
t

eucl id_error I

i
procedure euc I i d_er ror i
{ computes the Eucl idean
and i ts reconstruct i on

begin { euclid_error
eucl iderr:=0.0 i
reset(inpic) i
for j:=-mj to mj do

begin { row }
for i:=-ni to ni do

begin { pixels }
read(inpic,val) ;
val:=val-picIi,j]
eucl iderr:=eucl ide
end;{pixels}

readìn(inpic) i

d i stance between the or i g i na I pi cture

rr * val¡tval i



end;{row}
eucl iderr:=eucl iderr/ (norow:knocol) i
end ; { eucl id_error }

{F procedures and funct i ons: }
t

ftbtr

]
function ftbtr (jbtr,mft: integer): integer;
var ibtr,jbtrì ,jbtr2, kbtr: i nteger ;

begin { rtutr }
jbtrl:=jbtr ; kbtr:=0 ;

for ibtr:= I to mft do
begin
jbtr2:=jbtrl div 2 ;

kbtr:=[þ1¡fi] * ubtrl-2r',jbtr2) i
jbtr'l ¡=jbtr2 t
end I

ftbtr:=kbtr I
end;{ftbtr}

{

FFT

]
procedure FFT;
{ Fast Fourier Transform program from E.0.Brigham
Translated from Fortran
Arrays xreal and ximag must contain real and imaginary parts
of input signal. The same arrays wilì contain on return the
real and imaginary parts of the Fourier Transform- the input
data are lost. NFT and l4FT must contain no. of FFT sampìes
requ i red, and NFT=2fttcHFT. ]
var kft, lft, ift,kftl,kftln2,nft2,mftl,jft,tupwr: ìnteger i
var pft,arg,cft,sft,treal,timag:real t

begin { fft }
nft2:=nft div 2 ; mftl:=mft-l ; kft:=0 i
for lft:=ì to mft do

begin { ìoop .l00 i
whi le kft<nft do

begin { ìoop 102 }
for ift:=l to nft2 do

begin { loop 127 }
tuPwr:=ì;
for jft:=l to mftl do
tuPwr 3=¡uPl^J¡:tl ,
pft:= ftbtr(kft div tupwr,mft) i
arg:=6 .283185:tpr t/nf t i
cft:=cos (arg) ; sft:=s i n (arg) i
kftl :=kft+l ; kftì n2:=kftl+nft2 i
treaì:= xreal[kf tìn2]:iççt * ximaglkf tln2]:lsf t ;

timag:= ximag[tcttln2]?kcf t - xreaì[kf tln2]:t5¡¡ '
xreal [t<ttl n2] :=xreal [kf tl] -treal ;

ximagItrtl n2] :=¡imagIkftl] -timag ;

xreaì [fttl]:= xreal [kftl] + treal ;
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ximag[trtl]:= ximag[t<ttl] + timag t

kft:=kft+l i
end ; { loop 127 }

kft:= kft + nft2 i
end ; { loop 102 }

kft:= 0 ; mftl:= mftl-l i
nft2:= nft2 div 2 t
end ; { loop 100 }

for kft:= ì to nft do
begin { ìoop 103 }
ift:= ftbtr(trt-i,mft) + I i
if ift>kft then

begin { inner loop of .l03 
}

treal:= xreal [kft] ;
timag:= ximag[ttt] ;

xreal [kft]:=xreal Iift] ; ximagIkft]:=ximagIift] ;

xreal Iift]:=treal ; ximagIift] :=timag i
end ; { inner loop of i03 }

end ; { loop ì03 }
end;ifft]

Factor i a I

j
function Factorial { (n: integer) : real};

begin {Factorial}
íf n = 0 then Factoriaì := I
eìse Factorial := n r'( Factorial (n-l);
end; {Factorial}

{

formvp

I)
procedure formvp( var fig:dynamic twod;nrow,ncol,bits: integer; var mvpfi l:text);
{ writes picture in t4VP format 5 in f ile mvpf il }
var ij,jk,newval,tweìv: integer ; maxel,minel, I im:real ;okay:boolean ;

begin { tor mvp }
okay:=true;
if (nrowcl) or (nrow>5'l2) or (ncol<l) or (ncol>5.l2) then

begin{error2}
writeln(prompt,rf'laximum picture size permitted is 5ì2 X 512') i
writeln(output,rl'laximum picture size permitted is 512 X 512') i
okay: =fa ì se ;
end;{error2i

if (¡itsci) or (¡¡ts>lz) then
begin{error3i
wr iteln (prompt, 'l'lVP resoìution I imited to 1..12 bits') ;

writeìn(output,'l'1VP resolution limited to 1..12 bits') t

okay:=faì se ;
end;{errorJ}

i f okay then
begin { execute formvp }
maxeì:=0 i

case b i ts of { resol ut i on }



l: lim:=l ;
2: lim:=3 ;
J: I im:=7 i
4: lim:=ì5 |

5: I im:=31 ;
6z ìim:=63 i
7: lim:=127 i
8: I inz=255 i
9: lim:=5ll i
l0: lim:=1023 i
I l: lim:=2047 |

I 2: I im:=4095 ;

end ; { resolution }
ij:=ìow(fig,l) ; jk:=low(fig
for ij:=ìow(tig,l) to high(f
for jk:=low(f ig,2) to high(f

Ì
procedure jmi nmax (nl, n2, n3,nL
{ returns min and max of four

begin { jminmax }
min:=nl ; max:=nl i
if n2<min then min:=n2 t
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2) ; minel:=fiSIij,jk] i
g,l)do
g,2) do

begin { minmax }
if maxeì<figIij,jk] then maxel:=figIij,jk] |

if mineì>f¡gIij,jk] then mineì:=figIij,jk] i
end;iminmax]

writeln(mvpfi
writeln(mvpfi
for jk:=low(f

begin { row }
twelv:=0 ;
for ij:=low(tig,l) to h¡gh(fig,l) do

begin { col }
{ I i near transformat i on f rom O-maxe I

newval:=round (l im:lf iSIij, jk]/maxel)
if newval<0 then newvaì:=0 ;
wri te (mvpfÎ ì,newval:5) i
tweìv:=twelv*l i
if tweìv=12 then

begin { end line }
twelv:=0 ;
writeln(mvpfil) |
end i { end line }

end;{col}
writeln(mvpfil) ;
end;{row}

end ; { execute formvp }
end ; { for mvp }

[G procedures and functions:]
{H procedures and functions:}
{l procedures and functions:}
{J procedures and functions:}
{

, I P I CTURE F I LE FOR D ISPLAY US ING T4VP. ')
, ' END0FHEADR',ncol:5,nrow:5,bi ts 25,125)
g,2) ro h i gn (t i g,2) do

to 0-l im]
t

Jmr nmax

:integer ; var
integers given

mi n,max: i nteger
]

);
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f n3<min then min:=n3 i
f n4<min then min:=n4 i
f n2>max then max:=n2 t
f nJ>max then max:=nJ i
f n4>max then max:=n4 i

end;{jminmax}
IK procedures and functions:]
IL procedures and funct i ons: ]
{14 procedures and funct i ons: }
{

l'1ax0

Ì
f unct i on l'laxO { (a, ¡: i nteger) : i nteger} ;

beg i n {HaxO}
if a > b then l'1ax0:= a else HaxO:= b;
end; {l4ax0}

{

i\in0

i
f unction l'1in0{ (a,b: integer) : integer};

begin {ltino}
if a < b then 14in0 := a else l'1 in0 := b;
end; {¡tino}

{N procedures and functions:}
{0 procedures and funct i ons: }
f

other_ha I f

]
procedure other_hal f
{dupt icates second half of Fourier Transform array}

begin { other_half
nfth:= nft div 2;
nfth:=nfth*l;
for k:= nft downto nfth+l do

begin { other haìf of spectrum }
xreal [L]:= xreal [nft-k+2] ;
ximag[k] :=ximag[nf t-k+2] ;

end ; { other half of spectrum }
end; {other_half}

{P procedures and functîons:}
{

pìot

J

procedure plot ;

{ prepares I plots in one page: works for np=8 only }
begin { pìotter instructions }
plotopen (caìcom, longx,nearside, ì 1.0,7.0,'RANGARAJ r) i
setsca I e (l .0) t
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for ì:=l to np do
begin { np plots }
for i:= I to nr2 do

begin
xIi]:= i ; yIi]:= projectionIl,i-nr-l] ;

end ;
case I of
l:move (1.5,0) ;

2:move (.l.5, ì.5) |

3: move ( 1 .5, 3 .0) i
4:move (1.5,\.Ð ;

!: move (5 .5 , o) ;

6:move (5.5,1.Ð i
/ : move (5 .5, 3 .0) ;
8:move (5.5,\.Ð i
end;{case}

drawinteger (ì ,3,0.2,0.0) |
drawstr
drawrea

case

ng (' PR0JN ANGLE' ,-1,0.2,0.0) ;
(prangl Il] ,7 ,2,0.2,0.0) i
of

l:move (1.5,0.3) ;
2:move(1.5,1.8) ;

l:move (1 .5,3.Ð t
4: move ( 1 .5, 4 .8) ;

!: move (5 .5,0 .Ð ,

6:move (5.5,1.8) l
7:move (5.5,3.Ð i
8: move (5 .5, 4 .8) ,
end;{case}

scaledata (x,nr2,l+,xi nfo) i
scaledata (y,nr2,l .0,yìnf o) ;

drawl ine (x ,y,nr2,xinf o,yinf o, ì ineonly, l) i
end ; { np pìots }

writeln(prompt, tTHE PLOT lS r,pìotclose:5:2,' INCHES LONG. r)

end ; { pl otter i nstruct i ons }
{Q procedures and functions:}
{R procedures and functions:}
t

raypixels

]
procedure raypixeìs (l,k: integer ) i
{
Paralleì ray geometry. Returns no. of pixels covered by ray(l,k) in npr,
their coords in pixel[],il,pixeì[2,i] and the pseudo projection in
pseudo. Raywidth rw, threshold thr, sin and cos of view angìe sinì,così
to be defined in main program before cal I ing raypixels.
Cal I s absmal,del,jmi nmax,mi n0,maxO.
i

begin { raypixels }
npr:=0 ; pseudop:=0 ¡

{ get I imi ts of search in y/j di rection }
j j ì : =round ( (-n i¡ls in l+ (k- ì ) :k¡*¡ /cos I) ;
jj2:=round ( (-ni¡tsinl+ (k+l),lrw),/cosl) ;
j j J: =rounU ( (n i¡ts i nì* (k- l) t'(rw) /cos I ) ;
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jj4:=round ((n¡:'csinl+(k+l) trw) /cosl) ;
jj ì:=absmal (j j l,mj) i j j2:=absmal (jj2,mj) i
jjl:=absmal(jj3,mj) ; jj4:=absmal Ujl+'mj) i
jmi nmax Uj I,j j2,jj3,jj4,jmi n,imax) ;

for j'=jmin to jmax do
begin I row ]
I get limits of search in x/i direction ]
jj ì :=round ((¡:ts6rl- (k-l) r,rw)/sinl) ; jj I :=absmal
j j2:=round ( (jicosl- (k+l) r,rw) /sinl) ; j j2:=absmal
imin:=min0 Ui l, jj2) -l ; imax:=maxo Ui I, jj2)+l;
for i:=imin to imax do

begin { coìumn }
if del (i,j,k,sinl,cosl) then

begin { store ray pixeìs }
npr:=npr*l ; pseudop:=pseudop+picIi'j] ;

pixeì [ì,npr]:=i ; pixel [2,npr]:=j I

end; { store ray pixels }
end;{columni

end;{row}
end ; { raypixels }
procedures and functions:J

spectra

]
procedure spectra t

{computes average power spectral enveìope of the
originaì eight projections in array xabs ]

begin { spectra }
for I ì:=l to 3 do

begin
if ll=l then 1 z=2 ;

then ì:=4 i
then l:=8 i

3 projections ]
to nr2 do

:= projection[ì,k-nr-l],
nr2+ì to nft do xreal[k]:=0 t

to nft do ximag[k]:=0 i

if ll=2
if ll=3

for k:=l to nft do
xabs[t]:= xabsIt ] + sqrt(xreaI[k]>'r¡¡saI[k] +
end; {3projections}

for k:=l to nft do
xabs [k] := xabs lkl/3 i
end;{spectra}

specì ip

ì
J

procedure specì ip ;

{cl ips given spectra to spectral average enveìope
begin { specì ip }

(jjl,ni-l)
(jj2,nì-l)

{s
{

end i
begin {
for k:=l
xrea I [k]
for k: =
for k:=l
ffr;

x i mag It<] i 
" 

imag Ik] ) ;

in array xabs]
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dcpower:=sqrt (sqr (xrea I Il]) +sqr (x imag Il]) ) ;

for k:=l to nft do
begin { check }
val:= sqrt (xreal[k]:'r¡¡s¿l [k] + ximag[t<1't*imag[k])
val :=val:kxabs[]]/ (dcpowerJ,xabs[k]) i
if val>l then

begin { cl ip }
xreaì [k]:= xreal [k]/val ;

ximag[k] := ximag[k]/val ;

end ; { cliP }
end;{check}

end ; { specìip }
{T procedures and functions:}
{U procedures and funct i ons: }
{V procedures and funct i ons: }
{

v i ew_average

procedure view_average ;

{ produces a picture which is the average
at end of each view ]

begin { view average }
if l=l then

begin { ¡nitiate averagePic }
rewr i te (averagep i c) ;

for j:=-mj to mj do
begin { row }
for i:=-ni to ni do
wr i te (averagepi c,picIi,j]) i
wr i tel n (averagepi c) ;

end;{row}
end { initiate averagepic }

eìse
begin { add next view Picture }
reset (averagep i c) i
rewr ite (buf f erpic) |
for j:=-mj to mj do

begin { row }
for i:= -ni to ni do

begin { pixeì i
read (averagepi c,val) ;

val:=val + picIi,j] i
wr i te (butterp i c, va l ) i
end;{pixel}

readln(averagepic) ;

writeln(bufferpic) ,

end;{row}
rewr i te (averagep i c) i
reset (uufterpi c) ,

for j:= -mj to mj do
begin { swap files }
for i:=-ni to ni do

begin { interchange }
read (bufferpic,val) i

of reconstruct i ons
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wr i te (averagepi c,vaì) i
end ; { interchange }

readìn(bufferpic) i
wr i tel n (averagepi c) i
end ; { swap fiìes }

end ; { add next view picture }
if l=np then

begin { transfer picture }
reset (averagep i c) |

for j:=-mj to mj do
begin { put picture in Pic }
for i:=-ni to ni do

begin { divide }
read (averagep i c, va I ) ;
picIi,j]:=va1/np ¡

end;{divide}
readln(averagepic) ;

end ; { put picture in pic }
end ; { transfer picture }

end ; { view average }
{W procedures and functions:}
{

we i ght

]
procedure weight i
{weight the spectrum }

begin { weight }
for k:=2 to nfth do

begin { weightîng }
val:= ì - sqrt (k/nfth) i
xreal [k]:= val:txreal [k] |
x imag [t<] ; = va I :tx imag [k] ;

end; {weighting}
end;Iweighti

{X procedures and functions:}
{

xer ror

I)
procedure xerror t

{computes error of reconstruct i on compar i ng proj ect i on datal
begin { error }
error:=0.0 ;

for ì:= I to np do
beg i n { np proj ect i ons }
angì := prangl [ì]>tpi/l80.o t

sinl:=sin(angl) ; cosl:=cos(angì) t

ru,:=amaxl (abs (sinl) ,abs (cosl)) ; thr:=0.5t(rw ;

for k:= -nr to nr do
begin { ray i
raypixels (ì,k) i
error:=error + abs (projectionIl,k]-pseudop) i
end¡ {ray}
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end ; { np projectîons }
error z=error / (norowjcnocol trnp) i
end;{error}
procedures and funct i ons: ]
procedures and funct i ons: ]

Hain Block

begin {picprp}
rewr i te (cal com) ;

reset(inpic) i
writeìn(prompt,' START Tlt4E ' ,clock:10) t

for i:=-ni to ni do
for j:=-mj to mj do
picIi,j]:=0 |
for j:=-mj to mj do

begin { get pic }
for i:=-ni to ni do
read (inpic,picIi 'j]) i
readtn(inpic) ;

end ; { get pic }
{ aetine projection angìes in degrees }
for l:=l to np do pranglIl]:=55+(l-l)>kl0 i

########### ## ##### # # ### # # .

{ compute projections }
for l:= I to np do
for k:=-nr to nr do projection[l,k]:= 0 i
for k3=-nr to nr do
for l:=l to np do picpr[t,]]:=0 ;
for l:= I to np do

beg i n { np proj ect i ons }
angl := prangl [ì]:tpil.l80.0 ;

sinl :=sin(angl) ; cosl:=cos (angl) i
{ ray width i* may be multiplied by an integer to use wîder rays ( more
pixeìs per ray : modify nprmax ). Perform corrections at all occurrences of
rw]
rw:=amaxl (abs (sinl) ,abs (cosl)) ; thr3=Q.lrt¡v ;

for k:= -nr to nr do
begin { ray }
raypixels (l,k) ;
projectionIl,k] := pseudop ;

end; {ray}
end ; { np projections }

for k:=-nr to nr do
for l:=ì to np do picpr[t<,1]:=projectionIl,l] i
f ormvp (p icpr, np,2:tnr*l ,8,mvpl) ;

writeln(prompt, I CPU Tlt4E USED r,clock:lO, I ¡llLLlSECONDS. r)

end. { picprp }

{i
{
{}
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{ z$r{osrLLssssnrn0p crnl sr$xrusxL/end./sxNsxc0PYD crRo
)'rSFlLE,crRo,RSr$xcopy crRt r,SFtLE,crRl,nSxsSREnnp
pUSTSXNSXL/end . /$p>isXNS L/vers i o

The above XEDIT commands create two backup fi les and copy compi ler
error messages to the end, as a comment, if any. Ì

{
]
{
Titìe:CTRP: Reconstructive Tomography from radiographs
Author :11. R. Rangaraj
llodif ied by: Atam P. Dhawan
Address: Department of Patho logy, Un ivers i ty of l'lan i toba,

l'1ed i ca I Co I ì ege, 770 Bannatyne avenue,
W i nn i peg, Han i toba , Canada R3E 0W3 .

Program descr i pt i on :

This program performs computed tomography from radiographs.
Scan lines are read from the given set of radiographs at
a specified sectional level and projection data are computed
from them. Reconstructions of the section are computed by
the summation (bact< projection) and ART techniques. The parameters
of the scan I ines, reconstruction matrix, and the ART aìgorithm
are to be specified in the constants and variables lists.
Paralìel ray geometry is used throughout.

Program Statement

]
program ctrp ( i nput/, output, prompt, I stf rm, nxtf rm, ca ì com, mvp ì, mvp2,
Pl , P2, P3) ;

{
Use of External Files

i nput: termi nal i nput
output: debugging output and Pascal dump on error exits
prompt: terminal output
lstfrm: last frame recorded
nxtfrm: next frame to be output by this program
calcom: output fi le for PASPLOT commands
mvpì: reconstruction by summation
mvp2: ART reconstruction
pl..pll: lnput radiographic views
params: lnput parameters file (tomo level, scanìine width,

x and y coords of cal ibn. pt. )

Execute as:
/crRX, lNpur, lNplc,crRU,0urPUT,crRl,cTRo,crRZ,PARAI{S,l"lvPl,l.lvP2,
Pl..Pt r.
]
{

]
f
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Associated Fiìes

CTRC for execut i on
CTRi4 f or batch comp i I at i on
CTRS for batch j ob subm i ss i on
]
{

Compi ler lnclude Directives

Ì
{$ I 'PASPLoT'l
{

Labe I s

Cons tant s

]
Cons t
IA cons tants : ]
{ for additive ART set artadd to true; multiplicative ART set artmul to true I

for constrained ART set artconstr to true; set others to false ]
{ for labelling of zero ray pìxeìs set artzero=true; doubìy constrained
ART set artupconstr=true and enter upper pixeì limit in artuplim ]
artadd=false; artmul=true ; artconstr=true ;

artzero=true ; artupconstr=true ; artuplim=63.0 ;

{B constants: }
{C constants:}
{ aefine threshold at which projection data ends can be chopped
and also no. of points to be left out before the point when
the chopping threshold ( suggested value : i?t total excursion )

i s reached ]
chopthr=10.0 ; choptai l=.l0 t

{D constants: }
{E constants: }
{F constants: }
{G constants: }
{H constants: }
{ t constants: }
{J cons tants : }
{K constants: }
{L constants:}
{l'1 cons tants : }
{ max (+-) y/j index of picture ( origin at center of
mj=50 ;

{N cons tants : }
{ tlo. of rows and columns of picture and no. of bits
]
norow=l0l ; nocoì=lOl ; nobits=8 i
{
ni:max(+-) x/i index of picture; np:no. of projections/views to be used;
nr:max(+-) index no. of rays; nr2:total no. of rays per view(2:'cnr+l) i

picture ) i

per word in HVP output fiìe
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nprmax:max no. of pixels a ray can cross
norow, noco I

]
ni=50;np=3; nr=l l0;
{0 constants: }
{P constants: }
pi = 3.lt+15926536;
scanpix=l2l;
numpix=l2l i
teex=.|5 |

{Q constants:}
{R constants:
{S constants:
{T constants:
{U constants:
{V constants: }
version number =
{W constunts: }
{X constants: }
{Y constants: }
{Z constants: }
{

Pr i mary types, def i ned
followed by compound tYPes,
i
Type
t

]
Pr imary Types

{A types:}
{B types : }
{c types: }
{D types:}
{E types: }
{r types : }
{c types: }
{H types: }
{ t types: }
in_fi ìe = (input-fi le, lstfrm-fi le)
{.t types : }
{K types: }
{L types : }
{t'1 types : }
{N types:}
{o types:}
oned= array¡¡..!121 of reaì i
{P types:i
{q types: i
{R types: }
{s types: i
{T types:}
twod=arrayIinteger, integer] of real
twodl=arrayIl..np,-nF..nr] of real ;

- raywidth in pixels:'c max of

nr2=22ì;nprmax=ì01;

Types

i n terms of constants, are g i ven f i rst '
which are defined in terms of other types.
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twod2=array[-ni..ni,-mj..mj] of real i
{U types: }
{V types: }
{w types: }
{X types: }
{Y types: }
{Z types : }
t

Compound Types

Var i abl es

It
Var
{A variables:}
averagepi c: text i
angl,avg:reaì ;

{B variables:}
bufferp i c: text ;

{c variabìes:}
così:real i
ca ì com: ca ì comf i ì e; {Needed by PASPLOTi

{D variables:}
{ scan I ine read from radiograph }
dens : oned;
{E variables:}
edgel t,edgert: i nteger I

error: rea I ;

{F variables:}
{G variabìes:}
{H variables:}
{t variables:}
i, ip, imin, imax, inpr, iteration: integer i
inpìc: text ;
{J variables:}
j,jj l,jj2,jj3,jj4,jmin,jmax,jp: integer i
{K variables:}
k: i nteger i
{L variables:}
l:integer ,

lstfrm: text; {See program statement}
{lt1 variables:}
mvpì,mvp2:text ;
{N variables:}
normspot: real ; { for normal isation of views }
nextint: integer i
nxtfrm: text; {See program statement}
npr: î nteger ;
{0 variables:}
omit:boolean; {true if ray to be omitted from ART}

{P variables:}
params:text ; {input parameters file }
proj n i array [-nr. . nr] of rea I i
preerr:reaì ; { error of previous reconstruction }
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{lnput fi les containing radiographic data of the different views}
pl,p2,p3 :text i
{ pseudo projection of ray }
pseudop: real ;

{ picture array -ni..ni, -mj..mj }
pic:twod2;
{ angles of projections : to be entered in main program }
prangl: array Il..np] of real ;

{ first dimension refers to view no. and second to ray no. }
pr oj ec t i on : twod I ;

pixeì 2arrayl-1 ..2, 1..nprmax] of integer i
prompt: text; {Cal I to program should be
{} /crRX, , crRU, ourPUT ' etc . , to
{} pìace any bugs into fi le CTRU and have the prompts
{} come out on 0UTPUT. Alì prompts are to f ile PROi'1PT

{} which thereby becomes 0UTPUT.}
{Q variables:}
{R variables:}
{ ray width : modify in main program at aìl locations if necessary }
rw: reaì ;

{S variables:}
spotx,spoty: integer ; {x,y coords of caì ibn pt}
{
scanpix:integer; {widtn of scan linei
J

section: integer; {tomo level desired}
shiftp: arrayIl..np]of real ;

spot: reaì ; { for normalisation of views }
step: rea I i
sinì:real i
scale: reaì; {Scale factor for plotting}
{T variables:}
{
teex,teey,toff: integer; {coords of T point on radiograph and offset desired}
]
teey, toff : i nteger ;

trunk: i nteger i
{ threshold for ray boundary = 0.! dr ray width i
thr:real ;
testing: boolean; iFlag for debugging]
{U variables:}
{V variabìes:}
version-date: aìfa; {Date compi led}
version-time: alfa; {Time compi ìedi
val : real ;

{W variabìes:}
{X variabìes:i
x:arrayIi..nr2] of reaì ;

xinfo:scaìeinfo;
{Y variables:}
yiarray Il..nr2] of real ;
yinfo:scaleinfo;
{Z variabìes:}
{

Forward Declarations
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{Forward dec I arat i ons of
{A forward dec I arat i ons: }
function Amaxl (a,b: real)
function Aminì (a,b: real)
IB forward dec ì arat i ons: ]
{C forward decìarations:
{D forward dec I arat i ons:
IE forward dec I arat i ons:
{f forward dec ì arat i ons:
function Factorial (n: integer) : reaì; forward;
{G forward dec I arat i ons: }
{H forward dec ì arat i ons: }
{ I forward dec ì arat i ons: }
{¡ forward dec I arat i ons: }
IK forward dec I arat i ons: ]
{L forward dec I arat i ons: }
{H forward decìarations:}
f unct i on l'laxO (a, b: i nteger) :

f unct i on l'1 i n0 (a, b: i nteger) :

{N forward dec ì arat i ons: }
{0 forward dec ì arat i ons: }
{P forward dec I arat i ons: }
{Q forward declarations:}
{R forward dec ì arat i ons: }
{S forward dec I arat i ons: }
{T forward dec ì arat i ons: }
{U forward dec ì arat i ons: }
{V forward declarations:}
{W forward declarations:}
{X forward decìarations:}
{Y forward dec I arat i ons: }
{Z forward dec I arat i ons: }
{

Procedures and Functions

]
{Procedures and functions:}
{A procedures and funct i ons : }
t

Absma I

]
funct i on absma I (one, two: i nteger) : i nteger i
{ returns no. with smal ler absolute value
and sign of the first no. ]

begin { absmal }
if one < 0 then

begin
if abs(one) < two then absmaì:=one else absmal:=-two
end

else
begin

procedures and funct i ons: ]

: real; forward;
: real; forward;

i nteger ; forward;
i nteger ; forward;
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el se absma I :=twoif one
end

end;{

< two then absma I : =one

absmal ]

]
function Amaxl { (a,b:

begin {Amaxl}
ifa>bthenAmaxl
end; {Rmax1}

{

Amax I

real): real];

:= a eìse Amaxl

Aminl

]
function Aminl{(a,b: real) : real};

begin {Rminl}
if a < b then Aminl := a else Aminl
end; {Rminl}

{B procedures and funct i ons: }
{C procedures and functions:}
{

chop_s i des

]
procedure chop_s i des i
{ chops sides of projection data by detecting starting
points of the object from either side- chopthr and choptai I

must be specified in constants ìist. Aìso subtracts film fig. ]
begin { chop sides }
for ì:=l to np do

begin { projections }
val:=0 i
for k:=-nr to -nr+9 do val:=vaì+projection[ì,k] i
k:=-nr*9 i

r epea t
k:=k*l ; val:= val + projection[l,L] i
unti l (k=0) or (abs (projectionIl,t ] - vall (k+nr+l) ) >chopthr) i

avg:= vaì/ (k+nr+l) i i:= k-choptail i
writeln(prompt,' PROJN ',1:3,' LEFT CHOP ',i:5) ;

val:=0 i
for k:=-nr to i do projection[ì,k]:=0 i
for k:=nr downto nr-9 do val:=val + projection[l 'k] t

k: =nr-9 ;

r epea t
k:=k-l ; val:= vaì + projectionIl,k] i
until (k=0) or (abs(projectionIl,k] - vall(nr-k+l))>chopthr) ;

avg:= O.!rc(avg * vaì/(nr-k+l)) i i:= k + choptail ;

writ"ln (prompt,' PR0JN ', l:3,' RIGHT CHOP ' ,i25,' FOG ',avg:6:2)
for k: =nr downto i do proj ect i on I I , k] : =0 i
for k:=-nr to nr do projectionIl,t<]:=projection[]'k]-avg ;
for k:=-nr to nr do
if projectionIl,k]<0 then projectionIl,k] :=0 ;
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end

end ;

,

{
{ projections l
chop sides i

centroid_pìot

]
procedure centro i d_P I ot i

{ tfris procedure computes the centroids of the projections
and draws the rays that represent the centroids. All these rays
shouìd intersect at one singìe point if the registration is perfect
var moved :boolean ;

begin { plot centroid }
plotopen (calcom, ìongx,nears ide, lOO.O, lOO.O,'RAJ') i
setscale (0.05) ; setorigin (50.0,50.0) i
move (-50.0,50.0) ; draw (50.0,50.0) ;

draw (50.0,-50.0) ¡ draw (-50.0, -50.0) ;

araw(-50.0,50.0) ; move (0.0,0.0) ;drawspecial (.|,2.0,0.0) i
for l:=l to np do

begin { projection }
angl :=prangl [ì]:'<pi /.l80.0 i
sinl:=sin(angl) ; cosl:=cos(angl) ;

rw:=amaxl (abs (sinl) ,abs (cosl) ) t

avg:=0.0 ; val:=0.0;
for k:=-nr to nr do

begin { compute centroid }
avg: =avg+proj ect i on [ ] , k] :'<¡ i
val :=vaì+projectionIl'k],
end ; {compute centroid }

if not (va1=0) then
val:=avg,/vaì i
writeìn(prompt, I CENTROID t, Vâì:6:2) ;

moved:=faì se i
spot:= (50.o:'ccosì -rw:'cval) /si nl i
writeln(prompt,' COORDS r,spot: l0:4, I 50.0') ;

i f abs (spot) <!o. o then
begin
moved:=true ;

move (spot,50.0) i
end 

'spot:= (-50.0¡kcos I -rwJrval) /s inl i
writeln(prompt,' CO0RDS ', spot:lO:4, ' -50.0 ') i
i f abs (spot) <50.0 then

begin
i f moved then draw (spot, -50 .0)
el se

begin
moved:=true i
move (spot,-50.0) i
end ;

end ;
spot:= (50.o:'csinl * rw:tval) /cosl ;

writeln (prompt,' COORDS 50.O r,spot: i0:4) ;

i f abs (spot) <!0.0 then
begin
if moved then draw(50.0,sPot)
else
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begin
moved:=true ;
move (50.0, spot) t
end ;

end t
spot:= (-50.0*si nl * rwf<val) /cosl ;

wr i teì n (prompt, ' COORDS -50.0 ' , spot: I 0:4) ;

i f abs (spot) <50.0 then draw (-50.0, spot) ;

end; {projection}
writeìn(prompt,r CENTROID PLOT DONE r,pìotclose:6:2) 

;

end ; { plot centroid }

centroid-correction

]
procedure centroid_correction t

{ fnis procedure computes the intersections of all the centroid rays by
solving the equations of the rays two at a time. The mid point of alì these
intersections is taken to be the new centroid and the shift required for
aìl projections to bring their centroids to the ray passing through
this mid point is computed and projection data shifted accordingly ]
var a1,a2,bì,b2 ,cf ,c2,midx,midy,sum,wtdsum: real ; cntroid:array[ì ..np]of reaì ;

begin { centroid correction }
for l:= I to np do

begin { projection }
wtdsum:=0.0 ; sum:=0.0 i
for k:=-nr to nr do

begin { rays }
sum:=sum*projection['l, f] i
wtdsum: =wtdsum*proj ect íon Il , k]:t¡ ;

end;{rays}
if not (sum=O.0) then
cntro id I I ] : =wtdsum,/sum
el se cntro i d Il ] := 0.0 ;

end; {projection}
midx:=0.0 ; midy:= 0.0 ;
for ì:= I to np do

begin { projection }
angl := prangl Il]"(pil180.0 ;

sinì:= sin(angl) ; cosl:=cos(angl) i
al:=sinl ; bì:=-così ;

cl:=amaxl (abs (sinl) ,abs (cosl)):tç¡1to¡d[]] i
for i:= I to np do

begi n { i ntersection wi th other centroid rays }
if not (i=l) then

begin { tate up this projection }
angl := prangl Ii]rrpi/.l80.0 i
sinì:=sin(angl) ; cosl:= cos(angl) i
a2:=s i nì ; b2z=-cosl ;

c2:= amaxl (abs (sinl) ,abs (cosl) ):tç¡¡toidIi] i
{ solve for the intersection of the two centroid rays }
midx:=midx + (blrcc2-b2'tcl) / (øzxat-bl¡ra2) ;

midy:=m¡dy + (al:'rc2-al:'rcl) / (bl¡ka2-b2iral) ;

end ; { take up this projection }
end ; { intersection with other projections i
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end; {projection}
midx:= midx/(¡p;c(np-ì)) ; midy:= midy,/(¡p:'<(np-l)) ;

for l:= I to np do
beg i n { compute sh i ft requ i red }
angl :=prangì [t]'tOil180.0 t

sinl:=sin(angl) ; cosl:= cos(angl) i
rw: = amax I (abs (s i n l) , abs (cos l) ) a

{ shift required = centroid - index of the ray that passes through
midx,midy which is the average of alì intersections
of the np centroid rays Ì
shiftpIl]:= cntroid[ì] - (midy:tçotl - midx¡ksinì)/rw ;

end ; { compute shift required }
{ shift projection data appropriately }
for l:=l to np do

begin { projections }
k:=-nr ;
whi le k<=nr do

begin { shift }
¡=la*round (sh if tpIl]) ;

f i<-nr then i:=-nr I

f i>nr then i:=nr i
projn[k] :=projection[], il ;

k: =k*l i
end;{shift}

for k:=-nr to nr do
projectionIl,k] :=projn[k] ;

end; {projections}
end ; { centroid correction }

{D procedures and funct i ons: }
{

deì

]
function del (i,j,k: integer;sinl,così:reaì) :booìean i
{ Ael : true if pixel (i,j) beìongs to ray (l,k) }
var dist,jy:real ;

begin { ael }
jy:=i¡tsinl + ktçrw ; jy:= jy/cosl i
d i st: = abs U -j y) ¡kabs (cos l) ;

i f di st<=thr then del :=true el se del :=fal se
end; {ael}

{E procedures and functions:}
{F procedures and functions:}
{

Factor i a ì

]
function Factorial { (n: integer) : reaì};

begin {Factoriaì}
if n = 0 then Factorial := I

else Factoriaì 3= ¡ :'r Factorial (n-l);
end; {Factor i al}

{
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formvp

]
procedure formvp( var fig:dynamic twod;nrow,ncol,bits: integer; var mvpfi l:text);
{ writes picture in t4VP format 5 in f ile mvpf il }
{ pixel vaìues not modified in any manner : all transformations
for enhancement to be done outside, but provision is included
here for such mod i f i cat i ons ]
var ij,jk,newval,tweìv: integer ; maxeì,minel, I im:real ;okay:boolean ;

begin { for mvp }
okay:=true i
if (nrow<l) or (nrow>512) or (ncol<l) or (ncol>5.l2) then

begin { error 2}
writeìn(prompt,'l'laximum picture size permitted is !ì2 X 512') i
writeln(output,rHaximum picture size permitted is 512 X 512') i

okay: =fa I se ;
end ; { error 2 }

i f (b i ts<ì) or (b i ts>l 2) then
beginIerror3]
writeln (prompt,'l'lVP resolution I imited to ì..'l2 bitsr) ;

writeln(output,tl'lVP resolution limited to 1...l2 bits') ;

okay: =fa ì se
end;{error3}

maxel:=0 i
case bi ts of { resolution }
ì: I im:=l
2: lim:=3
Jz I im:=7
4: lim:=.|5 i
jz lim:=3.l ;

6'. lim:=63 ;

lz lim:=i27
8: l in:=255
)z lim:=51i
10: lim:=1023 i
ll:linz=20\7 i
l2: I im:=4095 i
end ; { resol ut i on }

ij:=low(fig,l) ; jk:=low(fig,2) ; minel:=fiSIij,jk] t

for ij:=ìow(f ig,l) to frigh(f ig,l)do
for jk:=low(tig,z) to hign(rig,z) do

begin { minmax i
if maxeì<figIij,jk] then maxel:=fiSIij,jk] ;

if minel>fig[¡j,jk] then minel:=fig[¡j,jk] i
end;{minmax}

{exctude this section if picture normal ized later }

if maxel>ì im then
begin{error4}
writeìn (prompt,' t4VP BIT Lll'1lT EXCtEDED.
wr itel n (output, ' l-4VP B lT L ll'4lT EXCEEDED.

okay:=fal se ;

end;{error4}

i f okay then
begin { execute formvp }

o
t

,
,

') t

') i
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wr iteìn (mvpf i

for jk:=low(f
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,'PICTURE FILE FOR DISPLAY USING I4VP.') ;

,' ENDOFHEADR',ncoì :5,nrow:5,bi ts 25,1 z5) i
g,2) to higrr (tig,2) do

begin { row }
tweìv:=0 t

for îj:=low(f ig,l) to high(f ig,l) do
begin { col }
{ ì inear transformation from O-maxeì to O-l im }
neb/val:=round (t imr,f isIij, jk]/maxel) |
wri te (mvpfi ì,newval:!) ;

twelv:=twelv*l I

i f twel v=l 2 then
begin { end line }
twelv:=0 |

writeìn (mvpf il) |
end ; { end ìine }

end;{col}
writeln(mvpfil) |
end;{rowi

end ; { execute formvp }
end ; { for mvp }

{G procedures and funct i ons: }
{

getrow

]
procedure getrow(var dens:oned; var view : text ) ;

{ reads rows at same plane from all radiographs,
given as 'sectionr rows down from cross point'teey'Ì

begin { getrow }
reset (v i ew) |
j:=15 i
for i:=ì to 512 do
densIi]:=0 ;
for i:=l to j-l do readìn(vîew) ;

for j:=l to 5 do
begin { average 5 rows }
for i:=l to numpix do

begin { read pixels }
read (view,val) ;

densIi]:= dens[i] + val ;

end ; { read pixels }
readln(view) t
end;{averagefrows}

for i:=l to numpix do densIi]:= densLi)/5 i
for i:=l to numpix do

begin
if densIi]<48 then densIi]:=0 ;

if dens[¡]>=48 then densIi]:=densIi]'t3 ;

end i
end ; { get row }

{H procedures and functions:}
{ t procedures and funct i ons: }
{J procedures and functions:}
i
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jmi nmax

]
procedure jminmax(nl,n2,n3,n4 : integer ; var min,max: integer ) ;

{ returns min and max of four integers given }
begin { jminmax }
min:=nl ; max:=nl ;

if n2<min then min:=n2 i
if n3<min then min:=nJ i
if n4<min then min:=n4 i
if n2>max then max:=n2 |
if nJ>max then max:=nl ;

if n4>max then max:=n4 ;

end;{jminmax}
{K procedures and funct i ons: }
{L procedures and funct i ons: }
{l'1 procedures and f unct i ons : }
{

t'lax0

]
funct i on Hax0 { (a, b: i nteger) : i nteger} ;

beg i n {HaxO}
if a > b then l'1ax0 := a else ltaxO := b;
end; {l4ax0}

{

l'li n0

]
f unction l'1in0{ (a,b: integer) : integer} ;

begin [¡,lino]
if a < b then Hin0 := a eìse l4in0 := b;
end; {ltino}

{N procedures and functions:}
{0 procedures and functions:}
{P procedures and functions:}
{

plot

i
procedure plot i
{ prepares plots of projections in one page: works for np<=Ì2}

begin { plotter instructions }
pìotopen (calcom, longx,nearside, I l.O, I .|.0,'RANGARAJT) 

i
setscaì e (l .0) i
for ì:=l to np do

begin { np plots }
for i:= I to nr2 do

begin
xIi]:= i ; y[¡]:= projectionIl,i-nr-l] i
end j
case I of
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l:move (1.5,0) i
2:move(i.5,2.8)
J:move(1.5,5.8)

4:move(5.5,1.0)
!:move(1.5,2.0)
6: move (5 .5 ,2 .O)

/:move(1.5,3.0)
8:move (5.5,3.0)
!:move(1.5,4.0)
lo:move (5.5,4.0)
I I :move (l .5'5.0)
I 2 : move (5 .5 ,5 .o)

end;{case}
drawi nteger (l ,3,0. I ,0.0) ;

drawstr i ng (' PROJN ANGLE 

" 
- 1 ,0 . 1 ,0 .0)

drawreaì (prangl Il],7,2,o. 1,0.0) i
case I of
l:move(.l.5,0.2)
2 : move (1 .5,2 .85)
J: move (l .5,5 .85)

4: move (5 .5,1 .2)
!: move (l .5,z .z)
6: move (5.5,2.2)
J:move (1.5,3.2)
8 : move (5 .5 ,3 .2)
! : move (1 ,5,1+ .2)
I O: move 15 .5,\ .2)
I I :move (l .5,5.2)
l2:move (5.5,5.2)

,

,

t

end;{case}
scaledata (x,nr2,6,xi nfo) t

sca I edata (y , nr2 ,3.O , Y i nf o) ;

drawl ine (x ty ttlt2,xinfo,yinfo, I i neonly, l) ;

end ; { np pìots }
writeln(prompt,'THE PLOT lS r,pìotcìose:522,' INCHES LONG.')
end ; { plotter instructions }
procedures and functions:Ì
procedures and functions:]

raypixeìs

j
procedure raypixeìs (l,k: integer ) ;

{
Parallel ray geometry. Returns no. of pixeìs covered by ray(ì,k) in npr,
their coords in pixelIl,i],pixel[2,i] and the pseudo projection in
pseudo. Raywidth rw, threshold thr, sin and cos of view angle sinl,cosl
to be defined in main program before cal I ing rayPixeìs.
Cal I s absmal,del,jmi nmax,mi n0,maxO.
]

begin { raypixels }

,

t

,

ta
{n
{
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{ get I imi ts of search in y/j di rection }
jj I :=round ( (-nircsinì+(k-ì) ir¡6; /cosl) ;
jj2:=round ( (-ni;'<sinl+(k+l),Irw) /cosl) ;

j jJ:=round ( (ni:ls inl+ (t-l) t rw) /cosl) ;

j jl+:=round ( (ni:'<s inl+ (k+i) '',rw) /cos l) ;
jj l:=absmal Uj l,mj) ; j j2:=absmal U j2,mj)
jjl:=absmal Uj3,mj) ; jj4:=absmal Uj4,mj)
jminmax (jj ,jj2,jj3,jj4,jmi n,jmax) ;

for j'=jmin to jmax do
begin { row }
{ get I imì ts of search in x/ i di rection }
jj ì :=round ((j'tcosl-(k-l):t¡*¡/sinl) ; jj I :=absmal Ujl,ni-l)
j j2:=round ( (¡:tço= l- (k+l)r.rw) /s inl) ; j j2:=absmal (j j 2, n i-l)
îmin:=min0Ujl,jj2)-l ; imax:=maxoUjì,jj2)+ì ;

for i:=imin to imax do
begin { column }
if (del (i,j,k,si nl,così)) and (picIi,j]<>-999) then

begÌn { store ray pixeìs }
npr:=npr*l ; pseudop:=pseudop+picIi,j] ;
pixel Il,npr]:=i ; pixel [2,npr]:=j ;
end; { store ray pixels }

end;{column}
end;irow]

end ; { raypixels }

read_proj ect i ons

]
procedure read_projections i

beg i n { read proj ect i ons }
for l:= I to np do
for k: =-nr to nr do proj ect i on [l , k] : = 0 i
for ì:= | to np do

begin { np projections }
edgeìt:=l ; edgert:=numpix-I ;

angì := prangì [ì],'cpil180.0 ;

sinl:=sin(angl) ; cosl:= cos(angl) i
rw:= amaxl (abs (sinl),abs (cosl)) i

case I of
I : getrow(dens,pl) ;

2 : getro\^, (dens, p2) |

3 z getrow (dens, p3) t

{
4 : getrow (dens, p4)
j : getrow (dens, p5)
6 z getrow(dens,p6)
7 z getrow (dens, p7)
8 : getrow (aens, pB)

I : getrow (dens, p9)
I 0: getrow (dens , p t 0)
ìì: getrow(dens,pll)

]
end;{case}

for k:= -nr to nr do
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begin { rebinning }
S tep: =- rwJck ;

{
{ correction for cassette skew }
s tep: =- ¡¡¿:'rlal¿þs (s i n (ang I ) ) ;

{ shift required to match centre of reconstruction matrix to centre
of scan line from film ]
step:= steP * mj:lqs5l/sinl ;

]
{ scaìing to match size of image on radiograph to reconstruction matrix }
steP:= slsPfcsçanPix/nocoì ;

{ measurement done w. r . t. ' teex ' po i nt on rad i ograph }
trunk:= trunc (step + teex) ;

if (trunkcedgeìt) or (trunk>edgert) then projectionIl 'k]:=0 eìse
projectionIl,k] := (dens[trunk] * densItrunk+l]) ;t0.5;
end ; { rebinning }

end ; { np projections }
end ; { read projections }

{S procedures and funct i ons : }
{

scale_projections

]
procedure sca l e_proj ect i ons I

{ scales proje.tions such that their integrals are all same }
begin { scaìe }
avg: =0 ;
for k:=-nr to nr do
avg:= avg + projection[l,k] ;

for l:=2 to np do
begin { normal ization }
val:=0 ;
for k:=-nr to nr do
val:= val + projectionIl,k] i
for k:=-nr to nr do
projection[ì,k] := projectionIl,kJ*¿,rn7,r", ;

end ; { normalization }
end ; { scaìe }

{T procedures and functions:}
{U procedures and funct i ons: }
{V procedures and functions:}
{

v i ew_average

i
procedure view_average ;

{ produces a picture which is the average of reconstructions
at end of each view ]

begin { view average }
if l=l then

begin { initiate averagepic }
rewr i te (averagep i c) |
for j:=-mj to mj do

begin { row }
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for i:=-ni to ni do
write (averagepic,picIi,j]) ;

wr i tel n (averagepi c) ;
end;{row}

end { initiate averagepic }
else

begin { add next view picture }
reset (averagep i c) i
rewr ite (buf f erpic) ;

for j:=-mj to mj do
begin { row }
for i:= -ni to ni do

begin { pixel }
read (averagep i c, va ì ) ;

val:=vaì + picIi,j] ;

wr i te (bufferp i c, va I ) i
end;{pixeì}

readì n (averagepi c) i
writeìn(bufferpic) t
end;{row}

rewr i te (averagep i c) ;

reset (bufferp i c) t

for j:= -mj to mj do
begin { swap files }
for i:=-ni to ni do

begin { interchange }
read (bufferpi c,vaì ) ;
wri te (averagepic,val) t
end ; { interchange }

readln(bufferpic) ;
wr i teì n (averagepi c) |

end ; { swap files }
end ; { add next view picture }

if ì=np then
begin { transfer picture }
reset (averagep i c) t
for j:=-mj to mj do

begin { put picture in pic }
for i:=-ni to ni do

begin { uivide }
read (averagepic,val) ;
picIi,j]:=va1/np;
end;idivide]

readl n (averagepi c) i

{w
{x
{

end ; { put picture in pic }
end ; { transfer picture }

end ; { view average }
procedures and functions:]
procedures and funct i ons:]

xer ror

]
procedure xerror I

{computes error of reconstruction comparing projection data]
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begin { error }
error:=0.0 ;
for l:= I to np do

begin { np projections }
angì := prangl Il]i.p¡l180.0 i
sinì:=sin(angl) ; così:=cos(angl) ;

rw:=amaxl (abs (sinl),abs (cosl)) ; thr;=Q.!'rt¡¡a ;

for k:= -nr to nr do
begin { ray }
raypixels(l,k) ;

error:=error * abs (projection[ì,k]-pseudop) l
end; {ray}

end ; { np projections }
er ror z=er ror / (norow:'rnoco I ftnp) i
end;{error}

{Y procedures and functions:}
{Z procedures and funct i ons: }
{

zero_rays

]
procedure zero_rays t

begin { zero rays }
for l:=l to np do

begin { projections }
angl :=prangl Il]'kpi/180.0 ;

sinl:=sin(angì) ; così:=cos(angl) t

rw:=amaxl (abs (sinl) ,abs (cosl)) ; thr:=0.5>krw ;

for k:=-nr to nr do
if projectionII,t ]=0.0 then

begin { la¡eì zero ray pixeìs }
raypixels(l,k) ;
for inpr:=l to npr do
pic[pixel [], inprl,pixel [2, inpr]l z=-999 i
end ; { labeì zero ray pixels }

end; {projections}
end ; { zero rays }

{

l'la i n B lock

beg i n {ctrp}
rewr i te (caì com) t
writeln(prompt,r START Tll'lE ' ,clock:10) i
prangl Il]:=45.0;
prangl [2]:=90.0;
prangl [3]:=180.0;
read_projections i

chop_sides t

scaìe_projections i
centroid_plot i
{shift piojection data such that all centroid rays intersect at one point }
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centroi d_correct i on i
centroi d_pì ot i
plot I
writeìn(prompt,' AFTER PR0JECTI0NS',clock:10) i

]

]
######################### .

{ reconstruction by summation }
for i:=-ni to ni do
for j:=-mj to mj do
picIi, j]:=0 ;

for i:=-ni to ni do
for j:=-mj to mj do
for l:= I to np do

begin { summation }
angl :=prangì [l]:tpil'l80.0 i
sinl :=sin (angl) ; cosl :=cos (angì) ;

k:=round(jtrcosl - itcsinl) ;
picIi,j]:=picIi,j] + projectionIl,k] i
end; {summation} i

for i:=-ni to ni do
for j:=-mj to mj do
picIi,j] :=picIi, j7/np ;
xerror;
writeln (prompt,' SUl4l'lATl0N ERROR : PROJECTI0N ',error) ;

rewrite(mvpì) ;
f ormvp (pic,2ic¡j+l ,2rk¡i+l ,8,mvpl) ;

writeìn(prompt,' AFTTR SUt'lHATl0N ',clock:.l0 ) ,

{}
{ ... .. ############### ......}
{REconstruction by ARTi
avg:=0.0,
for l:=l to np do
for k:=-nr to nr do avg:=avg*projectionIl,k] i
avgz=avg/ (noco I :k¡e¡e¡¡:'c¡p) )

for i:=-ni to ni do
for j:=-mj to mj do pic[i,j]:=avg t

iteration:=0 ;error:=0.0 ; preerr.=99999999.9 i
if artzero then { laUel zero ray pixeìs }
zero_rays t

repeat { ART }
if iteration>O then preerr:=error i
i teration:=i teration+l ; error:=0 ;

for l:= I to np do
begin { projection i
angì :=prangl Il]*pil180.0 i
sinl:=sin(angl) ; così:=cos(angl) i
rw:=amaxl (abs (sinl) ,abs (cosl) ) ; thr:=0.5t'(rw ;

for k:=-nr to nr do
begin { rays }
omit:=false i
if artzero and (projectionIl,k]=0.0) then omit:=faìse ,

if not omît then
begin I ray ]
raypi xel s (l , k) t

for inpr:=ì to npr do
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begin { correction }
ip:=pixel[], inpr] ; jp:=pixel[2,inpr] i
if artadd then { additive ART }
picIip,jp]'=picIip,jp]+(projectionIl,k]-pseudop) /npr ;
if artmul then i multipìicative ART Ì

begin
if pseudop<>O.0 then
pi cIi p,jp] := picIi p,¡p]:tprojectionIl,L]/pseudop
else picIip,jp]:=0.0 i
end t

{ if constrained ART, check for negative values }
if (artconstr) and (picIip,jp]<O) then picIip,jp]:= 0 ;

{ cì ip at upper I imit if doubly constrained i
if (artupconstr) and (picIip,jp]>artupl im) then picIip,jp]:=artupl im ;

end; { correct i on }
end;{ray}

end ; { rays }
end; { proj ect i on }

xerror;
writeìn (prompt,r ITERATI0N r, iteration:J,r PR0JECTI0N ERROR ',error) ;

{ a suitable criterion on the error may be included here to stop ART }
until (iteration=5)or (error>0.90;'cpreerr) ; { ART }

if arlzero then { set zero ray pixels to zero }
for j:=-mj to mj do
for i:=-ni to ni do
if picIi,j]=-999 then picIi,j]:=0.0 ;
rewr ite (mvp2) ,

formvp (pic,norow,nocoì,nobits,mvp2) ;
writeìn(prompt,' CPU Tl¡lE USED',clock:10, I t"llLLlSECONDS.') ;
end. { ctrp 1
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t zSN0BELLSSBSREADp DC0NV.l STSXNSXL /end./SXNSXC0PYD DC0NV0
:iSF I LE, DcoNVO, RSTSXCOPY DCONVI IKSF I LE, DCONV] , RSXBSREADP

PUSr$xN$xLlend. /$P:t$xN$ L/vers i on-l

The above XED I T commands create two backup f i ì es and copy
compiler error messages to the end, as a comment, if any.

This fiìe may be printed out using the commands:

cET, FORI4PRT/UN=APPL I B

CALL, F$Rt4pRT ( I =DCONVp)

i

{
Title....DCONV
Author: Rangaraj i\4. Rangayyan Atam P. Dhawan
Address: Department of Eìectrical Engineering'

Univers ity of llanitoba, Winnipeg, Canada R3T 2N2

Pur pose

This program computes inverse poi nt spread functions (PSF) from
the or i g i na ì and reconstructed proj ect i ons. The correspond i ng PSF for
each view is stored in the file dconfn. The input files for originaì
and reconstructed projections are projo and projr respectÌve1y.
Ì
{

Program Statement

]
program Dconv(input/,output,prompt,projo,projr,dconfn,lstfrm'nXtfrm'calcom);
{

Use of External Fi les

i nput....termi naì i nPut
output . . . debugg i ng output and Pasca I dump on er ror ex i ts
prompt. . .termi naì output
lstf rm. . .'l ast f rame recorded
nxtfrm...next frame to be output by this program
caìcom...batch PASPL0T output, remove for interactive PASPL0T
projo... input f i le: original projections.
projr... input fi le: reconstructed projections
dconfn. .output f i ì e: i nverse poi nt spread funct i ons

Execute as:
/DCoNVX, I NPUT, DCoNVU, DCTPUT, DCoNVI , DC0NV0, DCoNVZ.

]
{

Associated Fi les

DC0NV0 oldest backup of DC0NVP

DC0NVI most recent backup of DCONVP
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DC0NVC interactive iniiiaì ization, then submits DCONVS,
CAL L, DC0NVC (F RA¡,IE=DCrun_number0)

DCONVD dayf i I e formed dur i ng batch runs.
DCONVE XEDCT commands for showing key parameters before dispìay
DCONVL for pr i ntout CALL , SUB¡1 I TC (NAHE=DCoNVL)

DC0NVH f or comp i ì at ion CALL , SUB¡4lTC (NRmf =nC0NV¡4)
DC0NVP this file (Pascal source)
DC0NVS f or batch execut i on CALL SUB¡/tlTC (NAt{E=DCoNVS)

DCONVU error messages, if any
DC0NVX executable binary.
DCONVZ for Tektronix-type dispìay CALL,DC0NVZ (FRAi4E=DCrun numbern)
DCrun_number0 initial parameters for a run
DCrun_numberD dayfi ìe for a run
DCrun_number I d i rect access vers i on of DCrun_number0, etc. ,

for l4VP input via the GETFILE command.
DCrun_numberN to stop batch run PURGE,DCTun_numberN
DCrun_number0 parameters for ìast recorded frame of a run
DCrun_numberU error messages from a run
DCrun_numberY accumuì ated frames from a run, d i rect access f i I e
DCrun_numberZ plot fi ìe for a frame from a run
SUBi4ITE contains root of fi ìe names (set up by DCONVC)

USERE contains user number and password
](t

Compi ìer lnclude Directives

, PASPLOT'}

Labe I s

Cons tan t s

]
{Sr
çt

]
Cons t
{A constants:
{B constants:
{C constants:
{D constants:
{E cons tants :

{F cons tants :

{G cons tants :

{H constants:
{ t constants:
{J constants:
{K constants:
{L constants:
{Jtl cons tants :

mft=9;
{N constants:
n¡¡=j12 ; npj

i
]
]
i
]
]
Ì
]
j

Ì
n=8 ; nrays=2211'



{0 constants:}
{P constants:}
pìotti ng = true;
(fa I se)
{}
{Q constants: }
{R constants: }
{S constants:}
{T constants:}
{U constants: }
{V constants: }
vers i on_number =

{W constants: }
{X cons tants : }
IY constants: ]
{Z constants: }
{

Pr i mary types ,
fol lowed by compound
]
Type
{
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{ I na ¡ cates i f standard (true) or i nteract i ve

PASPL0T package has been i nc ì uded . ]

I ; vers i on_date = 't4AR I 3, 1982', t

Types

defined in terms of constants, are given first,
types, which are defined in terms of other types.

Pr imary Types

(input_fi ìe, lstfrm_fi le);

]
{n
{e
{c
{o
{¡
{r
{c
{H
{l
in
{..r-
{x
{l-
{¡l
{¡l
{o
{P
{a
{n
{s
{r
{u
{v
{w
ix
{v
{z
{

types : ]
types : ]
types : ]
types : ]
types : ]
types : ]
types: ]
types : ]
types : ]
f ile --
types : ]
types : ]
types: ]
types
types
types
types
types:
types : Ì
types : Ì
types : ]
types : Ì
types : Ì
types : Ì
types: i
types : Ì
types: Ì



]
{
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Compound Types

Variables

]
Var
{A variables:}
{B variables:}
batch: booìean; {lnaicates if batch (true) or
run]
{C variables:}
calcom: CALCOH_FILE; {file which receives the
current_date: alfa; {toaay's date}
current time: alfa; {tlow}
{D variã¡les:}
denom: rea I ;
dconfn: text t

{E variables:}
{F variables:}
{G variables
{H variables
{l variables
{J variables
{K var i ab I es:
k: i nteger i
{L variables:}
l:integer i
lstfrm: text; {See program statement}
{it{ var i ab I es: }
min,max:reaì i
{N variables:}
nxtfrm: text; {See program statement}
{0 variables:}
{P variables:}
proj o, proj r : text ;

plot_scale: real; {Scale factor for plotting}
prompt: text; {Cal I to program should be
{}
{}
{i
{}
{Q variabìes:}
{R variabìes:}
ran-seed-1, ran-seed-2: integer; {Random # seeds for use with RAND0t{i
run number: i nteger; {Number ass i gned to f i I es: DCrun-number etc.}
{S variabìes:}
sum l , sum2, sum]: rea I i
{T variables:}
test i ng: booì ean; iF I ag for debugg i ng]
{U variables:}
{V variabìes:}
{W variables:i
{X variables:}
xreal 2,ximag2zarray Il..nft] of real i

i nteract i ve (ta I se)

batch PASPL0T plotÌ

/DC0NVX,,DC0NVU,DCTPUT, etc., to
place any bugs into fi le DCONVU and have the prompts
come out on DCTPUT. All prompts are to file PROHPT

which thereby becomes DCTPUT.i
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xinfo:scaleinfo i
xreal,xreaì l,ximag,ximagì,x:arrayIl..nft] of
{Y variabìes:}
yinfo:scaleinfo ;

yiarrayIl..nft] of reaì i
{Z variabìes:}
zeropts: integer ;

{

ln the University of Hinnesota Pascal,
which are gìobal are included in dumps.
permitted a GLOBAL statement which makes a

Dup I i cated names , however , are not perm i tted
are gathered together in the file GL0BALP and
program here:
]
{S t' cL0BAL' /' cLoBALP' }
{

rea ì i

onìy
For th

locaì
. These
brought

singìe variables
i s reason we have
variabìe globaì.
GLOBAL statements

back i nto the

Forward Dec ì arat i ons

{Forward dec I arat i ons of procedures and funct i ons: }
{A forward decìarations:}
{B forward dec I arat i ons : }
procedure Bomb_out (bomb_condi tion: aìfa)
{C forward dec I arat i ons: }
{D forward dec I arat i ons: }
{E forward dec I arat i ons: }
{f forward dec I arat i ons: }
{G forward dec I arat i ons: }
{H forward dec I arat i ons: }
{ I forward dec I arat i ons: }
{¡ forward dec I arat i ons : }
{K forward dec ì arat i ons : }
{L forward dec ì arat i ons: }
{l'1 f orward dec larat ions: }
{N forward dec I arat i ons: }
{0 forward declarations:}
{P forward dec ì arat i ons: }
{Q forward dec I arat i ons: }
{R forward dec I arat i ons:
{S forward dec I arat i ons:
{T forward declarations:
{U forward decìarations:
{V forward declarations:
{W forward decìarations:
{X forward dec ì arat i ons:
{Y forward dec I arat i ons:
{Z forward dec I arat i ons: }
{

Procedures and Functions

Ì
{Procedur.es and f unct i ons: }

; forward;
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procedures and functions:Ì
procedures and funct i ons: ]

Bomb out

Bomb_out al lows the user to stop the program on detection of an
unwanted condition. The condition must be exactìy ì0 characters long
(lower case letters count for two). Example:

Bomb_out ('BAD PARAI'1 ') ;

]
procedure Bomb_out

beg i n {Bomb_out}
writeìn(prompt,
{}
writeìn(output,
{}
haìt(bomb_condit
end; {Bomb_out}

{C procedures and
[D procedures and
{E procedures and
{F procedures and
{

{(bomb_condition:

'Program term i nated
bomb_condition);
'Program termi nated
bomb_condition);
ion);

functions:]
funct i ons: ]
funct i ons: ]
funct i ons: ]

alfa)];

because of condition:

because of condition: ',

ftbtr

]
function ftbtr (jbtr,mft: integer): integer;
var ibtr,jbtrì,jbtr2,kbtr: integer i

begin { ttutr }
jbtrl:=jbtr ; kbtr:=0 i
for ibtr:= I to mft do

begin
jbtr2:=jbtrl div 2 ;

kbtr:=kbtrrr2 + (jbtrl-2",jbtr2) ;
jbtrl s=jbtr2 t
end ,

ftbtr:=kbtr f
end;{ftbtr}

i
FFT

]
procedure FFT;
{ Fast Fourier Transform program from E.0.Brigham
Translated from Fortran
Arrays xreaì and ximag must contain real and imaginary parts
of input signaI. The same arrays wi I I contain on return the
real and imaginary parts of the Fourier Transform- the input
data are lost. NFT and l4FT must contain no. of FFT samples
requ i red, and NFT=2fir'cflf f . ]
var kft, lft, ift,kftì,kftln2,nft2,mftì,jft,tupwr: integer i
var pftrarg,cft,sftrtreal,timag:real I

besin { fft }
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nft2:=nft div 2 ; mftl:=mft-l ; kft:=0 |

for ìft:=l to mft do
begin { ìoop ì00 }
whi ìe kft<nft do

begin { ìoop 102 }
for i ft:=l to nft2 do

begin { ìoop ì0ì }
tuPwr:=ì t
for jft:=l to mftl do
tupwr : =tupwrJ<2 ;
pft:= ftbtr (kft div tupwr,mft) i
ar gz=6 .283185:ipt t/nf t ;

cft:=cos (arg) ; sft:=si n (arg) t
kftì :=kft+l ; kftl n2:=kftl+nft2 i
treal := xreaì [kft1n2]:ts¡t + ximag[kftln2]:rs¡¡ i
timag:= ximagItttln2]Jrcf t - xrealIkf tln2]:'t5¡¡ t

xreal [trtln2] :=xreal [kftl]-treaì ;
ximagItrtln2] :=ximagIkft]l-timag t

xreal[t<ttl]:= xreal lkf tl] + treal ;

ximag[tftl]:= ximag[kftì] + timag i
kft:=kft+l;
end ; { loop l0l }

kft:= kft + nft2 t

end ; { loop 102 }
kft:= 0 ; mftl:= mftl-l i
nft2:= nft2 div 2 ;
end ; { toop ìoo }

for kft:= I to nft do
begin { loop 103 }
ifr:= ftbtr(trt-l,mfr) + I ;
if ift>kft then

begin { inner loop of .l03 
}

treaì:= xreal [kft] i
timag:= ximag[ttt] ;
xreal [kft]:=xreal Iift] ; ximag[kft]:=ximagIift] i
xreaì [i ft1:=trea] ; ximagIift]:=timag i
end ; { inner loop of .l03 

}
end ; { ìoop ì03 }

end;{fft}
{G procedures and functions:}
{H procedures and functÌons:}
{ I procedures and funct i ons : }
{J procedures and functions:}
{K procedures and functions:}
{L procedures and funct i ons: }
{11 procedures and functions:}
{

m r nmax

]
procedure minmax i
{ extracts min and max values of
power spectrum in array y Il..nft] and prints them ]

begin { minmax }
min:=99999999.99 ; max:=O i



for k:=l to nft
¡f y[t<]<min then
eì se
i f y Ik] >max then
writeìn(prompt,'
end ; { minmax i

{N procedures and
{0 procedures and
{P procedures and
{

n: =y [k]

max: =y [k] i
I''1IN AND T4AX VALUES

functions:]
functions:]
functions:Ì

do
mi

26L

ly,l) i

0F POWER SPECTRUH ' ,mi n,max) ;

plot

Ì
procedure plot i

begin { plotter instructions
setscaìe(1.0) i
move (1, l) i
scaledata (x,nf t,6,xi nfo) ;
scaledata (y,nft,4,yi nfo) i
drawl ine (x,y,tif t,xinfo,yinfo,
end ; { pìotter instructions

{Q procedures and funct i ons: }
{R procedures and funct i ons: }
{S procedures and functions:}
{T procedures and functions:}
{U procedures and funct i ons: }
{V procedures and funct i ons: }
{W procedures and functions:
{X procedures and functions:
{Y procedures and functions:
{Z procedures and functions:}
{

l,lain Block

beg i n {Dconv}
reset (projo) ; reset (proj r) ; rewr i te (dconfn) t
pìotopen (caìcom, ìongx,nearside, I I .0,7.0,' RANGARAJ')
for k:= I to nft do
x[k]:=k i
for ì:= I to npjn do

begin { projections }
zeropts:=0 ;
f oi' k: = i to nrays do
read (projo,xreal tkl) t

readln (projo) i
for k:= nrays*l to nft do
xreal [k]:= O ;

for k:=ì to nfr do y[k]:=xreal [k] ; pìot ¡ { originaì projection J

suml:=O ; for k:=l to nft do suml:=suml + xreal [k] ;

for k:= ì to nft do ximag[k]:= 0 ;
fft i
for k:= I to nft do

begin { store FT }

I i neon
]
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y[k] :=sqrt (xreaì [k]:'r¡¡s.l [k] + ximag[t<¡",*imag[k]) ;

xreall[k]:= xreal[k] ; ximagl[k]:= ximag[k] ;

end ; { store FT }
plot; { power spectrum of original projection }
mi nmax ;
for k:= I to nrays do read (projr,xreal [k]) ;

read I n (proj r) i
for k:=nrays*l to nft do xreal [k]:= O ;

sum2:=0 ; for k:=l to nft do sum2:=sum2 + xreal [k] ;

f or k:=l to nf t do xreal[t]:=xreal[k]:'csu¡l/sum2 ;

for k:=l to nft do y[¡]:=xreal [k] ; pìot ; { projection of reconstruction }
for k:= I to nft do ximag[k]:= 0 ;

fft i
for k:=l to nft do

begin { store FT }
xreal2[k]:=xreal [k] ; ximag2[k]:=ximagIk],
end ; { store FT }

for k:= I to nft do
begin { aivide FTs }
denom:= xreal [k]*c¡¡s¿l [k] + ximag[t<]'i*imag[k] ;
yIk]:=sqrt (denom) ;

i f denom=O then
begin
zeropts:=zeropts + I i
xreal [k]:=o ; ximag[k]:=0 i
end

else
begin
xreal [t] := (xreaì [k]:t¡¡s¿l I [k] * ximagIt<],t*imagl [L]),/Oenom ;

ximag[k]:= (xreaì [k]:t¡imagl Ik] - ximag[k]r,*..u1ì [k])/denom i
end ;

end ; { divide FTs }
pìot ; { power spectrum of reconstruction }
mi nmax ;

for k:=ì to nft do
wr i te (dconfn, xrea l [k] , x i mag [k] ) |
writeln(dconfn) ;
for k:= I to nft do

begin { prepare for IFT i
y[k] := sqrt (xreaì [k]fc¡¡s¿l [k] + ximag[¡<]i'*imag[k]) ;

xreaì ì [k]:=xreal [k] ; ximagl [k]:=ximag[k] i
xreal [L]:= xreal [k]/nft ; ximag[t]:= -ximag[k]/nft ;

end ; { prepare for I FT }
pìot ; { PSF inverse }
mi nmax ;
fft I
for k:=l to nft do

begin { prepare for deconvolution i
xrealIk]:=xreal2[k]?'rxreall Ik]/nf t ; ximagIk]:=-ximagì [t]r,ximag2[k]/nf t ;

end ; { prepare for deconvolution }
ffr ;
for k:= I to nft do y[k]:=xreal [k] i
plot ; { deconvolved projection }
suml:=O ; for k:=l to nft do sumJ:= sum3 + xreal[k] ;

writeln (prompt,' PROJECTI0N INTEGRALS I ,suml,sum2,sum3) i
writeln(pro¡npt,' ZER0 DEN0I'llNAT0R P0INTS',zeropts:6) i
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writeln(prompt,' FINISHED PROJtCTI0N',122) t
end; iprojections]

end. { Dconv i
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{ ZSNOBELLSSBSRTnNP cARTI $TSXNSXL/ena./SXNSXcOPYD cARTo
:kSF I LE, CARTO, R$TSXCOPY CARTI *SF I LE, CARTI , RSxgSRTRnp
puSrS x¡tS x L,/end . 7$ p:',$ xN S L,/ver s i o

The above XEDIT commands create two backup files and copy compiìer
error messages to the end, as a comment, if any. ]

{
]
{
Ti tì e: CART: C0NV0LUT I 0N ART
Author:H.R.Rangaraj
llodification and rewritten by Atam P. Dhawan, Department of Eìectricaì eng.
Address: Department of Pathology, Un ivers i ty of iç1an i toba,

Hedicaì Col ìege, //0 Bannatyne avenue,
W i nn i peg, ltlan i toba, Canada R3E 0W3.

Proqram descr i pt i on :

This program returns reconstructions of a given picture by
addi tive/muì tipl icative ART.
Paraì lel ray geometry is used throughout. Projections ( views )
of the picture are first computed and then using them, the
picture is reconstructed. Parameters of the picture and
reconstruction method to be used are to be entered in the
constants I ist and within the main program as weì l.
THe projections are convoìved with the inverse PSF
suppì ied to get rid of distortions due to ì imited
angle coverage.

Program Statement

]
program
cartp(input/rinpic,output,prompt,lstfrm,nxtfrm,caìcom,convfn,mvpì,mvp2rmvp3) ;
{

Use of External Fi ìes

i nput: term i na I i nput
output: debugging output and Pascal dump on error exits
prompt: terminal output
lstfrm: last frame recorded
nxtfrm: next frame to be output by this program
calcom: output fi le for PASPL0T commands
i np i c: i nput test p i cture
mvpl : test picture returned in l4VP f ormat !
mvp2: reconstruction by summation
mvpJ: ART reconstruct i on

Execute as:
/cARTX, I NPUT, I NP I C, CARTU, 0UTpUT, CART t, CARTo, CARTZ, ¡ivp t, Èlvp2,
r,rvP3.
]
{

i
{
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Associated Files

CARTC for execut i on
CARTi4 for batch compi lation
CARTS for batch j ob subm i ss i on
Ì
{

Compi ìer I nclude Di rectives

]
{S I 'PASPLoT'}
{s I 'i4ATH'}
{

Labe I s

Constants

]
Cons t
{A constants: }
{ for additive ART set artadd to true; multiplicative ART set artmul to true;
for constrained ART set artconstr to true; set other.s to false ]
artadd=fal se;artmuì=true; artconstr=true;
{B constants : }
{C constants : }
{D constants : }
{E constants: }
{F constants: }
{G constants: }
[H constants: ]
{l constants:}
{J constants : }
{K constants : }
{L constants: }
{H constants: }
{ max (+-) y/j
mj=!0 ;

{N constants: }
{ ¡lo. of rows
]
norow=l0l ; nocol=l0l ; nobits=8 ;

i
ni:max(+-) x/i index of picture; np:no. of projections/views to be used;
nr:max(+-) index no. of rays; nr2:total no. of rays per view(2tcnr+l) ;
nprmax:max no. of pixeìs a ray can cross - raywidth in pixels fr max of
norow, noco I

J

ni=50;np=8; nr=l l0; nr2=22ì ;nprmax=l0l ;

n¡¡=!l2 ; mft=l i
{0 constants: }

index of picture ( origin at center of picture ) ]

and columns of picture and no. of bits per word in l4VP output f i ìe



{P constants : }
pi = 3.tt+15926536:'
{Q constants: }
IR constants : ]
{S constants:i
{T constants: }
{U constants:}
{V constants: }
version_number = l;
{W constants : }
{X constants : }
{Y constants: }
{Z constants : }
{

Pr imary types,
fol lowed by compound
]
Type
{

]

TYPes

defined in terms
types, wh i ch are

Pr i mary Types

{A types:
{B types:
IC types:
ID types: ]
Ir types: ]
{r types: i
{G types:
{H types:
{ I types:
in f ile =
{J-types:
{K types:

(input_f i le, lstfrm_f i le) ;

{L types: i
{tt types: i
[N types:]
{o types:}
{P types: }
{q types: }
{R types : }
{S types: }
{T types: }
twod=arrayIinteger, integer] of real i
twodl=array []..np,-nr..nr] of real ;
twod2=array[-ni ..ni,-mj..mj] of real
{u types: }
{v types: i
{w types: }
{X types: }
iY types: i
{Z types: }
i

Compound

266 -

of constants, are
defined in terms of

given first,
other types.

Types
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Variables

]
Var
{A variables:}
averagep i c: text ;
angl,avg:real ;

{B variables:}
bufferp i c: text i
{C variabìes:}
convfn: text ;
cosl:real i
caìcom: calcomfiìe;
{D variables:}
dcpower: real ;

{E variables:}
eucl iderr : real ;
error: real ;

{F variabìes:}
{G variables:}
{H variables:}
{l variabìes:}
i , i p, ìmi n, imax, i npr,
inpic: text t
{J variables:}
j,jj l,jj2,jj3,jj4,jmin,jmax,jp: i nteger ;

{K variables:}
k: i nteger t

{L variables:}
ll:integer ;
l:integer i
ìstfrm: text; {See program statement}
{i*4 variables:}
maxfac: rea I i
mvpl,mvp2,mvpJ:text i
{N variables:}
nf th : i nteger i
nxtfrm: text; {See program statement}
npr: i nteger i
{0 variables;}
{P variables:}
pj num: array Il . . np] of i nteger I
preerr:real ; {error at previous iteration }
{ pseudo projection of ray }
pseudop: real ;

{ picture array -ni..ni, -mj..mj }
pi c: twod2 ;

{ angles of projections : to be
prangì: array []..np] of real ;
i first dimension refers to view
proj ect i on: twod I ;
pixel:arrayIl..Z, l..nprmax] of integer ;
prompt: text; {Cal I to program should be

{Needed by PASPL0T}

i terat i on: i nteger t

entered in main

no. and second

program ]

to ray no.
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{} /CARTX, , CARTU, ourPUT, etc . , to
{} place any bugs into fi ìe CARTU and have the prompts
{} come out on OUTPUT. All prompts are to f ile PRO|'1PT

{} which thereby becomes 0UTPUT.}
{Q variabìes:}
{R variables:}
{ ray width : modify in main program at alì locations if necessary }
rw: real ;

{S variabìes:}
suppd: i nteger )

suml,sum2:reaì ,
spot: rea I I

sinl:real ;
scale: real; {Scale factor for plotting}
{T variables:}
{ threshold for ray boundary = 0.5 J, ray width }
thr: rea ì ;

test i ng: booì ean; iF I ag for debugg i ngÌ
{U variabìes:}
{V variables:}
vers i on_date: al fa; {Date compi I ed}
version_time: aìf a; {lime compiìed}
val:real ;

{W variables:}
{X variables:}
xreal,ximag,xabs:arrayIl..nft]of reaì ;

x:arrayIl..nr2] of real ;

xinfo:scaleinfo;
{Y variables:}
y3array Il..nr2] of real ;
yinfo:scaìeinfo ;

{Z var iables:}
{

Forward Dec I arat ions

]
{Forward dec I arat i ons of procedures and funct i ons: }
{A forward decìarations:}
function Amaxl (a,b: real): real; forward;
function Aminl (a,b: real): real; forward;
{B forward declarations:}
{C forward declarations:}
{D forward declarations:}
{E forward declarations:}
{F forward decìarations:}
function Factorial (n: integer) : real; forward;
{G forward declarations:}
{H forward declarations:}
{t forward decìarations:}
{J forward declarations:}
{K forward decìarations:}
{L forward declarations:}
{l'1 f orward dec I arat ions: }
f unction l'laxO (a,b: integer) : integer; f orward;
function HinO(a,b: integer) : integer; forward;
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{P
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{s
{r
{u
{v
{w
{x
{Y
{z
{

f orwa rd
f orwa rd
forward
forwa r d
forward
forwa r d
forward
forwa r d
forward
forward
forwa r d
forward
forward

dec ì arat i ons: ]
declarations:Ì
ciec ì arat ions: ]
dec I arat i ons: ]
dec I arat i ons: ]
declarations:]
declarations:]
dec ì arat i ons: ]
declarations:]
declarations:]
dec ì arat i ons: ]
dec ì arat i ons: ]
declarations:]
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and Funct i onsProcedures

]
{Procedures and funct i ons : }
{A procedures and funct i ons: }
(
1

Absma I

]
functi on absmal (one, two: i nteger) : i nteger i
{ returns no. wi th smal I er absoì ute val ue
and sign of the first no. Ì

begin { absmal }
if one < 0 then

begin
if abs(one) < two then absmaì:=one else absmal:=-two
end

else
begin
if one < two then absmal:=one else absmaì:=two
end

end;{absmal}
Ct

Amax I

]
function Amaxl { (a,b: real): real};

begin IAmaxl]
if a > b then Amaxl := a else Amaxl := b;
end; {Amaxl}

{

Aminì

]
function Aminli(a,b: real) : reaìÌ;

begin {Rminl}
if a < b then Aminl := a eìse Aminl
end; {Rm¡ nli
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{B procedures and funct i ons: }
{

boas kac

]
procedure boas_kac i
{ Boas t Kac cl ipping procedure }

begin { boas_kac }
dcpower:=sqrt (xreal [ì]:';¡¡s¿l Il] + x imag Il]ttx imagIl] ) i
nfth:= nft div 2 ,

nfth:= nfth * l;
suppd:=0 i
for k:=2 to nfth do

begin { peak suppression }
val:= sqrt (xreal[k]:'r¡¡g¿ì[k] + ximag[t]'t*imag[k]) ;
maxfac:= pi / (Z + nfth div k) t

maxfac:= cos(maxfac) i
if va ì> (maxf ac:',dcpower) then

begin { cl ipping }
xreal It] := xreal Ik]ttt"*t"c:tdcpower,/val ;
x imag [t<] : = x imag [k] 'tt"*t"c:kdcpower/va I t
suPPd:=suPPd * l;
end ; { clipping }

end ; { peak suppression }
end;{boas_kaci

{C procedures and funct i ons : }
{D procedures and functions:}
{

del

I)
function del (i,j,k: integer;sinì,cosl :real) :booìean ;

{ Ael : true if pixel (i,j) ¡elongs to ray (l,k) }
var dist,jy:reaì ;

begin i ael ]
jy:=i:tsinì + k?'.rw ; jy:= jylcosl ;

di st:= abs (j-jV) rrabs (cosl) ;

if dist<=thr then del:=true else del:=false
end; {del}

{E procedures and funct i ons: }
i

eucl id_error i

]
procedure euc I i d_er ror t

{ computes the Eucl idean di stance between the or i gi naì pi cture
and its reconstruction Ì

begin { eucl id_error }
eucl iderr:=0.0 ;

reset (i npi c) ;
for j:=-mj to mj do

begin { row }
for i:=-ni to ni do
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begin { pixels }
read(inpic,val) ;

val:=vaì-picIi,j];
eucliderr:=eucìiderr * val¡kval ;

end ; { pixels }
readln(inpic) ;
end;{row}

eucì iderr:=eucl iderr / (norowr',nocoì) ;

end ; { eucl id_error }
{F procedures and funct i ons: }
{

ftbtr

]
function ftbtr (jbtr,mft: integer): integer;
var ibtr,jbtrì,jbtr2,kbtr: i nteger t

begin { tt¡tr }
jbtrl:=jbtr ; kbtr:=0 i
for ibtr:= I to mft do

begin
jbtr2:=jbtrl div 2 ;

kbtr:=[þf¡:'<l * ubtrl-2¡,,jbtr2) ;
jbtrì t=¡btr2 t
end t

f tbtr : =kbtr ,
end;{ftbtr}

{

FFT

i
procedure FFT;
{ Fast Fourier Transform program from E.0.Brigham
Trans I ated f rom For tran
Arrays xreal and ximag must contain reaì and imaginary parts
of input signal. The same arrays wiìl contain on return the
real and imaginary parts of the Fourier Transform- the input
data are lost. NFT and l4FT must contain no. of FFT sampìes
requ i red, and NFT=2:tt<l'lFT. ]
var kft, I ft, i ft, kftl , kft I n2, nft2,mftl ,j ft, tupwr: i nteger i
var pft,arg,cft,sftrtreal,timag:real I

begin { fft }
nft2z=nft div 2 ; mftl:=mft-l ; kft:=0 i
for ìft:=l to mft do

begîn { loop 100 }
while kft<nft do

begin { loop .l02 
}

for i ft:=l to nft2 do
begin { ìoop 10.l i
tupwr:=l i
for jft:=l to mftl do
tupwr : =tuPwr:k2 ;
pft:= ftbtr (kft div tupwr,mft) ,

arg:=6. 2831 85:tpt t/nf t ;
cft:=cos(arg) ; sft:=sin(arg) í
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kftl:=kft*l ; kftln2:=kftl+nft2 ;
treal:= xreal[kf tln2]irççt * ximag[tf tìn2]:ts¡¡ t

timag:= ximag[t<ttìn2]:tcf t - xreal[kf tln2]:'rsf t '
xreal Itrtln2] :=xreal Ikftl]-treaì ;
ximagIt<ttl n2] :=ximagItrtì] -t imag ;

xreal [trti]:= xreal [kftl] + treal ;

ximag[rtti]:= ximag[t<ttl] + timag ;

kft:=kft+l ;
end ; { ìoop l0ì }

kft:= kft + nft2 i
end ; i loop 102 Ì

kft:= 0 ; mftl:= mftì-l ;

nft2:= nft2 div 2 ;
end ; { loop 100 }

for kft:= ì to nft do
begin { loop 103 }
i ft:= ftbtr (ttt-l ,mft) + j i
if ift>kft then

begin { inner loop of .l03 
}

treal:= xreal [kft] t
t i mag:= x i mag [ltt] i
xreaì [kft] :=xreal Ii ft] ; ximag[kft] :=ximagIi ft] ;

xreal Iift]:=treal ; ximagIift]:=timag i
end ; { inner ìoop of ì03 }

end ; { ìoop .l03 
}

end;{fft}

Factor i a I

Ì
function Factorial {(n: integer) : real};

begin {Factorial}
if n = 0 then Factorial := l
eìse Factoriaì := n ?'í Factorial(n-l);
end; {Factoriaì}

{

formvp

J

procedure formvp( var fig:dynamic twod;nrow,ncoì,bits: integer; var mvpfi l:text);
I writes picture in t4VP format 5 in f ile mvpf il i
var ij,jk,newval,twelv: integer ; maxel,minel,l im:real ;okay:boolean I

begin { for mvp }
okay:=true;
if (nrowcl) or (nrow>5.l2) or (ncol<ì) or (ncol>512) then

begin{error2}
writeìn(prompt,rHaximum picture size permitted is 5ì2 X 512t) ;

writeln (output,rFlaximum picture size permitted is 5.l2 X 512') i
okay:=fal se ;
end;{error2i

if (bits<l) or (¡¡ts>lZ) then
begin{error3}
writeln(prompt,'l'lVP resolution limited to .l..12 bitsr) ;

writeln(output,rl'lVP resolution limited to .l...l2 bits') |
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okay: =fa ì se i
end;{error3}

i f okay then
begin { execute formvp }
maxel:=0 |

case bits of { resolution i
l: ìim:=l ;
2: I im:=3 ;

3z I im:=7 i
4: lim:=.|5:'
5z I im:=31 ;
6z I im:=63 i
7: I im:=127 ;

8: I in:=255 ;

9z ìim:=5ll t
l0: ìim:=ì023 i
l1:linz=20\7;
l2: ì im:=4095 ;
end ; { resolution }

ij:=low(tig,l) ; jk:=low(fig,2) ; minel:=fiSIij,jk] ;
for ij:=ìow(tig,l) to high(f ig,l)do
for jk:=low(fig,2) to high(tig,Z) do

begin { minmax }
if maxelcf igIij, jk] then maxel:=f iSIij,jk] i
if minel>figIij,jk] then minel:=fîgIij,jk] ;
end;{minmax}

writeln(mvpf il,'PICTURE FILE FOR DISPLAY USING I'IVP.') ;

wri teln (mvpf i l,' END0FHEADR',ncoì :!,nrow:5,bi ts z5,l:5) i
for jk:=low (fig,2) to high (fig,2) do

begin { row }
twelv:=0 i
for ij:=tow(f ig,t) to high(f ig,l) do

begin { col }
{l inear transformation from 0-maxel to 0-l im}
newval :=round (l imi.f is Iij , j k] /maxel ) ;
if newval<0 then newval:=0 ;
wri te (mvpfi l,newval:5) |
twelv:=twelv*l I
if tweìv=12 then

begin { end line }
twelv:=0 ,
writeln(mvpfil) i
end ; { end line }

end;{col}
writeln(mvpfil) i
end;{row}

end ; { execute formvp }
end ; { for mvp }

{G procedures and functions:}
{H procedures and functions:}
il procedures and functions:]
{J procedures and functions:}
(

Jmrnmax
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]
procedure jminmax(nl,n2,n3,n4 : integer ; var min,max: integer ) ;

{ returns min and max of four integers given }
begin { jminmax }
min:=nì ; max:=nl ;

f n2<min then min:=n2 ;

f nJcmin then min:=nl ;

f n4<m i n then m i n: =nl+ ;

if n2>max then max:=n2 ;

if nl>max then max:=n3 ;

if n4>max then max:=n4 ;

end;{jminmax}
{K procedures and funct i ons: }
{L procedures and funct i ons: }
{lç1 procedures and f unct i ons: }
t

Hax0

i
f unct ion llaxO { (a, b: i nteger) : i nteger} ;

beg i n {tlaxo}
if a > b then I'taxO:= a eìse HaxO:= b;
end; {Hax0}

{

Hin0

i
f unction 14in0{ (a,b: integer) : integer} ;

begi n {mi nO}
if a < b then Hin0:= a else flin0:= b;
end; {¡t i no}

{N procedures and funct i ons: }
{0 procedures and functions:}
{

other ha I f

]
procedure other_half i
{dupt icates second half of Fourier Transform array}

begin { other_half }
nfth:= nft div 2;
nfth:=¡flþ+l i
for k:= nft downto nfth+l do

begin { other half of spectrum }
xreal [k] := xreal [nft-k+2] i
ximag[k] :=ximag[nft-k+2] |
end ; { other half of spectrum }

end; {other_half}
{P procedures and functions:}
t

plot
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]
procedure plot I

{ prepares 8 pìots in one page: works for np=8 only
begin { plotter instructions }
plotopen (calcom, ìongx,nearside, i I.0,7 .0,' RANGARAJ')
setscale(ì.0) i
for l:=l to np do

begin I np plots ]
for i:= ì to nr2 do

begin
xIi]:= i ; yIi]:= projectionIl,i-nr-]l t
end i
case ì of
l:move (1.5,0) ;
2:move (.l.5,.t.5) |

J: move ( 1 .5, 3 .0) ;

4:move (1.5,\.Ð ;

!:move (5.5,0) ,
6:move (5.5,1.Ð ;

/:move (5.5,3.O) i
8:move (5.5,1+.Ð i
end;{case}

drawinteger (,|,3,0.2,0.0) i
drawstr i ng (' PRoJN ANGLE ' , - I ,O .2,0.0) ;
drawreal (prangl []] ,7 ,2,o.2,0.0) i

case ì of
I :move (l .5,0.3
2:move (1.5,1.8
J:move (1 .5,3.3
4:move(1.5,4.8
!:move (5.5,0.3
6:move (5.5,1.8
/:move\r.5,3.5
8:move(5.5,4.8
end;{case}

scaledata (x,nr2,4,xi nfo) ;

scaledata (y,nr2, l.0,yinfo) i
drawl ine (x ,y,nrT, x inf o, yinf o, I ineonly, l) i
end ; { np plots }

writeln(prompt,'THE PLOT lS r,plotcìose:522,' INCHES LONG.')
end ; { pì otter i nstructi ons }

{Q procedures and functions:}
{R procedures and funct i ons: }
{

raypixels

]
procedure raypi xel s (l , k: i nteger ) i
f
C

Parallel ray geometry. Returns no. of pixels covered by ray(l,k) in npr,
their coords in pixeì [ì, i],pîxel [2, i] and the pseudo projection in
pseudo. Raywidth rw, threshold thr, sin and cos of view angìe sinlucosì
to be defined in main program before calling raypixels.
Ca l I s absma l , de l , j m i nmax , m i n0 , maxO .

]
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begin { raypixeìs }
npr : =0 ; pseudop: =0 i
{ get limits of search in y/j direction }
j j I : =round ( (-n it<s in l+ (f - I ) :t¡*¡ /cos l) ;
j j2:=round ((-ni:'csinl+ (k+l) r',rw)/cosl) ;
jjJ:=round ( (ni Jcsi nl* (k- t¡,',¡*¡ /così) ;

j j4:=round ( (ni:ks inl+ (k+l)'trw) /cosl) ;

jjl:=absmal Ujl,mj) i jj2:=absmal(jj2,mj) ;

jjJ:=absmal (jj3,mj) ; jj4:=absmal(jj4,mj) .

jminmax U j I, j j 2, j j3, j j4, jmin, jmax) i
for j'=¡min to jmax do

begin { row i
{ get I imi ts of search in x/ i di rection }
jj I :=round ( (¡r.6esì- (k-ì) :t¡*¡/sinl) ; jj ì :=absmal
jj2:=round ( (¡icçe=l- (k+l) r,rw) /sinì) ; jj2:=absmaì
imi n:=mi n0 Ui I ,jj2) - I ; imax:=maxO (jj I ,jj2) +l ;

for i:=imin to imax do
begin { column }
if deì (i,j,k,sinl,cosl) then

begin { store ray pixels }
npr:=npr*l ; pseudop:=pseudop+picIi'jJ i
pixeì [i,npr]:=i ; pixel [2,npr]:=j i
end; { store ray pixels }

end;{column}
end;{row}

end ; { raypixeìs }
procedures and functions:]

spect,ra

]
procedure spectra I

{computes average power spectral envelope of the
originaì eight projections in array xabs ]

begin { spectra }
for I l:=l to 3 do

begin
if ll=i then l:=2 i
¡f ll=2 then l:=4,
if ¡1=3 then l:=8;
end i
begini3projections]
for k:=l to nr2 do
xreal [t<] := projectionIl,k-nr-]] ;

for k.= ¡¡l*ì to nft do xreal [k]:=0 i
for k:=l to nft do ximag[k]:=O ;

ffr;
for k:=l to nft do
xabs[k] := xabs[t] + sqrt (xreal [k]cr¡¡s6ì [k] + ximag[k];'"imag[k]) ;

end i {3 projections}
for k:=l to nft do
xabs [k] := xabs lk7/3 ;

end;{spectra}
{

(JJ I, n r-
Uj2,ni-

I) ;
t) ;

{s
{
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specl ip

]
procedure specl ip ;

{cì ips given spectra to spectraì average enveìope in array xabs}
begin { speclip }
dcpower:=sqrt (sqr (xrea I [ì]) +sqr (x imag Il] ) ) ;
for k:=l to nft do

begin { check i
vaì:= sqrt (xreaì [k]r<¡¡gal[k] + ximagIt ]v,"imagIk]) ;

val :=val:'<xabsIl]/ (dcpower:txabsIk]) ;
if val>l then

begin { cl ip }
xreaì [t<] := xreal [t<]/val ;
ximag[t] := ximag[k]/val ;
end ; { cl¡p }

end;{check}
end;{speclip}

{T procedures and functions:}
{U procedures and funct i ons : }
{V procedures and funct i ons: }
{

v I ew_average

]
procedure view_average I

I produces a picture which is the average of reconstructions
at end of each view ]

begin { view average }
if l=l then

begin { initiate averagepic }
rewr i te (averagep i c) i
for j:=-mj to mj do

begin { row i
for i:=-ni to ni do
wr i te (averagepic,pic[î,j]) i
wr i tel n (averagepi c) i
end;{row}

end I initiate averagepic ]
eìse

begin { add next view picture }
reset (averagep i c) i
rewrite(bufferpic) t
for j:=-mj to mj do

begin { row }
for i:= -ni to ni do

begin { pixeì }
read (averagepic,val) ;
val:=val + picIi,j] ;
wri te (burferpic,val) i
end ; { pixel i

readl n (averagepi c) t
writeln(bufferpic) ;
end;{row}

rewr i te (averagep i c) i
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reset (bufferp i c) ;

for j:= -mj to mj do
begin { swap fiìes }
for i:=-ni to ni do

begin { interchange }
read (bufferp i c, va I )
wr i te (averagep i c, va I ) |

end ; { interchange
readìn(bufferpic) ;

wr i teì n (averagepi c) t

end ; { swap files }
end ; { add next view picture }

if ì=np then
begin { transfer picture }
reset (averagepi c) ;
for j:=-mj to mj do

begin { put picture in pic }
for i:=-ni to ni do

begin { aivide }
read (averagepic,val) ;
picIi,j]:=va1/np;
end; {divide}

readln(averagepic) ;
end ; I put picture in pic ]

end ; { transfer picture }
end ; { view average }

{W procedures and functions:}
t

we i ght

]
procedure weight i
{weight the spectrum }

begin { weight }
for k:=2 to nfth do

begín { weightîng }
val:= I - sqrt (k/nfth) ;

xreal [t] := val:ixreal [k] i
x imag [t<] : = va I ¡tx imag [k] i
end i {weighting}

end¡{weighti
{X procedures and functions:}
{

xer ror

]
procedure xerror i
{computes error of reconstruct i on compar i ng proj ect i on datai

begin { error }
error:=0.0 ;
for l:= I to np do

beg i n { np proj ect i ons }
angl := prangl Il]:tpil.l80.0 ;

sinì:=s¡n(angl) ; cosl:=cos(angl) ;
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rw:=amaxl (abs (sinl) ,abs (così) ) ; thr;=Q.!,:l¡ç
for k:= -nr to nr do

begin { ray }
raypixeìs(l,k) |
error:=error * abs (projectionIl,k] -pseudop)
end; {ray}

end ; { np projections }
error z=error / (norow:knocoìJ,np) i
end;{error}
procedures and functions:]
procedures and funct i ons: ]

Hain Block

beg i n lcartp]
rewr i te (ca ì com) ;

reset(inpic) ;
writeln(prompt,' START Tll'lE I ,clock:ìO) t

for i:=-ni to ni do
for j:=-mj to mj do
prcLr,JJ!=U;
for j : =-mj to mj do

begin { get pic }
for i:=-ni to ni do
read(inpic,picIi,j]) i
readln(inpic) i
end ; { get pic }

for j:=-mj to mj do
begin
for i:=-ni to ni do
if picIi,j]<10 then picIi ,j7z=2 i
end i

rewrite(mvpl) ,
formvp (pi c, 2:tmj+.l,2:t¡i+ì,8,mvpl) ;

{ aet i ne proj ect i on ang ì es i n degrees }
for ì:=ì to np do pranglIl]:=l';<22.5 i
{}
{
{}

######################### .

{ compute projections }
for l:= I to np do
for k:=-nr to nr do projectionIl,k];= 0 ;

for l:= I to np do
begin { np projections }
angl:= prangl [ì]rrpi/180.0 i
sinl:=sin(angl) ; cosl:=cos(angl) i
{ ray width rw may be multiplied by an integer to use wider rays ( more
pixels per ray : modify nprmax ). Perform corrections at all occurrences of
rw]
rw:=amaxl (abs (sinl) ,abs (cosl) ) ; thrs=Q.!:'c¡ç ;

for k:= -nr to nr do
begin I ray i
raypixels (l,k) i
projectionIl,k] := pseudop ;
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end; {ray}
end ; i np projections ]

reset (convfn) i
for k:=l to nft do xabs[k]:=O ;
spectra l
for l:=l to np do

begin I convo]ution ]
suml:=0 ; for k:=-nr to nr do suml:=suml + projectionIt,k] ;

for k:=ì to nr2 do xreal [k]:=projectionIl,k-nr-l] i
for k:=nr2*l to nft do xreaì [k]:=O t
for k:=l to nft do x i mag [k] :=0 ;

fft i
for k:=l to nft do

begin { multiply spectra }
read (convf n, va I) ; xrea I [t] : =xrea ì [k]:'<v¿ ¡ '
read (convf n, va ì) ; x imag Ik] : =x imag [k]:'cv¿ ¡ ;

end ; { multipìy spectra }
specl ip I
for k:=l to nft do

begin { prepare for IFT }
xreal [t ]:= xreal [k]/nft ;
ximagIt ]:= -ximag[f]/nft t
end ; { prepare for I FT }

fft i
for k:=-nr to nr do
if projectionIl,k]>0 then projection[],kl :=xreal [k+nr+]l ;
for k:=-nr to nr do
if projectionIl,L]<0 then projectionIl,k] :=0 ;
sum2:=0 ; for k:=-nr to nr do sum2:= sum2* projectionIl,t] ,
for k:=-nr to nr do projectionIt,t ]:= projectionIl,k]¡ksuml /sun? ,

end; {convolution}
writeìn(prompt, I AFTER PR0JECTIONS',cìock:.l0) i
{}
{
{}

## ## # ## # # # ### # # ### ## # ####

{ Reconstruction by ART }
i terat i on: =0 ; er ror : =0 .0 ; preer r r=9999999 .9 ;

repeat { ART }
i f i terat i on>O then preerr:=error t
i terat i on: = i terat i on*l I
for I l:= I to np do

begin { projection }
l:=ìl t
angì :=prangl Il]:tpil180.0 i
sinl:=sin(angl) ; cosl:=cos(angì) ;
r\^r:=amaxl (abs (sinì) ,abs (cosl) ) ; thr¡=Q.!:'t¡ç ;

for k:=-nr to nr do
begin { ray }
raypixels (l,k) i
for inpr:=l to npr do

begin { correction }
ip:=pixel [ì, inpr] ; jp:=pixel [Z,inpr] |
if artadd then

begin { additive ART }
pi cIi p,jp] :=pi cIi p,jp]+ (project ionIl , k]-pseudop) /npr t

{ if constrained ART, check for negative values }
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if (artconstr) and (picIip,jp]<0) then picIip,jp]:= 0 t

end ; { additive ART }
if artmul then

begin { muìtiplicative ART }
if pseudop<>0.0 then
pi cIi p,jp] := pi cIip,¡p]:'<projection[], k]/pseudop
eìse picIip,jp]:=0.0 ;

end ; { multipì icative ART }
end; {correction}

end;{ray}
end; { projection }

euc I i d_er ror ; xer ror ,

writeìn(prompt,' ITERATION r,ìteration:3, I PROJECTI0N ERR0R',error) ;

writeln(prompt,' EUCLIDEAN ERROR',eucl iderr) t
{ a suitable criterion on the error may be incìuded here to stop ART }
until (îteration=5)or(error>0.lOrcpreerr) ; { ART }

rewr ite (mvp3) i
f ormvp (pic,2,"<mj+l ,2:'c¡ i+l ,8,mvp3) i
writeln(prompt,' CPU Tll'lE USED r,clock:10, I t4lLLlSECONDS.') ;

end. { cartp }
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I PROGRA¡/I FFT2D (INPUT,OUTPUT,INPIC, FTREAL,FTII'14G,
2 1 XFT,YFT,ZFT,
3 ITAPE5=INPUT,TAPE6=0UTPUT,TAPE3=lNPlC,
I+ 2TAPEI=FTREAL,TAPE2=FTII4AG,TAPE/=¡pT,TAPE8=YFT,TIREg=¿pT¡
5 c4t+56789
6 ccccccc---
7 CCCCCCC TH tS PROGRA|4 C0I'IPUTES 2D FAST FoUR I ER TRANSFoRH 0F THE

8 ccccccc INPUT II4AGE STORED IN FILE INPIC. THE OUTPUT FILES
g ccccccc FTREAL AND FTTHAG C0NTA|N THE REAL AND Ii4AGINARY

]O CCCCCCC PART OF THE FOUR I ER TRANSFORI'I. THE PROGRA}4 HAS

ìI CCCCCCC BEEN ADAPTED FRO¡4 DIGITAL II4AGE PROCESSING BOOK BY

12 CCCCCCC GONZALEZ AND W I NTZ .

I 3 CCCCCCC--
I l+ CCCCCCC AUTH0R - ATAI4 P. DHAWAN

t5 CCCCCCC--
l6 Dt¡4ENSr0N RoW(512), rNDEX1(jt2), rNDEX2 (512), TNDEX3(5r2)
t7 cof4PLEX ¡(5t2),Y(5ì2)
r 8 D r I4ENS r 0N HEADR (r 0)
l g DATA t4VPt'lAX, NFT ,WT /255,256,8/
20 NFT2=NFT:..2
21 CALL OPEN}4S (7,INDEXì (I) ,NFT2,O)
22 CALL 0pENr4S(8,|NDEX2(l),¡lrtZ,O)
23 CALL opENtlS (9, TNDEX3 (l) ,rurtZ,O)
2I+ READ (3,I0) (HEADR (I) , I=I,IO) , NCOL,NROW,NBIT
25 io FoRrlAT(ìoAr,3r5)
26 l¡/RtrE (6,l0) (HEADR (t) , t=t, t0) , NCOL,NROW
27 NB I T=8
28 N I TN=NFT-NCOL
29 N0 I N=N I TN/2+l
30 NJTN=NFT-NROW

-3.l N0JN=tliTN/2+l
32 D0 50 J=i,NR0W
33 JJ=J+N0JN
3\ C READ ONE ROW OF I¡1AGE

35 READ(J,:r) (R0w(l),1=l,NcoL)
36 Do 30 l=l,NFT
37 30 x(l)=(o.o'o.o)
38 D0 40 I =l , NC0L

39 ll=l
40 INP=|+N0|N
4t 40 x(tNp)=Rgvt(il)i(l.o,o.o)
\2 C ROI/J TRANSFORI'I
\3 CALL FFT(X,i4FT)
44 CALL FOLD(X,NFT)
\5 CALL WRITHS (7,X,NFT2,JJ)
\6 50 CoNT r NUE

\7 D0 80 l=l,NFT
48 C READ COLU¡{NS

\g REW| ND (7)

50 D0 60 J=l,NRow
5l JJ=J+N0JN
52 CALL READI'IS (7, Y, NFT2, JJ)
53 60 x(JJ)=Y(l)
5\ NROWI=NROW+I
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NROW I =NR0W I +N0J N

D0 69 J= I , N0JN
X (J) = (0 .0, 0 .0)

69 coNT r NUE

D0 70 J=NROWI,NFT
70 X (J) = (0.0,0 .0)
C COLUI'1N TRANSFORI'1

cALL FFT (X,t'4FT)

CALL FOLD (X,NFT)
cALL WRtil'ls (8,X,NFT2, t)

8o cONT I NUE

C ROTATE TRANSFORI( I¡/lAGE

D0 100 l=l,NFT
REw r ND (8)
D0 90 J=l,NFT
CALL READ¡1S (8, Y, NFT2, J)

90 X (.1) =Y 1¡ ¡
cALL WR tT¡4S (9, X, NFT2, I )

I OO CONT I NUE

RE\./ r ND (g)
wRtTE (l, t05) (HEADR (t) , t=t,lo) ,NFT,NFT
t,lRtrE (2, t05) (HEADR (t), t=ì, l0),NFT,NFT

r05 F0R|4AT(r0Ar,2r5)
D0 l!0 J=l,NFT
CALL READ¡1S (9, X, NFT2, J)
D0 I ì0 l=l,NFT
RovJ(l)=REAL(X(l))

IIO CONTINUE
WRITE (1, lzO) (RgW (!), l=l,NFT)

120 F0RI4AT(rocr3.5)
D0 130 l=l,NFT
ROVJ(l)=All1Ac(X(l))

r 30 coNT r NUE

wRtTE (2, ì40) (R0tJ(t),1=l,NFT)
i40 F0R¡4AT(rocr3.5)
I 50 CoNT r NUE

STOP

END

FTN 5.0+508 85/ot

55
56
57
5ö
59
6o
6l
6z
bJ
6l+

65
66
bl
68
69
7o
7t
l¿
73
7t+

t5
76
77
78
79
8o
8i
8z
83
84
85
86
8l
88
89

90
9r
92

--VAR IABLE ¡4AP-- (10=A)
-NA¡4E---ADDRESS--BLOCK____-PROPERT I ES-------TYPE-___--_--S I ZE -NAHE---ADDRESS_-BLOCK_--_-P

HEADR I06I68
I I 06348
r r 106518
INDEXI I6I68
I NDEX2 26168
r NDEX3 36168
r NP 106528
J I 06448
JJ I 06468
I'IFT tO632B
r4vPr'lAX 1063oB

UND REAL
I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

r0 NB|T to637}
NC0L r 06358
NFT r063rB

N0tN 1064ìB
N0JN r 06438
NRoW ì 06368
NRoWI to655ï
ROw 6168

r NTEGER 512 NFT2 106338
r NTEGER 512 N r TN r 06408
INTEGER 512 NJTN 1O6t+28



PROGRAI"l I IT2D 7 3/7 t+ 0PT=O
-NAI4E - - - AD D R E S S - - B LO C K--- - - PROP ERT I T S - - - _ - - _TY P E - - - - --- _ -S I Z E

x 46168 COI'1PLEX

R I ADT4S

REAL
WR IT,À,1S

GENER I C

-LABE L-ADDRESS__-_-PROPERT I ES----DE F

FTN 5.0+508 85/ot
- NA¡lE - - -A D DR E SS --B LOC K- ---- P

Y 66168

SUBROUT I NE

INTRINSIC
SUBROUT I NE

5t2

--PR0CEDURES-- (tO=R)
-NAi4E------TYPE--------ARGS------CLASS----- -NAt4E------TypE--------ARGS------CLASS-----

A I I'1AG

FFT
FOLD

O P E NI'1S

REAL

4448
I NACT I VE

I NACT I VE

I NACT I VE

I NACT I VE

I NACT I VE

I INTRINSIC
2 SUBROUTINE
2 SUBROUT I NE

4 SUBROUT I NE

l+

I

4

--STATE¡'lENT LABELS-- (¡g=¡¡
-LABEL-ADDRESS_---_PROPERT I ES_---DE F

l0
30
40
5o
6o
69

F ORHAT
DO-TERH
DO-TER14

DO_TE R¡{

D0-TtRr4
DO-TER¡4

70 tNACTTVE
8o INAcTIVE
90 TNACTtVE

IOO INACTIVE
to5 4468

DO-TE R''1

DO-TE RI'l

DO-TER¡l
DO-TE Ri-4

F ORt4AT

-LABEL-A

I l0
t20
t30
r40
150

)tr

37
4l
l+6

53
58

6o
6S

71

73
77

--ENTRY P0 I NTS-- (10=A)
-NAIiIE - - - AD DRE SS - -ARGS -- -

F FT2D 508

--l /0 UN I TS-- (10=A)
-NA¡4E--- PROPERT I ES------ -NAT4E--- PROPERT I ES------

TAPE I

TAPE2
TAPE3
TAPE6

F rlTls E Q

FHTISEQ
F r1TlS E Q

F I4TIS E Q

TAPET
TAPES
TAPE9

_-STATISTICS--

PROGRAT4-UN I T LENGTH
CT4 STORAG E US E D

c0t4PtLE TttlE

l06658 = \533
6l5ooB = 25\oB
i.3r4 sEcoNDS

no l.
- L()+ -



\
5

--vAR I ABLE HAP-- (to=R)
-NAI4E---ADDRESS__BLOCK_----PROPERT I TS.------TYPE---------S I ZE

j

2
?

\
5
6

7
8

9
t0
ll
12
t3
r4
15

r6
t7
r8
r9
20
21

22
23
2\
25
z6
27
zB
?a

30
3t
32
33
3\
35
S6

SUBROUTINE FFT

I DUMI4Y-ARG

27OB

3028
z67e
2728
27 38
27 58
2768

7 3/7 t+ 0PT=0

SUBROUTI NE FFT (F, LN)

c0t4PLEX F (t), U,W,T, C¡4PLX

P I =4 .O:'<ATAN (l .0)
¡=l:tf< | frl

NV2=N/2
Nl'l1 =N - I
J=ì
D0 3 l=l,NHl
r F (r .GE.J) c0 T0 r

T=F (J)
F (J)=P 1¡¡
F (l) =T
K=t'lV2
rF(K.cE.J) c0 To 3
J=J-K
K=K/2
GOTO2
J=J+K
D0 ! L=i,LN
¡ [=f :'<fcl

LEI=LE / 2

U=(1.0,0.0)
I,l=ct'lpLX (c0s (p t /LE1) , -s tN (p t /LE1))
D0 ! J=l,LEl
D0 4 l=J,N,LE
lP=l+LEl
1=¡ (¡ P) ,'cg

F(lP)=F(l)-r
F (t)=¡ (t)+T
u=u:kw
D0 6 l=l,N
F ( t ) =¡ (t) /F L'Ar (N)

RETURN
IND

COillP L E X

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

FTN 5.0+508 85/ot

-NAT4E -- -AD DRE SS - - B LOCK-----P

F

I

IP
J
K

L

LE

LE I

LN

N

Nt'11

NV2
PI
T
U

l"/

2 D UHI"IY- ARG

26\B
2668
¿o56
263e
26tB
2558
2578
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SUBROUTINE TFT 7 3/7 t+ 0PT=O

--PROCEDURES-- (tO=R)
-NAI'IE - - - - - -TY P E - - - - - - - - A RG S - - - - - - C L AS S - - - - -

FTN 5.0+508

-LABE L-ADDRESS-----PROPERT I ES----DE F

I NACT I VE DO-TIRI4
INACT IVE DO-TERI'l
INACT I VE DO-TER¡,l

286 -

8s/ot

ATAN

CI,IP LX

COS

F LOAT
SIN

GENER I C

GENER I C

GENER I C

REAL
GENER I C

INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC

I

2

I

I

1

--STATEAiIENT LABELS-- (LO=R)
_LABE L-ADDRESS-----PROPERT I ES----DEF

l
2

3

558
578
678 DO-TER¡l

3r
32
3t+

h
r
6

t5
16
20

--ENTRY P0 I NTS-- (10=A)
-NAI'1E ---AD DRE S S - - ARGS -_ -

FFT

--STATtSTTCS--

PROGRAI'1-UN IT LENGTH
CI'1 STORAGE USED
c0t4PtLE Til-lE

3068 = I 98
575008 = 2438\

o "70\ sEcoNDs

5e



SUBROUTI NE FOLD 73/7\ 0PT=0 FTN 5.0+508 85/01

SUBROUTI NE FOLD (X,NFT)
coHPLEX X (1) ,2(512)
N FTH=N FTl2
DO 8OO K=I,NFT

8oo Z (K)=x (K)

DO 8IO K=I,NFTH
8IO X (K) =Z (K+NFTH)

NFTH l=NFTH+l
DO 820 K=NFTHI,NFT

8zo x (r) =¿ (K-NFTH)
RETURN
END

--vARl ABLE ¡{AP-- (tO=R)
-NAT4E---ADDRESS--BLOCK-_---PROPERTIES-------TYPE---------SIZE -NAi'lE---ADDRESS--BLOCK-----P

l
2

3
l+

5
6
aI
I
9

l0
il
12

R 20768
NFT 2 DUI-4I4Y-ARG

NFTH 20758

--STATEi'lENT LABt LS -- (l-O=R)

-LABE L-ADDRESS-----PROPERT I ES-.--D E F

8oo r NAcr r vE Do-TERr4 5Iro rNAcrrvE Do-TERr4 7
8zo r NAcr I vE Do-TERr4 t o

--ENTRY P0 I NTS-- (l-O=R)
-NAI"1E -- -A D DRE S S -- ARG S - - -

FoLD 5B 2

--STATISTICS--

PROGRAI'I-UN lT LENGTH 2I058 = 1093
Cl4 STORAGE USED 575ooB = 2t+38\
c0t'1P I LE T t¡1E 0.269 SEC0NDS

I NTEGER

I NTEGER
I NTEGER

NFTHI 2IO]B
X I DU¡II4Y-ARG
z 758

- 287



l
2

3
4

5
6

7
I
9

l0
ll
12
r3
t4
15
l6
17
l8
r9
20
21

22
23
2l+
25
26
27
28
29

30
31
32
33
3\
35
36
37
38
39
40
4t
\2
43
44
t+5

t+6

l+7

48
l+9

5o
5ì
52
53
5\

PR0GRAI{ SYSTFN 73/7t+ 0PT=0 FTN 5.0+508 85/Ot

PROGRA¡'I SYSTFN (I NPUT,OUTPUT,PI CR,P I CI,RECONR,RECON I,
.I 
XREAL, X I I-44G, I4VP I, DAT, XFT, YFT,

I TAPE!= I NPUT, TAPE6=0UTPUT, TAPE3=P I CR, TAPE4=P I C l,
2TAPE i l=RECONR,TAPE I 2=RECON I'TAPE l=XREAL,TAPE2=X I f4AG,

3TAPE 8=i\4VP l, TAPE I 5=DAT, TAPE /=f, ¡T, TAPE | 3=YFT)
ccccccc--
CCCCCCC TH I S PROGRAH CO¡{PUTTS THE SYSTEI"I TRANSF ER FUNCT I ON .

CCCCCCC INPUTS FILES ARE PICR AND PICI WHICH ARE REAL AND

CCCCCCC II4AG INARY PART OF THE 2D FOUR I ER TRANSFORI'I OF

CCCCCCC PO I NT/BAS I S I I4AGE, RESPECT I VELY. OTHER PA I R

CCCCCCC OF INPUT FILES ARE RECONR AND RECONI WHICH

CCCCCCC ARE REAL AND II{AG INARY PART OF THE 2D FOUR I ER

CCCCCCC TRANSFOR¡l OF THE RECONSTRUCTED POINT/BASIS
cccc ccc
ccccccc
ccccccc
cccccccc
ccccccc
ccccccc

II-4AGE, RESPECT IVELY. THE OUTPUT F I LES

ARE XREAL, X I I,1AG, I'IVP ì AND DAT. XREAL

AND X II4AG CONTA IN THE REAL AND II"lAG INARY
PART OF THE SYSTEI4 TRANSFER FUNCTION RESPECTIVELY.
I'IVPI IS THE ¡4VP IA¡lGE F ILE OF THE AI'1PL ITUDE

SPECTRUI'l OF THE SYSTEI"l TRANSFER FUNCTION.
ccccc c c --
ccccccc AUTHOR - ATA¡iI P. DHAWAN

ccccccc--
Dr¡{ENSr0N ROWRì (5r2) ,R0WR2 (512) ,RoWll (512) ,Rot^Jl2 (512)
Dil'lENSr 0N TNDEXi (!ì2),HEADR (10)
Dtr'tENS l0N tNDEX2 (512),XXAB (512)
cor'lpLEX ¡ (5ì2),y (5r2),W(512),Z(512)
N FT=256
NHFT=N FTl2+ I

t4Vpt4AX=255
N FT2=N FT:!2
pt=ATAN(ì.0¡r,4
cALL 0PENtlS (7, INDEXì (l),NFT2,0)
cALL 0pEN|4S (l3, tNDEX2 (l) ,NFT2,0)
READ (3, t0) (HrR0R (l) , l=1, l0) ,Nc0L,NRow
READ (b, l0) (HEADR (l) , t=t, l0) ,NCOL,NR0W
READ (l I, t0) (HEADR (l), l=1, l0) ,NCoL,NRoW
READ (t2, lO) (HEADR (l) , l=1, ì0) ,NCoL,NRot.j

t0 FoRi4AT(r0Ar,2r5)
NB I T=8
wRtrE (6, t0) (HrRon (l) , l=1, l0) ,NRow,NcoL
D0 50.l l=l,NFT
ROWRI (t)=O'O
R0WR2 (t)=o.O
ROWl I (t)=O.O
R0\./12(l)=o.o

50r c0NTINUE
D0 30 l=i,NFT
X(t)=(0.0,0.0)
Y(l)=(o.o,o.o)
z(l)=(o'o'o'o)
W(l)=(0.0,0.0)
XXAB(l)=0.0

30 coNT r NUE

TENG=0 .0



55
56
57
58
59
6o
6l
62
63
6t+

65
66
67
68
69
7o
71

72
73
7t+

75
76
77
78
79
8o
8r
8z
83
84
85
86
8l
88
8g
90
9r
92
93
9I+

95
g6

97
gB

99
ì00
t0l
t02
103
r04
t05
r06
t07
108

PROGRATI SYSTF N 7 3/7 t+ 0PT=0

D0 50 J=l,NROW
READ (3,rr) (R0I,JRl (l) , t=t,NCoL)
READ (4,:'<) (R0l,Jt I (t) , t=l,NcoL)
READ (l l,:'<¡ (R0IJR2 (l) ,l=l,NCoL)
READ (ì2,r,) (ROWIZ (t) , t=l,NCoL)
D0 40 l=l,NC0L
x (l) =CHPLX (RoWRl (l),R0\^Jl I (l )
y (t ) =ci*4pLx (R0wR2 ( r ),Rowr 2 (t )

l+0 CONTINUt
D0 5 l=l,NC0L
XXAB (I ) =CABS (X (I ) ) :ICABS (X (I)
TENG=TENG+XXAB ( I )
I F (J- 129) 7 ,8,7

8 rF(r-r29)9,13,9
t3 l^/RtrE(6,14) x(t)
t 4 t0R,-4AT ("DCVALUE" ,2t 16.5)

DCVAL=ROWRl ( I )
TENG=TENG-XXAB ( l)

9 C0NT I NUE

7 C0NT r NUE

5 CoNT r NUE

D0 4l l=l,NCOL
Z(t)=Y(l)/x(l)

4I CONTINUE
cALL WR tTt'1S (7,2,NFT2, J)
r F (J. EQ. ì 29) co To 298
G0 T0 299

298 DCVALC=CABS (Z (r 29) )
2gg coNT r NUE

50 CoNT r NUE

REI,J I ND (7)
t^tRtrE (l,I to) NFT,NFT
l.lRlrE (ì5, I 30) DCVAL,TENG, DCVALC
wRtrE (z,l lo) NFT,NFT

I l o F0R|4AT ("END0FHEADR" ,215)
D0 i50 J=l,NFT
CALL READI4S (7, Z, NFT2, J)
D0 120 l=l,NFT

R0\,lRl (l)=REAL(Z(l))
I 20 CONT I NUE

t.JRITE (l, l3o) (nOwnl (K) ,K=l,NFT)
r30 F0R|4AT(rocr3.5¡

D0 140 l=l,NFT
Rowr r (r) =Rrt'lAc (z (r) )

I 40 CONT I NUE

wRtrE (2, t30) (nown (K),K=l,NFT)
r50 coNTr NUE

REW I ND (7)
t,lR trE (6,4)

4 F0R¡4AT (' grFoRE t'lVP')
XI,lAX=O

Xtl l N=Xl'lAX
D0 3.l0 l=l,NFT
cALL READt4S (7, Z, NFT2, I )

FTN 5.0+508 85/Ot
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PRoGRA¡1 SYSTFN 7 3/7 t+ 0PT=0

DO 600 K=],NFT
I^/ (K) =Z (K)

600 CONT I NUE

cALL WRtrns (l3,W,NFT2, I )

D0 320 J=l , NFT
RowR r (¡) =Rloc r 0 (cABS ,* 1¡¡ ¡ +l )

rF (Ro\,lRl (J) .GT.X¡/IAX) XtilAX=RoWRì (J)
r F (R0wRI (J) . LT.XHI N) Xlll ¡I=ROWR1 (J)

320 CoNT r NUE

3r0 c0NTrNUr
wR I TE (6 , 88) X¡{AX, Xt"l l N

88 FoR¡4Ar (zrtz.57
wRtrE (8,I I t)

III FORHAT('PICTURE FILE FOR HVPI)
l=l

\^/R I TE (8,222) NFT, NFT, NB I T, I

222 FORI4AT ('END0FHEADR' ,l+ l5)
SCLF=T'IVPI/IAXI (XI'IAX-XN I N)

N FT=256
REWI ND (I 3)
D0 850 JN=l,NFT
cALL READf/ls (l 3,W, NFT2, JN)
D0 360 J=l,NFT
ROWR I (¡) =Rtoc i 0 (cABs (w (J) ) +l )
I NDEX I (J) =0.49+ (RoWR I (J) -Xt'lt N) :r$6¡¡

360 coNT r NUE

wRtrE (8,333) (rNDEXl (K) ,K=t,NFT)
333 FoRrlAT (r 2 r 5)

850 coNT r NUE

STOP
END

FTN 5.0+508 85/01

--VAR IABLE I'IAP-- (TO=R)

-NAI'IE---ADDRESS--BLOCK-----PROPERT I ES-------TYPE-------_-S I ZE -NAI"1E---ADDRESS--BLOCK-----P

t09
I l0
1il
112
I l3
I ll+
I l5
I t6
1t7
ì r8
1ì9
120
l2ì
122
123
121+

125
126
127
t28
129
130
t3l
132
133
134
135
136
137
138
139

DCVAL 20]6IB
DCVALC 2O1638
HEADR 61278
t 201468
r NDEXl 51278
INDEX2 6]4]B
J 201558
JN 201768
K 20ì668
ftvPtlAX 2o t 438
NBrT 20t5rB
NC0L 201478
NFT 20I4IB
NFT2 20 I 448
NHFT 201/428

UND

REAL
REA L

REAL

NRoW 20r508
P I 2O1I+58

l0 Rot./|r 31278
ROW I 2 t+1278

scLF 201758
TENG 20.l51+B
l,J l¿+l4lB
x r0r4rB
xtlAx 20 r 708
xr4 r N 2017lB
xxAB 7r4rB
Y r2ì4lB
z 1614ì8

NTEGER 512 RoWRì 11278
NTEGER 512 R0WR2 21278
NTEGER

NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER
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PROGRAI4 SYSTFN 7 3/71+ 0PT=0 FTN 5.0+508 E5/01

--PROCEDURES-- (lO=R)
-NAt'1E------TYPE--------ARGS------CLASS----- -NAl4E------TYPE--------ARGS------CLASS-----

--STATEi4ENT LABELS-- (10=R)
-LABE L-ADDRESS-----PROPERT I ES-_--DE F

OPENI4S

RE ADIIS
REA L

l.JR tTt"ls
GENER I C

-LABE L-ADDRESS-----PROPERT I ES----DE F

A II4AG

ALOGIO
ATAN

CABS

C¡4P LX

REAL
REAL
GENER I C

RE AL
GENER I C

INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC

r04
75
7l+
68
73
38
69
7o
53
63

SUBROUT I NE

SUBROUT I NE

INTRINSIC
SUBROUT I NE

I

I

ì

I

2

4
l+

I

4

t+ 6778
5 INACTTVE

7 31388 lrunctlvr
g 3128

lo 6658
l3 TNACTTVE

l4 6678
30 INACTIVE
40 INACTIVE

TAPE r Ff4T/SEQ
TAPE I ] FMT/SEQ
TAPE r 2 FrlT/SEQ
TAPE I 3

--STATISTICS--

PROGRAT4_UN I T LENGTH

CI"1 STORAG E US E D

cotlPlLE Tll'lE

F ORI4AT
DO-TERI4

F ORI"lAT

F OR¡4AT

DO-TER¡1
DO-TERI4

4I INACTIVI
50 tNACTTVE
88 7o2B

r lo 6728
il r 7o4B
I20 INACTIVE
r 30 675e
ì40 INACTIVE
150 tNACTIVE
222 7ì08

PROPERT I

F r4TlS E Q

F frTls E Q

F r'1T/S r Q
F r4TlS EQ

DO-TER''1
DO_TER¡l
F OR¡{AT
F ORI'IAT
F ORf"lAT
DO-TERT.1

F OR¡/lAT
DO-TERI'1
DO-TER¡4
F OR14AT

78
84

120
8g

122
94
96
99

t0r
125

-LABEL-A

298
299
3Ì0
320
333
360
50t
6oo
850

--ENTRY P0 I NTS-- (LO=¡¡
-NA¡lE - - - AD DRE SS - -ARGS - - -

SYSTF N 708

--t /0 uN rrs-- (10=A)
-NA|4E--- PRoPERT I ES------ -NAi4E--- ES------- -NAI,lE_-* PROPERTIES-

TAPE6 F¡4T/SEQ
TAPET
TAPES F¡{T/SEQ

TAPE.l5
TAPE2
TAPE3
TAPE4

20201B = 8321
6l5ooB = 25t+og
r.994 sEc0NDS

- ,or



PROGRA¡l F PROJN 7 3/7 t+ 0PT=0

PROGRAT4 FPROJN (I NPUT, OUTPUT, P I CPR,XREAL,X I T4AG,XFT,

ITAPE5= I NPUT, TAPE6=0UTPUT,TAPE3=p I CPR,TAPE I =XREAL,
2T APEZ=X I l4AG , TAPE/=¡¡T¡

ccccccc--
CCCCCCC TH IS PROGRAT4 FPROJN CREATES AVERAGE FOUR I ER SPECTRUI'l

CCCCCCC OF THE KNOWN PROJECIONS WHICH ARE STORED IN INPUT
CCCCCCC FILE PICPR. THE OUTPUT FILES XREAL AND XI¡4AG

CCCCCCC CONTA IN REAL AND II'IAG INARY PART OF THE

CCCCCCC AVERAGE FOUR I ER SPECTRUI"I RESPECT IVELY.
ccccccc--
CCCCCCC AUTHOR - ATAI"I P. DHAWAN

ccccccc--
Dli4ENSr0N prcRo(5r2),PrcRr (5r2) , TNDEXì (512)
D ti4ENS t0N RoWR (512) , Rot^/ r (5 t 2)
c0r4PLEX ¡ (5 r 2) , Y (5 r 2) ,Z (512)
D r¡lENS r 0N HrADR (r o)
DATA NFT, ¡/IVP¡1AX,¡îFT / 256, 255,8/

N FT2=N FT)'.2
READ (3, ì0) (HEADR (t) , t=Ì,10) ,NCoL,NRoW,NBlr

to F0RI'1AT(ìoAt,3t5)
D0 80 t=l,NC0L
PICRO(l)=o.o
PICRI (t)=o.o

80 CONT I NUE

D0 90 l=l,NFT
y(t)=(o.o,o.o)

90 coNT r NUE

D0 100 l=l,NR0W
READ (3, 444) (p I CR I (J) , J= I , NCoL)

444 FoRI4AT (r 2F5.0)
DO I 40 K=I , NFT
X (K) = (0 .0,0 .0)

I 40 CONT I NUE

D0 150 JJ=l , NC0L.|50 
X (JJ) =P lCRl (JJ):'< (l .o,O.O)
cALL F FT (X,l'lFT)
CALL FOLD (X,NFT)
D0 999 NH=l,NFT
y (Nt4) =y (t'l¡,1) +X (Ntl)

999 CoNT r NUE

I OO CONT I NUE

D0 143 l=l,NFT
Y(l)=Y(l)/runow

CCCCCC I F YOU WANT TO RIDUCE WE I GHT OF DC VALUE, DO HERE

c I F (l.EQ.129) Y (t)=v (t) /2
CCCCCC FOR EXA¡1PLE DC VALUE I S REDUCED TO HALF

r 43 c0NT r NUE

K=l
wRITE (1,I I l) (HrnDn (l) , l=ì,l0) ,NFT,K
wRITE (2, I ll) (HenDn(l), l=ì, l0),NFT,K

ilr F0RI'1AT(rORr,Zl5)
D0 200 I =l , NFT
RowR(l)=REAL(Y(l))
ROl^/l (r)=AlraAG(Y(l))

FTN 5.0+508 85/Ot

I

2

3
4

5
6

7
I
9

l0
ìlIt

12

t3
l4
t5
16

17
t8
i9
20
21

22
')?

2l+

2q
26
11Ll

28
,)o

30
31

32
33
3\
35
36
37
38
39
40
4t
\2
\3
44
t+5

\6
\7
48
49
5o
51
52
53
5\
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55
5þ
57
58
59
6o

PR0GRA|4 F PRoJN 7 3/7 t+ 0PT=0

2OO CONT I NUE

t{RlrE (l,zzz) (nowR (l), l=l,NFT)
l{RITE (2,222) (RoWl (l), l=l,NFT)

222 F oRI'lAT (r oc r 3 .5)
STOP

END

FTN 5.0+5oB 85/ot

--vAR TABLE t"lAP-- (to=R)
-NAI'IE_--ADDRESS--BLOCK-----PROPERT I ES------_TYPE_--------S I ZE -NAI4E---ADDRESS--BLOCK--*--P

HEADR 1336t+B
I I 3,+O2B
I NDEX 1 236\B
J r34il8
JJ r34r4B
K r 3\t2B
t4FT l34ooB
t4vPt'lAX 13317B
NBrT r34058
NCoL r 34038
NFT \33768

UND

UND

UND

r NTEGER 512 NRoW I 34048

REAL
I NTEGER

I NTEGER
I NTIGER
I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGER

ro NFT2 t34olB
NH I 3l+ 168

P r cRo 3648
PrcRr r3648
Rowt 43648
RowR 336\B
x 5361+8Y 736\9
z 113648

--PRoCEDURES-- (10=A)
-NAHE------TYPE--------ARGS------CLASS-----

A II'IAG REAL i INTR INS I C

FFT 2 SUBROUTINE
FOLD 2 SUBROUTINE
REAL GENERIC I INTRINSIC

--STATEI4ENT LABELS-- (10=A)
-LABEL_ADDRESS-----PROPERT I ES----DEF -LABEL-ADDRESS-----PROPERT I ES----DEF -LABEL-A

l0 3ooB FoR|'1AT 20
8O I NACT I VE DO-TERI4 2I+

go r NACT r vE D0-TERH 27
I OO I NACT I VE DO-TERI'I 4I

--ENTRY Po I NTs-- (to=¡¡
-N AI,IE -_-AD DRE SS - - ARGS - - -

F PROJN l+08 0

ltl
r40
t43
150

3048 F 0R¡/IAT 5l
NACT r VE Do-TER¡4 33
NACT IVE D0-TERI{ t+7

NACT I VE DO-TER¡I 35

200
222
444
999
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PR0GRAI4 FPR0JN 73/74 0PT=0

--t/o UNITS-- (10=A)
-NA¡iIE--_ PROPERT I ES---_--

TAPE r Ff4T/SEQ
TAPE2 FrlT/SEQ
TAPE3 F¡1T/SEQ

--STATISTICS--

PROGRAI'I-UN lT LENGTH I y+228 = 5906
Ct4 STORAGE USED 575OOB = 2t+38t+
c0t'lPlLE Ttt'lE 0.874 SECoNDS

FTN 5.0+508 85/Ot

_ to/, _



4

5

--VAR IABLE l'1AP-- (tO=¡¡
-NA¡{E---ADDRESS--BLOCK-----PROPERT I ES-------TYPE ---------S I ZE

I

2

)+

5
6

7

8

9
l0
lt
t2
13
l4
15
16
t7
l8
r9
20
21

22
23
2l+

25
26
2l
28
29
30
3r
32
33
3\

SUBROUTINE FFT

I DUI4T4Y-ARG

27OB

3028
2678
2728
27 38
2758
2168

73/7\ oPT=o

SUBROUTINE FFT(F,LN)
co¡lPlEX F (l), U,W,T, Cl'lPLX
Pl=4.0i<ATAN (1.0)
lrl=l:'<:k I f,l

NV2=N/ 2

NHI=N-i
J=l
D0 3 l=l,Nl'll
rF (r.GE.J) co ro l
T=F (J)
F(J)=P1¡¡
F (l) =T
K=NV2
rF(K.cE.J) Go ro 3
J=J-K
K=K/2
GOTO2
J=J*K
D0 5 L=l,LN
LE=2rttcL
LEI=LE/2
u= (l .0,0.0)
W=CHPLX (COS (P I /Lî.1) , -S IN (P I /LE1))
D0 5 J=l,LEl
D0 À l=J,N,LE
lP=l+LEl
T=F (t p) :kU

F(lP)=F(l)-T
F(l)=F(t)+r
U=U:'<W

D0 6 l=l,N
F(t)=P (t)/tLoAr(N)
RETURN

END

FTN 5.0+508 85/ot

-NA¡/rE -- -AD DRE SS --B L0 CK- - - --P

F

l

IP
J

K

L

LE

LE I

CO¡/IPLEX I

I NTEGER
I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGTR

LN

N

Nl'1.|

NV2
PI
T
U

l,J

2 DU¡1T4Y-ARG

26t+B

2668
2658
2638
26tB
2558
2578
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SUBROUTINE FFT 7 3/7 t+ 0PT=O

--PR0CEDURES-- (tO=R)
-N At"lE - - - - - -TY P E - - - - - - - - ARG S - - - - - - C L A S S - - - - -

FTN 5.0+508 85/ot

ATAN
CT4P L X

c0s
F LOAT
s il'l

GENER I C

GENER I C

GENER I C

REAL
GENER IC

558
5lB
678

INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC

I

2

I
j

l

--STATE¡{ENT LABELS-- (LO=R)
-LABE L-ADDRESS-----PROPERT I ES----DE F -LABEL-ADDRESS_----PROPERT I ES--_-DEF

I

2

3 DO-TERH

r3
r4
rB

29

30
32

I+

5
6

I NACT I VE

I NACT I VE

I NACT I VE

DO-TERT4

DO-TER¡l
DO-TER¡,1

--ENTRY PO I NTS-- (LO=A)

-NA¡îE -- -AD DR E S S - - ARGS - - _

FFT

--STATISTICS-_

PROGRAI4-UN I T LENGTH

Ct,I STORAGE USED

c0r4P rLE T ll4E

3068 = I 98
575ooB = 2h38\
o.69r sEcoNDs

5B
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SUBRoUTI NE F0LD l3/1\ 0PT=0 FTN 5.0+508 85/at

SUBROUTI NE FOLD (X,NFT)
c0r4PLEX X(r),Z(512)
N FTH=N FTl2
DO 8OO K= I , NFT

8oo Z (K)=x (K)

DO 8IO K=I,NFTH
8io x(x)=7(K+NFTH)

N FTH I =N FTH+ I

DO 820 K=NFTHI,NFT
8zo x (K) =¿ (K-NFTH)

RETURN
END

--VAR I ABLE }/iAP-- (tO=R)
_NAI4E---ADDRESS-_BLOCK-----PROPERT I ES-------TYPE---------S I ZE _NAI,IE---ADDRESS--BLOCK-----P

I

2

3
4

5
6

7

8

9
l0
ll
12

R 20768
NFT 2 DUT,1I,1Y-ARG

NFTH 20758

--STATE¡IENT LABELS-- (10=A)
-LABE L-ADDRESS-----PROPERT I ES-_-_DE F

8oo INACT IVE DO-TER¡,I 5
8ro rNACTrvE D0-TER¡4 j
8zo rNAcr tvE Do-TERr4 ì o

--ENTRY P0 I NTS-- (tO=R)
-N AI'IE - - -AD DRESS--ARG S - - -

FOLD 5B 2

--STATISTICS-_

PROGRA¡4-UNIT LENGTH 2105B = 1093
Ct4 STORAGE USED 575OOB = 2t+38t+
c0l'1P r LE T tr'lE 0.265 SEC0NDS

I NTEGER

I NTEGER

I NTEGER

NFTHI 2ìOIB
X ì DU¡,IIIY-ARG
z 758
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I

2

3
I+

5
6

7

8

9
l0
il
12

13
r4
t5
i6
tl
t8
r9
20
21

22
23
11,

25
26
27
28
29
30
3r
32
33
3t+

35
36
37
38
39
4o
4t
I+2

43
l+4

45
)+6

I+7

48
)+9

5o
51
52
53
5\

PR0GRA¡{ AVROT 73/7\ 0PT=0 FTN 5.0+508 85/ot

PROGRAH AVROT (I NPUT,OUTPUT, I NPROJR, I NPROJ I,I.lVPì,XREAL,
I X I T4AG, PRJABS, XFT, YFT,
ìTAPE5=l NPUT,TAPE6=0UTPUT,TAPE l=l NPROJR,TAPE2=l NPR0J I ,

2TAP E 3=iïVP l, TAPES=XREAL, TAPE!=¡ I ftAG, TAPE4=PRJ ABS, TAPE 7=XFT,
3TAPE I 5=YFT)

c--------
C TH IS PROGRAT4 COI4PUTES 2D RAD IALLY SYT4¡4ETR IC SPECTRUM

OF ONE-DI¡IENSIONAL AVERAGI SPECTRU¡4 OF KNOWN

C PROJECT I ONS.
C INPUT FILES ARE INPROJR AND INPRÛJI WHICH ARE OUTPUTS
C OF PROGRAH FPROJN, AND REAL AND II'IAG INARY PART
C OF THE ]D AVERAGE SPECTRUH OF PROJECTIONS,
C RESPECT I VELY. OUTPUT F I LES ARE XREAL AND

X II4AG WH ICH ARE REAL AND II'1AG INARY PART
OF THE 2D RAD IALLY SYI'IIIETR I C AVERAGE

SPECTRU, RESPECT I VELY.

c
c
C

c AUTHOR - ATAI4 P. DHAWAN

D t|4ENS t0N X (512) ,y (512) , TNDEX (512) ,HEADR ( r0) , tNDEX2 (5t 2)
Dri4ENSr0N rNDEX¡ (!r2),R0WR (512),RoWt (512)
cOf',lPLEX pR0JN (512) ,7 (512) , DCVAL, DCVALC
N FT=256
N FT2=N FT:'.2
wR trE (6, 2)

2 FORI'IAT (' START OF PROGRA¡,I' )
MVpt4AX=255
NB I T=B
NH FT=N FTl2+ I

CALL OPENI'IS (7,INDEXI (I) ,NFÏ2,0)
cALL 0pENt'lS (t5, tNDEX2 (t),NFT2,0)
READ (I, IO) (HEADR (I
READ (2, ì o) (HEADR ( r

ìo FORI4AT(t0At,2t5)
DCVALC= (0.0,0.0)
DCVAL= (0.0,0.0)
READ(1,;t) (RgWR(l)'
READ (2,rr) (RO\,Jt (t) ,

D0 17 l=l,NFT
PR0JN(t)=(o.o,o.o)

t7 coNT r NUE

DO 23 l=l ,NCOL
PR0JN (t) =ct'tPtx (noWn

23 CONT I NUE

c t,JR trE (6, 444) (PRoJN
DO 60 I=I,NFT
X(l)=6'9
Y (l)=9'g
Z(l)=(0.0,0.0)

60 cONT I NUE

D0 70 l=ì,NFT
X(l)=ç¡s5(PR0JN(t))

7O C0NT I NUE

l^/RlrE (4,444) (x (t) ,

, l=.|, l0) , NCOL,NR0w
, l=1,.l0) , NCoL,NRow

= I , NCOL)

= I , NC0L)

(t),Rowt (t))

(l) ,l=ì,NFT)

=l,NFT)
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PR0GRAi'1 AVRoT 7 3/71+ 0PT=0

55 D0 80 l=l,NFT
56 x(t)=o.o
57 80 C0NT I NUE

58 Do ìoo i=t,NFT
59 D0 150 J=I,NFT
6o X (J) = ( (ruHrr- ¡) :'< (NHFT- t) + (NHFT-J) :i (NHFT-J) ) :r:'rQ.!
6i tF(t.LT.l29)coro l3o
6z r F (J. LT. r 29) co ro 13t+
6s Y (J) =¡ (J) +NHFT
6\ co ro t4o
65 l3l+ Y (J) =¡¡1¡1-x (J)
66 co ro t4o
6l I 30 Y (J) =NHFT-x (J)
68 r4o r F (Y (J) . Lr. o .) v (.t¡ =e.6
6g NI=Y(J)
70 NNI=Nl+l
71 N2=Y (J) rc I 000 .0
7 2 N3=N2 -N i ;r I 000
73 lF (NNl.GT.256) PRoJN (ttl) = (0.0,0.0)
7r+ tF (Nt¡1.GT"256) PR0JN (ru¡lt) = (0.0,0.0)
75 Z (J) =ppg¡N (Nr)+(PR0JN (NNt) -PR0JN (Nl)) r,N3/IOOO
76 I 50 CONT I NUE

77 C WRTTE(6,8)t,J,NFT
78 I FoRllAr (3 | 5)
79 CALL WR tTt4S (7 , Z, NFT2, I )
8o lF(t.EQ.l2g)co T0 7ol8r co ro 7028z 7ot Do 806 K=I,NFT
8: DCVAL=Z (K)
84 I F (r. EQ. I 29) DCVALC=DCVAL
8¡ 806 coNT I NUE

86 702 coNT I NUE

87 I oo coNT I NUE

88 I,JR trE (6,70\) DCVALC
8g lo)+ FoR¡tAT ("DccvAL" ,2t lt+.6)
90 REVJ| ND (7)

91 DO 7O5 J=ì,NFT
92 CALL READ¡lS(7,Z,NFT2,J)
93 D0 706 l=i,NFT
9\ Z(t)=Z(l)/0cvnlc
95 706 coNT I NUE

96 CALL WRITI4S(15,Z,NFT2,J)
97 705 CoNT I NUE

98 REwt ND (15)
99 wRlrE (8'77) (HEADR (i) ,l=.¡,lo) ,NFT,NFT

t00 wRtTE(9,77) (HEADR(l),t=t,tO) ,NFT,NFT
r0r 77 FoR¡lAT(lORi,Z15)
102 D0 400 J=I,NFT
103 CALL READT4S(|5,Z,NFT2,J)
t04 D0 4lo t=l,NFT
105 R0wR(l)=REAL(z(l))
106 410 C0NT|NUE
1o7 WRITE (8,444) (Rown (t) , l=l,NFT)
r08 \\\ FoRI'lAT(tOGì3.5)

FTN 5.0+508 85/Ot
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--VAR I ABLE i'lAP-- (10=A)
-NAI'IE---ADDRESS-*BLOCK__-__PROPERTIES-------TYPE---_-----SIZE -NAI'IE--*ADDRESS--BLOCK-----P

t09
I t0
ilì
112
it3
r r4
i l5
i l6
117
I t8
ll9
120
121
122
123
124
125
126
127
ì28
129
130
t3l
132
133
t34
135
136
t37
t38
139
ì40
i4r
I l+2

t43
l4I+
1 I+5

ì46
1t+7

148

D CVA L I )+227 B

DCVALC r423rB
HEADR 42158
r r 42408
r NDEX 32t58
r NDEX | 52278
r NDEX2 \2278
J r \2518
K r 42578

PR0GRAI'l AVR0T 7 3/7 h 0PT=0

D0 420 l=l,NFT
ROVll (l)=AltiAG(z(l))

t+zA C0NT I NUE

\,lRlTE (9,41+l+) (nOWl (l), l=l,NFT)
4OO CONT I NUE

REwr ND (ì5)
\,JR trE (6,4)

4 FoRHAT ('BEF0RE t'lVP')
Xl'tAX=0
Xl4l N=Xi'1AX

D0 310 l=l,NFT
CALL READ'-4S (]5,2,NFT2, I )
D0 320 J=l,NFT
Z (t¡ =7 (l) ",¡gYOt,x (l) =4¡s,ro (cABs (z (J) ) +l)
I F (X (J) . GT. X¡4AX) XMAX=X (J)
I F (X (J) . Lr. X¡41 N) X^11 N=X (J)

320 C0NT r NUE

3r0 c0NTTNUE
t.,R tri (6, 88) xl'lAx, xt'1t N

88 F oRr'lAT (zr tz .5¡
REWr ND (r5)
l.JR rrE (3, il r)

I ] I FORI'IAT ('P I CTURE F I LE FOR I'IVP ' )
l=l

wR I TE (3,222) NFT, NFT, NB I T, I

222 F0R¡1AT ('r¡t00rUrRDR', ,4 t5)
scLF=jilvPjlAx/ (XI,IAX_X¡/l I N)
D0 350 I =l , NFT
cALL READI'IS ( I 5, Z, NFTz, I )
D0 360 J=l,NFT
Z(t)=7 (l) i¡6Yot,
X (J) =ALOG i O (CABS (Z (J) ) +I )
I NDEX (¡) =0.49+ (X (J) -X¡41 N) :t$ç¡¡

360 coNT r NUE

I{RITE (3,33Ð (ltt0rx (K) ,K=ì,NFT)
333 F0R¡4Ar(ì2r5)
350 CoNT r NUE

STO P

END

FTN 5.0+508 85/Ot

t4vPt"lAX 1\2358
NB r T t\2368

t0 NcoL l424tB
NFT 1\2338

NRoW 1\2\28
Nr 1\2538

UND

c0t'1P L tx
COI'1PLEX

REAL
I NTEGER

I NTEGER

I NTEGER

r NTEGER 512 NFT2 1\23\8
r NTEGER 512 NHFT 1\2378
I NTEGER 512 NN I 1\2548
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PROGRAT4 AVROT 7 3/7 )+ 0PT=O FTN 5.0+508 85/ot
-NAI'IE -- -A D DR E SS - - B LOCK - -_ _ - PROP E RT I E S - - - - - - -TY P E -- ---- - - - S I Z E -N AT4E - --AD D RE SS - - B LOC K--- - -P

N2

N3

PROJ N

Ror^i I

ROWR

SCLF

A I ¡4AG

ALOG ì O

CABS

CI'IP LX

I t+2558
t\2568
t0227B
72278
6t-zjs

1t+27 2B

I NTEGER

I NTEGER

COT4PLEX

REAL
REAL
REAL

X

XT4AX

xt'1r N

Y

z

r2r5B
t\2668
t\2678

221 58
122278

512
512
,12

REAL
REAL
REAL
GENER IC

ì INTRINSIC
I INTRINSIC
I INTRINSIC
2 INTRINSIC

O P E NI'1S

R E AD¡1S

REAL
l.lR tTt"ls

ìOO INACTIVE
rir l02tB
r 30 2778
l 34 2728
I l+0 3038
150 rNACTrvE
222 lO25B
3r0 tNAcTtvE
32O INACTtVE
333 r03oB
35O TNACTtVE

GENER I C

DO-TERI4
F ORI'1AT

DO-TERH
F ORI'IAT
DO-TER¡1
DO_TERI'1

F ORI4AT
DO-TER¡4

4 SUBROUT I NE

4 SUBROUT I NE

I INTRINSIC
I+ SUBROUT INE

--STATEI'lENT LABE LS-- (10=A)
-LABE L-ADDRESS-----PROPERT I ES----DE F -LABE L_ADDRESS-----PROPERT I ES---_DE F

2 77584 ror4B
I roo3s
r0 t00lB
1l TNACTtVE
23 INACTTVE
6o INAcTIVE
70 INACTtVE
77 t0l0B
80 I NAcTI VE

88 rotTB

TAPE r FrlT/SEQ
TAPE ] 5
TAPE2 F¡1TlSEQ

F ORT4AT

F ORT4AT

F OR¡4AT

F ORHAT
DO_TERI'1

DO-TERH
D O-TE RT4

DO_TERI4
F ORi4AT
DO-TE RI"l

F ORI'1AT

2õ
I l6

78
3l+
4t
44
50
53

t0t
57

129

87
132
67
b5
68
l6

135
127
126
I t+5

t\6

-LABTL-A

360
4oo
4r0
\20
\l+l+

70t
702
70h
705
706
806

--ENTRY P0 I NTS-- (10=A)
-NAI4E - - -A D DRE S S - - ARGS - - _

AVROT 608 O

-- | /0 UN I TS-- (tO=R)
-NAI4E--- PROPERT I ES------ -NA14E--- PROPERT I ES__--

TAPE3 FI'IT/SEQ
TAPEI+ Fl4TlSEQ
TAPE6 FT4TISEQ

-NAI'IE--- PROPERT I ES-

TAPET
TAPES FNT/SEQ
TAPE9 Fr,lTlsEQ
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PROGRA¡l AVROT

--STATTSTICS--

PROGRAM_UN I T LENGTH
C,ll STORAGE USED
COHPILE TII'1E

73/7\ 0PT=0

142758 = 6333
6t5ooe = 25t+o8
2.228 SECONDS

FTN 5.0+508 85/ot
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l
2

3
\
5
6

7
I
o

t0

PR0cRAt4 F lL lN 73/7t+ 0PT=0 FTN 5.0+508 85/Ot

PROGRAH F I L I N ( I ruPUT, OUTPUT, RECONSR, RECONS I , PRSPR, PRSP I ,

I XREAL, X I ¡/lAG, HVPI, DAT, XFT,YFT,ZFl,
2TAP E5= I NPUT, TAPE6=0UTPUT, TAPE I =RE CONSR, TAPE 2=RE C0NS l,
3TAPE3=pps PR, TAPE4=PRSP l, TAPET=XRE AL, TAP E8=X I ¡14G,
4tlee9=¡yP l, TAPE I 0=XFT, TAPE I 3=YFT, TAP E 1 \=ZFT, TAPE I 5=DAT)

c--------
C TH IS PROGRAI'I CO¡/IPUTES F I LLED- IN ( INTERPOLATED) FOUR I ER

C SPECTRUI'4 OF THE L II'lITED-VIEW RECONSTRUCTION WITH THT
C AVERAGE SPECTRU¡/I OF THE KNOWN PROJECT I ONS. THE INPUT
C FILES ARE RECONSR, RECONSI, PRSPR AND PRSPI. RECONSR

C AND RECONSI ARE REAL AND I¡lAGINARY PART OF THE 2D FOURIER
C TRANSFORH OF THE L I ¡/l I TED-V I EW RECONSTRUCT I ON, AND PRSPR

C AND PRSP I ARE THE REAL AND IT,1AG INARY PART OF THE 2D AVERAGE

C FOURIER SPECTRU¡'I RESPECTIVELY.
C THE OUTPUT F I LES XREAL AND X II'IAG CONTA IN THE REAL AND

C IT4AG INARY PART OF THE F ILLED- IN SPECTRU¡l. I'IVPI IS THE
C I1VP I''IAGE F I LE OF THE F I LLED_ IN SPECTRU¡/I.
c--------
c
C AUTHOR - ATAI"1 P. DHAWAN

c

Dr¡,IENSr0N TNDEXl (!r2),HEADR(rO),nOWR1 (512), TNDEX2 (5r2)
DrrirENSr0N Rol,/r (5r2) ,R0wR2 (256) ,Rovil2 (256)
D r ¡ilENS r 0N XXAB (512) , r ND EX3 (5 r 2)
coIIPLEX X (51 2) , W (5 t 2) ,Y (512)

N FT=256
NB I T=8
f4VPt4AX=255
NHFT=N FTl2+ I

N FT2=N FT?r2

wR trE (6, 2)
2 F0RI'IAT ("START 0F PR0GRAI'1")

I

2

3
t4
t5
ì6
1l
i8
r9
20
21

22
¿)
2\

26
2l
28
,o
30
3r
32
33
3\
35
36
37
38
39
40
4t
\2
\3
\\
\5
46
\7
48
49
50
51
52
53
5\

cALL 0PENt'ls (to,
cALL 0PENt4S (13,
CALL OPEN¡{S (I4,

NDEX.l (ì),NFT2,o)
NDtX2 (l) ,rurtz,o)
NDEX3 (]) ,NFT2,O)

READ (1, l0) (HEADR (t) , t=t, ì0) ,NCoL,NROI./
READ (2, l0) (ufngn (l) , l=.¡, l0) ,NcgL,NRgw
READ (3, t0) (HrnOR (t) , t=t, t0) ,Nc0L,NRow
READ (4,l0) (HEADR (l) , l=.|,10) ,Nc0L,NRow

lo F0R|4AT(roAr,2r5)
ì,lRtrE (6,l0) (HEADR (l) , t=1, i0) ,NcoL,NRow
D0 .l00 l=l,NFT
ROWRI (l)=O.O
ROW|l (l)=0.0
R0wR2(l)=o.o
ROWl2(l)=0.0

IOO CONTI NUE

D0 l0l l=l,NFT
X(l)=(0.0,0.0)
XXAB(l)=0.0
Y(l)=(0.0'0.0)
w(l)=(o.o,o.o)

-303-



PROGRA¡{ FILIN 73/74 0PT=0

ì01 CONTINUE
NC0UNT=O
READ (l5,'") DCVALP, TENGP, DCVALH
D0 I l0 J=l,NROW
READ (ì ,:'r) (RoWRl ( |

READ (2, 'r) (RoW l l ( t

READ (1,:'<) (R0IJR2 ( I

READ (la,:';) (Rgl'/12 (l
D0 120 l=l,NCOL

=ctitpLX (ROt,lRì (t),Rot,Jt I (t ) ) /DcvALP
=cr'lPLX (R0WR2 ( r ), RoWr 2 ( | ) ) /DCVALP
=cr,lPLX (ROWnZ (I) , R0\,| 2 (I) )

120 CONT I NUE

D0 I 30 K=ì , NC0L
X I ABS=CABS (X (K) )
X2ABS=CABs (w (K) )
r F (x r ABs-x2ABS) 5O5,506, 506

505 X (r¡ =¡ (r) 't¡24ttrX I ABS
c5o5 x (r) =w (K)

c X (tt¡ =¡ (X) t,2 .'r,
N C0UNT=N C0UNT+ ì

c tJR lrE (6, l4) x I ABs , X2ABS
G0 T0 507

506 CoNT r NUE

507 CONT r NUE

r 30 coNT r NUE

D0 367 | =l , NFT
X ( l) =¡ ( l) r'0cVRtP

367 coNT r NUE

CALL WR ITI1S (IO,X,NFT2, J)
IIO CONTINUE

REWr ND (ro)
TENGC=0 .0
DCVALC=0.0
D0 90.l J=l,NFT
CALL READI4S (IO, X,NFT2, J)
D0 5 l=l,NC0L
XXAB (I) =CABS (X (I) ) :ICABS (X (I) )

TENGC=TENcC+XXAB ( I )
I F (J-129)1,8,7

8 lF(r-r29)9,i3,9
ì3 I,tRtrE(6,t4)x(t)
l4 FoRI4AT ("DCVALUE'¡t ,2F 16.5)

DCVALC=REAL(X(I))
TENGC=TENcc-XXAB ( | )

9 CoNT r NUE

7 CoNT r NUE

5 CoNT I NUE

90r coNTt NUE

t./R I TE (6, gOg) TENGP,TENGC

909 FoRI"1AT ("T0TALENERGYP I CCoN|| ,2F 16.5)
REWTND(io)
D0 902 J=l,NFT
cALL READt4S (ì0,X,NFT2, J)

FTN 5.0+508 85/ot

55
5a
57
58
59
6o
6i
6z
6l
6t+

65
66
6l
68
69
7o
71

72
t3
7l+

75
76
77
78
79
8o
8i
82
8S
84
85
86
87
88
8g

90
9r
92
93
9\
95
96
97
98
99

t00
l0l
.l02

t03
104
105
106
107
108

, l=l,NC0L)
, l=l,NC0L)
, l=l,NCOL)
, l=l,NC0L)

xilc r"/(r
\,l(t
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PRoGRAH FILIN 73/7\ 0PT=0

D0 903 I =l , NFT
Y(l)=x(l)

903 CoNT r NUE

cALL WR lT¡/lS (t 3,Y,NFT2, J)
902 CoNT r NUE

r,tRtrE (7, I I l) NFT, Nrt
WRITE(8,III)NFT,NFT

I I I F0RI'1AT ("END0FHEADR|' ,2t5)
REVJTND(r3)
D0 I 50 J=ì , NFT
cALL READI'IS (t 3,X, NFT2, J)
D0 t60 t=l,NFT
Rot^JRl (t)=REAL(X(t))
Rot,lr I (t) =Rr t'lAG (x (r) )

ì 60 c0NT I NUt
t{R lrE (7 ,222) (ROWR I (K) , K= I , N FT)
wR lrE (8,222) (now I I (K) , K= I , NFT)

222 FoRI'1AT (ìocr3.5)
r 50 c0NT r NUE

REw r ND (r 3)
wR trE (6,4)

4 FORI'4AT (,BEFORE ¡îVP')
r,tR trE (6 ,666) Nc0uNT

666 F0Ri4AT ("NU¡4BERC0UNT,', I 7)
XlvlAX=0
Xt'î1 N=Xl'1AX
D0 310 l=l,NFT
CALL READI4S (I3,X,NFT2, I)
DO 600 K=I,NFT
Vl (K) =¡ 1¡1¡

6oo cONT I NUE

cALL WRtTt'lS (t4,W,NFT2, t)
D0 320 J=l,NFT
RoI,JR I (J) =AL0c t 0 (CABS (W (¡) ) +l )
I F (ROWRi (J) .GT.XI4AX) XI4AX=ROWRI (J)
r F (RowR ì (J) . LT. xr4 r N) x¡îr l,r=RowR r (J)

320 C0NT r NUE

3lo coNTtNUE
wR trE (6, 88) xr4AX, xt'4 t N

88 FoRr'rAT (zrtz.5¡
wR rrE (9,333)

333 FoRI4AT ('p I CTURE F I LE F0R t'lVP')
l=l
l./RtrE (9,444) NFT,NFT,NB tT, I

444 FORI|IAT (' ENDOFHEADR' ,4I5)
S C L F=t'lVPt{AXl (Xi4AX-Xt4 I N)

REWTND (r4)
D0 850 JN=l,NFT
cALL READ¡4S (t 4,W, NFT2, JN)
D0 360 J=l,NFT
ROWR I (¡) =Rl-oc l0 (cABS (t^/ (J) ) +l )
INDEXì (J)=9.49+(R0WRl (J) -Xt'llN) r<$6¡¡

360 coNT r NUE

t{RITE (9,55Ð (lNDEXl (K),K=l,NFT)

FTN 5.0+508 85/ot

109
ll0
ill
tt2
il3
r r4
I t5
il6
117
ll8
lt9
120
l2l
122
t23
i24
125
126
127
128
129
130
l3l
132
133
134
135
136
137
ì38
139
r40
i4r
1\2
143
144
1k5
1 I+6

1\7
i48
l49
150
151
152
153
| 5t+
155
156
157
158
159
160
ì6r
162
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PROGRAI'I FILIN 7 3/7 t+ 0PT=0

F 0Ri4AT (tzt 5¡
CONT I NUE

STOP

END

UND

INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC

FTN 5.0+508 85/ot

_NAI'IE -- -AD DRE S S __B L O CK- - ---P

163
t64
165
t66

555
850

--VAR IABLE t4AP-- (10=A)
-NAI'IE - -- AD DR E SS - _ B LO C K- -- - - PROP E RT I E S - - - - _ - _TYP E - - --- - - --S I Z E

DCVALC r 63408
DcvALr4 163268
DcvALP 1632t+B
HEADR 22778
r 't63t69
r NDEX 1 12778
T NDEX2 33 il 8

r NDEX3 73118
J ì 63278
JN 163558
K r 83za
HVP¡lAX t 63i 38
NB r r t63t2ï
NcoL 163178
NC0UNT 163238
NFT 163r ra
NFT2 t63t5}

A I I4AG

nlóc r o
CA BS

CI'IP L X

REAL
REAL
REAL
RE AL

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGER
I NTEGER

I NTEGER

I NTEGER
I NTEGER
I NTEGER

I NTEGER

I NTEGER
I NTEGER

l0

512
512
5t2

NH FT
NROW

Rol,/r i
ROwt2
ROWR ]

ROWR2

SCLF
TENGC

TENGP

I,l

X

XI'1AX

X¡4I N

XXAB

XIABS
X2ABS
Y

r63r48
t63zog
43r ìB
57118
23il8
53t lB

1635)+B
163378
t63258
r23ilB
r03r rB
163t+78
t635oB
63i rB

r 63348
163358
r43r rB

8¡
r r6
67
8o

127
123
126
146
1\5
150
l6t
83

--STATEI4ENT LABELS-- (¡s=¡¡
-LABE L-ADDRESS-----PROPTRT I ES----DE F

O P E NI'IS

R E AD¡\S
REAL
l^lR tTt4s

GENER I C

-LABE L-ADDRESS-----PROPERT I ES----DEF

RE AL

REAL
REAL
GENER I C

4
4
I

4

SUBROUT I NE

SUBROUT INE
INTRINSIC
SUBROUT I N E

2 76584 r ooTB
5 TNACTTVE

7 43oB
I truRcrrv¡
9 \278
r0 7718r3 tNACTtVE
r 4 773888 toì58

IOO INACTIVE
IOI INACTIVE

F ORI"IAT

F ORI'1AT

DO-TE RI'1

F ORI,IAT

F ORI'IAT
F ORI'1AT

DO-TERI4
DO-TERH

3\
130
102
t0t
95

100
\2
g6

97
148
\9
55

]IO INACTIVE
I I I 10028
]20 INACTIVE
r30 tNACTtvE
r50 rNAcTrvE
]60 INACTIVE
222 r0058
3'l0 rNACTrvE
320 TNACTTVE

333 t0l78
360 tNAcrrvE
367 rNAcrrvE

DO-TERH
F OR¡1AT

DO-TE RI'l

DO-TERT,l

DO-TERI'l
DO-TERi'1
F OR¡4AT

DO-TERI'1

DO-TE RI'1

F OR,\AT
DO_TERH
DO-TER¡l

-LABEL-A

444
505
506
507
555
6oo
666
850
901
902
903
909
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PROGRAI4 FILIN 73/74 0PT=0

--ENTRY P0INTS-- (t-O=l)
-NAI4E - -- ADDRT SS -_ ARGS - --

FrLtN 748 0

FTN 5.0+508 85/01

--t /o uN I TS-- (10=A)
-NA¡/IE--_ PROPERTIES------ -NA¡/IE--- PROPERTIES----_- -NAI'1E--- PROPERTIES-

TAPE I F¡4TlSEQ
TAPE I O

TAPE I 3
TAPE ì 4

TAPE I5 F¡,ITlSEQ
TAPE2 Fr4TlSEQ
TAPE3 FrlT/SEQ
TAPE4 FHT/SEQ

TAPE6 Fr4TlSEQ
TAPET FHT/SEQ
TAPES FHTISEQ
TAPE9 Ft'lT/SEQ

--STATtSTtCS--

PRoGRA¡{-UN rT LENGTH I 86OA = 7408
Ci\4 SToRAGE USED 615008 = 25t+OB
c0,'1P r LE T r r{E 2.333 SECoNDS
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I

2

3
,+

5
6

7
I
o

l0

PROGRAi4 WTFR 73/71+ 0PT=0 FTN 5.0+508 85/ot

TH IS PROGRAi"I COI1PUTES 2D NO I SE_TO-S I GNAL-RAT IO FUNCT I ON

FROH F I LLED- IN S IGNAL SPECTRUI'l AND WH ITE NO ISE
ASSU¡1PTION. INPROJR AND INPROJI ARE REAL AND II'lAGINARY

PART OF THE F ILLED- IN S IGNAL SPECTRUI'1 (OUTPUT Or
FILIN PROGRA¡I). VALUES OF PERCENTAGE OF VARIANCE SHOULD BE

PUT IN THE PROGRAH. REAL AND I¡lAGINARY PART OF THE
2D NO I SE-TO-S I GNAL-RAT I O FUNCT I ON ARE STORED I N

OUTPUT F I LES XREAL AND X I ¡4AG RESPECT I VELY.
,'lVP I I S THE I"IVP II4AGE F I LE OF THE AT4PL ITUDE SPECTRUT,I

OF 2D NO I SE-TO-S I GNAL RAT I O FUNCT I ON.

PROGRAM WTFR (I NPUT,OUTPUT, I NPROJR, I NPROJ I,I'IVPI,XREAL,
I X I I1AG , PRJABS , XFT,
ITAPE5= I NPUT,TAPE6=0UTPUT,TAPE 1= I NPROJR,T APE2=| NPROJ l,
2TAP E 3=¡1VP l, TAP E 8=XRE AL, TAP E 9=X I ¡14G, TAP E A=PRJ ABS, TAP E 7=X FT)

t.--

c

c
c
c
c
L

C

C

C

ll+
t5
t6
17

t8
r9
20
21

22
23
2l+

25
26
27
28
?o

30
3r
32
33
3b
35
36
37
38
39
40
4l
\2
I+3

44
h5
\6
I+7

48
l+9

50
5t
52
53
5\

ì

2
?

c
c
c

AUTH0R: ATAIï P. DHAWAN

n --------L=======================================================
Drr4ENSt0N X (512),y (512), TNDEX (512),HEADR (tO)
DII4ENSI0N INDEX¡ (5t2),RoWR (512),ROWI (5t2)
corlpLEX pR0JN (512) ,Z (512) , ApR0J (5 t 2)
N FT=256
N FT2=N FT:'(2

t^JR trE (6, 2)
2 F0R|4AT (' START 0F PR0GRA¡1')

t4VpHAX=255
NB I T=8
NH FT=N FTl2+ ]

CALL OPEN¡4S (7, INDEXI (]) ,NFT2,O)
READ (l, l0) (HEADR (l) , l=1, lO) , NCOL,NRoW
READ (2, t0) (HEADR (t) , t=1, to) , NcoL,NROW

i0 F0RI'lAT(ì0A1,2t5)
D0 555 J=l,NFT
READ (1,:'r) (ROWR (t) , t=t,NC0L)
READ (2,tc) (nOWl (l),l=l,NCSL)
D0 17 l=l,NFT
Z(t)=(0.0,0.0)
APRoJ (l)=(0.0,0.0)

17 CoNT I NUE

D0 23 l=l ,NCOL
APROJ (l)=c¡tptx (Rown (l),Rg'ul (l))

23 CoNTr NUE

PERCN=0.0000005
VARP t C=6ol+ .0
ETAS=PERCN*VARP I C / 256 . O

D0 45 I =l , NC0L
Z ( t) =ET¡5/ (APRoJ ( | ) :iAPRoJ ( l) )I+5 CONT I NUE

C I.JR ITE (6, 8) I , J , NFT
8 roR¡ur (3 t5)

cALL WR tTHS (7, Z,NFT2, J)
555 CoNTr NUE
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PROGRA¡l WTFR 73/7t+ 0PT=0

REI^l r ND (7)
\,JRlrE (8,77) (HrnDn (t) , t=l,lo) ,NFT,NFT
WRITE (9,77) (HERDR (l) , l=1,10) ,NFT,NFT

77 F0RI'1AT(roAr,2r5)
D0 400 J=l,NFT
CALL READT4S (7 , Z, NFT2, J)
D0 l+10 l=l,NFT
ROWR(l)=REAL(Z(l))

4IO CONTINUE
I^/RITE (8,444) (nOwn (l) ,l=ì,NFT)

)+t+t+ FoR|AT (toCr3.5¡
D0 420 l=ì,NFT
ROVJl (l ) =A I lvlAG (Z (l ) )

420 CONT I NUE

WRITE (9,444) (R0Wl (l), ¡=l,NFT)
4OO CONT I NUE

REW I ND (7)
þlR trE (6, 4)

4 FoRi4AT ( ' BE FoRE r4VP')
Xl'1AX=0

Xl'11 N=XHAX
D0 3.l0 l=l,NFT
CALL READI'IS (7 , Z, NFT2, I )

D0 320 J=l,NFT
X (J) =¡¡s6 r o (cABS ,t 1¡¡ ¡ +r )
r F (x (J) . GT. X|4AX) Xr,rAX=X (J)
I F (x (J) 

" LT . x¡41 N) x¡41 N=X (J)
320 CoNT I NUE

3ì0 c0NTtNUr
tJR ¡TE (6, 88) XtlAX. XH I N

88 FoRr'lAT (2F tz.5)
REI,l r ND (7)
wRrTE(3,rir)

ill FORi4AT('ptCTURE FtLE F0R r\Vp')
l=l

l{R I TE (3,222) NFT, NFT, NB I T, I

222 F0R|4AT ('r¡t0OrHERDR', ,4 t5)
S C L F =I'IVPHAX/ (X¡IAX-XI1 I N)

D0 350 I =ì , NFT
cALL READl/lS (7, Z, NFT2, | )
D0 360 J=l,NFT
x (J) =AL0G t 0 (cABS (Z (J) ) +t )
I NDtX (¡) =0.49+ (X (J) -Xl4l N) TcSCLF

360 c0NT I NUE

WR ITE (3,33Ð ( INDEX (K) , K=I , NFT)

333 FOR|4AT (r 2 r5)
350 CoNT r NUE

STOP

END

FTN 5.0+508 85/Ot

55
56
57
58
59
'oo
6t
6z
63
64
o,
66
6l
68
69

70
71,
72
73
7t+

75
76
77
78
79
8o
8r
8z
8¡
84
8S
86
8l
88
8g
90
9r
92
93
9\
95
96
97
98
99

ì00
l0t
t02
ì03
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PROGRAT4 u/TFR 7 3/7 r+ 0PT=0

--VAR I ABLE ¡1AP-- (tO=R)
-NA¡4E_--ADDRESS--BLOCK-----PROPERT I ES-------TYPE------_--S I ZE

GENER IC

-LABEL-ADDRESS-----PROPERT I ES----DE F

FTN 5.0+508 85/ot

-NAI'1E - --AD DRE SS --BLOCK-----P

NHFT r47058
NRoW ì47t08
PERCN t\7 t5B
PRoJN 67018 U

Rol{r 57018
R0wR 470ì B

scLF r 47308
VARPTC i47r68
x 6678
X¡lAX I I+7 2,+B

X¡/rlN l\7258
Y t6678 U

z 1070t8

4 SUBROUTI NE

4 SUBROUTI NE

I INTRINSIC
4 SUBROUTI NE

APROJ 127O18
ETAS I I+7 178
HEADR 36678
I I \7068
r NDEX 26678
TNDEX.l 37018
J r47il8
K ì \7338
¡lVPt/tAX i 47038
NBrT r47048
Nc0L 1t+7078
NFT r470rB
NFT2 1\7028

A I T4AG

ALOG ì O
CABS

C¡'lP LX

UND

UND

I INTRINSIC
] INTRINSIC
I INTRINSIC
2 INTRINSIC

COI1PLEX

REAL
REAL
I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

512

l0

512
5t2

--PR0CEDURES-- (10=A)
-NAt4E------TYPE--------ARGS------CLASS---*- -NAI'IE------TypE--------ARcS------CLASS-----

5028
5168
5ì08
5068

I NACT I VE

I NACT I VE

I NACT I VE

F r4TlS E Q

F¡1T/S E Q

F¡/rTlS E Q

F t'lTls E Q

F ORI4AT
F ORI'1AT

F ORI'1AT

F ORI4AT
DO-TERI'1

DO-TER¡,I
DO-TER¡,1

O P E NI'IS

READT4S

REAL
I.JR tTt'ls

77 5t2B88 5z1B
l il 5238
222 5278
3t0 tNACTtVE
320 I NACTr VE

333 5328

F ORI4AT
F ORI'1AT

F OR¡lAT
F ORI"IAT

DO-TERI'l
DO-TE RI"l

F ORI4AT

REA L

REA L

REAL
GENER I C

--STATE¡IENT LABELS-- (TO=R)

-LABEL-ADDRESS__---PROPERT I ES-_--DE F

2

4
I

i0
t7
23
I+5

27
73
52

3\
41

44
50

58
8S
88
9r
83
8z

ì00

-LABEL-A

350
360
À00
4r0
\20
444
555

--ENTRY P0 I NTS-- (tO=R)
-NA¡4E - - _AD D RE SS - -ARGS ---

ì^JTFR 548

--t /0 uN I Ts-- (ro=R)
-NAI'lE_-- PROPERTIES-----_ -NAI4E--- PROPERTIES----

TAPE I

TAPE2
TAPE 3
TAPE6

TAPET
TAPES F¡,1TlSEQ
TAPE9 FHT/SEQ
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PROGRAI'I WTFR

--STATTSTTCS--

PROGRA¡4-UN I T LENGTH

CI"1 STORAGE USED

c0¡lPtLE Tt¡4E

l3/7 ü 0PT=0

I t+7 3t+B = 662O
6ì5ooB = 25t+o8

1.517 SECoNDS

FTN 5.0+508 85/ot
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I

2

3

4

5
6

7
8

9
i0
lt
12

r3
14

15
l6
17

l8
r9
20
21

22
23
2l+

25
26
27
28
29

30
31

32
33
3l+

35
36
37
38
39
40
4r
I+2

\3
44
\5
\6
\7
48
t+9

5o
51
52
53
5\

PR0GRAI'1 W I EN ER 7 3/l t+ 0PT=0 FTN 5.0+508 85/ot

C PROGRA¡4 FOR þIIENER F ILTER OPERATION BY A.P. DHAWAN

PROGRAI1 WI ENER (I ruPUT,OUTPUT,P I CR,P I C I, CONR,CON I,
IXREAL,X I I"IAG,WTREAL,WTI ¡/lAG,HVPI, DAT, XFT,YFT,
I TAPE5= I NPUT, TAPE6=0UTPUT, TAPE 3=P I CR, TAPEI+=P I C l,
2TAPE I I =CONR, TAPE I 2=C0N I, TAPE ì =XRE AL, TAPE 2=X I I'14G, TAPE9=WTREAL,

3TAPE I O=WT I l4AG, TAP E8=l'1VP l, TAPE I 5=DAT, TAPE J=f, pT, TAPE I 3=Y FT)
ccccccc--
CCCCCCC TH I S PROGRAM PERFOR}4S 2D WI ENER DECONVOLUTI ON. I NPUT F I LES

ccccccc ARE ptcR, Ptct, WTREAL, ìó/TlI'lAG, c0NR AND CoNl.
CCCCCCC PICR AND PICI ARE RIAL AND IHAGINARY PART OF FOURIER TRANSFORI"I

CCCCCCC OF L I I"l ITED-V I EW RE CONSTRUCT I ON . WTREAL AND WT I I4AG ARE RIAL AND

CCCCCCC II4AGINARY PART OF 2D NOISE-TO-SIGNAL RATIO FUNCTION. CONR

CCCCCCC AND CONI ARE THE REAL AND II4AGINARY PART OF THE SYSTEI4
CCCCCCC TRANSFER FUNCTION. THE OUTPUT FILES ARE I'1VPI, XREAL, XII'IAG
ccccccc AND DAT. t4vPr ts THE t4vP tI4AGE ( lN FoR¡4AT 5) 0F

CCCCCCC THE A¡/IPL ITUDE SPECTRUI'1 OF THE DECONVOLVED DATA. DAT F I LE

CCCCCCC CONTAINS THE STATISTICS ABOUT THE DC VALUE
ccccccc AND TOTAL ENERGY OF THE DECONVOLVID SPECTRUI'I.
ccccccc--
CCCCCCC AUTHOR - ATAI'1 P. DHAWAN

cccc c cc--
Dr I'IENS I 0N ROWR1 (!r2),R0WR2 (512),RoWr r (512),ROWr 2 (512),v (5r2)
D r¡1ENS r 0N r NDEXr (5r2),HEADR (rO),ROWR3 $12),ROWr 3 (512),Hr4AC (51 2)
Dl|4ENSt0N INDEX2 (512),XXAB (5ì2),S (5i2)
cot'lplEX ¡ (!ì2),y (5r 2),2(5r2),W(5r2)
N FT=256
NH FT=N FT,/2+ I
t4VpHAX=255
N FT2=N FT'i2
pt=ATAN(l.O)i4
cALL 0pEN|4S (7, tNDEXI (t),NFT2,0)
cALL 0PENHS (t3, tNDEX2 (l) ,¡¡rtZ,O)
READ (3, l0) (HEADR (t) , t=t, l0) ,NC0L,NRoW
READ (4,l0) (HEADR (l) ,l=1,10) ,NCSL,NRgW
READ (l I, l0) (HEADR (t) , l=t, t0) ,NCoL,NRoW
READ (ì2, l0) (HEADR (t) , t=t, t0) ,NCoL,NROW
READ (9, t0) (HEADR (t) , t=1, t0) ,NCoL,NRoW
READ (t0, t0) (HEnDn (t) , t=1, l0) ,NcoL,NRow

Io F0RI'1AT(ìoAt,2t5)
NB I T=8
wRtrE (6, to) (HEADR l),1=ì,10),NR0W,NCOL
D0 50ì l=l,NFT
ROWRI (t)=o.O
R0WR2 (l) =o.o
R0WR3(l)=o.o
R0wll(l)=o.o
ROIJl2(l)=O.O
RO}Jl3(l)=o.o

50r coNTtNUE
D0 30 l=l'NFT
x(t)=(0.0,0.0)
Y(t)=(o.o,o.o)
Z(l)=(0.0,0.0)
XXAB(l)=0.0
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PR0GRAI"1 lrJIENER 73/7t+ 0PT=0

W(t¡=1o.o,o.o)
S(t)=s'9
V(t)=6'9
HI4AC(l)=0.0

30 c0NT r NUE

TENG=0 .0
D0 50 J=ì,NR0W
READ (J,:'t) (ROWRl (l) ,l=l,NCOL)
READ (4,:';) (ROWll (l) ,l=l,NCOL)
READ (t i,'',¡ (R0WR2 (l),1=l,NC0L)
READ (12, i,) (ROWt2 (t) , t=t , NC0L)
READ (1,:,) (R0WR3 (t) , t=ì,NCoL)
READ (ì0,r.) (Rowt3 (l) , t=l,NCoL)
D0 40 I =l , NC0L
X (r) =s¡p¡x (Ro\^/Ri (r) ,RoVJr r (r)
Y (r) =ç¡p¡x (R0wR2 (t),Rowt 2 (t)

w ( | ) =cf,tPLX (R0r,tR3 (t ),Rowt 3 ( I

S(r)=CABS(t,J(r))
H¡îAc ( l) =çABS (Y (l) )

l+0 CONT INUE
D0 5 l=l,NC0L
xxAB (r ) --cABs (x (r ) ),tcABs (x (r )
TENG=TENG+XXAB ( I )
r F (J-129)7,8,7

8 rF(r-r29)9,13,9
t3 wRtrE(6,ì4)x(t)
l4 F0RI'1AT (',DCVALUE'"2F 16.5)

DCVAL=ROWRl ( | )
TENG=TENG-XXAB (I)

9 CoNT r NUE

7 CoNT r NUE

5 CoNT r NUE

D0 41 l=l,NCOL
c VALF=CAtsS(lrl(l))
c tF(VALF.LE.0.00t)w(t)=cl*4PLX(0.001,0.0)

D I ST= ( (NHFT- l) t (NHFT- t) + (XHrr-J) :t (¡¡¡1¡1-.¡) ) ;r:to.5
c lF (D lsT.LT.60.0) s (l) =S (l);,0. ì

S(t)=5(t)'t9.9'
V (l) =Hi'1AC (t) r,¡¡¡, (l ) / (Hmnc (l) *HI'IAC (l)+s (l ) )

c rF(DrsT.LT.30.o)Go To r98
Z(l)=X(l)r,v(l)/Y(l)

c z (l)=z(t)",¡.3610
c G0 T0 r99
c ì98 z(t) =(X (l),'rV(l) ) /HllAc (l)
c rF(DrsT.cT.r5.o)c0 10 771
c G0 T0 772
c771 lF (DlST.LT.6l+.0) z (l) =X (l)

199 r F (DrST.GT. r 20.) Z(r) = (0.0,0.0)
772 C0NT r NUE

4I CONTINUE
cALL WR tTt/lS (7,2,NFTz, J)
r F (J. EQ. r 29) c0 T0 298
G0 T0 299

298 DCVALC=CABS (Z (r 2g) )

FTN 5.0+508 85/Ot

55
56
57
58
59
6o
bt
62
63
6\
65
66
67
68
69

7o
71

72
73
7\
75
76
77
78
79
8o
8r
8z
8:
84
8S
86
8l
88
8g
90
91

92
93
94
95
96
97
98
99

100
l0l
102
103
r04
105
t06
107
108
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PROGRATI Wl ENER 73/7\ 0PT=0

299 C0NT I NUE

50 CoNT r NUE

REw rND (7)

WRITE (I,1ìO) NFT,NFT
h/RtTE (15, l3o) DCVAL,TENG,DCVALC
I.JRtTE (2,I lO) NFT,NFT

I ìo F0R''1AT ("END0FHEADR", 2 I 5)
D0 150 J=l,NFT
CALL READI'1S (7 , Z, N FT2 , J)
D0 120 l=l,NFT

ROwRl (l)=RrRt(z(l))
I 2O CONT I NUE

l.JRITE (.l, 130) (RO[/Rl (K),K=l,NFT)
r30 FoR¡{AT(rOCr3.5¡

D0 140 l=l,NFT
ROwl I (l) =Rll'lAG (Z (l) )

I 40 CONT I NUE

I"JRtTE (Z,l3O) (RotJll (K) ,K=l,NFT)
r50 c0NT r NUE

REW r ND (7)
wR trE (6,4)

À FOR¡4AT ('BEFORE ¡{VP')
Xl'1AX=0

Xtill N=Xt'lAX
D0 3.l0 l=l,NFT
cALL READT'1S (7 , Z, NFT2, I )

DO 600 K=I,NFT
w (K) =z (K)

6oo CONT I NUE

cALL WRITl,lS (ì3,W,NFT2, I)
D0 320 J=l,NFT
RowR I (¡) =Rtoc l o (cABS (w (J) ) +l )

r F (RowRl (J) .GT.XI'IAX) Xi4AX=ROWRl (J)
I F (ROWR ì (J) . LT. X¡"lI N) X}'I I N=ROWR ì (J)

320 CoNT I NUE

3r0 c0NTTNUE
\,JR I TE (6, 88) X¡4AX, Xt"l t N

88 FoRrirAT (zrtz.5¡
þlRtrE(8,llt)

IìI FORI'IAT('PICTURE FILE FOR IiIVP')
l=l
wR trE (8,222) NFT, NFT, NB I T, I

222 FoRI'lAT (' END0FHEADR | ,415)
S C L F =t4VpHAX/ (X|4AX-X¡,l I N)

N FT= 256
REwr ND (r 3)
D0 850 JN=l,NFT
CALL READT4S (I 3,\,J, NFT2, JN)
D0 360 J=l,NFT
Rot.lRì (J) =AL0Gro (CABS (W (J) ) +l )

INDEXì (J) =9.49+ (ROWnl (J) -XlllN) rc5s¡¡
360 coNTr NUE

VJRITE (8,333) (ttloExl (K) ,K=l,NFT)
333 FoRr'lAT(r2r5)

FTN 5.0+508 85/Ot

109
1i0
ilì
1t2
ll3
r r4
I l5
I ì6
117
I l8
I l9
120
121
122
123
12t+
125
126
t27
128
t29
t30
t3t
132
133
134
t35
136
137
t38
139
r40
r4r
t\2
143
144
t\5
t46
I t+7

ì48
t49
150
l5l
152
153
ì54
155
156
157
158
159
t60
ì6ì
162
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DCVAL 253168
DCVALC 253218
D r sT 253208
HTADR 7261+8
H¡lAC 1127 6B

253038
NDEXI 626t+B
NDEX2 t22768

J 253128
JN 2533\B
K 2532\B
t'lvPt'lAX 253ooB
NB rT 253068
NC0L 253ot+B
NFr 252768
NFT2 253018
NHFT 252778
NR0W 253058

AIHAG
ALOG I O
ATAN

CA BS

CI'4P LX

850 coNTr NUE

STOP

END

UND

1

I

I

I

2

F ORIIAT
DO-TERIl

F OR¡4AT

F ORI'1AT

DO-TERH
DO-TERH
DO-TER¡1

REAL
REA L

REAL
REAL
REAL
I NTEGER
I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGER

I NTEGER

I NTEGER

I NTEGER
I NTEGER

I NTEGER
I NTEGER

163
164
165

r./;;r.,Jì.¡ ì

PROGRAI'I WI ENER 73/7\ 0PT=0

INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC
INTRINSIC

FTN 5.0+508 85/ot

-NAI4E---ADDRESS-_BLOCK----_P
--vAR IABLE t4AP-- (LO=R)

-NAHE--_ADDRESS--BLOCK---_-PROPERT I ES-------TYPE ------_--S I ZE

t0
512

512
512

PI
Rol,lt I

Rot{ I 2
Rowr3
ROWR I

ROWR2

Rol^JR3

S

SCLF
TE NG

V

w

X

X¡4AX

X¡{I N

XXAB

z

253028
326t+B
l+26].+B

1 027 68
I 2648
226\B
72768

t\2768
253338
2531 tB

526t+B
232768
152768
253268
253278
132768
17 27 6B
2127 68

I t0
1\6
I t5
t48
t20
122
125
127
102
151

--STATEi4ENT LABE LS-- (LO=R)
-LABE L-ADDRESS_----PROPERT I ES----DE F

OP ENIlS
R E A DI'1S

RE AL
wR tTtits

GENER I C

-LABE L-ADDRESS-_---PROPERT I ES---_DEF

REAL
RE AL
GENER I C

REAL
GENER I C

4
4
I

4

SUBROUT I

SUBROUT

INTRINS
SUBROUT

NE

NE

c
NE

4 10058
5 TNACTTVE

7 36288 truRcrtv¡g 3618r0 7738
l3 TNACTTVE
r 4 7758
30 TNACTTVE
40 INACTIVE
4] INACTIVE

130
86
85
79
84
39
8o
8i
59
7\

r04

50 INACTTVE
88 ìoloB

I l0 10008
il ì l0l28
I20 INACTIVE
r 30 r0038
ì40 INACTIVE.|50 

lNACTrvE
199 TNACTTVE
222 l0 I 68

DO-TERI'l
F ORI'1AT

F ORI'1AT

F ORI'1AT

DO-TERI4
F ORi-,lAT

DO-TERI'l
DO-TERI'l

F OR¡{AT

- L ABE L-A

298
299
310
320
333
360
50t
6oo
772
850
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PR0GFAi4 WIENER l3/7t+ 0PT=0

--ENTRY P0 I NTS-- (10=A)
-NAIIE -- -AD DRE SS --ARG S - - -

WIENER ]OOB C

FTN 5.0+508 85/ot

--t /0 uN ITS-- (to=R)
-NA¡lE-_- PROPERT I ES-_-- -NAHE--- PROPERT I ES------ _NAT,lE_-- PROPERT I ES-

TAPE I FI'1T/SEQ
TAPE l0 F¡1T/SEQ
TAPE r r F¡4T/SEQ
TAPE r 2 Fr4TlSEQ
TAPE I 3

TAPE r5 F¡4T/SEQ
TAPE2 FHT/SEQ
TAPE3 FrlT/SEQ
TAPE4 FflTlSEQ

TAPE6 FHTISEQ
TAPET
TAPES FMT/SEQ
TAPE9 FMTISEQ

--STATISTICS--

PROGRAI4-UN I T LENGTH 253378 = 1097 5
Cl4 SToRAGE USED 615008 = 25t+08
C0f4P I LE T l¡lE 2.3t+9 SECONDS
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I

2

3
4

5
6

7
8

9
l0
il
t2
13
ll+
t5
l6
17

ì8
ì9
20
21

22
23
2l+

25
26
27
28
to
30
3r
32
33
34
35
)o
37
38
39

PROGRAI'I T0P0L 7 3i7 t+ 0PT=0 FTN 5.0+508 85/Ot

C PROGRA¡4 CONVERTS RECTANGULAR TO POLAR COOP.DINATES.
c LoGì0( ¡,tAG +l ) ts usr0.
ccccccc--
ccccccc ATAT4 P. DHAWAN
aaaaaar--
C I NPUT F I LES ARE FTREAL AND FT II'1AG. REAL AND II4AG INARY
C PART OF THE RECTANGULAR DATA ARE STORTD I N FTREAI-
C AND FT II'IAG RESPECT IVELY. OUTPUT I N POLAR FORI'I IS
C OBTA INED IN FT/"IAG (¡INCru ITUDE) AND FTPHAS (PHASE) .
1f.1.l^f'?1-

c23\56789
PROGRAI"l TOPOL (FTREAL, FT I¡1AG, FTIiIAG, FTPHAS,

tTAP E I =FTREAL, TAPE 2=FT I t4AG, TAPE 3=FTHAG, TAP E4=FTPHAS)
Dri{ENSI 0N ROÌ/R (5tZ),RoWI (5t2),HEADR (t0)
READ (.I, ì0) (HEADR (l) , l=1, iO) ,NCgL,NRgW
READ (2, l0) (HEADR (l) , l=1, l0) ,NCoL,NROW

r0 FoRrlAT(r0Aì,2t5)
I,lR r TE (3, I O) (nrRDn
þ/R rTE (4, r O) (HrRnR
D0 40 J=l,NROW
READ (l , r') (RgWR ( | )
READ (2,:r) (ROWt (t)
D0 20 K=l,NC0L
xt'1AG=SQRT (R0WR (n) 'tpgç*,*, + R0Wt (K):tftap¡ (¡1¡ ¡
XlI/IAG=ROWl(K)
IF(XI'IAG "NE. O.)THEN
Rolr/t (K)=ATAt.l2 (nowr (¡<) ,Ro\,lR (K))
ELSE

ROI"Jl (K) =0
END IF
R0WR (K) =ALSGl0 (X¡"1AG + I .)

C R0WR (r) =¡¡¡o
20 CONT I NUE

l^lRtTE (3,30) (RoWR (l), t=t,NCoL)
l^lRlTE (4,30) (Rol^/l (l) ,l=l,NCoL)

30 F0Ri4AT(iOCr3.5¡
40 CONTI NUE

STOP
END

l), l=¡, l0),NcoL,NROht
l), l=l, lo),NcoL,NR0VJ

l=l,NC0L)
l=l,NC0L)

REAI-
I NTEGER

I NTEGER

I NTEGER

I NTEGER

l0 NR0w 22378
Rol./r 12238
R0wR 2238
X l¡1AG 22t+58
XI'IAG 22\\B

--vAR I ABLE l4AP-- (10=A)
-NAT4E---ADDRESS--BLOCK-----PROPERT I ES------_TYPE---------S I ZE -NAI4E---ADDRESS--BLOCK-----P

HEADR 22238 UND

t 22358 UND

J 22\OB
K 22\28
NCoL 22368
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PROGRA¡4 T0P0L 7 3/7 t+ 0PT=0

--PROCEDURES-- (tO=R)
- N At'lE - - - - - -TY P E - - - - - - - - ARc S - - - - - - C L AS S - - - - -

ALOGIO REAL i INTRINSIC
ATAN2 GENERIC 2 INTRINSIC
SQRT GENERTC I TNTR|NS|C

--STATE¡{ENT LABELS-- (LO=A)
-LABE L-ADDRESS-----PROPERT i ES----DEF

r0 r4rB FoR¡4AT t7
20 I NACT ! VE Do-TER¡it 33
30 r 43B F 0RI\AT 36
40 r NACT ¡ vE D0-TERI'1 37

--ENTRY P0 I NTS-- (lO=R)
-NAT4E - --ADDRE S S - - ARG S - - -

T0P0L . 308 0

-- | /o UN I TS-- (tc=R)
-NAI'IE--- PROPERT I ES------

TAPE r Fr4TlSEQ
TAPE2 F¡irTlsEQ
TAPE3 Fr4T/SEQ
TAPE4 FrlT/SEQ

--STATtSTtCS--

PROGRAI4-UNIT LENGTH 22h68 = II9O
CI"1 STORAGE USED 575OOB = 2t+38tt
c0¡4PtLE Ttl4E 0.518 SECoNDS

FTN 5.0+508 85/Ot
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I

2

4
E

6

7
ôo
o

l0
il
12

13
t4
t5

PROGRAT1 T0'{VP 7 3/7 \ OPT=O FTN 5.0+508 84/12

C PROGRAI4 TO¡4VP CONVERTS A FORI"IAT-FRE E REAL_VALUED FORTRAN P I CTURE F I LE
c T0 tlvP F0RI'1AT 12t5.
CCCCCCC--
ccccccc
CCCCCCC

ATA¡1 P. DHAWAN

PRoGRAI'I TO|4VP ( I NP I C,0UTP I C,
eTAPE ì= I NP I C,TAPE2=0UTP I C)

Drr'lENSr0N ROW (5tZ) , tRoW(512) ,HEADR (t0)
REAL I4AX, T4 I N

DATA t'lVPt'1AX, NB tT /255,8/
l'1AX=0 .
l,llN=l .0E99
READ (l, l0) (HEADR (l) , l=1, l0) ,NCSL,NRgW

lo F0RI'lAT(t0At,2t5)
D0 30 J=l ,NROI,/

READ (¡,:'<) (ROW(t), l=t,NCoL)
D0 20 l=l,NC0L

I F (ROw ( t ) .cr.llAX) HRx=R9W ( | )
r F (ROI,J ( r) . LT.14r N) ¡4r N=RoW (r )

20 CONT I NUE

30 CoNT r NUE

c----*---
REWr ND (r)
READ (l, l0) (HEADR (t) , t=1, t0) ,NC0L,NROW
I.\|R trE (2,40)

l+0 FOR¡4AT ('P I CTURE F I LE FOR HVP')
wR I TE (2,50) NC0L, NROW, NB I T, I

50 F0Ri4AT (', END0FHEADR, ,4 I 5)
S CA L E=rlVPt4AX/ (t4AX-¡/t I N)
DO 80 J=I,NROW

READ (1,:'<) (Row(t), t=l,NcoL)
D0 60 I =l , NC0L

I RoW(l) =0.49 + (ROW(r) -t1tN) :rscAlE
6o cONT I NUE

wRlrE (2,70) (lnow(l) ,l=l,NcoL)
7a FORr"lAr(t2t5)
80 CONTI NUE

STO P

END

6

7

8

-*VAR IABLE l4AP-- (10=A)
-NAt'lE---ADDRESS--BL0CK-----PRoPERTtES-------TYPE---------SIZE -NAt4E---ADDRESS--BL0CK-----p

r9
20
21
22
23
2l+

25
26
27
28
to
30
31

32
33
3)+

35
36
3l
38
39

HEADR 22358
t 22538
r Row 12358
J 22568
¡lAX 22\78
r{ r N 22508

UND REAL
I NTEGIR

I NTEGER

REAL
REAL

to i4vPt"lAX 22518
NB r T 22528

NR0W 22558
Row 2358
SCALE 22618

r NTEGER 512 NCoL 22548

- 319 -



PROGRAH TO|4VP 7 3/71+ 0PT=0

to 1528 F0Rt,lAT t4
20 I NACT I VE DO-TER¡I 20
30 I NACT I VE D0-TERI"1 21
40 r54B F0R¡{AT 26

--ENTRY P0 I NTS-- (lO=R)
-NAI'IE - - - AD DRE SS --ARGS - _ -

T0t'4vP 208 0

-- | /0 UN I TS-- (tO=R)
-NAI4E--- PROPERTI ES----

TAPE r F¡4TlSEQ
TAPE2 FHTISEQ

_-STATISTICS--

PR0GRAi4-UN lT LENGTH 2261+8 = 1204
cM STORAGE USED 575008 = 2t+38t+
co¡,lPrlt Tr¡4E 0.556 sEc0NDs

FTN 5.0+508 8\/12

--STATEI'lENT LABILS-- (TO=R)

-LABEL-ADDRESS-----PROPERT I ES-_--DEF _LABEL-ADDRESS-----PROPERT I ES----DEF

50 r 608 F 0Ri4AT 28
6o r NAcr r vE Do-TERr4 3\
70 r 638 FORIç1AT 36
8o I NAcr tvE Do*TERI'I 3l

-320*



-32r-

APPEND I X-B

SELECTED PUBL I CAT I ONS



.EiELI øffiffiffi THA.[\üSACTIOhJS C]þd
A CENTURY OF ELECÍRICÂL PROGRESS

JUhtE 't984 VOLUME MI-3 NUMBER 2 (rssN 0278-0062)

Editorial
Editorial

M. Plotkin
A. B. Brill

49
50

PAPERS

Spatial Resolution in NMR Imaging
. . . . L. E. Crooks, L- Kaufman, J. Hoenninger, M. Arakawa, J. Watts, and C. R. Cannon

Nevoscopy: Three-Dimensional Computed Tomography of Nevi and Melanomas In Situ by Transillumination . . . .

nou,i", óår"i" r..r,"iq"", r", oiei,"i;;;;;;il; "iìi" H.",i :: .:'.".::?: ""'o:'' ".'0.:. y '*:::::"
. . . . K. H. Höhne, U. Obermõller, M. Ríemer, and G. Witte

The Effect of Accidental Coincidences in Time-of-Flight Positron Emission Tomography
T. J. Holmes, D. L. Snyder, and D. C' Ficke 68

''^:'"::1l::"::i::^*:l:li^,ii*:T"¿;:,i'::;:,uu:^:)io,;,w iouna,,,,i ),;;,,";,;;; H c i",k,;;
Tomographic Image Reconstruction from Incomplete View Data by Convex Projections and Direct Fourier Inversion

M. I. Sezan and H- Stark 9t

5l

54

62

80

Announcement:
IEEE Copyright

1984 Nuclear Science Symposium 99
r00Information



TomoEraphy of Nevi and fVlelanomas
fn Situ by T'ransillumination

ATAM P. DHAWAN, RICHARD GORDON, ¡.NO RANGARAJ M. RANGAYYAN

Absttoct-The thickness of a malignant news has been found to be

an important prognostic factor for patients with melanoma. We have

designed a new method of imaging nevi that permits thei¡ thickness to
be me¿su¡ed in sifa. Using fiber optics directed into the sunounding
skin, we transilluminate the nevus. Tfuee images are picked up by a
digitizing TV came¡¿: the vertical image (90o), a glancing image (180'),
and one at 45o, obtained by using two front-silvered mir¡ors held next
to the nevus in a "nevoscope." The digitized images are used in a com-
puted tomography atgorithm to calculate approximate vertical cross

sections of the news. The algorithm is one we recently developed to
permit reconstruction f¡om a very few projections

Ou¡ method is completely noninvasive. It may be used to check all
the neú on a patient. Without excisions, we could establish a baseline

th¡eedimensional shape for each nevus, follow any changes in time, and
obtain an early warning of increase in thickness and possible malignancy.

IrurRooucrtoN
-T-HE detection of melanoma in its early, curable stage is

I no* primarily left up to the patient or the general prac-

titioner. The best prognostic factor is the thickness of the

suspect nevus ("beauty mark") tll-t51. But until now this
could not be measured directly without excision and histol-
ogical sectioning. Consequently, attempts have been made to
correlate other signs and symptoms with tumor thickness
during the earliest stages of tumor growth. These signs are

primarily increase in size and change of color [6] . Bleeding,
ulceration, tenderness, and itching occur less frequently [7].
The primary signs are rather subtle to expect a patient to
notice, and since they involve what may be small changes in
one of a few of what may be a large number of benign nevi,
the probability of detection by the unsuspecting patient may
be quite low [8] . Moreover, significant fraction of melanomas
occur on the back, a diffìcult part to observe oneself. The
general practitioner is in a way in a worse position than the
patient, because she or he will generally have even less memory
of the previous state of each nevus. Failure to detect melanoma
early leaves the patient with a metastasizing cancer that is

among the most malignant tumors [l ] .

We have begun a research program aimed at automatic detec-

Manuscript received May 23,1984.
A. P. Dhawan and R. M. Rangayyan a¡e with the Department of Elec-

trical Engineering, University of Manitoba, Winnipeg, Man., Canada
R3T 2N2.

R. Gordon is rvith the Departments of Pathology, Radiology, Elec-
trical Engineering, and Zoology, University of Manitoba, Winnipeg,
Man., Canada R3E OW3.
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Nevoscopy: Th ree- D ¡mens¡ona I Computed

tion of early melanoma [9] . We hope to replace the current
dependence on human memory of nevi and thei¡ changes by
quantitative recording and interpretation of computerized
images. In our fìrst approach [10] we developed a new
method of boundary detection that isolates the image of a

news from that of the surrounding skin. In this paper we will
1) show a new method for looking at nevi by transillumi-
nation; 2) demonstrate the prototype of a new device that we
call a "nevoscope" that obtains th¡ee views of a nevus simul-
taneously; 3) show how these three views may be combined,
using new computed tomography algorithms that we have

developed, to produce an approximate th¡ee-dimensional
reconstruction of the nevus from which we can measure the
thickness and width and obtain some details of its internal
structure; and 4) show preliminary results comparing our com-
puted tomography reconstructions with lListological sections
of the same news excised from a cadaver after nevoscopy.

MerERrRl,s n¡¡n Metuons

We built our nevoscope out of a plexiglass cylinder machined

to fìt around the objective lens of a Wild M8 stereomicroscope.

Nylon screws permit it to be moved up and down along the

tube of the objective lens for focusing. A plexiglass plate

screws into the bottom of the cylinder. This plate (Fig. l)
contains a trapezoidal slot. Two front surface mirrors (9 X
19 X 1.8 mm) were glued onto the slanted partsof the slot at

intended angles of 45o and 22.5o from the vertical. The actual
angles were measured by reflection of a beam of light and were
found to be 45o and 23" , respectively. Light for imaging was

provided by a Volpi heat filtered illuminator using Philips 15

V, 150 W bulbs. Two of its three fìber optics bundles were

directed in a plane perpendicular to the slot through two holes

drilled at 45o through the cylinder and the plate (Fig. l).
These were allowed to protrude slightly (2 mm) so that they
would dent the skin and make direct contact with it. (The
protruding edges of the mirrors were ground down with a

carborundum stone to allow the skin to bulge inwards next
to the silvered surfaces.) Some of the superfìcially backscat-
tered light was blocked off with black tape on the walls of
the trapezoidal slot. The transilluminated image, so obtained,
was recorded on 35 mm Panatonic-X (Kodak) film and then
the film was digitized as described below.

For surface illumination, the thi¡d fìber optics bundle was

0278-0062184/0600-00s4$01.00 o r 984 IEEE



DÌ{AWAN dr d¡. : N EVOSCOPY

(b)

Fig, 1. (a)The prototype nevoscope: side view, as mounted on a stereo-
microscope. (b) (i) represents viewing angles of images yielded by
nevoscope, (ii) represents sectional view, and (iii) represents mi¡ror
bearing plate of ihe nevoscope. Ml andM2 a¡e the front silve¡ed mi¡-
rors. ,l¡ and H2 ate holes for fiber optics bundles to transilluminate
the skin.

directed at the nevus through the transparent cylinder. The

transillumination was not blocked.

Computed tomograms ol nevi and simulated nevi were dis-

played on a Conrac color television monitor via a 512 X 480

pixel Grinnell lrame bufler with l0 bit planes connected to a

Cyber computer via a CAMAC crate. Image enhancement,

thresholding, and boundary tracing were carried out using our

Manitoba Video Processor (MVP) software. Digitization was

accomplished at 6 bits density resolution with averaging o[ 8
consecutive video lrames by the frame b'uffer. The video

--tr -rc
=q lA--_l -__rJ fã-\fl

L--l $Ur.,
** 

'cul

--Y,-re

L*tr
Fig. 2. A schematic representation ofgeometric deconvolution.

image was acquired with a Sony video camera using a Nikon

55 mm macro lens on a C-mount adapter.

For the reconstructions of the simulated nevi and nevi images,

three computed tomography algorithms were used: multipli'
cative ART (atgebraic reconstruction technique) [12], streak

preventive ART with adaptive fìltering or SPARTAF [13],
and multiplicative ART with geometric deconvolution [14],
[15]. Multiplicative ART is an ordinary iterative computed

tomography algorithm. SPARTAF is an ART'like algorithm
oriented towards prevention of streaks via optimization of a

cost function based on features of streaks, subject to the con-

straints of given projection data. This object dependent

method employs pattern recognition of streaks and adaptive

filtering during iterative ieconstruction by ART.
In geometric deconvolution we lust reconstruct a known

test pattern A (Fig.2) using projection data P¡ , Pz,"' , Pr

from a limited set of known views at angles at,Q2,"' ,Qt.
The reconstruction is performed using a linear computed
tomography algorithm I. If the test Pattern is a point, as

shown in Fig. 2, we obtain the point-spread function of the

reconstruction process, as in image B. A projection Qi of B
at a new angle 01 is now calculated. The projection Bt of test

image .4 is also calculated. We can now compute Cif , the
function that deconvolves Qi, to give 0t. Next we recon-

struct our unknown image C, using the linear algorithm I and

its known projections Rt, Rz, " ' , R, at angles û1, û2, " ' ,

a¡ obtaining image D, with the characteristic geometric distor'
tion. A projection 51 at the angle 0¡, for which we have no

projection knorvn, is calculated from image D. Si is then de-

convolved using Ce,t, to obtain an estimated projection Sr, at

angle 0t, of the unknorvn object C. This operation is per-

formed for the complementary set of angles chosen. The

combined set of projections is then used for reconstruction by
another computed tomography algorithm R. Algorithm R

may be nonlinear, object dependent, and may incorporate
a priori information. The result is image E, a reconstruction o[

Ax"
(r)
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Fig. 3. Incident illumination image of a nevus (on a cadaver) and its
reflections in the trvo mirrors of the nevoscope. The scale is indicated
by the separation of the mirrors, which is 3.3 mm.

the unknown object with some of the geometric distortion of
irnage D removed. Because geometric deconvolution allows

any combination of linear and nonlinear computed tomog'
raphy algorithms, we refer to it as a "meta-algorithrn." In this
paper lve have used multiplicative ART for both reconstruc-

tion stages in geometric deconvolution.
To compare the computed reconstructions with histological

sections, we used our method of imaging on a cadaver. A
nevus on the cadaver was transilluminated and photographed

using the nevoscope and then exised for histologicalsectioning.
The lesion's left top corner was marked on the skin of the
cadaver before the tissue was excised. To orie¡rt the tissue

properly for cutting sections perpendicular to the skin, we first
trimmed the tissue to a cubic shape. A dissecting needle was

pierced across the dermis to the left of the lesion. A fine wi¡e
was pushed through the needle and kept in place during fìxa-
tion to make a hole across the dermis. The fìxation used just
after excision of tissue was l0 percent neutral buffered forma-
line. The excised tissue was embedded in plastic after fixation.
330 serial sections were cut from one side of the nevus to the
other across the skin (total width l.76mm) at a thickness of
5 ¡lm on a Sorvall microtome using a glass knife. Standard
staining with hematoxylin was used [16]. After staining the
sections were mounted on slides serially with Protex coverslips.
The actual thickness of melanin on each serial section was
measured by a micrometer. Thickness was measured from the
melanin cells which were found on the surface of the skin to
the deepest cluster of melanin cells. We selected a few section
levels randomly and found the thickness of ¡nelanin part of
the nevus in each case. The results were then compared with
those obtained from the reconstruction.

Rpsulrs
Images of nevi obtained by transillumination give a direct

impression of depth when viewed in a stereomicroscope. The
images obtained of a nevus on a cadaver are shown in Figs. 3

and 4. In incident illumination, due to the bulging of the skin
into the space between the two mirrors, often one of the re-
flections cannot be seen. Nevertheless, both reflected views
are seen in transillumination, demonstrating that transiilumina-
tion is providing a means of seeing îltrottgh the skin.

Fig. 4. Transilluminated image of the same nevus and its reflections.
The direct image is in the center.

To confìrm our ability to reconstruct the third dimension
using computed tomography from only three views, we carried
out tests on the images shown in Fig. 5. (Note that the viewing
angles are double the angles at which the mirrors are mounted.)
Each image, idealizing a vertical cross section through a nevus

of a given thickness and elevation as an ellipse, was recon-
structed using the SPARTAF algorithm [13], multiplicative
ART, and multiplicative ART with geometric deconvolution.
We used 45o, 90o, and 180o as the original set of angles in
multiplicative ART and SPARTAF algorithms. The angles

used for the complementary set in geometric deconvolution
were 22.5", 67.5", 112.5", 735",and 157.5o. Even with geo-

metric deconvolution, the number of views is so small as to
result in significant anisotropic resolution.

We took our criterion of success of reconstruction to be a
reasonably accurate estimation of the width and thickness of
the nevus from the reconstructed images. To obtain such mea-
surements from the simulations, we chose a threshold for con-
touring the reconstructions. A fìt to an ellipse with horizon-
tally and vertically oriented axes was calculated by fitting it
to a boundary trace of the th¡eshold reconstruction. For this,
the reconstructed image was first converted into a binary
image, and then the boundary was traced by chain coding.
The major and minor axes were calculated by counting the
number of pixels within the boundary along the x and y axes,
respectively. Then, the area unde¡ the curve (ellipse) was cal-
culated by countíng the total number of pixels within the
boundary. As can be seen from Fig. 6, the reconstructed
major and minor axes of this fit to an ellipse match those of
the test pattern over a broad range of th¡eshold values. Thus
the choice of a threshold, anywhere within this range, is not
critical. We found that selection of a th¡eshold was required
when the SPARTAF algorithm was used. But when multipli-
cative ART with geometric deconvolution was used, this prob-
lem was taken care of by applying a suitable constraint during
the reconstruction procedure. Pixels with less than the th¡esh-
old value at any stage is the reconstruction procedure were set
to zero. Note that in multiplicative ART, a pixel, once set to
zero, remaíns so.

We also found through the results of our simulation that
multiplicative ART with geometric deconvolution gave a bet-
te¡ reconstruction of the test pattern contour without ap-
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plying any external th¡eshold. The ellipse fitting method

verifìed that such reconstruction yielded values of the axes and

area very close to their actual values (within 2 percent). Multi-
plicative ART with geometric deconvolution appeared to give

the best reconstruction, retaining the internal structure of nevi

when compared with the images produced by the SPARTAF

and multiplicative ART algorithms. To test this observation

objectively, we designed test patterns with some internal

structure (circles with different densities inside an ellipse) and

reconstructed them with the three algorithms. The con.rparison

showed that multiplicative ART with geometric deconvolu-

tion, in spite of introducing some noise because of the inverse

fìltering used, not only reconstructed the test patterns with

(e)

Fig.5. Compute¡ simulations ofreconstructions ofelliptical "nevi." (a)_Test pattern ofeccentricityof0.78, a¡bitrary den'

ities of ZO,ZOO,and 2 were assigned to skin, news, ãnd air, respectively. Reconstructions were made of the test pattern

*itf, 
"ngf"r'of¿3., 

90", and l8õ". The SPARTAF algorithm was used. (b) Tlueshold reconstruction of the test pattern

anditsieconst¡uctionbySpARTAFasin(a). Athrésholdof ll0unitswasapplied.(c),(d),(e)Showtestpatternsof
different geometric structures at extreme left. Reconstructions of the test patterns using multiplicå{". ê.nf rvith anglcs

;i'¿j;; én;;¿ äOJ 
"t" 

in the middle. Reconstruction of the test patterns using multiplicative ART with geometric de-

convolution, where the complinrentary angles fill in every 22,5",are at the extleme light.

better contours, but retained the internal structure as well.

The othe¡ algorithms blurred out the internal structure (Fig. 5).

From the digitized images of a transilluminated nevus, we

computed the pixel dimension by equating the number of
pixels between mirror lines (seen in Fig. 4) to the actual sep-

aration of the mirrors in the nevoscope (3.3 rnm). Fronl this

we identifìed the corresponding histological serial sections'

Two sections, one 0.88 mm away and the other 1.705 mm

away from the left edge of the nevus are shown in Fig. 7 (a)

and (b), respectively. These sections are shown with a magni-

fication of 180. The computed reconstructions of the trans-

illurninated cadaver nevus at sectiotr lines 20, 40, 50, 60,70,
and 80 (corresponding to the histological sections 0.055,
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0.605,0.88, 1.155, 1.43, and 1.705 mm away from left edge

of nevus) are shown in Fig. 8(a), (b), (c), (d), (e), and (f),
respectively, zoomed by a factor of 4. We estimate the error
in this correspondence to be + 3 sections. Reconstructions
corresponding to the sections shown in Fig. 7(a) and (b) are
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Fig. 6. Plots of the measured major and mino¡ axeS of the elliptical fit to the contou¡ed reconst¡uction of Fig. 5(a). The
eccenticity of the ellipse (cla,w\erc c is the distance from the center to a focus and¿ is the semimajor axis) and the a¡ea

of the ellipse are also shown ve¡sus threshold, along with their true values.

Fig. ?. (a) Histological serial section of the nevus at 0.088 mm away from the left edge of news. Measured thickness of
nevus is 0,512 mm, The scale bar represents 100 ¡¡m. (b) Histological se¡ial section of the news at 1.43 mm far from
theleftedgeofthenews. Measuredthicknessis0.5S6mm. Thescaleba¡representsl00pm.

shown in Fig. 8(c) and (e), respectively. Thicknesses ofthese
reconstructions were computed as 0.495 and 0.565 mm, which
are 3.32 and 3.58 percent less than those observed by histol-
ogy. Table I shows the percentage error in measuring thick-
ness at different section levels.
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(e) (f)

Fig. g. (a), (b), (c), (d), (e), and (f) Reconstfuctions of the transilluminated nevus of Fig. 4. Reconstructions have been

obtained "t 
,".üäi íiràr zo, +ò,-so, 60;10, and 80 of the 101 x 101 pixels digitized t¡ansilluminated nevus imases'

The most distal section is shown in nig. A(Ð. The scale bar represents 2b0 pm' The corresponding reconstructions to

the sections shown in Fig. 7(a) and ¡u¡ ió sno*n in Fig, 8(cJ and (e), respectively. Their computed thicknesses a¡e

0.495 and 0.565 mm, resPectivelY.

DlscussloN Similarly, areas marked by arrows in Fig' 7(b) and 8(e) look

A comparison of Figs. 7(a) and g(c) shows the similarity alike. Note that no circular melanin cell structured is found

between the histological sections and computed reconstruc- in the histological section of Fig. 7(a) or in the corresponding

tions. The areas marked by arrows in these figrr", look alike. reconstruction' But a ring is seen in both the histological
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Nevoscopy could also be carried out using emitted i¡lfrared
liglrt. This would be a for¡n of microthermography. Micro-
thermography (or infrared microscopy) [20], [21] might
show up the earliest stages of reddening or erythema often
associated with nrelanoma. Of course, inf¡ared transillumina-
tion of nevi could also be considered Í221-[24].

The skin is tl-re largest and most accessible organ, yet investi-
gation of its pathology has tended to be along t¡aditional lines.

We hope our efforts here point to a new research direction and

will be a step towards autornated detection of skin cancer in
its early stages.
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Conrputcd % crror
thickness

0.055 mnt
0.605 nrm
0.88 mm
1.155 mm
1.43 mrn
1.705 mm

20 0.262 mm
40 0.458 nu¡
50 0.512 mm
60 0.54 mm
'10 0.586 ntnt
80 0.34 mm

0.2?5 nrnr +4.96
0.44 nrm -4.09
0.495 mm -3.32
0.523 mm -3.15
0.565 mm -3.58
0.358 nrm +5.29

Width of nevus measured parallei to mirror axis = 1.76 mm.
Pixel dimension: I pixel = 0.0275 mm.

section in Fig. 7(b) and in the corresponding reconstruction

[Fig. 8(e)]. Thus, not only the thickness, but some of the

details of the morphology are also recoverable by limited-view

computed tomography of transilluminated nevi.

Th¡ee controllable factors could lead to significant improve-

ments in our reconstructed images of nevi. First, the l80o

vie¡v of a nervus is out of focus because of its longer optical
path length to the microscope. We are developing a correction
plate to bring all three images to a common focus. Second,

use of inverse fìltering in geometric deconvolution introduces
noise in the reconstruction. We are developing a new algo'

rithm which uses two-dimensional Wiener deconvolution to
remove noise and geometric artifacts in limited-view recon-

structions. Third, only three views were used. We are de-

signing a nevoscope with more mfurors or rotatable mfurors.

We have presented a new method for imaging skin lesions to
detect changes in thickness, size, and shape of nevi without
excisíng them. This noninvasive technique could be used to

detect the early stages of the transformation of a nevus into
melanoma, when it is easy to save the life of the patient.

Computed tomography by transillumination is a case of the

inverse radiation transfer problem, and received its fust mathe-

matical solution in this form by Chandrasekhar [17]. We have

treated it in a simpler fashion, in effect assuming that the
nevus acts as an absorbing object seen against a bright (transil-

luminated) background. A more precise treatnent, using the

mathematics of radiative transfer, might lead to more precise

reconstructions [18].
Nevoscopy could be genetalized for the investigation of

other dermatological problems. For instance, the problem of
measuring skin thickness without using ionizing radiation [19]
might be solvable by transillumination, especially if grazing

images were recorded at different wavelengths and subt¡acted
from one another (a multispectral approach). A general-

purpose instrument for skin investigation might be called a

"3-D dermascope." It could be carried by a computer con-

t¡olled robot, which then becomes a "skin scanner." Methods

of pattern recognition, computer vision, image processing, and

artificial intelligence would have to be developed to enable the
skin scanner to locate the same lesion at different times, de-

termine its nature (papule, pustule, nevus, rrrclanoma, etc.),
and calculate ifsignificant changes have occurred.
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ABSTRACT

Cornputed Tomography (cr¡ rnages
reconstrucÈed using a limiÈed nunber of
projecÈions, measured over a narrow angle range,
are characEerized by approximaEelyellipLical
distorÈion along the view angles used, and poor
contrasE at angles not used. This sysEemaÈic
geonetric disEorÈion is caused by the two
dimensional point spread funccion of the
reconstrucEion process. In this paper, we show
ÈhaÈ such geometrÍc distortion and oÈher
artifacts introduced in the reconsÈruction
process can be reduced substanEially by
deconvoluÈion performed via Wiener filt.ering
using a priori knowledge derived fron Ehe given
projecÈions. The tr¡o-di¡nenslonal sysEem cransfer
funcËion used in the deconvolut.Íon fs obtained
from the reconstruction of a EesÈ ímage by a
Iinear reconsÈrucÈion elgorithn (unconsErained

There, deconvolutlon was perforned vla inverse
ftltering using one-dimensional Projections
lnstead of the two-dimensional lmage. The
results, however, were noisy. Also, the method
requlred a second reconstrucElon process.

The ordinary reconsÈruction process
introduces a systenatic geomeErlc distorEion and
other arÈifacÈs in the reconsÈructed lmage where
Ehe projection infornation provided is
lncomplete. l,le have the followlng problem: Given
a dist.orEed reconsEruccion' conpute a

distortion-free and nolse-free reconstruction of
the image. In oÈher words, decoBvolve Ehe

geometric distortion and artifacts" If r¿e

resEricÈ ourselves t.o a linear reconsErucEion
algorlLhm such as unconsÈrained multtPðiçfltive
Algebraic ReconsÈruction Technique (ART)-'-" the
problern reduces to esÈimat.ing Lhe poinÈ spread
funcÈion of Ehe sysÈem for a given set of
projecÈions and perforrnlng apPropriaEe
deconvolutLon.

II!9-!ITET9I9I4! DECONVOLUTION METHOD

I,Je perf or:rn 2D deconvoluÈion on Èhe

linited-vies reconsEructlon of an unknown lnage
via Wiener filterlng to remove distortion and
obtaln a noise-free resÈored iurage. We nake use
of a priorí knowledge derlved fron the given
projectlons ln the formulaEion of the Wiener
fllter, The 1Í¡nited-vie¡¿ reconsEruction should
be obÈained frorn a linear reconstrucrlon
algori chm.

LeÈ us assuEe ÈhaÈ the reconsLructlon
process produces a degraded image g(x,y) fron
the gLven Project+9ns of an unknown fuoage

f(x,y), rnodeled as:^'

c(x,y) = h(x,Y)*f(x,Y) + n(x,Y)
(r)

Recons ÈucÈion

INTRODUCTION

Inages reconsÈrucÈed using a lirnited nurnber

of projections suffer fron a sysLematic
g"orèrrlc distorion due to Èhe two dlnenslonal
(2D) poinl spread funcÈf.on of Ehe reconsEructlon
process' We shor¿ that sçch SeorneÈrLc distortion
and oÈher arÈifacÈsr introduced fn Ehe

reconstruction process can be reduced
substantlally by deconvolutLon Performed vla
Wlener filtering usLng e prfori knowledge
derived fron Èhe glven projecÈlons. The use of
a prlori knowledge in restoring Èhe iuage
ãUtãne¿ from linlted2d6ca_¡.=. been lnvestlgaLed

aÈtempt has been nade Eo fÍ1l Èhe nisslng
spatlal frequency fnforrnation ln Èhe

làconstructed ínage. The use of Fourier
expansfon rnlninizatlon EeÈhRds ls suggested by
Inouye', Tan and Parez-Mendez", and others Eo

compuÈe lnEerpolated projecrions. These are the
iteracfve schemes whlch estlente Ehe rnissing
vLews. These nethods are computaionally conplex
and Èime consumlng. Moreover Èhey Eay not
restore the irnage r¿ell Íf Èhe number of known

vier¡s is very srnall. I'Je proposed a sinple nethod
of removing thezgeolneÈrLca1 dfstorLlon fn our
prevfos paper' by geomeErlc deconvolutfon'

by various aut.hors ' In these neEhods an

where h(x,y) is Lhe Ewo-dÍmensional (2D) poÍnÈ
spread function of the reconstruction Process
and n(x,y) is the noise inÈroduced' The lurage

resÈoration problem can be nri^tÈen as Ehat of
obtainfng an aPProxinaÈion 1(",y) to f(x'y) 

'
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given g(x,y) and a knowledge of h(x,y) and
n(x,y). The l,liener f f lter^esrimate gives 1(u,v),
the Fourier transform of 'f(x,y), as:

/\17
F(u,v),= [H' (u,v)/(H-(u,v)+I.J(u,v) ) ]c(u,v)/H(u, v)

(2)

"h.r. C(,r,r,) fs the Fourier Èransform of g(x,y),
H(u,v) ls Èhe sysÈem Èransfer functlon, and
W(u,v) is Èhe noise-to-signal raEio function ln
frequency donafn.

The sysÈem Èransfer functfon H(u,v) is
obtained fron the reconstruction of a poinÈ
image by the chosen linear recons tructLon
algorithn for Ehe glven set of angles. These
angles are the saoe as those for shich the
projecÈions of the unknoqm ímage are available.
He cotrpute Èhe Fourier spectra of the point
image and its reconsEruction, say J(u,v) and
K(u,v) respectlvely. The 2D systen transfer
function (or modulation transfer funcrion I'fIF)
is nor¿ compuËed as:

H(u,v) = K(u,v)/J(u,v)

where the noise is assuned to be zero,

Ideally, K(u,v) should be the same as Èhe
system functl.on H(u,v) (when J(u,v) is unity for
an Ídeal impulse). But Ehe system Èransfer
funcÈion differs from K(u,v) because of the
finite extenÈ of the poinc image, ç¡hlch
inÈroduces a resldual phase error tn K(u,v).

The approach we have taken is as follows:
To begin !¡iEh, we obtain an inítial
reconstrucÈion of the unknown inage by a linear
recons trucLíon algorÍÈhm (uncons Èrained
nulEiplfcative ÀRT) frour Ehe known projectfons.
To formulate the I,rÍener filÈer for
deconvoluELon, we make use of a prlori knowledge
derlved from the origlnal prqieãîTon daÈa. From
Èhe Fourier slice theoren, we know ÈhaE the
one-dfuensl.onal (1D) Fourier transforn of a
projecÈlon corresponds to a radlal sllce of the
2D Fourier Èransform of Ehe lnage, at a
corresponding ang1e. We compute the average of
Èhe know¡ projections, and Èake iÈs lD Fourler
transform. FroD Èhis r.¡e obtain Èhe average lD
Fourier specErun ln Ehe projection domain. l.Ìe
fill Èhe 2D Fourler specErum of Ehe liolted-vlew
reconsÈruction uslng thls average "slice" to
conpuÈe an interpolaÈed spectrun. Let this
spectrum be denoted by S(u,v). I,Ie assuroe a whLÈe
nofse spectrun N(u,v) ¡¿iËh a total energy equal
Eo a small percentage of che total energy ín the
foage, as conputed from LÈs lnterpolqted energy
specÈral denslry tS(u, v) I '. A
2D noise-to-slgnal-ratio funcÈfon is now
conpuÈed as:

tl(u,v) = lN(u,*,) l2lls(,r,v) l2 (4)

Thls is used in the Wiener filcer EquaÈion (2).

The res Eored lmage may be obEailed by
Eaklng the lnverse Fouríer Èransform of î(u,v¡.
It has been found from our experLments that
choice of the value of N(u,v) is very critÍcal
to achleve optimum restoraEion. Values of N(u,v)
other Èhan the one Èhat gives optimum
restoration cause some excessive values in Èhe
Fourier spectrum î(u,v). These values may be
cllpped using Ehe inÈerpolated Fourier spectrum
of limited-vier¡ reconstruction S(u,v) as a 2D
cllpplng function. After cLípping we take the
inverse Fourier transforn of the specÈrum to
yield the restored image. Fast Fourler Eransform
(FFT) techniques are used rhroughout the
procedure.

(3)

RESULTS AND DI SCUSS IONS

lJe first obtained the 2D poinr spread
function of Ehe recons Ëruct ion process by
reconsÈrucÈing a point image by mulLiplicative
ART using the given seE of angles. We observed
from a comparison of the Fourier spectra of the
point image and iÈs reconsErucÈion lhat the
phase values at radial sectlons corresponding to
Èhe projecEions used were símilar in the lower
spaÈial frequency regíon. But, !¡hen K(u,v) r,ras
used in place of H(u, v) in Eq. Z for
deconvolution, different phase values were
observed for the same radial secÈions for the
deconvolved spectrum (Fourler spectrum of t.he
reslored image). Thís resulted Ín a noisy image
when Èhe inverse FFT lras Èaken. We then obtained
the sysÈem Èransfer funcÈion H(u,v) from Eq. 3
and found Ehat the phase values aÈ radial
sections corresponding to the knonn projecEions
in Èhe low spatial frequency region v¡ere zero.
I,Ie were able Èo perform proper deconvolution
when H(u,v) thus obtained r¡as used in Eq. 2.

l.le used a les È image consisting of a disc
in an elJ-ípse lriÈh Ehe grey lével of 255 and 175
respecÈlvely on a 0-255 grey 1eve1 scale. The
background Ín Èhe tesÈ image was assígned grey
leve1 value of 20. The tesÈ iamge and fËs
linfted-vier¿ reconstrucEion obtained by
unconsÈrained multiplicatlve ART using eÍghr
views aE 55, 65, 75, 85, 95,105,115, and
125 deg. are shown fn Figures I and 2
respectively. the characEerf.stic geonetric
distorÈ1on ln the limlÈed-vfew reconstruction
can be seen along Èhe vl.ew angles used in the
reconsLruction process. The FourLer specÈra of
the tesE lrnage (Figure 1) and iÈs reconsÈructlon
(Figure 2) are shown 1n Figures 3 and 4. It is
evident fron a comparison of Figures 3 and 4

that the Fourier specÈEum of Ehe lfmiced-view
reconstrucÈion has no significanc spaÈiaI
frequency informaÈion along radial secÈions
correspondlng Èo Ehe angles noÈ used in Èhe
reconsÈrucEÍon process. We coEputed the sysÈem
transfer functLon H(u,v) from Eq. 3. The
inrerpolated FourLer spectrun of the

i.:;
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Flgure 2. Linited-vlew 'reconstruccLon of Èhe

a.3t--ir"g" by nultlPllbaElve ÄRT uslng elghc

vier.rs aE 55, 65, 7 5, ' ' ' ' ,125 deg'

limlted-view reconstruction obtained as

explained above, r{as used Èo comPuÈe Èhe 2D

noise-to-slgnal ratio funcEion 1'l(u,v) assuming a

whlte noise spectrum N(u,v) wÍth a consÈant

value equal Èo 2.O% of the varlance of the

r".on"tt,r"È"d lmage g(x,y)' Figures 5 and 6 show

Èhe lnterpolateã spectrum and !h" 2D

noise-to-sllnal ratio funcÈlon' We performed 2D

deconvolutlon using Eq. 2' The specErum Èhus

obtalned ls shown ln Flgure 7, whlch shows some

excesslvely large values as brfght spots '
However, itt" deconvolved sPecÈrum shot¿s the

specÈral comPonents ln regions for which no

lnformaÈlon was avaflable in the Fourier
spectrum of the ltnited-view reconstrucÈion
(ifgure 4). The 2D noise-to-signal râtlo
function ¡r(u,v) in Eq. 2 can be regarded as a

modificatlon functlon which sr¡oochs 1/H(u'v) in
order to provide optlmum restoratlon' To achleve
optlmal iescoratlon W(u, v) nust be obcained

,rÀtng the exact nodel of the nolse functlon
¡l(u,v) ln Eq' 4. which is difflcult' Slnce ne

have """,rt"d 
Èhe noise to be whlEe, dlfferent

values of N(u,v) (whlch ls a constanÈ, in case

of whlte nolse) wl11 glve dlfferent resEoraÈion
performances. To obÈain an oPEimaI or a

sub-optimal value of N(u,v), one has to Ery a

few vàlues and Èhen the clipping procedure may

be used to cltp the nolse in Èhe deconvolved

spectruD' Thus, Èhe criLical dependence on

N(u,v) nay be reduced Eo a certain exÈent' The

deconvolved specErum after clipplng ls shown 1n

Figure 8. The noise ln Èhe higher frequency
r"!lon is alnosÈ removed in the clipped sPecErum

whlch looks snoother Ehan Èhe deconvolved
spectrun shor¿n ln Figure 7' The lnverse FFT of
tire clippect spectrum' which ls the resÈored

inage, 
-is 

shor¿n ln Figure 9' In the restored
irnale tt ís evLdenÈ thaE most of Ehe geÔmetric
disior¿ion and arÈLfaccs are renoved by Èhe 2D

deconvolution perforned via l'liener fllterlng'

We also found from our experlmenÈs ÈhaÈ

berÈer results were obtalned when the sysÈem

transfer function H(u,v) was obtalned from a

basis inage conÈalnlng a disc insEead of a pofnt
iange. Tñus the systetr Èransfer funcEl'on rnay be

obtained fron a basis lnage b(x,y) based on some

jl_prt_ort infornation about Ehe geonetr+tal3shape
ãr= trte- object Èo be reconstrucÈed'-'
exarople, the basls fnage may be a disc for
ob5ects having cfrcular strucEures' The funcÈ1on
H(u,v) can be obEalned as follows:

Flgure 1. A EesÈ lnage'

H(u,v) = ¡1g,s)/n(u'v)
(s)

where B(u,v) fs Èhe Fourier sPecÈrun of basfs
lnage b(x,y), and D(u,v) fs the Fourler sPectru¡n
of the ràconstrucEion of the basls lmage' The

noise has been assuned to be leÊo here es in
Eq. 3. The irnage restored from Ehe linlted-vleç¡
reconstrucllon (figure 2) uslng the system

I

Figure 3' Fourler spectrum of the test Lmage'
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Figure 4. Fourier sPecErum
image, shown Ln Flgure 2.

of the reconstructed

Figure 5. The lnterPolaEed sPecÈrulo of
r¡hfch is used to obÈain the
nolse-to-sfgnal raEio functlon, and also
a clipping funcÈÍon.

Fígure 7. The deconvolved sPectrum
after tJiener deconvolutlon. The sysÈem

Function H(u,v) was obÈalned from the

obÈained
t. rans fe r
2D point

inage obtained by taking
the spectrum shown in

Ftgure 4

rhe 2D

used as

spread function.

Figure 8. The deconvolved specErum after
cllpping.

Figure 9. The restored
the inverse FFT of
Figure 8.

:i
.'l
:,. I'i

.: I,::l
iliì

Ffgure 6. The 2D noise-to-signal raEio funcÈion.
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Figure 10. The resÈored image when a disc image

waË r.r.ed as a basis funcÈion to obtain the

sysÈem transfer function H(u,v)'

transfer function obÈained from a disc image of
radius 6 pixels, is shown in Figure 10' It is
evident from a comparison of the two resÈored
images (shown in Figures 9 and l0) that
resioralion is beLter when a disc is used to
obtain Èhe sysEem transfer function' The clrcle
is restored beÈler in Figure I0.
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CONCLUSION

l,le have described a deconvolution method
for removing geomeEric disÈortion and arÈifacEs
in lini ted-view recons truction by using the
lliener filter method. We believe the success
achieved here is due to our novel nethod for use

of g pr!S4 knowledge derived from Ehe knovn
pro¡ãctions, both in obEaining the
noise-to-signal ratLo funcEion for use in the
!,liener filrer as well as Èhe clipping procedure'
We are now applying Èhese techniques Èo

restoration of reconstruccions obtained by

símple back projection meÈhod. Our Eethods
should improve images obÈained in many

applicaÈions of llmiÈed-view computed
tonography, such âs elecEron microscopy,
induicrial non-destructive testing, and comPuted

tomography from a few radiographs'
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rmage Restoratlon by Two-Dimensional Deconvolutfon in

Llnl ted-Vlew Recons tructlon

A.P. Dhawan, R.M. Rangayyan and R. Gordon

Unfversfty of Manf toba, I,Ilnnipeg, Canada R3T 2N2

The use of a priorl knowledge in restorfng images reco-nstructed usingllnited data has æìn rnvesrtgared by variou" r"Ïnoi"-ii-;i-i; rhese merhodsan attempt has been made to fill the missÍng spatiat frequency informationin the reconstrucÈed lmage. The use of an.optical feedback systen [2] andthe use of a Fourfer expanslon rniniuization rulhod t5] have ¡ãun suggestedto recover the lost ínformation. The main disadvantge of these Ëechniques isthat they are very tÍme consuming.

The ordinary reconstruction process introduces systenatic dfstortionand artlfacts in the reconsËructed funage. I"Ie have Ëhe followfng problem:Glven a distorted reconsEructlon, compute a distortion and nolse-freereconstructlon of the lmage. In other words, deconvolve Ëhe geonetricdistortion and artÍfacts rf we restrict ourselves to a línear reconstructionalgorithm such as unconstrained multiplicaÈlve AlgebraÍc ReconstrucLíon
Technique [ART] t6l the problem reduces to estinarlng rhe point spreadfunction of the sysEem for a given set of projeãtions and perforning
appropríaËe deconvolution. (see also [7])

LeË us assume that the reconstructÍon process produces a degraded fmageg(x,y) frorn the given projections of an unknown fnage f(x,y), rnodeled as(see IBJ ):

g(x,y) = h(x,y)*f(x,y) * n(x,y)
(1)

where h(x,y) is the tr¡o-diuensional (2D) polnt spread function of thereconstructfon process and n(x,y) is Ehe noise introduced. The image
A:"to:t:io:, problem can be writËen as that of obtaining an approxi.rnation
f (x,y) to f (x,y), given g(x,yl and a knowledge of h(x,y) and "t*,y). Thewiener filter estimate gives'È(u,v), the Fourier transform of f(x,y), as:

,^1,)
F(u,v) = [H'(u,v) / (H' (u,v)*W(u,v) )]G(u, v)/tt(u,v)

(2)

The systeE transfer functlon H(urv) is obtained from the reconstruction
of a pofnt inage by the chosen linear reconstructlon algoríÈhn for the givenset of angles. These angles are the same for which the projections of the
unknown inage are available. We compute Fourier spectra of the point iurageand lts reconsEruction, say J(u,v) and K(u,v) respecÈively. The 2D systãrotransfer function (or nodulation transfer funcÈion rrf) ts ntw compu¡ed as:

H(u, v) = K(u, v)/J(u, v)
(3)

systen functfon H(u,v) (whenIdeally, K(u,v) should be the same as
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J(u,v) is unity for an ideal impulse). But system
from K(u,v) because of finite extent of the point
residual phase error in K(u,v).

The approach we have taken is as follows: To

initial reconstruction of the unknown image by

transfer functlon differs
image which introduces

begin wfth, we obtain an
a linear recons truct ion

(4)

algorithm (unconstrained multiplicative ART) from the knov¡n projections.
Figures 1 and 2 show a test pattern and its reconstruction respectively. To

formulate the Wiener filter for deconvolution, we make use of a PI!o-!i
knowledge derived frora the origÍnal projecEions data. From the Fourier slice
Èheorem, we know that the one-dimensional (lD) Fourier transform of a

projection corresponds to a radial slice of the 2D Fourier transform of the
iurage, at a corresponding angle. We comPute the average of the known

projections, and take its lD Fourier transform. From this we obtain the
average lD Fourier spectrum in the projection domain. We fill the 2D Fourier
spectium of the limited-vievr reconstrucLion using this average "s1ice" to
càmpute an interpolated sPectrum. Let this sPectrum be denoted by S(u,v)' t'Ie

assume a whfte noise spectrum N(u,v) with a lotal average energy equal to a

sma1l percenÈage of the total energy in.the imgge, âs conputed from its
interpolated energy spectral denslty lS(u,v¡ l'. A 2D noise-to-signal-ratio
functÍon is now comPuEed as:

i.r(u, v) = I n(,, ,u) ( /l s (,r,.,) I 
2

This is used in the Wiener filter Equation 2 '

The restored image nay be obtained by taking the inverse Fourier
transform of î(u,v). I,tre found from our experiments that choice of the value
of N(u,v) (a constant in case of r.¡hite noise assumption) is very critical in
achleving the optimum restoration. Values of N(u,v) other than one that
gives optirnum restoration cause some excessive values in Fourier spectrum
f(u,v). These values may be cllpped using interpolated Fourier sPectrum of
limited-view reconstrucÈion as 2D clipping function. After clipping we take
inverse Fourier transform of the spectrum to yield disÈortion-free restored
image. Fast Fourier transform techniques are used throughout the procedure.
Figùre 3 shows rhe restored image where most of the distortion has been

removed. l,Je are trying to use this deconvolution technique for restoration
of images in limited-view CT of mammography, angiography and non-destructive
testing.
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FIGURE CAPTIONS

Flgure 1. Test ftnage.

Figure 2. Liufted-vlew reconstruction of test ftnage by unconstralned
multlplicatLve ART using projections at 55, 65, 75,-..,125 deg.

Figure 3. Restored inage.

Figure 2
Flgure I

Flgure 3
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COMPUTED TONOGRAPHY BY TRANSILI,UMINATION TO DETECT

EARLY MELANO¡ÍA

* **
Aram P. Dhawan , Richard Gordon and Rangaraj M'Rangayyan

Departments of lìlectrical Engineering and Radiology ' University
Winnipeg, Manitoba, Canada R3T 2N2

of Manf toba

Melanoma is the most malignant prímary
cutaneous tumor and the Ieading kil-ler in
dermatological disease. It has been found that
changes in thickness, size, and color are Ehe

best features to detect melanomas in Èhe early,
curable phase. We Present a non-invasive merhod

based on three-dimens iona I ( lD) compuEed

tomography (CT) of a nevus in :f-ql by

transilluminaÈion to detecE melanoma in early
sEages. tJe transilluminate a nevus using fibre
optics direcÈed 1nÈo the surroundlng skin' t'le

obEain three images of the trans il luminated
nevus aÈ different angles by an opÈical device
we developed called a "nevoscope". 3D

reconstruction of. the nevus is then obtained
usÍng our recently developed ItmiÈed-víew CT

algorithms. A quantitaÈive anaÌ.ysis may be

performed on consecutive 3D reconstruccions to
bring out any changes in thickness, size, color,
and sÈructure of the nevus over Eime.

INTRODUCTION

MeÌanoma is the mos E malignant prinary
cutaneous Èumor among dermatological diseases'
Often the origin of a melanoma is a pigmented
nevus. The malignant transformaÈion is
accompanied by pigmentary increase, induration,
and ulceraÈion at later stages [1]- The change
from a benign to a malignanE lesion produces
only a few warning symPtoms thaÈ are often not
observed by the patient [2]. The PEiroary siSns
are lncrease ln thickness and size, and change
ln color. Bleeding, ulceraEion, tenderness, and

ícchlng occur less frequently [1]. The Èhickness
of the lesion is found Ëo be Èhe best prognostic
facEor for clinical stage I (early) mealnoma

patients even when regional lymph nodes contain
metasÈases [3]. But unEil nor¿ this could not be

measured wiEhout excÍsion and hfscologicaL
sect.ioning of the nevus.

It has been found that primary Eumor

Èhickness and the anatomical locaÈion are the
best feaÈures to predlct Ehe survfval
relationship in clinlcal stage I Patients [2],
r¿hen cure is nore probable. Level of invasion
and thickness of the lesion have been found
htghly correlated [3].

t.re have developed an optical devfce called
a "nevoscope" Eo obtain Ehree images (a verÈical

23.5.1

image ac 90 deg., a glanclng image at 180 deg' '
and one at 45 deg. ) of the nevus which is
t.ransilluminated using Ehe fíber optics directed
into the surroundlng sktn. These images are
pÍcked up by a diSi t iz f ng TV came ra ' The

digicized lmages are used in computed tomograPhy
(CT) algorithms to ohtain vertical
cross-sections of the nevus' l'Je use our recently
developed CT algorithm which removes geometric
distortion and other arEffacts in llmited-view
reconsÈruction. This algorithm perforrns
Èwo-dimensional deconvolution via t'Jfener filter
incorporating a prior! knowledge derived from
Èhe known proiections. t'Je perform a quantitaive
analysis to obÈain the rhlckness of these
secEions. We Performed our meEhod on a cadaver
and compared the computed reconstructions of a

nevus on the cadaver, ç¡fth the histology of the
nevus.

MATERIALS AND }ÍETHODS

We builÈ our nevoscoPe out of a plexiglass
cyllnder oachined to fiÈ around the objecÈive
lens of a Wlld M8 sEereomicroscoPe' Nylon screws
permít. lt to be moved up and dor¡n along the tube
of Èhe objecÈive lens for focussing' A

plexlglass plate screrrs lnÈo Èhe boÈÈom of the
cylinder. This plate (Ftgure l) contalns a

Erapezoldal sloE. Tlro front surface mirrors
(9 ; 19 x 1.8 mm) were glued onto the slanted
parÈs of Èhe sloÈ aE lnÈended angles of 45 deg'
and 22.5 deg. fron the vertical' The actual
angles were meâsured by reflection of a bean of
Itght and were found to be 45 deg. and 23 deg'
respecÈively. LiSht for imaging was provided by

a Volpi heat flltered illuminator using
Phtlips l5V, 1501'l bulbs. Two of fts Ehree flber
optlcs bundles lrere directed in a plane
pàrpendicular Èo the slot through t!'o holes
àrilled at 45 deg through che cylfnder and the
plate (Figure I). These were allowed Èo Protrude
àffgtttty (about 2 mm) so Èhat they would dent
the skin and make direct conÈact wlÈh it' (The

prot.ruding edges of Èhe mirrors were ground down

"ittr a carborundum stone to allow Ehe skin Èo

bulge inwards next to the sllvered surfaces')
Some of the superficlally backscatÈered light
was blocked off wiÈh black tape on Èhe walls of
Ehe crapezoidal slot. The transilluminated
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image, so obcalned ' was recorded on 35 mm

Panatonic-X (Kodak) fllm and then Èhe film was

digttLzed as described below.

The lmages were displayed on a Conrac color
televlslon monitor via a 5I2 x 480 pixel
Grinnell frame buffer with I0 biE planes
connected tå a Cyber l7l computer vla a CAHAC

crate. Image enhãncemenÈ, thresholding, and

boundary tracing were carried out using our
Manitoba Video Processor (MVP) sofÈware'
Digit.izat.ion was accomplished at 6 blts density
resolutlon with averaging of I6 consecutlve
video frames by Ehe frame buffer. The video
lmage was acquired wlth a Sony vldeo camera
using a Nikon 55 mm Macro lens on a C-mount
adapter.

For the reconstruction of the simulated
neví and nevi lnages ' unconsÈralned
muLEiplicative ART (Algebrafc Reconstruction
Technlque) [4] was used. ]fultiplicaÈive ART is
an ordinary iterative computed tomography
algorithm. Ordinary reconstructfon algorithms
like ART fntroduce systenatic georneEric
distortion and artifacts in Èhe reconstructed
image. I.le used our recen!ly developed
two-dinenslonal (2D) deconvoluEion Èechnique Èo

remove geomeEric distortion fn the lmage
reconsÈructed from limlted number of vier¡s. This
2D deconvolution is based on t.he l^liener filcer
formulaÈion Íncorporating a Priori knowledge
derlved from the known projections and may be

described in brief, as follows:

Let us assume Èhat Èhe recons Èruction
process produces a degraded image g(x'y) from
the gíven ProjecÈions of an unknown image
f(x,y), modeled as [6]:

g(x,Y) = h(x,Y)*f (x,Y)+n(x,Y)

where h(x,y) is 2D pofnc spread funcÈion of the
recÕnsÈructlon process and n(x'y) is Ehe noise
inEroduced' In Èhe Fourier domain, the I'liener
fllter estlmâte gives the F(u,v) as:

t')
F(u, v) = [H¿(u,v)/(H'(u,v)+W(u, v) ) ]G(u,v)/H(u'v)

where G(u,v) ls the Fourfer specÈrun of Èhe

liElted-vie\t reconsÈructionr I'J(u'v) ls a

2D nolse-Èo-signal ratio function, and H(u,v) is
the system Èransfer funcÈion.

The sysÈem Èransfer funcÈion H(u,v) is
obtained from Èhe reconsÈruction of a disc image
of radius four pfxels by multlplicaÈive ART for
the given set of angles. These angles are che

sarne for which the projeccions of Èhe unknor¿n

fmage are available. Then we compute the Fourler
specÈra of Èhe disc Ímage and lts
reconsEructlon, say J(u,v) and K(u'v)
respecEively. The sysEem transfer function (or
modulation Èransfer functlon MTF) is no$'

coopuÈed as:

(assumtng zero noise).

The noise-Èo-sfgnal ratlo function ls
obÈalned as follows: tJe comPute the average of
the known projectÍons, and take its 1D Fourier
t.ransform. Fron this we obtafn the average lD
Fourler specErum in the projection domain. t'Je

fill the 2D Fourier spectrum of the Iimited-view
reconstructlon uslng Èhls average "slice" to
compute an inÈerpolated specÈrum. Let Ehis
spectrum be denoÈed by S(u,v). We assume a white
nolse specErum N(u, v) with a rotal average
energy equal Èo a small percentage of the total
energy 1n Èhe fmage, as computed from itt
lnterpolated energy specEral density lS(u,v) l'.
The 2D noise-to-signal raEio functlon is now

computed as:

tt(u,v) = lH(u,v) l2l ls(,r,',) l2

This is used in the Wiener fllter formulation.

The excessively large values of the
estimated Fourier spectrum F(u,v), caused by

cotrputacional problems of deconvolulon ' âre
clipped by using the interPolaEed specErum as
the 2D cltpping function' The image is obÈained
by taking Èhe inverse Fourier Èransform of the
clipped specÈrum F(u,v).

To compare Èhe computed reconsÈructions
with histological sections, we used our method
of inaging on a cadaver. A nevus on the cadaver
was transillumfnaÈed and photographed uslng 'the
nevoscope and Ehen excised for histological
sectioning. The lesion-s lefc toP corner was

marked on the skln of the cadaver before the
Eissue htas excised. To orient Èhe tissue
properly for cutÈ1ng secÈions perpendlcular Èo

the skin, lre firsÈ trimmed Ehe Èissue !o a cubLc
shape. A dlssecting needle was plerced across
the dermls Eo the lefÈ of the lesion. A flne
r¡lre lras pushed through Èhe needle and kept ln
place during flxaÈLon to make a hole acrosss the
dermis. The fixaÈlve used Just after excislon of
Èlssue r¿as l0Z neutral buffered fornaline. The

excised Èissue was erobedded ln plasÈic afEer
flxation. 330 serlal sectlons were cut from one
side of the nevus to Èhe oEher across the skfn
(total width 1.76 mn. ) at a thickness of
5 uricrons on a Sorvall mfcroÈome uslng a glass
knlfe. Standard staining wtÈh hemaEoxylin !'as
used t5l. After stainfng Èhe sections were
mounÈed on slides serlally t'tith ProÈex
coverslfps. The actual Ehlckness of melanln on

each serial sectlon r{as neasured by a

micrometer. The thickness ltas neasured from Èhe

melanin cells t¿hich were found on the surface of
the skin Èo Èhe deepest clusÈer of melanin
cells. l,le selecÈed a fen secÈion levels randomly
and found the thfckness of the melanin Part of
Èhe nevus in each case. The resulÈs were then
conpared with those obtained from the
rec ons t ruc È ion .

RESULTS
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To conflrm our abillty to reconstruct the

third dimension uslng CT algorlchms from only

Ehree vie\'Js, we carrled our test on a Eest

;;;;;t" of a simurated sectlon of the nevus'

This test paEtern as shown in Figure 3(a) has an

åiiip".-"rln four discs' The discs representÍng

melanin sLructure were asslgned a densfÈy of 200

är--r-ô-áss grey scale' The elrlpse representing

ii" .,.uu" waã asslgned a density of 170 wiEh

ir.nätå""d" of 2ó, and 2 represenÈing skin and

alr. The test pagtern, lts reconsErucEion uslng

Irfiinii...fve ART, and che resEored lmage by

;;;;;; deconvoluÈlon are shown in Ftgures 3(b)

,.ã'-:f">. The angles used in multtplicative ¿1'RT

"är" 
¿ì,'su, an¿ i8o deg' rÈ can be seen thas

rã.i "f 
the dlstortlon of the ÂRT reconstruction

is removed ln che restored fmage'

Fron Ehe digitfzed images of a

transilluminated nevusl we computed the pixel

dimenslon by equaring Ehe number of pixels
i"r*u"n mlrror lines (seen in Figure 2) to the

á"t.r.f separaeion of Èhe mirrors ln the

1""".""p" (1.¡ mm)' From Ehls h'e ldentifted the

"ã..""pàttai"g 
histological serfal sections' Two

;;;;i.;", oi. o '88 mm away and Èhe other
i.ios tt' .t.y fron Èhe lefÈ edge of the nevus

are shown in Flgures 4 and 5 resPecEively' These

sectlo.rs are shown v'lth a magnlflcatlon of 180'

il; comPuted recons tructions of Ehe

irãn"irf"tr"aÈed cadaver nevus were obcained aÈ

;";;i.' llnes 20,40, 5o' 6o' 70' and 80

(correspondlng to Èhe hfstological secÈfons

ò:õ;il;; 0.6õ5 nm, 0'605 mm, 0'88 mm' 1'r55 nn'

i:¿a;t; and 1.705 mtr awav from the left edge of

the nevus). Two reconsErucÈlons corresponding Èo

it" """tfo"" 
shor¡n ln Flgures 4 and 5 are shor'¡n

in- rfgut"" 6 and 7 respectlvely' zoomed by a

factor of 4. We esEfrlaEe the error ln Èhls

correspondence to be + 3 sections' Thlcknesses

of Èhese reconstructiãns Ítere computed as

õlr-si"ti and 0.565 nro which are 3'327" and 3'582

i"". tt.r, Ehose observed by hfstology' Table I
shows Èhe Percentage error fn measurfng

ihl"kn""" at dlfferent section levels'

Dfscuss lon

A comparLson of Flgures 4 and 6 shor¿s the

stnflarlty beÈr¡een the hlstologica1 sectlons and

coDpuEed reconsÈructlons' The areas marked by

;;;;"" fn Èhese Figures look allke' sfinllarlv

^i"t" 
marked by arrows in Ffgures 5 and 7 look

ãift". Note that no cfrcular melanln ce11

"i.,r"t,rr" 
fs found ln Èhe htstologlcal sectlon

ãi---ireu." 4 nor fn the corresponding
ru"onstiu"cion' But a ring is seen ln both Èhe

ii"iofogi..f secÈlon ln FLgure 5 1ld l-n Èhe

"o.r"pondlng 
reconstructfon (Figure 7)' Thus not

ã"iy 't¡" ihl"kn""", bur sone of the detalls of

Èhe norphology are also recoverable by

llolted-vfew conputed tomography of
Èransllluninated nevl'

Tlto controllable factors could lead Èo

signlficant lmprovemencs in our reconsÈructed

fmages of nevi. Flrst, rhe 180 deg' view of rhe

traisilLuminated nevus i s out of focus because

ãi- ir. longer opÈlcaI PaEh length to the

microscope. ú" .." developing a correctlon Plate
to bring alI ttrree images to a common foctts'
Second, ãnfy three views !¡ere used' tle ate

deslgnlng a nevoscope with more mi rrors or
rotatable mlrrors.

The skin is the largesE and mosÈ accesslble
organ, yet lnvesEigacion of lÈs pathology has

a"ã¿"á 
'ao be along traditlonal lfnes' l,le hope

our efforEs here point to a new research

directlon and wfll be a sEep Èo\''ards automaEed

detecEion of skln cancer ln lts early sEages'
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1,&"
(i)

obiective lens of microscoPe

( ii)

(iii)

Figure 1.(i). Vfesfng angles of ftoages -ylelded
by" ne.roscope. (ll). secttonal vfew, and (itl)'
rirtor" bearing plate of nevoscoPe' Mt and YZ

are Èhe fronÈ silvered ¡ofrrors' H, ãnd H, are
holes for flbre optlcs bnìndles - to
transllluutnate the skln.

Figure 3. (a). Test lmage of slmulated nevus'
(¡j fts reconstructlon by rnultlpllcatlve "ART'

and (c) image resÈored by l{lener fllter'

Ffgure 4. Hfstologlcal serLal secÈion of the the
n"*" aÈ 0.088 mrn avay from Èhe lef t edge of
nevus. Measured thickness of nevus 1s 0'512 nm'

The scale bar represenÈs 100 microne'

q-
Flgure 2. Ioages of ÈransflluminaÈed nevus as

yfãtaea by nevoscope. The scale 1s tndicaced by

ih" ".p"."uion 
of mlrrors, which ls 3'3 mm'
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Figure 5. Histological serial section oÍ the
nevus aE 1.43 mm far from the lefr edge of the
nevus. Measured thickness is 0'586 mm' The scale
bar represents 100 microns.

Figure 7. ReconsEruction of Ehe section shown in
Figure 5. The scale bar rePresents 200 microns'
The conputed vertical thickness is 0'565 mm'

Dfstånce of Lfnc rcPrescnÈ1nÂ

sectlon ¡say sectlon fn

froñ left cdge dtBltl!ed thâ8e6.

Iltstolo¿Icãl CorPutcd : error

rhlckncss thlckncss

l@s

Figure 6. ReconsÈruction of Ehe section shown ln
Figure 4. The scale bar represents 200 microns'
The computed vertical Èhickness is 0.495 mm'
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tlldth of ncvus æá3ured Paràllcl to otrror lxts - l'76 6ô

Prxcl dfncnslon - I ptxc:. ' o'O275 ñn

Table I. Table showing acÈual and computed
verEiacl thÍckness of sections along with
percentage error.
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