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Ahstract

The frontal image on the Sheowd of Turin
shown to be consistent with a bodvy shape covered
a naturally draping cloth and wvhich can be
from & singzle, global mappiog Tunction re
image shading with distance betvesn these
tws surfaces. The wvisible image on the Shrowd i
not the work of an artist in an eve/brain hand
eaordination senss, nor does it appear to be the
reault of direct contact omly, diffusion, radiation
from a hody shape or eagraviag, dabbing powder on a
bas relief, or slectrostatic imaging, The visihle
|mage on the Shroud is probably not the resalt of a
hat bas-relief impressed into cloth, but wsuch a
machaniom might he able te sceount for the Shrowd
[mage's distance correlation, resolucion, and chen=
leal atreuctues; it does not simulcaneously account
for the image residing on one side of the Shroud,
low contraat of the Shroud image, or lateral dis-
tartiona In the Shrouwd image considtent with a
deaping cloth over a bodv shape.,
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In Turin, Ttaly there exists & 14 Ffoot )

imeh limen cloch dmown as the Shrouwd of Turin.
Thia cloth contains visible discolorationa af the
apparent fromcal snd dorsal images of a human male

form (Figure 1), The image appears to be that of a
erucifigion vierim who haz been whipped, knifed in
his right side, and physically abused. These char-
sctariatica, reminiscent of what the Gospela rPeport

happeaned to Jesus, have led some to hvpothesize
that tha "Man of the Shroud” is Jesus while athecs
gtill remain cauCious, awaiting in some inatances a

radiocarbon date of the Shroud., In this paper, we
eopsider the Shroud image from a point of view that
{4 independent of the ideatification of the Man of
the Shroud and aceordingly all conclusions reached
are independent of whether or not the Shroud is the
actual burial cloth of Jesus. The genaral lavout
of che frontal and dorssl images can be interpreted
as having been produced From a body enveloped be-
tween folded halves of the Shrowd. 1Ie is in this
wenaes thar the cloth can ba interpreted as a
ihroud, Howevar, correct ecientific inguiry re-
garding the npature of the Shrood image wust
axelude the psszibiliey that the image was the work
aof an artist, possibly made to look like the burial
shroud of Jesas. LY form, the image might
have been produced by simple eve/brain/hand co-
ordination (like a painting) or by soms physical
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Figure ?

mechsniss (i_e., chemical transfar from

corpse Or Statue, )

i homan

In this paper, w discuss the Shrood
image with respect Lo its shading strocture. For
digcussions of the Shrowd image rolative te its
chemical properties as well a8 aspects of the
Shroud sutside the seope of this paper, we refer
the teader to other liceratore [(Refs. 1=-4). Dur
dincussion consiste of tws packa: Firat, we de-
termine the type of shading Atructure contained
in the Shroud image and second, we discuss var-
ious hypatheses with respeet to the type of ahad-
ing atructure determined, Our analysis of the
first part will presume nothing of the chemical
nature of the Shroud image and accordingly, this
discussion will be indepandent of image chem—
istry. In the second section, however, we dis—
cuss chemical considerations where sppropriate so
thim sihar arwdies

s Fa infeprabs paper wael

IL. CHARACTERIZATION OF SHADINC STRUCTURE

A. Discussion. Gilbert and Gilbert (Ref. 5)
and Pellicori (Ref. 6) have published spec.ral
reflectometer curves taken Jdirectly from the

Rhroud image, As a general rule, curves from
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various body image locations show similar shapa but
wary only in their offsets in reflectivity magni-
tude, At 550 om, midpoint of visual response, the
minimum absolute reflectivity (at nose) is spproxi-
mately 243, cloth background 30%, and new linen
SHT, Tmage veflectivities at 680 nm (red) and 440
am (blue) are in the approximate ratio of 2.6:l.
Thus, the image apprars on & yellowed linen cloth
asn a falnt, vellow=brown discoloration, with shad-
ing intensity heing the only optical characteristic
which waries from point to point so as te produce
the pattern of & human form.

Given that rthe discolorations on the
Ghroud describe a human Form, it is natural to ask
if image shading, 1, might be associated with some
propercy, Plx,y), of a humsn body via a relation
1ix",y") = £lPix,v)] (1)
where (x',y') are coordinates of some image point
on the Shrouwd and (x,v) the coordinates of the
associsted image feature oa the body shape. Tt is
comceivahle thet no sach relation exists at all,
particularly if the image were the work of an
arcise, but if one could be established, then we
might obrtain some insight regarding the procesa
which formed the image. Conceivahly, there are
many properties of & human body which could be
functionally related to the shading structure of
the Shroud image. Some may be [ncidental proper=
tien of the body surface such as Cemparature, ra=
flactivity, perspiration density, roughness, etc.
Others may be velated to the geometry of the body
surface. VPor example, if z=ulx,y) describes that
surface, then the geometvric quantities 3, gradient
z, and higher order derivatives of z could conceiv-
ably be mapped into shading as well. Thus, if we
are to properly study the image on the Shroud, we
must identify che type of shading correlation pres-
ent in irs shading structure, and analyze various
image formation hypotheses in light of this deter-
mination.

Of the many possible parameters which
might correlate with image shading, we chose to
examine First the parameter of clath-body distance,
d, based on & photographic study of the Shroud by
Vignon in 1902 (Ref. 7). Vignon noted that the
darkest parts of the imapge seemed to correspond
with the high welief parts of a bady shape where
elath eontace eould be expected. We tharefore,
decided to examioe the shading of the Shroud image
far a posaible correlation with expected eloth-body
distancas,

b, Small Sample Correlation Technique. Our
procedure for measuring the dsgree of eorrelation
batueen image shading and cloth-body distance in-
volved first measuring the transmittance of a black
and white transparency of the face taken of the
shrood in 1978 (Ref, 8) by a microdensitometer. He

choge to sample 13 image locations: tip of none,
edges of nose, cheek, eyes, eye sockets, bridge
of mnose, lips, mustache, and forehead. The
limired number of ssmple messurements was deter-
mined by the small mumber of image features which
we felt could be accurately identified.

Hexr, we measured cloth=body distance
by draping a linen model of the Shrood, hand
woven so as to correspond with the hercingbone
weave and thickness of the Shroud (Ref. 9), over
a bearsd wvolunteer subject. Side photographs
were made with the cloth ln place and then after
immediately being removed, By superimposing
these photographs and using contour gadges (taking
care not to deforsm the cloth) we determined cloth
body distances. We note that these measurements
ds not provide us exactly with the cloth-body dis
tances appropriate for the Shroud image since the
subject and cloth drape are at best approximat ion.
Thus, some intrinsic ervor can be expected to be
present.

We then plotted these data of trams=
mittance and cloth-body distance and determined a
linear regrassion line shown in {Figure 2). As a
measure of the degree of corrvelation caleulat-
od the cosfficient of determimation, r°, (correla-
rion coefficient squared) given by (Ref. 10)
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where 52 and 5 are roespectively the sample

s

variances of all b intenaity values being coo-
sidered ard the mample varisnce of the intensit
walues sbout the regression line. In geoeral r
is caleulated from a fisite number of data
points, n, snd as such only oximates the true
cosfficient of determination, p” = lim r? of the
entire set of dats pairs (1,4). "




The measured coefficient of determipa-
tian, 'rz, was 0.6 For tha 13 data points:at tha
95% confidence level, this result implizs that the
actual coefficient of deturmination, r_-2, liea be-
tweon 0.20 and 0,83 (Ref. (1), Though the range is
quits large owing to the emall oumber of data
poiatas available, some observations can nmeverthe-
less be made. First, the null hypothesis that g2 -
T 18 excluded hy these 4ata vith 958 coafidence,
indicating thar soms correlation with image shading
wd cloth-body distance is preseat in the Shrood
image az Vignom suggested. Secomd, 1f we aswume
that the image was produced by the cloth draping
pvar a hody shape, whiech (s econsisrent with che
data, then we can matimats the affective canze of
disenloration effects onm the Shroud. We dafina
this range as that distance at which the regresaion
lins intersects the average ¢loth background inten=
sity. According to thia definition; we calculate
the range to be 1,7 cm,

The veliability in the ssasursmenr of pl
could be increased if wore data points were sam—
pled. We can estimate the nusher, n, of data
points required by the approximace formuls derived
from equations in Reference 12
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If we rfqu'&rezﬂ{uzﬂp? to be 5% and use rhe mean
value of p“=r* = 608, we calenlate the number of
data points required to be 1700, 1f however, p° is
higher than our 401 eatimation, them the required
number of zamsliags for 5T aceuracy would b less,
The value of LTO0 3s prohibitive by the saraasl sam-

pling techniqoe discusasd ahove, but may he pos-
#i%le via some automated sampling algocithm. The
main difficulty, however, in constructing such an

algnrichm is in being able to accurately register
paints in the imags (x",¥') with sssociated points
an a rafareace Eace f{x,y) to the accurtacy of the
nampling pixel size [avalwved,

L Relief Image Technique. Although we have
not ag yet developed an adequate large number asam-
pling algorithm, we have studied the Shrowd image
with another techaigque that allows wvizoeal =stima=
tion of how well image shading correlates with dia-
tanca, The technigque involves scanning 3 given
image with an Interpretation Systems VP8 Image
Analyzer (Ref. 13), an asnalogue system thar dis-
plays 1mage shading as proportionate degrees of
spatial relief on a CRT screen in real time. This
instrument has also besn used as an ilmage procés—
aing device by othar investigators (Refs. 14-1A),
Wa measured the resalution of the YP=B to ha equiv=
alent to roughly 1300 pixels over a facial surface,
H.s.irly the number required for a 51 measurement of

p“, This instrument is ideally suited for deter-
mifning whether a given image containe distance in-
formation becaase it converts image shadinmg into

relief or distance which is the guantity w=e are

trying to correlate.

Se

Ao an acample of how the VP-8 shows a
corralatlon of image shading with distance, con-
sider the tmapgss of Figura (1), The imaga ia Pig-
ure {3-A) is a normal hlack and white photograph
of a plaster face and (4 therefare an “alheda"
map of how light was reflected off the face into
the camera. The image in Figure {3=B), however,
has a shading structurs which corresponds nor o
dlhedo, but to the peometrical structure of the
plaster face., Thiz image wvas produced by uni=-
foraly coatimg the face with phosphorescent painar
and, when optically charged, this face wasphota-
graphed through a light attenoating liquid in
which it was sudmerged. The result was an image
whose shading dapended upan how far light propa-
gated through cthe attenuating liquid, that fis,
upnn digtance from the faew to the fFlat reference
surface of the liquid.

A. Albedo Face,
Faca,

Figure 1. 8. Phosphorescent

Both images wore derived from the same
facial surface, but only the one of Figure {(3=R)
has a shading structure that correlates divectly
with distance. Fipgure (5) shows image intensity
versus distance plots and asdociated linear
gression lines generated by the sase procédure
and sampling locations discussed previously faor
the Shroud image. ¢° for sach image is: ableda
= 0,17, and phosaphoresceat = 0.98. 4&s for the
Bhroud image at the 95% confidence lewvel, the
albedo image has a large uncertainty (8 betwesn
0,00 and 0.52; while for the phosphorescent face,
r° is sufficiantly large that, even for 131 sampls
measurements, the range of p° lies becween 0,98
and 1.00 (Ref. ¥1).

re—

Figu‘re {5) ghowa the VP-8 imgﬂ_ intan=
sity surfaces corresponding to the [wo images of
Figure (3}, It is obvious that only the VP-B re=
lief surface corresponding to the distance encod-
ed image of Figure (3-0) {Phﬂaphﬁfcscqntﬁ ageur=
ately models the geometry of a Facial shape, 1t
is noteworthy that the magnitude of ©° as measur-
#d above for these images meems to parallel the
degree of closeness that esch image approximates
a facial shape,
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Thus, the YP-f system is capable of pro-
viding imagery from which degree of distance corre-
lation can be visually estimated. The main diffi-
eculty with this procedurs, however, iz that conclu=
sions drawn contain asome element of subjectivity
and as such tha VP-8 technique should nor be con-
gidered a8 a replacement for am objective, large
number dampling algorithm discussed abowe, On the
other hand, the VP-B procedure ias corrently the
only method available to us for incorporating large
data samplings in our analyses and the consequent
increase in accuracy by such data samplings has
heen digcussed, 1In addition, departures Fram good
correlaction are readily apparent in  the V-3
reliafs as distortions becauss of the graphic and
natural way intensity data is pregented, Thus, in
the absence of &n objective, large numbec sampling

Phosphores-
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algorithm which calculates pz, the VP-8 Eﬂgery
ghould be @ reasonably good indicator of distance

gorrelation snd considerably hetter C‘}lri our
previous, small sampling rtechnique discussed
above, Ler us now examine the Shroud image for

possible distance information encodement with the
vP-8 aystem. Figure [6) shows the VP-3 relief
surface of the frontal full body image, (Ref.
17}. Figure (7} shows the relief surface for rhe
Eacial image, with high frequency noise removed
by slight defocusing during scannlng. In both
Figures (6) and (7), the VP-B relief surfaces
geem r0 correspond closely to a phyaiuln-;i_ully
reasonable body shape, thereby demonstrating &
definite image inrensity with
di

eprrelation of

Figure 6. VP=B of Shroud Frontal Image

r

Ly .
Figure 7. VP-8 of Shroud Face
1 Comparison of Relief Image to Body
Shape. 1t is difficulr to evaluace how close the
vP=B Shroud relief of Figure (6) is to a body
shape as it appeaars on a CRT. Howewer, if ir
were reproduced as a full-size physical surface,
correlations with a human farm wonld be possi-
ble, To accomplish this, we praced 570 cross-—
sectional lateral profiles of the Shroud image
onto 1/8 inch corropated cardboard which were




cut end stacked as shown ia Figure (B). Om cthis
modal, the shoulders are missing because that image
nrea wad burned away during a fire in 1532 (Ref.
1'. Dimsmond shaped water marks, also due to chis
fire avent and certain creases appear as reéliaf
structures on tha image surface hecause thaey
posasnas  shading of their own; Cthese anamoliess
nhould be regarded as naise., We then compared
delactad profiles of the stacked cardboard with
those af a walunteer aubject who assumed the
position indicated by the Shroud image (which we
gnmured was correct by covering him with a c<loth
midal containing an image of the Shroud and
poaitioning him accordingly imn the x=y plane.)
This comparison indicated that the VP-8 image
modelled relief variations, z, of a human form over
small=scale horizontal diztances (Ax, Ay = 10 cm)
but generally fasiled to model relationships af
vertical relief between image locations separated
by large=dcale diatances. For example, the set of
imags points in the wvicinity of the noas (i.%.,
syas and lips) had & reazonable reelief atructurs
between themselvea as did the fingers of the hand,
Howevar, Ethe large—scala relief ralationship
betwean the hand and nose areas wers not correct.
This lack of large-acale relief corralation gives
tha VP=8 image a flat or stiff guality (Ses Figura
A-A1, This effect might imply that the correlation
af ashading with distance varias from reglon ta
reglon over the image, tub then it would be
4ifficult ta underatand how, with one earrelation
function applied globally over the body image, the
ve-8 relief is apparently correct within
small=scale neighborhoods of anvy and all image
paince.

In an attempt to understand why the VP-8
imape Failed to correlate relief ower large-acale
distances, we sought to define how and where the
VP=R imags iz distorted from an anatomically cor=
ract human form. Mur procedure was to nusecically
distort the flat ceference surface upon which the
VP=3 reliel was generated in such a way as Lo bring
tha vp=-8 relief into cﬂr:'-:.-:puddcﬂl:l.- with rhea hv;rd'r
surface of a wluonteer suobject. Departurea of the
relference surface from f(latness would be then a
measura of how the VP-8 Shroud image deparcs from a
body shape. To determine the characteristics of
guch & defarmed reference sorface, each of ehe 570
tracings ware digitized onto an WP=3830A computer
(Raf, 14), At 18 locations along the langitudinal
midline of the Shroud image, where major curvatura
clhiangad af the body poccur, we caleulated harizental
contours of the reference surface required to bring
the VP-8 Shroud profiles inte correapondence with
the associated profiles of the wvaluntesr subject.
From these reference contours we generated profiles
for the remaining 557 contours by lincar in-
terpolation. 1In this way, we defined & mathematic-
sl surface wvhich deformed the VP=8 image into an
anatomically ecorrect body surface,the latter aof
which ia shown in Figurs (8-8),
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Figure &, A. Cardboard Model af Shraud VP=8,
A, Cardboard Modal of Derived
Shroud VP-8,

Figure (9) shows the reference eurface
used to calculate the "derived” VP=8 image which
FIIE'I"I[';J:.l]':I‘ is the difference of the VP-8 re-
lief of Figure (8-A) and the derived VF-8 image
gurface, Figure (B-Bl. Ue note that the distor-
tiong in the reference surface occur at genarally

lower sparial fregoencies than image Ffeatures
such as the nose, lips, eyes, C(ingers, efc.
Therefore, the referance aucface modifies oaly

the low freguency Fourler components of the VP-8
image and does not introduce extraneous informa-
tiom inta higher frequancy components of the
Shroud image where, for example, facial char-
acteristice are defined, Accordingly, the "de-
rived" VP-8 image i3 like the volunteer subject

bt low Evequencies but like the VP-8 image at
high Erequencies.
Serictly speaking, the referance aur=

face of Figure {3} is a grometrie representation
of how the VP-8 image of Figure (B =A) differs

in relief from a body shaps. However, an inter—
esting observacion of thar surface i{s that it re-

seshles the geosecrical charscteristics of a
cloth as it might naturally drape over a body
ghape. Figure (10) shows a linen cloth draping

over the "derived" VP-8 image and the close re-
geshlances of this surface with the refersnce sur-
face of Figure (9) is moteworthy, especially
tince the general layour of the hody image on the
shroud seems to suggest that the body was wrapped
in the Shrood at the time of image Formation.




Deformed VP=-B Relevence Burface

Figure 9.

Figurs 10, Linen Cloth Draping Over Derived Image

It should be noted that such a result
does not sutomatically occur for images of a human
Form where shading is carvelated vith diatance, As
an example, consider the YP=8 relief of the dis-
tance encoded image of Figure (3-B). Since this
image was produced relative to a flat reference
surface, the VP-8 relief image is correct as it
stands and therafore rhe reference surface requires
no modification. For such sn fmage it would be
impossible to inrerpret the flat reference surface
as a “dreping®™ cloth owver the face. Cloth-drape
distortiona cam be induced ints the phosphoreacent
head image if the reference surface of the attenu-
ating liguid is appropriately deformed. We pro-
duced such an image by placing the phosphorescaent
head [ace down In a clear plastie container whose
bottom was deformed into the shape of a cloth drap-
ing over a face as determined by experiment,This
container was filled with a light absorbing liquid,
in the same maoner that Figure (3-B) was produced,
and the head photographed. The resulting VP=8
relief i= shown in Figure (11). Comparison of crhis

Figure 11. Phosphorescent Face Relative ko
Curved Surfamce,

reliaf with the one of Figure (5-B) shows ohvious
convex upward distortion, If we were to deform
the VP-3 reference saurface of this image into an
lpprdpri“t concave shape so a8 to make the de-
formed face appear &s the VP-8 facial surface of
Figure (5-B), the referénce aurface would szsume
the shape of the plastic container.

These results demonstrate that image
ahading on the Shroud correlates with distance
between two surfaces, one of which can be interp=
rated as a body shape and the other as a eloth
draping owver that body surface. Logically, chis
does not prove that a cloth was drapsd ovar a
body shape when the Shroud (mage was formed be-
cause other hypothesea not involving a «loth
eovered body shape might conceiveably account for
such an effect. We consider, im the hypotheses
section of this paper, several hypotheses which
fall into such a category. The interpretation
that the Shroud covered a hody shape is neverthe-
less self-consistent in that the "cloth" surface,
calculated so0 as to bring the VP-B relief inro an
anatomically correct body shape, has the correct
geometry for a cloth draping over the body shape,
which need not necessarily be go, 1t is also
noteworthy that this self-conaistency has been
achieved via a aingle mapping function, 10d),
which applies glabally over the entire Ffrontal
image, thereby providing a certain elegance and
simplicity to the interpretation. We furcher
note that the ability te iadependently interpret
certain lateral two dimensional distortions in
the body image as due to cloth drape (Ref. 19)
gives the above interpretation an additiomal rea-
lism.

Thus, we may refer to the Shroud image
an having a "three dimensional characteristic"
which means, simply, that image shading can be
pelf=consistently interprated an being correlared
with the distance between a body and an envelop-
ing cloth. If the Shroud did, in fact cover a
body shape at the time of image formation, then
the interpretation is physically valid; if, how—
ever, the shading structure was the result of
#omé other wechanism which 4id not require chac
the cloth covered a body, for example by an




artist or bas-velief, then we should regard the
“three dimensional interpretation” as a convenient
device for describing the shading distriburion on
the Bhroud. Whichever may ba the case, a correct
hypotheais of image formatlon must be abla to pro-
duce an image structurs capable of a “threée dimen-
sional interpratation™, for in doing so the shadiag
distribution of the shroud image would be dupli-
cated, It is in this sense that we consider a
varlety of image formation mechanisms in the hy-
potheais section of this paper.

We should point out that it is improper
to discusa the wvalidity of the "three dimansional
interpretation™ without firet considering apecific
image formation mechanisma which might produce the
Shroud image’s shading structure. For example, if
we were to tacitly assume that the three dimen—
sional intearpretation ia phyaically wvalid, then we
would mutomatically exclude image Formation mech-
anisms which might be capahle of repraducing the
Shroud image's shading but not require the cloth to
cover & body shapé. Thui, the thres-dimsnsional
interpretation of cthe Shroud image should not nec-
csaarily be regarded as a demonstration that the
Shroud covered a body shape at the time of image
farmat lon, although this is consistent with the
data, hut as an image quality (or observation)
which a glven image formation hypothesis must be
sble to produse. This is not ta say, however, that
the three dimensional interprecation’s wvalue is
simply a8 an observational characteristic to be
explained by a givem hypothesis; it also suggescs
that, in dome sense, surface geometry of a body
shape is an implicit factor in image gemeration, an
insight potentially useful in formulating image
format ion hypotheses.

We should alse note that, =z s point of
logic, il a hypotherical mechanism were shown to
produce an image capable of a three-dimensional
interpratation, this doea not neceasarily imply
that it is therefare the mechanism which Formed the
Shroud image; thers may bs other mechanisms which
c¢ould algo do the same thing., The scientific ideal
is to test all such mechanisms against other inde-
pendent data (chemiscry, microscopy, historical,
ete.); amd if these observations asre sufficiently
discriminating, the correct hypothesis should stand
alone, There is, however, no guarantes that suf-
Eicient scientific information is associated with
the Shroud image to achieve such a desired rasult.
A general approach of hypotheses testing has been
taken by Schwalbe and Rogers (Ref. 3), while in
this paper we examine image Formation hypotheses
against mainly the three-dimensional characteristic
of the Shroud image.

LLt. IMAGE FORMATION HYPOTHESES

A, Biscussion. 1In chis aectlon, we dis-
cuss wvarious image Farmation mechanisms which
have been proposed in terms of how well chease
mechasisms produce shading structures capable of
a three-dimensional interpretation, with che
Shroud image as the basis of comparison. We also
discuss these wechanisms with respect to other
image characteristics where appropeiate. Because
the Shroud image admite a three-dimensional in-
terpratation, we only consider hypotheses which
start with a body shape and tranaform the shape,
by some process, into shading. Though this may
or say not involve directly a cloth covered body,
it is difficolt to conceive of an image-producing
mechanism which does not, im some way, incorp-
orate hody shape data so as to produce an image
structure that we see on the Shroud., We might,
for example, hypothesize that the Sheoud die-
calorations wers produced by some random staining
process with no body shape involved wvhatsoever,
But this would be extremely “ad hoc", given rthe
general complexity and subtlety of the inmage.
Thus, we are in esdence studying how well warious
image formation mechanisms transport (distance)
information from a hoady shape to the Shroud. 1t
i# therefore possible to consider thess mechan-
iamg in terms of Shannon's communication mdel of
information transfer (Ref. 20) {f we regard a
hody shape as a "geometric message™ to be commun-
icated to the Surfsce of the Shroud as shading by
the hypothetical process. Thia process may be,
for example, molecular diffusion from a bdody to
the cloth or some eyé/brainfhand coordination
tachnique of an artist who in essence converts
previously experienced body surface data into
shading. Shannon's general assumption is that
all communication consists of three stages: =an-
codement, channel Eransfer, and decodemenr;
heace, any image formation mechaniam which con=
verts body shape information inte shading would
hawe to, in soms Fashion, perform these thres
functions. Accordingly we are not concerned just
with whatever inteérmction took place at the sur=
face of the Shroud to produce shading, For this
is in essence Shannon's third phase, but with
complete information transport from a body shape
to the Shrowd, which may or may not involve di-
rectly a cloth-covered body (at the decodement
atage ).

Our  approach was to  experimental ly
model gensral categories of image formation proc—
ecages wvhich might have been responsible for pro-
ducing the Shrood image. Each experimental imape
was evaluated by the VP-8 process for its rela-
tive ability to encode distance informstion into
shading, with the Shroud image as the basis for
comparison. For atandardization purposes, all
experimental images were produced from the same




facial shape as shown in Figure (3-A), e also
eatimared p* For each image by the Small Sample
Correlation Technique involviag the same 17 data
points we sampled on the Shroud as discussed above
in Bmction I1. War all cases, the correlations
ware sufficiencly low that the 955 conlidence
{nteevals owerlapped theraby randarin; diserimina=
Eion based on relacive wvalues of p° sasentially
meaningless, However, if rooghly 2000 data points
sould be correlated for each imaga, Adiacriminations
should be pogaihle, Uncil this can be achieved,
the YP-A analyses presented balow for each experi-
aental image should be regarded as preliminary
although in some cases veliefs are sufficiently
distorted that definmite conclusions are possible,

Each ¥P-8 ralief i= presented at an angle
such that the relief variations can be saen ral-
ative to the planar discribution of image fea=
tures, When studying esch relief image, care
ahould be taken not to confuse the quality of tha
celiaf with how well imapgé Features are distribated
two-dimensionally over the referance surface. 1In
some cased this discriburion can be quite accurate
hecause the process considered may be capable of
rendering accurate planar placement of image [ea-
tured. The gquality under considecation is rather
how wall the relief, not the planar layouk, models
a human face,

B, Artigt, The Firsr hypothesis category wa
consider is that the Shroud image was the work of
an artist. By artist we wean one who places an
image on cloth by some eyve/brain/hand eoordination
techniqua, like painting. Thisa is probably che
oldest documented hypothesis of image formationm,
As far back as the Fourtsenth century, a hishop
made this claim but unfortunately 4id not provide
us with either the nase of the artist or the tech-
nique wsed (Ref. 1}. At the turm of the century
Thurston (Ref, 21), and wmora recently Melroae
(Refs, 22-24) supported this hypothesis, the lattar
studying microscopic samples from the Shroud. How
ever, Hellar and adler (Ref. &) who examined Shrouwd
pamples with a comprehensive series of micro-
chemical analyses disagreed with these conclo-
nions,as have variows scholars and acientints
(Rafu. 3, 29).

With regard ta the hypothesia thar an
artist creaced the Shroed image, there are two
fundamental gquestions which should be asked. 1.
eould an artist shade an image on cloth a0 as co
encode distance informatiom of a body shape rala-
tive to a draping cloth with the precision rhat
exists on the Shrowd? 2. Would an avtist either
eonéaive of or be compalled to attempt such a cor-
ralation?

To address the ficat question, we con-
ducted a series of experiments with professional
grtiats in an attempt to evalumte how well they
eould shade an image with distance, We based our
experiments on Shaanon's communication model of
information transfer taking care that at sach
phasa of information cranafer the artist would
not be at a disadvantage or advantage from what &
medisval artist might be able to schisve in an
eye/brainfhand coordination sense, but with three
noteahle excaptions, We did pat require the
artists to incorporate cloth=drape effects incta
their work, nor did we ask them to creats images
on flexibhle, absorbant linem cloth. We also did
not vequire the artists to composs images of the
full body, rather only of the lace.

For our experiseat, we secured the
assistance of two certified criwinal artists
(Ref. 26, 27) for such artists, ian the course of
their professional work, compose realistic, mona=-
tone imagery, qualities found in Cthe Shrouwd
image. Tn one set of experimenta, we asked the
artists to "freshand" shade an imape of a given
reference face, the same ased in Figure (3-4), in
proportion ta ralief. 1In a second wset, we pro-
vided the acrtists with relief data acr 15 specific
"anchor" pointa an the Face (i.0., lips, nose,
chasks, efe.). The artiste then constructed an
sncoder by which they could convert distance in-
farmation into shading. This encader was a con=
tinuium of shadss which correaponded to various
raliaf distances. Mnce theas anchar paints wera
established to the ability of the artiscs, the
artists roughed ia the rest of the image by in—
terpolation, using the reférence face as a
guide, Since this second sat of experiments
incorporated measured relief values of the Fface,
we refer te it as the "rigorous™ experiment. Tn
both the freshand and rigorous exparisents, we
constrained the dengity cange of the images to be
na wore than 0,10, ssesntially for that presentcly
observed on the Shrouwd (0.09)., The density of
the drawing paper, howsver, waa salecred to be
approximately that of new linen, 0.14, The pro-
cadure used by the artinfé was the same pencil
ghading techniqua as used in their professional
work, We assumed that this method of application
provided the greateat control of shading to the
artist; otherwise criminal artists would probably
be using some other technique ke mest demand for
realism in their profession. Although not clear
how this could ba accomplished in the case of the
Shroud image, subtraction of overshading was
accomplished by simple erasure and all images
drawn were full-size. In no case were the
artists provided with densitometric data of their
images, such a3 wis the VP-A, for we can comcaive
of no way that a medieval artist would be able to
evaloare the guality of his or her work with some
equivalent techaique.




In essenca, then, thess artists performed
Shaanen's three stages of information transfer:
ancodement is collection of body shape data (sither
visually or by measarement], chanmel tranfer is by
the finternal workings of the artist"s eve/braia/
hand system, and decodement is the processof plac-
ing the shape information iato a shading distribu-
tion. Thus, in & real sense, these artiscs can be
wiowsd as an information transzfer process.

In addition to the imagesa produced by the
artiats az described above, wa also asked them ta
prapare images where some of the above coastraints
wara removed so A4 ta determine their rvalative
importance, We provided the artiats with high con-
trast “lack and white photographe of the reference
face taken through an attenuatiog mediam, such
photagraphs baing encoded with distance informarion
At discuwsed above, Thus, we photographically per-
formed the sacodement process rather than allow the
artists 3 do it. The photographs also served as a
fdecoder and accocdingly all the artists had o do
was to copy the “deendar photograph™. We also
raelaxed the coastraint of 0.10 shading wvariation
far the artisks tn the enbtire density range. Al-
though this experiment gave pverwhelming advantage
tn the artists over a hypothatical Shroud artise,
wi thought it would be of {nterest cto define the
precision of the decodement process by thia pro-
eadurs.

Figores (12) ea (17) show VP=8B reliefz of
all experimental images. Generally, all inlgtu
sxhibit foma corralation with facial rcelief; this
shows that an artist is capable of producing images
with shading that coatalss some dagree of distance
information. We also note, that all VP8 images
are gquite Aifferent from each other, although they
wore all generated from Cthe same Facial shape.
This implies that an actist, when viewed as an in-
format ion transfer proeeas (for distance) is to
soms extent stochastic in pature. This is in con-
trast to other mechanigms discuseed helow vhich are
capahle of repeatability. Figures (12) to ({13}
ahow the rigorous aad fpeehand attempta of Artists
A and B, Thess images, when compared to the Shrood
VB8 reliefs do not seem particolarly conviacing
and in general have a mask-like guality about
them, Each imame posseases relief deformities,
particularly in the lip regions, The VP-8 reliefs
of the rigorous compositions do not show a signifi-
cant improvemant aver the freshand wversions which
peobably indicates that the "artist mechanfsm" has
a1 limit as to the precision by which distance la-
formation can be transferved. In Figures (18) and
{17} the ¥P=B reliefs, are npoticeahly improved and
in our opinton approach the quality of the Shrouod
image. These images, however, are the vesulr of
the artist's copyving a distance enconded photograph
with the contrast restrictions removed,

Figura 13, Artiat A = Rigorous.

Figura 13, hrt Ltk = Rigorous.

Figurs 14, Artiet A = Traghand,
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Figure 15. Artist b - Frechand.




Figure 16. Artist & = Copy of Phota.

r

Figure 17. Artist B - copy of Phato.

reasan for the vari-
ance in artist copies and a general lack of mq-d
carrelacion is unclear, but image contrast 1% 4
probshle Factor. In Turin, the authors (Juaper &
Jackson) as well as other scientists (Ref. 1), were
unable to visually discarn image pattzrns on the
ghraud (onder illumination of photographic lighta)
at distances closar than about #ix feet. Janney
{Ref. 1} axplains this phenoménon as due to inhibi-
tion effects in the human eye when obgerving Emint
images. We Further suggest Chat epicical band
masking (Ref, 28) of the Image by the weave of the
clath could alao be & factar. 1f an artist were (o

create an image of such a lew comtrast om elath
shading be correlated

The physialogical

with the requiremeat that OTTe
with snatomical reliefl of & hyman Form, it 1s um=
clear how this could reasonably be achisved. The

artist eould possibly observe the progress af hia
work from afar, but wouldn't be able to re‘liah'lv
ghads the image by hand because the Shroud image
cannot be discerned up close. Tt is comceivable
that the relative contrast of the image was at one
time better than what it is ar present, tharaby
allowing aa actist greater visual latitude by uhf.ch
to encnde distance information, This possibility
should be given Further atudy and is generally
hayond the scope of this paper. It would sess,
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however, that the global nature of the three dim-
ensional correlation of the Shrood image and pre-
cision implied by the VP-8 atudies would be dil-
ficult to recomcile with possible spatial non-
uniformities resulting from a shading structure
that varies significantly with tiee,

We showed above that the Shroud image
contains cloth/drape=like effects in the low fre-
quency components of the image while small scale
hody surface characteristices f(i,e., 1lips, fin-
gera, ete,), reaide In the high frequency part.
It ia wnelear how an artisne sauld achieva such an
effect because he would have ta, in edsence,
ohserve bady and cloth surfaces simultanssuely in
order to transform their relief characteristics
iats = siasgls shading disteibution. However,
lateral digstributions in the image dus o cloth-
drape (Ref. 19), would be casier to encode be-
cause the cloth could be first draped over a body
ahape so a5 to allow Ylood staining to register
body image locations. However, the artist would
have to be fully aware that such distortions must
occur because the image is also laterally dis-
torred where blood marks are not present, for
oxample at tha Fingers (Ref. 19],

. Consider now the second question:
Would an artist encode diatance information into
the image? 1In addressing this guestion, we must
avoid projecting modern conceptions of how an
artist should create a “Shrouvd image"™ upon a
hypothetical artist in the middle ages lor be-
fore). For example, McCrome (Ref. 24), argues
that shading an image with distance is the matu-
ral way for an artist to place a body image on
cloth, since locations where the body comes
closer to the cloth would be locatiomns where the
shading should be more lotense, We don't ques-
tion wherthar a madieval artist is capable of
thinking in much terms, but we do question
wvhather this might be an unwarranted extrapola-
tion from twentieth century mode of thought to a
medieval way of thinking. In essence, such a
conception involwes thinking of how the cloth
would respond to some abstract emanation from the
body snd how such a responae pattern on the cloth
should appear. 1t is beyond the scope of this
paper to address the validiry of this type of
thinking from a historical perspective but we do
point out thar, to our knowledge, there is no ex-
ample in medieval art history where the image of
Jesua as painted on cloth (like in Veronica's
Veil or Eastern leonography) is encoded with dis-
tance informarion. Wather, such images appear as
though the cloth waa acting &% & mirror to aes
the image of Christ (Ref. 1}, We suggest, there-
fore, that a medieval artist would have thought
in terms of how the cloth might appear as if it
vere reflecting the image of a body rather than
absorbing it in (inverse proportion with dis-
tanee, Thus, an artist would probably create an




alheds rather than a distance encoded image, since
that sesms to be rthe type of imape congisfent with
historical examples of Christ's face on cloth, 1t
is noteworthy that auch examples, assaciated with
the legend of Veronica placiag a towel on the face
af Christ and recelving an imprimt, afforded many
artists with oppartunities ta efeate a distance en-
coded image, but thers segems to be no instance
where rthis was done, presomahly because such an
image structure simply Aid mot occur to the art-
ist. In this regard, we muat not arpue  that the
Torin Shroiyd is one example of this actempt by an
artist, for this bege the question sinees the Shroud
cannst bz both object of s#tudy and an independent
data source at the same bime.

For thess reasons, we arz skeptical of
the arkist hypothesis &3 an adequate explanation
for the Shroud image's shadiag atructure, but e

ara apen to and recommend additienal atudies.

e. fHrect Contact. The next category we ex=-
amined consisted of those images which can be form-
ed by direct contact with a human hody or statue.
Direct contact models are wsually proposed Co ex-
plain the two dimensionsl layour oE the Shroud
image &= revealed throagh photopgraphic reversal or
the image's nigh resolution. Generally, the images
produced in this mannar can hé expected tol have a
wingary shading distribution; shading of some con-
stant walue ig recorded where @lath confack oacours
leaving the cloth at the background value where iC
does not, Such binary characteristics posa 4 fund-
amental prodlem with this type of process in encod-
ing distance information, for such binary behaviar
daegs not provide necessfary latitude to encode re-
lief variations. We investigated this mechanism by
unifor=ily covering the same refarence face dis-
cussed  ahove with printer's ink and placing & cloth
pwer it to recsive the image. Immediately obvious
was the lack of contact of the cloth over many lo-
cations (for example, side of Adge . Sinca the
Shromd  image shows color in these lecations, we
gently conformed the cleth to make contact.

Figure (18) shows the resulring WY#-B
reliaf, The VP-8 teliaf is highly distorted,
having a4 platesu-like structure due to che essent-
ially binary nature of the direact conbact process.
These distortions are sufficiently Large that we
reject the simple direct contact mochanigm, dasg=
cribed ahowe, as a reasonable explanation Ear the
Shroud image. Perhaps more complex direct contact
mechanisms, for axample suggested by German (Ref.
1), may show some improvements {although to date
attempts have not besn comvincing).

D. Acrion-At=A=Distance-Machanisms

l. Tiffusion. Probably the earliest

b

Figure I8,

Ditect Contact

proposad  action-at-a-distance mechanizm  was
Vignon's "Vaporograph" where ammosia molacules
from a perspiration covered hody Adiffuse to the
saveloping Shroud where they arse abasorbed and
stain the clach, thereby producing an image
{Ref. 77, 1In terms of Shaanon's Eormalism, svap-
aration fron the body surface is the encadement
proceas, diffuaion or random walk of the male-
cules 1is the channel transfer, amd absorption
|:'|1ar=||:l.prir.r,‘= the decadement process, Lnforma=
rional noize with redpect to the shape informa-
tion which is tranferred by this process occurs
in the channal phazs az diffusive apreading.

To experimentally model the diffusion
process. via wmolecular tradsport, we quickly «de-
monstrated that molecular diffusion is =ipnifi-
cantly perturbed By small convection currents and
masked by shading echancement effects at clath
contact points through capillary actiom. To de=
couple these unwanted éffects From our investiga-
cion aof the diffusion mechanism by itaelf, we
constructed a paraFfin model of the space betwsen
the cefacences Eacial shape and a draping clath
nver that fece ag characterized From cloch drape
data (Raf. 29). Sinca temperature obevs the dif-
fusion equation, we attempted to model molzcular
diffusion by temperature diffusion through Ehe
paraffin mald whereby coavection and contact
point enhancement effects were effectively elimi-
nated. Im oeder to ensure pood thermal contact
with all points on the clath aswrface of the
paraffin, we flpatad the paraffin in room temper=
ature, 77°F water, In the facial depreasion of
the paraffin we placed approximstely T00°F water
which we kept agitated 0 a5 Co ensure that the
facial sorface was alwaya nearly ot aniform
temperature., We examined the temperature image
on the clath-surface side of the paraffin with an
AGA-TB] thermovision system which detects esitted
infrared radiation in the B=14 mizron region.

The diffusign coefficient for paraffin is
9.7x10"" cm®/5 whereas for water it {s 14x10”
cmE.FE (Ref, 30}, The closeness of these coef-
ficients coupled with the uniform chermal con.zct




provided by water immersion meant that the paraf-
Finfwater {nterface was eassntially transparent to
temparaturs diffusiom. Thus, the temperaturs dis-
tributon on the cloth surface as revesled by the
thermovision ahould be a realistic depiction of a
general diffusion image. We note that the Ceopera-
ture variations of our diffusion image wers mo
greater than several degrees Farengheit, much smal-
lar than 100°F = 77°F = 21°F temparatura diEference
Erom face to cloth, Thus, this experiment approxi=
mated the boundary condition of complete absorption
on the cloth for which molecular concentration or,
in this case, temperature variation at the boundary
would be rara,

Figure (19) shows the experimental {mage
and VP-8 ralief. Large scale facial structures are
apparent in the photographic image although resolu-
tion of Eine structures such as the lips are sh-
seat. 1t la significant that the Shroud image is
mot blurced to this degree. The VP-3 relief ap=-
pears (o be somevhat deforwed, particularly in the
cheek area which sesm to protruds upward, giving
the YP-8 relief a coovex quality. This effect is
associaced with the fact that the raference surface
where the Image was observed by the IR camera was
eurved, similar to & deaping eloth. Tn Figure (11}
we presented a VP-8 relief which shows the effect
of cloth=drape, This relief may be comparad di=
rectly with the diffusion VP=-8 relief because the
paraffin fare and plastic container osed to gensc-
ate cthe Figure (11) relief were made from the same
mold, (See discussion of Figure (11)).

Figure I9. Diffusion
Thus, the diffusion process seems capahle
of encoding body shape and clath=drape information
into image structure, but only in the low Erequency
part of the Fourier spectrum, Migh frequency com-
ponents, necessary to define faciasl details are not
generated owing to diffusive spreading. Since this
is not the case for the Shroud image, we must re-
ject the diffusion hypothesis.
23 Radiation. Tn diffusion, information is
tranferred by the random walk of molecules. In
radiation, the carriers of information propagate
along straight line paths as photons. IFf radiation
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is Lambertian such as blackbody infrared radia-
cien (Ref. 31}, then no shading varlations will
oceur in the resulting Image; it will appear as =
uniform discoloration. The essentlal reason is
that sach radiating surface elesent of the body
surface emits isotropic 1/r* radiation while sach
receiving =lement on the body surface sees a sur-

face area on the body that increases as r°,
Theas twa effecrs cancal leaving weach msurface
¢lement receiving the same radiant flux. Such a

condition obvisusly transfers no distance infor-
mation since one shading level is recorded re-
gardless of the cloth-body distance. Ue modeled
this situation by coating the reference face with
phosphorescent paint which when optically charged
becomes a Lambertian emitter. We then contoursd
shestn of sensitive photographic film over the
face to model a draping cloth (Re€. 31)., The de-
veloped image was of wniform intensity theraby
showing a Lambartian character.

all radiation situations
If smistropies or attenua-

However,
need be Lambertian.

aot

tion of the radiation occurs as it propagates
from bady to cloth, shading varistions in the r=-
fulting image will be present. To model this

conflguration, we performed the sams photographic
experiment described above For Lambertian radia-
tion but in a light attenusting liquid medium.
Images so0 formed would be expected to contain
shading variations wvhich could be correlatad with
file—body distance, although resolution would
probably be somewhat degraded in these images.

Figure (20) shows the V-8 image for a
radiation image formed by this Lechnigque, Gan-
erally, the YP-B reolief reseshlas rthe VP-8 4if-
fusion relief of Figure (19-8). Since cloth
dArapé iaformation is present im this image, the
remirks made for diffusion apply. As with the
diffusion image, there ia a lack of resolution of
Eacial details, although the Lipa are just re-
solved, We have produced, in Figure (3-8), a
distanes encoded image by radiation which has
excellent correlation and can include cloth drape
effectea. Buf we have not thought of & reasonahls
way to iscorporate its collimacion effect (wia a
camars looking rhrough the light attenvating
medivm) finto some equivalent hypotheses for the
Shroud image. For these reasons and by compar-
ison with rhe VP=-8 Shroud relief, we conclude
that the rcadiacion from a Full body shape is
probably umshle to sccount for the Shroud image.

3. Bas—Relief. As previously noted, the
general lack of resolution for diffusion and rad-
iation mechanisms acting from a body surface is a
ma jor problem for these processes. However, one




Radiation.

Figure 20.

posgibility Far solving the resolution problem is
ta use 3 bas f{parcial) relief of a body shape as
auggestad by Ashe (Ref.33 b, One might enviaion
such a relief being coverad with a clath and =ome
action-at-a-distance machaaism, such as tharmal
diffugion, operating to prodece shading inversaly
propartional with cloth to has-relief distanca,

A% an Einitial evaluation of the bas-re-
liaf hypotheais, we heated a Five centimeter dia-
meter medallion containing a roughly millimeter
thick bas-relief image of the GShroud Face and
covered it with Watmann #1 filter paper. T
scorched image and VP-8 ralief are shown ia Figura
{21}, and che reasonably close resemblance with the
VP-8 ralief of the Shrowd was noted. We therefore
decidad tn axamine this mechanism in more detatl
uding a full-sige bas-relief of the referance
face, This experiment iz heat described in terms
of Shannon's Formalism.

The nge of a baa relief makes sense only
if it eontains distance information ofF a human
gshapa. That is, if z = uix,y] is the surface egua-
tion characterizing the givea human shape, where =
ia the reliaf coardinate, then the surface equation
of the bag-relief must be of the Form =" = glz),
whare for all coordinates {x,v), 2'<C 2, The =
codement process would obvicusly be performed by a
human agent and iz defined as the conatruction af
the surface, ='(=.,v)}, from some =z(x,¥)., Whact is
mspecially sttractive about the has-ralief hypoth-
egis iz rhat a soulpturer could probably achieve
reasanably correct distance encodement inka his
bas—reliaf without realizimg he or she was doing
s0. This could be achisved by illuminating the bas
eoliaf with grazing angla light. If the bag-relief
were correctly engoded with distance informatiom,
the shadow lengtha over tha bas=-reli=f would have
relative distribution as the full thres

the same
dimenzianal relief being copied, but whea wmore
mormally illuminated. 1In our experiment, we par-

formed the encodement process with the VP-8, asaum-
ing that a skilled sculpturer could achieve the
same result, as evidenced by the experiment with
the medallion abowe. We constructed & topographic-
al map oot of stacked paper contours each rtepre-
senting a specific shading level of the diatance
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encaded imsge of the reference face in Figura
{3-8). From a mold of the topographical map, we
chen prepared a bronze cast. This branze madel
then contained distance information of the ref-
erance face and had the dimengions, 23 cm long, 1
cm thick (at the highest). We compared varlous
praofiles across the Finished has-relief with
low-gain VP-8 profiles for the distance encnded
image, These profiles compared very well and we
were therefore assured that distance information
had been properly encoded into the bas-relief.
The construction of the has-raliaf can ha regard-
ed as Shannon's encodement phase of the informa—
tian tranefer from a full body shape to the
clach.

For the decodement process (the channel
transfer is trivial in thies casel, the bronze
cast was heated and impresasd into 4 stretched
zlath. The heat transfer te the cloth at any
location occurred by thermal 4iffasion and as
previously discussed, the discance information
resident in the has-relief should be transferred
for decoded) into the cloth as thermal discolora=-

tions of warying shades and with high resolu-
Cion. Tt is noteworcthy, inasmuch as the Shroud
image seems ta eontain cloth-body rather thea

simply bady-distance information, that the has-
relief mechanism should alse transfer cloth-body
type information even though it invalves a aearly
flat relief. The reason i3 that whea che cloth
is astretched owver the bas-relief, the clath as-
gumes a slightly warped shape, but ane which is
scaled down in the z-directicn from a cloth over
@ full hody shape by essentially the same scaling
Factor, glz), as for the hady, Then, whea the
regulting image ia viewed by the VP=3, the scal-
ing can be compensated for by a relief gain ad-
justment. Thus, a hypothetical craftsman nesd
only work at encoding hody discance information
and the cloth—drape iafarmacion is placed
naturally iata the imiage during decodament, un-—
like in the artist hypothesis wvhers bhody and
cloth drape information must be consciously
placad into the image by the human agent, Tt
would seem, therefore, that a bas-relief mechan-
tam 15 theoretically capable of producing an
image structure capabie of a three=dimensinal
interpeecacion of a Ffull body under a draping
cloth, even thouwgh a partial relief is used.
This does nor mean, however, that information of
4 hody ghaps is not wsed, because the bas-ralief
itself ig derived from a Eull-body shape.

Figure [22-A) shows the resulrting dis-
coloeation image pattern’s VP-8 relief. We note
first that the relief image has 4 convex quality
similar to that of Figure (11} which was gener-
ated relative to 8 curved surface aspproximating a




Figure 21,

the notion that cloth-drape
@ffecce can be placed into an image by the bas-—re-
liaf mechanigm seems wvalid., The image has good
reaolution and exhibits & relief strectere similar
to, but not quite as good in detail as the Shroud
VP=8, and has a slight plateau appearance, Llike in
the direct contact YP-8 image. We do note, how
aver, that the medallion VP=8 does seem Lo compare
rather well, Thus, we conclude that the bas-relief
mechanism might be capable of producing an imape
that correlates with cloth-body distance te the de-
gree present in the Shroud image as well as provid-
ing an acceptahle degree of resolution. Further-
more, the mechanism is histerically credible sinece
has-reliafs have heeén produced by sculpturers for
centuries. In addition, this mechanism generates
an image with a chemical structues similar to Ehat
observed on the Shroud (Hef. 4},

draping cloth. Thus,

This, however, does not mean that the
bhag=reliaf mechanism is comparible with all Shroud
image characteristics. There are some major prob-
lems which should be pointed out. First, it is
diFfiexlt to see how thermal discolorations can be
placed by the bas-—relief mechanism only on the
upper Fibrils of the cloth, as on the Shroud (Ref.
1). Regardless of the temperature of the bas-re-
lief, we obsarved thar rhermal discolorations on
the reverse side of the cloth occurred within sev-
eral seconds of elath placement on the hat hag=re=
lief. For our experiments we used 350 micron thick
linen, similar te the Shroud (%af, 3). Thermal
effects propagate 4 distance, d, in a characteris-
tic time, t = d°/D where D is the thermal diffus-
ivity. Let us conservativaly sssume Cthat Shroud
threads are 10 fibrils thick. To discolor the the
firat fibril layer, the time required would be

4r\?

gt ow| — t (&)
d

where t iz the time (several seconds) to scorch

the eatire thickness 4 of cloth, and 4' the thick=
ness of the First fibril laver. Then with d'/fd =
10%, we may calecolate t' ro be on the order of
several hundredthas of a second, a time which would
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pose conaiderable technical difficuleies for 4
hypothetical craftsman trying to make a Shroud
image. Furthermore, even if he could achieve
this or perhaps by extending the scorching time
somewhat by dampening the eloth, it is unclear
why he would feel compelled to place an image on
only one side. For then, he sacrifices the
ability to visually follow the progress of image
development by obsarving discoloratisns as they
appear on the reverse side. We produced images
on wetted linea cloth and fownd that the time to
produce an {mage was increased up bto roughly 30
seconds owing to the Fact that water had te Eirst
be vaporized away before fibril scorching could
take place.We succeeded in placing animage on one
gide of the cloth by this technique but contrast
problams, causing the VP=-8 Relief to &ppear sors
like a direct contact image (See below),were more
gevers because wmacorched Eibrils were protected
by water, We also noted that evaporation was
gomewhat nonunifarm leading to noticeables mon=
uniformities in image discolorstion. A VP-8 re-
licf of an image formed on wet linem ia shown in
Fipure 22-%,

Another difficulty lies f{n image con-
trast. The maximum shading of the Figure (21}
medallion and Figure {(22=A) full-size bas relief
images was much greater than the Shroud, ap-
proaching a desp brown scoreh. This high in=
tensity of shading at contact points was neces=
sacy in order for the more diatant parts of the
bas-relief to record their patterns on the cloth
and is the probable reason For the slight platean
effect in the VP-5§ relief noted above. 1rC thus
appears as though linen has a thermal response
such that exceedingly low bas-reliefs are neces—
sary to produce an image with an averall contrast
variation as subtle as on the 5 _oud. The con—
struction of such a relief may pose significant
techrical problems for a hypothetical craftsman;
we note that our bas-relief was 1.0 ewm thick at
the maximum (nose to background) and the medal=
lion relief was considerably lower, on the order
of a millimeter, We also constructed a rhicker
bas-relief (2,2 cm thick) and observed that Che
contrast problem was more proasunced.

Figure 2Z-A. Bas Relief om Dry Linen




Pigure 27, B - Bas-Rellef on Wet Linen.

A final problem is that lateral discor-
tions in the Shroud image consistent with a cloth
draping over & full body shape, have been obsecrved
(Ref. 19). Such effects are not produced by the
bas=relief mechanism since the cloth is essentially
flat at the time of image generation. 1t is com-
caivable that & craftsman could two Adisensionally
deform his bas-relief to simulate Llateral cloth-
drape distortions, but this complicates an other=
wine nimple mechaniem snd it ias not clear if msuch a
concept would occur to & medieval craftsman, Such
a possibility could be studied via historical
images of Christ's face on cloth to see if medieval
artists produced distorted images to account for
cloth drape , but of the several such images we
have sxamined, for example in Reference 1, there ia
na indication of such distortion. Except for the
latter problem, some of these difficulties may be
gvercome by using chemical inatead of tharmal dif-
fusion. We have not investigated Cthia emxcept to
note that chemical cranafer is susceptible to
bright spots appearing ar contact points due Eo
capillary sction and the chemistry of the Shroud
mist be reproduced. With these considerations, we
are generally skeptical of the bas-relief hypoth-
esis althoogh this mechanisa might be capabls of
producing images with a rthree dimensional char-
acterintic and suitable chewistrv: this, however,
#til] needs to be demonscrated witha full-size bas-
relief of a face and body.

&, Wickell Powder Techmique. Although not
strictly @n  action-ac-a-distance  hypothesis,
another bas-relief based mechanism hae been pro-
posed by Nickell (Ref. 34} and involves contouring
eloth to the bas=relief and “dusting" the deformed
cloth surface #o a3 to praduce an image, Since the
bronze bas-reliefs discussed above were encoded
with distance information of the reference face, we
used one (with dimensions 23 cm long, 2.2 cm thick
(maximm)) as the basis of rhe experiment. We con-
formed, as Wickell indicates, wet Llinem to Cthe
bas=-relief so0 as to make all imsge Featurea (eves,
lips, etc.) impressed into the cloth. We cthen
"4abbed™ the cloth with fine tempra powder. The
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best result was an image shown ia Figure (23)
vhere shading esseatially correlated with local
curvature of the face (aince that is vhere powder
tended to accumulate), Thus, the shaded image
seemed o contain more curvature rather tham dis-
tanca information of the face. TIn addition, we
noted large quantities of powder falling through
the cloth weave structure and accusulating on the
reverse side., Accordingly we conclede chat this
mechanism is unacceptahle,

5. Engraving, Thua far, we have con-
sidered action-at-a-distanca mechanisms in which
the encodement process (i.e,, evaporation or
emission) is from a surface which contains three
dimensional information by virtue of chat surface
having a three dimensional shape. Alternac-
ively, Schwalbe and Rogers (Ref. 31, have pro-
posed a mechaniss vhers this need not be so. 1In
their model, the surfsce is & flat =mecal sheet
and the encodement of body shape information is
via engraved lines which in essence changes the
effective thermal emissivity from point te point
over the surface. They suggest that the Shroud
might have been suspended above a heated enprav-
ing and discalored by radiant heat. A necessary
condition Ffor this mechanism to work is that the
emissivity be encoded with appropriaste distance

information; that is, the numbear density of en-
graved lines should corcespond to cloth=body
distanee.

Az an exparimental examinacion of the
engraving hypothesis, we produced images (rom
special engraving simulations we had preparad.
In this regard, consider agaln Shannon's informa-
tion transfer model, in particular the encodement
phass. Rather than test how well an engraver
could eacode distance information (& process al-
ready examined under the asrtist hypothesis - if
we assume the equivalence of engraviag to drawv—
ing), we produced the equivalent of an engraved

Figurs 23. Powder Technique

surface which we coded with distance informarion
photochemically. The procedure was to photoetch
the distance encoded image of Figure (3-8) onto a
copper plate, thereby simulating the rough surface




of an engraviag. The final result was an effective
emiasivity which depended on a dot pattern such
that the dor size wvaried with fmage shading or,
equivalently, distance. We chose coppar because it
fias 8 sufficiently high melting point when heated
to scorch cloth apnd is comsidered am ideal metal
for engraving. Our sxperimeats invelved examining
thz radiant emissions from the copper etchings with
the ACA thermovision and producing thermal images
on What=an #1 Filter paper by direct contact.

Figurs (24) shows the Infrared emisaion
image and assaciaced VP-8 relief. Although the
degree of etching was correlated with the relief
structure of the plaster reference face, the emia-
sion intensity doss not geem to preserve this cor—
relacian snd accordingly peither would the shading
structure of any image scorched anta elath by such
4 rpadiant distribution. The reazon for Che lack of
correlation is, however, interesting. Consider the
thermovision image, Figure (24=A), along an imagin=
ary, horizontal lime at the level of the nose, We
aote a gradual increaze (whitening) in emissive
intensity over the hair and uwp to the cheek region
hut then a sharp decrease oceurs [o nearby back=
ground at the nose which should be the whitest. 1In
the VP-& ralief, this hehavior is seen as a depres—
gion in the center of the face, The reason is,
that as the degrees of etching increases =0 as fo
eorrespond with the increasing relief strocture of
the reference Eace, a point is reached where enough
metal is etched away that it begins Co emit more
like background, unetched metal. Thus, the corre=
lation of emission with distance can Bbe douhle-
valued depending on the naturs of the etched sur-
face. This behavior could cavse majar difficulties
for a hypocherical craftsman who might wish te
utilize such a process to create a Shrowd image.
tn addirion, we noted that when heating the copper
etching to temperatures sufficieat to scorch cal-
lulage, hlack oxide layers quickly and unavoidably
developed causing wvariations in emiasivity moch
larger than those dus to etehing. Further, when
the hat etching was brought close to cloth, reac-
tion products frem the cloth often formed on the
metal, magking the emissivity variations due to
stching as viewed by the Cthermovision aystes,
When the engravings werse brought in contact with
the Filter paper thereby allowing heat conduction
rathar than thermal radiation to produce an image,
the images wers poor to the point of hoing un—
recognizeahle. For these reasons, along with other
difficulties mentienad by Schwalbe and Rogers, we
helisve tha sngraving hypothesis can he rejected,

574

Figure 24,
Moderate heating-No oxide formatien

Engraving.

h. Blectrostatis Tmaging. As a final hy-
pothesis category, we investigated the suggestion
that alectrostatic Fielda, posaibly associated
with lightaing phenomena, caused a corona break-
down owvar a body surface whereby snergetic elee-
trona are puided by gweh Ffields and register
thermal-like discolorations on the Shroud. Tt is
heyond the scope of this paper to comment on the
physical plawsibility of cthis model, but the
aotion of electrostatic Fialds serving as guiding
paths For charged particles as the carriec of
distance information Eo the shroud seemed worth
considering. In the discussion which follows, we
ds not considar the paths taken by charged parti-
cles but rather the electric field disctributions
undar the assumption that image resolution and
distance correlation szam ba no better than that
which the field distributions will allow,

Let us assume that the body was lying
horizontal in a wvertical alectric field and that
the cloth merely intercepted the field Lines., To
modal such a confipuration, we coated a 178"
plastic sheet with electrically conducting Tale-
wiston Tube ¥oar. We then artached a metallic
profile shape of our reference face to the coated
plastic with spray glue, Af some distance above
the Faes, we glued 8 horizontal metallic atrip.
We then epplied several volts betwsen the sceip
{which simulates a uniform elactrostacic fietd)
and the Eacial sghape. The rtesulting current
Flowa followed the Eield lines and we observed,

as shown in Figure (25), the associated joule
heating with the AGA-7BO thermovision, We found
thar not only is distance a factor in field

strength bur  probably even more important is
locsl curvature of the bhody shape aince electric
field lines tend to accumuilate around regiona of
survature,. Such an effect seoms to ba a poten—
tial problem with this type of action-at-a-dis-

tance mechaniam iamsamich as  the Shroud imags
appears ko contain only distance type informa-
tiom,.




=2

ut
-

Figure 15. ©Electrosatatic Image Profile.
Thus, electrostatic imaging does not appear to be a
viahle way of producing an imags like the one on
the Shroud. In many cespects, electrostatl ic images
are like diffusion images hecause both obey
Laplace's Equation for potential and number density
respectively.

v, CONCLUSIONS

In summary, we list cthe f[ollowing ceon-
clusions reaulting from our investigations of the
Turin Shreoud. We do not claim to have absolucely
proven any of them (excapt the Ffirat) for reasons
apecified in the text, but we do helieve them to
have a high probability of being correct (indepen-
dent of whether or not the Shroud i the actual
turial cloth of Jesus,)

b The frontal image on the Shrouwd has
A ahading sEructure consiatent with a body ghape
coverad with a naturally draping elath and which
can be derived from a single, global mapping func-
tion relating image shading with distance between
these two surfaces, This incerpretation would be a
raasanable explanation for the Shroud image if a
high resolution sechanism satinfying all image and
chemical characteristics of the Shroud can be
demonst rated.,

2« The visible image on the Shroud is
not the work of an artist in sn eye/brainfhand co-
ordination sense, nor does it appear (o bhe Che
result of direct comtact oaly, diffusion, radiation
from a body shape or eagraving, dabbing powder on a
bas relief, or electroscatic imaging.

3. The wvisible image on the Shroud is
prohably ast the result of a hot bas-relief impres=-
ged intn cloth, but such & mechanise might be able
to account for the Shroud image's distance correla-
tion, resolution, and chemical structure; it does
not seem to simultaneously account for the image
residing on one aide of the Shroud, low contrast of
the Shrowd image, or lateral distortions in the
Shroud image {(consiatent with & draping cloth owver
2 body shapa.}
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