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ABSTRACT

Computer graphics models of tableaus in paintings provide aprincipled and controlled method for exploring
alternate explanations of artists' praxis. We illustrate the power of computer graphics by testing the recent
claim that Georges de la Tour secretly built an optical projector to execute Christ in the carpenter's studio,
speci cally that he traced projected images in two \exposures," with the illuminant in a di erent position in
each. The theory's originator adduces as evidence his infaral impressions that the shadows and highlights in the
depicted image imply that the illuminant is in positions oth er than that of the depicted candle. We tested this
projection claim by creating a computer graphics model of the tableau and adjusting the location of the model's
illuminants so as to reproduce as closely as possible the patn of shadows and highlights in the depicted scene.
We found that for one \exposure" the model illuminant was quite close to the depicted candle, rather than in
the position demanded by the projection theory. We found that for the other \exposure" no single illuminant
location explained all highlights perfectly but the evidence was most consistent with the illuminant being in the
location of the candle. Our simulation evidence therefore egues against the projection theory for this painting, a
conclusion that comports with those from earlier studies ofthis and other paintings by de la Tour. We conclude
with general lessons and suggestions on the use of computeaghics in the study of two-dimensional visual art.

Keywords: Hockney tracing theory, computer graphics, painting analysis, tableau virtuel, cast shadow, attached
shadow, form shadow, highlights, Georges de la TourChrist in the carpenter's studio

1. INTRODUCTION

Algorithms and techniques of computer image analysis are kirg applied with growing frequency to problems in
the understanding of ne art. Such techniques include multispectral imaging to reveal hidden or degraded works,
color modelling and digital \reverse aging" of artworks to recover original color schemes$,image texture analysis
of brushstrokes to authenticate artworks2# fractal analysis to authenticate drip painting by Jackson Pollock,>®
feature analysis of marks from worn press platens to date prited artwork,” cast-shadow analysis to estimate the
location of illuminants within depicted scenes® rigorous image photogrammetry and perspective estimatiorto
infer artists' working methods,®'° computer dewarping of distorted images in convex mirrors dpicted within
paintings to attribute artists to these works, %12 analysis of the pattern of highlights along occluding contairs
to locate illuminants within depicted scenes’® and modelling putative projectors by computer ray tracing to test
for artists' use of optical drawing aids.!*°

A new, additional, approach is to analyze a painting through synthesisby creating computer graphics models
of the depicted scenela tableau virtuel. Computer graphics models of Vermeer's studio have been udeto
illustrate the claim that this artist traced optical projec tions;*® models of Jan van Eyck'sPortrait of Giovanni (?)
Arnol ni and his wife have been used to infer the \camera" (or projector) model to st the claim that portions
of this work were executed by tracing optical projections!’ a computer graphics model of the famous chandelier
in that painting was used to illustrate the asymmetry in the d epicted chandelier and to test properties associated
with its perspective;'’ a simple spherical model of St. Joseph's pate in Georges de [Eour's Christ in the
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carpenter's studio was used to estimate the direction of illumination in the painting; [8, Figure 2] a simple
model of the pearl in Jan Vermeer'sGirl with a pearl earring (c. 1665{1666) was used to infer the direction of
illumination in that painting. [18, this volume]

In this paper we describe the modelling of a full tableau within a painting to explore hypothetical setups to
better understand the working methods of its painter. One ofour broader goals is to understand the challenges
and opportunities of using computer graphics for addressig art historical problems. Section 2 describes the
art historical claim we will address: David Hockney's theoly that some Renaissance masters as early as 1420
secretly built optical projectors and used them during the execution of their works. Section 3 considers this
claim as it has been applied to Georges de la Tour'€hrist in the carpenter's studio, and summarizes earlier
research based on cast shadows and the highlights along oading contours in the image. While those studies
seemed conclusive, they nevertheless do not exploit all theisual information in the painting, information that
we here exploit using computer graphics. Section 4 descrilseour computer graphics modelling methods and
Sect. 5 describes our results. Section 6 contains our condiwns and some general recommendations on use of
computer graphics in the study of visual arts.

2. HOCKNEY'S TRACING THEORY

A recent theory claims that as early as 1420, some Renaissamartists secretly invented optical projectors as
drawing aids to the execution of their paintings.1®2?° The theory claims such artists projected real, inverted
images of portions of the scene onto their support (canvas, gper, oak panel, ...), traced such images in pencil
and later lled in the outlines with paint.

We note that there is no documentary evidence that anyone in he period in question|artists or even the
world's greatest optical scientists|had invented appropr iate optical projection onto a screen, let alone had
traced an appropriate projected image?! An exhaustive study of painters' practice and atelier culture of that
era carries not a single mention of any relevant optical pratice.?> More broadly, after she reviewed the historical
documentary record with special attention to Hockney's tracing claim, Yvonne Yiu concluded:

\With regard to the Hockney-Falco thesis the silence of thisconsiderable body of texts on the concave
mirror projection method is deafening. Written by well-inf ormed contemporaries who were keenly
interested in the relationship between the mirror and painting and eager to impart any “secret knowl-
edge' to willing listeners, it seems inconceivable that thg would not have described a method that
according to Hockney and Falco revolutionized the art of thér time." 23

Nor is it plausible that this lack was due to artists, artisans or scientists keeping trade secrets: artisans of
that time generally announced their discoveries in order toattract apprentices and the support of patrons?*
Hockney hypothesized that Filippo Brunelleschi (1377{144), widely believed to be the discoverer of the rigorous
rules of geometrical perspective, employed such projectis. Brunelleschi holds the rst recorded patent (1421),
on the design and use of a special ship for transporting good&ut leaves no surviving writings on appropriate
mirror or lens projection. He did not patent an optical projector|the best way to protect and prot from a
\trade secret" in that era|so it seems unlikely he invented s uch a projector.

Given the absence of historical or documentary evidence, # tracing theory's proponents have relied on
visual evidence in selected paintings, including Georgesedla Tour's Christ in the carpenter's studio, the work
we consider here.

2.1 The tracing theory and Georges de la Tour

The Italian Baroque master Michelangelo Merisi da Caravagip (1571{1610) gures prominently in Hockney's
tracing theory. Many of Caravaggio's dramatic paintings reveal subjects in strongchiaroscuro produced by raking
illumination. Caravaggio's realism leads Hockney to claimthat the master traced optical projections, but the
evidence he provides is somewhat vague, indirect, and not amenable to rigorous image analysis. Caravaggio's
in uence reached to the Low Countries in the works of Dutch Caravaggisti Gerrit van Honthorst (1592{1656)
and Hendrick Jansz ter Brugghen (1588{1692) and later to theinterior works of the English Romantic painter



Joseph Wright of Derby (1734{1797). An in uential follower of Caravaggio was the Lorrainese master Georges
de la Tour (1593{1652), and Hockney makes a speci ¢, scientially testable claim about his nocturne painting
Christ in the carpenter's studio, shown in Fig. 1:

\In France, the most famous of all Caravaggio's followers wa probably Georges de la Tour, who
produced a number of stunning candlelight scenes. Take thipainting, St. Joseph the Carpenter of
1645, for example. Could that candle really produce all thatlight? Once again, the source of light
seems to beoutside the picturg as it must be if you use optics|if the source of light were in t he
setting, it would cause are in the lens. Joseph and the girl fic] were probably painted separately,
each lit by a shielded light source in place of the other guré[19, page 129, emphasis added]

To illustrate and lend credence to his claim that de la Tour traced projected images, Hockney presents two
\half paintings"|Christ alone, and St. Joseph alone|which  here we refer to as putative \exposures."

Figure 1. Georges de la Tour, Christ in the carpenter's studio (1645), 137 101 cm, oil on canvas, Muse du Louvre,
Paris. This somber, meditative scene is typical of de la Tour's nocturne uvre, and illustrates St. Joseph passing world ly
knowledge to Christ; the beam below foreshadows Christ's sacri ce. Although it is di cult to discern in a reproduction,
the tall bright shaft above Christ's left hand is smoke from t he candle while the ame itself is hidden behind his hand.

One of the authors (DGS) has spent many hours with this large minting, at an exhibition in Tokyo of de
la Tour's works and twice at its home in the Louvre. The impression that the candle is the sole source of
illumination in the work is strong indeed, greater than can be conveyed through a small printed reproduction.
Moreover, there are many small details, such as the speculanighlights on the models' eyes, and pattern of
re ection through Christ's left hand, that show the illumin ant is in position of the candle. Nevertheless, we now
address the problem of the location of the illuminants usingmethods from computer image analysis.

We rst note that images produced by a projector such as Hockmrey proposes are very dim. The ratio of the
brightness of the projected image to that of the original scae given by
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where (0< < 1)is the re ectivity of the concave projection mirror, A the facial area of the mirror or lens, f
its focal length, and (0 < 90) the angle with respect to the central or optical axis?® (A lens would have
the equivalent of 1:0:) For the values projection theory proponents infer based onother works this ratio is
roughly 1/1000; that is, the projected image is dimmer than the scene by nearly three orders of magnitude|
roughly the equivalent of viewing a scene through three pais of commercial sunglass, stacked one in front of the
other. Clearly, in the early Renaissance, before high-powecarbon-arc lanterns, only solar illumination would
be su cient to yield a projected image bright enough to be of much use to an artist. It is certain that a single
candle in a dark studio could not provide adequate illuminaton, even to a fully dark-adapted artist. [26, Section
5.3] It was for this reason that Hockney was forced to propos¢hat a bright illuminant (i.e., other than a candle)
was either \outside the picture" or \in place of the other gu re."

We can immediately and categorically reject Hockney's clain that the \source of light seems to be outside the
picture." Clearly, the pattern of cast shadow, the bright spot of light on Christ's chest cannot be due to a point
source outside the picture, the detailed highlights on eyeshands and so on are incompatible with Hockney's
claim. We consider, then, the possibility that de la Tour employed two \exposures" in which the light source
was \in place of the other gure.”

3. PREVIOUS ANALYSES OF CHRIST IN THE CARPENTER'S STUDIO

Earlier tests of the projection claim for this painting were based on estimates of the location of the light source
within the tableau. Two methods were used to estimate this I&ation: analysis of cast shadows and of the
lightness distribution along occluding contours.

3.1 Analysis of cast shadows

In cast-shadow analysis, one merely identi es a point on an bject and its corresponding point on the shadow
it casts onto another surface. The straight line linking these two points, when extended, will pass through the
two-dimensional position of the light source. Under the asamption that the illumination in the scene is due
to a point source (consistent with the evidence such as sharghadows), multiple such lines will intersect at
the two-dimensional position of the source. A clear case ofugh a cast shadow is that of Joseph's left thumb,
cast onto the beam below. When the line connecting this shade point to its corresponding occluding point is
extended, the line passes through the position of the candleame (within measurement precision).?’ This, the
most salient and unambiguous cast shadow in the painting, iSncompatible with Hockney's claim that the light
source is \in place of the other gure [Christ]," as any reader with a straightedge can verify.

Note that one can employ cast-shadow analysis even if a shadopoint is not even visible within the painting.
For example in some cases one can locate the source precisbBfyemploying geometrical constraints, even if the
shadow point is outside the frame of the picture. [27, Figurs 1 & 2] Alternatively, one can estimate the direction
toward an illuminant using constraints. [27, Figure 4] For instance, although one cannot identify speci c pairs
of occluder-shadow points from Christ's left knee and shin,one can estimate the illumination direction using
straightforward methods; the resulting accuracy is su cient to judge the art historical claim at hand. For this
shadow to be consistent with Hockney's claim would imply theshadow tip would be very far outside the frame,
and thus inconsistent with the tapering of the shin shadow.

The individual estimates from several occluder-shadow pas in this painting were pooled according to fun-
damental Bayesian principles’®28 Since the nal estimate is based onseverallines, the estimated location is
robust to imprecision in the estimates of the slopes of indiidual shadow lines. An estimation of the illuminant
position that is based on many shadow lines show with little cdubt that the candle|not \the other gure"|is
the location of the illuminant in this painting. 2’



3.2 Analysis of lightness along occluding contours

The second category of visual information that has been usetb infer the location of illuminants in this painting
is the pattern of lightness along an occluding contour. Stok and Johnson introduced the application of the
occluding-contour algorithm into the study of paintings.'® This algorithm, developed by the computer vision
community for analyzing digital photographs, estimates the two-dimensional direction of illumination based on
the pattern of lightness along an occluding contour?® There are a number of restrictions or conditions for this
algorithm to give meaningful estimates: the surface shouldbe Lambertian, the illuminant should be fairly far
from the occluding contour, and that the single illuminant should be fairly small. These conditions hold|or can
be assumed to hold|in Christ in the carpenter's studio. The occluding contour algorithm, like the cast-shadow
analysis, showed that the illumination within this paintin g was likely at the position of the candle, not in place
of either of the gures and certainly not \outside the pictur e," as hypothesized by Hockney> 2’

3.3 Ambiguity of form shadows

We digress a bit in order to dispel a possible source of confimn about the visual information in images and
whether it can be exploited. There are several clear shadows Christ in the carpenter's studio that were

not analyzed in the previous research papers; that is becaesthese shadowsannot be analyzed by the two
methods just described. Computer vision researchers and adist painters know well that form shadows(also

called attached shadowsor, rarely, self shadows are fundamentally di erent than cast shadows. Whereas a cat

shadow appears on a surfacdi erent from the occluder, a form shadow lies on thesame surface. The shadow
on a sunlit basketball is an example of a form shadow. There & several such form shadows irChrist in the

carpenter's studio, for instance on Joseph's left forearm and his left shin as weas on Christ's left shin, visible

in Fig. 1.

Form shadows cannot be analyzed by the methods used for cashadows (or occluding contours), of course,
as there is no way to draw a line linking a shadow point and its @rtner occluding point.?’ Even more important
is the fact that most form shadows are inherently ambiguous:even on a single object of known three-dimensional
shape, point-source illumination fromdi erent directions can produce thesameform shadow, as shown in Fig. 2.
Each photograph shows a vertical paper cylinder, illuminaed by a point source to the right. The rod along the
back wall reveals the angle of illumination: in the left photograph the illumination is horizontal, in the middle
photograph the illumination is roughly 16 above the horizontal, and in the right photograph it is roughly
30 above the horizontal. Note especially that the form shadow a the cylinder is the same in each case its
terminator is a vertical line. In fact, if the distant point s ource is to the right and anywhere in the plane through
the axis of the paper cylinder and perpendicular to the line @ sight, this same form shadow is produced. Such
a form shadow is associated, then, with an in nite ambiguity in the position of the illuminant. Thus the many
such form shadows inChrist in the carpenter's studio cannot be analyzed by the techniques described in earlier
papers on this painting, and do not reveal the direction to the illuminant in any case.

Note too that there are numerous clearcast shadows inChrist in the carpenter's studio but which nevertheless
cannot be used in cast-shadow analysis because the occludard corresponding shadow points cannot be localized
su ciently accurately. Consider the shadow of the vertical awl rod in Fig. 1, for instance. There are no identi able
occluder and shadowpoints that can be identi ed; thus one cannot construct a line linki ng such points, as required
by cast-shadow analysis.

3.4 Two-dimensional analyses su ce

Another possible source of confusion about the image analgs of this painting centers on the inherent ambiguity
or degeneracy in projecting a three-dimensional picture sgce onto a two-dimensional picture plane. The lines
de ned by cast-shadow analysis and by occluding-contour aalysis are de ned in the two-dimensional picture
plane and hence give only the two-dimensionalX;y) location of the illuminant. Hockney's claim that the light
source \in place of the other gure" can be rejected if the two-dimensional position of the illuminant (x;y) is
not in the two-dimensional position of the appropriate gur e, regardless of the illuminant's depth ). In short,
the ambiguity in depth is irrelevant to the above evidence reébutting Hockney's claim about this painting.



Figure 2. In general, form shadows or attached shadowsare inherently ambiguous and cannot be used simply to infer t he
direction of illumination. The three photographs of a verti cal paper cylinder along the top each have the same attached
shadow despite the fact that the direction of the illuminati on di ers, as shown by the shadow of the rod along the back
wall. The bottom row are computer graphics reconstructions illustrating the same e ect. Although these shadows are very
clear, the information they bear about the illumination dir ection is inherently ambiguous and cannot be disambiguated
by the techniques of cast-shadow analysis or the occluding-contour algorithm.

4. COMPUTER GRAPHICS MODELLING

There is, however, another form of visual information whichcan be used to infer the position of the illuminant
in the depicted scene: the highlights and pattern of brightress over surfaces depicted within the tableau, such
as the bright area on Christ's chest, on Joseph's pate, and sewhere. Such patterns of brightness are used in
shape-from-shading algorithms in computer vision to inferthe three-dimensional shape of the objects, in which
the location of the illuminant is often estimated as an intermediate step. [30, Section 16.4]

Here we exploit such visual information by creating a compuer graphics model of the scenela tableau
virtuel|and adjusting the location of the model illuminant so thatt he rendered image best matches the tableau
in the painting. The location of such an illuminant found in t his way is thus the estimate of the location of the
illuminant in de la Tour's studio.

The problem of building a three-dimensional computer graplics model based solely upon a two-dimensional
image (eg., a painting) is technically \ill-posed": an in n ite number of three-dimensional scenes yield the same
nominal projection onto a two-dimensional picture plane3! To build a faithful model, then, one must incorporate
knowledge beyond the target image alone, for instance knowtige about expected sizes and relative dimensions
of the objects or people depicted, or special knowledge abbgonstraints on the placement and interposition of
objects, constraints of gravity, properties of materials, and so forth. An especially valuable constraint in the
present case is optical, speci cally the assumption that the illuminant in a single \exposure" is exclusively or
primarily from a single point source. This optical condition provides severe and thus very useful information for
constraining the creation of a model.

We note in passing that every computer graphics model will bean approximation, and the scholarly question
being addressed should dictate which aspects of the model @amost carefully constructed. If the question at
hand centers on perspective and scale, then the sizes, plawent, orientation, and so forth of the objects must
be carefully set. If, however, the question at hand centers o color and interre ection, then the chromaticity,
specularity and possibly full re ectivity curves of the var ious rendered surfaces must be carefully set.



4.1 Methods

We rendered the objects in the painting's tableau in Shade 9 Professionaland the human gures in Poser 7.
First we created a wireframe model of the gures and carpentes tools, adjusting the pose of default (symmetric)
body models. Figure 3 shows our wireframe model of Christ, StJoseph and several carpenter's tools.

Figure 3. Our wireframe model of Christ and St. Joseph (rendered in Poser 7), and several objects and carpenter's tools
(rendered in Shade 9 Professiona), in the tableau.

Next we modelled the clothes on the gures, and texture mappéd every object. We noticed that there are
very few specular highlights in the scene (other than the eyg for instance) and thus modelled most surfaces as
Lambertian and adjusted the albedo and color to match that ofthe painting. We then went back and modi ed
the poses, surfaces and so forth, iterating so as to match thevo-dimensional shapes in the painting, all under
ambient di use model illumination. As with realistic sculp ture, creating a computer graphics model is part art,
part science, and relies on experience. One of the authors &) has created detailed computer graphics models
of tableaus of paintings over many years, including works byJan Vermeer and Georges de la Tour.

Because the art historical question at hand was the locatiorof the illuminant in the painting, we systematically
explored a range of positions (and luminosity), as describe in Sect. 5, below.

4.2 Estimating the location of the illuminant

We placed a virtual point-source illuminant in the model, rendered the tableau and assess qualitatively the match
to de la Tour's painting based on shadows, highlights, and sdorth. This method is superior to that used by
Hockney!® because we carrompare two rendered scenes to see which one is a better match to the ing.

5. RESULTS

We focussed on the putative \exposure" of Christ because theevidence seemed richest. The illuminant location
posited by Hockney during this \exposure"|i.e., in place of St. Joseph|can be tested by considering the
illuminant's two-dimensional position (x;y) in the scene: if the best rendering occurs with the illuminait at a
di erent two-dimensional position, we can conclude that the best pasion is not \in place of" Joseph, regardless
of the depth (cf., Sect. 3.4). We generated 19 images at the s@ (x;y) position of Joseph but with di erent
depths (z) and chose the one that yielded a scene that best matched theginting. This rendering is the best
image corresponding to the given two-dimensionalX; y) position of Joseph. We then repeated this procedure to
nd the best image corresponding to the two-dimensional pogtion of the candle. Figure 4 shows the locations of
the illumination points we chose for the two-dimensional Iacations of the candle, and \in place of" St. Joseph.



Figure 4. The front and top views of the model showing some of the 19 locations, at di erent depths ( z) for the model
illuminant \in place of" St. Joseph (red dots), and in place o f the candle (green dots).

Figure 5. The top row of images shows the renderings for ve of the 19 di erent depths for the illuminant at the candle's
two-dimensional location in the painting. The bottom row of images shows the renderings for ve of the 19 dierent
depths for the illuminant at St. Joseph's location in the pai nting (cf. Fig. 4). Of all 19, we judged image number 10 in
the top row as best matching the shadows and highlights in de la Tour's painting|this was, then, the best image with
the light source in place of the candle. Of the other 19 images, we judged number 10 in the bottom row as best matching
the shadows and highlights in de la Tour's painting|this was , analogously, the best image with the light source \in place
of" St. Joseph.

Figure 5 shows actual renderings from ve of the illuminant positions spanning the range of depths.

The renderings near the middle of the depth range (number 10dr the position of and number 10 for the
position of the candle) were judged to best match the paintirg, particularly its shadows and highlights. There
perhaps two steps in either way, but beyond that the images reealed a feature that di ered signi cantly from
the painting. This, then, is an informal indication of the experimental precision in setting the depth: a few
centimeters in the picture space.

Figure 6 shows in greater detail the best matching renderingrom the two-dimensional position of the candle
and the two-dimensional position of St. Joseph. These, thenare the renderings to be compared when judging
Hockney's claim. It is apparent, through careful scrutiny and comparison of the renderings in Fig. 6, that the
rendering with the illuminant in the position of the candle ( left) better matches de la Tour's painting than does
the rendering with the illuminant in the position of St. Jose ph. The localized patch of lightness on Christ's chest,
the direction of the shadow of Christ's knee on the oor, and many details match the painting better.

The comparison in Fig. 6 assumed the illuminant was the same tightness in the two candidate scenes. There



Figure 6. The best image match to de la Tour's painting for the model illuminant at di erent depths (cf. Fig. 4). Left:
illuminant in the two-dimensional position of the candle. R ight: illuminant in the two-dimensional position of Joseph .

is of course no need for this to be the case. For that reason, wadjusted the brightness of the illuminant in each
to best match that of the painting. Speci cally, we rendered each scene with 9 di erent brightnesses and chose
the one in each set that best matched the painting. Figure 7 shws our results.

Figure 7. The best image match rendering to de la Tour's paint ing for the model illuminant at di erent depths and
brightness of illuminant. Left: for the illuminant in the tw o-dimensional position of the candle, and the optimal depth
z and luminous intensity. Right: for the illuminant in the two -dimensional position of Joseph, and the optimal depth z
and luminous intensity. Close scrutiny of the positions and angles of the shadows, the lightness diistribution over surfaces
such as Christ's chest and arms, shows that the rendering that best matches de la Tour's painting (cf., Fig 1) is the gure
on the left, i.e., with the source in place of the candle. (The re is a low-intensity di use illuminant that reveals the obj ects
in the scene but does not a ect highlights and shadows.)

Finally, we repeated our analysis for light passing right toleft for the rendering of St. Joseph and found here
too the illuminant was likely in place of the candle, not in place of Christ. However, the optimal depth we found
di ered slightly, by roughly 10 centimeters in the virtual s pace, from that for the light passing left to right. Such
a minor di erence may be an indication of the e ective discrimination ability of our method, or the possibility
that de la Tour moved his position or that of a gure slightly d uring the execution of this painting. Regardless,



this evidence too is not compatible with Hockney's claim tha a very bright light source was \in place of the
other gure."

6. CONCLUSIONS AND RECOMMENDATIONS

We present some conclusions and recommendations for the usé computer graphics in the study of art.

6.1 Conclusions

Our results show that for each half of Christ in the carpenter's studio, i.e., putative \exposures," the image
evidence in the painting is better explained if the illuminant was closer to the candle than \in place of the other
gure" (cf., Fig 7). Here \best" is admittedly a somewhat sub jective judgement based on cast shadows, form
shadows and highlights, but in the current case the superiaty of the candle explanation was clear. There may
be yet positions and con gurations superior to that of the candle, but to judge Hockney's claim at hand, all we
needed do was nd a con guration that better matches the painting than one with the illuminant \in place of
the other gure."

This results comport with the analysis of cast shadows and tle analysis of lightness along occluding contours
described in earlier work, and further supports the rejecton of the tracing theory, at least for this painting.

6.1.1 Other nocturne paintings by de la Tour

We explored, through the analysis of highlights and shadowsthe possibility that other nocturne paintings by de
la Tour were executed through tracing projected images. Alhough we did not create computer graphics models
or employ rigorous computer methods (save foMagdalen with the smoking amé, the evidence seemed quite
convincing and the following conclusions secure:

Repentant Magdalen (1635): The detail of the candle, its virtual image in the mirror, and their two
overlapping shadows show conclusively that the illuminaton in the scene is due to the candle rather than
some very bright illuminant elsewhere in the scene.

Magdalen with the smoking ame(c. 1638{1640): Estimates given by the occluding-contour &yorithm, 32
by the cast shadows, and the fallo of highlights throughout the tableau show that the illuminant was at
the position of the candle.

Job mocked by his wifg(c. 1630{1639): The brightness on surfaces near the candle ihigh, and falls o
quickly away from the candle, showing the illumination was rearby, surely not at a great distance or outside
the picture.

A young singer (c. 1650), The newborn (c. 1645), and La Sou eura la lampe (1640): In each of these
paintings the candle is central and could not be executed edy in multiple \exposures" of the type suggested
by Hockney.

Given that the candles are the most likely source of illumindion in these paintings (and thus that they were
not executed under projections), and given the stylistic smilarity among de la Tour's nocturne paintings, it is
quite unlikely that he would have used projections for just Christ in the carpenter's studio.

6.1.2 No illuminants compatible with the projection theory

As mentioned above, the Hockney theory is incompatible withour evidence for the \exposure" of Christ. Never-
theless, we now consider the possibility our answers are wng and that de la Tour did, in fact, trace an optical
projection. This alternative explanation leads immediately to the crucial question: What illuminant would he
have used for a projector, given that a candle would not provile su cient brightness? In the mid-17th century,
the only arti cial illumination su ciently bright to produ  ce a visible projected image would be a collection of
at least several dozen oil lamp$® But such a spread-out collection would not produce the sharpshadows we
nd in the painting. (It would also pose a re hazard to the stu dio and endanger the models.) While solar
illumination is su ciently bright, di use solar illuminat ion would not produce the sharp shadows, nor the local

10



patch of lightness on Christ's chest, and so forth. Creatinga complicated optical system of curved or tracking
mirrors to bring direct solar illumination from di erent di rections (for the two \exposures") is extraordinarily

implausible. In short, there seems to be no viable illuminah compatible with the laws of optics and the most
salient visual information Hockney employs from de la Tours painting.

6.2 Recommendations for using computer graphics in studies of paintings

We conclude by mentioning some broader methodological recomendations that arose in this research. As
described in Sect. 4, it is important that the model be as accuate as possible in the properties relevant to the
scholarly question at hand, be it lighting, perspective, cdor, and so forth. Moreover, since no model will be
perfect, whenever the scholarly question permits it, two aternative images should be rendered, diering in a
variable (or the smallest number of variables) and the best mmage chosen. (Another method would bemethod
of adjustment, in which the person making the judgment can interactively adjust a parameter of interest, for
instance here the location of the virtual point-source illuminant.)

It seems clear that computer graphics methods, when used pperly, will be able to help answer an expanding
range of questions in the study of art.

ACKNOWLEDGMENTS

We thank the Muse du Louvre for permission to reproduceChrist in the carpenter's studio and to anonymous
reviewers for several helpful suggestions.

REFERENCES

1. R. L. Easton, Jr., K. T. Knox, and W. A. Christens-Barry, \M ultispectral imaging of the Archimedes
palimpsest,” in Proceedings of the 32nd Applied Imagery Pattern Recognitio Workshop, AIPRO3 , pp. 111{
116, IEEE, (El Segundo, CA), 2003.

2. R. S. Berns, \Rejuvenating Seurat's palette using color ad imaging science: A simulation," in Seurat and
the making ofLa Grande Jatte, R. L. Herbert, ed., pp. 214{227, Art Institu te of Chicago, Chicago, IL, 2004.

3. S. Lyu, D. Rockmore, and H. Farid, \A digital technique for art authentication," Proceedings of the National
Academy of Sciencesl01(49), pp. 17006{17010, 2004.

4. M. Shahram, D. G. Stork, and D. Donoho, \Recovering layersof brushstrokes through statistical analysis of
color and shape: An application to van Gogh'sself portrait with grey felt hat,” in Computer image analysis
in the study of art, D. G. Stork and J. Coddington, eds., 6810, p. 68100D, SPIE/IS&T, Bellingham, WA,
2008.

5. R. P. Taylor, A. P. Micolich, and D. Jonas, \Fractal analys is of Pollock's drip paintings,” Nature 399, p. 422,
1999.

6. K. Jones-Smith and H. Mathur, \Fractal analysis: Revisiting Pollock's drip paintings,” Nature 444(doi:
10.1038/nature05398 ), pp. E9{E10, 2006.

7. B. Hedges, \A method for dating early books and prints usirg image analysis," Proceedings of the Royal
Society A 462(2076), pp. 3555{3573, 2006.

8. D. G. Stork, \Did Georges de la Tour use optical projections while painting Christ in the carpenter's
studio?," in SPIE Electronic Imaging: Image and video communications ad processing A. Said and J. G.
Apolstolopoulos, eds.,5685, pp. 214{219, SPIE, (Bellingham, WA), 2005.

9. A. Criminisi, Acccurate visual metrology from single and multiple uncalbrated images ACM Distinguished
Dissertation Series, Springer-Verlag, London, 2001.

10. A. Criminisi and D. G. Stork, \Did the great masters use optical projections while painting? Perspective
comparison of paintings and photographs of Renaissance chéeliers," in Proc. 17th International Conference
on Pattern Recognition, J. Kittler, M. Petrou, and M. S. Nixon, eds., IV, pp. 645{648, 2004.

11. A. Criminisi, M. Kemp, and S.-B. Kang, \Re ections of rea lity in Jan van Eyck and Robert Campin,"
Historical methods 3(37), pp. 109{121, 2004.

11



12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. S. Savarese, R. Spronk, D. G. Stork, and A. DelPozo, \Re etions on praxis and facture in a devotional
portrait diptych: A computer analysis of the mirror in Hans M emling's Virgin and Child and M aarten van
Nieuwenhovg" in Computer image analysis in the study of artD. G. Stork and J. Coddington, eds., 6810,
p. 68100G, SPIE/IS&T, Bellingham, WA, 2008.

D. G. Stork and M. K. Johnson, \Estimating the location of illuminants in realist master paintings: Com-
puter image analysis addresses a debate in art history of thBaroque," in Proceedings of the 18th Interna-
tional Conference on Pattern Recognition |, pp. 255{258, IEEE Press, (Hong Kong), 2006.

D. G. Stork, \Aberration analysis of the putative projec tor for Lorenzo Lotto's H usband and wifg' Optical
Society of American Annual Meeting San Jose, CA (Abstract), 2007.

M. D. Robinson and D. G. Stork, \Aberration analysis of th e putative projector for Lorenzo Lotto's H usband
and wife. Image analysis through computer ray-tracing," in Computer image analysis in the study of art
D. G. Stork and J. Coddington, eds., 6810, p. 68100H, SPIE/IS&T, Bellingham, WA, 2008.

P. Steadman,Vermeer's camera: Uncovering the truth behind the mastergices Oxford U. Press, Oxford,
UK, 2002.

D. G. Stork, \Optics and realism in Renaissance art," Scienti c American 291(6), pp. 76{84, 2004.

M. Johnson, D. G. Stork, S. Biswas, and Y. Furuichi, \Inferring illumination direction estimated from
disparate sources in paintings: An investigation into Jan Vermeer'sGirl with a pearl earring," in Computer
image analysis in the study of art D. G. Stork and J. Coddington, eds., 6810, p. 68100I, SPIE/IS&T,
Bellingham, WA, 2008.

D. Hockney, Secret knowledge: Rediscovering the lost techniques of tlodd masters Viking Studio, New
York, NY, 2001.

D. Hockney and C. M. Falco, \Optical insights into Renaissance art,” Optics and Photonics News11(7),
pp. 52{59, 2000.

S. Dupe, ed., Early Science and Medicine: A Journal for the Study of Sciene, Technology and Medicine
in the Pre-modern Period: Optics, instruments and painting 1420{1720: Re ections on the Hockney-Falco
Thesis, vol. X, no. 2, Brill Academic Publishers, Leiden, The Nethelands, 2005.

A. Thomas, The painter's practice in Renaissance Tuscany Cambridge U. Press, Cambridge, UK, 1995.
Y. Yiu, \The mirror and painting in early Renaissance texts," in Early Science and Medicine: A Journal for
the Study of Science, Technology and Medicine in the Pre-meaan Period: Optics, instruments and painting
1420{1720: Re ections on the Hockney-Falco ThesisS. Dupe, ed., X, no. 2 , pp. 187{210, Brill Academic
Publishers, Leiden, The Netherlands, 2005.

P. O. Long, Openness, Secrecy, Authorship: Technical arts and the culte of knowledge from Antiquity to
the Renaissance Johns Hopkins U. Press, Baltimore, MD, 2001.

D. G. Stork, \Color and illumination in the Hockney theor y: A critical evaluation," in Proceedings of
the 11th Color Imaging Conference (CIC11) 11, pp. 11{15, Society for Imaging Science and Technology,
(Scottsdale, AZ), 2003.

D. Falk, D. Brill, and D. Stork, Seeing the Light: Optics in nature, photography, color, vieon and holography
Wiley, New York, NY, 1986.

D. G. Stork, \Computer vision, image analysis and masterart, Part I," IEEE Multimedia 13(3), pp. 16{20,
2006.

R. O. Duda, P. E. Hart, and D. G. Stork, Pattern classi cation, John Wiley and Sons, New York, NY,
2nd ed., 2001.

P. Nillius and Jan-Olof Eklundh, \Automatic estimation of the projected light source direction," in IEEE
Conference on Computer Vision and Pattern Recognition (CVFR01), 1, pp. 1076{1083, 2001.

E. R. Davies, Machine vision: Theory, algorithms, practicalities, Morgan Kaufmann, San Francisco, CA,
2004.

P. Shirley, M. Gleicher, S. R. Marschner, E. Reinhard, K. Sung, W. B. Thompson, and P. Willemsen,
Fundamentals of computer graphicsA. K. Peters, Ltd., Wellesley, MA, 2nd ed., 2005.

D. G. Stork, \Imaging technology enhances the study of ar," Vision Systems Design12(10), pp. 69{71,
2007.

12



