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ABSTRACT

The problem of estimating the direction of point-source illumination in digital photographs has been studied
extensively, and the cast-shadow and occluding-contour algorithms have been used to detect tampering and
compositing; di�erences between the lighting directions estimated from di�erent objects indicate that at least
one of them was composited into the image. Such methods have also been applied to the analysis of realist
paintings to estimate the position of illuminants within a t ableau and thereby test for artists' use of optical
aids. Recently, the occluding-contour algorithm has been enhanced to address the case ofdi�use illumination,
for instance from light passing through several windows, from multiple lamps, and so forth. Here, the pattern
of lightness along the occluding contour of an object is expressed as a weighted sum of spherical harmonics.
Signi�cant di�erences between the coe�cients extracted fr om di�erent objects indicates that they were recorded
under di�erent illumination conditions, and thus that one o r more was likely composited into the image. We
apply this technique to the analysis of di�use lighting in realist paintings, focussing on the portraits of the
contemporary American realist Garth Herrick. Herrick often works with multiple photographs as referents, for
instance a photograph of the portrait subject and a di�erent photograph of the background. There is no guarantee
that the two lighting conditions are the same, nor that Herri ck can perceive or compensate for such lighting
discrepancies when executing his painting. We tested for lighting consistency throughout two of his paintings:
one based on a single photographic referent, and another \composited," i.e., based on two photographic referents.
Our algorithms found great illumination consistency in the �rst painting and signi�cant inconsistencies in the
second painting|inconsistencies di�cult to discern by eye . As such, our methods reveal this artist's working
methods. Our algorithms have broad applicability to the study of studio practice throughout the history of art.

Keywords: painting analysis, image forensics, lighting analysis, spherical harmonics, occluding-contour algo-
rithm, image tampering, image compositing, Garth Herrick, Human on my faithless arm, Apotheoun

1. INTRODUCTION

The task of estimating the direction of illumination in a rea listic scene has been explored extensively in the
computer vision and pattern recognition literature, and has been used in digital relighting of scenes and in forensic
discovery of tampering and compositing.1 The simplest model-independent method is based on cast shadows:
one merely draws a line from a point on a cast shadow through its corresponding point on the occluder. Extended,
this line will pass through the two-dimensional position of the illuminant. Multiple such lines, in general position,
will intersect at the illuminant. 2 Another powerful model-independent method is the occluding-contour algorithm
of Nillius and Eklundh. 3 Here the direction perpendicular to the viewer's line of sight and toward the illuminant
is estimated from the pattern of brightness or gray scale along the occluding contour of an object. There are
a number of model dependent methods as well|that is, ones that require knowledge or assumptions about the
three-dimensional shape of the objects in the scene.4 In this paper we focus on a model-independent method
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because it is much easier to apply than model-dependent methods and, as we shall see, su�ciently powerful to
answer questions in the history of art.

Recently, these methods have been applied to problems in thehistory of art, for instance testing objectively
the consistency between di�erent cues in Jan Vermeer'sGirl with a pearl earring ,4 and testing for the use of
optical projections by Georges de la Tour and Caravaggio.2 Very recently, Stork5 as well as Kale and Stork6

pioneeredweaklymodel-dependent methods for realist paintings. Speci�cally, they exploited the fact that 
oors
and walls are 
at and that they are vertical and horizontal, r espectively. They derived maximum-likelihood
equations for the illuminant position based on the measuredluminance on such 
at surfaces rendered in a
painting. They applied their method to the 
oor in Georges de la Tour's Christ in the carpenter's studio and
found that the light source was somewhat more likely in position of the candle than \in place of" either of the
�gures (Christ or St. Joseph). More speci�cally, they argued that based on their results they could not reject
earlier conclusions that the light source was at the candle.Further, they applied their method to the rear wall
in Caravaggio'sThe calling of St. Matthew and found the illuminant was local, rather than distant solar. These
two results rebutted David Hockney's claim these paintingswere executed by means of optical projections.7

The occluding-contour algorithm of Nillius and Eklund, mentioned above, applies to the case of a single,
distant small or point-source illuminant. Recently, their technique has been generalized to the case of multiple or
di�use illumination sources.8 Here the pattern of brightness or graylevel along an object's contour is expressed
as a linear sum of spherical harmonics. This new method has been applied to the task of detecting tampering
and compositing in digital photographs: signi�cant di�ere nces between the coe�cients in the sum of spherical
harmonics for di�erent objects implies that these objects were photographed under di�erent lighting conditions
and thus at least one object was composited into the image.

In this paper we apply this new di�use illumination analysis technique to problems in the history and analysis
of art, in particular detecting the analog of compositing in realist paintings. Suppose a realist artist executes
one passage of a painting|a foreground �gure, say|based on o ne photograph referent and a di�erent part of
the painting|the background, say|based on a di�erent photo graph referent. There is no guarantee that the
lighting conditions in these two photographs are identical, nor that the artist visually can detect such illumination
inconsistencies, nor that he can correct them as he executeshis painting. The same situation might arise if the
artist executes these di�erent passages from life but each under di�erent studio lighting conditions. In short,
if an artist faithfully replicates the passages from di�erent photographs into his painting, and the lighting is
inconsistent between the photograph referents, our methods might be able to detect such \compositing."

In Sect. 2 we describe the fundamental theory of occluding-contour-based lighting estimation for the general
case of di�use and multiple illuminants, following the recent work of Johnson and Farid.8 In Sect. 3 we describe
the working methods of the American portraitist Garth Herri ck. We analyze two of his paintings in Sect. 4, one
executed with a single photographic referent, the other \composited"|that is, where the foreground �gure was
painted under one studio lighting condition and the background under a di�erent studio lighting condition. As
we shall see, our analysis of the �rst painting demonstratesHerrick's ability to render the e�ects of illumination
consistently under a single illumination condition. Our analysis of the second painting reveals statistically
signi�cant di�erences between the lighting on the foreground �gure and the background, and this indicates that
the artist used multiple referents, i.e., that he indeed \composited" his image. We mention some sources of error
and uncertainty in our methods, and then conclude in Sect. 5 with some speculations and suggestions for the
use of our methods in other works and problems in the history of art.

2. ESTIMATING LIGHT DISTRIBUTIONS FROM OBJECT CONTOURS

Our goal in this section is to describe a method for characterizing the illumination patterns in a scene based on
brightness or grayscale measurements in an image. We seek a method that is model-independent (i.e., one that
does not require knowledge or assumptions about the three-dimensional shape of objects in the scene) because
such three-dimensional knowledge is di�cult to obtain from the vast majority of realist paintings. We will use
the lighting characterizations from di�erent passages in apainting to test for inconsistencies in lighting and this,
in turn, will reveal the possible use of di�erent referents. The following theoretical derivation is a summary
of the recent work Johnson and Farid,9 which has its roots in lighting characterization in shape-from-shading
algorithms.10
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Our measurements will be of the brightness or grayscale along the occluding contours of objects. We make
the following assumptions in our derivation:

� Along each occluding contour used in our analysis, each object is Lambertian or di�usely re
ecting|like
skin or cloth, not specular like glass or metal.

� Each occluding contour used is of uniform re
ectivity or albedo. (The method can be generalized if the
albedo varies in a known way.)

� The illumination sources are reasonably far from each occluding contour so that the illumination coming
from a given point on the source is parallel when the light strikes the objects.

� The camera capturing the scene or the artist recording the scene is reasonably far from the objects so that
the projected image can be considered in orthographic perspective.

� Each object is convex so that there are no self-interre
ections.

� Each object is reasonably far from other objects so that we can ignore the e�ects of interre
ections from
other objects.

We let n denote a unit normal, v a unit vector in an arbitrary direction, and L(v) the non-negative intensity
of the light along that direction. Thus the brightness at the surface of an object is based on its re
ectance
function, R(v ; n), according to

E(n) =
Z




L(v)R(v ; n)d
 ; (1)

where d
 is a di�erential area, which can be considered on a bounding sphere. We useR(v; n) = max[ v t n; 0],
the clamped Lambertian re
ectance function. We can expressthe brightness function in Eq. 1 as a sum over the
orthogonal complete set of spherical harmonics,

L (v) =
1X

n =0

nX

m = � n

ln;m Yn;m (v ); (2)

where Yn;m (�) is the mth spherical harmonic of order n, and ln;m is the coe�cient describing the particular
lighting environment. We assume the \camera function" i.e., the pixel- or point-wise mapping of luminance
detected on the object to �nal image, is linear. (Non-linear extensions can be accommodated. [8, Appendix B])
In our linear case, then, we haveI (x) = E(n(x)), where x is the position in the image.

The above derivation is very general and applies to an arbitrary point on a three-dimensional surface. If we
restrict consideration to the occluding contour of an object, the normal vector is perpendicular to the viewing
direction and this limits the set of spherical harmonics we need consider. Further, although this set is in principle
in�nite, in practical applications �ve coe�cients su�ce to reveal di�erences in lighting.

Then the (truncated) brightness pro�le along an occluding contour becomes:

I (x) = A + l1� 1
2�
3

Y1;� 1(n) + l1;1
2�
3

Y1;1(n) + l2;� 2
�
4

Y2;� 2(n) + l2;2
�
4

Y2;2(n); (3)

where the ln;m are the coe�cients and
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A = l0;0
�

2
p

�
� l2;0

�
16

r
5
�

;

and the Yi;j (�) depend only on the x and y components of the surface normal.

Equation 3 is linear in �ve lighting coe�cients and can be exp ressed in matrix form:
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(4)

or Mw = b:

Equation 4 yields the least-squares solution for the coe�cients:

w =
�
M t M

� � 1
M t b: (5)

If the range of orientations of a given occluding contour is small, or the visual evidence is noisy, though, computing
the solution through Eq. 5 may prove unstable or unreliable; thus we may introduce a regularization term to
avoid such instabilities. After a straightforward derivat ion following the above, we �nd a more robust solution,

w =
�
M t M + � C t C

� � 1
M t b; (6)

where � is a scalar that controls the smoothness of the solution. We can �nd the best single light direction and
ambient term by �rst removing the fourth and �fth columns of M and solving for the coe�cients in Eq. 4. Then
the principal light direction is given by the terms l1;� 1 and l1;1 in this reduced-matrix solution, speci�cally

� = tan � 1(l1;� 1=l1;1): (7)

2.1 Quantifying illumination matches
Suppose we estimate the �ve-dimensional illumination vectors for two objects in a scene,w1 and w2. How do
we know if these di�er signi�cantly, that is, more than can be expected by chance and thus that the illumination
conditions di�ered for the two objects? We quantify the match between such estimated vectors by a normalized
correlation,

corr(w1; w2) =
w t

1Qw 2p
w t

1Qw 1

p
w t

2Qw 2
; (8)

where Q = diag(0 �= 6 �= 6 5�= 4 5�= 4) is required for technical reasons of normalization. A natural measure of
error is then represented by a \distance,"

D (w1; w2) =
1
2

(1 � corr(w1; w2)) ; (9)

which is normalized such that 0� D (w1; w2) � 1. A small D implies the illumination conditions are likely very
similar; a large D implies the illumination conditions are likely very di�ere nt.
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Figure 1. (left) Photographic referent used by Mr. Herrick f or the �rplace in the background of a portrait of Philadelphi a
Mayor Rendell, where the artist is standing in for the subjec t. (right) Garth Herrick, Mayor Edward G. Rendell (2002),
127 � 96.5 cm, oil on linen (Collection of the City of Philadelphia , City Hall). Mr. Herrick executed this painting in his
studio, using two photograph as referents: the one show on the left (for the background) and a di�erent photograph, of
the subject. As such, the �nal painting can be considered the analog of a \composited" digital photograph.

3. THE PORTRAIT TECHNIQUES OF GARTH HERRICK

Garth Herrick (b. 1958) is a professional realist painter working near Philadelphia PA, noted for his technical
mastery and the formal dignity be�tting many of his commissi oned subjects, such as political �gures (Mayor
Edward G. Rendell, 2002,Lieutenant Governor Mark S. Singel, 2003), judges (The Honorable William Marutani ,
2003, The Honorable James T. Giles, Chief Judge, 2006), social leaders (Daniel DiLella, President, 2006) and
scholars (Dr. Earl Ball, Head , 2005). Herrick frequently works from photograph referents, and sometimes adjusts
overall lightness and color balance in AdobePhotoshopon a computer before working in oil on canvas.11 He does
not project an image onto his canvas or trace such an image butalters the image slightly, while painting, for
expressive and compositional ends. He often works from multiple photographic referents, for practical reasons.
Thus he may use a photograph of a background and a di�erent photograph of a �gure for the foreground, and
paint using both these referents. Figure 1 shows his background photograph referent, and his �nal portrait,
Mayor Edward G. Rendell.

In other cases Herrick works from life, in the studio. Here too, however, he may employ multiple studio
con�gurations and lightings for di�erent portions of the im age. Thus he may paint the background in one studio
condition, and the foreground in a very di�erent studio condition, as in his Human on my faithless arm, shown
in Fig. 3 below.

4. LIGHTING ANALYSIS OF HERRICK'S PAINTINGS

We analyzed the lighting consistency within each of two paintings by Garth Herrick. First, we converted each
painting to grayscale and then applied the algorithm described in Sect. 2. Figure 2 showsApotheoun, a work
executed from a single photograph referent. We estimated �ve lighting environment coe�cients for the boy,
w1, and for his mother, w2, as described above. Table 1 shows our results. Recall that� is the predominant
lighting direction, as de�ned in Eq. 7, above. The distance between the two �ve-dimensional vectors, Eq. 9
was 0.06|quite small on the scale 0{1. This small distance demonstrates that Herrick could accurately render
lighting information under a single lighting condition.

Figure 3 shows the second painting we analyzed,Human on my faithless arm. Herrick painted this work
under two lighting conditions: the architectural scroll fr om life, in a studio, and his nude self-portrait under
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Figure 2. (left) Photograph, taken in 1981, later used as a referent for Apotheoun. (right) Garth Herrick, Apotheoun
(2004), 77.5 � 90.2 cm, oil on linen (collection of the artist). We used the c ontours on the boy (marked in black) and the
contours on the mother's legs (marked in white) to estimate t he coe�cients in a spherical harmonic representation of the
lighting distributions. The coe�cients were statisticall y indistinguishable, showing there was a single lighting condition
as well as that the artist could render such illumination inf ormation consistently (cf. Table 1).

contours A l 1;� 1 l1;1 l2;� 2 l2;2 � ambient component
boy 0.4246 -0.2275 0.1198 -0.1114 0.023258:4� 0.4055

mother 0.3840 -0.1554 0.0152 -0.1734 0.096161:2� 0.3554
Table 1. The spherical harmonic coe�cients estimated from t wo sets of occluding contours in Apotheoun (cf., Fig. 2).
Note especially the excellent agreement between these coe�cients, and between the principle angles, � .

di�erent lighting conditions, in a mirror. Table 2 shows our results. Notice especially that the distance between
the two �ve-dimensional vectors is 0.3734, again, on a scale0{1. This distance is much larger than for the case
of Apotheoun, and exposes the fact that Herrick indeed worked under two lighting conditions when executing
this painting.

contours A l 1;� 1 l1;1 l2;� 2 l2;2 � ambient component
scroll 0.1480 -0.0328 0.4342 -0.4207 -0.324053:0� 0.3163

leg & arm 0.5561 -0.2196 -0.0071 -0.1569 -0.286783:4� 0.6153
Table 2. The spherical harmonic components estimated from t wo sets of occluding contours in Human on my faithless
arm (cf., Fig. 3). Note especially the large di�erence between t hese coe�cients, and between the principle angles, � .

5. CONCLUSIONS

We have demonstrated that algorithms for estimating illuminant distributions in general, di�use conditions,
can reveal aspects of the working method of at least one talented realist painter. Such \compositing" is not
immediately evident through visual inspection of the painting itself. We believe our methods will be similarly
revealing about other artists as well, though of course thisis future work.

There needs to be more work on the fundamental algorithms themselves. For instance, we need principled
methods for setting thresholds to indicate whenD in Eq. 9 is \too large" and thus the illumination conditions
di�er greater than can be expected by chance. Surely such a threshold could be estimated statistically from
a set of images created under known conditions,12 but a more principled approach would be based directly on
statistical assumptions of the illumination and associated uncertainties. Perhaps, too, there are better functional
measures of \distance," that is, ones tailored to those statistical assumptions about the lighting.
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Figure 3. Garth Herrick, Human on my faithless arm (1995), 101.6 � 76.2 cm, oil on shaped wooden panel (private
collection). We used the contours on the subject (marked in b lack) and the contours on the architectural scrollwork
(marked in white) to estimate the coe�cients in a spherical h armonic representations of the lighting distributions. Th e
sets of coe�cients di�ered signi�cantly, indicating that t he artist rendered these parts of the painting under di�eren t
illumination conditions (cf. Table 2).

How might applying these and related illumination estimation methods1, 2, 13, 14 to other artworks help hu-
manist art scholars? One application would beattribution , that is, determining which \hands" were responsible
for di�erent portions, such as �gures, within a given painti ng. For instance, it is well known that Verrocchio
executed the �gure of Christ, and Leonardo the two angels inThe baptism of Christ (1472{1475). This is clear
from the di�erences in brush strokes, color, and general shading. Perhaps our techniques would reveal di�erences
in e�ective lighting as well.

Finally, we believe scholars and researchers in computer vision and pattern recognition should work closely
with art scholars to integrate these algorithms with the growing body of computer methods of value in the study
of art and to address questions of interest to the art community. 15
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