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ABSTRACT

The problem in computer vision of inferring the illumination direction is well studied for digital photographs of
natural scenes and recently has become important in the study of realist art as well. We extend previous work
on this topic in several ways, testing our methods on Jan Vermeer’s Girl with a pearl earring (c. 1665-1666).
We use both model-independent methods (cast-shadow analysis, occluding-contour analysis) and model-based
methods (physical models of the pearl, of the girl’s eyes, of her face). Some of these methods provide an estimate
of the illuminant position in the three dimensions of the picture space, others in just the two dimensions of the
picture plane. Our key contributions are a Bayesian evidence integration scheme for such disparate sources of
information and an empirical demonstration of the agreement, or at least consistency, among such estimates in a
realist painting. Our methods may be useful to humanist art scholars addressing a number of technical problems
in the history of art.
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1. INTRODUCTION

The problem of estimating the direction of illumination or the location of the illuminants in a digital image or
video sequence is well studied in computer vision and pattern recognition.! Some of the most advanced methods
are used as intermediate steps in three-dimensional shape-from-shading algorithms.? Related methods are used
when removing shadows from digital images of natural scenes.? Recently, the problem of estimating illumination
direction arose in a publication by Hockney. In brief, the question arose as to the location of illumination source(s)
in the Lorrainese master Georges de la Tour’s Christ in the carpenter’s studio, specifically whether it was indeed
at the position of the candle depicted in the tableau or instead “in place of the other figure.” [4, page 129] To
this end, Stork performed a simple cast-shadow analysis of this painting and others in de la Tour’s nocturne
ceuvre.® Shortly thereafter, Stork and Johnson applied the model-free occluding-contour algorithm of Nillius and
Eklundh to this painting® as well as to de la Tour’s Magdalen with the smoking flame.”8 Most recently, Stork
and Furuichi built an elaborate computer graphics model of the tableau in Christ in the carpenter’s studio and
adjusted the locations and brightness of the virtual illuminant until the rendered scene matched the painting
most closely; in this way they estimated the location of the illuminant in this painting.® Each of these studies
showed that the illuminant in that painting was indeed quite close to the depicted candle, thereby rebutting
Hockney’s claim about artistic praxis starting in the early Renaissance, at least for that painting.

When any algorithm for determining the illumination direction is applied to a given image there will be errors
and uncertainties in the estimates—even when applied to a high-quality digital photograph—and the question
arises how to integrate these estimates in a principled way. Such errors and uncertainties are likely to be much
larger in a hand-executed realist painting, of course. Discrepancies between the directions inferred from different
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visual evidence (e.g., cast shadows versus highlights) might shed light on the particular artist’s working methods
(Sect. 5). We applied a range of model-free and model-based methods for estimating illuminant position to a
realist portrait by the Dutch master Jan Vermeer, who is well-known for executing highly realistic interiors,
portraits and genre paintings.!® We analyzed his Girl with a pearl earring (Fig. 1) in large part because it
displayed a range of types of evidence about lighting direction, but this evidence here is imprecise and hence
integration of such estimates is necessary to reduce overall uncertainty of the estimate.

Figure 1. Jan Vermeer, Girl with a pearl earring (c. 1665-1666), 44.5 x 39 cm, oil on canvas, Royal Cabinet of Paintings
Mauritshuis, The Hague. The lighting information is contained in the cast shadow of her nose, the highlights on her pearl
and eyes, the subtle variations in lightness along the occluding contour of her right cheek and chin, and the overall pattern
of form shadows on her face and body. Pearls appear in several Vermeer’s paintings—in fact eleven of his women wear
them—and art scholars believe that the size of the pearl here may have been exaggerated by Vermeer.

We begin in Sect. 2 by describing the model-free methods for estimating the location of the illuminant:
cast-shadow analysis and occluding-contour analysis. In Sect. 3 we describe the model-based methods, which
for this painting include models of the pearl and the girl’s eyes. We also applied generic methods for inferring
illumination direction from a frontal face, and altered and extended them to apply to the face in three-quarters
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view in Vermeer’s painting. In Sect. 4 we describe a Bayesian theory of evidence integration and apply it to the
estimates from previous sections. A special consideration here is that some methods provide two-dimensional
estimates of the location, while others provide three-dimensional estimates. We conclude in Sect. 5 with a brief
discussion of how these methods may be of use in connoisseurship and humanistic scholarship of the visual arts.

2. MODEL-FREE METHODS

We first consider two model-free methods, that is, methods that are based on the image information and little
or no explicit modelling of the scene: cast-shadow analysis and occluding-contour analysis.

2.1 Cast-shadow analysis

Cast-shadow analysis of an image is conceptually simple in the case of a single point-source (or small) illuminant.
One merely draws a line from a point on a cast shadow through its partner occluding point. This line, if
extended, will pass through the two-dimensional location of the illuminant. Multiple such lines (in general
form), if extended, should meet near the illuminant.

It is not necessary that the shadow point lie within the image or be visible to be useful, as geometric constraints
can limit the illuminant’s location, as shown in [11, Figure 2]. Moreover, one can estimate the direction given
constraints, as in [11, Figure 4]. This was the method used by Stork to estimate the location of the illuminant
in Georges de la Tour’s Christ in the carpenter’s studio; although the actual shadow of Christ’s knee lies just
outside the frame of the painting, the shadow of his (straight) shin restricts the possible angles well enough to
judge the technical question at hand.®”

The best defined cast shadow in Girl with a pearl earring is from the lower tip of the center of her nose and its
partner shadow point on her cheek. Note that there are some uncertainties due to identifying the exact location
of partner points, as shown in Fig. 2, but we find 151° + 2°.

Figure 2. Jan Vermeer, Girl with a pearl earring (c. 1665-1666), detail approximately 8.0 x 7.5 cm, Royal Cabinet of
Paintings Mauritshuis, The Hague. The direction toward the illuminant based on the cast shadow of the lower tip of the
girl’s nose along with with its associated error range is marked in yellow.

Note too that there are numerous shadows in this painting that are not cast shadows and thus cannot be

exploited as just described. Attached shadows or form shadows, such as on her smock and left cheek, were not
cast by points on other objects and thus there is no line defined from a point on the shadow to its partner
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occluding point. Moreover, such form shadows are generally ambiguous; the same form shadow on a given object
can be produced by an illuminant in any of an infinite number of positions and angles.? In some cases, however,
sets of such shadows can be exploited through model-based methods, such as in Sect. 3.4.

2.2 Occluding-contour analysis

Nillius and Eklundh showed that the lightness along an occluding contour could be exploited to find the direction
of illumination in a model-free way.'? Three conditions had to obtain for their algorithm to yield meaningful
estimates:

1. the surface must be of constant reflectivity or albedo
2. the surface must be diffusely reflecting or Lambertian (like cloth or skin, not like glass or metal)

3. the small illuminant must be reasonably distant from the contour so that its light rays are nearly parallel
at the contour and the irradiance is nearly the same at each of the patches.

Figure 3 illustrates the basic theory. While the normal vector perpendicular to an arbitrary point on a surface
is generally unknown, the normal s known along an occluding contour: it is perpendicular to the line of sight
and to the (one-dimensional) contour itself (red arrows). The lightness at a short patch L; along the contour
depends on the (unknown) surface albedo p, the (unknown) irradiance at the patch, and the (unknown) angle
0; between the known direction of the normal at i and the unknown direction toward the illuminant.'® (This
angle 0 is measured in the plane perpendicular to the line of sight.) The measured light in each patch represents
a single equation in three unknowns (p, #;, L) with suitable normalization, known as Lambert’s cosine law:'*

L; = pmax[n's, 0] = pmax[|n| |s|cos#;,0] = pmax[cos 6;,0]. (1)

A triple of variables in a single instance of Eq. 1 is of course underdetermined. However if there are three or
more patches at a variety of orientations (i.e., angles to the illuminant), then the variables can be determined
through a least-squares fit, in particular the k variables 6;. Once these angles are known the direction to the
illumination can be computed easily. This estimated direction is in the plane of the picture (perpendicular to
the line of sight), and is thus expressed as a single angle 6 with respect to the horizontal, our convention here.

Figure 3. The occluding-contour algorithm takes the measured lightnesses of several patches along an occluding contour
and determines the direction of a distant illuminant. Here k = 5 patches are shown, along with their known normals (red)
and the unknown direction of illumination (green). The angles between the normals and unknown direction of illumination
are labelled ;. The occluding-contour algorithm takes the measured lightnesses in each patch and the orientations of
each normal and computes a best fit (in a least squares sense) to the surface albedo p, the irradiance at the surface, and
the k& unknown angles 0; (i = 1,...,k). Once these angles are known, the direction to the illuminant, 8, can be computed.

Johnson and Farid used this algorithm to expose tampering of digital photographs.!® Stork and Johnson
first applied the algorithm to analyze lighting in realist paintings;®® their sensitivity analysis provided the first
objective computer-based test of the ability of realist painters to shade surfaces accurately.

Figure 4 shows occluding contour applied to hand-selected contours along the cheek and chin in Girl with a
pearl earring (green); the direction toward the illuminant is shown by the yellow arrow.

SPIE-IS&T/ Vol. 6810 68100I-4






