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ABSTRACT

Diego Vel�azquez's Las meninas (1656) has been called by some art experts \the most important painting of
the 17th century," \a theology of painting," and even \the wo rld's greatest painting"; it has been the subject
of intensive study. The work depicts a complex scene in the Alc�azar palace of King Philip IV of Spain, and
includes mirror re
ections of the king and queen, apparently standing in place of the viewer, as well as the artist
himself standing before an enormous canvas on an easel. Nevertheless, questions remain about the studio and
the proper viewing con�guration: Is the artist looking towa rd the perspectivally correct position of the viewer
in the museum space (center of projection), outside the picture space? Does the perspectivally correct position
correspond to the locations of the king and queen seen re
ected in the mirror? Is the bright illumination on the
king and queen (as revealed in the mirror) consistent with the lighting in the tableau itself? We addressed these
questions in a new way: by building a full computer graphics model of the �gures and tableau as well as the
viewer's space outside the painting. In our full model, the painting itself is represented as a translucent window
onto which the picture space is projected toward the center of projection, that is, the viewer. Our geometric
and (new) lighting evidence con�rm Janson's and Snyder's contention that the plane mirror on the back wall
re
ects the other side of the large painting depicted within the tableau, not the king and queen themselves in
the studio. We believe our computer graphics synthesis of both the tableau within the painting and the viewer's
space in the real world is the �rst of its kind to address such problems in the history of art.

Keywords: painting analysis, Diego Vel�azquez,Las meninas, computer graphics, perspective analysis, lighting
analysis, Baroque art

1. INTRODUCTION

Diego Vel�azquez's Las meninas is widely considered one of the most important paintings of the 17th century, if
not the entire history of western art. Its home, the Prado in Madrid, formally marked the work with a brass plate
reading: OBRA CULMINANTE DE LA PINTURA UNIVERSAL (culminat ing work of world art). Foucault
stressed that the painting broke the dominant Baroque conventions of paintings as \windows on the world,"
where here, for the �rst time, the painting \looks back" into the viewer's space.1 Snyder showed how a correct
interpretation of the perspectival and \mechanical" properties of the painting were essential to understanding the
representational and even philosophical dimensions of thework.2 Previous technical analysis of the image relied
on the traditional methods of earlier eras, such as simple perspective analysis based on hand-drawn lines on copy
prints of the painting. In this paper, we explore newer, morepowerful, and broader techniques to analyzing the
painting|ones based on computer graphics. Our new methods involve both geometry/perspective and lighting
analysis. These computer methods also provide new views from di�erent three-dimensional locations within
Vel�azquez's studio, views of hypothetical version of hidden portions in the tableau, thus providing art scholars
new images to better understand the painting, how it was executed, how it may be read and understood.

Recently, techniques from computer graphics have been usedto answer a number of questions in the history
of art. The two general classes of problems in the analysis ofrealist paintings comprise geometry (perspective,
size, and scale), and lighting.

Send correspondence to David G. Stork, artanalyst@gmail.com .
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Figure 1. Diego Vel�azquez, Las meninas (1656) 318 � 276 cm, oil on canvas, Museo del Prado. The scene is the artist's
studio within the Alc�azar palace of Philip IV in Madrid. The central �gure is the �ve-year-old Infanta Margarita, who is
attended by las meninas or the ladies-in-waiting: d~ona Maria Agustina Sarmiento d e Stomayor (left) and d~ona Isabel de
Velasco (right). Two dwarfs|Maria Barbola and Nicolas Pert usato|stand to the right; behind them stand the princess's
chaperone, d~ona Marcela de Ulloa, as well as a bodyguard. Inthe distance, through the doorway, stands Don Jos�e Nieto
Vel�azquez, the head of the royal tapestry works. Several of the paintings on the rear and side walls are by Peter Paul
Rubens, scenes from Ovid'sMetamorphoses. The plane mirror near the center reveals the re
ections of P hilip and his
queen, Mariana. It is sometimes assumed that the physical location of the king and queen corresponds to the \ideal"
position of the viewer, i.e., at the center of projection, an assumption our analyses rebut (see text).

Geometry and perspective Stork created a computer graphics model of Jan van Eyck'sArnol�ni portrait in
order to estimate the focal length of the famous convex mirror at its center. The resulting focal length dif-
fered signi�cantly from the focal length estimated from the tableau itself, thereby rebutting the suggestion
by David Hockney and Charles Falco that the artist used this mirror to project an image of the tableau
during the execution of this painting.3 Savarese and his colleagues created a simple planar graphics model
of the tableau in the left panel of Hans Memling'sVirgin and Child and Maarten van Nieuwenhovediptych,
and adjusted the positions of the Virgin and the artist as well as the radius of curvature of the convex
mirror so as to estimate the likely geometry in the studio. They could then provide an independent test of
claims that the mirror was likely added as an afterthought, without the subject in the studio. 4

Lighting Johnson et al demonstrated objectively Jan Vermeer's high consistency in rendering the e�ects of light
in Girl with a pearl earring and thus showed that the artist surely worked from a live model, not from
memory.5 Stork and Furuichi created a tableau virtuel of Georges de la Tour'sChrist in the carpenter's
studio to test David Hockney's claim that the light source was \in pl ace of the other �gure" (i.e., in place of
St. Joseph when Christ was rendered, and vice versa),6 rather than in place of the depicted candle.7 Their
renderings showed that the predominance of visual evidenceindicated the light was indeed at the candle,
and thus con�rmed cast-shadow analysis and occluding contour analysis of this work. Stork and Wong
built a highly realistic tableau virtuel of Caravaggio'sThe calling of St. Matthew to answer a number of
questions.8, 9 First, they con�rmed earlier work 10, 11 that the primary illumination in the tableau, outside
the frame to the right, is local, rather than distant solar; thus that this illumination was too dim to yield a
visible optical projection. Second, they inferred the number and arrangement of illuminants in Caravaggio's
studio that would yield the lighting throughout the tableau as it appears in the painting.8
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Figure 2. The �gures in our computer graphics model were created using Poser 7 and the room itself, objects, paintings,
and so on were created usingShade 10 Professional. We incorporated natural constraints when building this mo del, for
instance that the �gures (other than the dwarfs) were of typi cal size, stature, and proportion, had symmetric faces, and
so forth. Moreover, we employed obvious physical constraints, for instance that the �gures stood on the same level 
oor,
occlusions indicate relative distance from the viewer, and so forth. Of course, not every visual feature in the painting was
rendered faithfully here|just the ones necessary to answer the questions posed in Sect. 3. For instance here subtletiesin
texture and color of the costumes, specularity of surfaces, and so on, were merely approximated su�ciently to address th e
scholarly tasks at hand. The rendering shown here is illumin ated by a dim distant source above and to the left, as well
as by broad di�use ambient illumination; this rendering is n ot meant to reproduce accurately the lighting in the paintin g
(cf., Fig. 6, below),

In Sect. 2 we brie
y describe the work and some historical background, and in Sect. 3 the art historical
problems we address. We describe our computer graphics methods and �nal basic model in Sect. 4 and our
results in Sect. 5. We conclude in Sect. 6 with some suggestions for further use of computer graphics in the study
of art.

2. LAS MENINAS

Figure 1 shows the work we consider, Diego Vel�azquez'sLas meninas(The maids of honor). It is a large, complex,
work of very sophisticated composition. The work depicts a real room in the Alc�azar Palace in Madrid: the
Galeria or Pieza principal del cuarto del principe.12 Some scholars note it has the quality of a snapshot (subjects
standing in a line across the �eld of view in a variety of spontaneous poses, etc.), almost as if seen in acamera
obscura[13, p. 419] but Snyder counters that \...the photographic analogy is clearly grotesque."2

Vel�azquez was interested in vision, re
ections and perspective, and his library contained books on these
subjects by Euclid, Vitellionis, Danielo Barbaro and Albrecht D•urer. Vel�azquez would surely have been familiar,
too, with Jan van Eyck's Portrait of Giovanni (?) Arnol�ni and his wife (1434), which hung in Alc�azar at that
time. The Arnol�ni portrait is noteworthy here in that it contains a convex mirror re
ect ing a wide-angle view
of the marriage room, including two witnesses entering through the door otherwise not shown in the painting.
Perhaps Vel�azquez's appropriated van Eyck's conceit of depicting �gures otherwise not visible in the tableau by
means of re
ections. As we shall see in Sect. 5.2, however, itappears Vel�azquez went one step further: he used
the mirror to reveal an otherwise invisible painting of the king and queen, who are not directly visible.
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Figure 3. (left) An overhead view or plan of our model of the st udio of Las meninas. Location 1 of the king and queen
(marked K&Q 1 ), shows the \proper" position at the center of projection, c orresponding to the rendering in Fig. 2 and
the painting itself. This position is directly in front of th e door in the rear wall and \outside" the space depicted in the
painting, i.e., in the museum display space. The red lines show the horizontal angle of view from this viewpoint. Notice
especially the red dashed line, indicating a re
ection in th e mirror on the rear wall links the far side of the large depict ed
canvas, or the location K&Q 2 . The green line shows the angle of view and mirror re
ection f rom a viewpoint directly
in front of the plane mirror on the rear wall, K&Q M . Notice that the sightline for the center of the mirror is blo cked
by the large depicted canvas. As such, our model precludes the interpretation that the re
ections in the mirror originat e
from the location of a king and queen viewing themselves in the mirror. (right) A view of our full three-dimensional
model, showing the locations K&Q 1 , K&Q M and K&Q 2 . Note that the (unmarked) sightlines from the depicted
artist shows he can seeK&Q 1 but not K&Q M . (We did not have a su�ciently detailed image of the depicted artist's
face to determine whether he is looking directly at the locat ion of K&Q 1 .) The view from K&Q M is shown in Fig. 4,
below.

3. QUESTIONS ADDRESSED

There are a number of technical questions we can address through our computer methods.

3.1 Locating the center of projection

A problem closely related to the previous one is to locate in three dimensions the center of projection and thus the
geometrically \proper" viewing position. Once we �nd this p osition, we can explore three-dimensional relations
between the �gures in the tableau and the viewer. For example, is the self-portrait �gure in the painting looking
directly at the viewer?

3.2 Locating the �gures appearing in the plane mirror

Viewers may sense that the images of the king and queen re
ected in the plane mirror on the rear wall are due
to the royal couple facing the tableau, much as the convex mirror in van Eyck's Arnol�ni portrait reveals two
witnesses to the wedding through the doorway \behind" the viewer. The suggestion that the image in re
ection
is instead the position of the canvasseems to have been �rst proposed by Janson.14 In that case, the depicted
artist would be facing the king and queen and painting their large portrait. Snyder supported this reading of
the work by a simple geometrical construction.2 We shall use computer graphics reconstruction of the studioto
address this question. These methods allow us to render the invisible painting (facing away from the viewer)
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that would be consistent with the image re
ected in the plane mirror|a view that has, to our knowledge, never
been presented in the scholarly literature.

3.3 Locating the light sources and estimating their relativ e intensities

The number, location and relative intensities of the di�erent sources of light is di�cult to discern by eye. How
many sources did Vel�azquez use? Where were they? What were their relative intensities? What do these results
suggest about the likely sources (window, candle, torch, ...)? Clearly the primary illumination on the �gures is
di�use and from above, as revealed by the form shadows on the Infanta and the cast shadows of the dog. This
primary illumination is from a high window behind the viewer . The lighting in the hallway at the rear is intense
but its location is di�cult to discern. The lighting on the ki ng and queen in the plane mirror is clearly from the
right. Is that commensurate with the primary lighting on the row of �gures in the foreground?

Figure 4. The view from the \improper" position, K&Q M (cf., Fig 3). (left) In the tableau containing all objects, t he
large depicted canvas blocks the mirror and hence the view of the king and queen. (center) Even if the large canvas
were not in place, the depicted artist (self-portrait) bloc ks the mirror. (right) Only if the canvas and artist were not i n
their positions would the king and queen be able to see themselves in the mirror. These renderings further illustrate the
conclusions from Fig. 3, above, that the mirror re
ection in Vel�azquez's painting are not of the direct �gures of the kin g
and queen.

4. COMPUTER GRAPHICS MODELING OF LAS MENINAS

The creation of a three-dimensional geometric model from the geometry in a two-dimensional image is formally
ill-posed: there are in�nitely many three-dimensional models consistent with the geometry of a given projection.
As such, creating the most plausible model is part science, part art: we must incorporate outside knowledge in
order to impose constraints upon our model. The most �rmly established of these include knowledge of basic
shapes and the constraint of occlusion: it is a simple matterto tell which of two overlapping (occluding) objects
is the closer. Likewise, we employ basic knowledge of physics: objects do not hover in space, fragile objects
do not physically support heavy ones, ropes hang with characteristic shapes, and so on. We assume normal
body sizes for adults, children, dwarfs, dog, and likewise for objects such as the doorway at the rear, that the
three-dimensional �gures are left-right symmetric, and soforth.

As has been mentioned elsewhere, it is important that computer modeling assumptions not bias the solution
to the question at hand.5 Thus, for example, when Johnson et al assumed Vermeer's model in Girl with a pearl
earring is left-right symmetric, they were not biasing the estimate of the direction of illumination (the matter
they explored) to be too high or too low. In the current modeling e�ort, we modeled the geometry without
incorporating strict lighting constraints, so that we coul d explore di�erent lighting setups.

We note that careful creation of a computer graphics model isoverall superior to building physical models
for understanding artists' praxis. Computer modeling is generally cheaper and faster. It allows far more rapid
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testing of hypothetical or \what if" scenarios and conditio ns. Sometimes creating a physical model is simply
impossible due to the scale or other properties of the scene in question, for instance Th�eodore G�ericault's Raft of
the Medusa. Duplicating and re-using �gures is far simpler in computer graphics than in physical construction,
of course|a simple matter of three-dimensional cutting and pasting in software.

Figure 5. A view back towards the artist and viewer, showing a hypothetical portrait of the king and queen compatible
with the image re
ected in the plane mirror in Figs. 1, 2 and 3. We created the large hypothetical double portrait by
compositing other Vel�azquez portraits of the king and quee n. We are unaware of a single work by Vel�azquez that matches
both the composition and scale of this hypothetical double p ortrait and as such the work shown here must be considered
hypothetical.

Consider the work of Kemp, who described a physical reconstruction of Caravaggio's studio, including wooden
tables, windows, light sources, and such, in order to explore lighting e�ects in The lute player.15, 16 In this way
he con�rmed that the studio had a high light, such as a hole in the ceiling. Such physical reconstruction is
time-consuming and expensive; further, it is di�cult to exp lore hypothetical or \what if" scenarios. In constrast,
Stork and Furuichi simply and quickly built computer graphi cs models of the tableaus in works by Caravaggio.7

Likewise, Wong and Stork have built models of the tableaus ofCarvaggisti such as Georges de la Tour, to answer
questions just such as the location of the illumination.9 Stork built a computer graphics model of the chandelier
or lichtkron in Jan van Eyck's Arnol�ni portrait , to test perspective and geometry in the painting.3 Creating
such a chandelier from metal or even wood would be a long, tedious and expensive process. Likewise, Savarese
et al built a simple computer graphics model of Hans Memling's Maarten van Nieuwenhovediptych. 4 In each of
these cases, creation of the basic model took several days, and exploring alternate setups|geometries, lighting,
viewpoints|generally took less than two days.

We note in passing that physical modeling ofLas meninas, a modern tableau vivant, Eve Sussman's art video
89 Seconds at Alc�azar, portrays a hypothetical prelude to the scene depicted in the painting. In this video the
camera quietly tracks through a reconstructed stage set of the Galleria as the �gures mill about and ultimately
assume their positions as in Vel�azquez's painting.17 While this steadycam video work took just four days to
shoot, it required a team of 35, nearly three years of planning and development, and great expense.

One of us (YF) has extensive experience creating computer graphics models of tableaus in realist paintings,
including major works by Vermeer, Caravaggio, de la Tour, and others. We usedPoser 7 to render the human
�gures, and Shade 10 Professionalto render the room and inanimate objects. We needed to adjustthe positions
and sizes of the objects, rotating the model to view the tableau from a range of positions and heights, and
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successively re�ne the model. Figure 2 shows our �nal basic model, viewed from the position of the artist, that
is, so as to match the painting (Fig. 1). The lighting in this r eference rendering has not been adjusted to match
the painting (cf., Fig. 6, below).

5. RESULTS

We now turn to the answers to the three questions posed in Sect. 3.

5.1 Locating the center of projection

The horizontal and vertical position of the center of projection can be found by simple geometric construction
on the painting: it corresponds to the the location of the central vanishing point. We found the depth ( z) of the
center of projection by adjusting the viewing point until th e rendered image matched the painting as closely as
possible, as indicated byK&Q 1 in Fig. 3. Other methods could be used toward this problem too, for instance
ones based on computer vision.18

5.2 Locating the �gures appearing in the plane mirror

Figure 4 shows the view from a position opposite the mirror, i.e., K&Q M in Fig. 3.

Figure 5 shows the view back toward the viewer and the painting depicted within Las meninas. We created
the hypothetical large portrait on the easel by compositingseparate Vel�azquez portraits of the king and queen,
scaled and arranged to be consistent with the image in the plane mirror depicted in the painting itself (Fig. 1).
We were not able to use our model to determine if the self-portrait �gure in the paining was looking directly
at this center of projection, though such an interpretation is consistent with our renderings and with a natural
interpretation of the work. Our digital image of the paintin g was too low of resolution to judge the �gure's
direction of gaze with su�cient precision. We leave this question for future work (Sect. 6).

5.3 Locating the light sources and estimating their relativ e intensities

Figure 6, below, shows renderings under several lighting conditions, a small sampling of the large number of
renderings where we adjusted by hand the location, orientation and intensities of the various sources. We
discovered that Vel�azquez would have needed a fairly bright light on the easel-borne canvas for its image to be
visible to the viewer in re
ection from the plane mirror on th e rear wall. Likewise the narrow hallway through
the door in the rear wall would have been extremely dark were it not for an intense source to our right, somewhat
higher than the �gure of Don Jos�e Nieto Vel�azquez.

The lighting on the king and queen appearing in the plane mirror is strong and from our right. Given our
conclusion that the source of this re
ection is the depiction of the king and queen on the large canvas, facing
away, we can imagine that the artist is painting the king and queen atK&Q 1 . But the lighting consistent with
the easel painting (seen in the mirror) seems to have no counterpart in the lighting in the tableau.

6. CONCLUSIONS AND RECOMMENDATIONS

Our main contributions fall into two general categories: methodological and art historical.

Methodological

� We have demonstrated the superiority of computer graphics over traditional methods of geometric
and perspective analyses of realist works, at least in this case. A carefully constructed graphics model
allows scholars to easily view the tableau from an arbitraryposition and thus explore sight lines,
occlusions, and so forth. One can render the scene from two horizontally-displaced positions so as to
create a stereo pair, so scholars can fuse these images and thus see the tableau in full stereo depth.19

� We have extended previous methods of computer graphics to include modeling the viewer outside the
work, that is, in the palace or museum. Scholars can thereby explore the spatial relationships, such
as sight lines, among �gures and objects in the studio and theviewer.
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Figure 6. Computer graphics renderings of Diego Vel�azquez, Las meninas under di�erent lighting conditions as viewed
from K&Q 1 (except the lower-left image) (cf., Figs. 2{4). In each of th e four parts, the left half shows the overhead
view or plan of the studio, and the right half the rendered vie w. The red lines show the angle of view and the yellow
dots and linked cones the location and direction of virtual i lluminants. (upper left) The tableau is rendered under dim,
ambient illumination to reveal the spatial arrangement of t he �gures and objects. (upper right) An overhead spot light
on the main �gures and a very bright spot, to our right, in the h allway through the door. (lower left) A view from the
mirror back towards the easel and canvas and the main line of � gures. A bright source is needed to illuminate the canvas
so that its image will be bright and visible when re
ected in t he plane mirror. (lower right) The full set of illuminants
to approximate the lighting in the actual painting. Of cours e, this arrangement of illumination assumes that Vel�azque z
reasonably accurately rendered the lighting in the tableau as it appeared to him, a plausible and consistent assumption,
yet one di�cult to verify.

� We extended previous methods for the analysis of simple illumination such as point-source illumina-
tion, to the case of complex lighting environments with multiple sources of di�erent geometry, intensity
and position.

Art historical

� Our research con�rmed or favored the explanation that the plane mirror on the back wall re
ects the
portrait of the king and queen on the large rear-facing canvas depicted within the tableau rather than
of the king and queen standing and facing the tableau.

� We found a sophisticated arrangement of illumination in the tableau, and that the illumination on the
unseen king and queen was consistent with the lighting evidence on the unseen side of the depicted
canvas.

There are two questions that we leave to future work:

The sightline of the depicted painter and the inferred posit ion of the king and queen Our source dig-
ital images were not of su�ciently high resolution for us to d etermine the exact direction of gaze of the
self-portrait of Vel�azquez, and thus to determine if he waslooking directly at the location of the center of
projection, K&Q 1 . Our modeling cannot rule out that possibility, however. Future renderings, done in
greater detail, should be able to answer this question.
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Relation of our model to 
oor plan We could compare our model with the known 
oor plan of Vel�azquez's
studio in Alc�azar to see what liberties and alterations he may have made, presumably for compositional
purposes.

Clearly there is much more to be done in the general area of computer graphics in the study of art, for instance
incorporating more rigorous methods of computervision and pattern recognition with graphics modeling, for
instance, modeling color, interre
ections, and so on. Our work, while preliminary, nevertheless extends the
growing literature demonstrating the value of computer vision, pattern recognition and computer graphics in
addressing problems in the history of art.20
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