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Abstract

In this paper we address the problem of relight-
ing with sparsely sampled reflectance fields. We
present a technique that approximates the correct
result of relighting from intermediate light source
positions. The acquisition of reflectance fields is a
time consuming process, and typically the sampling
resolution in the light source positions is rather lim-
ited. As a consequence, smoothly moving high-
lights and shadows due to relighting with a mov-
ing light source are hard to generate. Using light
source interpolation, densely sampled reflectance
fields can be simulated, enabling relighting with
area light sources and smooth animation of high-
lights and shadows. Using light source interpolation
we can relight with arbitrarily sampled 4D incident
light fields from complex or near-by light sources.

1 Introduction

Light fields and lumigraphs [9, 7] allow for syn-
thesizing arbitrary views from previously recorded
scenes or objects. When capturing a relightable rep-
resentation, which is typically a slice of the 8D re-
flectance field, one can even relight the object. Re-
lightable representations are essential for composit-
ing the object into virtual environments since the
reproduction of the appearance under novel lighting
conditions is required in order to generate a correct
image which accounts for all relevant shading and
global illumination effects.

Current devices for acquiring reflectance
fields [4, 10, 14, 8, 11, 6, 16], with some excep-
tions [15, 8], provide a rather limited sampling of
the light source positions, due to limited acquisition
time or the physical spacing of the sources.

The coarse sampling at discrete locations results
in artifacts in the relit images. Some of these arti-

facts include banded shadows (instead of soft shad-
ows) when illuminated by an area light source, or
abrupt jumps in light dependent effects (e.g. shad-
ows and sharp highlights) when moving the light
source along a smooth path. Given a coarsely sam-
pled reflectance field these problems can only be
overcome by computing relit images that resemble
the appearance of the scene as if illuminated from a
light source position in between the originally cap-
tured locations. We call this process light source
interpolation.

Clearly, simple blending between images relit
from the recorded light source positions would not
be sufficient. Shadows and highlights will cross-
fade from one location to the other instead of mov-
ing smoothly. Our approach for light source in-
terpolation flows illumination effects that undergo
large movement (e.g. shadows) and blends those
regions where differences are rather small.

In this paper we focus on light source interpola-
tion for reflectance fields which allow for relight-
ing with 4D incident light fields [11, 6, 16]. Using
these reflectance fields, a spatially varying illumina-
tion pattern can be projected into the scene from any
of the recorded light sources. Using interpolation
we are able to project from intermediate projector
positions. In particular, we present a pipeline for
performing light source interpolation for sparsely
sampled reflectance fields for relighting with 4D in-
cident light fields. The pipeline performs transfor-
mations on both the incident and exitant light fields.
These transformations are tightly coupled; compu-
tation in one domain guides the transformation in
the other. We will first review related work before
presenting our processing pipeline for light source
interpolation.
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2 Previous Work

A light stage [4, 10] samples the reflectance field of
objects for a single view point, as illuminated by a
set of point light sources with fixed spacing. In or-
der to record highly specular or transparent objects
the spacing between the light source has to be re-
duced, i.e. the resolution of the reflectance field has
to be increased drastically [14, 8]. Relighting based
on these data sets is limited to distant light sources,
e.g. environment maps.

Reflectance fields for spatially varying illumina-
tion or 4D incident light fields are captured using a
projector instead of a point light source [11, 6, 16].
Using a projector, individual light rays can be ad-
dressed. In all three approaches the resolution of the
projector positions is rather limited and the captured
data sets would profit from correct light source in-
terpolation. In this paper, we use reflectance fields
acquired using the technique by Sen et al. [16],
which provides sufficient resolution to project illu-
mination patterns of up to 1280 × 1024 pixels into
the scene.

Closely related to the problem of light source in-
terpolation is view interpolation within reflectance
fields, i.e. to generate images from camera posi-
tions not recorded in the original reflectance field.
Matusik et al. [15] presented a view interpolation
method especially designed for refracting objects.
A similar problem has to be solved when deforming
the geometry on which a surface reflectance field is
defined [20].

When the reflectance field is defined on geome-
try, one can perform scattered data interpolation to
compute intermediate lighting positions, as shown
in [21]. Instead of directly interpolating the re-
flectance field, our technique performs transforma-
tions on the incident and exitant light fields.

To compute decent light source interpolations we
make use of intrinsic images [2]. Intrinsic images
can be used to analyze fixed-view sequences of a
scene under arbitrary varying illumination. The
image sequence is decomposed into a single re-
flectance image and a set of time-varying illumi-
nation images. Weiss [19] applies a maximum-
likelihood framework to perform the decomposi-
tion. Instead of interpolating the light source illumi-
nation directly from relit images, we interpolate on
the illumination images since this is what changes
when moving the light source. The use of intrin-

sic images is however limited by the fact that in the
computed illumination images, geometric features
and the textures of surfaces with varying specular
properties are often still visible. Illumination im-
ages often contain high frequencies from features
which have nothing to do with the real incident illu-
mination. Allowing reflectance images to vary over
time and filtering and thresholding in the gradient
domain reduces some of these artifacts, and much
smoother illumination images are generated [13]. In
this paper we also separate images into reflectance
and illumination images to ascertain changes in the
effective illumination.

Intrinsic images have been used before to per-
form light source interpolation in reflectance fields
of diffuse scenes by Matsushita et al. [12], mainly to
determine shadow regions. In their technique an ex-
plicit 3D model is reconstructed from multiple view
points. Using the 3D model, the movement of shad-
ows for intermediate light source positions can be
simulated. By transferring the shadow motion in-
formation to the shadows found in the image data
the appearance of shadows in intermediate frames
is computed quite realistically. Since this 3D recon-
struction is difficult and error prone for uncooper-
ative surfaces we resort to optical flow for moving
shadows.

3 Overview

Our processing pipeline takes as input, reflectance
fields captured from a single camera position. The
spatially varying illumination (also known as a 4D
incident light field) is parameterized with respect to
a set of projectors. Let us first introduce the repre-
sentation of the reflectance field for spatially vary-
ing illumination, which corresponds to the one used
in [16].

Given a reflectance field captured using N dif-
ferent projector positions, the part of the reflectance
field that describes the transport between the camera
and a single projector j can be written efficiently as
the transport matrix Tj for j ∈ 0, . . . , N − 1. Let
Cj denote the camera image that is observed when
projecting the illumination pattern Pj (a 2D image)
from projector j into the scene. Cj can be computed
given Tj and Pj :

Cj = TjPj (1)

The transport matrix stores for every projector
pixel pxy its effect on all camera pixels cxy . As-
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Figure 1: Processing pipeline for light source interpolation between projector locations j and j + 1. The
original shadow masks of the acquired projectors Sj and Sj+1 are warped to the intermediate frame j + α

and mapped from camera to projector space. At the same time, the input pattern P is warped into P α
j

and P α
j+1 such that the warped pixels of the original pattern will be projected to the same surface location

although projected from j and j+1 instead of j+α. The transformed shadow is stenciled out in the warped
projector patterns. By relighting with each input pattern individually, two camera images Cα

j and Cα
j+1 are

computed, which are then composited into the final result Cj+α.

sume the projector resolution is p × q and cam-
era resolution is m × n, then the dimensions of the
transport matrix are mn × pq. The number of non-
zero elements in the matrices used in this paper is
of the order of billions, and a hierarchical represen-
tation as suggested in [16] is mandatory. For the
remainder of this paper it is however sufficient to
think of T as a huge but simple matrix.

Let us concentrate on light source interpolation
in the one-dimensional case where we would like
to compute an image of the scene as if illuminated
from a projector that is located between two sam-
pled projector positions j and j + 1. Given the in-
terpolation parameter α ∈ [0, 1], the virtual projec-
tor should have moved the fraction α of the distance
from j into the direction of j + 1. The final image
we aim to compute is Cj+α.

In theory, one could compute Cj+α by first syn-
thesizing Tj+α from Tj and Tj+1 followed by eval-
uating Equation 1: Cj+α = Tj+αP . Since the ef-
fort of assembling an entirely new transport matrix
is enormous and the way of computing Tj+α is un-
clear, in this paper we solve the problem without
directly computing the intermediate transport ma-
trix. Instead we apply warping techniques both in
the projector space and the camera space. That is,
we warp the incident illumination and the relit im-
ages. Our processing pipeline is depicted in Fig-
ure 1:

1. Shadow Warping (camera space). In a pre-
processing step we compute intrinsic images
of the scene using floodlit illumination in each
projector. By decomposing the resulting il-
lumination images into a moving and an al-
most static layer, shadow regions in the orig-
inal images are detected in the moving layer.

This gives us a shadow mask Sj for each
projector location j. Computing optical flow
on the shadow masks yields the shape of the
shadow for the intermediate frame Sj+α (see
Section 4). This is depicted by the “warp shad-
ows” box in Figure 1. The decomposition into
two layers is necessary since the flow field be-
tween the illumination images can only be re-
liably estimated for regions with strong differ-
ences (i.e. in the moving layer).

2. Pattern Warping (projector space). In a pre-
processing step we also compute the flow vec-
tors that describe where a pixel in projector j

moves to in projector j + 1 in order to illumi-
nate the same scene point. If we had placed
cameras in the positions of projectors j and
j + 1 this flow field corresponds exactly to
the disparity map. Given the illumination pat-
tern P for projector j + α we apply the afore-
mentioned flow field, weighted by α, to gener-
ate two distinct patterns P α

j and P α
j+1 for the

nearest original projectors. Intuitively, after
warping the patterns the incident illumination
mimics the incident illumination from j + α,
although projected from j and j + 1 (see Sec-
tion 5). This is depicted by the “warp pattern”
box in Figure 1.

3. Shadow Stenciling (projector space). We sim-
ulate the interpolated shadow Sj+α in the final
image by masking out the appropriate pixels
in the illumination patterns P α

j and P α
j+1. The

affected pixels are determined by transform-
ing the interpolated shadow mask Sj+α into
the projector space for both projectors (Sec-
tion 5.2). This is depicted by the “stencil shad-
ows” box in Figure 1.
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4. Relighting. The relighting is performed using
both original transport matrices: Cα

j = TjP
α
j

and Cα
j+1 = Tj+1P

α
j+1. The resulting images

Cα
j and Cα

j+1 are very similar except for light-
ing variations due to the different incident light
source positions. This process is depicted by
the “relight” box in Figure 1.

5. Compositing (camera space). The final im-
age is obtained by compositing Cα

j and Cα
j+1

based on the warped shadow mask: Cj+α =
compose(α, Sj+α; Cα

j , Cα
j+1). For regions

where the illumination image shows drastic
differences, those regions in the final image
are obtained by selecting from either the first
or the second image. For regions where the
change is only moderate, we blend between
the two images based on α. The compositing
is explained in Section 6, and depicted as the
“compose” box in Figure 1.

4 Interpolation Based on Intrinsic
Images

Intrinsic images can be used to predict how to al-
ter images Cj taken under two different lighting
conditions to generate an intermediate illumination.
The input images are separated into a common re-
flectance image R(x, y) and an illumination image
Lj(x, y) corresponding to the actual lighting using
Cj(x, y) = R(x, y) · Lj(x, y). The reflectance
image is typically computed by applying a median
filter directly on the images [2] or by applying it
in the gradient domain [19, 13] over multiple input
frames. We extend the first approach to better detect
differences in the illumination images Lj .

To get from Lj and Lj+1 to Lj+α one could sim-
ply blend between them, resulting in cross-faded
shadows, or one could try to interpolate flow to re-
ally move darkened or brightened regions.

Unfortunately, applying a standard optical flow
algorithm [3] to illumination images typically does
not result in a meaningful flow field. The illumina-
tion images may contain both residual surface tex-
ture or the geometry, which would contaminate the
computed flow (Figure 2e). We have tried to use
the technique proposed by Matsushita et al. [13] in
order to remove some of the texturing effects with
limited success.

The solution we propose is to separate the illu-
mination image into two layers: one layer contain-
ing pixels to be flowed, and the other to be blended.

When thresholding on the absolute difference be-
tween Lj and Lj+1, pixels below the threshold can
be blended with no noticeable artifacts. In this
case blending would work just fine. This is true
for most diffuse reflection, glossy reflectance with
broad highlights, or sharp specular highlights which
move by only one or two pixels.

After removing all pixels below the threshold it
is now easier to compute the optical flow for the
remaining regions which differ to a greater extent.
In Figure 2, we demonstrate the increased quality
of computing the flow on the thresholded illumi-
nation over computing it directly from illumination
images.

Of course all standard problems of estimating
optical flow such as flow in the presence of oc-
cluders [17] or the aperture problem still remain,
and in such cases our optical flow technique would
also fail. Precise movement of shadows can be ob-
tained by incorporating an explicit 3D model of the
scene [12]. In the future we plan to derive the 3D
model from the transport matrix and would like to
further investigate how the movement of shadows
can be predicted directly from the transport matrix.

In our pipeline, if the shadow moves behind an
occluder then no correspondence is found and thus
the interpolated shadow will not move. In this case
we resort to blending between frames. By incor-
porating forward and backward flow and blending
between the results of both we handle the case of a
zero flow field automatically and consistently.

We can now warp the shadow regions in the il-
lumination image to obtain an intermediate illumi-
nation image. As we will explain in Section 5.2 we
process the morphed shadow regions even further to
deal with the effect of interreflections.

5 Interpolation in Projector Space

This section describes the steps for deforming the
input pattern to mimic the incident illumination of
the intermediate projector. To do this we apply
warping and shadow stenciling.

5.1 Warping in Projector Space

Given an input pattern for the intermediate projector
j + α we would like to compute input patterns for
the original projectors j and j + 1 that best repro-
duce the appearance as if actually lit from location
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a) b) c) d) e)
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Figure 2: Applying optical flow to intrinsic images. Images captured under two different illumination
conditions (b) and (f) are decomposed into a common reflectance image (a) and illumination images (c) and
(g). Note how the shadow has moved slightly between the two images (b) and (f). A zoomed-in version
of the optical flow determined between the original illumination images is shown in (e), overlaid over the
illumination image. The determined flow vectors have almost zero length indicating that the algorithm
would not move the shadow, which is incorrect. After thresholding the illumination images, producing (d)
and (h), a more accurate flow field (i) can be obtained, which would flow the shadows in the right direction
with the correct velocity.

j + α. We want to warp the patterns so that they
appear aligned on the surface of the scene.

Let ~pj denote the coordinates of a pixel in projec-
tor j. The pixel at ~pj projected from j will directly
illuminate the surface visible at camera pixel loca-
tion ~cj . Recall, a column of the transport matrix Tj

corresponds to the image resulting from illuminat-
ing the scene by turning on a single projector pixel.
Selecting the column corresponding to ~pj , we can
locate ~cj by searching in this column for the bright-
est response. Thus, we can establish the mapping
Mj(~pj) = ~cj from projector to camera space, as
illustrated in Figure 3.

Given Mj we know the inverse mapping, M−1
j ,

from camera space to projector space as well. The
mapping will initially be sparse due to sampling,
shadows, or very dark surfaces for which the en-
tries in the column are too dim to make out a signif-
icant peak. We obtain a dense mapping by apply-
ing anisotropic diffusion filtering to the sparse Mj

and M−1
j mappings. For pixels in shadow regions

the information obtained from anisotropic diffusion
might be wrong, but those pixels have no effect on
the final relit image. The mappings for two neigh-
boring projectors are depicted in Figure 6.

Given the mapping Mj and a precise calibration
of the camera and the projector we could actually
compute range images, explicitly reconstructing the
3D shape of the scene. Note how Figure 6, which

p
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c
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p
j+1

M
j+1

M
j+1

-1

M
j

M
j

-1

Figure 3: Illustration of the mapping M and its
inverse M−1, mapping from the projector to the
camera space and from the camera to the projector
space, respectively. The flow between two projec-
tor patterns is given by ProjF low(j→j+1)(~pj) =
M−1

j+1(Mj(~pj))

is a color-coded visualization of M−1
j , resembles a

range image. However, for our analysis, the map-
ping Mj is sufficient.

In order to obtain the flow from one projector pat-
tern to the next we simply determine the mapping
ProjF low(j→j+1)(~pj) = M−1

j+1(Mj(~pj)) (see
Figure 3) by projecting the point ~pj from projec-
tor j into the the camera space using Mj and then
mapping it back to the projector space of j+1 using
the inverse mapping M−1

j+1.
Given this flow field we create two warped ver-
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j j+α
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Figure 4: The projector pattern Pj is modified to
simulate the effect of a cast shadow from projector
j + α. This is accomplished by stenciling out the
pixels that would otherwise illuminate the shadow
region.

sions of the original projector pattern P , one for
each projector, yielding P α

j and P α
j+1. The re-

sult of applying the flow field to the input pattern
is demonstrated in Figure 5 (bottom row (n) and
(p)). Note how the warped checkerboard pattern
projected from projector j precisely matches the re-
sult of projecting the original pattern from j + 1.

5.2 Shadow Stenciling

In the next step, pixels corresponding to shadow
regions for the interpolated light source position
are stenciled out in the warped projector patterns.
This effectively projects a synthetic shadow which
would not have been cast by the original projec-
tors (see Figure 4). If we were to directly stencil
the shadows in the camera image, we would re-
move direct illumination effects, but not the multi-
ple interreflections caused by illuminating the shad-
owed points. By stenciling out the incident illu-
mination for these pixels we eliminate these in-
terreflections. In addition, our approach automat-
ically accounts for multiple interreflections from
non-shadowed points which might actually brighten
the shadow region.

The shadow stenciling is implemented as fol-
lows: First we compute the warped shadow image
Sj+α. Using M−1

j and M−1
j+1, the shadow image

is transformed into the projector space. The trans-
formed shadow is then multiplied with the warped
illumination patterns of the previous section to com-
pute the final patterns P α

j and P α
j+1. When ap-

plying the stenciled patterns, a synthetic shadow is
cast into the scene beside the shadow that is present
in the original images. Figure 5 (third column)
demonstrates the process of stenciling the warped
patterns.

6 Compositing

After warping and stenciling the illumination pat-
terns for projectors j and j + 1, we multiply them
against their transport matrices to obtain two im-
ages Cα

j = TjP
α
j and Cα

j+1 = Tj+1P
α
j+1 (see

Figure 5(g) for an example). These images are al-
ready pretty close to the solution (Figure 5(h)) ex-
cept that they still contain the original shadow and
that moving highlights have not yet been warped.
In this section we concentrate on compositing the
shadows and in Section 8 we adddress how to move
the highlights.

The final image is obtained by a per-pixel blend
with a spatially varying blending factor β:

Cα(x, y) = (1 − β(x, y))Cα
j (x, y) (2)

+β(x, y)Cα
j+1(x, y)

Since both images contain the synthesized shadow
Sj+α we do not need to consider it during com-
positing. Initially we determine β(x, y) based on
the shadow masks Sj and Sj+1 in the following
way:

β =

{

0 : Sj+1 = 1 ∧ Sj 6= Sj+1

α : Sj = Sj+1

1 : Sj = 1 ∧ Sj 6= Sj+1

(3)

For brevity we have dropped the (x, y)-parameters.
If Sj = 1, it means that the pixel will be in shadow
in image Cα

j . In this case we select the pixel from
Cα

j+1 since in that image the pixel might be illumi-
nated. In the same way, if Sj+1 = 1 we select from
Cα

j . If the pixel is illuminated from both projec-
tors or is in shadow from both projectors, we sim-
ply blend between the appropriate pixels in Cα

j and
Cα

j+1 weighted by α.
At the border between regions selected from a

single image and blending regions there should be
a smooth transition. This can be accomplished by
blurring the β-image and then applying composit-
ing Equation 2.

In Figure 8 we compare the final result of warp-
ing, stenciling and compositing with what would
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e) f) g) h)

i) j) k) l)
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Figure 5: Shadow warping, pattern warping and shadow stenciling. First row: The shadow mask (a) of
the left projector is warped, shown in (b), to match the shadow mask of the right projector shown in (d).
(b) and (d) therefore appear the same. The warped shadow mask is then transformed into the projector
space as shown in (c). Second row: The scene is lit with floodlit illumination and the camera image is
shown in (e). The zoomed-in versions (f) and (h) show the original shadows cast from the left and right
projector, respectively. When projecting the stenciled illumination pattern (c) from the left projector a
synthetic shadow is projected. The resulting image (g) now contains both the original and the synthesized
shadow. Third row: A checkerboard input pattern (i) and (l) is projected into the scene from the left and
right projectors, resulting in camera images (m) and (p). Warping the input pattern (j) and projecting it from
the left projector results in (n), which simulates the effect of projecting the original pattern from the right
projector, as shown in (p). Note that the patterns are perfectly aligned in the camera space. Stenciling out
the warped and transformed shadow mask (c) in the warped input pattern (j) produces the zoomed-in image
shown at (k). Projecting this pattern results in the image (o) which again contains both the original and the
synthetic shadows.
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be obtained by blending the illuminated images di-
rectly.

7 Relighting Results

Being able to smoothly interpolate between two
projector locations, we can simulate a point light
moving along a path, which we demonstrate in the
accompanying video sequence [1]. Since the re-
flectance field allows for spatially varying illumi-
nation, even relighting from a moving projector
is simulated. Because of the warping in projec-
tor space the observed movement of the pattern is
smooth.

When integrating over a set of interpolated im-
ages we can relight the scene virtually by an area
light source (see Figure 9). Incorporating a mod-
erate number of interpolated light source positions,
we can generate the appearance of soft shadows as
one expects from area light sources. Summing over
a number of original projector locations would in-
stead produce banded shadows (shadow aliasing).

The presented framework allows for relighting
with arbitrary incident light fields of high resolution
in the spatial and angular domain. These light fields
can be captured from real world light sources [5]
or environments [18]. We present the result of re-
lighting the scene with a synthetic light field in Fig-
ure 7. The incident light field simulates a checker-
board pattern projected from a projector with a very
large curved aperture leading to a small region of
focus in the middle of the scene where the checker-
board pattern can still be observed while it is blurred
in the periphery.

8 Conclusion

The presented pipeline is, to our knowledge, the
first attempt of light source interpolation for sparse
reflectance fields for illumination with 4D incident
light fields. We warp the incident light fields to
match the sampled projector locations, we propose
a two layer approach to determining flow in illu-
mination images, warp shadows and stencil them
out in the projector patterns. Our technique allows
for creating smooth animations for moving light
sources and correct shadows for area light sources.
Although not demonstrated in the paper, specular
highlights can also be flowed using this framework
by setting an appropriate threshold when splitting

the illumination image into a static and moving
layer.

The presented methods currently build on a num-
ber of simplifying assumptions: First, the peak in
each column of the transport matrix actually corre-
sponds to the first bounce of light from the projec-
tor. Thus, it is not clear how the algorithm would
behave in the presence of specular interreflections,
e.g. mirrors or caustics. Second, we assume that the
movement of the shadows can be simulated by us-
ing linear flow vectors. This requires a moderately
dense sampling of the original reflectance field. In
the future we plan to come up with a more gen-
eral solution that works for a larger class of realistic
scenes. It might be possible to extract much more
information from the transport matrix that can be
used to guide the estimation of the flow between all
elements in two neighboring matrices, leading to a
4D flow estimation algorithm.
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[10] V. Masselus, P. Dutré, and F. Anrys. The Free-form
Light Stage. In S. Debevec, P. Gibson, editor, Proc.
EuroGraphics Workshop on Rendering, pages 257–
265, Pisa, Italy, June 26–28 2002.

[11] V. Masselus, P. Peers, P. Dutré;, and Y. D. Willems.
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Figure 6: Visualization of the mapping function
M−1

j from the camera to the projector space. The
color value represents the coordinate of the projec-
tor pixel illuminating this scene point (the red chan-
nel for x, the green channel for y). Note its similar-
ity to a range image.

Figure 7: Illumination with a 4D incident light field.
Using the presented interpolation framework, arbi-
trarily high resolution light fields can be projected
into the scene. By projecting the same checker-
board pattern from a small but densely sampled
range of positions we simulate a projector with an
extremely wide aperture having only a small focus
region in the middle of the scene. The original pro-
jectors were approximately 8.72 cm apart.

Figure 8: Comparison between naı̈ve blending (left)
and compositing after shadow warping and stencil-
ing (right) half-way between two key frames (α =
0.5). The left image shows cross-fading between
two shadows; we obtain a single shadow using our
pipeline.

Figure 9: Simulation of an area light source.
Adding three of the original input images results in
severe banding in the shadow (top). By integrat-
ing over 15 interpolated frames corresponding to
the same extend of the light source we can gener-
ate a soft shadow without banding (bottom).
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