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Abstract

Varying illumination is a challenging issue in many com-
puter vision problems (e.g., tagging, matching, and track-
ing), while in inverse rendering, people are interested in es-
timating illumination from rendered images or videos. Can
these two techniques be combined together to form a uni-
fied framework for vehicle tracking and lighting learning?
This paper gives probably the first thought in this joint prob-
lem, by presenting a framework to adaptively learn lighting
from an image sequence while tracking the object (specif-
ically, the vehicle) in it. We formulate the illumination
model with both diffusion and specularity components using
a frequency-space representation, and design a nonlinear
model to estimate lighting coefficients in a low-dimensional
subspace. The lighting learning and vehicle tracking are in-
tegrated in a unified Markov network, which can be solved
by an iterative believe propagation (BP) method. The pro-
posed framework can track a vehicle moving in a video, as
well as transfer the learned lighting to other objects, which
shows its potential in augmented reality.

1. Introduction

Varying illumination is usually considered as an obsta-
cle for many computer vision problems, such as tagging,
matching and tracking, since the consistency assumption of
intensity or appearance breaks down. Ambiguities will al-
ways occur when appearance changes (due to lighting vari-
ation) are incorrectly interpreted as motion effects. In in-
verse rendering, recent research [1, 9] shows that the ap-
pearance of an object can be described as a spherical con-
volution of the illumination and Bidirectional Reflectance
Distribution Function (BRDF). It provides an enable tool
to actively learn lighting from images or videos, which can
assist matching and tracking problems.

In recent years, many techniques to handle varying il-
lumination have been proposed and are roughly classified
into two categories: the implicit methods and the explicit
methods. The implicit methods do not probe into illumina-

tion model using analytic representations, including Intrin-
sic Images [12, 14], Illumination Ratio Map (IRM) [18],
etc. The recovery of intrinsic images, which are decom-
posed into illumination images and reflectance images, re-
quire image sequence with the same viewpoint but different
illumination [14] or a single image with prior knowledge
of a camera response curve [12]. The IRM [18] considers
homogeneous Lambertian surfaces, which have linear re-
sponse to illumination changes and describes the changes
by the ratio of intensities of corresponding pixels. The ex-
plicit methods focus on representing an analytic formula of
the illumination model and factoring lighting from the re-
flectance light field. Recent work shows that by employ-
ing convolution representations, the reflected light field can
be expressed mathematically as a product of spherical har-
monics coefficients of the BRDF and the lighting. However,
these methods have strong requirements on the prior knowl-
edge of object geometry and texture: either known [1, 9] or
approximated by a set of PCA bases obtained from a train-
ing dataset [13, 20].

In this paper, we propose a novel framework to adap-
tively learn lighting from an image sequence while tracking
the object (specifically, the vehicle) in it. The contributions
of this paper are as follows:

(1) We formulate the lighting learning with both dif-
fusion and specularity components in a Heteroscedastic
Errors-in-Variables (HEIV) model, where the lighting co-
efficients can be iteratively estimated.

(2) We present a unified Markov network to integrate
lighting learning and vehicle tracking, which can be solved
by an iterative belief propagation (BP) method.

(3) Although our framework has been used on the ve-
hicle domain under the visible spectrum, it has a potential
to be applied to other types of objects beyond the visible
spectrum, such as near infrared (IR) lighting.

2. Previous Work

Inverse rendering which measures rendering attributes
(lighting, texture, and BRDF) from photographs, contin-
ues to be an active research area with interests from both



computer vision and computer graphics. In previous work,
tremendous progress has been made in the recovery of these
three rendering attributes with one or two unknowns [17].
In general cases where lighting, texture and BRDF are all
unknown, this problem is ill-conditioned until strong as-
sumptions and requirements on input data have been made.
Ramamoorthi and Hanrahan [9] presented a signal process-
ing framework for inverse rendering with known geometry
and isotropic BRDFs. In their work, the reflected light field
was expressed as a convolution of the lighting and BRDF
using spherical harmonics. As a frequency-space convolu-
tion, spherical harmonics has been used as a tool to rep-
resent lighting. In [1], it is shown that the reflected light
field from a Lambertian surface can be characterized using
only its first 9 spherical harmonic coefficients, where ge-
ometry is assumed to be known. Xu and Roy-Chowdhury
[15] integrated motion with illumination by deducing rela-
tionship between motion and basis images of spherical har-
monics. Later, Zhang et al. [20] integrated the spherical
harmonic illumination representation into the Morphable
Model approach, by modulating the texture component with
the spherical harmonic bases. They used PCA to initialize
geometry and texture from a large set of training data, and
estimate lighting and basis images independently in itera-
tion. To release the requirements on geometry and texture,
Wang et al. [13] proposed a subregion based framework
that uses a MRF to model the statistical distribution and
spatial coherence of texture. Though lighting in small re-
gion is more homogeneous, it is hard to divide an image
to homogeneous regions. Their method still needs training
data to compute PCA texture model and is limited to Lam-
bertian surfaces. Recently, Hou et al. [6] proposed a vehicle
matching method under varying illumination using spheri-
cal harmonics. By assuming the albedo of vehicle is unified,
they can recover illumination parameters to match different
vehicles.

Learning illumination while tracking is a new research
area which integrates illumination invariant tracking [5, 7]
and learning illumination from video sequences [15]. Re-
cently, Zhang et al. [19] presented an algorithm for com-
puting optical flow, shape, and lighting from an image se-
quence. They exploited a scaling variable to represent in-
tensity variation under an assumption of Lambertian sur-
faces. Freedman and Turek [3] proposed an illumina-
tion insensitive tracking algorithm using graph cuts. They
placed consistency constraints on the illumination model,
assuming that the consistent scene intensities should prop-
agate throughout all frames. Zhang et al. [18] integrated
IRM with optical flow into a unified Markov network and
solved it using BP. Finally, Xu and Roy-Chowdhury [15, 16]
showed that the set of Lambertian reflectance functions
of a moving object, illuminated by arbitrarily distant light
sources, lies “close” to a bilinear subspace consisting of

nine illumination variables and six motion variables. How-
ever, for non-Lambertian surfaces and dramatic changes of
lighting, their method can not work well.

3. Vehicle tracking with lighting learning

3.1. Illumination as convolution

We start from the reflectance light field for a surface
point x with its normal �n, given as

B(x, �wo) =
∫

Ω

T (x)ρ(�wi, �wo)L(x, �wi)(�wi · �n)dwi, (1)

Here, B is the reflected light field, expressed as a function
of the surface position x and outgoing direction �wo. The
integrand is a product of terms: the texture T (x), the BRDF
ρ(�wi, �wo) and the lighting L(x, �wi).

Assuming the camera has a linear sensitive function, its
response to reflectance light can be interpreted as a part of
texture. Therefore, we can approximate the image intensity
I using frequency-space convolution of Eq. 1 in terms of
spherical harmonic functions

I =
l∗∑

l=0

l∑
m=−l

ΛlLlm(Kdρdl + Ksρsl)Ylm(n), (2)

where Λl is the normalization constant, Ylm(n) is the spher-
ical harmonic function of surface normal n in the local coor-
dinate, Llm is the lighting coefficients, ρd and ρs are diffuse
and specular BRDF, Kd and Ks are diffuse and specular
albedo (texture), respectively, and l∗ is the cutoff for lev-
els of spherical harmonics. For the Larmbertian BRDF, an
analytic formula of Al = Λlρdl can be computed as

A0 = π,A1 =
2π

3
, A2 =

π

4
, A3 = 0, A4 = − π

24
, ...,

numerically.
For the specularity component of the BRDF, we use

Phone illumination model with a good approximation given

by Λlρsl ≈ exp
[
− l2

2s

]
, where s is Phone exponent that

can be approximated according to certain materials or esti-
mated independently by specifying a neighborhood region
of specularity under directional source of light. This is a
good approximation when l∗ ≈ √2s. Furthermore, we as-
sume Kd + Ks = 1. Then we define basis functions b(x)
as a function of vector x = [nx, ny, nz,Kd]′:

blm(x) = (KdAl + (1−Kd) exp
[
− l2

2s

]
)Ylm(n), (3)

and define l as the vector of lighting coefficients Llm.
Therefore, assuming s is known or under independent es-
timation, the Eq. 2 can be simplified as

I = b(x)l. (4)



Figure 1. Three shapes of different types of vehicles (sedan, SUV,
bus) generated by our generic shape model (color only for visual-
ization purpose).

3.2. Initial settings of shape and texture

We notice that in Eq. 2, it involves the normal map of the
given object but not the geometry. Following this observa-
tion, we adopt a generic model to initialize the normal map,
and refine it during the later process of recovering illumina-
tion. In this paper, we choose the vehicle as our object do-
main for two main reasons: (1) vehicles are very commonly
seen in our everyday lives; (2) vehicle matching and track-
ing under varying lightings is still a challenging problem
with the wide range of applications in computer vision and
surveillance. We segment vehicle models into 7 surfaces,
and use 6 length parameters to generate control points for
B-spline surfaces. Users can easily adjust those parameters
to form an approximate model through a user interface. Fig.
1 shows three shapes of different types of vehicles (sedan,
SUV, bus) generated by our generic model.

For the initial texture map, we adopt a color classifier
similar with the work in [12] to group colors. We notice that
the changes in color between pixels are due to either illumi-
nation or texture. When surfaces are Lambertian, any color
changes due to illumination should affect all three color
channels proportionally. When surfaces have low speculari-
ties, the chromatic changes due to illumination between two
adjacent pixels should bring three color channels approxi-
mately to a proportional effect. Assuming two adjacent pix-
els with the same albedo have color c1 and c2, they should
have close directions in the RGB color space. Otherwise,
the chromaticity of colors is changed and color changes are
caused by the changes of texture, not illumination.

To group colors associated with the same texture class,
we treat each color as a vector in RGB space and normalize
them. We then compute the angle between normalized color
�c1 and �c2 as

(�c1, �c2) = arccos(�c1 · �c2). (5)

If the angle (�c1, �c2) is below a threshold, we assign them
into the same group. Finally, we compute the average of
each group of colors as the texture assigned to this group.

3.3. Estimation of lighting coefficients

To factorize lighting, BRDF and texture from Eq. 2 is ill-
conditioned if all three variables are unknown, and thus we

need some strategy to turn it into well-conditioned. Previ-
ous methods [13, 20] iteratively estimate the unknown co-
efficients and their strategy is to first estimate lighting co-
efficients under fixed normal and texture, and then estimate
normal and texture under fixed lighting coefficients. There-
fore, they highly rely on accurate input of normal and tex-
ture as initialization. In our framework, we design a HEIV
model to estimate lightings and regress BRDF and texture
simultaneously.

The HEIV model, introduced from statics by Matei and
Meer [8], has already been applied to many problems in
computer vision. It is a non-linear regression model, where
values of variables are considered to be corrupted by error.
We take l as the parameter and x as the variable, and then
the model can be presented as

f(x, l) = b(x)l − I (6)

where l is the illumination parameter to be estimated, and x
is the variable with its value corrupted by error. The func-
tion b(x) is named the carrier of variables. We assume vari-
ables xi are affected by independent error

xi = xio + δxi, δxi ∼ G(μxi
, σ2Cxi

),

where xio denotes the true value of xi, μxi
and Cxi

are the
mean and the covariance matrix of the variables error δxi.
We assume the error δxi subject to the Gaussian distribu-
tion. For the color image with three channels, there should
be three vectors for each pixel with respect to RGB compo-
nents of albedo. This will generate more constraints, which
will be considered in later derivations.

Out estimator is based on an objective function that con-
tains three components, given by

E(x, l) = αEx(x) + βEf (x, l) + γEs(x), (7)

where α, β, γ are weighted coefficients. The first term of
Eq. 7 is the Mahalanobis Distance (MD) between xi and
xio, shown as

Ex(x) =
n∑

i=1

(xi − xio)T C+
x (xi − xio). (8)

The second term is the weighed quadratic sum of residual
error generated by constraints of Eq. 6

Ef (x, l) =
n∑

i=1

ηifi(xi, l), (9)

where ηi = wifi is the Lagrange multiplier, and wi is a
weighted coefficient corresponding with each xi, defined

as wi =
[(

∂fi

∂xi

)T

Cx

(
∂fi

∂xi

)]+

, where the superscript ‘+’

denotes the pseudo inverse to account for the case of rank



deficient covariance matrices. The third term is a smooth
function

Es(x) =
n∑

i=1

∑
j∈N

(xi − xj)2, (10)

where N is the neighbor of xi. The smooth function con-
straints that the estimated parameters are smooth in its local
patch.

Taking the derivative of objective function E with re-
spect to l, yields

∂E

∂l
= 2[Sl − Cl]l = 2

n∑
i=1

wibiIi (11)

with the weighted scatter matrix Sl =
∑n

i=1 wib
T
i bi, and

the covariance matrix Cl =
∑n

i=1 ηT
i

(
∂b
∂x

)T
Cx

(
∂b
∂x

)
ηi.

Finally, the optimal estimation of l is given by,

l̂ =
(
[Sl − Cl]

T [Sl − Cl]
)−1 n∑

i=1

wibiIi. (12)

On the other hand, we also take the derivative with re-
spect to xi to compute its estimation, which yields

∂Ei

∂xi
= 2αδxiC

+
x +β(ηi

∂fi

∂xi
+

∂ηi

∂xi
fi)+2γ

∑
j∈N

(xi − xj).

(13)
By ignoring the quadratic derivative, we can obtain the op-
timal estimation of xi, given by

δ̂xi = −Cx(
β

α
ηi

∂fi

∂xi
+

γ

α

∑
j∈N

(xi − xj)). (14)

From Eq. 12 and Eq. 14, we can iteratively recover light-
ing coefficients, and leave the de-lighted images (shape, tex-
ture) ready for tracking purpose. And the estimated lighting
can be directly transfered to other objects.

3.4. Illumination invariant tracking

Based on the lighting learning above, we proposed a uni-
fied Markov network to learn illumination and track an ob-
ject under varying lighting. Previous research [2, 5] shows
that optical flow can be modeled as a probabilistic graph-
ics model. Here, we develop a Markov network integrating
optical flow and lighting. Given two consecutive frames
IR, IT (often notated as “reference” and “target”), and fac-
torized lighting coefficient lR and basis function bR for the
reference frame, our goal is to find the maximum a posteri-
ori probability (MAP) of the disparity map D and lighting
coefficient lT , expressed as

P (D, lT |bR, lR, IT ) ∝
∏

i,j∈N

Ψi,j

∏
i

Φi, (15)

where N is the size of the neighborhood of node xi, Φs is
the evidence function describing the probability of how the
estimated D and lT fit IT , Ψi,j is the compatibility function
that smooths the estimated D and lT along the network. We
further define the evidence function of node xi in the net-
work as

Φi(D(xi), lT ) = exp(− |bR(D(xi))lT − IT (xi)|), (16)

and define the compatibility function Ψi,j between node
[xi, xj ] as

Ψi,j(D) = exp(− |D(xi)−D(xj)|). (17)

To find the MAP of the joint Markov network, we use
belief propagation [4, 10, 11] as an efficient tool to approach
the solution. The message mij propagated from node xi to
node xj is computed as

mij(xj)← α max
xi

ΨijΦi

∏
k∈N�j

mki(xi), (18)

where N is the size of the neighborhood of node xi, and α
is a normalization factor. The final belief for each node is
determined by the local evidence function and the incoming
messages from its neighbors:

bi ← αΦi

∏
k∈N

mki(xi). (19)

In our framework, we consider that the changes of
lighting between two consecutive frames are not dramatic.
Therefore, we use lR as the initial value for lT , and propa-
gate belief on the network. When the propagation stops, we
obtain an estimated basis function b̂T , and we can update
the lT by Eq. 12. Then we can propagate belief again on the
network. With this iterative procedure, we finally obtain the
lighting and motion of each frame while robustly track the
object through the video.

4. Near-IR illumination

Surfaces of objects have similar reflectance properties
under active Near-IR illumination and visible illumination.
Therefore, the framework proposed above can also be ap-
plied to images under Near-IR illumination. One benefit of
using Near-IR illumination is that it can provide constant il-
lumination, and work in low illumination environment with-
out conspicuous light. The disadvantage of Near-IR illumi-
nation is that it does not have any color information. It is
not significant to objects like the human face, but is im-
portant to vehicles, since vehicles have plentiful colors that
can be discriminated easily in visible illumination. Near-IR
images are very close to gray images under the visible spec-
trum. Objects may appear unnatural under IR illumination,



Figure 2. Vehicle images under Near-IR illumination.

since many materials do not have the same reflectance frac-
tion under the visible or Near-IR spectrum, as shown in Fig.
2. For example, surfaces with a green color become brighter
in Near-IR illumination than in the visible spectrum. There-
fore, it is not realistic to compare vehicles across spectral
bands. In visible illumination, the texture of a surface has
RGB three channels, while in Near-IR illumination, the re-
flectance property has only one channel. As a potential, our
framework can be applied to Near-IR illumination.

5. Experimental results

Several constraints are imposed in our experiment. First,
the normal [nx, ny, nz]′ are constrained to be a unit vector
with the length |n| = 1. Second, we take the average of esti-
mated normal on three color channels as the final estimation
of normal n in each iteration. Third, when the estimation is
under a white light source, we use the average of estimated
illumination coefficients on RGB channels as the final es-
timation of l in each iteration, assuming lightings on three
color channels are equal.

For image sequences, we first show an experimental re-
sult of learning illumination and motion in two adjacent
frames in Fig. 3, where (a) is the reference image, (b) is
the target image, (c) is the disparity map by BP without il-
lumination estimation, (d) is the tracking result by BP with
IRM in [18], (e) and (f) are the disparity map and de-lit im-
age of (b) by our framework. Under varying illumination,
the ideal tracking result is a consistent disparity map of the
moving vehicle, somehow like (e) where intensities indicate
the disparities. For an object with large textureless areas
like a vehicle, the recovery of motion without model esti-
mation is very challenging as shown in Fig. 3(d). The BP
in our framework, integrating illumination and model-based
motion, has greatly improved performance to the previous
method in [18].

In our experiment, image sequences are captured from
a toy car under dramatically changing lighting in an indoor
environment. Fig. 4 shows the experimental result of illu-
mination learning and synthesis with tracking. Despite dra-
matically changing lighting, our framework can track the
car through the image sequences and generate a new car
motion sequence with normalized illumination, as shown in

Figure 3. Learning illumination and motion between two frames:
(a) is the reference image, (b) is the target image, (c) is the dispar-
ity map by BP without illumination estimation, (d) is the tracking
result by BP with IRM in [18], (e) and (f) are the disparity map
and de-lit image of (b) by our framework.

the second row of Fig. 4. Furthermore, we can also synthe-
size new video under controllable illumination learned from
a given image sequence, as shown in the third row of Fig. 4,
where the Max Planck model is re-lighted by the illumina-
tion learned from the first row. It is hard to quantitatively
evaluate the estimation of lighting. However, in terms of vi-
sual appearances, the rendering results have similar lighting
effects with the input video.

To evaluate the accuracy of lighting factorization, we
compute the error of de-lit images through 105 frames by
averaging the texture color and comparing them to the de-
lit image in the first frame. As shown in Fig. 5, x-coordinate
denotes the number of frame, y-coordinate denotes the er-
ror of de-lighting, the red dashed curve is computed by the
method of IRM in [18], and the blue curve is the result of
our framework. From the results, we can see that under
dramatic illumination changes, our framework continues to
generate more robust results on texture recovery and illumi-
nation learning.

6. Conclusion

We have proposed a method that integrates lighting
learning and vehicle tracking, combining the two tech-
niques into a unified framework. The proposed method for
simultaneous illumination learning and object tracking con-
tains a unified Markov network, which can be solved by a
iterative BP method. This method can be applied to Near-
IR images, while due to limited resources, we are only able
to show experiments in visible illumination. In the future,
we plan to further improve the results by incorporating more
accurate reflectance models with cast shadows and to extend
the current work to learn lighting with more real vehicle
videos under different (visible or non-visible) illumination
conditions.



Figure 4. Learning illumination with tracking. First row: frame 6, 23, 38, 46, 71 of the original video sequence. Second row: de-lit images
by our framework. Third row: re-lit images of Max Planck model under corresponding illumination learned from images in the first row.
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Figure 5. Error of de-lighting: the red dashed curve is computed
by the method of IRM in [18], and the blue curve is the result of
our framework.
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