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Abstract

Matching vehicles subject to both large pose transforma-
tions and extreme illumination variations remains a techni-
cally challenging problem in computer vision. In this pa-
per, we develop a new and robust framework toward match-
ing and recognizing vehicles with both highly varying poses
and drastically changing illumination conditions. By effec-
tively estimating both pose and illumination conditions, we
can re-render vehicles in the reference image to generate
the relit image with the same pose and illumination condi-
tions as the target image. We compare the relit image and
the re-rendered target image to match vehicles in the orig-
inal reference image and target image. Furthermore, no
training is needed in our framework and re-rendered vehicle
images in any other viewpoints and illumination conditions
can be obtained from just one single input image. Exper-
imental results demonstrate the robustness and efficacy of
our framework, with a potential to generalize our current
method from vehicles to handle other types of objects.

1. Introduction
Object matching and recognition remain an important

and long-term task with continuing interest from computer
vision with significant applications in security, surveillance,
and robotics. Many types of representations have been em-
ployed to match and recognize objects by a set of low-
dimensional parameters, such as shape, texture, structure,
and other specific feature patterns. However, when it comes
to unconstrained outdoor conditions such as highly vary-
ing pose and severely changing illumination, the problem
becomes extremely challenging. As shown in Fig. 1, ob-
ject appearance may be tremendously different with vary-
ing pose and illumination conditions. Although the texture
of a vehicle is consistent, its appearance indeed varies a lot
under different lightings. Thus, such clues as shape and tex-
ture are faint in this case.

Currently, the most popular approaches in object recog-

Figure 1. Images of the same vehicle taken from different view-
points and lightings.

nition focus on the appearance-based methods [11, 4] and
the model-based methods [5, 18]. In appearance-based
methods, objects are typically represented by a group of
feature vectors, and a set of positive and negative exam-
ples is adopted to train a classifier spanning on the Principal
Component Analysis (PCA) subspace or feature subspace.
In practice, technical issues arise from appearance variation
due to different poses and lightings. Model-based meth-
ods require a set of 3D models to provide geometric con-
straints. Ideally, when object domain is known, the explicit
utilization of 3D models can largely alleviate the problem
of feature matching. However, it stands on two basic as-
sumptions: (1) the 3D model can precisely fit to the input
images; (2) pose estimation is accurate enough. To estimate
the appearance of objects, global and local clues have been
used to simulate the texture of the 3D model. Despite the
progress, it still has limited success in illumination varia-
tions, since illumination conditions can dramatically affect
appearances, as shown in Fig. 1.

The primary contribution of this paper lies in a novel
and robust framework toward vehicle matching and recog-
nition, which can handle large pose transformations and il-
lumination variations simultaneously. Our vehicle matching
framework is shown in Fig. 2. Given original input images,
the pose transformation is first estimated by using approx-
imated 3D vehicle models that can effectively match ob-
jects under large viewpoint changes and partial occlusions.
Second, we estimate albedos of objects, taking advantage
of the fact that the body of a vehicle has unified color and
material. After that, we compute their spherical harmonic
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Figure 2. Our vehicle matching framework.

basis and recover illumination conditions both in the refer-
ence image and target image. By effectively estimating both
pose and illumination conditions, we can re-render vehicles
in the reference image to generate the relit image with the
same pose and illumination conditions as the target image.
Finally, we make comparisons between the relit image and
the re-rendered target image to match vehicles in the origi-
nal reference image and target image. Although our current
object domain in this paper is vehicles, this computational
framework can also be generalized to other types of objects.

2. Previous Work
Vehicle matching has been studied in many areas of com-

puter vision, with many different purposes such as detec-
tion, tracking, and recognition. Koller et al. [10] represent
vehicles by a general 3D model parameterized by 12 length
parameters. Their method needs to calibrate a moving plane
from video sequences. Some other work on vehicle detec-
tion [9] and tracking [16] is proposed by using block match-
ing, template matching, or a simple sedan model. They are
all based on video sequences, not one single image. In [17],
3D computer graphic models are employed to recognize ve-
hicles. It performs well for one vehicle class, but is lim-
ited for several similar vehicle classes. The Hidden Markov
Models (HMM) has been employed in [8] to classify shad-
ows from moving vehicles, which obstructs robust visual
tracking. For vehicle identification, Shan et al. [14] use an
embedding vector to represent each vehicle image by exem-
plars of vehicles within the same camera. Each component
of this vector is a non-metric distance computed by oriented
edge maps. The extended work was done in [7, 15] for ve-
hicle matching. However, their methods do not consider the
texture and illumination of vehicles. Guo et al. [6] propose
a model-based approach to match vehicles. They use ap-

proximate 3D models to handle pose transformation and a
piecewise MRF model to guess texture of occluded parts.
However, their method has limitations on sensitive model
fitting and varying illumination.

For illumination recovery, recent research [1, 12] shows
that any image under arbitrary illumination conditions can
be approximately represented by a linear combination of
the spherical harmonic basis. Spherical harmonics are a set
of functions that form an orthonormal basis for the set of
all square-integrable functions defined on the unit sphere.
Zhang et al. [18] successfully applied spherical harmon-
ics in face recognition and synthesis with a 3D morphable
model, which is difficult to build.

3. Vehicle Matching Framework
In this section, we will introduce our framework of vehi-

cle matching under various poses and lightings.

3.1. Model Determination
Our dataset contains 5 representative models that stand

for 5 different categories of vehicles including compact-
size car, full-size sedan, small pickup truck, SUV, and large
truck. Some 3D vehicle models are shown in Fig. 3. Unlike
the approach in [6], which requires that each vertex in 3D
model has its semantic ownership, we take the body of a ve-
hicle as an object and ignore some parts (windows, wheels,
and lights) for such reasons: (1) typically, the body has
uniform color and material, which leads to uniform albedo
for each vehicle; (2) the removed parts may have complex
cases, which have no benefits for matching. For exam-
ple, windows could have mirror reflection, wheels may turn
right or left with the same pose of the body, and lights could
be on or off.

For each input image, we will first determine which
model best represents the vehicle that appears in the image.
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Figure 3. Some 3D vehicle models.

Considering the fact that pose estimation is easily trapped
into local minimum in the searching space, we select 3 dif-
ferent initial poses for each vehicle model with reasonable
projection. For each model, we compute edge maps un-
der these 3 initial fittings and use chamfer distance [14] to
measure the similarity with edge maps of the original in-
put image, as shown in Fig. 4. Finally, we select the top 2
matched models as candidates for the next step.

3.2. Pose Recovery

Pose recovery has been extensively studied in recent
years, with many effective methods proposed. Among
them, the Iterative Closest Point (ICP) algorithm is a widely
used method [2, 13]. During fitting a 3D model to a 2D im-
age, the transformation is not linear or approximately linear.
Thus, we cannot use ICP directly in our framework. Here,
we design new strategies in fitting as follows:

1) For each of 2 candidate vehicle models, we search for
the next better pose in 3D translation and rotation, respec-
tively, by discrete samplings with adaptive distance d · s,
where d is the average closest point distance in ICP, and s
is a fixed distance. More specifically, in 3D translation, we
use 3 samplings for each direction, with positive, zero, and
negative distance, that is, 27 samplings, and similarly in ro-
tation, 27 samplings in 3 angles along 3 axes. Thus, we can
control the speed of searching in the way that when it is get-
ting close to the minimum distance, the sampling distance
is getting smaller to achieve a more precise search.

2) We will stop searching when the average closest
point distance d reaches our threshold. However, when the
searching gets stuck at some point, which means it keeps
choosing zero sampling distance, while the threshold has
not been reached, we let the sampling distance jump to D ·s,
where D is a large factor to pull the searching out of the lo-
cal minimum.

3) The best 3D object model is selected with minimal
average closest point distance from candidate models.

Figure 4 shows an example of pose recovery, where
green edges are from the input image and red edges are from
the projected edge map of the 3D vehicle model.

3.3. Estimation of Albedo
Albedo is the fraction of light that a surface point re-

flects when it is illuminated, which is an intrinsic property
that depends on materials of the surface. There are some ap-
proaches in literature to estimate albedo from a single image
[3]. In previous work of applying spherical harmonics [18],
the brightness of a pixel is taken as albedo. In our frame-
work, taking the observation that the body of a vehicle has

Figure 4. Pose estimation. Edge detection in the original image is
shown on the left. Initial fitting between 3D vehicle model and the
original image is shown in the middle. The fitting result is shown
on the right. Green edges come from the original input image and
red edges come from the 3D vehicle model.

uniform texture and materials, we estimate albedo in RGB
3 channels, respectively.

For Lambertian objects, the diffused component of the
surface reflection satisfies Lambert’s Cosine Law, given by
I = ρmax(nT s, 0), where I is the pixel intensity, s is the
light source direction, ρ is the surface albedo, and n is the
surface normal of the corresponding 3D points. The ex-
pression implicitly assumes a single dominant light source
placed at infinity, which is the most common case where ve-
hicle images are taken. Note that Lambert’s law in its pure
form is nonlinear due to the max function, which accounts
for the formation of attached shadows. Shadows and specu-
larities do not reveal any information about their reflectivity.
Thus they should not be included in the computation of es-
timation. In most cases, vehicle images are taken outside
where the primary light source is the sun, and thus the esti-
mation is realistic.

By collecting 3D points with positive (nT s) and the cor-
responding image pixels excluding shadows and speculari-
ties, we can obtain a reflective equation for each point in the
3D model, written as: nT ρs = I . Note that s is almost the
same for each point in the 3D model, since the only dom-
inant light source is placed at infinity. Therefore, we can
get a formula for all reflective equations as (for example in
the red channel): Nρrs = Ir, where N is the n × 3 ma-
trix that consists of surface normals of n points, ρr is the
albedo in the red channel, and Ir is intensity value of the
red component of n corresponding pixels in the image. So
are the green and blue channels. We then take ρrs together
as a variable and estimate it by the method of least squares.
Since ρr is a positive fraction between 0 and 1, and s is the
normalized direction vector whose length equals 1, we can
compute ρr by

ρr =
|ρrs|
|s| = |ρrs|. (1)

Similarly, we can compute albedo in green channel ρg

and albedo in blue channel ρb. Figure 5 shows that albedo
maps in the second row are estimated from 3 input images
in the first row. The two left images are taken from the same
car and the right-most image is from another car. Despite
varying illuminations, the albedo estimation is accurate and
robust.
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Figure 5. Albedo estimation. The original input images are shown
in the first row and estimated albedos are shown in the second row.
The two left images come from the same car and the right-most
image comes from another car.

Figure 6. An example of the first 9 spherical harmonic basis im-
ages with RGB 3 channels. Light colors represent positive values
and darker colors represent negative values.

3.4. Illumination Recovery
As described in [1, 12], any image under arbitrary illu-

mination conditions can be approximately represented by a
linear combination of spherical harmonic basis as

I ≈ bl, (2)

where b is the spherical harmonic basis and l is the vec-
tor of illumination coefficients. The set of images of a
convex Lambertian object obtained under a wide variety of
lighting conditions can be approximated accurately by a 9-
dimensional linear subspace. They are the sphere analog of
the Fourier basis on the line or circle. The first 9 spheri-
cal harmonic basis can be computed by using normals and
albedo in each vertex of the objects [1, 12].

In our framework, we use unified albedo for the body
of the vehicle model that is estimated in Section 3.3. The
visible part of a 3D vehicle model, which is projected to
the input image due to recovered pose, provides us normal
vectors, estimated albedo, and appearances with illumina-
tion effects for each visible 3D point associated with cor-
responding 2D pixels. Therefore, we can compute the first
9 spherical harmonic basis images first, and then estimate
the illumination coefficients l by using the method of least
squares in Eq. 2. Figure 6 shows an example of the first
9 spherical harmonic basis images with RGB 3 channels
where light colors represent positive values and darker col-
ors represent negative values.

Figure 7. Examples of illumination recovery and re-lighting. (a)
and (b) are two input images. (c) and (d) are re-rendered images
of (a) and (b) after illumination recovery. (e) is the relit image by
transferring both pose information and illumination effects from
(b) to the 3D vehicle model estimated from (a). (f) is the relit im-
age by transferring both pose information and illumination effects
from (a) to the 3D vehicle model estimated from (b). The relit im-
ages (e) and (f) are very similar to the re-rendered images (d) and
(c), respectively.

3.5. Re-lighting
Re-lighting is used to generate new images of the ob-

ject from the reference image by transferring illumination
effects in the target images. In our framework, we use this
technique to render the reference object under illumination
conditions of the target image. By Eq. 2, we obtain two il-
lumination representations of both the reference image and
the target image: Ir ≈ brlr, It ≈ btlt, where the subscript
r denotes the reference object, and subscript t denotes the
target object. By re-lighting, we can transfer the illumina-
tion effects from the target image to the reference object if
they are subject to the same pose:

Irelit ≈ brlt, (3)

where Irelit is the relit images of the reference object with
the illumination conditions of the target image.

With this re-lighting technique, we can render an object
under any pose and illumination conditions associated with
one single input image. Figure 7 shows examples of illu-
mination recovery and re-lighting. From the results, we can
see that the relit image Fig. 7(e) is very similar to the re-
rendered image Fig. 7(d) and the relit image Fig. 7(f) is
very similar to the re-rendered image Fig. 7(c). Therefore,
we just compare the relit image with the re-rendered target
image to match vehicles in the original reference image and
target image despite large variations of pose and illumina-
tion.

3.6. Vehicle Matching
In order to match two images, we use the normalized

matching distance (NMD), defined as

NMD =
Σn

i=0‖Ii
relit − Ii

t‖
Σn

j=0I
j
t

, (4)
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where Irelit is the relit image and It is the re-rendered im-
age of target objects. NMD describes the difference be-
tween the reference object and the target object, despite the
effect of pose and illumination variations. A smaller dis-
tance stands for higher similarity, and vice versa.

The vehicle matching algorithm in our framework can be
summarized as follows:

1) Recover pose information and estimate 3D vehicle
models in both the reference image and target image as de-
scribed in Section 3.1 and 3.2.

2) Estimate albedos from two input images by Eq. 1.
3) Compute the spherical harmonic basis in each input

image, and then estimate illumination coefficients by Eq. 2.
4) Re-render the target object by recovered shape,

albedo, and illumination parameters and re-lighting the ref-
erence object by Eq. 3.

5) Compare the relit image and the re-rendered image by
computing the normalized matching distance in Eq. 4 to
match vehicles in the reference image and target image.

4. Experimental Results
In this section, we will evaluate our framework using

both synthetic and real data subject to various pose and il-
lumination conditions and compare our methods with the
method without illumination recovery [6].

4.1. Matching Experiments
Before our recognition experiments, we conduct match-

ing experiments on both synthetic data and real data to show
how illumination conditions will affect matching and recog-
nition results. First, we use three new 3D car models to syn-
thesize 6 vehicle images rendered by OpenGL with one dif-
fuse light source and global ambient light, as shown in Fig.
8 (the left-most image and other 5 images in the first row).
Images 1, 2, and 3 are synthesized by different car models
with different texture. Images 1, 4, 5, and 6 are synthesized
by the same car model with different pose and lightings. We
match image 1 (as the probe image) to all other 5 images.
The matching performances of our method and the method
without illumination recovery are shown in the second and
third rows. From experimental results, we can observe that
our method can successfully match image 1 to images 4, 5,
and 6 with perfect normalized matching distances. How-
ever, the method without illumination recovery fails in this
experiment due to the effect of illumination. It matches im-
age 1 with image 2, while image 2 comes from a different
vehicle. Even in the same illumination condition, there is
still a mismatch due to viewpoint variations. For example,
images 1 and 5 are under the same illumination condition
but taken from different viewpoints. The method without
illumination recovery uses symmetry to guess the texture of
vehicles. This is not correct because one side of the car is
illuminated while the other side is shaded.

Figure 9 shows matching experiments on real data.
Three input images are in the first row (2 reference images
are in the left and right, 1 target image is in the middle).
The right image (reference image 2) and the middle image
(target image) are from the same SUV, while the left image
(reference image 1) is from another vehicle. The matching
results of our method are shown in the second row and the
results of the method without illumination recovery [6] are
shown in the third row. According to the experimental re-
sults, our method successfully matches the reference image
2 and the target image while the method without illumina-
tion recovery fails due to extreme variations of pose and
illumination.

4.2. Recognition Experiments
Our real data consists of 24 image galleries captured

from 24 vehicles. Each gallery has 7 images under vari-
ous viewpoints and lightings. The image resolution is from
310 × 233 to 640 × 480. Our experiment is conducted by
the same schema as we did on synthetic data.

Figure 10 shows the recognition results of the follow-
ing methods: the method without illumination recovery, the
method using average texture as albedo, and our framework
with illumination recovery under different ranks. From re-
sults, we can see that by illumination recovery, the recog-
nition results of our methods are significantly improved
and stable when the number of images involved per gallery
changes. However, the other two methods use semantic
ownership of vehicle model and the symmetry of vehicle
body to represent texture information. These are not accu-
rate due to the effect of illumination conditions, especially
when the size of the gallery is small.

5. Conclusion
We have detailed a new framework to match vehicles

subject to large variations of both pose and illumination. By
estimating pose and albedo map, the illumination condition
can be accurately recovered by using spherical harmonics
representation. This will also allow us to re-light the refer-
ence object under any target condition such as pose and illu-
mination. Experimental results demonstrate that our frame-
work has significantly improved the matching and recogni-
tion performance, especially when objects are under both
large pose and illumination variations. For the future, we
will further improve our illumination model with specular-
ity and shadow components and apply our method to addi-
tional objects such as the human face and body.
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