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Abstract
In the literature, many attempts at object visual tracking are performed by particle filtering. This method exploits
Monte Carlo techniques to make measurements all over a presegmented image at different positions. Subimage
reading at different image locations is a computationally expensive process that can be overcome using a high
memory bandwidth hardware. Then, high probability particles, or descriptions of the objects, survive after an
evaluation stage and provide new positions of interest that must be evaluated at next time step. In this work,
we improve the performance of a particle filter implementation by making use of the higher memory bandwidth
rate of a GPU in comparison to a CPU. This improvement is also compared to a previous GPU particle filtering
framework with promising results.

Categories and Subject Descriptors(according to ACM CCS): I.3.1 [Computer Graphics]: Graphics processors; I.4.8
[Image Processing and Computer Vision]: Tracking

1. Introduction

Efficient object tracking is required by many computer vi-
sion application in areas like surveillance and robotics. But
tracking is also an important task in several computer grap-
hics environments. Image-Based modeling and rendering
(IBMR) systems coexists in the intersection between com-
puter vision and computer graphics [BCD∗03]. In IBMR
systems, the geometry and appearance of a computer ge-
nerated scene is derived from real photographs (or video)
to provide an increased degree of realism [Deb96]. Volume
generation from edges and silhouettes, articulated motion
extraction, featured-based stereo matching, depth maps ex-
traction, structure-from-motion, layered depth images and
multi-view scene recovery are typical techniques for IBMR
systems [BCD∗03,Sze90,CW93,LS97,DBR00]. Visual tra-
cking methods are related to these techniques as well as
to video motion capture systems and automatic animation.
Some examples are automatic feature tracking implementa-
tions like face or hands tracking applications [BCD∗03].

Recent research in human motion analysis and visual ob-
ject tracking make use of the Particle Filter (PF) framework.
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The PF algorithm enables the modeling of a stochastic pro-
cess with an arbitrary probability density function, by ap-
proximating it numerically with a set of samples called par-
ticles [AMGC02]. The main aim of particle filtering is the
accurate tracking of a variable of interest as it evolves over
time, such as kinematic information of objects in video se-
quences.

The reasons for the rapid expansion of these IBMR sys-
tems are mainly the reduction of the image acquisition har-
dware prices and the large computational power of current
graphics cards. Indeed, this commodity graphics hardware
has evolved since the mid-90’s giving a considerable amount
of programming power to developers in order to customize
their rendering effects in real-time. In addition, a consumer
graphics processing unit (GPU) has become a kind of inex-
pensive and programmable stream processor. Many authors
have demonstrated that these consumer GPUs boast excep-
tional peak performance, even superior to the most com-
mon and powerful CPUs [THO02, Har03]. They have been
used as co-processor for the central processing unit in exam-
ples that exploits the power of the GPU for linear alge-
bra calculations [MTP∗04, KW03], physically-based simu-
lations [Har03] and image and volume processing [YW02]
among many others [Har02].

In this work, we propose an important improvement on
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Figure 1: Particle filter algorithmic scheme.

previous CPU/GPU particle filter frameworks [MPSF04,
LNB05,MPSF05]. In particular, we have reduced bandwidth
requirements in the data allocation stage using GPU texture
reads instead of CPU-GPU memory transfers. As a demons-
tration of the algorithm’s applicability, it has been adapted
to real-time 2D tracking in a webcam based system with en-
couraging results.

2. Object Tracking and Particle Filtering

Object tracking is a common problem in many computer
vision applications. It deals with state-space variable esti-
mation of interesting features in image sequences and their
future prediction. Many probabilistic algorithms have been
widely applied which take advantage of knowledge about
previous states of the system, thereby reducing the compu-
tational cost of an exhaustive search over the whole image.
In this framework, the posterior probability density function
(pdf) of the state is estimated in two stages: prediction and
update. General particle filters are based on discrete repre-
sentations of probability densities and can be applied to any
state-space model [AMGC02]. Discrete particlesj of a set
(Xt ,Πt) = {(x0

t ,π0
t )...(xN

t ,πN
t )} in time stept, contains in-

formation about one possible state of the systemx j
t and its

importance weightπ j
t .

Common implementations of the most simple PF algo-
rithms for 2D visual tracking purposes try to locate objects

of interest using a Monte Carlo approach and extract sub-
images from the actual video frame at timet. Classically,
the PF algorithm consists of a sequential set of stages: par-
ticle weighting, estimation, selection, diffusion and predic-
tion. Figure1 describes all these phases.

In a practical approach, particle weight computation is
the most expensive stage of the particle filter algorithm, and
it has to be executed at each time step for every particle
[DBR00]. Basically, this stage scores each particle by means
of a likelihood weight between the predicted subimage loca-
tion and an object template description. The particle filter
algorithm itself is computationally expensive but the weight
computation is the main bottleneck.

The estimation phase evaluates the best particle by direct
weight comparison. The particle with largest weight is con-
sidered the best estimator of the position of the object of
interest in the actual frame (at timet).

Then, those particles with lowest weight are replaced in
a probabilistic approach. In this process, particles are ran-
donmly chosen proportional to their weights, so particles
with high probability can be taken multiple times. This pro-
cedure belongs to the selection stage.

As some particles can be chosen several times in the pre-
vious step, a diffusion is performed to the survival set. This
provides a needed diversification to the set of particles which
minimizes repeated evaluations of the same state.

If a motion model of the system is known, we can better
predict future estimators. This motion model is applied in
the prediction stage. If there is nota priori motion model,
we can join the prediction with the diffusion phase in order
to search for the trackable object over a restricted, but large
enough, region of interest.

2.1. Particle Filtering using Graphics Processors

As far as the authors can find, Montemayor et al. [MPSF04]
was the first work proposing the use of graphics processors
to alleviate the computational cost of a 2D object tracking
particle filter system. In that work, the particle weighting
stage in terms of subimage comparison was performed on
the GPU. It was a preliminary study, but they adapted the se-
quential image comparison process to a parallel evaluation
of many possible locationsXt = {(x0

t )...(xN
t )} described by

each particlej. Figure2 summarizes the hybrid CPU/GPU
particle filter scheme.

In [LNB05] and [MPSF05], the researchers take advan-
tage of four color channels textures in a SIMD manner to
produce more particle evaluations at the same time with al-
most the same computational cost.

The common approach to the particle weighting stage eva-
luation on the GPU was to form a texture with subimage
portions extracted from the actual video frame at timet.
This data allocation is performed in the CPU with the use
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Figure 2: Particle filter scheme with the weighting stage
(evaluation) in GPU.

Family Year # Trans. (x106) Bandwidth (GB/s)
NV25 2002 63 10.4
NV38 2003 130 30.4
NV40 2004 222 35.2
G70 2005 302 38.4
R520 2005 321 48

Table 1: Comparison chart: NVXX and G70 from Nvidia,
and R520 from ATI (# Trans. is referred to number of tran-
sistors of the processor).

of less than optimal memory-copy operations (see measure-
ment process in Figure2). Once the texture is completely
filled, it is compared to the object model texture with the use
of a fragment program (see evaluation phase in Figure2).

3. Improving Particle Weighting Stage

In this work, we propose an improvement at the measure-
ment process. Texture creation based on rendering instead
of performing expensive memory transfers to and from the
CPU would alleviate the bottleneck of data allocation. The
underlying hypothesis is that graphics processing units offer
higher memory bandwidth ratio than CPUs. This fact is de-
monstrated comparing some graphics hardware capabilities
against common desktop CPUs. Table 1 shows some features
of different graphics processors by year of release, including
number of transistors and memory bandwidth. For example,
an Nvidia GeForce 7800GTX (G70) exhibit memory ban-
dwidth ratios of about 38 GB/s against 10.7 GB/s of an Intel
975X chipset for Pentium 4 (2005).
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Figure 3: Particle filter scheme with the weighting stage
(evaluation) in GPU.
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Figure 4: Particle filter scheme with the weighting stage
(evaluation) in GPU.

Now, given the video frame at timet as a texture data
in video memory, we propose rendering a collection of tex-
tured primitives instead of reordering and transferring data.
For this purpose we create a geometry composed of multiple
quads completing a larger square region. Then, the measure-
ment process is as follows: given a particle which describes
a possible state (Figure3(a)), we specify texture coordina-
tes (s, t) for each vertex of the particle corresponding quad
(coordinates (x,y), (x+ ∆,y), (x,y+ ∆) and (x+ ∆,y+ ∆) in
Figure 3(b)). If we need square subimage portions for the
object description, it is easy to create a large square tex-
ture composed of a collection of small textured quads (Fi-
gure 3(c)). The output of a simple rendering can be redi-
rected to a frame buffer object (FBO) that after a single pass
over the collection of quads the measurement texture is built.
Next, this texture is fed to the hybrid CPU/GPU particle fil-
ter system as the normal procedure: performing the evalua-
tion stage, stream reductions in order to get particle weights,
data readback to CPU, estimation, selection, diffusion and
prediction.

c© The Eurographics Association 2006.



A. S. Montemayor, J. J. Pantrigo, R. Cabido and B. Payne / Bandwidth-Improved GPU Particle Filter for Visual Tracking

4. Experimental Results

Experiments have been performed using two platforms: a
2.8 GHz Pentium 4 host processor, 512 MB RAM, AGPx8
equipped with an Nvidia GeForce6800 GT (NV40), and a
3.2 GHz Pentium 4, 1GB RAM, PCI-Express x16 with an
Nvidia GeForce7800 GTX (G70). Applications were coded
in C using OpenGL as rendering API, Cg 1.4 as shading
language and Nvidia v81.98 drivers. Input video sequences
were in QCIF format (320x240 pixels) and 1024 particles
were evaluated at each time step.

Figure 4 shows frame rates of a CPU/GPU object tra-
cking implementation where the number of particles remains
constant (1024) but the size of the subimage comparison va-
ries. First and third columns show the proposed data alloca-
tion by means of rendering with G70 and NV40 processors
while second and fourth columns show previous CPU/GPU
execution peak performance for the same GPUs. Groups of
columns correspond to subimage windows of 16x16 pixels
forming a 512x512 measurement texture, 32x32 pixels and
64x64 respectively.

Experimental results show that the proposed method im-
proves performance of the entire algorithm about 1.7x-3.0x
the frame rate of previous memory-copy approaches. We can
observe that data reallocation at every time step can be a very
important bottleneck when preparing a hardware accelerated
solution to a previous CPU application. Here, we alleviate
this bottleneck by means of very optimized texture fetching
operation, boosting peak performance of the entire algorithm
up to 300%.

5. Conclusions

In this work, we present an improvement on previous im-
plementations of hybrid CPU/GPU particle filter algorithm
exploting higher memory bandwidth texture mapping. We
propose a customized data allocation by making a texture
from small, textured primitives instead of reading back to
CPU what was already in video memory. Experimental re-
sults have shown a remarkable performance, even frame ra-
tes up to 300% compared to previous CPU/GPU particle fil-
tering approaches on the same graphics boards.
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