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ABSTRACT

This contribution presents examples of image processing al-
gorithms in programmable hardware (FPGA), specifically
precise image resampling and object detection in images
based on machine learning. The algorithms are examples of
designs that benefit from implementation in programmable
hardware, specifically in overall performance and power con-
sumption. The contribution describes the algorithms, ex-
plains how they benefit from implementation in FPGA, and
shows some results.

1. INTRODUCTION

Contemporary state of the art in image processing allows for
building of embedded systems capable of image processing;
However, image processing algorithms have high consump-
tion of computational power and this also causes high power
consumption. Consequently, some applications sensitive to
battery life, heat dissipation, etc., may be adversely affected.

One of the applications concerned is object detection
through image classification. Although object detection is
usually addressed by sophisticated software implementations,
an ongoing effort exists (e.g. [1]) to adapt some of these al-
gorithms to fit in hardware and in particular to FPGAs to
enable low-power and high-throughput object detectors.

2. IMAGE RESAMPLING

Image resampling is a typical image pre-processing task for
many applications. Its goal can be to correct e.g. geometri-
cal distortion of the image or to change the image size.

Such transformation is naturally defined by mapping co-
ordinates of an output image on coordinates of an input im-
age, for example by means of a “displacement” of each pi-
xel [2]. To economize memory consumption, we decided to
introduce an approximation, where the displacement is de-
fined only for few pixels in a sparse rectangular mesh. The
displacement of intermediate pixels is then computed online
via bilinear interpolation.

The key idea of our approach is the usage of a separable
FIR filter. Instead of using 2D filter to compute individual

Fig. 1. Top-level structure of the resampling unit.

output pixels, we use a couple of 1D filters (row and colum-
nar). In this case, the time complexity of the convolution op-
eration is significantly reduced (from O(n2) to O(n), where
n is size of the filter).

When implemented in FPGA, this also leads to impor-
tant savings of logic and memory. The input image is fed
“line-by-line” into a main buffer, which must contain only
several complete lines of the image. A column of pixels is
then read from the main buffer and convolved with the verti-
cal FIR filter, resulting in one pixel of an intermediate image
being stored into a small circular line buffer (only units of
pixels) each clock cycle. Simultaneously, a row of pixels is
read from the line buffer and convolved with the horizontal
FIR filter, resulting in one pixel of the output image each
clock cycle.

The top-level structure of the described resampling unit
is depicted in Fig. 1. It has been implemented on Xilinx Vir-
tex II-1000 FPGA device consuming approximately 77 % of
its resources. The unit is capable to process 52.5 Mpx/s.

3. OBJECT DETECTION

Object detection can be performed through customizing Ada-
boost [3] image classifier for FPGA implementation. The
Adaboost classifier consists of many weak classifiers (e.g.



Fig. 2. Top-level structure of the object detection unit.

Fig. 3. Cooperation of resampling and object detection.

difference of adjacent pixels) that are evaluated and their re-
sults summed to form a decision about the presence of an
object. The proposed engine constantly buffers a stripe of
an image. We have defined a novel set of weak classifiers
that are feasible for hardware implementation. In compari-
son to previous weak classifiers (e.g. [4]), they are invariant
to lightness changes and therefore do not require normal-
ization of an image that mostly involves operations, such as
division, square roots or many multiplications. Our weak
classifiers are based on a difference of ranks of two selected
pixel areas where the ranks are obtained by comparing sums
of values with adjacent areas in a grid of 3 × 3. Each area
is of the same rectangular size with an edge size of power
of two (i.e. 1 × 1, 2 × 2, 4 × 4, 8 × 8 pixels). The above
constraints on areas were chosen with respect to FPGA re-
sources. At the same time, these constraints had only little
impact on the classification precision.

The processing part of the engine consists of five pipeline
stages which naturally correspond to operations required to
evaluate one weak classifier: a) read the weak classifier, b)
obtain pixel areas, c) compute difference of ranks, d) figure
out contribution of the difference to the final sum of Ada-
boost classifier, e) add the contribution of the weak classifier
and check whether to end the evaluation (see Fig. 2 for illus-
tration). In order to keep all the pipeline stages busy, the en-
gine evaluates five instances of the Adaboost classifier using
fine multithreading (at given time, each stage is occupied by
different instance). Each instance is assigned a different part
of the image stripe. This allows to evaluate one weak clas-
sifier every 10 ns. Moreover, we instantiate two processing
pipelines per one stripe buffer and therefore the performance
of the whole engine is one weak classifier every 5 ns. In our
experiments with face detection we observed that each po-

sition requires evaluation of 20 weak classifiers on average
and we achieved 3.40 % false positive rate and 3.37 % false
negative rate. In this case, the engine is capable to process
640× 480 px video stream with 25 fps.

The Adaboost evaluation engine has been implemented
on Xilinx Virtex II-1000 FPGA device consuming approxi-
mately 35 % of its resources.

4. EXPLOITATION

The above presented algorithms can be used independently
or they can be joined together in order to provide e.g. mul-
tiscale object detection, as shown in Fig. 3. In such setup,
the resampling units are changing the scale while the detec-
tion units are detecting the same objects at different scale.
Alternatively, the resampling and detection units can be im-
plemented through re-using the same hardware in a serio-
parallel manner. The main focus is on applications where
the FPGA can be “inserted” between the image source and
the processor units.

5. CONCLUSION

The paper presented a brief description of two algorithms
that might find their applicability in real-time image pro-
cessing. Due to optimized implementation in FPGA and its
low power consumption, these algorithm may be embedded
in low-power devices such as cameras, microscopes, home
automation units, and other embedded systems.
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