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Abstract—Inspired by the human vision system, in this paper
we propose a specifically organized kind of center-surround con-
trast features and show their suitability for pedestrian detection.
These contrasts are computed from a novel combination of
both local color and gradient statistics aggregated quickly for
arbitrary sized square cells. We exploit our contrast features in
a rich multi-scale and -direction fashion between each central
cell and its neighbors and boost the significant ones for pedes-
trian detection. Experimental results on the INRIA and Caltech
pedestrian datasets show that our method achieves state-of-the-
art performance.

I. INTRODUCTION

Pedestrian detection enjoys increasing popularity in the
computer vision community, since in this area academic in-
terests meet industrial needs. Numerous literature emerged
about the topic (see [!] for a survey), where contributions
are often specialized to some part of the chief aim en-
abling computers to discover pedestrians around, e.g. feature
extraction [2], classifier design [3], or regions of interest
selection [4]. Although significant improvements have been
achieved in the last decade, the detection precision still lies far
behind human vision, which is capable of rapidly localizing
small scale pedestrians even with low contrast and severe
occlusion. Therefore, we are encouraged to look into how
the human visual system processes incoming stimuli and draw
conclusions for the design of our basic features. We believe
that the employment of biologically inspired mechanisms aids
recognition and yields an effective and efficient pedestrian
detector.

Early processing of visual information starts in the human
retinal tissue immediately after light has been transduced
into electric signals by photoreceptive cells. At a first layer
of bipolar cells electrical membrane potentials are locally
aggregated. Grouped bipolar cells report to different types of
ganglion cells, which convert analog potentials into electric
pulse rates. At the transitional synapses between photore-
ceptive and bipolar, but also from bipolar to ganglion cells,
there is a lateral wiring of so called horizontal respectively
amacrine cells modulating the signals to enhance contrasts in a
center-surround fashion. It was found that the output of certain
ganglion cells agree with DoG-filter responses [5] while some
are also oriented and agree with Gabor-filters [6]. A survey
about retinal cell types and wiring is given by [7].
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Center-surround mechanisms also affect the later process-
ing in the brain, guiding human attention and thus how we
recognize objects of interest. This psychophysical theory has
been widely used in computational approaches to generate
saliency maps of the environment [8]. However, while attention
is about bottom-up, model-free discovery of the environment,
visual search for specific entities requires top-down saliency,
which tunes the scoring of basic features to the expected
appearance.

Our main contribution in this paper is to design center-
surround contrast features motivated by the human visual
system and boosting them to characterize the appearance of
pedestrians. In order to reduce computational costs when
calculating our features for arbitrary sized local cells, we
combined the fast acquisition of continuous Gaussian feature
distributions from [9] with the integral histograms technique
from [10]. Each cell is represented by one statistical descriptor,
and contrasts are computed between a central cell and its
surrounding neighbors.

Statistical multi-channel cell descriptors: we collect
multi-channel information for each cell area not only w.r.t.
lightness and colors, but also w.r.t. gradients, which both can
complement each other under the challenging variations of
clothing or articulation of the body respectively. In order to
summarize the underlying, unknown distribution of each cell’s
channel values, we fit a normal distribution, which is the
type of continuous distribution with maximum entropy given
a known mean and variance [11].

Multi-direction and -scale contrast vectors: aiming to
incorporate more specific information between central and
surrounding cells, we treat neighbors in different directions
individually, rather than together as a single surrounding
region, thus we obtain multi-direction contrast descriptors; we
compute statistical features at different cell-sizes so as to build
a contrast pyramid, which is in accordance with the general
architecture of most visual saliency systems.

We evaluate our approach in extensive experiments on
several benchmark datasets and demonstrate that by employing
our novel center-surround contrast features, our pedestrian
detector achieves state-of-the-art performance.
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Fig. 1: Flow chart of our feature extraction procedure.

II. RELATED WORK

Since we employ center-surround human visual attention
mechanism to design features for pedestrian detection, we
concentrate our review in the above two fields respectively.

A. Features for pedestrian detection

In the field of pedestrian detection, almost all kinds of
features are extracted by fusing local or global differences in
various forms, except those who used intensity or color values
directly. Those difference based features can be categorized
into two classes: pixel-wise and patch-wise, according to how
the differences are computed.

Gradients are a kind of basic pixel-wise local difference,
on which the arguably most popular features Histograms of
Oriented Gradients (HOGs) [12] for pedestrian detection are
built; Local Binary Pattern (LBP) features [13] incorporated
the relationships between neighboring pixels by binary codes,
and were combined with HOG features by Wang et al. [14] in
order to cope with occlusions.

On contrast, Haar-like features [15] are considered as
patch-wise local differences, as they compute abstraction of
sums over rectangular regions. Viola and Jones [16] used
Haar-like features on both intensity and motion information
for pedestrian detection; Walk et al. [2] proposed Color Self
Similarity (CSS) features to describe global difference between
each cell pair on color histograms; Zhang et al. [17] designed
informed Haar-like features based on the prior shape of up-
right human body.

Montabone et al. [18] proposed new features derived from
a visual saliency mechanism, which computed differences
between central and surrounding regions. Those features are
most relevant to ours, but we extend their work in three
aspects: we compute the center-surround contrast in multiple
channels (not only colors but also gradients); we fit a normal
distribution for each cell’s channel values; we compute the
directional contrasts between the central and eight nearest
surrounding regions individually, so as to incorporate more
detailed information regarding local difference.

B. Center-surround contrast measurements

Most computational visual attention approaches determine
the center-surround contrast by DoG-filters or approximations
of these [19]. Recently, some researchers represented the cen-
tral and surrounding areas by feature distributions to capture
more information about the areas. The distributions were in
either discrete forms, e.g. histograms [20] or continuous forms,
e.g. normal distributions [9]. Various distance measurements
can be computed between central and surrounding distributions
to describe the local contrast.

III. CENTER-SURROUND CONTRAST FEATURES

The flow chart of our feature extraction is illustrated in
Fig. 1. First, we compute multiple channels for each pixel
all over the image, to integrate both color and gradient infor-
mation; second, we divide the whole image into square cells
with a fixed size and fit a normal distribution for each cell’s
channel values; third, we define the neighborhood for each cell,
and compute the differences between one central cell and its
neighboring cells, respectively; finally, we repeat the second
and third step at several scales with different cell sizes, yielding
a multi-scale, multi-direction and multi-channel contrast vector
for the whole image.

A. Statistical multi-channel cell descriptors

We consider a total of 10 different channels: 3 channels for
LUV colors, 1 channel for gradient magnitude information, and
6 channels for histograms of oriented gradients. Note that all
the above channels are computed pixel by pixel. Histograms of
oriented gradients are usually computed for a group of pixels
inside some region, but we do it for each pixel, which means
we simply quantize the gradient magnitudes into orientation
bins. For each pixel, two neighboring bins are filled as we
employ bilinear interpolation w.r.t. orientation bins.

In order to remove noises, before channel computation,
input images are smoothed with a binomial filter of radius 1,
i.e. 0 = 0.87. Note that we explicitly do not smooth channel
data as we observed this to lead to a decrease in performance,
as it seems to inhibit characteristic local variations.

We fit a normal distribution to summarize the distribution
of each cell’s channel values. Assume that we have channel
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(a) Sparse map (b) Dense map

Fig. 2: Two structures of neighborhood maps. Each red arrow
points from the central cell to its neighboring cells.

values for the whole input image along channel 7, denoting as a
channel image P, and one cell ¢ with its channel vector P, =
[v1, V5, ..., vp] along channel 4, we implement ML-estimation
of normal distribution for P}:
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Now the estimation is narrowed down to compute two local
averages: P! and (P?)? according to Eq. 1 and Eq. 2. For
efficiency, along each channel, we employ two integral images:
one for the original channel image P?; another one for the
squared channel image (P?)2. The two integral images avoid
exhaustive summing up of channel values inside each cell.

B. Multi-direction and multi-scale contrast vectors

To more accurately describe how the central cell differs
from its neighbors, we treat its neighboring cells in different
directions individually, rather than together as a single region.
Therefore, we compute the contrast between the central cell
and each neighboring cell respectively, to yield a multi-
direction contrast vector, which integrates the differences in
multiple directions.

The first issue comes to defining neighbors for each cell to
form center-surround cell pairs. One simple way is to find the
8 nearest neighbors for each cell, but then redundancy emerge
significantly, as each neighboring relationship is counted for
twice. To get rid of this redundancy, we propose two neigh-
borhood structures: sparse and dense neighborhood maps, as
shown in Fig. 2. The sparse map is generated using the simple
8 nearest neighbors principle but with a step size of two cells
instead of one; the dense map is generated through finding
only 4 out of 8 nearest neighbors for each cell, as shown in
Fig. 2b. The advantage of the dense map is that it is capable
of bridging each cell with its 8 nearest neighbors, except those
cells along the image borders, without any redundancy.

We introduce two different contrast measurements to com-
pute the difference between each two cells’ channel values,
denoted as P! and P! for the central and its surrounding cell
along channel i, respectively. We compare the results of the

two measurements in Sec. V.
W, distance

The W, distance (2nd Wasserstein distance) was first
introduced as a measurement for center-surround contrast by
Klein et al. [9] and achieved reasonable results for saliency
detection. Its definition in our case can be written as:

1

. . 2
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with (P}, P!) denoting the set of all couplings of P} and
P! meets this requirements, if the underlying feature space is
defined reasonably.

It would be intractable to compute the integral in Eq. 3
in case of arbitrary distributions. Fortunately, it can be solved
algebraically for normal distributions, as established by Givens
and Shortt [21]. The contrast vector between one central cell
distribution P! and its neighboring cell distribution P! along
channel ¢ can be computed in a closed form as follows:

Wa(PL P = |[|pt — ptll3 + 3L+ 2% —2y/5ixi| . ()

Gradient matrix

For each center-surround cell pair, we compute the gradient
matrix for the mean and variance vector (p, %?), resulting in
a contrast vector. The contrast vector between one central cell
distribution P} and its neighboring cell distribution P! along
channel 7 can be expressed as follows:

cst(PL, P)) = (ui -y, T - Ei)- )

In the feature space, the contrast vector in Eq. 5 is treated
as two separate values, which enables convinent training
procedure.

In accordance with the general architecture of most visual
saliency systems, we build a multi-scale contrast pyramid by
varying the cell size at each scale. The final contrast feature
space for the whole image consists of all the contrast values
from each cell at each scale and along multiple channels.

IV. FEATURE SELECTION FOR PEDESTRIAN DETECTION

For baseline comparison, we consider [ChnFtrs] [22] which
reaches state-of-the-art performance and, in addition, is fast to
train and test. It first computes multiple channel information
for an image and then considers sums over rectangular channel
regions as features which can be computed very efficiently
when using integral images.

Our own detector employs the center-surround contrast
features proposed in Sec. III. Note that these features, too, are
built on channel features but interpret local differences between
central rectangular regions and their eight nearest neighboring
regions over multiple channels rather than over channel values
themselves.
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Fig. 3: Illustration of representative features. (a) Body parts
weight map: different colors are used to indicate the accumu-
lative weight of each pixel after boosting. (b) Channel weight
bars: accumulative weight of each channel are indicated by
one bar (best viewed in color).

We apply a fast version of AdaBoost [23] for feature
selection since it offers a convenient and fast approach to
select from a large number of candidate features. We choose
decision trees of depth 2 as our weak classifiers and build our
final strong classifier with 4096 weak classifiers in total. Initial
negative training samples are randomly generated from natural
images that do not contain pedestrians and, afterwards, hard
negative samples are searched for three rounds over all negative
sample images so as to collect 20,000 negative samples in
total. This multi-round training strategy is pivotal as it leads
to a better performance than a simple one round training
procedure with the same number of negative samples. From
our experiments, three rounds of retraining were observed to
yield optimal performance; additional rounds did not show
significant improvements.

In order to look into which features are more informative,
we observe in terms of: body parts and channels. First, we
collect the weights of the top 1000 features. Then we add
the weight of each feature to the pixels it covers, including
those inside the central and surrounding cells, and use different
colors to indicate the accumulative weight of each cell after
boosting as shown in Fig. 3a. As expected, the head-shoulder
and feet area of the human body show to be more discrimina-
tive for pedestrian detection than other body parts. Moreover,
we also add the weight of each feature to the channels it goes
through to observe which channels are more representative and
use bars to illustrate the accumulative weight of each channel
as shown in Fig. 3b. We find that all the channels we choose
contribute relatively even to the final classifier, indicating no
redundancy in channels.

The most discriminative features determined by the boost-
ing algorithm are then used for pedestrian detection in still
images. To this end, we slide a window over the whole image
and consider multiple scales. The spatial step size is set to be
half of the smallest cell size according to the Nyquist-Shannon
sampling theorem, and the scale step is set to be 2% so that

miss rate

= = = 22.18% ChnFirs
10H 19.14% W2 + sparse
18.24% W2 + dense
16.64% L1 + sparse
16.19% L1 + dense

10 10
false positives per image

Fig. 4: Results on INRIA dataset under different configura-
tions.

there are 8 scales in each octave. Finally, we use a simplified
non-maximal suppression (NMS) procedure [22] to suppress
nearby detections.

V. EXPERIMENTS

We conducted experiments on two public benchmark
datasets: the INRIA pedestrian dataset [12] and the Caltech
pedestrian dataset [1]. The INRIA data is arguably the most
popular dataset for people detection and comes along with pre-
defined subsets for training and testing. The Caltech data is the
largest and most challenging dataset for pedestrian detection
and we consider subsets setQ0 - setO5 for training and subsets
set06 - setl0 for testing.

A. Discussions on configurations

We proposed two neighborhood structures and two distance
measurements in Sec. III. Experimental results on the INRIA
dataset under different configurations are shown in Fig. 4.

We find that the results under different configurations
are similar to each other, which indicates that our feature
extraction scheme is robust. Still, W5 distance leads to a
little worse results than gradient matrix because the latter one
incorporates more specific differences on mean and variance
values separately, yielding a higher dimensional feature space;
sparse neighborhood structure results in better results on both
contrast measurements, due to richer neighboring differences
integrated.

B. Comparisons with state-of-the-art detectors

In this section, we compare our detector to other state-of-
the-art detectors whose results are publicly available'. Notably,
some detectors are not considered here because of use of mo-
tion information or semantic analysis of scene which requires
elaborate preprocessing.

Thttp://www.vision.caltech.edu/Image_Datasets/CaltechPedestrians/
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Fig. 5: Results of different detectors on different datasets under
standard evaluation settings (best viewed in color).

We use the same experimental protocol as in [1]: first, the
overall results are produced on the reasonable subset of each
test set which shows pedestrians at a resolution of over 50
pixels in height and a visibility of at least 65%; second, one
ground truth annotation and one detection bounding box are
considered to be matched if and only if their overlap region
exceed 50% of their union region.

To compare the performance of state-of-the-art detectors,
we plot miss rate against false positives per image (FPPI)
curves in logarithmic scales by varying the threshold on the
detection confidence. To summarize the overall performances
of different detectors, a numerical measurement of average
miss rate is computed by averaging the miss rates at nine FPPI
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rates evenly sampled in log-space in the range of [10~2,10°].

Our pedestrian model is of 96 x 48 pixels, while our
detection window is of 120 x 60 pixels, including borders
of 6 pixels on the left and right, and 12 pixels on the top
and bottom as context. In this section, we use the following
configurations for the experiments: three scales with cell sizes
of 3 x 3,4 x4 and 6 x 6 pixels; dense map; gradient matrix
contrast measurement.

The results on the INRIA dataset in Fig. 5a show that
our detector outperforms the baseline detector [ChnFtrs] by
about 6% and reaches the state-of-the-art performance; on
the Caltech pedestrian dataset, our detector outperforms not
only the baseline detector [ChnFtrs] by about 15% but also
yields the overall best performance as shown in Fig. 5b. More
extensive comparisons are shown in Tab. I.

VI. CONCLUSION

Humans are able to efficiently locate what they are looking
for, because characteristic visual features are tuned so that
those entities become salient. This is called top-down saliency
or visual search. We tried to mimic early human visual
processing by local distribution contrast features and boosted
them to respond to the appearance of pedestrians, so we would
call our detector a computational top-down saliency system.
Our features are very efficient to compute combining a fast
integral method for local averaging and clever arrangement
of additional image layers for quick maximum likelihood
estimates of normal distributions. We tested different patterns
for organizing the center-surround structure as well as different
ways to estimate the cell-contrasts.

Experimental results showed that our detector achieves
state-of-the-art performance on the INRIA pedestrian dataset
and, for the Caltech pedestrian dataset, we found it to outper-
form all other recent approaches considered.

Given these results, it appears promising to further explore
feature design driven by human visual mechanisms. Immediate
extensions of the approach presented in this paper could be
to incorporate information from additional modalities such as
motion and depth.
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