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Integrating Spatio-Temporal Context with Multiview
Representation for Object Recognition
in Visual Surveillance

Xiaobai Liu, Liang Lin, Shuicheng Yan, Senior Member, IEEE, Hai Jin, Senior Member, IEEE, and Wenbing Tao

Abstract—We present in this paper an integrated solution to
rapidly recognizing dynamic objects in surveillance videos by
exploring various contextual information. This solution consists
of three components. The first one is a multi-view object rep-
resentation. It contains a set of deformable object templates,
each of which comprises an ensemble of active features for an
object category in a specific view/pose. The template can be
efficiently learned via a small set of roughly aligned positive
samples without negative samples. The second component is a
unified spatio-temporal context model, which integrates two types
of contextual information in a Bayesian way. One is the spatial
context, including main surface property (constraints on object
type and density) and camera geometric parameters (constraints
on object size at a specific location). The other is the temporal
context, containing the pixel-level and instance-level consistency
models, used to generate the foreground probability map and
local object trajectory prediction. We also combine the above
spatial and temporal contextual information to estimate the
object pose in scene and use it as a strong prior for inference. The
third component is a robust sampling-based inference procedure.
Taking the spatio-temporal contextual knowledge as the prior
model and deformable template matching as the likelihood model,
we formulate the problem of object category recognition as
a maximum-a-posteriori problem. The probabilistic inference
can be achieved by a simple Markov chain Mento Carlo sam-
pler, owing to the informative spatio-temporal context model
which is able to greatly reduce the computation complexity
and the category ambiguities. The system performance and
benefit gain from the spatio-temporal contextual information
are quantitatively evaluated on several challenging datasets and
the comparison results clearly demonstrate that our proposed
algorithm outperforms other state-of-the-art algorithms.
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I. INTRODUCTION

ISUAL SURVEILLANCE is a hot research topic in

computer vision owing to its great industrial application
potentials. One of the core tasks for a surveillance system
is to rapidly recognize objects in video sequences with the
presence of various challenges, such as sudden light changing,
occluding, and so on. Many related efforts [7], [13], [25] have
been proposed from two major aspects: 1) how to develop
efficient and effective appearance features, and 2) how to
integrate scene contextual knowledge as prior cues.

In this paper, we address the above two problems and
particularly highlight the contextual information for visual
surveillance applications. The advantages of harnessing spatial
and temporal context are illustrated in Fig. 1. Given an ob-
served scene, the patches of interest (highlighted as the patches
“a,” “b,” and “c”) can be recognized based on the valuable
cues from spatial context (camera geometry, scene surface
knowledge, or other surrounding objects). For the case with
object occlusions (the rth frame and last frame), the recogni-
tion task for the patches “d” and “e” can only be achieved
based on the temporal context from the deferred observations,
e.g., the temporal consistence of appearance over the consecu-
tive frames from 7 — 7 to ¢+ 7. Taking full advantage of various
contextual information, we present in this paper a flexible solu-
tion to real-time recognizing and localizing moving objects in
videos, by integrating spatio-temporal contextual information
with a novel object detector via deformable template matching.

A. Related Works

There has been a wide variety of works for rapid object
category recognition in videos. According to the information
sources used for this task, we roughly divide these previous
efforts into two categories, namely, the appearance information
and the contextual information.

Appearance information is captured by various appearance
features, including texture-based features, such as scale invari-
ant points/patches [9], [21], texton filter responses [15], and
colorized distributions [3], and structure(shape)-based features,
such as shape filter responses [22], edge/ridge fragments [8],
active contour, and deformable templates [34]. Based on those
features, quite a number of category recognition approaches
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Fig. 1. [Illustration of the benefit from contextual information. It is generally
impossible to recognize the (a) bike, (b) pedestrian, or (c) lawn separately.
We can, however, take them together to form a coherent visual story and
combine with the camera and scene surface knowledge to achieve these
missions. Furthermore, for the case with occlusions, the recognition of (d)
patch is infeasible without the additional temporal context from the (e)
deferred observations. Therefore, both spatial and temporal contexts are very
useful for object category recognition in low-resolution surveillance videos.

have been well studied, such as the bag-of-words model [30],
K-fans model [8], constellation model [24], [26], and boosting
family [2], [22], [33], [36]. However, they often fail in
surveillance applications, because: 1) the scenes/objects in
the surveillance systems are usually in low-resolution, and
thus neither local appearance nor part-based configuration
are informative enough [31], and 2) moving objects usually
undergo with pose/view changes, and thus the classifiers (such
as the deformable template matching) need to be re-activated
from the classifier ensemble (dictionary). Addressing these two
difficulties, in this paper, we proposes to use a multiview
representation via deformable object template for category
recognition task in realtime videos.

Contextual information has proved to be a critical compo-
nent in object recognition task, with strong psychophysical
evidence. In the computer vision literature, several classic
approaches [18] model the relation between the objects of
interest and the scene configuration in a graphic representation,
(e.g., the knowledge on the location of a road may influence
the detection of vehicles [18]), learn implicit inter-related
features for objects co-occurrences (conditional/discriminative
random field family) [15], [29], or extract scene constraints
for false alarm pruning [10], [12]. These approaches have
been applied for objects detection/segmentation in cluttered
images and achieved impressive performances compared to
those ignoring contexts. To our best knowledge, the contextual
information has however not been extensively studied for
visual surveillance systems. Our current work aims to elicit
various contextual information for realtime recognition task,
motivated from the following observations.

1) The spatial context, e.g., camera geometry and ma-
jor surfaces properties etc., contains multiple semantic
knowledge and thus can provide prior constraint for rec-
ognizing objects in surveillance videos. Also, the context
information can be modeled efficiently in interactive
ways.
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Fig. 2. Comprehensive illustration of the proposed solution for rapidly rec-
ognizing dynamic objects in surveillance videos. Within the Bayesian frame-
work, the stochastic inference combines four terms: location-size constraint
(from spatial context), pixel and instance-level consistence constraint (from
temporal context), object pose constraint (from both spatial and temporal
context), and matching verification (based on deformable templates).

2) The temporal context should be also accounted. For
example, the recognition in the current frame can be
influenced by the previous and the later observations.

3) The spatial and temporal contexts can be further com-
bined to produce more informative constraints on mov-
ing objects, e.g., the possible object pose at the spe-
cific location of the scene. It is worth noting that our
contextual model does not integrate the inter-object co-
occurrence relation, which is widely used in previous
works [1], [16], since the co-occurrence frequency usu-
ally contains little discriminative information for extract-
ing foreground objects in surveillance videos.

This paper focuses on a unified spatio-temporal contextual
modeling and view-independent object category representa-
tion. Two closest works to ours are the active basis theory
proposed by Wu et al. [34] and the perspective geometric
context model by Hoiem et al. [10]. The former is a generative
learning theory for image pattern modeling, and the proposed
detector in this paper is an extension. The latter is a framework
for placing local static object detection within the context of
the overall 3-D scene, and we extend it in a unified way for
visual surveillance system to improve context modeling.

B. Overview of Our Method

Given a frame from the observed video sequence, we
classify and localize moving objects by integrating the spatio-
temporal context model and deformable template matching. In
general, the context components can be viewed as informative
constraints or proposals, and the deformable template match-
ing component can be viewed as top-down verification. We
describe the entire solution from three aspects as below.

1) Multi-View Object Representation via Deformable Tem-
plates: We learn a deformable template for each object pose
and then obtain the complete template dictionary for different
poses of each object category. The template consists of a set
of Haar wavelet features, each of which is allowed to slightly
perturb at different scales and orientations to account for the
local structural deformation of each training sample. These
active features are linearly combined to generate the template,
or to fit to the image patch for the purpose of recognition.
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Compared with previous works [3], [9], [21], [22], this multi-
view object representation has following characters.

a) Each deformable template can be efficiently learned
via a small set of roughly aligned (in the same pose)
positive samples without negative samples, using the
shared sketch algorithm [34].

b) The proposed active Haar features can code the local
structure variations of objects and suppress the distur-
bances of scene noises and similar background structure.

¢) Combining with the spatio-temporal contextual infor-
mation, we can roughly estimate the pose of object in
scene to propose the candidate template, which is able
to greatly reduce the computational cost in the matching
step.

2) Spatio-Temporal Context: This is modeled indepen-
dently as the prior knowledge for recognizing objects via
both the current and the deferred observations in our unified
inference.

a) Spatial context contains the viewing (camera) position
and surface geometry. Note that we do not use the inter-object
configuration as in many algorithms for object detection in
images [10], [15], since objects usually move in a messy way
and the inter-object configuration is not reliable enough in
visual surveillance system. Actually, for each type of object,
we have strong prior about the possible occurring locations
and the object size at the specific location in the projected
image plane, namely location-size constraint, which can be
used to mitigate the false alarms for object recognition task.
For example, with the fixed viewing position (camera has been
roughly calibrated), the sizes of the objects in image plane can
be estimated in a relative short range by applying the cross-
ratio theorem. And the property of surface, like “ground,”
“sky,” or “planar,” also contributes to pruning false alarms.
In order to obtain accurate spatial context model, we develop
an annotation toolkit for viewpoint estimation and surface
property modeling in an interactive fashion, where manual
guidance is allowed to enhance the accuracy.

b) Temporal context is built up based on the pixel-level and
instance-level consistency. Instead of observing a static frame,
we cache a sequence of observations. For example, the tempo-
ral context at frame ¢ is deduced on the [f—7, t+7] frames, with
T as the parameter to define the period. For temporal context
modeling, we assume that both pixels and instance remain
consistent over a short period. Hence, at the pixel level, the
intensity-variance on observed frames can be calculated by a
background model [17], [32] (a constant probabilistic gray-
scale distribution). Intuitively, one pixel in the current frame
is proposed as foreground when it fits against the background
model over a few frames. In this paper, we also develop a
novel background modeling algorithm to obtain a more robust
foreground estimation. At the instance level, a selected feature
distribution is used to constrain moving objects, namely the
current foreground object is labeled when it accepts the
same label over frames. Therefore, we should first uncover
the correspondence between the foreground regions in consec-
utive frames and then apply this constraint to help recognize
the object category. This is mostly related to the traditional

object tracking algorithms whereas the difference is that we
only need recover the temporal correspondence within a short
period of observed frames, instead of the entire object trajec-
tory.

3) Stochastic Sampling: It is adopted for object recog-
nition, which integrates the spatio-temporal contextual infor-
mation with the deformable template matching. Within the
Bayesian inference framework, we formulate the problem of
object localization as a maximum-a-posteriori (MAP) problem,
in which we take the spatio-temporal contextual knowledge
as the prior term and deformable template matching as the
likelihood term. In this paper, the Markov chain Mento Carlo
(MCMC) sampler is used to search for the optimal solution
by simulating the Markov chain in the overall solution space.
Instead of exhaustive sampling, however, we use the spatio-
temporal contextual information to reduce the computational
ambiguities by narrowing the search space, as well as to drive
the stochastic search in Markov chain effectively.

The key contribution of this stochastic sampling procedure
is to design a set of reversible jumps and diffusions to simulate
the Markov chain. The algorithm follows the data-driven
MCMC principle [37], which has been proved to be able to
rapidly obtain the nearly globally optimal solution.

The entire solution is summarized in Fig. 2. The main
contributions of this paper include: 1) proposing a multi-
view category representation via deformable templates for
object representation and detection; 2) presenting a unified
and practical spatio-temporal contextual model for object
recognition in visual surveillance systems; and 3) developing
a flexible inference framework which integrates the above two
components into a real-time object recognition system.

The remainder of this paper is organized as follows. We
first introduce the object representation in Section II and then
introduce the Bayesian formulation of object recognition task
in Section III. Section IV details the inference procedure.
In Section V, we discuss the implementation details on the
spatio-temporal context model. Comparison experiments are
presented in Section VI and the paper is concluded in Section
VII with discussion on future work.

II. MULTIVIEW OBJECT REPRESENTATION VIA
DEFORMABLE TEMPLATES

A. Active Haar Features

Wu et al. [34] provided the original theory and methodology
for active basis model. The model is based on a linear
representation using Gabor wavelet elements, which are local-
ized, elongated, and oriented version of the original wavelet
functions. Each Gabor element is like a stroke in the sketch
of an object. In this paper, we replace the Gabor features
with Haar features [22] and set the number of orientations
as 8. Compared with the original method [34], the pursuit of
Haar templates is less time-consuming while retaining similar
performance. Fig. 3 shows the comparison of the templates
learned by the original Gabor features and our variant with
Haar features. Haar features are more computationally efficient
than Gabor features because it can borrow the strength of
integral image techniques in previous work [22].
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Fig. 3. Gabor features versus Haar features. (a), (c) Object templates using
Gabor features. Each line stroke represents a Gabor basis. (b), (d) Object
templates using Haar features.

Letting D denote the image lattice defined on the training
image and H, , denote the Haar matrix centered at position
(x,y), we can translate, rotate, and dilate H, , to obtain a
general form of the Haar wavelets

By ysa = Hu sy s/ s (1)
x" = (x' — x)cosa — (¥ — y)sina )
y'= (" = y)sina+(y — y)cosa A3)

where the Haar feature B, , . is centered at position (X, y),
s is the scale parameter, and @ € {kn/K,k =0,..., K — 1}
(e.g., K = 8) is the orientation parameter. We normalize the
Haar components to have zero mean and unit /, norm, and
introduce local inhibitions such that they are orthogonal to
each other. This constraint ensures that the strokes generated
from the basis in the object template do not overlap with each
other, and thus the selected elements are well connected to
form a shape template.

For an image J, we can project it onto a Haar wavelet
B = By, «, and the projection coefficient is represented as
r =< J,B >= ZMEAB J(u, v)B(u, v), where Ap indicates
the image region covered by feature B and (u, v) denotes the
coordinate within Ap. Intuitively, if | < J, B > | is the local
maximum within a neighborhood window, there is an edge
segment at (x, y) with orientation « and the size of the segment
is related to the scale s. Thus, we can represent an image using
a set of weighted Haar basis {B; = B, y 50, wisi =1,2,... ,n}
where w; is the weight of the ith feature and n is the
number of basis in the template. We further introduce a
whitening transformation for each feature response, namely,
h(r) = threshold(r) = min(r, Typiten), Where Typien 1S a
threshold (e.g., Tynien = 16). This operation ensures that
heterogeneous features are well-calibrated and comparable,
sharing the same distribution on natural image ensembles.

In order to code the structure variations of each training
image J,,m = 1,..., M, we allow the selected base B;
to locally shift its location and orientation. Thus, letting
w; denote the feature weight, we can obtain a deformable
template {B;, w;} as

M
By, e, Wi= Y Imi/M )

m=1

~
Bxi..v,-,suoc,- ~

if there exists (8n.is Am.i), and X, ; = X; + 8y iSince, yp,; = y;i +
O, iCOSAL, Oty j = O+ Ay, Where 8y, ; € [—a, al, Ay € [—D, D],
and a and b are the bounds for the displacement in location
and the turning in orientation (e.g., a = 6 and b = n/K),
respectively. We call such element By, ,, 5o, as an active Haar
and &, ;, Ay, as the activity of the element By, , ;. When
deforming B; to B, ;, we have, By, ; = argmaxpg~p, | < Ju,
B > |?, which subjects to the orthogonality constraint.

Algorithm 1. Shared sketch algorithm for template learning
- Input : Training samples {Ji, ..., Ju};
- Qutput : Deformable template {B;, w;},i=1,...,n;
1) For each J,, € {Ji,...,Ju}, and for every (x,y, @),
compute feature response,

2.
T, x,y.s5,0 = h(|< va Bm,x,y.s,ot >| )’

Set i < 0.
2) For each J,, € {J1,..., Jy}, compute the local maxi-
mum value for each feature:

Tx,ya = Vi, x+8 sin a, y+6 cos a,s,a+A +

max
8€[—a,al,Ae[—b,b]

Let (3, 1) be the (8, ») which achieves the maximum.
3) From the feature bank Q,

a) Choose the shared feature B; that maximizes
Z,},‘Zzl 7m,x,y,s,a/M7
b) Compute the perturbed version of each shared
feature.
For m=1 to M, let § = §,,; and A = X,,;; calculate
B,,; and its response r,, ;.
Set w; = Znﬁle Fm.i/M.

4) Enforcing approximate non-overlapping constraint. For
m = 1to M, for each B, ;, j = 1,...,n, j # i, if
(Bm.i, Bim,j) > ¢, then set r,,  ,,=0. Here, {) returns
the geometrical distance between two features and ¢ is
a threshold.

5) Stop if i = n, and normalize {w;} such that || w ||>= 1.
Otherwise let i < i+ 1, and go to (3).

Txy,s0 =

B. Template Learning and Matching via Active Haar Features

Given a set of training samples in the same pose, denoted
as {Ji, ..., Ju}, we adopt the shared sketch algorithm [34] to
pursuit the Haar template {B;, w;} from the complete feature
bank Q. Here, the samples are the image regions covered by
foreground objects and are cropped from the training videos.
The pursuit algorithm runs in a sequential fashion, and each
step introduces a Haar feature to maximize the log-likelihood
defined as follows:

P(Jn|B;, w;)
q(Jn)

where p(-) indicates the foreground distribution over the
responses of the selected basis and ¢() indicates the refer-
ence distribution pooled from background structures. Herein,
Ami= Wil =< Jm, Bni > |2, and the normalizing constant
is defined as Z(A) = E,[lexp{Ah(r)}]. The score of (5) is a
weighted sum of h(r,, ;). It evaluates the matching similarity
between the image I, and the deformed template. Here, we use
the shared matching pursuit algorithm in [34]. In this parallel
algorithm, each selected features B; will be shared by all the
training images, namely, for each m, a deformed feature B,, ; is
also selected to encode J,,. Algorithm 1 illustrates the details
of this learning procedure.

Given the current input frame, we first apply the background
model to propose the foreground regions, each of which is a
candidate moving object. Then, we crop the foreground region

log = Z[)\.ih(rm’i) - log Z()‘-l)] (5)
i=1
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Fig. 4. Active Haar templates for the category of (a) cars and (b) pedestrians. The pose of one object in the image plane is usually determined by the tile
angle and orientation angle. This figure shows the templates which are learned for the fixed title angle 45° and 8 orientation angles 0°, 45°, 90°, 135°, 180°,
225°, 270°, and 315°. (a) Haar templates of cars. (b) Haar templates of pedestrians.

Algorithm 2. Object category recognition algorithm using deformable
template matching

- Input: The testing image I; object template {B;, w;};
- OQutput: Matching score S;
1) For each (x, y), for all &’s, compute the feature response,
Tx,y,s,0 = h(l< 1, Bx,y,s,ot >|2)'
2) For each (x, y), for all o’s, compute the local maximum
response

Frya = max

Fx+§sin o, y+8 COS &, §,Q+A *
8€[—a,al,re[—b,b]

Let (8, 1) be the (8, A) which achieves the maximum, and
denote the correspondent position as (¥, y) = (x+8, y+1).
3) For each Haar base B; = {x;, y;, i, «;}, retrieve the local
maximum response, S; = Fy+y, y4y;,a-
4) Compute the matching score, S = ZL w; X S;.

as testing image and use the learned template to recognize its
category. Letting I denote the cropped image, we assume the
bounding box of object is centered at position (x =0, y = 0),
and scan the object template over image [/ to fit the active
Haar features into the image within the bounding box centered
at each position (x, y). In each scanning step, we calculate
the fitting response, namely the log-likelihood score defined
in (5), and finally obtain the score map that measures the
confidence of template matching. Algorithm 2 gives the details
of this recognition algorithm. In implementation, we apply the
above algorithm at multiple resolutions of the testing image,
and choose the resolution that achieves the maximum score as
the optimal one.

C. Multiview Template Dictionary

The proposed object model for each object category consists
of a set of active Haar templates in different poses (views).
In surveillance videos, the object pose is mainly determined
by the orientation angle and tilt angle, namely the object view

in frames. In order to create the complete multiview template
dictionary, we quantize the angle space into linear bins, n
bins for 90° tilt range, and n, bins for 360° orientation range,
to obtain totally n; x n, templates of different views and then
build the template dictionary €2;. For each pose, an object
template is trained using the Algorithm 1 from a set of roughly
aligned positive images.

It is worth noting that the choice of the angle number
is essentially a tradeoff between performance and efficiency.
Increasing the number of templates will reduce the intra-
view varieties and thus boosts discriminating power of the
template-based classifier, but at the same time increase the
computational cost. In this paper, for each object category,
we take one single tilt angle 45° and 8 orientation angles,
including 0° (front), 45° (front-left), 90° (left), 135° (left-
back), 180° (back), 225° (back-right), 270° (right), and 315°
(right-front). Fig. 4 shows the learned template dictionaries for
the categories of cars and pedestrians in images (a) and (b),
respectively.

III. CONTEXTUAL MODELING

In this section, we introduce the Bayesian formulation for
object recognition with the spatial-temporal context modeling.
Here, the objective is to compute the solution W based on the
observed image [

W={K, Ry, O;={V;, R;, L;},i=1,..., K} 6)

where K denotes the object number in the current observed
scene and O; denotes the object instance characterized by
three parameters: V; (object view, or pose), R; (instance patch),
and L; (the object label). Therein, Ry denotes the background
region.

Assuming that the object moves on the projected image
plane, the observed object pose is mainly determined by
the orientation angle and the vertical position. Given the
scene camera calibration, the vertical position can be used to
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Fig. 5. Directed graphical model representing the joint probability distribu-
tion over the variables contained in the solution configuration W, as defined in
(6). This model asserts that the variables O; = {V;, R;, L;} are conditionally
independent and identically distributed given variables Csp, and Ciep. The
object number K is determined according to the current system time 7.

compute the tilt angle between the ground plane and the line
from the camera center to the object center. Thus, we represent
the object pose V; as

Vi= (noriv ntilt) (7)

where 1,,; and 71, denote the orientation and the tilt angle,
respectively. We also denote image region covered by the ith
object as R;

Ri = {x;, yi, w;, hi, 'y = 0R;} (8)

where (x, y) is the center of object region in the image, w and
h are the width and height of the bounding box, and aR is
the shape region, which consists of the pixels with the same
category label. Thus, the goal of this paper is to recognize the
categories of foreground regions.

The object category label L;, e.g., cars, bikes, and pedestri-
ans, denotes the recognition result for the foreground region
R;. In our method, each category is represented by a set of de-
formable templates, namely, the template dictionary denoted as
;. Thus, we can formulate the problem of object recognition
as maximizing a posteriori within the Bayesian framework.
Letting Cy,, denote the observed evidence of the spatial/scene
context, Cy,, denote the evidence of temporal context and T
denote the current system time 7, the optimal solution W* can
then be solved as

W = argmax P(WIL. Cypa, Cram, T)
= argmax P(I\W, Cypa, Crem; BYP(W|Copas Crem, T3 0)

where B and 6 are the parameters for the likelihood and
prior models, respectively. Fig. 5 shows the graphical model
which illustrates the dependencies of the variables in Bayesian
inference.

A. Prior Model

In our proposed framework, the spatial and temporal con-
texts are the key prior knowledge for inference. The former
includes camera geometry and main surface property, and the
latter determines the pixel-level and instance-level consistence.
In this paper, we derive the prior model either using single type

£ & &

Number of Ghjects

§:i

T T

T o8 % w1 on
Time

() ()

Fig. 6. Semantic scene modeling. (a) One observed frame captured in
videos. (b) Major surfaces annotated by the interactive annotation tool,
providing spatial contextual knowledge for scene understanding. (c) Vehicle
density distribution over surfaces learned from the scene in image (a) by
simply counting from 7:00 AM to 6:00 PM. (d) Object category density
learned from the surfaces A, B, C, and D denoted in image (b). The dis-
tribution is conditional on surface semantic property. For example, on the
zebra surface A, pedestrians occur in a relatively higher probability than the
cars.

of contextual information or using both types. Thus, the prior
model is defined as the joint product of the following terms:
K
P(W|Cypa, Ciem, T56) o P(K|T) [ [ P(Ri, LilCypa) -

i=1

P(Riv Li|Ctem)P(Vi|Ris Liv Cspm Ctem)- (9)

Herein, the first term denotes the object density prior, the sec-
ond one indicates the joint distribution of object location and
object category/recognition given the observed spatial scene
knowledge, the third term P(R;, L;|Crpn) uses the temporal
contextual information for object recognition and the last one
P(V;]-) denotes the pose prior term, which utilizes both the
spatial and temporal information. Besides, since it is usually
difficult to directly sample the joint distribution in inference,
we further decompose P(R;, L;|Cy,,) as

P(Ri’ Li|Cspa) X P(Li|Ri’ Cxpa)P(Ri|Cspa) (10)

or
(1)

We assume the two prior terms, namely P(R;|Cy,,) and
P(L;|Cypq), follow with the uniform distribution. Thus, by it-
eratively sampling from P(L;|R;, Csps) and P(R;|L;, Cypq), We
can approximately approach the distribution of P(R;, L;|Cgpa)-
The first step is equivalent to predicting object density for each
possible location in the imaging plane and the second step
is equivalent to imposing the location-size constraint for the
specific category of objects. In implementation, we set the iter-
ation number empirically (e.g., five times) to make a tradeoff
between the computation efficiency and the performance.

1) Object Density Prior P(K|T): Object density prior
P(K|T) is defined on the distribution of object number over
time, accounting for how busy the scene is. The distribution is
discrete, and can be counted from the observed data directly

P(KIT) o hist,(K|T). (12)

P(R,‘, Lilcspa) X P(R,‘|L,‘, Cspa)P(Li|Cspa)~
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Fig. 7. Location-size constraint. (a) Without wall behind the object, the
object size can be directly estimated by using the homograph between the
imaging plane and the ground plane. (b) If wall exists, using only ground
plane and imaging plane will result in seeing object behind the wall, which
should be removed as false alarm. (c) Minimal blob size map which is pre-
computed using (15) and used to provide the object size. (d) For the objects
on the vertical surface, the homograph between vertical plane and imaging
plane is used to suppress false alarms. The expected pedestrians height BC
in (d) is larger than in (c).

In Fig. 6, the image (c) illustrates the object density histogram
learned from the scene in image (a) based on the observations
during the time from 7:00 AM to 6:00 PM.

2) Recognition Prior P(L;|R;, C,p,): We simply learn the
object category density in videos and model the recognition
prior as

P(Lith Cspa) & hiStr(Li) (13)

where hist.(-) denotes the learned histogram of category
density. We first set the histogram hist, to an initial histogram
at the beginning and then adapt it from time to time. Thus,
this term becomes a Dirichlet distribution, which can be used
as the prior model. The distribution of object type is surface-
related, means that we distinguish the categories of local image
regions and collect a histogram of object density over different
categories. Fig. 6(d) shows the object type histograms learned
from the scene in Fig. 6(a) for four different major surfaces.
One can observe that, pedestrians appear on footpath with
a high probability while on freeway with a low probability.
Therefore, using the surface knowledge can further boost the
discriminating power of the proposed model.

3) Location-Size Prior P(R;|L;, Csp,): In visual surveil-
lance system, each type of objects, e.g., pedestrians, vehicles
and bikes, has its own strong prior distribution about both
the possible locations and the physical size at each location
in observed images. For example, a pedestrian cannot be off
the ground without the other support surfaces. Given camera
calibration and ground-plane estimation, we can predict the
expected physical size of each foreground blob in the image.

We model each type of object with a cuboid and make
the following assumptions: 1) human beings can touch the
ground plane, horizontal surfaces, or stair surfaces with bottom
line, but can only touch vertical surface with side lines, and
2) vehicles and bikes can touch the ground plane, horizontal
surfaces or stair surfaces with bottom line. Thus, the object
size in the image plane can be directly estimated by projecting
the cuboid on the touching surface.

Integrating scene geometry information, the location-size
constraints can be defined as

P(R;|L;, Cspa) o< P(x;, yilLi) x P(hi, wilx;, y;, Li)  (14)

where the first term measures the location distribution of each
category and the second term predicts the box size given the
position and category label. Both terms can be calculated using
a global 2-D map, which provides the minimal blob size at
each location and orientation for each category [as illustrated
in Fig. 7(c)]. The map can be pre-computed when system is
initialized, and thus almost no additional burden is introduced
in the inference stage.

Fig. 7 illustrates the calculation of the location-size con-
straint. Let B and C denote the pedestrian’s head and feet,
respectively, A denote the intersection of pedestrian and hori-
zon line in the imaging plane, D denote the intersection of
pedestrian and the vertical surfaces baseline, and E denote
the vertical vanishing point. Also let &, denote the height of
pedestrian and /. denote the height of camera. The expected
size of an observed pedestrian on the ground-plane can be
predicted as follows.

a) If there does not exist vertical surface behind the pedes-

trian, the human height BC can be predicted by (simply
following the cross ratio theorem)

BC EC hp
— == (15)
BA"EA  h,—h,
b) If there exists vertical surface, the human height BC
should be calculated by the following joint equations:
BC EC  h,
BA"EA~ h,—h,
(16)
AD/ ED _ h.
AC" EC ~ hy
where h s is the vertical distance from the camera center
to the human feet and can be canceled from above
equations.
4) Temporal Context Prior P(R;, L;|Cip): We define two
temporal prior terms in our framework based on pixel-level
and instance-level consistency over the deferred observations

P(Ris Li|Ctem) X Ppix(Ri’ L[|Ctem) X PiilS(Riv Li|Ctem)- (17)

a) Pixel-level consistency: In our model, all the pixels
in the current observed image I are proposed to be foreground
(moving) region based on a learned background modeling
(e.g., [17]), which is initially obtained and updated frame by
frame. Letting 65 be the model parameter, we denote the model
as L,ic(x;0p), which describes how likely a pixel x belongs
to background (further details are introduced in Section V).
Thus, we use the following equation to model the pixel-level
temporal prior:

Ppiv(Ri, Li|Crep) o Ppix(Ri|Crem) as)
S L « @ 2oxer; Lpix(x:65)
pix

where Z,, is the normalizing constant. We develop a
novel background modeling method to robustly estimate the
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Vertical Surface

(a) (b)

Fig. 8. Object pose estimation by combining spatio-temporal information.
With the camera viewpoint fixed, the pose of each object in the scene is mainly
determined by two parameters: 1) orientation angle on the ground-plane, and
2) the angle between the ground plane and the line from the object center to
the camera center. (a) Input frame. (b) Ground-plane projection of image (a)
from reconstructed top view. The arrows represent the motion directions of
the moving objects. O denotes the camera center, G the object center, G P
the predicted motion direction, and n,,; the orientation angle of the object.

background distribution for the challenging video clips (see
Section V).

b) Instance-level consistency: It is assumed in this paper
that an object instance should be consistent over time in
both motion and appearance properties. We detect objects
in each frame independently and make association between
them in consecutive frames using the tracking algorithm (see
Section V). Let R, denote the current instance proposed,
{R'~7, ..., R"'} denote the detection results in the previous
frames within the sliding window of size 7 (e.g., T = 0).
We can thus maintain the following instance-level temporal
context knowledge:

1 st o cpt ek
Pins(Ri, Li|Cron) ox ——e™ 2kt b0 (19)

Lins(RL, R7FYy = 8(LE # L7 -
X D (Fips(RY), Fins(RIT))

(20)

where Z;, is the normalizing parameter, function §(x) maps a
real value variable x to {1, 0}, F;,;(R) denotes the appearance
features collected from region R, and the function D(-, )
returns the similarity distance between two feature descriptors.
In practice, we collect the local binary pattern (LBP) descrip-
tor [19] as the appearance model, and have D(-, -) defined
as

KL(F\||F2) + KL(F| F1)
2

where KL() denotes the Kullback-Leibler divergence.

5) Pose Prior P(Vi|R;, L;, Csa, Crer): We combine the
spatial and temporal contextual information to introduce an-
other type of prior over the object pose in scene. Object pose
(view) is a very important cue to assist template selection when
performing matching in the recognition step.

The prior distribution over object pose at each location can
be defined as follows:

P(V1|Rza L[v Cxpaa Ctem) X hiSt,,(V”R[, Ll)

Dy¢(Fy, Fo) =

@

(22)

where hist, is the 2-D histogram over object pose for the
category L; at location R;. Given the object location R;
and category label L;, the object pose V; = {nﬁilt, n',:} can
be calculated by integrating the spatio-temporal contextual
information.

In order to compute the tilt angle, we project the 2-D
location of the observed blob onto the ground plane in image
according to the estimated camera parameters. As illustrated
in Fig. 8, we denote Q and G as the camera center and
object center, and QG as the horizontal distance between the
object and the camera in world coordinate (WC). Also, let i,
denote the height of camera. Both /4, and QG can be estimated
from rough camera calibration. The tilt angle n,;, can thus be
calculated by

N = arctan(h./ QG).

For the orientation angle, we first trace the observed object
frame by frame using the object correspondence method
proposed (see Section V) to generate the 2-D trajectory, and
then project the trajectory onto the ground-plane. Fig. 8(b)
illustrates the constructed top view for the scene in Fig. 8(a).
Letting P denote the point on the trajectory along the motion
direction, the orientation angle 7,,; can be directly calculated
from the two vectors, QG and G P.

(23)

B. Likelihood Model

In general, our contextual model can be combined with
any window-based object detectors, which output the class-
conditional log-likelihood ratio c¢. The likelihood term in our
framework can be thus formulated as

K
PUIW, Ciem, Cypa; B o< [ [ PU103, Ciem, Copa)
i=1

K
I H e)\like “Ci
i=1

(24)

¢ = log PUIL=L,R=rV =) 25)
PUIIL#I,R=r,V =0v)
where A, denotes the constant factor and [, r, v denote
category label, bounding box, and object pose, respectively,
as defined in Section III.

In this paper, we use the multiview object detector via
deformable template as discussed in Section II. We first build
a template dictionary with different poses for each object cat-
egory to create a multiview classifier. Then, the object view or
pose is heuristically selected by integrating the spatio-temporal
contextual information. Finally, based on the template in the
selected pose, we scan the testing window in the observed
image I, and calculate the matching score, which includes both
the feature fitting score and the global deformable energy, to
compute the log-likelihood term defined in (25).

IV. STOCHASTIC INFERENCE

We present in this section a MCMC sampler to optimize the
posterior probability as formulated in Section III. Benefiting
from the contextual information, the valid solution space can
be largely condensed. Thus, it is possible to apply the stochas-
tic sampling algorithm for real-time recognition task. Com-
pared with other energy minimization methods, such as graph-
cut and belief propagation, MCMC [37] is the only known
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general procedure to search for nearly globally optimal so-
lution for a complex problem. To draw samples from the
probability P(W|I), it simulates a Markov chain which visits
a sequence of states 7, in the solution space 2.

The Markov chain MC =< v(my), K > consists of an
initial state v(;tg) and one transition kernel (w4, ) which
measures the conditional probability for moving from the state
wa = P(Wy|l) to mg = P(Wg|I). A MCMC sampler is
designed to explore the dynamics K(r4, mg) = Q(Wp — Wy)
on the chain with the acceptance probability

P(WulD) x Q(Wp — WA)) 26)
" P(Wg|I) x Q(Wy — Wp) )~

In our framework, four reversible dynamics are designed as
follows:

o(mwy, ) = min (1

A. Object Addition

This move includes the foreground blob proposal R, and
category proposal L,

O01(Wg — Wa) = Q fore(Ry| W, Ip) 27
X Qrecog(Lg|Rys Wp, Ip)

O fore(Ry|Wp, Ip) = Py, x P(Ry|Wp, Ip) (28)

Qrecog(LyIRy, W, Ip) = P(Ly4|Ry, 1) (29)

where P, is the empirical probability for selecting an attention
window in the image, P(Rfy|-) is the foreground blob pro-
posal as defined in (14), and P(L,|-) is the blob recognition
proposal as defined in (13). Here, P, is defined as the uniform
distribution, i.e., Py = Pyyuif.

B. Object Removal

It randomly selects and deletes one existing object O, in
the current solution

Q2(Wp — Wa) = P(Oy|Wp) X Pupiy- (30)

C. Object Type Change

It randomly selects one existing object O, and assigns it to
the label proposed by using the spatial context knowledge

Q3(Wp — Wy) = P(Og|Wg) X P(Lg|Ry, I) 3D

where P(L,|-) is the object type proposal as defined in (13).

D. Object Pose (Template) Change

This move changes the pose (template) for the randomly
selected object O,

Q4(Wp — Wa) = P(O4|Wp) X P(V4|Qq. D) (32)

where P(V,|-) denotes the object template proposal with the
context defined in (22).

The first and second moves are referred to as jump dynamics
while the third and fourth are referred to as diffusion dynam-
ics, and thus the Markov chain is irreducible and aperiodic.
Unlike the exhaustive Gibbs sampler, the above dynamics are
integrated with the learned contexts for sampling proposal,
inspirited by the data-driven MCMC principle in [37]. At the
beginning of MCMC inference, we can obtain the initial state
v(my) as follows: 1) set K as the number of the foreground

Fig. 9.

Interactive viewpoint calibration in video.

regions (subtracted by a background modeling module over the
current frame) and R; as the ith foreground region; 2) set Ry
as the background region; and 3) set L and R as the randomly
selected values.

V. IMPLEMENTATION
A. Spatial Context Modeling

The explored spatial context includes the camera viewpoint
and surface information. We develop an interactive toolkit for
spatial context modeling, which comprises two components:
1) viewpoint estimation in the scene, and 2) surface property
estimation.

1) Viewpoint Estimation: As discussed in Section III, the
camera (viewpoint) should be roughly estimated to obtain
the object location-size and pose prior. As in previous litera-
ture [20] on camera calibration, the projection matrix P that
connects the world coordinate (WC) with camera coordinate
(CC) using five intrinsic parameters [focal length fp, principal
point(u p, vp), aspect ratio ap and skew sp] and six extrinsic
parameters (X-Y-Z-translations and pan/orientation ¢, tilt
@i, and roll @,,;). In this paper, as illustrated in Fig. 7(a),
the camera is fixed with only one degree of freedom, namely
the height H,, and the aspect ratio and skew rest assumed as
ap = 1, and sp = 0, respectively. The rest parameters (fp,
©pans Puilt» Proll> H,) can be solved by assigning the vanishing
points and the principal point. The related theory and proof
are detailed in [20].

Therefore, the viewpoint estimation problem is cast as
the problem of accurately estimating the vanishing point
(VPx, VPy, VPy). Here we develop the toolkit for interac-
tively calculating vanishing points from real input videos. We
first manually select and label one moving object in the initial
frame, and then label it in the following two frames. Since the
objects in three different frames are in the same actual height,'
the vanishing points (VPyx, VPy, VPz) can be calculated by
manually labeled poles in a video, as illustrated in Fig. 9. In
order to improve the accuracy, in practice, the calculation can
be carried out based on a few moving objects simultaneously
using embedded tracking function, inspired of the RANSAC
principle [11].

2) Surface Property Estimation: Another piece of impor-
tant prior knowledge for object recognition is the scene surface
property. As analyzed in Section III, the object recognition
prior is modeled as a learned distribution co-related with the
surface evidence. In addition, after calibrating the viewpoint

'We assume the instances of the identical pedestrian in different frames
have the same “actual height.” Although different “actual heights” could
be measured due to the oscillatory movement of the head, we obtain the
satisfactory system performance from this roughly camera calibration.
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Fig. 10. Sketch detection results refined by Gaussian filtering and edge
linking. The primal sketch algorithm [6] is applied to obtain the sketchable
regions (light color) and the unsketchable regions (dark color).

point, we can estimate the surface in the rough 3-D coordi-
nates, as illustrated in Fig. 6(b). In this paper, we adopts the
scene understanding method in [12] and [15] to develop an
interactive annotation toolkit, which allows users to correct the
results manually for enhancing both accuracy and efficiency.

B. Temporal Context Modeling

The temporal context includes two items: the pixel-level
and instance-level consistency. The former is related with the
background modeling and the latter is related with the classical
object correspondence (tracking) task.

1) Background Modeling using Image Primitives: We
develop a novel background modeling algorithm based on
the information scaling theory proposed in [35]. The theory
explains that the same object appearing at different scales
produces image data with different statistical properties. In
visual surveillance, objects appear at a wide range of scales
in the images due to the change of viewing distance as well
as the camera resolution. Accordingly, image patches with
different scale have different properties and we decompose
the observed image into two parts: sketchable region and
unsketchable region. The former is mainly composed of blobs,
end points, bars, junctions, corners and crosses of different
degrees, and the later is composed of textured and flat regions.
Formally, letting A denote the lattice defined on current image
I, we have

A = Aske Y Aunske (33)

where Ag. denotes the patches within the sketchable region
and A, denotes the patches within the unsketchable region.
Here, the patches are collected from the image lattice A with
a fixed size (e.g., 10 x 10 pixels). We apply the primal sketch
algorithm [6] to obtain the sketchable regions. Fig. 10 shows
an exemplar result of the sketch detection after refinement by
Gaussian filtering and edge linking. The sketchable parts are
shown in light color and the unsketchable parts are with dark
color. Thus, each patch unit can be labeled as sketchable or
unsketchable areas. We adopt different methods to describe
each type of patch as follows.

First, we design a set of primitive prototypes filters to
represent the sketchable patches and use the GMM of filter

o m| mu it nf M-

Fig. 11. Image primitives including blobs, end points, bars, junctions, cor-
ners and crosses of different degrees. Image primitives are composed of +1
(dark area) and —1 (light area), and allowed to rotate in 8 directions.

response values as the background model. Fig. 11 shows the
six primitive prototypes used in this paper. For each patch unit,
one of the six prototypes is selected as the filter by using the
primal sketch algorithm [35]. The filter response is defined as
the convolution of the specific primitive prototype [35] and the
observed image region. In order to suppress scene noise and
the disturbance of camera jitter, we also allow each primitive to
locally shift its location to code the local structural variations.
Let B)fcke denote the primitive prototypes at position X; € A,
and Az indicate the region covered by B‘}Cke. Thus, the response
of primitive B)fcke can be calculated by

X) = B (u, I(u,
rp(x) gle%))% Z > (u, v) X I(u, v)

(u,v)eny

(34)

where 9x denotes the neighborhood area of the position X.
We assume the primitive response of each sketchable patch
follow with the mixture of M, Gaussian distributions, like
the GMM background modeling method proposed in [5].
For a certain primitive By, the probability of belonging to
background region can be computed as
M,
LoeG0700) = - wi@ x N(rp(): @), o) (35)
k=1
where A/(-) indicates the Normal distribution of the kth
component, 6 indicates the model parameter which includes
mean value p; and variance cr,ike, and w; denotes the weight
of the kth component. All above notations are parameterized
by the location X. For each position X in the tth frame, we
first calculate the primitive response value 7' according to 34,
and then update the Gaussian components that match r* by the
following equations:

wi & (1 — ™) x wi" +a™ x psr':67)  (36)
e~ (1 —a™) x ™"+ p™ x r! (37)
op (1 =) x o'+ p™ x (' — ) (38)
P = X NG T o) (39)

where o is a forgotten parameter. The term ps(r'; 6% is

defined as a delta function, namely, if Q,ikg is the first matched
Gaussian component, p(g(r’;G,ike) = 1; otherwise, 0. If none
of the M, components match the primitive response r’, the
least probable component is replaced by a distribution with
the value 7' as its mean, an initially high variance, and a low
weight parameter.

Second, we represent the unsketchable patches using the
local binary pattern descriptor (LBP) [19] and also describe
each patch using GMM model. Letting H; denote the bi-
nary histogram computed from the image patch centered at
X € Aunske» We can define the background model for the
unsketchable area using a single Gaussian distribution as

Lunsie(%;0“"%) = N(H(X); Hp(X), 4%(%)) (40)



LIU et al.: INTEGRATING SPATIO-TEMPORAL CONTEXT WITH MULTIVIEW REPRESENTATION FOR OBJECT RECOGNITION 403

where the parameter 6" includes mean histogram H,, and
the covariance matrix X*"**. For each position ¥ in the
tth frame, we collect the LBP descriptor H’, and use it to
update the learned Gaussian distribution N'(; H,,, Sunske) by
the following equations:

Hl, =1 — o) x H '+ p""* x H' A1)
= (1 — o) o 4 gtk s (H' — HITY

x (H' — H'™HT (42)
Pk = gmske s NF(H' HETY, B (43)

where o*"*¢ is the forgotten factor.

In summary, for current observed video sequence, we define
the background model L ,;(X; 05) as

M,
LG 0= kle W DN (rE); i (®), 07 F@), & € Ao
N(HE): Hy @), TR T € Aunste.
(44)

2) Object Correspondence: In order to obtain the corre-
spondence between the moving blobs (foreground region) in
consecutive frames, we use the tracking algorithm in [27],
which proposes to perform mean-shift with scale-space kernel
to optimize for blob location and scale. Then, the correspon-
dence is used as the instance-level temporal prior as defined in
Section III. Note that we use the correspondence as the initial
proposal, and this way of using the algorithm [27] makes our
approach less vulnerable to the quality of this tracking step.

VI. EXPERIMENTS

We evaluate the proposed framework in four aspects:
1) deformable template learning; 2) background modeling;
3) benefit verification for contextual information; and 4) object
category recognition as well as localization. The average
system speed is around 7-10 frames/s on a Pentium-1V
2.2 GHZ computer without code optimization in the C++
platform.

We use two public datasets to evaluate the algorithmic
effectiveness. The first one is the LHI Dataset [4]. We choose
9 video clips of different scenes, each of which is of about 10
minutes with the frame rate of 25 frames/s and the frame size
of 352 x 288 pixels. The bounding boxes of foreground objects
are manually annotated for each frame. The second one is the
PETs dataset, from which we select 3 video clips and manually
annotate the foreground objects. Thus, we finally obtain a
total of 12 videos. For each video clip, we use the first 1000
frames for training and the remaining frames for testing. These
videos provide challenging scenes with heavy occlusions, scale
changes or complex background structure. In order to create
the positive training samples for building multiview template
dictionaries, we also manually crop 60 object patches in the
same pose for each category from the above videos.

A. Experiment I: Deformable Template Learning Using Active
Haar Features

This experiment illustrates the results from the shared sketch
algorithm based on active Haar features. In all tests, the

Fig. 12. Learned deformable templates using active Haar features. The first
plot in each row shows the learned object template via active Haar features
and the rest plots show the training samples. Each Haar element is represented
by a bar. These elements can locally perturb their locations and orientations,
such that the template becomes deformable.

Frame 5897

Frame 6085

Frame 5954

Fig. 13.  Comparison of the background modeling results. We plot the fore-
ground mask images generated by the standard GMM [5] and our proposed
method. Top row: original images; Middle row: background subtraction results
of our method; Bottom row: background subtraction results of GMM.

threshold of whitening operation takes T, = 16. The size
of Haar features is set as 8 x 8 pixels. (x, y) is sub-sampled
every 2 pixels in both horizontal and vertical directions.
The orthogonality tolerance of the Haar elements for local
inhibition is set as ¢ = 0.1. The shift along the normal
direction is set as §,,; € [—a, a] = [—6, 6] pixels. The shift
of orientation is set as XA,; € [—b,b] = {—1,0, 1} angles
out of K = 8 angles. There are two tuning parameters in
our experiments. One is the number of elements, n, which
is usually different for different category: 60 for bikes, 80
for cars, and 20 for pedestrians. The other parameter is the
resolution of the training images, which is also different for
each category: 110 x 90 pixels for bikes, 120 x 90 pixels for
cars and 60 x 80 pixels for pedestrians.

We apply the sketch algorithm to a set of M = 60 roughly
training aligned images in the specific pose for each category.
In Fig. 12, we sketch and plot the Haar templates {B;;i =
1,...,n} in the first column, and shows the corresponding
training samples in other columns. The intensity of the bar
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Fig. 14. ROC curve comparison for background modeling between GMM [5] and our method. Experiments are conducted on three surveillance videos.

(a) Scene #1. (b) Scene #2. (c) Scene #3.
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Fig. 15. Object recognition with different priors for the categories of (a) pedestrians, (b) bikes, and (c) cars. Black curves represent the recognition accuracies
without context information, red curves represent the recognition accuracies using spatial context only, and blue curves denote the results by using integrated

spatio-temporal contexts.

B; is the average value ZZ:] h(B,, ;)/M. It is worth noting
that for the second sample of the bikes (the third row in
Fig. 12), the strong edges in the background are not sketched,
because these edges are not shared by other examples and
hence ignored. Fig. 4 shows more object templates learned
for multiview object representation.

B. Experiment II: Background Modeling for Observed Videos

In this experiment, we evaluate the proposed background
modeling method. The learning rate o (for both sketchable
and unsketchable regions) is set as 0.005 and the number of
Gaussian components for modeling sketchable region is set as
M), = 16. The patch size takes 10 x 10 pixels. For comparison,
we implement the popular GMM [5] as the baseline and set
its parameters the same as in [5]. Fig. 13 shows some mask
images generated by these two algorithms. From the results,
we can observe that GMM produces more false alarms than
our method, especially when there exist reflection, shadows,
or intersection of moving objects in scenes.

We also quantitatively compare these two algorithms
and show the ROC curves of foreground detection results
in Fig. 14. In this test, we use three different challenging
scenes, in which the areas of sketchable regions are 52.1%,
44.5% and 47.5%, respectively. Our method achieves higher
detection accuracy compared to the GMM algorithm over all
the three scenes.

C. Experiment III: Benefit Verification for Contextual Infor-
mation

In order to quantitatively analyze the improvement brought
by different context components, we run the proposed method
three times using different contextual information: 1) without
context information, namely we use the uniform distribu-
tion for all the prior model terms defined in Section III-A;

2) with spatial context, including the object density prior term
[see (12)] and recognition prior term [see (13)]; and 3) with
spatio-temporal context. We perform the evaluations on the
12 video clips and plot the ROC curves for the categories
of pedestrians, cars, and bikes in Fig. 15. Each black curve
represents the recognition results without context information,
each red curve represents the recognition results using spatial
context only, and each blue curve represents the recognition
results for using the integrated spatio-temporal context. From
these results, we can observe that: 1) for all the categories, both
the spatial and temporal contextual information contribute a
lot, and 2) vehicles are reasonably influenced by the temporal
context more than other two categories, since they move in
a more predictable way. Besides, we also observe that, the
more complex the scene is (e.g., with frequent occlusion
or lighting changing), the more important role the context

plays.

D. Experiment IV: Object Category Recognition and Local-
ization

We test our method for the task of object detection and seg-
mentation. In this experiment, we use the template dictionaries
learned in Experiment I, which includes n; x np, =1 x 8 =8
templates for each category. We run the recognition algorithm
on 8 resolutions of the observed image. The scaling factor is
from 0.5 to 1.2. Fig. 4 shows the template dictionaries for the
categories of cars and pedestrians, and Fig. 16 shows 10 rep-
resentative scenes with the recognition results. Although there
exist large intra-class variations, heavily occluded objects, and
viewpoint/scale variations in the video clips, the performance
of our proposed method is encouraging.

We compare our approach with the popular algorithm
proposed by Viola et al. in [23], which describes a pedes-
trian detection system by integrating intensity information
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Fig. 16. Some representative results on selected videos. Each result shows: the observed scene (left), foreground mask (middle), and matching verification
(right).
: g :
. 2 2
| i ;
g 2f 2
I Ours 1 — Ours Ours
——  Vicla etal. ——  Viola etal. ——  Viola etal.
false positive rate false positive rate falsalposilive ﬂ.ats '
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Fig. 17. Comparison ROC curve results with [23] for the categories of (a) pedestrians, (b) bikes, and (c) cars.

with motion information. Also, we apply their algorithm for
detecting other object categories including cars and bikes. In
order to train the classifier for each category, we collect a set
of 450 positive examples and 450 negative examples. Each
positive training example is a pair of patches cropped from
two consecutive frames that contains the specific category
of object. Negative samples are similar patch-pairs which do
not contain the specific objects. Here, the patch size is set
as the same as in Experiment I for each category. We keep
other parameter settings the same as in [23]. Fig. 17 shows
the evaluating ROC curves for different categories, where
the red and blue curves denote the results of our method
and the algorithm [23], respectively. These results show that
our method outperforms the algorithm in [23] for all tests.
However, the improvement for the pedestrian detection is
higher than that for car detection. A possible explanation is

that the intra-class variance of the cars is higher than that for
pedestrians, and it is predictable that the detection accuracy
can be further improved by introducing more templates.

We also show the multi-class object recognition results with
comparison to TextonBoost [15]. In these tests, we consider
3 types of objects, i.e., cars, pedestrians and bikes. For labeling
images, the method of TextonBoost constructs a discriminative
model by exploiting three types of information: appearance,
shape and local spatial configuration. Object classification and
feature selection are achieved by using shared boosting to give
an efficient classifier which can also be applied to a large
number of classes. For comparison, the TextonBoost classifier
of each category is obtained using 60 positive samples and
500 negatives, which are manually cropped from the training
video sequence. We set the parameters as the same as in
[15]. Fig. 18 illustrates the confusion matrix, in which the
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\ Cars Bikes Pedestrians
91.83% 3.83% 4.34%
Cars
88.17% 4.17% 6.66%
: 4.70% 89.60% 5.70%
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8.50% 79.40% 12.10%
3.90% 5.50% 90.60%
Pedestrians
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Fig. 18. Confusion matrix with percentages row-normalized.We compare
our method (in red) and TextonBoost [15] (in black). Our method achieved
a higher overall accuracy of 90.67% compared to TextBoost algorithm of
85.35%.

red number denotes the result from our method and the
black number for that from TextonBoost. The overall average
accuracy of our method is 90.67% and that of TextonBoost is
85.35%. Therefore, our method achieves higher accuracy and
less false alarms compared to TextonBoost, by benefiting from
the unified spatio-temporal context information combined in
the inference process.

VII. CONCLUSION AND FUTURE WORK

In order to detect and localize objects in visual surveil-
lance, this paper presented a flexible framework that com-
bines the spatio-temporal contextual information with a novel
deformable template matching procedure. In the proposed
method, various spatio-temporal cues were explored for the
top-down verification and the solution was achieved by the
stochastic MCMC method. Comparison experiments showed
that our proposed method outperformed those state-of-the-art
algorithms.

In this paper, the context modeling was scene-specific and
thus not flexible enough for moveable visual surveillance
system. We are planning to further study this problem in our
future work.
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