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a b s t r a c t

A new cascaded L1-norm minimization learning (CLML) method for pedestrian detection in images is

proposed in this paper. The proposed CLML method, which is designed from the perspective of Vapnic’s

theory in the statistical learning, integrates feature selection with classifier construction via solving

meaningful optimization models. The method incorporates three stages: weak classifier learning,

strong classifier learning and the cascaded classifier construction. In the weak classifier learning, the

L1-norm minimization learning (LML) and min–max penalty function model are presented. In the

strong classifier learning, an integer programming optimization model is built, equaling the reformula-

tion of LML in the integer space. Finally, a cascade of LML classifiers is constructed to promote detection

speed. During the classifier learning and pedestrian detection, Histograms of Oriented Gradients of

variable-sized blocks (v-HOG) are used as feature descriptors. Experimental results on the INRIA and

SDL human datasets show that the proposed method achieves a higher performance and speed than the

state-of-the-art methods.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Detecting objects in images and videos is one of the funda-
mental tasks of pattern recognition and computer vision. It has
many important applications in robot vision, visual surveillance,
image retrieval and driving assistant systems, etc. Pedestrian
detection is regarded as one of the most difficult and typical
problems in object detection owing to the various appearance and
pose of a human body together with the cluttered background
under different illuminations.

Extracting more effective features and developing more
powerful learning algorithms (classifiers) have always been the
pursuits of researchers for pedestrian detection. In this paper, we
focus on developing a powerful feature selection and classifica-
tion method in a comprehensive way.

In the field of statistical learning, VC-dimension is one of the
core concepts, which measures the generalization capability of a
classification function set. However, it sometimes is hard to
quantitatively measure the VC-dimension. Consequently, the
other optimization principles are chosen to replace VC-dimen-
sion. In the classifier construction, the margin maximization is the
ll rights reserved.
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state-of-the-art method, which is in fact as an alternative of
pursuing VC-dimension minimization [1,2]. SVMs and Adaboost
are the state-of-the-art classifiers for pedestrian detection. One of
the most important reasons for the success of SVMs and Adaboost
is that both methods aim to directly or indirectly maximizing the
margin. In this paper, we make an attempt to design the
classifiers in the light of pursuing a smaller VC-dimension.

We design a cascaded classifier by incorporating the principle of
L1-norm minimization into the test error upper bound. The
intuition that we adopt L1-norm comes from the successful
application of L1-norm in the fields of face recognition [5], human
detection [19,25] and compressive sensing of signals [3,4,22] in
recent years. More importantly, in the field of signal processing,
L1-norm minimization can be considered as an approximately
optimal implementation of the L0-norm minimization [3]. In
addition, the early studies of L1-norm are also presented in
[37–39]. In [37], the object function in optimization model is
comprised of the L1-norm term of the point average violation
and an appended term. The appended term is expressed as the
number of nonzero elements of the weight vector (the L0-norm of
the weight vector), and is approximated by the concave exponen-
tial function. It is an earlier prototype using L1-norm to measure
the violation degree of points. It adopts the concave exponential
function to facilitate to solve the model, which is different from our
object function of the weak classifier. In [38], the authors propose
L1-norm support vector machine and introduce an efficient
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approach to solve it. In [39], L1-norm support vector machine is
formulated by the unconstrained convex differentiable minimiza-
tion, which is solved by applying a Newton method. These works in
[38,39] present the L1-norm support vector and mainly research
how to solve L1-norm support vector machine. Both of these
optimization models accord with our weak classifiers. We more
focus on using the sparseness of the L1-norm to select features and
simultaneously construct classifiers for human detection.

During the construction of our classifiers, the weak classifiers
are learned by the L1-norm minimization principle. The min–max
penalty function is employed to determine the appropriate
thresholds for the weak classifiers. After obtaining the weak
classifiers, we utilize the integer programming optimization
model to select the minimal number of them to construct a
strong classifier and simultaneously select the most compact
features. The cascade mechanism is employed to achieve high
detection speed, in which the number of cascade is added until
expected performance is met. The final classifier inherits the
advantages of both cascade and L1-norm minimization learning
method, and obtains higher performance on classification accu-
racy and efficiency, which are validated on two pedestrian
detection datasets.

The contributions of our work are summarized as follows:
1)
 Construct a classifier from the perspective of the upper bound
of error via VC-dimension.
Both weak and strong classifiers are constructed to pursue a
smaller error upper bound via VC-dimension. The weak
classifiers are trained via L1-norm minimization learning and
the strong ones are constructed by the integer programming
optimization. The integer programming can be viewed as a
special case of L1-norm in integer space. The relationship
between the L1-norm minimization and VC-dimension is
explained. The result is that the L1-norm minimization can
contribute to a smaller upper bound of error via VC-dimension
and then improve the generalization ability of the classifiers.
2)
 Fuse feature selection with classifier construction for pedes-
trian detection in a new way.
Feature selection and the strong classifier construction are
achieved simultaneously. Inspired by weighted voting princi-
ple stemming from the Adaboost method, we utilize a linear
weighted combination of weak classifiers to construct a strong
classifier. The difference between our method and the Ada-
boost lies in two aspects. Firstly, the way to select features is
different. Feature selection of the Adaboost is performed with
an iterative greedy strategy while ours is with the integer
programming. The integer programming can find out the
optimal combination of features. Moreover, this way can
reduce redundancy and contributes to efficiency. Secondly,
our approach to determine the thresholds of weak classifiers
solved by the min–max function is simple and flexible, which
is also different from that of the Adaboost.

The rest of this paper is organized as follows. Related work is
introduced in Section 2. The feature representation of pedestrian
is described in Section 3. The CLML method for pedestrian
detection is presented in Section 4. The experiments are pre-
sented in Section 5 with conclusions in Section 6.
2. Related work

Two main processing steps are utilized in a typical pedestrian
detection algorithm. One step is feature representation during
which the descriptor is extracted to represent the human body,
and the other is classification model with which the extracted
descriptors of a region are used to detect whether the region
contains a human body.

In the aspect of feature representation, various features are
proposed to represent a human body. Some shape clues [6,26]
draw more attention. Complex human shape models are learned
from the shape contour examples modeled by discrete and
continuous representation methods [26]. Non-adaptive Haar-like
wavelet features based on the local intensity differences have been
proposed by Papageorgiou and Poggio [27], which are further
improved by other researchers [7,18,28,35]. In [7,35], the over
completed Haar-like wavelet features are utilized to represent a
face and a pedestrian at various locations on different scales. Later,
some adaptive features considering the particular configuration of
spatial constraints are proposed by Munder and Gavrila [20], and
Szarvas et al. [31]. A typical one of such features is the local
receptive fields [20] simulating the neural structures of human
visual cortex [32]. The well-known dense histograms of oriented
gradients (HOG) descriptors in [8] are proposed to capture the local
contours of a pedestrian. The HOG descriptors of each block are
computed on a fixed scale at a fixed location to save computational
cost. Finally, many variants of HOG are presented in [9,12,14].
These descriptors based on gradient orientations are extracted on
variable-size blocks and different locations. Results from their
reports are better than the original HOG descriptors. In [29], some
color clues are captured as the descriptors of objects. Tuzel et al.
[10] utilize covariance (COV) features as the pedestrian descriptors.
A local image region is represented by the covariance matrix of
point descriptor which consists of intensity, location, derivatives,
etc. Mu et al. [11] propose the improved LBP to represent human
by considering geometrical position and frequency information. In
[12], the authors combine the HOG with LBP descriptors to
characterize the local and global clues of a human body. Moreover,
local clues are implemented to handle the occlusion problem. In
[13], edgelet features consisting of silhouette oriented features are
introduced as human part descriptors. All part descriptors are
combined to form a human model. In [33], high-dimensional
descriptors containing edge-based features with texture and color
are utilized to represent the human body.

After obtaining feature representation, some methods have
been employed and developed for feature selection and classifica-
tion for pedestrian detection. In [33], the authors employ partial
least squares (PLS) to perform feature dimension reduction, and
then use SVMs to classify pedestrians. In [6], the statistical field
model is utilized to characterize the shape variation of pedes-
trians and classify pedestrians. In [7], the authors propose cascade
mechanism and use Adaboost cascade to select features and make
a classification. Since then, the cascade structure has been widely
used to detect objects. In [40], the paper proposes to integrate
cascade structure with multiple instance learning (MIL) in a
modified ‘‘min–max and L1-norm’’ framework to detect the
diseased structure in medical images.

In our most recent work [19], a linear classifier for human
detection based on L1-norm minimization is proposed. Although
it can perform better than some existing methods, however, it
still cannot attain a higher detection rate. Our later work [25] has
been extended and a cascaded LML are designed to perform
feature selection of blocks and obtain better performance for
human detection. In [10], the authors firstly transform the
features into tangent space of Riemannian manifolds, and then
use a cascade of Logitboost for classification. In [8,11,18,30] linear
or kernel SVM is employed for classification. In [9], the authors
use linear SVM to form weak classifiers and then build an
Adaboost cascade mechanism for pedestrian detection. A multi-
layer neural network has been introduced into pedestrian detec-
tion using adaptive local receptive field features [31]. Regarding
the specificity and difficulty of a pedestrian detection problem,
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Fig. 1. Three v-HOG feature blocks with different sizes at different locations. The

x-axis denotes the dimension of the feature vector and the y-axis denotes the

value of the feature vector.
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many pedestrian detection approaches [13,15–18,41–43] propose
to break down the appearance of the human body into parts.
Furthermore, additive combinations of classifiers are utilized to
detect pedestrians [36]. In addition, Lin et al. [34] combine local
part-based and global template-based schemes to detect pedes-
trians via Bayesian framework. In [41], the pictorial structures are
proposed to partition a human body into head, torso, leg area, etc.
Andriluka et al. [42] use pictorial structures to detect humans and
estimate the pose of humans. Later, Felzenszwalb et al. [43]
combine the global coarse detection with local pictorial structure
for human detection and obtain a better result.

In terms of the work mentioned above, the classification methods
for pedestrian detection generally can be divided into two categories.
One is probability and reasoning method such as Bayesian Reasoning
and the other is deterministic methods such as template matching,
Neural Networks, Adaboost and SVMs, etc. Template matching
methods employ some rules (distance and so on) to measure the
similarity of feature vectors in a feature space. Neural Networks has
many extensions according to different network structures. Most of
them evaluate the optimal decision boundary by minimizing an error
criterion with regard to some network parameters. In contrast to
Neural Networks, SVMs [1] do not minimize the error metric but
maximize the margin of a linear decision hyper plane. To cope with
the samples not distinguished by a linear classifier, SVMs employ the
Kernel-theory [30] to project feature vectors into a high-dimension
space, where all samples can be discriminated by a linear classifier.
Adaboost [2] is another way to get the margin maximization which
constructs a strong classifier using a linear weighted combination of
weak classifiers. Simultaneously, it can perform the task of feature
selection via iteratively adjusting weights of the samples, and the
process can be considered as a greedy strategy.

Munder et al. have carried out an experimental study on
pedestrian classification, and they conclude that SVMs perform
best, and the cascaded Adaboost approach achieves the compar-
able performance at much lower computational costs for pedes-
trian classification [20]. It can be seen that SVMs and Adaboost
are both state-of-the-art classifiers for pedestrian detection.
However, SVMs cannot appropriately select features in the
detection procedure, although its performance is generally better
than other classifiers. Compared with SVMs, the speed of cas-
caded Adaboost can be much higher, while the choice of thresh-
olds for its weak classifiers is a bit trivial due to the observation of
the feature distribution of a large number of samples. This paper
provides a new viewpoint to develop a method integrating
feature selection with classification for pedestrian detection.
3. Pedestrian representation

Dalal and Triggs [8] propose the Histogram of Oriented
Gradients (HOG) descriptors in a fixed size and fixed position
blocks to represent a human body. The success of HOG descriptors
lies in its adopting statistical information of gradients to char-
acterize the local contour of a pedestrian. However, Zhu et al. [9]
consider fixed-size HOG blocks miss some global clues. Therefore,
they use variable-size HOG (v-HOG) blocks on various scales to
capture more information and report better results. In this paper,
we employ v-HOG blocks to extract feature descriptors as a
pedestrian representation. For the v-HOG feature extraction of a
64�128 sample image, the ratio of the width to the height of a
block is either 1:1, 1:2 or 2:1. Blocks range in size from 12�12 to
64�128. Each block consists of 2�2 cells and the size of each cell
is 8�8 pixels. Gradient orientations of pixels in a cell are
accumulated to discrete 9 histogram bins. A 36 dimensional
vector concatenating gradient orientation histograms of four cells
in a block is extracted. More details of the feature extraction
procedure can refer to [9]. In Fig. 1, we illustrate v-HOG features
extracted from blocks of different sizes at different locations.
4. The proposed learning method

The proposed method is based on an L1-norm minimization
learning (LML) framework, which is used to build weak classifiers.
The strong classifiers are achieved using the integer programming
optimization method.

4.1. L1-norm minimization learning framework

A general linear classifier y¼wTxþy can be viewed as a
decision hyper plane, where w is a normal vector (weight vector)
of the decision hyper plane with y as a threshold. All linear hyper
planes (linear classifiers) comprise a set called the linear function
set. In our work, we calculate the normal vector of a linear
classifier via L1-norm minimization learning (LML). The frame-
work is shown as

min:w:1

s:t: constrains of w ð1Þ

where wARn and:w:1 ¼
Pn

j ¼ 1 9w
j9U9U9 denotes the absolute value

operator. L1-norm minimization is the approximately optimal
solution of L0-norm minimization which aims to find a normal
vector having the fewest nonzero components, which is also
called sparseness. It should be mentioned that the L1-norm
minimization can lead to minimize the upper bound of test error
when the training is given. The upper bound on the test error of
classifiers is given by

Rtrainþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðlogð2N=hÞþ1Þ�logðZ=4Þ

N

r
ð2Þ

where Rtrain is the training error, h is the VC-dimension of a set of
classification functions. It can be seen that the error upper bound
consists of the training error and a function of VC-dimension. A
smaller VC-dimension can result in a smaller error upper bound
when the training error is given. N is the size of the training set
(restriction: this formula is valid when the VC-dimension h is
smaller than N).

The minimization of w given by L1-norm is to get the fewest
nonzero components of w, and this aims to pursue the dimension
n of w as low as possible. Correspondingly, it equals to make the
weight vector w sparse. All k-sparse weight vectors and thresh-
olds comprise a sparse linear function set. It has been shown a
sparse linear function set has a smaller VC-dimension than linear
function set in [44]. Therefore, the L1-norm minimization for the
weight vector of the linear classifier can result in a smaller
VC-dimension.
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In this paper, the forms of weak-classifiers and strong classi-
fiers are both linear ones, which are obtained by employing the
L1-norm minimization and integer programming. Furthermore,
Rtrain in our training procedure is boundary, guaranteed by
constraints in integer programming. Therefore, our method pur-
sues a smaller VC-dimension and then minimizes the error upper
bound [1]. For more details of the relationship between the
VC-dimension and sparseness, please refer to [44] which have given
the rigorous bound of VC-dimension of a k-sparse linear function.

4.2. Weak classifier construction

4.2.1. Learning the normal vector of a weak classifier

The weak classifier in the linear style is learned by Model I
based on the LML framework.

Model I:

min
wk ,xi

:wk:1þC1

XN

i ¼ 1

xi ð3Þ

s:t:

yiUhkðxiÞZa�xi

hkðxiÞ ¼wT
k xi

xiZ0

8><
>: ð4Þ

In Eq. (3), wk is the normal vector of the kth weak classifier. xi

is used to measure misclassification degree of the ith training
sample. N is the number of all training samples. C1 is a predefined
parameter to balance the minimization of the misclassification
degree and L1-norm of the normal vector. xi represents a 36
dimensional v-HOG feature vector of the ith sample, and yi is the
class label of the sample. a is a fixed and predefined parameter to
guarantee the separability of the training samples. C1 combined xi

with the constraints Eq. (4) ensures that certain percent of the
training samples can be correctly classified. The larger C1 is, the
smaller the sum of xi should be, which means fewer misclassified
samples. C1 is assigned a larger value than 50.0 empirically.

It is known that L1-norm is not differentiable, which makes
Model I difficult to be solved directly. There is, however, a simple
and relatively common transformation that allows this problem
to be solved effectively. Details converting the optimization
model refer to [14] and the Interior Point methods solving the
optimization model consult [21].

4.2.2. Threshold determination

In a weak classifier construction procedure, after obtaining its
normal vector, we need to determine a threshold. To meet a high
detection rate, it is not always available to adopt the value of
a�xi of Eq. (4). Furthermore, it is exhausting to balance each
threshold based on the feature distribution of positives and
negatives as in Adaboost. We build a min–max penalty function
model to solve a threshold in terms of the Game Theory. Our goal
is to get the threshold which can balance the misclassification
between positives and negatives best.

Model II:

min
yk

r1

XPN

pos ¼ 1

maxf0,yk�hkðxposÞg

 ! !

þr2

XNN

neg ¼ 1

maxf0,hkðxnegÞ�ykg

 !
ð5Þ

where ykAR is the threshold of the kth weak classifier, which is
the only variable in Model II, xpos denotes feature vector of the
positives and xneg of the negatives. PN is the number of positives
and NN is negatives. N¼PNþNN. Using the gained normal vector
wk, we can get the value of hk(x) via computing the inner-product
of the feature vectors of the training samples and the normal
vector. Function

maxf0,tg ¼
0 if to0

t otherwise
r1AR, r2AR

�

are penalty factors.
We explain the meaning of this model as follows. The deter-

mination of the threshold is a dynamic process in which the
positives and the negatives participate. maxf0,tg is the maximum
misclassification degree of both positives and negatives. The
positives pursue a lower threshold yk to make yk�hk(xpos)o0 in
order to minimize the misclassification degree maxf0,yk�hkðxposÞg.
On the contrary, the negatives endeavor for a higher threshold to
minimize the maximum misclassification degree of negatives.

In real application, pedestrian in still image is a rare-event
because the number of pedestrian patches is much less than non-
pedestrian’s. Furthermore, the numbers of pedestrian and non-
pedestrian in training samples are also unbalanced. Therefore, the
optimization model employs two penalty factors r1, r2 between
positives and negatives to balance the asymmetry. How to set the
values of these two factors is described in the experiments
(Section 5.1).

The optimization Model II is an unconstrained convex pro-
gramming and can be converted into linear programming [21].
After solving the Models I and II, we obtain a weak classifier

gkðxÞ ¼ signðhkðxÞ�ykÞ ¼ signðwT
k x�ykÞ ð6Þ

where sign(U) is a sign function.
4.3. Strong classifier construction

With respect to the computation cost and redundancy existing
in feature representation, it is unadvisable to make all weak
classifiers contribute to the final strong classifier, which is
consistent with the principle of building a classifier as ‘Many
can be better than all’ [23]. We employ a global integer program-
ming method to form a strong classifier:

GðxÞ ¼
1

XM
k ¼ 1

akðlkgkðxÞ�0:5ÞZ0

0 otherwise

8><
>: ð7Þ

where ak ¼ log½ð1�ekÞ=ek� is the weight of the kth weak classifier
and ek is the training error rate. In Eq. (7), lk is a 0/1 binary
variable. lk¼0 means that the kth weak classifier is not selected
and lk¼1 selected. On the basis of these definitions, we construct
Model III to solve lk.

Model III:

min
lk ,Zi

XM
k ¼ 1

lkþC2

XN

i ¼ 1

Zi

s:t:

Alrr3ZP
iApos

Zirs1PN

P
iAneg

Zirs2NN

8>>>><
>>>>:

ð8Þ

where Zi is also a 0/1 binary variable which corresponds to the ith
training sample. If the ith sample can be correctly classified by the
combination of selected weak classifiers, then Zi¼0. Otherwise
Zi¼1. M is the number of weak classifiers and C2 is a predefined
factor.

To facilitate the writing and concise expression, the forms of
vectors and some notations are introduced. Let l¼[l1,y
lk,ylM,1]T and Z¼[Z1,yZPNyZN]T. A is a matrix formulation of
which the ith row is the ith constraint conducted by the ith



R. Xu et al. / Pattern Recognition 45 (2012) 2573–2583 2577
sample, as

ðAdiÞ ¼
ð�a1g1ðxiÞ,. . .,�akgkðxiÞ,. . .,�aMgMðxiÞ,0:5ða1þ � � � aMÞÞ if xiApositives

ða1g1ðxiÞ,. . .,akgkðxiÞ,. . .,aMgMðxiÞ,�0:5ða1þ � � � aMÞÞ if xiAnegatives

(

ð9Þ

r3AR is a predefined slack factor which ensures the constraint
equations Alrr3Z to have a feasible solution. In other words, the
classification result of the ith sample can range in [0,r3] instead of
[0,1]. Alrr3Z is actually the reformulation of Eq. (7) by sub-
stituting 0 into the vector r3Z. s1is the maximum misclassified
rate of positives, and s2 is the maximum false positive rate (see
Section 4.4). s1PN and s2NN are the upper bounds of the number
of misclassified positives and negatives, respectively.

On the condition of meeting the constraints, the objective
function in Model III aims to pursue nonzero components in l, Z
as minimal as possible. C2 is a predefined factor. Since the vectors
of l,Z are positive and their components can just be 0 or 1,PM

k ¼ 1 lkþC2
PN

j ¼ 1 Zjis equivalent to
PM

k ¼ 1 9lk9þC2
PN

j ¼ 1 9Zj9. It
can be further transformed into 9:l:1þC2:Z:1�1 in integer
space. :l:1and :Z:1, respectively, are the L1-norm of the vector
l and Z in the integer space. This minimization of objective
function in Model III can be considered as a special case of LML in
the integer space.

The optimization Model III is a typical 0/1 integer program-
ming problem, in which objective function and constraints are
linear. We use the improved the Branch and Bound algorithm [21]
to solve this problem. The basic idea of this algorithm initially
converts the integer program into many sub problems (branches)
and then compares the solutions of all branches.

We add some practical requirements and restrictions into this
program (Section A.1). In the first several cascades, we hope the
number of weak classifiers is as few as possible and we restrict
the total number of them to 10 to decrease the search space. As
the number of cascade increases, the number of weak classifiers is
gradually increased and the restriction is gradually relaxed.
Although we use the idea of branch and bound algorithm, the
sub problems of this model are no longer the linear program. We
improve the branch aiming at the specific constraints.

Here, we first fix the value Z to solve l, and then change Z to
form several branches during using the branch and bound
method. According to the last two constraints in model, we can
estimate at most how many Zi is one. Then, we rank the
misclassification degree of each feature and select the top hardest
s1PN positives and s2NN negatives. The corresponding Zi of these
samples are set one and others are zero, and then solve l. This is
the first branch. The other branches can be obtained via changing
the value Zi. The cascade requires the most of positives should be
correctly classified. Therefore we only circularly reduce the
number s1PN and do not change the number s2NN unless the
last levels of cascade.

An initial solution first chooses the weak classifier with the
highest classification rate and assign its lk to 1. Then, it searches
other complementary classifiers (which can correctly classify the
misclassified sample by the first selected classifier) until the
constraints are met. At this time, the value of object function is
chosen as a lower-bound. Then it repeats this process and
compares the object function of other sub branches with the
lower-bound. If the value of object function is bigger than the
lower-bound, then abandon this sub branch. Otherwise, a solution
of this branch is obtained. Then, the optimal solution can be
obtained by comparing all left sub branches.

4.4. Training the CLML classifier

The cascade mechanism is adopted, which is a classic techni-
que to promote detection speed. In each level of the cascade,
some weak classifiers are selected to form a strong classifier. The
strong classifier is implemented using the integer programming
model. The convergence of cascade mechanism can refer to [7]. In
the training procedure, the final detection rate and false positive
rate decrease as the number of cascade increases. Therefore, we
need to choose the number of cascade and balance the detection
rate and false positive rate. The requirement, a minimal detection
rate is 0.998 and the maximum false positive is no more than 0.3,
is met in each cascade stage. In accordance with the Model III, we
set s1¼1–0.998¼0.002, s2o0.3. The training procedure of CLML
is as follows:

Algorithm 1. The cascaded L1-norm minimization learning
(CLML) method

Input: the minimal detection rate, maximum acceptable false
positive rate in tth level of the cascade

POS: set of positives
NEG: set of negatives
Ftarget: target overall false positive rate

ft: false positive rate in tth level of cascade
Dt is detection rate in the tth level of cascade

Initialize: t¼0,F0¼1.0, D0¼1.0
While Ft 4Ftarget

–Train weak classifiers using POS and NEG samples,
compute normal vectors and thresholds
�t¼tþ1, Dt¼0
�s2¼0.7�Dt

if there is no solution for Model III
increase Dt¼Dtþ0.1

else
1. Solve integer programming Model III
2. Evaluate Pos and Neg by the current strong classifier
3. Compute ft under this threshold

–End
–Ftþ1¼Ft� ft

�Dtþ1¼Dt� (1�s1)
–NEG’|
–Evaluate the current cascaded detector on the negatives, i.e.

images without human and add misclassified samples into
set NEG

End
Output: A t-level cascade strong classifiers

In this paper, it takes 15 days to achieve certain detection
accuracy. At the beginning of training, it needs more time. Then, it
needs less time in last cascades as the number of both blocks and
negatives decreases. The platform is on Pentium IV 3.0 GHZ CPU
and 2.0 G MEMORY with the matlab program and three PC are
used to perform the parallel computation. Although the computa-
tional cost of global selection is a bit expensive compared with
the local one in the training procedure, the training process is
offline process. It only needs to store the weight vectors and
thresholds of the selected weak classifiers in each cascade. Thus,
it does not have an effect on the detection process. To speed up
the training, we will continue to improve the solving method and
realize it in Cþþ language in future.

4.5. Discussion

Compared with L2-norm used in SVMs, L1-norm is effective for
achieving sparseness which appreciates the differences of feature
vector. L2-norm emphasizes more on ‘‘average variation’’, which
means each element of a vector varies almost equally, cannot
result in sparseness. Hence, L1-norm is adopted in this work.
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To be mentioned, the sparse features selected by L1-norm can
alleviate the occlusion and variations of views problems to some
extent. The view variation of training samples cause the differ-
ence of features in the corresponding positions, but the different
views may have some common clues. Here, the concept ‘‘common
features’’ does not mean the total same, but denotes the almost
similar response. For example, some common features of the front
view sample can be obtained through removing the different
features and remaining the common features from nearly front
view. It can also be considered the different features of two views
are occluded by non-person objects and only keep the common
features. The sparsity can be viewed as a feature selection
process. It can learn these common features as the important
and principle components, when the training samples deriving
from the different views are used. In this sense, the sparsity has
the tolerance to view variation to some degree.

We adopt integer programming to construct the strong classi-
fier. The way of selecting features and determining threshold are
different from Adaboost. Adaboost employs re-sampling principle
to adjust the weight of each weak classifier, and then adopts
greedy strategy iteratively to select features. Instead, our method
tries to select features in a new way. Our method aims to globally
select the minimal weak classifiers, instead of locally iterative
selecting the features. Of course, the computational cost of this
Fig. 2. Training positiv

Fig. 3. Classification accuracy
selection is a bit expensive compared with the local one used by
Adaboost in the training procedure. However, the higher compu-
tational cost during training is worthy if we can alleviate the
burden of detection.

Although it has been proven that the error upper bound of
Adaboost exists in a probabilistic framework, it may not always
obtain the global optimal ‘‘Bag-of-features’’ owing to its feature
selection strategy. In other words, Adaboost may become
unstable, and hence select more redundant feature to achieve
the acceptable performance. From training samples arranged in
XOR-like layout, we give a comparison between our method and
Adaboost in Section A.2 of appendix. From that, we can see our
method is dedicated to obtaining the compact features and more
suitable for detection problem.
5. Experiments

There are about 2400 training positives from MIT and SDL [24]
and about 4900 negatives from INRIA datasets. We use 1000
positives and 2000 negatives in the first cascades. More negatives
will be added in the cascaded training process to ensure the ratio
of the positives to negatives. In Fig. 2, some training samples are
displayed.
es and negatives.

with different r1/r2 ratios.



Fig. 4. Left: the accumulated rejection rate over all cascade levels. Right: the number of LML weak classifiers at each level.

Fig. 5. Feature blocks: (a) blocks selected in the first level, (b) in the second level

and (c) in 15th level of the cascade.

Fig. 6. The comparison of our method with Zhu’s via same v-HOG features on

INRIA test set.

Fig. 7. The comparison of our method with the state of arts on INRIA test set.

Fig. 8. The comparison of our method with HOGþSVM on SDL test set.

R. Xu et al. / Pattern Recognition 45 (2012) 2573–2583 2579
We evaluate our algorithm via the challenging the INRIA test
set of 288 images [8] and the SDL test set of 140 images [24]. In
the INRIA test set, pedestrians are mostly in standing posture,
while it covers more diverse body poses and cluttered back-
grounds. In the SDL test set, pedestrians are almost situated in
multi-view appearance and crowded environment. Furthermore,
some images including some pedestrians from lateral views are
collected. Although the chosen training positives are mostly from
front view, the trained model benefited from sparseness can
handle some multi-views and occlusion cases, demonstrated by
the experiments.
5.1. Parameter analysis

To deal with the variability of appearance, illumination con-
ditions and background, the normalization of both the feature
vectors and the normal vectors of weak classifiers are carried out.
The feature vector of each block and the normal vector are
normalized, respectively, as follows:

xi ¼ xi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX36

j ¼ 1

xijþe

vuut wk ¼wk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX36

j ¼ 1

wj
kþB

vuut,,
ð10Þ

where xi denotes a feature block of the ith sample, and xij is the jth
dimension component in the feature block of the ith sample. wk

denotes the normal vector of the kth weak classifier, and wj
k is the

jth dimension component of the kth weak classifier. e and B are
small disturbance numbers (1.0 in our experiments).

There are several important parameters when learning the
weak classifiers. In Model II, when we determine the threshold of
an individual weak classifier, the penalty factors r1 and r2 have
important effects on the classification accuracy of positives and
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negatives. In Section 4.2.2, the penalty factors affecting the
threshold should be different. In general, r1 of positives should
be larger than r2 to guarantee that most of the positives remain
for the next level training. However, in regard of classification
accuracy of negatives, we cannot increase r1 too much. It is
appropriate to set the ratio of r1/r2 a value among [1,40]. In
Fig. 3, we illustrate the influence of the ratio on the positive and
negative classification accuracy in the first cascade level.
Fig. 9. Detection examples. Detected false positives are marked with white rectangle
5.2. Evaluation and comparison

In Fig. 4, we present the results of the cascade classifier. It can
be seen that 6 cascades are enough to reject 95% of the negatives.
As we discussed in Section 4.5, the computational time of LML
weak classifier is less than Dalal’s [8] and Zhu’s [9]. The proposed
method is faster than the Linear-SVM and Kernel-SVM during the
detection. The SVM employs the inner-product of the test sample
of dash line, and missed positives are marked with black rectangle of dash line.
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and the support vectors. Instead, our weak classifier only projects
the test sample on the normal vector at a low computation cost to
classify objects. It should be noted that the cascade scheme of
CLML method can also perform efficiently. Therefore, our classi-
fier is much faster than a SVM classifier.

We can get the most compact feature blocks by our method.
Fig. 5(a) shows the best four blocks which are different from [9],
in which blocks in the 36�80 pixels size are considered the best.
However, in the first level, our best block size is 40�40 pixels in
the leg parts of human body. In the second level, our best block
size is 36�80 pixels covering the contour of human body. The
difference between our blocks and the blocks selected by Zhu’s
method is mainly due to the different learning methods. Our
method adopts L1-norm which emphasizes more on the differ-
ence among features.

We compare our classifier with [9] on the INRIA human test
set using miss rate tradeoff False Positives Per Window (FPPW) on
a log scale in Fig. 6. Points on curves in Fig. 6 are obtained from
different cascade levels. Miss rate and False Positives Per Window
(FPPW) are defined as follows:

MissRate¼
#Missed positive detections

#Total positives
,

FPPW ¼
#False positive detections

#Total image windows

Although the same v-HOG features are extracted as pedestrian
representation by the two compared methods, the way of feature
selection and classifier construction is different. Zhu’s method utilizes
SVM to build weak classifiers and uses Adaboost method to construct
a strong classifier. Our method proposes LML principle and uses
integer programming to make a classification. From Fig. 6, it can be
seen that the proposed classifier performs better than Zhu’s method.

We compare our method with the state-of-the-art methods on
the INRIA test set, including HOGþSVM method [8],
v-HOGþCAdaboost [9] and the COVþLogitboost method [10],
which is shown in Fig. 7 on a log scale. We implement the method
[8] by the open source codes of HOG and LibSVM and the results
accord with their reports. The curves of the methods [9,10] are
obtained from their reported results. As shown in Fig. 7, our
method reaches a much better performance than the HOG-based
results on the INRIA dataset. Comparing with others at the FPPW
rate of 10�5, our method achieves 9% miss rate, which is about 8%
lower than the HOGþSVM method, about 3% lower than Zhu’s
and about 1% lower than Tuzel’ method which use different
pedestrian representations (COV features) from ours.

In addition, we compare our method and the HOGþSVM
method [8] on the SDL test set to validate robustness of our
method to view variations, which is shown in Fig. 8 on a log scale.
The SDL test set is also challenging owing to the view variation of
pedestrians. It is unreasonable and unfair to compare our method
against the above methods except the HOGþSVM on the SDL test
set because we cannot obtain the exact expression of codes and
the optimal parameters in other methods. As shown in Fig. 8, the
obvious difference between our method and HOGþSVM can also
embody the superior performance of our method on the SDL test
set. At the FPPW rate of 10�4, our method achieves 4% miss rate,
which is about 7% lower than the HOGþSVM method.

In Fig. 9, we show some detection examples from multiple
detection scales on two test sets. In Fig. 9(d), all pedestrians are
detected, although they are overlooked. In Fig. 9(e) most of the
pedestrians except the rightmost person are correctly located
whether or not they are occluded or in multi-posture, since that
person is too close to the image boundary. The statue in the up-
left side of picture is detected, since it is very similar to a
pedestrian. In Fig. 9(f), the pedestrians are detected, and espe-
cially the pedestrian in black jacket occluded can be found
correctly. In Fig. 9(g), four children are correctly located although
they have posture variation and a child is missed. From
Fig. 9(h) to (k), all pedestrians are detected correctly in spite of
variations of posture and view. However, in Fig. 9(i), there is a
false positive window owing to the effects of trunks.
6. Conclusions

Pedestrian detection is a rapidly evolving topic in pattern
recognition and some state-of-the-art classification methods are
employed in this topic. In this paper, we propose a new learning
and classification method, which is superior to the state-of-the-
art ones for pedestrian detection. The method aims to select more
informative and compact features and simultaneously to con-
struct classifiers via solving L1-norm minimization and integer
programming optimization models. The method will pursue to a
smaller upper bound of test error and improve detection perfor-
mance. Considering the detection efficiency problem, a cascaded
mechanism is employed to construct the final classifier.

Features in each block selected by the L1-norm minimization
criterion emphasize the principle difference between positives
and negatives, which are sparse to some extent. The combination
of feature blocks in a cascade is performed by integer program-
ming, which can achieve the compact and sparse blocks for
pedestrian. Therefore, both features in each block and blocks
selected by our method are sparse, and are insensitive to view and
occlusion validated by experiments.

The concepts and techniques introduced in this paper include the
detailed construction principles of optimization models and analysis
of representation of pedestrian patterns, the L1-norm minimization
learning, the applications of integer programming and min–max
function model. Detailed experimental results are reported with
comparisons to several state-of-the-art methods, confirming that
the proposed method has superior performance and is robust to
view and occlusion problems in pedestrian detection.

At present, the proposed method is applied to pedestrian
detection. In the future, we will extend our method to other
objects e.g. vehicles, etc. and the multi-class object detection task.
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Appendix A

A.1. Integer program procedure

Input: cascade level, c2, V, gk, ak, s1, s2, PN, NN where
k¼1,2y,M.

Step 1: Initialization:
1.1
 Rank all feature blocks according to their classification
error rates, and select the top hardest
s1PN positives and s2NN negatives.
1.2
 Zi¼1for these samples, and Zi¼0 for others.
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Step 2: If the Cascade level is lower than 6, add a constraintPM

k ¼ 1 lkr10 to Model III.
Else gradually relax the constraint as

PM
k ¼ 1 lkr

V , where V 410.
Step 3: Loop to adjust the values of Zi and form some branches.
3.1. Given Zi, loop to solve the integer program and form a

combination of weak classifiers.
3.1.1. Select a weak classifier and assign its lk to 1, and record

it as the used label.
Loop: i¼1,2,y .
Label the misclassified samples by previous selected

classifiers.
Choose complementary classifiers with ability to correctly

classify the misclassified samples as
possible as they can.
Check constraint and compare objective value
If
PM

k ¼ 1 lkrV

If other constraints are met, record the objective value and
return to 3.1.1
Else record its label and return to 3.2.1
Else set Inf as the objective value, record its label and
return to 3.1
Search the possible combinations in this branch and continu-

ally compare lower bound, to decide whether cutting this sub
branch, and then return to 3.

Step 4: Search all of branches
If constraints are met, select the minimum objective value,

then output the combination of lk.
Else relax s1, s2, return to Step 1.
A.2. Illustrative XOR example

In this section, we describe the difference between Adaboost
and our method for a XOR problem. In a two-dimensional space,
there are four samples to be classified in Fig. 10, i.e.

ðx1 ¼ ðþ1,þ1Þ,y1 ¼ þ1Þ

ðx2 ¼ ð�1,�1Þ,y2 ¼ þ1Þ

ðx3 ¼ ð�1,þ1Þ,y3 ¼�1Þ

ðx4 ¼ ðþ1,�1Þ,y4 ¼�1Þ

8>>>><
>>>>:

9>>>>=
>>>>;
g4(x)

g3(x) g1(x)

g2(x)

x

y

x3 x1

x2 x4

Fig. 10. Instances arranged in XOR layout and its decision functions. The instances

with the same label have the same color.
For simplicity, suppose we have four weak classifiers (decision
functions):

g1ðxÞ ¼
1 if xþ140

�1 otherwise
g2ðxÞ ¼

1 if x�140

�1 otherwise

��

g3ðxÞ ¼
1 if �xþ140

�1 otherwise
g4ðxÞ ¼

1 if �x�140

�1 otherwise

��

It can be seen that arbitrary two parallel functions will be the
optimal solution of this problem. Of course, if all functions will be
chosen, then the problem can also be solved. The Adaboost may
become unstable, owing to its randomness. It will pick a classifier
with minimal error from all functions in one iterative process.
Suppose g1(x) is chosen in the first iteration, then sample x4 is
falsely classified. The weight of x4 becomes larger comparing with
the other three samples after the weights being normalized. At
this time, there are three classifiers with the same weights and
errors. According to randomness, if it chooses g2(x), then the error
constraints have been met and the optimal solution has obtained.
However, if it chooses g3(x), unfortunately, it must select all
classifiers to assure the samples to be correctly classified. Instead,
our method globally selects the minimal number of functions to
construct the final strong classifier. It can choose two parallel
functions as the optimal solution from the global view. Therefore,
it can select the minimal number of features and reaches the
optimal solution.
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