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ABSTRACT 

A new system is proposccd for gait analysis and recognition appli- 
cations. 'The new system is based on a dcnoising process and a new 
angular transform that are applicd on hinary silhouettes. Each hu- 
man silhouette in a pait sequencc is transformed into a low dinicn- 
sional feature vector consisting of average pixel distances from 
the center O S  the silhouette. The sequence of feature vectors cor- 
responding to a gait sequence is used for identification based on a 
minimum-distance criterion between test and refercncc scqucnces. 
By using the new system on the Gait Challenge database. improve- 
ments in rccognition performance are seen in comparison to other 
methods of similar or higher complexity. 

1. INTRODUCTION 

The identification of humans based on their way of walking has 
recently emerged as a very attractive research area due to its ap- 
plications on tele-surveillance and reniote identification systems. 
Existing approaches for gait sequence analysis try to capture as 
much gait infomiation as possible in order to use it for recogni- 
tion purposes. Particularly, the techniques that deal with the gait 
recognition problem using only sequences of walking silhouettes 
are of much interest since they do not presume the availability of 
any further information, such as color or texture, which may not 
be available or extractable. 

In [l]. a baseline experiment was wnducted aiming to serve 
as a reference experiment for gait recognition. A large set of gait 
sequences was divided into several disjoint sets. One set was kept 
aside as the system database set. The recognition decisions were 
taken by computing the similarity between the sequences in each 
of the remaining sets and the sequences in the database set. In 
[Z]. Hidden Markov Models (HMM) were used to train models for 
each gait sequence. Comparisons in the HMM parameter domain 
yielded improved recognition performance. In [3], identification 
using Principal Component Analysis (PCA) was performed using 
horizontal and vertical projections of silhouettes. In [4], a niodel- 
based approach was taken for improving the quality of extracted 
silhouettes. The silhouettes generated using the proposed tech- 
nique were tested for gait recognition and the performance of the 
resulting scheme was shown to be superior in comparison to the 
baseline system in [I]. In (51, area-based metrics were used in or- 
der to derive a time-varying signal that was subsequently used,for 

This work is supported by Bell University Labs at the University of 
Tamlo. 

automatic gait recognilion. Recently. an image analysis nicthod- 
ology which bcars some similarity with the one proposed in this 
paper was prcscntcd 161. In [61. a silhouette unwrapping technique 
was applied hy calculaling the distances of all contour pixels from 
the center of the silhouette. The collection of distances was used 
as a feature vector on which PCA was applied in order to reduce 
the dimensionality of the problem. 

In this paper. we propose a novel methodology for the eSfi- 
cient processing of walking silhouettes which can he used in a gait 
recognition system. The proposed system bases its efficiency on 
a preprocessing of gait sequences and an angular transform which 
calculates a metric of the silhouette in angular slices of various 
orientations with respect to the center of the silhouette. In coni- 
parison to the method in [6] .  the present feature extraction tech- 
nique has several advantages: it is robust to segmentation errors. it 
does not rcquire detection of contour pixel positions, and it can be 
computed easily. By using the new system, the recognition perfor- 
mance on the Gait-challenge database [ I ]  will be seen to improve 
over the methods in [ I ]  and [6]. 

The sttucture of the paper i s  as follows: section 2 presents the 
preprocessing of gait sequences. In section 3, the angular trans- 
form for gait analysis is introduced. Section 4 describes the gait 
recognition system based on the new feature. Experimental results 
are presented in section 5 and finally. conclusions are drawn in 
section 6.  

2. PREPROCESSING OF GAIT SEQUENCES 

As in almost all recent approaches for gait recognition, we rely 
solely on binary silhouettes derived by background subtraction. 
However. the background subtraction process, which is essential in 
silhouette-based gait recognition, will usually be imperfect yield- 
ing inaccurate silhouettes. This is due to the fact that the colors 
of clothes, hair, or skin of a wallring person may also exist in 
the background during capturing. and therefore, part of the hack- 
ground is likely to be misinterpreted as being part of the body dur- 
ing the hackground subtraction process (41. Consequently, in most 
practical cases, there will he a need for denoising prior to the ap- 
plication of a gait recognition algorithm. In this work, we use a 
process of four steps for the denoising of gait sequences. These 
steps are detailed below: . 
. 
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Slep 1: Mediun Uering. Each silhouette is filtered using 
a 3 

Step 2: Aligning. All silhouettes are aligned so that their 
centre is in thc centre of the frame. 

3 median filter in order to eliminate isolated errors. 
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Step 3: Tcsiporol processing. Tempral lines [7J arc used 
forthe correction ofarlilacts. A temporal line consists of all 
pixels lying in the same position of all frames in a sequence. 
We apply two simple mles for combatting pixel niisclassi- 
tication during background subtraclion. Specifically. 

where 3 0  i s  the set of the pixels in the circular sector (0 y ,  R + 
9) and N~ is the of pixels in 3e. For each 8.  the trans. 
foml coefficient expresses the average t l i ~ t a n ~ e  of foreground 
els (in the tiirection defined by 0) from the centerof the silhouette. 
In practice. since there i s  an infinite number of angles 8, the an- 
gular transform i s  computed in slices of 0 
determines the level o f  derail of the transform. The transfami i s  
graphically illustrated in tig, I 

H.  The angle step - i f  the number of hackgmund pixels an a temporal line 
i s  90% or higher of the total number of pixels on the 
line. then all pixels are considered foreground pixels. 

- II the nuniher o f  consecutive background pixels i s  
above 25% of  the total number of pixels on the line. 
then all pixels on the line are considered background 
pixels 

Step 4 Averugiii& Averaging i s  pertomled in order to deal 
with errors that cannot be corrected using the three previous 
steps i.e. persistent errors in moving areas of the silhouette. 
Averaxing silhouettes was also used in order to dcnoise 141 
o r  suniniarize a pait sequence into a number of ctraracteris- 
tic teniplates [X. 91. In  the'present work. the gait sequence 
i s  pmcessed on a frame hy franie basis by identifying the 
~\i, = .L most similar frames. i.e. the indices l : ,  . . . , &, 
of the frames with which the currently processed frame 1 
ha the smallest Euclidean distance. After the most similar 

Fig. I .  Graphical representation oTthe proposed transform 

frames are identified. thc pixels . l t [ i , j ]  in thc tth frame are 
re-estimated as The proposed angular trwsiorm has a very convenient scaling 

in both hori- nronertv. Suimose that a silhouette i s  scaled bv . . 1 . I  

Nd 

Nd + 1 ">=l 

zontal and vertical diniensions. It can be shown that the transform 
coefficients d(0)  of the scaled sequence are related to the trans- 
form coefficients of the original silhouettes as: 

( , 5 L [ i , j ]  + sLL, [ i , j ] ) j  (I) & [ i , j ]  = 1- I 

where ( i , j )  i s  the pixel position and LJ denotes rounding 
to the nearest integer (zero or one). The above recalculation 
of silhouettes using (1) is applied to the entire sequence of 
silhoucttes in a gait sequence. 

3. ANGULAR GAIT ANALYSIS 

We assume that each gdlt sequence i a  composed of several binary 
silhouettes s [ L , ~ ]  Let 

1 
0 otherwise 

if (i, j )  belongs to ihe foreground s [ i , j ]  = 

In order to apply our approach, first the area center (L, j,) o f  each 
silhouette is computed as: 

where N i s  the number of foreground pixels, given by 

d ( 0 )  = d(0) 

The above equation means that %;he silhouette i s  scaled by in 
each dimension, the transfomi d(R) o f  the scaled silhouette is  
equal to d ( R ) .  This property i s  useful since i t  allows scaling 
of the silhouettes in the transform domain by directly scaling the 
transforni coefficients. 

Although in the preprocessing stage, we aligned the silhou- 
ettes for the purpose of denoising, in general, the use o f  the pro- 
posed transform obviates the need to align the silhouettes to the 
center o f  the frame as most gait recognition methods demand. This 
i s  due to the fact that'the proposed angular transform i s  inherently 
translation invariant, since i t  i s  always calculated with respect to 
the center of the silhouette. 

Another desirable feature of the proposed algorithm i s  related 
to the fact that the averaging that takes place in each direction o f  
R i s  practically implicitly equivalent with a low-pass filtering pro- 
cedure which endows the resulting transform with robustness to 
segmentation errors. This is very important since. in practice. the 
background subtraction process, that is  usually performed auto- 
matically without human intervention, wi l l  always generate im- 
perfect silhouettes. 

N = C s [ i , j ]  
i.j 4. APPLICATION ON GAIT RECOGNITION 

Once the center of the silhouette is  calculated, we define a new 
coordinate system 3: 3. whose origin is at the Enter of the sil- 
houeite. We propose an angular transform: 

me gait recognition system we implemented is based on the 
houette preprocessing and the angular silhouette representationde- 
scribed in the previous sections. All transform coefficients o f  a 
silhouette are ordered in a single gait vector o f  dimension K = 

s [ z , y ] m '  (2) 3601 0 where the angle step 0 denotes the width of the angle 
intervals in which the transform i s  computed. Simulations indicate 

d(0)  = - 1 
(=.v)CFx 
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that the recognition peribrniance is largely independent of 
the range 3 
a silhouette is ofthe form: 

B in 
15 degrees. The transform vector corresponding to 

matching sequence in a set of sequences is identified as the se- 
quence with which the a h v e  distance is minimum. 

5. EXPEHIMENTAL HIISULTS 

For the experimental evaluation for the present scheme we tested 
the present methodology on USF's Gait Challenge database which 
contains human gait setruences cauturetl under different conditions. 

A = Id(&) a(&) . . . d(Qx I ) ]  

The entire gait sequence is represenled by a sequence of Iransforni 
vectors of the ahove form. Each transfomied vector was scaled 
so that its mdxiniuni value is M. The algorithm is invariant to 
the exact Value of M as long as the same M is used for all tr.ans- 
fomieil sequences. For the results in the present papcr A,/ = 255. 
The scaling oixration makes the proposed representation scale- 
invariant, a property which shall he very useful in most practical 
cases since subjects niay walk at dinitrent distances from the cam- 
era imposing a need to compensate the distance difference prior 
to the application of any gait rccognition methodology. A typical 
transform representation for a gait sequence is shown in fig. 2. 

t 
360 I 

180 I 

- 
The Gallery (.reference) set of gait sequences was used as the sys- 
tem datahue and the Probe (test) sets A ~ G  were considered to con- 
tain sequences of unknown subjects who should be recognized by 
comparison of their gait sequences 10 the sequences in the Gallery 
set. The capturing conditions for the sequences in each of the 
I'rohe sets A-C may (Iin>r from the Gallery sequences in walk- 
ing surl.ace 1cenicnVgr1:rass). shoe type (type N B ) .  antl view-angle 
tlefVright). The Gallery set contains gait sequences of individuals 
walking on Grass. wearing type-A shoes. and was captured us- 
ing ttic Right camera. The exact conditions for the recording ol 
the Probe sequences are summarized in brackets in .Fable I where 
C.G.A.B.L.R. stand lor Cenicnt. Grass. shoe type A. shoe type FJ. 
Left view. and Right view respectively. 

For the perfonance evaluation, we report Cumulative Match 
Scores (as in [IOl) at rank I antl rank 5. Rank I results re[n~rt 
the percentage of the subjects in a probe set that were identified 
exactly. Rank 5 results report the percentage 01- probe subjects 
whose 1rue match in the Gallery set was in the top 5 matches. 

time- 

Fig. 2. Typical transform representation of a silhouette sequence 
(the grey scale was inverted for displaying convenience). 

Our approach for identifying matching gait sequences is in the 
spirit of that in [I]. In [ I ] ,  each test sequence was partitioned into 
several segments and the distance between each segment and the 
reference sequence was computed independently. The median of 
the resulting distances yielded the eventual distance between the 
test and the reference sequence. We take a similar approach in the 
present work by using segments of the sequence of feature vectors. 
Let dp. antl dc, denote the angular transforms of the ith frame in 
the test segment and the reference sequence respectively. If Np and 
N c  denote the respective number of frames, the distance metric 
between the test segment and the reference sequence is detined as 

Rank 1 

I A B C D E F G  

R o b  sa I 
Rank 5 

I ,ar I 

I ' A a c  P.&ul  D E F  = I 

with 1 = 1,. . . , NG. Equation (3) implies that the distance is 
defined for an appropriate 1, i.e. when the rrference and the test 
sequences are aligned in phase. After all such distances are calcu- 
lated between test segments and reference sequences of transform 
vectors, the mean of the distances is taken as the final distance. 

For a given gait sequence. its distance from all the sequences 
in a reference databdse is calculated in order to determine a match- 
ing gail sequence. Since a smaller D means a closer match, its 

Fig. 3. The effect of the variation of 0 on the performance of the 
proposed gait recognition methodology. (a) rank-I. (b) rank-5. 

Initially, we examined the effect of B variation on the per- 
formmce of the algorithm. Cumulative match scores derived for 
several B values are reported at rark-1 and rank-5 in Figs 3(a) 
and (b) respectively. As seen, the recognition perfomlance is not 
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Table 1. Comparison to the baseline algorithm in [I]  and the al- 
gorithm in 161. The pmbahility of identification (in percent) at 
ranks 1 and 5 is reported. The conditions under which each probe 
sequence was recorded are summarized in brackets. The number 
of subjects (gait sequences) in each probe set is shown in squared 
brackets. 

Rank I I Rank 5 
PAGR I [I] I 161 I PAGR I [I] I 161 

6. CONCLUSIONS 

A new method wa presented lor gait-assisted recognition based 
on binary silhouettes. Thc raw silhouette sequences were initially 
enhanced using preprocessing. A transform representation of sil- 
houettes was subsequently applied which has many attractive fea- 
tures that make it very suitable far deployment in gait analysis and 
recognition applications. A system based on the new transform 
was experimentally evaluated using the Gait challenge database 
and was seen to outperform other gait recognition methods of sim- 
ilar or higher complexity. 
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Fig. 4. Cumulativu matcli scores using the proposed system 
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