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ABSTRACT 
Although hand tracking algorithm has been widely used in virtual 
reality and HCI system, it is still a challenging problem in vision-
based research area. Due to the robustness and real-time 
requirements in VR applications, most hand tracking algorithms 
require special device to achieve satisfactory results. In this paper, 
we propose an easy-to-use and inexpensive approach to track the 
hands accurately with a single normal webcam. Outstretched hand 
is detected by contour & curvature based detection techniques to 
initialize the tracking region. Robust multi-cue hand tracking is 
then achieved by velocity-weighted features and color cue. 
Experiments show that the proposed multi-cue hand tracking 
approach achieves continuous real-time results even for the 
situation of cluttered background. The approach fulfills the speed 
and accuracy requirements of frontal-view vision-based human 
computer interactions. 
 
KEYWORDS: Hand tracking, 3D Interaction, Gesture detection. 
 
INDEX TERMS: H.5.2 [Information Interfaces and Presentation]: 
User Interfaces—Theory and methods; I.4.8 [Image Processing 
and Computer Vision]: Scene Analysis —Tracking;  

1 INTRODUCTION 
Being probably the most natural HCI method, using the bare 
human hand to interact with computers has attracted more and 
more attention in recent years. Compared to matured detection 
and tracking techniques for rigid objects [1][2], tracking the bare 
human hand is very challenging since it is a highly articulated 
flexible object. Currently, in addition to the popular color lookup 
table approach, background subtraction and adaptive background 
models are also widely used [3] for hand tracking. However, these 
approaches assume that either the background is simple or the 
camera remains stationary, which do not stand for usual scenarios. 
Kolsch proposes an idea of tracking flock of features in [4] to 
locate the hand through a head-mounted camera. This method 
assumes that the hand region dimension is fixed and not many 
other objects have the similar color with the skin in the 
background. Thus it’s not suitable for frontal-view HCI. 
    Incorporating the flock of features and the velocity model, a 
multi-cue hand tracking algorithm based on velocity weighted 
features and color cues is presented in this paper to track the hand  
in real-time. The proposed approach is robust under cluttered 
background and partial occlusion. Meanwhile, contour & 
curvature based outstretched hand detection approach of [5] [6] is 
used to initialize and resize the tracking region automatically. 
   The outline of the paper is as follows: Section 2 describes the 
related work and gives a brief introduction of our work; Section 3 
presents the adaptive skin object segmentation and the contour & 
curvature based outstretched hand detection algorithm; Section 4  

 

proposes a multi-cue hand tracking algorithm based on velocity 
weighted features and color cues; Section 5 presents the 
experimental results for different video sequences and an 
application for plane driving simulation; Finally, Section 6 draws 
some conclusions and gives an outlook on future work. 

2  RELATED WORK 
In general, there are two types of hand tracking approaches: 
model-based and appearance-based [3] [7]. Model-based 
approaches [8][9][10] estimate the current hand state by matching 
a 3D hand model to the observed image features. Such approaches 
can achieve some good results, however they search the hand in a 
high dimensional space hence may not be suitable for real-time 
application. Wang [11] employs a nearest-neighbor approach to 
track a hand wearing a color glove that is imprinted with a custom 
pattern. Although this approach reduces the searching dimension, 
the use of color glove does look natural. Appearance-based 
approaches can also categorized as: color model based; fiducial 
marker based; background model based and contour & curvature 
based. However these approaches work under special requirement 
of known background, stationary camera or fiducial markers.  
    Contour & curvature based approach proposed by Lee [5] and 
Malik [12] for desktop environment is still sensitive to skin 
colored objects appearing in background. Lu [13] uses Bayesian 
network (BN)-based multi-cue fusion algorithm for fist tracking 
without gesture changing. Two downward-pointing cameras are 
used in [12] to implement a Visual Touchpad. Schlattmann [14] 
uses visual hull approach (three cameras) to track the bare-hands 
in real-time for 3D games.  However all the above approaches use 
more than one camera and assume simple background, which are 
not suitable for general scenarios. 

In this paper, we propose a multi-cue hand tracking algorithm 
based on velocity weighted features and color cues. The approach 
not only meets the three requirements mentioned by Wang Xiying 
et al. [15], but also gives robust results in cluttered background. 
The proposed approach includes the following three parts: 
(1) Initialization: Initializing the tracking region by means of 

contour & curvature tracking. Though contour & curvature 
based approach is not robust enough for hand tracking under   
cluttered background, the contour & curvature based 
outstretched hand detection approach can meet the 
requirements of automatic system initialization. 

(2) Tracking: We propose multi-cue hand tracking method based 
on velocity weighted features and color cues. This approach 
can track the hand in cluttered background with a single 
frontal-view camera robustly. 

(3) Handling failure: When the tracking fails, the tracking region 
can be reinitialized to resume the tracking with the help of 
outstretched hand detection.  

3 ADAPTIVE SKIN OBJECT SEGMENTATION AND 
OUTSTRETCHED HAND DETECTION *Correspondence author: Mingmin Zhang 

  Email: javazhangmm@163.com An off-trained Bayesian model on popular YCbCr color space 
[16], together with an online adaptive segmentation approach, is 
proposed to detect potential skin regions. Adaptive segmentation 
makes use of hand regions detected in most recent frames to 
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detect skin color region in current frame. Subsequently, an 
improved contour & curvature based algorithm is used to detect 
the outstretched hand. 

3.1 Adaptive skin object segmentation 
A few snapshots of various hands having different range of skin-
tones and poses under varying illumination conditions are taken 
for training. Segmentation of the object with skin color is done 
manually by an image editing program. Then each captured image 
is transferred to a binary mask where white pixels represent skin 
areas and black pixels represent non-skin areas. The hand images 
and binary masks are then used to train the skin-color histogram 

sH  and non-skin-color histogram . Given these histograms, 
the probability of a given CrCb vector can be computed as 
follows: 
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where [ ]s CrCb and  give the values of the histogram bin 
in

[n CrCb]
sH , n respectively, corresponding to color vector CrC . H b

sC , n represent the total counts contained in C sH  and  
respectively. Color vector CrCb with probability  
larger than a threshold (0.6) are put into the skin color look-up 
table. In the adaptive segmentation section, the offline and online 
probabilities are mixed together by Equation (2): 

nH
( | )offP skin CrCb
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where w is a sensitivity parameter that controls the influence of 
online and offline training set in the segmentation process.  

3.2 Outstretched hand detection 
 

         
 (a)Color segmentation    (b) Distance transform (c) Hand region detection 

Figure 1. Outstretched hand detection 

To meet speed and accuracy requirements, contour & curvature 
based [5] outstretched hand detection is employed to initialize the 
tracking region. After adaptive color segmenting, a series of skin 
color regions is obtained (Finger 1(a)). These regions, sorted by 
their area size , with top 10 and >400 will be the candidate 
hand regions.  
    The contour of the region is converted into a series of 
clockwise vertex points . Every point Pi has two attributes, 
the max cosine value 
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lower and upper bounds 10 and 30 are set empirically (Figure 
2(a)). A point, with curvature value Ki costhreshold and 
direction flag 1iD , is a candidate fingertip, where costhreshold 
=0.5. Now a series of candidate fingertips is detected. We define 
two candidate fingertips (Pi,Pj) as a continuous block where |j-i| < 
gap_threshold. If (Pi,Pj) and (Pj,Pk) are continuous blocks, 
(Pi,Pj,Pk) is combined by (Pi,Pj) and (Pj,Pk). The size of the 
continuous block is the number of candidate fingertips in it. 
Finger region is the continuous block whose size is bigger than 
region_threshold. 
    Figure 2(b) shows the max cosine value Ki , and the direction 
flag Di of every point Pi. Five finger regions and four valleys 
between finger regions ( ) are detected. Distance 
transformation is performed to find the palm center (Figure 1(b)), 
and ellipse-fit method is used to detect the fingertips (Figure 1(c)). 
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    (a) Calculation of Ki      (b) The value of two attributes of each point 

Figure 2. Fingertip detection 

4 MULTI-CUE HAND TRACKING 

4.1 Initializing the tracking region 
Current hand tracking approaches [4][5][12] usually perform 
manual selection, fixed region selection or biggest skin color 
region to initialize the hand region. In this paper, the outstretched 
hand detection approach, which is presented to initialize the 
tracking region, makes the interaction more independent, flexible 
and adaptive. 

4.2 Weighted feature and color cue based multi-cue 
hand tracking 

Due to the assumption that the hand region size is fixed and there 
is no other big skin color object in the background, the approach 
of feature flock [4] is not robust enough. To solve the problems 
mentioned above, the velocity weighted features are proposed to 
solve the occlusion problem of other skin color objects. Our 
approach for flexible hand tracking includes three parts as follows: 
skin color feature initialization, tracking and relocation, 
supplement and refinement. Every probable skin color feature 
should meet the following two requirements: easy to track (“Good 
Features to Track” [17]) and similar to skin color (Bayesian 
probability bigger than a threshold (0.6)). 

(1) Initializing the skin color features 
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The speed of pyramid-based KLT feature tracking, which is 
popular for hand tracking [17], allows breaking through the 
computation limitation of model-based approaches, achieving 
real-time performance required by vision based interfaces. After 
the tracking region is initialized, 100 “Good Features to Track” 
[19] are selected and ranked by Bayesian color model. Then the 
top 30 features are selected as the strong skin color features to 
track. 
 

   
                        (a)                                     (b)                                    (c) 

   
                                         (d)                                  (e) 

(a), (b) A lot of features move to the head region while hand moving  
(c), (d) Since the features on the hand have high velocity, the features on 
the head are pulled to the hand region 
(e) At last, all features move to the hand region.  

Figure 3.   Hand and head overlapped 

(2) Tracking and relocating the skin color features 
The median point  of the flock of features is defined as: C

j
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i
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(4)

where  is the velocity weighted distance from skin color 

feature  to
,

ˆ
i jd

iP jP , as defined in Eq. (5). To ensure the robustness 
and accuracy of the hand tracking, the features too far away from 
the center point C  or too close to the other features are to be 
relocated. To prevent interfering with other skin color objects 
(Figure 3(a)), the velocity weighted distance makes use of not 
only the pixel distance but also the velocity: 

jijiji ,, dvvfd *)ˆ,ˆ(ˆ  (5)

where is the pixel distance between  andjid , iP jP ,  is 

the velocity weighted factor from  to

)ˆ,ˆ( ji vvf

iP jP . The velocity weighted 

factor will be discussed in Section 5. )ˆ,ˆ( ji vvf
The proposed algorithm includes three parts as follows: 

I. To calculate the median point of the flock of skin color 
features. With the help of velocity, a weighted digraph is 
constructed. C  in Eq.(4) is the median point of the weighted 
digraph rather than the pixel center of the flock of features. 

II. To remove the singular points. The farthest 10% features from 
the median point C  will be removed to achieve temporally 
more stable results. 

III. To relocate the feature points. To ensure that the features are 
not too far away from the center point C , the feature which is 
too far away from C  will be relocated. The new feature will 
be the middle point between C  and the old position. 

  (3)   Skin color feature supplement and refinement  
To maintain continuous hand tracking, we apply fixed number of 
skin color features. New skin color features will be automatically 
appended while some old features are lost. New skin color feature 
will be appended randomly as long as it meets the two 
requirements: first its Bayesian probability is bigger than 
threshold (0.6) and second it is at least of 3-pixel distance away 
from other feature points. 

4.3 Handling failure 
One of the most important issues of hand tracking for HCI is auto-
initialization. If tracking fails, the system must be able to re-
initialize itself for tracking again without external interfere. In this 
paper outstretched hand detection is used to resume the tracking 
automatically when the tracking fails. 

5 EXPERIMENTAL RESULTS AND ANALYSIS 
Twelve video sequences, catalogued by gesture changes, non-
stationary background, indoor/outdoor environment, hand motion 
changes, and background complexity, are recorded to test the 
efficiency of the hand tracking algorithms. When recording starts, 
the hand gesture is an outstretched hand in the camera view. Then 
the hand moves with the gesture changing, motion speed changing, 
meanwhile getting occluded with other similar color objects (e.g. 
the head). A total of 1000 frames video are captured. The detailed 
information of the video sequences is shown in Table 1.   

Table 1 Test video sequences     
Video 
ID 

Gesture 
change 

Background 
change 

Indoor/
Outdoor 

The speed 
of hand motion Background complexity 

Total 
frames

1 N N Indoor slow 
few skin color object (single 

people  1000

2 Y Y Indoor slow 
few skin color object  single 

people  1000

3 Y Y Indoor slow 

normal  single 
people clothes wooden 

door  1000

4 Y Y Indoor fast 

normal  single 
people clothes wooden 

door  1000

5 Y Y Indoor normal 
complicated  two 

people wooden furniture  1000

6 N N Outdoor normal 
few skin color object  single 

people  1000

7 Y Y Outdoor normal 

normal  single 
people clothes wooden 

door  1000

8 Y Y Outdoor normal 

normal  two 
people clothes wooden 

door  1000

9 Y Y Outdoor normal 

normal  two 
people clothes wooden 

door  1000

10 Y Y Outdoor normal 
complicated  many 
people street  1000

11 Y Y Outdoor fast 
complicated  many 
people street  1000

12 Y Y Outdoor fast 
complicated  many 
people street  1000

     
    It is very important to select the appropriate velocity weighted 
factor . In this paper, following four velocity weighted 

factors:

)ˆ,ˆ( ji vvf

ˆ
ˆ ˆ
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Factor4) are tested as candidates. In the video test section (Figure 
4(a)), Factor3 achieves the best performance. The velocity with 
either Factor1 or Factor2 has less influence on the whole flock of 
features, whereas the center point C with Factor4 is too sensitive 
to high speed features, which causes an unstable system. 
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(b) Comparing with other methods 

Figure 4. Test results of different weighed factors and methods 

    Our algorithm is better than Camshift and Handvu as shown in 
Figure 4(b). Camshift is a popular single-cue approach, while 
Handvu is based on the non-weighted flock of features. The 
experimental results show that the Camshift is sensitive to the 
rapid gesture changing and occlusion, thus it can not track the 
high articulated hand very well. Under the condition of few color 
objects (video 1, 2, 7, 8), Handvu and our approach both get good 
results (our approach is better). When the number of skin color 
objects increases in the scene, our approach outperforms 
Handvu’s approach. 

Our proposed approach, far better than the other two algorithms, 
can successfully track the hand under varying conditions such as 
complex background, high dynamic hand motion etc. 

 

 
Figure 5. Plane driving 

    Based on the proposed robust hand tracking approach, a plane 
driving simulation game has been developed (Figure 5). At the 
beginning of the game, two outstretched hand are detected by our 
detection algorithm. After initialization, the motion and position 
of the two hands are tracked to control the plane to turn left, turn 
right, climb or dive. Experimental results show that the hand 
detection and tracking approach is robust in real time. 

6 CONCLUSION 
In this paper, a robust real-time hand tracking approach is 
presented by means of the velocity weighted features, combined 
with the adaptive skin color segmentation. To increase the 
robustness, multi-cue based approach is used for hand tracking. 
The moving hand with dynamic gesture can be robustly tracked 

even in presence of cluttered background. Experimental results 
show that the successful tracking rate is several times better than 
Camshift and Handvu. In fact, the successful tracking rate can 
meet the demand of human computer interaction with single 
frontal-view camera. 
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