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Abstract—Fingertip detection and tracking is the foundation of many hand-based natural Human
Computer Interaction (HCI) applications. Previous methods either can hardly provide a natural way of
interaction, or are too complex to be adopted in practical systems. In this paper, we propose a real-time stereo
vision-based fingertip detection and tracking method that works very well in real environment. Our method
can get the accurate fingertip position regardless the finger shape for the single finger. Fingertip detection is
formulated as a graph theory problem, and can be solved easily given the 2D finger skeleton image. The
accurate 3D location of the fingertip can be obtained based on stereo vision. To achieve the robustness
against noise and occlusion, Kalman filter is applied to smooth the trajectory of fingertip. Our method is
simple yet effective, and can run in real-time on a normal PC.
Keywords-fingertip detection; finger tracking; stereo vision; finger segmentation; finger skeleton;
trajectory; Kalman filter

1. Introduction
In recent years, fingertip detection and tracking attracts more and more attention in the research field of
hand-based natural Human-Computer Interaction (HCI). Especially for the single fingertip detection and
tracking, it has been widely studied in hand pose recognition, virtual mouse, and applications of augmented
reality (AR). A large number of methods about fingertip detection and tracking have been proposed.
Data-Glove based approaches [1],[2],[3] capture hand movement information by wearing special marked
gloves. In [4], J. Zeng et al. introduced a color feature-based fingertip detection method, which dyes the
fingertip with different colors as the feature. These methods can track hand and detect fingertip accurately, but
it is not a natural way of interaction and the hardware is costly. Model-based fingertip detection and tracking
has also been widely studied. In [5], I. Kazuyuki designed a hand tracking system which is based on skin color
model of hand. However, in real environment, this method may fail frequently due to the wide variety of
lighting condition. In general, fingertip model includes 3D fingertip models [6] and 2D fingertip models [7].
Since large computational cost is involved in these methods, they are not suitable to be adopted in real-time
systems. Feature-based fingertip detection methods are also researched widely. D. Yang et al in [8] proposed a
match method based on fingertip ring feature. Once the fingertip feature is occluded, fingertip position can not
be found and finger tracking would fail. In addition, improper assumptions are given in some methods in order
to reduce the complexity, e.g. finger is always straight or fingertip is upward in movement. These methods are
of great limitation in practical applications.
In recent years, due to the rapid development of computer vision, vision-based hand tracking and fingertip
detection is becoming more and more popular. In [9], Z. Zhang et al. employed an arbitrary quadrangleshaped panel and tip pointer as visual panel to map the fingertip 3D position to the corresponding position on
the display. In [10], E. Ali et al. presented a literature review on the latest finger research in this field. The
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main difficulties appearing in the vision-based hand tracking include, (1) Self-occlusions: hand projection in
2D image may result in a large number of shapes with serious self-occlusion, making it difficult to segment
and to extract high level features. (2) Complex environments: the complexity of the background takes great
influence on the accuracy of hand tracking. It is a great challenge to operate the hand-based HCI system with
unrestricted backgrounds and changing lighting condition in real environments. (3) Processing speed: most of
existing methods take large computational cost, which makes them hard to be adopted in real-time
environment.
To overcome the above limitations of existing methods, this paper presents an approach of real-time
stereo vision based fingertip detection and tracking. A simple yet effective approach is first applied to get the
2D position of the single fingertip, and then stereo vision information is incorporated to obtain the accurate 3D
position. The main contributions of this paper include: (1) Finger Extraction: a classical background
subtraction method is presented to extract finger real-timely in static background. (2) Fingertip Detection:
after analyzing the drawbacks of existing methods, we propose a novel method which formulates fingertip
detection problem as a graph theory problem. Our method can detect the accurate 3D position of single
fingertip regardless the finger shape, even if finger is bended. It is simple yet effective, and can reach a speed
of 15fps for 320ⅹ240 size of binocular video. (3) Finger Tracking: an approximate Kalman filter-based
algorithm to predict the fingertip position and for tracking. A curve fitting method is proposed to render the
trajectory of finger in order for good visual effect.
In experiment, to validate the proposed method, we apply our method to some applications for hand-based
human computer interaction. Experimental results convince us that the proposed method can be adopted in
real-time systems.

2. Finger Extraction
Our method is based on the stereo vision and the parameters of the two cameras are fixed. We can obtain
3D space location information by camera calibration technology [11], and our attention focus on a virtual
cube as the region of interest, which is rendered before finger extraction. Therefore, in the rest of the paper we
will assume that the cameras are calibrated and the virtual cube has been rendered in the real scene.
Meanwhile, the 3D space location information of virtual cube is also known. Fig.1 shows a virtual cube as the
region of interests in the real 3D scene.

Fig. 1. Virtual cube: it is as the region of interests for research of this paper

Once the fixed cameras have been calibrated, the background is recorded. To extract moving finger from
the static background, we employ the classical background subtraction to segment the finger. The algorithm
includes mainly two key parts as follows:

2.1.

Finger Segmentation

A non-parametric estimation method is applied for background modeling, which is proposed by
Elgammal and David [12]. The background Probability Density Function (PDF) is given by the histogram of
the n most recent pixels in the image, which is smoothed with Gaussian kernel. The PDF of pixel x is denoted
by pdf(x) . If pdf(x) > th , the pixel x is classified as background, where th is a global threshold though the
whole image.
Native description of the approach: detect the foreground objects according to the difference between the
current frame and the background image:

frame − background > T
i
i

(1)

where T is a threshold based on the whole image. According to the above equation, the foreground finger
can be extracted easily.

2.2.

Background Updating

For a new pixel sample, we update the background by the follow principle: Selective Update: add the
new sample to the model only if it is classified as a background sample.
Binary segmentation of single finger can be got by image binaryzation. Fig.2 (b) shows final binary
results of single finger extraction from video.

(a)

(b)

(c)

Fig.2. Binary segmentation and skeleton image of single finger. (a) source image. (b) finger segmentation image. (c)
finger skeleton image

3. Finger Detection
The extracted finger is represented as a binary image of finger in 2D, and then we detect the fingertip
position from the image. Our algorithm includes two key steps:

3.1.

Finger Skeleton Extraction

Note that the position of fingertip must be on the axis of the single finger, that is, the finger skeleton.
Therefore, we can remove the redundant pixels of the finger, which deviate from the skeleton. In this way, we
can detect fingertip in a smaller pixel set, which improves both efficiency and accuracy.
Finger skeleton can be extracted by using thinning and skeleton algorithm [13], which is proposed by T. Y.
Zhang and C. Y. Suen. Generally speaking, there may be a few noise pixels in the finger skeleton image,
which can be removed by regional connectivity analysis. Fig.2 (c) shows the result of finger skeleton.

3.2.

Fingertip detection

1) Candidate points for 2D fingertip

For fingertip detection of single finger, it is obvious that the fingertip position must be one of the
endpoints on the finger skeleton, as shown in Fig.3. Hence, the problem of fingertip detection is converted to
finding the longest path among all the shortest paths connecting pairs of endpoints, and then the two endpoints
of the path are the two candidate points of the fingertip.
Fingertip detection described above can be regarded as a path search problem in graph theory. We need to
find a path which meets two conditions: 1. the path is the shortest path between two endpoints. 2. the path is
the longest among all shortest paths in the finger skeleton image.

a
b
(a)

(b)

Fig.3. (a) finger segmatation image. (b) finger skeleton image. a,b are two candidate points of fingertip positions,they
are two endpoints of longest path in finger skeleton image.

Firstly, the binary image of finger skeleton can be regarded as a graph. Considering the binary image of
finger skeleton as an undirected graph G < V , E > , V is the set of vertices, E is the set of edges. Here,
vertices are all pixels, and edges are the relations of any pairs of pixels. It is a 2D graph with W × H . W is
width, H is height of image. Let Ω be the set of pixels which are on the finger skeleton, ω ( x, y) is the
weights function of edges. The value of pixel x is denoted by v( x) , v( x) = 1 if and only if the pixel x is on
the finger skeleton. The graph of finger skeleton image in 2D can be expressed as:

v(x) =

{10

if x∈Ω valid pixel
if x∉Ω invalid pixel

(2)

Secondly, the shortest path problem will be discussed only for these valid pixels which are denoted by
v ( x) = 1 in (2). For each pixel x ∈ Ω , it can arrive directly to pixel y , one of its eight neighborhood pixels if
and only if the pixel y ∈ Ω . After that, we can get the weights of edges in graph as follows:

⎧⎪1 if y∈Φ and y∈Ω
e
∞
else
⎪⎩

ω(x, y) = ⎨

(3)

Where Φ e is the set of eight neighborhood pixels for a pixel. Endpoints are expressed as at least one of its
eight neighborhood pixels ( Φ e ) x ∉ Ω , and Γ is the set of endpoints.
From above definitions, any classical shortest path algorithm can be used to solve the problem under the
constraint of the condition 1. To find all shortest paths among pairs of endpoints, we need to solve the shortest
paths among multi-source vertices. Bellman-Ford algorithm, SPFA algorithm etc. are classical algorithms to
solve the problem. After analyzing performance of these algorithms, for 320 × 240 size of input videos, we
apply Dijkstra algorithm [14] to find the shortest paths among all pairs of endpoints in the graph. The
performance of algorithm is efficient, and can reach 15fps in real-time.
Once the longest path is determined, the two endpoints of the longest path are then taken as the candidate
points of fingertip position in 2D image.
2) Accurate 3D fingertip position
The purpose of 3D reconstruction is to restore the 3D position of the fingertip. 3D reconstruction based on
stereo vision has been studied much. In [11], S. D. Ma proposed an effective method for 3D reconstruction.
We adopt this method to reconstruct the two candidate points for finger position in our paper.

Fig.4. Two 3D candidate points of fingertip position. (a) blue. (b) green.

To distinguish the accurate fingertip from the two 3D candidate points of fingertip for single finger,
virtual cube (Fig.1) is considered to solve the problem. As is mentioned in section 2, a virtual cube has been
drawn as the region of interests, and its 3D location is known after camera calibration. Therefore, we can
unify the virtual cube and finger in the real environment. As shown in Fig.5 (a), it is obvious that finger
always intersects with the cube, and the intersection point is not fingertip between the two candidate points of
fingertip position, and should be discarded. Denote by a , b the two candidate points of the fingertip position.
The steps are as follows:

(a)

(b)

Fig.5. (a) Finger always interacts with cube when it enters into the interesting region. (b) Computing distance of point to
six surfaces.

Step1: compute respectively the distance from points to six sides of the cube (Fig5. (b)).
Step2: sorting all distance values and discarding the point whose distance is minimal.
Step3: the other point is the true fingertip.
The proposed finger detection method is robust because it is based on geometry information of finger
graph directly. As shown in Fig.6 (bended and straight fingertip), the proposed method can compute
accurately the fingertip position regardless the finger is straight or not. Meanwhile, our algorithm is efficient
and can detect fingertip accurately in real-time.

(a)

(b)

Fig.6. Finger detection in different finger shape. (a) straight finger. (b) bended finger.

4. finger tracking
4.1.

Tracking Finger

It is very important to track moving finger for analyzing finger movement, which is useful in HCI systems.
The fingertip obtained with the above method is not stable due to noise and occlusion. On one hand, the
finger may be occluded, in which case error of the fingertip position is inevitable. On the other hand, finger
movement is continuous and predictable. Therefore, we need to process the initial fingertip further in order for
a stable result.
We propose a simple yet effective Kalman filter-based method [15] to solve the above problem.
According to the history information of fingertip position, the reasonable fingertip positions in the current
frame can be predicted. There are three important values in Kalman filter algorithm: measured value,
estimated value and correct value, where the initial fingertip position is measure value, estimated value is
predicted by computing finger speed in moving, the correct value is the result, and can be obtained by
combing the measured and estimated value. Generally speaking, we can predict the accurate result by fingertip
positions in previous 3-4 frames. Fig.7 shows the three values of one frame.

Fig.7. igFinger detection by kalman filter with three values: measure value(blue), estimate value (yellow) and correct
value (red)

4.2.

Trajectory of finger

Trajectory of the finger can provide us with its movement information. So it is necessary to render correct
the trajectory of finger movement. However, rendering the trajectory directly according to fingertip positions
cannot result in a smooth curve. Assuming that the ideal finger trajectory is smooth, and can truly reflect
finger movement, the trajectory then can be represented as Non-Uniform Rational B-Splines (NURBS), and
can be fitted easily with the method in [16]. Fig. 8. shows the final trajectory of finger movement.

Fig.8. The trajectory of finger moving

5. Experimental Results
All experiments in our framework are conducted on a desktop PC with Intel ® Xenon ® CPU
E5540@2.83GHz and 2.0G RAM, the two cameras are both Logitech QuickCam S5500 with 1.3 mega pixels,
with maximum frame rate of 30 fps. The environment is an indoor scene with fixed cameras and consistent
lighting scene.
Fig. 9 shows the procedures of fingertip detection from finger extraction to fingertip localization. In order
to evaluate our method intuitively, we display the fingertip position and the virtual cube real-timely in 3D
space. The success rate of our method is about 90%, and errors are mainly caused by fast movement and
disturbance in the environment.

(a)

(b)

(d)

(c)

(e)

Fig.9. The procedures of finger detection and finger tracking in our method. (a) finger enter into the interesting region.
(b) finger segmentation result. (c) finger skeleton . (d) the initial fingertip position(blue point). (e) predict the accurate
fingertip position by Kalman filter

Our method can be used for HCI in various ways. We test our method with two practical applications in
AR. Fig.11 shows the virtual draw with finger in 3D scene. User can draw lines, simple flowers, write simple
words continuously. Fig.10 (a) shows a drawing, and Fig.10 (b) shows a simple word.
The method can also be applied to games so that it can be controlled easily with finger. As shown in
Fig.10 (c), we control movements of virtual fireball in terrain scene.

(a)

(b)

(c)

Fig.10. Drawing with finger. (a) drawing. (b) conrolling the hot fall. (c) writing some simple words

6. Conclusion
In this paper we proposed a method of stereo vision based single fingertip detection and tracking. Unlike
existing methods, our method formulates the single fingertip detection problem as a graph theory problem. It
is simple yet robust, even if the finger is bended, and can run in real-time by frame rate of more than 15 fps.
To eliminate disturbance caused by noise and occlusion, Kalman filter is applied to smooth the trajectory.
Compared with previous methods, the resulted fingertip position is more accurate and more stable.
The limitation of our method is that it considers only the case of single fingertip. Multi-fingertip detection
has more attractive applications in HCI. Therefore, we plan to consider multi-fingertips detection in the future
work. In addition, the speed of fingertip detection may become the bottleneck of performance for large size of
input videos, so a fast implementation on GPU is also worth to be considered.
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