Head Gesture based Control of an Intelligent
Wheelchair
Pei JIA and Huosheng HU
Department of Computer Science, University of Essex, Colchester CO4 3SQ, U.K.
Email: jp4work@gmail.com, hhu@essex.ac.uk

Abstract— This paper proposes an integrated approach to realtime detection, tracking and direction recognition of human faces,
which is intended to be used as an human-robot interaction
interface for the intelligent wheelchair. Adaboost face detection is
applied inside the comparatively small window which is slightly
bigger than the Camshift tracking window, so that the face
precise position, size and frontal, profile left or profile right
direction can be obtained rapidly. If the frontal face is detected,
canonical template matching is used to tell the nose position. After
ascertaining the head gestures, including up, down, left (frontal
left or profile left), right (frontal right or profile right), and center,
the intelligent wheelchair is expected to speed up, slow down,
turn left, turn right or keep speed correspondingly. Experimental
results show the robustness in face detection, tracking and
direction recognition of the presented method. Finally, a sequence
of images of ARIA simulation is provided to demonstrate its
feasibility and promptitude.

I. I NTRODUCTION
With the development of electric-powered wheelchair
(EPW) over the last 20 years [1]- [2], intelligent EPW (in
short, IW) is becoming more and more important in order
to increase the convenience of the disabilities and the elderly.
Like all the other intelligent service robots, the main functions
of IWs are: 1) The interactions between the users and the
IWs, including hand based control, such as, joystick, keyboard,
mouse, touch screen; voice based control, such as audio;
vision based control, such as camera; and other sensor based
control, such as pressure sensors, etc. 2) The services IWs can
afford, for instance, navigation, wandering, etc. This paper will
discuss a head gesture based control method for an IW.
Head gesture based interaction interface (in short, HGBII)
has already been used in some IW systems [3]- [7]. Most
of the related researches mainly discuss how to construct the
whole wheelchair system and how to apply the HGBII into the
IW system, such as [3]. Few researches investigated whether
the face detection, tracking and direction recognition is fast
and robust enough. Little attention was paid to the potential
complex environments and changing illumination conditions,
which may bring considerable trouble to the HGBII for the
IW system. In the former researches, [4] and [5] analyze
the geometric relationships among the 6 features extracted
from the stereo image. The first step is to find the 6 key
points based on template matching. [4] gave out some robust
stereo face tracking results at situations with deformation and
occlusion. But, it’s not guaranteed that the 6 corresponding
points can be found under changing illumination conditions.
What’s more, no experimental results were given out when

some of the 6 features cannot be detected at all like in Fig.
7 (j) and (l). The method proposed in [6] and [7] judges the
face left or right direction by the face region center and the
face features region center, which is totally based on colour.
Inevitably, this method will meet plights when the face is
partly illuminated. Comparatively, this paper proposes a robust
and real-time HGBII to control an IW and emphasizes the
possible exceptions that HGBII may meet in practice, such
as: 1) The user moves his/her head out of the image view; 2)
The user turns his/her head over and only the profile face is in
the captured image; 3) The face color changes dramatically in
varying illumination conditions; 4) Different users may have
different face colors; 5) Different users may have different face
appearance, such as, having mustache or not, wearing glasses
or not, etc; 6) The background behind the user has almost the
same color as that of the face; 7) Even sometimes, face may
be occluded.
According to the recent advances in face detection [8]- [10],
Adaboost appearance based face detection is the most recent
method which is accurate and speedy. Adaboost face detection
extracts the Haar-like features of the image, which contain
the image frequency information only by integer calculation.
Then, a set of key features are selected from all the extracted
features. After being sorted according to the importance,
this set of features can be used as a cascade of classifiers.
This cascade of classifiers is so robust that it is able to
accurately detect various faces not only in varying illumination
conditions, but also with face-color noise backgrounds or some
occlusions. Besides, Adaboost face detection also supports
profile head gesture. Although Adaboost face detection is fast,
the speed cannot satisfy a multi-thread real-time IW, because,
normally, besides HGBII, an IW has some other interaction
interfaces like speech interface, hand gesture interface, etc,
and lots of data from various sensors to deal with.
Motivated by the fast speed of object tracking, Camshift
is used after the user’s face has been detected by Adaboost.
Camshift is a fast object tracking method based on image
hue. But, it has inevitable shortcomings: 1) When illumination
condition changes, Camshift cannot accurately keep tracking
the face any more; 2) When the face is partly occluded, or
when the background behind the user has almost the same
color as that of the face, Camshift cannot tell the exact face
position and size.
Hence, in order to rapidly obtain the accurate face information, an organic combination of Adaboost face detection and

Camshift face tracking is a possible resolution. [11] proposed
a face-body tracking method based on the combination of Adaboost and Camshift. It resorts to body tracking to obtain the
exact position of the person, which doesn’t make full use of the
robustness feature of Adaboost face detection. For the specific
IW application, the user is always in front of the webcam.
Thus, resorting to the body tracking is of no help. This paper
proposed such a method that is trying to keep tracking the
user’s face. If the user’s face is tracked successfully, Adaboost
face detection is applied in the comparatively small Camshift
tracking window so that the face precise position, size and
gesture (including frontal, left profile and right profile) can be
obtained rapidly. Further direction judgement is needed when
frontal face is detected. Here, a simple scaled nose template
matching is used to calculate the nose position in the frontal
face window, through which the nuance face direction can
be determined accurately. If the user’s face is not tracked,
Adaboost face detection is applied in the whole captured frame
so that the user’s face will be tracked once again.
The rest of this paper is organised as follows. Section
2 reviews the theories of Adaboost and Camshift methods.
A novel hybrid framework is proposed in Section 3, which
consists of Adaboost face detection, Camshift face tracking
and nose template matching algorithms. Section 4 gives out
some experimental results. Finally, the conclusion is made in
Section 5.
II. BACKGROUND
Both Adaboost face detection and Camshift face tracking
have their own shortcomings. Although it’s declared in [12]
that Adaboost can achieve 93% face detection accuracy on the
MIT+CMU real-world frontal face test set [21] with the speed
at least 15 times faster than any previous approach, it’s still
not fast enough for a real-time IW with multiple tasks. On the
other hand, tracking the object according to its hue, Camshift
face tracking is prompt enough, but it’s not very robust.
A. Adaboost Face Detection
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Fig. 2: Rectangle Features

2) Fast Feature Computation: Although according to [14],
there are 117,941 features in total just in a 24*24 window,
with the help of integral image and integral rectangle showed
in Fig. 3, a fast feature computation method does exist. Refer
to [15] for the detailed formula definition.
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Fig. 3: Integral Image and Integral Rectangle
3) Supervised Learning–Adaboost Algorithm: Because of
the huge number of the extracted features, it’s obvious that
not all of them will be used in future face detection. [16], [17]
and [18] detailedly discussed AdaBoost algorithm for classifier
learning. The final classifier is given as follows:

T
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P
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log β1t ht (x) ≥ 21
(log β1t )
hf (x) =
(1)
t=1
t=1

0 otherwise
4) A Cascade of Classifiers: A cascade of classifiers is a
degenerated decision tree. Every classifier is trained to detect
all potential objects of interest and reject a certain fraction of
the non-object patterns.

The entire Adaboost face detection is of classical pattern
recognition procedure as in Fig. 1.

Fig. 4: Cascade of Classifiers

B. Camshift Face Tracking
Fig. 1: Adaboost Face Detection
1) Harr-like feature extraction: Instead of using the standard rectangle features described in [12] and [13], [14] enriched the basic Harr-like features as shown in Fig. 2:

Camshift is a very efficient color tracking method that costs
little computational resources.
1) Camshift Object Tracking Algorithm: [19] detailedly
lists the steps of classical Camshift object tracking method.
Essentially, Camshift is a classical optimization method.

2) Head Roll Calculation: Refer to [20]. Suppose the object
(Here, the object is just the head) center, also its mean position,
is set at the origin O(0, 0), and the object orientation is of θ
angle between the object cardinal axes and the x coordinate
as in Fig. 5. The object cardinal axes is of the direction in
which the object has the minimum variance (second central
moments).

θ

Fig. 5: The object cardinal direction
It’s not hard to derive:
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in which, V20 , V02 and V11 are second central moments of the
object, the variances and the covariance respectively.
If P (x, y) represented the hue probability density image,
(xc , yc ) is the mean position within the search window, and
(xi , yj ) is a point in the search window, then,
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the stable search window, the face can be represented by the
outmost ellipse in the above ellipse cluster. Obviously, the ratio
of λ−1
to λ22 should be between two acceptable thresholds.
1
Here, 0.9 and 2.0 are chosen as the lower and upper limits.
III. P ROPOSED I MPLEMENTATION
A. Face Detection–Integration of Adaboost and Camshift
Because of the tardiness of Adaboost face detection and
robustlessness of Camshift face tracking, an organic combination is required by the real-time IW system. Fig. 6 shows
the framework of our proposed HGBII. After the user’s face
is detected by Adaboost, Camshift is used to track the face
rapidly. Although Camshift is not very accurate, the Camshift
tracking window can tell a potential region of interest which
may contain the user’s face (Refer to Fig. 7). Adaboost
face detection is applied just in the slightly bigger window
which contains the tracking window instead of the whole
image whenever the face is successfully tracked. If the face is
doubtlessly lost, then, Adaboost face detection is applied in the
whole frame. Through this way, both the Adaboost accuracy
and the Camshift promptitude can be achieved.

j

Certainly, for the face orientation, the value of θ should be
close to π/2.
If the variance-covariance matrix (correlation matrix) C is
defined as
µ
¶
V20 V11
C=
(4)
V11 V02
according to the definition of matrix eigenvalues and eigenvectors, it’s not hard to deduce the eigenvalues of the correlation
matrix C as follows:
p
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If e1 and e2 are the eigenvectors corresponding to the
above two eigenvalues, they compose the standard orthogonal
−1
basis. Meanwhile, (λ−1
1 , e1 ) and (λ2 , e2 ) are the eigenvalue−1
eigenvector pairs of C .
In terms of the coordinate X −Y , any point T (xi , yj ) in the
~ 0 · C −1 · OT
~ )1/2 to the
object is of Mahalanobis distance (OT
center – the origin. It’s easy to derive the following equation:
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~ is chosen to be a
Apparently, when OT
fixed number ², the above equation describes an ellipse. For
simplicity, a face can be described by an ellipse. Thus, in

Fig. 6: Flow chart of the proposed HGBII
Actually, how to judge whether the face is lost or not is
essential to this framework. Here, our proposed method is

just based on a single image. The final judgement is simply
restricted to the following rules:
1) Whether the tracking window is too big or too small?
2) Whether the tracking window is going to be out of the
image?
3) Whether the ratio of height of the tracking window to its
width is acceptable in terms of a possible face?
4) Whether the face ellipse in the tracking window is upright
or not?
B. Head Gesture Recognition
[22] has already afforded the trained frontal and profile
right face classifiers. After simply flipping the captured image,
the profile left face can be detected as well. In order to tell
the head gesture under any special situations with satisfying
robustness, Adaboost frontal, profile left and profile right head
gesture classifiers are applied in our research.
Because Adaboost is an appearance-based face detection
method and the left face appearance is quite similar to the right
face appearance, occasionally, the face will be detected as the
profile left and profile right head gestures at the same time.
A simple strategy is used to solve this situation: the profile
face with bigger detection window dominates the head gesture.
When both profile left and profile right detection windows are
of the same size, the wheelchair will keep the status of the
last cycle.

After the face is successfully tracked and the tracking
window is ascertained to be suitable for a face, the head
gesture recognition is performed by implementing the pseudocode in Algorithm III.1.
C. Decision Making
Due to the big difference between the frontal face and the
profile face, Adaboost detects frontal and profile head gestures
separately. Thus, the intelligent wheelchair acts according to
the following rules:
• IW speed up – if face frontal up
• IW slow down – if face frontal down
• IW turn left – if face frontal left or face profile left
• IW turn right – if face frontal right or face profile right
• IW keep speed – if face frontal center
IV. E XPERIMENTAL R ESULTS
A. Adaboost Face Detection and Camshift Face Tracking
The contrastive images in Fig. 7 show both the robustness
of Adaboost face detection and inaccuracy of Camshift face
tracking under special conditions, such as varying illumination,
occlusion, etc. The result distinctly shows that Adaboost is
very robust in locating the face position and finding the face
size, while Camshift is often infected by illumination variance,
etc.
B. Speed Issues

Table I shows the processing speed both for Adaboost
face detection and Camshift face tracking, without taking the
if (F rontal f ace is detected)
USB frame capturing time into consideration. The experiments
then N ose template matching to obtain IW ActionState are finished in Linux Fedora Core 3.0, with boot kernel
else if (Only prof ile lef t f ace is detected)
2.6.11-1.35 on an Intel Pentium 4, 3.4 Giga, two-CPU Hyper
then IW ActionState = T U RN LEF T
Threading computer. The results are statistically calculated
else if (Only prof ile right f ace is detected)
during a period of five minutes.
then IW ActionState = T U RN RIGHT
else if(Both prof ile lef t and right f aces are detected)
Method
Resolution Face Size Minimum per frame Time Cost
if (lef t size > right size)

20*20
0.35s



640*480
40*40
0.17s
then IW ActionState = T U RN LEF T



Adaboost
80*80
0.07s
else if (lef t size < right size)
then
20*20
0.08s
then
IW
ActionState
=
T
U
RN
RIGHT


320*240
40*40
0.04s


else

80*80
0.02s


then IW ActionState = KEEP SP EED
Camshift
640*480
0.01s

Algorithm III.1: H EAD G ESTURE(T racked F ace)

320*240

If the profile face is detected, it’s for sure that the IW
is going to turn left or right. While, if the frontal face is
detected, that is to say, a square window containing the user’s
frontal face is obtained as the current region of interest, further
frontal left/frontal right/up/down/center head gesture is to be
recognized. Because of the varying distance from the face to
the webcam, the detected face windows in different frames
are not of the same size. Thus, a straight mind is to scale the
detected face windows to a standard size. Here, we use a size
of 100*100 as the standard face window. Then, the classical
template matching method is applied in this small window to
calculate the precise nose position, which will tell the exact
frontal head gesture.

-

<<0.01s

TABLE I: Speed of Adaboost and Camshift
Obviously, if only Adaboost Face Detection is used in the
IW system, with the high resolution 640*480 and minimum
face size 20*20 or 40*40, the IW real-time requirement cannot
be satisfied. Comparatively, the method proposed in this paper
can remedy this shortcoming of Adaboost. Let’s suppose the
captured frame is of size 640*480 and minimum face size
20*20. After Camshift successfully tracked the face, Adaboost
Face Detection is applied in a window of size 320*240, which
is slightly bigger than and contains the Camshift tracking
window (Experimentally, face size is no bigger than 160*120

in a 640*480 frame). Besides, let’s assume the face is lost once
every ten frames. Thus, the average time cost per frame of our
proposed method is: [0.35 + 0.08 ∗ 9 + 0.01 ∗ 10]/10 = 0.117,
which is much less than 0.35 seconds.
C. Head Gesture Recognition
Unlike the profile left and profile right head gestures, the
frontal head gestures (including frontal left, frontal right,
frontal up, frontal down and frontal center) need further
investigation in order to recognize precise face directions. Fig.
8 shows clearly that our proposed head gesture recognition
method is fairly feasible. There are seven gestures being
recognised, namely (a) Frontal Center; (b) Frontal Up; (c)
Frontal Down; (d) Frontal Left; (e) Frontal Right; (f) Profile
Left; and (g) Profile Right. Each head gesture has two images:
the upper image shows the detected face and the lower image
shows the recognised head gesture.
D. Aria Robot Simulation
To verify the proposed hybrid framework, we implement it
on a real-time ARIA robot simulator provided by ActivMedia,
which run on a desktop PC with a USB colour camera. Fig.
9 presents a sequence of images of 8 head gestures at the
upper row, which represent (a) Preparation; (b) Start; (c) Turn
left; (d) Continue turning left; (e) Forward; (f) Turn right;
(g) Continue turning right, and (h) Stop. Each head gesture
controls the motion direction and speed of a simulated mobile
robot, as shown the lower row of each image. This clearly
demonstrates that our proposed integration method should be
a feasible HGBII for the IWs.
V. C ONCLUSION
This paper presents a hybrid approach to head gesture
based control of an intelligent wheelchair, which consists
of a well known face detection algorithm, Adaboost, and a
popular colour tracking algorithm, Camshift. Adaboost has
highly robust detection performance on face detection, but
time-consuming. It cannot satisfy the real-time application
of IW with multi tasks. On the other hand, Camshift can
track the region of target colour in real time, but is unable
to accurately locating the location and size of the face. In our
approach, we use the advantages of both algorithms to achieve
both real-time tracking and accurate recognition performance
in the control of an intelligent wheelchair. With the help of
classical template matching, the feasibility and promptitude
of our proposed HGBII for a real-time IW is demonstrated by
well-designed experiments.
Our future research will be focused on construction of
a real-time multi-mode interaction interface for intelligent
wheelchairs, which integrates the HGBII proposed in this
paper, as well as other interaction interfaces such as voice
based interface.
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Fig. 7: Robustness of Adaboost Face Detection (row 1, 3, 5 and
7) and Inaccuracy of Camshift Face Tracking (row 2, 4, 6 and
8): (a) Normal (b) Lighting (c) Darkness (d) Face Color Noise
(e) Occlusion (f) Different Face Color (g) Multi Faces with
Different Colors (h) Multi Faces with Similar colors (i) Profile
(j) Profile Lighting (k) Profile Darkness (l) Profile Color Noise
(m) Profile Occlusion (n) Out of Image View (o) Back into
Image View
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Fig. 8: Head Gesture Recognition by Simple Standardized
Nose Template Matching: (a) Frontal Center (b) Frontal Up
(c) Frontal Down (d) Frontal Left (e) Frontal Right (f) Profile
Left (g) Profile Right
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Fig. 9: Robot Simulation Results: (a) Preparation (b) Start (c)
Turn left (d) Continue turning left (e) Forward (f) Turn right
(g) Continue turning right (h) Stop

