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Abstract

In this paper we address an important issue in human-
robot interaction, that of accurately deriving pointing in-
Sformation from a corresponding gesture. Based on the fact
that in most applications it is the pointed object rather than
the actual pointing direction which is important, we formu-
late a novel approach which takes into account prior in-
Jormation about the location of possible pointing targets.
To decide about the pointed object, the proposed approach
uses the Dempster-Shafer theory of evidence to fuse infor-
mation from two different input streams: head pose, es-
timated by visually tracking the off-plane rotations of the
face, and hand pointing orientation. Detailed experimental
results are presented that validate the effectiveness of the
method in realistic application setups.

1. Introduction

In the emergent field of social robotics, human—
robot interaction via gestures is an important research
topic.Pointing gestures are especially interesting for inter-
action with robots, as they open up the possibility of intu-
itively indicating objects and locations and are particularly
useful as commands to the robot. Some of the most impor-
tant challenges are related to the requirement for real time
computations, the accuracy of the computations and the
operation in difficult cluttered environments with possible
occlusions, variable illumination and varying background.
Another common requirement is that pointing gestures must
be recognized regardless of scale, referring to large pointing
gestures performed with full arm extend and small pointing
gestures reduced to forearm and hand movement only [11].

Based on the fact that, for most applications, it is
the pointed target rather than the actual pointing direc-

tion which is important, we formulate a novel approach
which, in contrast to existing pointing gesture recognition
approaches, also takes into account prior information about
the location of possible pointing targets. Assuming the most
common type of deictic gesture, i.e., the one that involves
the index finger pointing at the object of interest and the
user’s gaze directed at the same target [13], we formulate
an approach which uses a monocular-only camera setup to
track off-plane face rotations and at the same time recog-
nize hand pointing gestures. These two input streams are
combined together to derive the pointing target using a for-
mulation which is based on the Dempster-Shafer theory of
evidence. The later allows the approach to elegantly handle
situations when one or both of the input streams are missing
(e.g. the hand pointing direction is not visible due to self-
occlusions), achieving impressive results which could not
have been derived with contemporary probabilistic fusion
approaches.

2. Related work

Recent vision-based techniques for gesture recognition
have been comprehensively reviewed [9] and there are
several approaches using stereo or multi-camera systems
and which focus only on the hands/arms [5, 6] or both
hands/arms and face [7, 10, 8, 11]. Some of the above ap-
proaches suffer from delayed recognition,e.g. [10, 6], lim-
ited accuracy assessment, e.g [8, 6] and most (with an ex-
ception here [11]) do not support the scale of gesture.

Unlike the above approaches we use a single camera, that
can be placed on a moving robotic platform. Single camera
systems, were examined by different authors, e.g. [16, 14]
and although good initial results were reported, further ef-
forts are necessary to deal with the demanding cases of real
world environments.

The method presented in this paper supports scale of ges-
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ture, obtuse angle of pointing gesture beyond the range of
[—90°, 90 °], considering at the same time the real-time re-
sponse of the system and the pointing accuracy. In this
work, face orientation is effectively fused with hand gesture
recognition, to accurately estimate the pointed target. The
Dempster—Shafer theory [15] is utilized to formulate fusion
as a belief estimation problem in the space of possible point-
ing directions. Even in cases that the system is not able to
recognize hand pointing gestures or face orientation (or nei-
ther), this information provides a piece of evidence which
in most cases is enough to significantly limit the number of
possible solutions.

3. Target scenario and proposed methodology

The target scenario we address is a robot operating in a
public space, such as an exhibition or a museum, interact-
ing with humans and providing information about specific
Points Of Interest (“POlIs”, e.g. exhibits). It is assumed that
all pointing gestures refer to POIs and the task at hand re-
gards the accurate estimation of the POI that the user points
to.

The overall approach consists of the estimation of the
pointed POI by integrating information of face orientation
with information from a hand gesture recognition system
which is able to robustly recognize two different hand ges-
tures: “point left” and “point right”. The face and the hands
are detected and tracked in 2D using a 2D skin-color blob
tracker and detected skin-colored blobs are further classi-
fied into left hand, right hand and face. The occurrence of
a hand pointing gesture is detected based on a rule-based
technique taking into account the motion of the hand and
the number and relative location of the distinguishable hand
fingertips. Face pose estimation is based on Least-Squares
Matching (LSM) and differential rotations are computed via
patch deformations across image frames. Finally, combine
evidence from the two different information sources (hand
pointing gesture and face orientation), we make use of the
Dempster’s rule of combination. The proposed approach is
depicted in Fig. 1 and in the following sections we describe
these components in detail.

4. Hand pointing gesture recognition

The first step of our approach is to detect skin-colored
regions in the input images. For this purpose we use a tech-
nique similar to the one described in [2]. Initially, the fore-
ground area of the image is extracted by the use of a back-
ground subtraction algorithm. Then, foreground pixels are
characterized according to their probability to depict human
skin and then grouped together into solid skin color blobs
using hysteresis thresholding and connected components la-
beling. The location and the speed of each blob is modeled
as a discrete time, linear dynamical system which is tracked
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Figure 1. Block diagram of the proposed method for pointing di-
rection estimation.

using the Kalman filter equations, according to the prop-
agated pixel hypotheses algorithm as in [1]. Information
about the spatial distribution of the pixels of each tracked
object (i.e. its shape) is passed on from frame to frame using
the object’s current dynamics, as estimated by the Kalman
filter. The density of the propagated pixel hypotheses pro-
vides the metric, which is used in order to associate ob-
served skin-colored pixels with existing object tracks in a
way that is aware of each object’s shape and the uncertainty
associated with its track.

The second step is to further classify blobs as left hand,
right hand and face, as well as maintain and continuously
update the belief about the class of each tracked blob. For
this purpose we employ an incremental probabilistic classi-
fier, as in [3], using as input the speed, orientation, location
and contour shape of the tracked skin-colored blobs. This
classifier permits identification of hands and faces of mul-
tiple people and is able to maintain hypotheses of left and
right hands, even in cases of partial occlusions.

For the actual hand pointing recognition, an important
aspect is the detection of the effective time a pointing ges-
ture occurs. According to [13], the temporal structure of
hand gestures can be divided in three phases: preparation,
peak and retraction, with an exception to this rule the so
called “beats” (gestures related to the rhythmic structure of
the speech). “Preparation” and “retraction” are character-
ized by the rapid change in position of the hand, while in the
“stroke”, the hand remains, in general, motionless. Taking
into account the trajectory of the moving hand and a number
of relevant criteria, as in [ 18], we detect the “stroke” phase,
i.e. the phase at which the pointing gesture takes place.

In order to recognize hand pointing gestures among the
set of gestures that comprise the gesture vocabulary of the
robot, and, additionally, to classify them as “point left” and
“point right” gestures, we employ a rule-based technique,
similar to the one presented in [18]. According to this tech-
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nique, gesture recognition is performed based on the num-
ber and the posture of the distinguishable fingers of the hand
performing the gesture, i.e., the number of visible fingertips
and their relative location with respect to the centroid of the
hand’s blob.

5. Face pose estimation

To estimate the POI that the user is looking at while
performing a pointing gesture in a non-intrusive way, we
employ a technique that tracks the orientation of the user’s
head. This is achieved by tracking off-place facial rotations
via a feature-based face tracking approach based on Least-
Squares Matching (LSM).

5.1. The Least Squares approach

LSM is a matching technique able to model effec-
tively radiometric and geometric differences between im-
age patches, also considered as a generalization of cross-
correlation, since, in its general form, it can compensate ge-
ometric differences in rotation, scale and shearing, whereas
cross-correlation can model geometric differences only by
translation and radiometric differences only due to varia-
tions in brightness and contrast.

In our context LSM is used for inter-frame calculations,
over a long time span in tracking, to derive the rotation
of the user’s face while performing the pointing gesture.
The problem statement is finding the corresponding part
of the template image patch f(z,y) in the search images
gi(z,y), i=1,.n—1

f(a:,y)—ei(x,y) :gi(l',y) (D

Equation (1) gives the least squares grey level obser-
vation equations, which relate the f(z,y) template and
¢i (z,y) image functions or image patches. The true error
vector e; (x,y) is included to model errors that arise from
radiometric and geometric differences in the images.

Assuming we have two images, in our case two consec-
utive frames, the f(z,y) and g(z,y), a set of transforma-
tion parameters need to be estimated from (1), which is
linearized by expanding it into a Taylor series and keep-
ing only zero and first order terms. The estimation model
should accommodate enough parameters in order to be able
to model completely the underlying image formation pro-
cess. Similar efforts in modeling a region include Hager
and Belhumeur’s work [4] that explicitly modeled the ge-
ometry and illumination changes with low parametric mod-
els. In the model only geometric parameters are included
and radiometric corrections, e.g. equalization, for the com-
pensation of different lighting conditions are applied prior
to LSM in template and image. Assuming that the local
surface patch of the face area is a plane to sufficient approx-
imation, as depth variation exhibited by facial features are

small enough, an affine transformation is used to model ge-
ometric differences between template or image frame n and
search image or image frame n + 1. Instead of a conformal
set of parameters [12], we utilize an affine transformation
to track the face patch during off-plane face rotations. The
affine transformation (2) is applied with respect to an initial
position (g, yo):

T=ap+ai o+ a2 Yo

2
y=0by+b1-x0+bs-yo @

By differentiating (2) and the parameter vector being de-
fined according to (3) the least squares solution of the sys-
tem is given by (4).

l‘T = (dao, dal, d&z, dbo, dbl, dbg) (3)

= (ATPA)" (AT PI) )

where 7 is the vector of unknowns, A is the design matrix
of grey level observation equations, P is the weight matrix,
and [ is the discrepancy vector of the observations. The
number of grey level observations relates to the number of
pixels in the template and a weighting scheme is adopted,
to reduce contribution for grey level observation equations
that correspond to pixels close to the border.

The method requires that the change from frame to frame
is small, considering the speed of the object and the fram-
erate of the acquired image sequence, for the solution to
converge. To improve performance and handle cases of fast
motions we operate the algorithm at lower resolution levels.

5.2. Estimating the head orientation

Considering the human head as a rigid body in a three-
dimensional space, head orientation can be derived by an-
alyzing the transformations of the facial patch (frontal part
of the head). The rotations of the head can be in-plane rota-
tions of the face around the head’s z-axis, off-plane rotation
in vertical direction around the head’s x-axis and off-plane
rotation in horizontal direction around the head’s y-axis (see
Fig. 2). The latter, which corresponds to an off-plane rota-
tion of the face towards the pointing direction, mainly de-
forms the facial patch in x-shift and x-scale.

To derive the above-mentioned face rotations we employ
LSM by initializing the template patch, at the center of the
detected blob ellipse at the occurrence of the preparation
phase of gesture at image frame n and assuming frontal
view of the face.In practice the initial position of the frontal
view of the face can be derived via available face detec-
tors as [17]. The template is updated in image frame n + 1
based on the estimated affine parameters and matched to the
next image frame. A number of criteria used to evaluate the
matching result, also ensure that the error propagation from
frame to frame is minimized. E.g. these are the number of
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Figure 2. (a) Rotation axes of head in three dimensional space and
(b) off-plane facial patch rotation around the y axis of the head.

iterations (assuming fast convergence should be achieved),
the alteration of the size of parameters in each iteration and
the size of parameters, variations in the parameter values
(magnitude and sign) in each iteration have to be observed
for the stability of the solution.

The rotation between the initial position of the template
and the final matched position is computed by accumulat-
ing the differential rotation angles derived by matching each
consecutive template and patch. In Fig. 3, p, denotes the
initial patch width and p/, is the patch width, occurring at
different rotations of the face around the y-axis of the head.
x1 and x| are the projections of the minimum and maxi-
mum patch width in frontal view of the face with respect to
the camera. Similarly zo and 2, are the projections of the
minimum and maximum patch width at horizontal rotation
of the head.

To compute the rotation angle we assume the mapping
equations of the vertical perspective projection, given by the
transformation equations

x =K'cosg - sin(A — o) s
y = K'[cos¢r - sing — singy - cos¢ - cos(A — Ng)] )

where P is the distance of the point of perspective in units
of sphere radii

k' =(P—1)/(P — cosc) (6)
and
cosc = singy - sing + cosdy - cosd - cos(A — Ag)  (7)

Under the assumption that the head approximates a
spherical body, we compute the horizontal angle A\, from
Ao = 0° with ¢ = 0° and ¢; = 0° according to (8) and
©)

Ay = arcsin(%)
, T — ®)
b= arcsm(%k—z)
Ao + A
A =220 ©)

Fig. 4 illustrates temporal matching results with LSM,
tracking the face’s off-plane horizontal rotation.

) B
X1 Hx x1 X2 e £ X2 X; X2} Hx
px px P

Top view

Figure 3. Horizontal face orientation computation.
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Figure 4. Derivation of face orientation via LSM with varying dis-
tance from the camera.

6. Deriving evidence of pointing direction

Figure 5. Fusion of information from two input sources.

Assume the setup depicted in Fig. 5. The user (at the
center of the figure) and the robot stand in a scene which
contains N points of interest Py, P, ..., Py, (N = 8 in
this specific example) surrounding the user and the robot.
Each point of interest constitutes a possible pointing direc-
tion.

Let X be the universal set: This is the set that contains
all visible POIs, also called the frame of discernment (10).

X ={P,P...,Pn} (10)

The power set 2% is the set that comprises of all sub-

sets of X, including the empty set & and the whole set
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X. The elements of the power set can be taken to represent
propositions about the pointing direction. Each proposition
contains the POIs for which the proposition holds true and
it is assigned an amount of belief by means of a function
m : 2% — [0, 1] which is called a basic belief assignment
and it has two properties:

e The mass of the empty set is zero:

m(2) =0 (11)

o The masses of all the members of the power set add up
to a total of 1:

> m(A) =1 (12)

Ae2X

In the task at hand, the user raises his hand to point to an
exhibit P;,1 < ¢ < N and simultaneously rotates his/her
face to look at the direction of the exhibit, as described
in section 3. Hence, two sources of information exist: in-
formation from the hand pointing gesture and information
from the face orientation. Each of the two sources of in-
formation has an independent basic belief assignment. Let
m represent the belief from face pose estimation and my,
represent the belief from the hand pointing direction. To
combine evidence from these two sources of information
we make use of Dempster’s rule of combination.

According to the Dempster’s rule of combination, the
joint mass my ; can be computed as the orthogonal sum
(commutative and associative) of the two masses, as fol-
lows:

myp(@) =0 (13)

min(A) = (myoma)(A) = 2
BNC=A#0

my(B)my(C)

(14)
where K is a normalization coefficient which is used to
evaluate the amount of conflict between the two mass sets,
given by:

K=1- Y ms(B)mx(C) (15)

BNC=g

Equation (14) provides a combined belief mass for every
POI A as a function of all pieces of evidence m(B) and
my(C) that agree on A. The POI with the larger combined
mass is selected as the one pointed by the user.

It is to be noted at this point that the assumption be-
hind this work that the user is simultaneously looking and
pointing at the same exhibit eliminates the cases of conflict-
ing evidence which, according to Zadeh’s criticism [19] for

Dempster’s rule of combination, may lead Equation 14 to
produce counter intuitive results.

In the next two sections we will elaborate on the actual
calculation of my, and m .

6.1. Computation of the belief mass m;,

For hand pointing gesture recognition, we assume that
the system knows when a gesture takes place but can only
recognize the pointing direction if it is within the intervals
[(ﬁhfminv(bhfmaz] U [_(bhfmawy _(;bhfmin}' If a “pOint
left” gesture is recognized, we assume that the user is point-
ing to a POI within [—¢n—mazs —Ph—min] (Ps or P; in the
example of Fig. 5). Similarly, if a “point right” gesture is
recognized, we assume that the user is pointing to a POI
within [¢r,—min, Oh—maz] (either P3 or Py). If there is no
recognized gesture, we assume that the user pointed to a
POI outside these two intervals (“point center””) with a be-
lief mass of mp_og = mp({P1, P2, Ps, P3}). For the “point
center” case, in the example of Fig. 5, the user might have
pointed to any of P;, P», Ps or Ps. Depending on the recog-
nized hand pointing gesture (“point left”, “point right”) or
the fact that the gesture “invisible”, different belief masses
are assigned for the exhibits on the left, the exhibits on the
right and the exhibits in the front and in the back of the user
for which a pointing gesture cannot be recognized.

For the example of Fig. 5, the above belief masses are
defined as follows:

mp—r = mp({Ps, Pr})
mp—Rr = mh({Pg,P4})
mp—c = mp({P1, P2, Ps, Ps})

withmp_p +mu_gr+mp_c = 1.

To appoint the sets that correspond to “point left”, “point
right” and “point center” directions and define the masses
Mmp—r, Mhp—gr and my_c accordingly, we use specific val-
ues for ¢p_min and ¢p_maq.. These values have been ex-
perimentally calculated as ¢p— i, = 140° and ¢p— s =
40° and roughly correspond to the angle limits beyond
which the hand pointing gesture is not recognizable.

Let G be the actual gesture performed by the
user and let Go be the gesture recognized (or
not recognized) by the system. (G takes values in
He = {“pointleft’, “pointright”, “pointcenter’}.
and Go takes values in Ho =
{“pointleft”, “point right”, “invisible’}.

To assign masses to mp_r, my—r and my_c, we cal-
culate the probabilities P(G = “pointleft’|Go), P(G =
“point right”|Go) and P(G = “point center”|Go), re-
spectively which are computed using the Bayess rule as:

P(G)
5SS P(GolG = h)P(G = h)

heHo
(16)

P(G|Go) = P(GolG)
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Table 1. Confusion matrix for hand pointing gesture

a ¢ Point left Point center  Point right
o

“point left" 0.90 0.05 0.00
“invisible’ 0.10 0.90 0.10
“point right” 0.00 0.05 0.90

In the above equation P(G) is computed as the number
of visible POIs that fall within G divided by the total num-
ber of visible POIs. The likelihoods P(Go|G) are obtained
off-line and correspond to the percentage of times a pointing
gesture was recognized as GG given that the actual gesture
was G. The actual values computed during our experiments
are summarized in the confusion matrix in Table 1.

6.2. Computation of the belief mass ¢

For face orientation, we assume that it is recognizable
only within the range [—¢f_maz, @f—maz]- If the user
is looking at a POI which lays within this range then the
face orientation can be computed using the algorithm de-
scribed in section 5.2 and, additionally, this information can
be employed to identify the target exhibit P;, with a be-
lief m¢({P;}). If the face orientation cannot be computed,
we assume with a belief my_o = my({P1, P>, Ps}) that
the face is looking at a POI outside [—¢ f_maz, =@ f—maz)-
Since my is a basic belief assignment, we make sure that
the following equation holds.

mi_o+ Y, mi({P}=1 (17)
k=1..N

Similarly to hands, to assign masses to my, we use the con-
ditional probabilities for the user looking at each POI P;
given the perceived face orientation ¢, calculated as:

P(P;)

P(¢o|Pr)P(Pr)

P(P|¢o) = P(éo|P:)

(18)

M=

k=1

In the absence of any prior information, P(P;) are assigned
equal values for all P;. The likelihood P(¢ol|F;) is com-
puted according to the relative angle of P; with respect to
the user. The exact values are found by interpolation to data
gathered off-line, stored as a confusion matrix (Fig. 6).

7. Experimental results
7.1. Ground truth data

Quantitative evaluation of pointing direction is consid-
ered difficult because of the lack of dependable ground
truth. In our case, we have setup a series of experiments
which involve a user standing in front of the robot and point-
ing in predefined directions (specified POIs) using both his

hand and face. The POIs were defined in the range of
0° £ 180 ° with an angular step of 10 °.

For each pointing gesture, the system identifies the ori-
entation of the face and classifies the hand gesture as a left
pointing gesture or a right pointing gesture. Sample recog-
nition results for face orientation are shown in Fig. 4. The
confusion matrix of Fig. 6 relates the absolute (both left
and right) estimated head orientations to the intended head
orientations in the range of 0° 4+ 180°. The percentages
were derived from image sequences of a total of 7000 image
frames. As can be easily seen, the algorithm achieves high
success rates for low angles (user looks in directions close to
the direction of the camera) which are decreased for higher
angles. The algorithm maintains significant success rates
(more than 50%) for angles up to 120 °, where only a small
part of the facial patch is visible. The hand pointing gesture
has always been recognized correctly for pointing orienta-
tions within the range [30°, 130°] and [-30°, —130°].

Intended orientation (in deg)

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 160
w@i ddddddddddddddd 0]
w0+ 0000000000000 0 04
s0t0 sEll2 0000000000000 0
_ #wfo o sflls 0t 000000000 D0 D0 O
£ sofo oo sffe s 0000000000 0
g 60fo oo 7 2w s 6 0000000 0 0
£ w0 o005 ;7ERMo 00000000 0
B sfooooo0 2 offi2e 0000000 0
£ ofo o oooo s wEls 0000000 0
S mofo oo o o0 o wi2E8Fo0 00000 0
§M0f0 0000000 6 15EMo0 0000 0 0
£mpo 000000008 wEHET 00 0 0
“130f0 000D 000008 8 M7 00 0 0
“0f0 0 0 0 00D 0 00 00101300 0 0 0
150f0 0 0 00000000
MaN{0 0 0 0 0 0 0 000 8§ 72l 71100 100 100 100

Figure 6. Confusion matrix encoding perceived face orientations
(rows) for intended face orientations (columns) in the range of
0° + 180 °. The matrix contains data for both left and right point-
ing directions.

7.2. Simulated environment

Evidently the performance of an algorithm that identi-
fies pointed POIs instead of pointing directions depends on
the structure of the environment and the distribution of the
POIs within it. To evaluate the performance of the pro-
posed methodology under different environment arrange-
ments, we have conducted a series of experiments in three
different simulated environments, depicted in Figs. 7 and 8.
The first environment, shown in Fig. 7(a), consists of a sin-
gle rectangular room with four POIs positioned on its walls.
The second environment, depicted in Fig. 7(b), is similar to
the first but contains eight POIs instead of four. Finally,
the last environment, depicted in Fig. 8, contains five rooms
connected together via a corridor. Within the rooms there
are eight exhibits in total but they are arranged in a way that
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Table 2. Simulation results obtained by the proposed approach for
the three environments depicted in Figs. 7 and 8.

Experim. A Experim. B Experim. C
(Fig. 7a) (Fig. 7b) (Fig. 8)
N 1000 1000 1000
N 1.06 1.25 1.13
Cory, | 996 (99.6%) 970 (97.0%) 997 (99.7%)
Cors | 961 (96.1%) 819 (81.9%) 927 (92.7%)
False 4 (0.4%) 30 (3.0%) 3 (0.3%)

Table 3. Simulation results obtained by using a single source of
information only

Experiment A Experiment B Experiment C

(Fig. 7a) (Fig. 7b) (Fig. 8)
Vi | 550 (55.00%) 558 (55.80%) 535 (53.50%)
Ch | 24524.50%) 47 (4.70%) 336 (33.60%)
Vi | 731(73.10%) 730 (73.00%) 796 (79.60%)
Cy | 722(72.20%) 703 (70.30%) 776 (77.60%)

no more than three exhibits are simultaneously visible by
both the robot and the user, for any user-robot arrangement.

© —
@
@ %)
)
) —®
(@) (b)

Figure 7. Two simulated environments, used to evaluate the per-
formance of the proposed algorithm.

O ©®
@] ‘4 |O @l _|@
o oY
ol e o] | @
(@) (b)

Figure 8. Two different, user-robot configurations in a simulated
environment, with a number of rooms. The robot location is de-
picted using a green rectangle. The user is depicted using a green
circle with a line segment indicating the pointing direction. The
visible POIs for each configuration are painted with green color.

To run the simulated experiments we randomly selected
a large number of human-robot arrangements within each

of these environments (1000). Each arrangement included a
randomly selected POI that was visible by both the user and
the robot and was assumed as pointed by the user. Fig. 8 de-
picts two such arrangements. In the first arrangement there
are three visible POIs (Ps,P; and P7, marked with green
color) and the user points to P,. The second arrangement
involves two visible POIs (P5 and Pgs, marked with green
color), with P;5 being pointed by the user. The user’s per-
ception regarding both the recognition of the hand point-
ing gesture as well as the face orientation was assumed im-
perfect, simulating the distributions shown in the confusion
matrices depicted in Table 1 and Fig. 6, respectively.

The results obtained are shown in Table 2. The to-
tal number of arrangements (V) for each environment was
1000. In the vast majority of cases, the fusion algorithm re-
turned a single result. In cases that there were ambiguities
regarding the pointed POI (e.g., there were more than one
POI outside the angular regions defined in Fig. 5), the al-
gorithm returned more than one results with the same mass.
The average number of returned results with the same, max-
imum, mass is indicted as n,,. The row labeled “Cor,,”
provides the number of times that the correct result was
within the returned results, even if the number of results
with the maximum mass was more than one. The row la-
beled “Cor,” provides the figures for the cases that the al-
gorithm returned a single, correct result. Finally, the row
labeled “F'alse” corresponds to the cases that the algorithm
failed to provide the correct POI within the returned results.

It is to be noted at this point that many of the above ar-
rangements correspond to cases that the robot is not able to
recognisee neither the hand pointing direction nor the face
orientation (e.g., when the user points to an exhibit behind
him/her). In these cases, the lack of input is a piece of evi-
dence by itself, which is correctly utilized by our algorithm
to limit the number of possible solutions. As can be easily
seen from the results of Table 2, this is especially success-
ful for environments like the ones depicted in Figures 7a
and 8 where the spatial arrangements of POIs and the topol-
ogy of the environment (walls, doors, etc.) help distinguish
between different possible solutions.

Table 3 shows the results obtained for the same con-
figurations when a single source of information was only
available: either face orientation or hand pointing direc-
tion. V), corresponds to the number of cases that the
pointed POI was either within [¢r,—min, Oh—maz] OF Within
[—h—maz, —Ph—min], 1.€., within one of the two ranges
that the pointing gesture is recognizable (see Figure 5). C),
corresponds to the classification results that would have
been obtained if the recognition of a pointing gesture in
either of there ranges was the only information available
to the classifier. The assumption used to derive the ob-
tained results was that we had a correct classification if the
gesture was correctly recognized (recognition rates were
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assumed as shown in Table 1) and, additionally, a single
POI existed within the pointed region. Similarly, V; cor-
responds to the number of cases that the pointed POI was
within [—¢¢_maz, @ f—mae) and C corresponds to the re-
sults that would have been obtained is we were using a clas-
sifier which could achieve the results depicted in Figure 6.

By comparing the results from Tables 2 and 3, one ar-
rives at the conclusion that the proposed approach clearly
outperforms both “single-evidence” classifiers describe
above. In all three environments, the algorithms success-
fully combines evidence from both information streams,
achieving recognition rates that could not have been ob-
tained by any of the two information streams alone.

8. Conclusions

In this paper we have presented a novel method for esti-
mating the pointing direction by fusing information regard-
ing hand pointing gestures and the pose of the user’s head.
The proposed method is able to achieve surprisingly good
performance by considering prior knowledge about the lo-
cation of possible pointing targets which reduces the prob-
lem to deciding which is the pointed target rather than cal-
culating the actual pointing direction.

Unlike other contemporary methods, our approach op-
erates with a single camera and we have demonstrated its
ability to achieve significant recognition rates even in cases
that either of the two or both input streams are missing.

The method is readily applicable in a large variety of
human-robot interaction scenarios. Future work will in-
volve its enhancement by fusing additional sources of in-
formation, such as arm pose, body orientation and a-priori
probabilities of POI selection.
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