Qualification of Arm Gestures using Hidden Markov Models
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Abstract

We propose the use of hidden Markov models (HMMs) to
qualify arm gestures. A HMM is trained based on the refer-
ence or correct gesture. Then, samples of the gesture that we
want to score are used to train a second HMM. Both HMMs
are compared, and a measure of their similarity is used to
qualify the gesture. We used 3 different metrics to compare
HMMSs: Levinson, Kullback—Leibler and Porikli. For this, a
visual system was developed to track a person’s arm, which
serves as input to the models that qualify the gestures. We
applied this method to qualify the arm movements of stroke
patients under rehabilitation. We analyzed three therapeu-
tic gestures: flexion, circular and abduction. A HMM is
trained to represent the movement of a healthy person for
each gesture, which is compared with the HMMs obtained
for each patient. The results are compared with the scales
that are used in therapy. From the analysis of several exper-
iments, the Porikli metric was the best to qualify the three
gestures, in terms of the motricity index.

1. Introduction

Recently there has been increasing interest in visual
recognition of human gestures for different applications,
such as intelligent interfaces and human—robot interaction.
Most work focuses on gesture classification, that is, in clas-
sifying a visual sequence as one of a predefined set of types
of gestures [1,5]. However, for certain applications, it is
required to qualify certain gestures; that is, to compare a
human motion against a reference pattern, and to give a
measure on how close is the observed gesture to the ref-
erence. For instance, in sports or dance training, we would
like to know how well did the trainee performed compared
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to the desired movement. We are particularly interested in
rehabilitation after stroke, to evaluate how well did a patient
do certain movement, to quantify her progress and provide
quantitative feedback.

To qualify arm gestures we propose the use of hidden
Markov models (HMMs) [11]. A HMM is trained based
on the reference or correct gesture. Then, samples of the
gesture that we want to qualify are used to train a second
HMM. Both HMMs are compared, and a measure of their
similarity is used to qualify the gesture. We tried differ-
ent metrics to compare HMMs, in particular the Levinson,
Kullback-Leibler and Porikli metrics.

We evaluated experimentally the gesture qualification
system with different patients under rehabilitation after
stroke. We consider three typical arm movements used in
therapy: flexion, circular and abduction; and trained HMMs
for healthy persons, and for several patients at different
stages in the rehabilitation process. The results are com-
pared with the scales that are used in therapy, in particular
the motricity index and the Fugl-Meyer scale. From the
analysis of several experiments, the Porikli metric was the
best to qualify the three gestures, in particular in terms of
the motricity index.

2. Metrics

A hand gesture can be described by the trajectory of the
hand in a sequence of images; so in principle we can com-
pare gestures by comparing trajectories. We first describe
some measures to compare directly different trajectories,
and analyze why these are not appropriate for gesture quali-
fication. We then present model-based metrics, in particular
those based on HMMs, which are the basis for this work.



2.1. Trajectory Metrics

In computer vision, a trajectory is a sequence of coordi-
nates of an object in a temporal sequence of images. In 2-D
a trajectory can be represented as [9]:
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where z;, y; are the coordinates of the center of mass of
the object, ¢; is the temporal index, and N is the number
of frames or trajectory duration. This definition can be ex-
tended to 3-D trajectories by incorporating the z coordi-
nate.

When we have two or more different trajectories, a natu-
ral question is: How similar are these trajectories? For com-
paring trajectories there are metrics based on distances and
based on characteristics [9]. The simplest metric to compare
two trajectories, 77 and 75, is the average distance between
the coordinates of each one, defined as [9]:
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where d,, corresponds to the displacement between posi-
tions defined in terms of the Cartesian distance:
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where 27 and yJ are the coordinates of object j at time
n of trajectory T);. This metric makes 3 crucial assump-
tions: (i) the duration of both trajectories is the same:
N' = N2 = N, (ii) the trajectories are synchronized:
tl = t2 that is, the samples from both trajectories are taken
at the same times, and (iii) the sampling rates are constant.
Given the previous assumptions, the distance metric is not
adequate for comparing gestures which in general have dif-
ferent durations and can be sampled at different rates. Some
variations of the distance metric have been proposed which
consider second order statistics such as the median, vari-
ance, maximum and minimum distances [9]; however these
have similar limitations.

An alternative to compare trajectories is Dynamic Time
Warping (DTW) [14], a technique to measure similarity be-
tween two sequences that can vary in time or speed. DTW
allows to find an optimal alignment between two sequences
given certain restrictions, and obtain a similarity measure
independent of certain variations in time. However, the
main problem of DTW is its computational complexity,
since it is of order N2, where N is the number of obser-
vations in each sequence.

2.2. Model-Based Metrics

An alternative to compare trajectories considering vari-
ations in duration and sampling are model-based metrics.

Instead of comparing directly the motions of two objects,
we train a model based on the trajectories and compare the
models. Given that HMMs are commonly used for gesture
recognition, they are a natural choice for measuring the sim-
ilarity between gestures.

An HMM [11] represents a dynamic processes with two
stochastic elements: a hidden state and a set of observation
symbols which depend on the state. In the discrete case is
defined by:

1. N discrete states.
2. M observation symbols.

3. A transition matrix A = {a;; } which denotes the tran-
sitions probabilities from state ¢ to state j.

4. An observation matrix B = {b;;,} that represents the
probability of observing symbol k at state j.

5. An initial probability vector m = {r;} that denotes the
initial probability of state 7.

An HMM is represented in a compact way as: A =
A, B, . The model parameters are obtained from training
samples (sequences of observation symbols) using Baum
Welch’s algorithm [11]. To estimate the probability of a
model given an observation sequence, P(O | \), the for-
ward algorithm is used [11].

Several metrics have been proposed to compare HMMs,
next we describe the most common ones.

2.2.1 Levinson

The Levinson metric [8] was the first one proposed to com-
pare discrete HMMs. This measure is based on comparing
the observation probability matrices of both models using
Euclidian distance:
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where b’ i1, are the observation probabilities for model 4. It
is assumed that the number of states in both models is the
same: N! = NZ2. An alternative measure considers the sum
of minimum distances:
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These metrics do not take into account the temporal
structure of the Markov chain, so there are cases in which
two HMMs, \; and s, have a Levinson distance close to
zero but the probability measures P(O1|A1) and P(Oz|\2)
are completely different [6].
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2.2.2 Kaullback-Leibler

Juang and Rabiner [10] propose an alternative metric to
compare two HMMs based on the Kullback-Leibler dis-
tance between two probability distributions. This distance
measure between two HMMs, \; and \», is defined as:

D\, %2) = 7 [log(PIO* \) ~ og(PIO'\2])| - (5)

where O' is an observation sequence generated by model
A1 and T is the size of the observation sequence. This mea-
sure can be interpreted as how well does the model A, repre-
sents the observations generated by model \;, with respect
to the correspondence of the same observations to the gen-
erating model, \; [11].

We notice that this measure is not symmetric. An alter-
native symmetric measure is the following [10]:

Dy(A1, A2) + Di (A2, A1)
2
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which corresponds to the average of the two non—symmetric
measures. This metric has convergence problems. In an ex-
perimental evaluation it was obtained that it converges as
the size of the observation sequence, 7', is incremented [10].
In general, the metric Dy (A1, \2) is sensitive to the param-
eters of the model: the number of states, /V, and the number
of observation symbols, M.

2.2.3 Porikli

Porikli [9] proposes another metric to compare HMMs in
terms of a cross distance, defined as follows:

Dyporirti(A1, A2) = [P(O1]|A1) + P(O2]2) —
P(O1|A2) — P(O2| A1) (7

which evaluates the correspondence of two observation se-
quences to the two models. O; is an observation sequence
generated by model i, and P(O;|)\;) is the probability
of the observation sequence given the model. The terms
P(O1]\1) and P(O2|)2) indicate the probability of each
sequence given their corresponding model; while the cross
terms P(O1]A2), P(O2|A1) measure the probability of the
sequences to be generated by the other model. In other
words, if the trajectories are the same the direct and cross
terms cancel each other and the measure tends to zero; oth-
erwise the distance increases.

3. Methodology

Before comparing the arm gestures, we need to capture
and characterize the motion of the arm. For this we develop
a stereo visual tracking system [2] that is described next.

Y 2
Referential
system of

z the world

Referential ~ Shoulder(s) 0
system of
theworld /@t N\ o

x

T Wrist(w)
Ja

Elbow(e)

b) c)

Figure 1. Motion representation: (a) spherical coordinates within
a Cartesian system, (b) the 3 angles («, 6 and ¢) used to represent
the motion of the arm, (c) the angles with respect to the reference
system.

3.1. Visual System

A color marker is attached to the main joints in the arm
of a person: wrist, elbow and shoulder. Each marker is of
a different color and all are tracked in the image sequence
using the Camshift algorithm [4]. Two cameras positioned
in orthogonal directions are used, which are previously cal-
ibrated so that the 3D coordinates of each marker can be
estimated. For each camera, the centroids (x;, y;) of each
marker per frame are obtained; and then the 3D coordinates,
(X;,Y;, Z;) are estimated using the method proposed by [7].
This consists of projecting the lines of vision of the two
cameras to the centroids of the object, and then obtaining
their intersection. Once the positions of the 3 joints is ob-
tained, a simplified virtual wire model of the arm is built,
with a line from the wrist to the elbow and a second line
from the elbow to the shoulder.

To quantify the motion of the arm we use the 3 relative
angles of the wire model (see figure 1), as these are invari-
ant with respect to diferents distances of the person to the
cameras and the dimensions of the arm. The 3 angles con-
sidered are:

e «, the angle between the arm and the forearm (the el-
bow).

e 6 and ¢, the spherical coordinates of the elbow relative
to the shoulder.

The spherical coordinates of the elbow are obtained us-
ing the following relations [3]:
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where X4, Yy, Z4 are the cartesian coordinates of the elbow
relative to the shoulder position. The 3 angles are normal-
ized by dividing them by 27 radians. The visual tracking
system is illustrated in figure 2.
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Figure 2. Visual tracking system. Top: view from each camera,
with the 3 markers and wire model in each image. Bottom: graph
of the three angles vs. time for a sample gesture.

3.2. Gesture Modeling and Qualification

As mentioned before, we use HMMs to model and com-
pare the gestures. As we are using discrete models, we have
to discretize the observations to obtain a finite set of obser-
vations sequences. For this we used the K-means algorithm,
so the 3 normalized angles are transformed to a finite set of
symbols (in the experiments we used K = 16, 32, 64, 128
and 256).

To qualify a gesture (in our case a therapeutic gesture)
we compare it to a reference or standard gesture. Several
repetitions of the reference gesture are captured and used to
train a reference HMM, Agr. Then, the gesture to be eval-
uated is also captured several times and another HMM is
trained, A\7. Finally the gestures are compared by using the
3 different metrics described before, to obtain a distance be-
tween the two HMMs, D(Ag, Ar).

4. Experiments and Results

We present the application and experimental evaluation
of our methodology in the qualification of therapeutic ges-
tures for stroke patients. First we briefly introduce the prob-
lem, and then we present the experiments and results.

4.1. Rehabilitation after Stroke

Each year in the U.S. over 600,000 people survive a
stroke [13], and worldwide stroke affects millions of peo-
ple. One of the sequela of this disease is hemiplegia. Be-
cause the effects of hemiplegia take a long time of therapy
to cure and this is very expensive, it is devastating in under-
developed countries and for people with limited economic
resources. Today, new therapeutics options are required to
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Figure 3. Therapeutic gestures used in the experiments: (a)
flexion—extension, (b) circular motion, (c) abduction.

avoid the need of the patient being in the hospital for a
long period of time. For this reason, automatic methods are
needed that can evaluate the progress of the rehabilitation
and provide feedback to the patient without the need of an
always present therapist.

Rehabilitation consists of a series of exercises for the up-
per and lower extremities usually guided by a therapist, de-
signed so that the patient can recover the movements re-
quired to perform daily activities. To evaluate the progress
of the patient, the therapist uses different clinically objective
scales, two common ones are the Fugl-Meyer scale and the
motricity index [15].

The Fugl-Meyer scale consists of several aspects that
evaluate the motion and pain of the upper and lower ex-
tremities, each aspect is assigned a value in the range O to
2. We considered the 22 aspects for the upper extremities,
so a healthy person will have the full scale of 44. The score
assigned to a patient under therapy gives an indication of
the degree of advance in the recovery.

The motricity index evaluates the range of motions in the
upper extremities: abduction, flexion, and pressing. Each
aspect is evaluated by observation in a scale from O to 33.
A healthy person will be assigned the maximum score of
100.

Recently new therapeutic options are being developed so
that the patients can continue the therapy at home, without
the need of a therapist present all the time [12]. In this case
there is the need of a system that can evaluate the progress
of the patient and give her feedback. We have applied our
gesture qualification methodology as a way to provide ob-
jective, automatic feedback to the patient. For this we con-
sider 3 different arm gestures that are used by therapists in
the rehabilitation process: (a) flexion—extension, (b) circu-
lar motion, (c) abduction. These are illustrated in figure 3.

4.2. Evaluation Methodology

To evaluate the gesture qualification method, we ana-
lyzed the 3 therapeutic gestures for 10 stroke patients who
were at different stages in the rehabilitation process. For



each gesture, we recorded a reference pattern as performed
by the therapist; and then we recorded the patients perform-
ing several repetitions of each gesture. Each gesture (pa-
tients and reference) was visually analyzed and used to train
a HMM. The HMM for each patient and for each of the
3 gestures is compared to the reference HMM using the 3
metrics described earlier: Levinson, Kullback—Leiber and
Porikli. Then each metric is compared to the two measures
clinical used by the therapists: Fugl-Meyer and motricity
index. We also recorded a healthy person performing each
of the 3 gestures for comparison. Next we present the re-
sults of the experiments.

4.3. Results

The experiments were done at the National Institute for
Neurology (INNN) in Mexico City. Ten patients partici-
pated in the study, who were guided by a therapist to per-
form each of the 3 selected gestures, 100 repetitions each,
and were recorded using a stereo system. We also recorded
the therapist and a healthy person performing each gesture.
So in total we have 12 recordings per gesture, and we ob-
tained a HMM for each one. Each HMM was compared to
the reference one (therapist) using the 3 metrics. The ther-
apist also graded each patient using the Fugl-Meyer scale
and the motricity index.

We compared the 3 metrics with the two therapeutic
scales for each gesture. The results are summarized in fig-
ure 4 for the flexion gesture and figure 5 for the abduction
gesture (the results for the circular gesture are similar and
are omitted due to space limitations). For comparison the
measures are normalized: 0-100 for the motricity index, O-
44 for the Fugl-Meyer and 0-(value maximum) for the ges-
ture score. In all the graphs the measures are ordered from
the higher to the lower grade according to the motricity in-
dex.

We can observe that the best agreement is for the Porikli
metric and the motricity index. We also observed a good
correlation between the Levinson metric and the Fugl-
Meyer scale. To quantify these comparisons, we obtained
the average Euclidian distance between the metrics and
scales, normalized, as follows:

N
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where m; is the HMM metric for patient 7 and e; is the ther-
apeutic measure for patient 7. [V is the number of samples.

Table 1 shows the average distance for each metric for
the 3 gestures, with respect to the motricity index and he
Fugl-Meyer scale. The table confirms our observations;
the minimum distance is for the Porikli metric with the
motricity index, followed by the Levinson for the Fugl-
Meyer scale. We also compared the probability of each
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Figure 4. Comparison of the 3 metrics (Levinson, Kullback—Leiber
and Porikli) with the 2 therapeutic scales (Motricity index and
Fugl-Meyer) for the flexion—extension gesture.

observation sequence given the reference model (therapist),
P(O]|)). We observe from the table that the evaluation us-
ing the standard measure, P(O | \), is not as good as the
metrics. Thus, it seems that these metrics provide a better
alternative to qualify gestures using HMMs.

This results are promising, as for the two clinical scales
we obtain a quantitative metric with an average difference
of less the 20%. We consider that with these results our
gesture qualification method can be the basis for a system
to give objective feedback to patients under rehabilitation
after stroke.

5. Conclusions

For certain applications, such as in rehabilitation, it is
important to qualify certain gestures; that is, to compare
them against a reference pattern, and to give a measure on
how close is the observed gesture to the reference. In this

] Metrics \
Levinson K-L Porikli | P(0]X)
Motricity Index 0.2423 0.2170 | 0.1762 0.4727

Fugl-Meyer 0.1857 0.3209 | 0.3465 0.6547
Table 1. Average distance between the HMM metrics and the ob-
servations probability vs. the therapeutic scales for the 3 gestures.
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Figure 5. Comparison of the 3 metrics (Levinson, Kullback—Leiber
and Porikli) with the 2 therapeutic scales (Motricity index and
Fugl-Meyer) for the abduction gesture.

paper we have proposed a method to qualify arm gestures
based on HMMs. An HMM is trained based on the refer-
ence or correct gesture. Then, samples of the gesture that
we want to qualify are used to train a second HMM. Both
HMMs are compared, and a measure of their similarity is
used to qualify the gesture. We used 3 different metrics:
Levinson, Kullback-Leibler and Porikli.

We have applied and validated our method for provid-
ing objective feedback to patients under rehabilitation af-
ter stroke. We compared the 3 metrics against two com-
mon scales used by therapist, and we obtained a good cor-
relation, in particular for the Porikli scale with respect to
the motricity index. Also, all the metrics have a superior
performance than estimating the probability of the observa-
tions given the model. These results show that the proposed
method is useful, and could be the basis for a system that
provides objective feedback to the patients under rehabili-
tation. We plan to integrate the feedback mechanism to a
low-cost system for rehabilitation after stroke, and to test
our method in other domains such as in athletic training.
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