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Abstract

We propose a model for learning the articulated motion of human arm and hand
grasping. The goal is to generate plausible trajectories of joints that mimic the hu-
man movement using deformation information. The trajectories are then mapped
to a constraint space. These constraints can be the space of start and end configura-
tion of the human body and task-specific constraints such as avoiding an obstacle,
picking up and putting down objects of different sizes. Such a model can be used
to develop humanoid robots that move in a human-like way in reaction to diverse
changes in their environment. The model proposed to accomplish this uses a com-
bination of principal component analysis (PCA) and a special type of a topological
map called the dynamic cell structure (DCS) network . Experiments on arm and
hand movements show that this model is able to successfully generalize movement
using a few training samples for free movement, obstacle avoidance and grasping
objects. We also introduce a method to Imitate the learned human movement by
robot with different geometry using reinforcement learning. Obstacle avoidance is
chosen as a case study. The reinforcement learning uses a real valued Q-learning
and a DCS network to learn the trajectory of the end effector by trial and error. The
learned robot trajectories are used to speed up the learning process of subsequent
movements. The reward function of the reinforcement learning measures constraint
satisfaction and similarity to human trajectory. The reinforcement learning uses a
dimensionality reduced representation of trajectories using a discrete cosine trans-
form. This enables the random exploration of reinforcement learning to converge
quickly to a solution. Experiments on real and simulated robot environment show
that the method is efficient and is able to quickly generalize robot movements.
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1 Introduction

Human motion is characterized as being smooth, efficient and adaptive to the state of
the environment. In recent years a lot of work has been done in the fields of robotics
and computer animation to capture, analyze and synthesize this movement with dif-
ferent purposes [1, 2, 3]. In robotics there has been a large body of research concerning
humanoid robots. These robots are designed to have a one to one mapping to the joints
of the human body but are still less flexible. The ultimate goal is to develop a humanoid
robot that is able to react and move in its environment like a human being. So far the
work that has been done is concerned with learning single gestures like drumming or
pole balancing which involves restricted movements primitives in a simple environ-
ment or a preprogrammed movement sequence like a dance. An example where more
adaptivity is needed would be a humanoid tennis robot which, given its current posi-
tion and pose and the trajectory of the incoming ball, is able to move in a human-like
way to intercept it. This idea enables us to categorize human movement learning from
simple to complex as follows: (A) Imitate a simple gesture, (B) learn a sequence of
gestures to form a more complex movement, (C) generalize movement over the range
allowed by the human body, and (D) learn different classes of movement specialized
for specific tasks (e.g. grasping, pulling, etc.), (E) generalize movement to other bodies
with different geometries.

This report introduces two small applications for learning movement of type (C),(D)
and (E). The learning components of the proposed model are not by themselves new.
Our contribution is presenting a supervised learning algorithm which learns to imi-
tate human movement that is specifically more adaptive to constraints and tasks than
other models. This also has the potential to be used for motion tracking where more
diverse changes in movement occur. We will call the state of the environment and the
body which affects the movement as constraint space . Constraint space describes any
environmental conditions that affect the movement. This may be as simple as object
positions which we must reach or avoid, a target body pose or more complex attributes
such as the object’s orientation and size when grasping it. The first case we present is
generating realistic trajectories of a simple kinematic chain representing a human arm.
These trajectories are adapted to a constraint space which consists of start and end pose
of the arm as shown in Figure 5. The second case demonstrates how the learning algo-
rithm can be adapted to the specific task of avoiding an obstacle where the position of
the obstacle varies. The third case demonstrates how hand grasping can be adapted to
different object sizes and orientations.

The model accomplishes this by aligning trajectories . A trajectory is the sequence of
body poses which change in time from the start pose to the end pose of a movement.
Aligning trajectories is done by scaling and rotation transforms in angular space which
minimizes the distance between similar poses between trajectories. After alignment
we can analyze their deformation modes which describe the principal variations of the
shape of trajectories. The constraint space is mapped to these deformation modes using
a topological map.

In addition to generating adaptive human movement, We also introduce in this re-
port a reinforcement learning algorithm wh:isch enables us to transfer the learned human
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Figure 1: Architecture for learning movement and transferring it to a robot.
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Figure 2: Learning model of movement showing the two main parts: Human and Robot
movement and the movement classes under each.

movement to a robot with a different embodiment by using reinforcement learning.
This is done by learning similar trajectories of the human hand and the robot’s end ef-
fector. A reward function measures this similarity as a mixture of constraint fitting in
the robot’s workspace and the similarity of the trajectory shape to the human’s. The
reinforcement learning algorithm explores trajectory space using a spectral represen-
tation of trajectories in order to reduce the state space dimensionality. The transfer of
movement from human to robot will be show in the obstacle avoidance case.

The Combination of adaptive movement learning and movement transfer enables
a complete movement learning and transfer system architecture. This consists of two
neural networks (NN) as shown in Figure 1. The first network reconstructs human
movement and the second transforms this movement to the robot.

This report will be basically split into the two parts mentioned in Figure 1 and il-
lustrated in more detail in Figure 2. The first part will describe in detail the model to
learn human movement applied on three cases: Free movement, Obstacle avoidance
and grasping. The second part will describe the reinforcement learning applied to ob-
stacle avoidance.



2 Learning Human Movement

To learn a movement it is generally useful to observe the following fact: Even though
the human body can be described by a great many degrees of freedom and the struc-
ture of the body is very complicated, the movement manifold can be reduced to a low
dimensional space. It seems that we control our bodies through a few synergies that we
can effectively combine to generate any movement we like. In other words, our body
poses influence each other a great deal both in time and in space. This high covariance
within poses of a movement is a feature we can exploit. This leads us to use the learning
model we describe in this section. We describe next some related literature and where
does our work fit in it.

2.1 State of the art

There are two representations for movements: pose based and trajectory based. We will
describe next pose based methods.

Generative models of motion have been used in [2, 1] in which a nonlinear dimen-
sionality reducing method called Scaled Gaussian Latent Variable Model (SGPLVM) is
used on training samples in pose space to learn a nonlinear latent space which repre-
sents the probability distribution of each pose. Such a likelihood function was used as
a prior for tracking in [1] and finding more natural poses for computer animation in [2]
that satisfy constraints such as that the hand has to touch some points in space. Another
example of using a generative model for tracking is [4] in which a Bayesian formulation
is used to define a probability distribution of a pose in a given time frame as a function
of the previous poses and current image measurements. This prior model acts as a con-
straint which enables a robust tracking algorithm for monocular images of a walking
motion. Another approach using Bayesian priors and nonlinear dimension reduction is
used in [5] for tracking.

After reviewing pose probabilistic methods, we describe in the following trajectory
based methods. Schaal [3] has contributed to the field of learning movement for hu-
manoid robots. He describes complex movements as a set of movement primitives
(DMP). From these a nonlinear dynamic system of equations are defined that generate
complex movement trajectories. He described a reinforcement learning algorithm that
can efficiently optimize the parameters (weights) of DMPs to learn to imitate a human
in a high dimensional space. He demonstrated his learning algorithm for applications
like drumming and a tennis swing.

To go beyond a gesture imitation, in [6] a model for segmenting and morphing com-
plex movement sequences was proposed. The complex movement sequence is divided
into subsequences at points where one of the joints reaches zero velocity. Dynamic pro-
gramming is used to match different subsequences in which some of these key move-
ment features are missing. Matched movement segments are then combined with each
other to build a morphable motion trajectory by calculating spatial and temporal dis-
placement between them. For example, morphable movements are able to naturally
represent movement transitions between different people performing martial arts with
different styles. 5



Another aspect of motion adaptation and morphing with respect to constraints comes
from computer graphics on the topic of re-targeting. As an example, Gleicher [7] pro-
posed a nonlinear optimization method to re-target a movement sequence from one
character to another with an identical structure but different segment lengths. The
problem is to satisfy both the physical constraints and the smoothness of movement.
Physical constraints are contact with other objects like holding the box.

The closest work to the model presented in this paper is done by Banarer [8]. He
described a method for learning movement adaptive to start and end positions. His
idea is to use a topological map called Dynamic Cell Structure (DCS) network [9]. The
DCS network learns the space of valid arm configurations. The shortest path of valid
configurations between the start and end positions represents the learned movement.
He demonstrated his algorithm to learn a single gesture and also obstacle avoidance for
a single fixed obstacle.

2.2 Contribution

The main difference between pose based methods and our approach is that instead of
learning the probability distribution in pose space, we model the variation in trajectory
space (each trajectory being a sequence of poses). This representation enables us to
generate trajectories that vary as a function of environmental constraints and to find a
more compact representation of variations than allowed by pdfs in pose space alone.
Pose pdfs would model large variations in trajectories as a widely spread distribution
which makes it difficult to trace the sequence of legal poses that satisfy the constraints
the human actually makes without some external reference like motion sequence data.

Our approach models movement variation as a function of the constraint space.
However, style based inverse kinematics as in [2] selects the most likely poses that
satisfy these constraints. This works well as long as the pose constraints do not de-
viate much from the training data. This may be suitable for animation applications but
our goal here is to represent realistic trajectories adapted to constraints without any ex-
plicit modeling. Banarer [8] uses also a pose based method and the model he proposed
does not generalize well because as new paths are learned between new start and end
positions, the DCS network grows very quickly and cannot cope with the curse of di-
mensionality. Our DCS network generalizes over trajectory space not poses enabling
more adaptivity.

Gleicher [7] defines an explicit adaptation model which is suitable to generate a
visually appealing movement but requires fine tuning by the animator because it may
appear unrealistic. This is because it explicitly morphs movement using a prior model
rather than learning how it varies in reality as done in [2].

In the case of Schaal [3], we see that DMPs although flexible are not designed to han-
dle large variations in trajectory space. This is because reinforcement learning adapts to
a specific target human trajectory.

Morphable movements [6] define explicitly the transition function between two or
more movements without considering the constraint space. Our method can learn the
nonlinear mapping between constraint space and movements by training from many

6



samples. The variation of a movement class is learned and not explicitly pre-defined.

To sum up, we have a trajectory based learning model which learns the mapping
between constraints and movements. The movement can be more adaptive and gener-
alizable over constraint space. It learns movements from samples and avoids explicit
modeling which may generate unrealistic trajectories.

2.3 Learning Model

After describing the problem, this section will develop the concept for learning move-
ment and then it describes how this model is implemented.

In order to develop a system which is able to generalize movement, a number of
reductions have to be made to the high dimensional space of start - end configurations
or any other environmental constraints. This reduction is done in two steps. The first
step is to learn the mechanics of movement itself and the second is to learn how move-
ment changes with start - end configuration. The mechanics of movement are called
intrinsic features. The changes of intrinsic feature with respect to relative position are
called extrinsic features. The intrinsic features describe movement primitives that are
characteristic for the human being. These features are the following;:

1. The acceleration and velocity of joints as they move through space. For example
a movement generally begins by a joint accelerating at the start then decelerating
as it nears its end position.

2. The nonlinear path taken by the joints to reach their destination. This is what
characterizes smooth human movement. Otherwise the movement will look rigid
similar to inverse kinematics used by robots. This nonlinearity is not only seen
in simple movements like moving from point a to b but also it can be seen in
more complex movements for which it is necessary like obstacle avoidance and
walking.

3. The coordination of joints with respect to each other in time. This means that joints
co-deform in space and time working together to achieve their goal.

After modeling intrinsic features, extrinsic features can be characterized as the vari-
ation of intrinsic feature in the space of all possible start and end positions of the joints
and any environmental constraints such as obstacle positions. Extrinsic features de-
scribe:

1. The range of freedom of joints.

2. The movement changes with respect to rotation and scale. As an example, we
can consider how the movement changes when we draw the letter A in different
directions or with different sizes.

The difference between intrinsic and extrinsic features that characterizes movement

enables the formulation of a learning model. This model consists of two parts: The
7



tirst part is responsible for learning intrinsic features which uses principal component
analysis (PCA). It is applied on the aligned trajectories of the joints to reduce the di-
mensionality. The second part models the extrinsic features using a special type of an
adaptive topological map called the dynamic cell structure (DCS) network. The DCS
learns the nonlinear mapping from the extrinsic features to intrinsic features that are
used to construct the correct movement that satisfies these extrinsic features.

In the following subsections we will take a detailed look at these mechanisms.

2.3.1 Intrinsic features using PCA

The algorithm which will be used to extract intrinsic features consists of the following
steps:

1. Interpolation.

2. Sampling.

3. Conversion to orientation angles.
4. Alignment.

5. Principal component analysis.

The main step is alignment in which trajectories traced by joints in space are aligned
to each other to eliminate differences due to rotation and scale exposing the mechanics
of movement which can then be analyzed by PCA. In the following paragraphs each
step of the algorithm will be explained in detail as well as the reasons behind it. As
an example, we will assume throughout this paper that there is a kinematic chain of 2
joints: shoulder and elbow. Each joint has 2 degrees of freedom (¢, §) which represent
the direction of the corresponding limb in spherical coordinates.

To perform statistical analysis, we record several samples of motion sequences. In
each motion sequence the 3D positions of the joints are recorded with their time. Let us
define the position measurements of joints of a movement sequence (k) as {(x; j k, ¥i.j k: Zijk, Lijk) }
where (z,y, z) is the 3D position of the joint, ¢ is the time in milliseconds from the start
of the motion. The index i is the position ( frame), j specifies the marker and & specifies
the the movement sequence.

The first step is to interpolate between the points of each movement sequence. Usu-
ally a 2nd degree B-spline is sufficient to obtain a good interpolation. We end up with
a set of parametric curves {p;(¢)} for each motion sequence k where pi(t) returns the
position vector of all the joints at time ¢.

The second step is to sample each px(t) at equal time intervals from the start of the
sequencet = O toitsend t = t.,q,. Let n be the number of samples then we form a vector
of positions vy = [P1k, P2k - - - Pn) Where pi = Pi((2=%)tenq, ). This regular sampling
at equal time intervals enables us to represent trajectories with a fixed length vector
which facilitates statistical analysis on a population of such vectors. This vector form
also represents implicitly the acceleration and velocity of these paths through variability
of distances between points. This is the reagon why time was used as the variable in the



parametric curves. In cases where motion is more complex and consists of many curves,
this method automatically samples more points of high curvature than points of lower
curvature. This places comparable corner points of complex paths near each other and
thus does not normally necessitate more complex registration techniques to align the
curves as long as the trajectories have up to 4-5 corners.

The third step is to convert the Euclidean coordinates v;, to direction angles in spher-
ical coordinates Sy = [S1x,S2, - - - Sn.x) Where s, is the vector of direction angles for all
the joints. This means that a given joint j in a kinematic chain with some position
p; = (z;,9;,2;) is attached to its parent with a position p;_1 = (x;_1,y;_1,%;-1) and
since the distance D between them is constant we need only to represent the direction
of joint j with respect to joint j — 1. This can be done by taking the relative coordinates
Ap = p; — pj—1 and then convert Ap to spherical coordinates (p;, ¢;,6;) where p; = D
is constant. After that, we take only the direction angles (¢;,6,) as the position of the
joint. For a kinematic chain of m joints we will need m — 1 such direction angles because
the first joint is the basis of the chain therefore has no direction.

The forth step is to align the paths taken by all the joints with respect to each other.
This alignment makes paths comparable with each other in the sense that all extrinsic
features are eliminated leaving only the deformations of the path set from the mean.
In order to accomplish this, we first convert every direction point (¢;,6;) of a joint j
to a 3D unit vector ; = ai + bj + ck that corresponds to the direction of the joint at
some point in time. With this representation we can imagine that a moving joint traces
a path on a unit sphere 1,(¢) as the paths shown in Figure 3. Given a kinematic chain of
m joints moving together, we can represent these moving joints as m — 1 moving unit
vectors U(t) = [(y(t),...0;(t),... Qm_1(t)]. Sk samples the path at equal time intervals
to, ..., tn, that correspond to U; = U(¢t;),i = 0...%,,. This enables us to represent the
path as a matrix of direction vectors W = [Uj,...U,,|". The reason why we use direc-
tion vector representation W is because it facilitates alignment of paths with each other
by minimizing their distances over rotation and scale transforms. To accomplish this,
we define a distance measure between two paths instances W;, W, as the mean dis-
tance between corresponding direction vectors of both paths (i.e. corresponding joints
j at the same time i)

1
pathdist(Wl, Wz) = Z d’L’St(ﬁi,j, V@j) (1)
(Wi V(i ;e W1, ¥, jeW3)
where the distance between two direction vectors is simply the angle between
dist(, V) = cos (- V) (2)

Two transforms are used to minimize the distances between the paths:

1. Rotation (R): When we multiply each direction vector in the path with a rotation
matrix R, we can rotate the whole path as shown in Figure 3.

2. Scaling: We can scale the angles between path points. This assumption is made
by the observation that movements are scalable. For example, when we draw a
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Figure 3: Alignment of two trajectories by scale and rotation. The trajectories are a
sequence of direction vectors tracing curves on a unit sphere.

Hand trajectories

Mean

#“E|bow trajectories

Figure 4: Example of aligning a training set of trajectories represented as direction vec-
tors tracing curves on a unit sphere. Left before alignment and right after. We see how
the hand trajectories cluster together and the mean becomes smoother.

letter smaller and then bigger, we basically move in the same way but with larger
angles as shown in Figure 3. This is of course a simplifying assumption that is
not exactly true but it helps us later to fit start-end positions of variable arc-length
distances. To scale the path we simply choose a reference direction vector on the
path and then shift each direction vector in the direction of the arc length between
them by multiplying the arc length 6 with a scale factor s as depicted in Figure 3.

Minimizing distances can be done by simple gradient descent over the scale pa-
rameter s and rotation angles around the three axes ¢,,6,, 6. defining a rotation matrix
R = R,(0;)R,(0,)R.(0.). When extending this algorithm to align more than two paths,
we can do that by computing the mean path W and then fitting all the sample paths
{W,,..., W,} to the the mean. We repeat this cycle until the mean path W converges.
The mean path is initialized by an arbitrary sample W = W;. It is computed from
aligned samples in each iteration step by summing the corresponding direction vectors

from all the sample paths and then normalizing the sum W = W An example of

aligning is in Figure 4.
The fifth step is to convert the aligned trajectories back to the angular representation
and form a data matrix of all p aligned motion sequences X = [S] ... S]...ST]" . Prin-
10



Movement 3

Movement1
Movement 2

Start position

Figure 5: Three movements of the arm that all begin with the same start position (left
image), the rest are end positions.

cipal component analysis is applied on X yielding latent vectors ¥ = [i1, s, ..., 1]
Only the first ¢ components are used where ¢ is chosen such that the components cover
a large percentage of the data ¥, = [¢1, s, ..., 1{,|. Any point in eigenspace can be then
converted to the nearest plausible data sample using the following equation

S=S+%¥,b (3)

where S = % >k _, Sk and b is the column vector of an eigenpoint.
The inverse transform from eigenspace to trajectories is approximated by

b= W (S—S) (4)

The latent coordinates b represent the linear combination of deformations from the
average paths taken by the joints. An example of that can be seen in Figure 6. In this
example, the thick lines represent the mean path and the others represent £+3 standard
deviations in the direction of each eigenvector which are called modes. The first mode
represents the twisting of the hand’s path around the elbow and shoulder. The second
mode shows the coordination of angles when moving the hand and elbow together.
The third mode represent the bulginess of the path taken by the hand and shoulder
around the middle. We see that these deformation modes have meaningful mechanical
interpretations.

2.4 Extrinsic features using DCS

PCA performs a linear transform (i.e. rotation and projection in (3)) which maps the tra-
jectory space into the eigenspace. The mapping between constraint space and eigenspace
is generally nonlinear. To learn this mapping we use a special type of self organizing
maps called Dynamic Cell Structure which is a hybrid between radial basis networks
and topologically preserving maps [9]. DCS networks have many advantages: They
have a simple structure which makes it easy to interpret results, they adapt efficiently
to training data and they can cope with changing distributions. They consist of neurons
that are connected to each other locally b%]la graph distributed over the input space.



. %, Shoulder

Figure 6: The first three variation modes of a kinematic chain representing the shoulder,
elbow and hand constructed in 3D space. The middle thick line is the mean trajectory
and the others represent +£1, +2, £3 standard deviations along each eigenvector.

Figure 7: Distribution of eigenvalues (bright regions represent maxima) in the angular
space of the end position of the hand.

These neurons also have radial basis functions which are Gaussian functions used to in-
terpolate between these neighbors. The DCS network adapts to the nonlinear distribu-
tion by growing dynamically to fit the samples until some error measure is minimized.
When a DCS network is trained, the output bpcs(x) which is a point in eigenspace can
be computed by summing the activations of the best matching neuron (i.e. closest) to
the input vector x representing a point in constraint space and the local neighbors to
which it is connected by an edge which is defined by the function A,(x). The output is

defined as
Yica,x) bib(|| x —ci || /o)
Yieayo Ml x = ¢ | /o)
where c; is the receptive center of the neuron i, b, represents a point in eigenspace which
is the output of neuron i, h is the Gaussian kernel and o; is the width of the kernel at
neuron 1.
The combination of DCS to learn nonlinear mapping and PCA to reduce dimension

enables us to reconstruct trajectories from b(x) using (3) which are then fitted to the con-

straint space by using scale and rotation transformations. For example, a constructed
12
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trajectory is fitted to a start and end position.

When using the network to generate new motion paths, the start-end positions &
are given to the network. It returns the deformation modes b of the given start-end
position. We must use b to reconstruct the path between the start and positions given
by ©. This is accomplished by converting b to angular representation S given by (3). S
is converted to direction vector representation W. We take the start and end positions
of W and find the best rotation and scale transform that fits it to ® using the same
method shown in the previous section. The resulting path represents the reconstruction
that contains both intrinsic and extrinsic features from the learning model.

2.5 Experiments

In order to record arm movements, a marker-based stereo tracker was developed in
which two cameras track the 3D position of three markers placed at the shoulder, elbow
and hand at a rate of 8 frames per second. This was used to record trajectory samples.
Two experiments were conducted to show two learning cases: moving between two
positions and avoiding an obstacle.

The first experiment demonstrates that our learning model reconstructs the nonlin-
ear trajectories in the space of start-end positions. A set of 100 measurements were
made for an arm movement consisting of three joints. The movements had the same
start position but different end positions as shown in Figure 5.

The first three eigenvalues have a smooth nonlinear almost unimodal distribution
with respect to the start-end space as shown in Figure 7. The first component explained
72% of the training samples, the second 11% and the third 3%.

The performance of the DCS network was first tested by a k-fold cross validation
on randomized 100 samples. This was repeated for £ = 10 runs. In each run the DCS
network was trained and the number of neurons varied between 6 to 11. The average
distance between the DCS-trajectory and the data sample was 3.9° and the standard
deviation was 2.1°. This shows that the DCS network was able to generalize well using
a sample size of about 100.

We can compare with Banarer [8] who fixed the DCS network with an upper bound
of 15 neurons to learn a single gesture and not many as in our experiment. He used
simulated data of 70 samples with a random noise of up to 5° and the mean error was
4.3° compared to our result of 3.9° on real data. The measurement error of the tracker
is estimated to be 4.6° standard deviation which accounts for the similar mean errors.
This shows that our model scales well.

Next, we demonstrate the algorithm for obstacle avoidance. In this case 100 mea-
surements were taken for the arm movement with different obstacle positions as shown
in Figure 8. The black lines show the 3D trajectory of the arm avoiding the obstacle
which has a variable position determined by the distance 5. We see how the hand
backs away from the obstacle and the elbow goes down and then upward to guide the
hand to its target. A is the Euclidian distance between the start and end positions of the
hand. The grey lines represent a free path without obstacles. In this case we need to
only take the first eigenvector from PCA to capture the variation of trajectories due to

13
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Figure 8: Trajectory for obstacle trajectory with respect to
avoidance in 3D space. the obstacle

obstacle position. This deformation mode is shown in Figure 9 We define the relative
position of the obstacle to the movement as simply p = £. The DCS network learns the
mapping between p and the eigenvalue with only 5 neurons. The learned movement
can thus be used to avoid any obstacle between the start and end positions regardless
of orientation or movement scale. This demonstrates how relatively easy it is to learn
new specialized movements that are adaptive to constraints.

Finally, this model was demonstrated on hand grasping. In this case 9 markers were
placed on the hand to track the index and thumb fingers using a monocular camera as
in Figure 10. The 2D positions of the markers were recorded at a rate of 8.5 frames per
second from a camera looking over a table. The objects to be grabbed are placed over
the table and they vary by both size and orientation. The size ranged from 4 to 12 cm
and orientation ranged from 0 to 60 degrees as depicted in Figure 11 and 12. The tracker
recorded 350 grasping samples of which 280 was used for training the DCS and 70 for
testing. The DCS learned the variation of movement with 95 neurons and PCA reduced
the dimension from 600 to just 23. The first two modes characterize variation of scale
and orientation as shown in Figure 10. Figure 11 and 12 depict an example comparison
between grasping movement generated by the DCS and an actual sample. Below we
used two measures that characterize well grasping: distance between the tips of the
index finger and the thumb and the direction of the index finger’s tip with respect the
the direction of the arm. We see that the DCS and sample profiles look very similar.
In general, the model’s root mean square error for the first measure was 18 pixels for a
800 x 600 images and 8.5° for the second measure. Training the DCS takes only a few
seconds for all the movement classes presented.

After presenting the experiments for movement generation, we demonstrate some
results for movement transfer. Figure 13 shows a 2D human trajectory that a robot
has to learn. The end markers (shown as (x)) in the figure are the constraints which
represents the start and end position that the robot must maintain. The discrete cosine
transform uses 8 coefficients: 4 for the x dimension and 4 for the y dimension. The
algorithm was able to learn the nearest trajectory after about 2000 iterations. The QDCS
was set to an upper bound of 200 neurons. The algorithm selects a random action about
10% of the time and the action of maximulrz Q value the rest of the time. This shows
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that the algorithm is able to learn in a reasonable time a trajectory because the human
motion and the constraints act as strong priors to guide the low dimensional frequency
representation of trajectories. Adapting to more constraints is left as future work.

3 Transferring of Movement from human to robot

3.1 Introduction

Based of the network shown in Figure 1, we divided the problem of learning human
movement into two parts: Learning the human movement adapted to constraints and
then Learning the mapping between the human movement and a robot. We will pro-
pose a reinforcement learning algorithm to transfer the movement from human to robot
that is flexible, efficient and generalizes over the constraint space. We will discuss next
both parts briefly and how they will work together:

e Learning human movement: In this case we generalize the movement over the
space of environmental constraints. iFEl;lese constraints were defined on a case by
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Figure 13: Learned trajectory using start and end position constraints in 2D space

case basis as was shown in free movement, obstacle avoidance and hand grasp-
ing. The output of the trained network in this stage is generalizable human body
movement. The limitation with that is that is that the proposed approach is unable
to transfer the learned movement to a machine with a different geometry than the
human body. For example, if the human arm was modeled with 30 degrees of free-
dom, then how we can train a machine with 6 degrees of freedom and different
segment lengths than the arm to do an equivalent action. Equivalence of actions
will be explained in the next point.

e Leaning movement mapping between human and robot: In order to transfer a
learned human movement, we have to train the robot to imitate it. This means the
robot should be able to apply the movement successfully satisfying the constraints
which the human movement did. In addition to constraint satisfaction, we can
make the robot move in a way that looks geometrically similar to the human.
Geometric similarity here is a problem specific term which differs from one case
to another. But basically we can define it as enabling the robot to use human
movement as a prior to guide its movements to converge faster to a solution. This
will be elaborated in more detail later. A nice appealing effect of using geometric
similarity is that movements under different embodiments look to some extent
similar to each other. In other words, action equivalence of different embodiments
is the set of all possible movements of the second embodiment (Robot) that satisfy
the constraints that the first embodiment (Human) did. From this set we choose
that movement that makes the second embodiment look (subjectively) similar to
the movement of the first embodiment.

Movement similarity of different embodiments can be found in some research pa-
pers. The solutions found in literature basically fall into two categories: The first class
looks only at the effects of actions on the environment as in [10]. If the effects of goal
sequences are the same on the environment then the Robot movement is considered
equivalent to the humans. The other catel%ory defines some ad hoc explicit function



which measures the similarity between the robot and human poses as in [6]. We pro-
pose to solves this problem by using a reinforcement learning rather than explicitly
defining the mapping function. The reward function in reinforcement learning enables
us to easily model both those aspects of movement similarity. The approach we pro-
pose keeps the learning algorithm of the robot general and free from the any problem
specific solutions which is delegated to the fitness function. The reinforcement learning
approach we will propose is general, efficient and flexible because it can be applied to
many movement cases.

A reinforcement learning has also been used by Schaal [3] in his work with hu-
manoid robots. When comparing our approach with his, we can see that our approach
can deal with more dissimilar embodiments than humanoid robots. Another aspect is
that his method learns the mapping of a single movement which can be varied adapted
in a very limited way by changing the weights of his movement pattern generators
DMPs. Our approach learns not only a single movement but generalizes this mapped
movement over the constraint space.

3.2 Method

After reviewing some literature and comparing it with the proposed method, we dis-
cuss next our reinforcement learning approach to mapping movement. Imitation of
movement is a basic social mechanism in humans. The child can observe the move-
ments of adults through his eyes and tries through his observation to repeat the same
movement. Through many trails and errors he begins to correct and refine his own
movement by watching himself until it becomes similar to what he observed. He then
uses this ability to do useful manipulation of his environment as discussed in [11]. In
our learning approach we try to use the perception-action cycle in a similar way. In the
case of the robots perception, observed movements of the human or movements made
by the robot are tracked trajectories on an image(s). The image(s) of these movements
is taken by a static camera(s) viewing the human or robot. This camera(s) is the robots
eye(s) so to speak. We assume that this camera(s) is un-calibrated. The movements per-
formed by the robot are done by activating its motors. There is no explicit mapping be-
tween a point on the image(s) of the un-calibrated cameras and points in the real world
in which the robot moves in. The robot can only learn by a series of trials and errors and
observing its own movement and comparing it to the humans in image space. This is
why we need reinforcement learning. This approach differs from servoing which learns
the map between image space points and real world coordinates in that we try to learn
joint-trajectories and not just individual points. The imitation perception-action cycle
of the robot works as follows: The robot observes the human movement on the image
either tracked directly or generated by the first network as shown in Figure 1. The robot
then tries random movements until its observed movement in the image becomes more
and more similar to the observed human movement in the same image and also until
all the environmental constraints are satisfied.

In order to simplify the movement transfer problem we restrict the problem to trans-
ferring movement to the end effector of the robot. The restriction is done because it
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proves the concept and because the gripper which is equivalent to the human hand is
the most important point in a manipulator system. There is no reason that this restric-
tion can be removed in the future when using the methods that will be described here
to more degrees of freedom in the robot space provided the conditions are suitable.

The first network in Figure 1 generates trajectories of each joint satisfying the con-
straints. To be consistent with this output, we designed the second network learn from
generated trajectory samples also.

3.2.1 Dimensionality Reduction

In order to accomplish trajectory learning, we have to be careful with respect to di-
mensionality of the action space. If we have many degrees of freedom and too many
trajectories to choose from then no reinforcement learning algorithm can converge in a
reasonable time. What will happen is that all the random trials will fall under the curse
of dimensionality. This is why we have to reduce the dimensionality of action space.
This is done in two ways:

e Converting robot trajectory to a frequency representation. When we have in such
a representation we can throw away the higher frequency coefficients and try to
optimize only the low frequency vector. A suitable trajectory representation is
using discrete cosine transform. This can reduce the robots trajectory from say
100 intermediate points to 4-5 low frequency coefficients for example. When try-
ing new trajectories of the robot we can modify an existing coefficient vector and
then converting the modified vector to a trajectory in the robot’s workspace. The
discrete cosine transform is expressed as

7(2n —1)(k—1)

N
a, = wy Y Pncos(

),k=1,...,N, (6)
— 2N
Wk = {\/% 2<k<N @

where a trajectory is sampled at N points in 2D or 3D space p,,n = 1... N. The re-
inforcement learning represents trajectories through the parameters a;, k = 1...m
that where m is some small dimension. The robot trajectory is reconstructed using
inverse discrete cosine transform applied on a zeros padded vector of length N:

(ar,ag,...,a,,0,...,0) as follows
N 2n — 1)(k —1
Prn = Zwkakcos(ﬂ- " )( ))7n:17"'7N7 (8)
= 2N
L k=1
Wi = {\/ﬁ%’ 2<k<N (9)
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e A robotic arm is basically a manipulator system that transports its end effector
from one point to another in order to employ the gripper to grab and release the
objects. This has an analogy to the hand in the human arm. By restricting the tra-
jectories to that of the human hand and the end effector of the robot we reduce the
problem of modeling many degrees of freedom to just one. This restriction made
here does not mean that it is not possible to extend this method to more degrees
of freedom. As long as there is a suitable low dimensional representation of the
robot’s movements, we can successfully apply reinforcement learning methods on
it.

e In the framework of COSPAL project the robot workspace was restricted to 2.5D.
This means that the robot gripper manipulates block objects on a 2D flat surface.
The robot gripper moves on two planes parallel to the work surface: The first is
close to the objects in order to grasp them and the second is above the first in
which objects are being transported. This simplification can be made also in our
case. We can restrict the trajectory of the robots end effector to a 2D plane above
the work surface thus reducing the trajectory of the end effector from 3D to 2D.
This restriction also enables the use of a monocular camera rather than a stereo
pair.

3.2.2 Obstacle Avoidance

As a case study to illustrate the movement transfer concept we chose obstacle avoid-
ance out of the three movement cases shown by the first network. This demonstrates
nicely the transfer concepts involved. In this case, the human being avoids hitting an
obstacle he observes by his hand. In order to do that he varies his movement to reach
from a certain start position to some end position around the obstacle. The start and
end position and the obstacle position and size constitute the constraints around which
this movement is involved. The robot can learn this movement by assuming it avoids
similar obstacles placed on the workspace. The camera overlooking the workspace in
Figure 16 is used to track the robot trajectory using a colored marker placed on the
end-effector shown in Figure 17. The end-effector trajectory that the robot tries, projects
a trajectory on the camera image. This projected trajectory can then be compared to
projected trajectories generated by a human hand tracked on the same camera or syn-
thesized on the camera image from the network that was trained from the human hand.
The position and size of the obstacle has to also be extracted from the camera image. All
these information can be used to define a fitness function (or a reward function in rein-
forcement learning) that we try to optimize. The fitness function will take two factors
into consideration when measuring the similarity between the human and the robot
trajectory:

1. How similar are the trajectories in the image space. In this case a suitable measure
between trajectory curves can be used such as the Hausdorf distance. This helps
the robot to converge more quickly to satisfy the constraints using the human
trajectory as a prior.
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Figure 14: The online learning cycle between the robot DCS and Q-learning

2. Constraint satisfaction which in the case of obstacle avoidance means that the
robot start and end points are close to the humans and that the robot trajectory
did not hit the obstacle. The obstacle is roughly approximated in the camera im-
age as circle with a radius r and center (¢, yy). This approximation of obstacles
does not take into account the object geometry and variations due to viewpoint.
But it is the simplest representation of an obstacle captured in the image as shown
in figure 18.

The fitness function cab be expressed by the following formula:

r(u,v,C) = a1 fi(u,v) + az fa(v, C) (10)

where u is the trajectory of the human hand, v is the trajectory of the robot end
effector. C' is the constraints to be satisfied in the robots workspace. a4, a, are weights,
J1 measures the similarity between the shapes of trajectories and f, measures constraint
satisfaction in the robot space. An Example is shown in Figure 13. Here we see both
start and end point constraints and how the robot tries to reach both and be similar to
the human trajectory at the same time.

3.2.3 The learning algorithm

So far we have explained the idea behind movement transfer and how it relates to the
first network. We also explained how reduce the dimension of the action space and that
it is necessary for reinforcement learning to work. We explained also that matching be-
tween trajectories is done through fitness or a reward function that takes into account
both the human trajectory and the constraints in image space. Next, we will explain
how the learning itself takes place. The learning algorithm actually goes through sev-
eral steps as shown in Figure 14:

1. In the first step the Human network generates an image of the imitated movement
Mo with constraints Cj in the image space of the robot as shown in Figure 14. The
robot stats from a null trajectory which it then modifies at random to generate in-
creasingly bigger trajectories. The trajectories are then captured using the tracker
in image space and compared with t%: human trajectory generated from the top



network in Figure 1. In this case a modified type of Q-learning is used to search
the action space of the robot through the fitness or reward function until a suit-
able trajectory M, that comes close to satisfying the similarity to the human and
the constraint space is achieved. This step is the most time consuming because it
requires many trials to reach from the null trajectory to the point where the robot
learned the first movement.

2. Once the first mapped robot movement M, is learned for the first obstacle con-
straint Cy. This is added as a training sample to an online DCS network for the
robot as shown in Figure 14. Now the human movement network generates a new
trajectory M), for a new obstacle C; which is close to the first human trajectory ex-
ample. Now we apply the Q-learning again to find a suitable robot trajectory M,.;.
We do not begin with the null trajectory this time. Instead we query the DCS net-
work of the robot for the closest initial trajectory which we can begin with. This
means that since we start with a sufficiently close solution for the robot trajec-
tory we will need less number of trials to achieve the goal of satisfying the new
constraints. Once a suitable robot trajectory is found, we add the new constraint
and the new robot trajectory to the online DCS network of the robot. In other
words, we used the last step as a bootstrap to learn the next robot movement
more quickly. This principle of continual learning enables the robot to quickly
generalize from the first few movements it learned and correct its wrong guesses
more and more quickly using reinforcement learning through trail and error.

3. The last step is iteratively repeated for different sizes and positions of trajecto-
ries until the algorithm converges to a mapped robot trajectory generalized to the
constraint space in images.

This continuous robot cycle of guessing a good initial move, trying new variations
and then correcting the online knowledge is a the learning mechanism which enables
the robot network to be trained from the human movement network and generalize
from it. The First human network trains by providing a sequence where samples are
close to each other that enables the robot neural network to learn and generalize its
movement more quickly. Even if the temporal closeness from the training samples of
the first network is violated, the second network will try to provide a good initial guess
of the movement by interpolating between the closest movements to the constraint pre-
sented in the image. This learning approach in which one network trains another is an
example of a hierarchical learning system in which learning takes place at many levels
and the knowledge acquired is used to bootstrap the learning process incrementally.

The Q-learning part of the algorithm will be explained next. A good reference about
Q-learning can be found in [12]. The Q learning has been modified from discrete to a
continuous version by representing the Q-table as a graph. The nodes represent real
valued states and the edges represent actions that connect states to other states. The
edges store the g-value for the state action pair. Actions are simply random small incre-
ments to the state vector. Figure 22 shows the Q-graph with the optimal path marked
with a thick line. In order to avoid loops we constrain this graph to be a tree. The
algorithm resets the current state to the stfft state periodically in order to update the
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Q-values at the edges and also to branch from existing states to new subtrees. A simpli-
tied version of the algorithm is represented in Figure 15. In this case whenever we reach
a new state, we create a node in the graph. In our experiments we select the next state
by doing n random actions and choosing the best one that has the maximum reward.
We also modified the algorithm to update the Q-value of the current edge of the state
and simultaneously all the Q-values of the ancestor states in order to avoid too much
resetting of the current state.

3.2.4 Why use learning?

After describing how the learning works, One can argue that instead of using a learning
scheme, a trajectory is directly generated by the robot that approximates the human tra-
jectory using, for example, a simple spline function that interpolates between the points
in work space which the human hand went through. The following is a comparison
between direct mapping and learning that defend the learning approach.

e An advantage is that learning the mapping between the image space and the
movement in robot space frees us from calibrating the camera and defining an
appropriate camera model that can map an image coordinate to the robot posi-
tion. In other words the robot learns to associate the percepts it acquires using a
camera and the actions it takes. This frees us from any explicit modeling of the
environment and enables us to reuse the same learning mechanism regardless of
what type of camera we have.

e Another advantage lies in the flexibility in defining the fitness function. We are
free to choose any fitness function that satisfies constraint or similarity to human
motion depending on the problem. Using explicit mapping gives less flexibility in
this regard. We can also vary the fitness function dynamically during the learning
process when some information is not available. For example, if a human trajec-
tory is not available for some constrg%nts, the fitness function can measure only



satisfaction constraint for trajectories that were already learned. We are also able
to compare different fitness functions that lead to different solutions in terms of
learning rate and quality of learning.

e Learning in terms of generalization, the robot is able to generate and explore
new situations in the environment from the movements it had already learned,
whereas, generalization is not possible in this sense using explicit mapping be-
cause every movement of the robot has to be transformed directly from an equiv-
alent human movement. This means that that learning is adaptable and transfer-
able where explicit mapping is not.

e In terms of efficiency, the explicit mapping requires little computational cost. But
the reinforcement learning is also very efficient because it uses a low dimensional
state space representation which represents trajectories as coefficients. This en-
ables the random exploration to converge quickly to the desired solution. Using
a learned trajectory to adapt to a new constraint also accelerates learning. These
features enable it to be used for online learning.

e In terms of extendability to more degrees of freedom. An explicit mapping is able
to model only 1:1 mappings from a human joint to a robot joint. The reinforcement
learning method that uses an arbitrary fitness function is able to incorporate more
degrees of freedom for this purpose that don’t use an explicit mapping.

3.3 Experiments

After explaining in the previous sections how reinforcement learning is used to transfer
movement. We show now a demonstration of these concepts on our movement case:
Namely, how an industrial robot learns from observing a human how to avoid an ob-
stacle placed on its workspace. The experimental setup will be shown and then the
results on both real and simulated environments will give a good idea how quickly did
learning convergence occur.

Trajectory mapping for obstacle avoidance was tested on both simulated and real
environments. The main advantage of using a simulated environment is that it enables
us to test how well the system learns without waiting long hours till the robot completes
all its movements. In addition to that, Simulations enable us to teach quickly the robot
and then use the trained network directly in the workspace. The experiments measure
both the time it takes to learn the first obstacle and then how well the system learns sub-
sequent moves for different obstacle sizes and start and end positions. We will discuss
next the experimental setup.

An industrial robot RX90 was used to learn the movements. There is a camera over-
looking the workspace of the robot from the side and slightly above the workspace as
shown in Figure 16. A view from the camera can be seen in Figure 17. In this figure we
can see that above the gripper of the robot there is a piece of paper with a colored circle
in it. This circle can be easily segmented in the image by thresholding the hue and the
centroid of the circle can be easily calculated from the segmented image. The centroid
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Figure 16: Setup showing the robot and the static camera

coordinates mark the position of the gripper in image space. A robots trajectory is cap-
tured by moving the gripper on a plane parallel to the work space of the robot. During
this movement the position is measured in the image at regular intervals. These image
coordinates make up a way point representing the projection of the trajectory in image
space. For these experiments we used 20 way points to represent each trajectory. This is
how the robot trajectories are recorded. The human trajectories are recorded by moving
the human hand with a marker placed on it approximately in the same plane of the
grippers marker. The human trajectory is tracked on the image and re-sampled to the
same number of way points as the robot so that they are equidistant in time. In addi-
tion to measuring the human trajectory, we have to have an estimate of the obstacle size
and position in the image. This is done by manually marking the obstacle in the image
using an a circle approximation as shown in Figure 18. This enables a simple represen-
tation of the size and position of the obstacle without having to deal with geometric
details of the object. This setup was also simulated by taking the image coordinates of
the four corner points of the robots workspace also shown on the same figure. Between
these points interpolation was used to approximately map any point in the image to the
world and vice versa.

As mentioned in Figure 15, in the first step the robot has to learn the first example
observed from the human shown in Figure 18. In this case the real experiments show
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Figure 17: A view from the camera overlooking the workspace

!  Human Trajectory

Figure 18: An obstacle avoidance trajectory and an obstacle represented as a circle in
the image
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that that the robot needs about 370 trajectories in the best case to learn this movement
and converge to the solution shown in Figure 21. The progression through some in-
termediate states is shown in Figure 19. The total time taken by the robot to learn this
move is 2.36 hours. This make an average of 23 seconds per trajectory. In this case the
robot trajectory was represented using 10 DCS coefficients: 5 for the x-axis and 5 for
the y-axis. The Q-learning algorithm generates new states by adding a small random
vector 0 to an existing state §: 8’ = 6 4 ¢ and then the new trajectory is tried out and the
reward function measures the similarity to the human curve. In simulated experiments
the robot may take from 300 to 1500 attempts to learn the first movement depending if
it has luck and stumbles on a solution quickly through its random trails.

The g-learning trace of states is shown in Figure 22. The nodes in this graph repre-
sent DCT coefficient projected onto a plane by taking the first two DCT coefficients of
a trajectory. The start state is the null movement and is represented by a square. The
edges (directed) represent random actions that changed one trajectory state to the other.
The diamonds represent states that branched to more than one state during the search.
The final states are represented by circles and the best path leading from the start state
to the solution state is highlighted with a thicker line. It takes 100 to 200 stored states
to learn a single target trajectory. The Q-learning algorithm uses these stored states
to make semi-random walks in the action space and also to retry some old states and
branch out from them which enables it to escape local minima.
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Figure 19: Part A: Progression of trials and errors to learn the first movement. The num-
ber above the trajectories is the reward function. The dotted line is the robot trajectory
and the solid line is the human trajectory. See the rest in Part B.
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Figure 20: Part B: Progression of trials and errors to learn the first movement.

After the first step is archived, the training sample is added to the on line DCS net-
work of the robot.

The subsequent learning steps use the learned samples to guide them a quicker con-
vergence.Instead of starting from a null-trajectory as in the first time, the robot will try
to make a good guess and begin from there. In this case closely similar trajectory sam-
ples were generated by the first network in Figure 1 for different obstacle sizes and end
point positions as shown in Figure 23. The training of the robot trajectory required be-
tween 10 — 30 attempts with an average of 21.4 to adapt to each new constraint. An
example is shown in Figure 25 where the dcs guesses the closest movement (top left)
that satisfies the constraints.This is a significant speed up over the 300 — 1500 trials that
was required to learn the first move. This shows how continual learning can speed up
the learning process. The online DCS network of the robot required 15 — 20 neurons
to learn the obstacle variations in Figure 23. This figure shows how the learned robot
network generates close and comparable trajectories to the human.

In conclusion, these experiments demonstrated how to use continual online learning
and a teacher DCS network can speed up the learning of robot movement significantly
by a factor of about 50. The learn process can also be simulated and the trained robot
network can be used directly on the real robot.

Although this learning algorithm was tested only on the end effector trajectory, it
is possible to extend this approach to more degrees of freedom. The simplest way to
start is to add when the robots gripper can open and close for example when doing the
grasping movement. This becomes simply a simple additional constraint to try.
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Figure 21: The First Learned movement with reward value on top.

4 Conclusion

We proposed a learning model for generation of realistic articulated human motion.
The model characterizes deformation modes that vary according to constraint space. A
combination of DCS network to learn the nonlinear mapping and PCA to reduce di-
mensionality enables us to find a representation that can adapt to constraint space with
a few samples. This trajectory based method is more suited for movement generation
than pose based methods which are concerned with defining good priors for good fit-
ting with image data in applications such as tracking. The proposed method models
variation of movement with respect to constraints in a more direct way than the previ-
ously proposed methods. The potential uses of our method is in developing humanoid
robots that are reactive to their environment and also motion tracking algorithms that
use prior knowledge of motion to make them robust. Three small applications towards
that goal were experimentally validated. We also proposed a trajectory based method
that transfers the human movement to a manipulator of a different embodiment using
reinforcement learning. The method uses DCS networks and Q-learning to exploit and
explore the space of trajectories that fit to constraints specified in robot space. This rep-
resents a natural extension of the first algorithm that enables adaptive movement that

is retargetable to any robot manipulator system.
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Figure 22: Projected robot-trajectory states stored during the search using Q learning.
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solution. The number of states is 142.
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Figure 24: Part B: Comparison between the learned robot trajectory (dotted) and the
human trajectory (solid) with different obstacle size and position.
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Figure 25: Learning a subsequent move starting from a known robot trajectory (dotted)
and the human trajectory (solid) with different obstacle size and position.
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