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Hardware Experiments of a Truss Assembly
by an Autonomous Space Learning Robot
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An experimental system simulating a free-flying space robot, which has been constructed to study autonomous
space robots, is addressed. The experimental system consists of a space robot model, a frictionless table system,
a computer system, and a vision sensor system. The robot model is composed of two manipulators and a satellite
vehicle and can move freely on a two-dimensional planar table, without friction, using air bearings. The robot
model has successfully performed the automatic truss structure assembly, including many tasks, for example,
manipulator berthing, component manipulation,arm trajectory control collision avoidance, assembly using force
control, etc. Moreover, even if the robot fails in a task planned in advance, the robot replans the task by using
reinforcement learning and obtains the task goal. The experiment demonstrates the possibility of the autonomous

construction and the usefulness of space robots.
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Introduction

PACE robots are necessary for future space projects for con-

struction, repair, and maintenance of satellites and space struc-
tures in orbits. Hence, it is important to develop a free-flying space
robot consisting of manipulators and a satellite vehicle that can
fly freely in an orbit (referred to here as a space robot). Many new
complicateddynamic problems have beenraised, for example, inter-
action between the manipulators and satellite, structural flexibility
caused by lightweight requirements, etc. There exist many papers
focused on the dynamic problems,! = whereas the references cited
here are not extensive. Some studies using hardware equipment on
the ground to examine control and identification methods have been
reported 312

Moreover, studies of autonomous systems (e.g., recognition us-
ing force and vision information, planning and reasoning, etc.) are
necessary to realize the autonomous space robots that can achieve
their mission as commanded by human operators.!* The following
projectsemphasize this point: the Telerobotics Research Program,!!
the space robot technology experiment,'* the Ranger Telerobotic
Flight Experiment,’® and the Engineering Test Satellite-VIL!® As
of this year, those projects are almost complete, but there remain
many applications for autonomous space robots. There are many
tasks autonomous space robots can accomplish, thus replacing hu-
man astronauts. For such autonomous robots, adaptation and learn-
ing in a real work environment are key issues. Therefore, testbeds
are necessary for research and development.

To that end, this study has developed a ground experimental sys-
tem and started researching robot autonomy, by simulating a free-
flying space robot under microgravity conditions in orbit (Fig. 1).
With this system, many control techniques are used to make the
space robot model automatically assemble a truss structure. In the
assembly demonstration, the robot model performs several tasks,
for example, manipulator berthing, component manipulation, arm
trajectory control collision avoidance, assembly using force con-
trol, etc. Repeating the sequence would enable constructionof large
structures.

However, the space robot may fail in a task planned in advance
because of uncertainties and variations of the worksite. To obtain
the task goal, the robot must suitably modify the task for the real
work environment. For this purpose, the robot replans by using re-
inforcement learning with trial-and-error processes. The robot ex-
perimentally achieves the goal by carrying out the replanned task.

The rest of this paper is organized as follows. The experimen-
tal system is introduced in the next section. The third section ex-
plains fundamental control techniques realizing the assembly. In
the fourth section, the autonomous truss structure assembly is ex-
perimentally demonstrated by synthesizingthe techniques. The fifth
section illustrates the method using reinforcement learning to plan
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Fig. 1 Photograph of space robot model and truss.
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Fig. 2 Schematic of experimental system.

the task sequence appropriately for the real work environment when
the robot fails in the task planned in advance. Some concluding re-
marks are given in the final section.

Experimental System

Outline of Experimental System

Figure 1 is a photograph of the space robot model and a truss
structure under assembly. Figure 2 shows a schematic diagram of
an experimental system constructed in this study. The experimental
system simulates a free-flying space robot in orbit while motion of
the robot model is restricted in a two-dimensional plane. The ex-
perimental system consists of four subsystems: 1) the space robot
model, 2) the frictionlesstable system, 3) the computer and I/O sys-
tem, and 4) the vision sensor system. The robot model is supported
on the horizontal table without friction by the use of air pads.

Table 1 Specification of space robot model

Mass Length Mass center Inertia
Link m;, kg £;, m Lgi, m i,',kg~rr12
0 66.36 0.464 0.000 5.917
1 2.96 0.320 0.182 0.045
2 2.25 0.260 0.132 0.028
3 1.70 0.118 0.031 0.002
Payload 1.95 e 0.000 0.020

Specifications of Experimental System
Space Robot Model

The robot model consists of a satellite vehicle and dual three-
degree-of-freedom (DOF) selective compliance assembly robot
arm-type manipulators. A pair of charge-coupled device (CCD)
cameras for stereo vision and a position/attitude control system
are installed on the satellite vehicle. The position/attitude control
system consists of four thrusters and a control momentum gyro.!”

The parameters of the robot model are listed in Table 1, where
£,; and i; indicate the position of mass center and the mass moment
of inertia of link i about its mass center, respectively. The links
and joints are numbered from the base to the tip of the manipula-
tors. Link O and 3 are the satellite vehicle and a manipulator hand,
respectively. Both manipulators have the same specifications.

Each manipulator is composed of rigid links and a hand. The
hand has one DOF of open/close states and can grasp a payload. All
articular joints are driven by dc servomotors with harmonic drive
reduction gears. The joint angle can be measured by the use of an
optical rotary encoder mounted on each dc motor. The motor drive
amplifiers directly control the amplitude of the current applied to
the geared dc motors. The system uses a torque servoactuator'® with
a torque sensor and a servocontrollerinstalled in every joint. The
measured torque error is fed back to the servocontrollerand a fine
torque control of the outputaxis is achieved. The applied forces and
torque at the end effector can be calculated from the measurements
of the joint torque sensors.

Frictionless Table System

The frictionless table system realizes a two-dimensional weight-
less condition in the horizontal plane. The table system consists of
three parts: the horizontal planar table, air pads, and a pressure air
source. The top of the table is leveled carefully to realize a hori-
zontal flat plane on the tabletop. Air pads are used to support the
space robot model on the planar table without friction. The friction
coefficients of the air pads are less than 1.0 x 10~*. The maximum
traverse speed of the pads is over 1 m/s.

Computer and 1/0 System

Figure 3 is a schematic diagram of the computer and I/O system.
The systemis composed of three subsystems:a hostcomputer, VME
bus, and I/O bus. The host computer is used for complicated offline
processes and operator interface. The VME bus has a CPU board,
an image processing board, and a digital signal processor (DSP)
board. The real-time operating system working in the CPU board
controls the image processing board and the DSP board. The CPU
board processes many online operations, for example, information
transmissions to the host computer and the DSP board, communi-
cations among the host and the DSPs, etc. The I/O bus has several
boards for the real-time control and interface to the robot model.
The DSP board in the I/O bus is connected with DSPs in the VME
bus by the DSP links, and parallel processingcapability is available.

Vision Sensor System

The two CCD cameras are used to capture a stereo image to mea-
sure the position and orientation of targets. The image processing
board deals with primitive processes of the stereo image and for-
wards the results to the CPU board and a DSP board. The CPU and
DSP boards compute the spatial positions.

The spatial positions of reference points in the work environment
are calculated from the stereo image by using triangulation. Three
light-emitting diodes on a target marker enable measurement of
their positions and orientation simultaneously. The vision sensor
system takes a stereo image every 33.3 ms. The total time delay
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Fig. 3 Schematic of computer and I/O system.

of its measurement is 66.7 ms, including the computation of the
position and orientation. After an appropriatehand-eye calibration,
the stereo vision yields the spatial position measurement with a
mean error of 2 mm. For the position and orientation of the robot,
the vision system measures the target marker at the worksite, which
is regarded as the inertial reference (see Fig. 1).

Assessment of Microgravity Condition

The robot model is subjected to some external forces caused by
the electrical I/O cables and the air-supply tubes, inclination of the
horizontal table, and other disturbances. The microgravity condi-
tion was assessed by translation acceleration of the mass center of
the robot model during a motion of the manipulator.® The maxi-
mum translation acceleration of the mass center was approximately
2.0 x 107* g, and the average was below 1.0 x 10~ g during the
motion, where g is the unit of the gravitational acceleration. For
reference, the average acceleration of an orbiting space shuttle is
approximately 1.0 x 10* g.

Control of Space Robot

This section explains the fundamental control techniques for the
space robot, for example, the visual servoing, the position and at-
titude control of the satellite vehicle, the positioning control of the
free-floating space robot, path planning of arms for avoiding col-
lision with the local work environment, force controls considering
contact with the work environment, etc.

System Dynamics

The robot performs several tasks in the truss assembly. The robot
moves a hand and captures a part of the worksite under a float-
ing condition, that is, manipulator berthing. The robot holds on to
the worksite and positions the main body by one arm. Using the
other arm, the robot manipulates a component and assembles it,
contacting with the work environment. During the assembly, the
robot experiences three situations: 1) a floating situation without
any constraints with the work environment, 2) a situation wherein

the stabilizing arm is fixed to the environment and the other is free
from the environment, and 3) a situation wherein the stabilizing
arm is fixed to the environment and the other constrained by the
environment.

For these situations, the following equations are obtained by the
Lagrangian method. The equations of motion of the situation 1 can
be derived as

M@q+h@Gq =7 )

where §=[r], 07, q" 1" is the generalized coordinate vector, 7=
[ff.«f, 771" the generalized force vector corresponding to §, M
an inertia matrix, and k the centrifugal and Coriolis forces. Here, r
and 6, are the positionand the attitude angle of the satellite vehicle,
respectively, and ¢ is the joint angle vector of the manipulators.
Their generalized forces f, and t, represent the translation forces
and the rotation force applied to the satellite, respectively.

In situation 2, if the inertial coordinate frame is placed on the
worksite, the equations of motion can be obtained as well as those
for manipulators on the ground:

M@)g+hiqg.9=1 2)

In situation 3, constraint conditions due to contact with the work
environment are inserted into Eq. (2):

M@)j +h(g. 9 = [V, 0@ [f/IV, oW1+ 7 3)

where the first term on the right-hand side is the reaction force
transformed into the joint space.

Visual Servoing

The spacerobotmust measurethe relative positionand orientation
to the work environmentor the manipulatedobjectsby using a visual
sensor. [t must then control the manipulators because the position
and attitude of the satellite vehicle changes during tasks. To achieve
such control, a feedback control called visual servoing is often used
by integrating the information from a vision sensor into the control
loop. There exist two control systems, that is, the image-based and
the position-based visual servoing systems.!” This study uses the
position-basedvisual servoing (PBVS). For the PBVS, the reference
input to the servosystemis given by the relative position/orientation
to the target. Various control methods for robotic arms can be used
in the visual servoing systems. In this study, some control systems
have been examined by replacing the arm controller.In each control
system, the sampling time of the visual sensor is 33.3 ms and the
controlloop is 1 ms.

Position/Attitude Control of Satellite Vehicle

The space robot flies and positions the satellite vehicle near the
worksite before beginning the assembling task. This maneuver is
regarded as position/attitude control of a rigid satellite because the
manipulators are fixed not to create a disturbance. The dynamics of
the system are modeled in Eq. (1) constrainedby § =¢ = 0. For the
system, a good positioncontrol resulthas been obtainedby a thruster
on/off controller that has generated a sliding manifold and that has
been robustly stable>* Some good attitude controllers have been
obtained where the installed control momentum gyro has changed
the vehicle’s attitude quickly and maintained stability.!”-%

Positioning Control of Floating Robot

The vehicle position/attitude control system is off at the manip-
ulator berthing to avoid affecting the manipulator control. In this
situation, control methods for free-floating space robots should be
used because manipulator motions vary the position/attitude of the
satellite vehicle. The sensory feedback control for space robots>
employed in this study is induced by the following conic artificial
potential:

T =—J" (6, Qu — Kng )
__3U0) _ { ~@ /o). for |yl <o/e
dye —a@./lyel)  for Iyl > o/ (5)
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The dynamics of the free-floating space robot s obtained by Eq. (1)
when f, =0 and 7, =0 are taken into account, which is equiva-
lent to the linear and angular momentum being conserved. For the
system, Eq. (4) makes the joint angular velocities and the posi-
tion/orientation error of the manipulator hands converge to zero,
guaranteeingthe asymptotic stability of a static target. Furthermore,
the control scheme is compatible with the visual servoing because
it enables the manipulation variable error, measured in the satellite
frame, to be fed back.

A resolved acceleration control (RAC)? and a resolved motion
rate control' have also been available for the free-floating space
robot. Those controls and the sensory feedback were evaluated by
hardware experiments.'” In terms of control performance, the RAC
and the sensory feedback were the best. In terms of computational
effort, Eq. (4) was the minimum. Moreover, the sensory feedback
is the most robustly stable. Therefore, this study uses the sensory
feedback.

Path Planning and Trajectory Control of Arms

After the robotis berthed to the worksite, it manipulates the com-
ponentsto be assembled, plans the path of its arms to avoid collision
with the work environment, and controls its arms to track the ob-
tained path. This study plans a path to a goal of avoiding obstacles
by an artificial potential method, where objects in the environment,
for example, the truss under assembly, are regarded as obstacles.
The method introduces an artificial potential field as a solution of
the Laplacian differentialequation, which has only one global min-
imum at the goal and does not have any other local minima in the
state space.?! It then plans the desired path to the goal by using a
gradient method. The obtained path is transformed into a trajectory
with respect to time .2

The manipulatoris then controlled to track a planned joint trajec-
tory by the servoloop of each joint. For a planned trajectory in the
manipulationvariables, this study usually uses the sensory feedback
control equivalent to Eq. (4) for a base-fixed manipulator?

Force Control Contacting with Work Environment

For the assembly, the space robot applies some force to the truss,
such as pushing a truss component into a connector, and receives
its reaction. Consequently, the space robot works on stabilizing the
satellite vehicle with respect to the worksite. In this situation, the
space robot is similar to the base-fixed robot on the ground. On
the other hand, force control is needed for Eq. (3), considering con-
straints due to contact with the work environment. This study uses
the following position/force hybrid control called saturated propor-
tional and differential feedback (SP-DF) control.?*

The controlinput 7 is given as

T = —Kpg — KpS(g.) — (V,0@) [ f1/IV,6WI  (6)

where f; is the desired external force vector applied to the hand, and

S(q.) = diag[Sin(8,,), .. ., Sin(6,.)] (7
where Sin(0) denotes
—1 O <—n/2)
Sin(f) = { sin(@) (—7/2 <6 <m/2)
1 (/2 <0) (8)

saturating at /2 < ||0||. The derivative gain K, and the propor-
tional gain K, are positive-definite and diagonal matrices. The con-
trol scheme guarantees that ¢(t) — 0 and ¢(t) — ¢, as t — oo if
q. = const, ¢(q,) =0 holds, and the tip is constrained to move on

¢(q)=0.

Truss Assembly
Assembled Truss
Figure 4 illustrates a sequence of truss structure assembly. Ma-
nipulating a truss component and connecting it to a node precede
the assembly process. The component is installed in the planned
position and direction because the connectorat the node has a notch

//////////

s S, /
7 // Ste;p 2

Step 1

”T—E

///////// /////////
/ Step / / Step 4 /
////////// //////////

T

e

Fig. 4 Sequence of truss structure assembly.

Fig. 5 Experimental result of manipulator berthing.

to insert the component. Corners at the notch are planed off to ease
insertion of the component. The installed component will not detach
because the connectorhas a latch mechanism. The truss is designed
to be robot friendly and can be assembled with one arm.

Assembly Experiments

An experimental result of the manipulator berthing is shown in
Fig. 5, where the visual servoing with the sensory feedback control
for space robots is used. The right manipulator hand is controlled
well, and the manipulator berthing is successful, whereas the satel-
lite vehicle is moved by the reaction of the arm motion and the
disturbance of cables suspended from above.

Figure 6 graphicallyillustrates experimentalresults of the assem-
bly sequence. The robot holds on to the worksite by its right arm to
compensate for reaction force through the assembly. The arm path
is planned and the manipulator is controlled to track the obtained
path. The component installation is performed well by the SP-DF
control.

Figure 7 is a series of photographs of the experimental assembly.
Panel i is of the manipulator berthing correspondingto Fig. 5. The
robot installs the first component, member 1, during panels ii and
iii for step 1 in Figs. 4. The robot installs other members succes-
sively and assembles one truss unit from panels iv-vi, steps 2-4 in
Fig. 4.
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Fig. 7 Photograph of truss structure assembly.

Evaluation

The robot friendly truss is one of the main reasons why the robot
has succeeded assembling whereas the vision system has a 2-mm
mean measurement error after a hand-eye calibration. However,
success is not ensured because of the measurement error.

Autonomy with Learning

In the preceding section, the robot has successfully achieved the
truss structure assembly of the task sequence planned in advance.
However, the space robot may sometimes fail in the task because
of uncertainties and variations in the worksite. To recover from
the error and obtain the task goal, the robot must replan the task
suitable for the real work environment.

Application of Reinforcement Learning

For the replanning, one of typical reinforcement learning algo-
rithms, Q learning?® is used. The reinforcement learning is used
because the robot learns how to perform suitably for the real en-
vironment to maximize a numerical reward that is given by the
designer where the environment cannot be modeled exactly.

Time ¢, state s, and action a are discretized following a general
Q-learning formulation. The Q-learning algorithm estimates the
optimal action-valuefunction Q (s, a) through interactionsbetween
the robot and the environment with trial-and-error processes. The

Q(s, a) evaluates action a at state s. During learning, the robot
chooses a from s using a policy derived from Q. The robot takes
action a, observes new state s’ and reward r, and updates Q as

O(s,a) <~ (1 —a)Q(s,a) +a[r + y max Q(s’,a’):l 9)

where (0 <a <1) and y(0 <y <1) are a learning rate and a dis-
countrate, respectively.It has been shown that the estimated Q con-
verges to the optimal if the system is modeled as a finite Markovian
decision process and all actions are chosen enough times. To choose
the action appropriately through learning, this study uses the e-
greedy policy,”> where any action is selected randomly with proba-
bility €, otherwise the optimal action is chosen by using the current
estimated Q (s, a).

Autonomous Actions with Learning
Case 1: Compensation for Measurement Error

The bad lightingconditionin the space environmentoftenyieldsa
measurement error in visual sensing. Consider a situation in which
the space robot fails in step 1 of Fig. 6 because of the measure-
ment error. Let the robot acquire suitable actions for the situation by
using the reinforcement learning with trial-and-error process. Task
achievementis examined by sensor information regarding joint an-
gles and applied forces because the component is not moved when
itis installed in the right node and latched correctly.

A discrete state space with 9° =729 states is made for the rein-
forcement learning, where each coordinate of hand position (x, y)
and orientation € is discretized in nine states. The x and y coordi-
nates are quantized every 0.02 m and 6 every 2.0 deg. Each state
has 2 x 3 =6 actions that are one-step movements of discrete co-
ordinates to the neighbor. Parameters in Eq. (9) for updating Q are
a=0.1, y =0.6, and r =10. For the e-greedy policy, € =0.1 is
initially used and reduced gradually to be the policy deterministic.
The manipulator is controlled by the force control of Eq. (6) for a
contact situation.

Figure 8 is the graphic of the experimentalrobot motion. After an
adequate trial-and-error process, the robot obtains adaptive action
suitable for the measurement error. The learning method enables it
to accomplish the task of compensating for the measurement error.
This action with learning can be an approach to the sensor-fusion
problem.

Case 2: Adaptive Action to New Environment

Considera situationin which the diagonal element of step 2 is lost
after step 3 during the truss structure assembly sequence of Fig. 6.
In this situation, the robot cannot assemble the diagonal element
into the truss structure by the sequence planned in advance because
the element attachedin step 3 becomes an obstacle. In the preceding
section, the manipulator path is planned by the artificial potential
method. However, the artificial potential method is not suitable for
the online planning because it requires greater computational cost
as the work environment gets more complicated.

A discrete state space with 153 = 3375 states is made for the rein-
forcement learning, where each coordinate of hand position (x, y)
and orientationd is discretizedin 15 states. The x and y coordinates

Fig. 8 Experimental result of case 1. (Dashed line represents the mea-
sured position of truss by the vision sensor with measurement error.)
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Fig. 9 Experimental result of case 2.
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Fig. 10 Acquired action of position and orientation of left hand.
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Fig. 11 Experimental action acquired to avoid collision.

are quantized every 0.05 m and 6 every 10 deg. Other conditions
are the same as case 1.

Figure 9 is the experimental robot motion planned by the rein-
forcementlearning. The generatedtask sequencein the state space is
illustrated in Fig. 10. The learning method enables accomplishment
of the task while avoiding collision against the environment.

Most path planning methods generate a path from the initial state
to the desired state. On the other hand, the reinforcement learning
estimates the optimal action-value function Q for all states, which
derives a policy to choose the best action. Therefore, the robot can
take the best action at any state in the environment after the optimal
Q is estimated.

Case 3: Complicated Obstacle Avoidance

Consider a situation in which the robot cannot assemble a com-
ponentof the truss structure by the sequence planned in advance due
to unexpected obstacles that interfere with the manipulator motion.
Figure 11 is the graph of this experimental robot motion, where the
suitable action for the environmentis obtained by the reinforcement
learning using the same conditions as case 2. The learning method
enables the robot to perform such a complicated action to avoid
collision with the obstaclesin the environment.

Table2 Number and period of computations
for convergence of learning

Parameter Case 1 Case 2 Case 3

State no. 729 3,375 3,375
Trial and error no. 33,666 238,092 154,043
Episode no. 1,041 854 886
Period, s 3 15 25

Evaluations and Discussion

For the three preceding cases, Table 2 shows the step numbers
of the trial-and-error process, the episode numbers, and the peri-
ods for learning convergence, where an episode is a process from
start to goal. The computation periods are measured by a Pentium II
266-MHz CPU for numerical simulations using modeled environ-
ments. From case 1 to case 3, the learning method requires a longer
period as the environment becomes more complicated. The com-
putation periods are within a few tens of seconds, and the learning
method is feasible for the class of problems.

Here, the learning method acquires actions for the basically kine-
matic problems. For a dynamic problem, it requires a larger number
of states and actions to treat the state space with a higher dimension
and to model the interactionbetween the robot and the environment.
For this class of dynamic problems, the computational periods and
efforts are infeasible for online learning. An approach to this class
of problems is still an open problem.

Conclusions

This study has demonstrated autonomous truss structure assem-
bly by an experimental autonomous space robot system. The fun-
damental techniques have been developed and synthesized for the
assembly task, that is, the stereo image measurement, the visual ser-
voing, the positioning control of the free-floating space robot, the
arm path planning, and the force control taking into account con-
tact with the work environment. The robot successfully achieved
the autonomous truss structure assembly. Furthermore, the robot
replanned the task sequence by using reinforcement learning and
obtained the goal even when the robot failed in the task sequence
planned in advance. As a result, this study has shown a possible
method of constructing the truss structure, as well as the usefulness
of space robots.

There remain some subjects of study where autonomous space
robots are concerned. The approachto autonomy and/or intelligence
is the primary subject to be studied toward the realization of useful
space robots. This study has approached this issue by use of the
reinforcement learning algorithm, the application of which is still
limited.
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