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Experiments on Space Robot Arm Path Planning
Using the Sensors Database
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Two sensor-based path-planningmethods are proposed to control the orientation of the main body and the arm
position of a space robot simultaneouslyusing onlyarm motion. In this study, the databaseof relationshipsbetween
the current sensor states, the robot motion, and the change of sensor states is required. A modi� ed breadth-� rst
search, or A ¤ search, is then used to determine the arm path. It is possible to operate the robot and gather data
simultaneouslyas well as to modify the databaseeasily. The validityof the methods used is con� rmed in experiments
using a drop shaft, which provides 10 s of microgravity during free fall.

I. Introduction

T HE orientation of a free-� ying space robot is disturbed by the
arm movement. This property is undesirablebecause it affects

the communication links, vision systems, and the precision of the
end effector manipulation. However, the space robot can simulta-
neously control the orientation of its main body and arm position
usingonly arm motionbecauseof the presenceof the nonholonomic
constraints.1¡7 Several methods have been proposedfor this kind of
control. Nakamura and Mukherjee presented a space robot con-
trol method using the Lyapunov function.1 Yamada demonstrateda
method using optimal control.2 Some researchers found that cyclic
arm motion is effective.3¡5 The use of the enhanceddisturbancemap
(EDM)6;7 is also effective to plan the path of the robot. However,
thesemethodsassumea preciserobotmodeland theangularmomen-
tum conservationlaw. Some robot model parameters, such as the in-
ertia tensor, are dif� cult to measure precisely,and atmosphericdrag
and/or gravity-gradient force violates the angular momentum con-
servation law. We propose two sensor-basedpath-planningmethods
that are not based on these assumptions. The requirement for these
methods is reproducibility. Our methods require a database of the
relationshipsamong the current sensor states, the robot motion, and
the change of sensor states during the motion. It is possible to op-
erate the robot and gather data simultaneously as well as to modify
the database easily. These path-planningmethods could be used for
other robots if the sensor output changes during robot movement.

There are several methods for achieving a three-dimensionalmi-
crogravity � eld to perform space robot experiments on Earth: 1)
using parabolic � ight of an aircraft,8 2) using buoyancy in a water
pool,9 3) using suspension10;11 or specialmechanisms such as a par-
allel link,12 and 4) using a drop shaft.13 In case 1, the microgravity
environmentis of low quality (10¡2 g; g D 9:8 m/s2 ), the experiment
time is short (about 20 s) and the standard frame (� xed with respect
to the aircraft) is not inertial.However, the experimentercan accom-
pany the equipment so that interactive experimentation is possible.
In case 2, there is viscous resistance and it is dif� cult to achieve a
balancebetween gravity and buoyancy,but the experiment time can
be long, which makes it suitable for demonstrating the ef� ciency
of a method or a strategy of task sequence. Moreover, there is no
limit on space or motion. In case 3, control of the wire tension or
mechanism is complicated, and motion of the robot (in particular,
free rotation) is limited. However, the experiment time is not re-
stricted. In case 4, time and space are restricted, but the quality of
the microgravity environment is good (10¡4 g), observation in the
inertial frame is feasible, and it is suitable for dynamic experiments.
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We used a drop shaft to demonstrate the validityof path-planning
methods based on the database of sensor states and robot motion in
microgravity because the experiment requires a short time, and we
can observethe robotmotion in an inertial frame and the comparison
with the simulationis easy.This experimentwith a spacerobot using
a drop shaft was the � rst trial of its kind in the world.

II. Path-Planning Methods
In this section,we proposetwo sensor-basedpath-planningmeth-

ods, A and B. Method A is fundamental, whereas Method B is an
optimized variation of Method A. We consider the space robot sit-
uation shown in Fig. 1. The x , y, and z axes are � xed on the robot
body (L0 ). The robot has one arm with a shoulder joint (q1) and
an elbow joint (q2 ). Joint q1 rotates 0 · q1 · 360 deg and joint q2

moves ¡90 · q2 · C90 deg. This is the simplest arm con� guration
that can cause three-dimensional orientation variation. The robot
is equipped with a charge-coupleddevice (CCD) camera that is in-
stalledparallelto the x axis of the body.The CCD camera detects the
light source, similarly to a star tracker.The light source is located in
front of the robot and its position on the CCD image is indicated as
(p1; p2). This expresses part of the main body orientation;the robot
estimates its orientation based on this position. However, the light
source position gives only the distance of the light source from the
robot. The robot cannot estimate the rotation around the direction
vector from the CCD camera to the light source. If the robot moves
its arm, the body also moves, so that the image (p1; p2 ) changes.As
a result, this space robot uses two input values (shoulder and elbow
joint angle motions) and controls four degreesof freedom [two joint
angles q1; q2 and light source position (p1; p2 ) on the image]. This
is possible because the system considered is nonholonomic.

We use the discrete joint angles and motions in these methods.
The joint angles are discrete every 30 deg; i.e., the shoulder joint
is at q1 D 15; 45; 75; : : : ; 345 deg and the elbow joint at q2 D ¡75,
¡45, ¡15, 15, 45, and 75 deg. The joint motions of q1 and q2,
which are indicated as ac1 and ac2, respectively, are limited to
§30 deg/s for 1 s. There are eight-motion patterns expressed as
.ac1 , ac2/ D .¡30; ¡30/, (0, ¡30), (30, ¡30), .¡30; 0/; .30; 0/,
.¡30; 30/; .0; 30/, and .30; 30/ deg/s. The light source position
(p1; p2) is indicated by an ordinary pixel position, on a grid of
512£ 512; where the top-left position is (1, 1) and the bottom-right
one is (512, 512).

We compile the database for path planning with computer simu-
lation. The database includes the discrete joint angles (q1; q2/, joint
motions (ac1; ac2 ) and the change of the light source position on
the CCD image (dp1; dp2 ) during the motion. Figure 2 shows a part
of the database. In some joint angles, the joint cannot move in eight
directions because the joint angle is beyond the permissible range.
The total number of data entries was 472.

The process of searching for the path is shown in Fig. 3. We
considerthe discrete joint angles to be a nodeof a graph and the light
source position on the CCD image (p1; p2 ) is treated as variables

573



574 IWATA ET AL.

Fig. 1 Situation of space robot.

Fig. 2 Part of database.

Fig. 3 Process of path planning.

of the node. The joint motion (ac1; ac2) and the change of the light
source position (dp1; dp2) are included in the node transition. The
initial light source position is given or measured; however, the light
source positions of all other nodes are calculated using the data
(dp1; dp2 ) when the path is searched. Part of the actual expressions
of the nodes are shown in Fig. 4. Using the database, the robot
searches for the path from the initial node to the goal node. We must
distinguish the nodes of the same joint angles if the light source
position is different. However, if there is a node that has the same
variable as the node that has already expanded, we will not expand
the path to that node to avoid wasting time (called pruning). Our
aim is to � nd the path from the initial node to the goal node, and to
achieve the aim, we use Methods A and B.

The robot model used in the computer simulation is shown in
Fig. 5. This model, which has the same con� guration as that in
Fig. 1, was based on the robot used in the drop shaft experiment, as
shown in the photograph in Fig. 5.

Fig. 4 Actual node expres-
sion.

Method A— Fundamental Method
Method A is a fundamental method and based on breadth-� rst

search.14;15 In this method, the initial node is expanded� rst, then all
of the nodes generated by the initial node are expanded next, and
then their successors, and so on. We need to change the expression
of the states and the state transitions from a graph (Fig. 3) to a tree
(Fig. 6). Breadth-� rst search will always � nd the shallowest (i.e.,
shortest) goal state. Because the system should deal with in� nite
states (i.e., node includes variables), we modify the conventional
breadth-�rst search that is used for � nite states. This means that
pruning is a rare case because the variable of the generated node
is seldom coincident with those of the nodes expanded so far, and
numerous nodes must be searched for and evaluated, which con-
sumes time and memory. We assume an example in which we seek
a seven-motion path, each node has eight transitions and pruning
does not occur. Then, the total number of searched nodes nt will be
86 D 262,144 < nt · 87 D 2,097,152.

The goal node should be given as discrete joint angles and the
permissible range of the light source position. If the range is narrow,
the search might fail within the limit of time or node number.

We will present the path-planning process from the initial node
(q1i ; q2i ; p1i ; p2i ) to the goal node (q1g; q2g; p1g , and p2g within
the permissible range of error of " pixels) according to modi� ed
breadth-�rst search as follows (see Fig. 6) :

Step 1. Find the initial node of (q1i ; q2i ) and give the light source
position as (p1i ; p2i ).

Step 2. Expand the possible paths from the initial node using
the data of the database (q1i ; q2i ; ac1i ; ac2i ; dp1i ; dp2i ); � nd the
next nodes. The joint angles (q1n; q2n ) and the light source position
(p1n ; p2n ) of the generated node are calculated as q jn D q j i C
ac j i ; p jn D p j i C dp ji . j D 1; 2/ (see Fig. 4).

Step 3. Expand the paths from one of the generated nodes in
Step 2 to � nd the consecutive nodes using the data of the database
.q1n ; q2n; ac1n ; ac2n ; dp1n; dp2n/ and calculate the light source po-
sition similarly to Step 2 while checking pruning.

Step 4. Repeat Step 3 for all other nodes of this generation.
Step 5. Expand the next-generation nodes as in Steps 3 and 4

and check whether the node is the goal node .q1g; q2g ; p1g , and p2g

within the permissible range of error ") or not. If the goal node is
found, stop.

Step 6. Repeat Step 5.
Modi� ed breadth-� rst search yields the minimum time for robot

motion to achieve the goal.
To summarize, when using Method A, 1) the search is time con-

suming and if the permissible error is small, the solution would not
be found within the limited time or memory, and 2) the shortest path
to the goal is obtained.

Method B—Using A¤ Search
To overcome the drawback of Method A (long search time), the

concept of heuristics and cost was used in Method B. This type
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Fig. 5 Robot model.

Fig. 6 Search process of Method A.

Fig. 7 Search process of Method B.

of search method is called A¤ search in the arti� cial intelligence
� eld,14;15 and can signi� cantly shorten the search time if the path
can be easily found. A¤ search is one of the optimal search patterns
and combines the dynamic-programmingprinciple. In this method,
only one of the expansible paths expands to the next node in each
step. To determine the expanding path, we use the heuristics and
cost. In our case,

c D
current C 1

path D initial

.jac1j C jac2j/ (1)

is determined as the cost, and

h D 1:0 qgoal
1 ¡ qcurrent C 1

1 C 1:0 qgoal
2 ¡ qcurrent C1

2

C 0:05 255 ¡ pcurrent C 1
1

2 C 255 ¡ pcurrent C 1
2

2
(2)

Fig. 8 Drop shaft.

Fig. 9 Microgravity environment.

is determined as a heuristic function, where “current” indicates
the open node that is being investigated (“open node” indicates
the node that has been investigated and includes extensible paths),
“current C 1” indicates the candidate node of the expanding path,
and (255, 255) is the central pixel position of the image, which is
given as the initial light source position and the goal light position.
Then,

f D c C h (3)
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is the estimated cost. The next node selected is that at which the
estimated cost reaches a minimum. In this case, the expandingpath
is determined by the cost of total joint motion to be as small as
possible, the joint angles to be as close to the goal as possible and
the light source position to be as motionless as possible. Therefore,
the found path is not always the shortest as in breadth-� rst search.
Since the estimated cost is subjective, what exactly is the optimal
cost is a debatable point.

Fig. 10 Experiment rack.

Fig. 11 Block diagram of robot for drop shaft experiments.

Fig. 12 Results of path
planning with Method
A.

a) Robot camera image b) Traced point position in each step

Fig. 13 Light source position error on image (Method A).

The path-planning process from initial node (q1i ; q2i ; p1i ; p2i )
to goal node (q1g ; q2g; p1g , and p2g within the permissible range of
error of " pixels) accordingto A¤ searchcan be expressedas follows
(see Fig. 7) :

Step 1. Find the initial node of (q1i ; q2i ) and give the light source
position as (p1i ; p2i ) and add this node to the open nodes set.

Step 2. Expand the path of the smallest estimated cost from the
initial node to the correspondingnodewhile checkingpruningusing
the databaseand add it to the opennodes set.The calculationmethod
for the joint angles and the light source position of the generated
node is the same as that in Step 2 of Method A.

Step 3. Expand the path of the smallest estimated cost from the
only node in the open nodes set; � nd the reached node while check-
ing pruning.Add the node to the open nodes set. If all of the pathsof
the open node are searched,the node is deleted from the open nodes
set. If the reached node is the goal node, the search is successfully
concluded and stopped.

Step 4. Repeat Step 3.
To summarize, when using Method B, 1) the search time is short,

and 2) the estimated cost is not given a priori.
These path-planningmethods could be used for any other type of

robot control if the sensor states change during robot motion. First,
we will quantize the sensor states, and compile the database among
the sensor states, motion, and change of the sensor states. Then,
using either Method A or B, we will � nd the path from the initial
state to the goal state.

III. Experiments
Drop Shaft

The drop shaft used in our experiment, formerly a coal mine, is
710-m deep, and the free-fall height is 490 m, which providesa 10-s
period of microgravity, as shown in Fig. 8. This facility belongs to
the Japan Microgravity Center.16

The typical microgravity condition during the experiment is
shown in Fig. 9. In the � gure, the x , y, and z directions are the
same as those in Fig. 10 (i.e., the y direction indicates the direction
of gravity). These directions are in agreement with the robot frame
in the initial state. The condition data were not adjusted to absolute
values, so that only the magnitude of change is meaningful and the
offset is meaningless.

Figure 10 shows the rack used in our experiment, which is as-
sembled in the inner capsule. The full size of the rack is 0.870
.width/ £ 0.870 .length/ £ 0.886 (height) m; however, users divide
the space into quarters for different experiments. We used a half-
rack space of 0.870 .width/ £ 0.870 .length/ £ 0.443 (height) m.
The rack is equippedwith CCD cameras to observethe robotmotion
in the inertial frame, a holdingmechanismto hold the robot until the
free-fall condition, an infrared remote controller to drive the robot,
a power supply for the holding mechanism, a command controller
to levitate the robot in microgravity,a video deck that receives UHF
signals from the CCD on the robot body and silicone rubber (® gel)
to absorb the collision shock. The levitation method is one of the
most dif� cult techniquesin drop shaftexperiments.The grippersare
opened for 0.5 s after achieving the free-fall condition, then closed
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for 0.5 s, thenopenedagain to realizestablelevitation.In theoriginal
setup, we used a light source to estimate the orientation. However,
if the robot loses the light source outside the visual � eld, we cannot
evaluate anything. Therefore, we use a sheet of grid graph paper
instead of the light source.

Figure11 shows the blockdiagramof the robot (the speci� cations
and photograph are shown in Fig. 3). The robot was controlled by
a V25S CPU; the power was switched on via an infrared remote
controller. The robot was equipped with 8-bit D/A and A/D con-
verters to control the motors and measure the joint angles. A CCD
camera was installed on the robot and the image was transmitted to
the video deck on the UHF band. The viewing angles were 18 deg
for the horizontaldirectionand 12 deg for the verticaldirection.The
number of pixels was 512 £ 480.

Experiment for Method A
Although the amount of data required for the database is consid-

erably small (D472), it is time-consumingto compile the data using
the drop shaft. Therefore, the path-planningdatabase was compiled
by computer simulation. We searched for the path from the ini-
tial node (q1 D 195; q2 D ¡75, and p1 D p2 D 255) to the goal node
(q1 D 15; q2 D ¡75, and p1 D p2 D 255 within a pixel error range of
100) using Method A . This indicates that only the shoulder joint
rotates 180 deg, without a change in the camera direction and with-
out movement of the elbow joint. Eventually, a seven-motion path
was obtainedafter a 93,452-nodesearch (5,179 s of CPU time using
Sun Sparc 10; Fig. 12).

The change of the light source position on the image (p1 ¡ cx ,
p2 ¡ cy ) (in experiment,cx D 277 and cy D 223, in simulation, cx D
cy D 255) between the initial and the goal positions is shown in
Fig. 13. In the � gure, (p1e; p2e), (p1s; p2s), and (p1c; p2c) indi-
cate the traced point positionson the grid graphpaper (insteadof the
original light source position) of the experiment, the experimental
simulation, and calculationfrom the database,respectively.The dif-
ferencebetween the points of (p1s; p2s) and (p1c; p2c) is because
of the following:1) the databasewas obtainedwhen the light source
position was 0.9 m away from the front of the robot, but the ex-
perimental simulation involved a distance of 0.25 m; 2) (p1c; p2c)

Fig. 14 Results of path planning with Method B.

a) Robot camera image b) Traced point position in each step

Fig. 15 Light source position error on image (Method B).

assumes that the light sourcepositionis centeredin the image, but in
the simulation,this assumptionis violated(see Discussion). The dif-
ference between the points of (p1e; p2e) and (p1s; p2s) is because
of the incompleteness of the model, the joint motion inaccuracy,
and the initial condition of levitation (initial momentum and angu-
lar momentum). However, the global tendencies of the simulation
are in agreement with the results of the experiment.

Experiment for Method B
The searched path is the same as that in Method A, that is, the

path from the initial node (q1 D 195; q2 D ¡75, and p1 D p2 D 255)
to the goal node (q1 D 15; q2 D ¡75, and p1 D p2 D 255 within a
pixel error range of 100). Form 3 of the evaluation function is used.
The search time is signi� cantly shorter than that in Method A. An
11-motionpath was found after a 282-nodesearch (1 s of CPU time;
Fig. 14). This result � ts our intuitive estimationof rotating the main
body as little as possible; � rst, minimize the arm inertia by straight-
ening the arm (q2 » 0), then rotating the arm (moves q1), and then
bending joint q2. The change of the light source position (p1 ¡ cx ,
p2 ¡ cy ) (cx D 228 and cy D 226 in the experiment, cx D cy D 255
in the simulation) on the image between the initial and the goal
positions is shown in Fig. 15.

IV. Discussion
Change of Light Source Position

In compiling the database, the assumption that the change of the
image (dp1; dp2 ) is the same in the whole image plane is debatable.
If rotation takes place about the viewing directionor the relative po-
sition between the light and the camera changes during the motion,
this assumption is not valid. In our case, the validity depends on
the robot motion and the position of the center of the robot mass.
Figure 16 shows the examples of the change of the image in the
whole image. In the � gure, the arrows indicate the motions of the
light sourcepositions(i.e., the initial lightpositionand the � nal light
position) during the motion. The initial light source positions on
the CCD image are (255 C 55i; 255 C 55 j/ .i; j D ¡4; : : : ; 4). The
initial positionsof joint angles are the same (q1 D 15 and q2 D ¡75)
in Figs. 16a and 16b. However, the motionsare different.In Fig. 16a,
ac1 D 30 and ac2 D 0. The image change remains similar in the en-
tire plane because the rotation of the main body is approximately
around the z axis. In Fig. 16b, ac1 D 30 and ac2 D 30, however, the

Fig. 16 Image distribution.
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a) Robot camera image b) Light source position during motion

Fig. 17 Results of simplest path.

image change is distributed widely because the main body rotates
around the x axis (camera installed direction). In both cases, the
database was represented by the change in the motion at the center
of the image (circled in the � gure) as (dp1; dp2 ). However, to re-
duce the database size, we compiled the database assuming that the
change of the image is the same in the whole image plane.

Generality
We discuss the generality of the proposed methods (i.e., we con-

sider whether or not these methods can solve the path-planning
problem between any nodes). We can � nd a path between any two
joint-anglestates;however,the lightsourcepositionhasmanystates.
We introduced the permissible range of error in Sec. II. If the per-
missible range of error is small, it is dif� cult to � nd the path within
a limited time period (in particular,by Method A). Therefore, if the
search time is limited, we should make the robot report the paths
that satisfy the � nal joint angles and their error for the light source
position and select the best path.

Reference Experiment
The simplest path of joint motion from the initial state (q1 D 195,

q2 D ¡75) to the � nal state (q1 D 15; q2 D ¡75) without path plan-
ning is one in which jointq1 rotatesuniformly,whereas jointq2 does
not move at all. We experimentally investigated the change of the
grid graph paper image. The results are shown in Fig. 17. The robot
started its motion 3 s after the microgravity state was achieved, and
ended its motion at 5.5 s. Figure 16a shows the raw images of the
initial (3 s) and � nal state (5.5 s). Figure 16b shows plots of the
image motion from 3 s to 5.5 s. Because point A, which was located
at the center [(258, 282) in pixel value] of the image at the initial
state, disappeared during the motion, point B, which was observed
throughoutthe motion, is also shown in the � gure. If we assume that
points A and B move parallel to each other in the image, the � nal
position of point A on the image is (¡36, 261) in pixel value. We
estimated 11 deg to be the difference between the initial and � nal
directions, using the CCD images of the grid graph paper.

V. Conclusions
We proposed two methods (A and B) to plan a path to control the

orientation and arm position of a space robot simultaneously,using
only arm motion. The database of relationships among the current
sensor states, the robot motion, and the change of states is required.
Method A is based on breadth-�rst search. The system has in� nite
states, so that the search time becomes lengthy. To overcome this
drawback of Method A, Method B, which uses A¤ search, was pro-
posed. The search time becomes very short; however, the selection
of the estimated cost is crucial for the search. We performed ex-
periments with Methods A and B using a drop shaft that provides
10 s of microgravity during free fall. The results show that these
path-planningmethods are effective in controlling both orientation
and the arm position.
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