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In this paper. the problem of sensor-based path planning for
robot arm manipulators operating among unknown obstacles of
arbitrary shape is considered. It has been known that. in
principle, algorithms with proven convergence can be designed
for planar and simpie three-dimensional robot arms operating
under such conditions. However, implementation of these
algorithms presents a variety of hardware and algorithmic
problems related to covering the robot arm with a "sensitve
skin", processing data from large arrays of sensors, and
designing algorithms for step-by-step modon planning based on
limited information. This paper describes the hardware and the
lower-level conmol algorithms of a system for robot motion
planning in an uncertain environment, and summarizes resuits of
experiments with the systemn.

1. Tntroduction

Ongoing research in robotic motion planning encompasses
two major wends. In one approach. aiso called the Piano
Movers' problem. complete information about the robot and its
environment is assumed. A priori knowledge about the
obstacles is represented by an algebraic description such as a
polygonal representation. and typically assumes an unchanging
and static environment [7]. One advantage of the model with
compiete information is in the possibility to observe an
optimality criteria, such as minimum energy, or shortest path
required to complete the task. An overview of the research in
this area can be found in {1].

Another approach to robot motion planning assumes
incomplete informaton about the environment. Such a situation
takes place. for example. when the robot has no a priori
knowledge about the environment, but is equipped with a sensor
that notifies it of impending collision, or proximity to an
obstacle. The area to be sensed can be large such as with the use
of ultrasonic range sensors {8] or stereo vision [9], oritcan be a
small local area if proximity sensors are used [4], such as the
optical sensors discussed in this paper. Other reported uses of
light in proximity sensors include grasping appiications [10]
where oprical sensors are mounted in the robot gripper, and
tactile sensors in fiber optic arrays [11]. It has been shown that
the problem of moving a 2-degree of freedom two- or
three-dimenstonal manipulator in an environment with unknown
obstacles of arbimarv shape can be reduced to the problem of
moving 4 point automaton on the surface of a 2-dimensional
manifoid {Z]. The algorithms resulting from this approach.
callea Dvnamic Path Planming (DPP), cuarantee convergence.
and require the arm to "slide” along or follow the contour of the
obstacle.
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To realize such algorithms, the robot arm manipulator must
have an ability to sense the presence of an obstacle by every
point of its body and 10 idendfy the points of the body that are in
(physical or proximal) contact with the obstacle. To develop this
capability, a sensitive "skin" is needed that would cover the
whole body of the arm. Such skin would be similar, in case of
the physical contact. to the skin of humans or animals; in case of
the proximal contact, it would form the kind of aura similar to
the hairs on the legs of some insects. Realization of such
sensing capabilities encompasses a variety of hardware and data
processing issues that, to our knowledge, have not been
addressed before.

This paper addresses the hardware and lower-level conzol
issues reiated to the DPP approach, and. specifically, the
problem of insttumentng a robot arm with the sensitve skin and
enabling it with the capability to interpret the sensory daia
generated by the skin, for the purposes of obstacle avoidance. A
scheme is suggested for obstacie following given the response
of the proximity sensors on the arm. The considered approach
is based on sensory data supplied by infrared proximity sensors
that cover the whole body of the robot arm and thus form the
arm'’s “sensitive skin”. ¢ presented results describe the rirst
stage of our project and treat the problem in the contex: of
motion pianning Tor a planar robot arm.

Suppose that the robot body is covered by proximity sensors
that sense a nearby obstacle. Assuming that a global path
planning aigorithm is in place. a local sirategy is needed 1o
generare. at the current location of the robot, its next step. What
is needed is the local tangent to the obstacle. at the point of
contact with the robot: here, "contact” refers o the fact of
sensing an obstacie at some distance. Once this is known. the
robot can move along this local tangent to accomplish contour
following. To generare the local tangent, information is nesded
on which points of the robot body are experiencing the
obstruction: this assures that the next move of the robot does not
lead to collision and/or loss of contact with the obstacle.

Below. Section 2 addresses the hardware issues. describes
briefly available options, and justifies the cheice of proximity
sensors. Then. Section 3 addresses the algorithmic issues of
local step planning.

2. The Praximityv Sensor

Aparn from providing the ropot arm with informaton about
an approaching obstacle, the sensor system should also indicate
the location on the arm body where the obstruction takes piace,
This sugzes:s an arrav of & A userui ¢ n
range of about five inc!
sensor shouid remain effecd s angles berween the
obstacie and the arm. and should furthermore have no "dead
zones" on the arm body: an obstacle must be positively derected
if it is located within the detectable range of the sensors.
Otherwise, if the dead zone comes in contact with an obstacle, a
coilision may take place. A brief surveyv of sensor options
follows.




The first choice to be made is berween passive sensors. such
as tactile or vision, and actdve sensors that operare on emitting a
form of energy and sensing the reflected signal. For the
considered application, passive sensors do not seem to present a
viable alternative. For example, tactile sensing of obstacles in
practice would amount to numerous collisions, whereas
covering the arm body with sensors, sach of which would
provide a vision capability, is not practical. Thus. a viable
choice is likely to be among actve sensors.

Two major types of active sensing make use of optcal or
acoustical radiattion. In addidon. inductive and capacitive
methods can be used to accomplish sensing, but these methods
are generally limited to detection distances of less than one inch,
and are dependent on the material of the obstacle. Commercial
inductive and capacitive sensors are mainly used in industrial
environments where the appiications regquire durability and
involve objects of known composition that have to be sensed at
very close range.

With acoustic sensing, a burst of uitrasonic energy is
transmitted, reflected from an obstacle and then received.
making use of the time of flight for distance measurement [5].
A drawback of this type of sensor is that, because the
wavelength of sound is relatively long, some obstacles can
exhibit specular (mirror like) reflecdon. Consequendy, large flat
surfaces mayv be undetected by the sensor because of the lack of
reflected signal. This effect is especiaily pronounced at shallow
angles between the energy beam and the obstacle - a case very
common in the considersd appiicaton.

In addition. commoniy available acousdcal sensors, such as
the popular Polaroid sensor. operate pooriy whnen obstacles are
placed closer than 0.9 feet from the sensor [5.8], unless
methods such as active damping of the wansducer are used [6].
This dead zone necessitates the path planner to restict the
distances of obstacle detection to larger than 0.9 feet from the
sensor. which is not realisdc in the case of motion planning for
indusirial arm manipulators. For exampie, it may render the
target posidon unreachabie if it can be reached only by passing
between rwo obstacles located at about rwo feet from ezch other.

To overcome some of these shortcomings. a radiation of
shorter wavelength can be used, such as light. The wavelength
of visible light is in the range of hundreds of nanometers,
tending cbstacles to appear martte, scanering light equaily in all
directons [3]. If the martte surface to be sensed is illuminated by
a narrow beam of light, the amount of reflected radiaton wiil
depend mainly on the distance berween the surface and the
receiver. This insensitvity to obstacie orieniation can be
exploited to detect the presence of objects. One drawback of
using light for sensing is that objects of dark colour mav not be
sensed; also, optical mirrors will contunue to exhibit specuiar
reflecdon, possibly resulting in a lack of returning radiation.
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Figure 1. A sketch of the sensor module.

Based on these considerations. a sensor svstem was chosen
based on infrared proximitv sensors. e transmitted light is
intrared (IR), at a wavelength of approximately 375 nm. This
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light is modulated at a frequency of 10 kHz, and is then
coherently detected after reception to improve immunity to other
light sources, such as ambient light. The reflected lighr is
demodulated by a phase locked loop, amplified. and then passed
to a digitizer. In the current design, sixteen sensor nairs each
consisting of a transmitter and receiver are time multiplexed
together, forming one sensor modyle. The module is
manufactured so that ail optical components and instrumentaton
are on one printed circuit board. A skerwch of the module appears
in Figure 1, and a photograph of a part of the actual module is
given in Figure 2: note two sensor pairs highlighted by the
reflection in the middle of the black acrylic. The entire sensor
mm_is comprised of a number of these sensor modules
mounted on the arm, Figure 12.
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Figure 2. Sensor module.

In the developed sensor system. the amplitude of the
reflected light is used for proximity measurement. An alternative
approach, often used in auto focus cameras, is to emit a beam of
light and use miangulation to determine distance. The advaniage
ganed by the manguladon method is that the object colour has a
reduced eifect on the measured distance: on the other hand,
optcal mirrors continue to be difficult to detect.
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Figure 3. A tvpical response of the infra-red sensor.

A typical response of an infrared proximity sensor is shown
in Figure 3. The quantity on the vertical axis is the butfered
analeg output voltage of the sensor. The sensor sensitivity
becomes insufficient bevond a distance of five inches. 1If
needed. sensing bevond this distance could be suppiemented by
an acoustical sensor: increasing the transmitted power presents
another opdon.



3. Step Planning and Contour Foilowing

In additon 1o the informartion about coniact with an obstacle
provided by the proximity sensor described above, information
on the location of the obstacie relative to the arm is also
available. It will be shown now how this data is used for
contour following. Since the contour following algorithm
works in conjuncuon with the global path planning algorithm
{21, the latter is first briefly discussed beiow.
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Figure 4. Configuration space of robot arm.

Assume that the robot arm presents a two-link planar
structure with two revolute joints 8 and OQ. Figure 6. The

robot task is to proceed. coilision- ;re , from point § (Star) to
point T (Targesz). Assume for the moment that the robot body is
covered with tactle sensors. [Actually. the :ﬂgorifnm can work
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4. Correspondingiy. any obstacie in the work space

@.), Figure
has its image in the configuration space. In the path planning
algorithm. the automaton moves directly to T trom its start S

along the line sezment S - T. If an obstacle is encountered. the
point of contact 1s then designated as a hit point.  The automaton

turns in a prespecified local direction (e.g. lett, as in Figure 4)
and follows the contour of the obstacle untl thc line segment S -
T is again met at a distance from T shorter than the distance
between the lastly defined hit point and T. Ar this point, the
automaton follows the line S - T towards T, unless another
obstacle is met causing the process to repeat. The algorithm has
been shown to converge to the targert if it is reachable. or w0
conclude in finite time that the targer is not reachable if this is th
case.

To realize contour following required by the path planning
algorithm, a procedure is needed to plan the next little step along
the obstacle boundary at a given location of the robot arm. The
input informaton for the procedure is the current location of the
arm and the local tangent to the obstacle boundary in
configuraton space, Figure 5. The calculation of the local
tangent reguires the information on what point(s) of the robot
bodyv are in contact with the obstacle in the work space. Note
that contour (obstacle) following requires no information about
the shape or positon of the obstacie in work space or in
configuration space. Below, the procedure for calculating the
local tangent is described, foilowed by the step planning
algorithm thart uses the local tangent for calculating the next step
along the obstacle boundary. Hereafter, unless otherwise noted.
"local tangent” refers to the local tangent to the obstacie
boundary in configuration space, as indicated in Figure 3.

alculation of T.ocai Tangen
The foilowing derivations are valid for a 2 degrees of
freedom revolute - revolute arm, Figure 6, but can be similariy
derived for other kinematic configurations.
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Figure 6. A ske:ch of the 2-link arm with revolute joints.

In Figure 6, link 1 and link 2 of the arm are representad by
the line segments O - B and B - P, of lengths 1, and 1,.
respectively; J, and J, are arm joints; point P represents the arm
wrist; point B, wh1ch “coincides with j joint I, represents the arm

elbow. Whenever an obstacle is encountered, the arm anempts
to slide along its surface. This sliding is accomplished bv a
coordinated move berween joints J, and J,, based on the value

of the local tangent. To find the latter. estimates of the

derivatives qu d d®, are computed at every ongthe
con'om. i described next.
Dep on reiadve w© arm. that

may oceur in “the .‘.crh space are divided into three caregories,
easily recognizable by the sensor system: Tvpe I, Type II. and
Type 111, Figure 7. Now we consider each of the types.

Type I are those obstacles that obstruct link 1. [t is obvious

that since link 2 is irrelevant in such cases. then d®. = (0 and



d@, = 0. Therefore, the local tangent in this case is vertical.,

'
Figure 7. Obstacle r_vpes'.

Type II are those obstacles that obstruct link 2. Assume
that link 2 of the arm is obstructed at point C by a Type II
obstacle. at the distance 1, from the joint J,, Figure 6. Then. the
estimates of d®1 and d@: at C can be found as follows. Write
the expressions for the x and y coordinates of C, c, and <y
respectively:

c =1, cos( B. )+[dcos(@1-—®,} (N

c, =1 sin( @, ) +1ysin (©,+8,)

Take total derivanves:
dc.=-1,5in(®,;d®,+dl cos(®@,+@.)
-18in(® ,+,)dO ;-1 5in(@ | +@,)dS,

2]

dc:,.=1 €os(®)dO ;+dl 5ini© ,+E,)
+l £05(0,+2.)d@ ,+] cos(@,+C.)dD,
Since C is a stadonary point, de =dc =0. Find d!,from

both equatons of (2%
[-1,c0s@ -1 £0s(©,+©,)]d@, -1 £os(@,+D.)dO,

d =13
sin( @, +8.)
and ) )
[1,5in@ +] $in(®, +3,;]dO 1+1dsin{_@1+@:'jd@2
dld = = [4’]

cos(@,+@,)

Equating the right hand sides and eliminating the
denominators in (3) and (4), obtain:

[cos(’@‘+@2) {—l,cos@L—[dcos((-31+E-):})
-Sin(@ +@,) (1,5in@ +15in(@,+@,)| ] d©,

Now, the ratio d®,/d®, is found as

- 1 - P i
o (—lluos(a ;{ cos{ @+,

-135in@ | sin(@,+@. }14)
== % (cos@-‘ {cos(@l-i—@:} )
+5in@, [sin@,+0,))+1 6]

After simplification, the local tangent to a Type II obstacie at
point C is given by:

@,
— -(T- cos®,+1 (7}
de, d

Type III are those obstacies that obstruct the arm wrist or
elbow (peinis P and B. Figure 6). To find the local tangent in
this case. the inverse Jacobian of the arm is used [12]. Denote
dx =dP, and dy = dP,, in case the wrist is obstructed, and dx =
dB, and dy = dB., in case the elbow is obswucted. Then. the
following relationship holds:

1> cos|®,+@,| dx + 15 5in{®,+@,) dy
4@, = 1 FE) e Miia!

1,15 cos®@,

£ i TR

|=i; cos@ -15 cos{@;+2; dx ‘

i@, = ‘ = (8}
115 cos®,

rl! ces® -1, cos(@:—,-@:}] dy

It is desired thar the wrist P slidzs along the obstacle, which
corresponds 10 moving along the line segment LM, Figure 6.
Derine 3, as the angie berween the line perpendicuiar to link 2
and the line from P 1o the obstacle, and B, as the angle berween
the line LM and the positve x-axis. Then,

or {9)
dy = dx tanB3,

= = wherz 8, =@ + @, + B, - =. Subsdtuting the expression
=l,|cos (®,+8.)+sin7(O®,+@.) | dO, {(5) . ‘ T o
d i - 1 = =~ e e, ¥ Q) i Q hratm =k A &
L for dy from (9) into (8}, obtain the FdS
4o i5:056)1+l:{cos®lcos®.-s‘m@,isin@:;-:-z[,sint-) +115in@, cos @ +c0sO,5in@. || tanfi~

(10

15 [00591 cos@.-5in®, siu@~+{sin@ ,cos@.+cos@, sin@, | tanl,

J f



After simpiificaton, the expression for the local tangent
in the case of a Type III obstacle appears as:

(1
@, |n
d€'1 mn{®:+ 131}

Summarizing, for a Tvpe I obstacle the local tangent is vertical.
and for Type II and Type III obstacles it is given by the
expressions (7) and (11), respectively.

+ cos@, + sin®, t;m(@ﬂ. +B )

f11)
cos@, + sin®,
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Every point of contact between the arm body and an obstacle
has an associated sensor pair that does the corresponding
obstacle detection. For every sensor pair that detects an
obstacle, a local tangent is calculated based on the method
described above. The motion of the point automaton along a
local tangent in configuration space corresponds to the arm
"sliding” along the obstacle at the point of contact in the work
space. This process is repeatedly done during contour
following.

If the chosen local direction is "left”, Figure 4, meaning that
the robot arm should maneuver around the obstacle in a
clockwise (cw) fashion, a counterclockwise (ccw) rotation of the
calculated local tangent will cause the robot arm to move away
from the obstacle. Figure 8. The amount of safe rotation - that
is, such thar it guarantees that no collision takes place after the
rotation is compieted - is determined by the distance at which the
obstacie is detected and by the arm geomerry. In other words.
for this idea to work this distance cannot be zero. which dictates
the usage of proximiry sensors. If the arm is 100 close to the
obstacle. the local tangent can be rotated cew slightly to increase
the distance to the obstacle. The reverse can be done if the
sensed obstacle is sull at a large distance from the arm. No
adjustment is made to the tangent 1o be followed if the distance
to the obstacle is at aorr*c preset nominal value. This feedback in
the sensor-based controi loop resuits in constant distance
tracking berween Li:e arm and the obstacle, thus improving
contour following.

tangent

roilaied ccv

A

lecal tangent

Figure 8. Configuration Space: ccw rotation of local tangent
causes the robot to move away from the obstacle.

If more than one sensor pair senses one or more obstacles
simul:meous‘.y, more than one local tangent will be calculated.
Then. one of these tangents is selected for planning the next
siep. 'I'he foillowing two exampies illusirate this point.

E::amplc L
Suppose the robot
mn..uouur rc‘:ﬂ.s

1s obstucted C\ Qbst
.

arm is moving towards point P. in the
¢ @, Fioure 9. At the nosigdon P. the am
:_-.;;;: 2. .v..l...*, presents an obstacle of T
{ tangent at P is EB. In the vicinity of
point B. a further increase in 9, will cause coilision with th
obstacle, Figure 9a, If the local direction is "lert”, the next move
along CB towards point B wiil cause the arm to slide along
obstacle 2 to the position marked B in Figure 9a. Continual
"CC:liL‘:lLJ.IIO"I and motion along the resultant tangent constitutes
the process of contour following.
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Figure 9. Exampie of the arm interacdon with an obstacie:
a) Work space, b) configuratdon space.

Example 2.

For the case with multipie obstructions. suppose the robot
arm is moving in the direction of increasing ©,, Figure 10. At
point P, the arm is now obstructed by three obstacles that are
sensed by the sensor system.
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Figure 10. a) Work space, b) configuration space.

A local tangent is caicuiated for each obstacle. Obstacies
1,2, and 3. of Type LIIL and Iil. produce tangents CD, BE. and
AF, respectively. For :he local directdion "left”, the robot can
move towards one of the points A.B or C. Moving to point C
necessitates crossing the lines BE and .1F with a large
likelvhood of penerrating the obstacies 2 and 3 associated with
these two local tangents, an unacceptable situadon. Similariy,
moving towards point B could cause collision with obstacle 3.
because the local tangent associated with it (AF) is crossed.
Moving towards point A does not necessitate the crossing of anv
local tangents. which means that no collision wiil take piace.
and is therefore the chosen move. As a resuit of this move, the

rm loses contact with obstacies 1 and 2. but remains 1n cenact

with obstacies 3. Analogously, a local direction "right” would
necessitate a move towards point D for correct contour
following.
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second link extends out on either side of the joint J,, causing the
elbow to be susceptible to collision. Figure 1 1
To find the local tangent for obstacles obstruct ng the eibow,
the same method described above is used. except @, is now
replaced by ©, + m. Accordingly, Type 11 obstacies dre those
.mmbsmu the link from J, to the tip of the elbow, and Type



III are the obstacles that cbsmuct the tip of the elbow. The
quantity l, in expression (11) is now the distance from I, to the
tip of the elbow.

The system described above has been implemented on a
PUMA 562 robot arm, using only the second and third degrees
of freedom of the arm. In the present configuration, the real
tme control system is based on two distributed control boards
from Pacific Microcomputers, each of which includes one
Mororola 68020 microprocessors, 1 Mbyte of RAM, and Input /
Output (I/O) ports. The first board handles the sensor I/O,
processing of raw sensor data, and the calculation of local
tangent wnen obstacles are encountered. The second board
handles the path planning and step planning tasks and I/O
functions for the robot servo controls. Combined with the DPP
global path planning procedure, the two algorithms described
above - for step planning and local tangent calculation - proved
effective in accompl:shmg the path planning tasks. In the
experiments with various combinations of obstacles, no contact
has ever been made with the obstacles, so no collision occurred.
No a priori informartion about the obstacles were given to the
robot: path planning was accomplished based only on the on-line
information from the sensor system. In some experiments, the
target position was not reachable, because of the interference
with obstacies, and the system successfully concluded that this
was indeed the case. As anticipated. the required data
processing fit rather easily into the real-time operation. One of
the experimentai set-ups. with a C-shaped obstacle, is shown in
Figure 12.

{sensor modules

Figure 12. An experimental set-up with a C-shaped obstacle.

,_Eribaum, 1987.
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