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PREFACE

The work described in this report was performed by the Contrcl and Energy

Conversion Division of the Jet Propulsion Laboratory.
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ABSTRACT

A scanning Laser Rangefinder (LRF) which operates in conjunction with a
minicomputer as part of a robotic vehicle is described. The description, in
sufficient detail for replication, modification end maintenance, includes
both hardware and software. Also included is a discussion of our functional
requirements relative to the state-of-the-art; a detailing of the instrument
and its performance; a summary of the robot system in which the LRF functions;
the software organization, interfaces and description; and the applications

to which the LRF has been put.
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I. INTRODUCTION

This document &as a whole is intended to provide the information necessary for
the replication, modification, meintenance, and use of the Laser Rangefinder
(LRF) system. The introductory section directs its attention to the historical
and technical conteat in which the present laser has beev developed. Section II
describes the existing laser instrument. The Robot system in which it functions
and some of the pertinent interfaces are briefly described in section III.
Section IV focuses on the software organization, and examples of LRF applica-
tions and performance are given in section V. Finally, the limitations and
possible improvements to the rangefinderAare described in section VI. Further
details of the instrument design and of the software organization are contained

in the Appendices.

Development of the instrument described in this report was begun in 1972 as sa
part of a continuing Robot Research Program at the Jet Propulsion Laboratory
(Ref. 2). The Program is concerned with techniques for moving a vehicle about
at a remote location and accomplishing useful tasks autonomously, without
deteiled human interaction. The tasks of interest include location and manipu-

lation of rock samples on the surface of a planet.

The motivation for development of the LRF was to provide a means for geometri-
cal, three-dimensional location of objects or surfaces in the neighborhood of
the robot vehicle for use &s input informetion to the autonomous control
system. The LRF instrument was a part of a "vision" system that included two
television cameras and a minicomputer, The relationship of the LRF to the

robot system as a whole is discussed further in a later section.

The most important problem initially addressed was that of locating a rock-like
object for grasping by a manipulator., A second problem, which is just begin-
ning to receive attention, is that of obstacle detection or terrain mapping fcr
use during vehicle motion. These applications shaped the performance require-

ments for LRF instrument.
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The robot vehicle system required the LRF to be interfaced directly with a

computer, t> accept instructions from the computer, and read output data into

it for subsequent processing.

The instrument beam must be directed at specified points or scanned over a
specified area under computer control. The manipuleztor hand is roughly the
size of a human hand, so a capability to determine the position of a target
within a few centimeters was desired. This accuracy is needed over a region
extending roughly from 1 meter to 3 meters range. In addition, ranging with
good repeatsbility to 30 to 50 meters but without the centimeter accuracy
requirement was needed for vehicle motion inputs. A capability for outdoor
operation in full sunlight was also required. Reasonably fast operation such
that the overall function of the robot would not be slowed while waiting for
data was also important, but no hard requirement for exceeding a critical data

rate was envisioned.

Finally, since the ultimate application was to a planetary rover, a technique
which could ultimately result in a reasonably small and rugged package was

needed.

Many rangefinding instruments have been developed, both with better accuracy
and with longer maximum range cepability than we needed, A list of some of
these is given in Appendix A for reference. However, no existing instrument

could be found that would do the entire Job.

Early laser-distance measuring devices employed a continuously emitting (CcwW)
laser together with a modulator (Ref, 3), or even a mercury arc lamp and
modulator (Ref. 4). The modulation was typically at 10-50 lhz, and phase-

determining electronics extracted the desired distance data,

Alternatively, a pulsed light source was used (Refs., 5, €), and the range was

determined from a measurement of the round=-trip return time of the light pulse,.
The CW form of optical rangefinder has been developed in recent years into

sophisticaved and compect instruments used for surveying (Pef. 7), with

accuracies in the Tew mm range, and also for ground=-surface profiling from

1=2
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aireraft (Ref, 8). Introduction of a light-emitting diode (LED) as the

light source greatly simplified the device and brought about an all-solid
state instrument (Ref. 7). However, the intensity of an LED source is low and
does not permit measurement directly off of a rough surface at tens of meters.
The surveying instruments are designed to operate with a ret-oreflector target,
which increases the intensity of the reflected return by mary orders of
magnitude.

The pulsed type of ranger 'ras also developed, mostly by the military, into
compact, high intensity instruments capable of ranging to many km distance
(Refs. 9, 10, 11). However, the duration of the light pulse has typically
limited accuracy to the order of 1 meter. Similar instruments were also

developed by NASA (Refs. 12, 13) for ranging from the lunar orbiter to the
moon's surface,

In further developments, solid state GaAs lasers were used in pulsed time=-
of-flight rangefinders at distances of roughly 75 m by Kelley and Reynolds

at NASA's Johnson Space Center (Ref. 14). They observed repeatability to
within about 30em, which approached our goal. Subsequently, the work of
Shumate at JPL, reported in a study relating to optical ground station loca-
tion using a satellite target (Ref. 15), showed that a robot LRF using a
solid state puvlsed laser was possible. He ottained a measurement precision of
roughly 2 cm.

Other robvot projects have also developed ranging instruments, one a short-
range CW LED device (Ref. 16) and another based on a CW YeNe Laser (ef. 1T).
Herzog (Ref. 18) has described a éophisticated system for accurate laser
ranging which combines features of both pulse and CW systems.

It was felt for our application that a solid-state laser rather than an LED
source was desirable in order to ensure a future capability of operating at
distances exceeding 30m, With such & laser, pulsed operation is necessary for
thgrmal reasons. Averaging of the time-of-flight measurement over many light
pulses was incorporated in the instrument in order to reduce the inevitable
noise in the data to a reasonable level, Averaging of the pulse travel time

1-3
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is analogous to the heavy output filtering typical on CW phase=type
instruments. The shorter the rise time of the light pulse for a given
output light power the greater the potential measurement accuracy. The bect
form of light pulse would therefore be & delta function spike. Our present
light source has a relatively slow rise tine, so we anticipate that a signi-
ficant improvement in overall accuracy could result from shortening the
light pulse.

These, then, were the technical constraints and requirements for the instru-

ment described in the following section.

1-4
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II. I..STRUMENT DESCRIPTION AND PERFORMANCE

This section describes the Laser Rangefinder (LRF) hardware and discusses the

main factors affecting the instrument's performance.

A, Instrument Description

Physically, the LRF consists of two packages: (1) an optical head containing
the light source, photo-detector, and means for forming and pointing the beam,
and (2) an electronics package containing the conti. b1 and measurement circuits.
A photograph of the complete instrument is shown in Fig. 2-1 in a laboratory
setting.

An overall b_.ock diagram of the LRF is presented in Fig. 2=-2, The laser light
is a gallium aluminum arsenide solid-state .as:r. A clock, not shown in

Fig. 2=2, drives the laser pulser at a 10 kHz rate and alsc provides timing for
related functions. The detector is a type C3103L4 photomultiplier havins a
gallium arsenide photo surface with spectral sensitivity to match the laser
emission (Ref. 19). A GaAlAs laser operating near C.8lum was selected rather
than a GaAs type emitting at 0.90um beceuse .'e photomultiplier cathode
efficiency drops off very ravidly at wavelengths approaching 0.9u.

The constant-amplitude current pulse used to drive the laser is sampled at

the pulser by an inductive loop &' is used as the timing reference for
measurement of the light pulse tiuv-rf=flight. Th2 photomultiplier output
pulse, generated 'y the reflected lighu, is of variable amplitude, depending
on the nature of the surface of interest and the range to be measured. As a
result, a module called a constant fraction discriminator (Fig, 2-2) is intro-
duced to minimize the effect of rerlected light pulse amplitude on the range

mecsurement.

The time 2 .Lerval measurement itself is made by a time=to-pulse=height
converter (Ref. 20), a module which produces a relatively long (2 microsecond)
output pulse for each start-stop pulse pair accepted, The amplitude of this
output pulse is accurately proportional to the start-stop time interval, and

is subsequently sampled, averaged over meny pulses, and converted to a digital
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Figure 2-2. Block Diagram of the Laser Ruangefinder

form for transmission to the couputer which interfaces in real time with the
LRF irnstrument. Both critical elements in the time interval measurement
process, the constant-fraction discriminator and the time-to-pulse-height

converter, are commercial nuclear physics instrumentation.

-omputer, & Ueneral Automation SPC 16-85, also supplies pointing commands
which are used to drive the beam scanner. The scanner is a gimballed mirror
driven by stepper motors in elevation and azimuth. The single mirror reflects
both transmitted and received light beams, but there are ceparate, non-

overlapping transmitter and receiver apertures.

B. Instrument Operation

Although the time-to-pulse-height conversion is sufficiently Jinear for our
purposes without further improvement, slow electronics drifts would limit the
accuracy of the LRF. In order to eliminate the effects of these drifts and

permit object location to roughly one centimeter, a self-calibration procedure

2-3
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has been incorporated. This procedure is equivalent to operating the
instrument in a comparison mode in which an umknown position is determined
relative to a known target. As a result, LRF range data is not affected by
slowv delay-time drift in any component.

Note that the time interval between start and stop pulse includes contribu-
tions from component delays snd internal cable transit times. These delays
add up to 50 to 100 ns total, compared to the light time-of-flight of
approximately 20 rs at a 3 m range. The start pulse cable length is adjusted
so that the start-stop pulse interval is close to the actual light pulse
travel time. There is no zero distance reference inherent in the instrument.
Measurements could be made down to zero range (target in plane of LRF mirror)
with appropriate cable trimming, but actually the instrument was set up with
a minimum range of approximately 1 m.

Errors due to reflectivity variations remain. Care must be taken to optimize
the effectiveness of the constant fraction discriminator, but the system
presently runs open loop with respect to reflectivity. In principle, the self-
calibration procedure could be expanded to involve reflectivity, but only at

the cost of increased complexity.

The self-calibration procedure has been implemented by placing two test
targets as known positions on the rover vehicle and performing a range
measurement from each at selected times during LRF operation. The calibration
data is then used to calculate a scale factor and bias for converting laser
cutput voltage intoc absolute range. The two test targets are placed near the
closest and furthest ranges to be expected during a manipulation, 1 m and

2.5 m.

Although two test targets are used, one calibration target placed at an
average manipulation distance would suffice, since drift in scale factor is
small.

"

A second operational requirement, called "reset," is concerned with matching

the actual mirror step position with its corresponding digital representation.
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Mirror positioning is an incremental process, and no step-by-step feedback is
present to measure mirror position; the position control system is implemented
entirely in the electronics. The reset operation must be done at turn-on
time. Normally, no subsequent reset is required until the system is shut
down, the mirror being moved one step at a time while the mirror position
‘register is simaltaneously incremented.

The reset command indexcs the mirr~= to a predetermined position, determined
by linear potentiocmeters on the mirror azimuth and elevation axes, while
simltanecusly loading the mirror position register with the correct step
nunmber., After the reset is executed, the same potentiometers are used to
monitor mirror position during operation, and if a discrepancy between actual
mirror position and the position register occurs, an error ("skip-step") is
signalled. The reset operation must be repeated after such an error.

C. Rangefinder Performance

As indicated above, the LRF measurement is a relative one in which target
position is compared to the known position of a calibration target. Such a
scheme is analogous to chopper stebilization of a dc amplifier. It is not
necessary to alternate the calibration target and the unknownj; the drifts are
slow enough that a recalibration every five minutes is sufficient. thout
using a comparison technique, temperature-dependent range bias drift on the
order of 30 to 50 cm could be expected. The drift is concentrated during a
warmup period of 10-15 minutes.

The dominant error source for the range measurement is caused by the unknown
reflectivity of the target, which results in a varying smplitude of the
reflected light pulse. Angle of incidence also contributes to the intensity

variations.

Measurement to an unknown target within 2 cm or better is possible with care.
Unexpectedly small reflected light intensity (as from a very black target) will
cause larger errors, AdJustment of the constant-fraction discriminator is
important, and must be maintained, although it has been found to be stable over
periods of many days. Perturbation of the shape of the photomultiplier pulse
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by cruss-talk or ringing must be avoided in order to maintain stable discrimin-

ator performance.

The 21 'ors caused by reflectivity variation, called "walk.".are not fundamental
in nw are but are repeatable. They can be reduced by shortening the light
pulse rise time, and can also be reduced if a better type of intensity-
indeendent discriminator could be developed. Candidates for testing (Ref. 21)
ewti.t, but to date they have not been investigated. Walk error could also be
reduced by monitoring the intensity of the return light pulse and using it to

compu e a renge correction,

L vis 12l representation of relectivity errors, ceaused in part by an imperfectly
adjusted constant fraction discriminator, is provided in Figs. 2-3 and 2-4. The
latter figure is a range picture (LRF output expressed as intensity data on a
video amonito~) of the test pattern shown in the former figure. A "perfect"
instrument would yield a uniformly gray rangepic, whereas in fact the test
psttern's variations are reproduced all too faithfully by the LRF., Even so,

th2 instrument is useful in a wide variety of applications (Section V).

Th~ second type of ranging error, caused by electronic noise, is presently
much smiller than the reflectivity walk error, but can become significant if a
high cata rate .approaching, for instance, 100 points per second at a 2m range)

is required.

Experinental d=ta summarizing the accuracy of the present instrument are

given .n Appendix B.
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III., ASSOCIATED ROBOT SYSTEM

The performance evaluation criteria, LRF software organization, and applica-
tions to which the LRF is put are all dependent upon the context in which the
instrument functions. The scanning laser instrument described in the previous
section is embedded in & robot system, In this section, the robot system is
described, with emphasis placed on those aspects interacting in some way with
the LRF, A brief description of coordinete frames relevant to LRF operation
is then given, followed by a summary of system-induced errors impacting LRF

performance.

A, Robot Description
The robot (Figs. 3-1 and 3-2) has been designed as an integrated set of

environmental sensors and effectors. The system is a breadboard, intended to
provide a tool for testing various approaches to problem=solving and autonomous
operation. The long-range conceptual goal is an autonomous Martian roving
vehicle able to make independent decisions, gather tne informestion required to
make those decisions, and act on those decisions, all in a manner consonant
with broad mission goals. The major components are locomotion, manipulation,

and perception (vision) systems.

The locomotion system consists of a large (1.5 m x 3 m) flat vehicle with

four independently-driven wheel drive and steering motors, two odometers and

a gyrocompass, and the associated software. Except for the computers (a remote
timeshared Decsystem 10 and a dedicated resident General Automation SPC 16-85),
all robot hardware is mounted on the vehicle. Power and data are provided by
umbilical. The vehicle is capable of (tethered) outdoor operation. LRF data
is used by the path planning software in the generation of obstacle maps before

the vehicle moves, and during motion in providing a safety function.

The manipulator system consists of a six degree-of-freedom modified Stanford
Electric Arm, deaigned for computer control, and the associated software. The
menipulator (Ref. 22) is mounted on the vehicle bed, 45 cm above the ground
surface. It has binary tactile sensors mounted on the parallel Jaw fingers,

a wrist-mounted force/torgque sensor, and two proximity sensors {one on each

finger). The arm-mounted proximity sensors (Kef. 23) are capable of providing,

3-1
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within a domain limited by where the arm can move, information of the same
sort provided by the LRF. Thus a potential redundancy between the LRF and
proximity senso - exists. LRF data on object and obstacle location can be

directly used by the manipulacor software.

The perception system proper includes the LRF, two TV cameras, and associated
software, and excludes sensors that provide only indirect information about
the environment (e.g., motor current monitoring which can yield slope informa-
tion, arm error torques which can yield weight, and pruximity sensors). The
cameras and LRF are mounted on a common pan-tilt head, approximately 1.2 m
above Lhe surface of the vehicle. The basie task of the perception system is
the detecting, recognizing, and locating of objects of interest and obstacles
to vehicle and manipulator motion. The dual TV cameras and the LRF combine to
provide much redundant information. Various ways of optimizing the usefulness

of the redundancy are cwrrently being investig .ed.

B. Coordinate Frames

There are three coordinate frames relevant to laser operation (Fig. 3-3).

One, the ARM system, is centered at the base of the manipulator, on tlie vehicle
surface. The unit vectors of the ARM system point, respectively, across the
vehicle front (iA), in the direction of forward vehicle motion (YA), and up

from the vehicle surface (ZA).

A second coordinate frame is the rotated pan-tilt (RPT) system. Its three

>
axes (XR,

tion and point, respectively. along the line of sight, tilt axis, and pan axis.

?ﬁ, 2&) are aligned with the pan-tilt head's present (rotated) posi-

This frame is centered at the laser, at the point where the beam would inter-

1

sect the LRF mirror when the instrument is at the "reset position." The reset

position is the LRF azimuth/elevation setting that directs the beam along the

line of sight :f the pan-tilt head, the so-called "straight ahead" position.

If a vector in ARM coordinates is represented by

and a2 veclor in RPT coordinates by
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; T
Ve = (Xgs T, 2, 1)
then the two systems are related by
> > >
A Tﬁ (Vg + Dg) and Vg = Tg V, - Bgs

where BR = [20.32, 0, -11.68, O]T, a constant displacement vector of the LRF

from the pan-tilt center, in centimeters, and

B 2 |
S¢Ce C¢ S¢Se 81.28
TR -C¢C9 S¢ --C¢Se T.62
A=
-Se 0 Ce 130.81
0 0 0 1
— J

The subseripts in the elements of Tﬁ refer to the pan (¢) and tilt (@) angles

of the pan-tilt head, the "S" and "C" to sines and cosines of these angles.

The inverse matrix TQ is given by

s¢ce -c¢ce -Se -81.288¢ce + 7.62c¢ce + 130.81se
-1 c¢ s¢ 0 -81.28c¢ - 7.625¢
A
s¢se -c¢se ce -81.283¢se + 7'6QC¢Se - 130.81(:e
0 0 0 1
- -

The third coordinate frame is the laser step (LST) system, centered at the
reset position's beam-mirror intersection point. It is linearly related to a
spherical system, its first two "axes" being integer stepper-motor step num-
bers related to azimuth (a) and elevation (e), respectively, and its third
axis being a range number (r) equivalent to the time of flight to target. If

a vector in the LST system is represented by

3-6
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VL = (0" €, Iy l)T,

then the azimv*: angle a”, elevation angle € (both in degrees), and actual

range r” (in ce.timeters) are given by

v (a®y €%y 775 1) 1'I£,VL,
where
[~0.3095 0 0 225.9569 |
0 0.3307 0 ~2hki, 0418
0 0 a b
0 o 0 1
b =

The entries "a" and "b" are the results of the laser calibration process

referred to in the preceding section and described in the next one,

The LST and RPT system are related by the followirg:

~ - -
Xg [-r' cose” cosa”
YR -r’ cose” gina”
VR = =
ZR -r” sine”
1) Lt J

Inversely, to transform from RPT to LST,
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S
a” tan (-YR/xR)

o (.ZR {);rﬁ)

L
el [

1 1
et ¥.. oun
and L L Lo. vhere
-3.2310 0 o 730 |
o 1 0 3.0251 0 738
L . \L,) -
0 0 1/a -b/a
0 0 0 1

_ J

The domain of laser operation, in LST coordinates, is o e [31, 1023],
e ¢ [100, 857], and r € [0, 1023]. At o = 730, € = 738, the beam points
straight ahead along the pan-tilt assembly line of sight, *R‘

c. System-Related Effects Impacting LRF Performance
There are three major compone' ts to any evaluation of the LRF as it performs

in the total robot system. These are vehicle-relative pointing accuracy,

ranging accuracy, and external environment-relative factors.

It has been found that the laser beam cen be pointed with both precision and
very high degree of repeastability relative to the vehicle. This is due in
purt to the fact that the beam cannot "rest" anywhere in its two-dimensional
(azimuth, elevation) space, but only at the lattice points dictated by the
incremental nature of the stepper mot¢ s. The pan=tilt head on waich the
laser is mounted is likewise an incremental precisely repeatable sabsystenm.
Thus it is that the beam can pe repeated.y directed in the same physical
direction whenever the four pointing variasbles (¢, 8, a, €) are repeated by

command. This, of course, is one of the {eatures enabling the recalibration
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process to fumction smoothly; the beam can reliably be direcied to the same
target points.

Determination of the beem direction, even relative to the vehicle, is not quite
as precise. The positioning of the pan-tilt head, its alignment with the
vehicle frame, and the orientation of the LRF azimuth and elevation axes rela-
tive to the pan=-tilt assembly are cnly estimated, though to within a high
angular tolerance. In particuiar, the "zero" pointing direction (pointing the
beem in the direction of vehicle motion, parallel to the frame) is perhaps
accurate only to an estimated half degree.

Ancther source of besa pointing error is vehicle sag. The platform on which
the arm, pen-tilt (including cameras and laser), and electronics rack are
mounted is a somewhat flexible frame. The platform sags slightly, to varying
degrees and in varying directions at different locations, thus affecting beam

poirting.

Ranging inaccuracies have been described in an earlier section. Suffice it to
gay here that the net effect of errors in ranging is an inaccuracy in position
estimates along the linme (. sight.

These error sources all affect the determination of position of an object in
the environment. For precise position determinatioa, all of the parameters of
the transformations given above must be known. Slight errors in estimating
displacements between the arm and pan-tilt and alzo along the pan-tilt to the
laser, as well as errors in ranging and pointing (due largely to vehicle sag)
all effect the accuracy to which an object in the external environment can be

sensed.

As the applications presented in Sectior V show, however, even with all these
sources of error, significant use of the instrumert can be and has been made.
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IV. SOFTMARE DESCRIPTION, ORGANIZATION, AND USER INTERFACES

The primary function of the laser software is to move the laser to a specified
poirt and then take a range reading. Moving the leser beam involves con-
trolling the laser scan apparstus, picking a mode (scan several points and
take readings, or slew to one point and take a range reading there), possibly
moving the pan/tilt head, and allowing for the target point to be specified in
a nusber of coordinate systems. Beyond this, the software must combine these
functions to calibrate the instrument. In addition, the software allows for
easy access to frequently used combinations of these basic functions. Also, &
number of control functions allowing direct commmication between the user and
the electronics are provided. Finally, status and error indication flags are
provided.

Operational use of the functions described below is detailed in Appendix C, and
the sumaries given here are keyed to that appendix.

The control functions include an azimuth slew (move instrument to specified
azimuth, take and return & range reading), an elevation slew, an azimuth scan
(move instrument from present position to new azimuth, taking readings at each
point along the way, and, if requested, use DMA input), an elevation scar, an
azimuth reset, and an elevation reset. The resets not only move the instrument
to its zero position (a = 730 for azimuth resét, € = T38 for elevation reset),
but in aiddition clear the device after "skip-step" errors so that accurate
beam pointing readings (a, €¢) can be assured. Other control functions permit
the electronics to be reset (cleared and initialized) and various tests (scan

busy, power on, data ready) to be performed.

Several functions are made easily available to the user. The simplest of
these is the beam reset function, which resets both azimuth and elevation.

A second functiop slews the laser to the specified laser step (a, €) and takes
n range readings. The average range number T is returned. If n > 1, then the
variance of the readings is also returned.

b1
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The third set of functions reads the pan-tilt head or moves it to a specified
(¢, 6). Each time the pan-tilt head is moved, the matrix '1‘2 is recalculated
and saved for future use. The pan-tilt line of sight vector, expressed in
ARM coordinates, is returned to the user or calling program whenever the pan-~
tilt is read or moved.

The fourth function provided is the (re)calibration procedure. Here, the
pan-tilt head is moved to a prespecified location, and S5C range readings are
taken at each of two calibraticn points. One calibration point is atop the
arm, the single stationary point in the middle of the top of the support post,
99.82 cm from the mirror. The second calibration point is at the back of the
electronics rack (Fig. 3-1), 245.87 em from the mirror. The averages of the
50 range readings at each calibration point are compared with the known
distances to these points to yield the constants of the assumed linear rela-
tionship between range r” and range reading r. Then the pan-tilt assembly is
restored to its precalibration position and the laser is reset, ready for use.

An initializing command to the LRF software sets an automatic recalibration
time interval. Thermal drift necessitates periodic recalibration. The auto-
matic (i.e., time-dependent) recalibrating can be suppressed in order that
recalibration only be dore when specifically requested.

The fifth function performed by the LRF softwere is coordinate transfcrmation.
A vector in any of the frames LST, RPT, or ARM can be re-expressed in any other
of these three frames.

The sixth function is the scanning of a line., The line endpoints can be
expressed in any of the three coordinate frames ARM, RPT, or LST, and the
repointing of the pan-tilt assembly to the center of the line can be requested
as an option as well. The LST (a, €) aud associated ARM (X, Y, Z) are
~eturned for each scanned point. The scanning procedure generates a sequence
of lattice points (Recall that (a, €) are restricted to the integers, as
stepper motors are used to drive the laser) which most closely follows the

desired line.

L2



33-809

The final function made available as an integral part of the software package
is the "stop" function, which terminates the program after closing the mirror
completely. The mirror is closed to avoid dust and scratches when “he
apparatus is not in actual use.

The software performing these functions, as all the laser software, is coded
in Portran and assembly language on the General Automation SPC 16-85. The
basic software package described above runs in less than 6K of core. This
software is made available as a subroutine (LRF) to other users, and also has
been combined with two supplemental functions and a teletype driver for
stand-alone use.

The supplemental functions are a rectangle scan and & vehicle obstacle scan.
The rectangle scan works like the line scan, accepting four corners expressed
in any of the three coordinate frames. Up to 20 parallel lines spanning the
rectangle are scanned and the highest (maximum Z in arm coordinates) point is
saved. It is assumed that the highest point is part of a rock, and the area
about that point is (re-)scanned to determine the rock's orientation. The
rock's position and orientation are then output to a file. This rectangle
scan can easily be combined with the manipulator software to yield an end-to-

end demonstration of integrated laser-menipulator operation.

The second supplemental function provided with the teletype driver is an
obstacle scan at 3 meters in front of the vehicle. Here the beam is swept
side to side in an effort to locate severe adjacent-point range differences.
If one is located, a single bit is returned to the vehicle drive software.

All calls to the laser software résult in an error/status flag being returned
to the caller (or teletype). ruis flag reports .iolations of laser azimuth
or elevation limits, laser drive step-skipping (which would result in the beam
position (a, €) being unknown), range numbers (r) out of the domain of possi-
bility (either because the power supply is off or because no signal is
returned), pan-tilt errors, and warnings that conversions to LST coordinates

are out of the acceptable domain of operation.

A user's guide file to the LRF software and program flowcherts are provided
in Appendices C and D.
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V. APPLICATICNS

The LRF software has only relatively recently been made operational and avail-
able to the Robot Research Program as a package. Nevertheless, the LRF instru-
ment and software have already been applied to several tasks, with more
currently being investigated. In this section, these applications are

described.

A. Rockfinding
The rectangle scan described in Section IV as the first supplemerntal function

has breu combined with the manipulator software to ;"ield automatic scanning,
recogniiion, position and orientation determination, and retrieval of the

tallest rock in 2 30 cm x 71 cm scanned region. The elevation of the scanned
points is displayed as intensity data on a video monitor {Figs.5-1, 5-2). Higher
points appear darker on the displayed image. The range data is converted to

ARM coordinates, the Z coordinate cf which is converted to an integer correspond-

ing to an intensity datum on the monitor.

Errors in the end to end sequence include all laser and pan-tilt pointing
errors, laser ranging errors, surface reflectance and gray level contributions,
vehicle sag and other transformation errors, and arm positioning and calibra-
tion errors. In esse..tially all cases, the laser instrument and algorithm
precision are sufficient for the rock to be recognized and located by a laser
beam aimed at it, but only in about half the cases to date are the position

and orientation data, transformations, and arm positioning and calibration
accurate enough to result in the target rock being successfully retrieved and
deposited in a sample box. Continuing work on the use of arm-mounted proximity
sensors as grasping aids (Ref. 2U) is expected to result in a much higher

success rate.,

B. Vehicle Obstacle Scan

The side-to-side laser scan described in Section IV as the second supplemental
function is to be used as an in-motion early warning obstacle detector for
vehicle motion. The beam is swept along a line 3 meters in front of the
vehicle at ground level, roughly from the outside of one wheel to the outside

of the other, back and forth., No coordinate transforming of the raw data is
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Figure 5~1, Lni-Generated Elevation Pieture of Rock

s

Figure 5~2, LBF=-Generated Elevation Plcture of Three Rocks
and a Block
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performed, but rather, sharp differences in the raw range data themselves are
look 4 for. Figure 5-3 graphically illustrates the returned range data when
no obstacle is present and when an 8 cm high box is present, The criterion
for an obstacle currently being used is a range number difference of 10 or
greater between successive points. This corresponds to an actual range
difference of approximately T7.84 em. If this criterion is met, a flag

is returned to the vehicle drive program, which can then stop the vehicle,
gather more data about the obstacle and surrounding environment, and plan &

new path,

The present vehicle is heavy relative to the available power to drive it, so
that even an 8 cm object is an obstacle. Range differences do not correspond
directly to differences in elevation, and it is conceivable that an obstacle
with smooth edges and no reel corners could remain undetected. The described
scan algorithm and obstacle criterion thus represent a compromise between
simplicity (and speed) of operation, on the one hand, and effectiveness on
the other.

7IOF

WITH OBSTACLE PRESENT

sessscosscsse WITH NO OBSTACLE PRESENT

RANGE NUMBER r

AZIMUTH STEP a

Figure 5-3. Vehicle Obstacle Scan LRF Data
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Another factor to be noted that tends o diminish the thoroughness of the scan
is the effect of vehicle motion. A scan takes about 2 seconds {94 points at
50 points/second). By moving the vehicle slowly in areas of more danger or
less complete knowledge of the environment, and by comparing detected
obstacles with objects already knom {see below), the laser in-motion obstacle
scan is expected to be a useful adjunct Lo the yrobot's safety system.

C. Obstacle Mapping
The first user spplication to which the laser system has been put is obstacle

mapping. Before the vehicle is moved, a terrain map of the area must be
obtained. A single television image could be used for this purpose, but then
the information obtained is only two-dimensional; its location along the line
of sight would remain unknown. Television imeges from two cameras or from the
same camera at two locations could provide three-dimensional data, but only at
the expense of correlating the video data from the two imasges. Accordingly,
the LRF, which provides three-dimensional data from a single "image,” has been

used to map the terrain in the vicinity of the vehicle., Figure 5-k shows a

processed terrain map of a 3 meter square in front of the vehicle. "Safe"

Tigure S=L. Obstacle Map

Smb
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{i.e., obstacle-free) regions are shown in gray, unsafe ones (those whose
elevation is 15.24 cm or more from the floor, as defined by the vehicle wheel-
base) in white, and unknown regions in the shadow of obstacles in black. The
right obstacle map in Fig. 5-4 shows a processed version of the left map in
which adjacent obstacles have been merged. A series of terrain maps covering
the area between vehicle and target is made, and then the terrain can be
searched for a safe path.

D. Range Pictures

The LRF is quite sensitive to changes in range. A demonstration of its
sensitivity and ability to yield data of sufficient quality for scene anslysis
work is presented in Figs. 5-5 and 5-6, These figures are "rangepics.” Range
data (integers from 0 to 1023) have been converted to intensity data (0 to 255)
and dispiayed on a video monitor. The pictured features are approximately 2
to 3 m in front of the vehicle. The laser data wers tsken over a complete
lattice of 64 x 64 LRF azimuths and elevations. As displayed, no correction

for angular distortion has been made. The box-like structures in the images

Figure 5-5. Range Pictures
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Figure 5-6, Rangepic

result from the fact that each laser datum is displayed as s 4 x b array of

moenitor pixels in order to fill the screen,

E. Picture Segmertation and Scene Analysis

The application of scene analysis software designed for video Jata to LRF data

is currently being investigated., The straightforward segmentation of laser
rangepics is one approach being considered, Aiming the LBF at specified video
image points for range data or duasl camers image-matohing, tracking of the
laser beam as it moves through a visual scene, and vsing the lsser Lo confimm
the existence of edges and object boundaries are other avenues being con=-
sidered., It is anticipated that the dusl TV/LRF system will ultimately provide
the JPL robot with a powerful perceptive apparatus.




33-809

VI. SUMMARY

A scanning laser rangefinder for a robotic vehicle has been described. Its
ranging accuracy approaches 2 em with optimum adjustment of the constant-
fraction discriminator. The dominant error source is the effect of unknown
reflectivity and angle of incidence of the target surface. Pointing accuracy
of the instrument itself is well within 0.1 deg, a small error compared to

the range error. However, the cumulative effects or errors induced by
mounting the LRF on a pan-tilt assembly, putting the entire apparatus on a
vehicle, and then relating the results to the environment also tend to degrade
the performance of the LRF,

We feel that the instrument could be significantly improved with further
development effort. First, current semiconductor techniques appear capable of
reducing the risetime of the light pulse significantly, and since the accuracy
at present is directly dependent on risetime, this would be a practical benefit
(Ret. 34), Improvement may result even though the peak pulse power may decrease,
if pulse repetition rate and risetime can both be improved.

A second approach, independent of the light pulse shape, involves improvement
of the timing decision through more effective fast pulse electronics. Such
improvement could be obtained by performing a measurement of the reflected
pulse height and using the information to correct measured renge. A con-
ventional intensity image as seen under illumination by the laser source could

be obtained as a by-product.

Alternatively, better schemes for timing independently of intensity could be
sought, either in terms of improved constent-fraction discriminaticn, or by
weans of multiple data points from each pulse (Ref. 25), the ultimate being a

real-time cross correlation.

The LRF is not at present driven by any requirement for a high data rate, and
indeed, its data rate is very low. Efforts to increase the data rate will
encounter a limitation due to basic noise in the detected signal at about

100 data points per second, with the present laser power., Higher dats rate
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will involve a tradeoff in which uncertainty of a single point increases
proportionately to the square root of data rate.

Even as the system stands today, numerous practical applications have already
been made and more continue to be investigated. The results of these invest-
igations will be reported as the continuing integration of the LRF and its
software with vehicle and vision sysiems progresses.

Ch
]
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APPENDIX B
LRF DESIGN AND PERFORMANCE

B-l. tical Head
The rangefinder optical head, illustrated in Fig., 2=1, consists of three

modules. The upper mocule is a modified Surveyor TV camers mirror unit,
originally a part of a TV system designed for a Surveyor spacecraft; the
middle module consists of the "aser, laser pulser and the necessary optics tor
collimating, transmitting and collecting the laser radiation; the lower
module houses the photomultiplier detector. The overall size of the optical
head is 20 cm. wide, 15 cm. deep, and 60 cm. high.

The Surveyor zimballed mirror unit was modified to meet the reguirements of
the LRF. To obtain the desired 5 milliradian stepping increment for the LRF
required that the original stepper motors be replaced. Size 11 permanent
magnet stepping motors with integral gear heads were selected (Ref. 26). The
complete unit was smaller than the motor it replaced. The mirror stepping
rate is presently 50 steps per second, but the rate could be increased to
perhans 300 steps per second with appropriate redesign. The limits of scan
are 350° in azimuth and 50° above and below the horizontal in elevation. The
lower scan limit in elevation is a result of the lower part of the instrument
physically blocking the view.

The original azimuth bearing was replaced by a free ball type bearing with
machined-in-place races. The modified bearing has a clear inside diameter
of three inches to accommodate the optics, yet did not require extensive

rebuilding of the housing.

Figure B-l1 shows a more detailed cross section of the second module containing
the optics, The laser pulser is enclosed in a can which is electrically
isolated from the outer case. It is mounted to & heavy bracket which serves
as 8 heat sink for the laser, and a portion of the can is made removable to
permit access for repairs or adjustments. The laser is an RCA No. C30012
in)ection laser diode with a light-emitting area of 0.02 x 0.15mm, and a

peak power output of 3 watts, emitted into & helf angle of approximately 15°,
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The one in current use has a wavelength of 844 nanometers, and its spectral
width A\ between 50% intensity points is 3.5 nanometers. Substitution of
RCA No. C30013, a similar but higher power laser, could be made to obtain

a higher power level at the target, but a proportionately larger spot would
be produced. The coliimating lens is 25 mm in diameter and 7. um in foeal
length, producing a line image whose angular length is 2 milliradians. After
collimation, the light passes through two right angle prisms which direct it
through the azimuth bearing to the mirror. The collimating lens and prisms
are mounted to & fixture which permits adjustment in each of 3 mutually
perpendicular directions. This is necessary in order to focus the laser image
on the target and place it laterally where it will be seen by the collecting
telescope. .

Light returning from the scene is passed through an optical filter having 40%
transmission at 84l nanometers and a bandwidth (FWHM) of 14 nanometers to
reject ambient light (Ref. 27). Laser and filter must be individually matched,
as the laser wavelength can vary between samples. A field-of-view aperture

at the focal point of the collecting telescope further reduces the ambient
light level. Thi. aperture is removable, and the one in use has an opening
0.5 x 0.28mm, oriented to line up with the return image. Care must be taken to
avoid scattered light from the laser entering the photomultiplier.

The lower module of the rangefinder is shown in further detail in Fig. B-2.
The photomultiplier is an RCA No. C31034, a S cm dia., head on, 11 stage
photomultiplier having a gallium arsenide photocathode with a projected area
normal to the returning beam of 4 x 10mm. The spectral response of the C31034
extends from 200 to 930 nanometers with the peak at 830 nanometers. Nominal
anode sensitivity at the peak is 4.1 x 1oh amps per watt with a D.C. supply
voltage of 1500 V. The tube is oriented to align the long dimension of the
photocathode with both the laser image and the relative motion of the image
due to parallax. Surrounding the photomultiplier s a magnetic shield which
is electrically tied to the cathode. The remaining space is filled by a carbon
loaded spongy material (Ref. 28) to help reduce electromagnetic ringing and
noise. The distance from aperture to photocathode is 3.4 cm. A field lens
immediately following the field stop of the telescope is helpful *> avoid

movement of the light spot on the cathode as range varies,

B=3
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The photomultiplier anode drives a 50 ohm terminated coax line directly, with
great care being taken to minimize lead length outside of the transmission line.
The circuit shown in the inset of Fig. B-2 supplies voltages for the dynodes.

The following quantities related to the LRF optics were determined:

1. Pesak output power, Ppk’ of laser image 0.22 watts

2. Transmission of lens 0.8

3. Transmission of filter (measured) 0.36

L., Solid angle subtended by telescope 10'h steradian
objective from target

5. P_. to photomultiplier 6.3 x 10-6 watts

pk

6. Sensitivity of photomultiplier
(measured) at 844 nanometers 5.1 x lO3 amps/watt

7. Calculated peak output wvoltage, Vpk 1.6V

8. Measured photomultiplier peak output voltage 0.16 V

The difference between the calculated and observed outputs is feit to be due
to the photomultiplier responsivipy being lower than nominal.

B-2. Laser Pulser

A light pulse with the minimum possible rise time and maximum intensity is
needed, and the resulting requirements for both fast rise time and high

current from the pulser are conflicting. Counventional transistor pulse
circuits were found inadequate. Avalanche transistors in transmission line
configuration can yield a fast rise time, but low current. We selected a
silicon SCR (Thyristor) circuit to dump energy from a group of capacitors which

were arranged in a coaxial configuration for low inductance (Ref. 1).
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Since our pulser was designed, other approaches have been described that may
be of interest (Ref., 29) because they may be able to produce a faster rise
time.

A study of commercially available pulsers and pulse circuits indicates the
pulse rise time and peak current are limited by the avalanche characteristic
of the switching element, in this case the thyristor. Also, when pushing
toward short pulses, the turn-on and recovery time of the inverse current
protection diode become important factors.

A simple capacitor discharge through a gate driven thyristor circuit was chosen.
A combination of several parallel thyristors was used in order to obtain high
peak current together with good rise time,

Capacitor lead length will affect the total circuit inductance, so in order

to minimize this inductance, a circuit configuration in the form of a cylinder
was adopted, with the capacitor current passing down the axis of the cylinder,
splitting radially and returning distributed among many leads arranged in the
form of a concentric cylinder, as shown in Figure B-3. The separate capacitor
discharge currents are collected through a header, down the axis of the
cylinder through the semicondustor switiching devices, and directed to the laser

d3ode supported in a common ground header at the opposite end of the cylinder.

CORNING glass dielectric type capacitors were used. This type was selected
not only because of its convenient size and shape, but becanse internally it
appears to have many physically short, interleaved plates, providing a short
path for draining the charge.

Assuming that synchronous triggering can be obtained, the peak current
obtainable is limited only by the number of switching devices which are placed
in parallel. It is apparent from the literature provided by the manufacturers
of switching thyristors that rise time increases in proportion to peak current
switched, and that rise times of less than 10 nanoseconds push the state of
the art.
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It appeared that the desired rise time might be obtained by using a parallel
combination of three thyristors (Ref, 30) which are rated at 20 nanoseconds

rige time for switching 30 amperes peak, but operating them at a lower peak

current.

Circuits of this type often use a small series resistor for monitoring pulse
current and to supply damping to control ringing. This resistor was omitted
in order to obtein the fastest possible rise time. Instead, reverse direction
diodes were installed across the laser in order to provide damping and to
limit the amplitude of any reverse voltage which might <.ppear across the laser.
It was found that twelve diode: in parallel across the laser reduced ringing
amplitude to a tolerable value. The diodes used in the final version are

HP 5082-1006 Schottky units, but INUCOT fast turnon, high current diodes were
also found to be suitable,

The circuit of the pulser is shown in Figure B-i. Three banks, each consisting
of four parallel 820 pf capacitors, constitute the 0.01 mfd charge storage
capacitor. The three banks are resistively charged in parallel from the power
supply. Three thyristors having their gates tied in parallel switch the pulse
current. Triggering is by & pulse generator which provides a 2 volt positive
going square wave having a 10 nanosecond or less rise time. It was decided to

VWA
10K
VWV -0 90V MAX, DC
10K
A A
0,0033uF D1
AYN ey
= »t
0,0033.F DI
ar—F “
0,0033uF (o]]
M

"

TRIGGER
GA201A GQGAZOIA GQGAZOIA
e

PULSE WIDTH  2074ec

RCA DI IN5805
02% 02 02F @;.. VP %02%02 %02 % 02 _ .
1 C30013 1 L2 - HP5082-1006 '12)
Clt 0,01 mfd TOTAL

MADE UP OF 3 GROUPS
OF 4-820 pid CAPACITORS

Figure B-L4. Pulser Circuit
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trigger the thyristor gates in parallel without any special synchronizing
cireuitry. In order to mssure egual sharing of the discharge turrent, the
total circuit cepacitance vas divided into three groups or banks each having
onewthird of the total cmpacitance,

The three series diodes were originally included in the eircuit to prevent
possible reverse charging of the capecitors and to provide a control point from
which 8 current controlled charge circuit could be operated. However,
experience with the circuit suggests they could be eliminated,

The combination of the 10 kilohm resistor and the 00,0033 mfd of each capacitor
bank produces a charging time constant of 0.33 x lomh seconds, one third of the
available change time., The 10 kHz repetition frequency is possible without
special power supply circuitry becmuse an inductive undershoot “ollowing
pulsing permits the thyristors to recover and remain in cutoff (Fig. B-5).

Figure B-6 illustrates some details of the physical design of the pulser. The
structure includes two ¢ircular brass hesders between which the oircuit
components are installed. One header includes a female threaded porticn into
which the 8-32 thresded shell of the laser diode is screved. As the threaded
portion of the laser housing is conn3cted to the cat.cde, the header not only
serves & glrcult grownd but also serves as a heat sink for the laser. The
ancde lead of the laser fits into a spring loaded ¢lip which 18 held in place
and insu’ ited from the grounded header by a boron nitride or porcelain insert,

LIGHT PULSE LIGHT AND CURRENT PULSES

s CURRENT
PULSE

100 ns

Pigure B-5, JPulger Output, Showing Current Pulse and Light Guipul

B-9




33-809

CHASSIS
HEAT SINK

1N3805
~— INSULATOR

CHARGE (1 JF 3)

L™ KNUT -
TERMINAL BORON NIRINE

CHARGE CONTRU!

:: s;: THD) . (10F 3) LUCITE
" g~ SHIELD, COMMON ,

. & TRIGGER PULSE BRASS V)

\".wu,oa ALUMINUM [— ]

BORON NITRIDE
OR PORCELAIN

DIODE (12)

Figure B-6. Sketch of Laser Pulser

The common trigger connection for the thyristors is brought to the gates
through the header at the opposite end of the structure by means of a shield
tube and concentric Teflon insulator. The gate leads of the “hyristors are
clipped to correct length and held attached to the trigger electrode by set

screws.

The results obtained in testing exceeded expectations by achieving pulses of
approximately 30 nanoseconds duration (width at 10% of peak amplitude) with
peak currents approaching 100 amperes, at a repetition frequency of 10 kHz.
The form of the light pulse is shown in Fig. B=5 as measured by the LRF photo-
multiplier. We conclude from our testing that the observed rise time of 10 ns
is still primerily circuit limited and is not due to either SCR or 1. =r
characteristics. c.nce 10 ns is long compared to the (impulse) rise time of
the photomultiplier (~3 ns), the ultimate instrument accuracy is dependent on
the laser pulser rise time, and could be improved if the rise time could be

shortened.

Note that our estimated pemsk current is considerably greater than the maximum
pulse current snecification of the laser, 25A, The large current has nct
resulted in laser damage because of the short puise duratici., Both the average
current and power dissipatea by the laser are well within the munv©acturer's

ratings., Tentatively, ‘re conclude that even larger current pu)lses would be

B=-10
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tolerated by the laser if they remein sufficiently short. Since timing is

done with respect to the rising slope of the light pulse oaly, the fall time
and any associated tail are only detrimertal, contributing to device heating.

B-3. Constant Fraction Discriminator

The most critical element in the LRF measurement sequence is the constant
fraction disc—*-inator. The theory and design of constant fraction discrimin-
ators has been given in the literature (Ref. 31), and our unit was commercially
obtained (Ref. 32). Accordingly, we will not discuss the discriminator in any
further detail here. It suffices to say that its adjustment is critical if one
expects to obtain minimum der:.dence of measured range on reflected light
intensity.

The observed light rise time of 10us is equivalent to a range increment of
1.5m, Therefore, for one centimeter accuracy, we must measure the arrival
time of the reflected pulse within sbout 1% of the rise time, or put a dif-
ferent way, we must depend on knowing the shape of the leading edge of the
return pulse to within 1% in order to make a sufficiently accurate timing
decision. Fortunately, our requirement for accuracy is essociated with
manipulation at ranges of the order of 2m, so reflected light intensity is
large and the amplitude of the return pulse can be the maximm tolerable to
the photomultiplier, about 1 volt peak into 50Q0. Even so, ringing and other
parasitic effects impressed on the photomultiplier output signal by source
other than the return light must be kept to Ilmv or less, a demanding
requirement.

B-b. Experimental Performance Data
The magnitude of the reflectivity error, termed "walk" in the constant-

fraction discriminator, is plotted in Fig. B-T for optimur adj. -tment of gain
and delay time of the discriminator. 1In Fig. B=T, Test 1 was performed with an
electrical attenuator at the input to the discriminator, but tests 2 and 3 were
made by ranging %o a series of graduated grey-scale cards with varying reflect-
jvity, but fixed range, 160 em for test 2 and 307 >m for test 3.

The variation of two orders of magnitude in reflected intensity shown in
Fig. B-7 is the desired amplitude range, one that might be encountered in
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RANGE ERROR, em

]

0.01 0.02 0.04 0.10 0.20 0.40 1.0
PEAK PHOTOMULTIPLIER OUTPUT, volts

Figure B-T. Change in Measured Range as a Function of
Reflected Light Intensity

practice from random objects. The black to white range for paint is somewhat
less, perhaps 30 to 1, and the range of reflectivity of the most common rocks
is considerably less, perhaps 5 to 1 (Ref. 33). The intensity-dependent range
variation obtained from the data of Fig. B-T is approximately 2 em from 18 mv
to 1 v, in fairly good agreement with, but larger than, the marufacturer's
walk specification of 0.11 ns (1.5 cm) over an input range from 10 mv to 1 v,
We were not sble to extend the useful range down to 10 mv, the lower limit of
constant fraction discriminator sensitivity, without an undesirsbly liarge
error, The upper limit of pulse height was set by the phctomultiplier, not
the discriminator.

In addition to the "walk" error, a range determination is subject to uncer—
tainty due to electronic noise. The significant noise sources are photon
noise from the photodetector, a variable depending on intensity of both laser
pulse and background light, and electronic noise in the critical timing
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circuits. The equivalent input noise of the time to pulse height coaverter,
as quoted by the manufacturer, is 0.15 cm (10 ps from Ref. 32). Figure B-8
shows measured equivalent range noise input of the LRF as & function of the
time constant of a low=pass RC filter on the analog output signal. PFigure B-9
shows a histogram for 310 rav (not averaged) range data points as read to
computer memory after digitizing. The rms spread of the 310 points, collected
in less than 1 sec, predicts a repeatability of their average of 0.15 em 10,
in reasonable agreement with figure B-8.

An important conclusion from these date is that the noise fluctuations vary,
a8 expected, with the square root of the averaging time. With sufficient
averaging time ('t 0.01 sec), noise fluctuations can be made negligible
compared to the reflectivity "walk" error. On the other hand, if data must
be collected faster, or if one is interested in larger ranges (>3m), noise
may become the significant limitation on accuracy of a single dstum.

The third type of error, linearity, in principle is expected to be small
because of LRF essentially measures of small difference between two large

mol

SLOPE -1 —+

RANGE NOISE, mm rms

(o)

ELECTRONICS NOISE —» o

1073 1072 1071 100 101
AVERAGING TIME CONSTANT, sec

0.1

Figure B-8, Range Noise vs Averaging Time Constant
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Figure B-9. Distribution of LRF Output Date Number (DN) from Fixed
Target (Multipoint Averaging Removed)

delay times and the time-to pulse height converter has good linearity. How-
ever, secondary effects such as inverse square intensity variation or parasitic
ringing at the constant fraction diseriminator input can cause non-linearity.
A measurement of overall non-linearity (Fig. B-10) indicates & linearity error
of +1.5 cm over the range from 100 to 260 cm, confirming that non-linearity
should not be a limiting factor.

The above tests were made inside, under normal room light conditions. Further
limitation is expected from background light in direct sunlight, but fairly
extensive experience with military forms of single pulse solid state laser
range finding instruments has been reported. It indicates that with apprc-
priate optical filtering, performance will not be greatly affected. (See

Ref. 14). 1In sunlight, background light will be the limiting noise source,
and no advantage from lower detector noise would be enjoyed by a photo-
multiplier when compared to an avalanche photodiode.

B-5. Angular Pointing Error
An experiment was performed to determine the angular pointing accuracy of the

gimballed mirror and stepper motor combination. Such an error results from
non-concentricity of gears and pinions, eccentricity of bearings, and fric-
tional drag.

B-1L
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RANGE ERROR IN CENTIMETERS

B | A l A l

100 200 300

QBJECT DISTANCE IN CENTIMETERS

Figure B-10., Measured LRF Linearity Error

The rangefinder was mounted to an accurate dividing-head, and the gimballed
mirror of the laser rangefinder was rotated through a pre~determined angle
with its stepper motor. Then, using the dividing head, the rangefinder body
wvas rotated back until the mirror was returned to its original position. This
was repeated until the entire angulaer range had been traversed. A Wild
theodolite was set up to look at its own image in the gimballed mirror, using
a fine taread stretched across its objective as a target. Once set up, the
theodolite was not moved until the experiment was completed.

For the azimuth test, the mirror was rotated through its total range in 19 steps
of approximately 18.5° per step, going first from left to right. When the

limit was reached, the same points were measured in & reverse direction. Elev-
ation accuracy was tested in the same way by mounting the rangefinder on its
side, using fifteen stepping increments of approximately 2.4° each.
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Figure B-11 shows the results of the azimuth test, where mirror position 0 is
given by 6 = kn + where k and ¢ are constants and n is the stepper motor step
nusber. Herek ... = 5.60114 K ). 1ated = 5.4024 (from gear ratios) and
a measure of hysteresis, cleﬁ: .4 gnt = 0.815 milliradians. The errc:
oobs-ec ale has a periodic pattern that can be explained by a slightly oval
shape of a sleeve bearing which was installed on the azimuth axis at the time
of this test. There are two positions of the mirror, 180° apart, where the
error goes through a maximum. A non-concentric gear would exhibit a period
of 360°. The difference between C aht and cleft was, at first, thought to
have been caused by a lack of spring tension in the anti-backlash gear, but
this proved to not be the case. It, therefore, must be due to the effect of

drag on the normal indexing position of the stepping motor.

Figure B-12 is a plot of elevation error. Here kmeasure as 2.8868,
K ajculated ~ 2.8858 and AC = 0.15 milliradians. No periodic pattern trace-

able to a bearing defect exists here.

The azimuth date were cbtained with a sleeve bearing configuration which has
since been replaced by a ball bearing with much lower friction. Therefore the
hysteresis observed should no longer be present. The indicated error in
azimuth position is #0.5 mrad, and the elevation error is about 0.k mrad,
including hysteresis. Both these errors correspond to the order of 1-3 mm at
the target. We can conclude that pointing errors are negligible in comparison
with the range error.

»

ANGULAR POSITION ERROR MILLIRADIANS)

1 i —
0 50 500 7% 1000 1250

MIRROR POSITION, STRP NUMBER

Figure B-11l. Azimuth Pointing Error vs Mirror Position
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Figure B-12. Elevation Pointing Error vs Mirror Position

The laser source is imaged on the target by & lens, so the line-shaped laser
spot has a finite size, 7 mm long at 2 meters. f the collimating lens is
focused for a distance other than the actual target distance, the illuminated
spot will sppear as & larger blur circle. The lateral size of the laser spot
would become a limit on the angular resolution of the LRF, though not affecting
angular pointing accuracy.

In addition, a paraliax effect exists because the laser and detector lens
axes are not collinear. The parallax creates a predictable range dependent
lateral offset of the laser image, since the baam is not emitted from the
center of the gimballed mirror. Both defocusing and the lateral parallax
error are of comparable magnitude, roughly 1 cm per meter displacement from
a 3m focal distance.
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STICKS INTO NEST DN LASER DISK

FINDS ROCK,

SPC-16 ONLY

CC=NS.LRF2

HARDWARE/ELECTRONICS SETTINGS

END
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CALIBRATE AND
INITIALIZE
(LRF(-1)]

WRITE BUF

READ COMMAND,
SUBCOMMAND
AND ARGS-BUF

o, ~1-6, 9

EXECUTE
COMMAND
[LRF (COMMAND) }

COMMAND = 9

END

PUT ARGS INTO
LST (CONVRT)

ARGS N
IN RANGE ?

DO SCAN FOR
VEHICLE
OBSTACLES
(SCANV)

ELSE

SCAN FOR
TALLEST ROCK
(SCNREC)

SET BUF

16

WRITE ROCK
LOCATION ON

LU 14

D-1




ZERO ERROR
INDICATOR
(BUF, )
N o COMMAND
> 0
G
INITIALIZE CAI TBRATE
A, B, IRANGE (AS NEC.)
TURN CLOCK [(LCAL(0) ]
oN
! ALIBRATE
0K
7
SET BUFyq Tu| |CALIBRATE RESET LRF
[CALL LCAL (LRESET). SET
CLOCK ERROR | [ cconptanm) ] BUF), TO ERROR
, FLAG VALUE
;
CALIBRATE
OK
?
Pr.OCESSCOM
RESET LRF
(LRESET) PROCF"S
COMMAND
!
! RUF, +15
SET BUF, TO| 16
ERROR FLAG
VALUF
A

EHD )

D-2
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0 1, 2,3 4, S 6, 7,8, 9 ELSE
RESET DO RESET MORECOMS
ELECTRONICS {LRFD (?. 0] PROCESS
[LRFD(0,0)] COMMAND

SET N = TARGET
DO TEST

[LRFD(SUB+3,0) }

BUF 1 3*RESUI.T

N N
I — IN RANGE
?

I SCAN (6, 7) OR
SLEW (8, 9) TO N

[LRFD (SUB-4,N)] BUF, g+16
X &fo 1T ok? g
SET PF
TO ERROR
INDICATOR
N
END



COMMAND
- 4 5 ELSE
RESET LRF RECALIBRATE STILL MORECOMS
(LRESET) {LCAL(2) )
BUF, 6 +ARG
READ P/T,
LINE OF o =0
SIGHT-BUF 16
MOVE P/T TO TARG
(BUF,,, BUF,,)
LINE OF SIGHT-BUF RESET LRF
(LRESET) -
16+15
SET BUF, N —
TO ERROR oK TRANSFORM
[yprcatoR ? (CONVRT)
-
- TRANSFORMING
h
BUF, +8
SET BUF
END

D-4



33-809

STILLMORECOMS

SCAN LINE
(SCANL)

AIM P/T TO
vID POINT OF
LINE

(UNPNT)

TRANSFORM RPT
TO LST
(CONVRT)

——

TRANSFORM ARM
TO LST
(CONVRT)

9 ELSE
CLOSE
MIRROR Buplsq-]_s
(LRFD)
ELSE

16

BUF, «15

ENDPOINTS

IN
2

SCAN LINE
(SCANL)

SET BUF16

D-5
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‘ LRESET '

RESET
ELEVATION

I=1
CALL LRFD (1,J)

RESET
AZIMUTH

{1-9
CALL LRFD (1,J)

END

D-7
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AZ SLEW TO
ARGl (LRFD)

EL SLEW TO
ARG2 (LRFD)

EL SLEW TO
ARG2 (LRFD)

|

ARG4-RANGE
ARG3+-STATUS

AKING
RE THAN
READING (ARGS)
?
TAKE RANGE
READING VIA
EL.SLEW
STATUS \N
oK
” 1
RESET
(LRESET)
CUMULATE ]
RANGE FOR AZ SLEW TO
SALCULATING ARG1 (LRFD)

ARG4+ AVERAGE
RANGE
ARG3+0o

END

D-8
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N
READ, SAVE
ENCODERS
CALCULATE AND
SAVE T MATRIX
W = LINE OF
SIGHT CET THERE
OK?
SET FLAG
N CALCULATE AND
- {ODE NE 3?7 SAVE T MATRIX

SAVE
RETRIEVE
ENCODER .ENCODERS
READINGS T
W o LINE OF W = LINE OF
SIGHT S 1CHT
SET FLAG
N RETRIEVE
J0E = 3 ENCODER
READINGS
TRANSFORM
V(ARM) TO
RPT(W) VIA T
I MODE = 0
TRANSFORM
V(RPT) TO
ARM(W) VIA T
END

D-9
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G

READ
CLOCK
ARG = ?
1 2 > 300
IFLAG = 0 IFLAG = 0
(IE, TREAT AS (IE, TREAT ITIME = ARG
IF FIRST TIME) AS IF FIRST
TIME)
ITIME = 32767
(ABOUT 9
HOURS)
ad
T
ARG = 0
CALIBRATE
CALIBRATE AS
NECESSARY

D

D-10

ELSE



IFLAG N

33-809

ZERO

RESET
ELECTRONICS
(LRFD),
RESET LRF
LRESET)

IFLAG = 1
ELAPSED TIME

CALCULATE

TIME (IET)

LET NE

REINIT BASE
TIME, SAVE

B/T (RPOINT)

OLD P/T, MOVE

P/T
MOVE OK?

N

ARG = 11

ARG = 8

CALC A, B

(RPOINT)

RESET LRF
(LRESET)

RESTORE P/T

SET ARG =
ERROR FLAG
(1-7, 9)

D-11
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1, 3

CONVERT LST
(IV) TO RPT
)

Vi

L—.

CONVERT PPT
(V) TO ARM
(W) (RPOINT)

2, 6 4
CONVERT
ARM (V) TO
RPT (W)
(RPOINT)
Ve
e
CONVERT
RPT (V) TO
LST (IV)
N v
IN RANGE
?
SET ARG TO
ERROR
INDICATION
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<>

NP = {
POINTS TO BE
SCANNED

NP = 200

L e  —

CALC SLOPE,
INTERCEPT
(1IAZ, IEL)+
INITIAL POINT

ol

(BUF(1),
BUF(2))
+NEXT POINT

-

SCAN (1AZ,
1IEL) 5 TIMES
(SLPNT)

CONVERT TO
(X,Y,2),+
IRANGE
(CONVRT)
RICK NEXT
(1AZ,IFL)

BUF (16) «
ERROR
INDICATION

DONE
NP ;OINTS

NCFINISH
LINE
?

END

D-13
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0= TAN(lexl)

@ « 3n-9

|

0 = TAN

(@)

+ n/2 }

CONVERT TO
ENCODER
VALUES

NT, NP

ADJUST NP,
NT TO NEAREST
ACCEPTABLE
VALUE

MOVE P/T TO
NT, NP
(RPOINT)

|

D-14
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SCNREC

i

NP = # LINFS
TO BE
SCANNED

NP > 20 ?

4

NP = 20

SET BUF FOR
FIRST LINE

SCAN LINE
(SCANL)

0 IT OK?

SAVE AZ, EL,
Z COORD OF
MAX Z
(HIGHEST)
POINT

1

SET UP BUF
FOR NEXT LINE

&

FINDROCK

FIND ROCK

D~15

¥
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FINDROCK

MAX Z \\\\\\\g
ENOUGH N

?

SCAN 15 X 15
ELEMEN1
, REGION AROUND

tMAX (SCANL)

BUF

15

DO IT OK?

FIND
ORIENTATION
s}

BUF+X,Y,7,a

RUF15 «1

D-16
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BUF, <10
r—lO r_l 10
CLEAR IRANGF SET UP DMA 1
INTO IRANGE
I=1
}
—_— ‘
[ J_' -
NOVE - — Ith
—
B/ RANGE WORD
(RPOINT) o e
"HANGE BUF, ~ERROR
T ok N IRAGE(T) TO INDICATOR
TANGE NUMBER BUF, .~ 1
BUF,, + 10
| L________.,
RESET LRF
(LRF) BUF _ + 8 RANGE
16 KUMBER OK?
BUF, ,+12
RU'F. -
SLEW LRF TO > VBUF, 1
INITIAL A7 ;
(LRFT) —
? ‘
INCREMENT 1 MAX
RANGE DIFF.
BELOW THRESHOL
?
SET BUF, .
BUF,, + O BUF, . * 1
l BE., - 9 BUF, e AZLEl
‘ 14 BUF.'S RALGE
- L BUF, 97

1
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