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ABSTRACT

This thesis propcses and develops two microprocessor
contrclled uitrasonic systems which provide absolute
coordinate refereance for an autonomous sentry robot ani a
robotic manipulator. These systems close the position
control loop waich has never been fully closed in rototics
and provide a better "testbed" for testiny path planning and
manipulator arm trajectory control.

Eachk system involves krown points of reference and
ranges to these points which are determined by timing the
interval of propagation of the ultrasonic transmissions.
With this data, a microprocessor caiculates the positions in

cartesian coordinates.
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As the automation of labor continues, mobile rocbots
which can accurately navigate within their environments will
become more important. Although these robots may not
realize the humanoid forms of the science fiction writer,
their design will entail several general characteristics.
Foremost, a robot has a central controller which is most
comnonly a microprocessor or a network of microprocessors.
Second, the robot performs a task or multiple tasks which
are usually too reretitive or dangerous for their human
counterparts. Finally, the controller of the robot
generally controls scme type «c¢f mechanical mnmotion. This
motion includes mechanical manipulators and Flatform
translation. Admittedly, these <characteristics encompass
many systems which may or may nct be considered robots, but
as of this date, there is no accepted definition for a
robot.

The motivation for this thesis came from "a
Hicrorrocessor Contrcliled Autoncmous Sentry Robot", a thesis
Ly Hobart k. Everett, Lieutenant Commander, United States
Navy. In his thesis, LCDR Everett describes his first
design for an autonomous sentry robot. LCDR, Everett also
states the need for absolute pcsition information by which
the robot may effectively navigate [Ref. 1].

Currently, automated mnobile platforms obtain position
o information from accelerometers, open-loop dead reckoning
- (DR) schemes, or remote control guidance. Each of these
o . .
b methods is unacceptable to the sentry robot concept. First,
@ : .
Pg accelerometers are too expensive. The sentry robot 1is
fﬁ ideally an expendable resource since it may operate in a
b hostile environment. It is also a relatively slow device
p:
L
b
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o
e
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with small accelerations which reguire extremely sensitive
accelercneters., Thke two preceding factors force the
requisite accelerometer designs to be cost prohibitive.
Secondly, bty definition, an autcnomous sentry robot operates
without human intervention. This regquirement eliminates the

numerous remotely controlled systems. Finally, the irnherent
errors of dead reckcning navigation prohibit its use as a
long-term navigatior systen.

Even with the &@mcst accurate DR and motion detection
devices, position errors accrue in the position information
due to measurement errors. wheel slippage, turn radius
errors, gquantization and axle/potentiometer interfaces
reduce the effectiveness of DR ravigation. Quantization and
sensitivity 1limit the accelerometer guidance. Accidents or
power interruptions, which involve the robot, adversely
affect both DR and accelerometer ravigation.

The solution reguires the designer to fully close the
navigation/position control locp. The robot requires a
means by which it can independently update its position
information. This informaticn coues from an external
absolute reference systen. To be effective, the reference
system must eliminate or reduce the errors previously
discussed and be inexpensive. In addition, the design
requires low power ccnsumption, small component size, and
ease of implemertation. Finally, -if the update process

operates quickly enough, the need for DR navigation 1is
virtually eliminated.

Armed with accurate position data, the sentry's
reconnaissance need not be random patterns 1like those
generated by Everett's "Robart I", An effective sentry

]

transits the entire threat area in a timely and efficient
manner. %hile random motion statistically ensures one
hundred percent coveraye, there is no guarantee of coverage.

e daa e
L .

A robot, with a memory map as described by Bradley Weinstein
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in [Ref. 2], can gquarantee one hundred percent coverage by

» A

recording its past visit times 1in areas and using these

times to establish interim navigation goals.

While the reference system described within this thesis
is for a sentry robot, many of these navigation concegpts
apply to other robctic platferms. One example is an
automated platform for battlefield use. The United States
Army has interests in this area. A second vehicle is an
autoncmous underwater venicle. Obviously, an underwater
vehicle is of great interest to the United States Navy.

The control of robot manipulators is closely related to
the autcnomous sentry robot's ccntrol problem. Although the
movements of the maniprulator are constrained with respect to
those of the sentry, the placement and accuracy of the
reference system is far more critical with thLe manipulators.
However, the manipulator controller, at present, still faces
the same problem of closing the open-loop of the positioning
systen.

The repeatability of current nmanipulators is .05 inches
but the aksolute accuracy is orly .5 inches [kef. 3]. Any
improvenment in accuracy requires better machining but at a
significant increase in cost. Manipulators have gear and
wheel slippage, friction, and quantization problems just
like those of the sentry robot. As a result, the Jesigners
must include tolerances for errors or a human operator must
reinitialize the sanipulator after a set anumker of

movements. In order to more fully automate these processes

and improve their accuracy, the position control loop needs
to be closed with a reference systenm.

- This thesis explores the hacrdware and software to

e

b develop a reference system for loth the sentry robot and the
E;‘ robot aanipulator. The thesis treats the sentry robot
t} problem first and the manipulatcr problem follows. All of
-
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. the research involves ultrasonic sensors. The designs use

e ultrasonic sensors lLecause of their cost and availability to

j W

the student, and considering that the nmedium is air,
ultrasonic devices are a a logical choice. The theory of

AR

A

both systems resides in the next chapter. Chapters three
through eight contain the hardware, software, and test
results, respectively, for the autonomous sentry robot

ada e ak Aoa el

reference systeum. Following the sentry robot design,

chapters six through eight present the manipulator design in A
the same manner. Finmally, chapters nine and ten summarize 4
the ccnclusions and recommendations. The appendices contain :
complete copies of the software which were developed plus j
additional information which is referenced in later )
chapters. .
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II. THEORY AND DESIGN

The general design for both the sentry robot and the
panipulator positioring systems uses geometry which has been
used in npautical navigation fcr many years. Given only
range information <from known points of reference, the
mariner fplots circles of equal distance centered at the
reference points. The intersection of the lines define the
pariner's position. Numerous books abound which discuss
this navigation method. This thesis will not discuss these
concepts further except to note that three range arcs are
required to ensure an unambiguous position or £ix in a flane
unless other information is available.

The sentry robot's reference system involves two or more
remote ultrasonic transmitters at known locations. Wnen a
position ur-date is required, the robot remotely keys the
ultrasonic transmitters via a radio freguency link and meas-
ures the time of jpropagation cf the sound waves from the
remote site to the robot's ultrasonic receiver. Knowing the
spreed of sound in air, the robc¢t determiaes the distance to

the remote site using eguation z.1 .

distance = velocity * (total time - delays) (egn 2.1)

The delays will be discussed later. Figure 2.1 shows a
typical room with the appropriate geometry plotted.

A roktot cannot implement this procedure graphically tut
must do so mathematically via a microprocessor. Appendix A
contains a detailed derivation c¢f the equations. The equa-
tions which descrike the coordinates of the intersections
tLetween two range arcs reduce tc a gquadratic of the form

1
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A*x**2 +#B*x + C = 0 {(eqn 2.2)

where ‘
&

A = 4% (OF1%%240F2%*%2-2%OF 1*OF Z+DIF*#*2) (eqn 2.3) ﬁ
3

B = 4% (OF2%%3 — OF 1%%3 + (OF 1-OF2) #R1%%2 (eqn 2.4) <

+ OF1%0F2%%2 + (OF2%0F1%%2 + (R2%#2)* (*xOF1-0F2) ;?

- (DIF#*2)*(OF1+0F2)) -

C = R1%%4 + R2¥%4 + DIF**4 + CP1%*x4 + OF2%*4  (eqgn 2.5)
2% (= (R1%%2) % (OF 1%%2) + (R1%#%2)% (OF2%*2) + (R2%**2) *QF1#%2

- (R1#%#2) ¥ (R2%%2) - (R1%%2)% ([IF%*2) - (R2%%2) *DIF**2)

- ({CF1%%2)*QF2%%2) + (DIF*%2) #0F1%#*2)

+ (DIF#**2)*(QF2%%2) — (R2%**2) % (OF2%%2)

R1 = range to site cne ) (egn 2.6)
R2 = range to site two (egn 2.7)
OF1 = cffset from reference origin to site {egn 2.8) -

r

one on the axis of the coordipate being sought

- r

OF2 = cffset from reference origin to site {eqn 2.9)
two on the axis of the coordipate being sought

DIF = difference in the offsets of the two (egn 2. 10)
sites on the axis of the coordinate not being socught

By solving equation 2.2 for all known solutions, the
robot determines its position by comparing the solutions of
the various pairs of range-arcs, ccmparingy the solutions
with its estimated current position, or by using various
restrictions. For example, this design permits operation

13
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only in the positive quadrant of an X-Y grid coordinate

LY S

systen. Therefore, the program discards all negative solu-
tions. The design also uses feet as the fundamental unit {
although any dimensional unit will work as long as all of
the quantities are uniforn.

Figure 2.2 contains a blcck diagram of the systen.
¥henever the robot reguires an update of its position, the
robot's master microprocessor or a slave microprocessor
which may be dedicated to navigation Xkeys the appropriate
ultrasonic transmitter by correctly enmitting the ccrre-
sponding radio transmission. This reguires the micropro-
cessor to interface with the external radio transmitter.
Simultaneously, the microprocessor initiates a timer which
measures the time of propagation of the sound wave. At the
remote site, a radio frequency receiver which is interfaced
with the ultrasonic transmitter detects the appropriate
radio signal. The radio receiver triggers the ultrasonic
transmitter. An ultrasoni¢ receiver which is also inter-
faced with the navigation microprocessor detects the
ultrasonic signal at the robot.

All of the necessary hardware coaponents are readily
available, small, and inexpensive. Most importaantly, the
coaponents which are located ca the robot are low f[ower
consumers and they can be powered down when not in use. Low
povwer consumnption is essential to a truly autonomous robot
since its power supply is self-contained.

While the sentry robot's position system is primarily a
two-dimensional problem, the manipulator control problem is

three-dimensional. Again, the solution uses range informa-
tion, gecmetry, and ultrasonic semnsors to identify the fosi-

W,
St T

" tion. Hovever, the system does not require a radio
frequency link. Instead, the controlling microprocessor
interfaces directly with the transmitting and receiving
ultrasonic sensors. The problem reduces to an interface of
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Figure 2.2 Sentry Refereunce System Block Diagraa L

the ultrasonic comronents and a software package for =
control. Figure 2.3 shows a typical systen. Figure 2.4

contains the block diagram of such a system.

The nicroprocessor determines the manipulator's tip
position by applying the law of cosines to the range infor-
mation obtained from the sensors. By placing three sensors
in the same plane in an "L" formation, the problem simpli-
fies and takes advantage of special geometry. Figure 2.5
shows the geometry of the systes. The range information of
any two sensors, which are colocated on a reference axis,

plus their respective locations, dJdefine the coordinate of
the manipulator on the axis. Tle two ranjge vectors form two
cones which share a common base when the vectors are rotateil

-
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about the common axis. The intersection of the cones' base
plane and the reference axis defines the actual coordinate
position of the manipulator.

First, with the given range informatioa and the law of

cosines, the microprocessor computes the angle of departure
of the range-vector with respect to the common axis using

p equation 2.11

Fj Alpha = arcos((AR**2+BR**2-AB#**2) /(2%AR*BR)) (egn 2.11) :
b - ;
- :
F" 3
Ejl Alpha = angle of defparture (egqn 2. 12) b
f;:-‘., .
N .7
- 3
@
AB = distance Letween the sensors (egn 2.13) 3
y
3 b
- J
- :
N 17 3
e 1
o 1
. . 1
LTIy - :
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AR

range from site A to manipulator tip (egn 2. 14)

)

BR

range from site B to manipulator tip {(eqn 2. 15)

Next, the microprocessor determines the dot product of the

range-vector and the respective axis using equation 2.16 .
Dot product = AR*cos(Alpha) (egn 2.16)

The &microprocessor determires tae actual coordinate by
adding the dot product with the respective site offset froa
the system origin.

After determining the seccnd coordinate in the above
manner, the system computes the last coordinate by apglying
equation 2.17 which relates a vector's magnitude with its
respective projections onto a three dimensional coordinate

systea.
7 = (AR*#%2 - X*%2 — Y*%2) *x%_ 5 (eqn 2. 17)
X,Y¥,2 = the respective dot prcducts of the {egn 2. 18)

range vector on the axes

This gecmetry permits the sensors, which establish the coor-
dinate systen, to lie in a plane outside of the area of
movement of the manirpulator. Also, these eguations handle
all angles from zero to ome-hundred eigyhty degrees since the
cosine functioa is single-valued over this region.

Neither the sentry robot nor the manipulator desigrms
focus upon a particular robot design. Instead, the authkor
attempted to keep the designs simple and transportable so
the designs could be interfaced with many different systeams.
Early simulations wused PL/I on the Naval Postgraduate
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vy
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School's IBM 3033 systenm. The actual test design involved
EL/I-80, Z2-80 assently 1language, the Pro-Log STD 7300
Develorment Station and exterral circuitry. Programming
occurred on an Altos computer with MP/M II which coatains a
EL/I-80 compiler, Macro-80 compiler, Link-80 for module
linkage, and Genhex for hex-code generation. As stated
earlier, the above choices do nct reflect a design decision,
but instead, reflect the availability of resources.
Finally, the proyrams maximize their generality by having
the hardware interface routines and the clock routines in
separate modules. These routines which are specific to each
implementation may Le changed without seriously affecting
the main computational program. '

The remainder of this thesis presents the details of
these test designs. The hardware and software of the sentry
robo”'s reference system is first. The details of the
manipulator reference system follow.
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III. HARDWARE FOR THE SENTRY FOBOT'S POSITIONING SYSTEM

From the beginning of this design, the wutilization of
"off-the-shelf" compcnents was a primary goal. By using
components which are currently available, the design is less
costly and the desigper spends less time '"re-inventing the
wheel®, Instead, the designer faces numerous interface
problems between the various components. However, these
interface problems, as a rule, are not as coamplex or
difficult as designing the entire system from scratch. This
concept raralilels current efforts in VLSI, custom chip and
VHSIC designs where proven general designs are slightly
altered for each specific use. Each new design is merely a
collecticn of tuilding blocks which nave been previously
designed, tested, and implemented.

The microprocessor interface requires five logic coatrol
lines cutbound and one data line inbound. While these lines
could be directly 1linked to the external «circuitry via the
data tus of the microprocessor, this is not a safe idea
during early develorment stages when many changes and/or
accidents may occur. dppendix B contains an eight bit I/0
port circuit designed by David Rigmaiden of the Naval
Postgraduate School. This circuit provides protection for
the @microprocessor and an addressable input/output port.
The design uses two 74138, one 74273, one 7432 and one 74244
chips. The circuit includes access to the address bus, data
bus, and the respective control lines such as read and write
enable.

The radio transmitter and receiver sectiorns are
available at Radio Shack (Cataiogue No. 277-1012) . The
remote control module pair, which is made by Archer, operate
at 27 4Hz and provide four control functions. Pulse code
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modulation delineates two of the four control signals. The
other two control signals are a constant carrier signal and
the absence of a signal. The transnitter requires a nine
volt [C power supply. The receiver requires both a three
and nine volt DC power supply. ([Ref. &]

The schematic of the transmitter is in Figure 3.1 The
interface problems between the transmitter aad the -
microprocessor are twe-fold. First, the microprocessor nmust
control three nine vclt power supply lines. Second, the
microprocessor must ccntrol three low impedance connections.
Normally, two double-pole/doutle-throw switches provide the
requisite control.

For the power switching, the design uses reed relays
from Claire and Archer. These devices are TTL compatible.
Figure 3.2 shows the respective wiring diagrams. Farly

N U PSRRI Y

designs considered the use of NEN, CMOS, and VMOS devices,
nowever the nine volt switching consideration always forced
the contrcl voltage levels beyord TTL compatibility. Thus,

. s

typical microprocessor control was not possible with these =
devices.

The interface circuit for the low impedance 1lines uses
the National Semiconductor CDU4066BM/CD4066BC quad bilateral
switch as shown in Figure 3.3 . This analog switch is ITL

PR

compatible as long as the IC's rower-supply, Vdd, remains at

n'i

T7L levels. If the chip's power supply exceeds five volts
(maximum allowable voltage is fifteen volts), the control

OISR
FOra e

voltages, which turn the switches off and on, must also
increase bpeyond TTL levels. This fact makes these switches

PRI ) |

unusakle for the power switching control of this system.
Armed with the circuitry of Figures 3.2 and 3.3, the

) NN

B
A i g
..:v- . St st

microprocessor Kkeys the radio transmitter by sending the

- appropriate code to the I/0 port at address "FF". Table I T
%ﬁ contains the respective codes and their consequences. When ﬂ
Ef all connections are open, nc transmissions exist. A ﬂ
oS o 9
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o
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combination of transmitter connections bhetween transmitter
terminals two and three with either terminal four or five
powered by the nine volt source creates the respective pulse
code modulation from the +transmitter. The connection of
transmitter terminals one and three generates the constant
27 NHz carrier.

TABLE I
Transmitter Cortrol Codes

00 000.4«4« ¢« « e« « All connections open*

10001 ... .. «« « Constant carrier generation

10 11TC . e e « « « o« « 3000 hertz pulse code modulation
1T17010. .. 4«4 « « « 500 bhertz pulse code modulation
* (The most significant bit is the left bit.)

The receiver schematic diagram is in Figure 3.4 The
three receivers each detect the complete set of <control
signals. The receivers have three power sections which are
normally used to power DC servo motors. The transistors
which control these fcwer secticns are marked in Figure 3.4
When the appropriate signal is present or absent, the
collectors of the ccntrolling transistors have associated
voltage levels., An IM311 comparator tests these levels and
approgriately keys the ultrasonic transamitter. Figure 3.5
shows the comparator and the interface circuitry which keys
the ultrasonic transmitter.

During this research, the author considered two
: different ultrasonic devices, the Polaroid Ultrasonic
Eff Ranging System and the National Seami-Conductor 1M1812
“‘ Ultrasonic Transceiver Driver with the Panasonic EFR-CGTE40KZ
Ceramic Transducer. The Polaroid device is an excellent
system for range finding during obstacl: avoidance. The g
half-power bandwidth is narrow at ten degree:. It alsc has l

1
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ar autcmatic sensitivity control which enables the device to
provide reliable data out to thirty-five feet [Ref. 5].
Although this device was used at the remote sites for the
system test, the LM1812 is a better choice at both the
remote sites and at the robot as a receiver. The Polaroid
device uses an electrostatic transducer waich must be
polarized to receive correctly. The device must either
transmit or have a 150 volt power supply in parallel with
the transducer to correctly pclarize the device [Ref. €].
In a receive only mode, a transumission to establish this 150
volt differential is unacceptable and the circuitry which is
required to maintain a constant 150 volt level is too costly
in power consumption. The Panasonic transducers are ceramic
devices which are permanently pclarized. Thus, the device
is passive in a receive only acde.

Alsc, this positioning concept regquires omni-directional
transmission and recertion. Ccmparing the 3-db beam width
of the Polaroid and Panasonic devices, the Panasonic
transducers need far fewer transducers operating in
parallel. The Panascnic 3-db beam width is sixty deygrees
[Ref. 7]. Therefore, the receiver needs only six Panasonic
devices versus thirty-six of the Polaroid design. Each
transmitter site needs only three Panasonic transducers to
provide one-hundred and eighty degrees of coverage (if the
transmitter is placed against a wall).

Figure 3.6 contains the circuit diagram for the LM1812.
The diagram contains a complete design which will both
transmit and receive. The connections marked with an
asterisk need not be made when the device is acting only as
a receiver.

Figure 3.7 contains the circuit diagram for the Polarcid
systemn. Texas Instruments now markets an improved version
of the Pclaroid Ranging Module, which is called the SN28327.
The SN28827 uses two Texas Instrument chips, the TL852 and
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TL851. However, this unit is ccamapatible only with Polaroids
electro-static transducer and thus the 1lack of permanent
polarization remains.

Finally, three separate devices provide voltage
regulation for the circuitry. All nine-volt sources use the
1M317. The six-volt sources use the LM3407-6.0 and the
three-vclt sources use LM723CN. The different current
requirements of the three voltage supplies determined the
device which was employed. Figure 3.8 contains the
regulators and their external circuitry.

As stated earlier, the micrcprocessor interface contains
five outkound lines and one input. The outbound lines
merely act as switches to turmn the respective transmitters
on and off along with the requisite power supply. The lone
input line tells the mnmicroprocessor whether an ultrasonic
signal is present at the receiver or rot. Therefore, the
entire gpower for timing, calculation, and distance
determination lies within the software portion of the systen
which is discussed in the next chapter.
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n IV. SOFTWARE FOR THE SENTRY FOBOT'S POSITIONING SYSTEM

The structure of the software package is modular so that

e A A udB . BA A Ganaa

- the pcrtability of the package is increased. The package
has two requirements which are unique to each microprocessor
or robot design. First, the system needs a timing function
which may ke realized in a hardware or software clock.
Second, the input/output port control is wunique to each L
microfrrocessor design. Both of these variable segments =
reside 1in asseably language 1gmodules . As long as the
appropriate control signals reach the external circuitry and
the correct propagation times return to the main progranm,

the major portion of the progras needs no change.

Appendix C contains a listing of all of the rrograms.
Figure 4.1 contains a flow diagram of the basic logic of the
progran. The main program initiates the majority c¢f the
system variables 1including those which are passed between
the PL/I 1language programs and the assembly language
progranms. Following the above initialization, the PL/I -
program calls an assembly language program which is called -3
INIT to initialize the Pro-Log 7804 Z80A Processor
Counter/Timer Card which is resident in the STD 7000 work 3
station. This hardware clock provides the reguisite timing -
= function. For this system, the clock acts as a down counter
which counts .0002 second intervals. Whenever an interval
expires, the counter/timer card generates an interrupt. The i}
assembly language subroutine CLCCKSR services the interrupt !
by incrementing and storing the «clock count. CLOCKSR also

_—r Ty
ot

K00 B A

checks for a time-out conditicn and sets the approfriate
;, error flag. The time-cut and error flag will be discussed in R
. more detail later. -
- ;
I .
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After iritializing the clock, the PL/I program serially
keys the remote transmitter sites via the assembly language
program KEY. This is the only parameter passing which
occurs between two different types of language routines in
this systen. KEY starts the clock and passes the code to
the outj;ut port which contrcls the radio transmitter.
Subsequently, XEY goes into a loop which polls the irnfput
port and the time-out Elag for a change of status. Once a
change in status is detected, KEY stores the data and
returns control to the PL/I progran.

Between each measurement cjcle, the transducers need
debouncing to prevent erroneous signal detection. The WAIT
subroutine provides this feature. WAIT tests the input port
for the presence of a signal and upon finding no signal, it
begins a decrementing counting loopr which gives the

transducer "ringing" csufficient time to die out. When the
count reaches zero, WAIT returns control to the PL/I
progranm.

Once the propagation times are returned to the PL/I
program, the PL/I subroutine CONTIM converts the time of
propagation into distance using eguation 2.1 . The
remainder of the PL/I program impiements the solution cf thae
range-arc intersection prohlenm which was described
previously. Finally, the [frogram passes the desired
information to the CRT. In an actuai robot, other programs
or DiCroprocessors would use this information for
navigation.

Four features cf this system require additional
discussion. First, if the  ultrasonic receiver £fails to
detect a signal, the system wculd stall indefinitely while
it awaits a signal detection unless a provision is made to
cover this possibility. The time-out flags handle this
situation. In the clock service routine, the prcgram
compares the current value of the clock count with the value
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which equates to the largest dimension of the roon. If the
clock count exceeds this value, the error flag is set. A
propagation time 1larger than the maximum dimension of the
grid places the robot outside tae grid coordinates.
Obviously, this can not happen.

The second feature involves the reactions to various
combinations of data. If all three remote sites are
Jetected (all time-out flags unset), the program solves the
intersection for two pairs of range-arcs and compares these
solutions to find the <correct position. As stated
previously, the worst case solution for any pair cf
range-arcs is two sclutions with all positive coordinates.
This causes an ambiguity. The second pair merely resolves
the ambiguity.

¥Vhen only two range-arcs are detected, the program
computes their intersection and resolves any ambiguities by
comparing the positions with the best estimate of the
current position. The robot accepts the solution closest to
its estimate of position. This is a reasonable assumption
since the basic concept identifies a need for the robct to
update its best estimate of position with this systemn.

The third feature consists of fhe cases where cnly one
or no ultrasonic signals are detected. In the former case,
the program prints an error message and the availalble data.
In the latter case, the prcgram prints only an error
message. In an actual inmplementation, the navigation
package should continue to guide the rocot by dead-reckcning
(DR) while the remote sites are polled again. This is true
in both cases.

The final feature also concerns erroneous data. PL/T
provides error routines which assist the microprocessor in
recovering from calculation errcrs such as taking the square
root of a negative number. When this occurs, the data is

bad frcm one or more remote sites but no time-out flags are
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set. In this proyram, the system returns to the CPp/M
operating systen. In an actual implementation the system
should repeat the polliny process in the same manner as when
there is one or no receptions of the ultrasonic signal.
Again, the dead-reckoning duties continue.
In summation, each of these features atteapts to counter

a set of less than ortimum conditioans. In the event these ‘
conditicns occur, the robot continues to DR itself which is
the current conventicn or at worst, the robot can hLalt its
motion until a good set of data is obtained. Locoping

through the remote keying segment of the program provides
successive attempts to relocate the robot and eliminate the
problen. With this being the case, recognizing an error
Lecomes the major worry and not so much what the error is.
Finally, the passing of parameters between the PL/I ani
the assembly language modules needs further discussion. The
discussion of this subject in [Ref. 8] is not adequate.
Basically, whenever a PL/I routine calls an assenktly
lanjuage subroutine or functicn and passes the module a
parameter, the PL/I program Ileaves an address in the HL
register pair. The program fcllows the normal addressing
scheme with L containing the 1lower byte of the address.
This address points to the first entry 4in an array which
contains the addresses of each of the parameters which are
being passed. Again, the normal address convention prevails
as the low order byte is stored first. This second address
is the rhysical address whick 1is assigned to the variable

for the duration of the program. Any program which accesses

this variable must use this address. As a result, all
assembly language programs which return data to a PL/I
program simply place the data at the physical address and

vy

return ccntrol to the PL/I progranm. The PL/I prograh has ]
conventions for remembering the addresses of the variables. 3
Figure 4.2 contains an example. [Ref. 8]

L
1
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HL register upon entry into L 00H
assemnbly language progran d 204
(pointel to address 1list)

Data at address_ 2000H 200QH Q0H
(address of variable 1) 20013 50H
Variakle 1 location (1 byte) S000HE XxH
Variatle 1 location 62 bytes) 50008 XxXH
(low crder kyte at 5 OOH¥ 5001H XxH
The assemblg language rogran slaces Jata at addresses
5000H (1 b ei of 50000 atd S5001H (2 bytes) to return
Jata to_thé PL/I program. No other conventions are

required.

If a second variable is passed, HL plus two contaians
the address.

HL after two increments L 024
H 20H

Tata at address 2002 2002H FFd
2003H 50H

Varitle 2 location (1 byte) 50FFH XxH

Figure 4.2 PL/I - Assembly language Parameter Passing

One additional word of caution is necessary. The actual
Jefinition of the variable (eg., 6-bit integer, 15-bit real
number) dJdetermines how many bytes are required to represernt
a variable. For example, a fifteen bit real number reguires
two bytes. Each byte is addressable. When a PL/I program
passes such a variable, the prcgram passes only the address
of the lowest order Lyte. ®ithin an assembly language
program, each access of a twc¢-byte variakble requires the
manipulation of two addresses.

Discussions about the prograa timing and Systea
feasitkility follow in the next chapter with the results of
the testing phase.
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Although the implementation was not optimum, thke system
works to within an accuracy of +/- one foot. Figure 5.1
contains a diagram of the rocm in which the test were
conducted. Table 1II and III contain eight sample points
with three successive attempts at each coordinate. The
tables 1list the respective ranges to each site and the
coordinate solutions. For examfple, position one in Table II
contains four entries with five elements in each entry. The
first row is the actual measurements and coordinates for
position one. The remaining three entries are measurenents
and coordinates which were prcduced by the system. The
first three columns 1list the distances from the various
transmitter sites to the test rosition while the remaining
two colusns compose the X-Y ccordinates. The worst case
accuracy falls in Fosition two with the X coordinate ia
error by 1.1 feet. The average positional error for all of
the positions is 0.54 feet. Although an accuracy of one
foot initially appears to be large, the system is actually
more than adequate when one «considers the entire sensor
package which is 1located on a aobile robot. For both
intruder and fire detection, sensor ranges come in tens of
feet. Therefore, the robot dces not need greater accuracy
with which to report its findings. The robot's report
contains more general data such as a room 1location or
sector. On the other hand, the acc.racy for production line

work is far greater. buring fproximity navigation, a finite
grid reference system fails Ly itself when faced with
dynamic room desigrns. The remainder of this section

presents the problems with cures which were faced during
this irplementation.
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TABLE II
Sample Position Coordinates \

Position Cne
Site 1 Site 2 Site 3 X Y
10 7 10 10 7%
10.7 7 10.2 10.3 7.6
10.3 7. 9.7 10.3 7.4 o
10.1 7 10.6 10.1 7.4 1

& &£ O

Position 1Two
10.8 1 10. 8
9,2 11.2 11.31

0 11
11.1

W N PP

1

8.9 .

8.9 10.7 10. 6 9.1 10.6 3
8.9 1.4 1.1 8.9 11.3 ]
Eosition Tihree .

14.6 11.7 7.2 14 11% 3
15.6 1.9 7.3 14.6 10.9 ]
13.6 11.5 6.9 13.6 10.9 2

13.0 11.3 7.2 13.1 10.8

Position Fcur
16. £ 4 3%
17.4 3.8
16. € 4.7
16.4 4.4

[

N O 0 O
.

~N W a9

w W W
.

WO o &

5.5

* Ideal measurements and coordinates
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TABLE 1III
Sample Position Coordinates (cont‘'d)

Position Five

Site 1 Site 2 Site 3 X Y

7.2 11.7 14.6 6 11*
6.8 11.5 14 6.1 11.3
7.1 11.7 14. 2 6.1 11.1
8.2 11.5 14.6 6.5 10.9

Position Six

10.1 6 10. 1 10 6%
10.1 6.8 10. 1 10.6 6.9
10.5 6.4 10.6 9.9 6.4
10.3 6.18 11. 1 9.6 6.1
Position Seven
16.5 6.7 5.7 16 3%
16.7 7.3 4.9 16.3 4.1
18.7 7.1 5.3 16.7 2.1
16.7 7.1 6.2 16.7 2.5
Position Eight

12.2 9.2 8.2 12 9%
11.9 9.2 8.6 11.7 9.1
12.1 8.9 8.1 12 8.8
12.6 9.7 8.6 12. 4 8.8
* JIdeal measurements ard coordinates
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Ccncerning the radio transmitter/receiver pairs, the
problems were three-fold. First, the power surges vwhich
occur as the radio transmitter is turned on and off affect
the wultrasonic receivers. This results in false =echo
detection. The power supply to the radio trarsmitter
requires separate voltage regulation (L¥317) and filtering
capacitors (0.1 uf) to eliminate this Froblen.
Additionally, the radio tramnsmitter board, if not conmpletely
powered down, gJenerates erronecus signals. Although these
signals are pnot of the three required waveforems, the
receivers process the erroneous signals and charge various
capacitors to unknown levels. This condition destroys the
reproducikility of the data. As a result, the system design
incorrorates the reed relays to control the power switctkirng.

Secondly, the receiver's initjial stage is a Colpitts
oscillator. The oscillator directly interfaces with the
antenna and the power supply with no buffering. As a
result, receivers interfere with each other if they are much
closer than ten feet or if they are not properly isolated
from grcund 1loops. Since the radio 1link works at

twenty-seven mega-hertz, a .01 uF capacitor in parallel with
a 1 uF capacitor provides sufficient filtering. As Douglas
V. Hall states in [Ref. 9],

"Every capacitor, because cof its leads and _internal
construction has some series inductance. This series
inductance £ogetber . with the capacitance forms a
series-resonant circuit...above the resonant frequency
the net reactance 1is inductive .ilncreasing, 6 as the
frequency goes ug. Because of the increasing inductive
reactance above the resonant f;equency‘ the capacitor is
becoming less and less effectivé at” ‘'shorting out' or
filtering out high-frequency voltage  transSients...a
combination of two capaCitors thus provides filtering
over a wide range cf frequencies."

Thirdly, objects in proximity of the antennas disturb
the respective electromagnetic fpropagation patterns. Oon an
actual robot, this constraint forces the antenna on top of

uy
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the robot such that the aantenna pattern is least affected by o
the robot body itsel:f. Likewise, rooms with large numbers
of metal obhjects or poorly shielded electrical cakle alter .
these patterns. The large metal desks within the test roonm jﬁ
(Figure 5.1) caused serious degradation of the system when )
the transmitter was within two and one-half feet. However,

since the radio and ultrasonic circuits were 1not fully
shielded, the total fossible reduction of these effects is
not available.

Earlier discussicns treated some of the problems of the
ultrasonic devices., 1In addition to the requirement for full
room coverage, two additional problems arise from the
ultrasonic circuit board. First, the Polaroid Loard
contains a five milli-second delay between the time the
transmit cycle is initiated and the actual time of the
ultrasonic transmission. This delay is also
non-reproducible ([Ref. 5] While this did not grossly
affect the systen, future improvements in the systen
accuracy require amn dimprovement in this aspect. The
National Semi-Conductor LM181Z2 has no documented delay.
Again, the LM1812 appears better for this application.
Secondly, the gain ccntrol of the ultrasonic receivers is a
major key to the success of the system. This implementation
does not contain an automatic c¢ain control. (BRef. 10] bhas
such a circuit for the LM1812. During testing, the lack of
a gain control necessitated recalibration of the time delays
whenever the robot platform mcved in excess of +/- three

feet. With an automatic gain control, this calibration
should not be necessary.

9 Finally, an older copy of [Ref. 10] (1977) contains a
i noise reduction tip for the LM1812 chip which is not found
. in later versions. "Inductive kicks"™ <cause erroneous
ultrasonic detections. A capacitor of approximately 30 pF
between pins three and four reduces the bandwidth of the

Lani gt e i glif e
IR O

receiver and filters out these unwanted noise detections.
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Initially, assumptions did not include allowances for
circuit delay or delays in the radio link. However, each
link has a different delay. Since each 1link bases its
actuation upon a different signal, one expects a different
delay ifor each link. As ezxpected, the delays increase as
the pulse code modulation rate decreases. The delays for
the 3000 hertz, 500 hertz and constant carrier are .011,
.071, and .098 seconds respectively. However, these
parameters are unigue to each circuit! The prograa
inplements these corrections via the constants, DEI1, LCE12,
and DEL3.

In conjunction with the [frevious discussions on the
circuit and radio 1link delays, the major time constraints
come from the debouncing features of the prograum. When
three signals are detected, the system returns a solution in
a total time of 1.5 seconds. The above time includes one
debouncing call before keying each of the remote sites. The
WAIT program incorporates a comkination of no signal and an
arbitrary time delay to debounce the receivers. With more
accurate testing, the time for debouncing is reducible. Of
course, 1if one or more signals are not detected, the total
system time becomes a function cf the time-out conditions.

Although each circuit nominally has small current
requirements, the short term requirements force careful
voltage regulation at both the robot and at the remote
sites. In addition to the pcwer switching of the radio
transmitter, the remocte ultrasonic units also cause the same
problenms. For the Polaroid devices, the circuit reguires
siz volts at two and cne-half amps for one milli-second. A
combination of an LM¥340T-6.0 voltage regulator and a 470 uF
capacitor at the load prevent the ultrasonic «circuit from
disturting the power supply. Interruption of the power
supply disturbs toth the radio receiver and the
comparator/interface circuits.
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Obviously, the number one problem of an ultrasonic
- system 1is obstructicas. For this reason, the actual o
] implementation of this design on a robot reguires the radio 4
‘ antenna on top of the robot with the omni-directional

ultrasonic receiver section directly underneath. The

ia . highest obstruction within the environment determines the
minimum height at which the ultrasonic system may be -

- located. Since the program needs a ninimum of two jﬂ

- unobstructed ranges for a solution, the line of sight o

between the robot and two of its remote sites must remain
clear. As long as the program knows the location of the
sites and the correct distance to the site, the coordinates
are oktainable. Later chapters discuss alternatives for

site location and systems with more than thkree remote sites.

47

s . T I S W W : R R




S i A dae £ Su i e saie, b * o o st Al Baiaby by S Pl tASRE SRR RRa R tae Tes SRS L P I R B e

VI. HAKDWARE FOR THE MANIPULATOR REFERENCE SYSTZM

The differences between thke sentry robots reference
system and the manifpulator's are few. However, these few
ckanges are significant. Overall, the design requires fewer
components and is, therefore, less complex.

The manipulator's reference system does not have the
need for total autorcmy which thke mobile robot does. As a
result, all of the peripheral semnsors directly interface
with the microprocessor. This eliminates the need for the
radio links. Additionally, this eliminates all of the noise

which is associated with radio transmissions.

Second, the microprocessor input/output ports reverse
their importance. In the sentry desigmn, the output port
maintains the proper control of the three remote transmitter
sites. The manipulator uses only one output to key a single
transmitter which is located on the arm. The design again
uses the Polaroid ultrasonic device as the transmitter. The
irterface circuitry consists of the normal TTL logic signal
for the wmicroprocessor and the comparator circuitry in
Figure 6.1 which was used at the remote sites in the sentry

S design.
@ig . The input ports change from an omni~-directional receiver
iﬁ% input to three single multiplexed receivers. No actual

wiring changes occur. However, the sof tware services the
input port differently. The next chapter further explains
the changes in the software. There is one addition to the

v b
.- Il
.
. v
. LI

v
.
i

LD o 2

input circuitry. The Polaroid devices do provide access to

~ <

the actual transmitter driving signal. The signal name is
o "XLOGY. This signal allovws the system to begin the systenm
ii clock synchronously and also improves both accuracy and
:?‘ reproducibility of the data. Table IV contains the
“; input/output port configyurations. -
ki 48 :
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TABLE IV
Port Assignments for the Manipulator

Output
Port « « + « « « o « Device
0 e « o « o o o« o Ultrasonic transmitter
1-7 ¢ ¢« « = =« « « « Mo connection
Input
Port « « « « « « « « Device
e « e« e o o« o« o Receiver 1
e « « « « o« Receiver 2

N - O
L]
.

e« o « o « o o « Receiver 3
XLOG signal

=7 <« ¢« « ¢« « o =« « NO copnection

£ W
L]
.
[}
[}
L]
[}
.
.

The remaining circuitry remains the same as in the
sentry design. This includes the microprocessor workstation
and the LM1812 ultrasonic circuits. A three-gquarter inch
plywced board provides the rejuisite support for the three
ultrasonic receivers.

The software changes, which are discussed in the next

chapter, 1likewise, are few. This circuitry provides a
simple but effective system with which a reference systen
may be establiished. However, as will be discussed later, a

final design will require much more detailed analysis cf the
transceiver design such that mcre uniform coverage may be
obtained.
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VII. SOFTWARE FOR THE MANIEULATOR BREFERENCE SYSTEM

As stated previously, the sentry robot software is
modular in the hope that it might be more portable. The
manifpulatcr software also follows this policy. 1In fact, the
manipulator software originated <from the sentry roktot
software with only a few changes. Figure 7.1 <contains a
tlock diagram of the system logic. Appendix D contains the
conplete program listings.

The progyram has the same pmajor sections as the sentry
robot's progranm. After initialization, the main progran
serially determines the distance between the three receivers
and the transmitter which is located at the manipulator tip.
This procedure involves three calls to the assembly language

modules as in the previous prcegrams. Next, the progran
checks fcr proper reception of data. If the data is bad,
the program terminates with an error message. If the data

is good, the program first calculates the 1line-of-sight
departure angle and then tke ccrresponding axis coordinate.
lastly, the program prints the appropriate data c¢nto the
CRT.

Obviously, the <calculaticns which are made 1imn the

manipulator program are different from those of the sentry

progranm. However, the delouncing and time/distarnce
conversicn modules are unchanged. The "ANGLE"™ and "CCOERD"
modules replace the M"POSIT3"™ and POSIT2" nmodules. By

comparing the two PL/I programs, their similarity beconmes
apparent.

Just as expected, the main changes in the programming
occurred 1in the ascsembly lanquage modules. While ‘the
parameter passing remained unchanged, both the clock and the

receiver polling are different. To obtain a more accurate
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- Figure 7.1 Flow Diagram of the Manipulator System Llogic _ ]
3 .
i o

3 clock, the program implements a software clock. A software ‘,i

P clock uses a specific loop with a known execution time to .ﬁg

f: increment a count of the real tinme. In this case, the loop ;

increments in .00005 second intervals. Within the loorp, the °

program fpolls the input port fcr the appropriate reception -

of the ultrasonic signal. The transmitter code of the o

sentry robot program becomes a receiver code in this systenm. .

.
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buring the polling prccess, the aicroprocessor M"AND's" tae
colde with the input from the pecrt. Table V contains these
codes. The program tests for proper signal reception by
checking the wvarious flags wkich are set by the “AND-ing"
operation. Upon signal reception or time-out, the progranm
returns control and data to the PL/I main progranm.

TABLE V
Receiver Control Codes

D00 01T . ¢« e ¢« ¢« « o o « o« « o « Receiver 1 reception*
0 0 TO0 o @« @ ¢ o o o« « « o« « « « Receiver 2 reception
0100 4 ¢« o ¢ e« o« « « « « « o« « Receiver 3 reception
1000 . e ¢ ¢ ¢ o ¢« e « « « o« « XLOG signal reception
* (The most significant bit is the left position.)

Since both the receivers and transmitter are directly
interfaced to the microprocesscr, reduced delays and more
positive ccntrol are possible. Also, the XLOG signal which
drives the ultrasonic transmitter interfaces with the
microprocessor and initiates the software clock loop.

Finally, while this systen encompasses fewer
alterpatives (no degraded modes), the system still nust
recover gracefully whenever no solution is possible. If any
of the time-out flags are set, the system prints an error
message. Also, if the data does not provide a solution
(¢g., the program attempts to take tiae square-root of a
negative number), the PL/I error routines print the error
messages, In an actual implementation, the program should
simply loop for another attempt. Currently, the loop takes
less than one second. These problems are further discussed
in the test results which follow.
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VIII. MANIPULATOE COORDINATE SYSTEM TEST RESULTS

With the elimination of the radio circuits, the accuracy
and consistency of the distance neasurements imprcve
tremendously. When the trarcsmitter 1is stationary and
successive measurements are taken, the differences occur in
the hundredths of a fcot. The overall positional accuracy
of the system increases to the tenths of a foot. Table VI '
and VII contain a 1listing of saaple position data. The if
tables list the respective rarges to each sensor and the
coordinate solutions. For example, position one in Table VI ij
contains four entries with six elements in each entry. The i]
first row is the actual measurements and coordinates for ;tj
position one. The remaining three entries are measurenments
and coordinates which were prcduced by the systenm. The
first three columns list the distances from the transmitter

-

to the respective receivers while the remaining three
columns compose the X-¥-Z2 cocrdinates. The worst case
accuracy falls in position seven with the Y coordinate in
error by 0.32 feet. <The average positional error for all of
the rpositions is 0.30 feet.

L X

Even with this improvement in accuracy, the accuracy is
not good enoungh for truly intricate assembly amaneuvers.
This is due inpart to the lack <¢£ an automatic jain control. SN

Whenever a significant change in the transmitter positicn or »
4

orientaticn occurs, the tinze response of the ultrasonic o

receiver chanjes as previously discussed in the test results
on the sentry robot reference systen. Seconily, further

ey
T

research 1is necessary to fully calibrate such a systenm.
3 This calibration includes the definition of a reference

point on the transducer from which the distances are R

measured. Additicnally, the introduction of more

e aaan anany
L
'ln Y 2

54




PR At It hat tat it S S M St C R R T L A i i B S Sa S 00 AL MR SR A b o Aah A oA A - A AN S il SR A

transducers for an dincrease in coverage adds to the
calitration probleams.

This design, however, proves the feasibility of such a
system. By constrairing the sensors to one plane, the
manipulator enjoys a full range of unobstructed motion. The
designer places the reference system wherever tke location

3
"1
‘-'J
-
o]
]
o4
. .,"
-

is most convenient. This includes floors, ceilings, wvalls

-
i

.
Lot

or in the face of the manipulatcr base. Thus, the reference
system may be absolute when it is stationary or relative
when it is rotated on the base.

The system loop takes less than one second to complete. L
Again, the debouncing routine causes the longest delay. A :
reduction in this delay will cptimize the system response -
since the WAIT routine is called three tinmes. This design

does not minimize this delay. Additionally, the delays for

-

the three receivers are .023, .019, and .022 seconds for s}
receivers one, two, and three respectiveliy. These delays
are alsc much less than the sentry robot design because they
do not include the radio link delay with its pulse code
modulaticn. ii

Most of the improvement in consistency of the data is
attrikutable to the usage of the XLOG signal from the

ultrasonic circuit bcard. This signal eliminates the need

P
IR

(SrY

to estimate the five milli-second delay between the

TOFD R TIEIENCRE

activation of Vsw, the keying sijynal, and the actual
transmission. Instead, the clcch begins its count when the

s
R
Lol ata g,

actual transmission signal origirates. The L1312 has no

"'. S
LI W

such corparable signal unless the transmission signal to the

s .
s "o Tr

transducer head is used.
The system concept is feasitle. With the gain ccntrol
and furtber calibraticn, the desired system accuracy should

Ly - e e
L |'. Lt .
)

NS,

be obtainable.

-
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TABLE VI
Sample Position Coordipates (Manipulator)

Position Cae

Site 1
.833
.834
. 834
.834

-567
436
« 436
437

52
. 266
. 266
-« 266

1. 16
1.16
1.16
1.16

1.03
.88
.88
.87

Site 2
.666
-666
.723
.666

.636
.55
.55
.55

.726
.836
.893
.83€

1.05
1. 05
1.95
1.04

1.07
.99
.94
935

PO I ., ., »’_ '~.'_.‘
PR S P I Y L U ., WL

* Tdeal measurements and cocrdinates

Site 3 X Y Z
750 .5 .833 .833%
-750 «65 .75 .80
750 .69 .69 .81
.750 €5 .75 .81
Position 1Iwo

«756 5 5 «29%
.86 .32 .39 .21
.86 .32 «39 .21
.86 .32 .39 21
Position Ttree

527 «5 - 333 - 66 6%
<41 «25 .23 .5

- 41 .25 .21 .5
-419 «25 <23 .5
Position Four

1.12 1.0 .833 .833%
1.07 .83 .92 1.07
1.12 .94 .915 .85
1.07 .83 .915 1.07
Position Five

1.15 1.0 5 « 3%
1.06 .81 .36 .17
1.07 .80 .46 .17
1.07 .80 .46 <17
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TABLE VII )
Sample Positions (Manipulator cont'd)

Position Six

K
Site 1 Site 2  sSite 3 X Y z :
1.08 1.16 1.0 1.0 .33 .83%* ;
1.13 1.34 1.10 1.04 .12 .80 {
1.02 1.29 .932 . 841 .05 .92 3
1.13 1.34 1.10 1.04 .01 .80 :

Position Seven

1.0 1. 11 1.04 1.0 .33 . 5%
1.01 1.15 1.04 1.01 .29 .51
1.01 .98 1.10 .96 65 .42
.91 1. 10 .92 .89 .21 .60

Position Eight

1.16 1.12 1.05 1.0 .83 .83%
1.13 1.0 1.01 .75 .92 1.1
1.13 1.0 1.07 .88 .92 .89
1.07 .89 1.01 .767 .99 .86

Position Nine

1.06 1.08 1.0 1.0 .79 <54 *
1. 11 1.12 1.04 1.0 «56 .89
.99 1. 01 . 932 « 91 .54 .83
.99 .95 1. 10 .94 .79 .49

Position Ten

1.19 1.12 1.37 1.0 «75 0.0%
1.27 1.18 1.38 1.1 .94 .15

1.3 1.24 1.5 <91 .98 -.22
1.33 1.29 1.5 1.02 <79 -.20

* Tdeal measurements and cocrdinates
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IX. CONCLUSIONS

The position control loop in robotics no longer needs to
ke a semi-closed loop. With ap ultrasonic reference systen
in place, positive control of a mobile platform or
manipulator is possible. Alsc, a reference systenm linits
the cumulative error since it becomes a function of the
coordinate system's recursive cycle. Armed with this
information, a controller can implement more sophisticated
guidance [fackages without ccaplicated error-correcting
software.
The cost of such a system is not prohibitive. The cost
of tke major components keep the total system hardware cost
well below $250.00. Even with more dedicated designs, the
system cost, when mass-produced to 1lower the cost further,
makes the reference system an expendable commodity. As a
matter of fact, a single prirted circuit board design is
easily conceivable which would permit the maintenance
operatcr to simply remove and replace the entire systen. :
Since the device need not Le powered continuously, the i
system is a low power consulmer. This is a mandatory
requirement for an autonoamous robot. Even the Polaroid

jfg device with its two and one-half ampere current requirement, !

"
T

Ff; operates successfully on batteries. Polaroid wuses the ]
;31 Folapulse battery for power in its test and evaluation kits ]
ﬁlf [Ref. 5]. Therefore, the power considerations are minimal. i
o~ While the two systems failed to achieve the desired \
.. N
Lfa increase in accuracy, closer cooperation with the ]
?. manufacturers and additional research surely can improve the K
= system accuracy. The chapter on reccmmendations includes

P . i

- hints by which the accuracy of the systems may be improved.

r -

- Most importantly though, any implementation of these
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ultrasonic devices dictates the use of an automatic gain
control. Unfortunately, this research only identified this
problem and the cure. Neither design contains this control.

Of course, the number one enemy of an ultrasonic systen
is obstructions. If the signal can not reach the receiver
via its line of sight, the system does not work. Therefore,
within reason, the concept requires sufficient refereace
transnitters/receivers to previde one-hundred percent
coverage. As the number of transuitter/receiver sites
increases, the complexity of the encoding schemes which
control these sites increases. The sentry system requires
at least two randes at all times while the manipulator
reguires at least ‘three. The environmental geometry
dictates the actual number required.

Although the use of PL/I was expected to hamper ‘the
system speed, this was clearly not the case. The main time
delay of either system is the various debouncing routires,
the signal propagation, and the time delay of the external
circuitry. Accordingly, the use of a faster (greater than
two mega-hertz) cr larger {greater than 8 kits)
microrrocessor will not provide a corresponding payoff in
throughput. Until the other delays are reduced, " the
emphasis of future designs should focus upon optimizing
these circuits and ccmponents.

As stated earlier, the Polaroid ultrasonic unit is aun
excellent device for ranging. The unit is easy to
incorgorate 1into designs and is extremely reliable.
However, in this design, it fails to provide sufficient
receive-only capability and beam width. The Panasoric
EFR-OTP4O0K2 transducer when incorporated with the L#1812
provides far better results, even though the LM1812 reguires
far more circuitry.

Finally, this thesis cannot over emphasize the necessity
of following good “"breadboard techniques". Although the
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following list may seem obvious, the number of hours spent

trouble shooting problems associated with the 1list was
large.

1. Regulate all power supplies.

2. Use filtering capacitors 1liberally. Remember, it

o may reguire two in paralilel to fully cover the

. requisite bandwidth.

FE’ 3. Use heatsinks on all recgulators.

B 4, Use only good breadboards or wire-wrap.

5. Tollow good solder technigues.

6. Use coaxial cable wher possible, especially when
tte distance is over six inches.

7. Do not underestimate the power of proper shielding.

8. Elan your layout carefully.

9. Color code your wiring. A

10. Divide and ccrquer or segment and test.

ODltrasonic reference Systems are realizable and
feasitle. This thesis reflects this. The future of
robotics should no longer contain open loop designs. The

., .

reference s7ystems can Le inezpensive, accurate aund low
power. Closed loop ccantrol is fossible.
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X. RECOMMENDATIONS

.
N
Both the sentry and manipulator reierence system desiqgns y
provide a means by which the [fosition control loop can be ;
closed. As stated in LCDR Fverett's thesis and numercus :
other texts and reference, Separate microprocessors should :
implemert these functions in parallel with the ©2aster
microfprocessor. However, the desigus need further rese<arcch R

[

and Jevelopment.
Foremost in the sentry design is the need of a more

Furen Ty 3

consistent radio link. The problems which were attrituted
to the Cclpitts oscillator can be eliminated with a better
design and a change in operating frequency. Of course, a

X .L_l‘ A Lo

final implementation reqguires greater attention to circuit

and cablie shielding. Antenna placemert is also important.
Second, the integration of the transduccer iato a
. functioring system while obtaining the necessary coverayge is
important. Unless an omni-directional transducer 1is
available, any design will require multiple transducers

edhadadeitatodd Masiael

working in parallel Loth at the ¢transmitter and receiver

|

locations. While this may be less of a problem in the
sentry design, tte manipulator, with its infinite
orientations, is a most difficult problem. These
applications might require an original transducer design.

bbbt tnbnietad

Transducer sensitivity is controllable through external
circuitry on the LM1812. Since tae Polaroid device provides
excellent control of the sensitivity out to a range of

TFNTETE

thirty-five feet (seventy feet including the return path),
the range of current devices is more than adeguate for the 9

manipulator and the sentry rotot for indoor uses. Any

"‘.'. riate
- ..

implementation which uses ultrasonics needs this sensitivity

)

control, especially when the operating distances are in

N SIAENE

ol o
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close proximity. Without the automatic gain control, the
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time delays are variakle and Gdependent upon the distance or

sigral strength whici is unknown. Further, no device
currentiv employs gain control oa the transmitter. In a
closed loop and close proximity system such as these, the

transmitter gain control might use the estimated position as

as reference by which the gain is varied. TLis permits the
usage £ constant gain receivers in a multiple receiver
systen.

Although the velocity of sound is 2ot critically
dependent upon temperature, it is none the less a function
cf temperature. The 1M3311 easily provides temperature
sensing which may be directed to the navigation
microprocessor. With the correct ambient temperature, ‘the
microprrocessor updates the speed of sound with which the
timesdistance conversiors are nmade. 4 change fron
sixty-eight to sixty-nine degrees Fahrenheit translates to
an additional one foot per second in velocity.

Although the Dbasic calculations will not change, the
error handiing withir each software package is unigue to
each aprlication. While looping successively through the
program is an obvious choice to correct a fault, the
aesigner faces more important questions. Shouid movement

centinue? How £fast can actions continue? How large are tha

tolerances? T.e designer's considerations include tao

machine and the envircnment. Finaliy, <cedunlarcy impzoves

- reliability and accuracy but it increases cost and
g?f complexity.

: 3 Even though the accuracy of the robot sentry and
Fgg manipulator designs does not improve upon the current
2 accuracies of systems without such references, the
i theoretical 1limits of accuracy which are a function of
frejuency are Iar better than current systems provide. For

example, at fifty kilo-hertz, the wavelength is .272 inches
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or .69 centimeters. At 200 Xkilo-hertz, the wavelenjth is -
.J68 inches or .173 centireters. Since tne sigrnal detection N
depends wupon the rising edje of the incoaing sigral, =
accuracies of tihis magnitude are possibie. Any Jelays are ?

of no conseguence as lonJy as the dela,s are consisternt.

Vith the £final desigm perfected, the desired positive -
control is possible. Martin Weinstein in [Ref. 2] gives a f
very detailed description of a memory map with which :}

navigation vplanning and obstacile avoidance might be

performed. However, two additional items should be
considered. First, any navigation scheme needs an endroint
or goal. Second, the memory map needs to incorporate visit
tire withir its structure. The goal in a sentry's

reconnaissance 1is cne hundred percent coverage of the
security area in a timely marnner. Therefore, the interim
goal beccmes one of visiting the block with tnhe oldest visit
time. Once the goal is determined, the navigation unit
decides the optimum path. As the robot transverses the

. chosen path, the navigation microprocessor updates the visit
times of the blocks which are <crossed plus ALL BLOCKS V¥WHICH
FALL INTO THE SECURITY OR FIRE DETECTION RANGE OF THE
FCBOT'S SENSORS! This scheme allows the sentry to prcvide
one-hundred percent coverage since a4 block which is not
visited will eventually become an interim goal as its visit
time grows to exceed all others. Weighting <factors which
are associated with high risk areas improve the revisit
times to these areas.

LCDR Everett mentions path planning routines such as the
computer game "Othello". Also, in [Ref. 11], four papers
addressed this issue. They are listed in the vibliography.
However, the work by Keirsey et al. at the University of

Florida and at Hughes Research Laboratories looks very
- prouaising. In their paper [Ref. 12], this group
substantiates their work in tactical navigation. More

..
.
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specifically, their work includes search graph coanstruction
and heuristic searches for path planning.

The Zenith Corporation currently markets an ET-18 Rolot
Remote Control ©Unit which provides remote control for tae
HERO Robot. The remcte contrcl unit also interfaces with
microprocessors through the RS-2z32 loop. This system is a
potential testbed for both the reference system and varicus
robot control algorithkms. Currentiy, robots, like the HEKO,
do not keep track of their [fpositions nor do they have

sufficient memory onktoard to store the programs for such
research. This experimental set-up provides both ccntrol
and virtually unlimited le zory while the cost and
complexity of the rotot is held to a mininum. With this
arrangement,'the ultrasonic trarsmitter and receivers should
exchange places for the best resuits and ease of
implementation. Consequently, the remote receivers
interface to the microprocessor via hard-wired connectioans.
Also, tlke microprocessor keys the ultrasonic transmitter on
taoe robot through the radio remocte control.

The literature on manipulator control is £far more
abundant. However, no model ccmpletely closes the position
control loop. At best, the ccntrollers deal only with the
motors and the motor feedback. The systems do not directly
measure the errors whick were discussed previously. These

systems rely upon error models cr no models at all.

Ay -y -

Vhile the three dimensional system herein does locate

2.5z ‘2

the tip of the manipulator, the system fails to identify the
orientation of the gripper <c¢r the rotating base. A
manipulator with six degrees c¢f freedom needs additioral
reference data to fully orient the systen. A possible
solution consists of coptical calikration lines which can be

[ 5ft)
.

»
WSS

¢
.
)
>

L L e

L 3
o accurately located and read on the manipulator. The optical g
ﬁﬁ sensors and cakle are small and light. They will rot place p
Fj any further weight restricticns upon the arua. Also, 5
o &
. 7
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today's optical comionents interface directly onto printed
circuit boards and integrated circuits. These advantages
support this approach very stromgly.

The three dimensiona. reference system provides 1lata
from wuich position and velocity information may be
determined. While this information is in cartesian
coordinates, the conversion to other coordinate systems is
availablie and well dccumented. Microprocessors handle these
conversions nicely. As a result, the myriad of maripuiator
control schemes have a better testbed upon which they can be
tested. More importantly, the manipulator will nc lcunger
require the teaching cycles waich currently program
industrial robots. Instead, the potential is present for
the manipulator, when it is given the various coordinates,
to determine both the commands and the routing for each
task. Much of tcday's rokotic research deals with
highL-level hierarchical languages for robotic control. With
these languages, more general comsmands such as "pick up
block" release the rrogrammer from the tedious task of
providing the exact ccmmands for all of the motors involved
in the mction.

In summary, with the positicn loop £finallv closed in the

robotics fielq, more positive control is obtainable. An
ultrasonic system will not handle every enviroane:xt.
However, with additional research, the eanvironments for

which uitrasonics are suitable will be identified. The goal
of increased accuracy will become a reality.
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APPENDIX A .
DERIVATION OF SENTRY FOSITION EQUATIONS ?
This derivatior is a general solution for an »
intersection of two ramge arcs which are associated with two j
different reference fpcints. ]
Coordinate definitions: ]
A
X = XAOr +/- XA = XBOF +/- XB vwhere __OF are the offsets of
Y = YAOF +/- YA = YBOF +/- Y¥B the reference points from the ]
crigin and Z_ or Y_ is tthe
respective distances to the
rosition from the refererce
Foints in vector notation. ;
Range arc definitions:
AR*%2 = XA¥%2 + YA%*2 where _r is the radius of the _
BR*¥*2 = XB**2 + YB%%*2 arc -
Equate i's ]
XAOF +/- XA = XBOF +/- XB
. K
F? Solve the range arc egquations fcr the vector magnitude X_ j
o= and substitute into the above eguation 3
- o
. .
; XAOF +/— (AR**2 ~ YA*%2)*%,5 = ZXBOT +/- (BR*%2 - YB#*%*2) *x_,§
. :
o Rearranging B
- +/- (AR**2 - YA%*2)*%.5 = XBOF - XAOF +/- (BR*%2 - YB*%*2)%%_5 -]
o <
o Define DIF = XBOF - XAOF and sgquare both sides of the eguation .
?Z AR*%2 — YAX*2 = DIF*%*2 ¢/- (2*¥DIT*(BR*%*2 - Y3**2)%%_,5) + BR**? #
- ~YB* %2 »
»
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Solve for +/- (2%DIF*{(BR*¥*2 - VE*%2)*%_,5) and sgquare both

3ides of the equation again

4% (DTF*%*2% (BR*%2 - YB*%k2)) = AR#k4 + YA¥*4 + YBk*4 + BR¥*4
+ DIF*%4 + 2% (~AR®*2¥YA%%¥2 + AR®k2%YB**2 — YB**2*DIF**2

- YA**2%YB*%*2 ~ AR¥¥2#BR*%2 + YA¥X¥Z¥kBR*%2 — AR¥*2*DIF*%¥2

+ YA**2*DIF#*%2 - YB**2%BR*%2 + ER¥**2%DIF¥*2)

Substituting for YA and ¥B, and expanding the terms yields
the guadratic eyuaticn which was discussed in chapter 2
(egn 2.2)

COEF 1*#Y*%2 4 COEF2*Y + COEF3 = C

where
CCEFr1 = U% (YAOF**%2 + YBOF**2 - Zz*¥YAQF*YBOF + DIF*%*2)
COZF2 = L4*(AR¥**2%YAOF - YAQOF**3 - YBOF**3 - AR¥*2%YBCF
+ YAOF*YBOTFT**2 + YAOF**2%¥YBOF -~ BR**2*YAOQOF
— DIF**2%YACF + BR**%2%¥YPOF - DIF**2%Y30F)
COEF3 = AR**4 + BR*%U§ + DIF**U4 + YAOF*¥{§ + YBOF**§

— AR¥¥2%3BR**2 + BR¥*2¥YAOr¥*2 — AR¥¥2¥DIF**2
+ DIF*%2*%YAOF*%2 — BR*¥2%YBOF**2 + DIT**2%¥YBOF*%2
— BR¥*2%*DIF**2)
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APPENDIX B

PROTECTION CIRCUITRY FOR TUE ©°PPO_LOG STD 7000
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APPENDIX C

SENTRY ROBOT REFERENCE SYSTEM SOFTWARE
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