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This thesis describes a Self Contained Independent
Mooite Robot (SCIMR) capable of understanding and roving
about in 3 simple tut very reat worla: the Moore School’s
haltways and intersections. SCIMR learns the topology of
his worta much as a messenger or taxi driver would, by being
told how to get places and piecing the instructions together
to form an internal mape SCIMR requires fewer directions as
he tearns, since new locations may be described relative
places SCIMR alreaay knows.

SCIMR ¥s capable of perceiving and remembering his
enviranment, and using his memories to guide his actions.
The robot is totally self contained and requires no external
processors or guidance equipment. Unlike wire or stripe
guided vehicles, SCIMR requires no environmental
preprccessings Efficient control methodology, espectally
muttiprocessing ana multitasking techniques, allows smalt
computers tc drive the robot in real time without processor

induced adelayse.
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1« Introauction

Mmen have long dreamed of making inteltigent machines.
Ultimatety, we desire a robaot which can enter a complex new
(or old) environment, understand it; and then operate within
it. The rotot which is the subject of this thesis ts a
husble begirning step towards a self contained independent
mocitte robot (SCIMR, for short, pronounced sk immer) capable
of understanding and roving about in a simple but very real
worlu: the Poore School”s hallways and intersections,

A mobite robot Litke SCIMR might have applicatfons in
automated warehouses, matl and parcel sorting, as a
messengery a janitor, or a3 radiation monttor in nuclear
power plantse SCIMR ts applicable when there is a need for
autonamous but directea transportation of things which may
be attached to it in some waye.

For example, in a warehouse application, SCIMR might
te totac to go to a specified location and actuate a picking
device, and then return to the load/unload dock.,
Instructions could be issued automaticatly via a tie=-in to
the stanaard warehouse processing systeme

A computer interfaced Geiger counter would turn SCIMR
into a mobite radiation monftor. SCIMR would follow a
predefined path monitoring radiation level. Any atnormal
ragiation wculd be detected and localized, even if
tocattzatior requires iInvestigation of substantially remote
areas not ncrmally monitored. Reproduction of the

monitcring effectiveness of a mobile robot by other means






woul d require a very targe array of fixed Geiger counters*
or periodic checks. by humans* A robot would increase the
reliability of the measurements« since the robot will not
(better not!) yet borea, is very thorough* and works around
the clock* Use of a robot also prevents the unneccessary
exposure of any persons to radiation*

A messenger robot would also require the ability to go
to new unexplored areas without "site preparation*

SCIWR consists of three interconnected on-board
m crocomputers, a rotatable sonar system two motorized
wheel st one castoring wheel, and an automobile battery
mounted on a foot and a half square platform (see picture)*
Part of SCIPR's charm lies in this low parts count and cost*

Parallel 1/0 ports loosely couple the three computers*
A simple operating system supervises up to eight concurrent
tasks en each processor* An interprocessor communication
facility built into the operating system allows tasks to
start and pass data to tasks on the same or a different
processors

Multi-processing and -tasking is an important aspect
of SCIMR*  Experience gained here is applicable to other
real time processing systems*

Processing and 1/0O interfaces are distributed among
the processors* One computer controls the sonar and stepper
motor turning it* A second computer regulates the motor
speeas and performs related calculations* The third

computer implements high level intelligence and interacts

i






*Ith a human via a terminal during initiatizatione Once the
machine is ready to go, all connections »ith the outside

yorld are severed, and SCIMR is on his own,






2« Past Effcrts

I will describe two other efforts at producing a
semi-intelligent rover: the Stanford carty, and the French
HILARE, ana contrast them with SCIMR,

A very signitficant difference between either robot and
SCIMR is the amount of processing power used. The Stanford
cart apparently uses all available time on a targe DEC KL-10
processore HILARE uses onboard microcomputers, a ltocal
eatnicomputer, and a remote mainframe. In contrast, SCIMR
uses tnree onboard microcomputers to handte alt of its

processing. SCIMR is truly self contained.,

2e1 The Stantord Cart

The cart uses vision excltusively to navigate, and has
no other sensors. According to its descriptors [Reference
31, precise Ltocomotory capabilities have been sacrificed in
the interest of simplicity; the viston is required to
compensate for the cart”s shortcomings in this area.

The vision systea performs steréoscopic picture
analysis: the camera is mounted on rails and moved back and
forth to generate picture aisparity. Pictures are troadcast
via a3 locat TV link to a remote receiver, where the pictures
are digitized and fed into the KL=-10., The KL-1C performs
crunching to be descritedy, and then outputs a 6 bit word
which is transmitted via radio link and a dubicus encoding
methagdy to the rqobot, where the six bit code fairly directly
agrives the power transistors controlling the robote. Due to

the extensive processingy and despite the lLarge processor,






completion cf the feedback path requires about 15 minutes!
This necessitates a very smalt motion per iteration: a meter
or so (every 15 minutes)* Extensive testing of such a
system is obviously prohibitively tine consum ng* In
contrastf SCIHR moves steadily down hallways at a rate of
one foot per second, completing its feedback path in 1*4
seconds ¢

«hy weutd anyone even bother with the cart* if its
performance is so bad? The cart has a much broader view of
the «Grtd than SCIMR* Instead of hallways and
intersections! the cart deals with collections of objects
spread arQund blocking its path* The cart must avoid these
obstacles* It is interesting to note that the cart
researchers apparently did not consider the possibility of
the cart actually knowing where it was going, unlike SCIMR¥
The cart's world model is a monolithic space populated with
circular obstacles* Any object in three dimensional space
s mappec into its circular projection onto the floor. The
projection is stored in memory as an (x,y) pair and a radius
of the obstacle* To simplify later processing, each radius
is augmented by the 'safe" radius of the robot*

The visual processing consists of two steps*  Firstt
areas of interest named features are identified* A feature
is defined as an area having a local maximum of an interest
operator which measures the local gray level gradient* A
second operator will locate corresponding features in two

i mages* Given multiple images from the camera taken at






different positions along the track, the dirstance to each
feature may be found* Given two i mages taken before and
after a cart movement; the distance travelled in the motion
may be found* The visual processing system s primary
prables is in aealing with environments which are
featureless according to its criterion* -In this situation,
crashes and general confusion are likely* An amusing
problem with running the cart outdoors is that shadows may
move substantial distances between iterations* The shadows
make ideal features due to their high contrast ratio* and

cause tHe cart to be confused and get |[ost*

2*2 HI LARE

The French HILARE robot attempts to make use of
multiple sensory systems for perceiving the world* The
primgr> senses are vision* laser rangefinding» and short
ultrasonic ranging* | have much less information presently
about HILARE than the carty so | can report on only a subset
of its capabilities* | have seen a film of the robot
driving around an irregular manufactured wall wusing its
sonar system* HILARE uses a fixed array of ten sonar
transducers* In the demonstration shown, progress was slow,
at least partially due to the precise orientation constraint
given to it* The robot demonstrated accurate low Ievel
control (HILARe uses stepping motors] but did not display
any "cognitive" capabilities* I nformation concerning
successful use of HILARE*s multiple senses remains to be

seen*






Its *crtd model is based on a sjngle l evel polygonal
partitioning* Obstacles are required to be convex* and
areas, although not necessarily convex, must not contain any
obstacles* At the end of this thesis, a greatly generalized
but scaewhat related yorld modelling systeo WHI be

presented*






3¢ The MUPT QOperating Systenm
5¢1 Mutti-Task ing
3.141 Ratfonalte

The MUPT (for Multi Processor, Tasking, pronounced
muppet) operating system is designed to support multiple
tasks on mamny processors, and provide communication andg
synchronization amony them. Multitasking is crucial to the
efficient oreration of a real time control system. Its
absence necessitates the construction of a Large
super-program, typically configured as a polling loop, and a
bunch of routinese. Each routine is forced to use flags to
figure out what to do, or implement its own multitaskinge.
Such systems are inefficient of space and time, and painful
to write, debugy and maintain.

MUPT elimtnates this problem by providing a coherent
mechanism for specifying the occurence of an event, and for
waiting for the occurrence of a specific event while
preserving machine state. In MUPT, events are named
semaphores, Beware: the definttion of MUPT semaphores is
different than other P and V type semaphores, as will De
discussede.

Twoc primary primitives are supportedy; TRIGGER and
WAIT. TRIGEER accepts two tnputs, a value and a semaphore
numbers It sets the semaphore to the value; and starts any
tasks which have been waiting for that semaphore. WAIT has
a single parameter which is the number of a semaphore to be

waited one I1f there 3is no value in the semaphore uwhich has






not teen prccessed by this task, the task is put to steep
until & value appears. when a vatue is present, either
initially or at some tater time, the task is scheduled for
execution.

A subsiéiary POLLER function tests whether or not an
unpracessed value is present in a specified semaphore, and
returns either NO or YES,value. POLLER allows a task to
wait for one of several events to occur, an impossibility
using the standard WAIT, which only waits for a single
event., It ts also usea by interrupt subroutines, which
cannot be put to steep Like normal taskse. ©BGoth cases are

comparttively rare.

3e142 Comparison with P and V Operatorse.

The MUPT semaphores have two major differences from
conventional semaphore systems: 1) a distributive nature,
and ¢) efficient implementation based on tytewide Cit
operations rather than (inked lists. The latter difference
was the primary reason for the original design, but in the
course of making ¥t more elegant to improve efficiency and
effectiveness in_several domains, the undertying structure
of 1) was discovered, and guided successfut implementation,

what does “distributive nature” mean? First, consider
a conventional semaphore system. A P operator regquests a
resource. Jf non-2ero, the resource counter is decremented
ana execution continues. Otherwise, execution is suspended
unttl a resource is made available, by the V operator, which

unconditionally releases a resource. NO actual resource fis






involved in the P ana V operations: it is.assumed t hat
ever>bod> is talking about the same thing* which is itself
el sewhere*  Some more advanced systems say actually
mani‘pul ate pointers to the real resources* Suppose some
task is transmtting a stream of values to a semaphore*
Under the P anu V system, a given value will be sent to a
single receiving task* If a second value arrives before the
first is reroved, the second value is stored, so that the
next two requests wilt get each value sequentially*

On the other hand, the «UPT system will distribute

each value to every task that wants it* If a second value

arrives before the first has been_processed, .it_ supersedes . _... ..

the previous value*

Semanticallys the P and V operators control resource
allocation: who gets what when* On the other hand, the WIPT
semantics specify data availability: when is data available
to solve my problem?

In a real time control system, this seems more useful*
Typical processing tasks operate in a receive-compute-send
loop, with computation beginning when all required data is
availaole* If more than one task is processing a set of
aata, such as a junction type or sonar reading, both tasks
will be processing each individual piece of data* The P and
V operators would require the data to be transmtted twice
by the sender* which is undesirable since logically the
sender does not really care who is using his data; this

information (who 'is receiving a piece of data) should belong






with the actual receivers*
In typicat applications! two tasks communicate

bidirectionaltys using one or more semaphores in each

direction* If an extra value should happen to be introduce
into one of the semaphores! causality will be lost: the
system is desynchronized* In normal operation each task

thinks that data it has just sent is causing values to be
returned to it* An extra value destroys the causality:
instead of receiving a valde based on data just sent, the
task receives aata based on the previous data sent* This
situation sight arise if we wished to ignore a result from
some other procedure* The next time we wait on the
semaphores *e yet'the "ignored" value, instead of one based
on setae action just performed* From then on, we are out of
syncy and everything is downhill* For this reason,
multitasking systems must be carefully constructed to absor
all results from each function* Alternatively! POLLER may
be used to clear a semaphore* The desynchroni2at ion
scenario above may occur in either P and V or MUPT semaphor
systems- A possible fix night be to unconditionally clear
semaphore when a wait is started on it* So far, this has
seemed unnecessarily extreme, since it would prohibit

overlapped operation of communicators*

3.1*3 Task Switching
Unlike multitasking systems found on large computers,
tasks have explicit control over when they relinquish the

processor tc another task* A task in an infinite loop wil

11






stop all hioh level tasks in that processor aeade This
seems a« terrible probileme 1In a general purpose system, it
woula ce fatal, but SCIMR is far from generatl purpose
procaracgminge Indeed, the failure of a single task means
that SCIMR has a heart attack anyway, so that you might as
well quite The only disadvantage is that the system monitor
task is also hung: ¥t is not possible to discover which task
has cieds The system must be restarted. At this point, a
cltever inittalization routine can save the previocustly
running job number, so that the faitling task can be
uncovered. Note that all processor programs use active
tnittatization of att variablesy, since programs are
restartec without @ new copy being downloaded (at 3C0 baud,
horrarstl,

why not switch tasks after each interrupt?
Implementatfon would te straightforward: after each
interrupty jump ¥nto the dispatcher; and off we go. The
adcitigral proyram would be on the order of several bytes,
or perhaps save a few; hardly consequential.,

The primary advantage of not switching tasks on each
interrupt is that unitary code sequences may be constructed
which are guaranteed to complete tefore any other high level
task on the same processor is allowed to execute.

in conventional systems, such an effect might be
obtained 6, disabling interrupts for the duration of the
sequence., This ¥s impossible for real time control systems

tike SCIMR, In the sonar processor, interrupts occur every






18C microseconds or so while a distance measurement is being
takene. The 40J Hz system clock must also be processed in
toth scnar and motor processors. Otsabling interrupts would
wreck the 1/0 system. Furthermore, disabling interrupts
woula agisabte the interprocessor communication system
interruptse. A task could not specify (and complete) a
yunitary sequence requiring data input from a remote
processor. Note that the processor hardware supports only
single level interruptse.

Most importantiy, the data transmission XMIT must be
unitary and interrupts must not be disableds If XMIT is not
_unitary, a task switch coutd occur in the amtddle of a
transaissfon,; and another transmission requested by the
startec taske This would result in utter confusion. If tuc
processors should begin XMITs at approximately the same time
with interrupts off, a deadlock would ensue because the
receive interrupt woula be locked oute.

The need for unitary high level task operations coultd

y
be satisfiec by a speciatized mechanism: a flag to indicate
that a task switch should not occur. The discretionary task
switch has proven perfectly viable: this last mechanism® has

not been fmplemented, although %t eastly cauld be.

3.1¢4 Usage ana Implementation

The MUPT {implementation is particulartly efficient due
to the tyte paratlel tit operations used. MUPT supports up
to eight taskse Any subset of the tasks can be represented

in just a single byte. In particular, MUPT represents the

442






currently running job, pending tasks, tasks waiting on each
semaphore* and tasks for which a semaphore value is
availabLe as a (separate) single byte*

Thirty two different semaphores reside in each
processor* A semaphore contains a value. (a single byte),
ana two tit flags for each task on the machi ne*

Accordi ngly* each semaphore occupies three bytes of menory*

The MUPT operating system effectively supports the
SCIHR software* The semaphores and tasks on each processor
may be found in Tables 1 and 2* This usage is in accordance
with the original expectations that motivated the
devel opment of MUPT* There is room for expansion, yet all

of the facilities are being used*

3*2 interprccessor Communication
3*2*1 Strategy

Mul tiple mcroprocessors nmust comunicate effectively
to solve common problems* The backplane pinout limts the
number of signals available for intercommunication* The
not or ana sonar computers each communicate with the centra
control conmputer fn a linear or specialized star
configuration* The intercommunication topology corresponds
to the heuristic structure of the processing: a sensory,
deci'bicn, and effectory systent

There are several possible control strategies for
intercommuni cati on: hereis; nutual agreement, and give me*
In the hereis strategy* data is transferred when the sender

has new data avail able, regardless of whether or not a

% 5






receiver desires the datum Data is sent via mutual
.agreement when data is available from a sender, and when a
receiver desires the data* Data is sent ur\6Ger the give me
strategy when a receiver desires data, regardless of whether
or not data is available*

in the give me strategy! an address specifying what is
to be given must be transmtted from the receiver to
transmtter (of the real datum), and then the Iline must be
reversed so that data may be communicated from sender to
requester* A give me strategy corresponds to acquiring the
value of a variable on demands although it resides in a
different processor*

The mutual agreement format is extremely difficult to
i mpl ement in the general case of multiple sending and
receiving tasks* An unreasonable simplification would be
for the sender to broadcast the address of the datum to be
sent and maintain it until a receiver, seeing that address,
acknowl edges its desire to complete the transfer, 'by mutual
agreement*" However* this has several serious bugs,
basically resolving around the fact that once started by a
sender a transfer may be completed only by an agreeing
receivert This suggests numerous deadlock possibilities,
namel y* that nobody wants a val.ue being sent, or that the
order of sending and rec.eiving are different! especially in
conjunction with multi-tasking*

For these reasons, the sender driven approach was

adopted* The requirements for the interconnection subsystem






were: that transfer te initiated and controlled by the
sender, that it be fault tolerant, and that it inteérate and
cooperate with the rest of the MUPT operating system,

The harduware available for fmplementing
intercommunication is (imited to 8 paratlel 1/0 (ines and a
single control tine. To atlow handshaking, the 8 paralfietl
I/7C Lines are logfcaltly partitioned intoc a single controt
tine from the receiver to sender for handshaking, and 7
address/data bits from sender to receiver., The main control
line has directionality from sender to receiver. With this
scenario, the atrection of data transfer over a given line
is constant., Note that each pair of intercommunicating
processors has a3 port in each direction.

Since data transfer is initiated bty the sender, the
recetver may be executing arbitrary code when a transfer is
to begin, accordinglty, the sender to receiver control line
is set up to cause an interrupt in the receiving processor.,
Data may be transmitted only seven tits at a time over the
interface due to the presence of the handshake reply line,
however, the software occludes this timitation, as we shatll
see,

bata transfers occur only within a3 single operating
system subroutine, by (unenforceable) rule, This
subroutine, once entered by a task; retains control of the
processor until the transfer is completed., If the processor
were relinquished by the transmitter midstreamy, another task

coula enter the transmitter and cause complete confusion,






Interrupt handlters may not call the transmit subroutine for
several reasonse. Firsty the main Line code may already te
executing a transfer, which would cause large complications,
resotvable cnly by excessive software gamesmanshipe.
Secondty, stnce a transfer may take a while, especially if
the receiver is currently executing its own interrupt
service routine, interrupts may be locked out on the sending
praoacessor, to ill effect.

Eecause of the restrictions on interrupt level
transmits, deadlocking, and fixed storage allocation,
transaisstons from the sonar to motor processors or vice
versa cannot be maage directly, but must te supervised by a
task tn the coatrol processore.

An actual transfer takes place as follows: the upper 7
tits cf the data item to te transmitted #s put on the bus,
and an interrupt generated in the receiver with the main
contrat tinees The sender waits for an acknowledge on the
nandshake Line, which is a transition from a 0 to a 1.

After this occurs, the address and lowest data bit are
placed on the data lines, and another pulse generated on the
main control tine. After the handshake (ine is restored to
zero by the receiver, the sender is atlowed to go on its

merry waye

3e2ec Fault Toterance
The description above is in terms of the point of view
of the sender, What must happen in the receiver? A simple

reception algorithm might go as follows: wait for an

17






interrupt* read in a data bytes acknowl edge* wait for a senc
pulse while stilt in the interrupt routine;y read in an
adoress/data byte* acknowl edge* store the byte in the
address* and return from the interrupt routine*

The original implementation had much this flavor*
Unfortunately, it was discovered that fake interrupts could
occur cue to the presence of the noisy DC drive motors and
the low drive capability of the PIA chips implementing the
interfaces* [f the receiver implementation above encounter!
this circumstance, it will hang the receiving machine*  Thit
was discovered in the obvious way, by experience* A
spurious interrupt causes the receiving processor to enter
its interrupt routine, and stay there* since a second pulse
may net occur for quite some time, perhaps never? In any
case, the sender and receiver are out of sync* In fact,
Doth machines »ay eventually hang* This is clearly
undCceptable*

The synchronization point in the receiver is the cause
of the problem* The current fault tolerant receiver always
returns right after Handshaking, and uses the state of its
own handshake output to determine its actions upon entry*
The transier proceeds as follows: interrupt! read,
acknowl edge* r™urn® interrupt*_  readf acknowl edge! store
and return* The hanoshake outbut determines the
interpretation of the incomng byterO data, 1 address and
store#

Removing the loop from the receiver prevents the






receiver of a spurtous interrupt from being “hung,” but

" fails to cure the synchronizatton probtems Synchronization
faiture s detected by the sender at the beginning of a send
operation. If the fncoming handshake bit ts a 1, it
incicates that the recetver is expecting an address, which
ts not what the sender is planning to send. This
constitutes detection.of failures The next step is to take
corrective actione The only thing the sender may do at this
point is send an aadress, as far as the receiver is
concernegc. Rather than send the address the sender is
planning to send; the sender supplies a fake address,
hexaaecimal 1F. This address is reserved for error
handlihg. Essentially, it causes the data from the spurious
interrupt tc be sent to the bit bucket. Once this has been
gone, the sender may go on with its real business.

Atl commaunications failures are counted by the
control processor. The two main processor transmit routines
directly (og failures as they are detected. A special task
waits on main processor semaphore 1f; and increments the
error counter when something is throun into the bit bucket.

experience indicates that at most several failures per
hour may be expected under adverse conditions (not fully
understood)s Although this may seem l(ike relatively few, it
must te remembered that without automatic failure detection
and caorrection a machine crash would occury possiocly (and
usualtly, by Murphy’s Law) miles from a terminal where SCIMR

‘may te restarted.






Cata fntegrity aduring transfers is not checkede
Accordinglygy uhethef or not data errors actuatly occur is
not knowne Operationallyy the robot is highty reliabley and
does not crash without outside justificatione. Data
transmissiaonr ts significantiy different than control
information transmission. A transfer request is being
received by an edge triggered device contfnucusly sensitive
to the short noise bursts generated ty the drive motors. On
the other hand, data Lines are effectively read during a
quite short perfod of time on the order of 530 nanoseconds,
during which a notse burst is statisticatly unlikelye.

gempirically, transfers take around 200 microsecondse.
dburing interrupt handling by the receiver, they may take
consiaderatly longer, depending on the time required to
process an existing interrupt. The required transfer rate
for a MUPT program ensemble must be minimized to maintain a
high execution rate. This is generally accomplished by

efficient task partitioning to achieve data locality.

3e3 lmproving Communicatifons

The current intercommunication system seems to coperate
well, and not cause any performance related problems. If we
suddenly needed to transmit much more data, how could we do
it?

The first stage would be to widen the data paths
between processors to 16 bits plus two handshake Lines each
wayy coubling required hardware. This would altow a one

step transmission system, with toth address and data teing
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transm tted at the sane time* Address and data parity could
also be checked (preferably with hardware support)* Speed
woulc ae roughly doufeled* A fault tolerance scheme would
have to be worked out, but seems feasible*

At the same ti«ey ft might also be useful to add a
path between the sonar and motor machines*

The next stage would be to have a shared memory which
woul d store the semaphores and operating system control
information* Many problems would climb out of the woodworks

in the synchronization and deadlock area*

3*4 fchy Three Processors?

Several people have asked why | have three small
computers* rather than a single "big'" one* 8y a "big"
ntachine; the apparent conception is that of a single board
computer, or maybe several S-10Q caras, with 30 or 40 Kbytes
of RANf and a grab bag of peripheral ports of varying types*
The processor might be a Z&0.. TI 9900y or even 18086. Why
not use such a computer? It would be obscuring the truth to
say that availability did not ptay a part in processor
selection* Nonetheless, it is m belief that such a machine
woul ¢ oe wunable to deal with the real time processing tasks
by itself* A considerable amount of processing must take
place simultaneously with rapid processing of interrupts*
Despite the fact that a larger processor might have some
fancier instructions! most of the processing actually
performed by the algorithms has more of a load, test, and

store flavor than that of arithmetic computations* The
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speea woula still be (imited by the memory cycle speed and
instruction encoding. Since the direct data reference
requirements are small, most references can be made using
the 68(CC direct addressing mode, yielding two byte
instructions. By contrast, more “advanced” processors
typically require 3 or &4 bytes, occupying more space and
executing slower.,

The three small processors execute interrupt driven
real time control tasks more effectively than a single
targer machine, The tasks are also partitioned Logically,
compartmentalizing processing tasks and simptifying the
debugging effort.

cf course, embedaing some of the algorithnms,
especiatly tC motor controly sonar distance counting, and
stepper control in haraware might enable a single
multitasking processor to be used.

Power consumption must also be considered in the

design ot any battery powered systea.






Qe SUNaVb

The perfarmance of the SCIMR robot and its programming
are neavily influenced by the characteristics of the sonar
syster which provides its input.

The scnar system consists of a Polaroid ultrasonic
transducer, driver board, stepping motor to turn the
transoucery and an interface from the drfver and stepper to

the socnar ccentrol computer.

41 Ccontrot Software

The scnar driver accepts as an input a scan type
number. The possible scans are shown is Figure 3. The top
level ariver is a MUPT task which waits for a scan number in
a semaphore and then Laoks it up in a table which defines
the scan pattern. Each scan pattern may specify several
measurements, each of which consists of an angle bearing and
a variable numper of local semaphores the distance ts to be
sent toe. Table entries are interpreted seguentially; no
operation can commence until the previous operation has
completed.

Suppose that a distance measurement is to be taken in
a given cirection. we will chart the course of events,
which are implemented by several interrupt level tasks in
the sanar control computers First, a dfrection is specified
and sent to the handler using MUPT semaphores; which are
potled by the handler. The direction is in units of steps
in an aktsolute coordinate system with O straight ahead,

paositive teft, and negative right. There are two hundred
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(222) steps per revolution of the sonar stepping motor, or
1% aegrees per step.

The transducer is rotated towards the correct
airection at 250 steps per second. when it gets there, a
delay ¢f 5 msec atlowus noise to die down and the stepper to
stop mechanically osciltatings At this point, the stepper
interrupt task, which arives the actual stepping motor,
stgnals the power interrupt tasky and goes to sleep waiting
for another directional coordinate.

The Polaroid sonar driver board is #ntended for
operation in cameras;y; and may seem a bit strange. It will
initiate a sonar measurement whenever tts power is turned
on. Cnce turned on, the power must remain on for 100 amsec,
and then go off for at teast 40 msec. To achieve optimally
fast aperation, the rotary positioning task and power
contrat task are overtapped; yielding the multiple tasks
mentionea atove. The power control task controls,
titerallys power to the sonar drivery, via a high power
(2+.54) driver on the interface board,

The power control task waits for a power on signal,
then turns con power,; and after a delay, the distance
measuring interrupt taske The power task then waitts 100
msec, turns power off, waits 40 msec, and then begins
polling the PULSE flag againe Accordingly, when the stepper
task ccmmands a pulse to begin, it may not actuatly begin
yuntil some time later, as determined by the POWER interrupt

task.






The STEPPER ana POWER tasks above measure time in 400
H2 units (£.5 msec), which is wonderful for what they do*
However, the acpual oi stance measurement requires much
‘higher clock rates* The sonar driver board supplies two
output Sf XftIT and ECHO* The eiapspd time between these
signals is linearly proportional to the distance to the
(nearest) object* The distance measurement task computes
the distance to the object by counting interrupts between
X*IT" and ECHO* The time between interrupts is 178*7 usecy
which corresponds to 0*1 feet* The distance measurement
task, after initiation by POWER, waits for XNIT and begins
counting until ECHO occurs* |f ECHO occurs before 0*9 feet
it is a false echo* The sonar driver draws 2»5A for a shor
period of time during transmi ssion! inducing noise on the
ECHO line* The actual transmt burst is a chirp at 6Gy 57
54, ana 50 Kh2 to achieve maximal target scattering* If th
di stance measurement task receives no ECHO within 25*5 ft,
it returns that distance as the actual* Pol aroi d
specifications indicate that the unit will operate up to 35
ftt but the lost range is not significant in SCIWR'Ss
environments and allows him to store distances as a single

eight bit (unsigned) integer*

4.2 Operational Characteristics

The beamwi dth of the sonar pattérn is twenty to thirt
deyrees (see Figure 7)* Predicting actual response is
difficult, and requires a general numeric simulation of

target scattering characteristics as a function of area ana
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range. In general, perception of scattering surfaces at an
angle may be expectea to yietd distances longer than the
closest gistance of approach within the beamwidth,

A very signiticant operating limitation was discovered
regarding seooth hard surfaces such as doors and certain
walls: they operate as -an ultrasonic mirror. When the sonar
attempts a measurement in the direction of a mirror, it
insteaa sees the ditstance to something else, generally the
wall on the otner side of the halle. This is precisely akin
to making laser rangefinding measureaents into optical
mirrcrs, The mirror probtlem makes the interpretation of
.sonar rangefinaing data much more difficult, especially
since mirrars (doors) occur in the area of intrinsically
confusing otjects, namely, intersectionse. SCIMR 1is
inoperabte ¥n areas with totally mirroring watlse.
Cinderplock walls are acceptable to SCIMR since they contain
irregularities on the order of the wavelength of the
uttrascund, about 1/8 of an inche. Corrugated cardboard
pasted onto the walls with the ocoutside layer removed should
provide enough scattering to be detectable by the sonar, but
this has not been attempted.

One way of dealing with this problem is to attempt to
make as many measurements as possible at right angtes to the
walls. Wwith a stngle sonar unit, it is impossible to make
all measurements at right angles; how to do so with more
than one sonar and some associated problems will be

discussea later.






4¢3 Stepper Timing
Figure 2 shows the standard sonar wall following scan
patterns oSelow 3s a breakdown of the time spent in each

function during a normal watl following scan:

cetween Motion time Waiting time Pata time
5 § 1 160 o 5C
1 & ¢ 20 v} 50
2 & 3 50 0 S0
308 &4 18 20 S0
4 8§ 5 120 , C 50
Total 1120 30 250

(all times in milliseconds)
From thts analysisy it can be seen that the stepper motor
time is the limiting factor in scan pattern time. This data
is based on 3 5 msec/istep rate of motion, currently the
highest speed avatlabte from the sonar stepper. If the
sonas step rate was increased to 1 step/3 msecy, the delay
time would ftncrease to 72 msec, but the motion time would
decrease to 67¢ msece The total time would be 1.0 sece

The traditional method of improving stepper response
is ta increase the supply voltage and the dropping
resistancey, thereby reducing the L-R time constant.
Switching 0C=-DC power converters could te used to supply
voltages hicher than the 12V battery voltage, but this
option is not currently available.

A stepping motor with a larger step size would solve
the speeag probtitem very nicely. Unfortunately, at this
point, no suitable motor s available. The present motor

has ¢CU steps per revolution, and draws (0.8 A per phase at &
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voltse A gocod candicate stepsize is 15 degrees per step.
‘Motors are apparently available of this type, but I have not
seen one with t@e same low current characteristics. Since
only a transaucer is being spun, the actual torque
requirement is slight. Given an infinitely fast stepper,

the sanar woula timit the minimum scan time to Je.7 seconds.

¢4 Acoustic Marse Beeper

The sonar processor drives an audio beeper, using
Morse code modutation of an arbitrary byte. An interrupt
Llevel handler performs the actual seriatization.

whenever the sonar program is running at all, thre
MORSE task will generate a short beep every 5 seconds or sOe
when power runs low, the short beep becomes a long beep.
Aside trom communicating the power status, the geriodic teep
assures the operator that the sonar processor is booted and
runninge.

Gther tasks may send data to a semaphore in the sonar
processory which will be beeped to the operator in Morse
(short or Long) code. The beep rate is slow enough for
human comprehension. The beeper has been invaluable in
understanding what SCIMR is thinking as he drives down

-

hatlways and intersectionse.






S5 Lacomoticon
Se¢! Motor Control Methods

SCIMR ts powered ty two DC drive motors. The
characteristics of the motors determine the control system
used. We will discuss first the characteristics of just a
single motor.

Each motor has an integral gear reducer: we will
consider performance at the output of the motor-reducer
train, and refer to it as that of just the motor.

The motor has a maximum speed of 120 rpms or 2 rps,
couplea with a3 wheel diameter of 4.5 ft, corresponding to a
tinear speed of 235 fpsy or about 1.5 mphe The maximum
current arawn, during stall conditions, #s atout & amps.

Speed coatrot of a DC motor is achieved by varying the
average current through fte Three possible control methods
are: 1) apply & variable voltage, ¢) vary the width of a
pulse at a fixed frequency, or 3) vary the frequency of a
fixea wiath puise. A reversing relay selects motor
directiaone.

The first method, applying a variable voltage input,
is inherently difficult to implement by a digital system.
It requires a aigital to analog converter, high current
Linear auplitfter, and as many control bits as the D/A is
wides This is the most expensive, in terms of hardware, of
any of the three control methodse.

Contrel methods two and three both use a2 single output

bit from the controlting computer.'and a single (Darlington)
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transi'stor switch* This hardware is inherently very simple
and suffers from no ariftf‘ temperature coefficients or
.offsets, unlike analog circuits* It is strictly digital?
fhe modul ati on method is embedded in the driving software*
Timng is generated using a crystal referenced 400 Hz clock*
This clock causes an internal interrupt, at which point the
modul ation method processor is run* Accordingly! no times
shorter the 2*5 msec can be measured*

Met hod 2¢ known as Pulse Wdth modul ation (PWM); or
outy cycle modulation, was implemented first, and its
performance evaluated* The modulation frequency was chosen
as 25 Hx aIIvowing 17 possible pulse widths* each
corresponding to a motor speed* A representative graph of
mot or speed versus pulse width is shown in Figure 1* These
speeds were obtained by driving the robot in circles, and
measuring the time required* The motor has very poor
response to short width pulses, consequently! there are few
pulse widths in the vicinity of 1 fps, where the robot is
operated* Post widths correspond to frequencies above 1*5
fps, where the motor is saturated* These speeds are too
fasty gi'ven the Iimted sonar input rate* The poor |ow
speed response should be no surprise: the motor windings
form an L-tf filter* The Pw* technique was rejected due to
the snail number of attainable speeds in the desired range*

The thiro control method;y Pulse frequency Modulation
<PF$> gives better characteristics* The low speed

characteristics of the motors are improved in PFM since






pulses are all the same wiath and may be long enough to
guarantee a response by the motorse. A speed curve using
pulse frequency moadulation is shown in Figure 2. As can tLe
seeny; i1t has significantly more potential speeds in the area
of tntereste.

Generation of pulse frequency modulation signals is
more sophisticated than in PWM. A simple approach would be
to divide the incoming 400 Hz clock frequency by an integer,
to generate the pulsing frequency. However, this yields a
speeg inversely proportional to the input value. This tis
unacceptable: it makes the generation of speed values fairly
complicatede.

Frequencies may be generated directty proportional to
the input with a more complex methode Suppose we have an
accumutator A, which operates modulo m, chosen as 256. Let
the input frequency specifier be N Each input clock, we
add N to A (moaulo M), and generate an output putse if a
carry occurs: AN > M, The output frequency F is then:

F= N = C / W
where ¢ 3s the input clock ratees This is lLinear with
proportionality constant of 1.56 Hz per input vatue,

This frequency synthesis method is simple to use and
generally arplicabte. It has already been used in a tactile
sensing system to crive multiple stepper motors at
proportional frequency rates, using variatle M values

[Reference 5],






5.2 Steering

The mechanicaf{ design and its software consequences of
the steering system for SCIMR benefited from the excellent
ex;mp{es of what not to do provicded by a pr;vious atteapt at
rocot construction ;t Penn, by Ss Raoe. SCIMR®s predecessor
never gyot ceyond‘a frame and electric motor drivers, and was
coapletely scrapped, except‘for the actual motorse.

The device attempted to steer by turning a front
wheel, and propelt #tself by two powered rear wheels. It uwas
a atsastere The steering wheel was turned by a DC motor of
the same type as the drive motorse. A gearing system was
suppased to reduce the speed of turning to a manageabte
level, but the wheel still spun much too fast=--- when it
spun. The mechanical acesign of the mounting was such that
the gears uoula'pull apart and refuse to meshe The high
speeu of the motor would then attempt to grind the teeth off
both gears,; with some success. There was an attempt to
provide angular feedback with a potentiometer, but it had
the same destgn probtemss To cap it att off, the drive
motors had sufficient power, and the steering wheel
insufficient traction, to steer: the steering wheel was
pushed sideways rather than steering the contraption.

tne solution is to make the steering wheel the drive
wheel as welles This is the course apparently taken in the
R2-Cc “robot” of Star wars fame. The one-wheel(-does=-atl
approach results iIn a atfficult mechanical destgn which is

unappealinges Gperationally, the steering wheel approach may






have the limitation of a fixed rate of furning* unless the
mofor turning the wheel is quite bowerful

SCIftR dses a second solution to the steering problem
differential steering* The front wheel casiors while the
back wheels are driQen at different speeds to achieve
turning:.

Since steering is éccomplished by driving the two
motors at different speeds, if the motors run at different
speeos when it is not intendedf the robot wilt turn* This
implies that the speeds of the two motors oust bhe identica

for the same frequency input. Unfortunately, the two motors

have significantly different characteristics: given.the same ...

frequency input to each motor, the robot will turn

when SCIftR is driving down a hallway and a turn is
commanded, circumstances ar® considerably different than
curing equilibrium straight driving. The inertia of the
rocot causes the effect of a change in speed to be delayed
for several seconds* 8y this time, SCIMR will have crashed

into the walls

5*3 Speed Regulation

The problems with steering indicate the need for a
fast' acting motor speed regulation system*, with absolute
speeo reference to insure consistency* This need is met by
an opticdl tachometer pickup on each wheel?* The tachometer
consists of a penlight [lightbulb with a built-in lens and a
phototransistor* The spéce between the wheel treads to one

side has been painted with silver paint* whereas the wheels
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themselves are black rubbere. The phototransi§tor outputs a
signal whenever a tread drives paste It is incapable,
however, of deciding the direction of tread movement. This
does not pose a problem since the motors drive in one
gdirection altlmost att the time, and reversalt is accomplished
only from a stope

A feecback system {s required which accepts tachometer
pulses and a set speed, and outputs a motor freguency
correctione The system predicts the number of tachometer
pulses which shoula occur in a given interval, and compares
it to the number which actually occur. At the end of the
interval the motor speed is increasead or decreased by a
constant amount as the pregicted or actual motor tachometer
is fastero. The upaate interval is 10 msecy, which means that
only a fraction of the predicted or actual speeds will

contain a pulse. During speed changes, the output frequency

is changed rapidly to a new value,

5.4 Mctor Ccommands

A motor command processor interprets single byte (plus
arguments) commands given to the motor control machine. The
commanas are: stop, turn teft, go straight, turn right,
reverse, wall follow teft; wall follow rpight, and go sltowlys.

The stop command will physically stop the machine as
rapialy as possibte. Not only does stop set the motor
velocity to z2ero, put the motor output pulse frequency to

zero as wetls,

The turn teft, go stratighty turn right, and reverse

LA






conmands fnplenent the four di‘ffe\rent ni nety degree turns.
-Each acts for a specified tine, after which the machine is
stepped* and a semaphore set in the control processor* The
co»»anas drive one wheel forward and one backwards, pivoting
SCI AR about the center of an imaginary rear axte.

The wall left and right commands cause the wall
follower to be run on iniout data present in the A, B and C
semaphores, ana directly set the notor velocity.

The 90 slow command causes both notors to be set at
0.5 feet per secona# It is usea imediately upon exit from

a junction to re-establish wall follow ng.

5.5 Stepping Mdtors

It nmay seem that stepping notors would be advantageous
for the drive wheels as well as the sonar. The tachoneters
redigitize the analog characteristics of the DC notors,
essentially making them simlar to steppers, why not go all
the »ay? The notors used in SCIMR have the advantage of
bei ng prepackaged wil_th alt gearing. A stepper notor would
need sem -custom gearing to supply as nmuch torque as a DC
not or.  The gearing:vvould reduce the avail abl e output shaft
speed fceyono t he use.able poi nt. For exanple, the sonar
stepping notor can revolve at 1 rps. This is already half
the fully geared shaft speed of the OC notor. Sufficient
gearing to supply the torque needed would probably put SC M
neck and neck in speed with the Stanford turtle. Perhaps it
is possible to build stepping notor systens which wll

supply enough torque and speed from a standard battery, but






such a system woula be time énd money consuming to
tonstruct.

In fact, even given a3 working stepper, the inertia of
the machine might be.géeat enough to overpbwer the stepper
holding torcue, and necessitate the tachometers once again.

A possible redeeming feature to stepping motors is the
absence of comamutators a&d the noise they create. Doubtless
an appropriate AC motor can be found without commutétors,
such a motor is speea regulated bty reversing voltage
polarity, and is at least partially synchronous.

Te concludé, stepping motors are not worth the
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6. Tne wall Follower

A specializea software system maintains robot
orientation and position with resnecf to a wall while
driving down hatkuéys.' A precaondition of correct operation
is that a fatrty straight continuous watlt exist on a
specifiea sfde of the robot. Viclations of this expectation

witl be ftagged as possible junctions.

6e1 what Witl Not work

It may seem that a3 single distance measurement
perpenaicular to the direction of motion of SCIMR will
suffice to allow him to remain at an equilibrium distance
from the walle Thi¥s 3s not the case.

The probless stem from fact that the robot is not
necessarily perpendicutar to the watl. when 3t is not, the
distance measurement is incorrect. Furthermore, each
possible distance value has two interpretations. Consider
tuwo robotsy each 1 foot from the watli. The front of one
roctot points 3$nward towards the watl at 45 degrees, the
other points outward from the wall at the same angle. EBoth
robots make a afstance measurement at 90 degrees left, where
2ero is straight ahead, and the wall{ is to the left., B8oth
will octain 1.4 feet, yet the first must turn right, and the
seconc lefte It is not possible to resotve this conflict in
generat without additional information. One possibitity
might be to use several successive readings, howevers SCIMR
woulu probably crash firste.

SCIMR solves this problem by making three measurements
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off tc the side uith the wall; the watl follower program has
the resaonsibiligy of interpreting these readings and
deciaing unét to‘do.

The wall fol(cger follows a single wall because the
second wall adas no additionmal information, and will
probably only confuse matters. The ncise content of the
measurements due to dooréays, random widgets on the wally,
and sa on is effectively doubled when using two walls.

Simple schemes such as turn lLeftt if we are too far and
factng outuward or too close and facing sharply outwards; andg
turn right ¥f too close and facing inward or too far and
facing sharply fnward, do not worke. The ortginal attempt at
wall fcocltowing demonstrated that the update rate from the
sonar 3s tac sitow to support stepwise feedback systems.
Despite serious attempts to make it work, the robot woutd
crash within ten feet of the starting position.

The realization of the unworkability of this approach

forced the development of the current wall follower.,

6e: The Algorithm

The wall follower is a linear feedback system, The
sensing aevice ts the sonar, and the output device,y the
motors. The feedback path is closed by the designated wall
beiny followed. The watllt follower was developed using
computer simulation to verify assumptions and
simplifications macge in the algorithm, the simulations will
be discussed after the atgorithm itsetlf.

As the robot drives down a hatlway, it must
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simultaneously attempt to maintain both its position
(distance front* the wail) and its orientation with respect to
the «all* The setpoint for distance is an input to the wall
foflower* At this distance* it should have an angle of 2ero
<*ith respect to the wall: it should be parallel* lfg in
fact* .  the robot is not parallel to the wait or at the

correct distance from ity SCIMR must execute a turn of some
magnitude to bring both parameters to their desired values*
However* it should be observed that the two concerns are at
odds: if the robot is perfectly parallel to the wall, yet
only one foct away, it must turn to get to the correct
distancet thus destroying the parallelism Any wal

following algorithm must deal with this tradeoff*

SCI*R~s wall follower posits that for every distance
fro* the *all* there exists a correct angle to the wall,
chosen by multiplying the error in distance times a
constant* Fro* any initial position, this algorithm yields
a curve resembling a hyperbola with an asymptote at the zero
error position, goiny parallel to the wall*

The computer calculates the amount of turn to make:
Turn = - KDF * CD ¢ DSET) - AN6
where Turn is the turn in degrees, KDF is the
proportionality constant in degrees/foot, D is the actual
distance from the wall in feet, DSET is the desired distance
in feet, anti AtG is the current angle with respect to the
wall in degrees* fhe angle Turn gives the turn to make if

we could make it instantaneously, which we cannot* However






correcti'ng the turn for the notion of the robot in general
-and the nonconstant and unknown turning rate is not
possi bl e. ‘The SCI M watt follower sinply ignores- this
di screpancy altogether. The primary justification for being
able to do this is that the wall follower works. A
corrector wouto probably result in quicker convergence to
the oesired position, but would be expensive. The choice of
the KDF paraneter is the designer's way of telling SCIMR the
relative inportance of maintaining angle accuracy versus
posit ionat accuracy .

G ven the basic feedback equation, two fundanental
questions are apparent: 1) how do we mathematically perform

the calculations, and |I) how do we obtain the inputs.

6.3 Mathematics

The H68Q8 conputers used in the robot do not have a
multiply instruction; floating point package, or any other
such anenities. Consequently, it is far from havi ng any
trigononetric functions* Signed and unsigned S bit fixed
point integer data representations are used extensively and
excl usively. |

A very inportant consequence of the data
representation is that all calculations nmust be guaranteed
to prcauce a correct result: failure due to overflows and
preci sion problenms nust be detected and corrected for.
Unli ke the course of action of nost high l|evel |anguages,
overflows nust be detected, rather than "wapped around? and

t he maxi num possi ble value returned. The design of the






number representations must be such as to minimize the
possibilities of overfiows occurring while maintaining the
maximum prefision avaiable.

Meettrg these requirements required some exptlicit
assumptions about the conditions of operation of the wall
follower; violation of these assumptions constitutes exit
from the domain of correct operation of the wall follower:
it may, andad pfaobabty will, fail, justifiably. The primary
operating restriction is.that the robot be already
approximately alignea with the wall,; where approximately is
defined here as within 45 degrees of paratiel. As we wiltl
see latery the junction analysis tasks require an even
tighter precondition.

Angles are internally represented as a two’s
complement binary fraction: =-1*»b7 + (béb5bab3b2btb() /128,
where the maeximum possibtle value, 7F(16), corresponds to 45
degrees (-45/1:8 degrees),; and the minimum valtue, 8C(16),
corresponds to =45 degrees. Any angle not within this range
is ctipped to =45 or +45 degrees(+/- 45/128). wWhen the wall
follower”s preconditions are viotated, by being very far
from the setpoint or at a sharp angle, the robot witt “do

its test” tc get tack on the right tracke.

Geb Ubtaining Inputs

Ubtaitning inputs to the feedback equation involves
some not insubstantial worke. The two inputs required are
the (perpendicular) distance to the wall, and the angle to

the walte The sonar and stepper measure the distance to the
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nearest object in each of five different directions* ~Three
of these ar® towards the wall being followed*  One
measurement‘is taken perpendicular to the* rooot, and
hopefully, the wall* Two other measurements are made at a
fixed angle forward ana aft of this measurement (see Figure
3) » The forward, afty and central measurments are named A;
Bf anc C* From these we Bust compute the angle and distance

to the wall?

6*4*1 Distance to the Wal-l

Suppose first that we knew the angle to the wall* W
couU compute exactly:
DIST * A * COS4PHI 4 TNA)
where PHI 1s the angle of either A or B from C, and TNA is
the <*ngle to the wall* W could write a simlar expression
for 8 or C as well* As discussed earlier, COS and even *
are unoesireable for implementation. Since operation must
be assured only for angles within 4/- 45 degrees of the
wait, »e may make the approximation that the distance to the
wall is the minimum of A, B, and C* Computer verification
shews that this approximation is accurate to better than 1QZ
over the input domain* This error is quite acceptable,
especially when one considers that the error is less than
1*52 for angles within 3Q degrees of nominal* For normal
"l'ocked on® conditions, the quantization error of the sonar
is approximately 4%  The original equation has been greatly

simplified with no loss of real accuracy*






Cebod Angle to the Wall

Computation of the angle to the wall is more

chatienging. The correct equation is:

TNA = arctan(1/tan(PHI)*(A=B8)/(A+B8))

where everything is as defined previously. Two things are
immegiately apﬁarent: 1) the arctan must go, and 2)
1/tan(PHI) is a precomputatle constant, since PHI s a
constant.

The most marvelous thing to do to the arctan is to
simoly cross ¥t out. In facty, this is what SCIMR does. The
Taylar series expansion of arctan x is:
arctan x = x = x**3/3 4 x*25/5 = ..

(1 > x> =1) [Reference 4], Since the constraint
corresponds to 57 degrees, and the error term is cubic, we
can do very ue@t this waye This approximation is accurate
to within 1C2% Qt 20 degrees, and 30X at 45 degrees.
Atthough this is considerably worse thén the distance
appraximation, it is acceptable., uWithin 15 degrees of
paraltel, an estimate of the operating range, the
approximation is accurate within 2.5X« Note that we avoid
units adjustments conveniently due to the choice of units
for angles.

An experimentally derived heuristic measure:

ATN = €2/7C14TNA*TNAZZ)Y) /3 % TNA
yields an accuracy within 1% to 45 degrees, and 2.5% to 70
degrees. However, this measure has not been implemented due

to its greater complexity in the face of probably
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insignificant improvement in actual ‘performance*
The computation of the angle to the wall using the
simplified expression,
TNA = FT * (A-B>/(A+B>
requires careful mai nt enance of bi nary point position”

Details of the scaling may be found in Table 3*

6*5 Anyte to Frequency Correspondence

Correspondence between angles to be turned and a
change in net motor freqﬂency Is determ ned by spreading thi
turn ever the entire length of time until the next sonar
scan pattern is complete, yielding an angular velocity. Th<
angul ar velocity js converted to a linear velocity using th<
wheel base of theirobott and then to wheel revolutions "er
second with the wheel radius. The revolutions per second i«
converted tc treads per second (48 treads/revolution), and
then to the actual fcOTGR tachometer frequency measurement
unitse

Luckily, all of the calculations are static and
mul tiplicative, so that the entire process can be reduced t<

mul tiplying by a éingle constant, named KRL.

6.6 Ignoring Doors

Door Sf windbm&, water fountains, and other ultrasonic
reflectors cause heartourn to the wall follower without
compensation* The wall follower attempts to detect when a
reflection is occurring and take corrective action to

mnimze its effect, much tike the Interprocessor






communicaticn system.

A reflection is cefined by either the A or 8 distances
being large} than 1.5 times the ( distance, which is assumed
to be immune from bounce, due to the wall follower
preconcitions. #hen a tounce is detected in either the A or
g directions, thg distance measurement is set to the value
of the C measurement. The ensuing angle calculations will
be incorrecty; but much lLess than it the correction is not
perforned. The fntent is not to be absolutely correct, but
to maintain operétion within the wall foltower envelope.

The 1.5 factor restrains the viable angle range of the
wall fctlower to about ¢6 degrees before valid readings will
te ‘mistaken for invalia ones. Also, an $ndentation of more
than 1 foot uill;be cetected as a bounce. Certain
door-wells in the Moore School exhibit this phenomenon.

In the eveﬁt that bounce occurs on both raagial
measurements, thg angle will atua;s be 2eroy and the
distance alcone détermines the wall follower activity. This
accurs in halluais with totally reflecting wallse The wall
foltlower makes a@ attempt to maintain its sanity, but

generally will wvander slowly into a wall.
6«7 Performance Analysis

Perfarmanceiof the algorithm was analyzed in three
ways: 1) static analyis for accuracy of overall pr