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111 SPECIFICATIONS FOR THE AUTOMATON SOFTWARE

The specific automaton software will consist of four major hier-
archical levels of programs, which we shall call the problem analysis,
strategic, tactical, and immediate control levels, Programs at each
level are expected to get their inputs from and report their results
to a program at the next higher level, and to accomplish their Jjobs by
executing programs at the next lower level. The problem analycic level
will translate the original problem statement into a sequence of well-
defined subgoals, each requiring a particular mode of overall automaton
behavior; the strategic level prograim will select a suitable tactical
method and moaitor its effectiveness; each tactics level program ex-
ecutes a particular method for achieving a particular type of subgoal;
and the immediate control level consists of drivers for automaton
devices, preliminary sensory data processing, and interrupt handling
programs.,

A. Problem Analysis Level

We have considered various kinds of problems we would like the
automaton to solve, These problems are usually stated in English, which
of course is not yet acceptable input to a computer. Therefore the
following three jobs will have to be done in order to supply the auto-
maton system with a useful interface with the outside world,

1, Definition of a Problem Specification Language

This will be the language ultimately to be used at a control tele-
type to describe a problem to the machine. This language should be
simple enough to be used by a novice, rich enough to describe a large,
interesting class of problems, and limited so that any statable problem
is at least potentially soluble by the machine.

2, Definition of the Automaton's Major Modes of Behavior

Any task that the automaton can perform may be described a. a se-
quence of different actions or different kinds of activity, We n.st
define a simple.control language in which this procedural definition of
a problem may be stated.

3. Implementation of a Specification Language
to Mode Control Language Translator

The purpose of the problem analysis level is to translate from a
human-oriented problem description into a machine-oriented description,
Of course, this translation process cannot be implemented until both
the source and target languages are precisely defined.







Each specific method is embodied in a separate program., Each of these
method programs may contain its own heuristic (or nonheuristic) problem-
solving techniques, and its own special "models’" of the envirorment.

In addition, these programs may refer to, and help update, the basic
model generally maintained at the strategic level,

The tactical method programs call for specific actions on the part
of the vehicle (by means of the lower-level immediate-action programs);
therefore, they must be responsible for requesting sensory data from
the vehicle and initializing for appropriate actions should unexpected
or emergency information arrive from the vehicle.

The first tactical progrums to be implemented will be adaptations
of the programs used in the automaton simulations on the Control Data
3100 computer. Some of these were described in the First Interim Report.
Other than making minor changes in the source language, the main problem
in transferring these FORTRAN programs to the SDS 940 computer is to
replace subprograms that simulate sensors and motors with subprograms
that control real devices. The interface between actual automaton
hardware and tactical level FORTRAN programs has now been designed and
is discussed as part of the Immediate Action level (below).

D, Immediate Action Level

In order to specify a software interface w‘th the automaton vehicle,
we must first establish what signals will be transmitted between the
vehicle and the computer. The computer can send messages to the vehicle
to activate various motors, and the vehicle can generate "program inter-
rupts’ to the computer when various conditions arise. The nature of
the communications channel also affects the number of different kinds
of signals that can be transmitted. We have now specified, for the
cable-connected vehicle, what vehicle conditions will generate inter-
rupts to the computer, what major commands the program can send to the
vehicle, and how these interrupts and commands will be specified and
controlled from tactical level FORTRAN programs.

1. Interrupts from Vehicle

The cable-connected vehicle will be able to issue five distinct
gignals to interrupt the computer's central processing unit.

(1) Limit switch interrupt, generated when any motor on the
vehicle reaches a limit stop or clutch slip condition,
The interrupt service program may then interrogate the
motor status to determine which limit was reached.

(2) Bump interrupt, generated when any of the cat's whisker
touch sensors is disturbed. The interrupt service program
may then interrogate the cat's whisker groups to determine
the point and, therefore, direction of contact,




(3) Emergency interrnpt, generated by such conditions as the
vehicle's overheating, falling over, etc.

(4) End of action interrupt, generated when any "action logic
module reaches a quiescent state--i,e., when any pre-
scribed vehicle motion or activity reaches its normal com-
pletion. The program may always interrogate the vehicle
to determine which action logic modules are busy and which
are idle.

(5) End of all action interrupt, generated upon a transition
from any action logic module busy, to all action logic
modules quiescent. This is useful to notily the program
that several actions performed in parallel are all com-
pleted.

When the radio communications link is added, additional interrupts
will be used to reduce the amount of interrogation and decoding re-

quired for the program to establish the specific source of the interrupt
signal.

2, Commands to the Vehicle

The principal commands the program can issue to the vehicle will
caugse the vehicle's wheels to move (forward or backward, independently
or coupled), and the camera--together with its coupled range finder--
to pan and tilt. In addition, the computer can read range, interrogate
the status of various devices on the vehicle, and override certain
hardware reflex actions on the vehicle (e.g., any "bump" sensor would
cause the drive wheels to stop unless this reflex were overridden by
the program. )

At the machine language programming level, the computer communicates
with the vehicle over a DAC™ input/output system. We are now designing
the interface between higher level tactical programs and the vehicle
commands and interrupts.

3. Philosophy for FORTRAN-Level Vehicle Control

The commands proposed below will enable a FORTRAN program to "use"
the automaton; in particular, to move it and to obtain range and touch
data. Method of control of the visual system has not yet been specified,
but will be substantially similar.

Three classes of FORTRAN subroutines will be available to control
the automaton. Class A commands are the ones that actually cause logic
modules (ALM) to perform, Class B commands either pass information to
or receive information from an ALM. Class C commands are utility com-

mands that are concerned with saving important data or coordinating
actions,
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B. Modeling

1. Straight-Line Representations

A model would ideally include all that has ever been discovered
about the environment. This, however, would involve a far larger storage
system than is really necessary; therefore, some data compression should
be carried out. The method used in the strategies so far tested is to
use a number of straight line segments to represent the outline of ob-
Jects in the environment, Section IV-B-3 discusses the problem of what
should be modeled (objects, space, regions of uncertainty, etc.); here
we are concerned only with the mechanisms of carrying out a meaningful
data compression by building a model consisting of straight line segments.

The modeling to date has assumed that the primary sensing data is
from the range finder. This device will have significant error charac-
teristics--roughly 10% in range and a fraction of a degree in angle., In
addition, it will have a limited range (up to about 30 feet). No infor-
mation from the TV camera system was assumed. Figure 2 shows a sample
environment and the readings that were assumed from a range finder whose
principal soirce of error was truncation error.

A least-squares-fit subprogrzm was written that erabled a line to
be fitted to a series of points. The modeling routine decided how many
points to try to fit with one straight line. This was resolved by the
following method.

Take all the readings in order until a reading is obtained where the
range is significantly different from the previous one. This will break
the whole set of readings into groups, each of which should be approxi-
mated by a single straight line or by a set of connected straight line
segment.i. Within each group, progressively more points can be fitted to
a single line until the fit obtained is not as good as should be ob-
tained, taking into account the accuracy to be expected in the particular

range readings. At this point a new line segment should be attempted for
the remainder of the points,

After the automaton has taken some readings and bullt the first
model, any successive readings must be merged with the old model in some
way. The new readings may be more accurate or less accurate than the
readings that were used when the model was built originally. As a mea-
sure of the accuracy of a particular part of a model we have defined a
"confidence”" figure for the end-points of a line in t4e model. This con-
fidence is inversely proportional to the range of those readings from
which the line in the model was constructed. It gives a way of estima-
ting the probable error in the model. When a new reading is taken, the
new information (with its confidence) can be combined with the old in-
formation and a new and higher confidence assigned to the modified line
segment. The model will therefore grow as new information is obtained
about the environment. The amount of storage required for the model will
not become too large if certain methods are used to merge and remove
lines from the model. These techniques are:
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ai70 be accuamulatea, this category should always o. vne of the two re-
caoried L. che model, In general, a rep-asentation of vuids should be
the ¢iuer pa.s. of the model, because of the direct usefulness of Y¥nown
onep paces to the robot for navigation, for obtaining a mental image of
known avaailable space from a remote location, etc.

T{ it can be assumed that the robot's knowledge of its world would
typically increase to the point where a record of the unknown would oc-
cupy substantially less memory than the record of voids, it mignt Le
worthwhile to program for substitution of the former record for the latter
under cercain conditions. This could be done by deriving a direct repre-
sentation of the unknown from the initial dualistic model and then dis-
carding the representation of voids (thus leaving a converted duaiistic
model of reduced size).

4, Expansion of Present Modeling to Dualistic Form

Before discussing some possible ways for building a model in three
dimensions, let us consider how the present two-dimensional model might
be augmented to dualistic form.

Although the work on a programmed model is in transition, the basic
representation to date has been in terms of a list of line segments, with
associated confidence levels. For our purposes here, it is unimportant
whether a single long list is kept or whether--at a higher level, for
explicit representation of individual objects--segments are arranged in
groups or in a multilist structure. An important feature to note, how-
ever, is that a line tends to be 'centrally” located among the set of
range points it represents--such as by a least-mean-squares fit. Con-
fidence levels are derived from "plus-
or-minus” tolerances associated with
the range data. For portrayal of such
a fit, note Line AB in Fig. 5. The
ellipses represent tolerances on the
range data points,

The first possibility considered
for a dualistic model would, if imple-
mented, require a considerable change
\\ / in the model-building procedures. To

\C/”*:VANG&E OF PAN represent an object boundary, a line

\ / would be generated as an approximation
N to the upper tolerance limits)of the
NS range data (Line CD of Fig. 5). Simi-
X view PO?H'.?:‘.-., larly, a line associated with the lower
tolerance limits (Line EF) would repre-
FIG. 5 F'TT'NG OBJECT AND sent a bOundary of the void area ob-
VOID BOUNDARIES TO served., The degree of confidence would
RANGE DATA be implicitly associated with the width

of the band of obscurity between such a
pair of lines. Further, with some spe-
cified low probability of error, one
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A digitizer for the video signal from the TV camera has been con-
structed and checked out. This unit allows direct input of a TV frame
into the computer and will later be used as an input to the TV pre-
processor.

A programming specification for the TV preprocessor has also been
developed. This specification provides the programmers with a detailed
input-output description as received by the input-output channel and by
the computer program,

Code assignments were made for the special, added program instruc-
tions to which the preprocessor will respond. Some instructions enable
initializing parameters to be set into the unit. Other instructions
activate various processing actions, executed off-line with respect to
the computer and the input-output channels. And still other 1nstructions
permit the computer to monitor the status of the preproces. - -,

Interrupts are also described., These interrupts indicate the end
of major processing activities.

C. The Range Finder

The present status of the range finder unit is as follows:

(1) The mechanical and optical components required to produce
a 2-inch diameter collimated 1light beam, the rotating mir-
ror used to deflect the light beam, and the photo:ell
receiving optics are completed and mounted on the yoke that
houses the TV camera. This unit has been tested and is
ready for final installation on the automaton.

(2) The electronics required to amplify the reference pulse
and the detected range pulse and generate a multivibrator
gate output signal, whose length is a function of range,
has been bread-boarded and tested with the mechanical and
optical unit. The design has been completed and is now
being constructed in final form on circuit cards suitable
for installaticn in the automaton electronic package.

(3) The motor that drives the rotating mirror is a 60-cycle,
115-volt AC synchronous motor. For operation from the
battery supplies on the automaton, a DC-to-AC converter
will be required. The final selection and testing of
this unit has not yet been completied.
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VI THE VISUAL SYSTEM

A. Introduction

It is anticipated that one of the major functions of the visual
system will be to dichotomize the environment into filled or unfilled
space. Filled space could be classified by object class for several
classes of objects, especially those that have large planar surfaces and
that are substantially differentiable from background and/or foreground
clutter. Specific members of each class may be recognized by their lo-
cation with respect to nearby objects. Near vertical edges of objects--
€.g., door frames--or the presence of close objects can also be extracted
for maneuvering aids. Specific landmarks may be recognized for naviga-
tional aids.

In order to select th-. correct tactics for executing commands, the
problem-solving programs may need to know the type of space the automaton
is in: open, or with syarsely distributed objects, or enclosed like a
corridor or maze. It is expected that this categorization can be accom-
plished by using information from the visual system as well as from in-
ternally stored models of various levels of description of the environ-
ment. Tactile sensors and the range-finder scan also provide data for
this task.

B. Status

Visual system efforts for the automaton can be placed in three over-
lapping categories: (1) system design, (2) hardware fabrication, and
(3) automaton programming. The first two are currently underway and the
third is beginning.

System design can itself be separated into two parts: (1) pattern
recognition techniques, and (2) corresponding hardware design. The major
hardware components have been obtained. The major items of the system
are the TV camera and the preprocessor that extracts local features. The
pattern recognition techniques can be further subdivided into roughly
three highly overlapping categories: (1) preprocessing, (2) context con-
straints, and (3) decision making.

Preprocessing techniques have been specified to the extent that en-
ables hardware to be built. (The reader is referred to the First Interim
Report! for a complete description of the preprocessing scheme.) This
specification has been accomplished with the aid of a considerable amount
of computer simulation with real three-dimensional objects,

The techniques for using contextual constraints are currently under
investigation. Four methods have been proposed, one of which a
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matrices which specify the transformations. These matrices are sparse,
which enhances their use ir actual computation. It can be argued that
Robexts' method does more than what is strictly necessary for pattern
recognition. If the purpose is only to recognize, a complete line drawing
may not be necessary. The location and orientation of the object may be
a required output of the visual system for use in the internal model of
the environment, 1If 80, a compieted description is required by Roberts'
method, because a match is required over the complete visible portion of
the object. It is now felt that object classification plus an approxi-
mate location of, and gross description of, the extent of the space occu-
pied by an object will suffice. Details for each object can be obtained
by additional sensing when required, and when clese to che object. Thus
Roberts' method, while interesting, is not an exact match to our require-
ments and will nct be applied in its complete form,

The second method for applying context uses a clustering technique.
Each feature response is a line segment and is described by two parameters.
These parameters are calculated by first passing a line through and in the
direction of the line segment. One parameter is the angle, 0, of this line
with respect to a horizontal axis; the other parameter is the perpendicular
distance, p, from the line to an origin, Other responding line segmoats on
the same line will have the same values of p and 8. Minor variations in
position and angle would produce a cluster of points. The sample mean of
each cluster could be used to generate a line fitting many responses that
are essentirlly collinear. Clusters having a small number of sample points
would be eliminated as noise, These lines would be terminated at inter-
sections with other such lines by testing for the occurrences of responses
on each line segment between intersections, Experiments have shown that
this method suffers from the quantization of the direction of the line-
segment features, Usually the features have only eight or possibly twelve
discrete directions. Clustering algorithms are more appropriate when dis-
tances can be measured on continuous variables. Also, a single contour
falling between two directions may produce two types of feature responses,
therefore producing more than one line by the clustering technique. Fur-
thermore, even if minor variations in direction could be obtained, they
would produce large variations in perpendicular distance when their loca-
tion is not near the perpendicular line. For these reasons, this method
will not be investigated further for use with the automaton's visual
system,

The third method is patterned after biological examples, 3 Larger
features are extracted by combining the smaller features in two steps,
A large feature may be, for example, a vertical line extending over many
subfields., Such a large feature would be synthesized if, in the area
which it covered, there was a sufficient proportion of subfields having
small feature responses that were either vertical or near-vertical and
nearly collinear. These responses could be either logically combined
using binary relations or linearly combined using weighting factors which
weight collinear, vertical features more than other small features which
are nearly collinear or vertical. It also is possible to extend these
lines until this proportion factor falis below a threshold value, thus
finding their extent. The longer lines would be fewer in number and have
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the same possible directions as for the small line features, Initial
experimentation has suggested that this method may be useful for part
of the requirements of the antomaton's visual system and is therefore
being studied further.

The fourth method is similar to contour-following algorithms.
Usually contour tollowers work on unprocessed visual data, which can re-
quire lengthy computation. This problem is minimized in the automaton's
visual system because the original visual samples are transformed from
a 240 X 240 picture space to a 38 x 38 feature space. Furthermore, the
most likely direction of the contcur is provided at each responding
point by the feature extraction of the hardware preprocessor. The basic
contour follower employs a small window which mouves in a direction spe-
cified by the data in the window. As S00n as< a new response is found
that can be accepted for extending the contour, it must be checked for
previous occurrence in order not to be trapped in loops. Possible branch
points should be noted so that search for additionul contours can be more
efficient. To find vertical lines ir this manner should be fast because
of the ordering of the response data hy the preprocessor. This method
will be investigated for possible use in complementing the third method
described above,

E. Anticipated Functions of the Automaton Aided by Information
from the Visual System

Tt is proposed that the visual system may be of assistance in the
following funciions. The remainder of this section contains comments
regarding the manner in which this may be done,

(1) Classify environment into type--e.g., sparse, cluttered,
etc,

(2) Dichotomize environment volume into filled or unfilled
space.

(3) Classify objects in filled space having large planar
surfaces, differentiable and isolated from other ob-
Jects, background, and foreground clutter.

(4) Identify specific member of class by spatial ordering.

(5) Locate near-vertical edges of objects or closures,

(6) Notice the presence and approximate location of close
objects,

1, Classification of Environment

Assume three types of environment: (a) sparse, (b) cluttered, or
(c) a passageway. The initial ernvironment may consist of a ground plane
(floor), limiting boundaries (walls), filled spaces (objects), and un-
filled spaces (air). Procedure for classification of the environment is
to scan first with the range finder at zero tilt (ievel) or with the TV
camera along the intersection between the ceiiing and the walls, to
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Appendix A

DISPLAY PACKAGE FOR SDS 940 SCOPE: TENTATIVE SrECIFICATIONS
by
J. R. Bell

Our aim is to propose a set of display programs which facilitates
sophisticated use of the SDS-940 scope. At the same time compatibility
has been maximized among this set, the existing XTREC@PE package on the
CDC 3100, and the suggestions sent to us by Bolt Beranex and Newman
(particularly the idea of labels).

The data organization chosen is a form of tree structure (of buffers
and pointers) as will be detailed in a moment. This appendix consists
of three sections: this section explains the structure of the "descriptor
trees,' the next section presents the routines for manipulating the trees,
and the final section shows how to create the display buffers which com-
prise the lowest levels of the trees.

A. Structure of Descriptor Trees

1. Definition of Terms

(1) "Buffer" (or "display buffer") is the block of core
containing the bit pattern sent to the display. The
format of the buffer words varies with the scope used.
For the 8DS-940 scope, see the SDS manual 900987A.

(2) "Descriptor" (or "display descriptor”) is a pair of
memory words containing a pointer (i.e., address)
together with some subsidiary information about the
size and nature of what it points to. More details
follow.

(3) '"Descriptor list" is a sequential set of descriptors.

2, More About Descriptors

o 8 9 10 23
Label | Type | Address
Length

A descriptor has four subparts, located as shown in the above diagram.
The address and length fields specify the location and size of the entity
pointed at by the descriptor. This entity can be either a buffer or a
descriptor 1ist. These cases are represented by zero or one, respectively,
in the type field.
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We might have

"triangle" |1 | —f-o{ "right” |0 o/buffer for
3 n1 right le
" " buffer for
left 0 left leg
2
1) " 1 "bOt" 0 buffer for
rest — bottom
2j n3
"text" [0 - buffer for
n text
4 IIBASEN

In essence, we have created a tree structure. We can now manipulate any
substructure, using the name ¢f its principal node as a handle.

B, Digplay Service Routines--Descriptor Handling

(1) DESCTR

DESCTR (Variable, label, pointee, size of pointee, type of pointee)
Initializes the subfields of a descriptor. Variable is the name of
& two-word array; the other four arguments correspond to the four subfields
of a descriptor. There are also separate routines handling the individual
subfields.

Example: CALL DESCTR (DSC1, 7HDISPLAY,BF1,3,0)

psc1  ["display" | 0| ~ BF1

e

The actual parame:ers for variable and pointee may be elements of an array.
Thus, for example, if LIST was a 10 X 2 array representing a descriptor
list then

CALL DESCTR(LIST(7,1),1HL,B,5,0)
is a way to set the subfields of the seventh descriptor in the list.
(2) SETSIZ, SETTYP, SETLBL, SETPNT, CHKSIZ, CHKTYP, CHKLBL, CHKPNT
The subroutine SETSIZ (variable, size of pointee) or the function
CHKSIZ (variable, size of pointee) sets or returns the "size" subfield of

a descriptor. Analogcusly there are SETTYP, SETLBL, SETPNT, CHKTYPE,
CHKLBL, and CHKPNT for the other subfields.

45







(6) PREDISPLAY

Prepares monitor to drive the display.

(7) UNDISPLAY

Stops the displey. Unfreezes memory. Ignored if display is not on,

(8) LIGHTPEN (variable)

This is a furction whose value is the label (1.e., string name) of
the part of the display which caused the lightpen interrupt. The param-
eter is a descriptor variable as in DISPLAY.

(9) CoORD (X,Y)

Enables the raster (which is normally disabled), finds the coordinaves
of the lightpen, returns them via x and y, and then disables the raster.

C. Buffer Service Routines

These routines create buffer words for the display, append then to
the indicated buffer, and update the length field of the descriptor point-
ing at the buffer.

(1) BUFFER (descriptor)

This routine specifies the buffer being referred to in subsequent
steps. It remains in force until changed explicitly.

(2) POINT (x,y)

Displays a point at position X,¥. The parameters must have integer
values between O and 1023, (One buffer word is created. )

(3) IPBINT (x,y)

Creates an intensified point at X,y. Otherwise ideutical to P@INT.
(4) BEAM (x,y)

Position beam at x,y but do not display. Creates one ktuffer word.
(s) VECT (x,y)

Draw a vector from present position to x,y. One buffer word.

(6) 1vECT (x,y)

Same as VECT except that vector is intensified,
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