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ABSTRACT 

This report des cribes th~ results of research during th past nine 

months on the project, "Application of Intelligent Automgta to Reconnais­

sance." The primary goal of this project is to investigate techniques 

in artificial intelligence applied to the control of a mobile automaton 

in a realistic environment. The main emphasis is on the design of a 

hi erarchy of computer programs that will accept visual and other sensory 

information from the automaton and direct its actions toward the completion 

of missions requiring the abilities to plan ahead and to learn from pre­

vious experience. 

The vehicle and special hardware (except for tho visual preprocessor) 

h~ve all been completed and checked out. The preprocessor has been com­

pleted and checkout is now beginning. A large body of software has been 

written to control the vehicle, and preliminary experiments have been 

conducted in wh1ch the computer has generated commands that the vehicle 

has successfully executed. 

Since the special hardware constructed fo t he project has been 

described in detail in previous interim reports, the emphasis in this 

r eport is on explaining the software being written ~o control the 

automaton system, 
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l I NTROWCTION 

A, Description of the Project 

The primary goal of this project is to investigate techniques in 

artificial intelligence applied to the control of a mobile automata., in 

a realistic environment. The main emphasis is on the design of a hJerarchy 

of computer programs that will accept visual and other sensory information 

from the automaton and direct its actions toward the completion of mis­

sions requiring the abilities to plan ahead and to learn from previous 

experience. 

The project began in March 1966 and, since that time, two interim 

reports describing the first year's worv have been published1 • 2* as well 

as a short paper3 that presents an overview of the project. In this re­

port, we hall discuss the work performed since March 1967, and refer 

the reader to the relevant sections of the previous reports for background. 

We have constructed an experimental mobile vehicle that is con­

trolled by an SlJS-940 computer system over a cable link (soon to be re­

placed by radio). Figure 1 is a photograph of the vehicle. This vehicle 

is discussed in detail in the First Interim Report1 (pp. 56-67) and in 

the Second Interim Report 2 (pp. 27-31). More information on its mechanical 

design can be found in Appendix A of the present report. The SDS-940 

computer complex is dncribed in the First Interim Report (pp. 11-15). 

In addit.ion, other special hardware has been planned and constructed, 

;>rin,cipally a TV preprocessor th~t is described in the First Interim 

Report (pp. 68-91 and pp. J-1 through J-7) as well as in a paper by 

Forsen.' 

Most of the research content of this project. concerns the develop­

n1ent of concepts and software necessary to control the automaton. On 

this subject, the present report presents a more or less self-cJ ntained 

1·eview of our present status. 

* References are listed at the end of this report. 
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Rec~ntly SRI proposeci to augment and extend the present project to 

unde?'take ore thorouf,h research in such component areas of the project 

as (1) visual processing, (2) high-level specification languages, aud 

(3) enhanced problem-solving abilities. This augmentation has recently 

begun. 

B. Status of the Project 

Since the last interim report 2 in March 1967, progress on the con­

struction and checkout of special equipment for the autc~aton project has 

been somewhat slower than expected, while progress on the software has 

been on schedule. All contemplated special equipment except the TV 

preprocessor and the radio link has been completed, and an extensive 

body of software has been written to allow experimenting with the auto­

maton vehicle. The project, including the debugging of current software, 

has recently been slowed by hardware problems with the SD,..'-940 computer 

system. It is expected that these problems will soon be successfully 

solved. 

In December 1967, we expect to augment the core memory of the com­

puter by an additional 32 K. This extra core will permit time-shared 

use of the SDS display, which is an important tool in improving the 

programs for the automaton visual system. Sometime in April 1968, we 

expect to take delivery of a Bryant 96-million character disc system on 

which to store user files. The present tape-oriented system causes 

lengthy file-retrieval delays when several people are using the computer. 

The a~tomaton vehicle (with its action logic modules and associated 

r equipment), the Fixed Control Unit and interface with the computer were 

comple~!Y checked out and operational by 1 September 1967. Preliminary 

tests of all this equipment under actual computer control were made prior 

to the difficulties with the computer. These tests confirmed that the 

vehicle can be positioned and moved accurately by the computer. 

A description of the major elements in the communication chain be­

tween the vehicle end the computer is contained in the Second Interim 

Rcport 2 (pp. 29-31). The access to this communication chain is through 

3 





the Fixed Control Unit (FCU). The console of the FCU permits the experi­

menter to directly control the vehicle without using the computer (when 

thi1 18 deairable). Thia console and its operation are discussed iu 

detail in Appendix B, which 1 attached to this report. 

Although the construction of the TV preprocessor was completed last 

May, checkout of this equipment was given lower priority than that of 

the other pecial equipm nt and, as a result, has only recently begun, 

A decision has been made to postpone indefinitely tha construction of arms 

for the vehicle,* so the only remaining equipment to be added is a radio 

link to replace the present cable connection. Work on this radio link 

has begun. 

The automaton software system seems to be progressing very well, We 

have successfully made changes to the SDS-940 executive system to nermit 

real-time control of the automaton under time-sharing. In addition, a 

spec:.al executive program has been completed. This program, termed t he 

VALET, allows one FORTRAN program to dismiss itself and start up another, 

The VALET handles communication of data among. the FORTRAN programs via 

the Rapid Access Data (RAD) file. Future versions of the VALET will ~ermit 

similar communication between LISP and FORTRAN. 

In addition to these systems programs, a large amount of software 

bas been written that enAbles an experimenter to give the automaton a 

co'IIDlaud such as "aero X Y, 11 where X and Y gre coordinates of a desired 

goal position. These programs will be summarized briefly in Sec. II and 

then discussed in detail in the remainder of this report. 

* A possible design for arms was discu~1,ed in Appendix B of th~ Second 
Interim Report (pp. 53-57). 
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I I AUTOMA'OON SOFTWARE ORGANIZATION 

In the previous interim reports, it was suggested that the programs 
controlling the automaton be organized in a hierarchy of four levels. 
The lowest, or immediate-action level, would actually activate the motors 
and sensors. A second, or tactical level, would be responsible for 
solving the simple navigational problems of locomotion. A third, or 
strategic level, would be able to direct the automaton in more complex 
tasks involving finding and pushing objects around in its environment, 
The highest, or problem-analysis level, would translate an input command 
(stated in a suitable specification language) into a sequence of tasks 
to be performed by the strategic level, 

Since the last interim report, the actu0l programs for the immediate­
action level have been completed, and enough has now been accomplished 
on the tactical level to allow us to describe in detail how the first 
version of it will function. 

The neat division into hierarchical levels which remains a convenient 
way of discussing the behavior of the ove ,·all software system, was not 
always rigidly adhered to in the writing and organization of the actual 
programs, 

In this section, w~ shall discuss the major existing blocks of auto­
maton sof'tware and data structures and how they relate to each othc-. 
Theeg, in turn, will be discussed in greater detail in subsequent sections. 
A. block diagram of the overall system is shown in Fig, 2. 

At the highest level are a set of executive routines written in 
FORTRAN, It is through these routines that an experimenter will use the 
automaton system, One routine initializes the system by setting the 
automaton's map of the world (to be described below) to a preset form. 
Alternatively, this routine might instruct the automaton to take various 
television views of its immediate surroundings, sto~e the information 

5 
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thus obtained in its map of the world, and align itself in some appropr:lat 
initial position with respect to its surroundings. 

After initialization, the automaton is ready to perfor some t sk 
such as GOTO POSITION ("i_, Y1 ). A program called the GOTO program directs 
the performance of such a task, Several GOTO programs exist, and probably 
these will continue to be modified and to proliferate, An executive 
routine selects and monitors the execution of these 0010 programs. We 
shall discuss typical ones in more detail in a following section. 

The automaton's respository of knowledge about its surroundings is 
its map of the world or model. Actually the model consists of several 
data items giving such information as which parts of the environment are 

fil l ed or unfil!ed and the locat~on and orientation of the automaton and 
its articulated parts. Future versions of the model will also contain 
the names and properties of various bbjects in the automaton's environ­
ment. The information in the model can be suplemented or altered directly 
by the experimenter through one of the FORTRAN executive rou.t:lnes, or, 

more naturally, by the automaton ' s own experience as sensed by the vision 
and touch systems. 

Much of the range finder Fmd visual systems have been d - ~ribed in 
detail in other reports, (See especially a paper by Forsen. 4 ) We shall 
summarize some of this material -below but will concentrate on the higher­
level programs within the visual system, In the organization of the soft­

ware blocks, we had the option of allowing the executive system to receive 
sensory reports directly fror:i the visual system or to receive visual 

ssnsory information only vie the model. We selected the latter alternative 
for the first version of the softwa!re since we will be wanting to store 
all of the information extracted by the visual system in the model anyway. 

The touch sensor operates through an interrupt system to inform 
higher programs when the automaton has bumped into something. ln addition 

special programs keep track of the pan and tilt angles of the television 
camera, the status of the iris and focus settings, and of the automaton's 
own location in its environment. The a.utomaton' s location is "dead­

reckoned" by keeping track of wheel rotations, This' location in1onnat1on, 
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which is subject to error due to slippage, must be updated occasionally 

by information from the touch and visual systems, The development of 

eff ctive reorientation techniques is an important a1·ea for future study. 

A major routine used by the GOTO program is a FORTRAN program called 

PLAN. PLAN accepts as input the automaton's present location and the 

goal location and delivers as output a s.equence of subgoal locations 

ending with th goal location. Each subgoal is on a straight-line path 

from the previous subgoal. Pl.AN uses the model to cc,mpile such a journey. 

After receiving a journey from PLAN, the execut ive GO'IO program may 

call the routine OOJOURNEY. DOJOURNEY is a FORTRAN program that accepts 

as input the sequence of subgoals in a journey and calls the appropriate 

assembly language immediate-action routines to drive the motors. 

The programs that are summarized in this section and discussed in 

detail in the following sections are either completely written or 

specified to the point where only routine coding remains. Higher-level 

programs that could be considered to be at the strategic or problem­

analysis level have not yet been specified. Extensive work on these 

programs shall not be attempted until some experience is gained with the 

lower-level programs. 

8 
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I I I THE WDEL 

The two most important data structu;:es in the model are the grid 

model and the line m del. 1'he grid model is a hierarchical arrangement 

of cells that subdivid,e the automaton's envirunment to an arbitrary de­

gree of precision. The units of the grid model. called 11cells," each 

contain information about a square area of the environment; each cell 

is divided into a 4 X 4 ar ray of "squares." 

The top-level or main cell of the grid model represents the entire 

environment. Each of its squares may be marked "unknown," "full," 

"empty," or "partly full," reflecting the automaton's knowlttdge of the 

particular area represented by the square. Alternatively, the square 

may be divi~ed further, i.e., its area may be represented by another c~m­

plete grid cell that is in turn divided into a 4 X 4 array of sque 0·es. 

Clearly, the modeling system need not divide thd square for a given 

area if it is known that that area iE completely full or completely 

empty; the division of such a square could not !)rovide any further in­

formation. If, however, a square is partly full (and if it repres nl: 

any significant amount of the environment), it should be subdivided; the 

grid cell so produced will then contain information about just whic~ 

parts of the square area are full. Thus, this selective subdivision 

preserves the same knowledge of the environment that would be included 
,,. 

if all of the model was uniformly, finely divided. In additio~, selecttve 

subdivision has the advantage of being far more economical of storage 

than the uniform subdivision would be. 

It is, however, more difficult to plan journeys by using tha grid 

model than by using a fully divided large array. Consequently, we use 

25, not 16, words of storage per cell and keep in the extra 9 words 

additional information to help programs using the grid model. The words 

are filled as follows.: 
\I 

I, 
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(1) Depth of the cell in th model. The top-lev l c 11 is at 
depth 1, it• i diate descendants are at depth 2, etc. 

xecutive routines, which initialize the auto aton system, 
apecify a uxi depth for the model, below which cells 
will not b er ated. (Thia para eter tell the system how 
• 11 an area of the environment is still considered 
■ 1 nificant.) At the maximum depth (and only at that depth) 
~•rtly full square8 re not divided but are marked partly 
full. 

(2) X-coordinat of the lower l~ft-hand corner of tbe cell 

(3) 

(4) ,~, 

(6) 

(7) 

(8) 

(9) 

(10) 

to 

(25) 

Y-coordinat 

z-coordinate (at present we use only O for Z values) 

Size is the length of a side, in units internal to the 
grid model of one of the 16 squares within the cell. 
(The od ling units are sp~cified by the size value for 
the top grid cell; this value is a parmeter provided by 
auto aton··initializing programs. The scale factor re­
quired to convert del units into units of the real 
world is another syste parameter.) 

A pointer to the parent grid£!!.! 

A pointer to the parent square (that one of the 16 squares 
itbin the parent cell to which the new cell corresponds) . 

Av 119ble for local use within subprograms 

Data about the squares within the cell. An individual 
datu either is a marker for unknown, full, empty, or 
partly full or el e is a pointer to another cell. 

When the automaton bu ps into an object at some point (X,Y), a 

fairly simple m chanism records that bu~p in the grid model. Dividing 

squares as necessary, a program traces down through the model to find 

the lowest (allowable) level grid square that contains the point (X,Y); 

the program then arks that square as r.~rtly full.0 
• 

A more complicated mechanism incorporates into the model information 

obtained through the visual system. After preprocessing and leas -

squares fitting (to be described in the next section), the automaton's 

i age of a scene ight look like that shown in Fig. 3. Then, another 

progr will clean up the picture, by connecting segments which seem to 

b colinear, by forming corners, and by removing short, unconnected 

spent (se Fig. 4). 

10 
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FIG. 4 THE PICTURE 
AFTER 
FURTHER 
PROCESSING 

Next, usln~ information about the location and orientation of the 
automaton and about the particular camel'a lens being used, a progra will 
translate the locations of lines and objects in the picture into locations 
in the automat~n•s environment. Finally, a routine will determine what 
the picture implies about full and empty areas of the floor. For example, 
the striped area in Fig. 5 is definitely empty and the solid area is 
definitely full (assuming convex objects). 

Nothing more is assumed, The object could be a cube, in which case 
more flQ_or area might be marked as full, but it could also be a wedge 
with~ triangu ar base as ebown. Picture processing is not yet so exact 

----, ,, I r----- I 
I I I 
I I I 
I I I 

I 

, ........ , 
FIG. 5 FULL AND 

EMPTY 
REGIONS 
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•• to cu1r1nte the existence of the apparent corner at the back left of 

t ' top urface of the object; our policy now is to avoid incorporating 

'VH'J 1i1.ncertain info.rmution into the model. 

''lbe infol'lllation obtained from such picture unalysis is incorporated 

lnto the grid model by another set of routines. These programs accept 

H input a list of coordinate pairs; the pairs define a polygonal area. 

The routin a also accept a status word (full or empty). They trace 

through the grid model, determining which squares are st least partly 

contiain d :tn the polyg<.,nal area. Squares completely contained in the 

area are marked with the status word; those partly contained are sub­

divided as nece eary, and then their descendants are considered. 

The ,gr·id model is particularly suited for use in journey planning, 

when tbe av.toma,ton is really j.ust concerned with full and empty_. areas. 

A program tells the journey-planning routine which cells a proposed 

Journey leg intersects, and the planning routine keeps or discards the 

proposed leg accordingly as those cells are empty or not. The grid 

110del is not, however, at all well suited for certain other calculations. 

fbr exa ple, a full square area of the floor (Fig. 6) might appear in 

the 1rid model as in Fig. 7 as a result of the quantizing process. 

FIG. 6 A SQUARE 
FLOOR A1REA 
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Clearly, right angles (or al'Y corners) are difficult to find in th 

grid model; the automaton would have trouble if it tried to find a cube 

by first looking in the grid model for a full square 11rea of floor spac. 

'lbe system will, however, have much more exact informtion, obtsined 

from the visual pictures, about corners and lines in the floor plan. 

have decided to keep this information in a (simpler) model, the!!!!_! 

model. 'Ibis model will just be a record of the locations (in grid-model 

units) of all lines found in pictures; maintenance programs for this 

model will be used to combine information from several pictures. For 

example, various pictures might have provided the lines in Fig. 8 (and 

the shaded areas of the figure would have been marked full in the grid 

model). These lines would be cleaned up to give the lines in Fig. 9. 

TA•ltll•IO 

f:G. 6 A PORTION 
OF TtiE LINE 
MODEL 

FIG. 9 THE LINE-MODEL 
PORTION AFTER 
MAINTENANCE 
ROUTINES HAVE 
BEEN CALLED 

We will also use the line model to update the grid model. After 

performing the maintenance shown in Figs.8 and 9, the syste• would find 

a closed loop of lines; it could therefore tell the model-filling 

routines to mark the ar a ABCD full (or empty, depending upon the 

previous marking) in the grid model and to di&card unnecessary sub­

divisions in that model. 

The line model will also contain a list of vertical lines, so that 

tho automaton should be able to handle requests like "find a cube at 

least 3 feet high." 

13 



In addition to the grid and line models that are being i~ple~~ntad, 

we plan to start work soon on a property model. This model, which will 

be maintained hy programs in the LISP langua~e, will contain symbolic list 

1tructur tl descriptions of the environment. For each object type, there 

will be at least a list of characteristics necessary and sufficient for 

classification of some particular object as belonging to the given class. 

A cube ight be marked as having four corners, four right-angles-in-base; 

further, for each property, there would be an indication of what FORTRAN 

routine to call to check for that property. A second part of this data 

base might include further useful information about the objects, Fer 

example, it might tell where in a room to look for the objects of a given 

ty~e, and it might tell which of several pushing procedures should be used 

for the object. 

LISP programs will maintain a list of fully known objects, including 

at least such information as type, size, and location. It will also 

maintain a list of partially-known objects, objects not yet i dentified 

(either because there has been no rAason for going through t he identifi­

cation procedure or because there isn't enough known information for 

positive identification). For each object on this list, those known 

properties will be listed. 

There will certainly have to be a mechanism for changing the status 

of nn object from unknown to known. Probably in the early programs this 

should be the only type of status change allowed--i.e., identification, 

once made, should be considered final (and the necessary-for-identification 

property lists in the data base should be sufficiently complete to make 

this procedure reasonable). 

14 
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IV THE VISUAL SYSTEM 

Visual pro~essing for the automaton consists of the following five 

steps performed in sequence: 

(1) Digital sampling of video signal from the TV camera 
on the vehicle 

(2) "Differentiation" of ctigi tized picture to acc1mtuate 
intensity gradients 

(3) Extraction of short line segments at various orienta­
tions from the differentiated picture 

(4) Connecting the oriented line segments to fom conn~cted 
groups 

(5) Least-squares fitting each connected group by one or 
more lines 

Special purpose hardware h!:.s been designed and constructed to per­

fonn the first three steps extremely rapidly {in about 1/10 second). 

The vther steps are implemented by special programs. The hardware has 

not yet been checked out, however, so in the meantime its functions are 

being simulated by softwart. Details of the operations in the first 

three steps have been thoroughly described in previous reports. In this 

section we shall quickly summarize these operations and discuss at ore 

length Steps 4 and 5. 

The current visual system first produces a 120 element by 120 ele­

ment array of intensity readings. These original intensity readings ar 

then converted to differentiated readings by use of the formula 1 

II(x,y) - I(x + 1, y + 1)1 + II(x + 1, y) - I(x, y + 1)1, where I(a,b) 

means the • intensity reading at point (a,b), 1 ~ x,y ~ 120. This dif­

fe1 ~ntiation formula gives the sum of the intensity differences of tie 

endpoints of each of the lines in Fig. 10. This sum is a scalar quan­

tity and does not indicate direction. If the value exceeds a threshold, 

the direction of the gradient at that point is determined by subsequent 

processing. 
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FIG. 10 DIFFERENTl.t TION 
OF THE DATA 

In processing a differentiated picture, the visual system first 

calculates the correlations ootween relevant 7 X 7 subfields and the 

masks shown in F g. 11. For each of the numbered lines in Fig. 11, the 

quantized mask, corresponding to the line, consists of those squares 

through which the line passes. 

For each 7 X 7 subfield, the total response along each of the six­

teen mask lines is calculated. Thus, the response along mask 8 is the 

aum of the reapon es at ">Oints (1,3), (2,3), (3,4), (4,4), (5,4), (6,~) 

and (7,5) (Fig. 12). The first twelve masks are evenly spaced about the 

center (adjacent pairs of them are 15° apart); the last four masks were 

added to provide more resolution between near-horizontal and near-vertical 

line. 

FIG. 11 MASK 
RESPONSES 
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FIG. 12 CALCULATION 
OF THE 
RESPONSE 
ALONG MASK 8 



The maximum of the sixteen sums along the ma ks is compared with 

the average response for the sixteen masks. If the difference b twen 

the two values is not greater than the greater of a preset threshold nd 

one determined by the average local contrast 1 the correlation for the 

subfield is zero. Otherwise, tha nonzero correlation, the location, and 

the number of the mask that gave t he maximum responstr are saved. 

During this part of the process, the system shrinks the picture 

to 38 x 38 elements. It does so by dividing the interior of the picture 

(all points that are the centers of 7 x 7 subfields) into 3 )( 3 squa:re,s 

(see Fig. 13). Each such square is then given the maximum of the corre­

lations of its nine points. The system also remembers the position within 

the 3 x 3 square of the point giving this maximum (if there is, in fact, 

a nonzero correlation). 

Next, the system connects adjacent squares (of the 38 X 38 picture) 

that have nonzero correlation values and whose mask responses are "con­

sistent." For each point, only the four adjacent squares shown in 

Fig. 14 are considered. (This procedure avoids duplications, provided, 

of course, that none of these adjacent squares is off the end of the 

picture.) 

In determining consistency, the system considers the masks giving 

maximum correlations and also considers the locations ?f the points whose 

7 x 7 subfields gave these maximum responses. If the mallCimum ask re­

sponses for an adjac~nt pair of squares are both sufficiently close to 

,J 

.. ... 

1: ::, 
1:,.:.:,1 

- -lnllri« of lht l20 • 120 
point plctn 

. .. .,. 

FIG. 13 THE INTERIOR OF THE PICTURE 
DIVIDED INTO 3 x 3 POINT 
SQUARES 
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(wi~hin a preset tolerance 

of) th llne bet n the two 

reaponding points, the ad­

jacent pair ia included in a 

liat of conn cted square. 

or ex pl , the first pair 

of squares in Fi1. 15 would 

not be conoidered connected, 

although th,, second p ir 

would. 

0 

FIG. 15 UNCONNECTED AND CONNECTEO 
PAIRS 

In order to increase the efficiency of this portion of the program, 

the syste us1111 a pr viously-calculated (9 X 9 X 4) table telling it, for 

aach pair of points (from the nine points per square) and for each of 

the adj cent squares 1-4, which mask responses are consistent. 

Finally, the list of connected points is divided into connected 

1roupa; each pair of points in su~h a group can be joined by some list 

of conn ction d adjacent pairs. Least-squares fitting is applied to 

such 1roups. 

In the least-squares portion of the program, first the points in 

a croup are ordered by their projections along some line selected as a 

firat approxi ation. 'lbe program then discards that line and incorpo­

rates the ordered points, in some prescribed incorporation order, into 

a least-squares fitted Un • The p1·ogram includes in the line only those 

points that are within a "reason ble distance" of the growing line. The 

reasonable distanc changes as the line grows; after the first few points 

have been incorporated, this tolerance level is the maximum of the average 

deviation so far and o! a preset minimum tolerance. After extracting one 

line from a connected group, the program will try to fit another line to 

the re aining points, if there are enough leftover points. 

We are currently experimenting with ways of ordering the points and 

of ordering th ir incorporation into the growing line. One attempted 

sche e ordered the points along the line between the extreme points in 

the group; it then incorporated the points i~ this same order. We feel, 
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however, that the extreme points of a group are particularly apt to be 

stray points. Thus, we did not want such points to detennine a prelimi­

nary ordering or, even more importantly, to be the first points incor­

porated into a line, determining the line's initial orientation. 

Therefore, we are now considering a scheme that uses the most co 

maximum mask response in a connected group to give the direction of the 

line along which the points are ordered. The points are then incorporated 

in this same order, with the exception that tha first few points are in­

cluded last, not first. Before definitely accepting this scheme, we w nt 

to examine its effects on a large body of dat a. We hope that it will cor­

rectly find lines such as that in Fig. 16 and will discriminate between 

the two lines in Fig. 17. 

FIG. 16 A GOOD LEAST­
SQUARES 
SCHEME SHOULD 
FIND LINE 1, 
NOT LINES 2 - 4 
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V JOURNEY-PLANNING AND EXEX!tn'ION ROtn'lNES 

This ect1on describes the FORTRAN programs that have been written 

to plan and e~ecute locomotion. These programs which are called PLAN 

and DOJOURNEY, respectively, are both callabl~ from executive routines 

such s OOTO. 

A. PLAN 

'Ibe problem for which the PLAN routine is used is the preplanning 

of a journey from the automaton's pres.ant position (R) to a goal posi­

tion (O} through an environment known to contain empty space, objects, 

and als,o regions whose contents are unknown. PLAN uses the information 

about the environment that is stored in the grid model described in 

Sec. III above. 

The basic process involves generating and searching a decision 

tree that represents at each node the possible alternative next moves 

to make from the position which corresponds to that node. This process 

requires that a. method exist for defining "successors" of a node (i.e., 

a set of nodes representing positions that are directly accessible from 

t!le position corresponding to the node) and also a method for searching 

the tree in a way that is in some sense efficient. These two parts of 

the pro1!>1Etm will be treated separately, 

1. Successor Generation 

Each node of the tree corresponds to a subgoal in a possible journey. 

The successors of a node are determined by reference to the information 

stored in the grid model, If the model reveals that the goal is directly 

accessible from a .subgoal, then the goal is that subgoal's only successor, 

Otherwise the model is examined to find the first obstruction that would 

be encountered on a straight-line journey to the goal, Two positions are 

then found, one to the left and one to the right of this obstruction. 
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These positions are "candidate" successors and are held in a list. At 
the same time the obstru~tion is marked as having been already considered. 

The list of candidate successors is now examined, and the model is 
searched to find a straight-line path to each of those candidate posi­
tions. If successful, the candidate is made a successor and is removed 
from the list. If the candidate cannot be reached and the closest 
obstruction on the path to that candidate has already been considered, 
the candidate is rejected and is removed from the list. If the closest 
obstruction has not yet been considered, the candidate is removed from 
the list and the positions to left and right of the obstruction are 
added to the list. 

The process is continued until the list is exhausted. All positions 
that are generated as successors of a node can be reached by strs.1ght­
line travel from that node. 

A means is provided whereby "unknown" regions in the grid model may 
be treated as full or as empty. 

2. Searching the Tree 

The basic method that will be used for generating and searching the 
tree is outlined in the following section. 

We start by generating the successors of the present position, R. 
From then on, for each node that has not y~t had its succesoors generated, 
we calculate a number that is used to decide which node should have its 
successors generated next. This number is the sum of the length of the 
path (D) from R to the position corresponding to the node plus an estimate 
(E) of the length of the remainder of the journey. In considering which 
node to investigate further (by finding its successors), that node is 
chosen that has a minimum D + E. When the node with minimum D +Eis 
the goal, the process terminates. This rnethod of searching the tree 
will find the journey of shortest length if Eis a lower-bound estimate 
of the actual remaining distance from a node, and will do so by rearching 
a smaller part of the tree than other methods, under a set of assumptions 
that are reasonable for most journeys. 8 For the estimate (E) we are 
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using the straight-line distance between the node and the goal, which 

is a lower bound on the actual path length. 

The above process is halted if the tree search does not terminate 

within a specified ti a {or number of steps). If it is halted, the 

bet journey to the goal so far found (if any) can be used. 

If th model contains significant parts that are unknown, then there 

are times when it can be disadvantageous to attempt journeys across such 

r gions. At other times it may be desirable to go into unknown areas, 

for example wh~n time is available to do some exploring during a journey. 

A param tr can be set that is a weighting for all parts of a journey 

through unknown space. If this is set to 1, unknown space will be treated 

a pty. For valu s abr•1e 1, the lengths of paths going through unknown 

•P ce is proportionally increased, and such regions tend thereby to be 

avoided (though not entir, ~Y prohibited, unless the weighti~ is set to 

infinity). If the weighting is less than 1, then unknown space is 

preferred to pty space, and "exploring" is automatically preferred. 

3. Al terna th·e Tree-Searching Methods 

Finding the most efficient strategy for planning and executing a 

journey is a uch ore complex matter than finding optimal tree­

searching techniques. Tbs method described above is guaranteed, under 

certain reasonable assumptions, to find the shortest route, and in so 

doiq will consider tha minimum number of nodes in the tree. There are, 

however, cases where this procedure is not maxim~lly efficient. We will 

consider so e of these. 

If, as in our case, the computation time and the automaton moving 

time can be overlapped, a strategy can be more efficient if it starts 

the automaton on its way before the final journey has been completely 

planned. This is particulaxly true of movement through a region con­

taining a large ~.umber of smal . obstructions, As an illustration, a 

&trategy that ~onsid red all obstacles in New York before leaving 

San rancisco on a. cross-country drive would delay the journe and thus 
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possibly impair efficiency. Tree searching in that case should go so e 
depth into the tree, then start the actual movement on the path guessed 
to be most promising, 

In practice, the best strategy gay be one in which a solution was 
found that has close to the minimal cost b11t for which the computing 
required to achieve this solution is significantly reduced. For example, 
such a situation arises when a large number of small obstructions exist 
with large spaces between them. In such a situation, the optimal 
strategy would consider only one or two obstructions at a time and 
would not search the tree to mrximum depth for the many, almost identical 
trial solutions. 

If a large obstruction is close to the goal, and there is no similar 
obstruction to the st~rt, it will frequently be the case that the r everse 
problem (i.e., goal to start) can be considered and a quicker solution 
found. For example in Fig. 18, planning a journey from R to G, using 
the successor operator described above, will involve examining many 
branches around the small obstructions, but this is not so in planning 
the reverse journey from G to R. 

ml w 

FIG. 18 A CASE WHERE THE REVERSE ,QF A PROBLEM 
OFFERS FASTER SOLUTION 
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B. DOJOURNEY 

'lbe prosr DOJOURNBY accepts as input the list of subgoals on the 

path renerated by PLAN. It begins by t ki~g the auto aton vehicle from 

its pres nt position to t~a first subgoal. After this has been accom­

pli bed, the first subgoal is removed from the list, and the process 

■tart■ over, taking the automaton vehicle to tne next subgoal (if any) 

on the list. DOJOURNBY uses routines that are able to move the automaton 

from a given position and heading to an arbitrary position reachable from 

the giv n .,osition by a straight-line (obstacle-free) path. These routines 

first activate wbe l otions to begin the vehicle moving in the right di­

rection and then activate both wheels simultaneously to move the vehicle 

the required distunce. Automaton wheel motions are actually activated 

by calls to 1 ediate-action level i}rograms, described in the following 

section, If, during execution of OOJOURNEY, the automaton vehicle bumps 

into some obstacle, an interrupt is sent up through the immediate-action 

prograa. DOJOURNEY advises the executive routine of this event so it 

can take appropri te steps. 
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VI IMMEDIATE-ACTION "-.OUTINES 

The immediate-action routines are a set of progr , wr i tten in 

assembly language, that can be called by higher-level FORTRAN progra s 

such as DOJOORNEY. From the point of view of the higher progr s, each 

of the immediate-action routines is a command that is aut atically ex­

ecuted when called. These commands control the action logic odules 

(Al.Ms) on the vehicle which in turn control the motors and are used to 

read sensory information. 

The commands are divided into two classes. Class A co ands are 

those that generally cause something to ha~pen on board the vehicle or 

read sensory infonnation. Class B co ands do 11housekeeping" type opera­

tions. 

A. Class A Commands 

Calls to class A commands are of the form: CALI, QIND (N,BANDLB). 

N is an integer to be set prior to the CALL. For action commands, it 

specifies a magnitude and sign of the desired action. HANDLE is set to 

zero upon the CALL and will remain so until the action is successfully 

executed or until an INTERRUPT occurs. When the action is succes~tully 

executed, HANDLE will be set to some negative number. Interrupts occur 

when a motor limit has been hit (for focus, iris, pan, and tilt tors) 

or when bump switches are closed. When an interrupt occurs, HANDLB will 

be set to the (positive) number of increments rot yet actually complet d 

at the time of interrupt. Additionally, if a bump occurs, will contain 

an indicator defining which of the bump switches were closed. 

Any action may be stopped by rei suing the co and with an N of 

zero. 

The following list defines the major class A 

far been implemented: 
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CALL LEFT (N, HANDLE) -16384 ~ N s 16384 

This command oves the left wheel forward(+) or backward(-) N 32nds 

of an inch, Thia caa 1et a BUMP interrupt. 

CALL RIGHT (N, HANDLE) -16384 ~ N s 16384 

Thi■ co and moves the right wheel forward{+) or backward(-) N 32nds 

of an inch, '?his can get a BUMP interrupt. 

CALL MOVE (N, JWIDLE) -16384 S N ~ 16384 

Thta co and moves tht vehicle (by moving both wheels simultaneously) 

forward(+) or backward(-) N 32nda of an inch. This can get a BUMP inter­

rupt, 'lh,e heels are moved ln a "coupled" rnode to insure straight-line 

otion. 

CALL TURN (N, HANDLE) -16384 ~ N s 16384 

This co nd turns the vehicle about its vertical axis (by moving 

both whe ls si ultaneously and in different directions) clockwhe (+) or 

counterclockwise (-) N 32nds of an inch. It is left to the calling pro­

gram to determine the relationehip between N and degrees or radians, 

'Jbis can get a BUMP interrupt, 

CALL PAN (N, HANDLE) -201 s N s 201 

This c and moves the camera and range finder N 1,8 degree incre­

ments clockwise(+) or counterclockwise(-). This can get a BUMP inter­

rupt. It ca,n also cause a LJ!.MIT interrupt, which says "I can't turn any 

furtbe.r in this direction." This LIMIT position is, in fac~. exactly to 

the rear of the venicle, and occurs from the clockwise or counterclockwise 

co and. 

CALL TILT (N, HANDLE) -58 ~ N s 58 

This command moves the camera and range Under, N 1.8 degree incre­

ments up (+) or down (-). This could possibly get a BUMP interrupt. lt 

can also cause a LIMIT. Assuming that t:..·ue horizontal is II II zero , the 
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upper limit is 57.6 degrees (=32) and the lower limit is 45 degre • 

(N = -25). 

CALL RANGE (L, HANDLE) 

This command reads the current value of the rang~ find r. HAND 1 

set negative upon completion of the read operation and Lis set equal to 

the range in arbitr~ry units. 

CALL IRIS (N, HANDLE) -142 s NS 142 

This command moves the iris on the T1! camera N increments toward the 

closed position(-) or toward the full open position(+). This c and 

can cause a LIMIT interrupt. 

CALL FOOJS (N, HANDLE) -522 ~ N s 522 

This command sets the lens focus on the TV c mera. Th focu is 

moved toward infinity(-) and toward the closest focus 11 it of 1 foot 

six inches (+). This command can cause LIMIT inter~upt. 
' 

B. Class B Commands 

Interrupts are generated by the external equipment when a 11 it or 
.... 

The hicher-level bump occurs as a result of issuing a class A command. 

FORTRAN program may provide for specific action or caus the interrupt 

to be ignored. Either choice is handled through the use of the interrupt 

class B commands. The commands arm the interrupt and set up a r turn to 

location L such that if the interrupt signal from the external equipment 

does in fact occu {generally unexpected), program control will i di­

ately be transferred to location , L. Location L will cenerally b the 

start location of a routine that will take remedial action with rec rd 

to the cl ss A command respon ible for the interrupt. It should b not d 

that the FORTRAN program will be interrupted, if the interrupt has en 

armed, when the interrupt is raceiv"d, and th progra will not kno what 

instruction was being executed t the time of interrupt. Cla&1 B co nds 

may be issued as many times a desired, and control 1a always transferred 

to the latest executed case. Recall that if an uncompleted action does 
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OQcur, HANDLE associated with the interrupt will contain tbe number of 

increments left to move. 

A pecial class 8 command exists to disarm an interrupt. In addition 

to interrupt commands, other class B commands exist for utility purposes 

1111uch as1 ov;er,:iding the, wheel brakes when a bump interrupt occurs and 

for dete 1n1ng the status of certain interrupts and motor positions. 

°"ration o,f the TV preprocessor,. when completed, will also be 

througb'. 1speci~l inunedi te-action level programs. 
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VII EXECUTIVE ROUTINES 

In this section, we shall discuss the high-level programs that are 

initiated by an experimenter at a t6lf1typewriter console when he commands 

the automaton to perform some mission. At present, a variety of FORTRAN 

programs exist that commanJ the automaton to go from its preser.t position 

to a certein designated position. These are called GOro programs. GO'IX>l, 

GOT02, and GOro3 are three versions of increasing power and complexity. 

Plans for the near future include implementation of executive routines. 

Such routines will make it possible to command the autom~ton to find an 

object of a designated type (FIND) and also to push asp cified object from 

one place to a designated place (PUSH). It is important to note that FIND 

and PUSH should not necessarily be considered as being on a higher level 

than 00'00. While FIND and PUSH will involve calls to GOTO, it is also 

planned that 00'00 routines will be written that will involve calls to 

FIND and PUSH as subroutines. At the end of this section, we shall outlin 

preliminary specifications for such a planned "higher-level" GOTO program. 

First, we shall describe the GOro programs currently being written. 

A. 00'001 

00'001 implements a very crude strategy similar to that used.earlier 

in the simulation GOODBUG {see the First Interim Report, p. 38). This 

program, which is currently operational, does not ake use of the visual 

system or the model. It accepts as arguments the present automaton 

position and heading as well as the goal position. It th n computes the 

heading and straight-line distance to the goal, and starts along that 

path. If its travel ls interrupted by bumping into an object, it uses 

the simple expedient of ca ling a routine that turns it Lo the ri1ht and 

detours it around the object. Occasionally touching the object to 

d~termine its extent, the vehicle continues until it cari again head ■traigh 

for the goal. At such a time, GOrol is started from the becinn:!ng, and 

the process starta over. 
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00101 will b used mainly s a way of becoming familiar with the 

operational characteristic of the vehicle and the immediate-action 

rout nes. 

B. 00102 

OO'.ro2 i a routine,now being debugged, that uses the touch and range­

finder nsors to build a grid model but does not use vision. It can 

be called after th initi lization routines have loaded a grid model that 

either partially or co pletely describes the automaton's surroundings. 

OO'.ro2 accepts as input the automaton's present position and heading and 

the eoal position. It c lls PLAN to find a proposed journey and then 

calla OOJOURNBY for execution. It provides PLAN with a parameter that. 

defin • the relative desirability of traversing unknown e.reas. 

If GOT02 receive a bump interrupt during execution of OOJOURNEY, it 

1dd1 th newly di covered obstacle to the grid model and then immediately 

calla PLAN gain. PLAN th n proposes a new journey based on the updated 

110del. OOJOURNEY is then called again, and so on, until the goal is 

reached. 00102 i very ch like the si ulation program written ~n LISP 

by Nila on and Raphael.' 

c. 00103 

00103 will use the visual system and accept as input the goal 

position. (The auto aton's present position and heading with respect 

to various objects and walls in its environment is assumed to be estab­

lished during a previously called initialization routine.) 00103 first 

calls PLAN for a proposed journey. It specifies the desirability of 

traver ing unknown regions. After receiving a proposed journey, 001'03 

ch cks to det rmine whether any leg cross s n unknown region. Suppose 

the _!th leg does. OOJOURNEY is then called to execute the first i-1 legs 

and any turn need d at the b ginning of the _!th leg. GOT03 then calls 

th viaual system to provide information about the region to be travers~d 

by the _!th leJ. The model is updated by the new information thus rec ived, 

and GO'I03 checks the updated model to se if the _!th leg crosses a known 

empty region. If so, GOT03 deto ines the .. ext leg that crosses an 
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unknown region, and the process continues. On the other hand, if \he 

~th leg is now seen to pass through objects, PLAN is called again before 

continuing the process. 

GOT03 may also have provisions for recalling certain initialization 

routines after having traversed a certain distance, so that the automaton's 

position with reypect to its su~roundings can be re-established. These 

routines use the visual system and range finder to sight walls and land­

marks. Xf little error has accumulated, GOT03 continues with the planned 

journey, If the error in positions and/or heading is large, PLAN is 

called again, If unexpected bumps ever occur, the position establishing 

initialization routines are automatically called, and PLAN is called 

again, 

D, Preli~inary Specifications for More Complex Programs 

In this section, we shall outline as an example of a higher-level 

program a proposed method to solve a problem involving going to a position 

that i~ only implicitly defined, such as GO TO A DOORWAY. The highest 

levels of this problem-solving program will be written in LISP, 

We assume that line, point, status, etc,, information is kept in 

the grid and line models already described, In addition, the LISP 

programs will maintain at least the following "model" information: An 

object is represented by a property list, containing one or more attribute­

value pairs, Typical attributes are CATEGORY, IDCATION, ORIENTATION, 

SIZE {e.g., approximate radius of circumscribed cylinder or sphere), 

COLOR, etc, A master list called OBJECTS contains all these property 

lists, grouped into sublists anrt indexed by object category, For example, 

the following list structure represents an environm•nt with a cone, two 

cubes, and a doorway: 

OBJECTS ... CONE 
((1.0CATION (75 143) TYPE CONE SIZE 23)) 

CUBE 
((TYPE CUBE LOCATION (152 28) COLOR RHD) 

(TYPE CUBE ORIENTATION 17 SIZE 82 
LOCATION (71 31)) ) 

DOORWAY 
( (TYPE DOORWAY LOCATION (305 0) ORIENTATION 12 

SIZE 68)) ) , 
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In addition, LISP will keep its own version of the grid model represented 

by a LISP array. Bach cell of the array will contain either one of the 

ato• o~ UNIJ«)WN, or a list of the property lists describing the 

object■ knO\'ID to b occupying th corresponding cell. 

Tbe probl m we shall consider h re i: 

GO 'ro A OOORWAY. 

B:xten■ion■ o: this program to handle problems of the form GO 'ID AN X, 

were! i■ any identifiable object, will be obvious. We shall probably 

write ■evoral pro rams for classes of problems at this level of complexity, 

and plan on eventually reducing more complicated problems to this level 

with Problem Analysis Programs. 

Tb progra■ will be described by a series of annotated, nested flow 

chart■, ,tarting fro the top level. 

I 
Fai 

Find a doorway -... not found before 
on this loop 

Report 
"No doorways" 

Door,a~ 
found at 
location 
(X, Y) 

I 

9JT03 (X, Y) 
llll)ossible 

Succeed 

R"ort 
• !lt" 
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Find a doorway 
not found 
before on this 
loop 

Process new 
data for 
doorways 

Sense 
new 
area 

Success 

GOT03 
(X, Y) 

Trip iqiossible 

Yes 

Yes 

Location 
(X, Y) 

YES 

Search model 
for doorway 

No 

Mo 

No 

" 
Any unexplored 

areas left? 

No 

R~ort 
failure 



I GOT03 (l, Y) I 

Tbia ta either th acn,)3 pro ram described above for planning and 

eucuttn1 a journey or a later version acn,)3. 

Search• 11 for doorny 

arch the object■ 11st. If it contains any doorways, return the 

location of the first n won and flag it as used in this problem. 

Te■t th doorway-proc II d flag. 

Process n11 
d ta for 
doorways 

Call a FORTRAN subprogram that processes the grid and line models 

with appropriat• teats to discover doorway. This program creates a 

sequential file of doorw y locations, orientation, and widths, of the 

form 
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and returns as its LISP value the name of the file. LISP then reads the 

file and updates its OBJECTS list and grid-array model. I t then updat s 

flags and deletes the doorway information file created by the FORTRAN 

subprogram, 

Look up current position on the STATE constants, compute "nearby" 

cell numbers, and look up grid model for UNKNOWN cells. If one is tot•.nd, 

face toward it . 

Search grid model, 

Sense nn 
area 

There may be several "sensing" programs. In this cas, we want a 

program that will take in from the real world, and add to the grid and 

line models, at least that raw data that the "search model for doorw.ay" 

program needs. It also should provide information nece sary for LISP to 

update its version of the model • 
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Specif;l.cation Language 

o.· de■ 11deratum for the specification language ( in which commands 

Will be 11ven to 'the automaton } is that it be as close to natural language 

•• ~••lble., 'The reason for this is tkat we conceive of the task of 

cu,,.Qn;l.1caUon wU~ the automaton as an important part of the overall 

pl'Q~•qt,~ .-i.d m:an:, •PPUcatiDne of automata would be facilitated by an 

§o•H•h,..llk,e, command language. :Furthermore, a natural spec1f1cat1on 

laqu•i• 'flOU.li:I 'be easier for the experi enters to use during this project. 

tt:'h 1•'-'to aton described in this report kno s a parametric universe [i.e., 

po■l,t:h:m in terms of (1, Y) coordlnetes) that is alien to a person con­

t~Uing the automa1ton, and that Is also difficult to use. For example, 

a ptu••on might want the auto ton to bring him a wastebasket , and he 

dbeaa 1t care wherie it la. The automaton must know that he is to go to 

(11',13), ally, and that be will find a wastebasket there. Thus, it is 

Cl'llltlial that tbe automaton have a scheme for translating natural language 

comand (natural to p opbt) into simple commands compatible with its 

p._r.,.atric universe (natural to it). 

In t.i.111 section we1 shall describe so e early ideas about a possible 

co•and la11cua1e that encompasses three subl;1.mguages: 

(1} A language for directives. Examples: 

a 1. START! 
00 'ro 'ID LARGE OOX ON YOUR LEFT; 
'ro:RN RIGHT! 
STOP. 

b. ST.AITi 
00 '00 '1U SMALL WEDGE; 
IQ.ING lT KIRI; 
S'roP. 

(2) A lanlJlla.ge for informing the autom.aton about his universe. 
Examples,: 

a. 'lffllU lS A LARGE BOX 10 FBET TO YOUR LEFT. 

b. 'n1E TABLE HiU!I BUN J«>VBO .NEAR THE DOOR. 

c. '11Ul LARO! BLACK WB'OOE HAS BEEN REll>VBD. 
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(3) A query-language to a certain t~e automaton's k~·ledge of 
its world. Examples: 

a. DESCRIBE THE BOX ON YOUR LEFT. 

b. WHERE IS THERE A LARGE WEDGE? 
c • HOW MANY CUBES ARE THERE? 

Each of these sublanguag deals with a sufficiently• 11 sub et 
of natural English to make i ple entation possible with known tecbniqu a, 
and yet is sufficiently large to permit rich manipulation of the autouton'• 
universe. 

The directive language bas som pecial features that will en ble 
it to name places and handle i plicitly de cribed pl ces. Consider th 
following sequence of directives: 

START 

GO TO 'lllE BOX 10 FEET TO YOUR RIGHT; 
CAIJ.. THAT SPOT HOIIEBASB, 

ll>VE IT HERE; 

RE'llJRN 'ID HOMBBASE; 

STOP. 

If we want the auto aton to return to plac s wh re obj eta we~ (but 
are no longer), it is most convenient ton e the sp cific plac and kHp 
a record of named places and their coordinates. The last object na d 
(or located) is kept in the IT-STACK, and its coordinate po ttion is 
auto atically substituted for th position of any object i plied by the 
presence of IT in a progra directive. 

One interpretive proble tha~ crops up i di t ly ts th "information 
match" between the problem statement and the modeled state of the world. 
For example, GO TO 11lE BOX 10 FEET TO \'OUR LEFT may pee if y I unique box 
in the model, as well as providing its (X,Y) coordinat s. (Note that the 
automaton's b aring must b stor d o it can detel'lline left-ri1hte.rs in 
the absence of good pattern r cognition.) Howev r, GO TO A BOX ON YOUR 
LEFT will be ambiguous if there is more th non box to th left of th 
automaton. Thi directive may be clarified by internal criteria ( •I•, 
the nearest object that satisfies the conditions) or interactive 
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clarification. In the latt r case, the automaton responds with a list 

of a• 1 objects that satisfy the specified criteria, and the~ types 

in the name of the appropriate object. Lastly, tolerable vagueness must 

be re olved. Where is near the door? Since many human directives are 

vaguely p cified in terms of across the~• near you, etc., each of 

these idio atic sp cifications will be associated with an internal 

pr dicate to render an ppropriate interpretation. 
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Appentlix A 

MFrHANICAL DEVELOPMENT OF TIIE AU'OOMATON VEHICLE 

by 

Vladimir Liesltovsky 
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Appendix A 

IID1UICAL DEVElA>PMENT OF THE Atrl'OMATON VEHICLE 

A. General Arrang ent of the Vehicle 

At the be1innin1 of the project, only very sketchy information ;was 

available about specific require,nents for the vehicle. The general re-

quir ents given w re that the vehicle should be able to maneuver on a 

linoleu til d laboratory floor, move on ramps that had up to a ten percent 

slope, be not wider than a doorway, weigh not more than approximately 

200 lbs, move under radio-trusmitted digital-computer control, and be 

energi~ed by an on-board power source, It was further specified that the 

vehicle should be able to turn around its own vertical centerline in 

either direction and be able to move both forward and backward. 

Accordingly, with this prescription we began with a rectangular 

platform, 3 ft in length and 2 ft in width, with the corners cut off at 

an angle, The platform was equipped with four wheels mounted in a diamond 

pattern: two 8-in diameter rubber castor wheels, one in front of the plat­

form and one at the back; and two 8-in diameter rubber wheels, coaxially 

mounted, one at either side of the platform, The coaxially-mounted wheels 

were to be driven independently. On of tue castor wheels was mounted on 

sprin1-loaded flange, which allowed that wheel to deflect, under load, 

out of the pl ne determined by the other three wheels, In this way we 

achieved the comp; ~ance necessary to negotiate slopes. The platform 

stands about 10 incbes above the floor level. Tha space provided between 

the wheels accommodates the main drive motors, and for a low center of 

gravity, the batteries. 

A 4-in vertical distance above the platform was reserved for manip­

ul tor arms (described in Appondi~ B of Ref. 2). A standard 19-in 

electronic rack, supported at three points, was located above this re­

served space. A video camera and range findar combination was mounted 

atop the rack, 
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B. Details of the Physical Arrangement 

1. Pow~r Supply and Drive 

One of the first decisions to be made was the selection of the form 
of energy to be used for drive purposes. Among those considered were 
hydraulic , pneumatic, and eventually, electric drives. Since electrical 
power had to be made available for the electronics, electric drive was 
ultimately selected. The choice between secondary batteries and fuel 
cells was dictated mainly by price and delivery figures in favor of the 
batteries. T\- 12- volt batteries in series were used to establish the 
operational, nominal voltage at 24 Vdc. The choice between drive motors 
was reduced to either a straight de motor, an inverter 1111d ac motor 
combinatiou, or stepping motors. Complexity and control considerations 
of the digital commands ruled out the inverter/ac combination, Direct 
current motors, although electrically noisy, were attractive due to their 
high power density and good torque characteristics. Manufacturer's 
quotes were uniformly forbidding: six months for delivery and a price 
in excess of several thousand dollars for each motor. The units ~ould 
have had standard clutches, brakes, and position readout capability for 
feedback information. Stepping motors, although they suffer from low 
power density, are excellently suited for digital control, and they were 
immediately available and were low in price (not more than about $200 
each). Therefore the decision was made to use stepping motors exclusively 
for prime movers. Not all of the motors selected were rated at 24 Vdc, 

•but they were easily converted by using dropping resistors. 

In order not to lose count of the st~ps in the drive train between 
the motor and the drive wheel, the speed reduction between the motor and 
the wheels had to be one without slippage, that is, positive. The reduc­
tion was necessary to increase available torque from the motors and to 
reduce the amount of translation per incremental step of the otor to 
1/32nd of an inch measured at the periphery of the wheel. For every 
control pulse, the stepping motor executes a rapid change in its angular 
position. Depending on the inertia of the driven load and the damping 
of the drive trains, oscillations may develop. These oscillations were 
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reducild by li■itin, the incr ntal stepsize, i.e., the renerated ampli­

tttde. A cor1ed b lt, or timing belt, arranrement was selected for the 

drive train. Thia was to cive the necessary positive drive, while also 

introducin, dampin,. A it turned out, the belt proved to be a secondary 

source of oscillations, since bendin1 vib~ations were generated in the 

belt when the •t•p~iq tor was operated. Increasing the belt tension 

reduced th oscillations to an acceptable level. 

2. Closiq the Minor IDop Through the Motor 

Th steppin1 w~tor operates in an open loop mode. Completion of 

y step depe~• on the inertial load coupled to the motor, and not unlike 

a synchro1\ou1 motor, the stepping motor also can "fall out of phase," 

10 to say, when it is overloaded. This condition is largely a function 

of the stepping rate. Therefor~ closing the loop in the operation of 

th main driv otors seemed to be warranted. Fortunately, similar con­

siderations 1 d Fredrikson• to synthesize, build, and describe a closed­

loop stepping motor scheme. By using his results, we were able to adhere 

to the rround rule of no novel detail development. We closed the minor 

loop through the motor in the following way: a disk, containing fifty 

appropriate holes on a circle, as mountea on the motor shaft. Four 

licht source and photocell pairs placed along that circle, and shifted 

by one-fourth of the hole pattern pitch, were mounted on the motor hous­

ing. This arrangement provided for 200 positions for every revolution, 

which is also the step-pattern of the motor. We used the simple schematic, 

described in Ref. 8 to complete the feedback loop. In operation, no st~p 

command can bo given until after the information from the position feed­

back disk indicates that the previous step has been completed. Simply, 

the motor cannot miss a step. 

3. Wheels 

The rubber wheels presented another problem: due to their finite 

elasticity, transient motions generated either by the vehicle itself, or 

by its environment, resulted in disturbing oscillations of the whole 

vehicle in pitch and roll modes witl. a time constant of about 2 seconds. 
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This amount of settling time was judged to be unacceptable b ause no 

picture taking with the TV camera could be initiated durin, that .1 e. 

Since friction on the driving wheels had to be maintained, but elasticity 

minimized, a properly-stiffened rubber driving rim on etal wheel prov 

to be an acceptable solution. Since the castor wheels, however, could 

remain relatively compliant, but required reduced friction on the floor, 

they were capped with a metallic rim and gave good results. 

The originally configured, independently-suspended castor whe l 

design gave way to a scheme that provided easy handling of the batteries. 

The supply batteries are now contained in a subcarriage, supported at 

three points. At one end of the subcarriage, one ball-beari~g is located 

at each of the two corners while at the other end is located the vehicle' 

prev.lously independently-suspended castor wheel. The batteries in the 

subcarriage can be conveniently wheeled to and from a recharging station. 

When the subcarriage is wheeled bar.k to the vehicle, the ball-bearings 

are ~eceived by corresponding ramps, which lift up the ball-bearings and 

lock them into proper position. The bearings now act as pivots around 

which the subcarriage swings in a vertical plane. This frf1edo of move­

ment provides for independent suspension of one of the four wheels. The 

distribution of the load on the vehicle is such that when the subcarria1e 
._; 

is removed, the rest of the vehicle is still statically stable on its 

remaining three wheels. 

4. TV Camera and Rauge Finder Mount 

Although it is possible to scan with a TV camera which is rigidly 

mounted on a vehicle that is cap~ble of turning around it own vertical 

axis, it seemed expedient to provide for an independent panning capa­

bility. Thus, the TV-range finder combination is mounted on yoke th,t 

can be rotated by a vertically-mounted stepping motor. The yoke accom­

modates a transverse, horizont~l axis, around which the TV cam ra can be 

tilted. The tilt drive train incorporates a worm drive and anoth r 

stepping motor. The worm driv6 is necessary to cope with the excessive 

tipping moments originating from a revised vE:trsion of the ran e finder. 

When tho stepping motor is not in operation, the worm drive provides a 
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••U-locldq feature I an added bonus. In the p n mode, limit switches 

and atop• are provided•• well as an el ctromacnetic detent, acting on 

a 200-tooth aear, unted on the ■haft of a 200-step/revolution stepping 

JM>tor. The yo• wa d limed for these functions only. The shaft of 

the n motor i1 coaxially ounted with the vertical centerline of the 

ve clej that 11, if equal and opposite commands are 1iven to the driven 

wheel■, the lc:~tion of the pan motor shaft does not change, The TV 

~amera 11 located in such a fashion that the photosensitive surface of 

it vidico11 tube 1 exactly at the intersection of the vertical pan axis 

and th tilt axis. TUrning the vehicle about its vertical axis, panning 

the c era, and tilting it, doe not affect the location of the vidicon 

aurface, only it direction. 

It also se ed expedient to attach the range finder directly to 

the TV camera. In this way, the distance of an object, viewed by the 

optical ~enterlin of the TV camera, from the range finder can be measured. 

A separate arrangement of the TV camera and the range finder was sim­

ilarly logical: distance-mapping of the surroundings could be accomplished 

while th TV camera could "digest" and recognize a particular scene. How­

ever, the kinematic complexity of this arrangement seemed prohibitive when 

compared to th possible advantages. 

Stepping motors were mounted onto the TV camera lens housing for 

computer controlled adjustment of the focus and the lris. Since these 

motors operate in the open loop mode, step count may be lost. Therefore 

separate limit swit~hes for both focus and iris functions and at both ends 

of their range are provided. Whenever the limit switches are actuated, 

the counter are reset accordingly. This is also the scheme utilized in 

the pan and tilt modes. 

5. 0v rhead Cabling 

When it became clear that fund allocation temporarily ruled out the 

radio link with the central computer, an overhead suspended cable had to 

b used to supply power and communica · ·~n to the vehicle. From a central 

location in the ceiling of the environmental room, the cable is connected 
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to the vehicle at its highest p~11.t to avotd obstruction of the view of 

the TV camera anJ range finder. The yoke was therefore capped to acco 

modate the cable. 

Keeping 36 coaxial cables, each of 0,1-inch O.D., from tangline and 

kinking proved to be a sizable problem. Experiments with sheathing the 

cable with metallic, woven fabric turned out to be unsati factory due to 

excessive weight, Finally, cross-braiding was tried and accepted, The 

braids are held together with electric tape every foot or so, A trough, 

located in the false ceiling of the laboratory, through which a pulley 

travels acts as a reservoir for the unspent portion of the cable. 

6, Tactile Sensors 

Tactile sensors are mounted at the front and back and on both sides 

of the vehicle to provide protection against damage to the vehicle and 

to its surroundings and to provide touch information. These sensors 

were selected from commercially available microswitches, and are actuated 

by a flexible coil spring approximately 6 inches long. Piano wire 

whiskers or extensions may be added to the enri of t~e coil springs to 

provide longer reach, The guiding principle has been to sense the 

presence of a solid object within the braking distance of the vehicle 

when it is traveling at top speed. Additional appropriately placed 

sensors protect the TV camera against collision in the tTanslational 

and the rotational modes. The actuation of any sensor will inhibit the 

corresponding action, while override is also made available. 

As further protection against collisions, heavy rubber bumperstrips 

are mounted on all protruding edges of the vehicle. If the performance 

capacity of the main drive motors permits, these bumpers will be used to 

move objects around the environmental room. 
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Appendix B 

OPERATIONAL FEATURES OF THE AU'roMATON CONSOLE 

A. Introduction 

The automaton console (see photograph in Fig. 19) is a collection 

of switches, lights, and logic. Through the use of the console, a human 

operator can directly (i.e., not employing the computer) issue comma~ds 

to the vehi cle and monitor the logical state of the vahicl e. Essentially, 

the console permits the operator to execute the same vehicle operations 

executable by the computer. The logic associated with the console auto­

matically permits time-shared access to the vehicle for both the console 

and the computer • 

FIGURE 19. THE Atll'OMA'l'O COIISOLE 

When an access conflict, in time, occurs between the con·~le and tb 

computer, the latter is given priority. When the console has been given 

access, however, the computer program is not given notice of the event, 

only a delay in Data Access Communication Olannel (DACC) input/output 

occurs. 
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ft• intended purpo••• of the con.tole are (1) to aid tn debugging 

tbil vehicle hardware, (2) to •••tat in 18olat1n1 ayate hardware faul ta, 

alid (3) to aH4. ■t in pro1ram d bu11inc. 

• Writty Operations 

The et1bt rotary ■witches of the console are used to specify infor­

aatlon to be ■ent to th vehicle. This tnforma'; ion represents a vehicle 

00taand. Bach of th two 111itchea labeled "MOOOLB ADDRESS" are used to 

■pectfy the action lo1ic module (ALM) on board the vehicle to respond to 

tbe1 co ... nd. All AUi addreaaes consist of two octal digits, hence each 

•witch po■ itiou can asau e one of ei1ht posi tions marked O through 7 in­

clu■ tve. The leftmoat switch represents the ora significant octal digit 

of the addreH. 

The data aHoctated with th comm:mds may consist of one, two, or 

three pair• of octal digits, Th numb J. 1. octal digit pairs that must 

be ■pectfted ta 1;ntquely determined by the particular ALM being addressed. 

Th••• octal di1its are specified by the settings on the bottom set of six 

rotary awttches. Each octal digit pair is also labe_led etthqr MOST SIG, 

Ilffllt SIG, or LEAST SIG--indtcattng the relative stpificanca of each 

pair. Within each pair, the l'!tftmoat rotary switch is associated with 

the 110re si,rnificant octal digit. 

Each switch can assume one of .!!!!:,! post tions--labeled OFF, ancl O 

through 7 inclusive, When the AUi being adrtressed requires the use of 

three octal digit pair, then~ of the data switches should be in the 

OPP JC>Bition, When the ALM requires the use of two octal digit pairs, 

then at least one of the LP~ST SIG switches should be in the OFF position. 

Aa lona as one switch ta OFF the other may assume any position, includ­

ing on. When the AIM requires only one octal digit p&ir, then at least 

one of the INTER SIG switches should be in the OFF position. Under thJse 

condition, the po ition of either switch of the pair of the LEAST SIG 

awitcbe is unimportant. The MOST SIG switches are set to the OFF posi­

tion only for hardware test purposes, 

Once the rotary switches are set, the information for one and only 

one com and ta sent to the vehicle by depressing and releasing the 
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push-button labeled WRITE. Continuous d preasion of th DITI button 
will not cause any commands to be issued by the conaole. While the button 
is released, the operator has complete freedom re1ardin1 poaitiontn, or 
repositioning of the rotary switches. 

C. Reading Opel'ations 

To read the information on board the vehicle and as1ociated with a 
ALM, it is only necessary to set the address of the ALM of intere1t on 
the MODULE ADDRESS rotary switches and then depres and releas th RIAi> 

push-button. The information read from the vehicle will be displayed on 
the lights immediately above the module data rotary switches. 'lbe number 
of octal digit pairs of infonnation read is dependent upon the odule ad­
dressed. Associated with each set of sir lights of an octal pair is a 
seventh light located above and between the middle of the set of six 
lights. When three octal digit pairs have been read, then all "seventh" 
lights will be lit. If two octal digit pairs have been read, then only 
the MOST SIG and INTER SIG seventh lights will be lit. The other six 
lights will be dark if the seventh light of the set is dark • 

A lit lamp {of the set of six) indicates that the received bit had 
the value 1. A dark lamp indicates a value o. The significance of the 
leftmost lamp is the greatest. 

The settings of the module data switches do not affect the readin1 
operation. 

Each depression-rele11.se sequence of operations of the RaAD push~utton 
causes only one read operation to occur, provided the toggle switch imme­
diately to the right of the button is in the SINGLE position. I! that 
switch is in the CONT {continuous) position, then an endless sequence of 
read operations occurs, without op rator intervention. For the console, 
the read operation has priority over the write operation. To issue a 
command to the vehicle fro the console, the read switch must be in the 
SINGLE position . 
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The read lights change state only when a new console read oper ation 

occurs. Computer operations or a console write operation will not affect 

the state of the lights. 

D. Console Busy 

The CONSOLE BUSY light is normally dark. It is lit only when the 

console is in communication with the vehicle or nttemp~ing to establish 

communication. If the computer is not communicating with the vehicle, 

then a single console read or write operation will busy the console for 

only a few milliseconds. When the console is set to CONT READ, then the 

console will be continuously busy. If the computer has access to the 

vehicle and a console read or write operation has been initiated, then 

the console will be busy while it awaits its turn. 

Under some error conditions (see the next section) the console will 

be unable to complete & read or write operation, even when it has access 

to the vehicle. In this case the console remains busy until a reset is 

effected. 

E. Interrupts and Errors 

A horizontal line of nine lights, labeled 1 to 9 inclusive, at the 

top of the console, provide interrupt and error indications. These indi­

cators can be turned on by either computer or console-initiated actions. 

Lights 1 through 6 are associated with vehicle generated interrupts, 

The indications, by light number, mean, for light number: 

(1) An II end of all action" interrupt occurred, 

(2) An " II inter~11pt occurred, emergency 

(3) A "bump" interrupt occurred, 

{ 4) A "limit" interrupt occurred, and 

(6) An II II end of any action interrupt occurred. 

Light 5 is a spare, unused at present, and always dark, 

Once an interrupt has occurred, the affected interrupt lights re­

main on until either the CONSOLE CLEAR or the MASTER CLEAR buttons are 

depressed. The former button affects only the interrupt lights, and 
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not the vehicle or computer. The MASTER CLEAR button (see the next sec­

tion) does affect the vehicle, 

Lights 7, 8, and 9 indicate data format errors detected by the vehicle. 

Normally, all these lights should be dark. If an error is detected, only 

one light will be lit, and the computer will have received an "FCU error'' 

interrupt. These errors are "fatal," preventing the computer or the con­

sole from communicating commands or read reques ts with the vehicle. Re­

covery is possible only through a clear operat i on such as der,~essing the 

MASTER CLEAR button. 

If light 7 is on, it is the result of sending too many data charac­

ters to an ALM by means of either a computer or a console-generated write 

operation. 

If light 8 is on, it is the result of either the computer or the 

console attempting to obtain access to a nonresponding AVvt, for either 

a read or a write operation. Access to a nonexistent ALM gives rise to 

such an error. Access to an ALM not "turned on" is another situation. 

Attempting to write into a read only ALM (e.g., the range finder) is 

another example. 

If light 9 is on, it is the result of sending the vehicle an address 

or a control character when it ex,ected a data character. Only a com­

puter operation can cause such an error. 

F. Con-crol Operations 

The console, FCU, and vehicle can be placed in their "normal" state 

from any "abnormal" state by the depression of the MA.STER CLEAR button-­

EXCEPT, an emergency stop condition cannot be overcome this way. 

In the nonnal state, the power control register on the vehicle is 

reset, thus turning off all vehicle power that is under program and con­

sole control. The vehicle is also cleared of any error conditions and 

is set to respond to a write or read operation. Any incomplete console 

read or write operation is cleared and the console is placed in the idle 

state. Any incomplete FCU operation is cleared and the FCU is placed in 

the idle state. 
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If the red EMERGENCY STOP pllshbutton is depressed, the main (battery) 
power on the vehicle is shut off; also, a red light associated with the 
button is lit. The emergency stop condition remains in effect, preventing 
the reapplication of main vehicle power until tne tMERGENCY STOP RESET 
pushbutton is depressed. The red light remains on while the emergency 
stop is in 3ffect. Execution of the programmed P-mergcncy stop command 
produces the same effect as depree s in6 the EMERGENCY STOP button. No 
programmed recovery is possible. 

G. Turn on Procedures 

The power to the fixed vehicle equipment must be turned on first. 
Typically (but not always) the emergency stop condition will be in effect 
and should be cleared, Then the MASTER CLEAR button should be depressed. 

The main power on the vehicle should be turned on, This operation 
generally gives rise to spurious interrupts. These should be cleared by 
depressing either the CONSOLE CI.EAR or the MASTER CLEAR buttons. 

The vehicle and console are now reudy. The computer need not be on, 
or if on, need not be programmed to cope with the vehicle, if only the 
console is to be used. 

H. Power Modules 

Note that, in order to operate the wheels, Power Module *2 must 
first be turned on. Pan and tilt require Module *3, and the range finder 
needs both Module *3 and #·6. Module *4 will power the camera iris and 
focus. 
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