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ABSTAACT 

This report describe ihe results of research during the past 
four ontbs on tbe project, "Applications of Intelligent Automata to 
R connaissance." The primary goal of this project is to investigate 
techniques in artificial intelligence applied to the control of a mobile 
automaton in a real environment. The main emphasis is on the design 
of a hier~rchy ot computer programs that will accept visual and other 
• nsory information gathered by the automaton and will direct the actions 
of the automaton in performing missions that require the gb111t1es to 
plan ab ad and to learn from previous experience. 

The work described has largely been aimed toward preparing for 
an ext naive series of experiments with the automaton system, and 
completes all of the items specified under Phase II of the project, 
This report summarizes our present status in software and hardw11re 
developm nt and then outlines the purposes and plan for the experiments to follow . 
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I INTRODUCTION 

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 hier­
archy of computer programs that will accept visual and other sensory 
information gathered by the automaton and will direct the actions of the 
automat<,n in performing missions that require the abilities to plan 
ahead and to learn from previous experience. 

The project began in March 1966 and, since that time, three interim 
* reports have been written1 , 2 , 3 as well as two short papers4 , 6 that 

present overviews of the project. In this report we shall discuss the 
work performed since December 1967 (referring the reader to the relevant 
sections of the previous reports for background). We shall also describe 
a plan for experiments to be conducted during the remainder of the 
project. 

We are now experimenting with a mobile vehicle that is controlled 
by an SDS-94O computer over a cable link (see Fig. l). This vehicle 
is discussed in detail in the First Interim Report1 (pp. 56-67), the 
Second Interim Report2 (pp. 27-31), and in Appendix A of the Third 
Interim Report. 3 The SDS-94O computer complex is described in the First 
Interim Report (pp. 11-15). In addition, other special hardware has 
been constructed, principally a TV preprocessor that is described in 
the First Interim Report (pp. 68-91 and pp, Jl through J-7) as well 
as in a paper by Forsen, 6 Also we are presently installing a radio 
channel between the vehicle and the computer that will replace the 
cable link. The present automaton software organization is thoroughly 
described in the Third Interim Report . 

• References are listed at the end of this report. 
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On 1 ?Jovember 1967, the scope of the p.roject was expanded to allow 

more thorough ffleperimentation with a system having e.nbanced problem­

solving and visual capabilities, Our f forts during the p st four 

ontbs have been largely in preparation for these experiment and can 

be grouped under t hree headings: 

(1) Software devel,opment. 

(2) Hardware development. 

(3) Preparation of a plan for the experiments to follow. 

Accordingly, tbe following sections of this report will deal with these 

three topics . 
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11 SOl'TWARI DEVELOPMENT 

A. Pr•••nt Btatu1 

Tb• automaton 1oftware syste currently requires about 40 1 000 

word• of computer m mory. The program that we will briefly review in 

tbia aection are conveniently s parable into different categories, 

and fo tunately (throu1h th operation of our "valet" system) they do 

not all have to be in core 1imultan ously, All of the progra s to be 

described here are operational as of 30 ,pril 1968. 

In parentb • s after e ch major heading are references to that 

aection of th Third Interim R port where more details can be found. 

B. Vehicle Control (see alao pp. 25-28, Third Interim Report) 

Th automaton vehicle is Clllllpletely under co puter control. 

co.-nda can b issued to control power to vehicle module, ove aither 

or both wheels, pan and tilt the camera and range-finder ssembly, 

operate the range-finder, at the cam ra's iris and focus, nd specify 

whether a cat-whi1ker bump should cause a reflex action that stops the 

wheel•. Various condition• including bumps ~nd completion of actions 

cauae interrupt signals to be ent to the computer, and various registers 

on the vehicle incl~ding wheel counters and bump status may be read by 

the computer. 

These vehicle-control programs may all be called and controlled 

fr011 FORTRAN proaram and y all be operated under the time-sharing 

moni•or sy tem on the DS-940 computer without cauaing any unusual 

load on th syste. In addition, several vehicle action may be executed 

1imultaneously and may be "overlapped" with computation by the ain 

procra11. 

c. Modeling (see also pp. 9-14, Third Interi Report) 

The auto•ton'• odel of its nvironment presently con ists of 

hierarchical rid of cells representing region■ of a floor plan. Each 

r .. ion is identified as bing known occupied, known empty, unknown, 
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subdivided, or partially occupied (and not subdivided). Each level of 
the hierarchy contains 16 cell•; th maximum depth of subdivisions is a program parameter. 

The model is generally initializ J with a top- level arid of 16 
unsubdivided cells, each marked a unknown. Then, as the vehicle 
move about or takes range-finder sightings, the knowleuge gained about 
regions travers d (and therefore known empty areas) and obstacles 
encountered (and threrfore partially occupied areas) is added to th model. 
Existing programs make it possible to update the model in a variety of 
ways, Future experimentation will be nec~ssary to determine bow be1t to 
use new information obtained by the sensors during exploratory journeys. 
D. Navigation (see also po. 20-31, Third Interi Report) 

Two progra s are available to move the automaton to any specified 
(x,y) position: One useA a "blind" edge-following heuristic, and 
the other uses th model to plan a route before starting. 

The "blind" navigation program uses only the bump sensors and 
dead-reckoning knowledge, based on information from the wheel-position 
registers, of where the vehicle is at any time. This program causes the 
vehicle to move in a straight line toward its goal until it bumps 
into something, and then to try to move around the obstacle until it is 
clear. Although such a program uses very little computation, it ha no 
memory and therefore can get trapped in cul-de-sacs and repeatedly 
blunder into the sam obstacles. 

The journey-planning and execution routines are much more 
sophisticated, They make use of whatever information i available in 
the model. The planning r~utine generates a path of straight line 
se ents that the uto ton could traverse to the goal without 
encountering any knONn obstacle. This path is a mini um-cost path, 
where "cost" is me sured by the sum of distance through known-e pty 
reaions plus k ti s distance through unknown regions; k is a parameter 
of the program. Note that it k is large, the auto ton will pr fer to .., 
traverse a lonaer "safe" route, whereas if k is • all the aut a ton 
will prefer to explor-, unknow:11 r giona. 

5 
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'l'I• eJCHUtion i:outine 11ttempts to carry out a plan, and reports back 

h• ealU:mi1 prdgnm 1f any dU:Uculties, su,eb ae new obstacles, 

are: en<1oun.tered. JutUl'II m:per1mentat1on is needed to determine the 

1:',:radeol:ta between ci, mapping tha environment with extensive explorations 

1dn~ ranee-finder 1cB1l'l8J ahd (2) early 1oal-d1rected tasks with i .nformation-

1•tle:tlb.1 as an lncitlenta:l by-produ,ct. 

E. f'Qb.Uorb1.g and ~oftware Aids, 

An on•tin, OJtt displa'y of the model has been useful in several 

:.e;pedb of our proenm development. We can now easily observe the 

aut•t~n1 s view of the world, and compare it with the actual enYironment. 

ln ad:dlitU>n_ the dilSplay can show: tbe positions of the vehicle and its 

Jaal, ind the path :Lt h,s Jus1! traversed or plans to traverse. 

duzr pDel!lent pruarams already' require more than three times as much 

comp~itieilr '°emory 1paae1 ttian 1S direetly avai11able to any one user ot the 

Sb$-94b system. 1'be:refore, our "'va:iet''' syste ., which allows complete 

••t• 1dlf proaralilll toi, a11ll upon each other as U tbef we:i·e subroutines, has 

b••n •••ential1 t:o our pro1ress. Tll:Ls system has been. us,ed primarily 

tor c;=~nio:ation among sets ot i'OJ!l'RAN programs. However, we are now 

ntendisna :L,1 to permit communication between lFORTRAN a:nd LISP routines. 

The bil"tm-level cont:rol.-laaguage and p:rol>lem-solving as,pect ot the 

aqtom1:on 10::ft•,re (to• be discussed below) will be programmed in LISP. 

och.a\denJ:>te, de-velopmientd research and e,rperimentation is still needed 

t<» d1termin1e how tho~e proarams Will lnte,;face with the FOBTRAN na.vigation 

and liM/:klellq J)J!'oarams., In pa!rt:Lcular_. the de,tailed striJcture of a us~ 

Yll!inhm of tibe IIIO(lel qt the enviroMent, and precisely bow muoh infor­

M 'ti'n wiU be 11lmnderred between the LISP ~md Jt)RTMN models, remains 

tv 'be determined. Tile LlsP "valet" faei1!l.tyi is a Y!tal Urst step 1n 

tbb direction. 

O'IJr 1111Uy1:is a.,_~ use1 of t :nt:ori•ti.on bom the TV camera is largely 

d:epandent upon the preproces,o;r ba::rd.ware, wh1,cb ts now be,ing checked 

1.. Tb•t'f-orl!1 we ltate1 tenrpora1':i'ly ooncient.n1,ted on ~rog~ame that 

8 

--

• 

• 



• 

---------------------

bypass the preprocessor by reading picture dat directly into main 

computer memory, and then simulating the action of the preprocessor in 

differentiating and mas ing the data. These programs, which also can 

display results of various stages of preprocessing on the CRl', a.re now 

operational. They are useful for helping us check out the preprocessor 

hardware as well as for permitting us to proceed with higher-level 

software before the basic hardware is ready. 

An obvious first titep toward using the mask responses for scene 

analysis is to construct a line drawing of the scene. Programs now 

exist to connect approximately collinear masks into groups and to fit a 

straight line to ea,:h group. Much experimentation will be necessary to 

develop techniques for constructing a complete line drawing out of these 

loni line segments. 

Visua l information will initially be transferred to the grid model 

through use of a progra called "floor boundary." This program, just 

being completed, uses the long line segments extracted from the picture 

to construct a rough outline of foreground area on the ground plane. 

The fact that this area was "seen" to be unoccupi4:d is then used to 

mark appropriate grid cells as known empty. 

In parallel with this picture-processing effort, some work has 

been done recently on simple heuristics for recognizing objects directly 

from the raw (nonpreprocessed) picture data. For exa ple, when the 

scene contains only one object a progra that merely recognizes and 

counts ve~tical lines can distinguish cubes from other shapes of 

objects. To determine the generality and practicality of such an 

approach e shall require further study and experimentation. 

G. Control Language 

Eventually the automaton should be able to solve problems stated 

in a high-level control language, possibly resembling natural English. 

The linguistic and proble -solving capabilities needed are so different 

from the apping and navigational capabilities described above that 

7 



tbey have been developed until now a■ indep ndent atudi . This wor:t 

ap 11•• •om relat res arch supported by AFCIU, under Contract AF 19 

(828)-5919 (SRI Proj ct 6001). 

Tb• f1r t-order predicate calculus bas been chosen as our internal 

laqu 1e for r pr sentiq desired tatea and actions of the autom ton. 

Thi• fora.l, unambtruous lanpa1e is well-defined and well-underst ood 

b •th••ticians. It represents a convenient t rget languag for 

translation from an lisb-like user-oriented problem-stat mr.nt 

lancuage, and a conv nient source langua1e for the problem-solving 

~l'Olrams that st interfac to the eatablisb d mod ling and navigation 

1y11t 

The liab-to-pre<!icate calculus transl~tion will be performed 

by tbe naetbod of &)'!lta:x-dir cted interpretation. The basic program 

fo~ cal'eying this out is now operational. It presently recognizes 

the 1yntax of a aimple pbra•e- tructure sub et of English, and contains 

the a.-ntic rul I for 1tatements about set-inclusion and set-m mbership 

relation•. The principal addition r quired to ke this program 

applic ble to the auto•ton is to E1Xtend its semantics to include 

spatial relationship relovant to the auto ton's environment. 

Two approaches are bein, pursued in relating predi~ate calculus 

statnent• to particular auto•ton situations. The first involves 

usinc a formal th or m-provin1 pr01ram • the central proble -solving 

■ecbani1■ . A general proof procedure has be n progra ed, and ethods 

of applyina it to probln solving and plan-1eneration tasks are !n the 

final developmental stai••• However, preli inary expert ents have 

de■onstrat d th impract:tcality of this appro ch until we complete current 

work toward improving th eff iciency of th se techniqu s. 

The second approach, just now getting started, involves the 

developaent of an~~ "interpreter" program that can relate a 

p icate stat ent to the specific actions of which the automaton is 

capabl. Con•iderable expert entation will be necessary to determine 

t aost ppropriate ways in which the high-level problem-solving and 

the low-level navi1atio and octel-building pr01ra s ay b linked. 

8 
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II I HARDWARE DEVELOP'M.nrl' 

The ·.vork on special hardware during the last few months has been 

concentrated on the four items discussed below. 

A. TV Preprocessor 

The checkout of the TV preprocessor has reached a stage where all 

operations can be initiated from the computer. Data transfers between 

computer and the core memory in the TV preprocessor have been tested 

with varying test patterns for data and location, with accurate results. 

All the internal sequences in the preprocessor except for data acquisition 

from the video input have been checked. Certain of these sequences 

are dependent on the sequence of data transferred from scratch-pad 

memory and the core memory. The checking of this data dependence has 

started but is not completed. The checkout of the transfer of data 

from core memory to scratch-pad memory required extra time, due to a 

marginal power supply and incompatible logic levels. The work on the 

data-acquisition part of the preprocessor has just started, with design 

of the circuits for separation of horizontal and vertical synchronizing 

signals from the receiver composite video signal, 

B. Additional Controls for TV Camera 

The additional controls for the TV camera are arranged to set 

target voltage, beam current, and gain of the video signal on command 

from the computer, A special circuit for measuring excursions of the 

video signal above and below fixed thr&sholds is also included, The 

circuits have been wired but not yet checked out. 

C. The Vehicle 

The coupled-mode operation for the wheels on the vehicle has 

been subject to a sequence of modifications to overcome a problem of 

instability. The problem was finally solved by replacing the electronic 

coupling with a mechanical link between the two driving wheels. Two 

electromagnetic clutches are used, one for coupling when the 

9 



wbNll are rotatinc in tbe •• e direction, and one for coupling wh n 

tbe wbeel1 are rotatinc in the opposite direction. In noncoupled 

■ode, both clutcbea are di1en1a1ed. 
I 

D. Coaauntcation 

We are in the proceas of replacing the cable linking the automaton 

vehicle and the computer. Thia radio link involves two parts- - one for 

trauaittina low-bandwidth digital data between the vehicle and computer, 

and one for transmitting a video 1 ge from the TV cam~ra on the vehicle 

to tbe c011puter. The channel for digital data and its associated logic 

11 di1cu11ed in the appendix to tbia report. 

The vehicle Sil'JUll from the TV camera on the vehicle will be 

tranaaitted with a wideband FM transmitter at a frequency of approximately 

1700 to 1600 llllz. The transmitter and the receiver have been ordered 

froa 1KG Electronic• Laboratory Inc. Th• tran1■itter has a physical 
cll-■ioo that ia c011pattble with our requireaents on the vehicle. 
'Ille receiYer baa bea ordered fr011 the a ... unufacturer to guarantee 
coapatlbilttJ in the 11nk. Circuit■ for 1ync-1eparation have been de-
1iped and built. Th••• circuit• will connect to the data-acquisition 
part of tbe ff preproce11or. 

10 
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IV PIA.NS FOR EXPERIMENTS 

A, Purpose of the Experiments 

It is anticipated that the final several months of this project 
will be devoted mainly to conducting eJq.'eriments with the automaton 
vehicle using the e·.,ensive array of software and techniques already 
developed, There are two major reasons for conducting these experiments. 
First, and most important, it is necessary to gain experience with 
automaton systems. Since no sue~ system having the same complexity 
exists anywhere. no one yet has the experience necessary to make 
inlormed decisions about the course of future research in this area, 
Second, our research so far has posed several explicit questions that 
can best be answered experimentally, Some of these are: 

(1) What programming lang\lages ought to be used for , , rious 
parts of the system? In particular, how much of the 
system needs to be written in machine code; when can we 
use a higher-level language like FORTRAN; and when re list­
processing languages such as LISP advanhgeous? What 
should happen at the interfaces between parts of the 
system programmed in different languages? How should 
control and data be transferred from a program in one 
language to a program in another? Is the price extracted 
by these interfece problems too much to pay for the 
advantages of letting each member of the research team 
use that language be feels is most appropriate to his 
part of the system? 

(2) What role should special-purpose hardware (such a the 
TV preprocessor) pay? Can special "programming tricks" 
obviate the need for such special hardware? Can depende~ce 
on vision, for example, be r~duced by, say, improved 
memory so that the c~mputations required by vision don't 
have to oc ur so frequently? Alternatively, does the 

11 



av1ilabll'ity of apeoid visual hardware, allow vision 

to be ••ed often enough 10 that valuable memory can 

be freed for other l pot·tant purposes? 

(3) How 1bould information 1athered about cbe world be stored 

in a model or models? Wha,t types of data structures are 

useful for these models? If more than one model is used, 

bow should information be transferred among the models? 

(0 Bow Bbould the 111odel of the world be updated by new 

1nfQrmaU.on obtained by the sensors? Should ~ piece 

of m:emorr information be checked against the model to see 

Uthe ystem could have predicted it? U so, should the 

mad.el always be Updated when prediction would have 

fail,ed? What about special model utility routines that 

perform background prbcessing on the model to rearrange 

the :lnfo,.-,mation it contains? Should model updating be 

regarded as a seco1:1:dary activity taking advantage of new 

lnformati.on. that happen.a to come in while the automaton 

~• attempting to perform some primary task, or should 

upUci.t information-gathering journeys be attempted? 

(5) How thoroughly and to what detail should the automaton 

attempt to calculate a route before actually beginning 

the 'li+at part of its journey? To what extent should the 

automaton avoid or prefer "unknown." areas in calculating 

journeys? tan this preference be effectively regulated 

by a single parameter? If so, how should thi parameter 

depend on such factors as the importance of the journey, 

the present level of knowledge of the model, etc, 

(6) Will the visual tectiniqu.e of convert1n1 a scene into a 

line drawing and then into a floor boundary work 

effect:tvely in the environment planned for the automaton? 

How c.omplex an environment can the current visual system 

handle? How should objects in the visual field be 

recognized? W:111 limple pattern-recognition techniques 

12 
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work well enough to be useful? If not, how should they 
be elaborated? How should we deal with wider ranges of 
illumination levels and the possibility of one object 
occluding another? 

(7) What types of problem-solving methods will work best? 
Will the route-finding algorithm presently programmed be 
adequate? Would a simpler (but less powerful) one 
suffi.ce? What about more complex problems involving 
going to implicitly specified destinat~.ons or moving 
objects about? To what extent will powerful problem-solving 
methods based on an axiomatization of the problem domain 
and formal theorem-proving techniques be useful? Might 
they be capable of being used generally for all problem­
solving activities in the automaton system? If so, can 
the entire automaton executive system be orgainzed ao a 
formal problem-solver? Otherwise, for what problems 
will~~ problem-solving methods be necessary? 

(8) How should the automaton executive system be organized 
if it turns out to be inappropriate to base it on formal 
problem-solving methods? How should it communicate with 
the experimenter and with the various problem-solving, 
model-maintaining, and sensory-processing routines? Is 
the organization we are presently using capable of growth 
(that ts, can extensive modifications to the problem­
solving and other routines be made without necessitating a 
.radical change in the executive system)? 

Obviously definitive answers to questions like these cannot be 
obtained in just a few months of. experimenting, but we do hope to make 
progress on understanding the issues behind these questions and at 
obtaining some answers. An appropriately planned set of experiments 
is likely to produce more information than random tests, so we have 
devoted some effort toward generating a plan. This plan is briefly 
outlined in the next section. 

13 
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We ~•• dltldedl t 'be exp 1Hi111,ental program :Lnto three major parts 

c=aU.ed P'IJ•••• 4, 8,. anidi C. X.n Pbl A, batons all require the 

auto•t,on to o :trom it• pr sent po 1tio11 to some explicitly named 

lliOf.l pQIIIU,ion~ itl'Ull ,e.peri ants ln tbls phase vary only in .the 

aophil'llttQai11:l•n 02'! tbe proae&'HI u•ed by the automato11 l:o complete 

in pha1e D, tb,e :11.astqn ii still to go to a ,goal position, but 

J>.°" ,:be r~l )Ii.a on):,' :l :pUaitlY specified. I 'D generid the automaton 

wil1 i.ave to do 1111ome ptc:11blem ... 110lving and/or actual pbysil.cal exploration 

li>eto:re th~ SPlilil pos:ltiQn 11111 knOlln explicitly. Once the goal position 

i■, kno,n u;,11aUly, th tsOon can be completed by using the techniques 

d.~¥elbp•d llii Pba,e .t\. 

, 11:1 Ph••• c, the automaton missions will involve simple manipulations 

ot t)le -.orld-wfo:r exai,iple, chan1tn11 tbe locatton of object!l. In each 

1~llah ~I eJrj)e.-imenti we will bCj! attempting to ldenti,fy those automaton 

ars.t ,em stnteales that lead to optlm l performance of the given missions. 

llb~le t t :1$ impossible to describe precisely all of the 

exped~~n,ts t'liat wnl pe done, since each will depend in part on the 

,e•~Ji,111 Clf' 1lbe s;»,te¥1f'UIJ one•, we plan three categories of experiments 

:I,~ fba•• A where tbe misaion ls to go to an ,e,c:plicitly named goal .. 

T~e•e lh,ree oa,tegorles can be defined roughly as follows: 
./ 

1

CltejOJl'f l--tn these exper~m,nts, the automaton 

wlU be 'blind. and will , k.e use only of :l ts touch 

-~n•oia. Xt will $tore no ,model of the world and 

•111 take a.Qtiona that can be described as sb1ple 

11e:t;1.e::1e1 respa:naes that are funeticms of its present 

ata,teJ Us t~cb :lnp~ts, a:nd the ,goal position. 

,::Iese •1'pBr1ments employ programs similar to G<n'Ol 

~esor1bed :in the Tlli.td Interim Report (pp. 29-30), 

14 

r 

' 
.. 



• 

' . 

• 
.. 

We have already pe~formed 1ome of th 1e experim nts 
for the purpose of te1ting variou1 low-level 
components of the syst 

Ca ·egory 2--Tbese experi nts, using proerams 1imilar 
to OO'ro2 described in the Third Intert Report (p. 30), 
use the t ouch and range-finder sensors (but not 
vision) to build a odel. This model is then used 
to calculate a route to the goal. Here we can be,in 
explo~in questions about information-cathering 
strate,i s 8nd the relative weichts to be attached 
to unknown areas. 

Category 3--Here is the first time that we will be 
using vision. The visual system as well as touch 
and raqge-tinder information will all contribute 
to the model. Just as in the Category 2 experiments, 
the model will be uoed to calculate a route. These 
~xperiments will use programs similar to GOT03 described 
on pp. 30-31 of the Third Interim Report. 

2. Phase B 

In the experiments of Phase B, the pri•ry ■iesion is still 
to go to a specified place, but now this place is only pacified 
implicitly. The following command are examples containing iaplicitly 
specified places: 

(1) Go to a doorway. 

(2) Go to a place half-wa.y between the two ••11 cube . 

(3) Go to a place fr which all objects in the room 
are visible. 

To execute c nds such a th se, th auto•ton ■y■t m will 
first have to do some proble solving in order to convert the implicitly 
described place into an explicit coordin te pair. In some case■ the 
probl ~an be solved by referring only to into tion already in the 
model; otherwise, a sub oal to obtain additional into ti will be 

15 



••t up. Tbi• ■utieoal itself implicitly specifi • places that ust 

be vl■itecl, 10 that it 1• poaaible to concei ve of quite difficult 

exper1■entl during tbia phase. Some approache1 toward problems of this 

type were discussed in the Third Interim Report (pp. 31-35). 

We will need a visual pattern-recognition capability for the 

8Xl,)8ri■ent• in tbi• pbaae. Simple prucram have been written to allow 

di■cri■ination b tween cub• and objects of other shapes, so that 

we c ld, for example, riv the autODlllton the mis■ion: Go to a cube. 

The ability to recognize Mbapes add~ new dimensions to model 

buildin1. Durlna Pba■e A, odel building consisted only of noting 

whether certain grid cell• were full or empty . Now that we can clas i fy 

the objects that fill grid cells, boat of questions emerge that can 

only be attacked after considerable experience with various alternatives. 

ror example, should the automaton system invent its own categories for 

objects, or in■tead attempt to fit everything into those categori es 

tbat the experim nter ight have furnished? 

3, Phase C 

In these experiments we will be combining the abilities 

•dweloped in Phase• A and B to achieve more complex minions involving 

the •nipulation of object• in the environment. Although we are not 

plannin1 to add an arm to the vehicle, the auto aton will be able to 

aove objects about on the floor by pushing them. Some example missions 

in increa■ ina order of difficulty might be: 

(l) • Move Object Mo. 003071 from its present position at 

(x
1

,y
1

) to (x2,y2). 

(2) Move a cube to position (x2,y2). 

(3) Move a cube next to a wedge. 

(4) Move all of th cubes into the northwest r Jrner of 

tbe room • 

• Tbe internal nam of an object, 
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(5) Build a "wall': of cubes across the roo with a gap 

in it large enough to pass through. 

Although in all probability we shall not be experi enting with 

any but the simplest of these missions in the present project, we shall 

nevertheless be able to define much more clearly the techniques needed 

to achieve some of the more difficult missions. Obviously, we can 

construct missions of this sort having arbitrarily high complexity. 

How '!:any of these missions we shall be performing depends to a la~ge 

extent on the problems we encounter during the experiment of Phases 

A and B. 
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Appendix 

DATA-COMMUNIC'ATION-INTERFACE LOGIC 

by 

J. A. Baer 

1. General Description 

At the present time the mobile vehicle i s connected to the fixed 

computer interface equipment by means of a mu~ti-conductor cable. 

We are now in the process of replacing this cable with a radic l.ink. 

The cable carries video inform tion fr~m the TV camera on the vehicle 

and coded digital data that originates both at the vehicle and at the 

fixed equipment. It is the latter--tbe coded digital data--that is of 

concern here. Additional interface logic is also being connected between 

the radio link and the remainder of the syst in such a way that the 

overall system functions in the same manner as it does under hard-wire 

control. The vehicle and fixed equipment operation were initially 

organized to facilitate operation via a radio link. In fact, the 

connection of the interface logic into the overall system will be 

done through the same physical connector receptables that are currently 

mated to the cable plug, This will minimize the checkout time required 

for the installation of this expansion of the system, 

In Fig, A-1 the block diagram shows symbolically the relationship 

between the various portions of the equipment. The Fixed Control Unit 

(FCU) is a part of the fixed equipment, and it communicates with the 

co puter and, at present, the multiconductor cable. A total of 

13 signals are passed from the FCU to the cable; 8 of these signals are 

used to deno~e distances to be traveled, addresses, etc. The remaining 

5 signals are special control signals, such as Reset. Each of the 13 

signals appears on its own terminal pair in the FCU--1.e., the data 

is presented in parallel. The radio link transmits only one bit of 

information at any one time so the Data Communication Interbce (Fixed), 

or DCIF, must conve.rt the parallel data into ordered sequential data. 

This, then, is the ~rimary function of the transmitter portion of the 

DCIF. 
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FIG. A .. 1 INFORMATION-EXCHANGE PATHS 

Tb• data achana:e 'Jetween tb SDS-940 computer •nd the FCU is in 

t e on of eljht-bit cb1ncter•~ tbia acbaqe take■ place in an 

aaynch ou■ •nn•r a• controlled by auxiliary ■ignal•. Tbe■e eight-

bl t• ~1M et1bt t1ae-■lots in tb• "equential data transfer of the 

radio link. In addition to tbe1e eight, the radio link operation, 

per ••• require• tbrM ti■e-alot■, 10 the acbaqe of information fro 

tbe radio trau■itter to tbe radio receiver requires eleven time-slot 

(plu an "o1f" period betwND croup• of eleven time-llots). Each Um •• 

•lot 11 abollt & ■illi1econd• in duration (200 bits per second) and is 

■ccuntely controlled by ■NM of a crystal o■cillator. 

A functioaal block dla1ra■ of the DCIP is 1iven in Fis. A-2. 

Tb• tap part of the dia1ra■ repre1ents tbe receiver pbrtion of the 

lOflc, and tbe tranamitter portion is 1bom in tbe bottom part of 

tbe dla1ra•. Tbe audio ■ ip.al input from the radio receiver to the 

tbreahold detector is ideally a sine wave of 2083 Hz or 3125 Hz, 

repre■•t1ns lQtlcClfl and ZBRO re1pectively. Tbe presence of one of 

tbe■o two tonff will b detected by the di1ital filter and, if certain 

otber criteria are sati•fied, will pa■■ on the logic ONB or ZERO to 

tbe buffer l'llli■ter. The location of the trauferred bit in the 

t•t•r 1■ deter■ined by the ti■e-■ lot 1en rator. The loeic and timina 

aecpaence• in th••• circuit• are arnnred such that a aequence of tones 

at t-• input cau••• atnlS and ZBROS to b pre•ented in an ordered 

taabion to tie sneral output ter■lnal■. 
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FCU--------------.. ___ _, 

TA• IIH,· 51 

FIG. A-2 DATA-COMMUNICATION INTERFACE (Fixed) 

The transmitter portion of the DCIF receives data and control 

signals from the FCU asynchronously. The control signals, aft r h ving 

the proper priority assigned to them, initiate the time-slot kenerator. 

The time-slot generator together with the tone generator and output 

gates converts the control and data signals into a time sequence 

comprising two audio tones. 

For the interface logic that is on board the vehicle--the Data 

Communitication Interface (Vehicle), or DCIV--the functional block 

diagram is the same as for the DCIF shown in Fig. A-2, except that the 

Mobile Control Unit (MCU) receives and sends the data rather than the 

FCU. There are several differences in the detail of the l~ic, however, 

between these two interface logic units. In particular, the buffer 

register and priority control block in the DCIV is more elaborate than 

it is in the fixed equipment because there are many interrupt and error 

signals that must be processed, Because of these interrupts and errors 

the total number of signals passed from the MCU to the FCU througb the 

radio link is 17 (rather than the 13 that are passed in the other 

diror.tion) . 
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I 

It ~• n~t, the pu1tpo1• ,i thi1 ppendbt to 11ve a detailed description 

I~ t~• l1Jl10 1'1 tht'll i:nte,r:faee untts, but we wi'll df,souss bore some of 

tijt -qn11-r ld.enU.:tl1caUOJ11 1;u•04essea. 
I 

I' 

fbe~t 1 air• two ■epante e:cyl!l1tal-contr0U d oscillators in the 

,ln1h1t'1aQ• sy,hc;a1111J oJJ,e :b;11 in the :OOlF and the other in the DCIV. These 

rg, ... tie -.t 100 kB~ lrldl :100 ~z l!elpeetively. (Tbe fact that tb,ese two 

1~~Ulat:~,• qpe;rat't at dUteren,t :frequencies ts not s:lgnifica.nt to the 

1ry11t.t• o~eta10o,:11; ttie•• a.-~ tb, s,~a:ndaird units :available fl'om the two 

•..-~PU41!ri!I Pt th 1csic used in, the system. J These frequencies, are 

~11111,ld to ,11111b:U.ab a ti I ba~e in tbe digital Ulte:r and 1u·e 11 cov..nted 

,~_.rt•t to e!Jppl)'i -,i.C)ct, ttequenc,181!!11 tor the 1oe1c and to supply the audio 

t 1.i-ne fr11,:u111des1 ~ 'il'1-e•ei 010n1aitors are not syncbro•ized, so there is 
' 

' ,,. pb••U.~
1 

,o111lld11.lUY: 1:ba~ is accounted tot in 1:be system timing., 

Qpon r,celp11 of ai:111 1n1d~o slgnlill oif sut;Ucient amplitude from the 
I • ' 

1~dl~ N:~11~1v,t i • count"r I.a atdrled •• tbe means: to:r mea.,,ur:lng the 

b~U"',ezf;tpd 011 fl~~ iO:oOll,I~ audlo, frequency. Wben a .apeci.Ued number 

, at btih--i~yol~• b•1\l' ,iq; ilbflll PIQll&il" time durat:J.ou have be&n received, a 

,,~<1111' ln~t,"-han1 i■! alven, 1:t.pU:,1111 that I parttoul~r tone bas been 
1

~r•lyec11. 1'~ i~ltf■ '.t!e tbe ---~-1~,.,, o.ycle in t:be ilnter:f ,ae• unit, tbe 

t~111t tan•1 t•<=•:lte4 ll!lilt have ii frequenQy' o:f 3125 "z, and the second 
I 

~IQtl• fKl/1IY1dl ••,t ~v• ,1 trequ•1"cr of1 2()8JSI Hz. Tile requi:re11u,nts 

~I) t&•t ~iu11 .lt,quenc:10•1 mu11t ):,a present for a certall:n le111th1 of time 

,~,d ~~) 1tbat IHt' tt:r•t t,:01 toru,11 appea.1' 11,n • ce1:1tain order, aJ,ong with 

1!h• •~~•J.,bil Ql~tztol IR the tad1 19 .rieceiver, provide 
0
,tart-up

11 
protection 

•pip·~ ni~cl• dcnal• . 

I !(1,•~ 1:i:t1■1 ,1celv11 eych~ ln, the logic bas been initiated_, there are 
I 

~l'9 Jlld:L,tton:•l piot,,;tlve ~r11ed• that 1nus1t ~e1 satUt:ted. The first 

' et:lUtt:L~ nla:telll to ttie Um:lnr o~ the reee:l.ved ,audio tones. Upon 

~~:1,,:11.a~:L(li o~ t~• ~1;•~•• m~.cle_., the time-slot 9:enerat01· l's 1Start~,. 
I I I ,. 

1 
~~•tit ._,~, of ,~• elg~t JucceedJng U11e-•1ot1, tbs logic uquires that 

..,,, ~r t:n.e ll)the:t 9f tle 1:wa t:en,il, be detaelted 'llt tbe digUJl :f!Uter. 

1¥! iill• ~~• ••caue:n.c11 l■ not racr;e:lv- d1 an e,rro~·" in~H,cat:lon is, generate~, 
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and the logic reverts to a quiescent state awaiting receipt of a 
"start-up" condition. If tbe cause of the f ilure to receive the ton 
sequence is loss of RF ~nergy from the fixed-equipment transmitter, 
the vehicle power is autOllatically turned off. 

The second criterion that must be satisfied is a parity check on 
the data that is passed through the interface units. If the parity 
condition is violated, an error indication is generated. 

There are additional criteria that ~ould be implemented to provide 
additional reliability to the radio link, This, naturally, means 
greater cost and complexity, We are implementing a system that, in our 
judgment, has a reasonable balance between cost/complexity and reliability, 
as they relate to the entire automaton system. 
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