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SUMMARY

Stanford Research Institute proposes a program that will ultimately
lead to the development of machines to perform reconnaissance missions
that are presently considered to require human intelligence.

Significant but uncoordinated research studies applicable to this
field are being carried out in a number of laboratories. We propose--
in a balanced program of experimental, theoretical, and exploratory
research--to coordinate the efforts of a large group of specialists
within and outside the Institute, directed towards the orderly develop-
ment of theory, technique, and hardware.

Several key problem areas have been identified and will serve as
the basis of our initial work. These include, among others, research
in adaptive pattern recognition, in learning systems, and in multi-
level goal-seeking systems. In addition to the necessary exploration
of these areas by analyses and simultation, it is intended to develop
a machine facility to permit operation with models that will embody de-
sired concepts, but will avoid superfluous engineering design. By thus
concurrently implementing theoretical results, major practical problems
will not be overlooked, costs of real solutions may be assessed, and the
operating models can also serve a major purpose in the generation, clari-
fication, and simplification of complex ideas.

The machine facility will consist primarily of a high-speed data
processing system controlling a simple, mobile vehicle equipped with
visual, tactile, and acoustic sensors. It is planned to demonstrate
with this facility a goal-seeking automaton learning to perform non-
trivial missions in a complex and changing environment--missions that
would normally be considered to require intelligence.
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I INTRODUCTION

This proposal is in response to RADC Proposal Request No. I-6-4769 dated
14 December 1965,

A. Background

Mechanical robots that imitate human or animal behavior have intrigued
man since antiquity. About 300 B.C., Hero of Alexandria constructed a hy-~
draulically powered figure of Hercules and the dragon. The robot Hercules
shot the dragon with bow and arrow, whereupon the dragon rose with a scream
and then fell. Many robots embellished medieval clocks, such as the famous
15th century Venetian clock with its pair of bronze giants that strike the
hours. These devices executed simple sequences of actions without change
and, though entertaining, could hardly be called "intelligent.'" Twentieth-
century automata--such as Grey Walter's turtles,l* Claude Shannon's maze-
running rat,® and Johns Hopkins' "beast'®--have brought the art of robot-
building to the beginning of a new chapter--that of intelligent automata.

Advances during the last decade in artificial intelligence now make
feasible the initiation of a program to develop intelligent automata. 1In
the past this field has been arbitrarily divided into two major branches:
heuristic programming and adaptive pattern recognition, The development
of the stored-program, high-speed digital computer has made possible
"heuristic programs' to play chess* and checkers,® prove theorems,®,” and
converse '"understandingly" with humans.® The last program, which "under-
stands," is based on property list structures that simulate the features
of an associative memory. A brief review of this technique is given in
Appendix A. Simultaneous with these efforts to program computers to per-
form intelligent tasks, advances have been made in methods for processing
and recognizing such perceptual information as high-resolution visual
images, speech, and other patterns.®~'2 various adaptive techniques,
implemented either by special-purpose equipment or by simulation on com-
puters, have proved useful in these efforts.

It is now possible and appropriate to begin to build automata with
the enhanced abilities promised by these developments in heuristic pro-
gramming and pattern recognition research. Such abilities might include
the following:

(1) The ability to perceive, in rich detail, the environ-
ment surrounding it. This perception can include visual,
tactile, acoustic, and other special senses.

References are listed at the end of the main text, preceding the
Appendices.



(2) The ability to identify important patterns from a
mass of sensory information and to construct there-
from internal models of its environment

(3) The ability to conceive and execute its own experi-
ments for the purpose of improving or testing the
validity of its internal models

(4) The ability to remember its own past actions and
the relevant previous conditions of its environment
for the purpose of modifying its behavior when
appropriate

(5) The ability to control its own actions in a pur-
poseful manner to achieve a certain mission within
a changing environment

(6) The ability to be taught, by teacher and/or chance
experience, which patterns in its environment are
important, how to construct models, and how to
achieve missions.

Quite obviously robots possessing such abilities would be able to
perform tasks normally thought to require human intelligence--hence the
name intelligent automata. It is the purpose of this proposal to out-
line the first steps of a program whose ultimate objective would be the
development of intelligent automata for automatic reconnaissance.

B. Goals of the 'Program. ..

The long-range goal of this program will be to develop intelligent
automata capable of gathering, processing, and transmitting information
in a hostile environment. The time period involved is 1970-1980.

The first short-range goal of the program will be to design and
develop a mobile automaton to accomplish non-trivial missions in a real
environment .* External control will be exercised over the automaton
from a computer. The automaton will have at least visual, tactile, and
acoustic sensor capability. The present proposal deals only with that
part of the program necessary to achleve this first short-range goal.
Completion of this part is anticipated to require two years.

The second short-range goal will be to design and develop a mobile
automaton to accomplish non-trivial missions in a real environment in a
self-contained mode--that is, with little or no external control. Sub-
sequent short-range goals intermediary to the long-range goal will be
defined as research proceeds during the first two years of the program.

A discussion of examples of missions and environments is given in
Sec. III-D.



ITI OBJECTIVE

It is the objective of the proposed program to develop concepts and tech-
niques in artificial intelligence towards the performance of robot-like
devices in realistic environments. These concepts shall be demonstrated
by means of a breadboard mobile vehicle containing acoustic, tactile
(touch), and visual sensors, signal processing and pattern recognition
equipment, and computer programming. Primary goals shall be the solution
of incompletely specified problems (requiring creation of intermediate
strategies and goals) and improvement of performance with training experi-
ence,



III DESCRIPTION OF PROPOSED FACILITY

A, Description of Automaton System

The automaton system will consist of one or more digital computers
and their programs, special-purpose pattern recognition equipment,
peripheral equipment such as magnetic tape units, drum and/or disc
storage and display, connection or interface equipment, and a small
mobile vehicle carrying a TV camera and equipped with tactile sensors
such as bump-detectors and audio sensors., In this section of the pro-
posal we will outline the facility hardware and special software require-
ments insofar as they can be foreseen at this time. We shall also give
some examples of typical missions to be performed by the automaton system.

B. Facility Hardware

The main item in the facility equipment complex will be a high-speed,
commercially available digital computer. This will include a package of
utility programs, Other programs will be developed to permit this computer
to exercise master control over all the special equipment including the
mobile vehicle.

The criteria for selection of a computer to be used by this project
are discussed in detail in Appendix B. An important factor in any final
decision will be the guaranteed availability of hardware and software to
accommodate the program's needs, It is anticipated that a time-sharing
feature will be a requirement so that related projects can run simul-
taneously. Several computers, the SDS 940, the CDC 3300, and the DEC
PDP-6 are under consideration; the SDS 940 at this time appears to be the
most attractive. However, a final decision will not be made until one
month after the beginning of the project.

As presently envisioned there may be a necessity for a special-
purpose device to process the television pictures sent to the computation
equipment from the mobile vehicle over a connecting cable. The high-
resolution nature of the TV image might preclude processing it bit-by-bit
by the digital computer, and necessitating a parallel preprocessor of the
type constructed by Brain!® and his colleagues for the MINOS II pattern
recognition system developed at the Stanford Research Institute. A descrip-
tion of this pattern recognition system including preprocessor is contained
in Reference 9.

As in the MINOS II pattern recognition system,® it will be convenient
to follow the TV preprocessor with adaptive pattern recognition techniques
for further processing to yield a decision about the category of the TV
image. Our current thinking is to implement these pattern recognition
techniques on a digital computer (the digital computer system mentioned
above if its capacity permits). The alternative is to build special-
purpose analog equipment similar to that employed by the MINOS II system.



Since the number of patterns to be processed per second will probably not
exceed five, a digital computer implementation of the pattern recognition
techniques appears at present feasible and economic. Although we shall
examine and review these alternatives carefully at the beginning of the
program, the cost estimates in this proposal assume a digital computer
implementation.

The above assemblage of computational and pattern recognition equip-
ment will be cable-connected to a small mobile vehicle carrying a standard
television camera, with provisions for remote control of zoom lens, pan,
and tilt. The vehicle will also be equipped with tactile sensory mechan-
isms such as bump-detectors. It is also proposed to provide the system
with an audio sensor to permit recognition of tones or sequences of tones
with some approximate indication of direction. The connecting cable will
carry sensory information from the vehicle to the pattern recognition and
computation equipment. After processing of this information, commands
will be sent out over the cable to the vehicle and TV camera. In this way
the vehicle will be in a state of continuous interaction with its environ-
ment while executing its assigned mission.

This complex of equipment constituting the "automaton system' is
shown in Fig. 1. It should be stressed here that all equipments will be
well within the present state of the art. It is not the purpose of the
proposed project to achieve engineering advances in hardware, The hard-
ware for this part of the program serves the sole purpose of allowing an
easy means to put systems concepts to a rigorous test. Prototypes of
special-purpose pattern-recognition equipment, including a television
image preprocessor and digital computer interface equipment have been
developed and constructed at SRI, and the employment of similar equip-
ment in this project need offer no special problems. A detailed descrip-
tion of such equipment can be found in reports by A. E. Brain et gl.l4

C. Special Software

A major part of the proposed effort will be devoted to the develop=
ment of special software and experiments for use with the equipment complex.
By special soitware we mean here the digital computer programs necessary
to control the automaton system. These programs include at least those
to:

(1) Accept and process sensory information from the
vehicle ’

(2) Build, store, and modify internal models of the
environment

(8) Plan the tasks necessary to execute a given mission

(4) Control the vehicle so that it executes the necessary
tasks.
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FIG. 1 THE AUTOMATON SYSTEM

We expect to make full use of recent advances in heuristic program-
ming and list processing techniques where applicable. It appears that
these techniques will be particularly useful in building "cross-referenced"
property list descriptions of the environment® (see Appendix A of this
proposal) and in setting up and ranking subsidiary tasks during the per-
formance of a given mission,

To obtain maximum benefit from the results of this effort, it will
be advantageous to employ programming techniques which are as descrip-
tive and concise as possible. Programs which implement "high level"
decisions and algorithms relating to "intelligent'" behavior or data
organization shall be developed in a machine-independent manner. This

will require the use of compiler-level languages, such as ALGOL, FORTRAN,
and LISP, '

The systems concepts that will allow the automaton to plan and exe-
cute the tasks appropriate to a given mission are now in the early stages
of development and evaluation here at SRI. Continulng research and
development of these ideas will constitute a major task during the early
months of the project. At present the concepts are embedded in a general
model called the "state-transition" model. We shall describe this model
and its relevance to task selection and execution in Sec. IV of this



proposal, entitled 'System Considerations." 1In the remainder of this
section we shall outline some example environments and missions for the
automaton facility.

D. Environments and Missions

One of the objectives of this program is to build a "robot-1like
device" that can perform non-trivial missions in a "real environment."
While the missions and environments being considered may at first glance
appear oversimplified, there should be a careful distinction made between
economy and triviality. The research results being sought will lead to
real and important applications. The research method seeks to minimize
elaboration in order to conserve funds and concentrate on the crucial
points.

The state of the art in pattern recognition is at least adequate to
allow an environment containing simple three-dimensional objects such as
spheres, cubes, pyramids, cylinders, etc. Some of these objects may be
moved by a push from the mobile vehicle. Others may be securely fixed
to the floor. The environment probably will be enclosed within walls and
a floor; these walls may have simple two-dimensional patterns painted on
them. The environment might also contain post signs employing symbols
such as arrows, wavy lines, etc. that can be used as ''road signs." 1In
addition, the floor of the environment may not be planar but may have
occasional slopes and depressions. The precise details of the environ-
ment, including the kinds of objects and signs to be used, will be decided
during the project after pattern recognition studies are completed.

Within the framework of this probable environment a variety of
different non-trivial missions may be envisioned. These too will be
defined precisely after further study and consultation with representa-
tives::of DOD, but we shall discuss an example mission here that is felt
to be both "non-trivial"” and realizeable. This mission requires the
automaton to be able to '"find its way" around in its environment. It
must learn and remember landmarks and avoid dangerous situations.

In this mission the automaton will be directed to proceed to a
certain general location within its environment and, when there, to
search for a particular movable object identified roughly by some of
its attributes--say, size, shape, and the sounds it makes or some com-
bination of these. When it finds likely candidates it is to sequentially
position its TV camera in such a manner that a series of otherwise
unobtainable pictures of the object is sent back to the computation center.
It then completes its mission by returning to home base,

During initial phases of training for this mission the object might
be placed in plain sight and within easy reach of the automaton. The
automaton searches with its TV camera, locates the object, and then pro-
ceeds in a straight line to the object. Next, the object might be
placed in view but separated from the automaton by barriers. It must



then seek an indirect path to the object and remember landmarks along
this path so that it can find its way back.

Gradually, after thorough training in the '"fundamentals,' the automa-
ton should be able to cope intelligently with more complex circumstances
including a changing environment. A further complication is created when
the object can sense the automaton under specified conditions and can take
evasive countermeasures. Here the automaton may learn to ''box-in' his
non-cooperative prey by arranging appropriately some of the movable objects
in his environment. Clearly, the range of possibilities here is large,
and further study and consultations are needed before more advanced mission
descriptions can be given,



IV SYSTEM CONSIDERATIONS

A. Pattern Recognition and States

The automaton system is to receive sensory information from the
environment through the TV and tactile sensors. To render this infor-
mation useful for the control of the vehicle it must be processed into
categories that experience and training indicate are meaningful. This
processing is to be accomplished by state-of-the-art adaptive pattern
recognition techniques. These techniques allow the pattern recognition
rules to be trained into the system so that they are appropriate for a
wide range of varying environments. Adaptive pattern recognition tech-
niques also allow the appropriate correlations to be made between the
input channels from differing sensory modalities--e.g., visual and
tactile. Such correlations permit a wide variety of conditioned re-
sponses in addition to the more specific learning abilities of the
pattern recognition system.

Adaptive or trainable pattern recognition machines involve the
construction of adjustable decision surfaces in a high-dimensional in-
put space. It has been found that useful decision surfaces can be most
economically synthesized from pieces of linear surfaces, and a wealth
of theoretical knowledge15 and experience'4 has been gained about
machines employing ''piece-wise" linear, adjustable decision surfaces.
Such machines implement these surfaces by computing the dot-products
of input (sensory) vectors with stored 'weight' vectors, and are trained
by making adjustments in the values of the stored weight vectors.

It is felt that the present state of the art in adaptive pattern
recognition will permit useful discrimination in a simplified real en-
vironment (e.g., an environment containing simple geometrical objects
such as square boxes, spheres, pyramids, etc.). As research progresses
in concurrent programs,* methods of recognition of real objects such as
chairs, tables, houses, trees, roads, etc. in more complex real environ-
ments are being developed. An intriguing possibility would be the
recognition of humans disposed in various attitudes, such as standing,

sitting, pointing, or in sequences of attitudes involved in walking,
running, etc.

The result of the pattern recognition process is a decision re-
garding the "category'' of the sensory inputs. Thus, we might have the

following possible categories for the sensory patterns observable by a
mobile vehicle:

*
A program supported by the U.S. Army Electronics Laboratories under

Contract DA 36-039 AMC-03247(E) has as its main goal during 1965-1966
the development of ''selective attention’ mechanisms for MINOS II to
permit recognition of complex objects surrounded by a field of similar
objects. It is to be expected that the results of this research will
be used as appropriate during the proposed program.



(1) Large rectangular object ahead

(2) Small circular object ahead

(3) Up against a wall with vision blocked off

(4) No objects in view but a shrill whistle sounding
(5) No recognizable sensory information (null pattern).

The category of the sensory information impinging on the mobile
vehicle represents the basic element of information to the computer
from the vehicle. These elements can be compounded into "'states.”
The notion of "state' is central to the discussion of task determination
and execution.

By a "'state" we mean a situation that the vehicle finds itself in.
The components of a state or situation could well include information
about the categories of present and past sensory patterns as well as
approximate descriptions of present and past geometric positions. Some
examples of such states or situations are the following:

State 1: A small circular object is in the field of
view now, whereas during the immediately pre-
ceding time interval the vehicle was up
against a wall with vision blocked off.

State 2: A large rectangular object is in the field
of view now, whereas in the immediately pre-
ceding time interval there were no objects
in view but a shrill whistle was heard, and
in the interval prior to that no recognizable
sensory information was present.

State 3: A large circular object is presently in the
field of view.

We shall assume that the automaton system can usually determine
its present state unless it happens into a new state previously unen-
countered. (New states are to be expected if the environment changes,
and of course this will also occur during the early life of an automaton
in a fixed environment.) When a new state is encountered it can be
temporarily added to the collection of known states. If subsequent

experience indicates that the state is frequently encountered it can be
permanently included.

We shall also assume that the mission of the automaton can always
be expressed in terms of the state of the system. Thus a typical mission
statement might be: 'Get to state No. 17."

10



For simplicity let us assume that the mobile vehicle has only a
finite number of basic actions from which the computer may choose. These
action alternatives might include:

(1) Move forward one step

(2) Turn left 30 degrees

(3) Turn right 30 degrees

(4) Move backward one step

(5) Zoom TV lens one notch forward

(6) Zoom TV lens one notch backward

(7) Pan TV camera 10 degrees to the left

(8) Pan TV camera 10 degrees to the right

(9) Tilt TV camera 10 degrees up

(10) Tilt TV camera 10 degrees down

(11) Do nothing.

These actions are implemented synchronously, one every second, say.
Also once each second, say, sensory information is sampled by the
pattern recognition subroutines and a state determination is made. We
now have a situation that can be represented adequately by a discrete-
time model. We shall call it the 'state-transition-model.'

This model will now be discussed in some detail. This approach is
important because it allows us to identify some key research questions

concerning task selection and execution.

B. The State Transition Model

In a wide variety of engineering tasks, from problems in operations
research to control theory, it has been found useful to define the con-
cepts of state and state-transition. These concepts have been given
varying interpretations by different researchers;*®7'° we shall employ
some of these concepts to discuss certain problems of intelligent
automata.

Let us diagram a collection of states as in Fig. 2. Directed
lines between the states indicate transition possibilities. We assume
that at any instant of time the automaton system is in one of the
states, and as a result of actions taken at discrete time intervals the
automaton system either remains in the same state or changes state at
these intervals. To allow sufficient generality in the model let us

11



FIG. 2 STATES AND TRANSITIONS

assume that the effect of any action is not completely determined by

the state prior to the action but depends also on a random variable.

We shall assume, however, that the effect of an action does not depend
on any of the states preceding the one just prior to the action. Thus
we shall denote by the symbol p the probability that action number k
will result in a one-step translilon to state number j if the system

is in state number i. Of course some of these probabilities may be zero,
indicating an impossible transition, and others may be one, indicating
that the transition will certainly occur.

In addition to these probabilities we may want to specify some
transition costs cjij- The costs, iy represent the costs incurred in
making the transition from state i to J. States that are known to be
detrimental to the performance of the mission or known to be harmful to
the well-being of the automaton should have high costs assigned to them.
Other states might have a unit cost assigned to them. Given this struc-
ture of states, transition probabilities, and costs, a central question
is: "How should actions be selected by the automaton system to minimize
the average cost of traversing from one given state to another given
state?" But this question is only one of many brought into sharp focus

by the state-transition model. We shall identify some of these questions
below.

12



C. Research Problems

At least three major research problems are suggested by the state-
transition model. These are:

(1) How is the automaton to discover a useful repertoire
of states?

(2) How is the automaton to discover the consequences of
its actions (i.e., the transitions linking the states
through the allowed actions)?

(3) Knowing the states, the possible transitions, and the
costs, how is the automaton to select the appropriate
actions to achieve a given mission at minimum cost?

Although the main theoretical effort during will involve
seeking answers to these and related questions, there has already been
some progress that will serve as a point of departure.

The first question could have a spectrum of answers depending on
the flexibility desired of the automaton. At one end of this spectrum,
the state repertoire could be provided a priori. Such a solution leaves
the system open to the criticism that the 'intelligence' displayed by
the automaton was provided initially by the experimenters or programmers.
At the other end of the spectrum is the situation in which the automaton
must learn a repertoire of useful states by chance experience. This
process would be painfully slow and probably scientifically unrewarding.
A more appealing possibility is one in which the state repertoire is
discovered by a mixture of methods. Some "fundamental' states might be
given to the system a priori. Other useful states might be taught to
the system through guided experience or training. Such a repertoire
of states could later be expanded by the automaton system throughout
its life as a result of its experience and its built-in ability to con-
ceive and execute experiments to gather additional information.

There is also the question of how many states would be needed by an
automaton system to perform non-trivial missions in a real environment.
Recent work at SRI* indicates that the prospect of one thousand states,
if indeed that many are needed, should present no insurmountable compu-
tational or storage difficulties. Perhaps, for some missions, as many
as one million states might be desirable. There are promising techniques

now being investigated that could permit utilization of this number or
more.

3
Automata studies have been internally sponsored for the past year.
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The second major research problem concerns the question of how the
automaton is to learn the consequences of its actions (the transitions).
One obvious answer is that the automaton should be allowed to wander
randomly through its environment tabulating statistics on the effects
of its various actions as it goes. Perhaps this process should be aided
somewhat by "guided tours' directed by the experimenter. It may also
be desirable to modify the probability of transition estimates directly
so that pieces of information known to be reliable can have their effect.
For example, the experimenter may wish to tell the automaton that a
certain pathway has been blocked, meaning it can no longer get from
state i to state j in one step. The probabilities dealing with this
transition should then immediately be reset to zero without waiting for
statistical information gleaned by trial and error to have its effect.

Even if the state repertoire and transitions were known, we would
still have the most important question--how to use them to accomplish
a mission. We have already investigated various approaches to this
question. Some of these involve extensions of dynamic programming
methods. The experiments performed to date have indicated that the
number of states that can be handled by the system can be quite large
(i.e., 103 to 106) without causing excessive computation times. 1In
particular, Larson's?® state-increment dynamic programming method and
other related newly developing methods have made groundless the old
prejudice that dynamic programming methods applied to non-trivial prob-
lems necessitated unobtainable high-speed storage. Initial experiments
conducted at SRI with these new methods indicate that dynamic programming
techniques represent an entirely feasible approach to this problem.

Cutting across all three of the above research problems are the
subjects of efficiency and economy. Obviously, great simplifications,
arrived at heuristically or experimentally, will have to be employed .
to store all the transition probabilities if the number of states is
large. It is fortunate that most of these probabilities will be zero.

Heuristic programming techniques written in list-processing languages
such as LISP will be employed as warranted to increase storage efficiency
and reduce the search for minimum~cost action sequences. At the present
time it is felt that a particularly useful heuristic programming tech-
nique for the automata research program is Raphael's cross-referenced
property-list structure.® Perhaps this technique could be employed to
store the relationships existing between various objects in the environ=-
ment. Such an internal model of the environment is probably the most
efficient way to store the information on which to predict the conse-
quences of various actions.

Another valuable heuristic is that of establishing subgoals whose
- attainment in the appropriate sequence leads to the attainment of the
mission. For the purposes of this program let us think of these sub-
goals as "tasks.” In our state-transition model, in theory, it is just
as straightforward to get to the state that represents mission accom-
plishment as it is to get to any intermediate state (or collection of

14



states) that represents task accomplishment. The advantage of organizing
the job of mission accomplishment into a sequence of task accomplishments
is chiefly one of economy. To illustrate this point, suppose we have 106
states, and that we desire to get to state So from a present state si.

In principle the action sequence needed to minimize the cost could be
worked out by direct methods related to dynamic programming, but storage
requirements and computation times would probably be prohibitive. If,
instead of using a direct approach, the 106 states were divided into

1000 collections of 1000 states each, attainment of a feasible solution
(which might not guarantee absolute minimum cost) becomes economic. The
feasible solution might be obtained as follows:

(1) Each collection of 1000 states could be regarded
as a ''super-state.' The states within a super-
state should be reasonably '"close together' in
terms of possible one-step transitions.

(2) A minimum cost solution is computed for the
super-state system. Such a super-state solution

. specifies a task sequence--e.g., get into super-
state §,, then into S,, then into S5, etc. Since
there are only 1000 super-states, this computation
is within the bounds of practicality:

(3) The attainment of each of the tasks specified by
Step 2 above, can be regarded as separate problems,
each of which employs on the order of 1000 states
only.

Hierarchical organization of mission accomplishment appears then
to permit experimentation with systems having a large number of states.
Such a hierarchical organization implies a further research question
yet to be answered. This question is, how should the individual states
be organized into "super—states?" Simulation experiments have already
been initiated to explore approaches to this question.

Another question of economy and efficiency is, "under what circum-
stances should the results of computations be saved and stored for
possible future use?" Of course the answer to this question depends
on the availability and cost of storage and on the cost of recomputing.
It also depends on whether the results are permanently relevant or must
be updated occasionally due to a changing environment. The results of
certain basic computations that must be used many times clearly should
be stored unless their computation requires infinitesimal time. This
question will be given appropriate consideration during this program
so that an economical result will be achieved. Hopefully, concurrent
theoretical work may reveal some guiding principles.

15



V  PROGRAM ORGANIZATION AND PHASING

A, Program Management

The project will be under the over-all supervision of a project
supervisor, who will be assisted by two group leaders., This executive
team will be guided by a steering committee that will meet regularly
to review progress and make recommendations.

The project staff will be divided into two groups, a Systems Group
and an Equipment Group. The responsibilities of the Systems Group will
be to:

(1) Conduct the research prerequisite to writing the
special programs for the control of the automaton
system

(2) Provide all digital computer programs necessary
during the project

(3) Specify the missions, environments and experimental
research to be conducted.

The responsibilities of the Equipment Group will be to:

(1) Select, procure, and install the digital computer
installation

(2) Provide all special-purpose equipment necessary
during the project.

Personnel from both groups will combine to check out the entire
facility, conduct the experiments, and write reports.

A schedule of intermediate tasks necessary to achieve the stated
objectives has been laid out, and rough time and level of effort esti-
mates have been attached to them. These estimates form the basis of
our cost estimates appearing at the end of this proposal.

B. Description of Phases of Work

1. Phase I--Study and Investigation

The purpose of this phase will be to implement concepts in
artificial intelligence as applied to a real environment. This effort
shall explore techniques to assimilate and utilize acoustic, visual,
and tactile forms of input data towards the solution of so-called
"intelligent' problems. This effort shall include the following:

a. A survey shall be made of the field of artificial intelli-
gence to adapt existing concepts and techniques to this

16



effort. This investigation shall result in definition
of the following major elements:

(1) The framework for a comprehensive mathematical
system model

(2) Constraints on goals and physical environment

(3) Signal processing and adaptive techniques re-
quired for pattern recognition and assimilation
of sensor data

(4) The computer configuration and programming
systems to be employed. Use of existing or
announced digital computers and peripheral
equipment will be considered.

b, Computer programs required to investigate concepts and
techniques shall be developed. Data representation and
programming techniques shall be based upon, but not
limited to the following considerations:

(1) Delayed real-time assimilation of environment
data

(2) Operation of the system at a reasonable speed

(3) Incomplete specification of goals and problem
constraints,

Documentation will comply with the requirements of Exhibit RADC-3010
dated 17 January 1964,

c. Designs shall be made for a breadboard model of a mobile
vehicle, based on the following factors:

(1) Cable connections to external signal process-
ing and control equipment

(2) Sensors mounted on the vehicle, to include: an
electro-optical device similar to a vidicon,
with provisions for variation of scan direction
or field of view; microphones or other acoustic
devices, with some directional sensitivity; and
pressure transducers, microswitches or other
tactile mechanisms to signal contact of the
vehicle with other objects.

2, Phase II--Test and Experimentation

The purpose of this phase will be to utilize the techniques
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developed under Phase I above, integrated into a complete system. This
effort shall include the following:

a. Fabrication of a breadboard mobile vehicle and
associated cabling and interfacing between computers,
signal processing equipment, and the vehicle.

b. Computer programs to implement elements of the system,
consistent with requirements of Phase I above. Maxi-
mum utilization of the programs developed under Phase
I shall be made.

c. Design of experiments to "train'" and test the system,
and suitable artificial environments shall be devised.

d. Demonstrations of system performance, emphasizing the
various areas investigated under this effort shall
be prepared.

It is estimated that the following levels of effort (profes-
sional and technical) will be required to complete the research, develop-
ment, and testing called for under Phases I and II:

Phase I(a) 46 man-months
Phase I(b and c) 32 man-months
Phase 1II 90 man-months
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VI CONTRACT FORM

It is requested that any contract resulting from this proposal be written
on a cost-plus-fixed-fee basis under Basic Agreement No. AF 33(657)-5266
between the United States Air Force and Stanford Research Institute.

VII ESTIMATED TIME AND CHARGES

The estimated time required to complete this project and report its re-
sults is 25 months., The Institute could begin work upon acceptance of
this proposal. The estimated costs are detailed in the attached Cost
Breakdown.

VIII ACCEPTANCE PERIOD

This proposal will remain in effect until 31 January 1966. If considera-
tion of the proposal requires a longer period, the Institute will be
glad to consider a request for an extension in time.

IX PERSONNEL

Key personnel will be drawn from the four laboratories comprising the
Engineering Science and Industrial Development Research area and from
the Mathematical Sciences Department. Over-all supervision of this
program will be under the direction of Dr. Charles A. Rosen; Dr. Nils
J. Nilsson, and Mr. Milton Adams will be in charge of the Systems Group
and Equipment Development Group, respectively. Biographies of key
people are given below.
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Noe, Jerre D. - Executive Director

Engineering Sciences and Industrial Development

Dr. Noe holds a B.S. degree from the University of California at
Berkeley, and in 1948 received the Ph.D. degree in Electrical Engineering
from Stanford University.

Dr. Noe came to Stanford Research Institute from Hewlett-Packard
Company, Palo Alto, where he was in the development laboratories from
1946 to 1948. For two years prior to joining this organization he was
a Research Associate at the Radio Research Laboratory at Harvard
University. During 1944 he was with the Laboratory's affiliate,
American-British Laboratory, in Malvern, England. In early 1945 he was
assigned to the Mediterranean Theatre of Operations as Senior Technical
Advisor for radar-countermeasures.

In his present position, Dr. Noe administers Institute laboratories
in computer techniques, applied physics, physical electronics, control
systems, and systems engineering.

At Stanford Research Institute his early work was in system studies
for aircraft blind landing devices. Following this, he was placed in
charge of the ERMA project, the first large-scale data processing and
automatic character recognition system for the banking industry.

He is a member of Sigma Xi, Eta Kappa Nu, Tau Beta Pi, and The
Institute of Electrical and Electronics Engineers.

Dr. Noe served as a member of the National Joint Computer Conference
Committee in 1953-1954. 1In 1954 he was appointed to serve on the National
Administrative Committee of the IRE Professional Group on Electronic
Computers. He became National Chairman of the PGEC for 1956-1957.

Rosen, Charles A. - Manager, Applied Physics Laboratory

Dr. Rosen received a B.E,E. degree from the Cooper Union Institute
of Technology in 1940. He received an M. Eng. in Communications from
McGill University in 1950, and a Ph.D. degree in Electrical Engineering
(minor, Solid-State Physics) from Syracuse University in 1956.

Since December 1959 Dr. Rosen, as Manager of the Applied Physics
Laboratory, has been engaged in directing a program including major
projects in microelectronics, learning machines, and artificial in-
telligence.

In 1940-1943 he served with the British Air Commission dealing with
inspection, and technical investigations of aircraft radio systems, com-
ponents, and instrumentation. From 1943 to 1946, he was successively
in charge of the Radio Department, Spot-Weld Engineering, and Aircraft
Electrical and Radio Design at Fairchild Aircraft, Ltd., Longueuil,
Quebec, Canada. From 1946 to 1950 he was a co-partner in Electrolabs
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Reg'd., Montreal, engaged in the development of intercommunication and
electronic control systems. From 1950 to 1957 he was employed at the
Electronics Laboratory, General Electric Co., Syracuse, New York, and

was successively Assistant Head of the Transistor Circuit Group, Head

of the Dielectric Devices Group, and Consulting Engineer, Dielectric

and Magnetic Devices Subsection. In August 1957 Dr. Rosen joined the
staff of Stanford Research Institute, where he was shortly given responsi-
bility for developing the Applied Physics Laboratory.

His fields of specialization include learning machines, dielectric
and piezoelectric devices, electro-mechanical filters, and a general
acquaintance with the solid-state device field.

He has contributed substantially as co-author to two books, Principles
of Transistor Circuits, R. F. Shea, editor (John Wiley and Somns, Inc.,
1953) and Solid State Dielectric and Magnetic Devices, H. Katz, editor
(John Wiley and Sons, Inc., 1959).

Dr. Rosen is a Senior Member of The Institute of Electrical and
Electronics Engineers, a member of the American Physical Society, and
the Scientific Research Society of America.

Nilsson, Nils J. - Head, Learning Machine Group

Applied Physics Laboratory

In August 1961 Dr. Nilsson joined the staff of Stanford Research
Institute, where he has participated in and led research in pattern
recognition and learning machines. He has taught courses on learning
machines at Stanford University and at the University of California,
Berkeley. McGraw-Hill published, in March 1965, a monograph by
Dr. Nilsson describing recent theoretical work in learning machines.

Dr. Nilsson received an M.S. degree in Electrical Engineering in
1956 and a Ph.D. degree in 1958, both from Stanford University. While
a graduate student at Stanford, he held a National Science Foundation
Fellowship. His field of graduate study was the application of statis-
tical techniques to radar and communication problems.

Before coming to SRI, Dr. Nilsson completed a three-year term of
active duty in the U.S. Air Force. He was stationed at the Rome Air
Development Center, Griffiss Air Force Base, New York. His duties
entailed research in advanced radar techniques, signal analysis, and
the application of statistical techniques to radar problems. He has
written several papers on various aspects of radar signal processing.
While stationed at the Rome Air Development Center, Dr. Nilsson held
an appointment as Lecturer in the Electrical Engineering Department
of Syracuse University.

Dr. Nilsson is a member of Sigma Xi, Tau Beta Pi, and the Institute
of Electrical and Electronics Engineers.
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Adams, Milton B. - Assistant Manager, Computer Techniques Laboratory

Mr. Adams received a B.S. degree in Electrical Engineering from
the University of Florida in 1943. From 1943 until 1945 he was a
Research Associate at the Radio Research Laboratory at Harvard University
and the American-British Laboratory at Malvern, England, both of which
were engaged in radar countermeasure research. His activities while at
Harvard and in England included design, specification, and field testing
of radar countermeasures, transmitters, receivers, and special purpose
intercept systems for use by the U.S. Navy and Air Force. He acted as
leader of the Transmitter Group at American-British Laboratory during a
portion of 1945. While at Philco Corporation from 1945 to 1947 he was
concerned with television relay system and television receiver design.
In 1947 he became a Research Assistant at Stanford University while
attending the Graduate School of Electrical Engineering. In 1949 he re-
ceived the degree of Engineer in Electrical Engineering, and joined the
staff of Stanford Research Institute.

While at the Institute he has been concerned with UHF television
receiver design, radar system problems, railroad signaling problems,
and since 1951 has been a member of the Computer Techniques Laboratory.
He has worked on the design of magnetic drums, magnetic tape transports,
and high-speed printers and printer systems for use with digital com-
puters. As head of the Special Projects Group in the Computer Techniques
Laboratory he has directed development of major portions of a military
reconnaissance system, including the complete ground data-handling com-
puter and display system and an airborne digital logic system. He has
also supervised a number of reliability studies of satellite and ground-
based military systems. His most recent responsibility is that of
Assistant Manager for the Computer Techniques Laboratory.

Mr. Adams is a member of the American Association for the
Advancement of Science, the Association for Computing Machinery, the
Institute of Electrical and Electronics Engineers, the Scientific
Research Society of America, Sigma Tau, and Sigma Xi.

Brain, Alfred E. - Research Physicist, Applied Physics Laboratory

Dr. Brain received a B.Sc. degree in 1943, an M.Sc. degree in 1948,
and a Ph.D. degree in 1952, all in Physics from the University of
Sheffield, England. From 1943 to 1946 he served at the Royal Aircraft
Establishment, Farnborough, as a Junior Scientific Officer, developing
anti-jamming devices and rebuilding captured radar equipment. During
the period of 1948 to 1949 he was a Circuit Engineer at the E.M.I.
Research Laboratories, Middlesex, England, working on multistage, wide-
band video amplifiers for high definition television. In 1949 Dr. Brain
Jjoined the staff of the Department of Physics of Sheffield University,
as Ellison Research Fellow. He carried on research on the magnetic
properties of semiconductors and supervised undergraduate teaching
laboratories. In 1952 he returned to the E.M.I. Laboratories as a
Physicist to set up a section to do work in solid-state physics.
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In 1956 he became a Physicist in the Electronics Laboratory of the
General Electric Company in Syracuse, working on thin magnetic films,
photocells, and the phase correction of delay lines.

In December 1958 Dr. Brain joined the staff of Stanford Research
Institute, where he has been engaged in the study of learning machines,
and their application to adaptive parallel processing systems capable
of performing pattern recognition. Since April 1960 he has been project
leader on the graphical data processing research study for the Signal

Corps for which the learning machines MINOS I and MINOS II have been
constructed.

Dr. Brain is an Associate Member of the British Institute of
Electrical Engineers and a Senior Member of the Institute of Electrical
and Electronics Engineers.

Duda, Richard O. - Research Engineer, Applied Physics Laboratory

Dr. Duda received a B.S. degree in 1958 and an M.S. degree in 1959,
both in Electrical Engineering, from the University of California at
Los Angeles. 1In 1962 he received a Ph.D. degree from the Massachusetts
Institute of Technology, where he specialized in network theory and
communication theory.

Between 1955 and 1958 he was engaged in electronic component and
equipment testing and design at Lockheed and ITT Laboratories. From
1959 to 1961 he concentrated on control system analysis and analog
simulation, including adaptive control studies for Tital II and Saturn
C-1 boosters, at Space Technology Laboratories.

In September 1962 Dr. Duda joined the staff of Stanford Research
Institute, where he has been working on problems of preprocessing for

pattern recognition and on the theory and applications of learning
machines.

Dr. Duda is a member of Phi Beta Kappa, Tau Beta Pi, Sigma Xi,
the IEEE, and the Association for Computing Machinery.

Forsen, George E. -~ Research Engineer, Applied Physics Laboratory

Mr. Forsen received both the S.B. and the S.M. degree in Electrical
Engineering from the Massachusetts Institute of Technology in 1957, and
the degree of Electrical Engineer from MIT in 1959.

He was employed part time in 1954-1956 by the General Electric
Company, on the Cooperative Plan with MIT. While with GE he worked on
non-destructive testing methods, and measurement techniques for heat
flow in power transistors.

In 1958-1959 he was a Research Assistant and staff member of the
Communications Biophysics Group, Research Laboratory of Electronics at
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In 1956 he became a Physicist in the Electronics Laboratory of the
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photocells, and the phase correction of delay lines.
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and their application to adaptive parallel processing systems capable
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Institute of Technology, where he specialized in network theory and
communication theory.

Between 1955 and 1958 he was engaged in electronic component and
equipment testing and design at Lockheed and ITT Laboratories. From
1959 to 1961 he concentrated on control system analysis and analog
simulation, including adaptive control studies for Tital II and Saturn
C-1 boosters, at Space Technology Laboratories.

In September 1962 Dr. Duda joined the staff of Stanford Research
Institute, where he has been working on problems of preprocessing for

pattern recognition and on the theory and applications of learning
machines. )

Dr. Duda is a member of Phi Beta Kappa, Tau Beta Pi, Sigma Xi,
the IEEE, and the Association for Computing Machinery.

Forsen, George E. - Research Engineer, Applied Physics Laboratory

Mr. Forsen received both the S.B. and the S.M. degree in Electrical
Engineering from the Massachusetts Institute of Technology in 1957, and
the degree of Electrical Engineer from MIT in 1959.

He was employed part time in 1954-1956 by the General Electric
Company, on the Cooperative Plan with MIT. While with GE he worked on

non-destructive testing methods, and measurement techniques for heat
flow in power transistors.

In 1958-1959 he was a Research Assistant and staff member of the
Communications Biophysics Group, Research Laboratory of Electronics at
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- MIT. There he designed electronic instrumentation for the study of
neuroelectric and psychophysical phenomena related to nervous systems.
From 1957 to 1959 he was also employed by the Electrical Engineering
Department of MIT as a Teaching Assistant.

In October 1959 Mr. Forsen joined the staff of Stanford Research
Institute. At the Institute he is currently engaged in the study of
neuron-like devices, and adaptive, cognitive systems. He has authored
several patents and papers in these fields.

Mr. Forsen is a member of Sigma Xi.

Hall, David J. - Research Engineer, Applied Physics Laboratory

Mr. Hall joined the staff of Stanford Research Institute in April
1962, and has been engaged in the design and development of logic cir-~
cuitry and systems for pattern recognition machines, such as MINOS II.
His interest in mask design for preprocessing has contributed substan-
tially to the development of the iterative training technique known as
ISODATA. He is also interested in solid-state switching, relay logic,
psychometric methods, and reliable systems and safety devices with fail-
safe characteristics, as well as industrial applications of radio iso-
topes, particularly for density control,

From 1957 to March 1962 Mr. Hall was Assistant Chief Engineer for
F. G. Slack & Company in Johannesburg, where he worked with proposals,
design, and the development and production of a specialized range of
industrial electronic products., In 1959 he demonstrated wire-rope test-
ing and shaft signalling equipment in Australia.

He received a B.S. (Eng.) degree from the University of Witwatersrand
in Johannesburg, South Africa, in 1954 and an M.S. (Eng.) degree from
London University in 1957, both in Electrical Engineering. He also
obtained Diplomate Membership of the Imperial College of Science and
Technology (D.I.C.).

He is a member of the Professional Electrical Engineering Institu-
tions of Britain and South Africa. Mr. Hall was awarded the Swan Memorial
Scholarship in London and the British Admiralty Research Grant (1956).

He reads, writes, and speaks Afrikaans, and reads both French and German.

Mr. Hall served as a lieutenant in the South African military ser-
vice from 1950 to 1954, with duties in radar, sound ranging, and survey-

ing of gun positions.‘

Munson, John H. - Research Physicist, Applied Physics Laboratory

Since joining Stanford Research Institute in 1963, Dr. Munson has
been engaged in computer and learning machine research and applications.
He was primarily responsible for joining the MINOS II learning machine
to a digital computer to provide a powerful learning-machine facility,
used in theoretical studies and diverse pattern-recognition applications.
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Dr. Munson received a B.Sc. degree (with honors) from the California
Institute of Technology in 1960. He received an M.A. degree in 1962 and
a Ph.D. degree in 1964, both in Physics, from the University of California
at Berkeley. He held a National Merit Scholarship award as an undergradu-
ate, and a National Science Foundation fellowship as a graduate student.

In his doctoral research in nuclear physics, Dr. Munson participated
in the design and use of a computer-connected system (the Scanning and
Measuring Projector, SMP) for measurements on bubble~chamber film. He
was primarily engaged in mixed-language computer programming, real-time
man-machine operation, and optical pattern recognition. 1In 1964 he
created the unique feature of allowing multiple on-line consoles to oper-
ate simultaneously within a single, user-written, processing computer pro-
gram. Dr, Munson is the principal author or co-author of several papers
related to both the SMP and the MINOS II facility.

In 1965, Dr. Munson led a project to investigate the state of com-
puting facilities at SRI and to make recommendations for SRI computing

in the next five years.

Dr. Munson is a member of Tau Beta Pi and the Association for Comput-
ing Machinery.

Machanik, Jack W. - Research Engineer, Systems Engineering Laboratory

In January 1962, Mr. Machanik joined the staff of Stanford Research
Institute. Since that time he has been mainly concerned with the de-
sign and evaluation of self-organizing systems. These studies have in-
cluded the novel application of trainable machines to prediction problems
in weather forecasting.

During 1955-1956 Mr. Machanik was an International Exchange Fellow
in the General Electric Company's training program for graduate engineers,
with assignments to the High Voltage Laboratory at Pittsfield,
Massachusetts; with Radio and TV Department at Syracuse, New York; and
the Advanced Circuit Section of the Electronic Laboratory at Syracuse,
New York. He worked on Standards, printed-circuit techniques, and
circuit development with solid-state compounds.

During 1957-1958 Mr. Machanik was a Research Assistant in the ‘
Physics Department of Stanford University, where he worked on infrared
microspectroscopy. Rejoining GE at Palo Alto in 1958, he worked on
circuit and logic design of the ERMA computer program. During 1960 he
served as a research officer in the National Physical Research Laboratory
of the Council for Scientific and Industrial Research in South Africa,
where he was responsible for the design of electronic systems and in-
strumentation. Mr., Machanik served as a consultant to the General Electric
Computer Laboratory during 1961, in the application of adaptive system
techniques to improve the reliability of systems with mass fabricated
components.
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He received his B.S. degree in Electrical Engineering from the
University of Witwatersrand, Johannesburg, South Africa in 1954; his
M.S. degree in Electrical Engineering from Stanford University in 1957;
and is now'completing work on a Ph.D., degree from Stanford University,
specializing in Management Science.

Wahlstrom, Sven E., - Senior Research Engineer, Computer Techniques Lab.

Mr, Wahlstrom rec%ived an Electronics Engineer degree from HOgre
Tekniska, Lidroverket, Orebro, Sweden in 1947 and an M.S. degree from
Chalmers Institute of Technology in Gothenburg in 1952, From June 1952
until January 1954, when he joined the staff of the Swedish Board for
Computing Machinery, he worked on design of sounders and transistor
circuits for hydro-acoustic equipment.

In 1954 he developed paper tape equipment, similar to the Flexo-
writer and a card-to-paper-tape converter. In 1955 he was responsible
for advanced development work in the use of transistor circuits for core
memories; he was also responsible for the BESK Computer Center.

In 1956 he joined the group that formed Facit Electronics, where
his first task was to develop the Carousel Random Access Memory. After
significant contributions to the design of other products, such as core
memories and electro mechanical devices, he was given the full respons-
ibility for the design of the Facit EDB 3 computer system. This computer
which was completed in early 1962, has an unique system of combining large
core memories with the central processor, carousel memories, punch card
equipment, line printers, etc., enabling a very effective input and out-
put of data., For example, up to 5 peripheral units could transfer data
simultaneously.

Mr. Wahlstrom was Section Manager and later Head of the Development
Department; as such he was responsible for the development of all commer-
cial products of Facit Electronics. In February 1963 he joined Ampex
Corporation, where he held positions as Manager, Tape Transports Develop-
ment, and Manager of Systems. His work at Ampex was mainly devoted to
digital equipment; he was also project leader for the development of a
special purpose digital computer,

In May 1965 he joined the staff of Stanford Research Institute, where
he has made contributions to the realization of cellular logic. He has
also assisted in the design of digital equipment for evaluation of oblique
ionosphere sounder data.

Elspas, Bernard - Senior Research Engineer
Computer Techniques Laboratory

Dr. Elspas received a B.E.E., degree from the City College of New
York in 1946, an M.E.E. degree from New York University in 1948, and a
Ph.D. degree in Electrical Engineering in 1955 from Stanford University.
From 1949 to 1951 he was a Research Assistant and a Research Associate
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in the Electron Tube Group at New York University. From 1951 to 1954

he was a Research Assistant at the Electronic Research Laboratory at
Stanford., He held a National Science Foundation Pre-Doctoral Fellowship
from 1952 to 1954. Upon completing his studies, Dr. Elspas did research
in the Stanford Applied Electronics Laboratory on the application of
statistical communication theory in radar systems. He has taught courses
in communication theory for the University of California Engineering
Extension program, and in coding theory at Stanford University.

In 1955 Dr. Elspas joined the staff of Stanford Research Institute,
where he participated in the development and testing program of the
ERMA computer and has been engaged in the study of some basic problems in
sequential switching theory. The statistical analysis and synthesis
of communications systems is another area in which he has specialized.
He carried out an analysis of the vulnerability of FSK teletype systems
to various kinds of jamming, and he has also been engaged in research
on signal~analysis techniques. Dr. Elspas' recent work has been con-
cerned principally with the design and instrumentation of efficient
error-correcting codes, and with the development of advanced techniques
for the logical design of sequential digital networks.

Dr. Elspas is a member of Sigma Xi, the Scientific Research Society
of America, the Institute of Electrical and Electronics Engineers, and
the IEEE Professional Technical Groups on Information Theory and on
Electronic Computers,

Goldberg, Jacob - Senior Research Engineer, Computer Techniques Laboratory

Mr. Goldberg's present work is in the design of computer systems
with high computation rate, especially those comprised of logic networks
in which inter-element propagation time is significant.

Mr. Goldberg received a B.S. degree from the University of
California in 1950 and an M.S. degree from Stanford University in 1954,
both in Electrical Engineering. He joined the staff of Stanford
Research Institute in January 1951. He 1951, he developed a noise
generator and power monitor for an experimental radar. From 1952 to 1956,
he contributed to the logical design of the ERMA computer. Several
patent assignments have resulted from this work, relating to computer
logical circuit design, including sorting, computer input checking,
magnetic tape recording, and control. In 1957 he worked on a program-
ming plan for a commercial version of the ERMA computer.

In 1958 he was a Research Fellow at the Weizmann Institute of
Science in Israel, where he designed and built a transistorized magnetic-
tape printing buffer.

In 1960-1961 he led a project which studied the design of a special
memory for a data retrieval system in which all items in a file are
tested simultaneously. This study resulted in a design for a special
document index retrieval machine based on a novel memory structure and
employing specially designed codes and search algorithms. A pilot
version of this machine was subsequently built by the laboratory staff,
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