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ABSTRACT

This report describes research work in artificial intelligence, human
and machine-aided problem-solving and planning activities, interactive
languages and visual input/output techniques, and man-machine synergy.
The chronological development of concepts, techniques, computer imple-
mentation, and experimentation is described in terms of three periods
that separate and identify shifted emphases in the work and the different
computer facilities used. The emphaseg during these periods were on

(1) developing machine capabilities, (2) understanding man's higher
mental functions in complex problem-solving and planning activities,

and (3) man-machine synergistic teaming and group planning on real-world
problems.

The initial design of an "adaptive' system, Gaku, was a hierarchically
structured collection of decision units, each utilizing feedback. Gaku
had undergone a training sequence of increasingly complex tasks, coordina-
ting the functions of a problem-oriented mechanism, a planning mechanism,
and an induction mechanism. In addition to Gaku's autonomous evolvement
through first-hand experience, ways to promote its ''secondary learning"
(learning from the experience of others) were sought; the two major
efforts involved were (1) to gain a deeper understanding of the workings
of man's higher mental functions in complex problem-solving situations,
aiming toward extending man's limitations and fortifying his superior
capabilities; and (2) to develop a man-machine interactive language that
would enable the man to express evolving concepts and problem-solving
methods dynamically.

A highly complex task environment, Shimoku, was designed and implemented
on an interactive computer system having graphic input/output facilities.
The task environment contained many conditions and interrelated elements
to be manipulated to achieve desired conditions, and cost and payoff
functions were associated with the manipulation and its consequences.

Informal and semiformal experiments were conducted with both volunteer

and paid subjects. Detailed analyses and interpretation of the results
were made both in terms of information-processing needs of the subjects

and their methods of meeting the needs and in terms of information-
processing psychology. The study showed (a) how subjects' different under-
standing of the '"real nature" of the same problem depended on their search
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for problem representations; (b) how the representations selected imposed
different information processing demands; and (c) how these representa-
tions permitted different procedures for formulating solution steps which,
in turn, determined different degrees of success. The study also showed
that when man is confronted with an overwhelmingly complex situation he
tends to oversimplify the task and focus on only a small aspect of it.

Two methods for reducing man's cognitive load were identified: (1) master
planning for the overall task by preparing a structural scheme to guide
detailed steps, and (2) having the machine's decision-aiding functions
assist the man in detailed work so that he can concentrate more on higher-
level planning and problem solving and on idea generation.

The design of Gaku has undergone changes to incorporate desirable new
features and to remedy limiting factors that were identified. The new
design is especially geared to group planning that involves different
levels of planning (conceptual, definitional, developmental, and opera-
tional) and iterative decision steps of problem solving. Some real-
world problems to which man-machine techniques can be fruitfully applied
are characterized and the types of decision dynamics influenced by these
characteristics are identified.
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1. INTRODUCTION AND OVERVIEW (by Aiko M. Hormann)

This report describes research work in artificial intelligence, human
cognitive processes, problem-solving and planning and activities, machine-
aided cognition, and man-machine synergy.

The primary objectives of this research are to explore ways in which a man
and a machine (i.e., a programmed computer) can augment each other's
capabilities and to develop techniques by which those augmented capabili-
ties can be used effectively in a variety of decision-making and problem-
solving situations. Teaming man with an "adaptive' machine that can be
made to '"co-evolve" with him through interaction is expected to be needed
especially in those complex problem situations for which complete analyses
and detailed decision making in advance is not feasible. Such situations
arise mainly from the combinatorial complexity and uncertainty of possible
events and their impacts that are too overwhelming to man, and they also
arise from the incompleteness and impreciseness of information and the
evolving nature of problem situations.

The over-all research can be viewed as an attempt to answer the following
four interrelated groups of questions:

¢ What machine capabilities, including adaptivity, are
" needed to effectively couple human and machine functions?
What can be preprogrammed and what must be left to man-
machine interaction?

e What are frequently shared characteristics (both weaknesses
and strengths) of human cognitive processes? What cognitive
limits can be extended, and what weaknesses can be fortified,
by man-machine techniques? How can man's special faculties,
such as intuition, imagination, inductive reasoning, and
pattern recognition be promoted and put to good use in man-
machine partnerships?

e What characteristics of problem situations are especially in
need of man-machine synergistic work and from which can
substantial payoffs be expected?

e What type of language is needed for man-machine communication
toward man-machine synergy--to enable the man to express
evolving concepts and problem~solving methods dynamically--
i.e., to facilitate interaction even at the problem-
conceptualization and definition stage as well as at the
exploratory and intuition-guided stage of problem solving?
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In an effort to gain sufficient insight into the above questions, hoping
to answer them, an iterative design-experiment approach was taken in 1964.
The approach was to start with our then-current understanding of human
cognitive processes as a partial theory, combined with the then-current
state of the art in artificial-intelligence research and to design, imple-
ment, and experiment with a system that embodied such understanding; to
evaluate the results; and to redesign the system as shortcomings were
discerned and as new ways were found to make the system more effective

and desirable in terms of the objectives.

This report describes the chronological developments of concepts, tech-
niques, computer implementation, and experimentation as the results of

our iterative approach.l This section summarizes these developments in
terms of three identifiable periods of research progress. Further
descriptions of these periods are given in separate sections. Accounts

of the work of periods 1 and 3 are condensed since fuller accounts are
available in the published literature and in technical reports referenced
in the bibliography. The work of Period 2 including a series of experi-
ments, the results of which have not been published before, is described in
much greater detail.

Grouping of our work into three periods is made in terms of the shifted
emphases that became visible as the work progressed and as new concepts

and techniques evolved.? The emphases for these periods are on: (1) developing
machine capabilities (1964-65); (2) understanding man's higher mental

functions in complex problem-solving and planning activities (1966-69);

and (3) a man-machine synergistic teaming and group planning and on

real-world problems (1970-present).

These period identifications stem from our attempts in 1964 to bridge the
gap between the traditional uses of computers in problem solving and man's
problem solving. As shown schematically below, Period 1 focused on
moving the machine into a symbol-manipulating problem solver; Period 2

1This research project was initiated by SDC in 1961. It continued under
joint ONR-SDC sponsorship from December 1964 to September 1969, and
under joint ONR-ARPA sponsorship from September 1969 to November 1970.

2Shifting of the emphasis, in turn, was influenced by the available computer
facilities--i.e., Period 1 by the Philco 2000 (noninteractive), Period 2 by
the AN/FSQ-32 time-sharing system with graphic input/output, and Period 3
by the loss of access to the same and the introduction of the IBM 360/67
ADEPT time-sharing system.
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focused on understanding man's cognitive processes in complex task en-
vironments and on finding possibilities of assisting man in consciously
directing his problem-solving activities in a logical, systematic, way
(hopefully without hindering, and even promoting, his creative idea
generation); and Period 3 focused on developing a means of intermeshing
the two.

(3)
(1) (2)
MACHINE ~%< MAN

The zigzag line shown for Period 3 indicates the give-and-take mutual
contribution and dependency that is necessary in man-machine interaction
and co-evolution. Man's contribution in problem solving may be greater
at higher-level functions in guiding machine processes; but the machine
can be made to be responsive to man's evolving ideas and hunches, pro-
viding quick answers to various probing questions and reporting results
that are worthy of man's attention by some specified criteria (as in
exception reporting). These, in turn, may spark new ideas in man. The
tasks in (1) and (2) are far from being completed and the work in (3)
must include continuing research in both (1) and (2) to reduce the
"impedance'" between man and machine as much as possible.

1.1 SUMMARY OF PERIOD 1: DEVELOPING MACHINE CAPABILITIES

The major emphasis during this period was on developing machine capabili-
ties. The research objective was to construct, by programming on a
computer, an "intelligent" and "adaptive' system capable of handling a
set of increasingly complex tasks which, when performed by a human being,
are usually said to require intelligence.

The initial design of an "adaptive" system, Gaku, was based on a rela-
tively simple, feedback-utilizing iterative process that is often observable
in human problem-solving activities. When a man faces a problem with

only partial knowledge about how to proceed, his behavior at the outset
often seems to be of random trial and error form. As the problem unfolds,
however, his behavior becomes more selective, directed, and organized.
Inadequate actions are corrected or adjusted by the use of new information
gained as a consequence of previous actions. The solution strategy is
often discovered in the course of the action itself. This cyclic process
was abstracted into three connected components, forming a feedback loop,
in order to be embodied as a "mechanism" (a set of computer programs).
Three such mechanisms of the same structure but of different functions
were implemented one-by-one as each was tested in problem-solving tasks,
and as the need was recognized.
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The first mechanism of Gaku that was implemented was a problem-oriented
mechanism. Its built-in information-processing rules were limited to
handling "units" of information defined by the given task environment
(in terms of "states'" and "operations"). Games and puzzles of differing
complexity were used to test the mechanism. Although the self-adjusting
rules within the feedback principle worked well for simpler tasks, their
step-by-step nature caused the mechanism to attack problems in piecemeal
fashion and its limitation became clear as the complexity increased.

A planning mechanism was then added to Gaku to remedy the situation.

Its function is to analyze the structure of a given problem and place
guideposts on the road to the goal. <Concrete objects manipulated by the
planning mechanism are '"'state" descriptions representing guideposts and
aggregated action rules. The Tower of Hanoi puzzle was used as a testing
vehicle; the planning mechanism demonstrated the power of aggregation and
planning (within this circumscribed context) and showed a limited degree
of "learning" in handling a sequence of tasks of increasing complexity.
However, no form of generalization in the use of past experience was
possible without a mechanism for extracting underlying patterns.

An attempt was made to provide the generalizing capability by introducing
an induction mechanism--another feedback-loop unit with information-
processing rules geared to detect recurrent patterns and group them in
different ways to generate possible conjectures toward formulating
"unifying principles." This time, a mechanism coordinator was also im-
plemented to take over Gaku's executive function of assigning different
problem-solving phases to different mechanisms and coordinating their
functions.

A training sequence of graded tasks given to Gaku produced good results
in the sense that Gaku exhibited an aspect of learning and produced a
form of "generalization." However, no new insight was gained into
inductive inferences in a wider sense.

Insights gained during this period are:

e A computer system like Gaku, conceived of as a
hierarchically structured collection of decision units,
each using the feedback principle, can exhibit autonomous
problem-solving behavior;

P The degree of attainment in autonomous evolvement will be
slow and limited unless Gaku is also given an opportunity
for "secondary learning'--i.e., learning from the experience
of others--in addition to primary learning by first-hand
experience. A means should be provided for Gaku to interact
with a man who can give "lectures" (declarative statements
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about conditions, relations, and values) and hints and suggestions
of graded sequence (methods and procedures to be tried under
specified sets of conditions), and guide Gaku's behavior. The
secondary learning capacity would make Gaku more responsive to
man's needs and guidance in an evolving, unfolding problem situa-
tion for which complete specification of decision steps in

advance would not be possible.

° Since realization of secondary learning in Gaku would depend on
man-machine communication (in an interactive, time-shared mode),
a good interactive language is needed in both problem-defining
and problem-solving processes for on-line specification of
tentative ideas, including reformulation of initial problem
statement, action rules, trial search procedure, etc.

° Concurrently with language development, we need a deeper
understanding of human thought processes in complex task situa-
tions and to identify weaknesses and strengths under certain
conditions (hopefully classifiable). A future man-machine
system should aim toward extending man's cognitive limits,
fortifying his weaknesses, and promoting and extending those
higher mental functions that are already recognized as superior.

For the above reasons, we seized the opportunity to use the AN/FSQ-32
time-sharing system, and set to work on a set of experimental conditions
for man-machine problem solving and on an interactive language. Publi-
cations covering this work are Hormann, 1964a, 1964b, 1964c, 1965a,
1965b.

1,2 SUMMARY OF PERIOD 2: UNDERSTANDING MAN'S HIGHER MENTAL
FUNCTIONS IN COMPLEX PROBLEM-~SOLVING SITUATIONS

The major emphasis during this period was on the effort to understand
the workings of man's higher mental functions in complex problem
situations.

A task environment, called Shimoku, was designed and implemented on the
computer. The Shimoku environment has numerous parameters so that we
could expose human subjects to many tasks that can be varied in complex-
ity, objective characteristics, and elements of uncertainty. Although
Shimoku is an abstract environment, many important problematic features,
extracted from real-world situations, are embedded in it. In this
summary, characteristics of the Shimoku environment are given and high-
lights of the experiments are described. Publications covering this
work are Hormann, 1966a, 1966b, 1967, 1969a, 1969b.
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1.2.1 Characteristics of the Shimoku Environment

Shimoku characteristics chosen (among other possible features) for the
experiments are:

e Sequential decision steps are required to achieve the stated
objective from the given starting conditions. The environ-
mental conditions or "'states'" change as these decisions are
executed.

e Many alternatives are available at each decision-making step,
and the total combinatorial complexity is overwhelming to
subjects when many possible courses of action are considered.

e Complex cost and payoff functions (using ''point" values) are
included so that a wide range of measures of performance is
possible, rather than the black-and-white concepts of
"success or failure" and "win or lose."

e Payoffs depend on environmental conditions which the subjects
can create and change. To do so requires a clever choice of
sequence of actions, however, and incurs costs of varying
degree.

e The task is in the form of one-person "solitaire" and the
computer presents the visual display of the environmental
conditions which change as action-decisions are executed. A
few computer aids are provided, mostly of a bookkeeping nature.

e The stated objective is to make as many ''points' as possible
at the end of 30 moves or 60 minutes, whichever comes first.
This means that the opportunities for gaining payoffs must be
weighed against the cost of taking the opportunities, and
complex trade-off implications emerge. Also, the interrelated-
ness of elements in the environment makes it difficult for
the subjects to see cause-and-effect relations between his
actions and the environmental changes (therefore, also cost-
and-payoff relations).

Added to the Shimoku environment in the computer is an automatic recording
of all the actions a subject took during the interactive session with the
computer using a display scope and a light pen. Also the computer's
internal clock time was recorded each time any action was taken. This is
a valuable feature for reconstructing "thinking time,'" apparent punctua-
tion of move sequences, etc. At the end of each session with a subject,
the computer prints out a complete action table, showing a step-by-step
record of all the actions the subject took. This record is used later

to reproduce the entire session, including the time spent between actionms,
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environmental changes, cost incurred and payoffs collected, and the
cumulative net gain at each step leading to the final score.

This record is called an "objective game record" in contrast to other
records we kept for each subject--i.e., questionnaires, interview-
elicited accounts of the game, and observation. One experimenter

worked exclusively in the "hard" analyses of the objective game

records without observing any part of the subject's activities,l

and another experimenter worked on the "soft" part of the experiment
(observing subjects, interviewing, questionnaire analyzing, interviewing
again, etc.), and still another experimenter worked exclusively with the
Shimoku environment, its interactive facilities, game recording, etc.

1.2.2 Summary of Shimoku Experiments

Both informal and semiformal experiments were conducted. Informal ones
were dealt with only a few subjects (coworkers), no systematic procedures
or controlled conditions were imposed, and free-wheeling discussions were
encouraged on the features of Shimoku and its decision-aiding functions
and on closer man-machine participation with dynamic expressibility of
new ideas. The semiformal experiments were conducted with a larger
number of subjects (34), three Shimoku sessions for each subject (few
subjects could not come for all three), and used systematic procedures
and reasonably well-controlled conditions (with "objective game records').

The first series of the informal experiments were conducted before the
semiformal ones to test the adequacy of cost and payoff functions and
their point-value assignments and to elicit subjects' reactions to the
Shimoku task with and without decision aids. Suggestions were solicited
for other types of decision aids and interactive features.

The second series of the informal sessions were conducted during the
last quarter of Period 2 when the design of User Adaptive Language (UAL)
had reached a near-completion state so that features of UAL could be
used to test the dynamic expressibility of ideas--i.e., on-line speci-
fication of evolving concepts, procedures, and rules and conditions.
Since UAL had not been implemented, the "hand simulation'" technique was
used to translate (into UAL expressions) the subjects' English statement
about what he would do to specify or change the system's information-
processing behavior as new ideas emerged while performing the Shimoku
task.

The results of these three groups of experiments are summarized in
chronological order.

1
There is one exception to this rule; it will be noted in the main text.
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Informal Experiment T: Observations and Conjectures

1. All subjects tended first to make short-term decisions toward
immediate payoffs but, later, realized that a local improvement
or an immediately observable gain does not necessarily contribute
to the total gain. They all commented that a seemingly simple
decision that affects one part of the environment can have extensive
and important repercussions in the rest of the environment. There-
fore, efforts aiming at immediate payoffs and at longer-range
potential payoffs can produce conflicting or even nullifying
effects. They talked about coordination of parallel opportunity-
taking decisions and potential payoffs and trade-offs among them.
One subject suggested the business analogy of "investment" when
talking about cost incurred in preparation for a bigger return.

They admitted that their initial method of coping with this complex
task was to make drastic simplfications and localize their efforts
‘on a small aspect of the task. This tendency became intensified
when in addition to complexity, time constraints were imposed. In
discussing possible ways of handling 'cognitive overload," some
subjects suggested computer decision aids and some recognized the
importance of master planning and of making an over-all coordination,
at an aggregated level. Within this framework, they felt the busi-
ness of tending to local details and to immediate information-
processing requirements can be managed, while the master plan will
maintain comprehensive coordination of the details.

2. After a few bookkeeping functions were provided as decision aids,
the subjects acknowledged potential values of such decision aids
in reducing the cognitive load. However, they commented that their
needs for such assistance arise in so many different ways in differ-
ent situations that a fixed set of specific aids would not be adequate.
They would like to be able to specify new machine functions as they
proceed during the problem-solving task.

3. The subjects unanimously agreed that graphic display of their per-
formance measures and of environmental changes caused by their
actions was helpful in assessing previous decisions and formulating
new ones. However, more sophisticated techniques of summarizing
the current "state of the environment" are needed to display infor-
mation in a variety of formats and at varying levels of aggregation.
At one point, the subject might be interested in the overall
relational aspects, and at another point, he might be interested
in detailed information about one small portion of the environment.
Again, the need for dynamic definability of man's ideas and requests
became clear.
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Most subjects ask "what if'" questions either overtly or covertly in
order to estimate the consequences of the tentative decision steps

that have been formulated before they actually execute the decisions.
However, the breadth and depth of such '"what if" questions vary greatly
with individuals and with the task situations.

The "Look Ahead" feature provided by the computer helped answer some
types of "what if" questions. In the Look Ahead mode, a subject can
try out a sequence of decision steps, check their consequences, re-
tract some or all of them and try out new ones. It enables the sub-
ject to explore the environment and his tentative decisions without
commitment. All subjects were very enthusiastic about this feature
at first, but they came to realize that its effectiveness was limited
because of its serial nature of exploration. Since exhaustive ex-
amination of alternatives in depth to more than three steps would be
prohibitively time consuming even by the computer, a very selective
search and aggregated pattern structuring scheme, not possible by the
serial approach, would be needed. Strong correlations between good
master planning and selective exploration needed in answering higher-
level (aggregated) '"what if" questions were considered but no conclu-
sions could be reached.

Semiformal Experiment: Findings and Interpretations

1.

Working exclusively with the '"objective game records" kept by the
computer, analyses of the records and interpretations of the results
from the analyses produced a comprehensive grouping of subjects'
problem-solving procedures into three main types: Incremental (INC),
Master Planned (MP), and Adaptive Master Planned (AMP). INC type
procedure constituted more than 857% of the total set of objective
game records and the final scores ranged from -64 to 110. All
master planned performances scored over 110, with MP peaked at 185,
and AMP at 241 points. Thus, task performances describable as
generated by different types of procedures resulted in different
ranges of score points. The different procedures had detectable
consequences in the effectiveness with which elements of the problem
situation could be handled to attain the stated objective.

° The INC type action can be characterized as a short range,
piecemeal attack on a problem with a collection of rules
of thumb that suggests ways to modify the execution of the
basic incremental approach. Attempts to execute incremental
procedures, while taking note of many interrelated elements
and events, seriously overloaded even highly intelligent
subjects and led to drastic simplifications and disorganiza-
tion in weaker subjects. If the rules of thumb were appro-
priate and their application well managed, higher-range
scores were attained within this INC group.
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° In contrast, the MP type prepared a totally preplanned goal
conditions of the environment in the form of a structure
diagram, and proceeded to construct the desired conditions
according to an easily operationalized, nearly "algorithmic"
prescription. Little adaptation to the given conditions of
the environment was attempted, and imposition of the master
plan reduced cognitive load of the subject considerably. MP
subjects, while considering their games "optimal," did not
score as high as the AMP subject.

° AMP type employed strong features of both INC and MP types
to prepare and use (a) rules of thumb to guide on-line
decision-action processing adaptively and (b) a preplanned,
but flexible, structural scheme. Adaptability and flexibility
in both planning and in plan execution seem to set the AMP
type apart from the other types. The given conditions in the
environment were not ignored, as they were by most MP subjects;
instead, many elements of the given environmental conditions
were capitalized on toward producing the desired goal con-
ditions.

2. Differences in subjects' problem representations were shown to
correspond to differences in problem-solving procedures of INC, MP,
and AMP types. Since the stated objective was ''score as many points
as possible,”" it only implicitly defined what the desired goal
conditions might be. Many other specifications and conditions could
be inferred.

° INC subjects accepted the statement of the task "as is'"--
i.e., all of the elements in the environment, available
resources, permissible actions, payoff and cost functions,
etc. were part of the givens of the problem.

° In contrast, no master range (110+) score was attained without
introducing a new subproblem; viz., devise a procedure for
finding a better goal statement. Only after a subject's
conscious search for an improved description by restructuring
and reinterpreting goals and constraints from the givens did
a sufficiently articulated new representation of the task
emerge.
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The account of steps taken in attaining new representations borrowed
Amarel's (1971) analysis of the program formation task for Deriva-
tion (D), Formation (F), and quasi-Formation (quasi-F) types of
problems.

It was found that all subjects who had represented the
Shimoku task as a D problem with a weakly specified goal
statement played INC games. That is, they played by an
incremental strategy that impeded the coordination it
tended to seek.

MP subjects, concentrating on highly structured goal
conditions of the environment with little adaptation,
represented Shimoku as an F problem--one requiring

(a) discovery of a novel representation in a language of
structures and relations not given by the experimenter's
problem statement; (b) generation of candidate solutions
in that language which could express structurally the
conditions imposed on the solution as a whole; (c) test-
ing and articulating the class of candidate solutions
against all the problem conditions--those stated as
properties on the whole and those imposed by the givens--
in order to converge toward an acceptable solution; and
(d) finding a representation of the procedural scheme
for execution of what is now transformed into a new D
problem, by taking parts of the givens into parts of the
newly structured solution.

Shimoku could be represented as a quasi-F problem by a
subject whose AMP statement insisted on retaining both
adaptive and structural schemes, not as a compromise but
as a mutually supporting blend. The quasi-F representa-
tion had been achieved by repeated cycles of the subject's
modeling his own information-processing capabilities in
relation to his problem-solving experience in order to
achieve successive representations of the task.

The task of playing while learning to play was considered in light
of the information-processing requirements, not only for executing
but also for modeling problem-solving procedures of the three main

types.

Not only were INC types harder to execute well, but they

were harder to model effectively to foster learning. Learning
while playing and learning between plays proceeded best in the
presence of the conscious modeling of game events as it related to
a subject's own information-processing capabilities.
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5. Several programlike models used by subjects were considered in
our attempts to account for additional aspects of Shimoku events.
A subject's model of himself-as-problem-solvers and of his
problem-working knowledge and heuristics, contributed in traceable
ways to his building of the task model and to his modeling of
interactions between himself, with his information-processing capa-
bilities, and the given task.

Informal Experiments II: Observations and Speculations

One subject expressed his frustrated attempts at his Shimoku task by
saying, "If only I could tell the machine to do ...!", suggesting that his
cognitive load could be significantly lifted and his own mental functions
sharpened if he could tell the machine to do many things as ideas came

to him. We later requested that he articulate what he wanted the machine
to do so that his statements and requests could be translated into ex-
pressions in User Adaptive Language (UAL) whose design had reached a
near-completion state. This was an attempt to "hand simulate" and test
the dynamic expressibility of ideas that come in many forms--concepts,
procedures, rules, conditions, relations, etc.

The machine functions he wanted include machine capabilities to (1) search
for certain features in the task environment in a sweep; (2) keep track
of certain changes in the encironment and let him know when a set of
specified conditions is reached; (3) accept a specification of a subgoal
configuration and find a '"best' sequence of actions to arrive at the
subgoal within a specified time period; (4) remind him to take care of a
certain aspect of the problem when he is working on some other aspects;
(5) take over some of the repetitious condition check and corre ponding
decision making autonomously; and (6) test out man's tentative ideas in
a noncommital basis, creating hypothetical conditions and manipulating
them.

These capabilities and decision-aids are stated in general terms. Spec-
ific requests for machine assistance, however, are prompted by specific
instances in unfolding situations and by man's evolving concepts and
skills. Therefore, the subject was asked to work in the Shimoku environ-
ment again and express his requests to the machine as the need arose. To
his amazement, he found it difficult to express some of these requests in
English precisely and com.pletely.l Once they are expressed in English

lRather than requiring complete specification at the outset, ''partial
specification" is allowed in an evolving situation (Hormann, 1970a).
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precisely and completely (sometimes many phrases and sentences had to be
used to express a very 'simple' ideal!), UAL expressions could be written,
corresponding to the English statements.

It is important to realize that information-processing requirements force
man to specify his psychological/intellectual assumptions explicitly and
completely; deeper insights are needed into thought-process articulation
than into skills in information processing.

1.3 SUMMARY OF PERIOD 3: PROMOTING MAN-MACHINE PARTNERSHIP

The emphases, during this period, were on man-machine synergistic team
work and group planning and on real-world problems.

Close examination of some real-world problems was undertaken to identify
types of problem situations that cannot be handled adequately by man
alone or the machine alone. Major characteristics of these types of
problem situations were articulated and the types of decision dynamics
influenced by these characteristics were identified. Attempts were made
to understand interdependencies of man's capabilities and limitations
and the machine's potential capabilities and limitations. Then, man's
tendencies in handling complexity and uncertainty were investigated and
the concept of "cognitive economy' was defined.

The design of Gaku, which was implemented during Period 1 and has evolved
during Period 2, has undergone further changes to incorporate desirable
new features and remedy limiting factors that were identified. The new
design of Gaku allows group planning and is to provide assistance at many
levels of planning (conceptual, definitional, developmental, and opera-
tional), and through iterative decision steps of problem solving (goal
setting, alternative generation, consequence estimation, and evaluation
and alternative selection). The basic framework of Gaku incorporates
these levels of planning and stages of decision making.

Although man-machine cooperative planning must be comprehensive, benefits
from man-machine techniques are expected to be higher at the strategic
level of planning than at the tactical and operational levels. An optimal
coupling of complementary man-machine capabilities is being attempted to
deal with the conceptual and definitional levels of planning, particularly
in situations that are complex, ill defined, and open ended and in situa-
tions that involve group planning where different viewpoints and value
systems may be present.

Adaptive planning, which is emphasized here, recognizes the necessity of
the planning processes to allow for and anticipate changing conditions

in the environment and also to allow for incompleteness in man's knowledge
and understanding of the problem situation. Techniques used for this
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adaptive planning are ''partial specification''--leaving some unspecified
portions to be filled in later--and "aggregate specification''--specifying
decision rules (or, at a higher level, the way rules may be generated or
modified) by generalizing conditions and processes.

In the man-machine context, these techniques can be used to bridge the gap
between the impreciseness of human thinking and the preciseness and
completeness required by the computer. Complete formalization is not
necessary at the outset. Man can finesse the computer restrictions by
partial specifications and supply details later as they become available
and/or clarified. Aggregate specification is a useful technique used by man
when he delegates detailed processes to the machine, as these become
identified as useful and delineatable. Once aggregated, these processes
are handled as a single unit in man's communication to the machine.

The necessity is stressed of allowing a mixture of factual and value-
oriented information, qualitative and quantitative measures, and objective
and subjective judgments to be expressed and manipulated, especially at
higher-level planning stages. A way to handle this is developed by the
use of a "fuzzy-set" concept and its associated techniques, combined with
the classical utility theory. The handling of implicit trade-off con-
cepts and the handling of planners' diverse views, stemming from different
specializations, backgrounds, and value orientations, in team planning,
are also investigated (Hormann, 1971a).

It is hoped, that, eventually, the man-machine team approach will lead to
the faster generation of higher-quality plans and that it will open up
new possibilities of dealing with complex, changing situations that have
heretofore been inaccessible to computer assistance.

Publications covering this work are Hormann, 1970a, 1970b, 1971a, 1971b
and Hormann et al, 1970.
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2. PERIOD 1: DEVELOPING MACHINE CAPABILITIES (by Aiko Hormann)

During this period, the research objective was to construct, by programming

a computer, an "intelligent," "adaptive" system capable of handling a set of
increasingly complex tasks that,when performed by a human, are usually said
to require "intelligence." Such an adaptive system, when sufficiently devel-
oped, might be used in a man-machine partnership in which the man can demand
increased responsibility and participation from the machine in solving more
complex and difficult problems than have been relegated to machines in the
past.

Consideration of human problem-solving and learning activities permitted
analogies to be drawn and suggested the use of certain techniques and
processes for the machine. The resulting system of programs, however, was
not meant to be a model of human thought processes. Some ''monhuman” (e.g.,
extensive tracing, searching, and cross-referencing) features of the machine
were also explored to evaluate possible design alternatives for optimally
mixing human and machine capabilities and to discover fruitful techniques
which are not necessarily a deliberate imitation of those used by humans.

2.1 GENERAL DESCRIPTION OF THE SYSTEM

The initial design of an adaptive system. called Gaku,l was based on a
relatively simple, feedback-using, iterative process that is often observable
in human problem solving. When a human faces a problem with only partial
knowledge of how to proceed, his behavior at the outset may resemble random
trial and error. As the problem unfolds, however, his behavior becomes more
selective, directed, and organized; inadequate actions are corrected or
adjusted by the use of new information gained as a consequence of previous
actions, and the solution strategy is often discovered in the course of this
process itself.

Figure 1 depicts such a cyclic process schematically. The cycle passes
through an analysis and test phase, a tentative selection or correction
phase, and a consequence-generation phase. A feedback loop is formed when
the analysis and test phase of the cycle receives the consequence of a
proposed action generated in the consequence-generation phase. When the
analysis and test phase is reentered, the given task is reformulated or
reanalyzed by a comparison between the consequences received and the

1Gaku, a Japanese word meaning adaptive, is the name given to a system of
computer programs that has been evolving for several years. The first
generation of Gaku is being discussed in this section.
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Analysis
and test

Consequence
generation

Tentative
selection or
correction

Figure 1. Three-Phase Cycle

description of the given task. Then, in the tentative selection or correction
phase, either a new course of action is selected or the previously proposed
action is modified. The three phases are passed repeatedly until either a
success or a failure is determined in the analysis and test phase. This
cyclic process is the basic feature common to all the mechanisms in Gaku.

There are four mechanisms in the system:

(1) A programming mechanism, responsible for manipulation and
generation of internal programs;
(2) A problem-oriented mechanism whose actions are determined by
a given task environment;
(3) A planning mechanism that takes a larger view of a given task
and guides the problem-oriented mechanism by designating a
rough sketch of (or guideposts for) a possible course of action; and
(4) An induction mechanism that takes a still larger view by attempting
to apply Gaku's past experience to related problems not previously
encountered.

These mechanisms are activated and integrated by a mechanism coordinator, as
shown in Figure 2.
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2.1.1 Direct and Indirect Specification of System Behavior

The behavior of Gaku is determined by both a direct and an indirect means.
The direct means involves detailed, explicit specification of responses or
response patterns in the form of built-in programs. The indirect means is
supplied by the four mechanisms mentioned above, which, though they are also
built-in programs, are capable of collecting, organizing, and transforming
information as well as manipulating programs. In turn, the information and
programs thus generated or modified influence subsequent actions of the
system. These mechanisms represent one way of telling Gaku implicitly how
to solve problems. Instead of being told explicitly how to solve a partic-
ular problem, each mechanism is given general rules for making decisions
within its assigned level of activities, so that a discriminating search
through a space of solution attempts can be carried out that has a better
probability of early success than random or exhaustive searching.

2.1.2 Other System Features

Other built-in features of the system include rules and criteria for decision
making, and rules for changing criteria, that are given to the task analyzer
of each mechanism. To execute the decison-making scheme properly, means of
internal communication between mechanisms and parts of mechanisms are provided
by a set of signal conventions and routines that discriminate between signals
and follow a course of action appropriate to the signal and the situation in
which it occurred. (Similar features are found in the General Problem Solver
[Newell, Shaw, and Simon, 1959, 1960].) There are also tree-growing and tree-
locating routines of various kinds. They include a past-experience-record
tree, a subtask tree used by the planning mechanism, and a move tree generated
by the problem-oriented mechanism.

2,2 MODULAR IMPLEMENTATION OF GAKU

Gaku was first implemented on a Philco 2000 computer, using the IPL-V
programming language, and later reprogrammed for the AN/FSQ-32 computer.
Since detailed documentation is available (Hormann, 1962, 1964, 1965), only a

condensed description is presented here.

2.2.1 Probleerriented Mechanism

Initially, Gaku contained only the problem-oriented mechanism with its
associated decision rules; simple variations of the Jumping Frog puzzle
(Hormann, 1965) were used to test its workability. The self-adjusting

rules within the feedback principle worked well for simpler versions, but

the limitation imposed by the system's piecemeal manner of attack and adjust-
ment became clear as the complexity increased. The scope of the search in
the tree of alternative steps was still less than the amount required for the
exhaustive search, but increasing complexity created exponential growth of
the tree and quickly made computer processing infeasible. The difficulty was
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anticipated in the realization that, for complex problems, step-by-step,
plecemeal decision rules and heuristics would fail unless there were also
a mechanism for analyzing problem structure and placing guideposts on the
road to the goal.

2.2.2 * Planning Mechanism: Placing Guideposts on the Road to a Goal

The planning mechanism was then added to Gaku. The task analyzer of the
planning mechanism was given a set of characterizing expressions of the

given set of tasks (in this case, the Jumping Frog puzzle) such that a
particular subset of this set serves to define a particular task category.
After surveying the task description, the planning mechanism associates

the given task with a set of characterizing expressions and subdivides the
task into a hierarchy of subtasks, each presumably easier to perform than

the original task. This hierarchy of subtasks constitutes a rough sketch

of a possible course of action to guide the problem-oriented mechanism.
Concrete objects manipulated by the planning mechanism are state descriptions
that represent stepping stones, or intermediate nodes, in the gap between

two initially given nodes (the start node and the goal node). Finding a complete
solution can be thought of as establishing a valid path (one made up of legal
or admissible steps) between the two nodes, while the plan of the solution
suggested by the planning mechanism is made up of wider-spaced stepping
stones. These stepping<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>