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ABSTRACT
INTERWEAVING REASON, ACTION AND PERCEPTION
September 1991

Claude L. Fennema, Jr.,

B.S., Massachusetts Institute of Technology
M.A., Johns Hopkins University
Ph.D., University of Massachusetts

Directed by: Professor Allen R. Hanson

In their attempt to understand and emulate intelligent behavior Artificial Intelligence researchers
bave taken a reductionist approach and divided their investigation into separate studies of reason,
perception and action. As a consequence, intelligent robots have been constructed using a coarse grained
architecture; reasoning, perception and action have been implemented as separate modules that interact
infrequently. This dissertation describes an investigation into the effect of reducing this architecture
granularity on the efficiency of the overall system. The thesis takes the position that significant
computational efficiencies can be gained by introducing a fine grained integration or "interweaving” of
these functions and demonstrates these savings for an intelligent navigation system.

The dissertation develops a paradigm referred to as the "reason a little, move a little, look a little”, or
RML paradigm, and describes a specific RML implementation used for experimentation. The results
from this work show significant complexity reduction for planning and vision due to the RML paradigm.
It is argued that the replanning triggered by the realities of carrying out actions in a real environment
cause the planner in a coarse grained system to exhibit a complexity of O(p?) (p = path length) whereas
the fine grained RML system exhibits a complexity between O(p log(p)) and O(p). It is then argued that
the complexity of vision in the RML system is O [max [n-m , s—t;' ]] where n*m is a measure of the
complexity of the local environment and s is the number of vision invocations per foot. Finally, it is

shown that the RML system results in accurate action execution.



In addition to this global result, the design details of the experimental system reveal novel
approaches to representation, planning and vision. The environment is represented as a network which
organizes space into a "contained-by" hierarchy which is used as a mechanism to cope with positional
uncertainty and io focus planning computations. Planning is done in three dimensions and plans are

developed using a hierarchical decomposition induced by the geometry of the environment. The

approach to vision is analogous to the way a blind man uses his cane: to verity that reason is consistent:

with reality.
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Fetch" problem can be decomposed according to the above diagram

The goal of moving from the robot laboratory to Ted Djaferis' office, illustrated here
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the expression: (ptrans robot-laboratory ted-djaferis-office).
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with a black and white TV camera. .....cceuvceeereriscsaicsssnaesenessesnens

The experimental system models the environment, the capabilities of the agent and
the task to be performed.

Visual sensors are used as a blind man uses his cane: to verify that his model and his
reasoning are consistent with reality

The equipment and languages used to construct the experimental system were
standard, commercially available, products....... :

An agent's interface with the environment is defined by its sensors and its actuators........

The conventional symbolic approach to research in intelligent agents has been to

investigate the functional elements of the system separately.

The conventional symbolic Al system has viewed the functional elements of Figure
2.2 as macroprocesses, processes which make large contributions to the intelligent
process at €ach INVOCAtON.....c.cviereeresenieresesesnererernsserasaess

Newell and Simon's definition of an information processing system

Experiments with Shakey were conducted in an indoor office environment similar to
the example shown here.

Shakey's world was modeled as a set of predicate calculus statements. .....cocceueeescirnnace.

The architecture of the system used in the Shakey experiments is one of those which

established what R. Brooks has called the "traditional approach” [Brooks, 1986].............

A primary goal of the Stanford Cart project was to enable the cart to build a model of

its environment, using vision.........eeeee.

The Stanford Cart environment was modeled in terms of points.

Although the details of the Stanford Cart system are very different from the Shakey

system, the architecture is very similar setesatsssssisarsrtaatsassnesssassansennasrsensasassaaes
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In this dissertation an intelligent agent is viewed as a single reasoning module which
bas direct access to information from the sensors and can directly control the
actuators.

As an agent reasons about what it is doing and where it is located, it builds an internal
model of what it is doing, where it is and what it might do next.

Unlike the traditional approach to symbolic Al, the RML system implements
intelligent behavior as three microprocesses, each of which does only what is
necessary to perform the next microprocess.

The environment of the story about the boatman and the savage (a) might be
perceived differently by the boatman looking for his oars (b), the savage who is
looking for firewood (c) and the jogger who had no interest in them (d)

The experimental system addresses navigation in and near the University of
Massachusetts Research Center.

The interweaving of perception, action and reasoning in the experimental system is
orchestrated by an algorithm called "plan-and-monitor”, summarized here as a
flowchart
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The first refinement of the goal of Figure 3.5 results in the goal decomposition tree
shown here.

Whenever the first subgoal of plan sketch is not a primitive one it is further refined
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Plan refinement continues in a depth first fashion until the first subgoal is a primitive
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When primitive actions are executed in an open loop fashion they rarely are executed
as intended.
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action, it is still possible for errors to accumulate over a series of actions. .........cceveeueuee

Action and plan level servoing work together to control accuracy over complex paths,
but if the agent were to encounter a bump, if its actuators were to produce a large
erroneous motion or if there were some reasoning error it would be possible for the

agent to get 10St...ueveeunvcenineeieeaneenes eresessesersssesnessssassesestes sranesittesnssessesent et tsess
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The solution to the problem of getting from the robot lab to the south east lobby
begins with a rough plan sketch.

As with the robot-lab to office problem, the robot-lab portion of the trip is refined
before the journey begins. ................

Once in the hallway it is necessary to avoid the doorjam, but this time the remainder
of the trip is a primitive subgoal.

Since no obstacles were present in the south west lobby the subogoal corresponding
to this portion of the trip was already primitive.

Traveling through the lobby meant avoiding the stairwell, which protrudes into the
lobby

The final subgoal is primitive and brings Harvey to the desired location..........ceeveeveneeee.

The goals used in the complexity experiments described in section 5.3.3 are ptrans

expressions using the locations pk identified above.

These resuits summarize planning complexity experience when the plan-and-monitor

algorithm was used.

The number of nodes expanded as a function of path length during the experiments
performed using plan and monitor did not exhibit expotential growth for path lengths

less than 20, the longest path attempted. :

When planning was done using the A* algorithm using only the model for the robot-

lab the results were quite reasonable, but the measured complexity was higher................

Expanding the model to include the second-floor of the Research building increased
the measured complexity for the A* algorithm considerably. -

As predicted by the analytical arguments of Section 5.2, the number of nodes, N,
expanded as a function of path length grew far more quickly for A* than for the plan-
and-monitor algorithm.

If there is an unobstructed straight line path between two locations location-1 and
location-2 then the subgoal (ptrans location-1 location-2) can be accomplished by

turning toward location-2 and then moving forward the distance d

Achieving navigational goals is the result of three levels of perceptual servoing:
action-level, plan-level and goal-level....................

Distinctive reflectance patterns are found where regions of differing reflectances

........

meet, namely at boundary segments (a, b) and vertices (c)............

Many distinctive reflectance patterns can be found at vertices. The vertices which

can be seen from inside a locale can be found using the network.

The reflectivity pattem surrounding each vertex can be found by retrieving the
reflectances of the regions associated with that vertex
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Before each action begins, landmarks are selected (a) using knowledge of the
environment and the task. Action is then carried out incrementally.

Starting at the location marked by the symbol an agent will deviate from its intended
line of motion and finish an incremental motion at the location marked by the symbol

. Experiments have verified that, for very small distances, the path betwee............coeue.n.

Once the heading error has been determined, the robot is turned toward a distant point
on its original intended path........

A simulation of the action-level perceptual servoing concept shows excellent control

when the camera is perfectly aligned to the direction of robot motion (® = 0.00).............

Using action-level perceptual servoing dramatically improves the ability of the robot

O TEIMAIM OIL COUTSE. .vuareerrererseerssrversrnessnersnssssssssrssssnssesssssnssssssssssassassssssssesssasasssssanssssasssans

Using correlation for landmark matching, together with 3D pose determination
experiments have shown the ability to determine the robot's location to within 1.5
INCRES ettt sesssssisassssassssseseassssnssaises

The "Where am I?" function required for goal-level perceptual servoing is seen as
using the contained-by hierarchy (a) to guide a search of the network for the locale

vose

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

........................

whose free space sublocale contains the agent

Model building, obstacle detection and recovering from being lost have been left as

ISSUES fOT fULUTE TESCATCH. «.oveeeeerreeeeririirreeeerrrsesatasesssssssssssssssssssessessnssrssasssssassaseasanssassosne

The experimental system described in Chapters 3-6 make use of a CAD-like model,
together with the RML strategy to address problems in navigation in an efficient
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CHAPTER 1

INTRODUCTION

One chilly evening two people, a boatman and a savage, came upon two long narrow pieces of wood
on the shore. The savage, anxious to warm himself by a fire, immediately recognized the objects as
pieces of firewood; the boatman, looking forward to returning home to the mainland, had no trouble
seeing them as his missing oars. After convincing the savage of his need for the objects the boatman
returned to his wife, who had been waiting by the rowboat, and the two of them set off for the mainland.
As they approached the mainland shore the wife, pointing to a building in the distance, remarked "It
looks like the mayor has had his house repainted”. For the first time the boatman became aware that the
landmark he had been using for steering was a house. Noting the position of the sun he decided that it

would be rush hour when they landed and he began thinking about how to avoid traffic on the way home.

Figure 1.1 This thesis explores the concept of a fine grained interweaving of reasoning, action and
perception. Each process is done on an incremental basis, doing only what is necessary to perform the
next.

As this story illustrates, our perceptions are affected by our knowledge, by what we are thinking
about and what we are doing. In turn, what we know and what we are thinking about and doing is
affected by our perceptions. This thesis is concerned with this interaction between reason, action and

perception. It takes the position that intelligent behavior can be demonstrated and efficiently executed



using traditional Artificial Intelligence techniques by introducing a fine grained integration or
"interweaving" of these three activities as illustrated in Figure 1.1. By performing these activities
incrementally, doing only what is necessary to beg{n the next process, the system as a whole becomes
more efficient because questions are posed and answered in a timely fashion and because the questions
are more focused, making it easier for the next process to do its job. The overall effect is to simplify all
three activities, making them easier to understand, to implement, and to compute. This claim is
supported in the following chapters which reveal the detailed design and explore the effectiveness of an
experimental system which implements this idea in a specific application area: autonomous mobile robot
navigation.

In addition to asserting and supporting the central claim, the work described in this dissertation has
been directed towards a second goal: to contribute to the field of vision by developing the experimental
system in such a way that it addresses the need for a vision theory for industrial applications. As will be
discussed in Section 1.3, vision has not been applied as broadly in industry as was hoped in the 1970's
and 1980's because the theory of vision is not yet mature enough to support routine engineering of
applications. This thesis contributes to that maturity by developing a system whi;:h requires only
standard computing equipment, addresses real time issues on this kind of equipment and illustrates the
solution to some difficult problems in a simple, broadly applicable way. This claim is discussed in
considerably more detail in Section 1.3.

The remainder of this chapter begins by describing the navigation problem addressed by the
experimental system and places it in the context of a larger problem which provides a number of future
research problems. This is discussed in Section 1.1. Section 1.2 follows with an outline of the approach
used to implement the "interweaving” architecture and Section 1.3 discusses the application problem and
discusses how the work in this thesis addresses the need for such a theory.

1.1 The Problem - Navigation

The problem area selected for investigating the interaction between planning, action, and perception

is that of controlling a mobile robot in performing intelligent tasks. This area is well suited to the goals

of this thesis for three reasons: it offers a natural setting for working with reasoning, action and
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perception by providing a rich variety of problems which can test this idea; it provides a good testbed for
ideas which must work under a variety of environmental conditions; and it is a recognized application
area, sharing many of the technical problems found in industrial applications. The work described here
has been directed at the navigation part of what shall hereafter be called the "Go Fetch” problem. In this
problem, descriptions of the environment are given to the agent, some of which may be entered via
speech or natural language statements, such as

"There is a red book in Ted Djaferis’ office."
Then, given a command such as:

"Go get it."

the agent should find its way through the environment to locate the book and return with the book.

"Go Fetch"”
]
| ' ]
Natural B} Problem
Language
]
Model
Building
|
| ] |
Explore Update Where Am Detect
Unknown Model 1? Obstacles

Figure 1.2 In designing the experimental navigation system it has been assumed that the "Go Fetch”
problem can be decomposed according to the above diagram. The thesis describes an interwoven
system which implements the shaded modules.

It is assumed in this thesis that this problem is decomposable and Figure 1.2 shows what are seen as the
principal subproblems in this decomposition. In general, the levels in the figure correspond to levels of
abstraction and processing nominally moves from left to right (this is not strictly true since, as has been
indicated, this investigation assumes there is a considerable amount of interweaving of the
"subproblems”). Thus, the Natural Language module would convert input sentences such as the

command "Go get it." into a set of goals, which are represented in a manner which follows closely the



work of Schank and Abelson on conceptual dependency [Schank and Abelson, 1977]. The above

sentence, for example, would result in the goal

(and &
(ptrans laboratory ted-djaferis-office) i
(atrans book from djaferis to agent)

(ptrans ted-djaferis-office laboratory)
(atrans book from agent to fennema)) m‘

where ptrans represents a physical transfer of location and atrans a transfer of possession. These goals

m?
would then be passed to the problem solver, which among other things, would pass navigational goals !
such as the goal:

f'w'ﬂ\

(ptrans laboratory ted-djaferis-office) “

to the navigation module (Figure 1.3). It is this navigation subproblem which is the problem addressed .
|

by the experimental system.

Tower
Overpass ™
i
Lawn Engineering “"]l

Research

=T 1 Djofetie office .
Robot Laboratory / -‘:

p <
Sidewalk ) ™

] I
Figure 1.3 The goal of moving from the robot laboratory to Ted Djaferis' office, illustrated here as a |
bold line connecting two black dolts, is represented in conceptual dependency by the expression: (ptrans
robot-laboratory ted-djaferis-office) &

Navigation uses vision for several purposes. The bottom row in Figure 1.2 identifies the vision {

capabilities seen as required by a complete navigation system. The experimental system described in this i

3

work does not implement all of these capabilities. It has been assumed that a partial, but accurate model

3
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exists, that no objects are unknown, and that the agent is the only moving object. This dissertation will
therefore not address model building or obstacle detection. Spatial representations have been

investigated, but the data used in those representations has been entered by hand.

Figure 1.4 The agent, "Harvey", used in this investigation is a Denning mobile robot, equipped with a
black and white TV camera. Harvey is seen here in his environment, consisting of the inside of the
University of Massachusetts Research Center (left), together with the nearby surroundings (right).

In this context the problem addressed by the experimental systcni can be more precisely stated by
specifying the agent (the sensors, effectors and processing hardware), the environment and the behavior
to be produced:

The agent, "Harvey", is a Denning mobile robot equipped with a black and white 512 x 512 TV
camera, both connected via an umbilical cord to a minicomputer. (Figure 1.4)

The environment consists of a portion of the University of Massachusetts Lederle Graduate Research
Center. During experiments it is assumed that there will be no moving or unknown objects. It is
further assumed that all descriptions of the environment are given to the robot in the form of a

model, described in Chapter 4.

The behavior to be produced is: given a navigational goal, stated in conceptual dependency terms as
(ptrans a b), the agent should find its way through the environment from location a to location b.

This work described in this dissertation has developed representations, control structures, planning
mechanisms and vision capabilities sufficient to demonstrate the central claim of this thesis in the context

of this problem.



Environment Capabilities
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Figure 1.5 The experimental system models the environment, the capabilities of the agent and the task
to be performed. The environment is represented as a network of spatial entities, organized in a way
which collects relevant geometric, topological and physical properties together. This organization is
used to limit the complexity of the reasoning processes. The capabilities of the agent are described in
terms of the properties of its receptors and actuators. Receptors are modeled in terms of how they
transform the environment into sensory patterns and actuators are modeled in terms of what physical
changes are expected to result from their invocation. Finally the task at hand is modeled as a plan
sketch: a partially expanded plan of action composed of subgoals and milestones. Subgoals, for
example (ptrans a b), describe actions to be taken in terms of the known spatial entities, a and b,
described in the environmental model. Associated with each subgoal in a plan sketch is a milestone,
such as Mg in the figure. These milestones identify key spatial entities in the environmental model and
indicate how they should relate to the agent when its associated subgoal has been accomplished.

1.2 The Approach

The implementation of the ideas described above beg-ins with a central model. This model contains
information about the environment, the robot's capabilities, and the task at hand (Figure 1.5). The
environmental model contains information about the geometric, topological and physical properties of
space. The capabilities model captures the effects of sensing the environment with the camera and of

attempting to take actions. These two portions of the model provide the information necessary to reason
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about routes, motion and landmarks which may be seen along a journey. As will be described in Chapter
4, the environmental model is organized into a network which offers focusing mechanisms to control the
complexity of the reasoning processes. The task model represents the goal, the current view of how this

goal will be achieved and what sensory events will be used to decide whether or not the agent is making

progress.
Agent Environment
Model Action
) —
Goals Percepual | Sensors
) Reasoning
S d Actuator and ¢
ené:;r:Zteﬁ;i: ’ Reactive B tap
Goal tap
Refinement tap O :

Figure 1.6 Visual sensors are used as a blind man uses his cane: to verify that his model and his
reasoning are consistent with reality.

The experimental system implements a version of the loop of Figure 1.1. Beginning with a goal the
system reasons about a course of action, doing only what reasoning is necessary to decide what move to
make next. During this reasoning increment the system predicts how its perceptions should change as a
result of this action. The action is then executed and the perceptual expectations are compared with what
is seen after the action. The results of this comparison influence the next reasoning increment. Each
reasoning step makes use of the task model, the environmental model, the capabilities model and the
latest sensory input to decide what next action to perform in_order to make progress toward the goal.

Perception (vision) in this system does not take on the flavor of an image understanding system or a

scene analysis system. Rather perception is seen as a means for checking to see whether or not reasoning



and reality are consistent. The visual sensor is used in a way which is quite analogous to the way a blind
man uses his cane (Figure 1.6). The agent is viewed as choosing its actions based on reasoning done with
its model and using its visual sensors for evidence that its model and "reality" are in agreement.

This approach, and its implementation as described in the following chapters, is novel. Its
implementation and the results of experiments with the ideas contribute to the fields of Artificial
Intelligence and Vision in the following ways:

1. The investigation has posed and demonstrated some novel Al and Vision principles:

a) Intelligent behavior can be demonstrated and efficiently executed using traditional Artificial
Intelligence techniques by introducing a fine grained integration of reasoning, perception and
action. This has been accomplished by the construction of a novel system which uses a central
model and which interweaves these processes in a control structure which uses a fine grained
process integration to bring the appropriate knowledge to the problem at a time when it is most
useful. Demonstration of the navigation portion of the "go fetch” task has shown that the
architecture can emulate an intelligent behavior. The efficiency of the system has been
demonstrated by its near "real time" performance.

b) Vision tasks can be efficiently and effectively implemented in a "top down" manner. This
has been accomplished by treating vision, not as a subsystem which itself has great powers, but
rather as part of a reasoning activity which uses sensors to probe the environment in order to
verify that its reasoning and reality are consistent.

c) Vision can be made simpler by its "integration" into the system, rather than treating it as a
separate subsystem. This architecture makes it possible to use the visual sensor as a means for
answering highly focused questions in a timely fashion, rather than expecting a vision system to
guess which questions may be asked. Vision systems which must "interpret” an image without
this kind of guidance may interpret it slowly and, as illustrated in the story at the beginning of
this chapter, may interpret it inappropriately.

d) Vision tasks can be accomplished with a simple "low level” operator. The issue is not which
operator to use, but what knowledge can be applied.

2. Current models of intelligence divide the problem into subproblems each of which is NP complete
and which may give the wrong answer due to lack of communication. Vision, in particular, is asked
to interpret scenes without knowing why. This system redistributes computational effort in such a
way as to indicate how we can build vision systems which solve "difficult" tasks in real time with
conventional computing power.

These claims will be supported in the chapters which follow, beginning with Chapter 2. The remainder
of the current chapter addresses the second goal of this thesis: that it contribute to the development of an

applications-oriented theory of computer vision. That discussion begins with a more detailed motivation

for this need.
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3 lications

Although interest in computer perception was originally inspired primarily by military applications,
it soon became apparent that there were numerous potential commercial uses for the technology. The
military interest of the 1940's and 1950's was augmented in the late 1950's by the perceived commercial
need for Optical Character Recognition (OCR), now used for sorting bank checks and reading price tags
at department stores. In the mid 1970's the list of promising applications had grown to include the
automation of differential blood cell analysis, visual inspection of parts on an assembly line, visual
navigation of autonomous vehicles, visual guidance of robot arms in assembly tasks and many other tasks
of a similar nature. By 1980 there were a number of success stories and the total market for commercial
applications of computer vision was thought to be in the tens, even hundreds of billions of dollars. A
look at the commercial computer vision business in 1990, however, shows that it remains to be orders of
magnitude below those estimates. Why?

The basic reason is simple. The field of computer vision has not yet matured to the point where
useful application systems can be cconomically engineered on a routine basis. Four factors contribute to
this situation:

1. The state of the art in computer vision is such that each application development entails a
considerable research component. This component makes routine application development too
risky. There is a need for an application-oriented theory which better teaches how to build and
engineer vision systems.

2. Applications have demanding real time requirements. The current state of the art in
computer vision cannot address many applications without expensive, special purpose hardware.
There is a need to address real time computation of vision results.

3. The current theory is not sufficiently robust or general that engineering from one application
can be applied economically to another. There is a need for more generality at the application

level.

4. Relatively few people are well enough trained to make use of the technology which exists
today .

The work in this thesis has been directed towards contributing to the first three of these factors. The next
two sections describe the application situation in more detail and Section 1.3.3 indicates how this thesis

has addressed these needs.



1.3.1 The need for an application oriented theory

Every successful computer vision system has required the use of special lighting, has had a very
narrow application and/or has demanded that the objects be redesigned to make the problem simpler.
When Optical Character Recognition systems were developed, for example, the extant vision theories of
the time (pattern recognition) did not offer a solution. The theory was only mature enough to indicate
that the problem could not be solved without restricting the input to a ca_refully designed alphabet
(OCR-A and OCR-B). Solutions such as this are worthy of high praise indeed, but it is not often that the
resulting vision systems offer much to be transferred to other applications. Consequently, it is typical
that each application system must be developed "from scratch”, usually resulting in costly and risky
engineering efforts which often fail or elude funding. The lack of an application-oriented theory of
vision makes development so costly that many of the applications included in market estimates cannot
yet be developed. What is needed is a body of organized knowledge which better reveals how to solve
such problems or, better yet, a general system which works in a very broad class of situations.
1.3.2 Current approaches to theory development

These application needs are currently being addressed from different perspectives by four groups.
The first group, the vision research community, seeks to understand hO\.N to build the general system. In
the decades that have passed since the 1950's this community has pursued this goal following a number of
different philosophies. Larry Roberts [Roberts, 1965] developed the first vision system philosophy. His
experiments showed that his ideas were capable of (often) identifying the shape of white blocks on a
black background. Since that time [Brooks, 1981a, 1981b], [Hanson and Riseman, 1978, 1987], [Marr,
1980}, [Barrow and Tenenbaum, 1982}, [Ballard, Brown and Feldman. 1978), [Nagao, Matsuyama and
Ikeda, 1978, 1979], [Ohta 1980], [Shari, 1978], [Rubin, 1978], [Matsuyama and Hwang, 1985],
[McKeown, Harvey and McDermott, 1985], [Mulder, Mackworth and Havens, 1988], [Matsuyama,
1987], [McKeown, 1988], [Herman, Kanade and Kuroe, 1984), [Tsotsos, 1985] and others have proposed
models of the vision system which hope to extend the capabilities of computer vision to less artificial
scenes. These models have formed the research philosophy for the visioﬁ community. Their critical

components have given rise to the commonly accepted issues in the field and from the investigation of
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these issues the field has made a considerable amount of progress in understanding image related
processes such as: line detectors, region growing algorithms, interest operators, shape from shading,
perceptual grouping, representations, and object recognition algorithms. These models, however,
represent research strategies, not working systems. They do not yet provide the answer. They hope to
explain the powerful capabilities of human-like perception but, in their present form, are complex, still
controversial and in many cases seem to require processing hardware which is currently far from
commercially available. Understanding these models and what can currently be used from them requires
a person with a great deal of experience in computer vision. Consequently, they currently do not serve
as useful guidance to the typical application engineer, who lacks this experience.

A second group has interpreted the general theories of the research community and developed the
most general vision system the current theory will support. This has resulted in vision modules or
systems, beginning with the SRI vision nodule [Gleason and Agin, 1979] and leading to the formation of
companies like Machine Intelligence Corporation and Automatix. These vision modules were capable of
recognizing and locating simple objects, but they were not sufficiently general or tolerant of
environmental changes to be widely applicable. The general theory is still too embryonic to foster a
useful general system.

The third group has been dcvéloping applications using an "anything goes" approach. Most of the
successful "vision" applications, like the OCR application mentioned above, have fallen into this
category. Problems which arise due to a lack of knowledge about vision are often solved using methods
other than "pure” computer vision. This has resulted in the use of laser range finders, such as in the
Carnegie Mellon ALV project [Thorpe, Herbert, Kanade and Shafer, 1988], structured light such as was
used in CONSIGHT [Holland, Rossol and Ward, 1979], and restructuring of the objects to be recognized
as was the case for OCR and in the General Motors circuit chip inspection system [Baird, 1978). The
vision module companies soon found that using this "anything goes" approach was the only way they
could survive and new companies, such as Diffracto, were formed. This approach bas lead to a great deal
of useful technology, but it is very often not computer vision technology. The focus for this group tends

to be on getting the next application done, rather than generalizing vision.
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The fourth major group has designed and brought to market vision development systems such as
INTERSYS-XAMINE [Control Data, 1983,1984], Powervision [Riley, McConnel and Lawton, 1988],
Imagecalc [Quam, 1984] and KB-VISION [Amerinex, 1989a, 1989b], (Williams, 1990]. The hope for
these systems was to make the development of special systems more efficient. It has been discovered,
however, that they only ease the situation when placed in the hands of an experienced vision expert.
These systems have been quite useful for teaching vision and have served as useful productivity
improvement tools in the research community itself, the home of these experts. They have been of less
value to the applications community where such experts are rare. So, the research community focuses on
the difficult generalization problem and, because of the difficulty in bridging the technology gap, the
applications community defaults to alternative technologies. A theory or body of knowledge which
reveals how to use vision in the specific applications of today continues to be absent.

1.3.3 Approach to theory development in this thesis

Like the third approach above this thesis has focused on a specific application; but, unlike that
approach, it has restricted itself to using vision as the only means for sensing the environment. In
addition, this project has taken a look at vision in the context of the entire application system. ‘It has
sought to find simplifications to the vision process by considering the system as a whole, looking closely
at what can be ]ear;led by studying the interaction between components which, to one degree or another,
are part of every application system: planning, action, and perception. Vision is not viewed as an isolated
subsystem; but, rather, as a function which is tightly interwoven with the overall problem solving process
in such a way that the visual sensor is used to make simple queries about the environment.

This approach to theory development has resulted in a novel system design as well as a number of
novel representation, planning and vision concepts. This work contributes to the development of
applications in the following ways:

1. It shows, at a practical level, how vision can be used to solve application problems. It does this

b.y describing the construction of a complete system. The description of this system is instructive

since:

a) Vision is used to solve two problems: vehicle steering and monitoring plan progress. These
solutions are illustrative of how vision can be used in application settings.
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b) Vision has been implemented in a way which can cope with shadows and with variations in
scene illumination. The design details show how simple vision techniques can be used to make
vision systems which are tolerant to environmental conditions.

c) Vision has been based on a single low level algorithm, embedded in a complete working
system in such a way as to demonstrate how many forms of knowledge can be used to simplify
real vision problems.

2. Vision is accomplished using facilities which are typical of what can be found in or easily
acquired for the application environments of today. The vision related facilities used in the work
described in this thesis used conventional sequential computing bardware, commonly available
programming languages and moderately priced sensing equipment (Figure 1.7 lists the specific
equipment used). This has ensured that the ideas developed can be transferred to an industrial
environment.

3. The system design makes heavy use of a representation scheme which is an enhancement of a
CAD-like model, building on an existing industrial tool. The result is a system that begins to use
CAD information for planning, vision and action.

4. The completion of this system is a step toward the design of a general purpose vision system.
Vision is model driven, using a structured and annotated CAD model which forms the basis for
representing things which will be seen. New objects can be added by describing their appearance (in
a simple manner) and their location (in some room or area). This technique is similar to what is
envisioned for an industrial environment.

Component Description Period of use
Computing Hardware: Digital Equipment Corporation | Early Experiments
Vax 11/750
Sun 4 Final Experiments
AST 486/33 Final Experiments
TV Camera Sony All Experiments
Languages COMMONLISP and C All Experiments
Figure 1.7 The equipment and languages used to construct the experimental system were standard,
commercially available, products. No special hardware was used.

1.4 Thesis outline
The next few chapters describe the system as it was implemented and relates it to other work.
Chapter 2 discusses related research as it applies to the overall system architecture. Chapter 3 describes

the theory and the overall architecture of the system in more detail. Chapters 4-6 describe the details of
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the system including: the representations used, incremental planning and control and perception,

respectively. Results are included in each of these chapters, as appropriate. Chapter 7 summarizes the -

results and describes future research directions.
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CHAPTER 2

RELATED RESEARCH

The principal claim of this thesis, as discussed in chapter 1, is a system level issue. This claim
addresses the nature of the decomposition of the intelligent process into subprocesses and how these
subprocesses should interact. The two primary models for this in today's literature are exemplified by
work in the symbolic AI community and the connectionist AI community. The general practice in the
symbolic Al community has been to break the intelligent process into macroprocesses called perception,
reason and action, each of which performs a complete process in a sequence: perceive, reason, act. The
connectionist AI community, on the other hand has divided the process into micromodules, claiming that
the intelligent process is a very distributed one. As was described in chapter 1, this thesis takes the
position that intelligent bebavior can be demonstrated and efficiently executed using a symbolic approach
to Artificial Intelligence by introducing a fine grained interweaving of reasoning, perception and action.
It is the goal of this chapter to clarify this claim. This will be done by reviewing and summarizing
positions taken in the literature and then restating the claim in the context of this review.

Later chapters will describe a system built to investigate this fine grained, interwoven architecture.
In building this system there are a number of subordinate claims which have resuited from viewing

intelligence in this way:

Vision can be efficiently and effectively implemented in a "top-down" manner when vision is viewed
as a means for testing for consistency between reasoning and reality.

Reasoning can be accomplished more efficiently in this framework as an incremental process, doing
only what reasoning is necessary to decide on the next action.

Space should be represented as a network which offers reasoning and perceptual focusing
mechanisms. In addition, space should be described locally, rather than globally, to deal with
inaccuracies.

It would be confusing to the reader to attempt to discuss work which relates to all these issues in one

chapter. Work which focuses on specific vision, reasoning, or representational issues will be more

helpful if left for discussion in later chapters. The discussion in this chapter will be limited to work
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which has addressed the entire system. Issues of vision, reasoning and representation for these projects

will be discussed here as well. This will help set the framework for the discussion in later chapters.
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