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ABSTRACT

This nrogress report descrives the work rerforned auring the most
recent year ana g llalf of a program of research in the fiela c¢f
Artificial 1Intelligence (AI) oeing conaucted at $xI.  (ur research
progran concentrates esvtecilall¥ on the development o©f systems that
can automaticallv renerate ané eXecUte conplex plans and that can
obtain information about their envircnments througn the 3sense of

visieon.

To provide & specific focus for cur researcn, we hLave set ourselves
the gozl of buillaing a “"computer-vased consultant™ system that will
serve a8 an exXpert consultant to a human aprrentice. Togetlier the
system and the aporentice will be engsged in a task of checking out
and repairing electromechanical equipment in a "werkstation" domain.
We have aeveloped 2 nlan in which we have specified tne capabilities
of a system tnat can be demonstrated arter rive years ot worg (1278),
and in which we have identifiea ancd discussed Lhe major research
problem areas involved. These include rodeiing anuy representation,
automatic planning and problem solving, mMacnine vision, natural
lansuaze comnurication and system integration, Tails repeort aescribes

proegress we nave nmade 1n tiese ireas.
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In problem Solving and modeling, Wwe have begur impiementation of a
new hierarcinical plan-generation and executionemonitoring system that
uses a representaztion callea a "procedural net." The system generates
& network structure tnat ailows a plan to be presented at varying
levels of delail in order to match the apprentice's ability. We have
also designed and implenented in QLISP a program that simuiates the
top-level behavior of an automatically controlled air compressor,
This oprogram models many of the cause-and-effect relations that
determine the compressor's pehavior, and can thus be used a8 an
information source for programs that do trouple snooting and question

ansvering.

in vision we have implenented an interactive 38cene interpretation
systen specifically desiened for expressing pasic perceptuai concepts
.%o a computer and exverimenting Wwith them using victorial examples,
Using this system, we puild up more complicated structures irom basic
concepts using Utoth symbolic and graphic means, Wwe have also
designed and inplemented, in a2 preliminary fashion, a semantic
Scene-understanding system in which locally anbiguous scene
interpretations are disambiguated usine global constraints suprlied
by a user, The hallmark of the initial work is the requndancy of
suitable constraints in typical Scenes and the ease with whicnh such

constraints may be interactively specified.
The feasibility of a 3canning, time-of=-flight laser rangeiinder that

Will develop a field of depth values was demounstrated with the

compvletion of a prototype version.
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In natural language We have begun analyzing apprentice-expert dialcogs
and will ©be using this information to begin the design of a natural

language understandineg component.

The report concludes wWith a orief Aiscussion of the sxI Artificial
Intelligence center cgomputer facility and a list of presentations and

publicagtions by the project staff.
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I INTRODUGCTION

A, Genersl

This progress report descrives the work performed during the most
recent year and a half of a program of research in the field of
artificial intelligence (AI). The work reportea here began in
October 1972 and builds upon previous AI research performed at SRI

and elsevwhere,

During the course of the last year and a half we have documented our
technical work in severgl reports, Journal articles, and
presentations. (These are listed in Section VII.) Our intention in
this revort is to provide an overview of the project, rather than to‘

reproduce the contents of glready published documents.

B. Background
1, The Mobile Robot Domain

For several years AI work at SRI has been directed especially at the
development of systems that can automatically generate and execute
complex olans and that can obtain information  about  their
environments through the sense of vision. Both planning and vision

rely heavily cn large-Sczle models or knowledge basSes about the

’



domain of interest. To provide specific semgnticse for our research
on planning, vision, and modeling we worked with the domain of a
mobile robot in a laboratory environment consisting of roons,

doorways, and simple rectilinear objects.

Our work with the robot system reached a perfornaince peak toward ‘the
end of 1972 with a series of experiments demonstrating rather
sophisticated plan generation, execution, and learning abilities,
This work is summarizZed in our last annual report [Ref. 1l/.% Hather
than continue with more sophisticated robot systems we agreed with
our ARPA sponsors 40 shift our experimental domain to one in which

practical applications of our research might be more inmmediate.

2. The Computer-Based Consultant Domain

After intensive study of possible domains we selected one that is
Particularly relevant to DoD needs as well as having high scientific
Value., We 3et oﬁrseIVes the ge¢al of producing a computer=-based
consultant system that will serve as an expert consultant to & human
apprentice, Together the system and the apprentice will be engaged
in a task of checking out and repairing electromechanical equipment

in a "workstation" domain.

We have specified the capabilities of a demonstration system that we
think is achievable in five years, and we have identified the major

research problem areas involved. These include modeling and

#References are listed at the end of this report.



representation, automatic planning and problem solving, machine

vision, naturai language communication, and system integration.

The demonstration system will give the human apprentice advice about
how to dlagnose equipment faults, how to repair them, and how to
assenble and disassemble equipment, It will alsc give instructions
about workstation procedures and information about the names of
comdbonents, uses of L00ls, and S0 on. The level of detail of this
advice and information will be gautomatically tailored to the
individual needs of the apprentice. The apprentice will be abie to
ask specific quéstions Oor sSeek general guidance. An inmportant means
of communication will pbe through natural language., The system will
have the ability to understand continuous speecn about the domain of

interest.

Another important perceptual channel will be computer based vision,
The visual subsystem will be able to identify equipment components,
insvect assemblies, and generally monitor progress in  the

workstation.

Tne_ demonstration system itself will serve +o illustrate the
feasivility of applying the constituent computer technology to
Problems of equipment operation, maintenance, and repair; to remote

8ite and vehicle support; and to similar applications.

One of the tasks that We perforned durineg this reporting vperiod vas
to complete a2 comprehensive five=-year research plan for the
computer=based consulitant project. This plan is thoroughly discussed

in a document to bpe issued shortly [RrRef. 2]. It will guide our work
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on this project and ita continuations for the next four years, ending
in April 1978. The reader is referred t0 the plan document itselg

for a full description of this work.

Qur work during this reporting period shows the transition from one
domain to another, For the last several months, though, our project
Work has been devoted exclusively to research problems occasioned by
the computer-based consultant system. We nave essentially compleled

the f£irst year of the five=year plan described in Ref. 2.

Ce Organization of the Report

our work during the ©past reporting period has been organized inte
five tasks. Task 1 has had as its goal the development ot the
research plan for the computer-~based consultant. Task 2 has had as
its goal the development of thoSe problem solving, mnodelineg, and
model=-access techniques that will be needed by the consultant sysienm.
Work on these proplems is described in the next section. Task 3
cOhcerns the development Of natural language interface capabiiities
for the new system, This wWork is descrihed in section 1IIl. In
Sections IV and V, we describe the work of Task L: Vvision. §Section
IV discusses the basic vision resegrch that we are performing and
that is necessary to develop specific capabilities for the consultant
systen, Section V describes +the hardware inplementation of a
scanning laser rangefinder being used in our vision research. Lastly,
Task 5 includes various software and hardware developments and
improvements to the AI Center computational facilities. These are
discussed in Section VI. Section VII summarizes the publications and

presentations by members of this project during the reporting period,
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II PROBLEM SOLVLNG AND MODELING

A, Backegrodnd

our work during the last year and a half on proplem solving and
modeling has undergone a rather extensive evolution. At the pegin=
ning of the nperiod, Wwe had just complieted our worx on the 3TRIPS
sSystem [refs. 3 and 4] and had begun to extend its capapilities with
the ASSTRIPS system [Ref, 5] for generatine pians in a hierarchical
fasnion, We had already concluded that a general-purpose, unifornm
planning 8ystem (such as STRIPS) was too simply organized and lacked
the expressive power in wnich to encode the large guantities of
domain-specific knowledge needed ¢y more powerful systems. we had
begun the task of desiening a more conplex systen pased on tne QAL
Proplem=solving language [(kef, 6/ (and Lts dedcendent, QLISP (Ref,
7]) when the orientation of the preject ahifuved away from tne robot

domain to that of the cowmputer-pased consultant,

The new domain emphasizes +1he need for additional features in a
plannineg system, especially functions 1like hierarchical planning,
interaction with a user wno is executing tne pians, and jinteraction

With a naturalelanguage understandaing component.

Qur current work Stresses the importance ’ of technigues for
representing planning information and the need for a multiplicity of

local nlanning subsystem3 instead ¢f a monolithic top=-level planner,



First we shall descrice tne ®ropiem=solving supbsystens that have peen
finished during the period, and tnen we shall aiscuss work now in
Progress, The order of the presentation aiso serves to illustrate
the evolution of our problem=-solving work, Wwe will conclude this
section with a orief description of QLISP, the language in which we

are writing many of our problem solving routines.

B. Completed Projects
1, ABSTRIPS

The ABSTRIPS (Abstraction=-Based STRIPS) system is a modification of
the STRIPS problem solver,.,# It uses a representation of a problen
domain as a hierarchy of apstraction spaces. Essentially, it works
by solving a problem in an absiraction space, a representation of the
problem space 1in which unimportant details are ignored. when a
solution to the problem in the abstraction space is discovered, all
that remains is to account for the devalls of the linkup between the
stevs of the solution. This can be regarded as a Ssequence oOf
subvroplems in the lower space. 71f tney can be soived, a solution to
the overall problem will have been achieved. if they cannot De
solved, more planning in the abstraction s8pace 18 required to

discover an alternative solution.

#AB3TRIPS is described fully in Ref. 5. This section summarizes tnhe
recent work and assumes some familiarity with the STRIPS system [Ref,

31,



This process 1s applied tecursively until a solution is developed in

the problem space it3elf.

By considerine detaiis »nly when a successful plan in a higher level
Space gives strong evidence of  their  iuportance,  AbSTRIFS

investigates 2 greatiy reducea portion of tne search space,

a, Abstraction Spaces in the STRIPS Context

For a practical propolem=~solving system one would liXe to have an
abatraction space differ from its groung Space enoush Lo acnieve a
significant improvement in nroblem-éolving efficiency, put yet net sc
much a8 o make the mapping from absStraction space o ground space

complex and time consuning.

For the ABSTRIPS system this criterion is met vy having tne
abStraction svaces differ from their ground sSpaces only in the level
Of detnil used v0 specify the preconditions of ovperators, Although
the change un representation oprovided by this cholce may 3eenm

intuitively insufficiant, it satisfies the criterion well. fThe world

model can remain unchanged: there is no need to delete unimportant
details from it because %tney can simply be ignored. No operators
heed be deleted in their entirety: if a1l tney do is achleve details,
they will never pe selected as relevant, Any cnange to the add or
delete 1lists of the operators would cause the operators' effects to
be very differenv in Adiiferent snaces. $ince the agplicabiiity of a
particular operagter at some intermediate state mizht depénd on any
effects of any previously avplied operators, +tae mapoing of plans

among spaces Would be renaered tco comnplex,



Thus, an abstraction space in the AHSTRIPS context differs from its
ground space only in the preconditions of its operators. The
precondition wffs in an acgstraction svace will have fewer literals
than those in its ground space. The literals omittea Wwill bve tnose
that are ‘"details" in ihe sense that a simple plan can be found to
achieve them once the more "critical" literals have bpeen achieved.
For instance, consider a PUSHTHRUDR operator, which describes tne
effects of a ropot pushing a particular object through a doorway inte
an adjacent roon, In a high~level abstraction space, the operator
would be applicanle whenever the object Wwas pushahle and a doorwvay
1nto the desired rcon existed. In a lower level space, it would also
be required that the robot and the object be in the room connected by
the doorway WwWith the target roem. In a still lower abstraction
space, the door would also have to be open., Finally, in the original
repesentation of the proplem space, the robot would aiso nave to be

next to the objeect and tane opject would have L0 be next to the doolr.

For ABSTRIPS to be able to discriminate among various 1levelis of
detail, each 1literal within the preconditions of eacn operator in a
problem domain is assigned a “"criticality" value at the time the
domain is first defined. only the most critical literals will bve in
the highest apstraction 3space, wnareas in lower sSpaces less criti-

cal ones will zlso appear.
b, Utilization of abstraction Spaces in Planning
To take advantage of the hierarchical planning approach offered oy

the use of abstraction spaces, the ABSTRIPS system=--whose flow of

control is shown in Figure l=-has a recursive executive program. This



prozram zcc2plts twe parameters. fhe first is a criticality value
indicating the abstractisn space in which planning is to occur, The
Second is g list of nodes from tne 3searci tree in the higher space,
representing a skeleton plan, when a new proulem 1is posed to
ABSTRIPS, tue external interface @trograum sets the preconditions oi a
dummy operator to the goal Wff. The domain's maximum criticality,
which was deternmined when criticalities were assigned, is retrieveq,
The executive is called with the criticality set tc the maximum and

the skeleton consisting of the dunmy operator.

Within the nighest abstraction snace, the executive plans to <4caieve
the preconditions of the dummy ste:s in the sxeleton plan, d.e., tne
main goal. when a pian is found, the executive compiutes tne critie
cality of the next lowest space in wiich planaing is needed, and it
builds a skeleton of nodes along the path orf the successful plan. The
executive then invokes itself recursively. The invocation solves in
turn the susvroplems of brideing the gap8 petlwWeen steps in the
SKkeleton plan and of ensuring that the 3teps in the Sxeleten plan are
Still applicable at the appropriate points in the new plan, The
final step in the skeleton is always the gunny operator, and Sso tne
final apnlicability checr ensures that the original goal nas been
reached. wien all subproblems aave been solved, 1uhe executive
invokes itself for planning in a4 still lower space. This recursion
continues until 2 complete plan is puilt up on tne probliem Space

itsels.

This search strategv mignt ne termed a "lenguvn=first" search. It
Pushes the planning process in each abstraction Space all tne Way to

the original goal State before ceginning to plan in a lower space.
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This enables the system %0 recogrnize as early as possiole tne steps

that would lead to dead ends or vary inefficient nlans.

If any supprnblem in a particular space cannot ne solvea, contreol is
returned to the process in its abstraction space. The Search tree igs
restored tc its state prier to the selectioil of ine node that lied to
failure in the ground space. ihat node 8 ELININATEY FROM
CONSIDERATION, and tne searcn for a successful plan at the hiener

level continues.

Ce. Experimental Resulus

A sSeries of eXperiments was run 1o compare the performance of tlne

STRIPS and ABSTRIPS systems.

The definition of tane proolem domaiin for 1lhese experiments 1is
identical to the one used for the examples in our last annual report
[Hef., 1]. eXcent for +the 4acaiticn of a r1ew literals to tne
preconditions of operators, Tne set ©f tasks froim what reporv was
run on ASSTRiIPS. The running %imes and the searzh trees are
compared wWith those from the STRIPS system in Tapble 1., Figure 2
plots the plannine time as 3 function of plan length rfor STkIFS and

ABSTFIPS on an extended set of protleps from the robot domain.

2. A Dedquctive ketrieval Svystenm

In our work wits robvot planning ani more recentiy¥Y 1n Our worx with an

expert consultant 3system, our orogram$ aeeg 1o ralataln a ncdel of
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Table 1

COMPARISON OF PLANNING TIMES AND SEARCH TREES

Problem 1 Problem 2 Problem 3 Problem 4 Problem 5
ABSTRIPS
Time to produce the plan
(minutes and seconds) 1:54 2:55 2:24 2:30 6:41
Nodes in search trees
Total 25 34 30 33 63
By spaces* 5,5,5,10 5,7,7,15 3,4,11,12 5,7,7,14 5,17,16,25
Nodes on solution path
Total 24 32 28 32 54
By spaces* 5,5,5,9 5,7,7,13 3,4,10,11 5,7,7,13 5,11,15,23
Operators in plan 4 6 5 6 11
STRIPS
Time to produce the plan
(minutes and seconds) 1:40 5:44 4:34 9:47 >20:00*
Total nodes in search
trees 10 33 22 51 -
Nodes on solution path 9 13 11 15 -
Operators in plan 4 6 5 7 —--
STRIPS with MACROPs
Time to produce the plan
(minutes and seconds) 1:40 2:06 5:18 3:00 5:49
Total nodes in search
trees 10 9 14 9 14
Nodes on solution path 9 9 9 9 14
Operators in plan 4 6 5 6 11

*
The number of nodes from the search tree in each space, from the one of highest
criticality to the problem space itself.

1-

STRIPS had not solved Problem 5 after 20 minutes.
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FIGURE 2 PLANNING TIME AS A FUNCTION
OF PLAN LENGTH

the pnhvsical environment in whicn the robot activity or maintenance
Operation 1is takine ©rplace. Our planning, moniveoring, and advice
givineg nrograms ask questions of this wodel to getermine how they
s8houid pfcceed. hence, We need a question=-answering suosystem that
can interface with the model, This supsystem spould provide a
deductive capability for dealing witnh questions whose answers are not
explicitly sterea in the model but whose gnswers can be deduced from
information that is in tpe aodel. In addition, we want this
Subsystem interface to shield tne rest of the system from coucern

about the actual representitions used in the model. A new design for

13



such gz Subsystem WwWas tested during tne last year with an
implementation in SA4, and a current implementation in QLISP is one
of the initial components of the eXpert consultant systen.

The design began as an augmentation of the QAL model retrieval
statements EXISTS ana INSTANCES. These statements retrieve from the
model one or all true instances of a €iven expression containing
variables (i.e., a2 pattern)., For example, the statement (EXISTS (ON
X DESK1)) cculd retrieve from the model one object that is on DESKI,
and the statement (INSTANCES (ON X DESK1)) could retrieve all cojects
that are on DESKl. HNow, consider as another example the statement
(EXISTS (TOP:CLEAR DESK1l)). This statement will looxk in the nodel
for the expression (TOP:CLEAR DESK1l) to indicate that no objects are
on DESKl. If that expression does not have value TRUE in the model,
then the query will fail even thouzh a simple deductive process that
looked in the model for expressioans of the form (ON X DESK1l) could
determine an answer to tne query. The new design atteapts to make it
easy to add such dedUctive proaesses to the system and thereby turn

the retrieval mechanism into a guestion=answering mechanism.

The design allows the user to associate with each predicate 1in ‘the
system (e.g., ON, TOP:CLEAk, IN:ROOM) a list of deductive progranmns
that will be called whenever true instances of an expression
containing the precicate are being sSearched for in the model. Hence,
one could aSSOCIZte‘a geductive program with the oredicate TOPICLEAR

that would rerform a8 descrived in the previous paragrabh.

14



One common use of these deductive proprams is tc cetermine tnat an
expression is false based on uniqueness vroperties ¢f the predicate,
For example, 1if there is a querv asking wnether 0Bl is in roou RM1,
i.e., (EXISTS (IN:ROUM OBl RM1l)), 3 deductive prograii could 100K in
the model f£3r any true expression of tre form (IN:ROUN OBl X). If
such 3 true expression is found and tne room name tnat matened with X

is not rM1l, tnen the deduction can be made that OBl is not in KMl.

Standard deduction programs are included -in the sysuea for NOT, AMND,
and OR. These programs allow cne to ask questions such as: "Faind a
desX in either room kM1l or 2M2 whose top is clear." The Qai form of
that query night be (EXISTS (AND (TYPE X DESK) {(OR (IN:kOOM X RM1)
(IN:ROOM X RM2)) (TOP:CLRAR X))). To answWer this query an AND
deductive program is first called., It would ask for an ooject oOf
Lype DESK from the model. 1If one is found, say D1, tihen it asks i1f
(OR (IN:ROOM D1 RM1) (IN:ROOM D1 HM2)) is true. Tnis query calls an
OR deductive program which might in turn call an IN:ROOM ceductive
program that could determine which room D1 is in cy asxing the model
for the 1location of Dl. 1If D1 is foudnd Lo be in eitner room RNl OF
RM2. trnen tne AND progran will ask if {TOP:CLEAR Dl) is true, This
migat cause a TOP:GLEAR deductive program to be called that would ask
the mogjel for any obiects X for which (ON X DL) is true; if no such
objects are found, then D1l is returnec as a desx tnat satisfies tie

conditions in the original query.

This question=answering process makes use of Lne Whi DacKtracking
capabilities when there is 4 need for more tnzn one ansSwer to &
query, For instance, if our example query nad oeen Lo find 4ll the

desks in eitaer room RML or kM2 with clear tops, then each timhe such
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a desk was found it would bpe

process would Vvpe

where alternative choices wWere available.

would

aesk is found, the process would proceea as before to check the

the desk is in and whether its

checKed in this manner to form the

The bacxtracking mechanism is also

process wneli, for example, a desk

query is not in either RM1 or RM2.
program

returns FaLSE 10

backtracked into the

3.

A Set of programs was implemented in QAL that proviues a

framewerk and eXecutive
Searches.

ways

the need for a general search packige in our

expect

stack model [Ref, 8) 1is

saved

return te the seai'ch for objects of type DESK,

pProgran

Thes8e programs were motivated by an inverest in

implemented in

in a set, and tne answering

backtracked  t¢ a point in the deductive prograns

In this example, control

and, if another
roon
top is clear. Eacnh desk would be

desired set.

used within the guestion-answering
that is found by the (TYPE X DESK)

In that case the OR deductive

the AND deductive program and control is

(TYPE X DESK) query to trind the next desk.

A General Tree=3earching PacxKage

conceptual

for conducting heuristic tree

eXploring

of using features in QAL such a3 processes and contextis, and by

rooot prograns. We

to reimplement this packagze in QLISP when the Zobrow-wegbreiy

INTERLISP and ihen

incorporate it into the computer-based consultant system,

This search package assumes that there is an initial node of ihe tree

given and that tiae task is to find

initial node to

the search reaches 3 node in

a node that satisfies a given goal test.

tae

a path tarough the tree from that
Khenever
tree for *%tne first time, an
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evalugtion numbher i1s computea for the node., This evaluation number
indicates to the searcn executive the desiraoilivy of the node for
furtner consideration, At each step the execulive sSelects the node
With the bestu evaluation number, generates an offspring node o0ifi ‘tne
selected nodae, comoutes an evaluation number for the new nouae, ahnd
tests whether the new node saztisfies the goal vest., If the goal test

fails, then nonde selectinn occurs again and the process repeats.

This search package can be applied to a particular task dqoimain by
providing tiie pregrams for node evaluation, goal testing, anhd
offspring eeneration. Fer example, it has been used Lo compute

multiroom patnhs for a rooot system, where each noue in tne tree

represenis a room to whicn the robot has traveled, and each offspring
node of a given node represents an adjacent roon. Aence, 1f the
initial node represents the room in which the rcoot begins, then @
path througn the tree represents a room=Lo=-room route that the robot
cah travel ¢ reach a geal room. FOr many appilcations, including
the robot patn-finder, we wish the Seirch to find the shortest path
from the initiai node to the goal. 1In sucnh cases one often uses a
node evaluaticn scheme that conputes for a node an estimate 0f the
length of the spnortest path frem the initial node o a
goal=satisfyline node rassine thrnugn tie node oeing evaluated. This
evaluaticn scheme estimates that the node with the Snallest
evaluation numcer is on the shortest path 1o the geal and tnerefore

should ve the one considered py the searcner.

By using QAL to implement tnis search package we obtained clear
advantages for the uger with regard to flexipility, power, ease of

use, and sSearch efficiency. Fach node in the search tree 1is

17



represented by a GAl dynamic context. Tne sSearch executive proceeds
by growing a tree of contexis where the offspring of a given node 1s
formed py doing a context push operation on tne node; hence, any
variable values and model information that were true in tne parent

node are automatically true in the oifspring node.

The executive assumes that each qode has associated with it a
node=evaluation function, 2 goal=-test function, and an offspring
generating function., If these functions are o pe the same for each
node in the tree, 3zs in the casSe for the robot path=finding eXxample,
then they nereiy need o be attacned to the initial node and all
otner nodes will "inherit" tnem automatically (via the context
mechanisn) from their common ancestor, the initial node. But, if the
pronlem domain is such tnat nodes in different parts of the tree
should be evaluated, generated, and tested in different ways, then
the nodes can be as3igned their individualiZed functions as they are

generated.,

The evagluation, generation, and goal testing functions are called by
the segrch efecutive in the dynanic context of the node being
considered; hence, Wwnen these functioﬁs access model information or
variaole values, tney are given the values that are current at the
node, Thia design frees the writer of tnese functions fron oe;ng
burdened with concerns about obtgining the correct set of values for
the node and handles much of the pookkeeping required in passing
. information irem parent to offspring node,
.
when a node i3 selected by the search executive, the node generation

function <for that node is used to produce an offspring of the node,
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The first time any given node is selected by the eXecutive, 1its
offspring ~fFenerating function is transformed into a QAL process, The
executive assumes that eacn time this orocess is resumed 1%t will fornm
a new offspring and %Yhen suspend 1tself. This implies tnat the
values of local variables in the venerating function will pe saved
between generations so that tne function can pe written to uetvernmine
the order in which offspring are generated and thereby significantly
affect the amount of searchirg required vo find a solution. For
example, the offspring-generatine function used in the rovot path
finder comnutes the distance from tie foal room to an adjacent room
before using that adjacent room te create an offspring. If the
adjacent room 1is fartvaer fron the goal than the current room, then
the room is put on a rejects i1ist and considered again only after the
offapring for' ali the adjacent rooms closer to the goal havVe been
generateaq. For many problems this computationally inexpensive
ordering algorithm virtually eliminates consideration of nodes that

are not on a psath to a solution.

be A Conurol Reginen fCer - Man-Machine Cooperatinn in

Assemply=Dizassenmbly Tasxs

The computer-tased c¢onsultant system entails man-machine cooperation
on complex tasks. To uchieve such cooperation we tnink it will bpe
Very important %o Dbe able 1o encode 1localiized knowledge in a
stralghtrorwara fasiiion. un the other hand, if the system is to bte
truiy useful, il must be able to interact with its user along a wide
ranee of renerality, specifying steps of the task at a level no more

detailed than the user needs Lo zccomplish that taskK.
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To achieve both o©0f these goals, we need a hierarchically organized
computer system whose control regimen allows instructions to the user
and the maintenance of ah internal model to ©pe 3pecified
concurrently. The system nust furthernore pe Very forgiving about
missing details in the model, sSince the 10del can be only as detailed

as the previous interactions with the user.

To explore the8e ideas, a simple system was written in (QLISP [Ref.
7. The system's knowzedge about the task domain is encoded
procedurally, using QLISF augmented by three new statements for
interactine with the user and the internal model of the state of the

task.

The first of these statenents, VGOAL, is like a QLISP GOAL statement,
but with an additional argumeﬁt which is an instruction to the user,
The stgtement works by first checking the data base to see if an
expression matching the goal pattern has been asserted. Ii 80, that
expression is returned as the value of the VGOAL statement, I1f not,
the instruction is typed to the user. IIf he responds in & positive
fashion, the system assumes that the goal has been achieved. The
user is asked to supply valueé for any unbound variables in tne goal
pattern or in the instruction. An appropriate expression 1is
constructed from the goal pattern ana these values. 7This expression
13 assertec¢ in the model and returned as the value of the VGOAL

statement,

If the usgser responds negatively to0 the instructaon, a QLISP GUAL
statement 1ia constructed from the VGOAL statement, and it 1is

evaluated to generate more detailed subgoals.
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The second statement, VFOR, performs iterations in an interesting
manner. It has two argumentg: an instruction vo the wuser, and a
garden=-variety iterative statement of the form: (FOk counter FROM
start TO finish DO codel. The statement operates oty first i1ssuing
the 1instruction to the user, If the user's response is positive, he
is asked to supply values for +the unbound variaples in the
instruction. If the user's respcnse is negative, counter 1s set to
8tart, and the code is evalugted. Then, if start + 1 equals iinish,
the VFOR statement terminates. Otherwise, a new VFOX statement is
constructed that is identical to the old one, except that start igs

replaced by start + l. This new statement is then evaluated.

Thus, this statement enables the system to lead a user through the
details of one cycle of a4n interative activity withoutv forcing him to

listen to details once he has nastered the activity.

The +third statement, VIS, is8 a forgiv1ng data ULase retrieval
function. It operates like the QLISP I8 Statement, searching the
data base for an expression that matcnes its pattern. put if no such
expression was found, VIS constructs one and asserts it in the datas

basge,

This stateient is useful because it allows the model %o be maintained
at the level ©of detail of the interaction with the user. wnen the
systen's Dprograms request more detailed infermaticn, using VIs, they

receive an apprropriate expression rather than failing.

Using tnese primitives, a small system was built to guide a very

naive wuser through the fastening orf two rlat metal plates witu four
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bolte and nuits, The system consists of fifteen functions, several
of the more conplex ones are shown in Figure 3., A sample dialogue
generated by this system is shown in Figure L. only seven c¢i the
functions of the system were actually invoked during this
conversation. aAlthough the interaction is rough and the domain is
Small, the system creates a surprising sense of richness from a small

amount of simply encoded knowledge.

The concepts that were developed fer this system are currently being
Uused in the dintegrated vlanning and execution-monitoring system,

which is described in Section 1I.C, "wWork in pProgress."

S. A Simulation Program for an Air Compressor

a. Introduction

A program has been designed and implemented in QLISP that sinmulates
the ©behavior of a small air compressor. (See Appendix A for a
description of the particular air compressor being c¢onsidered.) The
behavioral features sinulated by the program include voltage and
current levels in the power cord and motor caole, rotational rate of
the pump and motor, binary status of the presgure switch and valves,
pressure in the tank and aftercooler, speed of the belt, and So oOnh.
When g simulated action by tne compressor operator (such as plugging
in the power cord or using air from the tank) is entered 1into the
program, a trace i1s procuced indicating the sequence cf changes that
occur in these pehavioral features. Table 2 provides an exanple of
8ugh g ‘trace following the plugeging in of the power cord when the
pressure in the tank i® initially Zero., The design of this progranm

Wwas strongly influenced by Hendriy [kef. §J.
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(FILECKEATED "23=SEP=¢3 1):56:00" EXallFLE)

(DEFINLQ

(FASTENPLATE
(GLAMEDA (FASTENED €PLATHL
€PLaT%HZ)
(MATCRG €SIZF
(CDY (As580C (wipT (MLATE sPLaTRL)
HULESIZE)
S{ZsTABLE)))
(HATCROY «C
(CLA3S))
(VFOR (GET A CLAS: €C (F rOUM »SIZE LOLTS)
[FOR L1 r¥Ci 1 49
TGO (PROGH (LOOKFORSOLT (' (ONAAKD €B)))
(4T gw U
(CLASS o &&CJ
(3C (CLASSOF (LOLY «d)
Si¢s #8IZE)))
([MATCHWG €30LTS
$C)

FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION
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(VFOR (LUOSELY FASTEN ALL The BOLTS IN 8C)
(FOw I FROM 1 Y0 4
DO (PKROGN (MATCHGQ (CLASS eb
€+()
#C)
(STARTIN (' (B0LT 83/
(MATCHQQ «C
EBOLTS)
[VFOR (TIGHTnHN THE BGLTS IN &9)
(FOP I FEOWM 1 10 L
DG {PROGN (MATCH¢Q (CLADS B
()
$C)
(LIGHTEN {'(BULT oB/
(ASSERT (FASTENED SPLATELl SPLATEZ))))

TL

FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION (Continued)
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(TIGHTEN
(GLAMBDA (BOLT «BCLT)
(VIS (STAWTEDIN «RUT
ABOLT) )
(VGET (BOLT $BEOLT)
SIZ¥ €S1ii)
(VGCAL (COMIINUE SCREWIWG. THE NUT ONTO HOLT &ROLI
UNYIL RESISUANCE IS FELU.)
(HAWDTIGHTENED #wUT $BOLT)
APPLY NIL)
(VGCAL (FIND A SCHEWLRIVERK.)
{ONFANL €SCREWDKRIVAER)
APELY
(LOUKFORSCHREWLNIVER)
TYPh SCREWDHIVEN)
(VGOAL (FIoD A SS[ZE WKENCH)
{ONBAND €WRENGH)
APPLY
(LOCKFOR®WRENCH USEANGLEWRENCH)
TYPh WKENCH)
(VECAL (USK WRENCH $wRENCA TO HOLD THi NWUL FIRMLY.)
(HOLTD1IaG #WFENCH éNUT;
APPLY
(UsEWRENCR) )
(VGOAL (SCRYW T4k S0LT IN FAIRLY Y1GrTLY)
(TIGHTEREL &nUL %30LYT)
APFLY

{(SCREWIN))))
FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION (Continued)
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(SCREWIN
(QLAMBDA (TIGHTENED «nUT
«50LT)
(IS (ONHANL €SC)
TYPE SCKENDRIVER)
(VGOAL (INSERT THE EuD
OF THE BLADE CF SOKEWDRIVER $SCHREWDRIVer INTO T
NOTCH
IN BOLT $BOLT %.)
(INSEWTEL 3SCREWDRIVER SHOLT)
APPLY
(USESHALLERSCKEWLRIVER) )
(VGCAL (TUKN THE SCKEWDSIVER OLOCKWISE
UNTIL ¥IRM FESISTANCE 1S FELT.)
(TIGHTENED »NUT $BOLT)

APPLY NILj))

(LISFXFRINT (QUOTE EXAMFPLEFNS)
T)
(RPAQQ EXAMPIEFNS (FASTENPLATE TIGHTEN SCREWIN))
STOP |
TL

FIGURE 3 EXAMPLES OF FUNCTIONS FOR MAN-MACHINE COOPERATION (Concluded)
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>(FASTEN TOPPLATE LU wCTIONMPLATL)

<HOW?
>(GET A CLASS €(C QOr

< UK

Foidr #lu

LOLTS)

>PLBASL SUPPLY BINDINGS:

¢ «C: (CLASS Bl 82
> (LUOSKLY FASTEN
< CAN'T
D(FIND A RUT eRUT)

< CHECK

>FLpad8k SUPFLY BINLDING

ALL TEE

Id (CLAS

St

{ «{UT: N1

>(PUT ROLT Bl THROUGA A HOULe IN

< HOW

>(PUT ROLT Bl THROUGH SOME nOLE IN THY

UPPER AND LOWEF PLATES SO

IN THE LOwEk PLAYE.)

< HOW?

>(IF YOU CAN'T ACHIEVS

< 0K

THAT TH¥ BOLT

(INHOLE ©vl) BY N

> (SCREwW NUT N1 LOOSELY ONTO BOLT Bl1)

< YES
> (LUOSLLY FASTEN ALL

< 0K

THE LOLTS IN

(CLAS

FIGURE 4
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>(TIGHTEN THE BOLTS IN (CLASS El 8¢ B3 Blh))

< CAN'T '

>(CONTINUE SCREWING Tnk NUYT ONTO #CLT Bl UNTIL wESISIANCE IS FEL.)
< 0K

>(FIND A SCREWDRIVER.)

< HOW?

>(TELL THE VISION PEOPLE TQ ¥PINL YOU A SCREWDRIVER.)

< OK

>PLEASE SUFFLY BINLINGS:

{ ¢SCREWLRIVER: SC1
>{FIND A #10 WRENCH)
< UK

>FPLEASE SUPPLY BINDINGS:

' ¢WRENCH: WFRl

>(USk WRENCH WE1 TO HCLD THE NUT FIkMLY.)

< 0K

> (SCREW THE BOLT IN FAIRLY TIGHILY)

< HOW?

>(INSEET THE ENL OF THAL BLALE OF SCREWDRIVEXR SCL INTO THE NOTCH IW
BOLT Bl %.)

< CAN'T

>(FIND A SCREwWLKIVER WITH A BLADE SHALLEx THAN THAT OF SC1l, WHlun
WILL FIT INTO THE NOTCA OF oOQLT Wl %.)

< OK

>PLEASE SUPFLY BINDINGS:

FIGURE 4 A SAMPLE DIALOGUE (Continued)
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>(TUFN THE SCREWDRIVER CLOCYWISKE UNTIL FIRM R¥SLSTANCE 1§ Frll.)
< Ok

>(TIGHTEN THE EOLIS It

=

(CLASS Bz B3 uva))

< HOw?

>(CONTINUE SCREwING THE NUT O4TC POLT Sz UNTIL muSISiancd 1o ruili.)
< Ok )

D(USE wEENCA Wil TO HGLD 7TwE 2UL FIRMLY.)

< Oa

>(SCREW THE BOLT In FAIRLY TIGHTLY)
< OK
>(TIGHTEN [H& PQLTS 14 I1CLASO B3 ba))

< 0K

TL

FIGURE 4 A SAMPLE DIALOGUE (Concluded)
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Table 2

TRACE OF SIMULATION OF THE COMPRESSOR

Initial State: tank pressure 0 and power cord unplugged.
Simulation begins by scheduling an event that asserts
(STATUS POWER:CORD PLUGGED:IN).

SIM TIME IS O [secl]

ASSERT (STATUS POWER:CORD PLUGGED:IN)
ASSERT (VOLTAGE POWER:CORD 110)
ASSERT (VOLTAGE MOTOR:CABLE 110)
ASSERT (VOLTAGE MOTOR 110)

ASSERT (CURRENT MOTOR 9) [amps]
ASSERT (CURRENT MOTOR:CABLE 9) [amps]
ASSERT (CURRENT OUTLET 9) [amps]
ASSERT (CURRENT POWER:CORD 9) [amps]
ASSERT (RPM MOTOR 1725)

ASSERT (SPEED BELT 37.63363) [ft/sec]
ASSERT (RPM PUMP 802.3256)

ASSERT (STATUS CHECK:VALVE OPEN)

SET SIM TIME TO 430.5 [sec]

ASSERT (STATUS PRESSURE:SWITCH OPEN)
ASSERT (VOLTAGE MOTOR:CABLE 0)
ASSERT (VOLTAGE MOTOR 0)

ASSERT (CURRENT MOTOR 0) [amps]
ASSERT (CURRENT MOTOR:CABLE 0) [amps]
ASSERT (CURRENT OUTLET 0) [amps]
ASSERT (CURRENT POWER:CORD 0) [amps]
ASSERT (RPM MOTOR O0)

ASSERT (SPEED BELT 0.0) [ft/sec]
ASSERT (RPM PUMP 0.0)

ASSERT (STATUS CHECK:VALVE CLOSED)
ASSERT (PRESSURE AFTER:COOLER 125.0) [psil
ASSERT (PRESSURE TANK 125.0) [psil

SET SIM TIME TO 440.5 [sec]

ASSERT (PRESSURE AFTER:COOLER 0) [psil
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This simulation Eprograll was developea to be used oy other parts of
the computer-cased consultant system, including tncse coneerned with
Planning, aUestion answerang, and troutle shooting. It is useful
prinarily because it embodies tih2 cause-ana-effect reiationshivs tnat
deterrmine the styte changes and behavioral features ot Lhe compressor

Wwhile it is orerating.

In this section we Will provide an cverview of tUlhe desSign of ‘the
simulation prograin and then discuss tne ways 1n whlch we anticipate

that other nodules of the sgystem might use it.

b. Structural Description of the Simuiation Progran

The top=level function in the simulation program is a aonitor tuhat
maintains a simulated clock and initiates events that have peen
Scheduled tc occur aqQurirg the simulation. kaca event on tne
monitor's Scheduling aqueue has associatecd with it the time at which
it 18 to bé initiated and a funetion whose evaluation will cauSe the
event to be sinulated. Tne'monitor proceeds by sinply finding the
Schedulea event that is to occur next, setting the simkulated cloecx 1o
the tine at which lhe event is to te initiated, caililng the function
that simuliates trhe event ana, wnen control is returneu 0 the
monitcr, rerezting the process witn the next screduled event. Hence,
the sirulation 1s saild to he "event driven" and the simulateu iime
Proceeds in arnitrary sizea steps depending on  when events are
scheduléd. LXamples of events include 1t1hose createi outsiade the
simulation progran, Such as z cormnand that the bower cora be plugged

in, and those created by functions 1inside thne ‘sinulation orogram,
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Such as8 the opening of the pressure switch scheduleda for the tine

that the nressure in the tank is predicted to reacn 125 psi.

The simulatiorn program maintains a model of the current simulated
State of the compressor, ahd the primary effect Of an event is to
Update that nodel to reflect the simulated state of the conpressor
after the event has occurred. This updating process is driven by a
set of "demons" that are activated when a change is made in the model
and typically have the effect of initiating further changes in the
nodel. For examplie, there is a demon that is activated whenever the
status (i.e., plurged or unplugged) of the power cord changes. This
demon responds to the new Status by changing the power cord's voltage

level in the rodel.

The functicn associated with an event wilil typically make a small
number (often 1) of changes in the model and those changes will
initiave activation of a succession of demon functions., All the model
changeé made by the demons are considered td be part of the event and
to have occurred at the same point in simulated time as the event.
Hence, for example, if the povwer cord is unplugged while the motcr is
running, the voltﬁge and current changes gnd the stopping of the
motor and pump are all modeled as having occurred instantaneouSly. An
event function or demon can indicate that a nmodel change should occur
at some later point in simulated time by scheduling an event o be

initiated at that time,

The simulation mechanism we hnave descrited up to this point is
capadle of modeling discrete events. To handle state changes that

are continuciis over time our program utilizes tne deductive retrieval
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'systen descriced earlier. This retrieval systern 1is useda by the
8imulation progran for all accesses to the model. So, for example,
if a4 function needs to Kkrow the tahk pressure, a Statement of the
form (DEDUCE (PRESSURE TANK «P)) wWould bte executed., If the tank
pressure is net stored explicitiy an tne model in the form given,
then a set of deductive runctions associated with the predicate
PRESSURE would be executed in an attempt to deduce the tank pressure
Value. Thae reirieval mechanisim can be exploited Lo represent
continuously chanping model values by removing any eXpiicit meﬁtion
of the value in the mcdel and adding a deductive function that can
compute the vailue as 4 function of the simulated tine. For example,
when tne compressor pump is not running and no air is peing used from
the tank, the tank pressure 1s fixed and can therefore pe represented
by an explicit nodel entry. dowever, when the pump is running or
wWhen air i1s veing used from the tank, the taznk pressure varies as a
function of time anu is representeq Py removing the explicit tank
pressure entry from the rodel and adaing a iuncticn to the predgicate
PRESSURE that call compute the tank pressure value wienever it is
needed., The adding anad deleting of the explicit model entry ana the
deductive function are done by demons that are activated when the

pumnp changes sbeeu Or when the tank valve is opened or closed.

We have been describing the simulation of what nignt ove callea the
"top=level behavier" of the compressor. We are also interested in
8imulating the internal workings of components such as Lhe movor,
pump, pressure switch, check valve, ana the iike. These sinulations
Will work witn z nore detailed neael and with smaller increments of
time than dJdeces the top level simulation, but they should interact

smoothly with each other and with the top level simulation. we are
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currently designing and implementing zn interface for this hierarchy
of simulations using s simulation of the ainternal workings of the
pump as & test case. We expect a user of this hierarchical systenm
to be able to specify the level of detail al which each component is
to bpe sinulated, and that this specification can oe dynamically

changed a8 the simulation proceeds,
Ce Use of the 3imulator in the Computer=pased Consultant System

Tne désign and implementation ¢f the simulation program was motivated
by the hynothesis that such a program could act as the information
Source for many of the system's activities. Although a1t is too early
in the development of the consuitant system for this integration to
Oocclur, We can indicatle how we expect the simulaticn program o be

uged.

First of all, the simulation program can interact directly with the
human apprentice to provide a description of the pehavior of a device
{eets, 1The compressor). Such an interaction might occur while the
apprentice is learning how to operate the device or auring a checkout
procedure where g4 comparison woula be made teiween actual and

predicted benavior.

The ginulator could alsSe bpe an information source for the
question=answering section of the system, FEach of the demons in the
Simulation proeram exoresses a functional characteristic of one of
the components of the device, For exanple, in the compressor
simulation the demon that chgnges the rotaticnal rate of the notor

Whenever the voOltage level changes in the molor catle is representing
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a functional characteristic of the motor. if eaca device component
h;s associated with it the demons that represent it, then
desScriptions of these demons can Serve S answers to queries of the
form "Tell ne about the motor," or "what «oeS the nctor do?"
Descriptions of demons could bte renerated from comments in the aemon
prozrans oOr perhars directiy from the proerains themselves, The
Ssimulator cail also be uUsed to answer questions such ag "what Would
hapren if the 1line voltage dropped to 100 volts?" or "Does tlne

combressor have enougn power to drive this air tool?"

The simulation program will be an integral part of plan generation
and execution nonitering. guring plan generation, simulaticn of
"operators" 13 typically done to determine the anticipated effects of
candldete npians, If we allow our plans to contain steps such as
"Plug in the nower cord" or "Open the tank valve," then the simultion
prograin will ce needed to model tneir results. Hence, the simdiation
program can oe thought of as simply a more elaborate version oi the
Simulations normally done by a planning prograi. Similarly, during
plan execution the systen must maintain a model of +the current
Situation so that it «can monitor progress, answer questions, and
recognize failures. This Model maintenance is acccmplished primarily

by simulating the operations tihat the apbrentice is performing.

The simulator muy also be useful durine trouple ghooting operations,
Since a3 trace of itLs actions can pe used 1o construct a oehavioral
vree such as that shown in Figure 5. ﬁach patih whrough this tree
represents 4 cause=and-effect énain in the peliavior of the

comMnressor. For example, voltage at the motor causes the motor to
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(STATUS POWER:CORD
PLUGGED:IN)

(VOLTAGE
POWER:CORD 110}

l

(VOLTAGE
MOTOR:CABLE 110)

(VOLTAGE MOTOR 110)

{CURRENT MOTOR 9) (RPM MOTOR 1725)
{CURRENT _ {SPEED BELT
MOTOR:CABLE 9) 37.63363)
{CURRENT (RPM PUMP
POWER:CORD 9) 802.3256)
TANK PRESSURE {STATUS CHECK:VALVE
(CURRENT OQUTLET 9) INCREASING OPEN}
SA-1530-43

FIGURE 5 BEHAVIOR TREE PRODUCED BY THE SIMULATOR

begin turning, which causes the pelt to begin moving, and so on, A
"signal tracing" troubleshooting algorithm could use this tree to
genergte a Seduence of questions for the apprentice with the dJdesired
result of finding wnere breaks occur in the anticipsiteac behavioral
patihs, For example, wien the compregsor's power c¢ora 18 plugged

in, +the system cculd ask if the pressure in the tank is increasing.,
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If tvhe answer is no, tnen another question could be penerated along
the patn 1n Lhe tree tnat ceanects tilese two events; perhaps, "1§ the
motor turnang?" Tne answer to this guestion c¢ould o2e generated to
test 1it, Finally, a single <faulty 1link would be identified ana
replacement of tne device component associated with that 1link could

be indicated as a repair procedure.

C. ¥orkX in Progress

The major effort now 'Inder way is the design and implementation of a
planning system that call gensrate instruction sequeiices for
converting a device fromn one arecitrary state of assemply 1nto auother
state., The system has two najor aspects, the plan construction
operation 1itlself and the representation of the pianning steps and
associated information. wWe have opeen ovursuing these two aspectis
somewnat Jeparately aind will thus pe discussing taem as incividual
pieces of work. ye are just Dveginning o mnerge them into an

integrated planning systeu.

1. Plan Construction

Two of tne bagsic vrovlems being considered in tnis effort are (1) tne
design of a model that will contain the information needed by a
Planner, anad (2) the design of an effective vlanning program that
will allow us vo input ea2s8ily 3 human expert's Kiowleage about

assempling and disasserbiing a levicge,

One thrust of the model design eifort is Lo detine a set of
predicates that can pe used in an intuitive wmanner to %uild a wnodel
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for the planner, A preliminary set of sucn definitions for modelling
the connections petween the "top-level" components of the compressor
is shown in Table 3. Using tnese definitions, we can trace the
relationship tetween two components, say the pump and tithe platform,
durine an assembliy overation as follows: (REMOVED pump platform),
meaning the pump is not on the platform; (POSITIONED pump platformj,
meaning the pump has been positioned on the platform reagy for
insertion of the mounting holts; (CONNECTED pump platform), meaning
the mounting bolts have been started but not tightened; -‘and
(RIGIDLY:CONNECTED pump platform), meaning tne nmounting bolts have
been tightened. In addition, it is useful to think of the
RIGIDLY:CONNECTED and CONNECTED predicates as forming a graph as
shown in Figure 6, The ta%K of removing some conmponent X {(pernaps
28 a preliminary to replacing X), can be expressed as the goal of
breaking eaca of the arcs in this connection grapn that link to X.
For example, we see from Figure 6 that reimoving the pump entalls
disconnecting it from the platform, aftercooler elpow, pump pulley,

pump brace, and oll drain niprle.

Progress 1s also being mide on an attempt to model the inside of ‘tne
compressor's cump (3ee Figure A-3 of Appendix A) 80 that assemoly and
disassembly sequences can be ©planned at ‘that 1level also. Tne
relationshi» between components is much more compleX inside the pump
than for the top level 0f the compressor we were discussing above, We
expect ocur model to reflect this increased complexity by containing
sucnh information as orientation of components and degrees of freedonm

allovwed by conhections.

38



Table 3

MODELING PREDICATES

(CONNECTED B C)

Components B and C are fastened to each other.

(LINKED B C)

There is a chain of connections linking components B and C.

(RIGIDLY:CONNECTED B C)

Components B and C have inflexible shapes and are fastened to
each other in such a manner as to form an inflexibly shaped
subassembly.

(RIGIDLY:LINKED B C)

There is a chain of rigid connections linking components B and C.

(POSITIONED B C)

Components B and C are in position to be fastened together.

(REMOVED B C)

Components B and C have been disconnected from each other, they
are not rigidly linked to each other, and the rigid subassembly
of which B is a part and the rigid subassembly of which C ig a
part are free of each other except for possible nonrigid connec-
tions between them,

(INSIDE B C)

C is an identifiable portion of the device that surrounds com-
ponent B,
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Qur work on the design and implementation of inh assemplv-dlisassembly
Planner is concentrating on mechanisms that will allow us o encode
easily semantic knowledze apout a device 318 given to us oy a human
expert, For eXample, the idea of a rlanning operator (as used in
STRIPS) [ref. 3] ccuvosed of a precondition formula, a List of
additions, and a 1ist of Jeletvions, nas been generalized to an
arbitrary QLISP prozrais that serves the function of a subplanner.
Hence, the "overater" for unlinking the mnotor from the f[pressure
switcn d1s a rrozram tnat searcnes the connection graph to fina patns
between the mctor and tne pressure sWitcn and calls the pilanner
recursively @d plan a set of disconnections trnat will break ail the
Paths. The use of such subrlanners allews uUs to 1include in‘ wnen
Strategy information, ordering oreferences, ang other information
typically supplied by an eipert. Also, 1t seems that most of the
Search and selection heuristics tyvically fouad in planning executive
programs will pe contained 1n  two Subplanners that are the

"operateors" for disijunctions and fer conjunctions.

An important ©pasic design decision regarding the planner is to
structure its planning activity 4in a fhaierarchbical aanner (a8 1in
ASTRIPS, descriked earlier). henée our system Wwill create "top
level”" plans with steps of the ferm (PGSITION pump platform) or
(DISCONNECT mctor platform)., These steps, in turn, will he expanded
into mére detailed plans that deal with loogsening bolits and
unscrewing screwvws, By structuring the planning efforvs in this
manner, We exve¢t Lo reduce drastically uhe coaplexity ©of eacn
planning task and therefore KEDUTE THE NERDU FOR SOPAISTICATEY SEARCH

TECHNIWUES,
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2, The Procedural Net: A Rerresantation for Reasoning 4about

Actions

For a number of years there has been considerable controversy in the
artificial intelligence community over tne way in which knowledge
8hould be represented within a computer memory. One group argued the
virtues of a declarative representation; for instance, a collection
of predicate calculus Wffs in a nomogeneous data base (Green, Ref.
10) or a set of relational assertions in a structured data opase
(Quillian Rref, 11). The declarative representation allows all the
knowledge in the 38ystem 10 be processed in a uniform way; bout, it
requires that the knowledze be processed by some rather general data
maripulator  wnich will either be simple and therefore 1lack
g0al~directedness, or else be complex and therefore nard o update

and impnrove.

On the other nand, proponents of a procedural regresentation (e.g.,
Winovrad. Ref, 12) point out tnat procedures allow efficlent
goal=directed processing, and are easy to update, However, it is
difficult for & procedurally btased knowledge system to characterize
what knowledge is available to it. Furthermore, it is difficult to
leave an appropriate record of the invocations of the proceaures that
represent the system's knowledge. A Kknowledge system that 1is
engaged in a miXed-initiative interaction must know what it knows andg

Know what it is doing 4if it is to have us believe tnat it

"understands.,"

42



To encode the krnowledge of our computer consultant, we are taxking an
approach that will give us, we oelieve, the venefits of both
approcaches to the representation issue. We call our
representation a "Procedural Netl.," It is a tightily siructured network
0f ncdes, each of which amay contain totn procedural and declarative

information.

d. The Structure of a Frocedursl Net

Each node 1in a procedural net represents an action at some level of
detail, By an action, wWe nean any operatior tnat affects the systen
Wwhich the net is moceline. (For the purposes of the computer
consultant, this means an action taken by the user or by a
functioning electromechanical device.) The nodes are linked together
to fcrm hierarchical descripticns cf overations, ana to forw plans of
action. Yable (4) displays the fields o©f a node as theyv are

currently formulated,

A vlan may be defined as a Sequence of SuUCcesSSOr nodese. A
procedurzgl net mnmay contain severazl plans at different levels of

detail,

The procedurgl net may be altered in at ieast tnree ways. The first
Of these 18 tne simulgtion of tne nost detailed plan in the net. This
is done py evalusting the hody of code asSsociated with each node in
the plan. The result of_ the evalUation of eaci node will be the

generation of offspring noaqes.
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Table 4

THE FIELDS OF A NODE IN THE PROCEDURAL NET

TYPE

QUERY

PATTERN

ARGUMENT

BODY

CONTEXT

EFFECTS

CHILDREN

PARENT

PREDECESSOR

SUCCESSOR

EXECUTED

May be GOAL, BUILD (up a class of objects), BREAK (down
a class of objects), IS (for data retrieval), QLAMBDA
(for an arbitrary chunk of code)

Expression to be typed to the apprentice, requesting him
to perform the action that this node is modeling

A template expression that describes to the system the
basic effect of the action this node is simulating

The particular expression that caused the activation of
this node

The code that may be evaluated to generate a more
detailed plan to achieve the effects of the action
modeled by this node.

The data context in which tﬁis node is to be evaluated

A list of expressions that are added to the data base by
this action

A list of nodes in the net that represent a more detailed
simulation of the action in question

A pointer to the node that has this node as a child
(This node is part of a more detailed simulation of the
action modeled by the PARENT node)

The node modeling the preceding action in the plan

The node modeling the succeeding action in the plan

A flag indicating whether the action modeled by this
node was executed

44




The second way the net may be alterea is by criticism of the most
detailed pian in the nev. Criticism is accomplisned vy analyzing
the Crecondition and foal structiure of the nret and attempting to
optimize the most wuetailed plan by alteriieg the predecessor and
. 8uccessor pointers. The critics wiil have much the same effect as
the critics in Sussman's HACKZR progranm [kef. 13/, but we expect that
the declaratng aspects of the prccedural net, together with tne
eXplicit recresentaition of gcal=subgeoal and gcal~-precondition
relationsrirs, will enatle our critics to operate mnore effectively

and more efficiently.

The third kind of net alteration is by execution cf the actions that
the net represents. In the computer consultant domain, execution is
the process of walkine an apprentice through the steps of a plan. The
level of detail at which a step in the plan is presented may be
easily varied oy drcpring down 0 the step's offspring or risineg to
the level ©of its parent,, Thus, it snhould pbe possSiple to present the
plan to the apprentice at% a varying level of cetali, pased on 4 model
O0f his comPetence at individual tasks, and on how well he 1is
Progressing on the ‘task at hnand. AS steps are executed, their
nmodeled efiects sre asderted in a context representing "reality," and

the steps of the nlan gre checked 0ff.

be. Growing the Procequral Net

The aleorithr for genernting a croceaural net is simple. The lop
node in the net represents a g¢lobal goal; e.g., (KEPLACED PUMP1

PUMP2)., The node wWill also represent a one-steo plan to acnhieve the
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goal when ne details are considered. starting from this one=step

Plan, then, the net is expanded by the foliowing algorithm:

1. Simulate each step in the most detailed plan. This will
generate g new, nore detalled plan. Ffach step of the new plan will

have Some node in the 0ld plan as its parent.

2. Criticize the new plan. This may cauSe the new plan to be altered

or reordered.,

3. Determine (based on some model of the difficulty of the task and
the competence of the user) whether more planning is necessary. (We
Will need t0o expand the net at least several ievels beyond our model
0f the user's capabilities so that We can warn nim of any 4&pecial
problems he night encounter.) If more planning i8 needed, return to
ster l. Othervwise, go into "execution mode" and begin talking the

apprentice through the task.
c. Advantages of the Procedural Net Representation

The ©procedural net will constitute a common representation for both
the planning and exXecution-monitoring phases of tne consultation
task, This wWill allow for more effective response to failure
durineg execution, since what amounts t© a trace of the planner's
activities will still be arouna ior analysis. Furthermore, monitoring
of serendipitous acnievement of aspects of the task at hand WwWill be
made simpler by the explicit representation of goal=8subgoal

relationshivs. finally, the use of a common representation
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for planning and eXecution allows for effective use of

information=-gathering overations during olanning..

The explicit structuring of goal-subfgoal and precondition-goal
relationships within the net will provide a facility by which tne
Speech-understanding portions of the computer consultant system will
be able 10 cetter precict tne aourse of dlidcourse avout the onzoing

tagk,

The use of critics will allow the systeim 10 deal with problems
arising from interactions petween steps in the plan. H4v relying on
the critics to do this work, we can encode the knowledge of our task
domain by focussing on one local area of knowleage at a time. The
System can te built ur from a collection of microconsultants which
are encoded modularly. The system will, oy use of the critic

approach, ensure that %the microconsultants are working in harmony.

The nierarchical structure of the procedural net will allow the
System to model and to plan wita conditional operators and operators
Witn loops. It wiil allow the system to model the progress of the
ongoing task at the level of the interaction with the apprentice. In
addition, the hierarechically structured declarati?e Knowledge stored
in the net will allow the syatem %o ansver guestions apout 1itls
reasons and motivaticns for Suggesting particular courses of actions.

The system Wwill be, in a real sense, self-aware.
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D. wLISP: A language for the Interactive Development of Complex System

Since January, 1973, Wwe have been engaged in the development of a
high=level programming language called QLISP. This work has heen
carried out with tne support of WASA (Contract NASW=-2086). The QLISP
language Dprovides most of +the features of QAL (Ref. 6] embedded
within the INTERLISP system. Thus, QLISP provides a rich varieiy of
data tyves, a data base for content-directed retrieval of
expressions, 3 powerful pattern matching capability, pattern directed
function invocation, and 4 mechanism for manipulating data contexts,
These are 2ll available in a programmine environment tnat provides a
Versatile, LISP-oriented editor, an easy-to-use file package for
maintaining symbolic files, a "programmer's assistant® that allows
commands to be undone or altered, and gn error correction system that

- can f£ix many sinple user errors automatically.

We nave used QLISP for some of the work already described in this
report, and we intend to use it as our basic progranmming language for

the problem=sclvineg portions of the computer consultant.

During the period covered oy this report, the pasic features of the
lanzuazé Wwere implemented and incorporated in a rathner reliable and
easy-~to=use packave. Programs written in QLISP run about 15 te 30
times fasver than the correspondine QAl programs, puring the coming
Year, we plan to install a new pattern matcher that can perfornm
unification (matching two patterns, botn of which contain variacles)
as well as do simple matches more quickly. We will be developing a
compller for GQLISP, ﬁhich Will speed up prograns considerably.

Finally,. when the 3obrow-Wegbreit stack model [rRef. ¢/ is implemented
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in INTERLISP, we will incorporate faciiities for pseudo=parallel

processing into QLISP.

QLISP 1s available over the ARPANET, and has already been used on an

experimental tasis at several sites around the network,
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IIT NATUERAL ULANGUAGE LIWNTERFACE

A. Dialogrs

We have ©been taring dialogs between tWc people working to complete
repair tasks in the workstation environment. ihe device we have used
for our eXperiments is the small air compressor dedcrived in Appendix
A+ One prerson plays tnhe role of anh expert adviser; tine other acts as

an apprentice,

Our initial eXperiments wWere done #ith tne expert and the apprentice
in the same ryom, 1In some of the exveriments +tne expert ana the
apprentice could see each other; in cother experiments tney could not.
A major characteristic of these aialogs was 4 cooperatiive completion
Of ideas: one of the dialog participants woulg start g sentence, and
the other would complete it. That is, as soon a8 the lasvener
thought ne KnewW wWhat the Sueaxer Was trying to say, ae would inaicate
this by completingz the thought. Looxing over these dialogs we
discovered that sentence fragments were at least as common as
complete sentences. JCJommunication is seen a3 a sucpart of tne whole

LasKk == nanely, cooparating to get the task done.

For a speecn 8ystem %o be able to understand speech like this, it
Would have to have an axtremely strong semantilc component. before
trving to builda siuch a system, we decidel to run a series of
experiments Lc see how coamunicaticn would ve affect=d if the expert
and the apprentice were not allowed Lo interrupt eacn other,
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A second ooservation from our first set of experiments was that the
amount of vision available has a large effect on the language used.
wWhen the two participants can see each other, there is a much larger
amount of deictic (i.e., vointing) reference. Since our system will
only have limived vision capabilities, we also designed the second
s8et 0of experiments so that visual information was restricted. Thus,
thig second set of experiments serves as a cloSer simulation of the

system for which we are building a Speech component,

The design ¢f tne experiment is shown in Flgufe T The apprentice,
the expert, and a nonitor who dervegd as a link between them wWere all
in separate rooms. The apprentice and the monitor were connected by

microphone and earphone links. The expert and the monitor were linked

EXPERT APPRENTICE
{workstation)
MICROPHONE
COMPUTER TV ‘ TV
TERMINAL MONITOR [ CAMERA
‘r EARPHONES 47
MONITOR
o TAPE
: COMPUTER RECORDER |
——— PDP-10 @—— eqpinaL |
EARPHONES
MICROPHONE

SA-1530-45

FIGURE 7 CONFIGURATION FOR DIALOG EXPERIMENTS
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through computer connections to a FUP=10, The monitor typed what tne
apprentice said 19 the expert and read what the expert typed t¢ the
apprentice. In addition, tiae monitor was responsiole for seeing that
the apprentice aid not speak while the expert was typing. Since only
dne person could type at a tine (a ifeature of tne 1lianking progranm),
the expert c¢ould not inverrupt tAae apprentice. The whole aialog was
taped and a typescript file was Kept. When the expert wainted to see
something he nad o request tnat a 1TV picture bpe taken and
transmitted over the television channel; only stili shots were
allowed. A cameri Operator was used SO the apprentice would not oe
disturped when the exnert asked for a picture of semething. This also
allowed the apprentice to point at parts and tools when he wanted to

identify tnem for the expert,

Placine a monitor between the eXpert and tne apprentice hnad the
effect cf slowing doWn the dialog. However the‘response time did not
Seem to be much gZreater than wnat We can expect in the next few years
from a speech Understanding system. The main efrect of this siowdown
Seemed to be that the apprentice would go ahead and try things while
waitine for a respoase. Aside frous the slowdowa caused by messages
being tyned, the participants did not seem at all hampered by this
means of communication. In fact, waatl appears to nave happened is
that the listener would act on ais understvanding (tefore an utterance
was cempleted) rather than finisning the utierance {(i.e., the speech

act) and then acting.

It would be reasonable to expect that the speech inputu from someone
taking directions would ke very limited, consisting mostly of: “yes",

"no", and "I den't unierstand." Our exnerience indicates this is not
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the case, The apprentice often takes the initiative an a task. He may
need to explain a problem, or ask a question about an instruction he
has Jjust been given; he may want to propose the next step, or report
on what he has been doing. Answers to guestions are often far more
complicated than a simple yes or no, The amount and kind of speech
vary with the level of expertise of the apprentice, The dialog with a
naive apprentice is filled with definitions of terms (establishing a
commecn vocabulary) and questions about how certain operations should
be done., with an experienced apprentice tnere is less talk in
" general: the diilog consists mostly of reports of what has been done

or explanations of what the apprentice intends to do next.

Figure 8 1is partv of a dialog with a nNaive apprentice Who Wwas
replacing the pump and the pelt, Figure 9 shows part of a dialog with
an experienced apprentice (i.e., someone who had experience working
with mechanical devices =-- he had not worked with the air compressor

before) whose task was tO assenmnble the compressor,

We are continuing these experiments using different experts and
different apprentices, Uifferent experts supply us with ideas about
alternate ways of working on a task and different terminology.
Different aprrentices with varying 1levels of sxkill and experience
give us some data on the adaptability which will be required of the
systen, We are also getting data on how the language, planning, and

Vision requirements vary with the skill level of the apprentice.
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E:NOW REMOVE THE PUMP

E:WHAT ARL YOU GCING TU LU FIKST

AtHOW DO I kEMCVE T PUMP

ESFIRST YOU HAVE TO REMOVE THe FLYWHEEL
A: HOW LO I KEMQVE THE FLYWHEEL

E:F1RST, LOGSEF Ik & ALLEN HeAD SETSCREWS HOLDING IT TO THE 5hAFT,
THEN PJLL IT CFF

A:OR

A:l CAN ONLY FINL CNE SCKEW WHERES THE CTHER ONE

E:ON THE HUB CF THE FLYWHEEL

A:THATS THE ONL I FOUND WnLRES THE OTHEKR ONE

E:ABOUT 90 DEG#kr3 ARCQUNL THE HJS FRUM THE FIKS5Y ONE
A:l DONT UNChrSTakl T Ca®™ ONLY FI:D ONE

A:0h, wAIT Yed 1 THINK I WAS Od i©Hz WRUNG WHool

EsSHOW ME WHAT YOU ssk DCLSG

AT WAS OGN Tt ARONG SHEEL AN I CAN FINL THEM SOTH NOW

A:TnE TOOL I HAVL I3 a%KwaAwD Io THEERE ASOTHER TOOUL THAT I ooulL
USE INSTEAr

E:ShOW ME THE TUOL YNJ Ak: YS[MG

A 0K

EtAKE YOU SUKE YOU ARE D3I&G Thz RIGHT SIZE KEY

AsI'LL TRY SGME UTHERS

A:I FOUND AN AKGLFK [ CAN GET al IT

A:THE TWC 3CrES Ahk [OCSE BUT IM HAVING TKOUbLh GRTIING THL ddp€l OEF
E:USE THE WHELD PULLAEE, TOJ YOU XNCW {0k TO USE [T 7

A:NO

E:DC YOU KNCh WHAT IT LCCwS Llde 7

A:YES

E:SHOW IT TC ME PLEASE

A:OK

E:tGOOD, LOOSkN THE SCRxw IN TnF CeinTieH AND PLACL UHE JAwS AkOUNL 1HE
HUB OF THE whgkL, ThEN TIGHTEN IHi SCREW ONTO THE CENTEK OF THs
SHAFT, THE wHLFL SEOULD SLIDE OFF

AIWHATS THe HUE OF A WHEEL

E:AHHHHH, ThATS THE CENTEE PORTION OF THE JHEEL, FOINT AT wHEiha -
YOU THINK IT IS, SKHOW ME PLEASE

A:OK JUST A SECOND

EsVERY GOOD, YOU ArE HOLLING I1 wITH YOUR dAND

A:ONE OF THE JAWS IS STUCK AND I'M GOING TO LOOSEN IT

E: Ok

A:I HAVE THE JAWS AROUND THE HUB HOW SHOULD I TAKE IT OFF NOW

E:TIGHTEN THE SCREW IN THE CENTER OF THE PULLER AGAINST THE CENTER
E:0F THE SHAFT, THAT SHOULD SLIDE THE WHEEL OFF Thg SHAFT

A:O0K ITS OFF
A:A LITTLE METAL SEMICIKCLE FELL OFF WHEN 1 TOOK THE WHEEL UFF
E3$THAT I8 CALLED A WOODRUFF KEY, IT KEEPS THE FLYWHEEL FROM TUxNING

ON THE SHAFT, BE SURE YOU DON'T LOGSE IT. NOW UNDO THE AIRLINE
CONNECTION AT THE FUMP

FIGURE 8 EXAMPLE OF A DIALOG WITH NAIVE APPRENTICE
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10:57:16
10:57:32

10:58:12
10358322
10:58:35
10:59:0L
11:00:08

11:00:11
11:00:51
11:0L:04
11:01:17
11:01:53
11:02:12
11:02:3L
11:02:55

11:03:13

11:03:5)
ll:bh:Zh
11:04:51
11:05:05

11:05:36

11:06:01

11:06:26
1l:06:k)

11:08:57
11:09:56
11:10:06

11:10:41
11:11:00

11:11:u7
11:13:02
11:13:15
11:17:L6
11:17:55

11:18:12
11:18:32

11:19:04

11319:43

FIGURE 9

E:THE PUMF PULLEY SHOULD 2K NEXT.

A:YES UH COES THE SIDE OF THE PUNP PULLEY #1TH THE HOULeS FaCe
AWAY FROM THE PUMP ORrR TOWARDS ITY

EiAWAY FROM THE PUMP.

AALL kIGHT.

E:DID YOU INSERT THE KEY, I.&. THE HALF-MOON SHAPEL PiaCe,?
AYES I DIL.

E:BE SURE AND CHECh THE ALLIGNMEN1 OF THE TWO PULLLYS BEFUkE
YOU TIGATEN THE SET=-SCREWS.

AYES I'M JUST NOW FIDOLING WITh THAT.

E:Ch

ASTIGHTENINSG THF ALLEN SCREW NOW.

E:Ck. TxaNK YOU,

AtTHAT'S FINISHET.

EtBY THE wAY, THERE ARE Tw0O SET SCREWS.

A:Thakhg You,

ESTHE BRLT CAN BE INSTALLED NEAT,

A$1HE SKCCHWD SET SCrew IS TIGHTIENED aND 1 PUT ON Tnk bell
WHEN 1 PUT THE PULLEY ON BECAUSE 1 DIUN'T KNUw HOW Tlunl 1T
WCULL hre.

E:Oh, MAXEF SUKE THE MOUNTING pOLTS FOR THe MUTOR AR:L 1liuni,
ATALT RIGHT.

ASTHE MOUNTING BOLTS Ark TIGHT AS IS ALL THE PLUMBING.

E:GUCL, ALL ThAT KREMAINS THEN, IS TO ATTACH THE okil AUUDING
COVER T The BELT BOUSING FrAME.

AzALL KIGHT . I ASSUmME THE AOLZ IN THE HOUSING COVER Urrds Iy
THE FUHP FULLEY RAThER TaaN T0 THE MOTOx PULLEY,

E:tYES, THAT IS CORRECT. THE PUMP PULLLY ALSO ACTS AS A rax
TO COOL THE PUMP.

AsF1lnE o THANK YuU,.

A:ALL RIGHT THE BELT HOUSING COVER IS5 ON AND TIGHTENLY LUww,
E$FINk, NOW LETS 3EE IF IT wORaS. PLUG IN THE POWEN Cukl, :
CHECK TO SEF IF BOTH ThE MOTOR AND PUMP ARE WORKING ANy

THAT THi PRESSURE IN ThE TANK IS K13ING.

A$ALL RIGHT,

E:THERE IS NO ON-OFF SWITCH. IF ANYIHING GUES WRONG, uUST
UNFLUG THL POWER COKD.

A:THE PULLEY IS To0 LCOSE, OK THE BELT IS TOU LOOSE RATHEE.

E$OK, ADJUST THE TIGHINESS OF THE BELT BY LOOSLKING THrb
MOTOk MGUNTING BOLTS AND SLIDING THk MOTOk.

AtYES.

A:ALL RIGHT I'M TIGHTENING THE MOTOk MOUNTING BOLTS NOw.
E:OK, THANK YOU.

E:WHAT'S HAPPENING NOW?

A3I'M TIGHTENING THL LAST MOTOR MOUNT BOLT... THE HARD&EST ONE
TO GET AT.

E:UK, THANK YOU.

E:I ASSUME YOU ARE USING THE SOCKET WRENCH ON TOP AND 1nkb
BOX END WRENCH UNDER THE FLATFORM.

A:THE TWO BOLTS OF THE MOTOR MOUNT THAT ARE CLOSEST TO THk
PRESSURE REGISTER. ARE NOT EXPOSED-ENOUGH TO ALLOW THE 50CKLT
WRENCH TO GO OVEF THE TOP. .

EtOK, I WILL MAKE A NOTE OF THAT.

EXAMPLE OF A DIALOG WITH EXPERIENCED APPRENTICE
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We have found these dialogs have a structure closely relatea to the
structure of the task . This structure and its use in understanding
natural language are discussed in kef. 1llb. Basically, Looking at the
Structured history 1ie& 1like 1looxing at an outline of tne Lask as
performed by the particular apprentice. Some parts of the task are
explored in more detail than others. The corresponding part of the
"outline" nas more detailed levels. Two things at the same level in
the ‘"outline" do not necessarily have to follow each other in that
order, In fact, this is one of the ©vplaces where the discourse
hisvory difrers from u pian for carrying out the task. The discourse
history keeps track of the order in which utterances were spoken. It

is not concerned with whether thisg order is a necesgsary one.,

B. Interaction Between the Pilanning and Natural Language Subsystens

We lave also bagun studying the interaction petweell the language and
planning compenents of the system, There are two areas where this

interaction is crucial.

First, the language sysvem will need to get information from the
planning compenent to determine subtasks and possible problems at a
given staze in the task. This is necessary ooth for constructing the
dialog history and for deternining 1ikely future utterances. At
Present, We envision the plannine component of tne system producing
plans in the form of an acylic grach that encodes a partial oraering.
This allows Operations that must occur in a certain order to be
distinguished from those that can ve accomplished in any order. For
example. a vpartvial blan to remove the pump is shown in Figure 10.

The arrows show the partial orderine. An operation at the nead of an
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BEGIN (REMOVE PUMP}

\ \

REMOVE BELT REMOVE AFTERCOOLER
HOUSING COVER

A J

REMOVE BELT

A

REMOVE PUMP PULLEY

l

\ \

REMOVE PUMP
MOUNTING BOLTS

REMOVE PUMP BRACE

SA-1526-3

FIGURE 10 PARTIAL PLAN TO REMOVE PUMP

arrovw cannot be done until the operation at the tail of that arrow is
done. This representation helps both in predicting 1likely future
utterances (i.e,, 1limiting 7the context) and in constructing the
discourse structure. Assume the 1lasSt utterance expressed tne goal
represented bty some point in the graph erdering. The next utterance
can be one of taree tyres; {L) it can give or ask for more
informgtion about that goal, (2) it can express completion of that
€oal, or (3) it can express the goal represented by some other point
in the graph. In the example of Figure 10, if the apprentice has Just

been teold to remove the pump pulley, likely next utterances are:

{1) How do I do it? or, Do I have to pull the screws all the way ouu?

{2) 0K, it's off.
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{3) why can't I take the aifitercooler off first?

It 1s clear how this aids the disccurse structure. An utterance of
type (1) adds a new entry to the structure at a lower level. An

Utterance of type (2) or (3) cdaufes a new entiry at the same level,

Second, a get of generzl ovperators and relations must be decided on.
Linguistic statements will then be mapped into these operators and
relations. This is nesessary for distinguishing different meanings of
the same word (e.g., "unscrew" in "unscrew the aftercooler elbow" and
in M"unscrew the ©belt housing cover") and for mapping general words
into their meaning 1in the current context (e.g., "put" means
different things in "put the nut on the bolt" and "put the nut on the
table"). The language sSystem wWwill need theSe general operators and
relations to understani things 1like "Got it loosened" solves the

problem "Bolt is stuck".
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Iv. PERCEPTIOR
A, Introduction

our primary opJective is to develcr computer based systems that can
be 'rapidly tauent to understana (i.e.. answer questions about) any
ciass nf pictorial scene. This cbjective encompasses +tne visual
requirements of many applications inciuding, specifically, ropots and
the computer=-oased consultant. Wwe are currently pursuing this
opiective on two complamentary fronts, which should begin to merge in
the coning year. First, we are continuing wWork on strategies for
locating otjects on the basis of distinguishing features. We nave
Sucessfully aemonstraved manuallyv -eveloped strategles for finding
objects in a room scene [Ref. 15/ and are now trying to emulate the
reasoning necessary to profran such stratvegies automatically. Ovjects
Will pe designated Lo the computer by cirecling examples with a cursor
in a displayed image. 7he resulting program will +then e run on
repregentative scenes and debugeged interactively as errors
materialize. Second, We are developing techniques for oblaining
reasonably c¢omplete exblanations of scenes detalling majocr objects
and events and now they relate semantically. An  interactive scene
interpretation system nas been bullt tnat attemdts to rule out
ambigucus leccal interpretations using glooval contextual constraints,
The system appeals to a tutor for additional knowledge and advice

when it gets stuck.,
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A third effort has begun, concerned specifically with satisfying the
vision requirements of a computer consultant set forth in our
management olan. The principal accomplishment to date has been the
formulation of a thorough research and development plan, outlining
the required capabilities and how ihey will be achieved, WOrk is now
under way in support of graphical communications wherepy both man and
machine will be able to designate opjects to each other by pointing
at them. The shape rapresentations and geometrical models developed
in this regard should allow our scene analysis systems to be utilized

in the computer=-consultant domain.
B. Locating Objects by DiStinguishing Features

Our research plan for this project was first to experiment with
manually programnmed strateglies for finding objects in an office scene
basSed on their distinguishing features, and then to automate the
programming process. In this section, we shall first demonstrate
the effectiveness of +the distinguishing features approach, by
describing some manually developed strategies for finding common
objects in a simple room scene.  We shall then demonstrate sonme
comparable strategies generated by the computer on +the basis of

progran modules abstracted from successful manual strategies.

1. Generating Distinguishing Feature Strategies Interactively

To facllitate the development of distinguishing feature strategies,
Wwe constructed an interactive system, IsIS (Interactive scene
Interpretation S8ystem, kef. 15} This system aliows an

exXperimenter to define basic percertual concepis for the conpuler

62



using pictorial examples. Strate¢ies such as Lne telephone iinder,
though trivial to aescribe to a rerson, woula take months to
translate into code using conventional prograuning systems. The
difticulty stems £rcm the awkwardness of torralizing prinitive
descriptaive concepts (such as tiack, rectaugular, horizontal) as

symbolic programs.

In 181S, examples 4re designatea graphically by encircling portions
of a displayea image wWith a cursor. Given a4 pictorial example, a
representation can be empirically constructed oy trying ifeature
eXtraction opergtors in order c¢f increasing complexity until the
eXamole is sufificiently distinguisheq from previousiy aeterminedq
representations., Cconcepts sc defined constitute a common vocabulary,
Shared by man and machine, that can ope used symbolacally in

deScriping onhjects and sprecirying Sscene uanalysiS procedures.

Briefly, the role of ISIS in strategy development can te explained as
follows, Tc descrive concepts in verms of the computer's primitive
functions, & human mnust Know (or be adle tc determine easilyf whnaty
those primitive functions can distinguish., ISi& proviaes an
experimenter wWith to0ls 1o choose orimitive ifurictions empirically.
The system first generates a color display of the scene, Thlis display
conveys qualitatively which color ooundaries are easily discriminateq
by the computer, The experimenter can circlie regions of the
disvlayed imare ‘and obizin from the systenm average or exirene
numerical values for local surface attributes suclh as height, aue,,
Saturation, and orientation. By apolying such operators to examnples
and counterexamples of vpiatorial concerts in tne image, he can

discover whicn operators sufficiently discriainate an opject,
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Provosed descripticns can be tlested dy requesting the system o
illumingte all parts of the displayed scene that correspond to the

descrintion.

The pasic scheme underlying distinguishing feature strategies is +to
rapidly disqualify obviously irrelevant areas of tihe scene by
sampvling for characteristic attributes of the desired object.
Additional 1local properties are then tested to eliminate those
Samples Dpelonging to other objects that 8share the acquisition
attrioutes. ‘The surface containing the acquired samples is then
bounded gnd ihe resulting surface tested for appropriate size and
Shave, We have interactively developed programns of this sort for
finding various objects commonly found in office scenes {e.g., table,

door, wa;l. picture, and floor).

A basic plan for finding a door might consist of acquiring samples at
a height likely to contain few things besides a door, and then
validating by eliminating those samples which on the basis of
rgmalninz local attributes have low likelihood of' peing part of a
door, The door boundary is tnen obtained by growing a region around
the initial samples using attributes such as hue and saturation. One
alternative approach, illustrated in Figure 11, would be to first
scan downward from the top of the image Lo a point wnose neight 1s
unicue to DOOK and WALL. The edge of the door is then obtained by
scanning horizontally from this point for an abrupt cnange in
saturation. {Doors in $RI offices are deep brown wnile walls are
tan.) If this edge has sufficient vertical extent, tne door boundary
is inferred by a s8pecial vertical rectangle oounding module (Vkd)

from the Kknown shape and 8ize of our office doors, and the local
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(a) IMAGE IS SAMPLED VERTICALLY DOWN ITS {b) IMAGE IS SAMPLED VERTICALLY DOWN
LEFT EDGE UNTIL A HEIGHT < 2.8 FEET IS RIGHT EDGE UNTIL A HEIGHT < 2.8
OBSERVED FEET IS OBSERVED

L
o
H TN

(¢} IMAGE IS SAMPLED HORIZONTALLY LEFT TO (d) A BOUNDARY IS COMPUTED ON THE BASIS
RIGHT ALONG THE LOCUS ESTABLISHED IN OF LOCATION AND SURFACE ORIENTATION
STEPS {(a) AND (b) UNTIL A SATURATION MEASURED AT THE DETECTED EDGE POINT,
DISCONTINUITY > 0.2 IS DETECTED ) AND A PRIORI KNOWLEDGE ABOUT THE

SIZE, SHAPE, AND HEIGHT OF DOORS

SA-1187-13R

FIGURE 11 OPERATION OF DOOR-FINDING PROGRAM
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surfaca orientation is then measured in the image on the door's side
of the diséontinuity. Finally, tne couputed edges are confirmed by

testineg for evidence c¢f the predicted ovoundaries in the image.

ISIs makes it very easy to empirically evolve these &d hoc
snrateéies. One can interactively speciiy arovitrary predicates for
séanninz tiltering, or region=-growing, and immediately see what
ambiguities arise. Apvrropriate validations can tnen be proposed and
testeqd. It 13 readily seen where a prcgram is going awry, and vwhy,
and usually just as easy to quickly attempt something nev. A
library of useful modules like VRB were developed in the course of
experimenting with strategies such as those outiined (see Ref. 15 for
a list), More important than the modules, however, are the strategy
schemata that we have abstracted for generating such programns

automatically.
2, Frogram Schemata

Distinguishing feature strategies can pe scnematized into
acquisition, validation, aad bounding phases., Specific techniques
for accomplisning each phase are chosen from available modules on the

basis of current information about the victorial domain.

The 108t straightforward way of acguaring samples of the obJject is to
filter randcm picture samples, rejecting any sample that fails o
pass ga predicate desecriptive of the desired cbJect. For example, the

sampled scene may ve filtered to retain only those samples at a
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certain neight, our alternatively, the scene can be scanned in crder

Lo detect distineuishinz boundary discontinuities.

Acguired samples are valigated 1oy checking additional local
characteristics that distinguish +the deéired epject from others with
common acquisition attributes, These additional atvtributes may
be examined sequentially, reducing the number of sanples that must be
examined by Successive tests, The order of testing can ve aevised to
minianize total cost hy deferring computationally exXpensive
proceqdqures. AL sonme point, the cost of planning the optimal order
Wwill exceed the cost of simultaneously using all remaining attriputes
Lo classify samples as belonging to possible objects, Those Samples
Judeed likely to pelong to tne aesired object are retained, The
validation of boundary samples entails testing tne type of boundary
(es2s. a color vpoundary of a certaln strength, its length and
orientation). A common boundary validation is to use a mask to

checKk for suitable lengtin.,

The final bounding phase 1is accomplished in various ways. if a
sultably constrained model is available, expected toundaries can be
projected onto the damage and vaiidated using extent masks 2§ above
(ref. 15). In the absence of such a model, a region may uve grown
around validated points; neignbors of validated samples that pass a
chosen predicate (often tne acquisition predicate) are added Lo a3
pusn~down Stack. Neizhbors of points on tnis stack are then exXamined
recursiveliy. All accepited points are collectea Logether 1into a

region. A quick, crude boundary for a set of sanples can also be
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Oobtained by computing a convex hull. Finally, there are 8pecial
purvose modules that can produce the best gloval bcundary for various
common surfaces (e.Z., horizontal or vertical rectangular surfaces)

consistent with a set of detected edze points.

3. Genarating Strategies automatically

our approach to automatic strategy egeneration 1is to emulatve the
reascning of a human »rogrammer trying to locate onjects in a scene,
The programmer has a goal (or set of goais) to be achieved (such as
£inding the table top), and he nas availavle knowledge about the
world, & set of useful program nodules, models of those modules that
indicate their prerequisites, and finally, the ©basic distinguishing

feature sirategy schemata.

The generation process is flowcharted in Figure 1l2. Tne systenm
first checks to see i1f any existing plan might be of use; if one 1is
applicable, then it 18 executed. Otnerwise, a check is made for
applicable modules, If sonme are found, then any preconditions are
handled by a recursive call on the planner, Thus, if VRB is
applicable for findinz the object, tne planner must next tackie tne
subgoal of finding edge points expected as input. If the
preconditions can be satisfied, tne plan is executed; otherwise, (or
if there were no relevant modules) acquisition and Vvalidation
features are selected for the default strategy. After eXegution,
global features are checked to ensure that the desired object has
been found, with nhizh confidence. If satisfactory, the systen
exlts. OQtnerwise, a3 decision 1is made to resume execution looking for

another object or to select an alternative plan.
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The selection of distinguishing and criterial acaouisition features
for the default scheme involves a mixture of pragmatics with elements
of decision theory. Acquisition attributes are chcsen on the pasis
of how well they distinguish the object from other objects, how
criterial (i.e. characteristic) they are to the object, and how
costly they are to measure. Local attirioutes (such as nue or
local orientation) tend to e determined more easily and reliably
than do glopal ones (such as size or shape). Glooal attributes,
however, are often more criterial than local properties. In some
cases, it mnay bpe advisable to first locate another object and use
that object to localize the desired one. A human programmer can
intuitively weigh the available cnoices. The automatlc programmer
must resoriy Lo quantitative criteria; they are currently provided by
routines to compute cosSt and confidence for some operator or mogule,
Cost is computed (in milliseconds) from the expected effort entailed
in aprlyine the operator. Confidence is a measure of the réliability
of a hypothesis based on tne operator's performance (e.g., the
probability that samples selected by the operator belonz to a given
object). It is expected that these computations will be performed
only once in a given context and the results looked up in succeeding

analyses.

The modular strategy scheme descriped above eases tne task of
generating strategy prograns. Tach phase has very explicit
obJjectives. During acquisition, for instance, the progran is
trying to locate samples from either the surface of an object or from
its boundary. It is plausitle, tnen, to associate specific
errcr modalitles witn each objective and to build in appropriate

checks and countermeasures . Mcreover, the system canh include
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alvernative methods of aichieving each suogoal,. For example, a
horizontal plane migav »e acquired by looking for saiples of a given
heignt and orientation, or alternatively, if these data vere ncisy,
by accepting 3ll saapies between twd heigit extremes, and then

chegcking for contiguity in other features.

b, Experimental Results

The programs shown in Figures 13 and li were generated automatically
according to the paradism of rFigure 12, fhese programs will be used
to illustrate important features of tne planning process, notasiy tnhe
integration of pragmatic decisions with utility analysis. Note,
also, hoi execution and eXaminatien of interaim results are

interspersed with further olanning.

Figure 13 traces tne development of a program for finding a taole top
(TTOP) in scenes such as that shown in rigure 15. Line 1 of Figure
13 shows the initisition of the process, FIND(TTOP). The first
Subegnal (an executable LISP form) is generated and executed peginning
in line 2=={(ACQUIRI TTOP). This function first attempts to find a
plan for acguiring some samples of TITUP. when no existing pian is
found, another check turns up an applicavle module, HORIZONTAL. This
module 1is addea to the goal list, and exXpanded by the system in line
T Line 9 indicates that HORIZONTAL uses FZIGHT anc¢ ORIENT (local
surface orientation) as pragmatic acquisition features. Ine
expected confidence and cost due tec this module aprear next, The
confidence that any samples passing the height and orientation checks
will belcng to TTOP is 1.0, since no other kKnown norizontal objects

have the same heizit a8 the tatle. The expansion of tbe module
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1 FIND:
Beginning planning to fing TTOP

2 #»## execution of ferm:
(ACQUIRE TTOP)
3 Acquisgition planning:
L No existing plan for TTOF == attempting to generate one
5 Module selecticn:
Applicable modules are: ((HORIZONTAL TTOP))
6 ##x execution of iine 2 complete ##*%
7 #%% execution of form:
{HORIZONTAL TTOP)
8 Horizontal surface acquisition planning:
Horizontal surface module
9 Horizontal surface acquisition planning:
Locating TTOP using height and corientation for acquisition
10 Horizontal surface acquisition:
Expected acquisition confidence is == 1.0
11 Horizcntal surface acquisition:

EXpected acquisition cost is 4700, milliseconds
12 ### execution of line 7 complete #x#*
13 ##% execution of form:
{SAMPLE~WINDOW SCENE 129)
ih Sample=window:
Sampling current window at density oi .00511
15 ##% execution of line 13 complete «##
16 #»# execution of form:
[FILTER=WINLOW (LAMBDA (X) .
(AND (LIMITP (QUOTE (2.1k 2.66))
(HEIGHTS X))
(LIMITP (QUOTE (=3.,05 3.05))
(ORIENTS XJ

17 Filter-window:
Filtering window
18 Filter=-window:

5 samples accepted
19 «##% execution of line 16 complete #**#
20 Horizontal surface acquisition:
There are nc ambiguous objects remaining
21 #x% execution of form:
(VALIDATE TTOP)
22 validate:
validated confidence (using (HUE SAT ORIENT HEIGHT)) 1s: 1.0
23 Validate:
No amtigzuous ovjects
24 ### execution of line 21 complete #*x#%
25 ##% execution of form:
(BOUND TTOPF)
26 Module selection:
Applicable modules are: ((BOUND=HORIZONTAL TTOF))
27 w#%# execution of line 25 complete *x*#%

28 +w#x# execution of forn:
(BOUND=HORIZONTAL TTOP)
29 Bound-horizontal:
Growing surface from acquired samples
using acquisition predicate
30 ##» execution of line 28 conplete *«
31 ### execution of form:
{GROW=SAMPLES (LAMBLA (X)
(AND (LIMITP (QUOTE (2.1l 2.66)}
(HEIGHTS X))
(LIMITP (QUOTE (=3.05 3.05)}
(ORIENTS XJ
32 Grow=samples:
Growing outward from current samples
33 #x% executlion of line 31 conmplete *##
DONE

#|GURE 13 PROGRAM FOR FINDING TTOP
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1l FIND:
Beginning rlanning to find COUK
*## execution of fern:
(ACQUIRE LOQR)
Acquisition plannineg:

n

Module selecticn:
No applicable modules, defaulting
*¥*% execution of line Zz complete #ux
*#% eXxecuticn of form:
(DEFAULT DCOK)
**# executicn of line 7 complete *x#
*## executicn of torm:
(DFLT=ACQUIKE DOOR (HEIGHT (3.19 . 5.28)))
10 ### execution of line ¥ conplete #*#%
11 +=x# executicn of form:
{SAMPLE-WInDOW SCENE &)
12 Sample=-window:
Sampling current window at density of ,00593
13 #x%# execution cf line 11l ccmplete *%¥%
1k %% executicn cf form:
[FILTER=WINDOW (LAMBDA (X)
(LIMITEF (QUQOTE (3.19 5.2¢))
(HEIGHTS 4]

o o nEw

15 Filter=-window:
Filtering window
16 Filter=window:

25 samples accepted
17 %% execution of line 1li conplete *x*
18 «%x# execution of form:
(VALIDATE DOOR)
19 3 samrles selected from acguisition samples
20 Validation ccnfidence is 1.0
21 #w»% execution of line 18 complete #¥*#
22 +#x# execution of form:
(BEOUND DGCR)
23 Mcdule selection:
Applicable modules are: ({BOUND=VERT DUUK))
24 #%» executrion of line 22 conplete #¥»
25 w#x%x executicon of form:
(BOUND=VEFT DCOR)
26 HEIGHT not applicaple
27 Growing on basis of (SAT HUE)
28 wxx executicon c¢f line 25 complete *#*
29 #x%% execution of form:
[GROW=SAMFLES (LAMBDA (X)
{AND (LIMITP (QUOTE (.317 1.0))
(SATS X))
(LIMITP (QUUTE (L.74 120.))
(HUES XJ
30 Grow=samples:
Growing outwara from current samples
31 #x% execution of line 29 complete ##%
DONE

FIGURE 14 PROGRAM FOR FINDING DOOR
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causes new program steps to be added to the plan. The first of tnese
in line 13 causes tne current window (in this case, the scene) to be
sampled at an adeguate density determined by the tabie's known size,
anticipated range, the viewing angle, and other a priori model
information. Tne sampling prcduced by this routine is shown in
Figure 16. This sampled image is then filterea using a predicate
generated by HORIZONTAL (LIMITP 18 a LISP predicate for checking
whether the valiue of a function is between two limits). The
predicate is zpplied to the samples in Figure 16, and only those
passing the tests are retained. The filter passes seven samples, the
bounded set shown in Figure 17. This concludes the acquisition phase

O0f the progran,

In the validation phase, tne gamples are checked to ensure (is well
a8 can be determined) that they do belong to the table top. 1In this
case, all acquired sanmples are retained. The validation

confidence is 1.0, and there are no ambiguous oojects.

The final ereration is to bound sccurately the surface enconpassing
the acquired samples. A¢ain, a specialized mocule for pounding
horizontal surfaces is used. This module gererates code 10O grow the
surface, Starting from the acquired points by recursively including
‘all neighbor samples satiafying the initial sanple acquisition

predicate, The resulting pounded surface is shown in Figure 16.

Figure 1L details a program for finding DOORS. A8 no applacable
plans or acquisition modules exist, the system utilizes the default
schemata based on Knhown atiributes of doors, pefault planning

requires the selection of applicable detectors. Candidates are chosen
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FIGURE 15 GRADIENT PICTURE OF SCENE

FIGURE 16 OFFICE PICTURE RANDOMLY SAMPLED BY TTOP PROGRAM
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FIGURE 17 OUTLINE OF SAMPLES ACCEPTED BY FILTER

FIGURE 18 OUTLINE EXTENDED TO EDGE OF TTOP BY GROW
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in two ways: First, the ranges ot attribute vaiues for the object
are examined and detectors for peaks in vhose raiges are sSelected.
This 3llows the gystenm to choose criterial detectors with no tnought
to the distinguishability of objects LtasSed on those detectors.
Additjional detvectors are tnen chcsen from segments of the attiribute

ranges which minimize the rnumper of ambiguous objects.

From the resultine set of criterial and distinguishing detectors the
system selects optimal Subsets for acquisition and valiidation. In
Figure 1L, a range of height values was Selected for acquisition in

order to cheaply obtain a minimum set of ambiguous objects.

The image is actually sampled in 1line 11; tne resulting sampled
Ppicture is shown in ¥Figure 19. These raw samnples are next filtered
with the Aistinguishing height predicate shuwn 1in Line 14,

eliningting all pbut the 25 pointvs, shown pbounded in Figure 20.

Validation has peen handled as a btottom=up classification pronslem.
Each acquired sanple 1s classified on the basis of all its attribute
values as Gelonging to some opject(s) with some ceonfigence,
Currently, 1f +the confidence tnat a sample beliongs to tne desired
object is greater than 0.85, tnen it is retained; otherwise, 1iv 1is
discarded. In the DOOK eXample, the siX points siown in the uopper
right-nand corner of figure 21 were retained cut of the original 25

acguireqd,

Finally, the outline of the door must pe determined. 7The moaule for
bounding vertical surfaces is cnosern, Tnis program generates a

predicate for the region=growing routine nentioneq earilier. nEIGHT
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FIGURE 19 OFFICE PICTURE RANDOMLY SAMPLED BY DOOR PROGRAM

S$A-1530-66

FIGURE 20 OUTLINE OF SAMPLES ACCEPTED BY HEIGHT FILTER
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is disgarded as a3 useitul attribute (since tne door covers almost the

entire extent of heights in the scene) in favor of a combination of

hue and saturation. The resulﬂinz outline of the door is shown in
Figure 22,
S. Discussion

The goal Of locating a specific object in a scene avoids the harder,
less well=defined problem of descrioing the scene. Tie systen
relies heavily on information from different sensory nodalities to
descrive objects in terms that are gsemantically related to the
object, Thus a horizontal surface is characterized by height
and orientaticen, In 2 monocular black and white pilcture, such
atitriputes can only te inferred after identifying the object and all
of its supperting structures. with the information already availaole,
We ceén make use of it Lo directiy isolate the object in the scene. we
feel that our distinguishing feature schemata provide an eftective

framework in which to integrate nultisensory data.

The identification and correction of profram bugs might pe considered
the essential sirength of the human progranmmer. It 18 this
strength that must be emulated to provide a robust system capaole of
gerieralizing its own plans Lo overcome unforseen contingencies. The
prograrming system anticipates certain types of recurring ougs that
Will occur bteforehand and inserts checks at appropriate noints 1in a
plan. For exanmvle, local validation can be viewed as a checkx for
errors of commission during acquisition. global validation is
perfornred in anticipation of systematic errors arising during
acuuisition und bounding, Checks for anticipated probiem areas
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—SA-1 530-67

FIGURE 21 SAMPLES RETAINED BY VALIDATION

FIGURE 22 DOOR REGION EXTENDED BY GROW
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(such gs occlusion) can be included ty an analysis of their etffect on
the rrocess of pounding. The basic philosophy followed, tnougn, is
not to complicate a strategy unnecessarily oy anticipating all
possible cortingencies., Should a program actually fail, we wWould tnen
Lry to patcn it by dinteractively experimenting witn additional
constraints. The world model would then ce updated to preciude a

recurrence.

Qur emchasis on distinesuishing features snould not be construead as a
denigration of other work on complex representations. Qur
contention is that although cases will arise that wili require subtilie
tests to differentiate among sSeveral objects, for tne most part
relatively simple descriptions will suffice. Furthermore, it is our
intention that the system we are pbuilding will provide a conceptual
framework for including the test available methods for locating and
representinng perceptual information, We have begun by modeling
some of the simpler processes witn respect t¢ the taske for which
thev are useful, their cost, and thelr expectea tyres of errors, we
Wwill extend this modeline to allow us to incorporate any effective

procedures and representations, developed py ourselves or otnerse.
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C. keasoning About Scenes#

l. Intreoduction

The previously descrived object finding vechniques, though adequate
for simple room scenes, nave some obvious limitations as general
strategies for perception. These techniques }est on the fact tnat it
is often possiple to distinguish amongst a limited number of objects
solely on the basis of locally perceptible attributes such as® hue,
height, and surface orientation, However, in less constrained
environments, or with less complete sensory data (i.e., black and
white images) it generally 4is not possible to assign unique
interpretations to parts of a scene taken out of context, Different
ObJjects magv have simiiar appearances, while objects vpelonging Lo the
same functional class c¢an have sStrikingly different appearances
(ess, coffee cubps). Ambiguous local interpretation must then be
ruled out by using contextual constraints to gachieve a meaningful,

globally consistent interpretation of the whole Scene.

Let us illustrate with a trivial example the style of reascning
entiiled in scene interpretation. Suppose that a segmentation
procedure initially partitions a room scene into regions as shown in
Figure 23. The labels in the figure indicate the possible local

interpretations cf those regions, based on their aindividual

attributes and the descriptive semantics given in Table 5i{a). For

#The work reported in this section was partially supported by ONR

under contract No. NOOQlh=71=C=0294.
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Table 5

PARTIAL LIST OF SEMANTICS FOR DOMAIN OF FIGURE

23

(a) Descriptive Semantics

Floor:

Baseboard:

Wall:

Door:

Picture:

(b)

height = 0 in.
orientation = horizontal

0 in. < height < 6 in.
orientation vertical

6 in. < height < 84 in.
orientation vertical

0 in. < height < 74 in.
orientation vertical

30 in. < height < 70 in.
orientation vertical

Relational Semantics

X. (NOT (ABOVE WALL DOOR))

y. (NOT (ADJACENT PICTURE DOOR))

z. (HOMOGENEOUS DOOR)
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exXample, k3 must be part of a door, since doors are the only vertical
surfaced objects that extend from fioor level (whica exXcludes wall
and picture) to a height greater than SiX inches (which eXcludes
baseboard). Ic further narrow the interpretation possipilities, it
is necessary to invoke relational Semantics iike tnose in Tapie 3(b).

A typical iine of reascning mignt proceed as follows:

i. Rl cannot pe a wall by rule X, since it is apcve «3, door.

2. RS then cannot be a nigture bv rule y, since iV is adjacent to
RL, coor.
3. W5 3ls3c cannot be 4 wall by rule 4, since it is above part of
By, door.

he R2 cannot re a door py rule 7 (homogeneity) since it is adjacent

to but significantly more saturated tnan x4, door.

S. k8 cannot be a door as that weuld vioclate rules X and Z.

6. 3y similar reasoning to that used in steps 4 and 5 above,

neitner Ré ner K7 can be a door.

The above example 1s an attempt to explain ovserveu seasory data 4h
terms of semantic knowledge apeul the depicled domaille The
explanation represents a mavping of pictoriil entities (i.e., regicns
and 1lines) onto world concepts (i.e., objects) such tiat the locally

perceived attiripbutes of each region are consistent witn those of a
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corresponding world concept and moreover, that global constraints

among the concepts are preserved in the image.

An explanation of this sort need not ope 1limited to descriptive
semantics at a pictorial level. EXplanations can extend through many
levels of knowledge ranging from functional constraints on form and
material conposition to knowledge about optical pnenomena such as
occlusion and shadowing. For example in a - machinery context,
flywheels are recognized not by a visual attribute of a particular
instince (e.g.,, numpber of spokes) out rather on the basis o2
characteristics associated with all flywheels: they are round with
mass concentrated toward the rim, A class of machines such as
comoressors will share functional constraints on form and
intercdnnection that ultimately could pe used to identify parivs on a
particular unit not previously encountered. A scene-understanding
system that can reason at this 1level 1is clearly a formidable
long=range goal taat draws on many areas of artificial intelligence
research. Like an infant, we are concentrating initially on

explanations involving surface level descriptions.

The scene understanding problem as formulated above focuses attention

- on & number of key iassues for Al research.

1. What Knowledge is necessary, sufficient, useful, and so on ¢for

understanding various classes of scenes?

2. How mieht this knowledge pe represented in a computer?
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3. How should this kaowledge be zcquired?

be How can his Knowledee bpe used effectively tor scene

interpretation?

These questions are readily answered for triviel proviems such as the
invroductory example of Ffigure 23, obut pose very formidable uesign
pProblems for systems dealing with real scenes. in the repmainder of
this section, We will discuss some answers developed in the context
Oof roor scenes., The approach Sseens general encugl to apply in
aroitrary domains (e.g., our workstation) given appropriate semantics
and representations. We begin bv summariziiig the inpertant features
and liapilities that echardcterizea past atteunpts 4t Scene
understanding. 42ainst tnis background we will deseribe in detail the
design o©f a ©oroposed scene understanding paradigm intendea to
overcome limitations ¢f previous systens. The pdaradigm 1is tnen
illustrated by simulating the 3nalysis of a rerresentative scene.
Thig Gedanken analysis provides a feeling for tne type 61 Knowledge
Necessary to understand simple room scenes and also an idea of the

required deptn of reasonine.
2. Background

The obilective in scene interpretation is %o partition a scene into
regions and assign the most likely ainterpretations consistent with
gloval semantic constraiats, Formaily stated, tne objective i1s 1o
maXimize the  product of probabilities  that (region i has
interpretation j) over all partitions of the scene into regions and

all assignments of interoretations to regions. Unfortunately, the

-
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Ssearch space explodes comoinatorially with scene complexity and
universe of possivle interpretations, rendering brute force searca

unfeasible,

A numner of investigators have proposed doing scene interpretation by
tree gsearch wherein interpretations are assigned to regions in order
0f maximum 1likelihood, subject to semantic consistency  with
interpretations previously seiected for otner regions. [Refs, 16,
17, 18, and 19) Exhausting all possible interpretations for an
unassigned reeion forces reconsideration of an earlier assignment,
With a few eXceptions these proposals all 3hared a number of

unrealistic assumptions imposed to make the search feasible:
1) A correct vartioning of the scene into regions was presuned.

2) Interpretations Were drawn from a very small universe, usually

less than 10.

3) Only pairwise semantic constraints on legally adjacent region

interpretations were utiiized.

The first assumption is probably the most unrealistic, since the only
hope of obtaining reliable partitioning is to integrate the
aegmentqpion and interpretation processes, YakimovsKy has made a
good start in this direction. Hi8 profram takes a color piclure as
input and first partitions it into uniform eiementary regions. Next,
two adjacent regions with weakest common boundaries'are merged.

Mereing iterates in tnis fashion until a manageable numper of reglons
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are optained (l.e., 775-100). It i1s assuned that, w#ith this many
regiocns. few if any incorrect mere¢es will have peen nace. Semantics
now enter the arena. A probability 1s assizned to all pussibie
intervretations of each regfion based on prototype avirivutes 1learned
from eXanplea, Independently for each boundary between regions,
possible boaundary interpretations and associated protabilities are
ascrioed. These two probapilities are then useg to compute the
likelinood that adjacent regions both have the same interpretation.
The merging process resumes Joininz, at each sStep, the pair of
regions most lixely to have the =same interpretation. Merging
continues 8o long as a easure of total likelihood over the complete

picture interpretation increases.

Althoursh Yakimovsky'® system performs impressively in anaiyzing real
road gcenes, his formulation has several weaknesses, perging and
interpretation are to0o inteerated; merging should not bpe tae only
means for adjusting interoretation likelinoods. AS a result oi this
entanglement, the system can only utilize contraints on pictorial
(i.e., tWwo dimensional) zdjacency. There is, for examvle, no opvious
Wway to utilize the fact that sky is still above roaa, even wnen trees
intervene. The system al3o cannot deal adequately with different
instances of the same tyvpe of oobject: +iWo regions interpreted as car
Will 9orobably be merged 1i1f they are adjacent, even wnen they
correspond to different cars. The system is heaVvily rooted 1in
pronavilities. Waile tnis pernits consideration of arolirarily
unlikely situaticns, it precludes semanticaliy valid dinverpretations
in npreviouslv unseen relations; a vision system ougnt to be acvle Lo
infer that X may occlude ¥, even if it has never seen 1iuv hnappen.

Moreover, it is by no neans clear that the probtacilities can be
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neaninefully evaluated, especlally in ‘temporally varying scenes,
Finallv, the present control structure does not permit the nmerging
process 10 backtrack. The assumption that always performing the
locally best operation will lead to the globally test result is véry
Weak, particularly since the semantic merging criteria is a consensus
over all joint interpretations of an adjacent pair of regions, It
remains to be seen how Well Yakimovseky's system will do 1in scenes

with more than a trivial numbter of intervoretations.

Another inherent fault of all of the apove systems is their common
dependence on conventional Search algorithms. A tree search will
inevitably vperform a large amount of redundant Work by throwing away
hard wen deductions whenever it hackuracks. In one of Duda's
eXamples, for instance, a particular region is deduced not Lo be an
electirical outlet on at least five separate ©branches of Lhe
interpretation 1tiree, In each context, outliet Was exeluded as a
possinhle interpretation pecause the region in question was adjacent
t¢ & region that had already been sbstulated &o pe the floor. In his
important thesis, WaltZz [Ref, 2C¢] argued tnat such redundant
reasoning could be sharply reduced by eliminating as many globally
inconsistent interpretation possibilities as one coula pefore

embarking on a search.

Specifically, ¥altz advocated the use of cheap pairwise compatability
tests to eliminate interpretation alternatives (such as electric
outiet) that wWere clearly inconsistent with previously consirained
interpretations {such as the floor). It had been wicely feared that
increasing the universe of possible interpretvations, and

correspondingly tne number of constraints, would completely bog down
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the =search fcr a good scene interrretation. walit2 sShowea tnat, with
his technique, more Semantic information coulid be construcivively

Utilized,
3. An Interpretation System

In this section we introcduce a rew paradigm for scene interoretation
that combines important principies from the various systems reierred
to above, vur emphasis is first to integrate segmentation ang
intercretation on ¢ truly semantic basis, and second to utilize
Semantic Knowledge efficiently in arriving at a consistent (and in
Some sen3e best) interpretation of the whole scene. The
system is outlined scnematicalliy in Figure 24. we will first present
an overview of its operation, and then elaborate on the design of the

various conononents.

d. Overview

Briefly, the system is intendeq %0 Work as FfollOwa. A preliminary
description is obtained by partitioning a scene into nomogeneous
regions and assigning to each region all irterpretations permitted by
its local pictorizl attributes (e.g., it may re door or wale on the
basis of color, size, and surface orientaticn). A likelihood is
associated with each interoretation. The deductive stage next
reevaluates the 1likelihocd of eacn local interpretation based on
pairwise consistency with the rossitle interpretations of
contextually related regions., If the likelinocd of an interpretation
is altered, then any rreviously consigered interpretaticns tor which
this current interpretation provided contextual support muat pe

reexamnined.
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FIGURE 24 OVERVIEW OF SCENE INTERPRETATION SYSTEM

Any interpretation that is shown tc be inconsistent with all possiple
interoretations of another region can be eliminated immediately.
Since eliminating an interpretation may rerove the only contextual
supoort for an iuaterpretation of some other region, tne effect of &
deletion can te to propagate another deletion, This cnain of
deduction, similar to Waltz's "filtering" technique [Ref. 20], is

pursued as far as possitle toward the objective of obtaining a

unigue, globally consistent interpretatioen for each region.
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After all pazirvise inconsistencies nave peen removed, aaditional
Semantic conslderatiors are used tc indicate possible segmentation
errors and rplausihle corrections. For example, eliminating all
interpretations for « region indicates that some region must be split
to allow new interpretations. A uniquely 1dentitied region that is
physically tooc small for the assigned interpretation inaicates that
in the absence of 3 reason (such as occiusion) tiat region must pe
merced Wwith an adjacent region aamitting the same interpretation.
Regions thnat have been Lerged or split must be reliapelea, triggering

a further round of deductiocn.

Should any regions survive deauctien and resepgmentation with mu.tiple
interpretations, the analysis proceeds oy assuming possible
interpretations for one of the amviguous regions and exploring the
consequences o©f each choice. For each assumed interpretation,

deduction anac resegmentation are pursued to one oOf three coliclusions:

(1) All interrretations of some region are deleted; the current
hypothesis is thus inconsistent with tne rest of tne scene and can be

abanconed.

(2) All rerions are left with unique interpretations; a ccnsistent

interpretation of the whole scene has thus peen founu.
(3) At least one region is stilil seft witn multiple interpreta=

tions; the analysis again braneches to exXplore the possiole

interpretaticns of a remeining ambiguous region.
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The instantiation process described FDOVe is conceptually a tree
search. Tie goal of this search is to determine the set of
instantiations for the ambiguous regions +that provides the best
€lobal interpretation of tlhe scene, Traaitional search heuristics
can be enplcyed in selecting which region to inatantiate and the
order in which its various intervretations are explored, 80 a8 0
find the “"best" global interpretation of the scene with the least

amount of searching.

The above systen differs from previously provosed scene
interpretation schemes in two essential ways. First, pairwvise
contextual constraints are used Lo eliminate incompatible
interpretations prior to any search. AS a result tne search algorithm
avoids stumbling on the same inconsistencies repeatedly, as in a
backtrack sezrch. When an interpretation is rejected, this may
remove the contextual support of other interpretations, requiring
their deleticn, The consequences of a deletion are propragated o

acnhieve an exponential reduction in searcn space,

Secundly, Segrnentation and interpretation are integrated Dby using
senantic considerations to indicate segmentation errors and plausible
corrections, Inconsistent interpretations are eliminateda when
regions are nerged and additional interpretations are admittied when a
region is split. The decision to ﬁerge or spiit regions is
considered as an alternative to instantiation when deduction

termingtes without a unique glocal scene interpretagtion,
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The anove systen 1is being implemented as a network of demons
representineg regions, iunterrretations, and constraints. The dqemons
are interconnected through a giobal data base s0 that the deletion or
reevgluaticn of any interpretation will automatically cause all
contextually Yrelsted interpretaticns to be gueued for reexamination,
Conversely, an interpretation will only be reevaluated when the

likelinood of a contextuglly related interpretation 1s Guestioned.

This implementation appears to .be an erficient way to realize several
important features of heterarchical organization.. All information 18
accessible to all parts of tne system for use in evaluating any
interpretation. New elements of knowledge and new processes can be
added or removed independently, without affecting the rest of the
systen, There 1is also nec cenrvral strategy; ccntrol propagZates
throughout the networx following the currently most promising line of
deduction (as when pursuing the implications oi‘a deletion as far as
possible). Strategy modules could of course pe coupgpled into the

NeLwork Lo c«s8s control to appropriate specialist routines.

b, Initial Segmentation

Ine success 0f the apove understanding paradigm hinges on the a0ilivy
Yo partition tne scene into reasonabie regions, corresponaing to
distinctly interrretavle surfaces, Tnis prepreocessaing 1S an
expediency necessitated by tine and space constraints of extant
Processors whicn preclude a detailed semantic anaiysis at the picture

cell level,
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A number of desicerata were estabiished for a segmentation algorithm,
First, the segmentation should attempt to minimizZe the number of
regions that erronecusly Jjoin distinct surfaces, as such regions
cannot be reliably interpreted in tne subsequent labeling phase,
Moreover, this bias tends to localiZe any segmentation errors that do
ocecur so that, hopefully, they can be detected and corrected on
Ssemantic grounds later ir the analysis. Second, segmentation should
not be basea on arbitrary discontinuity thresholas. Third,
segmentation decisions should capitalize on_ the availability of

multi-sensory data.

The followang algorithm was designed with these consideratious 1in

mind:

First, partition the entire picture into 15x15 cells, each being &
picture elerents (pixels) square. The total amount of discontinultvy
within each cell is mezsured by applying a simple gradient operator
over the cell and counting discontinuities in orightness, hue,
saturation, and particularly, range. A high level of discontinuity
Wwithin a regicn Sufgests that it should be split. Divide the cell
with +%he gre;test total discontiruity into 2x2 subcells, Total tne
discontinuity remaining in each Subcell totaled and iterate until the
scene ' has teen partitioned intc about 350 cells. At this point it is
assumed that nost of the necessary splitting has been done, leaving
the uniform areas relatively unscathed. The prccess next envers g
mereing phase in which the pair of adjacent cells with the weakest
boundary are Joined (i.e., those regions for which the amount of
discontinuity along their common boundary is 1least). The mnerge
results in a new region, and the process again iterates until the

desired number of reeions, say 150, is obtained.
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The above aliroritihn wzs implementea and fourid unsatisfactory,
primarily because the arbitrary quartering of cells in the spiitting
Phase produceu peor spatial quantization of eages. Specifically, it
tended to fractionalise the discontinuity content of strong edges
among the subcells so that the total content in each one Dpecane
insignificant, AS a resulf, substantially more tnan 350 regions are
needed to insure few false mergers. A possible improvement would be
to split cellis along the pest line (or simple curve) that could bpe
fit to the discontanhuity points within it. However, cells containing
several edges would stiil present difficulties. It wasS consequently
decided to avanden the idea of starting with gan arovitrary cellular
Partition and, instead, 10 nNOU4ify an avaiiable region growing

algoritam to yulfiil the desiderata.

The Brice and Fennema (B/F) algorithm (kef. 21} is essentialliy a two
Pass process; first, all contipuous pixels of identical brigntnéss
are ageglomerated into regions. Second, adjacent regions witn weak
common  poundaries are merged. (weak boundaries are tnhose for which
the ratio of [eummulative discontinuity Stirength/lengtih] is ©velow a
threshold.) "0 uSe this algorithm it is necessary to estaplish a
Dasis for comparing adjacent pixels 1n a multisensory image. our
initial approach  will ignore range ana compare the average
intensities cormputed over the three color separations; ji.e,, 1(X,Y) =
[RIY) + G(X,Y) + B(X,¥)//3., The resulting averages will be quantized

inte 32 levels.

Thresnolds will ve eliminated from the second Pass bty 1iteratively
Joining the adjacent rewions with the globally weakest common

ooundary untii the desired mininmum number of regions (i.e,, 150) is
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obtained. A tree scrt i3 used 1o uvndate the list uf relative boundary

Strengthe efriciently.

The modified B/F algorithr is peing coded ipn FUKYKAN. The resulting
region s8tyucture is tnereafier processed symbblically in LIsP, where
it is represented in terms of atomic Doboundary sSegmenid (i.e.,
Segnents of contiguous poundary between two ana ouly tweo regions).
The regions and poundary segments are also chagracterized by
appropriate cummulative properties (i.e., area, average hrightness,
lengtn). Although the rodified alroritnm has not vet peen tested, a
8imilar scheme has been denmonstirated successfully in outdoor scenes

by xakimovsky [Lkef. 13).

A nunber of iwmprovemenis are rlannea for the basic _segmentation
algorithnm. First, une arbitrary guantization of color data will be
refined to classify ﬁicture elements into semantically meaningful
categories (i.e., tUhe characteristic colors of prominent opjects,
such 2s walls, doors, takles). In effect, BSeglentgticn wWiil pe
preceded by a feagture extraction phase. Second, ezsily distinguished
reeions such as floor (heieht = () will ©pe extractea by 8pecial
purnose modules before abplying the general segnentation procedure,
Third, regions containing large amounts of range discontinuity [(Ref,
22) wili ©be partitioned along the vest line tnrough that region, as

in the initially proposed algorithm.
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Ce Labeling

The obiective in this first stage of dinterpretation is to rapidly
label each reglon with all possitle interpretations aamittea by its
atirinutes, Labels will be assigned liberalily as it appears easier
to contradict errors of commission than 1O subseguentiy accommcdéte

ommissions.

In our room scene domain, there are typically a fzirly 'small number
of interoretations for each regicn, say 3 to 5 out of a possibie 20.
Hue is not a rarticularly useful basis of discramination, since rooms
are often cclor coordinated. For example, in a typical SRI office
{shown later in Figuke 2¢) the rloor, door, wall, table, and chair
are all colored various @shades of brown; in this case saturation,
though in general not as reliable a measure as hue, is about as
useful, Size can rule out possibilities if a region is teo big, but
not if it is too small since the crject may be occiuded. Height
turns out to pe extremely vuluasbie: objecls nave characteristic
heizhts and the height extremes of a corresponding region must lie
within that range; e.g., anything over 7 feetl can only oce a wWalil, but
anytning below 6 inches ceannot be a wall since walils a&top &t the
basSeboard., Figure 25 uaiaframs the height ranges of objects in the
room domain. Note that  heigat  uniquely  consuirains  the
interoretation of all hnorizontal surfaces (i.e., floor, ciairseat,

tabletop) providing useful nodal peints in tne analysis.
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In ocutdoor scenes, by contrast, hue and texture provide tne most
important 1local clues to identity. Range-based considerations sucn
as ahsolute height and surface orientation are less neaningful as

mos% everything is siuvply "far."

our current apprcacn Lo labeling is a two pass process, reminiscent
of conventional pattern classification. Each region is first passed
through a discrimination tree that disqualifies all interpretations
for which a range of atiribute vaiues observed over the region
exceeds the range allowed in wrototvpe examples, surviving
interpretations are tnen ranked in likelihood uSing a recursive Hayes
procedure (See Appendix 3.) (This procedure computes P(I/Al A2...AD),
the probability of an interpretation, given attraipute valuesS Al...AR,
based on encirical estirmates of F(AL /i) the probaoility of those
attribute values for given intervretations, and P(i), the 4 priori
likelihood that a region will take interpretation 1I.) The
discrimination tree and 1liKeiiheod data are botn automavically
generated {from pictorial exanples of interoretations designated in

training scenes [Refs. 15 and 19/7.

A future possibility is %o replace the classification grocedure with
-4 Set of labeline vprocedures, one for each ©f the 20 or so principal
interpretations in any given domain. Zach proceaure when épplied to
& reg¢ion would attempt to qisqualify its respective interpretvation on
the basis of aistinguishing features. Lavpeling would then consist

of apvlying tie set of procedures to each reegion.
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d. Deduction

The 1local 1interpretations generated during the laopeling phase are
interrelated cy a larege number of global semantic constraints, The
oblective now is to eliminate interapretations on semantic grounds in
erder to simplify tne subdsequent sSearch for an optimal Sel of

consistent interpretations,

The 1idea of filtering inconsgistences berore search was used by Fikes
[Ref, 23] to simplify a variety of constraint satisfaction problens
{esz., crvptarithmetic, 15 pugzle) and, more recently, by Waltz (Ref,

20] to nelp interpret line drawings.

In dealing with large numbers of interpretations and constaints, a
systematlc method for discovering inconsistencies 1s essential. our
quest for efficiency i1ed to a constraint satisfaciion method based on
cooverating independent processes coupled tnrougii a global data base,

Briefly. the metnod maY b2 describhed a8 follows.

The data base consists of variaples represénting constrained entities
and constraints, ASsocliated with each variagole is a procedure for
computing 3 value in terms of the current values of otner variacles,
Each variable also has a 1list of related variables whose procedures
utilize the present variable as input, Wwhen the value of a Vvariable
is cnanged, 1its related variables are activatea by adding their
procedures to a stack of jobs to be run. Thus, 1fi running 4 process
changas the value of its associated variavle, additional processes

may pe activated, K¥ecution terminates when the jon stack is emply.
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An imvlementation of this scheme which is applicacle to a variety of

constiraint satisfaction prablems is outlined in Avrendix C.

For scene interpretation, the varisbles are used toc represent regions
{i.e., poundary descriptions}), regicn interpretations, and
constraints cn spatial relationsnips. " The variaples are
interconnected 80 that the deletion or reevaluation of any
interpretation will automatically cause all contextually related
interpretations to be queued for reexamination. conversely, an
interpretation will only be reevaltiated when the 1likelihood of a

contextually relsted intereretation is guestioned.

The proceSs associated with each interpretation variable computes
current likelihood as a function {e.g., the average} of 1ts local
likelihood assigned auring labeling and a global confidence derived
from the current liikelihnod values of Semantically related region
interpretations, In both speech [kefs. 24 and 25/ and vision, it
nas‘proved 4itficult to develop functions that c¢an palance diverse
and  often conflicting evidence to arrive at fair .iikelihood
estimates. our initial experiments have relied on simple functions
such a8 the (weignted) average ‘or ninimum of glonal and local

likelinoods. Each of these functions has inadequacies. A single

inavopreopriate value for a must Or Mustenot attribute should force
likelihood to zero, is in tne minimum. oOn the other hand, Several
strong contextual indications should counteract a single weak
feature, as in the average. We are currently trying to eitpirically
determine a composite function combining advantages of the minimum
and average. Tne alternative to & unified scoring function is a set

©f wud noc crrocedures that compute 1likelinoods basad on empirical
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considerations peculiar to each lnterpretation, TWC problems with
this avproacn are, first, the significant programning effort reguired
to perfect the procequres and, seccnd, the difficulty of normalizing

Scores in order to ccompare competing hypoliiesis on an equal oa¥vis.

Processes are constructed in a generic format, as sihown in Taple 6,
by instantiating prototype semantic constraints on an interpretation
to region interoretations in the current scene. Global confidence of
an interpretation is eXeressed as a conjunction of ail constraints on
that d4nterpretation. Fach constraint 1s represented, within the
conijunction, cy 2 disjunction ot ail possible ways of satisfying ‘the
constraint in the scene. A constraint on a region is satisiied oy
finding one or more other regions in a specified spatial relationship
witn the coastrained region, admitting the requirea interpretation,

The construction orocess i3 illustrat2d in Figure 26,

A process 1is reprasented 1in tthe data oase oy decompwsing it
hierarchically into elementary S-expressicns, e€ach canonically
represented by a variable, as indicated in Figure 274
Super-expressicns 4re placed on the related variable 1lists of
subexpressions, zna the lowest level subexpressions become related
variables o¢f any regfion and interpretation variahles they utilize.
This representation increases eificiency by allowWwing reevaluation to
terminate at the lowest level supeXpression whose vdlue 18 unchanged
by a triggering event. doreover, redundant processing is avoided

in cases where procedures share comnmon subexpressions.

Constraint satisfyctieon dis initiated py estaplisaing a data base

variable for each region interpretation found during labeling and
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Table 6

GENERIC FORM OF A PROCESS FOR COMPUTING THE LIKELIHOOD
OF INTERPRETATION I, OF REGION R

A A
I R = (AVERAGE (I_ R
¢ A A)L ( ( A A)LL
(AND* --conjunction of all (n)
’ constraints on IA
* OR* AND* (C R R I_R --disj ti
( ( Car Bp Byp)y (g Byy)p)-disjunction
of all (%)
possible region inter-
. pretations that could
) t traint C
support constrain Al
AND* (C R R IR
( ( Al A 1L)L ¢ 1 1£)L))
OR* AND* (C R R I R --disjunction
¢ ( Can Ba Bar)p I, Byy)p)-disjunctio
of all (m)
possible supporting
. interpretations for
’ constraint C
. An
AND* (C R R I R
( ( An A nm)L ( n nm)L))))
Notes:
(1, Rj) Interpretation i of region j
i

(CA_ IA 1) Prototype constraint on interpretation IA; requires that
i i

I be in relation CA' with interpretation I . 'This proto-
i i

A
type instantiated to the particular region interpretation
(IA RA) specifies that there exists a Region R with inter-

tati I. R h that (C R R), 0= (C R R) < 1.
pretation ( i ) suc at ( a1 a ), ( a1 Fa )

(X)L Current likelihood of X

(X)LL Local likelihood of X (i.e., likelihood assigned during
labeling).

AND* Fuzzy AND: returns minimum argument

OR* Fuzzy OR: returns maximum argument
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POSSIBLE REGION INTERPRETATIONS

(CHAIRBACK R4) (CHAIRBACK RS)

By
D

4 5 (WALL R,) (WALL R}

(CHAIRSEAT R3)

(CHAIRLEG R2) (CHAIRLEG R,‘)

(TABLELEG R2) (TABLELEG R1)

CONSTRAINTS ON CHAIRSEAT
{ABOVE CHAIRBACK CHAIRSEAT)

R (ABOVE CHAIRSEAT CHAIRLEG)

(CHAIRSEAT RS) = [AVERAGE 0.8
(AND*
(OR* (AND* (ABOVE R3 R2) (CHAIRLEG Rz))
(AND* (ABOVE R, R1) (CHAIRLEG R1))
(OR* (AND* {ABOVE R, R3) (CHAIRBACK RA))
(AND* (ABOVE Rg R3) (CHAIRBACK RS)))]

SA-1530-59

FIGURE 26 CONSTRUCTION OF PROCESS FOR COMPUTING THE
LIKELIHOOD OF (CHAIRSEAT R,)
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preloading the Job stack with corresponding setup procedures for
each. Values of these variaples are initialized to +the local

likelihood of the interpret.ation.
The setup procedure verforms tLwo pasic functions:

{1) It constructs a function for evaluating global likelihood of the
interpretations as ver Table € and connects it into tne data base as
per TFigure 27. Specifically the relative lists of variasbles used in

the function are up-~dated.

{2) The evaluation function is executed and the result assighed as

the new likelihood value of the interpretation variavle.

As a side effect of (2), all related variables that nad previously
been evaluated wusing the original 1likelinood of the current
interpretation are added to the front of the Job stack to be
reevaluated, The implications of “hese reeviuations are thus ex=~
plcred nefore running additional setup jobs. fxecution finally
terminates when +the Joo stack nas emptied, leaving globally

consistent likelihoods for all interpretations.

The related variables concept vprovides an effective channel for
exchanging criticism, Altering the likelihood of an interpretation
as a result of apprlying specialized semantic knowledge amounts to
criticizing the rezsoning of any processes that had previously basead
decisions on the original likelinood value. Actuating related
variables, in effect, forces those processes to reconsider in 1light

Oof current Knowledge.
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e. FResegmentation

Interpretaton to this point has been based on a conservative initial
partitioning, tound to contain errors. A refined segmentation is now

Sought. by using semantics to indicate when and how regions shnould be

joined or srilit. Resegmentation 1is intimateiy relatea with
interoretation, since altered regions must be relapeled,
leading.perhaps, to further deductions. The following ideas

represent first thoughts toward a semantic basis of segmentation.

Merger Semantics

Merging may be indicated when & region is too small for one of 1its
interpretations. \Two regions can be merged only if they sShare a
common interpretatién. Thus, barring excuses such ag occlusion, the
fact that ro adjacent region admits the oversized interpretation as a
possipility is sufficient to exclude that interpretation as a

possibility of the small region.

A specific merger is forced when the undersized interpretation 18 the
Sole remainine possioility for the region and there is only one
adJacent region admitting that interopretation. After tne merger is
performned, tne comhined region assumes the unique common

interpretation.

More @generally, either the decision to merge or the region to merge
With is opticnal: : the region wmay have other possible
interpretations, there may be Several mnerger candidates, the

interpretation may allow but not require a larger region. In these
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cases, mergers can be postulateq in the manner that interpretations
are hvpothesized, by creating a sdocontext and pursuing the
conseguences to see if contradictions arise. rossible
interoretations for the marged reeion are obtained by intersecting
the interpretation rossivilities of +the component regions and

excludine any for which the nevw region is too large.

Many otner semantic considerations besides size can indicate merger
possipilities.,  Apolying Occam's razor, one can argue that two
adjacent regions admitting the same interpretations snould always be
merged unless there 18 a4 persuasive reason not to. Jonaaqjacent
regions with the same interpretation can also be merged if 1t can be
Shown that they correspond o the same physical surface, - For
exanple, the structure of a Joor requires that two coplaner regions,
one above the other, eacn interpreted as door, nust pe the same door,
On a more glocal scale, snowledge that rooms aeve cnly one door or
Picture implies that ail regions so labeled are instances of the sane
ohysical coject., Isolated regions of the same cbject ray also oe
linked through thelr depandence on a common region iaterpretvation for
Satisfying a constraint. Thus, twe regions interpreted as chairseat
On une basis ¢f a particular chairback interpretation procably pelong

Lo the same chair.

Partitionine Semantics

While merging regions can be censiderea as a refinement of a
conservative initial segmentation, splitting regions 1S nore

appropriately tnought of as error correction. An error is indicated
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Wwhenever all 20ssible interpretations of some region are ruled out,
It is assumed that the semantics Wwill allow a consistent
interbrepation for any correctly segmented scene and moreover, phat
any portion of a proper region will be correctly interpreted,
Pronlems arise when a rezion erroneously spails UWwo physical surfaces;
the combination of attributes, or simply the large size can eliminate
the correct interpretation of either surface from that region's set
of vossihilities, Such regions must be 8plit along the surface

boundary to admit these additicnal interpretations.

Determinihg what region to split and how to split it 1s substantially
harder than determining what and how to merge.,  Unfortunately, it
does not follow that the region finally deprived of interpretations
is the region that needs to bpe s8plit, The valid interpretvation
could, in fact, have Dpeen excluded by an unsatisfied constraint,
because some other region failed to provide a needed support
interoretation. The process of pinning down precisely whicn region

is at fault can thus involve consideraole backuiracking.

Once the faully regicn has been determined, there are virtually an
unlimited numcer of ways in which it can be split. Some clues nay oe
availabdble from looking harder (i.e., wWith a lower thresnold) for data
discontinuities, and from boundary continuity with aajacent regions,
The repion may be split ia twWo accerding to glooal procedures such as
agglomerative clustering [Ref, 26/ or a Hough transform of internal
discontinuities [ref. 27]). A more semantic approach migh*t attempt vo
Ssplit the region =so asrto obtain interpretations needed for global
consistency. These many alternatives require that region splitting

almost always bhe treated as a tentative hypothesis.
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f« Instantiation

After 31l inccnsistent interpretations have veen eliminated from the
gloval context, scene interpretation reverts to a search for tne set
of compatable region interpretations witn nignest  combined
lixkelihood., Many optimal and neuristic search strategies nave peen
studied. 1ae following proposed strategy 13 an ocutgrowth of puda's
heuristic search procedure [kef, 16), which utilizes a more glooal
evaluation critericn and more global constraints to improve the orger

in which nodes are examined:

(1) select the best (i.e., most likely) ampiguous interpretation in

the current context aind nyoothesize i+,

{2) Generate pranches corresponding to acceotance and"rejection of

that nypothesis, s=lting up a new context four eacne.

{3) 1In the respective contexis, reevailuate all interpretations wncse
likelihood is directly affected by acceptance or rejection of the
hyvothesized interpretation; pursue the consequenhces of all

reevaluations as far as possiple short of furiher nypothesizing.

(L) Evaluate the glooal likelihcod of each context, say by sSumming
the 1likelihoods of the vpest interpretation for each region. Any
context in whica all possible dinteroretations of sSore regiun are
deleted (or receive a very low likelihood) is assiegned a zero global

likelinocd.
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{5) If all regions in eitvher context are assigned unique
intervretations, terminate and return that contextu as the pest scene
interpretation, If all regions in both contexts are uniquely

interoreted, retvurn the context with tne nighest global likelihocod.
(6) Select the globally best context and go back to (1) above,

Tne above procedure is distinguished from conventional breadth first
search algorithms by the use of pairwise consvraint satisfaction in
step (3). As 1n the initial global context, interoretations that
are inconsistent with each hypothesizZed context are eliminated pefore
any further search. Any context in which all interpretations of
Some region are eliminated is assigned a zero glovbal likelihooa and
thus effectively excluded from furtier eXploration. Even when'
interpretations are not eliminated, the application of pairwise
constraints inproves estimates of interpretation likeliihoods, tlhereoy

improving the order of search and minimizing backtracking.

The foilowing factors seem relevant as criteria for selecting - the

best hypothesis within a context:

{a) Select the ambiguous interpretation of hignest absoclute

likelihood.

(b} Select the best interpretation of the region ior which the

likelinood ratio of pest to next best interpretation is maXimal.

{e) Select the ©vest interpretation of <the ambiguous region with

fewest alternatives.
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(d} Select the interpretation most semantically interrelated with

othar interpretations.

We have also consldered an entropy ilype measure that encompasses
factors (a), (b), and (c). The most effective criteria will probably

be an empiriciliy determined combination of factors like the above.

Some form of backtracking mechanism 1is needed to implement the
breadth first search. The procedur=, as described, can be
implemented mcst simply oy modifying the existing job. stack O run as
a priority queue (ordered by glohal likelihood) and by providing a
neans for presarving states of the data base. The QLI3P context
mechanism wherein values of data base eXpressions are stored by

context on a property list seems afppropriate.

A more sophisticated implementétion of our vasic search procedure
would allow context evaluation in step 3 tu be suspended as soon as
the cumulative reductions din 1likelihood reduced the context's
deSireability helow that of the ovreviously best context. gontrol
Wwould then jump from context to context, always pursuing the glopally
best, This refinement would require primarily tnat the stack of jobs
concerned with the reevaluation of a context at the tiae of
Suspensien pe stcred witn the job representing taat context on  the

top level oriority adeue.
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be Scenario

Before attempting to implement the above scene understanaing systenm
Wwe thought it advisable to test the design pnilosopiay hy undertaking
a detailed manual analysis of a simpla but representative room scene,
Wwhich dis shown in Figure 28. 1In the process we hoped to obtain some
preliminary answers to the critical questions posed in the
introduction: What types of Kncwledge, what representations, what

depth of reasoning is needed to interpret an image of a room.

a. Description of Scenario

The scene was first partitioned into about 50 regiocns, as Shown in
Figure 29, This segmentation presumed a conservative merging
algorithm that might occasionally 9plit a sSingle surrface invo 1iwo
regions but would almost never falsely Jjoin two surfaces into a
single region. (Erroneous merging is considered undesireable oecause
the resulting combination of local attributes could precludge correct
interpretation.) Each region in the partitioned scene was assigned
all possible interpretations admitted by local attrioutes. The
incorrect (i.e., glovally 1inconsistent) interpretations were then

eliminated using empirically determined semantic constraints.
be Discussiosn of Results

Most regions were assiened from three 1o five interpretations out of
a universe of 20; these interpretations are shown 1in Tahle 7,

Horizontal surfaces (i.e., floor, cnairseat, tabletop) are uniquely
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Table 7

REGION INTERPRETATIONS FOR SCENARIO

ﬁji;:: Int::E::::;ion Other Locally Possible Interpretations
1 DOOR WALL-LIT, WALL-UNLIT
2 DOOR WALL (legs and bin, excluded by horizontal extent)
3 DOOR PICTURE, WALL-LIT, WALL-UNLIT, DOOR
4 DOOR PICTURE, WALL-LIT, WALL-UNLIT, DOOR
5 PICTURE PICTURE, WALL-LIT, WALL-UNLIT, DOOR
6 PICTURE PICTURE (color blue excludes WALL, DOOR)
7 PICTURE PICTURE, WALL-LIT, WALL-UNLIT, DOOR
8 PICTURE PICTURE, WALL-LIT, WALL-UNLIT, DOOR
9 PICTURE PICTURE, WALL-LIT, WALL-UNLIT, DOOR
10 CHAIRBACK DOOR, WALL-LIT, WALL~UNLIT (unambiguously CHAIRBACK for green
chairs)
11 CHAIRLEG-BACK TABLELEG, BIN-IN, BIN-OUT, DOOR (WALL excluded since height = 0)
12 WALL DOOR, CHAIRLEG, CHAIRARM-BOTTOM, TABLELEG, WALL-UNLIT
13 CHAIRARM~TOP
14 DOOR (too low for CHAIRBACK, too wide for arms, legs)
15 WALL-UNLIT DOOR (too wide for arms, legs)
16 CHAIRARM- DOOR, TABLELEG, CHAIRLEG, WALL-LIT
BOTTOM
17 CHAIRIEG DOOR, WALL-LIT, WALL-UNLIT, BIN-IN, BIN-OUT, TABLELEG
18 CHAIRSEAT-TOP
19 CHAIRSEAT-SIDE |DOOR
20 CHAIRSEAT-SIDE | DOOR
21 CHAIRLEG-FRONT | TABLELEG, DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK
22 CHAIRLEG-FRONT | TABLELEG, DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK
23 CHAIRLEG TABLELEG, DOOR, BIN-IN, BIN-OUT, CHAIRLEG-BACK
24 BASEBOARD- DOOR, BIN-IN, BIN-OUT, BASEBOARD-UNLIT
UNLIT
25 BASEBOARD-
UNLIT
26 BASEBOARD- DOOR, BIN-IN, BIN-OUT, CHAIRLEG, TABIELEG
UNLIT
27 WALL-UNLIT DOOR (too wide for legs), BIN-IN, BIN~OUT
28 WALL-UNLIT DOOR, WALL-LIT, BIN-IN, BIN-OUT
29 WALL-LIT DOOR, CHAIRLEG, WALL-UNLIT, TABLELEG
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Table 7 (Concluded)

Reglon Correct. Other Locally Possible Interpretations
Number | Interpretation
30 DOOR BASEBOARD-LIT, BASEBOARD-UNLIT, BIN-IN, BIN-OUT
31 BORDER
32 BIN-IN DOOR (nonplanar), WALL-LIT, WALL-UNLIT, BIN-OUT
33 BIN-OUT DOOR, BIN-IN
34 CHAIRARM-TOP
35 CHAIRARM- DOOR, TABLELEG, CHAIRLEG, WALL-LIT
BOTTOM
36 TABLETOP
37 PHONE DOOR, CHAIRBACK (could eliminate both by testing for nonplanarity
but expensive)
38 DIAL (orientation and height are unique)
39 PENCIL TELEPHONE, TABLETOP, DOOR, WALL (too small for reliable
interpretation)
40 TABLESIDE DOOR (too wide for CHAIRBACK), WALL-LIT, WALL-UNLIT
41 TABLELEG DOOR, CHAIRLEG-BACK
42 TABLELEG DOOR, CHAIRLEG-BACK, WALL
43 TABLELEG DOOR, CHAIRLEG-BACK
44 TABLELEG DOOR, CHAIRLEG-BACK, CHAIRLEG-FRONT
45 BASEBOARD- DOOR, BIN-IN, BIN-OUT, BASEBOARD-UNLIT
UNLIT
46 BASEBOARD- DOOR, BASEBOARD-LIT
UNLIT
47 BASEBOARD- DOOR, BIN-IN, BIN-OUT, BASEBOARD-LIT
UNLIT
48 BASEBOARD-LIT | DOOR, BIN-IN, BIN-OUT, BASEBOARD-UNLIT
49 FLOOR
50 WALL-UNLIT DOOR, WALL-LIT
51 WALL-UNLIT DOOR, WALL-LIT
52 WALL-UNLIT DOOR, WALL-LIT
53 WALL
54 WALL
55 WALL
56 DOOR KNOB DOOR, PICTURE
57 TABLESIDE WALL (too wide for DOOR)
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distinguisned bty height and orientation and thus are particuiarly
valuable in constraining semantically related interpretations of

other regions,

Table & is a representative list oif semantic consiraints, largely ad
ho¢ and certainly not unique. & sufficient set was deduced in a few
hours of Gedanken reascning, ang alternatives are easily found. The
generality of a particular set of constraints is best détermined in

the context of a functioning scene interpretation system.

The most frequently invoked constraints entailed vertical orderang
(ee2s, above), addjacency, coplanarity, and homogeneity (of hue,
brizhtness, surface orientation, and so on). Each of these
constrgints can be represented by relatively simple computvational
procedures. Ffor example, vertical ordering relationshiprs between two
regions can be defined in terms of the relative vertex cooruinates of
their bhounding recﬂanzles. Homogeneity reguires that no adjacent
region with the sane interpretation nave a significantly different
value tor the constrained attribute.

Constraints can pe usefully cateeorized as vertvical or horizontal.
Vertical constraints deal with interpretations of one region. For
example "this region can't be part of a door because it is avove a
regicen known to Dbe part of a wall." Horizontal constraints, on the
ovher hand, deal wiun regiens sharing an interpretation (or class of
interporetationsi. fFor exampnle, "form a global consensus of wall
location based on all regions with Wall as z possible interpretation,
Then, rule out #¥all as a possible interpretation from all regions

that are not coplanar with this consensus" or "if several proximate
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Table 8

SEMANTICS
1. (ABOVE TABLETOP TABLELEG)
2. (ABOVE CHAIRSEAT CHAIRLEG)
3. (ABOVE CHAIRBACK CHAIRSEAT)
4. (V-COPLANAR WALL)
(V-COPLANAR DOCR)
5. (NOT (COPLANAR CHAIRBACK WALL))..............(V-COPLANAR X) - a region

pictorially above or below a
region uniquely labeled X and
not coplanar with that region
cannot itself be X.

6. (NOT (ABOVE WALL DOOR))
7. (NOT (COPLANAR CHAIRBACK DOOR))
8. (ADJACENT DOORKNOB DOOR)

9. (OR (ADJACENT PICTURE WALL)
(ADJACENT PICTURE PICTURE) «evevvunen. ....an interpretation can be
legally adjacent to itself
due to conservative merging.

10. (SURROUND PICTURE WALL)....... cesressencsseas (SURROUND A B) - A adjacent
on all sides to B.

11. (HOMOGENEOUS WALL)....... e [P . ... (HOMOGENEOUS X) = A region
that is adjacent to a region
uniquely labeled X and with
significantly different
brightness, hue, or saturation
cannot itself be labeled X.

12. HOMOGENEOUS DOOR

13. (NOT (ABOVE DOOR BASEBOARD))

14. (ON TELEPHONE TABLE)

15. (ON PENCIL TABLE)

16. (NOT (COPLANAR BIN-OUT WALL))

17. (NOT (ADJACENT BIN-IN FLOOR))

18. (ABOVE CHAIRBACK CHAIRLEG-REAR)

19. (ADJACENT CHAIRARM-FRONT CHAIRARM-TOP)

20. (INSTANCES DOOR 1) :iievecerunnsensscnnsa wsssesss (INSTANCES A n) - n instances
of object A can be expected in
any one scene.

21. (PROXIMAL CHAIRSEAT CHAIRBACK CHAIRLEG)......(PROXIMAL A B ... Z) - Objects
A, B, ... Z will be found in a
common vicinity of the scene.

22. (PROXIMAL TABLETOP TABLESIDE TABLELEG)
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regions have ©bpeen identified as part of a cnair, ac¢tivate an expert
chair nrocedure to identify uniquely otner rezions corresvonding te
the remainiang parts." Horizontal c¢onstraints thus simplify many
regions simultaneously. Within the above categories, constraints can
be identified as absclute or preferential, depending on whether they
positively eliminate an interpretation from further consideration or

merely reduce its likelihood,

Constraints can also be classified on the basis of how they are used
in tpe reasoning process. Some constraints were primarily usea for
disqualirfying interoretations. For instance (ABOVE CHaIRBACK
CHAIRSEAT) was literaliy interpreted as "to estaplish wWnether a
regiocn could be a chair seat, cneck wnether any region above it c¢ould

be 4 chairback.”

Other constraints were most useful for vpropagating the consequences
of an interpretation once it had teen estaviished, For instance,
after determining that a given region was floor, the constraint (NOT
(Adjacent FLOOR WALL)) was invoXed to delete wall as a possihie
interoretation of all adjacent regions. These  two categories of
usage ire related respectively to conseqguent and apntecedent

reasoning.

Most negated constraints are in the antecedent category oecause they
are net effective until some region has been uniquely <4ssigned a
constrained interpretation. (Hegated constraints can however be used
in consequent reasoning by attaching demons to regions having a

constrained interpretation as a n»ncssibilivy. These demons would
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activate tne contriint when and if a4l1ll other interpretations of the

region are deleted.)

Many horizontal constraints are alsc effective only wnen an
anteceaent condition nas been satisfied. For instance, once a region
has been uniquely identified as a door, knowledge thaw an office has
only one door «c¢an be invoked te eliminate that inverpretation from

all noncoplanar regions.,

‘Another use of anteceaent reasconing was o hypotnesize each
alternative interpretition of a region in turn, amd propagate all
applicapble antecedent constiraints, All nypothese¢s that led o

contradictions were eliminsted.

Deev cnains of deduction were not required to interpret the scenario.
Most of the reasoning was Similar to that used in ‘the introductory
example Yo disambiguate wall and door. For instance, the picture
on the wall (regions 5-9 in Figure 29) was analyzed by deducing firat
that regions 5, 7, and & c¢could not Dpe wall pecause of hue and
saturation discontinuities with regions 54 and 55 known to oe Wwall.
Moreover, these regions could not be door pbecausSe of their proximity
to region 6 known to pe picture, Reglion § was then constrained to be
part of the nicture to which the surrounding regions belonged. (Note
the value of gicture frames wnich cleariy delineate picture-wall
boundaries in this Kind of analivsig.) Legs balonging to taoles and
chairs were differentiated on tne basis of respective proeximities

Witn regions 18 (chairseat) and 36 (tabhletop).
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One - of the more interestine deductions was that used in elimiaating
waste pasket as a possibie interpretziion oi small paseboaré regions
(i.e.. 24, 26, b5, L7, and Lh8), It was first reasoned that a region
8ucn as 26 could not he the cutside 0of a wasStebaskKel because 1t wWas
coplanar with region Si known %o be 4 Well. (Only the inside of a
Dasket up againstu a4 wall would be indaistinguishable rrom the plane of
that wall.) On the otner hand, region 26 could ot vbe the inside of
the basket (viewed from above) because it wWas adjacent balow to the
floor. (Only the outside of a basKket can share a bottom border with
the floor.) Thus, while region 26 did not violate any global
constraints for tine interpretation "waste basket against a wall,"
since it could be neither the inside nor outside of such a Dpasket
that intervretation was disalliowed, The above reasoning couafirms
an observation made by Waltz [Ref. 20/ in the blocks worla, that more
specifiec local interpretations (e.g., distinguisping petween inside

and outside! lead to more constrained gloval interpretations.

One o< the most encourazing ooservations to result irom the Scenario
is that multisensory roor scenes are highly constrained and should
prove muci easier to analyze by constraint satisfaction methods than
the abstract blocks world. dy comparison, tlae nunber of interpreta=-
tions initially possible for each region (3-5) 28 far less than the
average number of local vertex interpretations encountered by waltz
(>50). MNoreover, the contextual constraints in real world scenes are
infinitely richer than the extremely local restrictions that can ve
applied to randonly arranged polyhedra. (waltz reliea solely on tne
requirement that interpretations a4assigned to adjacent vertices ve

consistent with respect 1o the tLype of edge joining tuem,)
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5. Current Status and Plans

The components discussed avove are curently being integrated into a
complete scene understanding system. The bpasic deduction subsystien
that evaluate3 the global consistency of possipie interpretations has
been programnned and tested on symbolic data. This subsysiem 1s
currently neing interfaced with 1SIS [rRef. 15/ 8o thnat experiments
can proceed on real pictorial data. A labeliing program and
procedural representations of the most common constraints are under
development. Manually partitioned imares will be utilized for initial
debugging, wnile the sesmentation algorithm is veing perfected. Qhen
the core system is able %o handle simple scenes, modules for semanhiic

resegmentation and instantiation will be added.

In the near term, tne scene interpretation system will bhe usSed o
determine empirically what semantic knowledge 1is necessary o
understand various nictorizl domains. We are especially interested
in 1learning now much general Xnowledege carries over between domains,
Our system allows tne contribution to understanding of each viece of

knovwledge 10 be clearly evaludavted.

We envisage a system that will accumuliate Knowledge about room scenes
incrementally, by anpealing to a human tutor when stuck (i.e., when
all Known interpretations of sone region are eliminatedq, or
ambiguities cannot b%e resolved). ‘fhe tutor will be able %0 advise
the system bty »providing addational region interpretaticnsg, new
Semantic constraints, refinements to existing constraints, &nd so
forth. Tnis paradiegn of Knowledge acqulsition makes more sSense than
attenoting to ﬁnticipate. a priori, a body of semantic Knowleage that
is necessary and/or sufficient for interpretating a given domain.
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In relatead 4ork, supported by NASA, we are bulilding a facility for
interactive versus automatic scene anaiysis. Tne user of tnis systenm
wili not only wrovide new xnowledge when the system getvs stuck, but
Wili take an active role in airecting tne analysis. For example, the
user could p»rovide a crude verpal description of the sgcene, tnereby
indicatineg relevant interpretations and constraints, He couid even
directly designazte the desired interpretation for & particular
region, The consequences of Such an assignment might then propagate
to influence the global interoretation. The system's reasoning
process will be interrupltable at any point, to querv tne reasons for
discarginz an  intervretation, and 1o introduce or eliminate
constiraints, internretations, region houndaries, and so torth,.
Assimilatineg arbitrary new knowledge into an ongoing analysis is a
compliecated control nroblem; the sysStem will nave 10 leave notes 1in
the data base exnlaininz tne rezsoning belhiind every action so that
decisions can ke undone shouid suhseguent eventis counteract those

reascns.

In the longer ierm, the understanding Paradigm willi be augmentad with

additional analysis techniques to achieve more flexibility in tne use
of knowledge. A uniform constraint satisfaction procedure requiring
exhaustive Segmentation and enuimeration of possioilities seens
inavpropriate in very conplex Scenes, eSpeclially when a conplete
Scene Jescripiion is not aecessary. In sdech cases8, 1t would De
Prerferable Lo sagmple tihe image for uniquely identifiable surfaces and
then 1Jnitiate independent processes to confirm each of these
.interpretations. These processes would in turn spawn further
processes Lc sSeek supporting interpretations ana so forth. rRegion

boundaries wWould be determineaq top down after recognition nas been
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completed, The related variable concept could coordinate the
analysis by comumunicating criticism anc detecting contradictions,
Conflicting interpretations proposed by independent processes might
be resolved by invoking higher level semahtic considerations or py
“initiatine a crocess to discriminate on the basis of distinguishing
features. A complementary refinement, when Specific information gzoals
exist, is to restrict the detailed semantic analysis to relevant
parts of the 3cene 1lucalized »Y a rapid distinguishing features

Searcnh.

Another unsatisfying restriction of the present implementation is
that 21l knowledge must be represented at a "surface" level. That
is, a constraint that caairs are near tables would have to be
represented as ({EAR CHAIPSEAT TABLETUP). AS pointed out earlier,
scene interoretation should utilize semantic consiraints at many
levels, incliuding relations between parts of an ohject, relations
between objects, global domain constraints {e.€.o, constraints
associated with indoor gcenes}, and functional constiraints on form
and structyre, IL 1s not ifeasible, as Cnarniak [Ref. 1Y)
discovered, to have all semantic knowledge simultaneously available,
Relevant constraints must be activated ag the context emerges during
interoretation. Multiple levels of Knowledge could ve accommodated
in the present constraint satisfier by vusing the related variable
mechanism to activate specialist routines when sufficient evidence
had accumulated to indicate their relevance. Different levels of
knowledge are more easily accommodated in the proposed independent
process model since the use of knowledge is explicit in a procedural

rYepresentation.
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D. Vision 3uprort Tasks

1. Introduction

The principal objectives in this first year were to determine the
vVisual information requirements of a computer consultant in oraer to
fornulate an appropriate research plan. Tne requirements were
determined oy studying protocols between a human consultant and an
apprentice. Table 9 contalns annotated excerpts from the
experimental dialoges indicating a need for vision. Vision is also

required when degiznating parts and tools by pointing at then.

In analyzing these protocols, we conclude that ovasic perceptual
strategies <developed for robots can also be utilized by a computer
consultant. Both must pe able tc select from a large repertoire of
8pecialized tecaniques those best suited for obtaining a particular
piece of information. The consultant, however, 1as the big advantage
of including din 3its repertoire tne perceptual skills of tne
apprentice, Many difficult-to-automate perceptual Jeterminations,
sucnt as Wwhether a beit is worn, are easy for humans to Jjudge at a
g£lance, In such cases, the consultant's best perceptual strategy is

simply to ask the avpprentice,

One difference between compressor scenes and room scenes 1s that
t00ls and compressor parts are distinguished primarily by structured
Snape descriptions. A critical researcn obvjective is thus to develop
ddeduate renresentations of curved three-dimensional obJjecis. we do

not necessarily envisage a single comprenensive formalism for
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Table 9

PROTOCOL EXCERPTS ENTAILING VISION

A = Apprentice E ; Expert

1,

"Show me the belt please." Make sure A had the right
belt.

"Show me the 1/2-inch combination wrench please." " Show
me the tool you are using." Check to see if A was using
the correct tool.

"Show me what you are doing." Verify hypothesis that
A was trying to fit wrong wheel.

"Point at the screws you are going to remove." Verify
correct intent.

"Show me what you are doing please." A was taking a
long time. E wanted to see if A had air line discon-
nected yet or had gone astray.

"Show me the after cooler elbow." A was having trouble
connecting the after cooler to the elbow., E wanted to
check whether the after cooler elbow and the pump
housing to which it was attached had been correctly
assembled.

"Let me see it." Check alignment of grooves in pulley
and flywheel.

"Show me what you are doing." A had gone ahead and
E had to update his assembly model.

"Show me the pressure gauge." Check for correct
operation.
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describing snhape dbut will continue througnout the course o0f this
proiect 1o develop representations for more and more complex
structures, Desirable cnaracteristics of representation are the
following: They 3should be capabie of representing an arpitrary
degree of detall without maxing the retrieval of the coarser ieatures
unwieldlys; ‘Vtoney saould oe capable of reiating uc models of surface
characteristics, including reflectivity, color, ana texture; they
should ope capaole of cnaracterizing relationsnips among parts in an
assembly; above all, tuwh2y snould enable the g8system to produce

(understand) descriptions easily understooa (produced) by huinais.

Initially we will concentrate on rapresenting a fixed set of specific
parts. These representations wiil be "model=basea", in tlie sense
that they refer %o the precise geometric details of specific
prototyne parts, A9 the research proceeds furtner, we hope O
develop functional sgmantics that can be used to recoenize paris
generically. Such representations would give the consultant general

expertise about a1 cliass of equipment.

The algoritnms hy Wwhich the appfopriate representations are
abstiracteq from visual and range data are an integral part of the
regearch ol represantation, In the early Stuges of the progran,
recognition siragtegies for compressor parts will be hand=-codeg 1into
Lvhe system, Dbased on "distinguishing rfeatures," a set of tests that
May economically distinguish among parts in a limited context. Later,
we lhove Lo be aple Lo interactively "teach" the system wnich features
or ciaracteristics of an opject may be reliably useg for

discrimination.
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Specific Dprogress has been made in two areas of researchs spatial
[ ]
representation of compressor partvg, and the iLow-~leve. processing of

rancke data. TheSe are descriped more fully ovelow:

2. Represeritation of Compressor Parts

WOrKk has begun on specification of the data structure and algoritans
needed to point to and/sor identify parts of an assenpled compressor,
The emchasis in this task 1s on spatial modeling of an assembly,

rather than on extracting information from an inage.

The compressor model wWill contain the location, eXxtent, and shape cf
€ach part. Based on this model, the system should be capable Of
(1) identifying any vpart of the compressor uesignated oy manuaily
pointing the laser and (2) pointing the 1laser at any named part,
Identtication entails findiﬁg where the laser ray intersects the
model, while pointing involves aining the laser at the centreid of
the visible vortion of the desired model part. Sseveral algorithms
are under study for outlining the visibie portion of an object, The
initial speciiication and subsequent modification of the model of the
comoressor Wiil pe done vith interactive graphlcs, possibply utixizing

range images of actiual objects.
Initially, the extent and shape of parts will be'represented by

plane-faced pclyhedra. Later descriptions will be mors flexible and

feature=oriented,
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3. Acquisition. Disvlay, Transformation, and Display of kange Data

The computer consultant will depend neavily on a laser range tinder
for obtaining three-dimensional shape and orientation of parts and
agsemblies. Three=ailensional data have oveen oObtainea from the
laSer range finder in usable form., A nirror Scans the laser oeam in
a raster pattern, under computer control, Fhase Reasuremnents on the
reflilected lignt are diegitized, converted to ranee, anu Storea on a
disk file. (The range finder system is descriped in Sectiovn V of

this report.)

Tne data may pe displavYed i1in rerspective, undger interactive user
contrnl. By Varying the perspective in small dincrements, "motion
stereo" may bte simulated 10 give the illusion of depth. A

Split-screen viewer is neing puilt to enable sterec presentation,

Calibration of +tne range finder entails two distinct pnases:
determination of the 1laser's orientation, deflection coefficients,
and scale factors; and determination of the correspondence petween TV

images and range images of tLne same scere.

Callbration of the laser's own parameters is currently done manuadlly
using a2 ruler. Since none of these paraneters are Stavle,
calibration must be perforied each time range ijeasurenents are to be
made, Automatic and interactulve calibratvion mnethods are under

investiration.
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The correspondence bLetween TV and range ,hages is computed by
maXimizing the correlation beuween discontinuities in the two images.
The tLWo images are first Dbrought into rough correspondence
interactively, using the perspective display progran. A

hill~climoing algorithm then maXimizes the correistion.
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V THE SCANNING=LASER KANGEFINDER

-

A. Introduction

In a previous report [Ref, Ll a basic description was given of a
range scannel’ capable of generating a - "picture" analogous to a
television npicture, but in which each plcture point was assoclated

with an analog value denoting range rather than light intensity.

A sinmplified clock diagram of the range scanner is given in Figure 30
and a nore detailed diagram in Figure 31, The range scanner consists

of three functional components:

+ A transmitter that ampiitude modulates a light peam with a 9-MHZ

sine wave

+ A mnirror scanner that sSweeps the nodulated peam over the field of

interest

*+ A receiver that picks up the lieht from whatever object 1interceptis
the scanning peam. After amplification the output from the receiver

is demodulated by a phase demodulator.,

The demodulator effectively measures the length of time required for

a 1light beam to make the round trip from range scanner to light
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FIGURE 30 SCANNING RANGE FINDER—SIMPLIFIED

Scattering ooject and back. The rahge vaiue, of course, 1is a

constant multiple of ihis time.

Tne nerits of tie odhase modulator are worth empna3izing. In this
device the output from the receiver is compared with tne pnase of lne
modulating signal feeding the transmitter, and a dc level i3 derived
that is a function of this phase difference only. 3ignals of other
Irequencies average L0 zZero. 3ince the phase difference varies
lineariy witn the distance to the light scattering obnject, tne dc
level 41is a measure of tne range of the object. Tne method nas the

Virtue of being a one~-irequency method not depending on the amplitude
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©f tne received signai; it 1is therefore possible to trade range
discrimination against signal integration tine. The gensitivity
calculations presented later indicate that, at a range of 10 feet, it
May be possiole to make 1,000 measurements per second WwWith a range

discrimination of 0.25 inch.

Considering the transmitter section, the process begins witn the ?-
MHZ crystal oscillator that drives the modulator via an adJustabie
Phase snhifter. The phase shifter providaes an adjustment of
approximately 60 degrees so tnat one may adjust for a precise zero
or, alternatively, offset tne minimum range ana use increaseq
Sensitivity in tne read~out. The zZero may alsSo be displaced by fixed
amounts and Wwith great precision oy short lengths of coaxXial cable
inserted between the various units,. The  modulator  provides
amplitude modulation of the light source, which may pe either a $050=
a,U. gallium arsenide diode or a 632d8=-a.U. hnelium=neon laser. The
latter is preferable since it can provide a smaller gpot size (petter
lateral resoiution). Although gas lasers tlypically snow 1 percent
amplitude noise modulation, this does not interiere, except to a3
minor eXtent, with the precision ¢f the phase measurement. The
modulated 1light ©bveam 1is then deflected by a Scanning mirror system
(in two orthozonal directions) so that it scans the field oOFf view

that is of interest.

The receiver section makes use of the same Scanning unit so tnat its
line of sight coincides with that of the l#ser beam, The return
signal is put tnrough an interference filter to eliminate tne ampient
illumination and passes to a high=-grade photomultipiier, an HCA CA

31034, where it 1s converted to eiectrical form. The use of a
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premium quality photomultiplier is warranted since it is here that
the signal~to=noise ratio of the System 15 determilled. The primary
requirements are for an efficient photocatnode and 1low dark current,
It 18 desiratle that the sighal ievel from the CA 31034 spould bte at
least 1 millivolt. This signal is then put through a 2.5-kHz wide
crystal filter (form factor 2:1) at the first opvortunity in ordaer to
minimize effects due to electrical interference, in particular before
any saturagticn can occur.# The filter is folliowed by a symmetrical
limiter to remove amplitude variations due to inverse square 1law,
orientation of the surface, reflection coefficient, laser noise, and
S0 on. Note lhat the limiter must 1limit the top and bottom halves of
the sine wave symmetrically 8ince asymmetry usually introduces g

snift in phase.

Perhaps the nost stringent part of the design occurs in tne phase
demodulator. What 4is reguired 1s a clean multipiier. We wish te
multiply together the reference signal,el-sin wt; and the reflected

signal that has passed down the receiver cnain, e, ¢ sin(@t+ #). e do not

2
naVé a greal deal cf coatrol over the various phase saifts tnat occur
down the receiver chain, but wWe assume they can be nulied out by the
Phase shifter mentioned previously. We are interested in developing
a d¢ level that varies linearly with the variable part of g;i.e., the
part due to the variabvle path length cetween the deflecting mRirrors
and the rerflecting object. The cutput, M, from tne multiplier is

given oy:

*The motivaticn behind this use of a narrow=-vband filter is entirely
Valida, put témperature-induced rhase shifts in the crystal filter

necessitated its renmoval.
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M=k-e1-ezo sin wt « sin(wt + @)

=k-e1-e2{sinwt- (sin wt + cos @ + cos wt « sin @)

[ 1 - cos 2pt . sin 2wt
=Kk e; * e, cosﬂ{——z——'}+ sin @ { —2——}]

cos @
1 2 2

+ terms in 2 wt}

where ¥ is an arbpitrary constant. The terms in 2wt | are easily
removed by a low pass filter leaving an output depending only on cos
#; We shall be wWorking over the linear region eitner side of $0
degrees, a8 sShcwn in Figure 32, Note that the outlpui varies with e

1

and e therefore, these must be Kkept constant to at least the

2 ')
precision of the range measurement.

Alterngtively, the two waveforms applied to the multiplier may be
converted to sSQuare Waves, in wWhich caSe the outputl varies directly
28 g rather than cos g. However, the liniter problem is implicat in
Whatever phase measuring device we choose gince a constant output
reading must te provided for a receiver input level varying from 1

millivolt to 1 volt.

8. Sensitivity and Signal-to-Noise Ratio

1. Received~Sienal Level

The initizl design assumptions were i8 follows:
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Scanning traynsmitter power (collimated beam) = 10

Maxinum range s i0 feet

Minimum reflectivity = 1 percent

The reflected pover was assumed to bpe Scattered

hemisphere,

Receiver capture area = 0,25 square inch.

watt

uniformly

VOLTS OUT
o

-2

6 — —]
8 1
| | | | | | 1 | ] l |
30 40 50 60 70 80 90 100 110 120 130 140 150
PHASE ANGLE — degrees
SA-1530-16

FIGURE 32 ANALOG OUTPUT FUNCTION
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The minimum received power, P, applied to the photonmultiplier is

P=10 " x 10~ x ——2— = 2.5 x 10" yatt

The sensitivity of the RCA CA 31034 photomultiplier 1s given as® 4 x 10?
amps per watt at 6328 a.u. For an input of 2 « 5 x]ﬂ‘ll'watt, the

output current, I, is given by

-1
I = (25 x 10 1) x (4 X 104)

10 amp

Assuming a lcad impedance of L,00C ohlis and a transmission of ¢5% by

the interference filter,

Minimum output level = 4,000 x z x 1078  volts

= 1 millivelt

The maximum signal to be anticipated is avout one VOoit, since the
working range variation of frem 2 1/2 feet to 10 feet results in a
16=-f0l1d increase of signal, anu the transition from & "black" object

to a4 "white" cbject gives another factor of &0. ‘fhe WOrking range of

the Limiter must tnerefore be at least 60 do.
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2. Phase iiolse

The constraints on receiver phase noise can be evaluated as follows;
The Vector OA in Figure 323 represents the return-signal voltage out
©0f the head amplifier, AB is the random noise contripution from all
sources=-head anplifier noise, jitter due vo power supply variations,
etc.~~-80 tLhat the instantaneous value of the ocutput voltage is given
by 0OB. (R is the reference pnase and the output of the sygtem is the
Phase angle between Ok and 0B, 1Thus, the angle AOB represents phase
noise, the fluctuation in the output measurement corresponding to the

noise vector AEB.

It is desired that the equipment yield an acquracy of 0,1 incn over
the range 2~1/2 feet to 10 feet, or 1 part in 1,000, Since we have
previously assuned in the design that will vary from +50 degrees to
=50 degrees, the phase noise level must be approximately equal to O.l

degree, or 1/600 racian. Thus, the required minimum signal-to-noise

SA-1530-71

FIGURE 33 EVALUATION OF PHASE NOISE DUE TO RECEIVER CHANNEL
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ratio is the ratio of the vector 0A to 08, or 600:1. If the ninimum
received signal 04 is 1 millivolt, then the noise level of the systen
must be 1 microvolt., For 1,000 measurements per secona and a receiver
bandwidth of 2,5 KHZ, a receiver noise level of 1 microvolt at 9 MHZ

is a practical value,

3. Quantum Noise

The mininum received power has been calculated atv 2 + 5 x]D"Llwatt;and
combined witn 25% transmission by the interference ~filter and 4O%
efficiency at the photocathode, the equivaient power level referred

o the photocathode ©f the photomultiplier is

P = (25 X 10"11)(0-25)(10-1) ~ 6 o 1072 watt

he

The energy, E, asSsociated with each photon is given bdy x

-34 10 _
E={6:6X10 )(3X10 ) ~ 3+13 x 10 19 watt seconds
6328 x 1078

The wWorst caSe rate of electron geperation at the photocathode is

6 x 1073
3.13 X 10~19

a2 X 106 per second

If We make & measurement every millisecond, each Saiple will in the

Wworst case, on the average, include only 2000 electrons, wWith a
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random variatien of (/N = 45 electrons. The phase noiseeo=
k5/2000, which egquals 1/L45 radian, or about 1=-1/4 degree. The

Phase noise due %o photoelectron emission 1is made worse py the

45 COUNTS

2000 COUNTS \ /

~—

SA-1530-69

FIGURE 34 EVALUATION OF PHASE NOISE DUE TO FINITE NUMBER
OF QUANTA IN THE MEASURING SAMPLE

multiplier noise at the first dynode and also by the darsx current
noise, anounting to a4 factor 1.5, giving a measuring error
approximately equal to 2% ¢f the working range =50 degrees 1o + 50
degrees, (We have only 2,000 photo=-electrons with which to generate
an elecirical signal representing 9,000 cycles of § MHz.) For a gray
Object of reflectivity 17% at 5 feet, the error will be reduced by a

factor of V17 x 4 times, which is approximately equal 1o b,

he. Noise Due to Amdient Iliumination
We will assume that tne stray 1light has the spectral quality of

Sunlignt and the receiver "sees" an area of one Square foot at ten

feet,
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Direct, suniight at 6328 a.u., amounts to 0O.18 watis/square
Metre/a.uU., which eGuals 0.32 watts/square foot in a 20 a.u. pass

bande.

If tne ratioc of room light intensity te Jdirect sunlight 18 20031,
then stray light from the area seen Ly the receaiver is equivalent to
radiation of power level = 1.6 milliwatts in the 20 a.u. pass band of

the receiver.

We Will assume that the stray light patch has a reflectivity of 20%
{miadle gray). In the worst case of a l% reflecting object, the
power received from the ambient illumination will te (1,6/1.0)20

A 30 times greater than the laser return power irom the scanned
objects It will contribute(BO)%(n' 5.5 tiles as much anmbient noise
as the inherent noise in the photon count for the signal, 80 that the
random variation for a 1 millisecond sSampling period hecones 7%
rather than 1-1/i%. This denendence of tne signal to noise ratio
upon the anmtient illumination level is in fact opserved, and in a
typical casSe, The noise level on the sighal from a wall at 1lu feet

fell by a facltor of four when tne room was darkehned.

Evidgently, it is worth expending consicerable effort to improve this
sjtuation; in fact a substantial improvenment nas been obtained by a
redesign of the optical layout so the area that the receiver "sees"
has been reduced from 1 square foot, corresponding to a maxXimum
off-axXis angle of 4 degrees, to 1/64 square foot ana 1/2 degree
off-gxis angie as shown in ¥Figure 35. A lens was fitted behind tne
interference filter and an image of the scanning spot (at 10 feet)

~formed on a diapnragm containing a 1~mm pinhole ahead ©Of the
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ORIGINAL FIELD OF VIEW- REDUCED FIELD OF VIEW-

16 in. DIA. AT 10 ft\ 2 in. DIA. AT 10 ft

LASER SPOT-
0.4 in. DIA. AT 10 ft

SA-1530-47

FIGURE 35 REDUCTION IN THE FIELD OF VIEW OF THE RECEIVER CHANNEL
TO MINIMIZE NOISE DUE TO AMBIENT ILLUMINATION

photonmultiplier, as shown in Figure 36. The nolse created oy the
ambient illumination has been reguced %o a level approximating that
due to the quantum noise contripution of the return signal from the

laser itself.
To summarize the result o¢f the above <calculations in terms of

Practical equipment design, a i~-milliwatt laser may oe expected to

provide a 0.25 inch accuracy at 5 feet on g 20% reflecting ooJect in
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1 millisecond, subject L0 the numerous other parameters thatl have
been given realistic values, and assuming that the effect of ambient
illumination has been reduced to a negligible level. This result has
Lo do only with counting photons, and can be improved upon only by
increassing the laser power. The power, F, required.rto provide a

0.25= inch accuracy at 10 feet on L% reflecting ooject would be

2
(!‘59) . -%19 = 20 milliwatts

assuling the same l-millisecond sampling interval, it is impractical
o uUse a longer sampling interval since at 120 X 120 resolution the
total picture time amounts to (120)2><1o"3 = 14.4 seconds., which dis

already in excess of what would be desirable,
C. Hardware Desizn
1. Trananitter section

The general layout of the transmitter Section 1s shown in Figure 37.
So far all of the experimental Qork has been carried out using a
Hughes 3-nW nelium-neon laser; by the time the modulated beam leaves
the scanning mirror the actual radiated power is close O the l-mw
assumed in the previous calculations. In view of the computations
given in the section above, it is evident that a considerable
incresse in transmitter power is mandatory if the desired data rate
and accuracy are t¢ bhe échieved. When this is done, additional
Shielding and care in operation will be necessary to guard against

possible damage from radiation spiatter to the eyesight of personnel,
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The 6328 a.u. beam from the helium=neon laser 18 plane polarized, and
the pl;ne of rolarizgtion is rotsted to an extent depending on the
bias level of the ADF cirystal, the hali-wave voltage of whicn 18§ 250
volts., At 9 mnz the required drive power is approxXimately V.75 waty,
and the circulating power through the crystal is approximately 50
volt=amps.It 1s necessary to pay careful attention - to the
radio-frequency shielding assoclated Wwith the inodulator drive
hardware since the receiver channel, which 18 physically adJjacent, 1is
tuned to thelsame fregquency and the phase measurement is vulnerable
to the addition of coherent interference signals. Obe consequence oOf
this appreciable circulating power is heating of the crystal and the
development of minor temperature gradients within the crystal. These
give rise tc a progressive rotation of the pliane of polarization
amounting to 180 degrees over a pericd of an hour or more. This
rotation results in a reduction of tne level of modulation imposed oOn
the laser oeam, and can pe cancelled by the superimpcesition of a DC
bias 1level across tne crystal. This effect is shown in Figure 38,
in which the cutpui from the receiver channel waS "tiuned" for maximum
output‘ by varying the DC vias level on the crysta., Jeaving the rif
drive constant. Even tnough the requirea pias varied over a range of

200 volts, the maximum ouiputl signal changed hardly at all.

Opviously this effect is of major éignificance in getermining the
performance of an instrument that will be switched on and ailowed 1o
run indefinately. Rathér thanh seekiing to eliminate the temperature
gradients, assuming these to be the cause, or 1o find a Mmeodulator
erystal of a different chenmical composition that did nou snow tne

effect, it was decided to add a servo 1loop to provide the n?cessary
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FIGURE 38 VARIATION WITH TIME OF OPTIMUM BIAS ON ADP MODULATOR CRYSTAL

optimizing bias to0 the crystal. Thne circuat arrangement to do this

is shown in Figure 33.

The circuit werks as follows. The ADP modulilator crystal is driven

simuitaneousiy uy three signals: {1) the 9=-¢iz drive, which 1is

approXimately 200 volls peak=to=-peak; (2) a DC level cut oif tihe 8§erve

circuit, whica may vary over the range 50=350 volts, and (3) an 85 hg

Signal, approximately 10 volts peak-to-=peak, thai is superinposed on
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the DC bias voltage. when the pias circuit is providing tne optimunm
control voltage, the 9=-MHZ modulatvion on the beam carries a
superimposed 85=-HZ amplitude modulation, less +than 4 percent in
magnitude, This 85-H2 modulation 1s recovered from the laser beam of
the reference channel and applied to a synchronous phasSe demodulator
together with an 85~42 signai taken directiy <£fronm tné controlling
oscillatoer, The resulting DC output level is amplified and used %o
control the bias level on the modulator. Wwith the correct loop gain
and +time constants, the settling time to provide maximum 9-MHzZ
modulation on the peam is approximately 0.5 Second, The 4 percent
85-:dz amplitude moduiation on the laser heal is not detrimental in
our aprlication, since it is removed 1in the limiter ©f the receaver

channel.

The meodulator c¢rystal used in tne equipuent 218 a Lasermetrics
EQM=3078A mounted on a lasermetrics AV=-120D base (adjustable inh pitch

and yaw).

2, Scanning kKirror

The 1initial work was done With the uWo mirror séanning unit made by
General Scanning. Tnis unit consists of two galvanometer scanning
units spaced approximately 1 inch apart, and coes an eXcellent job of
Scanning the transmitter beam; however, for our apglication it uas a
limitation that renders iv unusable. The overridaing
consideration is to ensure that no scattered lignt from the mirrors
and other surfaces associaied with the transmitter channel can leak
into the photemultiplier of the receiver channel. Such leakage gives

rise to a spurious signai of constant phase that is «dded vectorially
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o the return signal fronm the target and 18 essentially
indistinguishable from it. The pnase of the resultant is grossly in
error. Therefore the receiver channel must notv be able to 1ok back
througn the system and see the transnitter scannihg marror except via
the supJect being scanned. It is strictly inadimissiple to use the
Sane ﬁirror for ‘transimitiing and receiving. Since the transmitter
powWer is approXimatelyl53wattand Lhe received power in the Worst case
is down to 10" watt, the backscatter from the mirror Will inevitably

sSwamp the return signal.

0f the configuratiocis for tne sScanning mirror assemply that were
eXamined only one was found to be satisfactory as a practical device;
it is shown in Figure L0. The design starts from the premise that the
transmitter sScanning mirror cannot be the Saie as the receiver
Scanning mirrcr, put at the same time any parallaxXx error must be
extremely small. 1In scannineg it is essential to use tne slow forwara
Sweep rapid-return-sweep type of scan, rather tnan attempt to use
both forward and return sweeps for signal information. This is
becaluse nonlinearity effects are so critical thaat registration of
edge information ©becomes impractical. By using only one sweep, the
8ame nonlinearity occurs in register on every linhe. Wwe gesire a sweep
time of 1/10 second or 1less, and a revurn time of 1/50 second or
better, so that the moment of inertia of the mirror scanning systenm
nust ne Kept small; thal mean8 that the mirrors must alsoc pe amall
and light. The mirrors used in +the experimental TUests have been
aluninized microscope cover glasses, and these were gluea to an
ajluminum supperting franme. The parallax between tae transmivting

and receiving beams is approXimately 1l/2 inche.
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HOTOMULTIPLIER TRANSMITTER
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(a) LASER AND PHOTOMULTIPLIER IN LINE
SA-1530-52a
o
LASER
TRANSMITTER
RECEIVER
PHOTOMULTIPLIER
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90° +20
{b) MIRROR ROTATED THROUGH ANGLE «
SA-1530-52b
RECEIVER TRANSMITTER

(e} MIRROR WITH 120° APEX ANGLE

SA-1530-52¢

FIGURE 40 SCANNING MIRROR CONFIGURATION
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The primary virtue of this configuration is tnat the transmitter
hardware axis (petween scanning mirror and laser) and the receiving
channel aXis (petween scanning mirror ana photonultiplier) are fixed
and., in our experimental equipment, collinear. Figure uO(b) Shows
the result of rotating tne mirror assemtly through an angle 4lpha; if
the values of the various angles are checked, it willi be Seen that
the return peam emerges parallel with tne laser beah. The
interference filter in the receiver channel has a width of only 20
a.U. in wavelength, and the center ifrequency decreases with
increasing path lengtn; thus, at 4 degrees ofi axis there is an
enormous reduction in {ransmissicn, since the center wavelength has
moved to 6343 a.u. from 6328 a.us, Or 15 a.u., as compared Wwith a
filter half-width of 10 a.u.. Tnls effect can pe important at near
distances, but at a range of 30 inches, an off-axis error of U.5 inch
amounts 1o less than 1 degree of parallaxX, and so is not a serious

detriment.

While the in-line configuration snown in Figure 40(a) 1s convenient
and will vprotaply be retained in further worx on tue laser scanner,
it is in fact an example of the more general case, in w#hich the angle
between the transmitting and receiving beams is twige the apex angle
between the two mirrors. The 120 degrees included angle case 1is
shown in Figure 40(c). It is attractive since it offers a nore
efficient utiligzation of the area cf the receiver mirror, and yet

8till retains freedom from obstruction.

Scanning in the vertical direction is accomplishea oy rotating the
mirrer assemply about the transmitter-receiver common axis. A dc¢

position servo gives an accuracy of aoproximately 1l part in 500, with
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the control voltage being directly proportional to the rotagtion

theta, as defined by a linear potentiometer and suitable gearing.

The completed sScanning mirror hardware is shown in Figure L4l. Note
that the photomultiplier is housed within the hollow rotating shaft
that provides vertical deflection, This configuration is

recommended.,

'SA-1630-53
T ™ |

FIGURE 41 MIRROR SCANNER HARDWARE

3. Receiver Section

Ihe receiver secticn of the scanning rangefinder is essentially a
pPhase meter, It measures the phase ©of the output from the
Photomultaiplier relative to the output from +tihe rhotocell that
receives the reflected bealm coming out of the Glan-Laser prism. The
prism is a zerc-loss device, and hence the reflected beam modulation

must ope comrlenmentary to that of the direct bean. Since the input
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peam is of constant amplitude and +tne direct peam 1is amplitude
modulated at y mhz, the reflected peam alsc calries modulation atv ¢

mhz, phase=-sniifted by 18C degrees.

The sSpecifications of the characteristics of the phase metler follow

from the calculations given previously:

Operating frequency: 9.0 MH%Z
Input level: 1 mv to 1 volt lor nore)
Bandwidth: 2.5 KHzZ

Receiver noise level: less than 1 microvolt:

9,0 mnnz Reference

signal level: approximately 1 volt, with 4 percent
modulation at 85 Hz

Phase dynamic range: -50° < @ < 50°

Desired accuracy: 0.25 degree Lo 0.l degree,

The crucisl problem in the receiver i® to achieve 60 4B or more of
limiting without at the same time incurring a phase shift greater
than desired., The effect of such pnase shifts may best pe appreciated
by considering a practical example. suppose the 1laser beam 1s
Scanning acrc8s a typical multirange voltmeter, with 4 black plastic
case and a white dial ©belhiind the pointer. The phase offset
introduced in scanning over the dial makes 1t appeal 10 be moved oOut
from the black caSe by an inch or more==-z phase shift of 1 degree 1is
approximately egual to a range difference of 1 inch. Zero phase shift
implies exactly equal limiting on toth halves of the 9= mhz wavefornm,
ana this exact equality must be maintained over the whole dynamic

excursion from a 2-millivolt input to 1=volt input. Such symmetry in
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turn implies identical devices wWitn a rhysically symmetrical layout
of leads and geometry. The hardware that has been constructed using
integrated circuits creates phase shifts of approximaiely 1 degree,
which is worse thab the desired specification by a4 factor of f£from 4
o 10. It is obvious that the design of a limiter to satisfy our

requirements i& a nontrivial problem.

HoweVer, certain pieces of laboratery test gear -=- on wnich a great
deal of dGevelopment tlime have been 1lavished == are capable of
measuring phase at 9 MHZ. Two such units nave Pbeen tested. The
Hewlett=Packard 64054 vector voltmeter is a sampling device measuring
ooth amplituGe and phase. 1Its gpecification states tnat the phase
Mmeasurement is preserved with an accuracy of plus and minus 2 degrees
for a signel level change from 3 mv to 1 volt, The banawiqth is
given as 1 khz, and the search and lock time as 10 milliseconds;
hovwever, the observed transient settling time as the laser bean
Scanned over tne edge of a boX at 5 feet onto a rear wall at lU feey
Was approximately 30 milliseconds. A low pass kC filiter was used o
¢lean ﬁp the reconstructed signal at thne rear output terminal, and a
Ssatisfactory ricture was taken in at 120 by 120 resolution, However,
at 30 milliseconds per picture point, the time for a complete picture
is’hﬂo Seconds, or 7 minutes, whicn is impractical. There is no way
L0 Speed Up the prccess since it is tied back to the sampling time of
the anterval circuits, which control the settling time of the pnase

measurement at the ocutput,

The Second piece of 1laboratory pnase-measuring equipment that has
been tested is the Hewleti=Packard 86LOT7A Networx Analyzer combined

with the 6412A Fhase=sMagnitude Disglay andg the 8601A Sweeper. All of
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these pleces are necessary to provide an operating system to satisfy
our reguirenentis, The 9 mhz input signal is converted Lo 278 khz
for measurement; the bandwidth is 10 khz for maximum dinformatvion
display, or 100 Hz vo filter aisplayed noise. The phase error vs,
liniting ratic performance curve is given in pigure u2. This is a
Very elaborate and highly developed compination of equipment; it
propably represents the closest approximation tc state~of-the=art
that 1is commerciaily available. For 3 dynamic range of L0 4B, which
is typical of many scenes, its performance approXimates to our design
apecification, Uynfortunately, the cost is very high, and tne
physical size and weight render it impractical for anything except

laboratory testing.

D. biXperimental Results

The vpractical experiments have been carried out using 1 milliwatt of
laser scanning power, and as a consequence our neasuring rate and
signal-to=noise ratic have Lteen choton lamited. The calculations
given in Section II are in good agreement with the experimental
obServations, and seem to provide a satisfactory bpasis for tne aesign
of equipment that is more than an experimental nést bed. Increased
laser power is obviously -essential, but here is an understandable
reluctance to haVe more than 1 milliwatt of laser powWer splattering
around in a laboratory shared with many other people. An incredse to
30 milliwatt; Or mere Would Seem to be appronraate but, since we are
counting photons, a substantially equivalent result may be obtaineq
by stretching the tine scale by a factor of 30, A typical
experimental scene 1is shown in Figure Lh3. It shows an open cardboard

boX, roughly 10 inches on a side, and having the flap raised; the boOX
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FIGURE 43 PHOTOGRAPH OF BOX AND REAR-WALL (TEST PICTURE)

is apnroximately 6 feet from the range scanner, and veninu the box
there is a fiatl wail aprroximately ) feel farther away. The data Was
read inte the A=) convVerter, with 30-millisecoud integration time per
point, at 120 by 1<¢U resolution. The range sSigunal was given a d¢
Offset, and ‘tne analog gain was increased so tnat the dynamic range
of the A=) converter was efifectively utilized. Part ci the
printout covering the outlined area of rfigure L3 is spown in Figure
hi. The overall scanning angle is aproximately 30 degrees, S0 tnat
on the rear wall 10 feet away the picture points are approximately
0.6 inch apart, The scanning spot is somewhat less than 0.6 1incha
in aqiameter at 10 feet, being prorortionately smailer closer in. The
boXx is 15 inches deep, corresponding to ib range units, 8o that a
resolution incEMENT OF RANGE IS EQUAL T0 0.33 inch. Across the

middle of the roxX the variation is from 21 to 23 units or plus and
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24 2. 23 29 28 25 24 26 23 14 3 § 8 =14 -16 =13 -1 =7 =58 =75
2121 21 24 21 22 28 21 22 22 20 19 19 228 22 21 21 2@ 22 21

FIGURE 44 PART OF 120 x 120 LASER RANGEFINDER PRINTOUT FOR TOP RIGHT
QUADRANT OF TEST PICTURE (FIGURE 43)
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minus 0,33 inch, and across the first clear line above the top of the

boX from =130 to =-135 or plus and minus 0.8 inch.

This pictlure nas peen Used to test a program that zenerates a display
of the range data yith rotated axXes. Thus Figure 5 shows a side
view with the back wall, the vertical pack flap of the box, and the
Vertical front rface of the boX edge on. Figure 45 would seem to be a
convineing demcnstration that the scanning rangefinder is measuring
range in a manner consistent with the real world. The disgley is

based on only 750 data points of tne li,L4O00 neasired.

SA-1530-72

FIGURE 45 RANGE DATA DISPLAYED AS A SIDE VIEW OF THE WALL,
REAR FLAP AND FRONT FACE OF THE BOX (COMPARE
FIGURE 43 AND 44)
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E. conclusicns

Figure L5 demecnstrates that useful results are possible from the
present eXperimental hardware, whicn seemns Lb function in agreement
With the theory presented, Both in theory and practice, performance
in terms of qata rate is limited oy the number of photons received in
the time_interval allocated to each picture point, A high power
laser will pe necessagry if it is desired to scan dark opjects at a
distance of 10 feet with l-millisecond integration time per picture

point.
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VI. THE ARTIFICIAL INTELLIGENCYK CENTER COMPUTER SYOTEM

A. Introduction

The past eighteen months has been a puilding and shoring operation
for the TENEX related computer system software and hardware. The
present status of tLhe system is shown in Figure 46. Much effort has
gone into understanding and using the vVariety of conveniences
available to the research minded programmer wno finds himself using

the Vimtual Machine offered by the BBN TENEX Hardware/software.

The najor software efforts can be broken inte L areas: (1) PDP=10
TENZX System Software Haintenance/Customizing, (2) PDP=15 Operating
System Complete Reworx, (3) User level support sortware, ana (L)

Decision to use minicoinputers to drive devices.

The maijor hardware efforts were performed in 3 areas: (1) Transfer of
ARPANET Inverface from PDP~l5 to PDP=10, (2) Addivion to aisk storage
capacity, and (3) Heplacement/increase of PUP=10 menory,

B, Software

1. PDP=10Q 9Qperation 3ysten

Mueh effort has gone into gaining a working understanding of the

detailed operations of the TENEL operating system, The stimulus for
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FIGURE 46 SRI Al CENTER COMPUTER CONFIGURATION
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this arises from (1) the need %o alter the operating system code to
make additions to sccomodate special devices, (2) unreliable haraware
that has caused numerous file system érasnes == Wwhich are very
difficult to unravel, ana (3) tne inherenti inapility. of TENEX to

supvort more than 6-4¢ active LISF progranmmers simultaneously.

We have accomplished the following specific vasks. (1) we have
brought up the latest TENEX release {1.31). (2) We have mnmoaified
drastically the priorities of the various hardware devices ior
interrupt levels in order 10 prevent cGata 108S. {3) We have
implemented the new (standard) [(MP interface code, This was mainly
an exercis?2 in Jjudicious removal of POP=-15 relzted software. (L) We
have redesigned tne 10/15 comunication protocols to galn robustness,
(5) We have begun implementation of new hignei 1evel language

processors for working with PDP=-11 computers (mainly BCPL).

2. PDP=15 Qperating System Rework

The PDP-15 computer nas veen used o control a vVariety of devices:
disnlays, Shakey the Robot, ‘tape drives, analog VLo digital
converters, digital to analog converters, TV cameras, ARPANET IMP
interface, range finder, laser pcinter, and others. It was assumed
that tpne use cf a "peripheral computer”" to drive the assortiment of
devices that arise 1in endeavours such as ours wd4s a good idea from
the standpoint of decoupling the operation of the timesharing
computer (the PDP-10) from the devices its prograns 8Sought to
control., The pasic ideg is, of course, valid. What we have found,
though, 1is +that the cost of writing software to operate a muliitude

of vastly dissimilar devices is imnense. One starts oyt with a
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simonle desien for hundling devices on an "as needed" basis, and after
a2 few generations of devices hnave been added, the software that
remaine is incredibly complex. One can, of course, spend the tame to
try to understand all the interrelationships of tae various devices
and their possinle conflicts with cne another. Due Lo there being ne
other choice, wWe have done this with tnhe PLP-15 computer. The removal
of the IMP device nas seen a vast improvement in the behavior of the
ARPANET related goftware that so many users have daily need for,
The removal of Shakey the Robot has caused tne complexity of the
remaining code to be decreased. In the past period we have had to
modify the FDP=~1l5 code drastically as follows: (1) we have moaified
the monitor to run in 8k instead of 4k, (2) we have instituted triple
bﬁffering to PDP-10 for /A data, (3) we have changed 1lU/15 protocols
to rain rodustness, (4} we have introduced subdevices to allow
multiple displays, (35) Wwe nave addec code for controlling a range
finder ang laser-finder, laser=pointer, and (&) we have removed dead

code,

3. support software

Due 1o the constant over subscription of on=liine disk storage, there
is a need to have a2 means of saving user files on tape when there 1is
not enough room on the Aisk drives to hold all the data desired,
Some programs had to be written to create a stopgap arcaiving systenm
while we waited <for the dackup System (BSYS) software o be
implemented oy the asugsmentation Research Center at SRI. Other file
sSystem checking programs hyve heen written and are run often to check

on the consistency of the running file system, Accounting software
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that was borrowed from dolt, Beranek, and iNewmnan nas bheen modified
locally , but we have ceased working on it in antacipation of a

NetW4ork wide accounting systven,
C. Hardware

In an exerted effort to deliver reliable computing Service to both
local and network users, we hive purchased an IMP interface for the
PDP=10, pnlaced an order for 256k words of PUP-10 main memory, and are
going tc receive the 9 disk drives from ISI thas spring after they
take satisfactory delivery of their new 3330 disk systeii. unon the
installation of the used drives here at SRI-AI we wWill have available
approximately 115,000 pages of daisk space for o¢nline storage of
programs and data (4 page holds 2560 characters)., Tne "decision lo
use minis to drive devices" was listed under sottware efforts btecause
it was mainly due 1o the software costs involved in writing operating
systems to contrel a nulvitude of unrelated devices tnat we decided

10 *ake advantage cf tne recent low prices of minicomputers.
D. Limitations of JTENEX

Two significant limitations have ©been fought in the TENEX Virtual
Macnine. First, the virtual address space of 256k words 1S getting
1o Dbe small for the data sStruciures that are being used now, 80 sone
amount of researcn effort is being spent on '"compacting" and
"overlaying" and other such methods. Second, the Fork mechanism for
interprocess conmunication, while elegant  and rich in  1ita
capabilities, has a nigh cost (in cpu time) per transaction. The

cost is on the order of 5~10 milliseconds per handshaxe. For
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Lisp/Fortran systems that do a lot of grinding on items..and pass
things back and forth this cnst can be quite high. We are addressing

this problem currently.
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DESCRIFTION OF A SIMPLE AIR COMPRESSOR







Apvendix A !

DESCRIPTION OF A SIMPLE AIR COMPRESSOR.

The air comnressqr We have been working with is a Sears Model 17209
1/2-hp compressor; it is illustrated in Figure a-i.

The essential elements of this unit are:

a. Electric Mgtor--dfives the air punmp.

be Pump==t.akes air from atmospnere and compressas 1t into tank.

Ce Tank==stores compressed air,

4, Pressure Svitch=-starts and stops the motor at predetermined

pressures.,

e, Relief vValve=~releases "back" pressure on pump wnen the moior

stovs,

£. Check valve==holds air in the tank when compressor stops, thus

allovwing tne relief valve to lel air out of piping.
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SA-1530-70

FIGURE A-1 AN AIR COMPRESSOR

We auote from tne Sears Operating Instructions Lo describe uhe major

features:

PUMPLNG. In 4ction, when the piston of tue pump goes down, air
rushes in threugp the iniet valve, As the piston starts up the inlet
Valve closes and twhe  air in the cylinder is cempressed until the
pressure in the cylinder slightly eXceeds the pressure in the piping
(aftercooler) connected to the check valve. This excess pressure

causes the outlet valve %o open, allowine the air in the cyiinder to
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be forced out tvhroush the ocutlet valve into the piping. AS the
piston starts down, the outlet valve closes, preventing air in tne
aftercooler from rushing back irto the cylinder and the cycle starvs
over again. ihen the pressure in the aftercooler exceeds that an the

tank, the check valve opans and allows air to pass into the tahk.

STOPPING. The compressor continues to pump until the pressure in the
tank reaches the point at which the automatic switch is set to cut
out. The pressure in the tank acts on the diapiragm of the automatic
switen (through piping) and when the cut-out point is reached, this
diaphraegn distends and, through 1levers, opens switch contacts
stooping the motor, and simultaneously opening tne relief valve. The
air trapped between the puamp and the check valve is thus allowed to
escape uhrougn the relief valve. The air in +{he tank cannot, of
course, escape because the check valve does not allow the air in the

tank to flow kack.

STARTING, when tne pressure in tne tank is deéreased by using the
air. and finelly reaches the ‘“cut=in point" oif the switcn, the
Feduced pressure on the diaphragm allows the pressure spring 1o cause
the lever ic clode the switcn contacts and relief valve. This starts
the motor and the conpressor again begins Lo punmp. Ihere being ne
pPressure in the afturcooler (it having escaped when ihe relief valve
Was opened} the motor can start under no pumping load ana get up to

Speed during tne time reyuired 10 raise pressure in tne aftercooler.

From the foresoing and from an examination of the diagram, it Will be
Seen that not only must tne electrie motor ana air compressor itself

be Kert in proper wWorking condition, but that the check valve and
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rellief valve mus* vorx proverly. If the check Vvalve leaks, then the
air stored in the tank will escape througn the r'elief valve when the
compressor is not 1running because the relief valve is open all the

time tne switeh contacts are open. \

Also, if ine relief valve does not close properliy when the compresgsor
is running, the air {or nost of it) pumped by the compressor will not
go into the tank at all, but will pass out through the leaky valve.
Or, if the relief valve does not open properly then the oack pressure
cannet be relieved and the motor must start the compressor against

pressure, which consumes exXtra power and may damage the motor.
The maijor paris of the compressor are listed in Figure A=2, taken

from the Sears Manual. A parts list for the pump unit is given in

Figur‘ A-Bo

184



Model Numbers

(17199) 102.17200
(17209) 102.17210

102.17220 (17218)
102.17001
102.17011

102.17021
102.17046
102.17041

AUTOMATIC SWITCH CONTROL - STORAGE TANK TYPE

PARTS LIST
Reference Part Reference Part
Number Number NAME OF PART Number Number NAME OF PART
X or E 3ot Vo pi
) 6% 3{,’;:‘1"5::,':’:,;@" Flare Tube x 4" Pipe 13 12191 Pressutc Switch for (17209) 102.17210, 102,17220 (17218)
3 37055 Aftercooler for 102.17001, 102.17011, 102.17011, 102.17021 and
102.17021, 102.17046 and 102.17041 102.17041
3 37057 Aftercooler for (17199) 102.17200, (17209) 102.17210, 13 13858_ Pressure Switch for 102.17046
and 102.17220 (17218) 13 32473 Pressure Switch for (17199) 102.17200
1 98556 Elbow Confiector—/4'" Tube x &' Pipe Thread 14 - Pressure Switch Relief Valve. When ordering
5 15681 Check Valve—Sce Figure 4 for Parts Relief Valve give Pressure Switch Nameplate
6 12776 Nameplate Daca. (Ref. No. 13)
’ : c Niople— Ve x S
;: 1(4)(2)?)3 8:: 3::: ?'{;’PIL‘/—.,{" x 57 Lang 15 18591 Check Valve Relief Tube (also.available
ain Cap— oy L : )
R 43779 | Tank and Platform Assembly for (17199) 102.17200, 16 18550 lg'fcf““"v/‘l “l;’"‘"l‘;; ;’;0;"1*’*’1'0'2‘“1%1311/1 long.
(17209) 102.17210, 102.17220 (17218) 3 safety Valve for 102, » e ’
8 43780 Tank and Platform Assembly ro Massachusetts 102.17021, 102.17046 and 102.17041
Specifications for (17199) 102.17200, 16 18544 Massachusetts Safety Valve for (17199) 102.17200,
(17209) 102.17210, and 102.17220 (17218) (17209) 102.17210, 102.17220 (17218), 102.17001,
8 43781 Tank and Plarform Assembly 102.17001 102.17011, 102.17021, 102.17046 and 102.17041
and 102,17011. Use for Massachuscus also, 17 . Motor or Gas Engine—See Motor Nameplate and
8 43782 Tank and Placform Assembly for 102.17021, Gas Engine Part Booklet for characteristics;
102.17046 and 102.17041 . . . N
8 43783 Taak and Plarform Assembly to Massachuseus ?:_::j:d:r:;:il‘:f::i‘:sp’:;[:;:;:ngme service
Specifications lor 102.17021, y
. 15;(;7'(;;(;".::3 l%{2.1704| 18 45053 Moror Pulley for (17199) 102.17200
9 16614 Manifold for mounting Pressure Switch, etc. 18 45058 Motor Pulley for (17209) 102.17210 and 102.17021
for 102.17021, 102.17046 and 18 45055 Motor Pulley for 102,.17001 and 102.17011
102.17041. Use for all Mass, Specifications 18 45059 Motor Pulley for 102.17220 (17218) and 102.17041
9 43724 Manifold for mounring Pressure Switch and 18 30545 Motor Pulley for 102, 17046
Gauge, (Safery Valve and Discharge Valve 19 17469 Belt for 102.17001 (4** wide
included) for (17199) 102.17200, (17209) 102.17210, x 44" long) .
(9217220 (17218) and 10217001 - Not 19 17470 Bele for 102.17220 (17218), 102.17021 and 102.17041
or ts Spech tons (4" wide x 47" long)
R IR [ v it 19 18356 | Belt for (17209) 102.17210 (44" wide x 46'" long)
10 15793 Pressure Gauge for (17199) 102.17200, (17209) 102.17210, 19 18481 Belt for 102,17011 and 102.17046 (4" wide
and 102.17220 (17218) x 45" long)
10 17088 Pressure Gauge for State of Massachusetts 19 32622 Belt for (17199) 102.17200 —~ !4’ wide x 43" long
i1 95939 Discharge Valve for 102.17001, 102.17011, Not Shown 96570 Aftercooler Vent Coco-Gas Engine Only
102.17021, 102.1704_6_ and. 102.17041. Also Not Shown 96800 Taok Drain Valve
used on Mass. Specification models (17199) 102.17200, Not Shown 13231 Tank Drain Valve Only for State of Mass.
(17209) 102.17210 and 102.17220 (17218) Not Shawn 43420 | Cord and Plug Assembly for 102.17301,
12 BX conduu—Avallablc_locally (See Installation 102, 17400 and 102, 17410
Instructions for wire size) Not Shown 43430 ) Adai)rer Ground Plt;g for 102.17304
102.17400 and 102.17410

FIGURE A-2
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Reference| Part Quan. Reference Part Quar
N, b NAME OF PART Used Number |Number NAME OF PART Use:
1 96472 |Head Boit 2 30 21614 | Breather Valve Spacer 1
2 45007 {Cylinder Head Cover 1 3 38941 | Breather Valve Plate 1
3 45020 | Filter Screen 1 32 38944 | Breather Valve 1
4 45021 |Fiiter 1 33 45003 | End Cover Assembly-includes Ref. No. 27 1
s 45024 Outlet Valve Stop 1 3400 45025 | Pulley for 101 TV 1
6 45014 [Copper Washer 2 35 98627 | Pulley Set Screw-’/“-lsx 3%’’ Socket Head 2
7 45011 |Outlet Valve Spring 1 36 18060 [End Cover Bolt-1%4-20 x %"’ 4
8 45013 |Valve 2 37 9522 | Lockwasher-," 2
9 45016 [Outlet Valve Seat 1 as 11109 {Hex Head Bolts-4-20 x 1" 2
10 45019 |Outlet Valve Retainer 1 39 9522 |Lockwashers-%;"" 6
11 45017 |Inlet Valve Seat 1 40 980 |Hex Head Bolts-%-20 x %'’ long 6
12 45012 |Inlet Valve Spring 1 41 45006 |Base Plate 1
13 45018 [Inlet Valve Retainer 1 42 45009 |Base Plate Gasket 1
14 18061 [Head Bolt 2 43 9349 |Pipe Plug % Furnished with 102,17500
15 45005 [Cylinder Head 1 only 1
16 45008 |[Cylinder Head Gasket 1 44 9348 |[Pipe Plug %"’ 1
17 31901 |Piston Ringe 2 45 9603 |Pipe Nipple-}* x 5'*-Fumnished with com-
18 17083 [Oil Ring 1 pressor only 1
19 38932 |Piaton 1 46 14292 |Pipe C-p—%" Furmnished with compressor 1
20 12992 |Wrist Pin 1 only
21 7890 |Wrist Pin Retainer Washer 2 47 45027 |Crankcase Plug
22 45001 [Connecting Rod Assembly 1 Not Shown [43797 |Parts List a
23 45004 k A bly-includes Ref. No. 27 1 hdd 45050 |Pulley for 100 TV 1
24 45023 (Thrust Washer 2 . 45051 |Crankshaft for 100 TV 1
25°* 45002 |Crankshaft for 101 TV 1 Not Shown [45060 |Head Plate Spacer 2
26 9397 (Woodruff Key No. 9 1 Not Shown [45244 |Set-Gaskets 1
27 45026 [Bronze Bushing 1 Not Shown {45237 |Set-Rings 1
28 45010 |[End Cover Gaskset . 1 Not Shown [45245 |Set-Valve & Spring 1
20 (38951 {Breather Valve Bcrew-8-32 x %" 1
SA-1530-57
FIGURE A-3 PARTS LIST FOR THE PUMP UNIT—MODEL NUMBER 102:17500 (17501}
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Appendix B

COST AND CONFIDENCE COMPUTATIONS

In planning strategies, it is sometimes necessary 10 Know tlhe
expected cost and resulting recognition confidence associated with a
sequence of tests. In this appendix, we derive the cost of
acquiring samples of some desired object by filtering with a given
Set of tests, and we derive the confidence that the acquired samples

actually belong to the desired obiect.

In these computations, the system utiliZes cnaracterizations of
surface attributes (such as HUE and HEIGHT) which are stored ag
histograms of probability values, A ‘bucket' of the hnistogranm
contains, in ¢general, a 1list of obJjects, and for each, the
probability that the measurea attribute from a given sample of ‘the
object will fall within that bucket, A detector, D, specifies an
attribute and s range of buckets in the histogram of that attritute.
The detector is converted into a predicate which examines a sanmple
from 3 picture ana if the value o©f the meagsured attribute <falls
within the range of values specified py the detector accepts it,
otherwise, the sample is rejected, A set of detectors, {Dn,I%_r

n

cous Dj} is written, D, "

, With the convention that Dn==D1.
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Confidence P(0|D"), is defined as the probavility that a sample belongs
to some object, 0, given that it has been accepted by the sget of

detectors, D".

The expressicrn for confidence is expanded by a recursive Hayes

procedure as follows:

P(Dp|0)*P(0 D" )

n
p(o|p™) =
e P(D, |D?" %)

'PU%JO) is the percentage of saaples of 0 that will be. accepted by

D . In order to compute PU%IDn_l) ., the probapility that detector

Dn will also accept 4 sample already accepted vy the set of

detectnrs, Dn'l, it must be noticed that the detectors are linked

tarosugh the ooject deseriptions. Therefore, the probacility 1is

‘computed by exXxPanding ovar all Ohjects in the model:

n-1 ' n-1
P(Dn|D )y =73, P(Dnloi)*P(Oi,D )

0.
i

That is, the probtability of D accapting a sample already accepted by

-1 . - . - .
D" is eJual to the probability of Dn accepting a sample belonging
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to an oblect, oi, tines tane probability 2f the saaple beionging o
Oi, given that the devectors p*t nave accepred it.

p(oihfkl) is computed recursively, terminating with p(oihﬁ). This
term is rewritten in a stiraightiorward way:

P(Qle) _ P(DJIO)*P(O)

P(Dl)

The combutation of P(D) is similar to that for P(_[p"7h).

P(D,) = g: P(D, ,01)*P(Oi)

1

P(q9 is the a priori 1likelihocd of a randomly selected sample
belonging to sbject oi. It is computed a8 the ratio of the exXpected
two~dimensional size of 0O to the size of the window, W, being
examined (with the implicit assumption tnat O appears in the wWwindow

exactly once. That is,

expected size of 04
size of W

P(Oi) =
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To reiterate:;

Py [0)*p(0 DY)
PO, D™D

P(O‘Dn) =

PU%JO) = percentage of samples of O accepted by D .

P(Dnan_l):=2:P(Dn|01)*P(0i'Dn-1)

(VR
i

P(D; [04)*P(05)
P(Dl)

P(OilDl) =

P(D,) = %: p(n1|oi)*P(oi)

1

expected size of 04
size of W

The next parameter to be computed is the expected cost of application
of a sat of detectors. Here, the set of detectors is ordered, since
the outcome of a detsctor determines whether succeeding detectors are

actually applied.
It is assumed that the Iirst detzctor, Dl, will pe appliza to all

samplas in the window, ®. ANy sanmnple acceptled by D1 will then be

tested with Dz, and so on until all detectors nave acceplea tne
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Sample, or until it is rejected. Therefore, the cost of applying

a sequence of detectors to a sample is writien:

n
CS(D ) = Cs(Dl) + Cs(DZ)*P(Dl) + CS(D3)*P(D1,D2) + e

n
i=-1
Ziswi)*P(Dl ).
1=

where Cs(Dn) is the cost per samplie of the seguence, and cs(Di) is

the cost per samole of the i=~th aetector.

To complete the calculation of cost requires the computation of the
number of samples 1O be tested, Given that 1t 13 desireda that sonme
predetermined number of samples, Ny s ©n Lie surface peing acquired
Should be accepted by Lhe detectour setu, Dn, it 18 possiple to compute
a Ssampling density, 5. The total expected number of accepted
Samples on the object.NT,is opviously & function of the eXpectled

obJject size 5(0), In fact,

N, = 6*S(0)

But since only a fraction of any randnm sanpling of U can pe expected

to pbe accepted by p" {(in fact, only Pﬂfﬂo) of then),

_ n
Ny = NT$P(D [0).
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Therefore,

N, = 6*8(0)*P(D"|0)

and

Np

6 = s(o)*p(nnl 0)

Since the system does not retain the correlated data necessary

determine PGPWO) . 1t inatead uses the minimumm of the set of

propaoilities, {P(Dllo), P(D,[0), ..., p(Dn|o)'}.

The total numnper of samples 0 be ciecked is the window size

S(W) times 6.
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That is

N, = 6*S(W).

giving a total cost of

c®M

n
NW*CS(D ).

v L8 c ) cs@®®) NpC (D)
=% s ° P(Dﬁlo) =% 50 POT[0) ~ P(OIDn)s- P(DN)

In this syStem, the costs per sample, are expressed in milliseconds
of computation time required to perform the measurement., These costs
cah be computed bpeforehand for each nmeasurement, as they vary

relative tc one another as a function of system load.

It should be pointed out that we could have defined p(o[p™) &8 the

provability that a sample belongs t0 O given the outcomes of the set of
detectors, Dn, aprlied to i, This changes none cf the confidence
computations, and allows the systenm %o generate sanple declsion trees

where the next test to be performed is determined by the outcome of

the 1lgst test, This allows for the handling of situations wWhere it

might be easier to eliminate a sample by planning for a test te
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reject rather than accept 1it. It also allows the cascading of
individually indeterminate tests to gradually increase confidence to
a suitable 1level, without worrying that a single failure will cause
the test o fail, The computations of cost for this definition will
be more complex, since they must account for each branch of the tree
and the expected frequency with which each one will be taken. we
have not yet programmed the system to generate detectors which are

not simple conjunctions, but will do so in the future.
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Appendix ¢

XDEMON: A CONSTRAINT SATISFIER

A Implementation Details

A constraint satisfaction system has Doeen aimplemented utilizing
cooverating independent processes coupled tihrough a global data base.
The data base consists of a set of VARIABLES (i.e., records), each
containing four components:

a FORM (procedure in the XDEMON program)

a VALUE

& 8et of RELATIVES (a list of related variables)

VARPROPS (property list).

There are selecting and updating funcitions for each of the above
comnponents. The form of a variable is an internal rerresentation of
some s=expression. This internal representation, Kknown as an
h-expression, is composed of either a LISP atom, or a list of cther

Variables., Each variable corresponds to a particular s=-expression:

in LisSP a variaole corresponds to a particular atom, and we have
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generszlized this notion [kef. 6j. For example, (FOQO X Y} nas a
corresponding variable, as do FOU, X and Y. So aldo does (FIE (FOO X
Y) Z). As in LISP, charactier strings are normalizea %o yiela a unique

internal representation~~the variable.

(NORMEXPR (eXpression)) is a function that returns the variable

corresponding to the given expression.

Variables are initialized tc nave +tne value Undef and Nil for

relatives and varprops.

A collection of variables may pe linked to form a network, (CONNECT
[variablej) puts [variable/ on the lists of relatives of ali the
variables in its forn. (CONNECT! (variaple/) does the same tning
recursively for the variables in the form as well, An eXample is
given in Figure C-1i. There are corresponding inverse functions

DISCONNECT and DLISCONNEGCTI.

Note that pointers to supexnressions are avallable via the form and

pointers to super—~expressions via the relatives.

The value of a variable is normally set by the function HSET. (HSET
[variavle]/ [value]) returns [value] as its result. HSET is executed
for its side~-effects: if the new value is the sane as the old value,
(under the equivalence HSETER, initially EQUAL), nothing happens: if
the new value i3 different, then the variaple 1s evaluated (or
rather, the evaluation of the related variable is added to a list of
Jobs to bhe run). Note that other schemMes couid be used here; €.g.,

some relatives might be evaluated before the variable is resete.
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SA-1530-34
FIGURE C-1 REPRESENTATION FOR THE EXPRESSION
(CONNECT!
(NORMEXPR
(QUOTE

(AND(OR A B)
(OR B (EQ A C))ND

Variables are evaluated by (HEVAL [variable]/). HEVAL evaluates the
form of the variable, and then HSETs the variable to thne new value,
pernans causing its relatives to be evaluated. It returns the new
value as 1ts result, The value of an atomic H=exXpressicn i3 the
Value of the variable:; otherwise, the value 13 the result of APPLYing

the value of the CAR of the i-expression to the CUR.

Note that wunlike LISP the definitinn of a function is kept in the
value of a corresponding atomic variable, not in & special cell,
Definitions are established by executing (HDEF  [function
definition/). [function definition) is 2 1ist of two elements, the
name and the oody (as for DEFINE). 7The body can be the name of a
lisv function, or a lambda expression, Note alsc that WwWpnen a

variabple is HEVALuated, the evaluation 1is not recursive; the
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immediate values of the variables forming the h-expression are

utilized without HEVALuating then.

It Sshould be clear that variabhles are only evaluated when the value
0f something to Which they are relatives 1s changed, never Jjust
because g variable higher in the expression is evaluated., Values are

thus remembered and not recomputed unnecessarily.

A li1st of outstanding Jobs to be run is held in the global variable
JOBLIST. Those Joos are executed by a call (RUNJOBS), which will
Successively eXecute and then delete the jobs ou the list. RUNJOBS
terninates when <there are no jots left (including those which have

peen added dynamically).

Readers familiar witn SRI's GQLISP may be wondering way the constraint
satisfier was not implemented 4in that system; using canonic net
expressions instead of H-expressions. There are three reasons, all

manifestations of tne present state of QLISP development.

1. H=eXpressions are sinple n=-tuples. The QLISP discrimination net
handles n=-tuples relativeiy inefficiently, due to the generality
required %o accomnodate less constrained datas tyres (i.e,, sSevs and

bags).

2. EXpregsions cannet directly reference the canonic representation
0f other eXpressions in the net. AccesSs 1o nodes is available only
by dropping the referenced expression through the wiserimination

mechanisie
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3. QLISP 1is a vVvery large system. Wwithout overlays, there is
inadecuate space to both store a large number of semantic constraints

and represent a scene with hundreds of regions.

If current QLISP development, partially supported by NASA, succeeds
in overcoming these objections, it is 1likely that XDEMUN will De
reimplemented to0 take advantage of features such as associative

retrieval, pattern matching, contexts, and processes,
B. Applications

The XDEMON systern nas oeen used to solve a varjiety of simple
proolems, including & cryptarithmetic puzzle and instant insanity.
The svstem was also used to run walitz's filtering algorithm [kef., 20]
on the artificial roon Scene previously used by luaca [kef. 16) o
illustrate interpretation by tree search. Altogether, 3u3 aifterent
interpretations were found to be considtent witpn tpne given semantic
constraints on legally adjacent ohjects. (This result indicates that
adjacency by itself does not provide sufficient constraint.) Thne
Waltz algoritnm wes implemented in a half day using the system
primitives described acove ana a sinzle short function written to

test the legality of adjacent interpretations.
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