B0

Bibliothéque nationale

Nationat'Library
of Canada du Canada
i . - ’ - .
Canadian Theses Service  Service des théses canadiennes - . ’ ’
- Ottawa, Canada g i
K1A ON4 . < . - - ,
. &
< . ad
. ! }\og
o~ ]
N - 5 ° 0
NOTICE . AVIS A
LY

The quality of this microform is heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort has been made to ensure thie highest quality o
reproduction possible. :

It pages are-missing, contact the university which granted
the degree.

Some pages may have jndistinct print especiallg if the
original pages were typecT with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

' -

Previously copyrighted materials (journal articles, pub-
lished tests, etc.) are not filmed.

\

Reproduction in fuII.or in part of this microform is govemned
by the Canadian Copyright Act, R.8.C. 1870, c. C-30.

2

NL-339 (1. 88/04)

La qualité de cetfe microforme dépend grandement de la
qualité de la thése soumise au microfiimage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion. ;

Sl m%nque des pages, veuillez communiquer avec

Tuniversité qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser a
désirer, surtout si les pages originales ont été daglylogra-
phiées a l'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de qualité inférieure.

Les documenﬁ' qui font déja l'objet d'un droit d'auteur
farticles de revue,” tests publiés, etc) ne sont pas
microfilmeés. :

La reproduction, méme partiélle, de cette microforme est
soumise & la Loi canadienne sur le droit d'auteur, SRC
1970, c. C430.

l



Permission has, been granted
to the National Library of
Canada to microfilm this
thesis and to lend ox _sell,
copies of the film.

IR
-

The author (Eopyiight owner)

has reserved other
publication rights, and
neither the thesis nor

-

extensive extracts from it

may. be printed or otherwise
reproduced without his/her
written permission.

\

13 ' -

L'autorisation a é&té accordée
A 1la Bibliothégque nationale
du Canada de microfilmer
cette thése et de préter. ou- -
de vendre des exemplaires du
film.

L'auteur (titulaire -du droit
d'auteur) - se résexve les
autres droits de publication;

ni la thése ni de 1longs
extraits de celle-ci. ne
doivent &tre imprimés ou

autrement reproduits sans son
antorisation écrite.

‘
!

ISBN '0-315-46700-2 . N



o 5’_'"

Y
M

UNIVERSITE DOTTAWA -
| UNIVERSITY OF OTTAWA

Iy



TABLE OF CONTENTS
ABSTRACT .
CHAPTER' 1 INTRODUETION p | . ,
1.1 NATURAL WORLD METAPHORS «cvvvcvvenenenennnnencanans 2
1.2 DISTRIBUTED PROBLEM SOLVING MODELS +vuvvensesnncesn 3
1.2.1  HEARSAY-II MODEL ..Ji.ccucuneuvnnennnnnnenn e reaeans '4{
1.2.2  CONTRACT NET MODEL....... e . v.l:};.; ;-4i
1.3 OFFICE MODEL «.steevnencnnssnnunaseenneennn. eeee. B
1.4 " PROPOSED TECHNIQUE .. vvnvvnrnnnnnnns.. ';;...:;ﬂ...;. 7
1.4.1  ARCHITECTURE &+ vvvvmcrnnnsoenmeneesneseensenenaneeanns 7
1.4.2 REZSOLUTION PROOF envvvvnn... R 10
1.4.3 AN APPLICATION «uuevennrrnannnnnn. et ee e 11
CHAPTER 2 DISTRIBUTED EXPERT SYSTEM OR DISKRIBUTED .
PROBLEM SOLVING

2.1 DIFFERENCE BETWEEN DISTRIBUTED PROCESSING AND

DISTRIBUTED PROBLEM SOLVING -...... T -
2.2 MOTIVATION FOR DISTRIBUTED PROBLEM SOLVING ....... 18
2.3 FUNDAMENTAL ISSUES TO BE CONSIDERED .q IN

DISTRIBUTED PROBLEM SOLVING - .. vvvnneennennnnnn.. 20

CHAPTER 3 HEARSAY II SPEECH UNDERSTANDING SYSTEM

(1)



3.1~ d?;ARSAY II PROBLEM MODEL ......... Teersaans cemeses 22

T 3.2 HEARSAY II ARCHITECTURE ............. eeeeieeeeea. 25
-; 3.3  NETWORK OF HEARSAY II SYSTEM .euevveeeeeneonnnnn:i. 30
| 3.3.1 INTRANODE PROCESSING CONSIDERATIONS +vveeunevco... . 30
3.3.2 INTERNODE COMMUNICATION MECHANISM .......ecoe..... 34
' 3.3.3 INTE&NODé‘COMMUNICATION POLICY ......;..;_ ........ . 34
* 3.4 - ANALYSIS OF HEARSAY IT SYSTEM Ceeiisacieneaaan, ee. 37
CHAPTER 4  CONTRACT NET APPROACH FOR COOPERATIVE
N 1 ,PROBLEM SOLVING
4.1 A COOPERATING EXPERTS ﬁE?APHOR ..1..;.?! ..... ceee. 42
4.2 - DISTRIBUTED PROBLEM SOLVING MODEL .......... e 44
. 4.2.1 PHASES OF DISTRIBUTED PROBLEM SOLVING “.cvu.o..... »
4.2.2 TASK SHARING,MECHANISQ ......................... .. 48
4.3 7 CONTRACT NET APPLICATION:DISTRIBUTED SENSING SYSTEM 52

CHAPTER .5 EXPERTNET : SYSTEM ARCHITECTURE AND IMPLEMENTATION®

/
5.1 EXPERTNET NODE ORGANIZATION +.fevvunennnnn... cee.. 63
5.2 ' META KNOWLEDGE BASE ......... ettt ceee. 70
5.2.1 KNOWLEDGE REPRESENTATION(......... ................ 70
5.2.2 ASSOCIATED FACILITIES _ ' _ 73
5.2.3  THE FLANNER . . A T 77

5.2.4 THE MESSAGE-SERVER ............. e, 79
CHAPTER 6  PROOF BY RESOLUTION (

6.1 EKNOWLEDGE REPRESENTATION USING PREDICATE LOGIC .... 81 .

¢ | | (ii)



6.2 CONVERSION TO CLAUSE FORM &ovvevnvevonootonnonnnnns 54
6.3 RESOLUTION PROCEDURE «......quoeeetenss 89
. . ~ - - ' .
CHAPTER 7 “—AN APPLICATION ..... R RS
CHAPTER 8  CONCLUSION .veveveveonn. ceieneae et iaeenanan 104
REFERENCES & vveeocnnnnnnnnnnn e . Cereeeeeei.. 108
LISP PROGRAMS +:vvvvvennenaannns teeeeccnaaan O 3
» ‘ ‘\.
' -

(ii1) -



¢ ABSTRACT

This thesis describes the architecture and implementation
of a Distributed Problem Solving system, focusing ‘on  the
control and communication aspgcfs. The objective of this

system, called Expertnet, is to allow for sharing of resources on

-a network of personal computers. A negotiation mechanism is used

in the Expertnet for the purpose of effective »esource sharing.
This mechanism enables an Host Machine to request a sclution cf
a problem on 2 Remote Machine which has resident expertise to

solve the requesFed problém.

Some of the major components in the node arhcitecture are a
database of Meta-Knowledge about expertise of a ‘node's own
problem soiving capabilities and those of other processing nades.
This meta-knowledge is gradually accumulated during proﬁlem
solviné. Each node has a Planner which guides in the problen
solving process. The Internode communication is carrieﬂ'out with
the use of a question—~and-answer mechanism.

k-
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CHAPTER 1!
' INTRODUCTION

Issues about distributed computing, as about any other aspect
. 1
. of computing, can ke formulated at various levels of abstraction.

Each 1level has'a differeﬂt conceptual cbntent, and raises a
corre;pondingly different "'set of issues. In distributed
© computing most of the emphasis has been at a level that is
closely .related to physical connecgion of different process,
secure transmission of dzta among them and the corresponding
operatihg system problems of scheduling different processors.
These issues have dominated discussion so much that the term
distributed processing haé<come to mean almést exclusively that
set of issues. In this thesis, the discussion . about - distributed
i processing is at a different; "higﬁer" level of abstraction.
The questions of interest at this level concern the strategies'by
which +the decomposition and coordination of computation in
a distxributed system are matched to-the structural demands of the

task domain. Distributed Problem Solving (DPS) is an appropriate

term for the phenomenon at this level of abstraction.
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1.1 NATURAL WORLD METAPHCRS

The Iinformation processing phenomena that occur in the natural
world are a source of number of useful metaphors (CHANDSl)- for-
distributed processing .in general and distributed'proflem solviné
in particulér. It is cleéf thaflaistribution of processing or
computation is an intrinsic characteristic “of most natural
phenomenon. Social organizations from honeybee colonies to a
modern corporation, from bureaucracikes to medical communities,
from committees to representative deﬁocracies are living examples
of distributed information procegsing embodying a variety of

strategies of decomposition and co-ordination.

Computation in biological brains (GEVINSB3,GESCH80),'especially

in their sensory processors such as vision systems, displays a

‘high degree of distribution. Control of movement in biological

systems is also accomplished by distributed computation.
Velitional movement can be viewed as being generated by low;level
programs coordinated and regulated by high level controllerse
fhe task- of generating all the impulses for all muscle fibres
for each movement 1s surely beyond the resources of any

centralized biological movement processor.

In all these examples from social organization to brains and
motor systems the overzll computation task is distributed among
a collection of separate processors. These separate processors

coordinate their computations by means of exchanging appropriate

2



symbolic information. This 1leads one to believe that the co-~
operative problen solving technigues that have been so

effectively and efficiently used in naturally -occuring complex

system, can be extended to the domain of coﬁplex computer systems.

1.2 DISTRIBUTED BPROBLEM SOLVING MODELS

-

pistributed Problem Solving or Distributed Expert Syste; Lcan
be kategorized as consisting of multiple physically separatea
procéésing nodes. Each processing node has at least one expert
systemn.. Each processing node - sees only a small part of ?he
problen environment. In otheg words each noda\pas a partial view
of <the problem environment. Due -to the incompieteness of problenm
doméin; knowled%S or partial view each node has of the problen

environment, sharing task loads and exchanging tentative results

among * processing nodes are necessary during the problem solving

process.

befinition of a distributed problem solving system is examined
in more detail in Chapter 2.In addition this chapter provides the
najor differences between distributed processing and distributed

problem solving. Also, the motivation for using distributed

prcblem solving is examined in this chapter.

HEARSAY-II System (HAYES-ROTH, ERMANS0) and. CONTRACT NET
(SMITH80, DAVIS83 ) are two major models in the area of

distributed problem solving. These two mnodels are described

.,
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in detail in Chapters 3 and 4, respectively. .

1.2.1 HEARSAY-II MODEL

*In the Hearsay-II systen the distributed systém is structured

so that each node can perform useful processing using incomplete
data while sim@%%gng&ﬂglypexchanglng the intermediate results cf
T ' N .

its processing with other nodes to construct cooperatively-a

complete solution. A node may not ‘only have to perform useful

processing with incomplete input data, but also with the possibly

incqu&ete, incorrect, and inconsistent tentative results
» . -

received from other nodes. A node resolves these data

uncertainties by:

Y
(1) detecting inconsistencies between its tentative partial

results and these received from other nodes;

(2) integrating into its local database those portions of other

nodes' results which are consistent with its results;
(3) using the newly integrated results to make up for its
nissing input data so that its tentative partial results can

be revised and éxtended.

/
’

1.2.2 CONTRACT NET ﬁbDEL

G’

"IA contract Net model, distributed problem solving consists
of four phases; problem decomposition, sub-problem distribution,
solution of sub-problem, and synthesis_(integratihg the results

S~

of subproblems to generate a solution to the overall problem) of

| o - ,
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the overall solution. Decomposition™invelves bredking a large
prokblem into smaller, more nanageable pieces; distribution
involves the matching of sub;problems 'with problem solvers
cagable of handiing them; the sub-problens are then soivedr-ahd
finéily those individual solutions are synthesized into a single,
overall goluticn. ]

Each process;ng node may take on the role of a ranager jr a

‘contractor. A manager 1is responsible for monitoring the execution

. A . . R .
of a task and processing the results of its executjon)
X . [ .
contractor 1is responsible for the actual execution of the task.
Individual nodes are not designated a priori as managers or

-

contractors; these are only roles, and any node can take on
5

either role dynamically during the course of oroblem solving.

.
~

1.3 OFFICE MODEL

In this thesis a technique, called Experinet, . for resource
sharing on a network oft;orkstations in an office environment is
proposed. In order to develop this "technigque , the behavior and

procedures of an office wenﬁ\fonsidered.

An office can be defined as information centre of an
organization ({HO86) . Through processing, storagek and
dissemination of relevant information, an office can facilitate
effective execution of functions of many other components of an

organization, and serve as a "glue" to make the whole



organizaﬁioq work as a coherent entity to . ‘achieve the
organizational. objectives. WhethefF an office' is ' geographically
centralised ‘or dispersed, it conslsts of peoplefand associaﬁed
facilities that work together unrder the enforcement of
regulations. People are assigned specific roles in the
organization structure to perform functions and services
generated by requests frém_hboth inside and outside of> the

organization.

Office communication svstems provide the mechanism through
which agents can co-operatively cérry out oﬁfiée tasks. The woré‘
fagent’ here €an mean an intelligent office worker capable of‘using
reason based upon knowledge to dolve a problem, or an intelligent
office system. The main purpose of communication is knewledge
exchange. For .example, an office agent may try to gain ﬁoré

fknowleﬁge from other agents tp help that agent solve a task.

. Based on how the office agent is working on the task, three mcdes

of kneowledge exchange can be identified:
!

-

(1) Self Mode: In the'simp;est case when an agent has sufficient

relevant knowledge taynsolve a ‘task, he works alone on the +ask.
- A BN oL

(2) Co-operative Mode: If the agent does not have sufficient
knbwledge to soiﬁé‘the task, then he will normaly ask ancther
‘agent to eitheér explain how to continue the task or to complete

\
the task. 1In this mcde the two agents co-operatively solve the

task.



\ -
{3) Conference Mode: If the second agen;_fails to complete +thc
task or does not have the Xnowledge to solve the task; then the
first agent will try to find help from some other agents. Hence,

in this mode more thangpwo agents can be involved in solving the

. oy
e T

the task. g

Depending on how hard é task is, an acent may attémpt to ! solve
the task through Self Mode, Co-operative Mode or Conference Mode.
. P
Hence ail office communication system must  provide mechanisns,
or knéwledge éxchange pro€ocols, that allow agents to perform the
three mnocdes in oxder to exchange knowledge co-operatively for
the achizvement of office goals. The above discussion reveals

certdin important characteristics of office behavior - that it

. . . 5 .
1s stimulus driven, knowledge based and goal dizected.

=

.4 PROPCSED TZICHNIQUE

. In d-avclopingJ the technigque pﬁbposedf'in chis thesis, we
considered the characteristics of theﬂeffice behavior discussed
above, as well as the Contract Net Model. The Chapter 5.0
describes the architecture and operation of sach of the processing

nodes.

1.4.1 ARCHITECTURE

2 processing node can represent an intelligent office agent

capable cf using reascn based upon knowledge toe solve a problen.



The major components of a Processing.Node afe

(1) lMeta Level Knowledge Database :' whicﬁsprovides the-knowledge
about the problem solving capabilities of the host node and these
cf other nodes on the network. The ﬁdtivation for ﬁsing the meta
level knowledge is to a2llow a high level reasoning procéss to be

-,

mplemented in the internode communication mechanism. .

pE————

(ii) Planner : to plan and organise (just as an intelligent
office worker would normally do) the manner iﬁ which a given
préblem is to be solved. The problem can be given to the host
node by the user of the host ncde or it can be a request received
from other nodes. Depending on the soﬁrce of the problenm and the

~ i
the level of local resident expertise, there are three modes of

problem solving similar to the ones described in the Office Model.

If the host node has the expertise to solve the periéh, then
I .

f
it solves it using the functions/procedures resident locally.

This is similar to the self mode of the office model. On the

other hand if the host node does not have the expertise to solve

the problem then it can request for service from other nodes in

either of the twoyays:

(a)directly (from nede) if it knows that a particular node.can

solve the problem. / This corresponds to the co-operative médg of

the office model.



AT
Ia i ¥

| R -

P

(b) or by broadcasting to other nodes (beloﬁéﬁng tc the same
group as the host node) if itidoes not know which node can solve
" w ‘
_\\\sthe problem. This corresponds to the conference mode of the office

model.

(ii) Message Server provides appropriaéé services to messages
. received from other nodes. For example,'.if_g- message , is a
response (from a serwicing node) to a request from the hdst node,’
then it is given to Response Handler for appropriate actions to
be taken. On the other h?nd if the message is a request for
,ﬁgrvicg “rom other nodes then it is given to the .Request Handler

for the necessary actions.

(11i) Receive, Transmit, -é;oadcast. are primitives used for

recéiving messages from other nodes and for sending messages.

{iv) Knowledge Source consisting of inference,engine and knowledge
‘base. The knowledgeq ase conEains some domain specif?c knowledge.
The inference engine is reiated to the knowledge representation
method wused in the knowlédge base. It is responsible for
processing something based on the kndwledge drawn from the

»

knowledge base. gon

KS~ITI and KS-X25 are examples pf;tﬁdfknowledge sources used

in an ‘application where Expertnet was used. These Kknowledge
. ]

sources contain domain specific knowledge. They contaii the

g knéwledge required to configure ITI lines and X.25 lines on a



packet switched network.

(v) Process Server, whose function is to invoke the proper

" knowledge sburces required for soluticn of a probiem.

1.4.2 RESOLUTION PROOF /f7
ﬂiannerg-descrlbed in the previous sectlén, performs the-
!'tsa‘ _-J.

“"\‘.n 3
;gagﬁﬁng process for the solution of a givén problem. In order to

-do’ so it uses the information contained in meta knowledge base and

certain rules. In Chapter 6, resolution procedure was used to

prove the rules used in this proposed technxque

The various rules used were first represented in Predicate
Logic form. These were tRen converted into Clause Form. Resolution
procedure was then applied'go these clauses. T examples were

!

chosen to carry out this resolution procedure.

Example 1: Node ‘A’ is given a problem ™4’ to solve. This node
does not have the expertise to solve the problem. But it knows
from the information containea in the meta knowledge base, that
node ‘C’ can solve the problem. Node ‘A’ transmits a request to

node ‘C’, and receives service from it.

»

Example 2: Node A’ is given a problem ‘P37 to be solved. ?his

node does nBt have the expertise to solve the problenm p3.

Furthermore, it does nof know if any Yther node' can splve the

problem. This results in a request being transmitted to all the
' \

10




nées which belong to the same group as node ‘A’. O©One of the
receiving nodes, node ’'B’, has the expertise to solve ’p3’. It

also ascertains from its metéﬁkhéwiedge base that ‘A’ is not
réstricted from _reqe;ving services for problem ‘p3’. It now
solves theiégobiéﬁ and sends the responée back to nodé fAT. On
recei&ing the response, node ‘A’ updates its meta knowledée

base, so that next time it is given probleﬁ ‘p3’ it knows it can

1.4.3 AN APPLICATION : ’ ¥

get services for ‘p3’ from node ‘B’.

A function performed by network engineering department of an
organization 1is chosen as an application for Expertnet. Let us
say & network engineer who uses Node ‘A’ as his workstation has
a task to configure a packet switch based on user provided data,

q\
and he 1s also required to cost the switches configured.

Let’s assume that Node ‘A’ has the expertise to solve Switch
configuration, but does not have the expertise to provide cost
information. Let us also assume that node ‘B’ has the expertise
to provide cost information. A node is said to have expertise to
solve a problém if the fﬁﬁctions or knowledge sources 4?équired

"
to solve the problem are resident in the processing node. If they
(knowledge sources) are resident in the node, then the mefa
kpowledge base of the node contains this information in a

meta frame associated to a particular problem.

11 . \
!



Following steps occur when Expertnet is used for performing the

task identified for the network engineer.

(1) Problem SWITCH~CONFIG is given to node ‘A’ by .tHe network

engineer

(2) Plannér in node ‘A’ checks in its heta knowledge base to sece

if the given problem exists.

(f) Since problem SWITCH-CONFIG exists in the Meta KB (knowledge
base) the next slot is checkéd for process/function name requireé
to solve this problem. Since node ‘A’ has.the eypertiée to solve
the problem, this slot will contain the process nane KS-CONFIG.
This implies that node ‘A can solve the problem ' locally. This
correspoends to the Self Mode of the Office Model. The process
name is given to the PROCESS SERVER which now invokes KS;CONFIG

4
and passes to it the input data as the argument.

{(4) The proﬁlem ié decomposed by KS-CONFIG into sub-problems to
configure X.25 lines and ITI lines. The knowledge sources KS-X25
and KS-ITI are uséd for this purpose. These knowledge sources
have ddmain specific knowledge and inference mechanism. This step
corresponds to the problem decomposition and sub problem

distribution phases of the Contract Net Model.

(5} The result produced by the knowledge scurces is an egquipment

list . The K@-CONFIG which acts as the task manager prepares

12
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a combined equipment list,and gives it to the user of the node
‘A’. This corresponds to the synthesis of overall solution phase

. of the Contract th§§hdel.

N

(6) Next the network engineer wishes to obtain the cost
information. So he submits the problem name COST-INFO to his

machine.

-

(7) &As Dbefore the Planner checks for problem COST-INFO in the

meta KB. . ’

(8) If it exists then the next slot for process name (name of the
fynction which can solve the problem) is checked in the Meta Frame.
In ocur example, this slot haé a nil value which means that ncde

‘A’ does not have the expertise to solve the problem. T!is implies

" that ‘A’ has to request service from some other node.

(9) The next slot of Meta Frame is checked to see if a NODE ID is
specified. This slot has a value ‘NODE B’ which means node ‘B’can

solve the COST-INFO problem.

(10), A Reguest is sent out with the help of MESSAGE SERVER to
node ‘B’ to provide cost information. The data consisting of
equipment 1list is also sent in the request message. This

corresponds to the Co-operative Mode of the 0Office Model.

(11} ©On receiving the regquest, Node ‘B’ checks in its meta

knowledge base to see if it has the expertise to solvé the problen

13 v



specified in the‘reéuest. Since in this example it has the
expertise, the node ’B’ invokes the appropriate knowledge source
to solve the problem. The result is sent back to node ‘A’ in

a Response message.
This basically provides-an overview of the problem solving
environment in Expertnet.

Finally Chapter 8 provides concluding remarks , shortcomings

of Expertnet and some future research directions.

~

14 R .



CHAPTER 2
DISTRIBUTED EXPERT SYSTEM OR DISTRIBUTED PROBLEM SOLVING

Distributed problem solving is the cooperative solution of
préblems bi a decentralized and loosely coupled collection of
knowledge sources ( which consist of procedures, sets of rules,
etec.), located in 2 number of distinct processor nodes. Since
none of the KS's have sufficient information to solve the entire
problem, they- ccoperate by, mutual sharing of information so‘that
fhe group as a whole can produce an answer. It is essential to
identify cleaély the meanings of decentralized and loosely
coupled. By decentralized we mean that both control and data are
logically and o?ten geographically distributed; there is. neither
global control nor global défa storage. When " cont- o0l 3is
decentralised, no one node Eas a global view of all activities
in the systen: each nodé has local view that includes
information about only a subset of the tasks. .In a system with
completely centralised control, one processor is responsible for
directing the activities of'all the others. It knows what all the
other processors\are doing at any given time. Loosely coupled

means that individual KSs spend most of their time in computation

rather than communication.



Such problem sg;qers;qffer the. benefits of speed, reliability,
extensibility and tﬁe bbtential for increased tolerance to handle
applications with a natural spatial distribution. Recently there
has bten much interest in this type of problem solving in. the
Artificial Intelligence (AI) community. It_has.been put to use
in various applications such/ég\§peech intefpretation (HAYES-
ROTHS0, ERMANSO), image unddrstanding (HANSON78), distributed
sensing (FEIGENBAUM7S8, SnITHABO),'Robotics (TALUKDARSﬁ), vehicle
fleet control (NARAINS4), air traffic control (McArthur82) Fault
Detection ané Diagnosis (LESSER84), Office Information Systems -

\

(MALONE87, HO86, HIBBARD85, LOCHOVSKYS86). )
: - /

s

2.1 DIFFERENCE BETWEEN DISTRIBUTED PROCESSING AND DISTRIBUTED

PROBLEM SOLVING.

Distributed problen sdlving differs in several fundamental
respects from distributed processing. Perhaps the most important
distinction.. arises from examining the origin of the system and

the motivation for inter connectingsmachine.
| : 7
. ~ . .

The Distributed Processing systems came into existence with the
intention to synthesize a network of machines capable of carrying
out a number of widely disparate "tasks. Jypically, several
distinct applications are envisioned, with each application
concentrated at a single node of the network, as for example in .a

three-node system intended to do payroll, order entry and. process

control. The aim is to find a way to reconcile any conflicts and

16



disadvantages arising from the desire to carry out. disparate

tasks, in order to gain the benefits of using multiple machines.

In distributed problem solving, on the other hand, there is a-

single task envisicned for the ‘system and the feséurCés“-to be

applied have no other predefined roles to .carry 6ut;

In distributed prééessing.it;is assumgdfthat gj;;;:\?\aéfingd_mf

and a priori partitionéd pfoylém gxi5§§.mhe major concerns Eie in
an optimal static distribution of ﬁasks, methods for inter-
connecting processor nodeé; resource allocation and prevention
of deadlock. ‘Complete knowledgg of the_problem‘hégybeen assumed
(i.e. explicit knowledge of timing ' and precedence relations
between tasks) and the major reason for distribution has been
assumed to be load balancing (BAER73). However, in
distributed problem solving no such assumptibns are made and
there is no préplanning of resources. The systen resources have
no predefined role to carry out. Each processing node has either
a partial view of the probleﬁ environment, or incomplete domain-
knowledge , or both. Moreover, both data and‘domain-knowledge
could be incomplete and inexact, respectively. Usually a number
of plausible hypotheses may be generated in this kind of
situation. Some of the hypotheses could lead the problem solving
"///in a wrong direction and wastz system resources. Thus, how to
maintain the global coherence to integrate the efforts of all

individual processing nodes toward a consistent direction becomes

17
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an important issue in distributed problem solving.

A final distinction results- from the lack of substantial co-
operation in most distributed processing system. Typically, for
instance, most of the processing is donelat a central site and_
remote *processor are limited to basic data .collection (for
example credit card verification).The word distr%EEEeg is usually
taken to wmean spatial distribution of data, buyut distribution
of function or controllis not generaliy considered. As mentioned
earlier , in dlstvlbuted problem solving each of the processing
nodes has linited v1ew of the problem en;156nment. As a result,
there 1is a need‘for these nodes to co-operate with each other to
solve the entire problen. Mutval sharing of information,

including task 1dads and partial results, 1is neccessary to allow

the system as a whole to produce a cona@s;egt answer. .
2.2 MOTIVATION -FOR DISTRIBUTED PROBLEM SOLVING

A major motivation for this work lies in the potential it
offers for making availeble more problem solving power,by applying
a collection of processor to the solution of a single problem. Jt
may, for example, prove m&ch easier to coordinate the actlon of
twenty medium sized manhln:s than it is to build a smngle machine

twenty (or even ten) times as large.

A distributed approzth~ma¥,also be well suited to problems that

have either a spatial distribution or a large degree of

J
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~ functional-specialization. Spatial distribution often occurs in
problems inveolving interpretation of signal data from multiple
Sensors (NARAINS4) or problem solving using network of
workstations (BONNELL83). Functional specialization may occur in
problems. like understanding' continuous speech (REDDY80} .
Information from different knowledge-sources ( signal processor"
parsers, wo;kstation etc.) must be combined to solve the problem.
Distributed problem solving al;o offers a way to apply to problem
solving the recent advances in both processor fabrication
and communication .technology. Low cost, small VLSI processors
are now common place and large scale processors are aiso-readily
available. The - synthesis of advanced computer and communication
technology that has resulted in network of resource sharing
eFomputers -offers a foundation for work on distributed
architectures. With these two developments as a foundation one can
‘focus on techniques for the effective use of network of maclines.
One reason for interest in’éistribu@ed architecture in general is
its capacity for reliable computation and graceful degradation.
By placing problem solving in this environment, we have the chance ~
to make it similarly reliable. The distribution of data and
control in distributed problem sdlving systems, also makes‘{
possible additional responses to components te function as before f
(albeit more slewly), the option may exist of having the system

reconfigure itself to take into account the hardware available.
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Finally, some tasks appear difficult because they are too big
to contenmplate all at once and are not easily brﬁken.into modular
subproblems (e.gy. the work of naticnal economy, the operaticn
of a large corporation). In such cases it may be difficult, bath
conceptually and practically for a single problenm solver to deal
effectiv;ly with more than a small part of all the data or
knowledge required to solve‘the problem. Trying to‘scaie up the
hardynre of a single problem scolver may ease the practical problem
but does not solve the conceptual difficulty. It may instead prove
" more effective to use multiple problem .solvers, each of which
handles some fraction of the total pfoblem, and to provide

technique for dealing with the interaction between the sub

problems.

2.3 FUNDAMENTAL ISSUES TO BE CONSIDERED IN DISTRIBUTED PROBLEM

SYSTEMS

Co-operative distributed problem system as mentioned ear}ier,
are distributed networks of semi autonomous processing nodes
that wofk together to solve a single problem. Each of these noées
has insufficient local information to make completely accurate
processing and control decisions. Aas a result of this there is a
need for the nodes to éooperate, in an iterative manner, by
exchanging inconsistent and incomplete viéw of the information
used in their computations. In order for this cooperation to be

effective among the nodes (SMITH81) there is a need for
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sufficient global coherence ii cooperatative distributed problem

solving networks. If this cohersnce is not achieved,' then the

performance (speed and accuracy) of the node caﬁ?ﬁe'sidnificantly

diminished as a result of

(1) lost progessing as nodes wait for something to do.

(ii) wasted processing as nodes work at cross—-purposes with

cne another. .
3 - -
g, -

. % T
e R "_;_-. gy
i

(1i1) redundantly applied ﬁéoﬁéééih&h'as nodes duplicate

efforts.

4 :
misallocation of activities so that important portions

\

(iv)
of the problems are either inacciirately solved ‘or

o
not solved in timely fashion.

The above problems have been observed (ERMANS8O, LESSERS81) in a
network of few nodes . One would expect that these problems will
become even more significant <for networks containing larger

number of ncdes.
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CHAPTER 3

HEARSAYyII SPEECH UNDERSTANDING SYSTEM

-

3.1 HEARSAY II PROBEEM MODEL

Hearsay II Speech Understanding Systen 'was devgloéed at
Carnegie Mellon University (ERMANS0, HAYES-ROTH80). Its basic
methodology involves the applicationhof symbolic reasoning-as an
aid to signal processing. It uses the broblem solving paradigm of
searching for an overall solution by the incremental aggregation
of partial solutions. In this paradigm, errors amd uncertainity
from input data and incomplete or incorrect knowledge ;}e handled
as an integral part of the interpretation process. Thié is in
contrast to more conventional problem solving techniques, in
which errors are fatal or are handled as exceptional conditions,
requiring additional pfocessing outside the normal prcblen
solving strategy. | ’

To solve a problem as difficult as speech understanding, the
intrepretatign is constructed by combining partial interpretations
derived from diverse knbwledge. .Eaéh area of knowledge 1is
represented by an independent module called a "knowledge source"
(KS). Each XS is schematized as a condition action pair. The

condition component prescribes the&giﬁﬁa;ioh$ in which the XS may
s R

contribute to the problem solving - activity, and the action

component  specifies what that contribu?ion is and how to
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integrate into the current situation.

[V
These KSs cover such knowledge areas as acoustics,
phonetics, syntax -and semantics. The KSs interact with each
other in- —opérative manner to resolve the uncertainty caused by

noise an incompleteness in the input data\ and inaccurate

processing by KSs. /’“‘\ L

\

; The interaction of KSs is baéed on an iterative data di;;cted
form of the hypothesize and test paradigm. As iteration involves
the -creation ofl' an. hypothesis (which . is oﬁé possible'
iﬁterpretation of soﬁe pért cf the solution), folla;ed by test(s)
of its plausibilitg: Wh?n ?erforminé these actiqns, KSs use apriori

knowledge about ° ?%%ﬁé#éﬁiﬁﬁ:J as well as previously generated

A AR g e

hypothese.. When a 'gs:“creafés aﬁ hypothesis froﬁ previously
created hypotheses, the KS étrengthens the ?xiséﬁqg Lfga;tiai)
hypotheses with more informa?ion,' as a result réducing' the
uncertainty of tHe in;erpfetation. Tﬁe processing is ‘terminated
when a _congiStent hypothesis is generated that satisfies the
fQQuireméﬁts of a complete solution.

.
>

A KS often generates inQéfreétwh§goﬁ!E;is because its knowleége
or 1its input data in¢luﬁiﬁgwpreviously generated hypotheses,
contains exrors or is incompiete: If KS generates only a single
hypothesis for each épecific part of the problem, the problem-
solving process would often terminate with an - inaccurate

interpretation or with a partial -“interpretation that could not
{

1
J

N



be extended because of its inconsistency. In order to avoid thie
problem, KSs in general, create several alternate hypotheses for
each part of the problem. The KS associates wiph each hypothesis
a credibility rating, which is its estimate of the likelihood
that the hypothesis is correct.The set of all possible partial

interpretations defines the problem solving search space.

The" mor; alternative hypotheses generated, the larger the
fraction of the space actually searched. This raisgs the
pOSSlblllty— of combinatoric explosion since each partial
nlntefﬁbetatlon can give rise to multiple extensions.In order to
‘eﬁercome this problem,the Hearsay II problem solving system uses
a method‘called opportunistic and asynchronous style of problem
soléfing. :According to this methodiéet each step 1in the search
a subset of the existing partial interpretation is selected'for
extension; the resultlng extended partial 1nterpretatlons then'
compete for selectlon Wlth those previously generated. Tne

selection of the subset of hypotheses to extend is called the

foccus of control or focus of attention problem (HAYES-ROTH77).

An integral part of effective focus of control is the
problem solving systems ability to focus quickly on information
that constrains the search,.in order to contain combinatoric

explosions.
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3.2 . HEARSAY IT ARCHITECTURE

Schematic representation of a cehtralized-HearsayII architecture
is shown in FIGURE 3-1 . The major data structures are the

shared global database called the blackboard, focus of control

database, and schedulin§ quenes.

BLACKBOARD

——— ——— —— -

The major units  on the blackboard are  the hypotheses.
Relationship among hypotheses at different levels are represented
by the graph structure. The sequences ©of levels con the
blackboard forms a loose hierachical structure\ in which the
elements at each level can ke described approximately as
abstraction of elements at the next lower level. For example, in
speech understanding én utterance is represented as a signal or

as sequences of phonemes, syllables, words, phrases or concepts.

The set of possible hypotheses at a level forms a proble

~

for KSs operating at that level. A partial interpretation tiTe.
a group of hypotheses). at one level is used to constrain the
search at another 1level. For example, a KS can create a phrase’
hypcethesis as an abstraction of a sequence of word hypothesis.
Similarly, another KS can use the ﬁhrase hypothes}s to predict
(i.e. constrain) the set of possible word hypotheses that might
follow the phrase. In order to implement the data directed

activaticn.of XSs each XS has two components: a pattern and an

25



BLACKBOARD

o g N,

FIGURE 3-1
CENTRALISED HEARSAY Il SYSTEM
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action. Whenever the pattern is matched 'by some hypothesis
structure on the blackboard, an activation of the KS is created.
If the XS activation is selected eventuglly by the scheduler, its
action is executed in the context of the matched structure. For
exanmnple, thé pattern of a XS might be the creation of a new
syllaﬁle hypothesis and its %ction might be to use that syllable
hypothesis and, possibly, other adjacent-syllable hypotheses to

create new word hypotheses.

KS activity and the search'process is managed by the scheduler
using the focus of control database and the scheduling queues.
At any poinf’ the scheduling queues contain the pending Ks
activations. The scheduler caiculates a priority for each waiting
activafion and selects for execution the one with the highest
priority. The priority calculation attempts to estimate the
impact of the information to be generated by an activation on the

~

current state of tﬁe problen solving.J From the problem solving
viewpoi%t, the impact of some information is a measure of the
degree to which it reduces the number of competing interpretations
( for more information refer to LESSEisd). " This measure changes
as the problem solving progresses; thus the timélines of the
+ creation of ﬁhe information affects its impact. For example, if
two pieces of information can iead to the same hypothesis, the
creadion of the f£first of them may haye high impact, buﬁ the

creation of second will have 1little other than adding

confirmation to the hypothesis.
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Some of the dimensions that are used to estimate the impact of

information are identified below:

(1)

(ii)

(iii)

The credibility of some inf;;;;tion is a measure of the
) . \

syStem's confidence in the information; the more

credible the information, the higher its expected

impact.

fhe scope of some information is a measure of the amount
of total p{gblem solution that it describes. . Scope is
related to level of abstraction (fcr e%ample, a word has
iarger scope than syllable) and to the size (for
example, a two-second phrase has larger scope than a one
second phrase). The larger the'scope, the greater the
impact because a larger portion of the bomplete‘

interpretation, and hence, more constraint is specified.

/

The diagndétic?ty of some information is a measure of
how much competing information can be solved by the
information. For example, if one part of the current
partial solution has high credibility while another
has only 10@ credibility , a moderately credible piece
.?f information in the former area will have low

diagnosticity , but a mcderately credible piece in the

latter area will have‘higH/‘éiagnosticity and, hence,

greater impact.
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FOCUS~-OF-CONTROL DATABASE

The focus-of-control dapabase c¥ntains meta information about
the state of system's problem=-solving activity. The meta inform-
mation is used to estimate the impact of information, based on
its credibility, scope, and diagnosticity. Meta information
includes such things as the current best ﬁypotheses on the
blackboard and how much time has elaﬁsed since these hypotheses
were generated or éombined with others. This latter kind of
information allows the system to recognize a state of stagnation
in part of the problem solving, and then to cause the reappraisal
of the .impact of the current best hypotheses. The focus~of-

control database is updated‘by the blackboard monitor based on

the generation and modification of hypotheses on the’ blackboard

by KSs.

SCHEDULING QUEUES AND BLACKBOARD MONITOR'

—— — - .-

The Blackboard Monitor keeps track of changes to the blackboard
(called Blackboard Event) and knows which events at which 1level

L4

of (of the blackbbard) interest eacq'KS. The occurence of a

' . H .
blackboard event does not guarantee that there is, in fact,

sufficient infor@ation on -the blackgoard for a 3§ to be executed.
The blackboard monitor executes a precondition procedufe for
each interested XS to make more detailed examination and, if
sufficient informaéion is found , é KS instantiation (RSI) is

created and vlaced onto the Schedﬁling Queue , selecting for

29



execution the one with the highest rating. Execution of the KSI

causes changes to the blackboard which trigger additional

blackboard events and the process continues.

3.3 NE?ﬁORK OF HEARSAY-1l SYSTEMS

In a Network of Hearsay II System, each node in network
"contains KSs, a scheduler and focus of control database for
selecting the next KS activation to execute at each step, a
blackboard for KS ccmmunication, and a blackboard monitor for KS
activation. Therefore, each node is an architecturally complete
Hearsay II system. The distribution of thé dynamic1information
(i.e. partial interpretations and meta-information) in the
network can be viewed as the distributed system synthesized from
systems operating at each node. The major considerations are the
selection and focusing of knowledge sgurce at each node and <the
choitve of mechanisms and poliﬁzes for internode communication to
permit effective co-operative problem solving. The primary goal
of ‘decomposition design is to minimize internode communication
relative to interncde processing. How this goal is achieved /}s

explained in the following sections.

-

) -~
3.3.1 INTRANODE PROCESSING CONSIDERATIONS f\

Because each KS is an independent condition actiqﬁ/;:;ule, XSs

communicate through the blackboard. The blackboa%d records the

Y

hypotheses generated by XSs. Any KS can generate a hypothesis

—
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(record it on the blackboard) or modify an exis@ing one. These
actions in turn may produce structures that satisfy the
applicability conditions of other XSs. In this framework the
. blackboard serves two roles. It represents intermediate states
of problem-solvin% activity and it communicates meésage

(hypotheses) from one XS that activate other KSs.

The blackboard is divided into a set of information levels
corresponding to the intermediate representation levels of the
decoding. processes fphrase, word, syllable, etec.). A KS
typically works with a small number of Linformation level by
noticing one or more hypotheses (called the "Stimulus") at one or
two 1levels and by creating new hypotheses or modifying existing
ones (the KSs "Responée") at one to two levels. For a
collection of KSs to be connected across levels, then it must be
that any level used by some KS as its stimulus is used by some

KS as its response.

In addition to the information level, there is an %rthogonal
dimension (or set of dimensions) for locating hypotheses in the
blackboard- this is the location of the event which the hypothesis
describes. In speech understanding systems, mnost hypothesis
(phonemes, syllables, words, phrases, etc.) are located as segments
on the dimension of time within the utterance. Hypothesis closer in
the location dimension are more likely to be relevant to_each other

and to be needed jointly for further KS activity. For example, a
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word is likely to be created from adjacent syllable hypotheses.
All 1levels in the system taken togéthe: with the full extent of
the location dimensipn(s) define a nodes largest vossible scope
which is also known as “area of interest". In order to understand
the notion of area of interest, 1let us consider a node { Figure
3=-2). which has three information levels, labelled LEL L2, and L3
and two knowledge sources KS1 and KS2. The sensor associated with
.a node produces a single hypothesis on 11 (In general , multiple,
alternative hypotheses could be produced) called Hi. The
knowledge scorce XKSl1. in the node can take three contiguous
hypothesis on Ll call them H2, H1 and H3 - and produce H4 as
an abstraction of them on L2. Likewise, Knowledge source kS2

produces hypotheses on L3 from triples of hypotheseé on L2.

In order for KS1 to operate ; the node must receive
hypotheses H2 and H3 as messages from other nodes because its
local sensor can generate only H1l. Likewise,foxr; KS2 to operate,
the H5 and H6 hypothese must be received on L2. The scope required
to be representable on L2 is larger than on Ll. If processing
were to ccntinue';imilarly above L3 L3's scope would have to be
laxrger still.Thus,the location ‘dimensign of area-of-interest
expands at higher level.The lateral communication (e.g. H2 and
H3 , and H5 and HS6) fprms the context for proceésiné and provides

-

a connectivety in the location dimensions.

“

RV
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3.3.2 INTERNODE COMMUNICATION MECHANISM

-
-

In a Hearsay-II System, all inter-KS communication is handled
indirectly via the creation, modification,and inspection of
hypotheses on the blackboard. The same mechanism is used for
internode communication; A transducer KS with access to
communication medium (efé. packet radio) for receiving messages
from ofher'ﬁodes, is added to the node; the RECEIVE'KS modifies
its node’s blackboard to reflect those messages, other KS’s
in the node can use this information. Likewise a TRANSMIT KS can
select hypotheses on the blackboard and transmit them for

reception by other nodes. Figure 3-3 shows a network of such

systen.

A Xs is triggered by and uses information on the blackboard
independent of what other KS created it; thus, information placed
on the blackboard by the RﬁCEIVE KS is automatically usable by
the other XSs, indistinguishably from localix,' generated

information. Likewise, each XS posts its results on the

.blackboard without concern for what other KSs might use it; thus,

‘the information to be transmitted by the TRANSMIT KS is already

avalilable on fhe hlackboard.
3.32.3. INTERNODE COMMUNICATION POLICY

The ability to run asynchronously eliminates the need for

communication costs of synchronization and simplifies  the

- =
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interaction mechanism. In order to proVEée each node with
information needed -from other nodes there 1is a ﬁeed for
communication. This internode communication is reduced by
limiting the aﬁount of information transmitted, <the set of nodes
to which any particular mess&ge is transmitted and the distance

the message is transmitted.

The transmission of.iﬂformation is achieved either through
global broadcast (which would require high bandwidth) or by_ a
method where the transmitting node knows which other nodes
might‘ be interested in the information and, thereby, direct the
‘communicétion-explicitly. There is a problem with latter ;che%e,
bécause the cost of such a complete distributed knowledge
of what i1s relevant to each node would be hiéh (especially since
the information changes as problem progresses). To overcome
this problems, Hearsay II uses a scheme where local transmission
is based on 1local knowledge of felevance . Each message is
transmitted to a few neighbouring’/nodes.' When a node receives
information relevant to it, it incbrporates the information ino
its problem solving state. This action may, in turn , trigger

the node to transmit the information (perhaps modified by its

knowledge) on the basis of its local knowledge of relevance.

The transmiésion of a limited subset of a nedes information to
a limited subset of other nodes leads to an incremental

transmission of information with problem solving at each step.

36



A

Local

serves Lo correct errors in the information.

is

linit the propagation of errors.

incremental this error correction capability can

knowledge based processing at each step of the transmission

Since communication

serve to.

This basicaliy describes the architecture of Hearsay II Syétem

and the mechanism of problem solving in a network Hearsay

Model
— 1
IT Systen.
3.4 &NALYSIS OF HEARSAY-II SYSTEM
In\ this section we ~ will

shortconings of the Hearsay-II

Advantages of Hearsay-II System

Ll

{1) ASYNCHRONOUS NATURE OF

INFORMATION GATHERING

Problem-solving is viewed as

incremental, dpportunistic and
asynchronous process in which
decisions if they look promi-
sing can be made with incomp-
and later

lete information

37

identify the

-advantages and the -

approach

IMPACT ) ,

REDUCED NEED FOR SYNCHRONIZATION

-Because of this style of

problem solving ,a node does

not have an apriori order for

processing information and can
exploit incomplete local infor-
mation.Thus the processing orderﬁ?:

within nodes and transmission

&



re-evaluated in the light of

new information.

of information among nodes

does need to be synchronized.

(2) USE OF ABSTRACT INFORMATION ; REDUCED INTERNODE COMMUNICATION

-Because thé problem solving
datakase is structed as a loose
hierarchy of increasingly more
abstract problem representations,
an abstract 'representation of

‘one dspect of the Ssolution can
be used to copstrain.aﬁélgsis of

B ‘“..,;'.:_-_“." -'? ) .
other aspects of. thesproblem..
(3) INCREMENTAL AGGREGATION

-A - solution is conséfucted
through the incremental piecing
together of mutually constrain-
ing and consistent information:
incorrect'partiél solutions
-naturally die out as a result

of this process.

38

BANDWIDTH.

-The ability to use abstract

information permits nodes to

co-op€rate by using messages
witl high information content;
thus,the communication bandwidth

needed for effective co-operation

is reduced.

N
AUTOMETIC ERROR DETECTION

-This method of problem-solving
allows a distributeqd syétem

to detect and réducé the impact
of incorrect decisions caused

by incomplete aﬁd inconsistent
local databases and communication

losses.
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(&) OBLEM SOLVING AS A SEARCH  INTERNODE PARALLELISM

PROCESS
-Becausé of uncertainty in data -The requirement that many
and KS processing, gany alter- alternative partial solutions
nate partial solutions need to "peed to be eﬁamined generates
be examined in the process'of the possibilify that this
constructing a complete and con- search can be car;ied'out in
sistent solution; in this search parallel by different nodes.

process,the more uncertainty there The asvnchronous natgre 9£“_
exists ,f@éﬂiégééf'thé ﬁﬁﬁﬁétuéf -Sf inforﬁation gathering

alternati?es that, in general have introduces the possibility
to be explored. for additiongl parallelism,

' since different é#pects of
the problem and different
information levels can be

- worked on independently.
Further,the introduction of
additional uncertainty through
incomplete and inconsistent
lécal'database can be traded
off against more search - to
the degree that this extra
search can be done .in
parallel and does not

. itself generate propor-
_ | N
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(5) FUNCTIONALLY ACCURATE

DEFINITION OF SOLUTION

-Due teo the oppurtunistic
nature of processing .and over
lapping KS’s, the correct
soclution may be derivable in
different ways, i.e., using
different ordering sequences
for incrementally constructing
the solution components or
using different components.
Because a solution is based on
a set of mutually constraining
pieces of information, it is
also possible for a correct
scolution to incorporate infor-
mation that is correct but not
considered very likely, or to

use incorrect information that

40

tionately more internode
communiction, internode
bandwidth can be lowered
without significant degradation

in system response time.

SELF-CORRECTING

-Since there are multiple paths

- from which a soclution can be

derived, it is possible to

correct for what would be
‘ﬁonsidered fatal er;ors in
2 conventional distributed
problem-solving system.
Additionally,system reliability
can be varied without modifying
the basic problem-solving
structure through the approp-
riate selection and focussing
of local node processing. For
example, it is possible to
improve reliability by enlarging
)

the‘overlap among nedes