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The problem wn:h existmg uafﬁc hght systems is that they are statlc and unable to

= respond to dynamc changes in trafﬂc flow patterns ThlS repcrt discusses an approaehff“ e
B usmg dlsm[mted AI techmques to, allow the coutrol systcm to rcspond dynamica]]y to T

L the changes In thc :How pattcms

L

'n

' | on the: assumptmu that maximmmg tbroughput at mdiwdual mtﬁrsections wﬂi resi.ﬂt m | B |
E unproved overall perfonnanca‘ 'I‘ha results 5enerated and éhscussed in thxs repm L L

\‘J\
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| lntro ductmn b

Most Amﬁcm Intemgence (AI) rcaoarch mvesngates mtclhgent smglo a,gent - '-"""‘:'5. | an

| '_ behavmur DAI oan bo dmded into two pnma.ry areaa ofnesearch the ﬁrst n: _

. D1str1buted Problem Solvmg and thc second is Mulu-agent Systoms (MA) Research m
.the ﬁrst area consldors how tho work of solving a parhoular problem can he dmded
- 'among a number of mdopendent modules Resoarch 111 tho second area conccms 1tsolf o
- with co-oadmating mtomgont behavmur amongst a colIectxon o{ autonomous mtelhgcnt B " |
: agents and how they co-ordinate their Imowledge goals, skills, and plans Jomtly to . T
B take act:on or to solvc problcms Mulu—agent systoms work towards a smglo goal, or

toward separate, mdlvxdual goals ihat lnteract.

C
sl
i

The co-ordination of iﬂtemgent multi-agent behaviour is the primary focus of this
‘report. The rasoarch apphoanon, a distributed trafﬁc control snnulator, is an example -
. of a system, thiat i is dlstnbuted but domonstrates no mtelhgence '

Traffic caaaa SYSf_ém

“A gnd of traffic hghts Lontrolhng the ﬂow of cara can be thought of asa trafﬁc s

- conirol system The ] prnnary funotxon of the tra.fﬁc hght syatem is to mamtam a

reasonablo ﬂow of cars inall dxroctlons Traffic lights are s1tuated ateach mtersectlon
' in a grid of roads, These intersections become areas of “bottleneoks” because cars tend
. to be stopped and quened at these pomts Tntersections wﬂl become saturated as more
' cars are qucued behmd the wamng cars and if trafﬁc hghts do not allow enough cars -
to cross the mtarscotmns Since the mtersecuon s trafﬁc hghts times aro fixod and
o _stahc the mtersecnon cannot cope with excess trafﬁc or unexpected peaks.

Lo



- that are mcapamtated, Bloc :

- cars can be changed to accommodam mtersectlon breakdowns and ;:ompensate for

o Intersectmns arc also pnmts of conﬂmmg mtcres‘.ts for diffétent cats. Each car has R -
t(nr ¢eavel through a number of mtersechons d%\pendmg on; the car s desnnauon People ) - . _
f\-‘d.tmng the cars want 10 acrive at theu- desnnanous as qumkly as posmble and will pick Lo
“what thcy thmk is the best routz to gy;qhere These routes may contam mtetsectmns EAR

. ppnd ar sﬁﬁﬁmted. Even 1f the:e IS no othe.r trafﬁc at o
L -'_._'intbrsaction acarm@f stlll se forcel

_ So somc {)f the mam problems wﬂh a stanc traﬁic hght systcm are: 'j: S . F
| e thf,- mabﬂ:ty m mspﬁnd to unexpected trafﬁc ﬂow o Rt |

e If an mlaersectxon bccomes mcapacltated there is na abihty tu m-route trafﬁc

amundn A ' o
Through the ase of mtelhgent mtersectlons, ﬂ:u: tunc mmrvds of the trafﬁc hghts )

can be dynanucaily ch.anged n response to the cond:tions qkthe mtersecuon. Routcs of

- h1gh vo]ume areas, It i is therefore hypothesmed that through thc“use of mte]hgent
:mtersections the volume of cars trave]ling efﬁcu*ntly through a trefﬁc gnd caube
- mcrcased ' : '

Lo .Q T
B :

_ In general itis hypothesed that zf the throughput of an mdmdua] mtnrsectmn is - o
o rna:urmsed and the wamng t:me af mdwxdual cars is mmmnsed thq}n :hethmughput of o
: the whole system will be maximmed This hypothssxs is the basic flmctwn for

o quan hfymg whether the djsmbuted mfﬁc system has moved h:om a worsc state to a

R _better state orvice. versaascomparedto thastaucttafﬁchght system. A B

f;'\.- S

- The baSm hypothesm of maxmmng thn ﬂow through each mtersectlon unphes _ .
- conﬂlcting mterest due to the “greedy nature’* of the assumption. Itis nnposslble to - _' 3 , : N

. mzixmuse thg. throughput of all the mtersecuo as they interact in complex ways in. _' R o i

. .re]auon to each other. ‘Even mtg\the, -‘benevo ent agent assumptinn” (all agsnts must =
. fully co-operate mth all other ageﬁis whenever pOSSlb]e) emponed 1t is stﬂl zmpossm]e Lo s




i o mimm:se the Wamng time fot' ali éars and to maxmuse: the throughput of every

L "mtex&echan, So anumbcr of dtsmbubsd arttﬁcml mte].hgent techniques w:ll have o be t 4 .

L a‘"ﬂistributed system 'To overcome the limitation of umettamﬁy in the systern and

o '-:-_'_"_used to omcgme: thcse hmttatmns or rather to mtmmtse the cffect and h:mce mammlse L o
L _the ﬂow of thct mstnbuted system ERRRTC e = SR R
T Tachmques such as task shanng (Smtth, 1981} result sharmg (Smtth 1981) and. |
: d.lstn'buted biackboards are some example that oan bq used to mcrease the cfftctcncy of '

| _t ' hnnne,d glﬁbal kﬂOthge, functlonally accui-ate and cmopexahve systems {Lesser,
) 1981) Gﬁuld aIso bc used. Heunstlcs cnuld alsobe l.lSed to OVBrcomf.: the dynatmc
o Ilaiure and sometxmes aontradicmty mJances of the trafﬁc ﬂom L

o To sm:umanse, aﬁollactmn of algonthms anﬁ combmatto;;s of AI techmques canbe
- usad to enham_e a stmple dtstnbutcd system. A system is n‘adc up of a _:number of .
o mtelhgent autonomous agents thiat commuticate and cmordmate thezr mformatiau to
- o enhance the ﬂow of mformatton through the systcm. The ﬂow of mformation is also )
B contro]led dlrectly via thc autonemous agcnts “ SR

. r..' o L

o TI]IS dlsserfatton mVesttgates how wrtam d.tstr,ibuted t‘echmques can be: used to

. B enhance a trafﬁc control system The research teport also’ consxders how DAI | |
. .ihés dsvcloped for this systcm coul(i be apphed to other sumlar routmg and o
| _ planmngareassuchas computernetworks o C : :.9_ : ) .

| Another area ofresearcha]so mvolvedmﬂtcttafﬁc hghtproblem:s operattons '_ R '. ,...
research 'I'hrough the use of maml_‘,‘ statlc algonthms suchashﬂear pmgramn:ung and EE - _
_ queumg theory, stattv solunonstoproblemsarewoﬁied out through the oparattons . .

| rcséarctt model. Qperattons researchpmsents statlc soluttons to problems whereall |

t’\

I'.
R
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vanables havc been pre«caicmated "I"ne assm;xptton 1s made that there 1s ao change
5 '_ ovcr tlmato any vauable 111 the system orthat tlmchange 1s vexjr mm:n:ml

'Manv_-of the png}cxplss of mode]lmg a problem dswsed m operahons research can Iae
used in dxsmbuted artxﬁc;al nftelhgence demgn These prmmples am (Ravmdtan, 1987)

. :I'he daductlon phase of the modelhng Imlst bc condkctéd rigomumy

) L 4 Models should be vahdated pnor to mplementatmn “ e
B . .;- . }’ 3 S o : f'é. ‘._
_ f S 5 A modci *r.hould never be taken too lltcrally

.r‘L-*:- ]

6 A moda} sh&ulg neither be pressed to do nor {:ntu;u‘n.M tgor faxlmg to do, that for

L // whlch 1t was nevcr mtended o ' ' R
’TBcwam ofoverse}lmgamode;. B " 3'_5_. S
8 A model cannot Bs auy better thr. . ,ﬁe mfoxmatmn that goes mto 1t.

Many of these demgn phﬂoscpmes wﬂl be dlscussed m the context of the traffic hghi;
o -smulator in the conclusxon of this report Operatlons research works m averagas anc'[
; _mulnpie constramts whﬂe dmtnbutcd arhﬁmal mnelhgence bas the abﬂxty to- L
y automaucally deﬁne soluuon& dependmg on the status of the model Uncertamty and
: dynamlc vauables can be controlled and dcmgncd withm a DAI systcm unlhse an - )} =

Y L

- operahons researqh model

4

éiztlirié g

| Before a more detatled analysis is glven of Daulis and Datxlis 8 contro] and data o

structures a Titeratuie] survey is presented The survcy Summanses the ccré backbone A

| - of the research and many essentiel techmques and ideas in the area of DATand multi
N agent planmng‘ Tms is followed by an ovemew of Daulxs aud the testmg procedunes o

used m the research The DAItechmques used aredlscussedm more detaﬂ mﬂun a. s

. e oL
LT .4\\;_,, SRR



detaﬂed c:é;rzlanat:on of Danhs Thls s‘zs followed by the stat;sucal results mth a detailcd

explanatmn 0f these resuits A gencral dl.,scussmn and conclumon of the work ends thaJ
S
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| --es_seieses_ Artiﬂoial Imemgeneef o

All dxstnbuted s1tuauons conS1st of a eolleotmn of agents i e robots, sensoxs, o

. -oommmation agents, where each of these agents has various skﬂls 'I'hese group of |
- nodes have an ass1gned task as & global unt. Bach agent, taken locally, has hxmted o
~ knowledge of the global system and shared resorees, To co-ordinate their actions, the o

| knowledge sources (agents) heed to represent and reason about the lmowledge, .

o EC’tIOIIS, and plans of other agents. ’Each oomputmg agent isa senu»antonomous L |
. problem solving node that can coxﬁumlmcate vmh other nodes, N&des work together oo

solve a smgle ptoblem by. 1ndmdua1]y solvmg mterachng subproblems atid mtegrating | B .

- the;r Qs'o“ree.ox:s The main conflict in any distributed system is the conflich between the
. gof, nplete knowledge needed 1o ensure cohererice and the mcomplete knowledge
| mhe:ent in any ﬂnsmbutxon of pr oblem solvmg effort. Any mulu«agent system should
'1deally be able'to form and restructme co-ordinatmn frameworks based on emerglng
o contexts: and changing problem~solvmg roles w:t.h oot the mtervennon off !
| programmer (Bond 1988) S '

Every D:stubutegl AI (Attificlal Intelhgence) framework W.lll have some or all of the e

'foﬂowing bas;c underlymg problems (Bond 1988) L

& Howto fomlulate, describe, decompose, and allocate problems and synthesxse L

results among a gioup of mtelhgent ageuts

o How to enabIe agents to col:n‘municate and interact,

.. How to ensure that agents & mhemnﬂy in makmg decxsxons or takmgactxon, -

- accommodatmg the global effects of local decxslons and avmdmg hannful

i Jnteractlon.

« How to enable mdmdual agenm to represent and reason about the actlons, .
plans, and knowledge of othet agents. - o



(."

How to recognise and mconclled:lsparate mewpomts aocl oonﬂlotmg mtenuons Lo

N amonga collectxon of agents h-ymg to co«ordmate then- actioos‘ o :

3

- | Interest in Distnbute& problem solvers anses ﬁ-om the prormse of mcreaSed Speed,
g rehabihty, auc‘[ extenszﬁﬂlty, as well as the ablhty o handle apphcatxons thh a natura]

. 'spatial aod ﬁ;mo*ional d.rstnbutioo, aod ﬂ:e potentiel for moreased toleraeoe to o R

L uncertamty in data ancl knowledge.

In the fo]lowmg chapters i generahsed overview is glven of current dmmbuted AI

" research. Beoause of the size of the dlstnbuted AI survey, the papers havo bieen dwided

] up into & number of smaller secuous. These secmns ate; the dlstnbuted domam
dastnbuuon and task ai]ocation, cohemnoe and co-ordmanon, mteractmn languages

R .' 'andsystemsandﬁnallyblackboardstruotums. SR : '_ N 1\

Dr.s f:ributed. Domam

_ Any d;smbuted system can be vm«ved asa system of autonomous agents that cos _‘ .
: operate to faciiitate a solunon toa larger problem. A physmal distribisted framework is

best modelled wa a system that can take into account all dxsmbuted oonstructs

lhdmdual computatzonal agents have bounded ratwnahty (Bond 1988), buuﬂded

resources for problem solvmg, and possihly bounded mﬂuence, necessuatmg inco- -
| Operatmn and co-ordmatlon between nodes to solw large probiem,s Communicatmg

'. nroblem SQIVerS cai pool their resources and experuse, work in paral]el on chfferent | -

parts of a problem to solve it faster, avo1d hamlful mtemcuons and move mformauon
to where it is most noeded In tins way a dismbuted framewotk enhances and i mpmvee
_ performanre of certam problems over non-msmbuted cenirahsed frameworks.

" Effective speedup ina dlstnbuhed system wﬂl anly take piace 1f efﬁcxent use of the
- -'oommumcahons channels are made Bond; 1988). ' ' T

o \T;mfore 2 typmal dismbunedsystem _'would have a number of ration'a]es: .

. U S E

=

SR
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.. [ R

'+ The Distributed iyt sheuldbeAdaptable, the systezﬁ hould be ableto \_ N

provide altemauve perspectives on emergmg sxtuauons, S

o | O The syﬁtem shoqld alse be able re adapt te ehanges m the hardwaxe and o
commumcauenstruetures '_ e | L e

o :. . The dlstnbuted syetem should be cost-et‘l.’ectwe A system ean mvelve a iarge

! number of sunple eomputer systems of lew umt eesL Commumcatlbns eest wﬂl

feature hlghiy in the eost effecnveness ef thc entlre S*ystem

'.)

Cenmrreucy can increase the speed of eemputanon end reasenmg

For preteetton and control, parts of a system may be separated and. isolated
__ fmm onie another. Some problems are better descnbed as cellectlene of '
' sepa::ate agents‘ ' L '

e Dlstrlbuted systems may pe more reliable b‘ecauee they prewde zedundanw,i; B -

cross-checklng, and tnangulatmn of results

:.Distribuiion and Task Allocwfion o ':-:5 LA
- The pmhlem of a]iocatmg paltmular ta5ks fo partlcular agents is the problem of

assignmg reSponsubmty for pameulal, achmles. 'I‘ask allecatlon may bﬂ tackled bY the.

- des1gner, for example, by estabhshxng a eo]lectmn of specmhsed agents w1th
-predetermmad reles, or be done dynamma]ly by a collecuon of agents themselves, | _
- using techniques such as contracting and ergamsmen self-design. Solutions toa
- dlstl‘.lbuth system must be globally ceherent and tlns gleba] coherence must be
- achieved by local computanen alone fCammerata, 1983f This requzrement ef local

- cemputatmn leads to greater dxfﬁculues in solvmg B g;ven task but much thhe pow or R

of msmbuted pmblem solwng corues threugh effecuve ee-operauon and

o eemmumcauon.

. A dynamzc appmach 1o preblem solvmg requlres rehable commumcauen and
. mtegratmn between all knowledge seurces Integratlon dxetates how a Iarger task

R I

. ,["' .

B should be deeemposed mte sma]ler sub-tasks Cemmumeatwn ean be hoth broadeasted SR

- 01' directed, Imsohcned or en—demand acknewledged or unaclmewledged ora emgle— "-“ﬁ'_ '



- transnussiou orrépeated—transunsmom If communmatwn is unacknowledged |
o .alternatwe solunons must. be planned for in caso ‘recemng nodes” do not aot as -
| expected S R |

Two generahsad approanhes for cu-—operaflon in a d:.stnbuted network are rask—
| '(Smith 1981) Task-shanng ls ﬁsedTor the prohlem
. deoompommn phsse an __auswer synthesis phases while. result—sharmg is us;aﬁﬂ

o :shang and resu!t—shgﬁfﬂ.

_ because certain sub—pmblems cannot be solved by nodes worhng mdependenﬂy

_ W.lthOllt commumwtlon thh other nodes There are problems wzch both mkashamg B |

andresutr—shanng S

. Inthe case of task-sharing, mechanisms tust be designed that give some assutance
. that individyal subéproblems are actually processed, and that processors do not getin
“edch othor 5 way in trymg to solve identical sub—prohlcms wlulc other sub~prob1oms .

- are madvertently 1gnored Tt was suggested that negonatxon 1s a mechamsm for deahng .

with the above probloms and the solution was spoclﬁed by the ccmtract net protocol
(S::mth 198 1). Use of the contract net protocol makes it possxble fora systom tobe
. conﬁgurcd dynamxca]]y, taking into account such factors as the numbor of sensor and
. processor nodes avaﬂable, theJ.r ldbauons, and the ease, wath which. commumcation can
o be established (Snuth 1981). | o B

In the case of resulx-sharmg there must be some assurances that nodes mﬂuencc -
~ each other in such a way s to converge 10 & correct solution. Result—shamng was used
in Hearsay i (Fennel 1977) In this system the overall system control was data- .
' dlrected This was dos to the control being based on events occumng ina globally
shared blackboard system. Usmg this method there is a basic selfuconmtmg nature of

o information flow, Result-sharing offets 1o miechanism for problom docomposmon.

' Thetefore task-sharing and result~sharmg can be tised together dramng uport their - -

lth wdual strengths to aftack problems for wl:uch nexther form is sufficmntly powerful. -
by 1tse1f Both types of co-operation can achleve stabxhty and tauit tolerancc if agonts :
; overlap tasks and 1SS check results, ' ' e o
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To gam 4 better understanding of a dlstnbuted syqbém an (1981) relates tha

. be distributed. Complexify is doemed as excessive demands on rationlity (Fox, 1981).

" :dlstributed system to human orgamsattaus Themfore task complemty and uncertamty,':_ o
L -coupled with msource constrmgts are 3mportant factors in deciding how a system s to STt

o It appears that cdmplemty“and uncertamty are two opposmg forces, Complemy leads . : f'_°__ e

o heterachxcal structures where thers is abstraction and oxmsszon of infomanon 'I‘lus .
' 'leads to uncertamly where there 13 a dszerence bctwcen mformauqn avmlable and the B

3 trade-off between task complexlty and uncertamy Thess factors Toust, also: be o

- _mfarmatlon neccssaiy to make the best declsm In most dlstnbuted systems there isa o

. ba‘lanced w1th cost cons;dﬁ*rratmns far communicauonsk ;,stem can fail when shatmg; _ .

e exceeds capaclty, and decxmon makmg and co-ordmation becofies too camplex As

. ; unccrtmnty mcreases, the transmon ﬁnmaheterarchytoamerarchy beco,mg ': ._ L
preferable (Fox, 1981). o o e SR

CoooH R
o - Lol

Coherence and Co ardinatwn :

o In any distnbumd system the.ne must be. coherence and co—orrhnatmn to ensure 8 N
 viable working model 'The pmnary dlfﬁClﬂty in cstabhshﬁhg coherence and co—
ordmatmn 1% thr. attempt to achleVe them w:thcut ceutrahsed control or v1ew1:=omts

_Cohﬁ'rence. is defined as thc “propemas of thc total dxstnbuted system” while co- ~ -

I ordmation is tha partmular pattems of acnvzty and i mteracnon among the agents (Bond,

: 1988) Solunnns found by the systcm and sub«systems should be satzsf‘actmy and

E -should be efficlcnt gwen the time constramts the system is under The system should

dcgmde graceﬁ;lly if any of the nodes fail, Because each node m A dzstnbuted systam is -
" _operatmg w;th Iilmted 1ocal knowledge there needs to be co-operatxon amongst the

- Nodes should avmcl unneo':ssarﬂy duphca.tmg the work of others, sntmg 1dIe whﬂc
 ather nodes are swamped with work, or transrmttmg information that will not lmprave

_ 'mrerall performance Full gIobal cohemnce can only be malntamed by nudes S

o broadcasung all changes in there status Because of the real-worId communmanon

channels and meted bandw:dth there is no pracucal means to ensiire full global

_ID s

-



o eoherence (Bond 1988) Coherent co-operatlon reqwes that, at any gwen tu‘no, each' o

. ._ IIOdc porforms a sequenco of tasks to generatf, a‘tcntahvb paItlal solutton that 1s :

o compauble mth the solunong bemg generated at other nodes By ﬁomuvely -
L exoﬁangmg tlieir potonually meomplﬂte, maccural‘e, and mconsistent Paﬂlﬂl 801““0115, S
. the nodes eventusﬂiy converge on an overall netWork solution Effecuve co-ordmauon_' e

o ';imphos some deg:ree of mutual predmtabﬂs.ty :md Iack of conﬂjct 'i'e ac.hleve a}l thxs a. L -

o planmng modu]e 13 needed
CL __\;.? :

P

o Thm ﬁmtﬁ two malm‘ pa:adlgms f01‘ plannmﬁ ina chstnbuted SYstenL The ﬁrst is . S
. plannmg for muluple agents while the soeond is dmmbuted prob!em solvmg In T .

'. Mmﬁple agent plannmg, a smgle mtelhgont agent eonsa'ucts a pqan to be oaxrxed out hy

| a grouo of agents, and then hands outtho pmces ofthe pian to the feleva,nt mdmduals R

| __ D:stributed problem solwng is where 2 group of mtelhgent agents aot togetherto

o _construot and poss.1b1y execute, the finaI plan (Rosenschein, 1982) The use of a globai'

. “controller” o fake dec:sxons for a distributed systern is not an UPUOH beeause it

o Wﬁlﬂd be asevere communieatzon and eomputauonal botﬂenea‘k and would make Lhe

network susceptible to completo collapse ifit fatIs (Dmfee, 1987b) Tl;us global method o
S " of plannmg could be used in smaller more compact areas. of the otgamsatmnal v _° |
- structure thereby limxtmg oommumcauon to a smaller number of nodes. In the event of R

L faﬂure t‘ms “suporvmor” can be replaée by m:ol;her node

E “Rosenscher ( 1982) pioposes aR\method whereby =an'ii'n:telligént' agént'eonstiﬁcts a
o plau to be exeouted by other agents whﬂe Georgeff (1983) proposos a method for

o synthesmmg mulu-agent plans from snnpier smgle—agent plans Georgeff descnbos a
relatively slmplo method for achIevmg thzs synchrcm:sahon,, given that the plans of the

| mdmclualagentshavoalreadybeenconstructed. - o U AR u\ L

. Both of these planmng systems could be used in 0011]11{10‘;“1011 thh one another,
| _both have weaknesses and strengths which are oomphme&ary to each other, A
: 'merarehmal orgamsahc)nal structure is well suited to Rosensohem 8 (1982) method
- where there is one node controlling  smaller sub-section of nodes in an area, The =~

TR



S ensure con:ﬂ:lct avmda.nce and co-operatlon. With the nse of syhchrommng pnnutlvas,

=

- supervisoty root node will then cantain & single global plan for the hierarchioal tree..
o Georgeff’s method then could be used o correlate and synchromse the plans of ail the _.
'.-_-Supﬂf\’isorynodes ' o | S e

Synchromsauon of plans is a major lssue m both of the above methods Stuart
(198 5} proposes a system wmch augments plans thh synchromsxng pnnutwes to

_ L
N dlstnbutecl system could resolve conflicts and produce plan’s whlch are as unrestncuve R

| B 28 possﬂale '
Each agent has 1ts own set of desmes and goai and sven though there is ﬂle ' :
N 'benevalem‘ agent assumpuon {each agent will to the best of its abilities attempt to o _
' solve the gw@x problem and will not interfere with the acnons of other niodes), agents ) - o :
'may not nedee\sarﬂy help other agents with mfomauon or with actions. Because of the
. physical thstnbuted natute of a system, commumcauon ‘makes mutually bcncﬁcml
| __'_acﬁvxty poss:ble which would otherwise have been mposs1b1e to ¢o-ordinate -
: (Rosenschem, 1989). ‘Nodes may compete or conflict with ¢ach. other beeause each )
must locally mterpret the network goals, Where all agents are assumed to have a single. _' :
- goal the complex:lty of the interaction might be better handled by a framework that |
o 1ecogn1'ses and resolves sub-goal conﬁlct ina generai manner (Rosensche;qn 1989)
| This can be handled by usmg a payoff matrix that mcludes commum::ahon 'I'he _
' framework presenned by Rosenschem ( 1989) contams methods for interactlon that'

o explicltly accounts for connnumcauon and promises, and allows multipls goals

~ amongst agents Tlns frame‘work could be used for coherence and control where _ |
. through the use of ._cqmmumcatwn_ and binding Pmmlses, agents are able to ‘?Ofﬂl?dmat_e: -
: theii: antioiis'more effectiVely In most systems it is assumed that e’lihéen’ts are - |
| ”benevolent therefore the payoff matrix representat:ton (Genesereth, 1986) \mthom -
) | conunumcatmn amongst agents would not. be useful.

S

~ When agents wotk on in'terecting' tasks, theit activities sh_eu'ld-be' co-ordinated so @ |
 that they co-opetate cohierently. This coberence is very difficult to achieve since each

1



o :i _agenthas oﬂyah;mtedwe“ cfthecveralltask, ccmunmatmnshouldbekeptrca

o 'mmimum and there isno mngle dommatmg “ccntmller" fo co-otdinate. tpe agcnts
- by us1ng partiai glcbal cohetcnce ThL. is done byi mcreasmg the coheren.ce oflomil
| 'control decxsmns and by reducmg contrclf uncertmnty tlu-ough sophlstlcated lccal
' -processmg and selectwe ccmnmmcauon uﬂGlSlDIl& An mcrcase m ca—urdmauon aud
'_ ceherence shauld rcsult frcm makmg each agent more capable 1ocaﬁy, and frcm
B makmg it evaluate each of l.ts petenttal actmns in the hght of how that act:on affects

o general nctworldsystcm problem sclwng (Durfee 1987b) Nodes can get cicser to T
g _opﬁmallty overall by making their local decisions Jess redundant and/or less dzsmptwe O

; of the Work Of other nodcs Each problem solvmg node mtcgrates knoWIedge of the
= -_pro’blem dt)mam W1th knowledge abcut network: cmardhatmn ThLS allows ncdes i
' the syshem tc make rapid, mt %gcnt lccal uemsmns based on changmg prcblcm |

' -charactcnsucs with only a limited amotnt of i mtemqmmumcaﬁon to cc-ordmatb these -
decisions. Each agont miust consider how the imjng: cf their locat decisions wﬂl affect:

, - the activities of other agents because sub-systems may need 10 synchrcrﬁse or .7

5

o Thcrefore thete is no means of ensuring full global coherence Goals ni‘sfst be achxeved R

& -

exchiange information. C°“°P3f ation’ 1'3‘1'-‘11'33 intelligent local control decisions so that -

- _each node perfcnns tasks wlnch generate useful subproblcm soluhons

A system that uses many of the dlstnbuted AI techniques is ﬁle Distnbuted Vehxcle

Momtonng Testbed (DVMT) (Dmfee, 198‘7h) The DVMT ‘system uses multl-layered'_ N

_ blackboards The blackboard system of ccntrql is used because of the Sophlstlcated
- local processing capabﬂ%ty coupled togethei Wlth selectwe commumcauon decismns
©* which reduces control uncertamty o | '

Co ordmauon ina b]ackboalﬂ systcm is based cn an orgamsatmnal v1ew of

N ind1v1dual node actmty Nodes need not have' detaﬂed models of each other’s problem E
. solvmg actmt:es. Dynam:c Jmprovemcnts to the orgamsatloual strucmre may be '

ach1eved usmg meta-level lmowledge. Meta-level messages convey hlgh~leve1 com

ordmaticn mformanon The basic crgamsational sl;ucture cf a distributed systcm can .



I

il

B breadly deﬁne network responmbmtxes, types of tasks a node may pcrfurm, resou:ces - o N
| 'asmgned iao a node and other noﬁes with wl:nch a nOdemayﬂﬂﬂd tﬂ synchronme . IR

H

_ Byplannmg task sequences,anoh\,ean predmtwhatremﬂts 1t may generate when o o
o it wﬂl be 1d1e, what reSOurces xtneeds orexactly when it w111 be exeeutmg spwﬁg _-“.___;-'. Lo

-' 'tasks Meta Ievel commumcatmn enable planmng predletwns to be exchanged and
: network coherence 1mproves as nodes work to generfite compauble results maxmnee o
) the number of tasks which meet thexr deadlmes, avoid resource conflicts and

B synchrome task executlons (Durfee. 198’?b) Themdependent. data—dlrected nature of-_ S

- the blaekboard SYS‘Bm caﬂ potentlally generate asxgmﬁcam amount of para]lel actmty- o -
{Fennel, 197’7) TR - _ EEE

. The use of partial global plans (PGPs) as described by Durfes and Lesser etal.
* (1987s) can enhance a distributed system. Through the uses of PGPs a unified.
- framework that supports all styles of wopetaﬁon can be constructed; The use of

o _'PGPS specﬂ:'ies how nodes will act and mtelact Bach basic style of cD-operatlon can be

o viewed as using parual global plans m some way. Developing and mnmtammg PGPs
- .mvolves computahon and commumcatmn overhead but this is aeceptable smce PGPs
substauﬁally neduce the number of agents execuuons needed to soive complex >
' - mtuatmns (Durfee, 1987&) | ' '

. ‘Because of the dynamic naturs of a distributed system conflcts are expected

' amongst agents, and no ‘realistic eollectlon of agents can be expected to have prec1sely
‘complets, cotistatit and compatlble V1eW«pomts at ali times, Through the use of
__functlona]]y accmate and co-operative (FA/C) style of pmcessmg attempts are madu to.

L _reduce the amount of conflicts and to deal with them as they arise. Because

B consistency checkmg is such an important part of the FA/C approach itis namral to .

think of dealmg W1th d:stributmn—caused uncertamty and errors as an mtegral part of

. the netwoz:k problem—selvmg process (Lesser, 1981), Self~d1rectet1 conu‘ol as enhanced

by the FA/C style of processing has the added benefit of increased gystem robustness
‘in the £i.2e of communicatm_n and node _faﬂme agd increases system resgons_lveness o



o unexpectud evcnts Treaung tho dlsn“buted problem ash search pIQCeSS, whem there
- | _.may be a numher of alternative paths to an acceptable solutﬁﬂ, can cnhance the

_ " functtonahty and co-ordmatmn of the overall solutton Through use of abstractmn

- communwatlon cost can be. rcclut;bd C by reducmg mter-node commumcatton L

: '-;requlrements) Uncertmnty ina FALC systemismsolved through Incremental RO

.Aggregatmn and Automatxc Error Resolut:lon a]though Lt has been shown that some ’ - o

S .

. erron's could not be rcsolved (Lcsw.sr, 198 1). Thcoretlcally thls mcremental maﬁhod of

o meIMaSOIVJng would allow a dxsl:nbutrd system to detect and reduce the 1mpact af

~ incorrect ﬂecimons caused by mcomplete and mconsxstent local data basesandby
hardwzu.@ ]ﬁctlons - : ; L o

I nteractian Lang uages, Structures and Protocols o
’I‘here must be methods built into a dlsmbutec; system for interaction among agents

- of varying types, graln size, and capabﬂltlcs "The prg;tc)cols used shouid hclp detemnne
| the content of the: mformamn transmzttcd rather than smply provxde 2 means of

R _sendmg b1ts from one node to another Co-operauon cannot be estabhshed between

3 _nodes sn:nply by mdlcatmg how they are to commumcate, 11 must also be mchcated
" -what the different agents must say to each other. Through negotlatlon mtercsted
. parties can exchzu ynformatmn and come to an agreement, c '

o Task dlStI‘lb\lthll can ba viewed as an mteracuve process, a dlscl.‘lssmll camed on
| between anode w1th a task to be executed aud a group of nodes that may be dbleto

| | execute the task. Task dlsmbuuon i§ vmwzd asa form of contract negotlatmn (Daws, N

~1983). Through use of the contract net approach, Whlch dlstributes both control and
_ | data, and allows the system to rcconﬁgure itself by taking mto account the hardware
o avaﬂable Becauae of the nature of the contract neta hxeram‘mchal structure develops B
dynanmally with each node havmg the abﬂty to take onthe mle as manager or L
contractor, A manager is resmnsxble for momtonng the execution. of a task and

- processing the results of its execution, A contractor is responsible for the actual -
o execution of the task Nodes can take the task of manager and cont:ractor
_ _ 'simultaneously. ' o '

15



| Through the w use of the cammon mterrede Ianguage (ClL) (Dmus, 1933) all nodes g Lo .' L
. _..m a dxst.tibuted system have a eommon basm for eommumcatlon- The eonmt net an d' S :

- .Z_negouanon may also be enhanced through the use of mulnstage negohanon as
_explmnedby Conryetai (Comy, 1986) L

Through mulnstage negotxatlon, a planner is. a‘ble to reco gmse when a problem 15
| overconstramed and to ﬁnd a solut{on to A0 aeceptable relaﬁed problem under these

o ,condit:ons A planning Pmblem is overconstramed if sausfaction of one top level coal

| - prcciudes the sa,tlsfacnon of others. When a number of eltemg’uve choices for goal
B sau:;faotlons are kuown, detectxon of an overcenstrmned sfh:anon is not poss1h1e
: WJthout elthet' multistage negotmhon ora global view. Multzstage negcmahon prov:des
. a mecha:msm for reaching a consensus. among those nodes with. conmehng goa]s o
N eoneemmg an aeceptable satlsfymg copdmon Th1s tnakes it possibie to detect and to
--resolve subgoal mteracuons in a msmbuted system with hrmted commumcatzon

'bandw1dth arid no smgle locus of eontrol Mulhstage negotlatlon generahees the

_ contract net by recognmhg the need to iteratively' exchange mferences drawn by i .
agent about the Jmpact of its own choxce of what Ioeal tasks to perform m sattsfa;
- of global goals. Multlstage negotlatmn pmduces a co-opel'atlon strategy mmﬂar i
character to the Funcuonally Accurate/Co-operahve paradigm in which agents
_ '-iterahvely exchange tentahve and high level parhal results (Conry 198 &When | o
' sansfaetlon ofa goals reqmres the eommmnent of resources, cenf‘ucts may arise among
goals oompetmg for hl:mted resm.trces | | | | . |

Through the use of D1alogue-Games as described by Levm et al (1977) the wo

g commumcahon protocols can capture shared, and conventional kowledge that oau be L

: used to achieve dlalogue, D1a1egue—(‘rames eou]d be. av;able altemative to other

o commumeat:on protoeols or could be uged as 2 subset or enhancement of other

) 'commumcahon protocols. For a “D;alogue-Gauie" framework to work a numher of\

representahons for aparhoular type of mheraetlon have to he descnbed Thexefore “ '

%f‘
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o ofas alOglC&l extension of a hterarchtcal star topology Hyperlinks prowde

o "siructure. Bettause there is a cost assoctated WIth suchlinks Iescutce aliocatxon

careful study would have to be: done on e1ther a smular lmplcmented sysiaem Dr a .. ce
sytemmthedestgnphase - | : v o _ A,
_ An altemattve or enhancement to a blackboard system isa system based on a P
- distributed database system (Cromarty 198’?) In many ways adxsgnbuted database o S
- - system ts sxmxlar to ablackboard system as there is many of the same problems such as

- commumcatton costs fault tolerance, uata‘base consmwncy and multlple date vxews _ .
- . This SYS’ﬂGm could be lmplemented usmg a Hyperstar archttectum which. s be thought LR

. commumeanon protocols raptd data paths 01' shortcuts ttwoogh a luerarchlcal graph '_ -

| ) beohntques are used to determine Weather a gwen pau: of nodes quahfy Al nodes are
| | gtVen the Iatent ablltty to declde if a hypm‘—]ink can be created In thds way hype{ links
- _can enhanee robustness and survwahlhty Wzth thts approach itis pOSSJ.bIB to constmct _
| one or more database / blaokboard manager agents and theses databases /bla(:k.boards '5 . .
~ may either be intemal to the agents that access them or dn{mct ren* '\te;anformatton o

Tlimpme TR T O : o

- management agents

Imp lementatton Languages and Systems B o

An c:b]ect—onented language Aﬂfﬁul (Yonezawa, 1986) is well smtsd for the
1mp1ementatton of u- dtstubuted system, The language mcotporates dlfferent type of
. message passmg wluch can be used for *estmg and companson of dlffe‘.rent

o _'-mcthodologtes The message passing structure also relates the prxonty of messages and

o can be used to mamtam object structures for emergencies ie if an emervency packet

. need pnonty scheduhng exPress message passmg can be used. Using ABCL/] the
_ semmttcs of the message parsmg among Object is transparent and fatthful to the
- _ underlymg computattonal model Objects can ‘oe created dynanucally, message
_ trans::mssmn is asynehronous, and the network topology can change dynarmca]ly
N There is also cencurrent acttvatton 8 of mdepeodent obgects. Mechamsms for _
synp]:tromsauon are. provtded for The language ean cater for such mechanism. that have s
: _ not been sxpthtly providcd for, e through thr; use of compoond scnpts, mochamsms -

: .!
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s .w ABGLJ 1, These capgbxlitles mcluds the ablhty tor buxld F _' _ difforerit
© - Tevels Ofgranulanty The 13118‘1383 st also hiave the. / itY'tO_t'nﬁl"’ agents 00 '_ '
o 'pmcessurs, halidle mter-agent commumcauon, ar;dfpruwda a language for descnbmg

om o e C
P . . s

_.canbe created for toually new cuntrol strategle.s such a mnltz~stage negutlatlon and .'  -_ R
'..comml Stmctﬂl‘es furPGPs _ T e T Lo

L agents, tracing aud mstrumeutation, 8 faclhty or remote derrions, and & coheutiou of -

s mﬂependent of any language aud allows a number of d;ffe:eut programnuug models A i
B and can by effxcxently mapped mto anumber of dszerent computer amhxtectures. Agora o "
s smtable to devclepment becausu the complexxty of the system can be hzdden by "
. 'bmldmg rensable custom umuronments that guxde a user m desr:nbmg. debuggmg aud

N of ubserved msbchavmur B

: systam agents which consuuct user—agents mdescnpnous, momtor execution,
| : handle etrors and mterfacc 1o the. usur A system such as MALE (Gasser, 1987) ceuld ER
. beused'to handle all of the sbove requirements, MACE was designed as 4 testbed for- " '_ b L
- DAI experlments As expiained by, Gasser et al, ( 1987) MACE Is used’ to nnplement g
| both distnbuted blackboard system a8 well as contract net systems. L

- Anothef system that of"uz'ﬂ}thesa beneﬂts is Agora (Bimam 1986) Apora is useful
_ for systenm thatare heterogeneous, in rapxd development and are computauonally -

expenswe. Agora supports heterogeneous systerns by providing a virtual machine o |
.

ruunmg an apphcanon. Also the structure of the system r' ' a‘modxﬁed wlule the

N system i& ruunmg Knowledge sonrces are descnbed 111 st way t;uat alluws Agora
o match the avaﬂable arch1tecture and its resuurces thh tne requemeuts of the
- oomputur ' ) ' '

o An addlfion to any system isa diagnoms modu,le (I-Iudlicka,1987) that enables the
: system to reason about its own behawour. The aim of the diaguoms is to 1dent1fy
: mappmpnate contro] parameter settmgs or fault_y hardware components a3 the causes

/"..

sy o



Eiackboard Structures PR AR T
Convenuonal blackboa:d arch.ltectures mco:porato a shared common data. area or | |
E 'blaokboard a8 t‘he common mocﬁum for mcmoxy aod interaction among 4 co]]ecnon of .
' knowlodgo sources Flex:mhty and effimenoy are oﬁen ooﬂﬂxotmg goa]s in ablaokboard -

- system. Both ﬂex:bﬂlty and ofﬁmency canbe acmevod by. mamtmmng a sufﬁc:ont Iove’l
y of abstrmlion botweon tho apphc‘émon oode and tho blaokboand mplementaﬁon 'I'he N

o techniques neoded 10 do. ﬂus are. anlabIo in GBB ((;orklll, 1987) F1exib111ty ma

o blackboard systom is the ab;hty to ohange the blackboard database uoplemmtanon

R
LN

cors (Corkﬂi 1987) is & an environment for dlstnbutmg problem soivmg, T
| 'pmwdes the Saeilities for distributing biackboards and problem~solving domands o

e procossed over the networks of heterogeneous computers. Set of rules, caﬂed

ambassadora can be placod at each blackboard, to handle matters of i mterest to rerote
processes. With the introduction of concurrent execution i ablackboard system, new
mechamsms have to bo bmlt for sohoduhng knowlodgc sourco activmes, synchromsing -
kuowledge solrce mteractxons, and accessing sharod data. ’I‘hls can be done usmg a |
tranSacnonal blackboard arohlteoturo (Ensm, 1986) '

Multi._'_Agor;t Planning Literature Review

A AT planning system is charged with génerating a plan which pravides one
' .posmble sojution to a Speclfied problem. Higher life forms must be able to antmpato

B the futuro and form plans of action to achieve their goals. Reasonmg about aonons and

- plans can thu- he seen as fandamental to the devoloPmont of mtclhgent maomnes that
_ " are capable of doalmg offeouvely w1th rea1~world probloms Agents planmng or .
| deciding on possible actions can chioose from an enormous repertoire of actiqns and )

' these in turn can influence the wotld in exceedingly complizated ways. The world can
change its state only by the occutrence of an event or action. The basis of planningis
 tofind, _outof alt poss_ible actions that a agent can porfol_m-'whicb. if any, will resultis
' the world’s behaving as specifieu by the goal condition. Thus planoing'coold bo_viowcd L
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“ "If' as a stzmghtforward. scarch problem‘ Thene are some pmblems wnh deslgmmg aﬂ

. Reprcsenting and reasomng abom: tlmp causahty and mtentlons

. Physical or other constramts on smtable soluu:ms . o S .

e Uncertamtymthe executton;of p].ans T

| - Sensatmn and pemeptlon of the ‘&'eal world” and holdmg hehefs about lt |
" . Muluple agents who ma}' CG‘OP“'fateWmterfem

o drscussad

) R s
AR

General Pla.nn.ing Systems

| Three areas of scxentifm study were. combined mmally combmed into the .
| -'..developmﬁnt of A},plannmg Y jstems hmnar cognmnn, operétlans reseamh, and
. theorem provmg. Early attempts at planmug tned to csmbme all three of these areas

\\u:?

. inlpa ge.naral pmblem sul‘ver C

L : - ' : A

One of the ﬁrst general problem solwng pmgrams was GPS (Newell 1963) GPS ;

deals thh & task enviroimmnt consx,stmg of ob_;ex,ts whxch can he umwfonned wa
) vmous operatOrs The problem solver deteets dlffcrences batween ObJBCtS and
orgamses the mfmnnation about ihe task envmnment into goals The GPS systcm led -

E toa number of illSIght& that have contmued to. mﬂuence the systaems bemg built today, _
* The main techmque is that of means-ends analysxs to dn-ect search S

A problems salvcr that uses a resoluuon theorem prover sunxlar to GPS xs S‘I’RIPS

-' '. (Fikes, 1971). STRIPS attempts to find a sequence of Operatora ina space of world -

-

In ths tollowmg seénons a hterature survey of exlstmg planmng SYStems wi 11 be o

o

models that tmnsforms a given initial todel into a nr‘ﬂel in which a gwen gt formula '_ : -

' can be proven to be trne. A msolution ihe.orem provez 1s used to answer queb‘tlons

__ about partxctﬂar models STRIPS uses means—ends analysw, to gtude it to the dcsn-ed

.
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. -. goal-sahsfymg mot:leI Tho combiuauon of means-onds smalysm and fo;:ma] ﬂleﬂre e
. :__ provmg methods aliows obJects much more oomplex and generai than any of thoso Lo
- tsed in GPS and prowdes more powerful search hounsttcs than those found i in theorem "
provmg programs n STRIPS the: prooess of thcorem provmg is separated fmm the SRR,
- . -._.process of soarchmg th:ough a spaco of world models Problems arise when the '
. solution is too far away 7 from the 'boundaty of known abmues Tfus is because the
o combmatones of seamh wlll thon ma'.r- a soluuon unhkely TR

R

General purpose probim solvors, suoh as STRIPS aud GPS cannot solve any

. reasonably complax set of problems ina roasonably complex domam Attempts to

o _'travorse a compl&x ﬁroblom space can be canghtina combmatoﬂ‘al quagrmre

N

. (Sacerdon, 1973). A pmblom solver deals no% wnth the problﬂm domam itself, but W1th - B
- some ropresentanon of that domain. Unfortunatoly, a strmghtforward transcnptxon oft, o
i complex p robIem domain Wﬂl yield a conglex representation. However, a well chosen-

: N umsonpt:lon can lcad toa mmpler ]‘cpresentaﬁom A problem domain ca bo

-

" represented asa hleramhy of abstractxon spaces m whmh succes:nvely finer lovels of

| :detaﬂ ate mtroduoed Thus mgnlﬁcant mcroases in prohlem»solwng power is actuevod
| The problem solver ABS’I'RIPS a modlficatlon of STRIPS, can define an abstractzon -
: spaoo hlerarchy from the STR]PS reprosentatlon of a problom démain, and i 1t can |

utilise the h1erarchy m solvmg problems Thns approaoh to problom solwng would be

. 'first to soarch through the absimotton space and then when a solution to the problem in

the absn'actlon space: is dmcovered account for the detaﬂs of the lmkup between the

" steps of the solutlon( ABS'I‘RIPS rehes heavﬂy on bemg able to produoo good plans at
o 'the hxghost levol ' -

Intaractions and Dependencies | B |
Tho general plmmors were often oalled Imear planners because the p]anners N

produced plans in whmh the dctions weré fully or&er‘oﬁ. In the synthes:s of a plan or
. compv E;qr program, the problem of achieving multiple goa]s smultaneoualy presonts N
B _speoml difﬁcultios, since 2 plan to achzevo one goal may initerfere with attammg others N
A smgle ].mear plan could be considered a base pian that can be used for tackhng a

! ﬁi \\

NI



- second goal .Mulnplo goals lead to interaction in plaos It was recogmsed that

o R mteractlon pmblems resulted froma poor choice of the order in which goals were
| tackled.,Tl*us led to Tesearch on Broblems arismg when a seeond goal mterfered wnth

: the successful achlevement of the first goal

y

Waldmger (1975) proposed a method whereby two goals can bo achie ved _
mmultaneously First a plan is developed to achieve o‘ﬁe of the goals and then modlﬁed

| to aehiesre the second goal as well. A systemaue program modification’ ﬁechmque 1s o

usecl to support tlns strategy. The teohmque reqmred the mtrodueuon ofa specxal
“skeleton model" to represent a ehangmg world that can accommodatc modxﬁeatlons

_ in the plan. ’I‘he skeleton model is a framewotk in which the pamﬂl plans that has beon _: -
:Lf_" wnstmcted is regarded a8 a Contral part of the modal o

The general strategy proposed was* in order to construct a plan to aohxeve Pand

: Q. Co;zstmet aplanto achleve P, and thon mod1fy that plan to ach;eve Q a8 weil Inthe
~ course of the modification, the relation P i is “protected”: no modxfieauons that might

make P false are permitted. If no sansfaetory modlfxeauoq is found, the same strategy

s atbempted with the roles of P and Q reversed”, Thls pracnce of retrieving techmqucs '

_ according to the form of the goal and then trying theth such 1n tum until one 1s o
. successful is called "pnttem-duwted functlon invocation™, A problem solver organxsed N
'arouud these pnnclples csn only be aware of on}y one goal ata tlme ' -

Regxessxon plays an 1mportant part in Waldmger’s (1975) program modzﬁcahon;
teehmque Important relationships and the plan itself are - modelled explicitly while

| _ other m}auonshtps may be mferred using regression rules, Although one serious
. hmstatxon of Waidmger s (1975) method is that the only way to modify plansistoadd . .

instructions to the plan, there ismo way to modlfy emstmg mstrucuens By forcmg the
plan to be linear at all mtem_emate stages_ the planner must do unpecessary search with .

- backtracking, or sophisticated plan optimisation to find the corsect order in'w'h'ich o

attack conjuncted conditionals, An alternatwe method to the “skeleton model” s the

' proeeduxal net mfon'natitm systcm. :

22



The procedural net (Sacc:.ﬂon, 1975) isa mformatmn structure that represams a :" ST
- .'_-plan asa parual ordering of acuons with respect to fime. By avolding premature
o commitments to aparticular order for achieving subgoals mteraction problems may be

~solved. A plan in this approach may be thought of as & partial ordering of actibns with

i R resyect to time, 'ﬁb,e pmcedural fet is 4 co]lectlon of nodes which w hmked to fm:m
- hlcrarchical dabi:npnons of oPeratzons, and to form plans of action. Back ncde pomts _
- toa body of code which 1fsim1ﬂated reveals the action of the node. Inrtlally the plannet' B

L _bmlds a pmcedural net tbat consmt of a mngle goai ncde to aclueve thc gzv 1:1 goai

B _' This one-step plan may then be expanded The planner expands the procedu.ral net by
_ _ axPandmg each node of the plan The nodes are expanded m order offhen' posmon m
' - the tlme sequence Thus by creating su“i)plaus for each node in the plan, a new, more

o _.detaﬂcdplanwﬂlbccreated ' . ' ' -

Before ﬂus detailed plan is presumcd to work:, tha planmug sysmm must take an -

. | overall gl obal conaansus 'I'Ius global exa:mnatlon is done by cntlcs These constmctwe
_cnucs add constramts to the plans. The:e ate specific critics for certmn areas such ag

o “Resolve Conﬂxcts’” critics which examme pnrtzons of the plan that represent con,]uncts

| tobe aclueved in parallel There is the “Use Emstmg Objects" cntlc wluchwﬂl rcplacc
o fonnal objects (a variable Object) by real objects wherever possxble This approach _'
| _.attacks conjunctwe gOals by makmg a® qar" assumpuon That is, conjunctwc goals
are assumed tobe mdependent and addmvé and so to achieve the overall goal each _
- “con]unct may be ach;eved in sequence. As plans faﬂs a collectlcm of cntlcs can be
. developed to preVent a recurrences of fmled plans 'I'he planmng system does not deal

thh disj unctlve Subgoals and ‘also fmls fo daal with “nan-hneaﬂzable mteracuous”

- MOLGEN (Steﬁk, 1981) also uses a ieast commltment sttategy for hand]jng
. mteractlons‘ o : _ _

Non—hmrmlmal prog;raum suffer from the tyranny of detall Abstranhon, Whlch is

a the basis for hlerarchlcal planmng, isa way of supprsssing detail, A blerarclﬁcai p‘lanner o |
) ._disnnguiShes bctween 1mportant conmderaﬂons aud detaﬂs MOLG’EN uses an :__ a .



o approach to hlerarcmoa] planmng termed constramt postmg MOLGEN uses

_' R '_ oon_s?imnts to rep:esent the mteraotmns between seb-problems Comuamts are _
o dynamlcally fomuﬂated and propegated durmg h1eranch1ca1 plannmg. These constsamts =

are used to co~ordmate tho soluuons of noarly mdependent sub-problems The -

L _constrmnt posi:mg approach depends on the wew of systems as aggregates of loosely o

| coupled subsystems (Stefik, 1981] MOLGEN model the desxgn of its systems in terms _' o
= . 'of operataons on constramts, “The power of constramt programmmg oomes from the
e _' _ ab:hty to plao hzeramhlcsﬂy by mtroducmg new constrmnts and vanables and: the abﬂ.;ty _' o
B to antlcrpate mtorfewnoe betwoen sub-problems and to elimmate the mtezfermg -

N _solut;ons Constrmnts may be mterpreted as condmoqs tobe satlsﬁod or as parnal S

- descnptlons and comrmunents frorn the perspectms of plan roﬁnement. Constrmnts can . o
alsobe mtexpreted as a commumoauon medmm for expressing mteracuons between |
-sub—problems There are thres bsmc opelatmns on consiramts' o :

1 constramt formu]atlon,
2. constramt propagatton, _

3 constramt sahsfschon '

o 'I‘he first is used for addmg new constramts The second for creating new.
' ooestramts from old oonstrmnts and the thxrd is the operation of ﬁndmg vari ables 80

: _that a set of constramts on a vanable is satisﬁed MOLGEN has the ablhty to formulate .

| oonstramts dynalmoally as it runs, MOLGEN bas certain problems, fist is that it has nio
_ ab;hty to propagate logtoslly eqmvelent variatlons of constramts 1’( creates and it slso

doos not use constramts to describe processes E

Planntng andAoting IR .

| The plannets described prevmusly have 2 certam basic assumPuon All change m the ) |
envuonment must be knowable to the planner (so that the final stage aftor planmﬁgean - |
| .bo domonstratod to. hold true). As planning domams get miore complex, allov.ung other
| agents or oumlde forces to introduce chango (wo]atmg the. abovo assumptlon), _ '
o notion of soparste generatxon and_execuo_on of plans capnet be guasa_nteed to work,



- Certain acttons cannot be represented as a ohenge of world state Therefore a-

. plaomng problem thien becomes a task whose actions cannot be mmedtately camed

. ont. Reducing Sueh a task amounts to ﬁnding a co]]eonon of sub-tasgks such that the.
o probler task may be carried out by domg all the sub-tasks If execntlon is included i m

. the problem solvmg process, then at some point one plan must be selected to gmde
o action in the “real world” Ifit faﬁs, the state of the world will in geoeral have been

'changed enough by the attempt 80 that the alteroatwe plans are. out of date A new
o add:ttoo to the STRIPS robot pnoblem system overcomes this problem

Fl}{es, art and Nilsson (19‘?2) propOSe a addltton fo the STRIPS system Whtch
3 allows a robot to react “mbelhgenﬂy” to unexpected consequences of acttons Thls ls o
~done by re;)lacmg problem spemﬁc constants by prohlem mdependent parameters The

o generahsed plan is store¢ na format alled the tnangle table A tdangle table is a

: Iower tnangular array where re\ws and celumns cerresPond to the operators of the -
plan, _

4

| Through the use of this table two benefits are derived. The first is as & "mae'ro |
_- _acnon” (Fikes, 1972), that oan be used as a smg]e componen,t of a new plan 0 solve a.
problem and the second allows robots to reaet ‘&ntelhgently” The plan execution

. scheme used with the tnangle table has two propertles When new mformation -

. obtamed duting plan execution unphes that the remaining port:on of the plan need not

 be exeouted. The executor shou_ld recognise such information and omit the u_nneeded

- plans steps, and the second property is When execution of some portion of the pl'ae .

-  fails to achieve the intended results, the executor should recognise the failure and
.eith'er dxrect re-execution of some portion of the plan ov:as a default, call for a re-
planning actmty ’I‘hrough the use of a triangle table a problem solvirg program can
- “leam” old solutxons and use them, both to momtof real-world executlon and to aid i in
the solution of new problems Mathemancal dectston theory can also be used to make '
- deczszons under condmons of onr:eltamty ' ' ' |
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" T central idea of mathematical decision theory is that a numerical ity fonction
can be used to eva!uate decuuons Declslon theory helps a symbohc—probiem solver o
| | _- search fer the best plan that achleves a gwen goal Therefore a mtegrated problem~ ;
. solwng framework would mcolporate aspects of mathemahcal decision theory into

_ -symbolxc problem-solving teChn]_queg (Feldman 1977) Usmg nimert cal me o the e
_ -utlllty of a plan can be used ta compare the ments of r.'ompetmg plans, it can be llsed 2 o

o _a gmde a search for good plans‘ Tn this method search is used for all boundmg and -
| | "measurement of plans The pmblem with this technique atid search in general is the _
_abﬂxty to generate a good unhty to guide the search process. Therefore techmques for o
: _gm_dm_g searching qulans is appropriate for m_amamug abalance between action and -
planmng The soiution is to face up to the necessity foi- treating “ehoice B'etween - |
B _ altematWes“ as a basic sitnation of problem selwng (McDermott, 1978) Smce there s '
. no general criterion for such a choice, the rhoxce process is rehant on the underlymg '
-"mechamsm of the problem solver, - '

e NASL (Mcﬁermeﬁ, 1978) wae developed to nse heuristic means to provide choice |
rules fora Seareh.plei'ining prebess Through the use of certain notations for talldﬁg
abeut prob]ems and plans and a problem solver Wthh ﬂperates by mampulatmg a data' |
base eontaming formulas in the notation, NASL forms a basis for a heuristic problem .
o solver that copes with uncertamty An extensmn to the system NASL, SCRAPS

o (ﬂendler, 1985) is based on marker passmg

Rtis pos slble tlmugh the use of marksr«passmg to approxunate a system that can

. exaxmne the primitive actions of 2 plan qmckly, and in parallel while leokmg for B
 special features. Integrating markeppas_smg within & problem solver enables,.a. SYSt_em o

o avoid baektrackiﬂg The'markerwpasse’r is used to ehee’s.e correct plans, reject plans
violating constraints or to modify existing plans Marker Passmg, a computatzﬁnal
model of sPreadmg acuvatien, can be though of as the markmg of nodes adjacent to

~ some nede in memory, and then markmg a.ll nodes adjacent to those By markmg first
one node aud then anether we can sec how they are related by examming those =



s,

) jconcepts marked by both Markﬁr Passmg is- avery powerful paradlgm wr:h certam o

' pmpertms. Ttis able go examme many possibmnes Bﬁiﬂlenﬂy It retums mfonnauon
B _.-:thatthe pmblam—solve;r usés for makmg chmces T

Formal Models of Am‘:ion c Co _ _

_ As shown m the prcvmus chapter, act:lon, must be cansidered part cf tho essential
framawork tsf a problem—solver. Actzon should themfore be formally dcﬁned in tenns
| og the plannmg madei A geueral framework would 1)3 coucemed with the |

N 'rcpresentauon 6t a:ctmn within the Jarger context of general knowlcdge rcpresentatmn : o
. and does not gcncrally speufy pracucal meﬂlo&s for buﬂdmg planmng syshems Rather, . =
' ;_formal models attempt to su'emh the limits of what situations canbe represented and to' |
B show how complex knowledge about achon can be The most mfluentlal fonnal modcl -

" for planmng is simatlon calculus

Sxtuauon calmllus mtroduoed the first temporal repmsentations of plans 'I'hxs was _. .' _

h accomphshedby mdexmg each pmposltion by the mtuatlon in wluch 1t was truc

: Through situation calculus a generai model of “actmn 4% state change” wats, presented " '

which is formalzsed by the “result” funetion which maps an initial situation to a

: rcsultmg situation. Situation Calculus has been used as a framework for much research;. '
. McDarmott (1982) develops a representauon of actmn retammg the 1deas of sxtuanons, - o

o -but adds a rmh temporal strucuzre

McDermott deﬁnes a mo-:lel b) contlnuous change by usmg a laemporal madel in

_ whmh 31tuatmns cormwond to numbers o the real number line, Tlns firstuorder
tamporal logm prqwdes analyses nf causahty, Contmt.uﬂ& change in quantlties, the
' '._pemlstmwe of facts, #nd tha relauonshlp bemeen tasL and achons '_ R

o

In addinon 1t allows mdetermmacy by usmg a branching tum: model (“chromcle A

L trec”) to represent the set of possible futm‘es Tcmporal mtervals are constmcted as

| saquences of all the snuanons betWeen two othar mtuatlons, and gvent types a::e then s

e



 this explmt tcmporal model Mc}:)ennott has no problem statmg that twa act:ons or

o '_ tepresented sunply hy the sat ef all mtervals ovcr Wthh the cv&nt occurﬁ Bex:ause of L

o events may happen mmultaneously and has 1o dxfﬁculty represenﬁng pussﬂ:le fumre
< states that may have to be consxdened in order to construct a reasonable plan. Allen -

o ‘used to charactensc the. d1fferent types of events prcmsses, actmns, and PTOPemeS

- WAPS STRIPS is a pmblem solvar which operates Wlth world models represented

| e -.(1984) 3130 mtroduces mne to dcﬁnethe notmn of acuon, but takes a dlfferent
o -_--""approach from snuatlon calculus oo T - o T -

- aw | e x SN
o A]lan takesthenctxm of atlmemtcrvals aspnnﬂnve and buﬂds arepreSentauon S R
: '_.'__-dnectly frommtervalsratherthanﬁ*omanohon of asituatmn msfonnahsmcanbe S

. that can be descmbed in simple euglzsh sentesices Allen represents events as the set of N
- | mterwgals over whxch they occur and shows that sunultaneous acnons and future ' o
' '; extemal events can be reprcsented Rather than use & branchmg tlma model, Allen uses'_'_ -
2 iinear thne model whmh allows for only one fuuture, and lack of knowledge about
- ihe futuires is used to smulate indetery ﬂnacy Due to tlus ce:tam problems such as_ S
o '___standmg sill 6an oasily be modelled. Although, thers are still problerns with these SRR
formal mOdeIs such asmbmldmg a system that can reason, about mterﬁctlons, w:th L
temporal Iogm, stﬂlremmnsad:fficultpml ..em o : -

I
R

Format Mﬂdels o_f Pnannmg S_;stems | 0 '_ S L N

\'\ - !_’

T
] W1thout the forma]izanen of the actual p].anning systems, a problem salvcr would TR _\_ p”t\
| not be vxable Formal models give the ability and techmques needed to develop actual B TN

- planmug systems and the ability to clasmfy existing systems A formal madel would o
alsq mdmate whethcr a g1ven modcl 1s sound or unsound '

E }g Ty :

Llfschlts (1990) gwes a formahzauon of ane.on the most general plannmg sﬁtems

o bya qct of formulas of ﬁrstuorder logm. A STRIPS systcm 1s deﬁned by an initial world

B E model and ‘by a set of operators. The descnpnon of eac.h operator conmsts of ity

o 2 foo sndmon, 1ts add llst (the list of formulas that st be added to the current world



g»

- 'modcl), and its delete hst Thc formahzanon af STRIPS isa much more complex task
- ';thau it ﬁrst Imght appear because the operanons of STR]PS namely, addmg am:l
| deletmg formulas trom the database, caniot be capmred dueeﬂy as logmal

-lnterfercnce Therefore any desugner ofa STRIPS systems must be vary. caraful about _:_ R |
what operatmns they allaw in order to avoid denvmg mconect results. For e ple N - BEE

. "-demgf@: cannot posszbly include. ina dclete hst all afmtranly complex formulas that

may bex:ome fa]se aﬁer the correspondmg actlons xs Pe"fomlﬁd Llfshltz (1990) def e& _ '. B

_ ._scmantlcs fm ,zése operauons that aHoWs the nonon of souﬂdness to be deﬂned and o
- ylelds a preclse clcf‘mltlon of the “good” uses of such a system. - -

_ Ronsenchem (1981) explores smne theorcnca] 1ssues of robot sysbem planumg ﬁ'om o
- the perspectwe of proposmonal clynamlc loglc A generahsed potation of
‘progressm and “rcgressm ' of condmons through action is dcveloped Rosenchein -

'(1981) develops a framework whwh cati be used to clarzfy gaps m exsstmg “nonhnear”’ o |

. 'and “hxcrachxcal” planning stratchcs Actions are formahsed as state change, as in
- sitnation calculus, but within the dynarnic logic framewark as developed forthe

senlantlcs of pl'ogrammmg languages A formal defimuon is gzven of plammg problem o

; and then defincb what it mcans fora plan to solve a problem.

. . \‘__._

_ Allen and Koomen (1983) devclop a dlﬁ[’m'ent approcm to non-hnear plannmg
-'Rathm than maintmnmg a parual ordmng cf states, actions and the necessary |
_ consequenc:es it is shown that all this mformatlon can be stored in Allen sinterval .

- _ loglc Thm approach allows the problem solver to gather constramts on the orderm g of

__ E actions wnhout havmg to coramit to an ordermg when a cc' et is detected. Beside -
- being able to exphmtly represent sm:lultancous actions, they show that that thc msolw- b '_
conflict critic could be formalised smply as a procedure for mamta]mng the
consmtency ofa temporal database A STRIPS hkc action fonua]mm is use.d to creatc a .
fore generallsed world model with thg ablhty to be used by existmg problem—solving
methods ie. means—end s;nal}fsm, decompomtlon. ' R



. 5 mclude the ldmnﬁcamon of sub~goal dlstancs asa f:mdamentsti measure of pmblem

ORI

Korf (198’1) views prc’blem svlvwg as search tsing subgoals, macrwperator{,' and
o abstrafguon as lmowledge sources Korf classmes the dlfferent forms in which subgoa]s o
e my mteract and how these forms «ifect the hcunstlc search F:pm this reseq}ch rewlts

- tf“ culty, a muihphcanve tl.tne—space trade-off for macro—aperators, and a analysw of
T tractxon wmch concludes that abstractmn I:lierarchles can reducc exponenttal |
o prdblams to hnear complemty . ' o : '

sze and the Frame Prablem

| Thc most 1mportant formal problem facmg plannmg systams t‘hat use a nch
'representatmn of the world zs the frame problem Thls term genera]ly mlers to’ .
R reasoning about how the world changes as actiona accur Speclfymg the tiirect effects
: uf act:lons is not so problemanc, the frame problcm anscs from the need o spemfy
- what llaems 111 the world may or may ndﬂae mdlmr:tly affected by the action. - '

e

Shoham and McDennott (1933} 1dnnufy tb,c genml form o f cmm Classes of
| problemg_ that arise in formal temporal reaSqug It is argued that the frame prOHlem

arises frorﬁ the conﬂlctmg desires to reas»on puth rigorously and efﬁmeuﬂy about the<
N futurc and that this conﬂ:lct does not depend on the partlcular underlymg ’cemporal
) .formahsm TWO fonnalxsm—mdependent probiems are 1dent1ﬁed, called the qualiﬁcatxou

" problem and the extended predmtmn problem, which subsume the frame problem.

These two problema, unhke the frama groblem, do not dcpend on any parttcular - .. E | " | s
- undcrlymg formahsm. ' ; o :

Hayes ( 1975) is ona of thc first papcrs to smc:fica]ly address the frame problam. |
: 'l‘he paper contmns a survey of the pmblem, showmg how it arises in several contexts - .
~ and relates it.to some traditional problems in phllosophmal 1oglc Partlal solut:on to the

. _'ﬁ'amc problems are cutlired and compared. Hayes (1975) formalises a system of -

“frame—rules” that are used to partlally ovcrcomc the frame problam Tha ﬁ‘amr»—rules

o are a attampt to fonnalise solutmns to the frame-problem AIthough mamtaiumg

: conmstency when deﬁnmg the “fri»‘m&rules” i stﬂl a matter of the amom«wnmr’s art,

30



Leamf.ng and Reuse R
B : . Leaming is concerned with the abmty to use past ex]_:nenence to help mgdlfy o
s hehav:our An example of thigisa STRIPS system wlnch could learn to groip sets of. B
S merators into smgle ‘nmcromperators" wh:tch could then be Lsed m new planning
o : .s:mattons e - S _

T A

- Hammond (1986) deecnbes a ease-based approach te pIannmg., In such a system a' | -
old plan is ehosen and modtfxed to run in a different situatton. This wox:k concentrates . .
- on gmdtng thie search for the old plan and then usmg the MPFIHE Stfafﬂgy to Pmdﬂcﬂ |

a new plan. Memories of past successes are accessed and modified to create new plans. S

: Memoues of past fatlures are ifsed to wam the planner of unpedmg problems and’

| | memti ks @f past repatxs e called upon fo telI the planner how to denl with thex.: 'I‘he

- ideas of roemory, Iearmng and p!anmng are mplemented in the case-based p]anner
CI-IEF which creates new plens in the domain of SzechWan cooking. L

- ‘. -.-.f?’" R
] . _A‘\

. Thework on CI-IEF eoneentrated pnmanly oni ﬁndmg relevant plans. Anether )
important msua is how the plans that are retrieved can be reused in the current '
- situation. The PLEXUS (Altennan,lQSﬁ) eystem uses information about a new eontext
o 0 glllde the reuse of an extstmg plan. PLEXUS isan adaptwe planner. An adaptive T o
_pianner can take advantage of the details assoetated w:th spectﬁc plans, while -
malntaimng the ﬂextbﬂtty ofa planner that works from geneml plans Adaptwe
* planners foreground 3peclfic plans, but gain ﬂexibzhty, in mtuatmns where the old plan

2 | and the planner’s cturant circumstances diverge, by having zccess to more general

_ ”-“plans Adaptwe plmm;ng works with mm‘eased atnounts of knowledge and achiewres
o these twin goals by explomng the structure of that knowledge |

3

Extending the Classtectl Framework

:BecauSe of the need for preblems selvere to handle condlttenal iteratinn, multt-
. agent co-ordmatwn, aud eompiex domnin mtetactions many of the cl'tssmal plannmg
| | framcworks have been extended ' - ' 3 R -'

o

\ L
% il



GBMPLAN (Lansky 1989) works ’o 7 uuhsmg heunstucs that expimt the navually
o _occumng structurcs w1thm a domain, 'I'he planncr uses “locahty” or domam structure, L

o prowde away of partitzonin g the plannmg search space mto smaller, localxsed search
- spaces. This is motivated by the need to reduce overall complexlty of planmng systens.,
. The domaing stmctural semantlcs are used o gtude reasomng about regmnal
" jnteractlons and to cope W1th the problem of re-plannmg in dynarmc envuonments _
_ GEM models & domam as a sat of mtcrrelateﬁ events clustered into regions of actmty

N (Lansky, 1989)

'\Q\’ .

Pednault (1990) descubcs a method how some multaagent, dynamic~WurId planning o -

_ problems my be formulated as single-agent, static world problems. Therchy permlttmg _

them to be solved with techmques ongmally intended i‘or the latter, ’“tus approach o
- requires that dynamic worlds be modelled in the same manner astheir statie

} counterparts and that mmultaneous actions be modelled as sequunlzal actzons. The o

 former is accomplistied by introducing time ava parameter in the description of
dynamic worlds, A boundary conditions i is uscd to model smultaneous condmons as

' sequenual ones, A boundary conditions determines the course of events up to the next

boundary condzuans The effect of simultaneous actions is then modelled by mod1fymg

boundaty condmons sequentially Pednault introduces 2 language, ADL, that combines

| the notational convenience of the STRIPS operator language W1th tha semantxcs and
: expresswe power of the simatiOn calcuius. '

:_':Il. C

Planning aﬂld Execution

Rapldly changing envuonments need to be handled by certmn mecbamsms These A
mechanisms work by gwmg up complex planmng for shallow plannmg orby planmn g

using ughtly coupled bensmg and action,

The system PRS { Pracedural Reasoning System) (Georgeff, 1987) was created

with the ability to operate under wal-time ponstraints, This system condists ofa

RV

ok .
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- database containing current behefs or facts about the. world a aet of current goms or o L
- o desxres o be realise;l, a sat of proccduras descﬁbmg how ccrtam sequences or actlons ' ":_° -
3 o and tests tnay be performed to dchieve given goals. or to teact to particular situations, - o
: o f and an inmrpmter for mampulatlng thcse compone:ﬂs’PRS uses a partmlplanmng
| slratcgy, prooedural Imowledge and metalevel (fcﬁcct:vc) capabﬂlﬁes. The parti‘hl
. hierarchical plaunmg strategy and the feflective reasoning capablhtlas of PRS worl:
< well un&ermal tune constramts yet stﬂl alIowthc system to plan ahead; whm e e
| "neocssary ﬁecaus& PRS expands plans dyna:mcally and mcrementa]]y, there are ,_ '- : o g
. fmquent qppartunitleafar itto > react to new sxtuauons and changmg goals N _j- - U e

o In the fellowmg se::tion a more detazlecl Iook at the Danhs control stmcmres wﬂi be
. dlSG]JSSGd usmg many of the basxc ,tat‘f'halcs and sttuctures from the hterature mlrvey

. .{ a' .
L

. .'"‘*-Rg.'
e

':.\’}_.

- @




e piace to direct the eomplete system. "

© Rescarch and Methodology

Th:s research 1s based on the 1deas ef a dyna:me systern of mteractmg agents or as n; _' R

LlS bettar known, amultl—agent SYStem The mam goal of this msearch isto show that -

-the control structures for a dynamic systcm canbe hmlt W1thm a economjcal structure -

'aud can be utxlised as a wable a.ltemauve to a Static systern or one based on the

: _'prmclples of oﬁerauons research and quemng theory, - Through the use of a dynamm
B sys;(,m, ‘data’ can be modified and haudled at the data pomts (mtelhgent agents). In L

._ ; _thls way ‘each agent can have 1oca115ed control with 4 centrahsed command stracture m_ .

- ;..— ey
(r \'l

'I‘here are twa mam dzstmct sections to ﬂns prq]ec:t. 'I‘he firstis an objecuve look at -
usmg 2 dlstubuted control structme m a live system and companng the results toa |
- ._ base statlc System In this way a true objectlve comparison can be made between the n
two sysnems The second stige has to do with the uncertainty ofa systert. a traffic -
light breaks down and-an mtersection is unusable most cary m a non—dyna:mc system_
would e1ther be stopped ot be forced to take “anfamiliar” routes around the |
intersection, With a dynarmc system a car could bere-routed accord.mg to both the
destmation of the car and the most v1ab1e routmg mfonnatmu available to the trafﬁc
' hght systern I‘hese \‘.we secmons wﬂl be discussed in fmher detaﬂ later on. |

o Due to the fact that no “hve system” could be used for testmg 5 suaulator was-
o constructed and used as the basis for the expenmmtat:on The sxmulator had to bavea
| .' number of basw des:gn goals to make it a viahle wm'kmg mode} for the research. The
¥ msthodology of modellmg a problem and then ohtammg results is su:mlar to the
eperauons reseamh methndology The model or sirnulator had to have a number of
ba.sw design methodologies to make He results as vahd a8 poSSIble o '



Thc hrst goal was bo have a system that slmulatad the dmmbuted system as

o 'closely as posmble to the original sysﬁem ie. all agents were gwen equal ume, there
| isto deﬁnable biased toward.émy one: agenl; All Parallel actmty is handled

': --'comcﬂy from the. agent’ § mewPomt ' '

e The dlsinbuted mmulator should handle alI dlstributed events evenly I.e :f

L events are generabed they are handlad fDI‘ t,he tlme penod thay wete ganerated for
 rather than i the order the events were generated In this way the faimess of tho

| previous clause is ensurecL All Parallel actiwty is handIed coxrectly from an event” N

wewpcmt | # &

cL

S o®

. appmach was used in the design and zmplementamn of the systein, In this Way the
_. - _mcxdel could be used to vahdate othar techmques usmg the same platfgrm‘ o

'The system should be as genenc as pesszble In this respect the smlulator ca,n be . : -

EERN The mmulator should be as exténsible as POSSII‘JIG. Due to this an ebject onentcd o

- used for other aress such as networkmg etc, while the control smm‘: o5 s tay tha | DR

i same. This isalsoa research goal to show that the DAL techmques caxt beused -
kR | W1thm othcr areas w:th Inmted comphcatlons ) ("**_: -
Problems anse w1th the: specifymg of a “complete simulator" and the frame prohlem ) |
(Shoham, 1988) The traffic hght system is an open syslaem Itis not possible to |
* compensate for all unknown variable in the repn;sentatiun of t_hp system, This means ‘
that as cdmplefe aé the sitavlator is, 1tw111 névé'r' acébnnnd&éte all the necessaly o
: mfomauon to five afill mmulatzon of an actual .trafﬁc hght system. Thﬂ only way to .

a

o get fully accurate results isto use a actual traffio light system as & teStbed;kAli .

_ snmﬂaﬂon models have the same lilmtauons within the bounds of the frama problm_ ) |

A number of compmnuses vere made when bujldmg the smmlaton The reammng
‘behind thng was two fold. Because of the sme of the system, the mmulated area was '_ _
| .reduced' 03 workable level, A limited number of mtersections were used, The more
. _: mtcrsections the higher the uomplexlw of the systcm and the lqnger the s1mu1atxon '

. takes. L
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Certmn facts were assume& ‘to bc static which is not the case m thﬁ real hfe system

) An example of tlus is tha tlme takcn between traffic hghts In real Tife cars speeds can

o vary betwesis mtersectzons Caragenerally slow down gradually when appmachmg a
 red light as this gives the light the opportumw to change colotts or speed up 10 Just a ': -
' catch a robot. Iu the sxmulator the “average of all tmies” for the sectmn uf road is |

asiumed and this time is constant forall cars f.c. all cars take a det ume to travel any S

- sectmn ofroad.

| The smulator was bullt up Wlth the concept of “nb;ect" extenmbﬂzty Each :
" component of the sxmulator is bmlt upou 2 “remova‘ble ob]ect" with very ‘well defmid |

R mtetfaces between thc obJect and the: mam contml 1001:. Each object has the ab:hty to -

" 'totally change ﬂ;le thmklng pattema of the complete stem or rather to alter ehe o
o stmcture of the total system. Through the use of ob;ects norrespondmg to c:hffere::tt\> o
L _constructs the simulator e the ability to reconfigure almost any part of ltselﬁ This

o means if Reeded the snmﬂator couldbe used: 0 s:mulate a contract net as Oppoged to ._ o
St the blackboa:cl stmcm:te thax was used e _ .

: :
L

o InthenextSBctmnamore detailed 1qc_j__1;.a_t the specific Dat.lhs system i_s_g'iyezi__.-' R -

_' D-atﬂiis_ e
DA“'“LIS (% T istnbuted 'I‘raﬂic L:ght Szmulator) compnses ot a number of <

T intetseoting, (‘ogtcal agents) mtewctlﬂg in 2 matrix network. Bach intersection hes .

_' ma)umum of four and a mmimum of two connections, All mtemecuons have the alnhty “

to he “fully mtelhgent” and thetefore have the capamty to both change the route of the - -

o cars and the mmng of the robnts at each mtersectlon,

I
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F1gurc 1 is an example of a affic gnd that contmns nne mtersectzons All mmng |
_ valuas for tlus example were randomly generated, Randomly generatad values present -
Ca problem in sxmulaung a real traffic hght system Titning for the robots would not be |
totaﬂy randomly generated in a real life s:tuahon but based on the flow of cars from 2
o hlgh concentmtlon of cars to ong of lower conceutratlons ie.a centre of a city has hlgh o
" yolume 01“ cars that move outwards towards the suburbs, - |

‘Untike & real traffic light sys'mm Datilis ﬁﬁﬁses'mtating~ﬁ£ne control 'sym' -
~ whereby each mrersection § traffic lights have a limited nma in which to allow cars to
- “travel through the mtexsectmn. Both the time for each connection and the order i in- |
wluch the connectxons are handled by each intersection is fixed. In this way all robots

R m the mtarsectmn can have totally mdependent times aud both turning and wraffic_ :-_ '
o flowmg in smgle dlracttons can be more easﬂy controllcd and enhanoad ie. F1gum 2.

| \\h Z..



7. I:n'larsépﬂon_ B ..

| Figure. 2. The Dlrecnon of Contml of aI:LIntEI’SECtmn, Gontrol
[{green robot) travels from Robot 1 to 2, 3 an&\\df and then ba.,k to]l
. --'_'Iagam | _ B :

_ Problems arise from this ﬂow control method when cars travel on averagc in
_stralght lines, Tn the usual flow control method ie, when robots on both sides of an -
intetsection are green, ddirble traffic would be penmttarl through the mtersechon and -
oars would turn when both the facmg traffic 11gb£ w . *reen and there was no var.
crossing the mterscction from the opposne direction. The advantages of the simulated
flow control 13 the abxhty to control cars that turn in the mtersectlon. With only one

| robot green at a tune, all cars travelhng through the mtersectlon have nght of way zmd -

can turn 1mmediately without wamng for traffic to clear. This dces not effect the
- smmlated results as both the base results and test esults were generatad usmg this .

L



- y ; same ﬂow control AIthough thlsﬁstﬂl does abstract the smmlator ﬁ'om the rea1~hfe '
'_sxtuauonhyasmallmargm e T L

Usmg “mtelhgen v enhancements m eafbh mtersecuon of Dattlls, makcs both the

: o _unung canstramts of the traﬂin hghts and rounng cftha ca:s dynarmcﬂ Thz areas of o
o commumoatmn and co-operatton bacomc essential to the funchomng of the botal & PR
- System. With thc ad&tmn af commum::auon and multmgeﬂt planmng (for co-

“ OPeratinn) ths tom cnmplexxty of the s)‘smn increases P"“Pomonally to eacn attnbute: R

- and are dlscussed in more detall when explamng Danhs s controI stnmturcs

;

%'
l .

anure 3- The baslc couceptual overvmw of Dat:hs showmg both tbie B

B mtersecuons. -

bt

'blackboard p]acemmt and the added commumcauon channels betwee.n

o _added. The mtelhgent enhancmnents used hy Dauhs are " ased upon DAI techmgues o

] ety ety



Datils Conrl trwores

Datihs is buﬂt up thmugh a mlmbor of objocts that ccmapond to structures ina reaI' N ci

)

- life trafﬁc system, plus Db_]ects that wrrespond 1o the strucmfes needed for the
3 dlstnbuted control sm:lctures There is gcnorally ono smg]o agent that (:Ontrols each

- intersecnou Theso agents controi an mtersectlon s traffic hghts Agenta are used as tho | :ﬁ o

. mam control structures for Datﬂls and area very 1mportant part of tho dcmgn of the .
) _' .. | SimJﬂBIOL - et . . . .

e

For oommunmahon aud co-operatlon a dlstnbuted blaskboard system was used, _
_ 'Due to the nature of the dlstrlbuted traffic hght system a Smglo dlstnbutod blackhoard i
is unfeasible A smgle blackboard would hava to contam mfonnauon pertamng to_the

 flowaf all cars in the entire simulator. Therefore a single distributed blackboard would o

he unable to control many of th distributed dopendenmos in a real time situation, One

: of the basxc demgn goals. of Dat:hs wasa system. that is feambly possible to unplemont '_ S

. “as a real-time sysiaam It was decided to 1mp1emen1: a distributed bIackboard systcm
along the. Jines of the physical natare of the trafﬁc light system. Therafore ineach -

| Intersection blackboards wete inserted to keep mfoxmatlon relating to the local ﬂow of _ o

: cars of the mtersection To build up ares information bIackboards store and share extra

. mformatmn with the blackboard of the nearest nelghbour. Anaxtemal communicatmn R

~ channel was s:tup botwcen all nodes to faclhtato in the exchange of the blackboard
k mformahon A graplucal example of this structufe is glven in Figure 3,

Local blackboards contam mformauon that pertams to 1tself ancl its nearest _

N nclghbours Each blackboard contains all mformatmn about each traffic llght that the
- agent controls. The mfonnation srorod is the arnval time of the car from tho prewous
o mtorsectlon and the wamng time inthe current intetsections queue, Neighbouring -
agents have open communication pathways to only other nmghbounng nodes, In ﬂ'llS

| way, as cats move physically from mtersecnon to mtersecuon the mfonaauon relatmg _'

to that oar is transfel:red electromcally from blackboard o blaokboard. These

: ....._40 .
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Flgure 4 Thc concoptual ovemew of a smgle agents blackboard Tl:us _
|diagram ‘shows the structural bleakdown of a blackboard. All flow|
| _mermanon is shown In‘ormation flows from the mm-blackboards North,,
_ _South East and West to thc tnnmg data gontro} suucture and then back| -

again.

. commMcat:on pathways are always conncctcd and hcnco each neighbour also has the
o abﬂlty fo rcquest mformamn from its ne1ghbour ' ' '

P;'\_ - N . . .

 Global inforolatioc of the systcm can be built upxuéing information from each
- blackboard in cach mtcrsectmn Because a]l the blackboards hold mfonnatxon
o pertaming to jts nearest nexghbcmrs thcrc isa redundancy of mformaticn that can hc '
| - used to ovcrcome breakage sin the network Each blackhoard also has the; oagf;acify
taintain two blackboards and henice if there is a physzcal fault with an agent\ tho agcnt
_ blackboard can be rcphcated by no1ghbourmg agcnts _' S \




0 As shown in F;igure 4 abave, the black hoard structwa 13 davided m:to ﬁve mam PR
. areas. The North,}puth, Bast and Weést mini-blackboards store the informatior on the T e

e '_mcotmug cars xe]iat:ng to tha corrcsponmug trafﬁc hght djrectmn Cars a;;e msemd in a -_ L

: first m—ﬁrst nut (FIFO‘tuue in these mmldatﬂbases Ovcrtalang 13 not penmtted in '_: SR

S the smulator and hence ca:@ &re always queued in the same onicr that the’ cars came m e
e as There is cme extra structure used by th&agent, the tmung datd ;:onlml strucmre

- | _.-__intersecuon 8 agants As shown in Flgure 5 smdard Oﬁmmunmangn i akes placs oo

= Thls is the heal.t iof the agenta decision malung abﬂity and is dlscussed in more' dqtml 111 })
N "_the section ‘"I‘immg Data Control Structurc" el et e Ty

R I o - o : : L S L . T
- "n. )

o Tha structure 01‘ Dahhs is sxmﬂar to the hyperstar archltccturg (Cromweﬂ 1986)
L A]I blackboards are cqnnected m conccntnc stmcmres whlle Datzhs still has the ablhty %
o to mSett lugher lcch controlhng agcnts (not interscctlons) above the current . L

- lfixe& ;mthways Unhke the hyperstararcmtecmre, Datxhs hasm cenu-al agent_-_ _. --“_-__ S
R '__5.-:.._'_'_controllmg all the agents e ){'o o S

R
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Figure 5* 'A dlagram showmg the ﬁxed cotnmumcatmu pathways m the . |

o Datilis SmmlatOr The czrcle {in the centre of the d.lagram ) touchcs all
S -ne:e;hbourmg nodes of the centre mtersectmn, mtersectlon 5, Intersect:lon 51
K | can only commumcate W1th these nﬂlghbourmg nodes

Buxlt into the syslem 13 also the ab:hty ir' emergﬁnmes for an mtersecnon to

o conmmmcntc with any other mtcrsegzunn This commumcanon is aver and a.bove the

- ﬁxed communication pathways used in standard communication model i . Figure 5 -
“and Fxgurc 6. This added emergency communication mode] gives the network the

. ablhty to n‘andle emergency vehlcle’s and any major mmecuon breakdowns As au -

- emergency Vehlcle travels through the mtemctmns Imessages can be sent from the
mtersectmu to all iatersections on the route to the E‘hlcles destmat:on This = __
' cormumication ensures *hat ali robots are gre“n along e mutc and thus glvc each

. intersection a:long the route "dequate re-plannmg time to cofae with the cars Walung ai' a

- the mtelsecm:m In the case of & mtemectmn brcakdown and & mtersectlon 3

BT

blackboan:{ ceasing to functxon, neighbouring nodes could commumcate d.lrectly with- R

. each other and Work-arounc’ the moperah‘ 3 mtcrsection

. :"k. L



| Wlth the ability to communicate with any mtersechon certam preblems pertalmng to |
contract nets become essential &g s ynchmmsmg eornmumcauen. For exanmle if

B o S . . e . T . Lo
.n' f-:' N . -'.l\ - o T ’ ’ -

The address server is a speclal agent in the sxmulator i 8. it keeps traek of all 11ve

o mtersections and autemaueally forwards all messages to *elevant mterseetmns ’I'he -

I _ address server majntam& ale vel of indirection between the commumcauen fietwork

and the mtersectlon agents in the network. In thls way the phymcal locaition of a agent

. .)'

addressservet _ ce . S

Each agem in Datilis acknnwledges all Speclal commemeauens (ie. please send ;

. ____routing mformatien messeges) and also penod;eally each intersection sends a' glehal

s MG 52EES. All the reunng mformatmn is stered in the adtiress server. If there fgno .

;_ackuowledgement frem any agent a messpge s seat directly to that agent, This oceuts .
“thrpe tifhe. ];fthere isnu acknowledgements the inﬁerseetion is assumed to be “dead"

o and unusable ' o :

used vw. varlous pmmcols. EHach egeﬁt’s commumcation ebJect inherits a number of
o -_ baslc design pm}osopbms and abxht;es A&se duis to the ebJeet onentated nature of. the .

mes;-age mfenning the address server that its is “alzve‘%ld its routmg mfennauon for

o . ; N S
I . . - I_j_} g

The comumcation channel in ea@h agent in Datilis i 2 global dewee and can be

_3 design of the simulator, each agenl; coulaalso hary wlug in modules, in this way -

_: makmg each agent mdividually siitted to it needs Le. @ agent may have differem

| abilities dependmg orits pﬁmuen and placement in the gnd Eaeh agent st have a'

o _f_,.mtersecﬁen 1 sends a message (o mterseetzen 3 then mterseetion 1 must first knew the : _'
B -i_physmal eddress of mtersectitm 3i 1.e. where to send the message, In the standard L N
L : _' commumcatien model each mtersecﬂcn ]n;pws the physmal addrcsses of all o - ._ -
SR 'nemghbourmg mtexsectxonb When, commun;rcatmg outside of these nezghbouring .

- mtersgcuens in the emergency commuuieatmn model an aﬁ drass server is needEd te |
< .jeo-ordmahe 3.11 speeial commumcatmns. j e

- may change inthe network ot the means of sending eonunuﬁicatmn Is snll through the .

T
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o "usc of an at‘fd:ess servar‘ A level of mdarecuon is mamtamed 1o coPe wuth the

- I: object that descnbes f.he basu: qomﬁ;umcanon 1;mtocol 'Wh]le the commumcatmn _
o modula has the abxhty to transfer ‘basw strings’ from one agent to anothar the agent - ' i
_ | '-must have the ahﬂxty to res;ognise the' strings dccode and o‘btam the relevant ) AR
o mfonnation from the messages Alsa each agenb has the abnhty to dynam:cally swap m
. and ont dlﬁe"ﬁnt modules ﬁneeded dunng 2 executi_qn mﬁ({g reai-t1me) R AR
_ In canclus:on Datxlm i very extenmble 'Datl.hs s ob_]e.cts awempt as much as posmble ' .
| : 'to encapsulate all 1tems ralatmg to the real mafﬁc hghts phys;cal objects. Each function R | \a ﬁ_
o desxgned for each obJect can ba re-wntten fora physical real-t:me system wﬂh a o _' B N
L ': _ nummum amount ofhassl(e Commumcauon and agent contml is famhtated thmugh theo i o B

-uncer*amtyanddynamxcnaturéofthesystem. e (

L

To uuﬁnse the knowledge encapsulated in the blackboard a hybrid techmgue was R

L -developed This techmque uses the tuning data control strucmre to wmodify the time -

. '-_durntiun s of each traffic hght This techmque iadxscussed mfther in the next mcnon.
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Flgure 6. Emergency commuuicatmn between Intersection T|
?_ and Tntersection 3. In general Intersection 1 would only be able| -
to qommumcatg with Inte_rsgcﬂon 2 and _Intersactlon 4. '

&

. Timing Data Control Structure

| df’

 Through the nse of the irifofmﬁon available in the local blackboard's the piinning

S module of each intersectlon will use & new hybnd techmque called boundaty bashing

and peggmg Boundary bashmg and pegging is used to cul down on the combmatonal
quagmne (Swerduﬂ 1973) of the search area avaﬂable to the p]anmng module. o

Bou.udary bashing and peggmg isa hybrxd techmque based upon the ideas presented- '

by Pednault (1990) and many of the ideas presented in the plmnmg and acting sacﬁcn B

- of the Literature survey. _A techmq__ue was _needed to constrain the ,planner to areas of

| .46_' R



S _mtcrest, w:th the ability to ﬁu,d a.nd then ‘forgct’ the area ofplanmng in B real tnme
- envnonment. L | o

The msas behmd boundary bashing and peggmg come fmm a ccnglomcrauﬂn of

- ) '1deas gleamed from the muln—agent hteraturc rewcw ‘I‘WQ papers contam ﬁl&r essentlal

s 1deas behmd the ﬁnal systern that was encapsulated Thc 1dea of peggmg wag baSed on
* 4 paper on SCRAPS (Hendler, 1985) SCRAPS uses & systcm called marker passmg

' Marker pasmng is uSed to mark adJacem: nodes in memory By markmg ﬁrst ong node
.and then ancther we-can se how they are relatetl by exammmg thOSG cnncepts marked

In Dauhs the control c.-f the intersecuon ocours in cycles, A single cycle can be

K tlmught of as the conrol bemg g,wen to the rioith facing trafﬁc llghh( e. turmng grecn

passing through the next thres trafﬁc lights and then passed back to the north facmg
robot. The next cycle occurs =001 28 contcol is passed back to the north facing -

o __robo.. The idea behind the pé ging systcm isto encapsulate these cycles into nodes’

sirnilar to the marker passing nodes. Through tha use of pegs, adjacent nodes are
. demarcatecl arld !:lwn campamd to gwe the ﬁnal tuming Iengﬂas for the traffic hghts

' Areas bf mterest in tb.e Datxhs system are the. houndanes of the cycles og nodes

o Boundames detel{emne thie course of events up to the next Imunclary condltion. This is -* ’
' sumlar to! *the nse of boundaries as flescnbed by Pedniault (1990); The constlainmg of

: 'the trafﬁc Iights times is done by modlfymg the boundary conditions sequentxa]]y

(Pecé\nault, 1990) Bounr‘ar,ies are demarcated through the use of pegs. These pegs are

= ‘hashed’ into posmiol‘n through thc acuvmes of the piammg agent and the mformation
_ concermng mcommg cars which Are msérted mto the. hming dam control structure

. {-,“'
RO

 Bschagentin aiﬁwf_s@” uses the timing data control structure of the blackboard
* forall decision making procediires. Too keep a tecords of changes over a period of -

time and to stop unrelated areas of th plan being changed, pegs are insertéd__intd the

_:“. L



¥

 boundary aréas of the timing data contol structure, The timing data control structore
~ of Datilis i is txme snuctured ie. all 1tems storecl in the structure are ordered by the tune" L
S thseventwﬂlhappeu ) : : L _ -

. Pegs havdtﬁxo' ﬁsag’e’s by the pianning agertt, the first is a logical use and the

N second is aphysxcal use. The logical use of | pegs is forboundary maﬂang and is usu a]]y' ) _: _ AR
. moved through boundary baShJHg The physwal use is for the building of a real-iime

e system A quick method for access was needed into the timing data control structor

50 decxszon :makmg and planmng could be done in real time. The pegs work as a _
" hashing tabIe (based on time) into the timing data control st:ructure In tlus way a dlrect -
. access scheme was bl.]llt up to facxhtate the. abzhty of actmg and planmng m real tlme

All cyeles in the nmmg data control structme ate pegged Tﬁls allows Datilis to pla,n '
for subsectlonb of upcoming events whxle prewous];'t pegged plans can be executed in

. realnnme. In this respect Datilis plans and acts at the same time, ccmstraimng events to
"certaln actions before continuing with further planning Using pegs as placeholders |
| alIows prewously “decided” sub-plans to be qmckly scanned and re-planned if needed. - .
_ Pegs allow a sigmficant amount of paral]el acuwty throngh the use of muluple accesses
" tothe tinting data control structure |

Due to the time constramts of the searchmg engme of tbe planmug agent the -

boundnry baslnng and peggmg system is hmxted via time constraints. These Hﬁ:mtatmns
' facilitste the ability of the system to reactin ‘rea]-time through the lumtmg of thetime
~ taken by the seamhmg mechanism., Phymcally pegs are restricted to a limit of 60 e
 seconds hetween pegs. Therefore vach eycle i m the I:mung data €ontrol structure is .
_ Imuted to a maximom of 60 seconds. This does not mean that a cycls must be 60
o seﬁ-\onds Jong but can rather be any time from 0 to 60 secends long. A further

1'e9%rlcuon used to facilztate the 60 second cycle Is that each traffic light in the

_ | intersectmn can only be activated for a maxlmum of 15 seeonds. All xestmcnons are
- shown in Tahle 1. Values larger than these restrictions could be used but & solutmon to

.o



. n' .

. | thennnngprob]emcouldbecome mcomputauonally mfeamble 'Ih:sarea, Oflarger
restrotions, w'auldhe furthermseamhedmfmﬂmrwork. | o

R

o

o West

.6;"15'secbnﬂs : o

-15 seconds

.

Table 1s Table showmg tha posmble tJming values for each trafﬁc hght in a IR

--_':intersecuon o ,{,

. 'With'the pegs in place and the timing data control structure in place it is possible to

f' Total.o GOSpcouds

. .

045 ses cmds REPRIS RO

o
F R

o asmgn mnes to each lrafﬁc lxght dependmg on the amount of cars m 2 ttafﬁc hghts L o

jqueue. R

“

B

w

N A best case scenarm ﬁor a planner would 'be if there wem blucks of ébars moving
- _together as a units For example it ten cars where mow tluough the traf&g: gﬁd

o 'toget,her they could all be moved through a intersectmn t&gether and the “trafflc hght o
o 'could always be allocabad 10 secbnds for the g;roup 1.e Flgure 71, SR

Lo,
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- vahiotes atiive at the Interasctior
* jand are allowed through in a block,

Wi Lz
o o

nerseaton |

| These venictes are aliowed through|
1 Ahe intersaction as soon as the Nortf] :
-+ . faclng robot passes-control. I S

W

| I‘lgure 7t Diagram showmfr the best case scenario for 4 intersection, Cars o
B do not only have to be arrwmg at the next trafﬁc hght but Lould be arr.wmg at _ |
o any of the traﬁfic hghts in the mtersecnon . _ |

Although the best case scsnarm is comgutationally aasy to solve it does not always .
‘ocgur as a patters in the trafﬁc system. An average and worst case. scenarm ,whmh

o tenda to oceur more often, would arise when there are gaps between cats, An example. - o

of this is if there is 5 ears and then a 2 second gap and then anoﬁm o4 Mt‘ﬂ mrwmg ata -

intersectmn. The shsolnte worst case would be single cars an‘iVmg at a mtarsect:on
wuh titne gaps between all the cars, An example of these cases is gwen in Figura 8.

50
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f Ag oail be seen thers s -

- | collsgtlon of block cars with
" | papsimbetwaesn.The East

——-1 traffia light also has a erlas of .
-1 dars. The pianner now has e | -

| maka & degision based on the -{ .

| heurlstcs used by the gimulator,

Intaksaction

Flgnre 2 Diagram showmg tha average and WOI‘St case Seenarios| |
. jfor a intersection, As can be seen cars amve m small. bursts with 8}
" {number of gaps between them, Again, thesa cars could be amvmg at| -
| aby of the trafﬁc lights in the mlarsecnon.

Handhng the best case scenano is relartwely easy for the pl:mner Each block of cars

. up to 15 cars (15 seconds , 1 car a second) 1s allowed through at one time, Therefore o

._the. first heuristic used by the planneris to ass1gu a time fora traffic light based on the )
| maximum amount of cers in arow An axample of this case is given iangure 7. As can |
- be seen the planser will atways allow 4 block of cars through first; even if a blgger )
' second block is waiting to go-at a different traffic light. This is not a primary hewsistic ©
but often is used in conjunctmn wﬂh the secund hcunsuc.

51
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| The secend heunstxc is based uptm the average and wm:st case scananos A deczsmu o
. must bemade i gaps shoulsi be catered for in the cm-rent cycla or in the followmg

cyclb An exnm;)le ofthls 13‘ i therc is a block. ofS cars andthen a2 s&cond gap and
- thcn anether block of 5 cats, thcn the questlon becomes, shou!d the trafﬁc hght stay
o grecn for jseconds or only 5 saconds and transfer conn-ol to the ncxt traffic hght If

thaplam: dcmdes to wait for the. ne:gt cycle the cost of walt*ug the full cyclc minst be B o

- calculated mto the OVerall demsmn B

As mantloned above the first heunsuc used always allc,ws the max:mum block of

: cats (thhout breaks) ina1s sacond rangc to pa”' 'éhrOugh the mterscctmn at onctsme S

le. setthe nafﬁc lights time to the mammum amount of cars inia block up- to15-
seconds ’I‘akmg this into account the second hel.‘ll‘lStlc is generated' there isa block

o of cars wmting at the next traffic lxght(s) in the current pe.gged area, thax is blgger than o
-+ the'block of cars after a gap at the cmrem: traffic light, control wﬂl be passed cmto the '

|  next traffic hght(s) For completeness a gap 1s deﬁned as a s;)ace of 1 Second or above
betwe:encars ' - o

" The time for the traffic lights js re-planned for every incoming car that is ingerted
mto the blackboard structure As a message comes in about a car, the car is mserted
" into both. thc traffic hght structure (North, South , East West ie. Figure 4) and 1 mto
| the tlrmng data control stmcture Once this infonnauon has been entercd re-plamungl - |
B cuimg can oocur, - | o

Because 0f the design of Dat:hs § heunstms, iugh VOlumes of cars travellhw in any

. ~ one direction is well hendled, In response to & continuous flow of traffic from any one - R

 direction and no ather trafﬁc on the network Datilis would set the facmg traffic hght
- green permanently This is achieved by making the titmie for all other traffic hghts 0
seconds for euch cyole and 15 seconds for the facm g tmffic 11ght.

o



In conolusron, the timing data control stmct;ﬁ"é regulatos the tnnmg constr%nts of

E : the trafﬁc hghts, Boundary bashmg and peg iy IS usod to oonstram tho nmo of the

_. .traffic hghts to tho passage of the cam through tho mtersoctmn through thts stmcture
" When amossa,gols sent informing an agoht of a niew car, ﬂleplﬂnﬂiﬂgmodu,, bfan o _
- * agent uses houndaly bashing ﬂnd Peggmg to oonstram the trafﬁc hghrs fm- certmn Y
.-Pm"d“ﬁlatlﬂgto theamvalnmeofthecar L T .

. o

To clanfy the previous soction and to further clanfy ‘the rcsults that are prcsonted m

E _: f the next sootlon an example of a s1mulatec1 run 1s gwem Tlus axample problem usos the
'same gndastheonousedfor tlreﬁnalresults ' : L

st

The traffic grld used is a four by four matrxx glvmg four contre nodes ie. Figuro 9

Centre nodes m-e areas of Ingher Volume of cars as they are used for al t}:roogh trafﬁc

o & gonerally cars wﬂl traVol from one bordcr of the grid to another travellmg through

| '_ ~the centre mtersectxons When gcnoraung the gnd random tunes woro used for all -
_ traffic hghts For more realistic results the robots aotwe time 1s generally d smaﬂ

5 'pe.rcentage of the ume takon to travel from one- robot to. anothor

In t].us example results were: generated for a smgle car travollmg through the traffio

o system “The car enters the system at intersection 1 and then travels through to

" mte,rseonon 13 and then“out the system fe. Figure 10, 'I‘he car travels through ten

o mtersoctrons In tho example the zesults are nmal as thore is only one car n*avellmg
~ through the grld when the rosults were genorated. The ideas behind this result is central
to t.ho research anr.l t.herefom it was deerded to loavo only one car in thlS examplo

.0.. n
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All results are assumed to staxt from 0 seconds ie. when thc car cnters the system 1t' N B

is assumed that the hxmng starts antl the smmlatlon clock 13 set to time O,Whan the
ults are generated for mulnple cars the first car starts at time 0 and the rest of the

:  cars t:me are mcrcmented from there. Tnall results the north facmg robot is nntiated at e

.

li‘lgnre 9 The trafﬁc gnd ﬂsed m cxample and for the ﬁnal N

Y ]




7] SV N

S
g
ol
- ]

e T S

£

s

™
E 2
=
=

 Figure 10: The route taken by the car in the example simulation.
| The car enters the trafﬁc gnd at Intersecuon 1 énd leaves the fraffic
' gnd at Intcrsection 13 | _ '

. The be__st ume the car can take to complété' this rpute is 2975 seconds.’Th_is is

| _derived'by taki'ng the starting tite plus the time needed for the car to enter the system.
For example ifa car was entering from the west side of a infersection at time 0 and the

north robot wa;s also activated at time 0, the ﬁrst chance the car would have to enter |

| the system is once the north, east and south mbot have. been acuvated and deacnvated, |

This time is conmdered to be part of the base time as a car u, entering the system from
_aunknown area and hance n pre-planmng could be done. So in this exmnple it tinese

0 the car is stopped at mtcrseonon 1'by the west facmg intersection, Alw at hma 0 the :

north facing robot is actlva.ted for 5 seconds Then at time § 1 m the sxmulator the east.

- facing robot af intersection 1 is actWated for 5 seconds and «:ﬁen at time 10 the south

facmg mbnt is actwated 'I'herefore only at-time 20 on the smulator does thc example
 car enter the gnd (pass thmugh intersection 1) '

‘--_:;k-_ss o



Because all the cars enter the gnd from unknown areas that are no: controlled by

the dlsmbuted system all tlmestaken to enter the system js added to both the base and |

o the dlstributed Al resulis recelved and th1s time is unchangeable From t?ns time on, for .
- : 'ithe best mne, all tunes ane addeq assunung that the car acrives at all lntsrscctmns and
_ " the robot is always gresn Therefore the base tu:ue is takan by addmg up all tha{'.lmes

- taken to traveI thq‘roads along the rouhp plus the tmm taken m enter the gnd '

PPN

["BestTime| CarMoveTime | Difference (Car |  Expected |
B L r'movetme_ best 4 Time .y

o

\\

o0 | &% | =8 | %o

i385 | 1288 | & | 1281~

“o5E __ : ) 19_8_.0:' _ . . ] 55 — - 1953 ..

Fes = & & ]

[2o75 3053 @-?- B 7 B "'30'41? —

| '-_-Table 2: The statistlcal data for m; sexaimple. Best Tlme is the fastest time the nor
can’ move through the system, Car Move tn:ns is the actual times when the car moved_ B
N tbrough a intersection. Difference cohwm is the dlffercnce in time bctwe.en the best
time and actual trme The expacted time is the tims the car arrived at the mtersecnpn BN
: So the dlﬁerencc between the expected time and (:‘ar move time is the wamng timmg At
: the mtarsecuons ' -
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e the base tune and the actual tzme was 78 seoonds. As ot be se:en from Table 2 the _
' dxﬁet%nce of the base and actual results (miumn 2) mcreases as ﬂm car tra’vels fuxther ER
_ . along 1ts route, Thls is an expected result and mcans that the actual tu:ne taken by thc v .' - __ __
o car 1s divergent fmm the base tlme the Tonger the car s stopped in the traﬁﬁc systam : B . L

' - and snmstrme mlss it by thie mammum amount Each robot mxsse& memw the acmai '
o _ume tals:en gets further from the best tlme and hence the average pattem is dwergent

Lo

. The actual nmc takan by the car was 5053 secouds, where fhb d:fference between

f

Thzs 13 due to Lha fact that at best the, actual tzme wﬂl bs the same as the basc mne

| -This case Occm's when all faz:mg mbots are green when the car amves atthe
: '- mtersmuons. The worst case would be when the car _lllst mzsses its facmg robot when
_ arnvmg at the intemction and t]ns would occur for all mtersectmn that the car amves o
at. Tn this case the fill time of all three other robots would be added to the time. An,
L average ot ganeral case Would be that the car wou:ld sometxms patch a green 1obot |

: The best, average at.ﬁ worst case s show in dmgram format in Flgure L.

D
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In the Best Case -
- | tils vobot woutd

" |begreénwhen . | -
the-vahicle ardved | = -
at the Intersection.

n the worst cdse
- | thiz robot woild |
| have Just turned |
. { green as tha -
yehicla arrlves.  f
| Ales this.rabot |-
could e Included 1
intheaversgs | | 7~
Gade. - .

feme—— e Intarsuotion

N .

" Intho pvarage
-cgse ana of thege
trai!lu lights would

= Flgm'e 11 Graphm showmg the p031t10n of control in an mtersection - o
- or best, average and Worst i case scenarios - ' '

3 ‘I‘he fourth eolunm of Table 2 is the expected time of the car, ThlS time is the: actual
time the car arrives at the intersection If the car arrives at time 420 and leaves at time - .

. 425 then the car has stopped for 5 seconds. This column is used as a indicator to show _ __;f _
i at wluch mtersecuons acar has been stepped |

| Inthis example, with the di_stributét} artificial i_nball_igent'fsystczi_i enabled, the best -
 timeis equal to the actvial time. Each interSectien the car comes to is automaﬁc'élly |
changed to green for the car as there is only one car in the system I-Ienre the result far
- this example could be salé to be opﬁmal With the mfference in tirm between the base
case and the dmtﬂbuted case bemg 78 seconds
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Figure 12 Thc results of the example showing the Best I I)xstnbuted cass|

| Vs thie basc case As can bc sean from the graph the two ]mes ara clea"'ly o
k mvergent | :
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Flgure 23: Graph showmg all the resvlts of the example mth tha dlffercnce' _

s petweesi the bast and base results also bemg shown

From tl:us example it-con bie seen that ciearly there was ’78 seconds savmg on thls

_': nm A more detailed ook at the testmg methodomgy is presentcd in thé next sectwn .

o

U_

‘I‘lns resea:ch was conducteu in tWo phasas Both phases relate to certzun levels of |

: _"functlonahty in Datlhs The: ﬁtst phase is the'base phasts Aﬂ resu;‘l.ts recewed from this |
. phase are used as the base results for all comparisons, This phase is eqmvalent tothe

o ongmal trafﬂc hght system thhout dasmbuted contt 21



Y each set to avcrage out ﬂm timas for the results. =

_ Daulis Was used to smlulate & nm‘aber of “runa” of cars ﬂowmg tbmngh the syste{{t.
Ali of the ‘ru,ns*’ are dependcnt on the number of ¢ ca:;s tra,ve]lmg through the. system. o e -

- this I‘escamh there Wera $ix ma_lor sets w:th ﬁve rv.ms for each set. Thc dmsmns of the

' . sets is based oty the number of cars. In sat one there was 300 cars, set 'p had 350

N

. i then the next set 500 1000 2000 and then 3000 cars\Them were 5 mnsl’madp for S

All cars routes, and‘f’he intersecnons trafﬁc hghts times were genarated 'Ihasa

- -figupes wcre stomd and used for both testmg phases* Then same startmg mformati,on for.' :
_' o ' both stages is essentnal for the vahd:ty of the f“mal anmytical rcsult Due to the '_ ' el
o 'cxa.ctncss of both tﬁe startmg pomt of the smulator run and the exactncss of the mam “ _' B

. _' - essentlal daw. the ﬁnal result indxcate& the exact differendﬁ betwecn a i:rafﬁc Izight
- system vuth ont dzstnbuted conttol and a system w1th dismbutcd control :

o

Phase tWo extends phase one w1th the addltlon of a car waming system Thls is the o

' ﬁrst level of djsmbutecl control and the maln area of study Before a car arn"es at a

" intersection the forwardmg mtersec.non s agent will send a commumcatmn warmng the
_mtersecuon of the mcomjng trafﬁc and the amount of carq antiving. In this way the R

E ummg values of the mtersecuons connechons can be changed to best handle the
B mcorrung tra’ific A plannmg system must he mcorporated mto each mtersecuon
abihties to handle tlpe timmg changes | o .

Tlus phase buﬂds anumpanon inta thc control systenmA sumle would be that ofa
trafﬁc ofﬁcer at each mtersectmn w:th 2 walkle~talk1a connectmg }um to his nqarest

naxghbour In this case neighbours wonld ¢0mmum«,ate m:tormatxon about the cars on ' R

| the way tu the traffic ofﬁcer 5 mters‘ectlon

Testmg is ciona w;th the same data used in phase one and the same testmg protocol __ ': -

_'I‘he result are compazed aﬂd graphed in the next section, -

" E
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Phase thnae mcludes tmth thc t‘wo prevmus phases bl!? a]Iows b1-dm=ctmna! o " = .' » :
| comumcatmn and mvolves th phase two plaumng modﬁlq,, In thzs stage & wammg A
message is. sent s befom bt the wsce;lvmg agent can scnd back a res1aonse Tms

response can e:ther be ‘yes, scnd the cm: ot ne, dp not seﬁd the car The recmvmg
mtersecnon, dependm g on 1ts current s:tuauon, wﬂl make declsmns bascd on. the Y
results of tt . intersection’s plannmg agent, Ifthe rcsponSe, from a recewing agent 13 : L
ncgatxve th 3 the ferwardmg agctzt wili have t decide 1f route changcs should be

" made tp the vaiting cars. This phase a].lOWS the ability to gmde cats through PR
altsrnat:ves roﬁtcs dependmg on trafﬁc ﬂow or breakages to the mlersectxons or at the. e

_ Unhkc the pre aé twophases, phaSe three is not analytxcal in nature There is no- =
| ' comparison to phase one because phase one could 7ot cope: thh the Uncertamty that is ) e
haudled in phase three For example ifa mtetsectlon had to go. doWn (no cars were | S
pem*utted through the mtersectiqn) m phase one there wonld ‘ae no way to controi the S
routes of the cars and l:u.r:ce they wonld stﬂl attempt to tra,vel through the downed
mterse&tmn Wzth the add.ltlon of further dlstrlbuted contl:ol 1t wmld be possible tO Lo
change the routmg mforrﬂauon o,‘{\ltha cars and hencc re:;oute cars around the dawned o i o
mtersecnon ' - ' v

: '. EXtcnded dxsmbuwd comrol is anfarea of 1‘esearcll that fgllows on from the : j._ o
. Pfc"lous tWD phases g thls repcrt thls anea i'e bneﬂy touched upon and would form a_' S
1°glca1 extension of thxs work, R )

T B I v l
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- | - Figure 141 Graph 'shOwing the base reSﬁlts for Da'tﬂis.;- As can be seen froﬁi the o
= Base T:ms Bewt Time line the graph i is clearly dwergent. 'I‘herefore the more cars L
| .used m the sm:lator the greater the diﬁarcnce betwcen the best t.:me and the b asa -

L

o As can be seen from Figure 14 theresults are dwergent as exﬂeetci ’I'hese msulu;

| - indicate ];ase result W1th no d:strzbuted control From the graph it t.an be seen that

;"r as mote caj . are used i in the smu.lator the greatcr the dwergence from the best. ume
Th1s is duc to. ﬂ‘;e fact that there i 1s a greater number of cats that mdmdually add then'

mdwidual Waltmg umes to the ﬁnal tlme 'I'he more cars them are the greatex‘ the

"_._63_- A
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co:lgestmn at each mtcrsecuon. The mvergent nature of tha results ate mdmated by the

Base Tames Best 'I‘imc lmet Thes.e rcsults are fm-therﬂiscussed 111 the COmpanScm of
| Results seot10n, J S

| [~ Distbuted Al timg | - E
—:It—-Ele;s&Tlms o

8000006+ -

4000000 1 -

A

1000 _.200& o

¥ time is clearly hetter than the Base Tmie
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Flgure 15. All resnlts mcludmg the results of thc snm:laro: when usmg
o dlstnbuted control mcthods As can be seen fmm this graph the Dlstnbuted AI -




The base ?-aults are. compared in tl.us graph to the results of usmg the dxstnbuted

_control stmcﬁ)res As can be seen ﬁ'om F1gu1e 15 the distributed AI txme is pIaced

= between the best time and the base tifne. This is 2n expectedmsults as this mean with. - .:  S
dtstnbuted conﬁnl there .IS a Savmg of trme in ﬂ]a trafﬁc gmd as compared to the base-- -

N _ _tnne Tins rcsuIt is dlscussed m morc detaal in the Compamson of Resuits sgscnon. _'-fj o

BN I

o} [<e—BeatTime
10000000 § - |—Ei-Phase2, . -
' i i—k—Pnsse1-BaseTime |
¢~ Distributed - Best Tima

. ‘eomuw 1 i R '». ses i e _'._ Ve ._...._-.: .. ..1_2&'):’00 '
8000000 § - - 150000

L 40000001 <
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| Figure 16: This graph is exactly the same & Figm' 15'But--hass-a additional|
L Jme mdlcatmg the dlﬁcrence between the D:st ibuted sze. and the ‘Best|

. _T:me As can bc seen from the graph as more cars are addad to: the system_ -
| the dlstnbuted tnne gcts mcraase comparcd to the besr nme '
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. ;_-;...‘_ 'Flgure 17 thc GOI'IGS]JDIIdmg sectrons have been marked bythree blocks Each ofthgge"_‘_'_ .. : _
o blocks cerrespend to very rough sectmns of results The blocks break down the graph R
-_mto sectlens cerrespondmg te the number of cars. Bloek 1 mc]udes the J:esu]ts from: L IR

. -_300 to about 700 ea,rs Blocls 2 fxom 7{}0 to 2000 cars and bloek 3. fs:om 2060 to 3000 e L

. mere cars are ran-on the simulator the greater tfie nme difference betweenthe best SRR A
'-trme and the base tune Tbrs result fol]ows asa logleal eoneluswn to. the results fel

presented in Frgure 13,

These rr*sults can he roughly broken down mte threeparts As ean be seen t‘rom : - e

N 1_

As can be seen from the results the beet’tmm hne is drvergent frem the base t‘ime_ o B
Thrs 1s more, clearly mdrcatedrnFrgure 14, From this it can be dedm:ed thatas. . )

If a companson is now done with phaSe 2 re,srﬂt tune i.e. the dlstrrbuted AI time -
_ llne, it pan e]early be seen that the resu]ts fall mtlghly mw the three bloeks shown'in

: 'Frgm-e 17. Inbieek 1 thephase 21me ]s on orvery eearthe besthmehne For block2

"-jthe phase 2 line is moving away fro
: hnethanthebasehne InbleekS i‘hep'

¢ best time Ime but B still mmtch eloser to this -
fiza 2 line haemmﬁ to roughly haiIWey

' between the best trme ]me and base time Ime and J}s clearly gettmg closer to'the base L

. timeline, Ameredetarledanalysrs ofeachbleemslrresentedmthenexttnree

7

"'paragraphs T AR

. _.-‘.
j:f
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.L

In block 1 there i 1s reughly betWeen .500 700 cars in the slnuﬂator 'W:th the use of
drstrrbuted control sttuctures the aveéage time. taken for the cars to tra.rel through the :

. trafﬁc grld is close to eptlmal Ne‘ar the 700 car mark the distributed time is moving

aWay ﬁ‘om the eptunai ]me (b;st tlme line) but 1s still srgmﬁeantly better than the base ;

_ results Therefore bleek 1 /eﬁows the best results ofthe srmulater '

. '_{/

7

In bIock 2 there jé rou;}lly betWeen 700 2000 cars in the srmulator Wrth the use :
ef the drstrrbutezf eontrer structures ﬂr«\: average trme taken for the cars o travel '

S

_ A - )
e “_HQ{*-H-' e T . R
- . '.;
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o through thc trafﬁc gnd is rougb]y 25% worse than tha hcsf trme hne and 75 % better

o than the basc tmae ims By thc end of t]ns block the dmtnbuted lufé has moved to".

. _-‘.roughlythenndd]c ofthebestnmehne andtbebase tmw]me Thismaamthatforﬁs L
o biock the diétﬂbuted conh'ol strucnues ate. stlll Performmg well ami givmg a 75% a o A : .3 o

W L Dol

w

: _':'. _ 50% mcrcasc m performan*ce in the trafﬁc system

g

In bluck 3 there IS roughly hetwe&zf 2000—3000 cars m the smlulator. Wlth tha use

of the dlsmbuted crmtrol sli'uctures tha avex‘age tlme taken fOr the cars to travel : : o

L _ ihmugh the trafﬁc gndzsroughly halfway betwem thabcst nmc ]ine and thebasﬂ ‘m:le

T ie. about 50%. By the end of the block fhe distrbuted time T is closer to the

| ) base ﬁmg ]jnethen thebe,st umehna Thismeans as more cars amsmnﬂated the worse
s _' the distnbuted su-uctmes handle the ﬂow of cars and the closer the dlsmbuteé tune wﬂl

i each mtersection is curtaﬂed If a mtersectmn i mundated with cars Ve

get to thebase’tlmﬂ B e PO /f/ B
Inconclumon asmorc Cam enter the sgﬂatorthe effecuveneaa ftheagsnts m -
iSno abmty

S mmﬂnoeum cam Hence the smulated tnne @aken forthesimulatorwhen usmg IR
S mmbuted control mmres closer to the t:me taken W1fhout dzstnbuted cantrol, In s

N 1mpla terms it couId be sazd that e%n with qu;butedﬁcontrol a large influx of cars -

" wﬂﬂle-adto-atrafﬁc]amwhlﬂhtakesalarge amount oftlmeto.handle Inthe@aseofa. __ o

B smaller amount of cars the filstlbuted contl:ol structures were mgh!y 6‘ffectwq aud. led

&. T



 An agent -mﬁstf:dhstruct re;ireéén'tatiené- élﬁéit‘ ecopopnical ones, tﬁd'tat':cimabclyl P

| 'cover 1ts percept:[ons of the enwronment. When an agent represcnts other ageuts it

| _ | must represent what they beheve, desme and mtend(Bond 198 8) Thc other agcntq

o _'havc- behefs about ttus agent and 1‘:3 behefs and repmsentatmns of them, a.d .ﬁﬁmtmn
" Believing that there are other agents in'its environﬂmnt 'wﬁl cause an agent to act

] defereutIy, &8, benevolently and predmtably Fm{g.j a benevnient agent rmght clear,
= _1ts envzronment, 1f it beheves that other agents wﬂl aci smularly, becausc it Imowa that o
" i it can 0perate more efﬁmently in a more orderly El‘lVlrﬁnmcnt o

. TS , _
| Foran ag;ent to act predlctably the agcnt should haw a SBlf modcl Wlth whlch 1ts e
. 'beliefs are conmslent i; €. agcnts behefs shou]d be cunsmtznt with: each Other and "
_ agents actions should be consmtent with 1ts behefs (Bond, 1988). Also the: agent should -
- have a represcntauon of what other agents beheve about it, and should act _n accord
_w:th it, By aotmg prechctably,u % ,gent will reduce OOHﬂICtS with other agents, thcraby - _
: _mcreasmg not only its own effecl:WenBS‘i, but also the effectlveness of all of the agents. ._ e

Diéﬁibuted"sj!stéﬂis can be 'thoughf of as conipds‘ed of intelligént enttties with
intentions, behefs, atid know-how These ent.mcs interact thmm;h hi gh-leVel
_ commumcauons to effect each other mtennons and behefs and thereby actions.

1;1 th1s report K] smmlator, Dat]hs, was demgned and buﬂt using the pnnmples
mennoned above: I)anhs was built along the pnnmples of extensibﬂlty and ob_]ect
- functionality. Each agcnt was demgned to act predlctably and consmteutly The
.blackboard systam of ccmtrol was used in Dat:hs becauSc of the sophlsucated local
| prooeSsmg capab:hty coupled together W1th selectwc communicauon dec]smns which | -
- rednces control uncertainty. The mdepandent data d1rected natum of the blackboard |
o System_ genera;_ms a sxgmﬁcant amount of parallel acuv;ty -that is well utilised by Da__tﬂis.' o

e



- Wlnch1twas novormtondod B ’7

Through tho use of cotnmumoanon each agont m Datihs effocw othor agents mtenttons

: and beliofs and thereby thore actxons. _—

o _Dntths was also btult npon tho pnnc:tples suggested by Ravmdran (1987)
| 1 Do not btuld a complicated moq"él whcn a smple one will sttfﬁce
- -_2 Bowaro of mouldmg tho p.toblom to ﬁt the techmquo

3 Tho doduonon phaso of the modo]hug must be conducted ﬁgorously

4.Models should bo vahdated pnor to unplemontatton

.' - 5, A model should nevor bo@ken to0 htera]ly

- B.A modol should ncxthcr be pressod to do, nor cl;mclsed for fallmg to do, that for

" .
‘ﬂ. ce

7 .Bowaro of oversellmg a model
8. A model cannot be any bottcr than tho mformatton that goes into it.

Bach of theso pnnctplos were used and vcrified in ttte\ponstruotton andthe

'evaluanonofDatths '. S R _t

| Nenvo:kinga.ndnat T

. wll _ L o . )
_ Jlgt _ ' o o 3
A o S .

o M.any computer networks can be enhanced through many of tgte gaIme 1deas used in
- this pro_]ect. Many disteibuted structures i.e, contract nE*WOIk, bl&ckboard systom, _
- could be mcorporatod into & computer network - - %t o

O
l

The question of Wh'at istobeusedasa oommnﬁications channel c&;tnos tothe

' forefront When usmg a computor network In most dtstnbutotl systems a computer

network is usod as the commumcatton modium In a computer network a decision. must

" be made whether 2 separato commumcauon channe} should be built or if the existing

s m faost c&scs needs to worh t.onsmorably faster thnn tho systom 1t is workmg on, In a

notwotk will be used for dtst-ibntod oommmtcnuon as well A commnmcation channel |

10

i



| . computcr network camuq;catwn takas place at the. same Spacd as the- data being e
. . transfexred ’Ihe advantages of the dmtnbutef‘d contml stmctures may olltwelgh the '. o
| .-'__disadvantages of bui]dmg anew commqmcg%on channcl o L =

- : the internet, Also somé techmques usad in netwnrkmg cau be / are mtsgrated 111'30 |

. _c_a;s, \1

= '.zilsmbutedAI

- Datilis and uﬂcertamty o

_ The trafﬁc hght system isa open sysmm 1.e. 1t isa system thal; is Iarge and |
- unpredlctable and is therefore d.lfﬁclﬂt to be comPletely charactensed. This system

o _cannot be meamngfully closeﬁi and bounded for anafysis purposes_ No matter how well_ | P

| defmed the traffic hght syseem, it will always be suibject to few mfonnatxon fmm
- outs:de controlled areaj.e. the frame problem B S

n Further wor;:-and 'eﬁflannementsg -

o

Certam enhancements could be made to ;he traffic control system to make 1t HOTe

. Certam areas of networking already use som.e of tha techmahé; used m DAI Thesa 5 ) ‘-
- 'axeas mclude ﬂetmﬂc load balaucmg and the DNS syﬁte.m w]nch is used extenswely oo -

'wable C"ﬂa’n of thcse tﬂc‘““ques wete implemented in the Datilis system to check for

- feasibility bt hmlted testing was undertaken, ‘The first additton couldbe thatofa
"'con;;collmg agent in each car that could e uised as & backup structurc for aqy -
_ mtersectlon or it could uudertake plannmg oni its own. In this way 8 “mtelhgent”
. -would know its. own route, Intersecnons could commumcate du‘ectly with the car
- passmg on relevaut mformanon Uncertamty is triors easily bmdled as routes can ba o

. passed dlrectly to the car rathe.r that usmg thp rb’bots and turiﬁng annws to d.lrect the e

] Assummg a carhas a2 small commumcauon radius or the car can only communicate B
- w1th ﬂxe mtersectmn when crossmg or waltlng ata mtersectlon, the agents in the cars e



can be used asa lzmited commumcauon channcl between thc mtcrsecnons in case of o

o -commumcatlou tmlu:e in tha pnmary communicauon channei

: The search and hmitmg heunstlcs used xmth the plann‘er to make decmons could bs
.‘modxﬁed m a number of ways to obtain d1fferent variations in the total plannmg system. o

Thass he:unstlcs were very mmphstlc in there demgn and 1mplementatxon

A Icarmng model cnuld be mcorporated into the system assmmng there was snme

. '-sought of repetltlon that could be used as a basis of analysxs ie. ifthe traffic move win :_. o
) -mgular pattems To k,eep down the overhead of the plannmg systemii'z knowledge base .
“can he used rather than replanmng Through the: use of a knowledge base pattem ; o
analysm can occm' and set times for the traffic hghts cau be generated depen&ng on the -
time of the day. ‘With the abmty to use a knovi]edga base Datilis would be able te use & o

-' less bandw1dth for communication and l%s CPU time when planmng

Summary

In Suﬁ':mary' this reseafch shciws that distr’ibﬁted értiﬁt:iﬂ intel]igent techniqué's can

enharnce a standard dlsn:ibuted systcm Through the use of the sam;ﬁe testbed syshem, )

- Datihs, a dmmhuted traﬂ“lc control system, standard techmques such as blackboard

. sysﬁems and multi-agent plannmg were mlplemented and tastcd. The sammple systcm

_ was bu:nlt bp in two phascs The second phase, the mmu-agent plannar, is the mmn
focus of the research . ' '

Measunng the rcsults of the proposcd rmdel was & quantltauve process The ﬁrsi :
phase was usad to generate all “base” results These results were used for companson o

with the second phase Phase two extended the base phass within tha framework of

uncertmnty and sophisticated local control. Through the use of distributed hlackboards |
o mformatlon is compﬂed and stored for the use of the multl-agent pIanner Dlstubuted _

- AI is used to enha 'ce the control handlmg of the, dismbuted system "

'



o

Dahhs was usedtoevaluatc tharesearchsh;v\pmms- . “a T
: “1f the throughput of mdmdual imersectmns is ma:umxsed and the wzutmg uma of

mdmdual carsxs mmnmsed thanthethroughput ofthe whole systemwﬂlbs R,

In conalumon, for Iow volumc densmes the dlstributed control stmctures we::e
thhly affecuve aml even wn‘h very high volumss u:nproved performance can. he seen
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