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e Ly of reasoning done by human chess masters hag pot been done by
carpuler programs. The purpoge of this research iz to investigate the extent to
which knowledge can replace and support search in selecting & chess move and to
delineate the isgues involved. This has been carried out by conptructing =
program, PARADISE (PAttern Recognition Applied to DBirecting SEarch), which finds

the besl move in tacticslly sharp middle game positionz from the games of cheas
BAgLers .
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reasoning and coastructing s small search tree {tens cf hundreds of nodes } to
confirm that a particular move iz best, both characteristics of human chess
masters. & "Producticn-Langusge” has been developed for expressing chegs know-
ledge in the form of producticns, and the knowledge base contains about 200
productions written in this language. The actionz of the rules post concepts in
the dats base while the conditions match Lielns ir the chess position snd data
base. The patterns are complex to match {search may be involved, The knowledge
base was built incrementally, relying on the system's abliity to explaine its
reasoning and the ease of writing and modifying productions. The productions are
structured to provide “concepis™ to reason with, methods of controlling paitern
instantiation, and means of focusing the system's attention on relevant parts of
the knowledge base. PARADISE knows why it believes its concepls and may reject
then af"ter more apalysis.

PARADISE uses its knowledge base to control the search, and to do a static
analysis of u new position which produces concepts and plans. Once a plan is
formulated, it guides the tree gearch for seversl ply by focussing the anslysis
at each node on & small group of productions. Expensive static analyses are
rarely dope at new positions created during the searcn. Flans Bay be elahorsted
sad expanded as the search proceeds. These plans (and the use made of them) are
more sophisticated than those in previous Al systems. Through plans, PARADISE
uses the knowledge applied during & previous anulynis to control the search fom
many nodes .

By uslng the knowledge base o help control the search, PARADISE has mm;:g <
an efficient best-Tirst search which uses different strategies at the top leve.

The value of each move is a range which is graduslly narrowes by dolng best-firgt
searches until IL can be shown that one move iz best. By using a global view of
the gearch tree, lnformation gathered during the szearch, and information produced
by static snalyses, the prograx produces snough terminations to foree convergence
of the search. PARADISE does not place & depth limit on the search {or any other
artificial effort limit). The prograx incorporates many cutoffs that are not
useful in less knowledge-oriented programs (e.g., restrictions are placed on
concatenstion of plans, accursate forward prunes can be made on the basis of static
analysis results, & causality facitity determines how & move may affect s line
&lresdy gearched using patterns generated during the previocus search).

PARADISE has found combinatioas as deep as 19 ply mnd performs well vhen
tested on LOO standard problems. The modiftiabllity of the knowledge base is
excellent. Developing a search strutegy which converges and using s large
knowledge base composed of patterns of this complexity to achieve expert per-
formance on such s complex problem iz an sdvance on the state of the art.
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USING PATTERNS AND PLANS
TO SOLVE PROBLEMS AND CONTROL SEARCH

by
David Edward Wilkins

ABSTRACT

Mhetm of ressoning done by humsn chess masiers has nol been done by
computer programs  The purpose o! this resesrch is lo investigate the extent to
which knowledge can replace and suppor! search in selecting ¢ chess move and lo
delineste the issues involved This has been cerried out by constructing a program,
PARADISE (PAttern Recogrition Applied te Directing SEarch), which finds the best
mave in laclically sharp middle game positions from the games of chess masters

PARADISE plays chess by doing & large amount of stalic, knowledge-based
reasoning and construcling & small search tres (lens or hundreds of nodas) lo confirm
thal a particidar move it best, bolh characleristics of human chess masters A
“Production-Language” has been developed for expressing chess knowiedge in the
torm of productions, and the knowledge bgse contains sbout 200 productions writfen
i this language. The aclions of the rules post concepls in the dats base while the
conditions match palterns in the chass position end dala base The patlerns are
complex lo malch {sesrch may be invoived) The knowledge base was buill
incremenially, retying on the systam's ability to explain its ressoning and the esse of
wriling sand moditying productions. The prodctions sre strctured to provide
“concepls” tc resson wilh, mathods of controlling patlern instentistion, and mesns of
tocusing the system's attention on relavanl perts of the knowlsdge bass. PARADISE
knows why it belisves its concepls end may reject them efter mors snalysie

PARADISE uses Its knowledge basa to contro! the search, and 1o do & stalic
anslysis of a new posilion which produces concepls end plans. Once & plan is
formulated, it guides the tree search for several ply by focussing the analysis sl esch
node on 3 small group of productions. Experaive static snalyses are recely done at



new positions crested during the sesrch Plany may be slsborsted and expanded as
the search procesds These pians (and he use made o! them) sre more sophisticaled
than those in pravious Al systems Through plans, PARADISE uses the knowledge
applied during a previous analysis to conlrol the eearch for many nodes

By using the knowledge bese to help controt the search, PARADISE has developed
sn elficient best-firs! search which uses different sirategies st the lop level The
values of each move is & range which is gradually narrowed by doing best-first
sagrchas until il cen be shown that one move is best By using & global view of the
scarch tras, information gathered during the search, and informalion produced by slatic
analyses, the program produces enough terminalions to force convergence of the
search PARADISE does not piace a deplh limit on the tearch {or any other artilicial
efforl limit) The program ircorporales many culoffs that sre nol uselul in lese
knowledge-orienled programs (e g, resirictions are pleced on concatenslion of plans,
accurate forward prunes can be made on the basia ol slatic snalysis resulls, s
cau- hily facilily determines how & move may affect s line slready searched uming
patterns generated during the previcus searchl

PARADISE has found combinations es deep as 19 ply and performs well when
tested on [ 00 standard problems. The modifisbilily of the knowledge base is excellent.
Developing & search strategy which coaverges and using a largs knowledge base
composed of patterns of this complexily 1o schieve expert performance on such @
compiax probleam is gn sdvance on the sigle of the art

This rhests wa: submitted to ths Deparimenr of Computer Science and the Commirtee on
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CHAPTER |

Overview of the Problem

A) Patterns and Intelligence

Tte word “paltern” hes 21 differsn! masnings In the Oxford English Diclionary, yet nons
of tham ls se ganarsl &s the mesning intended in the following discussion A patiern is
any collection of festures tha! are In some way Interreisted. This set of features is
ganarglly recognized In the anvironment by some entity, whelher it be soms form of
organic life or » digitel computer A large part of human intelligence can be viewsd as
the process of matching stored patterns, as hae been wrgued in such books es Patiern
Matching as an Esssantial in Distal Knowing [CampbellSE] snd Baning the Mirror
[Loranz?3]

Many domains of artificial intelligencs {a.g, scons snalysis, spaach understanding) match
objecte thay refar 1o ae “patterns”, and Lhere is sven § fisld referred to ss “paltern
recognition”. These uses of patterns generally invelva extrection ol featurss from the
input stresm which mey involve § persing process using syntaclic information Thae
fastures produced scl ss primitives for the higher level algorithms which do the ectua!
samantic snalysis in leature space. This does nol appesr to ba the type of pattern
matching which undariies homan intelligence, sithough it may be s necessary part. One of
the cenirgl concerns of thu resesrch Is 1o use the semantic information of the patierns
and tha pattern matching process to actually do the snalysis (st Llhe feature level} and
produce Intelligenl ressoning or behavier. On a complax problem, this may requirs
formulating intermediste concepls during the matlching process. Systems fike MYCIN
{[Shortlitfe74] can be viewed ss axpart sysloms which match patierns, but they do not
develop such Intermadiste concepls in Lheir reasoning (see chapter D).



Humans often combing § searclung procass with pallern-based rsasoning lo soive
problems. Tha searching process i used lo verify the correctness of a proposed
solulion, to change 8 proposed solution, or to proposa new solutions which betler soive
the problam There are many sxsmples A scientisl suggesis & thaory and then searches,
through 8 series of axperiments, lo verily (he thaory. A chess masiar suggesis » plan
snd then sasrches the conssquencas to sce If il succesds A docior suggesis s diagnosis
and then saarches tesis and symploms Lo varify [t

The ressarch described here selects s problem which raquires search so tha! interesting
questions about the interaction of sesrch and knowledge can be investigated izsuss that
are investigated include the problems of axpressing and using pallarn-based knowledges,
the sxtant lo which the palten-basad knowledgs can be used 1o control the search snd
communicate discoveries in the search tres, and the reguiremants sesrch and knowledge
place on each othar. Thess issues are investigaied while solving an Intellectually
challenging problam Tha processes of patiern matching and search seem importent to
human inlslligance and may hold many insights into machine intelligence.

B) Chass as a Domain for Al research

This research uses [he game of chasy as its domain This section and the next provide
some background information on chess; readers lamilier wilh computer chess and its
literature may skip shead lo section D on page 11. Chass is an sxcellent sxample of a
domain where humans ssem to d¢ petlern-based ressoning followsd by search {ses
below). One of the cenlral cancerns of ertificial inteliigence is exprassing knowledge and
reasoning with it. Chess has been one of tha most populer domains for Al research, yel
brute forca searching programs with very litile chess knowiadge play beller cheis than
programs with more chess knowledge There is sull much to be lsarned sbout expressing
and using the kind of knowlsdgs involved in pleying chass. CHESS 4.7 is probably the
best chess program, and its suthors make the following comments in [Slate77}



But wiy i3 the program so Oevold of chess knowledpa? [t is nol bece .58 we
ara deltberately lrading It for speed of sxecution. . . . [ Is nol quite trus 1o say
that we don't know how lo jeed addilionsl knowisdpe to the program. . . . Our
problam iz 1hal the programming tools we are presently veing are not adequale
to Ltho task. Top much wark 15 peaded 10 ancode [he 8iTable body of knowisdge
needed 1o significantly Improve the guality of play.

Currenl computer chess programs do not resson sbout chess the way human chess
masters do Human masters, whoss play ia slill much betler than tha bast programs,
appesr 10 use & knowlsdge intencive spprosch to chass (sae next saction). Thay seam lo
have 8 huge number of stored “patterns”, anc anelyzing & posii..n involves matching these
petierns to suggest plans for attack or defensa. This anslysis s verified end possibly
correctad by 8 small search of the game tree. Such g search is often necessary, as the
following positions show,

ZuKBR7AY %wa:f/a}n%
% AT % 1Y 1
gy%%&sé’h 5% ;//f’% 1@//
ZA % R gzx KRV A

% w ‘5
/ﬁ.fﬂié giﬁff {//
A, %3 %% Y Y
/ Y 7 ada¥z

Figura 1.1 Figure 1.2

The position in figure i.1 comas Irom an actual axhibilion game plsyed by s former world
champion Ha sacrificad Na gueen to bagin & mating sequence which lakes |9 ply if biack
chooses the line of longest resistance The ssquence ix: |. Q-RS5ch NxG, 2 PxPch K-N3,
3. B-B2ch K-N&, 4 R-BSch K-N3, 5 R-Bbch K-N4, §. R-N6ch K-RS, 7. R-K4ch N-B5, &
RxNch X-R&, 9. P-N3 any, |0 R-R4Q mate in the posilion of Ogure 1.2, black's pawn on
hig XR3 has bean moved lorward to KR4 In INe very similar position, tha gueen aacrifice
no longer isads to s won position {ss noted in [Harrie77]. Black can plsy K-R3 on his
fowurth meve, and white can no longer deliver chacke 1t is unlikely that a chess player,
human or computer, would be sble io racogniza tha dillerent effeclts of the queen
sacrifica in these two positions without sasrching to verify the resulls of his sistic
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As & domain, chess has many sdvaniages for the lype of knowledge engineering research
baing undartakan hars. Some of these advantages sre brisfly summanzed below:

1~ Chess Is complex. Although the gama has been studied lor hundreds of
yearg, it & slil intellectuslly challenping to humans ano far from golved The
gama lroe & finile, but can be considered infinite 1n practice

2- Chess has & simple structure. This complex problem comes from & sel of
vary simple rules, 5o 8 chess ressarcher can spend his lime studying the use of
knowiedge rather than repressniing the primtives of the doman

3- Much Iz known of how humans piay. Psychological research grves us insights
inic the way human masters Dlsy chese This can be helplud in getling a
program to do the type of knowledge-basad reasonng & human does

4- Much 1x known of how computers pley. Chess has baen 8 popular domain tor
Ai reseprch 0 the weaknesses of m ny techruques have already been analyzed
The problems have besn wall defined

5- A large body of knowledge airsady exists. Hundreds o! books have been
writlen sboul chess |hrough the years The chess resesarcher airsady has &
wall thought out body of concepls about the game He can spend his time
getting 8 compuler to reason wilh lhets concepls withou! firel having lo
develop the concepls humselt

6- Work in chezk (s easily sharable. Mos! ressarchers in grtiicial intelligence
know how te piay chess, so they cen easily ungersiand and judge the program
When programs dea with more specialized fieids (e, specialized branches of
medicing or chemisiry), ~ios! compuler scienlists must rely on the opirvons pf
olhers te judge the:r pertormance

T- Work in chess i3 easily evalusted. When 8 chess program is given n
problem, i 15 ususlly easy 1o ladl f it solves it corractly More importantly, the
performance of chess programs can be compared lo the performance of many
earhier chess programa, giving an sccursle idea of whers the power in each
approach comas from

&= Chess can te readily decompozed Into sub-games. Il would be & isrge tashk
to encode all the knowledge of & human chess master, but chess can be aasily
sub-divided A program can play the opening, the micile game, or many type of
endgames withou! undarstanding all of chase



C) Pravious Work

This section briafly summarizes some of ths work on which this research is based Part |
summarizes psychoiopcal siudies of human chess masters, pet 2 describes some
computer chess programs, snd par! 3 describes the MYCIN systeam Readers familiar with
these subjects should skip shasd Lo seclion D on page 1 1.

1) Human perfermance studiss
An excellan! summary of psychologicel research on human chass playars is given in
(Charness?7] The interssied reader i referrad there for mors delsile and for support
of the general commants made balow.

& major observable dilfarance between human grandmasters and more average chess
players appesars {o ba In the initial perception of the position Important fealurss and
moves stand out for a grandmaster #s soon as he perceivas & position Experimanis have
shown this to ba due to » chess-spacific sbility, snd not tc some unusual memory
capacily The currenl thaory says humang stors some amall numbaer of “chunks™ in short
term memory during perception Grandmasters supposedly have & large number of gstored
chase “patterns” that have been developed over limse By matching one of these
patiarns, grandmasiers can stors a3 one chunk (pattern match) a large amount of
information sbou! the perceived powfion This enablias them to quickly store (ang
retriave} much of the information ebout the posilion in only 8 few chunks {or patterns)
Simon and Gilmartin sslimate s human grandmaster has on the order of 10,000 to 100,000
stored patterns ([SimonT3a)).

it appesrs the human masters do san analysis basec on lheir stored patlerns which
suggests moves and plans, but thay must sesrch o verily their possibly erronsous
analysis. Most of the current ideas on how human chess players search have come from
protocols In which chess masters think out loud as they solve s problam  They search
shead, mentally playing moves lor sach side, to investigele [he resulls o! & particuler
move. Tha ssarch has besn called “progressive daepening” {[daGrooléS], because

masiers irsquently sesrch a line which has siresdy been ssarched, severs times to s
5



desper level. A second ssarch of & line 13 frequenlly irilistad sfter the master discovers
gsome piece of Information whila searching snother line. Masters use heuristic knowledge
{supposedly from lheir “"patterns”) lo restrict the search to relevant moves The [rees
generated have on the order of O to 100 nodes Each search of & fline is usually
termingtad with some kind of svalustive statement. This svaluation slec sppears Lo come
from tha knowisdge storad In patlerns

Humans appear to have one more essential ability. They cen quickly end sasily modity
thair pstlern-based knowledge This learning le avidanced by the fact that chess masters
do not tend tc rapest the same mislake

To summarize, human masters sppear lo use pallern-based knowisdge lo analyze =
position They then conduct a search, controlled by pstiern-based knowledge, to verily
or correct the resulls of the snalysis (These claims are supportad in [Charness7 7] and
[deGroot65)) The research described hara develops some of the tools snd techniques
needed for & computer 1o use this approach to play chess, and defines some of tho issues
involvad

2} Chess programs

Most of the better currenl chess programs {s.g, CHESS 4.7, KAISSA, CHAOS] rely heavily
on sasrching snd make only » minimal use of chass knowledge Their only use of chess
knowladge generally is in the calculation of legal moves, in the delection of simple
laaturas {iLa, festures inexpansiva lo compute) used 1o order moves for searching, In
determining which movas lo allow during quisscence searching (i.e, & search beyond the
depth limit done 1o quissce the svaluslion function), snd In the evalustion function which
gives an integer valus for each chess posilion Nowhers do thess programs have the
typs of patlern-besed hnowisdge charscleristic of humame, and they cannot develop
concaplual ideas sboxd @ pesition Yet Lhey play good chesa. One of the mosl interesting
things computer civess has demonsirsied is the! sasrch covers ignorance very well

Many things are problematic to a program which relies primarily on a minimax sesrch {a.g,
&



horizon sffects, quiescence), and thess ars wall documenied 'n [Berliner74] One problem
is thal oll current search-orienied programs have » depth limil to keep Lhe search
tractable. Thay therefore cannot find combinations deeper than this depth {(unless the
quisscence ssarch happans to find them). & sesrch tan be permilied 1o go lo an
arbitrary depth only If large amounts ol knowledge are usad 1o conirol the searching
process, as ls dona in this ressarch

Qf the many chess programs which have baen writlen, 3 lew srs sspecially appropriste
lor comparisons. These programs sre listad below with only » geners! descriplion of their
overall approsch to chass. They are discussed In mors datail In later chaplers and In the

raleranc.s given

TECH [Gillogly72] This program was daveloped as & benchmark for what could be
sccomplished using search with very litlle knowledge. 1 uses s bruie force sasrch of gl
lagal moves wilh malerial being the only svalualion function A simple positional analysis
orders maves for searching, and breaks tiss belween malerially equal moves. Quiascence
searchung consiste of trying sequences of caplures. Tens 1o hundreds of thoussnds of
nodes may bs ssarched Piay Is wesk by human stendards TECH's performance is
discussad in mors detall in chapter &

TECK2Z [Haysn76] This program is an improved version of TECH il searches more nodes
becauss of more efficient coding snd has 8 betler quisscence saarch Hundrads of
thousands of nodes may .4 searched

CHESS 4.4,.4.8.4.7 [Siale?77] These sra versions of the Northwestern program which has
won numarous US Computer Chess Championships, snd is undoubledly one of the
strongest programs currently in axistenca This program eise relies primarily on a tree
search which investigsies all legsl moves snd generales tens of thousends of nodes. [t
raliss heavily on s hash {sble which siores praviously computed valuss 8o thay naed no!
be recalculated alsawhers in the sesrch. The program spends some [ime ordering movaes
for sesrching, and this usas some (though liltle) chess knowlsdge. The evalustion function

incorporates chess knowiedge by chetking & number of fasiures In esch peosition The
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sesrch uUses itarative desspaning, which mesns tha ssarch consisis of a series of
iterations. Easch iteration is & full width saarch o a given deplh wilh gquiescencs, and
sach subseguen! iterstien iz a ply desper lhan the previous one. The saarch has a
number of heuristics which use the hash table and the previous search itarstion to control
tree growth and order movas for searching. (An accurate ordering for moves improves
the efficiancy of tha sipha-bela algorithm, thus justifying doing s number of sesrches to
diffarent depths} The quisscance sesrch considers some checks in addition to ceptures
The performance of CHESS 4.4 is discusead in more detail in chapter b.

KAISSA [Adeison-Velsiiy75] This program won the First World Computer Chess
Championship in 1974 It a'so reliat on g tree search which searches all lagal moves to a
certgin depth while generating tens of thousands of nodes Thara sre some methads for
controlling the saarch that have nol been used in other programe. The most imporiant af
thess is the "method of ensiogies™ which makes use of information returnad by an ewrlier
search o avoid searching hopaless linen This is discussad in more datall in chapter 4.

TYRO [Zobrist73) Unlike the sbove programs, this one does not search all legel moves
It matches palterns In tha position in order to suggest and order mavaes for the search
Thess patierns are alsc usad by !he avalustion function The petterns are not very
sophisticated; they camnot gensrsie concapts, producs plans or sirstegies, or use
information from a sesrch Tha program searches tens of thousends of nodes Lo
discriminats batween movas suggested by its snalysis. [t |s discussed in more detsil in
chaplers 2 and 6

CAPS [Berliner74] This program does 8 desper analysis using more knowledge than any
of the programs mentioned above [t delarmines the funclions sech piece is performing
and looks for perturbing affects to suggest moves for searching The program asiso
smploys krowisdge e control the search end to snalyze rewdts from the sesrch The
latiar Is done primarily by the "ceusalily facility” whith is discussed in detail in chapter 4.
CAPS has more knowiedga sbout tactics than sboul olhar sspects of chess. R plays
tactical posilions sbout ss well os TECH and is weelar than TECH overall, bt 1!

accomplishes this by genersting only u few hundred nodes in esch seerch The program
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can ssarch 2 o & ply desper lhan the programs whith sewrch il lege moves It is
discussed In more delsll Inchapters 2, §, 5 ind &

Pitrat's program [Pitral77] Unlike the above programs, this one does nol pley 8 full
game of chess [t solves chess combingtions when told hew much materisl it should win,
end Is the most importen! example of the vee of plans in chase The program snalyzes
the originel position using its knowledge of possible sttecks io generale plans (It only
knows about certain lypes of stiscka) The plans sre used to guide the sesrch, and an
snalysis like the one In the origingl position ls never done in the search The program
uses ¢ very limiled snalysis (o cccasionally modify & plan during search, bt only twao
modifications per plen sre permitied The range of problems which can be soivad by this
program is narrow, but it has no deplh limil snd can find combinations of 20 ply snd
daesper. Thoussnds of nodes we generated by tha sesrch whan solving ¢ herd problem
This program is discussed In mors delail in chaplers ¢ and 6.

Thess programs usa varying amounts of ssarch and knowisdge, and cen be placed along &
search-knowladgs continuum.  TECH would be very naar tha search end of the conlinuum
probably as near as possible for any program which plays ressonsble chess. Programs
like CHESS 4.5 would bs closs to TECH though somewhat closer lowards the knowledge
ond Human grandmasters would ba very close to the knowledge end of tha continuum
Programs like CAPS and Pitral's would be somewhers near the middie of the continuum
This rasesrch can ba viewed as sn sllempt to cresia » progrem considersbly closer 1o
the knowledge end of the continuum than previous programa.

3} Programs using patiernd and productians

The use of patiern-besed knowledge fende itealfl readily to production nies Whanaver &
patiern is matchad, 3 corrpsponding sction is taken which enables the systam to acl on
the Information obiained by melching the pattern. Simon and Chase suggest in [Chase 73]
thel human mastars exhibit chees siill by using their perceptusl pelierne g the conditions

of prothction ruise Matching s pattern triggers the actien part of its preduction rule.
|



‘Whils Lhare s litlls hard evidencs o support thia, it is currently tha most reasonable
explanation of how humans use their patterns. In the research described hars, each
pattern becormes the condition of 3 production rule and is associsted with some number of
actions.

Productions have basn studied in deplh since Pos! Introduced them in 1943 {{Posta3]
Thare sre many Al systems which use production rues, snd they have varied goals and
objeclives. This research invoives producing @ program which is a performance-orisnled
axpert in tha domain of chess. Probably the besl sysiem using produclions that can be
comparad ic this resewth (s MYCIN ([Shortliffa74l[0avis76], another performance
oriented domain-axpert. This system is described very briefly below, stressing sspecis
which srs uselu for comparison

The MYCIN system has many parts (some modules deal with scquiring new productions,
tor example), but the primary task is o give sdvice on the diagnosis of and therapy for
infectious diseates. This involves using specific knowisdge sbout the domain of infectious
diseases snd their therspies The primary source ol thia knowledge in MYCIN is @
knowisdge base composed of sbout 400 production rndes logether with hundreds of
definitions and simpis tects Each rute consists of § premise and en ection The premise
coniaing Boolsan combingtions of cisuses, sach ol which spplies a predicate o an object
in the system snd tests its valus. The action of s rule gives a conclusion Lhat can be
drawn if the premise is satisfisd Given a goal, MYCIN finds all rules whose actions Deasr
on the goal. 1t then tries to evaiusle the premisss of thasa rules (o see if any malch
New gosls may be set up to oblain informalion needed 1o match these premises. Thus
tha system attemple to chain ilse!l lhrough the ruiea backwards from the goal. This
producas 8 dapth first search which sttamols o find a chain of ressoning that will satisty
tha original gosl.

Later chaplers will compare the productions in th. research to those in MYCIN, and will
describs naw lechnigues in ressaning with productions that must be developed o solve

problems pressnted by chess but not addressed by MYCIN

10



D) The Problem Domaln of PARADISE

This rasesrch centers sround devalopment of PARADISE (PAllern Recagnition Appliea to
Directing SEarchl, 8 program written in Maclisp which finde the bast move in lactically
sharp middle geme positions from the games of chess masters. The phrase “middis game”
mesns the program's domain does not include cestling, en passanl caplures, or pawn
promotion. The phrase “tactically sharp® Is maant to imply that success can be judged by
the gain of & material rather than ¢ posilional adventage. The attecking side can genarally
win matarial with corrac! play, so the program uses differant models for the offensive end
defensive players during its search of the gams lree. PARADISE is told which sida iz the
ollenss and lhis naver changes during analysis. Tha offensiva pisyer uses much more
knowledge than the defsnsive playsr snd finds the best move immediately in most ceses.
The defensive player triea abvious counter sttacka snd any dafanss that might possibly
work, thus sllowing a convincing proof of an offersive win Important dasign decisions
which havs affeciad [ha development of PARADISE snd its domain ars mantionsd below
{without sttempts to justify the decisiona),

1 = Use knowisdge to rapiace and support saarch,

A major thrust of this resserch Is lo Investigsle the extent to which knowledge can
replace and support search in selecting 5 chess move and (o delineste the issues
involved To reduce ihe amount of knowledge thet must be encapsuiated, the domain of
ihe program hes been limited to tactically sharp midde gama positions This is 8 irge
snough subfield of chess Lo relain all the advanisges of the chass domain mantionad in
section B of ihe chapter. Other subfisids would sisc be good especislly certain
endgames, but the complexily of the midde gema requires extensive seerch This
provides o good testing greund fer sttempta to replace seerch with knowledge and to use
knowledge ¢ guide the seerch ond communicate disceveriss from one pert of the tron to
snother,

2 = The program should achisve an axpart level of parformancs,

To echiove axpert perfermance, PARADISE encedes ard uees patterne whoes complaxity

is comparsbie o thoss which human mesters seem to Lse. PARADISE exhbite sxpert
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parformance on positions (t has the knowledgs 1o undersiand, and figure 1.1 shows tha! it
can soive some problems tha! ths bes! search based programs cannol.
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Figure 1.1
white to move
Probably the hardast probism PARADISE has solvec is shown in figure |1, The winning
combination was playad by s former world champion in an sclusl game. While can male
by sacrificing his quean snd playing nine addiliong! moves (agairs! black's line of longast
rasistence). Thus tha ssarch tres mus! go ot Isast 19 ply deep to find this combination,
with the move al ply | 7 being neither § ceplure nor a chack This is considersbly deeper
than sny othar current chess program could probe in s reasonsble emount of time, but
PARADISE solves this problam aftesr generating a saarch tras of 109 nodes, in 20 minutes
of CPU time or g DEC KL-10. Tha program must use ils knowledgs experlly in order 1o
corractly snalyze the meny varistions of this mate In only 108 nodes. PARADISE was not
groomed for Lhis problem; it solved the problem eftar being developed on other problems.

3 = The knowisdge bass must be sasy 10 modify,

A human master builds up his knowlsdge and sbilily incrementally. For s knowledge
based program tc aschieve masler level performance, [t sesms asssentisl that the
know'adge bass be smensble o modifications and sddilions. This is one of the major
design criteria of the program and PARADISE schieves this ot the cost of inefficiant
axpcution

4 = Proper use of knowisdge ia more impertant than apsad of axeculion.
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The goal is to buiid an expert knowladge bate ang to resson with it to discover plans and
verity them with u small tree sesrch As long as this goal in reachad, the amount of
avecution time used s nol importgnt. [t iz s design decision to sacrifice efficient
execulion in order o do things the “right”™ way. It is acceptable for PARADISE to spend
10 to 20 minutas of cpu time solving & problem, as long as ils reasoning process performs
expertly anough o justify the time (It would not be acceptabls 1o spand hours of cpu
tima on a problem) Whaen s dasired lavel of performance is reached, the program could
be speaded up considerably By swilching o & more sfficient reprasentation at the cost of
transparency and esse of modification

& - The parformance of the program and its limits ahould be accuratsly measured.

in Al research il is important Lo get sccurste insighis into program performance and the
origine of this performancs, and to be sble lc communicats them (o others  This is one
reason chess it 8 good domain To sid in evaluating performance, PARADISE has been
tasted on tha first 100 positions in the book Win At Chasa by Fred Reinfeld [ReinfeldS#)
which contains tecticelly sharp positions from master gamas. This selection of probiems s
represantative of tactics problems of ressonabls difficully. Although intended to instruct
humans, these problems have been .cad to test other chass programs {eg, CAPS, TECH,
and CHESS 44) Thus they provide s good domain for cemparing the performance of
PARADISE te that of other programs.

In developing the knowliedge base for PARADISE, it must be shown lthat a hand-lailored
pisce of knowledge Is nol baing wrillen for sach position It in also desirsbie 1o gel &
handle on Just how sasy it is to modity the knowledge basa For these and other
reasons, & davalopmantal sat of fifleen positions has been selacted from among the first
100 in win At Chesa. The knowladge base o! PARADISE has been develryed by writing
produciions which solve thass fiflesn posilions in a ressonsble mannar. Monitoring this
davelopmenl provides informstion on the sess of incrementsl additions snd on how much
additions affect program performance on problems it cen siready do.  The 8% positions not
in the developmental set ware nol considerad during lhis devesiopment. The deveiopmaent
process produced ona version of the progrem, callad PARADISE-0, which scives all fiftsen

problems in the develepmental se! ressonsbly.
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PARADISE-O was then taslad on a tast set of six positions picked st random (rom the
remaining B5 The purpose ¢! the Lest sal is Lo measure the generalily of the knowledgs
bass by sasing how many problems PARADISE-O could solve, and 10 measurs the sase of
modifiabllity by giving the program snough knowiadge to solve the ones il could not do
originally. The version ¢f the program which solves both the deveiopmental and lest sels
i¢ caliad PARADISE To give s belter grasp of the generality of the program, PARADISE
was then tesied on sl middie game posilions in the firg! 100. The resulls of this
development and testing e presanied in detail in chapter 6 Thay show that PARADISE
outpertorms both TECH snd CAPS on these |00 positions, while performing on &
comparabie lavei with CHESS 44  They alsc indicate that tha knowledge base is easily
modifisble and can be easily extendsd so tha! PARADISE can solve nearly sll of lhase
problams.

E) Overvisw of PARADISE

1) Introduction

PARADISE uses a knowledge base consisting of sbout 200 production rules 1o discover
plans for the ofienses and to guide 3 small ires saarch which confirme that a parlicular
plan is bast. Every production has a patlern (e, 8 complax, interrelated sel of faatures)
as its condition {lefi-hand side) The pallerns are built on each other, with more
primitiva patterns (ag, 8 pallern which malches lagal moves} being used as buliding
blocks for more complax patierns {ag, a patiern which maiches o forking altacki. Figure
1.3 shows an sxampla of & production rue In PARADISE

(D]}

[KEVER (EXESTS (30) {PATTERN MOBIL D] 5O))}

(NEVER (EXISTS (P1} (PATTERX EXPRIS PL DWF1}))

{ACTION ATTACK ({OTREA-COLOK DMP1} (LOCATION DPP1)) {THREAY (WIN DMPLY} (LIKELY D))

Figurs 1.3
Production rule In FARADISE which recognizas trappad placans

Figurs 1.3 shows one of the simplast produclions in PARADISE. It ettempts to find an
oflensive plan which sitacks & trapped defensiva plece. The firs! thres lines in figure 1.3
14



constilutle the pattern or condition of the production nie while the fourth line constitutes
the sclion The first line specifies ona variabie tha! must be instantisted Because of its
nama, the varisble must be instantiated to a defensive pieca tha! |s nol & pswn The
next two lines in [he production sctually instantiale the varigble DMP1. They access two
more primitive patterns tha! have siraady been msiched, MOBIL and ENPRIS. The MOBIL
pattern matches sach legsl move that can be made without losing the moving piece. !
thers are no squares which match MOBL when DMPL is the first argument, then DMPI 18
trapped Only In this cess will thera ba any possible instantiations for DMP1 after the
second ling in fipure |.3 s matched The third line prevents the pattern from matching if
the (rapped piece is already en prise. The ides is that in this case DMP| should be
capturad outright rather than attacked Thus this production matches only trapped pieces
which are not en prise. Tha more primitive palierns such ss MOBIL wre discussed later in
this seclion ang in chapter 2. The language in which productions sre written is described
in detsil in chapler 2

Each production can be viewed as searching for 8!l instances of its condition patlern in
the posilion For sach inslance found, the production may, as its wlion, post zero or
mors concepts in the dats base for use by the sysiem in its ressoning processes A
concept consists of @ concept name, instanlistions for 8 number of varisblas, and 8 list of
ressons why tha concepl has baen pasted In figurs 1.3, lha aclion of the praduction rule
posts an ATTACK concept. This concept gives instantistions for two variables snd tells
the system thal the opposite cotor of DMP] would do well 1o sltack the square which is
DMP1's locstion In addition ons reasen is given for suggesting this concept. This resson
consists of stiributes describing the threal of the concept and how likely it is to succeed
Concepts are discussed in more detail leter In this saction and In the next chapler.

The dala base cen be considersd as a global blackboard whers productions wrils
concepts. These concepls inlersct thvough the execution of other productions to
eventuplly suggest piane  Productions which know about aftecking 8 square will
aventuslly use tha ATTACK concept posted by the production in figure 1.3 as & goal to
possibly suggest othar concepls or plana How PARADISE orgenizes ite productions te do
this is describad in chepler 2
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Fians sra spacisl instances of concepls Instead of s rummber of variable instantistions, a
plan has a tree siruclure which epecifies relavenl concepls for different possible
positions tha! may davelop as play procesds from the current position The concepls
used in pigns are the same ot the concepls posted by productions. By using concepls
tpecified in a pian it iy following, PARADISE can quickdy find the right move in a new
position without repeating a whola snalysis 1o discover tha important concepls  Since
plans sre speciai instances of concapls, they alsc describe why they were suggesied
which is usseful for determining which plan to search firsl. Plans are dascribad In detall in
the naxl chapter.

A search of |he game tree (the major componant of most chass programs) is used lo
show that ons plan suggasiad by the pattern-based snalysis is in fect the best. To offset
the sxpense of ihe sneiysis, problems must be solvad with email sesrch tress. In fact,
PARADISE can be viewed as shifting soma of its search from the ususl chess game tree to
the problem of malching petierns The sesrch is “small” in the sense that the size of the
search trae is on tha same order of magritude a1 & human master’s search tree. (Tens of
nodes, not thousands 1o hundreds of thousands a8 in many computer chass programs.)

PARADISE uses ils psitern-crisnted knowledge base in a veristy of ways to significently
reduce the part of the game tres which neads to be ssarched Search irees grow slowly
anough that PARADISE is the first chess program which plays the middle game that does
not place a depth limit or sny other wrtificial eflort limit on the sasrch This section gives
s genarg overview of Lhe slruciurs of PARADISE showing the virious ways in which the
knowiedge Dase is used First the various uses of the knowledge bare are enumerated,
than flowcherts ars prasented which iliustrata how thass various system abilities interact
in the saarch

1 - Calculating primitives

PARADISE has functions which find primitive chess relsiionships in » position {s.g., which

squares & piace attacksl PARADISE's knowledge bese conlaine eighltsen productions
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which use these functions to malch low-iavel peilerns {(ag, potsible pint, possible
discovered sliacks, MOBIL, ENPRIS). Thass sighlesn productions have noc xclion parte
associated with thsir conditions, so will hereafier be reterred 1o as patterns.  These
pattarns {along wilh the primilive functions) are than usad by tha rast of the productions
at primitives to describe the chess position The only funclion of these “primitive
patterns™ is to provide building dlocks for the other productions te use. Both the
primitive patterns and functions are describad in detall in chapter 2

Most of tha time, thess primilive palierns ars malched whenever & new position 1§
created Ths is occasionally svoided when the plan Beirg executsd provides & concapt
which demands a move be played irragarciess of laaluray in the current pasition The
primitive patterns ara ralatively complax snd mafching them is axpensive (sbout 4
seconds of cpu lime on & KL-10 for an average position). They range from legat chess
moves lo calcudating the safely of each pisce a3 iz done in MOBIL Tha ialter is &
non-trivigl calculation since it involves playing an exchangs sequance of all piecas
alfecting the square in question (datermining this sequence may require an analysis of the
strengths of various ping). This calcuistion is described in detail in chapter 2 Although
percentages vary from probiam te problem, PARADISE on the sverage spends about half
of its cpu time matching peimitive patierns. (n terms of time, this is therefore the most
impertant use of tha knowladge base

2 - Static analyals

Given a8 new position, PARADISE does an axpensive in-depth stalic snalysis which uses,
on tha aversge, 12 seconds of cpu lims on ¢ KL-10 (elthough it may rangs from | 1o 40
seconds depending on the position). This snalysis uses s large number of preductions in
tha knowlsdge bate to look for threals which may win material It produces pians lor the
offense which should guide the search for many ply snd should give information which can
be used [o stop the search 8! reascnable poinls Much effort is invested to make sure
that & plan has g rsescnable chance of success before il is suggested Many chess
programa ireal each nawly crasted posilion in the same manner, performing the same
static analysis on . PARADISE cannol aflord 1o do ths bacauss its paitern-based
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analysis 18 S0 AXDOAGIVE

PARADISE svosds thve behavior by using plans t¢ gusde tha sesrch for many ply Through
olans, PARADISE uses ils knowledge Lo undersiand a new position on the basis of
asreviously analyzec positions, so thal & slalic enalyms 13 only occasionslly necesssry on
posiliong crested during the search The organzslion of the knowledge base and the
reprecantst.on of plans are described in chapier 2, and chapter 3 shows how a static

analysis it done

Since the sialic snalysis usually discovers the importan! deas i s position, the pnncipal
uee of tha search 1k to vanly |ha! & plan will work g3 expected The search occas:onally
discovers an ides which i3 used Lo formulale the winning line, Dut discovery 13 usually
done by tho stalic analysit with he search usually acting as & veniher  Thus searchung in
PARADISE pigys & different rolo than it doss in the betler chess playing programs (&g,
CHESS 4 7) wharo sesrch i the primary discovery mechansm for generaling the corract
line of play

3 - Producing plans

The knowledge base 1s used tc produce plans dunng s.etic analyss and a8t other times
Producing & plan 18 not as simple as suggesling & move, it Involvas generaling & large
amour! of uselu nformation  Pians must fudhill two important roles The first
responsbiily of & plan is 1o gude the saarch o 1ha! siatic snalyses can be avoided Thig
involvas describing the principal ines of piay which Tay snsus (by giving templates which
match moves by the opponent), and providing relevan! concepls for aach one The
second responsibiily involves producing an expectation or goaé lor the search  This s
done by providing the reasont for suggeslion of » plan (ses chapter 2)

The search sither provas that 3 plan succeeds or provides information for snalyzing why

the plan failed One of the hargast problems the search faces is deciding what i' means

to “succesd”, since thare it aimost slwayt the possibility thet a given line can be

improved 1If more affor! is expended looking al other allernatives. Through the reasons
18



sttached to each plan, the plans thamsslves provide much of the information the search
uses to decide when !> be salisfiad (he! one plan will be belter than any other This
information is eleo used by the search to decide which pisns to search first, to datermine
whan & olan is not working, and to decide if thers is & plan samawhers In the tree which
is mora promising then the current one. How PARADISE determires “success™ is
described in chapler &

& - Executing plans

The axecution of a plan during tha Ires search requirss using the knowisdgs base to
snalyze concepls specified In the plan This often produces the right line of play without
8 stailc anplysis  This use of the krnowledge base could be viewsd as & static analysis
where the system’s attention is (ocusad on & particulsr concepl or aspect of the position
Such & focused analysis can be dona at 8 fraction of the cost of & fudl analysis which
examines all aspects of tha position

& - Generaling defensive moves

PARADISE does static anslyses and exscutes plans only for the offenss To prove tha! an
offansive plan succeeds, the search mus! show a winning line for all reasonable defensive
moves. Productions In the knowledge bass are used by the search lc genarats all the
rassonable defenyes. Thess productions generally do nol expend much afforl tc sssure
that s delensive mbve will work whith means that suggestion of dafensive moves is iess
expensive than the sistic snatysis which suggests offensive plans. Defansive moves are
suggestsd by looking for thveats, by sllempling to thwart an offensive pian, and by
sttempling to thwart lines the offensive has alrsady used tc wir materisl. 1 is not the
cese tha! ons subsel of productions comprisas the dafensive model and ancther se! the
oftensiva model. Tha same productions look for thraste for both offenss and dafense, and
productions which thwart plans sre sisc used by both offenss and dafense. (If PARADISE
realizes a pian would work axcept for g thrast by tha deleras, It employs productions to
thwart the thrast In order Lo davelop an offansive plan)
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& = Qulascenca saarches

when PARADISE finds that an executed plan has either succeeded or failed, it terminatey
the saarch and returns s rangs ol values for the current position One of the most
importent jobs of any chess program is Lo lorce 8 pesition to quissce belors evaluating it
PARADISE uses @ quisscenca search lo determina the value of a position when
terminating slthough this search may return information which will causa the termination
decision to bs revoked Productions in the knowisdge base provide much of tha
knowledge used in PARADISE’s quisscence sesrch Generating defensive moves for either
side during the quisscence search involves using the same productions which gsnarate
defensive moves in the normal search, while ganersting offensive moves for sither side
jnvolves using some of the productions used in & normal offensive stalic analysis as well
as other productions not used in the stalic snalysis These lstter productions are similer
to productions used in tha static analysis but they suggast only plans that sre almost sure
toc work (uisscence ssarches in PARADISE investigate nol only caplures but also forks,
pins, muiti-move mating caguances and other threats

7 - Analysis of problem upon fallure

Whet sither the dafense or offense has iried » movs thal fallad, the sesrch analyzes the
inlormation backed up with the refutation in sn stiempt te salve the problem (see cthapler
4). The knowladge base is used in this anslysis to suggest plens which thwarl the
opponent’s refulation [n this way PARADISE construcis new plans using the information
gained from searching sn unsuccesstl plan  Tha ssarch alsc uses information from
unsuccessiul searchas 1o avold sesarching pisns which have besn suggested but cannol
woriL This avoids radiscovening tha same refutation for sach move st 8 node, something
compuler programs do frequently end human masters do very rarsly. Using rasulls of
pravicus sesrches in these wayr will be referred 10 »8 Wes communicasion SinCe
information from various peris ol the search iree is belng communicates =~4 used al
other nodes in the tres. Trse communicstion ls important in keeping the search tree
small.



& - Answering quaations

The search often ragquasts certain kinde of information sbout the current position The
knowlsdgs base is used to provide such information The most frequenl requesis ask if
the position is guisscent and if thers sre sny obvicusly winning moves in the position

The above list dascribes sight gensrs functions the knowiedge base performs for
PARADISE The knowledge base, plsns, concepls, and sistic snalysis ers dascribed in
chapters 2 and 3. This section will present the highas! leval modules in the search lo
show how il thase things interact. Tha search has different models for the offense and
defarss as described in seclion O of this chapter. In order to “prove” a line really does
win, sn sdaguate line must be shown for svery ressonable defense. Tha correct detense
may be sublie so the seerch must be carstul sboud skipping o defensive move. Thus the
defensive model suggests sny reasomabls defenss end spends very littls tims
discrimingting betlwean defensive moves [t alse tries obvious countersttecke The
plfensive playsr, on the other hand, uses 8 large amount of knowledge, suggests many
asofaric stiacks, and invaste much affort in making sure 8 plen is likely to work betors

suggesting it.

The fliowchart in figure 1.4 shows how the search uses verious sources for suggesting
moves when the offenss ls on move This routine s spplied to o new position in the
ssarch after the delenss hes just made § meve The object ls to quickly find the best
move without doing & static snalysis snd possibly withowut matching the primilive patierns.
The flowchart in figurs 1.5 shows the principsl subroutine used in figure 1.4, Many of the
sbove mentloned uses of the knowledge base sre brough! to besr hars. Whanaver
productions In ihe knowledge bass e sccessed, lhe Initisls “KB" sppesr in the
flowcharte The first time the knowiedge baees I8 sccessad, the primitive petternse for the
current position will be matched Ths purposs of these flowcharls is 1o show how the
various uses of the knowladge base interasct. Chepters 2, 3, end & deecribe how all thase
mechanisms actuslly work
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Tha offensive semrch portreyed in figura 1.4 distinguishes four separate calagories of
plans Iz be searched Firsl, it searches moves demanded by the plan being executed,
then it looks for obviously winning plans snd searches tham, then it searchas the pian
being executed (which usually suggests moves ralher then “demanding™ them), anc es a
fast resort it doss & elatic analysis o find plans to search  As 00 83 8 pian “succeeds”
the process slops, but a description of aff untrind alternatives is included in the resuil.
This facilitates raturning to this position in en stiempl o imgrove the successiul result.
The rasull also inciudes pattern information which other nodes will use in their eaplysis
(tree communication).

Figure |.5 depicts the SEARCH subrouline used in figure 1.4 The main poin! of this
diggram is thal sach plan searched may sxpand inte saveral moves which may ali be
searched Regardless of which category the plan cama from in fipure 1.4, the SEARCH
routine will axacute the plan, attemp! tc apply praviously discovered improvements which
have besn remambered, and snalyze any failures in sn sitampl to fix the problam Al
three of these processes may creste new plans (and moves) from the original plan. Thus
even though thare sre no obviously winning moves and 1he plan being execulsd misses
the correct line, 8 static analysis con slill be avoided by snalyzing the feilure of the given
plan

Thesa flowcharts sra 100 genersl 1o communicats how PARADISE actuglly works, bt the
phrase Tis it raasonable to sewrch the first plan™ hides more cdatall than most. The
following s o partiat list of the criteris PARADISE chacks to decide thet a pian Is not
ressorable 1o search

~Could this plan have besn used earlier and is it N0 more promising now
than il wes then?

-Can it be determinad by analyzing the relutation of a pravious move that
thie plan connotl work?

-is the likelihood of this plan succeeding too small’ This can be a loca
decision invalving this plen slona, or & more global decision combining this
plan with the plahe which have siready bean sliempied since the originai
position
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-ls the value threstenad by {his plan unacceplable?

-l the valus of this position or the value threstenad by this plan outeide
1hn sipha-bats range of contention?

-ls thare & more promising plan at some other nads in tha tree?

-Does this plan cause a rapaetition of position?

This section provides & general description of the way PARADISE solves chess problems.
Ta summerize, an sxpansive static snalysis produces pians which guide the search for
many ply {thus avoiding repested sietic snalyses), snd petlern-oriented information
provides trae communicstion which prunas the search lres. Many probiems must be
solved in writing a program which fils the descriplion given here, and the next two
sections describe lhem  Saction 2 describes problams encountersd whils using the
knowledge base Lo do analysis, and saclion 3 deecribes ways to uee knowledge {0 control
the growlh of the search tree.

After this, chapter 2 discusses in delail the organization of PARADISE's knowledge bass,
Ity productions, and its plane. The praductions snd pisre we compared to thoss in othar
systams. An example problam is prasenied which shows how plans ere used Chapler 3
presenis an sxample ststic snalysis in coms detsil showing many of the productions used
in tha snalysis. Chapter 4 describes PARADISE's tree search Al the mechanisms for
coniroliing the search ere described in delsil, and comparisons are made with other
systems. Chapler & prassats traces of PARADISE solving tives problems, showing how
the mechanisms described in chapler 4 sctually werk. A reader wishing mors sxamplas
may wish to skim chapler 5 asrly. Chapter 6 presenis the resulls of testing that has
bean cerriad out to snslyra PARADISE's performance. A comperison is mada o the
perlormance of other systems. Chapler 7 summarizes the contributions of this work,
dascribes directions for futurs research, and dicueses in detell soms of the issues this
work hae pddrassed



2) Problems daalt with In static analysis

This section describas soms of the major problems thal must be addressed in building a
kxnowladge bDased chese program like PARADISE Since the problems of using s large
know!sdge bass while doing experl ressoning are diffsrent from tha problems of using
knowiedge Lo conlrol {he growlh of & search lres, thase two categories have been
separaled The lormar is discussed in this section snd the latler in the next seclion The
manner in which PARADISE daals with sach of these problems in briefly described below.
Delailed dascriptions are prasantad in the following chapters

1 - Complanity of pattern matching

Matching # pattern cen be whbilrarily complax in PARADISE [t can involve runmng
sxpansive procedurss including searching {e.g., searching for pieces 1o fulfill certsin
functions). By contrast, many “expert® production systems in Al, for example MYCIN, have
vary straightlorward _..ching processes which involve testing the vaiues of varisbles and
simpie predicales The maiching process must be controlled farly strictly in PARADISE.
Productions must be writlen in such 8 wey thal searching can be minmized during the
matching process Soms produclions canno! be reasonsbly included in the knowledge
basa because of tha cost of matching Tham For axample, suppose a production suggesis
the gquesn sacrifice af Q-RS5¢ch in figure 1.1 Dt has enough knowladge 10 know that the
same sacrifica would not work in figura 1.2 Such a production would simost certasiniy be
too costly to match Thers is always a tradec!! between saerch and knowledge which
hera becomsz s iradec!! belween search In tha petiern meiching end search in the game
tres. Tha daveloper of tha knowiadge bess must for sach production decide if its utility
outwaeighs the cost of matching it or if the malching cosl is so grest that the festures in
the production would ba better discovered by searching the game tree

2 = Large numbaer of productions

The knowisdge base in PARADISE conlaire sbout 200 productions. Since tha ssarch may

vigilt hundrads of positions, if would be wwessensbie 1o malch all tha productions for sach

potition visited The system must be ebls 1o quickly focus [tsslf on the relevant
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productions in 8 given position As described in section 1, PARADISE uses plans 0 svoid

sistic analyses and do focussed snalysss which accass only & fsw productions in each

position.  In sddition, the knowlsdge basa ls organized 80 that only relevant productions
o sitemplad during & full stelic analysis The delaila wre provided |n chapters 2 snd 3

3 - A polution muat be crested from concepls

To understend s chess position, a successiul line of play must be luund Human maslers
understand concepts whith cover many ply In order to fing tha Dest mova For sxsmple,
s chess master might move his knight to decoy sn enemy pawn which will then permit &
smotharad mate on the eighth renk by the rook A knewledge based program should be
ebis 1o coms up with thal idea, and tharalore must have the sbility 1o reason with
concepls that sre higher level than ths legal moves in & chass posilion (e.g. the concept
of a decoy or the concep! of & place baing sble to mats from tha bach rank). The
toliowing poeilion from Berilner's thesis illyatrates this point in & mors CORCTals Mannar.

77
u, welh v
'f’%ﬁ:ﬁ
W, hrk i
%*"ﬁ%%/
%ﬁ//
% U U Y

Figura 1.6
whits to move

in tha sbove posilion, most computer chess programs woud sewrch the game lres B8
deep es their effort limit sllowed end decide to play X-K3 which centralizes the king
They canno! sesrch deep enough 10 discover 1hal white can win since white's advantage
would take move than 20 ply lo show up in most evalustion funclions used by compuler
programa.  The point is that the salver of the sbove probiam uses conceplual ressoning
toc solve il, and the concepls must be higher lovel than the lagal movaes in & chass
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position. A human master would recognize the following fastures (among others) in the
sbova position:

= The black king must stay near hs KB1 to pravent white's king bishop
pawn from quasning.

- Tha pawns form a blockads which the kings can't panatrate
- The kings can bypass \hus blockade only on the queen rook fila

= It whila’s king wers nearby, il could alisck black's pawn chain at its base
(tha king pawn).

For a knowladge based program lo solve this problem il must be sbls !o express
concepla ot tha level of conceptualizalion usad sbova. For sxampls, tha system must be
able toc sxpress tha fact that Iha pewns blockede the kinge from the queen knight file
through the king rook fila. The systam must combine snd reason with thess concepts in
unforsaen ways In the sbove axample, the blockading concept would be used to develop
the plan of maving the white king to the quesn rook file in order to bypass the blockade,
but if both biack and white had pawns on thair QN4 then the blockading concept would ba
used 1o decide thal neither kung can invade the olher's lerritory. Expressing sand using
concepts 18 & major problem for ¢ knawladge based chass program

To clarity the problems invelved in using concepts te reazon about chess, s comparison to
& wall-known “axperl™ system such as MYCIN is helptul. The following piwrass is the
action part of » typical MYCIN production rule (from [Davis76]:

FAen there is suggestive evtdence (7} 1AGH the idemtity of The organiim it dacterpides
Such an aclion elfeclively sdds to the plausibility scors for some possible snswer. This
presupposas [hat any ong writer of gl the rules inows svary possibla soiution since such
rées will never creals a diagnosis thal has not basn mentioned in the uction part of some

rue

Using sctions similar 1o thoss used in MYCIN rues would be similer to 8 chess syaiam
whers the aclion parl of sach ride was to add 1o the plausibility score of sither 1} one or
more of the legal moves in the position, or 2} some prespacified abject which could lsad



{through other rules) to recommending & legal mova. Such en spprosch is not satistactory
for tha lype of chass ressoning needed In the sbove problem Concepls st & higher level
than legai meves must be used in this reasoning, and objects cannol be prespecifiac {o.g.,
the sxient of the blockade must ba cresied dynasmically). Thus, PARADISE must reascn
by linking concepts to creata plans instasd of filling in praspecified slota

PARADISE must devslop conceplt snd reason with them 1o create plans. Probabilistic
ressoning may be useful in chass (ag. 1o decide if one position is better than gnother)
but PARADISE does mo! do probabilistic ressoning In Itz restricted domain In most
curranl expert production systems (such ss MYCIN), the sction perts of the ruies are in
some sans> part of the selution or & pointer to something which ten produce & solution
In chess the sysiem must discovar lines of play that were not implicit in tha know!adge
base Thus the word “create” is used MYCIN has 8 amall solution set {120 organisms)
and can menlion each solution in its nudes, whils s chess program must discover an
snormous number of lings using & set of productions which is much smaller in size {by an
order of magrilude or mora) than the number of plans it muat recognize. This can be
sser: by looking at the actusl production rues: MYCIN'G actions mention lhe names of
objscts whila PARADISE's actions (see next chapter) involve many varisbiss whose
instantiation is not determined until exscution of the sction

When & praduction in PARADISE matches, it may have an action part which posts various
concepts in tha data base PARADISE is able 1o axpress and use corcepts by dividing Its
knowiedge base inle verious knowisdgs seurces Esch knowledgs source provides the
knowledgs necewswry !o undersiand and reseon sbout & certeln type of concepl.
Knowisdge sources and the processes in which they sre involved are described in detai!
In the next chaplar.

& = Recovering from wrong deductiona

After formulsting a plan, & chess master uses a searching process to verify thal his idea

is tha correct selution This process many times invelves changing tha solution,

discavaring & new solution, ar communicaling newly discaverad idess 8¢ the basis for s
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re-analysis. When a chass master matches @8 pattern in may suggest § poor ides in Lhis
position, sithough the same paliern may suggest the correct ides in another position He
realizes this snd has mechsnisme for recovering from poor ideas. Similerly, 8 program for
playing master chess lrom g knowiedgs base must be abla 1o correct itself whan it has
wrong ideas Search must simost certainly be used for making soma corrections while
other techniques will be nesded for dealing with wrong ideas in slatic analysis.

PARADISE is wary of the concepts thal have bsen posied by productions and does notl
treal them s facts that have been deduced Each concept includes & description of why
it was suggasted Using this informalion, other productions can decide laler i1 the concept
still looks right in lighl of what is known st that time. Chapler 2 describes how this is
done. Most production syslems do not sddress this preblem  For example, when MYCIN
matches e production, sy ssserlions posted in the data base are treated as facts by the
system (misiakes sre corrected only whan human sxpert notices Lhem and changes the
productions). PARADISE alsc uses search to find mistskes and provide information for
corracling itsel! (1his ls descrided in chapler 4).

& - Controlling the growlh of the saarch tres

The ways PARADISE uses knowledge to conlrol the growth of the search tres are
described in the nexi seclion Searching is mantioned here becauss many mechanisms for
controlling tree growth require inlormation which must be provided by the static snalysis
For exsmple, the static snalysis must provida information which can ba usad lo delermine
which pian {0 search firsl, snd 8 description of whal & plan should sccomplish so the
ssarch can decide whan ¢ terminala Chapler 2 describes how PARADISE does this.



3) Controlling the Search

One central idea in this research is that the patterns in the knowledge basa can be used
nol only to snalyze the inlisl stele Bul sse to guide the search and pass information
Some of the methods which PARADISE uses to conirol the search and communicate
information ars lisiad belew. They have baen divided inlo four categories sn the bas:s of
diraction of Information fiow. The search tree should be theugh! of as having the initigl
position sl ite root and branching downward by making legeé chass moves. Thus “down
the tres” maans going from one posilion to snother which has been produced from the
first by making & sequence of lagal moves

1 - Communicating knowisdga down the ra® (plans)

Most chess progreme treat sach position in the trae in the same manner, analyzing each
ons as & new problem PARADISE gvoide continug ra-snalysis by having a plan for what
it i doing. Through plans, new positions can be understood on the basis of the analysis
of 8 pravious position The plan language is more sophisticsted than snything used belore
in computer chess. A plan will often provide » concep! which sccesses tha corract group
of productions &t a new node, thut evoiding s complete snalysis Plans include
dascriplions of why lhey have been suggested This information iv used (st new positions
down the lree) !o quitily reject plens which sre nel working and to establish
axpactations which halp decide whan a plan has succesaded

2 - Communicating knowledge up the iree

Patterns racognized deep In the tree can be communicated l¢ incraase understanding at
nodes which wre ancesiors of these deeper nodes. Whenavaer PARADISE searches s
move, the whols sserch iree is ralurned and ssch nods in the tres may contain pattern
matches from nodes lower in the tree PARADISE uses such information to quickly get
itself off 8 wrong irech end onte the right one To gat on the right track, it uses
productions in the knowisdge base ito snplyze the information raturned in order to
discover problems snd prepose solutions. If the program finde the solution in this manner,
it poste o iemma specifying nerrow conditions under which this new solution should be
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usod This loemms 1s used 8! other nodes lo mveid making the same mustake PARADISE
gete off & wrong track by using a causalily facilily mimilar to that in [Berliner74] This
facihity rejects many bsd moves by snalyzing the irees of previous movas ang their
communicaled palterns lo delermine effects &f s proposad move Berliner's search
returnad ondy b matks for tus causality facilily to use (they roproesenied pieces which
moved, destinshioh squares, squares moved over, names of largels, and esquarss in
allacking hines) PARADISE has small iress so can sfford to return the whole trae with
associaled patlerns, thus providing much mora information for the causality facility

J - Using locsal knowledge tor controlling tres growth

Tha intormation (n plans provides an undersisnding of what sach move & thveatening 10
do and how it inlends to do it Thes informalion s svailable sl the current node in the
tree {although it may have been passed down from & hgher node), and can be used In
many ways Lo pruns the search lres and reorder moves at a noda  Plans which threaten
to achueve lass than sometiung siresdy achueved t*s not searched Plans which do not
theoaten to acheve the mnumum expeclalion for tuccess are no! searched Plans more
ikely to work in the cwrent posihion are searched first  Plans which are axiramely
unbikely 10 succesd are nol searched Such forward prurung techraques have been tried
in previous computer chess programs and have usually resulted in Ihe progrem eliminating
good moves and playing worse chess In PARADISE these techniques prune the lreo
conciderably wilhout signuficantly imparing performance. This 1s due o the more accurate

analys:s of whal a move thvealens and how likely il is to succesd

4 - Using global knowladge for controlling tree growth

Many Limes 8 poor line can only be pruned by viewing it in the global context of the
whole lres PARADISE has & rwmber of search control mechaniems which require
informalion from olher nodes, scome o whch are described hers [f 8 plan st the current
node could have been employed earlier slong the line leading to the current node and Is
no more plausible now, then PARADISE refuses to search il In a position with many
threats that do nol sffect each other, this keaps the system from sttempling to string the
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threats together in svary possible order.

Another sxample of using gicbal knowledgs is the resirictions placed on concatenating
plans. Tha correct line in & chese posilion cannol always be saen with stalic analysis, so
plans mus! be concatenated at times to build the correct line out of smalier plans. |If
PARADISE nas decided to search a plan which is ad! likely le succeed, than it will not
concelanate it with plher plans which ara not likely to succeed PARADISE also uses
glebal information 1o implamant {ts best first search Using information about unsearched
plans elsewhere in tha tres, tha program will temporarily abandon lines whan thera are
more promising onet slsewhera.  Most of thass techniques have no! been used
succesefully in previous cheast programs PARADISE achieves » greater degree of success
because . hat the necessary knowledgs to determing how likely a plan s to succeed and

whether a plan is more plsusbis now than it was earfier.



CHAPTER Il

The Representation of Pattern-oriented Knowledge and Plans

A) Reasoning with concepts: Knowledge Sources in PARADISE

1) Introduction

The idea of recognizing patterns in chess positions has besen wound for long time
(DeGroot did his work in the 1330%), ye! no program makes sxtensive use of patterns
One of the major problems in using patlarns is knowing what 1o wo once you've
recogrized s patiern As was demonstrsied in chapter 1, it is nol enough to just add
some points o & “goodness score” for some move A pattern must be sble to trigger the
formuistion of & concepl that the system cen resson with When s pattern match
indicates a weak king side pawn structure, 1or instance, the systam must understand what
& waedk king side pawn structurs is and have some ides how Lo sitack or defend il.

PARADISE combines patierns with sctions that pos! concepls (0 produce production rules
where the condilion of sach rule is the pattern and the sclion of sach ruls is the posting
of concepts in tre global dats base As the axpmpls in chepter | shows, a production
rude in PARADISE is sxpressed as & list of varisblas to be instentisted and 8 list of
expressions which are matched to instentists these variables and lo perform actions.
Each exprassion in g production must match lor the production to match The last zerc or
MOre exprassions may correspond to aclions The expressions before the “action™
e#xpressions constitute lhe pattern Aclion expressions always maich, so the question of
whether & pattern matches or not is equivalen! to asking if the preduction conlaining the
patiarn matches Thase sxpressions sre written in the Production-Language which is
described in section B of this chapter.

Only by posting concepis can productions sccomplish thair purpese of producing & plan
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which describes a line of play Befors discussing produclions in more delail, the siruclure
and use of corcepls will be discussed A concept consisis of a concept! name,
instanbiations for & number of varables, snd & list of reasons why |he concepl has been
posted Each concap! Is either & linal product of the snalysis {8.g, & plan or sn answer o
s queslion such ey “m this position quescani™ ), or 3 goal thet will be uvsed by other
productions. Most concepls posled by PARADISE ars in the Istler category.

Esch concepl thet will be used es & gos has the name of 8 Knowiedge Bource ev ils
concept name For example, ihare is sn ATTACK Knowledge Source In PARADISE 1o
which the produclion in figure | 3 refers ic when posting lls concept Tha term
"Knowiedge Source” has Desn used many lLimes in the Al litergiure, ususlly with »
different definition in ssch case. In lhis thess the term Knowledge Source iv a proper
nams denoting s particuler construct. Thus the meaning is nel axactly the same o In

pravious uses of this farm

PARADISE orgenizes lhe productions in its knowiedge base Inle Enowledge Sources
(hereallor reforrad 1o o KSes) Each KS containg a number o! productions which atlempl
tc solve lhe sams problem The problems pursued by mosl KSes can resdily be
communicaled 1o snd underslood by humans since they ususlly corrsspond io human
conceple. This halpa meke |he sysiem's behavior irgnsparent snd sxplpingbla Eech KS s
apid le "know aboul™ an sbetract concept which is the problam the KS is trying o solve.
Tha word “concepl™ is used since mos! such problems can resdily be expressed s
concepls which humans cen undersiand The word "abstract” is used to diatinguish these
mors sbsirec! corrsspondences {0 human cencepls irom the specific concapls posied by
PARADISE in its detas bese. Most concepts posted by PARADISE ere used a3 gosls by
KSas which know sboul absiracl concepls. When the production in figure 1.3 malches, i
posis a concepl which corresponds 1o the ATTACK KS (e, the concepl has ATTACK s
its concepl name). This concepl is sl some pont used ss & gosl by the ATTACK KS which
knows sbowt tha abstracl concapt of ons side siteciung » parliculer sguere.

in its simplasl form, a KS is & group of productions which knows sbout some sbetrac!

concapt, and @ lisl of variables whith sny concepl used o o goal musl imstentinle The
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structure of a KS is described In mora delail in part 3 of this saction and the siructurs of
8 concap! is describec in part 4 of this saction There sre currently twenly-eight KSas in
PARADISE snd thay are described in detail in chapter 3. The next part of this section
describas how these particular KSes woere formulated during PARADISE™s devslopment.

2) Creating Knowledge Sources
Thars sre ol lsast twe situalions which Indicste that PARADISE needs 8 new X5. One is
when many productions ere recogniring similar patterns, and & second is when 8 new
abstract concepl is needed 10 sxpress a desirsble plan  (Plans use the same concapts
thal are posted by productions) This saction gives an example of esch situstion

Whan many productions ere recogrizing similar patlerns in g position, some generalization
of these pallerns is a cenchdate for pn sbsiract corcept. This masns 8 XS must be
writtan which knows aboul the sbsirsct concepl. For example, PARADISE has a SAFE KS
which knows sboul the absirac! concep! of making a square safe for a piece lo land on
There sre many ressors for wanting to make o square safe for o pisce. The plece could
lork two piezes from thal sguare, or pin one pisce Lo ancther, or mate the opposing king,
or trap a piece, or sny of a number o olher lhings Thera ars aisc many ways io
sttempl to maks s square safa for g pieca One can block the line of an opponent’s piece
whith bears on the square or caplure such s plece. One could movae s friendly plece to
provide addilional support or maks & thresl somawhere aise which cen only ba snewered
by sn opponent's piece bearing on the square, thue decoying suppert from the square.
Again, there are & rumber of olhar laclics

if the first productions sver written recognized forks, there might be s production which
recognizes forks from a square tha! cen ba made safe By blocking an opponent’s
protecling piscs and anolher production which recognizes forks from a sguers which can
be made sals by decoying an opponenl’s piece Laler, productions which recognize mates
may be writlen which sgain recognize possibilities of blocking and decoying opponent’s
pisces (o make tha mating square safa. H iv claar that sach thres! cannol be combined
with sach possible way of making » square safs sinte a huge number of productions
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would resull whers similer “ssfe-meking” paiterrs ers matchad in many productions
When s production recognizes that & piece can make s threa! from s squars but cennot
iand salely on that squars, it mus! post a concepl saying thal and then let productions
which know sboul the sbslrac! concept of making & square eale for & piece solve the
problem {using tha posted concepl as » goal). Thus 1he knowledge |s oaly encoded once
and all racognized threats can use the same productions to make & squire safe for &

pleca

It should be noted thal thars must be s considerables amounl of communication batwaen
the threat-recognizing pattern which sxprasses such g concept, and the productions which
use the concep! ss & goal. Only the lhvaat-recognizing production knows what the line of
play will be once tha critical square is made safe. 1! »lso hnows whet! such 8 move
threatens, and how likely such a move will be to succead This Information s ali neaded
Ister. For sxample, wa would not wan! e decoy an snemy quesn 1o make 8 squere safe
if the sole purpose of moving to the square was 1o attack this gueen Such knowledge
must therefore be communicated in the concept itseli whan it is being posted Part 4 of
this section describes how conceple sxprass this information

New KSes may also be crested whan s naw sbelract concept is neaded to axpress a
plan Supposs s forking pattern has matched snd the sysiom develops & plen to move s
rook to 8 squara where it cen simulansously atisck an undefended knight and an
undefended queen This plan is lhen communicsted down tha iree sc that afler the
opponent's raply, the system will know it should sttempl to cepture the queen or the
knight. This avoide a complets rasnalysis o! the new posilion 88 most current chess
programs would do. To communicsle this plan the system musl understand (he sbelract
concapt of ssfely cepluring o pisce. 1 is not snough 1o communicels thet the rook should
move 1¢ 8 parliculer sguars since the queen or hnight may na longer ba there. Likawise,
it Is not snowugh to communicats that the reck should capturs one of these pisces il it can,
since the queen mpy have movad to protect the hnight. | ls necessery (o undersiend
that the gquaan or knight should be captured without losing meterigh. PARADISE hee »
SAFECAPTURE KC which understands this abetract concept, s¢ such 8 plan wauld uee a
SAFECAPTURE concapt. This ebetract cencept le clossly reisted to the abetract concept
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of malking o square safe for g pisce. In fact, productions in tha SAFECAPTURE KS will
often posl SAFE concepts, thus using tha same abstract concep! in analysis and in plan
sxprastion and sxeculion

3) Organization of Productions into Knowisdge Sources

PARADISE achisves the sbility !o exprass snd use concapls primarily by organizing its
productions into KSes In its simplest form, s KS is » group of productions which knows
about soma abstract concep!, and & list of variables which sny concep! used as a goal
munt instantisie. The knowledge bass currently has iwenty-sight KSes, each conlaining
productions that know sboul » particular abstiract concapl. |f one produclion knows aboul
mors Lhan one sbstract concept, it may be in more then ona KS. When a concep! in the
dats Dase has ¢ corresponding KS, PARADISE will evenluglly treal tha! concep! #% a
subgos! enc use the corrssponding KS 1o solve lhe subgoal in sn attempl io produce a
pisn  (This may be done by posling other concapie) Thers may also be concepls which
have no corresponding KS and ars not irasted as subgoals (e g, plams may be considered
st specis! inclances of 8 concapl, snd lhers may be concapls which describe a posilion as
non-gquiescen! in answer tc 8 quaryl. Such concepls ere inspeciad by patlerns
sttampting to mateh and by the searching routines. When a concept corresponds to a KS,
it will somatimes be referrsg {o as & goal or subgoal Thus avery goal is & concept but
soms concepts may naver be used {or referred [0) s gosls

A more detsiled ook st the structurs of & KS is given in fipwe 20. The XS named
KSNAME is shown A concep! corresponding 1o KSNAME must instantiste argl through
argn  Tha condition le & patlern tha! must mstch before the KS is execuled The
lafimost box in the diagram confains the productions of KSNAME, whils the other boxes
ars KSes themselves, called sub-K$es The prodictions in g XS are ordered Each time »
KS is executed with a concept as o gosl, each production is tried in the given order. The
KS is finishad after one pass through the predketions. Sems productions have no action,
but the fact thal s patiern matches is inserted in lhe dals base whether the patlern has
an pssocisted ection or not.  Other produclions In the KS may then test |f this paltern

matched
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Flgure 2.0

Structure of 8 Knewlsdge Sourcs

The ordaring in KSeu I Importan! only because some procuctions look for malchas of
other produttions which must therefors be matched firel. Thus o spproprisie ordering
cen ba determined syntectically from the rules Productions may contain “return”
exprassions (described in seclion B) which ceuss lermination of the axecution of a XS
with tha! production This refies on the ordering but is only an efficiency consideration,
since “returns” are used only when o production krows that ns other production in the KS
can match (The eame result would be produced in the “returns® were removed)

When thers sre no sub-KSes (most KSas have nona), /! patterns that metched In a KS
ore removed from Lha date base affer the KS has besn executed for 8 particuiar concept,
Thie kasps the size of the dats bese remongbie and pravanis confusion belween
executions of diffarent concepts (Executing a concep! means using & concep! s g goal
for its corresponding KS) One exceplion is the PRIMITIVE KS, which contains the 1B
patiorne used ss primitives in oll other productions. This KS is executed only oncas,
bafore any other KS, and its palterns ars not deisted Exceplt for the PRIMITIVE KS, &
KS's only sffect on the system |s the concepts it has pested in the dats base (since the
Pattarn malches are lost).



Sub-KSes provide s way for a complex KS {o avoid the problems caused by having the
malched paiterns disappear afler svslustion of » particuwr goal. When ¢ KS has
sub-KSes, the productions in the KS are malched for ali concepls which correspond to Lhe
XS All these matches sre kepl in the dala basa. Than sach sub-KS is sxecuted in turn,
analyzing each concep! which corresponds fc XSNAME as weli es each concept which
corresponds Lo the sub-KS ilsell These executions are normal, wilh patiern matches
being daleled afier analysis of each particular goal. (As the diagram implies, sub-KSes
may no! have sub-XSes themselves) The pattern malches of the original XS, however,
ars not dalsted until all sub-XSes sre finished axecuting Thus the productions in the
sub-KSes have sccess 1o pattern matches for ol concepls corrasponding (o XSNAME.

Sub-KSes can slsc be used for convenent shorthand nolations of some KSes For
axampie, if one abstract concepl invoivas the use of lwo olher abstract concepls, the
two can be writtan as sub-KSes of tha original. Thus the original K5 may have no
productions of its own  Without sub-KSes [he original K5 would have @ list of
productions which was (he concatenstion of the two lists lrom the other KSes. The
conditions on the sub-X5es mean that during execulion all the productions in ona of the
sub-KSas may be skipped whila the productions in the olher mub-XS may slili be
axacuted PARADISE has ne other way o affect the contrel flow in this manner since the
sub~-KS structurs has proved salisfactory.

Each KS expects # cerlgin smount of information in & concept which il yses s3 3 goal. Al
the very least, it expects an instantiation of ite srgumenis. For example, the SAFE KS
{for making a square sais for & piece} swpects the particuler sguare and piece to ba
instantisted Among olher things, the SAFE KS sisc sxpecis some information on tha plan
to be followsd once the pisce gais to lhe given square The representation of such
information is discussed in the naxt seclion which describas the structure of concepls.
(How produclions in & K5 sccesses this informalion is described in seclion B of thie
chaptar.)



4) Structurs of s Concept in the Data Base

Tha contaxt in which produclions In PARADISE post concepls in tha dats base end how
KSes then use tha information in thase concepls as subgoals to aventuslly produse & plan
of aclion has been described When a new KS is executed, the patterns which maiched in
previous XSas can no longer be sccesssd (Frequenlly malched patierns we in the
PRIMITIVE KS which can still ba sccessad) Thus concepls In the dals base rmust contain
all the informalion tha! will ba nesded 1o axacule olher KSes and o guide the search
This can be g considersbla amount of information, as illusiraled below. As described in
chapter 1, » concap! consisls of § concapl nama, instantistiona for 3 number of variables,
end » lis! of reasons why the concep! has been posled This list of reasons contains the
information needad iater.

To demonsirate the struclure of & concapt in PARADISE and the verious requirements on
accegning this structure, [el us ook &t & particuler concept the system would have while
doing a static analysis of the potition in figure 2.1

O, %g%
12X 7@k
,% %ﬁaz/
7 Y %w%z
%}éﬁ % Y
%,% 3

2 N %
% YRR

Figurs 2.1
white to move

in this position PARADISE has 8 SAFE concepl (among many others) lor making the square
Q7 sale for the whits rosk (Currently tha rook would be captured if it moved te Q7)
This concepl has baen suggestad by two diferant productions One recognizes the rook
could skawer the black king 1o the reok on R7 snd produces the following concept:

((SAE WR OF) (PLAN (SATEMOVI WB 075 ({{0K MIL) (SAFECAPTUAL WM BR))
{{ANYSUT BE) (SAFECAPTURE W& 3R)}))
{THREAT (FORR WB B J8)) (LIZELY 0))
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SAFE it the concapt name snd WR and (7 are inslgnligtions for variables in Lhe SAFE KS
PARADISE storss information sboul comcepls on @ list of atlribute-value pairs f{or
property list), called an stiribute Ust In the axampls sbova, the PLAN atiribule specifies
the plan tc be pursued after Q7 is mads safe (This is an expression in the plan-language
which is described in section B of this chapter) The THREAT sttribute specifies what the
rook threatens to gain on Q7. (This iv an expression in the thraat-language, described in
section C of this chapler] The LIKELY sltribute describes how likely the concepl is 1o
succaad and is siso described in delail later in this chapler.

Another produclion recognizes thal the rook could fork black's king and queen from Q7 in
such # way thal sny move by ihe king would enable the queen {o be caplurad with check
Tha sction of this produclion produces the following SAFE concepl:

{(SAFE WR OF) (PLAN (CHECKMOVE WR O7) (BE N1L) {SAFECAPTURE WR 8Q))
fTHREAT (EXCM B BQ)) (L IKELY 0))

This concep! has the same concept name as Lhe firsl one, lhe same viriable inslantiations,
bul p differsnt reason {atiribute list). PARADISE now faces the problam Lhat in some
sanse the sbove lwe concepts are Two distingt concepls but In snolhar sense, thare 15
just the ona concep! of making Q7 ssle for lhe rook (Frequently thers will be many
ressons for posting 8 concepl.) One way 1o maks (7 sate for the rook would be B-R4
{protection by s frisndly piaca). In lhis cass, the sbove two concepls can be lreated as
just one concep! since this tactic will meks Q7 safe no matter what the PLAN or THREAT
is. In fact, mos! productions trying to make (7 safe will not care what the THREAT is
since this is only used whan considering sactrifices and when comparing an opponent’s
thrast Lo our own Since many productions do nel care about the vaiues in the attribide
lists and concepls frequantly have many differenl ressons, il is imperative to lrast all
conceple wilh the same name snd varisbla insiantiations {though different allribute lists)
as just ona concepl. Otherwise, many prodistiont would needisasly be exscuted
repealedly on diffsrent versions of Lha same goal.

An obvious ides is 1o combing the values of the allributes snd make one corncept from
the two above. For axample, hesp the mc+t [hreslaning THREAT value and combine the
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PLAN values (o form a plan wilh g branch so lhal either pisn may be used This would
lose the information concarning which pian goss with which threat. But, as the following
example illustrates, this informsticn may ba nasdad later {which masns the productions
may nesd tc trest sach of the origingl expressions 83 separate concepts). Let's consider
making Q7 safe for the rock by playing QuB. Black cen only blunt this thresl by Qx( and
than the rook can salsly move 1o Q7 {snemy proleclion has been decoyed). (xB is »
sacrifice pnd since white doas no! plan 1o recaplurs |he black queen, he considers himsell
to be sacrificing gueen for bithop. Such a aatrifice would only be made i! meving the
rook to Q7 thrastena Lo win mors than the value which was sacrificed The threasl to win
the queen (which hapetully will be captured with chack) meete this criteria but the threat
to win the rock does nol. Howaver, if the sacrificial move decays the gqueen away from
Q7, the rook can no longer carry out ita plan to win lhe quean afler moving to Q7. The
deacoy should bs rejacled since il is decaying the very pisce it wanls to atlack (Nole
tha! the plan to win the rook would pass this criteriz since the rook is not being
docoyed) This rejection requires inowing that the threst of winning the queen is only
associsled with the plan of capiuring the queen or king This decay could not be rejected
if tha higher thrast valus of the queen-atlacking pian had been sssocisied with tha plan
value of the rock-attacking pian {as in & combinalion of attribute values).

The following observations may help clerify this example Nole thal if we could decoy
the quesn by sacrificing a pawn, then the quesn-attacking sitribute lisl would still rejact
the move since the queen is being decoyad B the olher stiribute list would approve it
since winning Lha rook is mere livestening than the foss of the pawn In fact the Daest
move in Lhis position le probably N-N&  This is » decoy which gives up & knighl 1o maks
Q7 sate (after N-N5, NxN white's gueen bears directly on G7 and R-Q7 can be played
salely). Both the queen-sitack snd the rooh-siisck [hrsaten more than tha loss of the
knighlt, snd neither plan Is destroyed by decoying the blach knight. (Nols thal it is
imporiant to check if the decoy desirdys the plan since the myslem would atharwise
suggest ridicuous moves like R-Q4& to decoy tha biack knight )

For these ressons, ol concepls in PARADISE with the same neme and variable
Instontistions are combined inle one concept, but the stiribule List of this one concepl is
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replaced by s list of siiribute lists, one for sach reason the concep! was suggested
Thus the concept of making Q7 safe for the rook would be posted in the data base as

follows:

({3AFL Wi Q7)
((PLAK {CHECEMOVE WR Q7) (BE NIL) (SAFECAPTURE Wi BQ))
( THREAT (EXCW W% BO)) (L IKELY D))
((PLAK (SAFEMOVE WR QF) ({{3K WiL) (SAFECAFTURE WR BR}) {(ANYRUT BX) (SAFECAPTURE W 3R))})
{ THREAY (FORE WR &K BA)) {(L1MELY §}))
The produclions cen sccess this siruclure se one concep! but can still access the
necassyry information sboul each resson This information is, in fect, used in g number of
ways. When a praduction sccesses the values of attributes, it may not cers which
aitribute list the values come from, or it may require that the values for each stiribute
come from the same list {as in the decoy sxampla sbeve), or it may want the “best” (in
some tente) value for each atiribute whather the differeni values come from the same
hat or not, or it may want values lor one atlribule lo come from liste which have some
particular value for another altribute. This accessing of the information in & concep! is su
complex that it can be lookec on as patlern matching in ilself. Thus the productions in &
KS can be locked upon as malching pelterns in the given chess position and matching

patlerns in cflersant concepls

Conceptls and their accessing are quile compiex. intutively, ha productions in PARADISE
are nol making deductions, per se, bul coming up with ideas that may or may not be right.
Thus thera sre no “facts” that have cerlain deduced values 1hst cen be rsasoned with
The complexily of later snalysis raguires thet 3 proguction essentially put down “why" it
thought of an idea In INs way, othar productions can decida if the idea still looks right in
light of what is known gi thal time. Most produclion systeme gvoid this complaxity
becsuse lhe firing of a production is s dedutlion which sdds 8 new plece of knowiedge
(er & new piece of evidence which supperts » conclusion} to the system This plecs of
knowladgs or svidence is assumed righl and the sysiem is no! prepared o laler decids
thai if wasn®l right 1o make thet deduction



5} Summary
A KS in PARADISE is » list of varisblas, 8 condition, a list of productions, snd a list of
sub~KSes, all of which know about a particular abstract concepl. KSes communicate with
each othar snd the rest of tha cystem by posting concepls in tha global dats base These
concaptes consisl of & name, an mslantistion of arguenents, and & fist of attribute lists
Thay sre used as goais (o produce & plan of action KSes provids abstrect concepts that
are al s highar concapiusi level than the productions thamsalves, and form the language
that PARADISE thinks in  This section locks o asbsiract concepis as » Ngher level

language

Each pattern match in PARADSE provides new informalion sbout the current pomtion
since other paiterns may check for these malches For sxample, if a pattern which
recognizes a trapped king pesition matches, other patterns can test for the existence of
this pattern and in this way the system understands that the king is trapped. The action
associated with a pattern may pos! concepls in the data base which KSes will use as
goals. Thess concapls and the abstract concepls o which thay correspond through KSas
ars ot 8 highar concepliual lavel than the idess producsd by simply malching patterna
They can represenl mors vague and complex ideas, and can conimin information which
allects the sxecudion of productions.

Te understend chess posilions using knowledge rather than & broad search, bolh
patlern-level concepls and these higher level toncapls srs necessyry In the reasonng
process. As wat shown sarlier, & ungle pallern cannol recognize a whole plan of aclion
in § compiax chasy position PARADISE therafors uses XSes Lo provide abstract concepls
KSes are built oul of productions and are in turn used as building biacks in the ressoning
process which constr.cts & plan for s given position

A major problem is the generalily of these absiract concepls How Thigh-level™ should

such g concapl! be? |f thay ars loo genaral then too meny delsils sre los!, and the system

doas not have the necessary facts 1o do soma {ypes of reasconing For axample, 8 decoy

concept musi be sbie tc sccess (he details of why it hes been suggested so tha! decoys

which destroy the origingi plan sre nol suggesied |f the abalract concepts sre not
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goners! enouvgh, the sysiem leans toward the axireme of needing & produchion for avery
posuble chess position The sbsiract concepts in PARADISE have been constructed 10 be
8s general as possible whie slili hawig &cets to all the delail necessary for
oxpari-leve! performance A shown in the previous section, this generalily has made
concepts in the dats base so complex that! produclions must essentially match patterns in
‘hese concepls This tradect! of generality and speafialy 15 discussed n more detml In
chapter 7 (The actual KSes in PARADISE are described in chapler 3}

in podilion 1¢ providing absiract concepls, KSes help solve the problem of quickly
sccessing the relevant productions n 8 large knowledge bass  Given the number of
patlerns 8 chess grandmaster ssems ta have, 1l 15 unreasonabie to look through ali of
them oach Lime By commurucaling plans down lhe tres, PARADISE many {imes has
particular goals in mund when it looks &t & new position It can then sxecute the relevant
KS and immedistaly secess the relavant producliont

The first chaplar sdlined some of the ways PARADISE attempls 1o communicate results
from one part of Ihe cearch ires 1o other parie The absiract concepts provided by KSes
are an integral pasrl o this iree commurucalion ps they provide tha language thus
commurucation yses For gxample, plans are expressed umng these concepls and thay
snabla PARADISE tc know wha! it wanls lo do before snalyzing a new posilion n the
search The tres search will be discussed n delsil in laler chaplers, the point being
macos here s that there are olher uses of KSes than tha onas in stalic analysis.

6) Similarities with other 5y stems
The overall organization o! the knowledge base hae ils rools in many previous Al systems.
Numerous systems have used produclion systems lo¢ represen! knowledge Dases n &
tormat amenable te modihicelion Mast nolably, the MYCIN system [Shorthite?4,Davis76}
provides the deas behnd the represenlalion of productions in PARADISE However,
PARADISE recognizes more complex palterns and ils patterns spccess more complex dals
struclures than is done in MYCIN (ss the sxamples in this chapter, chapler |, and chapter
3 chow) One of the majo: diiferences betwean PARADISE and most other production
sysiems (Including MYCIN) is tha! the firing of & rule is not s deduction in PARADISE  As
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described in the last section, an sction produces sn ides which may laler prove to be
wrong and PARADISE must be able 1o deal with thesa wrong idess.

Similar schamet for organiting productions into KSes have been used in other programs
In VIS [Moran?3] more & “pure” productions syslem than s performance aexpert,
productions are grouped intc “procedures” for more efficient execution In SU/X (and
SU/P) [Feigenbsum? 7} & pertormance sxpert, productions are grouped into "X5es™ which
organize the productions sccording le the concepiual level of the deductions they do
PARADISE uses it KSes in “aw ways, howsver. They provide sbsiract concepls which
larm 5 language used for the reasoning in the siatic analysis of chess positions, for
exprassing plans, end for improved [res communication This leads to complex

commurucation betwaen KSes which requires pattern malchung in itsslf.

The productions in PARADISE commuricate by posting conceplis in the giobal dala base
which all produciions may access This idea comes directly from the HEARSAY cpeesch
understanding system [Erman76] whera s plobsl "dlackbosrd” is used lor communicalion
belween KSes LUnlike HEARSAY, PARADISE's blackboard is not structured {although the
concepis wrillan on the blackboard are).

AM ([Lenat76) is & program which crestes concepls and reasons with them, much as
PARADISE does. AM saparates concepls and tasks, while in PARADISE the conceple are
alsc used as goals {or lasks) PARADISE's concepls combine the structure of bath
concepls and tasks in AM, using lists of attribute lisis to represent the resson each
concept has been suggesied In AM, it is assumed that lasks do not inleract strongly and
that concepts do not interact sirongly This can be done because AM's world is
continuously growing and lalung an action which is not the best a! any one point is nol
especially coslly. PARADISE, on the other hand, i continually constructing naw worlds
and retreating to the older ones whan 8 poor move is made. It is very costly to make »
mistake so the sysiem must reason about how various concepls interact. To do this, the
productions may need tc access information from more then one concept in order 1o be
matched. The next seclion describas the Production-Lengusge which parmits this
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) Patterns and Preductions in PARADISE

1) introduction

Severgl izsuen influencing the design of productions in PARADISE will be briafly mentioned
hers, while the remainder of Lhis seclion describes lhe Production-Langeage in which
PARADISE s produclions ars writtan The mosl imporiant considerciion in the writing of
productions is the desire for expart parformance. To accomplish thig, it seems necassary
16 have » knowledge base which is sasy lo modify {iNs includes making changes and
making sdditions). Otherwise incramanlal impreveman! will be very hard To this end,
productions in PARADISE sre essentially indepandent ot sach other {the ordering in XSes
can be determined synisclically) snd we expressed in s siraightforward manner, avoiding
hidden side elfects. Hopefully, s chess axpert not familisr wilh the system could isarn to
understand and write productions withoul undue alfort. (Chess axperis have nol been
tected for sbility le wrile rules in PARADISE, but seversl chass players have been sble
to understand previously written productions)

Another issue faced in wriling produclions is the desire to communicate knowledge to the
trae search Computer chess programs can be placed on & continuum sccording to the
bardwidth of the communicalion belweesn sialic snalysis procedurss and the tree search
Most programs have 8 very small bandwidih Ln fact, the fast searching programs do so
littie clatic snalysis that there is litlle knowiedge 1o communicste 1o the search |In
PARADISE, the bandwidth is quite wide This aflects the design of the productions since
the static anslysis ressoning process is constently conterned wilh building plans,
attributes lista, and concepts which can communicsts knowledge to (he iree sesrch Many
expressions in tha productions sre corcerned with communication of knowledge to the
search and nol mersly analyzing the best movs in the current position

Lastly, the issue of lavel of expression in patterns must be sddressed A! s low leval, &
chass paltern could involve recquirements placed on particular pleces and particular
squares, es in Simon snd Gilmartin's MAPP [Simon73] program For example, MAPP
pattern N155 states thers mus! be & black pawn on the sguire C5 ond & black pawn on



tha square D& Such patterns will ba referrad to a8 ™ype 17 pelterms. Al & higher iavel,
patterns could be axpressad sz o0 emmily defined relationship between certeln verisbles
The matching process mus! then ssarch for instentistions for tha varisbles which will
make the reletionship trus. For exempls, & patiern which specifies tha! one plece must
protect snother mighl match the perticulsr instence of lhe black pawns on C5 end D6
Such pstierns will be referred to 89 “typs 2° patlerns. PARADISE™s petierns are type 2,
a5 are the pattarns in Zobrist’s program The differance belwaen lyps | and 2 patterns
ls the “grain size™ (see [Davis76] which the patterns use to sccess their domain

Al an even higher level, patterns could recurse upon thamssives or instentisle an
indefinile number of variables. Such palterns cannol be expressed #s iype 2 palterns
and will be called “type 3" patierne A typs J patlern is nol wall defined here, rather I
1 meant to include any pattern which cennct be expressed ae o typs | or 2 pattern A
type 3 pallerr may require a dilfferent grain size, or i may just require different types
ol processing within the same grain size. A chess sxample of a typs 3 pattern would be
the ides that & squars is safe for & piece I land on  Matching safe square: would
involve looking st all pieces bearing on a squars {lhers may be none or & dozen), and
ordering them for optimal deploymanl by bolh sides in order 1o delerming who would win
sn exchange on the sguers Recursion may be involved if one of the pieces is pinned
since the safety of the pin object's sguare {i.e, the strength of the pin) would be a faclor
used {o decide the order of deployment.

Type | palterns are clesrly nol suilsble for the type of ressoning PARADISE must do. Te
write s pattern which dascribes 8 pin, sn sxpert instructing PARADISE will describe the
assentia! relstionship betwesn Lhe pinner, the pinse, and the pin object. This results in e
iype 2 paltern which describes a relstionship between three veriables. Lhing typa |
patterns would invulve wriling a separste psitern tor every poesible pin which is liksly
lo occur. Besides being sdequaie 1o axprass such concepts, type 2 petterns cen be
written in a sirgightiorwerd manner, making them eesy toc understand Expressing lype 3
patterns in a straightforward manner may be a problem (see chapter 7). Type 3 palterns
have nol boen developed in PARAGISE primerily beceuss typs Z pellerns have proved
sdequate for expressing the inow!edgs In PARADISE'S domain Type 3 petterns weuld
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probsbly be needed (o anaiyze chess end-game posilions (ses chapter 7}, bul PARADISE
nesds anly ons “pattern” thal ceancl be sxpressed in the type 2 Production-Language.
This Is the previously mentioned ides of & square being safe for 8 piste PARADISE
understands this by making it inte a domain primitive funclion {although (! doas & very
complex computstion).

An sxamgle heips lllusirals the kind of things PARADISE's lype 2 palierns cen and canno!
do. A fork pattern in PARADISE will recogrize ona pisce simullansously atlacking (wo
opposing pieces by heving the matching process instanliste lhres varigbies to the
idantities of the three pieces. While the patterns may use variables rather than speaking
about perticular objects. they may ot have an indefinite number of varisbles. T the
forking paltern cannot sutomaticelly maich all pisces attsckad by an offensive move, nor
can it call itsel! recursively. PARADISE can generats ali such pieces snd can construct
sots as lha value of some varisbles, but thess satz must be manipulaled axplicitly and
relationships betwseen individual membars of thase sels cannot be axprossed



2) Overview of tha Production-Language

The environment in which productions in PARADISE cperals has bean deswcnbed The
major leatures are KSes anc their corresponding concepts which ars posted in a globat
dats basa. Each productien in PARADISE is in ot leas! one X5 A KS is executed once for
esch concapt corrasponding Lo il in the data Bate. Thus each production has one specific
concept as its gosl whanaver it is being axecuted {namaly, the concep! being used as &
goal by the KS currently exscuting. in addition to this goal, sach production has access
ke other concepls in the dala base, patterns which have matched, and functions for domain
primitives. Mos! productions are sttempting 1o {eventually} sugges! s plan of sction wilh
an sccurate snalysis of the possibilities of such & plsn (Tha structure of plans is
discussad in section D of this chapter) ina only productiohs which do not try to suggest
plans put concapts in the dals Dase which tha trese sesrching routines wili access

A production in PARAGISE is expressad as a list of varisbles to ba instantiated and a list
ol empressions, wrillen in the Production-Lenguage, which e matched to instantiate
these variabies and 1o perform sctiens (See the production in figre 1.3) Each
exprassion must maich for ihe production to match  All variable instantiations which
cause & paltern 1o match will be found by Lhe pattern maichar. The last zero or more
exprassions may correspond lo actions and alwayt match The sxpressions before the
aclion™ sxpressions coaslitute the petiern Action sxprassions axpect all the variables
to be instantisted Dafors thay are malched

Some varisbies in wach production may be inslantisted by the KS being executed using
the parlicular goal which is being sttempted To illusirata this, consider figure 2.1 whers
whita has tha goal of making Q7 sale for the whils roock. The production which may
suggest OxB as s decoy would heva at leasl five arguments: & piece snd square for the
intendad move, 8 piece and square for the decoying move, ond 8 defending piece for the
piece 1o bo decoysd The piece and squars for tha intended move would be instanlistad
to the white rook and the squars J7 by the goal of the SAFE KS (before the decoy
production is even pitemplad). The decoy production than sllempls to match the other
pisce and squars to some move which will decoy & defending pisce (which sisc must be
matched) irom protacting 7 {witheut destroying the plan 1o follow and without sacrificing
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toe much materisl). If Lhe match were succassful, the plan would ba to make the decoying
mave (in Lhis sxampla, moving the while guaen 1o the squars the biack bishop is on) and
If the daefending piace (the black queen) caplures the decoy, ther reply by making the
infanded move (i.e, rock to Q7).

PARADISE restricts the possible insipnlistions of § varigbis by the name of the varisble.
There are ve .ables for sach of the categories listed below. In this list the variable name
{in parentheses) lollows the calegory name. [nlegers may be appended o the end of the
variable names to produce distinc! variablas names for different objscts in one category.
SQUARE (SQ) matches sny square on the board

COLOR {COL) malches sither black or white

ATTRIBUTE (ATR} matches sny value that an stiribute might have in an stiribule list

ANY PIECE (AP] malches any piece on the board

PIECE (P) matches any friandly piece on the board

SLIDING PIECE (LP) malichas friendly pieces which move slong lines (queens, bishope, rooks)
MAJOR PIECE (WP} malches sny friendly pisce excep! & pawn

SUBJECT PIECE (5P) malches any friandly piece sxcept the king

PAWN {PN) malches any friendly pawn

KING {K) matches the friendly king

DEFENDING PIECE (DP} matchas any delensive (opponent’s) pisce
DEFENOING (D) may be similarly appended 1o the olher categories of frisndly pieces.

The foliowing perts of this section describa all the expressions in the
Production-Language.  Prodictions must eccess infcrmstion sbout the current chess
position  Thay do this by sccessing primilive hunclions and patierns {see chapler I} with
the PATTERN snd FUNCTION expressions in lha Produclion-Language. Since pallern
matches ars deleted when o KS finishes exetuling, o production can only access patierms
in the PRIMITIVE KS and pallerns which hgve baan maiched sarlier in the axecution of the
currgnl KS Part 3 of iNs seclion describes the PATTERN and FUNCTION axpressions and
than describ. ; in detsil esch of tha |2 primitive lunctions snd the 18 petterns In the
PRIMITIVE KS.

Productions must siso sccess the concapts which have been posied in 1ha dals base
PARADISE is performance oriented 30 the Production-Languegs is very sd-hac, snd tNs is
aspeciasly frus of tha sxprassions which access concepte Nevs axprassions are added to
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tha lsnguage o9 thay ere nesded to express somathing, without sttempting lo ba genersl.
Pari & of this section describas how the Production-Language provides sccess to
concapts in the dala basa

Parl & of this section describes the connectives provided by lhe Produclion-Language for
combining expressions into farger combirations. The conneclives provide all types of
HBoolsan combinstions as well »1 ways of producing sals. Part § describes the action
exprassions provided by the Production-Lenguage lor posting concepls and pians in the
data bass. Part 7 summarizes the importan! aspects of the Produclion-Lenguege. Afler
the detsilad description of tha Production-Lengusge, plans are described in seclion C of
thin chapter. Then in chapler 3, an exampls snalysis is presented which includes actual
productions written In this langusge

3) Accessing Chess Primitives
PARADISE has bolh primitive funclions and tha patlerns in the PRIMITIVE KS (which wre
exproassed mostly in terms of the primitive funclions) for sccessing Lhe chess primitives in
the current position Once & basic set of primitiva functions has besn developed, deciding
whether & particular primitive should be s paltern or » funclion is maostly a store ve
recompute lradecf. Functions wra recomputed each lime they era eccessed while
patierns ars matched once, and sach possible varisbie instantistion which matches the
pattern iz then stored in Lha dala bese. For exampis, tha question of whather ihrae
given squares e in 8 line is & function since it is sasier to compute this sach time than
to stors ali 3-square combinglions which are in & line and then saarch ihe list for the
thras given squares. On lhe other hand, tha question of whather 8 plece snd squars
rapresent a legal move is » pattern since it is easier 10 search the list of legel moves
than to recompule. Thus, all legal moves in & given position sre slored as occurrences of
the LEGALMOVE pattern (whosa variabies are & plece and a square o which the piece

BN MOVS).

The FUNCTION and PATTERN expressions in the Production-Language ers usad to access
functions and patterne The FUNCTION expression In the Production-Language consiste of
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the word FUNCTION, followed by tha rame of Lhe function, followed by an Arg-Spec. An
Arg-Spec is a list of specifications for sach srgument of the patlern In terms of the
variablas of the production containing this expression A specification cen be one of
threa things: en in'eger reprasenling the internal nama of an object, a variabie of the
production in which the Arg-Spec occurs (the varisbie’s name restricia possible
instantistions), or csome function applied 1o such & variable (the function should yield the
type of valus expected by the pallern !o be malched). Such lunclions can be created
whanever needed PARADISE currently has the following functions for transforming
variable names:

LOCATION spplied to & piece relurns 1he squars whars tha! piece resides

QCCUPANT sppliad Lo » squars relurns the piace which retides on tha! sguare.

COLOR applied 1o 8 pisce returns the color of that piece.

OTHER~-COLOR applisd lo & piece returns the color of the other side's pisces

TYPE spplied to s pisce relurns the type of that pisce (king, knight, elc)

VALUE spplied to 8 piecs relurns the value of that pisce. These values are:
PAL it
ENiGHT 32
Elsnr 33
RODE S0
QEER 90
LG 3

To illustrate the use of § FUNCTION axpression in a produclion, le! us suppose the
production has 501, SQ2, and SQ3 as varisbles Than the axprassion (FUNCTION LINE BO1
5062 503) would match only il lhe three squares are in 3 ling. The PATTERN sxpression
in lika the FUNCTION expression excep! that ihe word PATTERM replaces lhe word
FUNCTION | & production has Pl and DF1 s varisbles, then the expression (PATTERN
LEGALMOVE P1 (LOCATION DP1)) would mateh only for legal caplures

Accessng pallerns and executing functions may both instantiste verisbles in & production
Functions instantiste variables by looping through ail possibls srgument veluss and calling
the funclion Instentisting more than one verisble would resull in nested 1oops, so
functions are currerily limited to only instantisting one variable. (Thers i 8 FUNCTIONE
exprassion which instsnlistes more than ong varisble, bul it only werks f(or cartain
functions) Primitives which nead to instanfists mors than ene varisble can ususlly be
mada into patlerns. Accessing a psttern may instantiate all variables in the pattern



Before describing other expressions in the Production-Language, the primitive funclions
and pattarns used in PARADISE wili be described This should give something concreta to
associsle with the Production-Language The primitive funclions are described firsl and
than the patterns in the PRIMITIVE KS sre described Resders no! interesied in chass
detaile may skip ahead to part 4 of this section on page 66

a) Functions

Esch funclion used in PARADISE is dascribed beiow. The first six are well-defined
relstions on ihe chess board The function SAFEP however involves s complex
compulation thal is described balow. This is the ona lime PARADISE recognizes & type 3
pattern EXCHANGE snd OVERPROTECTED are lwo funclions which provide additional
sccas 1o the compulations done in SAFEP. In most cases tnluitive and inexact dafinitions
sre given lo help the reader understend Exacl definitions are provided whensver
confusion may result.

LINE 501 §G2 $Q3

This matches if all 3 squares &4 in a line wilh SQ2 in the middia. This is indepandent of
the current posilion snd accessas the array CLA(SC1,504) Exch eniry in this array is o
bit vactor raprasenting the squaras which are on & lins betwaen S0t end SQ2 The array
is alsc accessed by olher functions which deal with lines

CANATTACK P SQ1 802

A piece is said to “"bear dirsctly” on a square il The opponant’s king, when placed on the
squars, would be in chech by the piece. CANATTACK matches it P would bear directly on
502 if he were placed on SGI. This is read »- P can sttack 502 from SQI" and is used
primarily 1o test whal a piece can complisy from 3 new sauare to which he may be
moved For example, in position Z i lhe white rock can silack the lecation of the biack
queen from (7, but can nol allack either black rook from Q7. The pin-like attack on the
black king and rook can be recogrized {using LINE above) by nolicing that the white rook
can stisck the location of the black king from (7, tha! the white rock can attack the
iocalion of this biack rook from the location of the black king (IhNs guaraniees hat only
the king is batwean Q7 and the rock), and that Q7, the location of the black king, snd the
location of the biack rook are in 8 line  CANATTACK accesses lhe array
VUE{PIECE-TYPE,8G). Each satry in this array is & bit vector representing the squares to
which » plece of iype PIECE-TYPE could move from SQ if the board was smply. {Pawns
are no! included) This array is accessed by all functions which deal with moving pieces.
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CANMOVE P SQt 502

This matches if P could move to SQ2 if he wers placed on SQ1. This is similar to
CANATTACK axcep! that §Q2 must not be occupisd by & Iriendly pisce and if P is & pawn
than SQ2 must be in freat of SQI and unoccupied or disgonally sdjacent and occupied by
the opponant.

IN-VUE MP 5Q1 5Q3Z

This matches if P could from from SQI to SQ2 on an amply board, and is & simple sccess
to the VUE array. It is used lo detearmine if MP could possibly affect SQ2 from SQ1 (since
some intervening pisces may be removad). This is read as “S02 is in MP's vue from

SQ1~

OCCUPIED-BY-COLOR §G COL
This matches if 5Q is sccupied by & piace with the color of COL.

SAMEVALUE PY P2
This malchas il the two pieces have the same valus, whare sime is defined as being
within two poainls of each othes. Thus knighls and bishops have lhe same value.

SAFEP P SO

Ths malches  tha opponenl could not caplure P with gain wiwn P is placed on SQ.
Unlike the previous funclions, thus is not s well-deflined, exact relalionsip. Many factors
{described below) are [sken inlo sccount but the complexity of the situation means that
cccasionally the snswer may be wrong. ‘Whenaver 8 move is referrad 1o a8 being “safe”,
it mesns that the function SAFEP matches for Lhe pisce being moved and its deslingtion
quare.

SAFEP uses the OCCUP routine which calculates the occuplability of o particuar square
{SQ) for each sida The occupiabiily for @ side s the largest materisi value which tha!
side could place on 50 so that the opponent could no! caplirs with gain on 50. OCCUP
Calculatas this by playing out & cepturing sequence on SO, deciding at sach move which
piece would ba best for the side on move !o capture with (How the “best” piece is
delermined 15 described below) With one sxceplion, only moves to SO we considered
Thus the occupiabilily does not reflecl the facl that a pisce may be giving up s critics!
defensive funclion eisewhers on lhe board le capturs on SQ. Tha one exceplion is when
the opponent has just moved g pinned piece to SO In this case the side on move may
capture the pin object in which case the capiuring sequencs is ended

In this manner OCCUP builds up » tree which it evalustes wilh ¢ minimax procedure to
oblan the occupisbility of the squara. In this svaluation, the side on move can always
accep! lhe current value and not play » move {ie, can Quit the exchangs whenaver it
wishes). This tree is linesr axcept st nodes produced by deploying a pinned pisce to 50,
whare ihe side on move can chooss 1o continug he exchangs, or quit and capiure the pin
object. OCCUP must know the value of the pin (e, hew much will be gained by capluring
the pin object) lo decide which of lhess two is batter. How the value of & pin is found is
described below.

To decide which piace Is best to deploy for the sids on move, OCCUP has 8 list of 8l
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piecas which bear direclly on $Q. N wants to depioy lhe least veluable piece but this is
complicated by the {ac! that some pieces mey be pinned, some may Din opponent’s pleces
which could move to 50, snd some may have opponent’s pleces besring “through™ 1hem
onto SQ. (A “through™ occurs, for exampls, when two reoks bear slong tha same file onto
0. The second rook becomes available for deployment to SQ after the first has been
moved thers) Thare is @ specisl case whan a pinner is nol given the rasponsibility of
retaining the pin: thal is when g friendly piece, nol more valuable than tha pinner, is iined
up behind the pinner so that il wili relain tha pin il tha pinner moves {Complications
arise il the “retaining” pinners 13 more valusble than the pinner. Nol sllowing this could bo
a source of error, though un unlikaly snd unimportant one} A piece which has an
opponent’s piece bearing "through” il onlo SG is no! deployed when the opponent has no
pisces or only N king beanng directly on S{ (uniess it is the only piece availabls}. A
pinnar is only daplayed if he is the least valuable pisce available and iz capluring s more
valusbie pieca A pinned piece it deployed when it is the isas! valuable pisce svailabie
snd the vaiue of the pin is less thas the value of any other available pisce iexcept in
specisl cases whan other pisces are svailabis and the opponant has no pieces or only
ona pisce bearing on 5Q).

To determine the value of the pin, OCCUP calls itself recursively on the square whare (hs
pin object remdes [t s possible lhas recursion may circle back te the original square, In
which case some wrbilrary escape must be srranged in this Case OCCUP assumes Lhe
value of the circle-complisting pin to be the value of the pin object. In praclice this
rarely occurs end no detected srror has Deen caused by lhs convention Another
possible source of error is that recursive calls 1o OCCUP depioy pisces without regard to
any depioyment of (hose pisces in “surrounding” calls Lo OCCUP. Again, such grrors have
nol surfaced in sctusd play.

Daployment of & pisce in OCCUP is not lrivisl. Whan pinners are deployed, it must be
noted ihal ihe pinned piece is now fraa Likewiss, deploying pinned pieces raisases
pinners. Whenaver any pisce is deployed, 8 check must ba made lor other pieces which
may have been bewing “through” the deploysd pisce onto SO Calculating OCCUP lor a
squars is expansive {in terms of cpu lime) so The resulls are stored in an erray to aveid
recalculation

Figura 2.2 gives the occupiability values lor each square In position 21. The value for
white is sbove the value for black in sach square.
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Tha OCCUP routine described hare is very similer lo the ona in Barliner's CAPS system
(sithough Barliner's performed more functions than just calculating occupisbilities) The
major difference is in ihe handling of pins, especislly the recursion used lo calculats the
values of ping. The OCCUP described hers seems tc be & slight improvement on
Barliner’s since some pine sre svaluated correctly in PARADISE while they sre not in
CAPS. As shown in Berliner's thasis, OCCUP is very sophisticated snd ssems to caleuiate
occupiadililiss es well a8 8 chess master. Il is important that the occupisbilitiss be
accurate since passimistic values would cause the syslsm to discard good moves, and
optifistic onas would cause it to try obviously fosing mover In practice OCCUP provides
accursle values, sven in complex pasitions. Errors in pralysis have not been caused by
wrong occupisbilily veluas (This does nol mean occupisbililies are never wrong, meraly
that the rare errors do not usually affect lhe snalysis} It should ba noted that
occupisbilities are not sli-important. (i s necessary (o play moves to unoccupiable
squares in some positions. Analysis must look at many things besides occupiabilitiss whan
considering & move

Given the occupisbility (OCC) of 5Q for P's side, the function SAFEP must now delermine
it P would bs safe on SQ. Thers ars two cases: either P currenily bears directly on SQ
or it does nol. [f it does not then P is safe whanever OCC sdded io the valua of any
piece caplured on 50 in at grest st the value of P The situgtion iz mors complicated
when P bears directly on 50 OCC plus any caplured pisce must slilt be a3 valuable as P,
but in this case it still may not be safe since moving P to SO removes P from bearing on
SG end OCCUP counted on P when it calculated OCC By making the first move to 50
with P, we are in fact simusling s capture sequence on SO that may have been used lo
calcuiale the other side’s occupiabilily value Thus for P to be safe, the opponent's
occupisbility value must zers uniess we are capluring a pisce in which case il mus! not
be larger than the valus of the captured piece The silualion is asctually more
complicated than this since P may not have been the oplimal piece for his side to deploy
first 1 SQ In the OCCUP calculation A completely sccurate snswer would require
redoing the OCCUP caiculstion and forcing & noa-aptimal deployment. However, this is
expansive and does nol sesm to be justified in these circumstances. PARADISE must be
able to cope with wrong answers anyway end the above spprosimation has been found to
be adequate in practice if special-cate approximations sre made when P is pinned or a
pinner.

As an axample of the use of SAFEP, consider lhe location of the black bishop in position
21. The occuplabilily of this square is 50 for white snd 50 for bisck It is not sale to
move the while quesn to this square. Although white's occupisbility is high enough, the
queer bears direclly on the square and black’s sccupiability is higher than the vaiue of
the bishop. Thus white would Iose 50 (the opponent’s cccupiability) and gain 33 (the
value of the caplured bishop). It is safe lo move the whils knighl here since it doas not
bear directly on 1he square and while's eccupiabilily is hgh snough  Thus white may
want to maneuver the knighl 1o capturs the bithop



SAFENE P1 8O

This 1¢ similar to SAFEP, the only difference baing tha! the calcudation o! cafely it made
pstuming that Pl does not bear directly on S0 (even 1! it does) Thie s usehs tor
deciding +f P1 can recapture on 50 should the opponant capture there.

EXCHANGE P1 540

This matchas if the opponen! can exchange Pl thould P! move te SQ Only immediste
iobwvious) exchanges sre conmdered Exchanges whch lgke many moves are ignored
Thes 16 resd 8s Pl can be exchanged on SQ°  Normally, this is used when P1 can safely
move to SO lo determne «f P| can remain on S or 1f he can De exchanged by the
opponent For example, in posiion 2 1 it is sale for white 1o piay N-B& but EXCHANGE
matehas for this move since the black krghl can immedialely caplure on B84 Trereiore if
the reason for moving to B4 was so the knught could manisin soma function on B4, it s
orobably tulile More spacihically, EXCHANGE matches in the following cases: 1f 50 12 not
sccupibd lhen the opponent must have & piece which is nol pinned, bears direclly on 5,
and s nol more valuabie than PI  If SQ is occupied, then the occupant mus! have the
same value as Pl and the opponent mus! have some piece which can sately recapture Pl
on SO Knowing the epponent can salely recaplure 2 nol 8 trivial problem. It P] can
pttack SO from Ns curren! location then the opponent's occumability for 5Q aust be as
great as the value of the pecs on 60, otherwise some opponent piece that can atlack SQ
from his current localion must De safe oa SQ Only the most ¢bwicus exchanges are
detecied since PARADISE may miss good meves if EXCHANGE matches when it shouldn™t
Not . aving EXCHANGE match whan it should means more work, but the correct solution
chauld not be metsed

OVERPROTECTED COL 5C

Tres ma cnes 1f ‘he opponent has encugh pieces bearing on SQ so that another supporting
piece ¢ COL will so! make SQ sala for lum  This 13 read as “SQ) s averprotected aganst
COL™  °. 1% user primanly lo pravent suggsstion of cbviously losing moves aitempling te
make S tate In position 2 1, the square K8 1s overprolected aganst whils Thus no
simpie suaporting move, such as B-R4, cen make K8 sale for » while piece {Tactics hke
remowing the black queen may stll work) Once agan, this funclion is an approximation
It actually matches if COL canno!l safely iand & pawn on SQ and the opponen! has al leas!
twe preces beanng directly on SQ  To accuralely delermine if 5 square is overprotecied
i1 is necessary to do an OCCUP-iike computation where tunclions are assigned 10 pieces
in the capluring sequence (this 15 done by Berliner in CAPS} This expense did nol seem
justiied here tince the function defined sbove 15 sutficient tor discarding simple moves,
and other productions can make 50 safe whether it s overprotected of not.

EQUAL NOT-EQUAL

The mearung of these functions 15 obvious They may be applied to any lwo arguments
which ara both pieces, both squaras, bolh types of pieces, or both values of atiributes
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b) Patterns
The tollowing patierns conslitute the PRIVMITIVE XS of PARADISE Belers processing #ny
goals i a particuiar position, PARADISE first calculptes tha instances of each patiern in
tha PRIMITIVE KS end inserts tham in the dals basa. Unlike sny other KS, patterns in the
PRIMITIVE KS are matched for both sides (ia, the offensiva and defenrive varables in
sach production ¢ matched tc bolh sides). For example, the LEGALMOVE pattern s
matchad for both sides, no! jusl tha side on move Thess pallern malches sre never
deleted from tha ala base while that posilion is in core memory. Five of the first six
patterns below ar the same as lhe bearing relationships In Berliner's CAPS syslermn  All
thess pallerns car be axpressed as producticns (without actions) in PARADISE using the
Produclion-Languy, s 10 sccess the functions previously menlioned Once agsin intuitive

definitions are v~ = nd more formal ones given whare needed

DIR P 50

This matches when P bears directly on SQ More explicitly, If the opposing king were on
SQ then he would be in check by P. When this pattern matches it will be ssic that "P
bears directly on Q" This is equivalen! to saying that P can atteck SQ Irom his current
jocation By using 'his pattern instead of CANATTACK, both variables can be instantiated

THRU LF AP 5C

This matches it LP bears “through™ AP onlo SQ This means thal P would bear directly on
50 if (and only if) AP {which now mnlervenes} were removed from the board LP must, of
course, be g slidin: piece This is read as “LP bears thru AP ento SQ° In posilion 2.1, the
white gquean beart thru tha black bishop onto the black king's location, and the white rook
on K81 bears thr the other white rook snte QRI.

OTHRU LP P 5G

This is 8 specis nstence of a THRU pattern where lhe intervening piece is Lhe same
color 88 LP ang bears direclly on SQ. This occurs whan two friendly pieces are on § line
which they can beth move slong in position 21 the while rogk on KB! bears othru the
while gqueen ontc the location of the black bushop. OTHRU definas the ability of LP to
axar! control on S} through & friendly piece which alse exerts control on SQ.

ETHAU LP DP SQ

This is & special wrstance of a THRU patiern whers the intervening piece 1s of 8 different
coior than LP and paars directly on SQ.  This occurs when twe pieces from opposing sides
ara on 3 ling which They can both move along [t defines the sbility of LF to axert conlrol
on SO through an opponent’s pisce which alse axerts control on §0. There are no ETHRU
patterns in position 21,



DSC LPP 5Q

This is & specisl inslence of & THRU patlern whers the intervaning piece is the same
color a8 LP and doss no! besr directly on SQ. This occurs when two pieces of the same
color are on a line whith only LP cen meve along It corrasponds to the ability of LP to
make 8 diccoverad attack on SQ if P is moved from the line. In position 2.1, the whils
bishop bears DSC through the while pawn on B4 onto the location of tha bisck knight,

OB.J LP DP 50

This is & specist instance of 3 THRU patiern whare the intervaning piece 1s of a different
color than LP and does not bear directly on SQ  This eccurs when two pieces of opposing
cides are on & line which only LP cen move slong It correspends 1o 8 pin ray slong whigch
LP could pin DP to g pin object. The pin object may be 3 piece on SO, & piece farther
down the line, or may not exst at sl in pesilion 21, the while queen baars obj through
the biack knight onte Q7 and QBA

LEGALMOVE P SG

Thiz matches when P can legally move to SQ in the curren! posilion This can be defined
using tha functions given previously Dacpuse castling, en-passant captures, and pawn
promotion ara not in PARADISE's domain of ltactically sharp middle game positions {by
definilion).

PINRAY LP DP1 DP2

This matches when LP bears thru DP1 {(an opponani's piece) onlo (the location off DP2
(snolhar opponent's pieze). |n other words, this malches eny ETHRU or 08J pattern
which has an opponent’s piece on the square given by its third variable. There asre {wo
{snd only twol pinrays In position 21 The while quesn has & pinray lhru the black
bishop onto the black king and another thru Lha black KNP onlo the black rook

PIN LP DP1 DP2

This matches the instances of PINRAY in which DP2 will actuslly be threstened by LP
should DPl move off the pirray line This occurs when LP can safely be pul on DP2's
localion (uses SAFEP), LP can not be axchanged on DP2's location (EXCHANGE), and there
is no piece friendly 1o LP and less valusble then DP2 which can lagally caplure DPZ in The
curren! position (i.a, DP2 is siready & dead man). |n position 21, bolh pircays happen o
be pins

OMLY-DIR P 5Q

This matches when P is the only piece on hic side thal baars directly on SQ. This heips
test if F is the only piece which can capture on S Thers sre numerous inslances of this
patiern In position 21, such ss the black king being the only protection ol the black
knighl's location

ONLY=-PROTECTION P S0

This matches when P is the only piece on his side that bears directly on 5Q and there is
no piece which besrs othru P onto SG.  This helps test if moving P will give up all control
over SO by his side (P mey still bear diractly on S0 from hs new location). Most
ONLY-DIRs sre alse ONLY-PROTECTIONs since most pieces do not have piecss baaring
olhru tham
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DSC-THREAT P LP DP 50

This matches when moving P 1o SQ will advanisgeously uncover g disCovered attack by
LP on OP's location LP must bear OSC thru P onto DP's location LP mus! be safe on
DP's locstion snd LP must not be sbie to be exchanged on DP's location P must be able
to lagally mova to §Q, snd LP's tocation, $Q, and DP's locstion must not be in a line (or
the sitack won'l be uncoversd). This pattern slso chacks lo ses that DP cannot
immediately snd advsnatagecusly capture P sfler he moves 1o S5Q since this would not be
sn advaniageous uncovering This is sccomplished by checking, whensver DP bears
directly on S, that P is aot lhe only protection of S0, that 5G is nol overprotected
againsl P, and that OP1 is not safe on SQ  This check is not exacl since DP may still be
able to capture advantageously on SQ, but once again the rare cases thal are not maiched
will cause the zystem to err in the proper direclion LL& by producing more
DSC-THREATs than it should). It is said that moving P to SQ is "a DSC-THREAT move
which uncovers P's attack on DP" In position 21 there is one DSC-THREAT: the white
pawn on QB4 can move lo QBS and sdvantageously uncover the while bishop'’s sitack on
the black knight. The black knight can capturs the pswn on QBS but nol advantageously

MOBIL F 5C

This matches it P can legally move te SQ and cannot be captured with material gain on 54
Whenaver P caplures & piece on S0 that is st teast as valuable as himsall, he cannot be
reacaptured wilh materis! gain since the opponent can do no betler than recoup his loss
Moving P to SQ is said to be & mobis move. This is a very imporiant concept since chess
players (human and machine) gene-ally make only mobil moves excapl in sacrificial
situations. A program can save itsel’ much sfiort Dy not trying legat moves which are not
mobil. The sccuracy of this pallern is imporiant to system parformance allthough mary
times non-mobil moves mus! be playsd The use of SAFEP enables PARADISE te calculste
mobil moves very accurstely. Inaccuracias in this patiern have not been the cause of
arrors.

Most mobil moves sre simply lagsl moves which ars sals However, olherwise unsafe
moves thal are made sale by uncovering obviously winning discovered atiacks are also
malched by this patiern For example, if white can move » knight off a file in such 8 way
tha! one of his rooks puls the black king in check, then the knight will not bs captured
wilh materiat gain unless he is caplured by the black king. [t is necessary to recognize
such movas as mobil, olharwise svery produclion which tried te match mobil moves would
alsc have 1o check for such discovered atiscka For these unsafe moves 1o ba matched,
they mut! be DSC-THREAT moves which uncover soms discoverad stiack, ssy P2 onto
DP:. MOBIL then has a [airly compiex paltern which assures two things: ane, thal P2 can
gein more maleris! by capluring DP1 than DPl's side cen gain by capluring Pi on SQ
{which is uncate for Pl), and two, thal DP1% side cannol capture P2 unless this is less
threatsning than wha! P| has threatened on SQ. The delails of this are not importent
since PARADISE will try discovared atteciks aven if the uncevering moves sre not mobil

In position 2.1, the whils rock on QI hes mobil moves to the following squeras: (8, Q5,
Q3, K1, QBi, QN1, and ORI
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MOBIL-BTAY P 5Q

This matches instences of MOBIL in which P cannot be sxchanged on SG  Inluitively, this
means P can move to SQ without loas snd can maintsin himself there to perform some
function {see EXCHANGE). Note thet i the ocpponent must give up malerial to cepture P
on SO, then P is mobil-stay there In posilion 2.1, the white knight is mabil to 84 but not
mobil-stay since the black knight cen exchangs hm  All the mobil move: of the white
rook on ()] are sisc mobil-slay. (The move to Q8 is mobil-stay becauss black loses his
Guesn bui can only recapiurs a rook on (8.

CHECKMOVE P 30

This matches it P cen legelly move te SQ, and the opposing Aing will be in check after the
move (either by & direct or discovered sltack). Exenples we R-Q7 and OuB in posilion
21

MATE # 5Q

This matches instences of CHECKMOVE where the opposing king has no legel move eiter P
moaves to 50 {sxcep! lor possibly being sble 1o capture P). Thus the only way for him lo
avoid male is !o capture P or, if P is a sliding pieca, tc interpose snd block the checking
line. This is used [c help find quick mates, especislly in quisscence snalysis. The patiern
15 rather long since many things need to be checked For svery squere that the opposing
king can attack from his currenl Iocalion thet is not occupied by a piecs friendly to the
king, it must be shown the! either P cen stisck it from SQ, or thet some piace which bewrs
thru P's current iocation cen sitack [t sfier P moves, or thel soms pisce other then P
bewars direclly on it.

PROTECTS Pt P2 8Q1 DPY

This matches if P1 is the only offsnsive piece which can stop DPl {rom moving lo SQ1
and winning P2 (this may involve, for exampie, cepturing P2 on 5Q! or mating from sQ1.
This paliern is usad primarily o reject moves by Pl irom considerstion bacaune of the
delensive responsibilities such moves give up.  Agein only obvieus silustions wre
recognized since recognizing more subtle duties of Pi might reject movas thel we good.
This helps remove & rumber of obviously losing moves. There ere three situstions
recognized by Ihis paltern  First, if DP! con legeily ceplure P2, and Pl iz the
only-prolaction of P2's location then the paliern metches with 501 being P2's location
Second, If the MATE pattern matches lor DP1 and SG1, end Pl ix the ouly-protection of
SQ1, and thare sre ne interpositions that might work (any interposition is deemed 1o work
unless it moves s piecs tc & square thet is overprolacted againet it} then this patlern
matches wilh P2 being the king friendly to P1. Third, if DP1 cen move to some squars for
which the MATE pstiern metches for him, and no piece friendly to P baars directly on
that squere, end moving Pl to 501 is the only interposition thet might work then the
paltern matches with P2 again being Lhe king friendly te P1. In position 21 the bDleck king
protects the dleck knight from caplure by the whiles queen

i should be noted tha! the ides of “protection” is oo complex to be tresied sccuretely
by stalic analysis. The [hrestening piece may have sublia defensive dutias slsswhers on
the bosrd which prevent him from meiing the livestensd capture. This patiern helps
weed ouf obviously losing moves, but PARADISE musl be preparsd to handie errors.
Since errors will slways be present, PARADISE dose nol apend more resources slismpling
to snalyzs defersive functioms
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ENPRISE #1 DPY

This matchas when Pl can lagelly capture DP1 with materisi gain in the current position
This is very simpie te express since it is any mobil-stay mave whose destination square
is occupied This pattern maiches twice (oace for each side) in position 21: the whils
quesan is on prise by tha black pawn snd the black quaen is on prisa by tha white rook

Each tima & XS ls executed for a particular goal, the sbove patisrns will be sccessed by
productions in that XS using tha PATTERN sxprassion of the Production-Language. The
only other palterns which thess productions con sccess ara onas thal were previously
malched curing the execution of the KS Thus the sbove patierns sre the only ones
sccessed by produclions [rom aevery XS The other aexpressions in the
Production-Language which make it poesibie to mxpress pesiterns like those sbove will
now be describad



4) Accesslng Goals and Concepls

The Production-Lengusge uses the PATTERN end FUNCTION sxpressions described sbove
to sccess patterns and funclions. Prodictions must alao sccess concapie thal have been
posted in the da's base by olher productions. By accassing aliribute values in concepts,
productions can delerming how much s particular move thrsatens, how likely a particular
plan is 1o succesd and many othar usehd lhings The axpressions in the
Production-Language which provige sccess 1o thesa valuss ara destribad here. Thess
sxpressions are ad-hoc snd tha description: below are fairly delalled so the reader may
wish to skim this section

The complexily necessary in accessing concepls in the data base has aiready been
described in section A of this chapter. Each concept may have & number of attribute lists
which give values for sttribules Some of [he deleis of the expressions described hare
involve the values the final plons will sxpect for stiribites. Plens will be described in
datail in section C of this chapler, including s descriplion of whal sttributes sre sxpectiad
and whal the values ol these sttribules e sxpacted to ba. Suffice it here 1o say that
the values of certain stiributes are writlen es expressions In 8 Threst-Language which
will also ba dafined in section C.

Whanever a production is baing matched, soma KS enciosing it is being sxecuted on a
gosl. Thus thers is ona concep! which is the goal currently being sllsmplad The word
“goal” below refers te this particuler concept (wilh all i sitribute fists).

The axprassions GREAY and ASGAEAT provide lhe obvious arithmatical comparisons
belwaeen inlegers. The exprassions firs! convart their two srguments Lo intagers which
may involve accessing silribute values in the goal This is normally used for compering
values of threats and plecer. The following are stcepled 8 wrguments by ithese two
exprossions: integers, names of sitributes, varigbles of tha enclosing production, names
of lunctions followed by an Arg-Spec (as in FUNCTION or PATTERN axpressions) for the
function, and the funclion names PLUS and DF which may be applied recursively to any of
thess srguments snd provide wrilhmetical addition and sublractien Whan sn srgument s

the name of an sttribute, the valua of thet eltribute is relrieved from the goal and is
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svalusied ss an expression in the Threst-Languags 1o yield an integar When an
argument is @ varigble, |ha Current inslantialion of that variable is retrieved and
avalusied as an expres-ioh in the Threat-lLengueage (the variable should be in the
ATTRIBUTE categoryl. Whan an argument is the name of 8 function, thal function is
spplied lo (he given Arg-Spec snd it should ralurn an intager. The funclions normally
usad hers are ones defined by the Threat-Language. An exampia of s typical use of
these expressions le in position 21 when the SAFE K5 musl decide il the threst of
gotting the white rook to Q7 is worth sacrificing queen for bishop. The GREAT
sxpression ls used end it evaluates the thres! in the aliribule list of the goal end
compares it Lo » lunclion whose evaluation yields the value lost by playing QxB. (This is
axplained in mors delail in section C allar the Thresl-Language i introduced )

The GOAL sxpression provides sccets o the values of allributes in the goal it
argumant is & list of sitribute-value paire The languags usad to describe the values of
stiribuias will not be described hers excepl {o say that these values may include
varigbles from {he enclosing procuclion gs part of their spocncatlion GOAL expecls all
variables used wilhin its argument to be fully instantisted [l matches if thare 13 any
attributa list in he goal whose valus for an aliribule matches the value for that atlribute
given in the argument to GOAL If there is more than one allribiie-valus pur in the
srgument then sl musl match, but the match for sach one may come from a different
attribute lisl in the goal.

The GOAL1 sxpression ls similar 1o GOAL axcepl that it doss no! axpect all variablas to
be instantiated snd will instentiate them To limil the number of instantistions (since
thars ara in genergl » large number of altribute fiste in 8 concepl), only the “best”
sitribute list of the goal is considersd “Best”™ hera is definad by Lhe ordering funclion
which ordere the fingt plans for the tree search This function is described in section C of
this chapler Basically this involves using the Tlikelihood™ stiribute {0 delermina which
aliribute lisls are likely to succesd, and than lsking the mos! {hreatening {using the
“thrast” attribute) stiribute list (of 1he likely cnes) as the “best”,

Tha CONCEPT sxprassion is similar [0 GOAL bt it accesses sny concepl in the data base
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instead of juct tho gosl Besides aliribule-value pairs, it axpecis two other arguments:
e concapl name and an Arg-Spec for that concepl. It matches as GOAL does except that
the comparisons are not done sgainst the goat but against sny concept specified by the
nrama ard Arg-Spec Like GOAL, CONCEPT will no! instantists varisbles in the
attribute-value peirs of its argument. It will howsver instanliste variables in the
Arg-Spec for the concept nama. Thus variables in the enclosing production may be
instentiated to sny instente of the given concep! for which the stiribute-value pairs

match

The FOR-EACAH-GOAL exprassion tshes ¢ list of expressions in the Production-Lenguage
88 on argumant snd sllows accessing, in turn, sach individugl sitribute list in the goai it
does lhis by matching the axpressions in its srgument once for sach atlribute list in the
gosl. On sach iterstion 8 new gosl is constructed which usas the varisbie instantialions
snd name of (he origingd goal but only one of its sltribute liste This expression has no
eifect when the original goal has only one attribute ist.

The REMOVE-ATA-LISTS sexpression allows accessing of particular stiribute-lisls
sccording to vaiues of Lheir silributes. Two arguments are axpacted: a flag which should
be T or Nii, snd one ettribute-value pair. This axpression will remove from the goal eny
stiribute lists which contein an sitribute-value pair that matches the one given in the
argumaent (or, depending on the flag, may remove sny that do not match). Any varisbles
wsed in the sitribute-value pair should be instantisted since no instentistionr are done by
this axprassion The sxpression matches if thera is ot lesst one altribute list left efter
the removal process, otherwise it fails. The removal of atiribute lists from the goal only
sftects the remaining expressions in the enclosing production. When the next! production
in the KS is executed, tha originai goal wilt be intacl.

The expression FIRSTMOVE is used only in productions that are in 8 KS which uses a plan
as its godl {plane can be considersd as special instances of concepls). The two arguments
of FIRSTMOVE ars both variables of the enclosing production, one for & pisce and one for
8 square. Thay wre inslantisted (if necassary) !o match the firel move spacifisd in the

goal (s play. This mey invelve converting part of tha plan in the goal to & move (see
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saction £ of this chapter for & fuller descriplion of plans).

One way knowisdge is communicatad lhrough altribule lists is by having conditions as the
values of cerlgin siiribuies Basicelly s condilion is @ list of expressions in the
Production-Lenguage (and 30 could ba considered (o be a “pattern”) where some of the
variables may have bean repisced by the sciusl internal representslions of objecis to
which the variabiss wers bound in the production which created this attribute list. In this
way, relationships between varisbles in the current production snd variables in some
praviously axecuted production can be tasled Condilions wre describad in mors detail in
chapter 3. The CHECK-CONDITION sxprassion is used to lest such conditions. The one
argumant of this expression 15 the name of an altribute CHECK-CONDITION assumaes the
valua of that sitribuie name in the goal will be a condition snd it uses the normal
Production-Language interproter to match this condition in the current contexl. No
instantiation (s done Any sttribule list whose condilion does not malch is removed from
the goal {for the rest of the current production #s in REMOVE-ATR-LIST). A! |east one
attribule list in the goal mus! match its condition for CHECK-CONDITION to match (&
non-axistant condition implies 8 match). The relationship of the coadition o the
production in which tha CHECK-CONDITION occurs is described in chapler 3.

The expression PIECESAFE expects two srguments: 8 variabis reprassnting e piece, and
any srgumen! thal GREAT or ASGREAT would accept (Le, one thal cen be coaverted inlo
an integar reprasaniing & thveal valuel. The piece must already be instantiated
PIECESAFE datermines {using occupiabilities) what the opponen! could gain {i' anything)
by capluring the given piece on ils currenl [ocation, snd malches only if the value
specified by the second argumen! i1s grester than this. This is used 1o svoid preparing an
slsborate plan for some plece which is going 10 be caplured immedistely snyway. For
axample, in position 21 wa would nat wanl to play one of the white rocks to Kl with the
ides of making il safe for the while quesn lo caplure lhe black knight (sinca biack can
piay PxQ with more gain than snylhing & white rook cen thresten from K1) Thus
axprassion does nol sccess concepis in the data base bul is included hers since it does
not fit snywhers slse.



5) Connactives
Several logica connaclives exist in the Production-Lesngusge for combining exprassions
AND and OR have sn obvious meaning. They lake an indefinile number of axpressions as
arguments  They both instaniiate varisbles of the enciosing production so thal all
ingtantiations which match the OR or the AND sre found

NOT and NEVER allow other exprassions {0 be negated {sg, to test that patlerns or
functions do nol malch). As arguments lhey take an indefinte number ol sxpressions
which ars implicilly snded togsther. NEVER assumes that oll concerned variables are
instantisled and does s simple negalion NOT is more costly 1o execuls but will
instantiale varisbles. NOT loaps through ol possible variable values and collacts the ones
for which the exprassions in the NOT did not match Like FUNCTION, it is limited 10
instantialing only one varigbie (o avoid nesled Ioape  Alsa, if the expressions in NOT do
not match for any inslantistions, then NOT does nol irstantiste eny varisbles but mersly

matchas with varisble values as i

The £XISTS expression allows checking for the existence of soms “pattern” (ie, & list of
expressions in the Production-Languasge) which may not invpive tha varisbles of the
enclosing production EXISTS sxpacta two erguments: s list of variables distinct from the
variables of lha enclosing production and a list of expressions which are implicitly snded
together. EXISTS matches if thers is some way te instanliste its own variables so that ite
axprassions wili match  Whan the varisbies of tha enclosing production are not
instantiated, EXISTS finds al! instantistions for which the EXISTS expression can find
matchas.

The UNIGUE expression in usually applisd 1o 8 list of axpressions {assumed AND} whaen
some variables ars no! inslantialed R matches it there it one and only one instantiation
which will match the exprassiens. il is used, for example, to check if thera is only one
piecs protecting & certain squars. This is s spaciel instence of the ability to check the
length of & list of possible instantiations, but this speci instance has been sulficient to
axprass tha chass anowledge encoded in PARADISE
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The IMPLIES sxprassion slows verification that » certain “pattern™ will match for sach
instantistion which matchas another “sattern™. (A “pattern” is u lisl of axpressions in the
Production-Language.) This affectively genarates & sel {of possibla instentistions} and
then 1asts ssch mamber of the set. IMPLES axpects lives srguments: 8 list of veriabies
distinct {rom tha varisbles of the eanclosing production, & list of expressions corrasponding
1o the premise (Tif” part) of the implication, and a lisl of expressions corrpsponding to the
conclusion (“than™ part) of tha implicstion (MPLIES matches il all possible instantistions of
ing verisbles local Lo the IMPLIES which match the pramise also malch the conclusion. (It
olsc matches if no inslantistions match the pesmisa)} All varisbles local to (he IMPLIES
must be instantiated by the premise. H warigbles in the enclosing production wre
uninctantisted than IMPLIES will fing all instantiations which would match the (MPLIES. An
axample of the use of IMPLIES is in the MATE patiern described in the last saction Here
the lacl that the defending king can mave lo # particular square must imply that the

squara is coverad by an offensive piece alter (ha maling move.

§) Actions

The oniy pat of the Production-Language that has not ys! been described it the sction
sxprecsions. |f plans are considered et special instances o! concepls, the only important
action in PARADISE is Lha posting of concapla in the dats base Howsver PARADISE has
difterent aclions for sxprassing plans than il doas tor exprassing other concepts, and it
also has sctions which sllow for dilferent methads o! specifying Lhe attribute lists of the
concept or pian to be posied [n alj thers wre five differant action axpressions in the
Production-Language: two for posting ordinary concepls and thres for posting plans
Thay difter in the mathod used for spacilying atlribute lists  The action NPT estions
described hare slways malch

The ACTION exprassion is used to posl o concept in the dats base. It expects three
erguments: Lhe nams of the concept o ba posted, an Arg-Spec which gives varisble
instantistions for the concept, ang & list ol attribute~value pairs for constructing atiribule
liste. The new concep: inherils eny altribute=value peirs that the gosl has unless & NewW

valus is specifisd for that attribute in the INrd srgument tc ACTION The values at
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atiribules may be many diffarent things such as congsitions, inlegers, plans, or exprassions
in the Thresli-Language The specification of altribule values may involve accessing
attribule values in the goa! {thus & new valus may be constructed by building upon the
old value for that sliribute). To sccomodats lhis, ACTION makes ons sttribute list tor the
naw concept for each sitribute List in the goal The atlribule-value pairs piven as the
third argument are evalusted once for each attribule list in the goal, each time forcing
relerences lo allribute values fc come from Lhal particuder sitribvte list. Once the
cancept is constructed, it 15 posted in Lhe dala base If there already exists @ concap! in
the dala base wilh 'he sams name and variable instanlialions, then the old and new
concepls are combined inle one by marping thar altribule lists.

Tha ACTION-NEW axprassion does the same thing as ACTION except thal no attribute
values are inherited lrom the goal and only ona silribute Lis! is produced for Lhe new
concept  Thus Lhe altribute-value pairs sre only evalualed once and referances lo
values of attributes in the goal can lake lwo forms: the refersance can be to the “best”
attribute list in the goal {as n the GOAL] sxpression), or it can cause & hist 1o be made
of the values for thal stiribute from il the aitribute lists in the goal. The process of
insarting the new concepl in tha dala base is the sama as in ACTION

The PLAN expression posts plans in the dala base. Plans are discussed in the next
sechion  Hers il is only necessary o know that 5 plan 1s 3 concept whers the variable
inst antiations Rave been replaced by an expression in the Plan-Languags PLAN expects
two arguments: an expression in the Plan-Language and & list of siiribute-value pairs
which ara evaiuated sxactly as they sre in ACTION Lo yield stiribute hsle A new plan s
constructed by evalualing the Plan-Language expression and combining it with the
attribute licis. These new plany sre inserted in the data base as corcepls where
INITIAL-PLAN is the concepl name, the Plan-Language expression replaces lhe vanable
ingtantialions, and the aliribuie lisis are o9 spacified The process of inserlion chacks f
thare sre any INFTIAL-PLAN concepls alresdy thers which begin with the same mova in
tha Pian-Language expression |f £o, tha lwo sre combined into one by merging their
attribute lists and changing the Plan-Language expreassion so thers is a8 branch after the

firsl move which will allow execution of either plan ot tha! poinl. ! is importan! that the
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plans ba combined (n this manner &0 the tree search will have access to all partinent

continuations after searching along this plan tor two ply.

The PLAN-NEW expression is tike PLAN except that the stiribute lists ars evalualed as
tnay are in ACTION-NEW.

An INITIAL-PLAN concept differs from a FINALPLAN concepl in that ne KS has analyzed
these pians for what functions the moves in the plans give up ir. the current positien {this
will ba discussed further in the next section) The importanl point here 15 that the
INTIAL-PLAN XS will use these concapls (plans) as goals lor axecution The productions
in the INTIAL-PLAN KS may use the FINAL-PLAN expréssion which conslrucls new plans
snd posts them as FINALPLAN concepls {Productions 1n other KSes may also use lhe
FINAL-PLAN expression il they do not want the pian produced chetcked for relinquished
functions.} FINAL-PLAN lakes two arguments: sn exprasmoh for celculaling 8 pian and &
list af sttribute-value paire The attribule lsts far the new pian are calcuiated as they
were in ACTION (and PLAN). The sxpression for calcudaling & plan can be one of three
things: the symbol “GOAL® which mesns the plan In the goa' shouid ba used 8s is, an
expression in the Plan-Language which yields 3 completely new plan, or a “FIX7
axprassion which spacifies s naw first move lor the plan in the goa! and will cause &
modified varsion of tha goal's plan to be creatad (the axact modification depends on the
plan in the goall.

in addition to lhe above actions for posting corcepls, there are a few misceiiangous
sctions. The RETURN exprassion takes no srguments and causas the XS being executed
to stop afler the currenl production is linished No mors produciions will be Lried on thal
particdar goal sithough the same KS$ may try to execute other concepls. Numerous
methods of conlrolling Lhe execution flow can be imagined, but PARADISE has no! found
them necessary. RETURN is nol necessary, rether it is used lor elficiency. When 8
production knows thatl no othar production in the KS can match, then it does & RETURN
For sxample, in PARADISE's MOVE XS (described in chapler 3) oll productions which
snalyzs ssfe moves come bsfore productions which snalyze unsafe moves. The last

“safe” production (herafore does & relurn 56 the system will not try to malch all the
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alther proguethone and fal ¥ the orderng of produchions In a K& was a hndrancea, all
RETURN expressions could be removed and PARADISE weuld ¢l produce tha same resudt

{although slighlly more slowly!

The iast expression lo be described 14 the SET expression This gives the abibly o form
rels (uelsl BS the value o! varnables in 3 production The only category of variable which
may have a se! &5 its vaiue s the ATTRIBUTE category SET 15 used primanly leo
construct values for use in allribute bste  SET expects four arpuments: 8 variable name,
B sl o! variables distincl from the vanables o the enclosing prodcthion, & list of
expressions in the Production-Language, and & specification of an altrnbute -alue SET
tinds @il instantiations o' the giver varnables for which the given Produclic ~-Language
axproassions malch 1 then avalualies the alinbute value specihicabon in te ns of eack
instantiation and forms a hist of these values as the velue of the given vy able The
attribute value specificalion should include 8 reference 1o 8! leas! one of the varigbles in

the het given to SET

7 ) Summary
Al expreswons n the Production-Language have been described A production (or
pattern consisle of 8 ligl of varables and b bisl of expressions in the Producion-Language
which inslanhiale these variables Accessing informalion about the current chass position
uses the PATTERN and FUNCTION axprassions which ook up pattern matche: n the dala
base gnd execule funchions, respeclively Vanous lopce connechives are provided for
combirung those expressions A number of rather sd hoc expressions mxast tor sccessing
concepls and the vaiues n therr atiribule bsie There are five expressions for posting
concepls and plans in the dala base, an expresmon for forming sels, . d ar axpression

tor stopping execulion of a KS after the current production

There are two wmajor conugerghions  which  nfiuenced the desiy of the
Production-Language The first s the need 1o make the productions mo “Wdar g easy i0
wrile and modity Withou! 8 production language whose mearung ¢ [z y lreasparent, of

waould be nearlty impossible 10 buld & large snd exper! knowiedge bs ¥ ¢ accounts
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for the straighticrward implementslion of most ideas and the lack of tpecial leatures
which could make the matching process more efficient af the cost of less transparency in
the productions

The second majr conmderation, which i antithelical 1o tha first, 15 tha fact that
PARADNSE 15 per srmance orienled It o Lrying 1o find the Des! move in &8 chess posilion
using & vory sma. search trea A large smounl of elfort 15 spent analyzing each position,
0 the system cewol sflerg Lo ute the axirg execution time which mighl be involved in
using & general | attern language For this resson the Production-Language s very ad
hog, tach expros: on baing added as 1l was needed Lo expross somea bit of knowledge in
PARADISE There has been no atlemp! lo cover sny domain or make & general language
Thus the | rodict on-Language presenied here should not be looked upon a3 8 finished
object but as 3 srapshol of the Language at » particudar clage of s davelopment

it & esacy o thwnk of utelut addilions te tha Production-Language. Such addilions range
from cond ional expressions (which could easily be asdded {o PARADISE) to type 3
patterns ( rtuch bring up issues hat will be left for another thess) Currently, such
additions & e Just not necessary PARADISE haz been gbie lo do # satisiactory job with
the languags prasenied here.
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C) Pians in PARADISE

1} Introduction
The goal of tha static snalyus process in PARADISE is (o produce plans. Plans seem %o
play an important role in the problem solving process of move salaction for good human
chase playsrs Alsxsnder Kolov in his book Fana Like & Granodmaster ([Kotov?]l] writes:

coo. it 1p bolter 1o Todiow out & plan congisiantly even If I 1ar'l (he
bast one than (o play withoul & plan al afl. The worsi thing is io
wander about almiessly. (p. 148)

Most computer chass programs certainly do na! follow Kolov's sdvice They lreat each
position thay analyze in & tree as an independent problem. Programs such as CHESS 4 7
cor perform Quils wall without plans wunce they rely on search and nol on chess
knowledge. On the olher hand, a knowledge based program rus! be able 1o formulate
pians to jusiily its sxistence The cos! of processing the wnowisdge should be offzet by
& significantly smalier branchung faclor in the tres search Plars help reduce the cost of
protessing knowledge by immediately focusing the program's sttention on the critical part
of a new position, thus avoiding & complels re-analysis of this new position Having plans
also reduces the branching lactor in lhe search by giving direction la the search
Consider, for example, thst most programs may lry the same poor move af every
alternate depth in |ha iree, slways re-discovering the same refulation PARADISE can
detect whan » plan has been tried sarlier slong 8 line of pisy and svoud searchung il again
if nothung has changed to make it more altraclive Most programs alto sufler because
they ntersperse moves which are irreleven! to sach other snd work towards different
gosls. PARADISE avoids this by foliowing e singie idea (ils plan) down Lhe lres

These are some of the reasons why plans wra of cenlral importance Lo & knowledge based
chess program This section describes the struclura of plans in PARADISE Plans can be
considarad as specisl insisnces of concapis Each plan has s list of sttribute lisis like a
concapl doas, » concep! name which is either INTIAL-PLAN or FINALPLAN, and an
#xprassion in tha Plan-Language The Plan-Lenguage expression lakes the place of
variable inslanlistions in g concepl. To illustrate the various slemenis involved in plans,

the following plan will be used as an exemple lhvoughatt this seclion It is ona of the
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two plsns PARADISE most highly recommends in posilion 21

{{{whk W5}
F((B% N4) [SAFLMNT WR §7)
({88 KiL) (SAPECAPTURE wi BR}} [{ANYSUT BE) {SAFELAFTURE WR [T4T3]]
((BN ¥&) (CHECIRVE WR Q7) (BL KiL) (SAFECAPTURL WR BO) 1)}
F{THREAT {PLUS [EXCHVAL WN KS) (FORE R BX BEY}) {LIRELY 0})
FCTHREAT {PLUS [ENCHVAL W KS) {EXCH wR 801D} (LIRELY 41}
The first four lines ars the Plan-Language expression for the plen Parl 2 of this saclion
descripes the Plan-Languags Line five is tha first stiribute list of e plan and ling six is
the second sttribute list. Part 4 of this section describes what knowledge is necessery
1o svalusie s plan and how it is storad in the etlribute lists. Part 5 sketches soma of the
issuss involved in specitying plans snd part & comparss thess plans to thoss of other
systams. For the reader not intarasted In details, parts 5 end & will most readily
communicate {he issues involved in plans. In the sbove plan, the internsl reprasentsiion
in PARADISE has not been printed unambiguously since the lerm "WR" doas no! specify
which whils rook.  In the sbove sxample it should be obvious ta which piece tha names

rafer.

2) The Plan-Language

The Plsn-Language sxpressed plans ol sclion for lhe side sbout to mova, celled the
otfense. In geners, the offense wanls to have & reply ready for svery delensive
slternative A pian can not tharefors ba @ linear sequence of goals or moves but must
contsin condilional branches depending on the cpponent’s reply. When tha offenss 15 on
mova, & spacific move or gos! is provided by the plsn.  Whan tha defense is on move, &
list of silernative sub-plane lor the offense may be given Each alternative begine with &
template for matching the move made by the defenza Only siternslivas whoss template
matches the move jus! made by lhe deferse we iriad in tha search |n the plan from
position 21, tha second through fourth lines pve two sllernslive plans which may be
axeculad afler black’s first move.

PARADISE has the following lsmplates which sdequalsly describe defensive movas in
terms of their effects on the purpose of the plan being exscuied (P and 5 sre varisbles
which will be instantisted in an sclus pisn to perticulyr pisces and squares, respectively)
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(P 5G) matches whan Lhe defense has movaed the piece P to the square 5§
(n1. $Q) matches when the celense has movad sny piece io SQ

(P NIL) matches when lhe defenss has moved P (o any square).

(ANYBUT P) malches when lhe defense has meved soma piace othar than P.
NIL malchet any defansive move

The pltan ior an offensive move can be one of two things: & particular move or & goal. A
particuiar move is emply the name of & piece and & square, g {WN N5} in the axample
plan.  Such a plan causas PARADISE tr immediately make that move with no analysis of
the position alher than checiung thal the move is iegal. A goal is simply the name of a KS
followed by an instantiation for sach srgument of the KS, e.g (SAFEMOVE WR (07} in the
exampla plan When executing » goal, PARADISE will consiruct s concept whose name is
the name of (he K5 in the god, whose varisble instantiations coms from the goal, and
whoee silribute liste coma from Lhis plan a3 § whole This concept is posted in the data
base and its corresponding KS axecutes it Any plan produced by this execution will
replace tha gosal in the origing plan and this modified plan will be used (This process
expande and elsborales plans) |f executing the KS doss not produce a plan then the
original plan has failed

The plan language sxgression in the sxampis above can be read as follows:

Play N=-N5. I blach caplures the Anight wilh his Knight, aitempt 1o salely move
tha rook on Q) to @7 Fnon, IF biack mowvas higs king ampwbhere Iry to safoly
capiura tho black rook on BT, ant If Black moves any plece othar than hiz Ring.
iry lo saloly caplurg the hing wilh the rook. A pecond aftesnallive afler BIach
caplures the knighl Is 1o aitempl 10 salely move Ihe ronk on QF to OF with
choch. Thon, IF black movos B3 king anywhere Iry {0 safely capture the blach
quoan wilhk ihe rood

The first alternative aftar black's first move comes from the production which wanls to
pin the king to the rook {this plan s!so has & branch siler black’s second move). The las!
alternative comes from the produclion which wants to caplure the qQuesan wilh check
After piaying N-NS and NxN for black in the lres search, PARADISE will executa sither
tha CHECKMOVE goal or the SAFEMOVE goal Executing the SAFEMOVE goal execules
the SAFEMOVE XS (described in chapter 3) which knows sbou! safely moving a piece 1o »
square. This KS will see that R-(7 is ssls and produce this as the continuation of the
original plan, causing Lhe system lo play R-Q7 wilh no turther snalysis. |f for some reason
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R-Q7 was nol sale then (ha SAFEMOVE KS will iry to make (37 safe for the rook (by
posting & SAFE concept). If some plan is found, the original plan will be “expsnded™ by
raplacing the SAFEMOVE goal with the newly found plan [n ganersl, the newly found plan
will contsin (SAFEMOVE WR Q7) lhough it may coma afler a sacrificisl decoy or some
other taclic If posting tha SAFE concepl does nol produce » plan anc Lthe alternative
CHECKMOVE goa! lails alsg, then the origing! plan has faited and 8 complele analysis of the
posilion must be dore If black had snswered N-NS wilh 8 king move, it would nol match
the template (BN NG&) snd s complate snalysis of the position would be undertaken
without attempling to make Q7 safs for tha rook

When specilying plans in 8 production, any variable or Arg-Spec may be used for sny of
the particular pieces or squaves, and § whole subplan may be relriaved from the
attribule licts of the goad or from olher concapls

Tha most important fealure of the Pian-Language 13 tha! offensive plans are expressed in
terms of the KSes. imporisnl advantages oblained by doing this are lisied below:

~-The relevan! productions are immedcialely and direclly sccessed when a
new pasilion is reached

-The syslem has one se! of abstract concepts it understands, namely the
KSes. It does not need io use & differant language for plans snd sialic
anglysis

-By use of conditionals, & plan can harcle » number of possible situations
which may srisa.

-The ranga of plans thal can ba expressed is no! fixed by the program
The sysiem has been designed Lo make the writing of produclions (and thus
forming KSas) rassonsbla te do. By forming new KSes, the range of
expressible plans may be increased without any new coding (in the search
routines or anywhere else) to undersland the new plans. This is important
since the ussfulness of the knowledge base it limilad by itz ebilily lo
communicats what il knows (e.g. through plans).

One weakness in the way plans are represenied s thal slternative subplans are nnt
sssociated with their own allribute lisisa As each alternstive subplan i3 produced,
PARADISE uses ila silribute list 1o sorl this aiternative with the others sc that the most
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promicing ona will always be firsl. However, the altribute lists of lhis aiternative are
then grouped togelhar al the end of the plan with the atiribute lists of all the other
slternatives. This is done so that plans will look like concepis and may be manipulated by
the same routines. The allernalive 15 10 build a tree 10 represent » plan where atiribute
hists may ocour many places in tha tres Using the concepl-like representation inslesd of
this tree, PARADISE loses the sbility to reorder alternative subplans desper in the tree
by re-avaluating expressions 1n the onigingl attribute liste (It still reorders them on the
basis of features in the curreant pasition) The error tha! may result is & non-oplimal
ordering of allernalives on the oflense’s second or third mova in g pian In praclice il is
rare that the origingl order of alternstives can be changed maraly by re-svalusling tha
original expressions in tha stiribule lisla

3) An example ssarch from PARADISE
Figurs 2.3 shows position &3 from [Reinfeid58) end the plan PARADISE suggesis as best
sfter a sialic snalysis The protocol prasanied below is & summary of the actual cearch
gonersted by PARADISE in solving this probiem  Most of the details are omitied, and the
particudar KSes mentioned are described in detail in chapter 3 This search shows how @
plan guides the search so thal static analyses are nol necessary.

YWY
7 % BEAL|l v

7% 7| s

7, R iw| v wn m m2) (OROoRvE W a5) (3e KIL) (ATTACEP 8K))
LR ZG 8080 D5 coumr 1) (naLar (pus (uix ax) (OXEWEL W R71)) (LIKELY 11))

%] Y %?: ?j,.ﬁ s plan produced by PARADISE
o e 2 e
2} % f’% AN white 10 move
Figure 2.3

The search commer~ea sxeculion ol this plan by playing QxPch and producing 8 new
board position The defsnse suggesis bolh isgal moves, KxQ and K-B1, bul tries KxQ
firs!. Since this move matches the (8x &2) template in the plan, PARADISE has | (CHECKMOVE
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Wi RS (BX KiL) {ATTACK? Bx)) as ils besi plan at ply 3 ol the search Execution of the
CHECKMOVE KS produces {((wR RS} (BL NIL) (ATTACEP Bt}) 8s B plan which causes R-RSch
to be played Bisck plays his only lagal move a! ply 4, K=Ni, which matchas lhe (8K NIL}
template in the plan Thus PARADISE arrives a! ply 5 with (ATTaler 3z} as its plan
Executing the ATTACKP K5 posts many concepts, including MOVE and SAFE concepls, anc
({wh REY ((NIL (SAFEMOVE WR RAJ) (RIL (JAFEMOVE VN K7))) i6 produced us the Des! plan in this
position After playing N-NB, the position in figurs 2.4 is reached

IV T
% % KB | oo

/11/,. iz Yo7 mna vesmsive moves

% iiﬁ./ - %{_‘, ({88 RS} (52 Q) (8B W2) (BR BA) (BR B3} (88 BI})
a8 13Uy
%;% %ﬁ%ﬂ
7S ., T 7
% % Y s Figars 2.4

Produclions which know about defending against R-RE suggest the § black moves in figure
24 Black plays BxP firs! in an eftor! to cave the bishop from the ensuing skewer. Al
this point the plan branches Since both branches begin with & null templste, thay both
match any black mave af ply € Thus PARADISE has two plans at ply 7: (SAFEwvE v =8
and (SAFEMOVE wm 7). Bafore executing ¢ plan lor the offense, PARADISE executes the
QUIESCENCE KS which looks for obviously winning maves Hers R-R8 is suggested by the
QUIESCENCE KS which causes the (sarpmvt vk - plan 1o be executed immediately
PARADISE plays R-RE, finds that biack s mated, and relurns te ply § knowing that black’s
BxP leads to mate Al this has besn accomplished without a static snalysis; the origing!
plan has guided the saarch

At ply 6, black uses KSes to relite the mating line No new moves are found since sl
radsonable defenser have airsady been suggesied PARADISE has & causality facility
(described in chapler 4} which delermines the postible affecis a move migh! have on &
line of play. Using the tree generated for the mating line, the causalily facility looks for
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aifects & propoted move might have {such as blocking a squars which a sliding piace
moved over, vacaling sn escape square for the king, protecting a plece which was
sitacked, stc). The causality facility recognizes thal neither B-Q2 nor B-N2 can aflect
the mating line found for BxP so they are rejected without ssarching. Black plays R-B4
next, the causality facility having recognized that thizs mova opens a fligh! square for Lhe
black king.

Again PARADISE has bolh (sarfrOvt wi 28) and (SWEMVE vk 17) #s plans al ply 7 Beth
SAFEMOVE gosis would succeed, but R-RS has & higher recommendation and is played
firsl Black plays his enly legal move at ply B, K-B2 The origingl plan has finally expired
and PARADISE no longer has a plan at ply S Batore trying & stalic snalysis to find » plan,
the program executes the QUIESCENCE KS in en sttempt lo find an ocbviously winning
move R-K88 Is suggested and PARADISE immediately plays this move without doing &
slatic analysic  This 13 mate so PARADISE returns to ply 6 to look for other detanses
Bolth R-B3 and R-81 are tried and both sre quickly refuted by pleying R-RB from the
SAFEMOVE goal of the onginal plan, K-B2, and R-KBE from (he QUIESCENCE KS.

The search then returns o piy 2 ond iries X-Bl In answaer te QxPch The template in the
original plan does not malch X-B] so thers is no plan st ply 3, and PARADISE svoids
playing R-RS which is now not (he best move A stalic amalysis is avoided howsver,
because the QUIESCENCE KS quickly suggests Q-RE end PARADISE returns from tha
search convinced that OuPch will male

PARADISE's plans are no! always $o sccurdte but this is a good example of how & plan
~edes 1he search Tha sbove analysis uses about 130 saconds of cpu lime on a DEC
Yi-Tu it goes 1o a depth of 9 ply whils crasling only 2] nodes in the lrae. Because of
the guicence provided by the original plan, no stalic analysis wat performed excepl on
the origina position By companson, the TECHZ program plays N-BS at » depth setting of
4. At a deplh selling of & it decides that (pPch is bast, but il still does nol realize that
it can win becauss the horizon sitect hides the mate from it. For the deplh 6 snalysis,
TECHZ uses 210 seconds ol cpu time on o KL-10 and creates 439,459 nodes by making
legat movas (as well a3 making 544,768 illegal moves which are ratractad).
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4) Evalusting the worth of a plani the Threat-Language

Given & number of plane 10 axecute, the tres search musl make decisions sboul which
plan 1o saarch first, when ic forsake one plan snd try snother, when to ba satisfied wilh
the resulls of a ssarch, and other such things To make such decisions, it must have
information sbow! what # plan expects to gain and why. Such inlormation was availsble to
the productions which matched o produce Lha plan sincs they wers awere of the factors
suggesting the plan  Since these productions are no longer wound, they mus!
communicate (his knowledge (of which thare is 8 significant amount) in the ettribute lis!s
of the plsn. This muel be done so 89 to provide many different types of sccess io this
knowledge.

This problem is not serious in chass programs which rely on sesrch They have so little
informalion about & move Lhat sccessing it is ro problam.  Stetic snelysis in such programs
uvsusily assigne ssch move one integer which is & score representing the estimated value
of the mave Tha! inleger is used primarily to order tha moves al that node. Attempls
to use lhis integer for more sophisticated purposss like lorward pruning has usually
resulled in worse perlormance dus lo the lack of inlormation in the integer Using this
integer ! descendanl nodes in the iree has nol even been atlempled PARADISE must,
however, use its informalion about a plan st olher nodas in the iree since it sxecutes &
plan witheul saplyzing the newly cresled positions. By comparing one plan 1o anolher,
this information in sleo used 1o elimingls plane from consideralion

To use lhe information about plans in an effeclive manner, PARADISE divides s plan's
slfecie into four diffarent categories which are kept saparaisly (Le., their values sre not
combined in sny way). Thete fowr calegories ars: THREAT which describes wha! a plan
threatens to aclively win, SAVE which describes counteriivesis of the opponent & plan
actively pravents, LOSS which describes counterthreats of the opponent not delfanded
sgainst and functions the first place te move in a plan will give wp by sbandoning its
current localion (lhus providing new threats for the opponent), and LIKELY which
dascribes the likelihood that » plan will succeed Since the valuas for these calegories
must svaluste correcily ot differenl nodes in the tree, they cannel be integers Instead
they (except for LIXELY) we expressions in (he Threst-Language {(described beiow).
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Thesa axprassions we evalupted in tha context of the current position and may return
differsn! values for different positions. The value of LIKELY is an inleger. This integer
reprasenis the number of unforced moves lhe defense has befors the offense can
accomplish its plan The most likely plans to succead have a LIKELY of rerc (every move
is forcing). Both atiribute lists in the axample plen heve a likalihoad of rers.

These four categoriss haves emerged during the development ol PARADISE Experience
seems {0 indicale the system musl have @l issst these lowr dmensions along which to
avaiuale plane in order o adegualely puide the lree saarch A few remarks may make
them seem mora ressonable. The LIKELY concepl is very importan! lo the system In
goneral, thara are many taclics (hal rerely work bul musl ba recognized 1o correctly
handie the few posilions where they do work {Workahililty connal slways be determinc
batorshand: for axpmple, whelher or nol & maling nat works may depend on the [ocation
of a lowly pawn sl lhe opposite end of lhe board) To svoid wasting a lot of effort
searching plans tha! probably won'l work, PARADISE ssarches first the plans which are
most likely [o succesd ever f [hay de nol Lhvasten as much The value threatened must
howsver be kap! separstely and accurately since it is used to determine when the plan
has succensded and to make forward prunes. One also wants LOSS separate from THREAT.
For sxample, il mate Is thvsatened, il does not malier what is iost, bul one would not
wanl to [hraalen & pawn wilh a2 move that wili lose a rook The SAVE eltribute 1
trealed dilferenlly then the olhars since it (lcossly speaiing) messures tha atrangth of &
move which is merely lrying to maniain the sialus quo Thus it would not ba used in
calculaling the velus & pisn should achieva for success, bl it would influence 1he decision
sboul which move should ba Lriad lirst.

The values of SAVE, LCSS, and THRZAT ars expressions in the Tivest-Lenguage The
lollowing ere the basic expressions in the Threat-Languags which cen be avalusted Lo get

integers:
Intagers which svaluste o themsalvesr

(Win P) which svaluates (o the value of the particdar pisce P. This value is zero if P e
no! prasent on tha boerd



(EXCHVAL P 80) which gives the velua P can win or lose by sterting en axchange on the
square SQ P mey or may not be sble to legally move to S EXCHVAL will calculate
what pert of the value of P would be lost or what part of Lhe value of the occupant of
S would be won  This is done using the same calculation SAFEP used to delermine if SQ
was safe for P (uses occupiabilitien with g special approximation for the case when P is
not the oplimal pisce for hs side fo deploy te SO). U P i nol present on the board,
EXCHVAL returns zero

(EXCH P31 DP1) which relurns EXCHVAL for P1 moving te DP 1% location Zaerg is returned
if sithar piece is not present on tha boerd Once sgain, P! may nol be sbis lo legally
capture DP].

(BOTH #1 OPF1 P2 DP2} which calcudsies (EXCH Pl OP1) snd (EXCH P2 DPQ) end returns
Ehe the minimuan of the two

(FORK P1 DP1 DP2} which calcufates (EXCH Pl DP1) and (EXCH P1 DPD and returns the
minimum of the !wo. This is just & shorthand for (BOTH P1 DPI P1 DP2).

Tha Thrast-Language has four conneclives for combining {hresie The comnectives all
take exprassions in the Threal-Langusge ae lheir srguments. Thue thay can be applied to
any of lhe above expressions or 1o sany expressions formed by using thess fouwr
connecliivesr. The PLUS conneclive lakes lwo threals s srguments and returns thair sum
“he LESS connective iphes lwo wsrgumenis and relurns their difference The
FORXTHREAT conneclive iakes lwo srguments and relurns tha minimum of the twa
Finally, any number of {hveals may be concetensied intc ¢ list where the list structure
acts as an implicit connecliva. Such a list returns the mpomum of all its arguments.

The sxample plan for posilion 21 had the following Threat-Language expression es the
value of THREAT in Lhe first attribute list:

(THREAT (PLUS (EXCHVAL Wk N5} (FORX W BT BR)} )

This sdds the threst of sxchanging the knighi on NS to the tivest te be made by the
while rook on (7, which is expressed vaing FORX since 1he rook will axchange itselt for
either tha king or the rook The threal of exchanging the knight on N5 is 2ero since
whila con salaly snswer NN with QuN  Nole tha! if the whils rook was nal on KBI then
this value would be negativa. Also note that if thars were & piace being caplurad on NS,
this would smtomatically ba sccountad for (EXCHVAL would raturn the value of the pisca)



in the threst valus, thum relieving productions of the nacessly of chacking for such
threals explicitly. The THREAT stiributa in the second stiribuie lisl of the originel plan
represenis the threal of cepturing the bisck queen after gelling the whila rook on Q7.
PARADISE assumes that black will caplure the hnight on Ns first move. When it is iess
surs of black’s raply, the THREAT is sometimes sxpressed using FORKTHREAT whare the
first srgument would be the above thvest snd the second srgument would be an
sxprassion for tha threal made by 1he knight on NS

The Threat-Language just described has s number of advaniages, the following ere the
more importanl cnas:
=The sophisticated snalysis of OCCUP used in EXCHVAL gives very sccurate
valuer  However, productions must be swars thal perturbations in the

current position changs the sssumplions that OCCUP used Thus some
situstions raquire the use of WIN (o keep the livest value optimistic.

~The abilily described sbove of EXCHVAL te “sutomalically” account for the
capluring of pieces on squares being moved to, saves the proguctions g
significant amount of effort.

-The use of Thresi-Languags aexprassions instead of infagers allows
sccurate re-sveluation of o threal of olher posilions in the sewch lrse
For axsmpls, it the defense (on its first move) caplures the pisce which the
oftenses wanled to move on his second move, than sny EXCHVAL or EXCH in
the threa! which is spplied to this piece will now evaluals to Tero,
raflecting the fact that the Disce is no longer oresen! lo make these
fhreals

The chis! weskness i ihe Thrasl-Longuage is the inability of EXCHVAL Lo give corract
values for posilions prodced by moves which sflect the sQuare in question Feor
sxample, il we slisck the queen by cepturing the only piece which protected it, than we
ore thragianing tc win the gueen outright and nol exchangs our piace for il.  As
menlioned esriier, productiors mus! usa lhe WIN axpression o pravent thess errors.
The solution to lhis problem fies in redoing the OCCUP calculstion wilh the line up of
pisces sitered This is {00 axpensive 10 be considerad present, sithough Beriiner does
this for selected squares in his CAPS program

Ta illusirate the use of 1he four dimensions slong which plane are svaluated, 1he function
a6



which orders plans for s normal tres seerch will be describad This same function is used
to sccess the "bes!” sliributa lisl in Produclion-Language expressions Tha overriding
considoration is |he likelihood of succesy of & plan Plans with bettar likelihoods come
first regardiess of [he velues of THREAT, SAVE, snd LOSS {(unlees LOSS outweighs both
THREAT snd SAVE). If two plans have Lhe same likelihood then the ides is to score them
by sdading the values of THREAT and SAVE together and sublracling the value of LOSS
from thal. However, If [ha opponent pursuss his threat reprasented by LOSS instead of
delending againsl the thresl represented by THREAT, then THREAT may become mora
throatoning Thue (he system must be abla 1o calcuisie the value of tha threst when nn
delending moves ara made.

This is done by replecing svery EXCHVAL and EXCH by [he corrssponding WIN during
avaluation of tha thrapt expression, snd by having FORK, FORKTHREAT, and BOTH lake
the maximum of their segumenis rether then the minimum when they occur ol the top
lavel of » threat axprassion Such an svaluation ensures thatl sn oplimistic value will be
prodiced. (It may be overly oplimistic, but ‘o praven! (his the sysiem must compare
individusl LOSS threats {o individual THREAT thraals and determine how they alfect aach
other) In comparing plans, PARADISE then makes two calculations for sach ona: firs! it
compules lhe sum of the normal evaluations of THREAT snd SAVE, and second if adds the
normal evalustion of SAVE lo the "ne defense” evaluation of THREAT and subtracts from
this the normal svalustion of LOSS N then user the smallar of these #s the vaiuve of the
oien since the dafense hes the choice of countering the threat in THREAT or playing the
thraal in LOSS. |l the value computed in Ihs manner slill doas not differeniiate the two
plans, various olhae comiderstions come into play.

This method ol ordering plans iz only one of many possibla ways. In lact, the quiescence
search In PARADISE uses » dilfferent ordering funclion A differsn! ordering lunction
would slsc be approprisle when the esystem iz in o dalensive siste rather than an
offensive state. It should slso be noled thet the value obisined sbove for a plan need
not be used by tha search, which can creste (is own combinstion of THREAT, SAVE, end
LOSS to determine expeciations, forward prunes, and olher such things
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6) How detalled should plans be?
Sesrching is expensive in PARADISE becsuse of the sophisticated snalysls done st many
nodes, 80 it is very important !o svoid spuricus branches.  To do this the systam must
quickly recognize when s plan iz no! working and abandon it before poor lines are
invesligated On the other hang, it is slso very expansive to compleiely analyze =
position so the syslem wants 1o usa ils pian a8 long as possible. To schieve » balance,
plant must adequalely express the purpose they inlend to schisve Productions must
carelully lormulale their Pilan-Languags expressions at ihe right level of detsil uting
appropriste goals snd descripliocns of defensive moves whan eaxecuting a pian, the
syslom will rotrieve a gosl or move from the plen lo apply 1o n new position Care must
be taken lo ensure tha! this move or gosl is reasonable n the new position Pians may
become unraasonable when (hey ars 100 general or toc specific In either case, they
have {sied tc sxpress their purpose The following sxampls illustrates the is-uas

invalved

Concider the first three ply of the plan for position 2.1, namely ((wx R5) {BK N&} (S47EMOVE
wvi 07)). Suppose this had been axpréassed Bs ((vx K5) NIL {vE o)) Playing R-Q7 efter
AxcN is reasonable bul if black moves hs king instead, playing R-07 will lead the search
down & blind allay. Thus, (Vi 07) is too spedilic snd does nol express while's purpose.
This problam can be cured by & more specific description of biack's reply. For exampis,
the plan ((ws NS} (Ba m&) (wR 7)) will not be misleading when biack does not play NN
sinca the template for bisck’s move will not match In actus fact, PARADISE does not
know for sure lhat R-Q7 will be safe sfter N-NS snd NN (sithough in this particular
position it is). To svold mistakenly playing R-07 when it s nol sale, PARADISE uses a
SAFEMOVE goal 1o mors sccuralely axpresa the purposs of the plan {Goals swuch as
SAFEMOVE can be used 1o verify thet & certain atale has been reached) For sxampls,
the plan could be ({vW NS} NiL (SAFEMOVE Wk 07)). Lf black snswers N-NS with NxN then Lhe
SAFEMOVE goal Is ressonsble and quickly produces R-Q7 se lhe move to piay afler
verifying its salely. Il black snswers with a king move than the SAFEMOVE goal is not
wha! whils wanis to do, but little Is lost since R-Q7 is nol sale and the line will be
rejected without sasrching (plans such 89 B-R& for making Q7 safe are rajocting since
thay are nol likely to succesd). Howaver, if likely plans had sxisted for making Q7 safse,
B8



the sesrch may still hgve been led asiray. For Lhis reason, PARADISE uses (86 ¥4) 83 the
tempiate in this pisn The purposs of N-NS is 1o decoy the black knight to his KN4 and
this tamplate most sccurstely expresses thic purpose

Now let us consider the following more genersl plan ((wK N$) NIL (SAFELY-ATTACK Bz}). I
bisck snswera with NxN then tha SAFELY-ATTACK KS should gerwrate R-(7 as s safe
atiack on the black king If, inslead, Dlack moves his king then this KS should genersis &
check by the whits gquesn or knight which would elsc be reasonabie.  Thus thin plen
prockices reasonsble maves for every black reply withoul ever causing » re-analysis of
the mew position This would be » good plan if PARADISE knew (from its pallerns) that it
could get the black king in trouble after sny reply. Howavaer, il only knows of the skewer
of the black king to the rook, the threst of capturing the quesn with chech, and the fact
that the whits knight threatens the biack king, reok, and knight from N5 [t is sccidentsl
that the SAFELY-ATTACK gos! works sfler black relreals his king In the geners! case,
such & gos! would produce many worlhass checks that woud misisad the sesrch Thue
this plan is too general to describe while's sciual purposs.

It is very important to get the correct level of detail in u pisn.  The plan should handle as
many repliss ss possible without causing a re-analysis, but i should avoid suggesling
poor moves The templstes for describing defensive moves in the Plan-Language and the
various KSes have basn developed lo allow PARADISE™s plans to accurately axprass their
purpose. The resulls have been quile salislying: the productions in PARADISE now
crasta plans which rarely suggesl poor moves but which can still be used for as many ply
as & human might use his Origing idea



€) Comparison te other eystems

a} Plans in robot problem solving
Pians are used in many dommns ol Al ressarch For various applications, comparisons
between other systems snd PARADISE are nol worthwhile bacause of the difference in
domasin sndfor tha difference in (he idea behind the word “plsn”. This seclion compares
plane in robol problem solving {probably the most popular domain for systams using plane)
to those in chess. The next section compares pians in PARADISE to thoss in Pitral’s
syslem [Pitral 77] which uses plans to solve chess combinalions

ABSTRIPS [Sacerdoti?4] NDAH [Sacerdoli?S] and BUALD [Fahiman74) are examples of
planning systems In robot problem solving environmenta.  Pigns in these systems are very
diflarent from those in chess so !hs section concenirstes on a general description of
these differences. The las! paragraph in this seclion describes the idess in PARADISE
that may be usefd in tha robol planners

Robot pianning is irequently dona in absiracted spacas which have been defined These
sbsiracted spaces omil details such ss whathar s door is opan or not. Thers are & small
number of such details, and the problem solver has some specific knowledge for sach
such detail which it can apply when requred For sxample, tha problem solver has &
procedurs for opaning a door should Lhe door be closad when Lhe robot wants o go
through il. Such en sppreach s much mors difficull in chess, al least with mankind's
currant understending of the game it is not clesr how to define sbsiracted spaces. Small
datails wre very importenl in chess snd canno! be resdly ignored, even lor determining
tha first step of a plan Thare is no sa! of “details™ in chess which can be deall with
later using specific proceduras. For example, & chess planner should nol ignore the fact
thal s piece is pinned on the sssumption that il can be unpinned when the plen calls for it
o move. Thus plane in PARADISE are all ot the same detasiled level.

In the robot planning systems, the effects of sn sclion sre well dafined Tha program can
sasily snd quickly determing Lhe exact sisia of the world alter it has moved ¢ biue block.

In chass, moves {sclions} may subliy affecl everything on lhe boerd For axampis, o
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pisce thal was safe may ne ionger be {sven though the mnve made has nc direct sffect
on the piece), and the system may need to make an expensive calculstion lo determine
this. Choss plans cannol make many assumplions sbout the sipte of the world in the
future, bul must describe the expecied fastures of new slates in the pian [teel! and then
tesl for these {eatures whils axecuting the pisn Parhaps tha monkey end bsnanas
problem will help make this point. |f the exparimenter is sinister, he could coanact the
bananss 10 the box by pullays and ropas, invisible to the monkey, to that when tha box is
pulied under 1he bananas, the bananas sre pulled up so lhey cannot be reachad from stop
the box. In & sense, lhe robot planners sssume that no such crazy side effects will
happen, whils s chess plan must prepare for such things This manifests itsell in
PARADISE in ot lasst iwo wayn First, plans we not composad of simple actions bul ere
gosis which may requira the knowladge in many productions to be inlerpreted This
postponament of evalustion permits checking of many complex features in the current
world state. Second, PARADISE hes besn designed tc make il easy lo produce new
concepls lor axpressing plans whenever they sre nesded to handis new “crazy side

ofiects”.

In mos! robol pianning systems, tests tor having schieved tha goal or the preconditions of
sn ection are trivis! end give wall defined snewsrs. In chass, there may bes only subtle
differences between s posilion whers a particular sction is good and posilions whare the
seme sction ls wrong. [t is also hard to know when & goal has besn echisvad, since there
is slways a chance of obtaining o larger sdvantage (axcep! when Lhe opponant hes been
chackmated), Thus In chass il is necessary for the plan to provide s considerables smount
of information tc help |n the making of thesa decisions. This s dons in PARADISE through
the stiribute liste in plans

The number of Nngs PARADISE cen consider doing a! sny point In 3 plan is about an

order of magnitude larger than the sumber of things most robot problem solvers usually

contend wilh. There ara an aversge of about 38 legal moves [n & chess position (see

[daGroot65]), so the planner has 38 resecnable choices on Lha very first step of ¢ plan

(It is hard to sliminsie moves as Deing unveasonsbia as ls evidenced by the fect that

programe lixe CHESS 4.7 pnd KAISSA use full widll ssarchon) A robet usually has & much
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smaller number of possible actions which cannol be sasily sliminated (for axsmple, going
to one of s few rooms or picking up one of 3 few objects). The problem becomes more
scute when planning farther in the fulure than just the first action since the chess planner
than has many more choices than the 38 lagal moves. | the robo!l wants to open & door
as its second action, the plan cen simply say tha!, but in chess the inability tc make
assumplions aboul fulure ststes preavenis this [f the plan is to trap the opponenl’s
quean, then no particular move can be ured to axpress this as the second part of & plan
since the sclual trapping move will depend on where lhe queen has movad in the inferim
Instead the idea of trapping the queen must be sxnressed as part of the plan The
number of such idess that will be useful is much larger than the number of legal moves
that might be made. This leaves the chess planner with » large number of alternative
choices and s planning problem thal explodes al a very differsnt rale than the robot
planning problem

Lastly, & chess sysiem must have many ways to modify plans during execution PARADISE
modifies plans in tha following ways: 1} » goal in & plan may be slaborated into s
multistep subplan, 2) s whole plan may be inserted in the middie of another, 3)
siternalives in & plan may be recrdered, 4) paris ol & plan may be dalsted, and 5) plans
may be concstanated if they ars working towsrds the same objective. This represents a
richer seot of modificstions than {hoss used in most robo! problem soiving planners. Such
sysieme may try to reorder aclions snd further specify paris of a plan, bul moat will not
insert & plan in the middie of ancther,

To summarize, the robal planners have The flavor of establishing a sequence from & small
Aumber of wall-undersiood operations unlil the correct order is found, while chess
Planners have more a fever of “cresting” the correct plan from lhe many possibilitias.
For this resson, & system which produces good chass plans needs & large amount of
knowledge and non-trivial rassoring processas te produce plans.

Probably the mest imporiant idea PARADISE has for the robot problem solvers is that &

plan may be viewad a8 8 viay la control what parts of s large knowledge base will be

weed lo anslyze sach siluslion during plen susculion Plane in PARADISE can be viswed
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as lelling the systam wha! knowledge 16 use in snalyzie [n most robol planning systems
plans are mors sccuralely viewsd ss telling the system what sction to take By
describing what knowledge o use in s new siluation, plans in PARADISE cen be viewed as
dafining & parspeclive for the tysiem lo use in new situations Some amount of analysis
from this new perspectiva is aimest always dona before the plan can conlinue sxecuting.
Thue PARADISE tries 1o delay execition in order to bring more knowisdge 1o besr.

b) Pians in cheas

Pitrat's progrem [Pitrat?. which solves chess combingtions, is the most important
example of the use of plans in chess. Tha language Pilrat uses for expressing plens has
four stalements with the move statemeat and modification siatement being tha most
important. The mova sistament spacifies thet the pisce on one particuer square shouid
mave (o anolher parlicuier squars I} may diso be specified thal tha move must be &
capture. The modification statement describes 3 modification 1o be made Lo » particular
square. This can be one of four Lhings: ramovel ol & (riend, removal of an anemy, moving
& friend to the square, or gelting sn enemy fo move lo the square The “friend” (or
“snemy”) may be any plece of the correci side or it may be specified what type of piece
in should be {e.g, quesn, bishop, otc), bul & parlicular piace cannol be specified unless it
is the only piece of that color and type on the boerd

Pignt In PARADISE provide much mors flaxibility in expression than Pitral’s move
stalement. In PARADISE, iypes of moves other then captures can be spacifiad (e.g., cate
moves snd safe caplure mover). Also, particuisr square: do not need o be named In
PARADISE since it can use & variely of goals 1o sxpress the plan The imporient squere
{c movs {0 may changs depending on lhe opponent’s mave so it is not slways possible lo
specily the square to move !0 in advence. For example, if white makes » move which
traps and allacks biack's queen then {afler some desparade mova by bisck) white would
like to ceplure biack's queen wharever it may be. PARADISE cen express the plan of
capturing tha queen snywhers, while Pitrsl's move stelement cannct since the planner
doas not know which particuisr square the quean will be on



Pitral's modification stataman! is & gosl which the system iries tc accomplish As the
following axample shows, these modificalions are too simple 1o express the purposes
behind their suggestion Suppose whils wanls to ge! his queen from ] to Q8 in order lo
mate, but thers is a white rock on Q4 blocking the way and the biack queen on K7
protects Q8 Wha! white wanls to do is move his rook to clayr the gueen fila and
{hopsfully st tha same lime) decoy the bisck gqueen from prolecling QB A pian in Pitrat's
language would specily thal Q& should be made vacan! by remeoving s friendly man, thal
K7 should be made vecsnl by removing the enemy queen, and Lhst the whils queen
should move to Q8  This does not express the purpose of any of the moves It will work
well for the winning combinalion bul will also allow many wrong moves For example, Q4
can be made vacenl by moving the while rook slong the queen file, and K7 can be made
vacant by dacoying tne biack queen Lo some square rom which it slill protects QB In
the laiter cass, Pilrel's plan would still specify moving the white gqueen 10 QB whers it
would be lost.

PARADISE can avoid this since it has the abilily 10 express ils purposas. [t can specity
the goal of cleaing [he guaen file snd only rook moves slong lhe fourth rank would be
considered [t cen specify that tha bisck quesn must be decaysd to gel the while queen
to QB wnd only decoys which remove Lhe black quesn's protection will be considered
Lastly, PARADISE would specity the! Lhe whits queen’s move tc (B shouid be sale so this
move will not be tried unless tha prapirslions have accomplished their purpose  Inslead
of axpressing ihe purposs behind the plan, Pitrat’s modilication slatement axpressas side
efigcts thel will happen if the purpose is accomplished For sxample, (4 Decoming vecant
is 8 side effect thal happens whan i rook clears the queen file for the queen
Untortunately, it is siso a side effac! of many rook moves which do not clewr the queen
file, causing the cystem lo waste eflort sesarching peor lines.

The two remaining statements in Pilrat’s plan languags are the verification statemant
which simply lests I the desired stals has besn reached aflar stlempting a modification
{e.g., tesling that Q4 ia vecent), and the limited enalysis statement which tells {he system
ic do a limited analysis where it looks for simpla combinations which stiack one particular
piacts.
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in summary, PARADISE has enough pawer of expression (o express the purposs bshind its
plans. As the discussion in section 4 pointed out, this is necessary 1o quickly rejact bad
lines and keep the branching factor small [t iz not enough 1o look for side effects that
will be prasent aftar successhul execulion of the plan since bad movas may also leave

those s:de e!facis

Plans in PARADISE have !wo more major advantages over lhe plans in Pilral's system
First, PARADISE has condifionals which aliow spacification of differen! plans for difigrent
replias by the opponent. The asdvantages of Lhis sre obvious: the system can
immediately iry the correct plan instead of ssarching an inappropriste plan and
backiracking to corract iteell. Second, PARADISE™s plan language is modifigbls. Simply by
writing new productions, new goals and concep!s can be Crealed for exprassing plans and
the system will sutomatically undersiand these new plans. This properly is necessary for
any sysism thal wishes [o extend ils domsin or incrementially incresse its expertise.
Significant additions to Pilrat's plan language would seem lo raquire & major programming
eoffort.

Despita tha shoricomings of ihe plans in Pitral's program, they are much more
sophisticated than any plans previously used in computer chass programs. 1t should ba
noted that Pitrgt's progrem performs well in ils domsin it processes nodes much faster
ihgn PARADISE and therefors cen handie larger traes  The plans do an sdequate job
given thase consiraints. | may be the case that programs will oblain batter performance
by using Pilrat's approach of larger [rees and leas sophisticsted plans, bul the use of
knowledge is only siarting to ba investigated by programs such as PARADISE and it is loo
early lo draw conclusions. This issus is discussed in mors dapth in chapter 7.



An Actual Static Analysis in PARADISE

A) Introduction

There sre currenily lwenly-sight KSes in PARADISE which contaln sbout two hundred
productions. Bolh these rumbers grow 88 new rues are written 10 tasch PARADISE new
tacticsa To show the overgll organization of the knowledge bDase, esch KS in PARADISE is
described in lhe naxt section Figura 30 stlempla to show how strongly the KSet in
PARADISE interact. This is nol important to understanding PARADISE, so the reader not
interesied in these delails may skip 1o tha and of this saction

Every KS in PARADISE is in fipre 30 An errow from an “origin-KS™ to @
“destination-K5" mesrs ihat soma production in the origin-X§ (when it maichas) posls &
concapl corrasponding to lhe destinglion-KS Thus the ressoning procassas in the
origin-XS uss tha sbetract concepl provided by the destinstion-KS. Easch K5 depends on
all tha KSas to which it poinfs 1o provide the sbetrect concepls it needs for Its reasoning.
(The formar has sxpectations of 1he Istter which ihe [slter must meel) Oestination-KSes
have no axpectations sbout the KSes thal point 10 them; they rely only on the inlormation
in concepls that are poried In the dats base. The KS which corresponds te a concapl hae
no Ides which production or which KS posted lha concept. All the information sbout why
the concept wae posted ls contained In ite stiribute lisls

Figure 3.0 has besn simplified somewhsl tc maka it legibla The notes following it explain
thase simplificatiors
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Figure 3.0

Diagram depicting which concapis are posted by sach K5

Notas for figure 3.00
& - Tho ESes in s Dor are togelher because iy AapDen D have Lhe same nput
and oULpUt ar oW,

b - Throo KSos are In this Dox. [ha tirs! one Aa3 the other two &9 sub-ASes. fach
XS may pos! instances of any KS below il in the box. Arrows Inlo or out of the
box may bo referting to only ane. (wo. or & threw of the KSes. This grouping i
nocossary (o make lhe O agram manageable.

g - Ime CRIMITIVE KS. AN productions sccess (his RS so every box wilk a K8 In it
rolies on this KS. Interaction boliween olhor KSai and PIIIMITIVE doas not invo've
the posting of concepts. Rather, K5et Interact wilth PRIMITIVE in the same way
proguciions wilthin one K3 interaci with esch olher.
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An snslysie v PARADISE consists of productions firing and posting conceple Since the
arrows in the diagram poinl from KSes whose produclions pest concepis corresponding to
the XSet pointed lo by the arrow, thess wrows raflect the execution How during an
analys:s by the program  Following the wrrows through the diagram shows how
PARADISE's sttenlion mught enil as 1 procesds through an snalysis  Boxes with no
arrowd leading inlc them can only have concepls corresponding lo their XS posled by an
axiernal source This external source is the tree search which posts concapls in order to
exscule plans, inshigate stalic analyses, and request informalion in the diagram, all KSes
which have concepls corrasponding 1o them posled by 1he tree search are surrounded by
doudle bDowes (e g, the THREAT KS). Such KSes may slso have their corresponding
concapls posted by produclions in other KSes, in which case there will be srrows leading
into the box (e g, the INITIAL-PLAN XS). Thus the double boxes can be visewed as "entry
poinis” inlo the knowladge base, or sterling points for the exaculion fow.

The final goal ol an snalysit s lo produce concepls which do not correspond 1o KSes in
PARADISE thers ars currenlly two such concepls, the FINALPLAN snd NOT-QUIESCENT
concapte In the diagrem [he boxes lor thete concepls hava no srrows leading oud of
them These boxes sre highlighted by rows of ssterisks since thay represent the fing!
goal of an snalyms.  Thus an analysis {or execution llow through Lhe knowledge base) can
be seen as sterting from a double box and following the arrows {(possibly through loeps)
until & box with asteriske is reached

A brial descriplion of esch KS in PARADISE follows. {Thess deleiled descriptisns may not
be usefud on firs! reading -~ it might be appropriste to resd & fow descriptions and skim
the rest} A description of 3 KS includes the loliowing slaments:

-varnables for which Ihe KS expecls instanlistions

~values the XS axpecis in the stiribule liste of ils goals

-KSes for which produclions in the KS post corrasponding concepts

-whal the XS tries to sccomplish and how it is used {La, the KS's abstract concept)

-what kinds of conditions are lested (condilions give productions in serlier KSes & way to
constran instantistions of vanables in Ister KSes and are axpiained below]



B) Actual KSes of PARADISE

PRIMITIVE

This KS is treated differently than all the others 1t has no variabiss Lo instantiate and i
matched for both sides The paltarn malches are never Jdeleted while !he current
position is 1n core memory The sols purpose of Lthe PRIMITIVE KS is lo provide malches
patierns for other KSes lo sccess The eightesn productiors {pallerns) currently in
PRIMITIVE are described in dutail in chapler 2

THREAT COL

This is the largest K5 in PARADISE, consisting of abou! forty productions, many of which
are quite complex. (The number grows considerably as the size of the domain undarstood
by lhe progrsm grows) The THREAT KS finds all the thraats lor tha side represented by
the variable COL (color). If does no! expect any sitributes ir ita goal and does not tast
any conditions. This KS is spplied to the lnilial problem o delermine tha threats for the
tide on move. By using plans, we hope to use the THREAT KS only infrequently in the
res search Produclions in thue KS post the following concepls: ATTACK, MOVE, MOVET,
SAFE, SAFER, DECOY, and INTIAL-PLAN The foliowing tyres of threats are recogruzed:
trapped piocas, peces thal can be trapped, discovered atiscks of many soris, forks of
many sorls, caplures, pins, mating nets of many sorls (especially ones where s piecs i
sacriliced to decoy the kingl, ability lo force a capiure with check, overburdened piaces,
and soma threals that cannol be easily laballed

ATTACK COL 503

Thig KS finds moves which wili cause pieces of side COL 1o stteck the sguare SO3 A
typice! use of ths KS would be to generale aitecks on an opponent’s piece that 1s
irapped (5Q23 would be s locationd. Basides such uses in slalic snalysis, thus K5 is also
used to express plans in the Plan-language. ATTACK expects a THREAT aliribute in the
goa! which describes the threal that will be made it SQ3 is successiully attacked No
other attributes are referanced except for COND (described in the next paragraph). This
KS has aboul ten productions which snalyze moves that dirsctly sttack 503, moves tha!
can altack 503 in two moves, meves which will uncover ¢ discovered attack in the mast
sdvantageout manner, snd moves o decoy enemy pieces thal are prevenling altacks
INITIAL-PLAN, MOVE, and DECOY concepts are posted

The COND aitribute s & condiion ATTACK checks any COND in s gos! beiore o
suggesis moving the piece Pl Lo the sguare SO in order to allack SQ3 The valus of
COND will be s Produclion-Language expression which uses the varables P! and 50
{other wvarisbles in the condilion will already have been instantislec by tha produclion
which posted the ATTACK goall. ATTACK will not suggest the move by Pl uniess the
pattern ;v COND malches. An exampls use of COND woud be in the THREAT ¥§
production which posts the goa! of atlecking s irapped piecs. Thia COND would state that
Pl should not produce sy new sscape squares for the trapped piece by moving to SQ.
By using condilions, the productions in one XS can sssure thal funclicns they had in mind
for particuler pieces will nol be sabotaged by the aclions of other KSea



ATTACKP P

This KS has only one produchion which umply posis an ATTACK with COL being the
opposite coler of P and 503 baing P's locslion It tharsfore axpects whatavar ATTACK
would expec! for altribule hste This is used 1o express plana in the Pian-Language. The
ATTACK KS cannol be wsed directly mnce P's iocation may have changed during the
scarch  Using this X5 provides for & dynamic compuiation of P's location just before
execulion of the ATTACK KS

MOVE PY 503

Thes KS pltempls to gel the pece Pl onlo the cquare SO3 in such » way that the
oppenenl cannol caplure hm wilhout loss fie, he canngt be exchanged) Omnce &
produchon nolices that g piece would be sdvaniagacusly placed on » certain equare (eg.,
placing a rook on the eighth rank whan the opposing king 11 confined 1o thal rank), it posts
8 MOVE goal and .els MOVE decide 1f it's possible 1o actually get Pl onlo SQ3 salely
MOVE expects the stiributes LIKELY and THREAT io exprass the hikelihood and threat of
the plan to be executed alter Pi iz placed on 503 Threals made in geting P] to SQ3
will be calcuialed in MOVE  The PLAN stinbut: should contain the pian te be execuled
after Pi gols to SQ3 MOVE actually does iis analysis in the KSes MOVEL and MOVE2
which are sub-XSes of MOVE and are descnibed below. The MOVE XS itsel! has only one
produchion which takes no aclion and cimply malches all sequences in which P| takes two
moves 10 pet to 502 {lor the case when Pl cannot ge! te 503 in one movel Three move
coequences are nal conndered wince they pive lhe opponent toc much time lo save
rumsel!  Note tha! only moves by Pl sre counled when delermining the iength of a
“sequence Moves by olher pieces {lor example, moves which clear lines) may be part
of a plan to get Pl to SQ3 in ono move

MOVER2 P11 5Q3

Tris KS analyzes MOVE and MOVEZ goals to find solutions involving two moves by P, and
has all the same expeciations as MOVE It attempts to move Pl te SQ2 and from Lhere to
SQ3 It tests the sttnbute COND for & condition on SQ2 in order to prevent this move
from sabotaping the rest of the plan For exampls, 8 fork production which poste a8 MOVE
goa! (so that Pl can fork two pieces from SQ3) may have » COND slating tha! the move
of Pl o SQ2 should nol atlsck one of tha pieces wa are aitemphing to fork. MOVEZ has
& emall number of productions snce It wmply posts MOVE goals for Pl moving te SQ2
(whsle updaling LIKELY, THREAT, and PLAN lo reflect the idea o! moving from SQ2 leo
S03) Since PI can legally move lo 502, these MOVE goals will eventually be analyzed
by the MOVE] KS It 503 is no! safe for Pl then MOVEZ puts & PRECONDITION attribute
on the new 502 goal whch teils MOVE] that it mus! make 503 sale for Pl before it can
post the plan beginung wilh the move of Pl to 502 MOVEZ also posts gosis lo clear
SQ2 if 1t 15 occupied by 8 piece (nendly [o Pl

MOVE1 P1 503

This KS analyzes MOVE and MOVE! goals Lo find solutions in which P} can move from his
current iocatian to SO3 (posubly aller tha path has been cleared or SQ3 has been made
sale) It has the same expeciations for PLAN, UIXELY, and THREAT as MOVE and aliso
expecte the PRECONDITION atiribule from MOVEZ MOVE] has sbou! & dozen productions
whuch consider mo ng Fl to SQ3 directly, moving friendly pieces to uncover P]'s line to

100



503, and decoying enemy picces to unblock Pl's hne to SQ3 MOVEL also must consider
the problems of making 503 sale for Pl and satistying sny PRECONDITIONs These
problems usualiy result in the pasting of SAFE goals although in some situations MOVEI
can solve safely problema wilh the plans it crealss For sxample, an uncovering move
rmight eilher caplure o7 pin an snemy man who was prolecling SG3, thus making it sale.
MOVE] checks the SAFE-COND sliribute a8 a condilion in those productions which
attempt to gat P! safaly om 5Q3 by decoying or capiuring some enerny piece. The enemy
piece is reprasenied by the variable DP}, and SAFECOND will put condilions or DP1 Lo
ensure he is not the object of Pi's aftack from SQ3 (otherwise the purpose of getting P
te $Q3 is negated by the act of gelling him there). MOVE!L pests the follawing concepis:
INITIAL-PLAN, SAFE, SAFER, DECOY, snd any concep! mentioned in & PRECONDITION

SAFE P1 50

This XS attempts to find ways lo make the square 50 sate for the piece P! to land on N
expects PLAN, LIKELY, and THREAT aitribules which represent the plan after any moves
which make 50 safe lor P1. Thereiors the plan in the PLAN altribute will usually contain
the gos! (SAFEMOVE P} S{) somewhers. SAFE must add any plans snd threats produced
by moves which make SQ safe SAFE has no productions of its own It uses the two
sub-KSes, SAFE] ard SAFER, lo toive its goals Both thece KSes, like MOVE], check any
condition in SAFE-COND befors capturing or decoying an ensmy piece (OP1) to make 50
sala

SAFEY Py BO

This XS snalyzes SAFE and SAFE] goals Lo make SQ safe for P, but only uses lactics
tha! will nol work when the enemy has & piece which can exchange P on 5Q. Tactics
thal work 1n exchangs situalions are in the SAFER KS For example, if the opponent has
& pawn bearing on S and Pl is & queen then no move which provides an sdditional
suppor! for SO can possibly make il safe for P1. ! is necessary to caplure, decoy, or pin
the pawn Thus SAFER goals ars posied when the opponent can exchange snd SAFE
goals are posted when he cannol (SAFE goals executs both the SAFE] and SAFER KSes)
SAFE's expectations wers described under SAFE  There are about halt a dozen
produclions in SAFE] whicth recognize the following: situstions where nothung will work
teg. SQ being overprotected ageinst Pl when Pl can legally move o 5Q), supporling
moves, moves which uncover s discoversd support, moves ¢ decoy snemy pieces that
will unblock supporis, and moves which support SQ by sttacking a sufficiently veluable
piece in such & way thal the stteck will support SQ if the piscs moves This K5 posls
FORCE, INITIAL-PLAN snd DECOY concepls

SAFEA Pt 50

This KS analyzes SAFE and SAFER goals tc make SQ safe for Pl, using tactics that may
work even il the opponenl can exchange Pl on SO SAFER's expeclalions were
described under SAFE  There are sbout fiftesn productions in SAFER which recognize the
following: situations where nothing will work, moves which decoy an enemy piecs bearing
on S, moves which caplure ensemy piecss besring on 50, moves which capture enemy
pieces bearing ETHRU or OTHRU on S, moves which block the lines of enemy pieces
bearing on SQ, moves which sacrifice Pl on SO when some clher piece olsc has 8 SAFE
or SAFER goal for $Q, moves which start an exchangs on SQ in the hope of leaving Pi on
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SQ afler the exchange, and aliacking movas which drive awsy enemy pieces that prolect
SG Ot course, the productions are not as simple as thase descriptions. They must check
many things 1o sssure Lhesa taclics will work ang thal they wili not adversely sflect the
plan to be execuled aflar Pl gats lo §) This KS posis INTIAL-PLAN, FORCE, DECOY,
and CAPTURE concepts.

DECOY PY 5Q DPY

This KS lries lo decoy the enemy piece DPI in order Lo maks it more plausible for Pl o
move to 50 DECOY does not know why DP1 must be moved: for examplis, he may be
blacking Pl’s line to 5Q or protecting SQ OECOY does know that the decoying process
thould no! diclwrb the moving of Pl 1o 5Q For example, P! should not be zacrificed 1o
decoy DP1 and DP| chould no! be decoyed Lo a square tha! blocke Pl's line te $Q. This
KS expecls LIKELY, THREAT, and PLAN attributes which represent the plan lo be
execuled after any moves made by the decoying process This means that the plans in
the PLAN sllribute will usually contan the goal (SAFEMOVE PI SQ). DECOY has fouwr
productions which find 3 move, P2 1o SQ1, wiich threatens something whers only OP} can
caplure safely on 5Q1. P2 may be sacrificed when THREAT warrants it. DECOY posts
FORCE and INITIAL-PLAN concepts snd checks the condition BECOY-COND which may
constrain the instantiglion of P2 and SQI.

FORCE P1 5Q P2

This KS determines 1! moving P] 1o 80 is forcing [t assumes the move it desirable 1o
make it «f ig forcing, and that 1} prepares 3 move by P2 FORCE expecis LIKELY, THREAT,
and PLAN stiributes 10 represent the plan to be used sfier the move of Pl o SQ. It alse
expects 8 DECOY atiribute which lells if the purpose of the move is to decoy & piece
{end if co, what piece). FORCE checks it P2 is en prise and if it is, requires the lorcing
threal 1o be % large as Lhe en prise threat 10 P2 Thers wre about eight productions
which look for caplures snd stlacks tha! are threatening. They post INITIAL-PLAN
contapls

SAFEMOVE P1 54

This XS 18 used primarily {o express plans in the Plan-Language It has two productions:
one which produces the move Pl Lo S( as an INITIAL-PLAN if the move 13 MOBIL-STAY in
the current position, and snother which posts s MOVE goal for P1 Lo 5Q when the move is
not MOBIL-STAY. The MOVE gos! may uss olher KSes such as SAFE or DECOY to make
Pl to SQ work The routines which exetute plans in the search will use pisns produced
by posting a SAFEMOVE goal 1o slaborate the eriging! plan being executed

CHECKMOVE PY 50
This KS is like SAFEMOVE excep! that it also raquires the move of Pl to SQ te put the
opposing king in chack.

MATEMOVE P1 50
This KS is like CHECKMOVE except thet it slsc requires that 1he move of P! to SO lesves
the opposing king with no legal moves (there may be lagal interpositions).

SAFECAPTURE P1 DP1
This KS is also used primarily 1o exprass plana. It is just like SAFEMOVE except that Pl
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moves ta DPLl's locetion, which |s compuled dynamcelly 83 the productions sre being
matched The produclions musl check for 1he possibilily that DP] ls no longer on the
board

CAPTURE #1 DM

This KS has only ona produclion [t [ries 1o capture DP1 with & MOBIL move by some
piece other than Pl. It produces an INTIAL-PLAN concep! snd axpecls PLAN, LIKELY, and
THREAT sitributes for the plan 1o be executed stier the capluring mova

ENPRI COL

This KS ie used by routines in Lhe lres ssarch 1o quickly produce s reasonable move for
the defense. It has two productions the! have no expaclstions. Thay suggest en prize
captures and mates for the side COL, using tha ENPRISE gnd MATE patlerns in PRIMITIVE.
INITIAL-PLAN concepla aru produced

QUIESCENCE COL

This KS is used by the quiescerce search lo produce move suggestions [t finds all
thrasts tha! seem Lo delinitely work for the side COL QUIESCENCE has no expeclations
and produces INITIAL-PLAN and NOT-QUIESCENT concepts. It has sbout filteen
productions (which include some frem THREAT sand ENPRI) thal recognize tha following:
en prisa caplures, one mova mates, silrective forks, elirpclive discoversd allscks,
atlraclive pins, and carlain kircds of maling nels.

DEFENDMOVE PY 8G

This KS is primarily used to produce delensive moves As described in chapter one,
PARADISE has very dilferent models for the delense and offense. The olfense does an
in-depth analysis 1o find the besl move, whils the delense simply tries sny move which
has & chance 1o thwarl the offenss. DEFENDMOVE suggesis moves (for DPl)} which
pravant or lessen Lhe alfect of Lhe opponenl moving Pl to S DEFENDMOVE expects »
valus for tha SAVE aliribule, which represents the valua Pl threstens to win by moving
le S N posts RUN and DEFENDTHREAT concepts DEFENDMOVE has aboutl {wenty
productions which recognize the following: moves which block Pl'e line {0 50, moves
which decoy P1, moves which capture pieces bearing on SO or pieces bearing ETHRU or
OTHRU onlo S0, movas of sny piecs on 50, moves which altack pisces afiecting 50 or
praces guarding escape squares of the piece on 5Q (thus forcing thess pleces to flee 1o
less favorsble locations), moves which block the linas ol pieces supporting 50, moves
which pdd support o 50, moves which discover sitacks on S5, moves of pieces which are
threatened wilh being trspped, forked, or pinned I} Pl lands on SO, mevas which bloch
F1's intencded attacking line afler he is on 5Q, moves which open new escaps squares for
pieces lrapped by Pl moving to 50, snd despersdo movesr DEFENDMOVE considers
sacrificas when the SAVE value warranls il.

DEFEND-OFFENSE Pt 50

This 15 similar to DEFENDMOVE The differsnce is tha! only “strong” or obviously
NOCAsEAry MOovas are made te pravent Pl from meving to SO This is usad by tha oflanss
te pravent thresls the defense may have. DEFEND-CFFENSE produces fewer suggestions
than DEFENDMOVE and s justified Dy lhe sssumptions made sboul PARADISE's domain.
Since the offenss is lrying to find & combination that will win material, he in unlikely to
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stert by playing & move designed only lo make 8n escape square for a pisce the delfense
mught trap. Such wesk defsnses sre lherelore not included in DEFEND-OFFENSE. This is
not a large sssumption since & knowledge based program playing a complete game of
chess should be able ta determine when it 15 in g delensive or offensive goal slate {see
for example [Berliner74]) DEFEND-OFFENSE has the same expactations as
DEFENDMOVE, produces DEFENDTHREAT concepls, and has sbout lan productions. All of
these produclions sxcep! one are in DEFENDMOVE also  This one is a production that
moves g piece in danger wilhou! producing avery non-iosing move (as the RUN KS does
on goals produced by DEFENGMOVE).

RUN DP1 P1 BQ

This KS suggesis moves for DP] on the assumplion that it is in danger on ils current
iocation because ol the enamy's thveal to move Pl to SQ. All non-losing moves Lhat gel
DP| on & cquare whers Pl can not altack it from SQ are suggested as DEFENDTHREAT
goals RUN has lour productions which rate these moves as to whether they capture
enemy pieces and how much mobslity they provide

DEFENDTHREAT DP1 SO

This K$ suggests INITIAL-PLAN corcepts for moving OP1 to 5Q after first analyzing what
(hreats are made by this move. Il is sssumed that the goal has s SAVE altribute
reprasenting the value this move will save. The only value considered as sn sctual threal
is & capture on 5Q DEFENDTHREAT has sboul six productions which sdd 8 few bonus
ponts 1o lhe THREAT and SAVE values to help order these moves which are designed to
provent 8 threat and no! to win material  The following siuations ge! bonuses: & check,
8 protection of g friendly piece thal ie in rouble, and an stlack on sn anemy piece who is
threatened by the allack This KS also checks say condilion in tha COND altribute which
may conslrain the instentistions allowsd for DPL.

SAVE DPY 5G

Thee KS supgesis INITIAL-PLAN concepls lor desperado captures which may prevent v o
from mating the opposing king from 50 This KS contains only one production snd is used
by routines in the Ires search whan a mate has net been svoided snd any sacrifice which
siops the male is sccapisble

DESPERADD COL

This KS suggests INTTIAL-PLAN concepls for any non-iosing caplures. This K§ containg
only one production snd is used by roulines in the iree search when a failure has not
been svoided Hopeiuly, exchanges brought abou! by moves suggested hare may
prevent the losing line.

DEFENSE DPY SQ

Unlike the previously mentioned KSes, lhis one lakes a pian as ita gosl. Moving DP| to
SQ is the first move in the plan specilied by the goal. This KS has the same purpose #s
DEFENDTHREAT: it adds new threst values (o the pians. It is only calied by Lhe search
when the search wishes lo use more exacution lima 1o gain grealsr sccuracy in
evaluglion of dalensive threats. There are thres productions in DEFENSE which posl
FINALPLAN concapla
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DEFENSE-QUI DPt 5Q

This is lilke DEFENSE except thal & few more produclions gre intluded This KS is only
used during quiescence analysis since the axpanss of axecuting thesa productions ls only
Justified then

INITIAL=-PLAN Pt S0

This K5 also takes & pian as it goal. s purpose is 10 analyze what (hae plan will lose and
pul this in the LOSS atliribula of tha plan 1! may also suggest fixes to the plan to
counleract a loss Since optimistic values are desired, only very definite losses wre
recognized Moving Pl te 5Q is the first move in the plan specified by the goal. The
following sre losses recognized by this KS: an en prise piece, Pl being pinned PI
unprolecting s piece the opponen! can now capiurs, Pl unprelecling & square which
makes 2 maling move sale, snd P] unprotecling & squars whers il coud inlerpose lo
thwart 8 maling move. 7o keep things oplimislic, the psllerns chack that no other piece
can stop the Lhrest P} is allowing, and that Pl can not elfect the asllowed threst from SO

This XS has sbout a dozen produclions. Afler recognizing the sbove losses, PLAN
concepls are posied for plans whose THREAT or SAVE aitribute outwaighs the calculated
LOSS, snd for plans which begin wilh 8 chack. PLAN concepls represent finsl solutions 1o
\he stelic asnalysis problem  Olther productions suggest FINALPLAN concepls that
reprasent “flixes™ of iha gosl plan For axample, il thera is » caplure which thwarls the
allowed (hreal snd doss not allect the goal plan, then this capture is pul on the fronl of
the goal plan lo produce & “fic" for the plan If the LOSS value outweighs both the SAVE
ond THREAT values and no fixes sre found, then this KS will post a DEFEND-OFFENSE
concept for the allowed threal. in this way, more complicated fixes that sre less likaly to
work may be found
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C) Exempls of & Btatic Ansiysis

in this seclion, a trece of the snalysls done by PARADISE on position 21 Is pressnted
Some of the eclual productions which match {0 praduce the N-NS plen ere prasenied with
briaf poinlers to olher Lhings noticed by the syslsm  The irace presenied wes sciugily
printed out by Ihe program The program prints lis Infernal reprasentiation for pieces m»
Aamas like "WR"™ for o whiles rook. Thus the rooks in posilion 2] are not disambigusted
In thie trace. The progrem prints squares In sigsbraic nolalion H Is necessary to switch
from the more femilisr English notation beceuss il Is nol clesr whelhar squares In
palterns should be isbelled from black or while's point ol view. Algebreic nolation is
used in the remainder of this document, and figure 2.1 is reproduced beiow with 1he rows
end columns labellad for Lhis netation

.w%ww %R
rr}my%p/;
7 AN LY

4. Y HwWa

N
k>
ﬁ

N\
N
>

¢ b c d & ! g M

Figure 1.1
white i move
Firel, PARADISE ewacules the PRIMITVE KS which leaves & lorge numbaer of pattern
malches in lhe dete base A THREAT concepl i then posted for while snd ail the
produciions in the THREAT KS wae sxeculsd The PIN-ATTACK produclion recognizes the!
the while rook can shewer the black king 1o the blsck rook from d7. Figwrs 3.1 shows
this preduciion in English a2 o “prelly-print® rouline {similer to those usad In MYCIN)
might prinl the inlerngl representslion The inlerng reprasendslion lo alve given All
funciion and pettern names used are defined in chapier 2
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PIN-ATTACK LPTt EQ DMP1 DNP2
IF1i
LP] can sltack the locstion of DMP2 from the tocation of DMP], and
the location of DMPL s cale for LPI, and
the location of DMP2 is safe for LP], and
LPl cannot ba exchanged on DMP1's localion, and
i P] cannat be exchanged on DMP2's location, and
S0, the location of OMPL, and the localicn of DMP2 gre in ¢ line, and
LP] ean atltack the location of DMP1 from S, and
either S0 is in LP1% vue from hus current iocatlion o
LPI can lagally move 1o & squars from whare 50 is In his vue, snd
it must nat be lrue that LPI can legally caplure DMP1 and LP1"s location,
OMP}'s iocation, and DMP2's location are in & line, snd
DMP! has 8 mobil move 1o coms sQUarE,
THEN:
post the concapt {(MOVEL} of moving LP] 1o 5 wiih stiributes as follows:
The THREAT is to fork DMP] and DMP2 wilh LP1. The LIKELY is O The
SAFECOND condition says thet OMPE and DMPZ should not be moved in an
attempt 10 make SO safe for LPL. Tha PLAN is to safely move LPI o SO
and than safely caplure DMPE if DMPI movas anywhers, and salsly caplurs
DMP] it any piace olher than DMP] moves

FIN-ATTACE
{{LP] 30 [uoP| 7]
{FUNCTIONT CARATTACK LP] [LOCATION DPP]) [LOCATION [MPE))
(FUNCTEON SAFEP LPL (LOCATION [o0f)
{FUN{TEON SAPER LP) (LOCATION [MP2))
{REVER (FUNCTION ExCmANSE LP] [LOCATION DMPLLT)
(KEVER (FLMCTION FLMCHARGE LP] [LOCATION [MPFEY)
[RURCTEON LIl 50 (LOCATIOn [oF)) (LOCATION DMP2Y)
(RUNCTEON CANATTALE LPf 30 {LOCATION DMPl))
{oa {FUNCTION IN-VUE Pp (LOCATION P 50}
(EXTSTS (501) (PATTERN LEGALMOVT P) 300) (FUNCTION 1K-VUE Pl 501 3G)))
[REVER [PAYTERN LEGALMGAL LP) (LOCATION [MPL))
{FURETION LIKE [oOCATION LPL) (LOCATION 0071 [(LOCATION [DMPZ3))
FERISTS [(S02) (PATTERN MOBIL DMPL SOZ))
(ACTIONNEW mOVEL [(LP 500 (THREAY [FORT P} [Pl [PZ)) (LIKELY &)
(SAFELONRD fPURCTICY REQ DPL DMPE) (FUMCTEON REQ DPFL [P21)
(PLAN  [SAFIMOVE LPF] 50}
(E{0OMP] NIL) (SAFECAPTURE oP) Cew2}) [{ANTRUT DP1) (SAFECAPTURE LF] DMFL)})))0}

Figurs 2.3
PiN=-ATTACK production in pretiy-print and Intarnat form (THREAT K8}

In PIN-ATTACK, the reference to CANATTACK suggesis poscible piaces for pinning while
tha references 1o SAFEP and EXCHANGE check lhat both pisces sre actudliy threstened
by the stiscking piece Tha reference 1o LINE makes sura thal he pieces are in o line
and instantiates SO 1o squares from which the pin can be made. Tha relerenca 1o
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CANATTACK sssures s clear path from SO lo DMP]l. The refersnces 1o IN-VUE check
that thare is soma reasonable hope of gelling LP) fo 5§ The next expression checks
thal the pin patiern is no! already presenl. Requiring DMP! !o have s MOBIL move
svoids duplicaling work being done by the produclion suggesting asitecks on irapped

pisces.

Executing the sclion of PIN-ATTACK inserts the following MOVE! concapl in the dala

base:

{iwE 07}
[SAFECOND (FUNCTION WEQ DP) BEI(FUNCTION MEQ DPI BR)}
(LIKELY &) (THREAT {FCRE wR BE BR))
[ PLAN FSAFEMOVE VR O}
CLIBE KIL) {SAFECAPTURE WR RR)) {CANYEBUY ) (SAFECAPTURE Wit BE))) )
(REASOM [PIN-ATYACK WR D7 2E BE}) )

This concep! gives the MOVE! KS the information it needs lo sccurstely evaluate the
possbilily of getling the white rook safely on d7. After executing the THREAT KS, there
are many cohtepts besides this one in Lhe dals base In fact, tha PIN-ATTACK production
ilself also matches for moving the rook to c7 or a7 as well a5 for moving the queen o
any ol these squares Tha vaniable inslanlistions of sach concep! in ihe dats base sre
given below. The stiribute lists are omilled e¢ it is nol spparenl where lhese ideas
originate.

{THESE ARE GOALS |

{OCCURRENCES-OF ATTALK)
{{WwH]TE FBI)

{OCCURRENCES-OF MOVT )
((wm G5) (wh GB} (v GE) (VB F7) [vR E7) (VR FE) (WR FB)} (VR E7) (VR F§) (WR EA)
(VG GB) (WO GE) (W FB) (W0 G7) (w0 E7) (WO FE))

{OCCURRENCES-OF mOvE|)
{(vE £6) (W C4, (VB 03} (VB G2) (W (7} (Wl D7) (WA £7) (VR FO) (WM AS) (VB BS)
(W CCh (WR DE) (W £7) (W FO) (W) C2) (W0 D2) (W EN)}

(OCCURRENCES-OF DECDT)
{(1w) E6 BR))

{OCCURRENCES-OF [K[T[AL -PLAN)

(C{wQ L&) ({00 E6) (SAFEMOVE WB £1) (BK NiL} (ATTACKF BX))
[{BK E6) (SAFEMOVI Wi {1} (B€ NiL)} (ATTACEF BN))
((BK E&) (SATEMOVI Wi G5} (BK NEL) (ATTACLP M)
{{bx E6} (SAFEmOVT w» C5) (BE WEL) (ATTACKF BX))))

({wk DB)})
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The geal of sttacking 16 is suggesiad bacsuse Lha black bichop on (6 cannol move. The
MOVE and MOVE]L goals slem Irom various possiblea pins and forks which involve all
black's major pieces, snd s possibls mating ne! which may resul! from some gueen moves
The goal of decoying the black king Is suggested so that lhe black knight on o6 can be
caplured. {(More MOVE, MOVEL, and DECOY goals will be suggested tater) Lastly, two
pians have already besn tuggested Tha firel s not likely 1o succesd and suggesls
sacrificing the whils queen for the black knight in hopes of gelling & mating net with the
rovks {lls LIKELY ia | sinco PARADISE knows that the second check won'l ba mate and it
can'l sos & forcing mova for whits on his third move) Four slternatives ere given afler
the first move, the first two of which involve moving both white rooks to al. The second
plan is | kely o succeead and suggests capluring the black queen with Lhe white rook

PARADISE now exacules the ATTACK KS on the ATTACK goal. This KS produces many
mors MOVE snd MOVE| goals for maves which allack 16. In all, thare sre 26 MOVE goals
and 24 MOVE] goals The MOVE KS is now smeculed Since it has sub-KSes, the
productions in the MOVE KS sre executed for all MOVE goals, and all pattern matches
produced by such axeculions sre kapl in the dats base. Then all MOVE snd MOVEZ goals
are processed by the MOVEZ KS which looks for two move aitecke (This is & normal
execution with pallern matches being daleled after each particular goal is finished)
There iv 8 MOVE goal for gelling Ihe white rook on d] to 17 since this would stlack 16
Execulion of the MOVER KS on this parlicular goa results in crestion of & MOVE! goal for
moving lhe white rook 1o d7 {as the first of two moves to 17). Now the MOVE] KS is
exacuted for aii MOVE] snd MOVE goale A closa ook al the MOVE] goel for (WR O7)
shows thers are now thrae sliridute lists: the one from tha PIN-ATTACK praduclion, the
ons just menlioned (this two-move allack has a LIKELY of | while the other two attribute
liste have LIKELYs of Q), and one from a production in tha THREAT KS whicth recognized
that afler the rook is on d7, the black king mus! move se that the black queen can be
caplured wilh checic The M]UNSAFE production, shown in figure 3.2, is In the MOVE] XS
and matches the (WR D7} goal
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M1UNSAFE P1 503
IF1
£l can lagally move te 503, and
Pl is not mobil 1) SQ3, snd
P1 cannot be exchanged on 503, and

all sttribute lists with preconditions sre removed,
THEM:

post the concept {SAFE) of malung SQ3 sale lfor Pl with sitributes changed
a5 follows: PLAN becomes NIL followed by tha plan in the gosl, and COND

becomes NIL. Go not executs sny more productions in this KS

M} UKSAFE

(1P} SO%)

(PATTERKE LEGALMWE P} 305

(NEVER [PATTERS mOB|{ #; %0311

(RKEVER [FUNCTION ENCHANGE Pl 501})

(REMOVE-ATR-LISTS T ((PRECONDITION NIL}Y)

CACTION SAFE (P} 501) (PLAk RIL {GOALT #Lan)) {CORD}}
(RETuURN))

Figura 3.2

M1UNSAFE production in pretty-print and internal form (MOVE Y K5)

This produclion is fairly straghtlorwerd Pl end 503 sre 1. 'an' sled by lhe goal Deing
axecutsd, in this case 1o WR and D7. Since the mova is not M BIL, it must be made safe.
Il P} could be exchanged, then SAFER would be uted irstead of SAFE Gosls with
preconditions are handied by other produclions. All the atiributes of the goal are
inheriled by the new contep! unisss explicilly changed {ag. SAFECOND, LIXELY, end
THREAT are inheriled). MIUNSAFE produces the following SAFE concep! in the data base

{ali three atlributs lisls wre shown):

{{wk D7}
{({SAFECORD (FUNCTION KEQ OF) bui{fumiTION NEQ OF1 BR)}
FLICELY ©) (THREAT (fORE WR BEx EE))
fPLAK KIL (SAFEMOVE WR D7) ([ (8x WIL) (SAFECAFTURE WA BR} )
{(ANYBUT NE) (SAFECAPTURE WR 8K} }})
(REASON [(MIUNSAFE W% D7) (PIN-ATTACK WR O} 8K BR}) )
((SAFECOND [fUNCTION NEQ OF1 BO))Y
fLiRELT &) (THREAT {({NCK WR B9])
{PLAN NIL (CnECHMOVE VR D7) (B NIL) {SAFECAPTURE WR 30 )
[REASDN (MIUNSAFE VB DT){CniCE-FORCE VR 8O VB D7 BL)) )
{{DECOYCORD (MEVER (Fumitiox CasatTale DPL Q1 F7)})
fLIRELY B (THREAT {PLUS (EXCHVAL WR FE) {LXCRVAL WR F1)))
(PLAN NIL (SAFEMONE WR 07 NiL (SAFEMOVE WR F7) )
(REASOM (MIUNKSAFE Wl DY){m2SAFE W OF FRI{DIRICTZ wll F7 FEMTRAPPED M)} })

118



The three stiribute lists should be eelf-axplenatory since their origine srea known. Tha
REASON atiribule gives a lrace of tha productions which fired to produce & given concapt
snd provides sxpisnstory capabilitles. In PARADISE it is always spparent axstlly why
pian was suggested; thera is no need to frace through obacure code 1o discovar what the
system was thinking about. Thers ers other goals in the dals base after the MOVE XS
has finished executing. Their variable instantistions are given balow:

{THESE ARE GOALS }

(OCCURRENCES-OF Safl)
({WR 07) (W G8) (WD FE)}

{OCCURRENCES-OF SASER)
((WP GA} (WN G5} (W F4) {w& De))

{OCCURRENCES-OF DECOY)
{{ (WG E6 BK))

(OCCURRENTES-OF IWITIAL-PLAN)
{0 (wR E1) NIL (SAPEMOVT Wi E5) )
{ {wR £1) NIL (SAFEROVE R E6) )
{ (W™ F2) KIL (SAFEMONT WK [4) })

The MOVE gosis produced three SAFE gosls snd lour SAFER goals. The DECOY goal
produced by the THREAT KS Is still sround [ addilion [here are three new plans (The
two plans produced by the THREAT XS ars omitted sbove but thay are stili in the da's
bass.) These three pians all have a LIXELY of | and are lrying to sttack the Diack bishop
on [6. PARADISE now sxecutes the SAFE KS which consists of two sub-KSes First the
SAFEL KS is executed on the SAFE gosis and then the SAFER KS is execuled on bolh the
SAFER snd SAFE goals A number of productions in both SAFE! end SAFER match the
(WR D7) goal. Among them is the DECOY-BLOCKER production from the SAFE] KS which
is shown in figure 3.3. it recognizes when an enemy pisce can be decoyad to uncover a
protection of the goal square.

In the SAFE KS, Pl and §Q are instentisted by the gosl (1c WR and 07 in this cass). LP]
and DP| ere instontisted by the THRU pattern in DECOY-BLOCKER (to WQ snd BN In this
casal. The varigbles SQl and P2 in the DECOYCOND sltribute wre the varisbies
instentiated by the DECCY KS to tha decoying mova.
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DECOY-BLOCKER P1 8O OP1 LPY
IF:
Pl can lagally mova 1o S0, and
LP| bears thru DP] onlo 50, and
any concition in SAFECTND matches (on DP1),
THE M
post the concepl (DelJY) of decoying OP) to make the move Pl 1o 59
possibla.  Altridutes are changed az lollows: DECOYCOND specifiss thet the
decoy should not be made slong the line from LP1 te 50 and thet LPI
shouid nof make Lhe decoying move

pLCoT-& Exis

(LPi 50 DPL LRI,

CATTIRN LEGALMOVE Pl G

(PATTERN TrRu Pl DP, 13%

{CrECECON: RAar JCONRG )

(ACTIGN DECOY (P %0 P,

(DECOYCZ™™ NEVER (FUNCTECN LINE ((OCATION LP) SOL 501
fMEvie (FURCTION £0UAL P2 LPIIIIN)

Figure 3.3
DECOY-BLCCEER production in pratty-print and inlernal form (BAFET KE)

The DECOY goal posted in the dale base by this production looks much like the SAFE goal
presentad earlier sxcept thal sach allribule list now has s DECOYCOND sliribute and the
REASON altribute has been upcated The goals in the dals base afler axecution of the
SAFE KS are given below:

{TWESE ARE GO&LS )

{OCCURRENCES-OF DECOY)
(WP Gt BP) (WX GS BN} (W Fé& Ba) (WR D7 3R} (W& D7 30} (W0 E$ BE} (WO FE BO))

{CCCURRERCES - OF FORCE )
{{wB Ad Wi} (W) b3 WR})

{OCCURRENCLY-OF CAPTURE)
((BP WP) (BN v} (BQ WR) {BO WO} (8L VD))

{OCCURRINCES-OF INETEAL-PLAN)
CO(WR E}) NIU {SAFEMOVE W G5} ({(ANYBUT 3K} {SAFECAPTURE W BX) )
{(ANYBUT BR) (3AFECAPTCRL W ER) }))

({WR Ei) WIL (SAFEMOVE WM GS) ({(ANYBUT BR) (SAFECAPTURE Wi B2) )
{{ANYBUT BR) {SAFECAPTURE wx 3R} 1)})

li2



Thare sre soven DECOY gosls. Anolher production in SAFE slso matiches ths (WR D7)
goal and suggesis decaying the black gueen in order ta make Lhis move salse. The goal of
decoying the queen s only suggestad for twa of the three altribute lists since SAFECOND
in the atirnbute sl concerned with capturing the queen with check prevents removal of
the quean Two FORCE goals are gensrated by produclhions in SAFE, since {WE A4) and
{WQ B5) may help the while rook ge! to d7 {especislly f they are forcing moves). Five
CAPTURE goais are suggesied and wo new plans are sugpesisd (sgain, ones described
sarlier have been omilled sbovel Bolh thess plans have » LIXELY a! O, and realize that
maving aithar white rook lo ei may drive the blach knight from hie post, sanabling the
white krught 10 safely slay on g5 and fork black's king and reck. PARADISE now executes
the DECOY KS on lhe sbove goals. The goal of decaying the black knight lo help (WR D7)
malches the MOVE-DECQY production in the PECOY KS.

in tha DECOY KS, P1, 5Q, and OP] are instanlisted by the goal (te WR, D7 anc BN in this
case) whore OP] musl be decoyed (o help make it possibis for Pl to move to SQ
MOVE-DECOY attempls to nstantrale P2 and SQ1 lo & move that would decoy DP|
MOVE-OECOY checks thal DP] walt likely caplure 8 piecs making & threal from 501, that
DP1 will not still bear directly on SQ afier being decoyed to SQ1, that any sacrifice of P2
appears worthwhile, thal DP! i not pinned to & piece so valuable thal DP] won't move,
and that PZ does not besr direcliy on 5Q since & proteclion of SQ would ba lost by the
docay (ths in allowsd howsver whea Pl bears thru DPI onto SO, and is also aliowed in
other productions).

The action of MOVE-DECOY posis a FORCE goal since moving P2 to SQ1 will only be
elieclive i1 it threstens somathung (ie, is forcing. MOVE-DECOY matches tha (WR D7
8N) decoy goal in twe different ways, suggesting both {WN G5 WR) and (WN F4 WR) a3
lorce goals. The following concep! is posted in Lhe dats base ss 8 FORCE concept for the
(WN G5 WR)} mateh:
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{[W% 5% Wi}
CiDECOYCOND (NIVES (FUNSTION LINE [EOCATION &) SO0 O71)
(RIVIE [(FUNSTION [Qukl P2 WD)
CRAFICOND (FuNCYIOX NEQ DRI De ) (Fum{TION NEQ DP) WR])
ELERLLY @] (THRIART (FORE Wk Sc BE},
fPLAK (BN G5} CSATEMOT wi D) {0 (BE NIL) (SAFECAPTURE WR BR) ]
[EamvBut Be) (SAFLCAPTURE o BE) 1}
{LECOY EBK) (REASON [T -DECOY WE DF Wn 0% BN} (CECOY-BLOCKER o D7 BE W)
[MjusSaF] W& DFI{AIN-ATIACT VB D7 BL BR))Y )
(TEPECOYCORD (REVER (FUNCTION o [RE {LOCATION W) 501 DY)
IMEVIR (PUMCTION EQUAL P2 W)Y
(&P ECOND (FuniTION WEQ DF1 BO:) {LietiY @) [THRELY [EMOn WR BQ) |
(PLAN [EK GS) (CM{CTMOVE WR D7) (B MUY (SAFECAPTURE WR 300 )
{DECOY BN {REASON {MOVE-DECOT Wi D7 W (% BN
(DECOY - BLOCCIR WE 07 Bk W) (MIESAFE VR DY YCHECE-FOREE W B8O WR 07 BEY) )
CIDECOYEOND [REVER [FUn{TION (INE (LOCATION W) 301 DX}
CREVER (fumCTION EQUAL P¢ W)}
FUTEELY 5} {THREAT [PLUS [LECHVE WR FE) {IXCMYAL WR E7Y))
[FLAN (BR GY) [SAF[MOVE WA DFE KD [SAP[MOWVE & FI) )
CLECOT Bh) ¢ REASDS (MWL -DECOT W D7 wN 0% BN DECOY-SLOCEER WR DY BN WG)
[MIURSASE W D7){M2SASE WE D7 FRYDIRECTZ WE F7 F6){ YRAPPED BE)) 1))

The DECOYCOND ang SAFECOND stiribdes in ihe sbove goal are no longer needed but
the other atiributes are used by other KSes Tha variable instantistions of all the goals
in the date base bfter execution of the DECOY KS are given below INITIAL-PLAN

concapls are omilted since no new ones have bean posted

[THESE RRE GOALS:

TOCCUREERCES-OF FORIE ]

(1P £6 WY fwN G5 WET [N F& wRE (WE AR WRY [WR 07 o) (WR D5 W) (VR DY W)
iwk DF W) (WA 85 W)

{QLLURRERCES-OF CAPTURE)
(L8P WP (B% wN) (B85 wR) (B0 Q) {BE WQ})

The FORCE KS 15 now sxecuted on the above FORCE goals It looks for any atlack that
may postibly be forcing In the FORCE X5, Pl snd 5Q sre instanlisted o the move baing
propoted ms (hopelully) lorcsng, o 1his case WN and G5 A preduction in the FORCE KS
matches the (WN G5 WR) goal since N-g5 allacks the black king, krught, and rook. The

aclion of thus production is:
(FPLAN [(P] 30 (GOAL PLANT] (TrRELT (PLUS (DMOWVAL P 5Q) (GOALE THRERTIID

This action forms sn INITIAL-PLAN concept in which tho plans from all the attribute lists

with the besi UKELY value are combined o form conditionad branches. Thus the posted

INITIAL-PLAN concep! has a Pian-Language expression that starts with (WN G5} snd then
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branches 1o include (he Plan-Lsnguage expressions which are values of the PLAN
attribute in the two sltribute hisis of the {WN G5 WR) goal which have & LIKELY of O
The threat of sxchanging the WN on G5 is edded o the THREAT sttribute of each
attribute list in the goal In all, five naw INITIAL-PLAN concepls sre posied by the
exscution of (he FORCE KS on lhe sbove goals.  Thay are listed balow.
{OCCURBENCES-OF IRETIAL-PLAK)
(60w B5) %l (SaFirOv] WR D7)
PEelx NiL) [SAFECAPTURE B BR) )
[ CANYBUT B} {SAFECAPTURE WR BI) }
[CBE NIL) (SAFECAPTURE WR 80) ))})
{{WB A&) KIL {SAFEMOVE R D7}
(({Bx RIL} {SAFECAPTURL WR BR} )
({ANYBUT BE) (SAFECAPTURE WR $4} )
(i8R KIL) {SATECAPTURE W BQ) D))
[{wil D7) (B0 DF} (SAFEMOVE WG FE) )
(v Fe)
[(EBN FE) (SAFEmIVE WR D7)
[¢{BE KIL) (SAFECAPTURE WR BR}) ({AKYBUT BK) (SAFECAPTURE W& BX)}))}
(BN FA) {CHECKMOVE WR DZ) (BE KiL)} (SAFECAPTURL wR BQ) )1}
{{W G5}
{([B% GS} (SAFEMONT V& D7)

({{BK NIL) [SAFECAPTURL wR BR}) ((AXKYBUT BL) (SAFECAPTURE wR BK}})})
(I8N GS) [CHECKMOVE WR DF} (BE NIL) {SAF{CAPTURE wR 80} )}))

The first two pilans have LIKELYs of 1 and recognize that (WQ 85) and {WB Ad) will make
d? safe 167 the rook. The remaining three plens all have s LIKELY of 0. The firsl of
thase thres suggests (WR D7) 1o decoy the bisck guasn so thal the whils quasn cen
teka the biack bishap. The last two e the cnas we've traced The CAPTURE KS now
sxecutes the capiure gosin None of them succesd e0 ho naw concepts ars added to the
dats Dasa

The INITIAL-PLAN KS Is now sxsculad, using ali the INTIAL-PLAN concapls mentioned so
far a5 goals [NITIAL-PLAN .oncepts tha! bagin with & check sre matched Dy & production
which posts them as FINALPLAN concepls with no LOSS sllribute. For the non-checking
plans, this KS realizes tha! they will lose the en prise queen for & pawn The (WR 0B}
snd [WN F4) plans sre rejected since thay do not have a THREAT or SAVE stiribute
which justifies losing & quesn All the plane with & LIKELY of | have such @ THREAT snd
sre posted as FINALPLAN concepts (with s LOSS stiribute describing ihe loss of the
quoan). The plans begiwning with the mave of & while rook o El have stiribute lisls
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wilh LIKELYs of bolh O and 1 In ihese pians, lhe LIKELY O stiribute lists sre removed
{because iheir threals are too low), end the LIKELY | allribute lists are retained with &
LOSS asttribute added Thus thera are only lwo FINALPLAN concepls which have & LIKELY
of O: the {WR D7} plan and the (WN G5) plan. The final plan for (WN G5) it shown below
with ail ils gliribute liste
{ [{w% G5}
[EEbN G693 (SAFLPOWE wR O}
({08 NIL) [(SAFLCAPTURE Wi BRY) [(ANTRUT BX) (SAFECAPTURT WR BE}I)D
[(BK G5} (CmECEMOVE W D7) (BE NiL) {SAFLCAPTURE VR BJ) }1))
COTHREAY (PLUS [EXCWWEL Wh 0% (FORx o2 Bx BR)}) (LIEELY D)
{REASON [PLARNDE WS GS)EFOMECE WN GSIOROVT -DECOT Wl D7 Wk G5 BN)
{PECOT-BLOSEIR W (07 BN WD) MIUNSAFF R DP)(FIN-ATTACT WR DF BE BR]) )
(UTHRIAT {PLUS (EXCWVAL WW G%) (E¥Cm wR BOIY) (LIRELY 5
(REASON (PLANDC % GS)EPCHICE wo GS)OMOnT - DECOY vl D7 W% b BN]
[DECOY-BLOCKER WR D7 &1 oF) (MIUNSAFE wR DY)/ CHECE-FORDE VR B W OF BK)) )
fOTRREAT {PLyS [EMOWWAL W G50 (Puys (EXCMval WR PR} (EXCHVAL WR FEF)))

(LIEELY b} (REASON (PLANCE WH GHI(FCRICK wN G5(nOVE-DECOY VR D7 % G5 BN)
{DECOY-BLOCEER wB D7 3K WOI(MIUNSAFL WR D7 {MISAFE W& D7 FP){DIRECTY WR FT FE){TRAPPED BRI

The rajection of the (WR DB} plan causes 8 production to post & DEFEND-OFFENSE goal
lo prevent the biack pawn from capturing lhe quesn Executing the DEFEND-OFFENSE KS
produces six DEFENDTHREAT poals which produce six INNTIAL-PLAN goals Execuling the
INITIAL-PLAN KS ngain resulls in five more FINALPLAN concepts being posted All five
have & LIKELY of | and involve moving the whils queen to » safe squara and then
sttempting to take the biack queen with the while rook The clalic snalysis is now
complate. Twelve FINALPLAN concepts have been posied bu! only twe of them have a
LIKELY of Q. Thus the search wilt first try to show that the (WR D7) and {WN G5) plans

will win maleriat.

This anslysic takes simost 25 seconds of cpu time on the DEC KL-10. {The production
interpretar is nafficiont) Thus & stalic snalysis is costly and PARADISE iries to avoid
doing such an snalysis by using its plans 1o guide the search As chapler 6 shows,
PARADISE has baan very successful in [his sndeavor.
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The following list mantions soms of the more important festures of the static snalysis
procass in PARADISE:

-The static snalysis is done enlirely by the production nies which can
easily be modified ta incresss or make mors precise the nowledge
available to the system Thess sama rules are alsc used to interprat plans
snd communicate knowledge I the ires search

-Each concept (and plan} produced has s REASON allribute lisling each
production that matched in the process of suggesting the concept. This
provides » good axpianation of sxacily why PARADISE balieves somathing.
This is halptul lor qrick debugging and sasy modification

-The atiribute lisls of esch concepl contain emcugh information so that the
system essentially knows “why" it is doing something Thus wrong ideas can
be discerded readily snd combinalions of ideas that ae anlithelicel to sach
other can ba svoided

-The plans preduced by lhe sistic analysis sre quite sophisticated The
exsmple pian shown above will guide the search for 5 ply, but contains
encugh information to ensble quick sbandonment of the plen if it is nol
working Tha information in tha stiribute lisls allows for comparing of plans
and fairly sophisticalec cutcils in the tree search (sse chapler 4).

-Tha analysis |s not amsily led off the track in the sense that most plane
suggesied make some sense. Few ridiculous plans are sujgesisd
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CHAPTER IV

Controlling the Tree Search

A} What makes & geed tree ssarch?

Whenever & tres being searched Is so lergs that the rescurces svallable cannot saarch
the entire trea, the ssarcher musl provide for terminating tha search befors available
resources we axhausied H is usefd 1o clessily search sigorithms s
knowlsdge-controfled or parameter-controlied based on how lhey terminate. A
peramater-controlled search is conirollsd by & sel of presel paramelers which cause
termination whan some featurs of the saerch exceeds some limit specified in u parsmeter.
To ba parsmeter-conirollad, s! lssst ons of the parsmaters must concern somathing
urrsisted to the relationship between the current node snd some goal, such se the size of
the trea or smount of eifori expended All the terminations in such & seerch need nol ba
tousec by the paremelers; the dislinguishing festure is that without the parameters
crusing soma lerminations the sesrch would not converge snd terminele in & ressonsbis
period of tir Nearly all compuler chess programe empioy parameter-controlled
searches with the mos! importen! parameter for termination being a depth limit on the
sagrch

A knowledge-conirolled search is controlled by festures of the problem snd informetion
discoverad during the seerch ‘When the search ls iermingled at a node, it is because of
soma reistionship batween this node and 1he goals of the ssarch Sludies Indicate that
human chacs grandmgeters use a knowledge-controllad search, deciding to terminale the
search when 3 definite evaluglion of g line hee been determined, & particuler problem
soived, or o discovery made. In thie wey & grardmester searches very few nodes which
ore not relevant te proving thet one move ie best In the origingl position Maximum effort
limits cortainly exist for humans, but o grandmesier will rarsly sbenden Investigation of o
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criticel line in s tectically sharp pesilion becaume of Inadequets mentel sbilities. it should
be noled tha! the distinctisn belween knowlsdge-controlled snd parsmeter-controlled |s
not formally defined There cen ba furziness sbout whether a given trea-pruning device
is making & velid hnowledge-basad culoff or ls using & lille knowledge and » iot of
concécn sboul emount of efiort to make 3 cutoff not raslly supported by what is known

it has besn srgued elsewhera (a.g. in [Berliner74] that the searching algorithen of &
knowladge besed chess progrem should be hnowlsdge-contralled A persmeter-controlled
search with 8 depth [limit misses combinstions despar then its dapth limit,
Knowledge-controlled searchas have nol been practicsl for computer programe becsuee it
is hard to get tham o converge Convergence esems (o require that many nodes be
m@:ﬁntrﬁnﬁuﬂuﬁlﬂﬂrtﬁtwdﬂluﬂ moves be seerched
st most nodes

Whan only subsate of the lagel moves ot s hode sre searched, & program cen T in ite
nﬂrﬂnmﬂmlhbu!muinadur&udllim Often tha best mava in @
position is subtis and will not be neticed by @ compulstionally inexpansiva move selactor.
Many chass programe have sedrcthed only subsels of the legel moves. Bernatein's
{Bernstein53] wae the first, while Greenblatl’s wae the first to play with class C strength
The Northwestern program slso did nol search all the legal moves in its sarlier versions
Some of !Mummm-tﬁdtlrwmniﬂuthhﬂ move; lor exampis,
by re-initislizing & broader ssarch when the initisl search returne an unsalisfactory result.
However, ol ihave programe iefl ‘sr short of experi performance and one of the
contributing factors ls that soma good moves are naver ssarchad CHESS 4.7, the current
version of the Mhm“mmlmlnﬂmﬂmtnhﬂm“
belier chess than eny program befere i

m;m-umwrﬂnmmdmmulhqrrlr-lyninthcbnt

mova Prwoﬂnaiuth-hodmmthwﬁwuuwmm

te uss in selacling the moves to sserch However, any commilment to spending @

ﬂpiﬂcﬂmﬁﬂrmrmmmimwm.drudtlnnrn

coduction In the size of the sserch iree to keep the problem tractable Berliner's
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progrem employa more knowledge then any previous progrem and can search desper since
fewer moves ars sesrchad ol sach node. Howsver, tha emount of knowledge encoded i
very small comparsd to that of & human master. The program uses a
peramater-controlled search and misses the best move on occasien 1t iy difficult o edd

mors knowladgs to the program

The spproach used In PARADISE to the sbove problems le to use 8 large emount of
knowisdge In the analysis in order 10 aveid skipping the best move The ides s to add
the missing knowlsdge when (he best move is skipped, untll the progrem resches a given
leve! of performance. The knowladge baee is desipnad for sesy modilication so that gaps
in the knowledge con sasily be filled To offse! (he expense of using knowledge,
PARADISE uses s small knowledge-controlled tree search

To schisve convergence in lha search, every possidle effort must be made 1o lsbel nodes
s lermingl without Introducing errore  Many possible terminsling criteria require
knowisdge on the level of understanding used by human masters. A grandmaster looks al
the fastures of & particuler position and uses Na evaluation in tha global context of the
trea, knowing what probiem ha is trying to soive, and then decides (using this information)
it the position merits more search or nol. A program mus! use similer techniques to
oblain & knowledge-controliad search A program needs to svoid searching positions
when the resul! will net aftfec! the oversll sppraissl of the situstion To do this, it must
recognize positions that are loo poor for the side on move (ha's made 5 mistakse), too
good lor the side on move {lhe opponent’s made 8 misteka), and positiors irrelavent to
the current problem being solved A program should asiso terminate whenever further
rosuts from the current line will nal sffect the top level choica of move, when »
particular plecs of informetion hes been discovared, or when sesarching the current line is
no! the best way 1o oblain & rewdl.

PARADISE uses techniques like 1hose mentianad above Lo schisve g knowledge-controlied

sesrch within Its domain Thers is no depth limil or other artificisl cuteff. PARADISE®s

knowiadge-conirolled search ralise on three things: 1) the lerge knowisdge Dess which

can be brought 1o beer for anglysis, 2 the pregram’s ability le cemmunicate infermation
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from ona part of the sasrch tree te snother, and 3} the sssumplions mede sbaut the
domain {in particuler, thal tha position is {actically sharp end the offense has prospects to
win materisl). The originel designation of offsnse and defense is naver chenged by the
program. The search is wide snd deep snough to find many combinglions {ag., tha 19 ply
combination given in chapter 1J. The remsinder of tNe chapter describes the sesrch In
more detail, showing the lechnigues vaad 1o schiave & knowledge~controlled search.

{N.B. During this discussion. the program is consigersd 1o ba growing itx search tree
downmards from the originel poailion which is the rool aode af the top of the free.}

B) Overview of PARADISE's ssarch

1) intredustion

Most sesrch-orisnted programe search sech move in the origingl position in order to
determing its “trus™ valus, and then seiect the move with the beet vaiue. {A “irua” velue
would be win, fose, or draw, bl during this diezussion & "lrue” velue ls considered !¢ be
the evaluation » humgn grandmaster might produce efter @ fow minutes of enelyzing o
given move) PARADISE's search smplays & diferent paradigm The search's mission is to
prove thet one move in the origingl pesitien s batler then srwy other. This con often be
dons without knowing the “trua® veive o! sach move. For exgmple, saupposs thet in some
position ons mave will isad te u compiicoled mate while n3 sther move loade to en
acdvenisge. The pregram dees net need te prove thet the winning move ectusily leads to
mate {the “trus” velus). Onge 1t hee been shown that nens of the other movas forces an
adveniage, it is erly necessdry to show thet ihe mating move ieede to some sdvartage
(witch may be much sasiar that showing the mele).

W?llﬁﬂﬁmﬂ:ﬂhlﬁﬂdiﬂllﬂnﬂmimm-l-ﬂod to

ﬁlﬂﬂmlrﬂ.ﬁtﬂﬂvﬂiﬁih&mﬂlhﬁnﬁﬂ {The idesa of having & program

wrmmlﬁiwﬂﬂfﬂwh[m?ﬂ) To show lhat ons movs is

besl lnth.u%ﬂndtmuilmmllmthﬂlhmm'ﬂh
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rongs of one plan v betisr than tha upper bound of the ranges of ell other plans
PARADISE continuas to Iniliste searches which narrow the ranges of plam being ssarched
{possibly unlil & renge converges o & single vaiue). Eventually the ranges ere narrowed
enough to decide that one move is besl. A plen may need to be searched mors than once
during this procass. The search could ba described 89 “progressively despening”, a term
DeGroot usad to describe the chess analysis of human grandmesters ([DeGrool65).

The program snalyzes the situation sl the top level sfler sach narrowing of & renge 1o
cdevelop & strategy for proving that ona plan (s best. For sxample, one sirstegy might
prove tha! sll the moves sxcept the best so far cannot win, while sncther strategy might
prove that the best move o0 fav wine convincingly. The dfferent strslegies used e
described in seclion G of ths chaptar. By continally resssessing the situation, PARADISE
svoida Investing a lot of effort in an endeaver which may not be helpful in showing that
ona move is best. This is important in order lo oblain B knowlsdge-controlled sasrch
This format sesrching paradigm was first developad In Berliner's Bs: sesrch (see
[Berliner79], and will ba made more concrale ae the details of the system are presented
in tha remainder of this chapter.

Since the calculation of primitives is sxpersive, PARADISE slores sach position and ol the
information caicuisted sbout il on a disk fila. This mekes the coe! of searching e line agein
reasongble. Searching s plan relurns information in the form of s lree Thesa trees
corraspond (o the tress traversed during the search, with a certain amourt of information
st sach node, Including lhe following: the plans sesrched, the stiual moves which esch
plan causad to ba sesrched, lhe range of values oblained by seerching each plan snd aach
move, the resson for termination of sach search, s smell number of pailerne that were
maiched st this noda, the name of the disk fls which has more Information sboul this
node, enc any plane which havae nol ye! been investigsted Thees lrees are kepl in core
which {s possible since PARADISE grows small trees. They provide Informetion which can
be used for many purposes including deciding whare {0 sesrch naud, analyzing why & pisn
(siled, and reconstructing a line which is to be searched agein

Each eeprch Iniligled from the top level is best-first. PARADISE seerches depth first
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down & line (a0 shown in the exampie sesrch in chapter 2) but keeps treck of unsesrched
siternatives and their expectplions ae it goee down o ot 30me point one of the
unsearchad sliternstives seems be'ter then the current plen, the current line of sesrch is
termingted end the seerch backs up te try the more promising siternative. Deciding which
unsearched plan is mors promising ls not based siricily on the mpectation of sach pisn
There is & cosl invoived in sbendoning & (ine end then Ister coming beck to It so
PARADISE s reluctent to sbendon the current fine. TN reluctence (described in section
G of this chapter) diminishes s the current line's depth in the tree becomes larger than
the dapih of the sllernative. Termingting the current line inserts information in the tree
which |s used whanever the line I3 sesrchad agsin (lor example, if the siternstive lsils
and the system decides tha origingl line wee best after al). Re-searching lines results in
progressive deepening of the trea. The details of this are described Ister In this chapter.

With the best-firsl sesrch, the program siways sesrches irom what it thinks is the most
promising non-terminal node In the tree. This type of search |s necessery for PARADISE s
search to be knowledge-conirslied Without sbendoning lines for betler alternatives,
PiﬂMMinmmmwwmﬁ:#mtmuinm-u
poor line work. The succese of the best first sesrch depends on the ability o meke
regeonable decisions sboul which siternetive is mere premising. The lactical sharpness of
PARADISE's domain make such decisiens sesier thar thay weuld be in positional situstions

The search is conlinuglly striving te wrrive of & quiescent position before evalugting.
Given the importence of quisescence, the seerch con be divided into fawr major
components: {he oflensive search, the defensive search the quisscence seerch, and the
top-level seerch sirstagy. (The pragram is initially told which side Is the offense and this
io not changsd during the search) The sffensive search malpe decisions which controt
the sesrching pracess whenever the offence is on move. R slltempts to termingte
whansver peseibis and when [t cannel, it decides which oifensive plar 1o ssarch next.
Tha offensive esarch is described In saction C of this chapter. The defemsive seerch
controle the searching pracess when the deferes is sn meve. It is concernad with finding
the move which will best thwarl the effensive plan, and Is describad In section D of this
chapler, TMMMtﬂuhlﬂmthmuthow;ﬂthnby
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playing {he bes! move or two for eath side unlil » aquisscenl posilion ie resched [l is
describad In section £ of this chapter. The top-level search sirategy decides where 1o
ssarch next In order to prove (het one plan is best. This involves deciding which nodes
are most promising and efficiently resterling » search ihat hes De suspanded  Thiw
aspact of PARADISE ls describad in section G of this chepter.

[t should be noled that PARADISE s search is not strictly s best-first ssarch, bul more like
Beriinar's Bs sesrch {aee seclion M of this chapter). A classical best-firet search does
not usa ranges as values and does rot select differsnt strategies o the top lavel. One
other ditference is PARADISE's use of pians to guide the sserch Once & plan ie seiected,
it is used until it ls exheusied or until the program defermines thet It is not working.
Decisions aboul which node is most promising ere affectively made only when PARADISE
changes plane, and not gt every node e in o clessical best-firs! search

2) Maasures ueed in PARADISE's ssarch

To obtain s knowledge-controlled search, lhe program must make svery possibie effort to
lerminsta branches af the sewrch Branches which sren't succeeding should be terminated
imﬂﬂﬂrﬂwmm“wﬂmﬂhtrﬁnﬂdumnmﬁ
informalion hes been oblsined lo haip show Lhet the inilig move is best st the top node.
PARADISE can only guess st how much is “enough”. it does this by defining a value called
the threshoid, which i3 inilisily sel to & valus of sbout & pawn snd two-thirde The
sasrch Is terminsted whenaver tha {hreshold is achioved {La, the offense hes won at
lsast @ pawn and two-thirds). The progrem realizes that a larger sdvanisge may be
achieved, and may ister restart the search from the paint of terminetion after selting the
threshold hghes.

Many terminslion declsions involve decidng when s position Is tos good or 100 bed for

the side on move To do (his the program must have an expecistion of the value of &

poeition snd be abie o change thet expectstion on the Dasis of newly discoverad

Information. A major problem is deciding when to be satisfied with » resdt. Closaly
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rolsted 1o this (s tha problem of oblsining satisfaction with as fittle effort as possible.
Tha way PARADISE expresser the velues of positions and ils axpectstions, described
below, halps soiva both thase probleme

H con be very axpensive lo find the “trus” value of a position since all conlingencies
must ba Investigated to de so. Since ol that |s needad ie encugh informption te show
thet one move |s betier then snolher, PARADISE does not worry sbout oblaining 1he value
of & position. Rether in determines a range of values that the posilion lies In and narrows
the range {brlnvmiummum:humlnmmﬂmmn ]
bast. All renges have s bottom and & lop whers the boliom is tha bast velue the
defense can hope !0 achisve The offensa hae proved the! the bottom of the range can
be schisved The 1op of the renge is 1ha best the ofiense con hope lo schieve by
investing more effort. This usually doas aol invoive & prool, but is mersly an oplimistic
avaiustion of potentipl threats

The bottom of sach renge is "hard™ in 1he sense thet it reflacts o resull from the search
The top of esch range |s often “soft” since it reprasents & very optimistic sppraisal that
may have no basis #s yet in the ssarch resuile A proof is involved in the botlom of the
range since the defense slways invests totel effort until & splisfactory resull has baan
schisved This is besed on the sssumption sbout PARADISE's domain thet one side cen
win materiai. The defense is alwaye eatisfied with aquality or batter.

Comparing values of pesitiens and detarmining success iv more complax when the velues
are renges rather ihen inlegers For e~ T sipha-bels sigorithm becomes more
complex whon the gipha and bels values are ranges. (PARADYSE™s slgorithm is described
In section C of this chapter) Figurs 41 shows nine messures used in PARADISE's tree
search when it is snslyzing 8 perticuler node. (Nine Is not o lerge se it ssems, since sech
range prodces lwo messurss Instesd of ene) In the diagram, tha offense i trying to
schigve 8 positive scers while the deferwe is trying to schiave ¢ negalive scors.
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Figure 4.1
Maasures ueed in the sesrch with ranges of contention and aspiration

Of thase § messures, 6 are the two end points of 3 ditferent renges. Magsures & ond 8
define the range which represents tha sipha value of the sipha-beta sigorithm, while
messires 5 and 9 define the range for the bets veive. The INrd renge is the current
velua of tha position which is defined by mesewres 2 snd 3. This range is nol usad by
the search to contrel tree growth but rather is the “snewer” relurned by the search It
ls included in the disgram 1o show how the sveniusi resut usually relstes lo the othar
messwrss. The ciher 3 messures are not perts of ranges. Messire | Is simply the result
of applying the evalustion function to the current board position This value |s usad
froquently in caicuiating how » perticulsr tivest reistes to tha other messurss In the
disgram Messure 7 s {he expacistion or the currant plan, and meossure 6 s the
theoshold which 1he search uses 16 deecribe how much informetion it wishes to gain from
the current saarch

Th-rdntiuudtriummulh-“m#dtham}oﬂlrafmmma!
the mossures can heve somewhet differant reletive orderings These messurss we



defined in more detail In the lellewing parsgraphs {descriptions of the consiraints on the
relstive ordering we Includedl. The upper sounds ¢! tha three ranges (messures 3, B,
and 5) are fraquenily the seme velue In practics, snd need not be cerefully distinguishad
by the resder. Esch meseurs fisted I» numbered and describad below.

1= Current svsiuation. This 1= merely the result of soplying the svalustion tunction to the
current posilion withewut checking for gquisscencs It may have sny relationship te the
othar veluas in tha disgram since the trus vaiue of the poaition {after gquisscence} may bs
infinitaly differenl In either dirsclion when tha offense is sbeut to search & plan, the
ssarch requires that the current evaluation (1) added 1o the lhvest of the plan must be
larger than the lower veius schisved by the offense {4).

2- Lower curreny value. The purpose of the sawch s 1o dafing this value. Il is the
value the offense has shown it cen oblain in this position This value is not known wuntil
tarmination of the saarch st this node since It can only be calcuisted by saarching untii a
quisscen! steie is resched The cllenss ls trying to improve thiz value to meet his
expectation {71 whila the ceferse hopé: to keep this velue below the lower value
schiaved by the offenss (&)

3- Upper current vaive. The sesrch is sisc lrying to define this valua ([ is the bas! the
oftenss could hopa to oblain if its most threstening unsasrched pian would completely
succesd The program does not caiculsts this value unlit tarmingtion of the search at this
node. This vaiua is never grester then the upper veiue the defense achieved (9) end
revar lass Lhan the sxpectstion (7} or tha lower current velus (2.

4- Lower vailus tha offense schisved. This is the bottom ol soma range whith the
offense has achisved on snather branch of the veristion leading 1o thie node. This is part
of the sipha velus used by ihe siphe-bels sigorithm.  The offerse hes proved thet ha can
achieve ot laset this much on this branch end is not intarested in oy node whoss value
wilt be less then this. This is the lower bound of both the currant and ultimate renge of
contention Tha ssarch will navar investigele nodes whosa vaiue is outside either range
of contention I 8 node is ouiside the ulimale range of contantion it can be lerminsted
forever, while & node which is only oulside the current renge of contention cen be
terminated with provision being made for possibly returning te saarch agein ! this value
is not defined, It s sssumed to be minus Infinity.

B- Lower value the defense schieves. This ls the bottom of soma range which the
defense has schieved on sncther brench of {he varistion isading to this node. 1t is less
than or squel 1o the upper value the defenss achieved (9) which is the carresponding top
of the renge The ofianse can do ne better than this vgius unisss ha rsturne to the
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branch from whuch this valua cama gnd invests more effort to improve the resull {possibly
vp o the upper value [he delense schisved) This is used e part of tha bela velue for
the alpha-bale sigorithm  Any culolls made using this velue wre not final since the
defense may not be able (o achveve this vaiue if the offense invesls more sflort. Any
aipha-bais cutolfs made with this value insert information in the tres which can be used
to undo the cutol! ister This veaive defines the upper bound of the current range of
contention (ihough not of the ulimale range of contentionl The expectation (7) may be
greater or less than this value The search ia no! inleresled in lhis node unless the
lower value aschieved by the olfense {4} is lesa than this value ! thiz vaiue iz not
defined, it is ascumed 1o be plus infinity

8- Threahold, This is the threshold defined by the bast-first seasrch stategy. The offence
will be salished for now « it can achieve this much Tha threshold is graater than the
lower value lhe olfense schuaved (4). Once the {hreshoid is altmned, plans which sre not
hikaly to succesd gre dropped Irom considerslion Even if the thrashold is schisved, the
search sirstegy may later return to this node to cearch it sgein with s higher threshold
At the slart of 8 new problem, the threshold is initially sel to [ha value of winning & rook
for bishop axchange {i.a, slighlly less than 2 pawns).

7- Expactation. This is the value the oflense expects Lo oblsin by searching the current
pan It is celculsted by adding tha threat of Lhe current plan o the current evaluslion
{1). It may be larger or smaller then the threshold (B), bul will never be out of the
ullimats range of conlenlion {&-9). This is lhe upper bound o! the offense’s range of
aspiration for the current plea |f & plan 1s not searched, this axpeacistion may be used lo
determine the upper curren! valus (3} U lha search ever schiaves this expecislion it
sssunes no batier resull can ba obisined for this plan

8- Upper velue ths offanse achlaved. This is the top of soma rangs which the oflense
has schieved on another brarch of the veriation lesding to ths node Il is hever less then
the lowsr value the olfenss schisved {4}, and may ba used tc delermine the curren!
uppar value (3). Like the lower velue the ofianse schisvad (&), this value is usad s the
slpha value in the siphs-bels sigorithm  ‘Whan this value is used the cutoff is fingl. If
this value Iis no! dafined, it is sassumed to be plus infinity.

- Upper value the dafenss schiaved. Thiz is the top of some range whith the defense
hes schieved on anolher branch of the variption leading 1o this node. None of the other
eight valuas is ever lerger than fhis ona.  This value dafines the upper bound of the
ultimate range of contention Like the lowsr vaiue the defense achisved (5), this valua is
used as the bata value in the alpha-bets sigorithm  When this value is vesd, the culof! is
final. If this value i» not defined, it is sssumed to be plus infinity.

128



C) Offensive ssarch

1) Overview

An overview of the offensive search Is prasented In the flowcharts in figures 1.3 and 1.4
of chapier 1. This saction describes in detail the processes referred to in thess
flowcharls. La! us sesume the search v locking st & new position wilh the offenss to
mova It firet tries to terminale based on the valua of the pesition If the current
svaluation le es good for the offerss es either the lhreshold or the sxpectation (which
was celculsted 2 ply serlier), then the quisscence search {described in section £ of this
chapter} ls spplied to see If Lhis valus hoide. if so the search terminstes without further
investigation of this node, and the lower currenl value becomes the valua returned by
the quisscencs sesrch

Whenever PARADISE lerminates, it must put Information in the tree to be returned for
use should this line be searched agein in an sffor! Lo improve the velue for Lhis node
For asch point where the search may be re-initiglized, 8 RE-SEARCH pointer is inserted
in the trea. If the sbova terminslion happensad becauss the sxpectstion was met,
PARADISE sasumes that the valus will never be improved upon In this cese the upper
currant value ix the same &3 lhe lower current velus wnd no RE-SEARCH pointers ars
inserted in the trea Things sre different if tha axpectstion has not been met snd
terminalion is resulting from tha thrashold bain, schiaved. In this case, the current upper
value becomes the sxpectstion snd one RE-SEARCH pointer which stsies that s sistic
snalysis should be perfermad in ths position {to sbtein plerme for improving the value) ie
inserted In the frea

it the larminsiion sttemp! has failed, the search tries 1o find the best plan for the
offenss. Ii would be simpie (o do » static analysis and use the plens suggested, but this
is too expansive. To reduce the effort, the seerch uses the lollowing four sources of
plans (see figurs 1.3): 1) plane demended by the plan currenliy being axecutad, 2) plans
which are sbviausly winning, 3) plans suggested (bul not demanded) by the plan currently
being sxecuted, snd 4) plarw produced by 8 slatic snelysin Plane e suggested for

saarching by weing thess ssurces ene by ene in the given erder untii the search returna »
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succassiul resull.

The current plon makes » demand when [t specifies 8 particulr move rether then » goal.
{Mosl plans uss gosls like SAFEMOVE rether than spacify & particular move) This is the
simplest and fastest way to get o plen for axeculion The specified mave is seerched
aftar checking that It Is legal Wilh the exteplion of LEGALMOVE, tha primitives are not
calcuisted for the curreat position These plans wre tried first becauss they sre
inaxpensive o oblasin end becsuse the currant plan usually does not specily s perliculer
move uniess it Is sure thal It is the bes! move Particue moves ars lypically specified
in wsacrificial plans where the branch which matches when tha defenss caplures the
sacrifice will apacity a particular mava In reply.

in genersl, Lhe plan being axacuted has branches only for the best defensive moves. In
most positions the defense hes ¢ large number of poor moves which il iries efler ils best
onas have feiled Since the continustion in the currant plan wae masnt te smswer the
batter defersive moves, it will meny times nol be the best plan ageinst 8 poor defensive
move. {(For sxample, If the defenss maves his gueen an prise as o lest ditch etforl, the
olfense should ceplure the queen rather than continue wilh its plen which wins 8 rook)
For ihis resson the ssarch uses obviously winning plane as ile second source of plans
before trying the plan currently being sxecuted Obviously winning plans sre found by
posting 8 QURESCENCE concept in the data base and sxscuting it. The QUIESCENCE KS
sventusily produces plens for eny obvious sttacks that workk This is essentially » smeli
ondd inexpensive static snalysis with limited knowladge Most of the expense of this
celcuistion stems from celculating the primitives for the curremt position, but these need
to ba calculsted before axscuting the current plan in any case. This same calculstion le
used to genersie moves in the quisscence seprch

Many limes one of the sbviously winning plane le epecified in the plen currently being

exscuted (PARADISE will maich » particar move to its corresponding gosl such as

SAFEMOVE, SAFECAPTURE, eic). When PARADISE finds this to be the case, it skips the

search of sbviously winning plans end goes direcily to seerching the current plen When

searching an obvicusly winning move, PARADISE will not do a ststic enslysis any time
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during the search [f the plan iz obvisusly winning, the win shoud be discovarsd by
executing the plan and either doing o quisecence sasrch or irying mors obviously winning
plans. This keepe the search from growing & lerge [res while ssarching sn obviously
winning move, but In soma ceses the win may no! ba found For this resson, PARADISE
kespe track of which plans were saarched as obviously winning plans and may search
them sgain (if sverything elva fails) to oblain 8 better value (allowing static analyses the
necond tima). This way of ssarching obviously winning pians helps PARADISE gel correct
resulls with isse efforl. This is lergely due to the fact that PARADISE's snalysis of
obviously winning plans is 30 accurste that thay rarely fail. ‘When they do fail, a diffarent
win is oftan lound, 90 segrching tha feiled plan egain In oill unnecessery.

Tha sesrch uses the curren! plan ss Its third source of plana The current plan may
provide more than one goal, snd esch goal mey produce & number of slaborsted plans
sfler axscution The sserch must decide which plen is tha best one to search first and it
must also detec! plam which sre not working and sbandon them befors more afiort is
wostad As menlioned in chapter 2, the plans have been consiructed 1o express lheir
purposs accuralely. This is the principsl methed for sbandoning plams which sren't
working Tha plans themselves simply stop suggesting thinge.  Non-woerking plans are also
sbandoned by the cutolfs described Ister in this section and by eveluating their threat
language axprassion n the context af tha cwrrent pasition to see if they sre still
thrastaning. This re-svaiuation of thraais alsc halps selact tha best slaborated plan irom
smong ihose suggesied by sxecution of s gosl In the current plan In ganarsl, the search
wili execula goals in the current plen In the order they are given axcept that workeble
gosls sre trisd befors non-workable goals. A goal is worksble if the movae it Is trying to
suggest is beth lsgal and saia (The system knows which mova ie trying to be suggested
by goals such s SAFEMOVE and SAFECAPTURE)

The fourth source of plane usad by tha seerch is static snalysin This is used only s

last rasort since It ls computalivnelly sxpensive. [ cennot be svoided in meny cases

because it is necassery o find threats which the apponent has permitted by his last few

maves. Such thrests cannot always be forsseen o the lop isvel. A sislic snalysis is

sccomplished by pesting 8 THREAT concept In the date base except when tha oflense is
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in chack. in this cane 8 DEFENDMOVE concepl ie posted for each defensive move which
captures lhe offensive king The stalic snalysis process (s described in chapter 3, end
chapter 2 briefly describes the ordering function used 10 order the plane produced by the
stalic anelysin. The besi-first search strategy will sometimes terminate the saarch
bafors & static snalysls is done This is described in saction G of this chapter.

Onca & pisn i selacted from one of tha four sowrces mentionad sbova, it is sent to the
SEARCH routine which s Nlowcherted in figure 1.4 and described In the next section



2) The SEARCH reutine
Tha SEARCH routine controle 1he actual saprching of all the plare produced by the current
source of plans (described in ihe ipsl section). it sttempls Lo use ol availsble information
to snsure that theee pleme ere ressonsbls !0 sserth it mey wee available Information to
improve & pish befors search [f o plan does nol succead, en snalysis of this failure is
undertaken in an sttempt to discover tha prablem Each action tsken by the SEARCH
routing le describad below, roughly In the order In which thay we taken

REPETITION

If tha curvent position has occurrsd sarlier slong this line of play, the search is lerminated
Immadistaly end both the lower and upper current vaiues ers sel to O PARADISE
sesumes the defense will be eatiefied to claim & draw by repetition

SET EXPECTATION

The SEARCH routineg orders the plane from lhe current source eccording lo their
expeciation In ihe following descriptiona, the best pian actording to thin ordaring in the
current plan and the curren! expectation is the ampscistion of this besl plan An
axpeciation is calculated from an atlribcte list by he slgorilivn described in section C-4
of chapler 2 Briefly, it takes the minimum {since the defense wanle a negalive score) of
the following lwe calculstions: 1) 9 normal evalusiion of SAVE sdded to @& normal
evaluation of THREAT, end 2} & normal evalustion of SAVE added !{o an oplimiatic
avalustion of THREAT with s normal avaluation of LOSS subtrected from this The idea is
that the defense hes the choice of defending against the offense's thveat (case 1) or using
counter threats (cose 20 in which casa the offsnsive thresl becomas mora powaerful.
Theesse evaluslions octwr (n the context of the current posilion sven though the
Threst-Languags expressions being svelusted may have bean formed while enalyzing e
pravious position Given the celcusled sxpecistion of sach stiribute list of & plen, the
syslem choases (he bes! (meximuml ene which comae from g Tlikely-to-succaed” sitribute
list ae the expectstion of the plen. This maens thet If some siiribute lists have o LIKELY
of O, then ones wilh & LIKELY of | wre nol comsidered in iha ceiculation (if the
expeciation Is too low, only the LIKELY O sltribute lisls are terminated by the sserch s¢
the current pian may be searched agein wilh ite LIKELY | attribute liste Deing beet) The
currant axpectistion s raver permitied (e bs Ngher then the upper velus echiaved by
the deferse.



EAME PLANK AT HIGHER LEVEL

Most chass progrems invest atfort sesrching a number of movaes In avery possible order.
Many times s move which looks good in the origingl position fails and is then tried 2 ply
deaper In the tree (siler sn sllernglive move in the original position) since i1 slill looks
good Frequently, the alternative move will have no affect on the original move snd so it
is doomad to fell 8t ply 3 jus! ss it did ol ply 1. Nevertheless, mos! programe will search
it ot ply 3 {and ply 5 il thay ge! that deep). Human masters know why & move has failed
and do not search il again until something makes the mave [ook more promising.

Many times PARADISE will not sasrch such a move agein ot ply 3. It does this by keeping
track of all the pisns suggesied as il goes down the tree. [f the current plan s the same
as one suggested sarlier and looks no more promising now, then it is tarmingled without
saprching.  (The SEARCH routine steris over axd ceiculales a new expactation lor the
romaining plans} A plen looks "no more promising now™ if al its eliribute liste wre the
same 89 tha other plen's i ol atiribule lisle ors the same, then the two plane have beaen
suggested for axactly the same ressons and have the same THREAT, LIXELY, SAVE, and
LOSS sitributas  In such cases it is fairly certain tha plan will not waccesd in the current
position if it {sils serliar slong the same line. This certainly rests on the assumplion that
these are laclically sharp plans In facl, when PARADISE suggesis ¢ plen that is mors a
positional suggestion ihan o sharp teclic, i1 inserts an allribule which axcludes the plan
fror. this culaff. Another resson lhis cutoff does not introduce unaccepiabls error is tha!
PARADISE's snelysis is sophisticated snough 1o know why @ plan has been suggested
This snalysis includes a delailed dascription of a plen’s expectation, engd any Improvement
in tha situation will generally change this axpectation Terminstion by ihs cudclf doss not
sffact the current value or insert RE-SEARCH pointars in the irse

PLAN ROT LIKELY TO BUCCEED

If the LIKELY atiributs of the curren! plen is preater than | {ie, the opponent hes 2 or
more non-forced moves), then [his pign is terminated without searching. (Thie is actuaily
snforced in the static snalysis since PARADISE's stalic snalysis no ionger produces plans
wilh & LIKELY grester than 1) PARADISE wili not concatenale € Dl with LIKELYs of |
slong the same ling. This would have the same affect ae trying o plan which has & likely
of 2 or Isrger. Once sgain the velidity of this cuteff rasts on the taclical sharpness of the
domsin and on PARADISE's accurate calculation of LIKELY velueas In positional situstions,
the concep! of a forcing move would not be an spproprisls messurs of likelihood of
success Thare are certainly facticsl combinstions that have mors than | non-forced
defens.ve move It is hard Lo say how importanl such combinations are 10 good chass, but
this restriction has nol hampered PARADISE in eny of the {00 test positions. [t should be
noled that the concapl of g lorcing move is fairly general In PARADISE R includes no!
only atiecks on piaces which mus! move (o safely, but also threals to gel 2 piece to an
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importenl squars. Thus Lhe “not-likely” restriction is not s restrictive e it may seem

PARADISE siso refuses (o ssarch plane with & LIKELY of | when it hes besn shown that
the offenes can achisve {he initly threshold velus (ie., the offenss will be ot isast rook
tor knight sheadl. Ths cutol! dees net affect the currest velue or insert RE-SEARCH
pointers in the tree. This In pert of the beel-firel search sirptegy and ie discusesed in
mora deteil in section G of this chapler.

INSERTION OF RE-BEARCH POINTERS

Whenever {he search |3 lermingled, RE-SEARCH pointers may be Inseriad in the tree to
be returned TNt sction is describad hers so [l cen be referred Lo throughout this
saction To Insert RE-SEARCH pointers, PARADISE crestes one pointer in the tree lor
aach piah woﬁnﬁbrtﬂmﬂmﬂplw%hmtyﬂbnndiﬂiuhd
from considerstion Ths pointer is marked se & RE-SEARCH pointer snd containe the plan
to be sesrched with all ite sitributs lisia. Whenever such a pointar is inserted in the
tres, the expactation of ity plan is calcuisted This calcuistion uses the bast value from
any attribute list, whetever ils LIKELY valus. if this expectation is higher than the upper
currant valus, then the upper current valus is incressed (o reflect the possibility of
schisving ths axpectation [f & stetic enslysis hes not yet been done in this position (i.e,
we ore searching pians from one of the first three sources), then 8 RE-SEARCH pointer is
slso Inserted whoss plen is the word "ANALYZE". This lalls the system it ehouid do @
static snalysis In this position to obtain piane for imereving the velua. Imserting en
ANALYZE polinter requires lha upper crranl value tc be ot least as high s the
expectation inharited from 2 ply serlisr in the iree. This pracass accurstely documents
all unexplored paseibillliee in the tree ang changss the rengs of current veluse to reflect
thess possibiiilisn

One sction often perlormed in conjunclion with inserting RE-SEARCH peinlers i the
removal of the most likely sitribute lists. This ection is tshen when the system krows
that no plan wilth the current best LICELY velus cen sucesed [t consists of ramoving sny
sitribude lists with the sama LECELY as the most LICELY sttribute list of the current plan
This Is done to oll plane under considarstion |If a LIKELY O plan s current, only LIKELY 1
attribute llsts sre kepl. I1f ofl ettribute lists of @ plan ars removed by this precess, the
plan disappesrs (i, is no longer under consideration snd will nol produce » RE-SEARCH
pointer). Thue if a LIKELY 1 plen ie the best under considerstion, remaving the most
likaly siiribute lists would reeuit in sliminetion of ell plane from consideration. An eneuing
Insartion of RE-SEARCH peinters may olill preducs sn ANALYZE peinter hewever.



FORWARD PRUME

It the curren! expectation iv less then the fowsr value achiaved by the offenss, lhe
systom removes {he most likaly witribule liste Since the best plen has an expectstion
lowar than & velue sirsady schievad by the olfenss, there iz no resson to search il Only
siiribute fists with higher LIKELY values could have s beller expectstion so all attribute
lists axcep! these asre elimnated The SEARCH rouline elarls again with the plans
remaining under consideration, bul these plans ere less likely to succesd and will often be
cutoff by the “belter plan at higher level® cudol! described beiow. This kind of farward
prune inlroduces errors byl PARADISE avoide misiskes in it doman becauss of its
accurate anslysis of expecistions which tend tc be optimistic Progrems with lass
knowladgs often introduce unacceplable error wilh such a cutetl.

ALPHA-BETA

if the value achieved by the defanse is not lerger than the iower value achievad by the
offenss, ali pisns sre removed ifrom considerstion In lhis case the saarch has already
schioved a value as good s it cen hope for. If this condition is trus for the upper value
achieved by tha delanse {which is rare), then iNs node is outside the uitimate range of
contention snd no RE-SEARCH pointers we im ried |f this condition is only true for the
lower valua schisved by the defense {as is usually the cese), then this node is oulside
the current range of contention and RE-SEARCH pointers are inserted for all plans.

NOT AGGRESSIVE

PARADISE sssumas the offenss is trying to win malenal. [f the current expectstion is
loss than the value of the original position (sl the roo! nodal, then the current plan is not
sggrevsive snd the most likely altribute listz are removed Tha SEARCH routine starts
over sgein with the remaining piana  This is aneiher lype of forwerd pruns and the
discussion af error given {here sppliss hars.

BETTEN PLAN AT MIGHER LEVEL

This cutof! helps implament the best-first search sirategy by terminating when thare is
more promising node sisewhare in Lha trea As 1he search goes down o branch, it carries
slong o list of uniried alternativas. This list specifien, for sach pravious ply In which the
offense is on move, the expectslion of the best uniried siernsliva. The current
expactetion is compared to thess to ses if this is the Dest node !o search This
comparison i nol besed siriclly on the velues of the expectstions since PARADISE is
refuctant o sbandon the currenl line because of the cos! involved If it bacomes
netessery 1o search lhs line again Saction O of tNs chapler describes how ihis
reluctence is implemented and tha issuss invaived
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Tha following ihree conditions will prompl the sesrch o decide not 1o sserch from this
node In laver of a bellar plan slsewhare: 1) Ihe current plan fs UKELY | and thers v a
LIKELY O eltarnative, 2) the LIXELYs of the siternatives snd the current plen ¥re tha same
and tha sxpectstion of on alternstive is snough graater then the sxpeciation of the
currant plan to overcoms the systam’s reluctence (destribad in saciion G) to ewileh [ines,
ond 3} the lower valus achiaved by the dafense ls less then the expaciplion of an
slternativa (agein modulo the systam's reluctence). Whanever one of thess conditions Is
true, PARADISE Inserts RE-SEARCH peinters for ail plens under considerstion end
terminalos tha saarch

Thars are two Importent restrictions to this cute!! s dastribed. Firat, this cutot! is not
spplied when the source of the plane under considersiion ls the pian currently being
exscuted To epply this culoff the current pian must be en obviously winning plan or
st have been produced by o stelic analysis. Tha permite g plan to finish once it starte
if the "better pian si higher level™ cutet! were spplied to pians in the midds of thair
axeciution, the system would often not foliow up on s sacrifice bacause snolher plan looks
better afler the dafense lshes {he sacrifica. Second if the olignae is in check, the
sxpecistion of ihe current plan is sssumed 1o be the expecistion celculsted 2 ply earlier
in the tree. This is dona bacsuse expectations may not be accurstely caiculated when
the offenss is in check An alternative to this would be to slimingte raplies to chack from
this cutoft, but sometimes the defense caplures & piece with N: chaching move lsaving
the curranl position so poor thal the offense will want 1o abandon it for s belter plen
sisawhera

CAUBALITY

PARADISE hes & cousslity facilit; which daterminss the pessible effects & move might
have on & ling of play. Using o tres genersted by tha search, the causplity facility looks
for eitects s proposed move might have (such e blacking » square which o sliding pisce
moved over, vaceting sn secaps square for the king, protecting » pisce which was
stteched, ate). It v described in detail in section F of this chapler, and s used hars {0
rajec! plans which sre doomed to feilure. An example of this would be when the defense
hes & 3 move forced mate uniess the offerss plays the one correct defensive move.
Most chess programs will nol immedistely recognize 8 3 move mals end defend agaire! it,
80 thay try many ﬂtﬂumirlhﬂfm-\diuu:hmtmduuw that the
offense gete matsd The tree which shows the male, which may be Quile large, s
regenersted each lime By using lts cousality facility, PARADISE sveide much of this
behavior. Afler the mota is distoversd the first time, PARADISE uses the cousality
tecliity to compare sny preposed mova (& the trae whith showe the mata [ ceusality
determines that the meting line will not be affectad by the prepesed meve, then the move
can be oliminstad withaut sserching.
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If the atiense has siready seerched & plan from this node which hae feiled, the causality
tacilily |s used to check that Ihe current plan hee soma hope of avoiding this winning
defensive line. This process involves chacking if the firs! move made by the offenss in
the line permitied the defenss to win, and, if it didn, chacking that the current plan can
somehow aflect the winning defensive line. |f the coeusalily facility delesrmines that the
curran! plan cannol praven! some winhing defensive line, then ihe currsnt plan is
removed from consideration and the SEARCH routine sterts again with the remaining plans

The causality fecility can only be spplied to cerlain ireas which have besn produced by
sasrching plans at this node. Causalily is not appliad Lo the lollowing irees: 1) lraes in
which the offenss has come oul aven or shead but Is nol satiafied since ihe threshold
nasnl been achisved (Le, the defenss muet actually win), 2} trees produced by lhe
quiescence sawch (since erTors ara more likely in the narrow quisscence search), 3
trees producad by the search of an cbviously winning plen (since the prohibition on slstic
snalyses in these troes may inlroduce errors), 4) irsas in which @ relevent line was
termingted by & “batier plan st higher lpvel™ cutol! {since {he offensa may do Detter with
mors sffort), snd 5) trees In which s relevent line was lerminsted by rapetition of

position

LEMMAS

PARADISE has an exiremely limited facility lor posting lemmas sboid @ position A
“lerma” is some postuistion the system has made sbout the situstion which is used In
ragsoning processes af nodes other than the one which posted the lemma The currant
node has bccass 1o iemmas posted by other nodes ot the same dapth in the tree which
descended from the seme oflansive move 2 ply sarlier (i.e, nodes created by lollowing
the current ling and sliowing the lasl defensive meve to be different). A lemma in
PARADISE can have only ona form [t siates Lhat If the intention is to play 8 particular
move, MOVE[, than MOVEZ should be played instoad but oaly il MOVEZ captures the
particuer place PL. [ Pl Is mot Instantisted, then ihe condition o the end alwaye
matches. when such § lemms has besn pested (which rarsly happen), ils effect is much
the same se inat of the “killer” heuristic Nemely, the move thel worked best ot some
other node at this lavel is triad firsl &t the current node. Some effort is made 10 ensurs
that the “killer” move hes some of (he seme fastures now as il did when it wae tha
*uillor”. This is done by checking the condition on P1 and by ignoring the lemma if the
deferse movad Pl on Me last move

These lemmas are postad only in cortein silustions if & plan has been searched and has
{ailed, and sn snalysis of the refutetion (described below) suggesis & move which hes not
otherwise been suggestad by the m;w:mmmtm{wm:m
PARADISE posts s lerams of the sbove form This rarely scours since PARADISE usually
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suggests the correct plan for the offense without analyzing rafutstions This facility is an
unimportant part of PARADISE but is significant beceuse il lays the Iremework for huture
resesrch  One promising future development which could be pursued in & lenguage for
exprasting stronger lemmas.  Mechpnismes like lhose dewribed hers could use these
lemmas o communicals knowledge from ong noda in 1he iree Lo snother.

PLAN ELABORATION

i the first sction in the current plen s o gosl (rather than § particular mova), the SEARCH
routing posts  Insiance of this goal In the dets Oess by using the instanlistions provided
by the gosl snd the altritide lists of the current plen as s whole. This gosl instance In
tha dals basa cousss tha corrsspanding XS to be sxscuted The msy causs other KSes
to ba sxecuted but eveniuglly resulls in plans being suggestad This cen ba viewaed as &
small static snelysis that Js focused on one particuler aspect ¢of the posilion If no plane
sre produced by this snaiysls, lhe current plan is siiminaled from considerstion and
SEARCH starts over wilh (he remaining plane. |f ona plan is suggesiad (which is often the
case if tha plan is working), the current plan is eisboraled by replacing ils first action
with the plan suggested by this snalysis end SEARCH centinues. If more than one plan is
suggested, s number of elaborsied plans wre pleced under considerstion snd SEARCH
starts over again so that thess plane will be orderad during the calculstion of
expectstiona

BEAACH AND TEET SUCCERD

After plan sisborstion, the current plan baging with 8 particular move. This move is now
made, creating a new board position The defersive sesrch (described in the next
seclion) is calied on this new posilion It returns & range of values for the position and
tha tres genersiad !0 determine thess velues This tree bacomes parl of the iree
returned by the SEARCH routing. [f tha lower value returned by the defantive search is
equal to or greater than sither the threshold or the current expecistion, the search ie
termingted 8! 1his node Tha lower currenl vaiue becomes the lower valus relurned by
tha defensa, snd (he upper currani value becomas the upper value returned by the
defense aithough this may be raisad by the insertion of RE-SEARCH pointers in the tree
If the axpecislion has been schiaved, the system removes ihe most likely stiributse lists
batora inserting RE-SEARCH pointers for the remaining plane. in this case, ne iikely plan
con expect ic do better than tha resull oblained |f only the thrashold has been
achioved, RE-SEARCH peinters are Inserted fer ail piare under consideration except the
current one.



ANALYSIS OF FAILURE

If the search of the current plan showed no gain for either cide or an olfensive gain not
lorge snough to mest either the thrasholc or expecistion, then the curren! plan s
removed from consideration and SEARCH starts over with lhe remaining plans. If the
sagrch of the currant plan shows the defense winning matsrial, an analysis of the lailure
is underiaken A DEFENDMOVE gosl is postad for the best defensive reply lo the first
move of the current plan DEFENOMOVE gosls sre aisc posted for every checking move
mada by the defenss on relevant branches of the ires produced by searching the current
pian Pallerns describing checks sre included in ihe tree 10 thase checking moves can be
determined without restoring positiont which occurred in lhe tres Executing lhese
DEFENDMOVE gosis produces plans which sttemp! Lo prevant or lessen the aftects of the
moves specified in tha goals, Le, counler-causal plans If there is & move which can
prevenl the defensa’s winning lins, this counter-ceusal plan genecation will almost slways
suggest il. Aimost sny plan which might help is suggesiad and there are usually & large
number of them,

In the defensive sasrch (described in section D), tha delsnse tries to prevent offensive
successes in exaclly the above manner. The defenss (ries all plans which are suggested
The olfense, however, is more interested in finding the correct olfensive move than the
correct defensive move Therelore it only tries the suggested counler-causal plans which
bagin with cepiures Good defenses which don't start with caplures will bs missed, but
tha offense cennol afford to search al proposed defentes. More delensive knowledge
could improve the system’s performence sinca good counter-caussl moves {including
non-caplures) could be searched if many poor ones wers not suggesied This deficiency
is dus to PARADISE's philotophy of generaling defensive moves quickly (using littie
knowisdge in the process). Sesrching only counter-caussl ceplures has hurt PARADISE's
performance only once in the first 100 test positions {(see chapler 6). Thae correcl
oftensive plan is usually waiting to be sesrched or will be genersted by the next scurce
of plans.

It 8 counter-causel caplure is suggested, it is sesrched immedistely. I it succeeds, the
search in lerminated in the same manner described above, end o lemmy is posiad for the
lomma facilily described sbeve. If thare is ne success efter trying counier-couss moves,
then 1he SEARCH routing starts over snd investigates the plans elill under considaration
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3) What contrela tha ssarch?

The underlying resson for the success of PARADISE's sesrching paradigm is the system’s
ability to view each node in the contaxi of iha mors global problem environmenl. The
search may be terminpled ot eny node il the node’s relstionship o the problem
snvironmenl warranls it. The virious mechsnisms usad by the offsmsive sesrch were
described in the tast section, but little was said of lhe importance of esch. This section
briefly describes tha Imporisrce of sath mechanism to the overall performance of the
search

Any reasonable lree searching paradige: In & chess program will check lor repetition of
position snd use somaelhing equivalent to lhe alpha-bete sigorithr.  Thaze are essantial,
What s referred to os "sipha-bets” in PARADISE it Cifferent than sny sigorithm used
befors since the sipha and bels values sre rangevr PARADISE's algorittvn compares the
currant value 1o these ranges in the proper way and, il an sipha-bata cutofl is justified,
inlerpcts with the best-first search siralegy by inserling tha sppropriale RE-SEARCH
pointers snd updating values o show the untested polenlist Thase exiensions of the
slipha-bats sigorithm, which produces many culofls, sre essential 1o the performance of
tha seaarch. Tha repetition of position check rersly produces a cutofl, but prevenis an
infinite loop when it does since PARADISE has no depth limil.

Thrae adaitions! mecharsms in the SEARCH routine are absolulely necessary for the
search 1o be inowledge-controllad Tha first is the "Detler plen 8! higher lavel” cutelt
This |s the implemantation of lha basi-first stralegy snd iz he primary machanism for
giving tha sesch 3 globel view of tha problem environment. Another necessary
machanism is the ves of the threshold vaiue to stop the sesrch  Using this threshold
implies that the veiues must be ranges and that lines mus! be searched sgain sinca the
trua value of 8 node ia nol found The sedrch could nol be knowladge-controlied if it
stiampled o find the true velue of svery node it genarsied Tha “"nat likely to succesd”
cAol! is oo necessary. ‘Without it, PARADISE would not be sble to control the
concatenation of poor plane which ¢ould make wbitrarily deep searches All three of
thase mechanisms produce fraquent culsffe.
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The forward prune cutof! s important though natl as crifically as thase mentioned shove
It is not critical becsuss the search would usually be terminated anyway by sither the
"better plan 8t higher level” cutoff or because tha tiveshold has been achieved 1t is
importan! bacsuse il does not insert RE-SEARCH pointers for the pruned plans. This may
save much sfforl should this node nesd lo be searched again for ¢ better value This
cutolf occurs farly frequently

Two mechamnsms in the SEARCH rouline are not critical for the olfensive search but are
sbsolutely necessary for the delensive search {described in the nex! section). Thess
macharvsms analyze findings returned by searches and help the delsnse overcome its lack
of knowledge The firs! s tha causality facility which rarely makes » culoff in Lhe
offentive search since the defense rarely has & line which Ihwarts many offensive sttacks
(at ieas! in PARADISE's limited domain! The second is Lhe process of generaling
counter-caussl moves by snalyzing trees (this rarely finds the correct oftensive mave).

Three other mechanisma are no! crilics! for the offensive search and do not occur in the
defensive search.  The “same pian at Ngher leve!™ cutolf is helpful when it produces &
cutoff but this is rare. A pisa is rarsly the same after & tew moves have been made and
PARADISE's analysis realizes this. The lamma facility is very restriclad and rerely used
Lastly, the “no! sggressiva” culoff is no! imporiant, primarily because the analysis rarely
produces plans which don't threaten anything
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D) Detensive search

1) Introduction

The philosophy of the defaneive eearch ls to use limiad computationsi rescurces by
suggesting all reasensble defensas without using a largs smount of knowledge to scresn
the beller ones from the poorsr onse A major reason for pdopting this philosophy is
that the proofs generated by ihe ssarch 1¢ show an offensive plan wins are much more
convincing if the winning line la shown for all ressonabls defenses. Ancther resson in that
the correct defsnes can be subtls and might be missad i! the defensive sesrch is more
selactive. Tha defensive sewch puls some effori into finding tha Dest move to try first,
but sfter thet it is content 1o de nothing and wail for unfavorsble resuits to be returned
from searches. It than snalyzes these resulls in order to find the correct dafense This
involves the sema countar-caussl enalysis used by the SEARCH rotine

By waiting for somathing bad to happen snd then responding, the defensive sesrch always
suggests moves thal are somewhat relevant toc the problem st hand This is &
considerabla improvemen! over programs which do not do e ceusal pnalysis of the resulls
of s sesrch since thay must search many irrelevant moves. PARADISE alill trias many
dafanses thst a human master would nol consider, but this cannct be halped until the
decision is mede to spply larger amounts of knowledge tc the defensive snalysis. The
analysis of the causslity facility pravenis many of thess poor defenses from being
sasrchad

2) Tha actusl defenslvs search
The dafersive sesrch sterts by trying te find the best defensive move. It thars is only
ona legal move, this is played Immediataly without computing most of the primitives. in all
other cases, a QUIESCENCE concepl llpnilﬂlﬂihldltlhllﬁm.dﬁi;nﬂ
This will suggest eny atlacking tivasts the defense might have. Thess sre orderad in the
sams way the offensive static snalysis orders plane, excep! when the defense is shesd in
which cass an sigorithm which lavers caplures la used This Is done to avold checks sc
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the offense will quickly terminate the search instead of replying to chechs. This sigorithm
slsa favers checks over moves which neither caplure nos check All plans suggesied are
pisced under consideralion unless thay do not threaten to sttain tha lower valua the
defense achiaved

Uniess he current svalustion is worse (or 1he delense than the lower vaiue the delanse
achieved, the sysiem naxl triss 1o find good defending movas [o considar along with the
altacking ones. It the defence is in chech, this |s done by posting 8 DEFENDMOVE goai for
the move which captures the king Otherwise, tha defense selecis the allernative in the
offensive pian which snswers (he most general defensive move {the delails are nat
imporiant) The delenste converls the first goal in {his slternalive lo A mova  Unless an
siready suggestec attacking move negsles the efiects ol this proposed olfensive move
(this delermination is described in section E of this chapter), a DEFENDMOVE goal :s
posted lor the proposed offensive move These goals are then executed and the
suggasted plsns are placed under consicerstion (siong with the alrsady suggesied
altacking plans). The system keeps track of which DEFENDMOVE goals have been
sxscutad 8o they will nol be repeated during the counter-caussl snalysis {below).

i the delenss has pieces e prise, (he one involving lthe greates! loss is also chosen for
detending ageinsl. ! the effects of Ihe oifense’s moet threstening caplure ere nol
negated by the defensa’s besl plan under considersation, § DEFENDMOVE goa! is posted
for this caplure In this cess, the plans suggesied are ordered and only the bas! one is
placed under considerstion Because of this, PARADISE will allow this DEFENDMOVE goal
to be sxecuted again

if, sl the end of this whole procass, no plans have been piaced under consideration,
PARADISE posts s DEFENDMOVE geal lor some safe check the offense has (if one exist s},
Any plans suggested are plsced under consideralion it stil nc plans sre under
considerstion, despersdo moves for an priss pieces and mobil captures which check asra
suggesied All plans placed under consideralion ara now ordered with ihe same funclion
used to order plans in 1he ofisnsive slatic snalysis This funclion takes into sccount both
the THREAT snd SAVE stiribuies (ss well a7 LOSS and LIKELY), so that both sitacking and
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detending meves sre ordered reasonably lor seerching

All the above analysis sttempts fo find the bast move to play first. Thae search is now
ready to be initisted, and PARADISE will return to this point each time it searchos & plan
In order tc repaat the following steps. if the currenl valus is so poor that tha delanse's
axpectation is wores {{or the defenss) than the iower valus the defense achiavad, then
the firsl move under consideration is rejected This cennot happen i tha current
evaluation is as good for the defense o9 tha lowar value the defense schievad {which 18
usually the casel. This cutof! is not complately siraightforward since the defense has not
investad much effort snalyzing threats and ‘this mus! ba counteracted (since its
expactation may be low). The LOSS sitribute of the firs! plan under cansideration 19 aot
considered {making il look mora tivsatening), and the threats ol ali plans under
consideration sre sdded togethar. ! the defanse is in check, atlecks which would ba legal
i the dalense were not in check are alse considersd

The best plan under considerstion is now saprched  This involves crealing & new board
posifion and calling the offensive sesrch which returns & ires H no plans are under
considaration and no sasrch has ye! bean initisted from this noda, the offensive search it
calied without changing the board posilion, lelting tha oifenss make lwe moves In & row.
This is dons to lind tha offense’s bast line for use in counter-causal analysis. Thie ie
callad B null move mnalysis and is described in more detail In the next section

Thrae conditions allow the defensive search lo terminais wilhoul investigating all moves
under consideration The ssarch is lerminated it the lower valus returned by the last
search it as good 88 or beller than iha valua of the original posilion, or if the iowar
value shows that tha defense is shasd, or if the Jower value shows the defense has done
no werse that the jower valus achievad by the oltense. Terminatior involves putling sl
the required informagtion in the tres {(eg. ordering ol ssarches stiempted, inserting
certain patierns matched in this position; and backing up.

if the search is not terminsted, the upper and lower valuas achisved by tha delenss ere
updsted with tha remdte of ihe lasl search A counter-causal snalyels {described in
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section C of this chapler) is then dons on the results of the last sesrch Any
DEFENDMOVE gosis genersted are ignored if thay have already besn executed The
plans produced by the counter-causal snalysis become the firs! plans under considsration
and the defensive sewrch returns Lo the point fram which it initiates searches

By this process ol cortinually thwarting sach oftentive line, the delense will eventually
try its best defunsive move. (One complication arises when ssch move lrisd by the
delense has permilled the offensive ling which refutad it. In other words, aach movae the
defense has iried has been a poor move which gives the offsnse » new sllack In this
case, the offenss may ba sble to refule sach move without playing the principsl variation
it would use againtl the best defense, so no countar-causal analysis will suggest tha bes!
defense  The defenmve search checks for this situation !l ne plans are under
conuderalion snd each move thal has been searched permitted its own refutstion (the
causality facility detarmings this), then the defersiva search does s null mova analysis (it
one has nol alresdy bsen dona). By allowing the oflense to make two moves in & row,
the principal veriation will be discovered and the counler-causs snalysis will find the
bes! dafense. An axample of this s shown in the rext sectipn

3) Example of a null meve analysis

On certain occasions, Lhe dalensive sesrch permits the offense to play two consscutive
moves s0 thal il can snalyze the rasull. The process is referred 1a &3 B3 null move
analysis, and has not been used eflectively in previcus chase programs PARADISE does
not let & null mava analysis affec! 8 quisscence snalysin |f the offense decides !o
terminate and do 8 quisscence sesrch rathar than play 8 second consacutive move, the
quisscence search recognizes ths null move and plays first for the dafense In the
quisscanca snalysis.

PARADISE uses the nul move snalysis in lwo different situstions. The defonsive sesrch
invests & substential smount of effart trying 1o find the besl defensive move sl 8§ new
node (as described in the las! section). [f this snllysis fails 1o suggest sny moves, then

the defensive search does s rudl move snalysis rather than try some randomly chosen
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move. The ides behind {Ns is that lhe null move snatysis will raturn the main veriation so
that & counter-csussl analysls wilt quickly find iha Dest detense, whils & randomly chosen
move will llkely start sn unimportant veristion that shoud probably nof nead to ba
searchad The second aitusticn In which & null move snalysis is done is dascribed in the
pravious saction Briafly, if no moves sre currently under considerstion end the movaes
sirsady sesrched permitted their own refulations, then e rdl move analysis s done
Agsin this is an attempt to fing tha main verietion when poor defensive meves have eo far
uncovarad only unimportent veristions. An example of Lhis situstion s given below.

v ¥
if iﬁi ?’1?1?1"5

The posilion in figure 4.2 derives from position 80 in [Reinfeld58] and is one of Lthe
positions PARADISE hes been tested on White has just moved hs bishep from g3 to c2
atlacking the black quesn The defensive search mus! find the bast defense for black and
should ot lesst try moving the black queen te b2 end to b4 When PARADISE's defensive
saarch initiplly snelyzes ihis posilion, only ona plan is suggested Q-b2 is suggested
becauss it captures the white pewn snd plso moves Ihe bisck queen to a “safe” square.
The oflensive plan hes expired so no plans are suggasted to thwarl it, and only the plan
which the system considers best (nemely, 0-b2) is suggestad to save the Quesh Since
PARADISE is not sura this is & major problem

Q-b2 s sesrched and quickly losss to the discovered atiack, WB-h7ch The
counter-caussl analysis trise te step B-h7 but all suggesied moves e rajectod becouss
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thay de nol save the black quean or instigste an sliack on white. The snalysis reslizes
the while quesn ceplured the black queen on b2 in tha previous search, bul this
produces no plant bacsuse in the posilion in fipure 4.2 il does nol look possible to get
the while queen !0 b2 It would be an error to qui! without lrying sny other defensive
maves becauss (Q-bZ sctually permile the discovered attack by the whits bishep.

PARADISE recognizes this situstion The causality facility determines that Q-b2 permilted
while's sileck, so the defensive search doss a null move snalysis. In this snalysis the
white bishop takas [he biack quesn, and the counter-causal snalysis of this line suggests
many movas, including Q-b& In this way PARADISE finds sll ressonabie defenses In this
position

This sxampie iz somawha! deceiving PARADISE doss not rely on g null move snalysis to
save en prise pioces. The program hat been tested on $2 problams, and it did fewer
than 15 null move snalyses in these 92 search trees.  The rull move analysis in the
sbove example occurs becauss thres special ¢ondilions are present. One, the offsnse
doas no! have s Dlan Fragquently the offensive plsn will specily capturing an en prise
piace if 11 doesn't mavs, and this rasulls in all defenses baing suggesied Two, no
sttraclive delensive maves axist 50 nons are iried which get answered in such & way
ihs! tha en prise condition of the black quesn appesrs imporiant. Tivee, the defensive
sesrch thinks Q-b2 s the bes! meva Lo save Lhe quasn |1 it thought Q-b4 was basl then
both moves would ba tried since Q-b2 s oiso suggesied becauss of its attacking
possibilities. The system usually does 8 good job of picking the best defenss
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E) Quisscence ssarch

The quisscence search attempls !c determine the lrus velue of a position, although &
rangs mey be returned in sny potition, eliher side may have threets which could alter
the spparent balence of materis. PARADISE sitempls 1o take this into sccount by pleying
out 8 sequencs of moves te investigate the best thvesis Both sides are trested exaclly
the same; lhe quisscence sesrch makes no distinction between the offenss snd the
deferss as the reguier ssarch doen The program uees ils irowledge to statically
determine which thraats are bast, snd then plays only the bast Lhivest or best defenss for
eech side during the quisscence saalysin At nodes whave s defending move is played, &
sacond move in sometlimes tried when tha firsl fails. Thue the trae produced dy the
quiescence search ls mestly linear with occasiond nodes that have a second branch

it is possible for PARADISE to recover when the guisscence search doss not find an
axisting wirning siteck During he quisscence saprch, the knowladge-based analysin may
post concepts which describe the position es non-quisscent in which case tha system
recognizes that the result mey ba significestly impraved for one side it 8 fdi search were
smploysd Similarly, whanaver the quisecence seerch returne & rangs, the progrem may
saarch iha node aguin ueing a full search te find more atiacks

Most chess progrems iry only captures end chacks i their quisscence ssarches, but
PARADISE notices s wide ronge of stiacks, meny nol baginning wilh a caplure or a chach
The guisescence sedrch Begine by using tha QUEESCENCE KS te find thrests for Doth sidec.
This K$ notices captures, meny kinds of forke, pins, skewsrs, discoversd altscks, and
many kinds of mating attacks. Under certain conditions, it will even suggest s sacrifica to
set up & fori Chacks simplify the sigorithm somawhet. [f the side on move in in chack
ihe system does not look for gny thrests, but pesis a DEFENOMOVE gosl 15 reply te the
chack It the bast threst of the side an move is & check, then PARADISE plays this check
without looking for the threats of the cther side Salacting the "besl” plan involves using
the THREAT, LICELY, LOSS, end SAVE sitributes in en algorithm simoet exactly like the
one descrided in chapter 2 The enly differsnce in the sigorithm used in quisscence
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saprching is thal coplures ars favored alightly over non-caplures

HMaving found the thrests for both sides, the quisstence sedrch looks for & plan by the
side on mova which iz balier thal any plan of the side no! on move. The system musl
check for cases whare the plan by lhe side on move wili cance! lhe effect of s plan of
the side not on move A plan is considered belter than a plan o! the side not on move il
any of the lollowing ere true (hereafter the sida not of move will be referred (o as the
“opponent ): 1) the first move of 1he olsn checke, ¢} lhe plan is more threstenung than
the opponant's pian (lhis calculation involves the LOSS, UIKELY, SAVE, s:d THREAT
attributas), 3) the first move of the plan caplures the firsl pisce io move in the
opponent’s plan, 4) tha firs! move of the plan either adde s prolecticn to the destination
squars of tha first move of tha opponant’s plan or capiures & piete which protects this
destination square, and the destination squars Is not sverprotectad sgains! the side on
move (OVERPROTECTED is & primitive function), snd the plan i1s more thrastening than the
opponant's plan when tha opponent's THREAT aliribute is changed Lo only give credit for
tha exchange value of the first move, §) the seme situstion ss 4} octurs except the
dastination squars is overprotecied and the firs! movae of tha plan both sdds a new
prolaction to [ha! squars and capturss g plece which protecied it, end &) the first move
of the plan movas & pisce which the opponent’s first move was te caplure, and the plan
s more threatening than the opponent’s plan when the opponent's THREAT astiribute hae
the sxpression for the initll caplure removed

Situstions &) snd 5) sttemp! to recogrize the case whare tha side on move may be able
to pravent tha ocpponent from cerrying out any liveal which sxiends beyond his first
mave. For this reason the opponent’s THREAT must be chenged 1o reflect only his first
move. in this way the syslem notices 1hat an opponent’s knight movs te an emply squars
for the purpose of forking lwi picces will have ita effsct concallad, while an opponent's
knight move which capluras a quesn will not have ite efisct cancelled Situation 6)
sttempla lo recognize the case whera the eoffect of the opponent’s firsl move may ba
cencelled, but longer range aflecls may not be cancelled Again the THREAT attribute of
the opponent's plan must ba changed to reflect the fact that only the first per! of tha
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thraat has been cencelled In this way PARADISE nolices thal en opponent’s knight mave
which caplures & quesn wiil have its efiect concelled {if the gueen movas), while & knight
move which trrastens 1o caplure & pewn and mate will nol have the maling threat
cancelled just beceuss the mating move no longar caplures & pawn

i no offensive plans have been suggesied for either side, then the search is lerminated
ard the current value is returned ss both Lhe top snd bottom of the range If the side on
move has & betler plen then sny plan of the side not on mova, ihen this plan is selected
as an offensive move. If no such plan exists and ne spacial condilions exist (described
below), then s DEFENDMOVE goal is posted to defend ageinst the bast plan of the side
not on move. The best plan producad by snalyzing the DEFENODMOVE goal is selecied as
a delensive move If no plans are suggested, s DESPERADD goal is posted and tha best
plen suggested during (te snalysis is selected s & dafensive mova [f atili no plans are
suggested, than the side on move skips his move, lotting the other side make two moves
in & row. This dilfers from g null move snatysis in that 8 counter-coussl snalysis is never
dona on the resull and @ movae is nevar tried for ihe side on move. This situation occurs
when 1he other side has a one mova male snd no delansive move in the current pusition
con prevent the mate.

One special condition recognizes the case when the side not on move could caplure &
piecs wilh gain, but hes ne real threst because the en priss pisce con easily ratreasl.
The program recognizes this as s quisscent positivn A second special condifion
recognizes the cese when the side on mova has § lheaal which the side pot on move
cannot answer, but again the side nol on move has & capture which 13 rot really a threal
but mus! be desl! with bacsuse the hrestenad gain outweighs the threal of the side on
movae. || would ba 8 mistake in this case not 1o save tha en prise pisce and follow with
on stiack How PARADISE recognizes and deals with these situalions is described in more
detsil in the next paragraph

The first specisl condilion exists when the side not on move has only one thrastening
plan, and it dees not threaten mate and dows not tiwsalen to caplure a trappad plece. In

151



this case PARADISE does not post » DEFENDMOVE goal: instead it terminstes as it no
plans wars suggested, sssuming (hs! the side on move will be abie to secape from this
ons !hvesl. The cecond spacist condilion edisis when the opponent (the side not on
movel has ona or more lhregiening plane and the side on mave has 8 thrssiening plan
{which is not as threatening as !he opponent’s best planl. The program loocks for
situations whare the first! move of (ha opponant™s best plan releases 8 pin which permits
an sttack, whers the first pisce lo mave in [he spponant's best plan can be caplured, and
whare the opponent’s best plan thraatens male snd an opponent’s piece which is the only
prolectior. of one of the kng's flight squares can be caplured In all cases PARADISE
checks that the defensiva move made 1o slop lhe opponant’s plan will not prevent the
bas! pian for 1he wide on mova from being sxecuied | these condilions are mel, tha side
on move telacls & defensive move (ag. capluring the protaclion of & flight square) for an
oifensive purpose {is, ¢ use the bes! plen of lhe side on move). Tha mave is lrested
as an olfensive movae in the discussion below. This second condition takes priorily over
tha first, L., If & defensive move can be played a1 an offerss, then the program willi not
termirale because of the assumption that it can sscape from the opponent’s threstl.

Bafore playing tha selacied move, FARADISE applies the sipha-beta algorithm to possibly
terminale the search |If an alpha-bata cuto!l ocours, the range returnad may nol have
the soma boitom snd top values. Unliks the repuiar ssarch, the guiescence search does
not {erminale when Lhe lhvashoid has been achievad For axampls, the repuwr sesrch
would terminate es soon as it has won the opponant’s queen, whils the Quisscence ssarch
is 83 gready s sipha-bets will et il be snd will keap stlacking, trying to win mors than
tha queen This is justifisd becouse the quisscents search is inaxpansive compared 1o
regulr searching. Any time the program quils wilh less than it could have won, there is
@ chance it will have to relurr to the current node and eearch again for g beller value
Sinca the gquisscence sedrch pets axiry informetion for liftls cost, it seems worth the
gambis to try {0 win 89 much s possibla Every time » ra-search is prevented it should
balance meny instances whers too much informalion is galthered The program avoids
saarching for long mating saquances by siroegly favoring capturse whan it hae selectad
an offersive move snd the side on move is well sheed
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The reguiar tearch wili somstimes call the quisscarce search aftar it has already
ssarched soma moves irom the current node Eelore playing he selected move, tha
quisscance search checks if the move has already bean saprched If it has, the
quiescance search ia tarmnated wilhout changing sny valuss Once ali the sbove
conditions hava besn checked, the quisscence saarch plays the selected mova and calle
itgal! recursively. The side not on move becomes the side on move and the sbove

analysis is repeated (no distinction (s made belween the offense and the defense).

Tha value returned by this search is generally backed up as the value of the current
position except 1n two situslions In both situalions the value returnec by the search 1s
worse for the side on move than the curren! avalualion of The position If the selected
move i offensive and the side not on move has no threals whalsoever, than the current
ovaluation 15 returned as the value of the curren! posilion {(The side on move tried an
sltack whuch did not work £o tho resuits are rejeclted) If the selected move is delensive
and the telecled movae unprotecled a square which the side no! on move landed on during
the resulling search, then the tecond besl defense suggested 13 alsc searched and the
best resul! choson Examples of quiescence searches by PARADISE appear in chapler 5

as parts of sxampls problem solutions

To tummarize, the quiescence search n PARADISE is an ad hoc combinalion of heurislics
and knowiedge which performs with expertise over the domain of 100 positions on which
the program was lested (see chapter B). Any quescence search makes errors, but
PARADISE's errors have lended lo be inaccuracias rather than gross misavalualions. Thus
¢ due to tha facl that the knowledge does sn excelient job of finding allacks and
dofenses and analyzing lheir relative worths The success of the quiescence search
depends on tha tactical sharpness of the domain Only malerial advaniages must be
noticed; the program does no! notice emall positional advaniages

One reason for the suctess of PARADISE's quescence search is that il is invoked for
comantic rcasons, instead of being invoked st every posilion at a cerlain depth in the

1863



tree (a3 is done in programs wilh s depth limil). In PARADISE, quiescence sesrches wre
usuaily done when no plane are baing suggesied or when tha offense hee succeeding in
attaining tha threshold end wanls 1o verily tha resul. In the first case, the pasition is
usually quiescent end the quisscence sesrch recognizes this. in the second case, a
winning combination has already baen found for tha offense. The qQuiescence search will
find any obvious counter-attacks, snd there are usually no obscure counter-atiacks which
win for the defense in the positions on which PARADISE has been tesied

PARADISE's quiescence sewch appears lo correctly anslyze 8 much wider range of
tactical positions than do the quisscence searches of previous programs. This is because
PARADISE recognizes s wider rangs o! (hreals which include lorks and sacrifices, while
pravious programs generally play only captures and chackes (and nol sven all of them at
timas) PARADISE's sbility reliss on tha sccuracy of ils knowledge and snalysis. The
quiescence seaarch lrigs only one move ol most nodes end !wo moves on occasion Mos!
other programs gensrsle much iarger irees during Quiescence sawrching, trying all
caplures and many checka
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F} Causatity Facility

1) Introduction

Human chess masiery discover things during thair searching process which thay than use
for snalysia For axample, suppose & master mentally searches & move in a position and
discovers that the move Joses because of 8 two move mate thet he hed no! praviously
noliced Having discovered this two move mate, ha will not mantally sesrch othar moves
uniess he knows lhay will avoid this mate In two. PARADISE uses ite causality facility to
do this lype of ressoning The esmality facility enables the program te use information
discoversd during o search in it analysis. The causplity facilily is based on ideas
developed in [Bariiner74] and o comparison ol tha twe spproschas is given in section H
of this chapter.

The causalily facility in PARADISE reasons sbout 8 move in the current pasition snd a line
that was generated by searching ¢ move in the curreat position For ssch line sedrched,
the search returns the ires itraversed during the search wilh a cerlsin amount of
information st sach nade. Thip information includas the following: the plens ssarchad, the
sciual moves which sach plan ceused 1o be searchad, the rangs of velues obtained by
searching sach plan and sech move, the rasson lor termingtion of sach sebrch, and & amall
number of patterns thet were matched ot this node The cause'ity facility can determine
H & given move in the current pasition either permits or influences {sflects) s line
described by a lree.

The primary use of the ceusalily facility is to rejoct & proposad move without searching.
In this cess, i1 reasons sboul & propossc move in the currant position and an
unsstisfectory line tha! was genersted by seprching pnelher move in the current position
It the ceusality facility determines that the first mova tried in the unsalisfectory line did
not permil the refulstion described in the tres {eg., by unprotecting a critical squeare),
and thal the proposad move coudd rot Infiuence the refutation in the tree in Ny way,
then the proposed move is rejected withouwl searching. The defensive search also uses
the causality fecility to determine if moves tried have permitted their refulstions, in

which case » null move snalysis Is initisted
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PARADISE would not be able to schuave & knowledge-controlled search without using the
causality facilily fo reject moves without ssarchung Whenevar many bag moves in @
position tose for the cams reason, il is the ceusality fecilily which keeps PARADISE trom
generaling the same {(possibly large and expensive) tree o refute ssch move Ths
section will first pve some axample posilions which show the lype of reasoning expecled
of the causalily facility These examples alec show how difficull the probiem 8. Afler
the exampies, the detals of PARADISE e causality fecility are given |n section H of this
chapler, the causshly facility 15 compared le the causalily facility in CAPS and to the
“mathod of snalopias” in XAISSA.

7 7 7 o (7 U U ®
Yo% % Y| Kol W Y
B % s | B0 0
%w%zf %? !?'/ ff’%y/ %?’ %?’ :‘E?’
BB P’ i g Y
% h W & Y . R

Frgure &.3 Figure 4.4
black to move black to move

The position in figure 4.3 donves trom postion & in [Rainteld58] after while plays his
rook from b6 te b7 (Thic caver lhe rook from capture by the black pawn) Suppose
now that PARADISE does no! nolice biack's tiveat of & back rank mate, and sttempls to
save Dlack's rook by playing it to ¢5 White replies R-bB which PARAIRSE recognizes es
equvalenl to mate  After backing up to the position in figure 4.3, PARADISE has
aoditiona! suggestions (o move the biack rook to dS5, o5, and 15 N is imporiant that
PARADISE recognize the threstened back rank mate in the rafutalion of R-c5 so that it
does no! repeal its mistske If the mate had tsken hundreds of nodes of searching to
discover, i would be expensive to lry these lhves other rook moves. PARADISE uses is
causalily facility to do this type of reatoning, and to raject R-dS, R-#5, snd R-f& without
searchung (afler ssarching R-c5i in figurs 4.3 The delails wre described later in this
saclion
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Figurs 4.3 shows the lype of resmsoning the causalily lacilily is intenced !o do, bul figure
4.4 shows how difficull the problem can be  In figure 44, R-c5 fails just as il did in
figure 4.3, but now R-e5 shou'd not be rejected, sithough R-d5 and R-15 should be. The
only influsnce R-e5 has on the back rank mate Is o atiack one of the squares over which
the “fina!” check is given If the system were io sty that R-a5 influences the mating hine
because it sttacks & square tha! an sltach is given over, it would search many moves that
should be rejected (e.g, R-15 snd R-d5 in this positicn). On the othar hand, a geners!
analytis of which possible interpositions may work is extremsely hard Ear > side may have
s number of pisces bearing on the interposition squars and some ¢f ther may be pinned.
This axample shows tha sublles wayes in which g movs may influence o already played

lina.
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Figurs 4.8 Figure 4.8
black 10 move black to mova

The above two positions show that possible counterattacks by the oppe venl may subtly
affect the influence a move might have on a line. In figure 4.5, there i3 r» way black can
save his gquesn Supposs the program firsl plave B-d7 for black {for ack of anything
battar). R quickly finds that whils obtaing a disti~.t advantage sfter t: e while bishop
captures the guesn snd black recapturas i is fairly obvious t¢ human masters that P-bé,
N-h6, and other such moves cannot save the black quesn The causality facilily sheuld
preven! PARADISE from sesrching such moves since thay do not sifect the losing line
produced for B-g7.
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Now consider black's move K-d?. It seems obvious tha! this cannol affect while's winning
af the queen, and so should not be saarched in figure 4.5 this is true, but in figure 4.6,
K-d7 should be ssarched because it ellows & black counler altack thal may save the
posilion The only diflarence in the posilions is that the white king is moved over one
square In figure 4.6, but now If white answers ¥-37 Ly capluring the black queen, black
can reply N-23 winning whila's queen The a2 thit K-d7 helps prepare a counterattack
influsnces while's winaing line in figure &€ Such subtie influences are hard to recognize.

Thers is 8 tradesi! betwesn recogrizing general influences {ie, viewing any type of
interaction as an influance), and recognizing only mers specific influences. By rocognizing
genara influences, il is possible fo make almost no mistakes al the cos! of searching many
maves whith 1he program Lhinks influence a lina (although s human could see that soms of
tham have no influence). By recognizing more specific influences, it is possible Lo reject
more movos without sesrching at the cost of possibly introducing mors errors.  PARADISE
handles tha problem in figura 44 by recognizing the influence of sn alteck on a square
over which #n cpponent's atlack 18 piven only whan the side on mave siready has s piece
bewing on the sguare, and the cpponant's stiack is 8 check This is fairly specific snd
may introduce arrors.

PARADISE handiss the problam in figure 4.6 more generally. Neither PARADISE, CAPS, or
KAISSA would be sbie to recognize Lhe difference in influence of the move K-d7 between
figures 45 and 4.6 It appears that the couselily facility in CAPS would not see X-d7 as
avoiding the loss of the quesn, o it would no! saarch thel move in sither position (thus
making on error in figure 4.6). o also sppaars KAISSA would not nolice thet K-d7 cen
improve the situslien in figure 4.6 PARADISE thinks K-g7 can influance the loss of the
quaen since the queen is no longer caplured with checik. It saarchas this move in bath
positions, 1hut svoiding lha arror made by tha other programs, but st the cost of
soarching it end similer moves in posilions liks figwre 4.5 in this case PARADISE leans
towards being more genarsl and eliminating errore

Thase examples show what the causalily facilily is intended to do and aisc show how
hord tha problem s PARADISE, CAPS, snd KAISSA have lacilifies for doing this type of
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ressoning, but thay all make lradeoils belwean effectivensss and correciness when
deciding lhe specificily of the influences 10 be noliced Thesa programs are comparad in
section M of this chapler. PARADISE tries to notice many kinds of Influances ec that I
will not make errors.  The causslily facllity has bean eifeclive end earrorissn over
PARADISE's tasl domein, but thare are cerisinly influences it would miss. (The trees
produced by PARADISE are so emall thet all causality declsions can be chackad)

2) PARADISE's implamentation

The causality facilily ressons sboul a movs and a lree produced by searching en
unsatisfaclory lina. As described in saclion C of (ks chapler, not all lines con be used
{e.g., cousslily canno! be applied to lines terminsted by the “better plan at higher level”
cutoifl. To reject a proposed move wilhout ssarching, two determinglions musl be made
by csusality. Firsl, it mus! decice thel the firsl move in the unsatisfactory line did not
permil the ensuing contequences. This is referred 1o as o PERMIT determinstion in
PARADISE Second, the causality facility munt decide thal the praposed move could have
no influsnce on the unsatistactory line This is referred (o o sn AFFECT detsrmination
The PERMIT determinstion Is sisc used by PARADISE In the defensive search 1o instigate
s null move snalysis when glt defensive moves have permitiad their refutstiona

This part of seclion F describes PARADISE's elgorithm for using the PERMIT and AFFECT
delerminations to make s ceussiily decislon The perliculer PERMIT and AFFECT
influances chacked for are not described until part 4 of this section Part 3 of this
secilon presents exampias of the caumglity facility in action which should clarity the
slgorithm described hara

Whan doing either 8 PERMIT or AFFECT delerminstion for & given lree and movs,

PARADISE traverces the tree snd checks each node it visits for PERMIT or AFFECT

inftusnces. During this iraverssl, avery branch musl be foliowed from 8 node whare the

sida currsnlly on meve is on mova Since the side nol on move has schisved »

satisfactory resull in this tres, svery move by the side on move had to be refuled If ihe

given move parmita or affecte avan sna of thesa, then it may permil or affect the whaole
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lrea Al nodas in tha tres whers the mude nol currantly on move 15 on mave, only the
bast branch is traversed Tha side not on move may have tried many movas which did
not relute the original move before finding the refuting move, se only the best branch
{which is the refuling move) needs to be lraversed 5Such s trevarsal returns a list of
influsnces describing why the move permits or sffects the line. This list cen be used to
compars how two differan! movas permit the same hina

During ihe PERMIT determination, PARADISE iraversas the tras {using the iras iraversal
algorithm dascribed sboval looking for sny of saven permilling influences tha given mave
may hava in tha tras. (Thass saven influsnces ers described in part 4.) | any influences
ore found during the tree traversal, then the mova permits the unsatisfactory ires. To
reject & proposed movae from consideration on the basis of an unsatisiactory tree, the
causality lacilily first does s PERMIT determination using lhy {ree with the first move of
the unsatisfaclory tree being the move tha! is checked 1or permitling influences. If any
parmitting influances are found, this ires normally cannol be used to rejsct another
proposed mova since it first move permitied the refutation However, PARADISE does
not give up this easily. It next chacks if the proposed move permits the unsalisfactory
tras. ! it parmits the tree for all tha sema reasons thal the first mave in the iree
permittad the tres, then the tree can otill be used {o reject the proposed move since the
propossd move would slsp permit this tree (The examples in part 3 show how this
actually worka) This Lype of test is not done by the causality facility In [Berliner74]

If tha PERMIT determination finds that the unsatisfaclory lrae did not permit its own
ralutation, the an AFFECT delermination is done o find any influsnces the proposed move
might havs on the unsatisfactory line. This involves snother tree iraversal in which the
ceausplity facility looks for possible countarattecks and any of ten sffecting influences
which are described in part & If sny influences are found during the tree traverss or
counteratisck snalysis, ther the proposed move allfscts the unsalisiactory tres. I the
proposed move does not alfect the tres, Lhen it is rejecied without searching. If it does,
then PARADISE checke if the firs! move in the unsalisiactory iree also affects the trea If
s0, the proposed mave is rejeciad uniess it affects the iree for soma resson that the
origingl mova in the irse did nol. Agein, this type of test le nol done by the causality
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tacility in [Berliner 74}

The following sxamples should help clarity this descriplion of PARADISE's ceusslity
fecility.

3) Examples

How PARADISE's causality facilily soives the problems presanied earlier in this seclion
will now bs described In figure 4.3, the unsalislactory line consists of a tree wilth only
two nodes: one node for BR-c5 and one for WR-bB PARADISE (irst checks if BR-c5
parmits this line and finds one resson why it does. Whie losking st the node for WR-DS,
the causality fatility notices that BR-¢5 unprotecis s square over which the while rcok
delivers s check, and tha! black hes another piace baaring on that squere. Thus
PARADISE raalizes the black rook could have interpased on g8 if It had not moved This
line cannot be used to reject snothar move wunlats the proposed move also unprotects g8
(thus permitting ths line for all the same ressons). PARADISE next does s PERMIT
determinstion for BR-o5 pnd findas tha!l this move also unprotects gB, thus permitting the
line for a!i tha same ressans R-c5 does. An AFFECT dstarminalion is then done for R-e5
and this line, but no rassons are found se R-a% I rejected without sasrching since it
does not affect tna line [and permils it for the same resssn R-t5 does). BR-d5 and
BR-15 sre rejected in the same manner.

in figure 4.4, ihe same unastisfactory line (e again genersted for R-cS. Al PERMIT
detarmingtions produce tha same resulte 8¢ in figors 43 However, the AFFECT
determination for BR-e5 now nolices one reason why the move sifecis the line; i
stincks o8, & possible interpesition squers for the check from bll, tha' '+ aled attecked by
snother black piece. An AFFECT determination is now done for BR-c5 1o ses If this move
atfects the line for il the same ressone. R-c5 is not found Lo affect the line so BR-a5 is
not rejected PARADISE finds that BR-0%5 eng BR-1S do not sffect the unsatisfactory line
8o they are rejected without saarching.

Tha following discussion gpplies to both figurs 45 and 45 since PARADISE wouid not
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traat them difisrently. An unsatisfaciory line has been produced by playing BB-d?. The
tree conlains a node for while's capturs of biasck's quaan foliowed by some nodes for
possible black recaptures on 16. A PERMIT determination is done for BB-d7 end this lina.
Mo reasons ers found 8o tha line can ba used 1o reject proposed movaes (no PERMIT
delermination nasd be done on this line {or proposed movas). Moves such as BP-b6,
BP-b7, atc. wre lfound lo have no sffect on the line (by the AFFECT delerminalion) and
sre rejected withou! searching BK-d7 is found to affecl lhe line for one resson: the
black king has besn movad from a square whers it was placed sn prise sl some node in
the ling. BB-d7 is found not to sflect the line 80 BK-d? is not rejectad Thus PARADISE
will try BK-a7 In both figures 4.5 end 4.6

4) PERMIT and AFFECT influsnces

Whan doing s PERMIT delarmination on & move snd & tres, PARADISE iraverses the tree
and relurns & lisl describing sach reason the given mova parmits the tres (The (ree
traversal algorithm is described in part 2 of this section} A rasson consisis of an
influsnce name snd the name of & specific pisca or squara involved in the influence. Al
each node of tha tres traversal, PARADISE locks for any PERMIT influence that the given
move has. The seven PERMIT influences chethked for st each node sre destribed below
{wilhout ali the detail sciually checked for by the program). The bold face name is the
nama of tha influence in each case snd 5Q is » varisble that is instentisted t¢ & particuler
squire whanaver & certain influence is found

1= (VACATE 8Q) Tha move vacsies & square {SQ) which the opgconent moves over st this
node.  {Thic uses the move stored al this node in the tres and chacks for unblocking a

line used by an opponant’s rodk, queen, o¢ bishap.)

2- (VACATE 5Q) The move vacaies s squirs {50} over which tha opponent delivers a
chack at this node. {This sisc uses the move stored of 1his nodel)

3= (UNPROTECT 8Q) The move urpre. *¢is & sguare (50} (Le, moves so that il no longer

bears directly on the square in question) which the oppoenent lande on at this node. (This
alsd uses the move slored at this node)
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4- (UNPROTECT 8Q) Tha move unprotecls s square (SO} thet at this nods in the tree is
the locstion of a friendly piece which Is en prita. (This accesses an prise patterns that
have basn storad In the irea)

S- {BACRIFICE 8a) Tha placa moved by the move is en prise at this node on the square
(S() which is the destination squars of the move. (This aled uses en prisa patterns in the
tree)

8- (NO-ESCAPE 5Q) The friendly king is in check at Lhis node or is threatensd by &
discovered attack, and the destination square (5Q) of tha given move is & squars adjacent
to the king. (This uses bolh an prise snd discoversd stieck patierns lha! have been
stored in the treal}

7- (UNPROTECT 5a) The move unprotects g square (5} over which the oppenent
delivers & check a! this node and another iriendly plece currenily baars on this square
{This siso uses on prise pelierns in the trea)

This set of permitting functions is adequate for the positions PARADISE has bean testad
on, but certainly mora would be nesded to handle oll midde game potitions without
errors. By returning o list of ressons, PARADISE can compare how lweo dilferent moves
permit 8 line. For axampls, the list of ressons for one move permilling & line might be
{{UKPROTECT D$) {VACATE (4} {%O-LSCAPI cB}), and tha list for u second move permitling the
same line might be [(UNPROTECT DS) (VACATE C4) (NO-ESCAPE GB) {UNPROTECT 07)). PARADISE
could then daterming thal the second move permits the ling for all lhe same ressons the
firs! move does {as wall g5 one more repson).

An AFFECT detlermination traverses (he tree in the same manner av & PERMIT
datermination, snd again raturns 8 list of ressons. During an AFFECT determination
PARADISE checks sighl influsnces the given move mighl have st sach node visited during
the {raverss.. In pddition, it checks twe Infiuences in the original peosition only, in en
sttempt to recognize courteraiiacke. Thase ten influences, lhe first sevan of which
corraspond Lo the PERMIT influences, are described betow (without all tha delail actually
checked for by the pregram). The ninth end lenth influences listed below wre the two
checked only in the origingl position (P and S sre variables that are instantisted to &
particular pisce or squars whenevar § cartain influencs is found)



1- {(OCCUPY 5Q) The mova occupies o squara (SQ} which the opponant moves over al
this nodea.

2- (OCCUPY 8Q) The move occupies & sguwe (SO} over which tha spponenl delivers 8
check st this noda

3- {PROTECT SQ) The move prolects a square (50) {Ls, moves so that it now bears
directly on tha square in question) which the opponant lands on a! this node.

4~ (PROTECT 50} The move protects » sgquars (5Q) that al this node in the tree is the
location of g Iriendly pisce which is an prisa

8- (MOVES P} The piece (P} moved by the move is an prise ol this node on the square
{SQ) which is the origin square of tha given mova

8- (ESCAPE 5Q) The friendly king is in chack st this node or is threstenad by a
discovered atteck, snd the origin square {50} of the given mova is 8 square adjacent to
tha king.

T- (PROTECT $Q) Tha mova prolects & squars (S} over which the opponent dalivers &
chack sl this node and another iriendly piece currently bears on this square

8+ {CAPTURES P) The move capiures s piece (P) which is moved al this node

8- (ATTACKS P) The move threatens an opponanl’s piecs (P) in the current position
which is nol en prise aiready and which is not tha firsl piece o move in the
unsalisfactory tres. The move is recognized e sfiecting the unsatisiactiory iree Decsuse
of tha courlerattecking possibilities. This Is checkad only in the curran! position (without
traversing the tree).

10=- {OSCATTACKS P) Tha mova sats up a Gecoverad stteck in which the sttecker, when
uncoverad, cen safely caplurs lhe altacked plece {P). Like ATTACKS, this influence ie
theckad only in the original position

Like tha PERMIT Influences, this sat of AFFECT influences is sdeguate for tha positions
PARADISE has been tesiead on, but nol sdequale to hendle 8l midde gema positions
without errors. For sxample, tha affects of moves which tashe two moves (o manifest
thalr defansive possibilities wre not noticed To be more epetific, suppose the only way
1o thwarl o0 opponent’s sitack is tc move our knighl from tha firs! renk lo the third rank,
and then afler the opponent further develops his stiack, to move the knight from the
third rank {0 the fifth rank from where the hnighl con protect seme square critical 1o the
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opponent's attack The ceusalily facility would not notice how the eriginal knighl move
would plisct the stisck since the knight attacks no critical square from hn post on the
third rank It Is nol clesr 8t peasenl how te formulsta 8 causalily facility which would
ne'or make errors and would still ba effectiva for rejecting moves without ssarching |t
is not sven clear whathar it is possible 1o do s0. ([Berliner77] discusses these issues.)

G) PARADISE’s ssarch strategy

1) Overview

PARADISE's search sirategy has sirsacy baen bdriefly described By delermining ranges
for the valuas of plans, the sysiam atiempls to discover only the information nesded to
show tha! one move s best in Ihe origing position. Saction C of {his chapter describes
how ranges are detsrminad and how thay are comparsd (ag, in the alpha-Dels slgorithm)
Searches are initisted repestedly from the origingt position until one move is shown lo be
the best. During sach search, PARADISE aitempls to narrow the range of vaiues only by
the smouni specifisd by the [hreshold Afler each such ssirch, the program again
analyzes the situalion at the top laval tc datermine Tha bes! sirstegy for proving that
one move is bast. Using the selecled strategy, s plen is chosen for sesrching and the
threshold is resat. A given plan ol the top lavel may be saarchad many limes; svantually
ite range of values will converge {0 one numbaer.

During each search, the Progrem silemptes to seprch the most promising plan for the
stisnse. Lines of search srs sbandened when snother alterngtive fooks mere promising
than the currant ona. How PARADISE keeps track of gllernatives and sbandons lines is
described In section C of this chapler, and the detals Invelved In comparing one
alternstive lo snother ars destribed in part 20 of this saction
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whanever tha progrem abandons a line wilhout finding ite “trus” value (a.g., when il atops
sssrching becsuse {hare is 3 better silernative) it may be necessary to saarch the line
again {o.g. If the better silernative does not work out). One way PARADISE controls the
search is by sbandoning linss whenever ite threshold (described below) s schueved
Initially the thrashcld is set so that the olfense must win ol laast rook for knight in the
current position and also ba st 1east rook for knight shead overall (ie, if the defense is
shead, the offense may need to win mors than rook for knight). Tha search returns when
the thrasho'd is schisved rathar than invesling more sffort 1o improve the resul. it the
resulls returned do nol providé encugh information to show that one move is best, lines
may be searched sgein with a highes tiveshold value Part 3) of tNs section describes
how B sesrch is rastarted oace it has been absndoned Puart &) of this saction describes
how PARADISE decidas which sbandoned search to rastart.

PARADISE uses the initial threshold for ane other purposa Once the initial thrashold is
oblained, tha search will consider enly plans which have s LIKELY of O This is
impiemented in the “plan net likely to succead” cutel! in the SEARCH routine snd is
imporiani for controlling lree growth This is dons decouss it is not ressonable to invest
largs smounts of affort trying idess which dont seem likely 1o succesd when & winning
line has siready been found PARADISE calculstes LIKELYs sccurately end LIKELY 1 pians
rarsly succeed, especislly whan s LIKELY O plan hes cracked the defensive position
siready. This cutolf could produce errors, though not serious ones since tha error would
ba the selection of § winning move which was nol the "best” winning move. No such
errors havs been made in arvy position PARADISE hae snalyzed

The besl-first sasrch wilh rangas and top-level proof sirsiegiee is an important part of
PARADISE's ability {0 acheve s knowlsdge-contrallad ssarch
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2} Detarmining the moest premising asde
thdmtnw.hlulmwmﬁmrimwtﬂwtrﬂmﬂ
mwmrumhmmrmtmm-ﬁwmmﬁu
mmm-ﬁd—ﬁﬁnnm:ﬂﬂﬂrﬂnlmﬂﬂnwtum
rocding {described below). As the seerch gees down s dronch, it corries slong e list of
urdried siternstives. This Est specifies the sxpecistion of the best untried sitarnative for
sach previous ply in which the offerse s on mova The offersive sawch wili sbpndon thae
current ine before deing s slalic snelyss In two Coeee The ressoring behind the first
miclhdmwr-bﬂriwlnhimtrﬁntum—mwmm
not be interfered with by lrying a stetic snalysis. in !he sscond cass, the offanse has an
sllernative that is betlar than the top of what is now the utimale range of contention, so
mmthﬂfmmMMﬂwmmﬂMIrm aver
reaching tha axpectation of the siternelive More formally, these two cases are defined
ss follows: i}l-wthﬂlﬁmwmwlhplmnﬂﬂiymm.dut,mt
-pltnprudnuﬂumwuimmm-uirmﬂdmtm:wun
h-tl-rplmllimMMlmﬁ#Mi‘m"thmﬂlnd.mdmth-
mp-fnlu.lhﬁmtﬂﬂvﬂhmlﬂrth#fmlﬂmthmﬁdm-!m
of the uniried sitermatives. hbﬂh:ﬂtﬂ!uﬂiﬂ\MiﬁM‘ﬂipﬁﬁrm
thltm-cthduuﬂlﬁtmdrﬂmhwnmlhluhurdndqiu

Tumiithnnﬂmhhtuhﬂntnwdgmemmtalh
alternalive sxpectations that havs been passed down the iree In the second Case
nbnvl.lh-wmﬁnﬂwtud-huﬂ:mwintu'httnﬁnd
highar lavel” cdloff, the current axpacistion is compared Neilher comparison is Based
strictty on the value being compersd and [he silarnative sxpectstions sinca PARADISE is
reluctant to sbendon the current hne This reluctance hes three sourtes, listed here from
lnael imporient 1o meet imperiant: 1) the beskhaeping costs of re-saprching & line, 2} the
fact thﬂwlﬁmmﬁdﬂﬂlmﬂiwﬂnﬁdﬂrwﬂMﬂimﬂ
ﬂhruﬂﬁﬂﬂhﬂﬁthfdﬂd?&ﬂﬂﬁhuﬁhﬁhmlwm
whan it chossse & nide o saerch sgEh

m-rdmmhmuwm:mmummmm
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each time it is comparsd 10 vna of the allerrglive expecislions. The relucience veiuve
varigs wilh sach alisrnalive since it is dependent on the difference in deplh in the tres
of the sllarnative snd the current node. The current ling is sbandoned if en allernative
expectation is grester than the value being compared plus the reluctence vaive If the
curranl node is much deeper than an alternative lhe reluctence value may become
magative indicaling that PARADISE is becoming reluciant to kesp seerching

If the reluctance is small, the system lende 1¢ be indecisive, frequently sbendoning s line
only 1o relurn end ssarch it later. If the reluctance is lorge, the system tende io be
bull-headed, refusing 10 sbandon & line despile beller siternalives. The letter error cen
be mors serious since il resudts in & possibly sxponential tree sasrch whiles too small 8
reluctance has only the drawbacks snumerstad above Litlls axperimentstion has been
done on Lhe afiects of particular reluctance functions, but small changes in the relutience
function sppear 1o have large sflects on sysiem behavier. The reluctance funclion used
in PARADISE was developed by !rial and errer and works well in the given domain  This
funclion is more relictent te absndon the currant line when the current pian threatens
mate than wheh it threstens something lass This is because maling sttecks usually grow
small trees (sc slicking with them ian't s costly) end » mate le » very definite resull
which |s usetul for limiting the growth of tha tres elsewhers (Agein this relies on the
system’'s sccurate analysis of mate thvests) PARADISE's reluctence function is shown in
figore 4.7. A reluctance of 20 means thet the current plan will not be sbandoned uniess
the slternstive sxpaciation ls mors than 2 pawne betler than the current expeciation

Ply Erluctiance lor Kalucilanca for
drfference k1t thrpad aits Thrasl
F b F &)

L it ]

] -2 19

& - 18 9

0 =35 ]
12,54 - 10 P
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.21 - 10 -3
& and up -10% ~-108

Viluss paen 10, intght 3}, queen 30

Figurs 4.7
FARADIEE s roluctanca Tunction
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3) How a ssarch ls resteried

Searching & line sgain Is nol overly sxpensive Dechie the inforration calcuialed about
pach posilion is stored on the disk for [ater retrioval. In addition, PARADISE’s lrees are
so small that off tress genersied are kepl in cors. Such & iree contans @ moderste
smounl of information sbeut esch node including the following: the range of values
obteined by sasrching each plan snd sach move, tha nams ol tha disk file which has mare
information sbout Ihis node, and sny plans which have not yel besn investigated (Lo,
RE-SEARCH snd ANALYZE pointers).

To ssarch s line again, PARADISE iraverses its in-core trea ynlil it arrives al the node of
ite cholce {described in part 4 af thin section). Once #l lhe chosan node, PARADISE
retriavas lhe informalion about this noda from the disk snd starts execuling one of the
nians specified in & RE-SEARCH pointer (or does 2 slalic snalysis for an ANALYZE
pointer). None of the posilions \raverted over need to be restored from the dick. When
s position Is lraversed over in which the dalense is on move, a process i sel up whuch
will invoke the normal delensiva search should the search back up 1o tha! noda with an
improved valus for the olfense. in olher ceses, New giscovaries can be noled in the
in-core irse snd Lhase intermediate posilions need never ba restored from the disk
There is some overhaad involvad in recaiculsting the values of varicus measures s Lhe
trae s baing traversed, but tha cost of rastarting @ suspanded search is iess than the
cast of processing one node

4) Declding whers 1o ssarch again
For two ressons, the siralagy for choesing u node to re-search at the lop ievel has not
been well developed One resson is that PARADISE has usually solved ils tes! positions
witheul needing lo seacch lines again  The other reason is lack of suificient resources.
Probleme which require linas te be seerched sgain sre usually iong and require large
smounts of ¢cpu tima Thus it is very sxpeneive 1o test @ small change an even ons

position To snalyze & sirategy, it is nacessary to test it on & wide renge of posilions and
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ttugs s protubitively sxpensive on the heavily loaded computing (acililies used tc develop
PARADISE As harder problams are underisken, beller strategies may nesd 1o be
developed The current algonthm and the issues invoived sre described below.
Examples of PARADISE using the sirategiws described below sppear in the next chapler

ideally, the program would like to sesrch from lhe node which will most quickly lead lo 8
proo! thal one move 15 best sl the top tevel A classical bas!-firel saarch will eearch
from the node which has the mos! promise for achisving & good resu! Howaver, this is
nol always the sama ss the node which will most quickly lead to s proo! thal one move s
best  This can be il'usirgied in two different sifustions Suppoce the system has
narrowed the choico 1o two moves: the first one has already achisved something while
the second has notl as yel been shown lo schieve anything Promising unsesrched plans
ramain in the lrees that have been produced for beoth top leve! moves in some cases the
bes! move may be lound mos! qQuickly by searching the first move and showing tha! ils
succass outwaighs snythung the seconc plan mighl hopes to achieve |n other cases, the
best strategy may be 1o search the second plan and show tha! none of ils unsearched
plans work, thus showing the firsl move is bes! becsuse of the success it has siready
schisved

Anothar s:ituslion where it may no! be bes! to search the most promising node occurs in &
iras where the defense has many good moves ml one node Sinca the offense must
relule avery defensive move at lhus node, it may be best to first search tha defens:ve
move for which the olfensive raply 15 weakesl in this way the program may quickly
discover tha! thia hne will no! work

There i1s no theory of heunistic search which describes uselul strategies or the issues
involved I1n pickung strategies PARADISE has developad s law sirstegies and defined »
few critena for choosing strategies and these are described below They ere far from
sdequate a3z s theory of heunslic sesrch, but thay repressnt 3 lirst ctep towards
understanding the problem and they work for the problems on which PARADISE has been
tested
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Aftear some sesrching has been done, PARADISE has 4 lres that has one rarch at the top
laval for ssch plan thet hae besn searched Each of thess Lop lavel braacher has 8 range
representing ite velue; the renge may be narrowed down to a single valus. No range has
& botiom valus which Is batter than the top velue of ali othar ranges, so it is not claar
which plan iz the best. Tha program musl pich some point to initiste sncthar sesrch In an
stiampt to further narrow ranges and find the best plan  Scatlerad 1h-oughou! each of
thess top-isvel subirass wre RE-SEARCH pointers {which specity s par icular plan to be
searchad), and ANALYZE pointars {which specify lhal » slalic an.ysis should be
underiaken 1o prochxce plans for ssarching). Searching plans from these pointers may
improve the valus of the sublree Each of these pointers containe info: mgtion aboul the
threat of its unsesrched plan and sbout the likelihood of s succes: In g clessical
beast-firsl seprch, thase thregis would be used [0 determine tae mo'! promsing plan
{perhaps [aking int¢ account that (he calense can chooss ils bes' line B nodes where if
is on moval and this plan would be searched next. As sxpli ned sirlier, this s not
slways the best sirstegy. The sirstegy used by PARADXSE 1. pick a RE-SEARCH or
ANALYZE pointer lor searching is descr bad bealow.

PARADISE considers five crilarin in ostermining which poinier o search next Thess
griteara gra brisfly summarized below, with higher priorily cnilena firs! in the list How
PARADISE aciuslly uses these crileris in tha decision process ts described after the
summary. Tha sntire Jr¢--ess describ- zlbslow is repeaied sach ime the search raturns
te the lop lavel, so the program is co= wually reavalusting ils sire egy

1- Ovarsll view. The program likes I« tave sn oversll viaw of tra possible solutions It
will not extensivaly investigste one : o-isvel plan unlil t knove sametlhing sbout ol
top-lavel plans.

2- Promise of success. 1his is Ihs most important crilerion in lassical best-first
ssarches PARACISE pralers RE-SEAR ™ pointers which ars likely ¢ succeed

3- Ralationship cf previous searchas. PARADISE’s decision is infuenced by the relative
values slready discovered The program looks for such cases & il plans {al the top
level) failing, many plans succeading, an. only one plan succesding while the rest fall.

4- Pravious success. [ a particular ple-n has alrssdy mael with som s success, PARADISE s
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much more willing to Invest more effort in it than in & plan which has not yel me! with
BNy BUCCONS

5- Dapth of RE-SEAACH pointer. To avoid consiructing long elsborastions when a short
solution is pressnt, the program prafers RE-SEARCH pointers which sra close to tha lop
level. Long elaborslions can involve contorted stlempis 1o meke s poor plan work and
should be svoided if possible

How PARADISE uses these five crileria to chooss a place to begin saarching is described
balow. Tha program graduslly narrows the number of plens and RE-SEARCH pointers [t is
considering as possible candidates for sesrch initistion The steps dascribed beliow are
done, In the order spacifiad, to sventually narrow the possibilitiss under consideration to

onga.

Te oblain an oversll viaw of the situalion, PARADISE will not search & plan » second tima
until all plans st the top level have been saarched at least onca If sy plan has schisved
the origingl threshold then any plan with & LIXELY of | is forever removed from
consideralion for searching and any RE-SEARCH poinlar whose pisn has a LIKELY of | is
ramoved from the tres (Tha juslificalioa for this is given earlier in this section) Once
all plans have besen searched once, tha program nexl locks s! individusl RE-SEARCH snd
ANALYZE pointers within tha trees that the search has produced Only the most
promiging RE-SEARCH pointers wra kepl under considersiion When the program
travarses 8 trae Lo find thase pointers, it only follows what is currently the best branch
8! sny node where Lha defense is on move. As described in the introduction to this
seclion, there ars situations where the besl node to search may depand on the verious
options the opponen! hae The melhod used hare ignores this, is selected for simplicity,
and could be improved wilh more resesrch

PARADISE considers each RE-SEARCH pointer [c have one of the lollowing thres levels of
promiso: 1} a LIKELY O plan threatening the threshold, 2) & LIKELY O plan which does not
threaten the threshold and 3) 8 LIKELY | plan ANALYZE peinters sre considered to be
at leval 1, the most promising leval. Any pointers st lhe same level are considered 1o be
squally promising. For exampls, when the threshold Is still st ile origingl value, & LIKELY
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0 plan threatening o win & kright is considersd just ss promiting as 8 LIKELY O plan
thraslening 1o mate PARADISE slimingles from conmideralion ss the next search intiation
pont any pointers st & less promising leval than the most promising pointer under
consideration LIXELY O plans that do no! threaten the threshold (level 2} are ignored
whanever Lhe original thrashold has bean aschisved, but are helpful in posilions where Lhe

program Can only win § pawn

It ghould be noled that PARADISE has much mora information avaisbie than wha' it
sctually uses It knows the THREAT, LIKELY, LOSS andt SAVE of esch plan in 8 RE-SEAFCH
pointer as well as every reason for its suggestion An sccursle eslimate of promise of
succass could ba oblsined from lhese values, and such an estimate i the principal
daterminanl in choosing s search point in & classicsl best-first search PARADISE chooses
to ignore this mniormation for two reasons: 1] cmphcity, and 2) the three olher crilens
ya! 1o ba described wre contidered more imporian! for finding & search point which will
quckly prove {hal one move is bes! st the lop lavel No clam is made that this 1s right
or best; mure research needs to be done In this area Wha! the work on PARADISE does
indicate 13 that many crilena are uselut in finding & search point  In addition 1o the
promise of & nods, things like previous success, the deplh of a node in the (res, and Lhe
relaticnshup of pravious saarches should be considared

PARADISE nax! looks a! lhe relationship of previous searchas (whather or nol they are
stili under considerglion as search inilistion points) to decide on a sirstegy. One of the
following three relstionships holds: 1) one plan has schieved the onpinal threshold but
none of the others have, 2} mors than ona plan has achisved the original threshold, sng 3}
no plans have schipved (he threshold PARADISE's strategy for each of lhese 3 cases will
be described «n the next few paragraphs. Any plan whose range 0! values i narrower
than tweo-thirds the value of 8 pawn s consiCered ss having Iis value completely
determined Any plan whose velue is complately delermined is removed from
consideration as § possible search initiation point. Special circumsiances arise in cases |
and 2 when all plang which hava schisved the threshold are no longer under ~onsiderstion
as search intialion points in these special circumstiances, the program uses the sirategy
for cass 3 on gl pisns still under considarstion
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PARADISE's strategy for the sbove livee casas 1 presenied hera The aifect of 3
"stralegy” here is lc eliminate some plans from consideralion as candidates lor search
The possibilities still under consideration afler spplication of these “strategies” will then
be further reduced (eventually to one RE-SEARCH or ANALYZE pownter) when the
program considers the fourth and fifih ¢riterie involved in choosing & search point. (I only
one plan remains under considergtion ! lhis poni, the program skips down 1o tha fifth

criteria.}

In case | only one pisn has achieved the threshold In this situation PARADISE eliminates
the cne plan which has succseded from conmderglion st 8 possible search pont The
idea 18 to narrow the ranges of all other plans sand show ihat their tops are worse than
tha boltom ol the range o! the plan thal has succesded This s called the
DISPROVE-REST sirplegy (as in [Berliner 78]} since 1he cystem 1 trying 1o prove that the
rest of the moves don't work The plan whith has cucceeded has achieved the threshold
and therafore has schieved p wgnificant malerial gun  Becsuse of the way PARADISE
messures rangas and uses the threshold, the DISPROVE-REST strategy 15 usually best in
thic case. il & smalier, lass mgnifican! sdvantage had besn schisved s would no! be

the cace

Most plans will nol achiave a8 significant malenal gan so it should be reasonabie to show
that they do nol work This 15 so because tha threshold has baen schieaved, sc only plans
with a8 LIKELY of 0 neod lo be refuled The sllarnative iz lo show that the plan which
has sirpady succeeded will be able to win so coenvincingly that even the best untried
threate of other plans coudd not de belter. Since unined plans frequently contgin mating
threats, this would lreguently involve showing thal the successiu pisn mates. This may
not be & reasonable lask Once & search has been intialed and has returned, the
etustion is reevalusted Thus if ona of the pianse PARADISE ia trying lo disprove
succeeds, this will ba guckly recognized as case 2 and a different siralegy wili be
empioysd Note that if only s small sdvantage has bean achisved (iha threshoid has no!
bean achueved), then Lhe bes! cirstegy may be to show that the best plan can achisve &
greater succass This falls under case 3 and 1t discussed later.
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In case 2, more than one Elan has schieved the thveshold In this situation, PARADISE
remcves sl plans which Asve not achisved Lhe thrashold from consideration as possible
saarch points, snd resels the threshold to be lhe Desl bottom limil thal has been
schievad plus the value of one pewn Ths is similer to the PROVE-BEST sirslegy In
[Berliner79) Since the program has st least two plans which hsve succeeded, it musl
sventuslly show that one is betler than the others. It does this belora showing thal
other plans do not work since proving that one successiu plan it more successtul than
other successid plans may produce such s convincing success (s, 4 mate) that othar
plans will never have to ba disproved

in case 3, the Ihrashold has not been schisvad by any pian ¢r has been achisved by »
pian no loager under considerstion sy & search intiation point.  Usually, PARADISE makes
no changs to plans undar considerstion in this case. |n ona specis! case i does. This
occurs when thers ars exactly lwo pians under consideration, the threshold hat not been
schieved, and one of the plans has schievad some positive gooc while the olhes has not
in this situslion, PARADISE agsin emplays s DISPROVE-REST siralegy by removing the
pian that has schisved some good from consideration as & possibie sesrch poinl  Although
DISPROVE-REST s ususlly considerad too dangerous 1o use when ihe threshold has not
besn achieved (becsuse of & possible search explosion since plans with LIKELYs of both O
ond | must be rafuted), it is tried in the special cess when only one plan has toc be
disproved This special circumstance also requires thal another pisn has schisved some
positive good so thal a best-move prool will bes sccomplishad if the other plan 15
disproved Chapler 5 conlsing an example whers PARADISE uses the DISPROVE-REST
stralegy in thin siluation to obtein s best-move proaf.

Once the selection of s strategy has limited the number ol pisns under consideration,

PARADISE considars the criterion of pravious success Lo further narrow Lhe possibilities

Only plans which have echisved the best resull 0 lar ars kepl under consideration

More specificslly, of the plans currenily under consideration, the one whosa range has the

best bottom limit is kept under consideration In sddilion, any plan under consideration

whose boliem valus is wilhin half & pawn of this “best™ pian is sisc kept under
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contidergtion Al olher plans are removed from consideration Ths restriction severely
himits the number of plans under consideralion: In most cases only one plan remains under
consderstion, occasionally thare are two, end only rarely are there three or more. in this
way PARADISE places gres! importance an previous success  The program would rather
search s plan which has won two pawns snd threatens to win & knight than one which has
not won anythung but threatens (o mate. 1L is nol ciear if this «a & good sirategy. It has
worked wall in PARADISE's domain since inilisd searchas frequently find soma advaniage

when 8 winrung combinalion exisis

It more than one RE-SEARCH or ANALYZE powler slill remans under consideralion,
PARADISE choosos the shallowes! one {1Le, the one cicsest 1o the tlep level) &s the point
to irvlinte 8 new search I there 1k ctill 8 tia, PARADISE just picks the plan and pointer
which happer {o bea hrsi 0 its lree This criterion of shallownass piays an importan! pert
in the system since PARADISE ignores much of the information gbout the promusae of @
RE-SEARCH pointer in order (0 use the shallowness crilerion instead Belore initiating &
sadrch, PARADISE rasats the threshold 1o be tha bes! bollom lim! tha! any plan has
achuaved {whether under considaration for searchung next or nol) plus the value of one
pawn I this value is less than the onigingl 1hrashold, then the original threshold is used

Te summanze, PARADISE usas five cntena 1o choose the poin! [ intiale the nexl search
PARADISE has » few diffgrent stralegias and piaces greal importance on the 1deas of
previous success and shaliowness Informalion on the promise of an unlned plan
largealy ignored {excepl for tha likelihood of success), and no snalysis of the opponent’s
sllternalives is dons These sre only lwo sreas in which improvemenis could be made
More rasesrch neads to ba done tc delarming good sirstegies snd the cnteria involved in
choosing them, since harder problems will probsbly require more sephusticated decisions
sbout whore 10 initisls searches PARADISE's ssarch is compared 1o othar searches in

the next saction
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H) Comparison to ether systems

1) Introduction

PARADISE™s overali search persdigm is 1o repressnt values by ranges and then narrow
the ranges only enough ic show that ons move is best. This is done by salacting
different siralegies st (he top lsvel snd rapestedy doing best-firsl searches fo narrow s
parlicular range. No previous chess program or problem-solving program has used such &
paradigm  Berlinar's Be sigorithm {[Berliner 79], & domain Independent aigorithm, was the
hrst to develop thess idess, but the Ba slgorithtm has never been applisd o an
intellectually chalienging problem  This section briefly mentions parls of PARADISE's
search which are new and compares its basi-first search to best-first asarches in other
chess programs. The next seclion comparss the ceusality facility Lo similar mechanisms in
olher programs, end the fing! ssclion comparas PARADISE and B in some delsil.

PARADISE is the firsl chess program to use ranges s values snd to develop methods lor
handling ranges in the siphs-bels sigorithm and othar parls of the search PARADISE
makes effeclive use of some tree pruning lechnigues tha! have been lried before with
less success, e.g, the “forward prune® cutolf and Lhe “same plen el higher lavel® cutof!.
PARADISE will frequently use ils forward prune to eliminate oll movas axcepl the one or
two best on the basis of its sistic svelustion Many programs make affsctive uss of
similar forwerd pruning technigues, bul rever to aliminste Lha! many movas. The “sams
plan at higher level® cutolf refuses to search s plan that coud have been tried earlier
unless it looks more promising mow. This keeps [he program from trying its moves in
every possible order down s fine Other programs hava had little success in sttacking
this probiem

PARADISE has an sfficient masns of restarting & search after it has been susoended and
Dackirgcking has occurred  No olther program which does large amounts of anplysis and
date storage a! esch node does this. PARADISE's quisscence #nalysls covers a much
wider range of {hveats than ihe quisscence searches of other chess programs. PARADISE
uses & nuli mova snalysis to occasionglly get on the righl line without waiting effor! on

spurious lines. Other programs (e.g, KAISSA) occasionslly lel one side make two moves in
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a row, but this technigus has never balore improved performance and reduced the size
of the search s it has In PARADISE

Best-firs! searches have besn used in previous chess programs (ag, COKO which is
describad in [Kozdrowicki73]. These programe do nol use ranges or top-isve! siralegy
salaction as PARADISE doas. By using Lha resuts of ite sialic analysis end its reluctance
function, PARADISE makes much belier decisions sbout which noou Is more promising than
previous programa hava PARADISE also differs from mesl best-first ssarchas in that it
only looke for mors promising alternalives when the ofisnsa ls chenging pians. Aa long ae
PARADISE is exacuting & plan tha! is working, it does not look for better sltlernalives.

Z) Comparison of causslity facilities
Two programs have {acilities similar te PARADISE s causalily [acility. KAISSA's methoa of
anslogies {[Adelson-Veiskiy75) and CAPS's cousality facilily ([Berliner74] are both
based on the sama idea The ides is lo uss inlormation about moves, lines, ettecks,
tquares, pieces, eic. lo delarmina lhe influence a move might have on s previously
analyzed line. If 4 move will have no influence on sn unsatislectory ling, then it can be
rejocted wilhou! searching Human chess playsrs sppewr to uss causalily type reasoning:
if & move fails then it is somatlimes obvious thal other moves will fal for tha same

Fabion

Tha three programs have differsnt implamentations of this idea The causality facility in
PARADISE reasons sbout & proposed move in (he current position snd sn unsatisfactory
lina that was generated by sesarching snothaer move in the current position If the
causdlily facility determines tha! the first move lried in the unsatisfectory line did not
parmil the line (8§, by unprotecting s critics! square), snc that the proposed move could
no! influence the line in any way, then the proposad move is rejected withoul sesrching.
The ceusalily fucility in CAPS ressons sbout en ursatisiactory line. Like PARADISE, it
delermines il the first move of the line parmitied the line. If nol, CAPS lries only maves
genaraled by the causplily facility as counter-causal moves. Ths s similer to PARADISE s

counlar caussl analysis and produces only moves which influence the unsatisiactory line
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Thus the effect is 1he seme ae in PARADISE whare movas generslad by ny mechanism
{counler caussl analysis or otherwise) are checked for thelr counter-ceusal nature by the
causalily facility. PARADISE has ¢ major edvanlage over CAPS in that il cen compara the
influence tweo different moves have on the same ling since it returms & iist af reascns

describing an influence.

The melhod of snafogies ia considerpbly differsnl then thess two ceusslity facilitien. It
restons sboul 1wo positions, the current one and one that has sirsady been searched snd
found o be unsatisfactory no malter which move is playsd For the method of snalogies
to apply, sll admissible {ses [Adelson-Velskiy75] or interpral loosely ss “legal™} moves in
the currenl posilion must siso be sdmissible in the unsatisfactory position The method of
analogiet then determines if any of the difarences in the curranl pesition can affect any
of the unsatistactory lines. {lnformation sboud the lines Is retained o8 8 number of sels as
described balow) If not, then the new posilion can be sssumed unsatisfactory without
sasrching any moves Ia it.

CAPS snd PARADISE have similar spproaches lo ceusalily while KAISSA's is somewha!
diftersnl. KAISSA's spprosch cannol repson sbout individual moves, bul can only
delermina that & whola pesilion is umsatisfeclory. The melhod of ena'ogies is only
applicable when all lines from ona posilion failed and when there Ia snother position
whose admissibla moves sre sl prasent in the uneatisfectory pesition Il seems that such
a situslion wouid not ocour frequently, snd KAISSA's suthors de not ssseds, sven
subjectivaly, how ihe mathod of snalogies has periormed in their progrem.  Ressoning
sbowt individusl moves is usehd, for example, in positions where thers is only one good
movae and many bad ones lhat lose lo the same complicated attach. DOnce CAPS and
PARADISE have lrisd one bad move, thair causality facilitiss should sliminate sl the cther
bed movas without sesrching tham KAISSA would have to try all movaes, and the mathod
of analogies would only halp if it could de spplied to positions that ere produced after
playing & bed move and which have all thelr edmissible moves presen! in g position that
sccurred In the search of & previously tried bad move.

Despite the differant approsch usad by the methed of analogiss, il three impiamantations
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will here be referred to as ceusplily facililies (for sase of reference). Tha major
ditfference bestween ihess thres causality lecilities is the wealth of information returned
from s previcusly anslyzed line in PARADISE In both KAISSA snd CAPS, ell thet is
returned from an analyzed line is » number of seis. Thess sels contain squares that
were movad to, squares that wars moved over, pieces ihat movad, squares that were
newly siiackad by moves lhat wera made, pieces thet ware sttecked, and so forth
These sels do not contain timing inlormation (a.g., wha! order moves occurred in, whether
naw aifscks existed simitanacusly), end do not show which move caused which eflects
(e.g, for » square in the sel of “squares mavad {a”, It is nol possible 1o determine which
pisce moved to Lhat square). PARADISE does return this kind of inlormation  After
searching a line, PARADISE returns & ires which conlains sach node genersied during the
search Esch node dewcribes which piece moved, ils origin and destination squares, snd &
number of attacking patierms (including discoverad sitack patierns) which maiched st that
node. With such a tres, PARADISE can determine which atiacks were happening
simultansously, which moves ware firsl, which pisces moved (o which squaras, snd which
moves caused which siiacks Relurning this much informstion would probably not be
practical in KAISSA since it produces much larger Lrees than PARADISE

As described in section F o this chapter, it is very difficult to nolice il the subtlie ways
a mave might influence 8 line Any of thess thrae causalily facilities con make 8 mistake
by nol recognizing & subtle influence, which may cause the program to reject & good move
withou! searching it. ([Adelson-Velskiy?5] ralerences s “proof” that the method of
snalogies naver makes a mistake. Howaver, the definilion given in the prool for
“influance” is nol sdequate snd does nol sppesr lo recognize much subtle infiuences as
thoss described in section F. For sxample, oll moves in fipure 4.5 1al and it appears thal
the melhod of analogies would be sppliceble 1o figurs 4.6, ye! would not detect the
influence.) Thaere s p tradecti involved By recognizing genersl influences {ie., viewing
sny type of interaction se o influercel, it is possibls to make aimost no mistakse 8t the
cos! of searching many moves which the program thinks influsnce ¢ line (allhough & human
could ses that some of them have no inflluencel. By recognizing more specific influences,
It ia poasible te raject more moves wilhout searching st the cost of possibly introducing
More errors.
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It is difficull to compars performance of the tirss wmplementaiions. There gre 3 small
number of examplas of CAPS's cousality fecilily In [Berliner 74] and PARADISE sppears to
make more csusality cutoffs over Lhis small se! than CAPS doas (ses section A of chapler
5. PARADISE has made some msjor improvements over the ceusalily facility in CAPS
PARADISE returns a list of rapsons describing an influence w*.ch makes it possibla to
compare lwo different influences By doing this, PARADISE can reject movas that would
otharwite have to bs searched PARADISE separales the AFFECT and PERMIT
determinations snd can use them lor olther purposes than rejecting moves. For example,
the defensive search uses PERMIT determinalions to delermine when to nitiate null move
anglysos.

No exampls or subjeclive evalustion of tha method of analopies n KAISSA has been
published The algurithms of the thres programs ere nol similar enough to chech for
subsumplion since sach program uses different lradectis in ganerality when checking for a
particuler influence. One thing is cissr: PARADISE hae snough information availsble to both
maka fewer misiskes and mske mors cutolfe than either CAPS or XAISSA It would be &
difficudl project st preseni to show that sither of these has sctually been accomplished.

3) Comparison te B*
Like PARADISE, B» narrows ranges with besi-first searches until it shaws that one move
is best ot the top level. It has both ¢ DISPROVE-REST snd PROVE-BEST sirategy which
are mmilar Lo sirstagies in PARADISE Whils sharing these concepls, the two ssarching
algorithms have different implementstions. (For sxample, a3 described below, a “range”
reprasanis something ditterant in PARADISE than It doas tn Be) Bs referc to the top of &
rengs as the optimistic value and the bottom of & range as the pessimistic value

Perhaps the lerges! difference belween PARADISE and Be is that B+ has nesver been

applisd 10 o~ sctusl problem Belore Be could be useful in 8 game like chess, it would bs

necessary 1o dafine methods for dalermining optimislic sng pessimistic values, methods

tor chogting belween saarch sirategies, methods for comparing values so that slgorithms

like slpha-beta could be used, methode for efficiently restarting s sesrch, and othar
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thinge Bs sssumes reasonable colulions for the above problems sxist in its domain
However, given a domgin, il & no! obvious thal such reassonabls solutions exist. For
example, it s not clear that it s possible lo define optimistic and pessimistic values for
chess positions 1n such 3 way tha! Be would behave nicely in 3 chass program PARADISE
sctually defines all these details to produce & working chess program  In doing this,
PARADISE has devsioped many concepts similsr 1o concepls in Bs, but with important
differances which mghe the program work effeclively in its domsin These differsncas
ars dascribed below.

Ranges in PARADISE sre defined (by their usa) differently than they ars in Be PARADISE
partially svoeds the difficull problem of putting optimisiic snd pessimistic values on chess
positions. In PARADISE, the bottom of a range is & value which has sirasdy been proven
and the top is the besl the oftense may be sbie 1o achisve with more sffort. Thera is no
concept of “oplimistic value™ when lha defensa is on move, unce tha defensiva search
always searches unlil & salisfactory result is found or an unsatistactory one proven The
concepl of "pessimistic value™ would be inexacl in PARADISE; the bottoms of ranges sre
more accuralely referred to as “the best value achievad so far” Mosat algorithms in
PARADISE treal the bottom of g rangs at the true value of & position, but thay sre aware
that the valus may (or may nol) be improved wilh more searching effort PARADISE
rohes on the distinclion belween offanse end defense in its use of ranges: correct
Interpratation of 8 range depends on whether Lthe oftanse or defense is on move. Bs
does nol have an offense and defenss in its hypolhatice! domain, and its ranges are
interprated Lhe same ol every nads

One major differance between Bs and PARADISE is the method used for backing up. Bs
backs up whanever il schisves a value better (or worse) Lhan sny siternalive [t backs
up to the poinl whers minimax no longer sees the new value as the main varistion
PARADISE, on the other hand, uses its threshold lor backing up at offensive nodes. A
changed vaiue will be bached up s soon as Il has achiaved the thrashold, and not until
then. The defensive sesrch doss not back up until a satistactory resull is found or an

unsatisfeciory one proven
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Be has both 8 DISPROVE-REST end PROVE-BEST strategy which we similar {0 strategies
in PARADISE As described In saction G of this chapter, PARADISE ectually recognizes
many silustions and specisl casas belore choosing a sesrch poinl. Many slightly difterent
stratagies could be differentistad in PARADISE s opposad to thass two in Ba,

Once & sesrch has been initisted, beth Bs snd PARADISE use a best-first sesrch B» does
this by comparing tha oplimistic veue of the current node o the optimistic velue of the
bast allernstive {a valus which s cwried down by he sesrch). PARADISE does nol
define 8 “bast™ alternalive (nstead, the search carriss down & whole list of plitgprnatives
Betides an oplimistic valus, sach siternative describas s likslihood of success and ite
depth in the lree. This information silows lor » richer comparison in deciding which node
is bes! (e.g, the raluctence funclion vanes with dapth in the tres). Ona other difference
+¢ 1nat PARADISE does not conmder othes allernatives when it is axecuting & plan that 8
working  The “best-first” aapect ony comas inte play when & naw plan is being
considersd



[) Summary and Conclusions

Any knowledge-controlled search £an sasily become unconirolled when the program
migpercaives the tiluslion or is unawars ol & better alternative PARADISE is the first
program to achisve s knowledge-controllad search in the midde game of chess The
saarch is controlled by using & besi-first search which helps the program view each node
in a giobal context. The program is slways aware of other possibilities, and
mispercaptions sre usually discoverad bafors much efior is expended PARADISE cen be
overwhalmed by positions whare thers sreé many possibilitien, but In 8 test of 100
probiems this happenad only once {ses chapter 6). Inserting e poorly written production
in the knowledge bass which oftan suggests poor plans can slso causs PARADISE's search
to bacome uncontrolled

The success of PARADISE's saarch algorithm is due in part to the tactical sharpness of tha
domain Compared to "positional™ chess pesitions, tacticaily sharp positions make il eavier
to describe whal has been sccomplished by & particdar line and to decide which
alternatives sre more promising [t Is not clear how much PARADISE's search depands on
this since It has nol been Lried in other domains Berlinar axperimented with a best-firs!
search and reported in [Berliner74) that it did “very well® in tactically sharp positions but
that it greatly multiplied the effort expended on ordinary posilions. Howaver, PARADISE
should svoid soms of this multiplisd elfort because it ratains snough information to
restar! an sbandoned search for less than the cost of processing one node. Further
investigalion is needed to determine the usalulness of this search siralegy in other

domaing.

The following list summarizes the major faaturss of PARADISE’s search

-The search employs differant strategies to show, with # minimum of afforl,
tha! one mova is bes! st the top level

-A best-firs! search siralagy it used which gives the program & global view of
the tree and heips aveld lengihy snatysss of poor linas.

-Using information oblained from slatic snalysis, plans, and the reluctance
function, the program makes ressonsble decisions aboud which node in the tres
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is the most promising to search

-The sasrch cen alficiently sssrch lines u sacond lime beceuss all partinent
information Is kept in cors in 8 ires which poinls to disk files contgining more
specific information sbout sach position

-The program specifies valuss of lines snd positions by ranges Thiz sliows
the system to gain some amount of information aboul a line without investing
all 1he aflort raquired to determine its exact valus Algorithms which compare
lwo values {e.g. esipha-betal hande the possibilities which srise when
comparing two ranges

_-PARADISE uses s thrashoid to define its current level of sspuration The
coarch is temporarily satisfied whenaver the thrachold is schisved and changes
the threshold in the process of using a particular stralegy lo prove that one
mave is best.

-Esch search backs up with the whois iree that has been generated This
tree includes (smong other thingt) each move made, ressons for terminalion,
pattarns which describe  siluations, and unexplored possibilities This
information communicates discoveries that have been made during the saarch

-The causality facilily usas the tree returned by the search 1o reject
praposed plans which cannol sflact |ha problems discovered 1N § previous
search

-The courter caussl snalysis uses the tres returned by the search o propose
new plans which may solve problams srcountered in & previous search

-A static snalysis in PARADISE genersies much information in the attribute lists
of suggested plans This informalion halps the search terminate branches and
racognize whan a plan Is not working.

-By using the information in sitribute lists, PARADISE svoids searching mvery
possible ordering of available thresis During the search, B plan which could
have besn spplied earlier iz not spplied in the current situstion unless i now
looke mors promising than it did serlier.

-Tha guiescenrce sesrch sccurstely handies a much broader rangs of positions

than the quisscence sasrch of sny previous program By employing specific
psitarn-based knowledge, it considers meny diffarent types of sttacks which
maka & position non-guisscant.

~The defense will uss 8 null move snalysis to better understand a position on

occasion This involves latting the offense rmeke two moves In & row and then
analyzing the rasult te batler undersiand {he situstion
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CHAPTER V

PARADISE in Action

A) A typlcal medlum-sized search

This chapter presents PARADISE's solutions lo three problems in order to show iha
inlarsction of the various slements of the ssarch and the kind of trees produced by the
program  Section A prassats the sctudl protocol produced by PARADISE during & typical
medium sized search in which tha program fings tho best lins immedistely. Section B
outlines ons of PARADISE's Iargest searches in which the ¥SPROVE-REST strategy 15
uced to find the best move indirectly Section C presents anothar actual protocal whera
PARADISE does not find the winning line immediately and must repestadly initiate
searches from the top laval until the winning line is found

Thase thres problems sre all among the first 100 in [ReinteldS8] The problem in section
A is in tha devalopmental sel, but tha problems in seclions B and C are not in either the
devaiopmantal set or Lha tasl set. Thus PARADISE has rot baen sspecisily groomed in
sny way for thess latter (wo prodblems.

The first axamplse, shown in figurs 5.1, is problem 82 in [ReinteldS8) This problem was
chosen so tha! comprisons can be made with tha search iree produced by the CAPS
program which is given in [Beniner74} Such a comparison is interesting since CAPS has
more knowledge sbout tactics than any othar program that plays 8 full gama of chass.

All cpu times mentionad are on & DEC X1-10. PARADISE is writtan in MacLisp. About
751 of tha cods, including 8l the fragquently used routines, ars compiled
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Figurs &1
white to move

PARADISE™s initial static analysis on the sbove posilion uses about 20 seconds of cpu
time, and procuces 7 plens  The one beginning with (WB H7) hes a LIKELY of O and s
sesrched first The other six plans have a LIKELY of | snd begin wilth the following
moves: (WQ A3} (WR W7} (WR Wi} (WG F2) (WG F3) (WG LI} Tha protacol which follows wae
printed by PARADISE as it snalyzed this peroblem Explanatory commanis have bean
added n italics. This is & typical smail Lo medium sized tree produced by PARADISE
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(TOPLEVEL (WVALUE 0) [THRESHOLD 1§))
PLY | {EXPECT 330)

BESTPLAN: ( (WD #7) (BX FB) (WQ AJ) )
NEWBOARD: (E4 WEB W)

T Ar value of rhe intnigé position i1 O and the threshold is 16 (WAite |3 frying o ackieve a
posttive 1core § T he best plan rpeciftey moptng the WEB to H7 and if Nock replies by
movtng Als king to FE& them W AJ 15 played  The reasoming dedind the 1uggestion of
this plam 15 foirty specific PARADISE knew: that qfter B-H7 Nack must move Als ding
e1ther 10 HE where whtte Aas a discoversd check, or to F§ where white can deliver a jecond
cheek te which Mock’s king cannst wmeve in reply  The expectation of (Ais plan (efter
CEXPECT™) is 320 (90 s the value of @ quern, 50 120 threateny mare) W hereoer Lhe
word “NEW BOARD" occurs. PARADISE constructs ¢ new board position by playing &
legei mope

(PLY: 2) DEFMOYES: ( (BK Fa) (BK HE))
NEWBOARD: (LB BK Fl)

The word "DEFMOVES® labels the lisr of moves under comsideration by the defemsive
search {Each move t3 the first part of @ plan yrder consideration. )

TRY CURRENT PLAN
PLY 3 (WALUE O) BESTPLAM: ([ (WQ AZ)}
NEWBOARD: {G3 W AJ)

The phrase TRY CURRENT PLAN® means fhat the program 15 obiairing rhe mext
move by rxecuting o plan thal was inkerited from an earlier anaiypsis In tAls example the
rurrent plan s pecifies an actual wmove rather thon @ goal, 3o the move i3 mads immedialsly
without calculasing the primitives In rhis position T Ae current ewcluation of tAis posirion
11 O { gtoen efter the word "V ALUET)

{PLY: 4) DEFRIOYES: { (BRETH
NEWBOARD: (EB BR E7)

FPARADISE knows (BR Dé} will not help, CAFS searchas it after vefuting (B3R E7).

% ﬁ 7

LAL0
f/ % % /
% % "’;@c, 7
M/ﬁ/ % &
W 7, % WA
3% AV
% 7% 7578

NULL PLAN (YALUE O} (STATIC-ANALYS!S 20 4 SECONDS) (& PLANS)

PLY § BESTPLAN: {{{(WB 03] ({ML {CHECKMOYE WR MB)) (ML (SAFECAPTURE WB BQY)

{NIL (SATEMOYE WR ME} (((BK ML) (SAFECAPTURE WR BR)) (IANYBUT BX) SAFECAPTURE WR BK)1))))
{(NEWEXPECT . 90}

NEWBOARD: (7 WB 03]

ﬁ‘&

'\.

&
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TAs current plan 13 finished snd there are ne sboimuly sinning moves 30 the rystem does
a static analysis which takes 204 seconds of cpu tims end produces 4 plens. Ths bast one
beging with (W8 D3) and comlinues wirk sither & rook check on HE thresirming mats, [£.¥]
caprure of the Nack guern by the dakop, or the resk Mo lo HE followed iy 8 shewer of
the Nack hing to the Mack rook Omce agsin the stefic analysis sccurstely recommunds the
winning plan.  TAir is an [mprovement swer [he perfornignce of CAPS wiich finally
ruggested B-D} as a defensioe mows simce Ut protected the wiite pamn snd while rosk
whlch are both m prise The expectarion i1 now 90, kawing been recslculated from the Rew
cu-rent plan whick only expects i win rhs Wack quam.

{PLY: 8) DEFMOVES: ((BR 03] (DR 03} (BQ 03} (BQ F1) (0P G5} (Q 03) (BX @)
NEWBOARD: (D8 BR 03}

TRY OBVIOUSLY WiNleNG MOYE

PLY 7 (VALUE -33) BESTPLAM: [ (WK MB] )
(NMEWEXPECT #07)

MEWBROARD: (K4 WR HB)

(EXIT OFFENSE {VALLE 1300 1300))

The system finds R-HE a1 an ocbviowsly winning move [t hnows the move will mate
{alehough it plays it to make rure), se Ut doern’t thech the current plan if the system
Aadn't been sure of the mate, & would hawe rxecuied the curvent pen sfter naticing thal
R-RE8 duplicates the {CHECIMOVE W M8} goa! (% tAe curTant plan.

{PLY &} REFUTE: ( (WR HB))

{PLY: &) DEFMOVES: [ (8Q 032} (BQ Fi) (BP 08} (BG 03) (P GB)}
CAUSALITY: {BQ D3} LmeE: (D& B& 03} MO

NEWBOARD: (E2 8Q Fi}

PARADISE backs up to ply 6 A counter-causel snalysis tries to refule the move R-HE ¥y
white but no new moves are puggested T he causality facility comperes the proposed Qb
wmove 1o the free produced for the R-D3 mowe and determine: that Q-DJ cannot Aelp.
QD3 Is thevefore rejected without searching and QF1 is peyed (The caussliry facility
approves i) The causaliry faciliry mades uss of corutderabls informarion returned by the
tearching progess  CAPS. which sise har o ceusaliry feclity, searches both R.DJ and
(-D3 In thls position.  In fact, move than half the mewes rejocied by caxselity in the
remainder of this protacel ars tearched by CAPY.

QBVIOUSLY WINMING MOVE OUPLICATED
TRY CURRENT PLAN

PLY 7 (VALUL . -30) BESTPLAN: ( (WB Fi})
NEWBOARD: (D3 Wa Fi)

B-Fl i1 ruggested as & winning wmove, buf it dupdicates the SAF ECAPTURE gosl in the
current plan {end is not & sure mate) 20 the urrene plan i tried

{PLY: §) DEFMOYES: { (BR D1))
MEWBOARD: (D8 B% DI1)

(VALUE 49} TRY QUSESCENCE SEARCH
(PLY: #) NEWBOARD: (N4 WR ME)
(QUNESCENCE VALLE (1300 1300))

Ths current plan is finished end the threshald Aa: born ackieved so the offense triss &
quisscence search to ses (f the walus Aolds wp. A valus of 1300 (which s mefe] (5 returned
10 the jeurch backs up with mercess for white.
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{PL.Y &) REFUTE: { {WR NE})
{"LY: 1) DEFMOVES: ( (BF GS) (DR D2} (BR OF) (BF GB) 0® F3} (0" F0) DX IR) (BN QR )}

NEWBOARD: (G7 BF C5)

(VALUE 49) TRY QLRESCEMNCE SEARCH
PLYT 9) NEWBOARD: (40 YR BB}
DEFENDING MOYE SELECTED

(PLY: 10) NEWDOARD: (Fi Bx G}
{(PLY: 11} NEWBOARD: (M8 WR Dd)
DEFENDING MOVE SELECTED

{PLY) 12} NCWBOARD: (E7 B8R D7)
{PLY: 13) NEWBOARD: (D& WR O7)
(PLY: | 4) NECWBOARD: (E4 BB OF)
(PLY: |5) NEWBOARD: (A3 WQ AT)
DEFEMNDING LIOVE SELECTED

(PLY: [ 6] NEWBDARD: (D7 BA C8)

(QUIESCENCE YALUE {103 109))
{EXIT OFFENSE (VALUE 109 109))

A quisscence search to o depth of 16 shows that P-G) falls for Mach The guizicence
search knowy that the threshold Ats bren achirved and that the whits rink on H4Y 13 nt in
danger, yet it plays aggrassior moves (af plys $ thrsugh 13) where the reguisr soarch
wowld b satisfied with the result alveady achieved. Thir seemu 1o pevarate mode:
unnecessqrily PARADISE dows this becanie U iy & chosp way ts got dettar rasuits. The
quigscence searck s very L .oxpensive compared (o [he reguier soarch T he rystem thinks s
Aas emouph informalion, yet it mey be mecesiary v soarch (M5 lne aguin if the “trus”
value ir nod found Since PARADISE soes an inexprnsioe way (quisscence searching} te
(mprove ihe resuls, it rishs pensrating 4 fow unnmensery (though (nexponsive} nedes in
ordar to avoid & possibe re-seerch iater.

(PLY B} REFUTE: ( (WR M)}
(PLY: §) DEFMOVES: { (BR D2) Ilﬂ;lliﬂ'ﬂi'ﬂl P FE} X £3) X OB )
£4)

Gt
L1

s

N

L
Black tries other mowes o2 ply 8. Cowselicy rejocts R-D2 end R-D7 on thr basis of the tron
Fnersiod for R-Di, and U rejects P-Gé using the P-GF fron



{VALUE . 48) TEY QURESCENCE SLARCH
(PLY: 9} NEWBOARD: (44 WR W8}
DEFEMDING MOVE SELECTED

(PLY: [O} NEWBOARD: X5 BE GB)

{(PLY: | |} NEWBOARD: (A3 WG A7)

{QURESCENCE YALUE (33 139))
{EXIT OFFENSE (VALLE 39 90))

Agatn the quisscence search comfirms the offensive ruccess. TAls time the value of 39 doss
mot meet the expectation 1o Ths offrisive searck returxs ¢ renge of 39 to 90 since the
rxpectation of 90 mey hawr been achirved |f & static analyiis hed beem dome.  An
AN ALY 2ZE pointer i3 put n the rroe.

(PLY 8) REFUTE: { (WR HE)}

(PLY: &) DEFMOVES: ( (B F§) (DK L) (X Qi)
CAUSALITY: (BP F&) LINL: (F7 8F [9) ND
NEWSOARD: (FB BK £3)

(VALUE 43} TRY QUMISCENCE SEARCH
{PLY: 91 NEWBOARD: (AZ WQ AT)
(QUMESCENCE YALUE (39 . 59))

(EXIT OFFENSE (VALUE B3 90))

(PLY &) REFUTE: { (WQ A7)}

(PLY: 8) DEFMOYES: { (BX Gi) (BR AR (DP AS) (B AS) (BF D61
CAUSALITY: (BK GB) LiNE: {F§ DX E8) ND

CAUSALITY: (BR AL} LinE: (D8 BR DI} WD

CAUSALITY: (BF A§) LINE: (D8 8K DI} MO

CAUSALITY, (BF AS) LME: (D8 3R DI} ND

CAUSALITY; (BF B4} LNE: (F3 BX £3) ND

DEFMOVES: )

PLY 7 BESTPLAM: (ICHECKMOVE WR HE) |
TERMIMATE: PLAN SUCCEEDED
{(EXTT OFFENSE (VALUE 59 0O})

TAe offensiee searck terminales simce the threshald has borm schivved T Al (mievis
RE-SEARCH peinters in the troe for plans still under consideration and an ANALYZE
painter tince there Ass borm ne siatic analysis of this nede. Ths venge of 39 (o 90 is
returited.
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(PLY &) REFUTE: { (WR HE) (WR HB) (WR HE) (WB F1 D)
(PLY: &) DEFMOVES: { (D G3) (DK GR))
MEWBOARD: (G7 8P O3}

-

r2
it
s JI :
7

PLY 7 (VALUE 0} BESTFLAM ( (WB &) )
NEWBOARD: (D3 W £2)

(PLY: 8] DEFMOVES: { (BF WA))
NEWBOARD: (G5 BF NA)

(VALUE 49) TRY QUMESCENCE SEANCH
PLY: 9) NEWBOARD: (A3 W AT}
(QLBESCENCE VALUE (3% . 38))

(EXIT OFFENSE (VALLE 33 %0))

{PLY: 8) DEFMOYES: ()
PLY 7 BESTPLAN: ((CHMECKMOVE W ME) }
TERLBMATE: ALPMA BETA

(PLY 6) REFUTE: { (WB £2)

}
mv:nm:1£nrmm:mmwmmmﬂun




TRY OBVIOUSLY WINNING MOYE

PLY 7 (YALUE -10] BESTPLAN ( (WK G2} )
NEWBOARD: (M1 WX G2)

PLY: ) DEFMDYES: ()

T ta drfm:!u:mdmius:nﬂmaul,m~ it Ass wno lidea mhat (o do 20 i1 letr
the offonse make rwe mawes (n 4 RO However, the offonss calls the qutescence seerch
which hnows (2 (1 tA¢ defrnse’s mape. [t docides the defense can escape from tha threat of
R-HE& 50 U calls tAr positiom qpulescent.

(VALUE B%) TRY QUIESCENCE SEANCH
sesumed sescaps from (W M)
{OLRESCENCE YALUE {89 N

(EXIT OFFENSE (VALUE 89 #%))

{PLY: 8) DEFMOYES: ()

(PLY &) REFUTE: { (WX G20

(PLY: &) DEFMOVES: { (B A2) (BX GB))
CAUSALITY: {BQ A2) LML (D6 B3 O3)
CAUSALITY: {(BX i) UMNE: (G7 OF O3]
{(PLY: §) DEFMOVES: ()

PLY 5  BESTPLAN: { (WQ AS) ML {CHECKMDVE W) 08) )
s wrdibatyy whan Beoshald stbdovad qult
(EXIT OFFENSE (YALUE 5% . §9))

MO
L

Ths rearch dacks wp fo ply 3 and rries the next plox suggested by the slatic enalysis
This plan has & LIKELY of | and the threshald As3 siready born ackivwed, s if L3 rejoceed
without searching. Mo RE-SEARCH peinters are inseried (n fhe Iroe.

(PLY 4} REFUTE: { (WR M8} (WS 03])
(PLY: 4) DEFMOVES: [

PLY 3 LAST PLAN

(DT OFFENSE (VALUE 39 . 320))

The semrch hacks up o ply 3. There ave e move plans iy execxte here, bul @ jiatic
analysis Aas mof pat berw dome 30 on ANALYZE painter Ls inseried (n (he tree and the

upper curvent valus is changed to I20 to reflact the possibility of achiewing the srigine!
expecralion

{PLY 2) REFUTE: [ (WQ A3}
{PLY: 7} DEFMOVYES: [ (DI ¥))
NEWBOARD: (G8 BX W8}




ML PLAN (VALUE 0] (STATIC-ANALYSH |42 SECONDS) (2 PLANS)
PLY 3 BISTPLAMN: ( (WE D3) )

{NEWEXPECT . J20)

NEWSOARD: (7 WB D3)

The dafense tries K-HE at pty 2 and the ortgingl pien doss nof match thls move 10 &
static analysis is undertaken.  Agein PARADISE find: the right idea (mmedisiely Te
compare, CAPS did noc Aase the necassary hnowledge and ivied 3 other Wmoots firat,
generating 80 nodes to disprowe them, befors stumbling onis 8-D ).

(PLYy 4} DEFMOYES: | (BX G81)
NEWBOARD: (H3 BE G3)

(VALUE ©) TRY OBVIOUSLY WINMING MOV
PLY & BESTPLAN: { (W8 E2))
{NEWEXPECT 930}

NEWBOARD: (DI WS £2}

(PLY1 6) DEFMIOVES: )

(VALUE 99} THY QUEESCENCE SEARCH
(QUIESCENCE YALLE (99 99))

(EXIT OFFENSE {VALLE 33 99))

(PLY: &) DEFMOVES: (}

PLY § LAST PLAN

(EXIT OFFENSE (VALUE 93 J20))
{PLY &) REFUTE: ( (W8 E21)
{PLY¥: 4) DEFMOVES: 1)

PLY 3 BESTPLAN: ({ (WR E4) )
(MEWIXPECT 10}

TERMINATE: FORWARD PRUNE
(EXIT OFFENSE (VALUE 93 320))

T he 1earch backs up €0 ply 3 and the offense tries B-E4 which Aas been suggested by ihe
staftc analysls I3 expeciation i1 10 end B-DF s siresdy ackiroed 99 jo 8 forward
prune occurs The seerch terminates withewt (nserting RE-SEARCH pointers for
LIKELY O plans  They are insevied for LIKELY | plans which weuld incresse the
upper current value exeepl thaf if kg1 already been incronsod (0 320 ot ply 3 sincs W
staric analyris mas done there

(PLY 2) REFUTE: { (W8 D3))
(PLY: 2) DEFMOVES) O

PLY | BESTPLAMN: { (W) 23] Mt (CHECEMOVE WE WF) )
e unlihghys whan thresheld sciievenh: st

T Ae secreh returns ic tAs fop devel [0 ivy the Rext plaw but it 1 terminalod because if has o
LIKELY of | and the sourch is ower. CAPS imsusts much offart ot this puint searching
ether effrnioe mopes

i

2 (G3 WQ A3) (L8 BR £7)
3 (M7 W8 D3} (£2 BQ F1}
4 (D3 WB FI) {F7 BP FY)
5 (44 WR HB) {E6 0 GB)
& (A3 WY A7)



TOTAL TiME: 297 SECONDS

NODES CREATED: 38 (22 RECULAR, 14 QUESCENCE)

STATIC AMALYSES: 2

WHERE TIME WAS SPENT:

491  calculpling primithree

331 quisscence searching {nﬁ*mmwiiuﬁi
1% it pnalysis

9t dafermas delermining initisl »ove

5E determive counler—cmumnl shalys

3 digh 10

Fg | oiferaive pian sleboerstion

01 :umlm.mmmuﬂﬁm

Many things should be noticed in 1his exampie The pians do an excallent job of guiding
the sesrch: only two stelic snalyses wre done in the antire sesrch The plans are 80
accuralely specified by the shalysis that they naver oncs lead {he seerch off ihe correct
ling. White's play in the ssarch is srror-tree.  The ceusslily facility makes good use of
intormation returned from the sesrch Many bleck maves which would otherwise have
besn sesrched we sliminsted in this manner. Thil same information is used by the
counter-causel analysis 1o genersie ail reasonsbia defenses for black. The rarge values
accurately exprass the poteniisl of each node o thet the system does not have o wasle
eflor! determining the exact values Tns best first search sirstegy plays & miner role in
this sxample Tha lhreshold is ysed Lo make many cutoffs, Dut ndrmcurchhldtubu
iniligted from the fop lavel. The sxample in the next section shows mors of the search

stralegy.

On this prcbiam, CAPS gonerated s lree of 4BS nodes in 1[5 seconds 1o oblisin a
principsl veristion of B-R7ch, K-Bi, Q-R3ch, R-K2, B-03, OuRch, B, R-QB This is
slightly inaccurate since thers is & male In one for white at the ord of this veriation which
CAPS's gquisscence enalysis did nol recognize, bt it ln clear that CAPS understends 1he
problem and its solution PARADISE generstes only 36 nodes lo CAPS's 489 for the
following 3 rsssons {primarily):

-PARADISE has mors knowiedge aveilsbie during static snalysis snd can
sccursiely snalyze 3 posilion snd produce good pian CAPS generales many
nodes by nol playing the correcl afiensive meve first on some pocasions. This
knowledge it dwthrm?ﬂlﬂﬁmmnlhlwﬂumﬂm
time to produce iis 36 nodes.
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-PARADISE returrs more wweful informgtion from its sesrch and cen {herefora
use its causslily ltacilily to elimingte moves that CAPS searches

-PARADISE has s best-first sesrch strategy while CAPS is commillad to finding
the true valus {wilhin sipha-betal of each node i! sserches This ensbles
PARADISE 1o terminsie =t scon es some informetion is discovered without
having to look for betler aliernatives

This comparison shaws the sdvances PARADISE hes made in the wee of knowledge [t Is
not mesnt to belittie CAPS which pionsered some of the technigues basic to this
approasch  In fact, CAPS is the only program with which a comperison it appropriste. For
exsmple, on this problem CHESS 4.4 {ruwing on a COC-6400) procuces s tras wilh
30,246 nodes in 95 ssconds of cpu lime withowt finding the selution {which is loc deep
for it} Looking at the delails of such a tree would not be heiphd.



B} An axampie of the DISPAOVE-REST stratagy

PARADISE solves the problem in figure 5.2 using its DISPROVE-REST sirategy. This s the
firal Inatence of a chass program using such an ingirec! sirstegy 1o soive & problem This
problem is number §9 in [ReinfeldS8) end the winning line (nol found by the program) Iv
shown in the figre. Tha trae is the largesl yet produced by PARADISE, oo only the top
levei decisions made by the sesrch sirstegy ars given below.

o| U7 Y % | P21 Qgénd
XA RRT Y 2. Rebolch A7ER
sV, % M Y L0 QMeien
| 2R Y7 S Rele! REAE
3 % ?%, %1:’,:2, . 5. Relsker RO
2 }ﬁi&@? f{_ﬂfﬂfg 7. Redid mote

PARADISE's static snalysis suggests 9 pisrs o try In this position The first move of sach
pian (in tha order tried) is: (WR ES)} (WO MB) (WR ME) (WR FE) (WD FE) (WQ CS) (WR G8) (WP F3)
WP K31 The value of the inltisl position |8 10 and the thrashold s initially 16. PARADISE
first searchs (w® €8} and returns {10 . 380) s ita valua. The “bDetler plan at higher isvel”
culoff hes terminalted the ssarch st two differen! poinls so the value has not been
complatsly determined Thers are RE-SEARCH pointers for LIKELY | plans al deplhs of 3
and 7 in the tres and s RE-SEARCH peinter for 8 LIKELY O plw: ot & depth of 3 in the
iree (sl tha same node as the LIKELY ] RE-SEARCH.

PARADISE now sesrchas (WG wE) ol the lop level, finds thet white cennot win snything,
and roturns & valua of (10 . 16} (wR M8} e tried and & vaiue of (-120C . -1200) l» returned
since white gets mated By snalyzing the tree returned from this sserch, the causality
facility eliminates (WK F§) (WQ F&) and (WR G} from comsideration (wQ CS) ls searched but
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slsc returns (1300 . -1306) Up to this point, PARADISE has generated less than 20 nodes
snd invested little atfort.

(WP £} is now searched and a value of (20 . 100} is returned This search produces sbout
50 nodes since many different defenses ara trisd and the offanse misses the bes! move a
few times. Thers are iwo RE-SEARCH pointers in this tree on branches whers the
offense is no! sirsady ahesd by @ rock or more One is an ANALYZE pointer sl ply 3
after black rapliss st ply 2 with BR G71 The othar is an ANALYZE pointer al ply 5 on
the winning line shown in figure 5.2 When tha node with this pointer is searched again,
the system will do a static snalysis and find the winning line shown above. The
quisscence search of this nods finds that while can win one of the black pawrs, 80 &
jower valus of 20 is raturned reflecting the win of & pawn by white. PARADISE then
generates aboul 6O nodes searching (WP i3} and 8 value of (18 . (0] is roturned.

PARADISE is st the top level again send has searchad sach plen once. Only two remain
under considarslion, (WR £8) with 3 value of (10 330) and {WF F3) with a value of (20 100}
Since the tree for the rock move has s LIKELY O RE-SEARCH pointer and the plan
beginning with (WP F3} 15 LIKELY 1, the node with the LIKELY O pointer is chosen for
searching. PARADISE traverses the tree to this node and initistes & search of the plan in
the RE-SEARCH pointer. This search [sils (after generating & nodes), so PARADISE
returns again te the top level The value of (WR E8) ie still (10 . 330), but thers e no
LIKELY O RE-SEARCH pointers in its tres

PARADISE now selects the DISPROVE-REST sirategy since both plans are LIKELY 1, ang
ona of them has slresdy achieved some positive good Ths system is trying lo show thal
(WP £3) is bas! by investigating all the RE-SEARCH pointers in the tres of (WR £8), and
hopetuly showing that this plan cannal win more than a pawn i there had been mora
than thase lwo plans under consideration, the system would sttempt to improve the value
for (WP F3} (since it has slready achisved something) snd would find the winning line in
figure 5.2. Selecting DISPROVE-REST causes sncther search of (W [} to be initiated
from the tap lavel Four plans are searched al ply 3 (each has a RE-SEARCH pointer at
the sema node), but they all return ranges whoss upper value is L0 or less (about 15
188



nodas sre genarated). The search relurns agein to the top level. Tha value of (WR Ed) is
still {10 . 380} since RE-SEARCH pointars remain st ply 7 in its tree.

Once agsin PARADISE selects the DISPROVE-REST strategy. (Nothing important has
changed; If tha pravious search of plans al ply 3 had achisved something positive, a
differen! strategy might be sslected sl this peinl) Yol snother search of (WR ER) is
initisted from the top level. This time the systsm traverses dewn to the RE-SEARCH
polnlers u! ply 7 snd saarches both plans specifisd there Thess plans leil (after
genarating 15 nodes! and o value of {1¢ . 10} | returned to the top level since there are

no more possibilitias 1o investigata.

PARADISE now concludes that (wr F3) is the bes! move since it wins at leas! a pawn and
possibly much more, white no other plan can win more [han s pawn  The program reaches
this conclusion without finding the principsé veriglion shown in figurs 52 This reasoning
is valid as well as being novel lor & computer chess program |l should be noted why
PARADISE finds 10 as the value of (W £} snd (WP WD} when these values could be 20.
PARADISE does sas opportunities o win & pawn in the searches of both (WR E8) and (WP
K31 Howevar, it knows that the pswn-winning move can not achisve mors than the win
of & pawn so the esarch is tarminaled by an sipha-bets cutoli belors the pawn-winning
move is made {(since (WP F2i has siready won & pawr)}.

This sxampls shows how the sysiem continually backs up to the top isvel and resssenses

the situation befors Initisting mors sasrching. This is imporiant bacause it avoids wasting
aftort by sserching poor varistions st grea! length
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C) A bast-first ssarch which rastarts searches

This last exampie is & sesrch where PARADISE maker use of its best-first search
sirstegy to control the growth of the lree, and then re-sesrches lines until the best move
is determined The problem is shown in figure 53 (number 96 in [Reinfeld58). The
winning combinastion is too desp lo be found by most computer chess programs CAPS
cor: search desp enough, but does not find the combinalion because it lacks the necessary

knowladgs

ﬁ%l% W,
3¢ %ﬁtw
W /W/ﬁf

h LR i »

A% K W

/&//%%%/
AHCRY TR T

%a75%, 7.0

a bcod = f g h

Figure B.3
whits to move

PARADISE's initisl sislic analysis suggests & plane In lhis position  They all have 3 LICELY
of 0 and begin with lhe following movas: (WG DS} (WQ HE) (WS D3) wq F4). The aclusl
protocol printed by the program ls pressnted below with comments In itelics.

(TOPLEVEL (VALUE -3) (THRESHDLD 18))
PLY | {EXPECT 320}

BESTPLAN: { (WQ D8) )

NEWBOARD: (W& W Da}

T he valus of the initial postrion ts -5 and the thrashold i3 18 (WAte Ls trying to achirpe
a potitive score} The expectation shows 4 malr. T iy mowe wiil actually lead to mate if

followed by RAikS

(PLY: 2) DEFMOVES: { (BQ F8) B8 F3))
NEWDOARD: (B4 B 78}



MAL PLAN (VALUE =5 (STATIC-ANALYSIS 146 SECOMDS) (4 PLANS)

PLY 3 BESTPLAN: (((WR ME} (BB NE} (SAFIMDVE WQ FE) (B0 i) (SAFEMOVE WR M1}
(NEWEXPECT 8%}

TERMBMATE: BETTER PLAN AT HGMER LEVEL

The current plan has expired 1o o static analysis s done The bast plan suggested degins
with a re b sarvifice which threatens mate, buz the expectation is only 183 because of rhe
sacriflee PARADISE thrrefors terminates the 1earch beemase ona of the plans at the top
tevel looks move promising RE-SEARCH petnters are insevted n the rree for sach plan
produzed by tAis stalic onalyris The system will later return to thll mods snd search the
plan shown adord  Befors backing up (o the top lewel, 0 quivscence joarch (5 dome 30 lAat

an accurals lowsr valus can be returnad for 1Al Rbdle.

QUITSCENCE AMNALYSIS

(PLY:1 3) NEWROARD: (DR Wq FI)
DEFEMNDING MOYE SELECTED
(PLY: 4} NEWBOARD: {G7 88 F3§)
(PLY: 5) NEWBOARD: (F7 W8 D3)
(PLY: §) NEWEROARD: (C4 BN £3)

{PLY: 7) NEWBDARD:
{PLY1 B} NEWBOARD
(PLY: 9) NEWBOARD: (F1 W8 D)
(PLY1 S) velue tokan horw

(BT OFFENSE (WALLK -3 1830

T he quiescence search rxcAdnges queens snd thn fries is grab ¢ pewn arf ply 3 T Ais fails

but the system hnows chat the Mshop move wa: mads purely for offenitve reasons {MWack
had no tAresis), 1o [t wses the palue 62 piy 5 Thus ¢ range of (-3 183) is returned to the
top level whick refiects the foci that nething he) btrn wom bul & salue of 183 s il
tAreatened

PLY § BESTPLAN: ((OWQ HE} ({(WL WE} (SAFEMOVE Wi HE)XML (SAFEMOVE Wi HE))))
(NEWEXPECY 263}
NEWBOARD: (Hé WG HB}

A new plan 15 tried of the top teoel 1t will net load (o & quick mate, buf (& would if there
were a wiits pawn on D6 and Wech did nat thresten matr on the movs. Thus thir b3 8
promising plin and cannat be dirmizsed wsing sfatic snalysts itk search (roen by pood

Aumcn ploprrs)

(PLY: 2) DEFMOYES: { (DS W)}
NEWROARD: {G7 B3 H$)
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FRY CURRENT PLAN
PLY 3 (VALUE -94) SESTPLAN: { (SAFDMOVE WR HE} )
NEWDOARD: (Ml WR ME)

(PLY: &) DEFMOVES: { {BR G7)}
NEWBOARD: (M8 BK G7}

MULE PLAM [YALUE =61} (STATIC-ANALYSIS 7.1 SECOMDS) (2 PLANS)
PLY 5 BESTPLAN: { (WR W71 (BE ML) (MATEMOVE WR M8} )
(NEWEXPECT 768)

NEWBOARD: (HE WR W7 )

{PLY: &) DEFUOYES: { [BK FBI)
MNEWBOARD: {(GF BM FA}

TRY CURRENT PLAN

PLY 7 (VALUE <61} BESTPLAN: { (MATEMOYE WR HE) |
UNEXECUTABLE PLAN INHERITED

{STATIC-ANALYSIS 94 SECONDS) (2 PLANS)

BESTPLAN: { (WB D%) ML [CHECXIMOYE WR F7} ) (NEWEXPECT -42)
TERMINATE: FORWARD PRUNE

BESTPLAN: [ (WE DS) NIL (CHECKMOVE WR F7) | (MEWEXPECT 264)
YERMENATE: SETTER PLAN AT HIGMER LEVEL

QLAESCENCE ANALYSIS TERMINATE: ALPHA BETA

(LWRESCENCE VALUE (-6F -$11) (EXIT OFFENSE (VALUE -61 263}

T Ae current plon foils since (NR HR) £1 no? ¢ maling Move, ic & Ifafic analysia iy donme
The best LIKELY @ plan has an expectation of 42 which s werse than the already
achteved vatur of -3. s¢ all LIKELY O attribute {11 are removed by the forward prune
cutoff The best LIKELY | plan Aappens to M the same &5 the best LIKELY O plan, bur
itr expectation L1 now 268 Since ir s LIKELY 1, PARADISE decides to termingte since
there are mere promizing plans elsewhere RESEARCH polnters are inseried IN the ITe2
for both LIKELY | plams A quiesence search tries (o find an scrurale {owrr valur for
tAts postrton, bur the position (s much worse (han the -3 already ackieved o an ol pha-beta
cutoff occurs T he offense backs up with  renpe of {61 288) for thls mode.

PLY 5 BESTPLAN: { (WR HS) (B HE) {CHECKMOVE WR H1j (BK MR} (ATTACKP BK) )
{NEWEXPECT 20D

TERIMINATE: DETTER PLAN AT HIGHER LEVEL

QLRESCENCE ANALYSIS  TERMBNATE: ALPHA BETA

(QUAESCENCE YALUE {-6) -$E)) (EXIT OFFENSE (VALUE -61 268))

(PLY 7) HACK UP FOR BETTER PLAN AT MIGMER LEVEL RE-SEARCH WiLl ANALYIE HERE.
{EXIT OFFENSE (VALUE 61 268))

The search refuses to interrupt the backing up process &t ply 3 in ovdev fo o & staric
analysts Instead an ANALYZE pointer i3 inserted (m hs trav 61 (Als node and the search
rerurss fo the fop lroel
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PLY |

SESTPLAN: [ (WB D31}

(NMEWEXPECT §)
NEWBOARD: (F7 WA O3}

(PLY: 2} DEFMOVES: ( (BQ 82))
NEWBOARD: (B4 BQ B2}
{(EXIT OFFENSE (VALUE -1300 -13000

(PLY 1) REFUTE: { (B B2})

PLY i

BESTPLAMN: | (W] F&) )

(NEWEXPECT &)
CAUSALITY: (W) F&} LINE: (F7 W8 DS} MO

LAST PLAN

TOTAL TiME;: | 41 SECONDS

NOOES CREATEL. 17 {10 REGULAR, 7 QUIESCENCE)
STATIC AMALYSES: ]

Tae third plan at the top lroel attempts [ win & pawn, bu! white i3 quickly mored T he
refutation It snolyred, but mo Arw pieRs are suggested since mone of JAen begin wirk
ca ptures (see chapter 4) T he causaliry facliity elimingtes the fourth plan. Eack plan ha:
nots been searched once, so [Ae program prinis joms starisrica

PARADISE now picks ¢ node with ¢ LIKELY O RESEARCH pointer to search again
T he pian beginming with (WG D8] s preferred simce it has achlaved ths best {owsr palus.
There are RESEARCH pointers ut ply 7 from the flrst static analysis dene (% FALE searcA
since @ “better plan at higher level” cutoff sccurred

2 PLANS FOR RESCARCH: {(W(Q OB} (-5 1831} ((WQ e} {81 = 268}
(RESEARCH AT PLY 3 ON (W3 DB): Try for suxcom
(RESEARCH {HA WO DB PLY 1) (RESEARCHK (B4 B FR} ALY 1)

PLY 3 BESTPULAN: ({(WR HE) ‘B8 HE) (SAFEMOVE WQ F6) (B8 ML} (SAFEMOVE WR NI })
(NEWEXPECT i8%)
NEWBOARD: (H1 WR HE}

{PLY: &) DEFMOYES: ( (DS H8))
NEWBOARD:

(GT BB W&}

TRY CURRENT PLAN
PLY 5 (VALUE -43) IﬂmtmﬂﬁlﬂI}MHﬂH
NEWBOARD: (D8 WQ F§)

(PLY: 6} DEFMOVES: ( (B8 &) (3G G&71)
MEWBOARD:

{4 B8 GF}



OEWVIOUSLY WINMING MOVE DUPLICATED

TRY CURRENT PLAN

PLY 7 (VALUE -85) BESTPLAN: { (SAFEMOYE WR Hi) )
MEWBOARD: (DI WR M1}

T ke search bs still being guided by the plan (% the REIEARCH peinter TAs plarn waj
produced by the frst static enalysis of this protacel (a1 ply 3 of the eriginal search of (NG
Da)}.

{PLY: B} DEFMOVES: { (88 H3))
NEWPOARD: (C8 BE NI}

T his i1 ployed since it s the only legal move and PARADISE dosy not bather to calculate
the primitives for this position If awy analysis whatsorner was done, the Joarch would be
terminated withou! plaping tAls moes.

TRY OBVIOUSLY WINMNING MOYE

PLY 3 (VALK -43)

NEWBOARD: (HI WR M)

(EXIT OFFENSE (VALUE 1300 1300))

{PLY: ) DEFMOVES: {}

{PLY &) REFUTE: { (WR ¥1) (R W1
(PLY: &) DEFMOVES: { (B0 GT}
NEWBOARD: Fi B G7)

Having found the mate, PARADISE backs up sné friei the quavn (nterposition sz py 6
for Mack

VIV K
LLE’E %,,ﬁ

Y T 2 L
%c %lfﬂ. /
F Y
%% % “f

o

MAL PLAN (VALUE -45] {STATIC-AMALYSS 17.9 SECGNDS) & PLANS}
PLY 7 BISTPLAM: { (WG D8} )

{NEWEXPECT (33}

NEWBOARD: (F& W D&}

(PLY: &) DEFMQYES: { (B F8) () GA)}
MEWBOARD: (G? BQ F8)
TERLAMATE: REPETITION

PLY 7 BESTPLAN: { (Wit Hi) ML (CHECIGIOVE Wi ¥5) )
(NEWEXPECT [89)
NEWBCARD: (T WR Wi}

The first plan tried ar ply 7 having failed, the sogrch backs wp iz ply 7 (the pasition in
the hest disgram) and triaz the socomd plan suggesiod by the static analysis.
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(PLY: B) DEFMOVES: { (K] F&))
MEWBOARD: (G7 BQ FE)

TRY CURRENT PLAN
PLY § (VALUE -144) BESTPLAM: { (CHECKMOYL WR HE} .
NEWBOARD: {(MI WR HB}

T ke current plan leads the 1ysiem asiray. PrQ i3 not jorm &3 en obwipwsly winkxing mooe
since £ oniy wins the queen wille white b more than & gurem bekind

(PLY1 10) DEFMOYES: { (DR G7)}
NMEWBOARD: (KA BX G7)

Without (s queen. the offmie decide; thar ansther plan at piy 7 i1 better than the current
ltne 10 @ quicrcence analyts U dons fo sbtain & iower valus for the range fo be returned

(PLY |1} EVALUE -111}

GETA IMPLIES BETTER PLAN AT HIGHER {EVEL WE-SEARCH Wi ANALYIE HERE
QLIESCENCE ANALYSIS

(PLY: | 1) NEWBDARD: {ES WP FE)

DEFENDING MOVE SELECTED

(PLY: |2} NOWBOARD: {(G7 DK HS}

{PLY: |3} NEWBOARD: {F7 wi 0%

sssumad sscape irom (WB C4)

(EXIT OFFENSE (VALUE -52 (F L}

{PLY 9} BACK UP FOR BETTER H“ATMIMKMHLMYH“
(EXIT OFFENSE (VALUE -53 185D

PLY 7 IESTFLAH;’[ WG £7) (0L (CHECKMOVE WO ESHOR ICHECTOVE WO FB)3) )
18
NEWBOARD: (F& WG £7)

A third plon which threstens male i3 tried ar piy 7. Thia iz the plan the rysrem
considered 1o be better &7 ply 1 in the previows sesrch

(PLY: §) DEFMOVES: { (B9 GA) (B F3) 0 F8) G F7))
MEWBOARD: (C2 BB G&)




TRY CURRENY PLAN

PLY 9 (VALLE ~-4%) STSTPLAN: ¢ (CHECKMOYE WQ EX) )

UMNEXECUTABLE PLAN BESTPLAM: | ([CHECKMOYE WO FB) |

CUNEXTCUTABLE PLAN INHERTTED

BETA BRAPLIES BETTER PLAN AT HIGHER LEVEL RE-SEARCH WiLL ANALYIE HERE
QLAESCEMNCE AMLRL YSIS

rssumed sscape from (BB D1)

{EXIT OFFENSE (VALK -4% 4%

PLY 7 BESTPLAN: ( (W0 ha) Mt {CMECKMOVE WO HE) )
(NEWEXPECT 13%)
NEWDOARD: (F§ WO M8}

A fourth plan which rhredtens male iy tried af ply 7

{PLY: B) DEFLQVES: ( (BB F5))
NEWBOARD: (CZ 8B F3%)

REl b B W
't B w

TRY CURRENT PLAN

PLY 9 (VALUE -4%5] BESTPLAM: ( (CHECIMOYVE W( WE) )
UNEXECUTABLE PLAN INHERITED
(STATIC-ANALYSIS 162 SECONDS] {1 PLAN)
BESTPLAN: [ (WP G4) ML (SAFEMOVE WP G4 |
{NEWEXPECT -22)

TERMENATE: FORWARD PRUME

QUIESCENCE AMALYSIS

{PLY: 3) NEWBUARD: (F7 Wi D5

TERMINATE: ALPHA BETA

(EXIT OFFENSE {VALLE -33% -35)}

PARADISE again returny fo ply 7 {the position (n tAe last large diggram), having
searched rach plan there that threatrneed mate The flrst three were lerminated becduse
another plan ar ply 7 laoked more promising, but the fourth plan falled with o value of
3% The system recognizes that the flrst 3 pians were terminated for thly plan rhat

farled, so t¢ decides fo search them again immediately (after o flfth plan [ rejected by the

forward prune cutaff)

{PLY 7) REFUTE;: ( (B8 F5)}

PLY 7 BESTPLAN: { (WB DS} (ML [CHECKMOVE WO F3) KL (SAFECAPTURE WE BN 1))

{NEWEXPECT -14)

TERMENATE: FORWARD PRUNE

Search origingl mova sirce alfernative teiled

(RESEARCH {F6 WG £7) PLY 7) (RESEARCH {Ci BB G&) MY 3)
(STATIC-ANALYSIS 1 K0 SECONDS) {0 PLANS)

(RETURN R “CARCH (C8 BE GA) PLY 8 DLD-VALUE (-43  1B5) NEW-VALUE {-48  -43))

(RETURN RE SEARCH (FE& WO E7] PLY 7 NEW-VALLE (-45  -45))

(WQ E?) is selected first for searching agsin but U falls whem ao coniinuaiions are
suggested T Aly thows the sensitioiry of PARADISE's productions o the position. Rdlhl
does not work im tAis pesition bul the position im which (f does work i3 wery fimilar.
PARADISE suggesty thls move there but not Aere. (WR HL) 1 now tried again
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(RESEARCH (DI WR H1) PLY 71 (RESEARCH (&7 B FE) Y &}
PLY 9 (STATIC-ANALYSIS §7 SECONDS} (2 PLANS}
TEMMENATE: ALREADY STARCMED (YW M8}

BESTPLAN: { (WP F§) ML DJATEMOVE WR MB) |

NEWEXPECT 14%;

NEWSOARD: {ET WP E§)

{PLY: 10) DEFRIOYES: ()

A static analysls ruggerts RxB end PxQ & ply P, bz Rxl 15 aiready in the tree since it
was searched en the first search from thls node. Thevefors &2 {5 rejocted and PrQ O tried.
T Ae defense cannor find & rossonsbis mows and tries & null swee enalysis.

OBVIOUSLY WINNING MOVE DUPLICATID

TRY CLURRINT FLAN

PLY |} (VALLE -4%) BESTPLAMN: ( (MATEMOVE WR H8) )
MEWBOARD: (Ml WR H§)

(EXIY OFFENSE {VALUE 1300 . 1300))

(PLY 10) REFUTE: [ (WR HE))
{(PLY: 10} DEFMOVES: ()
(RETURN RESEARCH (G7 BQ F8) PLY 8 OLD-VALLE {~37 _ 18%) MIW-VALUK ({300 . | 300))

{PLY 3} REFUTE: ( (W 48] (WP Fi))
(PLY: 8] DEFMOVES: { (BN E3))
NEWBOARD: (Ca4 BN £9)

T he re-tearch has returned an improved offensive walue to ply §, 30 the rystem tries (s
find better defenses for Mach

PLY 9 (VALLE -3%)

(STATIC-ANALYSIS 17 7 SECONDS) (7 PLANS}

BESTPLAN: {{ (WR HE) ({NA (SAFECAFTURE WP BN) X0EL ELL WG BN} m
(MEWEXPECT 185)

NEWROARD: {Wi YW Wi}

{EXIT OFFENSE (VALUE | 308 . [300)}

{PLY 8) REFUTE: { (W NS 1)
{PLY: 1]} DEFMOVES: )
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(RETURN RESEARCHK (D] WR N1} PLY 7 NEW-VALUE (1300 1300)}
PLY 7 BESTPLAN: ¢ (WE E&) ({ (Wi E6} (W 08} ML (CMECKAIOVE WO 3] )
{NIL {SAFECAPTURE WE B8] )} (ML £6) (SAFEMOVE WO 08} ML (OECKMOYVE WO B 1))
(NEWEXPECT 13%)
TERMINATE: PLAN SUCCEEDED
(EXIT OFFENSE (VALUE 1300 1300))

{PLY &) REFUTE: { (WR HE) [WR H] )}

(PLY: &) DEFMOYES: ()

(PLY: 4) DEFMIOVES: ()

PLY 1 BESTRLAN: { (WD FRI MK (SAFECAPTURE WE 8P} )
[NEWEXPECT %)

TERMINATE: FORWARD PRUNE

(RETURN RESEARCH (B4 WG F8) PLY 2 OLO-VALUE (+5 18%) NEW-VALUE (i300 . 1300}}
(PLY 2) REFUTE: [ (W] F&) (WR HE)}

{PLY: 2) DEFMOQYES: { {BE FI)}

NEWBOARD: (G7 88 £9)

The defense look) for better maves ar ply 2

;%1@ &
X247 Y
i ,//%3.’1
,,,%él,f-& W,
2y
// ﬁ’a%
,-;@/ﬁ/ 7,8

TRY OBVIOUSLY WINNING MOVE

PLY 3 (YALUE -5) BESTPLAN: { (WR MB) [(NIL ({SAFECAPTURE WO BP) |
{MIL (SAFECAPTURE WQ BF)) (MK (SAFECAPTURE WR DP)) )

{NEWEXPECT 15)

NEWDOARD: (Ml Wt MS)

{PLY: 4) DEFMIOVES: [ (DX GT))
NEWBOARD: (Ha 8% G7)

TRY (ABRESCENCE SEARCH
LY 5] NEWBDARD: (046 WR HT)
{EYIT OFFENSE [IVALLE 1200 1300))

T Aere cannor be & static analysis after en obsioasly winning mowe 38 0 pulescence analyili
bt fried immediately since Che curTent plan i3 ast executabls.

{PLY: &) DEFMOVES) ()

(PLY 2) REFUTE: { (WR W) (R W)}

{PLY: 2} DEFMOVES: [)

{RETURN RESEARCH Did W DB PLY | NEW-YALUE {1300 . [ 200])



BEST WMOVE: (W& WQ D8)  VALUE {1300 . (300)
PRINCIPAL YARIATION:
i (44 WO DR) |4 8Q )

2 (HL WR Hb) {G7 88 H&)
3 (D& WQ F§) {Fa B G7}
4 (D1 WR K1) (G7 9Q FE}
5 (ES WP F&} ANY

& (M1 WR H§)

TOTAL TIME: 450 SECONDS

NODES ~REATED: 47 3% REGLAAR, i2 QUSESCENCE )

STATIC AMALYSES: §

WHERE TIME WAS SPENT:

#1%  calcuisting primilives

237 static analysiv

1821  oqueascence sasrching {overisps pHimitive toirvistions for | 2 nedes)
TE  delerss determining initisl =eve

34 disk 10

3 oflgraive plon slaborstion

it detentive counler-coumsl anatysia

o1 cousality Tatility, evelustion fynction. cresting board jpEitiemm

This exsmple shows how the best-first search sirstegy controis the growih of the tree
The game lres grows exponentislly snd the search can get compiately (and forever] lost
by just s slight mispercepiion of whet Is going on or by not being sware of beller
siternatives. n (he sbovs problem, PARADISE uses ils bast-first sirslegy lo terminate
the search of s plen sny lims something hes gone slightly wrong making another
alternative look mors promising This is very importent for oblaining #
knowledge-controlied sserch

N is repsonable lo lerminsls sesrches sy quickly @ PARADISE does because the
mechanism for re-searching linee iv efficient. Practicaily the only investment of effort in
swilching lines is doing dish input and oulput of positions and Lheir patterns Because of
s re-searching, this probiem used double the dish IO rescurces of the problem shown in
section A ol this chepler (6X to 3T of the lolal cpu time), buf little other sfforl was
involved No snalysis is repested

Mpny lhings pointed out In the sxample in section A are siso illustratad in this example:
ihe wey sach cutolf in the sesrch hendies ranges properly, the semsilivily of PARADISEs
analysis, and the ebility of the plens o sccurstely gude tha search end avoid slatic
snatyses. This combinetion is too deep tc be found by other chess programs; CAPS,
TECH, TECH2, snd CHESS 4.4 are net ebie to find the mals.
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CHAPTER VI

Analyzing the Program's Per[ormance

A} Analyzing performance on the tast positions

1) Introduction

The techniques used by PARADISE io repressni end reason with knowisdgs have been
described To svaluste ihess techniques, ii is necessary to snalyze the program’s
parformance slong many dimensions In sn sltempt to answer tha following questions:
Does PARADISE solve problems and analyze siluations with grest expertise” How general
is the program's expertise {i.e, how large ie ils domain)? How easy is it lo sdd or modify
knowledge® How doss added knowledge affect parlormance on positions other than the
ones for which the knowledge was sdded? HMow is system performance affected when
large amounis of knowledge are sdded” What kind of errors does the system make?
Where does the program invest its resources (Le, what kind of structure is imposed by
this approach)?

This section axpmines the resulls of tesis that wara performed in an stiempt to snswer
thess questions. Seclion B summarizes the resulls, and seclion C compares PARADISE to
other chacs programs with respect to lhass gquestions

The tests tha! hava besn performad invoive the first 100 positions in [Reinfeld58) which
contains laclicelly sharp posilions from master games This selection of problems is
representative of tactical problems of ressonabls difficully. Although inlended to instruct
humans, these problems have been used to test other chess programs (e.g, CAPS, TECH,
anddt CHESS 44). Thus they provide s good domain for comparing the performanca of
PARADISE to tha! of other programs
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As described In chapler 1, a developmantal set of filtesn positions was selected from
smong the first 100. The knowledgs base of PARADISE has been developed by writing
productions which do thess fifteen positions in u resscnabls masner. The BS positions
not in the developmenis sel ware nol considerad during this development. This
development process produced oM version of the program, called PARADISE-O.
PARADISE-D was then tested on o teat sst of six positions picked st random from the
remaining 85. | the program could not solve 8 problem in the lesl sel, the necessary
knowiedge snd/or search control mechanisms wera sdded sc tha problam could be selved
The version of tha program which solves both the developments anc test sets s called
PARADISE PARADISE was then tested on all midda game positions in the first 100. The
results of this devalopment pnd testing sre prassnted in the remalnder of this section

2) Developmental and tes! sels
The devslopmental est consists of posilions 1, 9, 13, 27, 32, 42, &S, 51, 52, 55, 68, 76,
78, B2, and 90 which were selected for the varisty of concepts required to solva them
The test sat consists of positions 1§, 46, 50, §7, B4, and 53 which were chosen at
rendom  PARADISE-0's performance on 1he tes! sl is deacribed In the nexl persgraph

PARADISE-O solved problams 11 end 50 without changs. Problems 46 end 84 required
amall madifications ta tha knowlsdge Bass. Problem A6 requirad a mory eccurats threal
language expression for ausessing the thwes! of & discovered atleck so that the full
potentisl of such an sttack would be realized (PARADISE's snelysis is more accurste on
this problem than is Reinfeld's: he claims white can win the sxchange while PARADISE's
snalysis shows that whils can win only & pawr). Probiem 84 required the knowiedge
base 1o realize that & mobil mating move might have tc be made safe since the opponant
might ba abie to exchange the mating piece Problem 67 requirad s rather large addition
to tha knnwitdnbminthﬂmnlnpmﬂ:nmmchlml for ways to ues & decoy
to se! up 8 discovarsd attsck To solve problam 93 ressonsbly, Il was necessary 1o add
& productions to the knowisdge base (in & differsnl KSes) and to program mors
knowisdge Into bolh the causality feclity end the qisscence search Thus preblem 93
inspirad the only program changes between PARADISE-O and PARADISE
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it is Mlu&wmwmkmm:nﬂi test sel, bid soma things Wré obvious
PARADISE-O already had most of ihe necessery knewlsdge to solve four of tha six
problems. Thus the progrem hss soma degrea of genaralily ard does nol tend towerd the
axirame of having one spacific production for sach position [t solves Problems 46, B4,
and 67 were solved efter modifying the knowisdge base without making eny other
changes. The medifications for 46 and BA look less than 5 minctes each to discover and
implamanl, whila the production added for prodlem &7 took Ipes 1han 25 minutes lo
design and impiamant. This iadicalas 1hat the knowiadge Dasa v esslly modifiable.

3) PARADISE's performance on the first 100 problems

To batier test the system's gonarality, PARADISE wae then testad on el of tha firat 100
problems (Tha 21 probiams in the developmantal and test sals had not ell been solvad
by tha seme version of the program) Eight problems (2, 18, 33, A1, 43, 86, 87, and 100
were sliminated from considerstion sincs thay are not in PARADISE's domein. Thess aighl
problems require Guaering pawnS and/or knowledge sbout ihe sbility of passad pawns 1o
quesn End-gams problems that con be solved using midde-game tectical ideas wre
considerad 1o be in PARADISE's domain

PARADISE's performance on 8 problem s classified inte one of ihrea celegories: D
problem solved e is (possibly wilh @ minor bug fix), il problem solvable with 8 small
pddition 16 the knowisdge base, o ) problem not solvable without & changs to the
program or & major change lo the knowiedge base. A problem is not considered solved
bacauss the correct mave e selected A solved problem maans the correct mova (s
selacted for tha corrsct resson (Le, gl lines were snalyzed sdequalely), end that ali
ressonable defersss have besn iried ond refuted Category & halps messure ihe
modifisbility of (he knowledge base i Is meant to include solutions which requirs no
changes whatscavar 1o the program end only a smail addtion 1o the knowledge base.
Srali means thal il takes less than 20 mirAas total of human time o identity the problem
snd write wmwmmmmmumnmuﬂhuﬂmmu
soive the problem in & ressonsbie wiy {Le., no od hoc solitions).
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Since the developmental snd last sols had no! sll besn solved by one varsion of the
program, these ware tried first. Adding new knowladge during program developmei
would (hopefully} not sdversely affect periormance on earlier probiems, bul this had to
be confirmed. For axample, productions added to the knowledge base Lo soive tha last &
problems In 1he devalopmentsl se! mighl produce &0 marny suggestions in the firgl 5
problems that the search would Decome uniractable in those problems. The lesling
proved thal the new knowledgs had no sdverse offects Al 21 problems in the
deveiopmentsl and les! sale felt into calegory . T‘l:’:"|i @ $ame version of tha program
tolves every problem in lhe two sets In avery case, the snalysis ia either tha same &S
or sharper than thal produced by deveiopments versions of the program This result
provides strong endence that the knowledge base ie easily modifiable. il produclions are
written carefully and inlelligantly (a skili tha author developed while wriling productions
tor the developmentsl set), thay do net sppesr to adversely affect the syslem’s
parformance on posilions wveialed o the new produclions. This is an essential qualily

for 8 modifiable knowledge base

Reinteld divides tha first 100 probiems inte five groups ol 20, and claims en InCraass In
dficulty wilh sn increass in group number. Figure 61 shows the program's performance
tor esch of 1he five groups. In this lable, the raw fcr PARADISE gives credit only for the
problems 1n category L PARADISE would become PARADISE-2 by legving in the
productions writlen {o solve problams in category 1L Tha row for PARADISE-2 in the
tabie gives tha totals for Doth calegories  and L

i i 133 ¥ ¥ {10

b gomgIn H ] i 16 it i? L ¥y
FARALISE walvred 1€ {781) LMe8Y) Q7 (54%) j&{ 10Ty 11{6%Z) 69 (75T}
FrEADISE-2 a0 )ved [&[ 100} IB{95T} 18010630 19(951) 16841} 6% (371}
arerage nodes (P2 solved] 1 8 - Mo 54 ik & 35 1
hvecage cpu Lime (P polved) 145 B b T %2 4 532 & £2% 5 352 5
Avergge numbar FLELAE andlyses 1.7 5.2 L 57 - 3 LI

pgrformance of PARADISE on first 100 problams
Figura B.1%
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In figure 6.1 and throughout this chapler, cpu timas are given in saconds on e DEC KL-10
proceassor. PARADISE soives 75% of lhe first 92 probisma on ils first attempt (ie,
without any added knowledze). Of thase 63 solved problems, 3 required minor bug fixes
such as misspellings, using the LEGALMOVE pattern whan DIR was obviously masnl, and
bugs which manifesied themselves when bisck was on offense (while was on offense in
all devsiopments! and test posilions excapt one). PARADISE does well on Group Il
because 7 of thase 20 problems wers in the devalopmants and test sats Similar tactics
are involved in many of the Group Il problams s PARADISE already had most of the
necessary knowledge

PARADISE-2 solves 89 of the 92 problems. (The three falures are discussed in the next
oart of this section} This indicatas thal these prodblems do nol push the limils of the
sxpressitulity o! the production lsnguage nor the ability of the tree search to discover
and communicste informalion For the 20 problems solved by PARADISE-2 but nol by
PARADISE, only 13 productions were writlan in two problems the added knowledge
involved maditying a production siready prasant in the knowisdge base. Five probiems
were solved by using one of the 13 productions thal had already been wrillan for
another problem This resuit speaks wall tor the extendability of the knowledge base.
Ta avoid the extrema of having a produclion lor evary position, each production sdded to
the knowledge base should significantly incrasse the set of positions the program can
solve With s small sample of 20 probiems, the fact that 13 productions bring 18 of the
20 problams into the program's dOmain it encoursging.

These resulls indicale that the genaralily of PARADISE is ressonable and that the
modifiability of the knowledge base is sxcelient. The generality of the produclicns baing
writien appesrs adequaste Althsugh the distinction batween a new plece of knowiedge
and the tuning of an old piece of knowledge is fuzzy, il is usefui to note thal these 20
positions ware added to PARADISE's domain by writing 13 naw pieces of knowledge and
tuning 2 slready existing pieces of knowledge

The last 3 rows in figra 6! substenliste many of ihe claims made sbout the pragrem
The numbar of nodes generated (row & in figure &.1) 18 smalt ‘Whaen this research was
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undertakan, & trea size of J2 + 2eded (wheve d i3 The depih), W ssigblished as & goal
Depth Is hara cafinad s the depth ol the deepes! non-caplure in sny branch of the
principal varislion (Ses part § of this section for 8 discussion of this dafinition)} The
number 32 was chosen wrbitrarily to give o fixed number of nodes {wilhout regerd to
depth) for the program lo do quisscence analyses since captures s! (he end of & variation
are no! counted in the determinalion of depth Il slso mskas 8 reasonable goal for
problems with deplhs lass than 4 This goa! was achiaved for the most parl: of the B9
solutions produced by PARADISE-2, 371 of the trees met this goa! {counting both regular
and quisscencs nodes).

The pragram’s tree size seems to be of the same order of magnitude ss that of Auman
grandmasier {(ses (DeGroot65). Since the program sdaguately snalyzes a!! reievant lines
whan il solves § problem, this tree size indicalas a high degree of axpertise on problems
the progrem has the knowledge lo undersiand (given snough cpu time).

The small number of stalic snalyses per search (row § in figure 6.1) show thal the plans
do an sxcellent job of guiding the search Tha stalistics on cpu tims show that, in this
program, using knowledge 11 expensive. The program could be speeded up considerably
and the issuat involved ars discussed in chapter 7.

4) How PARADISE goss wrong
PARADISE was not sble lo correctly snalyze 23 of the 92 problams and 3 of these could
not be sotved sfler small sdditions to the knowledge base. A failure by PARADISE can ba
classified in one of tha three following categories: 1) The besl plan is never suggesied
PARADISE tries svery plan thal has bsen suggested and then quils withoul having
achisved an scceptable resull since it has run out of ideas. This can be cured by filling &
hole in the program's knowledge so that the bes! plan will be suggesied 2) The search
becomes unbounded |l & posilion is rich in possible sitacks snd defenses, with mosl
combinalions running many ply bsfore s quisscent patilion is reached, then PARADISE may
Use 8n unreasonsbis smounl of time searching. During testing, PARADISE was limilad 1o
45 mirutes of cpu time per problem (This limil wae suceaded pnaly once: ses below.)
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This may bs cured by having more

specific knowledge o provide sharper snalysis, Dy

having belter tres conirol mechanisms, and/or by having beller quiescance delerminers
3) A mustaks is madse in the snalyms. For example, PARADISE may no! soive & problem
taven though recommending the besl move) because the causality facility has eliminaled @
good delensive move which should have been searched, of bacauss tha Quiascence

analysis has made & large erros (cmall arrors maus! be lolerated.

Of the 20 problems solved by PARADISE-2 bul not by PARADISE, 15 feli into category 1

wrabaally

Ona fell into calagory 3 becsuse of & msisker quiescence analysis, bul a

production sdded to tha THREAT and OUIESCENCE KSes fixed the problem Thare were

no faluret caused by the search becoming unbounded

The 3 problems whuch

P ARADISE-2 could nol solve are shown in hgure 6.2 They are sxamuned in detnit below.
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problem 31
whils moves

Problems not solved by PARADISE-2

problam T%
whils moves

Figure §.2

problam B1
black movas

In problem 31, white plays P-0QB and wins the black bishop which mus! move 1o save the
black rook If QxR is played immediataly, black replias BxPch snd wins white's quesn
(White still has & won posilion after this, bul it is an invoived pawn ending which goes

well beyond the depth to which any current program can reasonably search)
PARADISE-2 could easily solve this probiem by including & production which tries to biock
a checking mova by a pisce blocking & support of an en priss piecs. Such & production
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could be sxpressed in only a few lines in the production-language. Howsver, this is
unacceplable bacause it is an ad hoo soltion The "torrect” way to fing P-Q6 is by »
counter-causal analysis of the refutation of QxR This move is suggested by PARADISE s
counter-causa! snalysis but is nol ssarched because offensive countar-caussl moves wrs
tried only it thay sre captures {see chapler 4). Changing this restriction would involve &
program change, so PARADISE-2 cannol solve this probiem  This problem would be
classifiad as & category 3 failure

Problem 71 is s category 1 failure. The initial sfelic analysis doss nol suggest NxRPch
which wins for white by snabling the white queen lo move to QR3 and then up tha quaen
rook file. The static snalysis has 1he goal of maving the while guaen to QR3 snd then up
tha quesn rook lils, so » fairly simple production in the MOVE KS suggests NxRFP at the
top level. With this new production PARADISE-2 at first got the correct answer, bul a
bug in one of the productions in the DEFENDMOVE X5 prevents some good detensive
meves lrom being tried ! ply 4 When this defentive production 15 lixed, tha sesrch
bacomes unbounded li.e, utes morg than 45 minutes of cpu time} becsuse o! the many
daefensive and offensive possibilities. This is the only example of a category 2 failure
during testing of the program (with the sxcaplion o! & bug in the repelition of posilion
check). There wers many category 2 lailures during development of tha program when
poorty wrillen productions suggesied too many plans

Posilion 9] is siso & category | failra Black can win 8 pawn and s much superior
position by playing B-K3. Black iiveatens mate with his queen and knigh! and whils must
play BxN lo avoid il, sllowing PxB, 2 Q-any PxPch winning & pawn whanever PARADISE
suggests mating sequences, il firsl axpends s large smount of effort doing & sensilive
analysis of the upcoming possibilities Problam 51 mus! be undarstood on & similer leval
of specificity, or tha advantages of this krowisdge would be lost and the saprch might
become unboundad (ses chapler 7). Hewaever, such 8 specific praduction would require
more than 30 minutes of human stfort Lo design and implement s¢ PARADISE-2 wae nol
givan cradit for this problem
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5) Comparing parformance to that of other chess players

Additional insighls are gained intc the ability and siruclure of PARADISE by comparing ite
performance to that of other chess players, both computer and human This comparison
consists of analyzing performance on the 92 positions of thae first 100 which ar~ in
PARADISE's domain Figure 6.3 compares tha percenlage of thess problems Lhat were
solved by PARADISE, PARADISE-2, CHESS 4.4 (running of & COC-6400}, TECH, CAPS, and
a human player with @ class "A" rating In this comparison, PARAIXSE and PARADISE-2
wers limited Lo 45 minutes of cpy lime while the others were limited to 5 mimdes (cpu
tima for the programas and rea lime for the human). This is due 1o the avallabilily of
statistics, but is not as unfair as it seems. As figure 6.1 shows, PARADISE-2 uses an
average of only 55 minutes of cpu time on the 89 preblems it solves. Alsa, PARADISE
could probably be speseded up by a factor of 2 or more with more efficienl production
matching (Tha system spends mare than 311 of ils time matching productions.}

PARADISE PARADISE-Y CAPS TECH  OMESS 4 4 CLASE A HUMAN
Group 1 L HH 611 ra 341 8%y
Group [} £41 b3 H Ml 841 2 H 831
Groug JIi kL3 el £ BLY sy 341
Group |V 781 13 1} 401 L H 801
Group ¥ 65E 41 451 L} Ml 51
&1 52 78 1 591 bl B3 831

Farcentage of problems solved by various chess playars
Figure 8.3

The CAPS snd TECH programs seem distinclly weakar than the others over Lhis tes! set.
They sre outperformed in evary group axcept on group by PARADISE CHESS 4.4 and
the human seam squal, with PARADISE somewha! weaker. PARADISE finds groups [ end Il
harder than &4 and the human do, but il culperforms 4.4 on group il snd the human on
group V. This indicates Lhat the genaralily of PARADISE over lhis domain is comparable
to that of other good chess playing programs PARADISE solves many probisms besides
those in the les! snd developmental sets, providing sirong evidencs (hal thers la not one
specially tuned piece of knowledge for sach problem solved

PARADISE-2 appsars stronger (han 1he olher players over this domgin PARADISE can
218



sasily be extended te outperiorm both CHESS &4 snd this particular class "A" human
g indicates 1hat the gos! of sasy modifisbility has been alisined. [t sppesrs reasonable
to develop the program's expartiss Incrementally. No immediste limits o such @
development can be recognized In this domsin of tectically sharp posilions {ses the
discussion in the next section). Increasing the axpartiss of sny of the other programs in
figurs E.3 this dramatically would raquirs a major devalopment eltort or w significantly
{aster computaer.

Judging from the resource investment of PARADISE snd the pertormance of other chess
players, groups [V snd V are noticaably more difficull than the first three groups. It is
interasting 1hal both PARADISE and PARADISE-2 do roughly as wal on thase lwo groups
as they do on groups | and Il This is not irue for the other programs or for the human
Sinca TECH and CHESS 4.4 (both of which rely primarily on search) are wesk on the latter
groups, it appoars that the problems in the lalter groups wre harder becsuse their
combinations are desper. Thess programs generslly solve problems in which no branch of
the principal varislion is deeper than their depth limit (uniess lheir gquiescence search
goes deeper on tha branch in quastion). Thay iul on problams which axcesd lheir depth
limit. This (s brought out by figure 8.4

DEPTK  MLMBER PARADISE PARADISE-2  CAPS TECH CHESS 4 4 CLASS A HUDAN
1-2 Fi L H 1081 551 10 Logx 1001
} 1% 8512 3+ § .3 L H i0ot 41
4 Fd BET a0l 632 in 1001 71
5 ¥ TAL &81 in 121 BSY 78I
& iz 75 1002 581 )} 581 &7
! 4 1001 Lo0t 251 [} $01 1002
8-% 5 801 (00T $01 1} 4 Fi'} 1 1801
io-i2 L 581 501 1} 4 L [} 5

Parcantage of first 91 problams soived 88 & function of depth
Figurs 8.4

Figure 6.4 shows tha performance of the players in figure 6.3 on these 92 problams as o

function of dapth Depth ls here defined ss the dapth a! the deapest non-capiure in any

branch of the principal varistion (This ls the sams definition usad in [Barliner74)) This

definition of depth fits wall with progrems like TECH and CHESS 4.4 sincas their
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quisscence snalyses will play captures pasi thair depth limil. Capturing sequences sl the
end of & varistion will often be seil-avident to 8 good human playsr Biso.

Figure 6.4 shows that TECH and CHESS 4.4 usually miss problems only whan thay cannot
look doep encugh TECH solves almost all problems of depth 4 or less, only 2 problams
of depth 5, snd none deeper than 5 CHESS 4.& solvas aimost all problems of depth S or
less, but its performance deteriorates with increasing depth after that. The program’s
quiescence analysis is sophisticated snough 1o sclve tome desper problams. The dala
available was not always sufficient ts determing if CHESS 4.4 solvad problams for the
corrscl reason, so iha program's performance may be weaker than figure 6.4 indicaten

It is fairly essy to predict which problems TECH end CHESS 4.4 can solve, given soms
knowiedge of their quiescence analysit This is not true of the other players In figure
6.4, all of whom usa & mors knowledge-based approach PARADIGE relies aimost
completely on lis knowledge and fails whenever an importani piece of knowledge is
migsing. Tc the sxient the program hes knowiedge sbout both short end iong range
tactics, it would be as likely to lait on shallow preblems s on daed Ones Figure 6.4
shows thal PARADISE is more successhd on the problems of depth 7ta 12 than it is on
the problems of dapth 1 te 4 This is parlislly due to the fect that & higher parcentage
of deep problems are in the developmanisl ond last sets Neverthaisss, this dala
indicates lhal PARADISE's krowladge of taclics s long range es those used in groups IV
ard V seems to be nearly as complets s its knowledge of shorter tactics, which sxplaine
PARADISE s unifermity of performance on gro-s | B IV, end V.

CAPS appears {0 be somawhat weaker on deep problams than on shallow ones, but not
o8 markedly as lhe ssarch-orientad programs  Tha problems of depth 10 to 12 are
beyond the depth fimil of CAPS The human's performance is not markedly wesker on the
deeper problems. His poor performpnce on group V therafors stams from shallow
problems as well sy deap ones and is peobably dus to Reinleid's ability to guess the
anowledge which might be missing in g human player. PARADISE probably performs well
on group V becsuss il did not lagen chess the way & human does. It was tsught by the
deveiopmentsl sel {(salected from ali groups), snd would nol necessarily be missing the
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same knowledge ss a human (aven though 8 hxanen developed the knowiedge base).

The sight problems not in PARADISE's domain we nol considerad in the sbove statistics
i is interesting tc look et the performance of the olther progrems and the humen on these
sight positions (since they all pisy snd-games). CAPS, TECH, end CHESS 4.4 con soive
anly 1 of thase B problems (the same one for ssch program). Thersfore, ralative to
these problams, thase programs do not heve a significently iarger domain then PARADISE.
The human player gets 6 of thase B problams correct, showing that he Is a more general
problem solver.

Figura 6.5 compares the average iree size (in number of nades) for PARADISE, CAPS and
CHESS 4.4. PARADISE stiempts to use knewladge whenaver possible in order to produce
trass of the same order of magritude es those produced by humen masters. Figure 65
shows that this hes been sccomplished for the most part. CAPS uses & lot of knowiedge
but invests only sbout one-fiflth of & second per node calculating. CAPS reliss on the
search lo correct mistakes made by inadequste knowiedge end this resulls in tress one
order of magnitude iarger than those produced by PARADISE CHESS 4.4 has little chess
knowledgs snd relies almost entirely on ssarch to discrimingle between moves it
generatas irees that are 1ives orders of magnitude lwrger than those generated by
PARADISE. The tweo knowledge-oriented programs (especially PARADISE) grow larger
{rees {or the deaper combinations {groups IV and V), just as most humsns would CHESS
4.4's tree cize seams unrelated to the depth of the combingtion CHESS 4.4 is of courss
tha bast chass player of thass 3 programs

FPARADISE-2 CAPY CHELS 4 4
Grous 1 15 8 167 .8 26 307 .}
Grow [1I 28.7 226 4 o720
Grow LI 50 0i.1 74.200.1
Group 1¥ 584 4535 31.53.1
Group ¥ L i1 25.917.%
AYY 100 L 66 .6 4% .0

Comparisen of average tres alte on tirst 100 probiema (Tor solved problema)
Figure 5.5

221



) Whars PARADISE iavests resources

Figurs 6.6 shows whars PARADISE invesls its computational resources. All numbars are
averages over the 83 problems solved by PARADISE-2 A majority of tha ¢pu time [
spent calculating the palterns in lhe PRIMITIVE KS  Tha majority of tiis time is spent
caiculating the occupisbilities of squarer  Although one static analysis uses more than |2
seconds of cpu lime (this does nol include primilive calculation), the syslem spands only &
small fraction of its tima doing static snalyses This is becasuse plane guide the search so
sccurately that s static analysis is rarely nesded

The system spands mors than 8 quarter of ils lime quisscence searching, but this includes
the lime spen! calculating primitives for nodas genersted in the quisscence sesrch Only
s irection of the progrem's lime {axcluding primitive celcuation is invested in picking
detensive moves snd the lime spent slsborating offensive plans is minimal A significant
amount of time i spent doing disk 10 because of the implementation of the best-first
search stratagy. The causalily faciiity, the svalustion function, and the rouding which
crastes new bosrd positions o not use 8 significent smouni of computation The istter
two sre major users of cpu time In ssarch-orisnled chess programs.

Nearly ali the cpu lime is spent execuling productions in the unowiedge base. This
includes primitive calculation, static analyses, plan elsborstion knowledge Dase accesses
made In determining delensive moves, quisscence sasrches, and counter-causal snalysis.
The lime spent Interpreling productions compistely dwarls any olher investment of
resources (a.g. smploying the best-first sirstegy, genarating the tree, using the causality
facility, stc). Since the process of malching productions e inefficient, thin hints that a
large gein in spesd can be sbisined The enly computationaily significant use of resources
ouiside of malching protkcctions is disk K.
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B} Cenclusions

Does PARADISE solve problems and analyzs situations with great sxpertisa?

when the system is nol misting necassary knowledge for & particuler problem, the snswer
18 yes Over the sampls of BS problems, PARADISE is abie to sccurately snalyze all lines
while genersting an average ol only 38 nodes per problam  Human chess grandmasters
genersts ssarch trees of approxmalely this size ([DeGroot65)) The system’s bast first
search sirategy quackly recovers from mis!ekes belore many nodes are generated The
plans generated by lthe syslem do an excellen! job of guiding the search This is
avidenced by the fact thal a stalic analysis is done al lass than 9L of the nodes that are
generated Since the snalysis 1s well focussed by the plans, PARADISE cen »dd 8 lerge
number of productions withou! a large increase In processing time par node. Mechanisms
for communicaling discoveriss ‘rom ons part of the ssarch tras to snother play @
significant role in the system's abilily to produce small tress.

How gQenaral is the program's axpertize?

This question canno! be snswered definitely from the svailsble data The pertormance
dsta indicates tha! PARADISE can solve many preblems in addition tc the onss which were
used to develop the knowiedge base Thus the knowlsdge base has some degres of
generalily. Thera is no! ona specific piece ol knowledga for sach problem  The
comparison with other programs indicates thet PARADISE is a1 genersi a8 other good
chess programs on tha type of problams which appear in [Rainfeid58}

The program cannot solve problems unless they Involve the type of tactics it understands.
It knows nothing sbeut other aspects of chess, ag, openings or and-games. While
[Reinteld58) saems fairly representative of middls game taclics, it is possible that many
tectical situalions in sctual play could be understood by programs like CHESS 4.4 but not
by PARADISE On the othar hand, PARADISE undersignds problems which are too desp
for any search-orianted program
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Iz the knowledge base asay o modifyT

Definitely yes. With litlia human eflort PARADISE was able (o understend 20 of the 23
positions on which il inltially failed The snswers ta the lollowing questions further
substantiste [N claim

How does added knowiedge affect parfocrmance on positions other than the ones for
which the knowledge was sdded?

The systam's modifighility would be guestionsbis if new knowledge hurt  system
performance on olher problems. Fortunately, this is not the cess. This Is substantiated
by the lact that sl 21 positions in the developmenial ang lest asts were solved by
PARADISE after tha knowladge base hac beer: devaloped incrementally by solving each of
the 21 positions with & differenl version of the program This is also fairly intuitive to
the person writing the productions. The knowlsdge in PARADISE is specific enough that
thare iz usually littls question that » new waell-written production will improve
performance It the new production malches in 2 oar positions, it will probably improve
pertormance, not weshken it. It is possible to write s production which will make poor
suggestions « other problems, but sxperients has shown thal s resulling corraction of
the new production eliminates the problem

The limiting facter in this approach is tha ased for specificity. For example, 8 preduction
cannol sugges! 8 move just becasuse it is 8 chack. Such s production would wesken
performance on many problams On the olher hand, the winning move may have onty
subtie fealures suggasling it, other than the facl thet it checks. In PARADISE it is
necessary to wrile s specific production recognizing thass subtle festures since the
sasrch contrel mechanisms are no! powerlul snough to lerminale if avery check i»
sesrched |n some problems this recuirsd spacificity may be prohibitive. For sxampis,
PARADISE could not solve probiem §1 [or Just this resson (Problem 91 could be soivad
by investing enough human atfort 1o write the specific praduction) This issua |¢
discussed further in chapter 7.
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How doss added knowiedge affac! resources requirad?

No ultimate limit can ba pisced on the cpu lime required (o execute § production since o
poorly written production may fake arbitrerily long to axecute In PARADISE, only the
productions in the THREAT KS lake & significent amount of time to axecuts. They may
take 8t icng 88 8 second or Two {in the worst observad case), whils execuling most othar
productions requirss only & [ew millisaconds {many of their varisblas are sirasdy
instantisted by the goal). Thus adding most productions will not significently Incresse the
pracassing lime st ssch node. Productions in the THREAT KS sre sxecuted only during &
static snalysis (lhis Is trua lor many olher productions aise), so the cost of executing
them is incurred infreguently. (PARADISE doss a stalic snalysis on only 9% of the nodes
produced) A well-written production has 1he most restrictive parts of the pattern first,
s0 it quickly fsils whan it does not match Thum @ given production reguires significant
resources 1o sxecuts only when it actually malches. A typical production only matches in
8 small minority of pesitions Thus even 8 large production in the THREAT KS significantly
incresses sxecution lime only on problems whers il maiches, snd then only by increasing
the cos! of an infrequent ststic analysis by & second or two ef mosl.

More productions also require mors spsce. About 25000 of PARADISE's 200,000 words
{on a DEC XL-10} sre occupied by !he hnowledge bass AdSing new productions cen
increass Ehis, bul nol enough to herm performance when large amounts of core mamory
are evailabis.

What ars the limits of knowledge bass extendability?

No such limits were found during testing of the first 100 positions in [ReinfeldS8] snd no
immediate limils ere spparent. The lime requirsd to match productions does rol appear
e be @ limiting factor. The need for specificity of knowlesge hee siready besn mentioned
s o limiting fector. Probably the most immediaia limiting factor is the ability {or leck of
it} to communicate informalion in the eliribule liste of concepls. The produclion isnguage
does nol provide gensral weys lor sccessing the Information in the dets base. The
ultimats solution ls !0 use s mors genersl knowledge reprssenistion such ss KRL
(Pwinograd?7]). The presen! ad hoc solution is employed becauss of afficiency
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considerstions. These issuas we discussed further in chapler 7.

in what ways doss the sysiem fail?

The search may becoma unbourded when thers wre many offansive and defensive
possibilitiae in 8 long combination However, testing hes shown thal INs simost never
happens as iong ss the productions sre epecific enough Anciher posaible error s &
misteke in snalysis. This may invelve missing the righl move in & Guisscence sadrch,
underestimating the theast of a pien, terminating 8 plan Decause of & poor causaliily
decision, or any of s number of other things. Testing has shown that this type of error is
also rars In PARADISE As the difficully of positions increases, the likelihood of these
errors may incresse, but many of them cen ba svoided by correcting poor productiona in
tha knowisdga base. By far the mosl pravaiant resson for feilure in PARADISE is missing
knowisdgs. The system simply gives up on s problem without finding & suitable move.
Hopefully the gaps in the knowladge base con be easily filied by wriling productions.

Where doess the program Invest its resources?

Almost exclusivaly in tha processing of knowladge PARADISE spends $1.6% of its cpu
time sxeculing productions in (ha knowlsdge base snd 5.6 doing disk input and oulput.
Tha other 3% is used on & number of computationally insignificant tasks including applying
the avalustion function generating new bosrd posilions, snd consirucling the tree. This is
radically diflersnt from tha struclure of search-oriented programs which spend most of
their lime doing the activities menlioned sbove as computalionally insignificant for
PARADISE. This masns that any spesd up In the matching of productions, particularly the
productions In the PRIMITIVE KS will produce » nearly equivelenl speed up in the
program s 8 whola
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C) Comparison te sther systams

The contributions of PARADISE can be brought oul by comparing it te olher programs.
The program’s performence is compared to tha! of other programs sarlier in this chapter.
This seclion compares [he stnxlure ond lagtures ol PARADISE to these of other

programs.

PARADISE does many things which no olhar program does successfully. These will be
briefly mentionsd here so thal tha following comparisons can concenirats on sreas which
PARADISE has in common with the pven program PARADISE is the first program o
schisve ¢ knowlsdge-conirolied search in tha middis game Ths chess programs listed
below ! hava deplh limits with the sxception of Pilrat’s program which allows s slatic
anatysis only in the origina! position, permits only two modifications per plan, and mus! be
told the valus of tha combingtion it is to find, thus artificially limiting the effor! axpended
PARADISE is the first chesa program o develop concepls during ite regsoning in such a
way that the concepts can be used for olher purposes {e.g. tree communication) and the
reasoning can be axplained 1o the user. PARADISE uses a besi-first sesrch which
rapealedly inilistes searches from tha top levael uniil ranges of values haves bDeen
narrowed snough (o show thal one move Is besl. PARADISE's success wilk (N search
may bes largely dua to the facl its domain consists of [aclically sharp positions.  All the
programs listed below use depin-first searches

Tha ditfarences betwesen PARADISE and ssarch-orignted programs (e g, KAISSA, CHESS
4.7, TECH) ars described eariier in this chapler snd in chapler 7. In chapler 4§,
PARADISE's causality facility is compared to tha one in CAPS snd to the mathod of
analogies in XAISSA In chapler 2, PARADISE™s plans srs compared to those in Pilrat™s
program The comparisons below siress machanisms within each progrem that are similar
to mechanisma in PARADISE Comparisons ars made with CAPS, Pitral’s program, and
TYRO, since lhey represant the most sericem and weli-known sitampls tc use chess
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CAPS [Berliner 74)

CAPS pionearsd many of the techniques used in PARADISE Tha two programs are
compared throughoul this disseriation (see sspecislly chapler 4 and section A of chapler
), 80 only 8 summary of thase comperisons |s presanied here. Siatic snalysis in CAPS is
based on primitives thil sre the same sa PARADISE's six simples! primitiva patlerns.
Compsred tc PARADISE's snatysis, CAPS's snalysis doss not Investigate idess as deeply,
does not determine ss much information about & plan (threats, slc), and doas not invesl
a8 much effort making sure an idea is worthwhils. Thus CAPS's analysis e much quicker
bul more shailow. PARADISE finds some deap thrests thal CAPS doss net. CAPS does
not homa in on the bes! move ps quickly ss PARADISE (as in svidenced by ils lrees
having an order of magnitude mare nodas), but it does outperform ssarch-based programs
in this respect {on tha positions i{ solves).

The biggest diffarance between tha two programs Is the uie of plany in PARADISE CAPS
does nol produce pians, it simply suggests moves PARADIZE produces more information
with its suggestions {each plan has ot least THREAT, LIKELY, SAVE, snd LOSS eliributes)
which snable the sesrch tc prune maay brenches PARADISE uses plam to guide the
sesrch and rarsly does a sistic analysis, whils CAPS has no corrssponding mechanism and
snalyzas asch position il cresies

Another big difterence betweaen the programs is PARADISE's best-first sesrch which usas
ranges of values and different sirstegies to prove that & move s besl. CAPS has
depth-fire! search and searches down blind alleys which PARADISE either avoids or
quickly lerminates. PARADISE saves effort since it does not siway: have lo find the
"true” valus of 8 move. As the exemple in chapter 5 shows, PARADISE can show that &
move is bast without finding the principal varistion

CAPS has s causslity Iacility similar lo the one In PARADISE, but in PARADISE the

searching process raturns more useful information to the ceusalily facility. In CAPS only

bit maps sre returnsd from the ssarch which represent pieces moved, squares movaed

ovar and to, piaces siiacked, snd squares which atiscks move over. In PARADISE the

whole tree whith wee generated is returmnad, where sach node In the tres describes the
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mcve mads and gives somas patlerns that maiched »! thel node These patterns cescribe
thrasts of different kinds, including both direct and discoversd sltacke PARADISE slso
has the sbilily to compare the influence twe different moves have on p line. A mors
deteiled comparison is given in chaplar 4

The combination of ali ihe Improvemants mentionsd hers snables PARADISE 1o schisve a
knawledge-controlled search while CAPS has a deplh limit of & CAPS uses less cpu time
ana the next chapter discusses soms of tha tradecifs which occur when sslecting
between an slegenl but slow approach and a faster bt less slegent one. One inst but
imporiant sdvantage PARADISE has over CAPS is the shility 1o easily add naw knowiedge.
Adding new ideas (o PARADISE is ralstively sssy but would be s comsiderable
programming project in CAPS

Pitrat's program [Pitrat77)

This program, herasfter referrad 1o as PITRAT, is the most Important example of the use
of plans in chass. e plans ars comparad in detail 10 those of PARADISE in section D of
chapter & This comparison shows the! plans in PARADISE sre mors accurate at
sxprassing (heir purpose and guide the search more accuralely by making it easier to
recognize when & plan is nol working,

Like PARADISE, PITRAT desls only with tactically sharp positions, but it recognizes only
certain kinds of stiscks. PITRAT's analysis finds fowr types of sitecks: ceplures of &
pisce {though not one having c.ly & few movas), double sitacks of certain kinds, stiacks
on the opposing king under very resirictad conditions (ioosaly, only attacks beginning with
safe checke and aitacks where the opposing king hes no safe moves), snd pawn
promotions. PARADISE’s snalysis recognizes all thets types of sitecks sxcep! pawn
promotion, snd in sddition recognizes meny more. For example, PARADISE recognizes
more double atiscks, captures of men wilh few moves, and many kings of atlacks on the
king thal dont begin with chack end don't require the king to be trapped PITRAT would
rol handie some of the positions in PARADISE's developmental set since they desl wilh
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this kind of iing allack. !t seems that PARADISE handies & broader range of positions
slthough the relstive size of the domains is hard to estimals.

PITRAT must be teld how much materis it should win This further simplifies its problam
by pre-specifying 8 waell-defined gosl. This eliminstes one of the herdest problems chess
programs face sinca the program doas not naed to worry ebout whan o be satisfied with
a resull. Whan this materia sxpeclation Is high, the growth of the search tree is strictly
conlroiied since all moves which Iiveaten less than this expectation need not be
searchad PARADISE invests considersble efforl calcusting its own axpectetion and
cannol elimingte any good moves until it has shown & better rasult cen be obtsined with
anoiher move.

Beasides needing to know lhe sxpactation, PITRAT has other artificipi limits which keep
the sedrch tracteble without a dapth limil. The program sllows only iwo modificetions per
plan It does & full stalic snslysis only in the sriging positien (thus fimiting the
combinations tha! can be found). A limted snalysis on one piece is sliowed lor correcting
a plan st othar nodas in the ires {out only twica per planl. Since PITRAT's lrees are
quite large (thousands ol nodes), its stalic analysis is loo expansive {in terms ol cpu
tima) 1o do often This also controls tree growth because using the stalic analysis in the
search wouid produce many more branches {which might require s depth limit Lo kesp the
search irsctable). PARADISE doss o stalic snalysis whanevar (1 decides ohe Is neaded,
end doan not limit the numbaer of modifications that con ba made 1o 8 plan

Unforiunately, PITRAT was nol tested on 1ha problems in [Reinfeld58) but on & sslaction
ol problems 1t could solve taken from other booka The axampies in [Pitrat77] are smong
the hardesl problems that PITRAT can solve. On many of them PARADISE would require
large amounts of cpu tlime end soma new knowlsdge lo solve the problem To faciiitate
comparison, PARADISE has Deen run on two of the sxamplas preseniad in [Pitrat 77]
which it can solve without naw knowisdge Both programs found the correct combination
in both exampies snd stelislics on iree size ond resourcs expendiure bring out the
diflerent spproaches used The first axample is shown in figure 6.7
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in the abova position, while wins the biack knight by capturing it wilh the rook if bt
recaptures on o6 with his pawn, then white's quesn captures 1he black rook on 18 end
siter black's king receptures, whils forke the black king and queen by moving his knight
te o6 PITRAT's inilial analysis nolices that if the black king were on f8, then the white
knight could fork Lhe black king snd gquasn from «5. This produces the plan of getting the
black king onto the square (5 and then moving the white knight to ob6. During sxecution
of this plan, the program decides o get the whils queen to {B to lure the black king
thers and this produces lhe goa! of ramoving tha black pawn o6 [7 which leads o the
discovery of cepluring on o6 with the rook. Te convince itself that R-#6 wins againsl all
raplias, PITRAT uses 71 seconds of cpu lime (rumning FORTRAN on an [BM 370-168) and
genarstes 12,766 plans and 4,800 nodes. Tha proo! tree {tha minimal iree which proves
the winning combination) contsins 790 nodes. The program lries 17 differsnt moves In
the original position

PARADISE's Initiel snglysis of this position nolices thal whils’s quesn could mals it i
waers safely placed on fB end [hat Lhe white knight can quickly be brought tc besr on {8
i therefore suggests ihe pisn of maving the rock 1o #5 te decoy the black pawn on {7 in
hopes of getling & male wilh quaen and knight. After the rook is recapiured by the black
pawn in the tres search, PARADISE realizes the mating plan will not work snd doas not
waste effort investigating il. Instead it coss snother static snalysie which suggests



sacrificing the queen (o se! up |ha forke This pipn quickly wine. To convince ileslif thal
R-86 wins, PARADISE uses 219 seconds on cpu time {running MAC-LISP on g DEC XL-10)
and generates 5 plens and 23 nodes. The program iries 2 differant movaes in the origingl
position

PARADISE s tras in much amatler {28 nodes ve 4,800 nodes) becsuse the program applies
mora knowledge to the problem Inglances of this sre described below. PARADISE
sesrches only & faw defensive moves for black while PITRAY tries many. For example, on
black's reply te R-e6, PITRAT lriss many moves while PARADISE tries only P-e6 and
B-d4 since if belisves no olher black move can poesibly regein the knigh! that has
siready been caplured This sxplaine why the iras genersted by PARADISE is smaller
then PITRAT s proof tree

Although PARADISE's initial plen does not see lhe sventual fork, it does recognize the
possibilily of & combinalion by nolicing lha sttacking lines of the while knight, rook, and
quasn The thres! of the quesn on 1§ and the desire to decoy the biack pawn on {7 are
both recognized PITRAT's initisl plan does notice tha sventual lork, but ectually employs
lass knowiadge in its recognition Certainly the white knight cen fork the black king snd
queen If the king is on & But a bisck pawn bears on the whils knight's forking square
end the program does not know thal this problem can be solved The program aslso does
no! know that thers is & reascnable chance of forcing the black king te 18 In general,
there will be numergus instances of 8 forking mave (safs or ursafe) if an opponent’s
pisce tould be forced lo a differant square Thus i in not surprising that PITRAT
suggests & plethors of plans: 12,768 during the search and 17 in the original position

PARADISE has enough knowlsdgs to quickly recognize that it's origingl plen is not working
and so avoids wasted efforl. As shown in chepler 2, PITRAT cannot recognize feiling
plans as quickly, PARADISE firds the combination immadistely Detause it quitkly rejects
the origingl plan snd rasnalyzes the situstion Since PITRAT naver repesis s irilisl
snalysls, it ls gimast forced to recognize the forking idas in the origingl position which In
turn mesne that meny poor plans will necessarily be suggested PITRAT cannol quicly
racognize tha! thass poor plans are nol working and so genarsies many nodes searching
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them 15 depth (somatimes until the two modification per plan limt s sxceaded).

The other example on which both programs wers run is the | 3-ply mais shown in figure
1.1 of chapter 1. It should be noted that PITRAT actually scives an easier probiem than
PARADISE since it is looking for & mats that is has been told sxists, while PARADISE looks
for any combination wilhout knowing if one exists o not. PITRAT solves {his problam in
£9 seconds of cpu lime while generating 6,435 nodes and 17,619 pians. The proof trae
for Ihe mate containg |17 nodes, and S different moves wre invostigated in the original
position. PARADISE solves this problem in 20 mimdes of cpu time whila genersting 109
nodas. The progrem does 24 slatic analyses which suggest 122 plans. Four diffterant
moves are investigsied in tha origingl position This example raintorcas the conclusions
drawn Irom the first exampis while highlighting tha diffsrences in cpu usage Thare s
obvioutly s lradecl! hers balween slagance and resousca investment, and chapler 7

discussos this in more detsil

PARADISE can find some combinations which PITRAT cannot becsuse il knows of more
winds of stiscks and will do static analyses during the search  On lhe other hand, PITRAT
correctly snalyzes positions that PARADISE doss not Thess positions are usually deesp
combinations, many times involving more than one sscrifice. The reason for this is that
PARADISE spends s lot of effort making sure thal plans it suggests have » reasonable
chance of working, while PITRAT doas not. For deep combinations, PARADISE may not
have a production which linds anything that appears 1o work while PITRAT will suggest a
number of ideas, one of which may happen 1o work Extending PARADISE te handle these
positions would involve wriling produclions to recognize tha possibilities 1n thess
combinations. Al the leval of specificily currently used in PARADISE's knowledge base,
adding new productions does not appear fo increase the size of thae search trea. There
are cerlainly opaque combinations thal could not be suggesiad by reascnsble productions
al ihis leve; of specificily. (Less specific productions may require changes in PARADISE"s
saarch 1o belter control ires growih) These “opaque™ combinslions reprasent the
domain where PITRAT's spproach may produce better results This limit lo PARADISE hae
not besn fully explored, but does not appesr io be overly savers since the first 100
positions in [ReinfeldS8] do not approsch it.
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Uniike PARADISE, PITRAT would be hard, if ne! impossibia, 10 axtend Extending PITRAT
to cover tha typas of king sitacks lhe! PARADISE recegnizes weuld invoive recognizing
mors atlacks In 1ha origingl position PITRAT s saarch i3 slrexdy quite largs ano it may be
necassary to use the type of knowiedge PARADISE does on the king sttacks to keep the
search tractabla. Allowing s full snalysis in the iree would probsdly make PITRAT's
saarch untrectabla wilhout o depth limit of soma sort.

TYRO [Zobrist 73]

This program relies hesvily on sesrch since It looks at sn avarsge of 20,000 nodes tor
sach move it makes ([Levy76], but It has a “paitern ianguage” for feeding knowladge 1o
the program The patlerns thal wre matched (in [Zobrist73] are ol the lavel of
PARADISE's simpler primitive functions and palierns They notice attacking lines which
resull In possible forke, pins, and defensas, but no higher leval concepls ere recOgrzed
The sctions by which thesa patlerns Can sifect the system (in [Zobrist73] are limited
Thay can suggsst a move lor sewrching with @ score for ordering it with other
suggestions, and they can change & term or cosfficient in the svaluation funclion Guch
sctions provide little Information for conirolling tree growth Thers we no plans, no
concapts to communicels discovaries in the tres, and litlle infarmation for pruning
brarchas in the trea

TYRO analyzes its patterns extremely fost, #o it can slill search many nodes. Howevaer, it
gote little information from these paiterns. CHESS 4.7 lor example, probably obtains »
betler ordering for moves to saarch simply by deing iterative despening in the sawch A
pattern lenguage is also unnacesssyry 8¢ @ programming aid for changing lerms i
coatficiants in the svalustion function For lhase ressons, othar ssarch-based programs
{9.g., KAISSA, CHESS 4.7, TECHZ) do net e the typs of pattern metching used in TYRQ.



CHAPTER VI

Conclusions and lssues

A} Contributions

This section summarizes the contributions that have been made by this research  The
next section of ths chaplar discusses weaknasses in PARADISE and directions for lulure
work The last section describas some of the issues involved in developlng 8 program
like PARADISE, and what light this resaarch has shed on those issues.

PARADISE performs experily on the problems it solves by uting knowiedge thal sppears
to be easily modifiable. The knowisdge base is usad by the steti snalysis 1o resson with
concepls snd produce sophisticated piana The knowledge is sisc usad In the search lo
produce & knowledgs-conirolled sewch The program currenlly uses lerge smounts of
cpu time to do its enalysis, but it could be speeded wp corsiderably. Furthermors, the
cost of PARADISE™s evsiuation in an initial position can sctually be spresd over 8 numbaer
of moves in sn sctusl gamse. If the opponent makas & reply which was considered in the
snalysis o! the praviouws move, SARADISE does not need toc repest its snalysis of the
currant line. Thers is no deplh limit so ssarching this line siter getling 2 ply further
slong it will nat change the snaiysis. PARADISE nesd only look for other possibilities. I
mors information is needed sbout the line actually being played, the program cen ra-siert
the search from the point il was previowsly terminaled since all pertinent informalion is
ratained. No analysls previously done on the ling being played need sver be redone.

Becauss of the resources it uses and its limited domain, PARADISE is for from being &
complete, practicsl chess playsr. The imporienl contribition of PARADISE is the
deveiopment of new ways of represenling and using chass knowiedge during snalysis of @
chewe position. Even if computers master the game of chess wilhoul ueing lerge amounis
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of knowledgs, the ability te use knowlisdgs snd do this lype of reasconing sboul actions is
still vary desirable. PARADISE is a first step in this direction and the following list
summarizes the significant contribations of this ressarch

-PARADISE hes developed & workabls se! of chass primitives and rules that can
support & fairly sophisticalad snalysis

-Tha static snalysis ressons wilk concepls it potis 1o creste plans. This is done
antirely by the knowledgs base of production rules

-The inowlsdge base can ba astily extended or modified to increass or make
more precise the knowledge available to the system New knowledgs does nol
appew Lo adversely aftect performance

-The sitribute lisle of aach concept (and plary produced by the analyws spedify
enough Information so that [he system essenlially knows “why™ it 1 doing
tomelning. This provides 3 good explanation of exactly why PARADISE believes
somelhing which is helptul for debugging and easy modification It slso sllcws
the system lo resolve contracictions snc avoid combining anlithelical ideas.

-The sysiem understands one ssl of concepls which are provided by lhe KSas
The same concepls ers used lor doing static reasoning, expressing plans, ang
snalyzing information returnad from & sesrch (ag. in & counlar caussl snalysis)

-With its non-lingar plans, the program can immediately snd directly sccass the
relavant productions when » new position is reached during the search In ths
way, tha system communicates information from ona enalysis to many other
nodes in lha lree

-The plana express their purpose scourately sc the system can quickly
dalarmine when & plen ie failing.

-The range o! plans |hat can be expressed i» not fixed by the progrem By
forming new XSes, the range of exprassibis plans may be incressed without any
new coding to understand the new plans

-The stalic enalysis provides information for the irse ssarch by giving each plen
ol feast s LOSS, SAVE, LKELY, end THREAT #ilribute. This informastion helps the
search lermingte branches, order piana, and recogrize when a plan is nol
working

~-PARADISE has a Thvest-Lenguage for specifying sttributes. Threal-Language
exprassions are accwrale and sllow accurale re-evaiustion of an atlribule at
olhar positions in the saarch tres

~-The search smploys differant stratagies to show, with 3 minimum of effort, that
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ons move is basl at the ‘<o level

-A best-firel ¢earch slrategy i used which gives the program & giobal view of
the tree and helps produce a knowledge-controlled sesrch

-Using mnformation oblaned from slatic snalysis, plans, snd the reluciance
hunction, the program makes reasonable decisions sbowt which node in the tree
it the mos! promising lo saarch

-The search can elficiently search lings agsin becausse perlinenl information is
kept in core mamory.

~-PARADISE specilies values of lines gnd posilions by ranges. This allows the
system 1o gain some amount of information about o line without investing all the
affor! raguired te delermine ils exacl value Algorithms which compare two
values (e §., alpha-bata) handle the possibililies which srizse when comparing two
ranges

~PARADISE uses & threshold te define its curren! leval of aspiration The
search is !emporanty salisfred whenever the threshold 19 achieved and changes
the threshold in the process of using & parliculsr sirstegy o prove that one
move g best

-Each search backs up with the whola trees thal has been generated This
providas informstion which the causality facility and the counler ceusal analysis
use o analyze problems discovered during & previous seach

-PARADISE avoide searching every possible ordering of available threals A
plan which couid have bean applied earlier is not applied In the current situstion
unless it now icoks mors promising than it did sarlier.

-The quiescence sesrch amploys specific patiern-based knowledge {0 consider
many ddlerent lypes of atiecks snd sccuraiely handie a brosder rangs of
positions

-The daefsnse occasionally uses & rull move analysis 1o better understand a
position



8) Future Work

PARADISE has many weakhestes snd shoricomings which point to a number of diretlions
{or future ressarch This section brisfly describes six ereas where PARADISE could be
improved or sxtended if tha hard problems Involved ere studied

More general communication belween concepts and producitions.

The KSes and concepts in PARADISE, and the way productions intersct with them, ers
basically ad hoc. Thess consiructs and communication facilities are adequate for doing the
typs of raasoning PARADISE does. Thay were not formalized Into 8 mora genersl,
domain-independent  knewledge repcesantation  scheme because of efficiency
considerstions In the final running program {it aiso would have basn considarsbly more
work) Probably the most glaring wesknass caused by this in PARADISE is the inabllity of
productions o access il ihe informalion in posted concepts The production-language
provides certain ways for sccessing the information in concepls. Thass ways hsve baen
sdequsta for the positions testad sc far, but they do not pormit 8} types of potentially
desirable access

The most desirsbie solution would be lo davelop s geners anowledgs representstion
schame thal is not lailorsd to PARADISE's domain, but lnatesd provides general
communication fecilities betwesen concepts, productions, snd KSas. Such & reprasentation
scheme asiraady sxiste (st least conceptually} in KRL {[\'fmnlnd??l}. it sppasrs thal
much would be lsarned sbout XRL and sbout PARADISE's approach 1o problem solving by
coding PARADISE's knowledge in KRL PARADISE's KSes, concepls, and productions would
all be units in KRL and ihe knowledge in concepts could be sccessed using KRL's

communication facilitien

Asiter undarstanding of searching HUnes again.

As described In chapter 4, the sirstegies for choosing which line to sesrch agaln havs not

hean well developed As harder problems ere ettempled, this shortcoming may hinder

parformance. Work on PARADISE hee defined 8 number of importent criteria to be
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considered in choosing s poin! to intiste s sesrch, but more criteris nesd ic be
considered PARADISE could make belter use of the criteria it slready considers
Developmant of batter ssarching sirategies coud quickly lead te Improved program
periormance on harder prablems Thass issues wre discussed |n more detsdl in chapter 4.

Batter tres communicetion (lemmas).

PARADISE communicates Information from one node in the tree to olher nodas better than
any olher chess program | uses plans Lo communicate inlormation from a previous siatic
analysis, and i1 uses information in the iree returned from & search whean it employs the
causality facility or the counter caussl snalysia. There is still room for much improvement,
supeciglly in the direction of communicaling discoveriss from an siready ssarched line

PARADISE uses Lhe ires returned by » sedrch only slong the principal vanistion which led
to that tree. [t may elso be possible to communicals s discovary to some other ling 1hal
is not part of the principal varistion leading to the discovery. The method of snplogies in
KAISSA does this. PARADISE makes ons insdequate silemp! in this direclion with its
lemms facilily. A mors powsrlul Iacility for postulating lemmas from sasrch rasulls in
such § way thal tha lemmas can be used sl many points in the tree would be of greal
halp In conirolling the search Tha problem is that subtle {almosl imperceplible) changes
cen vitally affect the situation s lemma stlempls to describe. Baliar ways of describing
lammas or of deciding whan to ignore their advice sre naaded belore they can be uselui.

Learning and acquisition of knowiedge.

PARADISE has, tc a large extent, schiaved its design goal o an easily modifisble
knowledge Dase This may provide a good domain for implamenting machine isarning. The
problem of sutomatically writing new rules trom scratch in PARADISE would be exiremely
difficut at presenl. PARADISE's rules access such a diversa set of concepls in such an
ad hoc way thel » great desl of knowledge sbout the knowisdge base would have te be
encoded in any progrem which was allempling {2 wrils rues. The synlax snd samantics
of PARADISE's production-isnguage sre not easily modelsd The domain of chess also
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rides out some learning lechniques. For example, the spprosch ueed In Mata-DENDRAL
{[Buchansn78) doss nol sppear fsasible in chass. The detalled tesling required in
Mata-DENDRAL's “pign-generale-tast” loop does no! sesm possible in chess Chess has
no “dala points” simiar ic thosa used s Input In Mats-DENDRAL. Ona might conceive of
s chess position togelher with the best meve in thal position s being & cats point, but
the diflersnce in grain size batwaen such 3 dals point and the patterns checked for by
rules in PARADISE is eo lorge o8 to render Meta-DENDRAL's tachniques unworkable. {A
chess program must know why a meva ls best)

Although the sutomatic writing of production rudes In PARADISE sppesrs lo be s difficull,
though interasting, problem, the program's slructure is wall-suited tc othar lypes of
learning and knowledge acquisition Devsloping & program 1o modify existing rules or ai¢
s human in creating or modifying rules seems possible. TEIRESIAS {[Cavis7E] provides
knowledgs acquisition capabilities for the MYCIN progrem Most of ths techniques
developed in TEIRESIAS can te applied lo PARADISE. The explsnation system in
TEIRESIAS could be spplisd to PARADISE in s siraightiorward manner sinca PARADISE
xnows 'he chain of rulas which produced each of ils concepts, much as MYCIN doas. Tha
axplsnations could be batier in PARADISE since most KSas corraspond Lo human concapis
Thus en sxpisnation sysiem in PARADISE coud answar "h order to make Q7 esfe for the
white rook™ when asked & quastion sbout 8 production in the SAFE KS, rather than saying
“becauss RULE D47 was used” as TERESIAS doss. PARADISE's struciure would also
parmit application of the knowledge acquisition tachniguas devsioped in TEIRESIAS. This
would require some smount o work since PARADISE's use of KSes to siruclurs the
knowledge base is not present in MYCIN In addilion tc knowledge sbout rules, concapls,
anc plsns, & knowlsdge acquisition pregram in PARADISE would have te ba given
xnowledge sbout KSee end ihe abilily te deal with them befors it could be effective.

Combining PARADISE with athar programs.

Sinca PARADISE operatas in a rastricted domain, the quastion o! combining it with other

programs orisen Meny schemes can be imaginad The simplasl would ba o run

PARADISE in parsilel with g conventlonsl chees program. The conventions program would
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play the chess game and cniy make use of PARADISE™ sbilily whan PARADISE found a
combination beyond the program's depth limil wilhin the se! time limit for that move.

PARADISE might also play a part in some combinslion of programs which can collectivaly
play chask Becauss o PARADISE's sssumption sbout 1lactical sharpness and
oftense/delenss, its sbilities would be used whan the side on mave in in 80 AEErossive or
silncking siate If the position is recognized ss being sirategics! or delensive, the
knowiedge in PARADISE should not be brought to bear since il would only wasle
resources. [ PARADISE's knowledge base is much improved so that it knows sbout the
vast majorily of tactics, and ite efficiency of execution snd control of the search trae is
improved so tha! it near'y slways relurns sn snswer in & ressonabls smoun! of time, then
PARADISE could be trusted wilh the tactical enalysis. In this situation, PARADISE could be
run in parsilel with & program which was designed 1o know about positional sdvantages.
The ialter program would constrain its search by not Invastigating leclical sequences and
would spand all its time snalyzing positionst sspects of the position In lhis case, any
winning tacticel combination found by PARADISE would be played immediataly, but the
other program would pravide a good sirategical move whenaver PARADISE fails 1o find o
combination  Thara ars other ressonable ways lo combine PARADISE with other
programs.  Altampls toc do s¢ may shed light on subdividing & problam and gelling
cooparating programs Lo work wel logethar.

Extending PARADISE s domaln,

Extending PARADISE's restrictad domain is another worthwhile project. Three directions
immedistely come 10 mind: further extending tha program's taclical sbility to cover most
tactics, extending the program to handia strategicsl situstions as well 8e iactics, and
extending PARADISE to play end-games. Thers do no! sppear 1o be any serious problams
in turther sxtending PARADISE's laclical abilily. The current knowledge base has bean
built incrementally snd no limits have ys! been resched [t sppears thal large rumbers of
reasonable production rules could be added withoul significantly impairing performance.
{A stalic snalysis was done ot only 9i of [he nodes in the test domain so new productions
are not used that ofien) Nl may ba nacassary to develop belier sesrching strategies or
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better ssarch conlrol machanisms for herder problems

Tha problem of getting PARADISE to do siralegy &4 well a9 tectics s much herder, if it |e
even rassonable |t would certsinly be haiphd to recognize the type of patterns
PARADISE can axpress In evalusting o strategicel situation However, tha ad sanlages
obleined during sirategical maneuvering ere 8¢ slight that mpny of PARADISE's search
control mechsnisms would be very dangerous Many cudoffs which decide that & move is
not worth sesrching or that snother move is more promising rely on the lactical sharpnass
ot the domain lo mske good decisions. In stralagical dtustions it may be necessary lo
search mosl moves so 8e not to miss a good strategical move.

Chess end-games seem wall-suited to PARADISE's epprosch. Patterns would be usehd,
aven nacessary, in snalyzing end-gama positions (see figura 1.6 in chapter 1), although
tha production language may have lo be improved l& recognize some end-game patterns
(ses neal section). A strictly conlrolled search which could investigate the long
sequences that oflen occur in end-games would sise ba helpful. End-game knowledge is
concerned sbout differsnl things then the tactical knowledge PARADISE currently has, s0
the program would probably need different primitivas to encode this knowisdge. (i
would also, of coursa, have to be told aboul the queaning of pawns, sialemale, eic) It
might alse be necessary lo develop beller ires communicalion facilities (eg, 8 good
termmas lacility), te sdeguately cenirol deep searches in the end-game. Michis and his
group have developed e =advice lsnguage” for expressing end-game knowledge
((Michis78]. This hes only been used on vary simple and-gemes and PARADISE™s sbility
to resson wilh dynamically crested concapts will probably be needed for more geners
and-game play.
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C) lasuss

1) Level of pattema

Chapter 2 definas (though not precisely} type 1, type 2, and lype 3 patierne. Type |
paiterns tpask of particulsr pisces and particuler squares s in MAPP ([Simon73]D. Type
2 palterns sre axpressad 3% & relalionship betwsen & certsin prespecified se! of
variablas. The matching process must then search for instanlistions for the varisbles
which will make the relstionship trus. Type Z patterns are used in PARADISE and in
Zobrisl's program. A type 3 patiern is one thal canol be axpressed a3 & type 2
patlern For sxsmpie, a typs 3 pattern may recurss upon itsal! or instentisls an
indefinile number of veriables

Work on PARADISE indicales that for tha most part, iype 2 pallarns are sdequale for
expressing {he knowledge involved in midfe game lectica. Aw chapler 2 points outl, lype
I patterns sre cbviously nao! suilable and the only knowledgse correspending 1o & lype 3
patlern in PARADISE I3 the primitive funclion SAFEP which is written directly in LISP snd
not in PARADISE™ procuction lsnguage Usefu typs 3 festures nol availsbie in
PARADISE's production language and why thase festures are nol nesded in PARADISE are
discussad balow.

Patlarns In PARADISE con lest condilions over sels which have an indefinite number of
possible members by uss of the “MPLIES® sxpression 8y using MPLIES, » paltern cen,
for axample, find & good continuation for avery possible king move the opponent may use
to reply tc o checking atleck, no matter how many such king moves thare ara. Howevaer,
the instentiations of sach good continualion disappesr as the next is matched When the
IMPLIES expression metchas, indicating thet the checking atteck is worthwhile, the
. WJividus! continustions are no longer around 1o usa in the final plan A more complax
way of specilying lype 3 patlerns could ellow an indefinits number of such continuations
to be kept snd used lster in the ling plan

When sccessing o sel genersted by en IMPLIES expression, it is not possible to test the

reislionship of one mamber of the set to enother. This migh! be necessary If a pettern is
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to recognize s pawn blotkede of indafinile leng'h since pswns in one blockade must hava
adjacency relalionships with aach olher. Such u blockade pattern would be needed lo
correctly snalyze the end-game position shown in figure |.5 in chapter 1. A mathod for
specilying typs 3 palierns could sllow sets 1o be dafined on the basle of reiationships
batween members of the set.

PARADISE hst not suffersd from hs Inabilily of ils pallerns ta handle lhe above
situations. This is mostly dus to Lhe choice of domain PARADISE does not need to
recognize conlinuows pawn blockedes in its domain, and in general it is rare in PARADISE's
domain thal sels with indefinite number of membaers nead 1o ba recognized as & unit. In
the end-game Lhis would nol be trus sinca type 3 patterns may be needed lo recognize
pawn blockadas snc olher things The problem of not hsving instantislions from sach
membsr of 8 se! produced by evalualing en IMPLIES sxpression has also not hurt
PARADISE In tha sbova example of & checking stiack, the conlinustion in the fingd plan
will specily that the opponent’s king should be sitacked This summarizes ol ths
particular sttacks found during 1he BMPLIES end guides (he ssarch so 1hat & stetic analysis
noed nol ba done. ltd-onwuumuﬂmbrmiuﬂnltmwydidumbytm
IMPLIES expression, bul it is often & betler plan since tha IMPLIES only locks for stiacking
possibilities and doas nol alwayt find p detailed attacking plan {If the production did look
for detailed plans for every conlinuation it would be toc specific, & considerslion
discussad in the next saction of this chaplter}

Two of (ha primary festures which distinguish & “pattern” in a “patiern langusge” from &
program in some programming language e modifigbility snd transparency. The production
ianguage in PARADISE has baen designad 10 be sssy to medity end extend, end hopatfully
to bs understandable by & chess axpert wilh little knowledge sbout computer
programming.  Transparency and modifisbility are major problams in specitying lype 3
pattarns. Teo compuie SAFEP (PARADISE's one noed for o type 3 pattern), it ia nacessery
lo teka inlo sccount il pisces which sffect the square in question. |f some of these
pisces are pinned, the snalysis must determing tha strangthe of these pine which may
require & recursion of SAFEP 1o sse il & pin object is actually threatenad by the pinner.
This Bacomes & compiax LISP program and it would be & difficult probiem 1o define & type
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3 pattern lenguage that could sxpress this program in & trenaparent and modifiable

manner.

2) Generallty vs. specificity
Production rulas which encods chets knowledge can be written ol many Ailarent lavels
of specificity. At the mos! specific extrems is the hypalhetical situstion ol having 8 huge
dats base of all possible chess positions, sach of which is paired with the best mave In
tha! position Viewing oach of thess pairs a3 8 prockuction nde yields & very specific
pattern (maiching the axacl chess positior) end § very spacific action (lalling which move
to play). Very general chess knowiedge can be seen in many competitive chess programs
For example, Zobrist's program might recognize the (airly genaral pattern that & move will
csuse 8 pin or will checkh. The sssociated action, again genersl, will be to add poinis to
the plausibility scors for thal move The problem with such genecsl knowledge is that it
doas nol caplure the silencs of & combination For axampls, the specifics nesdad to
distinguish & good check (rom & bad check sre nol recegnized So many unproductive
moves will be searched For this reason, programs using gonaral knowiedge nasd large

search traas Lo generate s corracl snalysia

Knowledge-based programs like PARADISE nead ic axpress waowisdge 8l ¢ leval of
generalily belween thete two axiremes. The knowiedgs must be specific snough Lo
capture st isssl part of the sssence of 8 combingtion Specific idess sbout & position
should intaract to produce & gain in undersiending and sventuslly suggest good maves for
good ressons. However, 1he exirama of ong produclion per possible position must be
avoided Any group of produclions must be abla to correctly snslyze & whole class of
possible posilions. PARADISE seems 1o have & ressonable lavel of specificity in ils
productions. They oré spacific enough to caplure ihe sssence of most combinalions, yat
appesr 1o soive » whold clase of positiona (As destribed in chapter &, PARADISE soivas
69 problems wilh preduciions developad fer 21 of them, and soives 20 more by adding
only 13 productions)
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This iredeci! of ganerslily and specifitity is sn aver present concern in PARADISE It
must first be considersd when developing the primilive functions snd patterns, and the
production language whith sccesses tham Deace the primitives and produclion language
have been specifiad (st some level of generality), the grain size of the production rues is
essenlially lixed Bul the genarality-specificity tradeal! is much more Than en issue of
grain size.  The most important generalily considerstions in PARADISE occur during the
writing of actual ndes {after grain size hae siready besen sal by developmant of primitivas
and iha production-'anguage). Ths is llistrated below {in figres 7.1 snd 7.2},
Ganerality considerations are sisc involved in other parts of PARADISE (m.g., in developing
the thresi-languaga snd plan-language which cah exprass pisne and their threats ol
varying levels of generslity).

Y 1!%&% R % w7
rz/ % 3 &t BV 1Y 3% ¢

% % y% %1% %
3 % / %W
%, %, 7 Wl % % / i 8
IR (LAY DR

% ﬁ ﬁa/@

Uy wnhe

figure 7.1
wihita 1o Mmove

Figure 7.2
whits o move

Figurs 7.1 |s problem 82 in [Reinfaig58) 1 is the same as figure 5.0 and PARADISE™s
solution 1o Lhis problem is presenled in chapter 5 Tha plan suggested by PARADISE's
stallc snalysis which lasds to the solidion is (v K7} (b F8) (VO A). The productions
which lead 1¢ the suggeslion of ‘..s plan notice that (he black king has only lwo mavas
after tha chack by whils's bishep. Suggesling the chock on lhs basis would be too
genersl so the productions look lor favorsble continuations siler both black king moves.
Thay notice that If ihe black king flees to AR, it will be subjecl to s discoversd stiack,
end that )f it flees lo 18, the white quesn can chach it in such a way that it has no legal
moves. On this basis, lhe sbove plan s suggested, and it specifies the aclual queen
check whith was found lo answer ihe king's move to 1B (No contirugtion ls given for the
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case of the king moving to hB since the productions did nol analyze particuisr moves for
taking sdvantage of the discoversd atleck)

The produclions which suggest this plan we specific They have good resson for
suggesting this plan even though they do nol natice all the tacels of the eventusl winning
combination (e.g. the preparation of s back rank mste by the white rock on hB8). To
oblain » search s small #s that in PARADISE, tha produclions would ba too generst if
thay suggested the bishop chack just because it leaves the bisck hking only twa moves.
Such productions might howaver be just right lor s system thal uses more search and
less knowledge than PARADISE if anything, the produclions in PARADISE which sugges!
the above plan may be too specific. Figura 7.2 brings oul the issuss involvad

Figure 7.2 in o #lighlly altered version of figurs 7.1 where essenlislly the same
combinalion still wina fer whita In figwra 7.2 hawaver, the sbova plen will net be
suggosted by the productions in PARADISE becasuse the black king would row have legal
moves after Lhe white Queen checks from 3l Perhapy ths indicstes these productions
sre 100 specific, but the sama produclions have found & number of good plans diring the
testing of PARADISE snd ssem 1o be pertorming salisfaciorily. The winning combination in
both the above Dositions consisls of chacking wilh bolh bishop and queen in order 1o se!
up & situstion where the white bishop cen then move le stleck the black quasn snd st
up & back rank mate by the white rock s the sama lime. Productions could be wrilten to
racognize this whole tombination statically, but such productions would be toc specific
with PARADISE™s current grain size Thay would need to look 3 or 4 moves shead, would
be very expensive to maich snd would help in very lew posilions. PARADISE should
solva figure 7.2 by suggesling the bishop chech in order te drive tha black king sway
{rom hB sa the while rook can ge! thers. This |v spacific, but net toc specific. This plan
is aise suggested in figure 7.1 bud Is not ae likely 1o succeed we the plan wilh the quesn
chack described sbova.

PARADISE is commillad to using specific knowledge lo cblain ¢ knowledge-controlled

soarch  This means the system will have lorgs amounts of hnowiedge PARADISE uses

KSes o afficiently access its knowledge, and ueses plame to avoid doing 8
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knowisdge-basad anslysis in meny positiona. Tha person writing the productions is
responsible for writing ressonabls productions that wra neither toc general nor too
specific. Such @ persen must work within the confines of lhe grain size established by
PARADISE's primitives snd produclion lsnguage {see naxi poragraphl. PARADISE
somalimes uses genersl productions when more spacific onas could sssily be sxpressed
More generasl productions e sspacislly desirsbis when il sppeers saey te chach If the
suggesiad plan is working. For sxampla, if & major pince in sacrificad unsoundly, it will
uwlllyb-nlytudclmmthluum-imwﬂﬂwﬂlhuﬁmm

Sometimes the production language prevenis a production from being 83 specific es it
might iike to ba For sxampls, It the production lsnguage made il sasier 1o check the
olfects of s piace stier il had made 2 or 3 maves, productions would be sbie to De mare
specific when looking for deep combingtions like the one In fipre 7.1. One raason
productions in PARADISE may be kep! lrom being much mors spacific Is tha system's
rastricted ability lo communicele through concapts 1hal ere posted in the dala bass. This
is discussed in more deleil in section B of this chapter.

The search in PARADISE sxpects & coriain balsnce of ssarch and knowisdge. This means
the person writing the ndes In PARADISE mus! selact a reasonsble level of spacificity
since the methods used to contrel the sagrch deperd on it. The naxt saclion dircussas
this in more delail
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3) Search vs. knowledge

PARADISE has & considerable smount of chess knowledge, ye! there are many holes in
this knowlsdge, sven in the limitad domain of midde game lacticsa Unlit 8 pertect
knowisdge bese is [orsssesbls, 8 sswching procass will be necessary in programs to
corrsct mistakes in the snslysis snd to fill in gaps in the knowledge Bt & sesrch may
slways become iniractable in certain silustions (uniess thars is soma artificial elfor? limit).
Thus no combinalion of search snd anowladge will ba a compiels probiam solver uniess it
has tha sbilily to lesrn from pravicus mistskes The issue of learning is not addressed
here, but [t is clear thal verious combinations ol search and knowisdge sre possible in &
chess program  Tha following discussion describet tha trade-offe involved

The issue discussed here is tha Irade-off belwsen using large smounls of specific
knowiedge which slirictly conlrol the search, and using smaller amounts of more ganeral
knowledge combined wilh search mechanisms which hall the search quickly. To belter
defina this issue, consider 1he following position Irom chapler 2

UGN D8
% % KRAR

A G
%a/ N
. . . %
% % % ‘i

while 10 mova
tigure 2.3

Whils has & five move mate in this position beginning with (uP. Chapler 2 describes
PARADISE's solulion of Ihs problem which begine with s sophisticated plen  The initiat
static anelysis involves meny specific productions which check that black’s king can be
offeciively silacked sfter it caplures the while quaen The search generstes only 21
nodes and s second static saslysis is never done. This spproach to tha problem uses
spetific xnowiedge Another approsch to ths problem is ta sedrch any chack ae a maling
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postibilily and then have mechanisms in the search lo queckly lerminate the search if the
check is nol working out. This has the advantage of making the snalysis much cheaper,
and naver missing 8 check which works This Ialter spproach uses loasely structured
knowiladge {8 term used to differsniiale it from specific knowledgs).

Since PARADISE can express knowiedge on many levels of specificily, the knowledge base
can be wrillen wilh either specific or loosely strutlured productions. If this were dons, it
might be possible [0 expariment with diflarent balances of search and knowiedge. The
problem with thus is thgt all chess programs, including PARADISE, have » search which
expects a certain leve! of specificity in the analysis. PARADISE does not hava
mechanisma o quickly larminate the search when loosely structured knowledge is used
In the sbove sxample, PARADISE would need soms way le determine tha! & check “doas
nol work out”. Similerly, a sesarch-oriented program could nol ute sn ana.sis based on
specific knowiasdge becauss its search does nol have the mechanizms to use the analysis
in controlling the search {which must ba done to ofiset the exirs lime spent analyzing).

Thore ars two theorelical problams wilk using specilic knowledge First, there will
slways be holes in tha knowledge base which may cause an incorrect analysis. Second,
oveon siler ¢ hole in the knowladge is discovered whith involves an obscure combination,
i1 may nal ba reaszonabls tc nolice the obscure combination siatically al Lhe necessary
level of speciicity. An “obscure™ combinalion is ons which begins wilth s move that
initially does not Icok good for any straightforward reasons Thus any smple production
for suggesting the move might nol be specific encugh snd would suggest poor plans in
many silustions. The first problem may be solved by having s program learn or by having
& human add knowledge. Tha second problem magy be sclvad by some combination of
more poweriu pelisrn recegnizers and betler methode for controlling searches of plans
suggesied by less specific anowladge.

The major theoreticel problem with using loosely structured knowiedge is contralling the

search  Tha sbove sxampls shows the difficulliss in thNs approach Suppoie some

production suggests most checks lincluding () for searching and tpecifies that these

checks thraslen mate Tha sesrch must determing when one of thase checks is not
251



working oul. Afl - g few moves it may ba obvigus {o » human or to & program with
specific knowledg « that the check is not working oul, but in the program with iess
specific knowled_ . the same production tha! suggested checks originally will still {in
general) be sugp, g checks which threatan mate. Various mathods for larminating such
s cearch could b 2ad The program might do somelhing dependent on dapth, or it migh!
stop believing it ootey struciured productions a! some point, of it might refuse lo
concatenate two plans from loossly structred produclions. These suggestions ali
introduce #rrors similgr 1o those introduced by s depth limit {ag, i the program sllows
fowr of these chicking plans lo be concatenated, it will miss combinations with five
chacks). Other te-minating mathods seem to involve more specific knowledge about the
checks being suggesied, which brings in the problams of using spacific knowiedge.

PARADISE uses pecific knowledge and lends lowarde the knowisdge end of the
search-knowledge continuum Search-onenled programs like CHESS 4.7 snd TECH2 fatt
near the search e~d of the continuum, while CAPS and Pilrat's program lali somewhars in
between The m: of search and knowledge 8 program uses helps determine the type o!
problems il can solve {see below). The search-orienied programs scive many of the
sams problams ss ZASADISE, but wilh less elegance and isss expense. The remainder of
this section descrines soma of the tradecils between these different approaches.

First, it should be pointed oul that PARADISE's use of cpu time is inflated comparad to
that of the other programs. The olher programs have all been tuned o run efficiently
(TECHZ and CHESS &7 wre writien in assembly lsngusge) while PARADISE is still a
research vehicis { vritten in Maclitp). PARADISE spends more than S1 percent of ils cpu
time in the insfncient produclion-langusgs interpreter, and this could probably be
speeded up by -+ faclor of lwo by “compiling” the productions. This would make
PARADISE’s cpu u-age comparabla lo that of the cther programs, a! lsasl over the first
100 positions in [Reinfeld58] In sddition, PARADISE's dats structures couid be
considerably more efficient anc the cost of PARADISE's snalysis could be spread over
many mcves i sn wctual game of chess (see section A of this chapler).

As described ab:ve, both the sesrch-based snd knowledge-basec spprosches have
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ihearstical limits which Imply that sach spproach can solve some problams lhe other
spprosch cannol. Unlike PARADISE, progreme wilh loossly stnetured inowledge have
artificial sfiort limitx PARADISE can selve combinalions which ars Seeper than the depth
limits of such programs {or which axceed lhe artificial offort limits in Pilrat's program).
As figura 6.4 shows, TECH and CHESS 4.4 rarely make § mistake on problems within their
depth limit and rarely solve problems bayond thair depth limit. PARADISE performs as
wall on the desp probisms s on lhe shallow ones, and has a distincl adventegs because
ol this on thess 100 problems. (Thess problams ars nol sxiraordinarily deep; & human
grandmasier would soive nearly ali af them)

On the othar hand, the search-orisnled programs can solve “cbacure”™ combinstions which
PARADISE™s productions could not recognize af a suitable level of specificity. It is hard to
judge how rastrictive tha is, since improved pallern languages may be able to sxpress
ovan “obscure” combinations sdagualsly. Except for one problam, PARADISE did not
sncounter tNe limitation on the 100 test problems. Currently, the drawbacks of knowlsgs
based programs are practicel, not theorelicsl

In practice, PARADISE may not be able te solve many problams, aven sasy ones, because
of holes in its knowledge. This is & sericun degwbeck since programs with full-width
searches pimost never miss combinstions within their deplh limit. Tha sirength of this
aflact depends on the complatenass of he knowledge base. This eflect can work both
ways with pregrams like CAPS snd Pitrat's since thay aiso do no! search all lagal moves
and may have holes in thair knowledge One might expact PARADISE 1o miss combinalions
mors often than thess iwo programs since ils more specific knowlsdge suggesis {ower
moves, but this has not been the case in the comparison of CAPS and PARADISE on the
lest posilions. PARADISE recognizes maling ailacks that bolh CAPS and Pitrat's program
miss. PARADISE's knowledge base appears complete snough to outperform CAPS on the
first 100 positions in [Reinfeld58) even on posilions within CAPS" depth [limit.
PARADISE-2's knowiedge base is compiete snough 1o outperform CHESS 4.4 on these
problame

The primary justification for the cpu time usad by PARADISE and the biggest sdveniage of
253



the spprosch used in PARADISE is the sxtandability of the knowladge bese. This means
the sifect of holes in the knowledge cen apsily be reduced In PARADISE. Tha play of the
other programs mentioned in this disseristicn connol be noticesbly improved wilh essily
made program or knowledge modifications. This would involve programming & more
sophisticalad analysis, or controlling the sesrch betler sa that It could sserch deaper.
{Play can, of courss, be improved by swilching 10 8 significonlly faster computer in mos{
cases) 1t would be harg 10 incremaniglly improve performence of & program by
increasing Ilu depth limit since each irzrement of ond ply multiplies the sffort required by
the branching factor {ususlly sbout § or 6 for programs with full width saarchas that have
s rasscnable move ordering for sipha-bete). The possidility of incrementsl Improvement
thvough improved enalysls Is discussad below.

Programming & more sophisticated static snglysis in any of the orograms mentioned in this
dissertetion {excepl PARADISE) would probebly not ba easy for the programmar. Even if
it wers, these programs are commilted (by tree size} lo limit (he smount ol processing
per node. CAPS spands more time per node than tha others, but still procasses five
nodes par second of cpu lime. CHESS 4.7 processes sround 3600 nodes per second on 8
Cyber 176 ({Robinson78]. I CHESS 4.7 spent even en additional ten millisaconds par
noda In anslysis, the size of the tree it could seerch in & given amount of time would De
greaily reducad Easy incremants! improvament of CHESS 4.7 (and similyr saarch-based
programs) by making snalysis progressively more sephisticated does not ssem possible.
This means the theorelical limitalions Imposad by the dapth limit cannol aily be

SV arcoma.

The tima constraints on CAPS and fitrat's program woud permil sliight increasas in the
time spent on enalysis Such slight “creses must invoive loosely structured knowlsdge,
so eny knowledge which recognize: & hew lactic would suggest more moves to be
searched In many positions. This rxXresses the size of the search iree axponentially.
These program wa airsady running sfficiently and would eithar have to devalop naw
saarch conlrel mechenisms, or usa s.grificantly more cpu time to cope with this increass
in branching factor.



For PARADISE's knowledgs bass to schisve lhe completianess neadaed {o rivai the bDest
search-orisnisd programs (in middls game taclics), many produclions may yst have to be
added Thers Is no evidence thal suggests lerge numbers of productions will harm
PARADISE's performance (slthough problems may erise). New produclions do no! seem to
significently incrasse tha branching faclor or ihe lime required to do an snalysia

As discussed earlisr in this chapter, sn increase in branching factor is evoided when
sdded productions are st the righl level of apecificity. The limiting facter in PARADISE's
incramenisl improvemen! sppears to be the sbility to recognize more complex iactics ot
the correct lavei of specilicity.

New produclions do no! significanlly increase the snalysis effort largely becauss plans
guide PARADISE's search so well that » static analysis is done st less Lhan rune percent of
the nodes genersisd Thus most new penductions will rarely be exscuted Even when
sxscuted, productions usually do not match snd the sysiem cen often delermine this with
littie saflort. Even when malched, well-written productions take only & lew milliseconds
lo & lew hundred milliseconds to meich Compared fo the i2 seconds of cpu time
PARADISE spends on s typical analysis, this is nol significent.

Waighing the sbove tradeoils in order lo judge which approach is best depends on the
current technology. With developments such as faster machines, parrallelism, or beller
hashing techniques, programs which rely on search can search desper and perform belter.
The developmaent of bellsr pattern recognizers migh! incresse lhe power of PARADISE s
production ianguage allowing PARADISE to perform bDatler. Thers is little doubt that with
current machines snd owr currenl understanding of how 1o use knowladgs, good
saarch-orianted programs solve & larger class of problems with less sxpense than do the
bast knowlsdge-based programs. Howaver, lechniquas for using knowledge ere only
baginning to be developed and undersicod This research shows ways ‘o sffectively use
a large knowiedge bass which cen be wsasily exterded As progreass is made in
rapressniing and using knowledge, a knowledge-bssed program may eventually be able to
approach {snd even surpass) the performance of human chess masters.
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