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Abstract 

Buchanan. MitchelL Smilil. and Johnson [Buchanan 78a] described I aeneral model of learnin, systems thIt 
included a comPonent called the Crilk. The task of the Critic was described as th~fold: eWliualioll of the 
past actions of the perfonnance element of lIIe Ieamina system. lotaliialion of credit Ind blame 10 particular 
poRions of that perfonnance element, and recomNndiltion of possible improvemenlS and modific:alioas ill 
the performance element. This ankle analyzes these three tasks ill detail and surveys the methods that ha¥e 
been employed in e:ristinl leaminlsystemS 10 accomplisll them. The principle method'~ to evaluate the 
perfonnanee element is to develop a global perfOmItlllCt Sltlndtlrd by (a) consultinl an external source of 
knowledge. (b) ooDsultiDg an internal SOUI'te ofltnoWJcdae. or tt) conduttina deep search. Credit and 1)1 ... 
have been iocalized by (a)askina an external knowJedae source 10 do lIIe localization. (b) factoring the &loW 
perfonnance Sl8ndard to produce a l«aJ per!omtllllCt $IiI"'rd, and (c) conduttina controlled experiments Oft 

the pcrfonnancc c)cment. Recommendations ha\'e been communicated tt) ::-'e learning element usina (a) 
~ uaining inSlanCcs, (b) cOmlation coefficienlS, and (c) partiaJt)'-ios~tiaIed ~ 

This racmdl was IUppCJftCd in pan by die AdYBDCed Raardl PnJjcdI A.-:r oldie US Dep.rbaeM 01 
Defense under contrICt MDA 903·ao-c-ol071DC1 by the SdtIulnbcqeroDoll R .... LIborMaI,. 
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1. Introduction 
A model of leamina systems has been described [Buchanan 781) that aucmpts to captUre 1he key 

components that must be included in any learni", system. That model (shown below in Fiaure 1-1) is 

centered around the Perf'onnance Element-the component whose behavior the Jearninl system is attcmptiaa 

to improve. The Performance Element (PE) responds to stimun from the environment, and the purpose of 

ieaminl.is to make dte responses bener, in some sense. The Blackboard (BB) provides a common means of 

communication amona the elements and ensures Ihat an elements have -=cess to c:hanaes made by the othen. 

The Instance Selector (IS) seledS suitable (sometimes random) training instances from the environment to 

present to the Performance E1cmenL The Critic (CR) in this model evaluates die responses of the PE by 

comparing them apinst some standard of performance to determine how weDdle PE has doDe. In addition 

to this global evaluation. the Critic determines which pans of the PE are mponsibJc for aood and bad 

behavior. And. in this model. the Critic then recommends to the Leaminl Element (LE) what should be 

done to reinforce ,oad behavior or improve bad behavior, but not precisely how to do iL Finally, the wbole 

learning system operates within a conceptual framework. called the World Model (WM), that conwns the 

vocabulary. assumptions, and methods that define the operation of the syscem. 

The present paper IIIanpCS to exteDd ddllIIOdeI by ..... ill deaII. 1be .. 0I1be Cridc ......... 

IeamJDa I)'SIeIDL Accordiaa Ihe model. abe Cridc ba 1bNe· bIIIc 1Mb: (a) to mIuIfIe the __ 

perfonnIact of the P£. (b) to b:aIil.e I'IIpODItiIity bpel .. bed ...... UIMCe to ........... fII .... 

PI?. and (e) to mate I'CCOInIDCDdIdo to the I.E ..... dcIirabIe chilies ill the PE. ,... CrIdc fa be 

¥iewed •• apen .,.. .... perba &uk d..,.. .. JepIit ( ....... __ ... 
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MYCIN (ShortlitTe 76] and DART (Dennen 81). These systems evaluate the perfonnanc:e of some canpJex 

system (in Ibis case, the PEl, locaUze the causes of detected faults. and recommend repairs. The remainder of 

Ibis paper discusses these three IISks in detail and then IU~ the methods that have been employed in 

existinalearnina systems to accomplish them. Finally, our observations are summariZed. and the implications 

for the desip of future learn ina systems are asse.ed 

The reader is warned thaI many of the examples cited in Ibis paper ate necessarily brief, since the purpcee 

of the paper is not to present existing work. but to describe and analyze Ibe methods that have been employed 

to perform the Critic's three taSks. Readers desiring a full~.r:. survey of die iearninl systems mentioned in this 

paper are encouraged to consult the article 'Learnin& and Inductive Inference' (ClIapter XIV (in Volume 3) of 

the Handbook of Arljfic;allnltllirtnct (Cohen IS)). 

2. Th ree tasks of the Critic 

2.1_ E..,aluatlon 

The first and mOSl obvious function of Ibe Critic is to evaluate lhe actions of me PE. This is usually 

ac:complished by developing a performanct standtmJ, that is. some sort of index apinsa which tbe PE'. 

behavior can be compared. For example, in Ibe Meta-DENDRAL system (Buchanan 71b). the PE's task 1110 

simulate the operation of a mass spec:tJOmeter. The simulaw accepas a molecular SlrUClUre _ input and 

produces a simulated mass spetUum as outpUL Meta-DENDRAL's Critic employs an extemaI perfonnance 

standard in Ibe form of an actual spectrUm measured by • rna. spectrometer. The IUbpnJpam INI'SUM 

compares Ihc simulated speetrum with dte .ctuaJ spectrum. and abe dil1'emlces Imt 10 auide !be -a for 

DeW simulalioll rutes. 

The Critic, in its role as aD evaluator, caD be viewed ill b .... terms. the latportioll of ......... aacl-cat 

mcthocl. The 1eamin, clement is me aenerator. It proposes modiftcacions in Ihe PE. aad Ibe Click .. .... 

modiflcatioDs by cvaluatina the actkms of the PE OIl particular It'IiIliDa inIIIIICtL Every 1taminI.,... ~ 
rhus be viewed aleamin, by bill and error (usually heurisUc:alt,-auided trial aad error). It IIIbrouth the P£ 

and the Cride that the hypoChesl:sdeveloped by the LEan: tated empiricIIIJ. 

2.2. Localization of reaponalbllt, 

The IeCOftd task or Chc Critic-lo 10caIizc rapoalbility for JOOd .. bad beha ..... to panicu1ar ponioM oJ 

cbe PE-was ftrst :IOinted out by MiDsty (Mialty 6)1 wheR he CIIIcd it she netII,...."",..,.".,... 'I1Ie 

creclit·assiafuncnt problem arises wbeDncr the PE bas ~ SlnlClllfe aDd only a "... ~...:f 

IIMIlanI is avaiIabJe. BYaJlllpoIile IInICIUIe, we ~ IbIlIhc dacisioftI otlbe PE an: ckta ..... bJ .... 
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composite decision-making process. The PE, for example, may evaluate a complex expression or apply a 

series of rules to arrive at a decision. In order for me LE 10 improve individual subcxpressions or individual 

rules, the Critic must Jocalize credit and blame for overall performance to mesc particular $Ubexp~ or 

rules. 

For c~ple, consider me learning problem addressed by Mitchell's LEX system (Mitchel 81). LEX solves 

symbolic integration problems. This performance task has composite structure: In order to solve aD intepal, 

lEX must apply a stqUtllCt of integration operators. Furthermore, lEX has only a &Jobal performance 

srandard: it knows it bas solved me problem when it has succeeded in removing the intep'al sip fnIm the 

expression being integrated. Once LEX bas found a sequence of operators that soJv~ the problem, it must 

apportion credit and blame among the individual operators in lhat sequence and amona operatOrI in any 

other ullSUIaSSful sequences that it investipted. 

The credit-assignment process can be viewed as the process of COftvenina a g10bDl performanct SllJlldard 

into a locm ptrj'ormollce SIQndard. The local performance sundard indicates what the proper outcome of ach 

move (or each subdccision) should have been. Once a local standard is obtained, ~t IISipment is 

straightforward. 

LEX must break its aJobal performance srandard, which indicates how aood an endre solutioD pIIb is. inlO 

a loc:aJ perfonnance standard that indicates how aood ach step (ed IPP1icIdoD of an intepldoo opatar) 

is. The euct sJobal performance stant.ard used by LEX is the )enath of the Ihonest known lOIutioo pIIb. • 

measuml by computation cime and space. The local pedonnance I&IDdIrd bach IDIudon IIep is die IeDaIb 
of the sbonest known parh from the startin& state of that IIep to • soIudoD stile. 1beIe ¥IriDuI perbmaooe 

Sllndardsare shown in F ..... l·L 

Once LEX his developed the IocII performance IlUdud for adl .. it QD canplete cbe CIeCIt­

assipment process by eVllUltiDa every _ in iU uee of IOIudoD PIIhI ancl pIItia1 pIIIbI. A.., is judeIcllO 

be • aood clccisioa if k leads 10 _ soIuIioa whole pam IeD&da is 1cII1hID US dmea Ibe local per1cnnaace 

standard for that aep. 0therwiIe. abe _ is JudIed 10 be _ bid...,. Thilbas the efkt 01 aedIIiIa .... 
on the best known pIIb (and • any adler ..... IbM haw neart, Ihe ...: IcntIh • Ihc bat now. PIIIh)' 
Blame is asipcd 10 18,.., IbM Iuds ftooaa __ OD Ibe ......... ID a .. Mt .. die -..- ..... 

AD ocber cklcisioDs remain uaevaIuaIed <-....... 2-1), 

It is impoIIaat fO oIIIene dial &de cadit~w.".".. ...... .., ........... 01 be', .. 

bein,1caned constiaIte ...... 1UbcampoDcaII ofcbe PI!. Tbere wauId be 10 CftWIk· ''I lEI pn"_ fa 

LEX if. inIIad of UJiDt 10 Jearn bcuriIdcs AIr iDdIYiduII ................ LEX ..., ...... 
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Fipre 2-1: Global and local performance standards in LEX. 

• Goad DecillIon 
- ... DecWoft 

..... 1'12·2: CIedit wipmeDI ill LEX. 

Salutlon 

complete operM« IeCIIICIIt'IS. EucdJ IbII kiDd oI'Jearnina is pea ....... by STRIPS (Fa. '7l). ~ 

OM can fmIIinc crati~ '1cmIiII1JIICIII. which. aics oI~ ........... be __ 

Such • .,... could bM. far a ....... 1Qered ~ ..... ill whk:b Ibo oweraI cIedI60I _ 

made ." a let 01' ptaducdon ndCI, IDII ... produc1ioa rule ..,allied ill ........... __ « .. .. 
expreIIion. The ftnt credit·~1Il problem would be to dneIop a Ioc:al perbmance. *'d .. .... 
producdoD nail. 'Ibis would be faIIowecl "' .... ad u'poeM .... III ..... a IDeal pel" x 
IIIftCIanI would be compuII!d Ibr ed tubClpRlllba ........ up cadi producdoD ftIIe. III --.,. die 

dUIIeuIl, of die CftdiN ....... ph ,,_ ....... Ibe .,. "...,. CIIriId GUt by .. LB. Ita ... 
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relative size of the "learnable unit" of ltoowlcdae becomes smaller, the credit-assipment problem becomes 

more dilf'lCUlt. 

2.3. Recommending change. In the ='er'ormance Element 

Once global ar.d local performance Slandards hive been obIaiDed IIlCI. rhus, the CIUIeI of poor 

performance have been isolated, the Critic must recommend to the LE bow the PE should be modiftecl. 

These recommendations can be thoustn of as verbs such &I ~Mnzllu. Ip«itlltu, and "11«1, aloD& with 101M 

information that indicates what should be modified. 

In systems that learn from examples, the recommendation is usually to aencraHze or specialize a pardcuJar 

rule or concept in order to make it consistent with some new b'lininl iDl&ances. In LEX, for eumpIe. abc 

final output of rhe Critic is a set of inSWlCeS of the proper (and improper) appHc:ation of intep'ltion 

operators, gleaned from the trace of the problem salvina process. These nnln, inunces are supplied to the 

learning element alonl with instructions to aeneralize or specialize the heuristics that nx:ommended the UIC of 

those integration operators. 

In other leamlnl systemS. the IUOIIUnCndatior.s may take the fonn of fairly spcciftc instructions for how to 

modify the knowledp base. In Sussman's HACKER (Sussman 751 for eumpIe. the Critic provides a 

PlmaUy filled-in schema describina a Conniver demon (or, more correctly, an "if-added method"). The 

lumina element must runy instantiate this demon and install k in the ltnowledae base. The tchema includes 

instructions for how to aeneralize certain parts of me demon, • wen. 

The dividina line between the Critic and die LE is DOl always clear. In many IeamiD& sysIemI, dleR is DO 

sepaI'IIC recommendalion pIlase. 1DStad. the LE dila:dy employs the local pcrbmance IIaDCIud to modif1 
the PE. In S)'SlCmS IhIt diIcover siDaIe COftCePCS &om uainiDi iDscances (sucb • WiDItorl (W1DItOG 1OJ. 
MilcbeIl(MitdleD 181 Michalski (Michalski 78), aacI Hayes-Rocb (Ha~Roch 78)). die .. aI'ormadon pmidecl 

by the trainina instances and Iheir comet claSlicadoas sufllces to JUicIe the I.E. Mib:hel1'1 version spICe 

ataoridun (Mi~bcl1 781 for example, applies a D'IIIdliD& procell dirccdy to the tainiDa iDIIMces IbeIDIelYeI 

in order to dcc:idc how Ibe CUTmlt concept dc:scriptioIl should be modified. The performance standard 

detcnnines the DllUre ofthc c:hanac: Positive Irainiaa iM. ees lead ID ~ ..... lII!pIive In .... 

WID speciIJizMion. of Ibe concept delaipdoL 
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3. Melhods for obtaining a Global Performance Standard 

Now that we have reviewed each of the three tasks of the critic:, we rum our attention to the methcds that 

have been used in existing systems to ac:compUsb these tasks. Several methods have been employed for 

finding a global performance Slandard. These can be lrouped into three general categOries: knowled&e 

sources external to the Critic:, knowledge sources within Ute Critic, and search. 

3.1. Knowledge sou ree. external to the Critic 

The first method of obtaining the global performance srandard is to ask the outside world to provide one. 

We have already mentioned Meta-DENDRAL's use of an ai:luaJ mass spectrum as a standard of performance 

for its mass spectrometer simulator. Many programs that Jearn concepts fTom examples expect the trainina 

insmnces to be comedy classified in the input. Winston's (WillS(on 70] ARCH learning System, for example. 

relies on the teacher to indicate for each training insmnce whether that ins&ance is an "arch" or a "near miss." 

Another system that employs an eXlernal performance standard is Samuel's checkers program [Samuel 

63, Samuel67]. One configuration of the checkers program uses an outside knowledge source in the form of 

"book moves"-moves taken from recorded checkers matches between masters. Samuel's program auempl5 

to Jearn an evaluation function that computes the worth of a gi" :D board position. The proaram learns by 

following book games. fiBt applying its currenl evaJuation function in order to select a move and Ihen 

comparing the selected move with the global perfonnance standard-the boot move. 

Davis' TEJRESIAS program (Davis 76) provides another example of a system dIat turns to an expen for 

performance feedback. TEIRESIAS provides lnowledae acquisition and dc:bugsing support for EMYCIN· 

based expert systems. The EMYCIN system serves as the performance elemenL It is presented with cases. 

which it processes by applying the rules in its knowJed&e base. When the consultation is comp1eled, 

TEIRESIAS stepS in and asks the expert whelh~l the PFs conclusions are comet. At tlds point, me apert 

responds with a simple YES or NO. If the answer is NO. TEIRESIAS assistS the expert in actually Jocatin& 
and rtpairina the problem (typita11y a missina or incorrect rule). The expcn's ycslno an..c:wer seMS IS the 

,Iobal perfonnance standard. 

The technique of obtaining the aJobal performance standard by consultinl some source or know" 
external to the pllJIram is most useful in situIlions where die PE is .ucmpti&, to model 01' mimic Ibe 

behavior of a physical system or a bUftWI expert. In such CIRI, if the physical SJIICm is 0I*lut or the bumIIl 

expert is unable to inlrOSl*' weD, die only information available (0 the learn.. S)'ICem II die cweraII 

1vohlllvinr of the unknown SYStem. This p,ba1 behavior an serve IS Ihe aJobII perfonnance IIIDdInL 
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3.2. Knowledge sources inlerna. to the CrlUc 

A second approach to obtaining a global performance standard is to employ some source of knowledp 

inside the Critic. Waterman's poker player (Watennan 70], in its implicit training mode. is a JOod example of 

such a system. The performance task of the poker player is to decide what belS ttl make durin, a round of 

play of draw poker. This is a composite IaSk, since a ~qllellCt of decisions must be made. At the end of ecdl 

round of play, Waterman's Critic invokes an internal knowledge source to produce &he global performance 

standard. The knowledge source is a rule-based system eontainina an axiomatization of the rules of draw 

poker aJong with rules describing how bees accumulate and how betting behaYior is related to the quality of 

die players' hands. It contains definitions of Ihe four basic actions available to the PE (CALL. DROP, lET 

HIGH. and BET LOW). The rule describing the CALL action, for example. is represented as 

ACTION(CALl} • HI6HER(YOURHAHD. OPPHAND) .) 
AOD(LASTBET. POT) • ADD(POT. YDURSCORE). 

(I.e .. if you call and your hand is superior. then you win the pot as augmented by your last bel) 

To evaluate a round of play, the Critic first determines the truth values of certain predicateS such as 

GOOD(OPPHAHD) and HIGHER(OPPHAND. YOURHAND) and then tries to prove the statement 

MAXIMIZE(YOURSCORE) by backward chaining through the rule base. The resultina proof indicates 

whether the PE could have won more money than it did. 

Internal sources of knowledse are useful in domains where it is possible to encode some--but DOt an-of 

the knowledge needed to guide the performance elcmenL For poter, it is easy to provide dle basic rules of 

the game to the program. Unfonunately, the PE needs to know more than just the rules in order to play well. 

Consequently. the only use of the pok.er rule base in Waterman'S system is to provide the Critic widl a aIobII 
performance standard. 

An interestiDl characteristic of poker-and of many oCher task ~ such • mediciDe. law, and 

polilict-is that expertise consists of knowina ill tltlwzllCt wballClioos should be takeft.. It is reIati¥dy easy flO 

ten retrospectively what the performance element should have dooc. IJI tbat &at domains. if the kDowJedJe 
required for retrospc:ctive .... Iysis can be incorpora&ed into the 1eamiDa sysaem. Ibeft it call proride a aJobal 
perfonnanc:e srandard for 1M PE. 

3.3. Search 

In most prob/l!IfI 'liMn, task'S, clteper seardlts provide more iIlfonaldoD about the belt IOlutiOL fa LEX. 
for example, deeper and wider search leIds to several aJterutiwe IOIuIioas SO Ibe iDtepII. As we ..... 
above, LEX uses Ibis fact 10 obIain the aJobaI ~ standR. LEX chooIcIlhc J)IIh 1nIdl 01 die 

Ihorust known toIution and UICI k ... upper bouftd onlbc JenaIha of OCher PIIhL Durina pratIIem .... 
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and credit assignment, whenever a path exceeds the upper bound. it is dropped from further consideration. 

Samuel's checkers player-in an alternate configuration that does DOl employ "book movcs"-ulCl deep 

seardl to obtain its global perfonnance ~ndard. Recall that Samuel's syslem is ancmptin, to learn an 

evaluation funclion for board positions. One way to determine the quality of a board position is to sean:b 

deeper into future game positions, apply the same evaluation function 10 the tip positions. and compu&e abe 

mini'max backed-up value. Since the backed-up value based on a deep search is more accura&e than the vahle 

calculated directly from the board position in question, it can serve as a global perfonnance standard for the 

evaluation function. 

In summary then. there are three basic approaches to finding a global performance standard. In domaillS 

where a physical system or an expert is being modeled. the "temaJ environment can provide abe 

performance standard in the fonn of the actual behavior of the physical syslem or the expert. In domaiIII 

where mrospective analysis is easy. the knowledge required for such retrospective analysis can provide the 

standard. Finally. in domains where deeper searches produce more information. simple seardl can provide a 

global performance standard. 

4. Methods lor aSSigning credit and blame-obtainlng a ~ Performance 
Standard 

Once we have an overaU performanc:e standard, how can we localize credit and blame to individual 

decisions? Three: basic mcthods can be discerned. One approach is to side step die problem by C"ODSUltiDa 

some tnowied&C source outside the PRIII'OIRl. a second approach is 10 ractor abc aJobal performance IIIDdInt 

into a local performance standard. ~nd the third approach is to conduct COfttrol1ed experiments by Vll'YiIli 
some SUbcomPODCIIl of the PE and obser\'iol the resuJtina chanaes in the alobal behavior 0( the PE. 

4.1. Knowledge source. extema. to the ':rltlc 

Of course it is possible to finesse the cmlil°a5S1gnmeDt problem c:ompIeteJy by simply -iDa die atenIIJ 

work! to provide a movc-by-move perfonnance standard. In one conftauration o(Wa&ennall', pater ........ 

for example, a human expert provides feedback aner each bet dcciiion. TEIRESIAS also Idies on the ...... 

ellpcrt to examine the perfOI'lll8DCC trace and localizc die point at whic:b the PE went wron .. This ......... II 

useful in situations where an expert is available who can succcssftlUy criticize particular c:aL 1'bI pIIdcuIIr 

cases serve to focus the apert's auendon and triuer his or ber IDCIDOI'J. lbis is .. Im~ II1II*' 0( die 

staDdud kDowlcdac cnaiaecriIIIlMIhodoIoD lD-Yia 76J. 
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debul8in.. When a programmer is testing a pl'OlJ'lDl (i.e .. I PE), be or she must have IOIIIC idea what the 

proper outputs of the PJ'08I'BII1 should be-that is. die p/'Op'IIIIIIJer must know the aJobaI per10mwJce 

standard. Whcn one ofthc outputs is incorrect. inleractivc dcbuaaina tools, such .. the INTERUSP BREAK 

peckase, enable the programmer to inspect intermediate states widlin die propma. However, die 

proarammc:r must also have some idea what the correct internal lIlIeS should ~ is, the JH'OIIIIIUIICI' 

must figure out what thc local performance standard is. Some progrnmminalanguage features, such • run­

time type checking and nan-lime c:orrectness assenions, allow che proarammer to partially specify the 10cal 

performance standard sa that the programmina system can automatically compare it with abe actual behavior 

of the pf'OllUL 

4.2. FactOring the global perform.nce at.nd.rd 

A second approach to salvina the credit-assipmeDt problem is to r.ctor the aJobal performance standard 

into local standards that correspond to the subpans or subdccisions of the FE. This approach relies OIl 

discovering some substructure within the &lobal performance saandanl In Meta-OENDRAI.. for example. 
the Jlobal perfonnance srandard-the actual mass spectrum for a molecule-is factored into its individull 

lines. This factorin. takes Idvantaae of the fact that the aJobal performance SIaDdanl his some 

subslructure-it is made up of spectral lines. or course not on)' r.:torizadon wiD wort. 1be spectralliaes 

must eomspond somehow to the PE SUbc:omponenlS that the Critic is auanptiDa to evaluaIe. In M .... 

DENDRAL. the subcomponents of intmsl within the PE arc dav. rules Ihat preclict. for a ... 

molecular bond cr set or bonds. whether those bonds wiD break. Each spcc&raIline c:onClpODds to .... 

combination of one to thRlt individual cIea ..... 

In Meta-DENDRAL. the aedit-aai&nment proc:ess is carried out by the subprop'Ia. INTSUM. wbi::Ia is • 

tJ'IDIpmeM wnioIl of the PE (the ..... IpCCtIWiICUr siaNIatGr). When INTSUM II ... I maIecuIe. it 

limu .... die dav. procas aad proch.ces a simulaaed spec:awL More importIaalJ. howella'. e.ta ..... 
me simu1attd specuum is IIlDO&IlCd widl a rcc:ord of which claY ... led to tbe aadoa 01........ ....... 
the comspondenc:e betwca Il*UalIiaes aDd PE subcom ...... II computId. Now aedIl " InI II 
Vivial If the lilnulaled liac 1nIIChes .. ac:tuIl IiDe. Ihen Che c:Ieav .. el dill -CIIIRd"" die _'III ~ 1M 1ft 

~ O'.herwlIt.lrlhc ...... Iinc does not InIICh a IalIae.Ibe cia' ............. 

Mela-DENDRAL scans Ibe IarniDt pracc!II WICb I "haIf.order Iheory" f1i1be _ ..... _ ••• 1'IIiI 

IIIlfGrder Iheory CID be Ibouabt of ..... let 01., ..... cIemet rules .... _ ..... aIIaut..., 
lMlad ill abe maIecuIe wiD brut. widI. few tlC"_ (e,a.. double boDdI. atpIe ........... ....-c 
riftp. ad boadI inc:idcnt 10 Ibe _ liliiii). 'IlIe ................ Ibe IIIIfcInIIr ...., '" 

........... iltDprcclctlnClRpnciIeIy ........ ..... 
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Aaun: 4-1 provides a II:hematic diap'am of the process of fiIctorina the aIc*I performance ItIIIdard. 
comparilla it to the intermediate decisions of the PE. and lSSianinl credit aDd blame to various 

subcomponents orlhe P£. 

CR: 
PI .', 

FIICtDrInI 

A .:aDd .,... IhIt IIICaIIIbDy r.::tGn die &IobIl ~ IIIIMIard II Su-w's HACItBR 

.,..15--75). HACKER ill bIocb-worId planner: Ii--. failill tIIoc:b con ........... .... 
conllpadoa. It InUIt ~ IICqlIe"C:e of ~ (a pia) .... will .:bieYe Ibe ......... HACItEIl 

...". _ faecmall ..... 1DUR:e-a bIocb WCK'kI ... 1IMor • lis .... pcrbaaMce -.danl 0Dce 

1M PE (1he ......, ... dlweIaped I plaa.abe .. 1ID ..... 1110 _ if Ibe"" wlDlD Ia. ....... 

..... 
TIle ........ c:. be IdGred II) .... lDcIl paINUIWjiCC _ 111ft. n.e ..... II OOMI nll _ 

_ •• IIIIIIe: ............ _fIl ....... ~ ... CI JI ............... PE..,. ... II ... fa 
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fact, the simulator detects three kinds of errors: i1k:pl actions. violated cxpeclalions. and unaesthetic ICtioos. 

Illegal actions are actions. such as pickin, up a whole stacie of bloclcs, that are il1cpl in the blocks world. 

Violated expectations an: precisely that-steps whose intended effects weft not achieved. Unaesthetic: ac:dons 

are actions in which the prosram moves the same block two times in sua::ession with no intcrveninllCdoa. 

Once one of these ennIS is detected. HACKER proceeds immediately to develop. bUI demon thIt will ~ 

the problem and patcb around it in future plans. HACKER does not conduct ftJrther crediNllSipunent to 

determine wbicJl of'its plannin, methods was at faull Planning methodt-suc:h _the me!hod thIt -.-Ihat 

conjunctive lOlls can be achieved independently-are never modified: badly f'mned plaDs are just pUChed 

prior to execudoll. 

In order for HACKER's credit·assignment strateaY to work. it is very imporr.aat that !he PE provide a 

detailed cnce of its plannina process. This trace lists the subpls that each plan saep is expected to ICbieve. 

The simulator compares these expectations with the simulated exccuUon of the plan and 1oc:a1izes blame 

ac:a>rdinaJy. 

Watennan's poker player (W1WmID 70) is a third system that facton the JIobaI performance SIIDdard. 

Recaillhat die Critic aaemptS to prove the I&IIeInent MXIMIZE (YOURSCORE) UIina an axiom .... 1bIl 

encodes the rules of poker and some knowJed&e aboul how bets accumulate. Tbe proof provicIeI • aJobal 
performance standard: it indicates whether or DOlIhe performance e1emen1 could have improved ill wianiap 

durill& the round or play. In addidon. the proof provktes a loc:al pcrformuce MIDCIan1. It diIcoYcft Ibe 

sequence ofbet decisions shit would have led to the best tc:ore tbr 11M prop ... 

The c1acriplioa of !be axiom systCII'I Jiven above is sliahdy inc:urMe. It Ii"' the imp; [aloe .... aaly 

one proof'is conduc:Iecl for each rowacI 01 pIIy. In ract. ..... proof oldie MlIIIU£(YOUISCOIE) 

utemeDt is conduc:ted (or MeA bet decisioa ill 11M nJUDCL Warenun ........ in ....... at atlhe .. 
ill which pmious bet cIcdIions can iDftuace tubscqueDl bet .. ... His....,.. iacarpoaIed lido die 

axiom sysum usiD& I few pIIdicaIes such • LASTIETOP'( lET HI"), wbich says"" tbe ClllllClDelllo, .. 

bet WIS...... For ach bet dedIiaD. 11M IIU1b values tllUCb -caal&'d .. - pndicllellit ..... b ,d bJ 
rumiDilll prcYiouI bets. aDd Ibm the uioIn .,... II imoUd to _It' Ibe anal bet ............ .. 

CSICIICe, WICmIIIft has IIIIftUIIIy f'actomt 1M pertbnnaIa ....... ., .... k c-. t.e ....... lid ..... '* 
.i1k8 

Tbe duet syllalljult deIcriMd Mec.DI!NIlRA4 HACXER.1Id W_ .. paIr«"" II .. 
their kIcal perfbnnIDcc ..... bJ fIcIGriIIa abe ...... ,.... gel _ 'ad. Mela-DENDlAL ... 

Ibe spectrum laID Ms iDdiYidulIiDes. HACKER fictGn the CMlllIim 11n_ 01 ....... UN ...... ... 

siaIu ..... tieD ........ lid W __ ran tbe,.., ........... at..., ... ....,... 
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proofs for each bet decision. 

4.3. Conducting controlled experiments 

The third approach to 50IviDl the credit-assignment problem is to modify some subcomponent of the PE 

and observe how the global performance chanses. This is the tcchnique employed by computer engineers 

when they attempt to locaIiz.e a fault by swappina a single prinlCd-circuit board and then observing the overaD 

behavior of the system to see if the prob1em IOCS away. It is a powerful technique. but it only provides 

unambiguous information if the global perfonnance oflbe PE actually chanaes. Ifchanaing a subcomponent 

has no effect. it is difficult to distinauish the case in which -the subcomponent is unimportant from the case in 

which the component is vital, but a second problem in the PE is mastiq the effects of the component c:hange. 

Three existing learning systemS can be viewed as perfonning controlled ellpelimefll.i in order to localize PE 

faults. One system is Samuel's checkers player. which attempts to learn the coefficients of a polynomial 

evaluation function. In order to assign credit and blame to individual coefficients, Samuel computes the 

pairwise correlation between Ibe value of each checkers board feature and the global performance standard. 

Fea1ure5 whose chanles correlate positively with the aJobal performance standard are liven pcJIitive 

coefficients. and features that vary inversely with the global performance standard are aiven nepIhe 

c:oeft\cients. 

This IPPfOICh to solvina the credit-lSSipment problem mates an independence assumplion: It __ 

that credit and blame can be aJloc:aled 10 each pan of the PE independenlly. For the polynomial evaluIdaD 

ftmction. this makes sense because the use of the polynomial itself is based on Ihe premise that 1M overall 

value of a chec:kers move can be obWned by compulina a weiahted sum of various board featura ~.rl 

racan:h has shown. however, that 1M linear polynomial fails 10 c:apaure ma oflbe tnow1edae empl:oyed bJ 
cbeckers IIIISIers because of Ibis independenct IIIUIIlptioD. Hence. me pairwise correIadoa -W'lUd. 

aJthou&h aclequate for the polynomial representation. may DOC be adcquaIe ill ecoeraJ. 

The tceond syItal dial employs COIIb'OI1ecI expaimeftlS is Samuers ~ table cbeeten QIIIIn. 'J"bas 

QIleIII uses a sipalure table. ~nIIad or. polyaomial. to r.-m' !he evaluation tunc:doD. A sipMure &.we 

is an n-dbncmionalllTaY of eels. f..-:t! ~ COI'laponcIs to tome numabl c:hcctcrs boInI ..... 

such • the Dumber of t,~ or Ihc Dumber or open IqUIRS in die bid row. The f'eatUJa are ........ .. 

Iben ~ iu mdel inlO Ibe sipalure UIb1e to obIain die CGl'lapondiaa ce1l. The cell COD .... ...... 

nIiDa of that bomd poIidon. TbuI, In principle. cbe sipature .... CIA ..... difrant Adaa AIr ... 
diIdac:t boud poIitioIl. IDd hence. Ihe indepeIldeDc:e _,,.. .. DOt needed. s.nuet'. expen.... wIIIl 

........ ...,.. ~ .... Ihey did indeed pcrt'orm bcUCr ... *"PIe poly""" ftMlItioa ...... 
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for this reason. 

Unfortunately, I sinate sipature cable for Samuel's 2 .. c:ha;kers boIrd fcahlm would be prohibitively larJe 
(rouahly lOll cells). Instead, Samuel employs a three-level tree ofsmalter tables • shown in FiJure "-1 The 

PE first determines the values of the 2 .. board features. These values are used to index into the lint set of 

sipalure tables to obtain new values. Each of these first-level values is Ihen used to index into Ihe second­

level tables where the cells contain values that in him serve 15 indexes for rhe ftnal third-Jevellibie. Tbe c:e1Is 

in the third-level table provide the actual evaluation oftbc board position. 

AMI ..... 
&lllllI'a' 

We call1liU 01 ... tbne-IMI_ fII ..... ........ 1neI ..... 1CdaIIsr-1ll wbic:b Ibe ..... 01 ... 

.. -IcMI ..... ll'elllled it die ~ ... oIlbe ..... beI pnIducdoD rule&. The __ IMI 

... pR)duce ..au. .... MM ID ......... 1e¥eI.... a.tk FH" relt ....... hN ..... .. 

KCOIIIP .... D. '" ......... _, ..... cHflcIe ...... alia ...................... .... 
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used for the polynomial evaluation functi In. Each ceJl is associated with two tallies. called A and D. which 

are initially zero. At each board position during a game, the program is faced with a set of alternative MOVes, 

one of whicb is indicated by the performance: standard· to ~ the best move. Each possit;'~ move can be 

mapped to one cell in toelr sianature table. A 1 is added to the n tally of each cell w1iosc correspondiDJ move 

is nOI the correct move. and a total of n (where n is the number of incomet alternatives) is added to the A 

totaJ of each cell correpondinslO the correct move. From the A and 0 totals. a correlation coefficient C = (A 

- D)/(A + D) is computed and used to update the contenu ollhe cells in the sipature tableL 

This tally method effectively credits the entire inference tree correspondinS to the correct move and blames -" 

all altemative trees. This is not a problem for the first-level cells. since it is always clear which cells 

correspond to the best board position. Howevtr. for tfte secood- and third-level tables, !he cells 

corresponding to the best move are not necessarily those teDs selected by the first-level tables espeeia11y 

durina the early phases of leaming when Ihe first-level tables still contain incorrect values. Samuel's system 

credits ahem anyway aDd reUes on a buae number of trainins instanc:es (approximately 250,000 moves) 10 

correct eventually any errors introduced by this procedure. Samuel also found it necessary to apply 

interpolation procedures 10 the sipature tables durina the early phases of lcarnina. since, at that point.. IIJOIIt 

cells in the tint·level tables were empty. Thus, the pairwise correlation method of assipinl credit and blame 

is not entirely adequate for sipawre mbles either, but the IaJ'lt number of trainiD, iDstaoces araduaJly 

comets any errors introduced through this credit-assianment procelL 

f1naJ1y. the Ibird system that conducts cont1'Ol1ed experiments is LEX. As we have teeD above. LEX 

evaluates alremative opel'llOr appJicaIioas by invesdplin.1be subtrees root~ at each of die ahemadves. The 

move that leads to the shortesl subcRc is credited. and all moves bdina to siplitbncJy larser subUees are 

blamed.. This method works weD .lona • the subaees are Ql'efUny investipted. Unl'~y. cIuriDa ChI 

earty SIaIt'S or karDina. the pedormaDce element is easiJy overwbelmed by combiDarorial ~ aDd. 
hence. cannot fUlly investipte these sublrees. Evea more uoub1elome is ChI behavior fA the pedormaDce 

eJemeDl when it bas leamcd an overly specific heuristic. Such a heuristic CMIIeS it to ipore III aperatOr e¥IIl 

when that operaaor shouJd be apptied. This lads 1he PE to overlook pMibIe soIudans aDd baa. ........ 
in incomplete invacipCion otche aIranadve ......... 

We have examined Ihree nisliq SJIIaIIIIhat employ...c fbrm orClOllU'Olled aperimelCldoa 10 Iac:IIa 

credit and bIIme: Slmuerl poIJaamiI1s--. S-uefllipllure IIbIe .,... IDd Milcbelrs LEX --. 

Ia ........ CGMRJDecl apelimellCltiDD-CbIt .. QIteInIdc ..... or. 1bIaIe1Ubcom1lQllC1t fA .... PB-II. 
powerful meIbod. 1beIe are ICIDe difticuIda howe... FilII. II is ..... , ID -.e _ IIdlp.lllele. 

_die ....... witbin abe PE. Ifmulliple iDleIdqlcndDII ~ alii. chell c.e IIuIl CIa ...... 

... ..,... ... GlGII'DIICIIC wiJllIOl" ., lad .,., ...... .-....... Il& 
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A second diffICulty is that, in some performance elc:menlS, adequate controls may not be available. In 

order to create a controlled experiment, it must be possible to VII)' some aspect 01 the performance element 

while keeping all other pans fixed. This is not possible in LEX, for example, where choosing a ditTereDt 

integration operator leads 10 a ditTerent search tree, which must be thorouahly ia~gated in order to pennit 

accurate comparisons. This is a kind of factoring of the performance element into nearly independent 

subcomponents. Such factoring is similar to the factoring of the slobal perfonnance SI.IDdard. 

A question for future ~-search is to try to undel"SWld exactly when the PE or the glohal performance 

SIaIldard can be properly factored and to develop factorization methods.. This is equivalent to the deeper 

question of what structures are ultimately learnable. Do there exist systems that are so complex that they 

cannot be SuffKicnuy factored to allollo' learning to occur? One speculatioD is that a !aSk that cannot be 

factored can still be learned at a more abstract level of analysis. Suppose. for example., that adequate controls 

were not available in LEX to evaluate individual applications of integratioD operatorS. It would sliD be 

possible to expand the )evel of analysis and simply memorize entire sequences of operators. In tiahtly 

coupled interdependent systems. there may be no useful detailed level of analysis. 1be heuristk:s describiDJ 

when a particular operator should be applied would necessarily become extremely complex and leoathy in 

order to capture all of the interdependencies in such a systeml. Thus, the credit-assipment problem may be 

solvable in all cases either by sua:esstulty factoring the global performance stanct.rd, by rac:torin& the PE and 

conducting controlled experimenlS. or by cbangina the level of analysis to learn laqer units or knowJedle. 

5. Methods for developing recommendation. 
Once the problems have been localized to individual decisions within the PI:. the PE must be modified ., 

that these problems do not recur. There are many ways tbal a performance element can be repaired. III 

production sys&ems. for examp1e. the antecedents of the production rules can be eeneraJized or sperWi-L 

die consequents or the rules can be altered to perform different actions, new NJes can be added, and COIlftict­

resolution Sb'aIeIies can be modified. In concept-leamiDJ systems, the dcftDiIiaD or the concept can be 

aeneraJized. specialized. or complelely cbaqed. Sometimes a decision must be IIIIde about \ ·hether 10 repIir 

the problc:m clirec:dy or creace a demon to defect the problem ill die future .. ,.a IrOUDd II. 

The ftnailaSlt or chc Critic is 10 ftaure out wbIl tUttI of chanae should be .... rMher dian 10 actually 

mate dle modiftcations iuelf'. III order 10 aa:ompHsb this, the Critic IIlUIl have _ way ofllllppiDa khMk of 

fiuks into kinds or repair. ThilIIIIppiaIIIII ... fIirIJ IIrIiIblforward ill .... Iana .. .,..... ID LEX. 

1 .......................... _ ........ , tl:_., ........................ I11III ............ ... 
............. _ ................. t • __ ,tqt'tU"OiftI· w •• It. 
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for examp1c. If an inteBration operator was applied in a situation when it should not have been. then the 

solution is to specialize the heuristic auached to that operator so that it will no Jonser recommend its use in 

such situations. Conversely. if an integration operator should have been applied. but was not, then the 

solution is to Icneralize the associated heuristic. 

For HACKER. the mapping between kinds of faults and proposed fixes is more indirect. This is because 

the basic cause of a1\ of HACKER's errors is its "linearity assumption"-that conjunctive aoats can be 

pursued completely independently. Rather than modifyinl this assumption. HACKER's solution is to patch 

around it Consequently. when a fault is detected. HACKER must decide which particular kind of patch . " 
should be applied. This is accomplished by ewninina the subacal structure of the failed plan step and 

matching this structure against a set of subgoal interaction schemata. The matchina schema has an associated 

skeletal demon that, when fully instantiated and insra11ed in the knowledse base. will detect future instaDceI 

of the problem and fix them prior to the execution of the plan. 

In addition to indicating what kind of repair should be undcnaken by the 1eamins clement. the Critic 

usually provides the LE with additional information to guide the modifications. In systems that learn from 

examples, the Critic provides 1«01 training instances to the lE. A 10caJ trainina instance is an inIIance orlbe 

use of a particular rule along with the Joca1 performance scandard for that rule app1ic:ation. This is to be 

distinguished from a aJobal uainins instance. which has the form of a alobal problem situation paired with a 

sJobal perfonnance standard. In Meta-DENDRAL. for example. a sJobal trainins instance has the form or a 

known molecular structure and its associated actual mass spectrum. The local train in. instances are 
comprised of individual bond deavases and the correspondina specual1ines that they produce. It is theIe 

local uainins instances that are generalized by the LE to ckwlop aencral c:1av. rules. 

In LEX. the sJobal training instance is the initial inteantion problem coupled with the aJobal perfonnaace 

SWKIard (i.e.. the shortest known solution padl1enp). The 1oca1 trairJaa insWxeI are Ibe posiIM (or 

ncptive) examples or the comet (or incom:ct) applicatioft or iatepatioa rules. These JocaI iDIaIIaIare 

processed by the candidatc-elimination algorithm [Mirdlell7lJ to dneJop iDlep'IdoD heurIIdcL 

Insand of local trainina ins&lntes. Samucrs chc:tkers Critic provides I set of correlation coc:lRcieall .., abe 

lE. As we saw above. the conclation coefficienlS iDdIcaIe how abe individual tbMures ill abe ......... 

function are correlaled with the aJobal performaDce IIIDdInl. 1bae correlMioD c:oetrdeDlS are reaIed bJ 
the I.E and then subsDwted for the previous weiPlS iD Ibe evaIUIIioD polyDomiII. 

Finally. _ we mentioned above. HACKER". Critic ~ Ihe I.E wiIh a paniaby-ftlled-iD bua __ 
Ihat wiJ1 deIc:ct 'aad c:om.'tt hap ill Ii ..... ,.... . the steIcUII ckmaD pIO"IIdes ....... lor bow • 
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complete the instantiation process and tells which parts of the demon should be aeneralizcd. 

In summary. the task of deciding what kind of chanSCS shouJd be recommended fA) the I.E is r.iJiy 

suaightforward. In existing systems. the recommendations have been communicated to the I.E usina 1ocI1 

training instanc:cs. correlation coeffICients, and skeletal demons. 

6. Summary 
In this paper. we have reviewed the three taslts of the Critic: obtaining a ,Iobal performance stancIard. 

convenina it into a toc:aI pcrfonnance standard, and recornmendina to the Iearnin& element how the FE 

should be Improved. For each of these taslts, we have auempted to list the methods that have been employed 

in existina teamin& systems t(l accomplish them. Global performance standards have been obtIinecl by astiD& 
the external environment '" supply them. by consultina some internal source of tnowledae, ad by 

conducting deeper searches. Local perfonnance standards have been obtained by askina extemaIsourteS. by 

factoring the 810bal performance Standard in some way, and by conductin, controlled experiments. FIDalJy, 

recommended chanaes have been tOIDmunicated to the LE in the fonn of verbs such as ~rtfrtJl;u, ~itIliu. 

or ~,I«t aJona with information such as Ioca1 training instances. correlation c:oeffkien1S, aDd skeletal bu& 
demons. 

One of the most interestina results of this analysis is the c:onclusion tbIt the c:redit~""""'t problem IDaJ 

be solvable in most teamina situations. If. system can be fIctorecL thea conu0De4 expcrimeaII CIa be 

conducted to 10calize faults. Ir a system resisIs factorina. then Ihe level of anal,. c:u. ad IbouId. be 

lIlOdifted to learn laraer units of tnow1edat. A disadvantaae of kantilll ~ 1arIer UDiII 0( bow", II 

that many more of them wiD need fA) be learned. However, in complex sysIanS II is nely dill DC IimpIe 

ICneraliudons can be found at the level of individual rules, aDd heDte. the ~ .,... .... DO cboke 1M 

10 learn Iaqer units of knowted&e-

Another resuh or this analysis is Ihe observation Chat die Critic requira alllOClel 01 ... iDlenIII aperIIioD ttl 

the PE and some undersr-diq of the semaatics of !be PE's tnowlcdJe.... CredIt ... bI-. .... be 

10caIizcd to individual rules in the knowledae ba una the Critic hal-=- to ucI CD ......... ... 

rules. Similarly, rccommcncI8lion for chanac require at IeIIlIOlne uDClcrundbta at bow the PE ....,.. 

the know ... bMe. 

1birdJy. Ibe Cridc must hne accas to a lIKe allbe iDterDa1 ......... pnICIII oflbe II£. Wkhaut 

this IIddiIioul inf'onnllioll. k is ~ to compIIR die PEl iIItaDIlclec ... willa Ibe local pel" • 
IIIDCIard. 
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F"maRy. Chis paper his aaalyzcd the Critic • if it were a aeparWe expert QtCem with its own lnowlcdtl 

base. We have auempred to cataIoIlhe kinds of kDowlcdfe Ibat .a an expert system would need and die 

kinds of methods it would apply. However, DIGIt or ibis tnowlecfle 11 11111 noc well f'onnulaled. MUma it 
explicit is a DClCeSIIry pan oflhe rescan:b needed to provide tnowlcdac lCqUisition tOols for expert.,..... 
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