This paper appeared in 1995 in The Proceedings of the Seventeenth Annual Conference of theCognitive Science Society, 709-714. Pittsburgh: Lawrence Erlbaum Associates.Skilled like a Person:A Comparison of Human and Computer Game PlayingMary Jo RattermannCognitive Science and Cultural StudiesAdele Simmons HallHampshire CollegeAmherst, MA 01002mjr@neural.hampshire.edu Susan L. EpsteinDepartment of Computer ScienceHunter College and The Graduate School of theCity University of New York695 Park AvenueNew York, NY 10021epstein@roz.hunter.eduAbstractThe subject of this paper is the role of transferablecommonsense principles in the acquisition of game-playing expertise. We argue that individuals skilled in adomain develop expertise because they know and applythese principles, and that most game-playing programs donot play like people. The paper describes Hoyle, a modelof an expert game player that relies on the use ofcommonsense principles, limited memory, and usefulknowledge to learn to play two-person, perfectinformation finite-board games expertly. We then describean experiment in which human subjects played three suchgames against a computer expert. After playing thesegames, the subjects evaluated Hoyle’s game-playingprinciples in the context of their own behavior. Verbalprotocols and subjects’ evaluations revealed considerableoverlap between the principles preferred by our subjectsand those preferred by Hoyle. Using learning time as ameasure of difficulty, the subjects’ performance and Hoyle’sperformance ordered the three games identically. Thisexperiment also revealed differences in the use of game-playing principles between skilled and unskilled players:skilled players judged the game-playing principles to bemore effective than did unskilled players, skilled playersused several different principles while unskilled playersrelied on one principle, and skilled players anticipatedtheir opponent’s moves while unskilled players merelyreacted.IntroductionThe use of transferable commonsense principles as ahallmark of expertise is the subject of this paper. It is thethesis of this work that an individual skilled in a particulardomain is able to develop expertise more thoroughly andmore rapidly because she knows and applies a set ofcommonsense principles. Our research is based in thedomain of two-person, perfect information, finite-boardgames. We argue that most game-playing programs do notplay like people, and present a model of expert game playingcalled Hoyle, which implements commonsense game-playing principles. We describe an experiment that identifiessome of the commonsense principles people use, and offerspsychological evidence that the ability to use and evaluatecommonsense principles is one of the differences betweenskilled and unskilled human game-players. Further, wediscuss the plausibility of Hoyle as a cognitive model ofhuman expert game playing.Throughout this paper, game denotes a set of rules, play-ing pieces, and a board, while contest distinguishes a singleexperience playing a game. A state is a situation in a game,described completely by the location of the playing pieceson the board and whose turn it is to move. For example, tic-tac-toe is a game at which two people might play a contest,beginning with a state that is an empty board with X tomove. The game tree for a game is the space of all itspossible states, connected by the moves that lead from onestate to another. Finally, a commonsense strategy is agenerally applicable predilection to select an alternativebecause it satisfies a particular criterion.How Human Experts Play GamesContrary to popular belief, experts do not have distinctivemental abilities (like exceptional powers of concentration,enormous memories, or high IQ�s), nor do they perform ex-tensive forward search into the game tree, nor rely on statis-tical measures of typicality or concrete visual images (Binet,1894; Charness, 1981; Djakow, Petrowski, & Rudik, 1927;Holding, 1985). What they do have are perceptual focus ofattention, carefully organized knowledge, and efficientprocedures to manipulate that knowledge.In particular, game-playing experts summarize some oftheir knowledge in concepts, both as verbal memories and asunordered spatial patterns called chunks. A grandmaster�srecall is better than an ordinary person�s for chess positions,but only for chess positions that are meaningful, i.e., onesthat would arise during the play of a contest (Chase &Simon, 1973). In general, empirical evidence indicates thatskilled people in many domains have better memories, butonly for meaningful patterns, and that, given the sameknowledge, an unskilled person remains unskilled. (See, forexample, (Egan & Schwartz, 1979; Engle & Bukstel, 1978;

current stateacquired useful knowledgelegal moves

VictoryPanicEnoughRope

Absolutedecision?CoveragePatsyShortcutMaterialTier 1:Shallow search and inference based on perfect knowledgeTier 2:Heuristic opinionsyesno

make move�

achi

tic-tac-toeXXXXXOOOOFigure 2: The game boards for achi and tic-tac-toe.example, Open tries to reproduce only early play that hasbeen successful in previous experience, Victory supportsmoves to significant win states, and Pitchfork exploits forksboth offensively and defensively.Unlike more traditional game-playing programs, Hoyledoes not rely upon massive memory, nor does it perform ex-tensive searches in the game tree during play. Rather, itlearns from its previous experience, looks no more than onemove ahead for each contestant, uses very little memory, andapplies commonsense principles (its Advisors) to the gameat hand. Further, and most importantly, Hoyle can becomeexpert in many different games, an ability not possessed byprograms designed around vast memory and massive searchof game-specific features. Hoyle is also an effective gameplayer; it has learned to play 18 different games expertly incompetition with a human or programmed opponent.Hoyle�s learning time averages as few as 14 contests andrarely exceeds 100 contests (Epstein, 1993).Hoyle�s primary components (the Advisors, shallowsearch, and useful knowledge) are more psychologicallyplausible than those of other expert game-playing programs.Thus, the structure and logic of Hoyle seem ideally suited toguide the study of expertise in humans. Further, several ofthe board games Hoyle learns are simple enough to bemastered by a subject within an experimental session. Thus,the goal of the following experiment is to investigatewhether the process used by Hoyle to become an expert issimilar to that used by humans as they become experts.The ExperimentSubjects The subjects were 8 college students, recruited from thegeneral population and paid for their participation.ProcedureThe subjects were told they would be playing three differentgames against a computer expert. They were also told thatthey were being tape recorded, and that they should verbalizetheir thought processes while playing the games. To remindthe subjects of the importance of verbalization during play,the words �Think out loud!� were displayed next to the gameboards. The order of presentation of the three games wascounterbalanced across subjects, and for each game thesubjects and the computer expert alternated moving first.The subjects were not told about Hoyle’s Advisors until afterplaying against the computer. They played each game untilthey reached a criterion of 7 consecutive draws or 25contests, after which they were switched to the nextrandomly assigned game. After playing all three games, thesubjects were given a list of Hoyle’s Advisors and asked torate their effectiveness, frequency of use, and order of use.Materials Three two-person, perfect information, finite board games:tic-tac-toe, lose tic-tac-toe and achi, were adapted for play ona Macintosh Quadra. Their game boards appear in Figure 2.Each of the programs was an expert, i.e., it was designed toplay perfectly, making the best possible move in any state.If there was more than one such move the expert programselected one at random to provide a broad range of high-quality experience. Between two perfect players each of thesegames is a draw, but the goal in play is always to win whilesimultaneously preventing the other contestant from doingso. Tic-tac-toe is the classic 3 x 3 grid game where a win isthree of your markers (either X�s or O�s) in a row eithervertically, horizontally or diagonally. Lose tic-tac-toe is avariant of tic-tac-toe, in which three of your markers in arow loses the game. Achi is played on the board shown inFigure 2, which is isomorphic to the tic-tac-toe grid.Contestants begin with 4 markers, either white or black, andalternate placing them on the board. Play begins when aplayer places a marker at the intersection of two or morelines. There are nine such positions (corresponding to thenine positions on a tic-tac-toe grid). Once all eight markershave been placed on the board, a turn consists of movingone�s own marker to the single empty position. A win atachi is three of your markers in a row, either vertically,horizontally or diagonally. Play ends in a draw when thesame state is cycled through an agreed upon number oftimes. For Hoyle and our program, that number was 3.The subjects were also asked to fill out three question-naires designed to examine their use of 17 of Hoyle’sAdvisors and their definitions, as in Table 1. (Six Advisorsfor more complex games were deemed irrelevant in the con-text of these games and therefore omitted.) Each subject wasasked to rate on a scale of 1 to 5 for each game the effective-ness of each Advisor, how frequently they had used eachAdvisor, and the order in which they had used them.ResultsWe used a contrastive analysis technique to divide thesubjects into two groups, skilled and unskilled gameplayers, based on the total number of contests necessary toreach criterion (Chi, Bassok, Lewis, Reimann, & Glaser,1989). The four skilled game players reached criterion orplayed 25 contests in all three games after a total of 44 to 51contests; the four unskilled game players reached criterion orplayed 25 contests in all three games after a total of 57 to 88contests. Of the four skilled game players, all reachedcriterion in tic-tac-toe, three in achi, and two in lose tic-tac-toe. Of the four unskilled game players, three reached

Table 1: Hoyle’s Advisors and their definitions as renamedand described to the subjects.AdvisorDefinition

BlindersSelect a move to further a simple plan,with no regard for your opponent�splans.

DefenseSelect a move to defend against youropponent�s simple plans.Don�t LoseDo not make a move that will result in aloss.Enough RopeIf your opponent would have a losingmove on this board, avoid blocking it,i.e., leave the opponent the opportunityto �hang itself.�ForkChose a move giving you more than oneopportunity to win, while blockingmoves giving your opponent more thanone opportunity to win.GreedyMake moves that advance more than onewinning configuration.Lookahead�Look� two moves ahead, and based onthis choose your next move.PanicIf your opponent has a winning move onthis board, block it.ResignIf this is a certain loss, resign.VictoryIf you can find a winning move , take it.AgainRepeat winning or drawing moves youhave made.Not AgainDo not repeat previously losing movesyou have made.CopycatMimic opponent�s winning or drawingmoves.LeeryAvoid moves that your intuition tellsyou have led to a loss in the past.PatsyReproduce the visual pattern made by thepieces of the winning or drawing player,and avoid the visual patterns made bythe pieces of the losing player.StartRepeat previously successful observedopponent�s opening.WinIf you remember a certain win, make thewinning move.

criterion in tic-tac-toe, one in achi, and none in lose tic-tac-toe.Subject Protocols The goal of this analysis was to determine if the game-playing principles (defined as the procedures used tooptimize performance) verbalized by our subjects revealedthe same principles embodied by Hoyle’s Advisors. To thisend, the protocols produced by the subjects during play werefirst transcribed and any game-playing principles were noted.These principles were then compared to Hoyle�s Advisors,and the frequency of Hoyle�s Advisors within the subject�sgame-playing principles was recorded. During the codingprocedures the judge was blind to the skill status of thesubject. This analysis revealed a remarkable overlap betweenHoyle’s Advisors and the game-playing principles verbalizedby our subjects. Of the 17 relevant Advisors, 10 appeared inthe subjects’ protocols at least 3 times, suggesting that theAdvisors used by Hoyle are also the game-playing principlesused by our subjects. Differences between the manner inwhich skilled and unskilled players used these principleswere also evident. First, skilled game players tended toverbalize several different types of principles when playingagainst the computer, verbalizing an average of five differentAdvisors during their play, while unskilled playersverbalized an average of three different Advisors. Second, theskilled players used their game-playing principles muchmore often than the unskilled players -- an average of 16times, in contrast to an average of 10 times for the unskilledplayers. Finally, the particular principles verbalized by thetwo groups also differed; the skilled players verbalized�Lookahead� 25% of the time, and relied on �Defense� 17%,�Again� 11%, and �Patsy� 11%. The unskilled players used�Defense� quite often (30%), and were also very likely to use�Patsy� as a strategy, mentioning it over 17% of the time.Subject Ratings — EffectivenessThe effectiveness ratings revealed that the skilled playersrated the Advisors as significantly more effective than didtheir unskilled counterparts. This was confirmed by one-wayanalysis of variance (Skilled versus Unskilled) performed onthe subject�s effectiveness ratings, collapsed across Advisortype, (F (1,28) = 6.93, p < .05). Given that the skilledplayers rated the Advisors as more effective overall, we nextasked whether there were differences between players ofdifferent skill levels within each game, and further, if thosedifferences applied for specific Advisors. A series of itemanalyses (T-tests, alpha <.10) comparing the effectivenessratings of skilled and unskilled players for each Advisorrevealed that in tic-tac-toe, the skilled and unskilled playersdiffered in their ratings of only two Advisors, in lose tic-tac-toe they differed in the their ratings of five Advisors, and inachi they differed in their ratings of seven Advisors.Subject Ratings — FrequencyUnlike the effectiveness ratings, there were no significantdifferences between the skilled and unskilled players in theiroverall frequency of use ratings for the Advisors. (This wasconfirmed by one-way analysis of variance, Skilled versusUnskilled, F (1, 28) = 2.09, p >.10) Item analyses,however, revealed a difference between skilled and unskilledplayers for 10 of Hoyle’s Advisors, with the skilled playersrating the frequency of use significantly higher for six of theAdvisors, and the unskilled players rating the frequency ofuse significantly higher for the remaining four.Interestingly, one of the Advisors rated higher by theunskilled players was Patsy, a result mirrored by theanalysis of their protocols in which Patsy was also usedmore often by the unskilled players.Comparing Hoyle to HumansThe analysis of the subjects’ protocols revealed that themajority of the principles used by Hoyle are in fact used byhumans when acquiring expertise in game playing. Furtherevidence is provided by the comparison of the Tier 2

Advisors Hoyle finds most significant (consistentlysupportive of expert decisions) and relevant (makesrecommendations) to the Tier 2 Advisors used most often byour subjects, as reflected by their protocols. (Because Hoyletreats its Tier 1 Advisors as always significant, only thosein Tier 2 were analyzed here.) This analysis revealed that twoof the three Advisors most frequently used by our subjects,Defense and Again, were also rated as among the mostsignificant by Hoyle for all three games used in thisexperiment. Further analysis performed on the subjects’ratings of the Advisors for frequency of use and effectivenessalso revealed a significant overlap in the use of Defense andAgain.DiscussionThe results of this experiment support our conjecture thatHoyle is a plausible model of human game playing. Theanalysis of the subjects’ protocols revealed a significantoverlap between the Advisors used by Hoyle and the game-playing principles used by our subjects. Further, there was asignificant overlap between the Tier 2 Advisors that Hoylefound significant and relevant and the subjects� ratings ofthese Advisors as highly effective and frequently used. Thisfinding supports the proposal that the commonsenseprinciples Hoyle finds useful when learning to play a gameare also the principles humans find useful. A furthercommonality between Hoyle and our human subjects isfound by analyzing the number of contests required to learnto play each of the three games. This analysis revealed thatfor both Hoyle and our subjects lose tic-tac-toe was the mostdifficult game to learn (196 contests for our subjects),followed by achi (153), and then tic-tac-toe (99). Hoylereached criterion in these games considerably faster butrevealed the same ordering of difficulty.The similarity between Hoyle�s performance and humanperformance has implications for computer modeling ofhuman expertise. Although the use of massive memory andfast search algorithms is a very effective way to produceexpert performance in computers, such programs do notreadily transfer to new games, nor is their dependence onextensive search psychologically valid. This researchsuggests that Hoyle, with its use of commonsense game-playing principles, limited memory, and useful knowledge,is a plausible model of human performance. Thus, Hoyle ispsychologically plausible, is as effective in learning newgames as the traditional computer models of expertise(Epstein, 1992), and has the ability to transfer its skill tonew games.The use of Hoyle�s Advisors as a tool to study theacquisition of expertise in humans has revealed severaldifferences between skilled and unskilled game players,supported by the subject�s comments before they were toldabout Advisors:¥ Skilled players use a variety of different game-playingprinciples and use them frequently when learning to play anew game. Unskilled players do not use these principles asfrequently, and when they do, tend to repeat the sameprinciples. This conclusion is supported by an unskilledplayer who noted, �(My) tendency is to have threestrategies.... retain about two of them and then screw up on(the other).�¥ Skilled players rated Hoyle�s Advisors as significantlymore effective overall than did unskilled players, suggestingthat they recognize the usefulness of game-playingprinciples while unskilled players do not. This appreciationof the effectiveness of these principles may be a componentof skilled game playing; when learning a new game theskilled player may be more likely to look for, and recognize,beneficial principles when they occur during the course of acontest. In contrast, the unskilled player may not look for,or notice, beneficial principles, and thus will not have arepertoire of principles at his disposal. This conjecture issupported by the finding that skilled players used manydifferent Advisors while unskilled players tended to use oneor two Advisors repeatedly.¥ The analysis of the subjects’ protocols suggests a differencein the playing styles of skilled and unskilled players.Specifically, skilled players were likely to �Lookahead�several moves and choose their plays based on their analysis.Unskilled players, in contrast, were likely to respond with agood �Defense� to the computer’s offensive moves. This isparticularly evident in an unskilled subject’s statement: �atthis point I don’t even have a strategy..... now I’m just kindof responding to its moves.� This suggests that as expertiseis acquired the focus shifts from reacting to the behavior ofyour opponent to anticipating its moves and playingaccordingly.¥ The protocols revealed that skilled players placed Patsy inthe top four Advisors used when learning these games.Hoyle too found Patsy to be a highly relevant Advisor,ranked approximately the same way as skilled players valueit. (Further work with FORR suggests that later there is ashift back to pattern-based reactivity, one that was neitheranticipated nor measured for in this research (Epstein &Gelfand, 1995).)¥ Item analyses of the effectiveness ratings revealed that thedifferences between the ratings of skilled and unskilledplayers increased as the games became less familiar, with theskilled players rating the Advisors as more effective. Thissuggests that as the games became less familiar skilledplayers relied more on Advisors than did the unskilledplayers.¥ An analysis of the number of contests to criterion revealedthat the easiest game to learn was tic-tac-toe, followed byachi (the most unfamiliar game), and lastly, by lose tic-tac-toe. This result suggests a role for analogical transferbetween achi and tic-tac-toe -- two different games that shareisomorphic rule structures. This conjecture is supported bystatements made by two of the skilled game players: �In thefirst game I didn’t know it was tic-tac-toe because.... I waslooking for these squares and I didn’t think there was a placelike it in the corners,� and �it�s sort of like a polka dotversion of tic-tac-toe.�Finally, some of Hoyle’s Advisors have also been foundto be valid for extremely novice game players: six- to nine-year-old children. Crowley and Siegler (1993) found thatwhen playing tic-tac-toe, grade school children usedprinciples such as �Win,� �Fork,� and �Block.� While thechildren could flexibly use these principles in response to task demands, they also tended to adhere to a set order of use.Both of these characteristics are similar to the performanceof Hoyle, and suggest that, with the proper adjustments,Hoyle could be modified to play like a child. There is alsoevidence that people use FORR-like Advisors in chip design(Biswas, Goldman, Fisher, Bhuva, & Glewwe, 1995).ConclusionPrevious work (e.g., Epstein, 1993) has shown that Hoyleis an effective computational game-player that efficientlybecomes an expert in several different games. This researchsupports the conjecture that Hoyle, a game learning programthat uses commonsense game-playing principles, limitedmemory, and useful knowledge, is also a plausible model ofthe acquisition of expertise in humans. Additionally, thiswork reveals differences between skilled and unskilledplayers: skilled players use a variety of game-playingprinciples and use them frequently while unskilled playersrely on one or two principles, skilled players anticipate theiropponent’s moves while unskilled players merely react, andskilled players may notice relational similarity and use thatsimilarity to their advantage.AcknowledgmentsThis work was supported in part by a Hampshire CollegeFaculty Development Grant to the first author and NSFgrant #9001936 to the second author. We wish to thankMike O�Neal for testing the human subjects, and LeeSpector and Jason Juneau for designing and implementingthe expert game-playing programs used in this work.ReferencesAnantharaman, T., Campbell, M. S., & Hsu, F.-h. (1990).Singular extensions: Adding selectivity to brute-forcesearching. Artificial Intelligence, 43, 99-10.Berliner, H. & Ebeling, C. (1989). Pattern knowledge andsearch: The SUPREM architecture. Artificial Intelligence,38, 161-198.Biswas, G., Goldman, S., Fisher, D., Bhuva, B., &Glewwe, G. (1995). Assessing design activity in complexCMOS circuit design. In P. Nichols, S. Chipman, & R.Brennan, (Eds) Cognitively diagnostic assessment.Hillsdale, NJ: Erlbaum.Binet, A. (1894). Psychologie des grands calculateurs etjoueurs d�checs . Paris: Hachette.Charness, N. (1981). Search in chess: Age and skilldifferences. Journal of Experimental Psychology: HumanPerception and Performance, 7, 467-476.Chase, W. G. & Simon, H. A. (1973). The mind�s eye inchess. In W. G. Chase (Ed.), Visual informationprocessing (pp. 215-281). New York: Academic Press.Chi, M. T. H., Bassok, M., Lewis, M. W., Reimann, P. &Glaser, R. (1989). Self-explanations: How students studyand use examples in learning to solve problems.Cognitive Science, 13, 145-182.Crowley, K. & Siegler, R. S. (1993). Flexible strategy usein young children�s tic-tac-toe. Cognitive Science, 17,531-561.Djakow, I. N., Petrowski, N. W. & Rudik, P. A. (1927).Psychologie des schachspiels . Berlin: de Gruyter.Egan, D. E. & Schwartz, B. J. (1979). Chunking in recallof symbolic drawings. Memory and Cognition, 7, 149-158.Engle, R. W. & Bukstel, L. (1978). Memory processesamong bridge players of differing expertise. AmericanJournal of Psychology, 91, 673-689.Eisenstadt, M. & Kareev, Y. (1975). Aspects of humanproblem solving: The use of internal representations. InD. A. Norman, & D. E. Rumelhart (Ed.), Explorations incognition (pp. 308-346). San Francisco: Freeman.Epstein, S. L. (1992). Prior knowledge strengthens learningto control search in weak theory domains. InternationalJournal of Intelligent Systems, 7, 547-586.Epstein, S. L. (1993). The Hoyle Learning Experiments(CS-TR-93-02). Hunter College, Department of ComputerScience.Epstein, S. L. (1994). For the right reasons: The FORRarchitecture for learning in a skill domain. CognitiveScience, 18, 479-511.Epstein, S.L. & Gelfand, J. (1995). Learning spatially-oriented game-playing agents through experience. InProceedings of the 17th Annual Meeting of the CognitiveScience Society, Hillsdale, NJ:Erlbaum.Holding, D. (1985). The psychology of chess skill.Hillsdale, NJ: Lawrence Erlbaum.Shneiderman, B. (1976). Exploratory experiments inprogrammer behavior. International Journal of Computerand Information Sciences, 5, 123-143.