9/3/00Theories of chess memory— 1 —MEMORY IN CHESS PLAYERS:COMPARISON OF FOUR THEORIESFERNAND GOBETESRC Centre for Research in Development, Instruction and TrainingDepartment of Psychology, University of NottinghamUniversity Park, Nottingham NG7 2RDUnited Kingdomemail: frg@psyc.nott.ac.ukESRC Centre for Research in Development, Instruction and TrainingAugust 1996Technical Report No. 43AbstractThis paper compares four current theories of expert memory with respect to chessplayers� memory: Chase and Simon�s (1973) chunking theory, theories stressingthe role of conceptual knowledge and levels of encoding, Ericsson and Kintsch�s(1995) long-term working memory, and Gobet and Simon�s (in press-b) templatetheory. It is shown that the template theory outperforms its rivals in accounting forthe empirical evidence. The theory, which unifies low-level aspects of cognition,such as chunks, with high-level aspects, such as schematic knowledge andplanning, suggests that chunks are accessed through a discrimination net, and thatthey can evolve into more complex data structures (templates) specific to classes ofpositions.Email: frg@psychology.nottingham.ac.ukPhone (0115) 951 5402, Fax (0115) 951 5324

9/3/00Theories of chess memory— 2 —CONTENTS1. ADVANTAGES OF CHESS AS A RESEARCH DOMAIN32. TWO HARBINGER THEORIES42.1 BINET: SEARCHING FOR VISUAL IMAGES42.2 DE GROOT: SETTING UP THE RESEARCH AGENDA53. CURRENT THEORIES OF EXPERT MEMORY IN CHESS63.1 CHASE AND SIMON�S CHUNKING THEORY63.2 KNOWLEDGE-BASED THEORIES73.3 SKILLED MEMORY AND LONG-TERM WORKING MEMORY THEORIES73.4 TEMPLATE THEORY84. REVIEW OF EMPIRICAL EVIDENCE1 0 4.1 EVIDENCE FOR SKILL DIFFERENCES IN EARLY PERCEPTION104.2 STM CAPACITY AND LTM ENCODING114.2.1 Interference Studies114.2.2 Random Position134.2.2.1 Recall experiments.134.2.2.2 Recognition experiments.144.2.2.3 Theoretical implications.144.2.3 Number of Pieces144.2.4 Recall of Games154.3 MODALITY OF REPRESENTATION164.4 LTM ORGANIZATION184.4.1 Evidence for Chunks184.4.2 Number of Chunks in LTM194.4.3 Hierarchical Organization204.4.4 Conceptual Representation214.4.4.1 Typicality.214.4.4.2 Effect of semantic orientation.224.4.4.3 Theoretical implications.234.4.5 Direct Evidence for Retrieval structures234.5 LEARNING244.5.1 Short-Range Learning244.5.2 Medium-Range Learning264.5.3 Long-Range Learning264.6 PROBLEM SOLVING275. DISCUSSION2 8 6. REFERENCES3 1

9/3/00Theories of chess memory— 3 —Memory in Chess Players:Comparison of Four TheoriesUnderstanding what makes experts so good in their domain of expertise is atraditional field of psychology, which goes back at least to Binet�s (1894)monograph on the psychology of skilled mental calculators and chessplayers.Recently, cognitive science and cognitive psychology have produced a wealth ofempirical data, and several theoretical explanations of expertise have beenproposed. In particular, research on expert memory has been flourishing, gatheringa large amount of data, which have sufficient power to test current theories. It isthen a good time to compare some of the main contenders.With this goal in mind, two main approaches are possible: to comparetheories across several domains, emphasizing the general principles stressed byeach theory, or to focus on a particular domain, analyzing in detail the explanationsoffered by each theory. The latter approach has been chosen in this paper, perhapsto counterbalance the rather strong tendency within the field to offer general, butsometimes vague, explanatory frameworks. The domain of chess was selected, forseveral reasons: first, it has a long tradition in scientific psychology; second, it isprobably one of the domains of expertise offering the richest database of empiricaldata; and third, several detailed theories, implemented as computer programs, havebeen developed to account for various aspects of chess players� memory andperception.The first section of this paper emphasizes the scientific advantages offeredby the study of chess players. The second section summarizes two classicalcontributions to the study of expert memory that helped shape the field, each in adifferent way. Binet (1894, 1966) showed that knowledge held in memory plays acrucial role in chess expertise. De Groot (1946/1978) devised a very efficientprocedure to explore this memory empirically. The third section introduces fourtheoretical approaches that have recently been applied to expert memory in generaland chess memory in particular: Chase and Simon�s (1973b) chunking theory;Ericsson and Kintsch�s (1995) long-term working memory; Gobet and Simon�s (inpress) template theory; and, finally, a composite framework, which I will callknowledge-based theories, and which has been often offered as an improvementover Chase and Simon�s (1973b) model. The theories belonging to the latterframework stress the role of high-level, conceptual knowledge, sometimes referringto the levels-of-processing theory (Craik & Lockhart, 1972). These fourapproaches will be compared with respect to empirical work done during the lasttwenty years or so on chess memory. In the conclusion, the respective explanatorypower of these theories will be discussed, both within and outside chess memory.The reader who has come across several reviews of chess expertise in therecent years (e.g., Charness, 1989, 1992; Cranberg & Albert, 1988; Holding,1985, 1992; Lories, 1984) may wonder why a new theoretical article should bewritten on this topic. There are two main reasons. First, several theoreticallyimportant empirical results have been published recently (Cooke, Atlas, Lane, &Berger, 1993; De Groot & Gobet, in press; Gobet & Simon, in press-b, in press-c;Saariluoma, 1994, 1992), as well as a rebuttal of a widely cited result about the lackof skill effect in the recall of random positions (Gobet & Simon, in press-d).Second, two new theories (Ericsson & Kintsch, 1995; Gobet & Simon, in press-b)have been proposed recently to address deficiencies of the classical Chase andSimon theory. No previous review has systematically put these two theories (aswell as others) to the trial of empirical data.1. ADVANTAGES OF CHESS AS A RESEARCH DOMAINBefore getting into the substance of this paper, it may be useful to discuss theadvantages offered by chess as the domain of comparison of the four theories, andhow the conclusions this comparison will yield may be generalized to otherdomains. Historically, chess has been one of the main sources of the scientific

9/3/00Theories of chess memory— 4 —study of expertise, a rapidly developing field of cognitive psychology. Its impact oncognitive psychology in general is important (Charness, 1992) for several reasons(see Gobet, 1993a, for a more detailed discussion): (a) the chess domain offers astrong external validity; (b) it also offers a strong ecological validity; (c) it is acomplex task, requiring several years of training to reach professional level; (d) itoffers a rich database of games played by competitors of different skill levels whichmay be used to study the chess environment statistically; (e) it is a relatively �clean�domain which is easily formalizable mathematically or with computer languages; (f)its flexible environment allows many experimental manipulations; (g) it allows for across-fertilization with artificial intelligence; (h) it offers a precise scale quantifyingplayers� expertise (the ELO rating;1 see Elo, 1978); and finally, (i) it permits thestudy of cognitive processes both at a low level (e.g., reaction time to detect thepresence of pieces on the board) and at a high level (e.g., choice of a move afterseveral minutes of deliberation), providing valuable data for the cognitive study ofboth basic processes and high-level aspects of expertise. As an example of the firstpoint mentioned, external validity of the chess domain, note that the basic result ofDe Groot (1946/1978) and Chase and Simon (1973a, 1973b)�experts� superiorityover novices with meaningful material in their domain of expertise�has beenreplicated with different domains, such as chess problems2 (Kovacevic, 1985, citedby Gruber & Strube, 1989), GO and gomuku (Eisenstadt & Kareev, 1977;Reitman, 1976); bridge (Engle & Bukstel, 1978; Charness, 1979); music (Sloboda,1976); electronics (Egan & Schwartz, 1979); programming (Shneiderman, 1976;McKeithen, Reitman, Rueter & Hirtle, 1981); and basketball (Allard, Graham &Paarsalu, 1980).2. TWO HARBINGER THEORIESA presentation of the historical roots of research on chess skill will help understandthe current theoretical concerns about chess memory. In this section, the works ofBinet and of De Groot are discussed, with special emphasis on the questions thatwill recur later in the comparison of the four candidate theories.2.1 Binet: Searching for Visual ImagesThe first scientific study of chess memory was carried out by Alfred Binet(1894, 1966). Binet was intrigued by one of the most spectacular andstrenuous forms of chess�blindfold chess. In this variant of chess, aplayer carries out one (or several) game(s) without seeing the board and thepieces (moves are indicated using standard chess notation). Binet�s firstintention was to study the role of visual images, his a priori hypothesisbeing that chess players use a visual, concrete representation of the boardand of the pieces. Upon the analysis of the questionnaires he had sent to thebest players of the time, Binet had to reverse his position. He concluded thatblindfold chessplayers� representation is very abstract and does not relyupon a detailed visualization of the pieces and the board. By the conclusionof his book, Binet had switched the burden of this theoretical explanationsfrom visualization to memory. He proposed that blindfold chess requiresthree essential abilities: erudition, imagination and memory.3

Erudition is acquired through the study of chess literature and by playinggames. It constitutes a specific knowledge that gives a meaningful contextinto which individual moves may be integrated. Binet distinguishes thismemory of ideas, or schematic memory, from memory of sensations, whichis related to sensorial images.

Imagination characterizes the ability tovisualize a position. Contrary to Binet�s expectations, strong players did not much use such a concrete visual memory. Although they did have thefeeling of seeing a board with pieces, board limits were fuzzy, and thepieces had uncertain shapes and blurry colors. It seems that uncriticalfeatures, such as color or shape of the pieces, are abstracted for economy�ssake, so that players can concentrate on relevant elements.

Memory isdivided by Binet into visual memory (or memory of position, cf.

9/3/00Theories of chess memory— 5 —imagination), memory of touch, and verbal memory (or recapitulationmemory). Whereas the second type of memory does not seem to play anyrole in blindfold chess, the third one, which consists of a �mental repetitionof pronounced words,� is useful in three ways. It allows the expression ofreasoning and of search, the reconstruction of the visual image of theposition using the verbal memory of the moves, and finally the recognitionof the color of squares by some mnemonic tricks.It is clear from his book that Binet had the feeling of being stuck atan impasse. The master of psychological measurement did not find anadequate tool to quantify chess memory and visualization, a feat he achievedat a very high level in the other part of his 1894 book, in which he measuredwith precision the abilities of skilled mental calculators with techniques thatare still in use now in this field of research (see Staszewski, 1988).2.2 De Groot: Setting Up the Research AgendaIf we set aside the contributions of Cleveland (1907) and Djakow,Petrowski and Rudik (1927), who were interested in the development ofexpertise and in the general intellectual capacities in chess players,respectively, the next important contribution to the study of chess memorywas De Groot�s thesis (1946/1978). De Groot�s effort was mainly devotedto a qualitative description of the processes chess players carry out tochoose a move during a game. However, his work is best known both forhis quantitative results showing no difference between players of variousstrengths in the macrostructure of search (depth of search, number ofnodes, branching factor...) and also for his demonstration that level ofchess skill affects dramatically the recall of positions shown for a shortamount of time.De Groot�s memory experiment, which sets up the program of muchexperimental work, is simple. A chess position, taken from a master gameunknown to the subjects, is presented to them for a short amount of time(De Groot varied the time from 2 to 15 seconds). The chess position is thenremoved from their sight, and they have to reconstruct it on a differentboard. The number of pieces correctly placed, or some similar measure,gives an index of subjects� memory performance.De Groot�s results were dramatic: his grandmaster4 remembered theposition almost perfectly after a presentation ranging from 2 to 5 seconds(an average of 93% pieces correct), while his weakest subject, theequivalent of a class A player, barely got 50% correct. Moreover, strongplayers� protocols show that they grasp rapidly the meaning of the positionsafter a few seconds, understanding the main strategic features and literally seeing

, if not the best move, then at least a reasonably good move (DeGroot, 1978, De Groot & Gobet, in press).According to De Groot, chess masters do not encode the position asisolated pieces, but as large, mostly dynamic �complexes.� Thesecomplexes are generally made of pieces but may sometimes incorporatesome empty squares that play an important role in the position. Masters�perception of a position as large units and their ability to rapidly zero in onthe core of the position are made possible by the knowledge they havegathered during their study and practice of the game. De Groot has latershown (De Groot, 1966, De Groot & Jongman, 1966; De Groot & Gobet,in press) that masters� superiority is not provided by a general knowledge offirst-order probabilities of piece locations on the board, but by a veryspecific type of knowledge that is actualized during the recognition oftypical formations.For De Groot, the necessary knowledge to reach mastership include(a) a highly specific and developed perception mode, and (b) a system ofreproductively available methods stored in memory. Two types ofknowledge are distinguished: knowledge (knowing that...) and intuitive

9/3/00Theories of chess memory— 6 —experience (knowing how...). The first may be verbalized, but not thesecond. De Groot was mainly interested in the content of these types ofknowledge and did not go into the question of how they are implemented inhuman memory.3. CURRENT THEORIES OF EXPERT MEMORY IN CHESSThis section presents four current theories (or groups of theories) that have beenproposed to account for expert memory in general and chessplayers� memory inparticular. Each theory will be illustrated by giving its explanation for the standardmemory task (recall of a game position presented for 5 seconds).3.1 Chase and Simon�s Chunking TheoryChase and Simon (1973a) re-investigated De Groot�s (1946/1978) recallexperiment, adding both methodological and theoretical contributions.Studying the latencies between the placement of pieces during a copy and arecall task, they found that their master recalled bigger chunks

(Miller,1956), as well as more chunks. As an explanation of their master�sperformance, they proposed that he had stored a large number of patterns inlong-term memory (LTM), such as typical pawn castle formation, pawnchains, common constellations on the first rank, and typical attackingconfigurations. A statistical analysis showed that more than half of theseconstellations are pawn structures, which constitute a relatively stablefeature of the position.Simon and Gilmartin (1973) describe a computer program thatimplemented a subset of the chunking theory and simulated the memoryprocesses of chess players. This program�named MAPP (Memory AidPattern Perceiver)�combined elements of PERCEIVER (Simon &Barenfeld, 1969) and of EPAM (Elementary Perceiver and Memorizer), amodel of LTM learning (Feigenbaum & Simon, 1962; Feigenbaum, 1963;Feigenbaum & Simon, 1984; Richman & Simon, 1989). Their modelproposed that a discrimination net functions as an LTM index which allowsthe identification of piece configurations, and that chess players, once aconfiguration has been identified, place a pointer to it into short-termmemory (STM). The model implemented STM as encoding a set of patternswithout semantic or ordered relation each other. In essence, this theoryproposed that masters� skill is based on their stock of configurations inLTM, which allows them, during a memory task, to recognize knownpatterns. An important aspect of the theory was that the same cognitivelimitations (e.g., STM capacity, encoding rate into LTM) apply in chessmemory as in other cognitive domains.When used as simulated subject, MAPP produced results that werequantitatively inferior to masters� results, but superior to class A players�results. Qualitatively, MAPP placed the same groups of pieces as humanplayers. Extrapolating from these results, Simon and Gilmartin (1973)estimated that grandmasters� results may be explained by a repertoireranging from 10,000 to 100,000 configurations (the estimate of 50,000 isoften found in the literature). Simon and Chase (1973) noted that a similarnumber of words belong to the vocabulary of a competent English speaker,and that such a quantity of patterns requires at least ten years of learning.Continuing their theoretical investigation, Chase and Simon (1973b)proposed the model of the �mind�s eye,� which extends the chunking theoryto account for problem-solving behavior. Mechanisms that underlie chessexpertise are, according to these authors, more visuo-perceptive than logico-deductive. Chess expertise consists of players� ability to perceive almostautomatically the good moves in a given position. Chunks are represented inLTM by an internal name associated with a set of instructions that permit thepatterns to be reconstituted as an internal image in the mind�s eye. Themind�s eye consists of a system that stores perceptual structures, both from

9/3/00Theories of chess memory— 7 —external inputs and from memory stores, and that can be subjected to visuo-spatial mental operations. It contains relational structures, and newinformation can be abstracted from it.Chunks contain information about plausible moves. Thus, LTMchess chunks are activated by the constellations on the external chessboardand trigger potential moves that will then be placed into STM for furtherexamination. The choice of a move, then, depends both on a selectivesearch in the space of the legal possibilities and on pattern recognition. Themind�s-eye model acts as a production system (Newell & Simon, 1972);each familiar chunk in LTM is both a condition that may be satisfied by therecognition of the pattern on the board, and an action that evokes a moveassociated to this pattern.Although Chase and Simon�s approach shares some features withDe Groot�s�in particular the stress on perceptual processes�somedifferences need to be noted. Chase and Simon view perception as a passiveprocess, while De Groot emphasizes the dynamic component of it. For him,perception is problem solving (De Groot & Gobet, in press).3.2 Knowledge-Based TheoriesIn discussing the (sometimes presumed) weaknesses of the chunkingtheory, several authors have localized experts� superiority in qualitativedifferences in their knowledge organization. The theories belonging to thiscomposite�and rather heterogeneous�framework share one commonfeature: they assume that information about the environment can be storedusing characteristics going from concrete (shallow, local) to abstract (deep,global), and that skilled individuals use generally abstract (deep, global)encoding while less skilled individuals use concrete (shallow, local)encoding.Several knowledge-based explanations have been proposed. DeGroot (1946/1978) mentioned several aspects (knowledge complexes;declarative vs. procedural knowledge) which may be included to thisgeneral approach. Later, Hartston and Wason (1983) suggested that mastersdo not reconstruct the position ab initio but see unconsciously this positionas a corrected version of a prototype. Lories (1984) stressed that, after aperceptive phase during which independent units are produced, acategorization phase is taking place, which takes into account the globalcharacteristics of the position and which actively assists encoding. InLories�s view, the material is not simply stocked in STM as chunks, asproposed by Chase and Simon�s (1973b) model, but is processed throughLTM information. Others (e.g., Lane & Robertson, 1979; Goldin, 1978b)have proposed to apply to chess Craik and Lockhart�s (1972) model oflevels of processing. From this viewpoint, strong players recall a gameposition better than weak players because they can access deeper semanticcodes, offering more encoding opportunities and, therefore, redundancy.Finally, Pfau and Murphy (1988), as well as Cooke et al. (1994) havestressed the role of verbal high-level knowledge: in their view, playersaccess a high-level, prototypical description of the position during a recalltask, which characterizes the position at a much higher level than that ofchunks (4-5 pieces). Finally, Holding�s (1985) SEEK (SEarch, Evaluate,and Know) theory stresses that strong players possess rich and highlyorganized knowledge of specific openings or types of positions as well asof general principles. These principles are crucial in acquiring expertise, andmost of them are encoded verbally. For Holding, ability to recall a gameposition after a brief exposure is a by-product of strong players� familiaritywith it. Familiarity with the position allows a player to classify it as a �set ofinterlocking common themes, or as a set of deviations from prototypes inLTM, while committing very little to rote memory� (Holding, 1985, p.249).

9/3/00Theories of chess memory— 8 —Although the theories belonging to this composite framework areoften mentioned to account for chess memory, they have never been clearlysystematized, let alone systematically subjected to empirical evidence. Inparticular, no detailed mechanisms have been proposed to refine them intoworkable models. As will be seen later, it is often impossible to use thesetheories without adding numerous ad hoc hypotheses.3.3 Skilled Memory and Long-Term Working Memory TheoriesThe skilled memory theory (Chase & Ericsson, 1982; Staszewski, 1990;Ericsson & Staszewski, 1989), explains experts� remarkable memory invarious domains through three principles: (a) Information is encoded withnumerous and elaborated cues related to prior knowledge; (b)

Retrieval structures

(pre-learned LTM structures that contain domain-specific slotsand, therefore, allow a rapid encoding into LTM) are developed; and (c)Time required by encoding and retrieval operations decreases with practice.This approach has been applied mainly to mnemonists, though it has also beapplied to some skills where memory develops as a side-product, such asmental calculation. A good example of such a retrieval structure is offeredby the method of loci, in which one learns a general encoding scheme usingvarious locations. During the presentation of material to learn, associationsare made between the locations (the �slots�) and the items to learn. Animportant aspect of this theory is that experts must activate their retrievalstructure before the material is presented, and that, in the case of very rapidpresentation of items (e.g., one second per item) the structure can be appliedsuccessfully to encode only one type of material (e.g., digits) withouttransfer to other material. In summary, the development of expert memoryincludes both creating a retrieval structure and learning to use it efficiently.Recently, Ericsson and Kintsch (1995) have developed a moregeneral variant of the skilled memory theory, which they name �long-termworking memory.� They propose that cognitive processes occur as asequence of stable states representing end products of processing, and thatacquired memory skills allow these end products to be stored in LTM.Encoding occurs either through a retrieval structure, or through aknowledge-based, elaborated structure associating items to other items or tothe context (schemas and other patterns in LTM), or both. The former typeof encoding predicts that, due to the presence of retrieval cues, a relativelygood recall should be observed even when no schema is accessed.In the case of chess expertise, the long-term working memorytheory proposes that strong players use a retrieval structure representing the64 squares of the board, which allows them to encode individual pieces andto represent a position as an integrated hierarchical structure (Ericsson &Kintsch, 1995; Ericsson & Staszewski, 1989). This structure, which bothrelates pieces each other and associates pieces to their correspondinglocations, allows a rapid encoding into LTM. Interestingly, Gobet (1993a,1993b) and Richman, Simon and Gobet (1991) have proposed a similartype of retrieval structure for chess but later reached (Gobet & Simon, inpress-b) the conclusion that it was inadequate. Their reasons will bediscussed later in this paper.The chess memory evidence reviewed by Ericsson and Kintsch(1995, p. 237-8) addresses mainly experiments with rather longpresentation times, but it is assumed that the retrieval structure is also usedwith success with short presentation times, as in the standard five-secondpresentation of a game position (Ericsson & Staszewski, 1989). Note thatchess differs from the other tasks discussed by Ericsson and Kintsch (1995)in that individual units of information (in the case of chess, pieces) areassumed to be encoded into the retrieval structures very fast, on the order ofabout 160 msec (5 s divided by 32, since the retrieval structure can encodean entire position of 32 pieces), while all other experts discussed by

9/3/00Theories of chess memory— 9 —Ericsson require at least one second to encode one unit of information (suchas digits with the subject studied by Chase & Ericsson, 1982, or menuorders with the subject studied by Ericsson & Polson, 1988).Unfortunately, Ericsson and Staszewski do not discuss these differences inencoding times.3.4 Template TheoryAs will be shown later, MAPP, as well as other models of the EPAMfamily, was strong in its ability to explain (chess) perception and memory atthe chunk level, but weak in relating these chunks to high-leveldescriptions, partly because its main interests were on the index on LTM,and not on its semantic component (cf. Simon, 1976). As seen before, thesehigh-level descriptions abound in masters� retrospective protocols (see forexample De Groot, 1946/1978; De Groot & Gobet, in press) and may helpexplain how, upon recognition of a position, strong chess players accessrapidly a network of knowledge allowing them to understand the subtletiesof the position and to rapidly propose plausible moves and plans.Connecting low-level to high-level knowledge was an important motivationin developing the template theory (Gobet & Simon, in press-b) and wasreached by combining the concept of chunk with that of retrieval structure.The template theory is implemented as a computer program in thelatest version of CHREST (Gobet, Richman & Simon, in preparation).Earlier versions of CHREST (Gobet, 1993a, 1993b) were developed tounify previous computer models of chess memory and perception(PERCEIVER, Simon and Barenfeld, 1969; MAPP, Simon and Gilmartin,1973) with the idea of retrieval structure. An extension of the modelembodies a production system that proposes moves after having recognizeda pattern (Gobet & Jansen, 1994).The perceptual part of the template theory remains basically the sameas in MAPP: it is assumed that, when perceiving a chess board, chessplayers access chunks in LTM by filtering information through adiscrimination net. Pointers to chunks in LTM are placed into STM, andrapidly-decaying visuo-spatial structures based on chunks are built up in theinternal representation (cf. Chase & Simon�s mind�s eye). In the case ofatypical positions, these chunks contain no more than the pieces that thesystem has recognized. In the case of typical positions, however, thediscriminated node will give access to semantic memory, leading toinformation such as the opening the position may come from, which playersare likely to reach this type of position, the plans and moves to apply, andso on. This information is organized in a schematic form (Larkin & Simon,1987). For positions that subjects have studied or played extensively, it isproposed that chunks are developed into templates

(see Gobet et al., inpreparation, for the detail of the mechanism of template construction).In contrast with the retrieval structures postulated by Chase,Ericsson, and Staszewski, which are general structures to be applied, withinthe domain of expertise, independently of the particularities of the materialto be encoded, templates are specific to certain types of chess positions, andare not unlike prototypes. They offer, on the one hand, slots that are alreadyinstantiated and that form the core of the position. On the other hand, someslots may be filled in when viewing the position, in particular for featuresthat are not stable in these types of positions. The slots of this secondcategory may contain default-values, which are used when players have notime to focus on certain parts of the board. Slots may contain information onthe location of certain pieces, on potential moves to play, or on any semanticinformation like plans, tactical and strategic features, and so on... Thetheory proposes that chunks and templates are mainly accessed by visualinformation, although other routes to them exist, allowing a highredundancy to memory: chunks and templates may be accessed by

9/3/00Theories of chess memory— 10 —contextual cues, by description of strategic or tactical features, by the movesleading to the position, by the name of the opening the position comes from,or by the names of players known to often employ such type of position. Asis the case with chunks of pieces, these routes may be modeled asdiscrimination nets. This redundancy may be useful for difficult tasks. Forexample, during recall experiments, the use of verbal description (e.g.,strong players spontaneously try to associate the position with the name ofan opening) may complement visual encoding. Note also that the presenceof templates makes STM a more dynamic store than in MAPP: when newsquares and new chunks are perceived, the model tries both to incorporatethis new information into the template (if any), and to get a richer templatethrough further discrimination.Like the chunking theory, the template theory claims that expertise isdue to: (a) a large database of chunks, indexed by a discrimination net; (b) alarge knowledge base, encoded as production and schemas; and (c) acoupling of the (perceptual) chunks in the index to the knowledge base. Inaddition, it proposes that some nodes evolve into more complex datastructures (templates) and that nodes in the discrimination net may beaccessed through several paths, thus adding redundancy to the system.Construction of networks having the characteristics mentioned under (a),(b) and (c) explains why expertise in knowledge-rich domains takes such along time to develop: in addition to learning chunks, which was emphasizedin Chase and Simon�s (1973a; 1973b) and in Simon and Gilmartin�s (1973)papers, schemas and productions have to be learned, as well as pointerslinking them together and linking them to chunks.4. REVIEW OF EMPIRICAL EVIDENCEReview of recent work in chess memory will focus on data directly relevant to thecomparison of the four theories (see Gobet, 1993a, or Holding, 1985, foradditional data on chess memory) and will be organized around the followingthemes: early perception, STM capacity and LTM encoding, modality ofrepresentation, LTM organization, learning, and problem solving.4.1 Evidence for Skill Differences in Early PerceptionEvidence suggesting that players of various skill levels differ at an earlystage of perception would provide confirming evidence for the chunkingand template theories, which both incorporate detailed perceptualmechanisms. As will be argued later, this evidence could also suggestlimitations of the concepts of level of processing, high-level knowledge,and retrieval structure to their explanatory power of chess memory.Studying eye movements, De Groot and Gobet (in press) show thatthere are clear skill differences in the way players look at a position:Masters� fixations are shorter, show less variance, cover more of the board,and cover more important squares than novices� fixations. In addition,masters fixate more often on the edges of the squares than the novices,which can be taken as evidence that they fixate group of pieces instead ofindividual pieces. Charness and Reingold (1992) also report similardifferences in the case where only one quadrant of the board is presented.Another crucial piece of evidence, likely to give indications on theautomaticity of processes, is offered by subjects� performance whenpresentation times are very short. Ellis (1973) found that chess memory andchess skill correlate even with presentation times as short as 150 msec. Ellisused 4 x 4 square miniature chess boards and presented only commonpatterns of white pieces (white pieces on the first 4 ranks of a normal chessboard, left or right side). His stronger subjects (class A players) were ableto retain an average 6.7 pieces out of 8, and his weaker subjects (class Dand below), 4.5 pieces. These results speak in favor of perceptualmechanisms independent of conscious control. Short presentation of entire

9/3/00Theories of chess memory— 11 —boards yields similar results. For example, Gobet and Simon�s (1995a)masters placed correctly about 70% of the pieces of a game position (a totalof 26 pieces) after having seen the position for just one second and hadclose to 90% correct recall after a presentation of only two seconds. Inaddition, subjects sometimes recognize types of positions even with theseshort presentation times.These results add support to the chunking and the template theories.Both predict that access to chunks and templates should be automatic,without recourse to any conscious process, and, therefore, present evenwith very short presentation times. In addition, a version of CHREST5 (DeGroot and Gobet, in press) was able to simulate in considerable detailshuman eye movements. In addition to chunking mechanisms, the modelimplemented perceptual strategies, such as looking first at perceptuallysalient pieces.Although the eye-movement studies fall outside the scope of the twoother groups of theories, the data on short presentation times have someimportant theoretical implications for these theories. First, they indicate theneed to explain how high-level knowledge is rapidly accessed throughvisual stimuli. Second, they show some inadequacies of the level-of-processing account: with a presentation time of one second, and in particularwith the presentation time of 150 msec used by Ellis (1973), it is doubtfulthat subjects process the visual stimuli at different �levels.� Hence, there arevast memory differences although players of different skill levels use the same level of processing. Finally, these results also show insufficiencies inthe long-term working memory hypothesis (that a structure isomorphic tothe chess board acts as a retrieval structure), because there is just notenough time, in these experiments, to encode information into this structureor to associate information with long-term schemas. The current retrievalstructure theory could be salvaged in three ways: (a) by adding analternative, as yet unspecified, route to schemas that offer a faster accessthan the route offered by retrieval structure cues (as indicated in Figure 4 ofEricsson and Kintsch, 1995); (b) by assuming that chunks and notindividual pieces are encoded into the structure; and (c) by assuming thatretrieval cues are activated during the (short) presentation time, even if thesecues do not belong to a retrieval structure.4.2 STM Capacity and LTM Encoding4.2.1 Interference StudiesEmpirical research has uncovered several weaknesses in the wayChase and Simon�s (1973b) theory handles STM and LTM storage.In the case of the �classical� chess memory recall setting(presentation of a position for 5 s), Chase and Simon�s theoryclearly predicts that, since information is temporarily stored in STMand since the presentation time is not sufficient for LTM encoding,storage of additional stimuli following a chess position should wipeit out from STM. However, this is hardly the case. The mostcompelling result was found by Charness (1976), who used avariation of the Brown and Peterson paradigm (Brown, 1958;Peterson & Peterson, 1959). He inserted a delay of 30 s between thepresentation and the recall of a chess position, with or withoutinstructions to rehearse and either occupied or not by an interferingtask.6 Following such interference, there was an increase of latencytime of the first piece to be reported, but the overall performancedecreased only by 6 to 8%, little loss in comparison withexperiments using the same technique with different material(nonsense trigrams). Interestingly, even interference due to chessmaterial (such as finding the best move or naming the pieces in adifferent position) did not produce a significant degradation of

9/3/00Theories of chess memory— 12 —performance. However, such material did produce a proactiveinterference effect, performance deteriorating from the first to thesecond half of the experiment. There was no such proactiveinterference effect in the case where simple recall (withoutintervening chess material) was requested. Charness proposed thatredundant use of chess material provokes difficulties in the retrievalof information.Charness�s (1976) result throws doubt on an explanationbased on a simple model that short term memory consists of a list ofslots. Similar conclusions were reached by Frey and Adesman(1976), who used a different interfering task. Their subjects wereconfronted with two positions, presented in sequence for 8 s each,after which they had to count backward and aloud for 3 or 30 s.Finally, they had to reconstruct the first or the second position,without knowledge of which one was going to be chosen. Resultsindicated only a small loss of performance in comparison to acontrol condition where only one board was presented.It seems to me that the interpretation of these results is morecomplicated than proposed by Frey and Adesman. If one takes intoconsideration the encoding time per chunk ( from 5 to 10 s formeaningless material, according to Newell and Simon, 1972), andthe relatively long presentation time (8 s) used in this experiment,Chase and Simon�s (1973b) and Simon and Gilmartin�s (1973)model accounts for the results. A little arithmetic establishes this:assuming that the 2 largest chunks (say 3 pieces each) are encodedinto LTM, and that the 7 STM slots of the STM contain chunks of 2pieces each, a total of 20 pieces is obtained for the 2 positions,which is in accordance with the results obtained in Frey andAdesman�s experiment (their subjects replaced correctly about 10pieces by position).A logical extension of Frey and Adesman�s (1976) study ofmemory for either of two positions is to ask subjects to reconstruct both positions. This procedure has been extended up to fivepositions by Gobet and Simon (1992, in press-b), where boardswere presented in short sequence for 5 s each, and up to ninepositions by Cooke et al. (1993), who used a presentation time of 8seconds. Both teams found that, although there is a decrease in thepercentage of pieces recalled correctly, the number of pieces recalledincreased as a function of the number of boards presented. Ingeneral, the limit in the number of boards to be recalled with somelevel of accuracy (say 60%) seems to be around four or five. Thereare two exceptions: first, one subject in the Cooke et al. study(1993, p. 342) who (partially) recalled seven boards out of nine andwho may have used a mnemonic technique based on associationswith names of famous players to enhance his memory; and second,the subject trained by Gobet and Simon (in press-b) to apply asimilar mnemonic technique.At first blush, these results seem to squarely refute Chaseand Simon�s theory. However, a noticeable result of Gobet andSimon�s (in press-b) study was that, when Chase and Simon�s 2 sboundary technique is used to estimate chunk size, large chunkswere found for masters (up to 15 pieces). This result contrasts withthe relatively small chunks found in the original study (see Gobet &Simon, 1995b, for potential explanations of this difference). Ifchunk size is larger than what proposed by Chase and Simon, thentheir model can account for the interference and multiple board data,assuming that subjects use the strategy of keeping at least the largest

9/3/00Theories of chess memory— 13 —chunk for each position in STM. Supposing that masters are able torecognize such large chunks would, however, seriously inflate theestimated number of chunks in LTM: since the likelihood ofrecognizing such a chunk is low, only a huge chunk database couldaccount for these recognitions. An alternative theoretical line is takenby the template theory, which avoids this inflation in chunk numberby assuming that information can be rapidly stored into templateslots. The presence of templates explains why the multiple boardtask is tractable for masters, at least up to four or five boards: onlyone pointer needs to be placed into STM per position in order toremember the �spirit� of each position. Simulations of the CHRESTimplementation of the template theory show that this explanation fitsthe data well (Gobet et al., in preparation). The model relied onSTM storage and, given that a chunk had been a sufficiently longtime in STM, on LTM storage. However, the model does notimplement (yet) the idea that templates, which are in fact anorganized part of semantic LTM, probably receive some activationwhen they are accessed. This may explain that players, both in themultiple board experiment and in Charness�s (1976) interferenceexperiment, may still access information when it seems to havedisappeared from STM.7 The idea of LTM activation has beenrecently implemented in a EPAM-model of the memory of an expertmnemonist (Richman, Staszewski & Simon, 1995).To account for the interference data, Charness (1976)proposed that traces are organized and undergo, during the firstseconds of presentation, a deep treatment that protects them againstretroactive interference. Chess experience determines the speed withwhich more elaborated codes are accessed. A similar idea wasproposed by Frey and Adesman (1976) who concluded that Chaseand Simon�s model has to be given up in favor of a model stressingdepth of processing. As no specific mechanisms were proposed, itis difficult to evaluate these proposals. Cooke et al. (1994) proposedthat players encode one high-level description per position, allowinga efficient use of STM, though they did not rule out LTM storage.The details of such high-level descriptions were not specified,however. It seems that this explanation can be subsumed as a specialcase of the template theory, where templates provide players withverbal labels for characterizing positions. Note that Cooke et al.(1994) do not offer any alternative mechanism when no high-leveldescription is available (De Groot & Gobet, in press, discuss inlength the case of a subject recalling a position almost perfectly butclearly indicating in his verbal protocol that no high-level descriptionwas available).The long-term working memory theory accounts for theinterference and multiple board results by assuming that strongplayers encode each position rapidly into a retrieval structure. Inaddition, as indicated by Figure 4 of Ericsson and Kintsch (1995),the retrieval structure is connected to schemas in LTM, which insureredundancy in encoding and offer an explanation for the largechunks found by Gobet and Simon (in press-b), and for the high-level, prototypical position descriptions used by players. Severalaspects of the theory are not worked out in sufficient detail,however: Is the same retrieval structure used to encode eachposition, or are copies of the retrieval structure used? In the firstcase, how are interferences between boards avoided? Why is there alimit at around 5 boards for most subjects? Why did the subjectstudied by Gobet and Simon (in press-b) reach a plateau at 8boards?

9/3/00Theories of chess memory— 14 —4.2.2 Random Position8One of the basic findings of De Groot (1946/1978) was that chessmasters were able to recall almost perfectly a chess game positionpresented for a short amount of time, whereas less skilled playerswere only able to replace a few pieces. Although De Groot wascareful to control for the general intellectual background of hissubjects in order to avoid most of the potential confoundingvariables, it was not possible to rule out the possibility that his chessmasters obtained better results because of better (visual) memory. Acontrol task would be necessary, where chess masters would notshow any superiority over other players.4.2.2.1 Recall experiments.Chase and Simon (1973a) provided such a controltask by using chess positions in which the pieces werearranged randomly on the board.9 With a presentation timeof 5 s, they did not find any recall difference between their 3subjects (a master, a class A player and a beginner) on thiscontrol task. This result had a dramatic impact in cognitivepsychology and is a classic result found in most cognitivepsychology textbooks. However, matters are morecomplicated. Gobet and Simon (in press-d), reviewing adozen of experiments where random positions were used ascontrol positions with a presentation time less or equal to 10s, recently showed that there is a correlation between skilllevel and recall performance even with random positions,although it is rarely statistically significant. The lack ofsignificance may be explained by the lack of power of mostexperiments reviewed: the sample size is small, as is theeffect size (when confronted with random positions for 5seconds, masters place an average of 5.5 pieces, while theweakest players�below class B�place an average of 2.6pieces).In a re-analysis of De Groot�s (1946/1978)protocols, Reynolds (1982) found that weak players focustheir attention upon piece locations, while strong players aremore interested by the roles of important squares

, usuallysquares in the center of the board. In order to test thegenerality of this behavior, Reynolds carried out anexperiment in which he used �random� positions and variedthe level of centralization of the pieces. Good playersobtained better results if, and only if, stimulus positionscontained a grouping directed toward the center. However,Reynolds�s results are difficult to interpret, because, as isshown in Gobet (1993a), the positions he used are notcompletely random, as they do not respect theequiprobability for a white or black piece to be located inWhite�s side (from the 1st to the 4th rank) or in Black�s side(from the 5th to the 8th rank).4.2.2.2 Recognition experiments.There is no interaction between skill and degree ofmeaningfulness in the recognition task: strong players keeptheir superiority for recognizing random positions. Inaddition, the deficit in comparison with game position isweak, if at all present (10% in Saariluoma, 1984), Goldin(1979) even finding a 2% superiority in favor of randompositions. Presentation duration (50 s per position in Goldin,1979; 8 s in Saariluoma, 1984) does not influence thisresult. Goldin proposes that subjects� chess knowledge

9/3/00Theories of chess memory— 15 —allows them to encode logical parts in random positions.Such a strategy is sufficient for recognition purposes, as acomplete representation is not necessary. Lories (1984)explains the superiority of strong players with randompositions by proposing that they profit from the relativelylong presentation time and use a strategy better adapted to thedemands of the situation. As the random character of theposition makes it inappropriate to use semantically richknowledge, Lories proposes that strong players chose toprocess these positions at a shallower level, for example theone proposed by MAPP. As for weaker players, they use aless efficacious strategy, consisting of encoding positions bynoticing geometrical regularities.4.2.2.3 Theoretical implications.Theoretically, the most interesting result of thissection is that strong players do maintain some superioritywhen recalling briefly presented random positions. Asdiscussed by Gobet and Simon (in press-d), this is what ispredicted both by the chunking and the template models: alarge database of chunks is more likely to recognizeadventitiously chunks in a random position than a small one.Simulations described in Gobet and Simon (in press-c) showthat larger nets do indeed perform better at recalling randompositions than smaller nets. It is unclear how high-leveldescriptions theories account for this result, because randompositions, by construction, do not map to high-leveldescriptions. Nor is it clear how the level-of-processingapproach explain this result, since subjects of various skilllevels seem to pay attention to the same aspects of theposition, as indicated by their verbal protocols (Gobet,1993a). Finally, the long-term working memory theory,which suggests that each slot in the 64-square-isomorphicretrieval structure allows a rapid encoding into LTM, doesindeed predict an effect of skill for random positions, but aneffect that is much stronger than is found. As mentionedabove, even masters recall only an average of 5.5 pieces. Apossible amendment of the theory is to give more emphasisto elaboration encoding through LTM schemata, and less tothe retrieval structure, which would account for the data onboth game and random positions recall. However, it isdoubtful that such an amendment would be in the spirit ofthe skilled memory theory, which precisely emphasizes therole of retrieval structures.Of the four theories, the retrieval structure theory isthe one telling us most about the recognition task. Theretrieval structure theory accounts for these results mainly bythe presence of knowledge-based associations, since relianceon the retrieval structure would result in considerableretroactive interference when many positions are presented.Although not explicitly mentioned by their authors, thechunking theory, the template theory, and the knowledge-based theories could use some similar time tagging orcontextual cues encoding mechanisms, possibly mediated bysubjects� strategies, as suggested by Lories (1984).4.2.3 Number of PiecesA standard result of learning psychology is that, for meaninglessmaterial, learning time per item increases with the quantity ofmaterial to learn (Thurstone, 1930). Chess research shows that this

9/3/00Theories of chess memory— 16 —law does not apply for meaningful material. In their seminal study,Chase and Simon (1973a) found that, presentation time being equal,their subjects (with the exception of the beginner) retain more piecesin middle game positions (average number of pieces = 25) than inendgame positions, where few pieces are typically left (averagenumber of pieces = 13). As their strongest subject, a master,recalled about 8 pieces in endgame positions, the hypothesis of aceiling effect may be ruled out. Saariluoma (1984, exp. 3) replicatedthis result, presenting positions containing 5, 15, 20 and 25 pieces.He also found an interaction between skill level and number ofpieces presented: while there is a positive correlation for mastersbetween the number of pieces recalled and pieces presented, there isno correlation for beginners.Using a chunking framework, Saariluoma (1984) proposedthat strong players recognize various known constellations inpositions containing numerous pieces (opening and middle gamepositions), but that the endgame positions are less predictable and,therefore, harder to code as chunks. A similar explanation may begiven by the template theory and, to some extent, by the knowledge-based theories. For example, it can be pointed out that, since thechess game tree expands exponentially, endgame positions are lesslikely to belong to a known category (see De Groot and Gobet, inpress, for an in-depth discussion of the properties of the chessgame-tree). If this explanation is true, then typical endgamepositions should be memorized in an almost perfect way. As far as Iknow, this has not been established experimentally.That masters cannot recall all pieces of an endgame positionseems rather damaging for the long-term working memory theory:few pieces need to be encoded, and these pieces in general sharesemantic relations, as they are taken from master games. It is unclearwhy the retrieval structure does not allow all pieces to be encoded.4.2.4 Recall of GamesThe recall task has also been applied to moves. After subjects havebeen given 30 seconds to familiarize themselves with a position,Chase and Simon (1973b) present a sequence of 20 half moves,with 5 s for each half move. A recall task follows immediately.These authors found that there exists a correlation between recallscores and skill, even for random moves sequences. Reaction timesindicate that players are slower to reproduce random moves. Chaseand Simon stress the parallelism between these results and thoseobtained with the recall of pieces, and note that the main difference(strong players maintain their superiority for random movessequences) may be explained by the relatively long time of exposure(about 2 minutes in total). Such an interval may allow numerousreorganizations in the material and a permanent storage into LTM.The analysis of reproduction errors and pauses of their subjectssuggests a hierarchical organization of moves, each episode beingorganized around a goal.In an experiment using blindfold chess, Saariluoma (1991)dictated moves at a rapid pace (one piece moved every 2 s), fromthree types of games: one game actually played, one game where themoves were random but legal, and one game where the moves wererandom and possibly illegal. Results show that masters were able toindicate the piece locations almost perfectly after 15 moves for theactual game and legal random games, but that the recall of randomillegal games was less than 20%, close to the performance ofnovices, who were outperformed in the two other conditions. ForSaariluoma, these results support the chunking theory. Random

9/3/00Theories of chess memory— 17 —legal games drift only slowly into positions where few chunks canbe recognized, and, therefore, allow for a relatively good recall. Thefurther away from the starting position, the harder recall should be,which is what is observed (the recall with legal random games dropto 60% after 25 moves, while the recall of actual games stays closeto 90%). Random illegal games move more rapidly into chaoticpositions, where few chunks may be recognized and recall is,therefore, low. In another experiment, Saariluoma (1991) verballydictated 10 actual games simultaneously, by sequences of 5 to 10moves, at a self-paced rate. He found that masters were able toremember correctly all games and to generate the positions after 15and 25 moves with a 90% accuracy. These results, with material thatvastly overloads working memory capacity, suggest that blindfoldplayers have a rapid access to LTM.10As mentioned by Chase and Simon (1973b), the rather longpresentation time of these experiments allows subjects to accessinformation in LTM; in particular, with actual games they mayaccess chunks, templates, schemata or prototypes. The templatetheory proposes that moves and sequences of moves may bechunked, in the same way groups of pieces are chunked. Strongplayers, who have more chunks of pieces and of moves, areexpected to perform better than weaker players in this task. Thelong-term working memory explanation is that the retrieval structureallows players to rapidly update information about the position andto create retrieval cues about each move.It is more difficult for the knowledge-based theories toexplain masters� superiority in recalling random legal moves, exceptby supposing that masters are �more familiar� with the chessmaterial. The chunking theory explanation is that strong players, asthey have more chunks with which they can associate informationabout moves (remember that the presentation time is long), are morelikely to find such chunks even in random positions. The templatetheory uses the same reasoning, with the addition that strong playershave chunks of moves as well. The long-term working memoryexplanation is the same as with actual games.As for random illegal games, masters� poor results are whatis predicted by the knowledge-based, chunking, and templatetheories (see above Saariluoma�s explanations). With respect to theretrieval structure explanation, these results suggest, however, thatintegration with schemas in LTM is necessary for securing memorytraces, which does not happen with this type of material. Shiftingthe emphasis to LTM schemas would, however, decrease theexplanatory power of the retrieval structure, which is central in theEricsson and Kintsch (1995) account.4.3 Modality of RepresentationThe chunking theory and the template theory propose that the main access tochess chunks is visual (though other routes, such as verbal descriptions, arepresent as well), and that the mind�s eye, or the internal representation, usesa visuo-spatial mode of representation. High-level knowledge theories givemore importance to abstract types of representation, while the level-of-processing approach indicates that stronger players use less visual and moreabstract modes of representation than weaker players. Finally, the retrievalstructure theory is neutral as far as the mode of representation is concerned.Chase and Simon (1973b) examined the role played by the type ofpresentation of the stimulus. Their goal was to eliminate the theoreticalexplanation that the chunk structures they had isolated were due to areorganization during the output rather than to perceptual processes during

9/3/00Theories of chess memory— 18 —encoding. They presented half of the positions with standard board andpieces, and the other half with grids containing letters. During recall, thesame dichotomy was used. Response modality did not influence thepercentage of correct answers, but a large difference was observed with thestimulus modality, their class A player obtaining about twice as manycorrect pieces with board presentation than with letter diagrams.Interestingly, this difference disappeared rapidly with practice: after aboutone hour of practice, their subject did not show differential results betweenboards and letter diagrams. Chase and Simon interpreted these results as aconfirmation of the perceptual character of chunks but did not offer anydetailed explanation of the learning mechanism that allows the rapid transferto the letter diagrams. In another experiment, class A players did not exhibitany difference in the recall of positions shown with diagrams (such as theones found in chess journals or books) and positions with standard piecesand board. The beginner was very sensitive to these modality differences.Brooks (1967) found that, when sentences are referring to spatialrepresentation, it is better to listen to them than to read them. Using thisbackground, Charness (1974, study no 5) tested the hypothesis thatstatements describing a chess position are represented with a spatialstructure. His results indicated that chess players obtain a better retentionlevel when they listen to the description of a position11 than when they readit, whereas no difference was to be found with non-players. Moreover, animagery scale showed a clear visualization decrease in the reading condition.Charness concluded that chess players possess a specialized (spatial)representation, which they can access even when information is presented ina non-spatial code.In another experiment, Charness (1974, study no 6) was interestedin the way scanning order of a position affects chunking of pieces. Pieceswere presented verbally, with 2.3 s per piece, following three conditions:(a) grouping according to the relations proposed by Chase and Simon(1973a); (b) presentation by columns; and (c) random order. Charnessfound that the type of presentation strongly influences recall performance,with decrease from the chunking to the random presentations. He showedalso that players restructure piece groupings, mainly when the groupingused in the presentation does not offer much chess meaning (scanning bycolumn and random scanning). Finally, Charness proposed that differencesin scanning strategies could account for part of the differences found in thememory task.One could object that this last experiment did not teach us very muchabout chess players� mechanisms for memory and perception, as it is notvery common for a player to memorize a dictated position. In the lastexperiment of his Ph.D. thesis, Charness (1974, study no 7) countered thiscriticism. He used the same technique as in the experiment just described,with the difference that the presentation was done visually, a movieexposing each piece for 2.3 s. As with auditory presentation, the type ofboard scanning affected recall, chunk and column presentations allowingbetter scores than random presentation. In addition, chunk structure wasbest recalled in the chunk condition. The most striking result, however, wasthat there was a global performance gain (18%) for the visual modalityagainst the auditory modality. Although Charness stressed the difficultyinvolved in unraveling the exact processes that underlie this difference, hesuggested several hypotheses: visual presentation decreases the likelihoodof translation errors, the duration of visual code is longer, and the presenceof a chess board makes it easier to generate relational structures betweenpieces.Motivated by Baddeley�s (1986) theory of working memory

,Bradley, Hudson, Robbins and Baddeley (1987) studied the effect ofinterfering conditions during the presentation of chess positions. They

9/3/00Theories of chess memory— 19 —found that a verbal task (repeat �the� every second) had only a minimaleffect on performance, while a task aimed at suppressing the visuo-spatialsystem (to type a predefined series of keys on a calculator with the index ofthe non-preferred hand) and the central executive (to randomly generateletters) caused a significant loss of performance (more than 2/3 incomparison with the control group). Interestingly, these authors observed asimilar pattern of results with chess problem solving used as interferencetask, with the qualification that performance does not decrease as drastically(only 1/3). Some of these results�effect of visuo-spatial interference andabsence of effect of articulatory interference�have been replicated bySaariluoma (1992), whose subjects had to count the number of minor pieces(Bishops and Knights) or solve chess quizzes.Blindfold chess has shed interesting light about the type ofrepresentation players used. When presenting Binet�s (1894) contribution, Imentioned the role played by knowledge (erudition, in Binet�s parlance) inblindfold chess. Subsequent research has confirmed that role. In hisdescription of (simultaneous) blindfold chess, world champion Alekhineacknowledges that the quality of blindfold games is inferior to games playedin normal conditions, and stresses the importance of logical rather thanvisual memory (Bushke, 1971). Fine (1965), who was a world class playerbefore becoming a practicing psychoanalyst, has carried out an introspectivestudy on his own playing of blindfold chess. He emphasized the importanceof chess knowledge, which allows the expert player to grasp the position asan organized whole, and the capacity to visualize the board clearly. In anextensive review of the literature on blindfold chess, Dextreit and Engel(1981) note that positions are encoded as key-sentences (e.g., �Panovattack; White builds up an attack on the King�s side, Black tries to counter-attack on the center.�), corresponding to the critical moments of the game.Saariluoma (1991) studied experimentally various aspects ofblindfold chessplaying. His approach was to dictate sequences of movesfrom games at a rate of 2 seconds per piece moved and to probe the recall ofthe positions after 15 and 25 moves. Using Baddeley�s (1986) framework,he showed that concurrent12 interfering tasks had a deleterious effect whenthey were visual or related to the central executive, but not when they weresimply articulatory. These three tasks had no effect when given as posteriorinterference tasks. Saariluoma also showed that, while masters were almostperfect in recalling positions from master games, they showed a sharpdecrease with random games made of legal moves (only 60% correct after25 moves) and an even sharper decrease with random games made of illegalmoves (almost zero percent correct after 25 moves).In conclusion, there is very strong evidence that chessplayers use avisuo-spatial mode of representation, which is captured by both thechunking and the template theories. This visuo-spatial mode does not imply,as was incorrectly implied by Ericsson and Kintsch (1995, p. 237), that thechunking theory predicts difficulties in encoding the type of verbal, serialinputs used by Saariluoma. Information on the location of single pieces maybe stored in the mind�s eye, and chunks recognized by scanning part of it.In addition, the relatively long time used for dictating pieces may be used tocreate a few new chunks. Ericsson and Kintsch also point out that thepresence of effect with concurrent interference, but the lack of effect withposterior interference (Saariluoma, 1991), offers strong evidence for LTMencoding. Given the rather long presentation time (at least 60 s = 2 s times15 pairs of white and black moves), this could be accounted for bytraditionnal LTM encoding, without using the concept of long-term workingmemory. With this explanation, visuo-spatial or central executive concurrentinterference would hinder LTM encoding processes.

9/3/00Theories of chess memory— 20 —Frequent mentions of high-level representations by masters offersupport for the high-level and depth-of-processing theories but are notincompatible with the template approach, which proposes that several routes(visual, verbal, or conceptual) may lead to the same LTM node, which mayin turn yield the same visuo-spatial representation in the mind�s eye. Asmentioned in the introduction of this section, the long-term workingmemory approach does not specify in detail the mode of representation usedby chessplayers.4.4 LTM OrganizationHolding (1985) notes that, in contrast to the breadth of STM research, LTMresearch has been quite modest. To be precise, and using a dichotomyproposed by Simon (1976), semantic LTM has received little attention,while recognition LTM memory, which constitutes an essential componentof the chunking theory, has been studied in some depth. This section firstdiscusses empirical evidence on chunks. Then, it presents data onhierarchical organization and conceptual organization. Finally, it discussesdata directly related to the presence of a retrieval structure.4.4.1 Evidence for ChunksThe basic analyses leading to chunk identification by Chase andSimon (1973a) have been recently replicated by Gobet and Simon(1995b). This section presents additional converging evidence thatsupports the psychological reality of chunks as defined either bynumbers of chess relations or latency in placement.It has been shown that pieces presented at a rapid rate (about2 s per piece) are better retained when they are presented accordingto the chunk relations proposed by Chase and Simon (1973a) thanwhen they are presented by columns or randomly; this result holdsfor both verbal and visual presentation (Charness, 1974; Frey andAdesman 1976). Interestingly, chunk presentation yielded betterrecall than presentation of the entire position for the same total time(Frey and Adesman 1976).The partitioning technique devised by Reitman (1976) forstudying GO players� memory has offered supporting evidence for aLTM organization based on chunks. Chi (1978) showed that chunkswere sometimes overlapping, which was also found in computersimulations using the chunking approach (De Groot & Gobet, inpress). Second, she found that the amount of time taken to placepieces crossing a chunk boundary (as defined by the way subjectspartitioned the board after recall) was on average longer (about 3 s)than the amount of time taken to place pieces within a chunk (around1.5 s). Chi notes that this result supports Chase and Simon�s(1973a) estimate that it takes at least two seconds to access a newchunk and less than two seconds for retrieval within a chunk.Freyhoff, Gruber and Ziegler (1992) also used a partitioningprocedure, with the addition that subjects had both to divide thegroups obtained in a first partition into subgroups and to combinethe original groups into supergroups. At all levels of partitioning,masters selected larger clusters of pieces than class B players did. Inaddition, the chunks they detected at the basic level corresponded tothe chunks identified by Chase and Simon (1973a), both withrespect to size and with respect to the pattern of relations betweenpieces.Gold and Opwis (1992) used hierarchical cluster analysis toanalyze chess players� chunk structures. The clusters they identifiedwith this technique were similar to those identified by latencies(e.g., castle positions, chain of pawns, common back-rank piecepositions). Using a sorting task, Gruber and Ziegler (1990) found

9/3/00Theories of chess memory— 21 —that chess players used sorting units similar to the chunks identifiedby Chase and Simon (1973a, 1973b). However, the frequency ofsuch chunks was less frequent with stronger players, who tended touse overlapping sorting criteria that grouped chunks together.Consistent evidence was found by Gruber (1991), who showedthat, in a task consisting of guessing a position (see also Jongman,1968; De Groot & Gobet, in press), weak players asked questionsabout the location of single pieces, while experts asked questionsabout the past and future proceeding of the game, about plans andevaluations, etc...These result support the concept of chunks but also indicatethat strong players use higher types of description, as proposed bythe knowledge-based theories.4.4.2 Number of Chunks in LTMObviously, the question of the number of chunks in LTM is ofimportance only for the chunking and template theories, among thefour theories being compared in this paper. Simon and Gilmartin�sestimate of the number of chunks necessary to reach expertise (about50,000) was challenged by Holding (1985, 1992). Holdingproposed that this number could be decreased to about 2,500 if oneis willing to assume that patterns are encoded independently of colorand of location.13 A pattern shifted horizontally and/or vertically byseveral squares would thus be encoded by the same chunk in LTMbecause the functional relations among the pieces are maintained.Gobet and Simon (in press-c) tested Holding�s claim byusing positions that had been modified according to various mirror-image reflections (for example, White and Black, or left and rightare swapped). Their hypothesis was that recall of non-modifiedpositions should be better than recall of modified positions, as theformer should elicit the recognition of more chunks than the latter.They found that recall was slightly, but statistically significantly,impaired by such distortions. The effect was particularly clear whenpositions were pooled conditionally to the presence of reflectionabout the vertical axis (swapping of the left and right sides).Converging evidence on the importance of location in encodingchess knowledge is provided by Saariluoma (1994), who distortedpositions by swapping two of their quadrants (note that Saariluomaused modification by translation, while Gobet and Simon usedmodification by reflection). He found that the recall of the translatedpieces was dramatically reduced in comparison with that ofunmoved pieces.Taken together, these results suggest that spatial location isencoded in chunks and add plausibility to Simon and Gilmartin�sestimate of the number of chunks necessary for expertise. Gobet andSimon (in press-c) report a simplified chunking model that was ableto show the same effects as human subjects in the mirror-imagemodification experiments. Knowledge-based theories could accountfor these results by pointing out that LTM schemas or prototypes areharder to access with the modified positions. (However,knowledge-based theories would have a harder time with anotherexperiment reported by Saariluoma, 1994, who constructedpositions by taking quadrants from four different positions; playershad a recall performance close to game positions, althoughconstruction of the positions made access to LTM schemasdifficult.) Finally, it is unclear how the long-term working memoryaccounts for the results reported in this section. Every �square� inthe retrieval structure has the same encoding power, hence it isunclear why modified positions should be recalled less than

9/3/00Theories of chess memory— 22 —unmodified positions. A possible explanation, based on theassumption that the retrieval structure encodes relations betweenpieces as well as their location, does not help: the mirror-imagepositions contain the same set of relations between the pieces as theoriginal game positions, with the qualification that the direction ofrelations is modified.4.4.3 Hierarchical OrganizationThat expert memory uses hierarchical structures has been a recurrenttheme in psychology (Cleveland, 1907; De Groot, 1946/1978;Chase & Simon, 1973b; Chase and Ericsson, 1982). Thishypothesis has been tested by Freyhoff et al. (1992) with chess. Inone of their experiments, these authors have used the partitioningtechnique applied by Reitman (1976) in her study of GO players. Inthis technique, subjects are asked to divide a position intomeaningful units, which constitute, according to Freyhoff and hiscolleagues, the basic level

(cf. Rosch, 1973). In addition, Freyhoffet al. asked their subjects both to decompose and to group theseunits. It was found that, for the three levels of partitioning, mastershave delimited larger constellations than class B players. Resultsalso indicate that base level constellations are similar to the chunksas defined by Chase and Simon (1973a). In another experiment,Freyhoff et al. found that, in an evaluation task after a briefpresentation (5 s), masters were able to give judgments on the entireposition, while amateurs� remarks were limited to isolated piecesand to superficial features. (For a similar conclusions and examplesof protocols, see De Groot, 1946/1978, Gobet, 1993a.) Freyhoff etal. note that, almost without exception, masters make theirevaluations at the superordinate level

(Rosch, 1973) and that theseevaluations were combined with dynamic reflections on the past orfuture course of the game.Although these results seem to support the hypothesis of ahierarchical encoding in LTM, caution is required about theirtheoretical implications. First, it could be the case that this hierarchiccharacter is only an artifact of the experimental method, whichrequired precisely three levels of partitioning. Second, as is pointedout by Freyhoff and his colleagues, such a decomposition of theposition into meaningful units not only is based on activation ofpreexisting knowledge but also requires a creative act. Finally,instructions used by these authors explicitly invited the subjects topartition the board without intersection. Reitman (1976) with GOand Chi (1978) with chess have shown, however, that a stone or apiece could belong to several chunks. Redundancy in encoding, if itdoes not exclude the possibility of a hierarchic representation,excludes, however, such ideal tree structures as the ones given to usby zoological taxonomies.Retrospective protocol analysis after the reconstruction of aposition offers some evidence for a hierarchical representation ofchess positions in memory (De Groot & Gobet, in press; Jongman,1968; Freyhoff, Gruber and Ziegler, 1992). Typically, masters donot refer very often to isolated chunks (in the sense of Chase andSimon, 1973a, 1973b), but try to actively reconstruct the position,referring to prototypical positions. Weaker players (perhaps belowclass A) behave more according to the Chase and Simon model andreconstruct the position by means of isolated chunks.Hierarchical organization is captured by the four theoriesdiscussed in this paper. It is most apparent in the template theory,whose computer implementation is based on a recursive chunkingmechanism (Gobet, 1993a, 1993b; Gobet et al., in preparation).

9/3/00Theories of chess memory— 23 —4.4.4 Conceptual RepresentationHigh-level representation and depth-of-processing theories clearlyemphasize the role of conceptual representation. The long-termworking memory theory suggests ways in which connections mayoccur between the retrieval structure and the conceptual informationheld in LTM, although these suggestions are not worked out at adetailed level. The chunking theory emphasizes the role ofperceptual aspects of chess memory, which does not mean,however, that it denies the importance of conceptual knowledge (cf.Chase & Simon, 1973b, p. 260). Finally, the template theoryspecifies conceptual knowledge in some detail, with templates actingas conceptual prototypes.All four theories, therefore, agree about the role ofconceptual knowledge, so the data presented in this section shouldnot be expected to discriminate strongly between them. Moreinteresting, for this purpose, are the empirical results about whathappens when it is not possible to use conceptual knowledge (seeabove the section about random positions). Evidence about typicalitywill discussed first, followed by evidence about the effect ofsemantic orientation. A theoretical discussion ends this section.4.4.4.1 Typicality.While it is unclear what typicality really is in chess, it ispossible to state what typicality is not. Guessing experimentsas well as information theory analyses clearly show thattypicality is not knowledge of first-order locationprobabilities of the pieces on the chess board (De Groot,1966; De Groot & Gobet, in press; Jongman, 1968). Rather,typicality relates to highly specific (higher-order) kinds ofknowledge.Little experimental work has been done on the notionof typicality.Strong players obtain better scores both in recognizing andin recalling game positions, with short as well as with longpresentation time (Goldin, 1978a, 1978b, 1979; Saariluoma,1984). This effect of typicality is somewhat surprising, as itdoes not correspond to results obtained with verbal material,where it has been shown that frequently used words arebetter recalled that rare words, but that the inverse relationapplies for recognition tests (Kintsch, 1970). One difficultywith research on typicality relates to how to define thisconcept operationally. Goldin asked a master to assess thetypicality of the positions and used only the most typical andthe most atypical positions. However, the vagaries of thistype of operationalization have been commented on by Gobet(1993a), who found only very weak correlations between 5players (two grandmasters, one international master and twoexperts) asked to scale a set of positions according to theirtypicality.14Several theoretical propositions have been doneabout typicality in chess. Goldin�s (1978a) has suggestedthat typical positions may constitute prototypes, and thedeviations from the default values may be noticed. Selz�s(1922) concept of �knowledge complex,� championed byJongman (1968), is in the same spirit. The long-termworking memory seems to de-emphasize the role oftypicality, as the same structure allows encoding any type ofposition, although, as mentioned by Ericsson and Kintsch(1995), the presence of LTM schemas may make some

9/3/00Theories of chess memory— 24 —positions easier to encode. This aspect of their theory is leftlargely undeveloped, however, in the case of chessexpertise. Finally, templates may be seen as implementingthe prototypes proposed by knowledge-based theories.4.4.4.2 Effect of semantic orientation.The level-of-processing approach (Craik & Lockhart, 1972)has spawned some interesting work in chess research.Several authors have shown that the presence ofsupplementary information on the position, even of anabstract kind, enhanced subjects� performance. Goldin(1978b) obtained such results by having her subjects studythe previous moves of the game. She found, on the onehand, that stereotyped, highly typical positions were betterrecalled by all subjects and on the other hand, that previousstudy of the game significantly increased the correctness ofthe responses as well as the confidence that subjects placedin them. Frey and Adesman (1976, exp. 1) observed similarresults when presenting the moves leading to the position tobe remembered. It should, however, be noticed that in bothGoldin�s and Frey and Adesman�s experiments, the level-of-processing variable is confounded with the presentation-timevariable. In another experiment by Frey and Adesman (Exp.2), six slides of 2 s each cumulatively presented the pieces ofone position.15 The critical variable was the semanticmeaningfulness of the sequences (chunks according to thedefinition of Chase & Simon, 1973a) or the lack of it (piecesare displayed by columns). Frey and Adesman showed thatmeaningful groupings allowed for better recall of theposition.The preceding results suggest a possible interactionbetween the contextual information given during thepresentation and the skill of the players. Lories (1984)proposes that this type of information may be integrated byplayers having a rating as low as 1400. Horgan and Morgan(1990) have studied the question with children, whosestrength spanned from 1100 to 2100 ELO. They found thatthe performance in the normal recall task is significantlycorrelated with ELO rating and with age, but that the strengthof these correlations diminishes and even becomesstatistically non-significant when contextual information(such as: �It is White to play. White is ready for attack.�) isgiven during the presentation of the position. Cooke et al.(1993) showed that players took better advantage of a high-level description of a position when the description is givenbefore rather than after the presentation of the position itself.Finally, giving some partial cues on the position toreconstruct, such as the location of some pieces, has noeffect on recall, with tournament players as well as withcasual players (Watkins, Schwartz & Lane, 1984).Varying the instructions given to their subjects, Laneand Robertson (1979) observed that recall performancevaried as a function of the level of semantic significance withwhich subjects could examine the position. Players who hadonly a structural task to perform (to count the number ofpieces located on white and black squares) obtained worseresults than the ones asked to judge the position and try tofind the best move. This difference disappeared, however,when subjects were notified in advance that they would have

9/3/00Theories of chess memory— 25 —to reconstruct the position. This relation between retentionand experimental instructions is found with novices as wellas with good amateurs. On the other hand, no interactionwas found between skill level and experimental instructions.Lane and Robertson (1979) bring these observationstogether with the results obtained with random positions andsuggest that they fit Craik and Lockhart�s (1972) modelbetter than Chase and Simon�s (1973b). Encoding is,according to them, a function of the level of processing.The same types of effect are found with recognitiontasks. Deep semantic treatment of the material, such aschoosing the best move or evaluating the position, makesrecognition easier in comparison with a superficial treatment,such as counting the number of pieces on black squares orcopying the position (Goldin, 1978b). Note, however, thatrecognition percentage is high even with superficial tasks(more than 70% for class A players). According to Goldin,these results support Chase and Simon�s (1973, b)conclusion about the importance of perceptual processes inchess players and suggest that pattern recognitionmechanisms are rapid, automatic, and hard to inhibit.4.4.4.3 Theoretical implications.As mentioned earlier, all four theories predict thatsupplementary information will improve the performance inrecall. Clearly, the experiments related to level of processing(Goldin, 1978b; Lane and Robertson, 1979) support thehigh-level description and level-of-processing accounts ofchess memory. These experiments have also often been citedas negative evidence against the chunking theory, though itis not clear it is so. According to the chunking theory,instructing subjects to pay attention to different aspects of thestimuli will determine what kind of chunks will be placed inSTM. While it is true that MAPP (Simon & Gilmartin, 1973)simulated only perceptual intake of chess positions, there isnothing in the theory that precludes other access to chunks.The template theory makes this point explicit by emphasizingthat several discrimination routes may lead to the samechunk. The theory also predicts that giving a high-leveldescription before the presentation of a position enhancesrecall more than when it is given after (cf. Cooke et al.,1993): in the former case, but not in the latter, subjectsrapidly access a template�it is strongly suggested by theexperimenter!�and have then time either to store smallerchunks or individual pieces into STM or to use the templateto correct its default values or fill in slots without defaultvalue. Finally, the retrieval structure theory specifies thatconceptual information should enhance recall but does notgive any details on the mechanisms involved.4.4.5 Direct Evidence for Retrieval structuresEricsson and Oliver (1984), cited by Ericsson andStaszewski (1989), developed a series of experiments usingblindfold chess to test the plausibility of retrieval structure withchess players. In one experiment, their subject (rated just belowmaster level) had to memorize a 40-move game, whose moves wereindividually presented on a computer screen,16 using algebraicnotation. During the test phase, he was presented with the notationof a square, say �d4,� and was asked to name the piece located on

9/3/00Theories of chess memory— 26 —this square, if any, as fast as possible. The entire board was probedin a random way.The first important result is that their subject took only twoseconds to make a move in the blindfold condition.17 Ericsson andStaszewski report that this time was faster than the correspondinglatency in the perceptual condition, where the subject was normallyplaying the moves on the chess board. Such a speed of encoding didnot spoil his accuracy in answering the probes (over 95% correct).The average latency to answer the probe was around 2 s in theblindfold position and around 1 s when he could see the board.In another experiment, their subject had to memorize twopositions, presented visually on diagrams. He was then probedfollowing one of three presentation orders: (a) in the sequentialcondition, all squares of one position were probed, and then thesquares of the other position; (b) in the alternating condition, eachposition was alternatively probed; (c) in the last condition, squareswere randomly selected from either position. For each positionselected, squares were probed randomly.After a few trials where results among the three conditionswere indistinguishable, a clear pattern emerged: the random andalternate conditions remained close (2.4 s and 1.9 s per probe, onaverage), while the sequential condition�s probe became almost astwice as fast (about 1.0 s). The random condition showed noreliable speed-up with practice, the alternate a slight one, and thesequential an important one. In the sequential condition a peakappears when the first square of the second board is probed (about1.4 seconds), after that the pace was as fast as in the first position.Finally, the random condition showed a speed up when the probesstayed in the same position.Ericsson and Staszewski proposed that this subject used acommon retrieval structure for the two positions, because he couldaccess only one position at a time (cf. the increase of time whenswitching positions and the speed up when the position stayed thesame). These results may, however, be as well accounted for byother explanations, among them: two retrieval structures (theincreased latency would be caused by the switch of the 2 structures),hierarchical organization of chunks (the increased latency would becaused by accessing another supergroup of chunks), or twotemplates. Possibly, chunks and templates could be �unpacked� in arapidly decaying internal representation, allowing a fast access tothem. Unfortunately, Ericsson and Oliver�s subject was not testedwith random positions, which would have enable one to rule outsome of these alternative hypotheses.While undoubtedly interesting, this piece of research needsreplication, because the only subject studied may not berepresentative of most chess players of his strength (Ericsson andStaszewski note that the difference between his play in normal andblindfold conditions was small, whereas most players� strengthshows a more important discrepancy in these two variants ofchess).184.5 LearningWhat do our four candidate theories have to say about learning? For theempirical data on chess memory, three different cases may be considered:short-range learning (in the order of one minute), medium-range learning (inthe order of weeks), and long-range learning (in the order of years). Thechunking and the template theories use the same parameters as the EPAMtheory (Feigenbaum & Simon, 1984), hence it is easy for these theories to

9/3/00Theories of chess memory— 27 —make quantitative predictions. The key parameter here is that it take about 8s to learn a chunk (Simon, 1976). The high-level and depth-of-processingapproaches propose that learning consists of creating deeper levels ofprocessing for the stimuli but do not offer either precise mechanisms orquantitative predictions. Finally, the retrieval-structure approach implies thatlearning consists of creating the retrieval structure, of speeding up theencoding and retrieval mechanisms, and of augmenting the schematic LTM.No time parameters are offered by the theory, hence it is not possible tomake quantitative predictions.4.5.1 Short-Range LearningAn approach that has produced interesting data has been to study therole of presentation time on the recall of positions. According toChase and Simon (1973b), patterns stored in LTM are not equallyfamiliar. This observation led them to propose that a dualmechanism operates during the perception of a position: at thebeginning, familiar chunks are perceived; then, attention is focusedon less familiar chunks or even on isolated pieces, which may belearnt. A consequence of this dual encoding and of the fact that thesame pieces may belong to several chunks is that the probability ofencoding a chunk is high at the early stage of perception and theprobability of encoding isolated pieces (or of encoding chunksoverapping with others) is high in the later stages. Thus, thequantity of information intake diminishes as the presentation timeincreases. The data of Charness (1981b), whose first interest wasthe role of age on recall, provides results compatible with thishypothesis for presentation times ranging from 1 to 4 s. Saariluoma(1984, exp. 5) has investigated this question with presentation timesranging from 1 s to 12 s and found that recall is a negativelyaccelerating curvilinear function of presentation time. The mostcomplete set of data is provided by Gobet and Simon (1995a), usingplayers ranging from weak amateurs to professional grandmasters.They systematically varied the presentation time from 1 second to 60seconds and found that an exponential growth function19 fits thedata well (r2 > .90 when fit is computed over skill level means).Both parameters of this function (B and c) vary as a function ofskill: compared to weaker players, stronger players memorize morewith a presentation time of one second and take better advantage oflonger presentation times to improve their score. Using Chase andSimon�s theoretical framework, it is unclear whether this secondadvantage is due to the fact that strong players learn new chunksfaster or whether it is due to the fact that they recognize more chunkswith additional time. As shown next, this relation between skill leveland the parameters B and c remains when random positions areused.The first results on the effect of presentation time on randompositions were difficult to interpret. Djakow et al. (1927) found asuperiority for the masters with a presentation of one minute. Onlyone position (one chess problem) was used, however, and thecontrol group consisted of non-chessplayers, a situation that bringsabout the problem of less familiarity with the material. Lories (1987)examines the question in more detail and found a superiority ofstrong players in the recall of normal and random positions, againwith a presentation of one minute. Unfortunately, this author usedthe positions constructed by Holding and Reynolds (1982), whoselack of randomness has been pointed out before. On the other hand,Chase and Simon�s (1973a) master did not show superior progressover a class A player and a beginner in the learning of random

9/3/00Theories of chess memory— 28 —positions (after an unsuccessful trial, the position was shown for 5additional seconds).Gobet and Simon (1995a) offer more systematic data,varying the presentation from 1 to 60 seconds with game as well asrandom positions. As with game positions, an exponential growthfunction provides an excellent fit to the data. The surprising result isthat the data with random positions show the same pattern as thosewith game positions, with the qualification that the percentage ofrecall is lower with the former positions: players of different skillsvary both in the amount of information they are able to memorizeafter an exposure of one second and in the rate with which they useadditional presentation time, the stronger players showing a slightsuperiority in both cases. As with game positions, it is unclearwhether this difference in the use of additional time is due torecognizing more chunks or to learning new chunks. Note that thetask is far from trivial even for masters: on average, with an one-minute exposure, they are able to replace correctly only about 17 outof 26 pieces (68%).Saariluoma (1989) provides some interesting results inconnection both with the influence of meaningfulness on recall andwith the role of presentation time. His methodology is similar to thatused in the study of extraordinary memory (Chase & Ericsson,1982, and Ericsson and Staszewski, 1989 for digit memory;Ericsson & Polson, 1988, for memory of restaurant menus). In hisstudy, the positions are presented auditorily, one piece every 2 or 4s (respectively 50 and 100 s for the entire position). An empty boardis placed in front of the subjects. In concordance with Gobet andSimon�s (1995a) data on the role of presentation time, resultsindicate that strong players are better in the recall of game as well asrandom positions, and that performance increases, for all playersand types of positions, with the increase of latency between twosuccessive pieces. Results also show that recall superiority forstrong players remains when subjects have to memorize 4 gamepositions, but that players of all categories perform weakly with 4random positions. Saariluoma concludes that chunking mechanismsdo not consist only of activation of familiar patterns in LTM (howthen can the effect of the duration of piece presentation and the effectof supplementary load of memory with additional positions beexplained?), but that it is necessary to propose informationprocessing mechanisms more complex to understand expertmemory.As mentioned earlier, the depth-of-level and high-leveldescription theories do not have much to say about the results onshort-term learning. Both the chunking theory, given adiscrimination net sufficiently big to contain large chunks, and thetemplate theory account for these results well (for game and randompositions), with the assumption, already incorporated in the EPAMtheory, that it takes about 8 seconds to create a chunk in LTM (seecomputer simulations reported in Gobet & Simon, 1995a). Giventhat no time parameters are indicated, it is difficult to judge the fit ofthe long-term working memory theory on the data with gameposition. The results with random positions and long presentationtimes seem, however, to be negative evidence against the lattertheory: even masters recall little in one minute. Pointing out that noLTM schema can be used to supply additional integration is not ofmuch help for this theory, because the long presentation time shouldallow the retrieval structure itself to encode a sufficient number ofretrieval cues to allow an almost perfect recall.

9/3/00Theories of chess memory— 29 —4.5.2 Medium-Range LearningOnly few data are available on this topic. Ericsson and Harris (1990)examined the Chase and Ericsson (1982) model in its extremeconsequences. They show that, after a training of about 50 hours inthe recall of chess positions, a beginner obtains recall scores similarto that of an expert. No performance increase is to be found forrandom positions, and the performance is not decreased by thepresence of interfering material. Contrary to what was found withchess players ranking from class A to master level (Gobet, 1993a), aglobal recall test done at the end of a session shows weak results.Behavior analysis of Ericsson and Harris�s subject shows that shescans the 4 corners of the board in order to find familiar patters, thatshe identifies these patterns with mnemonic names (for example, theblack configuration pawns f7, g6, h7, and Bishop g7 is dubbed�chandelier�) and that, contrary to chess masters, she neglects thepieces located in the center of the board.Gobet and Simon (in press-b) studied the creation by amaster of a retrieval structure that allowed him to recall, with higherthan 70% average accuracy, up to 9 positions presented for 8 s each,replacing as many as 160 pieces correctly. S�s strategy was toassociate each position with the corresponding element in a pre-learned list, which served as a retrieval structure. During recall, eachelement of the list serves as a cue to the retrieval of thecorresponding position. S chose as elements of his cue list thenames of chess world champions, in the order of their reigns, whichallowed him to easily create meaningful associations with thepositions.Clearly, Ericsson and Harris�s (1990) results do not fit thefour theories in review, because their subject used a strategy that is not used by chess players. Gobet and Simon�s results (in press-b)seem to indicate that masters can use a retrieval structure (not in thesense of the 64-square structure proposed by Ericsson & Kintsch,1995, but more in the sense of the method of loci) to increase theircapability of remembering several boards. This mnemonic techniqueseems compatible with the four theories reviewed here.4.5.3 Long-Range LearningAs far as I know, there is only one longitudinal study about chessexpertise. Charness (1989) has re-tested, with the same material,one subject, DH, who had participated nine years earlier in severalchess experiments (Charness 1981a, 1981b). During this period,DH improved his level from about 1,600 ELO to a little more than2,400, that is by four standard deviations. With respect to problemsolving, it took less time for DH to choose a move, and he wasexploring less different base moves (i.e., he was more selective)when tested nine years later. He was also faster to evaluate endgamepositions and slightly more accurate. The size of his tree search didnot vary much, nor his maximum depth of search. In the recall task,DH was close to perfect in the first testing session, and perfect nineyears later. Chunks were larger and less numerous, and thebetween-chunks latencies were smaller in the second testing session.Charness suggests that this reduction in latency may be an indicationthat DH accessed chunks organized as a hierarchy.Although generalization is risky with single-subjectexperiments, these results seem in harmony with the predictions ofthe chunking and template theories: increase in skill occurs mainlythrough differences in chunking (increase in the size of chunks,speed in accessing chunks) and not through an increase in searchmechanisms. Note that the chunk size (on average 2.7 pieces) was

9/3/00Theories of chess memory— 30 —smaller than what is predicted by the template theory, but this maybe due to the recording technique used, similar to that used by Chaseand Simon (1973a), which may break chunks down (Gobet &Simon, 1995b). The smaller inter-chunk latencies could speak infavor of this hypothesis. Alternatively, the reduction in inter-chunklatencies could support the hypothesis of a retrieval structure.4.6 Problem SolvingThis section reviews some empirical data on problem solving with directimplications for the study of memory.When looking for a move in a position, players of all levels visit thesame branch of the search tree several times, a phenomenon that De Groot(1946/1978) dubbed �progressive deepening.� It is interesting that, almostalways, players do not directly access the position in the search tree they areinterested in, but that they access it by generating moves in the mind�s eyefrom the stimulus position, which is normally in plain view. Within theframework of the retrieval structure theory, it is unclear why chess playersshould use progressive deepening, if encoding of a position (problem state)were fast and accurate. It would be easier for them to directly access theproblem state they are interested in, without going through all theintermediary states from the stimulus position to the critical problem state.This difficulty does not plague the knowledge-based or the templatetheories: even masters are likely to use the same prototype or template inseveral states of their search. Because these theories state that it is notpossible to make copies of prototypes or templates rapidly, their slots willbe written over several times, with the consequence that interferencebetween the various states will occur. Then, masters prefer to go over all thestates of a sequence of moves rather than incur the risk of locating a pieceerroneously�a consequence of this interference.As stated above, Chase and Simon (1973b) proposed that skill inchess is mainly based on the presence in LTM of a great number of chunksencoding piece configurations, which trigger moves upon recognition. Inorder to test this hypothesis, Holding and Reynolds (1982) carried out anexperiment in which they first asked subjects to recall a �random� position,and then asked them to find the best move in the position. No differencewas found for the recall task, but good players were superior to weakplayers in the choice of move task. According to Holding and Reynolds,their results hit a harsh blow against Chase and Simon�s hypothesis: skilldifferences were found in a problem-solving task, but not in a memory task,which can be seen as a measure of pattern-recognition abilities. Holding andReynolds proposed an alternative explanation of chess skill in which therole of memory is crucial during the evaluation phase of a position, but notduring the perception phase.It seems to me that Holding and Reynolds�s (1982) criticism isflawed, for three reasons. First, it is plausible to argue that, among the50,000 patterns proposed by Simon and Gilmartin (1973), some of themare present even in random positions, but that their access takes longer, dueto the lack of redundancy of their encoding in LTM. These chunks wouldthen be useless in a recall task with short exposure, but useful in a problem-solving task where there is enough time for them to be accessed. Note thatthis explanation is consistent with masters� clear superiority in the recall ofrandom positions when the presentation time is long. Second, Chase andSimon (1973b) clearly stated that recognition mechanisms are not limited tothe real position on the external board and occur during the anticipation ofpositions in the mind�s eye as well. It is plausible that chessplayers, askedto find a good move in a (for them) meaningless position, execute mentallya move according to simple heuristics, probably common to all players(control of the center, attack of opponent�s King, and so on), and that

9/3/00Theories of chess memory— 31 —recognition mechanisms apply again to the position as it was updated intheir mind�s eye. The probability of discovering a known pattern at differentlevels of search would be higher for strong players, whose pattern databaseis richer. This interpretation would explain that strong players chose bettermoves, even in meaningless positions, without having to postulate adifference in the number of nodes searched.Third, the random character of the positions used by Holding andReynolds (1982) is disputable, since the hypothesis of a randomdistribution of White and Black pieces on each half on the board is notrespected (Gobet, 1993a). As a matter of fact, Holding and Reynoldsimposed three constraints to their positions (1. no King is in check; 2. nopawn is located on the 1st or 8th rank; 3. no piece is attacked by a pawn oris attacked without being defended) that restrain, to say the least, theirrandom character. In these conditions, the greatest care is required for theinterpretation of the experiments using these positions.Another phenomenological aspect of chess expertise to be explainedis the speed with which chess masters access information about adequateplans and position evaluation, and why, according to De Groot(1946/1978), they literally �see� the next move. No search, no applicationof an evaluation function is needed for a first approximation, and thisautomatic process is sufficient enough to play a most reasonable game inspeed chess or simultaneous games against weaker players (Calderwood,Klein, & Crandall, 1988; Gobet & Simon, in press-a). Of course, playing agame at a professional level requires more than a first approximation andasks for deep search and subtle evaluations of the positions reached duringthis search. Although all four theories address this question by supposingthat information in LTM is accessed, only the chunking and templatetheories specify mechanisms allowing this rapid access.As chess players� main occupation is not to perform recallexperiments but to play chess, it is important to address the role of chunks,templates, and retrieval structures during the choice of a move task. Chaseand Simon (1973b) proposed that chunks act as conditions of productionsand that they are linked to instructions allowing the mind�s eye, wheresearch is carried out, to construct structures isomorphic to them. In additionto the roles ascribed by Chase and Simon to chunks, templates can be usedin several other ways (Gobet, 1995). First, they provide relevantinformation on the position at hand (goals, plans, moves, tactical motives,and so on...). Second, as pattern recognition is used recursively duringsearch, they provide information on some positions reached during look-ahead. Third, they allow abstract search in a schemata space, not only in amove space. Finally, the retrieval structure aspect of the template allowsrapid correcting of some values of the schema during look-ahead.With respect to retrieval structures, Ericsson and Kintsch (1995)suggested that they are necessary to explain how strong players canaccurately and rapidly represent changing positions when looking ahead orwhen playing blindfold.5. DISCUSSIONIt is now time to summarize, for each theory, the positive and negative evidence.The reader is referred to the discussion at the end of each set of empirical data fordetails on the application of each theory.The chunking theory does better than is advertised in the literature. Thereason is that most criticisms were aimed at the computer model MAPP (Simon &Gilmartin, 1973), which implemented only a subset of the chunking theory. Sinceall alternative theories but the template theory do not provide one with a detailedmodel, comparison of the verbal exposition of the theory, as done in this paper,seems fairer. The basic ideas (chunks are the units of perceptual learning, and it

9/3/00Theories of chess memory— 32 —takes several seconds to create one of them) account for many results: recall withbrief presentation time (even below 1 s); recall of game and random positions, aswell as positions taken from actual and random games; dominant role of visuo-spatial encoding; and differential recall of positions modified by mirror image or bytranslation. Strong empirical evidence was also gained from studies aimed atidentifying chunks. Assuming that chunks give access to a schematic semantic LTM(as mentioned, but not worked out in detail, by Chase and Simon, 1973b), thechunking theory accounts for the role of semantic orientation as well. The theorydoes not say much about typicality and seems weak with respect to the interferencestudies (in particular with the multiple-board task) and high-level descriptionsreported by masters, though additional assumptions on subjects� strategies and onthe size of chunks may salvage it in these cases. With respect to problem solving, itproposes that chunks are unpacked in the mind�s eye, which allows a rapid accessto the information for a short period of time. The brevity of this storage iscompatible with the phenomena of progressive deepening. Finally, the simulationsreported in De Groot and Gobet (in press) were obtained with essentially achunking model.Knowledge-based theories are harder to judge, because they are left largelyunspecified. Intuitively, they capture the high-level description reported by masters,allowing them to give some explanation for the interference studies and the roles ofsemantic orientation and of typicality. As they do not presuppose any rapid LTMencoding, they seem compatible with progressive deepening. Their weaknesses arewith the recall of very briefly presented positions, with random positions, and withthe effect of board modification. Finally, they do not say much about short-rangelearning.The long-term working memory theory shares many of the difficultiesshown by the knowledge-based theories, in part because, as in the latter theories,many aspects are not specified. Some data are not clearly handled by the theory,including recall of briefly presented positions, interference studies, and short-rangelearning. Other data are directly at variance with the predictions of the theory.Ericsson and Kintsch (1995, p. 237) stress that �The ability to store random chesspositions provides particularly strong evidence for the ability to encode individualchess pieces into the retrieval structure.� The empirical data clearly refute this claim:with the recall of random positions, masters perform poorly with a presentation of 5s (one third of the pieces correct), and even with a presentation of 60 s, they do notrecall more than two thirds of the pieces correctly (both with visual and auditorypresentation). The recall of random illegal games brings their recall of piecelocations close to that of weak players. It is clear that masters take no benefit of aretrieval structure with such positions. Another negative piece of evidence is offeredby the fact that masters do not reach perfect recall with positions having only a fewpieces on the board (�endgames�), and by the differential recall of positionsmodified by mirror image and by translation. Perhaps, the theory fares best with itsexplanation of the rapid access shown by masters to the piece location within aposition. Finally, it is unclear, from the point of view of this theory, why masters,when trying to reach a node already met in the search space, need to mentally playthe moves leading to it and do not reach it directly.In a sense, the template theory takes the best of each of the previoustheories; hence, it is not surprising that it accounts for most of the data reviewed.The concept of chunks accounts for the recall of game and random positions, aswell as positions from game and random games, for the dominant role of visuo-spatial encoding, and for the differential recall of positions modified by mirrorimage or by translation. It also accounts, with additional assumptions reviewedearlier, for eye movements. The concept of templates, which is a mixture of theconcepts of high-level description, chunks, and retrieval structure, is the key forexplaining the interference and multiple-board results and the role of presentationtime on recall of game positions. Since templates (and chunks) are connected toother nodes in semantic LTM memory, they account for the effects of semanticorientation and typicality. Finally, because the encoding power of the template is

9/3/00Theories of chess memory— 33 —weaker than that of the retrieval structure proposed by Ericsson and Kintsch(1995), it does not encounter the same problems with progressive deepening. Notethat, in the current stage of the theory, little is said of the recognition experiments(perhaps this could be addressed by some LTM activation mechanism).Admittedly, the template theory and the retrieval structure theory share manyaspects: rapid encoding into LTM, importance of retrieval cues, short capacity ofSTM. The main difference between the two theories is illustrated by Ericsson andKintsch�s (1995) Figure 4. In the long-term working memory approach, encodingthrough retrieval cues occurs before schemata in LTM are accessed; a genericretrieval structure is postulated. In the template approach, encoding into slots occursafter a schema has been accessed through perceptual cues. Templates offer partialretrieval structures that are specific to a class of positions. These twodifferences�specificity vs. generality of the retrieval structure, and partial vs. totalability of the structure to encode information�explain why one theory accountssuccessfully for most of the results reviewed here, and why the other fails (Gobet,1996). While the general message of Ericsson and Kintsch�that encoding intoLTM is faster than was supposed in earlier models�may be valid, the generalmechanism they propose does not apply to the wide range of domains they claim itdoes. It is not the case that general-purpose retrieval structures develop within alldomains of expertise, in particular in domains where there is no deliberate attemptto improve one�s memory. The concept of retrieval structure seems to offer atheoretically plausible explanation mostly in domains where memory for order isimportant, where there is a conscious effort to both construct and use a memorystructure under strategical control, and where the input is encoded serially. Chess,which offers a bidimensional structure where reliance on the order of encoding isnot important, and which is a domain where memory of positions is not anprimordial goal, does not fit this description, nor do many (most?) other domains ofexpertise. (Note that Ericsson and Kintsch�s treatment of text comprehension doesnot presuppose the presence of a general-purpose retrieval structure and seemscompatible with the template theory.)In addition to accounting for most of the empirical data on chess memory,the template theory, as did the chunking theory, offers a comprehensive theory ofexpertise, including problem solving, perception, and memory. It is embodied as acomputer program, which permits precise tests of the theory to be carried out.While the generality of this theory outside the realm of chess has yet to beestablished, its kinship with the successful chunking theory indicates that itsprospects are good. In addition, it is compatible with EPAM IV (Richman,Staszewski & Simon, 1995), which has recently been used to simulate the behaviorof a mnemonist specialized in the digit-span task, one of the tasks which has led tothe development of the skilled memory theory (Chase & Ericsson, 1982).While Binet (1894, 1966) was quite enthusiastic about his results on skilledmental calculators, he could not help display a clear pessimism for ourunderstanding of the chess players� mind. This judgment was justified both by alack of theoretical structure and by a poverty of experimental tools allowing him tomeasure chess players� abilities. One hundred years after, Binet�s pessimism can beovercome: as discussed in this paper, numerous and refined empirical techniqueshave been developed within cognitive psychology to explore the chess player�smind, and the impact of chess research on the study of expertise in particular and oncognitive psychology in general is important. The main features of chess expertise(selective search, memory for meaningful material in the domain of expertise,importance of pattern recognition) have been shown to be generalizable to otherdomains. As shown in this paper, chess offers a rich database of empirical resultsthat allows for testing theories of expert memory rigorously. In addition, built onprevious information-processing models, a far-ranging and consistent theory ofchess players� memory is now available, which offers a promising framework bothfor developing a complete model of chess expertise, including problem solving, and

9/3/00Theories of chess memory— 34 —for unifying the vast body of experimental results within the study of expertise ingeneral.

9/3/00Theories of chess memory— 35 —6. REFERENCESAllard, F., Graham, S. & Paarsalu, M. E. (1980). Perception in sport: Basketball.Journal of Sport Psychology, 2, 22-30.Baddeley, A. (1986). Working memory. Oxford: Clarendon Press.Binet, A. (1894). Psychologie des grands calculateurs et joueurs d�checs. Paris:Hachette. [Reedited by Slatkine Ressources, Paris, 1981.]Binet, A. (1966). Mnemonic virtuosity: A study of chess players. GeneticPsychology Monographs, 74, 127-162. Translated fom the Revue des DeuxMondes (1893), 117, 826-859.Bradley, A., Hudson, S. R., Robbins, T. and Baddeley, A. (1987). Working me-mory in chess. Unpublished report, Cambridge, May.Brooks, R. L. (1967). The suppression of visualization in reading. Journal ofExperimental Psychology, 19, 289-299.Brown, J. (1958). Some test of decay theory of immediate memory. QuarterlyJournal of Experimental Psychology, 10, 12-21.Bushke, A. (1971). Alekhine blindfold. Chess Life and Review, 26, 521-522.Calderwood, B., Klein, G. A., & Crandall, B. W. (1988). Time pressure, skill,and move quality in chess. American Journal of Psychology, 101, 481-493.Charness, N. (1974). Memory for chess positions: The effects of interference andinput modality. Unpublished doctoral dissertation, Carnegie Mellon University.Charness, N. (1976). Memory for chess positions: Resistance to interference.Journal of Experimental Psychology: Human Learning and Memory, 2, 641-653.Charness, N. (1979). Components of skill in bridge. Canadian Journal ofPsychology, 33, 1-16.Charness, N. (1981a). Search in chess: Age and Skill differences. Journal ofExperimental Psychology: Human Perception and Performance, 2, 467-476.Charness, N. (1981b). Visual short-term memory and aging in chess players.Journal of Gerontology, 36, 615-619.Charness, N. (1989). Expertise in chess and bridge. In D. Klahr & K. Kotovsky(Eds.), Complex Information processing, the impact of Herbert A. Simon.Hillsdale, NJ: Lawrence Erlbaum Ass.Charness, N. (1992). The impact of chess research on cognitive science.Psychological Research, 54, 4-9.Charness, N., and Reingold, E. (1992, July). Eye Movements Studies of ProblemSolving in Chess. Paper presented at the International Congress of Psychology,Brussels, Belgium.Chase, W. G., & Ericsson, K. A. (1982). Skill and working memory. In G. H.Bower (Ed.), The psychology of learning and motivation (Vol. 16). New York:Academic Press.Chase, W. G., & Simon, H. A. (1973a). Perception in Chess. CognitivePsychology, 4, 55-81.Chase, W. G., & Simon, H. A. (1973b). The mind�s eye in chess. In W. G.Chase (Ed.) Visual information processing. New York: Academic Press.Chi, M. T. H. (1978). Knowledge structures and memory development. In R. S.Siegler (Ed.), Children�s thinking: What develops?, Hillsdale, N.J.: Erlbaum.Cleveland, A. A. (1907). The Psychology of Chess and of Learning to play it. TheAmerican Journal of Psychology, XVIII, 269-308.Cooke, N.J., Atlas, R. S., Lane, D.M. and Berger, R. C. (1993). Role of high-level knowledge in memory for chess positions. American Journal of Psychology,106, 321-351.Craik, F. I. M. & Lockhart, R. S. (1972). Levels of processing: A framework formemory research. Journal of Verbal Learning and Verbal Behavior, 11, 671-681.Cranberg, L. & Albert, M. L. (1988). The chess mind. In Obler L. K. & Fein D.(Eds.), The exceptional brain. Neuropsychology of talent and special abilities. NewYork : Guilford press.de Groot, A. D. (1946). Het denken van den schaker. Amsterdam, NoordHollandsche.

9/3/00Theories of chess memory— 36 —de Groot, A. D. (1966). Perception and Memory Versus Thought: Some Old Ideasand Recent Findings. In B. Kleinmuntz (Ed.), Problem Solving, Research, Methodand Theory. New York: Krieger, 1966.de Groot, A. D. (1978). Thought and Choice in Chess (2nd Ed.). The Hague:Mouton Publishers.de Groot, A. D., & Gobet, F. (in press). Perception and memory in chess.Heuristics of the professional eye. Assen: Van Gorcum.de Groot, A. D., & Jongman, R. W. (1966). Heuristics in Perceptual Processes.An investigation of chess perception. XVIII International Congress of Psychology,Moscow, p. 15-24.Dextreit, J. & Engel, N. (1981). Jeu d�checs et sciences humaines. Paris: Payot.Djakow, I. N., Petrowski, N. W., & Rudik, P. A. (1927). Psychologie desSchachspiels. Berlin: de Gruyter.Egan, D. E., & Schwartz, E. J. (1979). Chunking in recall of symbolic drawings.Memory & Cognition, 7, 149-158.Eisenstadt, M. & Kareev, Y. (1977). Perception in game playing: internal re-presentation and scanning of board positions. In P. N. Johnson-Laird & P. C.Wason (Eds.), Thinking: Readings in Cognitive Science. Cambridge: CambridgeUniversity Press.Ellis, S. H. (1973). Structure and experience in the matching and reproduction ofchess patterns. Unpublished doctoral dissertation, Carnegie Mellon University.Elo, A. (1978). The rating of chess players, past and present. New York: Arco.Engle, R. W., & Bukstel, L. (1978). Memory processes among bridge players ofdiffering expertise. American Journal of Psychology, 91, 673-689.Ericsson, K. A., & Harris M. S. (1990, November). Expert Chess MemoryWithout Chess Knowledge: A Training Study. Paper presented at the 31st AnnualMeeting of the Psychonomics Society, New Orleans.Ericsson, K. A., & Kintsch, W. (1995). Long-term working memory.Psychological Review, 102, 211-245.Ericsson, K. A., & Oliver, W. (1984, November). Skilled memory in blindfoldedchess. Paper presented at the annual meeting of the Psychonomic Society, SanAntonio, TX.Ericsson, K. A., & Polson, P. G. (1988). A cognitive analysis of exceptionalmemory for restaurant orders. In M. T. H. Chi, R. Glaser, & M. J. Farr (Eds.),The Nature of Expertise. Hillsdale, NJ: Erlbaum.Ericsson, K. A., & Staszewski, J. J. (1989). Skilled memory and expertise:mechanisms of exceptional performance. In D. Klahr. & K. Kotovsky (Eds.),Complex information processing: The impact of Herbert A. Simon. Hillsdale, NJ:Erlbaum.Feigenbaum, E . A. & Simon, H. A. (1962). A Theory of the Serial PositionEffect. British Journal of Psychology, 53, 307-320.Feigenbaum, E. A. (1963). The simulation of verbal learning behavior. In E. A.Feigenbaum & J. Feldman (Eds.), Computers and thought. New York: McGraw-Hill.Feigenbaum, E. A., & Simon, H. A. (1984). EPAM-like models of recognitionand learning. Cognitive Science, 8, 305-336.Fine, R. (1965). The psychology of blinfold chess: an introspective account. ActaPsychologica, 24, 352-370.Frey, P. W., & Adesman, P. (1976). Recall memory for visually presented chesspositions. Memory and Cognition, 4, 541-547.Freyhoff, H., Gruber, H. & Ziegler, A. (1992). Expertise and hierarchicalknowledge representation in chess. Psychological Research, 54, 32-37.Gobet, F. (1993a). Les m�moires d�un joueur d�checs. Fribourg: EditionsUniversitaires.Gobet, F. (1993b). A computer model of chess memory. Proceedings of 15thAnnual Meeting of the Cognitive Science Society, (pp. 463-468).Gobet, F. (1995). Chess thinking revisited. Submitted for publication.

9/3/00Theories of chess memory— 37 —Gobet, F. (1996). Long-Term Working Memory: Comment on Ericsson andKintsch (1995). Submitted for publication.Gobet F., & Jansen, P. (1994). Towards a chess program based on a model ofhuman memory. In H. J. van den Herik, I. S. Herschberg, & J. W.Uiterwijk(Eds.), Advances in Computer Chess 7. Maastricht: University of Limburg Press.Gobet, F., & Simon, H. A. (1992, July). Chess memory revisited: Recall ofseveral boards. Paper presented at the XXVth International Congress ofPsychology, Brussels.Gobet, F., & Simon, H. (1995a). Role of presentation time in recall of game andrandom chess positions. Submitted for publication.Gobet, F., & Simon, H. A. (1995b). Expert chess memory: Revisiting thechunking hypothesis. Manuscript submitted for publication.Gobet, F., & Simon, H. A. (in press-a). The Roles of recognition processes andlook-ahead search in time-constrained expert problem solving: Evidence fromgrandmaster level chess. Psychological Science.Gobet, F., & Simon, H. A. (in press-b). Templates in chess memory: Amechanism for recalling several boards. Cognitive Psychology.Gobet, F., & Simon, H. A. (in press-c). Recall of random and distorted positions:Implications for the theory of expertise. Memory & Cognition.Gobet, F., & Simon, H. A. (in press-d). Recall of rapidly presented random chesspositions is a function of skill. Psychonomic Bulletin & Review.Gobet, F., Richman, H., & Simon, H. A. (in preparation). Chess players� memoryand perception: a unified process model.Gold, A. & Opwis, K. (1992). Methoden zur empirischen Analyse von Chunksbeim Reproduzieren von Schachstellungen. Sprache & Kognition, 11, 1-13.Goldin, S. E. (1978a). Memory for the Ordinary: Typicality Effects in ChessMemory, Journal of Experimental Psychology: Human Learning and Memory, 4,605-616.Goldin, S. E. (1978b). Effects of orienting tasks on recognition of chess positions.American Journal of Psychology, 91, 659-671.Goldin, S. E. (1979). Recognition memory for chess positions: Some preliminaryresearch. American Journal of Psychology, 92, 19-31.Gruber, H. & Strube, G. (1989). Zweierlei Experten : Problemisten, Partiespielerund Novizen bei L�sen von Schachproblemen. Sprache & Kognition, 8, 72-85.Gruber, H. (1991). Qualitative Aspekte von Expertise im Schach. Aachen:Feenschach.Gruber, H., & Ziegler, A. (1990). Expertisegrad und Wissensbasis. EineUntersuchung bei Schachspielern. Psychologische Beitr�ge, 32, 163-185.Hartston, W. R. & Wason, P. C. (1983). The psychology of chess. London:Batsford.Holding, D. H. (1985). The psychology of chess skill. Hillsdale, NJ: Erlbaum.Holding, D. H. (1992). Theories of chess skill. Psychological Research, 54, 10-16.Holding, D. H., & Reynolds, R. I. (1982). Recall or evaluation of chess positionsas determinants of chess skill. Memory and Cognition, 10, 237-242.Horgan, D. D., & Morgan, D. (1990). Chess expertise in children. AppliedCognitive Psychology, 4, 109-128.Jongman, R. W. (1968). Het oog van de meester. Amsterdam: Van Gorcum.Kintsch, W. (1970). Models for free recall and recognition. In D. A. Norman,(Ed.), Models of human memory. New York: Academic Press.Kovacevic, M. (1985). Kognitivi Processi v Sahu. (Cognitive Processes in Chess).Unpublished Diploma Thesis, Filozofski Fakultet v Beogradu.Lane, D. M., & Robertson, L. (1979). The generality of the levels of processinghypothesis: An application to memory for chess positions. Memory and Cognition,7, 253-256.Larkin, J. H., & Simon, H. A. (1987). Why a Diagram Is (Sometimes) Worth TenThousands Words. Cognitive Science, 11, 65-99.

9/3/00Theories of chess memory— 38 —Lories, G. (1984). La m�moire des joueurs d�checs (revue critique). L�Ann�ePsychologique, 84, 95-122.Lories, G. (1987). Recall of random and non random chess positions in strong andweak chess players. Psychologica Belgica, 27, 153-159.Mc Keithen, K. B., Reitman, J. S., Rueter, H. H., & Hirtle, S.C. (1981).Knowledge organisation and skill differences in computer programmer. CognitivePsychology, 13, 307-325.Miller, G. A. (1956). The magical number seven, plus or minus two: Some limitson our capacity for processing information. Psychological Review, 63, 81-97.Newell, A., & Simon, H. A. (1972). Human Problem Solving. Englewood Cliffs,NJ: Prentice-Hall.Peterson, L. R. & Peterson, M. (1959). Short-term retention of individual items.Journal of Experimental Psychology, 58, 193-198.Pfau, H. D., & Murphy, M. D. (1988). Role of verbal knowledge in chess.American Journal of Psychology, 101, 73-86.Reitman, J. S. (1976). Skilled perception in go: deducing memory structures frominter-response times. Cognitive Psychology, 8, 336-356.Reynolds, R. I. (1982). Search heuristics of chess players of different calibers.American Journal of Psychology, 95, 383-392.Richman, H. B., & Simon, H. A. (1989). Context effects in letter perception:Comparison of two theories. Psychological Review, 96, 417-432.Richman, H. B., Simon, H. A. & Gobet, F. (1991, July). Applying retrievalstructures to chess memory. Paper presented at the International conference onmemory, Lancaster.Richman, H. B., Staszewski, J., & Simon, H. A. (1995). Simulation of expertmemory with EPAM IV. Psychological Review, 102, 305-330.Rosch, E. H. (1973). On the internal structure of perceptual and semantic ca-tegories. In T. E. Moore (Ed.), Cognitive development and the acquisition oflanguage . New York: Academic Press.Saariluoma, P. (1984). Coding problem spaces in chess: A psychological study.Commentationes scientiarum socialium 23. Turku: Societas Scientiarum Fennica.Saariluoma, P. (1985). Chess players� intake of task-relevant cues. Memory &Cognition, 13, 385-391.Saariluoma, P. (1989). Chess players� recall of auditorily presented chesspositions. European Journal of Cognitive Psychology, 1, 309-320.Saariluoma, P. (1990). Apperception and restructuring in chess players problemsolving. In K. J. Gilhooly, M. T. G. Keane, R.H. Logie, and G. Erdos (Eds.)Lines of thinking (Volume II). New York: Wiley.Saariluoma, P. (1991). Aspects of skilled imagery in blinfold chess. Actapsychologica, 77, 65-89.Saariluoma, P. (1992). Visuospatial and articulatory interference in chess players�information intake. Applied Cognitive Psychology, 6 , 77-89.Saariluoma, P. (1994). Location coding in chess. The Quarterly Journal ofExperimental Psychology, 47A, 607-630.Selz, O. (1922). Zur Psychologie des produktiven Denkens und des Irrtums. Bonn:Friedrich Cohen.Shneiderman, B. (1976). Exploratory experiments in programmer behavior.International Journal of Computer and Information Sciences, 5, 123-143.Simon, H. A. (1976). The information-storage system called �human memory.� InM. R. Rosenzweig, & E. L. Bennet (Eds.), Neural Mechanisms of Learning andMemory. Cambridge, Mass: MIT Press.Simon, H. A., & Barenfeld, M. (1969). Information processing analysis of per-ceptual processes in problem solving. Psychological Review, 76, 473-483.Simon, H. A., & Chase, W. G. (1973). Skill in Chess, American Scientist, 61,393-403.Simon, H. A., & Gilmartin, K. J. (1973). A simulation of memory for chess po-sitions. Cognitive Psychology, 5, 29-46.

9/3/00Theories of chess memory— 39 —Sloboda, J. A. (1976). Visual perception of musical notation: Registering pitchsymbols in memory. Quarterly Journal of Experimental Psychology, 28, 1-16.Staszewski, J. J. (1988). Skilled memory and expert mental calculation. In M. T.H. Chi, R. Glaser, & M. J. Farr (Eds.), The Nature of Expertise. Hillsdale, NJ:Erlbaum.Staszewski, J. J. (1990). Exceptional memory : The influence of practice andknowledge on the development of elaborative encoding strategies. In W. Schneider& F. E. Weinert (Eds.), Interactions among aptitudes, strategies, and knowledge incognitive performance (pp. 252-285). New York : Springer.Thurstone, L. L. (1930). The relation between learning time and length of task.Psychological Review, 37, 44-48.Vicente, K. J., & de Groot, A. D. (1990). The Memory Recall Paradigm:Straightening Out the Historical Record, American Psychologist, February, 285-287.Vicente, K. J., & Wang, J. H. (1995). An ecological theory of expertise effects inmemory recall. University of Toronto, Department of Industrial Ingineering, CEL95-01.Watkins, M. J., Schwartz, D. R., & Lane, D. M. (1984). Does part-set cueing testfor memory organization? Evidence from reconstruction of chess positions.Canadian Journal of Psychology, 38, 498-503.ACKNOWLEDGEMENTSPreparation of this article was supported by grant No. 8210-30606 from the SwissNational Funds of Scientific Research and by Grant No. DBS-9121027 to H. A.Simon from the American National Science Foundation. Correspondenceconcerning this article should be addressed to Fernand Gobet, Department ofPsychology, University of Nottingham, University Park, Nottingham NG7 2RD,England.The author thanks Neil Charness, Adriaan de Groot, Howard Richman,Herbert Simon, Jim Staszewski, Shmuel Ur, and one anonymous reviewer forvaluable comments on a first draft of this manuscript.