DillenbourgThe Language Shift- 1 -The Language Shift : a mechanismfor triggering metacognitive activities.Pierre DillenbourgTECFAFacult� de Psychologie et des Sciences de l�EducationUniversity of Geneva (Switzerland)A b s t r a c t This chapter presents a metaphor for designing educational computingsystems (ECSs) that progressively transfer to the learner an increasingamount of control in the problem solving process. The continuous variationof learner’s control is segmented in a few levels. The transition from somelevel i to the next higher level i+1 results from the internalization of theconcepts necessary to control the activities at level i. The use of reflectiontools is proposed for supporting the internalization process. Thesereflection tools reify the control features of the learner’s activities, i.e.they make concrete some abstract features of her behaviour. The nextlevel is reached when the learner is able to use aspects refied at level i tointeract with the system at level i+1. A same control concept is hence usedfirstly as a description language (by the system) at some level i and thenas a command language (by the learner) at the level i+1. This language shiftmechanism elevates the learner’s level of control and her level ofabstraction. It is described by analogy with an elevator that would moveinside a pyramid. A floor of the pyramid corresponds to some control level.We use a formal notation to look inside the language shift mechanism andrelate it to various psychological theories and current ECSs. in P. WINNE and M. JONES (Eds). Adaptive Learning Envirtonments (pp. 287-315).Berlin: Springer-Verlag

DillenbourgThe Language Shift- 2 -1. IntroductionMetacognition refers to "understanding of knowledge, an understanding that can bereflected in either effective use or overt description of the knowledge in question"(Brown, 1987). This definition covers the two main facets of metacognition :regulation of action and knowledge about knowledge. Metacognition is a very complexconcept because it touches on many fundamental issues in cognitive psychology, suchas learning, understanding, reading, consciousness, self-image etc.. This overextended meaning may lead to give the word "metacognition" the image of an emptyconcept.The complexity and looseness of this concept does not question its importance(Schoenfeld, 1987). This complexity corresponds to a particular stage in research :the various mechanisms that exist under the "metacognition" label have still to beisolated and labelled (Brown, 1987). We do believe that metacognition research hasthe potential to improve actual classroom practice. Schoenfeld (1987), andPalincsar and Brown (1984) have demonstrated concrete and efficient forms ofmetacognitive training. Metacognitive research has "reawakened an interest in therole of consciousness, or awareness, or understanding, in thinking and problem-solving" (Campione, 1987). This not for scientific pleasure : it concerns thousandsof children who are wasting their live at the back of some classrooms. Learningdisabilities appear to be connected with poor metacognitive skills (Wong, 1985)and can be reduced by metacognitive development programs (Campione 1987).What is the link between metacognition and design of an ECS? If metacognition isrelated to learning, it is still more closely related to self-instruction (Weinert andKluwe,1987), and therefore to learning with an ECS. The debate about studentcontrol that opposes LOGO defenders with partisans of strong tutoring is typically ametacognitive issue. Moreover, metacognition is also related to motivation - throughthe self-image (Weinert and Kluwe, 1987) - and to the issue of transfer, two keyissues in ECS evaluation.The development of ECSs field is still obstructed by narrow-minded people that canonly consider two possibilities : either you build a very directive teaching systemthat will be very efficient and centred on some specific content, either you leave thestudents playing around, roughly speaking learning nothing about vague cognitiveskills. Metacognitive investigations goes beyond this stupid discrimination and opensthe door on ECSs that acknowledge the context-dependency of knowledge and theimportance of basic procedural skills.This chapter is based on a continuous view of metacognition: there is no one singlecognition level plus a control level, but instead an (infinite) tower of levels, eachlevel controlling the hierarchically inferior level (Brown, 1987; Maes,1988).Recursion is the only way to implement this infinite tower within a finite device,the human brain. We hence discard the idea of having some metacognitive box thatcontrols some other cognitive box. Metacognition is rather the ermergent propertyof our cognitive system when it processes information about itself. In thiscontribution, we analyse the metacognitive processes in terms of inductive,deductive and analogical processes that are not specific to metacognitive activities.This chapter will focus on an important concept in metacognition : reflection. Theword "reflection" has two meanings. The psychological reflection is the cognitiveactivity that leads to some consciousness of one’s own knowledge. The physicalreflection consists in returning to something its own image. This chapterinvestigates how the computer’s physical reflection can support the learner’spsychological reflection by presenting her some reified description of her behaviour(Brown,1985; Collins and Brown,1988).Reification means making concrete

DillenbourgThe Language Shift- 3 -abstract aspects of behaviour, or, in Wenger’s terms (1987), creating a writtennotation for a process. We won’t consider the computer’s reflection in thepsychological sense, i.e. a fiel of research better known under the label"computational reflection" (Maes, 1988).2. Framework for interaction designIt is our ambition to present a lecture that goes beyond the simple description ofsystems that care about metacognition or the enumeration of a few empirical rules.We have attempted to describe our approach in a formal way. The result of thisattempt, although incomplete, constitutes a first step in the long-term developmentof computational mathetics, i.e. a computational formalisation of the learningprocess and of the ECS design process (Self, 1990). The specificity of our disciplineis precisely the relationship between the learning process and the design process. Sofar, these processes have been separated : at one hand, we have some theories aboutlearning, and at the other hand, we have some principles about how to design an ECSthat promotes leaning. The latter is supposed to be consistent with the former, butthey are still separated. The challenge is to integrate the later in the former : theECS features have to be incorporated in the theory of "learning with an ECS". Thequest for such an integrated theory is the major difference between research effortsand development work. Computational mathetics aims to be this unified theory,under some computational form. We have already attempted to develop a similarframework in the domain of student modelling approaches (Dillenbourg and Self,1 9 9 0 ) . This formal notation is not completed in the sense that, at the end, reasoning withthe proposed notation is not simpler than reasoning on real problems. Theorems arenot available for formal deductions. However, we believe it is still worth to presentas a first step towards computational mathetics. We will firstly describe thenotation and then the language shift mechanism with the associated pyramidmetaphor. An example, theoretical foundations and relations with similar work willbe described later on.3. Terminology and NotationThis section introduces some minimal notation that will be used in this attemptedframework. We restrict ourselves to a few concepts related to metacognition andlearner-system interaction. We use uppercases to represent sets and lowercases forelements. Variables will be denoted _variable.The atoms of the framework are actions. An action is any act performed by a agentthrough the interface : a sentence typed in by the learner, a window open by thesystem, a button pushed by the learner,... A action will be noted by a predicate :action (_agent, _problem, _level, _time)An agent is a cognitive system able to use an interface. In this framework, werestrict ourselves to two agents, the learner or student and the system or computer.This framework may be extended to multi-agents systems : for instance systemswith several real learners or systems where computer plays the role of acollaborative learner (Dillenbourg and Self, to appear). Hence we have :action (learner, _problem, _level, _time)oraction (system, _problem, _level, _time)

DillenbourgThe Language Shift- 4 -A problem is defined by its appartenance to a probem class. A problem class is a setof problems that have similar intrinsic features, i.e. the knowledge required tosolve, the solution process, etc. A class may be subdivided into several subclasses.Within each subclass, problems have similar extrinsic features, i.e. a similarexpression, within a similar context,... The solution of each problem requiresactivating knowledge specific to its subclass plus the knowledge shared by the allclass. For instance, if the class is "fault diagnosis", we can have many subclassessuch as "car engine diagnosis", "hard disk diagnosis", "water pump diagnosis",... Thefirst subclass can again be subdivided into "Porshe engine diagnosis", "Fiat enginediagnosis", ... This distinction between problems classes and sub-classes will belater necessary for discussing the transfer issue. Each class can obviously beconsidered a subclass of some larger set of problems. It is considered as a class if itis the largest subclass among the pedagogical objectives. A problem class is noted Pand its subclasses Pi. A problem is associated with a number in subscript :Example : action (_agent, problem1, _level, _time)The "level" slot refers to the agent’s reasoning. For the purpose of this paper, wedefine the agent’s reasoning as a hierarchy of control levels. This hierarchy looksmore like a pyramid than like a inverted tree (with roots in the sky) because eachdecision at one level does not necessarily map to a few at the inferior level.Sometimes, control may be more global, e.g. when chosing a main approach to someproblem. An example of segmentation in control levels is presented in section 8.Levels will be noted by an integer that counts the levels from the bottom of thepyramid. It must be said that the concept of control level is broader that in thechunking theory, the internalization of some concept requiring some abstraction inaddition to a simple compilation process.Example : action (_agent, _problem, level-1, _time)The time is here defined as the position of an action within a sequence of actions. Wedo not represent the length of intervals. Time is represented by an integer :Example : action (_agent, _problem, _level, 5)For the simplicity of writing this complex predicate will sometimes we denotedsimply by writing its time slot in subscript :action5 = action (_agent, _problem, _level, 5)The action space is the set of actions from which some agent may select its actions.The action space is defined by a triplet :Action-Space (agent, level, pedagogical-approach)The set of actions available vary according the agent, the level and the pedagogicalapproach. The learner�s action space is determined by the system according to itscurrent pedagogical approach. For instance, the action "consulting the dictionary"may be accepted at some stage of the interaction, and forbidden during the evaluationstage. The system�s action space is defined by the designer and the interaction.Determining the learner’s action space is important for the purpose of this paper,since it represents the system’s ability to tune the learner�s control of the system:roughly speaking, the complexity of student’s control increases with the size of heraction space. The choice of a pedagogical methods will not be discussed in thisframework, but it could be introduced in relation to the action space concept.

DillenbourgThe Language Shift- 5 -An action space can be viewed as a language with a set of basic actions as vocabularyand with a few syntactical rules that govern sentence building. According to thegrain-size of analysis, an action may be one word long (such as a key press or aclick) or some more complex sentence (e.g. click on object A, drag it on top ofobject B and select the "connect" menu option.). We will specify later on differentkinds of language.A behaviour of an agent X is a subset of X’s action space, i.e. a set of actions that havethe same agent-slot X and have been performed for a same problem :Behaviour (agentx, problemi) = {action (agentx, problemi, _level, 1),action (agentx, problemi, _level, 2),action (agentx, problemi, _level, 3),action (agentx, problemi, _level, 4),... }The interaction is a sequence of actions performed by agents through the interface.Each action belong to the current action space of each agent. We only considerstudent-computer interactions but the notation leaves the gate open for other classesof interactions, e.g.interaction between two learners. The interaction between twoagents X and Y for some problem Z is denotedInteraction (agent-X, agent-Y, problem-Z)Example :Interaction (learner, system, problemi) = { action (learner, problemi, _level, 1),action (system, problemi, _level, 2),action (learner, problemi, _level, 3),action (system, problemi, _level, 4),... } Finally, the representation that some agent has of some object is denotedrepresentation (agent, object)4. The "lift in the pyramid" metaphorFigure 1 shows the metaphor we will use in this chapter : a lift within apyramid. The pyramid represents the hierarchy of controls described in theprevious section and each floor corresponds to some level of control. The groundfloor is called floor 1. The lift cabin represents the activity of the learner. The liftposition within the pyramid represents how the reasoning is shared between thelearner and the system. The area above the lift is the part of the reasoning processwhich is regulated by the system (the tutor component). In the area below the lift,one finds the functionnalities offered by the system to solve problems, e.g. basiccalculus tools. The size of the lift represents the number of decision levels assumedby the learner, i.e. the cognitive load on the learner�s shoulders.It is always possible to imagine a level beneath or above the level considered.Thedefinition of a ground floor is contex-dependent and arbitrary. The ground floor ofan ECS that teaches equations solving may for instance be the top floor of anothersystem on elementary calculus.

DillenbourgThe Language Shift- 6 -The command language defines the learner�s action space : the words of the languagedetermine the available actions and the language syntax sets the possiblecombinations of actions. At the outset, this command language defines the baseline ofthe pyramid, but this paper will show that we can elevate the command language tohigher floors. The description language is a set of words and syntactical rules usedby the computer to present a representation of learner�s action. A representationlanguage is not neutral but emphasizes some features. The description language issupposed to be some graphical language, composed of objects and relation betweenobjects. The objects represent the learner�s actions. The relations between objectshence reify the relations between actions, i.e. the control performed at the lowerfloor.The system action space is composed of direct answers to learner’s commands plussentences from description language. For example, in Algebraland (Brown, 1985),if the learner use the command "distribute" on the equation 3(x -5) = 7 , then thesystem will have two actions : returning the new equation 3x - (3*5 )= 7 anddrawing a line that reifies the transfornation link between these states.System S y s t e m U s e r ( T u t o r ) (Problem Solving Environment)Description LanguageCommand LanguageZone of proximal developmentCognitive LoadTransferLEVEL 3LEVEL 2LEVEL 1LEVEL 4Figure 1 : The "Lift in the Pyramid" metaphor

DillenbourgThe Language Shift- 7 -In our notation, the action spaces can hence be defined as follow :(Action-space (learner, levelN, p)) ={ action (learner,_,levelN,_) | action (learner,_,levelN,_) ˛ command-language}(Action-space (system, level-N, p))={action(learner,_,levelN,_)| action(learner,_,levelN,_) � action(system,_,_,_)} U{action(system,_,levelN+1,_)|action (system,_,levelN+1,_)˛description-language}5. The ascending mechanismsTeachers aim that learners perform better in higher levels of control andabstraction. Metaphorically, the goal is that the lift reaches the highest floors. Itmust be said that, for many tasks, it is probably difficult to imagine more thanthree or four levels and that the relationship between two levels is probably notidentical all through the pyramid: "Nature may not always be theoreticallyaesthetic" (Wenger, 1987). We examine the mechanisms of shifting to the nextlevel (up), which can recursively lead to this goal.5.1. The structure of experience.Lets imagine that the learner has to solve a problem 1, at the first floor of thepyramid. His behaviour is :Behaviour (learner, problem1) = {action (learner, problem1, level1, 1),action (learner, problem1, level1, 2),action (learner, problem1, level1, 3),action (learner, problem1, level1, 4),... }where actions are sentences of the command languageThe microworld may give an answer to each learner�s action. If the action is simplytyping text into a window, then the answer is neutrally bringing characters on thescreen. But if the action consists in using some facility offered by the microworld,then the system response may be the result of some longer computation. The actionof the computer may also be to do nothing.Interaction (learner, system, problem1) = {action (learner, problem1,level1, 1),action (system, problem1, level1, 2),action (learner, problem1, level1, 3)action (system, problem1, level1, 4),action (learner, problem1, level1, 5),... }For reifying the learner�s behaviour, the system has supplementary actions,expressed with the description language. These actions describe the relation betweenthe last n learner�s actions, where n varies according to the problem, the level andthe time. In the simplest case, the description language reifies the relation betweenthe two last learner’s actions and the intermediate system’s action. The reificationsactions belong indeed to a higher level, here level 2, since they represent thecontrol feature of the lower level. Subsequently, an interaction with systematicreification of the control aspects of learner’s behaviour becomes something like :

DillenbourgThe Language Shift- 8 -Interaction (learner, system, problem1) = {action (learner, problem1, level1, 1),action (system, problem1, level1, 2),action (learner, problem1, level1, 3),action (system, problem1, level2, 4),action (system, problem1, level1, 5),action (learner, problem1, level-1, 6),action (system, problem1, level2, 7),... }where the level-2 actions are a sentence from the description languageand, in this example :action (system, problem1, level2, 4) =Representation (system, relation (action1,action2,action3))andaction (system, problem1, level2, 7) =Representation (system, relation (action3,action5,action6))The description language sentences constitute the punctuation that enables thelearner to split the interaction sequence into interaction segments. An interactionsegment is a subset of the interaction described by a description language sentence:Interaction-Segment (learner, system, problemi, i) = {...action (learner, problemi, levelN-1, M-3),action (system, problemi, levelN-1, M-2),action (learner, problemi, levelN-1, M-1),action (system, problemi, levelN, M)}If we imagine that the problem is to add fractions, here is an example of interactionfragment :Interaction-Segment (learner, system, "(2/3 + 4/9)", i) = {action (learner, "(2/3 + 4/9)", level2, 5) =clicks on fraction 2/3 and asks "mutl-den-by" with arg.3action (system, "(2/3 + 4/9)", level2, 6) =replaces 3 by 9action (learner, "(2/3 + 4/9)", level2, 7) =clicks on fraction 2/3 and asks "mutl-num-by" with arg.3action (system, "(2/3 + 4/9)", level3, 8)} =graphical representation of "make-equivalent-fraction"}This segment shold be preceded by another one where the learner determines thecommon denominator and followed by other ones where she performs the addition andeventual simplification. This example is at level 2 since the learner does notperform the aritmetic operations by itself, but asks the system to do it via thecommand language. At a higher level, this segment would become a part of a segmentcalled "reduce-to-the-same-denominator".The length of a interaction segment may vary. The system action between the twolearner�s actions (actionm-2) is necessary to understand the relationship betweenthe learner�s actions only if this system�s actions brings new information necessaryfor the choice of the learner�s second action. Otherwise, this action can be removedfrom the segment. This model further simplifies reality by the fact that the

DillenbourgThe Language Shift- 9 -student’s actions are considered to constitute a flat set. Things may be more complex(e.g action3 resulting from action1 instead of resulting from action2 ). It isclear that a model needs to make some simplifications to be useful, it is indeed thesesimplifications that create its heuristic power.This interaction will be repeated for successive problems of P. After some time, thelearner has observed a large set of interaction segments.The learner�s experience isa collection of these segments, denoted E :E = { Interaction-Segment(learner, system, problemi, n)Interaction-Segment(learner, system, problemi, m)Interaction-Segment(learner, system, problemj, p)Interaction-Segment(learner, system, problemk, q)... }5.2. The induction postulateThe interaction gives the learner the opportunity to observe the computer’srepresentation of control features. The aim is that the learner can build her ownrepresentation as a result of the internalisation process :(internalisation(Representation(system, relation (...,actionM-3,actionM-2,actionM-1))�(Representation (learner, relation (...,actionM-3,actionM-2,actionM-1))This section and the next ones analyses how reflection can help this internalisationprocess.The role of reflection is to organize and structure experience. We base ourwork on the postulate that this process is mainly inductive. Campbell and Bickhard(1986) proposed the concept of environmental interaction patterns as a basis forcognitive development. In the current problem, interaction patterns are sets ofsimilarities between segments. These patterns will be internalized as metacognitiveconcepts. But this induction process is very difficult since it concerns relationalconcepts (concepts describing relations between actions).We will see how the computer can help this induction. This inductive processincludes two stages : first clustering, i.e. grouping segments into classes, then pureinduction, i.e. searching for similarities between objects within each cluster. Innatural learning-concept-from-example situations, clustering and inducing areintertwined : making classes is guided by the common properties of the objects inthe classes and dicovering these properties is oriented by some idea of what theconcept could be. Educational settings make the learner’s life easier by artificiallyseparating these two stages : the tutor classifies objects into positive and negativeexamples of the concept to be acquired or sets up an environment in which thisclassification appears clearly to the learner. Then, in a third stage, the integrationof the acquired concept can be improved by constraining the learner to use thedescription language as a new command language. These three stages are described inthe next sections.5.3. Clustering stage In our case, clustering means regrouping segments that correspond to a similarrelation between student’s actions. The description language includes the informationnecessary to perform this task. Remember that elements of Es (to be clustered) areof the form :

DillenbourgThe Language Shift- 10 - {...action (learner, problemi, levelN-1, M-3),action (system, problemi, levelN-1, M-2),action (learner, problemi, levelN-1, M-1),action (system, problemi, levelN, M)}According to our definition of the syntax of the description language, the last elementof this segment is a representation of the relation between the previous elements :action (system, problem1, levelN, M) =Representation (system, relation (...,actionM-3,actionM-2,actionM-1)) This equation reduces the complexity of the clusteringstage because induction is performed on a single element (actionm) instead of onwhole segments and also because this element has concrete (visual) features(provided that actionm belongs to a graphical description language).If the description language must guide the clustering process, its syntax should bedesigned to ease this process. Let’s imagine a description language composed ofobjects. Any pair of objects (o1, o2) can be connected according to four rules : up,down, left, right. Then the learner�s experience may be partitionned as follow :E = { Es.up, Es.down,Es.left,Es.right} whereEup={Interaction-Segment (learner,system,_,n)| actionm = up(o1,o2)}Edown={Interaction-Segment (learner,system,_,m)| actionm = down(o1,o2)}Eleft={Interaction-Segment (learner,system,_,p)| actionp = left(o1,o2)}Eright={Interaction-Segment (learner,system,_,q)| actionq = right(o1,o2)}... or in short :E={Erel.1,Erel.2,...|Erel.x={Interaction-Segment(learner,system,_,n)|actionm=rel.X(o1,o2)}}Given that the syntax of the description language has to guide the clustering process,the designer has to choose a syntax that is sufficient but simple. If the possiblerelations are numerous or complex or not easy to perceive, the clustering processwill be more complex.5.4. Inducing stageThe task of the learner is now to perform induction on each cluster of El. One clusteris :Erel.x={Interaction-Segment(learner,system,_,n)|actionm =rel.X(o1,o2)}whererelx(o1,o2)= representation (system, relation(...,actionm-3,actionm-2,actionm-1))Since machine learning has passed through its "glasnost", we know pure inductiondoes not exist, because the role of background knowledge is very important(Dietterich,1986). We use in induction a lot of knowledge from the context, fromthe usefulness of the concept to be acquired, from our previous experiences, etc. Thelearner does not perform induction in a knowledge-free environment. An ECS isprecisely a environment in which the amount of available knowledge can be partiallycontrolled.

DillenbourgThe Language Shift- 11 -The semantics of the description language may contain -or not - this information : aconcrete (visual) relation between objects which represents metaphorically thereal relation between the learner’s actions. If this metaphor is very obvious, thelearner can deduce the common features that she is expected to find within thecluster. For instance, in figure 2a, it can be logically deduced that this patternincludes A � B action sequences; while figure 2b describes a pattern where therelation between A and B is that they both result from a third action X.action Aaction Baction Baction Xaction AFigure 2.a Figure 2.bIn other words, the design of the description language must take into account itsanalogical role in guiding induction. This analogy does not exempt the learner frominduction : analogy is far from being an error-free process (Hall,1989). Thelearner has to check on the cluster objects and consider the context in order to give aparticular meaning to relation described by the language5.5. Integration : the language shift mechanismWhen the learner has acquired a new concept about her own behavioural regulation,the system should constrain her to use these concepts for later problems. This canbe done by using the description language as a new command language (and offering anew description language). This is what we called the "language shift". Thismechanism is defined by the following equation :description language at leveln = command language at leveln + 1 After language shift, the learner has new tools for solving the problem, i.e. hersolution process is changed. The new tools can be implemented by means such as newoptions in menus. Naming a new concept (as menu item) anchors this concept inlearner’s memory. In the pyramid metaphor, this language shift corresponds to thelift moving one level up, when one constrains the learner to describe her behaviourin terms of how it is regulated instead of by performing the actions directly .A corollary of the above equation is that the system has to perform the actions thelearner performed at the previous level :Action-Space (system,levelN,p)= Action-Space (learner,levelN+1,p)The learner’s cognitive effort necessary for reaching the next floor is somewhatlessened by the fact that the bottom boundary of the learner�s activities goes upsimultaneously : she no longer has to perform the computation required by heractions, since the computer does it for her. She now has more cognitive resourcesavailable for concentrating on the control aspects. This is representedmetaphorically on the pyramid by the fact that the lift remains the same size.Thefinal goal of an ECS is obviously that the learner becomes able to perform alone allthe control covered by the pyramid. However, by allocating the automatization ofsubskills to the system instead of to the learner, the focus on metacognitive aspectscan be made sooner and more efficiently. An alternative approach to the computer-made automatization of subskills is the learner-made automatization of thesesubskills, i.e. the systematic practice of these skills, until they are compiled inquasi-automatic procedures.

DillenbourgThe Language Shift- 12 -6. Inside the language shift : action sub-spaces.We have described the language shift as a all-or-none process. This process can beanalyzed more finely if we stratify the learner’s actions space into ordered subsets.We have empirically determined five sub-spaces according to the kind of activitiesthat the learner is allowed to perform on the description of her behaviour :observingthe learner just looks at the descriptioneditingthe learner has some tools to edit the descriptionorientingthe learner use the description to select a problem statecomposingthe learner creates the description by combining itemscreatingthe learner builds the description from scratchIf the interaction description is a tree, the levels of activities might be :observinglooking at the threeeditingannotating nodes by justificationsorientingselects a node for backtracking or ask for replaycomposingbuilds the tree from a bank of partscreatingdrawing the tree with lines and boxesThese action sub-spaces constitue way successive steps within the language shiftmechanism: the observation level clearly corresponds to the description language,while the orientation activities begin to use the description as a new commandlanguage.7. The role of problem variationsTransfer and lift ascension are viewed as two facets of a similar inductivemechanism, built around the description language.In the pyramid metaphor, focusing on transfer means working on partiallyoverlapping pyramids that correspond to new problems subclasses (or classes incase of far transfer). The union of two pyramids form a new one. The height of thenew pyramid is proportional to its breadth. We try now to analyse this intuitiverule and to relate it with the mechanisms of lift elevation previously described.In learning concepts from examples, differences between examples are veryimportant because they enable one to eliminate features that are not relevant to theconcept. For instance, for teaching the concept of square, the examples set mustinclude non-horizontal squares otherwise learners will consider that a square mayonly have only horizontal and vertical sides.Varying the subclass of problems aims to the same effect on interaction clusters asnon-horizontal squares : to guarantee that features shared by examples are relevantcomponents of the concept, i.e they insure eliminating non-relevant similarities.Lets consider two segments :Interaction-Segment(learner, system, problemi, n)Interaction-Segment(learner, system, problemj, m)Remember that the last element of each segment represents the relationship betweenthe previous ones :actionn = representation (system, relation (...,actionn-3,actionn-2,actionn-1))actionm = representation (system, relation (...,actionm-3,actionm-2,actionnm-1))

DillenbourgThe Language Shift- 13 -The condition for transfer is that the learner detects some isomorphism the twosegments (..., actionn-3, actionn-2, actionn-1) and (..., actionm-3, actionm-2,actionnm-1).This isomorphism is represented in the description language by theconcrete similarities between the actions in the left term :relation (actionn , actionm ) =reprentation(system, relation((...,actionn-3,actionn-2,actionn-1), (...,actionm-3,actionm-2,actionnm-1))This equation has important corollaries for the relation between the transferprocess and the description language. If the description language does not includeelements specific to some subclass Pi , we have : actionn = actionmIn this case, the learner is directly informed by the system of the opportunity fortransfer. If the representation used for the description language contains elementsspecific to some subclass but that these elements can be easily isolated from thosethat are shared, the transfer will be guided by searching for (actionn ˙ actionm)since(actionn ˙ actionm) = reprentation(system,(...,actionn-3,actionn-2,actionn-1) ˙ (...,actionm-3,actionm-2,actionnm-1))Reciprocally, transfer mechanisms are important for the description language : thelearner will demonstrate that she has integrated the description language when shewill use it explicitly to perform transfer. This is important to detect the right timeto start a language shift.8. The MEMOLAB exampleWe are currently designing a system that applies the language shift mechanism tothe complexitiy of a real world problem : "nobody grows up by solving the tower ofHano� problem !" (Dillenbourg et al,1990a). This learning environment is calledMEMOLAB. The pedagogical goals are that students acquire the fundamental conceptsnecessary to perform experimentation in psychology. These concepts areexperienced by designing and running experiments on human memory, in anartificial lab. The four-floors pyramid is built around the concepts ofexperimentation. Peripheral concepts from statistics and human memory areattached to attached around thse core concepts. The four floors are :1 : Building non-comparative experiments (single sample)2 : Building simple comparative experiments (one factor, several samples)3 : Building uni-dimensional experimental plans4 : Building multi-dimensional experimental plansBuilding an experiment means assembling concrete events on the lab workbench. Anevent is the association of some subjects with some task and a measurement device. Atask is defined by an activity, a material and a few parameters. Building a planmeans creating a non-intanciated single experiment in the workbench andgenerating the experiment by defining a n-dimensional table of factors (n being thenumber of independent variables).

DillenbourgThe Language Shift- 14 -At level one, the dumb beginner will sequence event-frames on the lab workbench.Each event-frame includes some part of the information that defined the event(subjects,task,...). The learners decide what information has to be displayed in eachevent frame. The elevation to the second floor implies that students understand thatobserving an effect means creating a variation between groups and that these inter-group variations must be more important that the intra-group variations. Thedescription language will reify the differential nature of the experimental method.The system will regroup experiments that can be compared and redisplay the eventsin order to enlighten the differences.The differenciation nature of the first floor description language defines the secondfloor command language. At the second floor, learners will use these differences tobuild experiments. For instance, they will describe the whole sequence of activitiesfor a first sample. Then the second sample sequence will be built by editing the firstsample sequence (e.g. augmenting the length of words that subjects of second grouphave to memorize), i.e. it will be defined by its difference with the first sequence.The passage to the third floor implies a new discrimination by the learner betweenthe concrete structure of the experiment (a sequence of events) and the variables(dependent and independent)that instanciate this structure. The description languagewill redisplay the experiments by separating the paradigm and its associated plan.The third floor command language will then offer two workbenchs, one similar tolower floors, to build experimental paradigms, and a new one, to defineexperimental plans. Finally, the concept of interaction between effects is necessaryto reach the fourth floor. This concept will be suggested by comparing plans of thethird floor, in the same way that experiments have been compared at the floor1-floor2 transition.9. Theoretical BridgesThis framework can be read from several theoretical and practical perspectives. Wereview related work in psychology, in machine learning and in research on ECSs.9.1. Psychologists visiting the pyramid.9.1. 1. Metacognition and reflected abstraction (Piaget)The mechanism of language shift is closely related to the piagetian concept ofreflected abstraction (Piaget, 1971). Reflected abstraction is a process by whichproperties that are implicit at some level of knowledge can be abstracted andexplicitly accessed at a higher level. The general relationship between metacognitionand reflected abstraction is a complex issue of genetic psychology that goes beyondthe scope of this paper (Blanchet, 1990). However, Campbell and Bickhard (1986)- although rather in conlfict with the piagetian structuralism -proposed aninteresting analysis of this relationship that pertains to our approach. Let usremember that the induction of interaction patterns that is the basis of the languageshift is a key notion of Campbell and Bickhard’s theory.These authors describe developmental stages in terms of going through an hierarchyof knowing levels, where each level "knows" the properties of the subordinatedlevel. For Campbell and Bickhard, reflective abstraction is a mechanism ofknowing-level ascension. Such an ascension through an hierarchy of levels matchesour definition of the language shift mechanism. This parallelism is emphasized bythe following paragraph (where the authors use the word "system" for referring toa cognitive system, i.e. an agent in our terminology ) :

DillenbourgThe Language Shift- 15 -"Suppose that a system could learn to create external indicators of variouspoints in and aspects of its own internal process - as it was actually engaged inthose processes. Then the indicators would manifest properties of theorganization and functioning of those internal processes. Being external, theindicators would be available for examination by the system itself. From theindicators, the system could then abstract the properties of the processes thatyielded those indicators. That is, using such indicators, a system couldreflectively abstract its own properties. "(Campbell and Bickhard, 1986, p. 86)If we stay in the piagetian lineage, the lift metaphor is very close to the neopiagetiantheories developed by Robbie Case (1985). In this approach, the process of stagetransition consists in integrating independent control structures into a morecomplex one, in a way very similar to our metaphor. In the MEMOLAB example, theobjects of one floor are reorganised in order to reduce the task complexity. A group asingle-group experiments (level 1) is re-unitarised into comparative exepriments(level 2). Sets of comparative experiments are re-unitarised as experimental-plans (level 3) and groups of plans are re-unitarised as multi-dimensional plans(level 4).The mechanism that trigger this re-unitarisation process is partly linkedto the limits of working memory. Interestingly, we know the limits of workingmemory are related with the issue of awareness through the concept of focus ofattention, more precisely the control function that actively maintains informationin working memory (Jackendoff, 1987).9.1.2. Internalization of regulation processes (Vygotsky)According to Vygostsky (1978), the development of higher psychological processesresults from the internalisation of inter-individual processes. Metacognition wouldalso have social origins, self-regulation being viewed as the result of adult-childregulation (Wertsch, 1985). The vigotskian concept of "zone of proximaldevelopment" (ZPD) is present in our framework as the stage just above the liftposition : this stage includes control activities that the learner is not able toperform alone but can do with the help of the computer:ZPD = Action-space (system+user,levelN+1,coaching)if we have Action-space (learner,levelN,_)Vigostky outlined the linguistic nature of the internalisation mechanism when hedeclared that "verbal thought is the transferral of speech to an internal level" andthat "reflection is the transferral of argumentation to an internallevel"(Vigotsky,1981, quoted by Wertsch, 1985). This linguistic dimension isimportant for our purpose because it relates the type of user-computer interactionto our interest for metacognitive issues. Models of mental activities are indeedgenerally identified through verbs such as to think, to know, to ignore,... (Wellman,1985). These linguistic aspects of internalization have been analysed by Wertsch(1985). He suggested that some linguistic mechanisms allow the performance ofintra-psychological processes at some stage of the inter-psychological level.Wertsch observed mothers monitoring their children solving a puzzle. He found thatmothers change their referential perspective according to the child’s skills. Whenidentifying a piece of the puzzle, beginner’s mothers refer to piece attributes thatboth agents can observe (e.g. "a green piece"), while later, mothers tend to refer tothe strategy used (e.g. "a piece with another colour"). According to Wertsch,strategy-based referential means that "an understanding of the strategy wasrequired to interpret a referring expression appropriately". In the pyramidmetaphor, the role of the description language corresponds to the mother’s

DillenbourgThe Language Shift- 16 -discourse, i.e. it describes the learner’s behaviour in terms of the underlyingstrategy (Dillenbourg, to appear).9.1.3. Transfer and metacognitionSeveral researchers have analysed the relationship between reflection and transfer.Rozin (quoted by Brown,1987) related reflective access to knowledge (the key tometacognition) and multiple access of knowledge (the key to transfer). This linksupposes that "accessing is connecting previously isolated components, or mentalfaculties, and passing information between them." (Campbell and Bickhard, 1986,p.89). Ann Brown (1987) reports research on transfer between isomorphicproblems by three- and four-year-old children. These children exhibited a greatertransfer when, after each problem, they were required to describe their solution to"Kermit the frog" so that he could reproduce it. Multiplicity and reflection hencebecome central issues in the design of ITS. The difference between Brown’sexperiments and our approach is that we explore the reflection-transfer link in theopposite direction : how transfer can be used to promote metacognition.The framework may also be related to Anderson theories of transfer within the ACT*framework (Singley and Anderson, 1989). Each segment of the learner’s experiencecan be repressed as a production rule :{...action (learner, problemi, levelN-1, M-3),action (system, problemi, levelN-1, M-2),action (learner, problemi,levelN-1, M-1),action (system, problemi, levelN , M)}correspond to the production rule :IF ...AND action (learner, problemi,levelN-1, M-3)AND action (system, problemi, levelN-1, M-2)THEN action (learner, problemi, levelN-1, M-1)And this rule is represented by : action (system, problemi, levelN, M)The control aspects are compiled in these rules. At the opposite, the raison d’�tre ofaction (system, problemi, levelN, M) is precisely to give some access to theseunderlying control features. The lift ascension in other words corresponds to aprocess that inverts Anderson’s compilation process. The student task would berather to extract the hidden metaknowledge in a similar way to a knowledge engineer(Clancey, 1988) attempting to build a deep expert system (Steels, 1990). Thisfundamental difference of approach implies another measure of transfer. Singley andAnderson estimate the difficulty of transfer as proportional to the overlappingbetween the production sets corresponding to the source and target problems. Thisoverlapping is quantified in terms of number of identical production (with someweighting). In our approach, the overlapping includes not only identical segmentsbut also segments sharing a same representation, i.e. a same abstraction. This viewis also supported by computational applications in the so-called abstraction-basedanalogy field (Greiner, 1988; Shinn, 1988).9.2. Computers scientists looking at the pyramidWith the last subsection, we touched on the relation between the pyramid andproduction systems. Several machine learning systems attempt to learn from some

DillenbourgThe Language Shift- 17 -representation of experience called "problem solving path" (Langley, 1983). It is atrace of the operators applied during the solution process, associated with the stateof the problem and some measure of the operator efficiency. Learning from solvingpath has already found applications in the design of ECSs such as ACM (Langley andOlhsson, 1984) or PROTO-TEG (Dillenbourg, 1989). Interestingly, Klahr (1984)relates this kind of machine learning with the concept of reflected abstraction. Bytime line, Klahr refers to something similar to the solution path or what J.S. Brown(1985) called "audit trail" :"The time line and its associated analyzers can be viewed as an attempt tofurther specify Piaget’s appealing but mysterious notion of "reflectiveabstraction"; it provides a means for the system to ruminate about the efficacyof its own processing episodes."(Klahr, 1984, p. 117)These systems learn by searching for conditions that improve the efficiency ofoperators, i.e. they aim to improve control skills involved in operator selection. Forthat, they attempt to induce the features that characterise states where the operatorX has been efficient and discriminates these states from those where the sameoperator has failed. The key of this inductive process is the generalisationhierarchy, i.e. a graph that informs the system that two different features can beinduced as instances of a more general concept. This generalisation hierarchy isoften encompassed in the language used to describe the instances and the concepts.Researchers agree on the crucial role of this description language in inductivelearning (Kodratoff,1986; Utgoff,1986; Banerji, 1989). This language determinesthe concept search space by selecting the object features that will be taken intoaccount and how features can be generalised.The role of the description language in the pyramid corresponds the role of thedescription language in machine learning. The set of instances is the sequence ofcommand language sentences, i.e. the first three elements of each triplet in Es. Thedescription of these instances is provided by the description language, i.e. the lastelement of each segment.The semantics of the description language provides the deductive componentnecessary for induction. For many years, machine learning theorists mistakenlybelieved that learning could be purely inductive and neglected the deductive aspectsinvolved (e.g. the description language role). Later the deductive aspects wereoverestimated by the explanation-based learning stream (Dejong and Mooney,1986; Mitchell et al, 1986). Today, the complementarity of inductive, deductiveand analogical sources of knowledge is well accepted. According to their relativeweight, these sources of knowledge paint the learning process is a more-inductivecolour or more-deductive colour. Implementations differ on the scale of the taskdistribution between knowledge sources : Devi (1990) proposed to combineinductive and deductive main phases while Dillenbourg and Self (to appear) viewlearning as a complex and built-on-the-fly sequence of small inductive, deductiveand analogical steps. This microscopic view of learning fits with the learner task inher lift : the meaning of some action (system, problemi, levelN, M) can help to findsimilarities between interaction patterns or inversely, interaction patterns canhelp to understand the meaning of representational aspects. Both mechanisms occurprobably in parallel or iteratively.9.3. ECSs around the pyramidIn the field of ECSs, several pieces of work may be related to the pyramid liftmetaphor. Two ECSs are often quoted when speaking about reflection : ALGEBRALAND(Brown, 1985) and the GEOMETRY tutor (Anderson et al, 1985). ALGEBRALAND

DillenbourgThe Language Shift- 18 -may be described within our framework as a lift locked at the second floor. Theusers have to solve linear equations. They have a command language at their disposalthat performs the ground floor computations : add-to-both-side, distribute, expand,... The description language is a inverted tree whose nodes are the intermediatetransformations of the equation. Branches correspond to applications of an operator.This representation reifies the heuristic aspects of a solving process : the multiplesolution paths, the backtracking steps, etc.To extend ALGEBRALAND along the pyramid metaphor, we should add a ground floorwhere the learner types in some equation (command language = set of algebra�csymbols). Learners have access in ALGEBRALAND to some editing activities (such asannotating the tree) that consitute the basis for adding a third floor to this system.At this third floor, the command language would for instance act directly on thedescription tree with commands such as "select the node with the fewest occurrenceof x". Such a command would compel the learner to make its strategy more explicit.This approach of ECS is based on fundamental issues that distinguish it from thefirst generation of CBT material : designers pay more attention to the process oflearning than to its products (Brown,1985).The holy law of immediate feedback,inherited from the behaviourist grounds of CBT, is called into question in theinterest of giving the learner the time of inspect its behavioural trace (Foss, 1987;Wenger, 1987). The pyramid metaphor emphasizes the complementarity ofimmediate and delayed feedback : immediate feedback is necessary to install low-level skills that need to be automated, while delayed feedback is necessary when thefocus is the learner’s consciousness of some features of her own behaviour.The framework is also very close to the work of Derry and her colleagues on theTAPS II system (Derry, 1990). In TAPS II, the students concentrate on therepresentation of the word problem to solve instead as on the representation of theproblem solving strategy. As the author points out, these representations areintertwined :"...a person’s conceptualization of a problem may actually emerge as a by-productof the problem-solving strategy itself. Simultaneously, the way in which aproblem is conceptualized will suggest a strategic ordering of problem-solvingoperations that can be applied to solve the problem. It is precisely this sort ofreciprocal, dynamic interaction between representation and operation that mustbe supported if computers are to serve as conceptualizing tools in instruction."(Derry,1990,p.4)Learners are invited to build a schema of the problem solution by selecting generalschemas into a bank and instanciating them with the problem data ("composition"level of activities). TAPSII occupies the three first floors of the pyramid : simplearithmetic operations may be performed by the system at the ground floor, theassembled schemas are used as a description language of the second floor but also as acommand language of the third floor. This results from the fact that the learner hasto build herself the representation of her activity. Some self-monitoring strategiesare available at the top of the third floor for guiding the student but do not form anew description language.The major difference between the "lift in the pyramid" metaphor and the systemsdescribed here is that it concentrates on the dynamic aspect of a system. This systemcan be thought as a sequence of microworlds. The learner’s metacognitivedevelopment (for a particlar task) parallels her road through these increasinglyabstract worlds. Let’s note that this sequence may be nested within a sequence ofincreasingly complex tasks (e.g. considering the number of parameters affecting a

DillenbourgThe Language Shift- 19 -problem difficulty) or within a larger-scale sequence that cover various parts ofthe curriculum.The progressivity defined by the pyramid metaphor instanciates the apprencticeshipparadigm (Wenger, 1987) : the tutor assumes the part of control that the learnercannot yet perform and progressively transfer control to the learner. This approachhas got a growing popularity both in education - in the vygostskian line - and inmachine learning (Wilkins, 1998)According to Cumming and Self (1989), one major challenge of ECSs is to decouplethe task level and the discussion level. At the task level, the student works to solvethe particular problem or task proposed by the system. At the discussion level, shereflects on the task level and interacts with the system about some aspects of thisreflection (e.g. her plans, her failures, ...). The language shift mecanismrecursively exploits this dicrimination at each level of the pyramid.Let’s for instance consider the concept of knowledge negociation system (Moyse,1989), created by opposition to the paradigm of knowledge communication thatdominated our field during two decades (Wenger,1987). In our understanding, theterms "knowledge negotiation" refers to some relationship between the task and thediscussion level: the multiplicity of equally valid viewpoints at the task levelrequires the existence of some discussion level where explicit negotiation orarticulation of viewpoints can occur. This explicit negociation movement is attestedwithin the literature by significative shift of focus from "tutorial discourse" to"tutorial dialogue" (Petrie-Brown, 1990; Baker, 1989).Finally, we believe that the pyramid is consistent with the idea of constructorium,i.e. the conception of the computer as a lab where learners observe the constructionof their own knowledge.(Dillenbourg, to appear). After many years of passiveschooling, students naturally acquire a passive model of learning. Learning comes tomean listening a teacher, reading a textbook or repeating a definition. ECSs wouldgain an innovative power by removing this baneful image, by reflecting to thelearner a better image of its learning activities. This image should emphasize thatlearning is an active process of constructing knowledge.10. Conclusions.ECSs can advantageously offer tools for reflecting to the learner some abstractaspects of her behaviour. However educationalist have for long be confronted to theissue that presenting some information to the learner does not mean that thisinformation will be processed and assimilated. Assimilation results of transformingthis information during some activities. The fact that the computer enables suchactivities does not imply that learners do actually perform these activities ! Theidea behind the language shift is to compel the user to perform such activities : theassimilation of the concepts of the description language is the premisse of their useas a new command language.The detailed implementation of the language shift is beyond the scope of this paper. Itraises problems that have been with us for many years : the psychological validityof the description language (and all the related student modelling issues) and whodecides the language shift. Our current work on MEMOLAB (Dillenbourg et al,1990c) aims to bring answers to these questions and to confront the consistency ofthe pyramid and language shift ideas to the complexity of real world problems. It isclear however that by the pyramid metaphor does not describe a complete learningenvironment, but only its core structure. Around the pyramid, one needs toimplement complementary tools that stimulate the necessary internalizationprocess and introduce the peripheral concepts. In MEMOLAB for instance, these tools

DillenbourgThe Language Shift- 20 -will constitute a complex learning society : soft coaching agents, statistical tools,specialised counselors, reflection tools and an encyclopedia of human memory(written in some hypertext form). If the scientific interest of a learning is relatedto the aesthetic of its design priciples, its pedagogical power is related to therichness of multiplicity of experiences.Acknowledgements.This research is partially funded by the Swiss NRP23 research program on AI androbotics. Thanks to A. Brandeis, P. Mendlsohn, D. Schneider, J. Self and all theworkshop participants for their comments on previous drafts.ReferencesANDERSON J.R., BOYLE C.F. and YOST G. (1985) The Geometry Tutor. Proceedings of the NinthInternational Joint Conference on Artificial Intelligence. Los Angeles. Vol.1BAKER M.. (1989) A model for Tutorial Dialogues based on Critical Argument. Proceedings of the 4th AIand Education Conference. IOS. Amsterdam.pp. 2-8.BANERJI (1989) Solving the linguistic problems in learning. Fundamenta Informatica XII, 51-78.BLANCHET A. (1990) Abstraction r�fl�chissante et Metacognition. Paper presented at the "ArchivesJean Piaget", Geneve,23/04/90.BROWN A. (1987) Metacognition, Executive Control, Self-Regulation and Other More MysteriousMechanisms. in F.E. Weinert and R.H. Kluwe (Eds) Metacognition, Motivation and Understanding.Lawrence Erlbaum. Hillsdale, NJ,pp. 65-115.BROWN J.S. (1985) Process versus Product : A Perspective on Tools for Communal and InformalElectronic Learning, Journal of Computing Research, Vol. 1(2).CAMPBELL R.L. and BICKHARD M.H. (1986) Knowing Levels and Developmental Stages. Karger.Basel.CAMPIONE J.C. (1987) Metacognitive Components of Instructional Research with Problem Learners.in in F.E. Weinert and R.H. Kluwe (Eds) Metacognition, Motivation and Understanding. LawrenceErlbaum. Hillsdale, NJ,pp. 117-140.CASE R. Intellectual development, birth to adulthood. New York. Academic Press.CLANCEY W.J. (1988) The Knowledge Engineer as Student : Metacognitive Bases for Asking GoodQuestions. in H. Mandl and A. Lesgold (Eds) Learning issues for Intelligent Tutoring Systems.Springer-Verlag. New-York, pp. 80-113.COLLINS and BROWN J.S. (1988) The computer as a tool for learning through reflection. in H. Mandland A. Lesgold (Eds) Learning issues for Intelligent Tutoring Systems. Springer-Verlag. New-York, pp.1-18.CUMMING G. and SELF J. (1989) Collaborative Intelligent Educational System. Proceedings of the 4thAI and Education Conference. IOS. Amsterdam.pp. 73-80.DEJONG G. & MOONEY R. (1986) Explanation-Based Learning : An Alternative View., MachineLearning, (1),145-176DEVI R. (1989) Machine learning and Tutoring Systems. Open University, CITE Report 61. UK.DILLENBOURG P. (1989) Designing a self-improving tutor : PROTO-TEG. Instructional Science, 18,193-216.DILLENBOURG P. (to appear) The computer as a contructorium : tools for observing one’s ownlearning. in R. MOYSE and M. Elsom-Cook (Eds) Knowledge Negociation. Paul Chapman.London.DILLENBOURG P. and SELF J.A. (1990) A framework for learner modelling. TECFA Document 90-5,University of Geneva.

DillenbourgThe Language Shift- 21 -DILLENBOURG and SELF J.A: (to appear) Designing human-computer collaborative learning. in C.E.O’Malley (Ed), Computer-Supported Collaborative Learning. Wiley & SunsDILLENBOURG P., MENDELSOHN P. and SCHNEIDER D. (1990a) The Geneva Manifesto ofIntelligent Learning Environments. Document TECFA 90-3. Universit� de Gen�ve.DILLENBOURG P., HILARIO M., MENDELSOHN P. and SCHNEIDER D. (1990b) Training Transfer : ABridge between the theory-oriented and product-oriented approaches to ITS design. Document TECFA90-3. Universit� de Gen�ve.DILLENBOURG P., HILARIO M., MENDELSOHN P. and SCHNEIDER D. (1990c) The MEMOLABProject Document TECFA 90-4. Universit� de Gen�ve.DIETTERICH T.G. (1986) Learning at the knowledge level. in Machine Learning, Vol.1, 3,pp.287-316.FOSS C. (1987) Acquisition of error management skills. Paper presented at Third InternationalConference on Artificial Intelligence and Education. Pittsburgh, pp. 27.GREINER R.(1988) Abstraction-Based Analogical Inference in D. H. Helman (Ed) AnalogicalReasoning. Kluwer Academic Publishers. Doordrecht. The Netherlands. pp.147-170.JACKENDOFF R.S. (1987) Consciousness and the computational mind. MIT Press, Cambridge,Massachussets.MOYSE R. (1989) Knowledge Negociation. Working Paper. IET, Open University. UKHALL R.P. (1989) Computational Approaches to Analogical Reasoning : A Comparative Analysis.Artificial Intelligence, 39,pp.39-120.KLAHR D. (1984) Transition Processes in Quantitative Development. in R.J. Sternberg (Ed)Mechanisms of Cognitive Development. Freeman & Company. New YorkKODRATOFF Y and GANASCIA J.G. (1986) Improving the generalisation step in learning. R.S.Michalski, J.G. Carbonell and T.M. Mitchell (Eds) Machine Learning. Vol II, Morgan Kaufman, LosAltos,pp.215-244LANGLEY P. (1983) Learning search strategies through discrimination. International Journal of Man-Machine Studies, 18, 513-541.LANGLEY and OHLSSON (1984) Automated cognitive modelling, Proceedings of National Conferenceon Artificial Intelligence. Austin, Texas, pp 193-197.LOCHHEAD J. (1985) Teaching Analytic Reasoning Skills Through Pair Problem Solving. in J.W. Segal,S.F Chipman and R. Glaser Thinking and learning skills. Volume 1 : Relating instruction to research.Laurence Erlbaum, Hillsdale, NJ,pp. 109-131.MAES O. (1988) Issues in Computational Reflection in P.Maes and D. Nardi (Eds) Meta-levelArchitectures and Reflection. Elsevier. Amsterdam.pp.21-36.MICHALSKI R.S: (1986) Understanding the nature of learning : Issues and Research directions in R.S.Michalski, J.G. Carbonell and T.M. Mitchell (Eds) Machine Learning. Vol II, pp.3 -26, Morgan Kaufman,Los Altos.MITCHELL, T.M., KELLER, R.M. & KEDAR-CABELLI S.T. (1986) Explanation-Based Generalization : AUnifying View., Machine Learning, (1 ), 47-80.PALINCSAR A.S. and BROWN A.L. (1984) Reciprocal Teaching of Comprehension-Fostering andComprehension-Monitoring Activities. Cognition and Instruction, vol.1, n…2, pp. 117-175.PERTRIE-BROWN A.M. (1990) Discourse and dialogue : concepts in Intelligent Tutoring Interactions.Journal of Artificial Intelligence in Education, Vol.1, (2), pp. 21-30.PIAGET J. (1971) Biology and Knowledge. The University of Chicago Press. Chicago.REIMANN P. (1990) Problem Solving Models of Scientific Discovery Learning Process. Peter Lang.Frankfurt.

DillenbourgThe Language Shift- 22 -SCHOENFELD A.H. (1987) What’s all the fuss about metacognition? in A.H. Schoenfeld (Ed) CognitiveScience and mathematics education. Laurence Erlbaum Associates. Hillsdale. NJ., pp. 189-215.SELF J.A. (1990) An introduction to computational mathetics. Working Paper. Computing Department,University of Lancaster.SHINN H.S. (1988) Abstractional Analogy : A Model of Analogical Reasoning. Proceedings of aWorkshop on Case-Based Reasoning. Florida.pp.370-387.SINGLEY M.K. and ANDERSON J.R. (1989) The Transfer of Cognitive Skills.Harvard University Press. Cambridge, Massachussets.STEELS L (1990) Components of Expertise. AI Magazine, vol.11, 2,pp. 28-49.UTGOFF P.E.(1986) Shift of bias for Inductive Concept Learning. R.S. Michalski, J.G. Carbonell andT.M. Mitchell (Eds) Machine Learning. Vol II, Morgan Kaufman, Los Altos, pp. 107-148.VYGOTSKY L.S. (written in the 30’, but edited by M. Cole, V. John-Steiner, S. Scribner and E.Souberman, in 78), Mind in Society. The Development of Higher Psychological Processes. HarvardUniversity Press. Cambridge, Massachussets.WELLMAN H.M. (1985) The Child’s Theory of Mind : The Development of Conceptions of Cognition. inS.R. YUSSEN (Ed). The growth of reflection in Children. Academic Press. Madison, Wisconsin.pp. 169-206.WERTSCH J.V. (1985) Adult-Child Interaction as a Source of Self-Regulation in S.R Yusen (Ed).Thegrowth of reflection in Children. Academic Press. Madison, Wisconsin.pp. 69-97.WENGER E. (1987) Artificial Intelligence and Tutoring Systems. Computational and CognitiveApproaches to the Communication of Knowledge. Morgan Kaufman, Los Altos, California.WILKINS D.C. (1988) Apprenticeship learning techniques for Knowledge Based Systems. DoctoralDissertaion. Report STAN-CS-88-142. Stanford University, CA.WONG B.Y.L (1985) Metacognition and Learning Disabilities. in D.L. Forrest-Presley, G.E. MacKinnonand T.G. Waller Metacognition, Cognition and Human Performance, Academic Press, NewYork, Vol.2,pp.137-180