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Abstract. Research on expert tutoring in complex problem-solving domains in engineer-
ing and statistics was used to develop design objectives for computer coaching systems 
to emulate aspects of the modeling and coaching processes of experts. Additional design 
objectives for the system include reinforcing students’ development of meta-cognitive 
skills and their functioning as self-directed learners. A web-based authoring and delivery 
system (a relational database and multiple user interfaces) was developed for implement-
ing such computer-based coaching systems. The methodology for developing coaching 
systems in specific domains is illustrated by the development of a computer coach in a 
specific domain of applied statistics (The McGill Statistics Tutor). Preliminary results 
are presented from students in different situations of use and issues of cognitive assess-
ment in such user-controlled coaching environments are discussed.  

 

1 Introduction: Tutoring and the Development of Expertise 

A frequently cited finding in the research literature on tutoring is that one-to-one tutoring 
of a student by an experienced tutor (who has expertise in the domain being tutored) is 
one of the most effective modes of teaching or training [1, 2]. One-to-one tutoring, when 
compared to traditional forms of instruction, has been found to consistently yield as much 
as a “two sigma” (two standard deviation unit) advantage on quantitative measures of 
learning and achievement. Moreover, tutoring has been found to develop characteristics in 
learners that are associated with the development of expertise such as: experience in solv-
ing authentic problems, greater understanding and motivation, and an ability to work fast-
er and more efficiently in solving problems. Research on the acquisition of expertise has 
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documented how coaching by experts plays a significant role in the development of expert 
levels of knowledge and skilled performance [3, 4, 5, 6]. 

These findings document the general effectiveness of tutoring and coaching by ex-
perts as a means for supporting the development of expertise in complex domains of 
learning and performance. They suggest the possibility that, if we could develop accurate 
and detailed models of what successful human tutors and coaches do in realistic situations 
and domains of complex learning (e.g., in areas of science, engineering, or statistics), we 
might be able to design web-based learning environments, that is, computer coaches, that 
could emulate and reinforce the coaching processes used by expert tutors. Such computer-
based coaching systems would complement and extend effective problem-based instruc-
tion by enabling learners to obtain guidance and coaching support, comparable to that 
provided by expert tutors or coaches, at any time as they practice solving problems, indi-
vidually or collaboratively, in authentic performance environments.  

While the general characteristics of expert tutoring as a process of coached practice in 
problem solving are becoming clear [7], more detailed analyses are needed. Such analyses  
could lead to better models of effective tutoring processes and of how they function to 
develop students’ knowledge and skill in applying that knowledge in specific domains of 
problem solving. Our research has addressed this problem through analyses of tutorial 
dialogue and problem-solving processes in situations of expert tutoring in engineering and 
statistics [8, 9]. These analyses have yielded relatively fine-grained models of experts’ 
conceptual and procedural knowledge and of the interactive processes by which experi-
enced tutors support students’ acquisition of knowledge and their development of prob-
lem-solving skill in complex domains. The models resulting from these studies of expert 
tutoring provide a basis for developing computer coaching systems that incorporate mod-
els of experts’ knowledge and problem-solving processes, and that emulate the processes 
expert tutors use to coach students as they acquire this knowledge and problem-solving 
expertise.  

In this chapter we demonstrate how models of expert tutors’ knowledge, problem 
solving, and modeling and coaching processes can be developed based on data collected 
in situations of expert tutoring of individual students. We then show how these models 
can be used to develop computer coaching environments that are compatible with effec-
tive problem-based learning. We begin by describing research on tutoring in complex 
problem-solving domains in engineering and statistics. Then, design objectives for a com-
puter coaching system are discussed that are based on this research. These objectives em-
phasize designing coaching systems to emulate aspects of the modeling and coaching pro-
cesses of experts. At the same time our design objectives for the system include reinforc-
ing students’ development of meta-cognitive skills and their functioning as self-directed 
learners. Next, we describe a web-based authoring and delivery system (a relational data-
base and multiple user interfaces) that we developed to implement such a computer-based 
coaching system. The methodology for developing coaching systems in specific domains 
is illustrated by the development of a computer coach in applied statistics (Analysis of 
Variance: ANOVA). After describing the computer coach in statistics (the “McGill Statis-
tics Tutor”), preliminary results are presented based on data that were gathered with nov-



  

ice and intermediate students working in pairs while they used the computer coach in con-
junction with statistical software (SAS) to learn to solve ANOVA data analysis problems. 
We also describe data that were gathered from students who used the tutor as a comple-
ment to a course in intermediate-level statistics, and for review in a more advanced 
course. Finally, we address issues of cognitive assessment in such user-controlled coach-
ing environments. A posttest performance assessment indicated that students were able to 
successfully perform complex data analysis tasks independently, and these data are being 
used to explore the use of Bayesian models to obtain diagnostic cognitive assessments of 
students’ knowledge and performance.  

 

2 Research on Expert Tutoring: Studies in Engineering and Statistics  

Our research approach to the analysis of tutoring has been influenced by research on the 
nature of expertise [10, 11, 12]; the importance of coaching and deliberate practice in the 
acquisition of expertise [3, 4, 12]; cognitive apprenticeship as a model of learning in com-
plex domains [13]; discourse processing and cognitive representations in the comprehen-
sion and production of connected discourse [14, 15]; and research on tutorial dialogue [16, 
17, 18, 19]. The objectives of our studies of expert human tutoring are to advance models 
of: the knowledge representations and processes involved in situations of one-to-one prob-
lem-based tutoring by an expert, the coherence of tutorial dialogue and problem-solving 
activity that occur in such situations, and how this coherent dialogue and activity enable a 
learner to develop expertise in the tutored domain [8, 9].  

Our results from studies of tutoring in both engineering and statistics indicate that the 
effectiveness of tutoring by an expert is attributable to the dialogue between the tutor and 
the student in a context of solving practice problems. This dialogue functions, first, as a 
coherent discourse to externalize the conceptual and procedural knowledge and the cogni-
tive processes that are needed to solve problems in the domain; and second, as a medium 
for interactive one-to-one coaching in which the tutor, through discourse interaction with 
the student, scaffolds the student’s attempts to solve practice problems. The process of 
expert tutoring is a form of cognitive apprenticeship that begins with the tutor modeling 
the knowledge and its application to solving a demonstration problem for the student, and 
subsequently shifts to a strategy of coaching the student as he/she practices solving new 
problem examples that become progressively more difficult and complex. The coaching 
support is gradually reduced as the student becomes increasingly competent in the do-
main.   

2.1 Expert tutoring in engineering 

We will illustrate this research using results from our study of expert tutoring in engi-
neering [9]. This study examined the cognitive and interactive processes involved in prob-
lem-based tutoring situations in engineering in which an experienced tutor coached stu-
dents in one-to-one tutoring sessions that involved solving a sequence of three practice 
problems. The domain of tutoring selected for the study was a domain of problem solving 



  

in Mechanical Engineering: “Shear Force (SF) and Bending Moment (BM) Problems”. 
This domain represents an important component of expertise in this field and is a topic in 
the first year course in mechanical engineering. It is considered to be relatively difficult 
for many first year students. Solving problems in this domain requires conceptual under-
standing of problems in the domain based on the application of physics knowledge (New-
ton’s laws for the equilibrium of stationary objects), the decomposition of the problem 
into sub-problems, the application of certain solution methods to these sub-problems, and 
reasoning based on relevant conceptual knowledge. In this study, three science and engi-
neering students with either no previous experience or limited experience in engineering 
learned how to solve problems in this domain by solving three practice problems with the 
help of an experienced tutor.  

In a SF/BM problem, the initial problem state is presented in the form of a drawing of 
a beam together with its supports and loads (see Figure 1). The beam is drawn as a rectan-
gle with two supports. Vertical loads are drawn as vectors pointing down on the beam, 
and are of two kinds: concentrated loads (single load vectors with the force measured in 
kiloNewtons: kN), and uniform loads (vectors spread along the beam to indicate a force 
applied uniformly at each point on the beam with a force measured in kN per meter). The 
length of the beam is given (in meters) and the location of each concentrated load on the 
beam is specified. A practical example of this problem is a roofing beam that supports a 
distributed load (consisting of the weight of the roof) and a concentrated load (consisting 
of an air conditioner positioned on the roof over the middle of the beam).  

  
Figure 1: Example of a SF/BM problem in mechanical engineering (from [9], Figure 1). 

The problem is, first, to determine all external forces acting on the beam, and second, 
to construct graphs representing the forces acting within the beam to counteract (i.e., bal-



  

ance) the forces exerted by the external loads at each point along the beam. To solve the 
problem requires the construction of three representations (given in the three panels in 
Figure 2). The first of these, the Free Body Diagram (FBD), is a representation of the 
beam with its supports, loads, and reactions. The reactions (RA and RB) are external forces 
acting upward at the beam’s supports (see Figure 1). These external forces are required 
(by Newton’s laws for equilibrium of static objects) to resist the combined downward 
force of the loads on the beam. Their values must be calculated as a part of solving the 
problem (see the equilibrium equations below the drawing of the beam in Figure 1). 
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Figure 2: Solution of the SF/BM problem given in Figure 1 (from [9], Figure 2). 



  

The second representation, the Shear Force Diagram (SFD), is a graph of the shear 
force at each point x along the beam (second panel in Figure 2). The shear force is a verti-
cal force acting at any point x within the beam that is needed to exactly balance all the 
forces acting at point x on the beam, thus maintaining equilibrium at that point on the 
beam. The shear force at each point along the beam may be derived quantitatively by the 
“Cutting Beam Method” in which the shear force is obtained by writing and solving the 
shear force equilibrium equation at each point (“cut”) x along the beam; or it may be de-
rived by using the “Direct Reasoning Method” in which these forces are derived by quali-
tative reasoning about the forces acting at specific points on the beam.  

The third representation, the Bending Moment Diagram (BMD), graphs the bending 
moment at each point along the loaded beam (the third panel in Figure 2). The bending 
moment is the rotational force needed to exactly balance the rotational force (bending 
effect) produced by all the forces acting at each point x along the beam. The bending mo-
ment at each point along the beam may be derived quantitatively using the “Cutting Beam 
Method” (by writing and solving the bending moment equilibrium equation at each point 
x along the beam or by taking the integral of the shear force equation); or it may be de-
rived qualitatively using the “Direct Reasoning Method” (as a plot of the area under each 
segment of the SFD).  

The construction of these three diagrams is the goal of the problem. Accomplishing 
this goal involves the construction and manipulation of other representations (e.g., con-
structing and solving the equilibrium equations) and reasoning from knowledge of New-
ton’s laws governing the equilibrium of forces for a static body. 

The tutor began the tutoring sessions by using this problem as an example to model 
for the student how to understand and solve this problem. Our analysis of the modeling 
dialogue focused, first, on using the discourse to develop models of three types of cogni-
tive representations that previous research and theory in cognitive science predict are in-
volved in expert problem solving in this domain: (1) a model of the problem schema (i.e., 
the “procedure frame”) describing the component sub-problems and procedures experts 
use to solve SF/BM problems; (2) a model of the sequence of problem solving episodes 
(each of which consists of a sequence of problem-solving actions) that experts produce as 
they apply the problem schema to complete the steps that are required to solve the prob-
lem; and (3) conceptual models of declarative knowledge representations that experts ap-
ply to understand and reason about these problems.  

The problem schema. Experts’ procedural knowledge includes knowledge of how 
problems in a domain are composed of sub-problems and of the methods that are used to 
solve the sub-problems (these correspond to hierarchies of goals and procedures). This 
procedural knowledge is represented in memory as a problem schema that is applied to 
solve problems in the domain. A problem schema model of the various steps used to solve 
SF/BM problems was developed and evaluated using think-aloud protocols from partici-
pants experienced in the domain. The model was then refined using tutor modeling data 
obtained in this study. The resulting “expert” problem schema was applied to code the 
problem-solving actions (and the units of tutorial dialogue that accompanied these ac-



  

tions) of the expert tutor during tutor modeling of problem solving, and of the students’ 
problem solving during the coaching sessions.  

An example of a problem schema is the schema for the sub-problem for determining 
the reactions on the beam using the equilibrium equations and using the reactions to pro-
duce a Free Body Diagram (see the top panel of Figure 2).2 The problem schema for this 
sub-problem is given in Figure 3.  

 

 
Figure 3: Example of a problem schema: Determining reactions on the beam (from [9], Figure 4). 

The episodic structure of problem-solving actions. The effectiveness of problem-
based tutoring is related to the coherence of the tutorial discourse in enabling the student 
to construct appropriate declarative and procedural knowledge representations, and learn 
how to apply them to solve problems in the domain. The episodic structure of the tutor’s 
and the students’ problem solving is reflected in the organization of their dialogue and 
actions into sequences of problem-solving episodes that consist of cognitive actions. Each 
episode corresponds to a component of a solution method that is applied to the current 
sub-task. Trace analysis of the dialogue during the tutoring sessions provides a direct rep-
resentation of how the tutor (or the student) applied the problem schema to organize a 
sequence of problem-solving episodes and actions. A trace analysis of the modeling and 
the coaching dialogues was carried out for each student for each of the five main Schema 
Sub-trees by recording each shift from one node to another within the Problem Schema 
graph for each of the sub-problems. The numbered arrows in a trace diagram indicate the 
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sequence of moves from one node to another in the dialogue. The numbers next to each 
node refer to numbered text units in the dialogue sequence, and the letter ‘T ‘or ‘S’ refers 
to which speaker initiated the dialogue sequence (the Tutor or the Student).  

Figure 4 shows a trace of the sequence of the tutor’s “moves” from one node to an-
other in the problem schema for the External Forces sub-problem in the modeling dia-
logue for one of the students (for Problem 1).  It can be seen that the only nodes not cov-
ered explicitly in the dialogue involved adding values of the reactions to the drawing of 
the beam (something that was done but not reflected in the dialogue). By following the 
arrows, you can see how the tutor’s modeling discourse reflects a systematic application 
of the Problem Schema for this sub-problem. Evidence for the systematic modeling of the 
episodic application of a Problem Schema by the tutor was found in trace analyses for all 
the other sub-problem schemas. Trace analysis of student problem solving in the coaching 
dialogues for two new practice problems showed that the students learned how to system-
atically apply the Problem Schemas to solve these problems although the students varied 
in the extent to which they needed coaching assistance from the tutor to solve the prob-
lems.3  

 
Figure 4: Trace Graph – Tutor Modeling, Experienced Student (“Finding Reactions”) (from [9], 

Figure 8). 

                                                             
3 A detailed presentation of the results of the trace analyses during modeling and coaching dialogue 

is found in [9]. 
 



  

 

Sequences of problem-solving actions within episodes. A problem-solving episode 
consists of a sequence of cognitive actions of different types. The sequence begins with a 
particular cognitive action, and shifts from one type of action to another until the end of 
the episode is reached. Our data show that the particular sequence of actions is determined 
by a network of transition probabilities linking one type of action to another. In the engi-
neering study [9], we found evidence of problem-solving episodes in which the following 
problem-solving actions were extensively used: 

• Planning or selecting a goal or goals to be achieved by applying a particular 
problem-solving procedure; 

• Planning an action or sequence of actions to be carried out to achieve a goal or 
goals; 

• Testing whether or not the conditions required to apply a procedure have been 
met; 

• Interpreting the current problem state and situation: the problem state that occurs 
before a procedure has been executed (the initial state), intermediate states that 
arise during application of a procedure or reasoning, or the problem state result-
ing from the application of the procedure or reasoning (the solution state); 

• Executing a procedure by performing its action; 
• Evaluating the results obtained from applying a procedure or by reasoning to de-

rive the solution, or the methods or reasoning that were used to obtain the solu-
tion; 

• Explaining the theoretical or conceptual rationale or other knowledge that under-
lies the methods and/or reasoning processes used to derive a solution, or to pre-
dict, explain or evaluate the significance of the results obtained; 

• Correcting an error or providing a missing component of the solution; 
• Reasoning to plan a goal or an action, interpret a problem state, infer or derive a 

solution, evaluate the methods used and/or results obtained, or correct an error. 

The data show that the students used sequences of cognitive actions that were similar 
to those of the tutor, and that the conditional probabilities governing sequences of cogni-
tive actions were similar between the tutor (during modeling) and the students (during 
coached problem solving).  

Understanding conceptual models and their application. The tutor’s and the student’s 
dialogue reflect their conceptual knowledge, that is, conceptual models of topics that de-
fine the “problem semantics” including knowledge of the meaning of any external repre-
sentations that are used in solving the problem (including symbolic expressions and 
graphic representations), and knowledge of the concepts and theory that are being applied 
to understand, explain, reason, and solve the problem.  

In our analysis of the tutorial dialogue, we found that there were six conceptual mod-
els explained and applied by the tutor (during modeling) and by the students (during 
coaching). These models were linked to particular components of the problem schema to 



  

which their application was particularly important. We found evidence as well from anal-
ysis of both the modeling and coaching dialogue that conceptual models were used as a 
basis for reasoning, interpreting the problem state, planning problem-solving actions, and 
explaining conceptual models. Thus, expert tutoring involves explaining the conceptual 
and theoretical knowledge underlying problem solving, and through modeling and coach-
ing, the students construct conceptual knowledge representations and learn to apply them 
to understand, interpret, reason, plan, and execute the actions needed to solve the compo-
nents of the problem. Moreover, conceptual models are associated with specific compo-
nents of the problem, i.e., specific methods or sub-problems. 

Expert tutoring as cognitive apprenticeship. The discourse that occurs in expert tutor-
ing situations functions as a tutor-student dialogue within a context of cognitive appren-
ticeship. In cognitive apprenticeship terms, the tutoring activity involves a shift from a 
modeling strategy in which the tutor models problem-solving knowledge and processes 
for the student, to a coaching strategy in which the student works on solving practice 
problems with the tutor providing coaching assistance. In the Engineering tutoring study 
we compared the tutorial dialogue during modeling to the dialogue during coaching. The 
results indicated that the expert’s tutoring reflected the use of a strategy of cognitive ap-
prenticeship in which the tutor began with the use of a modeling strategy (on Problem 1), 
and then shifted to a coaching strategy (on Problems 2 and 3). These modeling and coach-
ing processes were realized through the dialogue between the tutor and the student in the 
context of solving a problem, and each of these processes had its own characteristic con-
versational structure.  

The modeling dialogue was characterized by: (a) tutor-initiated assertive and reques-
tive conversational sequences, tutor responses to the student’s conversational actions, and 
the tutor’s regulative conversational actions (that control the flow of the conversation); 
and (b) student responses to the tutor’s conversational actions, and student assertions con-
tributing to tutor-initiated conversational sequences. The modeling dialogue was dominat-
ed by the tutor who produced 80% of conversational actions. The dialogue structure re-
flected the particular problem-solving episode and actions that were being undertaken at 
each moment in the dialogue. The modeling of problem-solving actions by the tutor at 
each step in solving the problem included the tutor’s production of assertions that: ex-
plained the current method, procedure, problem state, or result; interpreted the problem 
state for the student; reasoned about the problem; and described how to execute the ap-
propriate method or procedure. The tutor’s requests elicited a wide range of problem-
solving actions from the student depending on the context. Student responses to tutor re-
quests reflected the specific type of problem-solving action elicited by the tutor. 

In the coaching dialogue the tutor shifted to the role of coach and presented a new 
problem from the domain to the student, asked the student to try to solve the problem, and 
offered to provide assistance whenever it was needed. The student applied his or her con-
ceptual and procedural knowledge to interpret, reason about, and solve the problem with 
the tutor’s help. In the coaching dialogue, the students initiated a larger number of the 
conversational actions (an average of 45% pooling over the students and practice prob-



  

lems). A student’s contributions to the dialogue consisted of large numbers of assertions 
that occurred in the context of carrying out problem-solving actions to solve the problem 
(70% of the students’ conversational actions). The students’ assertions were produced as 
they carried out particular cognitive actions in which declarative and procedural 
knowledge were being applied to solve the problem, particularly during: execution of ac-
tions, reasoning, interpretation of the problem state, and explanations of relevant concep-
tual knowledge. The students communicated their knowledge representations and current 
problem-solving processes (e.g., reasoning, interpretation of the problem state, etc.) to the 
tutor in a kind of “think-aloud” protocol. They appeared to be modeling their solution 
processes for the tutor. 

The tutor’s contributions to the coaching dialogue emphasized responses to the stu-
dent’s assertions and requests (33% of tutor’s conversational actions). The tutor also pro-
duced assertions (47%) consisting of embedded explanations and modeling in the context 
of coaching the student, often as contributions to student-initiated conversational sequenc-
es. The tutor appeared to be using embedded explanations and modeling to prompt a stu-
dent’s application of knowledge in the current context of problem solving, or to assist a 
student in extending his or her knowledge of a particular aspect of the problem or related 
conceptual knowledge. Thus, the tutorial discourse during coaching was a mixture of 
modeling and coaching dialogue. During coaching, tutor requests (only 12% of the tutor’s 
conversational actions) were produced as requests for information or actions from the 
student related to the current cognitive action (and its problem state).  Requests appeared 
to function as direct conversational means by which the tutor could scaffold a student’s 
performance of particular types of cognitive actions, e.g., the student’s explanations, in-
terpretation (i.e., comprehension) of the problem, reasoning, and execution or planning of 
specific problem-solving procedures.  

Thus, modeling and coaching dialogue had markedly different conversational struc-
tures. However, the patterns of conversational interaction that occurred during modeling 
and coaching were both, to some extent, mixtures of modeling and coaching dialogue. 
These conversational patterns appeared to reflect the use of context-specific modeling and 
coaching strategies. The conversational structure of tutorial dialogue was adapted to the 
individual student during both the modeling and coaching dialogue. However, there were 
greater adaptations of the coaching dialogue to individual students during coaching, since 
the coaching dialogue was largely controlled by the student and occurred in the context of 
the student’s problem solving. Therefore the dialogue during coaching reflected differ-
ences in the students’ knowledge, problem-solving performance, and level of competency 
in the domain.  

The coaching dialogue in this study spanned two problems, with the second coaching 
problem being more complex than the first. The characteristic conversational structure of 
the coaching dialogue was relatively stable over the two practice problems. Differences in 
the coaching dialogue that occurred across the two problems appeared to reflect: (a) the 
different cognitive demands of the two problems, (b) increasing knowledge and problem-
solving competency of individual students over the course of the two problems used dur-
ing coached practice, and (c) the tutor’s adaptation of her dialogue with individual stu-



  

dents to the students’ learning over the two practice problems. 

2.2 Tutoring in statistics 

To extend our findings on expert tutoring to another domain, and as a starting point 
for developing a computer coach that emulates expert tutoring in statistics, we analyzed 
tutorial dialogue and students’ problem solving within natural situations of problem-based 
tutoring in statistics [8, 20]. The domain of tutoring was Analysis of Variance (ANOVA). 
The tutoring situations studied included: (a) face-to-face tutoring of individual students in 
which the tutor and student shared the use of statistical software and the tutor used the 
software and previously prepared data files to demonstrate and explain how to use 
ANOVA to solve data analysis problems, and (b) networked one-to-one tutoring in which 
the tutor introduced a student to analysis of variance (ANOVA) in the same manner as in 
the face-to-face condition but communication was by means of video-conferencing soft-
ware. In each of these situations, students’ shared the use of statistical software with the 
tutor as they learned to use ANOVA to solve a series of problems that required analysis of 
provided data sets. A stack of "blackboard" representations (e.g., graphics, equations, ta-
bles, and other displays) were provided as resources for the students as they were tutored 
by an experienced faculty member.  

 
Table 1: Sequence of Topics for ANOVA Procedure Frame: Tutoring Session 1(from [8]) 

Segments       Topic 
1-15      Beginning of Tutorial Session 
17-38 1.  Introduces Data Set for Analysis 
39-162 2.  Introduces Descriptive Statistics on Data Set 
163-215 3.  Explanation of Standard Error of the Mean  
216-243 4.  Discusses Use of Descriptive Statistics to Locate Significant Differences 

among Means 
244-267 5.  Preparations of SYSTAT for Doing an ANOVA 
268-323 6.  Begins Discussion of How to Run the ANOVA using SYSTAT 
324-394 7.  Begins Discussion of Output of SYSTAT ANOVA 
395-503 8.  Begins Explanation of F-Ratio’s 
504-594 9.  Begins Explaining Hypothesis Testing Procedure 
595-651 10. Explains Degrees of Freedom 
652-719 11. Explains Mean Squares 
720-768 12. Introduces ANOVA Table 
769-787 13. How to Write the Model Equation 
788-891 14. Discusses Estimates of Effects in ANOVA Model 
892-966 15. Explanation of Sums of Squares 
967-1001 16. Explanation of Mean Squares 
13-53 17. Discussion of Mean Square 
243-660  18. Discussion of Results of ANOVA for Problem One 
660-661 19. Explains MS between & within, Expected F under Null Hypothesis 

 



  

Like other natural tutoring situations, the ANOVA tutoring sessions often spanned 
multiple sessions lasting as long as an hour. To facilitate the analysis of such a large 
amount of data in such a complex domain, the dialogue was segmented into thematic units 
corresponding to particular topics in ANOVA. Since much of the dialogue consisted of 
explanations of statistical concepts and the theory of ANOVA, as well as applications to a 
particular data set, a given topic might span more than one problem-solving episode. A list 
of topics for the tutor’s modeling and explanation of one-way ANOVA for a novice stu-
dent is given in Table 1.  

The ANOVA problem schema. To investigate the tutor’s modeling of how to solve da-
ta analysis problems using ANOVA, a problem schema model (i.e., a procedure frame) 
was constructed for this domain using a similar methodology to that used in the Engineer-
ing tutoring study. As in the Engineering domain, ANOVA data analysis problems were 
decomposed into sub-problems and a hierarchically organized procedure frame (i.e., prob-
lem schema component) was constructed for each sub-problem to specify the methods 
used to solve that component of the problem. The problem schema for ANOVA data 
analysis problems (called the “ANOVA Frame”) is given in Figure 5.  

The ANOVA Frame represents a complex problem by decomposing it into sub-
problems, and specifies for each sub-problem the hierarchy of actions and goals for com-
pleting the sub-problem task. As can be seen in Figure 5, solving an ANOVA data analy-
sis problem involves six main sub-problems (or tasks):  

(11)  define the research problem,  
(12)  specify the data,  
(13)  carry out a descriptive analysis of the data,  
(14)  perform an ANOVA with the data,  
(15)  conduct any post-hoc analysis, 
(16)  draw conclusions based on the results obtained.  

Each of these sub-problems is composed of sub-procedures. Procedure 4 (performing 
the ANOVA of the data) is itself composed of eight main sub-problems which are given 
in Figure 6.  This figure presents the schema for the sub-problem of performing an Analy-
sis of Variance (ANOVA):  

(141) specifying the ANOVA research design,  
(142) specifying a linear model for scores on the dependent variable,  
(143) obtaining least squares estimates of the grand mean and all effects in the model,  
(144) partitioning the total sum of squares according to the ANOVA model,  
(145) preparing an ANOVA table for organizing results,  
(146) computing ANOVA statistics,  
(147) conducting F tests,  
(148) conducting pre-planned or post-hoc tests of contrasts (this step is optional).  

Trace analysis of tutor modeling. To obtain a trace analysis of how the ANOVA 
schema in Figure 6 was modeled by the tutor, the topics (in Table 1) were matched to 
nodes in the ANOVA Schema in Figure 6. Nodes corresponding to a particular numbered   



  

 

 

Figure 5: Structure of Problem Schema for ANOVA Data Analysis Problems (from [20], used 
with permission). 
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topic (i.e., a thematic unit of discourse in the dialogue) are enclosed in a box which is la-
beled by the number of the topic. Topics 1 to 4, and 18 refer to nodes in the complete 
ANOVA Frame (Figure 5). Shaded nodes in Figure 6 were not covered in the modeling 
dialogue since they refer to two-way ANOVA models (the dialogue was modeling one-
way ANOVA for this novice student). As was found in the engineering domain, the tutor 
was relatively complete and systematic in his modeling and explanation of ANOVA con-
cepts and procedures for this novice student. This modeling dialogue, which spanned 
more than one session, provided a coherent discourse representation of ANOVA theory 
and methods in the context of a demonstration problem for the special case of one-way 
ANOVA. 

(14235) int jk
(14226) Ei(j)

(14) ANOVA

(141) Design (142) Model (143) Est.score model (144) SS.partition (145) ANOVA 
         Table

(146) ANOVA
      Statistics

(147) F-tests

(1411) One-way ->1, 2
(1412) Two-way ->

(1414) dep. var.

(1421) One-way

(14211) Xij=
(14212) gmean
(14213) alpha j->1, 2
(14214) Ei(j) ->1, 2

(1431) Est. for 
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(14311) Xij=
(14312) xbar..
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Figure 6: Structure of Problem Schema for ANOVA (from [8], used with permission). 

Cognitive actions and types of tutor help. In analyzing the modeling dialogues in the 
statistics domain, we analyzed how the tutor provided help through descriptions of proce-
dures that were related to different types of cognitive actions involved. Through tutorial 
dialogue accompanying problem-solving actions, tutors typically provide a variety of 
types of information and coaching assistance as the appropriate component procedure (for 



  

the current subtask) is being applied.  Types of descriptive information about any sub-
procedure include descriptions of: the action, the goal, the problem state, the result, con-
ditions for applying the procedure, explanations of the sub-procedure; and instruction on 
how to use any tools (i.e., the statistics software) that are needed to apply the procedure. 
Explanations were found to be of several types including explanations of: (a) relevant 
statistical concepts, (b) theory, (c) representations used or obtained in the analysis, (d) the 
procedure itself (including goals, actions, and results), and (e) pragmatic considerations 
related to how the procedure is used in the real world. In addition, the tutor’s coaching 
strategies were found to involve (a) guidance in what specific procedures to apply, (b) 
assistance with specific procedures, (c) prompts such as questions, clarifications, and 
hints, and (d) feedback on the students’ results.  

Conceptual models and embedded tutor explanations. To investigate how conceptual 
models were communicated by the tutor in the context of the modeling dialogue, we ana-
lyzed the conceptual content of the tutor’s embedded explanations, how these conceptual 
explanations were related to the problem schema (i.e., where they occurred in modeling 
problem-solving procedures), and how they provided a conceptual structure that linked 
different components of the ANOVA schema. We were also interested in how such tutor 
explanations modeled the reasoning processes involved in statistical inference in 
ANOVA.  

An example of how explanations of concepts and theory served to link ANOVA pro-
cedures is given by a short tutor explanation of the concept of an “F ratio” for the novice 
student (from [8]): 

387  Ok, this-, ok, F ratios, ok, can be assumed under the null hypothesis to have a certain 
distribution, ok, (DRAWS AXES ON BOARD) for things like-, and there-oh let me go 
back a bit ((farther )). 

388  The shape of an F ratio-, the precise shape of an F ratio (POINTS TO F-RATIO IN 
SYSTAT ANAYSIS WINDOW) depends on the degrees of freedom that you have here. 
(POINTS TO DF IN SYSTAT WINDOW) 

389  Ok, and here we have 2 and 69 degrees of freedom.. 
390  Now what-, what the F distribution specifies is a lot like the sampling distributions of 

the mean that we talked about. 
391  The F distribution specifies what the ratio of these mean squares (POINTS TO MS 

VALUES) would look like under the null hypothesis. 
392 That is, there being no significant difference, ok, among the means. 

A graphic representation of the conceptual structure of this explanation is given in 
Figure 7. Here nodes in the problem schema are represented by rectangular boxes (the 
numbers refer to node numbers in the schema; other concepts are represented by ellipses. 
The links in the graph (labeled arrows) represent relations defined in propositional analy-
sis theory [15]: dependency relations (COND: conditional, IFF: logical equivalence, 
PROX: similarity); mathematical operations (DIFF is the difference operator applied to 
its arguments (ARG), F-RATIO is an operator that forms a ratio based on two arguments 



  

(the numerator (MS(A) and the denominator (MS(res)), and functions are operations that 
assign values to a variable); and semantic relations  (e.g., ATT assigns an attribute or 
property of an object). The relationships between concepts that the tutor’s explanation 
establishes are depicted as links in the conceptual graph representation. These links were 
described as follows in [8]: 

The tutor has established conditional links from the null hypothesis to the F distri-
bution (which is conditional on the null hypothesis) to the sampling distribution of the 
F ratio (under the null hypothesis). The null hypothesis is linked to the sample mean 
differences, the F distribution is linked to the degrees of freedom and to the sampling 
distribution of the mean, and the sampling distribution of the F-ratio is linked to the F 
ratio. Thus, this short explanation has linked a number of key concepts in ANOVA into 
a well-defined conceptual structure, one which depicts the chain of reasoning involved 
in hypothesis testing in ANOVA. 

 

Null Hyp F-Dist (function)  F-ratio.distr (sample)

Mn.Samp.Distr

mean(j)

DIFF

no sig.

ARG

RETURNS

IFF
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shape
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PARTPART

COND
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like what

ARG ARG

ATTOBJ
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1471
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1473 1325
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Explanation of F-ratio

COND

look

R.OBJ THM

  

Figure 7: The structure of an embedded tutor explanation. (from [8], used with permission). 

The interactive structure of the tutorial dialogue. As in the case of the engineering tu-
toring dialogue, the conversational structure of the dialogue was analyzed in terms of 
speaker, turn-taking, and conversational sequences and actions initiated by each speaker. 
Conversational acts include assertions, requests, responses, and expressives. In addition, 
the extent to which the tutor adjusted the content of his dialogue to reflect the student’s 
dialogue was coded as: non-contingent (continuation of a topic preceding a student utter-
ance or action with no adjustment contingent on the student) and contingent (the tutor’s 
utterance is adjusted to the students’ utterance with an indirect response (e.g., a topic shift 
or elaboration of a current topic) or direct response (e.g., a response to a direct student 



  

request, agreement or disagreement, or acknowledgment of the students utterance or ac-
tion). 

As in the case of the tutor modeling dialogue in engineering, there was a high degree 
of consistency of the sequence in which procedures were introduced and in the structure 
of tutor explanations, help with cognitive actions in applying procedures, and adaptation 
to individual students. Since this adaptation took place through tutor-student dialogue 
transactions, we examined the types of conversational interaction that occurred (in terms 
of types of conversational acts and sequences), and second, the extent to which the content 
of the tutor’s discourse was contingent on the content of the students’ discourse. The 
analyses revealed that that the tutor adapted the content of his discourse to the student on 
the basis of information gained from the student’s speech and actions. At the same time, 
his dialogue included planned explanations and modeling of problem-solving knowledge. 

2.3 Expert tutoring: summary of findings 

We may summarize the findings of our studies of one-to-one problem-based tutoring 
by an expert in terms of the following points: 

• The effectiveness of tutoring is attributable to the dialogue that takes place between 
the tutor and a student in a context of solving an example problem from the domain. 

• This dialogue functions as a coherent discourse that externalizes the knowledge and 
processes needed to solve problems in the domain. 

• The tutorial discourse provides the student with a representation of the problem 
schema experts use to solve problems in the domain. 

• The dialogue provides the student with an episodic representation of the sequence of 
steps (episodes) that are involved in applying the problem schema to a specific prob-
lem example. 

•  The dialogue externalizes the cognitive actions that are involved within each episode 
of problem solving. 

• Expert tutors adopt a strategy of cognitive apprenticeship consisting of modeling and 
coaching students’ problem solving. 

• During modeling, the tutor “externalizes” the declarative (conceptual) and procedural 
(problem schema) knowledge of experts in the domain, and models for the student 
how this knowledge is applied to solve concrete problem examples. That is, the tutor 
models how experts use their schema knowledge to organize their solutions and how 
they use their conceptual knowledge to understand, interpret, reason and explain their 
results in solving the problem. 

• During coaching, the student works on solving new problem examples with the tutor 
providing appropriate scaffolding to help the student solve the problem and refine 



  

his/her knowledge representations. Tutor scaffolding consists of: procedural guid-
ance, knowledge prompts, action prompts (questions, clarifications, direct requests, 
hints), embedded explanations, assistance in performing tasks, evaluation, feedback, 
and corrections. Scaffolding is realized through dialogue with the student, and is 
adapted to the individual student.   

• On the basis of tutor modeling dialogue, the students are able to, first, begin con-
structing the appropriate knowledge representations (conceptual and procedural 
knowledge), and second, learn how this knowledge was applied to solve a specific 
example of a problem (“episodic knowledge”). 

• As students engage in coached practice with new problems, they develop skill in ap-
plying the problem schema to organize problem-solving activity and carry out the 
cognitive actions required to reason appropriately and apply methods effectively to 
complete each sub-problem task. 

• Students’ need for coaching assistance decreases as their knowledge and problem-
solving competency increase.  

• When new, unfamiliar, or particularly complex problem features are encountered,  the 
tutor may return to modeling the required knowledge and problem-solving processes 
associated with the problem feature. In such situations, the tutorial dialogue is  a mix-
ture of modeling and coaching dialogue. 

3 Designing Computer Coaches to Emulate Human Tutoring in Complex 
Domains 

Although one-to-one tutoring by an expert may be the most effective means of instruction 
in complex domains, it may not be the most practical. It would be extremely expensive to 
employ as a method for training on a large scale in schools, universities, or the workplace. 
However, many of the characteristics of expert tutoring can be found in closely-related 
situations of case- or problem-based group instruction by teachers or trainers who have 
expertise in a domain and experience in coaching students in that domain [20, 21]. None-
theless, these contexts remain situations in which one instructor must deal with varying 
numbers of students and, thus, is not necessarily able to interact optimally with individual 
students.  

If we could design interactive computer coaching systems that would provide coach-
ing support similar to that provided by expert tutors, students could work individually or 
with others to supplement such problem-based instruction with deliberate and extended 
practice in solving authentic problems with assistance provided by the computer coach. 
Such computer-based coached practice environments could be designed to supplement the 
problem-based instruction students receive by providing coached practice that is compati-
ble with that of an experienced tutor. The computer coach would be able to provide expla-
nations, instruction and scaffolding to a student that are comparable to that provided by an 



  

expert human tutor. It would present a student with a selection of authentic practice prob-
lems at different levels of difficulty, be available to the student as a source of coaching 
support at any time the student needs help from the coach, provide support for develop-
ment of students’ self-evaluation skills, and provide cognitive assessments of progress in 
particular areas of knowledge and component skills [20].  

In designing computer coaches to emulate and complement expert tutoring the fol-
lowing objectives must be met: 

1. The computer coach must provide coaching support that is similar to that provid-
ed by expert human tutors. This requires both a knowledge base that is similar to 
that displayed by expert human coaches in the particular domain as well as the 
availability of the types of interventions that expert coaches employ. These in-
clude coherent explanations, instruction and scaffolding whose content is compa-
rable to that provided by expert human tutors. It also requires resources for sub-
mitting solutions to sub-problems and obtaining feedback on performance.  

2. It must also provide an environment for deliberate practice in solving authentic 
problems at different levels of difficulty with assistance provided by the comput-
er coach. This means that the solutions the users produce to the various compo-
nents of solving problems must consist of productions that are similar to task 
productions in authentic environments of problem solving performance.   

3. Since students may work individually or in groups, the computer coach must 
provide an environment in which students can work individually or collabora-
tively. 

4. Since it is assumed that a computer coach would be used in conjunction with 
problem-based classroom or workplace group instruction, it needs to be an envi-
ronment that reinforces the kinds of problem-based instruction students currently 
experience by providing compatible situations of coached practice and authentic 
problems that are representative of those used in problem-based classroom or 
workplace instruction. 

In designing a computer coaching environment we attempted to meet all of the above 
objectives. However, we also had additional design objectives that did not necessarily 
follow from our research on human tutoring and that, in some cases, differed from what 
human tutors do. These features follow from our objective of providing a coaching envi-
ronment that is compatible with and that reinforces the objectives of problem-based 
modes of learning and instruction by: (a) reinforcing the student’s role as a self-directed 
learner; (b) facilitating the student’s development of strong meta-cognitive skills in the 
domain, including skill in self-evaluating one’s own work using professional standards; 
(c) enabling students to track their own progress in developing expert knowledge and 
problem-solving competencies in ways that are informative about their progress; and (d) 
providing unlimited access to a computer-supported coached-practice environment for 
students who are accustomed to working in a problem-based instructional setting with 
easy availability of information via the web and courseware tools (such  as WebCT). 



  

Accordingly, the additional design features that we desired in our coaching environ-
ment were: 

5. Student control. In order to encourage students to be self-directed learners, they 
need to be placed in control of the problem-solving environment and the coach-
ing environment. The system should provide scaffolding and coaching assistance 
only when requested by the student. Moreover, while the coaching support 
should be available at any time the student seeks help from the coach, the amount 
and kinds of help provided, and the selection of practice problems and tasks, 
should be determined by the student. 

6. Provide self-evaluation of performance by the user. In order to develop students’ 
self-evaluation skills the system should provide tools to guide students in learn-
ing to evaluate their own performance by comparing their solutions to an expert 
solution for each problem task.   

7. Provide diagnostic cognitive assessment and tracking of progress. The coaching 
environment should provide students with diagnostic feedback and advice, based 
on their performance of problem-solving tasks; and provide evaluations of their 
progress, based on cognitive assessments of their knowledge and problem-
solving performance. 

8. Implemented as a server-based web application. In order to provide both internal 
and remote access to students the system must be implemented as an interactive 
server-based web application that is accessible using a browser. 

4 Development of a Computer Coach in Statistics 

The computer coach was engineered to meet these design objectives: compatibility 
with problem-based modes of instruction and incorporation of many of the functions of 
expert human tutoring using modeling and coaching strategies. In addition, the coaching 
system was designed to be student-controlled, and to enable students to work individually 
or collaboratively as self-directed learners in authentic environments of deliberate prac-
tice. A generic coaching environment was designed to meet these objectives. The comput-
er coaching system includes a Student interface by which students can interact with the 
tutor, and an Instructor interface for reviewing, entering and editing tutor content. From a 
technical standpoint, the main function of the coaching system is to provide an interactive 
environment for entering information into a relational database and displaying information 
retrieved from the database.4 

Using the system to author the tutor content, a computer coach was implemented in a 
domain of statistics (Analysis of Variance: ANOVA). The resulting computer coach (the 
“McGill Statistics Tutor”) was used to provide coaching support to students over the In-
ternet as they learned to solve data analysis problems while using professional statistical 
                                                             
4 The system is implemented using OpenBase relational database software with user inter-
faces implemented using Apple WebObjects software and custom Java programs running 
on a Mac OSX Server (installed on an Apple xServe server). 



  

analysis software (SAS) running on their computers to perform data analysis tasks. The 
McGill Statistics Tutor was intended for use as a practice environment for students 

 



  

Figure 8: The computer coach user window in a desktop environment. 



  

 

enrolled in applied statistics courses. 
The McGill Statistics Tutor environment is illustrated in Figure 8. Here the user  is 

currently running the statistical analysis system SAS and the main window, the SAS 
Desktop Environment, is displayed. The student is using SAS to run an ANOVA of the 
data set “anova189” in the SAS Program Editor window with the results of the ANOVA 
appearing in the SAS Output window. The student is simultaneously logged on to the 
McGill Statistics Tutor whose “Work on Task” interface is displayed in a browser win-
dow. The student interacts with the computer coach in this window and can receive help 
from the Statistics Tutor as he/she works on a data analysis problem using SAS. 

The McGill Statistics Tutor welcome page (http://appliedcogsci.mcgill.ca/) includes 
login options for: Students who are registered users of the software, Instructors (which 
allows them to review and edit tutor content), and Researchers (which allows them to 
view and analyze data). Once a student logs on to the tutor (by providing a user name and 
password created by the Instructor), the student selects a Course (Step 1) and a practice 
Problem (Step 2). A text describing the selected problem and providing the data set to be 
analyzed is presented in the welcome page window. The student then selects a Task from 
a numbered list of tasks (Step 3; see Figure 9). Each Task corresponds to a sub-problem 
specified by the Problem Schema for the ANOVA domain. Each Task is associated with a 
node in a hierarchically organized database of domain knowledge that corresponds to the 
ANOVA Problem Schema (Figures 5 and 6). (Task #00 is a browser option that enables 
students to browse the entire tutor knowledge database for the ANOVA schema.) 

 

 
Figure 9: Task Selection List 

Before describing in detail the Student’s tutor interface and how it is used during 
practice sessions with the Statistics Tutor, it may be helpful first to explain the structure of 
the tutor database to clarify the types of information that students can access when they 
use the computer coach. The content of the tutor database falls into five main categories: 



  

Students, Courses, Problems, Tasks, and Help Nodes (nodes in the tutor knowledge struc-
ture):  

1) The Student database contains a list of all students, their user names, passwords, and 
email addresses.  

2) The Course database contains a set of courses and the practice problems associated 
with each course.  

3) The Problem database specifies a set of problems for each course, and for each prob-
lem: a problem id number and name, a difficulty level (an integer), a problem type, 
and a problem description text. In the Statistics Tutor, this information consists of a 
description of a problem requiring the use of analysis of variance (ANOVA) to con-
duct a statistical analysis of a data set (that is provided in the problem description). 

4) The Task database contains (for each Problem) a set of Tasks (Figure 9) and, for each 
Task: a Task Number, a node number in the hierarchical tutor help database corre-
sponding to the task, a Task Name, an Expert Solution (text and graphics), and a list 
of Solution Features. Solution Features are used in students’ self-evaluation of their 
task solutions that are submitted to the tutor. The student compares his/her submitted 
solution to the expert solution for the task in terms of the solution features. There is 
also a field for storing a Bayesian model for each task, which will be used to make in-
ferences about the student’s knowledge and skill components for that task. 

5) The Tutor Knowledge database is organized hierarchically, and is based on studies of 
tutor modeling discourse. It corresponds to the problem schema model of how 
knowledge of problem-solving procedures is structured in an expert's memory. The 
Tutor Knowledge database contains both declarative (e.g., conceptual and theoretical) 
and procedural knowledge, and these are integrated within the hierarchy. It is a rela-
tional database which consists of a large set of hierarchically organized nodes con-
taining help information that the tutor can provide to the student on any component of 
the problem schema (in the Statistics Tutor, the Tutor Knowledge database corre-
sponds to the ANOVA Problem Schema in Figures 5 and 6). Each Help Node corre-
sponds to a node in the problem schema and is identified by: a unique Node Number 
(specifying its position in the node hierarchy), a Node Name, and its Parent Node 
Number in the hierarchy. The Node Number and Parent Node Number are used to 
navigate and retrieve information from the hierarchical database. For each node, there 
are Coaching fields and fields containing Modeling information (these provide an-
swers to different kinds of questions that the Student can pose to the Tutor: “Ask Tu-
tor” Questions). The Coaching fields are: Questions, Clarifications, Hints (any num-
ber), and Deep Questions; and the Modeling fields are: Goal, Problem State, Condi-
tion, Action, Result, Theory (a sequence of Topics), Tool Help, and Graphics (one or 
more graphics images).  

This tutor knowledge is presented to the user in a context of problem-based learning 
(PBL) following the model of cognitive apprenticeship. Coaching assistance can be ob-



  

tained for any component of the problem-solving schema and conceptual knowledge 
models that are implemented in the hierarchically organized database (Questions, Clarifi-
cations, Hints, and Deep Conceptual Questions). Modeling is provided to the student by 
tutor responses to students’ queries that depend on the type of question selected by the 
student (Goals, Actions, Results, Conditions, Problem States, Theory, and Instrumental 
“Tool” Help), from a list of  “Ask Tutor” question types for each node in the problem 
schema. 

Unlike most natural tutoring, the control of the interaction is put entirely in the hands 
of the student. In the Modeling phase the system presents, at the user's request, the steps 
required to obtain the results according to a goal hierarchy, and explains the theoretical 
rationale for each step. In the Coaching phase, students are provided with access to appro-
priate scaffolding as they try to solve realistic problems. Students can choose what tutor-
ing actions they want the system to perform. Interaction with the computer coach applica-
tion is usually sequential, reflecting: the students' sequence of problem-solving tasks, so-
lution steps and actions; the nature of the tutoring database; and the user interface used to 
access it. The interface constrains the user to follow a specific sequence of steps in the 
process of selecting the activities that serve as the basis for PBL. However, students also 
can freely explore the tutor content. 
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Figure 10: Schema for testing hypotheses sub-procedure 

Now, returning to the Task Selection list (Figure 9), suppose the student has selected 
Task 9: Testing hypotheses in ANOVA. The ANOVA Problem Schema sub-tree corre-
sponding to this task is given in Figure 10. Once the Student has selected a particular 
Task, the main window for interacting with the tutor appears (i.e., the “Work on Task” 
window visible in Figure 8). First, the student can obtain a Solution Template for this 
task. The Solution Template consists of questions that are used by the student to write a 



  

report of the results obtained for this task (by analyzing the data that were provided with 
the description of the selected problem). The report-writing task provides a focus for or-
ganizing and communicating the results obtained from using SAS to carry out the analysis 
of the data. The report is prepared using a word processor and is submitted to the tutor (as 
an html file). This use of an explicit report-writing task with question scaffolds is charac-
teristic of problem-based learning situations. It is an authentic skill and knowledge-
demanding task that requires students to organize the results of their analysis for commu-
nication in a professional context, and reflect on their results and the statistical theory and 
methods employed to obtain them. The questions also function to scaffold the discussion 
of pairs or groups of students in situations in which students are working collaboratively 
with the help of the ANOVA Tutor. 

 
Figure 11: User interface: Navigation and interaction with the coach 

The “Work on Task” window for the “Testing Hypotheses in ANOVA” Task is given 
in Figure 11. If a student wants to receive help from the tutor in performing this task, 
he/she can click on “Show Task Help”, and the title: Task Help appears followed by the 
node name: Testing Hypotheses in ANOVA. This entry in the Task Help list corresponds 
to the name of the top node in the in the hierarchical problem schema for the “Testing 
Hypotheses in ANOVA” sub-task in the Tutor Knowledge database (Figure 10). To the 
right of the node name are two types of help the student can elect to receive from the tu-



  

tor: “Ask Tutor” (i.e., receive modeling and explanations from the tutor about the node in 
response to selected question types), or “Coaching” (receive “questions”, “clarifications”, 
“hints” or “deep questions” from the tutor as prompts to help in applying the node proce-
dure to a component of the problem solving task). If the student clicks with the cursor on 
the “⊕” symbol before an entry in the Task Help list, the entry expands to include follow-
ing it a list of component procedures from the problem schema. The plus sign in the “⊕” 
symbol turns into a minus sign when the node in the schema has been “expanded” to dis-
play its sub-nodes (these appear below it in the list). Clicking on a minus symbol before a 
node collapses the node (if it has been previously expanded.)  We will refer to this display 
as the Navigation Tree for the task. 

Students can choose the type of help they want to receive from the tutor for any com-
ponent of the problem schema for the task: Modeling (by using the “Ask Tutor” option to 
obtain tutor modeling and explanations), or Coaching (by using the “Coaching” option to 
receive action or knowledge prompts from the tutor). In the window displayed in Figure 
11, the student has selected Coaching assistance from the tutor on the top-level procedure 
node for the “Testing Hypotheses in ANOVA” Task, and has elected to receive a Hint 
from the tutor. In response, a sequence of four hints was offered by the tutor and the stu-
dent started with Hint #1, the text of which is displayed: “You have to specify exactly what 
hypotheses are to be tested.”  

 
Figure 12: User interface: Asking for a theoretical explanation for a component of the “Testing Hy-

potheses in ANOVA” procedure (“Ask Tutor” ⇒ Theory ⇒ Part 8). 



  

 
Figure 12 shows the Task window for the “Testing Hypotheses in ANOVA” proce-

dure in a situation in which the student has decided to ask the tutor for a theoretical expla-
nation of  “The Sampling Distribution of the F Statistic”. The student has read through the 
parts of this explanation and arrived at Part 8 which gives an example of a sampling dis-
tribution under the null hypothesis for an F statistic having 2 and 69 degrees of freedom. 
In response to the reference to Figure 1, the student clicked on the Graphics option to dis-
play the graph of this distribution.  

While these examples illustrate the modeling and coaching environment that is pro-
vided by the computer coaching system for students as they use the McGill Statistics Tu-
tor, to better understand the modeling and coaching functions of the computer coach, we 
need to review the types of modeling and coaching assistance that the computer coach 
provides and show how they are related to aspects of the modeling and coaching functions 
found in our studies of expert human tutoring. The various types of Modeling assistance 
provided by the Computer Coach are summarized in Table 2; and the various types of 
Coaching assistance are summarized in Table 3. 

Modeling assistance provided by the computer coach. The various types of modeling 
functions that we found in our analyses of modeling dialogue are listed in the first column 
of Table 2. We found that the primary function of the modeling dialogue initiated by the 
tutor was to model the declarative and procedural knowledge and processes that are re-
quired to understand and solve problems in the domain (e.g., ANOVA data analysis). 
First, the tutor modeled the organization of procedural knowledge consisting of the prob-
lem schema which reflects the systematic procedures and methods that experts use to 
solve problems in the domain (in this case, the ANOVA Data Analysis Schema: Figures 5 
and 6). Second, the tutor modeled experts’ declarative knowledge consisting of conceptu-
al domain knowledge (i.e., knowledge of research design and of statistical concepts and 
theory). Since this conceptual knowledge was closely linked to the procedures used to 
analyze data using ANOVA, conceptual explanations occurred in the context of applying 
procedures to solve the problem. Third, the tutor modeled problem-solving processes by 
demonstrating and explaining, through his contributions to the dialogue and actions, the 
processes involved in solving a concrete problem example. This included: (a) modeling 
the application of the problem schema to create an episodic sequence of steps in solving 
the problem (reflected in the trace analysis); and (b) modeling a sequence of problem-
solving actions within each episode. In this way, the tutor modeled the problem-solving 
actions associated with each step in solving the problem. Fourth, the tutor modeled the 
results of each step in solving the problem, including the interpretation of the results. 
Fifth, the tutor included statements of evaluations of methods and results in his contribu-
tions to the modeling dialogue. Finally, the tutor modeling dialogue included modeling of 
tool use in solving the problem, i.e., instrumental procedures required to carry out data 
analysis using specific statistical software (e.g., SAS).  



  

Table 2: Types of Modeling Assistance provided by the Computer Coach 

Type of Modeling Function Function Provided by Computer Coach  
1 – Modeling the Problem Schema Navigation: Problem Schema Representa-

tion 
Ask Tutor ⇒ Goals, Actions  

2 – Modeling Conceptual Domain  
      Knowledge 

Navigation: Problem Schema Representa-
tion 
Ask Tutor ⇒ Theory Topics 

3 – Modeling Problem-solving Processes: 
 

 

     a) Problem Schema Application Task List ⇒ Select Task 
Navigation: Problem Schema Representa-
tion for Task 

     b) Problem-solving Actions Ask Tutor ⇒ Goals 
Ask Tutor ⇒  Actions 
Ask Tutor ⇒  Conditions 
Ask Tutor ⇒  Interpret State 
Ask Tutor ⇒  Theory (Reasoning) 

4 – Modeling Results Ask Tutor ⇒  Results 
Ask Tutor ⇒  Theory (Examples of Results 
and Interpretation) 
View Expert Solution  

5 – Modeling Self-evaluation Self Evaluation ⇒  Solution Features 
Match of Submitted Solution to Expert 
Solution 

6 – Modeling Tool Use Ask Tutor ⇒  Tools ⇒  SAS 

The second column of Table 2 lists functions provided by the computer tutor that cor-
respond to each of the modeling functions found in tutoring by expert human tutors. Mod-
eling the problem schema is accomplished by the Navigation Tree as a master framework 
for organizing and searching the procedural database used by the tutor. Our example 
showed how the Navigation Tree is a direct representation of the problem schema which 
is the principal basis for organizing knowledge in the database used by the computer 
coach. The student receives direct descriptions of the problem schema for ANOVA by 
navigating the schema (using the Navigation Tree) and obtaining information about goals 
and actions related to each node in this procedural schema. Contextual explanations of 
conceptual knowledge are obtained for each node in the problem schema by using the Ask 
Tutor function to obtain information from the tutor about Theory Topics linked to the stu-
dent’s current step in solving the problem. The application of the problem schema is mod-
eled by the Task List which organizes the problem solving into episodes corresponding to 
schema sub-problems.  The tutor displays the Navigation Tree for the selected task, and 



  

the student can use the Ask Tutor function for information about the processes involved in 
each component of completing the current task. Information is available for specific cog-
nitive actions in this step (episode) in problem solving including: Goals, Actions, Condi-
tions, Interpreting the Problem State, and Theory  (see Table 2). Similarly, general infor-
mation about the Results can be obtained using the Ask Tutor function: by asking for in-
formation about Results, and from examples given in tutor explanations obtained by ask-
ing the tutor for information about Theory. Information about results for the specific prob-
lem example is available by using the Self Evaluation function of the computer coach. 
This function enables the student to view an expert solution to the problem task, and com-
pare his/her solution to the expert solution. This self-evaluation function in effect models 
the process of self-evaluation. Finally, the Ask Tutor function can be used to obtain con-
textual Tools support consisting of tutor explanations of how to use SAS software to 
complete the current step in solving the problem. 

Coaching assistance provided by the computer coach. The various types of coaching 
functions and scaffolding that we found in our analyses of coaching dialogue are summa-
rized in the first column of Table 3. First, an important aspect of coaching by expert hu-
man coaches is procedural guidance. This function is provided by the computer coach by: 
(a) the selection of a problem by type of problem (e.g., one-way design, two-way design, 
etc.), (b) the Task List which scaffolds the organization of problem solving into a se-
quence of episodes or steps, (c) the Navigation Tree which is a representation of the 
schema for the selected task and which scaffolds the specific procedures that are needed to 
complete the task, and (d) the use of the Ask Tutor function for components of the task 
schema to obtain embedded tutor explanations of goals and actions. Second, expert tutors 
were found to provide context-specific coaching assistance consisting of: (a) procedural 
action prompts (to prompt the specific actions that are required for a component of the 
task), and (b) knowledge prompts (to prompt retrieval of knowledge needed in a specific 
context of problem solving). Context-specific procedural action prompts for the currently 
selected node in the task schema are available using the Coaching function of the comput-
er coach to obtain Questions from the tutor, Clarifications of Questions, and Hints 
(prompts for specific component actions for the current component procedure node). Con-
textual knowledge prompts are available by means of Deep Questions from the tutor. 
“Deep” questions prompt the retrieval of conceptual and theoretical knowledge relevant to 
the current state in solving the problem. We also found that expert tutors provide embed-
ded explanations to students, through assertions or responses to student questions.  Em-
bedded explanations can be obtained from the computer coach in the current problem-
solving context by asking the tutor questions about: Goals, Actions, Conditions, how to 
interpret the current problem state (Interpret State), Theory, and the characteristics of the 
expected Results.  In the same manner, students can obtain help with Tool use from the 
computer coach.  

 

 



  

Table 3: Types of Coaching Assistance provided by the Computer Coach 

Type of Coaching Function Function Provided by Computer Coach  
1 – Procedural Guidance Select Problem by Type 

Task List ⇒ Select Task 
Navigation: Problem Schema Representa-
tion of Task Schema 
Ask Tutor ⇒ Goals, Actions 

2 – Context-Specific Coaching Assistance 
 

 

     a) Procedural Action Prompts Navigation: Problem Schema Representa-
tion for Task 
Coaching ⇒ Question 
Coaching ⇒  Clarification 
Coaching ⇒  Hints (Sequential List) 

     b) Knowledge Prompts Navigation: Problem Schema Representa-
tion for Task 
Coaching ⇒ Deep Question 

4 – Response to Student Questions  
      (Embedded Explanations) 
 

Navigation: Problem Schema Representa-
tion for Task 
Ask Tutor ⇒ Goals 
Ask Tutor ⇒  Actions 
Ask Tutor ⇒  Conditions 
Ask Tutor ⇒  Interpret State 
Ask Tutor ⇒  Theory (Explanations & 
Reasoning) 
Ask Tutor ⇒  Results  

5 – Feedback and Evaluation Comparison of Submitted Solution to Ex-
pert Solution 
Self Evaluation ⇒  Solution Features 
(Feedback Provided on Errors & Omis-
sions) 
Online Cognitive Assessment 

6 – Help with Tool Use Ask Tutor ⇒  Tools ⇒  SAS 
 

Finally, the computer coach has a self-evaluation function in which, after the student 
has completed a problem task, he/she must submit a report on the results obtained for the 
task. This report is scaffolded by questions obtained from the Task Template that was 
previously described. Once a student has submitted his or her report, the student can view 
an expert solution for the task and compare the submitted report to the expert solution, 
side by side on the screen. Self-evaluation is scaffolded by means of a list of “solution 



  

features”, that is, features of solutions that should be present in the solution and reflected 
in the students report. For each solution feature, the student evaluates whether in his/her 
solution, the component of the submitted solution is: present and correct, incomplete, con-
tains an error, or is missing. If the component is not correct, feedback is given consisting 
of a description of common errors and an identification of the node in the task schema that 
provides an explanation relevant to the error. Thus, in evaluating their solutions, students 
can compare their solutions to the expert solution for the task (which is specific to that 
problem) in terms of specific features that are required for a complete and correct solu-
tion.  

It is important to emphasize that the computer coach we have been describing (the 
ANOVA Tutor) is built from a generic system that was used to develop and implement 
the ANOVA Tutor content. The steps in developing a computer coach in any domain us-
ing the Tutor Authoring System interface may be summarized as follows: 
 

1) Models are developed of expert declarative and procedural knowledge in the se-
lected domain from analysis of expert performance and explanations. 

2) Models of the content of tutor explanations and coaching are developed from 
analyses of data collected with human tutors. 

3) Using the Tutor Authoring interface, a relational database of tutoring knowledge 
is developed to reflect the structure of the problem schema for the domain. 

4) The Tutor Authoring interface is used to enter the content of tutor explanations 
and coaching using the coaching system’s internal html text editor and by entering 
graphics files. 

5) The tutor content and user interface for the computer coach is tested with students 
representative of potential users of the coaching environment. 

6) Next, the Tutor Authoring interface is used to enter a set of practice problems and 
expert solutions to implement a coached practice environment. 

7) For self-evaluation, the Tutor Authoring interface is used to enter a set of solution 
features for each problem task. 

8) The final step is to evaluate and improve the coaching content based on data col-
lected from students as they use the computer coach as a practice environment, 
and from students who are using the coaching environment within specific educa-
tional contexts (e.g., courses, training workshops, review). 

9) The selection of practice problems and solutions in the database can be expanded 
to broaden the applicability of the computer coach as a practice environment. 

10) To add assessment capabilities to the coaching environment, assessment models 
(i.e., Bayesian network models) can be incorporated into the system to provide 
feedback to the student and assess students’ learning and mastery (this step is un-
der development). 



  

5 Cognitive Assessment 

The tutoring database and system described in this chapter have been designed for the 
eventual addition of an assessment component based on the use of Bayesian models as 
assessment models, and a Bayesian “inference engine” to provide on-line assessments of 
the components of a student’s knowledge and competency based on data collected while a 
student uses the computer coach as a practice environment or as an assessment (perfor-
mance testing) environment. The provision of on-line Bayesian assessment is a task for 
the next stage of development of this research. Here we describe the general approach 
being taken to cognitive assessment in the context of the Statistics Tutor. This is con-
sistent with our earlier proposals for cognitive assessment in coached learning environ-
ments [20]. Conati, Gertner, VanLehn & Druzdzel [22] also have been investigating a 
Bayesian approach to on-line student modeling in coached problem solving in physics. 

The approach we are taking to cognitive assessment can be conceptualized in terms of 
the general framework for assessment proposed by Mislevy and his colleagues [23]. In 
this framework, assessment is conceived of as an “evidentiary reasoning problem” in 
which inferences are made about a student’s cognition; that is, inferences are made about 
components of the student’s skill and knowledge in the domain being assessed. These 
inferences are based on observations of behaviors or performances in task situations that 
are representative of the domain being assessed and that provide evidence on which to 
base inferences about a student’s knowledge and skill. In Mislevy’s framework, there are 
three components of the assessment process which constitute an “assessment design”: (1) 
a model of the students cognition: components of the student’s knowledge and skill; (2) a 
model of the observed evidence: observations that are made of the student’s behavior or 
performance and how they reflect components of the student’s knowledge and skill; and 
(3) a model of task situations: task contexts in which the student’s performance is ob-
served. Thus, an assessment design consists of three basic models: a Student Model, an 
Evidence Model, and a Task Model.  

A Task Model consists of a specification of the domain of tasks or situations of per-
formance that will be used to assess knowledge and skill in the domain to be assessed. 
Tasks in the task model are designed to elicit behaviors (performances) that reflect the 
skills and knowledge that underlie competency in the domain. In the ANOVA domain, the 
Task Model can be specified by the set of problems and tasks that are used in the ANOVA 
Tutor. The tasks specified by a Task Model in an assessment design might not be as au-
thentic as the performance tasks used in the tutor or in real professional contexts. 

A Student Model is a configuration of “student model variables” that are constructs 
that approximate or represent components of the knowledge and processing skills of real 
students (and experts in the domain) that cognitive research has established are needed for 
students to perform successfully on the task situations specified in the Task Model (as 
reflected in their behaviors and task performance). The value of each of these construct 
variables in the student model would consist of the strength or mastery of each component 
or configuration of components of the domain knowledge and skill of an individual stu-
dent. In the ANOVA domain, constructs in the Student Model might correspond to com-



  

ponents (or sets of components) of the ANOVA problem schema, conceptual knowledge 
models, or cognitive actions in knowledge application. In a Student Model, these con-
structs may not be as finely specified as the components of a detailed cognitive model of 
experts’ knowledge and processing. 

An Evidence Model specifies: (a) the behaviors or performances that are observed in 
the situations of performance (identified in the Task Model); and (b) their relationship 
(connection) to the constructs (that represent or approximate components of student’s 
knowledge, skill and cognitive processing in the Student Model) that are responsible for 
successful performance of tasks in the domain. In the ANOVA and Engineering domains, 
our research has shown that successful performance of problem-solving tasks in the do-
main involves the application of a problem schema to decompose the problem into sub-
problems, organize an episodic sequence of procedures which are applied to solve the 
problem, and produce a sequence of cognitive actions (within episodes) in which concep-
tual knowledge and knowledge of solution methods are applied to a component of the 
problem. An Evidence Model is not a model of the problem-solving process.  Rather, it 
establishes links between “observable evidence variables” observed in the situations of 
task performance (called the “Evaluative Sub-model”) and constructs in the Student Mod-
el. These links are the basis for inferences in which patterns of observations of perfor-
mance variables are used as evidence for “backward” inferences about the constructs 
(components of knowledge and skill) that are responsible for the performance variables. 
Mislevy et al. [23] propose Bayesian probability networks as statistical models that are 
suited to making such inferences. 

 

Figure 12: Bayesian network for score model procedure. 



  

 
An example of this approach to assessment in the ANOVA domain is given in Figure 

12. Here the ANOVA task is Task 5: Writing ANOVA Score Model Equations. The ob-
served variables are the nodes at the bottom of the tree. These nodes correspond to obser-
vations of a student writing and explaining each component of the ANOVA score model 
for a particular data analysis problem, and writing the model equation itself. Observed 
variables are included for One-Way and for Two-Way ANOVA models (the types of 
ANOVA models currently covered in the ANOVA Tutor). For illustrative purposes, we 
suppose we have three observed evidence variables for writing each component of the 
ANOVA score model: an evaluation (EVAL) of degree of success in completing the com-
ponent of the task (as correct, correct but incomplete, error, or missing); a measure of the 
extent of use of tutor coaching for that component of the task (COACH); and a measure of 
the extent of use of tutor explanations (INSTR: Instruction). The nodes representing these 
variables appear in Figure 12 as darker to indicate that they are observed evidence varia-
bles.  

The other variables in the network correspond to unobserved constructs in the Student 
Model. These constructs correspond to chunks of knowledge and associated skills in a 
cognitive model of expert’s knowledge and procedures for writing ANOVA score models 
for research designs. The directional links point from Student Model constructs either to 
other student model constructs or to evidence variables. The constructs at the top of the 
network correspond to large chunks of knowledge and skill, and the intermediate chunks 
correspond to components of the knowledge and skill that constitute components of the 
“parent” chunk.  The three top-level constructs in the network represent (a) knowledge of 
and skill in applying procedures for writing one-way ANOVA models, (b) knowledge of 
and skill in applying procedures for writing two-way ANOVA models, and (c) knowledge 
of model concepts corresponding to the terms in an ANOVA model equation. The one-
way model variable decomposes into five components (one for each of the four terms in a 
one-way model equation and one for their arrangement into an equation). It should be 
apparent that this Bayesian probability model is closely related to the problem schema for 
this component of the ANOVA Schema (which is represented in the tutor database).  

Once a Bayesian probability network has been written for a task, values of the ob-
served variables can be specified for a student, and the network can be “run” to infer the 
likelihood of different levels of mastery of the constructs representing knowledge and 
skill in the Student Model. In this way the Bayesian probability network makes intelligent 
probabilistic inferences about the degree of mastery of the components of a student’s 
knowledge and skill on the basis of observations of the student’s performance while using 
the tutor. 

The computer coach records a trace of a student’s use of the tutor for each session 
(Figure 13). This includes any help received on any procedure, a date/time stamp for the 
help, the time that elapsed while that help was displayed, reports of work done on the task 
which were submitted by the student to the tutor, and responses to self evaluation scoring 
rubrics (“solution features”) that the student uses to compare his work to that of an expert 
(these are displayed side-by-side). The self-evaluation step helps students develop this 



  

meta-cognitive skill that has been shown to be an important component of expertise. The 
student can at any time review his work on any task, view his report, and self-evaluation 
of the report. In addition, the coaching system allows the Instructor to grade the student’s 
submitted work using the same solution features for the task that were used by the student. 
We are currently investigating the use of Bayesian networks to make probabilistic infer-
ences about components of a student’s knowledge and problem-solving skill on the bases 
of data that are collected by the tutor, data from Instructor grading using the solution fea-
tures, and from Instructor scoring of post-tutoring performance assessments. Bayesian 
models developed in this way can be entered into the coaching system database. A Bayes-
ian “inference engine” that can be run from inside the tutor application can be used to run 
the models to enable on-line assessment from within the Statistics Tutor.  

 

Procedure

Component
Procedure

Component
Procedure

“Item”

Level of Coaching 
Assistance:

• no assistance
• probe question
• hint
• instruction/explanation

Type of Instruction:
• Goal
• Problem
• Action
• Tools
• Theory
• Conditions
• Result

Evaluation:

• Correct
• Partially correct (incomplete)
• Partially correct (errors)
• Attempt (errors)
• Not attempted

Superordinate
node

Subordinate
node

Complete all component 
subtasks plus superordinate 
integrative task

Complete subordinate 
tasksORD

(TEM)
or
COND

PARTPART

(Ordered categories)

Levels of detail

(Ordered categories)(Nominal categories)
 

Figure 13: Records of students’ responses using the tutor. 

6 Studies of the Computer Coach in Use 

Data have been gathered from students using the “ANOVA Tutor” in conjunction with 
courses in applied statistics at McGill to investigate how students use the computer coach 
to help them learn to solve problems in an authentic practice environment. In one study 
novice and intermediate students worked in pairs while they used the computer coach in 
conjunction with statistical software (SAS) to learn to solve ANOVA data analysis prob-
lems. In a second study, data were gathered from students using the tutor as a complement 



  

to a course in ANOVA, and as a review of ANOVA in a more advanced course. A post-
test performance assessment indicated that students were able to successfully perform 
complex data analysis tasks independently after using the Statistics Tutor.  

While analyses of these data are in progress, an analysis of the pairs data [24, 25] has 
been completed which investigated how individuals are able to interact with a computer 
coach when control of the interaction is placed entirely in the hands of the student. Re-
search on human tutoring [16] has shown that interaction with a tutor through dialogue is 
a key aspect contributing to the effectiveness of tutoring, and in expert tutoring tutor-
student dialogue is the medium through which a tutor models knowledge and problem 
solving processes for students, and by which students interact with tutors in coached prac-
tice sessions [9]. In expert tutoring, the tutor determines how to explain and model 
knowledge and processes through dialogue with the student, and how to coach the stu-
dent’s problem solving. The student’s role as an initiator of questions is much weaker than 
the tutor’s role. In the case of a computer coach (such as the McGill Statistics Tutor), con-
trol of interaction with the computer coach is entirely the responsibility of the learner or 
learners. Consequently, learning depends critically on the ability of learners to  interact 
effectively with the computer coach to obtain contextually appropriate assistance from the 
tutor. This ability to conduct effective help-seeking has not received much attention from 
researchers [26], although help-seeking has received some attention from the perspective 
of “help-design” in interactive learning environments [27].  

Mercier [24, 25] investigated the processes involved in help-seeking in his doctoral 
research. Using the data we obtained on pairs of novice students using the computer coach 
to learn ANOVA, Mercier analyzed data consisting of the dialogue between the students 
as well as a computer log of the help requests they made in using the computer coach as 
they worked on ANOVA problem tasks. He found that the data were consistent with a 
cognitive model that distinguished six component processes in help-seeking: (1) recogniz-
ing an impasse, (2) diagnosing the impasse, (3) establishing a specific need for help, (4) 
finding appropriate help, (5) comprehending the help, and (6) evaluating the adequacy of 
the help. Students seek help when they encounter impasses due to gaps in their knowledge 
and in their ability to solve a problem. Consequently, help-seeking processes are closely 
related to students’ problem solving and learning processes. Mercier’s results show that 
novice students were able to effectively seek help while using the Statistics Tutor; howev-
er, they were not always efficient in their help seeking. This leads to the conclusion that 
more attention has to be given to students’ help-seeking skills, especially in problem-
based learning situations that emphasize the student’s role as a self-directed learner. Com-
puter coaching environments that make accurate and complete information about how to 
understand and solve problems available to students in a problem-solving environment, 
especially those that are organized to emulate processes of modeling and coaching by ex-
perts, offer potentially optimal environments for self-directed learning through coached 
deliberate practice. Our results thus far indicate that students are able to learn effectively 
using the computer coach. More research is needed on students help-seeking processes, 
how to train students to be better help-seekers, and the importance of help-seeking pro-
cesses for effective self-directed learning. 



  

7 Conclusions  

Based on our research to date, we have established the feasibility of designing computer 
coaching systems that are modeled after effective human tutoring that can reinforce the 
kinds of constructive learning processes that are emphasized in problem-based learning 
situations involving processes of cognitive apprenticeship. The next steps will involve 
implementing Bayesian assessment models within the tutor, and developing coaches in 
other domains (e.g., an engineering domain, other statistical domains such as regression) 
to further establish the applicability of the approach and its effectiveness across domains.  
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