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Abstract 

Our attempts to improve physics instruction have led us to analyze thought processes 
needed to apply scientific principles to problems — and to recognize that reliable 
performance requires the basic cognitive functions of deciding, implementing, and 
assessing.  Using a reciprocal-teaching strategy to teach such thought processes 
explicitly, we have developed computer programs called PALs (Personal Assistants for 
Learning) in which computers and students alternately coach each other.  These 
computer-implemented tutorials make it practically feasible to provide students with 
individual guidance and feedback ordinarily unavailable in most courses.  We constructed 
PALs specifically designed to teach the application of Newton’s laws.  In a comparative 
experimental study these computer tutorials were found to be nearly as effective as 
individual tutoring by expert teachers — and considerably more effective than the 
instruction provided in a well-taught physics class.  Furthermore, almost all of the 
students using the PALs perceived them as very helpful to their learning.  These results 
suggest that the proposed instructional approach could fruitfully be extended to improve 
instruction in various practically realistic contexts. 

 

I .  INTRODUCTION 
 Many students emerge from basic physics courses with inabilities to apply the 
scientific concepts or principles that they ostensibly learned, with significant 
misconceptions, and with poor problem-solving abilities.  The scientific knowledge 
acquired by these students is thus more superficial than functionally useful.1-4 

 This paper describes work aiming to develop principled and practical ways of 
improving instruction so as to overcome the preceding deficiencies.  In particular, we 
have done the following: 

• To address students’  difficulties in applying scientific principles to problems, we 
analyzed the required thinking skills, including the basic ones needed to make 
appropriate decisions and assess their implementations. 

• By using special instructional strategies for teaching these thinking skills 
explicitly, and using computers as practical means of providing students with 
good individual guidance and feedback, we devised highly interactive instruction 
where the computer and student take turns coaching each other. 
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• We carried out an experimental study which indicated that the resulting computer 
tutorials were nearly as effective as individual tutoring by expert teachers — and 
considerably more effective than the instruction in a well-taught physics class. 

 The following pages describe the analysis leading to our instructional approach and 
our way of implementing it.  Thus Section II, focusing on the task of applying scientific 
principles to problems, identifies some essential instructional needs and suggests how 
they can be addressed by special instructional strategies used in conjunction with 
computers.  Section III describes how we have implemented the resulting instructional 
approach in a prototypical domain (by developing computer tutorials teaching students 
how to apply Newton’s laws of mechanics).  Section IV then describes a comparative 
experimental study assessing the efficacy of this instructional approach.  Finally, Section 
V discusses the implications of these results and points out some promising directions for 
future work. 

I I .  ANALYSIS:  APPLYING PRINCIPLES TO PROBLEMS 
 Science instruction in which students acquire a memorized collection of scientific 
facts and formulas does little to prepare students for their future courses or changing 
career demands.  Instead, instruction should enable students to apply basic scientific 
principles flexibly, to explain or predict diverse phenomena, and to become good problem 
solvers and independent learners.  These are ambitious instructional goals involving 
complex intellectual activities.  Hence they are correspondingly difficult to achieve. 

 A systematic pursuit of such instructional goals requires identifying essential 
instructional needs and devising effective ways of addressing them.  Accordingly, this 
section discusses the following major instructional needs:  (a) Cognitive analyses 
identifying the thought processes required for applying particular scientific principles to 
various problems. (b) The recognition that some basic cognitive functions (deciding, 
implementing, and assessing) are universally necessary to enable reliably good 
performance.  (c) The formulation of instructional strategies designed to teach such 
cognitive processes — and to provide the individual guidance and feedback necessary to 
ensure that students engage in effective learning.  (d) The practical implementation of 
such strategies by a carefully designed use of computers. 

A.  Methods for  applying pr inciples to problems 
 Dealing with a science like physics (even at the level of an introductory course) 
requires that one can properly interpret and apply basic concepts and principles — and 
can use these to solve problems aiming to predict or explain various phenomena.  These 
are complex intellectual tasks requiring thought processes that may differ significantly 
from those encountered by students in everyday life.5   Furthermore, the difficulty of 
these tasks is often underestimated by scientists or teachers for whom many of the 
requisite thought processes have become largely subconscious because of years of 
experience. 

 Teaching can be much more effective if these thought processes are explicitly 
understood so that effective learning processes can be more deliberately designed.  
Indeed, our past work provides quite a few examples where the elucidation of thought 
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processes required for physics tasks has allowed the design of more effective 
instruction.6-12 

 Accordingly, a central instructional need is to analyze (and then teach explicitly) the 
thought processes required to interpret scientific concepts and principles so that they can 
be properly applied to solve various problems.  Although the analyses for different 
principles may share some common features, ultimately each analysis must be 
sufficiently detailed to elucidate the thought processes required to apply the principle of 
particular interest.  Furthermore, such an analysis should not merely identify the required 
factual knowledge, but must specify methods for using such knowledge effectively. 

 However, even if the thought processes for scientifically important tasks are well 
understood, effective teaching of these processes requires proper attention to several 
prerequisite instructional needs.  The following subsections identify three such 
universally important needs (often inadequately met) and suggest specific ways of 
addressing them. 

B.  Needed functions: Deciding, implementing, assessing 
 Deciding, implementing, assessing.  The performance of any task requires the basic 
cognitive functions of deciding, implementing, and assessing.  In other words, one must 
repeatedly decide what to do, implement the chosen action, and assess whether 
performance has been satisfactory. 

 When tasks are highly familiar, these basic functions are often carried out without 
conscious awareness.  (For example, when a good typist is asked to type her name, she 
ordinarily engages in no conscious processing as she automatically decides which fingers 
to move, implements these motions, and notes if her name has been misspelled.)  But in 
the case of more complex or unfamiliar tasks these basic cognitive functions may need to 
be carried out quite deliberately.  Such systematic thinking is particularly necessary in 
scientific domains to ensure reliable performance with well-specified reasoning.  (For 
example, to apply a scientific principle, one needs to decide what actions have to be 
performed in what sequence, to implement these actions, and to assess that they have 
been implemented correctly.) 

 Student difficulties. Students are ordinarily mostly focused on implementing various 
actions (e.g., getting some answer or calculating some number).  They are much less 
concerned with making appropriate decisions or assessing their performance. 

 For example, students often make decisions haphazardly or without much explicit 
thought.  (a) Such decision-making deficiencies sometimes cause students to invoke 
inappropriate knowledge or not to retrieve useful knowledge that they do possess.  
(b) They often cause students to omit some steps in a method or to invoke steps in the 
wrong order.  (As a result, “students’  procedures often don’ t proceed”.)  (c) Lastly, 
decision-making deficiencies are particularly fatal in problem solving where judicious 
decisions are of central importance. 

 Similarly, many students don’ t perceive the need to assess carefully their performance 
— or sometimes do not know how to assess it effectively.  As a result, students often fail 
to learn adequately from their mistakes.  Correspondingly, their errors or misconceptions 
may persist for long times. 
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 Need to ensure basic cognitive functions.  One cannot expect that students will learn 
to properly apply scientific principles, or to effectively solve scientific problems, unless 
their basic thought processes are sufficiently systematic.  Thus students need explicitly to 
make appropriate decisions, to implement them properly, and to assess whether their 
implementation has been satisfactory.  These basic cognitive functions are essential 
prerequisites for the performance of even moderately complex  scientific tasks.  Hence 
instruction must ensure that students learn to carry out these basic cognitive functions 
reliably. 

C.  Instructional strategies for  effective learning 
 One needs instructional strategies specifically designed (a) to teach the identified 
thought processes and (b) to provide students with sufficient individual guidance and 
feedback so that they engage in effective learning leading to independent performance.  
The following two strategies are designed to achieve these goals. 

1.  Acquir ing needed thinking skills:  “ Reciprocal teaching”  

 Description of the reciprocal-teaching strategy.  To help students learn to carry out 
the basic processes of deciding, implementing, and assessing (and thereby also to acquire 
more complex scientific abilities), we have used the strategy illustrated in Fig. 1.  This is 
a modified form of the “ reciprocal teaching”  strategy first used by Palincsar and Brown to 
teach reading skills to middle-school children.13  It involves the following two distinct 
modes of interaction between a student and a tutor: 

 (1) Tutor coaching student.  (a) The tutor decides what to do and gives corresponding 
directions, (b) the student implements these, and (c) the tutor assesses and corrects.  
(Thus the student practices implementing while the tutor acts as a coach.) 

 (2) Student coaching tutor.  The student and tutor reverse roles.  Correspondingly 
(a) the student decides what to do and gives directions, (b) the tutor implements these 
(but may deliberately make mistakes similar to those common among students), and 
(c) the student assesses and corrects.  (Thus the student practices decision making and 
assessing, i.e., the student acts somewhat like a coach.) 

 The student and tutor repeatedly alternate between these two roles.  Hence the 
instructional strategy of Fig. 1 can be called “ reciprocal teaching” . 

 Theoretical advantages of this reciprocal-teaching strategy.  Cognitive 
considerations suggest that this strategy should be effective for the following reasons:  
(a) The instruction is highly interactive and keeps the student constantly engaged in 
active thinking.  (b) The basic processes of deciding, implementing, and assessing are 

Tutor coaches student

Tutor decides 

Student implements 

Tutor assesses

Student coaches tutor

Student decides 

Tutor implements 

Student assesses

Fig. 1.  Reciprocal-teaching strategy with alternating 
modes of interaction between a student and a tutor. 
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made highly explicit.  (c) The student practices these processes separately, but in the 
context of an entire task.  (Separate practice allows focused attention without excessive 
cognitive demands, but the complete task context provides all cues needed for realistic 
work.)  (d) As the tutor and student alternate in their coaching roles, the tutor repeatedly 
models good performance that the student can then emulate.  (e) The tutor constantly 
monitors student performance, providing feedback and instruction designed to remedy the 
student’s mistakes.  (f) All the preceding features provide the student with good 
individual guidance and feedback, ensuring that the student engages in effective learning 
activities. 

 Empirical evidence of efficacy.  As already mentioned, the reciprocal-teaching 
strategy was originally used by Palincsar and Brown to teach reading-comprehension 
skills to middle-school children.  Although their strategy was used in a very different 
context (and was not specifically designed to teach decision making, implementing, and 
assessing), it had similar theoretical advantages.  Indeed, its implementation proved 
highly effective, raising children’s reading-comprehension scores from about 30% to 
80%.13,14  Subsequent workers have had similar success in teaching reading skills with 
modified forms of the strategy.15 

 In pilot experiments one of us (LAS), playing the role of tutor, applied the reciprocal-
teaching strategy of Fig. 1 to teach college students several physics concepts and 
principles.  The students did, in fact, learn these effectively.  Furthermore, they came to 
make more articulate decisions, to assess their work more carefully, and to do these 
things more spontaneously. 

2.  Developing independence: “ Learning from well-studied examples”  

 The reciprocal-teaching strategy provides students with good individual guidance and 
feedback.  But repeated guided practice alone is not sufficient to guarantee that students 
will ultimately perform well independently without external assistance.  Hence there is 
also a need for a systematic strategy helping students to attain such independence. 

 Strategy for developing independence.  We use a strategy where guided-practice 
sessions, using reciprocal teaching, are frequently followed by independent-practice 
sessions.  In these the student is asked to work independently on a somewhat similar task, 
while getting only the minimal feedback necessary to complete the task successfully.  
Thus the student can use the example, well-studied during the preceding guided practice, 
to help develop the ability to work without outside assistance.  

 Advantages of this strategy.  This strategy has the following advantages:  (a) The 
transition to independent performance does not just occur at the end of a period of 
instruction, but is integrated throughout in a more flexibly adaptive way.  Indeed, 
whenever students have been guided in acquiring some new performance skills, they are 
always immediately asked to demonstrate their ability to perform more independently.  
(b) Students are more motivated to engage in careful learning during a guided-practice 
session.  This is because they are explicitly told that they will shortly afterwards need to 
demonstrate their acquired competence by working independently.  (c) This proposed 
strategy combines the reciprocal-teaching strategy with the well-known instructional 
strategy of “ learning from examples” . 
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 Empirical evidence of efficacy.  Indeed, the efficacy of this latter strategy has been 
well-established by cognitive research.16-19  Furthermore, one would expect that its 
efficacy should be increased when it is used in the proposed manner because the 
reciprocal teaching (used in the preceding guided-practice session) then guarantees that 
the prior examples have been very well studied. 

D.  Individual guidance and feedback provided by computers 
 The preceding instructional strategies, used by a tutor interacting with an individual 
student, can provide the student with good individual guidance and feedback — and can 
thus help ensure that the student engages in effective learning.  However, it would be 
practically impossible to provide every student with a good individual tutor. 

 Deficiencies of prevailing instruction.  Students ordinarily receive very little 
individual guidance and feedback in our educational system where they spend most of 
their time in large classes or studying without supervision.  Under these conditions it is 
nearly impossible to ensure that students engage in effective learning processes, even if 
these processes are well known.  Hence there exists a serious impediment limiting the 
possible efficacy achievable even by the most carefully designed instructional programs. 

 For example, textbooks, lectures, and discussion sections may all demonstrate good 
problem-solving methods.  But when students do their homework under unsupervised 
conditions, many revert to preexisting habits and try to solve problems by haphazardly 
applying miscellaneous equations.20  Hours of such “practice”  are likely to do more harm 
than good. 

 Computer “ PALs”  as a suggested remedy.  The preceding difficulties might be partly 
overcome if good instructional strategies, like that illustrated in Fig. 1, are implemented 
by a computer playing the role of tutor.  Indeed, rather powerful computers (and 
associated electronic media) are now increasingly available to many students in their 
homes and schools.  Hence properly designed computer programs could help to ensure 
that every student receives good individual guidance and feedback. 

 The practical feasibility of such computer programs is enhanced if they can be readily 
produced without excessive technological sophistication.  Such a computer program 
would aim to achieve its educational efficacy primarily by careful design and good 
instructional strategies, but without necessarily resorting to the complexities of artificial 
intelligence.21, 22  We call such a program a PAL (Personal Assistant for Learning) to 
indicate that it plays a tutoring role without much human-like intelligence. The guidance 
and feedback provided by such a computer program might well be less good than those 
ideally available from a good human tutor.  However, they can still be much better than 
what is currently available to most students. 

 When a PAL is designed to play the role of the tutor in the reciprocal-teaching 
strategy of Fig. 1, the result is a situation where computers and students coach each other. 

I I I .  PAL TUTORIALS FOR NEWTON’S LAW  
 The preceding instructional needs, and proposed ways of addressing them, suggest an 
instructional approach in which (a) the thought processes required for various important 
scientific tasks are first carefully analyzed; (b) systematic instructional strategies (like 
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reciprocal teaching and learning from well-studied examples) are used to help students 
learn these thought processes and prerequisite basic cognitive functions; (c) these 
strategies are incorporated in computer programs acting as PALs (Personal Assistants for 
Learning) that can provide every student with good individual guidance and feedback.  
The following paragraphs describe an effort to explore the feasibility of implementing 
this instructional approach in a prototypical domain. 

A.  Applying Newton’s law 
 The proper interpretation and application of fundamental principles is centrally 
important in any science, yet a demanding task difficult for many students.  Accordingly 
we explored how our approach might be used to teach such principles more effectively.  
In particular, we focused our attention on Newton’s second law ma = Ftot, the 
fundamental principle of mechanics which relates the acceleration a of any particle to the 
total force Ftot acting on it. 

 This principle is taught in every basic physics course.  The thinking skills necessary 
to apply this principle are typical of those needed in many scientific or engineering fields.  
Furthermore, despite its seeming simplicity, the proper application of Newton’s law 
causes students many difficulties and often becomes a major learning hurdle. 

B.  Methods for  applying Newton’s law 
 Any principle expresses a relationship between some concepts.  Properly applying a 
principle thus requires the following kinds of procedural knowledge:  (a) A method 
specifying these concepts in any particular instance, and (b) a method specifying the 
relationship between these concepts. 

 In particular, Newton’s law ma = Ftot  expresses a relationship between the properties 
of any particle-like system (its mass and the acceleration describing its motion) and the 
total force (describing the interactions of this system with all other objects).  By 
analyzing what ingredients are needed to express Newton’s law and how they can 
usefully be combined, we can then specify the following two required methods (already 
largely formulated and experimentally studied in previous work).8, 23 

 (1) Method specifying related concepts This method specifies, in the form of a 
“system diagram”, the concepts describing a system’s properties and interactions.  As 
summarized in Fig. 2a, the method first identifies information about the system’s mass 
and motion (velocity and acceleration) — and then about the forces describing all its 
interactions.  (In describing forces acting on the system, long-range and contact 
interactions are considered separately.  Furthermore, the interacting objects are identified 
before the corresponding forces are specified.)  Finally vectors are decomposed into 
components along convenient directions. 

 (2) Method specifying relationship. This method, summarized in Fig. 2b, specifies 
how to use Newton’s law to relate a system’s acceleration and all the forces on it — 
achieving this specification by separately relating components along convenient 
directions. 
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 Fig. 2 shows how summaries of 
these methods are actually displayed 
in current PAL tutorials.  It is worth 
noting that these methods are more 
specific than those described in most 
textbooks.  For example, the method 
of Fig. 2a produces a system diagram 
which (unlike a conventional free-
body diagram) includes information 
about the motion as well as about all 
forces; it specifies how to identify 
every interacting object before 
indicating the force produced by it; 
and it explicitly marks and labels 
contact points to identify all contact 
forces. 

C.  PALs teaching application of 
Newton’s law 
 Our PAL tutorials were designed 
to teach the application of Newton’s 
law to solve mechanics problems.  To 
do this, the tutorials help students to 
learn the methods of Fig. 2 by using 
the reciprocal-teaching strategy of 
Fig. 1 (with PAL, the computer, 
playing the role of tutor).  The 
instructional strategies of Section IIC 
are then implemented by PAL tutorials of the following three types:  (a) PAL coaching 
the student (who then practices implementing the specified actions).  (b) The student 
coaching PAL (so that the student practices making appropriate decisions — and 
assessing and correcting PAL’s work).  (c) PAL providing the student with independent 
practice on a somewhat similar problem (so that the student, exploiting the preceding 
guided practice, can learn to work without outside assistance). 

 The following paragraphs describe these three types of PAL tutorials and then 
mention some of the central issues involved in the production of these PALs. 

1.  Guided practice:  PAL coaching student 

 PAL (the computer acting as Personal Assistant for Learning) here plays the role of 
coach, using a method (like that in Fig. 2a) to decide which actions the student should 
implement.  PAL then assesses the student’s implementations by detecting any errors, 
helping the student to diagnose the reasons for incorrectness, and guiding the student to 
correct his or her work. 

Diagram of system   (•Draw)  
Mass     (•Specify mass)  
Motion  (•Velocity)  (•Acceleration)  
All forces on system  

  Long-range forces  
  • Interacting objects?  
  • Forces on system   
  Contact forces  
  • Touching objects?  Label contacts  
  • Forces on system  

Components (•Directions?) (•Vectors?) (•Draw) 

(a) Specifying concepts 

(b) Specifying relationship 

Apply law along one direction  
 • Choose particular direction  
 • Mass × (acceleration component)  
 • Sum of all force components  

Apply law along other direction  
 • Choose particular direction  
 • Mass × (acceleration component)  
 • Sum of all force components  

Substitute known information  
 • Substitute 

Fig. 2.   Methods for applying Newton’s law.   
(a) Specifying the concepts describing a system’s 
motion and interactions.  (b) Expressing Newton’s 
law specifying the relationship between the system’s 
motion and interactions. 
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 Each PAL tutorial deals with one mechanics problem to be solved by using the 
methods of Fig. 2 for applying Newton’s law.  For a problem dealing with a single 
system, a tutorial thus includes the following three successive parts (a) Specifying the 
related concepts by drawing a system diagram describing the motion and interactions of 
the system, (b) specifying the relationship expressing Newton’s law by its component 
equations, and (c) exploring some qualitative implications of these equations. 

 Part 1: Related concepts (system diagram).  PAL displays the method of Fig. 2a and 
follows its steps to decide on successive directions to the student.  The student 
implements each of these steps by selecting one of several options.  PAL then assesses the 
student’s implementation.  If it is correct, PAL completes the step by drawing the 
corresponding part of the diagram.  (If it is not correct, PAL provides hints or other 
feedback to help the student diagnose his or her errors and to correct them.)  Thus the 
entire correct diagram, describing the motion and interactions of the system, is 
progressively drawn on the computer screen. 

 Fig. 3 shows a screen display illustrating such a PAL-student interaction. 

 Part 2: Relationship expressing Newton’s law.  PAL displays the method of Fig. 2b 
and again follows its steps to give the student successive directions.  To implement these 

Fig. 3.  PAL acts as coach in Part 1 of a problem dealing with a car traveling around a circular banked road.  
The screen display (reduced in size and without color) shows a partially completed system diagram <1>.  
PAL, deciding to invoke a step of the method <2>, asks the student to specify the force on the car by the 
road <3>.  The student implements this incorrectly by specifying that this force is upward <4>.  PAL assesses 
this response and provides the corrective feedback <5>.

<1>

<2>

<3>

<4>

<5>
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steps, the student is asked to click on appropriate parts of the system diagram to specify 
corresponding terms in an equation.  (In this way, the generated equations, expressing 
Newton’s law, are clearly connected to the diagram.)  If the student makes a mistake, 
PAL again provides hints or feedback so that the student can correct it.  In this way, the 
student constructs the relevant equations expressing Newton’s law for the system. 

 Fig. 4 shows a screen display illustrating such a PAL-student interaction. 

 Part 3: Qualitative implications.  PAL asks questions about some qualitative 
implications of the previously constructed equations (so as to make these equations more 
meaningful than mere strings of algebraic symbols).  For example, PAL may ask which 
of two quantities is larger, or how one quantity changes if another quantity increases or 
decreases. 

2.  Guided practice:  Student coaching PAL 

 This second kind of tutorial reflects the second mode of reciprocal teaching where 
PAL and the student reverse roles.  Thus the student now acts like a coach, deciding on 
actions and assessing the implementations done by PAL (who may make mistakes).  For 

<1>

<3>

<5> <4>

<6>

<2>

<8>

<7>

Fig. 4.  PAL acts as coach in Part 2 of the problem of Fig. 3.  The screen display shows a correct system 
diagram <1> and partially completed component equation <2>.  PAL, deciding to invoke a step of the 
method <3>, asks the student to specify relevant force components <4>.  The student indicated the  
gravitational force Fg <5> .  But, when asked to specify its component <6> along the previously selected 
upward direction <7>, the student responds incorrectly <8>.
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a single-system problem, each PAL tutorial again applies the methods of Fig. 2 and 
includes the following three successive parts: 

 Part 1: Related concepts (system diagram).   PAL displays in randomized order, the 
steps of the method of Figure 2a.  PAL then repeatedly asks the student what it (PAL) 
should do next.  To decide what should be done and direct PAL to do so, the student must 
then select an appropriate step in the proper order.  PAL implements this step, but may 
make mistakes.  (PAL deliberately makes mistakes reflecting common student 
misconceptions or errors.)  After implementing any step, PAL asks to be warned if the 
student detects any mistakes.  (If the student fails to detect such a mistake and merely 
asks PAL to proceed, PAL expresses misgivings and asks the student to check more 
carefully.)  Whenever the student detects a mistake, PAL asks the student to diagnose the 
nature of the mistake and to correct it.  PAL thus gradually draws a correct diagram on 
the computer screen. 

 Fig. 5 shows a screen display illustrating such a PAL-student interaction. 

 Part 2: Relationship expressing Newton’s law.  The student uses a randomized 
version of the method of Fig. 2b to guide PAL in constructing the component equations 
expressing Newton’s law.  PAL implements the student’s directions and again may make 
mistakes which the student has to detect and correct. 

<1>

<2>

<3>

<4>

Fig. 5.  Student acts as coach in Part 1 of a problem dealing with a person at rest relative to a floorless rotating 
drum.  The screen display shows that, following the student’s instruction <1> to draw the contact forces on the 
person in the diagram <2>, PAL drew the normal and friction forces with incorrect directions <3>.  When the 
student asked PAL to proceed without noting PAL’s incorrect implementation, PAL asks the student to check 
again <4>.
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 Part 3: Qualitative implications.  PAL uses the preceding equations to state some 
qualitative conclusions which the student may need to correct. 

3.  Independent-practice  

 It is also necessary that students learn to perform well independently (a) without the 
guidance provided by PALs and (b) under ordinary conditions where they may need to 
work on paper rather than on a computer.  Accordingly, a PAL “guided-practice tutorial”  
(whether one where PAL acts as coach or the student acts as coach) is frequently 
followed by a PAL “ independent-practice tutorial”  which asks the student to work 
independently on a somewhat similar problem.  (The preceding guided-practice tutorial 
thus serves as the example in the instructional strategy of learning from well-studied 
examples.) 

 In such an independent-practice tutorial PAL presents the student with an entire 
problem.  It then asks the student to work through this problem independently (on paper) 
and afterwards to check his or her solution by answering a series of questions on the 
computer.  If all the student’s answers are correct, PAL congratulates the student and 
considers the tutorial satisfactorily completed.  Otherwise, PAL gives the student some 
suggestions and then asks the student to try again.  This cycle is then repeated, with 
progressively more detailed suggestions, until the student manages to complete the 
problem. 

 The following indicates the kinds of successive suggestions provided by PAL: (a) In 
the first cycle, PAL merely tells the student to look back at the preceding guided-practice 
tutorial. (b) In the next cycle PAL helps the student to check his or her system diagram 
and Newton-law equations.  (c) In the next cycle PAL points out which of the student’s 
answers to the questions are incorrect.  (d) Next, PAL also gives the student some 
specific hints.  (e) Finally, as a last resort, PAL tells the student the correct answers to the 
questions, together with some explanations. 

 The goal of such an independent-practice tutorial is to encourage the student to 
complete the problem with minimum assistance.  The student is deemed to have achieved 
satisfactory competence only if he or she can complete the solution of the problem 
without requiring more than the first two suggestions on the preceding list. 

4.  Central issues in PAL production 

 To achieve programming simplicity, all PAL tutorials were written in “Authorware” , 
a programming language specifically designed for instructional applications and 
commercially distributed by Macromedia, Inc.  The authoring was done on Macintosh 
computers, but (with some appropriate modifications) the resulting tutorials can run on 
color monitors both on Macintosh and Windows platforms. 

 Efforts were made to pay careful attention to the human-computer interface since it 
can significantly help or hinder instructional efficacy.  (a) The screen layout included 
limited text with many graphic elements.  (b) Color and motion were repeatedly used to 
direct the student’s attention to appropriate parts of the screen.  (c) The mouse (rather 
than typing) provided the primary means whereby students interacted with the computer.   
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(d)  All tutorials were tested and revised by using detailed observations of individual 
students working with them. 

 Carefully designed multiple-choice questions were frequently used. (a) This helped to 
facilitate the programming task.  (b) More importantly, it  also helped to further the 
pedagogical aims of teaching decision making and assessing.  Indeed, the tutorials could 
thereby make highly explicit the options that need to be considered in decision making — 
and also make explicit the likely errors that need to be heeded in assessing performance. 

IV.  INSTRUCTIONAL EFFICACY OF PAL TUTORIALS 
 We constructed, and tested with individual students, about a dozen PAL tutorials 
dealing with the application of Newton’s law.  These tutorials (somewhat more primitive 
versions of the ones described in the preceding paragraphs) were then used in an 
experimental study to assess their instructional efficacy in a classroom setting.  This 
study and its results are described are described in the following subsections. 

A.  Descr iption of the exper imental assessment study 
 This study was carried out in the fall of 1996 in the context of the introductory 
physics course for science majors at Carnegie Mellon University.  During the fifth week 
of this course students were assigned a homework dealing with the application of 
Newton’s laws and were afterwards given a test in the class.   To take advantage of this 
opportunity, we obtained permission from the course instructor (Professor Gregg 
Franklin) to recruit a group of students to work on the homework assignment under 
slightly different conditions. 

 A announcement was made offering students special help with the homework 
assignment for that week.  The nature of this help was not specified.  Students were 
merely told that, if selected, they would receive individual assistance while working on 
the assignment. 

 Approximately 75 students (about 40% of students in the class) volunteered.  Among 
these equally motivated students we selected 45 whom we divided into the following 
three groups of about 15 students.24 (These groups were carefully chosen to be of 
equivalent ability as judged by their SAT scores and their scores on the two previous tests 
given in the course.) 

 (1)  PAL group.  This group of students was given a homework assignment consisting 
mostly of PAL tutorials dealing with problems either identical, or very similar, to those in 
the regular course assignment.  A separate room was set up with computers to 
accommodate about six of these students at a time. 

 (2)  Tutoring group.  This group of students worked on the regular course assignment 
under conditions where they could receive individual help from experienced human tutors 
(one of the authors or Professor Jill Larkin) who emphasized methods similar to those 
used in the PALs.  A separate room was set up to accommodate approximately six of 
these students at a time. 

 (3)  Class group.  This group of students worked on the regular course assignment 
under normal conditions.  Thus they received no special assistance from us, but could get 
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Fig. 6.  Test scores of the three groups.  Each box plot 
indicates the median, quartiles, and total range of the score 
distribution (i.e., the line inside the box indicates the  
median score and the box includes half the scores).  The 
last column shows the mean score with its standard error.

the usual help from the various teaching assistants in the course.  (These students were 
merely told that we could not accommodate them.  They did, however, provide us with a 
comparison group of equally motivated and able students.) 

 The average time spent on the assignment was about 7.5 hours (five 90-minute work 
sessions) by students in the PAL group, and about 6 hours (four 90-minute work sessions) 
by students in the Tutoring group.  We have no information about the amount of time 
spent on the assignment by  students in the Class group. 

 The students in the PAL group were always actively engaged with the PAL tutorials 
and required little or no support from the supervising human tutor.  By contrast, the 
students in the Tutoring group required a great deal of attention from the tutors.  In fact, 
two tutors were kept quite busy providing individual help to the six students in a work 
session. 

B.  Per formance results 

1.  Comparison of test scores 

 The test administered to the whole class at the end of the week served as a measure of 
how well students had learned to apply Newton’s laws.  This “Newton test”  consisted of 
two two-body problems requiring 
the application of Newton’s law 
ma = Ftot.  (These test problems 
are listed in the Appendix.) 

 The tests were graded by the 
teaching assistants in the course.  
In addition, we independently 
graded the tests of the students in 
the three special groups.  The two 
sets of resulting test scores did not 
differ significantly, but our 
grading procedure provided more 
detailed information about the 
kinds of errors committed by the 
students. 

 Newton test scores.  The 
Newton test scores for each group 
are summarized by the “box 
plots”  in Fig. 6a.  Only about ten 
percent of the students in the PAL 
and Tutoring groups received 
scores less than 65%.  By 
contrast, fully half of the students 
in the Class group received scores 
below this amount. 
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 The mean scores listed in Fig. 6a also reflect this performance difference.  The mean 
scores for the PAL and Tutoring groups (78.5% and 84.0%) are both significantly greater 
than the mean score of the Class group (62.5%).25 

 Although the Tutoring group scored slightly higher than the PAL group, this 
difference is not significant.26  The relatively good performance of the Tutoring group is 
not surprising since it is well known that individual tutoring by experienced human tutors 
is a very effective instructional method.27  Furthermore, our study allowed us to devote 
large amounts of time and teaching talent to the small number of students in the Tutoring 
group.  However, it is noteworthy that the instructional efficacy of the PAL tutorials was 
almost as large as that of individual tutoring.  This finding has a potentially important 
practical implication since it would be much more feasible to make PALs available to 
large numbers of students than to provide each of them with access to an individual 
human tutor. 

 Comparison with previous test scores:    It is also interesting to compare students’  
Newton test scores with the average scores obtained by them on the two previous tests in 
the course.  As indicated in Fig. 6b, these previous test scores are essentially the same for 
all three groups (since the groups were initially selected to be equivalent in these 
respects).28 

 Fig. 6 indicates that the subsequent Newton test scores of the students in the PAL and 
Tutoring groups are not very different from those on their prior tests.  On the other hand, 
the subsequent Newton test scores of the students in the Class group are much worse.29  
While only a quarter of the Class students received scores less than 65% on the prior 
tests, nearly half of these students received scores below this amount on the Newton test. 

 This suggests a plausible interpretation.  The proper application of Newton’s law is 
for many students a difficult task, requiring proper interpretation of this law as well as 
integrated application of all previously acquired physics knowledge about vectors, 
motion, and various kinds of forces.  The special help provided to students in the PAL 
and Tutoring groups apparently allowed them to face these complex task demands 
without undue difficulties.  But, without such help, many students in the Class group 
could not cope — with the result that their performance substantially deteriorated on a 
crucially important part of the course. 

 Limitations of the PAL tutorials used in the study.   The PAL tutorials used in the 
study were early versions suffering from several deficiencies.  (a) Some of their interface 
implementations were awkward, some instructions and feedback messages were unclear 
or not sufficiently detailed, and their attention to friction forces was quite inadequate.  
(b) The physics problems used in the PALs (and those in the subsequent Newton test) 
were not carefully selected or sequenced, but largely reflected practical logistical 
considerations and prior decisions made by the instructor in the course.  (c) The PALs 
made few attempts to foster independent performance.  The strategy for developing 
independence (Section IIC) was not implemented and no independent-practice tutorials 
were available. 

 It is thus interesting to note that, despite their limitations, these PAL tutorials were 
successful in helping nearly all the students to receive passing grades above 65%, while 
only half the students without the PALs were this successful.  Even if future PALs were 
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no better, such instructional efficacy, maintained under actual classroom conditions, 
would be educationally quite significant. 

2.  Comparison of errors 

 Prevalence of serious errors.  As already mentioned, we examined all the tests to 
identify the types of errors committed by the students in the three groups.  In particular, 
we distinguished between serious errors (e.g., extraneous or missing forces in the system 
diagram or misapplications of Newton’s law) and minor errors (e.g., mistakes in algebra). 

 Fig. 7 shows that the percentage of students making such serious errors in the Class 
group was much higher than the percentage of students in the PAL or Tutoring groups.  
As indicated by the probabilities30 listed in Fig. 7, the differing percentages are highly 
significant on the first test problem and only marginally significant on the second.  (The 
smaller difference on the second problem is probably due to the fact that this problem 
required a good understanding of static friction, a topic not adequately addressed by the 
PAL tutorials.) 

 Types of errors:  Serious errors 
can be classified into two main 
categories:  errors in constructing a 
system diagram and errors in 
expressing Newton’s law.  (These 
categories correspond to the two 
methods taught in the PAL tutorials 
and also emphasized by the tutors 
in the Tutoring group.) 

 Diagram errors include an 
incorrect specification of 
acceleration or of interactions (i.e., 
missing, extraneous, or incorrect 
forces).  In addition, there is the 
error of drawing no diagram at all.  
(In Problem 2 this error was not 
relevant because this problem 
explicitly instructed students to 
draw a system diagram for each 
body.) 

 Newton-law errors include (a) failures to include all relevant force components when 
applying Newton’s second law ma = Ftot, (b) inappropriately setting the acceleration 
equal to zero (or apparently invoking the naive principle that “ forces balance”), or 
(c) applying seemingly haphazard equations. 

 Figure 8 summarizes the percentages of students in each group committing the 
preceding kinds of errors.  It is apparent that students in the Class group committed many 
more diagram errors (on both problems) than student in the PAL or Tutoring groups.  
Furthermore, in Problem 1 about one third of the students in the Class group failed to 
draw any system diagram at all, while all of the students in the other two groups 
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constructed such a diagram.  These 
differences are statistically highly 
significant.30  Thus it appears that 
the special instruction was quite 
effective in helping students learn 
how to describe motion and to 
identify relevant forces. 

 Figure 8 indicates that errors in 
the application of Newton’s second 
law were also more prevalent 
among students in the Class group 
than among students in the PAL or 
Tutoring groups.  However, this 
performance difference is only 
moderately reliable (since it could 
accidentally have occurred with a 
probability greater than 0.05).30 

C.  Student perceptions. 
 Questionnaire. Student 
reactions to the PAL tutorials were 
very positive.  An anonymous 
questionnaire, given to the PAL group, asked students how useful PALs had been to their 
learning.  Of the 15 students, 13 students selected the response “very useful”  and 2 
selected “useful” .  None of the students selected the remaining choices (moderately, 
slightly, or not useful). 

 Interviews.  To get more detailed information about students’  reactions, we asked an 
outside person (the director of Carnegie Mellon’s Teaching Center) to interview a few 
students from each of the three groups.  In her report, summarizing the interviews, she 
states that students in both the PAL and Tutoring groups “ raved about their experience” .  
However, the students working with the PALs, unlike those in the Tutoring group, also 
explicitly stated that “ they learned not only the content, but also the process of solving 
physics problems” and that they are now “ in the habit of doing certain things/asking 
certain questions during the problem-solving process” . 

 Thus the students working with the PAL tutorials seem to have acquired from these a 
more explicit knowledge about important thinking skills. Apparently this happened 
merely by working with the tutorials (although the students were never told that the 
tutorials were deliberately designed to foster such skills). 

V.  DISCUSSION AND IMPLICATIONS 

A.  Summary 
 Analysis of thought processes.  Our goal has been to improve science instruction so as 
to reduce students’  knowledge deficiencies commonly observed in physics courses.  This 
goal has led us to analyze the thought processes required to apply scientific concepts or 
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principles to various problems.  It  has also led us to recognize that reliable performance 
of all such tasks requires the basic cognitive functions of making appropriate decisions, 
implementing these, and assessing the results. 

 Instructional strategies.  We have developed a reciprocal-teaching strategy explicitly 
designed to teach these basic cognitive functions as well as the more complex thought 
processes required for applying scientific concepts or principles.  This strategy, used by a 
tutor, provides a student with effective guidance and feedback.  Guided-practice sessions, 
using this strategy, can also be used in conjunction with interspersed independent-practice 
sessions where students are given minimal outside assistance.  This allows students to 
learn from well-studied examples so as to develop their ability to work independently. 

 Use of computer PALs.  Adequate individual guidance and feedback, although lacking 
in most courses, is essential to ensure that students engage in effective learning processes.  
Computers, programmed to apply the preceding instructional strategies, can act as PALs 
(Personal Assistants for Learning) providing a practically feasible means of providing 
individual guidance and feedback to every student.  Even if endowed with little human-
like intelligence, such PALs can play the role of tutors in a reciprocal-teaching strategy 
and thus provide students with much better individual guidance and feedback than they 
currently receive.  They can also help to guide them toward independent performance.   

 To demonstrate the feasibility of the preceding instructional approach, we constructed 
a set of PAL computer tutorials designed to teach students the application of Newton’s 
laws.  

 Assessment of instructional efficacy.  We used these PALs to carry out a comparative 
experimental study to assess their efficacy in the context of a physics course. This study 
showed the following:  (a) The PAL tutorials were nearly as effective as individual 
tutoring by experienced human tutors, but required much less instructor time.  (b) The 
PAL tutorials prevented nearly all the students from failing the subsequent test (i.e., of 
getting scores less than 65%).  By contrast, about half of the equivalently able and 
motivated students failed this test when they had received only the instruction provided in 
the course.  (c) Students liked using the PALs, found them very helpful to their learning, 
and perceived that they were learning useful methods of thinking about physics. 

 The preceding results suggest that an instructional approach, using cognitively-based 
strategies incorporated in PAL tutorials, may fruitfully be continued and extended. 

B.  Compar ison with other  instructional approaches 
 Our PAL-centered approach, like innovative instructional approaches recently devised 
by several other educators, aims to increase students’  active engagement in their own 
learning.  For example, some such approaches encourage students’  active engagement in 
large lectures31-33, in workshops or laboratories34,35, or in small cooperative groups36,37.  
All these approaches are compatible with our own and some could also readily be used 
with PALs for complementary benefits.  (For example, PALs might better prepare 
students to engage in effective peer interaction during cooperative work.) 

 Our approach is distinctive because of its aim to provide individualized guidance and 
feedback to every student.  In this respect, our PAL tutorials are perhaps most similar to 
the printed tutorials recently prepared by McDermott et al.38  However, our PALs  (a) are 
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more explicitly based on cognitive analyses and strategies, (b) focus more specifically on 
teaching some general thinking skills, and (c) make use of computers to provide every 
student with good individual guidance and feedback (correspondingly reducing the need 
to rely on assistance provided by teachers or fellow students). 

C.  Potential uses of PAL tutor ials 
 It would clearly be desirable to produce PALs dealing with many of the topics and 
thinking skills important in an entire course (such as an introductory physics course).  
Such PALs could then be used in the following ways: 

 Discussion sessions.   In the smaller “discussion sections”  accompanying large 
courses, teaching assistants commonly discuss problems or sometimes supervise students 
working in small groups.  Students in these settings could work individually (or possibly 
in pairs) with PAL computer tutorials.  Under these conditions, each student could always 
be actively engaged in learning, constantly receiving good individual guidance and 
feedback from the PALs.  The teaching assistant would then be available to answer any 
questions not adequately addressed by the tutorials.  (Since the tutorials would deal with 
many common student errors and conceptual difficulties, the teaching assistant would 
also be free to devote more time to less routine issues.) 

 The PAL tutorials would enable students to work with better supervision than many 
currently receive from teaching assistants (or fellow students) who may have limited 
pedagogical and subject-matter expertise.  Furthermore, the PAL tutorials could help to 
provide better training to teaching assistants. 

 Homework.  Homework assignments are currently the primary means of providing 
students with much-needed practice.  But students work on these assignments under 
unsupervised conditions and receive only limited feedback (delayed until the homeworks 
have been graded and returned).  On the other hand, computers are now available to many 
students at home or in their schools.  Hence it would readily be possible to give 
homework assignments asking students to work on PAL tutorials.  Students would then 
receive immediate individual guidance and feedback while they work.  In case of need, 
they might also be able to use e-mail to consult with a human instructor. 

 Review.  Effective learning requires frequent reviews of previously-covered topics.  
PALs could provide highly active ways of reviewing and could thus usefully supplement 
the mere perusal of old notes. 

D.  Distinctive advantages of PAL tutor ials 
 PAL tutorials, of the kind described in the preceding pages, can potentially provide 
the following advantages. 

 Well-designed instruction.  There are several reasons why PALs can provide 
particularly well-designed instruction:  (a) The PALs are based on analyses of required 
thought processes.  (b) They use instructional strategies whose efficacy is buttressed by 
cognitive research.  (c) Implementing instruction by a computer requires one to be highly 
explicit — thus forcing one to pay attention to learning issues and student difficulties that 
can otherwise easily be ignored.  (d) The tutorials provide instruction in a reproducible 
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packaged form.  Hence the efficacy of the instruction can be more readily tested so as to 
reveal its deficiencies and lead to cumulative improvements. 

 Effective instruction directly accessible to the student.  PALs deliver instruction 
directly to each student.  (a) Hence this instruction is less vulnerable to the vagaries of 
various intermediaries (e.g., to instructors with differing degrees of interest, competence, 
and available time).  (b) This instruction (unlike that provided by textbooks) is also 
highly interactive and continually engages the student in active learning. 

 Technology used to meet central educational needs.  Instructional technology is most 
commonly exploited to help display, retrieve, or transmit information — useful functions 
that may, however, not necessarily lead to  much learning.  By contrast, PALs are 
centrally focused on promoting learning and use technology to address a largely unmet 
educational need:  Providing students with  good individual guidance and feedback. 

 Effective educational distribution.  (a) PALs can be produced without requiring undue 
technological sophistication.  Once produced, they can then readily be distributed to 
many individual students or to other schools.  (b) They provide flexible access to 
instruction, even to students who cannot attend classes because of illness or other reasons.  
(c) They can provide interactive instruction at a distance to students not resident at a 
particular campus.  (d)  The initial investment of time and effort required to produce 
PALs can be amortized by their repeated and widespread use. 

E.  Future directions 
 The work described in the preceding pages represents an initial effort to assess the 
feasibility and efficacy of our instructional approach.  To pursue the potentialities of this 
approach, we are currently attempting to extend this work along  the following directions. 

 Improvements of instructional and interface design.  Trials with individual students 
and in classroom contexts have revealed some deficiencies in the existing PALs.  
Accordingly, we are making various modifications to improve their instructional design 
and user interface.  (Indeed, we expect that continuing refinements will be suggested as 
we gain more experience with the PALs.) 

 Better distribution methods.  The original PAL tutorials were developed and tested in 
a Macintosh environment.  To make them more widely accessible to students and other 
faculty, we have recently modified them to be also usable in a Windows environment.  
Furthermore, we plan to explore ways of making the PALs available through the World-
Wide Web.  

 PALs teaching a wider range of abilities.  The PALs described in the preceding pages 
were specifically designed to teach the application of Newton’s laws.  It would clearly be 
desirable to produce a greater variety of PALs designed to help students learn some other 
particularly important concepts, principles, and problem-solving skills useful in 
introductory mechanics.  For example, we recently constructed such tutorials to teach the 
concept “acceleration” .   We intend to construct further tutorials helping students to apply 
other important concepts or principles (such as the energy law) — and also to deal with 
more complex problems where judicious decision making is particularly important. 
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 The availability of such a larger number of PALs would allow their practical use in 
classroom instruction — and would also allow us to explore how they can be most 
effectively used in this context. 

 Teaching general thinking skills..  The availability of a larger number of PALs would 
also allow us to pursue the more ambitious goal of teaching students important general 
thinking skills.  For example, if PALs were consistently used throughout an entire course, 
students might learn not only methods for applying particular concepts or principles, but 
also  better general abilities of decision making, implementing, and assessing.   Previous 
work suggests that the PALs, with their explicit emphasis on these abilities, might make 
it possible to attain this goal.39 

 Extensions to other domains.  Finally, it would be useful to explore the utility of 
PALs in domains outside of basic physics, e.g., in basic college-level mathematics 
courses.  However, such an extension is probably beyond the range of our capabilities. 
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APPENDIX:  TEST PROBLEMS 
 The following were the two mechanics problems given to students in the test after 
their study of Newton’s laws: 

Problem 1:  Rotating particles connected by strings  

 One end of a string, of length L and negligible mass, 
is fastened to a nail in the top of a horizontal table.  The 
other end of the string is attached to a particle A, of mass 
MA, which is connected by a similar second string, of the 
same length L, to a second particle B of mass MB.  The 
strings and particles  are supported by the frictionless 
surface of the table and rotate about the fixed nail at a 
constant rate.  Thus particle A moves with a speed v 
around a horizontal circle of radius L, and particle B 
moves with a speed 2v around a horizontal circle of 
radius 2L.  (See Fig. 9.) 

 (a) What is the magnitude TB of the tension force 
exerted by the second string attached to the 
particle B?  Express your answer in terms of the known quantities MA, MB, L, and v.  

Fig. 9.   Diagram accompanying 
test problem 1.
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(b)  What is the ratio TA/TB of the magnitude TA of the tension force exerted by the first 
string compared to the magnitude TB of the tension force exerted by the second 
string?   Express your answer in terms of the known quantities MA, MB, L, and v. 

Problem 2:  Loaded cart pushed up along a ramp 

 A box B, of mass MB, lies on top 
of a cart C, of mass MC, which can 
move with negligible friction along a 
ramp inclined at an angle θ from the 
horizontal.  A man pushes the cart up 
along the ramp by applying to the 
cart a force of magnitude Fo parallel 
to the ramp (as indicated in Fig. 10).  
The box remains at rest relative to 
the moving cart.  

 (a) Draw a free-body diagram describing the box B. 

(b) Draw a free-body diagram describing the cart C.  

 Answer the following questions by indicating your reasoning and expressing your 
answers in terms of the known quantities θ, MB, MC, Fo, and g. 

(c) What is the magnitude of the acceleration with which the cart moves up along the 
ramp?  

(d)  What is the magnitude of the friction force exerted on the box by the cart?   

(e) What must be the minimum value of the static coefficient of friction between the box 
and the cart so that the box remains at rest relative to the cart without slipping?  

 

θ

Fo

B
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Fig. 10.  Diagram accompanying test problem 2.
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