Web-basedorFials 1

Running head: Effectiveness of tutorial pedagogy

Effectiveness of Tutorials in Web-based Physics Tutor

Elsa-Sofia Morote, Rasil Warnakulasooriya, and Davi@Echard

Massachusetts Institute of Technology, Cambridge, Mbhasatts

Elsa-Sofia Morote, Research Laboratory of ElectroiMassachusetts Institute of
Technology; Rasil Warnakulasooriya, Research LaboratbBlectronics, Massachusetts
Institute of Technology; David E. Pritchard, Researcdbdratory of Electronics,
Massachusetts Institute of Technology and founder EBffe&ducational Technologies.

Elsa-Sofia Morote is now at Department of Administra Leadership, and
Technology, School of Education, Dowling College, Oakdsd&y York.

This material is based upon work supported by the Nat®riahce Foundation
under grant 9988732. Any opinions, findings, and conclusions ommeendations
expressed in this material are those of the autharsiamot necessarily reflect the views
of the National Science Foundation.

Correspondence concerning this article should be addresBeditbE. Pritchard,
Research Laboratory of Electronics, 26-241, Massachubweittute of Technology,

Cambridge, Massachusetts 02139. E-mail: dpritch@mit.edu



Web-basedorfials 2

Abstract

We study two pedagogies using myCyberTutor, a web-based hokngwar. Two
groups, tutorial-first (TF) and problem-first (PF), tadiintroductory mechanics solve a
tutorial and a related problem pair. The TF group solvetutbeial problem before
solving the related problem(s) while the PF group solvesetihted problem first. The
TF group has significantly less difficulty on the relfproblem(s) and completes them
more quickly than the PF group. The PF group shows desmadluction in the difficulty
they have with the self assessment questions in thealu The reduction in difficulty of
the TF group on the related problem is twice as much peotiine spent on the
tutorial as is the corresponding reduction in diffic@iperienced by the PF group. We

conclude that schema acquisition is better facilitatethe tutorial-first approach.
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Computer technology in general and the internet in péatitwave facilitated and
even motivated the development of interactive tutarenfvidual students. Tutoring of
students in such an environment allows the collectiatatd showing the degree of
difficulty that such students experience in solving a palar problem and the time to
solution. This provides an opportunity, as shown in this papessess the amount
learned per unit time from prior tutoring as measured byetthection in difficulty on a
subsequent problem.

One goal of a computer- or a web-based tutor is to hefisform novices into
experts. In such a transformation the constructiarecéssary problem-solving schemas
play an essential role. We take problem-solving scheonaeain mental representations
which are useful in organizing information in meaningful svéhyat facilitate
understanding of concepts based on past experiences Witulaartypes of problems.
(Kahney, 1993; Sternberg & Ben-Zeev, 2001). The role of saheracilitating transfer
of knowledge among problems is based on the assumptioa schema makes it easier
to access information relevant to the problem in hararelevant schema been built
through previous experience (Gick & Holyoak, 1983; Kahney, 1993).

In this paper we evaluate two strategies for teaching schetutorial-first and
problem-first - using the web-based Socratic “tutor” -QylyerTutor
(http://lwww.mycybertutor.com). In the tutorial-firstEY pedagogy students first solve a
tutorial problem before solving a problem that is relatethécautorial in concepts and
methods. In the problem-first (PF) pedagogy studentsstiige a problem followed by a
tutorial problem which discusses the concepts and methodloyed in the related

problem. The tutorial-first approach may be consideresksloto deductive reasoning
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where students solve problems starting from previously éelageneral principles that
are meant to be true for all such cases. Traditi@zedhing is generally deductive and is
encouraged by instructional systems development model®éGBgggs, & Wager,
1992; Reigeluth, 1983). In contrast, the problem-first approsshinclude elements of
inductive learning where learners construct their own coaceqt rules based on their
interpretation of particular cases (Gagné, Briggs, &&al1992; Anderson, 2000). One
example is discovery learning. We hypothesize thatutogial-first pedagogy facilitates
the acquisition of schema which involve representatidmgptimal abstraction (Kahney,
1993). Our assessment is not based on the standard nethoabwhether or not a
student has submitted the correct solution (Reif & S&689), but rather on a more
elaborate set of variables which allow us to assessrgsud®re reliably (Pritchard &
Morote, 2002). As such, this paper illustrates the powessdssment using a web-based
tutor to collect data which are unavailable in standasdsssnents.
General pedagogy of myCyberTutor

The overall pedagogical approach adopted in myCyberTutdosest to mastery
learning (Bloom, 1968, 1976) where time to learn is allowedty v order to make
students achieve mastery (obtain a score of 80-100% cssassanent) of a given topic.
This is the reverse of most in-school instruction rehtée time is fixed and only the most
skillful students master the materiilastery learning is implemented within a Socratic
dialogue where students are provided with hints and simpleprailtlems upon request,
and given specific criticism when incorrect answees@mpposed. With myCyberTutor,
typically about 60% of the students provide the correstvanon a given question the

first try and over 90% obtain the solution after recgjeedback and hints.
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The hints and sub-problems outline and then detail a Istfaigvard solution:
typically the hints would provide students with the neagsdeclarative knowledge,
while the sub-problems would evaluate the important prockkinoavledge to solve the
problems in a straightforward way. Responses are alatla common student errors on
each question. In addition, follow-up comments are fretiyigiven to highlight
important features or implications of an answer thafustsbeen obtained. The follow-
ups are designed to foster active engagement of the s{iRbatish, Saul, & Steinberg,
1997; Sokoloff & Thornton, 1997). If the students exhausatadable hints they can
request the solution to a problem or a sub-problem.

Tutorial and related problems

The myCyberTutor problem library contains both tutcaiadl self-tutoring
problems. Tutorial problems in myCyberTutor are best chariaed as carefully planned
and sequenced instruction. The tutorial problems aredcalkell builders” in Mastering
Physics (www.masteringphysics.com), a commercial versfanyCyberTutor. These
tutorials have the following features:

» They begin by stating a particular “learning goal.”

» They often include expository text similar to what htigpe found in a textbook.

» They ask questions to elicit the conditions under whiehcbncept is applicable.

» Ifaformula is involved, they ask questions to elicit tihe various terms in the
formula mean.

» They walk the student step-by-step through one or two apiphsaof the

concept.
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Some self-tutoring problems in myCyberTutor are designegdrctice in
applying or extending a concept, a formula, or a procedisutnzed to be familiar from
previous class discussions, by reading texts, or by worldtogidls. Some challenge the
student to apply a familiar concept in significantly mooenplicated situations, including
situations that require applying several distinct conceapia@. The self-tutorial
problems in this paper are of the former type. Concemtsiulae, and procedures
necessary to solve the problems are generally avadabfehrough the hints and sub-
problems, but not in the problem as initially presented (¥ay@83).

In this study each tutorial problem is paired with l&ktsgorial problem that involves
the same concepts. We call these self-tutorial probteen&elated problems.” When
students solve a related problem without a previous tutbeg may be constructing
knowledge by themselves and/or relying on previous knowledgereldied problems
have the following features:

* They challenge the student to answer questions for whiateldted concept is
applicable.

* They indicate the necessary concept or the formugenvide a step-by-step
walk-through on how to apply it only in the hints and sulbjms.

* They immediately point out to the student the failloEmany incorrect
responses.

The present study involves three tutorial problems (T1ama,T3) and their
related problems (R1A, R1B, R2, and R3). The problems caatbgorized according to

their learning goal.
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1. First group: Learning a procedure

T1: Torque - z component

R1A: Torque practice-1

R1B: Torque practice-2

Problem T1 explains both the moment arm and the taiafjdotce methods to
find torque. The related problems R1A and R1B are designpthtice the procedures
learned in T1 (see Appendix A). All problems in this categaguire algebraic or
guantitative responses.
2. Second group: Understanding a concept

T2: Newton’s 3rd law presented and discussed

R2: A book on a table — identify 3rd law force pairs

Problem T2 is conceptual with the goal of helping studemierstand a physical
law (Newton’s 3rd law). Problem R2 is also largely aptaal, requiring “fill in the
blank” answers (see Appendix B).
3. Third group: Expressing a formula

T3: Harmonic oscillator kinematics using trigonometric fiores and calculus

R3: Graphical position, velocity, acceleration of oatilt

Problems T3 and R3 take into account the previous findirgskow that
students often connect velocity with changing positiomo¥ing objects (Trowbridge &
McDermott, 1980) and confuse velocity and acceleratiomeate analogies between
them (Trowbridge & McDermott, 1981; Jimoyiannis & Komis, 200Rrpblem T3 is a

tutorial to help students express a formula as a funofiother variables and is both
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conceptual and quantitative in nature while its related prolit3 is largely quantitative
(see Appendix C).

In this paper, we study the efficiency of two pedagogicedgmtations of these
web-based problems: In the tutorial-first (problem-fiegtproach, the students solved a
tutorial (related) problem-first, and a related (tutonmbblem second. Our study then
measures the amount by which the experience on a giverat(telated) problem
makes it easier for students to solve the following rdléigorial) problem(s).

Design

The current study was undertaken during the spring term of 22 required
“Introductory Newtonian Mechanics with Calculus” couat¢he Massachusetts Institute
of Technology (MIT). Over 90% of the students in the ceunad failed to get a grade of
C or better in a previous attempt and were taking the e@isgecond time. Our
experimental method was to split a class of approxim&@ktudents into two equally
skilled halves. The two halves were balanced accordidgtibsuch as gender, planned
major, the previous physics and calculus experience henscbres on myCyberTutor
problems attempted during the first six weeks of the co@sresequently, the two halves
would experience approximately equal difficulties in a gipeoblem. Furthermore, we
established that both halves had the same average skiltaéing into account all the
myCyberTutor problems (247 in total) given during the semester

Opposite pedagogical strategies were used in giving eaciatutdated problem
pair to the two halves. The “tutorial-first” (TF) groupdhi@ finish the tutorial problem
before being allowed to attempt the related problem(s.“ptoblem-first” (PF) group

solved the related problem(s) before accessing the tutooblem. In the case of the
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torque problem (first problem group), the TF group solved tbblems in the order T1
- R1A - R1B while the PF group solved the problems in the order RIB1A - T1.
For maximum balance the TF and PF groups were alternategdn the two pre-
selected halves of the class.

If the TF group has significant less difficulty in giolg the related problem(s)
than the PF group, we can conclude that solving the tuppoalem first helped the TF
group to construct a problem-solving schema that helped Hue related problem(s).
Conversely, if the PF group has significant less diffycin answering the questions in
the tutorial problem than the TF group, we can concludeshlving the related
problem(s) first facilitate the construction of probleoiving schema.

Variables

Students’ performance is measured first by the raw “statatained in each of
the several variables (see Table 1) which are knowe tgobd predictors of the students’
score on traditional assessment instruments suéchagkams (Pritchard, Morote, &
Kokorowski, 2003), and, second, by the “relative difficulkyosithm,” an algorithm we
have developed based on getting the maximum reliabilihgusicombination of these
scores.

Over 95% of the students eventually reached the solubaiie above three
groups of problems using hints, sub-problems and feedbaclefdrerwhether or not a
student has eventually submitted the correct answegiteea problem is not used as a
variable to distinguish the two groups of interest in shigly except in considering the

skill balance between them. Similarly, the variablember of “solutions requested” (s) is



Web-basedorFials 10

not considered explicitly since less than 10% of the sifisdequested solutions.
However, this variable is taken into account in thealiffy algorithm.

Metacognitive feedback (Mevarech & Kramarski, 1997) \dem such as hints
indicate areas where students realize that their uiasheling of concepts or procedures is
deficient. Thus, the variable, number of “hints reques{bjits highly relevant to this
study, and represents the students’ confidence in solvingbdepr. The tutorial-first
group should request a significantly lesser number of mrgslving the subsequent
problem(s) if the tutorial increases their confidence.

The variable number of responses “correct on first(tff) is used since it was
found (Pritchard & Morote, 2002) that it is very strongyrelated with standard
assessments. Finally, the time variable (t) is defasethe time interval between first
calling the problem to first submitting a response, eiterect or incorrect. Hence, we
will call the time variable (t) as the latency time.

All variables except the variables cft and t were réesiciom 0 to 1 by using the
formula @i —Vmin)/( Vmax— Vmin), Wherev; refers to the variable of interest for a particular
(i™ student whileymax andvmin refer to the corresponding maximum and the minimum
for that variable by any student on a given problem irr@speof the group. The
variable cft naturally falls within the range 0 and 1 siitds calculated as the number of
parts correct on first try divided by the number of tptaits attempted.

Since time intervals on tasks are typically log-naliyndistributed (Law &

Kelton, 1991) they are converted to a logarithmic time, wisaften observed to be
approximately normally distributed. We thus define a “tsnere” (t) for the {" student

on a particular problem as,
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ts={[In (t;) - Average(In(t))]/16}+ 0.5,
where t is measured in minutes ani the standard deviation of In(t). The average and
the standard deviation of the time score are then 0.5.4ndespectively. It should be
noted that the variables incorrect answers (i), 1h¢cf, anddare all measures of
difficulty since a larger value of such a variable isgative of a student having more

difficulty with a given problem.

Relative difficulty algorithm

To measure the degree of difficulty that a student haud aviroblem, we
developed a relative “difficulty algorithm” (RDA) with menum statistical reliability as
applied to all the problems done throughout the semestenelibility of the algorithm
was tested using the split-half method, where the pmbsre divided into two sub-sets
of equal content. If the resulting sub-sets each daterhdifficulty with perfect
reliability, each student would receive the same scoltimsub-sets and the reliability
would be 1.0 (Pritchard & Morote, 2002). The difficulty algomit was optimized using a
computer program that allows successive iterations afdbéicients of variables ia, ina,
h, s, t and cft to vary until the equation reaches the maximeliakility, which, in this
instance was 0.989.

Previous research (Morote & Pritchard, 2002) has showrttbahcorrect
answers (that is i, which is the sum of ia and inajetated most strongly with poor
performance on standard assessments. Therefore, eedastrained the sum of the
coefficients of incorrect answers (ia and ina) taeegeal to 1.0 in the relative difficulty
algorithm. Because many extraneous factors can infludeceme it takes for students to

respond to a problem, we limited the coefficientsdf.85 to be less than or equal 0.75
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and found that the algorithm is optimized at 0.75. The otéweables were freely varied.
The above constraints resulted in the following diffizalgorithm:

Relative “difficulty algorithm” = 0.44(ia) +0.56(ina) + 0.25(k)0.12(s) + 0.75{0.35) +
0.20(1-cft).

The relative difficulty reaches its maximum difficpf2.05) when cft is 0 and all
other variables are equal to 1. A student answering wbthléss time score than average
and with no mistakes, hints or requested solutions would beno difficulty. We
believe that a negative difficulty could be indicatofecheating.

Findings

The measure of interest is the improvement (Impra/measured by the
individual difficulty variables i, 1-cft, hgtand the improvement as measured by the
relative difficulty algorithm. A positive improvement the tutorial-first approach (Table
3) implies a decreased average difficulty for the TRugrehereas a positive
improvement in the problem-first approach (Table 4) ingpdielecreased average
difficulty for the PF group. In the tutorial-first a@ch, there is improvement in the
individual variables in all but one case. The improvemienndividual difficulty
variables was significanp .05) in eight and substantial (.0p< .1) in three of the
sixteen cases.

On the other hand, in the problem-first approach, thedwgment in individual
difficulty variables was significant in only two of theelve cases. Negative
improvements were also observed in two cases. ThedRip gnproved < .1) in terms

of hints in T1 and the time taken to complete the probleni2 and T3. In the first
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problem group the two related problems (R1A and R1B) seeh@/thelped the PF
group understand the tutorial problem (T1) as measured loyfficailty algorithm.

As measured by the relative difficulty algorithm, thistffinding is that the
relative difficulty of a related problem or a tutor@ministered to each group was
always reduced by working a preparatory tutorial or agdlptoblem. The second
finding is that the reduction in relative difficulty oflated problems due to working a
tutorial first was greater than the reduction in diffig on the tutorials due to working a
related (self-tutoring) problem first. It should be noted thdtigures 1, 2, and 3, since
the variables i, 1-cft, hgtand the relative difficulty (from the relative filiulty
algorithm) are measures of difficulty, the improvememighose variables should be
interpreted as a decrease in difficulty in the respectiv@ables. The results show that the
strategy of using a tutorial-first approach on learningheigh students significantly on
the development of relevant problem-solving schema opeolalem-first approach.

It should be mentioned that using the mean values foratigbles of interest,
two-tailedt-test results showed that the two groups remained welhbadl (see Table 2).
The difference in students’ performance on the tutesathe related problems was
analyzed by applying one-tailédests for the variables of interest (the equality of
variance and hence the validity of thiest results been established by the Levene test
(Wright, 1997)). One-tailed test is used because our priotargern is with the
magnitude of the differences rather than with theirterise in absolute terms (Garret,

1966).
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Conclusion and discussion

Using myCyberTutor, a web-based physics tutor in thedoirtory calculus-
based physics course at MIT we have studied which instrucstnas¢gy, tutorial-first or
problem-first, helps students in terms of reduction ifiadity in solving subsequent
problems. We tested these two instructional approache3dbée5) using three kinds
of tutorials; a tutorial that helps learn a procedti® (a tutorial that helps understand a
concept (T2), and a tutorial that helps express a fafi8) together with the
corresponding related problem(s).

The central conclusion of this study is that, inladl tases, the use of tutorial type
problems which guide students step by step through the comcgptscedures
significantly reduces the difficulty of the subsequeeatated problem(s) (Table 5). This
indicates a superiority of the tutorial-first approacimsiruction, at least in the
acquisition of basic skills and/or knowledge (Reif & $c©999). On the other hand, the
problem-first approach where students completely workealtypical non-tutorial
problem first in a given topic with the help of extershints in an interactive online
environment did not enable them to internalize the geperaiples involved. This may
result from a previous finding, that novices without guidaneguently become
disoriented (Didierjean, 2003; Jonassen, 1988; Tripp & Roby, Effiare often unable
to allocate their limited resources effectively in orteconstruct meaning, most likely
due to insufficient prior knowledge (Ahn, Brewer, & Moon&992).

Given that the difficulty algorithm is linear in alf the contributing variables
except for the time variable (which is logarithmic), thigiculty of the related problem(s)

is reduced typically by 25% in working the step by step #aitéirst. This corresponds to
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effect sizes (effect size = improvemelsD, whereSD is the standard deviation of the
score in difficulty algorithm of the PF (TF) group ftwettutorial-first (problem-first)
approach) of 0.57 and 0.22 for the tutorial-first and thélpro-first approach,
respectively, indicating that the TF group clearly berfeditn the preparatory tutorial
problem (Table 6, Figures 4, 5).

We interpret the reduction in difficulty to improvemeritthe students’ schema
for problem solving. The significant reduction in diffigulh the torque problem under
the problem-first approach may well reflect the faet $ftudents are more likely to
acquire problem schema under problem-first pedagogy if two gmmlog problems were
presented instead of just one (Gick & Holyoak, 1983), asasghe sameness of the
level of abstraction needed in transferring knowledgmfthe source to the target
problems (Chen, 2002). The significant improvements ing‘thwore” for the tutorial-
first approach compared to that of the problem-first aggranay result from “saving
time” by executing previously learned rules compared toitie meeded in learning new
rules (Bovair, Kieras, & Polson, 1990; VanLehn, 1996).

We have argued that the students are learning schema. W& gue that they
are not just gathering factual knowledge. If the same faete necessary to answer some
part of a tutorial and related problem, the students woal feom the first preparation
(when over 90% got it eventually correct) and show eguoatavement the second time
this factual knowledge was needed. Therefore at leastditional improvement in
performance of the TF group on the related problem ovepdatfermance of the PF
group on the tutorial problem must result from some desgmuisition of knowledge —

that is by building a relevant schema.
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It is important to note that we did not check for the isgace of this schema. A
future generalization of this work would be to study the deddlge positive effects of
the introductory tutorials due to working unrelated problenisetween or by delaying
the subsequent problems until the next assignment flassatweek in a typical online
homework situation). In light of analogical transf@idk & Holyoak, 1983) it is also
important to determine whether the problem-first approalthgugh it seems slower,
might have advantages for long term retention. In amditie did not consider the
possibility that there is some fundamental reasondtatents find similar questions
more difficult to answer (not simply more difficulf)they are in a tutorial environment.

A major confounding factor in studies of this sort ig the time on task is known
to be closely related to learning (Brophy, 1988). To the extenthe tutorial problems
are longer than the related practice problems, thisgiveymore time for the students to
reflect and construct knowledge. We questioned whethethieitime spent on the first
(preparatory) problem that is responsible for the deeded#ficulty with the subsequent
problem(s). To quantify this criterion, we tabulate thet improvement, but the
improvement per unit time spent on the preparatory problel€16). We see that the
learning per unit time in the tutorial-first approach igceathat of the problem-first
approach. Note that an improvement in relative difficbly some amount represents a
fractional rather than an absolute reduction in the murabmistakes. Thus, it is closely
analogous to the normalized gain which was shown to depetite quality of
instruction independent of the absolute number or percenfageors (Hake, 1998).

Since over 90% of the students have taken this course psévlaut failed to

obtain a grade C or better, there may be some lacknefgly in the results from the
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special nature of the class involved. They are definiielow the average MIT level in
physics interest. However, their pre and post scoréseoRlechanics Baseline Test
(MBT- Hestenes & Wells, 1992) are statistically indigtiishable from the Fall class.
Furthermore, they measure slightly above averagenfarductory classes in universities
(Morote & Pritchard, 2002) as measured by Force ConcepttmyefiHestenes, Wells,
& Swackhamer, 1992) and the MBT. Overall, we feel thaytare generally
representative of good university students in a calculasebatroductory course, except
that they lack the intrinsic interest in the subjecthink beyond getting the answer.
This study shows that the impact of computer tutorialstadent learning
depends on the pedagogical strategy that is followedtutbeal-first approach was
shown to be superior to that of the problem-first appgrdacthe development of
problem-solving schema. The tutorial-first approach vwasve to make subsequent
problems easier to solve and gave students increased cmefided comprehension in
solving the related problem(s) as measured by relativeuiffjda, ina, h, s, cft, and.t
Finally, we emphasize the unobtrusiveness of our inast&technique and its
statistical robustness. The technique is an exampieegfrated assessment — the
assessment is based entirely on observing the studéet leeirning environment without
the necessity of tests or assessment protocols thatlisteact from the learning
experience. It closely resembles the ideal form sés@ment — direct observation
(Gronlund, 2001). Assessment within the tutorial environnsestifficiently insightful
that the individual assessment variables such as nuwhbeits, incorrect answers, time

for response, and correct the first time generally staistical significance by
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themselves. The relative difficulty algorithm is a g@aenmary of the individual
variables but its use is not necessary to obtairsstatlly significant results.

Our overarching conclusion is that students significantjyrove their problem-
solving schema when they are given an online tutorial pmobiewvhich the lesson
content is sequenced and interactive. In this regard ody stipports the observed
increased ability in giving correct solutions using computeedbaistorials in a reciprocal
instructional strategy (Reif & Scott, 1999). Since thebvibased tutor used in this study
has the overall instructional pedagogy of providing feekljband since such feedback is
an essential instructional component in facilitatingesna development (Price &
Driscoll, 1997), we argue that both the tutorial-first #mel problem-first pedagogies are
superior to that of standard homework which has none. &ueakvantage over standard
homework may result from providing opportunities for immagel tuning (where students
become aware of inadequacies of their existing schemakatrdcturing (where new
schemas that addresses the inadequacies are integrdte¢ewold schemas) to students
via feedback. Conversely, our finding that the problest-fledagogy is less effective
than tutorial-first pedagogy, combined with the expectatiah standard homework
(without hints and immediate feedback) should be eses éffective at facilitating
schema development, confirms the widespread feelirfieiphysics education
community that standard homework does not impart probldwmgaschema effectively
(K. Heller, personal communication, August 6, 2003).

We have provided evidence of the tutorial-first appr@ecan effective
approach to learn problem-solving in physics in a web-basdtbement. Hence, the use

of hints and sub-problems in this particular setting afagding (Clark & Mayer, 2003) is
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most effective in a tutorial-first pedagogy. Until fugthstudies contradict or qualify our
findings (e.g. by showing that the positive effect deatspersist), we recommend using
online tutorials in the old fashioned way — that is, t@leytutorial-first instructional

strategy to present new problem-solving schema to students.
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Appendix A

Problems: Learning a procedure
T1: Torque about the z Axis
Learning Goal: To understand two different techniques fompcimg the torque on an
object due to an applied force.
Imagine an object with a pivot point p at the originhaf coordinate system shown. [see
Figure Al.]
The force vector F lies in the xy plane, and this fafceagnitudd- acts on the object at
a point in the xy plane. The vectors the position vector relative to the pivot point p to
the point wheré- is applied.
The torque on the object due to the fofcis equal to the cross product r x F. When,
as in this problem, the force vector and lever arm betimlthe xy plane of the paper or
computer screen, only the z component of torque is nonzer
When the torque vector is parallel to the z axis € 2), it is easiest to find the magnitude
and sign of the torque, in terms of the anglé between the position and force vectors
using one of two simple methods: fhangential Component of the Force method or the
Moment Arm of the Force method.
Note that in this problem, the positive z direction igopedicular to the computer screen
and points toward you (given by the right hand sukey = z), so a positive torque would
cause counterclockwise rotation about the z axis.
Tangential component of the force

Part A [see Figure A2.]
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Decompose the force vectbrinto radial (i.e., parallel to) and tangential (perpendicular
tor) components as shown. Find the magnitude of the radiaicagential components,
F- and k. You may assume thétis between zero and 90 degrees. Enter your answer as
an ordered pair. Expressdnd Fin terms of F an@.

Part B

Is the following statement true or false?

The torque about point p is proportional to the lemgihthe position vectar.

O true O false

Part C

Is the following statement true or false?

Both the radial and tangential component§ generate torque about point p.

O true O false

Part D

Is the following statement true or false?

In this problem, the tangential force vector would tenalito an object clockwise around
pivot point p.

O true O false

Part E

Find the torqua about the pivot point p due to forEe Your answer should correctly
express both the magnitude and sign.dxpress your answer in termsaRd r or in
terms of F9, and r.

Moment arm of the force
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In the figure [see Figure A3], the dashed line extending fienforce vector is called the
line of action ofF. The perpendicular distancg from the pivot point p to the line of
action is called the moment arm of the force.

Part F

What is the length, of the moment arm of the for€eabout point p? Express your
answer in terms af and®e.

Part G

Find the torqua about p due t&. Your answer should correctly express both the
magnitude and sign af Express your answer in terms gfand F or in terms of , and
F.

R1A: Torque Practice — 1

In this problem you practice finding torques using the two mmstmon methods for
finding the torque in two-dimensional problems (whereftinee vectors and origin all lie
in the same plane).

The figure [see Figure A4] shows a 10 A — 10 grid. The sqmnes unit length, so you
can find or calculate the distance to point of appbcabf the force or the moment arm.
Don't use this scale for the magnitude of the forcesir thagnitudes are given by their
respective symbols. Thus a torque, which is equivaleatdistance times a force, would
look like 5*Fa, or perhaps 3*Fb*sin(alpha). Also, in entemgwers, the angle between
the vector labeled Fe and the x-axis must be enter&deda” and the angle between the

vector labeled Fc and the x-axis must be entered as “phi”.
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Torques must be found around a given point or origin, incdse the point shown as
solid dot on the figure. Don't forget that countercloclentigrques are positive as the
circular arrow in the lower left of the figure remingtsu.

You are to find the torques by one of two methods.

Part A

Find the torque about the origin due to force Fa.

Part B

Find the torque about the origin due to force Fb.

Part C

Find the torque about the origin due to force Fc. Remerohesd “phi” for the angle.
Part D

Find the torque about the origin due to force Fd.

Part E

Find the torque about the origin due to force Fe. Remerohese “theta” for the angle.
Part F

Find the torque about the origin due to force Ff.

R1B: Torque Practice — 2

In this problem you practice finding torques using the two mmstmon methods for
finding the torque in two-dimensional problems (whereftinee vectors and origin all lie
in the same plane).

The figure [see Figure A5] shows a 10 A — 10 grid. The sqinanes unit length, and the
forces have magnitudes given by their respective symN@9g (by the length of the

drawn vector). The vectors are drawn to scale in dinecbut not in magnitude. Thus a
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torque, which is equivalent to a distance times a foroejdMook like 5*Fa, or perhaps
3*Fb*sin(alpha).
Torques must be found around a given point or origin, incése the point shown as a
solid dot on the figure. Don't forget that countercloclentigsrques are positive as the
circular arrow in the lower left of the figure remingtsu.
You are to find the torques by one of two methods, whietwil label 1 or 2:

1. Using the moment arm.

2. Using the Tangential (Perpendicular) force.
Part A
Find the torque about the origin due to force Fa.
Part B
Find the torque about the origin due to force Fb.
Part C
Find the torque about the origin due to force Fc; give wosiver in terms of Fc and
theta.
Part D
Find the torque about the origin due to force Fd; give yoswar in terms of Fd and phi.
Part E

Find the torque about the origin due to force Fe.



Web-basedorfials 29

Appendix B
Problems: Understanding a concept

T2: Newton's ' Law Discussed
Learning Goal: To understand Newton'd Bw, which states that a physical interaction
always generatespair of forces on the two interacting bodies.
In Principia, Newton wrote:
To every action there is always opposed
an equal reaction: or, the mutual actions
of two bodies upon each other are always
equal, and directed to contrary parts.

(translation by Cajori)

The phrase after the colon (often omitted from teaks) makes it clear that this
is a statement about the nature of force. The cadgalis that physical interactions (e.g.,
due to gravity, bodies touching, or electric forces) caosm$ to arise betweguairs of
bodies. Each pairwise interaction producemia of opposite forces, one acting on each
body. In summary, each physical interaction betweem Ixvdies generates @ir of
forces. Whatever the physical cause of the intevacthe force on body A from body B
is equal in magnitude and opposite in direction to theeforcbody B from body A.

Incidentally, Newton states that the word “actionhalies both (a) the force due
to an interaction and (b) the changes in momentumittivaparts to the two interacting
bodies. If you haven't learned about momentum, don’t woloy now this is just a

statement about the origin of forces.
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Mark each of the following statements as true or false. statement refers to “two
bodies” interacting via some force, you am to assume that these two bodies have the
same mass.

Part A

Every force has one and only orfélaw pair force.

O true O false

Part B

The two forces in each pair act in opposite direstion

O true O false

Part C

The two forces in each pair can act on the same bodw different bodies

O true O false

Part D

The two forces in each pair may have different physidgins (for instance, one of the
forces could due to gravity, and its pair force could berenal contact force).

O true O false

Part E

The two forces of a"8law pairalways act on different bodies.

O true O false

Part F

Given that two bodies interact via some force, tleelgeations of these two bodies have
the same magnitude but opposite direction. (Assume no fottees act on either body.)

O true O false
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Part G

According to Newton’s "8 law, the force on the (smaller) moon due to the (Rreerth
is

O greater in magnitude and antiparallel to the forcénereairth due to the moon.

O greater in magnitude and parallel to the force on thb dae to the moon.

O equal in magnitude but antiparallel to the force on thd ee to the moon.

O equal in magnitude and parallel to the force on thé elai¢ to the moon.

O smaller in magnitude and antiparallel to the forcéherearth due to the moon.

O smaller in magnitude and parallel to the force oretiréh due to the moon.

R2: A Book on a Table

A book weighing 5N rests on top of a table [see Figure B1].

Part A

A downward force of magnitude 5N is exerted on the boathéyorce of

Othetable O gravity O inertia

Part B

An upward force of magnitude is exerted on the by the table
Part C

Do the downward force in Part A and the upward fordeairt B constitute a®law pair?

O yes O no
Part D
The reaction to the force in Part A is a force afgmtude , exerted on the

by the . Its direction is
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Part E

The reaction to the force in Part B is a force o§niaude , exerted on the
by the . Its direction is

Part F

Which of Newton’s laws dictates that the forcesamt® A and B are equal and opposite?
O Newton’s £ and 29 laws

O Newton's &' law

Part G

Which of Newton’s laws dictates that the forcesamt® B and E are equal and opposite?
O Newton’s £ and 29 laws

O Newton’s & law
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Appendix C

Problems: Expressing a formula

T3: Harmonic Oscillator Kinematics

Learning Goal: To understand the application of the geharatonic equation to the
kinematics of a spring oscillator.

One end of a spring with spring constant k is attacheloetavall [see Figure C1]. The
other end is attached to a block of mass m. The blockaesidrictionless horizontal
surface. The equilibrium position of the left side af thock is defined to be x = 0. The
length of the relaxed spring is L.

The block is slowly pulled from its equilibrium positiam $ome position;: > 0 along
the x axis. At time t = 0, the block is released wihozinitial velocity.

The goal is to determine the position of the block x(& &sction of time in terms ab
and Xnit.

It is known that ayeneral solution for the coordinate of a harmonic oscillator is

X(t) = C cos (&) + S sin (),

where C, S, andbare constants [see Figure C2].

Your task, therefore, is to determine the values of CSaimdterms ofw and Xait,

Part A

Using the general equation for x(t) given in the problamoduction, express the initial

position of the block i in terms of C, S, ana.
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Part B

Find the value of S using the given condition that titéai velocity of the block is zero:
v(0) = 0.

Part C

What is the equation x(t) for the block?

Now, imagine that we have exactly the same physit#tsn but that the x axis is
translated, so that the position of the wall is nofinge to be x = 0 [see Figure C3].
The initial position of the block is the same as befbte in the new coordinate system,
the block’s starting position is given byex(t = 0) = L + Xqit.

Part D

Find the equation for the block’s positiog(t) in the new coordinate system. Express
your answer in terms of L, w, and t.

R3: Position, Velocity, Acceleration of Oscillator

Learning Goal: To learn to find kinematic variables framraph of position vs. time.
The graph [see Figure C4] of the position of an osaillptibject as a function of time is
shown.

Some of the questions ask you to determine ranges on tite@rar which a statement is
true. When answering these questions, choosexttecomplete answer. For example, if
the answer “B to D” were correct, then “B to C” wouldhgically also be correct — but
you will only receive credit for choosing the most costplanswer.

Part A

Where on the graph is x > 0?

OAtoB
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OAtcC

OCtoD

OCtoE

OBtoD
OAtoBandDto E
Part B

Where on the graph is x < 0?
OAtoB

OAtcC

OCtoD

OCtoE

OBtoD
OAtoBandDto E
Part C

Where on the graph is x = 0?
O Aonly

O C only

O E only
OAandC
OAand CandE
OBandD

Part D

Where on the graph is the velocity v > 07?
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OAtoB

OAtcC

OCtoD

OCtoE

OBtoD
OAtoBandDto E
Part E

Where on the graph is the velocity v < 0?
OAtoB

OAtcC

OCtoD

OCtoE

OBtoD
OAtoBandDto E
Part F

Where on the graph is the velocity v = 0?
O Aonly

O Bonly

O C only

O D only

O E only
OAandC

OAand CandE



OBandD

Part G

Where on the graph is the acceleration a > 0?
OAtoB

OAtcC

OCtoD

OCtoE

OBtoD

OAtoBandDto E

Part H

Where on the graph is the acceleration a < 0?
OAtoB

OAtcC

OCtoD

OCtoE

OBtoD

OAtoBandDto E

Part |

Where on the graph is the acceleration a = 0?
O Aonly

O Bonly

O C only

O D only

Web-basedorfials 37



Web-basedorfials 38

O E only
OAandC
OAand CandE

OBandD
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Tables

Table 1
Variables
Traditional variables
c correct answers
i incorrect answers (= ina + ia)
ina incorrect answers without receiving advice
Feedback variables
h hints requested
S solutions requested
ia incorrect answers receiving advice
Immediacy variable
cft probability of getting a correct answer on firgt tr
Latency time variable
t time to submit the first response (either correghoorrect)

Note. Traditional and feedback variables are

re-scaled to full within the range 0 and 1.

39
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kill balance of TF and PF for the whole semester, and probability that such

differences would occur by chance if the groups were in fact equal.

Variable Difference in Means p
[ .0621 19
c -.0063 .89
cft .0204 .39
h .0906 34
S .0076 .55
ts .0178 A7
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Table 3

Tutorial-first approach: Effect of tutorial problems on its related problem(s)

T1: Tutorial: Torque z - component

R1A: Related problem: Torque practice 1R1A® T1° . R1A°
Variable M (PF) M (TF) Improv. p
i .29 .20 .09 .030*
1-cft .50 44 .06 .150
h .48 .35 13 .050*
ts 52 48 .04  .045*
Difficulty algorithm .66 44 22 .004*

(T1+R1A): (Tutorial + Torque practice 1)

R1B: Related problem: Torque practice 2R1B*  (T1+R1A)- R1B°

Variable M (PF) M (TF) Improv. p
[ .29 .20 .09 .028+*
1-cft 49 46 .03 .300
h .50 .38 12 .055*
ts .53 A7 .06 .002*
Difficulty algorithm .60 42 18  .007*

T2: Newton’s 3rd law

R2: Book on table R2 T29 _ R

Variable M (PF) M (TF) Improv. p

[ 46 .34 A2 020
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1-cft .39 31 .08 .040*

h 19 .06 13 .055*

ts 52 .48 .04 .080*
Difficulty algorithm 46 .36 10 .045*

T3: Harmonic oscillator tutorial

R3: Position velocity, acceleration of

oscillator R3 T3 - RZ
Variable M (PF) M (TF) Improv. p
[ .28 A7 A1 040+
1-cft .03 .02 .01 .210
h 17 13 .04 271
ts .50 .50 .00 475
Difficulty algorithm .33 .26 .07  .065*

Note. Improv. = Improvement.

En =270 =341=32=270=32""=34%=32"n=31"n=27)n=26.
n = 26.

* 05<p<.10. *p<.05.
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Table 4

Problem-first approach: Effect of related problems on its tutorial problem

T1: Torque z - component

R1B+R1A: Torgue practice 1 and 2 r1 (R1B+R1Af - T1°

Variable M (TF) M (PF) Improv. p
[ .26 24 .02 .38
1-cft 41 37 .04 .20
h 22 .10 12 .04*
ts 51 49 02 12
Difficulty algorithm .50 41 .09 .08

T2: Newton’s 3rd law

R2: Book on table T RZ . T2
Variable M (TF) M (PF) Improv. p
[ .40 40 .00 .50
1-cft .36 34 .02 .36
h .00 .00 .00 N/A
ts .53 A7 .06 .0
Difficulty algorithm .39 .34 .05 .13

T3: Harmonic oscillator tutorial

R3: Position, velocity, acceleration of

oscillator T3 R3 . T3

Variable M (TF) M (PF) Improv. p

[ 24 22 .02 .37



Web-basedorFials 44

1-cft .35 .38 -03 .35

h 37 .39 -02 42

ts .52 .48 .04  .09*
Difficulty algorithm 51 .50 .01 .45

Note. Improv. = Improvement.
N =34"M=27"=34%=321=34"n=34n=26."n=27.n = 29.

* 05<p<.10. *p<.05.
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Table 5

Comparison of tutorial-first versus problem-first strategy for reduction in difficulty

Related Tutorial-first  Problem-first
Tutorial Problem problem(s) Variable T-R R-T
T1: Learning a procedure
(Torque) R1A & R1B [ o
cft
h ok ok
g ok
RDA o *
T2: Understanding a concept o
(Newton's 3 law) R2 i
cft **
h *
g * ok
RDA *x
T3: Expressing a formula
(Harmonic oscillator) R3 i o
cft
h
tg *
RDA *

* 05<p<.10. **p<.05.
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Table 6

I mprovement per unit time and effect sizes based on the relative difficulty algorithm

Mdn time
Preparatory (minutes) Effect
Learning Improv.Mdn
Problem sequence Problem for the Size
approach time
preparator (=lmprov. /D)
problem
Tut. Prob| Tut. Prob.
Tl1- R1A T1 22.88 Tut. |0.010 0.80
(R1A+R1B) -~ T1 (R1A+R1B) 32.50 Prob. 0.003 0.37
T2 - R2 T2 5.34 Tut. |0.019 0.45
R2- T2 R2 4.66 Prob. 0.011 0.25
T3- R3 T3 19.75 Tut. |0.004 0.46
R3- T3 R3 3.39 Prob. 0.003 0.03
Average| 0.0130.006| 0.57 0.22

Note. Improv. = Improvement from the difficulty algorithmuf = Tutorial-first; Prob. =
Problem-first.SD = SD of the difficulty algorithm score for PF in tutorfitst. SD = SD
of the difficulty algorithm score for TF in problemsit
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Figure Captions

Figure 1. Improvements in the torque problems for the tutoriat-firsd problem-first
approaches.

Figure 2. Improvements in the Newton’s 3rd law problems for thertal-first and
problem-first approaches.

Figure 3. Improvements in the simple harmonic motion problemgHertutorial-first and
problem-first approaches.

Figure 4. Improvement per unit time spent on preparatory problem.

Figure 5. Effect size on overall difficulty.

Figure ALl. Diagram 1 for “Torque — z component” (tutorial problem.T1)

Figure A2. Diagram 2 for “Torque — z component” (tutorial problem.T1)

Figure A3. Diagram 3 for “Torque — z component” (tutorial problem.T1)

Figure A4. Diagram for “Torque practice — 1” (related problem R1A).

Figure A5. Diagram for “Torque practice — 2” (related problem R1B).

Figure B1. Diagram for “A book on a table” (related problem R2).

Figure C1. Diagram 1 for “Harmonic oscillator kinematics” (tutdnmoblem T3).

Figure C2. Diagram 2 for “Harmonic oscillator kinematics” (tutdnmoblem T3).

Figure C3. Diagram 3 for “Harmonic oscillator kinematics” (tutdnmoblem T3).

Figure C4. Diagram for “Graphical position, velocity, accelevatpf oscillator” (related

problem R3).
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Figures

T1— R1A (Tutorial first)

T1— R1A-= R1B (Tutorial first)
[ B R1B—~ R1A—=T1 (Problem first)
0.22 - -

0.20—-
0.18—- N
0.16—-
0.14—-

0.12
] W
0.10

0.08 4 ZN

0.06

Improvement

0.04+

0.02+4

0.00

incorrect  1-(correct hints time score  Relative
answers first try) (h) ) Difficulty
@®

Figure 1. Improvements in the torque problems for theialttirst and

problem-first approaches.
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T2—R2 (Tutorial first)

KX R2—= T2 (Problem first)
0.14 -

0.12 4 —
0.10 4
0.08 - -

0.06

Improvement

0.04 o

0.02 +

0.00

incorrect 1-(correct  hints time score  Relative
answers first try) (h) (t) Difficulty
@

Figure 2. Improvements in the Newton’s 3rd law problemshe

tutorial-first and problem-first approaches.
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T3 —=R3 (Tutorial first)
X4 R3 T3 (Problem first)
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incorrect
answers
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hints

(h)
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t) Difficulty

50

Figure 3. Improvements in the simple harmonic motion prablfor

the tutorial-first and problem-first approaches.
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Tutorial first
P Problem first
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3rd Law Motion

Figure 4. Improvement per unit time spent on preparatorygmobl
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Figure 5. Effect size on overall difficulty
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Figure Al. Diagram 1 for “Torque — z component” (tutorialgeon T1).



Web-basedorFials

at

Figure A2. Diagram 2 for “Torque — z component” (tutorialgeon T1).
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Figure A3. Diagram 3 for “Torque — z component” (tutoriallgeon T1).
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Figure A4. Diagram for “Torque practice — 1” (related probRbA).
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Figure A5. Diagram for “Torque practice — 2” (related probRhiB).
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Figure B1. Diagram for “A book on a table” (related probRg).
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Kinit

Figure C1. Diagram 1 for “Harmonic oscillator kinematidsitgrial problem T3).
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Figure C2. Diagram 2 for “Harmonic oscillator kinematidsitgrial problem T3).
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Figure C3. Diagram 3 for “Harmonic oscillator kinematidsitgrial problem T3).
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Figure C4. Diagram for “Graphical position, velocity, decation of oscillator” (related

problem R3).



