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Abstract. Using hiddenMarkov models (HMMs) and traditional behavior d&na

ysis, we have examined treef f e c t of metacognitive prompting on
learning in the context of our computeased learningpy-teaching enviro-

ment This paper discusses our analysis techniques, and presitgscevthat

HMMs can be used to eff temnodfiactibtesy Theet er mi ne student
results indicate clear differences between different interventions, and &naks b

tween students learning ffermance and their interactions with the system.
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1 Introduction

We have developed exploratory learning envinents called teachabégents that
usea learningby-teaching paradigm to promote learning and reasoning skills with
middle school science studenfd[P]. The studets are typically nodomainexpers
and have little knowledge of teaching practices. In these environments, students teach
a computer agent called Betiyging structured graphical representations called co
cept maps3]. Since theconcept maps are purped to be representations of Bef 0 s
knowledge the students are teaching Betty and fixing her ebpnmgvising themaps
Of course, the maps are generated by the students based on their edetdgapthus
theyare actually representations of the studedit dowmainunderstanding (Fig. 1).

The teaching aspects of this environment build upon research showingidentst
can benefit academically by teaching other studé¢tligl]. Biswas, Schwartz, &
Bransford have reported that students preparing tt feétcthatthe responsibility to
teachencouragedhem to gain deeper understanding of the matgbal8eyond pe-
paring to teach, actual teaching taps into three critical aspects of learningtimmsra
T structuring, taking responsibility, and reflemy. These interactionfacilitate self
monitoringandreflective knowledgéuilding for the teacherg]. Effective teabing
requires the monitoring of how wedktudents understand and use iddagors and
teachers often reflect on their interactionth students during and after the teaching
process in @ler to better prepare for future sessif@jf].
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The visual corept map structuralso helg studentsnake concepts and relatio
ships explicif which suppors selfmonitoring andknowledgeorganiation [3]. The
conept mapping also occurs incantext where the students can query Betskher
to explain her reasoning, and assess her knowledgaviggher to take quizzesor
these reasons, we have hypothesized that working with Betty cartu#nts to bie
ter understand science concepts, and engage in productive learning strategies that
promotemetacognitionprganizationand reasoning with causal knowledge
Our previousworklm f ocused on & meaduesd tys$hé qubliy afr ni ng
ther concept mapsWe found that learningy-teaching with metacognitive support
helped students learn about river ecosystemsatsadbetter prepared them for future
learning on related topidd][11]. We compared several versions of the learning by
teaching environment with a neteaching version. Students who taught Betty eve
oped more complete and interconnected concept maps than students who created
maps for themselve@.e., these students made concept maps and received feedback
from the system on thguality of the map, but there was no cover story of teaching an
agent) Learning outcomes were strongest for students who also received metacogn
tive feedback from Betty, in which she exhibited seljulated learning behaviors
that the student teacherutd appropriate to improve their own learnifidnese diffe-
ences pesisted duringa transfer phase in which students learned about a new domain
and taught Betty in the absence of mostifeek and prompts
We haverecentlyturned our attention to analysesf st udenstastbeybehavi or
teach Betty and create concept maps. Such analyses amtaimigmcause they shed
i ght 0 nchords wfdireenattigedbehaviors that influerlearning, andthe
strategies theybring to the learning tasK4]. Preliminary analyses of prior data
showed thatthg ual i ty of st ud epataleléd bg pattemeip theirmaps was
behaviors 2]. These results suggest that selfulated learning prompts and dee
back from Betty helpd student teachers engage in producaninginteractions
In this paperwe di scuss data from a new study testing
Brain system. In particulawe present aefinedmet hodol ogy for exploring s
strategiesusing hidden Markovmodek (HMMSs) to capturestudants ®dehaviors as



they usehe systenjl3]. Oursis a specific implementation of the generic process ou
lined by Fisher and Sanderson [1¥je discuss our methods for extracting the student
interaction patternfrom system log files, and describe our phwe for deriving and
interpreting theHMMs of student behaviors. We thenmparethe HMMs across

three experimental conditions the main and transfer phases. We believe that this
approach has merit for analyzing student behaviors for several reagshd4¥Ms

allow us to go beyond frequency counts or proportions of individual behawviers, i
stead examining how these behaviors cohere in larger patterns or strategies. Similarly,
this approach takes into accountherthdme entire san
focusing only on specific behaviors or moments in time. The holistic nature of our
analysis may provide asefulglobalview of how studentspproach the learning task.

2 Experimental Design and System Features

Our participants were 56 studeritstwo 5" gradescience classroosn taught by
the same teacheBtudents were assigned to one of three conditions using stratified
random assignment based on standardized test s@¢resonditions variecon the
type of scaffoldingorovided by the mentagent and/or the Betty ageiihe students
first createdconcept map®n river ecosystemduring the main plee (seven 45
minute sessions)After an eightweek delay, students participated in the transfer
phase (five 48ninute sessions) in which they taad about a new domain, the land
based nitrogen cycle. All students used antidal system during the transfer phase.

Thethree versions of the systemere (i) a learning by teaching (LBT) version in
which students taught Bettfii) a selfregulated @arning by teaching (SRL) version
in which students taught Betty and received metacognitive prompts from Betty
(iii) an intelligent coaching system (ICS) version in which students created a map for
themselves with guidance frotime nmentor agent.

Stuknt sd& i nt er aircludethreesainvectivithi eBse:t tdhy geec hi n g
rating the concept mggfiquenyingo by using a terplate to ask Betty questionand
fi q zinga Betty by askingset of predefined questions that have bissigned by
the mentoragent.Betty answers questions usimgalitative reasoning methogs] to
follow chains of links to determine how changes in one concept affect other concepts.
After asking Betty a question, students eakBetty to explain her reasmg steps.

The ICS \ersion was our control condition. Students constructed a concept map to
answer three sets of quiz questiolBese widents had access to the same teach,
query, and quiz functions, but they were not presented in terms of teaching Betty.
Studentsdirectly alited and querietheir own maps. When students submitted their
maps for the quizzes, Mr. Davis, the mentor agent, provided corrective feedback in
the form of hints on how to correct errgtd. The LBT group received the samea-co
rective feedback from MiDavis after Betty took a quiz. The feedback to the SRL
students focused on higher level concepts (e.g., read about the food chain or the waste
cycle) and suggestions on how they could become better learners dmaseac

For the transfer phase, all statieused a stripped down version of the LB%tam
with no feedbackprovided by Betty or the mentoriuglents could still check their
maps by asking questions or submitting them for a.quiz



21 Met acognitive Support in Bettyds Brain

An important part obur system is the setégulated learning support provided to
the students. Setkegulated learning theory describes a set of comprehensive skills
such as setting | earning goal s, selecting appt
learning progress, andiiess i ng oneds knowledge and strategies

Tablel.Some I nteractive Action Patterns and Betty¢

Pattern
Description

Regulation Goal Betty Response

Il 6m still unsur e (
would like to do well. Mr. Davis said
Afitake the quiz onl
do well . o

(Betty refuses to take quiz)

Successive quize-
MONITORING BY guests but no queries
ASKING QUERIES asked ofBetty in be-
tween quizzes

Multiple requests for Letos see, you ha

MONITORING Betty to give & an- questionfs, but you have not asked for
THROUGH swer butno request explanatlons lately. Please _make me e
EXPLANATIONS for explanation plain my answers so you will know if |
really undestand.
I would really like to do better. Please
The most recent quiz check the resources, teag:h me, and ma
TRACKING score s significantly sure | understand by asking me questid
PROGRESS worse than the pe- that are on the quiz. My explangtlon \_Nll
VOUS SCOre help you find out why | am making s
takes in my answers. Also, be sure to
check out the new tips from Mr. Davis.
Bettyds SRL persona incorporates aspects of th

conveys to the students to help them develop and apply monitoring and self regulation
strategies J]. For example, when the student is building the conosgg, Betty
occasionally responds by demonstrating reasoning through chains of eventgayShe
remark (right or wrong) that the answer she is deriving does not seem to make sense.
The idea of thesepsntaneous prompts is to get studdotreflect on what they are
teaching and perhaps check on their tuteebs | es
directed t o h-edchper uBderstang thesimpertancd & manitoring and
bei ng awsaowaabitiés. oned
We have identifiedseveralrecurrentsequencesvhere metacognitive feedback
might be useful. When the system detects such patterns, Betty provides suggestions
the students may employ to improve their own understanding. Some of the tigggeri
patterns along with Bett yAfies Bettydakgsaguze ar e shown
the mentor agerdlsoreminds Betty and her teachaoutthe importance of reading
resources, and checking ée@nderstating after learning (teaching) new material.



3 Learning Results

In the main phase, the SRL condition generated maps with significantly mere co
rect concepts and links than the LBiIx .05, and ICS students < .05[2]. These e-
sults suggest that the met acdegmingtHowe prompting
ever, the LBT students also generated more correct maps than the ICS students, which
suggests an overall benefit for learning by teaching.

Table 2.Concept map quality: main and transfer studies

Condition Mean (SD) Map Scores
Main Phase Transfer Phase
ICS 22.83 (5.3) 22.65 (13.7)
LBT 25.65 (6.5) 31.81 (12.0)
SRL 31.58 (6.6}° 32.56 (9.9)

2SRL > ICS,p<.05;"SRL > LBT,p < .05;°LBT > ICS,p < .05.

SSudent sé tr ansf endicatiomswhetsec @ givensvergion of thie d e
system better prepared students to learn in a new dowidiout scaffolds and
prompts Students in the SRL conditiastill had the highest map scores after the
transfer phase, and scored significantly higher than the ICS student85. Inters-
tingly,the  LBT studentsdé scores were now comparabl e t
LBT students did not differ significantly froitne ICS group, in part because of the
high level of variabilitywithin that group

Our interpretation is that working with Betty, esi@ly with metacognitive
prompts, helped students develop metacognitive strategies that supported their abil
ties to learn subsequently. Howeyvanother possible explanation is thag students
wereat a disadvantage because they switched from gea@ohing environment to a
teaching environment in the transfer phase of the study, whereas the other students
had not.By directly analyzingpatterns of how students interact with the system, we
explore the validity of these exgolations.

4 Analysis of Behaior Patterns

We recordedlog files of s t u d ateractiodiswith the systemFrom these log
files, we identified the six main activitissimmarizedn Table 3.

Sequences of these activitie®re then extracted frothe log files,andminedus-
ing statistical learning methods search forpatterns that defined t u d mterécs 6
tions with system Our goal was to determine if there was evidence of different a
tivity patterns between groups during the main phase, and whether these patterns pe
sisted or changed when students worked in a newamvéant during the transfer
phaseWe thusderived two sets oHMMs, onesef r om st udent s accumul at ed
ty sequencefom all main phaseessionsand thesecond set from thigansfer phase
session$13].



Table 3. Student Activities and Related Actions

Activity Student Actions
Edit Map EM) adding, modifying, or deleting concepts and links
AsK QUERY (AQ) asking Betty queries
REQUESTQuIZ (RQ) asking Betty to take the quiz
RESOURCEACCESS(RA) accessing the resources
REQUESTEXPLANATION (RE) asking Betty for an explanation to her quengaer
CONTINUE EXPLANATION (CE) | asking Betty to provide more detaileéxplaration

HMMs are so named becautheir states are hidden. Thattisey are not directly
observed in the input sequences, but provide an aggregated description of the st
dent sbé i nter act3qoances ofvstataday le inerpretgd g tisem
dent$learning behvior pattens. The set of prameters that dfine a HMM comprise
(i) the transition probabilities between the states, (i§eowetion probabilities for -
tecting a particular observation in a state, and (iifidhprobabilities for each state
[13]. The particularlearningmethodused,devdoped by Li and Biswagl9] utilizes
the Bayesiannformation criterion (BIC) to find the ptimal number of states thaed
fine theHMM.

The HMM modelsderived for the three conditions in the two phases of our study
are smmarized in Fgure 3.For conveniace, each hiddestate is dbeledby the pe-
dominant a&tivity (or activties)comprising that state.(Only thoseactivities whoseil
kelihood of occurrencexceedl0% are listed)Some states are ohinaed by a sigle
activity (e.g, editing the map), wlreas ohiers represent a comgite of more than one
activity (e.g. requesting quizzes and@esing the esources). Fjure 3 also vides
the likelihood, expressed as a pertage, of a student in avgin state trargoning to
a different state oramaining in the current state.

4.1 Interpreting the HMMs

Much like factor analysis, it is up to the researcher to give meaning to the derived
interactve states, and hypothesize strategies for learning that may be associated with
thes states. Our analyses suggesteral interpretable patterthet arerelevant tom-
teractive metacognitiormhese patternsonbine severalactivity states andransitions
to define higher level behavior patterns with links to metacognitiveegteat

One pattern idasic map buildingThis activity pattern is characterized by editing
the map(EM), submitting the map for a quiRQ), and occasionallaccessinghe
reading resources(RA). The pattern reflects a basic and important metacognitive
strategy. Students work on their maps, check the byapking aquiz to see if there
are flaws, and acasionally refer to the reauys.

A second pattern imap probing Students edthe map (EM) andhen ask a que
tion (AQ) to check for specific relations between two concepts (e.qg., if fish increase,
what happens to algae?). This pattern exhibits a more proactive, tailyegriven
strategy, because students are targeting speeifitions rather than relying on the
quiz to identify errors. Students also need to formulate their own questions to do so.



The third pattern isnap tracing This pattern reflects students asking Betty or the
mentor (depending on the system) to exptaareasning step by stefRE and CE)
When Betty or thenentorinitially answersa question, they stathata changen one
entity causes changén arother entityand highlight theaths they followed to reach
theiranswer. To follow the details dfie inferere chain, students had to ask Betty or
Mr. Davis to explain their reasoning. Thgentdid so by hierarchically@omposing
the chain of inference; for each explanation request, they shbeweda particular
pathwithin the larger chain contrilbed to the final answer. Receiving more dsta
about the reasoning processparticularly useful when maps become complex, and

there are multiple paths between two concepts.
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Fig. 3: HMMs for the three conditions in the main and ransfer phases



The individual states portrayed in the original HMMs (Fig. 3) can be combirted an
re-represented in order to reflect these higher level aggregate states. These aggregate
states are shown in Fig. 4, which are separated by condition and phase of the study.
The percentages accompanying each arrow indicate the likelihood of transitioning
from one aggregate to another or remaining in a given aggregate state. In addition, w
exploited the stationanyature of these models talculatethe steady state probabil
ties of each aggregate state as the sum of the stationary probability of theéumldiv
states tht make up the aggregate st@iable 4) These values indicate the probability
that a student would be in a given state. For example, during the main phase;ICS st
dents had a 62% chance of engaging in map building, but only a 7% chamggmpf
inginmaptracingT he i ndi vi d usdte pehalalities wefgsodakea b-d y
to account when calculating the transition probabilitesveeraggregate states.

MAIN

93%,
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Figure. 4. Behavior Patterns fadhethree group# the main and trasfer stug/

Table 4. Aggregate state stationary probablities (i.e., probability of being in a given state).

State Ics LBT SRL Trlacnger Trf‘g?fer Trggster
Map Building 0.62 0.54 X 0.60 0.66 X
Map Probing 0.31 0.38 X 0.36 0.34 X
Map Tracing 0.07 0.08 0.15 0.04 X 0.11
Building & Prabing X X 0.8 X X 0.89

4.1.1 Main Phase PatternsOne way to approach each figure is ss@me that st
dents begin with basic mapilding. As an examplethe ICS modelshowthat there
is a greater than 90% chance thatghelents remain in the map building condition,



and less than a 10% chance that theysttimm to the map probing staféhe LBT be-
havior model is very similar to the ICS model, except that these studehis group
were morelikely to transition tothe map probingstatefrom the map building state
(15%). BoththeICS and LBT groupsarely use MafIracing as a learning behavior.
The SRL behavior model is different in ththie map building and map probing
states are tightly coupled, and thaggregated into one state. This is not surprising
because Bettybs prompts required the students t
between quizzes. The aggregated model indicateghtba®RL students were more
likely to engage in map tracinghmeriors (15% as opposed to 8% for the LBT group
and 7% for the ICS group) perhaps to understand how she reasoned with the concept
map to derive her answers. Overall, the SRL condition exhihitetbre versatileer
pertoire of interactive stratezs for completing the cognitiask of teaching Betty.
This offers one explanation for why the SRL students generated higher quality maps
in the main phase, even though they were never explicitly toldthawrrect thei
maps. The support for intetae metacognition, primarily in terms of seeking irfo
mation from tke resources, and monitoring Be¢ 6s | earning hel ped them |
content better than the other two conditions.

4.1.2 Transfer Phase Pattens. In the transfer phise, all students taught Behwt all
scaffolds were removed. The only feedback students received was how well Betty
performedon thequizzes The question was whether there was any continuation of
the patterns developed during timain phaseThe ICS condition continued to focus
on the basic map building pattern (60%). Their map probing behavior occurrence
increased marginally (31% to 36%), and their use of the tracechamisms was
limited (4%), even though thewere now teaching &ty just like the other two
groups. We inferred that the teaching aspect aliiden o t override the studen
desire to simply get quiz answers rigfihe ICS students did not seem inclined to
probe Bettyéds understandi ntandingand by extension t

Thetransfer phasbehavior patterns exhibited by the SRL grovgre alscsimilar
to their main phase behavioffhe map building and map probing states were gl a
gregated, and occurred with high frequency (89%). The transitions froiutlte
ing/probing statéo map tracing dereased9% to 6%).It is possible that the SRdtu-
dents had internalized the reasoninghaism andlid not need to probe Betty ak 0
ten or ask her to explain. However, once these students transitioned to thecingp tra
state, there were more internal transitions in that state (transition likelihood was 22%).
This may indicate that when the concept map and the answer generation pescess b
came complex, the students did spend more time in map tracingiestiv

The LBT mndition behavior model also remained similar witap building and
map probing dminating their learning activities. However, a more careful study of
the more detailed model indtire 3 reveals that within the mapilding phase these
students spent almiosvice as much time reading the resources as they did in editing
their mas (41% to 25%). The amount of mapdng by this group seemed te-d
crease and all mapacing ativity was integrated with the map building and map
probing states. This version Betty used in the transfer pdewas most similar to the
original LBT condition, except there was no corrective feedback provided by &4r. D
vis. Therefore, it is reasonable to expect that the LBT condition would show the same
interactive patterns across @gyuphases. Instead, the LBT students seemed to develop






