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Abstract. Chemistry students, like students in physics, mathematics, and other technical
disciplines, often learn to solve problems algorithmically, applying well-practiced
procedures to textbook problems. But often these students do not understand the
underlying conceptual aspects of the problems they solve algorithmically. One approach
to overcoming this problem is to have students solve chemistry problems in a virtual
laboratory (VLab), a software environment that simulates a real experimental setting and
supports inquiry learning of chemistry concepts. We propose to further assist chemistry
students in their conceptua learning through having pairs of students collaborate on
problems, assisted by computer-mediated collaboration scripts that guide the student
through the stages of scientific experimentation and that can adapt to a particular studentG
(or dyad®) skills. In the early stages of the CoChemEx (COllaborative CHEMistry
EXperimentation) project, we have performed a preliminary, low-tech study comparing
how singles and dyads solve chemistry problems using the VLab with and without scripts.
In this paper, we define the problem and research hypotheses we address, discuss our
approach and technology, and report on early progress.

1 Introduction

A central issuein chemistry education is teaching students to problem solve conceptually rather
than simply apply mathematical equations Research in chemistry education has shown that
students tend to learn and solve problems GilgorithmicallyObut often do not grasp the deeper
conceptud aspects of chemistry and reasoning necessary to be more creative and flexible
problem solvers [1, 2]. While chemistry students often have success on problems that are very
similar to ones illudrated in a textbook or demongrated in a classroom, they tend to struggle
with problems tha could be solved with similar techniques but are not obvioudy of the same
type(e.g., the source and target problems do not share surface features). This difficulty isdueto
students lacking the conaeptud understanding of chemistry to recognize similar core problems
tha come in Qlifferent clothes.O

There is some evidence in chemistry eduaion research indicating tha collaborative
activities can improve conceptud learning [3, 4]. Other studies, while not focused specifically on
conaeptud versus algorithmic learning, have demondrated increased performance, as well as
motivationd benefits of collaborative learning in chemistry [5, 6]. In general, however, thereis



a paudty of controlled experimentation on the potential benefits of collaborative learning in
chemistry. However, such evidence exists in math [7], biology [8], physcs[9, 10], and scientific
expeimentation [11]. Some of our own experimental work in collaborative learning has led to
promising preliminary results in conceptud learning in the domain of algebra [12]. In sum,
results from collaborative learning research convinced us tha it would be worthwhile
investigating the adventages of collaborative activities on the acquisition of conceptud
knowledgein chemistry.

Our plan is to suppot collaborating students through the use of collaboration scripts,
prompts, questions and assigned roles that guide students through collaborative work (e.g., [13,
14]). Much research has shown tha fruitful collaboration does not generally occur by itself
(e.g., [15]). Collaborative patners often do not engage in produdive interactionsand thusmiss
the oppotunity to bendfit from ther collaboration. In order to ensure that students can actudly
profit from ther collaboration, it is important tha collaborative patners learn how to work
together in produdive ways. Research in the area of collaborative inquiry learning, particularly
relevant to the experimental framework we have in mind (and to the interests of this workshop),
has also unavered a need for scaffolded collaboration [16]. Also relevant is work in scientific
scaffolding, an area we currently have less knowledge of but will review and assess during the
next stage of our project (e.g., [17]).

In general, we bdieve tha it would be best to scaffold collaboration in an adaptive fashion,
emphasizing and fading structured suppot for collaboration according to the particular needs of
the collaborators. Some work has unmvered the dange's of over-scripting; that is, providing too
much structure and suppot for collaboration [18]. Identifying and beng sendtive to such
stuaionsin real time will require adgptation. Some of our work suggests this direction, as well:
Results of one study [19] indicated tha collaboration scripts were bendicia both to
collaboration and domain learning. However, in a more recent study [20] it was found that
students observing a modd of collaboration (i.e., a worked collaboration example) collaborated
better and learned more than students who followed a script. One possible conduson is tha
students were overwhemed by the conaurrent demands of collaborating, following the detailed
script indructions and trying to learn throughreflection. Taken togeher, these studies strongly
suggest tha different students, unde different circumstances, may benefit from different types of
collaboration suppot; a collaborative learning system tha can adapt its suppot might prove
quite powerful. In summary, thetwo primary hypotheses of our project, with the second built on
thefirst, are:

H1: Computer-medated cadllaboration within an experimental framewak, and facilitated
by callaboration scripts, can promote the creation and strengthening of conceptual
stoichiometry knowledge componerts.

H2: Computer-medated cdllaboration within an experimental framewak, and facilitated
by adaptive collaboration scripts, can promote the creation and strengthening of
concepual stoichiometry knowledge componerts.

Our god isto hdp students actively process the material they encounter, moving them away
from the mechanical, algorithmic approach taken by many chemistry students. We bdieve the
collaborative setting will increase the likelihood tha students capitalize on the learning events
offered by the experimental chemistry environment. Further, we bdieve tha students at
different levels of knowedge and skills will benefit more or less from collaborative suppot, so
we intend to enforce andfor fade suppot based on dynamic estimations of each student® skills
and an assessment of the on-going collaboration.

In this pgper, we first discuss the technical and pedagogical approaches we plan to take,
describing the existing technologies and scripting approach we will use to test our hypoheses.
We are a multi-disciplinary team, composed of computer scientists, educationd psychologists,



and artificia intelligence specidists, and the technica members of our team have, in part,
previoudy developeal the technologies tha will be used. Our pedagogical approach is aso
based on the prior research of the educationd psychologists on our team. We next discuss the
work that we have thusfar dong in particular a @ow-techOstudy (i.e., a study involving some
technology, but also work on paper) to test some of our ideas. We will discuss wha we have
learned from the study and how these lessonswill impact our way forward. Findly, we discuss
our future plans in paticular how we plan to build from the general concept discussed aboveto
a full-fledged collaborative software system tha will be used to suppot scientific inquiry
learning and test thehypotheses H1 and H2.

2 Technology Integration in the CoChemEXx project

To test our hypoteses, we are in the process of developing collaborative extendons to theVLab
software, a web-based software tool tha suppots chemistry experiments [21], by integrating it
with an existing collaborative software environment, Cool Modes [22], and then running studies
that compare individud learning with scaffolded, collaborative learning. Figure 1 illudrates our
conaept regarding a collaborative inquiry environment and aso shows the VLab and Cool
Modes software. What is shown in thefigure is not yet implemented; rather, it is a storyboad
containing individud pieces of software tha we will integrate as part of thefind system.
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Figure1: A mock-up of how students will collaboratively solve stoichiometry problems in the CoChemEx system.
This is the workspace seen by one of the collaborators.

The VLab, indicated on the left side of the figure, was developed by Dave Yaron, a
chemistry professor on the faculty of Carnegie Mellon University, to suppot studentsin solving




problemsin avirtud chemistry laboratory. TheVLab software, which is currently implemented
to berun stand-alone i.e, by a single student on a single machine provides virtud versionsof
many of the physcal items foundin area chemistry laboratory, induding chemical subgances,
beakers, Bunsen bumers, etc. It aso has meters and indicators that provide real-time feedback
on subgance characteristics, such as molarity. The idea behind the VLab is to provide the
student with a QyenuineOlaboratory environment in which they can run experiments to solve
given chemistry problems. Thus theVLab can beseen as oneway to suppot inquiry learning.

Cool Modes, the application within which VLab will run (therest of what is shown in Figure
1), is a collaborative software tool designed to suppot Gonveasationgdand shared graphical
modding facilities between collaborative learnas on different computers. It provides users with
avariety of plug-in objects, such as the GhatOarea shown on the right side of the figure and a
graphical argument space, each of which has its own semantics and undelying representation.
All users have access to a shared workspace, essentially wha is shown in Figure 1, which is
visible to al collaborators and may be updaed by any participant in the collaboration. Cool
Modes has been used in a wide variety of collaborative learning and working scenaios
involving discussion maps interactive smulations and thejoint congruction of formal modds.

Recent Cool Modes extensons suppot the use of inquiry and collaborative scripts through
explicitly defined representations [23]. New objects adheing to a well-defined APl may be
added to Cool Modes. We will use a design pattern tha called the Cscalable AdapterOas a
means to allow the VLab and the pre-existing plug-in components of Cool Modes to exchange
daa with oneanother. Use of this design patern is part of a more general project in which the
technical partners on the CoChemEx project (i.e., Harrer, Pinkwart, Scheuer, and McLaren) to
connect differently targeted learning environments to oneanother.

3 The Pedagogral Approac

We will use an adgptive scripting approach in an attempt to promote the collaborative processes

tha we hypohesize to be hdpful to conceptud learning in chemistry. A simple illugration of

how this might work is shown in Figure 1. As the student collaborates with his or her patner

(working on a separate computer), he or she will have access to a number of tods. TheVLab

provides the basic experimenta tool and will be the core collaborative component. The chat

window, shown on the right, suppots free-form communication beween the students, in

paticular a way to explain, ask/give hep, and co-condruct conceptud knowledge An

Cargument space,O not shown in the figure but which will be available on the tabs labded

Cotepl: Plan & DesignO and (Btep 3: Interpret & CondudeO in Figure 1, will alow the
collaborators to discuss their hypotheses and results and also to communicate general idess. We

hope this tool will scaffold a conaeptud undestanding of the experimental process. A

NotepadOtab will allow each of the participants to record ther notes and ideas using free-form

text. Findly, the GBtep 1,0C8tep 2,0and (Btep 30tabs implement a script to guide the studentsO
experimental process. In Figure 1, the collaborating students are working on Cstep 2: TestOin

which they collaboratively peform an experiment with the VL ab.

Since the students are not likely to cha or use the other hdpful collaborative mechanisms
without prompting or suppot, the script is intended to prompt the students to take certain steps
and ask oneanother questions Our ideaisto have the studentsinitially follow thestepsshown in
the tabs modded informally on the steps of the experimental process [24, 25], and then alow
more open exploration after the first pass. During the experimental steps the students will be
prompted with questionsintended to elicit explanaions reflection, and hdp givingkeceiving.
Scripting is nota simple process of coercing students to take prescribed steps; it can also provide
ameans for students to reflect on and learn the experimental and problem solving process. For
ingance, if the collaborators veer far from the script and/or appear to show a lack of conceptud



undestanding in thar use of thetools within Cool Modes, it may be an oppotunity for the script
to present a prompt with a question, such as, id you know tha you combined unegud
amounts of A and C? Can you explain why you did this?0 Providing such a dynamic reaction,
based on the specific actions of and knowledge about the collaborators, is one of the stiffest
chdlenges on this project and one we intend to address with machine learning techniques, as
discussed in the conduding section of this paper. This example is intended only to provide a
glimpse of the adaptive scripting ideawe have in mind.

Our approach to scripting is to guide the collaborating students through phases of scientific
expeimentation and problem solving. The specific approach we have adopied BDand have tested
in the study described in the following section B is based on the kinds of cognitive processes
identified as typically used by experts as they solve scientific problems experimentally [24, 25].
For indance, de Jong has identified Orientation (identification of main variables and relations,
Hypothesis generation, Planning (schedule for inquiry process), Experimentation (changing
variable values, predictions interpreting outcomes), Monitoring (maintaining overview of
inquiry process and developing knowledge), and Evauaion (reflecting on acquired knowiedge
as steps tha scientists take. Our idea, agan illudrated in Figure 1, is to guide students through
steps such as these but in aless strict and somewha simplified manne. For ingance, CBtep 1:
Plan & DesignO corresponds to de Jong® Orientation, Hypothesis generation, and Planning
steps.

Our system will give students general guidance on these steps and prompt them with relevant
questions as they solve a VLab problem collaboratively. This approach is similar to that of
White and colleagues [26] who also provided guidance to students collaboratively solving
scientific problems through the prompting of metacognitive steps in scientific reasoning (e.g.,
Question, Hypothesize, Investigae). Van Joolingen and colleagues have also developal a
collaborative environment, Co-Lab, designed to scaffold students as they step throughscientific
problem solving [27]. However, our aim differs from both of these prior efforts in tha we will
specifically test how such an approach can bolster the collaboratorsOconceptual knowledge of
domain content. Furthermore, we intend to explore how we can make the approach more
effective throughthe use of Al techniques tha adapt the script and feedback to students.

4  The OLow-TechOStudy

Thefirst step of our project was to run a preliminary study of the pedagogical approach (i.e.,
collaborative scripting) described above as well as to evaluae the use of the VLab and problems
tha can be solved with it. We refer to this as a Gow-techOstudy because while the subjects in
the study did use the VLab, they did not use thefull collaborative system conaeptudized above
and illugrated in Figure 1, since the system is currently unde development. Furthermore, the
study was intentiondly donewith a small N, as it was designead to give us initial impressions
rather than a summative evaluaion. The bottom lineis tha such a study cannot tell us whether a
system like that in Figure 1 could lead to conaeptud learning gans or test hypotheses H1 and
H2, but the results can provide ideas and clues about how to design and implement a system,
which was the primary god of the study.

4.1 Method

4.1.1 Design and Participants

We tested and compared four conditionsin a 2 x 2 design, as shown in Table 1. A total of 24
subjects paticipaed, with 4 in each of the cells of the table (i.e., 4 individuds in each of the
singles conditions 4 dyadsin each of thedyad conditions.



Table1: 2 x 2 Design of Low-Tech Study

Dyads/Singles
Scripted Dyads (N=4) Scripted Singles (N=4)
Unscripted Dyads (N=4) Unscripted Singles (N=4)

Script yedno

The paticipants were students at two U.S. universities, mog of whom but not al, were
enrolled in first or second semester chemistry classes. 12 females and 12 males paticipaed.
Participants enrolled for the study usng a Survey Monkey webste, in which they filled out a
brief pre-questionnare, containing three pretest questionsused to assess the studentsOchemistry
knowledge Sixteen of the subjects were assigned to dyads udng the pre-questionnare scores to
par students homogeneoudly (i.e., out of atotal possible score of 8, subjects were pared if thar
scores were within 2 points of one another). The pretest scores were also used to bdance the
conditions (i.e., some high scoring singlesdyads were placed in the scripted condition, some in
the unscripted condition). Four of the 24 subjects reported that they had used the VLab before.
Each subject was pad $30(U.S.) for paticipaion.

4.1.2 Procedure and Materials
The subjects and dyadswere asked to go throughthefollowing four phases.

Phase 1 DPretest & Preliminaries. Participants were welcomed, the consent form was read to
them, and they were asked to sign the form and fill in a short questionnare, containing
background questions (e.g., (How often do you use a computer?0 (Rate your knowledge in
stoichiometry.Q, as well as a single pretest chemistry problem, which, along with the pre-
guestionnare and podtest chemistry problems, were chosn based on ther coverage of
important conaeptud knowledge components in chemistry (e.g., molarity, solution volume, law
of definite propotions, as defined by our chemistry expet (the CMU chemistry professor
mentioned previoudy). The pretest and podtest problems were isomorphic to one another, as
regardsthe conceptud components covered.

Phase 2 b Familiarization. Participants sat in front of a computer where they watched short
chemistry videos covering subject matter relevant to the problems they would subsequently be
asked to solve in Phase 3 (i.e., limiting reagents, titration). Subjects were given a step-by-step
explanaion of the use of the VLab (which was available over the web on the computer) and
were indructed to follow the steps on the computer to familiarize them with VLab use.
Participants were also given a Qeference sheetOwith chemistry content tha could be used as an
aid during the solving of problemsin Phase 3.

Phase 3 BProblem Solving. Participants were asked to solve two stoichiometry problems usng
the VLab B the QDracleO problem, involving limited reagents, and the DNAO problem,
involving titration. They were given approximately a hdf-hourto solve each problem, with the
order of problem presentation badanced across condiions According to ther condtion, the
subjects were given different materials. The un<ripted conditions(both singles and dyads) were
given geneal indructionson pgper, which said, for indance, tha they could use scratch paper
and a calculator as aids Theun<ripted singles were asked to spesk out loud as they solved the
problems, while the unsripted dyads were asked to collaborate and discuss the problems, but
with no additiond guidance or ingruction provided. The scripted conditions (both singles and
dyads) were given similar general ingrudionson pgoer, except tha they were also given apaper
script containing the experimentation steps identified by de Jong [24] with each step having
assodated indructions (eg., CCome up with an experiment for each hypothesisQ and/or
questionsto discuss (e.g., QVhat chemical prindples might you need?). The subjects in both



scripted conditionswere indructed to follow the steps sequentialy, as much as possible, and to
tic mark the assodated indructionsand questions as they completed and/or discussed them. As
in the correspondng ungcripted conditions the singles were asked to speak out loud about wha
they were doing and thinking, while the scripted dyads were asked to talk with one another. In
all condtions the experimenter encouraged the participants to spesk out loud, while in the
scripted conditions the experimenter additiondly encouraged the subjects to follow the steps of
the script and tic mark completed steps if they were notdoing so. Camtasia, a screen and audio
recording software tool from TechSmith Corporation, was used to record all of the stepstaken in
the VLab, as well as al spesking by paticipants. In addition, VLab actionswere loggel to a
database.

Phas 4 D Podtest & Exit Interview. All paticipants were asked to complete a brief pos-
questionnare (e.g., QRate the difficulty of the problemsQ and to solve two podtest questions of
modeate difficulty. The participants were also interviewed by the experimenter (and recorded
by Camtasia) regarding their impression of the study and materials (e.g., id the videos hdp
you solve the problems?0 Do you have any suggestions for improving the experimentation
steps?O(scripted conditionsonly)).

4.2  Results

Mog of the paticipants (and dyads) completed all four phases of the study in 2 to 3 hours, with
an average problem-solving time of 20 minutes for the DNA problem, and 37 minutes for the
Oracle problem. The average problem-solving time and the numbe of problems solved by
condition are shown in Table 2.

Table 2: Problem-Solving Times and Numbers of Problems Solved by Condition

Condition N | Avg. TimeDNA | Avg. TimeOracle | SdvedDNA | SdvedOracle
Scripted Dyads 4 19 min 43 min 3 2
Scripted Singles 4 20 min 39 min 3 1
UnscriptedDyads | 4 18 min 27 min 4 3!
Unscripted Singles | 4 21 min 36 min 2 2

The Oracle problem appeared to be harder for mog participants as reflected by the problem-
solving times, but also by the number of singles/dyadswho correctly solved the problems: 12 of
16 solved the DNA probem, while only 8 of 16 singles/dyads correctly solved the Oracle
problem.

Table 3: Pre-Posttest Results of the Low-Tech Study (Highest possible score on pre- and posttest = 5)

Condition N | Preted (stdev) | Postted (stddev) | Gain (stddev)
Scripted Dyads 8 4.44(0.82) 4,31 (0.88) -0.13(0.52)
Scripted Singles 4 | 388(111) 4.38 (1.25) 0.50 (1.48)
Unscripted Dyads 8 3.56 (0.62) 4,06 (1.37) 0.50 (1.49)
Unscripted Singles 4 4.38 (0.63) 4.38 (0.63) 0.00 (1.08)

The pretest, podtest, and gan (postest P pretest) results are given in Table 3. Due to the
small sample size we cannot report meaningful statistical results. However, descriptively, the
daareveal nosubgantial differencesin the gain scores between thefour conditions The scripted
dyad condition performed the poorest in the pre-pog test analysis; it was the only group tha
scored lower on average onthe pogtest than the pretest.

However, we have donea preliminay andyss of the VLab logs calculating how many
times each VLab action (e.g., add flask, mix solution, move object) was taken, on average, in

! In one session we had technical problems; the fourth dyad would probably also have solved this problem.



each condition. One interesting finding was tha the scripted condtions performed far fewer
Onix solutiongactions(singles = 64.1; dyads = 755) than the unsripted conditions (singles =
1511; dyads=2383). We will return to thisresult in thediscussion be ow.

Due to the large amount of video, audio, and log daa generated during the study, we have
notfully andyzed these materials yet. We anticipate afull andysis of thedaawill be completed
by the summer of 2007,and we will fully report the results in a subsequent paper (and during the
talk at theworkshop).

4.3  Discussion

The scripted dyad condition performed the poorest in the pre-pog test andysis; it was the only
group tha scored lower on average on the posttest than the pretest (-0.13; see Table 3).
Moreover, in theinterviews after the problem solving the scripted dyads unanimoudy expressed
theview that the script was not hd pful. Comments induded:
¥ "it'sjug the type of thing you kindado automatically E tha scientific method stuff you
learned aboutin middle schoolO
¥ "it was a little bit much E just with al the detail E | think just nauraly solving the
problem we go throughmosgt of this stuff EO

On the othe hand, there is some evidence tha both collaboration and scripting made a
postive difference. With respect to collaboration, notice, from Table 2, tha the collaborative
conditions solved more problems than the singles conditions the dyads solved 12 problems (7
DNA, 5 Oracle) while thesingles solved only 8 problems (5 DNA, 3 Oracle). This effect cannot
be explained as a time effect as Table 2 shows: the dyads used less time for ther problem
solving (18.5 min DNA, 35min Oracle) than thesingles (20.5 min DNA, 37.5 min Oracle).

Furthermore, the scripted conditions both singles and dyads peformed far fewer Qnix
solutionGectionsin solving both the Oracle and DNA problems, meaning they took |ess steps to
achieve smilar results B a measure of efficiency. This result could indicate tha even though
students did not find the script hdpful, it did hdp to improvethar experimentation: by following
the script students might have designed ther experiments according to their hypotheses, rather
than pursuing atrial and error strategy. We will take a closer look at the collaborative processes
to find outif thisimpressionis correct, and if so, why it is not reflected in the pre-pod gans (It
should be noted tha the standad deviations were rather high on the number of mix solutions
actionstaken. Again, this datawill require additiond andysis.)

Findly, perhgos the combination of collaborating with a partner, following the script, and
usng the VLab on the computer may have proved too much for the scripted dyads The scripted
singles had only two of these problem-solving aids to work with (i.e., the script and the VLab)
and achieved the highest gan (0.5, tied with the un<ripted dyads see Table 3) with greater
satisfaction with the scripts: 2 out of 4 self-reported tha the scripts were hdpful, eg. Ot
chdlenged me to consder my own thoughtprocess and because of tha | think | was able to
solve the second problem faster.O

5 Conclusion

We are not discouraged about collaborative scripting, despite the mixed results of the first,
exploratory study. It was not especially surprising that the scripted dyads reported problemsin
dealing with the paper-based script, aongwith everything else they had to do Bespeciadly if they
bdieved they had already interndized the experiment script. As mentioned earlier, some of our
previous work had already led to the observation tha overload is posible when dyads of
students work with scripts [20]. We intend to investigate ways to avoid the apparent cognitive
load expeienced by the scripted dyads by (1) having students collaborate on certain



experimentation phases, while working individudly on others [19], e.g. having students first
work individudly with the experimentation script on problems, followed by scripted
collaboration on other problems, and (2) investigaing ways we can provide adgptive online
feedback tha is sengtive to the cognitive load on and progress of the students. We have already
reacted to the complexity of thescript uncovered in thisfirst study by conlidating and reduang
the scientific steps the students must take in the design of our system. More specifically, the
three stepsillugrated by thetabsin Figure 1 are a pragmatic smplification of the experimental
stepssuggested by de Jongand Klahr/Dunba in earlier work.

Not visible in Figure 1 is our intention to use argumentation and discussion graphs as a
means for suppoting collaboration between students. For ingance, suppo® tha while the
collaborating students are working on CBtepl: Plan & DesignOfrom Figure 1, they are
encouraged to use an argumentation tool.  With such a tool, the students could make claims,
provide suppoting facts, and make counter-claims about ther idess and bdiefs. Such an
approach might allow students to better undestand oneanothe® idess, as well as reflect onther
own idess. In addition, taking such an approach will allow usto leverage the Al work we are
doing on another project, ARGUNAUT, in which we are usng machine-learning techniques to
identify salient features of e-discussons for the pumpos of providing guidance to a
teache/modeaator [28]. Our initial results on the ARGUNAUT project have been very
promising. Such an approach could be used as a key component of an adaptive collaboration
system, with machine learning classifiers used to identify when students are (or are notf) usng
appropriate collaborative and domain problem solving techniques.

As previoudy explained, we have not yet had the oppotunity to andyze fully the large
amount of data generated during the study. We bdieve this daa will prove very vauable in
assessing how students interact with the VLab, how they collaborate with and without a script,
and, consequently, how we should implement scripts and adgptive scaffolding in a collaborative
system Bonetha we hopewill lead to better conoeptud learning in chemistry.

Acknowledgements. The Pittsburgh Science of Learning Center (PSLC), NSF Grant # 0354420
provided suppot for this research.
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