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Abstract

Four computer applications are presented that encourage studentsto develop “ mathematical coordination” — the ability to ma-
nipulate numerical variablesin cooperation with other students so asto achieve a definite goal. The programs enable aform of
computer-supported cooperativelearning (CSCL). In this paper we describethe rational e and design of the programs, the results
of aninformal evaluation, and possible future work. The gameswere developed using a special software and hardware environ-
ment that facilitates the rapid prototyping of computer-based cooperative-learning materials. This researchis part of an ongoing
project entitled “Mathematics Experiences Through Image Processing” whose objective isto develop and test educational ma-
terials that introduce K-12 students to mathematical ideas within the context of digital image processing activities.

Key Words: co-present CSCW, computer supported collaborativelearning, mathematics education, mathematical coordination,
multiple mice, color matching, curvefitting, chord matching, cooperative learning.

1 Introduction

This paper presents four activities that enable co-present or face-to-face collaborativelearning. Computer Supported Collabo-
rative Learning (CSCL ) as awholeis designed to encourage cooperation, discussion of ideas, resolution of cognitive conflicts,
and promote problem solving and higher-order thinking skills. CSCL programs can be divided into two types: those support-
ing cooperation at a distance and those supporting cooperation in a co-present setting. As video teleconferencing technol ogy
improves and gets cheaper, this dichotomy will become less clear. For now, however, cooperation at a distance is hampered
by the low degree of apparent presence available and the lack of actua contact with other students. Co-present collaboration,

on the other hand, allows studentsto interact directly, see each other’s expressions and gestures, therefore communi cate more



effectively.

For large co-present groups (e.g., a classroom full of students), collaborative applications may run on a set of computers
interconnected in aloca area network. Alternatively, one or more computers may support the usersin a“meeting room” con-
figuration. Occasionally a computer isused by asmall groups of students sharing it simultaneoudly. While sharing of a single
computer may present some logistical problems to the students, the necessity of sharing can promote communi cation amongst
the students. Physically separating studentsto work individually on computers tends to discourage communication.

The programs presented in this paper were specifically designed to be used in thislast situation, that is, by groups of 2-4
students sitting at one machine. The software and hardware allow all the studentsin the group to interact with the computer si-
multaneoudly, viamultiplemice and ashared screen. Simultaneousinput tendsto reduce the conflict over access to thecomputer,
and it may increase the average rate of learning for the studentsin the group.

Thereasonsto support cooperativelearning has been well stated by Davidson [4] in relation to mathematics. Group learning
addresses some of the problems associ ated with theisol ative nature of typica mathematics curricula. Asawhole, studentswork-
ing in agroup become | ess discouraged and frustrated than studentsworking al one. The group not only isa sourcefor additional
help, but it becomes a support network for members. Combining computers with group learning is an attractive possibility for
mathemati cs education, because computers can empower students to construct and explore mathematical objects and worlds.

The programs we present are intended to support mathematics teaching with the 1989 standards by the Nationa council
of Teachers of Mathematics. Numerous reports have documented the difficulties that K-12 students in the United States have
with mathematics (e.g., see [13]). When pressed for a reason, students often complain that mathematics is “difficult” and that
they don’'t see much use for it beyond simple arithmetic. In response to these concerns, the NCTM developed Curriculum and
Evaluation Standards for School Mathematics; this document specifies not only the content to be covered but the many ways
in which this knowledge should be brought to life and connected to other subjects. These ways include communication about
mathematics, problem solving and posing, and integrating the teaching of mathematics with other subjects.

The goa of the Mathematics Experiences Through Image Processing (METIP) project isto use digital image processing and
collaborationto help meet the NCTM objectives. METIP software and activitiesallow studentsto manipul ate and view digitized
images as obj ectswhich are ssimultaneoudy visual and mathematical. Studentsmay work assigned problemsor exploreand make
their own discoveries. Teachers may lead discussions about ideas such as image transformations, invertibility of functions, and

effects of arithmetic operations on images that crop up during the computer-based activities.



We have created an environment that facilitatestherapid devel opment of METIP programs. The METIP environment system
software isdesigned in two parts, one which includesimage processing primitivesand the other, known as the Multiln modul e,
which supportseither single-user or co-present CSCL graphical user interfaces. In particular, Multiln is designed to support a
multiplicity of input pointing devices with their tracking cursorsal displayed on asinglescreen. With thissystem, small groups
of studentsare ableto sit at one computer and discuss activities as they are engaged in them.

The next section will discuss the previous work which lead to the decision to support co-present CSCL. In Section 3, we
describefour co-present coll aborative applicationsfoll owed by theimplementation considerationsin Section 5. Section 4 details

the preliminary results of our user testing. Finally, Section 6 will include some directions for future work.

2 PreviousWork

A number of educational researchers have sought to exploit computer technol ogy in promoting learning through collaboration.
For example, Clements used the Logo programming environment in a collaborative setting (i.e. multiple userson asinglein-
put machine) to study student learning through cognitive conflict and subsequent resolution[3]. The results of their study sug-
gests that the collaborative use of Logo encourages interaction, discussions, coordination of different ideas and higher-order
thinking[11]. Unfortunately, the use of the computer in thisway also promoted socia conflict over the input devices.

TurtleGraph isasimilar problem solving environment in which Lisp is used to command the cursor. Additionally the envi-
ronment has the capability to allow communication between students. The system regulates the communi cation through button
presses and an area for conversational dialog. The restricted communication is designed to make the communication between
users more productive.

This type of interaction has been seen in many other distributed CSCL applications[15, 10, 2, 16, 14]. Synchronous net-
worked collaboration can be enhanced by adding real time video conferencing, similar to cooperative work systems such as
EuroParc’'s RAVE [8], or Clearboard [9]. Still, because the hardware inhibitsdirect visual access to partners, these systems do
not foster the same level of communication as one finds in face-to-face situations.

Meeting room systems[17, 16, 6, 18] are specifically designed to alow multiple users, each on their own machines, to work
collaboratively and still maintain direct face-to-face communication. Some of thesethese systemsinclude special tabletop mon-
itorsthat do not obstruct views and/or one large main monitor which isshared by all and serves as a mechanism to synchronize

views.



While these systems do encourage communi cation more than their distributed counterparts do, they do not evoke the excite-
ment and degree of interaction shown by users of co-present video games. Of course, such games are designed to maximize the
players excitement and suspense. However it may aso be due, to some extent, to limitations of the underlying hardware, such
asdelays dueto network bandwidth, or perhapsit is because the users of such systems are not focusing on exactly the same view
of the given problem. Even in systems with alarge shared view screen must constantly their attention from their own monitor
to the front of the room to gain context.

MMM [1] isamulti user system inwhich each person has control of hisor her own mouse, but all are working on one screen.
This is the same situation found in most interactive home video games developed by Nintendo, Sega and Atari. Ultimately,
we would like to channel the excitement and interaction found in video games into an educational context while changing the

competition inherent in most games into colloboration.

3 Applications

3.1 Design Goals

We have currently developed four co-present CSCL applications designed to promote strong cooperation between users on a
specific activity. Therefore each activity has one definite, predefined goal, and each user must contribute equally towards reach-
ing that goal. In order to successfully complete the task, the users must be able to communicate about the operations on the

screen as well asthe goal itself. In many cases the users devel op their own “language”’ about the activity.

3.2 TheColor Matcher

The Color Matcher isthe CSCL application that we devel oped first. This activity was designed to promote learning and discus-
sion about the the RGB additive system used by most monitorsfor displaying color [7]. It won an industry award for itscreative
use of the Access.Bus multipleinput technol ogy.

The Color Matcher activity gives each of three players access to his or her own mouse which correspondsto ared, green or
blue colored cursor on the screen. The god isfor the playersto match atarget color generated by the computer.

Figure 1 shows the Color Matcher user interface. The interface contains two color frames, the left is the target color and

the one on theright isthe users' color frame. The users' color is determined by combining the RGB values controlled by three



horizontal scroll bars. The color values, which range from 0-255 depending on the position of the slider, are shown above the

scroll bars. A scroll bar can be modified only by the cursor of the same color.
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Figure 1: The Color Matcher User Interface.

Although each user isonly in control of hisor her own color, the users are collaborating to reach the singlegoal of matching
onecolor. Inorderto succeed at thisactivity, users must, at aminimum, communicate about therel ative amounts of col or needed.
Users a so need to communicate when they think they are close enough to check their answer.

Each color matching activity istimed to keep the students on task. Users are allowed at most 60 seconds to adjust the RGB
valuesfor each given color, although they may check sooner by clicking abutton. Each response isgiven ascore between 0 and

1000, where better scores are indicated by higher values. Scores are determined by the formula:

mazx_distance — dist
score = - * 1000
maz_distance

where dist is the distance between the target and users RGB values, as determined by the position of the scroll bar, and



max_distance isthe maximum distance possible in the color space. The entire activity consists of matching ten colors. All

scores are recorded ina ASCI| logfile.

3.3 TheChord Matcher

The Chord Matcher application is very similar to the Color Matcher, except that the users are charged with matching musical
chords rather than RGB colors. The chordsvary from arelatively easy major chord, to more difficult selections of three random
notes of a 5-octave chromatic scale. Each user selects hisor her note from the five octave range using a color coded scroll bar.
Aswith the Color Matcher, users can only operate scroll bars of the same color as their mouse cursor.

Each user may hear audition hisor her own note at will by clicking on abutton. Similarly any user may audition the current
team chord, or the target chord. Any user may aso request a hint, up to a maximum of ten hints per session. The users are
given 120 seconds to correctly match the chord, although they may check sooner. Theteam'’s scoreiscalculated as [ 100 — 0.5

2?21 dist; | where dist; isthe distance each users note was from the target note, measured in half steps.
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Figure 2: The Chord Matcher User Interface.



The user interface for the Chord Matcher is shown in Figure 2. As with the Color Matcher, effective play requires that
students talk about the pitches in the chord and when to check their answer. Additionally users may negotiate over the use of

shared resources, such the use of hints, and when the notes, team and target chords should be played.

3.4 TheCurveFitter

The Curve Fitter activity isdesigned to allow studentsto explore how changing thelocation of control points modifies the shape
of apolynomial curve. The user interface for the Curve Fitter is shown in Figure 3. This activity is designed for two to four

users.
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Figure 3: The CurveFitter User Interface.

As with the Color Matcher and the Chord Matcher, each player controls a mouse which corresponds to a colored cursor on
the screen. Each cursor can move a correspondingly colored control point on an image to modify the shape of the curve. The
goal of the activity isto match adegree 1 to degree 5 polynomial with acurvein theimage under 120 seconds. The users choose

the degree of the polynomia before starting the activity. The scores range from 0 to 100 and is based on how close the curveis



to the shape of theimage. A high scoreisgiven for aclosefit to the curve, thusa score of 100 represents the best fit of the curve.
Againtheusersneed to communicate about thetask they are performing. They typically discussthe shape of curveinrelation

to the locations of each of the control points. The only shared resource in thisgame is the button to check their answer.

3.5 TheMidpoint Activity

The Midpoint Activity is designed to encourage communication about certain geometrical concepts. The activity may be played
in a two-person or three-person mode. Each user isin charge of the colored point matching his or her mouse cursor. If two
users are active, they are charged with matching the midpoint of the line defined by their points with a predefined point on the
screen. When there are three users doing this activity, they must match the centroid of the triangle defined by their pointswith
the specified point. But there’s a catch - the movement of each of the users’ pointsis limited to areas on the screen defined by
bitmapped images.

The users of the Midpoint Activity are given two minutesto completetheir task. Sincethey can only movetheir own points,
they must work together to match thetarget point. Again, the only shared screen resource isthe button wherethe users can check
their answer. Before each session the number of users and bitmapped images may be sel ected.

Scores for the midpoint activity are determined by 100 — (dist * factor) where dist isthe distance between theusers' point
and the target point, and factor isapredefined value.

Figure 4 shows the user interface for this activity.

4 Preliminary User Feedback

4.1 Testingin 8th grade classes

We tested the Color Matcher in two 8th grade mathematics classes in a Seattle middle school. Our goa was not to conduct a
scientific experiment, but rather to collect anecdota evidence to support the use of the cooperative facilities provided by the
Multiln module.

The students were given alecture of about 15 minutes about the RGB additive color system. The lecture was followed by
a short pretest and questionnaire. The pretest was to assess their understanding of the concepts presented in the lecture and to

access how much they might want to pursue further investigations of color.



Game Options Help

Steve

Ting

Time: 86 New Game Score 9N

Figure 4: The Midpoint Activity User Interface.

We divided the classes into groups of six and brought each group to the PC lab. Three of each group used the Multipleinput
device (MID) Color Matcher described in Section 3.2. The other students used a Sngle Input Device (D) version of the same
software. The studentswere shown how to use the software, then left to do the activity by themselves. Student interactionswere
videotaped for later study. Finally the students completed a post-test to determine if their knowledge of the RGB color system
had increased. Students were also had the opportunity to give their impressions of the program in the follow up questionnaire
and on videotape.

The mgjority of the studentsresponded that they had seen color mixing before, thoughit isuncertain if they meant the RGB
(additive) or CMYK (subtractive) system typically taught in grade schools. However, as awhole they had not previoudly used a
computer to experiment with these concepts. The SID users were quiet, except to ask questionson how to operate the software.
In contrast, the students using the MID software communicated a great deal, commanding each other to add “more green” or
“lessblue’. Unlikethe cooperative Logo studiesdone by Clements[3], there was very littleconflict between these users asthere

was no contention for the input resources athough some students did get dightly frustrated in discovering that they could not



| | Single(7) [ Multiple(15) ]
Pretest 2335166 | 4.13s=2.80
Post-test | 3.00s=2.00 | 5.33s=3.64
Change 28.76% 29.06%

Table 1: Average scores on the pre- and post-tests. Numbers in parentheses indi cate sample size and sisthe standard deviation.

manipulate another player’scolor.

Overdl the students enjoyed playing with both versions of the software. Some of the students restarted the activity after
they had completed the test. One even used it to help answer the questionnaire. Another commented: “Having a computer at
home you get used to working by yourself. But working together was morefun.” Though another did say: “One player isbetter
because itseasier to get the right answer. You don’'t have to worry about what the other people are doing.”

There was one group in particular that was very quiet and quite obvioudy did not get along very well. Their comments were
mostly negative, though apparently aimed primarily at the teacher and at mathematics in general rather than the color matcher.

Scores on the test portion of the data are shown in Table 1. The students showed an increase in scores after using the color

matcher, and there was slightly more of an increase among students that used the MID version of the software.

4.2 Testing with college and graduate students

All of the collaborative applications were tested at the University of Washington. The volunteer testers, both graduate and un-
dergraduate students most of whom had never seen thistype of interface before, were selected in groups of three. Each group
used each of the four applications, then answered a questionnairein which they were asked to write down their impressions of
the software and the interfaces. Additionally the group interactions were noted by three observers during the testing. No pre
and post testing of knowledge was done.

In generd, the users thought the interfaces were interesting and easy to use. Although all of the users gave some suggestions
for improvement, none of the suggestionsradically modified the underlying design for collaboration.

The students liked using the activitieswith partners, although they admitted they would rather use them by aone. (Perhaps
thisisdueto thefact that they have all been taught to work and learn independently.) They did feel that the user interface made
them communicate. One person noted, “[the interface] forced me to give or receive instructions.” As a matter of fact, there
seemed to be one person for each application who took the leading rolein both explai ning the underlying concepts of the activity

and directing others. Thistype of tutor-learner relationship occurred most often during the testing of the Color Matcher and the

10



Chord Matcher. In the case of the Color Matcher, there were afew peoplewho didn’t understand the RGB mixing scheme. This
was even more evident in the Chord Matcher testing. 1n each group there was at |east one person who was more versed in music
theory than the rest. Between the tutors and the help screens, the groups decided that the best way to solve the easy (major)
chord was to match the low note, then determine the middle and high notes by simply adding the proper amount of half-note
steps. One person, who had perfect pitch and was able to match notes almost instantaneously, said “it’snot fair for meto do this
[activity].”

Unfortunately the users al so pointed out that the Chord Matcher isinherently less collaborativethan the others. One person’s
strategy was to “work on my own note individually, [then] offer suggestionsto others after I’'m done.” The Color Matcher had
the same problem, although the goa for the group is more tightly coupled than the Chord Matcher. In the former, the color
homogeneously mix to form one, while in the latter the three notes are distinquishable by some people. Ultimately the team
goa inthe Color Matcher isthefinal color, wherease the goal for the Chord Matcher isto match the individual notes. In both of
these applications, however, most users did not change their scroll bars while otherswere moving, presumably to see the effects
of each scroll bar individualy. One uses commented they “picked something and et everyone el se fight for awhile, then made
corrections.”

The shared controlsforced the usersto communicate in aslightly different way. Typically auser asked the othersin agroup
if he/she should or could use a shared control. In two distinct cases, users pressed a button without first asking for a consensus
fromthegroup, but did so only once. They redlized afterwardsthat it was a shared resource and thereforeits use should be based
on a shared decision.

Finally, the usersindicated that they did not feel hindered by the fact that they could only manipulate their own controls. In
fact inthe Curve Fitter and Midpoint activities, they felt that thisforced them to communicate more. Asone so aptly putit*You

areforced to talk if youwant to 'win’ the game since you only control one piece of the puzzle.”

5 Implementation Consider ations

The four applicationsdiscussed in Section 3 were specifically designed as co-present CSCL activitiesfor groups of 2-4 students
sitting at one machine. Thesmall group sizewas not only chosen to facilitate easy access to themachine, but also because groups
of thissize seem to work best for collaborativelearning[5]. Furthermore, workinginsmall collaborative groupsteaches students

skillsneeded in later life to interact with their peersin college or on the job.
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The goals of these activities, as directed by the NCTM standards, are to favor conceptual learning over rote operations,
emphasize practical uses of mathematics, encourage group discussions, and promote exploratory, open-ended discovery[12]. In
particular, the programs described have relatively few shared screen objects (such as the check button). Thisforces the students
to communicate with each other about mainpulating the individua objects, rather than moving them themselves. In thisway
they are encouraged to share responsibility for the results of the activity.

The use of multipleinput devices for these activities not only avoids conflicts over hardware, but also has the added benefit
that fewer machines are needed per classroom. The METIP/Multiln environment has been developed on a 386/486/Pentium
based PC platform running under Microsoft Windows because these systems are fairly prevalent in school systems. However,
these stock machines only support standard single mouse/single keyboard hardware and operating systems. Therefore, we had
to build support for simultaneous input from multiple students.

Video game joysticksare the most commonly used multipleuser input devices. They have the advantage that they havewide
support and can be plugged into a PC’'s standard game port. Unfortunately, joysticks are generally limited to two per machine
and are difficult to use to control precise movement on screen. Using the keyboard to control cursor input has similar problems.
Whilethe keyboard isnot expressly limited to one or even two users, it would be difficult to reasonably fit more than two people
on any one keyboard at atime. The sole support of either of these types of controlswould severely limit the range of activities
Multiln could support.

With the ability for relatively fine control of cursor movement, mice have been the standard graphical controllersfor Win-
dows based applications. Until recently there was no support for this type of multiple mouse interaction on one PC system.
The ACCESS.bus“locator” communication protocol is designed to alow multipleinput devicesto operate on asingle machine.
However, the ACCESS.bus protocol requires aspecia board and therefore our activities cannot be used on a“vanilla’ machine.

These types of devices are only asmall subset of what isavailable. Given the plethoraof multipleinput solutions, we chose
todesigntheMultilnsystem to allow applicationstotreat al of these devicesidentically. Additionally, thisdesign doesnot force
the application devel oper commit to one particular type of hardware device.

Our technique for interacting with any input devices consists primarly of mapping specific device messages into our own
standard format to eliminate variability. All that isrequired to integrate adevice into the Multiln system isanew module which

specifies the trand ations from the device's messages into our own messages.

12



6 Conclusionsand Future Work

To explore the potentia for co-presence (not distance or tel econferencing-oriented) collaborative learning with computers, we
have focused on activities in which severa students simultaneously interact on a single screen. We have presented four co-
present collaborative applications, the Color Matcher, the Chord Mather, the Curve Fitter, and the Midpoint program. Each of
these activities is designed to encourage exploration and discussion about the activity through interaction with the computer,
as well as interaction with other students through verbal communication, gestures and body language. Through such natural,
non-computer-mediated communication, students can operationalize the language as well as the concepts of mathematics.

Whilenot compl ete, the preliminary testing providesanecdotal evidence the hypothesi sthat studentsdo tend to communicate
effectively about the problem when using co-present multipleinput applications. There was also, as anticipated, no contention
for input resources. Further testing needs to be done to determine the effects of changing or restricting the ownership of objects
on contention for resources, conflicts among users, communication and learning.

These activitieshave been built on aframework designed to allow the rapid devel opment of input-deviceindependent CSCL
activities. This framework helps to hide one of the magjor stumbling blocks to the development of co-presence collaborative
applications: thelack of standardization of multi-user input hardware.

The design of our multiple-user multiple-input interface is as yet incomplete. We are currenly considering what types of
user features are require to support collaborative learning interface applications and activities. With this knowledge we will
extend Multilntoinclude high level primitivesfor collaboratively manipulating objects. The primitivesin this new system will
support both co-present and distance cooperation. Thusthissystem will allow usto test the differences between these two forms

collaboration.
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