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Abstract

We report on an exploratory study of the relationship between grounding and
problem solving in multi-modal computer-mediated collaboration. We examine
two different media, a shared whiteboard and a MOO environment that
includes a text chat facility. We study how the acknowledgment rate (how
often partners give feedback of having perceived, understood, and accepted
partner’s contributions) varies according to the media and the content of
interactions.

We expected that the whiteboard would serve to draw schemata that
disambiguate chat utterances. Instead, results show that the whiteboard is
primarily used to represent the state of problem solving and the chat it is
used for grounding information created on the whiteboard. We interpret these
results in terms of persistence: more persistent information is exchanged
through the more persistent medium. The whiteboard was used as a shared
memory rather than a grounding tool.

Keywords. Collaborative problem solving, multimodal interaction, virtual
space, grounding.

1. Introduction

The evolution of research on collaborative learning has passed through three
stages (Dillenbourg, Baker, Blaye & O’Malley, 1995). In the first stage,
scholars aimed to prove the effectiveness of collaborative learning per se. The
contradictory results of these studies led to a second stage where the goal
became to find the conditions that predict the effects of collaborative learning.
It appeared that these conditions are numerous and interact with each other
in such ways that one cannot control these effects a priori. Hence, current
research no longer treats collaboration as a black box but attempts to grasp
its mechanisms: What are the cognitive effects of specific types of
interactions? Under which conditions do these interactions appear? These
mostly verbal interactions are investigated from various angles, including:
explanations (Webb, 1991), regulation (Wertsch, 1985), argumentation
(Baker, 1994), and conflict resolution (Blaye, 1988). These various types of
interactions contribute to the process of building and maintaining a shared
understanding of the problem and its solution (Roschelle & Teasley, 1995).
Learning effects seem to be related to the effort that group members devote
to build a shared understanding of the domain (Schwartz, 1995).
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1.1. Scale of analysis

The process of constructing shared understanding has been studied in
psycholinguistics under the label of “grounding” (Clark & Brennan, 1991).
Unfortunately, this concept cannot be directly applied to the study of
collaborative learning because of the differences in scale of what is being
'shared’'. Psycholinguistic studies of grounding are mainly concerned with
short dialogue episodes through which a single referent is grounded such as
“Put it there! Which one, this one? No, the next one! Ok!”. Conversely, in
collaborative learning, it may take several hours of interaction for the learners
to develop a shared conception of the domain (concepts, laws, procedures,
etc.). There are large differences not only in the time scale, but also in the
complexity of what is being co-constructed.

Constructing shared understanding is also studied at a larger scale. When
community members interact over months and years, they develop a specific
culture. This culture is to the community what common ground is to the pair
but, again, the time span is much longer and what is co-constructed is much
more complex. This culture includes not only multiple concepts but, more
importantly, a system of values, a frame for interpreting situations, a set of
stories and a history. Hence, socio-cultural studies, despite being concerned
with the construction of common ground, are quite different from psycho-
linguistic studies of grounding.

Table 1 summarizes the different scales at which the notion of "shared
understanding" is addressed. The scale refers to the size of the group, the
time span considered and to the complexity of what is built. These variables
are continuous; the discontinuity depicted in Table 1 arises from the fact that
different levels of granularity have been the focus of different theories:
psycholinguistics at the micro level and socio-cultural psychology at the macro
level.

Scale or level Micro Meso Macro
Perspective Psycholinguistic Conceptual change Socio-cultural theories
Group scale Pairs or triads Up to small groups Communities
Time scale Seconds, minutes Hours, days Months, years
Tasks Conversation Problem solving Living or working
together

Co-constructing References & Concepts, laws, ... Culture

information

Table 1: Scales in studying grounding

If collaborative learning is a side-effect of the process of building shared
understanding, then Computer Supported Collaborative Learning (CSCL)
should investigate how software contributes to build shared understanding.
One obvious answer is that building a common visual representation (textual
or graphical) of the problem at hand contributes to the construction of shared
understanding. Most CSCL environments provide multiple users with the same
view of some information space, using tools such as whiteboards, shared
workspaces, or collaborative browsers to bring about the wysiwis principle
(What You See Is What | See). No designer would claim explicitly that,
because two users view the same text or figure on the screen, they



necessarily understand it in the same way. However, if one looks at the
discourse on collaborative learning environments (e.g. ‘shared knowledge
space’ instead of ‘shared information spaces’), this confusion is implicitly
present. In contrast, this study investigates the complex process through
which two participants use a shared visual representation to build a (partially)
shared mental representation.

1.2. Levels of grounding

As mentioned in the previous section, the process by which two participants
progressively build and maintain a shared conception has been termed
‘grounding’. Grounding is the process of augmenting and maintaining a set of
suppositions upon which mutual understanding rests. It implies
communication, diagnosis (to monitor the state of the other collaborator) and
feedback (acknowledgment, repair, etc.). The grounding process is per se
collaborative, requiring effort by both partners to achieve common ground
(Clark and Schaefer, 1989). Conversants have different ways of providing
evidence of their understanding. These include display of what has been
understood, explicit acknowledgments with words such as “ok” and “right”,
and continuing with the next expected step, as well as continued attention. In
this study, we do not differentiate between types of evidence of
understanding.

Grounding implies anticipating, preventing, detecting and repairing
misunderstanding, but misunderstanding has different epistemic value in
research on efficient communication and in research on collaborative learning.
For the former, misunderstanding is a communication breakdown, a hindrance
to be avoided or minimized. From the viewpoint of collaborative learning, on
the other hand, misunderstanding is a learning opportunity. In order to repair
misunderstandings, partners have to engage in constructive activities: they
will build explanations, justify themselves, make explicit some knowledge
which would otherwise remain tacit and therefore reflect on their own
knowledge, and so forth. This extra effort for grounding, even if it slows down
interaction, may lead to better understanding of the task. While Clark and
Wilkes-Gibb's (1986) notion of least collaborative effort emphasizes the economy
of grounding, Schwartz' (1995) points out that some effort is necessary to
produce learning. Hence, we focus on optimal collaborative effort (Dillenbourg,
Traum & Schneider, 1996): Up to a certain level where communication
becomes too difficult, misunderstandings are opportunities that, under some
conditions, may produce learning.

Clark and Schaefer (1989) pointed out that it is not necessary to fully ground
every aspect of the interaction, merely that the conversational participants
reach the grounding criterion: “The contributor and the partners mutually
believe that the partners have understood what the contributor meant to a
criterion sufficient for the current purpose.” What this criterion may be, of
course, depends on the reasons for needing this information in common
ground, and can vary with the type of information and the collaborator’s local
and overall goals. Two pilots need a higher degree of mutual understanding
when they fly a plane than when they talk about politics in a bar. The
grounding criterion is a key link as it articulates the grounding mechanisms -
studied at the 'micro' level- with the goals of dialogue, which lie at the meso
or macro levels.

We treat here the degree of shared understanding as a discrete variable
(Dillenbourg, Traum & Schneider, 1996) ranging over 4 levels of mutuality.
These levels are based on Allwood et al (1991) and Clark (1994), as



presented in table 2'. This classification enables us to view grounding and
agreement as different levels in a continuum going from complete mutual
ignorance to completely shared understanding. We thereby articulate the
theories of grounding with the theories of socio-cognitive conflict (Doise &
Mugny, 1984). It has been argued that 'pure' conflict (p versus —p) may not
be a necessary condition for learning, namely that a slight misunderstanding
may be sufficient to trigger productive interactions (Blaye, 1988). This picture
articulates misunderstanding and disagreement on one scale. Both agreement
and disagreement require a certain level of mutual understanding. Thereby,
we discriminate the illusion of agreement (when we agree on misunderstood
propositions) from real agreement.

If agent A wants to communicate information X to agent B, A may get different
information/feedback about the extent to which B shares X:

(Level 1) Access:
A can infer that B

can (not) access X

For instance, in a virtual space, if A knows that B is in
room 7 and that information X is available in room 7,
then A knows that B can access X. If A knows that X is
only available in Room 8, and B is not in room 8, A
knows B can’t access X.

(Level 2) Perception

A can infer that B

has (not) perceived X

For instance, if A writes a note on the whiteboard and B
moves that note, A can infer that B has seen it (and
probably read it). Lack of perception is harder to infer,
except for cases of lack of access or behaviour that is
inconsistent with understanding, when understanding is
simple given perception.

(Level 3) Understanding
A can infer that B

has (mis-)understood X

For instance, in a virtual space, if A says "let's ask him
a few questions" and B moves to the room where "him"
is located, then A can infer that B knows who has been
referred to as 'him'. If B goes to the wrong room, or
asks for repair, A can infer misunderstanding or lack of
understanding.

(level 4) Agreement

A can infer that B

(dis-)agrees on X.

For instance, if A proposes B goes to room 7 and B goes
there, A can infer that B agrees. If A writes a note on
the whiteboard and B draws a red cross on the top this
note?, A can infer that B disagrees.

Table 2: Levels of mutuality of knowledge.

1.3. Costs and affordances of media for grounding

Our 4-level grounding model will be used in order to interpret empirical data,
namely for understanding how acknowledgment varies across different media
and types of information. Clark and Brennan (1991) established how
grounding behavior changes based on the media used for communication and
the purposes of communication. Media differ as to constraints on the
grounding process, various types of costs associated with communication, and

1 Allwood et al (1991) and Clark (1994) developed their scheme for spoken conversation while we
illustrate these levels of mutuality with examples from computer-mediated communication.

2 In this experiment, we observe that users rarely erase an object that their partner had put on
the whiteboard.



affordances (Norman, 1988) provided by the media. For example, face-to-
face communication differs from telephone communication by including
constraints of visability and visual copresence. In face-to-face communication,
pointing and gaze can be used as a complementary channel to express some
information (such as the fact that the communicators are talking about the
same object), while in telephone conversations, one must rely solely on the
audio channel to try to coordinate such information (e.g, by asking questions
and giving descriptions of what one is looking at). Similarly, written
communication can have higher production costs than speech, but also allows
the communicators to review the message at a later time, rather than just at
production time. Sketching allows compact representation of relationships,
using various physical features of the image (shape, size, color, direction,
distance) to take on specific meanings.

Clark and Brennan (1991) describe eight media-related constraints on
grounding: copresence, Visibility, audibility, cotemporality, simultaneity,
sequentiality, reviewability, and revisability. This list is not exhaustive,
however —other factors can also be important. In our analysis, we modify the
last two. Reviewability refers to the ability of the partners to review the
messages after they have been sent. The term “reviewability” implies
previous viewing. However, sometimes messages are not noticed
immediately, and the later viewing is for the first time. We thus prefer the
term “persistence”, which separates the temporal availability of the message
from specific perception. Clark and Brennan use “revisability” to refer to the
sender of a message’s ability to revise before sending in an offline fashion,
without making the message construction process part of the communication
itself. We can generalize this to “mutual revisability”, an ability of the
collaborative partnership to revise the product record of communication,
changing the persistent state. Some persistent media (e.g., writing with ink)
allow only adding new communications to the record. Others (e.g.,
chalkboards) allow collaborators to erase or modify prior communications. Still
others, including some computer drawing programs also allow repositioning of
messages within the media display, or other modifications, such as changing
size or color.

In many situations, communicators can use multiple modalities for
communication. For example, one can use speech as a main channel for new
information, and visual systems such as head movement, facial expression,
and hand gestures as ‘backchannel’ markers of grounding and other
attitudinal reactions, as well as for turn management. Likewise, sketches can
help serve as a persistent representation of a proposal, or a reference point
for verbal descriptions. Such complimentarity of modality usage can be
present in artificial communications media as well as face-to-face
communication.

In this study, we use two computer-mediated communication tools: a MOO
environment offering textual synchronous interactions, and a shared
whiteboard: a tool which allows both users to draw graphics and write notes
on a mutually visible workspace (see the description of the experimental
setting in section 2.2.).

1.4. Research hypotheses

To deepen our understanding of the cognitive effects of collaboration, we
explore the relationship between the grounding process and the problem
solving process. With respect to the scales defined in section 1.1., we target
the meso-level: we do not analyze grounding acts in short dialogue episodes
(micro level) but aim to identify grounding parameters or patterns that can be
associated with the joint problem solving mechanisms.



We investigate this question in a computer-mediated communication context,
not only for producing suggestions for the design of CSCL environments, but
also because the environment gives the chance to zoom in very analytically in
the grounding mechanisms, namely by differentiating two communication
media, a chat interface and a whiteboard. Hence, our specific research
question is: What is the complementarity between a whiteboard and a chat
interface in constructing shared understanding? The purpose of this study is
not to compare computer-mediated with face-to-face situations but rather to
explore how different computer tools contribute to the construction of shared
understanding.

Our main hypothesis is that the whiteboard would be subordinated to the chat
tool, i.e. that the role of the whiteboard would be to support the grounding of
the textual interactions in the MOO. This hypothesis was based on previous
research results:

1. The whiteboard would contribute to grounding by expressing with
drawings ideas that are not easy to express in text-based
communication, for instance spatial relationships. Whittaker et al
(1993) observed that the whiteboard is most useful for tasks that are
inherently graphical, like placing different pieces of furniture of a floor
map.

2. The whiteboard would afford deictic gestures which play an important
role in grounding. Frohlich (1993) emphasized the complementarity
between conversational interfaces and direct manipulation interfaces:
the latter reduce the 'referential distance' inherent to language
interaction, by pointing to objects referred to in verbal utterances. Of
course, as we will see, deictic gestures are much easier when the
computerized whiteboard is combined with a free-hands audio system
(Whittaker et al., 1993).

2. Method

2.1. Participants

Twenty pairs of subjects participated in the experiments. We recruited
subjects mainly among postgraduate psychology students at the University of
Geneva. Their age ranged between 21 and 38. Most pairs had no experience
of working together. The subjects were recruited on a volunteer basis. Their
acceptance may reflect a positive attitude towards the experimental
environment and hence may introduce a bias in some results.

We noted the subjects' level of experience with a MOO environment: 18
subjects had never used a MOO, 4 had a limited experience (used it a few
times) and 14 were frequent users. We checked if the level of experience
could bias the experimental results. There was no statistically significant
difference between experienced and less experienced users in terms of task
success or time to complete the task. However, we observed that experienced
users communicated more often. The average number of messages per
minute is 0.45 (SD=0.18) for novices and 0.68 (SD=0.23) for more
experienced users (F=11.98, df=1; p<.001).

Five pairs included two novice users, two pairs included two experienced users
and the other pairs were mixed. The novice pairs had a lower rate of
acknowledgment — as defined in section 2.6 — (M=0.17; SD = 0.04) than
more experienced pairs (M=0.29; SD = 0.15). This heterogeneity of our



sample may limit our interpretations, but it reflects the true variety of
experience levels that can be found in real applications of CSCL environments.

2.2. The collaborative environment

Our choice of media involved both theoretically motivated and practical
considerations. In order to study issues of multi-modal grounding, including
complementarity in problem solving and cross-modality acknowledgement, it
was important to choose at least two different media with different
affordances. We chose one language-based, sequential-time medium in
combination with a graphical, spatially oriented medium. Networked computer
media offered several advantages, including study of interaction common in
CSCL environments, an ability to more easily record all interactions, and the
option to recruit subjects from outside our laboratory. We investigated
available computer-mediated collaboration tools, and settled on two: a
standard text-based communication tool (a chat) and a whiteboard with
shared objects (including text objects). We have augmented these tools with
a facility to automatically record all actions and communication performed by
the collaborators in a sequential log, facilitating analysis.

As a chat system, we use a standard MOO (Curtis 1993).3, using the TKMOO-
lite client* on UNIX and windows workstations. A MOO is a particular
implementation of a MUD environment, with an object-oriented programming
interface. A MOO is more than a chat; it is a text-based virtual environment.
Users are represented by an avatar that can move in this virtual environment
entering rooms by typing specific commands (“exit” to leave a room or the
name of the room to enter in). In rooms, they find objects they can inspect,
and manipulate with other commands. Rooms, objects and avatars are
described by short pieces of text. The spatial metaphor occurred to have a
strong impact on social interactions but these observations are beyond the
scope of this paper (see Dillenbourg, Mendelssohn & Jermann, 1999). The
MOO window is split into panes: a pane of 14 X 19 cm, which displays about
60 lines of text (any interaction uses several lines) and, just below, a text
entry pane which allows the user to enter and edit messages up to 3 lines in
length.

As a research tool, MOO environments paradoxically constitute both
ecologically valid environments and laboratory devices. On the one hand, our
experiments are run with a standard MOO, as used in many on-line
communities. On the other hand, since the MOOs includes a programming
language, we can tailor a sub-area to our experimental purposes and create
the virtual laboratory, including rooms and objects to set up a challenging
collaborative task.

The whiteboard, based on tcl-tk, was integrated in the MOO environment. It
supports elementary drawing of boxes, lines, and text objects in one of seven
colors. Users can also move or delete the objects created by themselves or
their partners. Editing was more difficult, requiring recreation of an object to
change it’s properties. Both users see the same area of the whiteboard, there
is no scrolling inside the fixed window size. Subjects could not see each
other's cursor. Drawing of objects was more difficult in this whiteboard than
some drawing tools, due to the necessity of selecting the object type from a
pulldown menu. This whiteboard was more rudimentary than other tools
available on the market, but it offered the advantage of providing detailed log

3 Specifically tecfamoo.unige.ch

4 http://www.awns.com/tkMOO-light/



files, synchronized with the MOO log files. The size of the whiteboard window
was 14 X 19 cm (the same size as the MOO window). The MOO and the
whiteboard were side by side, they split the screen vertically in two equal
areas.

If we wanted to strive for maximum naturalness of communication and
complementarity, we might have chosen speech (no persistence) and a pen-
based drawing tool. Speech has an advantage of efficiency of interaction and
low production costs, but on the other hand, it would have raised the analysis
costs (including transcription and segmentation), and was less reliable over
the internet.® Likewise, pen-based tools would have given greater freedom of
expression, but would not as easily allow identification of discrete objects
within the drawings, including both during the analysis, but also during the
collaboration itself when the participants move them around within the
whiteboard. Let us briefly compare the costs of MOO interactions with the
costs of spoken interactions:

. The production costs are high for a chat environment since utterances
have to be typed on keyboard rather than spoken. In addition to the
message itself, the user must type the communication command -
either 'say' or 'page’- followed by the name of the message receiver®.
We ran additional experiments with spoken conversations to have an
appraisal of these costs’. In typed interactions, peers acknowledge
41% of the utterances of their partners, on average. The rate for the
spoken conversation pairs, however, was 90%! This comparison is
slightly awkward since the acknowledgment rate (see section 4.5) is
dependent on the way speech is segmented into utterances. When
analyzing MOO dialogues, the segmentation is performed by the users
themselves who hit the 'return' key in order to send their message,
while in analyzing voice interactions, we segmented the talk into
utterances during analysis®. However, the difference is so large that it
cannot be explained by differences in coding, but certainly reflects the
cost of grounding. Moreover, this higher rate for speech is also
consistent with other experiments (Traum & Heeman 1997).

o The reception costs are also higher in a chat environment than in voice
dialogues as users have to read the messages and to pay attention to
the message area. As the users were working with multiple windows,
they have to shift their visual attention between the whiteboard
window and the chat window. Moreover, when the chat activity is
intensive, finding a specific message in the fast scrolling window may
be difficult.

. The repair costs vary according to the type of repair. If the subject
repairs by re-sending the same message after editing one or two
words, she can use a command which redisplays the last message in
the text-entry area of her chat window, which may actually make the
repair cost lower than for spoken language. Conversely, if repair

5 This experiment was performed in 1996.

6. We provided subjects with abbreviations of these commands so that only one character had to
be typed before the message body.

7 Two pairs participated in the experiments in the following conditions. Two subjects were in the
same room, on one computer each. They could not see each other's screen but could speak to
each other. The data collected are used for comparison with the chat condition, but have not been
used for analysis of grounding and content categories.

8 This segmentation was mainly based on speaker change. However, we also divided a speaker
turn into multiple utterances when it included a long silence.



involves complete rephrasing, then the cost is high since formulation
costs are high.

In summary, the cost of interaction, and hence the cost of grounding, is
higher in these environments than in face-to-face interaction These
differences could be interpreted as indicators that chat is necessarily less
efficient than face-to-face dialogues. This neglects the fact that CMC tools not
only have drawbacks but also have advantages, one of them (persistence of
display) being emphasized in this study. High grounding costs allow us to
observe larger variations of grounding acts: since they are more expensive,
they tend to be only performed when they are really necessary.

2.3. Materials

Two subjects are tasked with solving a mystery: a woman, named Mona-Lisa
Vesuvio, has been killed in a hotel and they have to find the killer among the
(virtual) people present in the hotel. They walk in the MOO environment
where they meet suspects and ask them questions. Suspects are simple
programs implemented in the MOO language that provide pre-defined
answers to pre-defined questions. The two detectives explore rooms and find
various objects which help them to find the murderer. More precisely, they
are told that they have to find the single suspect who: (1) has a motive to Kill,
(2) had access to the murder weapon, and (3) had the opportunity to kill the
victim when she was alone. The task is fairly complex, since the hotel includes
11 people plus the victim and various objects which play a role in the inquiry:
the murder weapon, the ski instructor’s jacket left in the victim's room, a
painting located in the bar and its insurance contract, etc. The subjects can
ask 3 types of questions of any suspect: what he knows about the victim,
what he did the night before and what he knows about the objects mentioned
above. Given the 11 suspects and multiple objects, there is a total of 66
possible questions to ask. Not all answers contain useful information,
sometimes the suspect say "l don’t know anything about that". Moreover,
some information does not lead to a global solution (e.g., pointing to a motive
for a suspect who has no opportunity).

Restaurant Room3 Room& Room?7 Roon8
Schae Zeler Wangoer
- b . N
Kitchen N
.
Oscar Saldve
Privabe Llﬂ,v Marie Saléve Entra
/ N I
Iacues Saleve Lovetan vesulvio
Grineppe “ﬂwm\\l Room L RoOM2 Room3 Wwom<+

Figure 1: Subjects received a map of the hotel they have to explore

At first glance, all people in the Hotel are suspects. All suspects have at least
a motive to kill, the opportunity to take the gun, or the opportunity to kill, but



only one suspect has all three. The subjects were informed that the suspects
usually say the truth, except of course the killer. We provide the suspects with
a map of the hotel (Figure 1), indicating the position of each suspect, because
in the pre-experiments it appeared that having to keep track of the suspects’
positions greatly increased the cognitive load of an already complex task.

Figure 2 shows an example of the text view of a MOO window. This user is
named Hercule and his partner's name is Sherlock. Bold lines are entered by
the subject; other text is output by the MOO. In the first line, the subject
enters a navigation command, namely a shortcut that can allow a user to pass
through multiple rooms and join another character (in this case, the partner).
When a user enters a room, the MOO provides several pieces of information.
First the name of the room, then a list of other users and objects that are in
the room, if any, then finally a list of exits and locations that they will lead to.
Hercule here passes through the lower corridor and then into Room 1, where
he sees Sherlock and a couple of suspects. Next Hercule can observe Sherlock
interrogating a suspect and the reply. Sherlock also talks to Hercule, asking
for information Hercule may know. Next, Hercule unsuccessfully tries to
perform a communication command — that it is unsuccessful is indicated by
the moo text “lI don’t understand that”. We can also see here further
questioning of suspects as well as negotiation about managing the task.

join sherlock

Hotel du Bout de Nappe: Lower Corridor

Obvious Exits: Lobby (to Lobby), UC (to Upper Corridor), B (to Bar), P (to Private Residence), R1 (to 1),
R2 (to 2), R3 (to 3), and R4 (to 4).

Hotel Guest Room: 1

You see Rolf Loretan and Claire Loretan here.

Sherlock is here.

Obvious Exits: Out (to Lower Corridor).

Sherlock asks Claire Loretan about last night

Claire Loretan answers "l was in the restaurant with my husband and the 