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Abstract
We present a new corpus of tutorial dialogs on mathematical theorem proving that was collected in a Wizard-of-Oz setup. Our study
is a follow up on a previous experiment conducted in a similar simulated environment. A major difference between the current and the
previous experimental setup was that in this study we varied the presentation of the study-material with which the subjects were provided.
One sub-group of the subjects was presented with a highly formalized presentation consisting mainly of formulas, while the other with
a presentation mainly in natural language. Our goal was to obtain more data on the kind of mixed-language that is characteristic of
informal mathematical discourse. We hypothesized that the language style of the subjects’ interaction with the simulated system will
reflect the style of presentation of the study-material. In the paper we briefly present the experimental setup, the corpus, and a preliminary

quantitative results of the corpus analysis.

1. Introduction

In the DIALOG! project (Benzmiiller et al., 2003a), we are
investigating and modeling semantic and pragmatic phe-
nomena in student-tutor dialogs on problem solving skills
in mathematics. Our goal is to empirically investigate the
use of flexible natural language dialog in tutoring mathe-
matics, and to develop a prototype tutoring system gradu-
ally embodying the empirical findings.

In (Wolska et al., 2004), we presented an annotated cor-
pus of tutorial dialogs on theorem proving collected in a
Wizard-of-Oz setup (Benzmiiller et al., 2003b) in which
subjects interact with a system simulated by a human “wiz-
ard” (Fraser and Gilbert, 1991; Dahlbick et al., 1993;
Maulsby et al., 1993). As noted in (Zinn, 2003; Wolska and
Kruijff-Korbayovd, 2004; Horacek and Wolska, 2005), the
prominent property of the language of mathematical texts
is that it consists of interleaved natural and (semi-) formal
language: conventionalized mathematical expressions. Fol-
lowing up on the previous study, we present a new corpus of
tutorial dialogs on mathematical theorem proving collected
in a recently completed experiment conducted in a simi-
lar simulated environment. Our goal was to obtain more
data on the kind of mixed-language interaction as discussed
in (Horacek and Wolska, 2005).

The previous study dealt with the domain of naive set the-
ory. For the second experiment, we chose the domain of
binary relations. The reason for the choice of a different
domain was, among others, to facilitate future investiga-
tion the scalability of our input interpretation component.
A major difference in the experimental setup was that in
the recently completed follow-up experiment we varied the
presentation of the study-material with which the subjects

'The DIALOG project is a collaboration between the Computer
Science and Computational Linguistics departments of University
of the Saarland as part of the Collaborative Research Center on
Resource-Adaptive Cognitive Processes, SFB 378 (hitp:/ /v,
coliani- sb.de/sf378 ).

were provided: highly formalized presentation consisting
mainly of formulas vs. presentation in natural language.
Our aim was to elicit the mixed-language style of informal
proofs. The hypothesis was that the language style of the
subjects’ interaction with the simulated system will reflect
the style of presentation of the study-material. In the last
section of this paper, we present a preliminary data analy-
sis with respect to this question.

Below, we present the setup of the corpus collection exper-
iment, in particular, pointing out differences with respect
to the previous study, the corpus itself, and the preliminary
quantitative results of a comparative study of the dialogs
obtained in the two conditions.

2. The corpus collection experiment

We invited thirty seven subjects to participate in the exper-
iment. The subjects were Saarland University students of
different educational backgrounds. A prerequisite for par-
ticipation was that the candidate subjects had taken at least
one mathematics course at the university level. The subjects
were informed that they were interacting with a conversa-
tional system with natural language capabilities.

We provided the subjects with background reading material
for the domain of binary relations (see Section 2.1.) and
allowed a study time before starting the tutoring session.
Next, we asked the subjects to prove four theorems using
the system (R, S, and 7" are binary relations on a set M ):

W. (RoS)"'=85"1oR™!

A. (RUS)oT =(RoT)U(SoT)

B. (RUS)oT =TS H tu(TrtoRr !

C. (RUS)oS=(So(Sus)™H)~!

E. Assume R is asymmetric. If R is not empty (i.e. R # 0,
then R # R™Y)

Exercises W., A., B., and C.2 build upon each other in that

%Exercise C. is a theorem if S is a symmetric relation, but not
in the general case. The expectation was that the subjects would
be able to provide an argument for this.
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Sind A, B Mengen und gilt Sind A, B Mengen und gilt daB jedes Element von
A auch Element von B ist, so heilit A eine Teil-

Va(zr € A=z € B), menge von B. Man schreibt dafiir A C B.

so heiit A eine Teilmenge von B. Man schreibt
dafiir A C B.

If A and B are sets and Vx(x € A = x € B) holds,
then A is called a subset of B. We write A C B.

If A and B are sets and it is the case that every element
of A is also an element of B, then A is called a subset of
B. We write A C B.

Figure 1: Presentation of the Subset definition in the “formal” (left) and “verbose” (right) material.

Theorem

Sei R eine Relation in einer Menge M. Es gilt: R = (R=1)~!

Proof

Eine Relation ist definiert als eine Menge von Paaren. Die obige Gleichheit ist demnach eine Gleichung zwis-
chen zwei Mengen. Mengengleichungen kann man nach dem Prinzip der Extensionalitaet dadurch beweisen,
dass man zeigt, das jedes Element der ersten Menge auch Element der zweiten Menge ist. Sei also (a, b) ein
Paar in M x M, dann ist zu zeigen (a,b) € R genau dann wenn (a,b) € (R71)~1. (a,b) € (R71)71 gilt
nach Definition der Umkehrrelation genau dann wenn (b, a) € R~! und dies gilt nach erneuter Definition der
Umkehrrelation genau dann wenn (a, b) € R, was zu zeigen war.

Let R be a relation on a set M. Prove: R = (R™1)™!

A relation is defined as a set of pairs. The above equation expresses an equality between sets. Set equality can be proven
by The Principle of Extensionality, where one shows that every element of one set is also an element of the other set. Let
(a,b) be a pair on M x M. We have to show that (a,b) € R if and only if (a,b) € (R™")"". (a,b) € (R™")™" holds by
definition of the inverse relation if and only if (b,a) € R™" and this again holds by the definition of the inverse relation if
and only if (a,b) € R, which was to be proven.

Figure 2: Example proof.

once solved, they may be used in the subsequent exercises.
Exercise W. was a warm-up exercise and exercise E. was
presented only to those subjects who had difficulties in
completing the initial exercise.

We instructed the subjects to enter proof steps, rather than
complete proofs at once, to encourage dialog with the sys-
tem, as well as to think aloud while solving the exercises.
The language of the dialogs was German. The dialogs were
typed using keyboard and/or buttons available on the user
interface (see Section 2.2.). Both the wizards and the sub-
jects were free in the way they formulated their turns.

2.1. The study material

The subjects were provided with preparatory material
(adapted from (Bronstein and Semendjajew, 1991)) review-
ing the notions, definitions, and basic theorems in binary
relations, and were allowed 25 minutes to revise before
starting the tutoring session. They were divided into two
groups: a sub-group of twenty subjects was provided with
a formalized presentation of the study material, while the
other sub-group was presented with material that avoided
formalization, and used natural language verbalization in-
stead. In Figure 1, we show the definition of a subset as it
appeared in both versions to illustrate the difference. The

subjects were also provided with an example proof of a sim-
ple theorem, shown in Figure 2, that used a mixture of nat-
ural language and mathematical expressions.

2.2. The interface

The interaction between the subject and the wizard was me-
diated by a chat environment with a Graphical User Inter-
face (GUI) that consisted of a customized version of the
TeXmacs * editor; a ISTgX editor operating in the what-
you-see-is-what-you-get mode. The advantage of using
TeXmacs was that the subjects were given multiple alter-
natives for inserting mathematical expressions: traditional
GUI buttons with symbols, original IS[[EX commands (e.g.
\QP), as well as German translations of the I&TEX com-
mands (e.g. \VEreinigrg  for the set union).* Addi-
tionally, the GUI supported copy and paste functionality
with which portions of text could be copied from the prior
dialog. The area of the GUI that displayed the prior dialog

3 tt: / o tesarecs . argy/

“All the available commands were printed on a handout. Prior
to starting the tutoring sessions, the subjects were instructed on
using the GUI (in particular, shown the different input modes for
formulas) by one of the experimenters, and had a few minutes time
to familiarize themselves with the GUI in a typing exercise.
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No. turns | Student turns | Wizard turns ‘ min ‘ max ‘ mean ‘ median ‘ std
FM-group 974 474 463 FM nl 1.00 | 219.00 | 71.05 46.50 67.41
VM-group 943 463 480 FM math 14.00 50.00 27.65 25.00 11.11
Total 1917 937 980 FM f-len 1.00 145.00 | 25.23 17.00 26.42
) VM nl 15.00 | 308.00 | 118.71 98.00 79.14
Table 1: Corpus overview VMmath | 9.00 | 95.00 | 46.47 | 43.00 | 2236
1o math only math mixed VM f-len 1.00 110.00 10.86 8.00 11.19
FM-group | 90 (19%) | 194 (41%) | 190 (40%) Table 3: Distribution of natural language vs. symbolic to-
VM-group | 82 (18%) | 69 (15%) | 312 (67%) kens in the student turns per session in the two conditions.

Table 2: Student turns with respect to symbolic content.

was available in a read-only mode.

2.3. The tutoring

We invited four tutors to play the role of wizards in the ex-
periment. The tutors’ background with respect to teaching
mathematical proofs was the following: tutor 1.: senior lec-
turer with several years of experience in lecturing a course
Foundations of Mathematics, tutor 2.: trained mathematics
teacher with a few years of teaching experience, tutor 3.: re-
cent graduate with a degree in teaching mathematics, tutor
4.: doctoral student in Institute of Theoretical Mathematics
at Saarland University with several years of experience as a
Teaching Assistant in various mathematics courses.

The tutors were given general instruction on what consti-
tutes socratic tutoring, but unlike in our previous experi-
ment (Benzmiiller et al., 2003b), they were not provided
with any tutoring algorithm. The tutors were free in formu-
lating their responses using natural language and/or formu-
las. They were asked to annotate the students’ proof contri-
butions with “answer categories”’; evaluations of the contri-
butions as to their correctness, relevance, and granularity.5
They were also asked to record a spoken commentary on
their responses where they considered it appropriate.

3. The corpus and quantitative analysis

The collected raw corpus consists of 37 sets of dialog ses-
sion logfiles. During each session, the following material
was collected:

1. dialog session logfiles (in the raw ascii format as well as a
TeXmacs document);

think-aloud audio recording of the subject;

video of the subject interacting with the system;

subject’s screen recording;

v

5. wizards’s audio commentary.

Aside from time-stamp information and the text of the di-
alog contributions, the logfiles contain annotations of the
answer category assigned by the wizards during tutoring.
Moreover, they contain information on the mode in which
mathematical symbols were inserted (menu button vs. En-
glish vs. German ETEX command) recorded by the GUI.
We are planning to use this information to look at the pref-
erences in the ways of typing mathematical expressions to

>The annotation was inserted during the tutoring session, how-
ever, it was not visible on the subject’s end of the interface.

gain insights into designing better interfaces for the future
Wizard-of-Oz studies as well as to guide us in building a
GUI for the prototype system.

Corpus size Overall, the corpus consists of 1917 dialog
turns (average of 51 turns per session), of which 980 are
wizard and 937 student turns. Table 1 presents the overview
of the corpus; the FM and VM sub-totals refer to the sub-
groups of subjects presented with the Formal and Verbal-
ized material respectively.

Analysis of the logs We first looked at the difference be-
tween the number of student turns that contained only sym-
bolic expressions and those that contained no symbolic ex-
pressions. Recognition of the symbolic expressions was
performed semi-automatically by adapting the mathemat-
ical expression tagger developed for the previous corpus
to the new domain. Table 2 presents an overview of the
results. As mathematical expressions we counted occur-
rences of formulas, terms, as well as single character tokens
intended to represent relation or set symbols. This cursory
analysis shows that overall, students tended to use a mix-
ture of symbolic and natural language. However, the group
presented with formalized material has a larger number of
turns (41% vs. 15% of all turns in the VM-group) consist-
ing of symbolic material alone.

Second, we looked at the distribution of the symbolic vs.
natural language content per dialog session. Overall, the
average number of natural language tokens was 92.95 with
75.90 standard deviation (std) and the average number of
symbolic expressions 36.30 (std 19.43). The average for-
mula length® (f-len) in the dialogs was 16.09 (std 32.48).
Table 3 shows the same distribution with respect to the two
conditions: minimum (min), maximum (max), mean, me-
dian, and standard deviation (std) of natural language to-
kens (nl), symbolic expressions (math), and length of sym-
bolic expressions (f-len). While there was little difference
between the VM- and the FM-group in the number of turns
that contained natural language words alone (see Table 2),
the average number of natural language words per session
was higher in the VM-group. Also, the VM-group tended to
use fewer and shorter formulas. The large maximal formula
length in both conditions, we believe, might be an artifact
of the interface’s copy and paste mechanism.

®We counted all tokens intended to form a mathematical ex-
pression, including punctuation and single character tokens for
variables and constants.
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‘ min ‘ max ‘ mean ‘ median ‘ std
FM nl 49.00 | 354.00 | 173.85 | 158.50 | 87.53
FM math | 0.00 80.00 11.65 4.00 19.24
VM nl 93.00 | 364.00 | 209.88 | 210.00 | 70.32
VM math | 1.00 48.00 16.82 14.00 | 13.74

Table 4: Distribution of natural language vs. symbolic to-
kens in the wizard turns per session in the two conditions.

Discussion A preliminary analysis of the corpus data re-
veals differences in the use of natural language vs. formu-
las. One of the factors contributing to this difference may
be the format of the presentation of the study material hav-
ing a priming effect. However, other factors may include
the wizard’s style of interaction and the alignment effect,
or the individual mathematical skills of the student. Table 4
shows the distribution of the natural language vs. symbolic
tokens per session in the wizard turns. We do not show
the formula length counts because the wizards sometimes
copied even lengthy subjects’ formulas into their turns, for
instance, while asking clarification questions. Although
there is little difference between the two conditions here,
a difference may be in the specifics of styles of subject-
wizard pairs and have to do with the mathematical skills of
the student. We plan to investigate this in the future.

4. Related work

With respect to tutorial dialog corpora, a number of col-
lections of tutorial dialogs have been analyzed, a selection
of which can be found at the CIRCLE website.” (Tomko
and Rosenfeld, 2004) study of the effect of instructions
about the system’s language capabilities given to partici-
pants of a Wizard-of-Oz experiment with a speech-based
dialog system. The goal was to investigate how easily the
users can be persuaded to use a restricted input style. The
study finds that all uses were adapting their language to
the system’s language. (Dahlqvist et al., 1999) presents a
study on presentational formats and implications on learn-
ing in the domain of physics. The effect of linguistic align-
ment in interactions with dialog systems has been widely
studied (Ringle and Halstead-Nussloch, 1989; Zoltan-Ford,
1991; Brennan and Ohaeri, 1994).

5. Conclusion

The paper presents a new corpus of tutorial dialogs on
mathematical problem solving collected in a Wizard-of-Oz
setup. In order to elicit a mixed-language style of interac-
tion, we divided the subjects into two groups and provided
them with different presentations of the material (formal-
ized and verbose). We hypothesized that the format of the
study material may influence the way the subjects would in-
teract with the system. The analysis of the corpus revealed
differences in the language used by the subjects related to
the style of presentation, which confirms our hypothesis.
However, investigation of other factors that may have in-
fluenced the subjects, such as individual differences in the
interaction styles between subject-wizard pairs is needed.

itp: / o it ey “circle/Archive.him
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