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ABSTRACT

As part of a framework for a multimodal mathematical formula
editor which will support natural speech and handwriting inter-
action, asingle stage speech understanding module is presented.
It is based on a multil evel statistical, expectation driven ap-
proach.

Completely spoken redistic formulas containing basic arithme-
tic operations, rods, indexed sums, integrals, trigonometric
functions, logarithms, convolutions, fourier transforms, expo-
nentiations, and indexing (among ahers) were examined. The
spedker specific or formula specific structural recognition accu-
racies reach upto 90 % or 100%, respectively. For visuali zation
and postprocessing purposes, a transformation into Adobe®
FrameMaker® documents is performed.

An advanced variant of this architecture will further be utili zed
as the basis for a multimodal semantic decoder incorporating
combined script and speech analysis. It will enclose aso-called
Multimodd Probabtilistic Grammar which will be trained via
multi modal usability tests.

1. INTRODUCTION

Mathematical formulas of various types are present in scientific
puHications, schodbodks, technical manuals, and other wri-
tings. Considering the increasing amount of mathematical type-
setting, there is an urgent need for intuitive and efficient inpu
techniques.

For typesetting and calculation puposes, either descriptive tag
syntaxes like those embedded in LaTeX or Mathematica® are
applied (and therefore need to be known in detail by the user),
or conventional formula editors based on graphical user interfa-
ces (e.g. integrated in Microsoft® Word® or Adobe® FrameMa-
ker®) are utili zed. Meanwhile, the latters have become the pre-
dominant means for mathematical expresson inpu, as much as
DTP (Desktop Publishing) products have been supgied with ex-
tensive WY SIWYG (“what you seeis what you get”) characte-
ristics.

However, some major disadvantages regarding three different
aspects arise from the use of these classcal formula elitors:

e Timerequirement. As adirect implication of the step-
by-step graphical construction of mathematical expres-
sions viamouse and keyboard interaction, the time nee
ded to produce a typical mathematical formula is
substantial.
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e Intuitivity. Even quite ssimple expressons require aset
of relatively complicated mouse-keyboard interactions
to be performed by the user. Apart from preparatory
training needs it is in most cases necessary to have the
full intended formula in mind kefore selecting the first
operation symbol from a graphical palette.

e Input order. Dependent on the implicit formal descrip-
tion language, the user is usually forced to build upan
expresson hierarchically in correspondence with its
mathematical content. This means that an approximate-
ly sequential or natural inpu order — as famili ar to the
user from writing a spe&king — is normally not suppor-
ted.

In order to overcome these problems by deploying more natural
and at the same time dficient interaction modes, numerous at-
tempts have been reported which make use of handwriting con-
veniences; a comprehensive overview can be foundin [1]. From
a dlightly more extended viewpoint, we ae working an a multi-
modal concept for a novel mathematical formula editor inclu-
ding natural speech and handwriting inpu as well as pen gestu-
re and speech coreferences to creae, manipulate, and modify
mathematical expressons. As a first step, a speech urderstan-
ding module has been redized which is capable of interpreting
and visuali zing compl etely spoken mathematical formulas.

The overal benefit to be expected from the integration of the
modaliti es mentioned above may be ill ustrated with the follow-
ing preliminary usabilit y study:

By means of a quantitative survey it was examined to which ex-
tent the average inpu time varies acrossthe diff erent modaliti es
taken into account. 7 probands — throughout famili ar with basic
GUI (Graphical User Interface) functionalities — were asked to
enter 10 rotedly different mathematical formulas by the use of
1) natural speech, 2) natural handwriting, and 3 a conventional
graphical formula alitor”, respectively. Training effects were ru-
led out by varying modality as well as formula orders among the
participants. A subset of 3 probands already were famili ar with
the goplied formula elitor so that experience aspects could also
be evaluated. The results are summarized in Table 1.

While it is obvious that handwritten inpu yields a significantly
lower time consumption than conventional interfaces — a reduc-
tion factor of at least 5 is obtained — the alditional savings of
another 50 percent to be gained from spoken dalogue ae re-
markable.
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Mouse/ | Mouse/

Speech | Script | keyboard | keyboard
(expert) | (amateur)
Average 10s | 20s | 100s | 140s
inpu time
Rel. temporal | 4, 7 14 1
efficiency

Table 1: Acquisition of mathematical formulas. Average
inpu times required and relative tempora efficiencies
referring to different user interfaces.

It must be noted, however, that any system response time due to
speech or handwriti ng recogniti on components was neglected in
this gudy — having in mind approximately red-time operable
modules, the anticipated gain of time is dill considerable. As a
conclusion, granted that robustnessand recogniti on rates be suf-
ficient, it appeas to be worthwhil e to exploit the capabiliti es of
both the fastest and most intuiti ve modaliti es for acquiring ma-
thematics, particularly when their use may be combined in a
reasonable way like it is foundin interpersonal communication.

2. THE SPEECH MODULE

2.1 Mathematical Domain

Most standard and several specia mathematical operations ap-
plied to any Latin or Greek alphabetic characters and Arabic nu-
merals are included in our approach; essentially, basic arithme-
tic operations, roats, indexed sums, bracketing, integrals, equa-
tions, convolutions, fourier transforms, trigonometric functions,
logarithms, exponentiations, and indexing are covered.

2.2 Architecture

Following [2], an integrated semantic decoding algorithm is ap-
plied which evaluates probabili stic knowledge on the acoustic,
phonetic, syntactic, and semantic levels in a single stage achi-
tecture. A compact semantic representation caled semantic
structure S is used; it is a hierarchical combination of semuns
(semantic units) s, which —in our domain —represent mathema-
tical operators or operands. In an expectation driven approach, a
probabili stic chart parser [3] scans the seach space aross al
representation levels and performs a maximum a-posteriori
(MAP) clasdfication to find the best overall semantic hypothesis
Se referring to a given observation sequence O (i.e. the prepro-
cessed speech signal):

Sg = argmax max max [ P(O| Ph) P(Ph|W) P(W|S) P(9)]
S W Ph

Statistical independence of the éove probabiliti es is asaumed;
phoneme sequence Ph and word chain W were introduced as in-
termediate representation levels. Semantic and syntactic proba-
biliti es correspond to the parameters of an extended context-free
grammar, while Hidden Markov Models are used to calculate
acoustic probabiliti es.

For visuali zation and postprocesgng purposes, we implemented
a transformation module called MTrans. It consists of a prepro-
cessor and amodular compil er unit (to be eaily extendable to
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Figure 1: Schematic view of the speech understanding
modul€’ s architecture. The recognized semantic structu-
re St (from the observation sequence O) is transformed
via aformal syntax expresson into a FrameMaker® do-
cument for further processng.

further mathematical operations) which transforms the hierar-
chically organized data of a recognized semantic structure into a
formal mathematical description syntax compatible with Adobe®
FrameM aker® s equation editor. Apart from being a widespread
commercial word processng system — particularly in technical
and scientific sectors — this application offers mathematical ty-
pesetting as well as calculation feaures. In contrast to most
other approaches known so far the integration of FrameMaker®
will enable the user to switch fredy between natural and classi-
cal input modes (e.g. during corrections or modifications), provi-
ded that a back transformation module will be alded.

The overall system architecture is ketched in Figure 1. A com-
plete implementation exists for Windows NT® 4.0 or Solaris®
2.6, respectively.

2.3 Training

For the estimation of our statistical model parameters, i.e. the
probabilities that are used to determine the ranking o concur-
rent hypotheses during the recognition procedure, an adequate
set of training utterances had to be callected. To this end, a
broad coll ection of typical formulas from the supported domain
was adopted from [4] in order to guaranteehigh comparabilit y of
our recognition results. A printed version of this reference mate-
rial was presented to the probands, who then recited it into a
microphone. After all, 323 acoustic samples were obtained from
8 male and 2femae spedkers, using a sample rate of 16 kHz.
Feaure vectors for HMM recogniti on were calculated on the ba-
sis of loudress pectrain 10msintervals.

After assgning the corresponding word chain to every utterance,
the stochastic grammar’ s iterative training algorithms require dl
the samples to be manually clasdfied on the syntactic-semantic
level. To facilitate and standardize this laborious procedure, a
graphical tod called SemTree was designed which allows the
operator to successvely construct semantic structures (with their
word chain correlations included) in an intuitional drag & drop
interface.



Considering the high percentage of similar monosyllables (e.g.
lowercase variable names) in the investigated domain, a new set
of Hidden Markov phoneme models was generated on the basis
of the acoustic training corpus, thereby capturing some domain-
specific pronurciation feaures. Via a LDA transformation the
feaure space was reduced to 30 from originally 66 dmensions
[5].

2.4 Results

When redi stic mathematical formulas are spoken as a whole —
as performed in this preliminary approach — certain problems
arise regarding the extraction of the gpropriate mathematical
meaning from an utterance. The most prominent ones and their
impli cations are li sted below:

e Ambiguity. Particularly on a subterm scale, natural
speech is often ambiguous with respect to functional
precedence. For example, the phrase “a plus b dvided
by ¢ may represent the terms (at+b)/c or a+(b/c), re-
spectively. Since most typical formulas are structurally
preserved despite such small-scale erors, subsequent
corrections via speech, handwriting o conventional
modes should be practicable in a forthcoming multimo-
dal environment.

e Character recognition errors. Spoken aphabetic cha-
racters — usualy representing variable names or nume-
rical constants — are prevalent in most formulas. Due to
their phonetic shortness characters are often mistaken
or even ommitted or erroneously inserted. Our semanti-
cally driven approach automatically limits the latter
two cases (only semantically consistent hypotheses are
tolerated), while character confusion persists as the
most frequent source of error especialy in completely
spoken formulas.

e Compound verbalism. Certain phrases include multi-
ple semantic contents in a single word, e.g. “ sixth” or
“square’ describing a division by 6 or a potentiation
by 2, respectively. In such cases the corresponding
words were atificialy split into two distinct pseudo-
words, each asdgned to the corresponding semun. This
method provides a uniform semantic representation of
mathematically equivalent expressions but also implies
the risk of acddentally inserting “half-words” in the re-
cognition result. Actually this turned out to be aminor
problem, since the German pseudo-words that occurred
bea littl e resemblance with the remaining vocabulary.

¢ Redundance. Although most people use a ‘semifor-
mal” description style for mathematical expressons,
some probands applied more or less diffuse circum-
scriptions by saying, e.g., “ fraction line, nominator a,
denominator b”. To model such phrases, semantic me-
ta-types were introduced which “absorb” superfluous
words; the transformation module (Figure 1) eliminates
these meta-types when constructing the corresponding
FrameM aker®-compatible expresson.

A quantitative evaluation of the speech understanding accuracy
was achieved by (a) reclassfying all the 323 training utterances
and (b) decoding a set of 36 independent test utterances obtai-
ned from 2 additional speakers and 9 dfferent mathematical for-

Recogniti on Acauracy
Microscopic | Mathematical | Structural?

Training Corpus

0, 0, 0,
Reclassfication 95.2 % 23% 76.2 %
Independent Test o o 0
Classfication 93.6 % 22.2% 61.1%

Table 2: Recognition results. The first column refers to
the semantic unit level (all semuns correctly recogni-
zed), the second column denotes completely recognized
mathematical formulas, and the third column includes a
toleration of mere character confusions.

mulas which were distinct from the training material. The re-
sults are summarized in Table 2.

Although the recognition rates listed above ae not very impres-
sive & afirst glance, they are of course due to the fact that only
completely spoken large formulas — with an average of 40 words
per utterance — were taken into acocount. In a multimodal en-
vironment, the use of speech will presumably be focussed to
subterm input or completion and correction of handwritten ex-
pressions, respectively. Furthermore, the sample quality was
strongly spegker dependent, so that the speeker specific structu-
ral reclassfication acauracy reached upto 90 %.

Another interesting point is the recognition rate variance with
formula type (Figure 2): It turned out that a higher degree of
nested functions (predominantly roats and fractions) as well as
character and numeral prevalence cause recognition losses, whi-
le distinctive operator names (e.g., trigonometric functions, lo-
garithms, sums, integrals) stabili ze the recognition process
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Figure 2: Formula specific recognition accuracy
(reclasdfication). The formula numbers refer to [4] and
are ordered by the overall recognition accuracy (charac-
ter misinterpretations tolerated). On the whole, the quo-
ta of characters and numerals as well as function nesting
increase to the right hand side, whil e the quota of functi-
on names decreases.

The example in Figure 3 ill ustrates the correlation between a ty-
pical recognized utterance and the corresponding semantic struc-
ture.

2 (accumulated)
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Figure 3: Example of a recognized utterance and the
corresponding semantic structure. For easy understan-
ding, aliteral translation of the original German senten-
ce into an English word chain is given. The semuns (se-
mantic units) are labelled with their types and values,
separated by colons. The light grey arrows mark the dif-
ferent semun - word correlations.

3. FUTURE WORK

The most significant advantage of a single stage semantic deco-
ding architecture & it is used in this work results from the si-
multaneous evaluation of knowledge belonging to all the invol-
ved abstraction levels: Apart from self-focussng effects achie-
ved by restricting the seach processto locally consistent subhy-
potheses only, semanticall y corrupt recogniti on results are prohi-
bited due to the gopli ed top-down chart parsing algorithm.

To preserve this convenience and at the same time to allow an
utmost degree of modality integration, our multimodal concept
is based on a generalized and extended version of the context-
free stochastic grammar described in [2]. Therefore, a formal
Multimodd Probalilistic Grammar combining properties of
extended phrase structure grammars [6] and graph grammars [7]
will be defined. The corresponding set of rewriting rules will
incorporate handwriting as well as geeh characteristics,
spanning a multimodal terminal space. This includes instances
of spoken words, handwritten symbols, and so-called offsets
representing relative spatial  symbol or  symbol group
alignments. The statistical weights asociated with the different
production rules will again be extracted from authentic training
material to constitute ajoint semantic model (modality indepen-
dent) and dstinct syntactic models for handwriting and retural
speech interaction. On the signa level, DTW or HMM based
representations for the supported handwritten mathematical
symbols will be used. A detailed specification of the gplied
formalism will be given elsewhere.

Extensive usability studies are necessary to determine users
nedls regarding the combined use of the different modaliti es;
especially, handwriting and speech coreferences including pen
gestures, referencing vocabulary and coincidence aspects have to
be evaluated. Acoording to the clasdfication given in [8], we
thereby aim at the synergistic type of multimodality so that

concurrent use of modaliti es and subsequent data fusion are sug-
gested.

In parall e, the syntactic-semantic and acoustic knowledge bases
of our speech understanding module will be optimized and refi-
ned to yield reliable recognition results particularly in a multi-
modal context.

4. SUMMARY AND CONCLUSIONS

The capability of natural speech input for mathematical typeset-
ting was examined by means of a prototypic speech urderstan-
ding module which acoepts completely spoken complex formu-
las. The major sources of error were foundto be anbiguities at a
subterm level and character confusions. Despite these obstacles
the resulting structural recognition accuracy indicates that natu-
ral speech will serve well as a supportive medium in a forthco-
ming multimodal environment.

Modality integration will be ahieved by merging syntactic-se-
mantic knowledge obtained from multimodal usability tests into
a generalized probabili stic grammar’s parameters. Via a back
and forth transformation to FrameMaker® s formula editor natu-
ral speech and handwriti ng interaction may also be complemen-
ted by conventional input modes in the future.
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