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Abstract. This paper is concerned with research on
OCR (optical character recognition) of printed math-
ematical expressions. Construction of a representative
corpus of technical and scientific documents containing
expressions is discussed. A statistical investigation of the
corpus is presented, and usefulness of this analysis is
demonstrated in the related research problems, namely,
(1) identification and segmentation of expression zones
from the rest of the document, (ii) recognition of expres-
sion symbols, (iil) interpretation of expression structures,
and (iv) performance evaluation of a mathematical ex-
pression recognition system. Moreover, a groundtruthing
format has been proposed to facilitate automatic evahi-
ation of expression recopnition techniques.
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1 Introduction

Auntomatic transcription of printed scientific and tech-
nical documents into electronic format largely depends
on the success in recognizing the typeset mathematics.
Several studies dealing with recognition of printed math-
ematics have been reported in the literature. These re-
search efforts have been surveyed in [1-3]. From these
reports it is understood that unavailahility of a snitable
corpus of expressions has prompted the researchers to
define their own data set for testing their alporithms.
Az a result, replication of experiments and comparison
of performance among different methods has become a
difficult task.

In this correspondence, we present a database of
mathematical expression images that would facilitate re-
search in antomatic understanding of expressions. The
only relevant database available so far is the University of
Washington English /Technical Document Database 111
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(UW-III) [4]. However, the database is mainly con-
structed for general OCR (optical character recognition)
research and contains 25 gronndtruthed (into TEX) doc-
ument pages containing about 100 expressions. There-
fore, it does not seem to be a representative corpus for
the respective research. Another drawback of this data
set & that proundtruthing of expressions into TEX only
does not support an in-depth analysis of recognition per-
formance [5-7]. Another freely awailable source of ex-
pressions is the set used by Raman for his Ph.D. work
[8]. However, the expressions available here are synthetic
(generated by TEX) and isolated (i.e., not a part of any
document ) in nature.

In this paper, we discuss the contents of a database of
printed scientific documents collected at the Computer
Vision and Pattern Recognition Unit of the Indian Sta-
tistical Institute, Kolkata, India and describe how this
database addresses wvarious research considerations re-
lated to recognition of printed mathematical expressions.
This work is an extension of our earlier effort presented
in [9].

In printed documents, expressions appear in two
modes, namely, embedded (mived with text and also re-
ferred to as inline expression) and displayed (typed on a
separate line). Fipure 1 shows a typical example of such
a document. The content of the database, therefore, is
arranged into a two-level hierarchy. At the top level are
400 seientific and technical document images containing
mathematical expressions. For each document. its em-
bedded and displayed expressions are collected into two
different files. Correspondence between a top-lewel doc-
ument with its lower-level files storing embedded and
displayed expressions & maintained through the naming
comvention for files. Expressions are groundtruthed fol-
lowing a specified format explained later.

Hewever, this paper not only discusses the content of
the database and its organization, it is ako focused on
other issues such as measuring the comprehensiveness of
the corpus, analyzing it for several research considera-
tions, and desipning an automated tool for testing and
evaluating the performance of an expression recognition
system. The rest of the paper is organized as follows.
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Let 1, and 0., denote the access times of A, and M;, respectively, relative to
the CPU. The average time ¢, for the CPU o pccess a word in the memory sysism
is given by the equation

0= Heg, + {1 = K, 53
In most two-lewel hierarchiss, a request for a word not in main memory Caess
bleck of information containing the requested word to be transferred to mn
memary. When the block transfer has been completed, the requested word &
acoessed in main memory, The time ¢y required for the block transfer is called
the Mock-replocement, or bleck-rrangfer, tme. Henee we have 1y, = 1 + 1,
Substitating into Eq. (3.3) yields

i'.1=l.4.-+“ = Hpa {5-"}

Block transfer requires a relatively slow [0 operation; therefore 1y is usnally much
greater then ¢, Hence 1, B o, and 1, = 15

Fig. 1. A sample page containing embedded as well as dis-
plaved expressions.

The structure of the proposed database, its content,
sampling procedure, and method of groundtruth genera-
tion are outlined in Sect. 2. Section 3 presents a statisti-
cal study of the database to measure the comprehensive-
ness of the proposed corpus. This section also contains
a linpuistic analysis to assist in the identification of em-
bedded expressions in scientific documents. Next, Sect. 4
demonstrates how the proposed corpus contributes to-
ward testing of an expression recognition system and
presents an automatic way to compute a single fipure
of merit for measuring overall recognition performance
of a system. Section § concludes the paper.

2 Organization of the database

The proposed database contains 400 document images
containing 2,459 displayed and 3,101 embedded expres-
sion frapments. Both real (297 pages) and synthetic
(penerated by TEX or Microsoft Word) documents (103
pages) are present in the data set. Heal docnments are
collected from (i) books of various branches of science,
(1i) science journals, (iii) proceedings of technical con-
ferences, (iv) question papers (College/ University level
examination ), etc.

Syothetic documents are selected from sources that
are available in Micresoft Word or TEX format. Several
electronically awailable journals, conference proceedings,
and Internet sites related to various science subjects were
considered for this purpose. A few pages were selected
from the technical articles published by the members
of our research unit. Documents in the database were
grouped into three groups depending on the abundance
of expressions in the documents. Group 1 refers to those
documents where the number of expressions is relatively
small compared to the other two categories. Similarly,
group Il points to those pages where the density of ex-
pressions is higher than that of proup | pages, and doc-
uments under group 111 show the highest density of ex-
pressions. A summary of the collected samples is given
in Table 1.

Several factors nfluence the choice of materials, some
of which are described below:

— Relative frequency of expressions: The documents
show wariation in the number of expressions con-

tained in them. Sample documents are divided into
three proups based on the number of displayed ex-
pressions and percentage of sentences containing em-
bedded expressions | Table 1).

— Nature of expressions: Documents are selected from
various branches of science to cover a wide range of
expressions that may appear in the literature. The
details of the specific topics covered in the database
are discussed later. Pages containing expressions hav-
ing varying geometric structures and layouts are con-
sidered to make the data set a representative one.

— Varations in typeset The data set contains docu-
ments published wsing old mechanical typeset as well
a5 those printed by offset and other modern ma-
chines.

— Page layout: Documents may be printed in single-
column or multicolumn format. Apart from text and
expressions, they may contain graphs, charts, illus-
trations, half-tone pictures, etc.

— Aging effect: Many important scientific/technical ma-
terials that are not available in electronic form are
over 100 vears old. OCR conversion of these docu-
ments into electronic form remains a big challenge.
The data set contains samples from older as well as
recently published materials to reflect this aging ef-
fect.

— (Other degradations Photocopied versions, pages
from bound journals, damapged docwments, ete. are
also present in the data set to represent different lev-
ek of degradation and distortion.

2.1 Dhgitization of samples

HF flatbed scanners (Scanjet 54700 and Scanjet ADF)
are used to digitize real samples into TIFF files. Docu-
ments are scanned in gray scale, and resolution varies
from THdpi to 600dpi Old materials and documents
printed in smaller font sizes are scanned with higher res-
olutions. Scanning at different dpi values helps to study
the effect of resolution on recognition performance. On
the other hand, no scanning & involved for synthetic doc-
uments, and therefore such scanning & free from common
digitization errors. These noise-free binary images are
generated either by TEX or by Microsoft Word editor.

2.2 Generation of truthed data

In the current database, each sample page (say,
docwooc.tif)] penerates three files with extensions
.atr, .emb, and .dis, as shown in Fig. 2. The
docxxx.atr file contains a set of attributes defined
for the page docxax.tif. Some of the attributes
are the page ID, publication information, page
type, etc. Attributes such as degradation type | origi-
nal/phetocopy), salt/pepper noise (yes/no), blurred
(yes/mo), ete. refer to the page condition and describe
the visual condition of a given sample page. Many of
these attributes are identical to those wsed in the UW
Document Image Database [4].
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Table 1. Coverage of the document database

Group Source #Samples  Avg no. of % of sentences
lakel (pages) displaved exps  containing
per page embedded exps

Group I Real 116 2.16 T.61%
Synthetic 44 307 B.82%

Group I1 Real 1m .24 19.23%
Synthetic 32 7.1l 17.06%

Group IIT - Real &0 11.45 40.57%
Synthetic 27 10161 a8 12%

Taotal 400 .1l 20.04 %

Fig. 2. Groundtruthing of scientific document images

Documents in the database show wvariety in their
page layout. Some of the documents are in single-column
format, while others are in multicolunn format. Sev-
eral documents contain graphs, charts, llustrations, half-
tones, ete. Figure 3 shows a few documents present in the
database. However, an entire page is not considered for
generation of groundtruth, and only the blocks contain-
ing text and mathematical expressions are considered.
Several technigues (a summary of them can be found in
[10]) have been propesed for automatic analysis of page
layout, and a modified version of the technique proposed
by Pavlidis and Zhou [11] has been employed in our sys-
tem to locate the blocks containing text and expressions.

Groundtruthing of embedded expressions. The file
dociooe . emb describes truth for the embedded expres-
sions contained in the pape dociooe. tif. Embedded ex-
pressions are recorded along with the sentence contain-
ing it. A sentence is said to have one or more embedded
expressions if it needs the uwse of math mode in case the
sentence was prepared using TEX. Approaches presented
in [12-18] are studied to develop an automatic way of
ident if ying zones containing embedded expressions in the
documents. But it is observed that frequent manual in-
tervention is needed to make the results error-free. How-
ever, the addition of some N-gram-based lnpuistic prop-
erties (explained later) does help considerably to improve
the identification process.

The truthed data for a page is contained within
a <page> and < /page> tap pairs. The imapge file
name is stored within tags, namely, <imagefile> and
< fimagefile >, A sentence containing embedded expres-
sions is recorded within the tag pairs <sentence> and

< fsentence>. Since multiple sentences can contain em-
bedded expressions, there are multiple instances of
<sentence > and < /sentence> tag pairs. On the other
hand, a sentence may consist of multiple text lines,
and therefore a line content is enclosed by a <line>
and < /line> tag pair. An upper-level tag structure for
groundtrut hing of embedded expressions is presented he-
Lovwr:

<page>
<imagefile>
<sentence>
<line>
THe bounding box of the line is recorded.
Next, the text and math portions, if any,
are recorded separately.
</line>
<line>

. </imagefile>

</line>

</sentence>
<sentence>

</sentence>

</page>

Each line of a sentence containing an expression is
separately marked with a pair of (z,y) coordinates for
the top-left and bottom-right corners of the minimum
upright rectangular box (called the bounding bor and
recorded within <bbox> < /bbox> tag pairs) enclosing
that text line. The expression zones within a text line are
highlighted by the bounding box coordinates of the ex-
pression zone. The text and the expression portions of a
text line are separately truthed within <text> < ftext>
and <math> < /math>> tag pairs, respectively. The tag
structure for a line is shown below:
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Fig. 3. A few document images present in the database

<line>
<bbox> ...
<text>
<ftextr
<math>

</bbox>

</math>

<fline>

For each embedded expression, its enclosing bound-
ing box is recorded within <bbox> </bhox> tag pairs.
Next, 8 <(GU> </GU> tap pair is used to indicate the
geometric complexity (GC) of the expression. GC is mea-
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Table 2. Statistics on type styles

Style Expression-level statistics
Embedded Displayed
Regular 186 ( 6%) 271 (11%)
Ttalic 2078 (67%) 1,254 (51%)
Bold 558 (18%) 516 (21%)
Bold-italic. 279 ¢9vh)  AL&(17%)

sured by the number of horizontal lines {on which ex-
pression symbols are arranged ) found in that expression.
For example, symbols of expression shown in Fig. 4a are
arranged on 9 horzontal lines as explained in Fig. 4b.
Therefore, GC becomes 9 for this expression. The dom-
inant baseline [7] of an expression is treated as level
0. and the level number increases above and decreases
below the haseline.

Next, the content of the embedded expression is
presented. For this purpose, MathML ! presentation
taps are used. However, for a symbol (where it is
operator, identifier, or numeral), three additional tag
pairs, namely, <level> < /level=, <style> < fstyle>. and
<truth> </truth>, are wsed. For example, if # is an
identifier wsed in the expression, its MathML represen-
tation (i.e., <mi> t < /mi>) iz extended as follows:

<mi>
<level> ...
<style> ...
<truth> ...
</mi>

</lavel>
</style>
</truth>

The level indicates the horizontal level mumber at
which the symbol appears. For example, symbols of the
expression in Fig. 4a appear in one of the nine horizontal
levels numbered =-3 to 5 including 0. The style indi-
cates the type style (n: normal, b: bold, i: italic, bi:
bold-italic) of the symbol. The identity of the symbol is
given within the <truth> </truth> tag pair.

An alporithm can be desipned for the antomatic com-
putation of GC, symbol levels. One such algorithm can
be found in [22]. On the other hand, detection of sym-
bol style is done by following the algorithms outlined
in [19,20]. It is noted that the expression symhols are
often typed with a font style, which & different from the
dominant style of the document text. In several cases,
variations in font faces are also observed, ie., the expres-
sions are printed in a font different from the one used for
the remaining text of the document. Statistics regarding
different type styles used in expressions are presented in
Table 2. For computing the type style of an expression, it
is found that, in many cases, the style of all expression
symbols may not be unique, and therefore the results
presented in Table 2 show the dominant (determined by
the majority of symbols) style in the expressions.

Appendix A shows the groundtruth data for the em-
bedded expressions contained in the page in Fig. 1. If a
page has a multicolumn layout, expressions are truthed
following the normal reading sequence. In the database,

Y See WAC Math Home at http: //www w3, org/Math /.

1084 {out of 5402) sentences are found to have embed-
ded expressions, and the groundtruth for each of these
sentences is available in the corpus.

Groundtruthing of displayed expressions. The file
docxone.dis truths the displayed expressions contained
in the imapge docxxx.tif. Automatic identification of
displayed expressions in document images has heen
achieved hy the algorithm propased in [21]. For a sam-
ple page, all displayed expressions are truthed within
<page> < /page> tap pairs. Each expression is truthed
under <math> < /math> tags. For a multiline expres-
sion, two consecutive expression lines are linked together
with a Thread pointer. So, if the Thread pointer (which
can have only binary values) for any expression is 1, then
the current expression continues to the next line. If a
page has a multicolumn layout, expressions are truthed
following the normal reading sequence.

Within a pair of <math> < /math> tags, truthing
starts with <bbox> </bbox> tapgs piving the bound-
ing hox coordinates for the expression. Next, the GC of
the expression & recorded using the tag pairs <GC>
= /GU=. The expression sequence number, if any exists,
i given under the <expno> </expno> tags. Expression
content is truthed in a way that is similar to that nsed
for truthing embedded expressions; the only difference is
the additional presence of <bbox> </hbox> tag pairs
for each symbol of a displayed expression.

Appendix B presents the truthed data for the dis-
played expressions contained in the page in Fig. 1. In
the corpus, there are 2399 displayed expressions, and
groundtruth data for each expression are available in 400
dociooe.dis files. In addition, 60 synthetic expressions
are selected from the data set wsed in AsTeR research
[8]. The reasons for this choice are: (i) it contains exam-
ples from varions branches of mathematics. The expres-
sions show wide variations in their structural complexity,
making the data set a representative one; (ii) for each ex-
pression its corresponding correct TEX string is available,
and these strings are used to generate proundtruth; (iii)
the data set is free and globally mvailable through the In-
ternet, thus allowing comparative study. Therefore, the
total number of expressions present in Part 11 is 2450,
Table 3 gives an idea of how the expressions are divided
among different topics and purposes.

2.3 Validation of the truthed data

While penerating the truthed data, maoual intervention
was involved in the following sspects to check possible
errors: (i) bounding box for each line containing embed-
ded expressions, bounding box for each embedded and
displayed expressions; (ii) GC information for each ex-
pression; (iii) level information associated with each
expression symbol; and (iv) symbol identity. Moreover,
for a displayed expression the expression sequence num-
ber, if any is entered manually. Bounding box informa-
tion of expression symbols (of displayed expressions) has
not been checked as once the bounding box for an ex-
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Table 3. Coverage of the data set of displayed expressions

Source Area

Expressions  Remarks

Expressions found Algebra 439 This data set shows various
in 30 technical Caleulus 205 image level noise like
and scientific Differential 313 degradation due to aging,
documents equations digitization crrors, ete.
collected under Integrals 351 Expressions are scanned
Part I of the Lagic 186 with resolution varving
proposed database.  and set theory from TH to GO0 dpi.
Statistics 176
and probability
Trigonometry 171
and geometry
Vector 25
Miscellaneous 04
AsTeR dataset (8] Series 7 This data set is freely
Logarithms 4 available at http:/ fiww.
Fractions 9 ce. cornell. edu/info/pecple
Roots 4 framan/aster/.
Sums 3 These TEX generated
Superscripts and 9 expressions are free from
Subscripts any digitization errors.
Limits 2 The resolution is 300 dpi.
Matrix 1
Trigonometry 8
Integrals G
Miscellaneous 9
Total 2,459

Table 4. Occurrence rate of symbol categories

Svmbaol (# Classes) # Ocourrences in

Total Count

embedded  displayed
Roman letter (52) 0,687 20,361 30,048 (0.36)
Arabic mumeral (10) 3.5 G882 10,426 (0.13)
Greck syvmbaol (41) 1,604 FA493 5147 (0.06)
Calligraphic letter (16) 7l 300 380 (0.01)
Mathematical operator (39) 1,541 10007 12,448 (0.15)
Relational operator (39) 954 4693 5647 (0.07)
Arrow symbaol (32) 12 2123 2,735 (0.03)
Bracket symbol (06) 2,127 4314 6,441 (0.08)
Misc. symbol (33) 45 3511 4,456 (0.05)
Punctuation mark (06) 2,268 2605 4963 (0.06)
Total (274) 23,403 BOVZEE BZ601 (1.00)

pression is fixed, there is hardly any error in finding a
bounding box for individual symbols,

The groundtruth of the text portions for the lines
comtaining embedded expressions is generated by a com-
mercial OCR system. As the contents of embedded and
displayed expressions are difficult to check by looking
at the MathML presentation tags, an additional utility
has been designed to generate a global description of a
page from its truthed data that provides expressions in
TEX format. For a page, there are two upper-level de-

scriptions, one generated for the embedded expressions
{using the associated .emb file) and the other one for
displayed expressions (uwsing the .dis file).

Using these description files (when viewed after com-
piling as a TEX document ), it is more convenient to check
the walidity of the truthed data for an expression con-
tent. This is done by visually comparing the appearance
of the expression in the image as well as in TEX for-
mat. Moreover, such an upper-level description provides
ways to further check the GC walue of an expression and
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Fig. 4. Geometric complexity of expressions: an example

the style, level, and identity (truth) data for expres-
sion symbols. OCR accuracy for the text portion is ako
checked at this level.

3 Statistical investigation of the corpus

Initially, the data set is investigated to messure its com-
prehensiveness for expression recognition research. Next,
some additional studies are presented for identification
of embedded expressions and &sues related to testing an
expression recognition system.

3.1 Study of comprehensiveness

Representativeness of the proposed corpus is measured
against some basic aspects that are important in any ex-
pression recognition research. The presence of different
symbols, their occurrence frequencies, and the appear-
ance of different two-dimensional (2D) structures (e.g.,
superseript/subseript, root, fraction, ete.) are studied to
understand the corpus coverage. For each 2D structure,
an idea of degree of nestedness (Doll) is introduced. For

example, consider three structures (i) e*, (i) ¢, and
(i) 4/1+ L.
vialues for Dol equal to 1 and 2. respectively. On the
other hand, the third structure is & mixed one and its
Doll equals 2 since a fraction structure & nested inside
the moot. For a 2D structure, its Dol value is automat-
ically computed from the operator tag pairs associated
with that structure. For example, £ uses only one pair of
MathML presentation tags, namely, <msup> < /msup>,

The first two superscript structures show

making its Dol equal to 1, whereas V 1 + } uses one pair
of <mfrac> < /mfrac> tags within <msqri> </msqre=

taps, making Doll equal to 2.

Table 5. List of some frequently occurring operator symbols

Mo, Symbaol Abundance
(% of expressions in which
the symbol appears)

1 = 4%
2 +
3 — (Minus) 3%
4 /
5 ( 60%
6 )
7 Fraction line 1%
B [ 3%
0 |
10 { 20%
11 }
12 < 16%
13 =

The investigation results are outlined below.

Observation 1. Erpression symbols. Symbols ocourring
in expressions are quite different from those occurring in
normal text. Apart from the Roman letters, symbok like
Arabic digits, Greek symbols, mathematical operators,
function words, etc. are frequently used to write expres-
sions. Analysis shows that the symbols present in the
corpus can be partitioned into ten categories: (i) Ara
bic numerals (AN), (ii) Roman letters (RL), (iii) Greek
symbols [ G5, (iv) calligraphic letters (CL), (v) mathe-
matical operators { M), (vi) relational operators { B0,
(vil) arrow symbols (A5, (viii) bracket symhbols | BS),
(ix) miscellaneons symbols {MS), eg., prime( "), for all
(%), there exists (“J"), etc., (x) punctuation marks
(PM).

The frequencies at which these symbol categories oc-
cur in embedded as well a5 displayed expressions are
given in Table 4. The distinet number of symbol classes
under each category is shown in braces in the first col
umn. Table 4 gives an idea about the extra symbols an
OCR has to classify for recognizing expressions. Avail
ability of this large number of samples helps one to de-
sipgn suitable classification schemes for expression sym-
bols. For this purpose, the training and test symbol sets
are marked separately in the corpus.

Next, oceurrence frequencies for symbols are com-
puted. The list of symbol frequencies gives an idea about
the relative abundance of different symbols in expres-
sions. Based on these statistics, one may design a pro-
totype library where reference symbols are arranged ac-
cording to their occurrence frequencies to speed up the
symbol recognition process. Moreover, ocenrrence statis-
tics concerning mathematical operators help to identify
a small proup of symhbols that show high occurrence
frequencies. Table & presents a few of these operators
and their abundance (not the occurrence frequencies)
in the set of displayed expressions. The high occurrence
and shape simplicity of these operators may help one to
quickly identify zones containing displayed expressions.
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Table 6. Occurrence of operator structures

Structure # Occurrences Dol values
Superscript 4267 1,2, 3,4
Subscript J986 1,2 3
Fraction 2063 1,2 3. 4.6
R oot 227 1,2, 3.5
Overline 60 1,2 3
Underline 13 1,2
Overbrace 47 1,2, 4
Underbrace 19 1,
Ellipses A28 1

Acoent 341 1,2, 3
Matrix ™ OL23
Stacking 154 1,2

of symbols

Observation 2. Operator structures, Symbols in expres-
sions are arranged around different operators and form
different peometric layouts, some of which are 1D in na-
ture while others are 2D. For example, operators like
s H=" and =" and function words like sin, cos, log,
ete. nduce 1D structures, while superscripts, subscripts,
operators (like %% " “T[."” %[, etc.) with limit expres-
sions, matrixes, ete. form the 2D layout.

Properties of such structures along with their occur-
rence statistics have been studied in the proposed cor-
pus. Twelve elementary structures have been detected
that are 2D in nature. They are: (i) superscript, (ii) sub-
seript, (1ii) fraction, (iv) root, (v) overline, (vi) underline,
(vil) pwerbrace, (vill) underbrace, (ix) ellipse, (x) accent,
() matriz, and (xdi) stacking of symbols.

The number of such structures observed in the data
set are reported in Thble 6. However, sometimes it is ob-
served that structures appear in nested mode. A struc-
ture iz called nested if it contains another structure
within it. With each class of structures, the observed Dol
{degree of nestedness) & listed in column 3 of Table 6.

Observation 3. Structural complezity of expressions,
As discussed earlier, the geometric (or structural) com-
plexity {GC) of an expression is defined by the number of
horizontal lines on which the constituent symbols are ar-
ranged. Expressions in the database are investigated to
check their complexity levels, and they are grouped into
different classes based on their GC value. Frequencies of
these classes in the database are reported in Table 7. Re-
sults show that embedded expressions are less complex
in their structure than displayed expressions. The high-
est complexity observed in embedded expressions & 5,
wheress for displayed expressions the value of GC can be
as high as 15,

3.2 Linguistic propertics
of sentences containing embedded expressions

A linguistic analysis of the sentences present in scientific
documents indicates that a word-level N-gram model

Table 7. Geometric complexity of expressions

Geometric Number of expressions
complexity (GC) Embodded  Displaved
1 L] T
2 1498 450
3 451 628
4 474 427
& s LI
i3 = w2
7 - 3
.1 = il
i = 31
10 = 16
11 = 23
12 - 12
13 - 7
14 - 3
15 - 2

could be of great help to categorize a sentence in a techni-
cal document into one of two categories, namely, with or
without expressions. This analysis is motivated by Zipf's
law [23], which is formally defined as P, ~ 1/r%, where
F, iz the frequency of oceurrence of the rth ranked item
and a is close to 1.

In other words, the law says that the nth most com-
mon word in a buman languapge text occurs with a fre-
quency inversely proportional to n. The implication of
this law is that there is always a set of words that are
specific to a particular context. In our approach, the use
of embedded expression is treated as the context and
based on this, sentences with and without expressions
are labeled with one of the two categories, namely, (i)
category 1 () in which sentences do not contain any
expression and (ii) category 11 (Cs) where each sentence
contains one or more expression fragments. To generate
N-gram profiles of a category, the following steps are
performed.

— Step 1. Digits, punctuation marks, and expression
portions (in the case of sentences containing expres-
sions) are discarded so that sentences contain only
words.

— Step 2. Each sentence is scanned to generate all dis-
tinct word-level N-grams (for N = 1 to 3) and their
frequencies are recorded. To compute bigram and tri-
gram frequencies, each sentence is padded with suffi-
cient blanks on both sides. Stop words are discarded
while penerating the N-grams.

— Step 3. Relative frequency of each N-gram (ury_p) is
computed as the ratio of its associated count (ie.,
the nmumber of its occurrences) to the total number
of similar (based on the walue of N) N-prams. For
example, let ¢}  be the number of occurrences of
the ith N-gram w] ,, and Tx be the total number

of distinct N-grams; then relative frequency fi y of
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w) n B computed as

i iy foig N

f'l.N ET'\ ‘..J Or N =

— Step 4. When steps 1-3 are completed, a list of all
Negrams along with their frequencies is produced.

— Step 5. Sort the list in descending order of frequen-

cies. The resulting list then represents an N-gram
frequency for a category.

1to 3. (1)

In our study, a profile for category [ (1) is built using
2,655 sentences having nearly 35,000 words. On the other
hand, 870 sentences containing about 12,000 words have
been used to generate the profile for category 11 (Ca). A
number of observations follow from an inspection of the
N-gram profiles of the categories.

— Many of the stop words show high occurrence fre-
quency in both category profiles. However, note that
a list of stop words in this application is different
from the standard stop word list nsed in text re-
trieval applications. This is so becase several words
like “if," “then,” “where,” ete. are important for the
purposes of the present study, though in general they
are treated as stop words. Therefore, the list of stop
words mentioned in step 2 above is specially com-
puted for the current application.

— The top 150 or so N-grams are highly representative
of a particular category. Of course, there is nothing
special about rank 150 itself, and it is chosen mostly
by inspection. One could always carry out more elah-
orate statistics and choose an optimal cutoff rank.

— The top ranking N-grams in category | are mostly
unigrams that reflect the distribution of the words
in the sentences of that category, whereas for cate-
gory 11, the presence of frequent bigrams (e.g., such
that, the following, ete.) and trigrams (e.g., et us con-
sider, is given by, ete.) is alko observed. In both cat-
egories, there is, of course, a long tail to the distri-
bution of N-grams that goes well beyond 150. These
N-grams represent terms that do not show much dis-
tinguishing power as far as classification is concerned.

A pgiven sentence is classified by a similarity measure
implemented as follows:

— Step 1. All N-prams are generated for a target sen-
tence (5. Let L be the number of such N-grams.

— Step 2. Each N-gram found (w® ., for k = 1 to L)
in 5 is searched in the category profile of € and Ca.
Let gy and g be the relative frequency of “"f.N in ()
and Ca, respectively. If any 1::'; n is not found in the
profile of €} (or in (%), then py (or g;) is set to zero.

— Step 3. 8 is classified as follows:

If Z:=1 e = ZLl g, then § € ()

Elseif Y1, px < Y b, k. then § € Ca

Otherwise, Indeterminate (2]

This approach for sentence categorization has been
tested with 877 sentences (which have not been used to

generate category profile of either € or Ca), and the
classification results are reported in Table 8. These re-
sults show some interesting patterns:

— The classification method performs slightly better for
longer sentences.

— The accuracy improves with the increased length (in
terms of the number of N-grams) of the profiles.
Overall, the method yields its best performance at
a profile length of 150. At this stage, the system mis-
classified only 13 sentences out of 877, producing an
overall classification accuracy of 98.52%.

— The result shows that the N-pram model provides
important indications to label sentences containing
embedded expressions. This feature, therefore, could
be integrated with other aspects for robust identifi-
cation of embedded expressions.

4 Issues related to system testing
and performance evaluation

The database provides utilities to choose the right
dataset to test an expression recognition system and to
evaluate the test results in an automatic manner. The
utilities are as follows:

4.1 Selection of test data

Choosing the right set of data is always an important
aspect of testing any system performance. In the case
of expression recognition, test data must represent the
variability in terms of expression symbals, structures, ge-
ometric complexity, etc. Selecting an adequate number
of test samples 5 another important eriterion. The pro-
posed corpus provides necessary support in this direc-
tion. Four types of queries can be made to choose the
proper test samples. Queries are of the following nature:

— Type I: Query for symbols: A query can be made to
search for documents and, in particular, embedded
and displayed expressions that contain a particular
query symhol. The word symbol refers to identifiers,
constants, operators, ete. that ocour in expressions. A
query made on the document level is answered with
a set of document [Ds that contain the query sym-
bol. Similarly, a set of expressions tagged with docu-
ment 11s are returned when the query is made on the
expression level. A query processor is implemented
by maintaining two different forms of indexing - one
at the individualexpression level and another at the
document level. Symbol name and its relative occur-
rence frequency are used as index keys. The relative
frequency of a symbol (8) refers to an expression-
level feature and is computed as

No. of occurrences of & in an expression £

(3)

Total no. of symbols in £

A document-level indexing is just an agprepation of
the results obtained for its constituent expressions.
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Table 8. Correct classification of sentences using N-gram model

Sentence length (#Words) < 10 < 10 < 10 < 10 > 10 > 10 =10 = 10
Profile length (#N-grams) i) 100 125 1540 il 1M 125 1540
Sentences without exps. 217,239  225/230 2327230 234230 308/424 407/ 424 416/424 4197424
Sentences with exps. 60/68 G368  65/68  66/68 1307146 142/146 1447146 145/146
Accuracy 90.2% 03.8% 6.7 a7.T% 04,2 D6.3% 08.3% 08 0%

The resultant expressions (or documents) are ranked
(in descending order) by ocenrrence frequency of the
query symhbol in them.

— Type 1I: Query for function words: Expressions (or
documents) containing a particular function word
(e.g., sin, cos, log, max, etc.) can also be queried.
This facility is the same as in type | explained above.
Necessary index structures are maintained for this
PUrpose.

— Typelll: Query for structures: The presence of struc-
tures (e.m., froction, root, script, sum, product, ete.)
can also be queried. The gquery result for a particular
structure returns the number of expressions (or doce-
uments if the query is made at the document level) or
document [Ds containing the expressions along with
a value representing the degree of nestedness Dol for
each occurrence of the structure. Through this query
facility one may be assured that the test set contains
samples for the structure one & looking for. The ge-
ometric complexity of the structures is also reflected
in the associated Dol values.

— Type IV: Query for geometric complerity Each ex-
pression & tagped with its peometric complexity (GC),
as explained before. Therefore, one may pose a query
to find expressions (and the documents containing
them) having a particular complexity level. A sup-
port for such types of queries helps one to under-
stand the geometric variability of expression struc-
tures. Moreover, based on the peometric complexity
of expressions, one may choose the right data set to
test one's expression recognition algorithm.

4.2 Performance evaluation
of an expression recognition system

Several techniques have been proposed for evaluating
graphics recognition systems [24], but they mostly con-
sider imapges of engineering drawings containing lines,
arcs, circles, ete. For expression recognition, no method
has emerged as a standard. The quantitative evalua-
tion of expression recognition results is, in fact, a dif-
ficult task since recognition imvolves two major stages:
symbol recognition and structural analysis. The stages
are tightly coupled, and therefore, if evaluation in one
stage i done independently of the other, it may not re-
flect the true performance of the system. Errors in the
symbol recognition stage affect the structure analysis re-
sults. This calls for an integrated evaluation mechanism
for judging the performance of an expression recognition
Hystem.

To the best of our knowledge, three different tech-
niques have so far been proposed to evaluate expression
recognition results. Chan and Yeung [5] presented an in-
tegrated performance measure consisting of two indepen-
dent measures: one for recognition of symbok and an-
other for recognition of operators. These two measures
are combined with equal weights. Here, the term op-
erator includes 2D (e.p . script, limit, fraction, etc.) as
well as 1D (+, —, ete.) structures. However, the actual
performance is measured manually. Later on, Okamoto
et. al. [6] have presented an automatic approach to
evaluating their structure analysis method. They at-
tempted to evaluate performance by checking whether
each typical structure such as scripts, limits, fractions,
roots, and matrices is recognized correctly. In their ap-
proach, expressions against which a system is evaluated
are proundtruthed into MathML format. More recently,
Zanibbi et. al. [7] presented another automatic way of
evaluating performance. In that approach, an expression
is visualized as a set of symbols appearing on differ-
ent haselines. The performance is assessed by separately
connting the mumber of (i) correctly recognized haselines
and (ii) properly placed (w.or.t. the corresponding base-
ling) symhbols.

As the methods proposed in [6, 5] count only the num-
ber of properly recognized structures, errors in recogniz-
ing simple structures pet the same weighting as errors
that oceur in the processing of complex nested struc-
tures. On the other hand, the technique proposed in [7]
presents more in-depth analysis of the recognition results
but does not provide any single figure of merit for overall
performance evaluation.

The present corpus provides an automatic tool for
testing system performance. [t evaluates an expression
recognition system by computing a performance index
{~). For a given expression, the proposed index considers
the peometric {or structural) complexity of the expres-
sion to judiciously analyze the recognition result pro-
duced by a system. As explained earlier, the structural
complexity of an expression is defined by GC, i.e. the
mumber of horizontal lines on which constituent sym-
bols are arranped. Moreover, we consider that an error
in recognizing a base level (that is, dominant baseline
[7]) structure would be more severe than an error in rec-
ognizing structures at higher levels. This is because sym-
bols placed in horizontal lines other than the baseline are
structurally dependent on the base-level symbols. There-
fore, errors in placement of a base-level symbol (say, 55)
affect the placement of other symbols structurally re-
lated to sp. In general, placement errors for base-level
symbaols affect the regeneration of an expression more
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than errors for other symbols. This situation will become
more clear when the following examples are considered:

a+b+e=2+4ua, (4]
@ +b+e=2+a;, (5]
A+ 4+ =24, ()
2 4+m .

at+ b+t =

|
e
=

i
All the structures in Eq. 4 are in one level, and hence
GC = 1. On the other hand, the expression in Fq. 5 shows
a complexity GC = 3 becanse a has a one-level super-
script and o has a one-level subscript. Following this
logic, the 'C walues of Eqgs. 6 and 7 are 5 and 8, re-
spectively. One can visualize that an error in interpret-
ing the position of any base-level symhbal (for example,
“a” in Eq. 5 or “¢" in eq. 6) would affect the layout
of other immediate symbols nested in it. Moreover, be-
canse the use of non-base-level symbolks (e.g., script or
limit expressions) increases the structural complexity of
an expression, any systematic evaluation strategy would
be expected to consider how a system can recognize sim-
ple expressions and then to check the system’s response
as the complexity increases. Therefore, to evaluate the
efficiency of an approach that deals with the recognition
of expressions, one has to take the geometric complex-
ity of the expressions into account. The four expressions
in Eqs. 4-T7 show a gradual increment in the structural
complexity of the expressions.

Integrated performance measure: ln our approach,
an automatic performance evaluation can be done using
the truthed data stored in the corpus. As explained ear-
lier, the expressions in the dataset are groundtruthed
using MathML presentation taps. The recognition re-
sult for an expression is compared with the proundtruth
corresponding to that expression. If they do not match,
then the result i not correct. Errors originate from two
sources: (i) symbol recognition errors and (ii) errors in
structure interpretation. Symbol recognition errors are
easily computed as

No. of wrongly recognized symbols

(8)

However, the computation of structure recognition
errors is not trivial. This is so becanse the parsing of
an expression may not be fully correct, but some of its
symbol arrangements may be interpreted properly, and
the system should be given partial credit for it. In our
method, the erroneows arrangement of a symbol (s) is
penalized by a factor |1+1 , where i & the level of the
symbol, s

It may be noted that in the case of computing a struc-
ture recognition error, only spatial arrangements are im-
portant. For example, no structure recognition error is
reported if X™ i recognized as X", This is so becanse
such symbol classification errors are accounted for by
computing the symbol recognition accuracy. In the fore-
going example, a structure recognition error is detected
only if identification of the superseript structure fails.

Total no. of symhols

a4+ +" =2+ a
- - 1
(a)

<msup:=
<mi>
<lewel- 0 <lewvel>
<truth> ¢ <Aruth>
<fmi> <msup>
<Mrow:> <mi>
<MSup> <level> 0 <level>
<min> <truth=> ¢ <Aruth>
<level> 1 <Aevel:- <imi=
<truth> 2 <Aruth:> <ITITOW>
<jmn> <meup>
<IMIrowW> <mn>
<msub: <level- 1 <level>
<mi= <truth> 2 <Aruth:
<level> 2 <level> <jfmn=
<truth= n <Aruth= <mi>
<fmi> <lewel> 2 <level>
<mn> <truth> n <truth>
<legvel> 1 <level: <imi=
<truth=> 7 <Aruth> </msup>
<imn> <Imine
</imsub> <level> 1 <Aevel-
</mrow: <truthe> ¥ <fAruth=
</ msup:> <fmn
<fmrow:> </mrow:>
</imsup>= </msup>
(b) (©)

Fig. Sa—c. Performance evaluation. a Image of an expres-
sion. b Groundtruthed data for the subexpression marked in
a. ¢ Recognition results obtained on recognition of the subex-
s

For any test expression, let 5 be the total number
of symbols, 5. be number of symbols recognized incor-
rectly, £; be the number of symbols in the ith level,
and J; be the number of ith-level symhbols for which in-
correct arrangement analysis is encountered. Now, the
performance index (+) is defined as

S]_,+Z‘.O¢- Xﬁ
T, ()

T

el

Assuming a test set (T;) contains Z expressions, . is
computed for all k= 1,2,--- | 7, and to rate the overall
system performance, an average v,., & computed as

1
ﬂ."'uu_r,l — E Zr:"i s {l{}:l
k

The performance of any expression recognition sys-
tem can be judged follbowing Eq. 9 and an average per-
formance can be computed according to Eq. 10. Let us
consider a small expression fragment to understand how
evaluation is done using the groundtruth data. Figure 5b
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shows the groundtruth for a nested structure of the ex-
pression shown in Fig. 5a. The bounding bhox and style
information is ignored for better convenience. However,
one should consider bounding box information for eval-
uating segmentation results (e.g., whether symhbols are
properly extracted or not). Let us assume that the sym-
bols are properly segmented in the present case.

Figure 5c shows the recognition output when a sys-
tem incorrectly recognizes the subexpression & in
Fig. 5a as & ', which encounters an incorrect arrange-
ment of “7." Such incorrect arranpements can be auto-
matically detected by comparing the recognition results
against the groimdtruth data. The comparison algorithm
works iteratively; it starts by locating the innermost op-
erator tags (like <msub>, <msup>, <mfrac>. etc.) and
locates the symbols for which arrangements are incor-
rect. For example, absence of the innermost <msub>
tag of Fig. b in Fig. bc indicates an improper arrange-
ment of “n” and “7." Next, comparison of the second
<msup> tags in Fig. 5b and ¢ pinpoints the incorrect
arrangement of the symbol “7." whereas the symbols “27
and “n” imply the correct arrangement.

Next, to evaluate this recognition result, ~ is com-
puted following Eq. 9. In this case, 5 =4. 5. =0, Hy =
1.Bi =28 = 1,0 = 0,0y = 1,0: = ). Placement
for only one symbol is incorrect at level 2. Therefore,

hE — 0.921.

7=1 T+2/2+1/3

1 B D

5 Conclusion

In this paper, the development of a corpus of printed sci-
entific and technical documents is discussed. This study
is amied at facilitating research on the antomatic recog-
nition of expressions. A considerable number of samples
is pathered from warious branches of science to make
the data set a representative one. Groundtruthing of
expression images follows a new format useful for sev-
eral research considerations. A statistical analysis of the
database is presented to show the comprehensiveness of
the proposed corpus. Several utilities are provided to as-
sist in designing and testing an expression recognition
system. A pew performance index is proposed to pro-
duce a single figure of merit after evaluation of such a
systenm.

Immediate future work includes plans to make this
corpus available on the Internet. This will take some time
as final correction of the truth data remains incomplete.
To provide pnarantees concerning the truth data, we plan
to check the generated data at two levels. Initially, the
truthed data (1) is to be mamally checked and corrected
by two different groups in isolation to produce two ver-
sions of the same truthed data (1), namely, T} and T5.
Dresign of a user-friendly interface i in progress to assist
this mamal correction. Later on, T} and 15 are to be
compared by automatic file comparison utilities like cop,
diff, etc. Differences are to be marked and corrected to
produce the final version of the truthed data.
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Appendix A

Groundtruthing of the sentences containing embedded
expressions for the image shown in Fig. 1
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Appendix B

Groundtruthing of the displayed expressions for the im-
age shown in Fig. 1.
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