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Abstract. The extraction of the relations of nested table headers to content cells 
is automated with a view to constructing narrow domain ontologies of semi-
structured web data. A taxonomy of tessellations for displaying tabular data is 
developed. X-Y tessellations that can be obtained by a divide-and-conquer 
method are asymptotically only an infinitesimal fraction of all partitions of a 
rectangle into rectangles. Admissible tessellations are the even smaller subset of 
all partitions that correspond to the structures of published tables and that 
contain only rectangles produced by successive guillotine cuts. Many of these 
can be processed automatically. Their structures can be conveniently 
represented by X-Y trees, which facilitate relating hierarchical row and column 
headings to content cells. A formal grammar is proposed for characterizing the 
X-Y trees of layout-equivalent admissible tessellations. Algorithms are 
presented for transforming a tessellation into an X-Y tree and hence into 
multidimensional, layout- independent Category Trees (Wang abstract data 
types).  
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1   Introduction 

Most quantitative data available in electronic form appears in the form of tables. We 
study formal aspects of web tables with a view to extracting their content. Various 
configurations of rectilinear tessellations defined on a grid can convey information in 
tabular form to human readers. In order to simplify the development of algorithms 
that recover the information from frequently occurring configurations automatically 
we construct a taxonomy of tabular layouts that may be considered equivalent from 
the perspective of table analysis.  

Our work differs from earlier work w.r.t. (1) focusing on computer-constructed 
web tables rather than tables from scanned documents, (2) making use of commercial 
software to import web tables into a spreadsheet, (3) describing tables by X-Y trees 
and, most importantly, (4)  facilitating content analysis by extracting the relationship 
of headers to content cells rather than only the geometric cell structure. This research 
is part of a larger project [1] to generate narrow-domain ontologies (e.g., for 
automobiles, obituaries, geopolitics) from semi-structured web data, which is itself a 
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step towards realization of the Semantic Web [2,3]. Concentrating on tabular sources 
of quantitative information avoids some difficulties of natural language processing.  

Comprehensive reviews of two decades of research on table processing appear in 
[4,5]. Algorithms were first developed for specifying cell location in terms of rulings 
or, in the case of unruled tables, according to the geometric alignment and 
typographic similarity of cell content. A recent proposal for an end-to-end system 
divides the task into table detection, segmentation, function analysis, structural 
analysis and interpretation, but was not implemented and does not define which tables 
can and cannot be processed [6]. None of the methods that address web tables (e.g. 
[7]), carries the analysis to the layout-independent multi-category level.  

This paper formalizes the methods we used in an experiment on 200 tables 
randomly chosen from eight large web sites. The 200 tables were imported into Excel 
and edited into a form that could be processed algorithmically. The average size of the 
tables was 587 cells, and editing required on average 104 seconds [8]. Augmentations 
such as aggregates, annotations, footnotes and titles that are important componenents 
of most tables were also processed, but they are not included in the formalism 
presented here. 

1.1   Rectangular Tessellations 

A discrete rectilinear tessellation, or a rectangular tiling, is the partition of an 
isothetic rectangle into rectangles defined on an m x n lattice. The geometry of such a 
construct can be uniquely represented by the locations and types of all its junction 
points, i.e., points at which two non-collinear lines meet or cross. The number of 
tilings, Nall(m) ≡ Nall(m,m), increases exponentially with the size of the grid. A quick 
count reveals that even a 4x4 grid has 70,878 different partitions. Some of these, 
called X-Y-tessellations, can be obtained by a divide-and-conquer method based on 
successive horizontal and vertical guillotine cuts. Klarner and Magliveras proved that 
the number Nxy(m) of X-Y-tilings decreases quickly with the size of the grid [9]. 
Although Nxy(4) = 68,480, which does not differ in order of magnitude from 70,878,  

xy allm
lim N (m) / N (m) 0

→∞
= . 

Figure 1 shows a simple X-Y-tessellation, and Figure 2 shows tilings that are not X-
Y-tessellations. In the VLSI literature these are known as nonslicing structures [10].  
It is known that horizontal and vertical polar graphs (that are duals of each other) can 
be drawn for any rectangular tiling, and that for a slicing structure (X-Y-tessellation) 
the polar graphs are series parallel. The concept of polar graph goes back to a 1940 
paper on the dissection of rectangles into squares [11]. 

 
 

 
Fig. 1. A simple X-Y tessellation 

 
    

 
Fig. 2. Two non-X-Y tessellations. 

 

    
    
    
    



   

Polar graphs abstract away the geometry of rectangular tilings but preserve the 
adjacency relationship between the tiles in the horizontal and vertical directions. X-Y 
trees similarly abstract the geometry X-Y of tessellations by providing a structural 
representation of the rectangles obtained by horizontal and vertical cuts at alternating 
levels. Such partitions can be represented by X-Y trees that we originally proposed for 
page layout analysis [12,13]. They have been periodically rediscovered and are also 
known by other names like puzzle tree or treemap [14]. They transform a 2-D 
structure into two interlaced 1-D structures, thereby facilitating analysis. Figure 3 
shows two X-Y-tessellations defined on a 4 x 4 lattice that are geometrically different 
but are both represented by the X-Y tree shown on the right. We don’t know the 
number of structurally different X-Y tessellations, NS,xy(m), but it clearly is much 
smaller than the number of (geometrically) different X-Y tessellations Nxy(m). The 
transformation of an X-Y-tessellation to an X-Y tree is discussed in Section 2. 

 
 

 
Fig. 3. Two geometrically different but structurally identical tessellations. 

1.2   Web Tables  

The layout of tables for the presentation of information is dictated by convention. The 
Chicago Manual of Style [15] and the US Government Printing Office Style Manual 
[16] both have lengthy chapters describing these conventions. All tables have a stub, 
column headings, row headings, and data cells. Several common layouts are 
illustrated in Figure 4. Tessellations that correspond to such layouts are called 
admissible tessellations or table candidates because the location of each data cell is 
specified by a set of hierarchical row and column headings.  

 
 
 
 
    (a)     (b) 
 
 
 
 
 
  (c)     (d) 
 

Fig. 4. Common table layouts. The blank top-left area is the stub. Only the column and row 
headings are labeled. The gray areas are content (delta) cells. Combinations of (a) for columns 
and (b) for rows are popular.  (c) and (d) are more unusual hybrids.  

 
Many tables that appear in the literature do not strictly follow conventions yet are 

readily understandable by their intended readers. For example, a common occurrence 
is the absence of a root, or spanning heading, for a category.  Let us call the 
mathematically indefinable and unknown number of human-understandable tables 
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NT,S,xy(m). We propose to process tables in this category by interactively transforming 
them into a smaller set of admissible tables that can be formally described and 
algorithmically analyzed. The number of admissible tables is NA,S,xy(m).  

For the purpose of algorithmic analysis we need consider only layout-equivalent 
admissible table candidates that do not differ in the number of categories, but only 
with respect to the depth of their heading hierarchies, or the number of rows and 
columns, as do the examples in Figure 5.  

 
 
 
 

Fig.5. Layout equivalent tables. The blank areas must be empty. Gray areas contain data. 
 
Context-free grammars can help to characterize entire families of layout-equivalent 

admissible tessellations, as first demonstrated in [17,18,19] and revived here in 
Section 3. A few such families account for the vast majority of tables encountered in 
books, journals, and the web. The number of different layout-equivalent admissible 
table candidates is NL,S,xy(m). We cannot yet process automatically all structurally 
equivalent admissible tables, therefore  NL,S,xy(m) < NA,S,xy(m).  

X-Y trees represent only the physical layout of a table, which can be modified to 
suit page size or column width, or display characteristics. The first step in 
understanding a table is to analyze its logical structure, which is independent of the 
presentation aspects. Interpretation requires understanding the relationship between 
headings and content cells. An abstract data structure for this purpose was proposed 
by Wang in 1996 [20]. It represents headings in terms of category trees (labeled 
domains), whose Cartesian product provides the paths to every content cell (called 
delta cells). The number of categories in a table is called its dimensionality. Figure 6 
displays the category trees for a simple table. The size of the table is the product of the 
number of rows and columns of delta cells, and it is also equal to the product of the 
number of leaf nodes in the category trees. An algorithm for extracting the Wang 
Notation from the X-Y trees is presented in Section 4. 

 
 
Category notation: 

    (A,{(A1,{(A11,Φ),(A12,Φ)}),(A2,Φ)}) 
(C, {(C1,Φ),(C2,Φ)}) 
(D, {(D1,Φ),(D2,Φ)}) 
 
Delta notation:     A       C            D 
δ({A.A1.A11,C.C1,D.D1}) = d11 
δ({A.A1.A12,C.C1,D.D1}) = d12 
… 
 

Fig. 6. Wang notation for the categories and data cells of a simple 3-category table. 
 
Labeled table candidates for which Wang Notation exists are called Well Formed 

Tables (WFT). They are only a subclass of tables encountered in practice. However, 
most such tables can be transformed to WFT format with little effort. Figure 7 shows 
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a table that is not well formed, and its WFT equivalent, obtained by the addition of 
virtual headings. The headings shown are sensible, but any arbitrary labels would do 
for the Wang notation. 

Analyzing the logical structure of a table is necessary but by no means sufficient 
for understanding it. Understanding most tables requires considerable context and 
knowledge that extends far beyond the table under consideration. There is ample 
evidence that automating table understanding, or even merely verifying claims to this 
effect, is very difficult [21,22,23].   

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Top: Rootless categories: not an admissible table. Bottom: Virtual headings added to 
obtain an admissible configuration that is also a WFT. 
 

As mentioned, our project is the front end of a larger undertaking that endeavors to 
create narrow-domain ontologies by combining information from web tables 
[1,24,25]. Suppose, for instance, that we process the left-hand table in Figure 8 and 
include it into the ontology. Then when we encounter the right-hand table we hope to 
be able to learn that the hepth of goldam is 320 gd [26]. Our current plans to build 
interactive software for harvesting web tables based on the formalisms described 
above are outlined in Section 5.  

 

 
Fig. 8. Two tables with overlapping information. 

 
Our approach to the gradual automation of table processing is based on the 

following inequalities, which show that useful tessellations are only a very small 
fraction of all possible tessellations. The various classes of tables are illustrated in 
Fig.9. 

NL,S,xy(m) < NA,S,xy(m) < NT,S,xy(m) << NS,xy(m) << Nxy(m) << Nall(m). 

 
fleck 

gonsity 
(ld/gg) 

hepth 
(gd) 

burlam 1.2 120 
falder 2.3 230 
multon 2.5 350 

goldam 1.3 ld/gg 320 gd 

falder 2.3 ld/gg 230 gd 

elmer 2.9 ld/gg 350 gd 

CITY Summ er Winte r Sum mer W inter Sum mer W in ter
Mo ntreal 35 11 3 6 2 37 13

Vancouver 28 18 2 9 19 30 20
James Bay 8 4 9 5 10 6

Table I  M axim um temp eratu re

2000 2001 20 02
YEAR

SEASON

Summer Winter Summer Winter Summer Winter
Montreal 35 11 36 2 37 13

Vancouver 28 18 29 19 30 20
James Bay 8 4 9 5 10 6

2000 2001 2002
Table I  Maximum temperature



   

2   Tessellations to X-Y Trees 

As discussed above, the X-Y tree is an economical representation of layouts that are 
of interest in table processing. Similar table layouts yield X-Y trees with similar 
structures. We can identify tables from which we can algorithmically extract Wang 
Notation. We shall also attempt to characterize families of inadmissible table 
structures that can be converted into admissible structures by a few editing steps. We 
expect to be able to automate such frequently used editing protocols. 
 

NL,S,xy(m) < NA,S,xy(m) < NT,S,xy(m) << NS,xy(m) << Nxy(m) << Nall(m). 
 

 
   
 

Tessellations in Nall(m) but not in Nxy(m) (no X-Y tree representation). 
 
 
 
 

Both tessellations in Nxy(m), but only one (either one) in NS,xy(m) 
These tessellations are structurally equivalent, but they are not admissible  
and therefore not table candidates.  

 
    
 
 

Both tessellations in NS,xy(m), but only one (either one) in NA,S,xy(m). 
These tables are layout equivalent, but we cannot yet parse them,  
and therefore they are not in NL,S,xy(m). 

 
 
 
       
 

They are two different admissible tessellations in NL,S,xy(m). We can parse both. 
 
 
 
       
 

The table on the left is a four-dimensional Well Formed Table. The table on the right 
is not a WFT, because the category paths {A,A1; B,B1; C,C2;  D,D1} cannot 
distinguish between the two content cells marked  X. 

 
Fig. 9. Discrete rectangular isothetic tessellations. Our taxonomy does not include human-
readable tables to which Wang Notation is inapplicable. The top table without a row header 
in Fig. 7 is certainly in  NT,S,xy(m), but we cannot formally define all human-readable tables. 
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The horizontally and vertically ordered lists of the indices of the junction points of 
a tessellation are not sufficient to derive the corresponding X-Y tree, although the 
combination of pre-order and post-order traversals uniquely characterizes general 
trees. The lists do not characterize the adjacency topology of the tessellations 
sufficiently for table analysis. Figure 10 illustrates tilings that are not differentiated by 
the structure of their X-Y trees, and different tilings with identical lists. For table 
analysis, the lists and trees must contain additional data, i.e., the vertical or horizontal 
location of the junction points and the type (e.g. NE-corner, T-connection, crossing) 
of each junction. This allows checking the alignment of cuts in separate subtrees. 

 
 
 
    
      (a)  (b)            (c)         (d) 

 Fig. 10. The vertical cut X-Y tree (a) is the same for tilings (b) and (c), but not for (d). 
 However, tilings (c) and (d) have the same lists of junction point coordinates.  
 

The recursive algorithm EX2XY obtains the X-Y tree for any tessellation for which 
the tree exists. We use it to transform web tables imported into Excel.  For portability, 
EX2XY produces an XML file. It takes the junction-points data for an X-Y 
tessellation and produces a fully-parenthesized representation for it, which can either 
be printed (saved) as a linear string of leaf-block labels and the two kinds of 
parentheses. It can also include geometric information attached to the labels and the 
left parentheses (of either type) in an internal data structure. The latter representation 
is useful for geometric and lexical checks.  

The workhorses of the algorithm are two functions CutV(R) and CutH(R) which 
cut the given rectangle R, respectively, in vertical and horizontal directions. R may be 
specified as (x1,y1,x2,y2), where (x1,y1) are their top-left and (x2,y2) are the bottom-
right junction points. 

CutV and CutH return the first (leftmost or topmost) sub-rectangle of R, obtained 
by a guillotine cut. In the example rectangle of Fig. 11, CutV((1,1,4,4)) would return 
the sub-rectangle (1,1,3,4) and CutH((1,1,4,4)) would return the sub-rectangle 
(1,1,4,2). The cut may be trivial or degenerate, e.g  for R = (2,1,3,2) in the example, 
CutV(R) = CutH(R) = R.  

CutV and CutH are used in a pair of procedures, P1 and 
P2, which call each other recursively (Fig 12).  P1 cuts a 
given rectangle vertically, submitting the leftmost sub-
rectangle to P2 for horizontal cuts. Similarly, P2 cuts a 
given rectangle horizontally, submitting the topmost sub-
rectangle to P1 for vertical cuts.  The main procedure calls 
P1 with the outermost rectangle (1,1,4,4) for vertical-cut 
first, and P2 for horizontal-cut first.  

Although most of our illustrations contain simple 
examples created directly in Excel, Figure 13 shows part of 
an actual web table, its Excel version created by the built-in 
IMPORT functionality, and its appearance after editing. 

Fig. 11. A simple 
example to illustrate 
algorithm EX2XY 



   

P1(R); {  
 Declare S: rectangle 
 

S = CutV(R); 
if (S == R) then {if CutH(R) == R) then {print(label(R)); return} }  
/* Also, attach coordinates of R with the label of R */ 
 
else /* have a non-trivial cut */ 
{ 

  print(“[“); /* Also, attach coordinates of  R with this “[“ */ 
 

  Loop { 
   P2(S);  /* H-Cut S */ 

R = R-S; 
S = CutV(R); 

} until S==R; 
 
P2(S);  /* H-Cut the last rectangle */ 
  

  print(“]”) 
} 

} 
 
P2(R); {  
 Declare S: rectangle 
 

S = CutH(R); 
if (S == R) then {if CutV(R) == R) then {print(label(R)); return} }  
/* Also, attach coordinates of R with the label of R */ 
 
else /* have a non-trivial cut */ 
{ 

  print(“{“); /* Also, attach coordinates of  R with this “{“ */ 
 

  Loop { 
   P1(S);  /* V-Cut S */ 

R = R-S; 
S = CutH(R); 

} until S==R; 
 
P1(S);  /* V-Cut the last rectangle */ 
  

  print(“}”) 
} 

} 
 

Fig. 12. Algorithm EX2XY. 



   

U.S. Coal Supply, Disposition, and Prices  
 

  Report No.: DOE/EIA 0584 (2007) 
  Report Released: September 2008 
  Next Release Date: September 2009 

Table ES1.    xls    pdf     Annual Coal Report 
 

Table ES1. U.S. Coal Supply, Disposition, and Prices, 2006-2007 
(Million Short Tons and Dollars per Short Ton) 

Item 2006 2007 

Production by Region       
 Appalachian          391.2   377.8 
 Interior    151.4   146.7 
 Western   619.4   621.0 
 Refuse Recovery   0.8   1.2 
Total   1,162.8   1,146.6 
Consumption by Sector       
 Electric Power        1,026.6   1,045.1 
 Coke Plants            23.0   22.7 
 Other Industrial Plants         59.5   56.6 
 Residential/Commercial   3.2   3.5 
Total         1,112.3   1,128.0  

 

     (a) 
       (a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (b) 
  (b) 
 
      (c) 
 

 Fig. 13. Part of a US  Energy Information Administration table.  
 (a) As it appears on the web; (b) Imported into Excel; (c) After editing. 
 http://www.eia.doe.gov/cneaf/coal/page/acr/tables1.html 

 

Item 200 6 2 007

 App alachian         3 91.2   377.8
 In te rior   1 51.4   146.7
 We stern   6 19.4   621.0

 R efuse  Recovery   0.8   1.2

Tota l   1,1 62.8   1,146.6

 E le ctric Powe r       1,0 26.6   1,045.1

 C oke  Plants           23.0   2 2.7

 Oth er In dus trial Plants        59.5   5 6.6

 R eside ntial/Com m ercia l   3.2   3.5
Tota l        1,1 12.3   1,128.0

Yea r-En d Coa l S to cks       

 E le ctric Powe r       1 41.0   151.2

Table ES1 . U.S. Coal Supply, Dis position, a nd Prices , 2 006 -2 007
(Million Short Tons and Dollars pe r Short Ton)

Production by Region      

Consum ption by Sector      

  
200 6 20 07

 Ap pa la ch ia n         3 91.2   3 77.8

 Interior   1 51.4   1 46.7
 Wes tern   6 19.4   6 21.0

 Re fu se  Re co ve ry   0.8   1.2
Total   1 ,1 62.8   1 ,1 46.6

 Electric  P ower       1 ,0 26.6   1 ,0 45.1

 Co ke  P la nts           23.0   22.7

 Othe r Ind ustria l P la nts        59.5   56.6

 Re side ntia l/Co m m ercial   3.2   3.5
Total        1 ,1 12.3   1 ,1 28.0

Year-End  Coal Stocks       

 Electric  Power       1 41.0   1 51.2

 Co ke  P la nts           2.9   1.9

Table ES1. U.S. Coal Supply, Disposition, and Price s, 200 6-200 7
(Million Short Tons and Dollars pe r Short Ton)

Item

Production by  
Region

Consumption  by 
Sector      

http://www.eia.doe.gov/cneaf/coal/page/acr/tables1.xls
http://www.eia.doe.gov/cneaf/coal/page/acr/tables1.pdf
http://www.eia.doe.gov/cneaf/coal/page/acr/acr_sum.html


   

3   A Grammar for Table Candidates 

Although EX2XY produces X-Y trees as verbose XML files, in this section we 
represent the trees with nested parentheses notation. This notation has a 1:1 
correspondence with general trees provided that the order of the symbols is preserved 
[27]. We present the notation and the Look Ahead Left to Right (LALR) grammar G1 

[28,29] constructed to parse the X-Y trees of table-like tessellations by means of an 
example. The grammar was implemented in yacc [30]. 

Consider the following column headings for two Wang categories of Employment 
Status and Education (Fig. 14) which result in the derivation of Fig. 15. 
 

 
 
 
 
 
 
 
 

Fig. 14. Sample table row heading for grammar G1 . 
 
Textual labels (like Employment Status) have no bearing on the structure, so we 

will replace them by the generic symbol c. We alternate brackets and braces for ease 
of reading, but they are equivalent. The X-Y tree “sentence” SXY for this partition of 
the tessellation is: 

SXY =  { c [ { c [ c   c ] } c ] c [ c { c [ c   c ] } c { c [ c   c ] } ] } 

Grammar G1 for parsing all layout-equivalent tessellations of this kind is: 

S  : =   A 
A  : =   { B }  
B  : =   c [ X ] B   |   c [ X ]  
X  : =   c X   |   A X   |   A   |   c 

This grammar can parse fully parenthesized input for column headers of tables  
with arbitrary dimensions and any number of levels in each dimension. It is a simple 
matter to add a mirror-image grammar to parse the row headings and delta cells. The 
non-terminals in G1 serve the following functions. 

S is the start symbol (eventually to generate all admissible strings for tables). 
A is the nonterminal that generates all admissible strings for column headers. 
B generates one or more instances of categories in the form “c[X]”. 
  Each c becomes a root category and X generates its subcategory tree. 

 X generates strings of length ≥ 1, with arbitrary occurrences of c and A. 
 

We rewrite the grammar in the following equivalent form for ease of reference: 

Seeking 
Work 

BS/BA Graduate 
Degree BS/BA Graduate 

Degree

Employment Status

Unemployed
EmployedNot Seeking Work 

Education

High School 
or Less 

College High School 
or less

College



   

  G1   RULES: 
1. S  :=  A 3. B  :=  c [ X ] B 5. X := cX 7. X := A 
2. A  :=  { B }  4. B  :=  c [ X ] 6. X := AX 8. X := c 

 
Action  Stack state  Remaining Input 

 
‐  Null       { c [ { c [ c c ] } c ] c [ c { c [ c c ] } c { c [ c c ] } ] } 
Shift8  { c [ { c [ c  c                             ] } c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 8  { c [ { c [ c  X                              ] } c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 5  { c [ { c [ X                              ] } c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
Shift  { c [ { c [ X ]                              } c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 4  { c [ { B                               } c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
Shift  { c [ { B }                                c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 2  { c [ A                                c ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
Shift  { c [ A c                                   ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 8  { c [ A X                                   ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
R 6  { c [ X                                   ] c [ c { c [ c c ] } c { c [ c c ] } ] }  
Shift9  { c [ X ] c [ c { c [ c c                                                             ] } c { c [ c c ] } ] }  
R 8  { c [ X ] c [ c { c [ c X                                                           ] } c { c [ c c ] } ] }  

R 5  { c [ X ] c [ c { c [ X                                                             ] } c { c [ c c ] } ] }  

Shift  { c [ X ] c [ c { c [ X ]                                                             } c { c [ c c ] } ] }  

R 4  { c [ X ] c [ c { B                                                             } c { c [ c c ] } ] }  

Shift  { c [ X ] c [ c { B }                                                               c { c [ c c ] } ] }  

R 2  { c [ X ] c [ c A                                                               c { c [ c c ] } ] }  

Shift6  { c [ X ] c [ c A c { c [ c c                                                                               ] } ] }  

R 8  { c [ X ] c [ c A c { c [ c X                                                                               ] } ] }  

R 5  { c [ X ] c [ c A c { c [ X                                                                               ] } ] }  

Shift  { c [ X ] c [ c A c { c [ X ]                                                                                } ] }  

R 4  { c [ X ] c [ c A c { B                                                                                 } ] }  

Shift  { c [ X ] c [ c A c { B }                                                                                   ] }  

R 2  { c [ X ] c [ c A c A                                                                                   ] }  

R 7  { c [ X ] c [ c A c X                                                                                   ] }  

R 5  { c [ X ] c [ c A X                                                                                   ] }  

R 6  { c [ X ] c [ c X                                                                                   ] }  

R 5  { c [ X ] c [ X                                                                                   ] }  

Shift  { c [ X ] c [ X ]                                                                                     }  

R 4  { c [ X ] B                                                                                     }  

R 3  { B                                                                                     }  

Shift  { B }                                                                                    

R 2  A   

R 1  S   

 
Fig. 15. Derivation for the example of Fig. 14. 



   

An LALR is a shift-reduce parser that at each step either shifts the next input on to 
the stack or reduces the symbols on top of the stack according to a rule of the 
grammar. It produces leftmost reductions as it scans the input from left to right, which 
yields a rightmost derivation in reverse order.  The first column in Fig. 15 shows the 
action (shift or reduce); with Shiftn denoting n consecutive shifts and R m denoting 
reduction according to rule number m. The bold characters represent the handle 
(right-hand side) of the production that is reduced to the left-hand symbol by the rule 
listed on the next row. 

This example demonstrates both the power and the limitations of using a 
grammatical approach to parsing: A grammar can be written to recognize a broad 
class of tilings. On the other hand, a context-free grammar is not powerful enough to 
check that the headings are labeled appropriately for a WFT. If a candidate structure is 
accepted by G1, then we must conduct additional geometrical alignment and lexical 
checks to verify the Wang Notation. 

4   X-Y Tree to Wang Notation 

In this section we demonstrate XY2WANG an algorithm that converts an X-Y tree 
generated from a restricted family of admissible tables to Wang Notation. An 
example of this family can be seen in Figure 4(a).  Figure 16 shows a simple example 
from this family that that XY2WANG can process. Although in Section 3 we used 
parenthesis notation for the trees, here we use an indented table-of-contents that 
reveals the underlying data structure (Figure 17). Figure 18 shows the top level 
pseudo-code for XY2WANG (which was implemented in Python and produces XML 
output). The algorithm accepts table trees with an arbitrary number of categories and 
levels of headings. For the selected example, the algorithm returns the Wang notation 
(in a verbose XML format) for a two-category table T = (C,d): 

 
Category Notation ( Labeled Domains ): 

C = {  (A,{ (A1,F),(A2,Φ) } ), (B,{ (B1,Φ),(B2,Φ),(B3,Φ) } )   } 
 
Delta Mappings: 

δ({A.A1,B.B1}) = d11 
δ({A.A1,B.B2}) = d12 
δ({A.A1,B.B3}) = d13 

 
 
The algorithm first locates the four principal regions of the table in the XY tree: the 

stub, row-headings, column-headings, and content cells. It then extracts the Wang 
labeled domains from the category regions under the assumption that each spanning 
cells in the row header is the parent category of smaller cells to its right, and each 
spanning cell in the column header is the parent of smaller cells below it. After the 
category notation is generated, the Cartesian product of the category paths is 
computed and each key is matched to the content of a delta cell.  



   

XY2WANG must be able to handle more complex scenarios than Figure 16, such 
as higher Wang dimensionality, deeper nesting of headers, repetitive headers,  and the 
detection of not well-formed tables. Provisions for such scenarios are included in the 
Python program outlined by the pseudo-code of Figure 18.  

 
 

 
 
 
 
  

Fig. 16. Example table for XY2WANG. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 17. Data structure created by XY2WANG for the X-Y tree of the table in Fig. 17. 
The index represents a depth-first traversal of the X-Y tree, which has 8 internal 
nodes (including the root) and 14 leaf nodes corresponding to the cells of the table. 
Children are listed top-to-bottom or left-to-right. Borders enclose the four principal 
regions of the table. 

 
 

B1 B2 B3
A1 d11 d12 d13
A2 d21 d22 d23

A

B

Index Parent Children H x W
1 None 2,9 4x5
2 1 3,4 2x5
3 2 None 2x2
4 2 5,6 2x2
5 4 None 2x1
6 4 7,8 2x1
7 6 None 1x1
8 6 None 1x1
9 1 10,11,15,19 4x3

10 9 None 1x3
11 9 12,13,14 1x3
12 11 None 1x1
13 11 None 1x1
14 11 None 1x1
15 9 16,17,18 1x3
16 15 None 1x1
17 15 None 1x1
18 15 None 1x1
19 9 20,21,22 1x3
20 19 None 1x1
21 19 None 1x1
22 19 None 1x1

d21
d22
d23

B3
d11+d12+d13

d11
d12
d13

d21+d22+d23

B
B1+B2+B3

B1
B2

Node
Outer Frame

Left Side

Right Side

Stub
 A+(A1+A2)

A
(A1+A2)

A1
A2



   

Pseudo-code for XY2WANG 
 
Divide Left Side into Stub and Row-headings // (Stub is first child of Left Side) 
Divide Right Side into Col-headings and Data Cells // separate using stub-height 
Separate row-category subtrees at nodes with spanning heights 
Separate column-category subtrees at nodes with spanning widths 
Traverse breadth-first each category tree while removing duplicate labels 
Return Wang Category notation 
Form Cartesian product of unique paths 
Compare size of product to number of data cells 
If it differs from number of leaf nodes in Data Cells, return “tree not well formed” 
Else assign a data cell in Data Cells to each path 
Return Wang Delta notation 

 
Fig. 18. Top-level pseudo-code for algorithm XY2WANG. 

5   Conclusion 

Web tables intended for human readers are generally laid out on a grid. The data cells 
are referenced by row and column headings which form labeled domains of 
categories. The hierarchical structure of categories and the flat structure of the data 
cells can be recovered by interleaved vertical and horizontal partitions represented as 
X-Y trees. An X-Y tree represents a generic rectangular tiling and indiscriminately 
makes all the cuts in each direction. The table grammar reorders the cuts so as to 
represent the structure of the table according to specific style(s) of tables.  

We defined geometric and topological equivalence classes on tessellations and 
their X-Y trees. Many tables encountered in practice correspond to well-defined 
subsets of these equivalence classes.  They can be identified by parsing the X-Y tree 
with a context-free grammar. If the labels of the headings are consistent, then the table 
is well formed, and we can algorithmically extract its Wang category notation.  

The current formalism does not account for augmentations although our 
experimental system does process them and includes them in the XML output. 
Common augmentations are aggregates (sums, averages and weighted averages, 
medians), footnotes, units, annotations, table titles and captions. As Wang noted and 
our 200-table experiment confirms, these are essential components of most tables. 
Because they are not revealed by the tiling itself, so far we have not been able to treat 
them uniformly, but they must eventually be integrated into any practical table 
understanding system. 

The precise representation of layout-invariant table syntax is the first step towards 
semantic interpretation of groups of conceptually overlapping tables. The approach 
we propose towards this goal is to import the web tables into a spreadsheet, 
interactively edit them as necessary, and then algorithmically transform the data into 
Wang Notation in a portable XML format. We believe that syntactic analysis of the 



   

X-Y trees will allow identifying tables requiring similar edit steps, so that these edit 
steps can be applied automatically. This will effectively expand the number of 
admissible layouts and thereby reduce the amount of necessary interaction.  

 
Acknowledgments. This work was supported by the National Science Foundation 
under Grants# 044114854 and 0414644 and by the Rensselaer Center for Open 
Source Software. We gratefully acknowledge the influence of two decades of 
discussions about tables and ontologies with Prof. D.W. Embley of Brigham Young 
University. 

References 

 
1  Tijerino, Y.A.,  Embley, D.W., Lonsdale D.W., Nagy, G.: Towards ontology generation 

from tables. World Wide Web Journal, 6, #3, Springer-Verlag (2005) 

2 ` Berners-Lee, T., Hendler, J., and Lassila, O.: The Semantic Web. Scientific American. 
(2001) 

3` Halevy, A., Norvig, P., Pereira, F.: The Unreasonable Effectiveness of Data. IEEE 
Transactions on Intelligent Systems, 8-12, March/April (2009) 

4.    Lopresti, D., Embley, D.W., Hurst, M., Nagy, G.: Table Processing Paradigms: A 
Research Survey. Int. J. Doc. Anal. Recognit. 8 (2-3), 66-86, Springer, Heidelberg (2006). 

5.  Zanibbi, R., Blostein, D., Cordy, J.R.: A survey of table recognition: Models, observations, 
transformations, and inferences. Int. J. Doc. Anal. Recognit. 7(1), 1–16, Springer,  (2004) 

6  Silva, E.C., Jorge, A.M., Torgo, L.: Design of an end-to-end method to extract information 
from tables. Int. J. Doc. Anal. Recognit. 8(2), 144–171, Springer,  (2006) 

7  Gatterbauer, W., Bohunsky, P., Herzog, Krupl, M., Pollak, B.: Towards Domain-
Independent Information Extraction from Web Tables. In: Proceedings, World Wide Web 
pp. 71-80, Banff (2007) 

8  Padmanabhan, R., Jandhyala, R.C., Krishnamoorhty, M., Nagy, G., Seth, S, Silversmith, 
W.: How many different kinds of tables are there? In Procs. Eights Int’l Workshop on 
Graphics Recognition (GREC 2009) in press (2009). 

9.  Klarner, D.A. Magliveras, S.S.: Tilings of a Block with Blocks, Europ. J. Combinatorics, 
9, 317-330  (1988) 

10.  Kuh, E.S., Ohtsuki, T.: Recent Advances in VLSI Layout. In: Proceedings of the IEEE, 78, 
No. 2, (1990) 

11.  Brooks, R. L. , Smith, C. A. B., Stone, A. H., Tutte, W.T.: The dissection of rectangles 
into squares. Duke Math. J., 7, 312-340, (1940) 

12.  Nagy, G., Seth, S.: Hierarchical Image Representation with Application to Optically 
Scanned Documents, In: Procs. Int. Conf. Pat. Recog.VII,  pp. 347-349, Montreal (1984) 

13.  Krishnamoorthy, M., Nagy, G., Seth, S., Viswanathan, M.: Syntactic Segmentation and 
Labeling of Digitized Pages from Technical Journals. IEEE Transactions on Pattern 
Analysis and Machine Intelligence, 15, #7,  737-747 (1993) 



   

 
14.  Samet, H.: Foundations of Multidimensional and Metric Data Structures. Morgan 

Kaufman (2006) 

15.  The Chicago Manual of Style (15th ed.). Chicago: Univ. of Chicago Press (2003) 

16. U.S. Government Style Manual, 29th Edition  (2000) 

17.  Green, E.A., Krishnamoorthy, M.: Model-based analysis of printed tables. In Procs.  Third 
International Conference on Document Analysis and Recognition (ICDAR ’95), pages 
214-217, Montreal, Canada (1995) 

18. Green, E.A., Krishnamoorthy, M.: Recognition of tables using table grammars. Procs.  
Symposium on Document Analysis and Recognition (SDAIR ’95). pages 261-277,  
Las Vegas, NV (1995) 

19.  Green, E.A., Krishnamoorthy, M.:  Model-based analysis of printed tables. In Procs. Third 
Int’l Workshop on Graphics Recognition (GREC ’95), pages  234-242, and in Graphics 
Recognition Methods and Applications, LNCS 1072, pages 80-91, Springer 
Berlin/Heidelberg (1996) 

20.  Wang, X: Tabular Abstraction, Editing, and Formatting. Ph.D Dissertation, University of 
Waterloo, Waterloo, ON, Canada (1996) 

21.  Hu, J., Kashi, R., Lopresti, D., Nagy, G., Wilfong, G.: Why table ground-truthing is hard. 
In: Procs. Sixth International Conference on Document Analysis and Recognition, pp. 
129–133. Seattle, WA (2001) 

22.  Lopresti, D., Nagy, G.: A Tabular Survey of Table Processing. Graphics Recognition -- 
Recent Advances, Chhabra, A. K., Dori, D., Eds., LNCS #1941, pp. 93-120, Springer, 
Heidelberg (2000) 

23. Nagy, G., Lopresti, D.: Issues in ground-truthing graphic documents, LNCS #2390,  
(selected papers from the Fourth International Workshop on Graphics Recognition), pp. 
46-66, Springer, Heidelberg (2002) 

24.  Tao, C., Embley, D.W.: Automatic Hidden-Web Table Interpretation by Sibling Page 
Comparison. Procs. 26th International Conference on Conceptual Modeling (ER'07) 
(2007) 

25.  Tao, C., Embley, D.W., Liddle, S.W.: Enabling a Web of Knowledge. Brigham Young 
University, manuscript submitted to the special issue about the web of data for the Journal 
of Web Semantics (2009) 

26.  Embley, D.W., Lopresti, D., Nagy, G.: Notes on Contemporary Table Recognition. In: 
Procs. Document Analysis Systems VII, H. Bunke and A. L. Spitz, Eds., Nelson, New 
Zealand, LNCS # 3872, pp. 164-175, Springer, Heidelberg (2006) 

27.  Horowitz, E., Sahni, S.: Fundamentals of Data Structures. W.H. Freeman & Co (1983) 

28.  Aho, A.V, Sethi, R., Ullman, J.D.: Compilers: Principles, Techniques, and Tools. 
Addison-Wesley (1986) 

29.  DeRemer, F., Pennello, T.: Efficient Computation of LALR(1) Look-Ahead Sets. ACM 
Trans. Prog. Lang. and Sys. (TOPLAS) 4:4, 615-649 (1982) 

30.  Johnson. S.C.: YACC: Yet another Compiler-Compiler. Unix Programmer’s Manual Vol. 
2b (1979) 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


