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SUMMARY

Abstract, font-independent char acter descriptionsareimportant for a systematic approach to
automated and semi-automated font design. Thisisparticularly sofor largecharacter setssuch
as Kanji. The paper defines a completely coordinate-independent notation for Kanji, which
containsall the necessary information to producelegible character sketches.
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1 INTRODUCTION

In his comment on Knuth’'s METAFONT [1], Hofstadter [2] envisions that a future-
generation font design system should consist of @) an abstract description of characters
in terms of roles such as ‘ crossbar’; b) ‘an ability to generalize from afew letterforms. . .
to an entiretypeface’, and ¢) ‘an integration of perception with generation’.

Intermixing of structure and parameter values leads to tools for the implementation
of fonts and metafonts based on the concepts of procedural, functional, and structured
programming [1,3,4]. However, to exploit the benefits of object-oriented programming
techniques [5], such as inheritance and flexible code reuse, requires the strict isolation of
abstract structural character description (as akind of superclass) from which concrete fonts
can be derived.

Theresearch in structured character description hasalong history; already Coueignoux
[6] developed a grammar for the family of Roman typefaces. His rules were so detailed
that they implicitly described al characters of the aphabet while excluding any others.
The abstract structure of the Roman al phabet is al so studied and used in recent work [7—9].
Using more details and coarse coordinate grids, Hersch and Bétrisey [10,11] fit contoursto
characters of different fontsfor automatic hinting.

1.1 Requirementsfor abstract character descriptions

Therequirementsfor an abstract, font-independent character descri ption can be summari zed
asfollows:
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1. Compactness. A character description should not contain more information than
really necessary. This excludes font-specific information and coordinates.

2. Completeness: There must be enough information so that the character can be iden-
tified. This can be specified more exactly as follows:

(&) Productivity: It must be possibleto produce legiblegraphical sketchesfromthe
abstract representation without additiona information. Such sketches serve as
akind of proof of the completeness of the representation. Legibility here only
means that the sketches can be identified, and does not imply any aesthetic
criteria.

(b) Separability: Characters considered different in a given character set must
differ in their abstract representations. The criteria for separating characters
are not completedy uniform (see subsection 5.2 for an example). Combined
with the requirement for compactness, this implies that abstract character
descriptions have to provide a flexible degree of detailedness.

(c) Derivability: Enough information should be present to allow font implemen-
tations to use rules such as ‘on a free bottom end of a stem, there is a double
serif’.

1.2 Coordinate-independence

A specific property of an abstract character description is its coordinate-independence.
Coordinate-independent or coordinate-free approaches are popul ar in mathemati cs because
they alow abstraction from the invariants of orientation, trandation, and scaling. Still in
this case exact geometry isretained.

In font design, coordinate-independence serves abstractionin asimilar way. However,
what is ignored is not the coordinate system, but the exact, font-dependent coordinate
values. In general, acharacter turned 180 degreesis not the same character any more. Thus
coordinate-independence for font design has to retain concepts such as top, bottom, |eft,
and right, but is otherwise more related to topology than to geometry. For the use of the
term topology in this context, see dlso [11, p. E-1].

1.3 Largecharacter sets

Developing abstract, structured character descriptions is much more rewarding for large
character sets than for small ones. There, the importance of structure relative to exact
geometry ishigher than for small character sets. Theories, techniques, and tools devel oped
for large character sets can later be used for smaller character sets.

For large character sets, the reuse frequency of the basic graphic elements is much
higher than for small character sets'. Indeed, the reuse frequency is higher than in most
other CAD application areas, so that font design for large character sets can dso serveas a
case study for structural aspectsin CAD in general [13].

Also, the broader statistical base can facilitate the investigation of the rel ation between
geometry and perception. The work of Uchio et a. [14], who normalized character size
based on area and complexity, can be seen as an early attempt in this direction. In any

1 For actual frequencies, see e.g. [12]
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case, generalization from say 1,000 characters to 20,000 characters should be considerably
easier than generalization from say 10 to 26 characters.

Thelargest character set intheworld isformed by the common East Asian ideographic
characters, called Hanzi in China, Kanji in Japan, Hanja in Korea, and written {5~ in all
countries. In this paper, the Japanese term Kanji is used. Although knowledge of Kanji is
advantageous for reading the paper, it isin no way necessary.

Whereas there is an abundance of fonts for the Roman script, there still is a shortage
of high-quality Kanji fonts for computers. This problem is aggravated by the extension of
the character set. Whereas current implementations in Japan contain about 6,000 Kanji,
the new 16-bit universal character encoding standard Unicode/I SO10646 [15] increases
their number to 21,000. The design of atypeface for such a huge number of charactersis
virtually impossible without the aid of automation.

1.4 Overview of the paper

Section 2 gives an overview of the box-bar model, our way to view the structure of Kanji.
The coordinate-independent notation for the bar layer isintroduced in Section 3. Section 4
presents the algorithm that produces character sketches from the coordinate-independent
notation. Extensionsto the notation and the algorithm are discussed in Section 5.

2 THE GLOBAL STRUCTURE OF KANJI

For any script, thereisabroad informal consensus about how to describe characters. This
is particularly so for Kanji, as it is necessary in daily life to describe unusua Kanji, for
example, to explain the writing of a name over the phone, or to look up a character in a
dictionary. Inour formalization, the description of Kanji issplitintotwolayersandiscalled
the box-bar model [16]. Similar structures can be found in most other work on Kanji, but
in many cases these layers are not clearly separated, and their constituents receive vague
or misleading names such as ‘basic element’.

2.1 Thebox layer

The greatest number of Kanji are combinations of two parts that are themsdlves Kanji.
These two parts are in most cases placed one besides or atop the other, and adjusted to fit
into a square area. As this composition principle is similar to Lego bricks or TeX boxes
[17], we call this the box layer. Some, but not al, of these parts are so-called radicals
(EBE). Thetraditional 214 radical s are distinguished characters that serve as division heads
in dictionaries. As only one part of a Kanji hasto be aradical, 214 or even fewer radicals
are enough for indexing. A structured description, however, has to specify al components
of acharacter, and therefore uses many more than 214 boxes.

A notation for the box layer, based on the principle of direct character representation
and written using the logic programming language Prolog [18], has been described in [16]
and is briefly reviewed here. Prolog programs have both a declarative and a procedural
interpretation. The same simple notation is used for programs (rules) and data (facts). The
set of dl facts is aso called the database. Any identifiers, even Kanji2, can be used as
symboals.

2 This depends on theimplementation. We use Quintus™ Prolog release 3.1.
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Direct character representation means that characters represent themselves. Thisisin
contrast to using numbers asin [19] or names asin [20]. In [4], direct character represen-
tation is used for most characters, but for parts such as radicals, Japanese terms are used
that are not understood in Chinaor Korea. Of all these representations, direct character rep-
resentation requires least memorization, is language-independent, and most resembles the
finally desired graphical representation. On the other hand, the character set has sometimes
to be extended by hand to account for formsthat are used as boxes, but not as Kanji.

Wetakethecharacter ¥ to show how werepresent Kanji onthebox level. Thefollowing
four facts of the database describe this character:

ch( %, conp(#%, =, /%)) .
ch( &, conp( 4, ||, &) ).
ch(#, conp( ™, =, H)).
ch( 47, conp(/7, 7, H)).

The relation ch( Char act er, Descri pti on) associates a single character with
its description. This description can recursively reference other character descriptions.
Thefunctor conp( Box1, Oper at or, Box2) describesthe compositionwithtwo boxes
and an operator. The operators || and = stand for horizontal (side-by-side) and vertica
composition. Other operators, mainly sef-describing, are -, L, 7, 4, C, U, N, and D.
Besidesthe c onp-functor, there are other functorsthat describe duplicationand triplication
of parts, as for examplein #%, and other, rarer compositions.

For many applications, the box layer is sufficient without any additions. An exampleis
the deduction of the radical of a character according to therules of Nelson [21]. Thiswas
used to show how alternative representations of acharacter can be generated [16]. Whereas
adescription shoul d be concise and therefore shoul d not contain aternative representations,
such representations are necessary to support different views or variants of acharacter that
can be expressed simultaneously or adternatively in different fonts.

It is obvious that the box layer is coordinate-independent. Also, the requirements of
Section 1.1 are fulfilled if we assume that finaly for every box there is an adequate de-
scription. An application area for thebox layer in Roman charactersisdiacritics, especially
multiple ones. For other writing systems, such as Khmer [22], a representation similar to
the box layer can also be very useful.

2.2 Thebar layer

On alower level, Kanji cannot be divided into conceptualy separated, individually scaled
boxes. It becomes necessary to describetheindividual linesand their intersectionsto define
characters abstractly. We call these linesbars.

Bars are not identical to strokes (i), their traditional equivalent. Strokes are the e-
ements of a Kanji that are written without lifting the brush in standard style. Individual
strokes are easily visiblein some fonts, but can disappear completely in other fonts, espe-
cidly in sanserif styles. A strokeis composed of more than one bar if it has sharp corners.
As an example, the character I (convex) consists of eight easily identifiable bars, but is
written with five strokes only. The four bars on the top and right side are drawn with one
stroke. As the rules to draw a character are fairly regular, strokes can be extracted again
from a bar-based representation, and be used for font design as well as other applications
like computer-aided instruction and dictionary lookup.
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ch( Ik, bars([

top bar (I ongV, |[,[top, m ddl e, bottoni),
Sp > bar (m ddl e, —, [l ongV, enpty] ),
= g_m'_ddle bar (shortV, |, [ enpty, botton]),
el = bar (top, —, [empty, | ongV, enpty] ),
® bar (bottom —, [ enpty, shortV,
ottom l'ongV, enpty])])).

Figure 1. Definition of character 1-

Uehara et al. [12] use the term substroke, and Tanaka et al. [4] the term element for
a concept similar to bars, whereas Hobby & Goan [20] just invariably speak of strokes.
Hofstadter [23, p. 295] and Zeng et al. [19] do not divide strokes.

3 A COORDINATE-INDEPENDENT NOTATION FOR THE BAR LAYER

Inthe bar layer, it ismuch more tempting to rely on coordinates than inthe box layer. Even
Tanaka et al. [4], the only group we know that until now did not use coordinatesin the box
layer, make use of coordinatesin the bar layer.

For characters whose strokes are connected, it is mainly the orientation of the bars and
their intersections that allow the reader to distinguish one character from another. In this
section, we describe our notation for such intersections. Section 4 will explain how this
notation can be converted to avisibleform. The relative length of the barsisin general not
of importance. Thereforeitstreatment isdelayed to subsection 5.2. To explain the notation,
the character 1t (right, correct) isused. Itsdescriptionisshownin Figure 1.

The relation ch( Char act er, Descri pti on) isthe same as in subsection 2.1.
Thistime, theDescri pti on isthe functor bar s(Bar | i st), whichindicates that it
isdescribed interms of alist of bars. Listsin Prolog are enclosed in[ and] .

Each bar is described by afunctor with the namebar and three terms, the name of the
bar, the type of the bar, and an intersection list. The bar names are arbitrary symbols that
are used to identify the bar locally inside a singledescription. The bar typeisgivenindirect
character representation and is used mainly to deduce bar inclination. The third argument
isalist of the other bars that are intersected. The specid symbol enpt y indicates an end
of abar without intersection, i.e. afree end.

The sequence of theintersectionsisfixed: top to bottomin general, and | eft to right for
horizontal strokes. This is identical to the traditional drawing direction, which simplifies
writing character specifications. As a whole, the representation is easy to write, and can
also be output by a program that allows character abstractions to be drawn interactively
and graphically.

4 CONVERSION TO CHARACTER SKETCHES

This section presents an a gorithm to convert the descriptionsintroduced in Section 3 into
character sketches according to the requirement of productivity defined in subsection 1.1.
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4.1 Constraint programming

The notationintroduced in Section 3 can beinterpreted as a system of constraints. There is
alarge amount of literature on constraint programming and constraint solving, especially
also with respect to geometric problems. As an entry point to thisfield, theinterested reader
may start with [24].

However, several problems occur when applying an existing constraint solving system.
First, our constraints are highly underdetermined, as thereis no exact geometrical informa-
tion. Second, some constraints are implicit and difficult to formul ate in a standard system,
such as the condition that aKanji hasto fit into a square of agiven size. On the other hand,
ageneral constraint-solving system is much more powerful than necessary.

Therefore, aspecia constraint-solvingalgorithmtail ored to the problemwas devel oped.
The main idea of the algorithm is to divide constraint solving into two subproblems, one
along the x-direction (horizontal) and the other along the y-direction (vertical).

4.2 Extracting intersection points

Thefirst step of the a gorithm combines the information on different bars and assembles a
list of intersection points. First, alist of its intersection pointsis built separately for each
bar. Intersection points here and in the following include enpt y endpoints. Each point
carriesits bar’s information, a list of crossing bars, if any, and its ordinal position on the
bar. Ordinal positionsare writtenin theform 2/ 3, read ‘second of three’. Thet op-bar of
1k, for example, resultsin the three points

pt(top, — [], 1/ 3).
pt(top, —, [longV], 2/ 3).
pt(top, — [], 3/ 3).

Next, corresponding pointson intersecting bars are merged by matching apoint on bar A
intersecting bar Bwitha point on bar Bintersecting bar A. Thefirst point onthel ongV-bar,
described aspt (| ongV, I, [top], 1/ 3) , ismerged with the second point on thet op-
bar, and theresulting pointisdescribedasnpt ([ (t op, —, 2/ 3), (1 ongV, |, 2/ 3)]) .
Altogether, 1E has ten such points, denoted a to k in Figure 2.

4.3 Building partial orders

Thisand the next subsection describe operationsthat are carried out separately for both the
x and they directions. First, for each direction, a partial order is constructed. This partial
order expresses the constraintson the ordering of theintersection pointsthat can be deduced
from the bar notation. The two partial orders for the character 1 are shown as graphsin
Figure 2.

Thepartia order isbuilt asfollows: pointsthat areconnected by abar running orthogonal
to the direction in question are unified in equivalence classes. So the pointsb, e, and i ,
which al lie on the | ongV-bar that runs orthogonal to the x-direction, form a single
equivalence class in Figure 2b.

The sequence of the intersection points on the remaining bars serves to define the
relations between the equivalence classes. So, for example, the group dh is displayed | eft
of thegroup bei and connected toit in Figure2b, because h and i appear onthebot t om
in this sequence.
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Figure2. Character 1E; (a) intersection points; (b) partial order in x-direction; and (c) partial order
iny-direction

The two partia orders completely express the conditions on the x and y coordinates of
the points of the character. Pointsin the same equivalence class have the same respective
coordinates, and alinein the graph between two equival ence classes expresses an ordering
constraint between the respective coordinates of the classes.

4.4 Buildingtotal orders

This step is again carried out separately for each direction. On the partiad order derived
in subsection 4.3, for a second time, equivaence classes are built, and then total orders
are generated. These tota orders are possible total orders for the coordinate values of
the sketches that we want to generate. The equivalence classes are due to the fact that
the same coordinate value can be assigned to different elements of the partial order of
subsection 4.3. In the agorithm, the building of equivaence classes and the fina tota
ordering are intertwined and therefore will be described together.

In most cases, there are several possible total orders for each partial order. For
Figure 2c, for example, the following five total orders exist: abc=d<ef <ghi k,
abc<d=ef <ghi k, d<abc<ef <ghi k, abc<d<ef <ghi k, and abc<ef <d<ghi k.
For Figure 2b, there are 65 possible total orders.

Using the generate-and-test mechanism of Prolog, the different total orders are sub-
sequently generated for each direction. Priority is given to orders with a low number of
equivalence classes, because there isno need to choose different coordinate valuesiif there
is no additiona information. Doing otherwise would mean that additiona information is
introduced that may be font-dependent.

Once a total order for a given direction is found, the integers 0,1,2 . .. are assigned
as coordinate values, so that intersection points are equally spaced in this direction. This
again can bejustified as being the simpl est solution without additional assumptions. These
values are later scaled appropriately for drawing so that the character shape fills asquare.

With increasing number of elements of a partial order, the number of corresponding
total orders can grow exponentially. Thislimitsthe complexity of the charactersthat can be
sketched. We are currently working on improvements based on algorithmic and geometric
considerations.

45 Avoidingundesired intersections

The algorithm, as explained above, |eads to readable resultsin many cases. However, one
fact has been ignored up to here. The notation introduced in Section 3 not only defines all
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theintersection pointsof acharacter, but al so containstheimplicit assumption that thereare
no other intersection points. Therefore, the generated solutions are tested, and those with
undesired intersections rejected. Prolog then automatically generates additional solutions
with its backtracking mechanism. As an example, the total order abc=d<ef <ghi k for
Figure 2 means that the point d lies on the t op-bar, resulting in IE, which is clearly
unacceptable. The second total order with only three groups, abc<d=ef <ghi k, then
produces 1F, having no undesired intersections. Therefore, this solution is accepted and
drawn after appropriate scaling.

5 EXTENSIONS
5.1 Additional bar types and multipleintersections

Until now, only the bar types | and — have been used. However, the agorithm has no
problems dealing with danted bars. The two basic varietiesare / and \.. For /, thereis
avariant J, which behaves like / in the last segment, but like | in the first few segments.
Segments are parts of bars that lie between two consecutiveintersection points. Thisisthe
place where the ordinal position information extracted in subsection 4.2 is used. The bar
type ) isused in characters such as X and &, whereas / is used in characters such as .
For simplicity, straight lines are used to draw the segments of slanted bars.

A variant for |, namely |, allows characters such as - and F* to be distinguished.
Although it is rare that this feature?® is the only distinction between two characters, dis-
criminating on the abstract description level is advisable because the feature is expressed
consistently inall but avery few fonts.

For intersection points involving more than two bars, as at the centre of X, the nota-
tion in Section 3 is extended. The horizontal bar of X for example is then described as
bar (hori zontal, —, [enpty, [l eftSlanted, rightSlanted], enpty]).
Transitivity of the intersection relation is exploited so that a list of simultaneously inter-
sected bars has to be given only for one of the bars.

5.2 Hidden barsand constraints

Usually, there is no need to specify the relative length of unconnected bars, as this may
affect readability but will not influence identification. There are however some examples
where thisisdifferent, such asin the pair 1- (earth) and - (knight). These are resolved by
introducing bar typeswith specia properties.

The bar typexG eat er, for example, extends in the x-direction like a horizontal bar,
but is ignored with regard to the y-direction. This results in additional restrictions for the
partial order inthex-direction, without affecting the partial order inthey-direction. In addi-
tion,anx G eat er -bar ishidden, i.e. it does not produce any drawn segments. Connecting
two intersection pointsby an XGr eat er -bar thus serves to express the constraint that of
their x coordinates, one is greater than the other.

5.3 Derived definitions

The character = (three) is an example for another application of hidden bars. It can
be derived from £ (king) by hiding the centre bar. Arbitrary bars are hidden by qua-

3 Called hanein Japanese.
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I e il s
=8 e |9 1

Figure 3. Sketches of (first row) 1E, IE before intersection test, K, 1, &, £, =,
(second row) H, 1, § G (axis), W (cape), # (bury), and B (rep e)
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ifying the bar type with the functor hi dden, as in bar (cent er, hidden(l),
[top, m ddl e, bottom ). Instead of writing the whole character definition twice,
once for F and another time for = with the additional hi dden functor, it is much more
convenient to derive the definition for = from the definition for I, using the notation
ch( =, hi de( £, center)). This expresses that = can be derived from L. by hiding
the bar withthenamecent er .

There are many more possibilitiesfor derived definitions. One of them ishar extension,
another is bar identification. The following definitions shoul d be self-explanatory:

ch( i, extend( H, center,start)).
ch( H, extend( H, center, end)).

ch( #, ext end( H1, center, end)).
ch(,identify(5, bottom T, top)).

In derived definitions, bar names are used for reference from outside the local scope
of a character definition. When two definitions are merged to a single one (e.g. #7), the
program that performs the derivation also has to qualify the loca names to avoid name
clashes.

54 Results

Figure 3 shows sketches for characters of varying complexity. In the case of the last four
characters, the bar layer has been integrated with the box layer. Thisis not overly difficult,
especialy in the case of the operators || and =.

Overdl, the notationintroduced in Section 3 isclearly very compact. That thisnotation
satisfies the requirements of productivity and separability has been shown in this section.
Derivability has not been shown explicitly, but poses more technical than fundamental
problems.

To give an additional impression of the working of the algorithm and the resulting
sketches to readers who are not familiar with Kanji, we have used our system to define the
fifteen capita letters of the Roman aphabet containing only straight lines. The result is
shownin Figure 4. Please notethat Figures 3 and 4 do not claim any aesthetic quality; this
isnot required on the level of abstract, font-independent character descriptions.
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A LV
NTVWXYZ

Figure 4. The capital letters of the Roman alphabet that contain only straight lines

6 CONCLUSIONSAND FUTURE WORK

The use of an abstract, font-independent character description was advocated especially
for large character sets such as Kanji. A corresponding notation was introduced, and an
algorithm to produce | egibl e sketches from this notation was devel oped.

For thebox layer, our database is mostly complete [16], but not yet in the polished state
necessary for public release. We are presently increasing the number of defined characters
in the bar layer, thereby further refining and testing our notation. Of course, any formal
notation for character structure has its limits, in a similar way that parameterizations for
metafonts have their limits [2]. However, the generation of new characters is proceeding
along much more predictable lines and much more slowly.

Using abstract character descriptions as a data source for existing tools and systems
working on lower levelsis possible. However, to fully exploit the advantages of abstract
descriptions, a closer integration of tools on different levelsis needed. Thiswill open new
waysof working withfonts, such asthe structured rei mplementation of existing high-quality
fonts. Comparing the character sketches or any intermediate results to the origina font,
differences can be accumulated along the structure of the character set and can indicate
those components of the structure that are responsible for the largest differences. Such
an approach guided by abstract character descriptions promises to lead to a much faster
convergence to thefinal design.
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