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1. Introduction

The Chincse characters for daily usage on computers do not demand an
especially goodlooking shape. The most important thing is readability: they
have to be rccognizable with case; therefore we could construct each character
-shape with line segments. But for some applications, for example in computerized
typesetting, or even just in printing a rather formal document, it is necessary to
use the characters of several fonts with different shapes and sizes, and they should
be good looking and neat. Thercfore it is important to make a computer produce
Chinese characters that fulfill aesthetic requirements.

The character shape gencrated by a computer is actually a dot matrix of 0’s
and 1’s, with ink to be placed in the positions that are 1 while the 0 positions are
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to be left blank. If the printing equipment to be used is a high resolution machine,
i.e., if there are sufficiently many pixels per square unit, then the discrete dot
matrix becomes a continuous plane figure in our eyes. Thus the problem is to
generate a satisfactory dot matrix.

" There seem to be three ways to attack this problem.

Manual approach: Design the dot matrices one character at a time
by using pen and paper manually, then encode them and input to
the computer. Even though this would be feasible, it undoubtedly
demands a tremendous quantity of work, and the work would have to
be repeated for each font and each output device of different resolution.

Optics approach: By using special optical scanning equipment, discretize
each character shape and read it into the computer; the resulting shape
is displayed on the screen for possible changes by an operator until it
looks all right. This approach is an efficient one and it has been used
successfully. But it must be repeated for different machines and styles,
and a lot of editing is necessary even when the optical equipment is
of the highest quality, since strokes will discretize to different widths
when the character image is perturbed slightly.

Graphics approach: Treat cach Chinese character as a special kind of
planc figure that is to be drawn by the computer using a simulated
brush. In this case the problem of character design becomes a com-
puter graphics problem.

To the best of the author’s knowledge, Donald Knuth was the first to use
the graphics approach for alphabet design [1]){2]. This approach is a means of
character shape creation, while the optics approach is just copying. Knuth has
created many excellent fonts with his system METAFONT, and it has a potentially
infinite ability in creation of different styles of type.

In the summer of 1979, the author developed an experimental system for
Chinese character design [3] at the Al Laboratory of Stanford University. After
that, he studied METARFONT and tricd to use it for the same purpose. Based
on those cxperiences, LCCD was developed. Many concepts of LCCD came
from' METAFONT, and its implemention took advantages from METAFONT in
some aspects too. But the kernel part, i.e., the method of stroke generation, is
completely different.

LCCD is a language specially intended for high quality Chinese character
design, but of course it can be used for any kind of characters.

What is the difference between a general font compiler and a Chinese charac-
ter font compiler? A general font compiler is used for a rather small group of sym-
bols; for example, the goal of METAFONT is a group of 128 characters. Character
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shapes are also rather simple — letters, digits, punctuation, and mathematical
notation. Basically, every character shape is designed independently, although
therc are subroutines for common parts of letters. The emphasis of design and
use of this kind of font compiler is how to generate the strokes as nicely as possible.

The problems that a Chinese character font compiler faces are quite different.
The first one is quantity. Probably there are 50,000 to 60,000 Chinese characters
all together, and among them 6,000 to 8,000 are in daily use. Therefore the
computer system must do its best to reduce the working quantities that are
necessary for character shape design. Secondly, Chinese characters usually have
a rather complex shape, the most complex characters containing thirty or more
strokes. Chinese characters are planc figures with internal structure; otherwise
people would not be able to learn and acquire such a difficult literal, and it
would not have such a long history (more than two thousand years!). In fact, the
internal structure is rather complex: A character shape is usually subdivided into
several subcharacter shapes, and cach subcharacter might be subdivided again till
reaching basic strokes. The subcharacters that can be used to compose different
characters are called radicals. The position of radicals is somewhat like the letters
in English, except that Chincse characters have a two-dimensional structure.
When the same radical appears as a part of different characters, not only the
relative position, but also the sizc is different; besides that, it might also be rotated.
Whether or not a character looks nice depends not only on the niceness of basic
strokes; the structure skeleton is much more important. During two thousand
years a great many Chinese calligraphers have created a- lot of different styles,
and many calligraphy rules have been summarized to teach people how to write
Chinese characters. But those rules are artistic principles with high abstraction,
and it is difficult if not impossible to induce digitalized quantitative rules from
them.

So, in conclusion, the problem that a Chinese character font compiler faces
is much more difficult and complex than that of a gencral font compiler.

LCCD is an interactive font compiler. The font designer should work in a
bottom-up manner; i.e., the first step is to design the basic strokes, from them
‘to build radicals, and then to proceed from simple to complex, using radicals for
gencrating characters. The designer is able to monitor the generating process
by watching a display scrcen, making adjustments till he is satisfied. The font
designer does not have to be a calligrapher, but he had better know something
about calligraphy in order to obtain excellent character shapes. The author isn’t
a qualified person, so the sample appended to this paper is restricted by his
calligraphy level; however, the sample does appear to look better than any of
his handwriting, so there is good reason to expect that a more qualified person
will be able to achieve truly excellent results.
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It is important to note that we should not evaluate a Chinese character
font compiler solely from the calligraphic standpoint. The traditional Chinese
calligraphy uses “four treasures of the studio” as writing tools. By means of the
special writing tools and the ‘writing mcthod determined by those tools, we can
achieve special effects, and some of thesc effects cannot be obtained with computer
output equipment. On the other hand, some potentially desirable things that a
font compiler can do with case may be extremely hard for human beings using
brushes or pens; so the job of gencrating characters by machine is not the same
as traditional calligraphy. But a font designer should know something about the
traditions, because the aesthetic concepts that have formed over such a long period

of time arc reflected in the modern forms.



2. Drawing procedure

A Chinese character is treated as a plane figure, and LCCD is used to
formalize the drawing procedure. In general how can a drawing procedure be
formalized? Try to imagine that you are teaching a little girl how to draw a
picture of a panda, and you do it in the following way:

First, a group of points are determined on paper (of course under your help,
because she doesn’t have any experience). Then you give her a pen, and tell her
to draw a curve to connect some points; thereby the panda is outlined. The last
step is to paint some region in color. The results maybe look like this:

Fig. 2-1 A group of points.

Fig. 2-2 An outline drawing. Fig. 2-3 The panda.

In the same way we design character shapes with LCCD: we choose some
points on rectangular grids by giving their coordinates; we connect some of them
by smooth curves which will be called paths; we choose a certain pen or eraser
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(there are seven kinds); and we move the pen or eraser along the path. Another
possibility is to fill or erase a region that lies within a closed curve.

The drawing procedure of a picture can be defined as a subroutine, and
used to construct other new pictures. In calling a subroutine, its figure can be
magnified, contracted, translated and rotated as desired. Therefore, it is very
easy to produce a team of pandas {from a prototype panda.

Fig. 2-4 A team of pandas generated from a single design.



3. Variables and expressions

In order to draw pictures, we have to be able to define grid points on a
plane, i.e., to specify points with integer numbers as coordinates. The LCCD
system allows up to 128 different points to be defined; they are specified by 2o,
21, ..., 2127, respectively, and called z variables. Their abscissas and ordinates
are specified respectively by zo, 23, ..., 2127 and yo, ¥1, ..., Y127. These z, y are
called variables.

Expressions and z expressions are cvaluation rules; an expression evaluates a
real number as value, and a z expression evaluates a pair of real numbers, where
this pair is somctimes treated as a complex value. The values of expressions and
z expressions can be assigned to variables and z variables, respectively. If no value
has been assigned to a variable, its default value is zero.

The following is the syntax of LCCD expressions in BNF notation.

(digit) ::=0]1]2|3]4|5]|6]|7|8]9

(digit string) : := (digit) | (digit string)(digit)

(letter) ::=a | b|c|d|e|flg|hli|jlk]|lim|n]o|plg|r{s]|t|u]v
(index) : := (digit string)

(variable) : := z{index) | y{index) 0<inder < 127
(constant) : := (digit string) | (digit string).(digit string)
(elementary function) : := sqrt( (cxpression))|

cos( (expression)) |
sin( (expression)) |
round({expression)) |
max({cxpression), (expression)) |
min({expression), (expression)) |
seg({expression), (expression), (expression)) |
px( {z expression)) |
py( (z cxpression)) |
abs({ z expression)) |
arg({z expression))

{primary) : := (variable) | (constant) | nrand | (clementary function) | ({(expression))
(term) : := (primary) | (term) * (primary) | (term)/{primary)
(right part) : := (term) | +{term) | —(term) |

(right part) -+ (term) | (right part) — (term)
(expression) : :== {right part) | (variable) « (expression)

Here variable z; is the real part of the z variable z;, for 0 < j <127, and
variable y; is the corresponding imaginary part. A constant is, of course, treated
as a decimal number in the ordinary way.
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In the following we shall use ¢ to denote an expression, and ze for a 2z
expression.

sqrt(e) denotes the square root of the value of ¢;

cos(e) denotes the cosine of the value of e in degrees, —360° < e < 360°,

sin(e) denotes the sine of the value of e in degrees, —360° < e < 360°;

round(e) denotes the value of ¢ rounded to the nearest integer, so that,
e.g., round(1.5) = 2.0, round(—1.5) = —1.0, round(3.14) = 3.0;

max(e;, e;) denotes the maximum of the values e; and e;, so that, e.g.,
max(3.5,2.8) = 3.5;

min(e;, ¢2) denotes the minimum of the values e; and e3, so that, e.g.,
min(3.5,2.8) = 2.8;

seg(e; , ex,e3) =ea +e1(e3 — €3), i.c., e; of the way from ey to e3;

px(ze) denotes the real part of a complex value ze: px(z + 1 y) = z;

Py(2¢) denotes the imaginary part of a complex value ze: py(z+-1y) =y;

abs(ze) denotes the norm of a complex value ze, i.e., abs(z + ¢t y) =
V22 + 3,

arg(ze) denotes the argument (in degrees) of a complex value ze, so that

ze = abs(ze)e* 28(29)°;

nrand denotes a random real number having the normal distribution,
with mean 0 and standard deviation 1;

%, [, -+, and — denote multiplication, division, addition, and subtrac-
tion, respectively;

+ dcnotes assignment.

The syntax for z expressions is similar:

(z variable) : := z{index) 0 <indez < 127
(z elementary function) : := max({z expression), {z expression)) |
min((z expression}, (z expression)) |
comb((expression), (expression)) |
mgz( (expression), (expression)) |
seg( (expression), (z expression), (z expression)) |
cross({z expression)), (z expression), (z expression), {z expression))
(z primary) : := (z variable) | (z clementary function) | ({(z expression))
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(z term) : := (z primary) | (z term) = (primary) | (z term)/{primary)
(z right part) : := (z term) | +(z term) | —(z tcrm) |

"(z right part) + (z term) | (z right part) — (z term)
(z expression) : ;== (z right part) | (z variable) « (z expression)

Suppose that ze = e; + ¢ ¢3 and zé = é; + ¢ ép; then

max(ze, 26) = max(e;, é;) + ¢ max(ez, é2),

min(ze, 2¢) = min(e;, é;) + ¢ min(ez, é2).
Furthermore comb(e;, e2) =e¢; + 13, i.c,

comb(px(ze), py(ze)) = ze,
px(comb(el, 82))281,
py(comb(ey, €2)) = e2;

and mgz(e;, e2) = ejcos(ez) + ¢ ejsin(ez). In this last formula e; has to be
nonnegative, and e, is the argument in degrces. Therefore, mgz is used to
transform complex from norm-argument notation to rectangular notation; abs

and arg do the transform inversely, i.e.,

mgz(abs(ze), arg(ze)) = ze,
abs(mgz(e;, e2)) = ey,

arg(mgz(ey, e2)) = e2.

Finally seg(e, ze, 2¢é) = ze -|- ¢(zé — ze), which is the point obtained by
starting at ze and going e of the distance from ze to z¢; and cross(ze;, zep, ze3, ze4)
is the interscction point of segments zej ze; and Zes zeg, if it exists, otherwise
cross(ze;, zcz, ze3, 2z¢4) = (0, 0).

For the multiplication and division in a (z term), the multiplier and the

divisor must be recal numbers; but addition, subtraction, and assignment are vector

- operations.



4. Curves, pens and crasers

Asin METRFONT, a path consists of cubic spline curves, and a pen or eraser

moves along the path to draw a picture.
In the language of complex variables, suppose that there are two points 2

and 2;, each one associated with a direction. The direction at 2o makes an angle
¢ and the direction at z; makes an angle ¢ with respect to the straight line from

2o to 2;. The direction vectors can be normalized as

bo = 9‘5(31 — 2p),
b = e (2, — z,);

and the cubic spline curve can be defined by the formula

2(t) = 20 + (3t2 — 2t3)(2; — 20) + rt(1 — t)?6p — st*(1 — t)éy, for g <t <1,

Fig. 4-1 Curves lecaving point 0 at
various multiples of 10° from the
horizontal, and entering point 1 at
an angle of 30°.

Fig. 4-2 Curves leaving point 0 at
‘various multiples of 10° from the
horizontal, and entering point 1 at
an angle of —60°.

Notice that
2(0) = zo, 2(0) = réo,

2(1) =z, 2(1) = s6,.
The numbers r and s are positive and called “velocities” at zp and z;; they are
evaluated by the formulas

2sind
1+ |cos ¢|) sin ¢

2sin ¢
(1-+[cos ¢[)siny |’

_ |
T

where




provided that 4 7 0; otherwise r = s = 2.

These velocity formulas have been chosen so that excellent approximations to
circles and cllipses are obtained in the case § = ¢ and 0 + ¢ = n/2. Furthermore,
if 0 and ¢ are nonnegative, the curve from 25 to z; will lie entirely between or on
the lines 2o - t6p and zp -+ ¢(z; — 20) and entirely between or on the lines z; — t6;
and 2y — t(2; — 20), for t > 0. (See Figure 4-3.)

Fig. 4-3 LCCD curves are bounded by triangles.

Seven pens and seven erasers can be used in LCCD:

(w variable) : ;= w0 | wl | w2 | w3 | w4 | w5 | w6 | WT |
w8 | w9 | wl0 | wll|wl2 | wld|wld|wld
(pen or eraser) : := cpen((w variable)) |

( )
hpen({w variable), (w variable)) |
vpen((w variable), (w variable)) |

spen( (w variable), (w variable), (expression)) |
teardrop( (w variable), (expression), (expression)) |
Iteardrop((w variable), (expression), (expression)) |
rteardrop((w variable), (expression), (expression)) |
cpen((w variable))# |

hpen((w variable), (w variable))# |

vpen({w variable), (w variable))## |

spen((w variable), (w variable), (cxpression))# |
teardrop({w variable), (expression), {expression))# |
Iteardrop({w variable), (cxpression), {(expression))# |
rteardrop({w variable), (expression), (expression))#

The sixtecen w variables are system variables that can be assigned values by

the command
(w variable) (expression);

If no value is assigned to a w variable, it is 0 by default.

If a “4” appears at the ending of a pen definition, the pen becomes a eraser.
Pens and crasers have the same shape, the difference is color: a pen is black and
used to fill, while an eraser is whitc and used to cover up black marks.
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cpen(wy), “circular pen” , is a circle with w; as radius.

height 2w; at the extremes of a path; it is a horizontal segment
of width 2w, in the middle of a path.

vpen( w;, w;), “vertical pen” , is an ellipse of width 2w; and
height 2w; at the extremes of a path, but it is a vertical segment
of height 2w; in the middle of a path.

spen(w;, wy, 0), “special pen” , is an ellipse of width 2w, height
2w;, and rotated an angle ¢ counterclockwise.

hpen(w;, w;), “horizontal pen”, is an cllipse of width 2w; and O

teardrop(wy, e, €2), “tear drop”.
lteardrop(wy, €1, €2), “left tear drop”. (see below)
rteardrop( wy, €1, €2), “right tear drop”.

The three tecardrops have a tear drop shape at the extremes of a path, but
they behave like a cpen(w;) in the middle of the path. A tear drop consists
of a circle and an isosceles triangle whose two sides are tangent to the circle.
The vector that starts from the circle center and ends at the other vertex of the
isosceles triangle is called the tear drop’s direction. If the length of this vector
is {, then wy:l = ey:ea.

The three tear drops have different directions, depending on the curve being
drawn: Itcardrop and rteardrop decide their direction such that one of the sides
of the isosceles triangle is parallel to the path direction at circle center, while the
direction of a tcardrop is the same as the path direction at the circle’s center.

Fig. 4-4 lteardrop, teardrop, and rteardrop(50,1,2.5), when the path direction is
90° from horizontal.
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5. Draw commands

The basic means to generate strokes are ‘draw’ commands, described by the
following syntax:

(prime path) : := (point) | (prime path)..(point)

(path) : := (prime path) | (hiding head){prime path)(hiding end)
(hiding head) : := (empty) | ({point) . .)

(hiding end) : := (empty) | (.. (point})

(point) : := (width)({index)(direction) 0 <indez < 63
(width) : := (empty) | |(expression)| | |(expression)##|
(direction) : :== (empty) | [(expression), (expression)]

(draw command) : := draw (path) | fill (path) | clean (path)

Three kinds of draw commonds are possible:

draw (path) makes the current pen move along the path and generate
the stroke as explained in Chapter 4. If an craser was used instead of
a pen, the effect is to erase a stroke.

fill (path) fills the region contpured by the specified path, which must be
a closed curve. ‘

clean (path) ecrases the region contoured by the specified path, which
must be a closed curve.

In all three cases the path is a smooth curve determined by a series of points,
and the index of cach point must be less than or equal to 63. For each point, the
direction and relative width may be given or may be defaulted. But the width
information has no cffect in the cases of fill and clean.

If the direction information of some point z; has been given as [p,q], then
the path curve direction at this point is a vector that starts at z; and goes p units
horizontally, ¢ units vertically. In the case that direction information is defaulted,

“the path curve direction will be decided in the same way as in METAFONT:

Suppose the prime path points are 2;,. .., z,, the hiding head is 2o, and
hiding end is zp4+1. (LCCD will set 2o = 2, if no hidden point is given at the
beginning, and 2,4 ; = 2, if no hidden point is given at the end; thus, each point
of the curve has a predecessor and a successor.)

For any three points zx—;, 2x and 2x41, where 1 < k < n, if the direction
information of z; has not been explicitly given, then if zx_; = 2, it is the
direction from zx to zx4 1; if 2x = 254 1, it is the direction from 2, _; to 2x;
otherwise it is the direction of the circle through zx_—, 2x,and zx 4, unless these
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points are collinear. In the collinear case, it is the direction of a straight line from
2r—1 to zx to 254 .

Thus, hidden points are used just to help decide the direction. Notice that
when n = 1 the direction doesn’t make any sense, except for pens of tear drop
shape.

The width information of the hidden head is set to ““1#” when it is defaulted;
if any of the other widths are defaulted, the width information will be set the same
as the preceding one.

Width information is used to determine the relative size of pen or eraser at
the point, to control the thickness of stroke. Actually, when a draw command is
effected, the pen size varies according to a cubic spline function while the pen or
eraser is moving along the path curve.

Suppose for points 29, 21, ..., Zn4 1, the relative widths have been determined
as 80,81, o -,8n41. First the derivatives (s, s}, ..., s.), which express the
rates of change in pen relative size as the curve passes points (23, 22,..., 2n), are
computed as follows:

Let As; =s;4. 1 — 85, Azj=2z;41— 2.

1°. If a “4t” appears in the width information of point z;, then let sfi =0,
(i.e., the width is stable at z;).

2°.  Otherwise if Az;_; =0, then s}, = As;.

3°.  Otherwise if Az; = 0, then s’ = Asj—g.

As —1 As; 1 1
4°, Otherwise . = ( J + ? )/( + )
7o \Bzi— 2 Jaz)2 )/ \Azi—a? T |Az)?

Then, for cach pair of points z; and 2,44, there is a relative width function

s;(t) = s; 4 (3t — 2t%)As; + t(1 — )25} — £3(1 — t)syy;
0<t<1, j=1,...,n—1.

Notice that
$;(0) = s;, s5(0) = s};
8$;(1) = 841, sh(1) = sy

If the current pen is cpen(wy), then in fact the pen to be used is a continuous
one, i.e., cpen(wgs;(t)), for t from O to 1, when the path curve goes from z; to

14



Zj+41. In the other cases the parameters vary as shown in the following table:

current pen type
hpen(w;, wi)
vpen(w;, wx)
spen(w;, wy, 6)
teardrop(wy, p, q)

lteardrop(wi; 0, Q)
rteardrop(w;, p, q)

15

continuous pen used
hpen(w;s;(t), wx)
vpen(wy, wgs;(t))
spen(wys;(t), ws;(t), 6)
teardrop(w;s;(t), p, q)

lteardrop(w;s;(t), p, q)
rteardrop(w;s;(t), p, q)



6. Example of the eight diagrams surrounding the cosmological scheme

Now we are able to look at a drawing example in detail: a “BaGua TaiJiTu.”
This picture makes a good example because it is not so complex that it is too
hard to explain, neither is it so simple that there is nothing interesting to discuss.
Although it had a mysterious meaning in anciént Chinese philosophy, it is actually
a notation of binary and octal numbers, invented several thousand years ago: one
thousand years for the cosmological scheme symbol, and three thousand years for
the eight diagrams.

We shall use subroutines to specify its drawing procedure; the texts between
“and ” are comments to explain the drawing procedure.

subroutine tjt:

x0«y0«100;

complex z1+z0+mgz(50,0),
z2+20+mgz (50, 90) ,
z3+20+mgz (50,180) ,
z4+20+mgz(50,270),
z10+seg(0.5,20,22),
z11+seg(0.5,20,24),
z8+¢z10+mgz(25,0), .
z9«z11+mgz(25,180), o<
z12+210+mgz(5,0),
z13+z10+mgz(5,90),
z14+«z10+mgz(5,180),
z15«z10+mgz (5,270),
z16+z11+mgz(5,0),
z1T«z11+mgz(5,90),
z18+«z11+mgz(5,180),
z19«z11+mgz(5,270) ;

“A group of points isdecfined, as shown at the right.” ;

fill 4[-1,0)..3[0,1]..2[1,0]..8[0,-1]..0[-1,0]..9[0,-1]..4[1,0];

“This command fills a region as shown in Fig. 6-.” ,

draw l0l4[1,0]..1[0,1]..2[-1,0];
“Draw a half circle; we obtain Fig. 6-2, which looks otrangely like a SAFEWAY trademark

in mirror image!” ,
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fill 1e[0,1]..17[-1,0]..18[0,-1]..19[1,0]..16[0,1];
“A small circle is filled, now Fig. 6-3 isobtained.”;

cl ean 12[0,1]..13[-1,0]..14(0,-1]..15[1,0]..12[0,1].

“A smallcircle is erased; wc obtain Fig. 6-4, the so-called Tai Ji Tu (diagram of cosmological
scheme). It dcnotce the unification of two contrary forces or spirits,e.g., positive vs. negative,
male vs. fcmalc, active vs. passive, brightness vs. darkness, etc. It played a very important role
in ancient Chinese philosophy, The dark part is called Yin, which represents female; the white
part iscalled Yang, which rcprcsents male.”;

Fig. 6-1 Fig. 6-2 Fig. 6-3 Fig. 6-4

subroutine zero:
yO+y1+40;
x10+«60*sin(17) /cos(1T); —
x0+100+x10;
x1€100-x10;
draw 0..1.

“This subroutine definer a bar as shown. It wascalled Yang Yao, but actually it represents
- a binary sero.”,
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subroutine one:

JO+«yley2+¢y3¢«40,
x10«60%s1n(3) /cos (3) ;
x11+60*sin(17) /cos(17);
X0+100+x10; x2¢100-x10;
x1¢100+x11; X3+100-x11;
draw o..1; draw 2..3.
“This subroutine defines two short bars as shown. It was called Yin Yao, but actually it

reprcscntr a binary one.”,

subroutine go:
cal | zero;
call zero(o, 1.15, 1.15 0, 0);
call zero(o, 1.25, 1.25 0, 0).
“So called Qian Gua, or octal sero. Enlargement by factors of 1.15 and 1.25 with respect to
the center point (100,100) causesthe strokcc to be of unequal length and potitioned above each

other.” ,

subroutine gl :
call zero;
call zero(o, 1.15, 1.15 0, 0); —_—
call ome(0, 1.25 1.25 0, 0).

“So called Dui Gua, or octa one.” ,

subroutine g2 :

- call zero;
call one(o, 1.15 1.15, 0, 0);
cal |l zero(o, 1.25, 1.25 0, 0).

“Socalled Li Gua, or octal two.” ,

subroutine g3:
call zero:
call ome(o, 1.15, 1.15 0, 0);
call ome(o, 1.25 1.25 0, 0).

“So called Zhen Gua, or octal three.”,
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subroutine g4 :
cal | one;
cal | zero(o, 1.15 1.15 0, 0);
cal | zero(o, 1.25, 1.25 0, 0).

“So called Xun Gua, or octal four.” ,

subroutine gs:
cal| ono;
call zero(O 1.15 1.15 0, 0);
call ome(o, 1.25, 1.25 0, 0).

“So caled Kan Gua, or octa five.” ,

subroutine gO0:

cal | ono;
call ono(0, 1.15 1.15 0, 0); e
call zero(o, 1.25 1.25 0, 0). —

“So called Gen Gua, or octal six.”,

subroutine g7 :
call one;
call ome(o, 1.15, 1.15, 0, 0);
call ome(0o, 1.25, 1.25, 0, 0.

“So called Kun Gua, or octal seven.",
“The cight kinds of Guas arc called the cight diagrams, first recorded in Yiling (the Book

of Changes).”,
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subroutine bgtj:

call tjt;

call go (0, 1.01, 1.01,0, 0) ;
call gt (45, 1.01 ,1.01,0,0) ;
call g2 (90, t.01,1.01,0, 0) ;
call g3 (135 , 1.01, 1.01 , 0, 0) ;
call g4 ( -45 , 1.01 ,1.01 , 0, 0) ;
call g5 ( -90 , 1.01 , 1.01 , 0, 0) ;
call g6 ( -135 , 1.01 , 1.01 , 0, 0) ;

call g7 ( 180 , 1.01 , 1.01 , 0, 0 )
“This subroutine defines the shape of eight diagrams combined with the diagram of the

cosmological scheme.” .
After having these 12 subroutine definitions, it is very easy to draw the final
diagram just by excuting the statements
w0 2; cpen(%0); call bgtj .

The result will be Fig. 6-5.

Fig. 6-5 The cight diagrams sur-
rounding the cosmological scheme.
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7. Disercteness

Naturally we cannot draw perfectly with a varying size pen, since a contin- .
uous curve must be rounded to a discrete raster. To get the best possible effects,
the rounding time (binding time) should be postponed as much as possible.

In LCCD, the problem of drawing is converted to a sequence of tasks: to find
the envelope of the pen shape, to discretize this envelope curve, and then to fill
or erase the region bounded by the discrete grid points. Compared to another
possible method, in which a discrete pen shape moves along a discrete path curve,
this method has just one step for rounding, therefore it is the more precise one.

The first problem is to find the envelope of a class of curves that depends on
one paramcter. Suppose that the equation

¢(21y1 t) =0 (1)

defines a class of curves, where ¢ is a continuous differentiable function of its all
variables such-that

§2 + ¢2 # 0 (2)
for all (z, y, t) satisfying (1). Then, according to well known principles of differen-
tial geometry, the envelope of this class (if it exists) is given by the equations

¢(z,y,1)
¢t(z; Y, t) =

In other words, for every point (z, y) on the envelope, there is a ¢, such that ¢ =0
and ¢; = 0 are both satisfied for the values (z, y, ).

Now the case of spen(w, h, 0) shall be considered, supposing that the pen size
does not vary. The ellipse equation is

I

0,
0 (3)

az® 4 bzy 4+ cy* —1=0, (4)
where , )
cos< 0 sin“ ¢
a= ... + 1.2 !
w* n=
_ 1 1 )
b= —5 5z )sin 20, (5)
.2 2
. sin“ 0 cos< §
c=— -+ T
w h

The problem is to find the envelope for the class of such ellipses with center motion
along the curve (X (t), Y(t)). Thus the center point (z, y) of ellipse (4) has to be
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replaced by (z — X (t),y — Y (t)); then a class of ellipses is obtained. Notice that
we have b2 3£ 4ac, from which it can be verified that condition (2) always holds.

Therefore finding the envelope is equivalent to finding (z, y) satisfying (3).
Formulas (4) and (5) can be rewritten as

1 o, 1, 2
E(zcos&—i—ysm()) +,72-(——zsm0+yc080) =1,

so the problem reduces to solving the system of equations

1

—5((z — X (t) cos 6+ (y — Y (1)) sin 0)?
s (e — X () sin 0+ (y — Y (8) cos ) =1, .
6

;1-5((:5 — X (t)) cos 8 + (y — Y (t)) sin 0)(—X"(t) cos § — Y'(t) sin 6)
| 1

;;5(—(2: — X (t)) sin 0 + (y — Y(2)) cos 0)(X"(¢) sin 0 — Y'(t) cos 8) = 0.

+

Suppose that
z — X(t) =pw cos § — gh sin 8,

y — Y (t) =pwsin 0 + gh cos 4. (M)
Substituting into (6), we obtain
PP +q® =1,
—E(X"(t)cos 0 + Y'(t)sin 0) + £(X'(t)sind — Y'(t) cos ) = 0.
Let
a =l(X’(t) cos 0+ Y’(t) sin 9),
L (8)
g :}—(X'(t) sin 0 — Y'(t) cos 9).
)
Then we have p? + g% = 1 and ap = fq, and there are two solutions,
__ P
Ver 4 p2’
. ©)
Va? + 52
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Substituting this in (7) leads to

z=X(t)+ —1:(ﬁwcoso-—ahsin0),

Ve + 42 (10)
1
y = Y(t) 4 ———— (Bwsind +ah cos 0).
Va2 + p?

It is not difficult to deduce from (8) that

Bw cos § — ahsin 0= -wh( 1bX'(t) + cY'(t)),
Bwsin§ + ah cos 0 = wh(aX'(t) + LbY'(t)),
o? + B2 = aX'2(t) + bX'()Y'(t) + cY'3(2);

so we obtain the following equations for the two envelopes:

0T wh(} bX’(t) 4 cY'(t)) |
VaX'2(t) + bX'()Y!(t) + Y 2(2)
wh(aX'(t) + LbY'(t))

VaX2(t) + bXI({E)Y(t) + Y 2(t)

z=X(

(11)

y=Y() 4

For cpen with a varying size, let the radius be w(t) while its center moves
along the path curve (X(t), Y(t)). We can find its envelope in a similar fashion,

obtaining

X'(t)'(t) £ Y'(&) VX2(t) + Y2(t) — w'3(2)

)

z = X(t) — w(t)

X))+ Y (1) 12
. Y'(t)w' (1) F X'(t)V/X"3t) + Y'2(t) — w'2(t)
y=Y(t)—w() X2(t) + Y2(1) |
Here the condition
X2(t) + Y2(t) > w'(t) (13)

has to be satisfied, i.e., the velocity of the path curve has to be greater than or
equal to the velocity of radius variation. Unfortunately this condition cannot be

guaranteed to hold in all cascs.

The cnvelope of an spen in the case of variable pen size seems much more
difficult, and the author believes that it is not an elementary function. Further-
more its existence must depend on some condition about the velocity of the path
and the change of the width, because cpen is one of its special examples.
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So, when the pen size is changeable, LCCD does not use the true envelope;
it simply uses equation (11) with w replaced by ws(t), where s(t) is the relative
width function described in Chapter 5. A cpen(w) and a teardrop pen of width
w are treated as an spen(w, w, 0).

The formulas used for hpen and vpen are cven simpler; the envelope of an
hpen(w, k) is given by

z = X(t) £ ws(t), 14
y=7(t),

and the analogous formulas for vpen(w, h) are

z = X(t),

(15)
y = Y(t) = hs(t).

Approximate computing of curves.  The continuous envelopes defined above
need to be rounded to discrete grid points, and the same is true of the curves that
bound the pen at the two extremities of a stroke. The algorithm used by LCCD
for this purpose is called the “cross corridor rule.”

Suppose that a curve

z(t) =z(t) +iy(t), 0<t<,
is given. We want to find a sequence of rational numbers
0=ty . t; . .. <tph=1
and a sequence of integer pairs
{(pi1qi)} i=o, 1,.sms

such that, for some given ¢ > 0, conditions 1°-4° hold.

1°. lpo — z(to)l <4, lao — y(to)l £ &
lpnh — r(tn)l < %, lqn - y(tn)l < %;
2°. max(lp; — z(t,)], lgi — y(t)l) < 4,
min(|p; — z(t:),1g: — y(ti)]) < € t=1,...,n—1

3°.
(Pi) 4i) # (Pit1, Git1), i=01,..,n—1;
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4°, Ipi — pig1l £1,
lgi — qit1] < 1, t=20,1,...,n—1.

Then we will use the sequence {(p;, ;)} i=o,1,...,n instead of the curve z(t)o<t<1-

Condition 1° says that (po, qo) and (pn, g») are approximations of (z(0), y(0))
and (z(1), y(1)), respectively. We can’t. expect do to better than that.

Condition 2° says that (p;, ¢;) is an approximation of (z(t;), y(t:)). We can
acquire a better approximation in the middle by choosing {t;} suitably: If the
integer point (ps, q;) is plotted, then the curve 2z(t) must pass through a cross
region, whose center is (p;, g;), width and height are 1, and corridor width is 2¢.

e
|

Fig. 7-1 Cross corridor

s

Condition 3° says that the sequence {t;} is sparse enough that there are not
any redundant grid points in {(p;, q;)}.

Condition 4° says that the sequence {¢;} is dense enough that the broken line
of grid points {(p;, q:)} is continuous (has no gaps).

Before solving the approximation problem, let us introduce the notation
[r, s] to represent the interval [min(r, s), max(r, s)]. We shall begin by solving
the following subtask:

Let z(t) be a continuous function defined on the interval [a, b], and let 2p €

[2(a), 2(b)]. Given € > O, find ¢ € [a, b] such that either
|20 — z(c)| <,

or
Is — 2(c)| <¢
for some integer ¢ (not necessarily in [z(a), z(b)]). This subtask can be solved as

follows.

Algorithm of subtask: Let ¢; = (a + b)/2.
t) If |z(e1) — 20| < ¢, terminate with ¢ = ¢,. (Notice that this case must
occur for sufficiently small intervals [a, b], because of continuity.)
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i1) If the necarest integer q to z(c;) satisfies |2(¢;) — gq| < ¢, terminate with
¢ = cj; again this is what we want.

#i7) Otherwise we have |z(co) — 20| > € and the fractional part {2(c,)} lies
in the interval [¢, 1 — €]. Let a; = ¢4, and if z(c1) > 2o, then let

L if z(a) < z(b);
1= {b, if z(a) > z(b).

Notice that
2(e1) > 2 > min(2(a), 2(8)) = 2(b,).

If 2(¢;) < 2o, then let

y o fo ifae)2 20)
‘"{m if z(a) < z(b):

and notice that
z(¢1) < 2o < max(2(a),2(8)) = 2(b1).

Therefore, in either case, we obtain zp € [z(ay), 2(01)], [a1, b:1] C[a, 8], and
|a; — b1] = 4la — b]. Thus, the task has been reduced to a smaller interval

a1, b1]. By using this procedure repeatedly, we obtain a sequence of intervals
ﬂa:bﬂ 3““1,51]] D DHam;bmﬂ IDRERN

where .
ja, —bm| = '2‘;;{15“_“» 20 € [2(am), 2(bm)] .

This process must terminate when m is sufficiently great, so the algorithm will
find a ¢ fulfilling the requirements. Since the interval is cut in one half each time,
this process convergences rapidly. Furthermore the probability of z(¢) falling in a
interval having an integer as center and 2¢ as width is 2¢. The chance of success
by the nth iteration is 1 — (1 — 2¢)™, and this makes the convergence even faster.

In LCCD, the value of ¢ is sct to 0.25, and empirical experiments show that
the average number of iterations is between 1.1 and 1.7. Thus the subtask has
been solved.

Notice that since 2(t) is uniformly continuous, there is a number § such that
the number ¢ found the subtask algorithm satisfies

le—a| 26, [c—b26.
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Now we describe the algorithm that is used to approximate a continuous
curve. It does the approximation by interpolating, where each interpolation is

reduced to the subtask described above.
Suppose we want to plot (z(t),y(t)) in the interval @ < ¢t < b, and that we

are given integer pairs
(pa.; qa) '7& (pb; qb)

such that
max(|ps. — z(a)|, |ga — y(a)|
I

max(|py — z(b)], |gs — y(b)

furthermore if @ > 0 we assume that

) <4,
)<L

min(|p. — z(a)l, Iga — y(a)]) < ¢,
and if b <1 we assume that

min(lp, — z(0), Ig» — y(0)]) <¢,

for some given € < 4. Then the discussion can be subdivided into two cases.
Case [ | <1
Pa — Pbl S 1,
(x)

lgs — @) < 1.

Then segment (p,, g.) (ps, @) is already the desired approximation of curve z(t) =
z(t) + 7 y(t) (a <t<_b), and the treatment of interval [a, b] is finished.

Note that if z(t) and y(t) are continuous, this case must hold whenever the
endpoints @ and b are sufficiently ncar cach other that

|z(a) — z())] <1,  [y(a) — y(¥)| < 1.
For this implies that

Ipa — pol < lpa — z(a)| + |z(a) — z(b)] + |z(8) —psl < 3 + 144,
19a — @] < lga — y(a)] + ly(a) — y(O)| + ly(d) — qul < % + 14 4.

Relation (*) must now hold because pg, qa, ps, and g, are integers.
Case II: If (%) is false, we may suppose by symmetry that |ps —py| < |qa —qs)
and |g, — qs] > 1. Since q, and g, arc integers, we have [ga — @ 2 2.

Let
_[qa+qb+1J
ge = _‘_"'2 )
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i.e., the greatest integer less than or equal to 1(g. + gs + 1). Then

min(qa, gs) 4+ 1 = 2min(q,, ¢s) 4+ 2 <% +aq+1
2 2
__ max(qa,qs) + min(qs,qs) + 1 2max(qa,qs) — 1
- 2 i 2 < max(q® q)’

SO
min(qs, q) + 1 < g £ max(qa, q) — 1;

in other words q. # qs and q. 7 gs.
Also notice that y(a) — 4 < q. < y(@) + 4,a0d y(b) —4< @ < y(b) +3;
therefore

min(y(a), y(4)) + 4 < min(qs, @) +1 < qe
< max(ga, g) — 1 < max(y(a), y(b)) —

and we have q. € [y(a), y(b0)], g # y(a), qc 7 y(b).
The subtask algonthm with zg = ¢, will find ¢ € [a, ] = [a, b] such that
lg — y(c)| < € for some integer ¢. Furthermore there is a positive number 6 such

that
at+6<c<b—54.

Let p. be the integer nearest to z(c). Then

max(|pc — z(c)l, la — y(c)l) Smax($, ) = 3,
| <€

min(lp. — z(c)l, lg — y(e)l) < g — y(c)

IA 1l

Condition 2° is satisfied.
The task at interval [a, b] can now be reduced into two subtasks at smaller

subintervals [a, ¢] and [¢, b], respectively. All of the data for the second subinterval
[e, b], and its corresponding p and g, will be pushed down into a stack. Then the
first subinterval [a, ¢], which is a smaller one compared to the original interval
[a, b], will be treated by the same procedure. Whenever an interval is subdivided
into two smaller ones, we always push the second onto a stack, then treat the
first. Thus, the current interval to be treated becomes smaller and smaller. If
an interval [a, b ] to be treated is a degenerate one, i.e., p = ps and qa = qs,
it is simply deleted; this will ensure condition 3°, and the curves being plotted
should be sufficiently well behaved that no “loops” are being lost in this way.
We know from the discussion in Case I that the trcatment of the current interval
must eventually be finished. Once an interval is finished, we pop up the stack
and treat the top interval, until the stack is empty. Eventually this process must
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terminate, since the sum of the length of intervals to be treated decreases byat
least § whenever an element is popped off, and the length of the current interval
decreases by at least § whenever an element is pushed on.

In the beginning, let [a, b) = [0, 1], and let p,, g4, ps, and g, be the integers
nearest to z(0), y(0), z(1), and y(1), respectively. Condition 1° clearly holds.
Also, the curve to be treated should be non-closed and non-degenerate; therefore
(Po,qo0) #(pn, gn), and all of the prerequisite conditions are satisfied.
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8. Transformation in subroutine deflnitions and subroutine calls

Chapter 6 showed by example that a drawing process can be defined as a
subroutine. The following things are permitted in an LCCD subroutine: to define
a group of points, to specify the pens or erasers to be used, to draw or fill or erase,
and to call other subroutines. An “adjust command” might also be put at the
end of a subroutine definition.

Adjustment might be automatic: in this case, a transformation determined
by the system becomes a portion of the subroutine definition, such that under
this transformation, the containing box (the minimum rectangle containing the
figure defined by the subroutine) is precisely the “standard box”, i.e., a square
with point (100, 100) as center and 180 as side length.

With such an automatic transformation, the designer of a Chinese character
needn’t worry about computing the size of the character shape; he or she can
devote attention to the relative position and proportion relations of the various
components. The automatic adjustment transformation gives every character the
same size. )

However, because of visual psychological factors, some Chinese characters
with the same containing box actually look like they have different sizes. They
must be changed a little bit, such that the different-size characters appear as if
their sizes are the same.

It would be interesting to discover an automatic adjustment transformation
that would account for most of these subtle visual factors, but in LCCD a simple
solution has been adopted, i.c., a non-automatic adjust command.

When the system scans such an adjust command in processing a subroutine
definition, the figure is displayed on the screen in a standard box, then a conversa
tion between the operator and machine starts. The system displays the following

message:

Do you think It's OK now? |f so, type <cr>. For help, type ?<cr>
®

If you are satisfied with the position and size of the character shape on the
screen, type carriage return to finish processing the subroutine definition. Five
numbers (O, z!l,yl, Az, Ay) arc used by LCCD to adjust the curves drawn by a
subroutine: 0 is the angle of rotation; z! and y! are magnifying factors at the z
direction and the y direction, respectively; Az and Ay are the shifts at these two
directions. The order of transformation is first to rotate, then to magnify, then
to translate. There is no rotation for an adjustment transformation, so ¢ = 0.

If you arc not satisfied for any reason, suppose it is the first time you are
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using this system, so you don’t know what to do. Then you might type a question
mark ? followed by carriage rcturn; the system responds immediately:

Pl ease show me the transformor transforns you want.

t<integer> t0 shift upxard.

d<integer> t 0 Shift downward.

«<integer> to shift left.

+<integer> t0 shift right.

x<constant>toenlargein the X direction.
y<constant>toenlargein the Y direction.

Transformations are cumulative (e.g., x2 cancels a previous x0.5)
unless precoded by comma (e.g., ,x2 magnifies by exactly 2).

@

Now you know how to magnify and translate the figure; suppose you type
x1.5y0.8+20430

followed by a carriage return. This means to magnify the present figure 1.5 times
in the z direction, and 0.8 times (actually contracting) in the y direction, then
translating 20 pixels rightward and 30 pixels downward. There always exists an
adjust transformation in the background (at the beginning it is the identity); the
system will combine the previous one and the new one, using addition for rotating
angles, multiplication for magnifying times, and addition for translation.
If what you typed is
x1.5,y0.8+20130

then it meaus the previous y magnification factor is to be ignored; the new y
magnification should be 0.8, unconditionally.

The transformation affects the paths of all curves that are defined in the
subroutine (i.c., the skeleton of picture), but not the pen widths. The new picture
and transform parameters will be displayed on the screen, and LCCD will inquire

Do you think it’s OK nox? If so, type <cr>. For help,type?<cr>
®

again, until you respond with a carriage return denoting satisfaction. Once you
have finished processing a subroutine definition, the subroutine name and adjust
transformation parameters will be written onto a file called subrtn.def.

When designing a group of Chinese characters, it is best to begin with the
automatic adjust command to make them have the same size, then to adjust
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some of them by non-automatic means until the whole set of characters looks
right visually.

A new character is usually built up from previously created characters or
radicals. In other words, a subroutine definition usually consists of a series of
other subroutine calls. The size and relative position of various components ofa
character is extremely important for the appearance of character shapes, and this

can be decided only by experienced eyes.
In this system, each subroutine call can have an attached transformation,

i.e, first rotating, then magnifying or contracting (with point (100, 100) as center),
then translation; sce the example in Chapter 6. When calling a subroutine that
doesn’t appear within another subroutine definition, its picture is displayed on the
screen just as when a non-automatic adjustment transformation is being executed;
then a person-machine conversation begins. The user can change parameters,
until he or she feels satisfied. When the subroutine calling is finished, the final
parameters are written onto file subrtn.def.

Thus in order to design a picture, you first type a series of subroutine calls.
In exccuting cach of them, you determine the transformation parameters of each
subpicture online. When a satisfactory picture is obtained, the fina form of the
subroutine calls will be recorded in file subrtn.def, and it is very easy to edit
this file and acquire a new subroutine definition. Automatic or non-automatic
adjustment can be carried on further from this new definition.

Wlhen a called subroutine appears in another subroutine definition, its param-

eters cannot be changed online.
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9. The other features of LCCD language

Many aspects of LCCD have alrcady been described. In this section we will
list the remaining ones and consider the overall organization.

An LCCD program consists of a scrics of sections, each of which is terminated
by a period. The whole program ends with the word “stop”:

(program) : := (section list) stop
(section list) : :== (section) | (section list){section)
(section) : := (statement list). | (subroutine definition). | (Chinese file).

There are three kinds of sections, discussed further below. The variables,
z variables, pens and crasers defined in a section are local to that section; but
w variables are global.

A typical LCCD program starts out with an initial section to set desired
system parameter values and control modes, then a series of subroutine definitions,
followed by ascction that is a Chinese file to output something; or by a section
that is a statement list, to try something that will define a new subroutine.

When the last word “stop” is scanned, the user can choose whether the
subroutine definitions will be saved or not. If the decision is to save them, the
system will remember all of the subroutines defined in this program, and they will
be preloaded t h e next time that LCCD is run. There is a file named ledini.tbl
in which everything the system knows is kept. The first .thing the system does
is to load ledini.tbl, and onc of the last things it does is to decide whether new
subroutines nced to be saved or not in this file.

One kind of section is a statement list, which Is a series of statements sep

«,”,

arated by scmicolons ;”:

(statement list) : := (statement) | (statement list);(statement)
(statement) : := (simple statement) | {(conditional statement)
(conditional statement) : := if {(condition) then (statement list) fi |
if (condition) then (statement list) else (statement list) fi

(condition) : := (control mode) | {(expression)
(simple statcment) : := (empty) |

"(title)" |

(expression) |

real (expression list) |

complex (z expression list) |

(pen or craser) |
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(draw command) |
(subroutine call) |
(system parameter) (expression) |
(control mode) |
no {control mode)
{title) : := (sequence of any characters except " and carriage return)
(expression list) : ;= (expression) | (expression list),(cxpression)
(z expression list) : ;= (z expression) | (z expression list),(z expression)
(subroutine call) : := call (name){calling transform)
(name) : :== {letter or digit) | (name)({letter or digit)
(letter or digit) : := (letter) | w | x| y | z | {digit)
(calling transform) : := (empty) |
((expression),(cxpression),(expression),(expression),(expression))
(system parameter) : ;= (rcal parameter) | (integer parameter)
(real paramcter) : := (w variable) |
trxx |
trxy |
trx |
tryx |
tryy |

try |
maxvr |

minvr |
maxvs |
minvs |
stheta
(integer parameter) : :== pentype |
sced |
fontstyle |
dumpwindow
(control mode) : := titletrace |
drawtrace |
curtrace |
pause |
pagewarning |
pensystem |
constwidth |
blank |
crsmode |
tfnmode
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Let us describe the simple statements first.

An empty statement can be used to place semicolons or blank spaces so that
user will feel free when typing.

A title is used for a message to remind the user for some reason. Under control
mode titletrace, titles will be displayed on the screen when they are scanned.

Expressions and z expressions are used to define points, which are local to
that section. At most 128 points can be defined in a section.

A pen or crascr defines the current pen or eraser to be used, local to that
section. Notice that by subroutine calling, a new level of current pen may be
introduced, and the old level will be restored after finishing the call. If the user
does not say anything about pens, a cpen(w0) will be assumed.

A draw command relates to points defined in the current section, using the
current pen or craser, as described in Chapter 5.

By subroutine calls the user is able to build characters from previously known
subcharacters. As decribed in the previous chapter, the calling transform just
decides the initial transformation, which can be changed online. In case the calling
transform is cmpty, it means (0,1, 1,0, 0), which is the identity mapping.

System parameters are global to whole program. They are subdivided into
two groups, i.c., integer valued and real valued parameters. They can be assigned
in any scction that isn’t a subroutine definition.

System w variables (normally 0) are used to specify the size of a pen or eraser.

The system parameters trxx,trxy,trx,tryx,tryy, and try (normally 1.0, 0.0,
0.0, 0.0, 1.0, 0.0) define a transformation that can be used to convert (z, y) to

(X, Y) as follows:
X)) __ [trxx trxy\ /2 trx
(Y) N (tryx tryy) (y) + (try) (+)

The user can consider that () is a final transformation applied to a picture
before output. But actually () is used for the path curves (i.e., the skeleton of
the picture), not for the envelopes.

Such transformations are generally not necessary while a character is being
designed, but they can be used to cnlarge or shrink characters as in the examples
of Appendix 4. A picture to be output has to be able to fit in a box whose four
sides are z = 0, 2 = 1700, y = 0, and y = 589. But for display, the four sides
of the box should be z = 0, z = 200, y = 0, and y = 200.

System parameters maxvr, minvr, maxvs, minvs (normally 4.0, 0.5, 4.0, 0.5)
are used as velocity thresholds when computing the path spline curves, just as in
METAFONT.
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A control mode pensystem can be used to override the pen or eraser specifi-
cations that actually appear; in such a case the value of pentype (normally 1)
specifies what kind of pen will be used, according to the following code:

The value of pentype Pen or craser to be used
1 cpen(wyy)
2 hpen(w;2, w13)
3 vpen(wys, wi2)
4 spen(wy4, Wis, stheta)

When the original specification calls for an eraser instead of a pen, the new one
will be an eraser. System parameter stheta (normally 135.0) denotes the angle of

the spen that is used when pentype = 4.
The sced parameter (normally set to a value based on the time of day so that

it will be different every time you run LCCD) is used to start the pseudo-random
number gencrator that produces the values of nrand. It can be used to guarantee
that you acquire the same sequence of nrand values.

Parameter fontstyle (normally 0) is used to control font style. If fontstyle is
1, the two extremes of a stroke won’t be plotted. The value of fontstyle can also
be tested using an expression as a condition between the words “if” and “then”:
if the value of the expression cquals the value of fontstyle, then the condition is

true, otherwise it’s falsc.
Paramecter dumpwindow (normally 32) is the maximum number of characters
displayed on each line of an error message when identifying the current program

| ocation.

A (control mode) statement causes the system to enter a certain state (mode);
the no (controlmode) statement isused toleavethat St ate. | n eachmode, the
systemn will do something special:

titletrace causes LCCD to print titles when they are encountered.

drawtrace causcs ,CCD to display the result of each draw command.

curtrace causcs LCCD to print the computing efficiency of the curve
plotting routine.

pause causes LCCD to show cach line of a text file that is being input,
just before that line is scanned.

pagewarning causes LCCD to give a warning message whenever a file
page ends inside a subroutine definition or a section containing a title.

pensystem causes LCCD togiveupthepenor craser to be used,and
decides a new one by means of system parameter pentype.
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constwidth causes LCCD to set the relative width function equal to 1, in
spite of whatever has been specified. This is used for some particular
font styles.

blank causes LCCD to generate strokes by plotting only the envelope
curves instead of filling them, so that the user can observe strokes in

detail.

crsmode causes LCCD to output to a file named alp.590, which can be
used by METAFONT for output to an Alphatype machine.

tfnmode causes LCCD to output to a file named xgp.29, which can be
used by METAFONT for output to an XGP.

When the condition in a conditional statement is a control mode, the condi-
tion is true when that mode has been turned on, otherwise it is false.

By mecans of conditional statements, the user is able to design subroutines
that can gencrate characters of scveral different font styles.

The sccond type of section is a subroutine definition:

(subroutine definition) : := subroutine (name): (body)
(body) : := (normal statement list) |
(normal statement list);(adjust command)
(adjust command) : := adjust,; |
adjust |
adjust ({cxpression),{cxpression),{expression),(expression),(expression)); |
adjust ((expression),(expression),{expression),{expression),{expression))
(normal statement list) : := (normal statement) |
(normal statement list);{ normal statcment)
(normal statement) : := (simple normal statement) |
(conditional normal statement)
(conditional normal statement) : :==
if(condition)then (normal statement list)fi |
if (condition) then (normal statcment list) else (normal statement list) fi
(simple normal statement) : := (empty) |
"(title)" |
(expression) |
real {expression list) |
complex (z expression list) |
(pen or eraser) |
(draw command) |
(subroutine call)
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This syntax indicates that certain statements are not allowed within sub-
routines; system paramecters cannot be changed, nor can control modes be turned
on or ofl. These things are not permitted in LCCD subroutines because the author
thought it would be unsafe. Also recursive subroutines are not permitted.

The recommended way to design a new character is that you first try to
execute a sequence of statements, then edit it to be a subroutine definition. If
you want an automatic adjust transformation, you should use the command

adjust

followed by the period that ends the subroutine. If you want a non-automatic
adjust transformation, you should use the command

adjust;

just before the final period. In both cases, after processing of the subroutine
definition is finished, file subrtn.def will contain the resulting transformation

adjust(0, zl, yl, Az, Ay).

The author would like to suggest that you let this adjustment replace the original
one, because LCCD just accepts this kind of transformation without doing any

computing. The fourth possibility
adjust(0, zl,yl, Az, Ay);

is another non-automatic adjust transformation. This gives initial parameters for
the online adjustments, so that the user can make refinements more quickly.

The final type of section is a “Chinese file”:

(Chinese file) : := begin (typesetting command list) end | copy (expression)
(typesetting command list) : := (typesetting command) |
(typesctting command list);{typesetting command)

(typesctting command) : := pgsize((expression),(expression), {expression)) |
position({expression),{expression),(expression}) |
cestr({name string)) |
chstr((name string)) |

(empty) |
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"(title)" |
(pen or eraser) |
(parameter) {expression) |
(control mode) |
no {control mode)

(name string) : := (name) | (name} (name string)

Chinese files are used to tell the system what and how to output. LCCD can
output to the XGP and/or to a disk file.

pgsize(ey, €2, €3) is used to define the page layout. The page will consist
of e; lines; the space between two characters within a line will be ez
pixels; and the space betwecen two lines will be ez pixels. If the user
does not give any pgsize command, the system will assume the default

values
pgsize(10, 10, 10).

position(ey, ez, €3) is used to decide where to put the first character that
follows this command. If e; 5% 0, the character is output on a new
page; €2 denotes how many lines should be fed before output; e3
denotes how many blanks should be put preceding that character. If
the user does not give any position command, the system assumes

position(0, 0, 0).

cestr denotes the characters to be output on the XGP by giving the
subroutine names, each of which has to be followed by a blank. In
casc of output to the XGP, the result also goes to a disk file named
xgpser.dat; the command
copy n

will make n XGP copies.

chstr denotes the characters to be output to disk file alp.590 or xgp.29,
depending on either crsmode or tfamode being turned on. For output
to file alp.590 or xgp.29, commands pgsize and position are meaning
less. Thus, for output to XGP, do not use the command chstr in
the Chinese file, and turn off crsmode and tfamode; for output to file
alp.590, do not use commands pgsize, position, and cestr in the Chinese
file, and remember to turn on crsmode. For output to file xgp.29, do
not use commands pgsize, position, and cestr in the Chinese file, and
remember to turn on tfnmode.
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LCCD treatsinput just as METRFONT does. Thus, the user can input a disk

file by typing
input (file name);

but the extension of the file name must be “lcd”. The user can also type anything
that is supposed to be input, when the system prompts with *.

Besides the outputs that have been described, the user will discover that the
disk file errors.tmp (in which all the messages the system sent to the user were
recorded) may be helpful for debugging an LCCD program.
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10. How to design Chinese character shapes

The best approach to designing Chinese character shapes is a combination
of ‘top down’ and ‘bottom up’ procedures. That is, we first analyse the structure
of characters (top down), and obtain a sequence of sets. Each set contains some
subcharacters or so-called radicals as its elements, and these sets are arranged in
a certain order such that the radicals in a set of higher order can be built from the
radicals in sets that have lower orders. Thus, the set with lowest order consists of
basic strokes or atoms, and the structure becomes more complex when the order
is higher.

The next step is to build all of the characters (bottom up); i.e., a radical
set having lower order is built first, and higher order ones are built later. The
first set to be built contains the basic strokes. We need to use the various means
provided by LCCD to design basic strokes as attractively as possible, so we must
be especially earnest in doing this initial task. To build the high order radicals is
different, however, somewhat like making a toy house with building blocks. From
the top-down analysis we know the structure of characters, so the high order
subroutine body consists of low order subroutine calls, and nothing else except a
possible adjust command. Of course this building process does need experienced
eyes.

We don’t have to adjust a radical subroutine unless it is a Chinese charac-
ter alrecady. As described in Chapter 8, when we are designing character shapes
individually, we don’t have to worry about the size of those shapes. At that
time what we need to consider is the rclative position and size of various radicals
that compose the character to be designed. An adjust command will automati-
cally make the character fit into the standard box; and sometimes we need non-
automatic adjust transformations for better visual effect.

The most difficult time is the beginning. Once several hundred radicals have
been built, it becomes rather casy to generate a new character. Almost all of the
components have probably been produced by that time, so you need mostly to
consider only how to put them together.

Knuth asked the author to design a group of Chinese characters for the new
edition of his book “The Art of Computer Programming”. This group can be
used as an example to illustrate the design process.

First we design the atoms that are used to build everything. There are 29
atoms whosc subroutine definitions are given in Appendix 1. The atom shapes
are given in the first five lines of Appendix 2. They are printed under control
modec blank, and some of them have been magnified so that we can observe them
in detail. Notice that the cighth should be drawn by an eraser. Following the 29
atom shapes in Appendix 2, there are 346 basic strokes and radicals, most of them
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printed under blank mode. Although you cannot find their subroutine definitions,
yet you can gucss how to build them.

Appendix 3 contains the 112 Chinese characters that Knuth needed. They are
printed in no blank mode, at first with the same containing box, so some of them
appear to have a different size. After using non-automatic adjust transformations,
another group that looks somewhat more uniform was obtained; these characters
appear at the end of Appendix 3.

Appendix 4 shows another sample, which is a couplet that hangs in a beautiful
garden in the author’s hometown Kunming. This couplet was created about two
hundred years ago; it is one of the best couplets ever created, and probably the
longest (180 characters). Since it is a personal favorite of the author’s, he decided
to use it for the first experiments with LCCD.

Notice that the couplet in Appendix 4 is printed twice with different pen
and system parameters. Actually so many different fonts can be generated, they
never can be exhausted, even though the underlying LCCD description remains
the same.

The text of this teport, together with all of its illustrations and the examples
in Appendices 2-4, was printed on an XGP printer, which has comparatively low
resolution (200 dots per inch) and nonlincar distortion. Better equipment will soon
be available for computer-gencrated output. Appendix 5 shows the 112-character
font at the end of Appendix 3 when it has been printed on an Alphatype CRS, a
high-quality machine whose resolution exceeds 3500 dots per inch.



Acknowledgments

I would like to thank Professor Donald Knuth for his support and encourage-
ment. Without METAFONT, perhaps I would never have thought about the prob-
lem of a Chinese character font compiler, and I really learnt a lot from METR-
FONT. Without his hospitality, it would have been impossible to implement LCCD
at Stanford. He also helped me to edit the draft of this paper into readable
English.

I would also like to thank the people associated with the Stanford Artifi-
cial Intelligence Laboratory for the use of their computing facilities during the
development of this system.

REFERENCES

[1] Donald E. Knuth, Mathematical Typography, Bulletin of the American
Mathematical Society (new serics), Vol.1, No.2 (1979), 337-372. Reprinted with
corrections as part 1 of TjiX and METAFONT: New Directions in Typesetting,
American Mathematical Society and Digital Press, 1979.

[2] Donald E. Knuth, METAFONT, a system for alphabet design, part 3 of
TEX and METAFONT: New Directions in Typesetting, American Mathematical
Society and Digital Press, 1979.

[3] Dong Yun Mei, An experimental system for generating high quality
Chinese characters, Chincse Journal of Computers, Vol.3, No.1 (1980), 33-37.

43



APPENDIX 1

subroutine xsti:
Xx0«y0+100;
lteardrop(wi,1,1.45);
draw o[o,1].

subroutine xsi2:
x0¢y0¢ 100 ;
lteardrop(wi,1,1.8);
draw o[o,1].

subroutine xsi3:
cal | xsii;
call xs11¢ -0, 1, 1, 0, 0 ).

subroutine xsi4:
cal | xsit;
call xs12( -90, 1, 1, 0, 0).

subroutine xsis:
x0+y0+100;
rteardrop(wi,1,1.45);
draw of[o0,-1].

subroutine xsié:
x0¢«y0+100;
rteardrop(wi,1,1.8);
draw ofo,-1].

subroutine xsiT:
cal | xs13( 180, 1,1, 0, 0).
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subroutine xsis:
X0+y0+100;
lteardrop(w2,1,1.4)#,
draw olo,-1].

subroutine xs19:
x0+y0+100;
lteardrop(w2,1,1.4);
draw ofo,-1].

subroutine xs110:
X0+y0+100;
rteardrop(wi,1,1.8);
draw o[o0,1].

subroutine xstit:
call xs11( -90, 1 1 0 0)
call xs110¢ 90, 1 1 0 0).

subroutine xs2t:
cpen (w0) ;
x0+¢100; x1«123; x2+123; x3+117; x4+113; x5+105;
yO«100; y1+100; y2+¢102; y3+¢108; y4+108; y5¢100;
fill 5..1[x1-x0,y1-y0]..2[x3-x2,y3-y2]..3[x3-x2,y3-y2]
.4[x5-x4,y5-y4]. .5,
draw 0. .1[xt-x0,y1-y0]. .2[x3-x2,y3-y2]. .3[x3-x2,y3-y2]
, .4[x5-x4,y5-y4]. .5.

subroutine xs3i:

cpen (wi1) ;

x0¢100; x1¢123; X2+123; =x3¢11T;, x4’ -113; x5+105;

yO+«100, y1«100; y2+102; y3«108;, y4+108; y5¢100;

draw 0. .1[x1-x0,y1-y0]. .2[x3-x2,y3-y2]. .3[x3-x2,y3~-y2]
.4[x5-x4,y5-y4] . .5.
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subroutine xs32:
call xs31( 90,

subroutine xsd4i:
cpen(wi) ;

X0+100; x1+150;
yO+100; y1¢150;

draw |1#/0[0,1]. .

subroutine xs42:
cpen(wi) ;

X0+¢100; x1¢150;
yO«100; yi1+150,

draw |1#]o[o,1]. .

subroutine jvit:
cpen(w1) ;

10.3/1[1,0].

0, 0.

[0.3#]1[1,0].

x0¢100; x1¢100; x2+¢100; x3+«120; X4+95; =x5105;

yO+150,; y1«100, y2+¢50; y3«100,; y4+55; yb5+585;

£111 o(1,-2)..1[-1,-2]..4..2[1,0]..5..3[0,1]..0([-1,1];
draw lo.1fo[1,-2]..]0.4]1[-1,-2]..114..1112[1,0). 1115

subroutine jvai:
cpen (w0) ;

x0+¢50,; x1+150;
y0+100; y1¢100;
draw 0. .1.

subroutine jv3t:
cpen(wi) ;
x0+¢100; x1+100;
yO+50; yi«150;
draw 0. .1.

..l0.513[0,1)..l0.1]0[-1,1].
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subroutine jb41: x20+100; y20+¢15; y21+i5;
cpen(wi) ;

x0¢150, x1€x0-x20,

yO«150; y1¢50;

yio+arg(z1-20)+y20; yiiearg(zi-z0)-y21i;
dr aw 0[cos(y10),sin(y10)]..10:311[cos(y11),sin(y11)].

subroutine jh42: x20+¢50; y20¢45; y21«15;
cpen(wl) ;

x0¢150; x1€x0-x20;

yO+«150; y1«50;

yi0«arg(z1-20)+y20,; yiliearg(zi-z0)-y21;

draw 0[cos(y10) ,sin(y10)]. . [0.3/1[cos(y11),sin(y11)].

subroutine jb43: x20¢50; y20¢30; y21¢45;
cpen(wi)

x0¢150; x1¢x0-x20;

yO+«150; y1€50;

y10«arg (z1-20)+y20; yiiearg(z1-z0)-y21,
draw 0 [cos(y10),sin(y10)]. . [0.3|1[cos(y11),sin(y11)].

subroutine jb44: x20¢50; y20¢30; y21¢30;
cpen(wi) ;

x0+150, x1+x0-x20,

yO+«150, y1+50;

y10«arg(z1-20) +y20; yii«arg(z1-z0)-y21;
dr aw O[cos(y10),sin(y10)].. 10.3]1[cos(y11),sin(y11)].

subroutine jh45: x20+50; y20¢30; y21«15;
cpen (w1) ;

x0+150; x1+x0-x20;

JO«150; y1¢50;

yiO+arg(z1-z0)+y20; yiiearg(z1-z0)-y21;
dr aw 0[cos(y10),sin(y10)].. [0.311[cos(y11),sin(y11)].
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subroutine | b46: x20¢50; y20¢30; y21¢15;
cpen(wi) ;

x0+150; x1«x0-x20,

yO«150; yi1+50;

y10«arg(z1-20)+y20, yii+arg(z1-20)-y21,

draw [0.3]0[cos(y10) ,sin(y10)] . . |1]1 [cos(y11) ,sin(y11)].

subroutine jb47: x20+50; y20¢45; y21¢15;
cpen(wi);

X04-150; x1ex0-x20;

yO«150; y1+50;

y10«arg(z1-20)+y20; yil«arg(zi-z0)-y21;

draw o[cos(y10) ,sin(y10)]. .1 [cos(y11) ,sin(yi1)] .

subroutine jv4s: Xx201-50; y20¢45; ya1¢15;

cpen(wl) ;

x0+¢150; x1¢x0-x20,

yO«150; y1¢50;

y10«arg(z1-20)+y20; yiiearg(z1-z0)-y21;

draw |0.610[cos(y10),sin(y10)]. . |1l1[cos(y11),sin(y11)].

subroutine jb51: x20«¢100; x21+80; y20«10;
cpen(wi) ;

x0¢50; x1€50; x2¢60; x3+x2+x21;

yO«150; yley0-x20-5; y2+y1-10; y3+¢y2,

- y10«-y20, yl11ey20, yli2e¢y2i;

draw 0.. 1 [x1-x0,y1-y0]. . 2[cos(y10) ,sin(y10)]. .3[cos(y11) .sin(y11)] .

subroutine jb52: x20+50; x21+80; y20¢10;

cpen(wi) ;

x0+50; x14-50; x2+60; x3¢x2+x21;

yO«150, yl¢y0-x20-5, y2¢y1-10, y3+y2,

J10«-y20; yliey20, yil2e¢y2i,

draw 0.. 1 [x1-x0,yt-y0]. . 2[cos(y10),sin(y10)]. .3[cos(y11) ,sin(y11)].
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SAMPLE

Fod

chad

‘000

‘010

020

030

040

050
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070

‘100

110

120

‘130

" 140

‘150

‘160

‘170

Sunday, October 26, 1980 11:12:40

‘I‘II‘:I“;
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