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ABSTRACT

The MetaPost system implements a picture-drawing language very much like Knuth’s METAFONT
except that it outputs PostScript commands instead of run-length-encoded bitmaps. MetaPost is
a powerful language for producing figures for documents to be printed on PostScript printers. It
provides easy access to all the features of PostScript and it includes facilities for integrating text
and graphics.

This document serves as an introductory user’s manual. It does not require knowledge of META-
FONT or access to The METAFONTbook, but both are beneficial. An appendix explains the differences
between MetaPost and METAFONT.
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1 Introduction

MetaPost is a programming language much like Knuth’s METAFONT! [4 except that it outputs
PostScript programs instead of bitmaps. Borrowed from METAFONT are the basic tools for creating
and manipulating pictures. These include numbers, coordinate pairs, cubic splines, affine transfor-
mations, text strings, and boolean quantities. Additional features facilitate integrating text and
graphics and accessing special features of PostScript? such as clipping, shading, and dashed lines.
Another feature borrowed from METAFONT is the ability to solve linear equations that are given
implicitly, thus allowing many programs to be written in a largely declarative style. By building
complex operations from simpler ones, MetaPost achieves both power and flexibility.

MetaPost is particularly well-suited to generating figures for technical documents where some
aspects of a picture may be controlled by mathematical or geometrical constraints that are best
expressed symbolically. In other words, MetaPost is not meant to take the place of a freehand draw-
ing tool or even an interactive graphics editor. It is really a programming language for generating
graphics, especially figures for TEX® and troff documents. The figures can be integrated into a TREX
document via a freely available program called dvips as shown in Figure 1.* A similar procedure
works with troff: the dpost output processor includes PostScript figures when they are requested
via troff’s \X command.

Figures in MetaPost TEX Document
l l
MetaPost TEX
Figures in PostScript dvi file
dvips
PostScript

Figure 1: A diagram of the processing for a TEX document with figures in MetaPost

To use MetaPost, you prepare an input file containing MetaPost code and then invoke MetaPost,
usually by giving a command of the form

mp (file name)

9

(This syntax could be system dependent). MetaPost input files normally have names ending “.mp
but this part of the name can be omitted when invoking MetaPost. For an input file foo.mp

mp foo

IMETAFONT is a trademark of Addison Wesley Publishing company.

2PostScript is a trademark of Adobe Systems Inc.

3TEX is a trademark of the American Mathematical Society.

4The C source for dvips comes with the web2c TEX distribution. Similar programs are available from other sources.
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invokes MetaPost and produces output files with names like foo.1 and foo.2. Any terminal I/0O
is summarized in a transcript file called foo.log. This includes error messages and any MetaPost
commands entered interactively.® The transcript file starts with a banner line that tells what version
of MetaPost you are using.

This document introduces the MetaPost language, beginning with the features that are easiest
to use and most important for simple applications. The first few sections describe the language as
it appears to the novice user with key parameters at their default values. Some features described
in these sections are part of a predefined macro package called Plain. Later sections summarize the
complete language and distinguish between primitives and preloaded macros from the Plain macro
package. Since much of the language is identical to Knuth’s METAFONT, the appendix gives a
detailed comparison so that advanced users can learn more about MetaPost by reading The META-
FONTbook. 4]

2 Basic Drawing Statements

The simplest drawing statements are the ones that generate straight lines. Thus
draw (20,20)--(0,0)
draws a diagonal line and

draw (20,20)--(0,0)--(0,30)--(30,0)--(0,0)

Py

What is meant by coordinates like (30,0)7 MetaPost uses the same default coordinate system

that PostScript does. This means that (30,0) is 30 units to the right of the origin, where a unit
is % of an inch. We shall refer to this default unit as a PostScript point to distinguish it from the

standard printer’s point which is ﬁ inches.

draws a polygonal line like this:

MetaPost uses the same names for units of measure that TgX and METAFONT do. Thus bp refers
to PostScript points (“big points”) and pt refers to printer’s points. Other units of measure include
in for inches, cm for centimeters, and mm for millimeters. For example,

(2cm,2cm)--(0,0)--(0,3cm)--(3cm,0)--(0,0)

generates a larger version of the above diagram. It is OK to say 0 instead Ocm because cm is really
just a conversion factor and Ocm just multiplies the conversion factor by zero. (MetaPost understands
constructions like 2cm as shorthand for 2*cm).

It is often convenient to introduce your own scale factor, say u. Then you can define coordinates
in terms of v and decide later whether you want to begin with u=1cm or u=0.5cm. This gives you
control over what gets scaled and what does not so that changing u will not affect features such as
line widths.

There are many ways to affect the appearance of a line besides just changing its width, so the
width-control mechanisms allow a lot of generality that we do not need yet. This leads to the strange
looking statement

pickup pencircle scaled 4pt

5A * prompt is used for interactive input and a ** prompt indicates that an input file name is expected. This can
be avoided by invoking MetaPost on a file that ends with an end command.



A User’s Manual for MetaPost 3

for setting the line width for subsequent draw statements to 4 points. (This is about eight times the
default line width).

With such a wide line width, even a line of zero length comes out as a big bold dot. We can use
this to make a grid of bold dots by having one draw statement for each grid point. Such a repetitive
sequence of draw statements is best written as a pair of nested loops:

for i=0 upto 2:
for j=0 upto 2: draw (i*u,j*u); endfor
endfor
The outer loop runs for ¢ = 0,1,2 and the inner loop runs for j = 0,1,2. The result is a three-
by-three grid of bold dots as shown in Figure 2. The figure also includes a larger version of the
polygonal line diagram that we saw before.

beginfig(2);
u=1lcm;
draw (2u,2u)--(0,0)--(0,3u)--(3u,0)--(0,0);
pickup pencircle scaled 4pt;
for i=0 upto 2:
for j=0 upto 2: draw (i*u,j*u); endfor
endfor
endfig;

Figure 2: MetaPost commands and the resulting output

Note that the program in Figure 2 starts with beginfig(2) and ends with endfig. These
are macros that perform various administrative functions and ensure that the results of all the draw
statements get packaged up and translated into PostScript. A MetaPost input file normally contains
a sequence of beginfig, endfig pairs with an end statement after the last one. If this file is named
fig.mp, the output from draw statements between beginfig(1) and the next endfig is written in
a file fig.1. In other words, the numeric argument to the beginfig macro determines the name of
the corresponding output file.

What does one do with all the PostScript files? They can be included as figures in a TEX or
troff document if you have an output driver that can handle encapsulated PostScript figures. If your
standard TEX macro directory contains a file epsf.tex, you can probably include fig.1 in a TEX

document as follows:
\input epsf

$$\epsfbo%{fig.1}$$

The \epsfbox macro figures out how much room to leave for the figure and uses TEX’s \special
command to insert a request for fig.1.

It is also possible to include MetaPost output in a troff document. The -mpictures macro
package defines a command .BP that includes an encapsulated PostScript file. For instance, the troff
command

.BP fig.1 3c 3c

includes fig.1 and specifies that its height and width are both three centimeters.

3 Curves

MetaPost is perfectly happy to draw curved lines as well as straight ones. A draw statement with
the points separated by .. draws a smooth curve through the points. For example consider the
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result of
draw z0..z1..z2..z3..z4

after defining five points as follows:

z0 = (0,0); z1 = (60,40);
z2 = (40,90); z3 = (10,70);
z4 = (30,50);

Figure 3 shows the curve with points z0 through z4 labeled.

2

Figure 3: The result of draw z0..z1..22..23..2z4

There are many other ways to draw a curved path through the same five points. To make a
smooth closed curve, connect z4 back to the beginning by appending . .cycle to the draw statement
as shown in Figure 4a. It is also possible in a single draw statement to mix curves and straight lines
as shown in Figure 4b. Just use -- where you want straight lines and .. where you want curves.
Thus

draw z0..zl..z2..z3--z4--cycle

produces a curve through points 0, 1, 2, and 3, then a polygonal line from point 3 to point 4 and

back to point 0. The result is essentially the same as having two draw statements

draw z0..z1..z2..z3

and
draw z3--z4--z0

0
(a) (0)

Figure 4: (a) The result of draw z0..z1..z2..z3..z4..cycle; (b) the result of draw z0..z1..
z2..z3--z4--cycle.



A User’s Manual for MetaPost 5

3.1 Bézier Cubic Curves

When MetaPost is asked to draw a smooth curve through a sequence of points, it constructs a
piecewise cubic curve with continuous slope and approximately continuous curvature. This means
that a path specification such as

z0..z1..z2..23..24..25

results in a curve that can be defined parametrically as (X (¢),Y(¢)) for 0 < ¢ < 5, where X(t)
and Y (t) are piecewise cubic functions. That is, there is a different pair of cubic functions for each

integer-bounded t-interval. If z0 = (xq,y0), 21 = (x1,¥1), 22 = (22,¥2), . . ., MetaPost selects Bézier
control points (zg,yg ), (1 ,v1 ), (x7,47), ..., where

X(t+1i) = (1—1t)%z+3t(1—t)%xf +3t3(1 — sy + Pz,

Y(t+i) = (1—t)2y +3t(1 — )y +3t°(1 -ty + i

for 0 <t < 1. The precise rules for choosing the Bézier control points are described in 2] and in
The METAFONTbook 4] .

In order for the path to have a continuous slope at (z;,y;), the incoming and outgoing directions
at (X (7),Y (¢)) must match. Thus the vectors

(xi —x; ¥ —y; ) and (xF — 2, yi —wi)

must have the same direction; i.e., (z;,y;) must be on the line segment between (z;,y; ) and
(x;r, yj ). This situation is illustrated in Figure 5 where the Bézier control points selected by Meta-
Post are connected by dashed lines. For those who are familiar with the interesting properties of
this construction, MetaPost allows the control points to be specified directly in the following format:

draw (0,0)..controls (26.8,-1.8) and (51.4,14.6)
..(60,40)..controls (67.1,61.0) and (59.8,84.6)
..(40,90)..controls (25.4,94.0) and (10.5,84.5)
..(10,70)..controls ( 9.6,58.8) and (18.8,49.6)
. (30,50);

Figure 5: The result of draw z0..z1..z2..2z3..z4 with the automatically-selected Bézier control
polygon illustrated by dashed lines.
3.2 Specifying Direction, Tension, and Curl

MetaPost provides many ways of controlling the behavior of a curved path without actually specifying
the control points. For instance, some points on the path may be selected as vertical or horizontal
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extrema. If z1 is to be a horizontal extreme and z2 is to be a vertical extreme, you can specify that
(X (t),Y(t)) should go upward at z1 and to the left at z2:

draw z0..z1{up}..z2{left}..2z3..24;

The resulting shown in Figure 6 has the desired vertical and horizontal directions at z1 and z2,
but it does not look as smooth as the curve in Figure 3. The reason is the large discontinuity in
curvature at z1. If it were not for the specified direction at z1, the MetaPost interpreter would have
chosen a direction designed to make the curvature above z1 almost the same as the curvature below
that point.

Figure 6: The result of draw z0..z1{up}..z2{left}..z3..z4.

How can the choice of directions at given points on a curve determine whether the curvature
will be continuous? The reason is that curves used in MetaPost come from a family where a path is
determined by its endpoints and the directions there. Figures 7 and 8 give a good idea of what this
family of curves is like.

beginfig(7)
for a=0 upto 9:
draw (0,0){dir 45}..{dir -10a}(6cm,0);
endfor
endfig;

Figure 7: A curve family and the MetaPost instructions for generating it

beginfig(8)
for a=0 upto 7:
draw (0,0){dir 45}..{dir 10a}(6cm,0);
endfor
endfig;

Figure 8: Another curve family with the corresponding MetaPost instructions

Figures 7 and 8 illustrate a few new MetaPost features. The first is the dir operator that takes
an angle in degrees and generates a unit vector in that direction. Thus dir 0 is equivalent to right
and dir 90 is equivalent to up. There are also predefined direction vectors left and down for dir
180 and dir 270.

The direction vectors given in {} can be of any length, and they can come before a point as well
as after one. It is even possible for a path specification to have directions given before and after a
point. For example a path specification containing

..{dir 60}(10,0){up?}..
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produces a curve with a corner at (10,0).

Note that some of the curves in Figure 7 have points of inflection. This is necessary in order to
produce smooth curves in situations like Figure 4a, but it is probably not desirable when dealing
with vertical and horizontal extreme points as in Figure 9a. If z1 is supposed to be the topmost
point on the curve, this can be achieved by using . . . instead of .. in the path specification as shown
in Figure 9b. The meaning of ... is “choose an inflection-free path between these points unless the
endpoint directions make this impossible.” (It would be possible to avoid inflections in Figure 7,
but not in Figure 8).

e e s S
0 2 0 2
draw zO{up}..z1{right}..z2{down} draw zO{up}...zil{right}...z2{down}

Figure 9: Two draw statements and the resulting curves.

Another way to control a misbehaving path is to increase the “tension” parameter. Using . . in
a path specification sets the tension parameter to the default value 1. If this makes some part of a
path a little too wild, we can selectively increase the tension. If Figure 10a is considered “too wild,”
a draw statement of the following form increases the tension between z1 and z2:

draw z0..zl..tension 1.3..z2..z3
This produces Figure 10b. For an asymmetrical effect like Figure 10c, the draw statement becomes
draw z0..zl..tension 1.6 and 1..z2..z23

The tension parameter can be less than one, but it must be at least %.

Figure 10: Results of draw z0..z1..tensiona and  ..z2..z3 for various a and 3: (a) a = 3 =1;
b)a=p=13;(c)a=15,=1.

MetaPost paths also have a parameter called “curl” that affects the ends of a path. In the absence
of any direction specifications, the first and last segments of a non-cyclic path are approximately
circular arcs as in the ¢ = 1 case of Figure 11. To use a different value for the curl parameter, specify
{curl c} for some other value of ¢. Thus

draw zO{curl c}..zl..{curl c}z2

sets the curl parameter for z0 and z2. Small values of the curl parameter reduce the curvature at
the indicated path endpoints, while large values increase the curvature as shown in Figure 11. In
particular, a curl value of zero makes the curvature approach zero.

3.3 Summary of Path Syntax

There are a few other features of MetaPost path syntax, but they are relatively unimportant. Since
METRAFONT uses the same path syntax, interested readers can refer to [4, chapter 14]  The summary of
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2 2 2 2
1 1 1 1

0 0 0 0
c=0 c=1 c=72 c =00

Figure 11: Results of draw z0{curl c}..z1l..{curl c}z2 for various values of the curl parameter c.

path syntax in Figure 12 includes everything discussed so far including the -- and . . . constructions
which 4 shows to be macros rather than primitives. A few comments on the semantics are in order
here: If there is a non-empty (direction specifier) before a (path knot) but not after it, or vice versa,
the specified direction (or curl amount) applies to both the incoming and outgoing path segments.
A similar arrangement applies when a (controls) specification gives only one (pair primary). Thus

..controls (30,20)..

is equivalent to
...controls (30,20) and (30,20)..

(path expression) — (path subexpression)

| (path subexpression)(direction specifier)

| (path subexpression)(path join) cycle
(path subexpression) — (path knot)

| (path expression)(path join)(path knot)
(path join) — -=

| (direction specifier)(basic path join)(direction specifier)
(direction specifier) — {empty)

| {curl (numeric expression)}

| {(pair expression)}

| {{(numeric expression), (numeric expression)}
(basic path join) — .. | ... | ..(tension).. | ..{controls). .
(tension) — tension(numeric primary)

| tension{numeric primary)and({numeric primary)
(controls) — controls(pair primary)

| controls(pair primary)and(pair primary)

Figure 12: The syntax for path construction

A pair of coordinates like (30,20) or a z variable that represents a coordinate pair is what
Figure 12 calls a (pair primary). A (path knot) is similar except that it can take on other forms
such as a path expression in parentheses. Primaries and expressions of various types will be discussed
in full generality in Section 5.
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4 Linear Equations

An important feature taken from METAFONT is the ability to solve linear equations so that programs
can be written in a partially declarative fashion. For example, the MetaPost interpreter can read

atb=3; 2*a=b+3;

and deduce that ¢ = 2 and b = 1. The same equations can be written slightly more compactly by
stringing them together with multiple equal signs:

atb = 2*%a-b = 3;
Whichever way you give the equations, you can then give the command
show a,b;

to see the values of a and b. MetaPost responds by typing
>> 2
>> 1

Note that = is not an assignment operator; it simply declares that the left-hand side equals
the right-hand side. Thus a=a+1 produces an error message complaining about an “inconsistent
equation.” The way to increase the value of a is to use the assignment operator := as follows:

a:=at+l;

In other words, := is for changing existing values while = is for giving linear equations to solve.

There is no restriction against mixing equations and assignment operations as in the following
example:
a=2; b=a; a:=3; c=a;

After the first two equations set a and b equal to 2, the assignment operation changes a to 3 without
affecting b. The final value of c is 3 since it is equated to the new value of a. In general, an
assignment operation is interpreted by first computing the new value, then eliminating the old value
from all existing equations before actually assigning the new value.

4.1 Equations and Coordinate Pairs

MetaPost can also solve linear equations involving coordinate pairs. We have already seen many
trivial examples of this in the form of equations like

z1=(0, .2in)

Each side of the equation must be formed by adding or subtracting coordinate pairs and multiplying
or dividing them by known numeric quantities. Other ways of naming pair-valued variables will be
discussed later, but the z{(number) is convenient because it is an abbreviation for

(x{number), y(number))

This makes it possible to give values to z variables by giving equations involving their coordinates.
For instance, points z1, z2, z3, and z6 in Figure 13 were initialized via the following equations:
z1=-z2=(.2in,0) ;
x3=-x6=.31in;

x3+y3=x6+y6=1.1in;
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Exactly the same points could be obtained by setting their values directly:
z1=(.2in,0); z2=(-.2in,0);
z3=(.3in, .6in); z6=(-.3in,1.2in);

After reading the equations, the MetaPost interpreter knows the values of z1, z2, z3, and z6.
The next step in the construction of Figure 13 is to define points z4 and z5 equally spaced along
the line from z3 to z6. Since this operation comes up often, MetaPost has a special syntax for it.
This mediation construction

z4=1/3[z3,26]

means that z4 is % of the way from 23 to z6; i.e.,
1
z4 = z3 + 5(26 — z3).

Similarly
2z5=2/3[z3,26]

makes z5 % of the way from 23 to z6.

20
40 5

beginfig(13);
z1=-z2=(.2in,0);
x3=-x6=.31in;

x3+y3=x6+y6=1.1in;

z4=1/3[z3,z6] ;

25=2/3[z3,26] ; 6
z20=whatever [z1,z3]=whatever[z2,z4] ;
z30=whatever[z1,z4]=whatever[z2,z5];
z40=vwhatever[z1,z5]=whatever[z2,z6] ;
draw z1--z20--z2--z30--z1--z40--z2;
pickup pencircle scaled 1pt;

draw zl1--z2;

draw z3--z6;

endfig;

Figure 13: MetaPost commands and the resulting figure. Point labels have been added to the figure
for clarity.

Mediation can also be used to say that some point is at an unknown position along the line
between two known points. For instance, we could a introduce new variable aa and write something
like

z20=aa[z1,z3];
This says that z20 is some unknown fraction aa of the way along the line between z1 and z3.
Another such equation involving a different line is sufficient to fix the value of z20. To say that z20
is at the intersection of the z1-z3 line and the z2-z4 line, introduce another variable ab and set

z20=ab[z2,z4];

This allows MetaPost to solve for x20, y20, aa, and ab.

It is a little painful to keep thinking up new names like aa and ab. This can be avoided by using
a special feature called whatever. This macro generates a new anonymous variable each time it
appears. Thus the statement

z20=whatever[z1,z3]=whatever [z2,z4]
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sets z20 as before, except it uses whatever to generate two different anonymous variables instead
of aa and ab. This is how Figure 13 sets z20, z30, and z40.

4.2 Dealing with Unknowns

A system of equations such as those used in Figure 13 can be given in any order as long as all the
equations are linear and all the variables can be determined before they are needed. This means
that the equations

z1=-22=(.2in,0) ;
x3=-x6=.31in;
x3+y3=x6+y6=1.1in;
z4=1/3[23,26];
z5=2/3[23,26] ;

suffice to determine z1 through z6, no matter what order the equations are given in. On the other
hand
z20=whatever[z1,z3]

is legal only when a known value has previously been specified for the difference z3 — z1, because
the equation is equivalent to
z20 = z1 + whateverx*(z3-z1)

and the linearity requirement disallows multiplying unknown components of z3 — z1 by the anony-
mous unknown result of whatever. The general rule is that you cannot multiply two unknown
quantities or divide by an unknown quantity, nor can an unknown quantity be used in a draw
statement. Since only linear equations are allowed, the MetaPost interpreter can easily solve the
equations and keep track of what values are known.

The most natural way to ensure that MetaPost can handle an expression like
whatever[z1,z3]

is to ensure that z1 and z3 are both known. However this is not actually required since MetaPost
may be able to deduce a known value for z3 —z1 before either of z1 and z3 are known. For instance,
MetaPost will accept the equations

z3=z1+(.1in, .6in); =z20=whatever([z1,z3];

but it will not be able to determine any of the components of z1, z3, or z20.

These equations do give partial information about z1, z3, and z20. A good way to see this is to
give another equation such as
x20-x1=(y20-y1)/6;

This produces the error message “! Redundant equation.” MetaPost assumes that you are trying
to tell it something new, so it will usually warn you when you give a redundant equation. If the new
equation had been

(x20-x1)-(y20-y1) /6=1in;

the error message would have been
! Inconsistent equation (off by 71.99979).

This error message illustrates roundoff error in MetaPost’s linear equation solving mechanism.
Roundoff error is normally not a serious problem. but it is likely to cause trouble if you are trying
to do something like find the intersection of two lines that are almost parallel.
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5 Expressions

It is now time for a more systematic view of the MetaPost language. We have seen that there
are numeric quantities and coordinate pairs, and that these can be combined to specify paths for
draw statements. We have also seen how variables can be used in linear equations, but we have not
discussed all the operations and data types that can be used in equations.

It is possible to experiment with expressions involving any of the data types mentioned below
by using the statement
show (expression)

to ask MetaPost to print a symbolic representation of the value of each expression. For known
numeric values, each is printed on a new line preceded by “>> 7. Other types of results are printed
similarly, except that complicated values are sometimes not printed on standard output. This
produces a reference to the transcript file that looks like this:

>> picture (see the transcript file)

If you want to the full results of show statements to be printed on your terminal, assign a positive
value to the internal variable tracingonline.

5.1 Data Types

MetaPost actually has nine basic data types: numeric, pair, path, transform, color, string, boolean,
picture, and pen. Let us consider these one at a time beginning with the numeric type.

Numeric quantities in MetaPost are represented in fixed point arithmetic as integer multiples of
@. They must normally have absolute values less than 4096 but intermediate results can be eight
times larger. This should not be a problem for distances or coordinate values since 4096 PostScript
points is more than 1.4 meters. If you need to work with numbers of magnitude 4096 or more, setting
the internal variable warningcheck to zero suppresses the warning messages about large numeric
quantites.

The pair type is represented as a pair of numeric quantities. We have seen that pairs are used to
give coordinates in draw statements. Pairs can be added, subtracted, used in mediation expressions,
or multiplied or divided by numerics.

Paths have already been discussed in the context of draw statements, but that discussion did not
mention that paths are first-class objects that can be stored and manipulated. A path represents a
straight or curved line that is defined parametrically.

Another data type represents an arbitrary affine transformation. A transform can be any com-
bination of rotating, scaling, slanting, and shifting. If p = (p,,py) is a pair and T is a transform,

p transformed T

is a pair of the form
(tac + teaPz + tmypyv ty + tyzpz + tyypy)v

where the six numeric quantities (¢, ty, tya, toy, tya, tyy) determine T. Transforms can also be applied
to paths, pictures, pens, and transforms.

The color type is a lot like the pair type, except that it has three components instead of two.
Like pairs, colors can be added, subtracted, used in mediation expressions, or multiplied or divided
by numerics. Colors can be specified in terms of the predefined constants black, white, red, green,
blue, or the red, green, and blue components can be given explicitly. Black is (0,0,0) and white is
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(1,1,1). A level of gray such as (.4, .4, .4) can be specified as 0.4white. There is no restriction
against colors “blacker than black” or “whiter than white” except all components are snapped back
to the [0, 1] range when a color is given in a PostScript output file. MetaPost solves linear equations
involving colors the same way it does for pairs.

A string represents a sequence of characters. String constants are given in double quotes
"like this". String constants cannot contain double quotes or newlines, but there is a way to
construct a string containing any sequence of eight-bit characters.

The boolean type has the constants true and false and the operators and, or, not. The relations
= and <> test objects of any type for equality and inequality. Comparison relations <, <=, >, and
>= are defined lexicographically for strings and in the obvious way for numerics. Ordering relations
are also defined for booleans, pairs, colors, and transforms, but the comparison rules are not worth
discussing here.

The picture data type is just what the name implies. Anything that can be drawn in MetaPost
can be stored in a picture variable. In fact, the draw statement actually stores its results in a special
picture variable called currentpicture. Pictures can be added to other pictures and operated on
by transforms.

Finally, there is a data type called a pen. The main function of pens in MetaPost is to determine
line thickness, but they can also be used to achieve calligraphic effects. The statement

pickup (pen expression)

causes the given pen to be used in subsequent draw statements. Normally, the pen expression is of
the form
pencircle scaled (numeric primary).

This defines a circular pen that produces lines of constant thickness. If calligraphic effects are
desired, the pen expression can be adjusted to give an elliptical pen or a polygonal pen.

5.2 Operators

There are many different ways to make expressions of the nine basic types, but most of the operations
fit into a fairly simple syntax with four levels of precedence as shown in Figure 14. There are
primaries, secondaries, tertiaries, and expressions of each of the basic types, so the syntax rules
could be specialized to deal with items such as (numeric primary), (boolean tertiary), etc. This
allows the result type for an operation to depend on the choice of operator and the types of its
operands. For example, the < relation is a (tertiary binary) that can be applied to a (numeric
expression) and a (numeric tertiary) to give a (boolean expression). The same operator can accept
other operand types such as (string expression) and (string tertiary), but an error message results
if the operand types do not match.

The multiplication and division operators * and / are examples of what Figure 14 calls a (primary
binop). Each can accept two numeric operands or one numeric operand and one operand of type pair
or color. The exponentiation operator ** is a (primary binop) that requires two numeric operands.
Placing this at the same level of precedence as multiplication and division has the unfortunate
consequence that 3*a**2 means (3a)?, not 3(a?). Since unary negation applies at the primary level,
it also turns out that -a**2 means (—a)?. Fortunately, subtraction has lower precedence so that

a-b**2 does mean a — (b?) instead of (a — b)2.

Another (primary binop) is the dotprod operator that computes the vector dot product of two
pairs. For example, z1 dotprod z2 is equivalent to x1*yl + x2*y2.

The additive operators + and - are (secondary binops) that operate on numerics, pairs, or colors
and produce results of the same type. Other operators that fall in this category are “Pythagorean
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(primary) — (variable)

| ({expression))

| (nullary op)

| {of operator){expression)of (primary)

| (unary op)(primary)
(secondary) — (primary)

| (secondary) (primary binop){primary)
(tertiary) — (secondary)

| (tertiary)(secondary binop)(secondary)
(expression) — (tertiary)

| (expression)(tertiary binop)(tertiary)

Figure 14: The overall syntax rules for expressions

addition” ++ and “Pythagorean subtraction” +-+: a++b means va? + b? and a+-+b means va? — b2.
There are too many other operators to list here, but some of the most important are the boolean
operators and and or. The and operator is a (primary binop) and the or operator is a (secondary
binop).

The basic operations on strings are concatenation and substring construction. The (tertiary
binop) & implements concatenation; e.g.,

IlabCH & Ildell

produces the string "abcde". For substring construction, the (of operator) substring is used like
this:
substring (pair expression) of (string primary)

The (pair expression) determines what part of the string to select. For this purpose, the string is
indexed so that integer positions fall between characters. Pretend the string is written on a piece of
graph paper so that the first character occupies x coordinates between zero and one and the next
character covers the range 1 < z < 2, etc. Thus the string "abcde" should be thought of like this

a/blcldle

z=0 1 2 3 4 5

and substring (2,4) of "abcde" is "cd". This takes a little getting used to but it tends to avoid
annoying “off by one” errors.

Some operators take no arguments at all. An example of what Figure 14 calls a (nullary op) is
nullpicture which returns a completely blank picture.

The basic syntax in Figure 14 only covers aspects of the expression syntax that are relatively
type-independent. For instance, the complicated path syntax given in Figure 12 gives alternative
rules for constructing a (path expression). An additional rule

(path knot) — (pair tertiary) | (path tertiary)
explains the meaning of (path knot) in Figure 12. This means that the path expression
z1+(1,1) {right}..z2

does not need parentheses around z1+(1,1).
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5.3 Fractions, Mediation, and Unary Operators

Mediation expressions do not appear in the basic expression syntax of Figure 14. Mediation expres-
sions are parsed at the (primary) level, so the general rule for constructing them is

(primary) — (numeric atom) [{expression), (expression)]

where each (expression) can be of type numeric, pair, or color. The (numeric atom) in a mediation
expression is an extra simple type of (numeric primary) as shown in Figure 15. The meaning of all
this is that the initial parameter in a mediation expression needs to be parenthesized when it is not
just a variable, a positive number, or a positive fraction. For example,

-1[a,b] and (-1)[a,b]

are very different: the former is —b since it is equivalent to -(1[a,b]); the latter is a — (b — a) or
2a — b.

(numeric primary) — (numeric atom)
| (numeric atom) [(numeric expression), (numeric expression)]
| {of operator){expression)of (primary)
| (unary op)(primary)
(numeric atom) — (numeric variable)
| (number or fraction)
| ((numeric expression))
| (numeric nullary op)
(number or fraction) — (number)/(number)
| (number not followed by ‘/{number)’)

Figure 15: Syntax rules for numeric primaries

A noteworthy feature of the syntax rules in Figure 15 is that the / operator binds most tightly
when its operands are numbers. Thus 2/3 is a (numeric atom) while (1+1)/3 is only a (numeric
secondary). Applying a (primary binop) such as sqrt makes the difference clear:

sqrt 2/3

means \/g while

means v/2/3. Operators such as sqrt can be written in standard functional notation, but it is often
unnecessary to parenthesize the argument. This applies to any function that is parsed as a (primary
binop). For instance abs(x) and abs x both compute the absolute value of x. The same holds for
the round, floor, ceiling, sind, and cosd functions. The last two of these compute trigonometric
functions of angles in degrees.

sqrt(1+1)/3

Not all unary operators take numeric arguments and return numeric results. For instance, the
abs operator can be applied to a pair to compute the Euclidean length of a vector. Applying the
unitvector operator to a pair produces the same pair rescaled so that its Euclidean length is 1. The
decimal operator takes a number and returns the string representation. The angle operator takes
a pair and computes the two-argument arctangent; i.e., angle is the inverse of the dir operator
that was discussed in Section 3.2. There is also an operator cycle that takes a (path primary) and
returns a boolean result indicating whether the path is a closed curve.
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There is a whole class of other operators that classify expressions and return boolean results. A
type name such as pair can operate on any type of (primary) and return a boolean result indicating
whether the argument is a pair. Similarly, each of the following can be used as a unary operator:
numeric, boolean, color, string, transform, path, pen, and picture. Besides just testing the
type of a (primary), you can use the known and unknown operators to test if it has a completely
known value.

Even a number can behave like an operator in some contexts. This refers to the trick that allows
3x and 3cm as alternatives to 3*x and 3*cm. The rule is that a (number or fraction) that is not
followed by +, -, or another (number or fraction) can serve as a (primary binop). Thus 2/3x is two
thirds of x but (2)/3x is % and 3 3 is illegal.

There are also operators for extracting numeric subfields from pairs, colors, and even transforms.
If p is a (pair primary), xpart p and ypart p extract its components so that

(xpart p, ypart p)

is equivalent to p even if p is an unknown pair that is being used in a linear equation. Similarly, a
color c¢ is equivalent to
(redpart c, greenpart c, bluepart c)

The part specifiers for transforms will be discussed later.

6 Variables

MetaPost allows compound variable names such as x.a, x2r, y2r, and z2r, where z2r means
(x2r,y2r) and z.a means (x.a,y.a). In fact there is a broad class of suffixes such that z(suf-
fix) means

(x(suffix), y(suffix)).

Since a (suffix) is composed of tokens, it is best to begin with a few comments about tokens.

6.1 Tokens

A MetaPost input file is treated as a sequence of numbers, string constants, and symbolic tokens. A
number consists of a sequence of digits possibly containing a decimal point. Technically, the minus
sign in front of a negative number is a separate token. Since MetaPost uses fixed point arithmetic,
it does not understand exponential notation such as 6.02E23. MetaPost would interpret this as the
number 6.02, followed by the symbolic token E, followed by the number 23.

Anything between a pair of double quotes " is a string constant. It is illegal for a string constant
to start on one line and end on a later line. Nor can a string constant contain double quotes " or
anything other than printable ASCII characters.

Everything in a line of input other than numbers and string constants is broken into symbolic
tokens. A symbolic token is a sequence of one or more similar characters, where characters are
“similar” if they occur on the same row of Table 1.

Thus A_alpha and +-+ are symbolic tokens but != is interpreted as two tokens and x34 is a
symbolic token followed by a number. Since the brackets [ and ] are listed on lines by themselves,
the only symbolic tokens involving them are [, [[, [[[, etc. and 1, 11, etc.

Some characters are not listed in Table 1 because they need special treatment. The four characters
,; ) are “loners”: each comma, semicolon, or parenthesis is a separate token even when they occur
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ABCDEFGHIJKLMNOPQRSTUVWXYZ_abcdefghijklmnopgrstuvwxyz
1<=>
#8408
/*\
-
17

)¢

Table 1: Character classes for tokenization

consecutively. Thus (()) is four tokens, not one or two. The percent sign is very special because it
introduces comments. The percent sign and everything after it up to the end of the line are ignored.

Another special character is the period. Two or more periods together form a symbolic token,

but a single period is ignored, and a period preceded or followed by digits is part of a number Thus

. and ... are symbolic tokens while a.b is just two tokens a and b. It conventional to use periods
to separate tokens in this fashion when naming a variable that is more than one token long.

6.2 Variable Declarations

A variable name is a symbolic token or a sequence of symbolic tokens. Most symbolic tokens are
legitimate variable names, but anything with a predefined meaning like draw, +, or . . is disallowed;
i.e., variable names cannot be macros or MetaPost primitives. This minor restriction allows an
amazingly broad class of variable names: alpha, ==>, &#3$&, and ~~ are all legitimate variable
names. Such symbolic tokens without special meanings are called tags.

A variable name can be a sequence of tags like f.bot or f.top. The idea is to provide some of
the functionality of Pascal records or C structures. It is also possible to simulate arrays by using
variable names that contain numbers as well as symbolic tokens. For example, the variable name
x2r consists of the tag x, the number 2, and the tag r. There can also be variables named x3r and
even x3.14r. These variables can be treated as an array via constructions like x [i]r, where i has
an appropriate numeric value. The overall syntax for variable names is shown in Figure 16.

(variable) — (tag)(suffix)
(suffix) — (empty) | (suffix)(subscript) | (suffix)(tag)
(subscript) — (number) | [(numeric expression)]

Figure 16: The syntax for variable names.

Variables like x2 and y2 take on numeric values by default, so we can use the fact that z(suffix)
is an abbreviation for

(z(suffix), y(suffix))

to generate pair-valued variables when needed. It turns out that the beginfig macro wipes out
pre-existing values variables that begin with the tags x or y so that beginfig ... endfig blocks do
not interfere with each other when this naming scheme is used. In other words, variables that start
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with x, y, z are local to the figure they are used in. General mechanisms for making variables local
will be discussed in Section 9.1.

Type declarations make it possible to use almost any naming scheme while still wiping out any
previous value that might cause interference. For example, the declaration

pair pp, a.b;

makes pp and a.b unknown pairs. Such a declaration is not strictly local since pp and a.b are not
automatically restored to their previous values at the end of the current figure. Of course, they are
restored to unknown pairs if the declaration is repeated.

Declarations work the same way for any of the other eight types: numeric, path, transform,
color, string, boolean, picture, and pen. The only restriction is that you cannot give explicit numeric
subscripts in a variable declaration. Do not give the illegal declaration

numeric ql, q2, g3;
use the generic subscript symbol [] instead, to declare the whole array:
numeric q[];
You can also declare “multidimensional” arrays. After the declaration
path p[Iqll, pqll(];

p293 and pql.4 5 are both paths.

Tnternal variables like tracingonline cannot be declared in the normal fashion. All the internal
variables discussed in this manual are predefined and do not have to be declared at all, but there is a
way to declare that a variable should behave like a newly-created internal variable. The declaration
is newinternal followed by a list of symbolic tokens. For example,

newinternal a, b, c;

causes a, b, and c to behave like internal variables. Such variables always have known numeric values,
and these values can only be changed by using the assignment operator :=. Internal variables are
initially zero except that the Plain macro package gives some of them nonzero initial values. (The
Plain macros are normally preloaded automatically as explained in Section 1.)

7 Integrating Text and Graphics

MetaPost has a number of features for including labels and other text in the figures it generates.
The simplest way to do this is to use the label statement

label(label suffix) ({string or picture expression), (pair expression)) ;

The (string or picture expression) gives the label and the (pair expression) says where to put it.
The (label suffix) can be (empty) in which case the label is just centered on the given coordinates.
If you are labeling some feature of a diagram you probably want to offset the label slightly to avoid
overlapping. This is illustrated in Figure 17 where the "a" label is placed above the midpoint of the
line it refers to and the "b" label is to the left of the midpoint of its line. This is achieved by using
label.top for the "a" label and label.lft for the "b" label as shown in the figure. The (label
suffix) specifies the position of the label relative to the specified coordinates. The complete set of
possibilities is

(label suffix) — (empty) | 1ft | rt | top | bot | ulft | urt | 11ft | 1rt
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beginfig(17);

a=.7in; b=.5in;

2z0=(0,0);

z1=-2z3=(a,0);
z2=-z4=(0,b) ;

draw zl1..z2..z3..z4..cycle;
draw z1--z0--z2;
label.top("a", .5[z0,z1]);
label.1lft("b", .5[z0,z2]);
dotlabel.bot("(0,0)", z0);
endfig;

Figure 17: MetaPost code and the resulting output

where 1ft and rt mean left and right and 11ft, ulft, etc. mean lower left, upper left, etc. The
actual amount by which the label is offset in whatever direction is determined by the internal variable
labeloffset.

Figure 17 also illustrates the dotlabel statement. This is exactly like the label statement
except that it adds a dot at the indicated coordinates. For example

dotlabel.bot (" (0,0)", z0)

places a dot at z0 and then puts the label “(0,0)” just below the dot. Another alternative is the
macro thelabel. This has the same syntax as the label and dotlabel statements except that it
returns the label as a (picture primary) instead of actually drawing it. Thus

label.bot("(0,0)", =z0)

is equivalent to
draw thelabel.bot("(0,0)", z0)

For simple applications of labeled figures, you can normally get by with just 1abel and dotlabel.
In fact, you may be able to use a short form of the dotlabel statement that saves a lot of typing
when you have many points z0, z1, z.a, z.b, etc. and you want to use the z suffixes as labels. The
statement
dotlabels.rt(0, 1, a);

is equivalent to
dotlabel.rt("0",z0); dotlabel.rt("1",z1); dotlabel.rt("a",z.a);

Thus the argument to dotlabels is a list of suffixes for which z variables are known, and the (label
suffix) given with dotlabels is used to position all the labels.

There is also a labels statement that is analogous to dotlabels but its use is discouraged
because it presents compatibility problems with METAFONT. Some versions of the preloaded Plain
macro package define labels to be synonymous with dotlabels.

For labeling statements such as label and dotlabel that use a string expression for the label
text, the string gets typeset in a default font as determined by the string variable defaultfont.
The initial value of defaultfont is likely to be "cmr10", but it can be changed to a different font
name by giving an assignment such as

defaultfont:="Times-Roman"
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There is also a numeric quantity called defaultscale that determines the type size. When default-
scale is 1, you get the “normal size” which is usually 10 point, but this can also be changed. For
instance

defaultscale := 1.2

makes labels come out twenty percent larger. If you do not know the normal size and you want to
be sure the text comes out at some specific size, say 12 points, you can use the fontsize operator
to determine the normal size: e.g.,

defaultscale := 12pt/fontsize defaultfont;

When you change defaultfont, the new font name should be something that TEX would under-
stand since MetaPost gets height and width information by reading the tfm file. (This is explained
in The TgXbook. [5] ) It should be possible to use built-in PostScript fonts, but the names for them
are system-dependent. Some systems may use rptmr or ps-times-roman instead of Times-Roman.
A TEX font such as cmr10 is a little dangerous because it does not have a space character or certain
ASCII symbols. In addition, MetaPost does not use the ligatures and kerning information that
comes with a TEX font.

7.1 Typesetting Your Labels

TEX may be used to format complex labels. If you say
btex (typesetting commands) etex

in a MetaPost input file, the (typesetting commands) get processed by TEX and translated into a
picture expression (actually a (picture primary)) that can be used in a 1abel or dotlabel statement.
Any spaces after btex or before etex are ignored. For instance, the statement

label.lrt(btex $\sqrt x$ etex, (3,sqrt 3)*u)
in Figure 18 places the label 1/z at the lower right of the point (3,sqrt 3)*u.

beginfig(18);

numeric u;

u = 1cm;

draw (0,2u)--(0,0)--(4u,0);

pickup pencircle scaled 1pt; vz

draw (0,0){up} Yy
for i=1 upto 8: ..(i/2,sqrt(i/2))*u endfor;

label.lrt(btex $\sqrt x$ etex, (3,sqrt 3)*u);

label.bot(btex $x$ etex, (2u,0));

label.lft(btex $y$ etex, (0,u));

endfig;

Figure 18: MetaPost code and the resulting output

Figure 19 illustrates some of the more complicated things that can be done with labels. Since the
result of btex ...etex is a picture, it can be operated on like a picture. In particular, it is possible
to apply transformations to pictures. We have not discussed the syntax for this yet, but a (picture
secondary) can be

(picture secondary) rotated (numeric primary)

This is used in Figure 19 to rotate the label “y axis” so that it runs vertically.
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beginfig(19); Y= 2
numeric ux, uy; 1+ cosx
120ux=1.2in; 4uy=2.4in;
draw (0,4uy)--(0,0)--(120ux,0);
pickup pencircle scaled 1pt;
draw (0,uy){right}
for ix=1 upto 8:
.. (16ix*ux, uy*2/(l+cosd 15ix))
endfor;
label.bot(btex $x$ axis etex, (60ux,0));
label.lft(btex $y$ axis etex rotated 90,
(0,2uy));
label.1lft(
btex $\displaystyle y={2\overl+\cos x}$ etex,
(120ux, 4uy));
endfig;

Yy axis

T axis

Figure 19: MetaPost code and the resulting output

Another complication in Figure 19 is the use of the displayed equation

2

vy= 1+ cosx

as a label. It would be more natural to code this as

$$y={2\over 1+\cos x}$$

but this would not work because TEX typesets the labels in “horizontal mode.”

Here is how TEX material gets translated into a form MetaPost understands: The MetaPost
processor skips over btex ... etex blocks and depends on a preprocessor to translate them into low
level MetaPost commands. If the main file is fig.mp, the translated TEX material is placed in a file
named fig.mpx. This is normally done silently without any user intervention but it could fail if one
of the btex ... etex blocks contains an erroneous TEX command. Then the erroneous TEX input is
saved in the file mpxerr.tex and the error messages appear in mpxerr.log.

TEX macro definitions or any other auxiliary TEX commands can be enclosed in a verbatimtex
. etex block. The difference between btex and verbatimtex is that the former generates a picture
expression while the latter only adds material for TEX to process. For instance, if you want TEX to

typeset labels using macros defined in mymac.tex, your MetaPost input file would look something
like this:

verbatimtex \input mymac etex

beginfig(1);

label(btex (TEX material using mymac.tex) etex, (some coordinates)) ;

On Unix® systems, an environment variable can be used to specify that btex ... etex and
verbatimtex ... etex blocks are in troff instead of TEX. When using this option, it is a good idea

6Unix is a registered trademark of Unix Systems Laboratories.



A User’s Manual for MetaPost 22

to start your MetaPost input file with the assignment prologues:=1. Giving this internal variable
a positive value causes causes output to be formatted as “structured PostScript” generated on the
assumption that text comes from built-in PostScript fonts. This makes MetaPost output much more
portable, but it has an important drawback: It generally does not work when you use TEX fonts, since
programs that translate TEX output into PostScript need to make special provisions for TEX fonts
in included figures and the standard PostScript structuring rules do not allow for this. The details
on how to include PostScript figures in a paper done in TEX or troff are system-dependent. They
can generally be found in manual pages and other on-line documentation. A file called dvips.tex
is distributed electronically along with the dvips TEX output processor.

7.2 The infont operator

Regardless of whether you use TEX or troff, all the real work of adding text to pictures is done by a
MetaPost primitive operator called infont. It is a (primary binop) that takes a (string secondary)
as its left argument and a (string primary) as its right argument. The left argument is text, and the
right argument is a font name. The result of the operation is a (picture secondary) that can then
be transformed in various ways. One possibility is enlargement by a given factor via the syntax

(picture secondary) scaled (numeric primary)
Thus label("text",z0) is equivalent to

label ("text" infont defaultfont scaled defaultscale, z0)

If it is not convenient to use a string constant for the left argument of infont, you can use
char (numeric primary)
to select a character based on its numeric position in the font. Thus
char(n+64) infont "Times-Roman"

is a picture containing character n+64 of the Times-Roman font.

7.3 Measuring Text

MetaPost makes readily available the physical dimensions of pictures generated by the infont
operator. There are unary operators 11lcorner, lrcorner, urcorner, ulcorner, and center that
take a (picture primary) and return the corners of its “bounding box” as illustrated in Figure 20.
The center operator also accepts (path primary) and (pen primary) operands. In MetaPost Version
0.30 and higher, 11corner, 1lrcorner, etc. accept all three argument types as well.

The argument type restrictions on the corner operators are not very important because their main
purpose is to allow label and dotlabel statements to center their text properly. The predefined
macro

bbox (picture primary)

finds a rectangular path that represents the bounding box of a given picture. If p is a picture, bbox
p equivalent to

(1lcorner p--lrcorner p--urcorner p--ulcorner p--cycle)

except that it allows for a small amount of extra space around p as specified by the internal variable
bboxmargin.
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testing

Figure 20: A bounding box and its corner points.

ulcorner urcorner

llcorner lrcorner

Note that MetaPost computes the bounding box of a btex ... etex picture just the way TEX
does. This is quite natural, but it has certain implications in view of the fact that TEX has features
like \strut and \rlap that allow TEX users to lie about the dimensions of a box.

When TEX commands that lie about the dimensions of a box are translated in to low-level
MetaPost code, a setbounds statement does the lying:

setbounds (picture variable) to (path expression)

makes the (picture variable) behave as if its bounding box were the same as the given path. To get the
true bounding box of such a picture, assign a positive value to the internal variable truecorners:”
ie.,

show urcorner btex $\bullet$\rlap{ A} etex

produces “>> (4.9813,6.8078)” while
truecorners:=1; show urcorner btex $\bullet$\rlap{ A} etex

produces “>> (15.7742,6.8078).”

8 Advanced Graphics

All the examples in the previous sections have been simple line drawings with labels added. This
section describes shading and tools for generating not-so-simple line drawings. Shading is done with
the £i11 statement. In its simplest form, the £i11 statement requires a (path expression) that gives
the boundary of the region to be filled. In the syntax

£i11 (path expression)

the argument should be a cyclic path, i.e., a path that describes a closed curve via the ..cycle or
--cycle notation. For example, the £ill statement in Figure 21 builds a closed path by extending
the roughly semicircular path p. This path has a counter-clockwise orientation, but that does not
matter because the £ill statement uses PostScript’s non-zero winding number rule [1] |

The general £ill statement
£i11 (path expression) withcolor (color expression)

specifies a shade of gray or (if you have a color printer) some rainbow color.

Figure 22 illustrates several applications of the fill command to fill areas with shades of gray.
The paths involved are intersecting circles a and b and a path ab that bounds the region inside both
circles. Circles a and b are derived from a predefined path fullcircle that approximates a circle
of unit diameter centered on the origin. There is also a predefined path halfcircle that is the part
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beginfig(21);

path p;

p = (-1cm,0)..(0,-1cm)..(1cm,0);
£i1l p{upl}..(0,0){-1,-2}. .{upl}cycle;
draw p..(0,1cm)..cycle;

endfig;

Figure 21: MetaPost code and the corresponding output.

beginfig(22);

path a, b, aa, ab;

a = fullcircle scaled 2cm;
b = a shifted (0,1cm);

aa = halfcircle scaled 2cm;
ab = buildcycle(aa, b);

picture pa, pb;
pa = thelabel(btex $A$ etex, (0,-.5cm)); B
pb = thelabel(btex $B$ etex, (0,1.5cm));
fill a withcolor .7white;

fill b withcolor .7white;

fill ab withcolor .4white;

unfill bbox pa;

draw pa;

unfill bbox pb;

draw pb;

label.lft(btex $U$ etex, (-1cm,.5cm));
draw bbox currentpicture;

endfig;

Figure 22: MetaPost code and the corresponding output.
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of fullcircle above the x axis. Path ab is the initialized using a predefined macro buildcycle
that will be discussed shortly.

Filling circle a with the light gray color .7white and then doing the same with circle b doubly
fills the region where the disks overlap. The rule is that each £i11 statement assigns the given color
to all points in the region covered, wiping out whatever was there previously including lines and
text as well as filled regions. Thus it is important to give £i11 commands in the right order. In the
above example, the overlap region gets the same color twice, leaving it light gray after the first two
£i11 statements. The third fill statement assigns the darker color .4white to the overlap region.

At this point the circles and the overlap region have their final colors but there are no cutouts
for the labels. The cutouts are achieved by the unfill statements that effectively erase the re-
gions bounded by bbox pa and bbox pb. More precisely, unfill is shorthand for filling withcolor
background, where background is normally equal to white as is appropriate for printing on white
paper. If necessary, you can assign a new color value to background.

The labels need to be stored in pictures pa and pb to allow for measuring their bounding box
before actually drawing them. The macro thelabel creates such pictures and shifts them into
position so that they are ready to draw. Using the resulting pictures in draw statements of the form

draw (picture expression)

adds them to currentpicture so that they overwrite a portion of what has already been drawn. In
Figure 22 just the white rectangles produced by unfill get overwritten.

8.1 Building Cycles

The buildcycle command constructs paths for use with the £i1l or unfill macros. When given
two or more paths such as aa and b, the buildcycle macro tries to piece them together so as to form
a cyclic path. In this case path aa is a semicircle that starts just to the right of the intersection with
path b, then passes through b and ends just outside the circle on the left as shown in Figure 23a.

Figure 23b shows how buildcycle forms a closed cycle from pieces of paths aa and b. The
buildcycle macro detects the two intersections labeled 1 and 2 in Figure 23b. Then it constructs
the cyclic path shown in bold in the figure by going forward along path aa from intersection 1 to
intersection 2 and then forward around the counter-clockwise path b back to intersection 1. It turns
out that buildcycle(a,b) would have produced the same result, but the reasoning behind this is
a little confusing.

aa aa

Figure 23: (a) The semicircular path aa with a dashed line marking path b; (b) paths aa and b with
the portions selected by buildcycle shown by heavy lines.

It is a easier 