The Concept of a Meta-Font
Donald E. Knuth

A single drawing of a single letter reveals only a small part of
what was in the designer’s mind when that letter was drawn.
But when precise instructions are given about how to make
such a drawing, the intelligence of that letter can be captured
in a way that permits us to obtain an infinite variety of re-
lated letters from the same specification. Instead of merely
describing a single letter, such instructions explain how that
letter would change its shape if other parameters of the design
were changed. Thus an entire font of letters and other symbols
can be specified so that each character adapts itself to vary-
ing conditions in an appropriate way. Initial experiments with
a precise language for pen motions suggest strongly that the
font designer of the future should not simply design isolated
alphabets; the challenge will be to explain exactly how each
design should adapt itself gracefully to a wide range of changes
in the specification. This paper gives examples of a meta-font
and explains the changeable parameters in its design.

Some of Aristotle’s philosophical writings were
called Metaphysics, because they came afte'r his
Physzcs, in the conventional arrangement of his
works. By the twentieth century, most people had
forgotten the orlgxnal meanlng of Greek preﬁxes,
so that ‘meta-’ was assumed to add a transcen-
dent character to whatever it qualiﬁed. We now
have metapsychology (the study of how the mind
relates to its containing body), metamathematics
(the study of mathematical reasoning), and meta-
linguistics (the study of how language relates to cul-
ture); a metamathematician proves metatheorems
(theorems about theorems), and a computer scien-
tist often works with metalanguages (languages for
describing languages). Newly coined words begin-

¢ )

ning with ‘meta- generally reflect our contem-

porary inclination to view things from outside, at
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a more abstract level, with what we feel is a more
mature understanding.

‘meta-font’ is a schematic descrip-

In this sense a
tion of how to draw a family offonts, not simply the
drawings themselves. Such descriptions give more
or less precise rules about how to produce drawings
of letters, and the rules will ideally be expressed
in terms of variable parameters so that a single
description will actually specify many different
drawings. The rules of a meta-font will thereby
define many different individual fonts, depending
on the settings of the parameters. For example, the
American Type Founders specimen book of 1923 in-
cluded the following members of its ‘Caslon’ family:
plain, oldstyle, lightface, bold, heavy, condensed,
lightface condensed, bold condensed, extra con-
densed, bold extended, shaded, and openface, not
to mention American Caslon, New Caslon, Recut
Caslon, and Caslon Adbold; each of these was avail-
able in about sixteen different point sizes, SO the
total number of Caslon roman fonts was about 270.
There was an overall design concept loosely tying all
these fonts together so that they were recognizably
‘Caslon’, although the changes in size and weight
were accompanied by more or less subtle changes
in the letter shapes. We can regard this overall
design as a meta-font that specified how the let-
ters would change in different circumstances——the
meta-font governed the metamorphoses.

of course, the actual design of all these Caslon
varieties was not completely explicit; it was con-

Veyed implicitly ]I)y means Of a few drawings
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that speciﬁed a few critical examples’. A skilled
workman could make the appropriate modifications
for intermediate sizes and styles just as skilled
animators do the ‘in-betweening’ for Walt Disney
cartoons. It would be preferable, however, to have
a completely explicit design, so that the designer’s
intentions would be unambiguously recorded; then
we wouldn’t have to resort to the vague notion of
‘appropriate modifications’. Ideally, the designer’s
intentions should be so explicit that they can be
carried out satisfactorily by somebody who doesn’t
understand letter shapes at all—even by a stupid,
inanimate, electronic computer!

George Forsythe once wrote that ‘The question
“What can be automated?”’ is one of the most in-
spiring philosophical and practical questions of con-
temporary civilization.” We know from experience
that we understand an idea much better after we
have succeeded in teaching it to someone else; and
the advent of computers has brought the realiza-
tion that even more is true: The best way to un-
derstand something is to know it so well that you
can teach it to a computer. Machines provide the
ultimate test, since they do not tolerate ‘hand wav-

‘common sense’ to ﬁll the gaps

ing’ and they have no
and vagaries in what we do almost unconsciously.
In fact, research in artificial intelligence has shown
that computers can do virtually any task that is
traditionally associated with ‘thinking,’ but they
have great difficulty accomplishing what people and
animals do ‘without thinking.’ The art of letter

design will not be fully understood until it can be
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explained to a computer; and the process of seek-
ing such explanations will surely be instructive for
all concerned. People often find that the knowledge
gained while writing computer programs is far more
valuable than the computer’s eventual output.

In order to explain a font design to a machine,
we need some sort of language or notation tha_t”_,
describes the process of letter construction. Ur;w-
ings themselves do not suffice, unless the design 1s
so simple that all fonts of the family are related to
each other by elementary transformations. Several
notations for the precise description of letter shapes
have been introduced in recent years, including one
that the author developed during 1977-1979. The
latter systemn, called METAFONT, differs from previous
approaches in that 1t describes the motion of the
center of a ‘pen’ or ‘eraser’ instead of describing
the boundary of each character. As a result, the
METAFONT language appears to facilitate the design
of font families; for example, it took only about
two weeks of work to create the crude but passable
meta-font described in reference [9].

After another six months of development, dur-
ing which literally thousands of refinements were
made, the design of this prototype meta-font has
reached i1ts current state, which was used to typeset
the present article. The name Computer Modern
has been attached to the resulting group of fonts, a
family that includes meta-fonts for both roman and
italic styles in addition to the Greek and Cyrillic
alphabets and an upper-case calligraphic script,

together with an extensive set of mathematical
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symbols. The basic idea underlying the design of
this font family was to capture the spirit of the
‘Monotype Modern Extended 8A’ fonts used in the
first printings of the author’s books on computer
programming, but to cast the design in the METAFONT
idiom and to include a wide range of parametric
variations.

So many variations are possible, in fact, that
the author keeps ﬁnding new settings of the pParam-
eters that give surprisingly attractive effects not
anticipated in the original design; the parameters
that give the most readability and visual appeal
may never be found, since there are inﬁnitely many
possibilities. On the other hand, it would be pPos-
sible to parameterize many other things that cannot
be varied in the Present design; an almost endless
series of interesting experiments can be performed,
now that METAFONT is available.

Computer Modern Roman ___has 28 pParameters
that affect the shapes of its letters, plus three
parameters that help control inter-letter spacing.
There are also a few miscellaneous pParameters
whose sole function is to select alternate character
and ligature shapes in different fonts. For example,
one of the latter pParameters 1s used to select be-
tween two styles for the letter ‘9’; the reader may
have already noticed that the g’s in the Present
paragraph are different from those used elsewhere
in this article. A few other typographic tricks like
this will be played in what follows; large type has
been used so that the effects will not be impossible

to perceive.
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The most interesting and important parameters
of Computer Modern will be changed in the follow-
ing paragraphs, one at a time, 1n order to show

how much variability 1s possible. Of course it 1s

easy to find settings of the parameters that don’t Lo

give satisfactory results, since a single design can-
not be expected to solve all conceivable problems;
therefore our examples will attempt to illustrate the
limiting cases where things break down as well as
the in-between regions where usable fonts are to
be found.

The first and most obvious group of param-
eters controls the vertical dimensions of letters:
The x-height and the heights of ascenders and
descenders can be independently Speciﬁed. There
are, in fact, two independent measurements for de-
scenders, one to control the depths of the letters
-4 quy and the other to control the depths of other
symbols like commas and the tail of the letter Q.
The height of upper-case letters is independent of
the height of lower-case letters, and the height of
the numerals 0to9 can also be varied at will. The
most unusual parameter relating to Vertical dimen-
sions 1is called the e-height, namely the height of
the bar n a lower-case e; in the current designs the

e-height also affects several other lower-case letters:

tho cack, the sack, the sack,
the sack, thic sack!

Another fairly obvious group of parameters
governs the horizontal dimensions of the char-

acters: It 1s possible to obtain fonts that are
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