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Abstract

Ahstrnct

A n~w mcthod for the approximation of bitmap oullines with 8ézicr curves is prcscntcd
in this thcsis. This probabilistic approach nccuratcly describP.5 the contours with a small
numbcr of C'J continuons splines. The approximation is rcfined itcratively using a quality
function. The cvaIuntion mcthod is bnscd upon the smoothncss of the gcncrated ontline
and the precision nt which it intcrpolatcs the original contour. Merge operations of adja.
cent Bézicr splines and spline nltcrations using an adaptivc random scarch technique arc
cmploycd for finding an optimal solution.

A program implcrncnting the proposed algorithm was creatcd and may be userl to
nutomaticn!ly gcncralc PostScript type 1 fonts. The algorithm has shawn to be very stable
and to converge rapidly. Many ncw typcfaccs have becn gencrated \Vith the software and
arc shown in this thcsis.
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Résumé

Une nouvelle méthode d'nppro.ximation de contour de bitmaps par des courbes de I3é'l.icr
est pré::cntéc dans cette thèse. Ccttt~ approche probnbilistiquc dêcrit nVl'C prL'CÎsiol1 les
contours en utilisant un petit nombre de courbes. Une continuité cz. est gunrwltic. UIU~

procédure itérative améliore l'approximation cu utilisant une fonction de ln qun1ité. Ln
méthode d'évaluation est basée sur l'a,..;;pect lisse des contours générés ct dl~ 1'c.'Cnctitntic
de l'interpolation du contour original. L('s operations de fusion de courbes de Dézicr adja­
centcs ainsi que les changements apportés ntL"C courbes, en utilisant une technique ndnptivc
de recherche aléatoire, sont ut.ilisés dans la quête d'une optimum.

Un logiciel implantant l'algoritlunc proposé a été créé ct peut être utilisé pOlir gencrcr
automatiquement des polices dans le format type 1 de PostScript. L'nlgoritlunc l\ su
démontrer sn stabilité ainsi quc sn grandc rapidité de cOD\'crgcnce. Plusicurcs frouilles
de polices ont été créé avec cc logicicl ct clic sont présentées dnns ccttcr thèse.
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Introduction

1 Introduction

The art of writing is gelleralty undcrstood as the nbility of selcetin~ npproprinh~ words

to clcgantly express ideM and concepts. Severn! centuries aga, cach letter of Il ward hut!

to be crcnted individunlly, and the harmollizntion of adjacent chnrnctcrs in relation with

thcir visual effect was nn nrtwork in itsclf.

Sorne of the lctters still uscd in todny's western alphabets arc (lirce.~t dcsccn<1l.Ults of

thosc carly designs. The evolution of letter shnpes through lime is n rcsult of the changes

in the movcmellt patterns, aIso know us ductus, and of the writiug tool cmploycd (Bigcluw

and Day, 1983).

The creation of books was a very cxpcnsivc and clnboralc proccss us the)' wcrc TL'"

produced by hand. Moss production was pcrCorrncd by having n book rend nIauti while li.

group of scribes were writing the tcxt. Books were not as omnipresent as todaYi ollly rich

people could afford owning sucb a piece of work.

In the early fourteen hundreds, a goldsmith fronl Mainz turncd aIl importnnt page

in typography. Johannes Guteaberg (1398-1468) inveated movable types. His knowlcdge

about metal surely helpcd bim in developing bis idea of costing letter shapes into lIIetal

pieces. These pieces conld then be put togcther to form the words and be uscd to print the

text. Although bis invention allowcd the production of books at a lower cost, Gutenberg

wos certainly prcoceupied by the resnlts sucb an instnunent should give. He design",1

sorne 300 cbaracters to acbieve the same quality that wos donc manually at that Ume. His

mnsterpiece was the production of a 42-1ine Bible in which great hnrmony betwccn the

letters and the spatial constraints wns present. Gutenberg's work offcred a sound bnlnncc

between industrialization and artwork.

The advent of computer technology io today's lives hos modilied the workiag habits of

the societies. Typography did not escape tbis new trend. New techniques may be offercd

for the creation of typefaces. Following Rubinstein (1988), Wc may deline this new area

aceordingly:

Digital typography is the technology of using computers for the design, prepa-
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ratioll, éUld presentation of documents, in which the graphicaI clements nrc

orgnnizcd, positioncd, and thcmsclvcs crcntcd Ululer digital control.
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As il followcd lUI cvolution bnscd on the tcchllologicnl advanccs in output media, fi wide

Vllricty of problcms nccdcd to he nddrcsscd. Rnstcrization of charaeters for low rcsolution

output dcvices is an cX8mplc of sueh COllccrus.

Taols were dcvclopcd for the creation of digitnl fonts. Thesc tools were primnrily

interactive programs tl1nt simulatcd the use of pen and paper dcsigning techniqucs, (sec

Adams and André, 1989). In the creation of n typefncc, fi consistent design througbout all

the charneters is fundnmcntnl.

Ail elltirely mathematical approach was adopted by Donald Knuth in the develop­

ment of the METAFONT system (Knuth, 1986a). METAFONT is a computer IllIlguage

t1l8t nllows fi designer to dcscribe the important attributes of an cntire font. It is mostly

suitcd for rastcr-based devices such as printcrs and computer displays. The only knowledgc

METAFONT has about cheracters is the position of tbe cheracters in the cheracter set.

The initial concept bebind the METAFONT IllIlguage was to dcscribe a cheracter with llIl

erbitrary path. The size IlIld shape of the pen used cou'd then be modified at will to create

various styles of letters. As the path is defined by the user, METAFONT would then com­

pute the contour curves according to the pen used. Subsequently, METAFONT was im­

proved to permit the user to dcscribe sbapes with outlines as weil. Tbe METAFONT user

does not nccd to be conccrned with ail the mathcmatical IlIld gcometrical aspects of the

curves. Justead, the METAFONT system chooses under certain constraints the proper

cnrvcs to use. More cxactly tbe algorithms used by METAFONT for curve drawing werc

devcloped by John Hobby. The interpolating splines rely oaly on the requircment that

the rcsulting curves be acsthetically pleasing, (sec Hobby, 1986). The desired corves arc

obtained tbrough curvnture constraillts.

The METAFONT system was use<! for the geueration of the COMPUTER MODERN

font family by Donald Klluth. Otber typefaces wcre crcnted with METAFONT ,such as

PANDORA (Billawala 1989).
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The PostScriptlnngungc is ml intcrprctcd progrronming 1lU1h'1.mgl' wilh JlO\\'l'rful p;mphk

cnpnbilitics. Il Can rcprcscnl nrhitrnry shnpcs. Pninting opcrntors 1U'C' l\\1tHnhlc, h'xl tua)'

be illtcgratcd with graphies wld bitmaps can he IIHulipulntcd by the h\l1h"ll\~l" which fui·

lows n postfi.'IC notation. !\'lorc dctnils about PostScript ma,)" he round in Adobe (l!l!JOn) Ulul

r..kGilton and Croupionc (1992). A PostScript progr(un ma,)" he rcndcrcd hy nny PostScript

interprctcr drivillg an output dcvicc. Thcrc is no limit to the killd of output dc\'iCl! tlmt

ma)' he uscd. The rnstcrization proccss is donc by the intcrprctcr lnking iuta IWCOUlll tlll!

type of output dcvicc uscd. This is n major differcncc with METAFONT whcrc n hitnml)

of n prcdctcrmincd resolution spccified by the user is crcnted.

Sincc a PostScript progrnm muy crente nuy shape ami is rcndered spl..'cificIÙl)· for Ull~

employcd device, the PostScript languagc is quite suitable for crcating typcfnccs. SClùnulc

fonts may be obtoined in this manner. Chupter 7 will explore in marc detnil the gcnemtioll

of fonts in PostScript. For now, n PostScript font mny he crented by writillg n PostScript

program dcscribing cach cl1nrnctcr shape. This method of dcscribillg n chnmctcr is marc

efficient thnn storing the entire chnrnctcr bitmap. Threc font types arc nvniln.blc. A type

3 font is onc for which thc behavior is cntircly controlled by the PostScript Inl1b'Ungc

procedures defined io the font program. A type 1 font delines the churneter shnpes by

using specinlly encoded procedures (Adohe, 1990b). Bath types ure known ta deline buse

fonts. The type 0, on the other hand, is n composite font grouped of base fonts. A type

3 font is simpler ta crente than n typc 1 but cannot be stored in the printcr'g mcmory.

Another advantage of type 1 fonts is the small amount of rncmory rcquircd for dcscribing

a font.

Bath METAFONT and PostScript use cubic pnrarnetric curves (or Bézier curves) ta

describe the outlines. METAFONT and PostScript hnve shawn ta be very versatile. They

mny be used ta complement eacb other as shawn in Hurnlarnbous (1993), for the crention

offont families. Recent developments in digitnl typogrnphy mny be found in Kurow (1994n,

1994b).

A new standurd in font description is avnilnble. Somehow similur ta PostScript, TIlUE-
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Tvpr-; fonts tcchnology is Ilot as gcncrnl sinee it only userl for dcscribing fonts. TnUETvPE,

dcvclopcd initin11y by the Apple Computer corporation, is now also uscd in lvlicrosoft '5

Windows system. Fonts dcvclopcd cnrlicr and rcconstructcd in the TnUETvPE format may

he round in BigcJow and Holmcs (1991). The description of curves i5 donc vin the use of

qundratic B-splines.

Gutcnbcrg's invention set the base for typography. As he crcnt~d unifQrm and re­

producihlc rnctnl types, concern5 of consistcncy and hnrmony in charaeter shapcs, spac­

ing and nlignrncnt bccarnc sorne of the guiding principles uscd in type design. Rccently,

sorne attention hns becn brought to the creation of typcfnces thot do not cntirely fol·

low cstablishcd conventions, such as dynamic type or dynamic fonts. In dynanùc fonts,

one crcatcs typcfaccs for which each instance of the font creatcs a Dew set of charnc·

ter shnpes. Knuth invcstignted this avenue with METAFONT nnd crcnted the metn-font

PUNK (Knuth, 1988). This typeface is not entirely àynamic as METAFONT mny be secn

ns a batch proccssing system. Other rcscarch has tried ta rnimic the behavior of handwrit·

ing wherc two instances of a character are rarely identicnl. Sorne dynamic typefaces take

sdvnntage of the system for whicb tbey were dcsigned. Cnching multiple unique instnnces

of a font nud selecting the letters from tbem is a metbod for simulnting dynamic type­

faces. This tecbnlque is sbown in vnn Bloklnnd (1991). Other tecbnlques nlso presented in

vou Bloklnnd (1991), consist of tnking advnntnge of the PostScript semi-rnndom number

ganerator nnd modifying at print time the outlines of the cbaracters. This method was

IÙso investignted in André nnd Borghi (1989). ClÙligraphic dynamic typefaces have becn

created by noting thnt the movement executed while writing follows a loop-like motion of

vnrying extend. The HELISCRlPT system, Doojies (1989), simulates this behavior by using

'O'. thrcc-dimensionlÙ helicIÙ curves written on the 8Ulface of n circular cylinder.

The stated methods IÙl0w the generation of printed documents that have a more

naturlÙ or more humnn fec!. Unfortunately they require sorne typographiclÙ-nnd in sorne

cases progrnmmlng knowledge-to generate. In this thesis, we will explore a way of easily

creating a typeface that may then be use<! to give a more personlÙized look at a document.
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The resulting typeface will consist of the uscr's hnndwrittcn chnractcrs dcscribcd in the

PostScript type Ilnngungc. The gcncrntion of the typcfacc is cntircly nutomntic-no hnud

taning is rcquired.

The following chaptcrs cxplnin how such fouts arc obtnincd. First, the mnthcmnticnl

aspects oC Bézier curves will he cxplorcd. The proposcd nlgorithm for the creation oC

charactcr oullines will thcn he described. A font gcncrator progrnm implcmcnting the

proposcd algorithm 1185 bccn dcvclopcd. Its functionnHty will he dcscribcd nlong with the

steps necessary in the creation of n typcCace. Exnmplcs of handwrittcn typcfnccs ns well

as the bebavior of the algorithm under diffcrcnt constraints arc lookcd nl. Lnstly, the

interactions hetween the new fonts and '!EX arc considcrecl.



ilézicr Curves

2 Bézier Curves

fi

The gCllcrntion of scnlable fonts in the PostScript type 1 fonnat requires the use of Bézier

curves in arder 10 dcscribe the contours of a chnrncter. Bézier curves wcre invented inde-

pendently by P. de Casteljau around 1959 and by P. Bézier around 1962. In bath cases the

devclopment of suell curves resulted from the nœd ta solve sorne CAD problemsj bath were

working in French car companies, CitrOcll lUul Renault rcspcctively. Although de Castel-

jau devcloped thesc functions first, his work wns ollly discovcred in 1975 by W. Bëhm,

(Farin, 1993), whereas Bézier's work was published saon ailer the creation of the UN1SURF

system (3ëlun, Farin and Kahmnnn, 1984). Nowadays, thcsc functions arc widc1y used in

CAO systems.

2.1 The de Casteljau algorithm

De Casteljau dcfines Bézier curves algorithnûcally. It starts nom a dcgrce n and Bézier

points bo,bl, .. " bn. A Bézier curve B consists Of{bg{t)iO :::; t :::; Il, where

and b?(t) =bi.

The following figure shows the de Casteljau algorithm applied to a Bézier curve of

third dcgrec with paramcter value t =0.6,

b~

b3

Figure 1. The de Casteljau constroction for a Bézier curne of degree three with t =0.6.
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By inspection, one will Jloticc that thnt the illtermedinte points are nH plnced in the SlUll(~

relative position, more prcciscly.

11tr.+1
- tr.11 _ t

1Itr.+l - tr.1I - 1 - t.

for all (i,j) with 0 ::; i,j, i+ j ::; n. Siuce this construction works for fi single value of t, the

computation of many such values for Il 'ligh degrcc eurve may beeome quitc iucfficicnt.

2.2 . Bernstein polynomials

Bézier's work, although related to de Casteljnu's, tnkcs Il diffcrent npproneh. Ali ex()licit

analytic description of the curves was devcloped. A mnthemntieal reprcsentntiou of Il curvc

facilitates the und'~rstandingand the development of the underlying thcory. A Bézier cl1rvc

B may be represented in parametric format by

n

B(t) =L adi(t) , 0 S t S 1,
i=O

where ai E V and V is a vector space. The eIloice of the funetioDS Ji influences the behnvior

ofB. Henee in arder ta define the family of Ns one nccds to pay attention ta the propertie.'l

that B should have. Concerned with the ability to determine endpaints and dcrivntivcs

at endpoints, Bêzier carefully picked his functions fi. Assume that the initial point of the

curve is ao and the tangent at that point is paraIlel to the vector al. Similnrly l1SSwne that

the last point must be E~=o ai while the tangent at thnt point is paraIlel to the vcctor

an. In the case of surfaces, the tangent planes at the endpaints of the curvcs arc aIso

important, extra restrictions were put at those points of interest. The osculating planes

at the first and last points of the curve must be parallel ta the vectors 00, al and an-Il an

respectively. The function B defines a curve according to a certain order. If the order needs

to be reversed, then the functions must be symmetric with respect to t and 1 - t. FinaIly

the derivntives J/ of arder j for the functions fi must be suell that

fi (0) { ~ 0 3 S j S n, 1 S : S j
i = 0 3 S j S n, i > j ,



J3ézicr Curvcs

lUIl!

f J( ) {:F 0 3 ~ j ~ n, n - j < i ~ n
1 l 0 3<'< '< . .= _1 _ n, J _ n - 1

8

This cnsurcs thnt the curvc is tlUlgent nt its endpoints ta the first and last non-zero vectors

The fnmily of functions thllt sntisfy ail the nbove requirements has the form

with ,po = (1- t)O - lit. Thcse functions CM be exprcssed in the form

Although this fomily of functions givcs exactly what was intended, Il different notation

CM be uscd to simplify the use of Bézier curvcs. The new notation adopts the endpoints

of the vectors instcad of the vectors thcmsclvcs. This is shawn in the following figure.

.,,----a;-~
'bl " ~

~ ~

Figure f. The cOrTCspondence between the endpoint notation and the vector notation.

Henee bi = l:~.o Qj for i =0, ... 1 n and the Bézier curve cau be written as

ft

B(t) = ~bi91(t),
i.O
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Bézier Curves

whore the (uDetions 9i arc elerh'cd l'rom the li ·s. ACter some algcbrnic lluutipulntiol1s, wC'

sec thnt

9,(t) = (';)t'(l -t)"-'.

Hence the Bézicr curves arc bnsed on Bernstein polynominls. The relation bctWl'Cll Dézicr's

work and Bernstein polynomials \Vas oIlly discovcrcd in 1970 by R. Forrcst (sec Bi.ihm,

FariD and Kahmann, 1984). From here on, Bi(t) will he uscd instcnd of gi(t) to dcnotc

these polynomials.

Let us mention a fe\\' ndditionnl propcrties of Bernstein polYl1ominls. For Il givcll dcgrœ

n, there arc n + 1 Bernstein polynomials, nnmcly B8"", B~. This fwnily of fuuctions

satisfy the rccursive relation

Br(t) = (1- t)Br-l(t) + tBr:.' (t) for i = 0, ... , fi ,

with

B8(t) :; 1 and Bi(t) :; °for j '/. {O, •.. , fi}.

In fi similar fashioIl, the dcrivativc of a Bernstein polynomial is

Br' (t) = fI(B~,I(t) - Br-l(t)) for i e {O, ... , fi}.

Furtherrnore, Bernstein polynomials define fi partition of unity, as E;ao Bi(t) :; 1. Fi­

nally, Br ;,: °on (0,1). The following figure shows the quintie Bernstein polynomials.
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\1 1

Figure 3. Quintic Bernstein polynomials.

10

Let us consider 'Pn , the linear space of polynomials of degree :::; n. The dimension of

'Pn is known to be n + 1. Since the n + 1 Bernstein polynamia1s are linearly independent,

tbcy form a basis of 'Pn lHoffman and Kunze, 1971).

The way Bézier curves were defined makes the behavior ofsuch curves predictable. The

curve 13 follows a path p from the point ho ta the point bn • By joining the endpoints of con-

sccutive vectors bi and bi+1 with line segments, which consist of the sequence QI, ••• ,an,

wc construct a polygon that is ca11ed the characteristic polygon. There is a close relation

between the Bézier curve and the characteristic polygon. For example, Bernstein's ap­

proximation theorem shows tbat given a continuoull function J defined over the interval

10,1) and a function Bn(:c) =2::..0 f(~) (k):ck(l' :c)n-Ic then the fonction Bn converges

uniCormly on 10,11 ta the fonction Jas U-+oO (Bartle and Sherbert, 1982). Hence a Béziel

corve approximates its characteristic polygon and offets the ability to the user to easily

construct the desired curve and to predict its bchavior. As mentioned above the Bernstein

polynomials forro a partition of unity, thereCore B(t) is actually a weighted mean of the

vertices bi of the polygon. Hence the path that B(t) follows is ooly dependent on the
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vertices of the charncteristic polygon. Morrover, the pnth B(t) must lie entircly insidc the

convcx hull ofthe characteristic polygon. This fnet cnn be used ta pcrform 1\ preproccs.'llng

stage when the intersection of two Bézler curves l1ecds ta he complltcd.

The following figure represents n Bézier curvc of dcgrcc 5.

Figure 4. Quintic Bézier curve and its characteristic polygon.

2.3 Bézier derivatives

The derivative of a Bézier curve is

1\

B' (t) = L biBf' (t)

' ..01\

= L bm(Bf":"il(t) - Br-l(t))
i ..O

1\-1

= n L(bHl - bi)Br-l(t)
i ..O

This shows that the derivative ls alse bBBed on Bernstein polynomials but it ls no

longer a Bézier curve. This formula gives rise ta a more general one for computing lllgh

arder derivatives. Let us define the iterated forward djfference operator 6" of a point bJ 88

6"bJ =6,.-lbJ+1-6,.-lbJ' Note that 6" can bewrittenas 6"bi =r:i.o (;)(-lr-JbHi'
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The r-th dcrivativc of n Dézier curve of dcgrce n can then he cxprcssed as

I
r 1 n-r

_,B(t); _n_._" ~"bBn-"(t).
dt" (n - T)! L..J J J

J'O

12

•

The r-th dcrivntivc formula bccorncs very simple at t = 0 and t = l, reducing to

n!j{n - r}!.6 r bo and n!f(n - r)!.6.rbn _ rl rcspcctively. This shows thnt the r-th dcrivn­

tive nt the cndpoints of a Bézier curve dcpcnds ouly up on the T + 1 points adjacent to

the endpoint.

2.4 Subdivision

Besicles for the computation of n point, the de Casteljau algoritlun can also be used to

subdividc a Bézier curve iuto two parts. Givcn a polygon bot"" bn 1 the construction

cvnluntcs in pnrticuJar the points b8,bA, ... ,bR and b8,b~-l, ... ,b~_l,b~ which describes

two DCW polygons. This subdivision process produccs two Bézier curves BD and 81 from

B. The relation bctwccn the curves corresponds ta the evaluatian point t. Hence if t = ce

10,11 then Bo Md B, correspond to the intervn1s 10,cl Md le, 11, respectivc1y, of B (Farin,

1993; Su Md Liu, 1989).

2.5 Third degree Bézier curves

The Bézicr curves of tlùrd degrcc being used by tbe instruction curveto of tbe PostScript

IMguage arc described in t1ùs section. Given tbe current point (xo, yo), curveto takes

tbe thrcc points (XI> y,), (X" y,), (X3, Y3) as parameters. The curve 8(t) ; (x(t),y(t)) tb.t

rcsults from it can be writtcn using the monomial basis as

x(t) ; a.t' +b.t' +e.t +Xo
y(t) ; a.t3+b.t' +e.t + yo

whcrc

•

a. ; X3 - 3(x, - x,) - Xo
b. ; 3(x, - 22:, +xo)
e. ; 3(x, - xo)

a. = Y3-3(y,-y,)-yO
b. = 3(y, - 2Yl + yo)
c. ; 3(Yl - yo)
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Equivulently,

x(t) = :r3t3+ 3:r:le(1 - t) + 3xI t( 1 - t):l + xo(l - t)3
y(t) = y3t3 + 3Y:lt:l(1 - t) + 3Ylt(l- t):l + uo(l - t)3 ,

13

in the Bernstein polynomial Cormat. The monomial Carlu oC n Bézicr curvc IÙJows thll

computations to he perCormed with Horncr's Illcthod. A Béûcr curve oC the thifll degrt'll

tnkcs one oC Cour possible shapcs as shown bclow.

---(-..~

conVCll conve:x/conCllVC
.~

wÎlh one: Joop wilhlle:ll~p

2.6 Bézier splines

Fi9tJTe 5. Thini degree Bérier ctJrvcs.

A polynomial of degree n can have as many as n - 2 inflcction points while a parametric

curve of the same degree can have as many as 2n-4. Small degrce n limits the complexity of

.a curve. Higher degree curves increase the complexity. One way to overcomc this dcficicncy

is to deline piecewise curves by joining two curves of lesscr degroo. The junction pdnt of

the two segments is known as a knot or a brea1cpoint.

A spline S. composed oftwo adjacent Bézier curvcs BD and BI is crentcd. Ench curvc

has its own local parameter t while S has a global parametcr u, where ueR. The knot

sequence can he represented in terms of the paramcter u, knot i having pararnctcr value

u•. The correspondence between t and u depends on the actua! length of cach segment,

t =(u - u')/(Ui+1 - Ui). Wecan thinkof 130 and BI as two indcpendent curves each having

a local parameter t ranging from 0 to 1 or we may regard it as two segments of a composite

curve with parameter U in the domain luo. u21. Aesthetically pleasing composite curves
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Ilrc obtained by introducing contiuuity restrictions and applying smoothncss conditions ta

S (Manning, 1974).

Let us assumc thnt BD hns Bézier points bo, ... ,bn and BI as Bézier points bn , ••• , b:zn.

If BD and BI were the result of a subdivision proccss then wc know that bn+i = b~_;(t}

would hold for i = 0, ... , n and t = (U2 - UO)/(UI - tlu). If wc move the point b:zn, the

curvc changes shape but from the T-th derivativc formula the clerivativcs up to arder n - 1

coincide with the original Bé'Licr clerivntives. Since wc m;sumcd thnt BD and BI occurred

arter a subdivision, thcsc derivntivcs coincide at thc junctioii point. The cr condition

for Bézier curves can be stated as: two Bézier curves defined over the intervals luo, ull

and luI, u21 hy the polygons bo, ... ,bn and bn , ... , b:zn rcspectively are said to he r times

continuously differentiahle at u = Ul if and ouly if

i =O, ..• ,r,

where t = (U",l - UO)/(UI - uo).

Usually, r E {1,2}. When r =l, t:.bn and t:.bn_l must he in the ratio !i.l/li.O, t:., =
Ui+! - Ui, in arder to obtnin Cl continuity at tl =Ul. This condition can he derived from

the fnet that the derivatives of Bo and BI must coincide at U =Ul. Hence

d 1 d 1 d
-s(u} = --Bo(t) = --BI(t).
du !i.o dt li.l dt

Since

ftBo(l) = nt:.bn-l
ftBI (0) = nt:.bn

wc get the above desired rcsult.

Wheu r = 2, the points bn-2,bn-1 ,bn, bn+! ,bn+2 influence the second derivative at the

junction point. If the curve S is C2 then there must a point d of a polygon bn-2, d, bn+2

that describes the same global quadratic polynomial as the 5 points, mentioned above, do.

Hence assuming that the curve is already Cl, the following equations must he satisfied in

arder for d to exist:

bn-l = (1- h)bn-2 + tld
bn+l = (1- h)d+ tlbn+2 '
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where il ;; 6.0/(U2 - uo). The conditions for Cl and C2 curves arc shown in the followillg

figure.

tI• 0\,
AI b ~1; ,b~

~, ~

7~~b~
bl
'( l:b~
~c ,~

1>0.

Figure 6. The different segment ratios for C· and C2 Bézier eurves.

2.7 Curvature

The curvature of a function dcscribes how the function changes orientation with respect

to the distance traveled on that function. More specifically, it mensures the rate of change

of the angle through which the tangent to the curve turns in moving along the curve. In

particular, for a line, the curvuture is zero sinee the angle 9 is constant and for a cirde

the curvature is constant and is inversely proportional to the radius of the cîrcle. Hence if

the curvature at a point p of a curvc C is K wc cau pass a circlc of radius 1/K through p

(Swokowski, 1975).

In the case of parametric equatiollS, the curvature can be calculated as

IdBl 00
K= ds = I~I"

More precisely, for a curvc (x(t),y(t», the curvaturc is defined as

lx' (t)y" (t) - y' (t)x" (t)1
K= •

[(x' (t»2 + (y' (t»:!) i
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For il Bê-.der curvc B of third dcgrec the curvature "8 nt n point t can he calculated as

and the total curvaturc of the Bézicr curvc B is
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In the dc\'clopmcnt of n ne\\' typefncc, t.~·pogrnphcrs nrc conccrlwd with lc~il>ilit,y. uni·

Carmity 8mong the chnrnctcrs and ncstbctics. For hnlldwrittcll chnrnctcrs, howc\'cr. tlH~

major conccrn is \Vith the nccurntc reproduction of the coutours.

In order to achicvc n sntisfnctory Recurney n IIIcthodology is proposcd mul dcvl!lopcd

in this thcsis. This section will explore n new mcthod for nutomnticnlly gCIll~rntillt; n

hnndwrittcn typcfncc.

Different input dcviccs may he liSCel to trnnsCorm all the information hiddcn in n single

pen strokc iota an nppropriatc computer format. Same have uscd n stylns \Vith n digitiz~

iog tablet for scizing the chnrnctcristics of hand drawn images (Pudct, 1993). HWldwritillg

varies according ta the instruments utilized. Conunon tools such as pen and paper lU'e most

convenient ta use. As scanner tecl1l1ology is perfceted and more aft'ordable, if 's a viable

solution for collecting the relewnt information and transforming it in the dcsired form.

Generally, the software driving 0. SCW1l1er will gcnerate bitmap images. A multitude of

bitmap formats, such as TIFF, GIF, EPS, BOF and PPM, arc avnilable. Qllly the shape of

characters is pertinent ta our problcm. The differcnt bitmap formats arc, de facto, equiv­

alent. Many programs for converting from one format ta anothcr arc nlso avnilablc-scc,

e.g., PBMPLUS package. Written by Jef Poskanzer, PBMPLUS is n comprehensive formnt

conversion and image manipulation package. Wc will describc in chaptcr 4, thc clltirc pro­

cess required for generating a typeface. For now, assume that we arc giVCIl Il 2·dimensionnl

arrny of blnck/white pixels for n given character (sec figure 7 below).

A new representation is required in arder ta generate a truly scolahlc font. Bézier

curves mny be used ta approximnte tbe outlines of the original characlers. As indicated

in Schneider (1990), mnny kinds of interpolating curves hnve bcen use<! in curve-fitting

problems. In general, multiple curves are necessary for npproximating n desired shape.

They deJine an interpolating set. The number of such curves may vary betwecn charactera

of a same typeface and is nat, a priori, known. Also, as the scanner resolution may he

selected by the user, the number of pixels descrihing a character is not fixe<!. The set of
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points ncccssary to dctcrminc the intcrpolnting functions is aIso unknown.

The interpolation of points by curves hns becn the subjcct of sorne extensive rcscarch.

Not ooly rcstrictcd to the rcaIm of typography, curve-fitting problems wcre învestigated

bcforc the nrlvcnt of computer graphies. For exnrnplc, in the carly cighteen hundrerls, ship

designers wcrc conccrned with the manual gcneration of smooth curves thnt go through n

set of points. The creation of charactcrs for a new typefacc is a similar type of problern.

Sorne criteria thnt mensure the atcurney of the interpolation must he established. For

cxamplc, such criteria rnight tnkc iuta consideration the differencc between the original

and gcncratcd chnrncter. As fonts reprcsented in the PostScript type 1 format may he

storcd in the printer's memory, it is also preferable to minimize the size of the typeface's

description. The process of scanning the handwritten characters may induce imperfections

thnt must be rcmoved. Within the aforementioncd restrictions, we may wish to obtain

a font thnt minimizes the number of curve segments in a character's description and

tbe discreplWCY betwecn tbe gencratcd IWd original charactcrs, while at tbe same time

prcserving smooth pleasing outlines. Sorne of these criteria may confUct with each other.

For cxamplc, n small number of curve segments can induce large differcnces betwccn the

source IWd target characters. Tbese constraints form tbe basis of a quality function oI> tbat

may he used to eva1uate the interpolation. The optimal interpolation occurs when tlJ is

minimum. The choice of tlJ is entirely subjective and reftects the font designer's taste as

weil as tbe user's dcmlWds.

Tbe design of a new typeface is based around a group of specifie criteria set by the

typographer. Renee one may view a typograpbcr's typeface as a weighted optimum, each

different typeface having its own weight. For handwriting, tbe precise weight is not Imown

a piÏori. Minimizing cI» may be achicved iteratively. Roughly, Wc have:
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for each character do
extract contours
croate initial splines
perform the folloviug n times

modify part of a spline
compute the quality function ~

if modification 18 acceptable
thon

accept modification
olse

reject modification

We will deal with each aspect of this algorithm separately.

19

•

•

3.1 Contour extraction

As a symbol is represcntcd by a bitmap, many black pixels arc required to form the

chnracter. Sorne pixels arc itinterior" and ethers CODStitutc the "contour" of the characters.

Since the objective is ta use curves for expressing the character outlincs, the contour pixels

are more important and need ta be differcntiatcd from tbe others.

Extraction of contour pixels or points may be achieved in diff'ercnt ways. Sorne algo-

ritbms are establishcd according ta the type of bitmap. For grey-Ievel images, Avrahami

and Pratt (1991) developcd a contour extraction algorithm. This algorithm was modificd

and uscd in Hoh and Ohno (1993). A different contour-tracing algorithm derivcd from aI­

goritbms designed to verify connectedness of components (Minsky and Papert, 1969) has

been cmploycd by Gonczarowski's algorithm (Gonczarowski, 1991). Algoritbms perform-

ing contour extraction are commonly used in the area of pattern analysis and recognition.

A simple algorithm, that warks for ail bitmap images, known as Moore's tracing algorithm,

cao be found in the literature (Pavlidis, 1982).

A contour pixel cao be dcfincd as baving at lcast one white pixel as a neighbor in a 4-

connected representation. Neigbbors are sometimes referred to by their rc1ative position,

north, east, south, west or simply N, E, S, W. A pixel cao be part of more than
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one contour. More than one contour mny be present in n chnracter. The following figure

illustrates the contour pixels of n mock Landwrittcn chnrnctcr.

Figure 7. Contour pi:I:els of a character.

The fol1owing simple algorithm finds the contour pixels in an m x n bitmap in time 9(mn).

/. Proceed horizontally -/
for i • 1 to m do

for'; • 1 to n do
if pixel (i,;) i& black and

(pixel (i,j - 1) i& vhite or pixel (i,; + 1) ie "hite)
then

pixel (i,j) i8 a contour pixel

/. Proceed vertically _/
for j • 1 to n do

for i • 1 to m do
if pixel ~,;) i& black and

(pixel (i -l,;) i8 vbite or pixel (i + l,j) i8 vhite)
thon

pixel (i,j) i8 a contour pixel

The above algorithm finds al1 the contour pixels, in matrix format. It is sometimes

more convenient to have a representation in which contour pixels are linked together in
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a chain or chains. ln general, the pixels of n contour form n closed pntb. For the more

degencrate cases, such as contour sections hnving width 1, the pixc1s cnn be considcrcd

twice in arder to form the closed path. The linearization of n contour relies 011 the rc1ntions

between neighboring contour pixels. Encb contt'ur pixel has nt lcast one white pixel ns 1\

neighbor. Two neighboring contour pixels share nt most two conunOll white pixels as 1\

neighbor in a 8--connected reprcselltntion. These two fnets are sufficient for defining n set

of white pixels bordering the path of contour pixels. Eneh white pixel of the set is the

ncighbor of nt least one contour pixel of the considered contour. The set of white pixels

delines aIso n path which is composed of only 4-connectetl pixels, as showlI by Il partial

set in part (a) of the fol1owing figure.

The use of contour pixels in conjunction with the pnth of white pixels mentioned abovc

aIlows the construction of an aIgorithm that builds the dcsired ordering. Sorne earlier

contour~following algorithms (Duda and Hart, 1973), do not create the correct ordering

for sorne 8-connected images. The result of such algorithms is shown in part (b) of the

following figure, while part (c) shows the correct chain.

...
- ... .." ... "' ..

••• !II' 'k ft ~

"f.llll'*&to :!lPi.. ", r. _ • ':.~

"'f.~ "Ill ••
J "' ... "1lIII\4,Yrt'

~ " '" t1
• lit ••.. ,.; • Il

:III .. ~'; • III

• ,,' ~ ft .-
• 1.'.f:..1:,," ___
~e .. ,.·.

(0) lb) (e)

Figure 8. Ordering of contour points.

The algorithm for linearization is given below
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find a contour pixel p
let UJp be a vhite pixel that la a 4-connected neigbbor of p
let Fl.g • TRUE
vhile Fl.g •• TRUE do

let Flag • FALSE
vhile al1 8-connected contour pixel neigbbors n of p

are Dot yet tested and Flag •• FALSE do
vhile al1 4-connected vbite pixels neighbor tun of n

are not yet tested and Flag •• FALSE do
if thora lB a 4-connected patb of white pixels DOt yet

vlsited fram wp ta 111n

thon
mark patb wp ta tun as vislted
let the pixel n be the current pixel p
let the "bite pixel 111n be the current pixel UJp

lot Flag • TRUE

22
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The abovc lincarizatioll nlgorithm traces a single outtine and is linear in terms of the

number of pixels in the contour. To guarantce that all outlines arc found, the visitcd pixels

arc markcd and the search for another outline can he startcd by considering unvisitcd

pixels. The search may simply be donc by scann1ng the bitmap in an up-down, lcft-right

fasbion. The algorithm for the linearizatioa of all contours of a bitmap is thus linear with

respect to the number of pixels in the bitmap, and resembles in sorne respect depth-first

search (Cormen, Leiserson and Rivcst, 1990).

3.2 Interpolation

Once the contour pixels are detennincd, a set of interpolating curvcs ia defincd. We first

review the relevant literature. As knots define the endpoints of curvcs, dynarnic program-

ming methods may be uscd to Iind a good knot partitioning as in PI... and Stone (1983).

A modificd version of it, prcscntcd in Schneider (1990), consists of replacing the heuristic

by a subdivision proccss that breaks the curve wherc the maximal errar occurs. Other ap­

proachcs perform first corner detection to deline an initial set of knots. Corner detection
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consists of intcrpreting the bitmap ta find locations whcre the contour cllWlges direction

abruptly. Betwccn two consecutive corners, a certain numbcr of knots ma)' he dcfillCd.

An itcrativc approach, used in Gonczarowski (1991), consists of fillding the lougcst curve

from a given point sncb thnt it npproximntcs the desircd section of the bitmap with fi

user-specified threshold. As mentioned in Itoh and Olmo (1993), the precise detection of

contour points is a very hard problem. The algoritlun of Itoh nuel Olmo uses the cstimatcd

corner points for defining segments. Approxhnnte curves fur n givcn segment arc round by

a reparnmetcrization proccss Crom a starting intcrpolating curve. The rcpnrnmctcrizntiolls

occur until a satisfactory interpolation is round.

The approximation of pixels contours by curves is somctimcs reCerrcd as lluto-tracing.

Sorne commercial packages pcrCorm sucb an operation. Sorne of thc bcttcr knowu soft­

ware products are Adobe Illustrator, Fontographer and a frcely available packnge cnlled

fontutils that may be fOUlld on some UNIX systems.

The method used in this nlgoritbm is quite different from the ones mentioncd abo.c.

The pixels composing a contour may be grouped to definc a scqucnce of sections. Thesc

sections will be used in the construction of the approximating Bézicr curvcs. The sections

are derived from the approximation of the contour with lines. Bach section corresponds

to a line defincd by the centers of Iwo contour pixels os endpoints. Moreovcr, the section

divides the black pixels from the white pixels of the bitmsp, and is thus an approximation

with zero errar. The way the Hne segments are determined relies on a simple raet about

pixels.

Pixel coverage property: A pixel is said to be black if atl...t hnlf of It is

covercd. Morcover if a line goes through the middle point of a pixel, the pixel

is dividcd into Iwo parts of same areB.

The METAFONT system uses this property during the curve rosterization process, (sec

Knuth, 1986a). With this particularity, a line can be drawn on a portion of tbe contour

without nltering the color of the pixels. Section i, starting at point dl (whicb is the center of

a black pixel), can be delimitcd by a point dl+! crcating the longest line BCgment dl- <4+1
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of Huch kind. That is, Ildding one more pixel would result in an imperfcct approximation.

Helice once all the sections nrc detcrmincd, the Hnes defiIlc Il perfcct representntion of the

charncters in terms of the pixel colors.

Figure 9. Section partition.~ of an outline portion.

The smallest possible section is delimited by two adjacent pixels. The construction of

section i is done iteratively from tlùs base case. At each step of thc the process a longer

line ia tcsted until no line satisCying the restrictions can be round. We will sec that only

olle sncll line need to be verified and the incrcmental test can be donc in 0(1) worst-case

time. Hence the overall time is bounded by the nwnber of contour pixels.

Tbe simple case with two adjacent pixels is shawn in part Il of the figure 10.

(a) (h)

Figure 10. Initial steps of the sectioning algorithm.
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Two vcetors Vln,V1 Ul • arc forrncd from the point di, olle with the adjacent blnck pixl~l

ni and the ather with the white pixel Wl bordcring ni. Assumillg thnt thcrc cxist.o,; Il

longer linc, the new linc segment must be Crom di to n2 where 112 i~ the ncighbor of TIl.

Furthermorc the Hne segment di~dHI must be bctwccn Vin and Vlw. othcrwisc the Huc

wouid inndcquatcly separatc the border of white and black pixels round so Cnr bctwccn

pixels di and ni. Witb a valid linc, the vcetors can be rccnlculntcd as Collows:

V2b = n2-Pi

{
w, - Pi if IIv,,, x (w, - p.)11 = lI(w, - Pi) x vlwll

V2w =
Vlw othcrwisc.

The rcsult of n veetor recnleulntion cxample is shawn in part (h) of figure 10. The ,ulgle

bctwcen the two vcclors gets smallcr as the proccss continues. The nlgoritlull stops when

no longer line can he found. Hcre is the nlgorithm.

1* Define a section tram point di -,
let n be the oext noighbor of di in tho linoar ropre8entation
let w be a "hite pixel adjacent ta di and n
let 6 be the relative direction of w fram n (N,E,S,W)
computa tin and tlw

let fleg • !RUE
"hile ( flag •• !RUE ) do

let V be the next contour pixol of n
in the linear roproaentation

if IIv" x (v - d,)11 •• 11(1' - d,) x vwll tben
compute tin and tlw

let n • v
018e flag • falao

let the endpoint di+l be pixel n.

The abnve sectioning nlgorithm is linenr in terms of the number of contour pixels.

3.3 0 2 spline construction

The continuity conditions enumerated in section 2.6 nllow us ta determine if n sequence of

Bézier splines is C' continuous or not. BOhm presented an nlgorithm that produces such
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"plinos (DOIun, 1977).

Bcfore looking nt DOlants construction, wc introducc sorne notation. Let the spline S

have knots at u = Ut for i = 0, ... 1 m with respect to the global parnrnctcr uER. Let

the Bézicr points of il spline he writtcn in the form b3i+j whcrc j = 0,1,2 and i is the

Bé'l.icr section Ilwnbcr. Hcnce the four Bézicr points of the i-th 8ézicr curvc arc givcn by

b3it b3i+11 b3l+2 lUld b:ii+3. Givet' a set of points di for i = 0" .. 1 ml Bôhm's nlgoritlun

dctcrmincs the location Of the Bézicr points 5ueh thnt the C'l constraints are sntisficd. The

rcsulting spline docs not neccssnrily go through the points di. These points arc uscd for

the construction of the spline. Initially, the algorithm dividcs the line segments joincd by

di and di+1 for i = 0, ... 1 m - 1. The segments arc dividcd by the Bézier points b3i+l and

b3i+2 to crcatc thrcc parts that are in the ratio Ai : .6.i+1 : .6.i+21 where Ai = Ui - Ui_l.

Qllce this step is perfonned, all the inner Bézier points arc placcd. The endpoints nccd a

bit of care. The point b:Ji is placed sucb that the line b:Ji-lo b:J'+I is dividcd in tbe ratio

.6.i : .6.i+I. This Inst step corresponds ta the conditions enumcrated previously for having

n C' cOlltinuity at the knots. The first step ensures C' continuity.

If the points di dcscribe nn open polygon, that is do "# dm, the notation needs to be

modificd in order for the algoritlun to work nt the endpoints. The points will be relabelcd

ns d_. ,... ,d., where n = m - 1. And the endpoint conditions bccome ho =d_l, b, =do,

b3(._.) = d. Md 1>,,('-')-' = d._I' Note that the resulting curve stnrts Md ends at a

point d" ns shown in figure 11. Alternntivcly, if the dcscribcd polygon is c1oscd, do = dm,

the operations simply need to be perfonncd in modulo m. In tbis cnse the curve doesn't

lIecessnrily pllSS througb the point do. By cbMging a point di, the resulting curve gets

altered. Morcovcr, the modifications on the curve are lucal. The sections i Md i - 1 get

modified Md 50 does the IlSSOciatcd Bézier curves of the sections i - 2, i - 1, i Md i + 1.

The Bézier spline CM be entircly dcscribcd in t.nos of the d. 's and l:J.i's. The points d,

correspond to the section endpoints defincd in the previous section. Exnmples of sequences

open-endcd and c10sed polygons are shown b.low.
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Figure Il. Bahm '$ C2 construction algorithm. The hi '.~ are represented by white cirelc.~.

A parameterization can he adopted for the spline by sclccting the values of the Ui'S.

IC Ui = i for all i, then .6.i =: l, and this parameterization is said ta be uniform or

equidistant (Farin, 1993). The aboYe figure 11 uses such n pnrameterization. A different

type of parameterization takes into account the distnnce betwccn the data points. This

parameterization is called chard length and can be cxprcsscd os

where Il.6.S(Ui)lI represent the distance bctween the points corrcsponding to the parametcr

values Ui-t and Ut. The chord~length parametcrization is used in Schneider (1990), Itoh

and Ohno (1993) and Plass and Stone (1983).

The uniform parameterization is used in the proposcd aJgorithm as weIl as for tbe

figures 12 and 13. This simple construction croates a Bézier spline whosc shape rescmblCll

that of the polygon formed by the di 's. In sorne cases, the distance bctwccn the polygon

and the Bézier spline can be excessive as shawn in figure 12a. A possible solution con-

sists of duplicating sorne of the points di, crcating sorne sections of zero length. Wc mllY

replace the sequence {dj} by a sequence in which one or more of the d/a arc repeated.

For example figures 12b and 12c show the Bézier splines for do,do,dl,dl,d2,d2, ... and

do, do, do, dl, dh dl, .•. respectively. While the splines approach the initial polygon, wc May
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no longer have C 2 continuity.
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•

•

•
(0) (h (c)

Figure 12. C2 construction with multiplicities of 1,2 and 3 respectively.

By cutting a Bézier section into two parts, wc may obtain new interesting splines. In

figurc l3b, cach scction of a Bézier spline was divided into thrce parts, in the proportions

0.3, 0.4 and 0.3. For figure l3c, the ratios are 0.1, 0.8,0.1. Although tWs operation iDcreases

the number of Bézier sections we will sec Inter that this operation is worthwhile.

As mcntioncd abow, sorne algorithms perform corner detection. Our method ovcr~

cornes the neccssity of interpreting pixel configurations for finding the corners. Also, the

spline obtained by section splitting may be a better interpolant. Also, more freedom is

nvailable in the interpolation process.

•

•

._---......_.

• • "'--ef----e-......

(0) (b) (e:)

Figure 13. C2 construction with section splitting.
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3.4 The merge and move operations
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A merge operation consists of rcplncing t\\'o adjacent Bézicr curve segments hy Il ~inglc

one. Sincc the 0 2 spline constrnint is nlwnys present, the mcrge is cxccutcd by rcplncing

two adjacent sections Sj and Sj+J with onc, nnmcly S, simply by dcfillil1g the llCW sl.'Ction

with the endpoints orthe polysegmcnt Sj~.'ij+l. The total nWllbcr ofscction5 in the contour

is thus dccrcnsed byone. The sequcncf' If sections, So" • ,8j_2, Sj-I, Sj, 8j+1. Sj+21'" ,,'in

for a givcll contour bccomcs arter the mcrgc so, ... ,Sj_2,.'ij_l,S,Sj+21""''in. Tlùs Ile\\'

sequence of sections may he used to rccomputc the corrcsponding Bézicr curves. Figure 14

shows differcnt section configurations and how the Bézicr spline changes shape ns the

mcrge operation is complctcd, the dotted curves reprcsenting the nchievcd result. The

white section knot represents the junction point of sections Sj and Sj+! •
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Figure 14. The modifications resulting from a merye operation on two different section

polllgons. The black dots represent the section mots. The white section mot con-esponds
to the junction point of the two section that will be meryed.

A move operation maves a section endpoint a certain distance away from its current

location, causing two sections to be modified. Figure 15 shows how a mave cao affect the

Bézier spline. The new and oid curves are represented in the same manner.
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Figure 15. The modifications resulting from a motle opemtion on two difJcrent .•cctiorl
polygons. The black dots represent the section /mots. The white dot corresllonds ta the

point consideredJar. the motle opemtion.

The modification that results from the merge and moYe operations is nccording to

Bohm's construction. Let us consider the Bézier curve segments Ba, BI, B2, B:I, B4 of Il

spline S and sec how they change with encb operation. If 82 and B:I ore merged into B,

then only the curves associated to 8 •• 84 and B nced to he recomputcd. Similorly if a move

is performed on the junction point of sections 82 and 8 a, the nfi"ccted curve segmcnts orc

B., 82, 83. and B4. Thesc operations ensure the locality of the modifications on n splinc

S.

A merge operation can perturbate the curve significantly (sec figure 14). As it lowertl

the nwnber of sections in a choracter, the sections bcc:ome longer. It allows the removal

of small imperfections introduccd during the input process. The merge is most efficient
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011 consecutive sections that do have more or lcss the sarne orientation. It will force long

seb'll1ellts of const.'Cutive pixels ta he approximating by very few curves wherens pixels

describillg Il curve will be npproximated with more Bézier curvcs.

3.5 Optimization of the outline

After hnving scanned and linearizcd the bitmap, W(' have for each character a description

of the character in the form of line segments. An l'.xample of such a description is shawn

in the following ligure on the mock handwritten character From section 3.

Figure 16, The cha7Ucter A appro:r:imated by line segments. The black dots corresponding
ta the section knots.

The number of line segments necessary for interpolating a character is dependent on

the size of the bitmap. For the gcnerated typefaces that are shawn in chapter 5, this

description oCten consists of 800 ta 3000 linear segments.

Wc may also taire the vertices in the polygon as points di of a B6hm Bézier spline (as

dcscribed in the previous section).
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Figure 17. The chamcteT A appro:rimated by Dizier splines. The splines arc constnzctcd
by Biihm's algorithm using the sections defined by the lineari:ation proces.~.

This introduces sorne error witb respect to the bitmap. Also. the nwnber of sections is

exorbitant. We then apply an optimization algoritbm thnt minimizes our qunlity fUllction

«il (see section 3.6 ). As cI> is possibly multimodnl and is defincd on a variable nwnber of

parameters, it seems best to use li. random seareh method for this purpose (sec Torn and

Zilinskas (1989). Zhigljavsky (1991), Miinner and Schwefel (1991) or Rinnooy Kw) Wld

Timmer (19878, 1987b) for surveys).

Random seatch bas the advnntage that it converges in all circwnstances to a globnl

optimum, and that it finds acceptable solutions relatively quick1y. The basic outline is as

follows:
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{start}
(4' i8 a quality fonction describcd latar)
(S 18 a Bohm-type Bêzier spline. initially given ta us
vhore nB 18 the curvature KB of 8
for all Bohm-type Bézier spline B of S)
Croate a boap 1i vith all sections B of S,
vhore the key 18 nu
(the smal1est nu la at the top of the hoap).

{search}
61 ~ initial step (initial step size for random search)

(6t 18 integer)
?TI +- 0 (Initial penalty value)

for n • 1 ta N do eN ls the number of iterl1tions)
vith probability Po do: (Pn may be varying or constant)

B - top('H)
B' +- shortest section neighboriDg B on S
S' +- S vith B and B' mergod

(and adjacent suctions modified)

otbervis8 do:
Belect d unito~y and at random from

the junction points of S
set d' +- d +6nU, vhore U 18' UDiformly distributed

on the unit circle (sa 1Id' - dll = Dn )

S' - S vith d replaced by d'
(and adjacent sections modified)

if 4>{S') < 4>(S).
then {a success}:

Dn+l - Dn+ 'Y ('Ye {1,2,3} is a user parameter)
8_8'
update 1t by removing obsolete sections
and/or altering the tey value of update sections
(Note: mu:imally 4 sections are involved,
:for each one do ns +- ~B)

else {a failure}:
Dn+l - m""'{l,Dn - 'Y}
ils - 1.1 m""'{ils '} for a11
neighboring spline sections as explained in section 3.4

34
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As secn in the abovc nlgoritlun, the location of the ur\\' point in n mave opcrntion

is dctcrmincd randomly by rcstricting the distlUICC d by which the point CMl mave. Tllt~

distance mny he fixcd to a givcn value throughout the optimizntion proccss. This is known

as a fixed step size optimization. Although the probnbility of improvclUcnt whilc using

a small step size is rugh, the improverncnt is small, IL" notcd in Schumcr IUlel Stciglitz

(1968). On the other hand, if the ~tcp size is biS, the probubility of imprOVClUcllt bceolllcs

qui te small as the the modification will ovcrshoot the minimwn. The optimum stop sizll

is betwecn tltase two cxlrcmcs. Sincc the optimwl1 step size is unkJlowu, IIdllpth'C stcp

size random search nlgorithms were creatcd. The distanœ d varics nccordillg to the pCL'il

experience. The basic principlc bchilld tbcsc ndaptivc nlgorithms is to try biggcr steps

as an improvement occurs and ta reducc the step on unsucccssfui trials (Matyn.", 1965).

Eacl1 algorithm uses a different variant. For exarnple, the. algorithm Adaptive Step Size

Random Search (ASSRS) found in Schumer and Steiglitz (1968) tries two step sizes, d and

d(l + a) where 0 < a < 1, and waits a certain numbcr of consecutive unsucccssfui trials

beCore reducing the step size d. If on the other hand the attempt succeeds, the value, li or

d(1 + a), that creates the best improvement is taken as the next value for d.

A more general ndaptive procedure presented in Devroye (1972), tries to combine a

random search with a non-random direct search. The compound random search algorithm

(ORSA) basically inspects a deterministic modification to the approximation as weil as a

controUed random variation. The interesting factor, herc, is thc control of the stcp size. If

d; represents the distance use<! at iteration j then

d. ,_ {d;(1+0) if the trial issuccessful
,+ - d;(I- (3) otherwise,

where with 0 > 0, 0 < {3 < 1 and do arbitrary, we have

p••" ... '"~ < 0.5
0+"

Hence if we choose Pm,... =0.2 then we must have 0 =4{3. The values for 0 and {3 have

an indirect influence on the performance of this a1gorithm. It is recommended though that



• From bitmap ta outliae foat

p.urcr!.. he kcpt bctwccn 0.15 and 0.35.
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UnCortunntcly, this method cannat he cmploycd nnivel)'. The PostScript type 1 format

requires thnt the diffcrcnt instruction pnrnrnctcrs be intcgcr values (sec Adobe, 199Db).

A rcnsonnblc schemc to ovcrcornc the dcficicncy is siroply givcn by

{

dj + "'1 if the trin! is succcssfui
di+l = dj - 'Y if the trial is nat succcssfui and dj - 'Y ;:: 1

dj othcrwisc,

where'Y e {l, 2, 3}. The values for 'Y arc derived fram the follawing Bernstein palynamials

propcrty. The maximum of fi Bernstein polynomial Br is nttaincd at t = i/n making the

change rcasonnbly predictnble. As fi rule of thwnb1 the maximum variation of each Br is

raugWy k. Thus a cilange of a control paiat by thrce units cilanges the curve by aae unit

(Farin, 1993).

3.6 Quality function

The mast uscd quality fuactian <1> is bascd upaa tbe least-squares criterian (Ploss and

Stone, 1983) (!tah and Ohna, 1993) (Gaal:Zarawski, 1991) (Schneider, 1990). It evaluates

the distance betwccn the contour pixels and thaïr corresponding locations on the interpo-

Inting curve. It requires the computation of a mapping between the pixels and tbe local

pararnetcr t. Different metbads arc used ta perfarm the approximation mapping.

The presented methad here daes nat require any sucil mapping. As the curvature of

the interpalating curvcs is used, a different quality functian resnlts. Tbe errar in pixels

and the curvature make up tbe campanents of the quality <I>(S) of a spline S:

<I>(S) = Q errar(S) + (3 curvature(S).

Here the wcigbts Q and {3 sntisfy Q+{3 = l, Q ;:: 0, {3;:: O. Tbe curvature may be evaluated

by Simpson's mie (Davis and Rabinawitz, 1984). The pixel errar errar(S) is explained in

the next section.
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3.7 Pixel errar evaluatian

The qunlity of a C'J Bézicr spline can he cvaluntcd by the precision nt which it npproxi-

mates n certain portion oC the bitmap. The Ilwnhcr of pixels crroucously colorcd 111lm..'iUfCS

the qunlity of the approximation. A pixel of the gcncrntcd image is said to he in error if

ils color dacs not coïncide with its color in the originnl bitmap. This nppronch considcrs

the aren in errer illstcnd of distances.

Pixel color dcterminatioll Crul he donc in many ways using fillil1g nlgorithms. A simple

mcthod known os the flood-lm algoritlull consists of filling rccursivcly n boundcd llIen

with n givcn color. This would require thnt the Bézier spline be rcudcrcd in arder for the

bordcring pixels ta be detcrmillcd. Illstcad a scan-line algoritlun bnscd upon the cvclJ~oclcl

rule (Foley et al, 1992), will be usoo. It colors a pixel by drawing an imagiuary liue, usually

vertical or horizontal, betwccn a pixel and sorne other distant point for which the color

is known. If the nwnber of tirnes the line intersccts the polylines or curvcs iti odd thel1

the pixel lies inside and can be colorOO black. Otherwisc it is white. The following figure

shows the horizontalline determining the number of crossing with a spline.

,...;
01 '.....'. ';

• -: .. " .. • • 'l; ..

~'!!-..r..\I.' ... ~ •.~
'l~~,'~~~~~ .~~TU

~~~~~~~~~'.~~ .~,

" ~ • '" t: .. " '" Il ~ .li" •• " ~ "
.. l:. " " .... )<4O '. '" ,. '~<#:l" 1••• -:-.,,"'.',Iôt .... t',. ~"

ti~~~~~~~~~1 ~ ~.~.~

~r')"'~!1' -~~~ .. ~"t"

...' <# ...
~ .. ,1-

""..-

Figure 18. The even-odd olgorilhm.
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The convcx hull propcrty of Bézicr curvcs cosures the locality of the modifications.

If Il modification ~ is applicd to Il Bézier curvc 81 ta producc Mother Bézicr curve 821

the rcgion of the bitmap for whicb pixels migltt change color is dclimited by the convcx

huJls of BI lUld 82. Note that the two cMnal he disjoint sinee B2 must he nttnchcd to the

portion of the spline thnt BI WQS conncctcd to initially. For simplicity, n bounding box

BBc ean he uscd to enclose the two convcx hulls. \Vith Il spline thnt gets modificd nt cach

stcp oC the gcncrntion proccss, the computations arc kcpt to n mÎlûmum by the locality

propcrty oC Bézicr curves.

The cvcll-ocld rule dictatcs thnt the intersections bctwccn the curves and the pixel rows

lUlcl coluJnn8 he round priar to its use. Hence for n Bézier curvc B, with control points

bo,b"b2,b:. and a bounding box BB the intersections of 13 with the rows and columns of

BB nccd ta be computed. An intersection for 13 is calcuJatcd by solving the cubic roots

of one of the two polynoRÙalS of the Bézier monomial form

azt3 + bz t2 + czt + Xa = Xl

a.t' +b.t· + c.t + Yo = YI

dcpcnding if n vertical Une nt x = XI or n horizontal Hne nt y = YI is considered. Note

that Xl and YI are coutaincd in the bounding box BB.

Without 1058 of generality, let us considcr the case of n vertical Hne nt X = Xl. Wc

cali a root to, t" t. valid, if it is real and falls in the range 10,11. Let t; be such a valid

root. Then the curve intersccts the line at point (X" 13(1;». Let Yb = L13(tl)J. If the total

uwnber of curves passing betwccn the points (Xl, Yb) and (Xl + l, Yb) is odd then the color

of the two points (X"Yb) and (x, + l,Yb) ls differant.

If the considered bitmap is of size m x n, then knowing the color of pixel (x,y),

o s X < m,O S Y < n, as well as the number of times the line (x,y) (x + l,y) gets

interscctcd by curves is sufficient to determine the color of the pixel (x + l, y). The ooly

information that mutt be kept for a pixel (x,y) is thns the number ofinterscctions between

(x, y) and (x+ l,y). The information that must be retaincd is the set of intersection points

with the horizonts! and verticallines.
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3.8 Bushfire algorithm
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Ifwc dcfinc the error ta he the Ilumber of incorrectly colon~d pixcl~. thell cnch pixel hns tlw

snrnc wcight in the critcrioll. Expcrimcnts show thl1t il is prdcrnblc to gi"c morc wcight

ta pixels tha1 arc far nwny from the conlour. This, in cffcct, crcntc~ bcttcr~litting splilws.

The disln.llcc Crom the outliul' is the lcngth of the shorlcsl ndjnccllt-pixcl·pnth (in

which only norlh, south, l'ost, west maves arc n11owcd) stnrting nt the pixel to rCl\l~h

fi pixel of the npproprintc color. As thi... il.. n shurtcst pnth prol>lclU, ordinnry brcndth­

first-scnrch may he pcrforrncd ta find nU distances in Ume proportiolllù ta the Humber of

pixels (Cormell, Lciscrsoll and ruvcst, 1990). By nunlogy \Vith n bush fire, wc coill tllis tlll!

bushfirc algoritlun-thc naInC wns tnkcn from G.T. Toussnint's Computntionn.l Gl.'OlIlctry

course at McGill Univcrsity. More dctnils may be found on pagr. 254 of Prcparntn LUld

Shnmos (1985). The oIgorithm is given helow.

S _ set of contour pixels

Q - 0 (Q iB a qUBUB)
Vs E S do: mark s as visited

set value(s) - a
enqueue (s. Q)

ehile not empty(Q) do:
s _ dequeue (Q)

for 811 4-connected ueighbors e of s do
if e has not been visited then

mark e visited
Bet value(c) _ value(s) +1

enqueue (e. Q)
return the array "value", vhich contains the distances

ta the contour pixels

The pixel error rnay now be defined by

•
W(vaIue(p)) +

whltct pixel. p black pixel. p

W(vaIue(p)) •
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wlwrc \1' is nn illcrcllsillg pCllnlty function 5uch os

40

11'(1.1) =

1.1
1.1'
1.1"
UIu<.n + OO/lI>n

U'J.lt~$.n + ooIu>a
UJ fuSn + OO/U>a

(Iinea, pelllùty)
(qulldrntic pennlty)
(cubic penalty)
(Hncnr penalty, 00 bcyond 0')
(qundratie penalty, 00 beyond a)
(cubic penalty, 00 beyond a)

•

•

As Ilumtioncu ubave, Hllmy cxistiug nlgurithms use the lCIL'it-squnrcs Illcthod. Roughly

spcnking', thcsc correspond to picking ''''(U) = U as the :-oum of penalties l, 2, 3, ... 1 k for

Il pixel lit distallce k is k( k + 1)12.
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4 Generating process

·11

The different steps necel'snry for the creation of a 11luulwrittcIl typcfncc, \Ising thl! dl~

veloped software, will be cxplored in this chapter. The proccss consists of four distinct.

stages. Initinlly the desired charncter set il' writtcn on paper lUul rend hy n scmlller. Once

n bitmap is obtnined from the scnnner's software, it is convcrted ta tlll~ desircd formut..

The ncxt step crentes a bitmap font in the PostScript type 3 format. Finnlly, this ne\\'

font will be useel as input for the creation of the hundwrittell typefacc. The result is fi file

in the PostScript type 1 format. This proccss is depictcd in figure 19. Each stnge of the

proccss is cxplnined in more detnils in the following sections.

•
n."", Scanner TIFFfiI. Bitl1U1p Conversion

XBM file scrpt2ps PST.",,) Fonl Gencrinor PST."" 1
Bilmap Font file Font file •

•

Figure 19. The typeface generotion proeess.

4.1 Scanning

Although flexibility is one of our goals, wc introducc sorne restrictions on how the dmr­

acters must be presented.

Two types of cbaracters may be eonsidered. One is the set of cbaracters tbat are

composed of two horizontal parts sucb as the dieresis ("l, blaak space dividing the different

pieces. The otber grnup is composed of nll the horizontnlly unbrokan pieced cbaracters,

like lia" ,"b" and "e". Note that characters such as "i" muy be part of the first group if they

are written in an extreme slanted manner. In order ta distingWsh charactcrs of the first

type from adjacent cbaracters of the second type, sorne notieeable space should separate
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distinct leUers.
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The hcight chnractcristics of leUers may be dcscribed by four Hncs, the bnseline, the

descender line wld the lowcr case wld upper case lines. They gunrantcc sorne consistcncy

lUllong the chnrncters of n typefnce. Thc followil1g figure shows the mcntioned lines for

Icttcrs oC the Times--Romwl typeCace.

~~~~A1KdEfg1TijE
- ---

upper ca.'ie line
lower Ca.'ie line

ba.'ieline
de!iccndcr Une

•

•

Figure 20. Example of the guidelincs for chnractcrs in the Times-Roman font.

Thcse lines may be uscd Q.'i guidclines when writing the letters. As the four lines must

not nppear in the bitmap, blue ink may be uscd to draw them. The position of the bnseline

is fundlUuentn! to ensure that nll the letters of a typefnee be correctly nligncd when printed.

Two black line segments arc rcquired on the left and right sides of a string of charneters to

iudicatc the baseline. A set of characters with the baseline indicators constitute an input

strip. A charneter set may require multiple bitmaps to be entirely representcd. The input

atrips arc scanned individually. By partitioning a page in multiple sections, thc amount

of mcmory required is lowcrcd. Scanning an entire page at high resolution may rcquire

severn! megabytes of storage. An cxlUllp\e of a inp"t strip is shown below.

- ..a., jy N ..d ~ -? -1-' ~ "ÎJ

Figure 21. Example of au input strip. The two black line segment at the ex/remes
indicate the location of the baseline.

4.2 Bitmap conversion

Depending on the scanner software, the bitmap may be saved in different formats. In our

cnse, the generatcd bitmap is in the TIFF format <Iesigned by the Aldus Corporation. It
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is an indepcndent and extensible description format.

The ncxt stage of the process cxpccts as input a fUl! in the XUM format. The lcrm

XBM stands X bitmap of the X-\Vindows system. The formnt is such thnt. tlw hitmnp

Ina)' be incorporated in any C language progrnm. The following corresponds to tlll~ mOl~k

handwrittell letter A of figure 7 in the XIlM fornmt.

#define B.width 25
#define B.height 25
static char B.hits[] • {

OxOO, Ox06 1 OxOO, OxOO, OxOO, Ox3f, OxOO, OxOO,
Ox80, Ox3f, OxOO, OxOO, OxSO I Ox7f, OxOO I OxOO I

OxeO, Oxil, OxOO, OxOO, OxcO. Oxel, OxOO. OxOO,
OxeO, Oxcl, Ox01, OxOO, OxoO, Oxe1, OxOl, OxOO,
OxoO, Oxc1, Ox03 1 OxOO, OxeO, OxcO. Ox03, OxOO I

OxiO I Ox01, Ox03, OxOO, OxfS, Oxff, OxOf l OxOO,
axiS. Oxii, Oxlf, OxOO, OxiO, Oxff, OxOf, OxOO,
OxfO, Ox81 1 Ox03, OxOO, OxfO. Ox81, Ox03, OxOO,
OxiO, OxSl, Ox07, OxOO, OxfO, Ox81, Ox07, OxOO,
OxiS, OxOO. OxOf, OxOO, Ox7S, OxOO, Oxle, OxOO,

• Ox7e, OxOO, Ox7c, OxOO, Ox3c, OxOO, OxiS, OxOO,
Ox3e, OxOO, OxfO, OxOl, OxOe, OxOO, OxSO, OxOO,
OxOO, OxOO, OxOO, OxOO};

Note tbat if tbe widtb of tbe bitmap is not a multiple of8 tben tbe bitlllnp is nrtificÎlùly

padded with zeros. The conversion from TIFF to XDM can be achievcd by usiug the l'DMl'LUS

paclœge. Tbe conversion of a file bitmap. tiff into hitmap.xbm may be acbieved witb tbe

cornmand Hne:

tifftopnm bitmap.tiff 1 pbmtoxbm> bitmap.xbm

Botb progrnrns, tifftopnm and pbmtoxbm nre part of PDMPLUS.

4.3 Scrpt2ps

•
Tbe program scrpt2ps, developed by Luc hlikiszko al McGill University during tbe sum­

mer of 1993, creates a PostScript type 3 bitmap font From a series of bitmap strips.
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Mudifications Were made for increu.'ied flexibility.

This piece of software requires ~OIlle hints on the supplied characters as it is docs not

al1tomaticnJly pcrform pattern recognition. As the Ilame of each clH~racter of a bitmap strip

is uukuowu ta the progrmn, the l1ames nccd ta be providcd. For fi better undcrstanding of

the ~cstrictions impo~cd on the layout of the characters, let us take a closer look at how

scrpt2ps worlœ.

For cach bitmap strip, the fol1owing operations arc donc. The bascliue position is

delermiucd from the mark<; on the c.'Ctremitics of the bitmap. As the thickncss of the

marks muy vary, the center nf mass of each onc of tll:m is taken into consideration to

construct the bnseliuc. As the liue of characlers may 110t have bccn exactl)' horizontal

during the SC0.11, this fictive line, traversing the bitmap, helps recalibrate the position of

the basclinc for each character.

The charncter locations necd to be dctermincd. Sections of consecutive colwnns having

BOine black pixels arc first delimitcd. Bach section muy correspond to a possible vaUd

character. Noise muy be present in the bitmap and must be removcd. As noise is simply a

group of black pixels that docs not represent a character, the number of pixels composing

0.11 entity in the bitmap may be used ta diiferentiate noise from vaUd chnracter pieces.

Below a certnin thrcshold, a set of connectcd black pixels is considered as noise and is

removed. Note that a set of wlùte pixels may creote an undesirable hole in a region of

black pixels in which case they constitute noise also. The sorne concept may be used to

remove noise generntcd by the white pixels.

Tbe bounding box for eath character is then computed and the corresponding bitmap

is thell USl.'<l to gencrate the font. Sorne charactcristics like the size and baseline position

arc wso genernted.

The command line for using scrpt2ps is of the form:

scrpt2ps [options] [input.files]

It may read input files from the standard input, hD1U1el as weil as from specified filenarnes.

The output is sent to the standard output channel. The different options that may be used
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with scrpt2ps nre explnined belo\\'.

-h: displnys n brief description of the progrrull options.

·15

•

•

-r: specifies the serumer resolution. For eXlunplc, -r 600 indicnll's thnt. the hilmup

was scanned nt 600 dpi. The rcsolution option is \lsed for l;onwrtin~ distUIll'l'S

in terms of number of pixels. It is nlso used to determinc t.he t.hrl~shold in nuisl'

detcction. The defnult !'csolution is 300 dpi.

-s: specifies the spaee betwccn ndjl1cent chnrneters. The pllI'lUueter value reprl~Sl~Ilt.S

the minimal spnce thnt must be present betwccll t\\'o chnrnclers tu cUllsider lhem

individually. The vnIue is expressed iu im hes. Thc defl1ult vainc is half un inch

(0.5).

-1: specifies the filcnDmc eontoining the list ofnnmcs present iu the supplicd bitmap.

The filennme eontaining the list of nnmcs must nlso he specified on the conuUluul

line. The format for the list file is very simple, one namc Ilcr Hnc. Hence the file

for the bitmap band shawn in figure 21 would be

la
lb
le
Id
1.
If
Ig
Ih
li

The reserved name lundefined may be used to indicatc that fi chnracter should

be skipped.

-d: specifies the filcnarne containing the font encoding. Once all the bitmap strips are

processed by scrpt2ps, the font can be gcneratcd. The dcsired cncoding must be

specified. A brief example of tbe Computr·r Modern Roman eneoding shows the

required format for the dietionary file.
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o /Gamma
1 /Delta
2 /Theta
3 /Lambda
4 /Xi
5 /Pi
6 /Sigma
7 /Upsilon

46
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The following simple shell script shows how scrpt2ps lIlay be used on six input strips.

The chnracters were scan at n rcsolutioll of 600 dpi and the oùnimal distance scparating

adjacent chnractcrs was a quarter of an inch. Initially each input strip, in TJFF format, is

converted to XBM and processed by scrpt2ps. When ullsix temporary PostScript files are

crcated, they nre united into the file bitfont.ps.

'I/bin/csb
fore.cb f ( 1 2 3 4 5 6 )

tifftopnm bitSf.tiff 1 pbmtoxbm >1 bit.xbm
scrpt2ps -r 600 -s 0.25 -1 listSf < bit.xbm > bitSf.ps

end
scrpt2ps -r 600 -d dictfila bit•• ps > bitfont.ps

An example of what the resulting PostScript file looks lil.. is shawn in Appendix A.

4.4 Font generator

Once the bitmap font is crcated, the typerace generator program FONT may be used ta

generate the typeface in the type 1 PostScript format.

The command line for FONT is

font [options] font.1ila

The different options that may be used nre explained below. Th. options nre grouped

according ta their relation. The options that stm with a lower case latter may be used ta
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alter the approximation process.
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-h: displays n description of the progrnm options.

-a: govcrns the probability of a rncrgc to be pcrforrncd. The dcfnult vnluc is 0.5.

-i: specifies the numbcr of optimization itcrntions to pcrform on cach chnrnctcr, the

defnult value being 1000.

-r: may he used to spccify the rcsolution of the writtcn charactcrs. By sclcctiug

this option the scaling betwccn scnnncd pixels and the cltaractcr spncc mny he

computcd. If the option -r with pnrameLers )rlO and 500 is usoo, thCIl the progrnm

knows that a charactcr occupyillg 150 pixels in hcight in the original bitmap

should occupy has n height of 500 in the character space, a metric box of 1000

x 1000. This option overides the options -L nnd -LS. May be used to developed

and entirc font rDnÙly and keeping consistcncy among the mcmbers.

-va: indicates thnt a variable merge probability be used.

-Il: specifies the value of (3 in the quality function 4>, Q being 1 - (3. The default

value of (3 is 0.5. (3 weighs the eurvature component in 4> nnd Q the pixel error

component. ln mnny cases, values Bite (3 = 0.9,0.99,0.999 or even 0.9999 may be

used to obtain increasingly smooth (but less realistic) ouUines.

-S8: specifies the initial step size to use in n movc operation. The default step size is

one pixel.

-gs: stnnds for global step. As by default, esch Bézier section has its own step size

tbat varies as movc operations are perfonned on the section. A global step size

may be used by tbis switch.

-BF: indicates wbich bushfire ''va1ue'' function W(U) to use, sec section 3.8. Six fune­

tions are available, nnd cnn be selected with parameter values betwcen 0 nnd

5. The parameters values 0, 1, 2 are for linear, quadratic and cubic fW1ctions

respectivaiy. The parameter values 3, 4, 5 arc identical except that past a certain

distnnce, the penalty becomes infinity.

-BFD: specifies the distance at wbich the bushfire algorithm decides to set the pixel
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wcight as 00. Note tbnt this pnrnmeter muy only be used when the option -BF is

used with parnrneter values 31 4 or 5. The defnult maximum distance is 3.

-B: specifies the number of Inyers of pixels ta be addcd ta the charncters to make

them bold. The bushfirc nlgoritlun is used here also to dctcrminc the pixels thnt

arc at a distance 1ess than thc value supplicd from a contour.

-SP: specifies thc width of the spnce chnracter. The value should be bctween 0 and

1000. This is only neccssnry when defining a typcface that cxplicitly deseribes

the space character. The default width is 500.

-SB: muy be used ta override the defnult side bl!arinbl'5 width. The defnult is 60 repre­

scntcd in the character space of 0 to lOUO.

-L: specifies the name of a character for which as rcference height may be used. The

default chnracter is the letter lie".

-LS: specifies the height of the referenee character. The height must be given in terms

of the 1000 by 1000 metric box. The default value is 430 representing the letter

lie" of the Computer Modern Roman font.

-NP: specifies that the generated font should be monospaced. The widest character

determines the width of ail the characters.

-SL: specifies the single charaeter on wlùch the font generation should be performcd.

The nome of the single chnracter is written out in text formjust as in theencoding

vcctor. The name of the character 11411 is thus "fourll
•

The different fields that arc requircd in a type 1 font dietionary mny be supplied by

the user. The options pertaining to font specifications ail start with the letter F. Once a

PostScript type 1 font is generntcd, the font file mny be cditcd to change the values passed

by these options.

-FN: specifies the narne of the font. By defnult the narne is Hine. It is also used to

specify the nanle of the output file in wlùch the font will be crented. Henee if -FN

HyFant, the crented font will be starcd in HyFant. ps

-FF: specifies the font farnily narne. The defnult narne being Hine•
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-FFN:

-FV:

•

•

specifies the font full lUunc, hcrc ngnin the dcfnult lUUlIC is Mino.

indicatcs the version numbcr of the gcncrntcd font. The "ùuc (J.U bcing the dcCnult

version Ilwnbcr.

-FI: specifies the angle to use for itnlic lcttcrs. Normal lcttcrs bcing gcucrntcd hy

dcfault, the default is O.

-FID: specifies the UniqucID vnluc to use for the gcncrntcd font. The dcfnult ID is

4000000.

-FW: indicates the wcight of the font. The dcfnult VèÙUll is medium.

-FP: may he uscd to spccify if strokcd or fil1cd dmrnctcfs nrc desircd. A Vl;ÙUC of 0

indicntes filled and 2 strokcd charactcrs. By dcfnult, the gcncratcd font chnrnctcrs

arc filled.

Sorne of the options thnt arc availablc to the user wcrc introduccd to gather information on

the interpolation proccss. Statistics on the succcss of the operations as well os the avernge

error and curvature during the interpolation of the entirc typcfncc can be nccumulated.

-5: indicates that a stats file nnmed etats be crcated. The infomtntion rccordcd to

the average state of the optimization nt cach itcration of thc proccss. As the

information is stored in binary, to save spacc, the program. etats may be uscd

ta crente an ASCII file that can be used by gnuplot for plotting tbe behnvior of

eacb recorded attribute.

-H: a!lows a more complete description to be recorded in a history file. The file kccps

the information for eacb iteration and charneter. Tbe rcsulting file mny hccome

quitc large. The created file is namcd history. Once ngain to save space, the

infonnation is stored in binary fonnat. The progrwn history may be used to

generate input for the gnuplot progrwn.

-0: a!lows the creation of a visua! history. A PostScript file is created and is narned

out.pB.

-OF: may be used to spccify the narne of the visua! history file.

-DI: indicates the nwnber of iterations betwcen two successive records of the current
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charactcr in the output file.

-OP: indicatcs the percentnge of the box spccified by the -os option to use. The defnult

value is 0.80, 50 the 1000 x 1000 metric box will be scaled 50 that it occupics a

square box of 160 points if the option -os 200 is used.

-OS: indicatcs the maximwn size a character may occupy on the output page. The

dcfnult values dcfines n square box of 100 points.

Herc arc sorne cxamptcs of how the font program may be used.

Thccommand

foot -i 1000 -a 0.9 -u 0.99 -gs -FN Flamiogo -FFN Flamingo -F~ 2.0 -FF

Flamiogo Flamiogo-Bitmap.ps

creatcs the version 2.0 of the typcCace "Flamingo". The nwnber of iterations used for the

generaUon is 1000 and ninety percent of the time a merge is performed. The curvature

is 99 Umes more important than the error in pixels when the quality funcUon tI» is uscd.

Also a globnl step size is used and the input file is Flamiogo-Bitmap.ps. The output file

will be Flamiogo.ps

Thecommand

foot -i 1000 -~L tua -0 -or 50 -os 200 -OP 1.0 Bitmap.ps

creatC5 a font named "Mine" including ooly one charactert namely the letter «2". The

nwnher of iterations applied to the charneler is once more 1000 and at every 50 iterations

the stnte of the charneter is output in the PostScript file out .ps. The 1000 x 1000 metric

box of "2" will occupY a square box of 200 points. The input file is Bitmap.ps.

Thecommand

foot -i 100 -H Bitmap.ps

creates nlso a foot named Kioe but tbis time nll the charnelera included in the input file

Bitmap.po are processed. A bistory file is nIso created. By using 100 as the ownber of

iterations 10 be performed for each charneter, the size of the bistory file is controllOO.
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5 Handwritten fonts
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In this section, we will illustrate sOllle of the fonts that were gcncrntlld b~' the mentione<1

nlgorithm. They arc briefly shawn in figures 23, 24 mul 25 using a forlllnt similnr to Wlùlis

(1990).

An example of a the letter "\\7" from the Isnbelln2 is shown in the next ligure. The

black dots rcprcsent the B&...ier curve cndpoints. The bounding box amI the lOOO x 1000

rnetric box arc nlso shown. One will notice how the l3ézier curvcs arc distributed nlong

the contours. More curvcs arc used in sections with high curvnturc.

[--------------

Figure 22. IsabellaR's letter W created :uith the parameters ·i 4000 -a 0.90 -w 0.99 -g6.
The bounding box and the metric space are shawn. The two black dots define the width of

the character. The Bérier spline endpoints are shoum as white dots.

Handwritten fonts may be uscd for Il myriad of applications. To attract customers in
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Bazooka
ohc.de.f8h'jKIrf)nop9rstuvw~yz.
A-.BC.DfFGH-13(Ll'1NO~Ql<.STUV'vJXYZ

012345bI89"&!@#$%",()-'+=:;,.7-"U

CacographIe-Roman
abcde}~hijk)mnO?qrsTuv\Jx~Z
ABCDEFGHIJKLMNOPORSTUV~XY2

012345678'j~e,1~# .U*()_·+=g;,oZ-"[]

52

Flamlngo

Flamlngo-Bold

Flamlngo-Black

Qbcdtf~~ijllmno,~o lUVV1.F
A~(m olllmn~OrQD lU~V 'AlI
0IZ)1)61ôl·&.!HtY.t()-·t=:;)-,[1

abcdrri~[llimnof\r~ IUVVkF
A~(~H otlrmnNUrDnlUVV"Tl
0llJD61Ô1·&!~t$r.t{)-·t":i..?_.[J

Pigure es. Newly creaied handwritien type/aces. Birgit Devroye ereated the Bazooka
type/ace. The Cacographie-Roman type/ace is mUen by Luc Devroye, and the Flaningo

type/ace is from Natasha Devrolle's hand.
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Handwritten fonts

Isabella1

Isabella2

Isabella3

Isabella4

IsabellaS

53

obcdefgh l }-<lmnop9/"sruvwxyz
ABCDEFGHJKLMNOPORSTUVWXYZ
012.3lj-5G':f89,&!@:iF$%oO-·+=:;,.?-'n

.a.Jy .L, ..cl J!. '""'t Ivt, f' .1.L-nz"'1 Û f" -fj-.Jt- Â .t il.A1' .m-:r."P -'Y
afief)S IFG'WJJf}{J... 'Ilz'!Z{f iP~fI.. SfT il'Y 'IJ%Vry
0123't-5G789.E!@#'$%·O-·+=:;,.?-"EJ

.A..!J..L,.J..e,-?-<;-Â i -;-1.171/.'1~7"11''''' ,!,1;..u....,. ..,.>:'-'/'-'1'

A~CBeFGWJ;X~~~~~~RsrrutVh1-~

0123't5b"189-R!@:lf$%·O-·+=:;,.'?-"[]

abcde f gk 1..jklmnop9'stuVW'Ayz
ABCDEFGHIJKLNNOPQRSTUVWXYZ
012.3lf-56189...g!@:lF$%*O-·+=:;).?-"[]

.Al.~.J..e,-?"l'.A.-i.i'.A. ..L""l"'l.6'7".Aj..........1..u.J'" ....,.oz'1-"Y

.;t-/Jc1JE/!"GlIJl'H.J..'71L7f.tlp~l/sr'l(r 1J1.V.lf
o123+56189,&!@jl:$%OO-·+=:j,.7·"[]

•

Figure 1!4. Newly created handwritten typefaces. The Isabella series was produced by
Isabelle Massarelli.
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lIandwritten fonts

IssbellaS

IssbellaS-lIalie

Paeh

TropDePolis

TropDePolIs-Mono

obcdef9hi.jklmnop91'siu.vwxyz
A8c:DEFGHIJKLMNOPQRSTUVWXYZ
0123156 '189...&!@:lf:'$%*0-'+=:;,,?_nU

obcdef9h0klmnof~rst~vwxyz

,{8(,J)[fGHIJfUlIIOl'QRSTIIVW1YZ
0123t56789...&J@:IP$%fI()-'+=·ij,7-"[)

~"c"cf~k.i jklm"'..r'l-rstll."''''''y%.
A6CDEFG-HIJKl.MNOPQ.R.STL4VWxrz
o12.3~S'6781-&!@:/I'$%"()-,+,,:,.3-·[J

abcde+9 'n tj'Rtmnop9rstuvlJ';(~z
ABCDEFGHIJKL~nOpQRSTUVWXYZ

01~g4S6 78':) g,!~#$%*()- _+=:;••nl[J

abcde~9hijRtmnop9r~tuv~~~z

ABCDEFGHI~KL~OPQRSTUVWXYZ

01Q345678~ g,1~1l%*()-_"'·:;.,?{lU
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•

Figure l?5. Newly created handwritten typefaces. Janos Pach wrote the Pach typeface and
the 7TopDePoiis typeface is due 10 Luc Devroye.
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n wnrm nmbinncc, restaurant menus arc oftcn writtcn by hnnd or with l\ lypcrl\Ct~ thnt

rcsembles sornconc's bandwriting. Dlurbs in cOlluncrcinJs or cOl1lic strips require simulnlcd

hnndwriting as weIl. And of course, thcrc arc the pcrsonn1izcti Icttcrs lUul Ull~ old~stylt~

hnndwrittcn mnthemntics lecture notes.

•

Cro!oHni .li (c.pra ft.""
FriHota di bianchi '.""
Tarto di pO\1l0dOrO ~.4')

Pane. To!>c:ano O.""
Pane aHa Gorço~nano (on otive j.~.

Pane l.vccnc.!ol!. O.').,
Gri!o!oini al rOTllerino O.""
Covaccinc. ~.3"

Schiac.tiato toi Sitcioli 7,""
Foc.occia dd c.o ....otore 7.lJ,)
Focacc.lo ot bo!oitico 7•.,l;l

GormugÎo 3/,iJ
Minc!otro. di Çarro 3.",)
Ac.quocoHo Morellllllono 4.3')
Zuppa oll'ArcJino. lt.3,)
Zuppa di Çostoti di Montolc.ino 3.1)1)
PCMe oHo To!ocono 6.41)
Grondinina 0 ono coi pi~etti J.'i'i
Po~~o oHe. otive J."'}
Peu.e detta nonna 7.'}'}
Papparele.tte ai pepperoni 7.'}'}
t'lacchc.roni ~Hra~e otto lucchc~c. B,4'}

Pa~~Q cot pe~~o povera 8.""
Gnocchi vereli elet Ca~enHno B."'}
Pinci di t'lon~eputciano B.'}'}

Ri~oHo ct bo~itico iO."'}

PoHo af fIlat tonc t4,4;
Gatto aUa ~aMa cd 09[io 1;.4;
PoHo di~o~~oto ai tarciori Ib/,'l
Polto oHc fIleto~ranc Ib,;'J
r:allial • aUa crct'l la,.:I'}
Co~iqf:O cd in!lo(ola Ib,;'J
r:ric~!l~ca aHa chianli~iafla I;,'j')
A~pQragi in !laho vcrde 10.'}')

r:a~ioHni aU'crbo cipaHina 10,'j'}
Pu~·.üc ai carc.ioÇi 10,'l')

Tort'l di crbi 10.'}'1

ButtCUo~O di lutca 6,4')
Tarla ca'li~(heri G.'}'}
Cittegc ct vina rO!l!oa 7,'j')
CrcfIlo %obaianc of vin!oonto Il.'j')
t'lerin9a~o Çiorentino B.'}')

Cro!l~a~a di uvu 7.;')
BruHi fila buoni .:l,'}')

nccci 3,')'}
Toda di fIloranni ot cioctofo~o Il.'j''
BOlllbotoni tivornc!oi 7.,,'}
ZvecaHa oU'Af~crlllc!> 11.",}

•

Figure lI6. An Italian menu in the 7ivpDePoils type/ace.

Different sizes of the Isabella4 typeface are shawn below:

Ta eac.h fonlsi.ze a di.iFer-enl pur-pose.

T0 each fontsize a dilfer-ent pur-pose.

T0 each. fontsi.ze a di:1fer-ent pur-pose.
T0 each fonisize a differ-eni pur-pose.

T0 each fon!si.ze a di.fFer-en! pur-pose.

New typefaces for use with 'IEK may aJso he obtained. To illustrate this, the Caco­

graphie family has heen ereatcd. Sinee 'IEK foats nced to be handled differently than
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PostScript fonts, ooly the Cncogrnphic~Romnn is shawn hcrc and the rcmaindcr of the

fwnily is prcscntcd in chnptcr 8 ruong with the ncccssnry modifications thnt arc nccded

for the font to hc correctiy uscd by 1EX .

These Hnes are wriT'ren wirh The Caco3raphic-Roman r~pe­

5ace. The word Caco3raphic cornes 5rom rhe Greek word 50r

"bad handwririn3·.

One of the particulnritics of '!EX is the wny Foreign lettcrs arc handled. Acccnted

Jcttefs, likc é,è,ê, arc gcncratcd by composition of two charactcrs. The newly crcated

typcfncc has no problcms conforming to it as shawn in the following exnrnples.

BI17.ookn:

La peInture est un poésIe 9u'on vort au l'eu de l'entendre,

la poésIe une pernture 9u'on entend au l'eu de vorr.

Léonard .De V'nc.'

Flwninp;:o:

(ni do nI ln molltmoll\UII \ur f/lidl Ir l'i''ir vroimlnl er/olrur. [n un wloin Irnl, donc, V
Iirnl 10ur vrai \ur la rrnllr lurr ni <om/llrnlr rOUf com/rrndrr Il rit!. oinli jur III Ancltnl

l'ovolrnl r/VI.

AI~rrllinllrin
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Isabellal:

J'éC.r'lS par'c.e 9ue j'al l\mpr'eSSlon ou le senhment 9ue le

monde est lnac.hevé, c.omme Sl Dleu, 9Ul a c.r'éé le monde en

Sl~ jOUr'S et 9Ul s'est r'eposé le septlème, n'aval t pas eu le

temps de tout fawe. Je tr'ouve le monde tr'op petd, la Vle

tr'op c.our'te, le bonheur' pas assez bonheur'. J'éC.r'lS pour'

ac.hever' le monde, pour' a jouter' à la c.r'éahon le hUlhème

JOur'.

Antonlne Madlet

5i

•

•

No atternpt was mnde bere to properly kcrn the lcttcrs-a.ll the intcr-clmractcr SPnciUb'S

are thosc obtoined by the DCW usage of 'IE;X's TFM filcs, without kcrning information. The

nature and the purposc of the TFM files will be cxwnined iu section 8.

As the approximation evolvcs through Ume, the chnrnctcrs converge towards an. op-

timaI representation. The following figure shows the visnal history of the approximation

of the letter 11''' in the Flamingo typcfacc. Ta apprcciatc the cvolution of the chnractcr1

the stroked letter is shawn instead of the filled one. The Bézier curvc cndpoints arc lÙSO

shawn. Wc clearly sec the the number of Bézier curve segments rnpidly dccrcBSCS.

1 U ~! V
f h 1

U P

(0) (800) (1600) (2400) (3200) (4000)

Figure !!.'l. The evolution of FlamiTlgo 's y during the generation of the typeface. Tile
numbers represent the iteration number and the black dots are the Bézier curve endpoints.
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Following is the visual history oC the dollar sigu of the typcfacc Bazooka.
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Figure SB. The evolution of Bazooka 's $ during the generation of the typeface. The
numbers represent the itemtion number.
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Monospaccd fonts mny be uscd to display alguritbms or lists. Tbe following cxam­

pic gives tbe binary scarch algorithm using the monospaced version of the Cacographie­

TypewriterType typeface.

B&fARCHlptr,keyl
if ptr NIL or ptr->vol -- key

r e t ur n p t r
i f ke y < pt r - >vol

then return BSfARCHlptr->left.keyl
el se r et ur n BS fAR CH( pt r - >ri 3h t • k e y l

The following comparative cxample demonstrates the creation of a bold typeface. The

Flamingo typeface is uscd as the base font, and the bushfire algorithm is applicd to increase

the thickncss of cach character. It is pcrformcd by adding extra layers of black pixels.
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Bold fonts mny nlso be nchicved with n wider nib. Hele is lUI CXtUnpll~ of tlm Puch

typerace.

A c,,-II,~r"-rh.er "'SeS "- ""ae .. 'b ...ah. ~r ,,-ce ,,-..a fl""aa y

~. cre,,-~e e1e~"-.. ~ ~IYrh.s.

Italie charnctcrs may he produced by slightly chnnging some pnnullctcrs in the PostScript.

font file as cxplaincd in section 7. The following shows the typcfncc IsnbcllnO with the de-

rivcd italic version.

Halie words attraet also flle attention of flle eye

witho/{ t disfll.rbin9 flle readiR9 ~ow.
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6 Aigorithm evnluation
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This section will takc a look at the behnvior of the algorithm undcr the various parameters

for the gencrated typcfnccs shawn in the previous section.

As mentioned above, one may view a typographcr's work as a reference of optimality.

One may evaluntc an algorithm by considcring how wcll it works with an exist.ing typcfacc.

The following figure shows the approximated letter "A" of the Optima typeface. The gray

area represcnts the scalcd bitmap of the original chnracter. The Bézier curve endpoints

arc shawn.

Figure !!9. Tlie letter "A" of Optima using the optimizing algorithm. The paJUmeters
used are: -i flOOD -a 0.90 -U/ 0.99 -gs.

6.1 Curvature versus time

Througb the approximation process, the curvature varies according to its associated weight

in the quality function ~. The following figure shows how the curvature changes for the

typeface Isabe1la5. Two curves are depicting the behavior. One bas Il curvature weight of

0.99 while the other bas a weight of 0.4. In other words the curvature is considered to he
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99 times morc important than the pixel error for the first CfL~. Inversely, the pixel erraI'

is only 1.5 times more important tbnll the curvnturc in the sccond case.

,,,,--,-~---,--~--~--~--~--..,
"U~'­

"O."' ••••
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,~ \
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Figure 30. Curuature versus itemtion number for the typefacelsabeUa5. The curuature
weights are 0.99 and O.•.

By using a high curvature weight, the average curvature of the typeface drops rapidly

in the fust 1000 Iterations.

6.2 Pixel error versus time

The second component of the qualit)' function 4> mensures of the accuracy of the approx­

imation, and depends .pon the used bushfire function (sec section 3,8). As mentioned in

section 3. the curvature and pixel erraI' are two confUcting criteria. This is shawn in the

next figure. By using a higb curvature weight, hence a low pixel error weight, the algoritlun

Favars the introduction of pixel errors in the fust few iterations of the chnraclcr gCDera-

tion. Figure 31 shows the average error for the typeface Cacographic-MnthExtension nt

each iteration of the generation. With an error weight of 0.01 we sec that the curvaturc is

initia1ly favored and the pixel error is subsequently uûnimizcd. A totally differcnt hehavior

is seen when the pixel erraI' weight carTÏes morc wcight.
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Figure 31. Pixel eTTOr for the type/nee Cacngraphie-MathExtension ver.ms itemtion
number, with two different weights.

6.3 Number of sections versus time

62

The nwnber of sections depends upon the number of successful merges. The curvature

wcight impl\Cts heavily on the final number of Bézicr sections. This effect is shown in

figure 32. The cun>ature weight thus h85 0. direct influence OD the size of the generated

typcfncc.
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Figure 32. The average number of Bézier sections for two different CUMloture wcigltts a., a
funetion of the number of iterations for the typefaee Isabella4 and two diff.Tent weig1lL•.

6.4 Adaptive operation selection

The adaptive randorn search technique CRSA (Devroye, 1972) rnay be used in the opti-

mization process. It is triggercd by the option -val and requires pararnctcrs Q and /3 (sec

section 3.5). For a Pm,... of 0.2, we have that Q = 4f3. We sec in the ncxt graph that

the variations stabilize around 0.7o-probabilistieally speaking, 70 percent of the tiUle a

merge operation will be perCormed.
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Figure 99. The jrequency of the mcrge operation for the typeface I.,abella4 versus the
number of itercdions. The parnmeters are -Î 4000·a 0.90·w 0.99 ·va -gs.

Lower curvaturc wcibht or II. lower initial merge operation weight do not scem to

change the final result. This behavior is shown in the ncxt figure. The rate of convergence

is affected, howcvcr.
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Figure 34. The frequency of the merye operation for the type/ace lsabella4 versus the
number of iterations. The parameters are ·i 4000 -a 0.5 -UI 0.5 -va -9s.

6.5 Step size versus time

The average step size use through a generation process is shown in the following graph.

We see that initially the step size increases and then slowly diminishcs. As the numbcr

of performed iterations increases, the optimization process reachcs a point wherc the rate

of SUCCC&lful operations drops. Once this point is reachcd, the average step size starts

decreasing.
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Figure 35. The average step sue during the creation of the type/ace Flamingo. The
parameters are -i 4000 -a 0.90 -w 0.995 -gs.

6.6 Pixel crrors

ln this section, wc show two figures for the raw pixel errer (numbcr of incorrectly colored

pixels) versus the iteration numbcr. In each case, the Bazooka typeface was constructed

with two different busbfirc parameters, namely -BFO and -BF 5. Wc notice that if the

curvature weight is higb, the more restrictive penalty contraIs the maximwn nwnber of

pixels colored incorrectly.
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Figure 96. The variation of the number of pizels wrongly colored versus the itcmtion
number for the typeface Bazooka with two bushfire pammeters. The pammeters are ·i

4000 -a 0.1 -tu 0.1 -gs.
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Figure 37. The variation of the number of pizels wrongly colored veraw the itemtian
number for the typeface Bazooka with two bushfire parameters. The parameters are -i

4000 -a 0.9 -w 0.99 -g8.
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As ticcn in chapter l, multiple PostScript formats rony he uscd to dcfinc a typefacc. Wc

will dcscribc in this chapter the PostScript type 1 format and how a typefncc rooy he

crcntcd.

The type 1 format wns dcsigncd for storagc efficicncy as weil as accuracy. Two kinds

of filc may he defincd, an ASCII and a binnry version. The convention used in naming the

font file for caeh kind is as follows: the file extension .pfa is used for the Ascn version,

while .pfb is uscd for the binary onc. Wc will consider .pfa files.

ln Appendix B, llll cxample of a type 1 foot is sbowa for tbe typeface TropDePoils. A

type 1 font file may be divided into tbrcc parts. Tbe beader describes global characteristics

about tbe font wbile tbe body contains tbe character descriptions. Altbougb tbe next few

sections will examine the dift'crent parts of the font, a more elaborate description of the

format may be found in Adobe (1990b).

7.1 The header

Followiug tbe dcclarative prologue of tbe font file is sorne global font information stored

ill dictiollaries. Tbe dictiollary FoatInJ:a bolds mainly tbe full Ilame of tbe foat lllld its

family name as weil as tbe version number. Tbe font's name is desiguated by tbe keyword

FontName. Tbe entry FontType is always 1. The FontHatrix corresponds ta tbe transfor­

mation matrix tbat is applied ta every character before it is generated. In goneral tbis

entry is used ta indicate bow tbe scaling sbould be done lllld often looks like:

IFontHatrix [0.001 0 0 0.001 0 0 J readoaly def

This transforrns tbe character space into tbe user space before tbe appropriate scaling is

applicd. If we follow Biibm's construction, tbe Bézier control points may not be always

integer values. For efficiency and accurecy tbe parameters uscd by type 1 instructions

must be integer values. Tbe size of tbe cheracter space is tbus modificd in our work ta be

6000 x 6000. Tberefore tbe FoatHatrix entry for our generatcd typefaces is as follows

IFoatHatrix [1 6000 div 0 0 1 6000 div 0 0 J readonly def
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The FontHatrix moy he modificd for crcnting itlùics.
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IFontHatrix [ 1 6000 div 0 1 6000 div 0 sin 0 COD div mul 1 6000 div 0 Ol

readonly def

The above /FontHatrix perCorms n shcnr transformation of 0 dcgrccs. The /UniqueID

cotry is used to refcrcnce n font vin a numbcr. This identification numbcr should he

unique. The lO5t important cotry in the bcnder is the cncoding vcct.or.

7.2 The body

The body of the font starts with the instruction currentfile eexec. The rcmnilldcr oC

the body consists of an encryptcd string descrihing the chnractcr shopes. The cncryption

algaritbm is alsa dcscribed in Adobe (lOOOb).

Wheu a typefacc is generated, no cncrypted section is produccd. Instcnd the chnrnctcr

descriptions are praduced using the standard type 1 instructions. Appendix C show. lUI

cxlUDple of the typef....e TrapDePails with the type 1 instructions. From the generated

TrapDePails.ps file, the file TrcpDcPails.pfa may be created with the pragrlUD tlasm.

This pragrlUD is part of a frccly available paclœgc for manipulating type 1 fantH and WM

created by Lee Hetheringtan.

Sorne ather declaratians mBY be sccn in the unencrypted version of the font. The font

baunding box is defined by the entry FontBBax. An array of .ubrautincs is defined and

named Subrs. The four subroutines arc required to be present in the font, os shown in Ap­

pendix C. Subroutines may be used to exccute conunon instructions for certain cbaractcrs.

This canstruct is useful when a typcfnee is mannally designed with precise charneteris­

tics shared arnang the charnelers. The dictianary CharStrings cantain the description for

evcry charneter of ~he font.

7.3 The trailer

The trailer of a type 1 fanl file simply cansistH of multiple zeros nscd for padding, and of

the instruction cleartomark.
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One of the difficultics in writing n type 1 font is that a DCW set of specifie instructions

must he lcarncd. Wc will look nt the ancs tbat arc uscd in the gencratcd typcfaccs.

SimiJar to the instructions curveto and rcurveto, Bézier curves may he crcnted with

the instruction rrcurveto. The diffcrcncc hctwccn ail three instructions is how the pa­

ramctr:rs arc intcrprctcd. For curveto, the six pararncters correspond ta the last Huee

points of Il Bé-,licr curve. ln rcurveto the pararnctcrs arc relative to the current point

whilc in the instruction rrcurveto the pararncters arc relative to the last indicated point.

the fo1towing givcs nn cxample oC how each instruction muy be used ta describc the snmc

curve with starting point (100,100).

160 160 200 160 260 100 eur.eta

60 60 100 60 160 0 reur.eta

60 60 60 0 60 -60 rrcur.eta

Displnccmcnts arc nchicvcd by the instruction rmoveto that acts identically to the

native PostScript instruction. Sinùlnrly, the instruction closepath acts as its PostScript

bomologue. The end of a cbnractcr description is indicatcd by the instruction endchar.

In order to dcfine the size of a chnractcr as wcll os the sidebcnrings, the instruction

hBbu may be uscd. Using

sbx vx habv

sets the width veetor ta (ux,O) nnd the sidebearing point at (sbx,O). Note that the point

(sbx,O) bccomes the current pnint without defining a point on the path. The instruction

rmo.eta must be DScd ta deline the initial point of the character.
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The creation of a typefnce that may he subscqucntly uscd by'J:E.X requires t'Oille atteution.

First of nll the charnctcr ordcring (or cncoding vcctor) cmploycd by 'lB"\. i8 diffcrcnt from

the one that PostScript Donnally uses. No cxplicit i'spncc" chnrnctcr i5 dcfincd in "!EX.

The acccntcd chnrncters are created by glyph composition whilc in PostScript the lcttcrs

necd to he explicitly dcfined. Sincc '!EX is a typcsctting system, it is Ilot 5urprising tlmt it

does not work internally with chnractcrs but with n diffcrcnt reprcscntntioll. RcctlUlbrulnr

boxes of diverse sizcs are used in which charnctcrs live. ln fnet, '!EX ouly jugglcs with

empty boxes and daes Dot worry about the actunl chnrnctcrs thnt will Inter he put in

those boxes.

When typcsetting a document, TEX dccides how n sequence of words will he brokcIl into

individuallines. The horizontal position of cacIl charactcr is decided via sorne appearmlce

criteria:ln the case of Recented leUersl the Recentls box is positioned dircctly on top of

the letter's box. The accent box is centercd with respect to the width of the lettcr's box.

The following questions arise. How does TEX know about the sizcs of the boxes mld how

does one inform '!EX about them? Tbe answer is through font metric files.

8.1 Font metrics

A font metric file contains information regardïng the entire font and about individual

characters. The actua! characters are not storcd in a rnetric file. The Adobe corporation

developed a portable font metric format known as the Adobe Font Metric format (afm).

More on the actua1 format may be found in Adobe (1990c). Tbe information is stored in

ASCII making this format machine indepeadent and extensible.

'!EX uses a similar information file. The '!EX Font Metric, referred to by (tfm), may

be obtained from tbe font afm file. A computer program afm2tfm available with the '!EX

package may be used for this purpose. For example,

afm2tfm foo

croates the tfm file for tbe font named foo. Unlike the afm form~t, tbe tfm Iile is in binary
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afm2tfm foo -v foo

and

vpto·r.f foo.vpl foo.vfm foo.tfm
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scqucntially crente a virtun1 property list and a virtuaI font file slang with the '!EX font

motrie file. The virtua1 propcrty list file is a complete description of the font motries in

ASCII fonnat. Excerpts from TEX's cmr10 font is shown in Appendix D. The vpl and tfm

files are equivnlent in ail respects.

The font global information is listOO nt the beginning of the file. Most import.ant is

the font dimension section, denoted by the keyword FONTDlHEN. The XHEIGIIT element

indicates the height of the lotter "X ", aIso known as the font x-heigbt. The dimensions arc

expressed on the [0,11 intervnl.

Information for eacb character is also indicnted. The width and height of characters are

s[,ccified os weil os the depth. The keywords are CHARlID, CHARIIT and CHARDP respectivcly.

The height of a character is not the height of the bounding hox but the distance between

the highest pixel and the baseline.

8.2 '!EX font families

The Computer Modern family was devcloped specifica11y for TEX by Knuth (1986e). Each

typcface of the family serves n different purpose. The most common of thcse is the Com­

puter Modern Roman font, nlso known as cmr. The following table shows the entire char­

acter set of cmr10. The octal vnlues indicnte the character codes.
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D 1 2 3 4 5 6 ï
DDx r Cl e Il =. TI E T
Dix <}> 'li fl If fi fi !li m
D2x 1 J - w .. .
D3x . fi lI) œ 0 lE CE 0
D4x .. ! " # $ % &

,
D5x ( ) • + - /,
06x 0 1 2 3 4 5 6 7
Dïx 8 9 : ; i - i. ?
IDx @ A B C D E F G
llx H 1 J K L Iv! N 0
12x P Q R S T U V W
13x X Y Z 1 " ) ..

14x
,

a b c d e f g
15x 11 i j k 1 m n 0

16x P q r s t Il v w
lïx x y z - .. .. ..

The basic fonts of 'IEXmay be divided into two categories. The first one is for text IUld

also include the typefnccs cmbx, cmsl and cmti. The abbrcvintions stwul for Computer

Modern Bold Extended, Computer Modern Slanted and Computer Modern Text Hnlic.

The second group of typefaces in the fnmily Is mainly used for mnthematicnl writing.

These include cmtt, cmi, cmsy and cmex-Computer Modern Typcwritcr Type, Cam-

puter Modern Math Itnlic, Computer Modern Math Symbols and Computer Modern Math

Extension. The typeface cmtt is a monospaced font.

The Computer Modern fnmily may be extended with other fonts. For exlUllple, the

cmC8C font corresponding ta a Cont with smaIl capitals letters is oCten uscd in TEX. An

cxlUllple of the Cacographic-SmnllCaps font and the cmcBcl0 font follows.

THE OUICK BROIJN fOX JUMPS OVER THE LA2Y ooe.

TUE QUICK BROWN FOX JUMPS OVER TUE LAZY DOC.

8.3 Special characters

Earlier, wc mentioned that~ uses boxes ta decide the loestion of eacb cboracter. The

tfm file does DOt contain any bounding box information. For a charactcr such as IId", the

dimensions of the letter, including the side bcarings, may be computed from the width,
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the height and the depth parameters. In the case of accents, the dimensions of the lettcr

cannat he cnlculatcd 50 easily. '!EX uses the x-height of the font as a reference point.

It esswncs that an accent can he p!aced ovcr the lctter x without any translation of the

accent character. Hencc ta compose an acccntcd letter with a base charncter that is smaller

than the x-heigbt, '!EX would ncccl ta raise the box of the acute character hy an amount

of (CHARHT of hase charactcr - XHEIGh"T) units

In the case of the t:edilla, the charactcr has no height. Hence '!EX uses the difference

betwecn the haseline and the depth of a character to figure out hy how much the cedilla

nccds ta he moved.

With theses rcquirements in mind, a newly generated font may need to he slightly

adjustcd. A program, narned fi:J:texfont, was devcloped to make the appropriate modi­

fications to a~ font. For modifying a font file font.ps, it is invoked by the command

line

fixtexfont (-s distance] font.ps

The optional porameter -s ~lows the user ta specify extra space between the accents and

the letters. The distance supplied to the -s parameter corresponds to the distance in the

1000 x 1000 character space. The following examples show the typeface Isabella! and the

typeface Isabclla2 with extra space added between the letters and the accents.

8.4 Mathematics

1E?C is primarily geared to scientific writing. It ls important ta understand how 'IE?C

works with mathcmatica1 formulas in arder to generate typefaccs for the simulation of

handwritten mathematics.

As mentioned carlier, special typefaces are used for mathematlcs.~ math mode uses

by default the CIIIlIIi typeface. The following table shows the chamcter set of the CIIIIIli10

font.
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0 l 2 3 4 5 fi ï
OOx r LI e ,1 .:: II E T
orx p !/i il " {3 'Y 6 ,
02x , 7J 8 ,

" À l' "03x ç 1r P CT T V if> X
04x 1/J w ê {J ID Il ç 1 <p
05x - ~

~ • , 1> <l

Ofix 0 l 2 3 4 5 6 ï
Oïx 8 9 , < / > *
10x a A B C D E F G
!lx H 1 J K L AI N a
12x p Q R S T U V li'
13x X Y Z p Q

"
~ ~

14x l a b c d e f g
15x h i j k 1 m n 0

16x P q T S t u v w
lïx x y z , J P - -
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The typefaces cmmi, cmsy and cmtt arc not conceptuolly nny diffcrcnt from cmr. Ou

the ether band, the cmex typeface which consists of math cxtendcd chnrnctcrs is quitc

dîfferent. The Collowing table shows the entire set.
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0 1 2 3 4 fi 6 i
OOx

( ) r 1 1 1 r l
OIx

{ } ( ) 1 Il / \
02x

( ) ( ) r 1 1 1
Dax

r l { } ( ) / \
04x ,

05x
1

) / \ / \(

06x
( \ r l 1 1

1 1

Oix
( ) t J { ~

1 1

10x
\ } 1 1 ( ) U U

11x
§ 1 0 0 œ ES ® ®

12x
~ Il r U n ltJ 1\ V

13x
L II f u n l±J /\ V

14< - ~ - - -
Il TT

15x

r l 1 1 r l f }
16x ..; J J J ~

1 r Il

lix ... .1
,. .... '" '" ... JL
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Wc notice that seme characters seera ta he incomplete. With tbose character sections,

TgX may build cbaracters of arbitrary beigbt without altering their visual aesthetics. The

parentheses in the foUowing example are actually eomposed of tbree parts, mainly the top,

extension and bottom parts. The extension section may he repeated as oftea as needed ta

reacb the desired cbaract.r height. The sections for the left parenthesis are the cbaracters
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060, 102 lUld 100 in the octal reprcsentntion.

(

X - À 1
A= a x-À

o a
o )1 .

x-À

77

These characters arc more complicated to handle as the dilfercnt sections nœd to

coincide pcrfectly in the charneter spnce metric. Ï\·loreo\·er c.xtra parlUnelcrs in the vpl IiIll

nced to be dcfined in order for'JE.X to typeset the formuln.~ corrcctly. More informntion

on tbcsc pltl'ameters can he found in Appcndix G of the 1'J:)\book (Knuth, 1!)86h).

8.5 Simple mathematics

If wc restrict oursclves to simple Cormulas, tlle gcnerntcd Cacographic flUnily mny he used
)

without too many modifications. 'IE;X has two mllthcmatical modcs, text lUld displny.

Hence certain charnetcrs such as the swnmlltioll sigtl (~) nnd the intcgrnl (J) nClld

to be created in two distinct sizes. The special token NEXTLARGER in the vpl fIlc-sce

Appendix D-indicates the charneter that has the ncxt bigger sizc.

Here again II small program was ..n :aen. The :::ommlUld line

fixvpl font.vpl

fixes the vpl file font. vpl. It adds the appropriate tokens to the cbarncters of fi Math

Extension typeface. The vpl file may then he used to create the correct tfm file.

Sorne examples of simple mathematics are shown bclow.

BerYlouni's iYlequalir~ rna~ be ex:pressed. as: i~ 2'> -l, then

(1+2)' ),1+412 ~or all III E: N.

The notural l030rithrnic ~unùion is



TEX and mathcmatical writing

~lt) - t~ + U ... 1

• 1
\Im - - 0
(1-" (3

The following tables show the generatcd mathematical typefaces.

Caco~aphic-Roman:

0 1 2 3 1 5 6 7
OOx. r 1::. r9 A - lT i: ""(

01x. l' \fi f2 W ~ P I\l lP
Oh t \

. ,
" .. - 0

03x. • f3 œ. œ 121 ft Œ 0
Oh: · 1 - ;; $ % e •
05x. ( ) .. ... - • /t

06x: 0 1 2 3 4 5 6 7
07x: 8 Gj . 0 i - l. ?0 •
10x: ~ A B C D E F G
11x: H l J K l M N 0
12x: P Q R ~ T U V \J

13x: X Y l- e '" J
,.. .

Hx: • 0 b c li e ~ ~
15x. h 1 .i k , m n 0

16x. P q r s T u \1 \1

17x: x. l.j z - - .. .... ..
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TEX and mathematical writing

Cacographic-MathItalic:

0 f , 3 , 5 6 7
OOx r 6 e fi "- li Z- r
01x q; '1' il ~ {l x s ,
Oh ~ ~ 9 , • À J- ,
03x ! n f a- r v ~ ~

o,x If (J , 9- '" P ç CI'

05x - - ~ ~

06x 0 , 1 3 , 5 , 7

Oh , , . • < 1 ~ *
10x ~ A B C D [ f &

11x H 1 J K L t1 N 0
1h P 0 R 5 7 U V lJ

13x X y Z b q t1 - -
Hx l " & e d , { ,
15x l 1 j A { " • D

16x .p 9 • " t v ,
"17x 'Z y Z , } l' "

Cacographic-Symbol:

0 1 2 3 , 5 6 7
OOx . x • + 0 .. ;

01x 19 e tSl '"
., 0 0 •

Oh >< '" '" :>
""

~ ô, ~

03x ~ ~ <- ::> « » "- >

Oh - - t 1 - ,/ .... ..
05x - - t • - "- ,/ cC

O6x 1 00 € " /). '\l 1 ~

07x y 3 ..... B I? :J T J.
10x N Q Œl C 0 e " !J
11x X r. 'J JI. l- 111 'Il 0
12x Cl' a 01. S r () y \{

13x X :r i!: U n l!I fi V

Hx ... ... L J r 1 { )

15x < ) 1 1 1 1 \ \

16x
J

li. 17 S u n ~ ::l

lh § r t 1 ~ 0 <;1 .:,

i9
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TEX and mathcmatical writing

Cnco~nphic-Srna1ICaps:

0 1 2 3 \ 5 6 7
OO~ r c ~J ., .. .. " T

Ol~ t T " 1 : , ;

Oh , ,
03~ • · , • , G 0

Oh , · • , , •
05~ ( 1 · 1

06~ û 1 , l , , , 7

Oh , , , : ; . ; 1

1O~ • A B C P , r ,
11~ " : l , L M 1. a
fh p 0 R S l U ,

"
'3~ , y Z ( . J ·
l\~ • , < , , • ,
15~ "

, J • ,
" • 0

f6~ , 0 • , , u • u

1h • , 1 - - - -
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TEX and mathematical writing

Cncogrnphic-~lnthExtcnsion:

0 1 1 3 \ 5 6 7
OOx

( \ f 1 1 1 f l
01x

1 1 1 ) 1 " 1 \
01x

( ) ( ) r 1 1 1
03x

r l 1 1 ( ) / \
Oh

( ) [ J l j r l
05x

! } ( ) / \ / \

06x
( \ r l 1 1

1 1

Oh
1 ) l 1 1 f

. 1

10x
\ ) 1 1 ( } U U

l1x
S ~ 0 () El e 0 @

11:1:.
5" TI Î 1j n 1') Il V

13:<:
[ Tf \ u n 0 f\ V

1h
Il

~ ~ - ~ ~ ~

11
15:<:

r l 1 1 r l 1 1
16:<:

1 j .1 / j 1 r •
1h

~ "- ~ ~ -
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TEX and mathcmatir.al writing

Cacos.,"Tuphic-TypcwritcrTypc:

a 1 2 3 \ 5 6 7
00>: r t. 6 ~ - li L T
01>: t 'j' II 1 1 i l
02>: 1 1

, . - . - .
03>: . (l œ œ • ft. IF 0
0\>: ! . # S .. i.

,-
05>: ( ) . ~ . . /.
06x 0 1 2 3 \ 5 6 7
Olx g ~ : ; < - , ?
la>: tj A B C D f F ~

11x H 1 J K L M N 0
12x P 0 R & T U V \J
13>: X Y l [ , ] .
llx ,

0 b t d e 1 1
15>: h i i k 1 m n 0

16>: p q r s t u v u

Ilx x y z l 1 1 ~ -

82
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In this thcsis wc have presented fi new IIlcthod for npproxillll\ting outlincs with Bé:r.il~r

curves. The gcncratcd outlincs arc gunrn.lltccd to be C 2 cOlltiUlIO\lS. The IUcthod cl1lploys

differcnt optimizatioll techniques to nchicvc the dcsircd rcsult. The dcri"cd lÙgorithm Illa)'

he cmployed for the gcnerntion of typcCnccs. Il lms bccn shawn to be very flcxibll~ lUit! t.o

converge rapidly.

Many issues still rcmain open. The wcights usc'cl in the qunlity fUllction III dcpclld

upon the resolution employcd and on the size of the drnwll clmrnctcrs. The dcrivntioll of Il

resolution-indcpendent rncthod ns weil as an ndaptivc nppronch for cvnlunting the wcight

values is the biggest issue ta solve.

Dynnmic fonts derivcd from handwrittcn cltarnctcrs pose fi serious challenge. Al~o, 1EX

font families require more attention for mnthcmntical writing. Mcthods for nutomnticnlly

handling glyphs of the extended charneter set nccd to he derived.
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Exnmplc of a PostScript font file crentcd b,)' the progrrull Bcrpt2pD. The hClldcr und olle

charactcr of the Bazooka font ns weil us the trailer part of the file nrc shown. The cllcnding

is alsa not clltircly shown.

%1
Y.Creator: Scrpt2ps

9 dict dup begin
IFontType 3 def
IFontHatrix [1 0 0 1 0 01 def
IEncoding 256 array def

01255 {Encoding exch I.notdef put} for
Encoding
dup 0 IGamma put
dup 1 IDelta put

dup 126 Itildb put
dup 127 IdiereBiB put

255 I.notdef put
IBuildChar

{ 0 begin
Ichar excb dBf
Ifontdict excb def
Icharnsme fontdict IEncoding get cbar get def

Icharinfo fontdict ICharData get charnsme get def
Ivx charinfo 0 get def
Icharbbox charinfo 1 4 getinterval def
vx 0 charbbox aload pop aetcachedevice
charinfa 6 get charinfa 6 get true

fontdict /imagemaskmatrix got
dup 4 charinfo 7 get put
dup 5 charinfo B get put
charinta 9 1 getinterval cvx
imagemask

end
} def

IBuildChar load 0 6 dict put
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PostScript bitmap fOllt

/imagemaskmatrix (406 0 0 -406 0 0 ] dof
/CharData 256 dict def
CharData begin

/dieresis [0.20 0.00 0.37 0.20 0.45 82 33 -1.5 182.5
<OOOOOOOOOOooOOlfcOOOOO
000000000000007ffOOOOO
00000000000001fffcOOOO
00000000000007fffeOOOO
007fOOOOOOOOOfffffOOOO
07ff800000001fffff8000
1fffc00000001fffff8000
3fffe00000001fffffcOOO
7fffo00000003fffffeOOO
7fffe00000003fffffeOOO
fffff00000003ffffffOOO
fffff00000003ffffff800
fffff00000003ffe3ffcOO
fffff80000003ffe3ffcOO
fffff80000007ffe7feOOO
fffffc0000003ffefffOOO
fffffc0000001ffffffOOO
7ffffe0000001ffffff800
7ffffoOOOOOOOffffffcOO
7ffffo00000007fffffcOO
7ffffc00000003fffffoOO
7ffffc00000001fffffoOO
7ffffcOOOOOOOOffffff80
3ffffcOOOOOooOffffffcO
3ffffcOOooOOOOffffffcO
3ffffcOOOOOoo07ffffoOO
1ffffcOOooOoo07ffffoOO
1ffffcOOOOOoo01ffffoOO
1ffffcOOooOOO0007ffcOO
Offff800000000003foOOO
Offff000000000001fooOO
03ffcOOOooOOOOOOOOOOOO
0070000000000000000000
>] dof
/space [ 0.24 0 0 0 0 1 1 0 0 <> ] def
/.notdef [.24 0 0 0 0 1 0 0 <>] def
end
/FontBBox [ 0.91 0.64 0.00 -0.30 ] def
/liniqueID 2 def
end
/Bitfont exch definefont pop
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APPENDIX D Type 1 format

Hele is an cxamplc oC a. type l PostScript Cont. The vcctor cncoding is not cntircly shown.

A sm:ill portion oC the cncodcd body is also shown.

•

%!FontTypel-1.0: TropDoPoils 1.0
XXCreationDato: Kon Aug 15 09:12:23 1994
X Par..eter Used: -i 4000 -a 0.90 -v 0.99 -S -gs -FR TropDePoils
X -FF TropDePoils -FFR TropDePoils -SP 500 -FV 1.0 all.ps
11 dict begin

/Fontlnfo 8 dict dup begin
IVersion (1.0) readonly def
/FullNamo (TropDePoils) roadonly def
IFamilyNamo (TropDoPoils) readonly def
IWeight (medium) readonly det
IItalicAngle 0 det
lisFixedPitch false def
IUnderlinoPosition -98 def
/UnderlineThickness 54 def

end readonly def
IFontR..e ITropDePoils def
IPaintType 0 def
IFontType 1 def
IFontKatrix [1 6000 div 0 0 1 6000 div 0 0 ] def
IEncoding 256 array
o 1 255 { 1 index exch I.notdef put} for
dup 32 Ispace put
dup 33 lexcl.. put

5994} dei5994

dup 251 Igermandbls put
readonly dof
IFontBBox{ 6 6
IUniqueID 4B29400 def
currontdict end
currentfilo eoxec
D9D66F633BB46A9B9B9974BOl79FC6CC445BC7CBA959A39A32E9DCE7FAEFI7EE
3BEC9F50CF7269C04E6A63459A9211B2FI9CE3BB5116DOOCOOBODEDB6FE95FED
7261DA657C3D97CABE203F5DB40114FCDF36CC39021D69046B9667441E7BD6B4
7B79AFD6950C603B9C705C3F0325B605745CFC39E5EE5C5ED4DBDI3BE4BE149E
400AC7B22119FA56DDC4CDB56E7693259B4BBDIIC76F33BFB6CBB2EEB7FF534C
9B07ECOFA9DDC96327BFAIAI36C4C4BCCEC5BFCIE247DB7F40262F1201BFA09F
BIE29FD65573AB793C43260B5BEDF71D421AAED9BDB4EBA39EA39C9F59IB009B

•
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Type 1 format

943E4A90D995DBB51A07B6EE53B2CAC7328982DF620429308D5725389E456985

05FCE9C56436216C3A3E6ABB98D13OOC4493E1AAA3BBAB36C1317CD71092A3CF
477C4971E3F4ABD42EBF2FOFF521DOBD916E16759DEE4EE82B1BEF0228AE6C09
C133623F2366AFCFABBOD19C446A9F73188B9CC726FE457F83F24723909EF7A3
AEOFA5893E19596872D4F4CD8882D5432C00357F46746F02FC67FFAB867BABFB
332A878B063DCAE2ABC4FCDFBA07A1AA12BD842C0884128587FAECD0660C466C
OCA8850C400E6A659CBC07BD
0000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000
0000000000000~0000000000000000000000000000000000000000000000000

0000000000000000000000000000000000000000000000000000000000000000
0000000000000000000000000000000000000000000000000000000000000000
cleartomark

no
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Non-encrypted type 1 format

APPENDIX C Non.encrypted type 1 format

An example oC a. generatcd type 1 font file bcCore the encryption.

XIFontTypol-l.0: TropOePoila 1.0
XXCreatinnDate: Kan ~ug 15 09:12:23 1994
X Puueter Uaed: -i 4000 -a 0.90 -v 0.99 -S -ga -FI TropOePoila
X -FP TropOePoila -FFI TropOePoUa -SP 500 -FV 1.0 al.l.pa
11 dict b'gin

IPontIn1o 8 dict dup begio.
IVeraion (1.0) readollly def
IMUu. (TropOePoila) readollly def
IFaJIlilyHaJIle (TropOePoUa) readollly def
IUeight (medium) readollly def
IItalic~~le 0 def
liaFixedPitcb falae def
/UndorlinoPosition -98 dot
/UnderlineThickneaa 54 def

end readonly det
IPontRaJIle ITropOePoila def
IPaintTypo 0 def
IFontType 1 def
IFontKatrix (1 6000 div 0 0 1 6000 div 0 0 ] def
IEncoding 256 array
o 1 255 { 1 index exch I.notdof put} for
dup 32 lapace p,.,

dup 250 loe put
dup 251 Igermandbla put
r.adollly def
IFontBBox{ 6 6 5994 5994} def
/UniqueID 4829400 def
currontdict end
curronttile oexec
dup IPrivate 10 dict dup begin
II-{readonly def} def
Ipaaavord 5839 def
Ii{readollly put} def
IUniqueIO 4B29400 def
I-I{atring currentfile exch readhexatring pop} def
/BlueVal.uea(] def
/-({atring currentfile exch readatring pop) def
/KinFeature{16 16} def
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Non-encrypted type 1 format

dup 0 {
return
} 1
dup 1 {

return
} 1

dup 2 {
roturn
} 1

dup 3 {
return
} 1
readonly def
2 index ICharStxings 256 dict dup besin

Ihyphen {
127 1907 hsbv

1074 2621 rmoveto
155 0 177 -7 95 -4 rxcurveto
95 -4 14 0 14 -32 rxcurveto
14 -32 14 -64 -4 -32 rrcurveto
-4 -32 -21 0 -120 -4 rxcurveto
-120 -4 -219 -7 -254 -11 rrcurveto
-254 -11 -290 -14 -159 0 rxcurveto
-159 0 -28 14 -11 32 rxcurveto
-11 32 7 49 14 28 rxcurveto
14 28 21 7 42 7 rxcurveto
42 7 64 7 95 7 rxcurveto
95 7 127 7 131 7 rxcurveto
131 7 134 7 155 0 rxcurveto
endcbar
} 1-

I.notdef {
o 3000 hsbv

endcbar
} 1-
Ispece {

o 3000 hsbv
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Non.cncrypterJ type 1 format

endchar

} 1-
end
end
readonly put
readonly put
dup IFontName get exch definefont pop
mark currentfile closefile
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Virtual property Iist

APPENDIX D V:rtual property list

Examplc of the virtua1 property list for the CMn.l0 font.

(FAHILY CHR)
(FACE 0 352)
(CODINGSCHEHE TEX TEXT)
(DESIGNSIZE p. 10.0)
(COMMENT DESIGNSIZE IS IN POINTS)
(COMMENT OTHER SIZES ARE MULTIPLES OF DESIGNSIZE)
(CHECKSUH 0 11374260171)
(FOHTOlHEH

(SLANT ft 0.0)
(SPACE 1\ 0.333334)
(STRErCH R 0.166667)
(SHRINK R 0.111112)
(XHEIGHT R 0.430555)
(QUAO R 1.000003)
(EXTRASPACE,R 0.111112)
)

(CHARACTER 0 22 (commant grava)
(CHARIID R 0.500002)
(CHARHT R 0.~94445)

)

(CHARACTER 0 23 (commant acuta)
(CHARIID R 0.500002)
(CHARHT R 0.694445)
)

(CHARACTER 0 30 (commant cadilla)
(CHARIID ft 0.444446)
(CHAROP ft 0.170138)
)

(CHARACTER C c
(CHARIID R 0.444446)
(CHARHT R 0.430555)
(COHHEHT

(KRH C h R -0.027779)
(KRH C k R -0.027779)
)

)

(CHARACTER C d
(CHARIID R 0.555557)

g·1
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(CHARHT R 0.694445)
)

(CHARJ.CTEIl C e

(CHARWD R 0.444446)
(CHARHT R 0.430555)
)

95
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The following is an cxccrpt of the CMEXIO vpl filc. \Ve notice that extra pararncters

in the FDNTDIHEN field arc present.

CFAHILY CHEX)
(FACE 0 352)
(COOINGSCHEHE TEX HATH EXTENSION)
(OESIGNSIZE R 10.0)
(COHHENT OESIGNSIZE IS IN POINTS)
(COHHENT OTHER SIZES ARE MULTIPLES OF DESIGNSIZE)
(CHECKSUH 0 37254272422)
(FONTOIHEN

(SLANT R 0.0)
(SPACE RD. 0)
(STRETCH R 0.0)
(SHRINK R 0.0)
(XHEIGHT R 0.430555)
(QUAD R 1.000003)
(EXTRASPACE R 0.0)
(DEFAULTRULETHICKNESS R 0.039999)
(BIGOPSPACINGl R 0.111112)
(BIGOPSPACING2 R 0.166567)
(BIGOPSPACING3 R 0.2)
(BIGOPSPACING4 R 0.6)
(BIGOPSPACING5 R 0.1)
)

(CHARACTEIl 0 0
(CHARWD R 0.458336)
(CHARHT R 0.039999)
(CHARDP R 1.160013)
(NEXTLARGER 0 20)
)

(CHARACTEIl 0 1
(CHARWD R 0...58336)
(CHARHT R 0.039999)
(CHARDP R 1.160013)
(NEXTLARGER 0 21)
)

(CHARACTER 0 2



•

•

•

Virtual property list

(CHARWD R 0.416669)
(CHARHT R 0.039999)
(CHARDP R 1.160013)
(NEULARGER 0 150)
)

(CHARACTER 0 60
(CHARWD R 0.875003)
(CHARHT R 0.039999)
(CHARDP R 1.760019)
(VARCHAR

(TOP 0 60)
(BOT 0 100)
(REP 0 102)
)

)

mi




