MVET ""CF“QECOGNIZING HANDWRI TTEN SYMBOLS Technical Field

-Thi'® invention relates to synmbol recognition and nore particull@gf¢y to
recogn|t|on of synbols handwitten on a digitizing tablet. 5 Backgr ound
~of the Invention Wth the advent of faster conputers and
apparatus such as digitizing tablets or pads for entry of hand-witten
I nformati on and/or synbols into conputers}‘ it is becomng nore
desirable to devise ways to recogni ze characters or synbols for

further processing a WI ?ﬂ; T%iN g eal
time. A 10 nunber o:‘ﬁ ri o(r)ﬁ:??.ﬁrrgte sizo ecogni zi ng handwi tten synbol s

have relied on Mﬁ'ﬂﬂ&ﬁ@l ng features in the synbols, for exanple,

ascenders, descenders, cfig$iy@nfén relates @ syRibdl rétd ﬁx'tlﬁﬁaﬁarﬂorépmuﬁﬂ?%'ng
of t's. Many prior-art thog?]ﬁgl e descri beall n.t article by Tappert

et al. entit! edTFRENECY andwriften opa ﬂ%ﬂpﬁm1 ting

Recogni ti on' publi shed i n | EEE Transactions on Pattern Anal ysis and Machi ne
15 Intelli gegm %2 sgen Alrjlgust 1990) . Ot her nethods have nmade use
of neural howmn in U S Pat. No. 5,052,043 to
Gaborski . Stil I ot her Wmlrehdnw&naoﬁfaymecmnpmtmndappahnmuemaiﬂigitim

Nos. 5,023,918

al. entitled m%%‘i‘é‘oﬁkggﬁ?@o%f %aflh ﬂﬁﬁ@gﬂd&ﬂﬂpp %r ac elrpgntéléﬁﬁﬁuﬁe}s
Appr oxi mat i ng Eitdsbsoming mare desixable toldepise ways tcmcogum thasecters or BEEEOIS for
Transacti ons onfiRy gf&esManﬂ?ﬁ' s@fﬂ%&@ﬁﬁb&?t %Bbeed%nje%n real tinh0- A6

(Novenber/ Decenber er .common nef hod ysed is
curve mat chi ¥y, nwﬁgereo d}po&aperﬂﬁ@mqigof recogmzmg handwntten symbols have relied on

recognizing features in the symbols, for example, ascenders, descenders, closure of
letters, dotting of i’s and crossing of t’s. Many prior-art methods are described in the
article by Tappert et al. entitled “The State of the Art in On-Line Handwriting
Recognition’ published in IEEE Transactions on Pattern Analysis and Machine

15 [Intelligence, Vol. 12, No. 8 (August 1990). Other methods have made use of neural

nets, for example, as shown in U.S. Pat. No. 5,052,043 to Gaborski. Still other
..methods analyze strokes, as shown in U.S. Pat. Nos. 5,023,918 and 5,038,382 to
‘Lipscomb and the article by Odaka et al. entitled ‘On-Line Recognition of
, Handwritten Characters by Approximating Each Stroke with Several Points’

20 published in IEEE Transactions on Systems, Man, and Cybernetics, Vol. SMC-12,
No. 6 (November/December 1982).

Another common method used is curve matching, where an attempt is
made to match each written symbol with a library of stored curves to find the best fit.
Curve matching is described in the Tappert article referred to above. Curve

25 matching techniques generally use a normalization routine to minimize differences
in translation, orientation and scale of symbols to be recognized. Sometimes the
user is forced to conform to writing at specific locations on a digitizing tablet and/or
writing with a specific orientation. Obviously it is desirable to place as few
constraints on the user as possible.

30 There is a need to be able to recognize many kinds of symbols,
including such symbols as alphanumenc chaxgcters,%cmyve script, Chinese or Kanji
characters electrical; *qhemlcal d, arehltectural sy&ribels, and soon. In some
apphcauons it is desitable to know who entered a symbol, for example, in the
venﬁcatlon of signatures. Sometimes the pattern of forces resulting when a signature

35 is written is made use of in identifying a signature, for example, as shown in U.S.
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made to match ‘each witten synbol with a library of stored curves to find
t he<best fit. Curve matching is described in the Tappert article
referred to above. Curve 25 matching techniques generally use a
normal i zation routine to mininize differences in translation,
orientation and scale of synbols to be recogni zed. Sonetines the user
is forced to conformto witing at specifi2ze | ocations on a digitizing
tabl et and/ or wwiting with a specific orientation. Coviously it is

desirable to pl tra the I . '

There is a need%?]?nggoag’ﬁaz’%(s ?%@gadlﬁ ekglt ?gr@h B@“S%P“@&gg‘?s?f‘me% h§9e a

i ncl udi ng such ay&rbndependemlspmmrearmhﬂ:eaofmessmlcrstheieowrviemionsmﬂthese
or Kanji r tectural synbol, and
so on. |In sone %&ﬁskg‘hﬁmag{ glt}llsﬂal(& %&Yﬁm ?&J now who enter eé a
symbol , for exanple, in Dﬁ&mntfomoﬁamammpwe@haawleblefmcmmés t he
pattern of fofc?xﬁnd\ﬁﬁh'éﬂ ﬁcﬁreét!l Hrcﬁmﬁﬁter 'ix?re‘ﬁ(hﬁx&eﬁchis dfifigzitge of

in identifying a S|gnature or exanp as shown in

-2 - Pat &ahletsiand BghipenssOpticalshataete reagders cap bstuhedr fog pprvieusly written ¢

is desirable tojkfemRation, but asheill bd sedp BBl Mfofmaicicantteriestaviinrthe actadl users
enter their own version same synmbol and still have the synbol

e
i dentified Corrégqqeg;ceotswnungls not cap i fferent forms of apparatus are
presently available for entering 5 handwitten information directly into a

conputer in rea h g éﬂi‘g Qg gi‘m tizing tablets and |ight pens.
Optical charact ed for previously witten
i nformation, Ibut as wi | | Abanknewn handwritten; symbohwiritien ooardigitizingstablahisn t he
act ual compared with symbols in a predefined ‘alphabet’ or library of model symbols and
the closest match chosen. Recognition is independent of the size, position or
orientation of the symbols. The alphabet can be any collection of symbols, such as
~ alphanumeric, Chinese or Kanji characters or words in cursive script and is created
15 by writing at least one example of each symbol on the tablet. A sequence of samples
of the pen position is recorded while a symbol is being written. The samples form a
vector, which is then translated so that the centroid of the symbol lies at an origin.
The comparison, which can easily be done in real time, involves calculating a
correlation factor from scalar products of the vector for the unknown symbol and
20 two versions of the vector for each model symbol and choosing the model symbol
having the highest correlation factor. If needed to distinguish between model
symbols with similar correlation factors, the comparison can also include calculating
a rotation factor from such vectors for use in making such choice. Embodiments of
the invention can be configured that are either user-independent, user-dependent, or
25 that evolve from one such form to the other.

Brief Description of the Drawing
FIG. 1 is a block diagram of a system for performing the invention.
FIG. 2 is a flow chart showing how samples of a handwritten symbol are

taken. -
30 FIG.3isa dlagram showmg handwntten symbols and dots representing
samples taken for such symbols_ "k _
. FIG. 4is a fiow chart showing the method of the invention for
comparing samples for an unknown symbol and samples for model symbols to
identify the unknown symbol. '



sequer?"ce of witing is not captured Summary of the Invention 10
An -unknown handwritten synbol witten on a digitizing tablet is
conpared with synbols in a predefined 'al phabet' or l|ibrary of nodel

synbol s and the cl osest match chosen. Recognition is independent of
the size, position or orientation of _,the synbols. The al phabet can be
any collection of synbols, such as al?’ﬁhanurreri c, Chinese or Kanji

characters or words in cursive script and is created 15 by witing at

| east one exanpl e of eaclG¥NLa!difarh Must@lhEhowih® REHMBECST sainpRATBt &fth
of the pen position js recorded wile a synbol .is bei g%oxwﬁé‘iten. The

sanpl es form a stroke & symbol g3 squalized hetween anunknowa §y a madebymbal; g
of the synbol lies at arFIg.i6ds @ diagram ilideratinghew symbolsrhatclie eRatGRSifledcte
done in real ti rrg\,mi n\é&)ll ves,. calculating a correlation factor from
scal ar product s OB B EVEEPSd0r {he unknown symbol and 20 two versions
of the vector5 for each nElGeI7 is yimitdr tathe flowocksrnof FIGe 4rbmd showingtadtitional steps
havi ng the high . ' . hSt i.sh bet ween
nodel symg@scov&n{ﬁaﬁgg?lr’#ﬁé&? B@%&r 'Sr?l{el?'an oﬁﬁﬁg’g%ltrhg?gﬁzé&@g%éri son can
al so include cal cul at i ncFIG. 8 is a flowt chattshowing ane metbad that harvbe useddbytbe use

I n making such ehglf@, ﬂ?'ih%ﬂ At it§ AYif ﬂ'o%cé‘%ﬁi&ﬁ' fiefuRL ! gur ed
that are either us,er-lfn epen en{k}'ﬁﬁseﬂs e?)%‘r}ﬂglnt, log 25 that evolve from
one such form t Yensions of hersame symbgl.j ef Description of the Draw ng

FIG 1 is a block diagramof a systemfor performng the invention.

FIG 2 is a o] har.t..show ng how sanples of a handwitten synbol are
taken. 30 10 °Befalftd'p fIoB | 5 5 di agram showi ng handwitten synbol s and

~ dots representing TG [16$ a blyckdidgram D alsyswginitfot performing the invention.

compari ng sanpl SERPE s weeR S SyEsr Pém D eb AR GAHE BRI 9reRd 10, B U o

i dentify the unkapable ofysebsihg the position of the tip of pen 10 on the surface of pad 11 as well
as the presence of pen 10 on the pad.

15 Pad 11 is connected to processor 12. With some types of pads, pen 10
may also be connected to processor 12 as indicated by line 17. Symbol memory 13 is
used to store representations of model symbols. Registers 14 and 15 are used for
storing, respectively, the number of strokes in each symbol and the number of
samples taken for each stroke. Typically, memory 13 and registers 14 and 15 would

20 be part of the random- access memory of processor 12. An example of a processor
suitable for performing the invention is a Sun SPARCstation™,

In operation, as a symbol is written on pad 11, processor 12 collects a
time sequence of samples of the position of the tip of pen 10 on the surface of pad
11. Each sample is a set of x-y coordinates of the position of the tip of pen 10.

25 Typically, such samples are taken at a rate of about 250 samples per second and the
x-y coordinates and the position of pen 10 can be sensed with a resolution of about
0.1 mm. A typical handwritten alphanumeric character will have from 100 - 250
samples.

Symbols can be written any size, at any orientation, and at any location

30 onpad11. Symbols can be letters, words, Chinese or Kanji characters, cursive
script, engineering or chemical symbols: in short, anything that can be written. The -
only limitations are the size of the pad and the amount of memory needed to record
the samples taken.
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-3 - FIG 5is a diagramillustrating how the nunber of

sanples for each stroke in a synbol is equalized between an unknown
synbol and a nodel synbol. FIG 6 is a diagram
illustrating how synbols that are rotations of each ot her are

di stinguished. 5 FIG 7 is simlar to the flow chart of FIG
4 but showi ng additional steps for c&npari ng rotation of an unknown
synbol with nodel synbols. FIG 8 is a flow chart show ng

one method that can be uggs ﬁga%%ch&nfﬁ@gﬁﬁﬁga&%s Bﬁﬂﬁﬁd@@wﬁ&

strengthen its ability to recogni ze ) rsions of the-sane
synbol . 10 Deecgrdedpyshe systemiof F1G. 1. As will be clear to pnegkilled i the rtothr

di agram of a sygb@tiéLshoRa T Naﬂma@?w&ﬂ ically be SUMPOled BY £cofhphteen
with stylus or pen 10 on digitizing table 117 Pad 11 is

r pa .
capabl e of sensPFREURST P”c'i“SWoBfth@cqu‘H]%f pen 10 on the surface of pad
11 as well 5 - as the pAsarlicatedty blocksZD &id 21) raveskor 12 waits until pen 10 Pad

ai o b connect rEnEs B EE Heprimializts WiRF rem B By Snd BEFRle e Ansnsy 15
is used t ossoke ef the syrebelis atrittensprotessenk2 takgmta;rh;ﬂes Rdtyissmpling tate afithel 5
T )
nenory 13 and r éngrerents thesample aonnigs asdndicated by blocks 22 and 23. Samples are taken

10 until pen 10 is lifted from pad 11, as indicated by block 24.

When pen 10 is lifted from pad 11, a determination must be made
whether the symbol is complete. This determination can be achieved, for example,
by timing the interval between the time pen 10 is lifted and the time it again touches
pad 11. If the interval is short, say less than 0.5 seconds, it can be assumed that an

15 additional stroke will follow. If the interval is longer, then it can be assumed that the
symbol is complete. Block 25 represents such decision. If an additional stroke will
follow, then the number of samples taken for the stroke is stored and the sample
register is re-initialized, as indicated by block 28, and the stroke register is
incremented, as indicated by block 29, before the next sample is taken.

20 Both model symbols and unknown symbols are written into the system
by means of pen 10 and pad 11. The system is essentially ‘trained’ by writing in at
least one model for each symbol that the system is expected to recognize and
associating the samples recorded for that model symbol with a corresponding label.
Thus, if it is desired for the system to be able to recognize alphanumeric characters,

25 . models for each character are so written and associated with the corresponding letter
or number. '

If the models are highly stylized or individualistic, then only the writer
of the models may be able to write characters that can be correctly recognized.
However, a number of different examples of each character can be entered as models

30 to take into account the variation that is possible or the system can adapt itself, as
will be described below.

Processor 12 can be either in the mode of accepting model symbols or in
the mode of accepting unknown symbols. Referring again to FIG. 2, if the symbol

- being written is a model symbol, then as indicated by blocks 26 and 27, the samples
35 for such symbol are stored in symbol memory 13 of processor 12. Before such
samples are stored, however, they are translated so that the ‘center of gravity’, or



20 be part of the random access nenory of processor 12. An exanple of a

pr ocessor suitable for performng the invention is a Sun

SPARCst ation[err]. In operation, as a synbol is witten on
pad 11, processor 12 collects a ti me sequence of sanples of the
position of the tip of pen 10 on the surfgce of pad 11. Each sanple is
a set of x-y coordinates of the position™of the tip of pen 10. 25

Typi cal ly, such sanples are taken at a rate of about 250 sanpl es per second

and the X-y &wcﬂ'om 1§i’tehnﬁﬁﬁg'lﬁ'ﬁﬂwﬁﬁ bB%EerﬂQu@ﬁﬁnQ@u&ﬁﬁ&ﬁﬁnWﬂfoh a

resolution of a pi cal ndwri tt hanuneri c

character will m&m‘& andglwlﬁcnowgém gnsanmmalastgp In comparigg 3| s

can be witten gfikh b’@ﬂwathhemcﬁeI@tnth aliposifiorsithie h@laﬁiwmdiﬁodan pad
cunsi

11. Synbols can b I et t wor ds nes act ers

script, engi neefX™ ﬁﬁﬁeﬁﬁp?ﬁ‘rﬁ ﬁ'ﬁggﬁg z{n 3&{3 "?WB‘"PW yE}Pr?

w][ itten. The Sd pad bhis)mblenanta!nd(sosha rretanm’s cante takert ineo mdumubnmbtenﬂynﬁmh
of nmenory neede n

~4- gu%ﬂsl&tﬁ& %eyqbgd gﬂ?w@%@phogigm&féwmnthe arqde rcfefrred to
handwri tt en synihiveadhe method usedrtd perfogm theetrm,smemvaﬂ bsld@scmbed/imlww in be
clear to one Skb&rlrlglgtﬂ'oﬂvtlﬁ?ﬂl@rdesmﬁﬁ%gogm(}a@t ivities shown in FIG 2 (and

FIG 3) would typ e contr corrputer pr.Qgram tored in
memory in processor It i§ convenient to perfo qms@ape@nmﬁqi%éwbg beifte the

processor 12pna lyzﬂfdr theP@BddlGymbol aﬁe%ttfrb@ﬁo Eiael th'bltradsl&ﬁbn does nét/Have o be
stroke register d? eg eacahnB}n% arc%%psa}l%{m is maﬁS thﬁl the model symbol. However, such
translation can be performed at the time of comparison, if desired. The samples are
stored in the model memory along with the number of strokes and in such a way that
the samples for each stroke can be identified. Also stored in association with the
15 samples is an identification of the model symbol that the samples represent.
The samples for a symbol can be thought of in a mathematical sense as a
vector. For example, the samples for a symbol before the translation described
above can be expréssed as a vector n:

n=(X1,Y15e-: »Xn>¥n) 1

20 and after the translation as a vector v:
v= (il ’yli' . ’fn’?n) | 2

If the symbol written is an unknown symbol, then as indicated at block
26 in FIG. 2, processor 12 proceeds with the steps shown in the flow chart of FIG. 4.
FIG. 3 is a diagram showing typical handwritten symbols and the series
25 of dots representing samples taken for such symbols. The block letter ‘A’ shown on
the left can be written with two strokes 30 and 31 with the strokes moving in the
directions shown by the arrows. The dotted version of letter ‘A’ shows samples
taken as the letter is written with the speed of the pen tip relatively constant. The
first and last samples of the first stroke are at 32 and 33; the first and last samples of
30 the second stroke are at 34 and 35. The cursive letter ‘a’ shown at the right would
usually be written with one stroke 36 that reverses at point 37, but which would
typically be written without lifting the pen from the pad. The first and last samples
of stroke 36 are shown at 38 and 39.



'stroke of the synbol is witten, processor 12 takes sanples at its sanpling
rate of the position of the tip of pen 10 on tablet 11, stores such
sanples in its nmenory and i ncrements the sanple counter, as indicated
by bl ocks 22 and 23. Sanples are taken 10 wuntil pen 10 is lifted from pad
11, as indicated by bl ock 24. When pen 10 is lifted from
pad 11, a determ nation nust be made - @het her the synbol is conplete.
This determ nati on can be achi eved, for exanple, by timng the

interval between the tl msrz@ﬂbé@,eens:ﬂdatc&mvamesbbexetsmmigldstbea&%ébrawsms
pad 11. If the int g Ls short, say |le
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the nunber of sdpEo Heeriaef il Be YAl srRke SR ahg. oot JHapled B
register is r8-isyntbod mamppeawlbeddmnicahcambetqmldxffﬁenaddpmﬂmgmmthe
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characters ch character at en_and 0 at ed
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nodel s are hi ghllgnkno\yh |symbohs enteded, ithbuvdciartvi for 8 mmdebsyimbal Ihevmgltheasame of
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recogni zed. Y %Hon%\%gf L&w’s 'a%rglecvﬂﬁc?\@%h? %rt{laér}i%ﬁégsgﬂd?gtseaytgg%%yﬂhard a%St er

can be entered a‘éeiml'd!ad @Tm unlmowalaaduvnctoraeﬂmmq:nmel mastithen becompared o

possi bl e or %yé&r?egité 8the correlitibh @g@s@ﬂb%deﬂoﬂhew
|n { He node o in

Processor 12 can e|t accept| ng nod
t he node of acce}sf:ﬁsgy mmmldsxum@n thresamernusabes 9 Sﬁnplgsmélfzhe symbole

Z %gbg; . hebggn%lo&gfaiﬁstlﬁ&e' tharPoR@§thdke Sit 'i@;r%é:fer%tgf ?a‘t‘lﬁhd rislﬂhlféfo? Qarhipled h@g&@gf 26
proceseor 12. gp S8 Cmmi ﬁ‘éﬁ%f“é’é’“ﬁ‘é %‘f ‘HM% “'P?Fe?r}psé& es invg
transl ated so tteatl ihardkedytstokef gravity', or
20 This equalization can be accomplished in a number of different ways.
One way that has been found satisfactory is to use only every tenth sample in each
stroke of vy and then use the same number of samples from each stroke of vi. An
example of such equalization is shown in FIG. 5, where a number of samples are
shown along stroke 50. Dotted lines such as 51 lead to the same number of samples
25 to be selected out of many more along stroke 52. The samples along stroke 50
represent every tenth sample in a stroke of v,. This method assumes that the
original v, will never have more than ten times the number of samples as the
original vi.. | |
Another way of performing the equalization is to interpolate additional
30 samples into vy so that such vector contains many more samples than v, , then
selecting ohly the number of samples from the augmented vy as are in v. The
interpolation and selection should be evenly distributed along vy.
After equalization, v, is then translated as indicated by block 45 so that
the centroid of the unknown symbol lies at the origin, as was also done for the model
"~ 35 symbols when they were stored (block 27 in FIG. 2). _To perform this translation on
a vector, the centroid z is found by |




-5- centroid,  of the synbol is at an origin. As wll be seen, this
tr.ansl ati on perfornmed on t he nodel synbols and the unknown synbols is
an initial step in conparing an unknown synbol with the nodel synbols
and positions the unknown and nodel synbols with respect to each other
so that the location of the unknown synbgl on 5 pad 11 is irrelevant and
so that rotations can be taken into account consistently. Such a
translation is descriped el sewhere, for exanple, in the Tappert article
referred to abovel. { he qeahod used to performthe translation wll be
descri bed bel ow i 2= | —30%) urXoi oA (% ¥4 the description of FIG 4. (3

It is convenient to p P #=or mlti#He 4t ransl ati on on a nodel synbol before the 10
sanpl es for the nodel synbol are stored so that the translation does not
have to be rformed each ti.nme co ri.son is made with the nodel
synbol . Homeveraggﬁfb ans au@ﬂ%ﬂgfwemycgﬁf%gngerforned at the tine of
conparison, if desired. The sanples are stored in the nodel nenory
along with the nunber_of strekes a | ch a way that the sanpl es for
each stroke can bexii'd’éiﬁf‘i‘;PéH! _3(! 3@*&{'2?% in association with therqjs
sanples is an identification of the nodel synbol that the sanples
represent. . . : t hought of in a
mat hemat i cal Se]ir%uem%%4gve?%tgg@gﬁ&%bif@ugﬁgl?g@%ﬁgg%%%l es for a synbol
before the t3anslation Asdndicasediby blockidythe correission £ betweeniths INkNQWR: or n:

[err] symbol and the model symbol with which it is being compared is calculated from

o Wav)+ (Vo ug)?

(&)
P

where
Ug = (_-il 9il IR ’—ynrin) . (6)

10. which is the vector derived from vy by a counterclockwise rotation through w/2
radians, and where v vy and vy vy are scalar dot products of the respective vectors.
The cormrelation C represents the degree of closeness of vector v for the
unknown symbol to vector v for the model symbol. The higher the value of C, the
closer the vectors. Thus, as indicated by blocks 47, 48 and 49, the model symbol
15 associated with the highest value of C is recognized as the unknown symbol.
A detailed discussion of the derivation of Equation 5 is given in the
Appendix. However, a brief discussion of the theory underlying the derivation of
Equation 5 will now be presented. |
Vector v, representing the unknown symbol and vector vy representing
- 20 the model symbol each contain n samples and 2n different quantities. Each such
vector can be thought of as a point in 2n-dimensional space. Recall that v, and v
have been equalized so that both have the same number of samples and translated so
that the centroids of their respective symbols lie at an origin. Such translated and
equalized vectors for all possible rotations and sizes of a symbol will fall in a 2-
25 dimensional plane passing through the origin of such 2n-dimensional space. Thus,
all possible rotations and sizes of the unknown symbol will be represented by one
such 2-dimensional plane and all possible rotations and sizes of the model symbol
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20 and after the translation as a vector v: [er'r] ' If the

synbol witten is an unknown synbol, then as indicated at bl ock 26 in
FIG 2, processor 12 proceeds with the steps shown in the flow chart of
FIG 4. FIG 3 is a diagram show ng typical handwitten

synbol s and the series 25 of dots representing sanples taken for such
synbols. The block letter 'A shown on -8+the left can be witten with two
strokes 30 and 31 with the strokes noving in the di rections shown by

th Th t h
Ieth Z;rlo\évsm“ tteéﬁﬁvl\%et Epﬁéﬁé[ﬁéé)gygﬁ tb&tslﬁwlgﬁpeaﬁmtlgg relpﬁ@gelgﬁhg % E?ﬂ)r@ﬁatt ©
first and | ast dheptigia 0<S1su¢lh -flimensiona} spage.and anrangle Qﬁan defitwé betwenn thed
l'ast sanpl es of es! Afg E@%Pé‘&lé&h%@noﬁme%\ﬁhnéék tﬁﬂ&ha%%asﬂ‘@e&iﬁ TR ter

"a" shown at th |gh usual | e witten with gne, st oke 36 t hat

reverses at poi ymajer tthsapgmeé\ﬁeqmph planes,tt%mg 1 ie g fien BSIWRER Hisy
lifting the pgn s§'ﬁ1<balstt1‘i6y Rptosert) fegatdléds of Mhetedor thelaties she poml@fdeﬁmlhglﬂ% 36

h t 38 d, 3
Yo SO 2P sl g andmogions ehe symbols ey i sty Salgplad in
bei ng recorded @guation 5 is asfuation ofsthe edsine of suchanglt® Sidcothe ichgins pf anlamgle

whi ch the tip of {)}L%clpe%q és%hé@(&g aﬁﬁ%aches zero, the highest C represents the closest
correlation.

10 A few examples of actual values calculated for C can be given to
illustrate the operation of the invention. Models of the 36 alphanumeric characters
were entered as block capitals via a digitizing pad as described above. Twenty
characters (e.g. L, W, 1, 6) were entered as 1-stroke characters; fourteen (e.g. A, X,
4, 5) as 2-stroke characters and two (H, 1) as 3-stroke characters. The model and

15 unknown characters were entered on a digitizing tablet without particular attention
being paid to size, orientation or location on the tablet. The correlations that resulted
are listed in Table I. As can be seen from Table I, for example, when the letter W
was entered as an unknown, the model having the highest correlation was the letter
‘W’, that having the next highest was the number ‘9’ and that having the lowest was

20 the letter ‘M.

Some characters are similar to rotations of others, for example, ‘M’-
‘W’ and ‘6’-‘9’. Because of the usual time sequence of writing these characters,
however, such rotations can be distinguished. This distinction is illustrated in FIG.
6. The letters ‘W’ and ‘M’ shown at 60 and 61 are typically written as single

25 strokes moving in the directions of the arrows. Thus, the time sequence of samples
for each of these letters follows the arrows. If the letter ‘M’ at 61 is rotated to form
the ‘W’ at 62, however, the arrows point in the opposite direction. Thus, the samples
for a ‘W’ that is a rotated ‘M’ will be in reverse order from a ‘W’ that is written as
such and the correlation calculated as described above will be low. As can be seen

30 from Table I, when a ‘W’ was entered into the system as an unknown, the correlation
with the model for ‘M’ turned out to be the lowest of all the other 1-stroke symbols.

There may be rotations, for example, ‘N’ - ‘Z’ and ‘E’ - ‘W, where the
shapes of the symbols are similar and the time sequences of samples are essentially
the same. In such cases, the correlations for an unknown with respect to each of the

35 models for the different rotations could be close and a choice based solely on the
highest value of C might be unreliable. In order to distinguish such cases, it is useful



Ed

t he sequence of the sanples in the vector representing the symbol depends

on t‘he directions associated wth the various strokes in the synbol.
Thus, the sanples for 5 synbols that appear to be identical can be quite
di fferent, depending on how the synbols were actually witten. This
di fference can be enough that the nethod of the I nvention wll not
recogni ze the synbols as being identical.  However, this property of
the invention can be used to advantage as will be described below in
connection ¥4 4160 éd)rﬂ ik Wheact®dl irbtaiéh bétiveerd the unknown symbol arfd tffe nfbdep @

fl ow chart show ng hg es for.an,unknown s and t he nodel
synbol s are corrp§)f‘§€°§-o H&#Ple?C?WIEﬁI?RﬁBMAJ t\{“gﬁxfter an unknown
synbol is entered, the vector vk for a nodel synbol havi ng the sane

nunber of strokes as the unknpwn,is retriceved, as indicated by bl ocks 42

and 43. Vect or R &r. and vector [err] for the ngdel
nmust then be conpared tq(¥p vigewdwgtog)how wel | they correlate. For the
correlation to proceed, however, it is necessary that [err] and v[err]
contain the sane nunber of sarrpl es, and, if the synbol contains nore

t han one stroke, fartthé unknownesyaxhod witherespecttoreach evodel sysabqll Bsrepresents the cosine
T va. o and vpLirngle of (HRAOT Bt *“%MW%MMW?%M f*’?ﬁ‘?l on
can be acconpllsWMhlhlsmPW dBwa@seewpcmyeofanans!mpnmc f #pity as the

been found sati shgg Q?%i’ ohéhek Qel‘dﬁ theQiMbséstabdel s{RBoIwaPBPAsSodiite@ Aith the value of
stroke of v[err] and en yse the same nunber” of sanpl es fromeach stroke

of v[err]. An PNy such equalization is shown in FIG 5, where a
nunber of sanples are H@q\&ﬂoﬁkﬂf@(ﬁﬁbﬁ&ﬁoﬁﬂG Bahodified tomsorpotdie thie 51

| ead to the er of 1o Dbe . sel ect rmre
al ong st rokeslggrE aﬁ@bg de gﬁéﬁﬂ‘ é'PPE}RE %closest ngémp@ga ik
sanple in a st roRefeménce[tmme}als fdri tdocks tthey thaees Klentical fimatioh$are the same g8 indFIGia

wi || never have yore than ten tines the nunber of sanples as the

original vferr]. Anot her \Allad/ of performng the
equalization'is to inter pﬁﬂfmgadﬂ(ﬁa Bridocksty) indieates salcnlagion pad stprage of theth C

such vector cont m rgﬁhe#&{&hhmémownsgmw%émch

only the number o err S are vlierr The

es
i nt er pol-ati onl5anﬂa1§‘é1ﬂg£‘ts|f@ﬂe§ﬁ%l’§f% EWFG ¥ ?SthI is
After equalizati géernvingd bd lﬂdﬁtamy Elbélﬂ?i aS@éh (ﬁfeshﬂﬂ'c@ﬂ‘bed peycetage ksay D095

that of the highest C. If the C associated with only one model symbol falls above the
threshold, then the unknown symbol is recognized as such model symbol, as
indicated by blocks 73 and 49. However, if more than one C falls above the
20 threshold, then the unknown symbol is recognized as the model symbol having both
C above the threshold and R closest to unity, as indicated by blocks 73 and 74.

As indicated by block 70, R is calculated at the same time as C for each
model symbol being compared. However, it may be more convenient to wait until
just before the recognition step indicated in block 74 and calculate R only for the

25 smaller number of model symbols having values of C above the threshold.

Table II shows examples illustrating the resolution of rotations as just
described. The symbols entered were single-stroke alphanumeric block characters,
but with the model and unknown characters entered with essentially the same
orientation. In Example 1, the letter ‘N’ was entered as the unknown symbol, the

30 model symbol ‘N’ had both the highest C and the value of R closest to unity and the
model ‘Z’ also had C above the threshold. In Example 2, the letter ‘N’ was again
entered as the unknown but the model symbol ‘Z’ had the highest C and the model .
‘N’ had C above the threshold and the value of R closest to unity. In both cases, the




the centroid of the unknown synbol lies at the origin, as was al so done for
t hes nodel 35 synbols when they were stored (block 27 in FIG 2). To perform

this translation on a vector, the centroid z is found by

-7- [err] and the translation is performed by evaluating [err]
Equation 4 gives the terns shown in equatijgn 2 shown above. 5

I ndi cated by bl ock 46, the correlation C between the unknown synbol and

the nodel synmbol with which it is being conpared is calculated from [err]
model symbol ‘N’ was recognized as the unknown on the basis of its value of R.

Example 3 shows ‘Z’ as the unknown and the model ‘N’ having the
highest C but with ‘Z’ being recognized as the unknown on the basis of R closest to
unity.

5 In the embodiment of the invention described above, an unknown
symbol is compared with model symbols to find a match. More than one model can
be stored for each symbol, if desired, to allow for variations in the way symbols are
written by a particular user or even to create a user-independent system. For a user-
independent system, the library of model symbols can include all likely variations

10 and combinations of number of strokes, stroke order and stroke direction for each
symbol. Such variations increase the probability of correct identification of
unknown symbols written by anyone. Such a library can be pre-recorded and used
advantageously in systems that are furnished to users ‘off the shelf’.

Embodiments of the invention can be structured to acquire additional

15 models if the originals are not sufficient, or to modify the models from experience.
An example of a method of acquiring additional symbols is diagrammed in the flow
chart of FIG. 8, which illustrates a training mode. In this mode, an unknown symbol
is entered and the closest model symbol to the unknown is chosen using the method
of the invention described above and the choice is displayed to the person training

20 the system. As represented by block 80, the trainer then indicates whether or not the
choice was correct, and, if incorrect, what the correct choice is. Then, as indicated
by block 81, the system stores the sample vector for the unknown symbol entered as
an additional model for the correct choice. Such a training mode can be continued
until the performance of the system is satisfactory.

25 Another way of causing the system to adapt is to modify the vector for a
model symbol every time an unknown is entered that is found to match the model.
One approach is to simply replace the model with the unknown, under the
assumption that the most recent instance of a symbol is the best one. Still another
method would be to cause the model to ‘shift’ slightly in the direction of each

30 unknown that is found to match. However, such a shift would require calculating
‘new values for the samples in the model vector, which would not necessarily be a
trivial task, given the differences that could exist in the number of samples and
values of such samples between a matching unknown and the model.

A more preferable method of adaptation is to store a number of the most

35 recent instances for each model and to discard the oldest instance each time a new
one arrives. Thus, the set of models is always ‘up to date’ and reflects any long-term



where " [err] 10 which is the vector derived fromv[err] by a

count ercl ockwi se rotation through [err]/2 radi ans, and where V[err]
vierr] and v[err] v[err are scalar dot products of the respective vectors.
The correlation C represents the degree of closeness of vector v[err] for

t he unknown synbol to vector v[err] for-the nodel synbol. The hi gher
the value of C, the cl oser the vectors. Thus, as indicated by bl ocks
47, 48 and 49, the nodel synbol 15 _associated with the highest value of C
i s recogni zed ashangesthatmaybetpkipgplace in the symbols in the s6tt aj | ed di scussi on of

the derivation of EquatiBgr dpplicatiting @i whithithe inventié® RaT Bk Xised By\&@y Ridividudilor ef

O oS 00 O bl Sl O St o b 2P gt AL e o
symbol and vect asers[and bperares fasternisiits @dajfts. Insuchadembodirhent, heshstemris imitially
SaTPl o 20, 20 ot b ShERln S ideBondeSEAY tn ot B by MRS
been equal i zed gshe midel libwady, sedescribee above. Theriénstarices efipmelolainput by nséraared
o ¢ ot oA Ty APk A AT S il B
sizes of a synberigial modglsiare disearded. FBhe rymber of yseriingarges kepifor eashisymbodh
G 204" SR el s bl g B mote gy This s s
2- di mensi onal9p |@mﬂﬂ993¥1%§§% rEmbalit dyred, e FAueEGhe crlguliion fime
symbol needed to determine the closest model, and the symbols are specific to the user or
users, the system will evolve from a user-independeht system to a user-independent
system that is faster and more accurate.

Conversely, for a user-independent system that is expected to be used by

15 alarge number of users, an embodiment can be configured that adapts by adding
models, for example, as explained in the description of FIG. 8 above. However,
because increasing the number of models will tend to increase the calculation time
needed to determine the closest model, such a system will tend to be slower than a
user-dependent system. |

20 As can be seen from the above description, the method of the invention
is very dependent on the direction and sequence in which the various strokes of a
symbol are written. In a practical system for symbol recognition, if a symbol can be
written in more than one way, then at least one model will probably have to be
included for each possibility. However, this property of the invention can be

25 exploited for such applications as signature verification.

The system of the invention can be used for signature verification by
entering prospective signatures as model symbols. Then when a signature is entered
for verification, it is compared with the models to find a match. If the right model is
chosen, then the signature is considered verified. Even if a forger could write a

30 passable copy of a signature, it is much less likely that the forger would be able to
duplicate the stroke sequence and writing dynamics of the owner of the signature
such that a good match obtained. In this kind of application, when the highest
correlation C is found, it may be desirable to also compare the highest C with the
next-highest to establish a measure of confidence that the correct signature has been

35 found. For ethple, if the next-highest C is more than a certain percentage, say
80%, of the highest, then the presented signature could be rejected as not being



-8- - wi |l be represented by anot her such 2-dinensional plane. Both

pl.anes neet only at the origin of such 2n-di nensi onal space, and an
angle [err] can be defined between the pl anes. Angles are

one-di nmensi onal quantities that can easil¥ be conpared. The smal | er
t he angl e between such pl anes, the higher Zhe correlation between the 5

synbol s they represent, regardl ess of where on the planes the points

defining the ek HZ 9 i . '
The. quanti ty C Coiaay et &0 Sttt o Ge R cdrifie? HE oo CRUER s ey
such angl e [ er r |YalU§ CdeieptanyJapseategrsignatuge forewhich C does reachiths threshold foe any
angl e approachesnadel eignhtage.hi ghest C represents the cl osest

correlation. 10 A few exanpl es of actual val ues cal cul ated
for C can be given to illustrate the operation of the invention.
Model s of the 36 al phanuneric characters were entered as bl ock
capitals via a digitizing pad as descri bed above. Twenty . characters
(e.g. L, W 1, 6) were entered as 1-stroke characters; fourteen (e.g. A X
4, 5) as 2-stroke characters and two (H, I) as 3-stroke characters. The
nodel and 15 unknown characters were entered on a digitizing tabl et

W t hout particular attention being paid to size, orientation or

| ocation on the tablet. The correlations that resulted are listed in
Table 1. As can be seen from Table L, for exanple, when the letter W

was entered as an unknown, the nodel having the highest correlation was the
letter W, that having the next highest was the nunber '9' and that
having the | owest was 20 the letter "M. Some characters
are simlar to rotations of others, for exanple, 'M - "W and '6'-'9".

Because of the usual tine sequence of witing these characters,

however, such rotations can be distinguished. This distinction is
illustrated in FIG 6. The letters W and 'M shown at 60 and 61 are
typically witten as single 25 strokes noving in the directions of the
arrows. Thus, the tine sequence of sanples



f or eaéh of these letters follows the arrows. If the letter 'M at 61 is

rotated to form the "W at 62, however, -the arrows point in the
opposite direction. Thus, the sanples for a'W that is a rotated 'M
will be in reverse order froma W that is witten as such and the
correlation cal cul ated as descr.i bed abovgl?/i_ll be low. As can be seen 30
fromTable I, when a 'W was entered into tThe systemas an unknown, the
correl ation with the nodel for 'M turned out to be the |owest of all
t he ot her 1-stroke synbols. APPENDEXe may be rotations, for

S miTar and the timo seqibRiwantys, s médie of e SARASRY O oblieiiitten &
such cases, the unknowhayinbobarido madehsymbol(\m,\iuc!rh pregisely; the gmélarity mfclmmtli$|5
model s for the %E\L@e(;lgﬁ%g&g{n@%é %@%ﬁé)@h@ thCufinddm Waﬁ&‘ﬂe%cﬁ?%ed solely

on the hi ghest | e-unreliable” I'n order to di§tinguish
such cases, i ireprgsenting the model symbol. Each vector is assumed to include n'samples each. g

- to al so Coriprisih di'@x é&dr&ﬁ\hteraﬁhaati &Fb_r&%h&.eeﬂ‘huk klﬁeﬂé’ﬂfé‘?ﬂ"&u;ﬁiﬁﬂé@,' orand
t he nodel sypbol s. This can be ccorrpl-laheg_gbsy al so_evaj uatllgg ker r{)
for the unknown GPREEPRSAG ?f’cﬁé@ﬁ@&iﬁﬁ"@éﬁﬁ ® the spegifigarion, the number of samplgs

cosine 5 of thdopthelmkadwh eymbolahdaké wiydsl syhtbol Kthowhich Yiie Bkingtdnipafedmeé el
symbol with  whi ?h it th seaimn 0 S of grée‘gl. v B?%%%?Snt hnel Ig:(i)sni nﬁrof an, angl e
appr oaches umtfqgglzieﬂéobe ¢ Because each vecto dimensions, 1t represents a

10 single point in 2n- dimensional space (2n-space).

We need to be able to compare an unknown symbol with the model
symbols regardless of the orientation or size of the unknown with respect to the
models. This can be done by comparing the set Sy, of all sizes and orientations of an
unknown symbol with the set Sy of all sizes and orientations of each model symbol.

15 The vectors for such a set all fall on the same two-dimensional plane in 2n-space.

- Such planes meet at the origin of 2n-space. The ‘distance’ between such planes can
be defined as the angle between them and the similarity or closeness of two symbols
is related to the angles between their representative planes. The object, then, is to
calculate such angle.

20 To define the set S of all sizes and orientations of a symbol, we first
need to define a vector w as follows:

w (1) =r(vcosy+usiny) . (®)
Where v= (ils-y_l 2. -,inyn) ' (9)

and u= (-¥1,X3, - . »~¥nXn) | (10)

25 where u represents a counterclockwise rotation of v through ®/2 radians. From
Equation 7, it can be seen that vector w is derived from vector v by an r-fold
enlargement or dilatation and a counterclockwise rotation through Yy radians. The
sets of all sizes and orientations of a symbol represented by vector v is then:

S={wr):0<r<ccand-nw <Y<} (11)



angl e approaches zero, the closest nodel synbol will be associated with the
val ue of R closest to unity. FIG 7 shows the flow
chart of FIG 4 nodified to incorporate the 10 calculation and use of Rin
choosing the cl osest nodel synbol to the unknown. Ref erence nuneral s
for blocks that have identical functions_gye the same as in FIG 4.
Referring to FIG 7, block 70 indicates cal cul ati on and storage of both

and R for each nodel synbol being conpared with the unknown synbol. After
such 15 cal cul ati ons halhelapgle betvdenrtwodetiors 7yl and Zxein2nelpace con berdesivedt |
then a threshol d.. : ! 1 ngdi ck 72. Such threshold
can be a percen&%‘g,m%%?/ﬂ%%&ﬂgggﬁ%@%‘?%g&w?%' the C associ ated
with only one nodel synbol falls above the t hreshol d, then the unknown
synbol is recognized as z§1i%g¥mgngsgynbol, as i ndi cated by bl ocks 73(12)
and 49. However, if nore tha ne,C falls above the 20 threshold, then the
unknown synbol is recognPoBIGOr@¥ieldsiel synbol having both C above
the threshold and R closest to unity, as indicated by blocks 73 and 74.

As indicated by block 70, Ris C£1|_ ulated at the sane time as C for each
model synbol keing corrpgg%@'&i L it may be nore convenient to wait (13)

unti | just before the recodillzaph step i'ndicated in bl ock 74 and
calculate Ronly for the 25 smaller nunber of nodel synbols having val ues
of C above the threshold. Tabl e I'l shows exanpl es

il lustrating theForaaypitwo ivectorsi Equdtion Ihyiekis apangle betwebalrandwerhdiafise synbol s
entered were single-stro i C rs \ I e
model and unknown char ac@??‘@gﬁgﬁ%h\ﬂf?ﬁkegis%gﬁ'ts?‘e}lg%ﬁh?ewggnt%@%ams;L}lélg
ori entation. | n texuesn anypainoferecors we (Yoo )waYiendn 8¢ and Sxitespesivelynlhus:
synbol, the 30 nodel synbol 'N had both the highest C and the value of R
closest to unity and the nmodel 2" so, had,C above e threshold. In
Exanple 2, the letter ' b We$f i cos! e Qade) 2 ¥clhkedkdhknown but t he (14)
nmodel synbol 'Z' had the ﬁ?‘b gst ad C above the

nNd t{hjwelRgeliwg i,y

threshold and the value of R closest to unity. In both cases, the

10 Using Equations 8 and 10, Equation 14 can be rewritten in terms of the given vectors
vy and vi. However, to aid in simplifying the result, note the following

relationships:
Va'lg = Vil =0 (15)
Va Vi = Ug U =Pk (16)
15 Vol = Ug Uk =Gk | a7

Equations 16 and 17 define new symbols py and q; . Without loss of generality,
VECtOrs Vy, Vi, Ug and uy can be normalized to 1 so that:

Vel=bol=fd=lf=1 - as

Substituting into Equation 14 the expressions for wg, and wy given by Equation 8
20 and simplifying by use of Equations 15-18 gives:

©O(S¢.,Sx) = minfcos™ (px cos ¥+ g sin )] (19)



- 10- model synbol 'N was recogni zed as the unknown on the basis of
its-value of R Exanpl e 3 shows 'Z' as the unknown and the
nodel 'N having the hi ghest C but with 'Z' being recogni zed as the
unknown on the basis of R closest to unity. 5 In the
enbodi nent of the invention described aboqﬁh an unknown synmbol is
compared with nodel synbols to find a matc More than one nodel can

be stored for each synbol, if desired, to allow for variations in the way
synbol s are whmm—uu aadﬁwmlmmumrlsmgwrtalm axee the: single patameser . Note
user - i ndependent sy, r

of nodel synbols %tatﬁgl ncﬁaﬁ e ﬁé?‘f [?épavev%léﬁ’gtg @gﬁg@%sﬂﬂﬁg’l@%ﬁr‘hﬂ%’?{tﬁb@ng%};
nunber of strokedbe amgosing iva decreaging mbq@omrrtb@tanaﬁ BrEquagian 19 candgnbol .
Such vari ations deRgheaas the probability of correct identification of
unknown synbols witten by anyone. Such a |ibrary can be pre-recorded and

used advant ageously in systens that are furnished to users 'off the
shel f'. 5 G(Eamglﬂmﬂf(nﬁk[ﬁk%swthq]) can be structured {20)
acquire additional 15 nodels if the wriginals are not sufficient, or to
nodi fy the nodels from experience. -An exanpl e of a nmethod of acquiring

addi tional synbqgl.s.is . dia e chart of FIG 8, which
illustrates a t%p%ngéﬁ;&%glmqrﬂ%ymuﬁﬁ&vesan unknown synbol is
entered and the cl osest nodel synbol to the unknown is chosen using the

nmet hod of the inverdi0 €Sl M@.and the choice is displayed
the person training 20 rq(ﬁgzbé‘gﬁgﬁ\lq%'?gg)re ented by bl ock 80, the trai %ztel?

then i ndi cates whether or not the . choice was correct, and, if
incorrect, what the corrgehrehRQl Qﬁcé?vham%t&ﬁs'tﬁﬁiid% ﬁfthemoﬁé’l 81,
t he system Stores the sanpfe vedtor entere

o adi i onal  masEIciated wildhe ypalies angle 8 dhe s anglentsrl mas reshe calsviased:

continued 10 YRé héedelRoRDEFINIRAR Be Rhrricd dub b ESfiparingShk ivaluas bpthe. 25

Anot her way of causing the systemto adapt is to nodify the vector for a
expression:

K, =pt +qt 22)

associated with the symbols being compared. Equation 22 can be rewritten in terms
of vectors vy, vy Ug, and u; by using Equations 15-17 as;

15 Kp = (Vo i) + (Vo uy)? (23)
In order to simplify the above derivation, a normalization step was
performed as shown by Equation 18. Without such normalization, Equation 23
would become:

_ (i) + (vguy)?

Vol b

(24)

20 Because v2 remains the same when comparing the correlations of an unknown

vector v, with the various model vectors vy, it is sufficient to calculate and compare
the values given by



nDdeI‘SynboI every tinme an unknown is entered that is found to match the

nodel . One approach is to .sinply replace the nodel with the unknown,
under the assunption that the nost recent instance of a synbol is the
best one. Still another nmet hod woul d be to cause the nodel to 'shift'
slightly in the direction of each 30 unkmgw that is found to match.
However, such a shift would require calculating - new val ues for the
sanples in the nodel vector, whigh would not necessarily be a trivial

task, given the differqugsﬁhW&O ddde®EXi st in the nunber of sanples ands
val ues of such sanpl es belween a¢ﬁrtch|ng unknown and the nodel. )
A nore preferabl e nethod of adap &ion is to store a nunber of the nost 35
recent instances for each nodel and to discard the ol dest instance each
time a new O et A8 velln S, . Efarkst 29%s diDsEnSad BokigRYs ' up to date’
and reflects any long-term changes thalt may be taking place
in the synbols in the set. For applications in which the
invention will be used by an individual or a small nunber of users, an
enbodi ment - can be configured that adapts to the user or users and
operates faster as its adapts. In such an enbodi nent, the systemis
initially 5 configured to be user-independent by inclusion of all likely
vari ations of synbols in the nodel library, as described above. Then,

i nstances of synbols input by users are added to the library and,

after a suitabl e nunber of such user instances are added, the ori gi nal
nodel s are di scarded. The nunber of user instances kept for ‘each synbol

can be quite small, possibly as small as one nodel per synbol. Thus,
because the : '



.

10 _nunber of nodels for each synbol is reduced, which reduces the

cal culation time needed to determ ne the closest nodel, and the
synbol.s are specific to the user or users, the systemw || evolve from
a user-independent systemto a user-independent systemthat is faster
and nore accurate. Converlzel y, for a user-independent
systemthat is expected to be used by 15 | ar ge nunber of users, an
enbodi ment can be configured that adapts by addi ng nodel s, for

exanpl e, as explained in the description GFABLEI 8 above However ,

because increasing the nunber o tend t ase the
calculation tine needed to%&e%ﬁ\é%pﬁjén%wlbss‘ﬁ , such a system
will ‘tend to be slower than a user - dependent: system 20

As can be seen fromthe above dﬁﬁﬁﬁb i on, Ilif:g hEgt hod of ¥ Jinventi OR owest
is very dependent on the direction and sequence 1n which'the various
strokes of a synbol are wEnemd |n a practi cal systiligh¢ssr synbol
recognition, kf a synmbol can be witten in nore than one way, then at

| east one nodel w |l probably have to be I ncl uded for each

possi bility. However, this prop%y of the iwwomopn candqsesg expl oiNgegso
for such applicati onsi-agroké gnatgre verificat The
system of the invention can be ed for si gré\'q%;]yverl fi (,lét*lc}mby D-630
entering prospective signatures as nodel synbols. Then when a signature is
ent er ed for verification, iJA is conpar eA~d147 t he nde8d30to fi nd Ex1074
match. If the right rdgokes £( chosen, thenii#g Si gnaJu|7g§2$ consi gen ¢4
verified. Even if a forger could wite a 30 passable copy of a signature,
it is much less likely that thegforger woul le to duplicate._t
stroke sequence and vx%i %IB{E% dyngm cs of the%‘iﬁ%ﬁjof the Stgnature %" gﬁ“
such that a good matc i ned(HIn this ki rfd-9053appl i cat+en, when t h@&1067

hi ghest correlation Cis found, it nmay be desirable to al so conpare
the highest Cwth the next - hi ghest to establish a neasure of
confidence that the correct signature has been 35 found. For exanple, if
the next-highest Cis nore than a certain percentage, say 80% of the
hi ghest, then the presented signature could be rejected as not being



-12- reliably matched. An alternative would be to conpare the highest C
wi th a threshold value and reject any presented signature for which C does
reach the threshold for any nodel signature.

- 13- _ APPENDI X In
Equation 5 Cis a neasure of the simlarggy or closeness between an
unknown synbol and a nodel synbol or, nore precisely, the simlarity or

cl oseness bet ween the vector v[err] representing the unknown synbol and
the vector v[err] 5 representing the no@ABIF/Hbol . Each vector is assuned
to include n sanples each conpri -élglu%n)éf%ﬂft%hgate and a vy

coordi nate. Thus, there are 2n quantities, or I mensi ons, in each

vector. As explained in the specification, the nunber of sanples for

the unknown sy anﬁﬁéi t he nodefngygiae! W t hvigldich it i s digelflionqYPar ®étaich R
equal i zed to be e 'sanme. Because each vector has 2n dinensions, it
represents a 10 N&j ngl e point i Bntgrd di mensi onal space (2n-space).

W need to besable to conpare an unknown synbol with the nodel

N 541039 0.999<—-

Z 519727 —0.032
1 N ) 486935+

L 309023 —

f .

vA 420487 ~0.041

N 398515 0.999<—
2 N * 378438* —

2 232954 —

N 265347 0.036

VA 250969 0.991<—
3 . Z ‘ 239983* = —

L 221695 —

*Threshold value



synbol's regardl ess of the orientation or size of the unknown w th respect
to.the nodel s. This can be done by conparing the set S[err] of all
sizes and orientations of an unknown synmbol with the set Sk of all
sizes and orientations of each nodel synbol. 15 The vectors for@uch a se

all fall on the same two-dinensional plang9in 2n- s‘%ﬁ“llm “ }Iju | anes
meet at the origin of 2n-space. The 'di stance' can

be defined as the angle between them and the si m I arlcty or cI oseness of two
synbol s i s rClaimsd to the angl es between their representative pl anes.

;rﬂg gg{ egt bfthﬁn is toy, Aniéﬁid&ldfﬁnﬁm‘gllhbcﬁﬁﬁt?baulﬂﬂforan unknown syriiboldafaisee
all size ori i ons_ o 0

define a vector Qﬁsﬂeim"a&/ﬂmb"? Tein say bé)\i\e@n& {@tﬂﬁdel sﬁﬁﬁ’(ﬂs

and ;J = I[er rk] each {epresentedas anbidb)'ed se? of vbardinate sampieﬂsmth thexcentroids of said

count ercl ockwise rotation.o ou Lo i on

7, it can be JedfkpA¥RS V@PPI} mag?m %ﬁ'ﬁm} P‘Z#‘@gllgp \;ﬁ-{)&ﬂi where?n i g

enl ar genent or cbahmatfbnsmdindkrmmsymhniammmpaadmmmwuh saidr&au@m[f@wqch

radi ans. The ?{\‘}%{dsm Hnbgiszes and orientations of a synbol represented

Lorerrs

by vector v is t
CHARACTERIZED IN THAT
said method further comprises:
10 before each comparison, equalizing the number of translated samples for
said unknown symbol and said model symbol '
during each said comparison, calculating the correlation of the equalized
number of said translated samples for said unknown symbol with the equalized
number of said translated samples for said model symbol and identifying the model
15 symbol associated with the highest correlation as the closest match,
whereby said comparisons are independent of the size, position or
orientation of said unknown symbol with respect to said model symbols.

2. The method of claim 1
FURTHER CHARACTERIZED IN THAT
20 . said calculating step further comprises calculating said correlation as:

(Va'Vk)z + (Va'uk)2

= i

where vector v, is the equalized ordered set of translated samples for said unknown

symbol, vector vy is the equalized ordered set of translated samples for said model

symbol, vector uy is derived from vector vy by a counterclockwise rotation of ©/2
25 radians and :
said symbol associated with the highest correlation is the symbol
associated with the highest value of C.

3. The method of claim 1
FURTHER CHARACTERIZED IN THAT

Th1s Sheet Has Been Rep laced

WAy




- 14- The angl e between two vectors z[err] and. z[err] in
2n-.-space can be derived fromthe definition of the scal ar product of
such vectors: [err] Solving for [err] yi

any two vectors, Equation 13 yields an angl e between r adi ans
The angl e between planes S[err] and S[errjgis defined “ﬁ F , mi'”"’st
angl e bet ween any pair of vectors

wWerr](y[err],r[err]),Werr](y[err],r[err]) in S[err] and S[err
respectively. Thus: [ersa]xdmethcﬁi(fuﬂhelrrgmﬁnimsions 8 and 10, Equation 14 can

{0 a1 i mpi iyt g ¢ ORGR Y CREKRELE O conpiafl hnBle i 14 gt MG

[err] while said model symbols are being handwritten on a dxgmzmg tablet.

4. The method of claim 3
5 FURTHER CHARACTERIZED IN THAT
said method further comprises:
storing the number of pen strokes used to write each model symbol and
each unknown symbol and wherein said comparing step further comprises:
limiting said comparing step to those of said model symbols having the
10 same number of pen strokes as the unknown symbol.

5. The method of claim 4
FURTHER CHARACTERIZED IN THAT
said equalizing step further comprises equalizing said samples on a
stroke-by-stroke basis.

15 " 6. The method of claim 5
FURTHER CHARACTERIZED IN THAT
said equalizing step further compﬁses:
limiting vector v to a subset of essentially uniformly spaced samples
from said ordered set for said unknown symbol, and
20 limiting vector vy to include the same number of essentially uniformly
spaced samples, stroke-by-stroke, from said ordered set for said model symbol as in
said limited vector v .

7. The method of claim 1
FURTHER CHARACTERIZED IN THAT
25 if an unknown symbol is recognized incorrectly, adapting said set of
model symbols by adding said ordered sequence of samples for said incorrectly
recognized symbol to said set of model symbols as an additional representative
example of the correct symbol to be associated with said incorrectly recognized
symbol.

30 8. The method of claim 1

; '_ Thls Sheet Has Been Replaced
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Equati ons 16 and 17 define new synbols P[err] and q[err] . Wthout |oss of
generality, vectors v[err],v[err], u[err] and u[err} can-be-nermwatized

to 1 so that: [err] Substituting into Equatio ions for
werr] and werr] given by Equation 8 20 and si rrpllammﬂmlmﬁﬂﬂm“r
Equations 15-18 gives: [err] + ¢ ¢ m s *=15-
where [err]=[err] and the mnimmis n0\7v2}éken over the single paraneter
[err]. Note that the dilatation factors r[err],r[err] have di sappeared

because of the nornal i zaFURTHER CHARACTERIZED INTHAT i s a decr easi ng
function over the range Qaidur?ertﬁéd mﬁﬂg@&ﬁ&ég can be
continually adapting said set of model symbols by storing said ordered
sequences of samples for each of a specified number of the most recently entered
5 instances of each model symbol. '

9. The method of claim 2
FURTHER CHARACTERIZED IN THAT
said method further comprises:
establishing a threshold value related to said highest value of C,

10 if the value of C for more than one model symbol exceed said threshold
value then, for each model symbol having a value of C above said threshold value,
calculating the rotation of said model symbol with respect to said unknown symbol
and |

wherein said recognizing step comprises recognizing said unknown
15 symbol as the model symbol having the smallest rotation.

10. The model of claim 9
FURTHER CHARACTERIZED IN THAT
said rotation calculating step further comprises:
calculating said rotation as:

Va °Vk

‘Rvu. ) Vk)2 +(vg - uk)2

20 R=

wherein said model symbol having the smallest rotation is the symbol having R
closest to unity.

11. The method of claim 10
FURTHER CHARACTERIZED IN THAT
25 said establishing step further comprises establishing said threshold value
as a fixed percentage of said highest value of C.

12, The method of claim 3

This Sheet Has Been Replaced
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rewitten as: [err] Fi ndi ng the maxi mum by cal cul us gives: [err]
In.practice, since what is wanted is the identity of the nodel synbol-

associated with the small est angle [err], the actu Il|mmllﬂ“ﬂ)mﬂumeed not
be cal cul ated; 10 the needed conpari sons can be caﬂ aring
the val ues of the expression: [err] -22- associatetl witH te Synbols
bei ng conpared. Equation 22 can be rewitten in terns of vectors

vierr],v[err], u, and U qQuat ians. as; [err]

I'n order to S|rrpI|fythe y%m #méh'&%tlon step was
performed as shown by Eqsed inetholfs uéd fopwerifyind sipratars,) said stofed nreded symabols3
- would becorme: Q%Hevmusly written signatures and said unknown symbol is a signature to be

| ' verified.

5 13. The method of claim 12
FURTHER CHARACTERIZED IN THAT
said method further comprises:
comparing said highest value of C with the next-highest value of C and
rejecting said signature to be verified if said next-highest value exceeds a certain
10 percentage of said highest value.

14. The method of claim 1
FURTHER CHARACTERIZED IN THAT
said method further comprises:
storing sets of pre-recorded coordinate samples for a plurality of
15 versions of each said model symbol in said set of stored model symbols.

15. The method of claim 14
FURTHER CHARACTERIZED IN THAT
said method further comprises:
as unknown symbols are recognized, replacing at least part of said pre-
20 recorded samples for each said model symbol with at least one set of samples for an
unknown symbol recognized as said model symbol.

16. The method of claim 15
FURTHER CHARACTERIZED IN THAT
said replacing step further comprises:
25 replacing said sets of pre-recorded samples for each said model symbol
with a smaller number of sets of samples for unknown symbols recognized as said
model symbol.

17. The method of claim 14
FURTHER CHARACTERIZED IN THAT

s Sheet Has Been Replaced *
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20 Because v[err] renmains the same when conparing the correl ations of
unknown vector v[err] with the various nodel vectors V[ferr S
sufficient to cal cul ate and conpare t he val ue

s—ng""b”J—'—fL
-EqagtigﬁrrS]. for each nodel vector v[err] Equn“\mﬂmﬂ“mmnﬁmarre as

TABLE |

an

said method further comprises

as unknown symbols are recognized, augmenting said sets of pre-
recorded samples for each said model symbol with at least one set of samples for an
unknown symbol recognlzed as said model symbol.

Tlns Sheet Has Been Replaced .
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- 19 - What is claimed is: 1. A machine nethod of recognizing an
unknown synbol as one of a set of stored nodel synbols wherein sai d
unknown synbol and said nodel synbols are each represented as an ordered
set of coordi nate sanpl es, whi ch conpri ses: translating the sanples for
sai d unknown synbol and each nodel sy@dbel so that the centroids of said
unknown synbol and said nodel synbol lie at a common origin,
conparing said unknown synbol wi th each nodel synbol in turn by
equal i zi ng the nunmber of trans- Eﬂgqarrpl for said unknown synbol
- and said nodel synbol and determ fe correl ation of sai d
unknown synbol wi th said nodel synbol fronl_ t he equal i zed nunber of said
transl ated sanpl es for sai d unknown synbol and the equalized nunber of
said transl ated sanples for said nodel s | by cal cul ating said
correlation as a quantity indicating e closeness of a representation
of all possible rotations and si zes ofg said unknown synbol to a
representation of all possible rotatlon EﬁﬂgESIZGq'(ﬁ sai.d nodel synbol
B

and recogni zi ng said unknomAZsymaol del} sym | associ at ed
wi th the highest correlation, wh [ofo]t hdependent of
t he size, position or orientatlon of %Ejd unknown synbgl

43 SAME NUMBER NO
OF STROKES?

[vss
EQUALIZE SAMPLES IN EACH

STROKE BETWEEN UNKNOWN
H AND MODEL

'

45 _| TRANSLATE UNKNOWN
~1 10 ORIGIN
46 L  CALCULATE AND STORE

(Vo Vi) 2+ By )
W12

!
48
E< LAST MODEL? >
} Yes

RECOGNIZE UNKNOWN
9 | AS STMBOL WITH
HIGHEST C

C=




W th respect o sai d nodel synbols. 2. the nethod of claim1l wherein said
cal-éul ati ng st ep further conprises: cal cul ating said correlation as:
[err] where vector v[err] is the equalized ordered set of

transl ated sanples for said unknown syrrbol vec-

tor v[err] is the

equal i zed ordered set of transla 6 goles for said nodel synbol,

vector u[err] is derived fro

ctor v[err] by a count Kwi s
rotation of [err]/2 radlans anp ﬂF?ttg’ 6750 -
sai d synbol associated w trirtte lllallcat gorrelation is _the nodel synbol

associated with the WRghest valRER

whi ch further conprises: stMODEL SYMBOLd ¢
for . sai d nodel synbol sWHATTE falﬂ ggoJe
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17{5
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of [& 3. lhe nqthod of claim1l
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bei ng hahdwitten on a digitizing tablet. 4. The method of. cl ai m 3 which
further conprises: storing the nunber of pen strokes used to wite each
nodel synbol and each unknown - synbol and wherein said conparing step
further conprises: limting said conparing step to those of said node

5. The method of claim4 wherein said equalizing step further conprises
equal i zing said sanples on a stroke- by-stroke basis. 6. The net hod of
claim5 wherein said equalizing step further conprises: limting vector

ofder ed cet for cai g METHODE RECORRIZING HANBHRITTERGEIHOLS. ) dt 0
i ncl Ede.bt t]e sarrg?:)surhetr()ke of essentially uni f(r)r m y spaced sanpl es,

T oard linited veotor v pionHGhRRes SimbOly i ol Ry |

equal i zi ng step ¢ampared wathrspmbelsin aprdc@m{alplglbpﬂ@rhbrdurpfmdsbsmmsmd
sai d.vector vis er# c(fsestl?ﬂlatél{'élﬁfsgﬂl ﬁ[',é nlk’ﬁ‘f't# Qﬁﬁgﬂ%t‘ﬁlﬁ: si’ﬂdb&él% sam

pl es between eac acent pair. of a sal g v

vierr], and i wqmﬁgm&fdh@smws or Q @lphmt gmabw ARy @cdhsum ﬁ%@fmbﬁls, 'such as

essential |y uni faemmmmdmé@m@%gmmsw«ﬁoﬁym cursivés dfi§ Sneai
augnent ed vect or

err], as in sai ect he rre hod~ of
claim1 which fuVFPHaE {lgfﬁ;ppgggamp ejof e M\ﬂh té“y%%?l‘ samples of
i ncorrectly, tha gen posidon irecorded while mglﬁdbobiﬁrﬂahigavﬁuemdnhmgnqﬂedfom a

10 vector, which is then translated (45) so that the centroid of the symbol lies at an
origin. The comparison, which can easily be done in real time, involves calculating
(46) a correlation factor from scalar products of the vector (vq) for the unknown

. symbol and two versions (v, and uy) of the vector for each model symbol and
choosing (49) the model symbol having the highest correlation factor. If needed to

15 distinguish between model symbols with similar correlation factors, the comparison
can also include calculating a rotation factor from such vectors for use in making
such choice. Embodiments of the invention can be configured that are user-
independent, user-dependent or that evolve from one to the other.

. 5“"";-‘ £ ’,L., 3% 9~'_—.§= . ‘,’9\;: %%
3 % ¥ P SR I
Ti, wme . " D I
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order;e"d .sequence of éarrpl es for said I ncorrectly WEMBNJMT o]

saird set of nodel synbols as an additional representative exanple

the correct synbol to be associated with said inc )r eptd JUN@996

ogni zed synbol . . - 21 9. The rret nod of
claim21 which further corrprl ses: cont i Qually adapt §{ ng—sard—set—ot—hoflel
synbol s by storing said ordered sequénces of sanples for each of
a specified nunber of the nost recently entered |nstances of each
nmodel synbol . 10. METHOD OF RECOE

tional step of:

val ue of C,

exceeds said threshold Va’lm@l@b%haﬁdfvn&éﬂ

HANDWRIT
establishing a threshold val ue rel at eg to sard EI ghest
i alue of C for nore than one nodel synbol

ByrfiBéiekritten on B Aigififing tziblétliﬁ Of C

above said thr eshol d vgl tﬁayglgplg Icu{ ﬁté@%}%}ﬁr ot %%g?f sa sand

synbol with

recogni zi ng sbepthe olosest simch elosemi Recugnition is independent of the size, posmon or

10

15

orientation of the symbols. The alphabet can be any collection of symbols, such as
alphanumeric characters, ideograms or words in cursive script and is created by
writing at least one éxample of each symbol on the tablet. A sequence of samples of
the pen position is recorded while a symbol is being written. The samples form a:
vector, which is then translated (45) so that the centroid of the symbol lies at an
origin. The cbmparison, which can easily be done in real time, involves calculating
(46) a correlation factor from scalar products of the vector (v,) for the unknown
symbol and two versions (vi and uy) of the vector for each model symbol and
choosing (49) the model symbol having the highest correlation factor. If needed to
distinguish between model symbols with similar correlation factors, the comparison
can also include calculating a rotation factor from such vectors for use in making
such choice. Embodiments of the invention can be configured that are user-
independent, user-dependent or that evolve from one to the other.

FIGURE 4
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sald unknown synmbol as the nndel QvnhnlghaVIng the snmg
1. The nodel of cl ai m tation cal- culat HEPEA@EMFW"[%FFT _
conpri ses: cal cul at IF“i ﬁ . [err] d noder}
synbol having the srra [ﬁ nis the synbol havi

R
unity. 12. The net hod of cI ai m 11 V\,her I n said establishi % Chojﬁﬁr\%ﬁr

conpri ses establishing said threshold value as a fixed per dert
hi ghest val ue of C. 13. The method of 28l aim 3 for use injverifying S|gna-
tures wherein said nodel synbols are previously wit- ten Si-ghratures—amt
sai d unknown symboyy é? caq%e to be ver|f|ed 14. The met hod of
claim 13 conpr|5|n t.he arin ai d _hirghest val ue

of Cwith the next? f?ﬁnacgmee&em%éjp rereo&w&xp j B2 YRENAWIY signature to
be verified symbal as oneoha gaeof steregemandelsymbolsewherain -~ per cent age

of said highest satdumknown symbol and said model symbols are each
represented as an ordered set of coordinate samples,
which comprises:

translating the samples for said unknown symbol and
each model symbaol so that the centroids of said
unknown symbol and said model symbol lie at a
common origin,

comparing said unknown symbol with each model
symbol in turn by equalizing the number of trans-
lated samples for said unknown symbol and said
model symbol and determining the correlation of
said unknown symbol with said model symbol from
the equalized number of said translated samples for
said unknown symbol and the equalized number of
said translated samples for said model symbol by
calculating said correlation as a quantity indicating
the closeness of a representation of all possible
rotations and sizes of said unknown symbol to a
representation of all possible rotations and sizes of
said model symbol and

recognizing said unknown symbol as the model sym-
bol associated with the highest correlation,

whereby said recognition is independent of the size,
position or orientation of said unknown symbol
with respect to said model symbols.

2. The method of claim 1 wherein said calculating

step further comprises:
calculating said correlation as:

%

(va - Vk)z + (Vc: “k)z
ml

C=

where vector vq is' the equalized ordered set of
translated samples for said unknown symbol, vec-
tor v is the equalized ordered set of translated
samples for said model symbol, vector u is derived
from vector v, by a counterclockwise rotatxon of
/2 radians and




-22- 15. The method of claim 13 conprising the additiorﬁEPLADgMENJ:SHEET
gonparing sai d -hi with a threshold valiud and rejectin
said signature- ' it i A said highest val ue dgeq no® Engeﬁ@?
said threshol d “E’me'[um"m”m _‘}I’he met hod of claim 1 whijcH further

conpri ses: S e-Tecorded coordinate sanplies—for—=a ’
plurality of versions of said nodel sy s in said sgqt of stored

nodel synbol s. 17. The nethod of cTafm 16 which further conprises: as
unknown synbol s are recogni zed, repl acing at | east one set of

pre-recorded sanples_Jfor_ a . H iORgs set of
sanpl es for an un- said Smﬁfﬁ?ﬁgﬁg%@ﬁgﬁz{sgﬁfﬁﬁynbo|.
18. The method of cl athg mo Y. 'ﬁd; il% S téh ther - conpri.ses:
repl aci ng sai d sets obf@.e-recorded sanples for a nmodel synbol with a
smal | er nunmber of sgt TH¥ methodsefilsim fbwhichnfumher comipnsescogni zed as
said nodel syn‘g&jﬁn% d ditferdet §og 8f ciordinde samphes for her

d

f

of pre-r cor ded Sanpl B @lfﬁiéﬁcﬁ%&%‘?%@.% PR e set “of

of pre-recorded sanpl gAl

sanpl es for an unknowReing hang¥aten:e8 pﬁ% hodel. synbol.  20. A
nmachi ne nethod of f#n@Theymethod of edai which further comprises:

storing the number of pen strokes used to write each
model symbol and each unknown _'symbgl and
wherein said comparing step further comprises:
limiting said comparing step to those of said model
5. The method of claim 4 wherein said equalizing step
further comprises equalizing said samples on a stroke-
by-stroke basis.
6. The method of claim 5 wherein said equalizing step
further comprises:
limiting vector vq to a subset of essentially uniformly
spaced samples from said ordered set for said un-
known symbol, and '
limiting vector vi to include the same number of
. essentially uniformly spaced samples, stroke-by-
stroke, from said ordered set for said model symbol
as in said limited vector vg.
7. The method of claim 5 wherein said equalizing step
further comprises: _
augmenting the number of samples in said vector vk
by interpolating a fixed number of additional sam-
ples between each adjacent pair of actual samples
in said vector v, and :
limiting vector vi to include the same number of
essentially uniformly spaced samples, stroke-by-
stroke, from said augmented vector v as in said
vector vq.
8. The method of claim 1 which further comprises:
if an unknown symbol is recognized incorrectly,
adapting said set of model symbols by adding said
ordered sequence of samples for said incorrectly
recognized symbal to said set of model symbols as
an additional representative example of the correct
symbol to be associated with said incorrectly rec-
ognized symbol.



forMan unknown synb i d nodel synbol S where BE@W&%IWW%EF

synbol and said m)dn ml I hlrepresent ed as an ordprfd set of
coordi nat e sanpl es “Im gﬂuﬂmﬂmﬁ of said unknown synbol a1d1 |H”frw
synmbols at a common dri §i nt shi & sanpl es for said unknown sy are
conpared in turn with said sanples for ‘each, of said nodel s rruoi-s—-—bef-e-r-e-

each conparison, the nunber of translated sarrpl es for said upknown synbol

is equalized with the nunber of sai d s&¥ples for said nodel Synbol and
during each conpariso the correlation of said unknown synbol with said
nodel symbol is calgummdh%@aﬂal@q&avhqutmnﬂ QQrapEises:ed sanpl es and

t he nodel synbol asc@ntmuat] dadnpdm hg;ﬂlgheef modeblsgrmmlsl y| dentified as

the closest match ncc?]ofsam es for cach

23 - said correl at | e | on st gllé( cal cul ati ng
said correlation as & ﬁasﬂf: Hﬂﬂbﬁr sf{ercé: n%%tf 6d 4

represent ation of al Imﬁ%%‘ﬁeﬁl eac mRde si zes of said unknown

synbol to a r ept@®sEhe methodof alalnpawhlutlecommsa:mﬁwazthm zes of
sai d nodel symboltional step of:
establishing a threshold value related to said highest
‘value of C,
if the value of C for more than one model symbol
exceeds said threshold value then, for each model
having a value of C above said threshold value,
calculating the rotation of said model symbol with
respect to said unknown symbo! and
wherein said recognizing step comprises recognizing
said unknown symbol as the model symbol having
the smallest rotation.
11. The model of claim 10 wherein said rotation cal-
culating step further comprises:
calculating said rotation as:

Ya - V&

R = .
\ (Ve - WP + (Yo - up)?

wherein said model symbol having the smallest
rotation is the symbol having R closest to unity.

12. The method of claim 11 wherein said establishing
step further comprises establishing said threshold value
as a fixed percentage of said highest value of C.

13. The method of claim 3 for use in verifying signa-
tures wherein said model symbols are previously writ-
ten signatures and said unknown symbol is a signature
to be verified.

14. The method of claim 13 comprising the additional
step of:

comparing said highest value of C with the next-high-

est value of C and rejecting said signature to be
verified if said next-highest value exceeds a certain
percentage of said highest value.



wher eby said conparisons are independent of the si ze, pos} FPDABEMENT CHEET
orientation of sald unknown sym ibol with respect to saidjnpeet oo
synbol s. 21. Thﬂl mn 20 FURTHER CHARAC-- TERI ZED{I N THAT ,
said cal cul ating m I MM:E ri ses calculating said ¢o rér@tﬂmﬁu 1097

as: [err] whefe Vector vf*errli is the equalized ordered 4et of . pp—
transl ated sanples for said unknown synbol, vec- tor viern] is the

equal i zed ordered set of translated - 2Zanmples for sai d nodellsywpotrmmr=""""
vector u[err] is derived fromvector v[err] by a countercl ockw se

rotation of [ er r 152 Thedinetbod o claisnild cormipeising 1heiadidédonat h t he
hi ghest correl ati Oﬁtdﬁof: t he synbol associated wth the highest val ue of

rechod fur et - corpr oA i HERE, IR PLC MG theeditlina: s ami o

for sai d nodel synﬁﬁ“’sﬁ et | rejegting sairk SIERAINGE Soabe verifidhifng
handwitten on a digitsadnbigheist atalue difes dbe exeebddsadd thireihinld2 FURTHER
CHARAC- TERI ZED I N THA¥akm.d net hod further conprises: storing the nunber

of pen strokes used §§ TH 8RG8 of cIERRSL @Mku%%re&ctgp%glég:om symbol

and storing sets of pre-recorded coordinate samples for a
plurality of versions of said model symbols in said
set of stored model symbols.

17. The method of claim 16 which further comprises:

as unknown symbols are recognized, replacing at
least one set of pre-recorded samples for a model
symbol with at least one set of samples for an un-
known symbol recognized as said model symbol.

18. The method of claim 17 wherein said replacing
step further comprises:

replacing said sets of pre-recorded samples for a

model symbol with a smaller number of sets of
samples for unknown symbols recognized as said
madel symbol. '

19. The method of claim 16 which further comprises:

as unknown symbols are recognized, augmenting said

sets of pre-recorded samples for a model symbol
with at least one set of samples for an unknown
symbol recognized as said model symbol. -

20. A machine method of finding the closest match
for an unknown symbol in a set of stored model symbols
wherein said unknown symbol and said model symbaols
are each represented as an ordered set of coordinate
samples with the centroids of said unknown symbol and
said model symbols at a common origin, said samples
for said unknown symbol are compared in turn with
said samples for cach of said model symbols, before
each comparison, the number of translated samples for
said unknown symbol is equalized with the number of
said samples for said model symbol and during each
comparison, the correlation of said unknown symbol
with said model symbol is calculated from said equal-
ized and translated samples and the model symbol asso-
ciated with the highest correlation is identified as the
closest match CHARACTERIZED IN THAT




wherein said conparing step further conprises: |limting sad A -
st'ep to those of said nodel synbol s havi ng the sane nu P&twﬁhﬁmﬁ
strokes as

“the—unkmownr—symbot _
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gpal'i zing said
sanpl es on a sttoke-by-dtreke*bas|s. 25. The nethod of ¢l at &
CHARAC- TERI ZED I N THAT sai d equali 28ng step further cofprises: e
limting vector v[e;&e to a subset of essentially unifornly spaced
sanpl es from sai d 6aigkcodralationacaleulatiam step furtheswwompnises:, and

limting vector v[ ealdulatingnsdiddeottelationeadiungaantity indicatafential Iy
uniformy spaced sanph@seiosbhdEoPYa repr shiaticgh dff Q ﬁ@gﬁb%dered set for

sai. d nodel synbol sal d_LL gsv [ vierr , The met hod
of claim 20 FURTHER 123 fizes, 81§ ; ghkRown Sy bol to°a
representation of all possible rotations and sizes of

said model symbol,

whereby said comparisons are independent of the
size, position or orientation of said unknown sym-
bol with respect to said model symbols.

21. The method of claim 20 FURTHER CHARAC-

TERIZED IN THAT

said calculating step further comprises calculating

said correlation as:

e R+ (e - )

oy ys
foel

where vector vg is the equalized ordered set of
translated samples for said unknown symbol, vec-
tor v is the equalized ordered set of translated
samples for said model symbol, vector uis derived
from vector vk by a counterclockwise rotation of
/2 radians and

said symbol associated with the highest correlation is
the symbol associated with the highest value of C.

22. The method of claim 20 FURTHER CHARAC-
TERIZED IN THAT

said method further comprises:
stori_ng said ordered sets of coordinate samples for
said model symbols while said model symbols are
being handwritten on a digitizing tablet.
23. The method of claim 22 FURTHER CHARAC-
TERIZED IN THAT

said method further comprises:
storing the number of pen strokes used to write each
model symbol and each ‘unknown symbol and
_ Wherein said comparing step further comprises:
limiting said comparing step to those of said model

symbols-having the same number of pen strokes as
the unknown symbol.
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if an unknown synbol is recognized incorrectly, adapt i g&@@bgm SHELT

model synbol s by adding said ordered sequence of sanpl

i ncorrectly recogni zed synbol to said set of nodel syrnbaqls as

addi tional representative exanplelof the correct synmbgl |tq Beth 1997
associ ated wi MHHWMHH“L ec- oghi zed synbol . 27. e net hod
of claim 20 Fu | ZED I N THAT  said nethod flur

continual |y adaptihg 'sai"d Set *of qmdel- g¢niol s by

storifjng said ordered_

sequences of sanples for each of a speC|f|ed nunber of the nost
recently entered 1N nces of each rmde nbol The_ et hod of
clai m 21 FURTHER CHARRC erzhg |of ¢laim 2 ‘fﬁﬁﬂé\ﬁ Ceonpri ses:

establ i shing a thr EERIZED IN THAEd to sai d hi ghest

val ue of C,
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sai d threshol d val ue

if the Vak&lﬁegauﬁb‘irlggaﬂgﬁ é“fé} Qgﬁp@&glecﬁ}/ﬂﬂ%g said exceed

samples on a stroke—by-stroke basis.
25. The method of claim 24 FURTHER CHARAC-
TERIZED IN THAT
said equalizing step further comprises:
limiting vector vq to a subset of essentially uniformly
spaced samples from said ordered set for said un-
known symbol, and
limiting vector v to include the same number of
essentially uniformly spaced samples, stroke-by-
stroke, from said ordered set for said mode] symbol
- as in said limited vector v,.
26. The method of claim 20 FURTHER CHARAC-
- TERIZED IN THAT
if an unknown symbol is recognized incorrectly,
adapting said set of model symbols by adding said
ordered sequence of samples for said incorrectly
recognized symbol to said set of model symboals as
an additional representati\fe example of the correct
symbol to be associated with said mcorrectly rec-
ognized symbol.-
27. The method of claim 20 FURTHER CHARAC-
TERIZED IN THAT
said method further comprises
continually adapting said set of model symbols by
storing said ordered sequences of samples for each
of a specified number of the most recently entered
instances of.each model symbol.
28. The method of claim 21 FURTHER CHARAC-
‘TERIZED IN THAT
said method further comprises:
establishing a threshold value related to said highest
value of C,
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t'he rotation sai d_nodel sym bol with respect to BEPIQ\@E%ENMHFH
synbol and ere| n sai gni zi ng step conprises recpgptzimng—

sai d unknovvn symbol having t he sjm :
rotation. 'M'ﬂe’”'ﬂf cl ai m 28 FURTHER CHARAC- T’ERf?EémNi%T
said rotation cal cuI ati" ng®st&p further conpri ses: cal cul &t |
rotation as: [err] vvherel n- s2g d- nodel synbol havj ng the snmal | est
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cl ai m 29 FURTHER Gﬁg&ge val d@ﬁ ﬁ)bnc?lnclic}%slhg%ﬁn ing step
further conprises estz%FFgﬂﬁﬁg th res °l ‘Fhrtbﬂ%o Qr Far e“:’éPg< fixed
percent age of said symbdii baerig ravalueodbf € above 34id theesheddod of claim
22 FURTHER CHARAC LRl ZEQchMtPg@?he qxotaﬁ% do?"éﬂ%!lfﬁ’:né& el'Sid.for

verifying si gnatures QQ?

witten signa-
verifi ed.
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32. ' Wohersihhsait sbcognizing st e RBEBHEHRéSbgnizidgR ZED | N

THAT ey SaLd ethod o LRghoRATBIARE as the QB ¥y:Aof Bl Snest val ue

of Cwith the next-hi

the smallest rotation.
29. The model of claim 28 FURTHER CHARAC-
TERIZED IN THAT |
said rotation calculating step further comprises:
calculating said rotation as:
Va © Yk

N e - i + (v - u)?

R =

wherein said model symbol having the smallest
rotation is the symbol having R closest to unity.
30. The method of claim 29 FURTHER CHARAC-
TERIZED IN THAT
said establishing step further comprises establishing
said threshold value as a fixed percentage of said
highest value of C.
31. The method of claim 22 FURTHER CHARAC-
TERIZED IN THAT
said method is used for verifying signatures, said
stored model symbols are prevmusly written signa-
tures and said unknown symbol is a signature to be
verified. . ,
32. The method of claim 31 FURTHER CHARAC-
TERIZED IN THAT
said method further comprises:
comparing said highest value of C with the next-high-
est value of C and rejecting said signature to be
verified if said next-highest value exceeds a certain
percentage of said highest value.
33. The method of claim 20 FURTHER CHARA.C-
TERIZED IN THAT
said method further comprises:
storing sets of pre-recorded coordinate samples for a
plurality of versions of each said model symbol in
said set of stored model symbols.
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ests ‘value of C and rejecting said signature to be
next - hi ghest val ue exceeds a certain per cent age (ﬁEP%_ﬂiCE

—verified jf said |

val ue. 33. The nmethod of claim?20 FURTHER CHARAC- R4~

sai d net hod fuorther——conprises; storing sets of prgq-
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cl aim 33 FURTHER €HARACt s *TERI ZED | N J¢AT sai d net hod further

conpri ses:

as unknown synbol s are recogni zed, reptactreg—at

i

| east part of said pre-recorded sanples for each said nodel synbol

with at | east one set of sanples for an unknown synbol recognized as

34.bbhe method 3 claim 3B FUR THERACHARAGRTHER CHARAC-

~sai d nodel sym
TERI ZED I N THAT

TERIZED IN THAT
said method further comprises:
~as unknmown symbols are recognized, replacing at
least part of said pre-recorded samples for each said
model symbol with at least one set of samples for
an unknown symbol recognized as said model sym-
bol.
35. The method of claim 34 FURTHER CHARAC-
TERIZED IN THAT
said replacing step further comprises:
replacing said sets of pre-recorded samples for each
said model symbol with a smaller number of sets of
samples for unknown symbols recognized as said
model symbol.
36. The method of claim 33 FURTHER CHARAC-
TERIZED IN THAT
said method further comprises
as unknown symboals are recognized, augmenting said
sets of pre-recorded samples for each said model
symbol with at léast one set of samples for an un-
known symbol recognized as said model symbol




_ «5aid repl acing step further conprises: . 'repIaC|ng sgld

~ pre-recorded sanples for each - - said nodel synbol . _

. nunber of sets. of _"sanples for unknown synbols recog_rz {omr:
nodel .- synbol . .~ 36. The method of claim33- FURTHER CHA
THAT = said et hod further conprlses ' as. unknown' sy -
recogni zed, augnentlng said - : sets of pre-recorded sa i
sai d nodel synbol wi.th at Ieasﬁzone set of sanples f 4
known symbol recognlzed as sai d nodel synbol .

METHOD OF RECOG‘\IIZING HANDWRITTEN SY‘\/IBOLS
Abstract ' .
' An unknown handwntten symbol written on a dlgmzma tablet is
compared with symbols i ina prcdeﬁned alphabet’ or library of model symbols and
5 the closest match chosen. Recognmpn is independent of the size, position or _
orientation of the symbols The alphabet can be any collection of symbols, such as
| alphanumeric characters, ideograms or words in cursive script and is created by
" writing at least one example of each symbol on the tablet. A sequence of samples of
the pen position is recorded while a symbol is being written. The samples form a
10 vector, which is then translated (45) so that the centroid of the symbol lies at an
| ~ origin. The comphrison, which can easily be done in real time, involves calculating
(46) a correlation factor from scalar products of the vector (vq) for the unknown
symbol and two versions (v, and uy) of the vector for each model symbol and
choosing (49) the model symbol having the highest correlation factor. If needed to
15 distinguish between model symbols with similar correlation factors, the comparison
can also include calculating a rotation factor from such vectors for use in making
. such choice. Embodiments of the invention can be configured that are user-
independent, user-dependent or that evolve from one to the other.

FIGURE 4



