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Abstract
In view of contributing to the scientific validation of the individuality of handwriting, the testing of the two so called

fundamental laws of handwriting—1: no two people write exactly alike; 2: no one person writes the same word exactly the same

way twice—was approached by analysing the shape of 445 handwritten capital characters O produced by three individuals. A

methodology based on classical Fourier descriptors was applied to the characters contours, which were extracted through an

automated procedure of image analysis. Precise individual characterization of the shape was possible through Fourier analysis.

Within-writer variability of the shape of character O for the writers selected could be shown in an objective and quantitative way

through the statistical analysis of the Fourier descriptors. It was demonstrated that this polymorphism differed between the three

writers. Differentiation between writers was quantitatively demonstrated by discriminant analysis of the Fourier descriptors, and

by the existence of marked morphological distances between the set of characters O of each writer. The degree of dissimilitude of

the character O writings could, thus, be assessed. Because of relatively reduced within-writer variability and a pronounced

differentiation between the writers, a morphological profile could be established and discrimination between writers could be

obtained through the quantification of the shape of one handwritten character.

# 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The individualization of handwriting is largely depen-

dent on analysis by examiners, who evaluate the character-

istics of the writing in a qualitative or subjective way.

Various articles [1–5] as well as the decision of United

States versus Starzecpyzel [6] in 1995, citing Daubert versus
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Merrell Dow Pharmaceuticals, Inc. [7], have highlighted this

lack of objectivity. Validity of the fundamental laws expres-

sing the variability and the individuality of handwriting—1:

no two people write exactly alike; 2: no one person writes the

same word exactly the same way twice [8]—were ques-

tioned, challenging the reliability of the field of handwriting

individualization. Various studies have already been under-

taken to reduce or eliminate the subjective part of the

handwriting analysis process: studies of classification

[9–11], studies of frequencies of certain handwriting char-

acteristics in given populations [12–18] and, more recently,
eserved.
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methods for identification of writers [19–23]. The main

purpose of these methods is to partially automate the ana-

lysis process in order to support the examiner.

Letter shape has not been studied in a global and precise

way within the various existing methods; only certain

aspects of it have been approached by a variety of geome-

trical measurements. The theoretically high degree of varia-

bility of the shape of handwritten characters [24] as well as

its very frequent use in the comparison of handwritings [25]

indicate that it is a worthy characteristic to be subjected to

statistical study.

In this research, Fourier descriptors were used to study

the variability of the shape of the handwritten capital

character O of three writers, in order to demonstrate a

possible application of the proposed method. The character

O was retained because it is one of the best examples of

closed contours among handwritten characters.
2. Materials and methods

2.1. Sampling

The samples were collected from a text, written in

French, which was copied twice per day during 15 days

by fifteen collaborators of the School of Criminal Sciences

of the University of Lausanne (Switzerland). The documents

were written by means of ballpoint pens with black ink Bic1

cristalTM medium on standard blank paper, Xerox1 Busi-

nessTM Laser/Copier/Inkjet, 80g/m2, of A4 format. In parti-

cular, the text included the capital character O sixteen times,

both within various combinations of characters in words as

well as in isolation.

In order to validate the analysis method, three writers

(W1, W2 and W3) were selected among the fifteen indivi-
Fig. 1. Examples of handwritten capital characters O
duals of the sample, based on a visually perceptible differ-

ence between the shapes of their characters O (Fig. 1). Only

the characters O that were closed and not superimposed

with other characters were used. In total 445 characters

were analysed, 144 written by W1, 171 by W2 and 130 by

W3.

2.2. Image analysis procedure

The documents were digitized by means of an Imacon1

Flextight 2848TM scanner, with a resolution of 1500 ppi. The

images of characters obtained were treated by means of the

image analysis software Visilog1 Xpert 6.11 (Noesis).

Firstly, a threshold was applied to binarize the images. Then,

the contours were extracted by skeletonizing the images.

Finally, the contours were expressed in polar coordinates.

Each contour could therefore be described by a discrete

function R(u), representing the length of a line joining a point

of the contour to the centroid, u being the angle made by this

line with the horizontal axis. A total of 128 pairs of polar

coordinates defined the contour of each handwritten char-

acter O. The stages of the image analysis procedure are

illustrated in Fig. 2.

2.3. Size normalization

All the characters were normalized in size, since size is

not relevant for the characterization of shape. For this

operation, the coordinates of the outlines were recalculated

in such a way that the enclosed areas were equal.

2.4. Fourier analysis

A shape analysis based on the classical Fourier metho-

dology was performed on each contour. This analysis
of the three selected writers W1, W2 and W3.
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Fig. 2. Image analysis procedure for extraction of the contour of the

handwritten character O. In the final stage of the procedure, each

point P of the contour is described by a pair of polar coordinates: P

(R, u).
provides a morphological characterization of simple

closed contours—any contour is simple if any radius depart-

ing of its centroid intercepts the periphery only once

[26].
The Fourier series expansion of the discrete periodical

function R(u) describing a contour leads to the following

mathematical expression [27]:

RðuÞ ¼ A0 þ
Xn

j¼1

½Ajcosðju þ ujÞ�

In this expression, the contour is characterized by a series

of harmonics, each harmonic being defined by a frequency

(j), an amplitude (Aj) and a phase (uj). The amplitude and the

phase are called the Fourier descriptors. The amplitude of a

harmonic represents the relative importance of its contribu-

tion to the original shape of the contour; the phase represents

the orientation of the harmonic contribution.

The first harmonic is the ovate contribution to the shape,

the second one describes its elliptic aspect and thus, informs

about the elongation of the shape, the third one characterizes

the triangularity of the shape, the fourth its quadrangularity,

the fifth its pentagonality, the sixth its hexagonality [27,28].

Furthermore, the contour of each character O could be

progressively reconstructed by summing the Fourier harmo-

nics [28].

The present shape analysis was accomplished by using

software developed by Schmittbuhl et al. (1998) [27].

2.5. Polar representations of the Fourier descriptors

A polar representation of the Fourier harmonics was

constructed for all of the handwritten characters of each

writer. In this representation, each Fourier harmonic corre-

sponds to a point for which the radial coordinate is the

Fourier amplitude and the angular coordinate is the Fourier

phase. Thus, for each writer and for each harmonic, a cloud

of points was obtained, where each point corresponded to

one handwritten character.

2.6. Statistical analysis

The numerical data obtained was treated statistically

using the S-plus1 2000 software (Mathsoft Inc.). For each

writer, the average and the standard deviation were calcu-

lated for each pair of Fourier descriptors. The pairs of

Fourier descriptors of the harmonic of order 0 were excluded

from the analysis because they only contain information

about the size of the object, which was standardized.

A canonical discriminant analysis was performed on the

pairs of Fourier descriptors. For each analysed contour, the

result of this multivariate analysis was represented on a two-

dimensional scatter-plot defined by the first and second

discriminant axes. The correlation of each variable with

each discriminant axis was calculated. In order to estimate

the within-writer variability, Euclidean distances were cal-

culated between all possible pairs of characters. For each

pair of characters, this distance was calculated from the

standardized Fourier descriptors of each handwritten char-

acter. Then, the mean Euclidean distance and the standard
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Table 2

Fourier analysis of the handwritten characters O contours of the

writers W1, W2 and W3: summary statisticsa of the first six Fourier

phasesb

Fourier phases Writer 1 Writer 2 Writer 3

X S.D. X S.D. X S.D.

u1 123.21 77.01 248.27 97.18 257.38 93.74

u2 174.75 19.48 77.92 17.76 37.24 10.89

u3 99.69 10.31 89.38 12.61 165.01 25.21

u4 85.37 12.61 77.35 13.75 127.77 12.03

u5 56.15 10.31 84.80 13.75 46.41 14.32

u6 44.96 10.29 25.70 14.10 36.31 14.56
deviation were determined for each writer. In order to

express the between-writer variability, Mahalanobis dis-

tances between each pair of groups—a group corresponding

to the set of characters of each writer—were calculated.

Then, the Hotelling’s T Squared test was used to test

differences in means between the three groups correspond-

ing to the three writers. Finally, a cross-validation was

applied to estimate the correct classification rate of the

discriminant function. This is a leaving-one out method.

A discriminant function was derived on the basis of N-1 of

the contours and then used to classify the contour omitted;

the process was then repeated for each contour in turn [29].

a X, mean; S.D., standard deviation.
b Phases are given in degrees.
3. Results

The statistics of the Fourier descriptors (amplitudes

and phases) of the handwritten character O skeletons of

each writer are summarised in Tables 1 and 2. Since the first

six Fourier harmonics provide reconstructed outlines very

close to the original contours, only the first six pairs

of descriptors were employed. Polar representations of the

Fourier descriptors (Fig. 3), geometrical contributions

of the Fourier harmonics (Fig. 4) and step-by-step

reconstructions (Fig. 5) are illustrated for these six first

harmonics.

3.1. Shape characterization and morphological differences

of the contours

Precise characterization of the shape of each character O

was possible with Fourier analysis. Each contour is

described by a series of parameters (the Fourier descriptors);

the precision of this characterization is confirmed by the

quality of the step-by-step reconstructions of the contours

with the use of the first six harmonics (Fig. 5).

An elliptical elongation, described by the second har-

monic, was observed for the characters of each writer, as

deduced from the high importance of amplitudes of the

second Fourier harmonic compared to the values of ampli-

tudes of the other harmonics (Table 1). This elongation was
Table 1

Fourier analysis of the handwritten characters O contours of the

writers W1, W2 and W3: summary statisticsa of the first six Fourier

amplitudes

Fourier amplitudes Writer 1 Writer 2 Writer 3

X S.D. X S.D. X S.D.

A1 0.08 0.04 0.08 0.04 0.10 0.04

A2 0.89 0.35 0.92 0.42 2.09 0.38

A3 0.41 0.14 0.28 0.11 0.16 0.09

A4 0.19 0.09 0.20 0.13 0.59 0.23

A5 0.13 0.06 0.11 0.06 0.14 0.07

A6 0.10 0.05 0.08 0.05 0.19 0.11

a X, mean; S.D., standard deviation.
particularly marked for the third writer (see the 2nd harmo-

nic in Figs. 3 and 4), which was characterized by a greater

value of A2 (2.09) than those of the characters of writers W1

and W2 (0.89 and 0.92, respectively). Furthermore, the mean

orientation of the long axis of the corresponding contribution

(u2) was almost horizontal for the handwritten characters of

W1 (174.758), indicating that these characters are quite flat,

whereas the second harmonic of characters of W2 was

oriented at 52.718 and that of W3 at 37.248 (Table 2),

reflecting the right orientation of the characters of these

two writers.

The triangularity appeared to be more marked in group

W1, as illustrated by the amplitude of the third Fourier

harmonic for this group compared to that of the groups W2

and W3 (0.41 against 0.28 and 0.16, respectively) (see the

3rd harmonic in Figs. 3 and 4). In group W3, the contribution

of the third harmonic is very weakly triangular (Fig. 4, third

harmonic of the right column); the reduced importance of

this harmonic is illustrated by the fact that there is practically

no difference between the reconstructions of the original

contours whether considering the first two or the first three

Fourier harmonics (Fig. 5, right column). The mean orienta-

tion of the triangular contribution was not very different

between writers W1 and W2, as supported by the phase

angular values of the third Fourier harmonic (99.698 and

89.388, respectively). These values show that the first leaf of

the trefoil contribution to the original shape of characters O

of W1 and W2 is nearly on a vertical axis. For the writer W3,

the phase angular value of the third Fourier harmonic

(165.018) indicates that the first leaf of the trefoil contribu-

tion of writer W3 presents an orientation close to the

horizontal axis (see the third harmonic in Fig. 3).

A relative quadrangularity of the characters O was

observed principally in group W3, as demonstrated by the

relative importance of the amplitude of the fourth harmonic

for this writer (0.59) compared with this value in W1 and W2

(0.19 and 0.20, respectively). Contrary to what was observed

in the two other groups, quadrangularity in group W3 is

much more pronounced than triangularity. The orientation of

the squared shape of characters of the third writer (W3) was
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Fig. 3. Polar representations of the Fourier harmonics 1 to 6 of the handwritten characters O for each writer W1 (rounds), W2 (squares) and W3

(triangles). Amplitude scale, which is indicated for each polar representation, differs for the 2nd harmonic since its amplitude, for the three

writers, are high compared to the other harmonics values (see Table 1).
distant from that of W1 and W2: 127.278 against 85.378 and

77.658, respectively.

The pentagonality of the handwritten characters O was

rather reduced and not very different for the three writers, as
shown by the relatively low values of the amplitude of the

fifth Fourier harmonic for these writers (0.13, 0.11 and 0.14,

respectively). The orientation of the pentagonal shape in

group W2 was significantly different from that of groups W1
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Fig. 4. Examples of illustrations of the geometrical contributions of the first six Fourier harmonics characterizing one character O skeleton of

each writer.
and W3, as demonstrated by the phase angular values of the

fifth Fourier harmonic: 84.508 against 56.158 and 46.418,
respectively.

Hexagonality was marked for the characters of the third

writer (W3), as demonstrated by the value of the amplitude

of the sixth Fourier harmonic (0.19), which is the third in

importance for this writer. The contribution of the sixth

harmonic is not so important in groups W1 and W2, as
indicated by the corresponding amplitudes (0.10 and 0.08,

respectively).

3.2. Variability of handwritten capital characters O

3.2.1. Within-writer variability

A polymorphism of the handwritten characters O was

objectively shown for each of the three individuals of the
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Fig. 5. Examples of step-by-step reconstructions of one character O skeleton of each writer, with an increasing number of harmonics, from 1 to

6.
study. The contours in group W3 presented a morphology

that was more variable than in groups W1 and W2, as

demonstrated by the greater value of the Euclidean distances

mean in W3 compared to those in W1 and W2 (Table 3).

Pair-wise comparisons showed significant differences in

Euclidean distance means in each pair of writers at P <
0.001 (Wilcoxon Rank test).
3.2.2. Between-writer variability

The clouds of individual contours of each writer pre-

sented no overlapping, as shown by the canonical discrimi-

nant analysis for W1, W2 and W3 of the first six pairs of

Fourier descriptors (Fig. 6). Allocation of each of the 445

studied contours to the writer with the closest centroid

allowed for the correct classification of all the characters.
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Table 3

Polymorphism in each of the writers, W1, W2 and W3, determined

from the Fourier analysis of the handwritten characters O: Euclidean

distances of all possible pairs of observations in each group,

calculated from the standardized Fourier descriptors

Writer Euclidean distances

Xa S.D.b

W1 2.62 0.54

W2 3.02 0.49

W3 3.56 0.71

a X, mean.
b S.D., standard deviation.

Table 4

Morphological differences between writers W1, W2 and W3 deter-

mined from the Fourier analysis of the handwritten characters O:

Mahalanobis distances between each pair of groupsa

Pair of writers Mahalanobis distance

W1–W2 73.04

W1–W3 160.40

W2–W3 93.83

a All distances were significant at P < 0.001 (Hotteling’s T

Squared test).
The Mahalanobis distances between each pair of groups

(Table 4) were calculated and, based on the Hotelling’s T

Squared test, the differences between multivariate mean

values were highly significant (P < 0.001). Furthermore,

the applied cross-validation assigned all characters but one

to their respective writer. The first canonical discriminant
Fig. 6. Results of the canonical discriminant analysis performed on the first

characters O studied.

Table 5

Discriminant analysis of the six first pairs of Fourier descriptors of the hand

of Fourier descriptors with the first and the second discriminant function

First canonical discriminant function

Fourier amplitudes ra Fourier phases r

A1 0.04 u1 �0.11

A2 0.25 u2 �0.62

A3 �0.16 u3 0.32

A4 0.20 u4 0.27

A5 0.01 u5 �0.06

A6 0.10 u6 �0.05

a r: correlation coefficient.
function accounted for 71.1% of the total variance, while

the second one explained the remaining 28.9%. The first

canonical discriminant function contributed to the separa-

tion of each writer from the two others, whereas the second

one separated writer W2 from W1 and W3 (Fig. 6). The

first canonical discriminant function (Can1) was principally

correlated with amplitudes A2, A4, and phases u2, u3, u4,

and the second canonical discriminant function (Can2)
six pairs of Fourier descriptors (A1–A6, u1–u6) of the 445 handwritten

written characters O of the three writers W1, W2 and W3: correlation

s

Second canonical discriminant function

Fourier amplitudes r Fourier phases r

A1 �0.04 u1 �0.11

A2 �0.17 u2 �0.36

A3 0.02 u3 �0.33

A4 �0.14 u4 �0.30

A5 �0.07 u5 0.39

A6 �0.10 u6 �0.18
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was mainly correlated with phases u2, u3, u4 and u5

(Table 5).
4. Discussion

The image analysis procedure presented here provides an

objective way of extracting the contours of the handwritten

capital character O since all the stages of the procedure, from

the original image to the skeletonized curve, are automated.

The skeleton was retained because it best represents the

shape of the characters. It also reduces the influence of

internal and external boundary irregularities of the shape,

which are not relevant for describing the shape itself.

Fourier descriptors were chosen for the analysis of the

shape of closed curves. This technique is already effective in

a variety of scientific fields [27,28,30,31]. It permits the

description of a shape as a whole; both global and local

aspects of a contour are amenable to analysis [27]. The shape

of the handwritten capital characters O was depicted pre-

cisely by using the Fourier descriptors. A direct representa-

tion of the geometrical contribution of the Fourier harmonics

is possible, since each harmonic represents the n-leaves

shape that takes part in the characterization of the original

shape of a contour. This geometric interpretation allows

quantification of the more or less marked elongation (second

harmonic), triangularity (third harmonic), quadrangularity

(fourth harmonic), pentagonality (fifth harmonic), hexagon-

ality (sixth harmonic) of the studied shapes. Thus, amplitude

and phase values of the Fourier harmonics are highly

informative for a better understanding of the shape differ-

ences between the handwritten characters studied. This

approach presents a new way to describe handwritten char-

acters and allows for the quantitative study of their global

morphological aspects.

A polymorphism can be characterized quantitatively and

objectively by statistical analysis of the amplitudes and

phases of Fourier harmonics. Within-writer variability of

the shape of capital characters O for the writers selected

could be shown, as indicated by the extent of the clouds of

points representing individual characters on the graph result-

ing from the discriminant analysis (Fig. 6). The polymorph-

ism was expressed by the variance of the data in each group,

this variance being characterized by a mean distance

between all pairs of points of a considered group. By

comparing these distances, it was possible to compare this

polymorphism between the three writers studied. This poly-

morphism was more important in the third writer (W3) than

in the first and the second writers (W1–W2).

Differentiation could be demonstrated between the three

writers through this analysis, even if polymorphism was also

observed within each of the groups of handwritten capital

characters O. That was supported by the high morphological

distances (i.e. Mahalanobis distances) between the three

writers (Table 4). The calculated distances between the three

groups of shapes made it possible to appreciate the degree of
dissimilitude of the capital character O writings. For

instance, according to the obtained distances, the capital

O writing of the first writer was more dissimilar to the capital

O writing of the third one than to the capital O writing of the

second one.

A morphological profile was demonstrated by morpho-

logical quantification and by the existence of relatively

reduced within-writer variability and a marked differentia-

tion between the writers; no overlapping between the three

groups was observed when performing the discriminant

analysis. The profiles were illustrated by polar representa-

tions (Fig. 3). The morphological differences were high-

lighted by the differences in position between the clouds of

points for each writer and Fourier harmonics. The morpho-

logical profiles supported the two fundamental requirements

for discrimination between writers: the existence of constant

aspects in any one handwriting, as well as differences

between handwritings.

Discrimination between several writers could be

obtained through the quantification of the shape of one

handwritten character. This is an interesting perspective

for the examination of fragmentary documents, containing

a reduced amount of handwriting information. Finally, if

useful information can be obtained through letter O, it could

be assumed that it will be the same for other handwritten

characters. Consequently, it would be interesting to extend

the present validation study to other handwritten characters,

in order to further contribute to testing the fundamental laws

of handwriting.
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