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Analysis of simple written entries can represent a challenge in the practice of forensic handwriting
examiners. This article shows that valuable information can be elicited from X-marks features, in
agreement with the recommendations of the ENFSI guideline for evaluative reporting. In the course
of a real case encountered by the authors, an experimental study was designed to acquire structured
data required to help answer the questions of the mandate. X-marks from 75 right-handed and 25 left-
handed writers were collected and classified according to their stroke sequence. The results of this
empirical study were first used to assess handedness of the writer, together with a development on the
risk of misleading evidence as a measure of the method performance. The results were then used to
assess writership of a given person rather than an unknown person. This paper shows that following
the ENFSI recommendations for evidence interpretation may require only a small dataset collected for
the case needs. The procedure of evidence interpretation detailed in this paper may be followed by any
examiner interested in applying a Bayesian approach on simple data collected for assessing the results
of a given case, should this concern an X-mark or any other handwritten sign or letter.
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Introduction proposed to help examiners decide on the com-
plexity level through quantification (Found and
Rogers, 1998). Signature complexity seems to be
strongly correlated to the number of crossings
and direction changes. According to these mod-
els, an X-mark would be undoubtedly considered
as very simple and classification mistakes could
occur with such extreme simple signature.

On another hand, handwriting examiners may
face a questioned X-mark that is not a signature,
but a simple item of handwriting, such as a mark
written in a box to validate a choice on a form. In
the latter case, one may argue that such a hand-
writing item does not present enough variation
between people to be of any value to point to-
wards a given writer instead of any other. Never-
theless, as odd as it may seem, X-marks can em-
body information that can be of value in a case.

On the matter of X-marks, Osborn (1932) re-
ported a testimony that was judged as early as
1927. At the time of this judgement, according to
this author, testimony regarding the authenticity
of X-marks was generally not admitted in many
courts. However, according to Hilton (1982, p.
206), in spite of the apparent simplicity of such
marks, many elements can be considered to help

Analysis of simple written entries can represent
a challenge in the practice of forensic handwrit-
ing examiners. In the field of signature examina-
tion, complexity is generally assumed to be a core
element for the discrimination of genuine and
forged signatures. It is considered that the more
complex the signature, the more difficult it is to
be simulated (Found and Rogers, 1998). In case of
a simple signature, similarities between a ques-
tioned and reference signatures may be of limited
value to help determine whether the questioned
signature is genuine or forged, since similarities
would be expected in both hypotheses.

In the study by Cadola et al. (2013), a set of sig-
natures of six writers, considered to be simple,
was sampled. These signatures were transmitted
to 52 forgers, some of them being forensic stu-
dents or presenting artistic skills, to produce free-
hand simulations. The best simulations of three
different signatures were submitted for evalua-
tion to forensic handwriting examiners. None of
the forged signatures was wrongly classified as a
genuine signature.

Signature complexity is most commonly
evaluated qualitatively, but models have been
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answer the question of writership of an X-mark.
The position of the crossing point between the
two strokes of the mark may vary between writ-
ers, as well as the orientation of these strokes, and
whether these strokes are connected or not. The
line quality of the strokes, related to the writing
fluency, may also be helpful to discriminate be-
tween writers (Huber and Headrick, 1999, p.148).
Other valuable features reside in the direction
of the strokes and their sequence (Foley, 1999;
Welch, 1999), as well as pen pressure and pen po-
sition (Hilton, 1982, p. 206). While the relative
length of the strokes may also be useful in case
where the X-mark is used as a signature (such as
reported in Foley, 1999), it may not be relevant in
cases where the marks are affixed in boxes, due to
space constraints.

This article will present a case illustrating the
value that can be elicited from X-marks, both in
investigative and evaluative proceedings. After a
brief description of the case and the request from
the mandating authority, we will expose the re-
sults of an experimental study carried out for
the case needs. These results will first be used to
assess handedness of the writer, together with a
development on the risk of misleading evidence
as a measure of the method performance. They
will then help assess writership of a given person
rather than an unknown person.

The case

The case that motivated this article involves an
X-mark affixed in a box on a questioned docu-
ment. This mark was meant for the validation
of an agreement to have the client’s money man-
aged with high risk in a Bank. The client denied
having ticked the high-risk box, while the bank
employee who managed the money of this ac-
count affirmed that this box was filled by the cli-
ent. It was of interest for the mandating authority
to determine whether the X-mark was affixed by
the client or by the bank employee. Additionally,
it was also asked whether the questioned X-mark
was compatible with the writing of a right-hand-
ed writer or a left-handed writer.

We had at our disposal the original questioned
document and some course of business reference
documents from the client and the bank employ-
ee. We did not consider this reference material as
adequate for comparison purposes and requested
writing exemplars to be established in our labo-
ratory. The client and the bank employee were

called upon in turn and were requested to pro-
duce handwriting specimens during a single ses-
sion, divided in three different tasks. The first
task was to write, under dictation, a list of words
and a text containing many lowercase letters x
in different positions. In the second task the
writers were asked to resolve a series of simple
mathematical operations and to write answers in
words, which included letters x (we expected that
the writer attention would be focused on the res-
olution of mathematical operations rather than
of the writing process, and this would be benefi-
cial to capture writing habits). In the third task,
the writers had to write X-marks in a series of
boxes of different sizes printed on paper, to fill
out grids of lottery tickets and a multiple-choice
questionnaire. A number of 58 x was expected
in task 1, 20 in task 2 and 76 in task 3, which
represents a total of 154 x per writer. The actual
number of x collected was slightly lower, due to
spelling mistakes and boxes left blank. The ses-
sion of each writer was video recorded to exam-
ine the construction of the letters x (i.e., for the
determination of the stroke sequence) and if this
construction is consistent through the session.
For sake of simplicity, whatever the x is a letter
or a cross in a box, it will be further designated as
an X-mark.

We considered 8 theoretical possible construc-
tions of an X-mark, depending on the stroke di-
rection and sequence [Figure 1].

The questioned X-mark [Figure 2] was observed
through magnification by using a stereomicro-
scope (Leica A60 magnification 5x to 30x) and
a digital microscope (Keyence VHX-600, mag-
nification 20x to 200x). We determined that the
questioned X-mark was affixed with a blue ball
point pen. The direction of the strokes of the
questioned X-mark could be established, based
on the striae left by the ballpoint (Ellen, 1997, p.
13) and inks deposits along the cellulose fibers
following the methodology described in Devlin
et al. (2015). The stroke sequence could not be
determined on the questioned X-mark. Accord-
ing to these findings, the questioned X-mark cor-
responded to either construction #3 or #7.

Examination of the video recordings revealed
that the construction of X-marks was consistent
among all tasks in a given writer. It proved that
both the client and the bank employee used sys-
tematically and only construction #5. Both of
them were left-handed writers.

Based on the information gathered on the con-
struction of the X-mark, we could conclude that
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#1 #2

#5 #6

#3 #4

#7 #8

Figure 1. The 8 possible constructions of an X-mark. The points of the arrows show the stroke direction, while
the size represents the stroke sequence: the heavy arrow being traced first, and the light one being traced

second.

1.00 mm

Figure 2. Illustration of the questioned X-mark.

both the client and the bank employee had a dif-
ferent letter construction than the questioned X-
mark. These findings support that the questioned
X-mark was neither written by the client, nor by
the bank employee, but rather by some unknown
person. It must be specified at this point that—
based on the case information—it was assumed
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the questioned X-mark was naturally written: we
did not consider the possibility that the writing
was a simulation (of X-marks written by some-
one else) or a disguise (voluntary modification to
escape identification). This assumption would be
disclosed in our statement and, should this not
be a reasonable assumption, then a new evalua-
tion would be needed. We will see below how to
quantify the strength of the evidence regarding
the X-mark construction.

Empirical study

To determine whether the questioned X-mark
was more compatible with a left-handed writer or
aright-handed writer, an empirical study was car-
ried out within a population of 100 writers of the
School of Criminal Justice. Each subject was giv-
en a single sheet of paper with 20 printed boxes
of size 4mm x 4mm and was requested to fill out
the boxes with a blue ballpoint pen, while sitting
at a table. The operator of the study was alone
with the subject and could observe the sequence
and the direction of the strokes. The construc-
tion (#1 to #8) was identified and noted on the
subject’s sheet, together with handedness of the
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subject. The results of this study are reported in
Table 1. It is worth noting that the construction
adopted by each subject was consistent all along
the 20 filled out boxes. In other words, each sub-
ject used only one construction for the X-mark.

Table 1. Results of the empirical study carried
out within a population of 100 writers. #1 to

#8 represent the 8 possible constructions of an
X-mark, depending on the sequence and direction
of the strokes (see Figure 1).

#1 #2 #3 #4 #5 #6 #7 #8 Total

Left-handed

_ 9 - - - 12 4 - - 25
writers
R1ght-handed 9 - 17 - 34 - 5 . 75
writers
Total 28 - 17 - 46 4 5 - 100

As one can see in Table 1, constructions #2, #4
and #8 were not represented in our sample. The
construction #6 was only made by left-handed
writers, while constructions #3 and #7 were only
made by right-handed writers. Based on these
findings, the questioned X-mark, of construction
#3 or #7, would be more expected in right-handed
writers, than in left-handed writers.

Handedness evaluation

Due to indetermination of stroke sequence in our
case, we use four construction classes: A (group-
ing #1 and #5), B (grouping #2 and #6), C (group-
ing #3 and #7) and D (grouping #4 and #8). Each
class indeed groups a pair of constructions that
only differ in their stroke direction. It is therefore
relevant to consider only these four classes for
the following developments (see Figure 3).

A B

To help provide an investigative lead, we use
the same metric suggested within the ENFSI'
guideline on evaluative reporting (Willis et al,
2015), and assign a likelihood ratio (LR) based on
competing propositions. If the evidence (i.e., con-
struction class) has value in this case, it will help
discriminate the following propositions:

1. The questioned X-mark was affixed by a

right-handed writer (R)
2. The questioned X-mark was affixed by a
left-handed writer (L)

We will assign our LR based on the data ac-
quired in our limited study and our knowledge. A
LR is defined by the probability of the evidence if
the first proposition is true, divided by the prob-
ability of the evidence if the second proposition is
true. All probabilities being conditional, the nu-
merator and denominator of our LR will depend
on the information available to us. Before assign-
ing values to these probabilities, let us think of
the knowledge we have on distributions of con-
structions classes between right and left-handed
writers. We consider that the data we have col-
lected during our experiment comes to modify
somehow our prior knowledge about the occur-
rence of given construction classes of X-mark in
both populations of right and left-handed writers.
We suppose that before carrying out the experi-
mental study each construction class is equiprob-
able: that is, we have no reason to think that any
of the construction class is more or less likely to
occur than any other, whatever the population
of right or left-handed writers. Therefore, we as-
sign the same prior counts of 1 to each construc-
tion class. These prior counts can be viewed as a
fictive set of initial observations that represents
our prior knowledge on the distribution of each
construction class (i.e. before the experimental

C D

Figure 3. The four construction classes of an X-mark, based on the direction of the strokes. The points of the

arrows show the stroke direction.

! European Network of Forensic Science Institutes
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study). These prior counts, as well as the ob-
served counts of the experimental study (i.e., our
real observations) and the posterior counts are re-
ported in Table 2. Posterior counts are the sum
of the prior counts with the observed counts, i.e.
the sum of the fictive initial observations and the
real observations made during the experimental
study. This procedure of updating distributions
data was presented in Biedermann et al. (2009)
and recently used in Samie et al. (2016).

Note that besides embracing a Bayesian ap-
proach for adjusting distributions, which is
quite nice for a scientist who is engaged in this
paradigm of uncertainty management, there is a
practical advantage to consider the sum between
prior and observed counts. It indeed resolves the
problem of 0 observation data that make impossi-
ble the assignment of a LR. Indeed, construction
class C was never observed in left-handed writ-
ers in our experimental study. The probability of
observing such a construction if the writer were
a left-handed writer would be 0, which could defi-
nitely not be an acceptable value for the denomi-
nator of our LR.

We are now ready to assign values to probabili-
ties and evaluate the results. According to Table
3, the probability of observing an X-mark of class

C if the writer is a right-handed writer, divided by
the probability of observing an X-mark of class C
if the writer is a left-handed writer, is:

LR = P(C[R)/ P(C|L) = (23/79}/(1/29) ~ 8.

This is based only on the data of our experi-
mental study. One could argue that we should
also add the two observations of our case (i.e. the
observation from the client and the observation
from the bank employee) as this is now part of
our knowledge. Taking into account these ob-
servations, the LR would become: LR = (23/79)/
(1/29+2) ~ 8. As these two observations belong to
class A, their influence on the LR value is negli-
gible. The situation would have been different if
these observations were classified as C.

Our LR value means that our evidence (i.e.,
construction C) is in the order of 8 times more
probable if the writer of the questioned X-mark
is right-handed, than left-handed. Of course, this
does not mean that it is 8 times more probable
that the writer of the questioned X-mark is right-
handed, rather than left-handed. As explained for
example in Marquis et al. (2016), in order to ob-
tain the posterior probability that the writer of
the questioned X-mark was right or left-handed—
i.e. given the evidence—we must combine our LR

Table 2. Prior counts, observations and posterior counts of the construction classes
of X-marks in populations of right and left-handed writers. The observations result
from the experimental study carried out for the needs of the case (see Table 1),
grouping constructions #1 AND #5 in class A, #2 and #6 in class B, #3 and #7 in class
C, #4 and #8 in class D. Posterior counts represent the sum of the prior counts with
the observations.

Right-handed writers Left-handed writers

Outcome cz:li:::s Observations Posterior counts Observations Posterior counts
A 1 53 54 21 22
B 1 0 1 4 5
C 1 22 23 0 1
D 1 0 1 0 1
Total 4 75 79 25 29

Table 3. Probabilities of observing a given construction class if the writer is a right
or a left-handed writer.

Probability Probability
Outcome of a given construction class of a given construction class
if the writer is right-handed if the writer is left-handed
A P(A|R) = 54/79 P(A|L) = 22/29
B P(B|R] = 1/79 P(B|L) = 5/29
C P(C|R) = 23/79 P(C|L) = 1/29
D P(DIR) = 1/79 P(DIL) = 1/29
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value with prior probabilities that the writer is
right or left-handed. These prior probabilities rep-
resent the view of the trier of fact that the writer
is a right-handed or a left-handed writer, given all
the other relevant information of the case, with-
out considering the forensic results.

Let us first consider the situation where the
trier of fact does not favour any of the proposi-
tions, and considers it is equally probable that
the writer of the questioned X-mark is a right or
a left-handed writer. Given such prior probabili-
ties of 50% (for the proposition of a right-handed
writer) and 50% (for the proposition of a left-
handed-writer), our LR of 8 moves the probability
that the writer of the questioned X-mark is right-
handed from 50% to 88.9%, and left-handed from
50% to 11.1%. The calculation of this example
is given in Appendix. Details regarding the com-
putation of posterior probabilities on the basis of
prior probabilities and a LR value can for instance
be found in Robertson et al. (2016) and Marquis
et al. (2017).

Let us consider a more realistic situation where
the trier of fact takes as prior probabilities the fre-
quencies of right and left-handed writers in the
general population, i.e. respectively about 90%
and 10% (Huber and Headrick, p. 199). Given
such prior probabilities of 90% (for the proposi-
tion of a right-handed writer) and 10% (for the
proposition of a left-handed writer), our LR of
8 moves the probability that the writer of the
questioned X-mark is right-handed from 90% to
98.6%, and left-handed from 10% to 1.4%.

Handedness misleading evidence

If a LR value is pointing towards a right-handed
writer, what is the chance that the true writer
was in fact a left-handed writer? It may be of in-
terest to determine the proportion of misleading
evidence, i.e. the proportion of cases where the
proposition being supported by the data does not
correspond to the true proposition. In such cases,
the delivered information may lead the trier of
fact on a wrong investigation way.

To address this issue, which is related to what
is called the robustness of the LR (Taroni et al.,
2010, pp. 303-305), a series of LR values were de-
rived from the data collected during our experi-

mental study, based on the following procedure.
Among the 75 observations of the right-handed
writers, we have drawn each observation in turn
as a questioned X-mark, while the other obser-
vations (i.e. the 74 remaining observations from
the right-handed writers and the 25 from the left-
handed writers) were taken as reference mate-
rial. A LR value was generated for each draw. As
we know that the questioned X-mark was taken
from the right-handed writers, we should get a
value supporting the proposition of a right-hand-
ed writer (i.e. LR >1).

The same procedure was applied within the 25
left-handed writers, taking as reference material
the 75 observations from the right-handed writ-
ers and the remaining 24 from the left-handed
writers. Again, as we know that the questioned
X-mark was taken from the left-handed writers,
we should get a value supporting the proposition
of a left-handed writer (i.e. LR <1).

According to Table 2, the X-marks of right-
handed writers included in our experimental
study either belong to class A or C. If an X-mark
of class A is taken from the right-handed writ-
ers population, the LR value? is P(A|R)/ P(A|L) =
(53/78)/(22/29) ~ 1. If an X-mark of class C is tak-
en from the right-handed writers population, the
LR value is P(C[R)/ P(C[L) = (22/78)/(1/29) ~ 8. If
the X-mark belongs to class C, the LR value cor-
rectly supports the proposition of a right-handed
writer (LR>1). If it is of class A, then the results
are neutral.

The X-marks of the left-handed writers in-
cluded in our experimental study either belong to
class A or B. If an X-mark of class A is taken from
the left-handed writers population, the LR value
is P[A|R)/ P(A[L) = (54/79)/(21/28) ~ 1. This value
neither supports the proposition of a right-hand-
ed or a left-handed writer, which is expected as
the proportion of this characteristic is about the
same in both populations. If an X-mark of class
B is taken from the left-handed writers popula-
tion, the LR value is P(B|R)/ P(B|L) = (1/79) (4/28)
~ 0.1. This value correctly supports in the order
of 10 times more the proposition of a left-handed
writer (LR<1) rather than a right-handed writer.

Table 4 shows the counts for the four LR values
in the right and left-handed writer populations.

The robustness of the LR provides an estima-
tion on how many times a LR of a given magni-

2 Note that the numerator of the LR is based on 53 posterior counts instead of 54, since one observation was
drawn and taken as a questioned observation. Also, whether or not considering the observations made in our
case on the two bank employees, our LR remains in the order of 1.
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Table 4. Counts for the four observed LR values in
both populations of right and left-handed writers.

LR value

Right-handed writers Left-handed writers

~8 23 0
~1 54 22
~0.1 0 5

tude will point in the wrong direction (Taroni et
al., 2010, pp. 303-305). In our case we have ob-
tained a LR value in the order of 8, which slightly
supports the proposition that the questioned X-
mark was written by a right-handed writer. Ac-
cording to Table 4, with the knowledge acquired
here, with such a LR value, we never support the
wrong proposition.

The results reported in Table 4 can also be used
to estimate the proportion of misleading LRs, us-
ing the proportion of LR values lower than 1 and
larger than 1. According to Table 4, no mislead-
ing result was obtained. Indeed, if the writer of
the questioned X-mark was a right-handed writ-
er, the correct proposition was supported—with
a slight support (LR ~ 8)—in 30% of the cases
(23/23+54), while a neutral result (LR ~ 1) was
obtained in 70% of the cases (54/23+54). In the
same way, no false positive result was obtained:
if the writer of the questioned X-mark was a left-
handed writer, the correct proposition was sup-
ported—with a slight support (LR ~ 0.1)—in 20%
of the cases (5/22+5), while a neutral result (LR
~ 1) was obtained in 80% of the cases (22/22+5).

Most of the times, the LR value is neutral,
which means that the evidence does not help
discriminate between both propositions of inter-
est. In a limited but non-negligible proportion of
cases, the evidence proves to be valuable in that
view. Nevertheless, our LR values are generally
low, which means that the selected feature only
provides a limited support towards the proposi-
tions of a right or a left-handed writer. In other
words, this feature may generally be of limited
relevance to discriminate between right and left-
handed writers. This result is expected since a
single feature only—based on the direction of two
strokes—was considered.

Inference of writership with a matching hypo-
thetical suspect

The LR value in the order of 8 pointing towards a
right-handed-writer, together with suggestions of
posterior probabilities of propositions, were com-
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municated to the mandating authority. Let us as-
sume that based on these results, investigations
among right handed-writers of the bank were
pursued. Another bank employee was suspected
of having written the questioned X-mark. He was
called upon to produce, under our request, refer-
ence X-marks following the same procedure as
before. Let us further assume that this new bank
employee uses only construction class C, i.e. the
same as observed on the questioned X-mark. In
this case, the evidence we would seek to assess
is represented by the comparison results between
the construction of the questioned X-mark and
the reference X-marks written by the new bank
employee. We may pose the following proposi-
tions to interpret the evidence, which respective-
ly represent the views of the prosecution (Hp) and
the defense (H,):

H : The questioned X-mark was written by the
new bank employee.

H;: The questioned X-mark was written by an
unknown person.

In this scenario, the LR is the probability of the
evidence given that the questioned X-mark was
written by the new bank employee, divided by
the probability that it was written by another (un-
known) writer. Note that we do not specify that
the unknown person is a right-handed writer, al-
though investigations were only carried out with-
in this specific population to find a new suspect.
First, it cannot be eliminated at first glance—by
any observer—the possibility that the unknown
writer is a left-handed writer. This means that
the information pointing towards a right-hand-
ed writer is part of the expert’s findings, which
should not be included in the proposition, as
thoroughly argued by Hicks et al. (2015). Second,
the distribution of construction classes is not
the same between right-handed and left-handed
writers. It would be irrelevant and potentially
misleading to include in the second proposition
that the unknown writer is a right-handed writ-
er. However, the trier of fact must understand
that the fact that the suspect is a right-handed
writer has been accounted for by the expert and
should not be included in the prior beliefs for the
propositions. This is necessary to prevent double
counting this information.

If the questioned X-mark were written by the
new bank employee, the probability of a corre-
spondence of construction class would be very
high (since we have observed that there is con-
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sistency regarding the class construction), say
close to 1. If the questioned X-mark were writ-
ten by another (unknown) writer, the probability
of picking another writer by chance who uses a
construction class C would depend on whether
the writer is a left-handed writer (L, with a prior
probability of 0.1) or a right-handed writer (R,
with a prior probability of 0.9). Informed by the
data reported in Table 3, the probability of the
evidence if the proposition of the defense is true
would be, in agreement with the rule of the ex-
tension of conversation (Lindley, 1991): P(C|H,)
= Pr[C|LH,J*Pr(L[H,) + Pr(C[RH,*Pr(R|H, =
(1/29)0.1 + (23/79)*0.9 ~ 0.27. The LR is there-
fore 1/0.27, i.e. LR ~ 4. In other words, our evi-
dence is in the order of 4 times more probable if
the questioned X-mark was written by the new
bank employee than if it was written by un-
known writer.

The mandating authority is interested in the
probability that the new bank employee wrote
the questioned X-mark. This probability depends
not only on the forensic results, but also on the
other elements of the case. Based on the other in-
formation, the trier of fact has some belief that
the new bank employee wrote the questioned X-
mark: this is what is formally called a prior prob-
ability. This prior probability should not be based
on the fact that the new bank employee is a right-
handed writer, nor on the forensic examination
provided, but only on the other elements of the
case. Combining the LR value with prior prob-
abilities of the propositions, we could inform the
mandating authority that:

o If the trier of fact had good information

to think that the suspect is the author, for

example prior probabilities of P(H |=0.9 and

P(H,)=0.1, our LR value would move the

probability that the questioned X-mark was

written by the new bank employee from 0.9

(prior) to 0.98 (posterior), and the probability

that the questioned X-mark was written by

some unknown writer from 0.1 (prior) to 0.02

(posterior);

o If the trier of fact had no information to

favor that the suspect is the author, then

with equal prior probabilities of P(H )=0.5
and P(H,)=0.5, the probability that the
questioned X-mark was written by the new
bank employee would move from 0.5 (prior)
to 0.8 (posterior); and the probability that

the questioned X-mark was written by an

unknown writer would move from 0.5 (prior)

to 0.2 (posterior);

e And, if the trier of fact had good
information to think that the suspect is not
the author, for example if prior probabilities
of P(Hp) were 0.1 and P(H,) 0.9, the
probability that the questioned X-mark was
written by the new bank employee would
move from 0.1 (prior) to 0.4 (posterior) and
the probability that the questioned X-mark
was written by an unknown writer would
move from 0.9 (prior) to about 0.6 (posterior).

Discussion

In this X-mark case, we were able to achieve a
valuable conclusion based on stroke direction
since this direction could be determined with
certainty. While such a determination is gener-
ally possible if the writing instrument used is a
ballpoint pen, it can be more difficult or even im-
possible with another type of writing instrument,
for instance with roller pens or fiber tips. On an-
other hand, while in our case we were unable to
determine the stroke sequence, we have never-
theless considered worth reporting also the data
that take into account this feature (see Table 1),
based on our experiment. Such data can be highly
beneficial for experts who might encounter a case
where the stroke sequence can be determined.
This sequence can sometimes be determined
without ambiguity, especially in cases where the
strokes of the X-mark are connected.

Huber and Headrick (1999, p. 149) pointed out
the fact that the consistency of the X-mark ex-
ecution is a key element to be considered. We
suppose that a within-writer variation can be ex-
pected in various features (such as angle between
strokes, position of the crossing points, etc.) but
may not be likely to occur concerning the type
of construction. In this respect, consistency
was confirmed in all writers of the experimen-
tal study, as well as in both the client and the
bank employee involved in the present case. This
within-writer consistency could further be inves-
tigated through time or special conditions, which
was not explored in this study.

Only one feature—the stroke direction—was
considered and used in our evaluation (i.e., to as-
sign our likelihood ratio). This is believed to be
relevant to discriminate between right-handed
writers and left-handed writers, as we assume
this feature is one of the main, if not only, X-mark
feature that may significantly differ between pop-
ulations of right-handed and left-handed writers.
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Nevertheless, the stroke direction proved to be of
limited value to discriminate between right and
left-handed writers. Improvement of handedness
discrimination would be achieved by including
features of other handwriting items (if present),
such as direction of horizontal strokes of charac-
ters f, t, A, E, F, H, T, Z, 5, 7 and direction in
which circular structures are formed, especially
in characters o, O, Q and 0 (Conrad, 2008).

The same feature, taken as its own, was then
evaluated considering a different problem, thus a
different set of propositions (i.e. to discriminate
between a given writer—say Mr. A—vs another
unknown writer). In such a case, the stroke direc-
tion is not the only relevant feature to be used.
Other features, such as those described above (ori-
entation of strokes, position of crossing between
strokes, etc.) provide valuable information to
discriminate between writers. The value derived
only from the stroke direction data gives an or-
der of magnitude of the LR for this single feature,
but it represents a restricted view of the value of
the observations made in X-marks. In casework,
handwriting examiners may thus consider other
features as well, since these additional features
add value. This added value means that tak-
ing into account these additional features—and
considering they do not differ between the ques-
tioned X-mark and the reference material from
Mr. A—the LR value must logically be larger.
This is true even if there are no specific survey on
which to rely for these observed features. The ex-
aminers will thus combine quantitative data and
traditional qualitative observations (using their
calibrated knowledge, i.e. knowledge gathered
in cases where the ground truth was known). An
important point is that one should take into ac-
count the dependencies of the features assessed.
When accounting for this, the more discriminant
these features are between the writers, the larger
the increase in the LR value. Here, in this setting
devoted to the discrimination between writers,
we would not expect a drastic increase of our LR
(i.e., the increase would be assigned as less than
a factor of two).

The experiment made during the case was car-
ried out in two steps, which were not detailed in
the present paper but will be briefly explained
here. A first step included only 52 writers. This
first dataset led to a LR value in the order of 3
for the discrimination between propositions of
a right-handed vs a left-handed writer. At this
point, we were wondering whether this small
LR value was duly representative of the limited
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information contained in the stroke direction of
X-marks, or whether this was due to our limited
sample, which may not properly encapsulate the
distribution of construction classes of X-marks.
We have therefore made a series of simulations,
leading to different distributions of construction
classes, and different LR values. We have found
that with a sample size of 100 writers, we could
reasonably reach a LR value in the order of 10.
Given such a potential gain and given the small
cost (in time and money) of the task of collecting
additional written X-marks, we have considered
it was worth increasing the sample size. Increas-
ing the sample size indeed appeared to be ben-
eficial, and in agreement with our expectations,
since a LR value in the order of 8 was obtained
based on the full dataset of our experiment. We
therefore consider it is a good idea, in cases where
it can be disputed whether the sample size is suf-
ficient, to make prognostics and investigate what
could theoretically be obtained by increasing
the sample size. If the impact of additional ex-
periments on the value of the evidence is high
enough compared to their cost, it can be worth
increasing the sample size.

The procedure of evidence interpretation de-
tailed in this paper may be followed by any exam-
iner interested in applying a Bayesian approach
on simple data collected for assessing the results
of a given case, should this concern an X-mark or
any other handwritten sign or letter. However, it
should be underlined that the figures shown in
this paper on the X-mark construction may not
be representative of construction manners found
in other countries. The distribution of construc-
tion classes may indeed depend on the country,
especially because of different taught methods.
Further experiments should be carried out to ad-
dress this issue.

Conclusion

This paper shows that useful results can be ob-
tained despite the apparent simplicity of the
written entry to be examined. Of course, mea-
surements or calculated frequencies are not man-
datory to adopt a likelihood ratio approach for
evidence interpretation, nevertheless this paper
shows that following the ENFSI recommenda-
tions for evidence interpretation with numbers
may require only a small dataset collected for the
case needs. The LR as a metric appears conve-
nient either in investigative or evaluative phases
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of the case file. The conclusion addressed on the
handedness of the writer typically represents
the investigative role of the expert, where the
expert’s conclusion can help narrowing down a
population of putative suspects during the inves-
tigation phase. In the field of handwriting exami-
nation, the use of such a metric in investigative
purposes—to distinguish between right-handed
writers from left-handed writers—was already
addressed in Taroni et al. (2011). On the other
hand, the conclusion regarding the comparison of
the X-mark with the handwriting of the bank em-
ployee represents the evaluative role of the expert
and this is more commonly the phase where the
LR is referred to (Willis et al., 2015).
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Appendix

According to the Bayes’ theorem, the ratio be-
tween probabilities of the propositions (i.e. odds)
of a right-handed writer (R) and a left-handed
writer (L) given the evidence (C), i.e. the ratio
of posterior probabilities of the propositions, is
given by the ratio between prior probabilities of
the propositions multiplied by the value of the
likelihood ratio. As probabilities are conditional
on what we know, what we are told and what we
assume, we indicate this by the information I.

Ratio of posterior probabilities of the proposi-
tions = Ratio of prior probabilities of the proposi-
tions X LR

P(R|C,I) _ P(R|I)
P(LICI) ~ P(L|)

P(C|R,I)
P(CIL.])

Taking the example of equal prior probabilities
of 0.5 for P(R) and 0.5 for P(L), our prior odds will
be 1:1. With our LR value of 8, the value of the
ratio of posterior probabilities of the propositions
is:

PRICI _ 05,

PLICI) ~ 05
PRICI) _ 8
PLICI) 1

We consider that people are either left-handed
or right-handed (so we discard ambidexter per-
sons). These are the only two posgibilities consid-
ered. We know then that the sum of these prob-
abilities equals 1:

P(R|C,I) + P(L|C,I) = 1

Using substitution of the latter in the former,
we obtain:

PRICI  _ g
1 - PRICI)

Therefore:
_ 8
P(R|C,I) = 9
Pr(R|C,I) = 0.9
8

PLICI) =1~ 3

P(L|C,I) = 0.1

We can also use the known relationship be-
tween the odds and the probability, as shown in
Marquis et al. (2017): if the odds are a to b, then
the probability can be calculated using the fol-
lowing formula: Pr = a/{a + b). In our case, the
odds (i.e. the ratio of posterior probabilities) are 8
to 1 (in favor of the proposition of a right-handed
writer), so the posterior probability of a right-
handed writer is: P(R|C,I) = 8/(8 + 1).
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