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A B S T R A C T

Randomly acquired characteristics (RACs), also known as accidental marks, are random markings on a
shoe sole, such as scratches or holes, that are used by forensic experts to compare a suspect's shoe with a
print found at the crime scene. This article investigates the relationships among three features of a RAC:
its location, shape type and orientation. If these features, as well as the RACs, are independent of each
other, a simple probabilistic calculation could be used to evaluate the rarity of a RAC and hence the
evidential value of the shoe and print comparison, whereas a correlation among the features would
complicate the analysis. Using a data set of about 380 shoes, it is found that RACs and their features are
not independent, and moreover, are not independent of the shoe sole pattern. It is argued that some of the
dependencies found are caused by the elements of the sole. The results have important implications for
the way forensic experts should evaluate the degree of rarity of a combination of RACs.

1. Introduction
The 2009 NRC report, Strengthening Forensic Science in the
United States: A Path Forward [4], and the recent PCAST report to
the president, Forensic Science in Criminal Courts: Ensuring
Scientiﬁc Validity of Feature-Comparison Methods [3], call for
improving the scientiﬁc basis of forensic procedures. The current
paper examines basic assumptions in the ﬁeld of shoe comparison, currently used in deﬁning the degree of rarity (DOR) for a
given shoe sole [2,6,8].
Footwear examination starts with a comparison of the size,
pattern and wear of the shoe in question to the print found in the
crime scene, the sole's DOR of the shoe is then calculated on the
basis of Randomly Acquired Characteristics (RACs) that scar its
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contact surface. These marks are caused by abrasion on the outsole.
Unlike manufacturing ﬂaws, the creation of RACs depends on the
owner's walking patterns, the material of shoe sole, the surface
with which it comes in contact, the pattern of the shoe and its wear
and tear. RACs are characterized by several features [6,5] such as
their location, orientation (angle) and shape (deﬁned below),
which are used for comparison of shoes.
In contrast to the clear deﬁnitions of location and orientation
(presented in Section 2), the deﬁnition of shape presents a special
challenge. [5] deﬁne four categories of shapes: lines/curves, circles,
triangles, and irregular shaped features. [6] refers to Standardized
Individual Characteristics: point, line, curve, enclosure, and three
dimensional. In this study we adopt the 7 categories of shape used
by the Israeli Police Division of Identiﬁcation and Forensic Science
(DIFS), as described in Section 2 and Fig. 3 [8]. All of these
deﬁnitions are inﬂuenced by the design of the shoe sole, as only
certain parts actually come into contact with the ground. Thus, the
shapes used in this study are not really shapes, but types of RACs in
the context of shape. For the sake of simplicity we have chosen to
call them ”shape types”.

Previous studies assume that the features of a given RAC are
independent of each other, as are the RACs themselves [6,8,7] and
therefore the DOR of a single RAC is calculated by multiplying the
probabilities of its features and the DOR of the entire shoe is
calculated by multiplying the DOR of all RACs. Let ‘i, si and oi be the
location, shape and orientation of RAC i, and Pr(‘i), Pr(si) and Pr(oi)
be the corresponding probabilities, then, under the independence
assumptions, RAC i's DOR is calculated as
DORi ¼ Prð‘i Þ  Prðsi Þ  Prðoi Þ;
and the overall DOR is the product of the DORs of all RACs found on
Q
the shoe: DOR ¼ i DORi . However, if the independence assumption does not hold, the calculation is incorrect, and the rarity of a
certain shoe may be overestimated. The goal of the current paper is
to statistically test the independence assumption.
Conventional practice focuses on the attempt of forensic
experts to match crime scene impressions with a suspect's shoe.
The current study focuses on the shoe's rarity on the assumption
that linkage of the suspect to a rare print would be much more
damning than connection to a common print that could potentially
have been made by others. Thus, an understanding of the
independence among RACs and the subsequent effect on shoe
DOR is of considerable signiﬁcance.
The present study focuses on the relationship among the
features of a given RAC using data collected by the DIFS [8,7]. Three
propositions are tested; each contends that the RACs are created
randomly and independently on the shoe sole, but each includes in
addition:

Fig. 1. The sub-areas of the shoe.

1. The shape type of the RAC is independent of its location.
2. The orientation of the RAC is independent of its shape type.
3. The orientation of the RAC is independent of its location.
The data and methods used in this article are described in
Sections 2 and 3. In Section 4 the propositions above are tested and
rejected, showing that there is in fact an association among the
features. In Section 5 two analyses are carried out in an attempt to
control the effect of the sole pattern. The questions from Section 4
and similar issues regarding the possible reasons for the
dependencies are investigated in Section 6. Section 7 concludes
the paper with a discussion.

Fig. 2. An example of the orientation feature.

2. Data
The DIFS has constructed one of the largest databases of RACs to
date [8,7], including about 13,500 RACs from 380 lab impressions
(shoe prints). In order to deﬁne the RACs’ locations and
orientations, a crucial preprocessing step was to normalize all
shoe impressions on a standardized x–y axis with identical length
and orientation. For each test impression, the top and bottom of
the shoeprint were marked to indicate the direction of the major
axis and to determine the length of the shoe. The origin of axes was
set at the middle point between the two marked extremities. The
minor axis was deﬁned as the line perpendicular to the major axis
that passes through the origin of axes. Finally, all axes were
standardized to the same length. More details of this normalization
process can be found in Appendix A.1.
The three features of a RAC are deﬁned as follows:
1 Location: the normalized shoe sole was divided into 14 subareas, on the basis of experts’ knowledge; see Fig. 1.
2 Orientation: determined by the angle of the RAC with respect to
the x axis of the shoe (see Fig. 2 for an example). In addition, the
orientations were divided into 9 groups (20 each). As some
shapes have potentially larger errors than others, a grade

Fig. 3. The shape types and their frequency in the dataset, taken from Yekutieli et al.
[8].

measure was used to express the degree of the shape elongation
[8]. Orientation error was found to be a function of the
orientation grade. When analysing orientation, the analysis was

Table 1
The frequency of the shape types in the sub-areas.
Shape type

1 (Scratch)

2 (Hole)

3 (Cut-off corner)

4 (Rift)

6 (Shcallamach)

Total

Sub area
1
2
3
4
5
6
7
8
9
10
11
12
13
14

203
372
92
169
306
401
74
36
368
193
233
361
290
112

445
965
336
372
710
944
191
119
904
464
554
852
679
283

7
34
12
22
34
64
13
13
24
11
37
47
30
23

29
122
77
11
55
81
30
31
105
37
111
80
68
66

38
77
33
37
100
185
37
13
56
37
62
104
97
33

722
1570
550
611
1205
1675
345
212
1457
742
997
1444
1164
517

Total

3210

7818

371

903

909

13211

conducted only on RACs with a low degree of error in their
orientation (grade>5, meaning shapes that are roughly 5 times
longer than their width).
3 Shape type1 : based on the deﬁnitions determined by the Israeli
Police DIFS for classiﬁcation purposes (see Fig. 3):
(1) Scratch – a long and narrow tear of the sole.
(2) Hole – a cut or tear that does not ﬁt any of the other
categories.
(3) Cut-off corner – a corner of a pattern element that is torn.
(4) Rift – a tear that crosses a narrow pattern element.
(5) Foreign object – a stone, pebble etc. stuck in between pattern
elements.
(6) Schalamach – micro-tear of the border of an element.
(7) Missing part – a signiﬁcant section of the sole pattern is torn
off.
Since the number of RACs of type 5 (Foreign Object) and 7
(Missing Part) is small, these were omitted when analysing
shape type.2

3. Methods
The three features (location, orientation and shape type) are
categorical variables with different number of categories. In order
to test independence between a pair of features, the data is
arranged in a two-way contingency tables in which Oij is the
number of RACs in category i in the ﬁrst feature and category j in
the second. Let Eij be the expected number of observations under
the proposition that the features are independent. Speciﬁcally,
Eij = ni  mj/N, where ni is the total number of RACs in category i of
the ﬁrst feature, mj is the total number of RACs in category j of the
second feature, and N is the total number of RACs. The test is
conducted based on the standard x2 statistic:

x2 ¼

X X ðOij  Eij Þ2
i

j

Eij

:

ð1Þ

The null hypothesis of independence includes two parts. First, it
assumes that RACs are independent, meaning that the occurrence
of a particularly conﬁgured RAC does not predict the occurrence of

1
Shape type was deﬁned in a different way than the shape feature in Yekutieli
et al. [8], Wiesner et al. [7], Stone [6] and Speir et al. [5] and therefore the
conclusions here cannot be applied to their research without further examination.
2
Analyses including these two types were also conducted with p-values
calculated using simulations as described in Section 3. All results were similar
to those without these two shape types.

another with a certain conﬁguration. Second, the hypothesis
assumes that RAC features are also independent, i.e. the shape type
distribution does not depend on the RAC's location or orientation.
Under the null proposition, this statistic has approximately a Chisquared distribution with (I  1)  (J  1) degrees of freedom,
where I and J are the total numbers of categories of the two
variables from which the table is constructed. The larger the value
of x2, the more evidence exists against independence [1]. For
contingency tables having small cell counts, the p-value is
computed using repeated simulations. This is done by random
sampling from the set of all contingency tables with the same given
margins.
The Chi-square test assumes that both the features of a RAC and
the RACs themselves are independent. If the null independence
assumption is rejected, the test cannot indicate whether the
features of a RAC are dependent, the RACs are dependent or both.
Therefore, a test that is less sensitive to possible dependence
among RACs has been used in order to examine the hypothesis that
RAC features are independent, while controlling the dependence
among RACs. This was conducted to test independence between
the location and shape features by sampling one RAC from each
shoe, thus creating a database of 386 independent RACs with their
location and shape features. These RACs are independent since
they were sampled from different shoes. The Chi-square statistic
was calculated based on the sampled data. Since the sample size is
small, only the 5 horizontal rows of the original sub areas shown in
Fig. 1 are used. To minimize the effect of the random sampling, the
process was repeated 100 times and the average of the chi-square
statistics was used. The null distribution was calculated by
sampling one shape and one location independently from each
shoe. This statistic, which is based on one RAC from each shoe,
reduces considerably the number of observations and hence is
expected to have small power. A second test uses the Fisher
method. Instead of averaging the 100 Chi-square statistics as
described above, it calculates the p-value for each sample and
P
combines the 100 p-values by  i ln(Pi), where Pi is the p-value
obtained for the i’th simulated data set. This was compared to the
null distribution, Gamma(100, 1). This approximates the global null
distribution of independence between features of a RAC and
independence of the RACs themselves, assuming the p-values are
independent.
4. Data analysis
We start by testing independence between the shape type and
the location of the RACs. The frequency of shape types in different
sub-areas is presented in Table 1.

Fig. 4. The sub-area map over a picture of the superimposed RACs from all of the
shoes. Areas with signiﬁcant residuals (with absolute values >3) and their
corresponding shape types are noted, along with the residual's positive/negative
sign.

The p-value of the Chi-square independence test based on
Table 1 indicates that the shape type and the sub-area are not
independent (p-value < 0.001). In order to investigate for which
categories the observed and expected differ the most, Pearson
pﬃﬃﬃ
residuals were calculated according to the formula ðOij  Eij Þ= Eij .
These are presented in Appendix 8.2. Fig. 4 presents the sub areas
together with RACs from all of the shoes. Areas with large absolute
residuals (with absolute values >3) and their corresponding shape
types are noted, along with the residual's positive/negative sign.
The residuals for Holes, which are the most frequent type of RACs,
are low in their absolute values, which implies that there are no
locations which are prone to develop this type of a RAC. Fig. 4
demonstrates that back-of-center areas (2 and 9) contain less
Shalamach shapes than would be expected under the assumption
of independence between location and shape type and in areas 3, 8,
4, 11, 14 (and 7 with a residual greater than 2) there is an over

abundance of Rift shapes, while in areas 5 and 6 there are less. One
possible explanation for the dependency between sub-location
and shape type is the nature of the shoe sole element, since certain
shape types are deﬁned by these very elements. For example, a cutoff corner can only appear in an element that contains a corner.
Schalamach RACs are micro tears of the boarders of elements
(resulting from wear). Thus, it is reasonable that in areas where
there is less pressure caused by the foot (2, 9) there will be less
RACs of that type. A possible explanation for the abundance of Rifts
in areas 3 and 8 is that most shoes do not have a contact surface in
these areas, and those shoes which do, have patterns that contain
lines, the only elements in which the Rift type can appear. Holes
can occur on almost every element which may explain the small
absolute value of its residuals.
The second proposition concerns independence between
orientation and shape type. The results of the Chi-square
independence test reveals that association does exist between
the shape type and the orientation (p-value < 0.001).
The extreme residuals are presented in Table 2. Extreme
positive residuals mean that there are more observations than
would be expected under the independence assumption in that
category, and extreme negative ones mean there are less. The
residual analysis suggests that Scratch shapes tend to have an angle
that is proximate to the y (long) axis of the shoe i.e. tend to have a
high degree of orientation (in absolute value). Holes and
Shcallamach tend to have an orientation that is in proximity to
the x axis of the shoe i.e. a lower orientation. Cut-off corner shapes
tend to have an orientation of (50,  30] and (30, 50], that is an
angle of 45 . This is caused by the orientation of the square
elements, which are indeed usually squares and not diamonds.
Rifts do not have signiﬁcant residuals since they can occur in
different thicknesses, which inﬂuence the orientation.
Last, an independence test between the orientation and the
location of the RAC was conducted. The results indicate that the
orientation and the location are not independent (p-value = 0.017),
though the p-value is much larger than those obtained in the other
two tests. The residual analysis does not reveal any interesting
conclusions.
In addition, use of the two statistics which test the hypothesis of
independence between the location and shape features, while
controlling the dependence among RACs, produced results that led
to the rejection of the independence hypothesis (p-values < 0.001).
To conclude, the null proposition is rejected in favour of
dependence between the RACs or their features. The implication of
this ﬁnding is that probabilities cannot be multiplied in order to

Table 2
The residuals of the independence test between shape types and orientation. Signiﬁcant residuals with absolute value >3 are colored in orange (dark grey in the print version)
and those with absolute value >2 are colored in yellow (light grey in the print version).

calculate the DOR of a certain RAC or of a certain shoe sole. It is
therefore very important to understand the dependence among
the features of a single RAC as well as among the RACs themselves.
The next section further investigates several possible causes for
these dependencies.

An association was found between the size of the RAC and each
of the features (location, shape and orientation) with p-value
< 0.001 in each test. These analyses indicate that the independence
assumption among the RAC features does not hold. In future
studies it is planned to use a better deﬁnition of shape and retest
the assumptions.

5. Further investigation of the shape type feature
Seven shape types are presented in this study: scratch, hole,
cut-off corner, rift, foreign object, Schalamach, and missing part.
The deﬁnition of these shape types is convenient for expert
practitioners but it confuses shape types and shoe-sole elements,
thereby creating dependence between them. These are not really
”shapes” but rather ”RAC types” as they indicate how the RAC was
created, and certain shape types are indeed deﬁned by the shoesole elements. It is possible that a deﬁnition of shape types that is
unrelated to shoe-sole elements would lead to different results. To
examine this possibility, two further analyses were conducted.
The ﬁrst repeats the analysis above using only scratches and
holes, as these are shape types that do not involve elements of the
shoe. The second analysis ignores the shape type and instead tests
dependence between the size of the RAC and its location and
orientation.
The ﬁrst analysis did not reject the independence assumption
between the two shapes and location (p-value  0.9), but found
association between the two shapes and orientation (p-value
< 0.001). This may be a result of the previous ﬁnding of scratches
tending to have an orientation that is parallel to the walking
direction (y axis).
For the second analysis, the size of each RAC was calculated as
the area in square pixels which is the product of the length and
width of the tight bounding box that encloses the RAC. This does
not measure the actual area of the RAC but serves as an
approximation of its size, since the actual size is difﬁcult to
calculate, especially for open shapes that do not contain a welldeﬁned area. The size was divided into 20 groups, each containing
5% of the observations. As in the previous analyses, a Chi-square
test was used.

6. Further investigation of the dependence among the features
Differences among elements of the shoe soles, walking
patterns, walking environments and so on, affect the number of
RACs and their features. Therefore, the dependence among the
features of a RAC may be caused by the differences among shoe
soles. We indeed found, using a Chi-square test, that different
shoes were prone to develop RACs with different features (see
Section 6.1). We believe that the elements of the sole have
tremendous impact on the location, shape and orientation of the
RAC and thus we analyse subgroups of shoes having similar
patterns.
The database contains shoes of various makes and sole patterns.
Three relatively frequent patterns Nike Shox R4 (NSR4, n = 36), Nike
Shox NZ (NSNZ, n = 27) and Classic Timberland (CT, n = 22) were
identiﬁed and are presented in Fig. 5.
Although the database is limited in the number of shoes of the
same make, we perform a preliminary analysis in order to test
independence between RACs on similar shoes. The same analysis
should be conducted with larger databases (at this time, a larger
database of shoes with identical elements is being compiled).
6.1. Association between sole patterns and RACs’ features
The ﬁrst analysis examines whether certain patterns are more
likely to develop certain types of RACs than others. To answer this
question, Chi-square independence tests were conducted between
each of the three features of the RAC and the pattern of the shoe.
The p-values of shape type versus pattern, and location versus
pattern were calculated using 100, 000 simulations, since the
numbers of observations are small.

Fig. 5. Three frequent shoe patterns; from left to right NSR4, NSNZ, and CT.

It was found that the pattern is associated with the shape type
(p-value < 0.001). Scratches are more likely to appear on CT shoes
than on NSR4. This may be a result of the CT pattern having larger
elements which are more susceptible to Scratches. In addition,
Shcallamach shapes appear more on NSR4 shoes and less on CT.
Being heavy duty shoes, the CT pattern is made of stronger
materials and hence less prone to Shcallamachs, which are micro
tears of the border of elements. In addition, there are no shapes of
type Rift in CT shoes, as would be expected since this pattern
contains no thin lines.
The location of the RACs was also found to be associated with
the shoe pattern (p-value < 0.001). Pattern NSR4 has less RACs in
area 3 than would be expected under the independence assumption, and pattern NSNZ has more. In addition, pattern CT tends to
have less RACs in area 9 and more in areas 11 and 12.
Orientation and pattern are found to be independent, that is,
the distribution of orientation in these three patterns is similar.
6.2. Association between features within pattern
Section 4 shows that dependence exists using all of the shoes in
the database. The data contain various patterns, and, as shown
above, different patterns are prone to develop RACs having
different features. It is therefore interesting to check whether
the latter association explains the dependence found in Section 4,
or whether dependence exists within a given shoe pattern. In order
to investigate this, the analysis of Section 4 is repeated for each of
the three shoe patterns separately. All analyses were based on Chi
square tests with p-values calculated using simulations. The results
are given in Table 3.
Dependence exists between shape type and location and
between shape type and orientation in the two Nike patterns, but
does not exist between orientation and location. The number of CT
shoes is relatively small and hence the power of the test is low, but
still association exists between orientation and shape type.
Although the independence found between orientation and
location may be due to small sample sizes, it may also be a real
phenomena in these patterns; this should be further explored.
7. Discussion and conclusions

Table 3
p-values of the independence tests between the features for each pattern
separately.
Shape/
location

Pattern NSR4 (n = 27) <0.001
<0.001
Pattern NSNZ
(n = 36)
Pattern CT (n = 22)
0.256
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Appendix A.

This article examines the relationship among RAC features. It
has been shown that association exists between shape type and
location and between shape type and orientation even within a
speciﬁc shoe pattern. The calculation of the DOR as a product of
probabilities as suggested by Stone [6] and discussed in Section 1 is
therefore invalid, and the dependence should be modelled for a
well founded evaluation of the DOR.
An important feature that affects the creation of a RAC is the
element of the shoe sole, on which the RACs appear. The analysis
takes into account the shoe sole patterns, but since they consist of a
large number of different elements, a more detailed analysis is
required. This study demonstrated through the use of 3 sample
patterns, how dependence between RACs’ features and shoe sole
patterns can be tested. Clearly, broader conclusions can be drawn
only after examining more patterns, but this study serves as an

Independence test:

example of what might be done when more data become available.
In future analyses, the relationship between elements and the
RACs’ features should be investigated. It is our hope that this will
lead to a deeper understanding of the relationships between the
features and the elements.
Besides the elements of the shoe sole, other factors speciﬁc to
the shoe, such as the owner's walking patterns and the ground
with which it comes in contact, may affect the creation of RACs.
Thus, a further analysis which takes these factors into account is
required.
Our study has several limitations. First, the deﬁnition of shape
type needs revision. Here, the shape type is deﬁned in a way that
confuses shape types and elements, thus causing dependence
between them. It is possible that a different deﬁnition of shape that
does not depend on the element will lead to different results.
Furthermore, right shoe data were superimposed on the left
shoe data as a mirror image, and right and left identiﬁers were not
included in the analysis. It should be examined whether this factor
is important in analysing the dependencies.
Moreover, the human factor cannot be ignored. Some experts
may have identiﬁed more RACs than others. It is possible that some
are more sensitive to various types of RACs; one may identify more
Holes while another ﬁnds more Scratches. These questions should
be studied in the future.

Orientation/
shape

Orientation/location

<0.001
<0.001

0.230
0.118

0.006

0.478

A.1 The normalization process
This normalization was done by ﬁrst marking a shoe-aligned
coordinate system on each print and then standardizing the shoe
according to this system. The standardization was done by
transforming all measurements from image coordinates to the
shoe aligned coordinate system. The process includes the following
steps:
(a) Marking of each shoe as described in the body of the text.
(b) Translation of the marked origin of axes to (0,0) using a special
Matlab program.
(c) Rotation by the direction of the shoe aligned coordinate
system.
(d) Scaling by the length of the shoeprint.
(e) Multiplying the horizontal axis by 1 or 1, to mirror if needed
such that all shoeprints will be turned to left shoes.

A.2 The residuals table
Table 4.

Table 4
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ). Signiﬁcant residuals with absolute value >3 are colored in orange (dark grey in the print version) and those with absolute value >2
The residuals (observedexpected
expected

are colored in yellow (light grey in the print version).
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