
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‘iÞ � PrðsiÞ � PrðoiÞ;
and the overall DOR is the product of the DORs of all RACs found on
the shoe: DOR ¼ Q

i DORi. However, if the independence assump-
tion 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:

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.

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 sub-
areas, 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

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

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

Fig. 2. An example of the orientation feature.

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



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
residuals were calculated according to the formula ðOij � EijÞ=

ffiffiffi
E

p
ij.

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 cut-
off 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

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.

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.

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 shoe-
sole 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 well-
defined 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.

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.

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.
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