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Abstract. Footwear impression evidence has been gaining increasing
importance in forensic investigation. The most challenging task for a
forensic examiner is to work with highly degraded footwear marks and
match them to the most similar footwear print available in the database.
Retrieval process from a large database can be made significantly faster
if the database footwear prints are clustered beforehand. In this paper
we propose a footwear print retrieval system which uses the fundamental
shapes in shoes like lines, circles and ellipses as features and retrieves
the most similar print from a clustered database. Prints in the database
are clustered based on outsole patterns. Each footwear print pattern is
characterized by the combination of shape features and represented by
an Attributed Relational Graph. Similarity between prints is computed
using Footwear Print Distance. The proposed system is invariant to dis-
tortions like scale, rotation, translation and works well with the partial
prints, color prints and crime scene marks.

Keywords: Footwear Impression Evidence, ARG, Footwear Print Dis-
tance, Hough transform, Content-based Image Retrieval

1 Introduction

Footwear marks are often found in crime scenes and can serve as a clue to
link two crimes. At present there is no reliable and fully automated footwear
print retrieval system to assist the forensic examiners. Therefore the foot wear
marks are manually matched against the local/national database to determine
the brand and model of the most similar print. Existing footwear print retrieval
systems works well only with clear prints but the crime scene marks are highly
degraded and partial. Most of the present systems [1] fail with crime scene marks
because they use features that are hard be captured from the crime scene marks.

Retrieval process can be made faster if prints in the database are grouped
into clusters based on similar patterns. Clustering footwear prints is an uphill
task because of the difficulty in the computation of the similarity matrix. Hence,
we cluster them by retrieving the most similar prints for each of the recurring
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patterns in footwear prints. The proposed fully automated footwear print re-
trieval system (shown in Figurel) is invariant to affine transformation of prints
and avoids the computation of similarity matrix.
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Fig. 1: System Flow Diagram of our footwear print retrieval system.

Most of the existing shoe print classification systems are semi-automatic [1] ,
such as SICAR, SoleMate etc. De Chazal (2005) et al. [2] proposed a fully auto-
mated shoe print classification system which uses power spectral density (PSD)
of the print as a pattern descriptor. Zhang and Allinson (2005) [3] proposed an
automated shoe print retrieval system in which 1-D Discrete Fourier Transform
on the normalized edge direction histogram is used as a feature of the print. Gue-
ham (2008) et al. [6] evaluated the performance of ’Optimum Trade-off Synthetic
Discriminant Function (OTSDF)’ filter and unconstrained OTSDF filter in the
automatic classification of partial shoeprints. Dardi (2009) et al. [7] described a
texture based retrieval system for shoeprints. Mahalanobis map is used to cap-
ture the texture and then matched using correlation coefficient. Though fully
automated footwear print retrieval system exists in literature, most of them is
tested only with synthetic prints and clean prints. No one has reported satisfying
performance with real crime scene marks.

2 Feature Extraction

Features such as color, texture and shape [8] can be used to distinguish the
images. Color features are missing in crime scene marks and texture features are
hard to be captured but shape features can be easily captured. Shapes are the
most durable and reliable features of the outsole that can resist various wears
and are well preserved over a long period of time. Hence, we chose shape as
features to classify footwear prints.

Based on visual inspection of 5034 prints, we found that 91.8% of the prints
can be represented using three basic shapes: straight line segments, circles/arcs
and ellipses. Based on these shapes, footwear prints can be classified into 8 types:
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Piecewise Lines, Only Circles/Arcs, Only Ellipses, Circles & Ellipses, Lines &
Circles, Lines & Ellipses, Lines, Circles & Ellipses and Only Texture. Shapes
other than circles and ellipses are approximated by piecewise lines. Combinations
of these shapes is used to identify the pattern of the shoeprint. Distribution of
fundamental shapes in footwear prints are shown in Table 1. Eight types of
footwear prints are shown in Figure 2.

Tablel: Fundamental shapes in footwear prints

Fundamental Shapes Number of Prints
Piecewise Lines 3397
Lines & Circles 812
Lines & Ellipses 285
Only Circles/Arcs 73
Lines, Circles & Ellipses 37
Only Ellipses 15
Circles & Ellipses 5
Only Texture 410
Total - 5034 prints

Fig. 2: Eight types of Footwear prints: From left to right (a) Piecewise Lines. (b) Lines
& Circles. (c¢) Lines & Ellipses (d) Only Circles/Arcs. (e) Lines, Circles & Ellipses. (f)
Only Ellipses. (g) Lines, Circles & Ellipses. (h) Circles & Ellipses. (i) Only Texture.

Morphological operations (MO) such as dilation and erosion are applied to
make the interior region of prints uniform and then extract the boundary using
Canny edge[9] detector(ED). The result for a sample print is shown in Figure 3.

2.1 Line Detection and Circle Detection

Most footwear prints have complex geometric structures. The number of line
segments in a print is 200-300 on average. Each group of collinear points forms
a peak in accumulator. Detecting all the true peaks while suppressing spurious
ones is difficult. In addition, short line segments are easily missed, which may be
useful for discriminating similar prints. So Standard Hough Transform (SHT)
[10] cannot be applied directly on footwear prints. Thus, we propose Iterative
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Fig. 3: Edge Detection after dilation and erosion.
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Straight-line Hough Transform (ISHT). First, connected components are labeled
in the edge image. For each component, Hough transform is applied and peaks
are detected. When a peak is identified and the line segments are extracted, the
pixels contributing to those line segments are eliminated from the edge image,
and an updated accumulator is obtained by applying SHT on the modified edge
image. The algorithm is summarized in Figure 4 and results of the two algorithms
on two sample prints are shown in Figure 5.

Circles and arcs are detected using SHT and validated using gradient orien-
tation. Spatial relationship constraints are used to eliminate spurious circles.

2.2 Ellipse Detection

In a Cartesian plane, an ellipse is described by its centre (p,q), length of the
semi-major axis a, length of the semi-minor axis b and the angle 6 between the
major axis and the z-axis. Hence the five parameters (p, q,a,b, ) are required
to uniquely describe an ellipse. These five parameters demand a five dimen-
sional accumulator which is computationally expensive but Randomized Hough
transform (RHT) [11] for ellipse detection is computationally advantageous.

In case of ellipse detection in footwear prints, RHT cannot be used directly.
This is because there are around 50,000 foreground pixels in the edge image
of a print of typical size 600 x 800 and picking three pixels from them in ran-
dom will never narrow down to the right ellipse. Hence, we propose a modified
RHT (MRHT) that incorporates ideas like decomposition of footwear prints into
connected components, elimination of unwanted components using eccentricity,
smart selection of three points based on the standard deviation of gradient orien-
tation at each pixel and elimination of spurious ellipses by comparing the tangent
of edge direction and the analytical derivative. MRHT is shown as Algorithm 2.
Sample Results of the feature extraction are shown in Figure 6.

3 Attributed Relational Graph (ARG)

After feature extraction, the footwear print has been decomposed in to a set of
primitives. An Attributed Relational Graph (ARG) [12], is constructed for every
footwear print to obtain a structural representation of the extracted features. An
ARG is a 3-tuple (V,E,A) where V is the set of nodes, F is the set of edges and
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Input: Image of known prints or
crime scene marks

I Apply Canny edge detector to get edge image BW |

1

I Find the connected components in BFV |
|
¥

| Pick a connected component C to form a subimage BW, |
Repeatforall l

componepts | Apply Hough transform (HT) on BW, to build Hough matrix M |

Select the next peak |
i ]

I Select a peak, P, from matrix M |

]

| Initialize a counter, NumContinuousFails, to 0 |

1

I Compute the row-column indices for foreground pixels in B¥ that map to P |

l

Extractline segments in B, associated with P and merge two line segments into a
single one if the distance between them is below threshold MinDist

!

Discard line segments whose length is below threshold MinLength or if the ratio of
the number of on line pixels to the length is below threshold MinRatio

Are any line segment(s)

vis finally determined? N'o
Suppress foreground pixels in BW; Suppressneighboring cells
that contribute to the determined around peak Pin matrix M
line segments to produce modified
edgeimage BW, ~

1

Apply HT on BW; " to getupdated Increase NumContinutousFailsby 1
Hough Matrix M and reset
NumContinuousFuailsto 0

NumContinuousFails
> MaxNumFails ?

Fig.4: Algorithm 1: Iterative Straight-line Hough Transform (ISHT)

(a) Print (b) SHT  (c) ISHT  (d) Print (e) SHT (f) ISHT
Fig. 5: Comparison of the results of SHT and ISHT on sample prints
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| Compute the gradient orientation of the print ‘
i

‘ Find the connected components & their eccentricity e in the edge image |
!

| Eliminate the connected components with e < 0.3 & size < 20 pixels ‘

i

| Pick a connected component ‘

i

| Randomly pick 3 pixels ‘
T

Compute thestandard deviation (SD1) of gradient orientation at first pixel’s 7-by-7
neighborhood. Repeat this step for other two pixels and get SD2 & SD3.

Is(min_SD < SD1 < max_SD) & (min_SD < SD2 < max_SD)
& (min_SD < gp3 < max_SD)?
Repeatforall connected
compohents yes

‘ Apply RHT and find the parameters (p, ¢, @, b, &) of the ellipse.

Find the foreground pixels P that satisfy
((x — p)cos8 + (y — q)sin@)* 4 ((y— q)cos8 + (x — p)sind)? 1
a? b? -

'

Find the analytical derivative D at each P using Equation

(— %) [(x — p)cos@sing + (y — q)sin*6] + (— %) [(y — q)cos*8 — (x — p)cos@sind]
b

(* al) [(x — p)cos?e + (y — q)cosBsing] + (%) [(y — q)cosBsing — (x— p)sin26]

+

If the difference between D and the tangent of gradient orientation is below
threshold T;, then declare it as a true ellipse pixel.

¥
If the fraction of true ellipse pixels to the circumference of ellipse is above
threshold T,, then declare the component as an ellipse.

Algorithm2: MRHT

Fig. 6: Detected lines, circles and ellipses are shown for 3 known prints on the left and
3 crime scene marks on the right.
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A is the set of attributes. Each edge describes the spatial relationship between
nodes. The attributes include node and edge attributes.

There are three types of nodes (lines, circles and ellipses) and nine types
of edges (line-to-line, line-to-circle, line-to-ellipse, circle-to-line, circle-to circle,
circle-to-ellipse, ellipse-to-line, ellipse-to-circle and ellipse-to-ellipse) in this rep-
resentation, which are denoted as L2L, L2C, L2E, C2L, C2C, C2E, E2L, E2C,
E2E edges. To tackle the case of nodes being missing or incorrectly detected
due to noise, occlusion and incompleteness, a fully-connected directed graph is
adopted. This means that there is a directed edge from each node to all other
nodes. To distinguish one node from the other and one pair of nodes from an-
other pair, node and edge attributes have been carefully designed to describe the
spatial relationship between nodes in terms of distance, relative position, rela-
tive dimension and orientation, and are tabulated in Table 2. All these attributes
have been normalized within the range [0, 1]. This description is invariant to
scale, rotation, translation and insensitive to noise and degradations. Figure 7
describes the two cases of relative position for L2L, L2C and C2E. Sample ARG
for a footwear print is shown in Figure 8.

" (\_

Fig. 7: Relative Position Definition for L2L, L2C and C2E.

4 Footwear Print Distance (FPD)

The quality of clusters depends highly on the similarity measure used by the
clustering algorithm so the similarity measure has to be accurate and robust. A
distance metric, called the Earth Mover’s Distance (EMD) [13] has been pro-
posed and investigated for content-based image retrieval.

We propose Footwear Print Distance (FPD), which is derived from EMD, to
compute the similarity between footwear prints. Let FP = (V,E, A, W,N) be a
footwear print with N nodes, where V ={V;}¥ |  E=V xV, A= Ay U Apg,
AN = Ui\il ANiv AE = Uf\il Ujvzl AEij7 W = {Wl}lj\il AN, AE and W
denote node attribute, edge attribute and weights respectively. Let FP, =
(Vl, El, Al, Wl, Nl) be the first print with N1 nodes; FP2 = (Vé, EQ, AQ, WQ, Ng)
the second print with Ns nodes; and C' = [cij] be the unit cost matrix where c;;
is the umit matching cost between Vi; € V; and Va; € Vs, which is defined as fol-
lows. If V4, is a line and V5; is a circle/ellipse or vice-versa, then ¢;; = 1 else ¢;; is
computed as an EMD [13] in which the distance between any two nodes is defined
as a weighted Euclidean distance between their node and edge attributes. Each
node is assigned equal weight to enforce a one-to-one correspondence between

lflOdeS7 le Wli = WZ] = m, 1 S Z S Nl, 1 S] S NQ.
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Table 2: Node & Edge Attributes

L2L c2c
Att Definiti Normali At Definiti Normal Symbols Used
abs(L1.6 - 12.6) Nors __ar . & its Definition
Na | —— ) ClLr+C2r -
I1.len vd dist(C1.cen,C2.cen) rd1 L: Line segment
N-rs —_— ! Clr+C2r rdl +10/rd1 C: Circle
L1.len + L2.len - - 22
dist(L1.m,L2.m) rd; dist(C1. cen, C2. cen) r E: Ellipse
rd d 2(e(rd) — 0.5) 2 max(ICl.r - €2.7/,107%)| rd2 +10/rd2
L1.len + L2.len L2C cen: Centre
dist(L1.m,L2) ist: Euclid
pd _— . L.len Dist: Euclidean
Ll.len + L2.len 2(o(pd) - 0.5) Ners —_— - distance
min (04, 0B) C.r+ Llen
71 W rpl+1 ; dist(C.cen,L) rd rs: Relative size
rd _—
max(04, ) 2 C.r rd +10/rd r: Radius
min (|OA|,|OB i
. _ (lo4], |0B]) m™m2+1 » min (51, 52) m™m+1 Len: Length
max(|0A|,|0B|) 2 max(51, 52) 2
rp: Relative position
L2E 2L ——
e E.e - 6: Orientation
N-rs L‘li - N C.r E: eccentricity
L.len + E.ER Ners _— -
dist(L.m, E.cen) C.r+Llen Att: attributes
rd . lentEER 2(o(rd) — 0.5) vd dist(C.cen,L) rd
.len + E. . Jar
1 min (04,0B) pl+1 C.r rd +10/rd ER: Va Ab
. ‘max(04, 0B) 2 B2 N: Normalized
, min (|0A], [0B]) ™2 +1 mid: mid-point
m2 _
y2 max(|04|,|0B|) 2 ¢ ratio _ Ele 3 "
Noro abs(L.6 - E.6) - Ele+E2.e o=
: 180 Ele—E2e+1
IE fide) f - pd: perpendicular
) dist:
z rd dist(E1. cen, E2. cen) rd rance
¢ C" - E1.ER + E2.ER rd +10/rd Ettipse:
N-rs _Lr - R E1.ER a: Semi-maj
C.r+E.ER Ners FLER+ EZER - b: Semi-minor
i - - P, q: centre
rd M 2(a(rd) - 0.5) Nero abs(E1.60 — E2.6) : -
C.r+E.ER ‘ max: maximum
min (04, 0B) +1 P+ 1 | |: absolute
7 —_— £ p .
P max(OA, UB) 2 2 abs: absolute
Node Attributes
Node Attributes Definition Node | Attributes Definition Node | Attributes | Definition
N Standard deviation of the angle that . N Number of pixels on circle N -
Circle | Completeness | " ircle pixels make w.r.t. center Circle | Quality | e ference of circle | | VPS¢ | Eccentricity

sub-graph of nodes
within red box

nl circle

n2 line n4 line

n3 circle

Fig. 8: Extracted features of a shoeprint shown in Fig. 5(a), its ARG and sub-graph of
nodes within red box. The ARG is fully connected and its edges are omitted for clarity.
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The goal is to calculate a node correspondence matrix M = [m;;], where m;;
denotes the amount of weight transferred from Vi; to Va;, which minimizes the
total matching cost Cost(F Py, FPy, M) = Zi\lel Z;Vil m;j * ¢;j, subject to the
following constraints:

mi; >0, 1<i<N,1<j<N, (1)
N2
Zmij <Wi, 1 <i <Ny (2)
j=1
Ny
me<W2j,l<j<N2 (3)
=1
N1 Ny Ny No
szij = mln(z Wli,ZWQj) (4)
i=1 j=1 i=1 j=1

Once the correspondence matrix is found, the FPD is defined as the overall
cost normalized by the sum of all the weights transferred from FP; to F'P;.

N N-
Dicn 2ojoy Mg * Cij

N N:
dic1 Zj221 My

FPD(FP,,FP;) = (5)

5 Clustering Footwear Prints

Clustering algorithms can be generally divided into partition-based, density-
based and hierarchical based methods [14]. Existing clustering algorithms like
K-means, Hierarchical Clustering, and Expectation Maximization requires sim-
ilarity matrix consisting of pair-wise distance between every footwear prints in
the dataset. Building similarity matrix for a large dataset is computationally ex-
pensive. Hence, to cluster the entire dataset we propose using recurring patterns
as fixed cluster center.

Recurring patterns (shown in Fig.9(a)) such as wavy pattern, concentric cir-
cles etc. are common in footwear prints and can be used to represent a group
of similar prints. These patterns are simple in structure and graphs constructed
from them have less number of nodes. Hence, recurring patterns can be used
as query to fetch all similar prints from the database. This drastically reduced
the computation and did not require similarity matrix. Though this clustering
method requires domain knowledge to determine the recurring patterns, it avoids
the problems of deciding the number of clusters beforehand (unlike K-means).

From visual inspection, 25 recurring patterns (shown in Figure9(a)) were de-
termined and used as cluster representatives. FPD between each database print
and every cluster representative was calculated. Then each print was assigned
to the nearest representative, for which the FPD is below threshold T'. If FPD
between a print and cluster representatives are greater than 7', then the print
remains as a single cluster. In our experiments, T was set to 0.15. 1410 shoeprints
were fitted in to these 25 clusters. Remaining 1250 prints were so unique that
each of them was a cluster by itself. Sample clusters are shown in Figure 9(b).
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Fig.9: (a) Cluster Representatives. (b) Sample Clusters.

6 Experiments and Results

A database of 2660 known prints and 100 crime scene marks was used for ex-
periments. Each known print has the meta data such as brand and model of
the footwear, which is useful for linking a suspect’s footwear to a crime scene
mark. In the clustered database, crime scene mark was first matched against
every cluster representative to find the closest cluster, and then matched against
each print in that cluster and the top n matches are retrieved. Retrieval results
for 4 sample marks are shown in Figure 10.
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Fig. 10: Crime Scene marks, their closest cluster and closest matches from the cluster.
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The system’s performance has been evaluated using 100 real crime scene
marks and 1400 degraded prints, which were obtained by applying combinations
of affine transformation, partitioning and noise degradation on certain database
prints. Cumulative Match Characteristic (CMC) [2] was chosen as the perfor-
mance metric because it can answer the question “What is the probability of a
match in the first n percent of the sorted database?”. The probability of a match
(cumulative match score) is estimated by the proportion of times a matching
footwear print appears in the first n percent of the sorted database. SIFT [15]
being a robust image matching algorithm, we compared our system with SIFT.
The CMC curve of our system before clustering and of SIFT are shown in Fig. 11.
CMC curve remains the same before and after clustering but clustering makes
significant improvement in the retrieval speed, which is shown in Table 3.

Dardil et al. [7] are the only one who have worked with real crime scene
marks. They have reported that 73% of the real crime scene marks were found
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Table 3: Retrieval speed

No. of Crime Scene marks
used for experiments

Average Time Taken for
Retrieval Before Clusterin;

Average Time Taken for
Retrieval after Clusterin

100

120 minutes

10 minutes

a

, ————F

oo

a
o—

Cumulative Match Score(%)

<¢-SIFT

-©-ARG

-FPD Retrieval

»-

] : W %
Percentage of database images reviewed

11

Fig. 11: CMC of Our System and SIFT on Retrieval of Crime Scene Marks.

in the top 10% of database prints but they have tested their system with only
87 known prints and 30 real crime scene marks. From CMC of our system, it
is clear that, 91% of matching prints for the crime scene marks were found
in the top 10% of the database prints. Table 4 compares our work with the
state of the art techniques and our system performed better than the others for
full prints, partial prints and real crime scene marks. Accuracy of 100% with
degraded full and partial prints demonstrates the invariance of our system to
affine transformation and robustness against noise and degradations.

Table 4: Comparison of ARG-FPD with the State-of-the-art

State-of: Query from the learning set / similar to one in leaining set Experiments
=01- Full print Partial print T Q .
. o To < e <0 CMS at CMS at CMS at msac | WsingReal Crime | Shortcoming Dataset
the-art CMSatl% | CMSats% 10% 19% o 10% Scene marks
Chazal et al.2] Locks Scaling | datasss of Forensic
Tsi ver 5 s Scaling atas rens
S]::‘;:nﬁ E‘:::iltv) o4 87 20 50 70 71 invariance. Science Laboratory,
" “ ? Dublin, Ireland
Zhang et al. [3] - R
: . 512 prints from
(Using Edge = Not tested with . ;
Direction 85.4 95 97.44 partial prints. Fmte;)‘& AFreem‘m
Histogram) ataset
Pavlou et al. [4]
(Using Gradient Not tested with | 368 prints provided
Location and 86 90 93 85 90 92 real crime by Forensic Science
Orientation scene marks Services dataset, UK
Histogram)
Crookes etal. [5] Tested with only | 500 clean prints and
In(g;:nlg;r::;) 100 100 100 100 100 100 synthesized SoCs | 50 degraded prints
o :
Crookes etal. [5] Lacks 100 clean prints and
(Using phase only 100 100 100 100 100 100 rotational 64 synthetic scene
correlation) invariance images
Gueham et al. [6] - 100 prints from
(Using Advanced Tested only
B . 95.68 N N Foster & Freeman
Correlation with 100 prints .
Filters) Dataset
CMS at10%is 730 | Testedonly | ooy
i) of o N . ki prints and
Dardil et al. [7] S a5 is 400 | R STRROWR [ 30 ) rime scenes
(Using texture) prints and 30 .
CMS at 1% is 10% SoCs from ENSFI group
CMS at 10% is 91% 1400 degraded prints,
ARGFED 1 100 100 100 | 100 | 100 | 100 | cwsa s 90% 100real ctime scenes
Approac] NS ot 190 15 TLon .
ppros CMS at 1% s T1% 2660 known prints
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7 Conclusion

The proposed Attributed Relational Graph representation of footwear prints
works well with crime scene marks. Our system is invariant to affine transfor-
mation and robust against noise and various image degradations. Performance
of the system clearly shows that fundamental shapes in shoes are one of the
most reliable features, ARG is a robust descriptor of these features and FPD
is an ideal similarity measure to match partial and degraded prints. Clustering
using recurring patterns is a promising method to cluster footwear prints and it
certainly enhances the retrieval speed with same accuracy.
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