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a b s t r a c t

Objectives: Traditional Bloodstain Pattern Analysis (BPA) estimates impact angles for bloodstain spatters
by employing ellipses and an inverse sine. This approach is based upon a simplification of the stain
formation process, and ignores the physical properties of blood, and its intricate interactions with the
target surface. This research presents a data-driven approach, starting from experimental bloodstain
spatters. No assumptions about the shape of stains or about the relation between the shape and their
impact angle are made a priori.
Materials and methods: Experimental bloodstain data is gathered, after which shape variations are
extracted by employing an Active Shape Model. A non-linear regression is then used to explain the
relation between stain shape and impact angle.
Results: Experimental results show that traditional width–length ratios may deviate from the assumed
inverse sine. The proposed approach, on the other hand, closely follows the experimental data through
its regression. Additional experiments have shown an increased accuracy on impact angle estimates for
the proposed approach when compared to automatic ellipse fitting.
Conclusion: The proposed method performs better than automatic ellipse fitting. The higher accuracy
and faster and more objective analysis suggest that the developed model is applicable in real-life
scenarios, and can provide a valuable update to Bloodstain Pattern Analysis.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Bloodstain Pattern Analysis (BPA) is a subspecialty in forensic
sciences, borrowing from fields as chemistry, biology and physics.
The calculation of impact angles for bloodstains is an important part of
this process, as the area of origin (AO) for a set of stains can be found
through stringing [1], the tangent method [1], or directional analysis
[2]. One specific type of pattern, named spatter stains, is the result of a
force and energy transfer on liquid blood, resulting in spherical- to
exclamationmark-like droplets on the impacted surface, depending on
impact velocity and impact angle. By calculating the impact angle for a

set of stains, and by analyzing the intersections of the approximated
trajectories, an estimate of the area of origin can be obtained. This,
together with other medico-legal findings, can help the analyst and
forensic pathologist in estimating the location of the victimwithin the
crime scene during (subsequent) impact(s), potentially confirming or
refuting a suspect's statement in a crime scene investigation [3].

Generally, impact angles for bloodstain spatters are calculated by
approximating the stain's outline by an ellipse. Balthazard [4]
demonstrated that the ratio of the minor over the major axis of this
ellipse is related to the angle at which the stain impacted the surface.
This technique, referred to as ellipse fitting, simplifies the compli-
cated process of stain formation to a projection of a spherical droplet
onto a flat surface. Bevel and Gardner [1] state that an accuracy of
5–71 on the impact angle can be obtained. They also argue that this
number can be improved to about 31 of accuracy whenworking with
impact angles of 451 or less. The approach of fitting an ellipse to a
stain, and consequently using the width and length of that ellipse to
predict the stain's impact angle is therefore useful in practice. Several
computer-assisted methods have also been introduced, relieving
some of the analysts' work. HemoSpat [5] and BackTrack [6] are
two example software packages, employing (semi-) automatic ellipse

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jofri

Journal of Forensic Radiology and Imaging

http://dx.doi.org/10.1016/j.jofri.2014.09.004
2212-4780/& 2014 Elsevier Ltd. All rights reserved.

n Corresponding author at: KU Leuven, Department of Electrical Engineering,
ESAT/PSI, Medical Image Computing & UZ Leuven, Medical Imaging Research
Center, University Hospital Gasthuisberg, Herestraat 49 – bus 7003, B-3000 Leuven,
Belgium. Tel.: þ32 16 34 90 45.

E-mail addresses: philip.joris@esat.kuleuven.be (P. Joris),
wim.develter@uzleuven.be (W. Develter), els.jenar@uzleuven.be (E. Jenar),
paul.suetens@esat.kuleuven.be (P. Suetens),
dirk.vandermeulen@esat.kuleuven.be (D. Vandermeulen),
wim.vandevoorde@uzleuven.be (W. Van de Voorde),
peter.claes@esat.kuleuven.be (P. Claes).

Journal of Forensic Radiology and Imaging 2 (2014) 188–198

www.sciencedirect.com/science/journal/22124780
www.elsevier.com/locate/jofri
http://dx.doi.org/10.1016/j.jofri.2014.09.004
http://dx.doi.org/10.1016/j.jofri.2014.09.004
http://dx.doi.org/10.1016/j.jofri.2014.09.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jofri.2014.09.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jofri.2014.09.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jofri.2014.09.004&domain=pdf
mailto:philip.joris@esat.kuleuven.be
mailto:wim.develter@uzleuven.be
mailto:els.jenar@uzleuven.be
mailto:paul.suetens@esat.kuleuven.be
mailto:dirk.vandermeulen@esat.kuleuven.be
mailto:wim.vandevoorde@uzleuven.be
mailto:peter.claes@esat.kuleuven.be
http://dx.doi.org/10.1016/j.jofri.2014.09.004


fitting in their analysis. They both provide tools for estimating impact
angles and calculating corresponding AOs. Reynolds et al. also use a
computer to manually fit ellipses to stains, employing Microsofts

Office Excels 2003 AutoShapes [7]. Another way to manually fit an
ellipse to a stain using a computer was described in [8], where
Microsofts Office Visios Professional 2003 was used. A fully auto-
mated approach is proposed in [9], where the authors employ simple
image processing techniques to enclose bloodstains in a rectangle.
The rectangle is then subdivided into 4 quadrants, which are
subsequently used to estimate the width, length and direction of
the stain. Though ellipses are not explicitly used here to obtain the
stain's dimensions, they are implicitly defined by the width and
length of the stain. Shen et al. [10] also propose an automated
approach, where stain photographs are first rectified using tile-based
markers, after which automatic ellipse fitting is used to analyze
individual stains. The approach includes special rules for dealing with
stains from oblique impact angles, avoiding elongation of the ellipse
towards the tails of such stains.

All aforementioned approaches work according to the principle of
(explicit [5–10] or implicit [9]) ellipse fitting, and thus use a stain's
width and length to determine its impact angle. They are all based on
the assumption that any stain can be approximated by an ellipse. It is
also assumed that the inverse sine of the width-to-length-ratio of the
fitted ellipse predicts the impact angle of the stain. These assumptions
are based on the simplification of the stain formation process as
proposed by Balthazard in [4]. Numerous physical interactions (such as
oscillations, air resistance or surface friction [11]) are ignored in this
model, and can cause true stain shapes to deviate from the assumed
ellipse or may cause the inverse sine model to perform worse. This
article therefore proposes a fundamentally different assumption free
point-of-view, using a data-driven approach. No assumptions about
the shape of the stains (and thus the underlying formation process)
are made. Instead, a database of impact stains with known impact
angles is created. From these stains, variations in shape are auto-
matically learned (as opposed to being derived mathematically) and
captured by a statistical shape model. This statistical model is then

linked to impact angles through a polynomial regression. The model is
extended with automatic and robust fitting, enabling the automated
analysis of new bloodstains. Using automatic fitting, as opposed to
manual model fitting (ellipse or other), allows for an objective analysis,
while tail information is automatically ignored. In addition, experi-
mental results suggest an increased accuracy with respect to (auto-
matic) ellipse fitting.

2. Materials and methods

2.1. Approach overview

Fig. 1 gives an overview of all the steps involved in developing and
using the Active Bloodstain Shape Model (ABSM). It all starts with
stain image data (colored yellow), acquired from one of two sources:
firstly, stains with known impact angles come from controlled
experiments (Section 2.2.1), and are used to train the ABSM; secondly,
stains with unknown impact angles come from real crime scenes, or
from experimental data where the known angle has been hidden for
validation purposes. All stains are first partially pre-processed (colored
red, Section 2.2.2) by extracting their contour. This step is performed in
both training and application phases. If the stain is intended for
training purposes, it is further pre-processed to remove its tail
(manually), and place landmarks along its contour (Section 2.3.1). If
it is not intended for training, no further pre-processing takes place.
Model training (colored green) is achieved by superimposing the
landmark training data (Section 2.3.2), after which a Principal Com-
ponent Analysis (PCA, Section 2.3.3) is used to automatically learn
shape variations from the superimposed data. A polynomial regression
is then used to link shape variations to impact angles (Section 2.3.4),
completing the ABSM. Non-training stains only have their contour
extracted. The ABSM will process them directly (colored blue, Section
2.4), mimicking the models application in practice as closely as
possible. An initial robust alignment between model and stain is
obtained, after which robust fitting is used to fit the model the new

Fig. 1. Overview of the ABSM training and application steps. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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