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a b s t r a c t

In the last few years, the study of cut marks on bone surfaces has become fundamental for the inter-
pretation of archaeological sites and prehistoric butchery practices. Due to the difficulties in the correct
identification of cut marks, many criteria for their description and classifications were suggested. This
article presents an innovative methodology which supplements the microscopic study of cut marks.
Despite the benefits of using scanning electron microscopy (SEM) for the two-dimensional identification
of these marks, it has a number of drawbacks such as the high costs and, consequently, the limited
sample studied. In this article, a low-cost technique for the analysis of cut mark micromorphology from a
tri-dimensional perspective is introduced. It provides a high-resolution approach to cut mark charac-
terisation such as morphology, depth, width, and angle estimation as well as section determination,
measured directly on the marks on bones. Macro-photogrammetry records quantitative and qualitative
information which can be statistically processed with standard multivariate and geometric morpho-
metric tools.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Lartet (1860), Peale (1870), Lartet and Christy (1875) and Martin
(1909) were pioneers in the study of cut marks in the late 19th and
early 20th centuries. They observed the presence of marks in
archaeological assemblages, but did not engage into any fine-
detailed analysis of them. During the 20th century, several
scholars observed, classified and described cut marks, amongst
which the seminal studies by White (1952, 1953, 1954, 1955),
Binford (1981), Bunn (1982) or Shipman (1981) should be empha-
sized. In the last few years, the analysis of cut marks has become
extremely relevant in the interpretation of the archaeological re-
cord, as it has offered evidence to interpret such diverse behaviours
as hunting by Olduvai hominins 1.8 Myr ago (Bunn and Kroll, 1986;
Domínguez-Rodrigo et al., 2007), or the replacement of lithic
butchery tools by metal ones during the Holocene (Greenfield,
1999, 2004).

In the past 20 years, cut mark analysis has become more so-
phisticated. Experimental recreation of cut mark frequencies and
at�e Gonz�alez), joyravedra@
�alez-Aguilera).
their anatomical location on ungulate carcasses were considered
(Capaldo, 1997; Domínguez-Rodrigo, 1997), as well as replications
of different butchery processes such as filleting, dismembering or
evisceration (Binford, 1981; Lyman, 1987; Nilsen, 2001; Gal�an and
Domínguez-Rodrigo, 2013). Others studies focused on discrimi-
nating cut marks from other processes such as trampling (Shipman,
1981; Shipman and Rose, 1983; Behrensmeyer et al., 1986;
Domínguez-Rodrigo et al., 2009), or characterizing the raw mate-
rial of the cutting tool: flint, obsidian, metal, quartz (Olsen, 1988;
Greenfield, 1999, 2004, 2006a, b; Bello and Soligo, 2008; Yravedra
et al., 2009), shell (Choi and Driwantoro, 2007), or bamboo
(Spennerman, 1990; West and Louys, 2007). Other research
addressed cut mark morphology according to stone tool type (i.e.
simple or retouched flakes, handaxes) (Walker, 1978; Shipman and
Rose, 1983; Bello et al., 2009; Domínguez-Rodrigo et al., 2009; De
Juana et al., 2010; Gal�an and Domínguez-Rodrigo, 2013).

In these studies, cut mark morphology analyses were restricted
to optic microscopy, hand lenses and SEM (Shipman, 1981; Olsen,
1988; Greenfield, 1999, 2004, 2006a,b; Smith and Brickley, 2004;
Lewis, 2008), binocular microscope for high resolution
pictures (Domínguez-Rodrigo et al., 2009; De Juana et al., 2010;
Marín-Monfort et al., 2014), digital imaging techniques
(Gilbert and Richards, 2000), three-dimensional reconstruction
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(Bartelink et al., 2001; During and Nilsson, 1991; Kaiser and
Katterwe, 2001), 3D digital microscope (Boschin and Crezzini,
2012; Crezzini et al., 2014), and a recent technique based on the
use of Alicona 3D Infinite Focus Imaging microscope (Bello and
Soligo, 2008; Bello et al., 2009; Bello, 2011; Bonney H., 2014).

These techniques basically recorded the main features of cut
mark morphology (i.e. V-section of cut mark grooves) including
variable length, width and depth depending on tool type, its raw
material and bone morphology, inasmuch as the presence of in-
ternal microstriations which may be associated with secondary
features such as barbs, shoulder effects or Hertzian cones (e.g.
Martin, 1909; Binford, 1981; Shipman, 1981; Shipman and Rose,
1983). Although in most cases cut marks were described
following two-dimensional observations, Bello and co-authors
Table 1
Technical specifications, usage and classification of the tools used.

Tool Classification Working

Trinocular stereoscopic
microscope with image
sensor.

Passive
sensor

An image sensor is installed in the th
channel of the microscopy and its op
objective.

Microscopic multifocal
motorized with
high-resolution digital
camera included

Passive
sensor

It corrects the limited field depth ofm
when the focal length, focus distance
opening are reduced. The user has to
and the nearest point of the object. T
function takes those points as a refer
automatically makes a sequence of int
of the same scene, changing the focu
joins those images and generates a si
photography with each element focu
way.

Digital portable
microscopic USB

Passive
sensor

The images obtained are only visible
software. A photograph collection is n

Reflex camera þ Reverse
mounting adapter of
objective

Passive
sensor

The reverse mounting adapter of obje
accessory placed between the body o
the objective, which is placed in a rev
simulates a macro objective.

Reflex camera þ Extension
Tubes of Objective

Passive
sensor

The extension tubes of the objective
placed between the body of the came
objective, reducing the minimum len
simulates a macro objective.

Reflex camera þ Close-Up
lens Macro Filter Set

Passive
sensor

The close-up lens macro is a filter scre
the objective which increasing the im
a loupe effect. It simulates a macro o

Reflex camera þ Macro
Objective

Passive
sensor

Sensor system of images invented to
distances, enlarging the elements foc
times. The result is high quality phot

Metrological Laser Scanner Active
sensor

Metric recorder of an object with coor
a 3D model is obtained.

Structured Light 3D
Scanner

Active
sensor

System made up of a camera, a proje
calibration board. It must be first cali
camera and the projector in 15� and 2
the calibration board. The projection
calibration board completely. The sca
calibration board is specified in the s
exposition of the camera is adjusted a
camera and the projector are verified
needs to be calibrated as well. The ca
projector must be fixed. The object su
calibration board. The pictured is sca
points cloud or a 3D model of the ob
have used Alicona to interpret cannibalistic and funerary prac-
tices (Bello and Soligo, 2008; Bello et al., 2011a, 2015; Schulting
et al., 2015), as well as to study teeth and the use of the mouth as
a third hand (Hillson et al., 2010 Bello et al., 2011b). They also
applied this method to the interpretation of engraved bones and
antlers (Bello et al., 2013a) and the use of these materials as retouch
tools and hammers (Abrams et al., 2014; Bello et al., 2013b). Boschin
and Crezzini (2012) exemplified their technique in the analysis of
archaeological collections to distinguish cut-marks produced by
metal from stone-tool damage. The application of 3D technology
was also used for engraved pottery (Montani et al., 2012) and
prehistoric art (Güth, 2012).

The present article describes a methodology which overcomes
the limitations implied in the use of microscopes -i.e. restricted
Technical specifications

ird observation
tical is used as the

� Euromex NOVEX AR Trino (Continuous Zoom 1X a
4X) þ Reflex Camera Nikon D5100 (sensor CMOS de
23.6� 15.6 mm de 16.2 MP)þ Camera Adapter T-System.

� Motic DM-39CeN9GO A (Fixed Zoom 2X a 4X) with
digital camera included (CMOS 1/200 3 MP, Pixel matrix
2048 � 1536).

� Motic SMZ-143 (Continuous Zoom 1X a 4X) þ Reflex
Camera Nikon D5100 (sensor CMOS of 23.6 � 15.6 mm of
16.2 MP) þ Camera Adapter T-System.

acro-photography
and diaphragm
focus the furthest
he microscopic
ence and
ermediate images
s point. Finally, it
ngle clear
sed in a precise

� Leica M 205C (Continuous Zoom 0.7X a 160X) þ Sensor
DFC 450 (CCD e ICX282 8.7 � 6.5 mm, 5 MP).

by computer
eeded.

� Digital portable microscopic USB Celestron (Continuous
Zoom 1X a 4X y 15x fixed). Digital camera (CMOS
1.3 MP, Pixel matrix 1280 � 1024).

ctive is an
f the camera and
erse position. It

� Reflex camera Nikon D5100 (sensor CMOS of
23.6 � 15.6 mm of 16.2 MP, pixel size of
4.78 mm) þ Objective 18e55 mm þ Reverse mounting
adapter of objective of 52 mm.

are an accessory
ra and the
s focus distance. It

� Reflex camera Nikon D5100 (sensor CMOS of
23.6 � 15.6 mm of 16.2 MP pixel size of
4.78 mm) þ Objective 18e55 mmþ Aluminium Extension
Tubes of Objective of lengths 12 mm, 20 mm y 36 mm.

wed at the end of
age area, creating
bjective.

� Reflex camera Nikon D5100 (sensor CMOS de
23.6 � 15.6 mm of 16.2 MP pixel size of
4.78 mm) þ Objective 18e55 mm þ 52 mm Close-Up lens
Macro Filter Set of 1X, 2X, 4X and 10X.

focus at short
used three to four
ographs.

� Reflex camera Canon EOS 50D (Sensor CMOS (APS-C) of
22.3 � 14.9 mm of 15.1 MP, pixel size of
4.7 mm) þ Objective SIGMA 50 mm 1 2.8 dg macro

dinates. As result, � Hexagon Metrology Absolute Arm 7325SI. Measuring
Range 2.5 m. Probing Point Repeatability ±0.079 mm.
Probing Volumetric Accuracy ±0.069 mm. Scanning
System Accuracy ±0.042 mm. Max. Point acquisition rate:
50.000 Points/s. Line Rate: 30 Hz. Accuracy (2 sigma):
30 mm).

ctor and a
brated placing the
5� angles towards
must cover the
le of the
oftware, the
nd the focus of the
in the tools. It
mera and the
bstitutes the
nned and a 3D
ject is made.

� David Structured Light Scanner SLS-2. Scan size: 60
e500 mm. Resolution: Up to 0, 1% of scan size (down to
0.06 mm). Scanning time: One single scan within a few
seconds. Mesh density: Up to 1,2000,000 vertices per
scan ¼ ACER K132 þ Structured Light Projector þ DAVID
USB CMOS Monochrome Camera with Lens þ DAVID
Structured-Light Calibration Panels Set.



Table 2
Advantages and disadvantages of the different tools and techniques and if the method is appropriate or not.

Tools Description of the technique Advantages Disadvantages Conclusion

Trinocular stereoscopic
magnifier with
sensor of images.

Production of macro photography
to use macro-photogrammetric
techniques with vertical
photograph captures.

þ The photographic sensor uses the
microscopy optical as objective,
taking detail photographs.

þ Very poor photograph quality if the object has
relief. Due to the limited field depth, the
photography looks badly focused.

þ It is not possible to take convergent
photographs; they can only be perpendicular to
the object.

þ It is a static tool: the object should bemoved (not
practical for photogrammetry).

þ Short distance between the object and the tool to
make a right 3D reconstruction.

þ Static, heavy and difficult to use tool.
þ In some cases, bad illumination of the object.
þ Data collection and processing protocols are

slow.

þ Perpendicular photograph capture at short
distance does not generate quality
geometric models.

þ Unfocused photograph of objects with relief.
þ The 3D models obtained do not have relief,

they are flat.
NO APPROPRIATE TECHNIQUE

Microscopic multifocal
motorized with
high-resolution
digital camera
included

Production of macro photography
to use macro-photogrammetric
techniques with vertical
photograph captures.

þ Specific tool to make high detail and
quality photographs of flat objects
and elements with relief due to the
internal system which creates a
focused photograph from different
joined images.

þ It is not possible to take convergent
photographs; only pictures perpendicular to the
object are taken.

þ It is a static tool: the object should bemoved (not
practical for photogrammetry).

þ Short distances between object and tool to make
a good 3D reconstruction.

þ The pixels of the photograph generated by the
microscopy are modified due to the matching
images.

þ Static, heavy and difficult to use tool.
þ Data collection and processing protocols are

slow.

þ Perpendicular photograph capture at short
distance does not generate quality
geometric models.

þ In the areas where the photography has a
bigger alteration of pixels, the
reconstruction of 3D models shows
deformations.

þ The 3D models obtained do not have relief,
they are flat.

NO APPROPRIATE TECHNIQUE

Digital portable
microscopic USB

Production of macro photography
to use macro-photogrammetric
techniques with vertical and
convergent photograph captures.

þ High detail photographs can be
made.

þ It is possible to see the microscopic
image directly on the computer
screen.

þ Effective.

þ Very low photographic quality, bad focus due to
the little depth of field.

þ Short distance between the object and the tool to
make a right 3D reconstruction.

þ Data collection and processing protocols are
slow.

þ Digital images do not have enough quality.
þ Very distorted models, with no quality.
NO APPROPRIATE TECHNIQUE

Reflex
camera þ Reverse
mounting adapter
of objective

Production of macro photography
to use macro-photogrammetric
techniques with vertical and
convergent photograph captures.

þ Low cost macro photograph.
þ Good quality of image.

þ For convergent photography, the focus is bad in
the extreme cases.

þ For perpendicular photography, the distance
between the object and the tool is still small to
get a good 3D reconstruction.

þ Data collection and processing protocols are
slow.

þ In the cases of parallel photographs, the
short distance capture of the object cannot
generate good quality geometric models.

þ In the case of convergent photography, the
photography capture with the biggest
perspective has a focus problem.

þ The 3D models obtained do not have relief,
they are flat.

NO APPROPRIATE TECHNIQUE
Reflex

camera þ Extension
Tubes for the
Objective

Production of macro photography
to use macro-photogrammetric
techniques with vertical and
convergent photograph captures.

þ Low cost macro photograph. þ Poor photographic quality.
þ When the objective is opened out, little light is

available, so better lighting is necessary.
þ For convergent photographs, the focus is not

appropriated for the extremes.
þ For perpendicular photographs to the base line,

the distance between the object and the tool is
still small to get a good 3D reconstruction.

þ Data collection and processing protocols are
slow.

þ Digital images of objects with relief do not
have enough quality due to limited focus.

þ In the cases of parallel photographs, the
short distance capture of the object cannot
generate good quality geometric models.

þ In the case of convergent photography, the
photography capture with the biggest
perspective has a focus problem.

þ The 3D models obtained from vertical
photography do not have relief, they are flat.

þ The 3D models obtained from the
convergent photographs become distorted.

NO APPROPRIATE TECHNIQUE
þ Low cost macro photograph.

M
. �A.M

at �e
G
onz �alez

et
al./

Journal
of

A
rchaeologicalScience

62
(2015)

128
e
142

130



Reflex camera þ
Close-Up lens
Macro Filter Set

Production of macro photography
to use macro-photogrammetric
techniques with vertical and
convergent photograph captures.

þ Increased objective optical distortion, more
anomalies.

þ Poor photographic quality.
þ For convergent photograph, the focus is

unsuitable for the extremes.
þ For perpendicular photographs to the base line,

the distance between the object and the tool is
still small to get a good 3D reconstruction.

þ Data collection and processing protocols are
slow.

þ Digital images of objects with relief do not
have enough quality due to limited focus.

þ In the cases of parallel photographs, the
capture at a short distance to the object
cannot generate good quality geometric
models.

þ In the case of convergent photographs, the
collection at a large perspective has a focus
problem.

þ The 3D models obtained from vertical
photographs do not have relief, they are flat.

þ The 3D models obtained from the
convergent photographs become distorted.

NO APPROPRIATE TECHNIQUE
Reflex camera þ Macro

Objective
Production of macro photograph to
use macro-photogrammetric
techniques with vertical and
convergent photograph captures.

þ Good quality of image.
þ For convergent photograph, the

focus is good in the extremes.

þ For perpendicular photographs, the distance
between the object and the tool improves
considerably but it is still not sufficient to get a
good 3D reconstruction.

þ In the cases of parallel photographs, the
capture at a short distance to the object
cannot generate good quality geometric
models.

þ The 3D models produced from vertical
photographs do not have relief, they are flat.

NO APPROPRIATE TECHNIQUE
þ Convergent photography: high quality 3D

models.
APPROPRIATE TECHNIQUE

Metrological Laser
Scanner

Production of high-resolution 3D
models for the use of computational
vision techniques.

þ Fast data collection protocol. It is
possible to scan many pieces in a
short time.

þ The scanning provides a metric
model to scale.

þ Poor scan resolution. þ The metrological laser scanner does not have
enough resolution to capture cut marks.

NO APPROPRIATE TECHNIQUE

Structured Light 3D
Scanner

Production of high-resolution 3D
models for the use of computational
vision techniques.

þ Once the system is configured, the
data collection protocol is fast. It is
possible to scan many pieces in a
short time.

þ The scanning provides a metric
model to scale.

þ Low cost system.

þ It is difficult to get good results. Significant
differences between outputs.

þ Difficult to find an effective protocol for data
collection, which allows obtaining always a
good result without variations among
different captures.

NO APPROPRIATE TECHNIQUE
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Fig. 1. Macro-photogrammetric protocol to generate the 3D model of cut marks.
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access due to high costs-by reducing analytical costs and, conse-
quently, enlarging the sample to be tested. This technique in-
corporates treatment of high-resolution images with macro-
photogrammetry and computer visualisation for tri-dimensional
reconstruction of cut marks on bones. These micromorphological
data are later analysed in both qualitative and quantitative terms.

2. Materials and methods

In this study, different criteria were used (Table 1) for a mor-
phometrical characterisation of cut marks on bones. A total of 15
cut marks made with a stainless steel knife (Molybdenum Vana-
dium C 0.5 CR 14 MO 0.5 VA 0.25) on three long bone diaphysis and
a lamb scapula were examined with macro-photogrammetric and
computer vision techniques which included different tools of
microscopic and laser technology (Table 1). A single right-handed
person performed all the marks on lamb fresh bones. The bones
were later cleaned by boiling in tap water for the analyses.

The preliminary analysis showed that macro-photogrammetric
techniques using photographs taken with a reflex camera with a
macro function provided a better resolution than alternative ap-
proaches. Table 2 presents the advantages and disadvantages for
each of the techniques used.

2.1. Macro-photogrammetric technique

A three-dimensional model of quantitative and qualitative in-
formation about the cut mark was drawn from a series of images
and following an easy application protocol (see subsection 2.1.1.).
Some of the most critical steps in the process were the orientation
of the images regarding their angular and spatial positions, and the
determination of the internal parameters of the camera (self-cali-
bration). Fig. 1 illustrates the different steps involved in the macro-
photogrammetric and computational vision method used for 3D
modelling of images.

2.1.1. Image capture protocol
The methodology for macro-photogrammetric analysis required

placing a millimetre scale next to the cut mark to be photographed
so as to provide a precise measurement reference (Fig. 2).
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Specimens were individually placed on a photographic table
with lighting adjusted to keep the bone permanently well illumi-
nated. The photographic sensor had to be configured at the
beginning of the process to adjust focus and brightness. Several
tests of different exposition and opening of the diaphragm were
needed to verify the optimal parameters, as well as to calculate the
distance needed for a good definition of the cut mark. Both the
exposition moment of the camera and lighting remained constant
during the image data capture.

For the capture of images, two kinds of configurations were fol-
lowed: the parallel photography method (Fig. 3a) and the oblique
and convergent photographymethod (Fig. 3b). The distance between
the camera and the object was approximately 100e120 mm.

Parallel photography was composed of images captured at a
perpendicular axis regarding the object photographed. Each picture
was parallel, creating coplanar plans to the object with a minimum
overlapping of 80% (Fig. 3a). Convergent photography, on the other
hand, required taking photographs which converge in a point and
do not need to be parallel (Fig. 3b). In this case, overlapping of
photographs must be complete (100%). Furthermore, the two
adjacent camera stations had to be generally placed at an inter-
section angle of about 15� to the object.

Both configurations presented certain advantages and disadvan-
tages. The main advantage of parallel photogrammetry was to avoid
the perspective becoming distorted. On the other hand, ray inter-
section geometry was rather poor, but it was especially important to
have a good parameter when reconstructing depth and relief.
Convergent photogrammetry offered a better ray intersection ge-
ometry, although the perspective became somewhat distorted,
affecting the automatic reconstruction process.

The number of photographs for each model depended on the
size and features of the relevant cut marks on the bone, as well as
its position on either a flat or a bended plane.

Once the photographs had been taken, they were processed so as
to generate a 3D model for each mark. Consequently, the photo-
graphs were treated with a photogrammetric reconstruction soft-
ware such PW (Photogrammetry Workbench) (Gonz�alez-Aguilera
et al., 2013) or another reconstruction software such Agisoft photo-
scan. PW software followed the workflow presented in Fig. 1.
Fig. 2. Photography of cut marks. The millimetre reticule can be seen next to the
marks.
2.1.2. Hierarchical orientation of images and self-calibration
The automatic orientation of the angular and spatial position of

the images required the previous drawing and matching of certain
features (i.e. points of interest). In particular, a variation in the al-
gorithm SIFT (Scale-Invariant Feature Transform) (Lowe, 1999)
called ASIFT (Affine Scale Invariant Transform) (Morel and Yu,
2009) had to be added, to improve the data collection by, for
instance, considering two additional affinity parameters for
perspective control (i.e. the two perspective angles of the optical
axis of the camera, 4 (tilt) angle and 6 (axis) angle (Equation (1))).
Therefore, the ASIFT algorithm was useful for the manipulation of
images in perspective, frequent in these cases. The result was a
keypoint algorithm, which presented no variation regardless of
scale, rotation, movement, or main deformations caused by the
different perspectives of the images. The following expression
summarises the resulting affine scale invariant transformation:

A ¼
�
a b
c d

�
¼ HlR1ðkÞT1R2ð6Þ

¼ l

�
cos k �sin k

sin k cos k

�
$

�
t 0
0 1

�
$

�
cos 6 �sin 6

sin 6 cos 6

�
(1)

where A was the affine transformation with the l scale, and k the
rotation of the optical axis (swing). The perspective parameters for
the inclination of the optical axis of the camera were represented
by 4 (tilt) ¼ across (1/t), the angle between the optical axis and the
normal of the image plane and6 (axis), the azimuth angle between
the optical axis and a fixed vertical plane.

Taking into account the data generated by ASIFT, the image was
oriented following a double procedure involving computer vision
and photogrammetry to reach an approximate orientation of the
images in an arbitrary coordinates system (computer vision) which
could be later refined and improved to assemble the images
(photogrammetry).

It was necessary to relatively orientate the images by using in-
dependent models, as well as calculating the fundamental matrix
using the LongueteHiggins algorithm (Longuet-Higgins, 1987). One
of the main advantages of the fundamental matrix was its inde-
pendence from the scene pictured. Therefore, the matrix could be
calculated from the corresponding point in the image, regardless
the internal parameters and original approximations of the cam-
eras. The fundamental matrix was defined by the following Equa-
tion (2):

x0TFx ¼ 0 (2)

For each pair of matching points xi 4 x0i (8 minimum), Equation
(3) calculated the fundamental matrix. More specifically, by writing
x¼ (x,y,1) and x0 ¼ (x0,y',1)T, each matching point created a linear
equation,

x0xf11 þ x0yf12 þ x0f13 þ y0xf21 þ y0yf22 þ y0f23 þ xf31
þ yf32 þ f33 ¼ 0

(3)

It should be noted that this procedurewas completely automatic
compared with other photogrammetric approaches where the user
needed to set the initial approximations and know the internal
parameters of the camera. Secondly, once the relative angular and
spatial position of the images were established, a comprehensive
bundle adjustment was made by an iterative and least-squares
process based on the co-linearity condition (Kraus, 1993) and
adding the object coordinates for fully georeferencing the images
(Equation (4)). Object coordinates were incorporated into the



Fig. 3. (a) Parallel photography capture. (b) Oblique and convergent photography capture.
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orientation process from the millimetre reticule placed on the ob-
ject (Fig. 2). When the internal calibration parameters (i.e. focal
length, principal point and lens distortion) were unknown, this step
adds to the equation the camera calibration parameters as un-
known quantities (self-calibration).

ðx� x0Þ þ Dx ¼ �f
r11ðX � SXÞ þ r21ðY � SYÞ þ r31ðZ � SZÞ
r13ðX � SXÞ þ r23ðY � SYÞ þ r33ðZ � SZÞ

ðy� y0Þ þ Dy ¼ �f
r12ðX � SXÞ þ r22ðY � SY Þ þ r32ðZ � SZÞ
r13ðX � SXÞ þ r23ðY � SY Þ þ r33ðZ � SZÞ

(4)

where x and y were the image coordinates; X, Y, Z were the object
control points coordinates, corresponding to themillimetre reticule
Fig. 4. Cut marks analysis: cross sections from di
placed on the object which placed the scale in the scene; rij were
the rotation matrix elements, including the rotation of the camera;
SX, SY, SZ were the object coordinates of the camera viewpoints; f
was the main distance; x0, y0, the main point coordinates of the
image; and DX, DY represented the translations due to the radial
and tangential distortion of the lens. In case these internal pa-
rameters of the camera were unknown, they were thus indicated
(self-calibration) in the calculation of the global adjustment.

2.1.3. Dense model generation
The dense matching process started with the robust image

orientation, based on the semi-global matching technique (SGM)
(Hirschmuller, 2005; Deseilligny and Clery, 2011). The projective
Equation (5) generated a dense model from the identification of a
3D coordinate per pixel.
fferent relative positions along the cut mark.



Fig. 5. Representation of the measures for each mark cross-profile (following Table 3), and the location for the 7 landmarks used in the morphometric analysis (LM 1e7).
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xk ¼ CðDðRiðXk � SiÞÞÞ (5)

Where X was the 3D point; x was the point corresponding to the
image; R was the camera rotation matrix; S was the camera pro-
jection centre; C was the internal calibration function; D was the
lens distortion function, and the subscripts k and i were related to
point and image, respectively.

The SGM process consisted of minimising an energy function (6)
through the eight basic directions a pixel could follow (every 45�).
This function was integrated by a cost function (i.e. M, pixel
matching cost), which reflected the similarity of the pixels in two
images (x and x0), together with the incorporation of two re-
strictions, P1 and P2, which showed the possible presence of outliers
in the SGM process. In addition, a third constraint was added to the
SGM process: epipolar geometry, derived from photogrammetry
(Hartley and Zisserman, 2003). It restricted the search space per
pixel in order to reduce the huge computational cost involved. As a
result, it generated a dense model with multiple images, obtaining
optimal processing times.

EðDÞ ¼
X
x

 
Mðx;DxÞ þ

X
x02Nx

P1T ½jDx � Dx0 j ¼ 1�

þ
X
x02Nx

P2T ½jDx � Dx0 j>1�
! (6)
Table 3
Measurements used to characterize the cut mark sections as described in
Fig. 5.

WIS Width of the incision at the surface
WIM Width of the incision at the mean
WIB Width of the incision at its bottom
OA Opening angle of the incision
D Depth of the incision
LDC Left depth of the incision convergent
RDC Right depth of the incision convergent
ATI Angle of the tool impact
Where E(D)was the energy function to beminimised on the basis of
the disparity (parallax) between homologous features; the function
C (pixel matching cost) evaluated the level of similarity between
the pixel p and its counterpart q through the disparity Dp, while P1
and P2 corresponded to two restrictions aimed to avoid outliers in
the dense matching process due to the disparity of one single pixel
or many of them respectively.

2.2. Cut mark analysis

The completion of 3D models of cut marks was followed by a
thorough analysis of the morphology and section of the traces.
The 3D model allowed an infinite number of sections to be
defined along the groove. This method, however, offered an
objective selection of sections to compare among different
marks. Each cut mark was divided into equidistant sections,
comprising the 0% (A), 10% (B), 30% (C), 50% (D), 70% (E), 90% (F)
and 100% (G) of the mark length (Fig. 4). Sections corresponding
to B, C, D, E and F were subsequently measured. The first and last
sections (A and G) were not included as they represented the
beginning and end of a mark.

Measurements were expressed as independent variables,
following Bello et al. (2013a) (Fig. 5). These measurements indi-
cated the thickness, depth, and angles of the mark (see Table 3).

2.3. Statistical analysis

In order to test if there was any difference in the several mea-
surements, a variance analysis (ANOVA) was applied. However, this
analysis required previously the use of Bartlett's test in order to
confirm that variance was homogeneous throughout the sample.
Those values indicating significant variation among section types
were thus subjected to multiple variance analysis (MANOVA) for
the comparison of metric variables and the determination of the
mean values for the five-section grouping proposed.

As an independent confirmationmethod, a principal component
analysis (PCA) was also performed to study the overlapping of the
five subsamples (as per mark section) beyond their differences in



Table 4
Main technical data from the 3D models created. GSD (9) (Ground Sample Distance) is the equivalence of the image pixel on the ground, D is the distance to the object, F is the
focal length and pixel size p.

Fieldwork

Measurements cut marks (mm) N� of images Distance max/min (m) Fieldwork (minutes)

Cut mark Length Width Height

Model 1 1 7.221 0.297 0.222 7 0.12/0.1 12
Model 2 2 3.952 0.321 0.205 6 0.12/0.1 12
Model 3 3 5.229 0.418 0.142 13 0.12/0.1 12

4 4.994 0.419 0.191
Model 4 5 3.577 0.245 0.136 5 0.12/0.1 12
Model 5 6 3.811 0.261 0.216 5 0.12/0.1 12
Model 6 7 3.353 0.635 0.295 11 0.12/0.1 12
Model 7 8 2.377 0.645 0.233 9 0.12/0.1 12
Model 8 9 3.471 0.652 0.109 11 0.12/0.1 12

10 3.214 0.624 0.142
Model 9 11 7.251 0.673 0.255 9 0.12/0.1 12
Model 10 12 6.082 0.308 0.156 9 0.12/0.1 12
Model 11 13 2.267 0.53 0.221 9 0.12/0.1 12
Model 12 14 2.265 0.447 0.11 10 0.12/0.1 12
Model 13 15 3.757 0.304 0.178 5 0.12/0.1 12

Laboratory work

Tie points N� matching
points

GSD (mm) Photogrammetric
adjustment error (mm)

Scaling error
(mm)

Total error
(mm)

Resolution
(mm/pixel)

Laboratory work
(minutes)

Model 1 24,928 2,772,921 0.0103 ±0.0076 ±0.0166 ±0.0183 ±0.0094 35
Model 2 16,603 7,771,843 0.0103 ±0.0086 ±0.0166 ±0.0187 ±0.0047 30
Model 3 43,622 4,255,532 0.0103 ±0.0089 ±0.0166 ±0.0188 ±0.0093 65
Model 4 12,459 2,273,766 0.0103 ±0.0088 ±0.0166 ±0.0188 ±0.0096 35
Model 5 4592 2,101,687 0.0103 ±0.0183 ±0.0166 ±0.0247 ±0.0095 35
Model 6 1515 3,127,808 0.0103 ±0.0198 ±0.0166 ±0.0258 ±0.0217 60
Model 7 1683 3,062,299 0.0103 ±0.0192 ±0.0166 ±0.0254 ±0.0204 40
Model 8 1941 3,317,796 0.0103 ±0.0166 ±0.0166 ±0.0235 ±0.0221 60
Model 9 1468 3,289,203 0.0103 ±0.0142 ±0.0166 ±0.0218 ±0.0201 40
Model 10 1682 3,707,530 0.0103 ±0.0178 ±0.0166 ±0.0243 ±0.0093 40
Model 11 1955 2,773,400 0.0103 ±0.0616 ±0.0166 ±0.0231 ±0.0234 40
Model 12 1904 2,555,692 0.0103 ±0.017 ±0.0166 ±0.0237 ±0.0242 45
Model 13 5523 1,857,879 0.0103 ±0.0128 ±0.0166 ±0.0209 ±0.0095 35

GSD ¼ p$D
f (9).

Fig. 6. Diagram of the morphometric analysis used in this research.
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mean values per metric variables which resulted from the previous
variance analysis. Biplots with 95% confidence ellipses were used.

ANOVA and MANOVA tests were performed with R (www.r-
project.org) software (Core-Team, 2013). Furthermore, PCA is
included in the R library FactoMineR (Lê et al., 2008). Plotting of the
PCA results with confidence ellipses was made with the ggplot2 R
library.

A geometric morphometric analysis was performed as well as a
GPA as a supplementary alternative to the multivariate metric
analysis (Fig. 6). Two morphometric approaches were used here:
landmarks and outlines. Seven identical landmarks per section
were considered from each mark using the tpsUtil (v. 1.60) and
tpsDig2 (v. 2.1.7) programs. The location of the seven landmarks
responded to themeasures considered for the statistical analysis, as
seen in Fig. 5. Thus, LandMark 1 (LM) was found at the beginning of
the left line in themark section. LM2, appeared in themiddle of this
line. LM3 was placed approximately at 10% of end of the mark. LM4
was at the very end, and LM5, LM6 and LM7, in an opposed position
to LM3, LM2 and LM1, (Fig. 5). The resulting tps file was imported to
R and analysed via the “geomorph” library (Sherratt, 2014).

A general Procrustes analysis (GPA) was later applied on the
landmark data, followed by a PCA. Morphometric disparity analysis
was possible by using the morphol.disparity function, which esti-
mated the group distances via the diagonal sum of the covariance
matrix (Zelditch et al., 2012).

The morphometric analysis of the outlines used the R library
Momoocs. The mean shape per section was established (with the
Fig. 7. 3D models of the different bones and cu
mean. shape function) and a Fourier Analysis was subsequently
used to analyse outline shape similarities and differences.

3. Results

The definition of an appropriate optimum-resolution alternative
method for cut marks analysis demanded a series of tools and
techniques, as described in Table 1.

3.1. Results of the macro-photogrammetric method

As mentioned above, a large variety of analytical tools were
reviewed in order to find a technique for generating high quality 3D
models to be used in the geometrical study of cut marks on bones.
Each of them followed some protocols and presented specific
characteristics which determined their potential. Furthermore, the
revision indicated that in most cases they did not seem suitable for
this kind of analysis due to either data collection or post-processing
time.

The macro-photogrammetric method, which was based on
oblique photography and uses a reflex camera with macro lens,
showed the best results in all study cases analysed, meeting the
precision and short capture and post-processing time re-
quirements. Particularly, an average time of 50 min was required
to analyse a single cut-mark. Further details about the time
required at field and laboratory work is described in Table 4. The
accuracy for this method has already been demonstrated in other
t marks analysed, where CM ¼ Cut Mark.

http://www.r-project.org
http://www.r-project.org


Table 5
Measurement, distances (mm) and angles (�), from the sections of the different cut
marks on bones, according to Bello et al., 2013a. See Fig. 5.

WIS WIM WIB OA D LDC RDC ATI

Mark 1 B 0.2481 0.1098 0.0393 61� 0.1492 0.1986 0.1889 76�

C 0.324 0.1275 0.0472 63� 0.1862 0.2498 0.2439 79�

D 0.3211 0.177 0.0471 56� 0.2484 0.2916 0.3 83�

E 0.3129 0.1438 0.0479 54� 0.2311 0.2675 0.2918 79�

F 0.279 0.1089 0.0333 64� 0.1434 0.1889 0.212 77�

Mark 2 B 0.3475 0.1948 0.0947 91� 0.1446 0.1999 0.2545 89�

C 0.3147 0.2097 0.0514 74� 0.1804 0.1996 0.2883 84�

D 0.3141 0.1728 0.0544 60� 0.233 0.2673 0.2964 84�

E 0.3009 0.1726 0.038 64� 0.2018 0.2391 0.2656 86�

F 0.328 0.2226 0.0559 91� 0.1456 0.234 0.2053 89�

Mark 3 B 0.3103 0.2162 0.0953 114� 0.0983 0.1703 0.1974 94�

C 0.4004 0.2589 0.1037 109� 0.1154 0.3174 0.1559 104�

D 0.4267 0.3008 0.1055 100� 0.148 0.3339 0.1953 99�

E 0.5369 0.3502 0.136 111� 0.1639 0.3896 0.2461 95�

F 0.4139 0.2931 0.1141 108� 0.111 0.3383 0.1457 104�

Mark 4 B 0.4749 0.3023 0.1003 120� 0.0942 0.1308 0.3956 88�

C 0.3936 0.2016 0.0345 77� 0.1813 0.2167 0.3292 85�

D 0.3876 0.1854 0.0285 71� 0.212 0.2491 0.333 80�

E 0.4286 0.227 0.1174 92� 0.1788 0.2524 0.3077 81�

F 0.4106 0.2687 0.0404 102� 0.1576 0.2177 0.3044 77�

Mark 5 B 0.223 0.1493 0.0314 105� 0.0838 0.1525 0.1271 90�

C 0.2476 0.1492 0.0329 91� 0.0995 0.2097 0.1168 93�

D 0.2754 0.1633 0.0541 70� 0.1726 0.2402 0.2038 80�

E 0.2393 0.107 0.027 74� 0.1351 0.2041 0.1603 89�

F 0.241 0.1517 0.0323 109� 0.0787 0.1703 0.1196 80�

Mark 6 B 0.1091 0.0529 0.0105 48� 0.0911 0.0976 0.1174 96�

C 0.3396 0.17 0.0587 63� 0.2089 0.3044 0.2401 100�

D 0.3551 0.1563 0.0408 59� 0.2352 0.2905 0.299 95�

E 0.3245 0.225 0.0355 69� 0.2032 0.311 0.2218 95�

F 0.1748 0.1064 0.017 65� 0.1299 0.1644 0.1501 98�

Mark 7 B 0.3545 0.196 0.0497 122� 0.0849 0.1531 0.2424 91�

C 0.552 0.3648 0.0757 90� 0.2567 0.3135 0.4519 84�

D 0.6967 0.3452 0.0655 80� 0.3053 0.4389 0.4886 86�

E 0.6553 0.353 0.0829 81� 0.3219 0.3857 0.5479 82�

F 0.6292 0.3388 0.0653 102� 0.2272 0.3879 0.3883 86�

Mark 8 B 0.4103 0.2656 0.0639 125� 0.106 0.2146 0.2476 125�

C 0.6859 0.4249 0.1421 105� 0.2486 0.4159 0.4313 129�

D 0.6682 0.4121 0.1118 97� 0.261 0.345 0.5138 127�

E 0.5809 0.3713 0.1321 107� 0.1893 0.2801 0.4196 130�

F 0.5324 0.3149 0.1029 97� 0.1961 0.1961 0.4275 129�

Mark 9 B 0.1674 0.1091 0.0306 111� 0.0519 0.0811 0.1173 84�

C 0.6806 0.3783 0.0485 147� 0.0998 0.3383 0.371 85�

D 0.6356 0.3326 0.0902 136� 0.1146 0.3166 0.3592 84�

E 0.6408 0.3403 0.0236 135� 0.1132 0.2726 0.4089 84�

F 0.6424 0.3847 0.1697 130� 0.1103 0.242 0.4411 76�

Mark 10 B 0.3516 0.2191 0.0926 132� 0.0675 0.2522 0.1279 105�

C 0.5541 0.3022 0.0943 130� 0.127 0.2891 0.3205 94�

D 0.6814 0.3794 0.0593 128� 0.1549 0.3617 0.3869 95�

E 0.6359 0.3444 0.0538 127� 0.1429 0.3102 0.3879 91�

F 0.4812 0.2364 0.065 131� 0.093 0.2065 0.3111 86�

Mark 11 B 0.7498 0.3907 0.0895 104� 0.2391 0.4865 0.4043 104�

C 0.6689 0.3197 0.0894 105� 0.2372 0.4622 0.3611 100�

D 0.6094 0.3568 0.0662 95� 0.253 0.4072 0.3851 100�

E 0.7392 0.3595 0.0868 93� 0.2759 0.5499 0.3815 101�

F 0.6255 0.3859 0.0631 117� 0.1652 0.4256 0.2859 103�

Mark 12 B 0.3769 0.2229 0.0418 133� 0.0708 0.1484 0.2566 91�

C 0.2912 0.1642 0.0275 83� 0.1408 0.2062 0.1987 102�

D 0.3502 0.1784 0.0266 79� 0.1572 0.2112 0.2613 90�

E 0.283 0.1894 0.0131 81� 0.1689 0.2041 0.2254 92�

F 0.326 0.1932 0.042 129� 0.0707 0.2124 0.1445 96�

Mark 13 B 0.6149 0.2853 0.0478 83� 0.2286 0.3839 0.3823 99�

C 0.4792 0.2814 0.0655 83� 0.2109 0.3853 0.2628 99�

D 0.5129 0.2873 0.0675 73� 0.2401 0.3652 0.3379 108�

E 0.599 0.3399 0.1411 95� 0.2118 0.476 0.2732 97�

F 0.3021 0.1504 0.0439 120� 0.0755 0.2116 0.129 81�

Mark 14 B 0.4627 0.2856 0.1435 94� 0.1018 0.1149 0.4219 85�

C 0.5765 0.3941 0.1164 95� 0.1111 0.1153 0.5567 88�

D 0.4038 0.2816 0.1153 90� 0.1202 0.1278 0.3775 87�

E 0.362 0.2211 0.1356 99� 0.0973 0.0973 0.3306 83�

F 0.3745 0.237 0.094 142� 0.0612 0.1658 0.228 89�

Mark 15 B 0.1695 0.132 0.0321 87� 0.0823 0.1074 0.0129 78�

C 0.333 0.1681 0.0684 60� 0.2023 0.2335 0.3025 77�

D 0.3808 0.1867 0.0536 70� 0.1969 0.2262 0.3337 82�

Table 5 (continued )

WIS WIM WIB OA D LDC RDC ATI

E 0.3133 0.1583 0.0484 83� 0.1353 0.1911 0.2238 88�

F 0.3209 0.146 0.0238 120� 0.0741 0.1437 0.2112 88�
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micro-photogrammetric experiments (Rodriguez-Martin et al.,
2015a, b).

Fig. 7 shows the 3D modelling of the 15 cut marks analysed,
while Table 4 presents the technical data of the 3D models created.
Regarding cut marks measurements, Table 5 explains the dimen-
sional analysis according to the data in Fig. 5.

In order to estimate the total error (ε) associated to the
dimensional analysis of cut marks using the macro 3D models
generated, the error propagation had to be analysed by quadratic
error propagation. Two main sources of errors were identified
during the macro image-based modelling process proposed: first,
the error coming from the photogrammetric adjustment, known as
a posteriori error (εa); and second, the error corresponding to the
scaling of the 3D model which was manually defined by the user.
The latter was established as (7)√2� pixel size (s), considering the
error associated to the electronic micrometre (destination error)
(εm ¼ 0.01) as well. Hence, the scaling error was calculated as:

εs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε
2
m þ 2s2

q
(8)

More details about this error budget were outlined in Table 4.
As shown in the tables presented supra, some of the measure-

ments of the cut mark sections (Table 5) were smaller than the total
error of the models (Table 4). These measurements were only
considered as estimates for the statistical analysis and did not
imply any significant modification to the morphologic study of the
cut mark.

The marks yielded a typical morphology with a V section, a
straight groove and variable dimensions, with maximum lengths
differing in each mark and ranging between 7.25 mm in mark 11,
and 2.27 mm in marks 13 and 14. Mark width and depth were also
variable (Table 5). The tool used in these experiments (metal knife)
conditioned the absence of microstriations parallel to the principal
axis of the mark (Figs. 2 and 4). However, given the variability of
marks produced in this experiment, certain specifications were due
regarding the differences and the possibility that some measure-
ments of width, depth or other variables described in Fig. 5 were
conditioned by the location (type of section) analysed. This was a
key question as the results determined themost diagnostic sections
to characterise cut mark dimensions and morphometry. Conse-
quently, the most informative sections could be used to compare
marks generated with raw materials or kinds of tools in the future.

The Bartlett test showed homogeneity of variance, which
allowed the application of the ANOVA test (Fig. 8). This yielded
significant differences in four variables, OA, D, LDC and RDC, which
were selected for the MANOVA analysis. In turn, the MANOVA test
confirmed the inter-section metric differences and allowed the
recognition of inter-section differences via a pairwise comparison
(Fig. 9). It showed that mark width, regardless the section chosen,
was homogeneous; therefore the widths of WIS, WIM and WIB
were similarly diagnostic of the mark morphology in each section.
On the contrary, OA, D, LDC y RDC showed differences according to
the section considered.

A PCA demonstrated that, despite the differences inmean values
for the five sections, the overall confidence intervals of each section
overlapped, making their identification extremely difficult. Only
sections B and F had a differing tendency, probably due to greater



Fig. 8. Results of the Bartlett and ANOVA tests.

Fig. 9. Result of the MANOVA test.
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variability at the beginning and end of the cut marks. The central
sections yielded more homogeneous morphologies; therefore
sections, C, D and E were the best ones to characterise the section
morphology of the mark (Fig. 10).

The landmark geometric morphometric analysis reported an
even more intense overlapping of section morphology, being
virtually impossible to differentiate each of the five segments
(Figs. 11 and 12). It was further confirmed by the morphological
disparity analysis. None of the sections presented a significant p-
value; it meant that no significant morphological differences were
detected. Similar results were provided by the outline geometric
morphometric analysis, as seen in the PCA graphics (Fig. 13).

Despite the seemingly variability reflected in the measurements
of the different cut marks (Table 5), the tests performed indicated
such small differences that they could hardly be considered sig-
nificant (Figs. 11e13). This was especially true in the case of section
width, variables WIS, WIM y WIB and the rest of the variables in
sections CeE, which were slightly divergent from sections B and F.
So, for a confident comparison of cut marks made with different
rawmaterials or tool types, the values for the sections between 30%
and 70% of the mark length would be the most representative one.

4. Conclusions

This article described the tools, methods and results from the
geometric study of cut marks on bones by applying macro-
photogrammetric and computer vision techniques. This proposal
aimed to develop a low cost methodology precise enough to



Fig. 10. PCA tests with all measures (left) and only representative measures (right).

Fig. 11. PCA test of landmark-based morphometrics.

Fig. 12. Results of d
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reproduce the results of more costly and difficult-to-access equip-
ment, such as SEM, the new technical 3D digital microscope, or
Alicona 3D Infinite Focus Imaging.

In order to define the methodology presented in this article, a
wide range of techniques were tested (Table 2). Both methods used
by laser techniques (structured lighting and optical triangulation)
did not provide the needed resolution. Regarding fotogrametric
techniques using parallel photography (Fig. 3a), 3D models looked
flat and occationally deformed. The main reason for this problem
when using a microscope was its mobility in the cenital axis rather
than in the X and Y axes. It implied the need to move the object in
those axes in order to photograph it. However, it was not recom-
mended in photogrametry as the object should be kept still and the
sensor would move. In the case of using a photographic camera
supplemented by specific, the limited distance between the object
and the sensor did not favor beams intersection in the 3D recon-
struction and reduced the quality of the models. Finally,
isparity tests.



Fig. 13. PCA test of outlines morphometrics.
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photogrametric techniques which used oblique photography
(Fig. 3b) supplementing the camera with a specific gadget provided
a more stable and better system to take the photographs, signifi-
cantly improving the quality of the images. Hence, the method
chosen includes a camera and an additional macro objective.

It may be concluded that it was possible to develop a fast and
profitable method that generated high quality (average GSD
(mm) ¼ 0.0103; average precision (mm) ¼ ±0.0221) 3D models of
cut marks on bones. It was based on improved photogrammetry,
together with computer vision techniques and the algorithms and
numeric methods which transformed 2D (images) into 3D (point
clouds) in an automatic, flexible and high-quality way. In this sense,
macro-photogrammetric methodology was better than laser sys-
tems, generating higher quality and better resolution 3D models.

In this paper, an alternative method for the study of cut marks
by using the in-house tool PW (Photogrammetry Workbench) was
explained. The procedure described facilitated a more precise
analysis of cut marks and the study of larger samples of bones with
cut marks in a short time. The similarities between the values in
most sections (30%e70% of the groove) further showed that the
location to be studied may be equally efficient, enabling the
morphological comparison of marksmadewith different tool types,
raw materials or the age pattern of the different individuals in the
future. The preliminary analyses in process seem to indicate dif-
ferences between the cut marks produced with varying materials,
such as the absence of microestriations in the cut marks produced
with metal tools when compared to stone flakes.
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