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Recognizing technigue variation in rock engravings:
ArchCUT3-D for micromorphological analysis

Lena Dubinsky®1'2'3g, Marcelo David® "* & Leore Grosman® '

Ancient rock engravings evoke the interest of archeologists and art historians as an important
remnant of human cultures. Traditionally, engraved images are studied based on icono-
graphy, iconology, and stylistic characteristics, with little emphasis on execution technology.
In contrast, the research method presented in this study strives to characterize the techni-
ques adopted for making rock engravings in ancient times, with technological variations
considered as indicators of the engraver's production process. 3-D scans of two ancient
engravings and contemporary graffiti were obtained from Site 25 in Timna Park, Southern
Israel. The models were analyzed with ArchCUT3-D, a software specifically developed to
precisely evaluate the 3-D micromorphological characteristics of the incisions making up the
engraving. The software analyzes the surface micromorphology by extracting 3-D slices of
the incisions using an accurate and repeatable method. Our results indicate that different
incisions were executed by remarkably distinct techniques of stroking the rock surface with a
sharp tool. The identification of discriminant characteristics enabled us to demonstrate the
particularities of the engraving operations, such as ergonomic conditions and the level of
consistency of the engraving gesture. ArchCUT3-D thus provides a computational method for
incision technique recognition through micromorphology specifications, and the recon-
struction of engraving gestures and individual production procedures.
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Introduction

rcheologists and art historians have always seen ancient

rock engraving as an important remnant of different

human cultures and traditionally studied the engraved
images based on their iconographic, iconological, and stylistic
characteristics (e.g., Chippindale and Tacon, 1998; Jones, 2017;
Jones and Cochrane, 2018; Moro Abadia and Gonzalez Morales,
2020). In the past, studies primarily focused on reflecting the
visual components of the engraved complexes, concentrating on
specific signifiers recognized as generalizable attributes, as shown
in archeological data and petroglyph sequences (e.g., Anati, 2015;
Dupuy, 1995; Lankester, 2012; Lopez, 1999; Mandt, 1995;
Rothenberg, 1972; Tratebas 1993, 1999).

However, during the last 20 years, studies have started to shift
from observational methods (Moro Abadia and Gonzalez Morales,
2020) and the search for the meaning of an “image” (Tomaskova,
2020) to deciphering the production processes involved in the
original creation of the archeological findings, their material and
organizational structures (Dobres, 2001, 2010; Moro Abadia and
Gonzélez Morales, 2020; Tomaskova, 2020). New documentation
methods were harnessed to follow this tendency (Bourdier et al.,
2017; Diaz-Andreu et al., 2006; Diaz-Guardamino and Wheatley,
2013; Domingo et al., 2013; Fritz and Tosello, 2007; Fritz et al,,
2016; Intxaurbe et al.,, 2020; Medina-Alcaide et al., 2018; Rivero
et al,, 2019; Robin, 2015; Trinks et al., 2005) and specifically for
dealing with engraving and incised surfaces (e.g., Bello and Soligo,
2008; Bello et al, 2013; d’Errico, 1992; d’Errico and Backwell,
2016; d’Errico and Cacho, 1994; d’Errico and Villa, 1997; d’Errico
et al,, 2020; Fritz, 1999; Fritz and Tosello, 2007; Moitinho de
Almeida, 2013; White, 2006, 2007).

Today, advanced digital documentation methods, including
microscopy, photogrammetry, and 3-D scanning, are available to
record a surface’s micromorphological formation; these are reli-
able and fully render the engraved and incised marks. Digital
documentation was followed by the development of analytical
methodologies. The common analytical strategies focus on
identifying the incision overlaps and directionality sequences or
generating cross-section cuts along the incised paths, whose shape
and dimensions can reveal the methods and modes of execution
of the studied incisions.

In the present study, we have adapted the 3-D scanning
technology to obtain the surface of engravings. We have
developed the ArchCUT3-D software for repeatable, objective,
and accurate analysis of rock engraving surfaces. ArchCUT3-
D’s interface has been designed to provide a computational
and mathematical analysis of engravings approachable to an
audience of archeologists and art historians with no 3-D
analysis background. The results presented here demonstrate
the first implementation of a novel procedure for classifying
the incisions’ technological properties. This development
provides an analytical method for technique recognition and
reconstruction of the engraving gesture from the micro-
morphology of the surface. In the following sections, we will
first introduce the available documentation and analysis
methods and provide new insights acquired through our newly
developed methodology on the engraving technologies applied
in Timna Park Site 25.

Three-dimensional digital documentation. Documentation
methods in archeology are constantly evolving to provide 3-D
models as reliable digital representations of cut and engraved
marks. The digital documentation of portable archeological
objects may employ various techniques, such as binocular
microscopy, light microscopy, Scanning Electron Microscopy
(SEM), or 3-D microscopy, to produce a reconstruction of the
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topography of the engraved surfaces and cut marks (Bartelink
et al, 2001; Bello, 2011; Bello and Galway-Witham, 2019; Bello
and Soligo, 2008; Bello et al., 2020; Bonney, 2014; Boschin and
Crezzini, 2012; Crezzini et al., 2014; During and Nilsson, 1991;
Fritz, 1999; Gilbert and Richards, 2000; Greenfield, 1999, 2006;
Kaiser and Katterwe, 2001; Lewis, 2008; Mélard et al., 2016;
Olsen, 1988; Smith and Brickley, 2004; Wallduck and Bello,
2018). However, the various microscopy methods cannot be used
at parietal sites.

Photogrammetry is also used for producing 3-D models of
engraved parietal sites and portable objects (for photogrammetry of
cut marks on bones, see Maté Gonzalez et al, 2015; for
photogrammetry of rock sites, see Garate et al., 2020; Lesvignes
et al., 2019; Mudge et al., 2012; Plisson and Zotkina, 2015; Rivero
et al,, 2019; Ruiz Lopez et al., 2019). New methodologies of close-
range photogrammetric documentation followed by the production
of micro-scale 3-D geometry are constantly evolving yet are limited,
for now, by a complex workflow and strict illumination require-
ments (Forgia and Sineo, 2021; Lesvignes et al., 2019; Plisson and
Zotkina, 2015; Rivero et al., 2019; Ruiz Lopez et al., 2019).

Thus, since we found the structured light and laser-scanning
methods accurate and efficient, we harnessed them for our
purposes. However, other methods for obtaining the needed data
could be used to capture the morphology of rock marks.

Three-dimensional analysis. The contribution of 3-D technolo-
gies to the stylistic analysis of depicted forms in rock engravings
has already been discussed in earlier studies (Bourdier et al., 2015;
Giith, 2012; Horn et al., 2021; Seidl et al., 2015; Zeppelzauer et al.,
2016). These studies documented rock engravings using 3-D
technologies and tested the correspondence of segmented areas
on the model to determine stylistic variability. However, although
these studies produced 3-D documentation, their research
methodologies relied on iconographic comparisons.

To understand the operational sequences, a methodology
involving the chronological recreation of mark-making, or
chaine opératoire, which follows the superimposition of strokes
and tool cut-marks, was implemented on models created by
methods of binocular and electron microscopy (Bello et al.,
2020; d’Errico and Cacho, 1994; Farbstein, 2011; Fritz, 1999;
Lechtman, 1977; Leroi-Gourhan, 1993; Schlanger, 1994). Also,
experimental studies provided an additional understanding of
mark-making (d’Errico and Cacho, 1994; Fritz, 1999; Green,
2010, 2016; Mocléan et al., 2018; Moretti et al., 2015; Rivero and
Garate, 2020; Zotkina and Kovalev, 2019). However, this
strategy is only relevant to findings where the overlapping of
several incisions occurs, as it is not possible to reconstruct the
chronological sequences in engravings with only a few
overlapping and with no obvious indication of the direction-
ality of the strokes.

The study of cross-sections. There is a growing interest in the
technological analysis of cut-marks, intentional marks, and
engravings through the study of the incisions’ cross-sectional
profiles. Different methods have been developed for acquiring
one or a few profiles along the incision lines of portable objects:
observation through lenses (Lewis, 2008), measuring through
2-D or 3-D microscopy (Bello, 2011; Bello and Galway-
Witham, 2019; Bello and Soligo, 2008; Bello et al., 2013, 2020;
Bonney, 2014; Boschin and Crezzini, 2012; Crezzini et al., 2014;
Greenfield, 1999, 2006; Moretti et al. 2015; Osipowicz et al.,
2020; Wallduck and Bello, 2018), or structured-light scanning
(Courtenay et al., 2018; Maté-Gonzalez et al., 2019). A few
studies have presented numerous consecutively placed profiles
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measured by mechanical methods like the diamond-stylus
profiling instrument or digital methods harnessing a 3-D laser
scanner (During and Nilsson, 1991; Kaiser and Katterwe, 2001).
The measurements (quantification of profile parameters)
obtained, as well as the characterization of the incision
according to the shape of a singular profile’s edges and bottom
(floor) curves can indicate technical criteria, such as the state of
the material when it was being marked (e.g., During and
Nilsson, 1991), an estimation of the number of movements
involved in creating each incision (e.g., in engraved bones, Bello
et al,, 2013; in engraved stone plaquettes, Bello et al., 2020),
mechanical and gestural properties of tool use (e.g., Bello, 2011;
Bello and Soligo, 2008), or an estimation of the nature of tools
used to create the incision, in some cases indicated by the
experimental replicas (e.g., Bello and Soligo, 2008; Boschin and
Crezzini, 2012; Greenfield, 2006; Lewis, 2008; Moretti et al,,
2015). The same methodology has been implemented on par-
ietal sites, yielding interesting results for understanding the
tools used to create the engravings (Ruiz Lépez et al.,, 2019;
Zotkina and Kovalev, 2019). Noteworthy, however, these stu-
dies offer no analytical advantages for the continuous accu-
mulation of the profiles along the incision path.

In the present paper, we wish to present a new method for
studying the technical procedures used by engravers to produce
intentional marks in parietal sites. Our approach is based on
quantifying the 3-D data to recognize each technique and
characterize its unique implementation.

Our analysis is founded on a continuous 3-D sliced sequence
from a chosen range within the incision path. The resulting
graphs show the points placed in the given width (of the slice)
and therefore represent the three-dimensional data, opposite to
two-dimensional cross-sectional cuts. Extracting the full
computational information potential available from the con-
tinuous 3-D sliced sequence along the incisions is of utmost
importance for reconstructing the engraving gesture, particu-
larly when the reconstruction of chronological sequences is
infeasible.

The archeological site and the case study

Timna Park, in southern Israel, comprises extensive evidence of
ancient copper production. Since the 19th century, researchers
have studied the uniqueness of Timna Park in an attempt to
understand the technologies and who was behind the main
mining and smelting activities. The findings indicate about 500
years of copper mining and smelting, from the 14th to the 9th
century BC, apparently left in place by local tribesmen who
made up the primary labor force (Ben-Yosef et al,
2010, 2012, 2019). In the beginning, mining and smelting works
were under the control and management of the Egyptian New
Kingdom (Rothenberg, 1990). The next major phase of copper
production was performed by seminomadic tribes representing
an early configuration of the proto-state of Edom (Ben-Yosef,
2010; Ben-Yosef et al., 2012, 2019; Levy et al., 2008). Therefore,
it is assumed that the intentional rock marks at Timna Park
were created during these 500 years by representatives of var-
ious ethnic groups that occupied the area. However, with no
available, absolute dates for the engravings (except for the stela
at Site 200, which presents Egyptian canonical features), the
affiliation of the engravings and the possible connections
between them have so far been difficult to establish since these
are based only on their iconological and iconographic char-
acteristics (Anati, 1979, 1999, 2015; Colless, 2010; Rothenberg,
1972, 2003; Schulman, 1976; Ventura, 1974; Wimmer, 2010;
Yekutieli, 2016).

Timna Park is located in a desert environment, in the vicinity
of two areas containing many engraved finds studied in the past,
namely the Negev and the Sinai deserts. The vast presence of
engravings in those desert areas raises questions about why such
rich stone-mark evidence is found there while being so rare in the
adjusted fertile areas (Anati, 2015).

The wide variety of intentional rock marks in the Negev and
the Sinai are associated with nomadic populations; to this day,
these populations still inhabit both areas, leaving their mark on
the desert landscape (Anati, 1999; 2015; Eisenberg-Degen, 2012;
Eisenberg-Degen and Nash, 2014; Eisenberg-Degen and Rosen,
2013). However, compared to the many engravings reported in
the Negev and the Sinai, Timna contains relatively few examples
(Anati, 1979, 1999, 2015; Colless, 2010; Rothenberg, 1972, 2003;
Schulman, 1976; Ventura, 1974; Wimmer, 2010; Yekutieli, 2016).

Site 25, located in the northwest area of Timna Park (Fig. 1),
was first excavated and explored by Rotenberg, who led the
Arabah Expedition in the early 1960s (Rothenberg, 1962). The
site was primarily used for mining activities, and two of the lar-
gest and best-known engravings, the Chariots and the Ibexes
Engravings, are located there (Anati, 1979, 1999, 2015;
Rothenberg, 1972, 2003; Schulman, 1976; Yekutieli, 2016). A
smaller engraving debated as representing a Proto-Alphabetic
rock inscription, was found close to these. In addition, some other
intentional rock marks are present, such as ancient quarrying
marks and graffiti assumed to be dated to modern times, left by
travelers to the area.

The present study focuses on selected engravings produced on
Site 25 Nubian sandstone rock formation, composed mainly of
the Early Cretaceous Avrona Formation, underlain by the Amir
Formation and overlain by the Samar Formation, together mak-
ing up the Early Cretaceous Kurnub Group of southern Israel
(Hatzor, 2006; Weissbrod, 1970).

The “Chariot Engraving,” located in a narrow shelter in a
crevice between sandstone cliffs, is nine meters long and almost
two meters high. The panel depicts 31 anthropoids, 30 zoo-
morphs, eight chariot images, and other unidentified marks
(Fig. 2).

Previous attempts to apply a stylistic chronological definition
to the engraving suggested a chronological range between the
14th and the 12th centuries BCE (the Late Bronze Age and
Early Iron Age in Levantine terminology, or the New Kingdom
in Egyptological research) (Anati, 1979, 1999; Rothenberg,
1972, 1999, 2003; Yekutieli, 2016). The main conclusion was
that the engraving was created during intensive Egyptian cop-
per production expeditions employing a multi-ethnic
workforce.

The “Ibexes Engraving,” five meters long and almost two
meters high, is the second-largest engraving in Timna Park (Fig.
3). It contains a limited repertoire of zoomorphs (about 55) and
only about seven anthropoids (on the left and center). An image
of a chariot without riders is depicted on the far right. It is located
near the Chariot Engraving, within the boundaries of Site 25.
Contrary to the Chariot Engraving, the zoomorphic figures are
the main feature in this engraving, with only a few single
anthropoids present. Thus, the two engravings represent different
thematic foci. The Ibexes Engraving was discovered by the 1966
Arabah Expedition led by Rothenberg (Rothenberg, 1972, 2003).
The engraving is situated relatively high (four meters) above the
ground surface in an open space on the face of a rock in
high visibility. It is assumed that the rock is not in its original
place, having collapsed over time due to mining activities
(Rothenberg, 2003).

Previous studies have suggested an Amalekite origin for the
Ibexes Engraving because of its iconographic resemblance to the
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Fig. 1 Map of Timna Park and the location of Site 25 (marked). Reproduced with permission of Omri Yagel/Central Timna Valley Project; copyright ©
Omri Yagel/Central Timna Valley Project.
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Fig. 2 “Chariots Engraving”. Drawing of the analyzed panel.

Negev Engravings and the assumption that Amalekites settled in  control for comparative analysis. This graffiti dates to the
the Negev during the time that the Egyptians controlled the 20th-21st century since it bears letters in modern Hebrew,
Timna mining activities (Rothenberg, 2003). probably purporting a nickname for the Hebrew name Gideon.

In addition to the ancient engravings, a contemporary incised  The graffiti, 269 mm long and 126 mm high, consists of four
graffiti, “Gigi,” also located in Site 25, was chosen to serve as a  elements or “letters.”
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Table 1 Data acquisition.

Chariot Engraving (full) Chariot Engraving

Ibexes Engraving Gigi Graffiti
(partial)

Scanner
Associated software
Light source

QTSculptor

Optional scan parameters (optimization, fill, decimation, -
boundary optimization)

POLYMETRIC PT-M4

Structured light
(white light, color temperature 3400 K produced by a
900-lumen halogen lamp)

Lenses and aperture 16 mm
5.6f
Distance from target 1200 mm
View field 400 x 400 mm
Accuracy (point spacing) x-y: 0.29 mm
z: 0.036 mm
Output Point cloud

Creaform HandySCAN 700
VXelements

Seven red laser crosses (+extra
“single-beam” line)

75 mm Real-time “automatic

5.6f adjustment” configuration
300-400 mm

100 x 90 mm 275 %250 mm

x-y: 0.084 mm x-y: 0.05mm

z: 0.017 mm z: 0.05mm

Mesh (automatic and direct
output in real-time)
Default O value

Methods

Three-dimensional (3-D) data acquisition. The Chariot
Engraving was 3-D scanned by POLYMETRIC PT-M4 struc-
tured light scanner designed for large-range scanning (from a
few millimeters to several meters) (Polymetric, 2014, 2019).
The scanning process was performed in two stages. First,
the entire wall was scanned in 12 sections. Next, specific
areas within the engravings were scanned to obtain more
precise micromorphological information for further analysis
(Table 1).

For scanning the Ibexes Engraving and the Gigi Graffiti,
located in hard-to-approach areas, we used the Creaform
HandySCAN mobile laser scanner, which is portable and self-
positioning (Table 1). This hand-held scanner was essential for
scanning rock surfaces where there was no option to place the
tripod for the POLYMETRIC PT-M4 scanner at an optimal
distance. The Creaform HandySCAN contains two cameras that
acquire 60 images per second. We used the “automatic
adjustment” configuration to configure the sensor shutter time.
The sensor’s position was determined in real-time by spatial
resection using retro-reflective targets on the untreated surfaces of
the rock near the engraved clusters, thus preventing ‘blind spots’
inside the engraved areas.

The Creaform HandySCAN scanner acquires the surface, its
default output being a mesh (recommended by the manufacturer,
while point cloud or.txt file outputs can be chosen by the user if
necessary) (Creaform, 2014). All the optional scan parameters
(optimization, fill, decimation or boundary optimization) were set
at the default ‘0’ value. This process required the associated
software, VXelements, to create a real-time automatic and direct
mesh output, thus allowing us to check the completeness of the

dataset during the scanning process. This function contributed
greatly to the generation of a full mesh on-site. To create optimal
scanning conditions for both scanners, the scans were performed
in dim-light conditions in the early morning hours.

Three-dimensional (3-D) model registration. QTSculptor (QTS,
Polygon Technology by Polymetric GmbH) was used to trian-
gulate and register the 3-D scans acquired by the POLYMETRIC
PT-M4 scanner (Polymetric, 2017). The automatic computation
of the model (3-D Model, Automatic Procedure) removed
redundancies in the measured points, smoothing the mesh
without loss of accuracy, and reprojected the mesh, keeping the
precision. This registration was performed only for the measured
data, without any filling. No other filtering, masking, filling or
smoothing processes were employed. The entire wall of the
Chariot Engraving, scanned in sections, was registered separately
as a combined scene (Fig. 4). The data of the whole wall was
registered in a low-resolution mesh, with a 2.08 mm average edge
length (i.e., the average size of the triangles’ sides in the meshed
files). This model was only used to provide context for specific
areas registered, for analytical purposes, in high resolution, with a
0.22 mm average edge length. We exported the models in WRL,
PLY, and STL formats (Table 2).

The VXelements software (for the Creaform HandySCAN)
produced an automatic and direct output during the data
acquisition of the Ibexes Engraving and the Gigi Graffiti; thus,
any gaps or missing data were completed during the scanning
process. The Geomagic® Design X™ software was employed to
decimate and clean irregular margins of the Ibex Engraving’s
scan, which appeared due to the less-than-optimal scanning
conditions of the large, exposed, and reflective rock slab on which
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Fig. 4 The Timna Park Site 25 “Chariot Engraving"”. 3-D model and detail.

Chariot Engraving Chariot Engraving Ibexes Engraving Gigi Graffiti
(full) (partial)
Software QTSculptor VXelements, Geomagic® Design  VXelements
XTM
Positioning and computation Automatic settings Automatic and direct mesh output
during data acquisition
Optional processing parameters (optimization, fill, - Boundary optimization by -
decimation, boundary optimization) Geomagic® Design X™
Format export WRL, PLY, STL WRL, STL
Mesh resolution (average edge length) 2.08 mm 0.22 mm 0.25mm

the engraving was performed. The final resolution of the Ibexes
Engraving and the Gigi graffiti meshes is 0.25 mm edge-length on
average (Table 2).

Following the registration process, the registered models were
trimmed with MeshLab software. The trimming process created
3-D meshes of each incision cluster, with a few centimeters of
background (e.g., untreated rock surface) around it to downsize
the meshes while keeping the desired resolution, as shown in
Table 2. The final meshes ranged in size from 125 to 600 MB and
included 2M to 3M faces each.

ArchCUT3-D software. To carefully examine and analyze the
instrumental aspects of engraved lines, the authors developed
the ArchCUT3-D: MATLAB® based software. The software is
available for download at the following link: https://
sourceforge.net/projects/archcut3-d/. This software char-
acterizes the geometry of an engraving by extracting 3-D slices
from the available 3-D data, which includes points (x, y, z) and
triangulated faces (Fig. 5).

The software’s implementation operates an existing positioning
protocol based on the distribution of the faces’ normal vectors
(Grosman et al., 2008, 2022). The initial computation layout
requires the optimal alignment of the z-axis to synchronize with
the engraving surface. After the automatic positioning, the user

can manipulate the orientation by using the arrow buttons and
inputting a desired degree of adjustment. The new positioning
can be saved for later reproduction (Save Current Positioning/
Load Positioning functions.) The user can also navigate using the
“Set Pan On” and zoom in/out using the “Set Zoom On.”

To start the analysis, the user selects two points on the mesh
model with the mouse or manually inserts x and y coordinates;
the 3-D slices are then extracted from between these points,
following a calculated path. This list of selected points appears
on the right side of the interface and can be saved and restored
for further analysis. Thus, the results of any analysis are
reproducible. The 3-D slices can be extracted between any
points on the list using the Minima path or Straight-line
functions (see below).

The straight-line function calculates a linear path connecting
the two selected points according to their (x, y) coordinates. The
Minima-path function calculates the path that connects the
minimum points (MP) on the z-coordinate of the engraving
between the two selected points; this function uses a path-
smoothing algorithm, as described below. This method should
only be used when there are impurities in the 3-D model and the
Minima path generates distorted slices. Moreover, when analyz-
ing a path that includes two close incisions, the path—defined as
the concatenation of the slice’s minima (Minima-path function)
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https://sourceforge.net/projects/archcut3-d/
https://sourceforge.net/projects/archcut3-d/

ARTICLE

& ArchCUT3-D

ArchCUT3-D - Engravings Analysis System
Institute of Archaeology - Computational Archaeology Laboratory

The Hebrew University of Jerusalem

-150 -100 -50 0 50 100 150
200 T T T T T 1

150 -

100 -

50 -

50

-100

-150

-200 -

CAHF39.wrl

Save image as

Select Points with Mouse 200075 1109844

Set Pan ON

X Y
Set Points Manually
Selected
1
) T points = = =

1| 2rares 910803 21206

180 2| s3w 755 a1

T | ) 3| <493705 sass71 10291
4| 55239 420818 -0.9721

5| 206281 1248323 27045

l ) 6| 200075 1109844 45504

Automatic 3D Positioning
Save current positioning
Load positioning
Re-draw Engraving
Show points in list
ol oo Load List Clear List
Close all graphs Slice between these points 5 6
Type of slicing
O Minima path
@ Straight line
Number of oscillations 2
Engraving's width [mm] 14
Slice tolerance (mm) 1
[ aazesices |

Fig. 5 ArchCUT3-D interface showing sections of sliced and analyzed incisions and a list of selected points. The primary screen interface presents the
mesh model on the left side; it is placed in a grid using millimeter-based measurements. On the right side of the interface, analysis-specific functionalities

are accessible through a series of buttons.

—is intrinsically noisy in the crossing. Therefore, using the
straight-line approach is encouraged.

After choosing the path, the software generates the slices
defined by a selected tolerance (defaulting to 1 mm thickness).
Each slice is defined by two perpendicular cuts along the
engraving’s path predefined line, taken from the WRL mesh data
and presented on a separate pop-up window (Fig. 6a). The slice
can then be further analyzed by the ArchCUT3-D software.

The path-smoothing algorithm. The path-smoothing algorithm is
applied to reduce the noise present in the calculated path. The
noise introduces trembling in the ideal path, which can lead to a
wrong calculation of the slice aimed to be perpendicular to the
desired path. The smoothing algorithm applies a Blackman
windowed-sinc Finite Impulse Response (FIR) Low-Pass Filter
(LPF) (Engelberg, 2008; Oppenheim and Schafer, 1975; Smith,
1997). The user can optimize the output of the smoothing algo-
rithm by indicating the number of oscillations (sways) on the
path of the engraved line as seen by the user (default =2). The
smoothing algorithm also applies a Blackman windowed-sinc
Finite Impulse Response (FIR) Low-Pass Filter (LPF) with a
Transition Band (TB) equal to the user-defined oscillation count
(Engelberg, 2008; Smith, 1997); any oscillation index (frequency)
higher than the number defined by the user (cut-off frequency) is
filtered. The output of the path-smoothing algorithm is the
minima path; the engraving is sliced perpendicularly to this path
at distances defined by the user (see the section “ArchCUT3-D
software”). The algorithm responds optimally when the path of
interest has no sharp turns. Sharp turns, intrinsically deploying
over high frequencies (Engelberg, 2008), require the user to set a
higher number of oscillations. However, this setting introduces
high-frequency noise in the rest of the path, rendering a non-
perpendicular slice. Thus, in such cases, the path should be
subdivided so that each side of the sharp turn is analyzed by itself
(Fig. 6b). The list of midpoints is then saved to allow the

reproduction of the analysis. Future development will auto-
matically determine the subsections.

In some cases, apparent smooth paths may contain strong,
high-frequency noise. Even after smoothing, those paths may still
contain noise that renders slice cuts non-perpendicular to the
path. In this case, the straight-line method should be used, where
the path is defined as the straight line connecting the starting and
ending points (see the section “ArchCUT3-D software”).

Engraving-Slice analysis. To launch the analysis, the user decides
on the analysis range by selecting a starting and endpoint on the
engraving’s incision path. A series of three-dimensional slices is
then produced between these points, reflecting the precise
micromorphology of the engraving within this range (following
manually selected slice thickness, default 1 mm). The result of this
procedure is an automatic sequence (AS) of slices of the entire path
within the selected range displayed on a pop-up window (Fig. 6c¢).

The extracted AS is represented by a color gradient that begins
in red at the first point marked on the path and ends in dark blue.
The AS is displayed in ArchCUT3-D software, making it possible
to view the three-dimensional morphology from every angle, a
feature significantly contributing to understanding the existing
morphology and micromorphological transitions within the
trajectory of the analyzed engraving.

All the slices are individually numbered according to their
specific location on the AS relative to the initial point and
displayed separately. Every slice is displayed in three different
modes, each carrying different categories of computational
information contributing to the whole analysis: individual slice
in a relative scale, true-to-scale, and shape analysis (see Fig. 6d).
The numeral data from the graph is collected into tables, thus
enabling a comparative study. An important criterion provided
by the form of the slices is the number of MP in each of them.

During the analysis, we extracted several numeric parameters
per slice for accurate identification of the engraving: aperture
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Fig. 6 Engraving-Slice analysis workflow. a ArchCUT3-D software representation of a slice generated from an incision. b AS subsection follows the path of
a curved incision. € AS between P1, P2, where P1=(-25.4848, 71.8449, -3.2498) and P2=(-22.7092, 44.4023, -2.6381). d Presentation of an individual
slice within the AS. The slice is presented in a relative scale, enhancing the form of the slice (left) and in true-to-scale mode (middle). Both graphs contain
representations of the slice’s aperture angle. The extracted depth and full width at half maximum (FWHM) are presented in the third graph (right). The top
number represents the number of the slice on the AS, formed by combining its distance from the selected start point and the chosen slicing tolerance.

angle, depth, and full width at half maximum (FWHM). After the
user selects four points, two on each side of the slice, the
engraving angle is computed (Fig. 6d, left). Next, for calculating
the depth and the FWHM, ArchCUT3-D fits the slice’s form onto
two Gaussian functions deployed over an oblique line represent-
ing the surface inclination—the depth of the engraving is
calculated as the distance from the lowest point of the slice (see
above, minima) to the surface (the oblique line), while the
FWHM is the width of the engraving at half its depth, as shown in
Fig. 6d, right.

In the following pages, two engravings and the graffiti
described above (see the section “The archaeological site and
the case study”) were analyzed through ArchCUT3-D and the
analytical framework described below in Section “The
analytical framework”. For an easy orientation within the
engraved elements, we identified each analyzed figure by an
acronym (for example, AF = Animal Figure), deciphering the
figure’s affiliation, followed by a dot and a number indicating
its place on the engraving from left to right (for example
AF.44).

Once the different groups of figures are distributed along rows
or columns, the group’s numbering (top to bottom and left to
right) will appear before the dot, and the number of the figure
within the group will appear after the dot as follows: AF3.17
(Animal Figure, Row 3, Figure number 17).

8

The contemporary “Gigi” graffiti’s elements are identified by
their relevant Hebrew letter.

The analytical framework. We used ArchCUT3-D for compu-
tational analysis of the incisions’ micromorphology patterns
according to the following framework:

Recognition of engraving technology. A comparative computa-
tional study of vertical and curved incision lines extracted from
each of the three engravings from Site 25 was conducted. To
ensure an established comparative procedure, similar icono-
graphic representations—one anthropoid (holding “curved tool”)
and one zoomorphic (“ibex”)—were chosen from each of the
Chariot (HF39, AF44) and the Ibexes Engravings (HF3.19,
AF3.17). The selected lines originated in similar contexts within
the engraving. In the “Gigi” graffiti, a vertical incision (part of the
letter “Yod”) and a curved incision (part of the letter “Gimel”)
were analyzed. The analysis was based on the MP count and the
quantification of the slice’s parameters. The number of MP
indicated the number of times the engraving tool met the stone
surface during operation. Any additional MP indicated an addi-
tional stroke added to the strokes that make up the line of the
engraving in that specific area or the splitting into double-stroke
incisions. The quantitative parameters enabled complementing of
the technological analysis.
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Particularities of technological application. Further analysis of the
AS allowed us to understand the nature of the individual pro-
duction operations, incorporating additional quantitative mea-
sures and micromorphological examination. The variability in the
slice’s form properties along the AS enabled distinguishing
between the movements of the engraving hand and defining the
actions that made up the strokes. Two morphological character-
istics were examined:

1. Frequency of changes in the number of MPs along the AS Path:
Counting MPs in each slice (and the common MP number in a
given AS) allowed us to conclude the number of times the
engraving tool met the stone surface during operation and was
indicative of the execution technique; any fluctuations in the
number of MPs along the AS indicated the particular application
method of the identified technique.

2. Dynamic changes in MP position within a given AS: An MP
dynamic change may imply the particular way the tool was
applied to the surface, for example, a change from left to right
orientation, which may indicate a change in hand positioning.
Additionally, it can denote either the start or the end of the
engraving gesture. Even if the micromorphological changes
appear to be minor, they show the unique conditions of the
incision operation.

Once a significant change in MP position was detected,
accompanied by a change in the slice’s general form and
accompanied (or not) by a change in the MP count, we were
able to detect the “transition” areas between one form to another.
These transition areas, which usually extend over several slices,
could indicate overlaps between the engraving gestures in any
continuous incisions.

Analysis and results

Vertical and curved incised lines were analyzed within the three
mentioned engravings at Timna Park Site 25. The vertical lines
were analyzed first, followed by the analysis of the curved lines
belonging to the selected engravings (HF39, AF44, HF3.19,
AF3.17, and Gigi letters) to identify differences, if any, between
the (ergonomically) diverse conditions applied to the engraving
action. The selection of the particular engravings from each of the
panels for comparative examination was based on iconographic
similarity, with the selected lines representing parallel features
(“body” and “tool” in anthropoids, “posterior leg” and “horn” in
ibexes). Although the “Gigi” engraving does not bear an icono-
graphic resemblance to the large engravings, one vertical line and
one curved line were chosen, bearing similarities in length and
form to the lines from the large engravings.

The primary motivation was to examine and diagnose the
engraved lines in a continuous and complete manner/method to
extract results from the entire segment length. The slicing of
representative segments differs in length, and the tolerance is 1 mm
for the vertical lines. The slicing of the curved incisions has a 0.5 mm
tolerance since the study’s assumption is that, compared to vertical
incisions, the curved incisions would represent a greater challenge in
the production process. A more complex physiological act is
required in making curved lines to adjust the physiological orien-
tation of the engraving hand as related to the engraving trajectory,
contrary to the performance of vertical incisions, which require no
adjustments. The width of the analyzed incision for each case
determines the width of the slicing process.

Vertical engraved lines. In the Chariot Engraving, two vertical
engraved lines were analyzed, one belonging to a cluster of lines
composing the image HF39 (a human figure bearing an elliptical

tool) (Fig. 7), and the other belonging to the cluster of lines
composing the image AF44 (an image of an animal, in the form
known as an “ibex”) (Fig. 8). The two images are in the central
part of the engraving, five images from each other. The vertical
lines were sliced to an 18-mm width, sufficient to accommodate
the entire incision width.

The measurements extracted from these incisions, despite
belonging to two different line clusters (i.e., two images, each with
its distinct location within the engraved Chariot panel), showed
significant similarity, with a difference in the depth and FWHM
averages of the engraved lines. The average depth/FWHM values
ratio fell within the same range (Figs. 7b and 8b).

Morphological changes throughout the AS were not frequent,
being detected three times on the HF39 AS and four times on the
AF44 AS over the examined sections, with almost identical
spacing in each case.

The MP counts showed a high frequency of two MPs in both
cases and fewer single MPs. Yet, three MPs were found in AF44,
at the beginning of the incision, where this incision crossed the
incision representing the animal’s body.

An analysis of two vertical engraved lines from the Ibexes
Engraving is presented here, one belonging to the cluster of lines
composing image HF3.19 (a human figure bearing a curved tool
above its head) (Fig. 9) and the other belonging to the cluster of lines
composing image AF3.17 (an animal image in “ibex” form) (Fig. 10).
The two images are situated in the middle part of the bottom row,
close to each other. The selected vertical-line slices were 35 mm wide
in Figure HF3.19 and 50 mm wide in Figure AF3.17 to ensure a
sufficient width accommodating the entire incision’s width.

The measured values obtained from these vertical lines
presented significantly higher FWHM values vs. depth values
(Figs. 9b and 10b). These high FWHM values stand out in light of
the FWHM dimensions of the Chariot Engraving’s vertical lines
presented above. The average depth/FWHM ratio was almost
identical in both HF3.19 and AF3.17 and stood at 0.2 mm in depth
relative to FWHM, despite belonging to two different figures.

The morphological changes throughout the AS were frequent
and detected every 1-4 mm along the examined sections.

MP counting within the slices showed the dominance of
multiple MPs in both analyzed incisions of the Ibexes Engraving.
No slice contained a single MP in either case, and slices
containing two MPs were in a significant minority. In general, the
MP number in the extracted slices from both AS ranged from 2 to
6, with 3 being the most frequent MP number in the HF3.19
cluster and 4 in AF3.17. However, the distribution of the adjacent
MP counts (3, 4, or 5) was almost the same in both cases.

In the engraved “Gigi” graffiti, an analysis was performed on a
vertical engraved line belonging to the first Yod letter in the
graffiti (Fig. 11). The incision was sliced to 25 mm in width to
accommodate the entire width of the incision.

The measured values extracted showed high FWHM values vs.
depth values. Standard deviation (SD) revealed that depth values
demonstrated a significantly smaller variability than FWHM
values (Fig. 11b).

The morphological changes along the AS appeared in an
irregular pattern, with variable spacing ranging between 1 and
10 mm.

MP counting within the slices showed the dominance of 3-MP
slices. The slices in the “Gigi” vertical incision AS contained MP
numbers ranging from 1 to 5. In general, the distribution of the
adjacent MP numbers 2, 3, and 4 was the most frequent in Gigi’s

graffiti.

Curved engraved lines. An analysis was performed on two
curved engraved lines from the Chariot Engraving, one belonging
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a
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by FWHM Frequency of MP count | Slices
HF39 vertical Changes on A4S -
(27 slices) Average (SD) [mm]
1 12
2.95(0.32) | 6.13 (0.57) | 0.48 (0.04) 8 (0.82) 2 15
b 8 0
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
HF39 curved FWHM Changes on 45 -
(82 slices) Average (SD) [mm]
1 50
1.87 (0.58) | 5.74 (1.11) | 0.34(0.12) 4.68 (2.49) 2 32
Cc 3 0

Fig. 7 HF39. a 3-D model. Slicing paths of vertical and curved lines annotated. b Measurements extracted from sample slices from the Chariot Engraving
Figure HF39, vertical incision. ¢ Measurements extracted from sample slices from the Chariot Engraving Figure HF39, curved incision.

to cluster HF39 (Fig. 7) and the other to cluster AF44 (Fig. 8). The
curved incisions were sliced 12-18 mm wide to accommodate the
entire width of the incision. Although belonging to two different
clusters, the dimensions extracted from these incisions showed
significant similarity. The average depth/FWHM ratio remained
almost identical in both groups (Figs. 7c and 8c).

Standard deviation showed that the depth values in the
curved lines of the two clusters are low, but there is variability
in the FWHM values. Compared to the vertical incisions from
the same engravings, the morphological changes along the

curved lines AS are more frequent, and their spacing
throughout the AS is more variable. Changes were detected
every 4.68 mm on average on the HF39 AS and every 4.14 mm
on AF44 AS, while the spacing between the changes was more
variable than in vertical incisions.

MP counting within the slices showed the dominance of two
MPs in the AF44 cluster and a single MP in the HF39 cluster.
Three-MP and a few 4-MP slices were found in the AF44
cluster. In contrast, HF39 did not present more than two MPs
in its curved line.
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Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by FWHM Frequency of MP count | Slices
AF44 vertical Changes on 4S -
(27 slices) Average (SD) [mm]
1 10
2.7(0.19) |7.26(1.48) | 0.39 (0.08) 6(0.7) 2 13
b 3 4
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by FWHM Frequency of MP count | Slices
AF44 curved Changes on 4S -
(105 slices) Average (SD) [mm]
1 13
1.26 (0.32) | 5.19 (1.35) | 0.26 (0.08) 4.14 (1.71) 2 54
c 3 36
4 2

Fig. 8 AF44. a 3-D model. Slicing paths of vertical and curved lines annotated. b Measurements extracted from sample slices from the Chariot Engraving
Figure AF44, vertical incision. ¢ Measurements extracted from sample slices from the Chariot Engraving Figure AF44, curved incision.

An analysis of two curved engraved lines from the Ibexes
Engraving was performed, one belonging to cluster HF3.19 (Fig.
9) and the other to cluster AF3.17 (Fig. 10). The curved lines were
sliced 35-65 mm wide to accommodate the entire width of the
engraved line.

The measurements obtained from these lines showed considerably
lower depth values than FWHM values. As with the vertical lines
from the same engraving, the average depth/FWHM ratio values
were almost identical. The high FWHM values (Figs. 9c and 10c)
stood out against the FWHM dimensions presented above for the
curved lines of the Chariot Engraving,

Morphological changes throughout the AS were more frequent,
and spacing was more variable than in the vertical incision of the
same engravings. The changes were detected every 1.4-1.6 mm on
average along the examined sections, while the spacing between
the changes showed more variability than in vertical incisions
with almost similar SD in both HF3.19 and AF3.17’s curved
engraved lines.

MP counting within the slices showed the dominance of
multiple MPs in both cases. In the HF3.19 cluster, 2, 3, 4, and 5
MPs had the same slice count. Cluster AF3.17 showed the
dominance of 4 MPs, closely followed by three MPs.

A similar analysis was performed on a curved engraved line
belonging to the first “Gimel” letter of the “Gigi” graffiti (Fig.
11). The sliced section measures 75 mm in length, with slice
width varying between 15 and 40 mm to accommodate the
width of the incision throughout its trajectory.

The values extracted presented significantly higher FWHM
values in proportion to depth. The average depth/FWHM ratio
was 0.2 mm. Deviation from the standard showed a signifi-
cantly smaller variability in depth values over FWHM values
(Fig. 11¢).

The morphological changes throughout the AS showed an
irregular pattern and variable spacing (two to 13 mm apart) and a
higher SD compared to the frequency of the SD of changes
detected in both large engravings.
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Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
HF3.19 FWHM Changes on 4S -
vertical Average (SD) [mm]
(33 slices)
1 0
3.43(0.37) | 17.29 (1.36) | 0.2 (0.03) 2(0.74) 2 2
b 3 13
4 8
5 8
6 2
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
HF3.19 FWHM Changes on A4S -
curved Average (SD) [mm]
(76 slices)
1 5
4.43 (1.47) | 24.64 (6.69) | 0.18 (0.04) 1.4 (1.28) 2 14
c 3 14
4 14
S 14
6 12
7 3

Fig. 9 HF3.19. a 3-D model, with annotated slicing paths of vertical and curved lines. b Measurements extracted from sample slices from the Ibexes
Engraving's Figure HF3.19, vertical incision. € Measurements extracted from sample slices from the Ibexes Engraving's Figure HF3.19, curved incision.

MP count within the slices showed a dominance of 3 MPs in Morphological configurations. Following the above, the para-
each segment. Generally, the slices contained a variety of MPs meters extracted from the slices sampled from the three engravings
counts, ranging from one to six. suggest that micromorphological changes in the Chariots engraving
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Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
AF3.17 FWHM Changes on 4S -
vertical Average (SD) [mm]
(38 slices)
1 0
4.59 (0.98) | 20.97 (2.06) | 0.22 (0.06) 2.5 (0.66) 2 3
b 3 8
4 14
5 8
6 5
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
AF3.17 FWHM Changes on A4S -
curved Average (SD) [mm]
(74 slices)
1 0
2.81(0.7) |13.99(2.4) |0.2(0.04) 1.6 (1.16) 2 10
c 3 20
4 27
5 9
6 8

Fig. 10 AF3.17. a 3-D model, with annotated slicing paths of vertical and curved lines. b Measurements extracted from sample slices from the Ibexes
Engraving's Figure AF3.17, vertical incision. ¢ Measurements extracted from sample slices from the Ibexes Engraving's Figure AF3.17, curved incision.

are few and far between (Fig. 7b, ¢; 8b, ¢), representing lengthier
incision gestures. In contrast, the Ibexes samples show a frequency
of changes characterizing much shorter gestures (Fig. 9b, ¢; 10b, c).

To better illustrate these conclusions, Fig. 12 shows 10 sample
slices produced from the analyzed vertical lines of each
engraving in Site 25. The slice pairs extracted from each
engraving’s AS (Fig. 12a, ¢, e) clearly showed that the first (on
the left) and the last slices (on the right) differ in form and MP
count at the bottom. The slices situated in between the first and
the last (Fig. 12b, d, f) demonstrated the dynamics of the
changes along each given AS. Between every two distinct

configurations, a gradual shift in the form at the bottom and the
MP count defined an overlap area between the incision’s
strokes. In the Chariot Engraving, we could see the form
changing at the bottom of the 3-D slice and the addition of MPs
in the four last slices.

Sample slices from the Ibexes Engraving showed a multi-
plicity of MPs, while their position at the bottom of the slice
changed frequently. If, in the first slices, the form of the slice
was more rounded at the bottom (cyan), the following change
was marked by a sharper form at the bottom, with a shift of the
deeper MPs to the left side of the slice (magenta). In the area
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Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
Gigi vertical FWHM Changes on A4S -
(57 slices) Average (SD) [mm]
1 6
3.1(0.49) | 12.96 (1.5) | 0.24 (0.03) 3.8(3.25) 2 16
b 3 2
4 12
5 1
Quantitative Parameters - Average (SD) [mm] Morphological Characteristics
Depth FWHM Ratio Depth by Frequency of MP count | Slices
Gigi curved FWHM Changes on A4S -
(149 slices) Average (SD) [mm]
1 29
1.64 (0.4) | 8.96(3.19) | 0.2 (0.09) 3.37(3.37) 2 37
c 3 50
4 20
5 9
6 4

Fig. 11 “Gigi" graffiti. a 3-D model, with annotated slicing paths of vertical and curved lines. b Measurements extracted from sample slices from the Gigi
graffiti, vertical incision. € Measurements extracted from sample slices from the Gigi graffiti, curved incision.

marking the next change (cyan), the deeper MPs shift to the
right side of the slice. Generally, changes were more frequent in
the Ibexes Engraving compared to the Chariots, with sig-
nificantly shorter overlap areas. The multiplicity of MP points
within each slice in the Ibexes sample pointed to the Ibexes
Engraving incisions being made of short strokes densely placed
side by side, while the Chariot incisions were formed by a few,
longer strokes.

The changes seen in the “Gigi” graffiti vertical lines AS presented
the highest variation rate among all the analyzed lines (Fig. 11b, c).
In the sample shown in Fig. 12f, the first two slices (cyan) are
rounded at the bottom, with MP points on the same plane. The
following morphological configuration lasts six slices (magenta),

with a sharper form at the bottom and deeper MPs on its left side.
An area marked in purple indicates the transition between the
rounded and sharper configuration and the shift of the MPs to the
left of the slice. Figures 7-11 show that, in contrast to Chariot or
Ibexes engravings lines, which display repetitiveness and resem-
blance in the distances between the shifts in slices morphology (as
reflected in low SD wvalues), the distances between the changes
throughout the AS in “Gigi” are non-repetitive, with irregular
distancing starting at 1 mm and up to 10 mm (reflecting in a high
SD value).

Since the slices were contiguous and consecutive segments of a
three-dimensional sequence, thus presenting the entire sequence
without pauses, it was impossible to miss changes in any chosen
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Fig. 12 Morphological configurations throughout the AS in vertical lines of Site 25 engravings. a, ¢, e The first and the last slices of every 10-mm long
sequence; b, d, f The dynamic of the changes throughout each given AS. Each singular morphological configuration is colored cyan and magenta, with
purple indicating the overlapping areas among the different configurations. The cyan- or magenta-colored first slice in a series of slices signifies a change

along the AS path.

tolerance. In the case of curved lines, a 0.5-mm tolerance was chosen
with the sole purpose of increasing the resolution of the diagnosis.

Recognized engraving techniques. We acquired data from
quantitative parameters together with the frequency of the
changes throughout the AS and in MP count, which serve as
important evidence for the technique applied in the various
engravings (see the section “The analytical framework”). Our
results showed that in the Chariot Engraving HF39, the rela-
tively long distance between the micromorphological changes
throughout the AS indicates that these incisions were made
using a long stroking movement. Slice form consistency
throughout the sequence also allows for the assumption that
the lines were made using a couple of long-stroke movements.
The frequency of two MPs indicated that this incision was
produced using a stroking technique through a double-
stroking mode, while a single MP on the same path sug-
gested that the two strokes merged into one trajectory, a
phenomenon that characterizes a double-stroking action.

AS analysis of the AF44 cluster showed consistency in slice
form, except for the area at the beginning of the line, where it
crosses the body line, and at the end of the line, where the mark
fades because of the tool detaching from the surface. In this case,
as with the HF39 cluster, the frequency of two MPs indicated that
this incision was produced using a double-stroking technique.
The rarity of changes along the line indicated that it was done
similarly, using a double-stroking action in long movements,
which converged from time to time along the line.

The dominance of a single MP in the curved line of HF39
indicated a single-stroke technique, while the double MP
appeared in overlapping areas between the strokes. The curved

line of AF44 was produced by a double-stroke, as testified by the
dominance of two MPs. The diagnosed morphological changes
allowed concluding that the curved line in cluster HF39 was
made of several continuous strokes, the boundaries of which
can only be discerned through careful analysis of their
micromorphology. The transition from one stroke to another
was marked by a micromorphological change in the form of the
slice. These transition areas, which can continue over several
slices, can be identified by the appearance of an additional MP
in the slices extracted from the overlap area between two
separate strokes.

The Ibexes Engraving lines showed significant differences
from those of the Chariot Engraving. The presence of a
systematic multiple MP pattern was perhaps the most notice-
able difference and indicated that the execution tool touched
the stones multiple times during the production of each line,
pointing to a similarity in the technique in all the analyzed lines
of the Ibexes. This stroking technique included a multiplicity of
overlapping and parallel strokes in each segment of an incised
line, resulting in the high variability of MP numbers in slices
obtained from each AS.

The frequent changes in the micromorphology of the AS
suggested that these were relatively short strokes accompanied by
short overlap segments. Short gestures that may appear to the
naked eye as pecking at the stone surface seem to have been
created by stroking and not striking. Individual strikes, defined as
pecking, would have produced a series of single, concentrated,
and non-continuous depth points. However, in the case of the
Ibexes’ incisions, the MPs were consistent throughout the
segments (measuring several millimeters in a continual mode),
indicating a continuous movement, even if short.
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ArchCUT3-D enabled us to distinguish between the pecking
technique and the stroking technique, where a clear continuity of
MPs is present, even if it only extends over a few individual slices.
The short strokes were placed next to each other while
maintaining the direction of the engraved line. The multiplicity
of short strokes placed side by side in a systematic manner was
also reflected in FWHM values, which were significantly higher
than the depth values in the same engraved lines. The FWHM
values of these engraved lines were also prominent compared to
those of the Chariot Engraving lines. Throughout the four
analyzed incisions from the Ibex Engraving, only limited
variability was maintained in the depth of the engraved line,
while greater variability was observed in FWHM values. This
variability in width probably represents the number of over-
lapping strokes that accumulated in each given slice.

Unlike stroking, which creates long lines, or pecking, which
creates a fill, this rock marking technique resembles “peeling” a
stone’s top surface.

In summary, the analysis of the engraved lines from these two
large sites' 25 engravings suggests that both had been executed by
stroking techniques rather than pecking. Furthermore, the
stroking technique had been applied in two different modes:
through a single-stroke or double-stroke incision made by long,
continuous strokes in the case of the Chariot Engraving; or
through multiple short strokes with overlaps (i.e., “peeling”) in
the case of the Ibexes Engraving.

In the “Gigi” graffiti, the slices showed fluctuations in the MPs
count, indicating that this incision resulted from several side-by-
side strokes. The form of the slices also fluctuated considerably, as
did the changes’ frequency, with curved-line data showing similar
patterns of MP count fluctuation in an irregular pattern. These
irregular changes led us to conclude that the curved incision was
made with shorter but more greatly fluctuating strokes than the
vertical one. Similarly, the lengths of overlapping areas varied.

Discussion

As exhibited above, the micromorphological analysis of each
selected engraving made it possible to suggest the technique used
in its production. In each engraving, the execution was carried
out by stroking the rock surface with a sharp tool. The specific use
of the above technique differed remarkably from one engraving to
the other.

The engraved lines extracted from the Chariot Engraving were
performed using the single-stroking and double-stroking incision
techniques. Similarly, the Gigi graffiti was created using the
stroking technique but in an irregular pattern, in contrast to the
regularity of execution seen in the Chariot engraving. The Ibexes
figures were executed by applying a multiplicity of short, “peel-
ing” strokes placed side by side.

The interpretation of the micromorphological characteristics
made it possible to discuss the differences in the logic concealed
behind each technique application.

The “Peeling” technique in context. A preliminary review of the
published material on engravings in areas adjacent to Timna Park
shows significant differences between the engraving technique in
areas where the rocks are covered with a dark patina and areas
where there is no significant difference between the color of the
stone’s top surface and its core (Albright, 1948; Anati, 1999, 2015;
Eisenberg-Degen, 2012; Eisenberg-Degen and Nash, 2014;
Eisenberg-Degen and Rosen, 2013; Goldwasser, 2006, 2011;
Haring, 2015; Pomey, 2018; Wilson-Wright, 2020; Zboray, 2012).

In patina-rich areas, the engraver peeled off the dark rock
coating during the engraving operation, thus exposing the light-
color core underneath. This peeling created a noticeable chromatic

16

contrast between the engraved elements and the surrounding
patina (Anati, 2015). However, as time passed, the engraved
elements also darkened. This darkening phenomenon was used,
for example, as a relative dating method for the engraved signs in
the Negev that accompanied the attempts to classify the images
(Anati, 2015; Eisenberg-Degen, 2012). In contrast, in patina-free
areas, where the color of the rock was uniform, the engraving
action was done so that the incised element created a shadow, thus
making the engraved element visible.

The previous studies or mentions of the engravings’ technical
aspects of those areas are few and have not been examined in
depth. Nevertheless, it is possible to construct a general typology
of the main techniques characterizing the engravings in each
region. The use of the technique, defined by us as the “peeling”
technique in Timna’s Ibexes Engraving, can hint at the engraver’s
producing habits despite the absence of dark patina on the source
rock, as the technique recalls the patina “peeling” action seen in
the Negev engravings.

A reasonable assumption adopted throughout our research is
that geographic and geophysical conditions led to the develop-
ment of different technological traditions for creating the
engravings, while the authorship technique represents a response
to this experience in the most prevalent environmental conditions
and, as evidence of the engraver’s habits, this might serve as a
possible indication of their original environment. The fact that
Timna contains engravings made using two distinct techniques
indicates that each engraving could have been made by a different
ethnic group or groups that passed through Timna over time.

Vertical vs. curved lines: ergonomic conditions. Compared to
vertical lines, ergonomically simpler to perform, curved lines
require constant hand readjustment during the engraving process,
suggesting a different execution manner. The higher changes rate
detected throughout the AS in curved lines of the Chariots and the
Ibexes Engravings compared to straight lines (see section “Curved
engraved lines”) correlate with this assumption; the length of the
engraving stroke was probably affected by the adaptation of the
engraving movement to the changing conditions.

Another cause for increased variability could be a change in the
position of the tool and its working edge due to the placement of
the hand relatively to the engraving path. The steeper curved
path, such as that in the curved line of HF39, is a significant
variability factor in gesture length and, therefore, in more
frequent changes in the morphology of the slice.

In the “Gigi” graffiti, the slices showed high morphological
fluctuations, indicating that the incision resulted from several
strokes placed side-by-side with no regularity or consistency in
the stroking action. The irregular frequency of changes through-
out the AS of curved lines in “Gigi” reflects a much higher SD
value that cannot be explained only as an adaptation of the hand
to the curved path. The irregular stroking movement stands in
contrast to the Chariots’ or Ibexes’ consistent and defined
stroking techniques.

Consistency in the execution mode. Change frequency
throughout the engraved path revealed the nature of the execu-
tion mode. The results for the two large Site 25 engravings are
consistent in each case. We showed that the lesser regularity in
the curved lines of the same engraving could be explained by the
directional changes in the curved incision path.

This regularity may reflect the degree of skill and mastery of
the technique. The regular and consistent pattern in stroke
application probably resulted from a skilled arm and hand
movement with assumed prior experience in inscribing rocky
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surfaces resulting in repetitive and cyclic characteristics through-
out the examined sections.

In contrast, the “Gigi” graffiti, our control engraving, showed
large fluctuations and frequent changes that cannot be related
only to changes in the engravings’ path since it appears both in
vertical and curved lines with non-cyclical or consistent
oscillations, and cannot be attributed only to physiological
adjustments along the incision path.

Thus, we propose that this modern graffiti was executed by an
unskilled engraver, probably a modern passer-by. Indeed, the
fluctuation in the lengths of the strokes that make up the incised
lines of “Gigi” shows an irregular, messy, and wobbling execution.
Due to inexperience in engraving on natural surfaces, the inability
to produce a firm mark led to compensation through repeated
stroking in a pattern lacking the regularity or consistency
characterizing an action controlled by previous practical
experience (Rivero and Garate, 2020).

Conclusions

A methodological framework was created for carrying out the cur-
rent study, focusing on developing criteria for characterizing tech-
nological aspects of the engraving action utilizing 3-D data. Its
contribution is essential to formulating a coherent method propos-
ing research criteria and a division into categories in rock-engraving
research in general and rendering an analysis of the engravings
found in Timna Park Site 25 in particular.

We are able to not only recognize the engraving techniques but
also point out the particularities of the engraving action that indi-
cate the possible background of each engraver. Via quantitative
parameters and morphological characterization, we recognized two
different techniques in the engravings of Timna Park Site 25: the
stroking and the “peeling” techniques. The comparative rarity of
micromorphological changes in the Chariots’ engraved lines indi-
cated lengthier incision gestures, while the Ibexes’ engraved lines
showed a change in frequency characterizing much shorter gestures.
Both showed consistency and regularity in the micromorphological
configurations on the incision paths. In contrast, the modern “Gigi”
graffiti, the control engraving, involved the same technique as the
Chariot engraving, providing the opportunity to show the incon-
sistency of the technique application through “wobbly” non-
repetitive strokes. Differences in the regularity of execution high-
lighted the engravers’ level of expertise, skill, and previous experi-
ence. We thus propose that a skillful execution stems from previous
experience in stone engraving outside the boundaries of Timna
Park. In future research, a computational-based comparison will be
carried out between these engravings and others in the area adjacent
to Timna Park, searching for the origins of the engravers.

The proposition presented here is that unraveling the full
disclosure potential of what is concealed in the 3-D micro-
morphological features of the incisions can become an effective
instrument for studying engravings and other intentional marks
left by ancient cultures.

The importance of ArchCUT3-D is in the utilization of novel
tools, granting us the means to achieve effective computational
analysis at the micromorphological level. It is also a means to
define the engraving techniques and objectively distinguish
between fluctuations in the incision’s quantitative parameters and
morphological aspects while using these aspects for more meti-
culous terminology and definition.

Future development requires aspiring to establish a foundation
for the computational examination of the conceptual schemes
involved in the engraving process based on technological con-
straints and the engraver’s probable decisions during the pro-
duction process. The ability to discern through computational
analysis coherency and repetition in the execution pattern,

suggesting that the engraving was performed by a skilled engra-
ver, opens new horizons in our capability to reach conclusions
based on the characterization of the engraving actions. Hence, the
conceptual schemes that guided the engraver can be suggested
using indicative micromorphological characteristics, thus linking
technological traditions, execution techniques, and visual
considerations.

Data availability

The dataset analyzed during the current study and scanners
manuals are available on the Dataverse repository: https://doi.org/
10.7910/DVN/KKARBS. The ArchCUT3-D software (and future
updated versions) is available for download on the SourceForge
repository: https://sourceforge.net/projects/archcut3-d/.
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