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Abstract 1

2

Motivated by the concept of combining the archaeological practice of creating lithic artifact drawings with
the potential of 3D mesh data, our goal in this project is not only to analyze the shape at the artifact level,
but also to enable a more detailed analysis of stone tools at the scar and ridge level. For this purpose, we
combine the archaeological interpretation, typically represented in 2D, with its corresponding 3D data. To
achieve this goal, we propose a workflow that utilizes 3D datasets as the best means for shape analysis
of lithic artifacts, which relies on one of the first open access repositories of 3D scannned lithic tools. In
our four-step workflow, we start with a preprocessing in GigaMesh, followed by a scar segmentation using
Morse theory-based algorithms, continue with a postprocessing and finally create a graph model-based
representation of the lithic artifacts in 3D. This prototypical graph model can already be used to display
and evaluate manual or parameterized operational sequences in 3D. The source code and the manually
annotated ground truth data are available as open-access publications under a Creative Commons license.
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Summarized from previous version:

"In the contemporary archaeological practice, the academic narrative of a lithic artifact begins directly with its excavation from the ground, and ends as a drawing in the catalog of a publication. This drawing was simultaneously enriched with an interpretation of different traces to bring the artifact in shape, but in the process the artifact gets reduced to two dimensions. In this story, the two-dimensional representation often results in important information about the artifact’s third dimension being lost in translation. Motivated by the need to give voice to this lost information, our goal in this project is not only to analyze the shape at the
artifact level, but also to enable a more detailed analysis of stone tools at the scar and ridge level." 
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Introduction 17

Lithic artifacts display varying shapes and forms due to the differences in rawmaterial quality and knapping 18

techniques utilized during their production. Of particular interest is the knapping process, which allows the 19

study of each production step, since Paleolithic artifacts remain unpolished. These production steps leave 20

convex and concave scars behind that are separated by ridges (Fig 1). In contemporary archaeology, drawings 21

and images of artifacts, often supported by additional details, are the standard approaches to documenting 22

them. 23

(a) (b) (c)

Figure 1. Images of artifact GdF 31: (a) orthographic projection of the scanned object; (b) drawing of theartifact; (c) MSII-curvature mapped as function value.
24One of the pieces of information that can be added to a drawing, is the temporal relation between scars 25

and ridges. In this complex analytical approach, scar-ridge patterns are utilized to establish the sequence of 26

working steps or scars, leading to the analysis of an operational sequence (abbr. OS, fr. chaîne opératoire) (Pas- 27

toors et al., 2015; Richter, 1997; Richter, 2004). Because identifying scars and ridges can be time-consuming, 28

it is still easier to automate comparisons of the overall artifact shape. 29

30

Since the introduction of Geometric Morphometrics methods in 2D, the analysis of outlines has become 31

more common. Currently, standardized drawings can even be analyzed at the level of individual scars (Gellis 32

et al., 2022). However, the analysis of 3D models in archaeology is still in its early stages. Some approaches 33

involve the use of manually placed landmarks to extract features from the surface of artifacts, such as the 34

overall shape (Herzlinger and Grosman, 2018) or the angle of the cutting edges (Weiss, 2020). 35

36

Similar to drawings, users of lithic artifact annotations mark specific surface features on the 3D model. In 37

the case of a drawing, the illustrator recognizes and draws the ridges, while in the case of annotation, the 38

annotator does the same, but annotates the scars. In both cases, scars and ridges are directly or indirectly 39

determined. To our knowledge, only a few annotators are currently available, such as those for cuneiform 40

tablets (Homburg et al., 2022) and for lithic artifacts (Pop, 2019). 41

42

Besides the manual annotation of scars and ridges, they can also be (semi-) automatically segmented. 3D 43

segmentation is a well known practice to separate 3D models to smaller coherent areas. Segmentation is up 44

to today an under-investigated practice in paleolithic archaeology. Only a handful of approaches are using 45
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However, 3D model segmentation and annotation remains an underrepresented area.



3D models to detect scars or ridges. While some approaches use 3D models to extract a 2D rendering in a 46

drawing-like fashion (Barone et al., 2018), other approaches implemented algorithms to automatically seg- 47

ment them on the meshes. Pulla et al. (2001) proposed one of the first methods utilizing a watershed model 48

and varied curvature measurements. The most well-known work in this field is Richardson et al. (2014). In 49

this study, the authors utilized a principal curvature-based geodesic clustering to oversegment lithic artifacts. 50

They merged weak borders and optimized the graph-cut to obtain the scar segmentation. Subsequently, they 51

constructed an adjacency graph model. 52

53

The motivation of our research is to visualize labeled 3D models as 3D representations of OS’s. Thus, it is 54

necessary to analyze scar-ridge patterns for two objectives: firstly, to segment scars and secondly, to analyze 55

OS’s of lithic artifacts, as strongly suggested during our presentation’s discussion. Therefore, we introduce a 56

Morse theory-based segmentation approach and an adjacency graphmodel of neighbouring scars to simplify 57

the 3D model. By considering the relative properties of the scar nodes, we have developed a definition of link 58

direction based on parameters. In this study, we show our workflow leading from the annotation, over the 59

segmentation towards a proof of concept for determining the link directions of scar-ridge graph models. 60

Archaeological Practice 61

Technical Drawings: For most artifacts, from ceramics, over bronze knives to lithic tools, one of the pri- 62

mary documentation techniques is a technical drawing. The process of depiction is, according to specialist, 63

an essential part of the archaeological education. Each category of artifact has its own tradition of how it 64

should be represented and drawn. In the following, the most common way how Paleolithic stone artifacts are 65

depicted and drawn (Shea, 2013) will be described. Due to the sequential information imprinted on the dor- 66

sal side of the artifact, the dorsal side gets depicted preferably while other views are additional. In a general 67

analysis, all flakes and especially blades are orientated with the pointed side upwards (distal part at the top) 68

and the point of impact, the striking platform, at the bottom of the main view. The artifacts are orientated 69

according to their biggest extent in the y-axis. This digitisation standard applies only to two-dimensional de- 70

piction of artifacts, but relying on it, modern approaches using 3D models are following its lead. 71

72

Operational Sequences: To determine the OS’s, multiple attributes are defined (Pastoors et al., 2015), 73

which specify the ridge patterns of adjacent scars. One of these conditions of distinguishing the temporal 74

relation between scars is that "a younger scar contours follows the older scar contour and cuts across it". This 75

process leads to an overprinting and reducing of the more central, older scar. In general, a more central scar, 76

which rings true especially for bigger artifacts like handaxes, is older than scars on the edge. Even if bifaces 77

are not the subject of this research, similar considerations should also be applicable for blade and bladelets. 78

Hence, the positional integration of the scar inside of a scar ridge pattern should be considered. 79

80

For a better understanding of artifacts, especially for the procedural relationship between the scars, a graph 81

representation is helpful for understanding the scar-ridge connections (Richardson et al., 2014). Graphmodels 82

in the form of Harris matrices are used to represent the relation between working stages of lithic artifacts (e.g. 83

Pastoors (2000), Pastoors et al. (2015), and Richter (2004)). In this research, they created Harris matrices from 84

working stages not scars. In this line of thought, scars are assigned to working stages, which are considered to 85

be procedural steps of the knapping. The representation of each scar in a Harris matrix is rather uncommon. 86

However, by providing attributes to determine the relation between adjacent scars (Pastoors et al., 2015), a 87

graph model of lithic artifacts is worth exploring. The basic concept was already applied to experimental data 88

in the context of a refitting (Yang et al., 2017), but it was as far as we know, not applied to real archaeological 89

data. The creation of graph models will serve as an important step towards real archaeological data and can 90

give insights into the production patterns. 91
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Material and Methods 92

Dataset 93

In this study, an open dataset of lithic artifacts from the Grotta di Fumane (GdF) site (Falcucci and Peresani, 94

2022b) was used. GdF is a north-eastern Italian site, which is well-known for one of the earliest cave paintings 95

in Europe as well as layers clearly associated with the Uluzzian. The Uluzzian, a transitional industry, is one 96

of the earliest techno-complexes associated with the AMHs arrival in Europe (Marín-Arroyo et al., 2023). All 97

artifacts from the dataset are attributed to the on this site following Proto-Aurignacian and are either made 98

from blade or bladelet blanks. Many of the blades and bladelets, especially the intermediate slender blades 99

stay unretouched (Falcucci, Conard, et al., 2017). 100

101

From the 732 published artifacts, we selected 57 artifacts from the A1-A2 unit, which is dated between 102

42,000 and 39,250 cal BP. To gain a broader perspective, we included also 5 artifacts from the D3 unit (D3b, 103

D3d and D3d base), which is dated between 40,000 and 37,750 cal BP (Higham et al., 2009; Marín-Arroyo et al., 104

2023). A total of 62 artifacts were selected according to their varying scar-ridge complexity. 105

106

To compensate for the absence of the original artifact, the annotation workflow was created to determine 107

whether ridges and scars are applicable even when the artifact is not available. In order to get a better rep- 108

resentation of the scar-ridge patterns than using conventional rendering techniques, the dataset was pre- 109

processed using the 3D Multi-Scale Integral Invariant (MSII) filter and selecting the maximum curvature (Mara 110

and Krömker, 2013) (Fig 2). It is recommended to use a dual monitor or widescreen monitor to use Mesh- 111

Lab (Cignoni et al., 2008) and GigaMesh side by side. While examining the ridges in GigaMesh, MeshLab’s 112

Z-painting tool is used to color code the different segments of the mesh surfaces. This creates a dataset that 113

closely approximates the ground truth (GT). It is worth noting that the annotations may vary when multiple 114

experts are involved given the absence of a deterministic solution. 115

(a) (b) (c)

Figure 2. Artifacts (GdF 31) turned in position to be annotated: (a) original 3Dmesh; (b) MSII values (GigaMesh)
mapped 3D mesh; (c) with MeshLab color painted 3D mesh

Each manually applied color i.e. graphical annotation represents a labeled connected component. This 116

labeled dataset will serve first, as GT dataset to evaluate the segmentation results and second, to determine 117

the precision of the adjacency graph models. Beside annotated meshes, for the evaluation of the directed 118

graphmodels, manual OS’s were needed. Due to the differing quality of the 3Dmodels, which varies between 119

40,000 and 400,000 vertices, the relation between scars cannot be determined in some cases, e.g. GdF 710. 120

For the GdF 207, we were able to reconstruct with a high confidence an OS. One additional OS was published 121

in Falcucci, Conard, et al. (2017), from which a directed graph model was generated. The artifact is a multi- 122

platform core (ID: GdF RF.c_49). It was not part of the initial GdF dataset (Falcucci and Peresani, 2022b) and 123

was added in the later version 2.1.1 (Falcucci and Peresani, 2022a). 124
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Methods 125

This section presents a four-step workflow for the analysis of lithic artifacts. In the first step, the 3Dmeshes 126

are preprocessed in the GigaMesh software, then their scars are segmented using Morse theory. The third 127

step is a postprocessing step, and the fourth step is to create an adjacency graph model-based on the anno- 128

tation. 129

1. Preprocessing in GigaMesh (Mara, Krömker, et al., 2010) 130

(a) Orienting, Cleaning and Filling 131

(b) 3D Multi-Scale Integral Invariant (MSII) Filtering 132

2. Scar Segmentation using Morse Theory 133

(a) Morse-Smale Complex 134

(b) Weak and Strong Ridges 135

(c) Oversegmentation (Morse Cells) 136

(d) Merging Morse Cells based on Ridges 137

3. Extracting Spatial Properties of Annotated 3D Meshes 138

4. Scar-Ridge-Patterns as Graph Models 139

(a) Scar-Ridge Graph as Source for Digital Drawings 140

(b) Directing the Graph Model by Parameter 141

This step by step process will be presented in the following subsections. 142

Preprocessing in GigaMesh 143

The workflow starts by automatically cleaning and filling the surface of the meshes using the command 144

line tool in GigaMesh. Every 3D mesh by its nature has natural or artificial openings, holes, and gaps on 145

its surface on one side and topological errors due to, e.g., imperfect scan alignment on the other side. Due 146

to the simplicity of lithic artifacts, e.g. no natural and artificial holes, the default setting of the tool can be used. 147

148

The next step is to orient the artifact using a 3-step procedure: First, calculate the principal orientation 149

based on vertex coordinates and check the mesh for mirroring. Second, a k-means clustering algorithm was 150

utilized to distinguish between the dorsal (front) and ventral (back) sides. Third, the distal (top) and proximal 151

(bottom) orientations are determined by the relationship between the center of mass of the artifact and the 152

location of the centroid of its bounding box (Maier et al., 2023). 153

154

Finally, the maximum of the MSII curvature is then calculated as an approximation of the maximum curva- 155

ture (Mara and Krömker, 2013). 156

Scar Segmentation using Morse Theory 157

The segmentation method used to detect scars originates from Morse theory, which is a technique from 158

differential topology, that has a discrete counterpart introduced by Forman (2001). To use this discrete Morse 159

theory, a mesh with vertices that have a scalar function assigned to them is required. The scalar function used 160

for scar and ridge detection are the maximum MSII curvature values, since they already visually highlight the 161

ridges. 162

163

Morse-Smale Complex: Following the algorithms described in Robins et al. (2011), discrete Morse theory 164

allows to calculate a combinatorial gradient on the mesh, that leads to the detection of minima, saddle points 165
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(a) (b)

Figure 3. (a) MS complex; (b) simplified MS complex

andmaxima (also called critical points) on the surface taking into account the underlying scalar function of the 166

vertices. This allows to extract so-called Morse-Smale complexes (MS complexes) by calculating the adjacen- 167

cies of these extremal points. The adjacency can be retrieved as lines, so-called separatrices, by following the 168

steepest gradient frommaxima to saddle points aswell as the steepest gradient from saddle points tominima. 169

170

The resulting skeleton-like structure on the mesh can be seen in Fig 3 (a), which schematically depicts a hill 171

and dale surface, with the height function as a scalar function for Morse theory. The maxima (blue), saddle 172

points (green) and minima (red) are shown as well as the separatrices (arrows) connecting them. Note that, 173

by definition, there are no separatrices connecting maxima to minima. Such a MS complex on the mesh au- 174

tomatically indicates a segmentation and divides the surface into regions that are enclosed by separatrices, 175

known as Morse cells. One is highlighted in Fig 3 (a) as an illustration. 176

177

Weak and Strong Ridges: Separatrices represent extremal lines, so they can be used to filter for weak and 178

strong ridges. Themean curvature value of the vertices of a separatrix is used as the importancemeasure and 179

a double threshold is used to get weak and strong ridges, adding the weak ridges only if they are adjacent to 180

a strong ridge. Fig 4 (a) shows the resulting ridges on an example artifact. The advantage over a thresholding 181

on the whole vertices lies in the nature of separatrices, as they are thin connected lines already and taking 182

the mean curvature value along them allows to bridge short interruptions in the ridges. 183

184

Oversegmentation (Morse Cells): The next step is getting an oversegmentation of the mesh that aligns 185

with the already detected ridges. Morse theory already provides a natural segmentation, but real datasets 186

contain noise and make this segmentation very fine grained. The skeleton can be simplified by removing 187

small local minima or maxima when their function value distance to the next saddle is below a threshold. A 188

possible step of such a simplification is shown in Fig 3 (b), which leads to enlarged Morse cells. For the seg- 189

mentation method, Morse cells of a slightly simplified skeleton are taken. This removes noise and ensures 190

that the oversegmentation has cells which are not too small and also keeps the detected ridges in between 191

the Morse cells. Fig 4 (b) shows such an oversegmentation. 192

193

Merging Morse Cells based on Ridges: Using the oversegmentation and the detected ridges, a weighted 194

adjacency graph can be created using the Morse cells from the oversegmentation. The weights are defined 195

as the percentage of detected ridge points along the boundary between two cells. As a final step, neighboring 196

cells that have no or not enough ridge points detected along their boundary can be iteratively merged. This 197

leads to a final segmentation result (Fig 4 (c)) that ensures that there is a predefined percentage of ridge points 198

between all cells. 199
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(a) (b) (c)

Figure 4. (a) Ridges: strong ridges (red), weak ridges (blue); (b) Oversegmentation; (c) Merging (result);

Extracting Spatial Properties of Annotated 3D Meshes 200

To demonstrate the process with a final, adjusted segmentation, the ground truth data is used; if done 201

correctly, the ground truth data should be the goal of the segmentation algorithm anyway. Once annotations 202

have been obtained, all colorsmust be translated into respective labels. Here, due to the high number of scars 203

and the limited number of easily accessible colors in MeshLab, colors can be used repeatedly. Consequently, 204

color values are collected and the data is relabeled to isolate only connected components. Each connected 205

component corresponds to one scar. These connected components are then used to divide the 2D manifold 206

into distinct submeshes. 207

208

Each connected component has a contour, which can be represented as a polyline. A contour is a circular 209

line consisting of vertices, where each vertex has neighbors from a different connected component. Addition- 210

ally, each vertex of a contour has 2 neighbors that belong to the same connected component. 211

212

These connected components serve as basis for determining the ridges of an artifact. In fact, the contour 213

set is determined by selecting every contour vertex and every face that contains only contour vertices. In a 214

subsequent step, this set of contours can be divided into segments, each of which represents a ridge. Thus, a 215

ridge can be defined as an area where two or more scars share adjacent contours. 216

Scar-Ridge-Patterns as Graph Models 217

In this chapter, the overall approach for representing the connections of scar-ridge patterns using a graph 218

model gets introduced and analysed to determine the direction of their links. Additionally, the visualization 219

of directed and undirected graph models in 3D will be introduced. 220

221

Scar-Ridge Graph as Source for Digital Drawings: The scar-ridge pattern serves as a source for digital 222

drawings. From the scar-ridge patterns, an adjacency graph model can be abstracted. In this model, each 223

scar is represented as a node. The existence of an undirected link between two nodes is determined by their 224

neighborhood. Therefore, each ridge can be represented as a link due to the adjacency of the scars. To an- 225

swer the question of where a scar ends and the ridge begins, it is necessary to differentiate between a scar 226

contour and a ridge segment. This will help to untangle the strong connection between scars and ridges. 227

228

While creating the graph model, various properties can be included to specify node or link parameters, 229

such as spatial and non-spatial parameters of scars or ridges. Spatial parameters can include the area of the 230

scar or the mean of a selected parameter, such as the meanMSII curvature values within a scar. In addition to 231
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(a) (b) (c)

Figure 5. Rendered images of artifact GdF 207: (a) Solid view; (b) MSII light view (1.0 mm); (c) GT label view

imported scar or ridge parameters, graph parameters describing the relationships between nodes and links 232

can be calculated and used. 233

234

In contemporary archaeological practice, the ideal representation of an artifact is a technical drawing that 235

captures the ridges and ripple lines. Having a high-resolution 3D model allows to render alternative images 236

as well as new means of representing a lithic tool assisting in determining the OS. So two renderings were 237

created, one similar to conceptual drawing and one as a graph model depicting the relations (or connections) 238

between surface segments, i.e, scars and ridges. 239

240

In the following graph visualization, scars are represented by spheres. The location of the node is deter- 241

mined by the center of mass of each scar. If the node has to be on the surface of the manifold, the closest 242

point to the center of mass can be selected. 243

244

In addition to the scar properties, the segmentation of scar contours into ridges is another relevant pa- 245

rameter. The scar contour is an ordered list of vertices that form a circular closed polyline. When performed 246

ideally, ridges can be viewed as the contour segment where two contours share neighboring vertices. Thus, 247

each ridge can be considered as two segments comprised of two contours and due to the right orientation 248

of the faces, these are oppositely oriented. All vertices belonging to the ridge can also be considered as link 249

properties. 250

251

(a) (b) (c)

Figure 6. GdF 207 models: (a) 3D ridge model; (b) adjacency graph model and ridge model; (c) directed adja-
cency graph model (direction = manual)
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(a) (b) (c)

Figure 7. Directed 3D graph model of GdF 207 depicting differences in link orientations (yellow): (a) directed
by scar area ("greater"); (b) directed by degree ("greater"); (c) directed by betweenness ("greater")

In this study, we focus on visualizing all contours and therefore filter the mesh for faces consisting of con- 252

tour vertices only (Fig 6 (a)). In the final visualization of the ridge graphmodel, everything from the nodes over 253

the ridges to the connections in the form of cylinders (Fig 6 (b)) or arrows (Fig 6 (c)) had to be combined and 254

finally exported. 255

256

Directing the Graph Model by Parameter: Every undirected graph model possesses properties directly 257

derived from the connectivity of each node and link, such as degree or betweenness centrality. The degree 258

of a node in a graph is the number of nodes that are connected to it by links. Betweenness centrality mea- 259

sures node accessibility. A node with a high betweenness provides insight into the importance of the node in 260

accessing other parts of the graph. A node’s betweenness centrality is higher if it needs to be crossed more 261

often to reach other nodes. Conversely, a node on the periphery has a low betweenness centrality. 262

263

The procedure for the three parameters is similar. First, an undirected graph model is created. Then the 264

parameter of either the mesh or the graph is extracted and computed. Finally, the difference between two 265

adjacent nodes is estimated. Specifically, the relative difference in area, degree, and betweenness centrality 266

of two adjacent scars are examined to obtain the direction of a link. Due to the exploratory nature of the 267

research, the difference between the nodes was defined as the links direction either from the node with the 268

lower value to one with the higher value ("greater"), or vice versa ("lower") (Fig 7). In this context, indegree 269

describes the number of directed links to a node, outdegree the opposite. 270
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Results and Evaluation 271

The results presented in this study are divided into two parts: first, the segmentation, where quantitative 272

data is available. Second, creating and visualizing graph models, where a proof of concept is provided. 273

Segmentation Results 274

The described segmentationmethodwas implemented in Python and published in Bullenkamp et al. (2023). 275

The method requires four parameters: persistence for the level of simplification in the oversegmentation, 276

weak and strong ridge thresholds for filtering ridges and a merging parameter for the weighted adjacency 277

graph simplification. Determining these parameters can be laborious. However, the segmentation algorithm 278

is accompanied by a graphical user interface. This allows the user to adjust parameters and obtain visual 279

feedback rather than executing code and importing results into another software for each parameter combi- 280

nation. Furthermore, this article utilizes a pipeline approach to run the segmentation for various parameters 281

and evaluate each combination with the ground truth data (Linsel et al., 2023). Taking the best result for each 282

artifact enables a quantitative evaluation of the segmentationmethod. For the 62 artifacts with ground truths, 283

the average percentage of correctly labeled vertices is 91.26%, ranging from 81.2% to 97.2%. 284

285

In Fig 8 some representative results are shown, including the best (e) and worst (d) results of the dataset. 286

Artifacts (b), (d), and (h) all have cortex areas, that are supposed to be one label. However, given their rough 287

surface, they have high curvature values that lead to false ridge detection and an oversegmentation of these 288

areas. In Fig 8 (g) there is an artifact that gives a good overall result, but two small scars on the right side are 289

not detected. These scars are too small and the ridge between them and the large scar is too weak. Especially 290

artifacts with clear ridges like Fig 8 (a), (c), (e) and (f) show good results. 291

(a) GdF 713 (95.6%) (b) GdF 75 (84.6%) (c) GdF 2490 (93.6%) (d) GdF 6626 (81.2%)

(e) GdF 10356 (97.2%) (f) GdF 752 (94.9%) (g) GdF 4501 (97.1%) (h) GdF 700 (83.4%)
Figure 8. Difference between results (left) and ground truths (right).

Proof of Concept of Graph Modeling 292

Due to the early stage of this approach, this study will only present prototypical approach of how to use and 293

visualize graphmodels of lithic artifacts. Digital graphmodels of lithic artifacts extends the analytical potential 294

of OS’s from a manual towards data-driven approaches. 295

296

In the case of GdF 207, the relationship between the scars is not difficult to followwith a normal OS diagram 297

for an expert, as shown in Fig 9 (a). But as the complexity of the scar pattern increases, the ability to under- 298
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(a) (b)

Figure 9. Hierarchical graph diagram based on indegree created with Gephi (Bastian et al., 2009) (node color
= indegree (brown: low, turquoise: high), link color = indegree of source node, y-position: indegree); (a) GdF
207; (b) GdF RF.c_49

stand the OS becomes a cognitive challenge. GdF 207 is a blade, and has therefore been knapped from the 299

surface of a core, and as a result shows only partly the negatives and hence the complexity of the OS before. 300

301

To change perspective and focus on a core, GdF RF.c_49 is analyzed (Fig 9 (b), Fig 10). In addition, this artifact 302

already had an OS in the form of a drawing (Falcucci, Conard, et al. (2017)). The possible applications of the 303

scar and ridge properties of adjacency graphs are numerous, from simple statistical parameters that can be 304

assigned to either the scars or the ridges, such as the mean, median, and standard deviation of a parameter, 305

e.g., the surface area, to parameters derived directly or indirectly from the relationship between scars and 306

ridges. 307

308

To obtain the direction of a connection and to evaluate this interpretation, this research uses the relative 309

difference in area, degree, and betweenness of two adjacent scars. To calculate the area of the scars, sub- 310

meshes of the labels were created and their surface area was calculated. 311

(a) (b) (c) (d)

Figure 10. (a) 3D mesh of GdF RF.c_49; (b) ground truth label; (c) adjacency graph model; (d) graph model
(direction = Falcucci, Conard, et al., 2017)
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Parameter Directed Graphs and Evaluation 312

The accuracy of GdF 207 and GdF RF.c_49 differ and represent the range of accuracy of the graph compu- 313

tation. While the accuracy of GdF 207 ranges from 78 to 84 %, the accuracy of GdF RF.c_49 ranges from 49 to 314

53% (Tab. 1). The difference can be partly explained by their object categories: while GdF 207 is a retouched 315

blade from which several small flakes have been removed along the edges, leading to a strong connection 316

between dorsal and ventral scars along the edges without regard to their position in the OS, GdF RF.c_49 is 317

a core from which flakes of more similar size have been removed. Due to the completely different ways in 318

which Paleolithic people handled these artifacts, one as a source for tools and the other as a tool itself, the 319

scar patterns naturally differ. 320

321

Accuracy of the graph models
Artifacts

Parameter GdF 207 GdF RF.c_49
Area 84% 52%
Degree 78% 49%
Betweenness 79% 53%

Table 1. Evaluation Link Directions of Graph Models according to Area, Degree and Betweenness

In both cases, the relative area, degree and betweenness of the scars lead to similar results, with only a 322

range of 6 % (GdF 207) and 4 % (GdF RF.c_49). This could possibly be explained by an underlying relationship 323

between the size of a scar and its relevance in the graph. Fig 11 shows that GdF 207 contains prominent out- 324

liers that have an impact on all parameters considered. 325

326

Figure 11. Comparison of area (mm²), degree and betweenness of the scars of GdF RF.c_49 and GdF 207
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Even without considering the poor results of GdF RF.c_49, the graph models for GdF 207 have difficulties 327

detecting the correct relationship between dorsal scars, which are either similar in size or earlier scars have 328

been overwritten by later ones. Furthermore, dorsal-ventral links are also prone to error, as the most promi- 329

nent ventral scar is the largest scar on the artifact, considering that it is almost complete. This scar is the 330

youngest scar on the artifact, not considering later retouches. But it is one of the earliest, according to all the 331

data derived from the graph models. 332

(a) (b)

Figure 12. Evaluation of best performing directions (black = true; blue = false); (a) GdF 207: Area ("greater");
(b) GdF RF.c_49: Betweenness ("lower")

As using graph models have been successfully used to describe complex situations allowing for queries 333

and visualizations, it will help to understand the underlying patterns. A similar effect can be expected for the 334

question of determining OS’s. Having a small number of easily understandable parameters is by design to 335

make the approach accessible for a wider range of users. Automatic determination of parameters will be a 336

next step. Furthermore the graph representation can also be useful for teaching OS’s conceptually. 337

Outlook and further Applications 338

One of the central challenges in archaeology is the lack of open, digitized data that can be used to evaluate 339

automated approaches, which applies in particular to 3D models, segmentations and OS’s. This limits the 340

development of new methods and ultimately restricts the scope of future research. To address this, we have 341

published along this article our annotated dataset (Linsel et al., 2023), which we used to evaluate our segmen- 342

tation algorithm (Bullenkamp et al., 2023). The OS’s are still subject to ongoing research and will be published 343

later. However, we are expanding our dataset to include more manually annotated artifacts by scanning lithic 344

artifacts, e.g., leaf points from different sites, creating graph models, and adding OS’s as well. 345

346

One of the key limitations of exclusively examining artifacts in the absence of their position within an OS 347

is the dependency on surface properties and expert knowledge. To ensure the accuracy of an 3D OS dataset, 348

wewill aim to incorporate 3D data from experimental knapping series where the connection between positive 349

and negative scars within an OS is documented in future work. Merging a complete OS Graph with 3D data 350

will lead to the development of a more precise GT dataset, enabling us to adapt methods to real datasets. 351
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Relative Chronology of Scars (OS) 352

We are currently working on new methods to determine OS’s automatically. As discussed in this article, 353

the results of the graph model-based OS are promising but due the univariate method, and the small dataset 354

used to determine the direction, the results and the gained insights are limited. Hence, one of the next needed 355

steps is to combine multiple parameters of more artifacts in the graph model to obtain a better insight of the 356

internal mechanics of the knapping process and as a result of the OS’s. In this regard, we are currently work- 357

ing on implementing two methods, which are derived from the archaeological practice described by Pastoors 358

et al. (2015). 359

360

This research serves as a first step towards abstracting human lithic tools in a simplified and computer- 361

readable way. We do consider our graphmodels of individual tools as intermediate result being a data source 362

for graph-based machine learning, which has shown great potential in recognizing cuneiform signs (Kriege 363

et al., 2018), and ultimately as a stepping stone towards a more detailed understanding of lithic technologies. 364
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