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Abstract

Motivated by the importance of lithic artifacts in the development of our ancestors, this study introduces a novel
method combining 3D mesh segmentation and graph modelling to determine distinct features of operational
sequences being relevant for creating lithic technology analyses.
For analysing the operational sequence of scars, manual scar segmentation was utilized on 3Dmeshes from both
open-access and in-house datasets, to construct directed graphmodels. These models allow the examination of
adjacency and sequential relations among scars, represented as nodes and edges in the graph. Our approach,
verified against manual graphmodels, demonstrates the potential for analysing artifacts digitally and enhancing
the understanding of early human technological advancements.
Building on existing practices, we created and approach for determining the relative order of scars. We focus on
parameters that are approximations of archaeologically used attributes. For the approximations, we usedMulti-
Scale Integral Invariants (MSII) curvature values, integral invariants of polylines, and a MSII curvature sampling
method along the polylines. In addition, we used parameters derived from either the meshes, like surface area,
or the graph models, such as node degree or betweenness centrality.
The method’s accuracy was tested on various archaeological samples, including Upper Palaeolithic blades
and cores from Grotta di Fumane, a Bronze Age blade and an experimental knapping series. Preliminary
results for high-resolution 3D models are promising, although the overall accuracy varies. While the results
now highlight the need for real ground truth data with low interpretation bias and for improvements of the
overall approach, they also demonstrate the potential of graphs modelling operational sequences to predict the
temporal relations between adjacent scar. Further, this approach is a step to make the analysis of operational
sequences quantifiable, reproducible and reliable beyond the scope of visual comparisons.
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Introduction 1

Lithic artifacts are of particular interest due to their durability and their significance for all human species. This 2

study will concentrate on the marks resulting from the procedural steps involved in transforming lithic raw mate- 3

rial into the finished artifact. One of the long-term objectives is to identify these marks directly on a 3D surface 4

model and order them according to their procedural position. 5

6

These procedures consists of a series of strikes to a block of raw material, resulting in the concave removal of 7

material. All strikes have a temporal linear order, which can be analysed as an operational sequence (abbr. OS, fr. 8

chaîne opératoire). As a consequence of a strike, a negative scar is produced on the raw material, while a positive 9

is formed on the removed flake. All scars are connected to the earlier ones by their border, the ridges (Fig  1 ). For 10

obtaining the scars as surface features the 3Dmodelmust be segmented either (semi-) automatically (Bullenkamp, 11

Kaiser, et al.,  2024 ; Bullenkamp, Linsel, et al.,  2022 ) or manually using either Blender (Blender Online Community, 12

 2018 ) or MeshLab (Cignoni et al.,  2008 ) as interim solutions. 13

3D Mesh Annotation

Scar

Ridge

Labels

Figure 1. Schematic representation of a solid rendered 3Dmodel, the annotated 3Dmodel (Blender Online Community,  2018 )
and the vertex labels mapped on the 3D mesh of ROB 1241.2.

As demonstrated in Linsel et al. ( 2024 ), the segmented 3D model and the manual graph model can be com- 14

bined, visualized as a 3D graph and directed by the relative properties of adjacent scars to predict their temporal 15

relation. Building on this work, this study includes new approximations of four archaeologically derived proper- 16

ties, including the Multi-Scale Integral Invariants (MSII) of 3D models (Mara and Krömker,  2013 ) and the Integral 17

Invariants of Polyliness (IIoPs) , as well as method sampling parameters along the ridges. 18

19

To test the performance of each parameter prediction, a test dataset consisting of different artifacts types 20

belonging to two datasets was created. The dataset consists of Upper Palaeolithic blades and cores from Grotta 21

di Fumane (GdF) (n = 45), a Bronze Age blade from Troy (ROB), and an experimental knapping series (n = 14). 22

The total number of analyzed artifacts is 60. Even though the results should be considered preliminary because 23

the annotations and the operational sequences are manually create leading to an interpretation bias, the sample 24

size is low and the variation of records is high, however it demonstrates already the scalability of the approach 25

by integrating new parameters, and the potential of creating graph models of operational sequences, which are 26

enriched with 3D data, making the results more comparable, reproducible and transparent. 27
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Related Work 28

Lithic artifact analysis can be separated in two groups, those with an analogue approach using records for 29

visual analyses and data driven approaches using mostly their digital pendants. Relying on three record types, 30

3D models, as well as drawings, operational sequences (OS) and their digital twins, manual segmentations and 31

graph models , this study relates more to the data driven group but relies on data created by the analogue group. 32

While it relates more to digital approaches using 3D models for analysing operational sequence of lithic artifacts, a 33

comparison to both categories is needed. 34

Manual Analyses of Lithic Technologies 35

One central goal of analysing lithic technologies is to model the knapping sequences needed to create the 36

artifacts (e.g. Soressi and Geneste ( 2011 ) ), but determining the temporal order of scars and, consequently, their 37

strikes is challenging. Here two different approaches can be applied, which are based on different scales Soressi 38

and Geneste ( 2011 ). The "refitting" creates a temporal relation between artifacts based on fitting positive and 39

negative scars of a removal and the core, fromwhich it was removed (Soressi and Geneste,  2011 ). But if a refitting 40

is not possible, a scar pattern or diacritic analysis is applied on an artifact level analysing the temporal relation of 41

adjacent scars (Pastoors et al.,  2015 ; Richter,  2004 ; Tafelmaier et al.,  2022 ). Without having explicit knowledge of 42

their order, researchers rely on relative properties between neighbouring scars. A list of 5 attributes are commonly 43

defined, which vary between researchers (Pastoors et al.,  2015 ; Richter,  2004 ; Tafelmaier et al.,  2022 ) and describe 44

the relation between the younger to the older scars. Froma structural standpoint, these attributes often represent 45

a combination ofmultiple properties. For instance, as stated in Tafelmaier et al. (  2022 ), the first attribute is defined 46

as "The younger negative cuts deeper into the rawmaterial [...]" and "[...] [The younger negative] shows a stronger 47

concavity than the older one [...]", which describes two distinct properties: first the relative location of the scars, 48

and second their difference in concavity. In the archaeological practice, these features can clearly be combined; 49

however, for a computational approach, they must be separated because they are based on different surface 50

features. For a better overview, three lists with each 5 attributes (Pastoors et al.,  2015 ; Richter,  2004 ; Tafelmaier 51

et al.,  2022 ) were summarized and if the attributes contained more than one property, an attribute is separated 52

in individual properties, resulting in 10 properties (Tab  1 ). 53

Property of Younger Scars Category Pastoors et al. ( 2015 ) Richter ( 2004 ) Tafelmaier et al. ( 2022 )

is more concave along ridges RRP-1 1 1 1
ridge follows older one RRP-2 4 4 5
ridge cuts across RRP-3 4 - -
lies deeper RSP-1 1 - 1
is more convex RSP-2 - - 1
has lances along ridges BP-1 2 2 2
has lance-shaped
(multistage) microchips BP-2 3 3 -
has ripple lines in terminal area BP-3 5 - 3
has splinters on the ridge BP-4 - - 4
is steeply convex in terminal area BP-5 - 5 -

Table 1. Properties to determine the younger and the older scar of two adjacent scars according to Pastoors et al. ( 2015 ),
Richter ( 2004 ) and Tafelmaier et al. ( 2022 ). The numbers reflects their list position in the attribute lists. Properties belonging
to the same attribute share the position.

For technical purposes, these properties can be categorized into three groups: Relative Scar Property (RSP), Rela- 54

3



tive Ridge Property (RRP), and Binary Property (BP). Although only one stated that the ranking reflects the relevance 55

of the properties in archaeological practice (Tafelmaier et al.,  2022 ), the significance of the attribute ranking was 56

implicit in the cited sources. The scars are set in relation to each other, creating a graph model, in which scars are 57

the nodes, ridges are the edges and the edge direction represents the temporal relation. The temporal relation 58

is an interpretation, hence it can vary between researchers. After applying these attributes for all scar relations, 59

these result cumulatively in a complete manual operational sequence. One implication of these lists is that a graph 60

model can be completely directed by one or a combination of multiple attributes. 61

62

From today’s archaeological perspective, graph models of complex scar patterns with 100 - 200 scars, e.g. of 63

bifacial tools, are "hardly informative [for the visual comparison of human experts]" (Kot,  2016 ). The contraction of 64

scars to working stages is here done either by researchers or in an experiment by the knapper (Kot,  2016 ; Pastoors 65

et al.,  2015 ; Richter,  2004 ). 66

Digital Analyses of Lithic Technologies based on 3D Models or Graph Models 67

Refitting or 3D puzzling is becoming a topic of interest in the 3D community. For lithic artifacts, manual 3D 68

refitting is becoming popular (e.g. Delpiano et al. ( 2017 ) and Sánchez-Martínez et al. ( 2024 ) in some instances also 69

automatic refitting (Yang, Matsuyama, et al.,  2016 ). These refittings can then be used to animate the reduction 70

sequence (Yang, Konno, et al.,  2019 ). In related fields, 3D puzzling is also an emerging field, which can be under- 71

lined by the increased size of published datasets like the RePAIR benchmark dataset (Tsesmelis et al.,  2024 ) or 72

(semi-) automatic approaches like the refitting of 3D point clouds of marble slabs using varying degree of user 73

input (Houska et al.,  2024 ). As shown in Huang et al. ( 2006 ), graph models can be useful to simplifying the regis- 74

tration of 3D models. But most approaches stop after performing the refitting without deriving additional data of 75

the reconnected artifacts, but they can result in graph models like shown by Yang, Konno, et al. (  2019 ). 76

77

Contrary to 3D refitting, scar pattern analyses using 3Dmodels has only been demonstrated in Richardson et al. 78

( 2014 ), in which 3Dmesh data and an automatic segmentationwere used to create an undirected adjacency graph. 79

But Richardson et al. ( 2014 ) proposed that additional data could be integrated in the graph model e.g. the "area 80

of the scar" as node parameter and "the mean curvature along the borders" as edge parameter. Following that 81

reasoning, Grosman ( 2016 ) highlighted the potential of with "inaccessible data" enriched graphmodels. Grosman 82

( 2016 ) emphasized that scar and ridge parameters like the distribution of scar counts, their areas, shapes, and 83

mean concavity can lead to a "more precise description and analysis of the lithic artifact surface and the under- 84

lying production technology". An analysis of an enriched graphs was referenced but never has been published 85

(Grosman,  2016 ). To our knowledge, our previous study (Linsel et al.,  2024 ) is the first attempt to analyse opera- 86

tional sequences of lithic artifacts by combining graph models with annotated 3D models. 87

88

Graph models are commonly seen as the result of an archaeological study but not the data source for further 89

investigations. One exception is the study of Kot et al. (  2024 ), where they created temporal graph models of 90

scars and working stages. They used experimental knapping sequences and created a strict linear graph model 91

between the documented scars. This study shows the potential of graph based approaches to analyse parameters 92

like the removal rate of scars. It displays how many scars and their temporal relations are still visible in bifacial 93

experimentally reduced artifacts and found out that only 14 % of all removals and 28 % of knapping stages are still 94

visible at the end. In a second study, Mahaney ( 2014 ) created and compared action based graphmodels of several 95

operational sequences. They compared graph models of an experimental knapping (hand axe), a hypothetical 96

Oldowan tool and five primate action to evaluate the complexity needed to generate them. Both studies illustrate 97
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an important aspect of graph modelling: graph models can be adapted to the purpose of the study, even if the 98

object of interest is similar, allowing for an argument driven and diverse field of research. But both studies are 99

limited to the graph models without using additional data derived from 2D or 3D models. 100

Material and Methods 101

For conducting this research, three different data types are needed, 3D meshes, manual segmentations and 102

the temporal order of scars as colour-coded drawing or as graph model. Due to the time-consuming nature of 3D 103

scanning, annotating and creating graph models of the operational sequence as well as prohibitive data policies, 104

no datasets fulfil all three criteria. 105

Dataset 106

A dataset was collected consisting of self-created models of an experimental knapping series and one artifact 107

from Troy, as well as artifacts from the northern Italian site Grotta di Fumane (GdF), which has published 3D mod- 108

els (Falcucci and Peresani,  2023 ) and colour-coded drawings (Falcucci, Conard, et al.,  2017 ; Falcucci and Peresani, 109

 2018 ). Even though these drawings and manual operational sequence reflect a subjective interpretation, they are 110

at the moment the closest model of a real ground truth dataset and will be used to create and ultimately test the 111

results. 112

113

Self-Created 3D Models: All self-created 3D models were scanned using a high resolution structured light 114

scanner (GOM 1 Scan 100). The experimental knapping series was created as an exemplary educational material 115

in Cologne. The series was due to it’s use incomplete. A subset of 14 artifacts was scanned in 2023, manually 116

segmented and analysed according to the temporal relations between scars. The series includes multiple flakes, 117

as well as the exploited core. The artifact from Troy is a laterally retouched blade (ROB 1241.2), found in the layer 118

Troy II, dated between 4,450 and 4,300 cal BP (Weninger and Easton,  2014 ). It belongs to the collection of the 119

Archaeological Museum at the Martin-Luther University Halle-Wittenberg (ROB). 120

121

Externally-Sourced 3D Models: The used artifacts of the open-dataset are from the northern Italian site 122

Grotta di Fumane (GdF)(Falcucci and Peresani,  2023 ). The dataset consists of blades and bladelets, cores and 123

flakes from the complete Upper Palaeolithic sequence (Aurignacian, Gravettian) and is dated between 41,000 124

and 33,000 cal BP (Higham et al.,  2009 ). The 948 3D scans were created using either a structured light scanner 125

(Artec Spider) or a micro CT with a noticeably low resolution of around 40,000 to 400,000 vertices per scan. 126

127

62 3D scans were previously annotated and published (Linsel et al.,  2023 ) but unfortunately, for all of these 128

artifacts there are no published operational sequence available. For 44 other artifacts an operational sequence 129

has been published (Falcucci, Conard, et al.,  2020 ; Falcucci and Peresani,  2018 ) following the diacritic analysis by 130

Dauvois (  1976 ). Additionally, an operational sequence was created for one artifact (GdF b-207), bringing the total 131

to 45 artifacts. 132

Methods 133

This section consists of the steps needed to convert 3Dmesh data to an enriched graphmodel requiring prepro- 134

cessed and annotated 3Dmeshes. These graph models are used to model the spatial and to predict the temporal 135

relation of adjacent scars. For doing so, 10 parameters, 5 approximating archaeologically determined attributes, 136
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are created using either mesh, polyline, or graph-based methods (Tab.  2 ). All methods are implemented using 137

Python or executed using software like GigaMesh or Blender. 138

Data Source Parameter Archaeological Attribute

Mesh
Surface Area -
MAX MSII Curvature Younger scar is more convex than older scar (RSP-2).
MSII Curvature Younger scar is more convex than older scar (RSP-2).

Polyline

Length of Polyline (IIoP 1) Younger scar ridge follows older one (RRP-2).
Younger scar ridge cuts across older scar (RRP-3).

Angle of Polyline (IIoP 2) Younger scar ridge follows older one (RRP-2).
Younger scar ridge cuts across older scar (RRP-3).

Curvature along Polylines
(sampin - MSII) Younger scar is more concave along ridges than older scar (RRP-1).

Graph
Degree -
Betweenness Centrality -
Degree Centrality -

Table 2. List of parameters used to approximate the archaeologically determined scar properties.
Preprocessing 139

Preprocessing using GigaMesh: All meshes are orientated, cleaned and filled ensuring that the surface is a 140

differentiable 2-manifold (Mara, Krömker, et al.,  2010 ), which can be defined as a pairM = (V, F ), where V repre- 141

sents the vertices and F the faces of a mesh M . After this routine, theMSII as surface curvature approximation is 142

calculated using 16 equidistant radii scales in the interval (0, 1.0 mm] (Mara and Krömker,  2013 ). The MSII values 143

are used to calculate the convexity of scars (RSP-2). 144

145

Manual Segmentation: An annotation workflow using Blender was developed by binary colour-coding the 146

vertices (Blender Online Community,  2018 ). These colours are then transformed to labels (Fig  1 , Fig  2 ). Previous 147

annotations were done using the MeshLab Z-paintbrush tool (Cignoni et al.,  2008 ), which was discontinued due 148

to its time-consuming and error-prone nature, as all vertices had to be coloured correctly, because vertex colours 149

are referencing to each scar individually and can be directly converted into labels. Only the test knapping artifacts 150

were annotated using MeshLab, all other annotations were created using Blender. 151

152

For each label l a connected component Sl is defined as a subset of the original mesh Sl ⊆ M , which consists 153

of all connected and uniformly labelled vertices and their faces. A scar is defined as a connected component 154

similar to a polygon directly on the surface of themesh, where its outline is a closed polyline . In a later step, when 155

two polylines are adjacent, the connected polylines are segmented in two open polyline segments, representing 156

a ridge (Fig  2 ). 157

Extract Polyline-based Parameters 158

The labels allow to compare properties with parameters which are derived from attributes either of the labels 159

or the polylines between two adjacent labels (Tab  2 ). An important feature of a label is its outline that can be used 160

to analyse the temporal relation between scars. The outline of a label Sl is a polyline of the length n, which is 161

defined as a polygonal chain of vertices Pl = (v1, ..., vn), where each vi belongs to the label l and has at least one 162
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(c)
Figure 2. Renderings of mesh highlighting key features (ROB 1241.2) (a) colour-coded annotation of the ridges using Blender
(black:ridge; white=scar); (b) schematic representation of polylines of two adjacent labels; (c) schematic representation of a
scar-ridge pattern graph model.
neighbouring vertex with a different label than l. 163

164

Integral Invariants of Polylines: The Integral Invariants of Polylines (IIoPs) are a curvature approximation of a 165

1-manifold polyline and also the related ridge properties (RRP-2, RRP-3). For calculating them. For each vertex v 166

two points need to be identified, one upstream vu and one downstream vd of the polyline, where the polyline first 167

intersects with a sphere of radius r. These points are used to calculate both IIoPs, IIoP 1 and IIoP 2. 168

169

βα

(a) (b)
Figure 3. (a) Estimating the curvature of the polyline by using calculating the angle of polyline (IIoP 1) , which is applied on
multiple scales (b).

IIoP 1 relies on the angle α between the intersection points vu and vd of v (Fig  3 ), so that α is defined as 170

α(v) = arccos
(

du · dd

∥du∥∥dd∥

)
, (1)

where du is define as du = vu − v and dd is defined as dd = vd − v. 171

172
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The IIoP 1 is the signed angle or curvature κ̄ of the polyline and is defined as 173

κ̄(v) = degrees(α) × sgn(v · R), (2)
where the rotation axis R is defined as R = du × dd. The range of the curvature κ̄ is (-180°, 180°). Negative 174

values represent convex, 0° straight and positive values concave polylines. 175

176

The IIoP 2 is the length-to-radius ratio of the length of the polyline segment within a sphere of radius r. For the 177

length-to-radius ratio, a function len is defined for each v ∈ Pl as 178

len(v) = 1
2r

∑
i∈I

d(vi, vi+1), (3)

where d is the Euclidean distance between the points vi and vi+1, r is the radius of the sphere, and I are the 179

indices of the vertices along the polyline from vu to vd. This parameter can be used to estimate the roughness of 180

a polyline. 181

182

Sampling along Polyline: To sample attributes along the polyline, a function sampin is defined to sample an 183

attribute around a vertex v of Pl in a radius r. Only vertices with the same label l as the polyline are considered, 184

so the set of indices to be sampled is given by Il,r(v) = {i | vi ∈ Sl AND d(vi, v) < r}. Let 185

sampin(v) = 1
| Il,r(v) |

∑
i∈Il,r(v)

attr(vi), (4)

where the function attr retrieves the sampled parameter. Generally, Eq  4 can be used for sampling specific 186

attributes of a mesh. In this study, it was used to sampleMSII surface curvatures of all surrounding vertices along 187

the polyline (RRP-1). 188

(a) (b)
Figure 4. Schematic overview of the sampling method. (a) is showing the sampling along a polyline an attribute inside of
label S1 (white area = sampin(vi) vi ∈ P1) and outside (black area) of a radius; (b) displays the sampling along two adjacent
polylines (white area = sampin(vi), vi ∈ P1; black area = sampin(vj), vj ∈ P2).
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Operational Sequence and its Graph Model Representations 189

The following section introduces the concept of graph models based on scars and their adjacencies, which are 190

used to model the relation between scars. Additionally, the potential of graph simplification and a parameter- 191

based prediction of the temporal relation between scars will be introduced. 192

193

Scar Graph Model: Creating an undirected graph model G = (S, R), where scars S represent the nodes and 194

the ridges R are the edges that are derived from their adjacency (Fig  5 ), so that 195

R = {{Sl, Sm} | Sl, Sm ∈ S AND Sm ∈ N(Sl)}, (5)
where N returns adjacent scars of a scar on the mesh. 196

1

1

2

2 {1, 2}1

1

2

2
(1, 2)

(2, 1)

1

1

2

2

Figure 5. Workflow from the adjacent labels S1 and S2, which starts with detecting adjacent polylines (left), over create an
undirected edge from the polylines (centre), to the final directed edge (right).

For each edge {Sl, Sm} ∈ R exists an open polylineCl,m (Fig  5 (left)) which is a segmented subset of the closed 197

scar polyline Pl. Thise polyline is defined as Cl,m = (v1, ..., vn) with Pm ∈ Nl(vi) for vi ∈ Pl. The function Nl 198

returns the neighbouring labels of the vertex vi. 199

200

Parameter-based Directions: By creating the graph G (Fig  5 (centre)), the data of the connected components 201

with the label S and their polylines P are directly assigned to the nodes S (Tab  3 ) and those of the ridge segments 202

C are assigned as edge attributes (Tab  4 ). Thesemesh features are assigned to the node. This enables to calculate 203

parameters like the mean curvature using the MSII values stored in the vertices or the surface area of each label. 204

Additionally, three network properties (degree, betweenness centrality, degree centrality) are calculated for each 205

node. 206
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Node S1
Connected Component S1

Vertices
MSII curvature values

Scar Area
Polyline P1

IIoP s
Curvature along the polyline

Network Parameters
Degree
Degree Centrality
Betweenness Centrality

Table 3. Mesh and network attributes assigned to the node S1.
These scar attributes can be used for comparing connected scars relatively and use their difference for predict- 207

ing their temporal relation, which is based on the direction of the edges. For directing the edges R of the graph 208

G, a function dir gets defined as dir : R → Rdir such that an undirected edge {Sl, Sm} in R is mapped to a 209

directed edge according to the comparison of attributes 210

dir({Sl, Sm}) =

(Sl, Sm) | attr(Sl) < attr(Sm)

(Sm, Sl) | attr(Sl) > attr(Sm)
. (6)

This function essentially returns an ordered pair of nodes representing the direction of the edge pointing from 211

the node with the lower attribute value to the node with the higher attribute value. If Sl and Sm have the same 212

attribute values, the direction is undefined, yet. By applying the dir function to the edgesR (Eq  6 ) a directed graph 213

DiG can be defined as DiG = (S, Rdir) (Fig  5 (right)). 214

Edge {1, 2}
Polyline C1,2 and C2,1

Curvature of polyline (IIoP s )
Curvature along polyline (samp - MSII )

Table 4. Attributes assigned to the edge {1, 2} of the polylines segments C1,2 and C2,1.
Graph Simplification: In the archaeological practice scars are assigned to working stages, phases or procedu- 215

ral units (e.g. Clarkson,  2002 ; Richter,  2016 ; Richter,  2004 ) of the tool manufacturing sequence. This information 216

is used to contract nodes belonging to the same working stage and hence a simplification of the original graph. In 217

the last step before using the tool, their functional edge can be retouched (Clarkson,  2002 ; Richter,  2004 ). These 218

retouches follow the functional edges and are in the case of blades and bladelets isolated between two scars (de- 219

gree < 3) or additionally connected to each other (Fig  6a ), making them detectable. One key assumption is that 220

the temporal relations between the retouched scars as the younger scar and their neighbours as older scars are 221

clear, hence the edge can be contracted. 222
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(a) Graph created from manual operational sequence (b) Simplified Graph
Figure 6. Graphmodels ofGdF b-207manually created operational sequence vertically ranked by Indegree (0 = Top; 6 = Bottom).
The black box marks mostly edge retouches (left) (Visualized using Gephi (Bastian et al.,  2009 )).

By deleting the isolated nodes, the original directed graph DiG can be simplified to reflect the stages of the 223

blank production DiGsimp = (Ssimp, Rsimp). To create the simplified directed Graph DiGsimp (Fig  6b ) and its 224

edges Rsimp, the nodes Ssimp are defined as 225

Ssimp = {Sl ∈ S | deg(Sl) > 2}, (7)
where deg calculates the node degree of a node S . 226

227

Graph Simplification - Detecting Retouched Edges: An additional application of the graph simplification is 228

that edges, which are formally interrupted by edge retouches, can be identified and weighted by the amount of 229

cancelled edge retouches between them. For doing so, let (ret_edge : Rdir → N) be a weight function on the 230

edges Rdir , which is defined as 231

ret_edge((Sl, Sm)) =
∑

Sn∈N(Sl)∩N(Sm)

1 if deg(Sn) < 3, (8)

where the sum of nodes Sn neighbouring exclusively Sl and Sm gets calculated. 232
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   Legend

2 deleted scar nodes

5 deleted scar nodes

Figure 7. From left to the right, mesh with coloured labels (left), deleted nodes (blue: remaining labels; gold: deleted labels)
(centre) and edges previously interrupted by deleted scars and highlighted by amount of deleted scars (right) (GdF b-207).

Deducing from the aforementioned reasoning that the edgewith themost cancelled nodes is a retouched edge, 233

the marked edge is a functional edge (Fig  7 ). An additional benefit is that if the artifact has a museum label, or if 234

the surface is altered by adding an object identifier, this can be extracted as long as the alteration does not cross 235

too many ridges. 236

Results and Evaluation 237

For each artifact, a directed graph (Fig  6a ) and a simplified graph (Fig  6b ) was generated based on the manually 238

segmented mesh data and the manually created graph models. Similar to the MSII surface curvature, all polyline 239

based methods are tested on 16 equidistant radii scales in the interval (0, 1.0 mm]. For all multi-scale parameters 240

including theMSII curvature, each individual scale got assigned separately. All parameters belonging to labels and 241

ridge polylines are based on vertex data and therefore vary in scale. For all parameters relying on vertex data, like 242

MSII, the IIoPs or the sampling along polylines, their mean was calculated and assigned either as node or as edge 243

property. By applying Eq  6 for each node and edge property, the edges of a graph model get directed. 244

245

The parameter-based direction predictions are tested using an evaluationmetric, which compares the direction 246

predictions of the edges with the manually directed edges. Then, the prediction performance for the self-created 247

and the GdF datasets get showcased separately. For all multi-scale parameters each individual scale is evaluated 248

and the scale with the highest accuracy is selected for the final results. 249

Evaluation Metric 250

In order to assess the efficacy of the temporal prediction, the parameter directed edges Rdir (Eq  6 ) are com- 251

pared with the archaeologically directed edges Rgt, here defined as ground truth dataset. To evaluate the pa- 252

rameter directed edges Rdir against the ground truth dataset Rgt, a function eval is defined as 253

eval(Rdir, Rgt) = |Rdir ∩ Rgt|
|Rgt|

, (9)
where Rgt are the manually created directed edges. 254
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Simplification Rate 255

The original GdF graph models had 7 to 70 nodes and 14 to 193 edges, which were reduced to 6 to 61 nodes 256

and 12 to 175 edges after simplification. Similarly, the self-created graphs originally had 15 to 85 nodes and 37 257

to 235 edges, reduced to 13 to 76 nodes and 33 to 217 edges after simplification (Fig  8 ). Simplifying the graphs 258

reduced the differences between the datasets and hence results in a lower cancellation rate for the GdF graph 259

models (Fig  9 ), but the differences still remained prevalent. 260

Figure 8. Number of Nodes and Edges in the Original, the Simplified Graph Model, and the Difference between them.

Figure 9. Cancellation rate of all nodes and edges in the simplification.
Parameter Performance 261

Due to the differences in performance between the self-created dataset and the GdF dataset, the results will be 262

introduced separately as shown in Tab  5 . However, the sample size of both datasets individually make an in detail 263

evaluation and interpretation of all results impossible and will not yield any final scrutiny. This is particularly true 264

as both datasets are based on manual input. 265
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Self-created Grotta di Fumane
Data Source Parameter Property Original Simplified Original Simplified

Mesh
Surface Area - 64.41 % 86.44 % 62.06 % 61.80 %
MAX MSII Curvature RSP-2 58.85 % 63.65 % 55.94 % 56.13 %
MSII Curvature RSP-2 58.66 % 59.36 % 59.61 % 59.75 %

Polyline
Curvature along Polylines RRP-1 61.80 % 62.18 % 62.30 % 62.16 %
Angle of Polylines (IIoP 1) RRP-2, RRP-3 59.32 % 58.43 % 62.42 % 62.73 %
Length of Polylines (IIoP 2) RRP-2, RRP-3 64.95 % 71.15 % 62.06 % 62.28 %

Graph
Degree - 58.11 % 89.87 % 55.37 % 55.14 %
Betweenness Centrality - 61.22 % 90.84 % 60.29 % 60.12 %
Degree Centrality - 58.11 % 89.87 % 55.37 % 55.14 %

Table 5. Mean accuracy of parameters used to approximate the temporal relation of adjacent scars.
Self-created dataset: The mean accuracy of the direction prediction displays a vast spectrum ranging for the 266

original graph model between 58.11 % and 64.95 %, and for the simplified graphs between 58.43 % and 90.84 % 267

(Tab  5 ). The best performance was achieved using the simplified graph model and the betweenness centrality 268

which ranged between 84.30 % and 96.97 % (Fig  10 ). For this dataset the graph simplification had a huge impact 269

on the performance yielding an increase of up to 31.76 % in median accuracy (Tab  6 ). 270

Data Source Parameter Self-created Grotta di Fumane

Mesh
Surface Area 22.03 % -0.26 %
MAX MSII Curvature 4.80 % 0.19 %
MSII Curvature 0.70 % 0.14 %

Polyline
Curvature along Polylines 6.20 % 0.22 %
Mean Angle of Polylines (IIoP 1) -0.89 % 0.32 %
Length of Polylines (IIoP 2) -0.98 % -0.14 %

Graph
Degree 31.76 % -0.23 %
Betweenness Centrality 29.63 % -0.18 %
Degree Centrality 31.76 % -0.23 %

Table 6. Percentage differences in accuracy between simplified and original graph models.
GdF dataset: For the GdF dataset the best performing parameter was the first IIoP κ̄ with 62.73 %. For the 271

original the overall mean performance ranged only between 55.37 % and 62.42 % and for the simplified graph 272

models, it is between 55.14 % and 62.73 % (Tab  5 ). The difference between the original and the simplified graph 273

ranged between -0.26 % and 0.32 % (Tab  6 ). 274
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Figure 10. Top 5 performing parameters based on median accuracy.
Even if considering that the GdF dataset consists of blades and cores, which could have impacted the result, the 275

performance across both categories stayed low. The best performance for blades are 61.88 % (MSII Curvature) 276

for the original and 61.65 % (Curvature along Polylines) for the simplified graph model, and the best performance 277

for cores is 62.69 % (Angle of Polylines) for the original and 63.01 % (Angle of Polylines) for the simplified graph 278

model. 279

Comparison of Datasets and Discussion 280

The differences in median accuracy between both datasets are noticeable and the observations of the self- 281

created dataset cannot be seen for the GdF dataset. Further, the effect of the graph simplification is completely 282

different, marginal or very positive. That can be partly explained by the resolution of the meshes and thus the 283

visibility of their surface features. But the resolution should have no effect on the surface area, the length of poly- 284

lines as well as all network and mesh-based properties. It is also possible that the mismatch between the original 285

drawings and the manual segmentation was too high, resulting in a change of the temporal order of the scars. 286

One factor could also be errors in the original operational sequence, which could have resulted in an incorrect 287

ground truth dataset. 288

289

However, a graph model of scars ridge pattern is always incomplete and partly ordered. That means that the 290

artifacts shows only a specific knapping sequence leading to the final form. Due to the overprinting of younger 291

scars, altering the previous scar pattern, the shape, size and curvature distribution will change for some those 292

metrically and for the whole artifact relatively. Older scars can get separated, creating two distinct marks, be- 293

longing to the same original scar. Single scars or complete sequences can get completely removed and remain 294

on the removed artifact. These scars are therefore completely unobservable on the remaining artifact (Kot et al., 295

 2024 ). However, the attributes to determine the temporal relation between scars should be, if the right attribute 296

or combination of attributes are found, be result in a valid graph model. The same argument would also apply 297

to refitting, which can also only be modelled by partly ordered graph models because of e.g. missing artifacts or 298
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parallelly manufactured artifacts belonging to the same source like different blades from the same core which 299

can be altered simultaneously. 300

301

Interesting is that the performance of the RSP and RRP parameters for both datasets are low in comparison to 302

the additional parameters. The best performing archaeologically derived property is the length of polylines with 303

71.15 %. The importance of the scar area for determining the direction rings especially true while considering it 304

as counter-intuitive. A general rule of size-frequency distributions of lithic debitage is that removals belonging to 305

a later phase shrink in size (Brown,  2001 ; Gunn and Mahula,  1976 ). Contrary to this trend, the result of the scar 306

area suggests that younger scars are larger than older ones. This trend can be explained through the observation 307

that younger scars partly or completely remove older scars, which can also explain the importance of the network 308

parameters, indicating a relation between the temporal position of a scar, its connectivity inside of a graph and 309

its size. The older the scar the more likely it is to be reduced by, but also, to be connected to more younger scars. 310

This leads to the assumption that scars can be grouped either into older, small and well connected and younger, 311

larger, and less connected scars. 312

313

Under the premises of all factors playing a role in the process, from the interpretational biases in the creation 314

of the drawings and the operational sequence, which than be sourced to manually reproduce them as 3D anno- 315

tations to the variance in 3D mesh resolution and artifact categories, including cores and blades as well as an 316

experimental knapping sequence, the results could have been influenced by multiple factors. 317

318

Whether the higher resolution of the self-created dataset, the subjective decisions during the annotation pro- 319

cess or a technological difference is determinable remains questionable. Other factors like raw material, post- 320

processing routines or annotation workflows could have also be influential for the overall performance. None of 321

these questions can be answered yet which is mainly due to the lack of comparable studies using similar tech- 322

niques and openly published datasets. 323

324

In the future, due to the shown scalability of this approach, additional properties could be approximated or 325

existing approximations can be updated or exchanged. The current selection of properties was based on finding 326

accurate representations of surface features like ridges and scars but also on the availability of annotated data. 327

For example, the missing RSP property, RSP-1, which is defined as "younger scar lies deeper than older scar", is 328

not easily definable parameter wise. All other missing properties are from the BP category, which are based on 329

specific features (ripple lines, splinters, lances, microchips), the direction of impact (terminal area) or both. For 330

incorporating these properties, these features need to be annotated and, to make the approach scalable, specific 331

detection algorithms need to be trained to find them. 332

Outlook and further Applications 333

Graph models as an analytical tool to simplify technological procedures in archaeology are still in it’s infancy. 334

However, using graphs as approximation for roads (Soto,  2019 ) or social network studies (Brughmans,  2013 ) yield 335

already a great result for understanding complex systems. In lithic studies, graph models are often used to syn- 336

thesize knapping sequences for a better visual understanding. However, it is rare for graphmodels to be the focus 337

of an investigation rather than the result (Kot et al.,  2024 ). 338

339

However, beside Linsel et al. ( 2024 ), this study is the first in which multiple data sources are combined to tackle 340

this problem at hand. In this study, graphs modelling the knapping sequences were combined with manually 341
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segmented mesh data, enabling an analysis of the temporal relation of scars. The results show a trend that scar 342

area and network parameters yield a high potential for reconstructing the temporal relation of each scar, while 343

commonly used attributes are not yet showing the highest accuracy. The mesh resolution and scar annotation 344

could potentially influence the accuracy of the overall performance. However, these trends should be interpreted 345

as preliminary due to to the scope of the study. 346

347

Due to the adjustments needed to be done on the labels and assigning the extra labels to fit the original draw- 348

ings of the GdF dataset, errors are inevitable. Hence, relying on second source drawings, creating labels, which 349

are similar to these and adjusting the scar position according to added and/or reevaluated connections, made this 350

study an challenging endeavour. For testing the approach more reliably, openly published annotated 3D models 351

and ideally experimental knapping series with a clear temporal relationship between scars are crucial. It was not 352

yet demonstrated in this study but the annotating 3Dmodels and graphmodels can be used to compare differing 353

interpretations of researchers, allowing a higher transparency and comparability of research opinions. 354

355

At this stage of the study, the direction prediction of edges is based on singular parameter but in the archae- 356

ological practice, a multivariate analysis of multiple parameters are used simultaneously. Hence, a natural next 357

step, is to use an multi-variate approach for predicting the edge directions. 358

359

The graph simplification shows potential, especially because it is already similarly used as edge contraction of 360

scars into working stages. Other forms of graph modifications like separating front and backside could have a 361

positive impact on the result. Also, the node parameter derived from the archaeological practice like the scar’s 362

phase and working stages, is an interesting use case. Even though the graph simplification is prototypical, but it is 363

a fair assumption that improvedmethods can help to make graphmodels more comparable and reduces manual 364

oversegmentation reliably. 365

366

Creating graph models of lithic artifacts on a larger scale will also allow to compare these simplified represen- 367

tations to find out which artifacts are similar to each other. Doing this for the graphs of hundreds or thousands 368

of artifacts will potentially show temporal and spatial development of knapping techniques that are otherwise 369

difficult to grasp by looking only on the artifacts as a human. 370
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