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Abstract

Visual representation of material culture plays a crucial role in prehistoric archaeology, from
academic research to public outreach and communication. Scientific illustration is a valuable
tool for visualising lithic artefacts and refittings, where technical attributes must be drawn to
enhance our understanding of their significance. However, the representation of lithic refit-
tings, which involve dynamic and sequential transformations of a volume, requires an alter-
native approach to traditional two-dimensional models such as photography or illustration.
Advances in imaging technologies have improved our ability to capture and communicate
the multifaceted nature of archaeological artefacts. In this context, we present the ReViBE
protocol (Refitting Visualisation using Blender Engine), which integrates photogrammetry,
3D modelling and the animation software Blender® for the virtual representation of lithic
refittings. This protocol allows the sequential study of core reduction phases and their asso-
ciated flakes, as well as other aspects related to knapping decision making (core rotations,
surface modifications, and direction and position of impact points). Thus, this method allows
the visualisation of techno-cognitive aspects involved in core reduction through a step-by-
step animation process. In addition, the 3D models and virtual reconstructions generated by
ReViBE can be accessed through open repositories, in line with the principles of open sci-
ence and FAIR (Findable, Accessible, Interoperable, and Reusable) data. This accessibility
ensures that data on lithic technology and human behaviour are widely available, promoting
transparency and knowledge sharing, and enabling remote lithic analysis. This in turn
breaks down geographical barriers and encourages scientific collaboration.

1. Introduction

Stone tools have a wide geographical and chronological distribution and are of considerable
cultural value in the archaeological record. They serve as valuable references for understanding
the evolutionary history of hominins [1-3] and variations in past human behaviour [4-6].
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Uncovering evidence of past human activity, in which stone tools play a critical role [7, 8],
is a fundamental goal of anthropological and archaeological research [9, 10]. However, identi-
fying such evidence within the archaeological record can be challenging because site formation
processes [11] are intertwined with contextual resolution, potentially leading to misinterpreta-
tion and distortion of past human activities.

In this regard, refittings significantly enhance archaeological interpretations, serving as
high-resolution temporal units that allow the visualisation of human behaviour within the
archaeological record [12-15]. In this perspective, refittings have proven useful for under-
standing site formation processes from a taphonomic and anthropological perspective, shed-
ding light on the concept of 'internal time’ within archaeological assemblages [16, 17], and
refining the contextual resolution of sites [18, 19]. This is especially useful to address dia-
chronic and synchronic stratigraphic relationships in time-average deposits [15, 20, 21], and
post-syn depositional site formation processes [22-29]. Additionally, refittings allow the analy-
sis of technical behaviours [30-32], intra-site social organisation [15, 33, 34], site functionality
[35-38] and mobility [39, 40].

In this framework, lithic refittings provide insight into the anthropological nature of
human occupations contributing to the understanding of intra-site technological processes
and spatial relationships. In parallel to this, lithic refittings have been used to understand arte-
fact volumetric reduction, providing a dynamic perspective of the knapping sequence, which
is essential for the analysis of techno-cognitive aspects in technological organisation [41, 42].
These elements are relevant for identifying variations in the technological adaptations of past
societies (see references in [18, 19]), which have played an important role in defining cultural
traditions over a wide spatial and temporal range [43].

Opverall, refittings allow researchers to visualise cognitively opaque knowledge [44]. In other
words, they allow reconstructing and visualising vast range of actions and technical decisions
comprised in the end product (core), which would not be fully visible through observation of
each refit piece individually. For this reason, refits are one of the most powerful tools for iden-
tifying variations in human behaviour at prehistoric sites [31].

1.1. The application of imaging science and technologies to lithic refits

The graphic representation of material culture is central to all areas of science, from basic
research to public engagement through events, exhibitions, and museums (for a review see
[45]). Scientific illustration serves as a useful tool for the representation of archaeological arte-
facts, particularly stone tools, which require a detailed representation of their technical attri-
butes for their understanding [4, 46-50]. Traditional drawing remains as one of the main
methods of visualising lithics, as shown by the handbooks published in the last two decades
[51-53]. However, advances in imaging science and technology offer improvements in the
representation of archaeological artefacts, allowing the integration of different types of infor-
mation depending on the research objectives [54-58]. This is especially important in the case
of refits which provide relevant information on the techno-cognitive sphere of past popula-
tions. Furthermore, refittings serve as reference elements for the study of technical organisa-
tion and human behaviour at prehistoric sites [14, 37, 59-62].

However, although refitting represents a dynamic process involving a variety of artefacts at
different phases of volumetric reduction, their scientific representation has been primarily in
2D through illustration or photography (but see [63]). The two-dimensional representation of
refittings does not allow for the visualisation of key characteristics of a refitted assemblage (e.g.
the number of pieces involved, morphometric variability, artefact attributes or the presence of
fractures.). Without identifying these elements, researchers lack visual and technological

PLOS ONE | https://doi.org/10.1371/journal.pone.030961 1

August 29, 2024 2/19


https://doi.org/10.1371/journal.pone.0309611

PLOS ONE

Virtual reconstruction of stone tool refittings by using 3D modelling and the Blender Engine

information about the reduction phase, which limits their analytical capacity. In addition,
there are no established guidelines for the visual representation of refits. As a result, the data
extracted from them can sometimes be diffuse, limited or insufficient.

In recent years, new forms of graphical representation that combine different techniques,
such as three-dimensional (3D) modelling and photogrammetry, have been applied for the
visualisation of archaeological objects [64, 65]. 3D models can be generated by scanning the
surface of the object using either fixed or portable scanners [58, 66-69]. The most powerful
and high-resolution scanners for archaeological objects tend to be stationary, although there
are now fast portable scanners that also cover the applications of fixed scanners [70, 71].

Alternatively, photogrammetry allows the creation of 3D models from digital photographs
and is a widely used technique in archaeology. It is easy to use and does not require significant
financial resources, requiring only a good digital camera and a suitable working environment
for model-making [72].

Scientific illustration is useful for depicting technical attributes in individual lithic artefacts
(e.g. direction of removal, percussion ripples or retouching). However, archaeological drawing
has limitations in depicting refitting sequences because the technical attributes of an artefact
may be overlaid by others from previous phases [73]. In some cases, simplified schematics are
used to illustrate refitting (e.g. [13, 74, 75]).

On the other hand, photography is a valuable resource as it is accessible, inexpensive and
allows the visualisation of textures, colours and different types of materials. It is advisable to
represent different views of a refit to obtain a better volumetric perception of the assemblage
and to avoid a static perspective [32, 37]. Some protocols, such as STIVA, combine photogra-
phy and digital drawing, enhancing both methods of representation without requiring a signif-
icant time investment [57].

Advances in imaging technologies have expanded the possibilities for representing and ana-
lysing archaeological objects (e.g. [34, 76-78]), including the visualisation of refitting assem-
blages [45] following their reduction sequence [14] or using sequential photography [45].
Given this emergent field, we propose the implementation of the Refitting Visualisation on
Blender Engine (ReViBE) protocol, which aims to dynamically visualise refitting sets.

2. Methods

One of the limitations of lithic refittings relies on how they are presented to the scientific com-
munity (mainly combining 2D methods), which imposes some constraints to assess tecno-cog-
nitive aspects from volumetric reduction sequences. However, these limitations can be
overcome by using sequential 3D animation of the refits. The ReViBE protocol described in
this article, combines three-dimensional models of archaeological materials with the anima-
tion software Blender®© to generate animations on lithic refittings. This protocol is published
on the digital platform for reproducible methods Protocols.io dx.doi.org/10.17504/protocols.
io.ewovlgxqgkgr2/v2 and is available as S1 File to this paper. As a reference to illustrate this
protocol, we have used the refitting set No. 41 from the Early Upper Palaeolithic unit 497D of
the Cova Gran de Santa Linya. However, other refitting sets have been used in the develop-
ment of the protocol.

ReViBE is conceived to work with refitted assemblages. Independently of the methodology
used in the refitting process. The workflow used for the identification of refittings is explained
in the study case of this article.

ReViBE uses the 3D models of each lithic artefact that composes the refit as a baseline to
work in a digital environment. This process can be carried out by scanning the artefact surfaces
(using micro-CT or both portable and fixed scanners, ensuring good or medium resolution)
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or by photogrammetry. Both methods may have limitations depending on the specific archae-
ological application in which they are used [58].

In this protocol, we have used photogrammetry to obtain the volumetric information of
each artefact and Agisoft PhotoScan © to transform the captured images into a three-dimen-
sional model. This method is widely known [72], easy to perform and affordable, which
improves the reproducibility of the protocol. Photogrammetry was conducted by taking a
series of enveloping photographs of the archaeological piece (one capture for each 10° rota-
tion) using a frontal and high angle (S1 Part 2, 9-17 in S1 File). After this, the piece was rotated
180° to record the opposite part (Fig 1). A detailed list of the materials and software used in the
process can be found in Table 1.

The images, obtained through the detection of common area points (S1 Part 3 in S1 File),
are processed by software that converts them into point patterns, creating the 3D image of the
object. Additional attributes, such as the original texture of the artefacts, can be incorporated
to reconstruct surface conditions during this process. This enables the identification of the raw
material of the piece and potential surface modifications, such as patina or burning. Several
tools and sources can be used for the conversion of sets of pictures into 3D images. We sum-
marise some of the options in each of the main steps of the protocol, mentioning both free and
paid access solutions (Table 2). Alternative software solutions and free applications can be
found in [79].

Once the three-dimensional models of each artefact have been created, they are uploaded
into Blender to animate the refit sequence (S1 Part 4 in S1 File). The animation is composed of
three main variables: a) the individual artefacts that form the refit; b) the motions assigned to
each artefact within the reduction sequence; c) the time applied between the motions of each
artefact and the refitting.

To create the movements along the knapping sequence, we work in individual timelines for
each piece. The use of keyframes, which can be activated using the tool of the same name,
allows us to record the start and end of each movement action. From here, the software gener-
ates the intermediate movements to achieve the desired flow. In this way, each artefact can be
controlled separately and sequentially within the reduction sequence.

Both, the motion, and the time variable can be modified to highlight some of the technical
processes involved in the refit (e. g. the abandonment of a knapping surface and the opening
of a new one, the rejuvenation of a knapping platform, or the core maintenance). To highlight
these processes along with the animation, some graphical solutions can be displayed. In this
protocol, the movement that the hammerstone would follow during the reduction phase, is
represented by an arrow, allowing the rhythm and orientation of the knapping process to be
identified (Fig 2). The arrow also indicates where the hammerstone impacts the core and
where lithic blanks are removed from the original volume. To insert this type of element in the
animation, we can use a 2D video editing software, in this case the open-source Davinci
Resolve ©. The same keyframe animation process described above will be applied to these
shapes.

The animations created by Blender © allow the representation various aspects of the refitted
reduction sequence, being a flexible tool to reconstruct knapping processes (e.g. different
reduction phases, the abandonment of core platforms, or core rotations among others). In this
way, each of the actions carried out during the reduction is shown in consecutive and sequen-
tial order, enhancing the understanding of the production and maintenance phases within a
refit.

The software also allows the camera to move in a three-dimensional workspace, enabling it
to highlight technological features by zooming in at any point in the sequence. Technical and
technological attributes on the pieces can be represented by adapting the symbology from
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Fig 1. Photogrammetry applied to one of the artefacts of the refitting set No. 41 from level 497D of Cova Gran de Santa Linya. A)
Photogrammetry set up with the camera at a high-angle. B) Change of the position of the artefact after the first round of enveloping photographs
using frontal and high-angle. The piece will be rotated 180° to capture possible covered surfaces by the adhesive.

https://doi.org/10.1371/journal.pone.0309611.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0309611  August 29, 2024 5/19


https://doi.org/10.1371/journal.pone.0309611.g001
https://doi.org/10.1371/journal.pone.0309611

PLOS ONE Virtual reconstruction of stone tool refittings by using 3D modelling and the Blender Engine

Table 1. List of materials and software used along the REVIBE protocol workflow.

Equipment Function Description

Camera Image capture Ideally with a 35mm-80mm focal length

Tripod Camera support

Lightbox Ilumination and background control Alternatively, three lights can be used to create the basic triangle of lighting and a
black velvet fabric for the background

PC or laptop Data processing Hardware must meet the minimum system requirements for the selected software
solutions

Rotating turntable Object support It can be automatic or manual

Modelling clay Object holder Reusable adhesive mastic can be an alternative (e.g. Blue-Tack or similar products)

Plastic Wrap Protection of the object from oils and stickiness

of the modelling clay

Photogrammetric scale Scaling up the object Three free versions of the photogrammetric scale can be downloaded at https://

marker conservancy.umn.edu/handle/11299/172480

Helicon Remote Remotely control the camera’s shots Can be use any other control remote software for this task

Agisoft PhotoScan Create a 3D image from a set of images in 2D Any other photogrammetric 3D software can be used for this task. See Table 2

Blender Create the video animation of the reconstruction | Any other 3D animation software can be used for this task. See Table 2

https://doi.org/10.1371/journal.pone.0309611.t001

archaeological drawings and inserting them throughout the animation or after the movement
action of each piece has been completed [52, 53].

Although 3D animation programs in general, and Blender © in particular, require use expe-
rience, the application of a step-by-step protocol facilitates a standardisation in the use of this
type of program in the transfer of knowledge within the field of archaeology.

3. Case study

The 3D reconstruction of refittings aims to overcome some of the limitations proposed in the
representation of lithic artefacts [14, 55, 63, 80], whose volume is key for understanding lithic
reduction and techno-cognitive procedures during knapping [81]. However, understanding
lithic reduction not only requires detecting variations in the volume of the object, but also
observing how and when the mass was lost from the original volume, and through which deci-
sions and technical actions.

The characterization of knapping methods can be a useful indicator for distinguishing tech-
nical trends between Neanderthals and anatomically modern humans, thus helping to under-
stand the complex scenario of the Middle to Upper Palaeolithic Transition. Unit 497D from
Cova Gran de Santa Linya is associated with these issues.

This unit has been extensively studied in recent years, providing valuable data on contextual
and chronometric information, site formation processes, spatial analysis, lithic technology,
and subsistence strategies [14, 21, 82-85]. These studies have provided a comprehensive dis-
cussion of transitional technocomplexes and have significantly contributed to expanding our
knowledge about the interactions between the last Neanderthals and the first anatomically
modern humans in southwestern Europe.

In this respect, the refits provided new data on the technological organization of the human
groups living at Cova Gran around 38-40k.cal BP., extending the previous information
obtained from the technological analysis of the lithic assemblage [84]. The reconstructions in
unit 497D were carried out by following technological analysis and raw material characterisa-
tion of the lithic assemblages. All artefacts were categorized based on technical attributes [4-6,
86] and catalogued using Raw Material Unit (RMU) reconstruction [87], adapted to the petro-
graphic characteristics and variability of local chalcedony [88]. This methodology proved

PLOS ONE | https://doi.org/10.1371/journal.pone.0309611  August 29, 2024 6/19


https://conservancy.umn.edu/handle/11299/172480
https://conservancy.umn.edu/handle/11299/172480
https://doi.org/10.1371/journal.pone.0309611.t001
https://doi.org/10.1371/journal.pone.0309611

PLOS ONE Virtual reconstruction of stone tool refittings by using 3D modelling and the Blender Engine

Table 2. List of applications available for each of the phases of the data collection process in each of the sections

of the protocol.

Step

Tools & Sources

Remote control photo software (for
all camera brands)

Public Licence:
« digiCamControl (https://digicamcontrol.com/)

Proprietary License:
« Helicon Remote
(https://www.heliconsoft.com/heliconsoft-products/helicon-remote/)

Converting images to 3D

Public Licence:
o MeshLab (https://www.meshlab.net/)

o Meshmixxer (https://meshmixer.com/)
o Meshroom (https://alicevision.org/#meshroom/)

o 3DFZephyr (https://www.3dflow.net/3df-zephyr-photogrammetry-
software/)
PhotoCatch (iOS) https://apps.apple.com/es/app/photocatch/
id1576081762)

« Polycam (App) https://poly.cam/)

« 3D Scanner (Iphone App) https://apps.apple.com/es/app/3d-scanner-app/
id1419913995)

« EyesCloud 3D (https://www.eyescloud3d.com/login)
» Widar (App) (https://www.widar.io/)

« Qlone (App) (https://www.qlone.pro/download)

« Kiri (App) (https://www.kiriengine.com/)

« Trnio (App) (https://www.trnio.com/product-page)

Proprietary License:

« Photoscan/Metashape (https://www.geobit.es/producto/agisoft-
photoscan-profesional/)

o Reality capture

o (https://www.capturingreality.com/realitycapture)

Creating animation sequences

Public Licence:
« Blender (https://www.blender.org/)

 Houdini (https://www.sidefx.com/products/houdini-apprentice/)
 Unreal Engine (https://www.unrealengine.com/en-US/download)

Proprietary License:
o Cinema 4D (https://www.maxon.net/es/cinema-4d)

o Maya Autodesk (https://www.autodesk.es/products/maya/overview?
term=1-YEAR&tab=subscription)

o Zbrush (https://www.maxon.net/es/zbrush)
o Unity (https://unity.com/es)

Repositories

Public Open repositories:
o Zenodo (http://zenodo.org/)

« FigShare (http://figshare.com)
» Mendeley Data (https://data.mendeley.com/)
o DataHub (http://datahub.io)

Institutional Open repositories:Platforms governed by national or
transnational regulations to deposit documents in open access. Based in
protocols such as:
» CORA (https://cora.csuc.cat/es/) Catalan Open Research Area
o OpenAIRE compliant (https://www.openaire.eu/) adapted to the metadata
requirements of the EU
« Open Archive Initiative-Protocol for Metadata Harvesting (OAI-PMH)
(https://www.openarchives.org/) National Science Foundation (NSF,US)

https://doi.org/10.1371/journal.pone.0309611.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0309611  August 29, 2024

7/19


https://digicamcontrol.com/
https://www.heliconsoft.com/heliconsoft-products/helicon-remote/
https://www.meshlab.net/
https://meshmixer.com/
https://alicevision.org/#meshroom/
https://www.3dflow.net/3df-zephyr-photogrammetry-software/
https://www.3dflow.net/3df-zephyr-photogrammetry-software/
https://apps.apple.com/es/app/photocatch/id1576081762
https://apps.apple.com/es/app/photocatch/id1576081762
https://poly.cam/
https://apps.apple.com/es/app/3d-scanner-app/id1419913995
https://apps.apple.com/es/app/3d-scanner-app/id1419913995
https://www.eyescloud3d.com/login
https://www.widar.io/
https://www.qlone.pro/download
https://www.kiriengine.com/
https://www.trnio.com/product-page
https://www.geobit.es/producto/agisoft-photoscan-profesional/
https://www.geobit.es/producto/agisoft-photoscan-profesional/
https://www.capturingreality.com/realitycapture
https://www.blender.org/
https://www.sidefx.com/products/houdini-apprentice/
https://www.unrealengine.com/en-US/download
https://www.maxon.net/es/cinema-4d
https://www.autodesk.es/products/maya/overview?term=1-YEAR&tab=subscription
https://www.autodesk.es/products/maya/overview?term=1-YEAR&tab=subscription
https://www.maxon.net/es/zbrush
https://unity.com/es
http://zenodo.org/
http://figshare.com/
https://data.mendeley.com/
http://datahub.io
https://cora.csuc.cat/es/
https://www.openaire.eu/
https://www.openarchives.org/
https://doi.org/10.1371/journal.pone.0309611.t002
https://doi.org/10.1371/journal.pone.0309611

PLOS ONE Virtual reconstruction of stone tool refittings by using 3D modelling and the Blender Engine

e v Mo dq pro

Fig 2. Virtual reconstruction process of the knapping sequence of the refitting No. 41 on Blender ©. A) Seting up of the motion of each object
in the workspace by selecting a central mass point B) Rotation motion applied to one of the artefacts of the refitting. The motion must be
associated with a specific time frame to create the animation. At the bottom: Timeline view with keyframes per motion action.

https://doi.org/10.1371/journal.pone.0309611.9002
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successful in achieving refittings, particularly given the challenge posed by internal colour vari-
ations in local chalcedony for the identification of lithic connections. This process has led to
the identification and technological study of various lithic refits, including long knapping
sequences and their respective cores, that were published in previous works [14, 21]. In one of
these works [14], animated refittings can be found in the S1 File section.

The refits revealed the technological actions used in the reduction of cores, the production
goals and the morphometric characteristics of the lithic blanks. The technical analysis of the
refits showed that flakes, blades, and bladelets were obtained interspersed in the same knap-
ping sequence, indicating that bladelet production was not exclusive to bladelet cores. This fea-
ture is slightly similar to the one proposed for the Proto-Aurignacian, on which blades and
bladelets are obtained from the same core following a single and continuous knapping
sequence [89-93] and differs from the Early Aurignacian, where it is proposed that the pro-
duction of blades and bladelets follows separated reduction schemes [94]. However, recent
studies on the Proto-Aurignacian site of Fumane revealed a reduction scheme exclusively ori-
ented to bladelet production, and another one where blades and bladelets are obtained
together within the same reduction sequence [81, 92], as occurred in study case from Cova
Gran. These new discussions based on technological data are of relevance for the chrono-cul-
tural attribution of 497D within the Middle to Upper Palaeolithic Transition (MUPT) and the
Early Upper Palaeolithic [14].

The visualisation and volumetric graphic representation of these refits was crucial in dem-
onstrating the technical aspects of the lithic production. However, long refitting sequences
often involve overlapping artefacts, which means that technological information from later
phases is obscured by the most recent ones. To address this problem, the digitisation and ani-
mation of the refittings were necessary to provide a streamlined approach to their dynamic
representation. This process allows the refits to be structured in a temporal sequence,
highlighting the characteristics of the blanks and their position within the volumetric
reduction.

To incorporate the temporal variable into the reconstruction of volumetric reduction in
lithic refits, we used ReViBE. This protocol was applied to the refits to illustrate the technologi-
cal and chrono-cultural discussion of unit 497D [14]. The animated videos produced by this
protocol can be found in the Supplement to the above-mentioned article.

Among the different sets of refits from the 497D unit, refit No. 41 was used as a reference to
carry out the current protocol with the step-by-step process [95]. This refit consists of nine
pieces that form four morphometrically diverse artefacts, ranging from flakes to elongated
blanks.

We have created a flowchart depicting the artefacts involved in refit No. 41 and their tem-
poral relationships in the reduction sequence to document their sequential order. Additionally,
technical actions that occur during the reduction, such as platform rejuvenation and changes
to the knapping surface, can be noted and incorporated into the flowchart (as convenience),
which could be useful in constructing the animation sequences using Blender. This facultative
step helps to understand the temporal and technological dimensions of refittings. The first
allows the pieces to be placed in a logical and correct order within the reduction sequence;
while the second allows the technical actions involved in the management of the core or the
detachment of the lithic blanks to be understood.

In refitting No. 41, the knapping sequence occurs on a single surface through the frontal
debitage of the volume, indicating that the core was not rotated during the reduction process.
The absence of rotation, typically used to create lateral convexity in the core, can lead to the
production of morphometrically diverse blanks, which is a notable feature in MUPT assem-
blages and has been observed in other animated refittings in 497D [14].
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4. Discussion

The protocol has multiple applications from scientific research to science communication.
ReViBE’s contributions to the scientific community are significant and are in line with current
needs in archaeological research and the valorisation of material culture and prehistoric heri-
tage. This section outlines the advances of this protocol in: 1) the application of new methodol-
ogies to visualise lithic refittings; 2) the interpretation of the archaeological record and
archaeologically-based hypothesis; 3) the promotion and study of digital heritage; 4) the devel-
opment of outreach activities and knowledge transmission strategies; 5) the fostering of remote
research.

4.1. Methodological advances

The visualisation of assemblages has traditionally been limited to two-dimensional methods,
such as archaeological drawing and photography. These “static” methods have limitations in
observing sequential processes, such as the volumetric reduction of a core or the pieces
obtained during the knapping sequence.

However, the ReViBE protocol offers a solution to this problem by reconstructing the stages
of the volumetric reduction through the individual stages of the artefacts within a specific tem-
poral sequence. In other words, it reproduces the stages of volumetric reduction in a continu-
ous temporal sequence without interruptions and individually presents the pieces involved in
the refit in a dynamic visual representation. By controlling the spatiotemporal path of each
artefact, the reduction sequence is constructed to avoid overlapping technical attributes, core
negatives and knapping products. This is particularly significant in hierarchical and/or recur-
rent knapping strategies, where the lithic production from earlier phases is often covered by
later phases. This allows the observation of the technical and morphometric characteristics of
the artefacts, their order within the knapping sequence, and their role in the production or
maintenance phases to be observed. Furthermore, the temporal frame assigned to each artefact
enables controlling how quickly they move in the reduction sequence. This can be useful to
highlight technical processes within the reduction. As a result, ReViBE allows the animation of
three-dimensional representations, giving more dynamism to knapping processes and avoid-
ing the overlapping of information that occurs in refit sequences. This represents a methodo-
logical advancement over current refit visualisation methods.

4.2. Archaeological application

The visualisation of reduction sequences in real-time, helps to understand production goals or
standardisation of lithics, as well as to evaluate the relevance of knapping sequences in anthro-
pological and organisational terms. The following case concerns the refits found in level 497D
of the Cova Gran de Santa Linya [14, 21] and how these remains provide insight into the char-
acteristics of the lithic production. The technological study revealed a lack of correspondence
between the bladelets and the laminar cores, whose presence was quite limited. The analysis of
the refits showed that bladelets were produced alongside flakes, laminar flakes, and blades in
the same reduction sequence. This suggests that the laminar production of the assemblage was
not exclusively associated with laminar cores but was integrated into other reduction
sequences. This feature is not fully consistent with the characteristics proposed for the Proto-
Aurignacian and Early Aurignacian [89, 92, 94, 96] and allows introducing alternative scenar-
ios for the chrono-cultural attribution of this unit. The animation of reconstructed sequences
of this unit can now represent the archaeological evidence beyond this debate. This serves as a
tool to support hypothesis testing and scientific research.
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In parallel to this, ReViBE includes texture on the virtual animation of refittings, which
helps to visualise differential patina formation along the refitted artefacts, indicating variations
in surface modification across the lithic assemblage due to site-formation processes.

4.3. Digital heritage

The study of stone tools has a long tradition in prehistoric archaeology. Among other things,
experimental knapping has played a key role in understanding the technology used by past
populations, and in making Prehistory known and popular to different audiences. Until now,
stone tool making has been presented based on experimental demonstration, in which highly
experienced people reproduce the methods used in the past (also based on ethnographic refer-
ences). This protocol allows the reconstruction of past knapping processes using archaeolog-
ical material, which is a relevant contribution to the field. This dynamic approach to the
visualisation of archaeological data is essential both to strengthen the preservation of the mate-
rial culture and to promote the digital heritage [97-101]. In the case of stone tools, 3D recon-
structions can preserve the pieces from residues and glues used in their study, as well as
reducing the micro-chipping and edge breakage caused by the refitting process [55, 63], which
is beneficial for use-wear analysis. Scanning large stone-tool assemblages is now more feasible
than it was years ago [58], increasing the possibility of conducting virtual refittings without
physically touching the pieces [55, 80]. One of the future directions worth exploring involves
the use of computational methods to systematise the virtual refitting process by using reference
points to detect common areas among the artefacts. This approach could be tested with experi-
mental collections that allow the reconstruction of all stages of the reduction process. Follow-
ing this, if lithic assemblages are scanned in entirely, lithic refittings could be conducted
directly in a virtual environment by matching surface and angle associations between artefacts.
However, it is still unknown how to address specific limitations related to the formation of the
assemblages and the site, as well as the accuracy of the method with fragments or in assem-
blages were retouched tools are abundant.

4.4. Outreach and knowledge transfer

In recent years, open science and public engagement strategies have proven to be effective in
achieving broad science communication. Open science is based on the principles of providing
unrestricted access to information and increasing transparency throughout the conceptualisa-
tion, development and implementation of research [102]. For this reason, there is a commit-
ment to ensure that knowledge dissemination and science communication adhere to the
principles of collaboration, transparency, and accessibility across different formats and audi-
ences, especially when research has been funded by public resources. Open science is a priority
for the European Union to improve the quality and effectiveness of research resources, which
is one of the key initiatives outlined in Horizon Europe.

In this new context of global scientific awareness, FAIR principles (making data Findable,
Accessible, Interoperable, and Reusable) have contributed to make scientific data something
to care about, becoming the standard for the dissemination of knowledge from EU-funded sci-
entific research [103, 104]. FAIR principles provide an opportunity to achieve a global under-
standing of the research environment at institutional, national and international levels and to
increase the reliability of research results. In addition, it further strengthens the use of digital
and collaborative technologies and promotes the reproducibility of scientific results [105, 106].

Scientific dissemination and knowledge transfer must be integrated into archaeological
research in an intersectional and transversal way. The dissemination of results in academic
(conferences, workshops) and non-academic (exhibitions, fairs, schools) contexts implies the
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creation of scientific content and its adaptation to diverse types of audiences. The ReViBE pro-
tocol has significant potential to promote the public dimension of digital content creation for
use in public outreach and education activities, thus enriching the link between researchers
and public institutions. In addition, flexible audiovisual content of archaeological remains and
refittings can be used to explain complex technological processes in a dynamic and simple
way. In this way, progress can be made in understanding human behaviour and preserving
world heritage in digital environments.

4.5. Remote research and logistics

The use of digital environments to store archaeological data has increased in recent years. Dig-
ital resources are instantly accessible, do not require travel costs and are easy to consult as they
are open access [107]. Furthermore, they can overcome some of the limitations of host institu-
tions in terms of consultation due to scheduling and artefact availability. In this respect,
ReViBE provides digital content to be consulted in open repositories and proposes new alter-
natives to work with remote data aligning the commitments of public administrations to open
access policies.

In addition, this protocol does not require extensive infrastructure or equipment to operate
(Table 1) which is an advantage for setting up under different conditions. 3D models can be
created using a digital camera, a common tool in research laboratories, or a scanner. Fixed
scanners usually have better resolution, but they tend to be expensive and non-portable.
Recently, portable scanners have gained popularity due to their ability to produce convincing
results with good resolution [58]. The portability of digital cameras and scanners is an advan-
tage for documenting tasks during fieldwork, allowing the models to be created on the archae-
ological material using basic infrastructure (e.g. room, lightbox, and tripod), especially in
places where there are restrictions on the movement of materials. The basis of ReViBE is also
not restricted to any specific software or 3D-capture technique. Although we describe one way
of animating refitting, there is a wide range of software options available for each stage of the
protocol, including both free and proprietary software (Table 2). This facilitates communica-
tion between different target audiences, particularly between researchers and to the public.

5. Conclusions

Imaging technologies have recently expanded their applications in archaeological research,
transforming the way we document and visualise the archaeological record. The ReViBE pro-
tocol includes a new method for visualising refittings by combining photogrammetry, 3D
modelling and Blender animation software. ReViBE combines technological and behavioural
information from lithic refittings to create virtual content that can be used at different levels.
This protocol is publicly available at protocols.io dx.doi.org/10.17504/protocols.io.
ewovlqgxgkgr2/v2 where the step-by-step workflow for reconstructing refittings in a virtual
environment can be followed.

The ReViBE protocol is designed to have an impact across different scientific disciplines
and fields. Among other things, this procedure provides a new methodological framework for
visualising refittings and lithic blanks in a sequential and temporal order. It introduces move-
ment into the refitting that cannot be conveyed by “static” 2D traditional techniques, thereby
increasing the visibility of techno-cognitive aspects in the archaeological record. This method-
ological advance allows for the dynamic representation of volumetric and temporal informa-
tion of lithic refitting, which is relevant for understanding archaeologically based hypotheses
related to knapping methods, core reduction and lithic production [95, 107]. The archaeolog-
ical application of this protocol was carried out on several sets of refittings from the MUPT
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unit of Cova Gran de Santa Linya, and serves to characterise and represent the interspersed
production of bladelets in non-bladelet cores. In addition, ReViBE allows the reproduction of
knapping sequences using original archaeological artefacts, providing an alternative to knap-
ping demonstration and enhancing the preservation and promotion of the cultural heritage. In
parallel to this, ReViBE is a powerful tool for scientific research, outreach and science commu-
nication. Virtual content can be disseminated in academic and non-academic environments,
enhancing public engagement between different institutions and promoting interoperable and
remote analysis among colleagues. This protocol aims to facilitate the conceptualisation of
research as a more accessible and transferable resource, contributing to the creation of new sci-
entific content in line with the current Open Science guidelines and the FAIR principles.

In conclusion, ReViBE represents an innovative, accessible, and affordable methodology
that can be easily implemented in both research and outreach activities, offering alternatives
for the visualisation of material culture. These advances are relevant to the development of pre-
historic archaeology and science communication strategies, as well as to the conservation of
the cultural heritage in a more interconnected world.

Supporting information

S1 File. The protocol included on this peer-review article is published on protocols.io, (dx.
doi.org/10.17504/protocols.io.ewovlqxqkgr2/v2) and is available to download it [94]. The
references to the protocol on this article are expressed as (S1 Part X in S1 File). All the raw data
needed to replicate this protocol has been uploaded in the Research Data Repository (CORA)
(https://doi.org/10.34810/data924), including the pictures taken and used on this protocol (.
jpg), the three dimensional model of each refitted artefact (.mtl and.obj), an interactive 3D
model of the refitted sequence (3D.pdf) the flowchart of the refitted sequence, the table with
technical attributes [108]. A step-by-step explanatory video of this protocol is available in the
digital deposit of documents of Universitat Autonoma de Barcelona [107].
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