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Abstract

This protocol presents the first detailed step-by-step pipeline for the 3D scanning and post processing of large
batches of lithic artefacts using a micro-computed tomography (micro-CT) scanner (i.e., a Phoenix v-tome-x S
model by General Electronics MCC, Boston MA) and an Artec Space Spider scanner (Artec Inc., Luxembourg).
This protocol was used to scan more than 700 lithic artefacts from the Protoaurignacian layers at Fumane Cave in
north-eastern Italy (https://doi.org/10.5281/zen0d0.6362150).

For this study several costly scanners and proprietary software packages were employed. Although it is not easy
to find a low-budget alternative for the scanners, it is possible to use free and open-source software programs,
such as 3D-Slicer (https://www.slicer.org/) or MorphoDig (https://morphomuseum.com/morphodig), to process
CT data as well as MeshLab (Cignoni et al. 2008) to interact with the 3D models in general. However, if alternative
software is used, the steps and their order described in this protocol might diverge significantly.

A cost-effective alternative to create 3D models is digital photogrammetry using commercial cameras and freely
available software like Meshroom (https://alicevision.org). Although photogrammetry is an affordable technique to
create accurate 3D models of objects, this method might not be useful when scanning large batches of artefacts,
as it will require a lot of computation time and processing capacity. Likewise, it could be difficult to generate
accurate 3D models of very small and/or detailed tool shapes using 3D surface scanners because stone tools are
often much smaller than the recommended minimum field of view. Similarly, the resolution of conventional medical
CT scanners might not be sufficient to capture minor details of stone tools, such as the outline or dorsal scars.

This protocol aims at providing the first detailed procedure dedicated to the scanning of small lithic implements
for further three-dimensional analysis. Note that some of the steps must be repeated at different working stages
throughout this protocol. In cases where a task must be done in the exact same way as described in a previous
step, a reference to that step is provided. When slight changes were made, the step was modified and reported
entirely. This protocol contains a few red and green colours (e.g., arrows or within-program colours) which might
be perceived differently by people with dyschromatopsia. However, the display of these colours has been kept to
a minimum.

We recommend the reader to go over the entire protocol carefully, even if only some specific parts are required. A
few points are in fact interdependent, and some of them must be applied simultaneously.

Content:

Part 1 - Styrofoam preparation

Part 2 - Micro-CT scanning

Part 3 — 3D model extraction of CT scanned stone artifacts using Avizo

Part 4 - Cropping extracted surface model to separate Face A and B in Artec Studio
Part 5 - Cropping Face A to separate the lines in Artec Studio

Part 6 — Cropping each stone artefact from the lines in Artec Studio

Part 7 - Virtually control measurements in MeshLab

Part 8 — Artec scanning of larger artifacts

Part 9 - Export meshes as non-binary ply models for successive analysis in geomorph
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Three-dimensional example (in p/y format) of the effectivity of the StyroStone Protocol:

You can download an example of one Styrofoam line in 3D obtained using our protocol to appreciate the result
that can be achieved. We have selected a line where objects are characterized by different metric and
morphological attributes. Notice the retouching well visible in the last five smaller artifacts (counting from the left
when artifact are oriented with the dorsal face in front of the observer and the butt down), as well as the platforms
and bulbs of all artifacts. The rest of the 3D meshes available on Zenodo
(https://doi.org/10.5281/zen0d0.6362150).

(The last step in this version contains a supplemental video with extra context and tips, as part of the protocols.io
Spotlight series, featuring conversations with protocol authors.)

ﬁ Example.ply

Guidelines

Sections often start with a short preface or introduction including useful background information, notes, or tips
inserted in the first step right before the actually step.

Occasionally, notes and technical warnings, which are both indicated as such, are included in steps where
necessary or useful.

Program options or commands are indicated with single quotes (e.g., 'XYZ').

Whenever referred to another step within a step, the reference step is highlighted in bold.
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Mesh Processing Tool. Sixth Eurographics Italian Chapter Conference, 129-136

R Core Team (2020). R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/

Thermo Scientific™ Avizo™ Software 9 User's Guide, Berlin. https://assets.thermofisher.com/TFS-
Assets/MSD/Product-Guides/user-guide-avizo-software.pdf
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Materials

micro-CT scanning:

= A micro-CT scanner

= Associated scanning software (e.g., Phoenix Datos-X software; General Electronics MCC).

= A workstation powerful enough to process large 3D datasets

- Used here:

- Operating system: Microsoft Windows 7 Enterprise, Version: 6.1.7601 Service Pack 1 Build 7601
- System type: x64-based PC
- Processor: Intel® Xeon® CPU E5-2630 v4, 2.20 GHz, 2201 Mhz, 10 Cores, 20 Logical Processors
- Graphics card: Nvidia GeForce gtx1080

Surface scanning:

= High-resolution 3D surface scanner (e.g., see above; Artec Space Spider Scanner attendant software, i.e.,
Artec Studio Professional, version 13.2.3.59)

= Rotating turntable

= Professional modelling clay

= Anti-translucent spray

3D scanning and processing software:

= Artec Studio Professional Software (used version: v15.0.3.425)

= MeshLab (used version: v2016.12)

= Avizo Lite (Thermo Fisher Scientific; Waltham Massachusetts; used version: 9.2.0)
= Microsoft Office (i.e., Microsoft Excel)

Other materials:

= Digital camera

= Styrofoam

= Plastic rubber bands
= Box cutter

Troubleshooting

protocols.io | https://dx.doi.org/10.17504/protocols.io.4r3124d9qg1y/v3 July 14, 2023

5/47


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.4r3l24d9qg1y/v3

€3} protocols.io Partof SPRINGERNATURE

Part 1 - Styrofoam preparation

1

3.1

3.2

6.1

Note: Depending on the number of lithics that need to be scanned, this section might
take several hours.

Select a blank Styrofoam body (or similar material) to hold the artefacts. It should be
thick enough to carve holes on both sides (Face A and Face B).

Identify the scanning size limitations of the micro-CT scanner.

Cut the Styrofoam body into a rectangle according to the dimensions determined in Step
2. Our dimensions: 25 cm (height) x 22 cm (width) x 5 cm (thickness).

To increase the stability, you might add an additional Styrofoam support as base of ca. 2
cm height and a width of a few cm wider than the area of contact between the two parts
(our total Styrofoam body height was 27 cm).

Glue the two Styrofoam pieces together with Polyvinyl acetate (white glue).

Draw guiding or separation lines with a dark marker on both sides (Face A and B) of the
Styrofoam body depending on the size and number of artefacts that need to be scanned
—these will determine the rows or lines in which the artefacts will be placed one after
another.

The row separation will help to keep the artefacts in the same orientation and will
simplify the subsequent 3D model extraction after the CT-scanning process.

Draw a mark (e.g., a dot or “A") on the first side of the Styrofoam (Face A), which will
later facilitate the correct identification of the artefacts.

Carve holes along rows into the Styrofoam with a box cutter that are roughly the same
dimensions of the artefacts. They should be secure enough to ensure a stable
positioning and protect the artefacts from moving during the CT-scanning process.

Insert the artefact directly into its hole and immediately document its position in the
Styrofoam as described in Step 6.2 (Fig. 1).

On Face A, place the first artefact on the left most position of the first row and continue
in this line towards the right until the line is fully occupied. Then continue with the
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second row below, again starting at the left side until Face A is completed. Continue with
Face B in the same way.

Insert lithics following the best-suited criteria depending on how the lithic assemblages
are curated (e.g., stratigraphic units, raw materials, ID numbers) or according to the size
variation of the artefacts if necessary.

Always use the same orientation of the artefacts, i.e., dorsal face facing upwards and
proximal side at the bottom. By placing the longest axis of the specimen vertically, the
object thickness between the source and the detector remains limited during the
scanning process, requiring less x-ray penetration power and thus reducing energy
costs. Moreover, during the later post-processing step, such an orientation will enable
easier identification and virtual separation among 3D scans of lithics when compared
with the reference list of artefacts (Step 6.2) and reference photographs of the
Styrofoam body (Step 7Z.1and 7.2).

In our case, we scanned ca. 700 lithics with the CT-scanner using 4 Styrofoam bodies
each with two faces (A and B) for a total of 8 faces. Each face consisted of ca. 4to 8
lines and each line contained ca. 10 to 20 artefacts (total of ca. 60 to 120 artefacts per
face).

Dot as Face A indicator

First lithic of line 1 Last lithic of line 1

Line 1 .n ) 9; ‘E“ Ve YwyY'H

ez —SE L AR IR
Line 3 e ifdedd ‘_,,,?,—3,,““'?)_;_‘,_‘
Line 4 ‘3“é’§‘i\%&.‘.ﬁ"’

S BN SRR S

e

T ‘Q ‘ ] e t‘ u ‘}j Separation line
AN

Fig. 1: Overview of a completely filled Styrofoam body (Face A).

Line 7

Line 8
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6.2

7.1

7.2

8.1

8.2

Document the exact position of each artefact in a spreadsheet (e.g., MS Excel) directly
after it is inserted into its Styrofoam hole.

Clearly indicate the Styrofoam side, row, and at which numeric position the artefacts are
located. For simplicity reasons you might use a coded identification key.

Example: An artefact with the location code $1-FA-L2.5 would be inserted into first
Styrofoam body (87, only in cases where several bodies must be used to scan large
amounts of lithics) Face A (FA, first Styrofoam side) in the second row from the top to the
bottom (L2) and at the fifth position from the left to the right (.5) in this row.

Keeping track of the positions is extremely important and will not only ensure the fast
and correct labelling of the right artefact ID with the 3D models, but also ensure the
artefacts are safely returned to their find bags. Therefore, you might use a handwritten
list as backup.

Take reference pictures.

After Face A and B are filled, take reference pictures of both faces.

Take a picture of the first artefact of the first row of each face. This will serve as a
reference to orient the 3D model of the entire face, making the later identification of the
artefacts’ order much easier.

Cover the Styrofoam faces with Styrofoam slabs.

Cover both Faces A and B with a thin Styrofoam slab (ca. 1 cm thickness) of the same
dimensions as the main Styrofoam body (Step 3).

Tightly secure the two Styrofoam slabs and main Styrofoam body with plastic rubber
bands (Fig. 2). Do not glue them together, as it will be difficult to disassemble when
removing the lithics after scanning.
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Rubber band

Cover slab

Base

Fig. 2: Sealed Styrofoam bodies (cover slabs and main body) on its base and held
together with rubber bands.

9 Repeat Step 1to Step 8.2 if more Styrofoam bodies are needed (S1, S2, etc.; see Step
6.2 for labelling).

9.1  Label each Styrofoam body with a number to identify them afterwards (Fig. 3).
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Fig. 3: Styrofoam bodies labelled with “1”, “2” and “3” for identification. The black dots
indicate the position of Face A.

Part 2 - Micro-CT scanning

10 Note: CT-scanning is usually performed by a certified and trained technician using the
scanning parameters specified below and depending on the inherent nature of the
different raw materials. The following steps are a summary of the scanning process
performed for our case study, which relied on the scanning of fine-grained chert
bladelets with thicknesses between 0.5 mm to 6.0 mm (mean: 2.4 mm).

In our study, each scan took approximately 2:20 hours and we scanned up to 220
bladelets per scan (these bladelets had an average size of 28 x 8 x 2.4 mm).

Place the Styrofoam body on the turning base of the CT-scanner (Fig. 4).
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Fig. 4: Styrofoam body placed and secured on the turning base in the micro-CT scanner.

11 Secure it with a strong double-sided tape on the base.

12 The turning base should be positioned as far as possible from the source to increase the
field of view and, therefore, the number of lithics that can be scanned at one time. Note
that with greater distance from the source, the resolution decreases.

13 Set up the machine according to the best scanning parameters — usually done by the
scanning technician.

For scanning multiple specimens at the same time, it is advisable to use the "multiscans”
option, which enables the device to scan longer targets within the same scanning
session. In particular, using the scanner's associated computer device and software
(e.g., Phoenix Datos-X software; General Electronics MCC), the scanning technician
virtually separates the target into different layers (by Styrofoam height) to be scanned
individually (per layer/scan), which are then automatically merged before model
reconstruction. It must be highlighted that the use of this option might produce visual
artefacts in the resulting 3D models, appearing as lines at the borders in between the
layered scans (i.e., "merging lines"). To ensure that these lines will not affect stone tool
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14

15

16

17

18

19

morphology, the technician should make sure that the selected upper and lower
borderlines of each layer/scan do not intersect any stone tools.

The resolution used across our scans was ca. 140 microns. Resolution largely depends
on the distance between the source and the target/object. Even though the utilized
micro-CT scanner is technically capable of producing models with much greater
resolution, our experiments showed that 140 microns was a good balance, allowing us to
scan a large number of artefacts at once, while avoiding distinguishable inaccuracies in
the resulting 3D surface form (size and shape) of the blades and bladelets.

Start scanning process.

After the scanning process is completed, save the scans onto a hard disk. Make sure to
save the scanning metadata (e.qg., as .pcr file), including all scanning parameters, which
are required to open and scale the CT scans (e.g., in Avizo). Important scanning
parameters to successfully load the CT data into Avizo Lite are the resolution (Voxel
size), volume dimensions (x, y, z), and image data type (e.g., 16 bit).

Visualize the overall scanning result to check for obvious errors. This can be done by
reconstructing the CT data and exporting the file as an image stack, e.g., as .tiff files or
.vol files, which can be opened in Avizo Lite. Reconstruction of the CT data can be
performed, visualized, and exported using software like Phoenix Datos-X.

Take the scanned Styrofoam body from the CT scanner.

Dismantle the Styrofoam body by taking off the plastic rubber strings and the covering
plates.

Remove the artefacts one by one from the Styrofoam and put them back into their
respective find bags.

Part 3 - 3D model extraction of CT scanned stone artefacts using Avizo

20

Note: For our project the preparation and separation of the faces took around 2 hours
per Styrofoam body. The subsequent extraction of each lithic described in the next
chapter (Part/Section 4) only took around one minute per artefact.
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Fig. 5: Program overview of the most important tools and panels used in Avizo.
Legend:

(Main) Menu Bar

Options Menu Bar of the Label Panel

Label Panel

Options Menu Bar of the Properties Panel

Properties Panel

Apply Button in the Properties Panel to set new properties to labels
Courser Tool to select points etc. in the 3D View Panel
Dragging Tool to move the 3D model in the 3D View Panel
Orthographic View

10 Option Menu Bar for the 3D View Panel

11 3D View Panel

WoOoONOCUu A WN =

Open CT scan in Avizo Lite.

20.1  Open Avizo and load CT scan (.vol file).

20.2 In 'File Format Selection’ choose ‘Raw Data’ and press ‘Okay’ (Fig. 6).
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Leica Binary

Leica Image File - LIF
Leica Slice Series
LineSet

MRC Stack

MRC Volume

Matlab mat-file
MicroVisu3D ASCI
Neuron HOC

Nifti

North Star Imaging

Olympus FluoView 1000
Open Inventor
PNG
PNM
POS Format
PSI Format
Plot3D Multigrid
Plot3D Single Structured
REK
'Raw Data
«|

Fig. 6: ‘File Format Selection’ window.

20.3 In 'Out-of-Core Data’' choose 'Read complete volume into memory’ and press ‘Okay’ (Fig.
7).
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D) Out-of-Core Data

Warning ! The file you are trying to load exceeds the out-of-core threshold.
This threshold could be changed by selecting the LDA tab of the preferences dialog .

In order to load this file, please select one of the following methods:

Loading policy
(") Convert to Large Data Access (LDA) format

(") Read as External Disk Data
@ Read complete volume into memory

Run batch

Fig. 7: ‘Out-of-Core Data’ window.

20.4 Indicate raw data parameters in ‘Raw Data Parameters’ window (Fig. 8).

20.5 Set 'Data type’ according to scanner settings (usually “16-bit unsigned’) (blue arrow in
Fig. 8), leave the rest as the pre-set values.
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Header: 0

Requested: 15602941224
Filesize: 15602941224
Endianess

() bigendian @) little endian
Index order
@ xfastest () zfastest

Resolution
Define

() bounding box @ voxel size

Min. coord: 0 0 0

< Voxel size: )09431839 )09431839 )09431839

[ suppress file size warning

ok || cancel |

Fig. 8: 'Raw Data Parameters’ window.

20.6 Open CT meta-data file (e.g., pcr in this study). It should open automatically in notepad
(Fig. 9).
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version-datos|x=2.6.0.18031 - RTM

[General]

Parametersetonly=0

[ImageData]

FECA_;‘i le=D:\CT Data\2021_03_15_rithic_styro_1\scan1\2021_03_15_tithic_styro_1_.pca
ROI

ROI_Si zex=}g§g d o 2 |
ROI_SizeY=: =
ROL_S1zev-1989 h xyz-dimension values

ROI_OffX=0

ROI_Offy=0

ROI_Offz=0
[Reconstruction Settings]
FreeRay=7877
UseFreeRayFrompPCP=0
correctionvalue=-2.06645
correctionvaluePos=
objectRotation=0
RecFilterkernel=2
ROI_Filter=0
startImage=1
LastIma%e:lOOO
ImageFilter=0
volumerilter=0
volumeGaussRadius=3
volumeusmContrast=50
volumeUsMIterations=2
volumeUsMRadius=3
voxeloutlierpart=0

[volumeData] . .
xg}mgzg};:’y‘jggg h xyz-dlmensmn values

volume_sizez=1972
VvoxelsizeRec=0.140610009431839
Resolution=1

Format=5
Min=-0.01946952752768993
Max=0.1867803186178207
VOL_File=D:\CT Data\2021_03_15_Lithic_styro_1\scan3\2021_03_15_rithic_styro_1_.vol
[BHC_values]
BHC_Param=6.199999809265137
ABC_Param_A=0
ABC_Param_g=0

ABC_Param_c=0

ABC_Param_p=0
ABC_Param_E=0
ABC_Param_F=0

ABC_Param_G=0

ABC_Param_H=0

ABC_Param_I=0

ABC_Param_J=0

ABC_Param_M=0
ABC_Threshold=0
ABC_RSquare=0
ABC_MaxThickness=100
[sco_values]
SCO_NumPoints=0

[Metrology]
DetectorMaskused=0
PCD_File=

Fig. 9: PCR file with CT scan metadata opened in Notepad.

20.7 To enter the x-, y-, and z-dimensions in the ‘Raw Data parameters’ window (violet arrow
in Fig. 8) search for 'ROI_SizeX=NUMBER’, 'ROI_SizeY=NUMBER' and
'ROI_SizeZ=NUMBER' respectively (violet arrow in Fig. 9).

Note: you should usually aim for the parameters ‘Volume_Size[X, Y, or Z]' (blue arrow in
Fig. 9), especially when the ROI (Region of Interest) was specified before the scanning
process. In our case ROl was not specified and is therefore identical to the volume size.
If ROl is specified by the technician, the ROI parameter reported in the metadata file will
only show a part of the image.

Caution: ‘Header’ value (pink arrow in Fig. 8) in ‘Raw Data Parameters’ window will
change to O if all dimensions are entered correctly.
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20.8

20.9

20.10

20.11

To enter the voxel size value into 'Raw Data parameters’ window (yellow arrow in Fig. 8),

search for 'VoxelSizeRec=NUMBER' (yellow arrow in Fig. 9).

Leave all other parameters in ‘Raw Data Parameters' window as the pre-sets and press

‘Okay".

Indicate unit in ‘Units Editor’ window (Fig. 10) according to indicated voxel size unit in pcr
CT-scan metadata file ('VoxelSizeRec=NUMBER’, yellow arrow in Fig. 9) and press

‘Okay".

No units found in 2021_03_15_Lithic_Styro_1__ Merged_Scans_1-3.vol.

Please select original coordinate units: [micrometer [um] v |

The coordinate values will be converted internally in working units: micrometer [um]

Resolution

Min coord: 0 0 0 [mm]
Max coord: 0.279533 0.279533 0.277142 [mm]
Voxel size: 0.00014061 X 0.00014061 x 0.00014061 [mm]

[ ] set selected unit as the default for new data with no unit information

[ ox ]

Fig. 10: ‘Units Editor window’.

Now, Avizo should load and open the vol file (Fig. 11).
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21

211

21.2

Fig. 11: Partial screenshot of the ‘Label Panel’ with loaded vol file.

Generate isosurface (also see manual: https://assets.thermofisher.com/TFS-
Assets/MSD/Product-Guides/user-guide-avizo-software.pdf).

Click on vol file label and then on the ‘Isosurface’ button that appears in the options bar
above to generate an isosurface of the scan. Alternatively, if it does not appear, click on
the arrow sign at the right most position of the vol file label and enter ‘Isosurface’ in the
search bar.

Click on the newly generated ‘Isosurface’ label (Fig. 12) and choose a ‘Threshold’ value
(yellow arrow in Fig. 12) that separates the artefacts from the surrounding air, Styrofoam
etc.

Enable and use '‘Down Sample’ (pink arrow in Fig. 12) to run a fast isosurface test
extraction to check whether the chosen ‘Threshold’ value works well.

Time can be saved by finding a good threshold, as this lessens the need for cleaning and
outlier removal. Note that a preview mode is not available, so it is not possible to judge
whether the chosen ‘Threshold’ value works well overall. Therefore, it might be
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necessary to test multiple values before a good separation can be achieved (Step 21.5).
It might be useful to note down the values that have already been tested and to narrow
down a suitable Threshold value range.

X Data: [2021.03_15 Lithc_Styro_1_merged scans_1-3.vol v|
—n Threshold: | fun J s [
R Drawstyle:  [sheded v [morecptonsv]| Lnewdt: [0 | Outnecolr: [l
b3 Colormape [0 | [ e e e m] 65535 |(Edite]
¥ Options: (9] compactfy
¥ Average: x: y 2 72
¥ ovtonalcon..

Fig. 12: Project view with generated ‘Isosurface’ label. Parameters for the isosurface can
be adjusted in the ‘Properties’ panel below.

21.3  Press ‘Apply’ and wait until the process completed.
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21.4  When completed, inspect the resulting isosurface model (Fig. 13 and 14) and check for

21.5

21.6

‘unusual’ or ‘unnatural’ surface inconstancies, ‘noise’, and scanning artefacts.

AN SEEDE wia-o-a um R E D3

-
¥
¥
7
¥
¥
E3
¥
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3
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Fig. 13 (top) and 14 (bottom): Isosurface with clear separation between the lithic
artefacts and other materials (e.g., rubber bands and Styrofoam).

If the chosen 'Threshold’ value does not work well, repeat Step 21.2 and 21.3 until a
good separation is be achieved. If the chosen threshold works well, continue with Step
21.6.

If a suitable threshold value was found, repeat Step 21.2 and 21.3 using the indicated
threshold value (e.g., by copy and paste) but this time with ‘Down Sample’ disabled.
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21.7

21.8

22

221

22.2

22.3

22.4

22.5

When completed, again inspect the resulting isosurface model (Fig. 13 and 14) and check
surface inconstancies (see Step 21.5).

If the chosen ‘Threshold’ value does not work well, repeat Step 21.2) and 21.3 until a
good separation is achieved.

Remove remaining materials.

Select the ‘Eye’ sign in the top menu bar above the 3D viewing panel (grey arrow in Fig.
15) to switch to orthographic view (‘Eye’ sign with parallel sight lines).

"4 BBHD e e o a [W|m o m o E)

Fig. 15: Cropping process to remove outlying materials.

Select the vol file label (yellow arrow in Fig. 15).

Rotate the 3D model into a proper position (e.g., as shown in Fig. 15) that allows for
easier removal of the unnecessary outlying material.

Select the ‘Cursor’ sign in the menu bar above the 3D viewing panel (blue arrow in Fig.
15).

Select the first ‘Tool’ sign (Cropping tool) in the options bar (pink arrow in Fig. 15).
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22.6 Use the left mouse button and cursor to narrow the bounding box (brown arrows in Fig.
15). If possible, leave only the lithic artefacts within the bounding box (Fig. 16). Any
remaining materials can still be excluded later if necessary. Switch between ‘Cursor’ and
‘Hand’ (i.e., dragging) mode and change the position of the 3D model to adjust bounding
box in all dimensions to crop out as much of the outlying material as possible.

Fig. 16: Adjusted bounding box used to crop the outlying materials.

22.7 Apply changes to delete excluded materials with ‘Ok’ in cropping window (green arrow in
Fig. 15).

23 Generate isosurface again for cropped scan.

23.1 Click on vol file label and then on the ‘Isosurface’ button (blue arrow in Fig. 17) that
appears over the options bar to generate an isosurface of the scan (like Step 21.1).
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Fig. 17 (left) and 18 (right): Generation of cropped isosurface label.

23.2  Click on the newly generated 'le,sosurface’ label (yellow arrow in Fig. 18). Disable ‘Down
Sample' and insert the ‘Threshold’ value identified to be sufficient earlier in Step 21.2 or
Step 21.5/ 21.6.

23.3  Click ‘Apply’ (pink arrow in fig. Fig. 18) and wait until the process has completed.

24 Extract surface from cropped isosurface.

24.1  Click on the newly generated isosurface (here ‘Isosurface 2', blue arrow in Fig. 19).
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Fig. 19: Extracted surface model of all scanned stone artefacts. Some of the outlying
material is still present and can be removed later.

24.2  Click ‘Extract Surface'’ in the options bar above (yellow arrow in Fig. 19).

24.3  Select the newly created label called ‘Extract Surface' (orange arrow in Fig. 20).
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Fig. 20: Newly created ‘Extract Surface’ label from Isosurface.

24.4 Leave all parameters in the ‘Extract Surface’ menu as is and click ‘Apply’ to generate
extracted surface (pink arrow in Fig. 20).

24.5 A new label called ‘ExtractedSurface’ will appear (blue arrow in Fig. 21).
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Fig. 21: Extracted surface scan.

Save extracted surface model.

Click on the newly generated’ExtractedSurface’ label.

Go to ‘File’ in the menu bar and click 'Export data as’.

Navigate to the target folder where you want to save the model.

Name model.

Choose file format (e.g., .ply, .stl, .obj).

Click on 'Save' to save the model.

Save the Avizo project.
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26.1

26.2

26.3

26.4

26.5

26.6

26.7

26.8

26.9

26.10

26.11

26.12

Part 4 - Cropping extracted surface model to separate Face A and B in Artec

Go to ‘File’ in the menu bar and click 'Save Project’.

Select appropriate option in the ‘Save Project Policy’ window (here: ‘Minimize project

size').

Click 'Okay’ to confirm selection.

Navigate to the target folder to save the Avizo project.

Name project.

Do not change pre-selected file type (.hx).

Click 'Save' to save the Avizo project.

A new window might open in Avzio asking to save labels from the project that are

necessary to reconstruct the saved Avizo project.

The target folder should open automatically, if not navigate to it.

Leave label names as is.

Click 'Save' to save the labels.

Close Avizo Lite.

Studio
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27

271

27.2

27.3

27.4

27.5

27.6

27.7

27.8

Load 3D model into Artec (Fig. 22).

|
E“

Ll

eI PO ENT 2T 1 171

Fig. 22: Artec Studio program overview

Copy the extracted model file 2 times to get one file for Face A, one for Face B, and one
backup file just in case. Name them accordingly.

Open Artec Studio.

Click on ‘File’ in the top menu bar and then on Import\scans, meshes or point clouds.
Alternatively drag and drop the 3D model file into Artec Studios’ 3D View panel directly
from its storage location.

Navigate to target folder where the extracted 3D model is stored.

Select the first 3D model file for the creation of Face A.

Click 'Open’ to load the 3D model into Artec Studio.

Press 'NUM 5’ to switch to orthographic view.

Inspect loaded model in Artec Studio (Fig. 23).
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Fig. 23: Loaded 3D model of Styrofoam chunk 1 with both Faces A and B.

28 Deletion of Face B.

28.1 Rotate the model with the left mouse curser in the 3D View Panel so that both faces are
parallel to each other like shown in Fig. 24.

IR LI S CIEH:

Fig. 24: Selected Face B (red).
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28.2  Click on ‘Editor’ in the left Tool Menu Bar.

28.3 Click on ‘Eraser’.

28.4 Select ‘Lasso selection’ in the opened Eraser Panel.

28.5 Press and hold Ctrl while pressing and moving the left cursor over the material from Face
B. Selected areas will be highlighted in red (Fig. 24).

28.6  Click ‘Erase’ in the Eraser Panel or press the 'Delete’ key to delete the selected area (Fig.
25).

eI F TOWENE Y- I {1741

Fig. 25: Remaining Face A after the deletion of Face B.

29  Delete outlying materials.

29.1  If closed, reopen the ‘Eraser’ menu, and reselect the ‘Lasso’ tool (see Step 28.2 to 28.4).

29.2  To remove the outlying materials, press and hold Ctrl while pressing and dragging the left
cursor over the materials. Selected areas will be marked in red (Fig. 26).
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Fig. 26: Selected outlying materials (red).

29.3 Ifitis not possible to select all outlying materials at once, repeat Step 29.2 until only the
stone artefacts remain. It might help to rotate the entire scan to get a better viewpoint.

30  Save the isolated and cleaned Face (Fig. 27).

Tie Gen ver wodoe oo

ICIRQIN| o MISIVIE®
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Fig. 27: Isolated and cleaned Face A.

30.1  Go to ‘File’ in the menu bar and click on ‘Export\Meshes".
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30.2

30.3

30.4

30.5

30.6

31

Navigate to the target folder in which to save the model.

Name model (e.g., “Styro 1_Face A_Cropped and Cleaned").

Choose file format (e.g., .ply, .stl, .obj, or .wrl).

Click on 'Save' to save the model.

In the storage folder duplicate Face A file by copying it to create a backup file. Name it

accordingly (e.g., "Styro 1_Face A_Cropped and Cleaned_Backup").

Repeat the workflow for Face B with the copied version of the extracted Avizo file from
Step 27.1.

Part 5 - Cropping Face A to separate the lines in Artec Studio

32

33

34

34.1

34.2

34.3

Create a folder where the individual lines are stored and name it accordingly.

Open the cropped and cleaned model of Face A in Artec Studio.

Crop the lines to separate them.

Rotate the model with the left mouse curser in the 3D View Panel as shown in Fig. 27.
Remember to position the scan so that their order corresponds to their actual order, i.e.,
the first artefact in the model must be the first on in the list, so it is placed on the upper
left. Also remember to look at the scan from the correct side. The scan can also be
oriented using the reference pictures.

Click on ‘Editor’ in the left Tool Menu Bar.

Click on 'Eraser’.
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34.4 Select 'Lasso selection’ in the Eraser Panel.

34.5 Press and hold Ctrl while outlining all rows except the one that you want to separate.
Selected areas will be marked in red (Fig. 28).
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Fig. 28: Selected lines that will be deleted to separate the first line.

34.6 Click ‘Erase’ in the Eraser Panel or press the ‘Delete’ key to delete the selected rows.

34.7  Alternatively, you can select the line that you want to separate and then inverse the
selection with the ‘Inverse’ button in the Eraser Panel. To delete the selection, apply Step
34.6.

35  Save the separated line (Fig. 29).

Fig. 29: Cropped line 1.
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35.1

35.2

35.3

35.4

35.5

35.6

36

36.1

37

37.1

37.2

38

Click on ‘File' in the top menu bar.

Click on 'Export as’".

Navigate to the target folder.

Name the cropped line accordingly (e.g., “Styro 1_Line 1").

Select the file format (e.g., .ply, .stl. etc.).

Press 'Okay’ to export the cropped line.

Important: Do not save and close the entire project. All deleted lines will be lost
otherwise! See next step.

Recall the deleted lines to continue separating the next line.

Press Ctrl and Z to undo the deletion or click on ‘Edit' in the top menu bar and press on
‘Undo’.

Separate the next line.

Apply Steps 34.2 to 34.6 for the next line.

Apply Steps 35.1to 35.6 to save the newly separated line. Remember to name it

accordingly (e.g., “Styro 1_Line 2" for the second line and so on).

Repeat all steps for each line individually.
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I Part 6 - Cropping each stone artefact from the lines in Artec Studio

39

40

41

42

43

43.1

Create a backup copy of each of the separated lines and name them accordingly.

Create folders for each line and name it accordingly.

Move the separated lines into their respective folder.

Open the first line with Artec Studio.

Crop the stone artefacts to separate them.

Rotate the line model with the left mouse curser in the 3D View Panel as shown in Fig.
30. Remember to position the scan so that the artefacts in the model correspond to their
actual order, i.e., the first artefact in the model must be the first on in the list, so it is
positioned in the upper left. Also remember to look at the scan from the correct side.
This can be done by orienting the scan using the reference pictures.
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|
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Fig. 30: Loaded line 1 in correct position.
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43.2 Click on ‘Editor’ in the left Tool Menu Bar.

Click on ‘Eraser’.

Select 'Lasso selection’ in the Eraser Panel.

Selected artefacts will be highlighted red (Fig. 31).

HeIEHEVENE AL 1 1174 =R

Fig. 31: Selected artefacts which will be deleted to separate the first one.

Click 'Erase’ in the Eraser Panel or press the '‘Delete’ key to delete the selected artefacts.

Alternatively, you can also select only the artefact that you want to separate and then
inverse the selection with the ‘Inverse’ button in the Eraser Panel. To delete the selection,
apply Step 43.6.

44  Export and save the separated artefact (Fig. 32).

| 43.3
| 434
43.5 Press and hold Ctrl while selecting all artefacts but the one that you want to separate.
| 43.6
| 437
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Fig. 32: Cropped and isolated artefact. Note that the model was rotated before the
screenshot was captured. It is the same non-selected artefact as in Fig. 31.

Click on ‘File' in the top menu bar.

Click on 'Export as’.

Navigate to the target folder.

Name the cropped artefact with the actual artefact ID.

It might also be useful to add information on the exact location within the Styrofoam scan
to trace potential errors. A possible location ID which can be added either before or after
the actual artefact ID in the file name could look like this:

S$1-FA-L1.1.10401
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44.6

44.7

45

451

46

46.1

46.2

47

48

§1 stands for the first Styrofoam scan, FA stands for Face A, L1.1 stands for the first line -
first artefact. The last number 10401 represents the artefact ID. It might also be useful to
include this information in the artefact database.

Select the file format (e.g., .ply, .stl. etc.). Remember to also export the model as a .wrl
file, as AGMT-3D only can import this file format. If the R package geomorph will be used
subsequentially, the models must be saved as non-binary ply files (see below).

Press '‘Okay’ to export the cropped artefact.

Note: Do not save and close the entire project. All deleted lines will be lost otherwise!
See next step.

Recall the deleted artefacts to continue separating the next one.

Press Ctrl + Z to undo the deletion or click on ‘Edit’ in the top menu bar.

Separate the next artefact.

Apply Steps 43.2 to 43.6 for the next artefact.

Apply Steps 44.1t0 44.7 to export and save the newly separated artefacts. Remember to

name it accordingly (see Step 44.5).

Repeat all steps for each artefact individually.

Repeat these steps for all lines.

Part 7 - Virtually control measurements in MeshLab

49

Note: It might be useful to take control measurements for time to time, e.g., of the first
and last artefact in a line and a few random artefacts elsewhere. This helps to check
whether the line is exactly positioned and whether any artefacts were accidently
skipped.

If all artefacts are measured, errors in the database could also be cross-checked.
However, with larger sample sizes, this may take a lot of time. Linear measurements
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50

51

52

53

(e.g., maximum length of the artefact) can easily be taken in MeshLab (Cignoni et al.
2008) then compared with physically measured variables in the main database. For any
subsequent intra- or interobserver error and methodological evaluations, it might be

useful to store the virtual control measurements in an extra column of the main database.

To save time, this task can easily be combined with the export of the models to non-
binary ply. files if necessary for subsequent analysis in the R package geomorph (see
below).

Open MeshLab.

To load the first artefact into MeshLab, drag the model file and drop it into the 3D View
Panel of MeshLab. Alternatively, click on ‘File’ in the top menu bar and choose ‘Import
Mesh’, then navigate to the target folder and open the desired model by pressing ‘Open’
(Fig. 33).

Fig. 33: Artefact opened in MeshLab. The maximum length of the artefact was measured
with the measuring tool. The measuring tool is still activated (no tracking ball visible). The
measurement value is shown beside the right-most point, in the ‘Point to Point Measure’
panel in the upper left corner of the 3D View Panel, and in the lower right Log Panel (pink
arrows).

Press '5' on the keyboard to switch to orthographic view.

Click on the ‘Point to Point Measure Tool’ in the Tool bar above the 3D View Panel (blue
arrow in Fig. 33). In this mode, the tracking ball will vanish, making it impossible to rotate
the model (but see note within Step 54).

Click with the left mouse curser on the starting point of the measurement.
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54

55

56

57

Click with the left mouse curser on the end point of the measurement to finish the
measurement.

Note: If it is necessary to rotate the model, place the first point (Step 53) and then press
‘Esc’ on the keyboard to temporally leave the measuring tool. When the tool is disabled,
the tracking ball will reappear. Rotate the model accordingly and then press ‘Esc’ to
return to the measuring mode.

After the measurement is taken, the model can be rotated to check the placements and
evaluate the measurement. Redo if necessary, by double clicking on the ‘Measuring Tool'
in the Tool bar menu and repeating Steps 52 to 54.

The measurement will appear beside the end point of the measurement, as well as in the
'Point to Point Measure' panel in the upper left corner of the 3D View Panel and in the
lower right Log Panel (pink arrows in Fig. 33).

Copy the measurement value to the main database and/or compare with previous
measurements to control for error.

Part 8 — Artec scanning of larger artefacts

58

59

60

61

General tips for Artec scanning:

= The lighting in the room should be uniform, cold and diffuse;

= Try to reduce areas of shading during the scanning process;

= Use a scanning speed of 8 fps (frames per second) and a depth of 170. Both can be
adjusted in the Scan menu in Artec Studio;

» For dark objects set a higher brightness.

Note: Calculation of surface texture colour is not necessary for most analyses. In order
to save time and computation capacity, this step is not included here.

Set up the scanner and workspace.

Boot the scanning computer.

Set up the Calibration equipment according to the Artec manual (http://docs.artec-
group.com/as/13/en).

Open the Artec Studio software.
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62

63

64

65

66

67

68

Calibrate the Artec scanner according to the official instructions of the Artec manual
(http://docs.artec-group.com/as/13/en).

Put the calibration equipment away.

Set up the turntable. We recommend using a white turntable or cover a turntable with
white cardboard. As suggested by Archer et al. (2021), red and blue circles should be

randomly marked on the turntable's surface to enhance tracking during scanning (Fig.
34).

Fig. 35: Lithic artefact fixed on a manual turntable using modeling clay. The turntable was
covered with a white cardboard with randomly marked blue and red dots for better
tracking. Left (A): Blade tool with proximal side down for the first scanning round. Right
image (B): The same blade rotated of 180 degrees (distal side down) after the completion
of the first scan.

Place the artefact on the turntable.

Use modeling clay to secure the lithic vertically on the table so that it will not move
during the scanning process.

Start the pre-scanning process by pressing the button on the back of the Artec handle
upwards.

Find the optimal distance between the scanner and the artefact, indicated by the range
on the left side of the scanning computer screen and the color of the objects in view.
Green means optimal distance, blue too far away, and red to close.

Press the button on the back of the Artec handle upwards again to start the scanning
process.

protocols.io | https://dx.doi.org/10.17504/protocols.io.4r3124d9qg1y/v3 July 14, 2023

42/47


https://www.protocols.io/
https://www.protocols.io/
https://dx.doi.org/10.17504/protocols.io.4r3l24d9qg1y/v3

€3} protocols.io Partof SPRINGERNATURE

69 Hold the scanner in one hand while slowly but steadily spinning the turntable with the
other hand. Keep your eyes on the scanning computer monitor to watch the scanning
progress, navigate the scanning directions and to keep a constant scanning speed.

70 When the scan is completed stop the scanning process by pressing the button on the
back of the Artec handle downwards.

70.1  Artec Studio will automatically run the ‘Fine registration’.

71 Turn the artefact upside down on the table using the modeling clay (Step 65) to capture
the side that could not be scanned in the first round. Sometimes objects need to be
scanned from more than two sides to capture all areas.

72  Repeat Step 66 to Step 70.1to scan the second side.

73 Removing the base and outlying material.

73.1  Open the ‘Editor’ menu in Artec Studio.

73.2  Open the 'Eraser’ tool.

73.3 Select the ‘Lasso selection’ tool.

73.4  While pressing the left mouse button, move the scanned artefact model into a position
where the base can easily be removed without deleting to much of the artefact itself, i.e.,
by placing the model so that the flat base part is horizontally aligned and only appears as
a thin line on the screen display.

73.5 Press and hold Ctrl + left mouse button to apply the lasso tool, then drag it around the
base part to select it. Selected areas will be marked in red.

73.6  Press ‘Delete’ on the keyboard or ‘Erase’ in ‘Eraser’ menu to delete the selected base.

73.7 Repeat Step 73.4 to Step 73.6 for the second scan. Disable the first scan and enable the
second scan in the model scan menu on the right side. If you have more than two scans,
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73.8

74

74.1

74.2

74.3

75

75.1

75.2

75.3

75.4

repeat the base removal steps for all of them.

Close the ‘Eraser tool menu. This will also close the ‘Editor’ menu.

Align the sub-scans.

Open the ‘Align' menu.

Press 'Auto-alignment”.

In most cases automatic alignment should work successfully. However, when the
program is not able to detect multiple matching points itself, this must be done manually.
If the program misaligned two or more sub-scans, cancel the result.

To manually align sub-scans, use the options to place matching pairs between each
scan. If there are more than two sub-scans, align one after the other. With this function
three to five pairs of homologous points must be placed on both sub-scans. Choose
points that are characteristic and can easily be identified on both sub-scans. The
placement does not have to be extremely perfect. The software will detect the right point
itself.

Press ‘Apply’ to complete the process and to leave the ‘Align’ menu.

Finish the model.

Open the ‘Tools' menu.

Apply ‘Global registration’.
(Use default settings: Geometry and texture; Key frame ratio: 0.1; Focus on geometry
disabled; Search features within, mm: 50).

Apply 'Sharp fusion’.
(Use default settings: 3D resolution, mm: 1; Fill holes: With radius smaller ...; Hole radius
(max), mm: 5; Remove targets disabled).

Apply 'Hole filling’".
(use default settings: Hole perimeter (max), mm: 100)
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75.5

76

76.1

76.2

76.3

76.4

76.5

77

771

77.2

77.3

77.4

77.5

Apply ‘Small-object filter'.

(Use default settings: Remove surfaces: All except largest)

Save the project.

Click on ‘File’ in the top menu bar.

Click on 'Save project as ...".

Navigate to and select the target folder.

Name the project with the actual ID of the artefact.

Press ‘Okay’ to finish this step.

Export model as ply file.

Click on ‘File’ in the top menu bar.

Click on 'Export".

Click on 'Meshes’.

Select .ply as file format.

Save the exported ply mesh following the instructions in Step 76.3 to Step 76.5.
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Part 9 — Export meshes as non-binary ply models for successive analysis in

geomorph

78  Note: As the R (R Core Team 2020) package geomorph (Adams et al. 2021) requires
non-binary ply models, the program MeshLab (Cignoni et al. 2008) can be used to
export and save the separated artefacts in this required format.

Open MeshLab.

79  To load the first artefact into MeshLab, drag the model file and drop it into the 3D View
Panel of MeshLab. Alternatively, click on ‘File’ in the top menu bar and choose ‘Import
Mesh’, then navigate to the target folder and choose and open the respective model by
pressing ‘Open’ (Fig. 35)

Fig. 35: Artefact opened in MeshLab.

80  Press '5' on the keyboard to switch to orthographic view.

81 Press Ctrl + Shift + E to export the model or click on File\Export Mesh As...

82  Navigate to the target folder.
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83  Select file format (note: if you change the current file format, it might be necessary to
(partially) rename the file).In the ‘Choose Saving Options for /D' panel, disable ‘Binary
encoding’ (Fig. 36).

84  Press ‘Open'

85 Inthe ‘Choose Saving Options for /D' panel, disable ‘Binary encoding’ (Fig. 36).

G Choose Saving Options for: ‘'S1-FA-RT'

Vert Face Wedge Texture Name
[] Flags [] Flags Color
Color Color Normal
Quality Quality TexCoord
[ ] normal Normal
TexCoord
Radius Rename Texture

Additional Parameters

[] sinary encoding

@ Al Camera
[] Help oK Cancel
O None Polygonal

Fig. 37: ‘Choose Saving Options for ‘ID” panel with disabled ‘Binary encoding'.

86  Press '‘Okay".

Spotlight video

87

https://www.youtube.com/embed/mDQ6usi-HnM
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