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Optimization of use-wear detection
and characterization on stone tool
surfaces

Borel Antony%2*“, Deltombe Raphaél?, Moreau Philippe?, Ingicco Thomas?,
Bigerelle Maxence? & Marteau Julie**

Debates and doubt around the interpretation of use-wear on stone tools called for the development
of quantitative analysis of surfaces to complement the qualitative description of traces. Recently,

a growing number of studies showed that prehistoric activities can be discriminated thanks to
quantitative characterization of stone tools surface alteration due to use. However, stone tool
surfaces are microscopically very heterogeneous and the calculated parameters may highly vary
depending on the areas selected for measurement. Indeed, it may be impacted by the effects from
the raw material topography and not from the altered zones only, if non-altered part of the surface is
included in the measurement. We propose here to discuss this issue and present a workflow involving
the use of masks to separate worn and unworn parts of the surface. Our results show that this step
of extraction, together with suitable filtering, could have a high impact on the optimization of the
detection and thus characterization of use traces. This represents the basis for future automatic
routines allowing the detection, extraction and characterization of wear on stone tools.

The surface of the objects (stone tools in our case) is the most exposed element to external contact and is therefore
most directly affected by each type of physical and chemical attack from its environment. Most of these attacks
(either due to natural or human agents) modify surface topographies'. Thus, the observation and characteriza-
tion of surface topographic signatures on stone tools can provide us with clues about the processes undergone.
It is this principle that has been used and applied for a long time by wear analysts to interpret the function of
prehistoric stone tools by describing qualitatively the surface alterations.

However, if traceology of prehistoric stone tools is to date an essential approach for understanding the
archaeological artifacts’ function, an inherent part of subjectivity and uncertainty remains in its interpretations.
Indeed, rare are traces that can qualitatively and exclusively be linked to only one specific activity. The interpreta-
tion of the use of a stone tool is only tentative from the combined analysis of different types of traces. This ques-
tion of probability and its associated uncertainty is rarely acknowledged in the literature presenting the results
of traceological studies. Also, a certain number of questions, already raised in the 1980s, related to the reliability
and reproducibility of the method in particular, are still relevant today?-®. This is why the development and/or
application of quantitative methods, which would complement the still fundamental qualitative approach, are
essential for the future of the discipline.

First attempts at applying quantitative methods for wear identification dates back to the 1970s, with the
seminal work of Semenov who measured the intensity of polishes and compared microreliefs between used and
unused surfaces” . Since, few studies have explored different avenues of quantification of stone tool surfaces
e.g.'"1¢ using different acquisition techniques e.g.!”~%’. Since the 2000s, acquisition instruments have become
more accessible and efficient allowing an increasing number of studies dedicated to quantitative analysis, surface
texture analysis in particular. We reviewed 44 papers focusing on surface texture analysis of stone tools and
published, mainly in international journals, from 1982 to 2021 (see references in Supplementary Table Sla and
b). Most of the recent results are very promising, showing that metrological parameters can discriminate wear
resulting from different use activities and worked materials. However, comparison of results is challenging,
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primarily because of a lack of standards for the discipline (see data in Supplementary Table Sla and b). A couple
of very recent studies sought to improve the reproducibility of protocols and repeatability of results by testing
the parameters of acquisition systems (e.g. the effect of numerical aperture of the objectives on the surface
measurements®!) or by proposing observation procedures®?. However, different surface acquisition technologies
are used by wear analysts such as confocal microscopy (N =28/44; 64% of the reviewed papers), interferometric
microscopy (N =7/44; 16%), focus variation microscopy (N =3/44; 7%) or atomic force microscopy (N =3/44;
7%). In addition, measurements are still performed with different objectives, numerical aperture and size of
scanned area, data are processed with different filters and the metrological parameters calculated are also vari-
able. The need for standardization both in qualitative and quantitative wear analysis was already underlined few
years ago®. At that time Macdonald®* already suggested to focus future research on the determination of the
best area of analysis to test if measurements should be performed on areas where the wear is covering the full
field of view or if unworn part of the surface should be included. Evans et al.?® also called for the production
of “adequate algorithms that can isolate worn areas of surface from unmodified areas” So far, what could be
considered as the best area of analysis has not been tested and most of the studies follow a procedure in which
rectangle areas filled with micropolish (or located on the most developed polish of the sample) are manually
selected over the surface of the measured stone tool**=*. This type of selection provides promising results but
also implies few limitations. For example, the choice of microscope objective and/or acquisition scale, and even
sample, are sometimes restricted by the search of a field of view filled with polish.

We propose here to examine how the selected area for measurement can impact the detection and charac-
terization of use-wear on stone tools in order to propose a method which could cope with known limitations
and optimize surface texture analysis on stone tools.

Results

In order to have a first insight about the relation between use and surface alteration of stone tools, we compared
the commonly used arithmetic mean deviation parameter (Sa) of surface measurements before use and after
10,000 cycles of wood sawing. Two surfaces with qualitatively different levels of surface alteration were selected
and the following ratio was computed:

Sa,lO,OOO cycles — Sa,O cycle

x100 (1)

Saratio =
' Su,O cycle

Figure 1 shows photo simulation images of the measurements performed on two selected zones before and
after use, as well as the computed S, ratios at full scale (i.e. without filtering). The use of photo simulation images
highlights wear, which corresponds to whiter areas. Both locations are heterogeneously modified by wear: wear
seems to be more pronounced in some locations. While use-wear is evident on each of these surfaces, very dif-
ferent Sa ratios were obtained for each area: negative and positive values of 69% and 10% are respectively found
for zone 12 and zone 13. Four hypotheses can be proposed to explain these differences:

(a) The shifting of the zones prevents the detection of any wear signature with Sa ratios.

(b) The Sa values computed at full scale (i.e. without filtering) do not allow wear signature to be detected.

(c) The Sais not a relevant roughness parameter for roughness description of these surfaces.

(d) The heterogeneity of the areas (comprising worn areas and unworn areas) prevents any wear trend detec-
tion.

The first hypothesis can be easily tested by selecting sub-surfaces that exactly match. These sub-surfaces are
represented through the use of blue rectangles in Fig. 1. The new ratios computed for these sub-surfaces are
equal to —61% for zone 12 and —2% for zone 13. There is thus a clear change of values, particularly when the
Sa computation encompasses holes or severe roughness changes near the edge of the tool. However, it does not
explain the Sa discrepancies between zone 12 and zone 13.

The second hypothesis was tested by computing Sa values on measurements from both sides of the tools
before and after use (N =2 x 30 surfaces; see Supplementary Table S2) at full scale and after high-pass filtering.

Figure 2 shows the Sa distribution at full scale. An average Sa of 1.4 pm with a standard deviation of 1.11 pm
was found before tool use. After tool use, the Sa average was found to be 1.35+0.76 um. The computed Sa values
before and after use showed large standard deviations and thus prevent any identification of wear effects on Sa
values. No statistically significant difference of Sa can be noted between non-filtered surfaces before use and after
10,000 cycles (Wilcoxon signed-rank test: V =244; p=0.8236).

To assess the influence of the scale, high-pass filtering was then performed on the measurements. High pass
filtering was chosen to remove waviness and focus on microroughness changes. Through testing, it was found
that the best results were obtained when using a Gaussian high-pass filter with a cut-off length of 25 um®, as
illustrated in Fig. 3. This step removes none relevant frequencies and allows focusing on relevant surface tex-
ture. Filtering was performed on all measurements from both sides of the tools (see Supplementary Table S2).
Figure 4 shows the distribution of Sa values obtained for the filtered measurements before and after use. The
average of the Sa values+ SD were found to be equal to 0.32+0.06 um before use and equal to 0.28 £0.06 um
after use. Filtering led to a considerable decrease of the average and spread compared to the results shown in
Fig. 2. Moreover, statistically significant difference of Sa was found between filtered surfaces before use and
after 10,000 cycles (Wilcoxon signed-rank test: V=425; p=0.000016). However, no discriminant relationship
could be identified between wear, Sa values and cycles of use as the distributions still largely overlap (Fig. 4).
Therefore, Sa values computed at full scale (i.e. without filtering) is not reccommended to detect wear signature.
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Zone 12

Sa ratio =-69%

Zone 13

Sa ratio = 10%

0 cycle 10,000 cycles

Figure 1. Photo simulation images of two locations and corresponding Sa ratios. Matching sub-surfaces are
shown by the blue rectangles for each zone.

Using high-pass filtering greatly improves surfaces differences detection but does not seem enough to properly
discriminate wear signatures.

The third hypothesis was that the Sa, which is a commonly used roughness parameter, may not be the
most relevant parameter for the detection of this type of wear (i.e. wear on stone tools but, here, wood sawing
in particular). Other height parameters (Sq, Sp, Sv; Sz, Sku) as well as functional parameter (Smr, Smc, Sxp),
and functional volume parameters (Vm, Vv, Vmp, Vmc, Vvc, Vvv) were computed. Before filtering, statisti-
cally significant differences are noted between surfaces before and after use for Sv (Wilcoxon signed-rank test:
V =388; pryoim =0.012) and Smr (V =87; pya, =0.026) only. After filtering, statistically significant differences
were found for Sq (V =392; pyoim =0.0042), Smc (V =426; poim = 0.00014), Sxp (V =400; pyoim = 0.0025), Vi
(V =437; Prigim =0.000039), Vv (V =432; N = 30; pyrosm = 0.000066), Vmp (V =437; Py = 0.000039), Vime (V =398;
Phiolm = 0.0028), Vvc (V =434; pyyqi =0.000053) and Vvv (V =383; pyyo, = 0.0080). Again, filtering greatly increases
differences but, like for Sa, the overlap between the values of these parameters for surfaces before use and after
10,000 cycles was found to be important. Therefore, none of them seem to be more relevant than Sa to discrimi-
nate wear signatures.

It seems that the heterogeneity of the measured areas, comprising worn areas and unworn areas, within one
measurement as well as between measurements, prevents any wear trend detection. To test this fourth hypothesis
and better assess the effect of wear, ten locations (see Supplementary Fig. S3) visually showing the most exten-
sive wear were chosen through the observations of the photo simulation images of the measurements. For these
ten locations, the Sa was computed before and after use, with and without filtering (Fig. 5; see Supplementary
Table S4).

Again, no trend can be identified without filtering (Fig. 5a). However, with filtering (Fig. 5b), a clear decrease
of the Sa values can be observed for each zone (if considered separately). Similar tendency is observed on each
zone for parameters Smc, Sq, Vv and Vvc (Supplementary Fig. S5). Based on the grey level distribution of the
photo simulation images of these 10 locations, the worn areas were assessed to represent between 10 and 50%
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Figure 2. Histogram, density and boxplot of the arithmetic mean deviation (Sa) before (0 cycle) and after use
(10,000 cycles). Sa values are computed for all the measurements closest to the edge, at full scale.
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Figure 3. Example of filtering with Zone 12 (left) before filtering and (right) after filtering with a cut-off length
of 25 pm: as a high-pass filter is used, only the roughness part is kept for the analysis.
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Figure 4. Histogram, density and boxplot of the arithmetic mean deviation Sa computed for all the
measurements closest to the edge, after using a high-pass filter with a cut-off length of 25 um.
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Figure 5. Arithmetic mean deviation (Sa) computed for the 10 selected measurements showing the largest wear
traces (a) without filtering, (b) with filtering (high-pass filter with a 25 um cut-off length).

of the total area of the given measurement. The Sa computed at the relevant scale is thus a roughness parameter
that is meaningful for wear examination when the initial surface (i.e. the surface before wear) is available for
comparison with the worn one. However, with archaeological stone tools, the initial surface is never available
for measurement. Therefore, a comparison of the Sa values before and after use is not possible. Moreover, so far,
the selected areas comprise both worn and unworn parts. This may blur the wear signature. To overcome this
issue, a new methodology was developed and is illustrated in Fig. 6.

First, photo image simulation is used to convert the examined measurement into a grey level image. Then,
the distribution of grey levels is examined and thresholded to create masks. One mask is used to keep the meas-
urement points corresponding to the worn areas only while the second mask is used to retain the measurement
points corresponding to the unworn areas (i.e. the complement). Isolated points of the masks are removed to
decrease possible noise. Finally, the Sa parameter is computed for each masked surface on unworn and worn
parts after 10,000 cycles of use (see Supplementary Table S4). The results are shown in Fig. 7a without filtering
and Fig. 7b with filtering. Again, no clear trends are obtained with the computation of the Sa parameter at full
scale. However, after filtering, a clear decrease of the Sa values is observed for each examined location considered
independently. Similar tendency is observed on each zone for parameters Smc, Sq, Sxp, Sz, Vmc, Vv and Vvc
(Supplementary Fig. S6).

To compare the results given by this methodology (Fig. 7) with the results obtained with the surface before
use (Fig. 5), Sa ratios are computed and shown in Fig. 8. The Sa ratios were computed using Eq. 1 for the com-
putations made with the initial surface and using the following equation for the results obtained with the new
methodology:
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Figure 6. Methodology description to separate worn areas from non-worn areas. Manual tresholding is applied
on the grey level distribution of the photo simulation image in order to control the selection of the worn and
unworn surface and create corresponding masks. Then, masks are applied on the height map to produce two
datasets: one containing data of the worn part of the surface and another one with the data of the unworn part.
Missing data (NM) are displayed in yellow in the final surfaces.
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Figure 7. Arithmetic mean deviation (Sa) computed for the 10 selected measurements showing the largest wear
traces. The Sa values are computed following the proposed methodology using masks (a) without filtering and
(b) with filtering (high-pass filter with a 25 um cut-off length).

Su,lO,OOO cycles (worn areas) — Sa,lO,OOO cycles (unworn areas)

Su,mtio = x100 (2)
Sa,lO,OOO cycles (unworn areas)
Figure 8 shows that there is a global decrease of the Sa ratios with the proposed methodology. Therefore,

using masks maximizes the difference between unworn and worn surfaces.

Discussion

The experimentation presented here and the provided examples show that signatures could be quantitatively
undetectable, even if they are qualitatively evident. This confirms that the integration of both qualitative and
quantitative approaches in use-wear analysis is critical. Their complementarity, already stated among others
by Macdonald** and Ibéfiez and Mazzucco®, is now “quantitatively” demonstrated here. Our results also show
that, with such heterogeneous surfaces as those of stone tools, a slight modification of the measured area can
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Figure 8. Comparison of Sa ratios computed with access to the initial surfaces versus with the proposed
methodology using masks.

have a high impact on the values of the calculated parameters. This reinforces the fact that the selection of the
measured area with a visual control of the micrographs of the used surface is essential and remains, so far, the
best procedure to follow. However, this selection usually corresponds to the field of view of the objective used for
the surface acquisition or to rectangle subareas created in the analysis software?*=** (Supplementary Table Sla).
This procedure faces limitations. Indeed, depending on the extent of the micropolish to be measured, selected
areas have to be reduced in size to make sure it is filled with the worn surface®”*!. The use of masks to separate
worn from unworn parts of the surface do not limit the size of the analyzed area and can also be applied on
stitched datasets. Larger, more representative, areas that are considered as one of the keys for good classification
of traces by Ibafez and al.?? could thus be analyzed. Also, it should be noted that, even when wear impacted
a small portion of the measured surface (around 10%), it was clearly detected with this methodology. Search-
ing for an area where polish is sufficiently developed over the surface to fill the field of view and/or subareas
of analysis is thus not necessary and this method could help characterizing polishes even at an early stage of
development?®. Therefore, it provides more flexibility to the analysts to find good combination of magnification,
numerical aperture and working distance to obtain relevant measurements on samples (i.e. stone tools) whose
uneven shapes already limit the observation®. Our results show an improvement of the differentiation between
unworn and worn surface when masks are used. This improvement is likely to be found also when trying to
differentiate polishes due to different use activities or contact materials. By maximizing the differences, masks
might also improve the number of correctly classified types of wear by machine learning algorithms. Recent
studies provided mixed results of classification of contact material®”*>*. In these studies, good classifications
are often under 70%. These results are promising but still need improvement before applying such method on
archaeological material. The use of masks is a way of possible improvement to be explored in future research.

Our study, like Ibéfiez et al.?®, shows the importance of filtering to analyze stone tool surfaces. It demonstrates
that, whatever the mode of selection of the area of analysis, using filtering significantly improves the detection of
wear. However, in order to determine and apply the most suitable filters, more experiments with different kind of
contact materials and tasks need to be performed in the future. Filtering of stone tool surfaces has not been the
focus of any paper so far but the already published studies involving surface texture analysis show that different
filters are applied depending on the raw material of the tool, the activities carried out in the experiment and the
signatures intended to be found (see Supplementary Table Sla and b).

Comparing the different parameters which can be used for surface roughness analysis is out of the scope of
this paper. However, we have seen that, after filtering, Sa could be relevant for roughness description of stone
tool surfaces and that the use of masks largely improves its capacity to differentiate worn from unworn areas.
As shown in Supplementary Fig. S6, this is also the case for Smc, Sq, Sxp, Sz, Vmc, Vv and Vvc. In our example,
the other parameters were not able to highlight differences between worn and unworn flint surfaces, even after
filtering and area selection with masks, while for example an increase of Sku values with the increasing degree of
wear was noticed by Pfleging et al.* and Sp was among the parameters allowing a relatively good classification
of cereal polishes in Ibafiez et al.?%. Further research should focus on the behaviors of the parameters from ISO
25178% when applied to the different use traces on stone tools. Also, evaluating their variability depending on
the raw material of the tool and the different types of observed traces will allow a better classification model to
be built. One drawback of using masks is that it excludes some roughness parameters from the analysis. Indeed,
using masks creates missing data points in the data set and parameters such as Sal, Str or Sdq are not compat-
ible with it. Masks should not be applied in studies intending to characterize traces which are found to be better
described with such parameters.

To evaluate the evolution of the alterations, comparing surfaces before and after use seems an adequate
solution to address the issue of the heterogeneity of stone tool surfaces. In experimental conditions, the initial
surfaces (i.e. before use) of the stone tools are available if the artefact was measured before use but this is not
the case for the archaeological artefacts. As a result, such comparison is not applicable to archaeological pieces.
Comparing Sa ratios both for initial surfaces versus surfaces after use and for the proposed methodology using
masks, we have shown that it is possible to identify similar patterns. This result demonstrates that applying
masks is a relevant option to overcome the heterogeneity of stone tool surfaces and to develop a methodology
applicable to archaeological samples.
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We proposed here manual thresholding of the grey level distribution of photo simulation images in order to
extract the worn and the unworn areas from the surfaces. Therefore, the analyst adjusts the mask selection based
on the qualitative appreciation of the images. This procedure still keeps the inherent subjectivity of the analyst
and may limit the reproducibility of the results and/or introduce biases in the surface comparisons. However, this
issue can be partly overcome by providing the original surface texture dataset together with all the settings used
for the photo simulation and for thresholding. With these data, any wear analyst can obtain the same masks and
repeat the analysis. The validation of the use of masks for the optimization of surface texture analysis of stone
tools and the possibility, offered by this method, to reproduce the analyses once the surface is acquired represent
an important step forward towards the automation of lithic use-wear quantification?.

Conclusion

The procedure of selection of the best areas of analysis is a key aspect of surface texture analysis on stone tools.
Indeed, the heterogeneity of use-wear on stone surfaces complicates their observation and measurement. Our
results demonstrate that the use of masks to separate worn and unworn parts of stone surfaces maximizes the
differences and thus allow better detection and characterization of use-wear. It has the disadvantage of exclud-
ing few parameters (e.g. Sal, Str, Sdq) which are not compatible with missing values in the surface texture data-
set. Nevertheless, apart from enhancing wear characterization, it provides more flexibility in the choice of the
acquisition configuration (i.e. objectives, location of the area of interest, state of development of micropolish),
the extraction of the worn area is possible and the results are fully reproducible (given that the original dataset
of the surface and few settings are provided). In order to pursue the methodological development of automated
quantitative analysis, further research will investigate if the optimum parameters for the photo simulation genera-
tion and for thresholding can be automatically and reliably computed based on the stone tools surface properties.

Methods

Sample and experiment. Flint (Jurassic flint from Kremenets, Ukraine) was chosen to carry out the
experiment as traces on this type of raw material are now qualitatively well-known among wear analysts. The
used flake measured 84.9 mm in length, 35.8 mm in width and had a maximal thickness of 7.96 mm (see Sup-
plementary Fig. S7). The use experiment was performed with the tribometer Bruker UMT TriboLab equipped
with a 100 N force sensor. In order to hold the flake and to fix it on the force sensor, a made-to-measure support
has been designed with CAD software (Catia) and 3D printed in Polylactic acid (PLA) using an Ultimaker S5
printer. The flake was clamped into the support by pouring acrylic resin (Clarocit Struers) around it.

Once attached firmly into the tribometer, the flake was used to saw a 18 cm diameter piece of fresh wood
(Corylus avellana) with bark, hold on the bottom of the tribometer also by a made-to-measure 3D printed sup-
port (see Supplementary Fig. S7). The speed of the sawing movement was setup at 20 mm/s with a constant force
of 10 N. Ten millimeters of the edge of the flake was used; i.e. was in contact with the wood during the sawing
activity. The maximum number of sawing cycles, which is the maximum number of back-and-forth movements,
was equal to 10,000.

After the sawing cycles came to an end, the flint was cleaned in a 10% solution of Panreac Derquim LM02
phosphate free neutral detergent in an ultra-sonic bath for 20 min. Then, an ultra-sonic bath of 3.5% of hydrogen
peroxide (35%) was performed for 20 min. Finally, the flake was cleaned with pure ethanol before observation
to remove any potential remaining fatty residues.

Data acquisition. In order to document the evolution of the signatures through time/cycles of use, the
surfaces of the flint were measured before use and after 10,000 sawing cycles. Topography measurements were
performed using a white-light interferometer (Zygo Newview™ 7300, Zygo Corp., USA) with a 50x / 0.55NA
objective (working distance of 3.4 mm). The lateral resolution was equal to 0.52 um and the vertical accuracy was
about 1 nm. Stitching was used to obtain measurement areas equal to 477 pm x 477 um with a step of 0.219 pm.

Both faces of the flake were documented on the 10 used millimeters and up to 1,05 mm from the edge. The
measurements of the flake surface were performed before and after use thus giving a total of 248 surfaces. How-
ever, it was found that there was a slight shift of the measurement position of the tool before use and after 10,000
cycles. A careful examination of the surface features was used to identify the shift value and led to the exclusion
of 10 measurements for both tool sides. Finally, for this study, we chose to only focus on measurements closest to
the edge from both sides of the tool before and after use (N=2 x 30 files) to clarify our findings and methodology.

Data processing and statistical procedure. All the measurements were leveled using a polynomial
of degree 3 to flatten out the surfaces (removal of form). When the procedure implied filtering, we applied a
Gaussian high-pass filter with a cut-off length of 25 pm* which provided the best results through testing. This
filtering removes non-relevant frequencies and allows focusing on relevant surface texture. The proposed study
mainly discusses the results of one roughness parameter: the arithmetic mean deviation Sa (ISO 25178%), an
amplitude parameter which has been found to be the less sensitive to noise and outliers in previous study on
stone tool®. Sa has also the advantage to be easily intelligible and a decrease of its value is expected with the
increase of wear. This parameter thus seemed particularly appropriate to present and examine the method we
propose here. However, 14 other roughness parameters were also tested: amplitude parameters (Sq, Sp, Sv, Sz,
Sku), functional parameters (Smr, Smc, Sxp), functional volume parameters (Vm, Vv, Vmp, Vmc, Vvc, Vvv). The
choice to exclude spatial parameters such as the autocorrelation length Sal, the texture aspect ratio Str or else
hybrid parameters such as the surface slope Sdq was made to ensure a proper comparison of the proposed meth-
odologies. Only roughness parameters withstanding missing data points were kept (i.e. we kept only parameters
compatible with mask).
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All parameters were computed using MountainsMap 7.4 software from Digital Surf. This software was also
used to simulate photo images using the topography measurement. The horizontal lighting angle (alpha) was
set at 130°, the vertical lighting angle (beta) was set at 30°, the contrast was equal to 8 and the intensity was set at
100%. Statistical tests, ratios and charts were computed in R v4.1.0% through RStudio v1.4.1106. The used librar-
ies were: tidyverse v1.3.1%%, readxl v1.3.1%°, ggpubr v0.4.0*' and stats v4.1.0%. The normality of the distributions
of the parameters was tested using Shapiro-Wilk normality test (shapiro.test function). The results showed that,
after filtering, the distributions were normal. However, the null hypothesis of normality of distribution could
not be rejected for most of the parameters before filtering. Thus, non-parametric two-tailed Wilcoxon signed-
rank exact test for paired sample (wilcox.test function) was used to compare the parameters mean of worn and
unworn surfaces before and after filtering and with and without mask, always with N=30. An alpha of 0.05 is
used for every tests. We applied the Holm correction for multiple testing when necessary. Such adjusted p-values
are indicated as “pyoim -

The R code used for the analysis and to generate HTML report with the libraries knitr v1.33*-* and rmark-
down v2.9%% is available in Supplementary Material S8.

Data availability
Data used in the paper are provided in Supplementary materials or available on demand to the corresponding
author.

Received: 27 September 2021; Accepted: 3 December 2021
Published online: 17 December 2021

References

1. Brown, C. A. et al. Multiscale analyses and characterizations of surface topographies. CIRP Ann. 67, 839-862 (2018).

2. Odell, G. H. & Odell-Vereecken, E. Verifying the reliability of lithic use-wear assessments by ‘blind tests’: The low-power Approach.
J. Field Archaeol. 7, 87-120 (1980).

3. Newcomer, M., Grace, R. & Unger-Hamilton, R. Investigating microwear polishes with blind tests. J. Archaeol. Sci. 13, 203-217
(1986).

4. Moss, E. H. A review of “Investigating microwear polishes with blind tests”. J. Archaeol. Sci. 14, 473-481 (1987).

5. Bamforth, D. B. Investigating microwear polishes with blind tests: The institute results in context. J. Archaeol. Sci. 15, 11-23 (1988).

6. Hurcombe, L. Some criticisms and suggestions in response to Newcomer et al. (1986). J. Archaeol. Sci. 15, 1-10 (1988).

7. Rots, V., Pirnay, L., Pirson, Ph. & Baudoux, O. Blind tests shed light on possibilities and limitations for identifying stone tool
prehension and hafting. J. Archaeol. Sci. 33, 935-952 (2006).

8. Chan, B. et al. Towards an understanding of retouch flakes: A use-wear blind test on knapped stone microdebitage. PLoS ONE 15,
0243101 (2020).

9. Semenov, S. A. The forms and funktions of the oldest tools. Quartdir 21, 1-20 (1970).

10. Semenov, S. A. & Shchelinsky, V. E. Micrometric study of working traces on the Palaeolithic tools. Sovetskaya arkheologiya 1, 19-30
(1971).

11. Keeley, L. H. Experimental Determination of Stone Tool Uses: A Microwear Analysis (University of Chicago Press, 1980).

12. Dumont, J. The quantification of microwear traces: A new use for interferometry. World Archaeol. 14, 206-217 (1982).

13. Grace, R., Graham, I. D. G. & Newcomer, M. H. The quantification of microwear polishes. World Archaeol. 17, 112-120 (1985).

14. Beyries, S. Industries Lithiques : tracéologie et technologie. Volume 1 : Aspects archéologiques. vol. 1 (BAR International Series 411,
1988).

15. Tomenchuk, J. Effects of loading rate on the reliability of engineering use-wear models. in Industries Lithiques: Tracéologie et
Technologie vol 2 (ed. Beyries, S.) 99-113 (Archeopress, 1988).

16. Hutchings, W. K. Quantification of fracture propagation velocity employing a sample of clovis channel flakes. J. Archaeol. Sci. 26,
1437-1447 (1999).

17. Rees, D., Wilkinson, G. G., Grace, R. & Orton, C. R. An investigation of the fractal properties of flint microwear images. J. Archaeol.
Sci. 18, 629-640 (1991).

18. Kimball, L. R., Kimball, J. E. & Allen, P. E. Microwear polishes as viewed through the atomic force microscope. Lithic Technol. 20,
6-28 (1995).

19. Anderson, P. C., Astruc, L., Vargiolu, R. & Zahouani, H. Contribution of quantitative analysis of surface states to a multi-method
approach for characterizing plant-processing traces on flint tools with gloss. in Functional Analysis of Lithic Artefacts: Current State
of Research, Proceedings of the XIII Congress of the International Union of Prehistoric and Protohistoric Sciences. Volume 6 - Tome
11 (ed. Alhaique, F) 11511160 (A.B.A.C.O., 1998).

20. Stemp, W. J. & Stemp, M. UBM laser profilometry and lithic use-wear analysis: A variable length scale investigation of surface
topography. J. Archaeol. Sci. 28, 81-88 (2001).

21. Calandra, I et al. The effect of numerical aperture on quantitative use-wear studies and its implication on reproducibility. Sci. Rep.
9,1-10 (2019).

22. Calandra, I. et al. Back to the edge: relative coordinate system for use-wear analysis. Archaeol. Anthropol. Sci. https://doi.org/10.
1007/s12520-019-00801-y (2019).

23. Evans, A. A., Lerner, H., Macdonald, D. A., Stemp, W.]. & Anderson, P. C. Standardization, calibration and innovation: A special
issue on lithic microwear method. J. Archaeol. Sci. 48, 1-4 (2014).

24. Macdonald, D. A. The application of focus variation microscopy for lithic use-wear quantification. J. Archaeol. Sci. 48, 26-33 (2014).

25. Evans, A. A, Macdonald, D. A., Giusca, C. L. & Leach, R. K. New method development in prehistoric stone tool research: Evaluat-
ing use duration and data analysis protocols. Micron 65, 69-75 (2014).

26. Evans, A. A. & Macdonald, D. Using metrology in early prehistoric stone tool research: Further work and a brief instrument
comparison. Scanning 33, 294-303 (2011).

27. Ibanez, J. J., Gonzélez-Urquijo, J. E. & Gibaja, J. Discriminating wild vs domestic cereal harvesting micropolish through laser
confocal microscopy. J. Archaeol. Sci. 48, 96-103 (2014).

28. Ibéiez, J. J., Anderson, P. C., Gonzélez-Urquijo, J. & Gibaja, J. Cereal cultivation and domestication as shown by microtexture
analysis of sickle gloss through confocal microscopy. J. Archaeol. Sci. 73, 62-81 (2016).

29. Ibafiez, J. J., Lazuen, T. & Gonzilez-Urquijo, J. Identifying experimental tool use through confocal microscopy. J. Archaeol. Method
Theory 26, 1176-1215 (2019).

30. Macdonald, D. A,, Xie, L. & Gallo, T. Here’s the dirt: First applications of confocal microscopy for quantifying microwear on
experimental ground stone earth working tools. J. Archaeol. Sci. Rep. 26, 101861 (2019).

Scientific Reports |

(2021) 11:24197 | https://doi.org/10.1038/s41598-021-03663-4 nature portfolio


https://doi.org/10.1007/s12520-019-00801-y
https://doi.org/10.1007/s12520-019-00801-y

www.nature.com/scientificreports/

31. Alvarez-Fernéndez, A., Garcia-Gonzalez, R., Mérquez, B., Carretero, J. M. & Arsuaga, J. L. Butchering or wood? A LSCM analysis
to distinguish use-wear on stone tools. J. Archaeol. Sci. Rep. 31, 102377 (2020).

32. Pedergnana, A. et al. Polish is quantitatively different on quartzite flakes used on different worked materials. PLoS ONE 15,
€0243295 (2020).

33. Ibéfez, . ]. & Mazzucco, N. Quantitative use-wear analysis of stone tools: Measuring how the intensity of use affects the identifica-
tion of the worked material. PLoS ONE 16, 0257266 (2021).

34. International Organization for Standardization. ISO 16610-61:2015: Geometric Product Specification (GPS) - Filtration - Part 61:
Linear areal filters - Gaussian filters. (2015).

35. Stemp, W. J., Morozov, M. & Key, A. J. M. Quantifying lithic microwear with load variation on experimental basalt flakes using
LSCM and area-scale fractal complexity (Asfc). Surf. Topogr. Metrol. Prop. 3, 034006 (2015).

36. Pfleging, J., Iovita, R. & Buchlj, J. Influence of force and duration on stone tool wear: Results from experiments with a force-
controlled robot. Archaeol. Anthropol. Sci. 11, 5921-5935 (2019).

37. International Organization for Standardization. ISO 25178-2:2012: Geometric Product Specification (GPS). Surface Texture: Areal.
Part 2: Terms, Definitions and Surface Texture Parameters. (2012).

38. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing. (2021).

39. Wickham, H. et al. Welcome to the tidyverse. J. Open Sour. Softw. 4, 1686 (2019).

40. Wickham, H. & Bryan, J. readxl: Read Excel Files. R package version 1.3.1. (2019).

41. Kassambara, A. ggpubr: ggplot2’ Based Publication Ready Plots. R package version 0.4.0. (2020).

42. Xie, Y. knitr: A General-Purpose Package for Dynamic Report Generation in R. R package version 1.33. (2021).

43. Xie, Y. Dynamic Documents with R and knitr 2nd edn. (Chapman and Hall, 2015).

44. Xie, Y. knitr: A comprehensive tool for reproducible research in R. In Implementing Reproducible Computational Research (eds
Stodden, V. & Leisch, F.) 29 (Chapman and Hall, 2014).

45. Allaire, J. J. et al. rmarkdown: Dynamic Documents for R. R package version 2.9. (2021).

46. Xie, Y., Allaire, J. J. & Grolemund, G. R Markdown: The Definitive Guide (Chapman and Hall, 2018).

47. Xie, Y., Dervieux, C. & Riederer, E. R Markdown Cookbook (Chapman and Hall, 2020).

Acknowledgements

The flint from Kremenets’ (Ukraine) was provided by Dr. Zsolt Mester and acquired within the frame of the
project “Lithic resource management dynamics from the Middle Palaeolithic to the Middle Neolithic in North-
ern Hungary” financed by the NRDI Fund (Grant no. K 124334), Hungary. The analysis presented in this paper
was carried out in the frame of the project “Qualitative and quantitative analyses of surface alterations of stone
tools: creation of digital and physical reference collection for the characterization of manufacture and use traces
on stone raw materials from Hungary" financed by the NRDI Fund (Grant no. K 132857), Hungary. The authors
would also like to acknowledge the GDR SurfTopo (CNRS GDR 2077) for providing an inspiring environment
for topography research.

Author contributions

A.B., J.M,,R.D,, PM., M.B. and T.I. designed the study. A.B. and J.M. wrote the main manuscript text and A.B.,
J.M., R.D. and PM. prepared the figures. A.B. prepared the supplementary table S1, the supplementary fig. S5,
S6 and S7 and Rmarkdown file (Supp. Mat. S8). A.B. and J.M. prepared the supplementary tables S2 and S4.
]J.M. prepared the supplementary fig. S3. PM. performed the experiments with the tribometer. R.D. cleaned and
measured the samples. .M. and A.B. analyzed the data. All authors participated in the interpretation of the data
and edited, commented on and approved the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-03663-4.

Correspondence and requests for materials should be addressed to B.A. or M.J.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:24197 | https://doi.org/10.1038/s41598-021-03663-4 nature portfolio


https://doi.org/10.1038/s41598-021-03663-4
https://doi.org/10.1038/s41598-021-03663-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimization of use-wear detection and characterization on stone tool surfaces
	Results
	Discussion
	Conclusion
	Methods
	Sample and experiment. 
	Data acquisition. 
	Data processing and statistical procedure. 

	References
	Acknowledgements


