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Forensic toolmark examiners have been comparing features observed in toolmarks to help determine their source
for over a century. However, in the past decade, the holistic process of comparing toolmarks and presenting
findings in court have faced intense scrutiny. This paper provides a summary of the voiced criticisms, primarily

concerning the scientific reliability and validity of the comparison methods employed by examiners and the
conclusions they testify to. The focus of this review is specifically on the examination of striated toolmarks. We
assess the comparison methods and reporting practices currently in use, while also delving deeper into research
aligned with current recommendations, such as PCAST (The President’s Council of Advisors on Science and
Technology). Throughout the review, we examine both the strengths and weaknesses of existing practices,
aiming to assist practitioners in identifying key research needs and addressing the concerns raised by critics. By
doing so, we seek to enhance the credibility and effectiveness of toolmark analysis in the field of forensic science.

1. Introduction - Toolmarks, practice and questioning
1.1. What is a toolmark and how it is used in forensic investigations

The definition of the toolmark has always been understood and
depicted the same way over time [1-5].

A toolmark derives from the interaction between a harder tool and a
softer surface, resulting in distinctive patterns. There are two main types
of toolmarks based on this interaction. One type involves the tool
pressing against the surface, creating impressed marks like those left by
a hammer head. The other type occurs when the tool scratches the
surface, producing striated marks as seen with cutting pliers. Often, tools
can leave a combination of both impressed and striated marks, such as a
screwdriver used to open a metallic box.

This paper focuses specifically on striated toolmarks, which are
commonly encountered in forensic investigations. Striated toolmarks
consist of continuous peaks and valleys, formed by the tool’s sliding
motion on the substrate surface. The characteristics of these striations,
such as depth and width, depend on the surface roughness of the tool or
its blade. The same tool can create marks that vary depending on how it
is used, including the angle at which it is held.

In forensic analysis, questioned striated marks are not directly
compared to the submitted tools of interest. Instead, examiners generate

* Corresponding author.

reference marks by replicating the alleged activities and adjusting how
the tool interacts with a reference surface resembling the substrate of the
questioned marks.

Toolmarks play a crucial role in various investigative contexts where
tools are used to commit specific activities. This can range from crimes
against property, attacks on safes and ATMs, to bomb manufacturing.
Tools like crowbars, screwdrivers, and tongue and groove pliers may
leave marks on doors, window frames, cylinders, safes, and other sur-
faces that forensic examiners secure and analyze.

For cases involving striated toolmarks, the primary objective of the
forensic toolmark examiner (FTE) is to compare questioned marks to
reference marks made with a tool of interest (TOI). This comparison
helps determine if the TOI was used to produce the questioned marks or
not. The task is essentially an evaluative one, as explained by Jackson
[6]. Striated toolmarks are less commonly used for intelligence pur-
poses, particularly in the absence of a specific tool of interest, due to the
high level of variability between marks made by the same tool.
Impressed marks, on the other hand, are more likely to be employed for
linking cases due to their greater reproducibility.

Despite being widely used, the scientific foundation of forensic sci-
ence disciplines, and especially toolmark analysis, has faced criticism
from various quarters. Reports, papers and commentators have ques-
tioned the methods and conclusions of the discipline. In the following
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section, we will summarize some of these critiques and explore their
potential impact on the practice of toolmark analysis.

1.2. Criticisms and challenges to the discipline

The 2016 President’s Council of Advisors on Science and Technology
(PCAST) report and its addendum [7,8] provide a comprehensive
overview of the daily challenges faced by toolmark analysis examiners,
including concerns regarding comparisons and court testimony. The
PCAST report was commissioned after the, National Research Council
(NRQ), initial critical wake-up call directed at all traditional forensic
disciplines, including toolmark examination, in 2009 [9].

The toolmark examination method is primarily subjective, relying on
the examiner’s training and experience to observe and form an opinion
based on their interpretation of the observed features. Years of experi-
ence remain a commonly used yardstick of examiners’ competence [10].
However, several studies have highlighted that forensic toolmark ex-
aminers (FTEs) may be prone to overconfidence, leading to exaggerated
claims and errors [11-14]. While the overall skills of FTEs are not in
question, it is crucial for forensic evidence presented in court to be
supported by sound scientific methods, principles, and demonstrable
performance under controlled conditions [7-9,15]. The ongoing Gen-
rich case [16], where cutting pliers were used to manufacture explosive
devices, exemplifies how reports such as the NRC and PCAST have
influenced the debate over the validity of toolmark evidence, leading to
increased scrutiny of the discipline’s methods and conclusions.

These issues raised by PCAST were not new. US jurisprudence, both
at the federal and state levels, under the Frye or Daubert standard, has
addressed challenged toolmark cases [17-19]. A few cases have estab-
lished jurisprudence supporting the lack of reliable and admissible tes-
timony [20]. The lack of demonstrated reproducibility and reliability in
published studies has also raised questions about the validity of tool-
mark examination methods [9].

Some have argued that the subjective nature of toolmark examina-
tion, even when examiners count consecutive striations, might not meet
the basic admissibility criteria established by the Daubert decision [21].
Consequently, there is a growing demand for more objective methods
that rely less on the individual examiner’s expertise and more on
measurable features and statistical analysis. Many studies often focus on
comparing toolmarks produced by different tools, yet they tend to
overlook their counterpart: marks produced by the same tool. Conse-
quently, research tends to emphasize between-source variability while
not adequately considering within-source variability [20]. For example,
Miller’s study [22] examines the reproducibility of bolt cutter marks
over ten years. However, the study heavily relied on the subjective
comparison

method used by FTEs, raising questions about its objectivity and
reliability. Criticisms have also been made regarding how examiners
render their reports and testify in court.

To provide some context, the Association of Firearm and Tool Mark
Examiners (AFTE) Theory of Identification [2,23] serves as a widely
used reference in the field of toolmark examination. It relies on the
examiner’s ability to identify “sufficient agreement” between marks to
conclude that they were made by the same tool. However, the PCAST
report criticized this method for circular reasoning and the absence of
objective criteria for determining “sufficient agreement”.

Spiegelman and Tobin have argued that the AFTE theory does not
meet the criteria of a scientific protocol for various reasons. Notably, one
of the main criticisms is that the theory has never been subjected to
testing for its error rate, a fundamental requirement for any scientific
protocol [24]. The categorical conclusions supported by this reasoning
have faced significant criticism from courts, which have strongly
advised against phrasing such as “identification to the exclusion of all
other tools”.

Another concern is that the theory lacks specific protocols on how to
conduct comparisons and evaluate findings. Without such protocols,
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examiners cannot reliably assess whether a tool may or may not be the
origin of a toolmark [25].

The field of toolmark examination significantly lacks research based
on systematic acquisition of features and comparison algorithms (error
rate studies). Moreover, there is a lack of studies that combine method
results with guidance on how to interpret and present these results in a
report. Such research gaps hinder the advancement and validation of
toolmark examination practices.

The next part will review the different methods used today by FTEs.

Toolmarks examination encompasses firearms examination and
while reviews have already been conducted on this matter [26,27], we
will still discuss the most relevant publications which, in our opinion,
inform the issues associated to toolmarks as a whole and not only for
firearms. Moreover, we would like to draw attention to the correspon-
dence by Stamouli et al. in 2021, where they published a list of in-
novations that they believe should be implemented in the field of
firearms examination. These requirements, including developing
methods for the evaluation of findings, incorporating 3D surface
methods, and objectifying the comparison process, are equally relevant
and applicable to other striated toolmarks beyond firearms examination
[28].

2. FTEs comparison methods

The following methods are presented in order of appearance over the
years.

2.1. The visual pattern matching approach

FTEs have always utilized microscopes and comparison microscopes
to observe toolmarks. This approach, called pattern matching, is based
on describing and aligning striated patterns under controlled magnifi-
cation. The method involves a side-by-side comparison between a
questioned and a reference mark, directly used to assess the origin of the
mark [29-31]. The reliability of conclusions derived from this com-
parison method is often justified by the FTEs’ extensive experience,
having seen numerous similar images, and their thorough training,
which covers tool production and surface characteristics. Additionally,
months of work under the supervision of seasoned experts contribute to
their expertise. However, it is essential to acknowledge the subjective
nature of this task.

To reduce subjectivity, researchers have sought quantitative
methods to measure observations. As a result, they have developed and
tested some numerical criteria.

2.2. The numerical criteria: manually counting corresponding striae

Three quantitative methods were initially proposed, but only one
was successful and accepted by the FTE community. Researchers first
tested the accuracy of counting the quantity of striae that were in
agreement between the questioned and reference marks. However, they
quickly realized that it was not an appropriate method, as the mark’s
size directly impacted the absolute count. Similarly, calculating the
proportion of corresponding striae to the total number of striae led to
high error rates [32-34], so this approach was also abandoned.

Biasotti came up with the idea, which was later accepted, that
counting “consecutive matching striae” (CMS) was the best way to
establish a numerical criterion [35-39]. If a FTE observes 6 CMS or
more, the conclusion of an identification can be claimed, as no com-
parison between different sources has shown that amount of CMS.
However, CMS faced skepticism from the scientific community [21,40].

Indeed, CMS, like the pattern matching approach [41], still exhibits
subjectivity. Although the CMS numerical criterion provides a threshold
for reporting conclusions, the act of recognizing and counting consec-
utively corresponding striae depends on the examiner. The method was
also designed to avoid finding false positives, making it more inclined
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towards “identification” according to the AFTE guidelines, rather than
“exclusion” and “inconclusive” findings. This 6 CMS threshold for
“identification” introduces bias, as examiners may be more likely to look
for a 6th striation if they only have 5 [42], similar to fingerprint ex-
aminers relying on a 12 or 16 point criteria for identification [43,44].

Regardless of the numerical criteria used, these approaches lack
objectivity. To address this issue and meet scientific requirements,
which will later be discussed by PCAST, many authors recommended the
implementation of automated techniques [45-49].

2.3. The use of automatic systems

The following paragraphs will present current toolmarks research
that is dedicated to automatic methods used to analyze, compare, and
evaluate toolmarks.

The use of automated systems has been a part of research for a long
time. In 1981 already, Deinet developed and tested different models to
compare striated marks, laying the groundwork for these types of studies
[50,51]. Unfortunately, there were not many follow-ups in the 80 s. The
underlying idea behind using automatic methods is to capture images or
topographies in a reproducible manner, reducing dependency on the
operator, and leveraging computer algorithms to systematically
compare features (or a simplified version of them).

In the 1990s, new methods for collecting images from toolmarks
emerged, incorporating techniques used in other scientific domains such
as medicine. For example, the video microscope was implemented in
toolmark examination in 1990 [52,53]. Database systems like TRAX
were also developed and used to standardize the illumination process
[54-56]. Nowadays, the illumination conditions remain one of the
drawbacks of manual comparison microscopes, as they highly depend on
the examiner and influence the appearance of the visualized toolmark
[57,58].

An illustration of this phenomenon is shown in Fig. 1.

The TRAX system also calculated a score based on gray level values
and provided a list of potential associated marks in a database of pre-
viously acquired images [54,56]. The search against a database involved
one-to-many comparisons, but it can also apply to one-to-one
comparisons.

A significant step forward was made when publications started to
provide performance metrics as the lack thereof was a recurrent concern
raised by the NRC report in 2009 [9]. The reader can refer to Mattijs-
sen’s paper for an explanation of the different ways of presenting error
rates [59]. In combination with these metrics, examiners started to use
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instruments which capture reproducible images such as 3D microscopes.

De Kinder and Bonfanti were one of the first to use a laser profil-
ometer and extract profiles from striated bullet marks [57]. Leading the
way for numerous articles that will form the basis of their research on
the use of 3D images of marks reduced as profiles and compared with
simple correlation coefficients [60-64].

Heizmann presented the GE/2 system, which uses various illumi-
nations combined to produce a final result [58,65]. The system auto-
matically straightens 2D images, enabling the study of curved or
damaged samples. Profiles are extracted for comparison, and the
cross-correlation function (CCF) is applied for the comparison process.
The system’s performance is evaluated by calculating the percentage of
hits in a given sized database. Additionally, emphasis was given to the
necessary data pre-processing of 2D and 3D images [66]. It also shows
that groove-shaped toolmarks can have irrelevant parts in-between
striated parts of the mark, which brings artifacts into the profiles
extracted and increases variability. Heizmann goes in depth into
methods to detect these irrelevant parts and segment striated marks to
reduce the effect of those unwanted parts.

Baldwin et al. [67] compared types of tools distinguished by their
different manufacturing processes. They acquired 2D images of marks
and developed an alignment algorithm that simulated the work of FTEs
under a comparison microscope. A simple correlation function was used
to obtain comparison scores. They reported error rates ranging from 3%
to 50%, depending on the type of tools considered. This illustrates that
some manufacturing processes lead to reproducible characteristics that
are more difficult to distinguish (molding), while others create more
variability between marks (milling). A process like molding will create
repetitive characteristics on marks made by tools of the same model
which is detrimental when examiners are trying to assess the source (one
single tool) of a toolmark. Moreover, the authors explained that their
algorithm was specifically based on a given set of tools and had less
discrimination power on other types of tools not used in the algorithm’s
development. This highlights the importance of adopting a method as
specific as possible to the tool under examination because the methods
developed may lack generalization capabilities across tools.

A few years later, Bachrach et al. published a study on screwdriver
and tongue and groove plier marks [68]. They used a confocal micro-
scope to obtain 3D topographies of the marks. The 3D information was
then reduced to a 1D mean profile. The similarity measure used here is
called ‘relative distance’ and is based on locally normalized squared
distances. Toolmarks from screwdrivers were compared, and parameters
such as the angle of the tool and the material of the substrate were

Fig. 1. The figure illustrates the variation in observation of the same cutting plier toolmark under different illumination conditions. The toolmark images are
presented side by side in (d). As a result, the appearance of the striated patterns on the toolmark exhibits noticeable differences.
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varied. They showed that the error rates increased when toolmarks from
different angles were compared or if different substrates were used.
Error rates below 0.5% were reported when comparisons were carried
out under similar angles and materials, whereas error rates could rise up
to 50% for comparisons with differences in angles or substrates. This
demonstrates that parameters such as angle and substrate influences
toolmarks variability, and FTEs should be aware of how they create
references. For example, when creating reference toolmarks from the
same source, examiners should control and reuse the same parameters as
precisely as possible. Similar recommendations were later supported by
other research [69,70]. Different substrates interact differently with the
tool; therefore, it is best practice to use a reference material as close as
possible to the one bearing the marks under investigation.

Chumbley et al. also acquired 3D data of screwdriver toolmarks
using a confocal microscope [71,72]. As in Bachrach et al., topographies
were reduced to 1D profiles. Using profiles is a way to represent the
average topography as opposed to retaining noisy 3D or 2D information.
Striated toolmarks are created by the sliding motion, which is not always
linear and will create variation in 2D. The length of the mark will also
depend on how the tool is used; a sliding screwdriver toolmark could be
a few millimeters or a few centimeters long. The case is, of course,
different for impressed toolmarks, which will reproduce size more
easily. More thought was put into the development of the metric, which
is based on correlations of various portions of profiles. A final ‘Man-
n-Whitney U-Statistic’ is performed, and a metric called ‘T1’ is used. The
authors state that a high “T1’ value supports the hypothesis of a common
origin. Depending on a set threshold value, the measures of false positive
and false negative probabilities will vary, but the reported overall error
rate is around 11%. Hadler and Morris based their research on
Chumbley’s method and improved the algorithm, resulting in a total
error rate of 3% on their dataset [73].

As in Bachrach’s article, the angle of the screwdriver is modified and
marks made with different angles are compared. It is stated that with a
10° difference, marks from the same tool start to be distinguishable from
each other and that around 25°, it is like comparing marks made by
different tools. These result mean that examiners should keep the angle
as steady as possible when building a dataset representing within-
source variability. It also means that an extensive reference production
(allowing for many angles) should be performed to make sure that the
whole range of marks from a single tool is covered Additional publica-
tions of interest followed Chumbley et al., aiming at improving the al-
gorithm, but the authors did not report error rates [74,75].

In 2014, Baiker et al. used 2D and 3D screwdriver toolmarks data for
their research [76]. They were one of the first to implement the calcu-
lation of a likelihood ratio (LR), a metric used in forensic science to
describe the strength of the observations in support of a common source
as opposed to different sources. The LR was computed using the fre-
quency distributions of cross-correlation scores. Error rates were below
1% when toolmarks were made with the same angle but started to in-
crease (4%-30%) when different angles were compared to each other.
This confirmed what was previously discussed in screwdrivers articles
and is expected. The tilting angle changes the part of the tool in contact
with the substrate, creating variation in the toolmarks. They also
managed to demonstrate that, in such cases, the algorithm performed
better than examiners, and overall profiles from 3D topographies gave
better results than the ones from 2D images.

In 2019, Chen et al.introduce the Congruent Matching Profile Seg-
ments (CMPS) method [77]. It divides profiles into segments and cor-
relates these segments to a base profile. The number of segments with
high correlation and the position at which the correlation function has
the best result is what forms the CMPS metric. To implement this
method, a 3D confocal microscope was used to capture land engraved
areas (LEA) on bullets. Images are processed and filtered to remove the
general topography of the bullet curvature and the noise to segment the
striated pattern. A bullet is then reduces as a set of profiles, one for each
LEA. For comparison, each LEA profile of a bullet is compared to each
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LEA profile of another. The number of segments is one of the CMPS
method parameters and its value will influence the result. This param-
eter has to be adjusted for each dataset. For the datasets composed of 45
same source and 549 different-sources comparisons, the CMPS method
showed a better separation than the cross correlation score only. This
method is better suited when profiles have varying lateral and vertical
scales or when some parts of the pattern is not well defined.

Roberge et al. used the similar approach with a new method for
bullet comparison [27]. It is made of two scores, the Line Counting Score
LCS) and the Pattern Matching Score (PMS). The profile extraction
process from 3D images is similar with other studies where a flat view of
the 360° topography is used and the algorithm automatically detects
lands and grooves. PMS is a linear combination of the CCF and the ab-
solute normalized difference (AND). AND is used for its versatility with
vertical scale variance in profiles. LCS takes advantage of the normalized
number of corresponding striae positions for peaks and valleys as
defined in the article and in [78]. The authors also explain the impor-
tance of resolution when capturing images, a lower resolution resulted
in higher error rates with the same method.

As examplified with the studies presented above, the objectivity of
the methods is increased by the adoption of a statistical approach based
on acquisitions and comparisons that are independent from the
observer. These comparisons refer respectively to same source and from
different sources transactions.

It is important to understand that marks from the same tool cannot be
identical to themselves for various reasons. Parameters such as the
tilting angle or axial rotation of a tool or the specific part of the tool used
will result in marks that cannot be associated using their striated
pattern. Contrasting with firearms where the striated marks on bullets
are not drastically affected by consecutive shoots (but we acknowledge
that they are to some degree), marks left by tools can be highly impacted
by the way the tool is used. For some tools, the location on the tool (such
as the position of the cut on a blade) can vary from one mark to another.
In such cases, the source is not simply the tool that was used but more
specifically the part/area/location of the tool that was used.

The next set of articles takes further advantage of machine learning
(ML) techniques as a way to retrieve and associate toolmarks.

Gambino et al. in 2011 compared primer shear marks caused by
sliding breach faces [79]. Even though the research dealt with marks left
by firearms, it marked the early use of ML techniques in this field, taking
advantage of more elaborated comparison metrics. As adopted by pre-
vious authors [68,71,74,75,80], a confocal microscope was used to
capture the topography with enough resolution and the capacity to deal
with the angle variations of the surface. After extracting 1D profiles from
topographies and aligning them using the CCF, principal component
analysis is applied CPCA’) to reduce dimensionality, followed by sup-
port vector machines ("'SVM’) as a classification tool. Conformal pre-
diction theory ("CPT") allowed the authors to reach an error rate of 3.5%
on their limited dataset.

Petraco et al. in 2011 and 2013 used a very similar approach to
Gambino but on screwdriver toolmarks [81,82] as well as bullets [83].
By using slightly different validation methods such as hold-one-out
cross- validation (‘(HOO-CV’) or ‘bootstrap’, the authors reported error
rates between 1% and 10%.

Hare et al.’s publication in 2017 conduct LEA to LEA comparisons
using random forest machine learning [84]. It focuses at first on the
detection and location of the LEAs and the removal of bullet curvature.
Once aligned with CCF, multiples comparison metrics are extracted
(notably CMS, CCF, average difference, sum of peaks). All these metrics
are predictors of the random forest classifier. The results for the
considered dataset is promising with an error rate under 0.1%. Random
forest also allowed to contrast the relative importance of the predictors
and CCF outperformed all others metrics.

In 2020, Riva et al. implemented machine learning methods using
PCA [85]. Even though this study was done on cartridge cases, the
methodology could be applied to striated marks left by tools. Three



J.-A. Patteet and C. Champod

different metrics were used for all comparisons and reduced using PCA.
The reduced principal components (PC1 and PC2) are thus used as new
similarity scores. The same-source and different-sources distributions
(probability densities) are then represented in a bi-dimensional space.
The same-source variability is specific to a given firearm and ammuni-
tion. The LR is obtained by dividing the probability densities of the
obtained scores under both distributions (same-source and
different-sources respectively). The errors are expressed as rates of
misleading evidence (RMEP and RMED) which means that if the value of
the LR supports the hypothesis that is not the ground truth (a LR of 100
for a different source comparison for example), it is considered as an
error. The authors show how the ammunition influences the error rates.
Typically Winchester ammunition lead to 30-34% RMED and 7-10%
RMEP whereas Geco Sintox ammunication had 0-0.3% RMED and 0.1%
RMEP.

We believe that the machine learning methods are good alternatives
to the variety of single score methods that have been published. ML
techniques enable to use all metrics at the same time and take advantage
of their synergies and complementarity.

Other papers have been published without fully reporting the error
rates but are showing the efforts made to systematically compare tool-
marks. Ahvenainen showed what interferometry could display and
compared profiles of marks made by the same cutting plier [86]. Heik-
kinen used the same acquisition technology and compared profiles
visually using the CMS criteria. The performance is given by the amount
of marks that were correctly linked to the originating tool (74/80) [87].

Keglevic implemented the use of ‘neural networks’ to compare
screwdriver marks from the Netherlands Forensic Institute (NFI) data-
base [88,89]. The performance is described by different metrics, such as
the mean average precision (‘MAP’).

Most articles cited above do not delve into the reporting of findings
according to the method that was developed. Some of them support the
AFTE theory of identification, which means the reporting for court
purposes is made in terms of identification, exclusion, or inconclusive
results. However, this model has been criticized over the years, and
researchers need to adapt and discuss their results in another way.
Baiker et al. addressed this issue by implementing a proper and recog-
nized statistical framework based on the likelihood ratio [76]. Others
also indicated in their perspectives that it would be beneficial to present
the results according to a probabilistic framework, such as using likeli-
hood ratios (LRs) [73,77,90,91].

Automatic comparison systems used to assign a likelihood ratio are
underpinned by databases obtained from defined datasets. To imple-
ment such comparison and assessment method, researchers need to
build two distinct datasets. The first is made of comparisons between
marks from the same source (aka within-source variability) and the
second one comes from comparisons between marks from different
sources (aka between- sources variability). By creating such datasets and
using metrics (measures of the closeness or similarity between marks)
for each comparison, examiners are able to build metrics distributions.
The within-source and between-sources distributions form jointly a
model that will underpin the LR calculation taken at the point obtained
for the comparison between a questioned mark and a TOI reference
mark. It is important to articulate how to build these distributions. Even
though most articles described empirical distribution obtained from
hundreds or even thousands of comparisons, they do not detail how to
construct those datasets/distributions in operational conditions. Indeed,
it has been shown that the results depend on the tool, its angle or the
substrate. It is thus necessary in a real case to construct distributions that
are specific to the case. Such an approach has been presented for fire-
arms by Riva et al. [85]. In their publication, the authors started with a
datasets of 60 cartridge cases for the within-source variability, which
means recovering 60 ammunition components shot with the firearm of
interest. They then lowered this number down to 7 cartridge cases
showing that the error rates and associated LR values were not signifi-
cantly affected. It does not mean that the number seven can be used for
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all firearms and toolmarks cases. It however opens an operational
mechanism to control the number of marks required to approach the
within-source distribution. Unfortunately, studies exploring how to
construct within and between distributions for tools do not exist
currently. However, we believe that the method used to approach the
question for firearms can apply to striated toolmark examination.

Some additional toolmark specificities have to be considered though.
As indicated by Riva et al. distributions cannot be constructed with
marks from any firearm and ammunition. The same must apply to tools
with the addition of the tool’s usage parameter. For example, the within-
source distribution of a cutting plier will have to be built with reference
marks that have been produced in the same material and shape as the
questioned mark, but also, and more importantly, by using only one
location along the blade of the cutting plier. It means that for one cutting
plier, multiple within-source distributions can be created for each
location along the blade. Similarly, it means that multiple within-source
distributions can be created for a single screwdriver for each rotating
and tilting angle. To mitigate these possibilities in a given case, we
advise examiners to determine which area (for cutting plier in our above
example) or which angle (for screwdrivers in our above example) is the
most suitable.

From the above review, we observe that technological advances in
acquiring and comparing toolmarks open new avenues for the discipline,
offering independent and measurable techniques that can compensate
for subjectivity. In our opinion, these advancements should be promoted
and incorporated into examination practices. These systems will be
characterized by measured error rates and metrics describing the weight
to be assigned to the correspondence (or lack thereof) between a mark
and reference marks. Among these metrics, LR is increasingly being
used. They will also present results on within and between variabilities
and discuss how are these variabilities influenced by the toolmarks
deposition process.

The LR is a probabilistic measure that contrasts with the current
reporting practice, which is centered on only three options (identifica-
tion, exclusion, and inconclusive), with two of them being categorical. In
the next section, we review the current reporting practices and link them
with the essentially probabilistic outputs of future comparison systems.

3. FTEs reporting practices
3.1. The AFTE theory of Identification

In the 1990s, the AFTE promulgated guidelines to FTEs defining the
range of conclusions that can be reached following the comparison of
toolmarks [2,23]. Three distinct conclusions were defined:

o Identification means there is ‘sufficient agreement’ between charac-
teristics observed on the mark and the references such that it can be
concluded, in the opinion of the examiner, that the TOI produced the
questioned mark.

e Exclusion indicates significant disagreement of characteristics lead-
ing to the conclusion that the TOI did not produce the questioned
mark.

o If there is insufficient similarities or differences to reach of the two-
above definitive conclusions, the reached conclusion is said to be
inconclusive which does not indicate if the questioned mark was made
by the TOI or not.

The AFTE further defined the concept of “sufficient agreement” as
follows (p.86): This “sufficient agree- ment” is related to the significant
duplication of random toolmarks as evidenced by the correspondence of a
pattern or combination of patterns of surface contours. Significance is
determined by the comparative examination of two or more sets of surface
contour patterns comprised of individual peaks, ridges and furrows. Specif-
ically, the relative height or depth, width, curvature and spatial relationship
of the individual peaks, ridges and furrows within one set of surface contours
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are defined and compared to the corresponding features in the second set of
surface contours. Agreement is significant when it exceeds the best agreement
demonstrated between toolmarks known to have been produced by different
tools and is consistent with agreement demonstrated by toolmarks known to
have been produced by the same tool. The statement that “sufficient agree-
ment” exists between two toolmarks means that the likelihood another tool
could have made the mark is so remote as lo be considered a practical
impossibility.

As previously mentioned by PCAST and other commentators, the
AFTE definition of identification lacks clarity regarding what constitutes
the “best agreement” and the meaning of “practical impossibility” from a
probabilistic perspective. The current definition encourages FTEs to
make identifications based on their personal satisfaction with the level
of agreement. The subjective nature of this conclusion is acknowledged
by the AFTE. In fact, their statement reads: Currently, the interpretation of
individualization/identification is subjective in nature, founded on scientific
principles and based on the examiner’s training and experience.

However, we believe that the reference to “scientific principles” in
this context is misplaced.

If the FTE does not feel that the observations enabled him or her to
choose between exclusion and identification, the conclusion reached
will be inconclusive. Hence this conclusion covered the wide spectrum
between the two categorical conclusions without offering any nuances
or appreciation of the weight provided by the observation for one or the
other side.

The United States Department of Justice (DOJ), while attempting to
harmonize conclusions, kept the same terms as the AFTE but advised
FTEs to avoid complementary formulations that may suggest their
opinions are facts. According to the DOJ, FTEs shall not use the term
“individualize” or assert that two toolmarks originated from the same
source “to the exclusion of all other sources” [92]. Although
well-intentioned, this just adds a confusing layer to the understanding of
the terms identification or exclusion. In our opinion, it merely postpones
the problem.

Adopting a probabilistic framework overcomes most of the above
difficulties and is presented below.

3.2. A probabilistic framework

Let’s explore the concept with an example. A safe was forced during a
burglary, and a striated toolmark is found on the edge of the safe door.
Security CCTV footage shows that the perpetrator used what appears to
be a flat head screwdriver. Thanks to information put forward by a
witness, a person of interest is apprehended the next day, and a toolbox
is seized from his apartment. Multiple tools are found, including a flat
head screwdriver (the TOI).

The FTE prepared reference marks with this tool and compare them
to the questioned toolmark. The forensic examination aims at discrim-
inating the following set of propositions (Hp and Hd):

Hp. : The screwdriver of interest is at the origin of the questioned mark

Hd. : Another unknown flat head screwdriver is at the origin of the ques-
tioned mark

The propositions are derived from the framework of circumstances
and in this case the alternative (Hd) invokes another unknown flat head
screwdriver because of the technical observations obtained from the
CCTV footage.

The probabilistic framework to help FTEs assess the strength of their
findings in light of both propositions is based on the assignment of a LR,
a.k.a. a Bayes factor [93]. The likelihood ratio derives from Bayes’
Theorem (Eq. 1) and expresses how forensic findings (E) will probabi-
listically impact the probabilities associated with the propositions. The
letter I refers to the technical background information (in our example,
the information obtained regarding the tool used from the CCTV
footage).
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When adopting a probabilistic framework and taking advantage of
automatic systems, the FTE will compute a LR using the results of an
algorithmic comparison system that has been qualified with known
forensic error rates. The numerator of the LR will be informed by the
‘reproducibility’ of the characteristics of the marks under the proposi-
tion Hp (the hypothesis that the marks were made by the same tool) and
the de- nominator of the LR will be informed by the ‘selectivity’ of the
features under Hd (the hypothesis that the marks were made by different
tools).

The ‘reproducibility’ can be determined by studying the variability
of a metric between marks that have the same origin. The same metric
will be used to assess the variability between marks of different origins,
representing the ‘selectivity’ of the characteristics being compared.

The previous automatic systems we reviewed were based on a
comparison metric (such as the correlation between images) to express
the similarity between the questioned mark and the reference mark.
Such metrics, commonly referred to as scores, can also be the basis of an
LR-based system, as shown in the work of Jacquet and Champod [94]. In
this case, we talk about score-based likelihood ratios, and they are not
new in the area of striated marks. Recent developments dealing with
marks left on ammunition elements are also computing score-based
likelihood ratios [14,27,85,95-97].

There are fundamental differences with the AFTE approach when
adopting the probabilistic approach. Firstly, with the probabilistic
approach, the FTE does not provide a definite conclusion but expresses a
LR that is essentially probabilistic in nature. It is crucial to avoid
misunderstanding large LRs as certain evidence that the TOI is the
source of the mark. It provides a probability of evidence given *Hp*
divided by a probability of evidence given *Hd* (Eq. 1). Therefore, the
factfinder should be fully informed of the probabilistic nature of the
forensic findings, without creating an illusion of absolute certainty.
Concluding to an “identification” based on an LR requires a decision
mechanism that is beyond the scope of the FTE’s duty [98]. When
adopting an LR-based reporting scheme, the FTE will only express the
strength of their findings in relation to the competing propositions.

In addition, the LR-based approach allows for the proper weighting
of findings that are currently described as “inconclusive” under the
AFTE framework, which often does not provide helpful information to
the court [99]. Instead, the term “inconclusive” will now be reserved for
likelihood ratios close to 1. An LR above 1 will provide support for the
hypothesis Hp, while an LR below 1 will provide support for the hy-
pothesis Hd. The magnitude of the LR simply indicates the strength of
the support for the respective propositions.

The fundamental difference when using an LR-based reporting sys-
tem is that the FTE takes a position regarding the observations or find-
ings, rather than directly making conclusions about the propositions as
done in the AFTE approach. This approach avoids a common syllogistic
error known as the “prosecutor fallacy” [100,101] or transposing the
conditional [102]. By presenting the LR, the FTE provides a quantitative
measure of the strength of the evidence, allowing the factfinder to make
more informed decisions.

We encourage the adoption of a LR-based probabilistic framework
for reporting forensic findings as pro- posed by the European Network of
Forensic Sciences (ENFSI) in their guideline for evaluative reporting
[103].

We observe that, lately, the Organization of Scientific Area Com-
mittees for Forensic Science (OSAC) proposed a standard scale of con-
clusions that lies somewhere between the AFTE approach and a fully
probabilistic framework. This standard was subsequently reviewed and
revised by the Academy Standards Board (ASB), resulting in the first
edition of the “Standard Scale of Source Conclusions Criteria for Tool-
mark Examinations” [104]. In this document, ASB presents three
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conclusions:

e Opinion of Same Source (Identification) means that the observed
characteristics of the questioned toolmark and the TOI references
provide very strong support that they were marked by the same tool
and very weak or no support that they were marked by different
tools.

e Inconclusive indicates that the observed characteristics of the items in

question are insufficient to support, either, that the items were

marked by the same tool, or, that the items were marked by different
tools.

Opinion of Different Source (Exclusion) means that the observed

characteristics of the questioned toolmark and the TOI references

provide very strong support that they were marked by different tools
and very weak or no support that they were marked by the same tool.

By choosing the same terms as the AFTE, but introducing the concept
of support, the ASB merge explanations of support towards hypothesis
with the decisions of identification and exclusion. One critical limitation
of the ASB document is the lack of clarity on what constitutes “very
strong support”. The document does not specify whether the support is
represented by a probabilistic value such as a LR, a comparison score, a
count of CMS, or subjective observations. The ASB’s proposed scale of
conclusions provides some level of standardization in reporting tool-
mark examination results, but it still falls short of adopting a fully
probabilistic framework.

Using this standard, there is a risk that the a “support” will be mis-
construed as the probability of the proposition. A typical error knows as
transposing the conditional [102]. As already suggested by [105] and
[106], FTE should report on the value of the observations and not on the
propositions themselves.

The association between propositions and decisions has been dis-
cussed by Biedermann et al. [107,108] in what is known as the “decision
theory” and involves concepts such as risk, benefit, or consequences of
the decisions, which are not discussed neither by the OSAC nor by the
ASB.

In our opinion, efforts should be made to fully align the reporting
practice with the probabilistic framework described above. It inevitably
means that the terminology used by AFTE and other bodies will be
revoked in favor of terms that truly express the degree of support the
findings provide to the propositions under examination. The ENFSI
guideline [103] paved the way.

4. Conclusion

PCAST and other organizations have addressed the major challenges
regarding forensic toolmark examinations, highlighting concerns about
the scientific validity and reliability of current methods. However,
recent research has shown a positive response to these concerns.

The implementation of automatic methods coupled with statistical
analyses is promising and addresses the issues of objectivity, reliability,
and validity. To establish the reliability of a new method, it should be
mandatory to study both same-source and different-source datasets.

Constructing datasets that can be used operationally is currently
lacking and such an effort would reinforce the methods presented in
most publication and increase the potential for them to be used in
operational casework.

Moreover, the validity of the methods should be supported by
measured error rates. Efforts should be made to clearly link the results to
their interpretation and reporting, providing transparency in the deci-
sion- making process.

The current views in line with the 1998 AFTE theory of identification
bring forth too many problems, mainly linked to the lack of transparency
in justifying the conclusions or decisions. The mixing of hypotheses and
decisions in the current standards or drafts can lead to confusion and
misinterpretation.
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To overcome these issues, a probabilistic framework should be
adopted. Automatic methods are compatible with such frameworks and
have already been successfully developed in firearms examination, for
example. By adopting a probabilistic approach, the field of toolmark
examination can enhance its scientific basis and provide more infor-
mative and transparent conclusions to the courts.
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