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ABSTRACT 

Gait is one biological characteristic which has attracted strong research interest due to its potential use in 

human identification. Although almost two decades have passed since a forensic gait expert has testified to the 

identity of a perpetrator in court, the methods remain insufficiently robust for use in court, considering the 

recent paradigm shift witnessed in the forensic science community regarding quality of evidence. In contrast, 

technological advancements have taken the lead, and research into automated gait recognition has greatly 

surpassed forensic gait analysis in terms of the size of acquired datasets and demographic variability of 

participants, tested variables, and statistical evaluation of results. Despite these advantages, gait recognition 

presents with different problems which are yet to be resolved. Therefore, courts should treat gait evidence with 

caution, as they should any other form of evidence originating from disciplines without fully established codes 

of practice, error rates, and demonstrable applications in forensic scenarios.  
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Gait, or a person’s manner of walking, has long been considered an advantageous biological characteristic 

in human identification (1) and has been the focus of extensive research in past years, particularly due to 

increasing security concerns for public safety (2,3). Constructed (from a physiological perspective) from a 

series of (largely) repetitive, cyclic movements that are generally symmetric (4), gait can be observed from a 

distance without the knowledge of the person of interest (5) and cannot be entirely concealed or dissimulated 

(6). It is therefore considered an attractive basis for developing alternative forensic identification methods 

since it can contribute to all stages of an investigation, including surveillance and intelligence-gathering.   

The full potential of a gait-based forensic identification method is yet to be explored, despite years of 

research which shaped gait-based research for forensic gait analysis (7), and biometrics for gait recognition 

(8). Whilst forensic gait analysis and gait recognition yield a similar end-product, the methods by which 

analyses are performed are distinct, with the latter having demonstrated significant progress through the large 

number of publications to date. Forensic gait analysis uses concepts from clinical gait analysis (7,9) whilst gait 

recognition seeks to develop person identification algorithms which may or may not have anatomical and 

physiological principles incorporated into their design (e.g. 10-14). However, to date, most of the gait analysis 

research originates from clinical and biomechanical studies which utilize state-of-the-art technologies for 

accurate and precise biomechanical measurements, generally intended for diagnosis and treatment of medical 

conditions such as stroke (15), Parkinson’s disease (16), multiple sclerosis (17), and various spine disorders 

such as scoliosis (18,19). However, data collection intended for development of forensic methods should aim 

to replicate a real-life scenario to obtain realistic results with quantifiable error rates, which demonstrate the 

utility and efficiency of the method in practice.   

 The principal aim of any forensic method is to provide information in the interest of justice which must 

abide by the rules of the relevant judicial system to be admissible as evidence in the courtroom. Since forensic 

science is considered a “vital instrument for the detection and deterrence of crime and the administration of 

justice”, the standards which govern any forensic science (or science with forensic applications) must meet 

those imposed by the law (20). Inadequate analysis protocols offer grounds for prejudiced interpretation of the 

data (cognitive bias), an already recognized consequence in many forensic domains which deal with pattern 

matching (21) such as is the case with both gait analysis and recognition, the former also being qualitative in 

nature (22). The forensic science process is a balancing act between the ‘raw’ evidence, and the subjective, 

biased individual who observes and conducts tests to reach the ‘truth’ which, in forensic science, is provided 
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in probabilistic terms, not as an absolute, objective truth; therefore, depending on the field of study in question, 

the levels of certainty will differ and implicitly, so will the level of confidence in the ‘truth’, a well-known 

aspect in the forensic science community. Nevertheless, the issue with lack of validation is not a criticism of 

the field itself or the competence of the expert, but with the implications that lack of peer-review, unvalidated 

methods and biased expert evidence can have on establishing guilt or innocence in court. Therefore, this paper 

aims to discuss the current standing of forensic gait analysis and gait recognition research in the forensic 

science arena, and the legal implications of applying current methods in forensic cases.  

The Scientific Basis of Gait in Identification 

Forensic gait analysis is defined as “the recognition and comparison of gait and features of gait, to assist 

the process of identification” as applied by certified podiatrists or scientists with experience in areas such as 

biomechanics and clinical gait analysis, who analyse two or more sets of video footage where obvious 

characteristics such as facial features or other personal identifiers are intentionally and/or unintentionally 

obscured, to conclude whether it is the same individual appearing in the videos (23,24). However, in the UK, 

there is no official definition, accreditation process or specific regulatory body under which the ‘forensic gait 

expert’ operates and that defines the nature of the training required to allow a scientist to practice as a forensic 

analyst/expert. At present, forensic gait analysis is a recognized discipline of the Chartered Society of Forensic 

Sciences (CSFS); however, there is yet to be a regulatory group specifically designated for forensic gait 

analysis (although its initiation has been set forth since 2017). In addition, a code of practice produced by the 

CSFS for the Forensic Science Regulator is yet to be finalized to clarify these aspects (25). As a result, a variety 

of definitions regarding the scope and practice of forensic gait analysis are employed throughout the literature, 

although these should soon be superseded by the finalized code of practice definition which states that 

“forensic gait analysis is the analysis, comparison and evaluation of features of gait to assist the investigation 

of crime” (25). At present, forensic gait analysis draws methodological approaches mainly from the extensive 

clinical and biomechanical literature; however, the methods from such studies, although of high quality, are 

very different and cannot be extrapolated directly in a forensic context without adaptations necessary to 

function in a forensic setting and implicitly, to meet validation and peer-review requirements that are inherent 

to forensic practice as required by the law. The setting of a clinical laboratory intended for research contrasts 

that of a crime scene, and consequently, the application of gait analysis knowledge is also very different and 

does not consider or incorporate the challenges a forensic setting might bring, in the methodological design. 
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Whereas the clinical expert observes movement from an individual both visually, and/or on a computer which 

displays real-time numerical data, the forensics gait expert is required to interpret gait features based on low-

quality, low frame-rate CCTV footage (26-28).  

When compared to clinical gait analysis, forensic gait analysis currently lacks a standardized method and 

criteria for analysis and interpretation, and implicitly, sufficient peer-reviewed publications to validate current 

methods, especially in cases where the forensic gait expert tackles poor-quality footage. Clinical gait analysis 

is undertaken under optimal conditions whereby, for instance, the physical ‘availability’ of the participant 

allows for repetition of movements of interest during extended periods of time, allowing for a large dataset to 

be built even from a single individual (e.g. 29,30). Furthermore, the clinical subject would be wearing 

equipment for measuring various parameters such as gait cycle duration, foot pressure values, muscular 

activity, and so on. This contrasts with the information available from CCTV, where factors such as total video 

sequence, lighting conditions, frame rate, partial obscuring of body regions, clothing, etc., significantly reduce 

the value of the expertise (31). Despite these known challenges, insufficient research has been conducted to 

date to empirically determine how these factors interact and to what extent is the expertise affected (i.e. what 

is the threshold for analysis to be ineffective). As a result, the expertise is currently hindered from extending 

beyond a ‘potential confirmation’ of identity or from simply ‘assisting with identification’, conclusions which, 

in fact, are based upon a highly suggestive environment where the police are already aware that the person of 

interest is very much likely to be the suspect they are pursuing, based upon other gathered intelligence. Such 

information prompts cognition to ‘fill in the blanks’ due to the suggestive context (contextual bias) that 

inadvertently leads the expert to form a prejudiced opinion (32) and therefore, interpret the data based on this 

opinion (confirmation bias) (33) rather than on an objective comparison between two or more videoclips.  

To address one of these challenges, a CCTV footage quality assessment method was published in 2015 

with the purpose of facilitating non-expert assessment of footage quality prior to investing resources in expert 

examination of a video which may be inadequate for forensic analysis (28). The approach was based on the 

Delphi Strategy that is grounded on the principle of reaching an agreed consensus between experiment 

participants after several rounds of testing during which each participant voices their opinion (28). In the study, 

the participants were asked to individually identify which ‘key factors and subfactors of CCTV footage’ they 

considered of importance for footage quality assessment based on their experience. Four key factors were 

identified during the first round (quality of picture, lighting, direction of footage taken relative to the suspect, 
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and the suspect), with an additional one (frame rate) agreed upon after the second round. For each of these five 

factors, several sub-factors were added; for example, sub-factors for ‘suspect’ included clothing, number of 

steps captured and speed of movement. All the key factors with their accompanying sub-factors were then 

assigned a five-point Likert scale that measured the degree of agreement or disagreement of the expert with 

respect to which factor would impact correct analysis of CCTV footage of a forensic nature to a higher or 

lesser degree. The results were deemed to have ‘good reliability’ after having been passed on to the 

participating experts for testing on their own casework, who in turn reported the tool to be “fit for purpose”, 

producing repeatable results (28). Repeatability was then tested whereby the same participating experts were 

asked to evaluate one CCTV videoclip once a day for five days, with the results “suggesting a good level of 

repeatability” (28). However, the authors of the study acknowledged that the number of experts (three experts 

during the first set of rounds and another two experts for an additional round) who participated in the study 

was too low for a Delphi Strategy approach, yet they still concluded that the results “suggest a good face 

validity of the tool” (28). This conclusion was also based on the positive feedback received after a trial version 

of the tool was made accessible to other experts for casework use. However, the feedback is vague and is 

unaccompanied by the case reports on which they were used, to demonstrate the utility of the tool in practice. 

What is further of concern is that the individualization potential of gait is taken as scientific fact despite lack 

of clear empirical data to demonstrate that gait is indeed unique and/or to what extent. A recent clinical study 

on biomechanics using human motion tracking attempts to provide some evidence regarding this aspect, 

concluding that forces in the foot during walking vary because gait is unique to each individual (34). However, 

another possible interpretation would be that this uniqueness is attributed to intra-individual variation, since 

the study was performed only on six subjects, all male. In the United Kingdom for example, according to Birch 

et al. (35), there is an ongoing development of a gait feature database (video), with roughly 1,000 individuals 

(59.5% males, 40.5% females, with the majority being in the range of 18-50 years of age and White). However, 

according to the authors of the publication (35), the data was obtained covertly from members of the public 

and all the demographic characteristics listed in the publication (available since 2016) are estimations. For 

more accurate assessments of inter-individual and intra-individual variation and implicitly, more accurate 

quantification of uncertainty levels in an expert report, known demographic variability in a population (e.g.  

age, sex, weight, height, body proportions (BMI)) in a dataset is evidently necessary (9). As such, at the present 

moment, gait analysis as performed by forensic gait experts fails to satisfy the main requirements of an 

identification method, which are: solid knowledge of how unique the trait used is (scientific knowledge), the 
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level of variability of gait features in a given population, standardized gait features list used consistently 

amongst experts, appropriateness of the method forensic cases, and implementation of a code of practice for 

forensic gait experts. These requirements form some of the main underpinnings of what reliable expert 

testimony is about (36).  

In contrast to forensic gait analysis, gait recognition is the automated comparison of CCTV footages to 

determine whether the same individual is found in the processed videoclips (37). Gait recognition research 

therefore differs from forensic gait analysis in that its focus is the development of algorithms which render a 

high recognition performance in terms of identification but also in terms of, for example, age and sex 

estimation of the person of interest (e.g. 38-40). With the large increase in CCTV worldwide (41-43), 

continuous camera monitoring is a laborious and time-consuming task due to the reduced parity between 

number of cameras and number of human operators. The constant demands of increased security, considering 

events in recent years, is likely to impact this even further and it is reasonable to assume that human 

identification research will continue on the route towards automatization to reduce crime and support criminal 

investigations, as exemplified by researchers from Osaka University, Japan, who have compiled the largest 

datasets yet (OU-ISIR), with 63,846 participants with known age and sex (40, 44). Other notable examples of 

datasets for gait recognition include CASIA in China (45) and SOTON in Southampton, UK (46) which include 

several covariates such as different clothing combinations, different environments and camera angle views but 

which do not contain detailed demographics such as age, as the OU-ISIR datasets do. Considering the 

abundance of data available, it is evident that further research will follow; also, other projects are still ongoing 

such as the IDENTITY project (due for completion at the end of 2019) at the University of Warwick, UK, 

which seeks to “consolidate the integration of multimedia forensics into the forensic sciences” by extending 

the use of biometrics to include gait as well (47). In addition, the UK’s National Measurement Institute (NPL) 

together with other partners, has already developed a gait recognition system designed to track individuals and 

verify whether that same individual has been at the location where the original tracking took place; therefore, 

at present, it is at a ‘verification’, rather than at an ‘identification’ stage (48). Despite this substantial 

international progress in terms of database size, and covariate analysis, only a small number of studies specific 

for forensic application have been published to date (2,9,10,31,49) including a recent pilot system with an 

easy-to-use user interface developed for person verification intended for users who do not have any 

professional training in gait analysis, such as the police force (50). As described by the authors, it is designed 
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to assist in criminal investigations, whereby the user examines the list of matches presented by the system, 

rather than the system offering the ‘correct’ match (50). Whilst promising in the sense that it is the first system 

of this nature to be published, it was tested by a small number of participants (10 non-specialists and only one 

gait specialist). Demonstrating that the system is user-friendly is an important achievement of this research, as 

are the various databases available, in contrast with forensic gait analysis. However, a fair comparison of 

whether a non-specialist performs better, the same, or worse than a gait specialist, cannot be conducted using 

this data, a similar issue with forensic gait analysis. Also, no information is provided regarding the training of 

the gait specialist, their qualifications and their experience in either forensic or clinical gait analysis, therefore 

no conclusions can be drawn regarding differences between types and levels of training and experience. Further 

research is yet to be published regarding method validity, more elaborate error rates, level of uncertainty and 

so on, and it is unknown whether this gait recognition tool can demonstrate similar competence in, for instance, 

more complex scenarios (e.g. crowded shopping mall), or across populations of different ancestral background 

and demographic variability.  

The Position of Gait Analysis and Recognition in the Forensic Science Paradigm 

Cognitive biases, or unintentional errors in data interpretation due to the brain taking ‘short-cuts’ to reduce 

information processing (51), are major factors of concern widely discussed within the forensic science and 

legal communities (52-55). As emphasized in a 2016 report by the US President’s Council of Advisors on 

Science and Technology (PCAST), this is of special importance in subjective, pattern-matching methods (as 

is forensic gait analysis), where (at present) expert judgement is heavily relied upon, in lieu of empirical data 

(54). Human decisions are cognitively dissonant and hence biased due to prejudices arising from professional 

training, work environment, experience, case context information and reference materials, and the evidence 

itself (56). Recommendations across a variety of forensic disciplines have been made for several years now 

regarding methods of reducing the subjectivity of scientific data interpretation, such as hypothesis and analysis 

plan formulation prior to evidence examination, reducing irrelevant case information, and peer-review, 

amongst many others (57-66). Forensic gait experts reportedly use one of such approaches whereby the expert 

first analyses the original footage, followed by the reference footage obtained of the suspect (23), thus tackling 

both confirmation and contextual biases using hypothesis and analysis plan formulation prior to evidence 

examination. However, there is little evidence in the scientific literature to demonstrate that critical evaluation 

of current gait analysis protocols has been conducted, despite the debates on cognitive bias and the ‘correct’ 
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development of satisfactory protocols for collecting, analysing, and interpreting data (67). Also, only one 

formal case report has been published to explain and critically assess how and whether a particular protocol 

was effective (31).  

For forensic gait analysis, an attempt was made in 2015 to develop a ‘list’ of recommended standardized 

terminology for use in practice (68). However, the ‘list’ is derivative from clinical gait analysis and the 

publication makes no clear references to how or if the definitions provided form part of an analysis protocol 

used in practice, despite previously raised issues about contextual bias in other pattern-matching forensic 

techniques such as fingerprinting (69). To date, only a small number of experimental studies have been 

published in forensic gait analysis which suggest good method reliability (e.g. 27,28,35,68,70), although other 

experts who have applied gait analysis techniques in the field refute the claim that gait-based expert evidence 

is sufficiently reliable for forensic use (e.g. 31, 49).  However, the error rates presented in this small number 

of studies should be interpreted with caution because the sample number is predominantly very small, the data 

is not analyzed based on a standardized analysis protocol (or no explicit analysis protocol at all), and the 

experimental conditions are insufficiently tested for cognitive bias or other sources of error. Therefore, it is 

unknown whether the error rates presented are due to the training of the practitioner, inherent flaws of the 

analysis protocol, or whether there is an issue in the assumptions on which the method is based (54, 71-73).  

At the time of writing this review, a consultation draft of a Forensic Gait analysis Code of Practice that 

was published in June 2018 and finalized in October, is now pending final decision (25). This draft document 

lists many of the challenges discussed in this review, acknowledging and providing general recommendations 

to cognitive bias, method validation and expert competency (25). Once complete, this should not only regulate 

how forensic gait analysis will be used in practice, but also guide how future research studies should be 

designed and evaluated. In a recent publication of the Royal Society, the UK court has also acknowledged and 

addressed, for the first time, the admissibility concerns of forensic gait analysis evidence. The Forensic Gait 

Analysis: A Primer for Courts document published in November 2017 (75), is an important step forward in 

strengthening the relationship between the scientist and the legal system. It not only provides an accessible, 

succinct and objective literature review for the court and judiciary members, but also recommends being 

cautious when considering gait analysis as evidence for positive identification and/or suspect exclusion, whilst 

considering methodological limitations (75). It also draws attention to the difficulty in assigning an objective 

scale of comparison between video-recordings whereby even a verbal scale of likelihood ratios would classify 
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any data obtained from current methods as ‘weak’ (75), considering the identification percentages obtained in 

published studies and the absence of a large, UK population dataset. Whilst it can be debated that ‘rougher’ 

estimates of a verbal scale can be helpful to the court in the absence of large-scale population studies and that 

there can be high uncertainty even with large datasets (76), the problem of subjective uncertainty remains until 

the development of an ongoing database. As discussed in the PCAST report, case experience in pattern 

matching methods such as fingerprinting, cannot be a substitute for measured frequency of features in a given 

population (i.e. variability). The report argues that such statements made in a legal context are scientifically 

invalid since the absolute truth cannot be known and therefore, use of verbal scale likelihood ratios in court 

should be prohibited (54).  Considering these aspects, the UK primer for courts is an important step in ensuring 

that the gap between science and the legal system is not widened, while also allowing the judiciary to make 

more informed decisions regarding admissibility criteria and weight of evidence from a more objective 

viewpoint, thus encouraging more transparent and fair trials.  

In March 2018, a review article has been published in which gait experts acknowledge the challenges 

discussed in the primer and agree that further research into protocol design and expert training is required to 

ensure that methods are used and applied according to the robust standards required by forensic science and 

by extension, the court (77). However, there is persistence in attempting to prove that as it stands, forensic gait 

analysis should not fall into disrepute in the forensic science community just because it lacks these standards, 

and the authors appear to adopt a view that evidence should not necessarily be scientific, rather, it should be 

“sound” evidence (77). Considering how forensic science has changed with time, this perspective is one from 

which the academic community has attempted to move away (78,79), precisely to improve the ‘science’ and 

by extension, to be able to provide stronger, more reliable evidence. The premise should be to empirically test 

methodologies, make use of appropriate statistical tests to support conclusions, continue to publish case reports 

which describe the utility of both new and existing methods of forensic analysis, and reflect and mitigate 

against cognitive biases (80-82). Whilst complete objectivity cannot be achieved throughout the entire forensic 

process, a higher level of objectivity is possible (83), especially if multiple hypotheses are drafted before the 

evidence is analyzed and the expert seeks to refute the hypotheses which they inadvertently favour (pre-

conceived opinions), thereby helping to reduce confirmation bias (84-87). If irrelevant case information is also 

removed (reducing contextual bias), a stronger quality assurance protocol through peer review can be 

implemented, thus allowing stronger evaluation of available data to be accomplished (88). Such examples of 
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approaches challenge the expert to think in ways other than those in which they are accustomed and instil a 

greater sense of self-critique which reduces the tendency of the brain to take cognitive ‘short-cuts’ and thus, 

reduce bias. Considering existing methods, forensic gait analysis can, at best, include or exclude an individual 

from a pool of individuals with similar criteria; therefore, it is still useful in guiding the police in conducting 

surveillance and in intelligence-gathering. At present, moving beyond this realm is challenging since variation 

is yet to be experimentally quantified and estimated for a given population; lack of quantifiable certainty 

regarding how much or how little is overall gait pattern influenced by different intrinsic variables (e.g. height, 

weight, ancestry, body proportions, etc.) can result in an erroneous exclusion of one or more individuals from 

a pool of other ‘similar’ individuals when in reality, the similarity may be attributed to intra-individual 

variation rather than to actual inter-individual differences.  

In biometrics, gait is classified as a behavioural biometric (89), and the implication of this classification is 

that gait is not considered as individualistic as physiological biometrics (e.g. fingerprints), specifically because 

gait can be altered, albeit to a certain extent, by behaviour. Inebriety, emotions, state of mind and mood can 

all have an effect on a person’s manner of walking, and implicitly, complicate the process of recognition, as 

do a variety of covariates such as clothing, shoes, carrying of items, type of walking surface, speed variation, 

amongst others (90-95). Thus, considering the large number of potential challenges which may arise, one may 

ask whether it is indeed worth considering gait as a biometric or even as a trait for forensic gait analysis. From 

a recognition viewpoint, gait is more computationally complex than other biometrics because it requires a 

sequence of images from video footage, instead of just one for analysis (e.g. facial recognition). However, 

since the gait cycle (from a recognition perspective) is composed of (generally) repetitive stages, this simplifies 

the process of recognition (96-98). Also, a substantial amount of research has been conducted thus far to 

demonstrate that such challenges can be overcome and is continuing at an even greater scale. For example, a 

promising avenue is being taken by a team from Osaka University in Japan who have compiled the largest gait 

database of video and gait energy images (whole-body shapes extracted from video) of 63,846 subjects (31,093 

males and 32,753 females) with ages ranging from 2-90 years, the largest number of subjects being in the 6-

15 years and 21-25 years age ranges and the lowest in the 51-90 years age range (approximately 2,000 

individuals in total) (40). Other large datasets also developed by this team include treadmill datasets which 

comprise speed and clothing variations and gait fluctuations (92), speed transition variation dataset (93), 

covariate (carrying objects) dataset (94), multi-view camera angle dataset (99) and inertial sensors datasets 
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(100,101).  Although the datasets are varied and constitute a valuable step in gait recognition research, there 

are several limitations to consider.  

Firstly, the datasets were developed using only one type of gait recognition data format (i.e. gait energy 

image) which does not allow a direct comparison with other techniques available; on the corresponding 

webpages of the datasets, the team state that the datasets consist of one gait energy image (GEI) per participant 

and it is not stated whether the team is also permitted to share the video footages upon request (44). For the 

datasets to be used by other researchers who wish to develop new or test existing approaches other than GEI, 

the team would have to share the datasets in video format (although this would raise all sorts of ethical issues 

regarding protection of personal data, data anonymization and so on). This would be an interesting avenue to 

explore, considering that, to the best of the authors’ knowledge, a comparison of accuracy of different 

biometric approaches on such a large scale has not been reported to date. In addition, the dataset only includes 

information on the age and sex of the participant; no information is given on ancestry, height, weight, body 

proportions (which have been demonstrated to provide exceedingly better results that facial features (102)), or 

any other particularities the participants may have. Therefore, conclusions regarding anatomical and 

physiological variability which are important in court, cannot be drawn.  

Furthermore, the dataset is largely skewed towards younger individuals and therefore, irrespective of how 

large the database is as a whole, any method developed on a specific dataset, will reflect the variability 

observed in that dataset (in this case, the younger age groups). Since other physiological characteristics, such 

as height, weight and body proportions have not been recorded, conclusions regarding age-specific and sex-

specific gait characteristics should be drawn with caution because the study is a cross-sectional one. For 

example, a younger individual and an older individual of the same sex are not directly comparable age-wise in 

the absence of additional, relevant data about the two individuals, because there are many other physiological 

factors besides age which affect gait such as body proportions and dimensions (BMI) (103-105), selection of 

speed (106, 107), and cognition (108, 109). Whilst the ‘ideal’ type of study would be a longitudinal one, 

feasibility of such a study remains questionable from many perspectives, including logistical and ethical. To 

allow for a more accurate representation of variability, researchers should aim for detailed data collection from 

a more uniform group of participants rather than for collecting very large datasets with skewed data towards a 

particular age, sex or other demographic characteristics. Similarly, the participants were filmed in an idealized 

environment, which is not usually the case in the real-world where, for example, a camera would have to track 
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and ‘extract’ a particular individual from a crowd before processing the ‘identification’ of the individual. 

Hence, any gait recognition system would also have to be tested in more complex environments, to determine 

to what extent recognition accuracy changes, especially since many covariates have the potential to affect 

recognition rates and prevent recognition systems from being used in practice (110).  

Lastly, potential sources of errors stemming from the algorithm design employed by the recognition system 

still have to be analyzed and quantified appropriately. One example of such an error source, also observed in 

forensic gait analysis, is that recognition technologies are not exempt from biases either and this is just one 

source of error that has been tackled with respect to other biometric systems such as fingerprint recognition 

(111, 112), but not fully explored. For instance, whilst completing a project on human-robot interaction several 

years ago, an undergraduate student at the Massachusetts Institute of Technology (MIT) discovered racial bias 

of a generic facial recognition algorithm which failed to recognize individuals of African-American ancestry; 

when interacting with the robot which was equipped with a camera and a facial recognition software, the 

incorporated algorithm failed to recognize the face of the student, and implicitly, her presence (113). A similar 

issue is present (though yet to be acknowledged research-wise) in gait recognition studies, where gait data is 

predominantly obtained from a small number of participants (notable exceptions are the Osaka University 

datasets), usually adult males of 20-35 years of age with average height and weight, with ancestral background 

not being reported (e.g.114-116). However, even with large datasets, no extrapolations can yet be made 

regarding how and to what extent are these algorithms designed to include and process human variability in 

different populations, how their design influences the decision-making process of the biometric system and to 

what extent other human cognitive biases are inadvertently introduced into their design. Some of these aspects 

are explicitly discussed in a document drafted by the Science and Technology Committee published by the 

House of Commons, UK with respect to automated face recognition, and serves as the basis for recommending 

“action on the governance and oversight of both forensics and biometrics… (because these) underpin essential 

confidence in the administration of justice” (117). Regarding gait recognition, the UK is yet to voice an opinion 

in the form of method validation or specific standards, since it is yet to be officially recognized as a form of 

identification which can be reliably used in forensic science. Considering the available codes of practice in the 

UK, gait recognition would currently be suited in Digital Forensics, defined in the general Code of Practice 

and Conduct of the Forensic Science Regulator as “the process by which information is extracted from data 

storage media (e.g. devices, remote storage and systems associated with computing, image, image comparison, 
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video processing and enhancement (including CCTV)) …” (118). Whilst there already is a document on method 

validation in digital forensics published by the Forensic Science Regulator in 2016 (119), specificity would be 

necessary should gait recognition evidence be used in court, since a recognition system is complex in terms of 

data processing and requires a trained specialist who not only should understand the system but who is also 

competent in analysing and interpreting data correctly and in presenting their conclusions in court together 

with assigning the appropriate weight to the evidence.  

If biometric gait recognition is to be compared strictly with forensic gait analysis, the former is more 

grounded in science than the latter. Biometric studies generally make use of video recordings databases 

obtained under controlled conditions, are based on sound mathematics, and generally present statistically 

quantified recognition accuracy rates (120-122). This contrasts with forensic gait analysis which does not have 

a solid methodological framework or demonstrable accuracy rates and has not adequately tested whether gait 

experts can perform better than lay-people. Nevertheless, the collective paradigm observed in the published 

literature is that forensic gait analysis as conducted by gait experts, is an established forensic science, has a 

defined protocol, has been used in court successfully, and that the experience of the practitioner is sufficient 

for conducting the analysis. The negative aspects of such claims were deemed problematic by Mnookin et al 

(79) who discussed how forensic sciences should move toward a ‘culture’ founded on sound scientific 

principles, methodological transparency, quantifiable error rates, mitigation of cognitive bias, and continuous 

professional constructive criticism. In forensic gait analysis, one attempt was indeed made in 2016 to test how 

well lay-people can identify emotions from gait, whereby university students and members of the public (n=30) 

were asked to analyse video files of 3 males and 3 females (70). However, this study did not include a test 

group of practicing forensic gait experts to determine whether experts can perform better than lay-people. 

Nevertheless, the authors of the publication conclude that the results “suggest” that emotions can be identified 

from gait, with the mention that additional research is required to understand the effects of emotions on gait 

and how they are actually identified (70). The accuracy rate of identification in non-forensic experts (who were 

knowledgeable in gait analysis) was also previously tested in 2013, where participants were asked to view 

video clips of ‘suspect walkers’ and ‘target walkers’ and determine whether the suspect is a match for the 

target walker, producing accurate matches 124 out of 175 times (123).  However, there was a small number of 

participants (n=7) and the study did not include a comparison of accuracy rates with forensic gait experts. As 

a result, it is unknown whether forensic gait experts, due to their experience (as claimed in many studies), can 
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outperform an individual with brief training in gait analysis or a lay-person for that matter. Furthermore, the 

lowest score was achieved by the participant who focused on the lower body (64%), whilst the highest score 

was obtained by the participant who mainly used upper body features to perform the identification (80%). 

However, according to the definition provided by DiMaggio and Vernon’s book published in 2017, the forensic 

gait specialist is one who operates under the remit of podiatry (23), which mainly concerns the lower limb. 

However, a review published that same year concisely described that “the Forensic Podiatrist will take a 

hollistic view of the whole body and how movement, position, structure and function of other areas of the body 

affect the functioning foot, and again vice-versa” (124). Amendments to definitions, analysis methods, and 

interpretation strategies in light of new research are necessary to ensure good practice and should be at the core 

of all forensic sciences since legislations demand keeping the expert testimony within one’s area of expertise 

(125). Nevertheless, further official clarification is required regarding the definition of forensic gait analysis, 

the qualifications required of the expert, and expertise limits of the gait expert.  

Gait evidence in court   

Over the years, the rigorousness of evidence admissibility criteria has changed at an international level, 

with many countries (e.g. the UK, most of the USA) now requiring analysis of evidence to be performed using 

validated and peer-reviewed methods with demonstrable reliabilities and error rates, by experts with 

appropriate qualifications (54, 126-128). The reason for which forensic evidence is methodologically sensitive 

is because it can be rendered ‘unscientific’ by the court (and therefore, inadmissible as evidence), if the process 

which was used to obtain the data does not adhere to the scientific method in a way which allows repeatability 

and reproducibility for validation and peer-review purposes (129,130). This means that if the same protocol 

(repeatability) were to be applied in a similar context (reproducibility), the same levels of accuracy and 

precision should be achieved (80). Likewise, applying the scientific method on data which is not empirical, 

automatically dismisses its categorization as ‘scientific data’. However, this does not imply that subjective 

methods are to be dismissed, but it is imperative that their limitations are clearly stated, and that they be tested 

to ensure validity (i.e. consistency of method across several experts) using ‘black-box’ studies, as 

recommended in the PCAST report (54). These nuances are important in court, where the accuracy of the 

assessment and interpretation of evidence is crucial, as it plays a leading role in the outcome of both the 

investigation and, where applicable, the prosecution of a suspect. Provided that the method of analysis 

produces accurate, unbiased evidence and conclusions are solidly based on the analyzed evidence, 
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admissibility in the courtroom should not be affected; this should be irrespective of whether the discipline is 

classed under the forensic science umbrella or whether certain methodologies from the discipline are 

specifically adapted for use in the courtroom.  

One reason for issues with evidence admissibility, especially in the United Kingdom, is the absence of an 

agreed consensus between the scientific and legal communities, an aspect also widely discussed in a 2009 

report published by the US National Research Council (NAS report) addressing issues and ways to move 

forward in forensic science (127). As discussed in the report, there are several ‘larger’ matters to consider with 

respect to the lack of convergence between science and justice (127). Lack of research funding, structured 

approaches to research design, cooperation between academic and professional practice, and the constantly 

changing role of forensic science in general, all play an intertwined role in affecting the standing of a forensic 

science method in court and implicitly, evidence admissibility. This topic has also been raised over a decade 

ago in the UK (67) and is still being tackled, most recently with the publication of the forensic gait analysis 

and DNA analysis primer for courts which aim to reduce this divergence (75, 131). As a result of such 

documents published in past years, focus is now slowly being directed at the quality of the evidence itself in 

terms of method validity, reliability and reproducibility, rather than solely at the forensic discipline (132). This 

is because regardless of how ‘recognized’ a forensic science field is in the legal arena, this should not act as a 

ticket for admissibility of evidence obtained by questionable methodologies which have not been validated 

accordingly (133). Conversely, neither should evidence types which are less popular in the courtroom be 

dismissed solely on these grounds or disfavoured over expert evidence offered mostly from a ‘qualifications 

and experience’ viewpoint.  

For instance, the first case to report use of expert-based gait evidence in the courtroom was that of R v 

Saunders in 2000 in the United Kingdom. Prior to this case, gait expert evidence was an unknown in the legal 

arena and instead of following the systematic steps of methodological testing for validation and recognition in 

the peer-reviewed scientific community, forensic gait analysis appears to have become a forensic science field 

because of this first case in which it was applied. Nevertheless, it was not until 2011 that the admissibility of 

this kind of evidence was brought to a broader attention after it formed the grounds of an appeal in R v Otway 

(23). The evidence given by the gait expert witness withstood the admissibility ‘test’ and was accepted despite 

being qualitative in nature, with no empirical support for the applied method and for the conclusions drawn. 

The paucity in published experimental data appears to be ignored and instead, the professional experience of 
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the expert in the context of gait evidence sometimes precedes the importance of possessing relevant formal 

qualifications, validated methods, quantifiable error rates and assignment of appropriate weight to the 

evidence. By definition, an expert is one who possesses not only practical knowledge, but also the necessary 

qualifications which serve as validation of this knowledge, and who does not provide expert opinion on 

evidence which is not pertinent to their field of expertise (128). Although the UK legal system has long since 

dismissed the value of expert witness testimony based solely on experience (more in theory than in practice) 

this principle remains ambiguous in forensic disciplines such as forensic gait analysis where expert testimony 

given by podiatrists of clinical background using unvalidated methods has been accepted in court as 

‘forensically valid’ evidence.  

Gait analysis has also been used as evidence in court in a 2005 case in Denmark concerning a bank 

robbery, when the police requested this expertise because the perpetrator was disguised and they “thought that 

(he) had a unique gait” (31). The robbery recording was obtained via two cameras, one of which was located 

at the entrance to the bank and the other behind the cashier’s desk. The recordings of the former were used to 

analyse the suspect’s gait, as it gave a frontal view of the perpetrator’s movements, entering, committing the 

crime and leaving the bank. The camera behind the desk was not placed sufficiently strategic to allow gait 

analysis but was used to obtain body measurements (i.e. photogrammetry technique) such as stature, eye-level 

height and shoulder-level height. The robbery recording was analyzed first, according to a protocol the experts 

devised which was based on a detailed physiological description of the entire body of the perpetrator (e.g. body 

angles, relative rotations of certain body regions associated with gait etc.) and on the aforementioned 

measurements. The experts then compared these recordings with additional recordings of a suspect obtained 

by the police which led them to the conclusion that there were some similarities between the two sets of 

recordings, which included “restless stance, anterior positioning of the head showing a neck lordosis and 

inversion of the ankle joint” (31). However, the robbery recording was short, the perpetrator had his hands in 

his pockets which created an abnormal shrugging posture, and the feet were partially obscured; nevertheless, 

the suspect had a limp which was concluded to be a match to that of the perpetrator, despite having based this 

variability on a previous study with only 11 participants. The experts concluded that besides the limp, there 

were insufficient characteristics for a stronger analysis to be performed, acknowledged that the analysis they 

conducted cannot establish the identity of the individual and stated that they did advise the court of this matter; 

nevertheless, the suspect was still found guilty. This is another aspect to consider when determining whether 
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evidence based on unfounded scientific principles should be admissible; regardless of whether the expert 

outwardly declared the limitations of the method, the court still made a decision based on this evidence. In the 

rush to bring the guilty to justice and close a case, the court has a tendency to accept second-rated evidence in 

situations where no other evidence is available (i.e. the best available evidence (79)). Therefore, cooperation 

between the forensic scientist and the court cannot be overstated: it is necessary for the scientist to be able to 

refuse to perform the analysis if the method is weak and for the court to have all the necessary information 

(e.g. documents such as the UK primer for courts) to confer appropriate weight to the evidence (134).   

Conclusions  

The principles discussed in this review have become increasingly present in the scientific literature in past 

years in many forensic science disciplines. Criteria of admissibility of evidence in the courtroom are and should 

remain complex, especially in cases pertinent to new technologies, methods and/or fields of study. However, 

this complexity should only refer to the rigour of method testing for ensuring high-quality results rather than 

unnecessary difficulty in the admissibility process. If one is to consider, at least in theory, the purpose of the 

legal system, both overcomplication and oversimplification of this process can lead to similar results of 

injustice. Therefore, a stronger collaboration between the legal and scientific arenas is indispensable for 

ensuring transparency from all involved parties, presenting high quality evidence and instructing the jury and 

judges appropriately to ensure fair trials (126, 127, 130).  

To successfully meet these evidential criteria and ultimately achieve their intended purpose, the forensic 

sciences should work towards stronger cooperation in planning and formulating quality assurance protocols, 

develop and/or expand existing training programs, and strengthen collaboration between the scientific and 

legal communities to improve information exchange, matters discussed (amongst many others) in various 

documents published over the years in the US and UK (e.g. 54,55,116,117,125-128). In the case of gait analysis 

and recognition, a collaboration should be established between the gait analyst and the biometric specialist, 

where the analyst inputs their own expertise to assess the match concluded by the biometric system and also 

advise (from a clinical and forensic perspective) on the data collection procedures and algorithm development. 

The concern, as with any forensic science, is not that there is not ‘enough’ research being done per se, but 

rather how it is done (79). More so, cognitive biases and their potential pitfalls have only been briefly addressed 

to date. However, with the publication of the primer and of the code of practice (soon to be finalized), the 

standing of forensic gait analysis (in the UK at least), seems to be moving in a positive direction from both 
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legal and scientific perspectives. Similarly, gait recognition is receiving increasing research attention, one 

example being the IDENTITY project at the University of Warwick (47). Until finalization of the forensic gait 

analysis code of practice and official acknowledgement of gait recognition as an identification method 

(together with methodological standardization), courts should remain cautious when accepting gait evidence 

at present, as they should be with any type of evidence which has been obtained using methods which are yet 

to be tested (and with quantifiable error rates), regulated by a specific code of practice and demonstrably 

applicable in forensic contexts.  
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