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Abstract
Advances in safety science point towards an approach to the management of safety-related risks within complex sociotechnical systems that focuses on the understanding of adaptation. The study of adaptation would benefit from the use of structured and formalised approaches at, and across, all levels of the organisational hierarchy (individual, team and organisation). However, with a large number of potential Human Factors methods available to the safety practitioner, it is unclear which methods are most appropriate for an exploration of this important tenet of systems thinking. A 3-round ranking Delphi study has been conducted to survey the range of methods to determine a soft consensus amongst subject matter experts. In each of the three rounds the list was successively refined. Cognitive Work Analysis (CWA) and Critical Decision Method (CDM) methods were recommended for the micro level (which could be complemented by HTA). At the meso level, CDM and CWA together with complementary methods, such as Systems Theoretic Accident Modelling and Processes (STAMP), Functional Resonance Analysis Method (FRAM) and the Event Analysis for Systemic Teamwork (EAST) method. STAMP and FRAM were recommended at the macro level, which could be complemented with Hierarchical Task Analysis (HTA), Ethnographic Analysis, EAST and the Human Factors Analysis and Classification System (HFACS). The methods, taken together, should provide a means of exploring adaptation at all of the sociotechnical system levels. This work provides safety practitioners with consolidated guidance on the methods that could be used to explore adaptation as a source of safety in complex sociotechnical systems.
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Introduction
The domain of Human Factors and Ergonomics is founded on the use of structured methods to study systems, teams and individual performance, for which a wide and diverse range of tools and methods exist (Salmon, Walker, Gemma, Goode, & Stanton, 2017; Stanton et al., 2013). Systems models are widely accepted (Leveson, 2004; Rasmussen, 1997) and to understand safety using the paradigm of systems thinking is to appreciate that accidents are emergent – resulting from the complex interactions of the constituent components (Grant, Salmon, Stevens, Goode, & Read, 2018). The theory of sociotechnical systems recognises the interrelated nature of technological and social aspects of systems (Cherns, 1976; Davis, Challenger, Jayewardene, & Clegg, 2014). With the continuing increase in complexity, the wider use of technology and the changing nature of interactions between man and machine in social organisations, sociotechnical systems theoretic approaches (rather than deterministic and reductionist ones) are used to understand the challenges and opportunities that exist from features of such system such as emergence, non-linearity, performance variability, allocation of function, resilience and adaptation (Borys, Else, & Leggett, 2009; Salmon et al., 2017; Waterson et al., 2015). However, there continues to be much debate in the literature regarding the capability of existing Ergonomics and Human Factors methods to tackle these problems and keep pace with these changes (Dekker & Pitzer, 2016; Dul et al., 2012; Grant et al., 2018; Lee, 2001; Leveson, 2011a; Salmon et al., 2017; Walker, Stanton, Salmon, Jenkins, & Rafferty, 2010; Waterson et al., 2015). Furthermore, given that many methods rely on a retrospective analysis of incidents to understand safety, traditional approaches may no longer be reliable for understanding how safety can be improved in systems where incident rates are low (Grant et al., 2018).
In near accident-free systems that are increasingly complex and intractable, there is a clear need for more proactive safety approaches. Recent advances in safety science suggest an approach to the management of risk within the safety-related industries that focuses on capitalising upon the adaptations operating within sociotechnical systems (Amalberti, 2001; Dekker, 2003; Dekker & Pitzer, 2016; Le Coze, 2014; Rasmussen, 1997). The theme of adaptation includes ideas such as the ability of complex systems to self-organise, reconcile conflicting demands, re-evaluate priorities and innovate to cope with a changing context (Holling, 1973). It can also refer to the tacit acceptance of broken rules and stretched boundaries to achieve safe performance (Hale & Borys, 2013). Adaptation involves the human, frontline worker making continuous, real-time, effortful demand compensations through trade-offs, informal practices and strategies that become inherent in the work whilst still being dependent on context so that they cannot, in general, be proceduralised (Bagnara, Parlangeli, & Tartaglia, 2010; Dekker, 2003; Gaillard, 1993; Reason, 1995, 2000). In previous work Foster, Plant & Stanton (2019), describe a systematic review of the safety literature using a grounded theory approach from a variety of industrial domains and theoretical stand-points. This review identified nine key factors (i.e., Using Experience, Strategies & Informal Practice, Acquiring Knowledge, Unpredictability of Consequences, Trade-off for Performance, Skills Needed, Violations, Improvisation & Creativity and Procedures & Rules, detailed in Appendix 1) within sociotechnical systems that describe how adaptation operates and is related to safety. The application of the model to a case study that explored the UK oceanic air traffic controllers’ response to the closure of US airspace following the terrorist attacks in the US on the 11th September 2001 showed the potential of the model and brought some of the features of the system that support adaptive capacity to light. The literature describes adaptation as being ubiquitous and normal yet generally ‘hidden in plain sight’ (Holden et al., 2013; Huber, van Wijgerden, de Witt, & Dekker, 2009; Leveson, 2004). However, the application of the model provided a means to explore adaptation, to describe some of its facets and make adaptation apparent to safety managers. It is becoming increasingly important that the hidden adaptive capacities in complex systems are revealed and understood so that their role in safety can be strengthened and mal-adaptive changes that introduce brittleness can be avoided (Dekker & Pruchnicki, 2014; Pettersen & Schulman, 2015; Righi, Saurin, & Wachs, 2015; Woods, 2018). 
However, a discussion of adaptation can move between the three abstraction layers in the system: organisation, team and individual – reflecting the complex interrelationships between the layers of the system’s hierarchy. For example, adaptation can be seen at the level of the individual in the improvisations and innovations in context that draw on the skills and previous experiences of the frontline in maternity care (Macrae & Draycott, 2016) to the balancing of competing goals and task demands by air traffic controllers (Sperandio, 1971); at the level of the team in the breakdown of hierarchies, deference to expertise and sharing of knowledge in industrial control rooms (Reinartz, 1993; Ritz, Kleindienst, Brüngger, & Koch, 2015) and the coordinated performance and patterns of behaviours in oil drilling teams (Crichton, 2005); and at the level of the organisation in the reallocation of resources in healthcare facilities (Cook & Rasmussen, 2005) in the discussion of the importance of culture (Reiman, Rollenhagen, Pietikäinen, & Heikkilä, 2015) and collective mindfulness (Weick & Putnam, 2006; Weick & Sutcliffe, 2015). This also reflects a key weakness identified in the literature: the link between the organisation and the individual (Foster et al., 2019; Le Coze, 2019). Much of the literature emphasises the role of humans in supporting safety; however, there is less discussion of how to connect the individual’s role in adaptation to the team’s role and to the organisation’s role – the micro-to-meso-to-macro translation of adaptation (Grote, Weyer, & Stanton, 2014). There is also a need to avoid the reductionist tendencies of some methods for the investigation of adaptation. For example, a focus on the individual could lead down a path to the derided notion of human error or a blame culture that is incongruent to systems thinking principles (Salmon, Walker, & Stanton, 2015). Similarly, a reductionist approach could just end up finding the last adaptation rather than identify the complex interactions and emergent effects from the multitude of contributory factors within the system (Salmon et al., 2017) or misclassify adaptation as a failure, error or inadequacy in the system.
If safety practitioners wish to apply the ideas of the Resilience Engineering school (Hollnagel, Woods, & Leveson, 2006), take a Safety II mindset (Hollnagel, Leonhardt, Licu, & Shorrock, 2013) or investigate ‘normal performance’ (Dekker, 2011; Leveson, 2011b) then there is a need for appropriate methods to support them in this endeavour (Grant et al., 2018). Therefore, safety practitioners looking to apply these advances to real-world problems are faced with the challenge of identifying suitable methods and approaches to better explore adaptation within organisations given the multiplicity of methods (over 300 named methods were identified from the papers surveyed in the literature review for the creation of the adaptation model) and the complex interactions and emergent properties that exist between system constructs. This means that safety practitioners do not appear to have a clearly defined and structured path upon which to build their understanding of adaptation and adaptive capacity.
The paper seeks to address these needs through an analysis and summary of expert opinions regarding the most appropriate Human Factors methods and approaches to evaluate the nine factors of adaptation across the three levels of the organisational hierarchy. Based on this analysis the paper provides insights and guidance that can be applied by safety practitioners on the integration of methods for a multi-level evaluation of adaptation within organisations.
Requirements for methods
The adaptation model was initially validated using the nine factors and their descriptions as keyword triggers in a walkthrough of the features of the air traffic case study. Additionally, the links between the factors also provided further discussion points. However, this approach, whilst flexible, does not demonstrably guarantee the completeness, reliability, repeatability or validity of the results and in an organisational context, practitioners often require more structured, formalised and recognised approaches to the assessment and understanding of systems. For the problem of assessing adaptation, and with safety and performance inextricably linked (Lofquist, 2010; Rochlin, 1999), suitable methods are likely to be related to systems thinking (Salmon et al., 2017; Waterson et al., 2015) and the need for methods that recognise, for example, system safety as an emergent property of complex systems, rather than reductionist, component-focused approaches (Dekker, Cilliers, & Hofmeyr, 2011; Leveson, 2004; Pumpuni-Lenss, Blackburn, & Garstenauer, 2017). By systems thinking methods we use the description from Boehm (2006) of methods that:
· Address uniqueness, high specialism and expertise;
· Uncover emergent properties and behaviours from the system (also described as 'does' - style problems rather than cause-effect, functionality and 'is'-style problems); 
· Are useful for high criticality systems;
· Appreciate the dynamic, interconnected nature of modern systems (i.e. systems-of-systems);
· Support monitoring and the complete lifecycle of a system; and
· Have recognition of 'legacy' high technology monolithic style systems (common in ultra-safe industries (as discussed by Amalberti (2001)).
In assessing potential avenues for the identification of possible Human Factors methods, the selection of an approach can usefully follow the guidance established by Stanton et al. (2013) and Stanton, Young & Harvey (2014). This specifies a selection and validation process that is outlined by the flowchart in Figure 1. The specific steps that can be mapped to the goals and scope of this paper are shown within the dashed box.
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[bookmark: _Ref27032879]Figure 1: Process for selection and validation of a human factors method adapted from Stanton, Young & Harvey (2014)
To establish the criteria for Human Factors methods that can support analysis of adaptation, we first require that they should be ‘systems thinking’ and suitable for such complex domains. Clearly, the methods should appear to be able to explore at least one of the nine adaptation factors and be applicable at one or more of the layers of the organisational hierarchy (with a preference for more than one level). The use of the method for this purpose should ideally be within the original problem scope or design of the method to take advantage of previous validation, such as understanding cognition using, for example, PCM or organisational controls using STAMP. However, it should be noted that many methods can be tailored to different problem contexts (Hulme, Stanton, Walker, Waterson, & Salmon, 2019). Methods should help practitioners understand adaptation and deliver practical interventions in the system in accordance with the distinction made by Annett (2002) of being: (a) analytical interventions useful for assessing possible options, having predictive validity and supporting the definition of a change; (b) evaluative for understanding the mechanisms of interaction between human and machine and supporting monitoring; or (c) some combination of the two. The methods should be in use, unique enough from other methods and be supported in the literature by case studies that demonstrate its effectiveness.
A pool of possible methods should be identified and then be assessed against these criteria. Once a set of methods has been identified the guidance describes an iterative loop where methods are reviewed for their applicability to the problem domain. This can look at such factors as the theoretical standpoint of the method, the layers of the organisational hierarchy and the adaptation factors addressed, the efficacy of the method, its data requirements and outputs. This information is then used to inform and validate the selection process, adding and removing methods from the pool in a feedback loop as the selection process for methods is progressively refined.
Once a set of methods has been identified that appear suitable, further validation can then be conducted to determine the support for the methods, the extent of its application through, for example, case studies and then by more explicit validation of whether it does indeed address adaptation across (and within) the organisation hierarchy layers based on new case study applications.
Method to surveying methods: Delphi Approach
The Delphi approach
The approach adopted to assess a pool of methods and to survey the breadth of Human Factors approaches was a Delphi survey. The Delphi approach was developed by Norman Dalkey of the RAND Corporation and was used to identify American targets that might be susceptible to Soviet munitions during the Cold War. The technique is used to “obtain the most reliable consensus of opinion of a group of experts” (Dalkey & Helmer, 1962, p. 1). This is achieved through an iterative series of sequentially issued surveys, known as ‘rounds’, with controlled feedback provided to the participants on the results from previous rounds, that aims to distil the judgment of experts to gradually form a considered opinion or a consensus (Landeta, 2006; Powell, 2003; Skulmoski, Hartman, & Krahn, 2007). Delphi is a structured approach to gather the collected wisdom of the participants in a democratic and anonymous manner that tries to ensure participant objectivity and independent thought and therefore does not suffer the issues of possible confrontation, bias and group-think inherent with other techniques such as workshops or focus groups (Rowe & Wright, 1999). The use of structured feedback that is shared with the individual participants between the surveys helps to formulate a consensus and, whilst the individual participants are anonymous to each other, they are not to the survey originator who can follow-up specific answers and seek clarification and validation of the researcher’s interpretation of the responses (Okoli & Pawlowski, 2004). The Delphi technique is particularly useful with problems of knowledge generation and where the subjective judgment of individuals acting as a collective can be used to facilitate problem solving for research questions that may not lend themselves to more analytical approaches (Linstone & Turoff, 1975).
A common approach to the use of a Delphi technique is the Schmidt ranking-type Delphi (Hasson, Keeney, & McKenna, 2000; Schmidt, 1997). This approach uses a series of questionnaires (usually three) to develop a group consensus of the relative importance of factors or issues in a particular domain. Participants are asked to propose features of the domain that they believe are important. This list is consolidated and narrowed down through a subsequent round (or rounds). The participants are then asked to rank the consolidated subset of features to achieve a considered opinion in the final round. The three-round approach has been adopted for this survey and Schmidt’s guidelines (1997) have been applied along with other studies and guidelines for the conduct of Delphi surveys (Hasson et al., 2000; Hirschhorn, 2019; Okoli & Pawlowski, 2004).
For the purposes of this study the term consensus is used to mean a ‘soft’ consensus. Whereas, consensus is defined as the “full and unambiguous agreement of all the experts regarding all feasible alternatives” (Del Moral, Chiclana, Garcia, & Herrera-Viedma, 2017, p. 1000), this is considered impractical for most situations (requiring an open-ended number of survey rounds with the possibility of oscillation between positions being a significant limitation) and the concept of ‘soft’ consensus meaning ‘the judgement arrived at by most of the participants’ has been applied. There is, however, an implicit assumption within the research goal that structured methods can explore unstructured problems. To permit challenge to this assumption the survey was designed to allow a nil response and participants were encouraged to justify their selection (or not) with comments in free-text boxes provided throughout the survey. Thus, the survey design allowed for the possibility of a consensus that refuted this assumption and that would have been be a valid finding from the survey.
Expert selection criteria
A key weakness in Delphi surveys stems not from the technique itself but the practical application in, for example, the selection of participants. Thus, establishing formal criteria for the selection of experts ensures that there is no bias such as from the selection of academics or practitioners from a personal network (Landeta, 2006; Okoli & Pawlowski, 2004). Expert selection should endeavour to reflect the current state of academic knowledge and practice whilst ensuring that the participants are impartial to the results from the survey. The participation of experts possessing credibility with the target audience and a depth of knowledge in the appropriate research area confer credibility on the results of the survey (Powell, 2003). 
Since the objective of the survey is to explore subject matter expertise and practitioner knowledge a combined approach was developed. Firstly, the contact details for the editorial panels of the six prominent journals in the area of system safety were obtained from public facing websites and directory listings, i.e., Safety Science, Applied Ergonomics, Ergonomics, Cognition, Technology & Work, Human Factors and Accident Analysis & Prevention. The assumption here is that to be on the editorial panel requires expertise in the journal’s domain that was determined to be relevant. This was confirmed by identifying the SCOPUS database entry for these individuals to record their h-index, number of publications and total citations (as measures of research prominence and activity). However, editorial boards have, based on an exploration of the affiliations listed by the board members, a high degree of bias towards academia. Therefore, to approach industrial practitioners, postings to LinkedIn were made to followers of relevant hashtags for the domain (#safety, #humanfactors, #ergonomics) which extended the reach of the posting beyond the network of the first author (as the original poster of the survey invite). The re-posting of the survey by a number of prominent followers of these hashtags further extended the survey’s reach.
Procedure
Internet-based surveys were developed for each of the three rounds. For round one, after providing consent and limited personal identification information (to enable future association of results to the individual and to provide feedback in accordance with the principles of the Delphi survey), the participant was presented with a short explanation of the factors from the adaptation model (reproduced in Appendix 1). For each factor, the participant was then asked to indicate via a tick box whether they believe a Human Factors method is appropriate and would support a practical exploration of that factor by a safety practitioner. In a classical Delphi this would be a ‘clean slate’ approach where the practitioner is free to propose any method that comes to mind. Given the broad nature of the topic, the breadth of methods available and the obvious demands on peoples’ time, this initial question was supported by a set of example methods that were identified from a review, conducted by the authors, of potential methods listed in Stanton et. al (2013). This identified 17 accepted and often used Human Factors methods for presentation to the participants to save their time and stimulate the method suggestion phase. However, to preserve the freedom required for a Delphi approach, the participants were also provided with a free-text box in which they could suggest any other methods they desired or provide comments on the presented methods. The initial methods, the acronyms and abbreviations used and their reference sources are listed in Appendix 2.
The results from round one were collated for analysis, to narrow the selection of methods down and to explore any emerging consensus for round two. For each adaptation factor, the number of votes for a method was counted and the distribution of votes across all methods was calculated. A pareto (80/20) analysis was conducted to determine the most popular methods and to narrow down the selection for round two. All methods receiving fewer votes than the methods that covered at least 80% of the total votes cast for that adaptation model factor were eliminated. In general, this reduced the number of methods per factor to between 8 and 14 depending on the concentration of votes. This reduction of the possible options addresses the aim of moving towards a consensus based on the number of votes and the preferences of the majority (Holey, Feeley, Dixon, & Whittaker, 2007). Methods suggested by participants in the free-text fields in round one were all added to the list of remaining methods to be considered by the participants in round two and the same question of applicability to the adaptation factors was then asked again. These additional methods, the acronyms and abbreviations used and their reference sources are also listed in Appendix 2. All voting was reset to zero after each round to ensure that these methods were not biased against. The participants were reminded of their selections from round one in the invitation email to complete the second survey.
Additionally, having identified methods that the participants believed could be applied to the adaptation factors, it was then possible to introduce a further question in round two to explore where in the organisational hierarchy the methods can be applied. Since the desired goal of the study is to identify methods that address many adaptation factors across the different layers of the hierarchy, the data gathered in round one can be used to identify candidate methods that apply to  many adaptation factors and then, separately, to ask the participants where in the organisational hierarchy those methods can be applied. The criteria for selecting which methods should be considered for testing across the organisational hierarchy was to include methods where the votes cast indicated that it was better than average for many factors. The discriminant for inclusion was calculated by comparing the votes cast across each factor and determining which methods were above the average (mode) number of votes. Then, looking across the factors, to count the number of factors where that method was above average. Looking across all the methods and all the factors, a value of four factors as the inclusion criteria was arrived at through a combination of judgement, to not exclude too many factors at this early stage, and analysis of the distribution of ‘how many factors is a method better than average’ to ensure that there was a narrowing down of the number of methods. A further opportunity for the participants to provide free-text feedback on the application of the methods across the organisational hierarchy was also provided.
The results of round two were then used to narrow down the selected methods again using an 80/20 pareto process where, after ordering the methods by votes cast, the methods that attracted 80% of the total votes for a factor were retained for that factor. As before, this refined list was then presented to the participants for their consideration along with their previous response. However, this time they were asked to rank the methods rather than indicate potential applicability for the adaptation factors. In determining their ranking, they were asked to consider the features and efficacy of the method such as: training needs; practicality of the method; whether it gives usable results; and the effort and resources required. These features could be captured in a text box. The ranking results from round three have then been collated to determine the collectively highest ranked method for each of the factors and the consensus for applicability of those methods across the layers of the organisational hierarchy. 
As discussed by Holey et al. (2007), the identification of appropriate statistical measures for the determination that consensus has been achieved cannot be definitely stated. Therefore, using their guidance, agreement in the survey was determined by the aggregation of the participants’ responses using simple statistics, such as counts, averages and analysis of the distribution of votes (occurring within each round) and by confirming the stability or movement of the responses towards a particular method or methods (occurring between the rounds).
The study design and questionnaire were reviewed by a University ethics panel and received approval (ERGO #49128).
Results
Participants
275 members of the editorial boards of the six journals were identified and contacted with an email link in June 2019 to the survey and the participant information explaining the goals and instructions for the survey as well the details of the ethical approval for the study. The LinkedIn post was seen by 635 people after also being reshared by several prominent industry practitioners.
55 people examined the first survey round and entered their contact details (a requirement for them to indicate their consent and then to be able to see the questions) and 23 people (42%) completed the survey to an extent that allowed further analysis before it was closed in early August 2019. There were a number of withdrawals from the process with participants citing a lack of familiarity with the methods or the domain. The 23 people who completed round one were then invited to participate in round two in mid-August 2019. Round two was fully completed by 14 people (61%) who had participated in round one after 9 days although the survey was left open and reminders sent to the other participants until early October 2019. After the completion of the analysis of round two these 14 people were invited to complete round three in mid-October 2019. This round was fully completed by 13 people (93%) within 10 days. It should be noted that the final number of participants is on a par with a large workshop or focus group and other Delphi studies such as: Biggs, Banks, Davey & Freeman (2013):41, Donaldson, Borys & Finch (2013):29, Haas & Yorio (2016):9 and Hignett, Wolf, Taylor & Griffiths (2015):10, Gordon, Baker, Catchpole, Darbyshire & Schocken  (2015):16.
Demographics
The 23 people who completed survey round one came from academia (61%) and industry (39%) with industrial participants having listed affiliations from high-hazard domains such as air traffic control, medicine and healthcare, offshore petrochemical and the military with some providing consultancy services in human factors. Industrial participants were in general found to not have publication records such that inclusion in the publication and citation metrics would not be appropriate. However, through exploration of LinkedIn, ResearchGate and Google Scholar it was possible to determine their backgrounds and experience such that no participants were excluded based on concerns for their expertise in the domain. Industrial participants experience in safety, human factors and ergonomics roles, where this could be determined as a measure of their expertise, was 10.7 years (min: 3.5, max: 26, median: 8). In round two the industrial to academic split was 57% academic, 43% industry and this changed to 62% academic to 38% industry in round three.
For the academic participants in round one their expertise was assessed using standard academic publication metrics and a summary review of their research interests and publications. The average h-index for the academics was 12.7 (min: 1, max: 33, median: 11) with an average of 60.5 (min:1, max: 188, median:42) published papers and having an average of 811.9 citations (min:1, max: 3530, median: 402). For round two and round three the academic publication metrics were: average h-index: 10.2 (min: 1, max: 33, median: 7) with an average of 43.7 papers (min: 1, max: 156, median: 38) having an average of 672.2 citations (min:1, max:3530, median:158).
Participation in the survey was global with participants in round one having affiliations in the UK (5), Australia (4), France (3), USA (2), Norway (2), Canada, South Africa, Netherlands, Spain, Luxembourg Finland, Italy and Greece.
Drop-off rate
For the original editorial board list of 275, 55 examined the survey (20%) with 12 (4%) completing it. This level of participation is not unexpected given the targeted (certain journals) and specific (human factors methods for industrial application) nature of the survey. This is borne out by comments and feedback from some of the invitees who decided to not participate in the survey. The response from industry was less targeted and reached a relatively broad audience and the consequent industry participation and its variety was encouraging. The participation rate from round one to round two dropped by 39%. However, the participation rate from round two to round three only dropped by 7% (n=1).
Survey round one results
Survey round one asked whether there were Human Factors methods that could be applied to the nine adaptation factors with participants provided with 17 Human Factors methods to consider and a free-text box to provide comments and suggest other methods. A total of 474 ‘votes’ for applicable methods were cast over the nine adaptation factors, an average of 53 votes per factor, and the variation in voting is shown in Figure 2. The ‘Using Experience’ factor received the most votes for applicable methods (93 votes, 4.04 votes per participant, min=0, max=11) and the ‘Improvisation & Creativity’ factor received the least (24 votes, 1.04 votes per participant, min=0, max=5). The voting patterns suggests that, on average, the participants believed that there were Human Factors methods applicable to each of the adaptation factors.

[bookmark: _Ref45350031]Figure 2: Votes for a Human Factors method in survey round 1
Considering the number of votes per method provides an indication of the overall popularity or perceived applicability (or both) of the initial set of 17 Human Factors methods to the broader topic of adaptation (i.e. all of the adaptation factors). This suggests that the participants believed some Human Factors methods would be more applicable across the factors than others.

Figure 3: Votes for each Human Factors method across all adaptation model factors in survey round 1
One of our initial hypotheses was the premise is that it was unlikely that a Human Factors method would be considered applicable to all the adaptation factors in the model. Table 1 shows the spread of votes for each method by each adaptation factor in survey round one.


[bookmark: _Ref19434545]Table 1: Survey round 1 votes for Human Factors methods by Adaptation Factor
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Whilst our premise was that there would be no method that would completely address the adaptation factors it can be seen (from the completeness of the fill in the cells) that Critical Decision Method (CDM), Systems Theoretic Accident Modelling and Processes (STAMP), Cognitive Work Analysis (CWA) and Functional Resonance Analysis Method (FRAM) received a high number of votes for all adaptation factors. However, whilst these methods were believed to be applicable to all factors, other methods were more preferable for some factors. For example, FRAM appeared to be applicable to all factors but to understand the ‘Skills Needed’ factor another method such as CWA or CDM had more support for its usefulness. This indicates some initial support for the hypothesis that a hybrid or toolbox approach may be needed to explore all adaptation factors.
For round two, the down-selection of methods used a pareto 80/20 split. This step can be illustrated using the results of round one shown in Table 1. For the ‘Trade-off for performance’ factor the ordered results were: CWA and FRAM (each with 8 votes, 20%), STAMP (6 votes, 15%), CDM (4 votes, 10%), AcciMap (3 votes, 8%), TRACERr, CDA and HFACS (each with 2 votes, 5%). The cumulative percentage of votes is therefore 40% after the first two methods, 55% after STAMP, 65% after CDM and 73% after AcciMap. The three methods with two votes add an additional 15% to the total taking it to 88%. At this number of votes (2) the 80% cut-off has been reached therefore methods with less than two votes are eliminated for this factor. This process was repeated, with different calculated cut-off thresholds, for each of the factors in turn.
Comments from participants and additional methods
The free-text box for each adaptation factor was used by many of the participants to suggest alternative methods and also to comment on the applicability of the initial 17 ‘seed’ methods. Approaches such as ‘ethnographic analysis’ were suggested for the factors more closely related to more intangible features of adaptation such as an individual’s experience and knowledge (‘Using Experience’, ‘Strategies and Informal Practice’ and ‘Acquiring Knowledge’). Many participants identified methods that had a focus on social networking (Link Analysis, Social Network Analysis and NET-HARMS) and proposed these for the factors relating to knowledge, unpredictability and trade-offs. The more traditional approach of Failure Modes, Effects and Criticality Analysis (FMECA) was proposed for factors related to trade-offs, violations, procedures and skills. Variations or developments of some of the methods seeded into the survey were also proposed such as team-Cognitive Work Analysis (tCWA), System Theoretic Process Analysis (STPA) and Causal Analysis using Systems Theory (CAST). All suggested methods were included in round two.
Some participants and invitees provided additional comments on the survey and the capability of methods to investigate these factors. Comments discussed how the ability of a method to explore a factor could vary depending on the capability of the individual conducting the analysis. Commenters also highlighted and built upon the assumptions in the survey of whether it was possible to use a structured method to investigate a factor that was, by its nature, complex and unstructured.
Survey round two results
Survey round two repeated the questions regarding the applicability of Human Factors methods to the adaptation factors. The participants were provided with their previous round one submission and the collective view on applicability of the methods. They were asked to assess this new information and update their assessment of applicability as they saw fit. Methods that had been suggested were also added to this list. Methods that failed to make the 80/20 split for that factor were removed and could not be voted for.
Table 2: Survey round 2 votes for Human Factors methods by Adaptation Factor
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As with round 1, there was strong support for CDM and CWA as broadly applicable methods and these received an increase in votes. Ordering the methods by votes cast for each factor and then comparing the position in the list showed that for seven of the nine adaptation factors the top five methods stayed the same albeit with some shifting of the ordering. This suggests an emerging consensus after only two rounds.
Survey round two also asked the question about the applicability of the Human Factors methods that were deemed more useful than the others (as explained above) for at least four of the factors in round one. The results of this question are shown below as percentages of votes positively indicating suitability. The voting results have been normalised against the number of participants expressing an opinion on the applicability of that method in the earlier question. This ensured that any ‘don’t know’ responses did not adversely affect the determination of applicability in the organisational hierarchy.
[bookmark: _Ref23054078]Table 3: Applicability of Human Factors methods to the organisational hierarchy (Round 2)
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The applicability of methods across the hierarchy highlights a commonality in views along the lines of a split in micro or macro applicability (not both). The percentage of votes for applicability of a method at the meso (team) level always falls between the percentage of the other levels. Thus, if a method is more applicable at the individual level then the votes for applicability at micro is greater the votes at meso which is in turn greater than the percentage of votes at macro level. For more organisational focussed methods the reverse is true. No clear ‘team-only’ method was identified although there is some variation in the percentages.
Comments from participants
Comments were invited from the participants on the organisational hierarchy question. The statements made here highlighted the potential intractability of methods such as FRAM when considered at the organisational level. Additionally, it was suggested that the methods that target cognition and perception would struggle to be applied to more than one person.
Survey round three results, consensus and conclusions
In survey round three, the down-selected methods were presented to the participants again in the order of the votes cast for their applicability. In this round the participants were asked to rank the methods in order of preference. In considering the ranking given, they were asked to consider both efficacy and practical features of the method such as: reliability, complexity of the approach, training needs; whether it gives results useful for the design of interventions; the reliance on subject matter experts and the amount of resources required. These features could be captured in a text box. To determine a soft consensus amongst the participants, the rankings given to each Human Factors method were combined into the average rank given by participants who provided a ranking. This was calculated for each method and each adaptation factor.
The second part of survey round three asked for confirmation of the applicability of methods to the organisational hierarchy. As methods suggested in round one by the participants gained support in round two, for example STPA, these methods were included in the question on applicability to the organisational hierarchy in round three. This ensured that information was gathered on organisational hierarchy applicability and these additions were explained to the participants in the survey invite. The participants were provided with their responses in round two and the group view and asked to use this information to reassess and alter their opinion as appropriate. 
Table 4 shows the results of this question. This data has been normalised by the highest number of participants expressing a view on the applicability of the method to a factor and this allows comparison against Table 3.
[bookmark: _Ref23054049]Table 4: Applicability of Human Factors methods to the organisational hierarchy (Round 3)
[image: ]
The results from survey round three, when compared to round two, suggest an emerging consensus from the greater concentrations of votes. In many cases there is a clear preference for one level of the organisational hierarchy.
To determine the overall preference for Human Factors methods to support understanding of the adaptation factors at each level of the organisational hierarchy, the votes for applicability at that level of the hierarchy are combined with the average placing of the method for the factor expressed as a rank. Therefore, and to explain Table 5, PCM gained 4 votes as a method for the micro level and it was ranked 3rd for the Using Experience factor. There is no 2nd rank for this factor since CWA and CDM were joint-1st rank (shown as ‘1=’ in the cells). Blank cells indicate that the method had been eliminated in an earlier round or received no votes for that particular factor.
This data is presented for each organisational hierarchy level in Table 5 (individual), Table 6 (team) and Table 7 (organisation).
[bookmark: _Ref23058536]Table 5: Ranking of methods to factors for the micro (Individual) level of the organisation  (black cells show top 3 factors for each factor, grey cells show 4th and 5th ranked factors)
	
	PCM
	CDM
	HTA
	TRACEr
	EAST
	STAMP
	CWA
	HFACS
	Ethno
	STPA

	Votes for Micro
	4
	10
	2
	3
	1
	2
	8
	1
	4
	1

	Ranking for Adaptation Factors

	Using Experience
	3
	1=
	4
	5
	
	8
	1=
	7
	6
	9

	Strategies & Informal Practice
	
	2
	8
	
	4
	
	1
	9
	3
	6=

	Acquiring Knowledge
	10
	2
	5
	
	
	9
	3
	
	4
	

	Unpredictability of Consequences
	
	6
	13
	10
	7
	2
	3
	
	
	

	Trade-off for Performance
	
	2
	
	
	
	4
	1
	7
	
	5

	Skills Needed
	
	3
	4
	
	
	9
	1
	8
	
	6=

	Violations
	
	1
	
	7
	
	2
	8
	3
	
	6

	Improvisation & Creativity
	5=
	3
	
	
	5=
	8=
	2
	
	
	10

	Procedures & Rules
	
	4
	1
	
	
	2
	11
	3
	
	8



CDM and CWA were clearly the most applicable methods at the level of the individual with 10 and 8 votes respectively. Considering the applicability of these methods to the adaptation factors, CDM was ranked 7 times in the top 3 methods, 8 times in the top 5 and is in the top 6 methods for all of the adaptation factors. CWA was similarly ranked in the top 3 methods for 7 of the 9 factors but was low ranked for the other 2 factors. HTA and STAMP, although only supported by two participants at this level, were highly ranked for Procedures & Rules and Violations and might possibly be useful in supporting CWA for these factors in a hybrid method approach. PCM and Ethnographic Analysis acquired the joint-third most votes at this level but, for the few factors where these are considered applicable, other methods were more highly ranked suggesting limited value in incorporating these approaches in a hybrid approach.
[bookmark: _Ref23058538]Table 6: Ranking of methods to factors for the meso (team) level of the organisation  (black cells show top 3 factors for each factor, grey cells show 4th and 5th ranked factors)
	
	CDM
	HTA
	EAST
	STAMP
	Accimap
	CWA
	FRAM
	HFACS
	Ethno
	STPA

	Votes for Meso
	6
	1
	5
	4
	3
	4
	5
	1
	4
	1

	Ranking for Adaptation Factors

	Using Experience
	1
	4
	
	8
	
	1
	
	7
	6
	9

	Strategies & Informal Practice
	2
	8
	4
	
	11
	1
	5
	9
	3
	6

	Acquiring Knowledge
	2
	5
	
	9
	
	3
	13
	
	4
	

	Unpredictability of Consequences
	6
	13
	7
	2
	4
	3
	1
	
	
	

	Trade-off for Performance
	2
	
	
	4
	6
	1
	3
	7
	
	5

	Skills Needed
	3
	4
	
	9
	
	1
	5
	8
	
	6

	Violations
	1
	
	
	2
	
	8
	4
	3
	
	6

	Improvisation & Creativity
	3
	
	5
	8
	12
	2
	7
	
	
	10

	Procedures & Rules
	4
	1
	
	2
	10
	11
	9
	3
	
	8



There was strong support for the applicability of CDM at the level of teams and its high rank for the factors has already been established. EAST and FRAM achieved good support for use in the analysis of teams. EAST was only seen as being applicable to 3 factors whereas FRAM is ranked in the top 5 for 5 of the factors. CWA achieved some support for teams and its highly ranked applicability to the factors has also been established. STAMP was in the top 3 ranked methods for 3 of the 9 factors. The factors where STAMP is strong complement the areas where CWA is weak and suggest a hybrid approach at the level of understanding adaptation in teams if CDM was not to be used. 
[bookmark: _Ref23058539]Table 7: Ranking of methods to factors for the macro (organisation) level of the organisation (black cells show top 3 factors for each factor, grey cells show 4th and 5th ranked factors)
	
	HTA
	EAST
	STAMP
	Accimap
	FRAM
	HFACS
	Ethno
	STPA

	Votes for Macro
	2
	3
	10
	5
	7
	4
	3
	3

	Ranking for Adaptation Factors

	Using Experience
	4
	
	8
	
	
	7
	6
	9

	Strategies & Informal Practice
	8
	4
	
	11
	5
	9
	3
	6

	Acquiring Knowledge
	5
	
	9
	
	13
	
	4
	

	Unpredictability of Consequences
	13
	7
	2
	4
	1
	
	
	

	Trade-off for Performance
	
	
	4
	6
	3
	7
	
	5

	Skills Needed
	4
	
	9
	
	5
	8
	
	6

	Violations
	
	
	2
	
	4
	3
	
	6

	Improvisation & Creativity
	
	5
	8
	12
	7
	
	
	10

	Procedures & Rules
	1
	
	2
	10
	9
	3
	
	8



STAMP had the highest number of votes for applicability to the understanding of adaptation at the organisational level and is ranked in the top 5 for 4 factors. Similarly, FRAM gained 7 votes for organisation level and is in the top 5 for 5 factors. Whilst Accimap was voted highly for organisations, its ranking for the factors was comparatively low. HTA was highest ranked for the Procedures & Rules factor but only received 2 votes at this level so it may be useful as a complementary method. Similarly, HFACS could be considered as complimentary for the Procedures & Rules and Violations factors when combined with FRAM although it only received 4 votes at this level. EAST, with 3 votes, could support analysis of the Strategies & Informal Practice and Improvisation & Creativity factors as a complement to STAMP and FRAM. Similarly, Ethnographic Analysis, with 3 votes, may support STAMP and FRAM in analysing the Using Experience, Strategies & Informal Practice and Acquiring Knowledge factors. Thus, STAMP or FRAM should be considered and could be combined with HTA, EAST, Ethnographic Analysis or HFACS (with FRAM) to achieve a good spread of highly ranked methods across the factors.
Comments from participants
The participants were invited to describe the reasons for the ranking of the methods for each of the factors. Table 8 presents some selected highlights from the comments provided associated with a particular method. The number shown with the method is the number of participants who ranked this as the top method for that adaptation factor.

[bookmark: _Ref23497121]Table 8: Summary and themes from participant comments to support the ranking of their top-ranked method by adaptation factor
	Adaptation Factor
	Top ranked methods (No. of #1 ranks)
	Summary of comments

	Using experience
	CWA (6)
	The need to draw upon cognitive models of expert decision making to better understand how experts tap into expertise and prior insights and use signals and cues. Requires the use of a systems method. 

	
	CDM (2)
	Easy to apply to give good insights. Prioritisation of proactive rather than post-event analysis methods.

	Strategies & informal practice
	CWA (4)
	Support for the understanding of cognition.

	
	CDM (2)
	Ease of application and usefulness of insights. Ability to understand the finer details of the decision-making process.

	
	Ethnographic Analysis (2)
	The need to understand why strategies made sense to the professionals at the time. Flexibility is important.

	
	HFACS
	Capturing the informal aspects of practice with an appreciation of the scenario.

	Acquiring knowledge
	CTA (5)
	Combined with CDM to understand how functional knowledge is built.

	
	Ethnographic Analysis (2)
	Use to analyse work-as-done through hypotheses generated by other approaches such as CWA and CTA.

	Unpredictability of consequences
	FRAM (4)
	Methods for this factor need to model real-world characteristics, variations in the system and represent the interactions at the system level to illustrate and highlight the various feedbacks and influences on work-as-done.

	Trade-off for performance
	CWA (4)
	Validity as part of a combination of expert-oriented and constraint-oriented methods. 

	
	CDM (3)
	Trade-offs are dynamic processes so post-hoc methods may get to some explanations. Least resource intensive method for shedding light on trade-offs.

	Skills needed
	HTA (3)
	Linked to the domain under investigation so a generic method is best. Combined with CWA provides a good training needs analysis approach.

	
	CDM (2)
	Could be used under certain situations. In a similar way to HTA it could be adapted to be used in this way.

	Violations
	CDM (5)
	Supports a focus on the understanding of behaviour. The need to ask the experts suggests CDM would be necessary but by no means sufficient. May need ethnographic observational techniques.

	
	SHERPA (1)
	Violations suggest something deterministic for which a deterministic method is needed

	Improvisation & creativity
	CDM (4)
	Exceptional situations are best explored with methods such as CDM. There is a need to stay close to the practitioner experience in order to discover innovative responses. Other methods may be more/too systems-oriented.

	Procedures & rules
	STAMP (3)
	Systemic methods need to be applied. STAMP includes the controls such as rules and procedures, external influences and regulation. STAMP-based processes enable explicit analysis of controls.

	
	HTA (1)
	A balance needs to be struck between task-oriented and person-oriented approaches and CWA and HTA provide this to a certain extent.



Whilst participants, in general, used the comments to indicate why a method was ranked highly, many participants also provided feedback on why methods were ranked lower than others. In these cases, participants reported unfamiliarity with the methods as a reason for a low rank. However, the practicality of the methods and the time-to-value trade-off also featured. For example, FRAM was cited as being more time-consuming to apply than other methods. Participants also highlighted the need for methods to be proactive and therefore ranked methods, such as AcciMap, lower where they were seen as being retrospective. This was also stated as a limitation in many Human Factors methods and participants suggested that some of the factors (such as Improvisation & Creativity) would be difficult to analyse pro-actively or in-situ and therefore recommended retrospective analysis although any findings would be subject to a range of memory limitations and cognitive biases as a consequential limitation.
Method consensus
The following methods have therefore emerged from the three rounds of Delphi survey of expert academics and practitioners in the fields of Human Factors and safety to support an analysis of adaptation across the organisational hierarchy. These methods and their applicability are summarised in Table 9 which represents a consolidation of Table 5, Table 6 and Table 7 and outlines the opportunities for hybrid approaches or a toolbox of methods to achieve coverage of all the adaptation factors with highly ranked methods. Short descriptions of these methods are provided in Appendix 3.
[bookmark: _Ref27077526][bookmark: _Ref27077515]Table 9: Summary of method consensus
	
	Micro (Individual)
	Meso (Team)
	Macro (Organisation)

	STAMP
	
	Secondary complementing CWA Hybrid with EAST
	Primary
(supported by EAST or HTA or Ethnographic Analysis)

	FRAM
	
	Toolbox of approaches
	Primary
(supported by EAST or HTA or Ethnographic Analysis or HFACS)

	HTA*
	Secondary complementing CWA
	
	Secondary supporting STAMP or FRAM

	CWA
	Primary (with HTA)
	Primary (with STAMP)
	

	CDM*
	Primary
	Primary
	

	EAST
	
	Hybrid with STAMP
	Secondary supporting STAMP or FRAM

	HFACS
	
	
	Secondary supporting FRAM

	Ethnographic Analysis
	
	
	Secondary supporting STAMP or FRAM


*part of EAST
Discussion
Grant and colleagues (2018) describe a literature review of systems thinking approaches and accident prevention. One of the tenets identified in that review was ‘adaptation’; however, adaptation was considered too broad in scope for greater consideration (although it was believed to be addressed in ‘performance variability’ and ‘normal performance’). Our previous review (Foster et al., 2019) explored the scope of adaptation to identify nine factors considered fundamental to the exploration of this important feature of complex sociotechnical systems. The survey described in this paper thus builds on this previous research to attempt to address the question of the availability of structured approaches to analyse this core tenet of systems thinking (Grant et al., 2018). The research goal posed in the introduction was whether there are structured methods suitable for the investigation of the nine adaptation factors across the levels of the organisational hierarchy.
The results of a ranking Delphi survey of experts in the domains with an interest in the safety of complex sociotechnical systems and Human Factors has identified a soft consensus towards a small number of Human Factors methods. However, as hypothesised, no one method was identified as being the first choice for all nine of the adaptation factors, nor was there a consensus method that was applicable across all levels of the organisational hierarchy. Yet two methods: CWA and CDM, come very close to this goal. They are seen as being applicable to the exploration of the majority of the adaptation factors with a preference towards the adaptation factors that are more individual or skill-based rather than the wider system (such as unpredictability or the violations of rules). However, whilst these methods were strongly favoured for analysis at the level of the individual and the team, these methods were not supported at the level of the organisation and alternatives should be considered.
At the level of the team, the CWA and CDM methods were identified as being applicable in addition to the level of the individual. However, as we move into factors that are away from the experiences of the individual in the system, more systemic methods such as STAMP and FRAM were also seen as being applicable. Newer methods, such as EAST, that has a strong emphasis on social network analysis were also seen as being applicable. However, whilst applicable, other methods were more highly regarded for the exploration of the factors. Therefore, a toolbox or hybrid approach to the exploration of teams is perhaps warranted. For example, exploring the individual experiences with CWA or CDM but complementing this analysis with more systemic and interaction analysis using FRAM, STAMP or EAST.
There was less of a clear consensus at the organisational level although both STAMP and FRAM were the most favoured organisation level methods. However, they were not as clearly favoured for exploration of some of the adaptation factors: mainly limited to the factors that analyse constraints on the wider system such as procedures, rules and violations and the broader system effects of unpredictability. They were less favoured for an analysis of the skill, experience and knowledge factors and the application of those in improvisation and informal practices. Additionally, it is clearly debatable whether these more individualistic adaptation factors even exist at the level of the organisation or alternatively whether these factors are influenced by other features of the organisation such as culture and leadership that may not be addressed with formal methods. A theme that was common in the comments from participants in the survey was the need for a flexible toolkit of methods which can then be used, possibly in combination, to explore adaptation within a specific context. Should a practitioner wish to explore the full range of adaptation factors then to achieve a more complete coverage of the nine factors at the level of the organisation requires the use of complementary methods useful for these factors such as ethnographic analysis, EAST and HFACS. 
More generally, cognitive methods, such as CDM and CWA, can be used to support the more behavioural, skills and knowledge factors in the adaptation model. However, systems methods, such as STAMP and FRAM, can be used to consider activities in the broader context of the goals, trade-offs and constraints of the system. Classification tools, such as HFACS or ethnographic analysis, can be used to separate the normal from the abnormal and to explore some of the factors of adaptation, such as improvisation and strategies analysis, to make sense of why an action made sense. Methods are frequently adapted to the context of their use to meet the needs of the problem in question (Hulme et al., 2019) suggesting that it could be possible to tailor the identified methods to the examination of adaptation. Whilst some possible combinations of methods have been proposed in this review, it remains to be seen whether these methods can be usefully combined to address the full plurality of adaptation factors. Whether some of the combinations proposed would practically work remains to be further validated and their reliability determined – an often overlooked aspect of safety methodology research (Stanton & Young, 1999). Additionally, there are obvious practical issues with the use of a multi-method approach in the requirements for additional resources and necessary skills in these methods to explore adaptation from many methodological viewpoints. The lack of a clearly identified Human Factors method for the organisation suggests that there is, at least not yet, no consensus for how organisations should understand and manage all aspects of adaptation as a source of safety in complex sociotechnical systems. Further research at the level of the organisation would appear to be warranted to understand how organisations can manage adaptation and adaptive capacity. 
The understanding of key issues and how the influencing factors interact across the levels of the organisation possibly represents a gap in our understanding of the holistic nature of sociotechnical systems (Wilson, 2014). One of the possible issues highlighted in this survey reiterates a number of concerns within the Human Factors community, that methods tend to ‘stay in their lane’. Additionally, the ability to draw boundaries between aspects of the system, such as the individual, team and organisation – even other organisations in a system-of-systems world (for example in externally regulated organisations) – may be limited. It is clear that some methods would appear, by design, to lend themselves towards certain levels of the organisational hierarchy than others. For example, CDM, with its use of interviews would naturally fit at the level of individual or team whilst STAMP is more naturally suited towards the wider organisational view. Discussing the availability of methods, Salmon et al. (2017) highlight the paucity of systems methods by examining Stanton et al.’s (2013) compilation of Human Factors methods to find that the vast majority of the more than 100 methods described focus on individuals and teams. The survey noted some cross-over in method applicability at the individual-team and team-organisation levels. This indicates support for the view that practitioners would be able to use these methods and gain an appreciation of the interactions that exist between levels. However, the survey did not identify a truly holistic approach since no method was identified as addressing all factors at all levels of the organisational hierarchy.
The research goal for this review was to address the need for Human Factors methods to help a practitioner understand adaptation. Whilst it was not specified whether this was proactive or retrospective, many respondents highlighted that the need appeared to cover both perspectives. It was further commented that the Human Factors methods proposed and identified through the survey tended to be retrospective and, as such, were subject to biases and limitations (for example of memory) and there is a continuing need for truly proactive Human Factors methods to address this problem (Jenkins, Salmon, Stanton, & Walker, 2010; Salmon, Walker, & Stanton, 2016). 
The nine factors of the adaptation model (summarised in Appendix 1) were used in the initial validation case study (Foster et al., 2019) to prove their utility in a flexible manner. However, the question was raised by the authors of whether more structured, validated and widely accepted Human Factors methods could better support an enquiry into adaptation. Yet, with a multiplicity of methods and approaches it may be difficult for practitioners to identify the most suitable method for their problem and context (Waterson et al., 2015). The results of the survey described in this paper provide practitioners with consolidated guidance from experts in the field on the possible methods to explore. Having identified a potential toolbox of methods and approaches to examine the factors of adaptation, further work is required to better understand and demonstrate the efficacy and practical value of these approaches. Organisations charged with managing the safety of complex sociotechnical systems face a range of risk management problems ranging from minor procedural changes to the introduction of new systems and working practices; therefore, for resource constrained organisations there will always be the challenge of balancing the effort needed with the value of the approach. Whilst for some problems the linear paradigm may be sufficient (Wilson, 2014) for many problems this paradigm will be inadequate and guidance for decision makers is needed to describe the circumstances where these methods and approaches should be applied. Furthermore, the assumption, implicit in the original motivation for this survey, that formally structured methods can indeed examine features of adaptation that are, by their nature, flexible, needs to be tested. Lastly, further validation is required to determine whether systemic approaches, such as those identified, avoid the risk of reductionism.
Having conducted a three-round Schmidt ranking Delphi, it is also worth commenting on some of the practicalities of conducting this style of survey. Modern internet-based survey tools provide the researcher with a great capability to quickly develop feature-rich surveys that can be easily e-mailed or distributed via social network platforms to a large number of participants. However, whilst this is possible, the researcher must still seek to engage with the research community to get busy practitioners to take part in the survey and understand its goals. Consideration must be given to the number and style of questions, recognising that the survey will take time to complete and that the nature of Delphi-style surveys means that the questions can be quite repetitive leading to possible frustrations and boredom with the survey (Donaldson et al., 2013). As described by Del Moral et al. (2017), the determination of a soft consensus is the only practical way forward since true statistical measures of consensus have not been definitively described (Holey et al., 2007). But despite these limitations, the Delphi approach using an internet-based survey method allows a global reach of expertise to elicit knowledge from experts.
Conclusions
A 3 round ranking Delphi survey has been conducted to assess the applicability of Human Factors methods to the practical understanding of adaptation as a source of safety in complex sociotechnical systems. The survey has concluded with a general consensus for: the CWA and CDM methods at the level of the individual (micro level); the use of a toolbox approach based around CWA and CDM supplemented with STAMP, FRAM and EAST at the level of the team (meso level); and, the use of STAMP and FRAM, again in a toolbox approach, with HTA, EAST, HFACS and Ethnographic analysis at the level of the organisation (macro level). Further research is warranted to validate the efficacy of these methodological approaches for a variety of adaptation cases that are typical for safety practitioners working within the complex sociotechnical industries. It is hoped that both researchers and safety practitioners can use the information in this paper to identify methods and approaches that support the exploration of adaptation as a core tenet of a systems thinking approach and as a feature of safety in complex sociotechnical systems.
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[bookmark: _Ref23532638]Appendix 1: Adaptation Factor Summaries
Using Experience
The capability of individuals to adapt in the complex work environment implies a certain level of experience in the system. Whilst novices may use what they have been taught, practised operators draw on their experiences to spot the cues, appreciate what is critical, draw on analogies and patterns to apply the acquired lore of the system. However, experience may also breed over confidence, pride in risk taking so feeding a hero complex. Operators may also become stuck in their ways and be unwilling or unable to adapt.
Strategies & Informal Practice
The literature identifies adaptation as relating to breaking rules to achieve a goal, however, we draw a distinction between violations and the inconsequential and normal adaptations in work that are not rule breaches. These strategies and informal practices emerge through the everyday conduct of work and address the rigidity of complex and highly optimised systems. These adaptations can be seen as the patterns of behaviour and the routines of normal work.
Acquiring Knowledge
The skills needed to develop strategies for adaptation and the experience to apply them are largely built up on-the-job: recognising the patterns, similarity matching, appreciation of the constraints and demands and the boundaries of work. Operators use feedback from the system to build competence through practice. Additionally, they may share in the knowledge of others and their experiences.
Unpredictability of Consequences
Work needs to be done but it is grounded in a specific context. In complex sociotechnical systems this context is one of uncertainty, non-linearity and emergence. Whilst the work environment has structure, the multitude of connections between interrelated functions all having mutual interdependence upon each other generates emergent complexity. Humans in such systems are inevitably forced to make choices based on an incomplete understanding of the possible effects of their decision. 
Trade-off for Performance
Adaptation is a decision, conscious or not, to make a trade-off. Goal conflicts create pressure from the need to address other demands with safety becoming another goal to be managed. Adaptation is required when resources are scarce. Adaptive decisions may satisfice - the search for the least bad option. Similarly, the design of the system itself may be a compromise that can expose human frailties. Trade-offs may normally work but can be reported as contributing to incidents.
Skills Needed
The changing needs of the work environment require individuals to acquire experience or certain skills to support their ability to adapt. This can include the ability to assimilate many diverse indicators and sources of information. Individuals in the system are able to appreciate the patterns in the system and use their knowledge to interpret them and the rules to make a judgement, in the presence of uncertainty, on the course of action. When procedures or rules do not appear to work, safety in complex systems relies on the skills of creativity, problem solving and innovation. If these are found wanting then individuals can work as a group to communicate, cooperate and build consensus to resolve issues through teamwork.
Violations
Violations are deliberate deviations from a rule that has previously been declared to be safe for the approved task and they arise through deviations between governance and practice. Violations can be positive, despite the negative connotations of the language. Exceptional violations are covered in the next factor (Improvisation & Creativity). Routine violations are believed to improve the system, for example a work around or the omission of a step in a procedure to address, for example, procedural limitations that create extra work. In highly optimised systems rules become less effective when they get in the way of normal work. For many professionals, routine work does not need procedures and violations can occur when the consequences are believed to be negligible. Indeed, violations may be needed to get the work done. 
Improvisation & Creativity
Exceptional violations are observed in complex systems when individuals are placed under unusual demands. Procedures cannot necessarily be relied upon in an emergency and additional skills are often called upon. Adaptation is reactive innovation in context, in the moment and relies upon the skill, prior knowledge and resources available. The autonomy granted to the front-line in many complex systems provides the capability to have immediate feedback and adjust to ensure changing goals continue to be met, to recover and to support the emergence of innovative responses to cope with the unforeseen.
Procedures & Rules
The nature of decision making in a complex system is influenced by the presence of rules and procedures. The general belief is that safety comes from minimising uncertainty through the control of work. The aim of rules and procedures is to motivate, guide, educate, influence or constrain the behaviour of front-line operators. Procedures try to identify the good practices, address variation and so minimise risks. But a compliance-based attitude can breed more procedures that add further complexity. Yet procedures can support adaptation by being the first thing that is tried and, where they are goal-based they can strike a balance between compliance and flexibility to support safety.
Appendix 2: Methods considered in review
The following methods were provided as examples into the review and Table 10 provides reference sources and other material for the methodologies.
[bookmark: _Ref23748980]Table 10: Initial method list and reference sources
	Methodology
	Acronym or Abbreviation
	Reference source

	Perceptual Cycle Model
	PCM
	(Neisser, 1976)

	Critical Decision Method 
	CDM
	(Klein, Calderwood, & Macgregor, 1989)

	Hierarchical Task Analysis 
	HTA
	(Annett, 2004; Stanton, 2006)

	Systematic Human Error Reduction & Prediction Approach
	SHERPA
	(Embrey, 1986)

	Technique for the Retrospective analysis of cognitive errors
	TRACEr
	(Shorrock & Kirwan, 2002)

	Critical Path Analysis
	CPA
	(Baber & Mellor, 2001)

	Event Analysis of the Systemic Teamwork Framework
	EAST
	(Stanton, Baber, & Harris, 2008)

	Comms Usage Diagram
	CUD
	(Watts & Monk, 1998)

	Coordination Demand Analysis 
	CDA
	

	Operation Sequence Diagrams (OSD)
	OSD
	(Kirwan & Ainsworth, 1992)

	Task & Training Requirements Analysis Methodology
	TTRAM
	(Swezey, Owens, Bergondy, & Salas, 1998)

	Systems Theory Accident Modelling and Process 
	STAMP
	(Leveson, 2004) 

	AcciMap
	
	(Rasmussen, 1997)

	Cognitive Work Analysis
	CWA
	(Jenkins, Stanton, Salmon, & Walker, 2008; Vicente, 1999)

	Functional Resonance Accident Model
	FRAM
	(Hollnagel, 2012)

	[bookmark: _Hlk38434880]Human Factors Analysis Classification System
	HFACS
	(Shappell & Wiegmann, 2000; Wiegmann & Shappell, 2012)

	Bow-Tie
	
	(CGE Risk Management Solutions, 2017)



Table 11 lists the additional methods that were identified by the participants during the course of the survey.
[bookmark: _Ref23749011]Table 11: Additional methods identified by participants and reference sources
	Methodology
	Acronym or Abbreviation
	Reference source

	Ethnographic Analysis
	
	

	Systems Theoretic Process Analysis
	STPA
	(Leveson, 2011b)

	Networked Hazard Analysis and Risk Management System 
	NET-HARMS
	(Dallat, Salmon, & Goode, 2018)

	Resilience-based Early Warning Indicators
	REWI
	(Øien, Massaiu, Tinmannsvik, & Størseth, 2010)

	Signal Detection Theory
	SDT
	(McNicol, 2004)

	Taskwork & Teamwork strategies in Emergencies in Air traffic Management
	T2EAM
	(Malakis, Kontogiannis, & Kirwan, 2010)

	Social Network Analysis
	SNA
	(Otte & Rousseau, 2002)

	Link Analysis
	LA
	(Stanton et al., 2014)

	Relational Event Analysis
	REA
	(Leenders, Contractor, & DeChurch, 2016)

	Cognitive Task Analysis
	CTA
	(Crandall, Klein, & Hoffman, 2006)

	Work Organisation Possibilities 
	WOP
	(Naikar & Elix, 2016)

	Agent Based Modelling
	ABM
	(Sun, 2005)

	Failure Modes, Effects and Criticality Analysis (FMECA)
	FMECA
	(Dunjó, Fthenakis, Vílchez, & Arnaldos, 2010)

	Impro-maps
	
	(Trotter, Salmon, & Lenné, 2014)

	Activity-centred Ergonomics
	ACE
	(Daniellou & Rabardel, 2005)



Appendix 3: Summaries of recommended methods
Cognitive Work Analysis (CWA)
Cognitive Work Analysis is a set of structured approaches for the development and analysis of complex sociotechnical systems to inform the design and specification system functionality and to predict changes in behaviour when work conditions are changed. It was originally developed at the Riso National Laboratory in Denmark by Jens Rasmussen and colleagues and was further developed by Kim Vicente to enhance the practical application of the method. The method focuses on systematically identifying the purposes and constraints across the abstraction layers of the system from overall goal to physical manifestations. CWA consists of five main phases: work domain analysis (WDA), control task analysis (ConTA), strategies analysis (StrA), social organisation and cooperation analysis (SOCA) and worker competencies analysis (WCA). 
Critical Decision Method (CDM)
The critical decision method (CDM) is a retrospective cognitive task analysis (CTA) technique that uses semi-structured interviews with individuals involved in an incident to obtain information about their decision-making steps and the use of expertise. The main purpose of CDM is to develop an understanding of the knowledge, thought processes and trade-offs and get to the decision-making steps behind the observable performance of tasks.
Functional Resonance Analysis Method (FRAM)
FRAM is a methodology developed by Erik Hollnagel that explores accident analysis through an analysis of the unexpected combinations and unanticipated interactions of performance variations in the individuals and technology within complex sociotechnical systems. FRAM identifies the potential variabilities in functions and activities through the use of six parameters and a network connecting them. It then describes a series of recommendations that can prevent the propagation of the variability through to an accident.
Systems Theory Accident Modelling and Process (STAMP)
STAMP is an approach developed by Nancy Leveson to explore accidents from a systems perspective. STAMP does not use a causal event chain but instead is built upon the principles that systems are made up of various levels that can interact in unpredictable ways. STAMP explains accident analysis through the use of control and feedback loops that are necessary to constrain the effects of disturbances, failures and dysfunctional interactions and prevent accidents. The method also uses a taxonomy of accident causation and a classification scheme for flawed system controls to identify dysfunctional interactions that occurred.
Event Analysis of the Systemic Teamwork Framework (EAST)
EAST is not a single method but rather a framework that describes how a combination of methods and approaches can be integrated to explore multi-faceted problems related to collaborative task performance in complex systems. EAST uses HTA, CDM, CDA and observational studies to build up task descriptions. CUD and SNA are then used to describe the communications and relationships between the actors. This information is then integrated using OSD and propositional networks are generated.
Hierarchical Task Analysis (HTA)
HTA is a widely used, flexible and generic task analysis technique and serves as a foundation step for many other approaches. It provides a structured approach to the description and decomposition of goals, sub-goals, plans and operations that exist in task performance that can then be used in subsequent analysis. 
Human Factors Analysis Classification System (HFACS)
HFACS is a method that combines Reason’s barrier model of accident causation with a comprehensive taxonomy. HFACS expands upon a four-barrier structure of systems by providing a taxonomy for the breakdowns that can occur in each layer in a tree structure. The taxonomy results provide a comprehensive classification of the latent failures and active errors that occurred in the accident scenario.
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Improvisation & Creativity 0 0 1 1 5 3 0 0

Procedures & Rules 1 2 8 5 7 7 2 2

Adaptation Factor

Adaptation Factor

Human Factors Method
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PCM CDM HTA SHERPA TRACEr CPA EAST CUD CDA

Using Experience 6 9 9 5 6 3

Strategies & Informal Practice 4 8 6 3 6

Acquiring Knowledge 5 7 4 3

Unpredictability of Consequences 2 5 3 2 3 4 3

Trade-off for Performance 8 1 2

Skills Needed 5 7 4

Violations 4 9 5 7

Improvisation & Creativity 6 9 3 2 3 3

Procedures & Rules 7 9 4 3 5 2 3

OSD TTRAM STAMP AcciMap CWA FRAM HFACS Bow-Tie

Using Experience 6 11 4 5

Strategies & Informal Practice 4 5 9 6 5 6

Acquiring Knowledge 6 5 5 11 4

Unpredictability of Consequences 9 6 6 9 2 4

Trade-off for Performance 7 3 9 7 3

Skills Needed 3 5 5 1 8 6 5

Violations 3 10 8 5 7

Improvisation & Creativity 6 3 6 5

Procedures & Rules 4 10 6 9 10 6 4

Ethnographic 

Analysis STPA

NET-

HARMS REWI SDT T2EAM SNA

Using Experience 7 6 4 3 2 2

Strategies & Informal Practice 6 6 6

Acquiring Knowledge 6 4 4

Unpredictability of Consequences 2 5 3

Trade-off for Performance 4

Skills Needed 5 3

Violations 6

Improvisation & Creativity 3

Procedures & Rules 6

LA REA CTA WOP ABM FMECA ImproMap ACE

Using Experience

Strategies & Informal Practice 4 2

Acquiring Knowledge 6

Unpredictability of Consequences 3 3

Trade-off for Performance 3

Skills Needed 2

Violations 3

Improvisation & Creativity 1 5 4

Procedures & Rules 5

Adaptation Factor

Adaptation Factor

Adaptation Factor

Adaptation Factor
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Method Micro Meso Macro

Critical Decision Method (CDM) 83% 67% 17%

Technique for the Retrospective analysis of cognitive errors (TRACEr) 78% 44% 22%

Systems Theory Accident Modelling and Process (STAMP) 54% 77% 100%

AcciMap 36% 73% 91%

Cognitive Work Analysis (CWA) 75% 58% 33%

Functional Resonance Analysis Method (FRAM) 33% 83% 92%

Human Factors Analysis Classification System (HFACS) 58% 67% 75%

Perceptual Cycle Model 78% 44% 11%
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Method Micro Meso Macro

Critical Decision Method (CDM) 91% 55%

Technique for the Retrospective Analysis of Cognitive Errors (TRACEr) 43%

Perceptual Cycle Model (PCM) 50%

Cognitive Work Analysis (CWA) 73% 36%

Human Factors Analysis Classification System (HFACS) 11% 11% 44%

Systems Theoretic Accident Modelling and Process (STAMP) 20% 40% 100%

Hierarchical Task Analysis (HTA) 22% 11% 22%

Event Analysis of the Systems Teamwork Framework (EAST) 17% 83% 50%

Systems Theoretic Process Analysis (STPA) 14% 14% 43%

Ethnographic Analysis 44% 44% 33%

Functional Resonance Analysis Method (FRAM) 45% 64%

AcciMap 43% 71%
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