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Abstract 

This PhD research work is intended to model, analyze, and optimize socio-technical 

operations in healthcare using a systemic approach and reinforcement learning. An 

extensive literature review is presented, and the main knowledge gaps related to 

modelling and optimizing socio-technical operations in healthcare are clearly outlined 

and addressed in this research work. 

Introduction: Hospital to home transition processes of frail older adults include a set 

of actions for frail people who are discharged from hospital to their home in the 

community. The transition process exhibits dynamic interactions between technology, 

humans, organizations, and the environment. The non-linear dependencies among 

these influential parameters complicate the understanding of the transition process 

and the mechanism of modelling its operations.  

Objectives: The objectives of this research work are (a) To identify the strengths and 

shortcomings of the FRAM in modelling complex socio-technical systems; (b) To 

develop a comprehensive model of the hospital-to-home transition process for frail 

patients; (c) To capture and visualize different characteristics of variability in the 

transition process; (d) To monitor frail patients’ transitions from hospital to home; (e) 

To identify challenges of the transition process; and (f) To explore functional 

pathways to identify transition processes with the highest quality of care and services 

for frail older people.  

Methodology: This research work uses the Functional Resonance Analysis Method 

(FRAM) to study and model the complexity of the transition process. A 



 

-ii- 
 

complementary tool for the FRAM (DynaFRAM) is also used to characterize 

functional and system variability in order to identify the challenges of successful 

transition processes. Additionally, this research employs the reinforcement learning 

technique to explore the functional transition model generated by the FRAM to 

investigate a basic method to optimize the transition process for frail people. 

Results and discussion: The results of this research work show that FRAM-generated 

models can serve as a basis in further analyses regarding complexity, safety, and risk 

management. The results also indicate that the DynaFRAM tool helps monitor 

patients’ hospital-to-home transitions and characterize different types of variability in 

functional and system outputs. A comprehensive model1 of the transition process was 

built using the FRAM. It includes a library of 38 functions classified in five 

categories. The outcomes of using the DynaFRAM for monitoring patients’ transitions 

revealed functions with significant variability. The variability observed in the outputs 

of these functions could be challenging as the variability of a function can reinforce 

the variability of down-stream functions and affect the performance of the entire 

transition process. Finally, the results of coupling the FRAM to reinforcement 

learning help evaluate the system performance in terms of accumulated action value 

achieved by an artificial agent during functional pathways.  

Conclusion: In light of the FRAM, the complexity of the transition process can be 

visualized and understood better. The application of the DynaFRAM helps enhance 

the situation awareness of frail patients through providing healthcare providers with 

where a patient is and what they need during the transition process. Coupling the 

                                                 
1 The transition model is called comprehensive as it includes the perspectives of healthcare 
professionals, patients, and caregivers. It also involves pre-discharge and post-discharge processes.  
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FRAM and reinforcement learning would benefit the healthcare system by providing 

guidance on how to provide the best care to frail patients in the light of various 

circumstances.  
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Chapter 1 

Introduct ion 

1.1. Problem statement 

The healthcare sector is under tremendous pressure from the competing requirements 

of increasing efficiency, safety, and economic viability (Hollnagel & Braithwaite, 

2019). One of the most significant challenges in healthcare systems is the maintenance 

of health in old age. The proportion of people aged 65 and older is projected to increase 

worldwide in the coming decades and the World Health Organization has declared 

2020-2030 the “Decade of Healthy Ageing” in response to this demographic shift 

(World Health Organization, 2015). During the last three decades, the population of 

people in the age range of 65 years and above has witnessed an increasing trend in 

Canada (Canadian Frailty Network, 2020). Moreover, life expectancy has increased in 

developed countries, which has been one of the greatest achievements of public health 

in the twentieth century (Oeppen & Vaupel, 2004).  

As people age, there is a decline in their physical and mental capacity, and the risk of 

morbidity and frailty increases. Frailty is a reduction in the capability to respond to 

stressors and an increased vulnerability to adverse outcomes (Fried et al., 2001). It has 

important implications for the capability to retain independent, high quality living, and 

carries an increased risk of hospital visits, disability, and death (Heuberger, 2011). 

Aging intensifies the degree of frailty, making it more likely that illness in seniors will 

contribute to some degree of functional decline (Ebrahimi et al., 2013; Williams et al., 
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2009). The vulnerability of frail older adults to unexpected events and their functional 

decline while being hospitalized heightens the need for developing an inclusive 

approach to address the issues and needs of frail older adults.  

Healthcare, a socio-technical system, exhibits dynamic interactions between 

technology, humans, organizations, and the environment (Holden et al., 2013). 

Hospital-to-home transition processes are complex given that multiple human-

organizational factors are involved (O’Hara et al., 2020; Robinson et al., 2012). The 

perceptions of different stakeholders, such as frail patients, caregivers, and healthcare 

providers, make such transitions more complicated. The fundamental intention of 

human factors, especially systemic approaches, is to improve the safety of people in 

complex processes, such as care transitions (Aase & Waring, 2020). To cope with the 

complexity of transitional processes and to promote successful transitions, the 

involvement of a variety of health professionals is often required (Nuernberger et al., 

2018).  

Transitioning patients within and across healthcare facilities, including hospital to 

home, is recognized as a complex process (Salehi, Hanson, et al., 2021). Frail older 

adults are at a significant risk during hospital-to-home transition processes, 

particularly after the discharge process when patients leave the hospital to receive 

care at home (Li et al., 2014). These transitions are critical and vulnerable points in 

the provision of health care. Hospital-to-home transitions include both pre- and post-

discharge processes and can be challenging for healthcare providers, older adults, and 

their family caregivers (Isenberg et al., 2021). They are complex, multiple-step 

processes that require integrated communication and coordination among the patient, 
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their caregivers, the hospital team, and home and community care providers. The 

transition process is further complicated by the complexities of the health system 

because care and services are delivered by multiple healthcare providers with various 

levels of accountability (Salehi, Hanson, et al., 2021). The factors influencing the 

transition process are shown in Figure 1.1.  

 

 

 

 

 

 

 

 

 

When the transition process is not managed well, patients may suffer harm from errors 

and delays in care and services. Either can result in avoidable hospital readmissions, 

emergency department visits, and increased healthcare costs. They can also negatively 

affect frail older patients’ experiences (Dhalla et al., 2012). The transition process is 

recognized as a period of vulnerability for frail older adults due to the requirements 

for ongoing medical care at hospital and close monitoring at home (Zhou et al., 2021). 

Transition 
processes

Organizational 
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Technological 
factors

Human 
factors
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Other 
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Figure 1.1: Factors influencing hospital-to-home transitions. 
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Accordingly, the health system strives to improve frail patients’ experience in the 

transition process from hospital to home (Kiran et al., 2020).  

The issues regarding the transition process can arise from patient characteristics, 

healthcare system characteristics, or the interactions between patients and the 

healthcare system (Dhalla et al., 2012). Thus, there is a clear need to better understand 

the complexity of and the gaps in these transition processes. A better understanding 

of the complexity of the constituent elements of the transition process and interactions 

among them would lead to improving the transition process for older adults.  

1.2. Complexity of socio-technical systems 

Socio-technical systems are related to the social aspects of people and society and 

technical aspects of organizations and their processes. Humans and their 

environments, including technologies and organizations interact with each other in 

workplaces related to socio-technical systems. Health care is basically a 

sociotechnical system in which people (healthcare providers, patients, families, and 

purchasers) have an important role. Many activities are done by means of devices and 

technologies in healthcare (Carayon, 2006).  

Different dimensions of system complexity have been identified (Carayon, 2006; 

Vicente, 1999). The dimensions and relevant examples in healthcare are presented in 

Table 1.1, as healthcare systems possess many of the characteristics of system 

complexity. Healthcare system is composed of many different elements. It involves 

many different types and categories of workers, patients and their families, and 

communities. It is comprised of a range of subsystems connected with each other. The 
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subsystems consist of hospitals, community pharmacies, clinics, laboratories, and 

long-term facilities. Because of the variety of systems and subsystems, there are 

different goals, values, beliefs, and norms of behavior in healthcare systems (Carayon, 

2006).  

Table 1.1: Dimensions of system complexity (Carayon, 2006). 
Dimensions Examples in healthcare 
Large problem spaces There are 155,000 codes for diseases and other 

symptoms. 
Social  People centered 

People driven 
Heterogenous perspectives Different goals, beliefs, values, and behavior norms 

Different cultures and subcultures 
Distributed  Geographical dispersion (e.g., home care) 
Dynamic  Changes in medical knowledge and technology 
Potentially high hazard Patient safety and medical errors 
Many coupled subsystems Both tight and loose coupling 
Automated  High levels of automation in certain parts of health 

care (e.g., radiotherapy) 
Uncertain data Imperfect information 

Patient factors (e.g., impact of treatment 
on a particular patient) 

Mediated interaction with 
computers 

Medical devices and technologies (e.g., endoscopic 
technologies) 

Disturbances  Unanticipated events 
 

1.3. Functional Resonance Analysis Method (FRAM) 

A brief description of the Functional Resonance Analysis Method (FRAM) is 

presented here as it will be fully described in Chapter 2. The FRAM is a method to 

analyze how work activities are performed. This is done by analyzing work activities 

to produce a model or representation of how work is done (Hollnagel, 2012). The 

produced FRAM model can be used for specific types of analysis: to determine how 
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something went wrong (accidents), to look for possible hazards, to check the 

feasibility of proposed solutions or interventions, or to understand how an activity (or 

a service) is done. The FRAM is also used for modelling socio-technical systems 

(Hollnagel, 2012). Even though it is not a risk assessment or an accident analysis 

method, the model produced by the FRAM can serve as the basis for complexity 

management, event or accident investigation, safety management, and risk analysis 

(Salehi, Veitch, et al., 2021).  

Function and variability are two important concepts in FRAM analyses. An activity 

of a sub-system or an entire system is called a function. A set of functions or activities 

describes how a system works. Each function can be described through six aspects 

(input, output, precondition, resource, time, and control). The deviations observed in 

the outputs of a function or in the outcomes of a system is called variability 

(Hollnagel, 2012).  

Output is what is produced after executing a function and can be qualitative or 

numerical. When a function is executed, the temporary status of the rest of the 

functions in the FRAM model can be upstream2 or downstream3. An underlying 

principle of the FRAM is that the output is emergent (Hollnagel, 2012). Emergence 

means that the outputs result from functions that interact together. That is, there is no 

linear cause-effect relationship between the output of a function and other aspects. 

Hence, an input to a function does not “cause” the output. It can start a function. The 

                                                 
2 Upstream functions are functions that have already been executed and may provide input, 
precondition, resource, control, or time required for executing the function that is being executed 
(Hollnagel, 2012).  
3 Downstream functions are functions that follow the function that is being carried out (Hollnagel, 
2012).   
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output of a function depends on the aspects (input, precondition, resource, time, and 

control), the variability of upstream functions, and the way the function that is being 

carried out interacts with the upstream functions (Hollnagel, 2012). Therefore, the 

output of a function in the FRAM modelling is not an under-control variable to be 

described based on other aspects of the function.  

There seem to be similarities between describing the output in the FRAM modelling 

and the response variable in statistical modelling, such as regression modelling. A 

dependent response variable could be projected based on some independent (and 

dependent) variables in the regression modelling. On the other hand, the output of a 

function in the FRAM modelling can be quantified if there is enough information 

about the aspects of the function and the variability of upstream functions as the 

variability of upstream functions can affect the output of the function that is being 

carried out. There are at least two significant differences between the statistical 

modelling and the FRAM modelling. First, the FRAM modelling includes many 

variables compared to the statistical modelling. Second, variables are not under 

control in the FRAM modelling.  

1.4. Overview of hospital to home transitions 

Reviewing the literature in the fields of human factors, ergonomics, and healthcare 

shows that a significant number of studies have been conducted investigating the 

transition or discharge process of frail patients from hospital to home (Aydon et al., 

2018; Barnhart & Carpenter, 2016; Randriambelonoro et al., 2020). Some of the 

studies regarding the transition process of frail patients that used systemic approaches 
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other than the FRAM are reviewed here. The systemic approaches are Systems 

Engineering Initiative for Patient Safety (SEIPS), Systems Theoretic Process Analysis 

(STPA), and Human Factors Analysis and Classification System (HFACS). The 

application of the systemic approaches is described in the healthcare domain if there 

is no specific application related to the transition process of frail patients.  

Laugaland et al. (2012) conducted a qualitative study for identifying interventions for 

enhancing patient safety during transitional care of frail patients. The outcomes of the 

study indicated a number of intervention types, such as organizational interventions, 

profession oriented interventions, and patient/next of kin oriented interventions. 

Kianfar et al. (2019) presented a framework of care coordination for chronically ill 

patients using a comparative method. Interviewing 12 healthcare professionals led to 

identifying factors influencing care coordination. “Exchanging information about 

patient transition”, “arranging services and equipment for the patient”, “helping the 

patient with appointments and transportation”, and “scheduling follow-up to review 

patient status” were some of the factors that influenced the patient transition.  

Williams et al. (2009) investigated emergency department-to-home transitions of 

older adults using the SEIPS 2.0 model. The SEIPS model was applied for analyzing 

processes that occur across multiple work systems. The results showed the SEIPS 

model is able to identify and model work system barriers even though the model 

misses some technological, human, and organizational factors in the system. It is also 

capable of providing a basis for evaluating the patient transition across system 

boundaries. Aase & Waring (2020) conducted a qualitative study to establish a 

framework to investigate safety and quality in care transitions. The results of the study 
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showed that some components, such as communicative, cultural, collaborative, 

patient-based, and competency-based factors affect the safety and quality of the care 

transitions. Kaya (2021) used the STPA to evaluate risks in the sepsis treatment 

process. The outcomes of the study showed that the STPA does not facilitate an in-

depth understanding of the functionality of a system, while it provides a framework 

for more comprehensive risk assessment. Another deficiency of the STPA is that it 

does not cover performance variability in daily operations. Bickley and Torgler (2021) 

applied the HFACS to the public health sector to prevent incidents during the COVID-

19. It is a systemic approach to incident and accident investigations. The results of 

the study showed that the HFACS helps mitigate potential errors at different levels in 

the public health system. Despite the advantages of the approach in mitigating 

accidents and incidents, it does not investigate the ways in which a system can 

succeed. In other words, it does not show all possible (successful and unsuccessful) 

ways a system can function.  

A review of the literature shows some studies employed the FRAM to investigate the 

transition process of frail patients. The studies are described and discussed here. 

Laugaland et al. (2014) used the FRAM to identify functions, variability, and 

performance shaping factors in the discharge process of 20 frail older hospitalized 

patients. The study outcomes indicated that the FRAM is capable of providing a 

detailed understanding of the discharge process, and of recognizing the sources of 

performance variability influenced by various factors. Recently, Buikstra et al. (2020) 

employed the FRAM for analyzing the discharge process of frail patients and for 

understanding variability in everyday operations of the discharge process. The results 

of the study highlighted the role of the FRAM in modeling complex processes and 
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addressing issues associated with performance adjustments in everyday activities of 

frail older adults. The results of the FRAM also showed that changes based on the 

aggregation of variability could decrease the probability of undesired outcomes for 

frail older patients. O’Hara et al. (2020) also applied the FRAM to model transitional 

care using different stakeholder perspectives. The FRAM model was used to expand 

a theory of change for guiding intervention development. The study identified 27 

functions with related interdependencies. The results of the study showed that 

concentrating on activities such as maintaining patient mobility and reinforcing the 

understanding of medication and conditions help to enhance outcomes for frail 

patients after discharge.  

1.5. Why FRAM? 

This section explains the reasons behind choosing the FRAM to meet (some of) the 

objectives of this PhD research work. A rereview of the application of the FRAM and 

other systemic approaches (SEIPS, STPA, and HFACS) to healthcare-related studies 

was presented in Section 1.4.  

A synthesis of the studies that used systemic approaches other than the FRAM 

indicated that there is a lack of a detailed model of the transition process of frail 

patients. The outcomes of the study conducted by Rennke et al. (2013) confirm that 

the transition model built by other approaches do not provide enough details regarding 

the transition process of frail older adults. Additionally, the methods and models 

presented in the studies suffer from investigating non-linear relationships between 

different elements of the transition process except the STPA. The inherent variability 
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in everyday activities that can potentially lead to undesired outcomes was not 

investigated in the studies. Several studies emphasized these deficiencies (Kaya et al., 

2019; Laugaland et al., 2014; O’Hara et al., 2020; Salehi, Hanson, et al., 2021). As 

the FRAM is able to provide a detailed model of any process, specify the dependencies 

between functions, and characterize the variability of daily operations, this PhD 

research work has adopted this method to model the transition process of frail older 

adults as a basis for further analyses. The FRAM modelling improves tractability of 

processes in socio-technical systems, such as healthcare and builds a functional 

understanding of healthcare processes. A balanced understanding formed from “all 

stakeholders” is another important advantage of using the FRAM. It should be noted 

that the suitability of the FRAM in modelling complex socio-technical systems will be 

fully discussed in Chapter 2.  

1.6. Current state of knowledge and gaps 

A considerable number of studies have employed the FRAM in different domains for 

different purposes (Patriarca et al., 2020; Salehi, Veitch, et al., 2021). Therefore, there 

is a clear need to conduct a review article of the published studies associated with the 

application of FRAM to categorize its aims, domains, possible deficiencies, and other 

ambiguous points. Such a review reveals the capability of the FRAM in modeling 

complex socio-technical systems and monitoring what happens in their operations. The 

outcomes of such a review can be helpful for academics, scholars, and practitioners 

who study, research, and work in the field of complex socio-technical systems. They 

can enhance their knowledge about the developments and practical applications of the 

FRAM. 
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A review of the existing studies (presented in Section 1.4) associated with the transition 

process of frail older adults using the FRAM and other systemic approaches reveals the 

following weaknesses: 

i. The existing hospital-to-home transition models are not comprehensively 

constructed to include pre-discharge and post-discharge processes.  

ii. Previous studies did not characterize and visualize different characteristics 

(qualitative, quantitative, and temporal) of variability in complex healthcare 

operations. 

iii. Previous studies did not monitor the transition process of frail older adults. 

iv. Previous studies did not investigate the challenges of the transition process. 

v. Previous studies did not explore functional pathways to identify transition 

processes with the highest quality of care and services for frail older people. 

1.7. Research objectives 

The objectives of this PhD thesis are presented in detail in Table 1.2. This thesis 

selects two methods to meet the objectives: functional resonance analysis method 

(FRAM) and reinforcement learning. A dynamic version of the FRAM, which is a 

complementary tool for the FRAM is also used in this research work. The FRAM is 

used to represent a functional model of the complexity of interactions between 

different elements/functions of the hospital-to-home transition process. A synthesis of 

the FRAM related studies revealed that no studies to date have fully modelled, 

investigated, and monitored issues related to both pre-discharge and post-discharge 

processes for frail patients using the FRAM (Table 1.3). This study also aims to 

monitor the transition process of frail patients and to identify challenges they face 
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during the transition process. As shown in Table 1.3, the current study incorporated 

the perspectives of both healthcare providers and patients/caregivers in the model of 

the transition process. Another unique characteristic of this study is the use of a 

complementary tool for the FRAM to monitor patients’ transitions between admission 

and (possible) readmission processes. It helps identify challenges affecting the 

transition process, which is another unique aim of this study. Moreover, the current 

research aims to explore functional pathways related to the transition processes using 

an artificial agent through coupling the FRAM to a reinforcement learning approach. 

This coupling introduces a basic method to provide guidance on how to provide the 

best care to frail older patients. In summary, this research aims to provide a basis for 

healthcare professionals on how to promote successful hospital-to-home transitions 

for frail older adults. In this regard, this research is conducted to meet the following 

objectives:  

(a) To identify the strengths and shortcomings of the FRAM in modelling 

complex socio-technical systems through reviewing the literature. 

(b) To develop a comprehensive model of the hospital-to-home transition process 

for frail patients with the FRAM. 

(c) To capture and visualize different characteristics of variability in the transition 

process with a dynamic version of the FRAM.  

(d) To monitor frail patients’ transitions from hospital to home with the dynamic 

version of the FRAM. 

(e) To identify challenges of the transition process based on performance 

variability regarding functional outputs. 
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(f) To couple the FRAM and reinforcement learning technique to explore 

functional pathways using an artificial agent to identify transition processes 

with the highest quality of care and services for frail older people.  

1.8. Thesis organization 

The thesis is written in manuscript style. Four articles have evolved during this 

research that appear as Chapters 2, 3, 4, 5, respectively (Figure 1.2). Table 1.2 presents 

these articles in detail to elaborate on the connection with the overall objectives of the 

thesis.
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Chapter (2) 

Review article 

To demonstrate the 

suitability of the FRAM 

in modelling complex 

socio-technical systems. 

Chapter (3) 

Method article 

To highlight the ability of 

a dynamic version of the 

FRAM in capturing 

and visualizing different 

characteristics of 

variability in the 

transition process. 

Chapter (4) 

Research article 

a) To develop a 

comprehensive model of 

the hospital-to-home 

transition process with 

the FRAM. 

b) To identify the 

challenges of the 

transition process.  

Chapter (5) 

Research article 

To couple the FRAM 

and reinforcement 

learning technique to 

identify transition 

processes with the 

highest quality of care 

and services for frail 

older people. 

Figure 1.2: The four manuscripts constituting this PhD thesis. 
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Table 1.2: Articles and their connection to the overall research objectives of the thesis. 

Article titles Research objectives Associated tasks 

Chapter 2: Modelling 
complex socio-technical 
systems using the FRAM: 
A literature review.  

• To understand the suitability of the 
FRAM in modelling socio-technical 
systems.   
 

• To identify the analytical and 
computational shortcomings of the 
FRAM in analyzing socio-technical 
systems. 

• To show the importance of the FRAM 
in understanding the complexity of 
socio-technical systems.  

• Identify important literature. 
• Identify important domains and 

contexts that applied the FRAM. 
• Identify appropriate data collection 

approaches in practice. 
• Identify the deficiencies of the FRAM. 

Chapter 3: A dynamic 
version of the FRAM for 
capturing variability in 
complex operations 

• To introduce and test a dynamic 
version of the FRAM to address the 
variability-related deficiencies of the 
FRAM related tools. 

 

• To visualize functional outputs. 
• To characterize the variability 

observed in functional outputs. 
• To visualize the outcome of the entire 

system in the transition process.  
• To characterize the variability 

observed in the outcomes of the entire 
system. 

• To monitor the transition process 
regarding frail patients. 
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Chapter 4: Modeling 
and analyzing hospital to 
home transition processes 
of frail older adults using 
the functional resonance 
analysis method (FRAM) 

• To model hospital to home transition 
processes of frail older adults by the 
FRAM.  

• To monitor patients’ transition 
processes.  

• To identify the challenges of the 
transition process. 

• To describe the multi-phase, multi-
sited and mixed methods design of the 
data collection process. 

• To identify activities/functions 
involved in daily operations regarding 
the transition process of frail older 
people. 

• To classify identified functions of the 
transition process into different 
categories. 

• To build a functional model of daily 
operations regarding the transition 
process of frail older people using the 
FRAM. 

• To monitor the transition process for 
each patient using a dynamic version of 
the FRAM (DynaFRAM).  

• To identify the challenges of the 
transition process using the variability 
observed in the outputs of main 
functions. 
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Chapter 5: A 
reinforcement learning 
development of the 
FRAM for functional 
reward-based 
assessments of complex 
systems performance 

• To introduce a functional reinforcement 
learning approach to exploring 
functional pathways related to the 
transition processes using an artificial 
agent to provide guidance on how to 
provide the best care to frail patients.  

• To describe the initial requirements of 
coupling the FRAM and reinforcement 
learning. 

• To identify starting and terminal 
functions. 

• To define a set of probabilities for 
probabilistic connections. 

• To define a set of reward values for 
each action taken by the agent. 

• To design testing scenarios.  
• To examine the functionality of the 

functional reinforcement learning 
approach using the testing scenarios.  

• To do sensitivity analysis to determine 
the most important functions involved 
in the discharge process of frail older 
people. 
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1.9. Contribution & novelty 

This research work provides contributions to healthcare operations management. The 

contributions are through the application of the FRAM, DynaFRAM, and 

reinforcement learning approaches as follows:  

1. Very few attempts have been made where the literature related to the FRAM 

is comprehensively reviewed. Therefore, there was a clear need to conduct a 

review article of the published studies associated with the application of 

FRAM to categorize its aims, domains, possible deficiencies, and other 

ambiguous points. The review article revealed the suitability of the FRAM in 

modeling complex socio-technical systems and monitoring what happens in 

their daily operations. The outcomes of this review could be helpful for 

academics, scholars, and practitioners who study, research, and work in the 

field of complex socio-technical systems. It also showed that the FRAM 

should be upgraded by exploiting supplementary methods to enhance its 

analytical and computational capacity to help analysts and managers in 

complex socio-technical systems. 

2. The outcomes of the review article showed that the existing FRAM related 

tools were not able to monitor processes and characterize variability in neither 

functional outputs nor in the outcomes of the entire system. To the knowledge 

of the author, no attempt has so far been made to address variability-related 

deficiencies of the existing FRAM-related tools. This work, seemingly the first 

time, examines the ability of a FRAM-related tool (DynaFRAM) to visualize 
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daily operations of healthcare and to characterize the variability observed in 

the outcomes of both functions and the entire system. Another contribution of 

using the DynaFRAM is to characterize time-related variations during the 

transition process.  

3. A synthesis of the FRAM related studies revealed that no studies to date have 

fully modelled daily operations of hospital to home transition processes. 

Activities related to both pre-discharge and post-discharge processes 

(admission to readmission) are investigated. To this end, the current study 

selects the FRAM to represent a functional model of the complexity of 

interactions among different elements/functions of the hospital-to-home 

transition process. This includes a comprehensive library of functions that map 

a hospital-to-home transition process.  

4. Until the time of writing this thesis, the author has not been able to find studies 

that show an application of the FRAM in monitoring the functionality of the 

transition process and identifying the challenges of the transition process. This 

study employs the DynaFRAM, a dynamic version of the FRAM, to monitor 

frail patients’ transitions to identify the potential pathways of both successful 

and unsuccessful transitions. It is also employed to identify challenges frail 

patients face during the transition process based on the performance variability 

observed in the outputs of functions.  

5. Most of the work in hospital to home transition processes deals with using the 

FRAM to model the transition process and to understand variability related to 

its daily operations. Even though the FRAM has been used with other 
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quantitative approaches to quantify variability, there is no evidence of using 

machine learning associated techniques to assess the performance of complex 

operations. This study introduces an approach to couple the FRAM to 

reinforcement learning (RL) to explore functional environments. The 

approach is a novel way of employing an artificial agent who plays the role of 

a patient and responds to reward values assigned to functional parameters. The 

agent explores a functional model of the transition process generated by the 

FRAM to identify the functional pathways that have potential to affect the 

performance of the transition process. This is a basic method to provide 

guidance on how to provide the best care to frail patients during the transition 

process.  

1.10. A comparison of relevant studies 

As this thesis investigates the application of the FRAM to healthcare operations, a 

comparison of the relevant studies is of great importance. Table 1.3 shows a list of 

studies that have used the FRAM to address issues related to healthcare systems. The 

characteristics of this PhD research project are compared with other relevant studies in 

the healthcare sector based on data collection approaches, features, objectives, and 

methods to meet the objectives. It should be noted that Table 1.3 includes the data 

collection approaches, methods, and features used by this PhD research work to meet 

its objectives. It is obvious that other studies mentioned in Table 1.3 might have used 

other data collection approaches, methods, and features to meet their own objectives. 

The emphasis here is to highlight the unique characteristics of this PhD research. 
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Table 1.3: The characteristics of this research versus other relevant studies in the healthcare sector. 

Study 

Data collection approach Method4 Feature Objective  

O
bservation 

Interview
 

Focus group 

Textual review
 

H
om

e 
observations 

Q
uestionnaire 

FR
A

M
 

D
ynaFR

A
M

 

R
einforcem

ent 
learning 

Frailty 

Pre-discharge 

Post-discharge 

C
om

prehensive 
m

odel 

Patient 
m

onitoring 

C
hallenges 

O
ptim

ization 

This research                 
(O’Hara et al., 2020)                 
(Buikstra et al., 2020)                 
(Damen et al., 2019)                 
(Schutijser et al., 2019)                 
(Kaya et al., 2019)                 
(Rosso & Saurin, 2018)                 
(McNab et al., 2018)                 
(Raben, Viskum, et al., 2018)                 
(Ross et al., 2018)                 
(Pickup et al., 2017)                 
(Saurin & Werle, 2017)                 
(Clay-Williams et al., 2015)                 
(Laugaland et al., 2014)                 
(Pereira, 2013)                 

                                                 
4 DynaFRAM is not a method. It is a complementary tool for the FRAM.  
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1.11. Co-authorship statement 

The idea behind this work was originally proposed by Prof. Brian Veitch from the 

Faculty of Engineering and Applied Science. Prof. Veitch was interested to see how 

a transition process can be mapped, a patient’s transition process can be monitored, 

and a functional environment can be explored using an artificial agent. Applications 

of mapping transition processes, monitoring patients’ transitions, and exploring 

functional environments using agents should have positive influence on healthcare 

professionals’ perspectives in similar situations. Dr. Doug Smith from the Faculty of 

Engineering and Applied Science has contributed to this work by directing the author 

to the required areas of knowledge pertinent to systemic complexity, functional 

modeling, and variability visualization. He has also contributed to this work by 

conceptualizing and developing the DynaFRAM software. Moreover, he contributed 

to shaping the interview questions for gathering the data required to build the model. 

This work is produced after a constant and continuous feedback from Prof. Veitch 

and Dr. Smith on related material that the author discovered, and that the author 

produced in terms of modelling and testing processes and scenarios using FRAM, 

DynaFRAM, and reinforcement learning. The co-author Trung Tien Tran 

programmed the reinforcement learning part (Chapter 5). 

The author was responsible for composing this thesis. He (the author) conducted the 

literature review, developed the functional model of the transition process, tested the 

model for different patient case studies, and finally investigated the role of an 

artificial agent to explore a functional environment based on reinforcement learning 

principles. The author used a set of data collected by our colleagues at the University 
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of New Brunswick in 2019 for modelling, validating, and testing the functional model 

of the transition process. In this respect, the author generated new knowledge 

pertinent to this study. Conclusions were drawn based on which recommendations are 

presented. 
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Chapter 2 

Model l ing complex socio-technical  
systems us ing the FRAM: A l i terature  
review *

Co-authorship statement. A version of this chapter has appeared as an article in the 

journal titled Human Factors and Ergonomics in Manufacturing & Service Industries 

published by Wiley publishing company. Author Vahid Salehi led the writing of this 

review paper including, the literature review, results, and discussion. The co-authors 

Prof. Brian Veitch and Dr. Doug Smith supervised this study. All authors participated 

in discussions that helped enhance the concepts presented in the discussion section of 

this paper. All authors revised, edited, and made recommendations for improvements 

to earlier drafts of this paper. 

Abstract. This is a review paper of studies that have employed the functional 

resonance analysis method (FRAM). FRAM is a relatively new systemic method for 

modeling and analyzing complex socio-technical systems. This review aims to 

address the following research questions: a) Why is FRAM used? b) To what domains 

has FRAM been applied? c) What are the appropriate data collection approaches in 

practice? d) What are the deficiencies of FRAM? A review of 52 FRAM-related 

studies published between 2010 and 2020 revealed that FRAM-based models can be 

                                                 
* Salehi, V., Veitch, B., & Smith, D. (2021). Modeling complex socio‐technical systems using the 
FRAM: A literature review. Human Factors and Ergonomics in Manufacturing & Service 
Industries, 31(1), 118-142. https://doi.org/10.1002/hfm.20874 
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used as a basis for improving safety management, accident/incident investigation, 

hazard identification/risk management, and complexity management in complex 

socio-technical systems. The outcomes also showed that healthcare was the most 

common domain that employed FRAM (31% of the investigated studies). The results 

of exploring data collection methods indicated a mixed method (interview, focus 

group, observation) was employed in 52% of the analyzed studies, and the accident 

investigation report was the most popular approach in aviation-related studies. An 

investigation of the deficiencies of the FRAM showed that it should be upgraded by 

exploiting supplementary methods to enhance its analytical and computational 

capacity to help risk analysts and safety managers in complex socio-technical 

systems.  

Keywords: Complex socio-technical systems; Functional Resonance Analysis 

Method (FRAM); Safety management; Accident investigation; Hazard identification; 

Complexity management. 

2.1. Introduction 

2.1.1. Background 

Complex socio-technical systems consist of some subsystems and sub-activities 

linked in known or unknown ways (Hollnagel, 2012). Examples of socio-technical 

systems include healthcare, aviation, manufacturing, power industry, and automotive 

(Soliman & Saurin, 2017). They are inherently complex, non-linear, uncertain, and 

dynamic (Jensen & Aven, 2018). Complex relationships between humans and their 

environments, including technologies and organizations, show that safety is not a 



 

28 
 

linear and straightforward process in such systems (Grant et al., 2018). In the Safety-

I6 perspective, the focus is on reducing adverse outcomes, such as accidents, 

incidents, and near misses (Hollnagel, 2018). The core idea of the established 

techniques for analyzing risks and accidents in the Safety-I approach is based on event 

chains: unexpected outcomes and potential accidents cannot be anticipated by 

considering event chains or possible component failures in complex socio-technical 

systems (Leveson, 2011). The behavior of a complex socio-technical system does not 

necessarily depend on the behavior of components.  

Complex socio-technical systems generally consist of elements/functions, including 

technologies, humans, and organizations (Hollnagel, 2012b). The tools associated 

with Safety-I do not consider possible connections and dependencies among the three 

elements to model accidents and analyze risks (Grant et al., 2018). The interactions 

among the elements are of great importance because they might be non-linear and 

dynamic (Hollnagel, 2012b; Stanton et al., 2019). The non-linear nature of the 

dependencies might result in intensifying undesired consequences of complex 

systems (Bjerga et al., 2016). Further, there is a shift from “human error” to “human 

performance variability” in analyzing risks and accidents in complex systems 

(Hollnagel, 2012b). The conventional tools do not have the capability to understand 

risks related to performance variability (Albery et al., 2016). Thus, there is a clear 

need to shift from conventional approaches to systemic methods to address safety and 

risk-related issues in complex socio-technical systems (Costantino et al., 2018).  

                                                 
6 Safety-I: safety is defined as a state where as few things as possible go wrong because of identifiable 
failures/malfunctions related to specific components, such as technology, the human workers, 
procedures, and the organizations in which they are embedded. The aim is to identify the causes of 
adverse outcomes (Hollnagel, 2018).  
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2.1.2. Functional resonance analysis method (FRAM)  

Safety-II7 perspective is associated with the capability of systems to succeed under 

varying situations. From this perspective, performance adjustments/adaptations are 

required to respond to varying situations (Hollnagel, 2018). The functional resonance 

analysis method (FRAM), a Safety-II approach, is a function-based systemic 

approach for investigating safety-related problems and challenges in complex socio-

technical systems (Hollnagel, 2012b). It has become popular over the last decade as 

a new method to help safety and risk management. Unlike the majority of the 

conventional risk assessment approaches that concentrate on the root causes of 

failures, the focus of FRAM is on understanding how functions/activities can be 

coupled and how the amalgamations of the variability of everyday 

operations/activities might result in undesired and unexpected results (Hulme et al., 

2019; Ten & Hassim, 2019).  

From a systemic/FRAM perspective, unacceptable outcomes like accidents are seen 

as emergent and typically are not simply attributable to only human failures or broken 

components. That is, the relationships among components, inputs and outputs, as well 

as causes and effects, lead to emerging desired/expected and undesired/unexpected 

consequences (Hollnagel, 2012b). Thus, FRAM investigates the dynamics of the 

complex socio-technical systems instead of computing the probability of failures 

(Ross et al., 2018). The dynamic nature of complex socio-technical systems, along 

with singular variability of functions, might lead to undesired outcomes (Hollnagel, 

                                                 
7 Safety-II: safety is defined as a state where as many things as possible go right. It is related to the 
ability of systems to succeed under varying conditions. The aim is to respond to varying conditions 
based on adaptations provided by everyday performance variability (Hollnagel, 2018). 
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2012b). As such undesired/unexpected outcomes are prone to accidents, complex 

socio-technical systems aim to deal adequately with them (Bjerga et al., 2016). 

Therefore, monitoring and controlling variability is of considerable importance for 

avoiding accidents.  

FRAM describes how complex socio-technical systems function (Bjørnsen et al., 

2020). It emphasizes functional aspects, dynamic interactions, and performance 

variability, rather than physical aspects (Sujan et al., 2018). Performance variability 

refers to the point that the performance of the same task or activity will vary over time 

as the conditions of systems for performance are not constant over time (Hollnagel, 

2012b). An example could be different sales figures for similar retail stores in similar 

neighborhoods, or different efficiency rates for similar nurses at similar hospitals 

during a year. To realize the behaviors of functions and their outputs, FRAM focuses 

on four underlying principles that are explained as follows (Hollnagel, 2012b):  

a) The equivalence of successes and failures  

The first principle emphasizes that what goes right and what goes wrong occur in 

a similar way. Indeed, it assumes acceptable and unacceptable outcomes are 

associated with the capabilities of individuals, groups, and organizations to adjust 

to new changes and to adapt themselves to expected and unexpected occurrences 

(Hollnagel, 2012b).  

b) Approximate adjustment 

In order to go right, work should be continuously adjusted to existing work 

conditions, such as resources, information, time, requirements, tools, and 

interruptions. The adjustments will be approximate instead of precise because 
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resources, including material, time, and information, are always finite and 

underspecified (Hollnagel, 2012b).  

c) Emergent outcomes  

According to the third principle, acceptable as well as unacceptable results can 

emerge from variability related to everyday adjustments, instead of resulting from 

cause-effect relationships pertaining to the failure of particular components 

(Hollnagel, 2012b).  

d) Functional resonance 

The variability of a singular task/function is not generally large enough to be the 

root cause of a system failure. The fourth concept refers to the fact that the weak 

variability of a number of tasks/functions interrelating with each other might 

intensify each other and lead to amplifying the variability of the entire system 

(Hollnagel, 2012b). 

2.1.3. How to implement FRAM in practice 

The four main steps of using FRAM to model and analyze complex socio-technical 

systems are as follows (Hollnagel, 2012):  

1) Identifying and describing necessary system tasks/activities/functions;  

2) Characterizing the variability of each identified task/activity/function;  

3) Looking for functional resonance (aggregation of variability); and 

4) Identifying solutions for keeping work operations in acceptable conditions. 
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The first step of FRAM involves identifying and describing the essential functions of 

a system, including technological, human, and organizational activities of everyday 

work (Schutijser et al., 2019). Functions are explained based on the six following 

aspects (Hollnagel, 2012b):  

• Input: what (material, energy, or information) starts a function/task; 

• Output: the result of what a function/task produces; 

• Precondition: what should be verified before carrying out a function/task; 

• Resource: what (matter, energy, information, competence, software, tools, 

manpower) is required or consumed by a function to produce the Output; 

• Control: what (guidelines, plans, procedures) regulates a function for 

producing the Output; 

• Time: it can influence how a function/task is performed. It can be a limitation 

or a resource.  

In FRAM literature, there are two types of function: background and foreground. 

Background functions have only Input(s) or an Output(s) and can be assumed to be 

constant when the system is analyzed. On the other hand, foreground functions have 

at least two active aspects (Hollnagel, 2012b). 

The second step includes characterizing the potential and actual (observed) variability 

associated with functions specified in the first step (Hollnagel, 2012b). Technological, 

human, and organizational functions account for three major sources of the variability 

in complex systems (W. Li et al., 2019). It is essential to describe the variability once 



 

33 
 

its possible sources are identified. The simple approach to describe the variability of 

the Output of a function is in terms of time and precision. Variability encompasses 

three major types: internal (endogenous), external (exogenous), and upstream-

downstream couplings (Hollnagel, 2012b). Buikstra et al. (2020), for instance, 

characterized the variability observed in the output of the function <to organize the 

day of discharge> in the process of discharge planning for patients. The variability 

was observed in discharge communication, staff availability, support service 

provision, and estimated discharge date. To gain more information about variability 

and its types, see Hollnagel (2012b).  

The third step encompasses functional resonance or aggregate variability. It is 

performed based on the couplings or dependencies among functions and their 

potential/actual variability. Couplings mean that the Output of a function can be 

linked to different aspects of other functions. This step shows how the variability of 

a function might influence other functions, and how the variability of two or more 

functions can intensify each other so that the situation becomes unstable and leads to 

unexpected outcomes (Alvarenga et al., 2014).  

The fourth step of FRAM includes some recommendations to identify solutions for 

retaining work operations in normal conditions (Hollnagel, 2012b). This step aims at 

identifying safety barriers to limit the aggregation of the variability (Alvarenga et al., 

2014).  

Figure 2.1 shows an example of a simple FRAM model. It must be mentioned that it 

is not a real-world model. It is presented to help understand the concepts mentioned 

in FRAM literature. According to the figure, there are eight functions in the model, 
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and each function has six aspects. Moreover, there is a coupling or dependency 

between Functions A and D, but there is no coupling between Functions A and B. 

Function A is an example of a background function, and Function D is an example of 

a foreground function. FRAM Model Visualiser (FMV) software introduced by Hill 

and Hollnagel (2016) is a tool that can be used to map and model complex socio-

technical systems to monitor variability in the systems.  

 

Figure 2.1: An example of a simple FRAM model. The hexagons represent functions including six 
aspects (input (I), output (O), precondition (P), resource (R), time (T), and control (C)). Background 
and foreground functions have been shown in gray and white colors, respectively. The figure also 
contains the couplings between the functions. 

 

2.1.4. The research questions and aims  

Subsections 2.1.2 and 2.1.3 explained what FRAM is and how it can be applied in 

practice. A considerable number of studies have employed FRAM in different 

domains for different purposes. Therefore, there is a clear need to conduct a review 
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paper of the published studies associated with the application of FRAM in order to 

categorize its aims, domains, possible deficiencies, and other ambiguous points. Such 

a review reveals the capability of FRAM in modeling complex socio-technical 

systems and monitoring what happens in their operations. This review paper aims at 

reporting, explaining, and analyzing the studies that have applied FRAM to map, 

model, or understand the complexities of socio-technical systems. The outcomes of 

this review could be helpful for academics, scholars, and practitioners who study, 

research, and work in the field of complex socio-technical systems. They could 

enhance their knowledge about the developments and practical applications of 

FRAM.  

In order to enhance the quality of a review paper, clear questions and aims are required 

(Bergström et al., 2015). All the studies chosen for this review were methodically 

analyzed in terms of the following questions: 

a) Why is FRAM used?  

b) To what domains has FRAM been applied?  

c) What are the appropriate data collection approaches in practice?  

d) What are the deficiencies of FRAM? 

2.2. Method 

In this study, an explicit research method was used. That is, the sources/databases and 

the search strategy are clear. The criteria for choosing and analyzing the studies are 

described in detail. The concentration of this literature review is on FRAM as a 
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method to realize, map, and analyze complex socio-technical systems. The schematic 

structure of article selection for this study is shown Figure 2.2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: A schematic structure for article selection in the current review paper. 

196 duplicate articles were identified 

90 potentially eligible articles 

53 articles were excluded  

48 did not apply FRAM 

5 review of FRAM 

339 articles were identified 

116 ScienceDirect  

82 Scopus  

78 Google Scholar 

63 Web of Science 

143 articles were screened based on title/abstract  

38 articles were excluded based on full 

text screen  

24 conference papers 

12 non-FRAM focus  

1 non-English (abstract was in English)  

1 government report 
52 articles were included 
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2.2.1. Electronic search  

Four databases were searched: ScienceDirect, Scopus, Web of Science, and Google 

Scholar. The initial electronic search included the dates between 01 January 2010 and 

31 March 2020. The search was purposefully restricted to “functional resonance 

analysis method” and “FRAM”. All sorts of studies were considered in the initial 

electronic search, including research articles, review articles, conference papers, book 

chapters, books, and technical/official reports.  

2.2.2. Eligibility criteria  

The studies were chosen for review based on the following criteria:  

i. Studies included an application of FRAM in complex socio-technical systems. 

ii. Sources were original peer reviewed journal articles published in English. 

The following exclusion criteria were considered:  

i. Books, book chapters, review papers, conference papers, and reports. 

ii. Sources published in a language other than English. 

2.2.3. Data extraction, organization, and interpretation  

The study information extracted includes the following categories: (i) study/year; (ii) 

study/publication title; (iii) domain type; (iv) data collection approach; (v) method(s); 

(vi) function type; (vii) variability; and (viii) objective(s)/outcomes. The extracted 

data and information were synthesized so that the research questions of the current 
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review could be addressed. The information and data are summarized qualitatively 

and quantitatively in tables and figures in the Results section. They will be described 

and interpreted in detail for responding to the research questions. 

2.3. Results 

2.3.1. The results of the electronic search and full text selection 

The results of the search were 339 studies, containing 116, 82, 78, and 63 for 

ScienceDirect, Scopus, Google Scholar, and Web of Science, respectively. After 

removing duplicate studies, 143 studies were identified (Figure 2.2). Figure 2.3 

indicates the number of studies published per year between January 1, 2010 and 

March 31, 2020. According to the figure, the number of studies about FRAM has 

gradually increased from 2010 to 2020. The results of the initial search indicate that 

FRAM is becoming more popular.  

 

Figure 2.3: The number of studies, including research and review 
articles, books, conference papers, and reports published from 2010 to 
2020 (March). 
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After examining titles and abstracts, 53 articles were excluded. The decision for 

excluding these 53 articles was based on: (i) method eligibility that showed 48 articles 

did not use FRAM; and (ii) five articles included reviews of FRAM literature. Then, 

90 potentially eligible articles remained. Screening the full texts of the 90 articles led 

to the exclusion of a further 38 articles (24 conference papers, 12 non-FRAM focus, 

one non-English article, and one report). As shown in Figure 2.2, a total of 52 FRAM 

studies were included for full text review.  

The 52 selected articles were categorized based on publication title. The results 

showed that “Reliability Engineering and Systems Safety” and “Safety Science” 

accounted for 21% (n=11) and 15% (n=8) of the analyzed studies, respectively. 

Additionally, “Cognition, Technology & Work” with 12% (n=6), “Applied 

Ergonomics” with 10% (n=5), and “Journal of Loss Prevention in the Process 

Industries” with 8% (n=4) were also venues in which FRAM publications appeared 

in some numbers. 

The information extracted from the 52 reviewed articles is a basis for responding to 

the research questions of this study. The following subsections concentrate on how to 

combine and formulate the information of the reviewed articles in order to discover 

appropriate responses to the research questions. 

2.3.2. Why is FRAM used?  

The first finding of this study is related to the key role of FRAM in complex socio-

technical systems. The 52 studies were categorized in terms of their objectives (Table 
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2.1). The four following subsections are presented to reply to the first research 

question of this review: why is FRAM used?  

Table 2.1: Categorizing the analyzed studies in terms of objective/aim*.  

Safety management Accident/incident 
investigation 

Hazard 
identification/risk 

management 

Complexity 
management 

Buikstra et al. 
(2020) Lee et al. (2019) Yu et al. (2020) Ferreira & 

Cañas (2019) 

O’Hara et al. (2020) Gao et al. (2019) Li et al. (2019) França et al. 
(2019) 

Smith et al. (2020) Huang et al. (2019) Jensen & Aven 
(2017) 

Adriaensen et 
al. (2019) 

Damen et al. (2019) Bridges et al. (2018) Anvarifar et al. 
(2017) 

McNab et al. 
(2018) 

Schutijser et al. 
(2019) Lee & Chung (2018) Saurin & Werle 

(2017) 
de Vries 
(2017) 

Gao et al. (2019) Smith et al. (2018) Zheng et al. (2016) Furniss et al. 
(2016) 

Patriarca et al. 
(2018) Yang et al. (2017) Tian et al. (2016) Toroody et al. 

(2016) 

Bridges et al. (2018) Studic et al. (2017) Fukuda et al. (2016) De Carvalho 
(2011) 

Ross et al. (2018) Patriarca, Bergström, et al. 
(2017) Duan et al. (2015) Belmonte et 

al. (2011) 

Wachs et al. (2018) Patriarca, Di Gravio, & 
Costantino (2017) Rosa et al. (2015) 

Herrera & 
Woltjer 
(2010) 

Patriarca, Di Gravio, 
Costantino, et al. 
(2017) 

Hirose et al. (2016)   

Patriarca & 
Bergström (2017) Toroody et al. (2016)   

Pickup et al. (2017)    
Aguilera et al. 
(2016)    

Laugaland et al. 
(2014)    

* It must be mentioned that seven of the 52 analyzed studies applied FRAM for other 
objectives. System design: Rosso & Saurin (2018); Wachs & Saurin (2018); Elements/factors 
identification: Raben, Bogh, et al. (2018), Raben, Viskum, et al. (2018), Praetorius et al. 
(2015); Reconciling differences between work-as-imagined and work-as-done: Clay-
Williams et al. (2015); operation analysis: Smith et al. (2017). 
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2.3.2.1. Safety management 

The results presented in Table 2.1 confirmed that 29% (15 out of 52) of the studies 

investigated safety management related problems in complex socio-technical 

systems. Seven studies concentrated on patients’ safety and health, or other issues 

associated with the healthcare sector, and eight studies employed FRAM for 

managing safety in other sectors. Buikstra et al. (2020), Laugaland et al. (2014), and 

O’Hara et al. (2020) conducted FRAM-related studies to improve safety and health 

of frail older people in transition processes from hospital to home. Raben, Bogh, et 

al. (2018) and Raben, Viskum, et al. (2018) employed FRAM to identify contributing 

factors affecting healthcare safety systems. Pickup et al. (2017) indicated that FRAM 

is able to identify the reasons for variability and to highlight the restrictions in 

understanding factors affecting performance in healthcare systems. The ability of 

FRAM to recognize important functions that contribute to patient safety improvement 

was confirmed by Damen et al. (2019). Other studies showed safety management can 

be improved by integrating FRAM and resilience concepts (Aguilera et al., 2016; 

Smith et al., 2020). In total, the results of the 15 investigated studies confirmed that 

FRAM can play a constructive role in improving the safety management of complex 

socio-technical systems.  

2.3.2.2. Accident/incident investigation 

According to Table 2.1, the purpose of 23% (12 out of 52) of the analyzed studies was 

accident or incident investigation. This percentage of application shows the 

importance of FRAM in addressing issues associated with accidents or incidents in 
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complex socio-technical systems. The results of some studies that employed FRAM 

for accident/incident investigation are described here. Tian et al. (2016) explicitly 

highlighted the role of FRAM in identifying and explaining factors that affect 

accidents in a transportation system. The results of the FRAM model provided more 

details to investigate about the causes of the accidents. As Table 2.1 shows, a few of 

the studies had dual aims. Gao et al. (2019), as an example, investigated safety 

regulations intended to prevent accidents. The study employed FRAM to categorize 

safety regulatory functions and to suggest some safety restrictions to limit the 

consequences of major accidents. In the study, the sources of variability were explored 

in terms of technical, human, and organizational aspects of the given system. 

Moreover, the variations related to each regulatory function were identified. Huang 

et al. (2019), Lee et al. (2019), and Lee & Chung (2018) highlighted the use of FRAM 

to facilitate the accident investigation process. Huang et al. (2019) investigated an 

accident report for analyzing what happened in a railway-related accident using 

FRAM. The functions that contributed to the accident were identified, and relevant 

barriers were added to the functions to prevent similar accidents.  

2.3.2.3. Hazard identification and risk management 

Identifying latent hazards can help analysts to manage risks in complex socio-

technical systems (Fukuda et al., 2016). 19% (10 out of 52) of the investigated studies 

concentrated on identifying hazards to facilitate the process of risk management 

(Table 2.1). FRAM has been used to proactively discover the potential hazards in 

complex socio-technical systems (Duan et al., 2015; Zheng et al., 2016). Yu et al. 

(2020) employed FRAM to comprehend the emergent consequences of function 
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interactions that can lead to hazards in a complex process industry system. The 

capability of FRAM was examined by Li et al. (2019) as a foundation to develop a 

risk assessment framework for operational processes. Jensen & Aven (2017) 

introduced an integrated approach including FRAM for identifying hazards and 

threats in complex operations. Anvarifar et al. (2017) identified threats and 

opportunities in designing flood defense using FRAM. They analyzed internal and 

external variations/changes to find ways to improve the risk management of the 

investigated system. Finally, Rosa et al. (2015) applied FRAM to construction-related 

operations to understand how the system functions and to identify potential hazards 

for assessing risk through recognizing performance variability.  

2.3.2.4. Complexity management 

The results presented in Table 2.1 show that 19% (10 out of 52) of the reviewed 

studies employed FRAM to investigate complexity in socio-technical systems. It is 

noteworthy that some of the 10 FRAM-based studies investigated other purposes in 

addition to complexity. In this study, the complexity of socio-technical systems is 

investigated through decomposition and coupling. Decomposition means the systems 

are decomposed in the functions they perform, not in their structure (Dekker et al., 

2011). Coupling refers to interdependencies or relationships between functions (Grant 

et al., 2018).  

The functions identified in the analyzed studies are summarized in Table 2.2 and 

shown in a Venn diagram in Figure 2.4. According to the results presented in Figure 

2.4 and Table 2.2, in most of the analyzed studies, technological, human, and 
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organizational functions were considered and investigated to show the complexity of 

the investigated systems. 96% (50 out of 52) of the analyzed studies considered 

human functions, and 85% (44 out of 52) of the studies investigated organizational 

functions. Meanwhile, technological functions were investigated in 65% (34 out of 

52) of those studies. In a few cases, other functions were investigated, such as 

environmental functions (Bridges et al., 2018; França et al., 2019; Jensen & Aven, 

2017; Patriarca, Bergström, et al., 2017). The Venn diagram in Figure 2.4 shows the 

combinations of functions that were investigated in the analyzed studies. According 

to the diagram, approximately 56% (29 out of 52) of the studies considered all three 

functions: technological, human, and organizational. 44 of the 52 studies considered 

both human and organizational functions, 33 investigated human and technological 

functions, and 29 explored technological and organizational functions.  

 
Figure 2.4: Venn diagram indicating the number of studies that 
explored each category of functions. 

 

Another application of FRAM is to explore the dynamics of interactions and 

couplings between functions to help cope with complexity in socio-technical systems 

(Righi & Saurin, 2015). The results provided in Table 2.2 indicate that the couplings 
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between the functions were investigated in a number of the analyzed studies (França 

et al., 2019; Jensen & Aven, 2017; Patriarca & Bergström, 2017; Ragosta et al., 2015). 

Franca et al. (2019) identified the relationships among different elements/functions in 

the system, such as machines/technology, human/workers, organization/subsystems, 

and environment. Jensen and Aven (2017) recognized dependencies between 

functions/elements to show the complexity of the system. Patriarca & Bergström 

(2017) explored for couplings and dependencies between the functions to improve 

insights about the complex processes of maritime operations.  

Table 2.2: The information associated with the types of functions and variability.  

Study 
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Buikstra et al. (2020) ×    Yang et al. (2017)     

Smith et al. (2020) × × ×  Patriarca & 
Bergström (2017)     

Yu et al. (2020)   × × Pickup et al. (2017) ×    

O’Hara et al. (2020) ×    Jensen & Aven 
(2017)     

Lee et al. (2019) ×  ×  Anvarifar et al. 
(2017) ×    

Ferreira & Cañas 
(2019)     Studic et al. (2017)     

França et al. (2019)     
Patriarca, 

Bergström, et al. 
(2017) 

    

Gao et al. (2019)     Patriarca, Di Gravio, 
& Costantino (2017)     

Damen et al. (2019) ×    de Vries (2017)     

Schutijser et al. (2019)     Saurin & Werle 
(2017)     

Adriaensen et al. 
(2019)     Smith et al. (2017)    × 

Huang et al. (2019) ×    Furniss et al. (2016)     
Kaya et al. (2019)     Hirose et al. (2016)     
Li et al. (2019) ×    Zheng et al. (2016)     
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Patriarca et al. (2018)     Aguilera et al. 
(2016)     

Rosso & Saurin 
(2018)     Tian et al. (2016)     

Wachs & Saurin 
(2018) ×    Toroody et al. 

(2016) ×    

McNab et al. (2018)     Fukuda et al. (2016) ×  ×  
Raben, Bogh, et al. 
(2018) ×    Duan et al. (2015) ×    

Bridges et al. (2018)   ×  Praetorius et al. 
(2015) ×    

Raben, Viskum, et al. 
(2018)   ×  Rosa et al. (2015)  × ×  

Ross et al. (2018) ×    Clay-Williams et al. 
(2015) ×    

Lee & Chung (2018) ×    Laugaland et al. 
(2014) ×    

Smith et al. (2018)     De Carvalho (2011)     

Wachs et al. (2018)     Belmonte et al. 
(2011)     

Patriarca, Di Gravio, 
Costantino, et al. 
(2017) 

    Herrera & Woltjer 
(2010)     

 

2.3.2.5. Other objectives 

A few studies applied FRAM for other objectives, although the number of the studies 

is limited. As illustrated in Table 2.1, FRAM has been applied for identifying factors 

that influence system performance (Praetorius et al., 2015; Raben, Bogh, et al., 2018; 

Raben, Viskum, et al., 2018). Another objective that was followed by using FRAM is 

to investigate system design (Rosso & Saurin, 2018; Wachs & Saurin, 2018). Finally, 

FRAM was employed to reconcile differences between work-as-imagined and work-

as-done (Clay-Williams et al., 2015) and to analyze industrial operations (Smith et 

al., 2017).  
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2.3.3. To what domains has FRAM been applied?  

FRAM has been employed successfully for different purposes in 12 different domains. 

The following domains and relevant examples were extracted from Table 2.3. The 

table indicates the domains and contexts where the 52 selected studies used FRAM. 

According to the table, four domains accounted for 73% of the analyzed studies: 

healthcare (31%, 16 out of 52), aviation (17%, 9 out of 52), maritime (17%, 9 out of 

52), and railway (8%, 4 out of 52). Other domains, such as the environment (6%), 

process industries (6%), industrial processes (2%), and power industry (2%) 

constituted 27% (Table 2.3).  

Healthcare was the domain to which FRAM has been most applied. The advantages 

of using FRAM have been highlighted in the healthcare sector by several studies. It 

has been employed to analyze the discharge process of frail patients in the healthcare 

sector (Buikstra et al., 2020; Laugaland et al., 2014; O’Hara et al., 2020). The 

functions involved in the process were identified, the sources of variability were 

investigated, and performance shaping factors were specified. FRAM was also used 

to investigate differences between work-as-done and work-as-imagined (Damen et 

al., 2019; W. Li et al., 2019; Schutijser et al., 2019). It is also able to support 

investigations for improving clinical procedures and processes (McNab et al., 2018; 

Roland, 2018; A. Ross et al., 2018). 

Aviation and maritime were the next most popular domains with the same percentage 

of application (17%). De Carvalho (2011) applied FRAM to study a mid-air collision 

in order to identify the key resilience features of an Air Traffic Management system. 

FRAM provides adequate support for analyzing events in aviation operations, as 
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highlighted by Adriaensen et al. (2019), Yang et al. (2017), and Hirose et al. (2016). 

The potential of FRAM to identify fundamental mechanisms for system performance 

has led to increasing its application in the operations of the maritime domain (de 

Vries, 2017; Lee et al., 2019; Smith et al., 2018a). 

Railway was another domain to which FRAM has been applied. FRAM was 

successfully applied to the railway domain to identify functions that contributed to 

accidents (Huang et al., 2019) and to integrate human factors and technology change 

for managing rail traffic (Belmonte et al., 2011). Minor domains of application and 

the relevant examples are as follows: environment (Anvarifar et al., 2017), process 

industries (Smith et al., 2017), industrial operations (Gattola et al., 2018; Jensen & 

Aven, 2017), power industry (Wachs et al., 2018), construction (Rosa et al., 2015), 

manufacturing industry (Zheng et al., 2016), government (Gao et al., 2019), and 

human factors projects (Furniss et al., 2016).  

Table 2.3: The results of the domains explored in the current review. 

Study Domain Study Domain 

Buikstra et al. (2020) Healthcare França et al. (2019) Maritime 
O’Hara et al. (2020) Healthcare Lee & Chung (2018) Maritime 
Damen et al. (2019) Healthcare Smith et al. (2018) Maritime 

Schutijser et al. (2019) Healthcare Patriarca & Bergström 
(2017) Maritime 

Kaya et al. (2019) Healthcare de Vries (2017) Maritime 
Patriarca et al. (2018) Healthcare Tian et al. (2016) Maritime 
Rosso & Saurin (2018) Healthcare Toroody et al. (2016) Maritime 
Wachs & Saurin (2018) Healthcare Praetorius et al. (2015) Maritime 
McNab et al. (2018) Healthcare Huang et al. (2019) Railway  
Raben, Bogh, et al. 
(2018) Healthcare Patriarca, Bergström, et 

al. (2017) Railway  

Raben, Viskum, et al. 
(2018) Healthcare Fukuda et al. (2016) Railway 

Ross et al. (2018) Healthcare Belmonte et al. (2011) Railway  
Pickup et al. (2017) Healthcare Bridges et al. (2018) The Environment 
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Saurin & Werle (2017) Healthcare Patriarca, Di Gravio, 
Costantino, et al. (2017)  The environment 

Clay-Williams et al. 
(2015) Healthcare Anvarifar et al. (2017) The environment 

Laugaland et al. (2014) Healthcare Yu et al. (2020) Process industries 
Ferreira & Cañas 
(2019) Aviation Smith et al. (2017) Process industries 

Adriaensen et al. 
(2019) Aviation Aguilera et al. (2016) Process industries 

Yang et al. (2017) Aviation Smith et al. (2020) Industrial 
operations 

Studic et al. (2017) Aviation Jensen & Aven (2017) Industrial 
operations 

Patriarca, Di Gravio, & 
Costantino (2017) Aviation  Li et al. (2019) Industrial 

processes 
Hirose et al. (2016) Aviation Gao et al. (2019) Government 
Duan et al. (2015) Aviation Wachs et al. (2018) Power industry 

De Carvalho (2011) Aviation Furniss et al. (2016) Human factors 
projects 

Herrera & Woltjer 
(2010) Aviation Zheng et al. (2016) Manufacturing 

industry 
Lee et al. (2019) Maritime  Rosa et al. (2015) Construction 

 

2.3.4. What are the appropriate data collection approaches in 

practice?  

Table 2.4 shows that a wide spectrum of data collection approaches has been used to 

model complex socio-technical systems by FRAM. The approaches include 

observation, accident investigation report, document study, interview, 

workshop/meeting, focus group, discussion and consultation.  

The results of the analyzed studies highlighted that interviews, focus groups, 

observations, document analyses, and accident/incident investigation reports have 

been used to develop FRAM models. As shown in Table 2.4, the data required for 

modeling the given system came from interviews in 58% of the investigated studies 
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(30 out of 52). According to the table, semi-structured interviews (Damen et al., 2019; 

McNab et al., 2018; Schutijser et al., 2019) and structured interviews (Arie 

Adriaensen et al., 2019; Rosso & Saurin, 2018) were the two main types of interview 

used to develop FRAM models. Table 2.4 revealed that 39% (20 out of 52) of the 

analyzed studies employed observation as a data collection approach for developing 

FRAM models. Direct observation (Raben, Bogh, et al., 2018; Raben, Viskum, et al., 

2018), participant and non-participant observation (Wachs & Saurin, 2018), and on-

board8 observation (França et al., 2019) were the major types of observation in the 

studies analyzed. Accident investigation report and document analysis were other 

main sources of gathering data. 29% (15 out of 52) of the investigated studies 

employed this approach to provide the data required for modeling by FRAM (Table 

2.4). It is noteworthy that accident/incident investigation report was the most popular 

approach in aviation-related studies as it was employed by 70% (7 out of 10) of the 

investigated studies in the aviation domain (Tables 2.3 and 2.4).  

The results of the analyzed studies indicated that there are approaches for validating 

FRAM models (Buikstra et al., 2020; Kaya et al., 2019; O’Hara et al., 2020). 

Workshop, meeting, group discussion, and interview with expert were used by 11.5% 

(6 out of 52) of the analyzed studies to validate constructed FRAM models. 

Conducting interviews with experts to validate the outcomes of developed FRAM 

models was highlighted by Kaya et al. (2019) and Bridges et al. (2018). Workshop is 

another appropriate approach for validating the reliability of developed FRAM 

models (Ross et al., 2018).  

                                                 
8 On-board observation is done on a ship, aircraft, or other vehicles.  
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In total, a mixed method (a combination of various approaches) was used in a 

considerable number of the analyzed studies for developing and validating FRAM 

models. The results presented in Table 2.4 indicated that 52% (27 out of 52) of the 

studies used a mixed method. Buikstra et al. (2020), as an example, used a mixed 

method, including semi-structured interview, document review, and focus group to 

develop and validate the FRAM model. The mixed method was the most popular 

method in healthcare-related studies (Buikstra et al., 2020; Kaya et al., 2019; 

Laugaland et al., 2014; O’Hara et al., 2020). As shown in Tables 2.3 and 2.4, 

approximately 81% (13 out of 16) of the healthcare-related studies applied a mixed 

method for FRAM model development and validation.  



 

52 
 

 

Table 2.4: The data collection approaches of the analyzed studies. 
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Buikstra et al. (2020)               

Smith et al. (2020)               

Yu et al. (2020)               

O’Hara et al. (2020)               

Lee et al. (2019)               

Ferreira & Cañas (2019)               

França et al. (2019)               

Gao et al. (2019)               

Damen et al. (2019)               

Schutijser et al. (2019)               

Adriaensen et al. (2019)               

Huang et al. (2019)               

Kaya et al. (2019)               
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Li et al. (2019)               

Patriarca et al. (2018)               

Rosso & Saurin (2018)               

Wachs & Saurin (2018)               

McNab et al. (2018)               

Raben, Bogh, et al. (2018)               

Bridges et al. (2018)               

Raben, Viskum, et al. (2018)               

Ross et al. (2018)               

Lee & Chung (2018)               

Smith et al. (2018)               

Wachs et al. (2018)               

Patriarca, Di Gravio, 

Costantino, et al. (2017) 
             

 

Yang et al. (2017)               

Patriarca & Bergström 

(2017) 
             

 

Pickup et al. (2017)               

Jensen & Aven (2017)               

Anvarifar et al. (2017)               

Studic et al. (2017)               

Patriarca, Bergström, et al. 

(2017) 
             
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Patriarca, Di Gravio, & 

Costantino (2017) 
             

 

de Vries (2017)               

Saurin & Werle (2017)               

Smith et al. (2017)               

Furniss et al. (2016)               

Hirose et al. (2016)               

Zheng et al. (2016)               

Aguilera et al. (2016)               

Tian et al. (2016)               

Toroody et al. (2016)               

Fukuda et al. (2016)               

Duan et al. (2015)               

Praetorius et al. (2015)               

Rosa et al. (2015)               

Clay-Williams et al. (2015)               

Laugaland et al. (2014)               

De Carvalho (2011)               

Belmonte et al. (2011)               

Herrera & Woltjer (2010)               
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2.3.5. What are the deficiencies of FRAM?  

Another aim of the current review is to categorize the deficiencies and weaknesses of 

FRAM based on the reviewed articles provided in Table 2.5. The (supplementary) 

methods used in the analyzed studies are summarized and shown in Table 2.5. The 

table shows 62% (32 out of 52) of the analyzed studies employed other approaches in 

addition to FRAM to achieve their goals. FRAM is a young approach and requires 

developments to address the issues of complex socio-technical systems. Although 

FRAM is useful to visualize and understand how a system functions, it suffers from 

the lack of quantifying the probabilities of successes and failures (Jensen & Aven, 

2018). A number of the analyzed studies emphasized the lack of quantification 

(Belmonte et al., 2011) and highlighted that there is a clear need to identify and 

quantify normal and abnormal variability (Anvarifar et al., 2017; Patriarca, Di Gravio, 

& Costantino, 2017; Patriarca et al., 2018; Praetorius et al., 2017). Another challenge 

in front of FRAM is the lack of a structured method for determining recommendations 

and specifying safety barriers. The outcomes of some studies confirmed that it is 

difficult to employ FRAM to propose safety constraints in practice (Herrera & 

Woltjer, 2010; Praetorius et al., 2017).  

The results of the analysis also indicated that the process of modeling by FRAM for 

helping risk assessment is time consuming, needs many resources, and hence is 

expensive. Three studies showed that an experienced team of experts is required to 

analyze and model the system (Accou & Reniers, 2019; Jensen & Aven, 2018; Pereira, 

2013). In fact, the quality of the output in FRAM directly depends on the team of 

experts and the information they provide as input for functions. Another issue is that 
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there is no standard for determining how much information should be included in the 

process of the analysis, as highlighted by Anvarifar et al. (2017), Li et al. (2019), and 

Patriarca, Bergström et al. (2017). Four studies conducted by Yang et al. (2017), Duan 

et al. (2015), Tian et al. (2016), and Zheng et al. (2016)  showed that FRAM in its 

original format is unable to explore the paths of hazards, so it has to be combined with 

other approaches to address the issues of complex socio-technical systems.  
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Table 2.5: Methods9 used in the analyzed studies. 
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Buikstra et al. (2020)                      

Smith et al. (2020)                      

Yu et al. (2020)                      

O’Hara et al. (2020)                      

Lee et al. (2019)                      

Ferreira & Cañas (2019)                      

França et al. (2019)                      

Gao et al. (2019)                      

Damen et al. (2019)                      

Schutijser et al. (2019)                      

Adriaensen et al. (2019)                      

                                                 
9 Models and approaches were also investigated in the analyzed studies. 
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Huang et al. (2019)                      

Kaya et al. (2019)                      

Li et al. (2019)                      

Patriarca et al. (2018)                      

Rosso & Saurin (2018)                      

Wachs & Saurin (2018)                      

McNab et al. (2018)                      

Raben, Bogh, et al. (2018)                      

Bridges et al. (2018)                      

Raben, Viskum, et al. 

(2018) 
                

  
 

  

Ross et al. (2018)                      

Lee & Chung (2018)                      

Smith et al. (2018)                      

Wachs et al. (2018)                      

Patriarca, Di Gravio, 

Costantino, et al. (2017) 
             

 
  

  
 

  

Yang et al. (2017)                      

Patriarca & Bergström 

(2017) 
             

 
  

  
 

  

Pickup et al. (2017)                      

Jensen & Aven (2017)                      

Anvarifar et al. (2017)                      
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Studic et al. (2017)                      

Patriarca, Bergström, et al. 

(2017) 
             

 
  

  
 

  

Patriarca, Di Gravio, & 

Costantino (2017) 
             

 
  

  
 

  

de Vries (2017)                      

Saurin & Werle (2017)                      

Smith et al. (2017)                      

Furniss et al. (2016)                      

Hirose et al. (2016)                      

Zheng et al. (2016)                      

Aguilera et al. (2016)                      

Tian et al. (2016)                      

Toroody et al. (2016)                      

Fukuda et al. (2016)                      

Duan et al. (2015)                      

Praetorius et al. (2015)                      

Rosa et al. (2015)                      

Clay-Williams et al. 

(2015) 
             

 
  

 
  

  

Laugaland et al. (2014)                      

De Carvalho (2011)                      

Belmonte et al. (2011)                      
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Herrera & Woltjer (2010)                      
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2.4. Discussion 

2.4.1. FRAM as a basis for managing safety, accident, risk, and 

complexity 

There has been considerable growth in employing FRAM for safety management 

related purposes. FRAM is capable of finding appropriate solutions for maintaining 

work operations in an acceptable boundary of safety, as highlighted by Hulme et al. 

(2019). This may be due to the unique characteristic of FRAM in monitoring complex 

systems for identifying variabilities and managing them, rather than looking for 

human error or root causes of adverse events, as highlighted by Accou & Reniers 

(2019). The capability of FRAM in recognizing the sources of variability is crucial 

for safety management as functions can be coupled and lead to unexpected outcomes 

(Grant et al., 2018; Hollnagel, 2012b). In other words, small variations in functions 

can impact the dynamics of complex socio-technical systems and influence the safety 

of the systems. FRAM can be used for safety-related investigations, and for proposing 

safety measures by monitoring and managing variability aggregated over different 

functions of a system, as Tian et al. (2016) pointed out. The role of FRAM is also 

emphasized in patient safety management. This could be because FRAM is capable 

of effective functional resonance management in complex operations and processes 

that can result in improving patients’ safety and health, as highlighted by Buikstra et 

al. (2020) and O’Hara et al. (2020).  

FRAM can also be used for accident/incident investigations, as Hulme et al. (2019) 

and Shire et al. (2018) pointed out. It simply means that FRAM facilitates the process 
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of analyzing something that has happened (retrospective analysis) (Huang et al., 

2019). From the FRAM perspective, accidents can result from unexpected 

combinations (resonances) of the variability of action or behavior. Therefore, 

accidents can be avoided by monitoring and reducing variability, as Alvarenga et al. 

(2014) emphasized. A wide range of factors, including technical, human, and 

organizational factors can be incorporated when FRAM is used to analyze accidents, 

incidents, or events. Identifying and adding barriers to functions for preventing 

accidents/incidents is another capability of FRAM, as highlighted by Huang et al. 

(2019), Yang et al. (2017), and Patriarca, Di Gravio, & Costantino (2017).  

FRAM could potentially be applied in studies associated with hazard identification 

and risk management. The aims of the studies might include looking at something that 

may happen in the future to identify possible hazards (prospective analysis). Risk 

analysts must pay attention to the dynamics of the whole system and not just to the 

action or behavior of the individual parts, as Alvarenga et al. (2014) highlighted. 

FRAM might help model complex interactions and performance variability that 

contribute to potential hazards. Proactive FRAM-based frameworks could be 

developed to identify operational risks in complex operations. They might contribute 

to risk management by recognizing functions and dynamic couplings among them, as 

Li et al. (2019) mentioned. The key role of FRAM in hazard identification is 

highlighted in several studies (Fukuda et al., 2016; Jensen & Aven, 2017; Rosa et al., 

2015; Saurin & Werle, 2017).  

Employing FRAM for managing complexity in socio-technical systems is 

recommended  by Patriarca & Bergström (2017). One justification is the capability of 
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FRAM for describing and analyzing interdependencies among system elements or 

functions. Unlike most conventional safety management methods that do not consider 

human and organizational factors (Hollnagel, 2016; Woods & Cook, 2002), FRAM 

considers technological, human, and organizational functions together (Hollnagel, 

2012b). Moreover, it includes external/environmental factors. The role of FRAM is 

not limited to identifying the functions of a system; it is able to describe the dynamic 

interactions among functions, as Duan et al. (2015) and França et al. (2019) 

highlighted. It can be helpful in visualizing the complexity of socio-technical systems’ 

processes (De Carvalho, 2011; de Vries, 2017; Kaya et al., 2019). FRAM plays a vital 

role in understanding complex systems. When complexity increases, managing 

complexity becomes more important, and FRAM becomes more valuable (Hollnagel, 

2012a; Ragosta et al., 2015; Toroody et al., 2016) because it can be helpful in 

providing a functional description of systems and allowing a transparent analysis.  

2.4.2. A wide spectrum of domains in practice  

FRAM is usable in a wide range of domains/contexts, as revealed by the results of the 

current review. The most widely used domains were healthcare, aviation, maritime, 

and railway. Similarly, Hulme et al. (2019) showed that aviation, maritime, railway, 

and healthcare were the most common domains that hosted systemic approaches, such 

as FRAM, AcciMap, the Human Factors Analysis and Classification System 

(HFACS), and the Systems Theoretic Accident Model and Processes (STAMP). The 

domains are known for their complexity and risky environments. Although other 

domains, such as process industries, industrial processes, and the power industry are 

also hazardous and complex, the use of FRAM in those domains was less common.  
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Healthcare was the domain where FRAM was employed more than any other domain. 

It is also the most common domain that hosted other systemic approaches, such as 

AcciMapp (Hulme et al., 2019) and system dynamics (Shire et al., 2018). The reason 

why FRAM has been used most often in healthcare may be due to the nature and 

structure of the healthcare sector, as pointed out by Shire et al. (2018). It is more a 

social system than an engineered system. In healthcare, frontline personnel must adapt 

to work conditions where preconditions are not ideal and resources are limited 

(Hounsgaard, 2016).  

Aviation was another main domain to which FRAM has been applied, as Pardo-

Ferreira et al. (2019) confirmed. It has also been the most common domain for other 

systemic approaches, such as the HFACS (Hulme et al., 2019). FRAM might provide 

relevant support to address critical issues in aviation focusing on accident analysis 

(Arie Adriaensen et al., 2019). One possible reason could be the complexity of 

aviation related problems, which requires a systemic modelling method, rather than 

one that concentrates on accident/incident investigation, as Stogsdill & Ulfvengren 

(2017) highlighted.  

2.4.3. A mixed method for developing and validating a FRAM model  

A mixed method of data collection approaches must be used to develop and validate 

FRAM models. The data required for developing a FRAM model must be provided 

by multiple sources and different methods. Interviews, the most popular approach, 

can be employed to obtain data required for developing a FRAM model. One possible 

reason for the popularity of interviews is that it is a face to face approach and might 
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be helpful in gaining more details for identifying functions, their aspects, and their 

descriptions, as Bridges et al. (2018) and Settanni et al. (2017) highlighted. 

Observation is another useful technique for developing a FRAM model because it 

enables a deeper insight into complex systems and their procedures, as emphasized 

by Kaya et al. (2019) and Wachs & Saurin (2018).  

Official accident/incident investigation reports can be used as a major source to map 

and model complex socio-technical systems, particularly in aviation-related studies. 

The majority of the studies in the aviation sector aim to understand and analyze 

accidents, incidents, or events that happened in the past (Duan et al., 2015; Hirose et 

al., 2016; Yang et al., 2017). They require a retrospective-based method and can 

employ FRAM for retrospective analysis, as (Dallat et al., 2017) emphasized. Hence, 

using official reports associated with accidents and incidents is the most likely option 

for building a FRAM model in aviation-related analyses. An integration of different 

approaches (such as interview, observation, focus group, and document analysis) 

would be the best way of data collection for constructing a FRAM model in the 

healthcare sector, as highlighted by a number of studies (Patriarca et al., 2018; Rosso 

& Saurin, 2018; Schutijser et al., 2019). The major reason could be the multi-

dimensional nature of healthcare where organizational, human, and technological 

dimensions are involved. Therefore, multiple sources can cover more dimensions and 

increase the comprehensiveness of the developed model.  

Model validation is of great importance as it increases the reliability of the developed 

FRAM models. Interviews with experts, workshops, and discussions may be the most 

important ways for validating developed models, as pointed out by Bridges et al. 
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(2018), Kaya et al. (2019), and Ross et al. (2018). The reason may be associated with 

experts’ deep knowledge about normal work, work systems, and daily operations. 

Such knowledge can be helpful for enriching developed FRAM models and providing 

more reliable models.  

2.4.4. Addressing deficiencies for better use  

FRAM has remarkable capabilities, though there are some deficiencies that should be 

addressed to enhance its performance in modeling complex socio-technical systems 

for improving safety and risk management. Suggestions to address some of the 

deficiencies are discussed here. One main challenge was that there is no consensus on 

how much information is required to describe a function. Employing complementary 

approaches can be useful to provide a more comprehensive description of functions 

in FRAM. To this end, employing approaches, such as the Accident Causation 

Analysis and Taxonomy (ACAT) and Rasmussen’s Abstraction Hierarchy (AH), 

could improve the comprehensibility of FRAM models, as highlighted by Li et al. 

(2019) and Patriarca, Bergström, et al. (2017). The next problem is that the degree of 

understandability of a FRAM model decreases as the number of functions 

encompassed by it increases. One solution could be the use of graph-based methods 

to construct a more understandable model, encompassing start and end points, as 

Toroody et al. (2016) acknowledged. Another deficiency of FRAM was associated 

with identifying hazard paths. To this end, model checking could be employed to 

address the deficiency. Using the model checking might enable FRAM-based models 

to identify the paths of hazards in complex socio-technical systems, as pointed out by 

Duan et al. (2015), Tian et al. (2016), and Zheng et al. (2016). 
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Lastly, this review suggests employing supplementary approaches to improve the 

deficiencies of FRAM, particularly the computational facet, including performance 

variability. This means concentration on creating a bridge between FRAM and other 

(quantitative) approaches could be helpful. Using multi-layer approaches, like Monte 

Carlo simulation might be helpful to quantify the sources of variability in complex 

systems, as Falegnami et al. (2019) and Patriarca, Di Gravio, & Costantino (2017) 

highlighted. The analytic hierarchy process (AHP) method might be another solution 

for identifying the sources of performance variability and finding functional 

resonance by investigating the relative importance of criteria and alternatives (Rosa 

et al., 2015). An integration of mathematical-simulation related solutions might be 

useful to overcome the restrictions of FRAM. The principles of simulation and rule 

mining could be applied to compute the aggregation of variability and identify the 

influence of interactions among upstream functions affecting downstream functions 

(Yu et al., 2020).   

2.5. Study limitations and future research directions 

The current review suffered from one limitation that should be mentioned. The 

process of article selection was narrowly defined to include only peer reviewed 

journal articles. Books, conference papers, and technical reports were excluded from 

the analysis. Some of the excluded studies could add some value to the analysis 

performed in the current review.  

The evolution of FRAM is of great importance for future research. Constructing a 

FRAM model is still time consuming. Developing (semi-)automatic data collection 



 

68 
 

approaches, including function identification and aspect specification, could be 

helpful in saving time for building models. Method(s) for quantifying variability 

should also be developed in terms of (at least) time and precision. Different attempts 

have not resulted in a formal quantitative approach for calculating variability yet, 

although research interest has grown in this regard, as exemplified by the use of fuzzy 

logic (Hirose & Sawaragi, 2020) and the concept of functional signatures (Smith et 

al., 2020). 

2.6. Conclusions 

This review paper has reported and analyzed published studies that use FRAM. A total 

of 52 studies were included in the review. The application of the FRAM approach has 

increased during this decade. It has been employed in a wide spectrum of complex 

socio-technical system domains. This review purposefully aimed to address four 

research questions. In this regard, the following key findings are presented. First, the 

focus of the investigated studies was on safety management, accident/incident 

investigation, hazard identification/risk management, and complexity management in 

complex socio-technical systems. As complexity and variability are systemic 

problems, a holistic approach is required to handle them. The results presented in this 

review indicated that FRAM is capable of addressing the problems by investigating 

technological, human, organizational, and other external factors affecting complex 

systems’ boundaries. Second, a wide range of domains employed FRAM to analyze 

complex socio-technical systems and recognize barriers for safety enhancement. The 

results showed that healthcare, aviation, maritime, and railway were the most popular 

domains for applying FRAM. The third finding of this review is related to data 
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collection approaches. According to the results, interview, observation, and 

reports/documents analysis are the most common approaches to build a FRAM model. 

A compilation of the mentioned approaches could assist analysts to employ FRAM in 

a more comprehensive way. The last finding reveals flaws of FRAM in practice. 

Despite several advantages for modeling complex systems and safety improvement, 

it has a few deficiencies. There is a clear need for exploring further research 

opportunities to address the flaws and deficiencies around FRAM to satisfy the safety-

related demands of complex socio-technical systems. 
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Chapter 3 

A dynamic vers ion of  the FRAM for  
captur ing var iabi l i ty  in  complex 
operat ions * 
Co-authorship statement. A version of this chapter has appeared as an article in the 

journal titled MethodsX published by Elsevier. The lead author, Vahid Salehi, has 

developed and examined the FRAM model in healthcare context. He also extracted 

the empirical data using documents review. The co-author Dr. Doug Smith has 

developed the DynaFRAM software and contributed to shaping the interview 

questions to get the data we used to build the model. The co-author Natasha Hanson 

led the data collection process for gathering the data related to frail older patients. 

Co-authors Prof. Brian Veitch and Dr. Doug Smith supervised the study. All authors 

read and approved the final draft.  

Abstract. Functional Resonance Analysis Method (FRAM) is a function-based 

approach to model complex socio-technical systems and to manage variability. The 

current FRAM related tools are unable to capture qualitative and quantitative 

characteristics of variability as well as temporal variations. This study presents in 

detail a dynamic FRAM-based tool, which is called DynaFRAM. It is introduced to 

address the variability-related deficiencies of the FRAM related tools. It aims to 

capture variability in complex operations. It is a dynamic tool developed to capture 

                                                 
* Salehi, V., Smith, D., Veitch, B., & Hanson, N. (2021). A dynamic version of the FRAM for 
capturing variability in complex operations. MethodsX, 8, 101333. 
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time related variations in complex operations. This increases the attractiveness of the 

DynaFRAM for complex operations where specialists and practitioners make 

decisions in complicated situations. The ability of the DynaFRAM is demonstrated 

by examining a healthcare related case study. Although the ability of the DynaFRAM 

is assessed through capturing variations in healthcare operations, it can be applied to 

other domains in a similar manner.  

Keywords: Variability; Temporal variations; Instantiation; Healthcare operations. 

3.1. Introduction 

Functional resonance analysis method (FRAM), developed by Hollnagel (2012b), is 

a method that provides the possibility of constructing a functional model, including 

two major parameters: functions and variability. Mapping functions helps explain the 

potential functional pathways in an operation and understand the connectivity of the 

work in the operation (Smith et al., 2020). The concept of variability emphasizes that 

the nature of the outputs of functions is variable (Raben, Viskum, et al., 2018). 

Modelling socio-technical systems in terms of functions and variability provides 

valuable insights that can be helpful in safety management of complex operations 

(Patriarca & Bergström, 2017).  

Variability is deviations observed in the outputs of functions or the outcomes of the 

entire system (Hollnagel, 2012b; Tian et al., 2016). It represents a normal, essential 

part of work and reflects the need to cope with unstable working conditions 

(Hollnagel, 2012b). The variability and adjustments of a function can affect other 

functions and thereby the activity as a whole. Functions can mutually dampen each 
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other (absorb variability), so that the situation can become stabilized. They can also 

mutually reinforce each other (amplify variability) so that the situation becomes 

unstable and leads to unexpected and usually unwanted results (Hollnagel, 2012b). 

Therefore, variability can lead both to positive (successful) and negative 

(unsuccessful) outcomes (Hollnagel, 2012b; Patriarca, Di Gravio, & Costantino, 

2017a).  

The FRAM has been widely used for pursuing different purposes in various fields, 

such as healthcare, aviation, maritime, railway, environment, and process industries 

(Salehi et al., 2020). According to Ransolin et al. (2020), the FRAM can provide a 

basis for modelling functional requirements and supporting resilient performance 

analysis in an intensive care unit (ICU) within the healthcare sector. It can also help 

understand the influences of information propagation and take advantage of 

functional properties in the cockpit environment of an aircraft (Arie Adriaensen et al., 

2019). It also has been applied to maritime activities according to de Vries (2017). 

FRAM has been combined with other methods to address industrial problems. Li et 

al. (2019) employed the FRAM with the Accident Causation Analysis and Taxonomy 

(ACAT), introducing a framework for identifying and analyzing operational risks. 

Studic et al. (2017) introduced a framework based on FRAM and grounded theory for 

improving the safety management of ground handling services.  

Despite the wide application of the FRAM in different disciplines and its central role 

in functional analyses, it suffers from capturing and visualizing the variability of 

functions (Aguilera et al., 2016; Anvarifar et al., 2017; Patriarca, Di Gravio, & 

Costantino, 2017a; Praetorius et al., 2017). Capturing variability is of great 
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importance as the variability of coupled functions can amplify each other and result 

in unwanted outcomes and serious accidents (Hollnagel, 2012b). There are a few tools 

to support the FRAM method: FRAM Model Visualiser (FMV) software developed 

by Hill & Hollnagel (2016), FRAM Model Interpreter (FMI) developed by Hollnagel 

(2021), and myFRAM developed by Patriarca, Di Gravio, & Costantino (2017b) are 

three well-known examples of FRAM related tools. The characteristics of the tools 

are presented in Table 3.1. The FMV software is a powerful tool to model complex 

socio-technical systems (Hill & Hollnagel, 2016). The FMI is used to interpret a built 

FRAM model and help determine how an explained activity or task may develop 

(Hollnagel, 2021). The myFRAM is another powerful tool developed to support the 

constructing process of a FRAM model (Patriarca, Di Gravio, & Costantino, 2017b). 

As shown in Table 3.1, the three developed tools provide some support to model 

complex socio-technical systems and interpret the constructed models. The focus of 

the tools is not on capturing and visualizing variability, although performance 

variability is a key principle of the FRAM method (Shirali & Ebrahipour, 2013; 

Woltjer & Hollnagel, 2008). The DynaFRAM is introduced to help understand 

variability in complex operations. It provides a way of visualizing and understanding 

qualitative and quantitative characteristics of functional variability. It is also able to 

visualize performance variability for different cases. Additionally, it is capable of 

characterizing variations related to instantiations or functional pathways that produce 

the outcome(s) of the entire system. Moreover, it is able to capture temporal variations 

related to functions and the entire system. An instantiation characterizes how many 

functions and which functions are involved in the pathway that each case takes. In 
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this study, an instantiation refers to the experience of a frail patient during transition 

from hospital to home.  

 

Table 3.1: The characteristics of DynaFRAM versus other tools. 
 Modelling  Interpretation  Variability  Dynamic 
DynaFRAM     
FRAM Model Visualizer (FMV) 
(Hill & Hollnagel, 2016) 

    

FRAM Model Interpreter (FMI) 
(Hollnagel, 2021) 

    

myFRAM (Patriarca, Di Gravio, & 
Costantino, 2017b) 

    

 

The main objective of this study is to introduce a dynamic FRAM-based tool with the 

purpose of capturing different characteristics of variability, in order to provide 

adequate support for the analysis and management of complex operations. The 

dynamic FRAM-based tool presented in this study can be effective in three ways: (i) 

capturing and visualizing the qualitative characteristic of variability of functional 

outputs and instantiations/pathways that produce outcome(s) of the entire system; (ii) 

capturing the quantitative characteristic of functional variability; and (iii) capturing 

temporal variations regarding both functions and instantiations. 
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3.2. Methodology 

3.2.1. Functional Resonance Analysis Method (FRAM) 

The FRAM includes four steps. The first step is to identify functions of the system 

under study and to describe the functions based on their aspects (Hollnagel, 2012b). 

Each function can have six aspects as follows:  

• Input (I): something that starts a function.  

• Output (O): it is the outcome(s) or result(s) of a function. When a function is 

carried out, outputs are produced. The outputs can influence the outputs of 

other functions in maximum five different ways (input, precondition, resource, 

control, and time).  

• Preconditions (P): conditions that must be met before a function begins. 

Preconditions do not start a function.  

• Resources (R): what a function consumes or requires for producing an output 

or outputs.  

• Time (T): temporal restrictions that influence a function (starting time, 

finishing time, and duration).  

• Control (C): that monitors or regulates a function.  

After identifying functions and describing their aspects, the variability should be 

captured and characterized (Hollnagel, 2012b). It refers to the variety of ways that the 

output(s) of a function can be produced (step 2). The third step is to show the 
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aggregation of variability (functional resonance). It refers to variations related to 

coupled functions. The variability of upstream functions can influence downstream 

functions, and the whole system performance can be affected as a result (Smith et al., 

2020) . The fourth and final step is associated with identifying the proper approaches 

for monitoring the system, controlling its variability, and suggesting possible safety 

barriers (Hollnagel, 2012b). It is noteworthy that the FMV software was developed to 

model complex socio-technical systems (Hill & Hollnagel, 2016).  

3.2.2. DynaFRAM: A dynamic FRAM-based tool  

A dynamic FRAM-based tool, called DynaFRAM, was developed through 

programming in the Python programming language. It was developed to cover the 

variability-related deficiencies of the FRAM related tools described in the 

Background section. The DynaFRAM tool allows capturing and visualizing variations 

that occur both in the outputs of functions and in the outcome(s) of the entire system. 

The DynaFRAM aims to visualize what is produced at the end of a function, when it 

occurs, and for how long it occurs. Another advantage of developing the DynaFRAM 

is to provide more flexibility for users to generate scenarios and capture temporal 

variations both in the outputs of functions and in the outcome(s) of the entire system. 

The DynaFRAM is able to capture and visualize functional outputs at a specific period 

of time when operations are performed. Recording instantiations of variability is 

possible with the DynaFRAM if the data of more samples are collected in real 

operations (work-as-observed). A general view of the DynaFRAM tool is illustrated 

in Figure 3.3.  
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Pseudo-codes presented in Figures 3.1 and 3.2 show how to capture time for an 

instantiation. The pseudo-code shown in Figure 3.1 is for uploading a FRAM model 

and starting video recording for capturing the time of an instantiation. First, it is 

checked to ensure a model is uploaded. Then, a class is called to calculate time by a 

timer. Time is recorded for an instantiation through the pseudo-code presented in 

Figure 3.2.  

 

 
Figure 3.1: The pseudo-code for starting video recorder for capturing time.  
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Figure 3.2: The pseudo-code for recording time for an instantiation. 

 

3.2.3. Modeling complex operations 

This study attempts to capture variations in hospital-to-home transition processes of 

frail patients as a demonstration of the incremental improvement of the DynaFRAM 

compared to other FRAM related tools. In this section, the steps of model generation 

with the FMV software are described. Then, the method of importing the FRAM 

model into the DynaFRAM tool is described, along with an example of how a specific 

patient instantiation is treated in DynaFRAM. The method used to characterize 

variability is explained with the aid of examples. 
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3.2.3.1. A model of complex operations constructed by the FMV tool 

The FMV software was used to build a functional model of a complex healthcare 

operation. A functional model involves function identification, function description, 

and relationship specification. Figure 3.4 shows the FRAM model of a hospital-to-

home transition process for frail older people built by (Salehi, Hanson, et al., 2021). 

The FMV software was employed to model the transition process. The model 

illustrates functions constituting the transition process for frail older people. The 

functions shown in the model could be executed while a case (frail patient) is 

transferred from hospital to home. In fact, the model involves the potential functions 

that each case (frail patient) might pass through to transit from hospital to home. It 

includes 38 functions starting from introducing a patient to hospital to readmitting the 

patient (Figure 3.4).  
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Figure 3.3: A general view of the DynaFRAM tool. 
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Figure 3.4: The comprehensive FRAM model of the hospital-to-home transition process for frail older patients built by Salehi, Hanson, et al. (2021). 
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3.2.3.2. Using the DynaFRAM in practice 

The applicability of the DynaFRAM for visualizing and capturing variability is 

evaluated through its use in healthcare operations. The transition process of frail 

patients from hospital to home is a complex operation, which requires the use of a 

systemic approach to understand interactions between different elements, including 

healthcare providers, patients, and caregivers. The capability of the DynaFRAM tool 

was tested in the transition process of frail patients. Data related to six frail patients 

during the transition process from three hospitals in Canada were collected (Table 

3.2). It is also able to identify functional interdependencies and to capture functional 

variability.  

In the current study, the DynaFRAM was applied to the transition process with the 

aim of capturing and visualizing different types of variability in order to enhance the 

transition quality of frail patients. The first step is to upload the FRAM model of the 

transition process, which was built with the FMV software by (Salehi, Hanson, et al., 

2021) (Figure 3.4). The DynaFRAM tool does not produce a model, but employs the 

models produced with the FMV software. Figure 3.5 shows a FRAM model of the 

transition process imported into the DynaFRAM tool. As shown in the figure, each 

function is distinguished with a unique number. The unique numbers are useful 

replacements for long names of functions, particularly in scenarios. The next step is 

to upload a scenario related to a patient, which includes the data associated with 

different functions involved in the transition process of the patient. Table 3.2 identifies 

6 transition scenarios, one each for 6 patients. The information for Scenario 3 (patient 

1 from city 2) is presented in Table 3.3. “Time” (needed for executing a function), 
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“active function”, “active function output”, “downstream coupled function”, and 

“coupled function aspect” constitute a scenario in the DynaFRAM, as shown in Table 

3.3. It is noteworthy that time unit used for executing functions of all six scenarios is 

second. The information of other scenarios related to other patients is presented in 

Appendix A.1. After uploading the model and the relevant scenario, the model can be 

run. As shown in Figure 3.3, the “Play” button allows running a model in the 

DynaFRAM tool.  

Table 3.2: Categorizing patients in the format of scenarios. 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 
patient 1 of 

city 1 
patient 3 of 

city 1 
patient 1 of 

city 2 
patient 2 of 

city 2 
patient 1 of 

city 3 
patient 2 of 

city 3 
 

 

Table 3.3: The information of Scenario 3 provided for patient 1 of city 2. 

Time Active 
Function 

Active Function Output Downstream 
Coupled Function 

Coupled 
Function 
Aspect 

1 25 Fractured left ankle and fracture of 
left distal tibia 

6 I 

2 6 Referral to a geriatrician 5 I 
3 5 Long background review 7 I 

15 7 Almost 12 days 8 I 
27 8 Hospitalizing at geriatric unit 22 I 
28 22 Left distal tibia/Atrial fibrillation 35 I 
29 22 Nurse assessment 2 I 
30 2 Satisfactory 35 P 
31 22 SW assessment 11 I 
32 11 Satisfactory 35 P 
33 22 Physiotherapy 1 I 
34 1 Wheelchair is required 35 P 
35 22 Occupational therapy 21 I 
36 21 Satisfactory 35 P 
37 22 Recreation therapy 23 I 
38 23 Satisfactory 35 P 
39 22 Dietitian assessment 24 I 
40 24 Satisfactory 35 P 
41 35 Wheelchair/blister pack 0 I 
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42 35 Informing for discharge 26 I 
43 26 Spouse/son 0 P 
44 0 Acceptable ability for discharge 4 I 
45 4 Extra Mural Program with a 

physiotherapist 
14 I 

46 4 Wheelchair/blister pack/no 
discharge planner (case 
coordinator) 

3 I 

47 14 Physiotherapist visited the 
participant in their home 

3 I 
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Figure 3.5: The transition model imported in the DynaFRAM tool. 
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3.3. Results and discussion  

Operations can be monitored for understanding the performance of the entire system 

once the functional model is constructed (Smith et al., 2020). Constructed FRAM 

models provide a basis for identifying the potential pathways of both successful and 

unsuccessful operations. Capturing and interpreting performance variability helps 

understand the ways that outcomes of a system (successes and failures) are attained. 

This study strives to capture qualitative, quantitative, and temporal characteristics of 

variability with the DynaFRAM. A healthcare-related case study was chosen to 

demonstrate the capability of the DynaFRAM in characterizing and capturing 

variations. The following subsections include the description and discussion of 

capturing variability with the DynaFRAM. 

3.3.1. Capturing qualitative characteristic of variability 

The qualitative characteristic of variability can be captured both for functional 

output(s) and for the outcomes of the entire system with the DynaFRAM. In this 

subsection, both states are described and discussed.  

Capturing functional output variations is of great importance as the variability 

observed in the output(s) of a function can affect the output(s) of downstream 

functions. The outcome of the entire system may consequently be affected with the 

variability of coupled functions. The DynaFRAM provides a possibility to capture 

and visualize functional output variations. In this section, the variability regarding 

qualitative functional outputs is discussed. The DynaFRAM helps understand why the 
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nature of functional outputs is variable. The output(s) of a specific function can be 

variable for different cases. This is characterized through comparing the output(s) of 

a specific function for different cases. To this end, the transition model (Figure 3.5) 

should be run for each case/patient based on the scenario provided for that patient. 

Figures 3.6a-3.6f illustrate the output of <Discharge the patient> function for six 

patients in the transition process. A comparison of functional outputs visualized in 

Figures 3.6a-3.6f shows the output of the function is variable for the six patients in 

the transition process. This example demonstrates the capability of the DynaFRAM 

in visualizing qualitative functional output variations.  

  

Figure 3.6a: Patient 1 from city 1. Figure 3.6b: Patient 3 from city 1. 

  

Figure 3.6c: Patient 1 from city 2. Figure 3.6d: Patient 2 from city 2. 

  
Figure 3.6e: Patient 1 from city 3. Figure 3.6f: Patient 2 from city 3. 

 

Another advantage of using the DynaFRAM is to record instantiations in order to 

capture qualitative characteristics of variability between recorded instantiations. In 

this study, the process of transitioning a frail patient from hospital to home is 
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considered an instantiation. The functions that are executed for each case specify the 

pathway of that case. The DynaFRAM is able to identify active functions involved in 

each instantiation. Inactive functions are also identifiable for each case. Two 

instantiations associated with two patients are presented in Figures 3.7 and 3.8. The 

number of active functions that patient 1 from city 1 passed through during the 

transition process is 25 (Figure 3.7), whereas the number is 18 for patient 1 from city 

2 (Figure 3.8).  

Processes can be mapped, and instantiations can be recorded with the DynaFRAM to 

capture the variations associated with the outcome(s) of the entire system. A 

comparison of instantiations characterizes the range of variability in the recorded 

instantiations. As illustrated in Figures 3.7 and 3.8, the pathway of patient 1 from city 

1 is different from the one that patient 1 from city 2 experienced. That is, the two 

instantiations included different active functions with different functional outputs. 

The instantiations show that the two patients experienced different paths and their 

transitions ended up in different functions with different outcomes although both 

started from a same function. Using the DynaFRAM allows mapping processes and 

recording instantiations of variability that improves tractability of complex 

operations. The results showed that the transition process of patient 1 from city 2 

resulted in going home and staying there (Figure 3.8), whereas patient 1 from city 1 

was readmitted to the hospital (Figure 3.7). Variability regarding functional pathways 

or instantiations provides required information to analyze the outcomes of an entire 

system. Analyzing the variability captured in functional pathways can provide insight 

into complex operations and help healthcare providers and operations managers to 

manage better processes. 
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Figure 3.7: Pathway/instantiation for patient 1 from city 1.  
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Figure 3.8: Pathway/instantiation for patient 1 from city 2. 
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3.3.2. Capturing the quantitative characteristic of variability  

The output(s) of a function may be quantitative or numerical. The number of 

medications that a patient should take is an example of a quantitative functional 

output. Understanding the variability of quantitative functional outputs is as 

important as qualitative functional outputs. To capture the quantitative characteristic 

of variability, numerical functional outputs should be specified. In this study, 

numerical dissimilarities and differences in functional outputs are indicative of 

quantitative variability. The DynaFRAM is able to characterize dissimilarities in the 

quantitative dimension of functional outputs. To this end, the transition model was 

run with DynaFRAM for the six patients in order to characterize the number of 

caregivers that accompanied each patient during the transition process. The results 

are shown in Figures 3.9a-3.9f. As illustrated in the figures, the functional output of 

Function 26 (<invite a family member/caregiver>) is variable as the number of 

caregivers is different for various patients: two caregivers for three patients (Figures 

3.9a, 3.9c, and 3.9f) and one caregiver for three patients (Figures 3.9b, 3.9d, and 

3.9e). Capturing quantitative characteristic of variability can help analysts identify 

the sources of variability that influence the output(s) of downstream functions and 

even the outcome of the entire system.  
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Figure 3.9a: Patient 1 from city 1. Figure 3.9b: Patient 3 from city 1. 

  
Figure 3.9c: Patient 1 from city 2. Figure 3.9d: Patient 2 from city 2. 

  
Figure 3.9e: Patient 1 from city 3. Figure 3.9f: Patient 2 from city 3. 

 

 

3.3.3. Capturing temporal variability 

Variability might occur because of time pressure as time variations can affect the 

output(s) of functions or the outcome(s) of the entire system (Raben, Viskum, et al., 

2018). The DynaFRAM is able to capture temporal variations both for a specific 

function and for the entire system.  

Videos 1-3 in Appendix A.2 show time captured to execute <Add the patient to a 

waitlist for admission> function (Figure 3.5: Function 7). As shown in the videos, the 

execution time of the function is variable for the three patients: 12 time units for 

patient 1 from city 1 (Scenario 1), one time unit for patient 2 from city 2 (Scenario 

4), and five time units for patient 2 from city 3 (Scenario 6). This temporal variability 
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may affect downstream functions in the transition process of each patient, and may 

even influence the outcome of the entire system.  

The DynaFRAM permits the execution of a FRAM model for different cases. The 

outputs of functions may be variable when different cases are executed, and only 

some functions may be carried out at a specific time. An instantiation of an event can 

be recorded through tracking the variable processes over time. Two recorded 

instantiations are presented in the format of video in Appendices A.3 and A.4 for 

patient 1 from city 1 (Scenario 1) and patient 1 from city 2 (Scenario 3). As shown in 

Videos 4 and 5 (Appendices A.3 and A.4), time was captured for the instantiations 

with the DynaFRAM based on the scenarios provided for the two patients. The 

information of Scenario 1 (patient 1 from city 1) is presented in Appendix A.1 and 

the information of Scenario 3 (patient 1 from city 2) is shown in Table 3.3. The 

transition time captured for patient 1 from city 1 was 73 time units (seconds) whereas 

the transition process lasted 48 time units (seconds) for patient 1 from city 2, as shown 

in Figures 3.7 and 3.8. The temporal variability observed in the transition processes 

of the two patients resulted from different time values recorded for executing the 

active functions of the two instantiations. Understanding temporal variations in the 

transition processes can help healthcare providers to improve the quality of care for 

frail patients.  

3.4. Study limitations  

This study had two limitations that should be mentioned. The ability of the 

DynaFRAM tool was assessed to capture different characteristics of variability in 
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healthcare operations. First, the information used in this study was limited to just six 

patients although in-depth data were gathered for each patient. A bigger sample size 

could be a better and more accurate basis for evaluating the capability of the tool in 

capturing variability. The second limitation was associated with quantitative 

functional outputs. The outputs of functions for all six patients were qualitative except 

the output of Function 26 (<invite a family member/caregiver>). This limitation was 

a barrier in showing the ability of the DynaFRAM in capturing quantitative 

characteristics of variability. 

3.5. Conclusions  

The DynaFRAM, a dynamic version of the FRAM, was developed and applied to 

healthcare operations to investigate performance variability in complex operations. It 

is suitable for studying and analyzing complex operations characterized by functions. 

In this study, the DynaFRAM was applied successfully to a transition model of frail 

patients to capture and visualize different characteristics of variations. The results 

showed the incremental improvements of the DynaFRAM compared to other FRAM 

related tools. According to the results of this study, the DynaFRAM was able to 

capture the qualitative characteristics of variability regarding functional outputs and 

the outcomes of the entire system. Another benefit of using the DynaFRAM was to 

capture quantitative characteristic of variability in complex operations. Another 

benefit of the DynaFRAM was demonstrated through capturing temporal variations 

both in functional outputs and in the outcomes of the entire system. The application 

of the DynaFRAM to complex operations enables gaining operational insight that can 

improve experts’ understanding of the operations they manage.  
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Chapter 4 

Model ing and analyzing hospi ta l  to  home 
t ransi t ion processes  of  f ra i l  o lder  adul ts  
using the funct ional  resonance analysis  
method (FRAM) * 
Co-authorship statement. A version of this chapter has appeared in the journal 

Applied Ergonomics published by Elsevier. The lead author, Vahid Salehi, has 

generated the model and extracted the patient-related data for running the model. Co-

authors from University of New Brunswick gathered research data for modelling and 

verified the generated model. The co-author Dr. Natasha Hanson led the data 

collection process. The co-author Dr. Doug Smith contributed to shaping the 

interview questions to get the data we used to build the model. Co-authors Prof. Brian 

Veitch and Dr. Smith supervised the study. All authors read and approved the final 

draft.  

Abstract. The main purpose of this study was to model and analyze hospital to home 

transition processes of frail older adults in order to identify the challenges within this 

process. A multi-phase, multi-sited and mixed methods design was utilized, in which, 

Phase 1 included collecting semi-structured interviews and focus group data, and 

Phase 2 consisted of six patient/caregiver dyad prospective case studies. This study 

was conducted in three hospitals in three cities in a single province in Canada. The 

                                                 
* Salehi, V., Hanson, N., Smith, D., McCloskey, R., Jarrett, P., & Veitch, B. (2021). Modeling and 
analyzing hospital to home transition processes of frail older adults using the functional resonance 
analysis method (FRAM). Applied Ergonomics, 93, 103392. 
https://doi.org/10.1016/j.apergo.2021.103392 

https://doi.org/10.1016/j.apergo.2021.103392


 

110 
 

Functional Resonance Analysis Method (FRAM) was employed to model daily 

operations of the transition process. The perspectives of both healthcare providers 

and patients/caregivers were used to build the FRAM model. The transition model 

was then tested using a customized version of the FRAM. The six patient/caregiver 

cases were used in the process of testing the FRAM model. The results of building 

the FRAM model showed that five categories of functions contributed to the 

transition model, including admission, assessment, synthesis, decision-making, and 

readmission. The outcomes of using the customized version of the FRAM revealed 

challenges affecting the transition process including waitlists for geriatric units, team-

based care, lack of a discharge planner, financial concerns, and follow-up plans. The 

findings of this study could assist managers and other decision makers to improve the 

transition processes of frail older adults by addressing these challenges. The FRAM 

method employed in this study can be applied widely to identify work practices that 

are more or less successful, so that procedures and practices can be adapted to nudge 

healthcare processes towards paths that will yield better outcomes.  

Keywords: Transition process; Frail patients; Functional Resonance Analysis 

Method (FRAM); Geriatric unit; Healthcare providers.  

4.1. Introduction 

The healthcare sector is under tremendous pressure from the competing requirements 

of increasing efficiency, safety, and economic viability (Hollnagel & Braithwaite, 

2019). One of the most significant challenges in healthcare systems is the 

maintenance of health in old age. The proportion of people aged 65 and older is 
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projected to increase worldwide in the coming decades (World Health Organization, 

2015). During the last three decades, the population of people in the age range of 65 

years and above has witnessed an increasing trend in Canada (Canadian Frailty 

Network, 2020). Moreover, life expectancy has increased in developed countries, 

which has been one of the greatest achievements of public health in the twentieth 

century (Oeppen & Vaupel, 2004).  

As people age, there is a decline in their physical and mental capacity, and the risk of 

morbidity and frailty increases. Frailty is a reduction in the capability to respond to 

stressors and an increased vulnerability to adverse outcomes (Fried et al., 2001). It 

has important implications for the capability to retain independent, high quality 

living, and carries an increased risk of hospital visits, disability, and death 

(Heuberger, 2011). Aging intensifies the degree of frailty, making it more likely that 

illness in seniors will contribute to some degree of functional decline (Ebrahimi et 

al., 2013; Williams et al., 2009). The vulnerability of frail older adults to unexpected 

events and their functional decline while being hospitalized heightens the need for 

developing an inclusive approach to address the issues and needs of frail older adults.  

Healthcare, a socio-technical system, exhibits dynamic interactions between 

technology, humans, organizations, and the environment (Holden et al., 2013). 

Hospital-to-home transition processes are complex given that multiple human-

organizational factors are involved (O’Hara et al., 2020; Robinson et al., 2012). The 

perceptions of different stakeholders, such as frail patients, caregivers, and healthcare 

providers, make such transitions more complicated. To address the complexity of 

such a process, systemic approaches are required as they are able to capture the 
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interdependencies among different elements (Hollnagel, 2012b; Laugaland et al., 

2014). The fundamental intention of human factors, especially systemic approaches 

is to improve the safety of people in complex processes, such as care transitions (Aase 

& Waring, 2020). To cope with the complexity of transitional processes and to 

promote successful transitions, the involvement of a variety of health professionals is 

often required (Nuernberger et al., 2018). Systemic approaches are appropriate for 

such purposes as they can consider the non-linear and dynamic relationships between 

different elements (Hollnagel, 2017).  

A review of the literature in the fields of human factors/ergonomics and health 

services research shows that a considerable amount of research has been conducted 

investigating the transition/discharge process of frail patients from hospital to home 

(Aase & Waring, 2020; Barnhart & Carpenter, 2016; Randriambelonoro et al., 2020). 

Some of the studies regarding the transition process of frail patients are reviewed 

here. Laugaland et al. (2012) conducted a qualitative study for identifying 

interventions for enhancing patient safety during transitional care of frail patients. 

The outcomes of the study indicated a number of intervention types, such as 

organizational interventions, profession oriented interventions, and patient/next of 

kin oriented interventions. Kianfar et al. (2019) presented a framework of care 

coordination for chronically ill patients using a comparative method. Interviewing 12 

healthcare professionals led to identifying factors influencing care coordination. 

“Exchanging information about patient transition”, “arranging services and 

equipment for the patient”, “helping the patient with appointments and 

transportation”, and “scheduling follow-up to review patient status” were some of the 

factors that influenced the patient transition. Williams et al. (2009) investigated 
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emergency department-to-home transitions of older adults using the Systems 

Engineering Initiative for Patient Safety (SEIPS) 2.0 model. The SEIPS model was 

applied for analyzing processes that occur across multiple work systems. The results 

showed the SEIPS model is able to identify and model work system barriers. It is also 

capable of providing a basis for evaluating the patient transition across system 

boundaries. Aase & Waring (2020) conducted a qualitative study to establish a 

framework to investigate safety and quality in care transitions. The results of the study 

showed that some components, such as communicative, cultural, collaborative, 

patient-based, and competency-based factors affect the safety and quality of the care 

transitions. A synthesis of the non-FRAM related studies indicated that there is a lack 

of a detailed model of the transition process of frail patients (Rennke et al., 2013). 

Additionally, the models presented in the studies suffer from investigating non-linear 

relationships between different elements of the transition process. The inherent 

variability in everyday activities that can potentially lead to undesired outcomes was 

also denied in the studies (Laugaland et al., 2014).  

The functional resonance analysis method (FRAM), a systemic approach, is used to 

model everyday activities to demonstrate the complexity of a system (Hollnagel, 

2012b; Salehi, Veitch, et al., 2021). The FRAM is a function-based approach that is 

used to describe work as done, show interactions between functions, and identify 

performance variability (Bjerga et al., 2016; Hollnagel, 2012b). It has been 

successfully employed for assessing risks and investigating events/accidents in 

complex systems, such as healthcare (Buikstra et al., 2020; Hollnagel, 2012b). Table 

4.1 shows a list of the studies, which have used FRAM in this capacity in order to 

address issues related to healthcare systems.  
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A review of the literature shows some studies explored the transition process of frail 

patients using the FRAM. Laugaland et al. (2014) used FRAM to identify functions, 

variability, and performance shaping factors in the discharge process of 20 frail older 

hospitalized patients. The study outcomes indicated that the FRAM is capable of 

providing a detailed understanding of the discharge process, and of recognizing the 

sources of performance variability influenced by various factors. Recently, Buikstra 

et al. (2020) employed the FRAM for analyzing the discharge process of frail patients 

and for understanding variability in everyday operations of the discharge process. The 

results of the study highlighted the role of the FRAM in modeling complex processes 

and addressing issues associated with performance adjustments in everyday activities 

of frail older adults. The results of the FRAM also showed that changes based on the 

aggregation of variability could decrease the probability of undesired outcomes for 

frail older patients. O’Hara et al. (2020) also applied the FRAM to model transitional 

care using different stakeholder perspectives. The FRAM model was used to expand 

a theory of change for guiding intervention development. The study identified 27 

functions with related interdependencies. The results of the study showed that 

concentrating on activities such as maintaining patient mobility and reinforcing the 

understanding of medication and conditions help to enhance outcomes for frail 

patients after discharge.  

A synthesis of the FRAM related studies revealed that no studies to date have fully 

modelled, investigated, and monitored issues related to both pre-discharge and post-

discharge processes (follow-up and readmission) for frail patients using FRAM 

(Table 4.1). To this end, the current study selected the FRAM to represent a functional 

model of the complexity of interactions between different elements/functions of the 
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hospital-to-home transition process. This study also aimed to monitor the transition 

process of frail patients and to identify challenges they face during the transition 

process. The current study is different from O’Hara et al. (2020) in both data 

collection approaches and aims, although there are some similarities. As Table 4.1 

shows, the current study used textual review, home observations, and questionnaires 

to collect data, in addition to other approaches used by O’Hara et al. (2020). Another 

dissimilarity is that the current study incorporated the perspectives of both healthcare 

providers and patients/caregivers in the model of the transition process. Another 

unique characteristic of this study was the use of a customized version of the FRAM 

to monitor patients’ transition processes between admission and (possible) 

readmission processes. It helps identify challenges affecting the transition process, 

which is a unique aim of this study. In summary, this research sought to identify some 

key problems faced by frail older people transitioning from hospital to home in the 

community by developing a FRAM-based model. In this regard, we aim to: (1) 

Develop a comprehensive model of the hospital-to-home transition process for frail 

patients; (2) Monitor the transition process of frail patients with a customized version 

of the FRAM; and (3) Identify challenges in the transition process based on variations 

observed in the functional outputs of the transitions. The comprehensive model will 

be discussed further in Subsection 4.4.1. (Constructing the FRAM model). 
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Table 4.1: The characteristics of this study versus other relevant studies in the healthcare sector. 

Study 

Data collection approach Method Feature Objective 

O
bservation 

Interview
 

Focus group 

Textual review
 

H
om

e 
observations 

Q
uestionnaire 

FR
A

M
 

D
ynaFR

A
M

 

Frailty 

Pre-discharge 

Post-discharge 

C
om

prehensive 
m

odel 

Patient 
m

onitoring 

C
hallenges 

This study               
(O’Hara et al., 2020)               
(Buikstra et al., 2020)               
(Damen et al., 2019)               
(Schutijser et al., 2019)               
(Kaya et al., 2019)               
(Rosso & Saurin, 2018)               
(McNab et al., 2018)               
(Raben, Viskum, et al., 2018)               
(Ross et al., 2018)               
(Pickup et al., 2017)               
(Saurin & Werle, 2017)               
(Clay-Williams et al., 2015)               
(Laugaland et al., 2014)               
(Pereira, 2013)               
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This paper is organized into seven sections. The first section presented the 

introduction, comprising a review of studies related to issues faced by frail older 

adults transitioning from hospital to home and the FRAM as an approach for 

addressing such issues. The aims of this study and a comparison with some relevant 

studies were also presented in the first section. The methodology, including research 

design and the FRAM, is presented in Section 4.2. Section 4.3 is associated with the 

data collection process. The results of the FRAM, encompassing building and testing 

a comprehensive transition model, are described in Section 4.4. The results are 

discussed in Section 4.5. Finally, the limitations of this study and the conclusions are 

presented in Sections 4.6 and 4.7, respectively. 

4.2. Method 

4.2.1. Research design 

To achieve the goals presented in Table 4.1, this study was conducted in three 

different hospitals in three different cities in a Canadian province and incorporates 

the perspectives of healthcare providers, patients, and caregivers. The study 

employed the FRAM to construct a comprehensive model of the hospital-to-home 

transition process for frail older adults and provide examples of evidence for 

identifying challenges faced in the transition process. In this study, frail older adults 

are those with a Clinical Frailty Score of 6 or higher (Rockwood et al., 2005), upon 

admission to a geriatric unit. Figure 4.1 encompasses a schematic structure to describe 

various steps of the current research.  
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4.2.2. Functional resonance analysis method (FRAM) 

The FRAM is a qualitative approach that is used to visualize and model complex 

systems (Salehi et al., 2021). The method helps analyze complex socio-technical 

systems and uncover the complexity in everyday activities (Praetorius et al., 2015). 

It also provides insights into the functionality of a process, which can improve the 

background knowledge for any qualitative or quantitative risk assessment. These 

insights are also used to introduce measures and strategies for enhancing a system’s 

capability to achieve a higher level of safety and resilience (Macchi et al., 2009; 

Patriarca et al., 2018). As mentioned earlier, the FRAM is a function-based approach. 

Semi-structured interviews Focus groups Site observations 
Data collection 

Healthcare providers Caregivers Patients FRAM model construction 

Running and testing the model for different patients 
Practice 

Identifying challenges impacting the transition process Outcomes 

Figure 4.1: The schematic structure of this study. 

Monitoring successful and unsuccessful experiences 

Textual review Questionnaires Home observations 
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Functions explain everyday work of a system (Salehi et al., 2021). Technological, 

human, and organizational functions related to everyday operations constitute the 

basis of a FRAM model (Ross et al., 2018). A key aim of the FRAM is to identify a 

system’s dynamics through investigating the interdependencies between functions 

(Patriarca et al., 2017). The FRAM entails four main steps that are described in the 

following subsections. 

4.2.2.1. Identifying and explaining functions  

The first step includes identifying and describing functions. These functions can be 

classified as background or foreground functions. Background functions require a 

single input or one output and constitute the boundary of a system. Foreground 

functions are used for the main analysis and require more than one active aspect 

(Patriarca et al., 2018). Each function is described by up to six aspects, as follows:  

• Inputs: What a function uses to produce the output 

• Preconditions: What should be satisfied for a function to perform 

• Resources: What is consumed to execute a function/activity 

• Time: Temporal requirements of a function  

• Control: What supervises or regulates a function 

• Outputs: The result(s) of a function 
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4.2.2.2. Identifying performance variabili ty 

A FRAM model can be used to understand how the variability and adjustments of a 

function can affect other functions and thereby the activity as a whole (Hollnagel, 

2017). The potential and actual variability of each function’s output should be 

determined in the second step (Tian et al., 2016). One simple way of describing the 

variability of the output of a function is based on time and precision (Hollnagel, 

2017).  

4.2.2.3. Functional resonance 

The third step focuses on determining the possibility of functional resonance based 

on dependencies/couplings among functions and their potential/actual variability 

(Bridges et al., 2018). This step is also known as the aggregation of variability 

(Patriarca, Di Gravio, & Costantino, 2017a). To take into account the aggregation of 

variability, specification of upstream-downstream couplings is essential. The 

variability of an output of a downstream function can be due to the variability of the 

output from upstream functions that provides the input, requirement, resource, 

control, or time for downstream functions (Hollnagel, 2017). An example of an 

upstream-downstream coupling could be the dependency between functions <hold a 

family conference> and <discharge a patient> (Figure 4.2). According to Figure 4.2, 

<hold a family conference> as the upstream function provides the input for 

<discharge a patient> as the downstream function. This type of coupling is the basis 

of functional resonance.  
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4.2.2.4. Managing variabili ty  

Managing and monitoring variability recognized by the aggregation of variability 

accounts for the final step. Acceptable (positive) and unacceptable (negative) 

outcomes emerge from performance variability (Hollnagel, 2017). Managing 

variability is possible by implementing changes that either dampen the negative 

effects (absorb variability) or reinforce positive effects (amplify variability) 

(Patriarca & Bergström, 2017). 

In this study, a comprehensive FRAM model of the transition process was built by 

means of FRAM Model Visualiser (FMV) software developed by Hill & Hollnagel 

(2016). 

4.2.3. A customized version of the FRAM 

In this study, a customized version of the FRAM was developed through 

programming in Python programming language (Figure 4.3). It uses the process 

monitoring and the performance measurement (PMPM) method introduced by Smith 

et al. (2020). The customized version employs the models generated by the FRAM to 

map complex activities/operations, functional signatures to monitor what happens, 

and system performance measurement to compare outcomes of functional processes. 

Functional signatures are the basis of monitoring active functions in any given case. 

Performance measurement helps understand variations in system performance (Doug 

Smith et al., 2020). The customized version of the FRAM has been developed to 

visualize what is produced at the end of a function, when it happens, and for how long 

it happens. The original version of the FRAM (FMV software), in the current form, 
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is unable to visualize variations that occur in the outputs of functions. It does not 

model variability in a specific and tractable way. The original FRAM speaks of 

variability in general terms as, “this function has high or low variability” and 

hypothetically compares if multiple functions are likely to affect the overall system 

performance by some combination of the variability of those functions. The 

customized version gives more flexibility to users for generating scenarios and 

visualizing variations in the outputs of functions in terms of both time and precision. 

It tracks specific time and quantities of functional outputs as operations are carried 

out. If we collect many examples, we will have the records of the actual variability 

that occurs in the operation and not just hypothetical variability. It would be better to 

base a management decision on a phenomenon that are observable repeatedly in an 

operation rather than a hypothetical case, which may not or cannot occur. It is 

noteworthy that the customized version does not generate a FRAM model, but uses 

the models generated by the FMV software. In the current study, the customized 

version was used to test the model constructed by the FMV software via running 

different scenarios for different patients. 

4.2.4. Modelling and analysis 

To construct and run the FRAM model of the transition process from the multiple 

sources of data, we used a process of analyzing the qualitative data sets, 

interpretation, and discussion. The authors operated as a team and would like to 

present the work as a whole. First, the data were analyzed to draw out the timeline of 

events and types of activity that characterize the movement of a frail patient from 

hospital admission to discharge and post-discharge period. Second, the authors met 
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to interpret the data and to discuss how the work processes can be presented into 

activities and functions. Modeling the transition process was supported by the FMV 

software. Then, it was discussed by all authors to increase the comprehensibility and 

reliability of the model.  

4.3. Data collection 

This was a prospective multi-phased mixed methods design. The data were collected 

in two phases. Phase 113 was comprised of qualitative data collection through semi-

structured interviews and focus groups. The data of Phase 1 was the basis for 

constructing the FRAM model, as well as the site observations from Phase 214. The 

second phase consisted of patient case studies, which included semi-structured 

interviews, questionnaires comprising standardized measures (Appendix B.4), 

observations of health care team meetings and family meetings, textual data sources, 

including electronic medical record (EMR) documents, and home observations. The 

data gathered from Phase 2 were used for running the model and monitoring the six 

patients’ transition processes. Table 4.2 shows the distribution of participants in the 

data collection process. Healthcare providers, including geriatricians, pharmacists, 

nurses, therapists (physiotherapy, occupational, recreation, and speech language 

pathologists), spiritual care providers, dietitians, social workers, as well as family 

caregivers, and patients constituted the participants of this study. Data were collected 

from healthcare providers, as well as patient and family caregiver perspectives in 

order to model the process comprehensively. No participants were paid for partaking 

                                                 
13 The file number of the ethics application related to Phase 1 is 051-2018.   
14 The file number of the ethics application related to Phase 2 is 020-2019. 
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in the research study. Healthcare providers were working at three hospitals in three 

different cities, on specialized geriatric units (herein referred to as the research sites). 

The approximate number of inpatient beds was between 100 and 400 for the three 

hospitals in the three cities. As indicated in Table 4.2, the information from 10 

interviews, three focus groups, and observations made at three sites provided the basis 

for constructing the FRAM model. Weeks of observations were performed, enabling 

detailed functions/information to be identified, which were subsequently 

incorporated in the FRAM model. The information of the six patient cases obtained 

during the second phase was used for testing the model. Informed consent was 

obtained from all participants prior to data collection in both phases.  

Table 4.2: Participants’ distribution for building and testing the FRAM model. 

 

Participants for building FRAM model Case studies for testing FRAM model 
(practice) 

Phase 1 Phase 2 
C

linician 
interview

s 

C
aregiver 

Patient 

Patient and 
C

aregiver 

Focus group 

Site 
observation 

Patient and 
C

aregiver 
C

ases 

City 1 - 2 1 - 10 7 weeks 2 
City 2 1 - - 1 7 11 weeks 2 
City 3 1 1 - 3 9 8 weeks 2 
Total 2 3 1 4 - - 6 

 

4.3.1. Semi-structured interviews 

All Phase 1 interviews were subject to convenience sampling and semi-structured in 

design. Although the interviews had a clear structure, there was room for 

supplementary questions. A recording device was used, with participant permission, 

to record all interviews, which were then transcribed verbatim by a member of the 
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research team. Patients and caregivers at all three research sites were asked by 

healthcare providers, within their circle of care, for permission to be contacted by the 

research team, if the patient was considered frail (patient with Clinical Frailty Score 

of 6 or higher) and had been scheduled for discharge or discharged within two 

months. A member of the research team (all of whom were trained in data collection 

methods and had previous research experience) then contacted patients and/or 

caregivers to confirm their interest in participation, set up the interview at a time and 

place convenient to the participant (which included at their homes and over the 

telephone). Informed consent was obtained prior to the start of the interview. Eight 

interviews with patients and caregivers were conducted and the average length of 

interview was 23 minutes. Iterative thematic analysis was conducted according to the 

phases of thematic analysis described by (Braun & Clarke, 2006) which are: 

familiarization with the data, generating initial codes, searching for themes, 

reviewing themes, defining and naming themes, and then producing the report. This 

analysis was led by the team’s qualitative methodologist (NH), with two other trained 

research team members. All team members conducted each phase of the analysis with 

consensus being reached regarding generation of initial codes, searching for themes, 

reviewing themes, and defining and naming themes. Interviews were analyzed 

iteratively, as they were transcribed after collection, as such it was clear when 

saturation was reached, in that no new themes were generated by the addition of 

further data (Saldaña, 2015), for patient and caregiver interviews. Saturation was also 

agreed upon by all three research team members conducting the thematic analysis. 

Healthcare providers who worked within the three data collection sites were invited, 

via an email from the research team, to participate in focus groups or individual 
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interviews, dependent on their preference. Two healthcare providers chose to 

participate in individual semi-structured interviews by responding to the email. The 

team’s qualitative methodologist conducted these interviews at a time and place 

convenient to the healthcare providers (which resulted in data collection at private 

conference rooms in their workplaces). These interviews averaged 43 minutes. 

Participants’ perspectives presented in the interviews were used to map the transition 

process of frail patients. The interviews included the opinions of healthcare providers, 

patients, and caregivers about what constituted a successful transition from hospital 

to home, including pre-discharge and post-discharge processes. In addition, 

participants were asked to detail challenges and factors that influence the transition 

process (see interview guides in Appendices B.1 and B.2 for each participant group). 

The interviews yielded information that identified core functions, specified aspects, 

and recognized performance variability related to each function. Additionally, 

interviews were conducted with a different group of patients and caregivers in the 

second phase of data collection to capture patients’ experiences and health conditions 

pre- and post-discharge, including at one week, one month, and three months 

(Appendices B.5 and B.6).  

4.3.2. Focus groups 

During Phase 1 data collection three focus groups were carried out at the three 

research sites. Participants consisted of a convenience sample of healthcare providers 

who treat patients within the research sites. Healthcare providers who worked within 

the three data collection sites were invited, via an email from the research team, to 



 

127 
 

participate in focus groups or individual interviews, dependent on their preference. 

The focus groups were scheduled at a time convenient to those who wished to 

participate and conducted at a private conference room at the research site. The team 

qualitative methodologist conducted the focus groups, and the average length was 49 

minutes. An audio recorder was used with permission to record all focus groups, and 

the recordings were subsequently transcribed verbatim by a member of the research 

team. The healthcare providers were asked to explain the characteristics of a 

successful transition process, factors influencing the transition process, and their 

respective roles within this process (Appendix B.2). Table 4.2 shows the number of 

participants in the three focus groups. Iterative thematic analysis (Braun & Clarke, 

2006), following the same process detailed above and with the same research team 

members as the above semi-structured interviews, led by the team’s qualitative 

methodologist, was conducted on the focus groups, in conjunction with the individual 

healthcare provider interviews, in order to ensure saturation (Saldaña, 2015).   

4.3.3. Site observation 

The site observations, as part of Phase 2, aimed to provide in-depth information on 

the treatment of patients. These observations were conducted at the three research 

sites during the weekly team meetings of the multidisciplinary healthcare providers. 

Informed consent was obtained by all attending healthcare providers. Research 

assistants (who were trained by the research team), as well as a member of the 

research team (with expertise in research data collection) attended and took detailed 

notes at the healthcare providers’ weekly meetings, at which all patients on the unit 

were discussed. An observation grid was used to guide the notes taken (see 
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Observation Grid Appendix B.3). Notes were also combined and reviewed after each 

meeting by the research team in order to ensure they were accurate. The observations 

were also sent via email to the healthcare providers for their input and corrections. 

The observations resulted in gaining an understanding of how the various healthcare 

providers treating patients were involved in various parts/functions of the transition 

process, including the level of care needed by a patient, as well as their current 

medical status, medication packaging, diet type, and functional/cognition ability. 

4.3.4. Other sources of data  

During the second phase, prospective case study methods were used, in which a 

patient and caregiver was considered one case and data were collected about them 

from various sources. The inclusion criteria were frail patients being treated in the 

targeted research sites, who were expected to transition to a private home in the 

community, where they would live with at least one family caregiver. A sample of six 

cases (two participants per case), with two cases per research site, was chosen as 

appropriate given that within a case study approach the depth of information obtained 

is the goal (Creswell & Creswell, 2017). Healthcare providers at the targeted research 

sites, within the circle of care of the patients, approached those patients and their 

caregivers about interest in participation. If the patient and caregiver consented, their 

contact information was forwarded to the Research Nurse, who would then seek 

informed consent. The data, all collected by the trained Research Nurse, included 

demographic information, patient medical information, pre- and post- discharge 

interviews, as well as home visit interviews, standardized measures, including those 

for clinical frailty, cognitive impairment, depression, activities of daily living, ability 
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to perform self-care, apathy, resilience, comorbidity, and health care utilization (see 

Appendices B.4, B.5, and B.6). The data were used to monitor patients’ transition 

processes in testing the FRAM model. The data collected from home observations, 

for instance, helped identify the output of functions, such as <identify physical 

problems>, <identify cognitive problems>, and <identify common issues> when 

patients are at home. 

4.4. Results 

The results of this study are presented in the three following subsections to satisfy the 

objectives of the study, which are shown in the three last columns of Table 4.1. The 

first subsection presents the constructed comprehensive model of the transition 

process (the first objective of this study). The results of testing the model to monitor 

patients’ transition processes are shown in the second subsection to meet the second 

objective. The third subsection indicates the challenges of the transition process to 

address the third objective of this study.   

4.4.1. Constructing the FRAM model 

In this subsection, we explain how the FRAM model of the hospital-to-home 

transition process for frail patients was constructed. To this end, functions were 

identified, described, and linked together. Identifying and describing functions was 

an iterative process with several revisions and additions happening across the analysis 

process. The identified functions were discussed to construct the FRAM model before 

linking together using the six aspects of the functions. In the step of identifying 

functions, first, the core functions (those that represent the main activities in the 
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transition process) were identified based on the opinions of healthcare providers 

(work-as-imagined) reflected in semi-structured interviews. We started by describing 

the boundary of the system under investigation. The authors agreed that the transition 

process began with admission to hospital, and moved through discharge from 

hospital, follow-ups outside of hospital, and readmission to hospital. The functions 

were identified from the point of admission to the point of readmission including the 

activities that occur within the defined system boundary. Then, caregivers’ and 

patients’ perspectives and patient observations (work-as-observed) were used to 

recognize more functions. The functions described by healthcare providers (work-as-

imagined) and functions identified based on patient observations (work-as-observed) 

were needed to construct the comprehensive FRAM model.  

The comprehensive model was different from the imagined practice as patient 

observation (work-as-observed) contributed to identifying functions related to patient 

readmission. In total, the comprehensive model consisted of 38 functions containing 

both pre-discharge and post-discharge stages. The information gained from 

healthcare providers and patients/caregivers was employed to characterize the aspects 

of the functions. Functions were coupled through the aspects of various functions 

with the same value. The data from focus groups were used to improve the 

constructed model by adding more functions, adding more details to the description 

of each function, and finding new couplings or dependencies between functions. The 

comprehensive FRAM-based model is depicted in Figure 4.2. It was constructed by 

the FMV.   
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As indicated in Figure 4.2, the functions were classified into five categories: 

admission; assessment; synthesis; decision-making; and readmission. The figure 

indicates that 10 functions were involved in the admission category, and 12 functions 

accounted for the assessment category. Synthesis and decision-making categories 

included five functions each. Finally, six functions constituted the readmission 

category. As illustrated in Figure 4.2, the functions associated with the admission 

category describe the process of admitting a patient in a geriatric unit. Assessment-

related functions indicate how a wide spectrum of healthcare providers, 

encompassing geriatricians, pharmacists, nurses, therapists, and dietitians work 

together to deliver treatment to frail patients. Some meetings, such as weekly team 

meetings and family conferences, are convened to synthesize functions related to the 

perspectives of healthcare providers and family members/caregivers. Weekly team 

meetings refer to communication among care team members about patients, and 

family conferences include communication between the team members and 

patients/caregivers. The functions associated with the synthesis category investigated 

patients’ health situation before discharge. Decision-related functions determined 

when there would be a recommendation for a patient to be discharged from the 

hospital. The care team also recommended which options were appropriate for 

patients based on the patients’ health and financial conditions. In this regard, the 

patients’ level of family support was also of great importance. The care team 

recommendations for discharge contained patients’ and caregivers’ opinions as well. 

The last category of functions describes how and why a patient might be readmitted 

to hospital.  
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Figure 4.2: The comprehensive FRAM model of the hospital-to-home transition process for frail older patients. 

Assessment 
Readmission 

Synthesis 

Admission 

Decision-making 
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4.4.2. Testing the FRAM model in practice 

After constructing the model, it was tested. The objective of testing the FRAM model 

was to monitor patients’ transitions and to learn about the role of active functions 

involved in the transition process. We exercised the model separately for each of six 

frail patients in the customized version of the FRAM.  

One scenario per patient was defined. Two of these scenarios are presented in Table 

4.3 and Appendix B.7 to illustrate. As shown in Table 4.3, each scenario included the 

number of active functions, the time required for execution of each active function, 

the output(s) of each active function, downstream coupled function, and coupled 

function aspects. Then, the comprehensive model and different scenarios were 

imported into the customized version of the FRAM. The outcome of running the 

customized version of the FRAM provided a visual representation of what happened 

for the patient over the course of their transition process. Two examples of the 

outcomes for two patients are presented in Figure 4.3 and Appendix B.8. Figure 4.3 

shows a general view of the environment of the customized version of the FRAM and 

what happened for patient 3 of city 1, including 18 active functions involved in the 

transition process from hospital to home. It also provides the real output of each 

function, and couplings/dependencies between active functions. For instance, the 

output of the function <Assess the patient by a physiotherapist> was “home exercise”, 

which served as a precondition for function <Assess the patient and provide medical 

services> (Figure 4.3).  
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Table 4.3: The information of a scenario provided for patient 3 of city 1. 

Time Active 
Function Active Function Output Downstream 

Coupled Function 

Coupled 
Function 
Aspect 

1 25 Fractured hip/Delirium 6 I 
2 6 Referral to a geriatrician 5 I 
3 5 Dementia/delay 7 I 

14 7 Almost 12 days 8 I 
26 8 Hospitalizing in geriatric unit 22 I 
27 22 Fractured hip/Delirium 35 I 
28 22 Nurse assessment 2 I 
29 2 Information on dementia 35 P 
30 22 SW assessment 11 I 
31 11 Social Development Financial 

Assistance Program 
35 P 

32 22 Pharmacist assessment 29 I 
33 29 Medication reconciliation 35 P 
34 22 Physiotherapy 1 I 
35 1 Home exercise 35 P 
36 22 Occupational therapy 21 I 
37 21 Home care services 35 P 
38 22 Recreation therapy 23 I 
39 23 Cognitive impairment (Dementia) 35 P 
40 22 Nutrition therapy 24 I 
41 24 Satisfactory 35 P 
42 35 Medication change/Home care 

services/Home exercise/Safety 
equipment 

9 I 

43 9 Informing for family conference 0 I 
44 9 Informing for discharge 26 I 
45 26 Husband 0 P 
46 0 Acceptable ability for discharge 4 I 
47 4 Arranged for one month later 14 I 
48 4 Home care services/delay/no 

discharge planner (social worker) 
3 I 

52 14 The physician appointment was 
performed 

3 I 
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Figure 4.3: An example of a successful outcome (patient 3 from city 1). 
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This study assumed two criteria to monitor patients’ transition processes based on the 

perspectives of both healthcare providers and patients/caregivers. The first criterion 

is related to patients’ health and ability to return home in the community. This means 

that the patient has the capacity to live at home and perform daily activities, with or 

without caregivers and equipment. To this end, the scores obtained by standardized 

measures, such as clinical frailty, cognitive impairment, and physical self-

maintenance were used. Family support is important regarding the first criterion as 

well. The first criterion can be reflected as the output of the function <Hold a family 

conference> and is recommended by the care team (healthcare providers) before 

holding the family conference. For example, Figure 4.3 shows that patient 3 from city 

1 was healthy enough for discharge. She had her family support, encompassing her 

husband and daughter. The second criterion is that the patient is not readmitted to the 

hospital for the same reason as admission. Appendix B.8 shows that patient 2 from 

city 3 was readmitted for one of the same reasons as admission. One of the reasons 

for admission and readmission was “congestive heart failure”. Hence, the monitored 

patient experienced an unsuccessful transition based on the criteria of a hospital 

readmission. The process ended in the function <Readmit the patient>. On the other 

hand, Figure 4.3 indicates that the experience of patient 3 from city 1 was successful 

as the patient was healthy enough to go home and stay there. The transition process 

of the patient ended in the function <Go home without services>. Table 4.4 shows a 

summary of the results of running the FRAM model for six patients, including the 

patient’s situation and admission/readmission reasons. According to Table 4.3, five 

patients (83%) experienced a successful transition, and one patient (17%) had an 

unsuccessful experience. A fuller version of the results is presented in Appendix B.9, 
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which is used for analyzing the variability of each function’s output(s) and identifying 

challenges of the transition process.  

Table 4.4: The results of running the FRAM model in practice. 
Patient’s no. Outcome/Reason 

City 1: patient 1  

Successful:  
Excellent ability during discharge process. 
Readmission with a different reason (admission reasons: stroke and possible 
dementia, readmission reason: cough). 

City 1: patient 3 

Successful:  
Acceptable ability and health during discharge process. 
Staying at home (admission reasons: fractured hip and delirium, no 
readmission). 

City 2: patient 1 

Successful:  
Acceptable ability and health during discharge process. 
Staying at home (admission reasons: fractured left ankle and fracture of left 
distal tibia, no readmission). 

City 2: patient 2 

Successful:  
Acceptable ability and health during discharge process. 
Staying at home (admission reason: right MCA stroke with left sided 
weakness, no readmission). 

City 3: patient 1 
Successful:  
Acceptable ability and health during discharge process. 
Staying at home (admission reason: dysmobility, no readmission). 

City 3: patient 2 

Unsuccessful:  
Relatively stable situation during discharge process. 
Readmission with the same reason as admission (admission reason: fractured 
pelvis and congestive heart failure, readmission reason: congestive heart 
failure. 

 

4.4.3. Challenges of the transition process  

As mentioned earlier in Subsection 4.4.2, the comprehensive model of the transition 

process provided in Figure 4.2 was imported into the customized version of the 

FRAM and run six times for six patients/instantiations (one scenario per patient). The 

results of running the model helped map each patient’s situation and recognize core 

functions contributing to the transition process for each patient (Figure 4.3 and 

Appendix B.8). The figures presented in Figure 4.3 and Appendix B.8 show the 
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outputs of the functions involved in transition processes of two patients. The 

variability in the outputs of core functions within the six instantiations/patients was 

extracted from the results of running the model and is presented in Appendix B.9. 

According to the appendix, the variability of each function was described in terms of 

time and precision for each patient. This subsection explains challenges of the 

transition process by highlighting similarities and differences between patients’ 

experiences, and using the variability observed in core functions. The similarities and 

differences are highlighted based on the functions involved in transition processes 

and the interactions/dependencies between them.  

4.4.3.1. Waitlist  in admission process to the geriatric unit 

In the transition process, in-patients of an acute care unit are placed on a wait list to 

be transferred into a specialized geriatric unit.  It is noteworthy that the waitlist is not 

associated with admission to hospitals. Patients are receiving hospital care prior to 

being admitted to geriatric units. The output of function <Add a patient to the waitlist 

for admission> was identified for each patient. The variability observed in the output 

of the function was described based on time/duration for each patient in Appendix 

B.9. The results of the observed variability indicated that time/duration of the waitlist 

was different for the six patients. Three patients experienced a 12-day waitlist in the 

admission process into the geriatric unit (50%), one patient experienced a five-day 

waitlist (17%), and another patient was on the waitlist just one day (17%). Another 

patient was hospitalized directly at the emergency department as an urgent case.  
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4.4.3.2. The necessity of team-based care in patient assessment 

Team-based care could make a difference for patients in the hospital-to-home 

transition process by enhancing quality assessment and providing medical services. 

In the FRAM model provided in Figure 4.2, the function <Assess the patient and 

provide medical services> along with its preconditions were considered to describe 

patients’ assessment and the provision of required medical services. When all 

assessments and in-hospital therapies are complete, the physician comes to see the 

patient and calls for a family conference. The healthcare providers recommend 

therapies, medication and equipment for patients. The preconditions of the function 

included patients’ assessment by a team of healthcare providers, such as medical 

doctors, geriatricians, nurses, social workers, and therapists. The full list of team care 

members is observable in the functions related to assessment category in Figure 4.2. 

The output(s) of the function <Assess the patient and provide medical services> was 

identified and presented in Appendix B.9. According to the data, a diverse list of tests 

and services was provided for each patient in order to improve the patient’s ability 

and health before discharge. The variability in the output of the function provided in 

Appendix B.9 indicates that various tests like x-ray, blood & sugar tests, and anemia 

tests were done. Moreover, different types of care, such as physiotherapy, 

occupational therapy, nutrition therapy, and spiritual care, were provided, however 

they were dependent on patient need and availability in different hospitals. The data 

(Appendix B.9) shows a range of healthcare providers (medical doctor, nurse, social 

worker, and therapists) in the form of the care team worked together to provide 

appropriate patient care. Some examples from the focus group data confirm the 
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importance of a multidisciplinary team approach to care in the transition process. For 

instance, in the first phase of data collection (focus group of City 1), a geriatrician 

mentioned “everybody here has a valuable role in the team, and we all see it, share it 

and we learn from each other.” The geriatrician added “… but it [a full comprehensive 

geriatric evaluation] is very much an interdisciplinary assessment, all team members 

basically do an intake when the patients admitted …”.  

4.4.3.3. Lack of discharge planner  

A patient will be discharged if the outcome of the function <Hold family conference> 

shows that the patient is healthy enough, has the financial capacity or funding for 

services, services are available, as well as family support. The function <Discharge a 

patient> describes the activities associated with discharging a patient. The family 

conference is helpful because family members are invited to hear the 

recommendations from all healthcare providers. Tracking the output of the function 

<Discharge a patient> indicates that the presence of the discharge planner was 

variable. Appendix B.9 shows that there was a Registered Nurse discharge planner 

during the discharge process of two patients (33%) (city 3: patients 1 and 2). A case 

coordinator played the role of discharge planner for the two patients of city 2 (33%), 

and a social worker who played the role for the two patients of city 1 (33%). The 

results indicated that there was no dedicated discharge planner in 66% of the 

investigated cases, even though case coordinators and social workers performed all 

or parts of the responsibilities of a discharge planner in transferring the information 

related to recommendations and services to caregivers/patients for post-discharge 

process.  



 

141 
 

4.4.3.4. Financial concerns/limitations for services at home 

According to the data (Appendix B.9), the care team recommended some services, 

such as homemakers or equipment, to improve patients’ ability at home, but some 

patients had difficulties acquiring them. The difficulties included financial 

limitations, the lack of access to services, and delays in acquiring services. The 

analysis of the outputs of the functions <Hold family conference> and <Discharge a 

patient> shows that three patients had recommendations by the healthcare providers 

to acquire services at home after discharge. Two of them did not follow the 

recommendations due to a variety of reasons, including financial concerns. Another 

patient agreed to go home with limited services because of financial limitations. The 

patient/family agreed to have a paid care provider help them during the day as a part 

of recommended services for staying at home. The rest of the patients were not asked 

to acquire any services after discharge, or there was no information in this regard. 

Both healthcare providers and patients/caregivers confirmed there were financial 

issues for some of the patients and their family in acquiring the recommended 

services. A geriatrician highlighted that “I guess the amount of support they [patients] 

have, like a big limitation is the cost for services.” The geriatrician added “a lot of 

times at the family conference we’ll recommend some services, but once they 

[patients and their family] hear about the amount that they’ll have to pay for them, 

often the family will say “well, we’ll try to manage without”.” A caregiver mentioned 

“There’s also a big financial component. My parents live on the edge of poverty.” An 

occupational therapist pointed out in a focus group that “And often the financial cost 

of homemakers or home supports or equipment is too much. People will go home; 
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they’ll take all the free services they can get. And then it’ll get time to pay for services, 

and they can’t pay for those services, and they’ll cancel all services.”  

4.4.3.5. The importance of follow-up plans  

A successful transition process should have a follow-up plan. As a caregiver pointed 

out, “that [follow-up] should be part of transitional care, to make sure people go home 

with as much ability, cognitive and physical, as possible.” A nurse manager added in 

a focus group that “the transition may go really well for a while. But if the follow up 

doesn’t happen then it tends to drop off, so if they’re seeing the geriatrician again it 

will help with the successful transition.” The function <Follow up with healthcare 

providers> describes the follow-up plan, which is used to track patients’ health 

conditions after discharge in order to reduce the probability of readmission. A 

dietitian confirmed the significance of the follow up plan: “… it [follow up] seems to 

be lacking because that’s where you see people getting readmitted with the same 

problems.” The output of the function <Discharge a patient> for different patients 

shows a follow up appointment was arranged with a healthcare provider for all six 

patients (100%), such as family physicians, medical specialists, and physiotherapists 

(Appendix B.9). As shown in the appendix, the variability observed in the output of 

the function <Follow up with healthcare providers> revealed that one patient (17%) 

did not attend the arranged appointment, whereas four of the patients (66%) attended 

the arranged follow-up appointments. In one case (17%), a physiotherapist visited the 

patient in their home as a part of Extra Mural Program (Appendix B.9). This suggests 

the importance of follow-up plans in the transition process of frail older patients after 

discharge. A dietitian acknowledged this issue in a focus group: “I think that’s a big 
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deficit in the discharge planning, like you put a plan in place but then who follows 

this through to make sure it happens.” 

4.5. Discussion 

4.5.1. The capability of the FRAM for modeling the transition 

process 

The current study employed the FRAM to model and explain the daily activities of 

the hospital-to-home transition process for frail older adults. The FRAM is an 

appropriate approach to visualize what happens in a system and to provide a deeper 

understanding about the system’s reality (Hounsgaard, 2016). Ross et al. (2018) used 

the FRAM to recognize the core functions of healthcare systems. The current study 

employed the FRAM to identify and classify the functions involved in the transition 

process of frail older people. The main functions identified in the current study 

encompassed both the discharge process (Buikstra et al., 2020) and post-discharge 

step as well. Using a spectrum of perspectives from healthcare providers and 

patients/caregivers has enriched the comprehensive model provided in the current 

study in comparison with similar studies. Involving patient observations (work-as-

observed) resulted in recognizing the possible reasons of patient readmission. Using 

different perspectives in formulating the transition process helps cope with the 

complexity of the transition, as investigated by Aase & Waring (2020).  
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4.5.2. Monitoring the transition process by the FRAM 

One of the most important principles of the FRAM -and resilience engineering- is the 

equivalence of successes and failures. This means that things that go right and things 

that go wrong happen in a similar way. Acceptable (and unacceptable) outcomes are 

due to the ability (and inability) of organizations, groups, and individuals to adapt 

successfully to expected and unexpected events (Hollnagel, 2017). Monitoring the 

transition process of frail patients and learning from their experiences provided a 

context to distinguish a successful transition from an unsuccessful one. The results of 

the customized version of the FRAM showed that successful and unsuccessful 

transitions are rooted in a same set of functions. Performance variability in the output 

of the functions was the main reason for the successful and unsuccessful outcomes, 

as the results of other studies have emphasized (Kaya et al., 2019; Patriarca et al., 

2018).  

4.5.3. Challenges of the transition process through the lens of the 

FRAM 

The analysis of the variability observed in functions’ outputs revealed that there were 

some challenges in the transition process of frail patients. One of the challenges was 

related to the variability associated with the waitlist to be admitted into geriatric units, 

which might influence the length of the transition process. Managing the variability 

of the waitlists pertinent to geriatric units is of great importance. Some patients waited 

longer than others, which may be a reflection of a triage system that allocates services 

based on needs. The results of other studies showed that the waitlist should be as short 
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as possible (Doyle et al., 2016; Storm et al., 2014). Waiting for different types of 

services can lead to delays in the discharge process of frail older people (Doyle et al., 

2016). As Buikstra et al. (2020) pointed out, a long waitlist affects the discharge plan 

and leads to a longer discharge process for frail patients. Moreover, long waitlists on 

admission may lead to increasing problems in taking care of patients and decreasing 

patient satisfaction (Storm et al., 2014).  

A transition process should include team-based care as a main part of patient 

assessment. The team-based care is used to cope with adverse effects of disruptions 

and delays in different parts of the transition process, such as admission. It also 

contributes to success in the transition process and optimization of patient assessment 

process (Buikstra et al., 2020). Pickup et al. (2017) and Schutijser et al. (2019) also 

acknowledged that teamwork assists healthcare systems to manage delays in the 

process of patients’ care. The adjustments made by team members are essential for 

improving patients’ care plan, as highlighted by Kianfar et al. (2019). Teamwork is 

also essential for an appropriate discharge as frail patients have complex needs and 

their transition process includes different perspectives (Laugaland et al., 2012).  

Another finding of the current research showed there was no dedicated discharge 

planner for the cases/patients on the geriatric units of city 1 and city 2. The results of 

this study showed that other healthcare professionals, such as social workers (city 1) 

and case coordinators (city 2) carried out the duties of a discharge planner. Even 

though discharge planning is not limited to just a discharge planner, their role is to 

facilitate the discharge step so that patients and caregivers capture the information 

pertinent to post discharge. Using a discharge planner leads to decreasing the length 
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of staying at hospital (Palmer Jr et al., 2001). Their role facilitates the discharge 

process and affects the process of designing and implementing the discharge plan for 

patients (Holland et al., 2015). Discharge planning has significant influences on 

decreasing readmission rates for frail patients, as pointed out by Laugaland et al. 

(2012).  

Financial concern was a common problem of patients for acquiring the required 

equipment and services for staying at home after discharge from hospital. It can be a 

barrier to supply services required for patients (Doyle et al., 2016). The quality of 

healthcare related services can be affected by cost (Storm et al., 2014). As Laugaland 

et al. (2014) highlighted, this factor can limit the domain of patients’ performance 

and slow the process of patients’ improvement. Healthcare providers are required to 

be sensitive to all of patients’ needs, including their ability to finance and utilize the 

necessary resources to mobilize and maintain recommendations during the discharge 

process. An application of the human factors and ergonomics (HFE) approach showed 

the role of financial concern as a barrier to care quality of frail patients (Holden & 

Mickelson, 2013).  

The last challenge found by the current study was the importance of follow-up plans 

after discharge from hospital for frail older patients. The influence of discharge 

planning without follow-up plans is uncertain (Rytter et al., 2010). Unsuccessful 

transitions can happen due to the lack of follow-up plans as patients may experience 

adverse events (Storm et al., 2014). As Halasyamani et al. (2006) highlighted, follow-

up plans could contribute to risk reduction of readmission of frail older patients after 

hospital discharge. Other studies confirmed the positive role of follow-up plans in the 
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transition process (Avlund et al., 2002; Laugaland et al., 2014). Follow-up actions are 

required if healthcare providers discover errors when they review patients’ 

conditions, including services and medications (Kianfar et al., 2019).  

The investigation of work-as-done (WAD) and work-as-imagined (WAI) is of great 

importance, particularly for improving safety in health systems (Deutsch, 2017). The 

WAI illustrates the ideal state, whereas the WAD is explained by what people actually 

do (Braithwaite et al., 2016). As explored by the current study, the problems and 

challenges of the transition process were revealed through studying the WAD and 

modeling by the FRAM. However, the challenges of health systems, including the 

transition process, may not only be a problem of malfunction in the WAD dimension, 

but also the result of a failure in the WAI dimension rooted in health system design 

in general, as stated by Braithwaite et al. (2016) and Catchpole & Alfred (2018). 

4.6. Study limitations and future research directions 

This qualitative FRAM-based research examined just six patients in the phase of testing 

the FRAM model in practice. Although in-depth information was obtained on each 

case, the small sample size of investigated patients limits the generalizability of the 

findings of this study. To this end, future studies will take a supplementary step of 

collecting further patient data in order to expand the scope of this research. Future 

research could concentrate on performance variability of functions’ outputs. This, in 

turn, allows researchers to calculate the aggregation of variability and to recommend 

appropriate policies to manage variability in daily operations of the transition process 

so that frail patients improve the safety and quality of their lives. In the meantime, the 
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generalizability of the results will be reinforced due to more diversity and number of 

frail patients.  

As exposed in the time of the COVID-19 pandemic, the efficiency of healthcare 

systems is low, and costs are high. Future research could also focus on the formulation 

and development of public health policies for frail older people during hospital to home 

transitions, which may affect the performance of the healthcare system as a whole. 

Moreover, trade-offs between efficiency and thoroughness, known as the ETTO 

principle, could be investigated in the future. Requirements, including resources, 

should be met to achieve acceptable performance to ensure system operation 

(Hollnagel, 2009). The focus will be on researching the trade-off between acceptable 

(or unacceptable) performance and meeting requirements and current conditions to 

interpret why things that go right sometimes go wrong. Investigating differences 

between work-as-done and work-as-imagined has a great potential for future research. 

The possible gap between protocols and procedures of the transition process (work-as-

imagined) and observations of patients’ transitions (work-as-done) will be a basis to 

improve the quality of care during the transition process for frail patients.  

4.7. Conclusions 

The hospital to home transition process is a complex procedure covering admission, 

assessment, treatment, discharge, and follow up of patients. The process links 

hospital, home, and community to enhance patients’ health and safety. This research 

proposed a FRAM-based approach to model and analyze the complexity of everyday 

activities in the transition process of frail patients and examined six cases across three 
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hospitals. A wide range of perspectives, including healthcare providers, patients, and 

caregivers were involved in the modeling step to address the complexity of the 

process. The comprehensive model presented in this study enabled the research team 

to better understand daily operations in the care of frail older adults during transitions.  

The model covered the admission process, patient assessment and treatment, the 

discharge process, follow-up plans, and readmission. The results of this study 

revealed how variability in the outputs of everyday activities/functions resulted in 

adversities for patients in the healthcare system. The conditions of the waitlist, team-

based care, discharge planners, financial concerns, and follow-up plans should be 

monitored and improved to deal with the adversities of the transition process. The 

outcomes found in this research will help healthcare providers and decision makers 

identify and manage the strengths and weaknesses of such transitions for patients’ 

health enhancement.   
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Chapter 5  

A reinforcement  learning development  of  
the FRAM for  funct ional  reward-based 
assessments  of  complex systems 
performance * 
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author, Vahid Salehi, has generated the model, implemented the algorithm, and 

designed the scenarios for running the model. The co-author Trung Tien Tran 

programmed the reinforcement learning part. The research data gathered by a 

research team from University of New Brunswick were used for modelling the 

system. Dr. Natasha Hanson from University of New Brunswick led the data 

collection process. The co-author Dr. Doug Smith contributed to shaping the 

interview questions to get the data we used to build the model. Co-authors Prof. Brian 

Veitch and Dr. Doug Smith supervised the study. All authors read and approved the 

final draft. 

Abstract. Although the Functional Resonance Analysis Method (FRAM) is a well-

established approach to visualizing complex systems’ operations in terms of 

functions, further improvements are required to examine systems’ performance 
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through functionality. This study aims to develop an approach to couple the FRAM 

to reinforcement learning (RL) to explore complex operations. The developed 

approach is called the functional RL approach and constitutes a novel way of using a 

FRAM model to explore functionality using an artificial agent who responds to 

reward values assigned to functional parameters. To exemplify the approach, an agent 

is employed to perform the role of a patient and explore a functional environment 

generated by the FRAM. Reward values are considered to motivate the agent in order 

to explore the environment to achieve its objective. The ability of the developed 

approach is examined using different scenarios implemented in healthcare 

operations. The results of using the functional RL approach indicate that the approach 

is able to specify the functional pathway taken by the agent and to examine the 

performance of the system based on accumulated action value. The outcomes of this 

study demonstrate that the developed functional RL approach provides a novel means 

to explore operational environments to identify the pathways that have potential to 

affect the system performance. This method can be used as a powerful way to assess 

how a system performs under different management structures.  

Keywords: Functional resonance analysis method (FRAM); Functional pathway 

exploration; Reinforcement learning (RL); Artificial agent; Accumulated action 

value.  

5.1. Introduction 

The Functional resonance analysis method (FRAM), developed by Hollnagel (2012), 

is a function-based approach to generating a descriptive and non-hierarchical model 
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of activities in complex socio-technical systems. The connections between functions 

are called couplings or dependencies. A FRAM model includes a network of 

functional couplings (Adriaensen et al., 2021) and presents a perspective to analyze 

work-as-done in everyday activities (de Souza et al., 2021). FRAM is used to 

elucidate potential functional pathways in complex operations and to understand the 

interconnections between different activities of the operations (Doug Smith et al., 

2020). It also helps analyze the influence of functional interactions on the outcomes 

of a system (Kaptan et al., 2021; Slater et al., 2021).  

FRAM aims to identify and manage the sources of variability in complex operations 

(Hollnagel, 2012; Salehi, Smith, et al., 2021). It is a well-designed method to analyze 

system behaviour based on performance variability (Kim & Yoon, 2021). It relies on 

systems theory and aims to identify the interactions between system components in 

order to analyze the ways safe and unsafe interactions might arise (Kaya et al., 2019). 

The FRAM emphasizes that there is a relationship between functional variability and 

system performance. That is, upstream functional variability might propagate in the 

system and affect downstream functional outputs. The aggregation of abnormal 

functional variations (or functional resonance) might result in undesired outcomes in 

the entire system and lead to unexpected outcomes, whereas the aggregation of 

positive functional variations could result in acceptable outcomes (Hollnagel, 2012; 

Huang et al., 2021; Salehi, Smith, et al., 2021). Variability management proposes 

amplifying normal or positive variations, while the aggregation of negative variations 

should be dampened (Hollnagel, 2012b).  
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A growing number of studies indicate that the FRAM has been employed in a wide 

spectrum of contexts to pursue different objectives in complex operations of socio-

technical systems, such as healthcare, aviation, transportation, maritime, railway, 

construction, process industries, and environment (Patriarca et al., 2020; Salehi, 

Veitch, et al., 2021). According to Kim & Yoon (2021), the FRAM was used to help 

analyze crisis management during COVID-19 pandemic by focusing on hypothetical 

scenarios related to a disease contaminated case. Critical situations were analyzed, 

and potential risks were assessed through identifying interactions between functions 

and sources of variability. The FRAM also has been applied to aviation-related 

procedures to analyze and understand safety management in the aviation industry. 

Potential hazardous paths affecting an accident were identified using the FRAM 

(Hirose et al., 2016). It has revealed the potential of improving safety management in 

the construction sector. It was employed to capture in-depth information related to 

daily performance and to identify organizational factors affecting safety (del Carmen 

Pardo-Ferreira et al., 2020).  

An investigation of FRAM-related studies shows that the FRAM has been upgraded 

by employing supplementary approaches to improve its analytical and computational 

capability to help analysts and managers with the assessment of complex socio-

technical systems (Patriarca et al., 2020; Salehi, Veitch, et al., 2021). As shown in 

Table 5.1, a diverse range of supplementary approaches were used in the FRAM-

related studies to address the shortcomings of the FRAM. Danial et al. (2021) 

introduced a method, encompassing FRAM and graph theory to detect anomalies in 

complex socio-technical operations. The outcomes of the study showed that the 
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method can convert FRAM models to graphs and approximate anomalies in the 

graphs. The introduced method was also able to capture functional differences 

through pattern matching. Zinetullina et al. (2021) developed an integrated FRAM-

Bayesian network approach to quantify resilience in process systems. The developed 

approach is useful in assessing the level of resilience based on interactions between 

technical, human, and organizational parts of complex process systems. Huang et al. 

(2021) combined FRAM with N-K model, the theory of studying organism evolution, 

to calculate quantitatively the variability of functional modules. The introduced 

approach facilitates variability evaluation by means of calculating the intensity of 

coupling risks. Yu et al. (2020) introduced a framework, including the FRAM and 

rule mining, a machine learning approach, to identify hazards in a complex process 

system. The complex interactions between different parts of the system were 

discovered by the FRAM. Additionally, the aggregation of variability was specified. 

Association rule mining was applied to help interpret rules to identify potential hazard 

situations. A list of main supplementary approaches that were combined with the 

FRAM to improve its assessment techniques are presented in Table 5.1.  
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Table 5.1: Main supplementary methods used to enhance the performance of the FRAM. 
Study Supplementary method Objective 

Current study Reinforcement learning System’s performance assessment 
through functional pathway 
exploration 

Kaya et al. (2021) Monte Carlo simulation method 
and regression analysis 

Measuring variability 

Danial et al. (2021) Graph theory Anomaly detection 
Zinetullina et al. 
(2021) 

Bayesian network Quantitative resilience assessment 

Huang et al. (2021) N-K model Variability calculation 
Alboghobeish & 
Shirali (2021) 

Analytic hierarchy process 
(AHP) 

Risk management 

Yu et al. (2020) Rule mining (machine learning) Hazard identification 
França et al. (2019) Analytic hierarchy process 

(AHP) 
Complexity management 

Li et al. (2019) Accident Causation Analysis and 
Taxonomy (ACAT) 

Risk identification 

Patriarca et al. 
(2017) 

Monte Carlo simulation method Performance variability assessment 

Patriarca & 
Bergström (2017) 

Abstraction hierarchy Complexity modelling 

Studic et al. (2017) Grounded theory Accident investigation 
Toroody et al. (2016) Fault tree Accident investigation 

 

The FRAM, in its current format, does not have a capability to allow an artificial 

agent to explore a FRAM model. It is also not possible to identify the pathways that 

may have potential to influence the system performance. The current study aims to 

develop an approach to gamify the FRAM to enable an artificial agent to explore a 

functional environment based on a trail-error policy and a reward system. In order to 

do so, the FRAM is combined with reinforcement learning, a machine learning 

technique, to provide a dynamic functional environment for an artificial agent to 

move in and interact with the environment. The developed approach provides the 

agent with learning from its reward-based actions.  
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Machine learning is the development and study of computational algorithms that 

autonomously learn from data (Salehi et al., 2020). Three main techniques of machine 

learning are supervised, unsupervised, and reinforcement learning (RL) (Olawoyin & 

Chen, 2018). RL technique is neither based on supervised learning nor unsupervised 

learning. It learns to react to an environment on its own. A learning agent tries to 

move in the environment, interacts with the environment, and learns from the 

environment by the assignment of reward values. RL deals with exploration and 

follows a trial-and-error method (Goodfellow et al., 2016). It is an appropriate 

approach to explore functionality in complex systems where finding data is difficult.  

A review of relevant literature shows that there are a few appropriate methods 

regarding pathway exploration/selection. The characteristics of the methods are 

summarized in Table 5.2. Three main categories of methods are discussed and 

compared: a) reinforcement learning, b) graph-based approaches, and c) multi-criteria 

decision-making (MCDM) approaches. As shown in Table 5.2, the RL technique is 

capable of exploring unknown environments (Goodfellow et al., 2016) whereas 

graph-based and MCDM approaches are not suitable to explore an unknown 

environment. The dependency of the RL technique on data and information is less 

than other approaches discussed in Table 5.2 (Hegedűs et al., 2019). MCDM 

approaches are data dependent so that less information results in inaccurate outcomes 

(Liang & Meng, 2019). Another advantage of using RL is to manage probabilistic 

pathways properly, and randomness can be involved in the process of exploration 

from the beginning. The capability of learning is a unique characteristic of RL 

allowing an agent to learn from its experience (Klar et al., 2021). RL technique has 

been widely employed in different contexts, such as engineering (Klar et al., 2021; 
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Zhou et al., 2021), business (Song et al., 2021), psychology (Hackel et al., 2020), and 

healthcare (Coronato et al., 2020; Li et al., 2021). Even though RL has been widely 

used in various contexts for different purposes, none of them has concentrated on a 

functional development of the FRAM for pathway exploration in order to identify the 

pathways that may influence the system performance.  

Table 5.2: A brief comparison of pathway exploration approaches. 
Method Unknown 

environment 
Data 

dependency 
Probabilistic 
(randomness) 

Learning 
ability 

Reinforcement learning 
(machine learning) Capable Low Yes Yes 

Graph-based 
approaches Incapable high No No 

MCDM approaches Incapable Dependent No No 
 

The remainder of this manuscript is organized as follows. Section 5.2 includes the 

structure of this study and explains the RL technique as a complementary approach 

to the FRAM development. Section 5.3 is devoted to developing the FRAM by means 

of RL and describing the requirements of using the developed approach in practice. 

In Section 5.4, the results of applying the functional RL approach to a complex 

healthcare operation are presented and discussed. The results of sensitivity analysis 

and weighting functions are also presented and discussed in the section. In Section 

5.5, the limitations of this study and an outline of future research are described. In 

Section 5.6, the major conclusions of this study are presented. 

5.2. Background concepts 

A schematic structure of this research is presented in Figure 5.1. The FRAM and RL 

methods used in this study are described in the following subsections.  
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5.2.1. Functional modelling using the FRAM 

The FRAM is a systems thinking approach that focuses on modelling the entire 

system rather than concentrating on separate activities or on individual elements 

(Hollnagel, 2012b). A collection of functions or activities and their 

connections/couplings constitute a FRAM model. Functions are executed to help a 

Developing a functional reinforcement learning approach to pathway exploration 

Specifying the environment: 
a FRAM model 

Defining policy Specifying the 
agent 

Identifying starting and terminal functions 

Defining reward or penalty values for actions taken by the agent 

Figure 5.1: The structure of developing and applying the functional RL approach. 

Identifying probability values for probabilistic connections/actions 

Designing scenarios for testing the developed functional reinforcement learning approach 

Analyzing the results of applying the developed approach to the designed scenarios 

A methodological comparison of route exploration approaches 

Doing sensitivity analysis and weighting functions for finding influential functions 
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system achieve its final goal. Each function is described by six aspects, including 

input, output, resources, control, preconditions, and time (Hollnagel, 2012b). The 

function is represented as a hexagon in FRAM models. Figure 5.2 shows a function 

with a brief description of the six aspects.  

 

  

 

 

 

 

 

 

Function identification is the basic step of building a FRAM model (Hollnagel, 

2012b). The idea is to identify as many functions as possible (Hollnagel, 2012b). 

Interviewing the people who perform daily activities (work-as-done) and the experts 

who prescribe procedures (work-as-imagined) is a well-known approach to 

identifying functions (Hollnagel, 2012; Salehi, Veitch, et al., 2021). Another source 

for function identification is to review relevant documents that describe the 

functionality of a system or a subsystem (Kaya et al., 2021; Salehi, Hanson, et al., 

2021). There are other sources for identifying functions, such focus group meetings 

and workshops (Patriarca et al., 2020; Salehi, Veitch, et al., 2021). After function 

identification, each function should be described by its aspects. The next step is to 

What is needed to 
carry out the 

function to produce 
the output(s). 

Figure 5.2: A brief description of the aspects of a function (Hollnagel, 2012). 

Input Output 

Time Control 

Precondition Resources 

What is produced: the 
outcome(s) of the 

function. 

What supervises or regulates the 
function: procedures, plans, or 

guidelines. 

What is consumed to carry out 
the function: material, energy, 

competence, manpower, or 
software. 

The temporal aspect that 
affects how a function is 

carried out. 

The conditions that 
should be fulfilled 

before the function can 
be carried out. 
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link functions. The link between two functions is called coupling, interaction, 

connection, or dependency. The input of each function can be linked to the output(s) 

of upstream function(s), and the output(s) of a function can be linked to any aspects 

of downstream functions other than the output (Hollnagel, 2012b). Specifying the 

aspects of functions (particularly the output(s) of functions) can help find functional 

interactions and facilitate building a FRAM model (Salehi, Smith, et al., 2021). The 

model represents most of the ways that the system can function and achieve its goal. 

During a specific period of time, the system may use only some of the functions to 

achieve its goal. A set of functions carried out by the system constitute a functional 

pathway. If a functional pathway produces functional outputs and an outcome for the 

entire system in a specific period of time, it can be called an instantiation (del Carmen 

Pardo-Ferreira et al., 2020; Salehi, Smith, et al., 2021) or a functional signature (Doug 

Smith et al., 2020). A FRAM model can include different functional pathways, 

instantiations, or functional signatures (del Carmen Pardo-Ferreira et al., 2020).  

5.2.2. Reinforcement learning (RL)  

RL is a machine learning technique and aims to learn a task by interacting with an 

environment (Aboutorab et al., 2022). It requires an environment, agent, state, action, 

and reward or penalty. An agent finds the current state/function of the environment 

and chooses the best possible action in each scenario to reach its objective. The agent 

receives a reward or a penalty based on the action taken. It uses this approach to 

improve the next action in the next state of the environment. The agent learns and 
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strives to accomplish its objective in the best possible way based on a trial-error 

approach (Sutton & Barto, 2018).  

Pathway exploration related problems can be formulated by Markov Decision 

Processes (MDPs). A finite set of states (S), another finite set of actions (A), a matrix 

of state probabilities (P), a reward signal (R), and a discount factor (γ) are required 

to shape an MDP. The result of solving the MDP provides an optimal policy including 

the best action that must be taken at a specific state (Sutton & Barto, 2018).  

A basic algorithm for addressing RL related problems is Q-learning, which was 

introduced by Watkins & Dayan (1992). The basis of the Q-learning algorithm is the 

action value function Q(s,a), which is shown in Equation 1.  

𝑄𝑄(𝑠𝑠, 𝑎𝑎) ← 𝑄𝑄(𝑠𝑠, 𝑎𝑎) + 𝛼𝛼[𝑟𝑟 + 𝛾𝛾 𝑚𝑚𝑚𝑚𝑚𝑚𝑎𝑎′𝑄𝑄(𝑠𝑠′, 𝑎𝑎′) − 𝑄𝑄(𝑠𝑠, 𝑎𝑎)]                           (1)  

where: 𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎 are the current state and action, respectively, 

             𝑠𝑠′𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎′ are the next state and action, respectively, 

            𝛼𝛼 is the learning rate,  

            𝑟𝑟 is the reward value, 

            𝛾𝛾 is the discount factor.  

5.3. Developing the functional reinforcement learning approach 

In this study, we aim to develop a functional reinforcement learning approach 

including an artificial agent that learns from its interactions with an environment and 

explores functional pathways that have the potential to affect the operations in 
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complex socio-technical systems (Figure 5.3). Exploring functional pathways is of 

great importance as some of the pathways have the potential to negatively or 

positively influence the system’s performance. There are different types of RL 

algorithms, and researchers choose an algorithm based on the conditions of the 

problem, including objective(s), possible states, and possible actions. The developed 

approach of this study employs the Q-learning algorithm as it suits a situation where 

the number of states and actions is limited.  

 

 

 

 

 

 

 

 

 

 

Action: moving between functions 

Figure 5.3: The functional reinforcement learning approach of this study. 

Environment: the FRAM model (Figure 5.4) 

Reward 

Next state 

Agent: patient 
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5.3.1. Initial requirements 

A functional reinforcement learning approach requires consideration of an 

environment, an agent, a set of states, a policy, and rewards that are described in this 

section. 

5.3.1.1.  A FRAM model for representing the functional environment 

As described in the structure of this study (Figure 5.1), the environment should be 

specified for the artificial agent to move and act in. Here, a FRAM model of a 

healthcare operation is considered the environment where the agent can act and move 

from one function to another (Figure 5.4). Healthcare operations are complex as they 

consist of various interactions among different system elements, including 

technology, human, and organization (Dekker, 2012). As shown in Figure 5.4, the 

FRAM model describes the operations associated with the transition processes of frail 

older adults from hospital to home in terms of functions. The FRAM model was 

originally generated by Salehi, Hanson, et al. (2021) based on the data gathered by 

interviewing healthcare providers and patients/caregivers, observing patients’ 

conditions, and reviewing patients’ health records. The current study uses the FRAM 

model as the environment to examine the developed functional RL approach. The 

data from Salehi, Hanson, et al. (2021) are also used for secondary analyses, 

particularly for calculating the set of probabilities for possibilistic connections.  

A full list of the functions constituting the FRAM model is presented in Table 5.3. As 

shown in the table, a unique code is assigned to each function. The code assigned to 
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each function is used to show the state of the agent in the environment. The functional 

environment/model using the assigned codes is presented in Figure 5.5.  

Table 5.3: The information related to the functions used in this study. 
Function code Function name 

f0 Hold a family conference 
f1 Assess the patient by a physiotherapist 
f2 Assess the patient by a nurse 
f3 Go home without services 
f4 Discharge the patient 
f5 Review the patient's documents by a geriatrician 
f6 Admit the patient at a hospital and make a decision for a referral 
f7 Add the patient to a waitlist for admission 
f8 Admit the patient at a geriatric unit 
f9 Hold weekly team meetings 
f10 Monitor the discharge process 
f11 Assess the patient by a social worker 
f12 Introduce a patient from clinic 
f13 Introduce a patient by a social worker 
f14 Follow-up with healthcare providers 
f15 Go home with services 
f16 Readmit the patient 
f17 Identify cognitive problems 
f18 Identify physical problems 
f19 Identify common issues 
f20 Identify a lack of services 
f21 Assess the patient by an occupational therapist 
f22 Assess the patient 
f23 Assess the patient by a recreation therapist 
f24 Assess the patient by a dietitian 
f25 Introduce a patient by a caregiver 
f26 Invite a family member/caregiver 
f27 Visit a family physician 
f28 Assess the patient by a geriatrician 
f29 Review the patient's medications by a pharmacist 
f30 Assess the patient by a speech pathologist 
f31 Assess the patient by a spiritual care staff 
f32 Transfer care documents 
f33 Control the admission process 
f34 Check bed availability 
f35 Assess the patient and provide medical services 
f36 Be admitted at emergency department 
f37 Do required tests/actions 
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Figure 5.4: A FRAM model of the transition process of older adults (Salehi, Hanson, et al., 2021). 
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5.3.1.2. Other requirements 

• Agent: An artificial agent is considered to explore the functional environment. 

It performs the role of a patient in the healthcare operation.  

• State: Each state is shown by the location of the function in the functional 

environment. In other words, each state is represented by a function. The 

current state is represented by the current function, and the next step is shown 

by the downstream function.  

• Action: The functional environment includes 38 functions. The agent can 

move between the functions and take an action based on the quality of 

functional outputs, which is reflected in the values of probability and reward.  

• Policy: It guides the agent/patient on how to act in a situation. The policy of 

this study is to maximize the quality of functional outputs for the agent/patient 

during the transition process.  

• Reward values: Rewards are defined to incentivize the agent to reach its goal 

and to maximize the effectiveness of the agent. The value of the reward shows 

how good or bad the action is. 

5.3.2. Implementing functional reinforcement learning in healthcare 

operations 

5.3.2.1. Starting and terminal points 

The journey of the agent should start from one function and end in another function.  
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• Starting functions: Three functions constitute the starting functions of this 

study. The agent could start its journey from one of these three functions: f12 

(Introduce a patient from clinic), f13 (Introduce a patient by a social worker), 

or f25 (Introduce a patient by a caregiver). They are shown in grey color in 

Figure 5.5.  

• Terminal functions: The agent should be able to finish its journey. The 

following functions help the agent finish its journey: f3 (Go home without 

services), f15 (Go home with services), or f16 (Readmit the patient). Terminal 

functions are shown in orange color in Figure 5.5.  

5.3.2.2. The policy  

The policy is used to guide the agent to take an action in each state. The agent should 

take an action based on the quality of functional outputs in each state. The actions 

should be taken within the functional environment generated by FRAM. In other 

words, the set of actions is limited to the connections between functions (functional 

connections). The agent decides how to move from the current state (function) to the 

next state (downstream function) based on the quality of functional outputs that is 

determined by the values of probability and reward assigned to each function. The 

aim is to help the agent act based on an optimal policy in its exploration.  
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5.3.2.3. Deterministic and probabilistic connections 

The connections (or couplings) of the functional environment (FRAM model) could 

be either deterministic or probabilistic. Likewise, the actions taken by the agent are 

considered either deterministic or probabilistic.  

• Deterministic connections: Functions could have a single connection. In 

other words, there is only one possibility to connect the current function to the 

downstream function. When there is just one connection between the current 

function and the downstream function, the connection is called deterministic. 

For instance, the connection between Function 13 (f13) and Function 6 (f6) is 

a deterministic connection as there is only one possibility to connect f13 to 

other functions (Figure 5.5).  

• Probabilistic connections: Some functions have multiple connections. In 

such conditions, there are multiple possibilities to connect the current function 

to downstream functions. When there is more than one connection between 

the current function and downstream functions, the connections are called 

probabilistic. As shown in Figure 5.5, there are two possible ways to connect 

f6 to the next two functions: 1) f6 to f5 and 2) f6 to f36. These connections are 

called probabilistic connections as the agent should choose only one of these 

two possible ways to move to the next state (downstream function).  

A set of probabilities associated with the possibilistic connections is required to help 

the agent take the best action. This study used the basic formula of calculating 

probability presented in Equation 2 to calculate the probability of probabilistic 

connections.  
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𝑃𝑃(𝐸𝐸) =
𝑛𝑛(𝐸𝐸)
𝑛𝑛(𝑆𝑆)

                      (2) 

where P(E) is the probability of an event “E”, n(E) is the number of favorable 

outcomes, and n(S) is the total number of events in the sample space (S. M. Ross, 

2014).  

The probabilities of the probabilistic connections were calculated based on data 

availability related to six patients/caregivers and two healthcare providers presented 

in the study published by Salehi, Hanson, et al. (2021). The probabilities of all 

functional connections within the FRAM model are calculated and presented in both 

Figure 5.5 and Table 5.4. For instance, the probabilities of occurring (f6 → f5) and (f6 

→ f36) are calculated as follows: 

𝑃𝑃(𝑓𝑓6 → 𝑓𝑓5) =
4
6

= 0.67, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑃𝑃(𝑓𝑓6 → 𝑓𝑓36) =
2
6

= 0.33. 

This means that four (out of six) patients selected f5 as downstream function and two 

(out of six) patients selected f36 as the downstream function in their experience (work-

as-done).  
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Figure 5.5: Deterministic and probabilistic connections of the functional environment. The probabilities of the probabilistic connections are shown on the connections. 
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5.3.2.4. Reward values 

In this study, reward values are defined to incentivize the agent to take the best actions 

to reach its objective during the journey. Two types of reward are considered: 

immediate reward and long-term reward. After taking an action, the agent receives an 

immediate reward. The quality of care and services the patient/agent receives after 

executing a function is reflected in the immediate reward value. The quality of 

functional outputs is classified in three categories: unacceptable, acceptable, and 

good. The long-term reward accumulates all expected future rewards that the agent 

receives from the current state/function to the terminal point/function. Both 

immediate rewards and long-term rewards are necessary in the analyses related to 

using the functional RL approach in this study. The reward value assigned to each 

action was assumed by the research team of this study based on the contribution of 

the action to improvements in the well-being of patients and the overall effectiveness 

of a hospital to home transition. The reward values assigned to the possible actions 

taken by the agent are shown in Table 5.4.  
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Table 5.4: Probability and reward values assigned to the possible actions taken by the agent. 
Current 

state 
Next 
state 

Probability Reward (good, 
acceptable, 

unacceptable) 

Current 
state 

Next 
state 

Probability Reward (good, 
acceptable, 

unacceptable) 
f12 f8 0.67 (20, 10, -20) f24 f35 1 (10, 5, -10) 
f12 f6 0.33 (1, 0.5, -1) f22 f31 0.04 (1, 0.5, -1) 
f13 f6 1 (1, 0.5, -1) f31 f35 1 (10, 5, -10) 
f25 f6 1 (1, 0.5, -1) f22 f30 0.03 (2, 1, -2) 
f6 f36 0.33 (1, 0.5, -1) f30 f35 1 (10, 5, -10) 
f6 f5 0.67 (5, 2.5, -5) f35 f9 0.6 (3, 1.5, -3) 
f36 f22 0.6 (10, 5, -10) f35 f26 0.17 (1, 0.5, -1) 
f36 f8 0.25 (5, 2.5, -5) f35 f0 0.17 (5, 2.5, -5) 
f36 f7 0.15 (1, 0.5, -1) f35 f4 0.06 (-1, -1, -10) 
f5 f7 1 (1, 0.5, -1) f9 f0 0.1 (1, 0.5, -1) 
f7 f8 0.25 (5, 2.5, -5) f9 f26 0.9 (2, 1, -2) 
f7 f33 0.05 (1, 0.5, -1) f26 f0 0.67 (3, 1.5, -3) 
f7 f34 0.7 (2, 1, -2) f26 f4 0.33 (1, 0.5, -1) 
f33 f8 1 (1, 0.5, -1) f0 f10 0.1 (1, 0.5, -1) 
f34 f8 1 (1, 0.5, -1) f0 f4 0.9 (5, 2.5, -5) 
f8 f22 0.75 (5, 2.5, -5) f10 f4 1 (3, 1.5, -3) 
f8 f32 0.25 (1, 0.5, -1) f4 f3 0.65 (1, 0.5, -1) 
f32 f22 1 (1, 0.5, -1) f4 f15 0.35 (5, 2.5, -5) 
f22 f28 0.2 (10, 5, -10) f3 f14 1 (5, 2.5, -5) 
f28 f35 1 (10, 5, -10) f15 f14 1 (5, 2.5, -5) 
f22 f29 0.15 (8, 4, -8) f14 f15 0.45 (10, 5, -10) 
f29 f35 1 (10, 5, -10) f14 f3 0.15 (10, 5, -10) 
f22 f2 0.15 (7, 3.5, -7) f14 f20 0.03 (10, 5, -10) 
f2 f35 1 (10, 5, -10) f14 f17 0.07 (10, 5, -10) 
f22 f37 0.1 (6, 3, -6) f14 f18 0.1 (10, 5, -10) 
f37 f35 1 (10, 5, -10) f14 f19 0.2 (10, 5, -10) 
f22 f1 0.07 (4, 2, -4) f15 f15 - Terminal  
f1 f35 1 (10, 5, -10) f3 f3 - Terminal 
f22 f11 0.07 (6, 3, -6) f20 f16 1 (3, 1.5, -3) 
f11 f35 1 (10, 5, -10) f17 f16 1 (3, 1.5, -3) 
f22 f21 0.07 (4, 2, -4) f18 f16 1 (3, 1.5, -3) 
f21 f35 1 (10, 5, -10) f19 f16 0.5 (3, 1.5, -3) 
f22 f23 0.07 (2, 1, -2) f19 f27 0.5 (5, 2.5, -5) 
f23 f35 1 (10, 5, -10) f27 f16 1 (3, 1.5, -3) 
f22 f24 0.05 (3, 1.5, -3) f16 f16 - Terminal 
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5.4. Designing scenarios 

This study considered eight scenarios to test the developed functional RL approach 

based on the functional state, and where the agent starts and ends its journey. The 

states that constitute the eight scenarios of this study are shown in Figure 5.6. As there 

are three starting functions (f12, f13, and f25) and two types of terminal functions ((f3 

or f15) and f16), there are a total of six different testing scenarios (3×2=6). These 

scenarios are called normal scenarios. This study considers another scenario type, 

which is called emergency scenario. The emergency scenario is related to the situation 

where the agent starts its journey from an emergency department (f36). As there are 

two situations for ending the journey ((f3 or f15) and f16), there are a total of two 

emergency scenarios (1×2=2). The information regarding the eight scenarios 

designed by this study is presented in Table 5.5. The data related to Scenario 3 is 

shown in Table 5.6.  

 

 

 

 

 

 

Figure 5.6: The states that constitute the eight scenarios of this study. 
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Table 5.5: The information related to the scenarios designed in this study.  
Scenario no. Scenario type Starting function Terminal function 

Scenario 1 Normal f25 f16 
Scenario 2 Normal f13 f16 
Scenario 3 Normal f12 f16 
Scenario 4 Emergency f36 f16 
Scenario 5 Normal f25 f3 or f15 
Scenario 6 Normal f13 f3 or f15 
Scenario 7 Normal f12 f3 or f15 
Scenario 8 Emergency f36 f3 or f15 

 

Table 5.6: Scenario 3. 
Current 

state 
Next 
state 

Probability Reward  Current 
state 

Next 
state 

Probability Reward  

f12 f8 0.67 20 f22 f31 0.04 -1 
f12 f6 0.33 0.5 f31 f35 1 10 
f6 f36 0.33 1 f22 f30 0.03 2 
f6 f5 0.67 5 f30 f35 1 5 
f36 f22 0.6 5 f35 f9 0.6 3 
f36 f8 0.25 5 f35 f26 0.17 0.5 
f36 f7 0.15 0.5 f35 f0 0.17 -5 
f5 f7 1 0.5 f35 f4 0.06 -1 
f7 f8 0.25 -5 f9 f0 0.1 0.5 
f7 f33 0.05 0.5 f9 f26 0.9 2 
f7 f34 0.7 2 f26 f0 0.67 3 
f33 f8 1 -1 f26 f4 0.33 1 
f34 f8 1 0.5 f0 f10 0.1 0.5 
f8 f22 0.75 2.5 f0 f4 0.9 2.5 
f8 f32 0.25 1 f10 f4 1 1.5 
f32 f22 1 1 f4 f3 0.65 1 
f22 f28 0.2 5 f4 f15 0.35 2.5 
f28 f35 1 10 f3 f14 1 2.5 
f22 f29 0.15 4 f15 f14 1 -5 
f29 f35 1 5 f14 f15 0.45 5 
f22 f2 0.15 7 f14 f3 0.15 10 
f2 f35 1 5 f14 f20 0.03 10 
f22 f37 0.1 6 f14 f17 0.07 10 
f37 f35 1 -10 f14 f18 0.1 5 
f22 f1 0.07 -4 f14 f19 0.2 5 
f1 f35 1 10 f15 f15 1 0 
f22 f11 0.07 3 f3 f3 1 0 
f11 f35 1 10 f20 f16 1 1.5 
f22 f21 0.07 2 f17 f16 1 3 
f21 f35 1 -10 f18 f16 1 -3 
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f22 f23 0.07 1 f19 f16 0.5 1.5 
f23 f35 1 10 f19 f27 0.5 -5 
f22 f24 0.05 1.5 f27 f16 1 3 
f24 f35 1 -10 f16 f16 1 0 

 

5.5. Results and discussion 

5.5.1. Examining the functionality of the developed approach using 

the designed scenarios 

The current study used the eight designed scenarios to examine the functionality of 

the functional RL approach for assessing the performance of the system through 

exploring functional pathways in a healthcare operation. The results of applying the 

functional RL approach to the designed scenarios are presented in Table 5.7. Applying 

the developed approach to each scenario resulted in identifying a functional pathway 

and an associated accumulated action value. The accumulated action value is 

calculated using Equation 1. According to the equation, the action value includes the 

probability of each action (executing a function) and the reward value related to that 

action (the quality of care and services after executing a function is reflected in the 

reward value). Hence, the accumulated action value is considered a judging criterion 

to assess the performance of the functional pathways regarding the designed 

scenarios.  

The developed functional RL approach is able to identify the functional pathways the 

agent has taken in terms of the number of functions. In other words, it specifies what 

functions are involved in the functional pathway related to each scenario that the 
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agent takes during its journey. According to the results shown in Table 5.7, the number 

of functions in the pathway that the agent took for each of Scenarios 1 and 2 was 20. 

Both of these scenarios are normal, rather than emergency. These were the longest 

pathways of the scenarios examined. When the approach was applied to the two 

emergency scenarios (Scenarios 4 and 8), the results showed that 14 functions 

constituted the functional pathways of the two emergency scenarios, and the agent 

experienced the shortest journey among all eight scenarios (Table 5.7).  

In addition to identifying the functions involved in the functional pathways taken by 

the agent, the developed functional RL is also able to compute the accumulated action 

value for each scenario after the agent completes its journey. The accumulated action 

value could be used as a criterion to compare functional pathways in order to identify 

potential pathways that might have positive or negative influence on the performance 

of a system. The accumulated action values for the eight scenarios are presented in 

Table 5.7 and Figure 5.7. As illustrated in Figure 5.7, the first highest accumulated 

action value was recorded for Scenario 3 (accumulated action value = 68.58). The 

functional pathway related to Scenario 3 is shown in Figure 5.8. The second highest 

accumulated action value was related to Scenario 7 with an accumulated action value 

of 62.88. In Scenario 7, the agent took the first action from f12 and finished its journey 

in f15 (Table 5.7). In both scenarios, the agent started its journey from f12, but it ended 

its journey in f16 and f15 for Scenarios 3 and 7, respectively. According to Figure 5.7, 

the agent received an equal accumulated action value for both Scenarios 1 and 2. In 

these two scenarios, the agent started its journey from different functions but ended 

in same function (f16) (Table 5.7). The lowest accumulated action value was recorded 
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for Scenario 8, where the functional pathway between the starting function (f36) and 

the terminal function (f3) was the shortest.  

Table 5.7: The results of applying the developed functional RL approach to the scenarios.  
Scenarios Functions involved in the functional pathway taken 

by the agent  
Accumulated action 

value 
Scenario 1 f25, f6, f5, f7, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, 

f19, f27, f16 
58.02 

Scenario 2 f13, f6, f5, f7, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, 
f19, f27, f16 

58.02 

Scenario 3 f12, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, f19, f27, f16 68.58 
Scenario 4 f36, f22, f28, f29, f2, f37, f35, f0, f4, f15, f14, f19, f27, f16 52.98 
Scenario 5 f25, f6, f5, f7, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, 

f15 
52.18 

Scenario 6 f13, f6, f5, f7, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, 
f3 

52.32 

Scenario 7 f12, f8, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, f15 62.88 
Scenario 8 f36, f22, f28, f29, f2, f37, f35, f9, f26, f0, f4, f15, f14, f3 48.63 
Average - 56.70 

 

 
Figure 5.7: Accumulated action values calculated for the scenarios of this study. 
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Figure 5.8: The functional pathway with the highest accumulated action value is related to Scenario 3. 
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5.5.2. Sensitivity analysis 

In this study, sensitivity analysis is performed to reveal the ability of the functional 

RL approach to identify the relative importance of functions and their influence on 

the system performance in a healthcare operation. To demonstrate this ability, this 

study attempts to find the importance of the four functions that might affect the 

discharge process (f4). The four functions are f26 (invite a caregiver), f0 (hold a family 

conference), f10 (monitor the discharge process), and f9 (hold team meetings). To this 

end, the developed approach was run four times for the eight scenarios. It is worth 

mentioning that one function should be eliminated in each run, and the accumulated 

action value is calculated. Then the discrepancy between the accumulated action 

values before and after function elimination is computed. The highest discrepancy 

indicates the highest importance. The initial results associated with the sensitivity 

analysis are presented in Table 5.8. 

According to Table 5.8, the second column shows the accumulated action value for 

each scenario in the presence of all functions before function elimination. The 

accumulated action values related to all eight scenarios are presented in the third 

column when f26 (invite a caregiver) is eliminated from the list of functions and the 

results are computed based on the remaining functions. The results pertaining to other 

functions were similarly calculated and are provided in the table. Table 5.8 also shows 

the average of the accumulated action values after the elimination of each function. 

For instance, the average of the accumulated action values when omitting f26 (invite 

a caregiver) equals 40.11. 
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The discrepancy between the average of the accumulated action values before and 

after function elimination was computed for the four functions in order to determine 

the importance of each function for the discharge process (f4). The discrepancies are 

shown in Table 5.9. The results show that the greatest discrepancy is related to the 

omission of f0 (hold a family conference) (Table 5.9: 56.70-39.63= 17.07). Hence, 

this function is the most important function in the improvement of the discharge 

process (f4). Likewise, f26 (invite a caregiver) and f9 (hold team meetings) are the 

second and third significant functions respectively and can be influential on the 

enhancement of the discharge process (f4).  
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Table 5.8: The results of sensitivity analysis considering the accumulated action value. 

Scenarios 
Accumulated action 

value before function 
elimination 

Accumulated action 
value after eliminating f26 

(invite a caregiver) 

Accumulated action value 
after eliminating f0 (hold a 

family conference) 

Accumulated action value 
after eliminating f10 (monitor 

the discharge process) 

Accumulated action 
value after eliminating 
f9 (hold team meetings) 

Scenario 1 58.02 39.21 38.74 56.39 40.29 
Scenario 2 58.02 39.21 38.74 56.03 40.24 
Scenario 3 68.58 49.78 49.31 66.95 50.85 
Scenario 4 52.98 35.53 35.06 52.70 36.60 
Scenario 5 52.18 37.56 37.07 51.08 38.01 
Scenario 6 52.32 37.56 37.07 49.01 38.01 
Scenario 7 62.88 48.13 47.63 61.66 48.57 
Scenario 8 48.63 33.88 33.38 47.41 34.32 
Average 56.70 40.11 39.63 55.15 40.86 

 

 

Table 5.9: Discrepancy between the average of the accumulated action values before and after function elimination. 
Eliminated function f26 (invite a caregiver) f0 (hold a family conference) f10 (monitor the discharge process) f9 (hold team meetings) 

The amount of discrepancy 56.70-40.11= 16.59 56.70-39.63= 17.07 1.55 15.84 
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5.5.3. Computing the weights of the functions 

In this section, the weights of the four functions affecting the discharge process are 

computed based on the results of the sensitivity analysis. These weights are calculated 

based on the percentage of changes into the accumulated action value mean created 

by each function (Table 5.9). To this end, the discrepancies for the eliminated 

functions were calculated and are presented in Table 5.9. Computing weights is 

performed through Equation (3), where di represents the discrepancy related to each 

eliminated function, and n equals the number of scenarios. According to Equation (3), 

the weight of each function can be calculated by dividing the amount of discrepancy 

associated with each eliminated function by the amount of the total discrepancy. The 

weights of all functions influencing the discharge process are shown in Figure 5.9. As 

presented in Figure 5.9, f0 (hold a family conference) with 34% had the highest weight 

among the four investigated functions, which indicates the importance of this function 

in the discharge process. The results of the weight calculation also showed that f26 

(invite a caregiver) and f9 (hold team meetings) were the second and third most 

effective functions on the discharge process with 32% and 31%, respectively. Finally, 

Figure 5.9 indicates f10 (monitor the discharge process) with 3% was the least 

important function.  

𝑤𝑤𝑖𝑖 =
𝑑𝑑𝑖𝑖

∑ 𝑑𝑑𝑖𝑖𝑛𝑛
𝑖𝑖=1

∗ 100                       (3) 
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Figure 5.9: The weight of each function. 

 

Reviewing the findings of this study shows that using the RL approach in function-

based operations can lead to identifying the potential pathways that might affect the 

performance of a complex system. An in-depth analysis of functional pathways can 
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system managers to assign resources (human, material, time, and information) to safe 

pathways in order to improve the system performance. It also helps managers and 

decision-makers to insert barriers into risky pathways in order to reduce the severity 

of undesirable outcomes, as highlighted by Adriaensen et al. (2021). It can lead to 

preventing investment on activities or operations that might have negative effect on 

the system performance. Analyzing functional pathways generated based on work-as-

done can help system designers to design a more stable system and increase its 

robustness against internal disturbances and external threats, as mentioned by Hwang 

& Yoon (2020).  
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The functional RL approach introduced by this study employed an artificial agent to 

explore the operations within a functional model. This is an advantageous aspect as 

the approach is less data dependent. In real-world case studies, finding patients who 

experienced different functional pathways is time-consuming and is not cost-

effective. As pointed out by Piera et al. (2019), the usefulness of employing an agent 

is justified when information is ambiguous, goals are unclear, and operations are 

unpredictable. The presence of the agent increases the flexibility of the approach so 

that the system performance can be examined under different management structures, 

as pointed out by Piera et al. (2019). It enables system managers to test their systems 

in different conditions reflected in different scenarios in order to identify influential 

functions/factors on a specific operation as shown by the sensitivity analysis of this 

study. 

5.6. Study limitations and future research directions 

The limitations of this study should be mentioned. First, the information regarding 

the agent was limited. As the agent performed the role of a patient, the characteristics 

of the patient could be involved to assess the system performance in a more accurate 

way. For instance, considering the reasons for admission or ailment may influence the 

actions taken by the agent. Second, the functional RL approach was examined using 

scenarios encompassing assumed rewards for all functions. This was a reasonable 

approach to test the method, but it would be worthwhile in future to compile a reward 

function based on the views of the system’s stakeholders, and then assess the system 

again using these more credible rewards. It would be possible to define a reward 
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function to help the agent to take actions with more independence. Third, this study 

only considered the rewards to the patient. In practice, there are several dimensions 

to the system, each with an associated reward/cost structure. These can be in 

conflict/competition with each other. Hence, there needs to be a treatment of multi-

objective decision environment for a more accurate performance assessment of the 

system. Fourth, our approach does not account for time-related penalties for late 

actions, or for time-related changes in the agent itself. The focus of future research 

could be on assigning penalties (or negative rewards) to activities or tasks that are not 

executed on time. Another limitation is that our study did not consider the variability 

of functional outputs. The probability of producing each functional output might be 

different from others. Considering the probabilities of variable functional outputs can 

help find the optimal pathway, where negative variations are dampened, and positive 

variations are amplified.  

5.7. Conclusions 

FRAM is an appropriate approach for modelling complex socio-technical systems by 

visualizing activities/functions and their interactions in terms of variability. The 

ability of the FRAM is mostly limited to qualitative analyses. It is unable to compute 

and compare the influence of various functional pathways on the system performance. 

This study developed a functional RL approach to pathway exploration in an 

environment generated by FRAM. The developed approach enables an artificial agent 

to explore functional environments and to compare the effects of different functional 

pathways. An application of the developed functional RL approach to healthcare 
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operations for frail older adults’ transitions demonstrated that the approach enables 

an artificial agent to explore different functional pathways and facilitates comparative 

analyses to identify safe and risky pathways based on the designed scenarios. The 

reward values embedded in the functional RL approach motivated the agent to pursue 

an optimal policy during its exploration. Functional representation of reinforcement 

learning allows comparative analyses of functional pathways where there are 

numerous scenarios in complex socio-technical systems. Using the functional RL 

approach could enable system designers to identify priorities regarding reward 

structures that promote the use of better functional pathways through the system and 

enable managers to allocate resources to yield better system performance. Most 

importantly, it provides guidance on how to provide the best care to patients in light 

of various circumstances. There is still a lot to explore before this approach can be 

applied with confidence, but the basic method appears to warrant further 

development. 
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Chapter 6  

Conclusions & Recommendat ions 

6.1. Conclusions 

The hospital to home transition process of frail older adults is a complex procedure 

covering admission, assessment, treatment, discharge, follow up, and readmission of 

patients. The process links hospital, home, and community to improve patients’ health 

and safety. The transition processes are critical and vulnerable points in the provision 

of healthcare. Transitions between hospital and home are complex, multiple-step 

processes that require systemic approaches to understand the complexity among the 

patient, their caregivers, the healthcare providers, and home and community care 

providers. This PhD thesis focuses on the application of the FRAM, DynaFRAM, and 

reinforcement learning to model, analyze, and improve the hospital-to-home 

transition processes of frail older adults.  

The application of the FRAM provides guidance on complexity management in 

complex socio-technical systems. The FRAM can address the problems of complex 

socio-technical systems by investigating technological, human, organizational, and 

other external factors affecting complex systems’ boundaries. Despite several 

advantages for modeling complex systems and safety management, the FRAM has a 

few deficiencies. There is a clear need for exploring further research opportunities to 

address the flaws and deficiencies around the FRAM to satisfy the variability-related 

demands of complex socio-technical systems. The DynaFRAM, a dynamic version of 
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the FRAM, was examined in healthcare operations to address the variability-related 

deficiencies of the FRAM-related tools. The application of the DynaFRAM to a 

transition model of frail older adults demonstrated its ability to visualize the 

functionality of the transition process and to characterize performance variability in 

the outputs of functions and in the outcomes of the entire system. The application of 

the DynaFRAM also assists the healthcare system to know where a patient is and what 

steps they have in front to discharge from hospital. It also allows healthcare providers 

to know what types of services and medications a patient receives during the transition 

process. 

When the suitability of the FRAM and DynaFRAM has been demonstrated 

throughout this thesis, healthcare has been the area of application. When building the 

FRAM model of the transition process, the perspectives of healthcare providers, 

patients, and caregivers were used to address the complexity of the process. The 

FRAM helped create a library of 38 functions, including five categories: admission 

process, patient assessment and treatment, synthesis, decision making, and 

readmission process. Also, the information regarding patients’ experience during the 

transition process revealed how performance variability related to the outputs of 

everyday activities results in adversities and challenges for frail patients. However, 

the ability of the FRAM is mostly limited to qualitative analyses. This PhD research 

project coupled the FRAM to reinforcement learning to explore functional 

environments using an artificial agent. An application of the introduced approach to 

healthcare operations for frail older adults’ transitions demonstrated that the approach 

enables the agent to explore different functional pathways and facilitates comparative 
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analyses to identify safe and risky pathways. Most importantly, it provides guidance 

on how to provide the best care and services to frail patients during the transition 

process in the light of various circumstances. There is still a lot to explore before this 

approach can be applied with confidence, but the basic method appears to warrant 

further development. 

6.2. Limitations, recommendations & future work 

This PhD research work investigates the application of the FRAM, DynaFRAM, and 

reinforcement learning to transition processes of frail older adults. The limitations of 

this PhD research work are described, and future research works are discussed. 

The evolution of the FRAM is important for future research. Building a FRAM model 

is still time consuming. Developing (semi-) automatic data extraction approaches, 

including function identification and aspect specification, could be useful in saving 

time for constructing FRAM models. Approach(es) for quantifying variability should 

also be developed in terms of (at least) time and precision. Different attempts have 

not resulted in a formal quantitative approach for calculating variability yet, although 

research interest has grown in this regard, as exemplified by the use of fuzzy logic 

(Hirose & Sawaragi, 2020) and the concept of functional signatures (Smith et al., 

2020). The ability of the DynaFRAM tool was assessed to capture different 

characteristics of variability in healthcare operations considering limited information. 

The information used in this research was limited to just six patients, although in-

depth data were gathered for each patient. Data collection process in healthcare 

systems is a big challenge particularly in the time of the COVID-19 pandemic. A 
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bigger sample size could be a better and more accurate basis for evaluating the 

capability of the DynaFRAM tool in capturing variability. To this end, future studies 

will take a supplementary step of collecting further patient data to expand the scope 

of this research. Future research could concentrate on performance variability of 

functions’ outputs. This, in turn, allows researchers to calculate the aggregation of 

variability and to recommend appropriate policies to manage variability in daily 

operations of the transition process so that frail patients improve the safety and quality 

of their lives. In the meantime, the generalizability of the results will be reinforced 

due to more diversity and number of frail patients. 

As exposed in the time of the COVID-19 pandemic, the efficiency of healthcare 

systems is low, and costs are high. Future research could also focus on the formulation 

and development of public health policies for frail older people during hospital to 

home transitions, which may affect the performance of the healthcare system. 

Moreover, trade-offs between efficiency and thoroughness, known as the ETTO 

principle, could be investigated in the future. Requirements, including resources, 

should be met to achieve acceptable performance to ensure system operation 

(Hollnagel, 2009). The focus will be on researching the trade-off between acceptable 

(or unacceptable) performance and meeting requirements and current conditions. 

Investigating differences between work-as-done and work-as-imagined has a great 

potential for future research. The possible gap between protocols and procedures of 

the transition process (work-as-imagined) and observations of patients’ transitions 

(work-as-done) will be a basis to improve the quality of care during the transition 

process for frail patients.  
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The FRAM was combined with reinforcement learning to create a basis for defining 

the environment that is explored by an artificial agent to assess functional pathways. 

The information regarding the artificial agent who explored the functional 

environment based on reinforcement learning principles was also limited. As the 

agent performed the role of a patient, the characteristics of the patient could be 

involved to assess the transitional pathways in a more accurate way. For instance, 

considering the reasons for admission or ailment may influence the actions taken by 

the agent. This should be considered in future research work as there is an element of 

randomness in the actual system. The functional reinforcement learning approach was 

examined using scenarios encompassing assumed rewards for all functions. This was 

a reasonable approach to test the method, but it would be worthwhile in future to 

compile a reward function based on the views of the system’s stakeholders, and then 

assess the system again using these more credible rewards. Future research could also 

focus on gathering more data about the agent/patient and employ the inverse 

reinforcement learning to compile the reward function. The inverse reinforcement 

learning is the field of learning an agent’s objectives, values, or rewards by observing 

its behavior. Moreover, this research only considered the rewards to the patient. In 

practice, there are several dimensions to the system, each with an associated 

reward/cost structure. These can be in conflict/competition with each other. 

Therefore, there needs to be a treatment of multi-objective decision environment for 

a more accurate performance assessment of the system. Furthermore, our approach 

does not account for time-related penalties for late actions, or for time-related changes 

in the agent itself. The focus of future research could be on assigning penalties (or 

negative rewards) to activities or tasks that are not executed on time. Another 
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limitation is that our study did not consider probability of the variability of functional 

outputs. The probability of producing each functional output might be different from 

others. Considering the probabilities of variable functional outputs can help find the 

optimal pathway, where negative variations are dampened, and positive variations are 

amplified.  

The effort of coupling reinforcement learning and the FRAM modelling went into 

identifying the probabilities of connections between functions (nodes). It has 

similarities with Bayesian networks theory. Each node is a state/function, and each 

connection is a conditional probability. The probability of the output(s) of each 

function is determined by a set of input, preconditions, resource, control, and time as 

well as the interactions of upstream functions with the current function. A limitation 

of the current PhD research work is to consider the average probability for each 

connection based on patients’ historical data. Future work could also concentrate on 

reframing the FRAM model as a Bayesian network for probabilistic modelling 

purposes to consider a conditional probability for each connection in order to improve 

the accuracy of the proposed model. 
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Appendices  

Appendix A 

Appendix A.1: Scenarios considered in Chapter 3. 

A.1 (Scenario 1): The information provided for patient 1 of city 1. 

Time 
Active 

Function Active Function Output 
Downstream 

Coupled 
Function 

Coupled 
Function 
Aspect 

1 25 Stroke/possible dementia 6 I 
2 6 Referral to a geriatrician 5 I 
3 5 Possible dementia 7 I 
4 7 Almost 12 days 8 I 

16 8 Hospitalizing at geriatric unit 22 I 
19 22 Stroke/Dementia/Pneumonia 35 I 
20 22 Nurse assessment 2 I 
21 2 Information on dementia 35 P 
22 22 SW assessment 11 I 
23 11 Social Development Financial 

Assistance Program 
35 P 

24 22 Pharmacist assessment 29 I 
25 29 Medication reconciliation 35 P 
26 22 Physiotherapy 1 I 
27 1 Home exercise 35 P 
28 22 Occupational therapy 21 I 
29 21 Bathroom equipment/Walker 35 P 
30 22 Recreation therapy 23 I 
31 23 Satisfactory 35 P 
34 22 Nutrition therapy 24 I 
35 24 Excellent 35 P 
36 22 Spiritual care 31 I 
37 31 Satisfactory 35 P 
38 22 X-ray test 37 I 
39 37 Satisfactory 35 P 
41 35 Stable situation/Symptoms of mild 

delirium+pamphlet 
9 I 

44 9 Informing for family conference 0 I 
45 9 Informing for discharge 26 I 
46 26 Spouse+daughter,0,P 0 P 
47 0 Excellent ability for discharge/Delay 4 I 
65 4 Physician follow up for one month later 14 I 
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66 4 Blister pack medication/home 
exercise/no discharge planner (social 
worker) 

3 I 

67 14 the patient did not attend the arranged 
follow-up due to hospital admission 

3 I 

68 3 Unwell 19 I 
72 19 Cough 27 I 
73 27 More tests 16 I 

 

 

A.1 (Scenario 2): The information provided for patient 3 of city 1. 

Time Active 
Function Active Function Output Downstream 

Coupled Function 

Coupled 
Function 
Aspect 

1 25 Fractured hip/Delirium 6 I 
2 6 Referral to a geriatrician 5 I 
3 5 Dementia/delay 7 I 

14 7 Almost 12 days 8 I 
26 8 Hospitalizing in geriatric unit 22 I 
27 22 Fractured hip/Delirium 35 I 
28 22 Nurse assessment 2 I 
29 2 Information on dementia 35 P 
30 22 SW assessment 11 I 
31 11 Social Development Financial 

Assistance Program 
35 P 

32 22 Pharmacist assessment 29 I 
33 29 Medication reconciliation 35 P 
34 22 Physiotherapy 1 I 
35 1 Home exercise 35 P 
36 22 Occupational therapy 21 I 
37 21 Home care services 35 P 
38 22 Recreation therapy 23 I 
39 23 Cognitive impairment (Dementia) 35 P 
40 22 Nutrition therapy 24 I 
41 24 Satisfactory 35 P 
42 35 Medication change/Home care 

services/Home exercise/Safety 
equipment 

9 I 

43 9 Informing for family conference 0 I 
44 9 Informing for discharge 26 I 
45 26 Spouse 0 P 
46 0 Acceptable ability for discharge 4 I 
47 4 Arranged for one month later 14 I 
48 4 Home care services/delay/no 3 I 
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discharge planner (social worker) 
52 14 The physician appointment was 

performed 
3 I 

 

 

A.1 (Scenario 4): The information provided for patient 2 of city 2. 

Time Active 
Function Active Function Output 

Downstream 
Coupled 
Function 

Coupled 
Function 
Aspect 

1 25 Right MCA stroke with left sided weakness 6 I 
2 6 Referral to a geriatrician 5 I 
3 5 Hypertension 7 I 
4 7 Almost one day 8 I 
5 8 Hospitalizing at geriatric unit 22 I 
6 22 Coronary Artery 

Disease/Hypertension/Dyslipidemia 
35 I 

7 22 Nurse assessment 2 I 
9 2 Satisfactory 35 P 

10 22 SW assessment 11 I 
11 11 Satisfactory 35 P 
12 22 Physiotherapy 1 I 
13 1 Satisfactory 35 P 
14 22 Occupational therapy 21 I 
15 21 Satisfactory 35 P 
16 22 Speech pathology 30 I 
17 30 Satisfactory 35 P 
18 22 Ulceration on tongue 37 I 
22 37 Satisfactory/delay 35 P 
37 35 Aspirin-Fragmin-Gemfibrozil-Lansoprazol-

vitamin D-omega-3/delay 
9 I 

45 35 Stable situation/case coordinator 4 I 
46 9 Informing for discharge 26 I 
47 26 Spouse 4 P 
48 4 Physician follow-up for one week later 14 I 
49 4 Medication on transfer/additional home 

medication/no discharge planner (case 
coordinator) 

3 I 

50 14 Physician follow-up was done 3 I 
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A.1 (Scenario 5): The information provided for patient 1 of city 3. 

Tim
e 

Active 
Functi

on 
Active Function Output 

Downstre
am 

Coupled 
Function 

Coupl
ed 

Functi
on 

Aspect 
1 25 Dysmobility 6 I 
2 6 Referral to emergency department 36 I 
3 36 Hospitalizing at emergency department 22 I 
5 22 Diabetes/Hypertension/Dyslipidemia/Glaucoma/Osteoarthr

itis/Rheumatoid Arthritis/Depression/Anemia 
35 I 

15 22 Nurse assessment 2 I 
16 2 Satisfactory 35 P 
17 22 Physiotherapy 1 I 
18 1 Satisfactory 35 P 
19 22 Pain in her wrist and hands 21 I 
20 21 Her wrist and hands is satisfactory 35 P 
23 22 Diabetes/Hypertension/Glaucoma/Anemia/Bladder scan 37 I 
26 37 Satisfactory 35 P 
28 35 Acceptable stability in patient's ability 4 I 
29 35 Informing for discharge/delay 26 I 
31 26 Daughter 4 P 
32 4 Physician follow up for seven weeks later/discharge 

planner 
14 I 

33 4 Appointment with a gynecologist 3 I 
37 14 The appointments with the physician and gynecologist 

were done 
3 I 

 

 

A.1 (Scenario 6): The information provided for patient 2 of city 3. 

Time Active 
Function Active Function Output 

Downstream 
Coupled 
Function 

Coupled 
Function 
Aspect 

1 25 Fractured Pelvis/Congestive heart failure 6 I 
2 6 Referral to emergency department 36 I 
3 36 Hospitalized at emergency department 7 I 
7 7 Almost 5 days 8 I 

12 8 Hospitalizing at geriatric unit 22 I 
13 22 Fractured Pelvis/Congestive Heart 

Failure/Chronic Renal Failure/Atrial 
Fibrillation/Hypothyroid/Urinary Tract 
Infection 

35 I 

14 22 Nurse assessment 2 I 
15 2 Satisfactory 35 P 
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16 22 Physiotherapy 1 I 
17 1 Significant dysmobility 35 P 
18 22 Occupational therapy 21 I 
19 21 Tilt wheelchair/equipment needs in bathroom 35 P 
20 22 Nutrition therapy 24 I 
21 24 Stable and satisfactory 35 P 
22 35 Stable situation/instructions for blister pack 

and insulin regime 
9 I 

23 9 Informing for family conference 0 I 
28 9 Informing for discharge with delay 26 I 
30 26 Spouse and daughter 0 P 
31 0 Acceptable ability for discharge/Delay 4 I 
32 4 No documentation of a physician 

appointment/consulting with a dermatologist 
for cellulitis 

14 I 

35 4 Discharge planner 3 I 
36 14 The appointment with the dermatologist was 

done 
3 I 

37 3 Unwell 19 I 
38 19 Congestive heart failure/cellulitis 16 I 

 

 

Appendix A.2: Functional temporal variability. Videos for capturing time 

regarding a specific function. To run a video, double click on the video. 

City 1-Patient 1-Time-Waitlist-Video.avi  City 2-Patient 2-Time-Waitlist-Video.avi  
Video 1: Patient 1 from city 1 

(Scenario 1). 

Video 2: Patient 2 from city 2 (Scenario 

4). 

City 3-Patient 2-Time-Waitlist-Video.avi  
Video 3: Patient 2 from city 3 (Scenario 6). 
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Appendix A.3: Capturing time in the entire system. To run a video, double click 

on the video.  

City 1-Patient 1.avi  
Video 4: Patient 1 from city 1 (Scenario 1). 

 

 

Appendix A.4: Capturing time in the entire system. To run a video, double click 

on the video.   

City 2-Patient 1.avi  
Video 5: Patient 1 from city 2 (Scenario 3). 

 

Appendix B 

Appendix B.1: Patient/caregiver interview guide. 

1. Can you tell me about your latest experience being admitted to or having someone, you care for 

admitted to the hospital? 

2. What have you been told or were told about going home or the one you care for going home? 

a. Who told you about going home or the one you care for going home? 

b. Was there any other information that you would like or would have liked to know? 

c. What are or were your concerns about the process? 

3. What do you think a successful transition from hospital to home means? 

4. Is there anything further you would like to tell me? 

5. Are there any questions that you think I should be asking? 
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Appendix B.2: Health care provider interview guide and interdisciplinary team focus group 

questions. 

An introduction about the three phases of the research project will be given and then the following 

questions discussed with the group/ to the individual: 

1. What is the process for a successful transition from hospital to home? 

o Probe: What are the necessary steps and who do they involve? 

2. Do you think the measures we are using will be adequate to capture the challenges patients 

may have with discharge and/or transitioning to home? 

3. Is there anything you think is important that we have not included? 

4. Is there anything you would be interested in knowing about patients’ transition home after a 

hospital admission that we have not included in this research? 

5. Are there any additional comments or feedback about this project that you would like to share 

with us? 

 

Appendix B.3: Phase 2 Observation grid template for observations during weekly team 

meetings in-hospital. 

Occupational Group Activities Related to Transitions Process  

(Guidelines/Policies/Standards; Referral and Admission Processes; 

Evaluations/Assessments/Monitoring; Goal Attainment; Patient and 

Family Education; Interdisciplinary team collaboration and 

communication; Accessibility; Decisions; Plan of Care; Interventions; 

Timing; Use of Technology; Coordination with the municipal health 

services/discharge planning; Equipment Needs/Services/Supplies; 

Medication Reconciliation and Medication Review; Communication 

with the patient and patient involvement/participation; Coordination 

with next of kin and Primary Care Provider; Discharge Planning and 

Discharge Criteria; Documentation and information transfer/sharing; 

Resources; Issues/Variabilities; Results/Outcomes; Follow-up Care; 

Quality and Safety; Other Factors related to the transitions process) 

[Group specified] [Field notes] 
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Appendix B.4: Phase 2 data collection and measures. 

Caregiver Pre- and Post-Discharge Semi-Structured Interview Guides. Caregivers of 

patients participated in semi-structured interviews including questions related to the transition 

from hospital-to-home process. Interviews were conducted prior to discharge and again at 3 

months post-discharge (see Appendix B.5). 

Patient Pre- and Post-Discharge Semi-Structured Interview Guides. Patients participated 

in semi-structured interviews including questions related to the transition from hospital-to-home 

process. Interviews were conducted prior to discharge and again at 3 months post-discharge (see 

Appendix B.5).  

Patient and Caregiver Home Visit Semi-Structured Interview Guide. Participants 

participated in brief semi-structured interviews during home visits at one week and one-month 

post-discharge (see Appendix B.6), and these were audio recorded. Patients and caregivers could 

decide whether they wanted to participate in these interviews either separately (one-on-one semi-

structured interview) or together. The interview questions asked about specific elements of the 

patient’s care plan (e.g., issues, decisions, communication). 

Demographic information.  Demographic information was collected via separate 

questionnaires completed by the identified primary caregiver and the patient prior to discharge 

from hospital. In addition to the demographic information on this form, the following patient 

information was obtained from the patient’s medical record concerning the latest hospital 

admission: Date of being put on geriatric waitlist; date of hospital and geriatric unit admission; 

reason for hospital and geriatric unit admission; diagnoses; baseline clinical frailty score (if 

collected upon admission to the unit); Mini Mental Status Examination score (MMSE; if 

completed upon hospital admission); discharge dates; and, documentation associated with care 

transitions, including consultations placed to community agencies by hospital staff and discharge 

instructions. If the MMSE was completed upon hospital admission, this score was pulled from the 

patient’s chart and the MMSE was not completed at discharge.   

Clinical Frailty. Participants’ levels of frailty was measured using the Clinical Frailty Scale 

(CFS) (Rockwood et al., 2005). Completion of this scale is based on clinical judgment, and 

responses are recorded on a 9-point Likert scale (1 = very fit; 9 = terminally ill). The CFS has 

demonstrated inter-rater reliability, is easy to use and can be readily administered in a clinical 

setting (Rockwood et al., 2005). 

Cognitive Impairment. The Mini-Mental Status Examination (MMSE) (Folstein et al., 1975) 

is a widely used measure to screen for cognitive impairment in older adults. This measure consists 

of 11 questions to assess the following cognitive functions: orientation; registration; attention and 

calculation; recall; and language. Total scores range from 0 to 30, and a score of < 24 can be 

indicative of cognitive impairment (Creavin et al., 2016). The MMSE is a valid and reliable test 
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of cognitive impairment (Folstein et al., 1975) that has been extensively used in both clinical 

practice and research. 

Depression. The Geriatric Depression Scale-15 (GDS) (Sheikh & Yesavage, 1986) is a 

measure of depression specifically designed for older adults. The GDS-15 is the short form of the 

GDS-30, and was developed by selecting 15 items on the GDS-30 that correlated the most highly 

with symptoms of depression (Sheikh & Yesavage, 1986). Respondents are asked to respond 

“Yes” or “No” to all 15 items (e.g., Are you basically satisfied with your life?, Do you feel that 

your situation is hopeless?) to indicate how they felt over the last week. A total score is calculated 

by summing all responses, and higher scores are indicative of greater levels of depression. This 

scale is a valid and reliable assessment for measuring depression in older adults who are either 

healthy, physically ill, or mild to moderately cognitively impaired (Sheikh & Yesavage, 1986). 

Instrumental Activities of Daily Living. The Instrumental Activities of Daily Living Scale 

(IADL) (Lawton & Brody, 1969) scale is a widely used measure to assess an individual’s living 

skills. An individual’s ability to perform the following eight domains of functioning are assessed: 

ability to use the telephone; shopping; food preparation; housekeeping; laundry; mode of 

transportation; responsibility for own medications; and, ability to handle finances. A summary 

score ranges from 0 (low function, dependent) to 8 (high function, independent). The IADL has 

demonstrated good inter-rater reliability, and validity with four distinct assessments that measure 

the domains of functional status (Lawton & Brody, 1969). 

Physical Self-Maintenance. The Physical Self-Maintenance Scale (PSMS) (Lawton & 

Brody, 1969) is a tool used to assess an individual’s ability to perform the following self-care 

activities: toileting; feeding; dressing; grooming; physical ambulation; and, bathing. A summary 

score ranges from 0 (complete dependence) to 6 (complete independence). The PSMS has 

demonstrated good inter-rater reliability, and validity with four distinct assessments that measure 

the domains of functional status (Lawton & Brody, 1969). 

Apathy. The Apathy Evaluation Scale-7 (AES-7) (Resnick et al., 1998) is a measure of apathy 

that was specifically developed for older adults. Responses are scored on a 4-point Likert scale, 

with responses ranging from “Very True” to “Not at all true”. Higher scores are indicative of a 

greater level of apathy, or lower motivation. A modified caregiver version of this scale was used 

in this study. The shortened version of this scale has demonstrated adequate internal consistency 

(Chronbach’s alpha = 0.67) and construct and incremental validity, suggesting that it can be used 

in place of the longer 18-item AES (Resnick et al., 1998).  

Resiliency. Family caregiver and patient resiliency, or the ability to adapt to adversity, was 

measured using the Shortened Connor-Davidson Resilience Scale (CD-RISC10) (Campbell‐Sills 

& Stein, 2007; Connor & Davidson, 2003). The CD-RISC10 consists of 10-items and responses 

are recorded on a 5-point Likert scale (0 = not true at all; 4 = true nearly all of the time), whereby 

higher scores reflect greater resilience. Questions address the participant’s ability to adapt or deal 
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with adversity. This scale has demonstrated good construct validity and internal reliability in a 

sample of older adults (Chronbach's alpha = .88) (Goins et al., 2013) and undergraduate students 

(Chronbach's alpha = .85) (Campbell‐Sills & Stein, 2007). The longer version of this scale (CD-

RISC) (Connor & Davidson, 2003) has been used to measure resilience in family caregivers in 

previous research (Campbell‐Sills & Stein, 2007). Moreover, a systematic review and 

psychometric analysis by Cosco et al. (2016) concluded that the CD-RISC10 demonstrates 

psychometric robustness and is appropriate for use with older adults. This measure was completed 

by patients and family caregivers prior to hospital discharge and again at 3 months following 

discharge. Aside from its good psychometric properties, the shortened version of this scale was 

selected given that measuring resilience is not a main focus of this study, and to reduce the burden 

on caregivers and patients.  

Participant comorbidity. Each participants’ level of comorbidity was measured using the 

self-report Charlson Comorbidity Index, also known as the Comorbidity Questionnaire (SR-CCI) 

(Katz et al., 1996). The CCI is an extensively validated measure developed to determine mortality 

risk and burden of disease (Roffman et al., 2016), and has been used in clinical practice to classify 

participants based on disease severity. Due to the prospective nature of this study, the SR-CCI was 

used and performed as an interview. Previous studies have found that the SR-CCI is a reproducible 

and valid measure of comorbidity (Katz et al., 1996). The average interview duration for this 

measure is 10 minutes per participant (Roffman et al., 2016). In addition, the SR-CCI has been 

demonstrated to have high test re-test reliability (Katz et al., 1996; Roffman et al., 2016). The SR-

CCI was weighted and scored according to the algorithm proposed by Katz et al. (1996), which is 

consistent with the scoring of the medical record-based CCI (Charlson et al., 1987) with the single 

exception of liver disease (unlike the medical record-based CCI, the SR-CCI does not distinguish 

between mild and serious liver disease). 

Health care utilization. The patient participants’ health care utilization was measured 

prospectively. At time of hospital discharge, both the participant and their caregiver were provided 

with a Health Care Utilization form and instructions for keeping track of the patient’s utilization. 

During each home visit, this information was collected from the participant by the Research Nurse. 
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Appendix B.5: Phase 2 semi-structured interview guides. 

Pre-discharge semi-structured interview guides 

Patient 

1. Why were you admitted to the hospital? 

2. How do you feel about being in the hospital? 

3. Can you tell me about the care you’ve had in the hospital? 

4. Have you been actively involved in decisions about your care? 

5. Can you tell me about your discharge from the hospital? 

6. What sort of information have you been given about your discharge from the hospital? 

a. Who told you this information? 

b. What sort of supports or help do you have set up? 

c. Did you have any help before you were admitted to the hospital? 

d. How have you been involved in the discharge plans? 

7. How do you feel about going home? 

a. Do you have any concerns? 

b. Do you feel prepared? 

8. Is there anything else you would like to add? 

Caregiver 

1. What is your relationship with [patient’s name]? 

2. What kind of help did you give them before they were admitted to the hospital? 

a. How many hours a week did you help them? 

b. Did [patient’s name] have anyone else helping them? 

3. Can you tell me about [patient’s name] discharge from hospital? 

a. What sort of information have you been given? 

b. Who told you this information? 

c. What sort of supports or help are set up for them? 

d. How will you help [patient’s name] once they are discharged from hospital? 

4. How do you feel about [patient’s name] going home? 

a. Do you have any concerns? 

b. Do you feel prepared? 

5. Do you have any concerns about your own health? 

6. Is there anything else you would like to add? 

Three-month follow-up semi-structured interview guides: 

Patient 

1. How have you been making out at home since I last saw you two months ago? 

a. What sort of help do you have around the house? 

i. Has it changed since I last saw you? 
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b. What has your health been like since you left the hospital? 

i. Are there any health issues that you’ve been worried about? 

ii. Where are you seeking care for these issues? 

 

2. Is there anything you would have liked to happen differently in coming home from the 

hospital? 

a. What could have made the transition easier? 

b. What was helpful?  

3. Is there anything else we should know about being discharged from hospital? 

Caregiver 

1. How has [patient’s name] been making out since I spoke to you last? 

a. What has their health been like since leaving the hospital? 

2. How have you been making out caring for them since leaving the hospital? 

a. Do you have anyone supporting you? 

b. Are there other supports for [patient’s name] in place? 

c. How has your health been? 

3. Is there anything you would have liked to happen differently in the transition from hospital 

to home? 

a. What was helpful in the transition from hospital to home? 

4. Is there anything else you would like to add? 

 

Appendix B.6: Phase 2 patient and caregiver home visit semi-structured interview guide. 

(Conducted at one week and one-month post-discharge) 

1. How have you been managing since discharge from the hospital? 

a. How are you making out with the medications? 

b. How are you doing with the other instructions on your discharge plan? 

c. What kind of support is there for home care? 

i. Has this changed? 

d. How are you managing daily activities? 

i. Can you tell me about an average day? 

e. How have you been feeling? 

i. Is there anything worrying you? 

ii. What has been going well? 
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Appendix B.7: The information of a scenario provided for patient 2 of city 3. 

Time Active 
Function Active Function Output 

Downstream 
Coupled 
Function 

Coupled 
Function 
Aspect 

1 25 Fractured Pelvis/Congestive heart failure 6 I 
2 6 Referral to emergency department 36 I 
3 36 Hospitalized at emergency department 7 I 
7 7 Almost 5 days 8 I 

12 8 Hospitalizing in geriatric unit 22 I 
13 22 Fractured Pelvis/Congestive Heart 

Failure/Chronic Renal Failure/Atrial 
Fibrillation/Hypothyroid/Urinary Tract 
Infection 

35 I 

14 22 Nurse assessment 2 I 
15 2 Satisfactory 35 P 
16 22 Physiotherapy 1 I 
17 1 Significant dysmobility 35 P 
18 22 Occupational therapy 21 I 
19 21 Tilt wheelchair/equipment needs in bathroom 35 P 
20 22 Nutrition therapy 24 I 
21 24 Stable and satisfactory 35 P 
22 35 Stable situation/instructions for blister pack 

and insulin regime 
9 I 

23 9 Informing for family conference 0 I 
28 9 Informing for discharge with delay 26 I 
30 26 Spouse and daughter 0 P 
31 0 Acceptable ability for discharge/Delay 4 I 
32 4 No documentation of a physician 

appointment/consulting with a dermatologist 
for cellulitis 

14 I 

35 4 discharge planner 3 I 
36 14 The appointment with the dermatologist was 

done 
3 I 

37 3 Unwell 19 I 
38 19 Congestive heart failure/cellulitis 16 I 
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Appendix B.8: An example of an unsuccessful outcome (patient 2 from city 3). 
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Appendix B.9: A summary of functions’ outputs and variability observed during testing the FRAM model for each patient. 

Function Add a patient to 
the waitlist for 

admission  

Assess the patient and provide 
medical services Hold family conference Discharge a patient 

Follow-up with 
healthcare providers Patient’s 

no. 

City 1: 
patient 1  

On time: it lasted 
12 days. 

Acceptable: stable situation and 
acceptable ability for discharge 
(symptoms of mild delirium and 
pamphlet). Treatment and service: 
home exercise, bathroom 
equipment, walker, x-ray test. 
Care team members*: MD, nurse, 
SW, PT, OT, RT, pharmacist, 
dietitian, SC. 

Late: completed with delay. 
Acceptable: excellent ability 
for discharge.  
Going home without services 
not because of financial 
problems. 

On time: completed with delay. 
Acceptable: blister pack medication, 
home exercise, follow-up 
appointment was arranged by Ward 
Clerk for one month’s time.  
No discharge planner (social worker 
played the role).  

Omitted: the patient 
did not attend the 
arranged follow-up due 
to hospital admission.  

City 1: 
patient 3 

On time: it lasted 
12 days. 

Acceptable: stable situation and 
acceptable ability for discharge. 
Treatment and service: medication 
change, home care services, home 
exercise, safety equipment. 
Care team members: MD, nurse, 
SW, PT, OT, RT, dietitian. 

On time: completed on time. 
Acceptable: acceptable 
ability for discharge.  
Going home with limited 
services (daycare assistant) 
due to financial problems. 

Late: completed with delay. 
Acceptable: blister pack medication, 
home exercise, follow-up 
appointment was arranged by Ward 
Clerk for one month’s time.  
No discharge planner (social worker 
played the role).  

Precise: there was an 
appointment with the 
family physician.  

City 2: 
patient 1 

On time: it lasted 
12 days.  

Acceptable: stable situation and 
acceptable ability for discharge. 
Treatment and service: 
wheelchair, blister pack. 
Care team members: MD, nurse, 
SW, PT, OT, RT, dietitian. 

Late: completed with delay. 
Acceptable: acceptable 
ability for discharge.  
Going home without services 
due to financial problems. 

On time: completed without delay. 
Acceptable: wheelchair, blister 
pack, Extra Mural Program with a 
physiotherapist.  
No discharge planner (case 
coordinator played the role).  

Precise: 
physiotherapist visited 
the participant in their 
home.  
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City 2: 
patient 2 

On time: it lasted 
one day, short 
waitlist.  

Acceptable: stable situation and 
acceptable ability for discharge. 
Treatment and service: medication 
on transfer, additional home 
medication, ulceration on tongue. 
Care team members: MD, nurse, 
SW, PT, OT, SP. 

Omitted: no family meeting 
but weekly team meeting 
was held.  

On time: completed without delay. 
Acceptable: medication on transfer, 
additional home medication, follow-
up appointment was arranged for one 
week later.  
No discharge planner (case 
coordinator played the role). 

Precise: there was an 
appointment with the 
family physician.  

City 3: 
patient 1 

Omitted: 
hospitalized 
directly at 
emergency 
department. 

Acceptable: Acceptable stability 
in patient's ability for discharge. 
Service: diabetes, hypertension, 
glaucoma, and anemia tests, 
bladder scan. 
Care team members: MD, nurse, 
SW, PT. 

Omitted: informing directly 
for discharge.  

Late: completed with delay. 
Acceptable: appointment arranged 
with a gynecologist, follow up 
appointment was arranged by Ward 
Clerk for seven weeks later.  
There was discharge planner. 

Precise: there was an 
appointment with the 
family physician and 
the gynecologist.  

City 3: 
patient 2 

On time: it lasted 
five days, short 
waitlist.  

Acceptable: relatively stable 
situation for discharge. Treatment 
and service: tilt wheelchair, 
equipment needs in bathroom, 
instructions for blister pack and 
insulin regime. 
Care team members: MD, nurse, 
PT, OT, dietitian. 

Late: completed with delay. 
Acceptable: acceptable 
ability for discharge.  
 

On time: completed without delay. 
Acceptable: instructions for blister 
pack and insulin regime, no 
documentation of a physician follow-
up arranged by hospital staff, 
consulting with a dermatologist for 
cellulitis.  
There was discharge planner, no 
services at home. 

Precise: there was an 
appointment with the 
dermatologist.  

* MD: medical doctor, SW: social worker, PT: physiotherapist, OT: occupational therapist, RT: recreation therapist, SC: spiritual care.  
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