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Abstract Hospitals are a critical element of the healthcare system and their contin-
uous function is highly important to the wellbeing of communities. In accordance
with the criticality of their functional performance during disruptive events, several
modelling and analysis approaches have been developed to investigate the extent of
various aspects of hospitals’ vulnerability and resilience. However, these approaches
fall short in addressing either the degree of absorption, adaptation and, in some cases,
degradation of the hospital as a system before its fundamental breakdown or fail to
differentiate their performance in normal conditions versus surge circumstances and
protocols. In this paper, these issues were addressed via deployment of the Func-
tional Resonance Analysis Method (FRAM) and a macro analysis of the interactions
among hospital system functions under surge conditions. The use of FRAM as the
modelling technique helps to address the extent of system adaptability to changes and
explore the hidden impact of different functions on overall system performance. The
modelling involved identification of surge functions and fulfilment of conditions for
the functions generating the outcomes. The study identifies the limitations existing in
hospital surge procedures and highlights the difference between work-as-imagined
and work-as-done regarding hospital surge procedures.
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1 Introduction

Hospital facilities, in the centre of the healthcare network, play a critical role in deliv-
ering healthcare services and enhancing society. Addressing their socio-economic
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role requires these facilities to focus on enhancing the effectiveness and efficiency of
the services they deliver. The main step in improving hospital functional performance
(HFP) is identification of work-as-done (WAD) compared with work-as-imagined
(WAI). In addressing these issues, various authors have studied hospital/healthcare
processes from various angles and focusing on different services. Most papers will
start with an introduction and end with conclusions. The conclusions section must
be followed by references.

e Implementation of guidelines (Clay-Williams et al. 2015; Saurin et al. 2017).

e Identification of the factors contributing to the gap between WAI and WAD (Lau-
galand et al. 2014; Saurin and Werle 2017; Wachs and Saurin 2018; Damen et al.
2018).

e Understanding of how complexities affect healthcare processes (Raben et al. 2017;
Raben et al. 2018; Ross et al. 2018).

e Enhancement of patient safety (Alm and Woltjer 2010).

The above publications examine hospitals’ functional resilience from a resilience
engineering perspective by addressing HFP from various dimensions in delivering
different services. However, the issue of dealing with disruptive events requires a
different approach, as hospitals perform under different sets of procedures and guide-
lines when a surge in number of patients is expected. Hence, the current paper aims
to address HFP in the face of a surge of patients. The paper fulfils this objective by
analysing HFP from a systemic perspective, by considering organisational, technical
and external dimensions. For this purpose, a model is developed to cover a series
of functions required to facilitate the flow of patients, from their registration at the
Emergency Department until their discharge, using the functional resonance analy-
sis method (FRAM). The remainder of this paper presents the chosen methodology,
the findings of the application of FRAM and a discussion, before concluding with a
summary.

2 Methodology

The FRAM, first introduced by Hollnagel (2004), identifies and measures perfor-
mance variability. The FRAM is a qualitative analysis technique for identifying non-
linear dependencies between sub-systems, and functional performance variability,
considering complexity and socio-technical factors (Woltjer and Hollnagel 2008).
These factors suggest that the socio-technical system’s performance is complex and
possesses emergence, which assumes performance variability is an inherent factor
necessary for coping with changes within and outside the system (Furniss et al.
2016). The outcome of combinations of performance variability can be observed
as the occurrence of emergent accidents in the absence of any major technological
failure (Macchi 2010). Hence, via the application of FRAM, the emergent risks can
be addressed, and the extent of their impacts can be reduced, mitigated or eliminated
(Macchi 2010). The method is based on four pillars (Hollnagel 2004):
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e The principle of equivalence of success and failure: failure is the product of short-
comings in the system’s adaptability for coping with change in operational con-
ditions, which is a consequence of complexity. In other words, success can be
defined as the ability to anticipate the changing shape of risk before exposure,
while failure is a permanent or temporary absence of that ability.

e The principle of approximate adjustments: because of the dynamics of random
changes in operational conditions, the capability of finding effective ways of
overcoming problems is crucial. Hence, the coincident and combination of inad-
equate adjustments create overall instability, which can become the reason for
malfunctions or failures.

e The principle of emergence: under normal operational conditions, variability of
performance is unlikely to have a major impact on the overall system’s functional
performance. Yet, variability of multiple functions might combine in unconven-
tional ways, leading to major consequences and impacts that are nonlinear in
nature. Hence, the intractability and adaptability of socio-technical systems in
response to conditions and demands make it impossible to describe all couplings
in the system and anticipate more than the most regular events.

e The principle of functional resonance: the FRAM suggests resonance principles
replace traditional cause—effect relationships. Interdependencies make it possible
for impacts to spread around the system, rather than in traditional cause—effect
links, as described by the Small World Phenomenon (Travers and Milgram 1977).

Based on these principles, FRAM focuses on the functions needed to generate
system outcomes, their potential variability, the way they may resonate and how to
manage functional performance variability (Hollnagel 2004, 2012). Using FRAM
provides understanding on functional variability and appropriate actions to reduce
the likelihood of such variability. Hollnagel (2004, 2012) outlined the steps to analyse
a system using FRAM:

e Step 0: recognise the purpose of the FRAM analysis. FRAM can be used for
accident investigation and safety assessment purposes; however, the details needed
for each purpose differs from other purposes.

e Step 1: identify and describe the functions. A function is a normal activity per-
formed in a socio-technical system to achieve a specific objective. Each function
can be related to other functions via six aspects, as described below:

(1) Input: what is processed and transformed by the function or what is needed
for the function to start?

(2) Output: what is transformed or produced via performing the function?

(3) Precondition: what needs to exist before a function is carried out?

(4) Resources: what needs to be consumed to produce the output?

(5) Time: what temporal constraints affect the function?

(6) Control: what is needed to control and monitor the function?

e Step 2: determine the potential for variability. Identification of how individual
function outputs may vary even when not affected by input variation.
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e Step 3: define functional resonance. This step deals with the potential impacts of
upstream functions on downstream functions (DFs).

e Step 4: manage performance variability. Identification of existing risks and
opportunities and management of performance variability.

In the current paper, FRAM was applied to a public hospital in Queensland,
Australia. The selection of subject matter experts was based on certain criteria
such as knowledge and experience with the subject matter. Particularly, the inter-
viewed experts were selected based on their expertise in Emergency, disaster and
business continuity management practices and/or having expertise in patient flow
management. The application of the FRAM started by brainstorming, reviewing and
analysing documents, through which the general flow of patients and resources were
identified. We followed the guidelines published by the US Department of Home-
land Security (2007) and the series of publications, policies and guidelines issued
by the NSW Ministry of Health to draw a preliminary model. The primary FRAM
model was then assessed for flow of the critical functions, and their relative aspects
were finalised in an interview with disaster management experts. Next, the primary
model was presented to disaster and emergency experts in the chosen hospital, to
conduct a case study to identify missing links and functions performed. In the final
step, the experts identified each function’s output variability as well as the impact of
variability in upstream functions on outputs.

3 Results

In the current paper, the focus of the FRAM is on the hospital system variability when
operating under a surge caused by a disruptive event. Although the general purpose
of applying FRAM is accident analysis or risk assessment, the aim of the current
analysis is to assess the interaction among various dimensions of HFP involving
patient flow, hospital surge procedures, availability of utilities and redundancies,
and external stakeholders. The focus of this paper does not involve human factors
resulting in unwanted events; instead, it identifies the impact of current policies and
practices on HFP from a socio-technical perspective.

Overall, 29 functions were identified for FRAM analysis. In the second step,
171 couplings were identified among function aspects (an example is presented in
Fig. 1). Based on the identified functions and their aspects, a visual representation of
the hospital’s patient flow model is visualised via the use of FMV software (FRAM
Model Visualiser) (see Fig. 1). In Fig. 2, hexagon colours represent various types
of functions: green = patient flow; red = hospital surge procedures; yellow = sys-
tem maintenance, availability of utilities and redundancies; purple = organisational
readiness; and phosphoric green and burgundy = functions performed by external
stakeholders.

In the next step, the experts were asked to clarify the extent of expected variability
in each function’s output. These variabilities were identified regarding the timing and
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Fig. 1 Example of a function and its connections to UFs
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Fig. 2 The complete FRAM for HFP under surge conditions
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precision of the outputs that functions produce. As indicated by experts, the patient
flow function output has the possibility of being produced later than expected. Specif-
ically, when dealing with surge conditions, delays can reduce the efficiency of HFP.
Further, it was identified that cooperation mechanisms and communication among
the hospital and its external stakeholders do not appear to be efficient when deal-
ing with disruptive events. Figure 3 demonstrates the assigned values for functional
variability and their criticality scale by the experts as well as the number of DFs that
their variability can be transferred to. These values (Green = No impact, Yellow =
Moderate impact, Red = High impact) were identified based on the collective impact
of functions outputs regarding to their timing and precision. Based on the collective

# Function N“mﬁ;e: of Timing Precision Criticality
1 Triage, Assessment and Streaming 4 On Time Acceptable
2 Early Treatment and Fast Track 1 On Time Precise

3 Acute Care 2 Too late  Precise

4 Inpatient Ward Admission 2 Too late Acceptable
5 Discharge 0 Too late Acceptable
6 Bed Management 4 On Time Acceptable
T Access to Patients Clinical History 4 On Time Precise

8 Performing Maintenance 5 On Time Precise

9 Maintaining Information/Communication System 18 On Time Precise
10 Maintaining Power Supply 14 On Time Precise
11 Number of Available Beds 9 On Time Precise
12 Maintaining Water Supply 5 On Time  Precise
13 Maintaining Medical Gas Supply 4 On Time Precise
14 Maintaining Hospital Spatial Capacity 4 On Time Precise
15 Availability of Emergency Plans 11 On Time Precise
16 Performing Emergency Trainings and Drills 7 Too late Acceptable
17 Establish Disaster Coop n Mechani 5 Too late Acceptable
18 Report from External Agents 2 On Time Acceptable
19 Assess the Nature and Scope of the Event 3 On Time Acceptable
20 Sharing information, assessment and update 11 On Time Precise
21 Re-assessment and prioritisation of surge patient flow 7 On Time Acceptable
22 Direct Medical Surge Tactical Operations (Leadership) 6 On Time Acceptable
23 Procedures to execute the Surge Plans 10 On Time Acceptable
24 Activate Medical Surge Capacity 12 On Time Acceptable
25 Implement Surge Staffing Procedures 10 On Time Acceptable
2 Assessment, tracking, and deployment of extra assets, and 9 Toolate Acceptable

resources

27 Emergency Triage and Pre-Hospital Treatment 1 On Time Acceptable
28 Emergency Operation Centre Management 2 On Time Acceptable
29  Medical Supplies M and Distrat and Logistics 1 Too late Acceptable

Fig. 3 Assigned values for functional variability and their criticality scale
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Fig. 4 Map of propagation of functional variabilities

impact of functional variabilities, it is evident that while selected functions were pro-
ducing outputs with at least acceptable precision, the timing of generating outputs
were the factor determining the criticality of functional variabilities.

Finally, by considering the values assigned in Fig. 2 and interactions among the
UFs and DFs, Fig. 4 narrows the number of identified interactions to 83 links and
demonstrates those interactions through which UF variabilities can resonate and
affect the entire system. Therefore, functional variabilities can spread and amplify
via these couplings. On the flip side, Fig. 4 presents those couplings that can dampen
functional variabilities. It is worth mentioning that in both Figs. 4 and 5, not all inter-
dependencies among functions are presented, and couplings that exert no influence
on the DFs are not presented.
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Fig. 5 Map of dampening of functional variabilities

4 Discussion

This paper aimed to understand HFP under surge protocols. This goal was achieved
through the identification of functions performed, possible functional variability gen-
erated via performing those tasks, and the cascading effect of those variabilities
through the system via couplings among functions. The results of the project pro-
vide a fresh perspective on how different dimensions of HFP can interact at a system
level.

FRAM application to analyse the system, considering complexity theories and
the socio-technical perspective, was proven to be helpful in achieving the objectives
of the paper. The FRAM highlights the deviation between WAI and WAD in the
context of HFP when dealing with surges. The findings of the study highlight the
type of dynamic interactions among functions. The results indicate that propagating
functional variabilities throughout the system can take a toll on the timing of the
hospital’s overall performance. Figure 3 shows those interactions that increase the
possibility of transferring UF variabilities to their DFs. As explained by the FRAM
principles, the overall system can adapt itself to noise passing through under normal
conditions; however, in surge conditions and when the system is under the stress,
the resonating impact of these variabilities can exert a noticeable impact on HFP.
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Further, the findings of the current paper shed light on interactions among functions
through which certain functional variabilities are dampened. Thus, Fig. 4 represents
potential opportunities in the hospital system, by highlighting the system’s potential
and ability to deal with a portion of functional variability and functional resonance.
Hence, FRAM has been proven to be an insightful technique to demonstrate the
synergy among various dimensions of HFP and lay out areas of improvement by
which the system can perform efficiently and enhance resilience.

The current study highlights the fact that technical functions often deliver outputs
on time with the utmost precision regarding quality. However, with the in-built redun-
dancies in hospital design, Fig. 4 identifies a low probability for variability being
produced by the routine performance of such infrastructure. In contrast, it can be
argued that availability of trained staff, vacant beds and resources are existing chal-
lenges. These challenges are amplified via lack of coordination mechanisms with
internal and external stakeholders, leadership, and assessment, tracking and deploy-
ment of extra assets and resources. The cooperation among the leadership team, and
the government, for facilitating and establishment of the communication capacity
contributes to the effectiveness of Coordination of the Response Agents. It can be
argued that by establishing cooperation and information sharing mechanisms among
responding agents, as well as performing regular training and drills, the efficiency
of inter-agency cooperation can be improved.

Further, it has been clarified that lack of efficiency and effectiveness of implemen-
tation of surge procedures and re-assessment and prioritisation of patient flow can
create variability and amplify impacts on HFP. The lack of efficiency in reassessment
and prioritisation of patient flow has been argued to prolong the length of stay in
the hospital, even though the efficiency of ED throughput increases (Shimada et al.
2012). Morton et al. (2015) reviewed and highlighted the impact of the variability
of this coupling as the potential increase in mortality rate (in severe cases), decrease
in the ED and Acute Care wards throughput and consequently reducing the hospi-
tal surge capacity. In total, hospital’s capability of providing available beds during
surge, controls the allocation of resources throughout the process. These impacts
can heavily affect the overall timing of performing tasks and, therefore, reduce the
number of patients serviced.

In summary, this paper offers a unique insight into HFP for a hospital system
dealing with adverse events and operating under a surge. The current modelling and
analysis considered complexity theory and adopted a systemic approach to the hos-
pital systems rather than a micro approach in which typical hospital functions are
analysed at the organisation—-human—technology interaction level. By approaching
HFP at the system level, decision-/policy-makers may gain a realistic understand-
ing of WAD and the potential inherit risks and opportunities existing in the system.
Consequently, the findings support those of Clay-Williams et al. (2015), by demon-
strating the potential of using FRAM to obtain insights into a hospital system for
implementing, updating and revising the current guidelines, protocols and practices.
Further, the system approach provides insights into interdepartmental interactions
and the types of impacts these can impose on HFP. Therefore, the hospital will be
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able to decrease potential risks by either improving performance of certain functions
or enhancing the buffering capacity of their DFs.

5 Conclusions

HFP during clinical surges is a complex issue, especially when aligned with an
increase in healthcare demand due to disruptive events (natural and man-made).
It requires involvement of different inter-organisational and external stakeholders
to deliver critical healthcare services. This paper provides a comprehensive insight
into this complex process using a FRAM analysis. The application of FRAM as an
analysis technique clarified the deviation between WAI and WAD and highlighted
the hidden obstacles and opportunities in hospital system performance.

The results of this paper identified certain couplings that have the potential to vary
the output of their DFs and highlighted the DFs’ potential to cope with certain types
of variations in their receiving aspects. Based on these findings, it can be argued
that success in the context of HFP should be defined in terms of the timing of per-
forming each function. Therefore, decision-/policy-makers must focus on ways to
make HFP practices during clinical surges more efficient and increase the buffering
capacity of those functions that play a critical role in propagating functional variabil-
ities throughout the system. Future studies need to identify the critical path among
functions, via which functional variabilities can resonate, as well as investigate the
impacts of technical, organisational and external influences on HFP.
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