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The quality and sustainability of healthcare in Wales is a contentious subject; there is a significant amount of evidence that suggests that both are in decline [1] [2] [3] [4] [5] [6] [7] [8] [9] [10]. Innovative strategies are being explored within the National Health Service (NHS) in Wales as creative solutions to mounting problems become more important, and urgent, than ever before. Data Science is one such strategy that the NHS are looking to deploy in a bid to realise value from more efficient planning, enabling resources to deliver higher quality care and provide better outcomes to patients, at no additional cost [10] [11] [12] [13] [14]. 
Discrete event simulation is a widely used tool within operational research analytics that can provide insight into operational systems and enable stakeholders to perform ‘what-if’ scenario analysis; so termed because the simulation hypothetically provides data and information around what would happen in any given hypothetical scenario [19] [30] [16]. These analyses can include departmental restructuring or redesign, changes to resources and/or shift patterns, re-routing demand to other systems and many more besides. 
At present, however, it is understood that few problem owners are even aware that this area within data science exists, let alone know how it works, nor have stakeholders considered how they could benefit from it. This project specifically aims to introduce problem owners across Hywel Dda University Health Board (HDUHB) to the concept of discrete event simulation, put it at their fingertips, and demonstrate what it could look like and the type of things that can be achieved. 
The development and publication of a Discrete Event Simulation (DES) web-application as part of this project, deployed for stakeholders and problem owners within HDUHB to explore and utilise, has enthused many within HDUHB. Following the publication, a significant amount of engagement with the application has occurred and multiple requests for meetings and work requests regarding discrete event simulation have been submitted to the Data Science team at Hywel Dda; in the three years prior to this project, no such requests were submitted to the team.
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The NHS in Wales is under significant pressure [1] [2] [3]. Unprecedented waits in Emergency Departments (EDs) across the country, patients dying in ambulances while desperately waiting for care [4] [5], the longest waiting lists ever seen for elective surgeries [6] [7], long waits to see GPs are just some recent headlines describing the major challenges within healthcare that have been compounded by the coronavirus pandemic [5] [8] [9]. Demand is overwhelming and resources are limited [1] [5] [9] [15]. Figures 1 and 2 below demonstrates how performance against national targets have declined over time across the UK [18].
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[bookmark: _Toc110164834]Figure 1. Percentage of patients waiting more than 4 hours in ED [18].
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[bookmark: _Toc110164835]Figure 2. Median waiting times for referral to treatment [18].

Substantial increases in work pressures and workload being faced by staff and stagnating wages that are significantly outpaced by inflation and other pressures brought on by the cost-of-living crisis increase the risk of staff burning out [1], needing leave of absence for long-term sickness, leaving their roles or seeking other opportunities outside of the NHS. Figures 3 and 4 below demonstrate this effect within England [19].
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[bookmark: _Toc110164836]Figure 3. Voluntary resignations over time within NHS England [19].
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[bookmark: _Toc110164837]Figure 4. Breakdown of reasons for voluntary resignation within the NHS in England [19].

Issues and risks surrounding the NHS Workforce indicate the healthcare crisis could clearly compound further, potentially to the point of collapse [1] [9] [15]. It is essential that processes are streamlined and optimised, to maximise the utilisation of available resources and provide the highest quality services possible to patients. 
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The NHS in Wales was under pressure to improve prior to the coronavirus pandemic, with significant Welsh Government (WG) improvement plans in place to improve performance and reduce costs [16] [17]. 
WG determined that:
· Costs were unsustainable;
· Substantial improvement was required regarding workforce management;
· Significant improvements were also required regarding the quality of healthcare provided;
· Patient experiences must improve;
· Proactive management of the population’s health should be a core component of the healthcare plan to ease pressure on the NHS [16]. 

WG distilled the solution to these issues into four core objectives for NHS Wales and its constituent Health Boards (HBs) to adhere to. These objectives form the Quadruple Aim of Healthcare [16] [17]. 

These four objectives are [16] [17]:
1. Population Health and Wellbeing; Better prevention and self-management;
2. Health and Social Care Services; Better quality and experience, enabled by digital, supported by engagement;
3. Higher Value Health and Social Care; Rapid improvement and innovation, enabled by data, focused on outcomes;
4. Health and Social Care Workforce; Improve wellbeing, capability, engagement, leadership.


These objectives are further divided into internal and external goals: 
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[bookmark: _Toc110164839]Figure 5. Wales National Transformation Programme (Quadruple Aim of Healthcare) [16].

The two external goals relate to the population of Wales; more specifically their own health and wellbeing as well as the health and care services they receive.  These can be considered longer term objectives; improving the health and wellbeing of a population through education, support and more takes time. 
The two internal goals relate predominantly to sustainability; building a workforce and ensuring their satisfaction and wellbeing is vital to the future of the NHS, both short and long term. Achieving higher value through optimisation, streamlining, efficiency gains and innovative practice while ensuring standards of care and outcomes are improved is critical to achieving greater value, both economic and otherwise.
These aims are completely interdependent. 
Theoretically, improving population health and well-being will result in less demand and pressure placed on the healthcare system. Subsequently, this should result in:
Greater capacity;
Healthcare professionals able to provide higher quality care;
More accessible services;
Financial gains due to fewer temporary staff being utilised to manage demand.
Motivated workforce due to an ease in pressure;
Sustainable services. 
[bookmark: _Toc110164840]Healthcare’s new look

Significant change is required over a prolonged period in order to achieve these aims and transform the healthcare system. 
There is also a focus being placed on a different attitude and culture around health and wellbeing; WG want people to take more responsibility for their own health and wellbeing to enhance their quality of life and reduce dependence on health and social care. Figure 2 below demonstrates the WG proposed transition timeline between 2018 and 2028 from hospital-based care and treatment to community-based services:
[image: ]
[bookmark: _Toc110164841]Figure 6. Healthier Wales Action Plan (Transition between Healthcare models) [17]

‘A Healthier Wales: Our Plan for Health and Social Care’ was published in 2019 [17] prior to the onset of the coronavirus pandemic. The impact of the pandemic on the progress of this timeline is unknown currently.
This transition, and additional unforeseen challenges, underline the need for innovative solutions within the healthcare sector. Redesigning pathways, services, systems, and their respective workforces requires a dynamic, scalable and data-driven solution that can support evidence-based scenario testing in an environment of re-evaluation and moving goalposts when. This is where data science and analytical tools such as DES can help.
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DES is an analytical discipline that can act as a key driver for this change. Shannon (1977), states that simulation is “the process of designing a model of a real system and conducting experiments with this model for the purpose either of understanding the behavior [sic] of the system or evaluating various strategies (within the limits imposed by a criterion or a set of criteria) for the operation of the system” [18].
Further to the general definition, Stanford’s Encyclopaedia of Philosophy defines computer-simulation specifically as:
“In its narrowest sense, a computer simulation is a program that is run on a computer and that uses step-by-step methods to explore the approximate behavior [sic] of a mathematical model. Usually this is a model of a real-world system (although the system in question might be an imaginary or hypothetical one). Such a computer program is a computer simulation model” [19].
DES is a tool that, in theory, can be anyone (or all) of the four Pillars of Analytics [20] [21]. The four pillars are descriptive, diagnostic, predictive and prescriptive analytics [20] [21]. 
DES can be descriptive in that; a baseline scenario should be anchored and is representative of a real system and its purpose is to function as a control for the original system. Through characteristics, such as its ability to identify bottlenecks in systems and describe resource utilisation, DES can be utilised as a diagnostic tool. The predictive element of DES is its main function:
Exploring ‘what-if’ analyses;
Scenario testing – testing hypotheses and potential changes to systems, resourcing etc;
Explore the impact of potential changes through predictive analytics. 
For example, what impact would increasing or decreasing hospital resources (such as staff) have on patient experience, national targets and patient outcomes?
Finally, through effective interpretation of the elements, prescriptive analytics can be achieved through analysis of the DES and scenario testing outcomes. Reduced resources may lead to increased waiting times and mortality; while increased resources may result in achievement of national targets and improved patient experience. Interpreting these results, visualising them, and communicating them, is key to prescribing analytical solutions and answering questions using analytics [20] [21]. 
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A stochastic model is one that concerns or requires the use of probability-based functions to describe, explain or model ‘real-world’ scenarios where a degree of uncertainty is present [22]; as is the case for almost all operational healthcare systems. Stochasticity is a crucial element of systems with high degrees of uncertainty and can be considered the inverse of a deterministic system or model, in which results are:
· Fixed;
· Not dependant on probability;
· Have no uncertainty.
This enables them to be defined specifically [23]. Within the context of operational healthcare, stochastic modelling is considerably more viable in most scenarios as most systems feature uncertainty relating to both demand and capacity. One type of stochastic modelling is DES.
Healthcare systems are notoriously complex, with such volatile characteristics as the substantial variability and unpredictability in both demand and capacity. Systems such as these, with a countless number of variables, are difficult to understand and make effective predicting and planning effectively challenging. DES is a critical tool for:

Exploring and understanding implications of different planning scenarios;
Offering insight to stakeholders;
Providing a data driven evidence base for ‘what-if’ scenario analysis. 
Due to the complexity within healthcare systems, and the specificity and variation between areas (equivalent systems usually operate in different ways with nuanced changes), stakeholder engagement is needed to build a viable and valid model within any DES. Model accuracy is essential for it to be useful and useable to affect change or inform decision making; working with stakeholders is a proven way to improve model accuracy [24]. Stakeholder engagement has also demonstrated that projects that incorporate domain experts in this way also benefit from greater quality models [24]. Models and simulations that are designed in such a way that better addresses the problems and objectives of the project [24], improved implementation of the model and any findings associated with it [24] and greater acceptance and ownership of the work as collaborators [24]. Stakeholders can be defined as individuals or entities “involved in or affected by policy making, development, implementation, or management” [25].

Within healthcare settings, there is a tendency to use DES for operational analytics rather than other types of simulation [26] [27] [28] [29] [30] [31] [32] [33]. This is because healthcare systems are resource driven, with variable demand, variable capacity and pathways that can be broken down into their constituent elements (as a series of discrete events). There are a significant number of different healthcare systems that have been the subject of DES modelling, including EDs, inpatient facilities [34], outpatient clinics [35] [36] [37] and whole hospital models [38]. This variety demonstrates the flexibility and general suitability for DES in modelling operational healthcare systems. Within their review of potential methodologies, Melman et al (2021) found that DES was the most suitable simulation paradigm because it “recognises the hospital unit-of-analysis, stochastic patient flows, and has the ability to analyse resource allocation policies” [33].

The fundamental elements that comprise a DES model are [39]:
1. Events-  an occurrence within the system at a point in time and takes an amount of time to occur. An example of an event in healthcare could be a blood test;
2. Resources - something that is required for an event to take place, for example, a nurse would be needed to conduct the above blood test event;
3. Entities - an entity in the healthcare context is  a patient. Entities are things that flow through the system and experience each event;
4. Attributes - a characteristic associated with an entity. For example, one patient may have a serious injury, while another might have a minor injury. Attributes are assigned to entities and entities can be treated differently (i.e., prioritised) based on their attributes, by the DES model.
5. Queues - form within real systems and DES models where resources are finite and entities wait in turn (subject to prioritisation) for access to the required resource. For example, a patient may wait in a waiting room for a nurse to be triaged in an ED – this period of waiting is what is referred to by the concept of a queue.

The purpose of utilising DES models in a healthcare setting is to add value by saving resources through optimisation, which has positive time, efficiency, financial and cost saving implications [39]. There are further potential benefits with regards to improving the quality of treatment/care and outcomes for patients [39]. 
Variation and unpredictability within healthcare systems is not truly random; in fact, much of it is highly predictable and has demonstrably been modelled to great effect. Each event within a DES takes an amount of time, usually dictated by resource availability plus the amount of time an event takes. This can be summarised as queueing/waiting and activity; the sum of which equals the amount of time each event takes to occur. Waiting/queueing is an organic component of the system, it occurs where all resources within a system are occupied at a given time and there is an excess in demand. The time an activity takes, however, is one stochastic element of the DES model that is determined by a probability distribution within the model itself. This is the theme throughout a DES model, events are resource-dependant and take an amount of time determined by a probability distribution, and queueing occurs ‘naturally’ whenever demand is in excess of capacity. The sum of the queue time and activity time can be considered the event duration (for each individual entity passing through the event). 
With respect to methodology and software selection, a 2021 meta-analysis covering 170 DES healthcare publications conducted by Vázquez-Serrano et al indicated that (excluding the 32% of publications that do not explicitly mention the software utilised)  88% of cases utilised specialist software  and 12% used scripting languages such as Python or R [39]. The most common specialist software is Arena (35%), with Simul8 (21%) being the second most used. Other specialist software was used in 32% of the studies in which the type of software used was specified. Vázquez-Serrano cites “ease of use” as the reason for this, with quicker and less complex development being the driver for utilising specialist software over scripting languages [39].
Gunal (2012) describes DES as a good methodology for healthcare modelling and describes several attractive characteristics of DES that scale well with regards to modelling healthcare systems [40]. The ability to utilise whatever level of abstraction is best needed for the intended purposes makes DES a highly flexible solution for modelling healthcare systems [40]. A patient-centric approach is achievable utilising DES, as every individual patient is a singular entity within a DES model [40]. The entire patient journey (for any patient in the DES) can be visualised, presented or interrogated to further understand the patient experience and how it can be improved [40]. System flow visualisation is a concept that enables stakeholders to see the patient journey  through a system, such as an ED, rather than having rely on graphs or tables to build a picture mentally; with DES, stakeholders a presented with an overview of the system and flow in its entirety [40]. Performance measures such as those relating to patient wait times (a proxy for experience/quality) can also be visualised; DES can help test scenarios to assess impact  on specific performance measures [40]. Modularity and reusability are a major advantage of DES in large healthcare settings. For example, a model for one system is comparable to an equivalent system at another physical location; or a hospital ward is likely to be similar to a neighbouring hospital ward. Such significant overlapping between systems provides enormous opportunity for utilising components or large portions of a DES model repeatedly [40]. 
When a DES commences, it is a completely empty system unless programmed otherwise.  This is not representative of reality, for example, for an ED which is operational 24 hours a day, 365 day a year. Once an ED opens it is a reasonable assumption that it will perpetually have patients within the system until it closes. Therefore, collecting results data from a DES that initially has no patients within it upon start-up is unrealistic and unrepresentative of the realworld system. ‘Warm-up’ is one method used to avoid this issue and ensure results collected are valid. Williams et al (2020) utilised a warm-up period of 30 days in a two year DES to ensure only valid data was collected [41]. This is achieved by setting the DES start date to 30 days prior to the intended start date, but only collecting data (or iremoving data collected during the initial warm-up period) once the 30 days has elapsed. 
Improper use of warm-up can be detrimental, as described by Grassmann (2008), and two rules for responsible use of warm-up periods in DES are given [42]:
1. “Delaying data collection is only justified if the starting state is highly unlikely…”;
2. “…Data collection should start as soon as a system enters a state with reasonably high probability.”
The first rule is absolutely met within a healthcare system that operates continuously; it is extremely unlikely the system will ever be empty. The second provides insight into justified and responsible use of warm-up, and a clear ideology for implementation. Once a system is in a state that is generally representative of what the real system could look like, data collection should commence. 
Warm-up estimation can be achieved through several means such as:
· Statistical process control [43];
· The bias;
· Variance;
· Mean squared error (MSE) [42]. 

As stated above, Williams et al (2020) utilised a 30-day warm-up period for a two-year DES, but do not rationalise this decision; only explaining the need for it [41]. Where a system can be described as having a reasonably steady state, and the starting state is not representative of the system, the benefits of utilising a warm-up that provides reasonable results are significant and the drawbacks relatively insignificant. 
Determination of the requisite or optimal number of replications is a subject of debate; the goal is broadly to ensure narrow confidence intervals are provided when results are given [44]. Increasing the number of replications run improves results, particularly when paired with confidence intervals or removal of outliers based on standard deviation. Practicality provides limitations, however, as running increased replications increases the time it takes for simulations to run, the amount of solid-state memory needed to store data and simulation environments prior to the production of results. 
DES was utilised by Castanheira-Pinto et al (2021) in a bid to maximise benefit realisation during a rebuild, and therefore potential redesign of an ED in a North Portuguese hospital [30]. The DES model proved an effective diagnostic tool, highlighting that a specific cohort of patients, categorised as ‘yellow’ (medium level risk), posed a consistent issue. The quality and experience for this cohort was not being delivered, as per Key Performance Indicators (KPIs) [30]. Through the diagnostic process enabled by the DES model, the system was clearly designed with a level of ‘unbalance’; green and red patients were consistently treated within national KPI timeframes, and it was the medium risk, yellow patients that experienced a poor level of service [30]. Following this diagnosis, Castanheira-Pinto et al (2021) performed ‘what-if’ scenario analysis to test hypothesised designs that would eradicate this performance issue, and improve KPIs as well as patient experience, without compromising the other patient cohorts [30]. This was achieved through redesign prescribed following scenario analyses completed by the team and their DES model [30].
At the centre of the work completed by Castanheira-Pinto et al (2021) was resource management, here referred to as resource occupation. In fact, the decision was taken to discard any scenarios that resulted in a resource occupation level of over 80%. Results were discarded/removed by the model where the model indicated staff would be actively treating patients for more than 80% of the time. This is an accordance with the ‘80% rule’ [45], a concept that suggests that for planning purposes, headroom of 20% should be built in to systems/processes to ensure that unreasonable demands and expectations are not placed on staff. 
Healthcare systems are complex; data visualisation should objectively be easily understood by users. Flow visualisation can be used to demonstrate the ‘journey’ of a patient or patients, and their flow through healthcare systems. Bean et al (2017) visualise flow using a network plot in their whole system DES model [46], see figure 3 below:
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[bookmark: _Toc110164845]Figure 7. Network/Flow diagram using DES outputs (Bean et al 2017) [46].

Figure three is a visualisation of patient flow through a ‘whole-system’ healthcare system [46]. The focus is specifically on emergency admissions; these are patients attending hospital for emergency or urgent care. The visualisation shows that a large proportion have acute assessments then leave the system [46]. Many others require general care or surgery, while relatively few need cardiological, neurological or stroke specialist treatment or assessment following their emergency admission. The primary advantage of the visualisation is in that, following these initial admissions, flow can be tracked through the system. For example, following acute assessment, many patients flow into all the other systems once more information is available/has been determined (except cardiology in this instance). Flow visualisation is clearly a fundamental component of DES within the context of healthcare, and this visualisation does meet the criteria set out for an advantageous and effective visualisation [47]; though to an extent this is subjective.
The web application built by Bean et al (2017) also addresses necessary functionality for a DES model that exists within a web-application; “The simulation results are automatically analysed when the simulation ends, and this analysis is presented to the user” is a core and fundamental requirement for web application deployment [46]. Visualisations and analysis must be presented back which requires considerate programming to enable. Bean et al (2017) go on to reference their use of monetary cost-based statistics, performance measures such as KPIs, and proxy measures for patient experience such as wait times [46]. Further analysis of a combination of visualisations are suggested in order to establish/identify flow bottlenecks within this case study.  However, many visualisations can be generated to simplify this analysis for users, such as cumulative flow diagrams [48] which can demonstrate how multiple stages of processes develop, with narrowing or widening between stages over time clearly visible immediately and indicating flow/bottlenecks within systems.
Perhaps the greatest challenge associated with healthcare modelling, is achieving any kind of real implementation, change or transformation as a result of the modelling conducted. Fone et al 2004 stated: “… we were unable to reach any conclusions on the value of modelling in health care because the evidence of implementation was so scant” [49]. While some consideration should be given to the validity of a source from 40 years ago on the subject matter, Wilson (1981) found that just 4% of DES models built within or for the healthcare industry (from a sample of 200 published literature examples) were implemented in any way [50]. It may be reasonable to assume that any entity that does not have a track record of utilising and implementing change based on healthcare modelling such as DES is highly unlikely to result in implementation. Robinson and Pidd (1998) and Harper and Pitt (2004) both outline that a major driver of successful implementation is the involvement of stakeholders or ‘problem-owners’ [51] [52]. Harper and Pitt (2004) further provide a list of ten criterion for successful implementation. These rules can be adhered to in conjunction with guidelines set out by Bolt et al (2010) in order to scope, design and manage a project with a heavy focus on overcoming the most significant barrier; implementation [52] [25]. 
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The purpose of this project is not to model a real-world system and implement change based on the findings. HDUHB do not have a history of using DES to achieve implementation and effecting change within systems; this project represents a fresh and patient focussed new approach to this challenge. 
Build a user-friendly web application that enables HDUHB stakeholders to:
Run DES themselves with just a few clicks;
Clearly see the impact of any parameter changes through a suite of visualisations 
Enhance their understanding of DES. 
This in turn may drive engagement with analytics, and more specifically DES, ultimately enabling the creation of robust, valid and accurate models that can be used to implement positive change in HDUHB. As identified during research, implementation is very difficult to achieve, and stakeholder engagement is crucial to this. 
This project is intended to set a foundation in HDUHB that enables the longer-term success of DES projects.

[bookmark: _Toc110164848]Project Context

During the coronavirus pandemic, the Data Science team at HDUHB were responsible for modelling a plethora of scenarios and the impact each scenario could have on the local healthcare system based on local factors. Resource intensive high-level discussions and processes regularly took place to determine the most valuable hypothetical scenarios to model.  These scenarios were provided to the Data Science team who generated the models and associated outputs to provide an answer to the ‘what-if’ scenario. 
Reflecting on this provided an objective for the current project:
· To create a web application that puts analytics in the hands of decision makers;
· Ensure that ‘what-if’ scenario analysis was at the application’s core so that a virtually limitless number of scenarios can be run based on requirements. 

This will serve to largely remove the requirement for careful and thorough planning for scenario design, as any reasonable scenario can be run within minutes. Decision makers can select parameters, run simulations and interpret results as a means of scoping the validity of the scenario itself, rather than discussing hypotheticals and determining potential candidates without a quantitative evidence base.
In addition to enabling decision makers to run DES within a web application, a core objective in DES in a healthcare project is to fully leverage real data whenever possible. HDUHB has a vast amount of data pertaining to ED and are keen to integrate and utilise this data within the DES process to ensure it is as valid and representative of real-world operations as possible.
DES is complex; simplifying the process for end users is a mandatory aim in this project. Clear directive has been given that outputs from this work must be highly visual, intuitive and as graphical and discernible as possible for non-data professionals to interpret. The pathway must be presented and visualised, resources must be clear, and ‘baseline’, ‘scenario’ and ‘real’ data must be clearly presented and differentiated on any visualisation on which they appear. 
There are no current plans to redesign EDs within HDUHB. This project is not specifically intended to form the basis for a proposed redesign or optimisation process; rather, this project is intended to introduce DES to key stakeholders in a web application format to promote data science within HDUHB and support stakeholder engagement. Plans to build a new hospital by 2030 in West Wales are ongoing; it is envisaged that this project could form the basis for subsequent work that is used to determine an optimal departmental design, in conjunction with demand modelling to inform the requirements placed on the system. 
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The primary aim is to publish a web application that showcases DES and enables users to visually see the effect of system change; effectively performing ‘what-if’ scenario analysis. 
Secondarily, the DES should contain as much functionality as possible while remaining as simple as possible. The published web application should not intimidate users and ideally will enthuse and educate users about DES. 
The Data Science team should see a tangible increase in requests for DES work, or at least communications regarding DES, with stakeholders exploring options that may help them to transform their respective operational systems. 
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Objectives were set out initially but in practice were very fluid as priorities changed over time. The project was managed within HDUHB via Microsoft Teams’ team project management features. While significant change occurred over time, the final list of objectives is as follows:
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[bookmark: _Toc110164851]Figure 8. Final list of objectives for project

Each objective was achieved and delivered, but many objectives such as the addition of attributes and prioritisation elements were deleted and replaced as the project matured.
A Gantt chart was used to manage the project also, this was not considered particularly useful within HDUHB as the project was constantly changing, as well as timelines and priorities. An early overview of the project’s objectives can be seen in the report attached as appendix item 3, though most of these objectives ultimately were changed or removed. The timeline is also not representative of the final project timeline.

[bookmark: _Toc110164852]National Objectives 

Outside of the immediate scope of the project, the wider and longer-term objectives that the Data science team are ultimately hoping to effect by completing this project are far reaching. With the foundation built as part of this project, any future DES work undertaken should directly aim to contribute towards the achievement of the Quadruple Aim of Healthcare.
Three of the four objectives outlined in the Quadruple Aim of Healthcare are within the scope of the DES in healthcare project:
· Patient Experience;
· Workforce;
· Value.

Patient Experience
Improvements in quality of care delivered and patient experience could be achieved through a greater understanding of systems, pathways and resources, which can be gained using DES. 

Workforce
Ensuring the healthcare workforce are managed as effectively as possible is a complex task; DES can help determine the extent to which a resource (or individual) is being utilised and help to identify potential over-working, which is a precursor to burnout, sickness, poor wellbeing and other detrimental risk factors. 

Value
Achieving greater economic value within healthcare is feasible using DES; if a more optimal configuration of resources can be determined using DES, then financial savings could be achieved. In addition to this, a less congested ED will reduce the need to bring in expensive temporary staff to clear backlogs or deal with excessive delays and wait times. 


The following key measures will be used to track the above objectives:

	Measure
	Patient Experience
	Workforce
	Value

	% Of patients that spend more than four hours in ED
	
	
	

	Patient total wait time
	
	
	

	Patient total flow time
	
	
	

	Resource utilisation
	
	
	

	Shift and date-based resource utilisation to ensure equality/equite
	
	
	


If an ED is performing over and above the thresholds for good performance, or if resources are not being utilised enough, redesign can lead to greater economic value being achieved.
These are large and long-term objectives of HDUHB, NHS Wales and WG.  Any impact this project has will be extremely minor within a national context, but all contributions to these overarching goals are essential and valuable.

[bookmark: _Toc110164853]Measures

The measures agreed upon to determine whether each specific aim and objective has been met have been established by Adam Moore, Data Scientist, HDUHB and Gareth Jenkins, Head of Data Science, HDUHB. 
Tracy Price, Head of Performance, HDUHB provided advice with regards to internal performance measures utilised by HDUHB regarding ED. Wherever possible, metrics that are actively used within HDUHB for ED performance were utilised within the project. However, the Data Science team currently understand several measures used within this project are not yet used within HDUHB for measuring performance. 


The following measures will be used to monitor system performance:
· System flow, both as an animation and static plot (actual, replication 1)
· Emergency Department Arrivals (mean)
· Resource levels within each simulation (actual)
· Attendances by weekday (mean)
· Attendances by hour of the day (mean)
· Total patient queueing/wait time (mean)
· Total patient flow time (mean)
· Time in department KPI 4hr (mean)
· Time in department KPI 12hr (mean)
· Time to triage (mean, median replication)
· System flow as a cumulative flow diagram (mean)
· Resource utilisation by shift and hour of each day (mean)
· Queue by hour by event (mean)
· Resource utilisation (overall) 
· 

[bookmark: _Toc110164854]Methodology
[bookmark: _Toc110164855]Project Management

The web application will be developed over a period of more than six months and will be managed utilising AGILE methodologies, with the use of GANTT charts and weekly reviews with the Head of Data Science. AGILE is a methodology commonly used for software development projects [53].
The Waterfall project management methodology is an example of a methodology that is rigid and linear. Waterfall involves setting the project out in a sequential series of tasks, each to be completed in order [54]. While entirely valid, this seems unsuitable for software development projects where the development is not fully understood such as this; for example, implementing a new feature in a DES model may cause interference or problems with another aspect or component, requiring this new issue to be prioritised. Waterfall is not the most appropriate methodology for such a project where issues are fully expected to arise throughout the process; the linearity and rigidity do not lend themselves to this type of project. 
AGILE will be utilised due to the iterative nature of web application development, particularly so in an organisation/team with no prior experience developing web applications. The weekly review meeting will offer a chance for reflection, assessment of the latest iteration and updates, discussion, and finally a conclusion regarding the direction of the next iteration. The waterfall methodology is not suited to this type of use-case [54]. The need for flexibility, or agility (hence – AGILE), is clear and therefore this methodology will be used to manage the project.

[bookmark: _Toc110164856]Development
[bookmark: _Toc110164857]Software / Programming Language Determination

The project appears to have a very open scope on some levels; however specific aims and objectives restrict the potential ways in which it could be successfully delivered. Specifically, the need for a web application that allows users to easily interchange parameters to perform highly scalable “what-if” scenario analysis in a familiar and simplistic environment, hosted internally by HDUHB, rules out all “off-the-shelf” DES products such as Simul8. The need for bespoke measures and adherence to national and local measures for performance and workforce utilisation further iterate the need for a bespoke, custom built DES environment. The need for a tailored build has mandated the use of an open-source programming language that can support the intended function and features of the DES, such as R or Python.
HDUHB has infrastructure in place to host scripts, dashboards, projects and web applications via an internally hosted platform called RStudio Connect. RStudio Connect is a publishing platform that enables programmers to publish and manage “data products” such as dashboards and web applications. Web applications in R can be built using a package called “Shiny”, which can be leveraged to program reactivity, user interfaces, and server functions using the R programming language. RStudio’s product, R-Studio professional, is comprised of three primary components:
· Workbench - an Integrated Development Environment (IDE);
· Package Manager - an integrated application for managing packages and package versions;
· Connect - enables straightforward deployment and hosting of projects such as web applications built with R.
Further to this, the NHS across the UK have invested heavily in R programming and several groups such as the NHS-RCommunity, Future NHS, the Advanced Analytical Group (AAG) and Centre for Excellence in Data Analytics (CEDA) endorse it specifically to maximise collaboration and shared learning across the NHS.
Additionally, the most widely used package for DES in R is called Simmer, while the most widely used package for DES in Python is called SimPy. Simmer offers greater transparency and heightened performance over SimPy, according to the Simmer white paper [55]. Conversely, SimPy is far more widely used and there are far more working examples and learning resources available for DES using SimPy.
Due to the clear infrastructural advantages in HDUHB, perceived performance advantages, and potential for future collaboration or sharing across the NHS (could further contribute to forwarding the Quadruple Aim of Healthcare at a national level), R programming will be used in conjunction with the Simmer and Shiny packages to produce a DES web application.

[bookmark: _Toc110164858]Healthcare System Determination

To maximise the potential for learning and understanding with respect to DES across the decision-making workforce, the most appropriate system should be modelled. Familiarity with how the system operates at a basic level is essential in order to minimise friction in a user experience context; leveraging inherent understanding of a system could prevent the need to provide significant context with regards to the system in question. A survey was conducted as part of this project, within which one question asked: Which of the following healthcare systems are you most familiar with?
ED was clearly the area that respondents felt they knew the most about, which likely holds true throughout the wider population too, as it is the most widely used healthcare system except for GP surgeries which do not fall under the direct management of HDUHB. GP surgeries were not included in the survey for this reason. HDUHB holds more ED data than any other specific system due to the high throughput. 
ED is also an excellent candidate system in that it would enable implementation of all the key features of DES identified within research. Clearly, ED is the best system to model for the purposes of this work when considering the objectives of the project.

[bookmark: _Toc110164859]Simulation Design

To build a DES model, the level of abstraction must be determined. The ED system itself is highly nuanced and complex, and there are three different EDs across HDUHB each with a different real-world layout, model and resources. Focusing on one ED and building a specific model tailored to the local nuances is an option, however, this would require a granular level of abstraction and prevent the model from being directly used for other EDs. Identifying and agreeing a level of abstraction that is viable for all sites, covering the core processes at a lower granularity allows the project to be more scalable and work across each site if resources and handled separately on a site-by-site basis.
There are no guarantees that making the model more granular will provide better results, and discussion led the Data Science team to determine a more granular model is more complex which could be a barrier to engagement and the promotion of DES within HDUHB, whereas a less granular model could enable the project to be scaled to work for all three EDs and appear simplistic enough for users to engage more freely. These decisions are intended to maximise engagement and increase interest in analytics and, particularly DES, to provide a data driven and quantitative means for redesigning pathways, services, reallocating resources and planning in general.
So called ‘must have, should have, could have, won’t have’ (MoSCoW) analysis was undertaken and subsequently discussed with the Head of Data Science; each potential feature within DES was discussed and a degree of cost benefit (in terms of resource) and risk analyses were completed. It was clear that programming attributes in an accurate way would be a vast undertaking and represent a huge risk in terms of delivering a viable version of the web application within the time frame needed. This risk was first highlighted by Dr Nik Whitehead during a weekly project meeting; Dr Whitehead advised that these features be dropped to ensure completion of the project.
Patient features, such as age, gender, complaint/diagnosis and having distinct distributions in all instances is an intensive task and failing to complete this in its entirety, and to a highly reliable degree, would result in a fundamentally inferior product. It was believed that the potential benefits were not necessarily worthwhile given the aims and objectives of the project. The addition of such features must be done comprehensively and exhaustively, no compromise can be made otherwise the model will function far less reliably and accurately than it would were a simpler aggregate model used. The expert advice was followed and these features were dropped from the project design.


[bookmark: _Toc110164860]Simulation Build
[bookmark: _Toc110164861]Creating a Web-Application

Writing a script, or series of scripts, that enable a developer to set parameters and run to achieve results/outputs is comparatively a very simple and straightforward task. The justification for building a web application, is the need for a hosted application that can be used to introduce potential stakeholders to the types of results they could achieve, and to further aid the concept of scenario building and hypothesis testing. Driving engagement and understanding of DES is a core aim of this project and a web application is a great way to put that experience and learning in the hands of potential users. The R package ‘Shiny’ will be utilised in conjunction with R package ‘Flexdashboard’ to build this web application. Reactive programming will be central to development of the DES at every stage, as parameters need to be defined by users and treated effectively throughout the application. 

[bookmark: _Toc110164862]Reproducibility

The intention is not to implement the findings from the simulations themselves with this project, but reproducibility of results is still an important concept to introduce stakeholders to. The use of a ‘seed’ parameter enables users to set a ‘random’ seed that will be used to generate all stochastic elements within the DES. Figure 4 below demonstrates how a set seed will produce and reproduce the same fixed results when it is set [56]. Simply recording the seed used to generate results, along with set parameters, will enable full reproducibility within DES:
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[bookmark: _Toc110164863]Figure 8. Random seed determining stochastic elements [56].


[bookmark: _Toc110164864]‘About’ Section

A specific tab will provide users with information and learning around the web application and concepts associated with DES. This dedicated section will outline components, assumptions, limitations and more, while informing users about potential ‘pros and cons’ associated with DES. The overarching aim of the project is to introduce DES to potential stakeholders and effectively help them to understand, at a basic level, what it is and how it works. The ‘About’ section will help to achieve this, though contact details will also be available here for more specific or technical questions that arise.

[bookmark: _Toc110164865]Advantages of R based DES

As identified within research literature, so called ‘off-the-shelf’ DES packages are far more commonly used than programming languages such as R, for the purpose of building DES models. Simul8 is the singular piece of DES software that the Data Science team at HDUHB have access to, and so pros and cons will generally be evaluated on a like for like basis.
Despite this, products such as Simul8 offer very little beyond the Graphical User Interface (GUI) driven model building visual itself. In fact, within NHS Wales, when Simul8 is used DES data is generally exported from Simul8 into a spreadsheet such as Microsoft Excel where visualisations are then created. Building a DES model in R enables the use of a plethora of visualisations without the need to export DES data (although DES data can be exported if required). Interactive plots can be leveraged using libraries based on JavaScript such as “Plotly”, while flow diagrams and animated flow diagrams can also be created using event logs and a package called processanimateR [57]. An example of a flow diagram produced in the application can be seen below, as figure 9:
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[bookmark: _Toc110164866]Figure 9. Animated flow diagram produced within the web-application

In addition to the lack of depth regarding visualisation within the platform, Simul8 is a licensed product and licenses cost around £3,395 per user per year [58]. As it is also a specific piece of software, in an organisation such as the NHS there is an additional burden in that each device will need to have the software installed onto it. Deployment of an R based DES model, utilising an existing platform within the NHS, does not come with any associated licensing costs (although the RStudio Professional platform being used does have a cost associated with it). The decision to create a web application removes all burden associated with software deployment and accessibility, too, as any browser can be used to view the internally hosted application. R also performs significantly better than Simul8 in terms of stability and speed.
The scalability of R based DES is also significantly greater than what can be achieved using Simul8; a high number of scenarios could be rapidly:
· Designed;
· Built;
· Run simultaneously
· Plotted on the same visualisations. 
Achieving aspects of this are also feasible in Simul8, but performance issues are clearly exacerbated when adding complexity and computation. Altering parameters is also feasible in Simul8, however, this is clearly not as simplistic in terms of user experience (UX) as it will be in a web application. Evaluating multiple aspects of models and scenarios rapidly is considerably easier when R based interactive plots are generated following DES runs when compared with exporting and evaluating data in another piece of software such as Microsoft Excel, as would need to be the case with Simul8.

[bookmark: _Toc110164867]Disadvantages of R Based DES

The overwhelming issue with the ideals around R based DES is simply that building a web application and an R based DES model is comparatively extremely complicated, difficult and resource intensive. There is no question that developing a model rapidly in Simul8 would be substantially easier than in R, before any consideration is even given to the web application complexities. Dr Nik Whitehead suggested that a compromise would need to be made with respect to the original project plan.  In order to truncate the project and deliver it on time, the decision was taken to limit the model complexity and not build any patient attributes into the DES model as doing so creates a combinatorial explosion effect in terms of the number of probability profiles needed for the model to function well.  Failure to do this properly and thoroughly generally results in a worse model than the simple equivalent. This decision also removes any opportunity to add prioritisation elements, for example programming the model to treat patients as urgent or non-urgent. 
As this project will be worked on full time for over six months, the substantial resource requirement needed to deliver it is feasible. This, however, is not necessarily the timescale for an equivalent DES project where implementation of findings is intended. Any DES work delivered using R following this project would need to operate on a much-reduced timeframe and require considerably less resource to deliver. 
Further to this, the fact it is GUI driven enables Simul8 to be used by non-programmer demographics and introduce them to DES design and building without the need for programming expertise. 
The most difficult aspect of delivering change using DES is implementation of findings, as identified within research literature. Building DES models using Simul8 is a highly visual process (GUI driven) and prototyping with stakeholders is a straightforward and engaging exercise. As R is code-based, it is far less so to anyone without programming knowledge. When demonstrating both methodologies on a simplistic level, prior to any development, Anthony Tracey, Digital Director, HDUHB determined that Simul8 was more attractive and engaging during the initial exploration phase of modelling. This is a very significant factor, and the development of a different and more engaging initial phase of development will be necessary to drive engagement with R based DES.
Products such as Simul8 handle all datetime related conversions regarding DES. In its raw form, DES simply run along a numeric timeline that has no real basis or grounding; they are abstract whole numeric units, with DES running from one defined number to another with entities such as patients being generated at numeric intervals along the timeline. For example, a DES could run for 100 units of time (1-100) with a patient being generated every one unit. In R, several conversions must take place to ‘anchor’ the timeline to a start date and all subsequent patient arrivals and events being completed along the same timeline. This is vital to present back meaningful results along an interpretable timeline. 

[bookmark: _Toc110164868]Resources

As with the real system, the DES must be constrained by resource availability in order to be valid and viable. Baseline and test simulations will be run in parallel with:
· The baseline representing the model of the actual ED in question;
· The test simulation representing the same system, but with adjusted parameters as per a users’ selections.  This could be a different quantity of resources, altered demand and more. 
The four resources being used and defined in this project are: 
· Nurses;
· Doctors;
· Administrators;
· Beds.

[bookmark: _Toc110164869]Project Requirements

DES is not a new concept within healthcare, nor is it a new concept within HDUHB. Multiple pieces of DES work have been undertaken previously, almost all of which were completed using the Simul8 software, while one was undertaken using Python and SimPy. Despite this, none have achieved implementation. The many flaws and issues with Simul8 are well known within HDUHB, but also feedback regarding the project completed in Python cited it was ‘opaque’ and something of a ‘black box’ simulation due to its complex nature and the inability for it to be understood by stakeholders.
This project was initiated as the previous project completed in Python raised many questions about the viability of creating bespoke DES models using programming languages. Paired with RStudio Professional functionality and a web application format, it was felt that this proof-of-concept project could act as an ‘advertisement’ for the capabilities of DES and R programming-based DES within HDUHB. By driving engagement and letting problem owners know that this technology exists and that skilled data scientists within HDUHB can create such models, it is hypothesised that the engagement required to deliver implementation using DES can be achieved in subsequent projects. 
The Digital Director of HDUHB has called for progress regarding this issue; our collective need as a health board to utilise DES to good effect. This need was communicated thoroughly to the Data Science team; the hypothesis regarding a proof-of-concept web application was passed to the Digital Director of HDUHB who approved the project.
Because the aim is to create a DES that can introduce individuals to the concept and empower them to simulate scenarios themselves by simply adjusting parameters and analysing visualisations, the model itself should be as simple as possible while retaining as many features as possible. 

[bookmark: _Toc110164870]DES Model

The general model is somewhat representative of an ED, albeit a significantly simplified one. Real EDs are extremely complex, and without substantial expert clinical input from the specific ED in question (they all vary to a considerable extent), it would not have been possible for anyone to design such a model accurately. No engagement was forthcoming voluntarily, and it was determined by the Head of Data Science that the aims of the project did not require an accurate and viable model for a real-world location. The aim is not to implement findings when simulating a real-world system, but to educate and inform people about DES in general, how it works, and encourage them to consider how their real-world systems could benefit from DES.


[bookmark: _Toc110164871]Trajectories and Sub-Trajectories

Within Simmer, a trajectory (or many trajectories) must be created before any DES can take place; these trajectories are the series of discrete events within the DES and determine the pathways that patients will follow through the system. Several different trajectories can converge on the same system and represent various pathways through a system.  In this ED DES, all patients move through the same trajectory initially, but probability-based branching occurs, and patients can renege after checking in or after being triaged. The probabilities are calculated dynamically based on the renege rate within the real data for the same period. 
The primary trajectory can be seen below:

patient <- trajectory("patients") %>%
  seize("administration", 1) %>%
  timeout(function(){rtruncnorm(n=1, a=3/(24*60), b=12/(24*60), mean=6/(24*60), sd=1)}) %>%
  release("administration", 1) %>%
  branch(RenegeProb1, FALSE, RenegedTraj) %>%
  seize("bed", 1) %>%
  timeout((1/24)/60) %>%
  seize("nurse", 1) %>%
  timeout(function(){rtruncnorm(n=1, a=6/(24*60), b=24/(24*60), mean=12/(24*60), sd=1)}) %>%
  release("nurse", 1) %>%
  branch(RenegeProb2, FALSE, RenegedTraj2) %>%
  seize("doctor", 1) %>%
  branch(BaseOutcomeProb, TRUE, DischargedTraj, AdmittedTraj, DeceasedTraj)

If a renege branch is activated, the patient is classified as ‘Did Not Wait’ and exits the system immediately. If the branch is not activated, they continue the main trajectory. There is a mandatory branch after treatment commences where a series of probabilities determine the patient’s next trajectory: 
· Discharged;
· Admitted;
· Deceased. 
Once again, these are determined dynamically by the real data for the date period. Each branch has a likelihood of being triggered for each patient, and that patient flows along their trajectory based on probability/stochasticity.


Each sub-trajectory can be observed below:
# Sub Traj Admitted

AdmittedTraj <- trajectory("Admitted") %>%
  seize("admitted", 1) %>%
  timeout(function(){rtruncnorm(n=1, a=20/(24*60), b=60/(24*60), mean=40/(24*60), sd=1)}) %>%
  release("doctor", 1) %>%
  release("bed", 1) %>%
  set_attribute("Admitted", 0) %>%
  release("admitted", 1)

# Sub Traj Deceased

DeceasedTraj <- trajectory("Deceased") %>%
  seize("deceased", 1) %>%
  timeout(function(){rtruncnorm(n=1, a=30/(24*60), b=120/(24*60), mean=60/(24*60), sd=1)}) %>%
  release("doctor", 1) %>%
  release("bed", 1) %>%
  set_attribute("Deceased", 0) %>%
  release("deceased", 1)

# Sub Traj Discharged

DischargedTraj <- trajectory("Discharged") %>%
  seize("discharged", 1) %>%
  timeout(function(){rtruncnorm(n=1, a=20/(24*60), b=40/(24*60), mean=30/(24*60), sd=1)}) %>%
  release("doctor", 1) %>%
  release("bed", 1) %>%
  set_attribute("Discharged", 0) %>%
  release("discharged", 1)

The design is of system through which an entity will flow, but in a stochastic and probabilistic manner, not in a deterministic fashion.
Appendix item 1 demonstrates the baseline simulation function in its entirety; the calling of other functions within the application is denoted by ‘()’ following a variable/object name. For example, the ‘BuildRoster’ function is called (highlighted) within the following line of code within the baseline simulation function:
RosterLength <- length(BuildRoster())/3



The presence of functions such as this demonstrate the interdependence of reactive functions present within web-application building. Rendering plots requires precision and further use of these principles, below is the full block of code for rendering the KPI (4hr and 12hr breach) plot within the web-application:
renderPlotly({

     plot_ly(x = ~TimeInDeptBase()$start_date, y = ~TimeInDeptBase()$FourHourKPI, type = 'scatter', mode = 'lines', name = "Baseline 4hr Breaches", line = list(color = "#8FDA8F", shape = "spline", width = 3), marker = list(color = "#597A5A", scale = 3)) %>%
     add_trace(x = ~ TimeInDeptScen ()$start_date, y = ~ TimeInDeptScen ()$FourHourKPI, type = 'scatter', mode = 'lines',name = "Scenario 4hr Breaches", line = list(color = "#C63243",shape = "spline"), marker = list(color = "#930717", scale = 3)) %>%
      add_trace(x = ~TimeInDeptBase12()$start_date, y = ~ TimeInDeptBase12 ()$TwelveHourKPI, type = 'scatter', mode = 'lines', name = "Baseline 12hr Breaches", line = list(color = "#8FDA8F", shape = "spline", dash = "3px"), marker = list(color = "#597A5A", scale = 3)) %>%
     add_trace(x = ~TimeInDeptScen12()$start_date, y = ~ TimeInDeptScen12 ()$TwelveHourKPI, type = 'scatter', mode = 'lines', name = "Scenario 12hr Breaches", line = list(color = "#C63243",shape = "spline", dash = "3px"), marker = list(color = "#930717", scale = 3)) %>%
    
    layout(xaxis = list(title = "Date", tickangle = -45, showgrid = F, showline= T, linewidth=2), yaxis = list(title = "% not breached KPI", showgrid = F, showline= T, linewidth=2),
           titlefont = list(
                family = "Arial",
                size = 32,
                color = '#ffffff'),
              font = list(
                family = "Arial",
                size = 13))

})

The dependence of functions (highlighted in the chunk) is noted again, the render function needs to access the data frames generated by these functions, which in turn depend on further functions to collect data, which rely on further functions for running the simulations in the first instance. The entire application is therefore very interdependent, if one function has an error, then it will impact all functions associated with it. For this reason, to aid with UX, debugging and troubleshooting, several functions were written to provide more detailed feedback when an error occurs as opposed to the standard error messages provided by shiny. These can be seen within the Appendix as item 2.


[bookmark: _Toc110164872]Interface

The web application has:
A user-interface (UI) for controlling and setting features, parameters and more. This can be seen in figure 9 below:
[image: ]
[bookmark: _Toc110164873]Figure 10. Discrete Event Simulation Web-Application User Interface

A significant number of visualisations for measuring and demonstrating the results of the simulation. 
All plots, except for two, are JavaScript based and so have functionality such as on-hover, trace filtering and more. This increases the degree to which users can engage with the data and should improve UX. Figure 10 below provides an example of this on-hover functionality.
[image: ]
[bookmark: _Toc110164874]Figure 11. Discrete Event Simulation Web-Application on-hover visualisation functionality.

This design drives interaction between user and data and is designed to give the impression that users themselves are wholly responsible for producing the results of any simulation run. 

[bookmark: _Toc110164875]Coding Issues
[bookmark: _Toc110164876]Simmer

Simmer does not appear to be a particularly widely used, popular package. There is very little in the way of reference material or communities that support it. SimPy within Python is the ‘default’ and most popular methodology for DES built using open-source programming language. No other projects were identified that had leveraged the use of the Simmer package in conjunction with Shiny Flexdashboard. This meant that every problem had to be troubleshooted and solved independently, whereas in other contexts such as machine learning or advanced visualisation, there are generally functional examples of similar work that can serve as a working example and help to break down issues.
For the first several weeks, there were so many errors and issues (that did not cause the code to break) that the project was nearly abandoned. Without a significant understanding of DES, the Simmer package, R nor the underlying mathematics and logic, it was very difficult to determine what was happening and why. Initially, the distributions for generating patients into the DES were faulty and called upon inappropriate functions that stopped the DES part way through. This meant that each replication was being run for a different length of time, making result aggregation confusing and very misleading. This was a very steep learning curve.

[bookmark: _Toc110164877]Shiny

The reactive programming style needed to utilise Shiny to develop web applications was also a new concept. Programming with Shiny in this instance required the use of reactive functions that pass objects or environments to other functions in a chain reaction of events, triggered by the user and utilising parameters defined by the user. 
Failure to fully appreciate how Shiny operated with ‘environments’ (specific to the Simmer package) as opposed to the generic objects and variables that are used in R and many other types of programming caused substantial delays. Many weeks were spent overcoming issues simply because there did not appear to be any support or knowledge about this specific combination of packages within the R community. Generating many hypotheses as to how it could be done and testing all of them eventually yielded the required result.

[bookmark: _Toc110164878]Testing
[bookmark: _Toc110164879]System and Unit Testing

Unit testing the web application fully was infeasible, due to the nature of reactive programming in R using Shiny. Each individual code chunk was copied into an RMarkdown file and modified so it ran outside of the web application environment. This enabled full unit testing which identified a series of issues in both data wrangling and visualisation.
RMarkdown enables a programmer to code in ‘chunks’ and run each chunk separately, while observing the effects of running the code in both the global environment in the IDE and by assessing the results of running the code (the data frame or visualisation produced). 
Data wrangling associated with the KPI plots (four hour and 12-hour targets) was incorrect and results were being improperly aggregated. This did not cause the code to ‘break’, but the results produced were inaccurate. The visualisation plots performance as a percentage target, but the numerator was incorrect in every instance as the code initially did not exclude patients that had reneged, and so were processed in a very short time period.  More importantly it also applied the calculation at a data frame level instead of a row level. This meant the results for the entire period were calculated and then applied to each date. Such an obvious error might have been obvious as the visualisation plotted a straight line; however, due to the high performance of the DES modelled system during development, the performance was always at 100% on every day, making this error impossible to determine from the visualisation alone. 
There were dozens of other errors when running the code in this environment, all of which were due to oversights when transferring the code from the web application development environment to the RMarkdown environment. Elements of the reactive programming and parameterisation were not changed, and function calls were left in places where they should have been changed to object calls. These were created as part of moving over to the RMarkdown unit testing environment but needed to be fixed to test and run the code regardless.
Creation of an event log, a type of data frame that tracks entities through a system along a timeline, was necessary to create the animated flow visualisation present on the web application. This visualisation clearly demonstrates how entities behave and move through the system and is an invaluable tool for validating the model design and flow in practice. Each entity has one or many events associated with it and these events take place in order along a timeline. Where there is an issue in the programming, flow can be reversed, sporadic and counter-intuitive, with patients seemingly moving backwards or randomly across events. Such a phenomenon is observed when building event logs using real ED data, as poor data quality often means a patient’s ‘journey’ through a system is illogical and incorrect. This visualisation gives a strong indication as to whether the data being produced by the DES is valid or not. In addition to this, the numerous metrics and visualisations generated provide insight into how the system works. Changing a parameter has an impact on the system, and this impact is observable through the many visualisations. These visualisations also give a strong indication into whether the system is behaving as intended.
Further to this, simulating using R enables the generation of full data frames that demonstrate every interaction of every entity in the entire system, across the entire timeline, across each replication. This data can be analysed in detail at patient level to understand every individual journey for each patient. Taking a sample of these data frames and analysing the results row by row proved to be effective validation. 

[bookmark: _Toc110164880]Usability and Acceptance Testing

The entire project was visible throughout its development to the Data Science team, who were encouraged to interrogate the work and raise any questions or concerns. The Data Science team were also central to UI and UX design. The DES web application is one of a series being developed by the team, so some collaboration was needed to ensure each application shared a similar layout and design to enhance UX and ease of navigation.
Usability has been a significant consideration throughout, as the project objective is to drive engagement, understanding and interest in DES and to encourage potential stakeholders to consider what problems they have and how DES could help solve them. This will not happen unless the application is useable.
The application is accessed in a browser and has a relatively simple UI, and so has been received well in most aspects. Many changes have been made over time following usability tests conducted at intervals with various groups of stakeholders. The use of sliders, for example, instead of text fields, was implemented following feedback from members of the HDUHB Senior Management Team (SMT) during early development. The SMT had observed the use of these sliders in other web application projects and suggested they were a better alternative to the text fields used at the time. Visualisations have undergone several different iterations following feedback also, such as the ‘Attendances by hour of the day’ plot, which was originally a radar plot designed to look like a clock-face. While it was determined this was a logical way to visualise the data, feedback indicated a lack of familiarity with the plot made it somewhat intimidating, and a simpler line plot was easier to interpret.
During the late stages of the project, more structured testing took place where three users who had not previously seen the project were provided with the URL, as well as two users who had seen the project at various stages. Users were provided with a brief description of what the project was about and encouraged to use the application to determine whether they understood how to operate it, and whether they believed it worked.
Each user was later asked a series of questions during hour long interviews conducted via Microsoft Teams. The feedback was reasonably consistent; there was a lot of positive feedback around the web application and users enjoyed the experience of running simulations and measuring the impact of any changes on the system. Performing scenario analysis relatively seamlessly was received well.
Emma Crawford, Data Scientist, HDUHB indicated that she initially did not understand how the DES was supposed to work because the parameter section did not explicitly differentiate between baseline scenario and test scenario resources.  This was a feature in an earlier version but was removed following feedback and discussion with the Head of Data Science. In addition to this, Emma was frustrated at times using the application because she would often click ‘run’ prior to finalising her scenario design and need to wait for it to complete the process before amending her selections and rerunning. She indicated that a popup to confirm the decision to run the DES may be a positive addition. 
Regarding the functionality of the application, Emma was confused that there was variation between the baseline and test scenarios even when parameters were the same. Emma also questioned why the baseline attendances did not perfectly align with real data traces, and why there was such a difference between the outcomes of patients in each simulation. While the answer is of course stochasticity and the randomness used in simulation, this concept is very distinct from general information where there is no randomness and more simply, the data is simply presented. Clearly Emma identified the lack of consistency in results across both simulations, which is correct, but without an appreciation of stochasticity and DES on a technical level, the variation caused confusion. Of all the feedback received, this is the most insightful as it clearly identified an issue that any user without a technical understanding of the work could experience. Following this feedback, an ‘About’ section was added that details stochasticity and some elements of DES to better outline core concepts.
Michelle James and Daniel Owen, Head of Digital Workforce Solutions, HDUHB and Senior Workforce Manager, HDUHB respectively were interviewed together due to scheduling restrictions. Both felt that the resource utilisation visualisations were very noisy and difficult to interpret. They did not like the inclusion of the ‘bed’ resource as it was not a workforce element, but another restrictive resource, and felt it did not belong on the same visualisation. During the discussion, a ‘stock’ resource utilisation visualisation that is easily produced using the Simmer package in R was shared; they responded positively and so it has been added to the web application. Bed utilisation has also been removed from the resource utilisation plots. 
Deepthy Thankachan and Tina Simms, both Data Scientists, HDUHB had seen the project several times during development, and so likely had a far greater inherent understanding than the general user might have. Both Deepthy and Tina were unsure about the inclusion of a cumulative flow diagram to visualise system bottlenecks. Neither Deepthy nor Tina had previously seen this type of plot and they did not immediately understand its purpose. After an explanation, and a few alternate simulations runs to better showcase its purpose, both felt that it added significant value in certain scenarios but added uncertainty and complexity in others. Tina believed this visualisation was both a positive and negative addition and it entirely depended on the circumstances of the flow determined by the DES parameters. No way to improve the visualisation was determined and no alternative visualisation was implemented; it remains a consideration for future development and feedback will be specifically requested for these visualisations some weeks after launch.
Each individual user identified that the outputs were clearly different, and in line with their approximate expectations, in each scenario that was run. It was apparent that changing parameters altered the conditions of the simulation, and these conditions have a profound effect on the outcomes patients and resources have. The feedback highlighted that at a high-level this is clear, obvious and agreeable. At a more specific level, Michelle James and Daniel Owen collectively questioned why activity durations were not transparent and/or parameterised so they could be manipulated by the users. The justification for this is to keep things simple and not overwhelm users, but it remains a pertinent point and one that could be delivered upon relatively easily. 


[bookmark: _Toc110164881]Evaluation

Since publishing the complete web application on 20 July 2022, it has been viewed over 200 times by internal employees. These individuals have spent over 10 hours collectively utilising the application. These analytics are a feature within RStudio Professional and viewable at any time. At the time of writing, the application has been live for seven days. Time will tell if the investment in making this project a published web application was a worthwhile one, but initial indications have exceeded expectation and the outlook from the Head of Data Science is positive. Overall, the project is considered to have delivered the key aims identified at the start of this process.
Published literature about DES very quickly raised questions that had not been previously considered; specifically with respect to implementation of findings and learning gained using DES models. Most projects fail to deliver actual change within the systems modelled.  While this happens for an array of reasons, the crucial element is in the pre project planning phase. To succeed with respect to implementation, DES projects must be painstakingly considered and designed with stakeholders that want to invest in the project, with substantial focus on solving a problem. This insight is extremely valid and may explain why previous attempts to utilise DES in HDUHB have ‘failed’ at the implementation stage. It could be said that this aspect of DES has been overlooked at HDUHB previously and a fresh approach to problem solving using DES could be required.
Following discussion relating to the above issue, this project was extended to incorporate the construction of a framework grounded in published literature that can guide the early stages of any potential DES project and scope out the feasibility in a structured and highly specific way. If criterion is not met, the assumption will be that no implementation can be achieved at the end of such an endeavour using DES and so an alternate method (not DES) would be considered instead, even where DES is hypothetically appropriate. Consequently, following the construction of this framework, the Data Science team at HDUHB have opted against utilising DES for two modelling projects that have been discussed (Call centre and an ED model) as in each instance, not all requirements were met. DES is now considered a skill within scope for delivery in the Data Science team and when a suitable project becomes available that meets the criterion set out in the framework, DES will be used to deliver it with a strong focus on successful implementation.
The most inconclusive research conducted was around warm-up periods and estimation in DES. Some research indicated it was extremely important and suggested highly complex methodologies for warm-up period determination, citing its importance to outputs as justification. Despite this, most DES implementations had little if any insightful reference to warm-up. Most projects broadly cited they utilised an abstract warm-up period determined through analysis/trial and error, and that it was generally important to use warm-up. This project utilises warm-up in line with most successful implementations; a one-week warm-up is implemented across any DES run. It is possible that this project, and others that have been published, are overlooking an important aspect of DES in appropriate warm-up utilisation. Despite this possibility, it was determined that in this type of DES there was very little, if any, value to be gained from undertaking a complex exercise to implement more complex functionality around the subject area of warm-up in DES. 
Most, but not all original objectives have been met in the undertaking of this project. The following two features associated with several objectives were removed from the development plan:
· Attributes;
· Prioritisation.
While not themselves objectives, these features were present on early project plans for delivery, and they were associated with the DES model and visualisation elements of the project. By removing them from the plan, the objectives delivered were not necessarily in line with original expectations. Without the additional detail and complexity this would have added, the visualisations are more simplistic than anticipated also. Removal of these features, as advised by Dr. Whitehead, was a good decision as the project took much longer than anticipated to deliver.  However, it is also clear that the project would have been better had they been included.
While not considered in the original plans and scoping, midway through the project it became clear that for the impact of the project to be measured and assessed, it would need to be published as soon as possible to allow time for users to discover it, use it, and provide feedback. This oversight and the inability to deliver the project sooner has had the undesired effect of creating uncertainty at this time in any conclusions drawn about its impact. There has not been enough time for users to properly engage with the work, and while the initial analytics for usage the application are positive, it is too soon to draw definitive, meaningful conclusions. 
Development progressed well initially, however the project lost momentum when it was asserted that the development plan must be changed substantially. The original plan involved developing the full project in a script based or RMarkdown environment, then ‘migrating’ the script-based code into a web application and re coding it to function correctly. Doing so was intended to reduce complexity and ensure only one new technical challenge was presented at a time. Directive was given that, to provide assurance that the project was on track, it must be developed in a web application format sooner. Directors and potential users needed to be able to use the application during development so they could influence its design and progress. This decision had substantial negative impact on the project and caused significant delays. The combination of two programming obstacles (DES and web application reactive programming), where the developer has limited experience caused a significant number of errors and issues and this step took almost six weeks to deliver, while also having the effect of slowing development of the DES project thereafter.
Except for the extent to which the application drives interest, engagement and learning around the subject matter of DES, each aim was successfully delivered upon. The published web application demonstrates clearly the concept of DES, the UI is useable and relatively simple, and most visualisations are very clear and easy to interpret. Some visualisations (average queue and utilisation percent by shift) are more complex; feedback clearly identified these two visuals as somewhat intimidating and as such a new approach could be taken to improve these two visualisations. Early indications are positive and multiple teams have contacted the Data Science team to discuss using DES to implement change in their areas of work.
The application has not been live and accessible long enough to analyse whether the investment into this project was worthwhile from the perspective of driving engagement and learning. Publishing later than anticipated has caused some issues in measuring whether this aim has been met appropriately, and this will be an ongoing exercise into the month of August 2022 and beyond. Feedback has been positive and early indications suggest that it has been worthwhile.
While the application delivered was very much in line with expectations, and the initial vision discussed, the reception of it has not been entirely as anticipated. There has been a very limited amount of feedback and queries on a technical level, with far more focus placed on the parameters in question, and queries around whether other parameters, such as task duration could be added. Increased functionality from a user point of view has been a common theme, while increased technical functionality, such as prioritisation elements and/or attributes for patients, has not been raised. This could be due to the low amount of time users have had to engage with the work, but this is a surprise and during development more focus was placed on technical elements of the work. Adding additional parameters such as task duration for users to further explore the impacts of adjusting parameters and running simulations with new scenarios is an excellent idea, and one that was not considered beyond what was delivered; it is also in line with the aims of the project. 
Not being able to keep to the intended timeline has had a significant effect that has ultimately prevented the project from being published in such a time frame that all aims could be fully assessed. Had the project not had to be redesigned and reprioritised due to the need for it to be in a web application format quite early on in development, it is believed that the project could have been delivered and published by the end of May 2022, rather than mid July 2022, allowing time to collect feedback and usage analytics to properly determine results. 
Reflecting on how this happened, it seems clear that the decision taken was not the best one, and other manners in which the need to demonstrate progress on the project could have been taken. Hyper-Text Markup Language (HTML) documents produced using RMarkdown can have JavaScript based plots embedded into them and retain the full functionality associated with web applications. The drawback is that DES cannot be run and parameters cannot be set and reset as they can in a web application. This, however, could have been an easy way to demonstrate progress and direction without adding significant complexity to development. During the unit testing element of this project, it became clear that each code chunk could not be tested in a web application environment, so an RMarkdown equivalent had to be created for testing purposes. At this point it became clear this type of RMarkdown file producing an HTML document could have been a solution had it been identified earlier in the project.
Conceptually, parameters and web applications are reasonably easy to demonstrate and communicate as there is a plethora of available examples of Shiny web applications online. The decision should have been taken to produce a HTML document that demonstrated progress and direction, excluding web application elements, that enabled direction and assurance to be provided to senior stakeholders. Doing so would have enabled rapid development, and then a one-off exercise in migrating complete DES codes into a web application environment, programming the application reactively, and building a UI.

[bookmark: _Toc110164882]‘What-if’ Scenario Test

If we assume a user wanted to get some insight into what would happen should a demand increase of 20 percent occur, we can adjust the demand modifier parameter and evaluate the results provided by the application. All other parameters remain consistent with the baseline.
Figure 12 below demonstrates the effect of increasing demand by 20 percent; there are significantly more ED arrivals in the exploration scenario than the baseline. 
[image: ]
[bookmark: _Toc110164883]Figure 12. ‘What-if’ scenario, +20% demand. Arrivals Plot

This is to be expected, and rather than providing insight, the purpose is to help with user acceptance and provide assurance the increased demand is flowing into the system. Figure 13, overleaf, demonstrates how this increased demand has impacted on departmental performance.
[image: ]

[bookmark: _Toc110164884]Figure 13. Four system performance plots, measuring patient waiting/queueing time, patient flow time, time in department KPIs, and time to triage
The plots in figure 13 demonstrate a significant and measurable increase in waiting times for patients, as well as flow and time to triage. The KPI performance has gone from generally quite reasonable, although not always met, in the baseline scenario, to unacceptable in the exploration scenario. This kind of performance would not be tolerated, and intervention would be essential. 
This mock-up would inform the user that the system cannot perform at an adequate level with a demand increase of 20 percent; the user could then go on to find resource configurations that might optimise the system, bring performance to acceptable levels, and seek to implement their findings.


[bookmark: _Toc110164885]Conclusion
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This project posed two significant technical challenges:
· Developing an understanding of DES and the underlying mathematical concepts that need to be leveraged to build an effective DES model;
· The technical reactive programming required to build a functional web application. 

These challenges were overcome, however, and research identified two additional challenges that must be negotiated in order to deliver on the long-term objectives outside of the project scope. To achieve implementation and effect the Quadruple Aim of Healthcare, any DES project must be managed extremely well and set up for success at the very early stages. 
The first challenge identified is effective management of the project, and a need to identify appropriate projects effectively. The framework set out by Harper and Pitt (2004) [52] and the guidelines set out by Bolt et al (2010) [25] can be leveraged to give any future DES project the greatest chance of success. 
Another challenge is with regards to the highly complex nature of real-world healthcare systems. This project did not utilise advanced DES features, such as attributes or prioritisation. Modelling a real-world system effectively indisputably will require the development of more advanced and complex models. This not only requires technical advancement, but also the development of productive working relationships with domain experts who possess the specialist knowledge to effectively model the system.
The aim of this project was not to achieve implementation of findings in a real operational healthcare system.  However, following the completion of this project, the next stage within HDUHB is to utilise DES in a project in which the aim is to implement findings and transform a department or service. Research clearly demonstrated that the toughest obstacle to negotiate with DES is implementing findings, and so an additional objective was added to the project at the final stage.
Constructing a framework that data scientists can adhere to when identifying a suitable project for DES should enable the identification of instances where a project is not likely to achieve implementation. In these instances, alternate methods can be explored. Where there is a reasonable chance for implementation, however, DES can and should be utilised.

[bookmark: _Toc110164887]Future Developments
 
Part of the wider objectives associated with the project was to introduce the concept of DES in a hands-on, user-driven way, in a bid to promote engagement and interest in the area. It is hoped that, in turn, this will lead to viable candidates for bespoke DES models being identified and the Data Science team using DES to solve specific business problems. It is anticipated that a high number of potential candidates for this type of modelling will come forward, and this project can form the basis of DES work going forwards in HDUHB. 
Another workstream within HDUHB involves the forecasting of anticipated daily ED arrivals. If these outputs could be modified via a DES model, or the forecast granularity can be increased to a degree that forecasts are made to the minute; then the forecasted demand can be run through the DES model. This can then be used to ‘stress-test’ the existing system (and/or systems with alterations) to predict how it may cope with forecasted levels of demand.
On 8 July 2022, the DES application developed was showcased to over 50 professionals within HDUHB at the quarterly CEDA conference. This showcase generated interest in the application, and stakeholders in the Workforce Department referenced how they felt DES could be informative in their fields of work.  Contact was established between these individuals and the Data Science team; one such individual with substantial domain expertise is now working collaboratively on the project, specifically to redesign and troubleshoot an ED model within the application. 
There is optimism that the application can then be used to test a multitude of scenarios where the rosters are altered to determine the potential level of impact on services. Where the DES application aligns with expert opinion, there may be scope to make substantial changes and fundamentally change the way planning and resourcing happens in some departments within HDUHB. The current consensus is that DES modelling could be used to:
· Provide assurance over any hypothetical changes where there are currently disputes and contrasting opinions that cause substantial delays in making changes
· To explore systems;
· Generate insight into systems;
· Diagnose potential issues with systems or pathways.
The current methodology is to risk assess, analyse data and rationalise changes through discussion, combined with knowledge and experience of systems. Where a change takes place, its success or failure is measured by repeating this process and analysing the data and contrasting to the information about the system prior to change. It is hypothesised that DES could be an effective intermediary step that enables risk free ‘what-if’ scenario testing to gain insight into what impact a given change could have, without the need to change systems or manage risk in the first instance. This avenue is now being explored by the Data Science team as a result of this project.



[bookmark: _Toc110164888]Reflection

My perception has completely changed with regards to project design and project management. I feel that I previously undervalued the importance and significance of these skills and failed to recognise their importance on affecting the outcome of any project. I try to be as objective as possible, acknowledging my inherent biases in any scenario, but this experience has truly humbled me as I have discovered just how difficult managing a significant project can be. I previously believed that technical work was complex and difficult and arduous, while project management and design was overstated and relatively unimportant. I was wrong to hold this belief, and I feel I will have more empathy and understanding of the critical roles played by colleagues in this role (or indeed, have a greater ability to do so myself) in future as a direct result of this project.
Having three separate tutors assigned to me over the period has been challenging, particularly given the complex nature of the project. While I mitigated this by meeting with the Head of Data Science for at least one hour a week and meeting with UWTSD PhD student and simulation expert Sebastian Neale each fortnight for around an hour was extremely helpful too. These individuals are more academically qualified than myself, and are experts in the field of analytics, so they significantly helped me to deliver what I consider to be a high-quality project. 
One of the greatest regrets I have regarding this project, is my failure to recognise just how difficult and complex it would be to deliver. I habitually overestimate my ability to deliver complex works within a narrow timeframe, and this project was no different. I am extremely fortunate that I was able to invest over 1,000 hours into this project due to my full-time role exclusively enabling me to complete this work; I do not believe this is an opportunity afforded to most students and I am extremely grateful that I was allowed to undertake this work in a comprehensive fashion. I harbour some concerns that, had I not been afforded this luxury, I would have still set out to achieve the same thing and would have fallen drastically short of my goals. 
With full self-honestly, while I set myself this goal, I believed I was being conservative, and that I would exceed and expand on it. I agreed to truncate the project when meeting with Dr Whitehead in the early stages, but I still felt I would have more than enough time to complete this; I once again completely underestimated the work. I do not feel I have resolved this negative habit, but I do have a significant amount of evidence that I habitually underestimate work and that I rarely prove myself right with regards to my expectations. 
What I do have though, as a direct result of this project, is far more self-awareness and a desire to manage and break this bad habit.  I have already discussed my next Research and Development (R&D) project at HDUHB, deep learning around inpatient Length of Stay (LoS) with my manager and I directly discussed my poor track record regarding assessing project requirements and timescales.  While I still gave my ‘instinctive’ response to a timescale, I caveated it with my newfound awareness with respect to poorly anticipating timescales for projects, and a desire to improve. I suggested I may be able to complete my first iteration of the work discussed before I commence Paternity Leave at the end of August 2022, but only committed to a few key steps following a productive discussion around my overzealousness. I want to be better at this, I will take this forward as one of my greatest ongoing flaws and endeavour to be more professional and realistic when scoping projects.
While cliché, I feel that this project has been something of a rollercoaster. At HDUHB, the requirements and priorities were constantly shifting and changing with little notice.  For example, I intended to deliver the work in a script-based format during technical DES development and, at the final stage, migrate this code and functionality into a web application environment and re program the DES to function as needed in such an environment. In retrospect, I think this was absolutely the ideal way to complete the project with regards to efficiency. However, a published proof of concept in a web application was needed to assure stakeholders that things were progressing in line with their visions. While clearly necessary for business reasons, this resulted in a total re-evaluation and restructuring of the project from a development standpoint and caused substantial delays as it was a far less productive means of development; managing two different sets of technical development, neither of which I was experienced with, simultaneously, was extremely challenging. It was also necessary to provide assurance and, had I better evaluated the project, I could have foreseen the need to do this sooner. 
As identified within the literature review, implementation is the hardest phase with DES modelling and no implementation has commenced and so has not had the opportunity to succeed nor fail. Theoretically, the aims and objectives (which have broadly been met) align well with the need for substantial groundwork and a framework to have been built in order to significantly enhance the likelihood of success in implementation. Publication of the application is theorised to work as a sort of ‘filter’, with interested parties approaching and initiating the process of scoping DES projects within healthcare. This has already happened, though these instances remain in the very early scoping stages. These projects, and any that follow, will have a planned implementation phase and I truly believe that this project to date has prepared me extremely well for what follows, and I will move forwards with confidence and objectivity. 
The discussions I have had, as well as demonstrations and presentations I have given, have enabled me to accept that I am not the most naturally gifted speaker. This is a subject I now know a great deal about, yet still I do struggle to communicate complex technical aspects of the work to stakeholders in a straightforward manner. I have improved, but particularly given the importance of communication and stakeholder engagement in delivering successful DES implementations (as identified in the research literature), I am actively exploring ways in which I can develop these skills further, including presenting at CEDA conferences locally and Welsh modelling collaborative (WMC) conferences nationally with a view to collecting feedback and evaluating my performance.
This has been an amazing experience and I hope the learning opportunities it has afforded me enable me to have a fulfilling career in Data Science.
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[bookmark: _Toc110164890]Appendix

[bookmark: _Toc110164891]Item 1, full baseline simulation function:

BaseSim <- eventReactive(input$INIT,{
  
  progressBaseSim <- shiny::Progress$new()
            
  on.exit(progressBaseSim$close())
  
  progressBaseSim$set(message = "Running Baseline Simulation")
  
  set.seed(input$seed*2)
  
  # threshold used to apply stochasticity to fixed attendance data
  
  Threshold <- 0.9
  
  ThresholdInput <- input$Threshold/100
  
  Threshold <- (Threshold - ThresholdInput)
    
  RosterLength <- length(BuildRoster())/3
  
  # staffing levels applied to roster periods so the simulation can have appropriate staffing across a long time period with various shifts
  # this can be fully extended to any shift pattern, regardless of complexity - FULLY scaleable
  
  BaseNurseRosterValues <- rep(c(baseNursePM,baseNurseAM,baseNursePM), RosterLength)
    
  BaseDoctorRosterValues <- rep(c(baseDoctorPM,baseDoctorAM,baseDoctorPM),RosterLength)
    
  BaseAdminRosterValues <- rep(c(baseAdminPM,baseAdminAM,baseAdminPM),RosterLength)

  # baseline simulation
  
  baseline <- lapply(1:input$reps, function(i){
    
    # chain reaction; call function to populate object
    
    DF_Custom_IA <- InterArrival()
    
    DF_Custom_IA$Attendances <- as.numeric(DF_Custom_IA$Attendances)
    
    # introduce stochasticity
    
    for(i in 1:nrow(DF_Custom_IA)){

    rng <- runif(1, min=0, max=1)
    
    # Replace 0.9 with threshold if desired
    
    if(rng >0.9){
  
    DF_Custom_IA$Attendances[i] <- (DF_Custom_IA$Attendances[i] + 1)
  
    } else if (rng <0.1){
  
    DF_Custom_IA$Attendances[i] <- (DF_Custom_IA$Attendances[i] - 1)
  
    } else{}

    }
    
    DF_Custom_IA <- filter(DF_Custom_IA, DF_Custom_IA$Attendances > 0)

    DF_Custom_IA <- expandRows(DF_Custom_IA, "Attendances", drop = TRUE)

    Attendances <- 1

    DF_Custom_IA <- cbind.data.frame(DF_Custom_IA, Attendances)

    count_vector <- DF_Custom_IA[,2] ## column of 1s, each attendance will be 1 arrival?
    time_stamp <- DF_Custom_IA[,1] ## column of numeric 2dp i.e. 46520.04 etc
    serial <- sum(count_vector)
    CustomInterArrival <- as.data.frame(cbind(count_vector, time_stamp))

    custom_arrival_vector = rep(CustomInterArrival$time_stamp, times=CustomInterArrival$count_vector)
    
  
    # align period
    
    start_date <- as.Date(input$start_date)
      
    start_date <- floor_date(
                  start_date,
                  unit = "weeks",
                  week_start = getOption("lubridate.week.start", 1)
                  )
    
    sim_start_date <- start_date - WarmUpDays
    sim_start_date <- as.numeric(sim_start_date, origin="1970-01-01")
    
    end_date <- as.Date(start_date + (input$weeks*7) + WarmUpDays)
    sim_end_date <- as.numeric(end_date)
    
    # set environment, variables and run simulation - nested in a loop as iterative
    
    simmer("Baseline") %>%
    add_resource("nurse", capacity = schedule(timetable = BuildRoster(), values = BaseNurseRosterValues)) %>%
    add_resource("doctor", capacity = schedule(timetable = BuildRoster(), values = BaseDoctorRosterValues)) %>%
    add_resource("administration", capacity = schedule(timetable = BuildRoster(), values = BaseAdminRosterValues)) %>%
    add_resource("bed", baseBed) %>%
    add_resource("reneged", baseRenege) %>%
    add_resource("admitted", baseAdmit) %>%
    add_resource("discharged", baseDischarge) %>%
    add_resource("deceased", baseDeceased) %>%
    add_generator("patients", patient, at(custom_arrival_vector)) %>%
    run()
    
  })
  
})

[bookmark: _Toc110164892]Item 2, UX error-message functions (also used for debugging and troubleshooting):

check_BaselineAtt <- reactive({
  
  progressValidation1 <- shiny::Progress$new()
            
  on.exit(progressValidation1$close())
  
  progressValidation1$set(message = "Validating Results")
  
  shiny::validate(
    
    shiny::need(nrow(RealAttendancesForPlot()) != 0,
    "An error has occurred with the real data. Please contact Health.Analytics@Wales.nhs.uk"),
    
    shiny::need(nrow(BaselineAttendancesForPlot()) != 0,
    "An error has occurred with the baseline scenario attendances. Please contact Health.Analytics@Wales.nhs.uk"),
    
    shiny::need(nrow(ScenarioAttendancesForPlot()) != 0,
    "An error has occurred with the exploration scenario attendances. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  BaselineAttendancesForPlot()
  
})

# Validate Baseline Flow Plot

check_BaselineEL <- reactive({
  
  progressValidation2 <- shiny::Progress$new()
            
  on.exit(progressValidation2$close())
  
  progressValidation2$set(message = "Validating Results")
  
  shiny::validate(
    
    shiny::need(nrow(AnimatedBaseline()) != 0,
    "An error has occurred. with the baseline scenario event log data. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  AnimatedBaseline()
  
})

# Validate Resource Plot

check_Resources <- reactive({
  
  progressValidation3 <- shiny::Progress$new()
            
  on.exit(progressValidation3$close())
  
  progressValidation3$set(message = "Validating Results")
  
  shiny::validate(
    
    shiny::need(nrow(Resources()) != 0,
    "An error with the resource data has occurred. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  Resources()
  
})

# Validate Exploration Flow Plot

check_ScenarioEL <- reactive({
  
  progressValidation4 <- shiny::Progress$new()
            
  on.exit(progressValidation4$close())
  
  progressValidation4$set(message = "Validating Results")
  
  shiny::validate(
    
    shiny::need(nrow(AnimatedScenario()) != 0,
    "An error has occurred with the exploration scenario event log data. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  AnimatedScenario()
  
})


# Validate Wait Time Plot

check_WaitPlot <- reactive({
  

  shiny::validate(
    
    shiny::need(nrow(BaselineWaitForPlot()) != 0,
    "An error has occurred occurred with the baseline scenario data. Please contact Health.Analytics@Wales.nhs.uk"),
    
    shiny::need(nrow(ScenarioWaitForPlot()) != 0,
    "An error has occurred occurred with the exploration scenario data. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  BaselineWaitForPlot()
  
})

# Validate Flow Time Plot

check_FlowPlot <- reactive({
  

  shiny::validate(
    
    shiny::need(nrow(BaselineFlowForPlot()) != 0,
    "An error has occurred with the baseline scenario data. Please contact Health.Analytics@Wales.nhs.uk"),
    
    shiny::need(nrow(ScenarioFlowForPlot()) != 0,
    "An error has occurred with the exploration scenario data. Please contact Health.Analytics@Wales.nhs.uk")
    
  )
  
  BaselineFlowForPlot()
  
}
[bookmark: _Toc110164893]Item 3, Initial project plan from February 2022
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This section broadly covers the implementation of
simulation inabroad sense.

Can simulations be run and used to produce outputs?

Can asimulation be run and re-run, utilising
parameters defined by the user?

The answer is yes.

There is alot of crossover here, particularly
regarding the model/pathway and the demand feed.

Implementing these aspects will be treated as
distinct from the basic ability to run and pass
parameters to simulations.
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This slide refers to the process-flow diagrams, which
lend themselves very well to discrete event
simulation.

These are done, though there is room for
improvement, refinement and possibly also
optimisation.

That said, the main tasks such as adapting simulation
outputs and rendering these visualisations in
FlexDashboard (running Shiny) have been achieved.
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By default, simulations are run on a numerical timeline from 0.

Numbers represent units which are essentially defined by the
programmer. That is to say, they are completely abstract.

A simulation could be run for a duration of 1000 and a task could
be set to take around '8'. Are these minutes? Hours? Years? This is
essentially left to the programmer to define.

To prevent any abstraction in this regard, the simulation has been
programmed to convert these units to days. The result is a
simulated time-series, with activities logged as a date-time
combination rather than just a decimalised integer.

The simulation starts on a user defined date, and runs for a user
defined number of weeks, and all the events and activities within the
simulation are logged with a date-time stamp. This allows complex
measures (KPIs like 4hr Breach) and visualisations to be generated
(such as animated process flow).
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In order to develop this project, a highly
oversimplified and abstract model - lacking any
complexity, has been used as a placeholder.

This allows development of the project,
visualisations etc so that when real model
development starts (GGH ED) there is already an
effective means to validate, test and further develop
it, which should help keep any engagement and
momentum up.
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By building a dynamically generated 'custom' feed, the R-Script automatically
generates a date period based on the sers simulation start date and week duration.

For example, if the 1st of April 2021 was selected as a start date and the simulation
was set to run for 8 weeks, the period generated would be the 1st April 2021 to the
27th May 2021 (01/04/2021 - 27/05/2021).

The simulation, prior to doing anything else, ensures the end date of this period falls at
least one day in the past. Where it does not, it returns an error message.

The script then collects a summary data table from ED, with all attendances to the
nearest second along this time period. Through some conversions, this is then altered
soit can be utilised by the simulation as a‘Custom' feed.

Rather than using random number generation, with a distribution and probability
profile etc, every iteration of both simulations will receive' attendees into the system
EXACTLY as attendees are recorded in the ED system, down to the second.

This theoretically allows us to test the system design with less variability regarding
attendees, and is also easier to explain and understand than the RNG alternative.
However, the attendance variability and/or a means to increase/decrease it s still very
useful if not essential functionality and so this will hopefully be one of two 'demand"
types available to users.
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In the front-end, the modular design will allow users to select
which model they would like to simulate from a drop-down, as after
GGH ED other models could be developed.

This enables the vast majority of the project to scale based on how
many models are produced. 75%+ of the work is theoretically
completely reusable.

There will be some variation, particularly regarding KPIs but
generally the same headline figures and visualisations will be
applicable, useful and best of all - require no additional work!

As the same aspects will be redeveloped in every new model, it
should become quite a specialised and streamlined task over time.

Any improvements or changes made to the remainder of the
project, will of course also be applied to every model - so changes
to the rest of the modules will be more impactful too.
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This represents a methodology for patient generation in the simulations.
That is, the aspect that 'creates' an attendee and the probability
profile/distribution that dictates this alongside randomness.

Rather than building a real valid distribution, which is extremely complex
and adds a layer of opacity to the project, a simple modifier could be applied
to the actual fixed demand feed within the simulation function.

The simulation function could contain a function that takes the fixed actual
demand, and loops through a function for every row in the data frame. In
every loop instance, a number is generated between 0 and 1 randomly
(uniform). For example, then, if this number was less than 0.05 we could
reduce the attendances at that interval by 1 and for numbers over 0.95 we
could increase by 1.

Thresholds could be defined by the user. What this does is means every
simulation will have a similar but ultimately different attendance pattern,
which effectively 'simulates’ the use of a real distribution.

Minimal validation and testing should be needed using this method, as,
quite simply, we are just applying a slight modifier to real observed data.
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Visualisations are key to contextualising and demonstrating
the results of the simulations. They will communicate
effectively to auser, what has happened, why it happened,
and much more.

This will be an ongoing aspect of the work at least until its
deployment, continual development and testing will be
needed. Feedback will be key to adding/replacing/adjusting
visualisations to they say the right things in the right way.

Good visualisations should not intimidate users, and simply
give them what they want in a frictionless way. By working
with Dr. Whitehead at UWTSD (a visualisation expert), |
hope to deliver strong results here.
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Load times will be a key factor in a dynamic web-app simulation tool like this.

Optimisation efforts are underway, and the use of parallel speeds up the
running of the simulations. Multi-thread processing runs replications in
parallel, hence the name, which makes things far more efficient.

As it matures the code will become more efficient, and optimisation options
will be explored further.

Rather than relying on intuition alone, Profvis will be used to analyse load
and time taken to compute and render.

1also hope to explore the use of CUDA, KERAS, permGPU and openCL to see
if the process can be GPU accelerated. The server currently has no GPU and
it remains unclear if such methods will speed things up drastically, or how
passing objects between memory could affect application stability. Also,
there may be a considerable amount of learning/re-coding to use any
functionality discovered, and such functionality could be limited inits
potential application. This will be a lower priority objective as the cost and
the benefit are both poorly understood at this stage.
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A comprehensive statistical analysis of the baseline
versus scenario will provide measurable results to
users that can help them quantify their simulations.

Judging graphs, by eye, is not a reliable and accurate
way to truly understand the detail. If the
visualisations appear promising, users should be able
to look more closely at their results and this will be
achieved via the use of a statistical analysis tab.

Comparing the mean wait times between systems
can demonstrate significance, or not, and the degree
of significance. This tool can help find tune scenario
building.
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This section is one that will be model-specific.

We currently use a host of measures to measure
performance in ED. Why not use the same measures to
measure ED performance in our simulations?

We can mathematically determine wait/flow time in our
systems with ease, so measures could be used to determine 4
hour breaches, 12 hour breaches and so on.

These KPlIs can then be visualised and a user can see what the
KPI outcome was for the baseline versus the scenario of their
design.

For example, adjusting shift patters and adding a nurse toa
day shift and reducing one on a night shift may improve KP|
performance by 30% (fictitious and unlikely example).
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We use this method in a lot of business intelligence across
the health board.

If a scenario has failed miserably, does the user really need
to explore further? An exec summary front-page could
broadly indicate and compare select metrics across the
simulations.

This will give the user a snapshot overview and give enough
information to enable them to determine if they want to
look at the visualisation suite.

This may play into the optimisation aspect; we could run the
simulations and generate ONLY the exec summary initially.
If the user then chooses to, they could load the remainder of
the visualisations and analysis package.
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Simul8 is brilliant at this. It jumps up and down and
screams this information at the end-user.

I've not seen it or much else done well in other
attempts, though.

Despite this, | think it's vital. The data-set is there as
asequence of events, so it is absolutely possible - it is
just a case of finding the best way of visualising it.

There are a number of ideas floating around for this,
but no progress as yet. It is a very high priority and a
whole tab could be dedicated to system-flow and
behavior.
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Working flexdashboard simulation with all intended
outputs in will needed to commence this phase.

The Ul will need to be made as user friendly and
engaging as possible.

UX feedback will be collected and actioned.
This is a late-game phase, and one | hope Dr.

Whitehead (UWTSD) will play a significant role in
supporting.
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None of this work is useful until it has a realistic model at its core.

Building an ED model as a sequence of discrete events, building split
rosters with genuine staffing levels (no absence consideration) and
other features such as reneging is absolutely critical, to the extent
that, the work is essentially useless without it.

At this stage, there is no concrete plan to engage with service to
build areasonable model.

Rosters should be easier; nursing, nursing support and reception
are defined and can easily be acquired and implemented. Doctors
will be more difficult and require more abstraction, but still possible.
Beyond this, the influence of system experts will be key. Is it worth
adding porters? domestic staff? | have no idea at this stage.
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