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ORIGINAL PAPER

A hybrid simulation approach for planning health and social care services
Katherine E.E Penny, Steffen Bayer and Sally Brailsford

Southampton Business School, University of Southampton, Southampton, UK

ABSTRACT
Discrete-event simulation (DES) has been recognised for many years as a powerful tool to 
support the commissioning and resourcing of health and social care services, due to its 
ability to capture real-world variability. However, the complex interactions between two 
distinct but clearly related processes, disease progression and care provision, can lead to 
such models being cumbersome and lacking in transparency. Representing disease pro
gression as a series of queues and activities is not always intuitive to a non-modeller. This 
paper presents a novel hybrid simulation approach in which health status is modelled 
using statecharts, thus combining DES with agent-based simulation. This hybrid approach 
allows disease progression to be modelled in a more natural way, keeping the overall 
model structure relatively simple. The approach is illustrated by a case study that evalu
ates the impact of telecare services for supporting people with dementia.
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1. Introduction

Discrete-event simulation (DES) is a stochastic, 
individual-level approach that has been widely 
used for decades to model healthcare delivery sys
tems from an operational and tactical perspective. 
DES depicts such systems as networks of queues 
and activities through which patients flow, and 
hence is ideally suited for modelling service rede
sign, capacity planning and resource allocation pro
blems. However, the services an individual patient 
requires, the pathway they take through the health
care system, and how long they spend in 
a particular part of the system, will depend on 
that individual’s health status (and vice versa). 
Health status can be represented in DES as an 
attribute of the patient entity in exactly the same 
way as age, gender and other individual character
istics, but normally attributes can only be observed 
or modified at the start or end of an activity. In 
reality, disease progression is a completely separate 
process that operates in parallel to patient flow and 
can influence it. It can of course be modelled 
directly in DES, but treating health status as 
a series of queues and activities is not always intui
tive to stakeholders. Moreover, the complex inter
actions between the processes of patient flow and 
disease progression can lead to models being cum
bersome, especially when a change in health status 
occurs during a patient flow activity and leads to 
that activity being interrupted: for example, 
a postoperative patient who develops a wound 

infection on the ward during the activity ‘post-op 
stay’ may have to return to theatre for remedial 
surgery.

This paper presents a novel simulation approach 
in which health status is modelled using statecharts, 
i.e., combining DES with agent-based simulation. 
This hybrid approach allows disease progression 
to be modelled in a more natural way, keeping 
the overall model structure relatively simple and 
avoiding the need for additional code to model 
interrupted activities. The approach is implemented 
in the DES software Simul8 and is illustrated by 
a case study that evaluates the impact of telecare 
services for supporting people with dementia.

The remainder of the paper is structured as 
follows. Section 2 contains a very brief introduc
tion to agent-based and hybrid simulation. 
Section 3 explains the context of the case study 
and reviews the literature on simulation in social 
care. Section 4 provides some background infor
mation about telecare and its use in dementia, and 
section 5 presents the TeleDem model, describing 
in detail how the hybrid approach was implemen
ted. The results from a set of experiments that 
evaluate the impact of different levels of telecare 
provision on demand for residential care are pre
sented in section 6. Section 7 discusses the impli
cations of these findings for policy makers, and 
section 8 concludes the paper with some general 
reflections on the modelling approach and its 
wider applicability beyond healthcare.
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2. Agent-based and hybrid simulation

An agent-based simulation (ABS) model consists of 
a set of agents and an environment in which they exist. 
Agents are assigned individual attributes and rules 
that determine their behaviour. Agents are able to 
learn, and adapt their behaviour, from interactions 
with their environment and with other agents. 
Unlike DES, which takes a process view, ABS models 
a system from the ‘ground up’ – “agent by agent and 
interaction by interaction” (Macal & North, 2010). 
However, in their pure form ABS models require 
a large amount of data and/or assumptions about the 
rules that govern behaviour which can limit their real- 
world applicability (Sally Brailsford, 2014). A feature 
of ABS is the statechart, a graphical representation of 
the various states an agent may inhabit together with 
transition rules for how an agent exits one state and 
enters another. Statecharts have proved an effective 
tool for modelling disease progression: their compact 
yet expressive nature means that they are able to 
capture complex behaviour with relatively few ele
ments (Vickland & Brodaty, 2008).

The use of hybrid simulation, defined as 
a modelling approach that combines two or more of 
DES, ABS, and system dynamics (SD), has experi
enced massive growth in recent years. According to 
a review paper (S. C. Brailsford et al., 2019) this is due 
in part to the increasing popularity of AnyLogic, cur
rently the only commercial simulation software that 
allows the modeller to switch between all three meth
ods in the same environment: 47 of the 139 models 
reviewed used AnyLogic and only 13 used the second 
most popular software tool, the DES software Arena. 
Healthcare was identified as the most popular applica
tion area, with 31 papers (the second most popular 
was supply chain management, with 26), possibly 
because healthcare problems typically ’ . . . have multi
ple aspects, and it is rarely possible to capture all of 
them in one single model using only one method.’ 
(S. C. Brailsford et al., 2019, p. 728). Arguably, com
plex supply chains share the same characteristics. Of 
course, the concept of combining modelling methods 
is far from new. Jackson and Keys (1984) argue that 
since all OR methods have different strengths and 
weaknesses, mixing methods offers the potential to 
overcome some of the drawbacks of using a single 
approach.

S. C. Brailsford et al. (2019) discuss the technical 
challenges of implementing hybrid simulation in 
commercial software tools that were originally 
designed for a single method. Such tools are con
stantly evolving as vendors try to respond to 
demand: most SD packages can now employ prob
abilistic sampling, and some DES tools can incorpo
rate continuous flows. Following a lively debate 
about the future of DES at the 2010 UK OR Society 

Simulation Workshop, Siebers et al. (2010) sug
gested that DES software could be improved by 
including statecharts. It seems the vendors of 
Simul8 were listening: the developers subsequently 
incorporated statechart functionality into the 
Professional version of the package. This is an exam
ple of the “enrichment” category of hybridisation as 
defined by Morgan et al. (2017), where one domi
nant method is used with limited use of other 
methods(s). It is within this Simul8 environment 
that the TeleDem model presented in this paper 
was developed.

3. Simulation in social care

Although simulation has been widely used in health
care for many decades (Katsaliaki & Mustafee, 2011), 
there are relatively few applications in community and 
social care (Onggo, 2012). Like healthcare, social care 
systems are complex, involving multiple stakeholders, 
often with conflicting objectives (Onggo, 2012). 
However social care systems interact with many 
other complex systems, such as local government ser
vices and the healthcare system; funding is typically 
more complicated, and in the UK care is often deliv
ered by a variety of providers, including charities, 
friends and family as well as public and private 
organisations.

The most commonly used simulation approaches 
in the area of social care are system dynamics (SD) 
and DES, although microsimulation has also been 
used (Jagger et al., 2009). SD has been used to exam
ine policies focused on admission prevention and 
delayed discharge (Wolstenholme et al., 2004), tele
care (Bayer et al., 2007), and more widely older 
people’s care (Ansah et al., 2013; Desai et al., 2008; 
Thompson et al., 2013). Examples of DES applied to 
social care include studies on hospital-at-home ser
vices (Lebcir et al., 2017), improving efficiency in 
service delivery (Harpring et al., 2014), and analysing 
admission policies and waiting list management stra
tegies in home care services (Maroufkhani et al., 
2016). Larrañaga et al. (2018) used DES to explore 
the sustainability of an integrated health and social 
care programme for heart failure, while Patel et al. 
(2020) used DES to model the societal costs of stroke 
in the UK, taking into account hospital care, com
munity care, institutional care and informal care 
costs.

Only one of the 31 healthcare-related papers in 
S. C. Brailsford et al.’s (2019) review of hybrid simula
tion concerned social care. This was Viana et al., 
2012), which describes a hybrid model for health and 
social care provision for the eye condition age-related 
macular degeneration. Since this review, Standfield 
et al. (2019) have published a further example of 
hybrid social care modelling, where microsimulation 
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was used in combination with DES to estimate the 
future costs associated with dementia care in 
Australia.

4. Dementia and telecare

Dementias, such as Alzheimer’s disease or vascular 
dementia, are a major cause of disability and depen
dence amongst older people (Singh et al., 2014). 
Research indicates that 5% of people over the age of 
65 years have some form of dementia, with the pre
valence increasing significantly with age, to one in 
three by 90 years (Iliffe & Drennan, 2001). While all 
dementias are chronic and progressive, resulting in 
deterioration in cognition, behaviour, and daily func
tioning (Bjørneby et al., 1999), the rate of progression 
varies greatly between individuals (Barocco et al., 
2017). As their dementia advances a person will 
become increasingly dependent on other people for 
support and supervision in order to manage day to day 
activities (Kahle-Wrobleski et al., 2015). As there is 
currently no effective long-term medical treatment, 
dementia is predominantly a social care rather than 
a healthcare issue up until the very late stages and 
informal care is often provided by friends and family 
(Robinson et al., 2015). The emotional and physical 
stress that informal carers can experience often 
increases over time as the illness progresses. Carer 
“burden” has consistently been shown to be one of 
the main predictors of institutional care admission for 
people with dementia (Charlesworth, 2010; Hébert 
et al., 2001; Zarit et al., 1986). Stage of disease progres
sion, level of dependency, and carer capacity to cope 
are core influencers over demand for social care ser
vices in order to support people to remain living at 
home. The complexity of the dementia pathway exem
plifies a planning challenge encountered in other areas 
of health and social care. Variability in disease pro
gression, combined with the mutual interaction 
between care processes and health status makes antici
pating the impact of new services particularly difficult 
to predict.

In recent years policy makers and care professionals 
have been looking for new ways to provide care to frail 
elderly people including those with dementia, offering 
greater choice over care pathways, while containing 
costs. One of these options is telecare, which makes 
use of personal alarms and sensors such as fall detec
tors or environmental detectors to help people live 
independently in the early stages of dementia. 
Telecare works by monitoring for changes and warn
ing the people themselves or raising an alert at 
a control centre. It aims to help people with dementia 
to maintain their independence, delaying or even 
eliminating the need for institutional care (Siotia & 
Simpson, 2008). Evidence indicates that telecare can 
reduce the potential for accidents; mediate risks in the 

home (Clark, 2009); provide service users with 
increased choice for condition management 
(Knipscheer, 1994); maintain health through the 
early detection of deterioration, facilitating accelerated 
diagnosis and treatment (Wright, 1998); and alleviate 
carer stress (Alaszewski & Cappello, 2006). There are 
social and economic (Dowd et al., 2018) and quality of 
life (Jing et al. (2016) advantages to avoiding institu
tional care. Studies have associated institutional place
ment with both accelerated cognitive decline (Wilson 
et al., 2007), and reduced life expectancy (McClendon 
et al., 2006). A preference for care at home therefore 
underpins community care policy across Europe 
(Tucker et al., 2008; Wübker et al., 2015) and the 
promotion of telecare as a way to support people in 
their own home.

Despite this extensive body of literature describing 
the benefits of telecare, much of this is based upon 
anecdotes and short-term trials, which has been insuf
ficient to encourage widespread implementation. 
Simulation modelling provides an opportunity for 
policy makers to explore the impact of mainstream 
telecare delivery and build an evidence base for 
informed decision making.

5. The teledem model

The aim of the TeleDem model is to evaluate the 
impact of telecare on the numbers of people with 
dementia able to remain living within their own 
homes, rather than entering institutional care. It 
was developed in consultation with domain experts 
involved in the development and delivery of tele
care; clearly, it represents a simplified version of the 
care system. DES is used to model the dementia 
care pathway, i.e., the services that individuals 
receive, while statecharts are used to model the 
individual’s dementia state and level of dependency, 
and the level of stress experienced by their carer. 
Figure 1 presents the conceptual DES model show
ing the dementia care pathway, while Figure 2 
shows the attributes of each individual, including 
the dementia statechart (in green) and the carer 
burden statechart (in blue and purple).These ser
vices do not relate specifically to any region or local 
authority, but are representative of social care pro
vision in the UK.

People enter the model at the point that they receive 
their initial diagnosis. At this point, they can be in any 
of three dementia states: mild, moderate or severe. On 
“arrival”, each person is assigned a set of unique char
acteristics, sampled from the UK population aged over 
65 with dementia (Prince et al., 2014), and are assigned 
to the relevant state within the dementia statechart, 
which drives disease progression. Changes in demen
tia state directly influence the level of dependency, 
which in turn controls the carer burden statechart.
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An individual’s unique characteristics govern how 
they are routed around the DES model. If they do not 
require formal support from a care service at the time 
of diagnosis, they return home. If they do require 
assistance, the level of care they require is reviewed 
and they are referred to one of the six care services 
shown in Table 1. The first four are provided in the 
person’s own home, whereas the last two are provided 
in an institutional care setting. In practice, the number 
of visits per day and the level of support provided 
under Community Care varies enormously from per
son to person, and this is sampled in the model for 
each individual – see Appendix 1 for details of the 
probability distributions used.

A person’s progression through different states in 
a statechart is independent of their position within the 
DES, although movement around the DES can be trig
gered by changes in state. For instance, if a person dies, 
they are immediately removed from the DES; if 
a person progresses to a more severe stage of disease, 
their care needs will change. If their informal carer can 
no longer cope, the patient will require referral to a new 
service and possibly even a move into institutional care, 
even if their dementia state and their care needs are 
unchanged. This allows the model to reflect the reality 
of the care pathway, where the outcomes of assess
ments, reviews, and referrals to care services are based 
on each person’s current situation.

Figure 1. Conceptual DES model of the dementia care pathway.

Figure 2. Individual attributes and statecharts within the teledem simulation.
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The statecharts update on a daily basis as the DES 
model runs. As an individual transitions through the 
stages of dementia, their level of dependency increases. 
The model distinguishes six levels of dependency, i.e., 
two levels of dependency within each of the three 
dementia stages. The number of hours of support the 
person requires and the level of carer burden experi
enced are determined by their level of dependency. 
Carer burden, measured as a Zarit Burden Inventory 
(ZBI) score (Zarit et al., 1986), and care status directly 
influence each person’s position within the Carer 
Burden statechart. As carer burden increases, so does 
the probability of carer collapse and institutional care 
placement (Hébert et al., 2001).

When a state change occurs the person is routed to 
the care service that best meets their needs. ZBI scores 
within the model are recalculated on referral to tele
care-based services, to reflect the influence of telecare 
over reducing carer burden. This effect only remains 
while the person is in receipt of a telecare-based care 
service.

5.1. Model boundaries and input data

The TeleDem model does not represent a specific locality 
or population. Characteristics of the cohort were 
assigned to represent people with Alzheimer’s aged 
65 years and older from a city with a population of 
approximately 250,000 people. The model focuses on 
the social care system and does not include any interac
tions with the healthcare system: neither does it examine 
service capacities or waiting times. Therefore, the avail
ability of all care services (apart from telecare) are 
assumed to be unconstrained, allowing the model to 
focus solely on the impact of telecare on the demand 
for institutional care. Daily occupancy of residential and 
nursing home beds is the key performance indicator.

The model parameters were mainly derived from 
the literature, although where data could not be found 
domain experts provided estimates. Appendix 1 

details the data sources by parameter, and 
Appendix 2 contains a detailed list of all the model 
assumptions.

5.2. Model implementation

Figure 3 shows a screenshot of the TeleDem model, 
with the statecharts to the right of the DES. During 
a run, each coloured rectangle in the statechart displays 
the number of patients currently in that state: since this 
screenshot shows the state of the model at time zero 
(i.e., before any patients enter the system) they are all 
zero. The six services are represented as activities, each 
of which requires a resource (basic telecare equipment, 
complex telecare equipment, community care service, 
residential care space and nursing home beds). The 
simulation uses days as its time unit.

Technically, states are implemented in Simul8 as 
“work item labels”, i.e., attributes of entities. These labels 
are given a value of zero or one depending on whether 
the entity is in that state or not. The modeller specifies 
the rules governing state transitions, and also how fre
quently the rules are checked. If a rule is satisfied, the 
corresponding state change takes place. In the case of 
TeleDem, checks were performed on a daily basis.

Unlike standard Simul8, where (for example) rout
ing decisions can only be made after an activity has 
ended, statecharts allow routing decisions to be made 
at any point, based on the entity’s status. Events can be 
triggered based on a person’s state – so using our earlier 
example of a postoperative patient – if the patient 
develops a wound infection in the middle of the activity 
“Post-op stay”, they can immediately be sent to a queue 
for remedial surgery, rather than having to wait until 
the end of their previously sampled activity duration. 
Statecharts provide a simple and elegant mechanism for 
implementing interrupted activities. The model is avail
able for download as online appendix.

5.3. Verification and validation

The model was built incrementally, which allowed 
each part to be run independently and tested so that 
problems could be identified and resolved quickly. 
The structure and logic of the model were checked 
with experts in Gerontology and dementia care, as 
were the simulated patterns of referral. Experiments 
were conducted to validate model behaviour against 
the published literature. For the purposes of valida
tion, the model was run for 25 years with a fixed 
arrival rate of one person per day and all arrivals in 
state Mild, in order to model a cohort from demen
tia onset to death and compare with the literature. 
The TeleDem survival times following a diagnosis 
of dementia were compared to those published in 

Table 1. The six care services offered in the TeleDem 
simulation.

Care Service Description

Basic Telecare This service includes a base unit, pendant 
alarm and up to four additional sensors or 
devices (e.g., a fall detector, medication 
dispenser, or GPS tracking device).

Community Care One or more visits per day from a care worker 
to provide help with basic activities of daily 
living (bathing, dressing etc)

Basic Telecare & 
Community Care

Basic telecare service provided alongside 
community care

Complex Telecare & 
Community Care

Full suite of telecare sensors and devices 
alongside a base unit. Only used alongside 
community care and in the later stages of 
dementia

Residential Care 24/7 support with activities of daily living
Nursing Home For people who require 24/7 nursing care as 

well as social care support
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Xie et al. (2008). Table 2 shows median survival by 
age band produced by the TeleDem Simulation, and 
in Xie et al. (2008).

At the end of the run the TeleDem Simulation 
produced similar proportions of the population at 
each stage of dementia as reported in the literature 
(Prince et al., 2014), as shown in Table 3.

At the end of the 25-year run 64% of the modelled 
population were living in the community and 36% 
were living in institutional settings. This is consistent 
with the estimates produced by Prince et al. (2014), 
who suggested that in 2014, out of the 805,369 people 
with dementia in the UK, 61% were living in the com
munity, while 39% lived in institutional care (either 
residential care homes or nursing homes). The model 
results were also used to compare where people were 
living at each stage of dementia, as shown in Table 4.

6. Experimentation

In principle, the TeleDem Simulation can be used to 
test an extensive range of policy options and scenarios 
by varying the model inputs and parameters. In this 
paper we explore the impact on resource use of varying 
the availability of basic versus complex telecare. Due to 
a lack of consensus on the proportion of people with 

dementia who would be suitable for and accept tele
care, two scenarios are considered, under which 90% 
(optimistic) or 10% (conservative) of all referrals to 
community care will result in the uptake of telecare. 
For both optimistic and conservative scenarios, we 
tested three policy options for telecare services to 
which people with dementia can be referred: basic 
telecare only (option 1), complex telecare only 
(option 2), and both basic and complex telecare 
(option 3). Therefore, a total of six simulation experi
ments were conducted and tested against a baseline 
scenario in which neither basic nor complex telecare 
services were available. In all the experiments, the 
simulation duration was 40 years which included 
a warm-up period of 10 years to allow the model to 
reach steady state. Given that disease progression is 
measured in years and some activities have equally 
long durations, a run length of 30 years was considered 
appropriate. Each experiment used a trial of 35 runs, 
calculated using Simul8ʹs built-in runs calculator.

In the baseline scenario, the mean number of days 
spent in institutional care for those entering institu
tional care was 1,174 days (3.2 years), with an average 
stay of 1,027 days (2.8 years) in residential care and 
551 days (1.5 years) in nursing homes. The daily 
resource utilisation is summarised in Table 5.

6.1. Results

The results from these six scenarios and the baseline are 
summarised in Table 6. The average number of basic 
telecare resources in use per day under policy options 1 
and 3 are very similar, indicating that the uptake of basic 

Figure 3. Screenshot of the teledem simulation.

Table 2. Median survival by age band.
Xie et al. (2008) 

Median Survival Times and IQR
TeleDem Simulation 

Median Survival Times

Age Women Men Women Men
65–69 7.5 (4.8 – N/A) N/A (9.1- N/A) 7.3 7.4
70–79 5.8 (3.6–8.3) 4.6 (3.0–8.6) 6.5 5.7
80–89 4.4 (2.8–7.0) 3.7 (2.5–6.3) 5.5 5.1
>90 3.9 (2.4–5.2) 3.4 (1.5–5.5) 4.2 4.1

Table 3. Proportion of the dementia population by stage.
Prince et al. (2014) TeleDem Simulation

Mild 55.4% 51%
Moderate 32.1% 34%
Severe 12.5% 15%

Table 4. Place of residence by dementia stage.
Prince et al. (2014) TeleDem Simulation

Institutional Community Institutional Community
Mild 21% 79% 15% 85%
Moderate 48% 52% 53% 47%
Severe 75% 25% 67% 33%
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telecare is relatively unaffected by the addition of com
plex telecare. This is consistent across both conservative 
and optimistic scenarios. Similarly, in the conservative 
scenario, the average number of complex telecare 
resources in use per day appears relatively constant, 
whether offered in isolation or in combination with 
basic telecare. However, in the optimistic scenario the 
uptake of complex telecare is higher under policy option 
3 compared with policy option 2. A possible explanation 
for this is that basic telecare reduces the number of 
people entering institutional care in the early stages of 
dementia, and thus a larger pool of people remain in the 
community and are referred to complex telecare services 
as their disease progresses.

Policy options that include basic telecare reduce the 
average daily utilisation of community care packages, 
compared with the baseline. This is because basic 
telecare offers a direct alternative to community care 
in the earlier stages of dementia. In contrast, complex 
telecare increases the uptake of community care, 
because (when combined with community care) it 
reduces the number of admissions to residential care.

All telecare policy options reduce the average daily 
occupancy of residential care home places and nursing 
home beds. Unsurprisingly, the impact of telecare is 
greater under the optimistic scenario. Policy option 3 
has the greatest impact. However, option 1 has 
a greater impact on the average occupancy of residen
tial care places than option 2. The converse is true for 
nursing home beds, with Complex Only having the 
greater impact. Under the optimistic scenario, policy 
option 3 has the greatest impact on demand for insti
tutional care in general, with a reduction in the aver
age daily occupancy of 10.16%. Policy option 2 had 
the second largest impact, with a reduction of 5.69% 
(see, Figure 4).

6.2. Cost implications

In both the conservative and optimistic scenarios, 
telecare reduces the daily use of institutional care 
resources. Figure 5 presents the overall costs of deli
vering telecare, irrespective of whether the local 
authority pays for care, or the person covers the cost 
themselves.

The results show that policy option 3 leads to 
the greatest savings. However, the savings asso
ciated with option 2 are close behind. Offering 
both complex and basic telecare together reduces 
annual expenditure on care provision for the 
dementia care pathway by 1.64% in the conserva
tive scenario, compared to baseline. This equates to 
an annual saving of nearly £2.5 m for this popula
tion. The equivalent reduction of 12.21% in the 
optimistic scenario represents an annual saving of 
around £18.5 m. The introduction of basic telecare 
results in annual savings just over £2 m (1.38% 
reduction compared to baseline) under the conser
vative scenario and around £16.5 m (10.93% reduc
tion compared to baseline) under the optimistic 
scenario. By comparison, complex telecare alone 
has the smallest impact on spending, with 
a reduction of 0.38% (roughly £2 m) in the con
servative scenario and 1.47% (£2.2 m) under the 
optimistic scenario, when compared to baseline. 
The additional cost of supporting a larger propor
tion of the dementia population with complex tele
care equipment combined with community care 
limits the impact of any savings resulting from 
lower occupancy of institutional care beds.

7. Implications for dementia care

The scenarios tested in section 6 are of course illus
trative, but the results show that telecare could provide 
significant cost savings even if uptake is relatively low, 
and that for local authorities to maximise the impact 
of telecare services, they need to invest in both basic 
and complex equipment. If, however, a decision maker 
was only able to choose one of these, they should 
prioritise basic equipment offered in the earlier stages 

Table 5. Daily resource utilisation for the baseline scenario 
(mean and 95% CI).

Simple 
Telecare 
Equipment

Community 
Care 

Package

Complex 
Telecare 

Equipment
Residential 
Care Home

Nursing 
Home 

Bed

N/A 3934 
(3927– 
3940)

N/A 2143 
(2137– 
2150)

766 
(764– 
769)

Table 6. The impact of basic versus complex telecare on the daily usage of each care service (mean and 95% CI).

Reported measure Baseline

Conservative scenario Optimistic scenario

1 2 3 1 2 3

Basic only Complex only Both Basic only Complex only Both

Basic telecare equipment - 285 
(282–288)

- 284 
(281–287)

2379 
(2373–2385)

- 2378 
(2371–2384)

Complex telecare equipment - - 159 
(157–160)

160 
(158–162)

- 1430 
(1425–1434)

1483 
(1478–1487)

Community care package 3934 
(3928–3941)

3761 
(3751–3770)

4936 
(3927–3945)

3771 
(3761 − 3780)

2424 
(2418–2431)

4054 
(4046–4062)

2560 
(2554–2565)

Residential care home space 2143 
(2137–2150)

2124 
(2116–2132)

2132 
(2125–2140)

2113 
(2105–2121)

1987 
(1980–1993)

2050 
(2044–2057)

1892 
(1885–1899)

Nursing home bed 766 
(764–769)

762 
(759–765)

758 
(755–761)

756 
(753–759)

757 
(754–760)

728 
(725–732)

722 
(719–725)
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of dementia, therefore preventing unnecessary early 
admissions, as the cost savings under policy option 1 
are greater than those under option 2.

The TeleDem simulation provides a platform to test 
different scenarios and policy options, which would 
enable decision makers to understand the impact of 
changes on the wider system and the cost implications. 
It allows the exploration of policy options over 
extended time frames, which provides the opportunity 
to investigate the longer-term implications of the 
interventions, which can be missed during short 
term pilot studies.

8. Implications for modelling: Combining DES 
and statecharts

The TeleDem model demonstrates how simulation 
can take into account both individual level variability 
in terms of disease progression (and, in the case of 
dementia, carer burden) as well as process variability 
along the care pathway, while retaining a considerable 
degree of transparency for non-technical stakeholders. 
The progression of disease in an individual determines 
what care they require, but the rate at which diseases 
progress can vary greatly between individuals. 
Building disease progression into a standard DES 
model requires complex logic, particularly when treat
ment process activities have to be interrupted if 
a patient’s health status changes. This is less of an 

issue if the process activities are all relatively short in 
duration, as for example, in a model of an Emergency 
Department: in such cases it is a reasonable approx
imation to reality to wait until the end of an activity to 
check the patient’s health status, and then route them 
to the appropriate place in the care pathway. However, 
if process activities are measured in months or years 
rather than minutes, waiting until such activities end 
before reassessing the patient’s care needs is not 
a realistic way to represent what actually happens in 
practice. Hence statecharts lend themselves particu
larly well to long-term conditions like dementia, 
where patients (or, in the case of social care, service 
users) follow a care pathway for a number of years and 
receive the same service for an extended period if their 
health remains the same.

While healthcare is perhaps the most obvious appli
cation area where the route that an entity follows 
through some queueing network depends on its status, 
and status can change at any time independently of the 
entity’s location within the queueing network, the 
same is true in other application domains. A vehicle 
transporting perishable goods in a distribution net
work may break down en route if it has not been 
properly maintained, or it may be involved in a road 
traffic accident: in either case the goods may degrade 
and lose value (partially or completely) due to the 
delay. Items in a manufacturing process may change 
priority if an order is received:activities already under 

Figure 4. Percentage change from baseline in the average daily occupancy of institutional care beds (residential care and nursing 
home combined).

Figure 5. Percentage change from baseline in annual resourcing costs for providing dementia care services.
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way on low-priority items may need to be interrupted 
in order to process high-priority items, or different 
machines used for certain activities to expedite pro
duction. Statecharts that represent the current shelf 
life of perishable goods, or the current priority status 
of items, provide a realistic way to model such sys
tems. Combining statecharts with DES allows indivi
dual level realism to be combined with the structural 
robustness of traditional DES, but, crucially, in 
a format that is transparent and easy to communicate 
to stakeholders.
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3.1. Appendices  

Appendix 1: Input Data
Parameter Description Source

Arrivals into the model The arrival rate is based on the annual diagnosis rate for dementia in 
Southampton (1500 people per annum)

Age Concern Hampshire 
(2017).

Age and gender Distributions for age and gender for the modelled population within this 
simulation were based on the 2013 mid- year figures as estimated by the 
ONS.

ONS (2014)

Severity and prevalence Severity and prevalence of dementia by age and gender. Prince et al. (2014).
Stage of dementia Distribution assumed:

65% mild
30% moderate
5% severe
The person is assigned the corresponding state in the Dementia Statechart as 

they enter the DES model.

Assumption made 
based on a variety of 
sources:

Consultation with 
domain experts;

Bond et al. (2005);
Prince et al. (2014).

Disease progression State transition probabilities between stages of dementia, used to inform the 
core Dementia Statechart.

Spackman et al. (2012).

Mortality Age and gender-specific state transition probabilities, to reflect the mortality 
rates of the modelled population.

Derived from the 
model used in:

Spackman et al. (2012).
Progressive levels of dependency The levels of dependency are based on the work of Kahle-Wrobleski et al. 

(2015), however the paper did not provide rates of progression, so state 
transition probabilities were derived from Spackman et al. (2012).

Derived from:
Spackman et al. (2012);
Kahle-Wrobleski et al. 

(2015).
Hours of Care Required: Lower Level 

Dependency -Mild Dementia
‘Caregiver Time’ from Kahle-Wrobleski’s et al.’s (2015) work has been used as 

a proxy for hours of care required. The upper value for the confidence 
interval from the paper was used as the upper bound of the Uniform 
distribution and the lower bound was set to zero to reflect that some people 
in the early stages of dementia require no additional support (Caro et al., 
2002).

Kahle-Wrobleski et al. 
(2015);

Caro et al. (2002).

Hours of Care Required: Upper Level 
Dependency -Mild Dementia

As above, with the upper and lower confidence intervals used as upper and 
lower bounds for the uniform distribution.

Kahle-Wrobleski et al. 
(2015).

Hours of Care Required: Lower Level 
Dependency - 
Moderate Dementia

A probability profile for this dependency level was derived from Caro et al. 
(2002). Caro et al. (2002) found that 20% of those at dependency level 3 
(equivalent of lower level dependency for moderate dementia) required 
under 12 hours of supervision per day. The remaining 80% required more 
than 12 hours of supervision. They found a great deal of variation in the 
number of hours of care required, which reached up to 24 hours a day for 
approximately 32% of the group. Therefore, the probability profile 
effectively took the shape of a slightly stepped uniform distribution with 
a 30% peak at 24 hours and a slightly lower distribution representing 20% of 
the group under 12 hours. The remaining 48% (>12 but <24) is distributed 
uniformly between 12 and 24 hours to represent the variation mentioned by 
Caro et al.

Caro et al. (2002).

Hours of Care Required: Upper Level 
Dependency - 
Moderate Dementia

Lower bound set to 12 hours, upper bound set to 24 hours and mode set to 
22 hours. To reflect the elevated level of supervision required at this stage of 
dementia. Including supervision with BADLs (Kahle-Wrobleski et al., 2015).

Caro et al. (2002);
Draper (2013);
Kahle-Wrobleski et al. 

(2015).
Hours of Care Required: Lower and Upper 

Level Dependency – Severe Dementia
At dependencies 5 and 6 it is assumed that everyone will require 24-hour care, 

which reflects comments made within the literature regarding 24-hour 
supervision being necessary for the majority of people with severe 
dementia.

Draper (2013);
Alzheimer’s 

Association’s (2017).

Level of Carer Burden The level of carer burden a person’s carer is likely to experience relative to their 
level of dependency.

Kahle-Wrobleski et al. 
(2015).

Impact of Telecare on Level of Carer 
Burden

For this hypothetical exercise, it was assumed that telecare could reduce carer 
burden by a quarter, in line with the findings of a previous carer-focused 
intervention published by Tremont et al. (2008). The impact of telecare on 
ZBI scores was set to a normal distribution, with the mean value of the 
distribution set to 25%, and a standard deviation arbitrarily set to a plausible 
value of 2.5 to reflect individual variability in the impact on ZBI.

Tremont et al. (2008).

Type of informal care received Probability profile distribution to reflect the type of care received.
10% – no carer
57% – “co-habiting spouse”
10% – “co-habiting other”
23% – “local/non-co- habiting carers”

Derived from:
Miranda-Castillo et al. 

(2013);
Quince (2011).

Hours of Informal Care Availability Probability distributions based on logical assumptions and data presented by 
Beesley (2006) from the General Household Survey 2001 on carers of people 
aged 65+, by number of hours per week spent caring, and living 
arrangement.

Beesley (2006).

(Continued)
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(Continued).

Parameter Description Source

Transition to “High Level of Unmet Need” Calculation relating to unmet need. This is calculated by subtracting the 
number of hours of care an informal carer can provide from the number of 
hours of care the person requires. If the resulting value is greater than 0, the 
person has unmet need and therefore needs to be referred for additional 
support from a care service. The person will then transition back into 
a “Coping state” within the Carer Burden Statechart once the unmet need 
has been addressed.

Not Applicable.

Transition to “Informal Carer Seeking 
Extra Support”

Transitioning to “Seeking Extra Support” relates to people with informal carers 
who return home without a community care service following diagnosis, or 
people who are referred to “basic telecare only”. These people are assigned 
a transition rate that increases in line with their increasing dependency. 
Therefore, the higher their level of dependency, the more likely the person is 
to transition to “seeking extra support”. Once an appropriate referral has 
been made to address the unmet need, or requirement for extra support, 
then the level of burden experienced by the person’s carer is reset to one of 
the core “Coping” carer nodes.

Scherer et al. (2008).

Transition to “Informal Care Collapse” Increased likelihood of carer collapse based on increasing levels of carer 
burden as dependency levels increase.

Based on:
Expert opinion;
Hébert et al. (2001);
Neumann et al. (2001).

Routing following diagnosis The probability of someone requiring support from a formal care service 
following diagnosis is assigned based on estimates derived from the results 
of the DEMHOM questionnaire (Quince, 2011).

Quince (2011).

Referrals to community care vs 
institutional care

Referrals are made based on a series rules that were guided by the literature 
and expert opinion.

Assumption made based 
on a variety of sources.

Consultation with 
domain experts;

Kahle-Wrobleski et al. 
(2014);

Kahle-Wrobleski et al. 
(2015);

Caro et al. (2002);
Beesley (2006);
Quince (2011).

Referrals to Telecare Services Referrals to basic telecare or complex telecare are made in each instance as an 
alternative to traditional community care. The percentage of traditional 
community care referrals that are diverted to telecare based services is 
varied through the different scenarios which this simulation is used to test.

Not Applicable.

Care Service Resource Cost: Basic Telecare 
Equipment

Cost per person per day for basic telecare equipment (£2.16). The mean annual 
costs identified by Henderson et al. (2013b) (£792) were assumed to offer 
a suitable estimate of cost for basic telecare. Therefore: £792/ 
365 days = £2.16 per day

Henderson et al. (2013).

Care Service Resource Cost: Complex 
Telecare Equipment

Cost per person per day for complex telecare equipment (£4.32). In the 
absence of specific equipment costs, it was assumed that complex telecare 
equipment would cost double that of basic telecare.

Not Applicable.

Care Service Resource Cost: Community 
Care

Cost per person per day for community care (£22.33). 
Information obtained by BBC News from Local Councils using Freedom of 
Information requests showed that in 2014–15 Southampton City Council 
paid £17.30 per hour of community care (£17.30/60 minutes = 29p 
per minute). It also showed that on average the council provide 9 hours of 
community care per week (77 minutes per day). Therefore: 29p 
x 77 minutes = £22.33

BBC News (2016).

Care Service Resource Cost: Residential 
Care Space and Nursing Home Beds

Cost per person per day for residential care home space (£100). Cost per person 
per day for a nursing home bed (£149). A UK market report published by 
Laing Buisson, entitled ‘Care of Older People’ provided average costs for 
residential care and nursing home placements during the 2016 − 17 
financial year for the South East of England (Laing, 2017).

Laing (2017).
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Appendix 2: Assumptions

The following points provide a summary of the main 
assumptions used in the TeleDem Simulation:

● Residential care home spaces, nursing home beds, com
munity care packages, and available telecare resources are 
assumed to be unlimited.

● The arrival rate into the model remains the same each year.
● The input data is derived from populations of people 

with AD, vascular dementia or a combination of the 
two. Further research would be beneficial to explore 
how the inputs (e.g., rates of progression, mortality etc) 
would vary for other forms of dementia.

● Individuals who have the same dependency levels and 
informal care provision are assumed to have similar 
needs and therefore utilise the same types of care service.

● Once a person with dementia has entered a form of 
institutional care they do not return to community living. 
This assumption is consistent with Neumann et al. (2001) 
and CERAD standard practice.

● The model only considers the use of telecare by people 
living in the community; it does not consider the poten
tial use of telecare within “institutional” settings.

● People in the model are assumed to be living in their own 
home or the home of a family member. Assisted living 
settings (e.g., sheltered housing, retirement villages, or 
close care schemes) are not included as they are not as 
widely available.

● The model works on the assumption that an excellent 
quality, holistic assessment of the person is carried out 
prior to installation of the telecare, and therefore that the 
equipment will only be installed where it is appropriate 
for the individual. Therefore, the model does not account 
for people who reject the equipment after installation.

● The model assumes there is a response service available to 
respond to telecare alerts, therefore enabling people in the 
initial stages of dementia without any informal care to 
receive telecare support.

● The model assumes that as people’s care needs increase 
they will require telecare of increasing complexity to 
meet their additional needs.

● It is assumed that telecare can benefit informal carers by 
reducing their carer burden (reflected in the TeleDem 
Simulation as a reduction in the person’s associated ZBI 
score). Once the ZBI “reduction factor” is applied and the 
carer’s burden has been recalculated to give an “adjusted 
ZBI score”, the impact is assumed to remain constant 
throughout the time the person is receiving the telecare- 
based service.

● Any benefit experienced due to reduced carer burden 
while using telecare will be lost or recalculated on referral 
to a new care service.

● It is assumed that at the upper dependency level of severe 
dementia, telecare can no longer reduce carer burden, as 
the person’s medical care needs at this stage will become 
the primary focus, and the strain of end of life care is 
assumed to be greater.

● Informal carer health status and mortality are not 
taken into consideration; the model assumes that 
aside from carer burden, there are no other limiting 
factors that could impact the provision of informal 
care.

● Dementia is assumed to be the primary motivation for 
seeking support from care services; other co-morbidities 
are not taken into consideration.

● The model does not take into consideration the potential 
role of telecare for reducing the use of hospital 
admissions.

The model assumes that people only require nursing 
home support when they advance to the upper depen
dency level of severe dementia; in reality people at all 
stages of dementia may require nursing home support 
due to other existing co-morbidities. Therefore, the 
model will naturally underestimate nursing home 
usage.
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