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In countries such as Sweden, Italy, Switzerland, and the Netherlands, projects in which volunteers are dispatched
to out-of-hospital cardiac arrest (OHCA) patients with the use of mobile phones exist. Once an OHCA case is
reported, a notification is sent to the mobile phones of registered volunteers that are in the vicinity of the patient.
These projects mostly use static dispatch methods to determine which volunteers should be sent directly to the
patient and which ones should pick up an automatic external defibrillator (AED). However, such schemes do not
consider uncertainties associated with these task assignment decisions (e.g., if volunteers will do as instructed, or
do something else). In this paper, we propose a method for optimized task assignment and dispatch of volunteers
to OHCA patients that considers the uncertainty related to volunteers’ actions once assigned a task. We then
compare the results of our method to those of a static dispatch method used in an ongoing mobile phone
volunteer dispatch project in Sweden and validate them using simulation. Furthermore, we perform a sensitivity
analysis on several parameters to investigate their effect on the performance of the proposed method. With the
comparative results we show that the proposed method may help increase the survivability of OHCA patients.

1. Introduction

Emergency services face various challenges, ranging from limited
available resources, enforced budget cutbacks, and long travel times to
reach sparsely populated areas, to increasing demand due to various
reasons, such as aging population, more traffic, and increasing urban-
ized areas (Yousefi Mojir & Pilemalm, 2016). Additionally, larger scale
emergencies resulting in a greater number of affected individuals
require emergency organizations to utilize their resources more exten-
sively (Yu et al., 2019). One solution to these challenges is to introduce
new types of resources that do not incur any notable additional costs for
the emergency services.

Volunteers are emergency response resources that have been gaining
increasing interest in the past few years. They might reach affected
people sooner than professionals, and the cost for utilizing them is
lower. Many initiatives utilizing semi-organized volunteers for daily
emergencies (i.e., events that occur frequently but have a low magnitude
of consequence), such as cardiac arrest and other medical emergencies,
traffic accidents, and building fires, exist and the number of such ini-
tiatives is increasing. These volunteers are people registered in an in-
formation system, and might possibly have relevant training and
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equipment, but have no formal responsibilities. Examples of such ini-
tiatives include Missing People Sweden (Missing People Sweden, n.d.),
volunteers in rural villages who in collaboration with the fire and rescue
services perform first response (Ramsell et al., 2017), and cardiopul-
monary resuscitation (CPR) trained citizens who can also utilize auto-
mated external defibrillators (AED) in case of an out-of-hospital cardiac
arrest (OHCA) in countries like Sweden, the Netherlands, Denmark, and
several other countries in the world (Andelius et al., 2020, 2021; Oving
et al., 2019; Scquizzato et al., 2020). It is important to notice that these
volunteers are not perceived as resources that should replace regular
emergency services. Therefore, emergencies for which no volunteer is
available in the vicinity of the case (or responds to the alert) can occur.

In the OHCA projects, a mobile phone positioning system is utilized
to identify the volunteers in the vicinity of the patient (up to a specific
maximum number of volunteers), and simultaneously with the dispatch
of emergency medical services (EMS), an automatically generated
notification is sent to the relevant volunteers (Ringh et al., 2011, 2015).
Two main tasks for the volunteers exist: (1) to collect an AED en route to
the patient, or (2) to go directly to the patient to perform CPR. Although
the positions of the volunteers can be assumed sufficiently well-known,
it is not trivial to decide who should do which of the two tasks.
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Uncertainties associated with the response and task compliance of vol-
unteers complicate the determination of task assignments for each of the
volunteers.

The aim of this work is to develop a method for dispatch of volun-
teers to OHCA patients in order to shorten the time to basic CPR and
early defibrillation using an AED before EMS arrival (factors that are
associated with an improved chance of survival for OHCA patients
(Metelmann et al., 2021; Nehme et al., 2019; Pijls et al., 2016; Stroop
et al., 2020)), while taking into account uncertainties regarding volun-
teers’ task compliance.

Thus, in this study, we explicitly model uncertainties associated with
the volunteers’ actions once assigned a task. This is done by considering
the probabilities of mission abort, noncomplying actions, and full
compliance with instructions for each task assignment. The developed
method determines how the available volunteers should be dispatched
in order to maximize the survivability of the OHCA patient, as estimated
by a survival function. Then, we investigate whether the proposed
dispatch method leads to an improved survival chance for OHCA pa-
tients by comparing it to the dispatch method currently used in one of
the OHCA volunteer projects. To determine the feasibility and robust-
ness of the results obtained from both methods, we implement a simu-
lation model capable of considering additional stochastic factors that
could not be directly included in our proposed dispatch method. We also
perform sensitivity analysis on some of the parameters to investigate
how the results are affected.

The rest of the paper is organized as follows. In Section 2 we present
a summary of related literature as well as the positioning of this paper
with respect to the literature. We dedicate Section 3 to problem
description. In Section 4 we provide the description of the task assign-
ment and dispatch method, followed by a description of the simulation
model in Section 5. We describe the input data in Section 6. We present
the computational results in Section 7 and the sensitivity analysis in
Section 8, continuing with discussions in Section 9. Finally, with Section
10 we close the paper with conclusions and future research directions.

2. Related work

Considering the broadness of the literature in the context of volun-
teer management, in this section, we discuss the literature that is most
relevant to this study.

To utilize volunteers in the best possible way, it is important to know
their capabilities and one way is to evaluate volunteers who have pre-
viously participated in response operations. Authors of two descriptive
studies, Earl et al. (2003) and Earl et al. (2005), investigated the
knowledge and skills of emergency management volunteers at outdoor
music festivals. Groh et al. (2007) described and evaluated character-
istics of volunteers that have responded to emergencies in the frame-
work of the North American Public Access Defibrillation trial. These
authors concluded that there is a higher probability that volunteers who
have had previous emergency training would participate in response to
medical emergencies.

When volunteer management systems are already in place, volun-
teers should get the relevant training for acquiring or maintaining
relevant capabilities (Sun & Wallis, 2012), while emergency managers
take advantage of modern technologies to support the efficient utiliza-
tion of volunteers (Schonbock et al., 2016). Jaeger et al. (2007) explored
the usage of Internet and mobile communication devices for information
sharing as well as for the coordination of volunteers and residents in
response to a major disaster. Romano et al. (2014), on the other hand,
introduced a mobile phone application that includes a feature for
volunteer registration of skills, and thereby, it enables the emergency
management operation center to retrieve the specific capabilities of each
volunteer. The application also facilitates remote supervision of volun-
teers by the emergency management operators. McLennan et al. (2016)
discussed that traditional volunteering activities decrease because of
changes in lifestyle and values over time. Meanwhile, the introduction of
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new communication technologies has stimulated both digital and digi-
tally enabled volunteering activities.

Authors of several qualitative works in the literature have focused on
task assignment, crowd tasking and crowdsourcing, such as, Neubauer
et al. (2013), Liu (2014), Auferbauer et al. (2016), and Havlik et al.
(2016). In contrast to these qualitative studies, a quantitative study in
the field of volunteer management is Falasca and Zobel (2012). Based on
a set of principles from the volunteer management field, these authors
proposed a multi-criteria optimization model for task assignment to
individual volunteers as well as for groups of volunteers in disaster
response. They presented a bi-objective optimization model, aiming to
minimize (1) the total cost of task shortages, and (2) the total number of
undesired task and time block assignments. Other quantitative studies
are those of Lassiter et al. (2015) and Khalemsky and Schwartz (2017).
Lassiter et al. (2015) proposed a robust bi-objective optimization model
to assign tasks to volunteers after a disaster with the objective of mini-
mizing total unmet demand and maximizing preference of volunteers.
The proposed model seeks to match tasks to volunteers with respect to
their skills. Khalemsky and Schwartz (2017) used simulation to provide
a model to evaluate the benefits of using first responders, such as vol-
unteers, in emergency response and comparing these benefits and their
potential performance to regular emergency medical services. While the
number of quantitative works related to dispatch of volunteers, espe-
cially in daily emergencies, is low, many exist for the optimal dispatch of
ambulances (e.g., Andersson and Varbrand (2007), McLay and Mayorga
(2013), Jagtenberg et al. (2017), and Enayati et al. (2018)), and optimal
placement or deployment of AEDs (e.g., Tsai et al. (2012), Bonnet et al.
(2015), Chan et al. (2016), and Lee et al. (2019)). Some of these authors
have also considered the presence of bystanders in their modeling.

Volunteers can take part in different types of emergencies, but one,
that several ongoing projects focus on, is OHCA. Among these projects,
SMS lifesavers (SMS Lifesavers, n.d.) started in 2010 as a research
project in Stockholm, Sweden, and is now operational in seven regions/
counties in Sweden. SMS lifesavers are registered volunteers contrib-
uting in OHCA cases.

The presence of publicly available AEDs provides the chance of
shortened time from collapse to first defibrillation (Culley et al., 2004),
and might double the survival chance compared to when the patient
only receives help from a CPR-trained lay rescuer without an AED
(Groeneveld & Owens, 2005). Several studies have considered the use of
mobile phones to dispatch volunteers to OHCA cases (e.g., Zijlstra et al.
(2014), Ringh et al. (2015), Pijls et al. (2016), Capucci et al. (2016),
Caputo et al. (2017), and Berglund et al. (2018)), and the results of those
studies showed that this can potentially reduce time to initiation of basic
CPR and first defibrillation. Other studies such as the work of Stroop
et al. (2020) also indicated that simultaneous dispatch of CPR-trained
volunteers and EMS to OHCA patients can reduce response time and
resuscitation-free intervals and may have a positive impact on the sur-
vival to hospital discharge rate for OHCA patients. Despite very low-
certainty evidence, the 2020 International Consensus on Cardiopulmo-
nary Resuscitation and Emergency Cardiovascular Care Science With
Treatment Recommendations (Nolan et al., 2020), made a strong
recommendation that volunteer programs should be implemented.
Consequently, the European Resuscitation Council Guidelines 2021
(Semeraro et al., 2021) highly encourage European countries to imple-
ment mobile phone dispatched volunteer programs to reduce the time to
start of CPR and defibrillation.

Cummins et al. (1991) formulated the concept of “chain of survival”
comprising a sequence of events that take place in response to incidences
of sudden cardiac arrest: (1) to recognize suspected sudden cardiac ar-
rest, (2) to gain access to EMS for activation, (3) to commence basic CPR,
(4) to deliver defibrillator shocks, (5) to intubate, and (6) to adminis-
trate adequate medication intravenously. A short time to sequence
completion improves the probability of survival. Cummins et al. (1991),
Herlitz et al. (1994), Valenzuela et al. (2000), and Waalewijn et al.
(2001) all emphasized the importance of early basic CPR, especially the
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immediate start of bystander CPR that increases survival rates for OHCA
patients. The essential value of early basic CPR is to maintain viability in
vital organs (Cummins et al., 1991) and to generate a temporary resto-
ration of cardiocerebral and transpulmonary circulation and respiration
by continuous repetition of chest compressions and ventilations,
respectively (Lurie et al., 2016). A three minute delay to start basic CPR
diminishes the chance of survival by up to 50 percent (Waalewijn et al.,
2001).

A survival function can be used to estimate the chance of survival
from an OHCA, given a set of relevant factors, such as the time interval
between collapse and CPR, the time interval between collapse and the
first defibrillator shock, the time interval between collapse and initiation
of advanced cardiac life support (arrival of first ambulance), initial
arrhythmia, CPR initiated by a bystander, and the patient’s age (Herlitz
etal., 1994; Larsen et al., 1993; Valenzuela et al., 1997; Waalewijn et al.,
2001). Numerous authors focus on the study of survival of OHCA pa-
tients, especially in the medical field of research, with the aim to
determine critical survival factors and to develop a survival function.
However, the number of quantitative studies in which a survival func-
tion is used in the model is more scarce; for example, Erkut et al. (2008)
use a survival function in their maximal covering location problem and
Matinrad et al. (2019) in their deterministic volunteer dispatch model.

We contribute to the current literature in three ways:

e Recently, various studies have focused on the practical utilization of
volunteers in OHCA response systems. However, to the best of our
knowledge, none has focused on the development of a dispatch
model. We, inspired by the works of Ringh et al. (2011, 2015),
propose a method for optimized dispatch of volunteers to OHCA
patients that considers the uncertainty of task compliance.

To our knowledge, a limited number of quantitative research studies
on volunteer management exists, especially for daily emergencies. In
this respect, the most relevant to our work are those of Falasca and
Zobel (2012) and Lassiter et al. (2015), which focus on task alloca-
tion to volunteers in response to disasters. Compared to these works,
we focus on daily emergencies, where the response time is of vital
importance. Thus, we also consider an estimate, based on real data,
of the volunteer response time to an event.

Using real data from the SMS lifesavers project, we show that it is
possible to improve the survival probability for OHCA patients using
a dynamic dispatch method, compared to the static method that is
used today.

3. Problem description

For an OHCA event, a set of volunteers who can be dispatched to the
patient exists. However, at the time of the event, the availability of each
volunteer is unknown. In the SMS lifesavers project, which we use as a
case, the first step is to assess the availability and willingness of the
volunteers to take part in the current case by sending an event notifi-
cation, without any instructions, to the n (equal to 30 at the time of this
study) volunteers closest to the patient (Ringh et al., 2011, 2015), ac-
cording to the last known position. Once a volunteer indicates his/her
availability, and thus, accepts to take part in response to the current
case, the position is updated based on the phone’s current location, and
(s)he will be assigned one of two tasks: (1) to pick up an AED or (2) to go
directly to the patient. Within the SMS lifesavers project, at the time of
this study, this was done by using a static first-accept-first-assigned rule
block: A-A-D-A-A, where A means to pick up an AED and D is to go
directly to the patient, that repeats until all volunteers receive an
assignment (maximum 30 volunteers and minimum of 1). Thus, the first
two volunteers are sent to pick up an AED, while the third is sent directly
to the patient, and the next two are sent to pick up an AED. The
assignment rule block repeats until all volunteers that indicate their
availability are assigned to do one of the two tasks, in the order that they
have responded to the primary notification. If any of the volunteers’
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estimated travel time to the patient is longer than a certain predefined
threshold (i.e., the cutoff time), which may happen if the initial position
was old, (s)he will not receive any task assignment. After the task
assignment, the volunteers may or may not comply with the assignment,
which leads to two risks. First, a volunteer may do the opposite action (e.
g., one assigned to an AED can go directly to the patient instead). Sec-
ond, a volunteer may abort the mission at any time after accepting it.

Regarding the set of AEDs, their locations are assumed known at the
time of the dispatch. Although some of them may not be accessible, such
as in closed shops, this information is also available beforehand. How-
ever, there is still a risk that the information is not updated, or that the
AED is missing or malfunctioning. Moreover, travel times may vary
significantly depending on the volunteer, road, access to a vehicle,
weather conditions, or other conditions, which may be unknown at the
time of dispatch.

Previous studies have shown that in many cases, CPR is started by
bystanders before the arrival of volunteers or EMS (Pijls et al., 2016;
Ringh et al., 2015). However, when making the volunteer task assign-
ment, depending on the design of volunteer alert system (e.g., if it is fully
automated), this information might not be available, and thus, impos-
sible to take into account in the decision making. Also, unlike the
registered volunteers who have some level of training in performing CPR
and using an AED, bystanders may have no training at all, and may have
to rely on instructions by the dispatcher at the emergency call center.
Therefore, there is a risk that the quality of the CPR started by a
bystander is lower than that of a volunteer. In addition, the exact start
time of bystander CPR may be unknown at the time of dispatch of
volunteers.

3.1. Problem assumptions and statement

As already noted, several uncertain elements affect the outcome of a
volunteer assignment. In this work, we focus on the volunteers’ de-
cisions after they have been assigned a task, that is, we explicitly model
the probabilities that they abort a mission, that they do not follow the
given instructions, or that they comply with the assignment. Thus, in the
dispatch method, travel times and AED availability (and functionality)
are considered deterministic and known (the feasibility of the travel
times assumption is then tested using the simulation model). We assume
that an assignment decision has to be made as soon as a volunteer has
accepted a mission. Once a decision for assignment of a volunteer has
been made, it will not be changed at a later stage. In addition, when
making a dispatch decision and calculating the survival chance of pa-
tients, we assume that no bystander is performing CPR.

The Dynamic Probabilistic Volunteer to OHCA patient Dispatch
(DyPVOD) problem (an online problem) can be stated as:

Dynamically assign one of two tasks {pick up an AED, go directly to
patient} to volunteers, in order to maximize the survival chance of the patient,
given uncertain information about future incoming acceptances and uncer-
tain volunteer task compliance.

3.2. Problem notation and preliminaries

Assume that out of the n volunteers that the primary notification has
been sent to, m volunteers will accept the mission, with j < m signifying
the jth volunteer to accept.

Two possible assignments for each volunteer exist:

e Aj: volunteer j should pick up an AED
o D;: volunteer j should go directly to patient

For each volunteer, there are three possible outcomes:

* Of: volunteer j picks up an AED
. O}D volunteer j goes directly to patient
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. OJR: volunteer j aborts the mission

The probability for each outcome is conditional, depending on the
assignment, for example, P(O}J |A;j) is the probability that volunteer j will
go directly to the patient when being assigned to pick up an AED.
Moreover, P(O}'|A;) + P(OP|4)) + P(OF|A;) = 1 holds (analogously for
assignment D;). For evaluation purposes, all the probabilities can be
calculated from historical data. Moreover, we assume that the proba-
bility for a specific outcome is the same for all volunteers.

When [ volunteers (I < m) have been dispatched, the number of
possible outcomes becomes 3!, that is, all possible combinations of the
individual outcomes. Given that the outcome for each volunteer (i.e., the
action of each volunteer) is independent of the other volunteers, and
volunteers are assumed independent and not in contact with each other,
the probability for a joint outcome (the joint probability), can be
calculated as the product of the individual probabilities, for example:

P((07]41) N (03]42)) = P(O7|4))P(05]A;) @

The survival probability of the patient is calculated using the survival
function from Matinrad et al. (2019):

P 1
flt,s) = 1 + e(~13614+0.34291" +0.186335")

@

where t” is the time until the start of the first CPR and s” is the time
until the first defibrillation using an AED. The survival function is pri-
marily based on a logistic regression model from Valenzuela et al.
(1997), with updated parameters from the study population data in
Waalewijn et al. (2001). We disregard the time between arrival of a
volunteer and the start of CPR or the use of AED (i.e., the setup time), for
example, the time until defibrillation using an AED is considered equal
to the arrival time of a volunteer with an AED. We assume this, because,
to the best of our knowledge, data for estimating the setup time is
insufficient. It should be noted that if no volunteer picks up an AED, s
will be equal to s™*, which is an upper limit for the time to defibrillation
that for example can be set to the arrival time of EMS. Similarly, ™ is
the upper limit for time to CPR. Furthermore, if a volunteer with an AED
is the first help on the scene, s* and t* will be the same and equal to the
arrival time of the first arriving volunteer. Because someone bringing an
AED is also capable of performing CPR, we have, t* < s".

Each outcome is also associated with a response time to the patient.
Let T,, be the time until volunteer j reaches the patient, given outcome o;

(0 € {OJA, OJD , O]R}, j =1,---,m), including both travel times and time to
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decision point, that is, when a new volunteer (e.g., j) accepts the noti-
fication, the available information consists of the number of volunteers
that have already accepted the notification (j-1), and what tasks they
have been assigned to. The steps in the method for deciding whether to
send volunteer j directly to the patient, or to pick up an AED are as
follows:

1. Every possible action of every previous volunteer, as well as
volunteer j’s, is considered, which leads to 3/ possible outcomes. In each
combination of possible outcomes, the arrival times of the volunteers,
T, (0; € {OF,0P,08},i =1,--j), are used to determine t” and s™. Thus, ¢’
and s* are calculated as follows:

1= min " T, 3)
i:l,-.<:j\()(€{()f’,()14}{ T}

s = min 5" T, “4)
u,..ﬂo,e{of}{ ’ 0}

2. For each combination of possible outcomes (o; € {O%, 0P, OF},i =
1, ---,j), using the calculated t* and s* and the survival function (i.e.,
Equation (2)), the survivability of the patient is determined.

3. The joint probabilities for each of the 3/ outcome combinations are
calculated. Because the assignment for volunteer j needs to be deter-
mined and the outcome probabilities are conditional on the task
assignment, two sets of calculations are required (2*3/). One set con-
siders that volunteer j will be assigned to go directly to the patient (D)),
and the other to pick up an AED en route to patient (A;).

4. For each combination, the survivability calculated in step (2) is
multiplied with joint probability for each decision (A; or D;) calculated
in step (3).

5. The final survivability for each decision (A; or D;) is calculated as
the sum of the survivability for all combinations in step (4).

6. The decision giving the highest final survivability is selected as the
task assignment for volunteer j.

For the first volunteer, the survival function is calculated for the
three possible outcomes (i.e. 04, O, OF). For instance, the potential
outcome O7 would give a survivability of f(t",s"|0F) = f(Top ™), that
is, t" is set to the time it takes for volunteer 1 to reach the patient when
going directly, and s” is set to s™*. Thus, the survival chance if the first
volunteer aborts the mission is f(¢",s"|OR) = f(tm, sm),

The final survivability in this case is calculated as the joint proba-
bility multiplied by the related survivability, for decision A; and D;:

F(£, 5" 1A =F(1,57101)*P(0}1A1) +£ (", sT1OD)*P(OP A1) +£ (¢, s"|OF) *P(OF A1) 5)

A5 1D0) =£(0, 57|00 *P(07|D1) + (1,57 |O7) *P(O7Dy) + (1,57 |0F) *P(OF [ D) O)

acceptance (i.e., time from notification until acceptance by the
volunteer).

4. Sequential probabilistic task assignment and dispatch
method

To solve the DyPVOD problem, we developed a Sequential Proba-
bilistic Task Assignment and Dispatch (SePTAD) method. At each

Finally, the decision giving the highest final survival chance for the
patient is selected, that is, the one satisfying max f(t",s"[i).
ic{A1.D;f

For the second volunteer, the survival function should be calculated
nine (32) times for each decision since for each of volunteer 1 and
volunteer 2 three possible outcomes can happen. Each joint outcome

from the set {{07,03}, {07, 03},{07, 05}, {0, 03},
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{o1,02}. {01, 05}, {0F, 05}, {01, 02}, {OF, 05} }

, comprising of all possible joint outcomes, gives one specific t* and s".
The value of t* is calculated as the minimum of all travel times to the
patient, either directly or via an AED. Moreover, s” is calculated as the
minimum of all travel times where a volunteer picks up an AED. In the
same way as for the first volunteer, if no volunteer picks up an AED, s
will be equal to s™*. In addition, if none of the volunteers reaches the
patient (i.e., both abort the mission), t* will be set to t™* and s* to s™**.

The joint probability for each outcome depends on the assignment
for each volunteer. For example, assume that volunteers 1, 2, and 3
receive assignmentsA;, Dy, A3. One outcome (out of 27 possible out-
comes) is OF, 05, 04. Assuming independence, the joint probability for
this outcome is calculated as:

P((01141)N(0F1D2) 1 (03143) ) = P(O141) P(0F|D2) P(05]As) @

where the individual probabilities on the right-hand side are derived
from historical data, as we will detail in Section 6.

Thus, for the two possible decisions, A; and Dj, it is possible to
calculate the survival chance as well as the probability for the 3/ possible
outcomes giving the final survivability for each of the two decisions:

3!
f(e5714) =Y fP ()
i=1
N 3
f(,5 D) =Y kPP ©)

i=1

where f; and P# in Equation (8) are the survivability and the joint
probability of occurrence of outcome i, i € {(0?,0%, ), (00,04, ), -+,
(O%,0%,--)}, given decision A for the j* volunteer. As before, the de-
cision giving the highest final survivability is selected.

5. Simulation evaluation

The methodology described in Section 4 can be used to calculate the
expected survivability for any dispatch method, taking into account the
task compliance uncertainty. However, it does not account for other
stochastic aspects, like travel times. Thus, to evaluate the feasibility and
robustness of the results from the dispatch methods, we developed a
simulation model. From here on, the dispatch method used in the SMS
lifesavers project at the time of the study will be called the original
method.

5.1. Main simulation model

One simulation replication for one case (one dispatch) can be
described by the following steps:

1. For each dispatched volunteer, do the following:

a. Based on the outcome probabilities (conditioned on the assigned
task), randomly draw one of the three possible outcomes (i.e.,
volunteer decisions: 04, 0P, 0%).

b. Depending on the drawn outcome, randomly draw a travel speed,
and calculate the travel time to the patient with this speed. This time,
together with the time to acceptance, will give the response time to
the patient. It can be the time to the patient without AED (OP), with
AED (0%), or abort (OR), and the latter is set to ™,

2. When step (1) is done for all dispatched volunteers, t* and s™ are
calculated according to Equations (3) and (4), respectively. Then, the
survivability of the patient is calculated based on Equation (2).

Since one replication is a simulation of one possible patient outcome
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for the patient, several replications must be run for each case. The
necessary number of replications was determined using the algorithm
from Hoad et al. (2010) (see Section 6.3).

5.2. Travel time simulation

In the Netherlands, researchers have studied the modes of transport
that volunteers have used for a project similar to the SMS lifesavers
project (Zijlstra et al., 2015). While, to the best of our knowledge, no
similar study has been done for Sweden, it is possible to simulate varying
travel speeds based on historical data, reflecting various modes of
transport.

Using tracked position data from a historical volunteer dispatch
dataset, it is possible to determine an estimate, TT, of the historical
travel time for each volunteer, from the initial location until reaching
the patient. The Euclidian distance, ED, can be easily calculated based on
the initial location of the volunteer and position of the patient, and thus,
the Euclidian travel speed can be calculated as ES = ED/TT. If the
volunteer picked up an AED, there are two Euclidian distances: (1) from
the starting position to the location of the AED, and (2) from the AED to
the patient; nevertheless, the travel speed can be calculated as
mentioned, just using the sum of the two distances. Therefore, the
tracked volunteers can be divided into two disjoint sets:

e CPR set: volunteers who went directly to the patient
e AED set: volunteers who picked up an AED on the way to the patient

For each set, it is possible to calculate travel speeds, giving ES® as the
set of Euclidian travel speeds calculated from the CPR set, and ES*
representing the set of Euclidian travel speeds calculated from the AED
set. It may be noted that the speeds in the AED set implicitly accounts for
the AED access time, that is, the time it takes to find and pick up the
AED. The speeds are sorted according to the Euclidian distances, that is,
for a set with k elements (Euclidian travel speeds), element 1 is the speed
with the shortest corresponding distance, and element k is the speed
with the longest distance.

In each simulation replication, three possibilities exist for dispatched
volunteer j that result in different travel time calculations.

1. The volunteer’s decision is D (OP):
a. Let the direct Euclidian distance to the patient be ED;.
b. From the set ES?, find the NPelements with Euclidian distances
closest to ED;, and randomly draw one of these speeds. This gives
ES;.
c. Calculate TT; = ED;/ES;.
2. The volunteer’s decision is A (0%):
a. Let the Euclidian distance to the patient, via an AED, be ED;.
b. From the set ES4, find the N4 elements with Euclidian distances
closest to ED;, and randomly draw one of these speeds. This gives
ES;.
c. Calculate TT; = ED;/ES;.
3. The volunteer’s decision is R (O%):
a. Set TT; to a big number (in this case, the volunteer would never
reach the patient.).

6. Input data

To test and validate the model, we received anonymized historical
data for dispatches of volunteers from the research group in charge of
the SMS lifesavers project in Sweden (Ringh et al., 2015; Berglund et al.,
2018). It included information on missions for each day from 2018-May-
03 to 2018-September-10, consisting of one or more missions per day.
The dataset contained also positions of patients, volunteers, and AEDs;
time that the call center was notified; notification times of volunteers;
and acceptance times and/or rejection times. The dataset also included
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Global Navigation Satellite System (GNSS) based position tracking of the
volunteers after dispatch. This data was complemented by information
from a survey that was filled out by the volunteers who had been
assigned a mission. It included questions about what they had done after
they had received their task assignments. However, not all volunteers
filled out the survey completely.

6.1. Travel times

We calculated estimated travel times, for use in the dispatch
methods, for each volunteer based on the geographical location of pa-
tients, volunteers, and AEDs. Tox and Typ are based on the Euclidean

J J

distance between volunteer j and the patient (T« is the travel time via
7

the AED that gives the shortest possible total path to the patient), and a
travel speed of 2 m/s. Although previous studies indicate that pedestrian
walking speed typically is slower, for example, 1.38 m/s (Khalemsky &
Schwartz, 2017), we assume that volunteers will be running. Also, 2 m/s
is the value incorporated in the dispatch system used in the SMS life-
savers project, and for comparative purposes, it is reasonable to use the
same value here. TOJR can be set to a large number, since the volunteer

will never reach the patient.

For the simulation, the set of Euclidian travel speeds for volunteers
going directly to the patient (ESP) had 867 elements, and going via an
AED (ES*) had 210 elements. To get the number of required samples, we
took inspiration from the formula for sample size calculation (Daniel,
1995) with a confidence interval of 90 percent and an allowed margin of
error of 10 percent, and bootstrap sampling (Hall, 1995). Therefore, N°
was set to 70 (with 35 distances lower than ED;, and 35 distances higher
than ED; included in the set from which the new random travel speed
was drawn, unless an equal number of data points on both sides were
unavailable and then more data points from the other side were
included, e.g., 10 distances lower and 60 distances higher), and N was
set to 50.

6.2. Task compliance probabilities

By merging the mission data with the survey data, we could calculate
the required probabilities, that is, probabilities of task compliance,
noncompliance, and rejection. Compliance/noncompliance of volun-
teers were determined based on both the mission information and the
surveys. We could extract the rate of abort directly from the mission
data. Thus, the probabilities of aborting after accepting a task (picking
up an AED, or going directly to the patient), complying with the in-
struction, and doing the alternative task other than the instructed one
were calculated (below for task D). The probabilities of outcomes O*|D,
OP|D, and OF|D were calculated as:

P(0*D) = count(0*|D) / (count(0*|D) + count(0O°|D) + count(0O|D) )
(10)

P(0”|D) = count(0”|D) / (count(0"|D) + count(0”|D) + count(O®|D) )
an

P(OF|D) = count(0"|D) / (count(0* |D) + count(0”|D) + count(0F|D) )
(12)

Where we have:

1. count(0%|D): the number of volunteers that picked up an AED while
they should have gone directly to the patient, that is, noncompliance
with assignment.

2. count(OP|D): the number of volunteers that went directly to the pa-
tient as they were instructed to do so, that is, compliance with
assignment.

3. count(OR|D): the number of volunteers that aborted their missions.
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In the same way, we calculated probabilities of outcomes for when
the volunteers were assigned to pick up an AED (task A), that is, 044,
OP|A, and OF|A.

The dataset consisted of 707 missions. In accordance with the for-
mulas (10)-(12) and similar formulas for task A, the probabilities were
calculated as:

P(0”|D) = 0.659,P(0*|D) = 0.048, P(0%|D) = 0.293

P(0O"|A) = 0.348,P(0"|A) = 0.352, P(O%|A) = 0.300

It is noteworthy that the effect of task assignment A is very small, in
terms of probability that a volunteer will indeed pickup an AED. In
addition, regardless of the assigned task, the probabilities of rejection
are roughly the same, indicating an independence between task
assignment and rejection probability.

6.3. Determining the number of replications for the simulation

To determine the number of required replications for each case, we
used the algorithm by Hoad et al. (2010), which is designed to handle
the problem of premature convergence. Initially, three replications are
run. The results of these replications are fed to the replication algorithm,
which determines whether the precision criteria are met or not- without
a premature convergence. If they are met, the algorithm terminates;
otherwise, another simulation replication is performed, and the preci-
sion check is performed. This process repeats until a stable convergence
is achieved. The precision criteria that we considered for our simulation
are a 99 percent confidence interval (@ = 0.01) and allowed deviation
from the mean by 10 percent.

7. Computational results

In this section, we present results from the implementation of the
SePTAD method and the original method (analytical results) as well as
the simulation results for both methods. Then, we compare the analyt-
ical and simulation results of both methods.

7.1. Analytical results

To investigate whether the SePTAD method contributes to improving
the survival chance of OHCA patients, we tested the method on the
dataset and compared it to the method currently used in the SMS life-
savers project (i.e., the original method). As described in Section 3, the
project uses a static method with a rule block of A-A-D-A-A, where A
means to pick up an AED and D to go directly to the patient, that repeats
until all volunteers have received an assignment.

As the historical task assignments were available in the input data,
we should have been able to compare the SePTAD method to them.
However, when analyzing the input data, it became evident that the
specified method was not always followed, meaning that the cutoff time,
the upper bound for travel time of volunteers to be considered for
dispatch, sometimes varied (i.e., the same value was not used for all
cases). Consequently, instead of using the available historical task as-
signments, we implemented our own version of the original dispatch
method used in the SMS lifesavers project. In this implementation we
used exactly the same rule block as in the SMS lifesavers project (i.e., A-
A-D-A-A) and considered one exact cutoff time, as described to us by
researchers involved in the SMS lifesavers project. This implemented
version means that volunteers with travel times longer than the cutoff
time, who might have been given a task assignment in the historical
data, would be excluded from task assignment in our implementation.
Subsequently, after determining the task assignment for each volunteer
using the rule block, we calculated the patient survival chance in the
same way as for the SePTAD method (i.e., considering compliance,
noncompliance, and abort probabilities). This way, it was possible to
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Fig. 1. Analytical patient survivability for the SePTAD method and the original method.

Table 1

The comparative results for survivability of the SePTAD method and the original method.

Min Q1 Mean Median Q3 Max Standard Deviation
Difference in survivability —0.024 0.002 0.015 0.008 0.022 0.113 0.018
SePTAD method 0.001 0.038 0.182 0.125 0.29 0.672 0.167
Original method 0.001 0.03 0.167 0.108 0.262 0.664 0.162

guarantee that a fair comparison could be made.

We then compared the results from using the SePTAD method to the
results of the implementation of the original method. In the imple-
mentation of both the SePTAD method and the original method, we set
the cutoff time to 15 min, and ™™ and s™* to 15 min. While it might
have been preferable to set t"™ and s™* to the historical EMS arrival
time, we lacked this data. Setting it to some expected EMS arrival time is
another option, which we discuss as possible future research. The action
of task assignment plus dispatch was made for a maximum of 10 vol-
unteers in both methods.

Out of the 707 missions in the dataset, in 44 missions, no dispatch
was made, because none of the volunteers responded to the notifica-
tions. For the remaining of 663 missions, the comparative results are
presented in Fig. 1 and Table 1.

In Fig. 1, we illustrate the survivability values based on the survival
function (2) for both the SePTAD method and the original method,
sorted by an increasing survivability value for the original method. In 90
percent of the cases, the SePTAD method performs better compared to
the original method. In 4 percent of the cases, the original method
performs better than the SePTAD method, and in the remaining 6
percent of the cases, both methods perform equally well. When the
SePTAD method outperforms the original method, it results in at most a
0.113 higher survivability than for the original method. Whereas, when
the original method performs better than the SePTAD method, the best
survivability achieved by the original method is 0.024 higher. As indi-
cated in Table 1, the SePTAD method on average gets a 0.015 higher
survivability than the original method.

We present statistics from the results of the two methods in Table 1
(rows SePTAD method and Original method). To obtain the results for
the row “Difference in survivability of methods”, we first calculated the
difference in survivability obtained from each of the methods for each
case, and then calculated the statistic measures over all of those differ-
ences (e.g., mean difference in survivability over all cases). While the
values for minimum, maximum, and standard deviation do not differ

significantly between the two methods, values for first quantile (25
percent of the cases have a survivability lower than Q1), mean, median,
and third quantile (25 percent of the cases have a survivability higher
than Q3) clearly differ. To investigate whether the two methods are
statistically significantly different or not, we used the sign test for
matched pairs (Moore & McCabe, 1999) on the results. The output of the
test indicated that, with a confidence interval of 95 percent, the median
of the results of the SePTAD method, 0.125, is statistically significantly
higher than the median of the results of the original method, 0.107; P-
value < 2.2e-16, 95% confidence interval: [0.01, 0.013].

As already mentioned, to the best of our knowledge, no documented
and published data on time between volunteer arrival and start of CPR
or defibrillation (i.e., setup time) or AED pickup time is available.
However, to examine the effect of considering these times in the
outcome of both dispatch methods, we ran tests for both the SePTAD
method and the original method, including a delay of one minute, to
accommodate for picking up an AED and setting it up. We added this
constant value to the travel times of all volunteers via AEDs. As ex-
pected, when comparing the results with and without this delay, it is
evident that the survival chance in general decreases when the AED
pickup time is included, but it has an insignificant effect on the differ-
ence between the two methods. Even if the result is trivial, it highlights
the importance of the AED pickup time and the setup time, and how they
can negatively affect the patient survival chance.

7.2. Simulation results

As described in Section 5, we used simulation to evaluate the reli-
ability of results. For each case, we extracted descriptive statistics for the
results of the simulation, such as mean, median, and variance, and
compared them to the analytical results of the two methods. In Table 2,
we present comparative results from the simulation using the SePTAD
method and the original method.

Comparing the results presented in Table 2 and Table 1, it is evident
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Table 2

Computers & Industrial Engineering 159 (2021) 107515

The comparative simulated results between the SePTAD method and the original method.

Min Q1 Mean Median Q3 Max Standard Deviation
Difference in survivability —0.035 —0.001 0.007 0.005 0.013 0.09 0.014
SePTAD method 0.001 0.046 0.14 0.116 0.197 0.585 0.114
Original method 0.001 0.042 0.132 0.113 0.184 0.57 0.107
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Fig. 2. Simulated patient survivability for the SePTAD method and the original method.

that all measures for both methods and the difference in their surviv-
ability have lower values in the simulation. Furthermore, the difference
between the two methods has decreased. For instance, the mean of
difference in survivability has decreased by 0.008 (from 0.015 to 0.007
for analytical and simulation results, respectively). The percentage of
cases for which the SePTAD method has performed better than the
original method during the simulation is 71. This is a drop of 19 per-
centage units compared to the analytical results. In Fig. 2, we demon-
strate the results of the simulation for both methods, sorted increasingly
based on survivability values of the original method.

To check whether the simulation results of the two methods are
statistically significantly different or not, we used the sign test for
matched pairs for these results as well. With a confidence interval of 95
percent, the median of the results of simulation of the SePTAD method,
0.116, is statistically significantly higher than the median of the results
of the original method, 0.113; P-value < 2.2e-16, 95% confidence in-
terval: [0.005, 0.007].

To investigate how the analytical and simulation results relate to
each other, we calculated the correlation coefficient for each pair of
results (i.e., the SePTAD method vs. its simulation, and the original
method vs. its simulation). This coefficient for both pairs was about
0.97, indicating a positive and strong relationship between the results of
each method and its simulation.

8. Sensitivity analysis

In our analysis, we have set values for the EMS arrival time (t"* and
s™) as well as the cutoff time to 15 min and have used a single set of
probabilities (see Section 7.1). We have also used Euclidian distances
rather than route distances and have also assumed that no bystander is
present at the time of dispatches. In this section, we conduct sensitivity
analysis to see how changes in these values and assumptions affect the
results.

8.1. EMS arrival time

To investigate the effect of EMS arrival time on the patients’ sur-
vivability obtained from the two methods, we consider different values
for t" and s™*: {3, 5, 8, 10, 12, 15, 18, 20, 30, 40, 50}. In Table 3 and
Fig. 3, we present descriptive statistics for each of the tested EMS arrival
times. As can be seen in Fig. 3, both methods behave similarly. However,
looking at the difference in survivability between the two methods in
Table 3, the SePTAD method obtains better survival chances than the
original method regardless of EMS arrival time, with the best values
obtained for arrival times of 8-12 min. Also, when the SePTAD method
performs better than the original method, a higher survival difference is
obtained compared to when the original method outperforms the SeP-
TAD method (see columns “Min” and “Max”).

The results in Table 3 are obtained when the cutoff time is set to 15
min. To check whether different cutoff times will result in different
outcomes, we run the methods with cutoff times of 10 and 20 min as
well. However, for EMS arrival times above 18 min, almost no effect
from EMS can be seen. Thus, we compare the results of different cutoff
times only up to an EMS arrival time of 18 min. In Fig. 4, we show the
average difference in survivability for different cutoff times.

In Fig. 4, it is evident that a cutoff time of 10 min results in a larger
mean difference in survivability than the other two cutoff times. With
the increase in cutoff time, the difference between the two methods
seems to decrease. A possible explanation might be that with a cutoff
time of 10 min, the pool of volunteers eligible for task assignment is
smaller than that with a cutoff time of 15 or 20 min. Thus, using a
smarter dispatch method becomes more important, since the number of
resources is smaller. Regarding the survivability pattern for each of the
methods (Fig. 3) and the difference in survivability (Fig. 4) with respect
to different EMS arrival times, we note the following:

e When EMS have a very short arrival time (i.e., three minutes), the
dispatch method does not matter. With the early arrival of EMS, the
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Table 3
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Descriptive statistics for difference in survivability between the SePTAD method and the original method for different EMS arrival times and a cutoff time of 15 min.

EMS arrival time (minute) Min Q1 Mean Median Q3 Max Standard deviation
3 —0.003 0.000 0.007 0.000 0.005 0.069 0.014
5 —0.004 0.000 0.016 0.003 0.023 0.104 0.024
8 —0.025 0.000 0.019 0.008 0.030 0.111 0.024
10 —-0.011 0.000 0.017 0.009 0.028 0.119 0.021
12 —0.018 0.001 0.016 0.009 0.025 0.115 0.019
15 —0.024 0.002 0.015 0.008 0.022 0.113 0.018
18 —0.022 0.001 0.014 0.007 0.021 0.113 0.018
20 —0.030 0.001 0.014 0.007 0.020 0.113 0.018
30 —0.029 0.000 0.013 0.006 0.019 0.114 0.018
40 —0.029 0.000 0.013 0.006 0.018 0.114 0.018
50 —0.029 0.000 0.013 0.005 0.018 0.114 0.018
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Fig. 3. Survivability of the SePTAD method (left) and the original method (right) for different EMS arrival times and a cutoff time of 15 min.

patient quickly receives both CPR and defibrillation, and the sur-
vivability of the patient is therefore not dependent on the volunteers.
For longer EMS arrival times (i.e., 15 min and more), which for
example can happen in rural or suburban areas, the difference be-
tween the two methods decreases. This may be due to the fact that
the original method always dispatches the first two volunteers to
fetch an AED. Then, the SePTAD method has a good chance of
improving the survivability, if one of these volunteers can be dis-
patched directly to the patient to start CPR, and then the AED is
brought by an ambulance. The chance for this, decreases when the
EMS arrival time increases.

8.2. Probabilities

To obtain the results in Section 7, we used a fixed set of conditional
probabilities. In this section, we test both methods with different sets of
probabilities to see how the results will differ with respect to these
probabilities.

We start by investigating the full compliance case, that is, all vol-
unteers will do exactly as they are instructed without rejecting or doing
the alternative task, P(O*|A) =P(0P|D) = 1. As can be seen in Table 4,
the results for full compliance for both methods are better than when
both noncompliance and rejection probabilities exist. The improvement
for the SePTAD method is larger than for the original method though,
which shows that a dynamic dispatching method can be even more
beneficial under full compliance.

To perform the analysis on partial compliance, we keep one group of
conditional probabilities (i.e., conditioned on task A or D) fixed and
change the compliance and noncompliance probabilities for the other
group. We do not change the probabilities for reject because we are
interested in knowing how the reduction of noncompliance probabilities
can affect the survivability. Through education campaigns for instance,
it might be possible to motivate volunteers to be more compliant with
their task assignments, but it might be more difficult to convince them
not to reject a mission. In Fig. 5 we show the mean survivability for each
set of probabilities conditioned on task A (i.e., picking up an AED), while
the probabilities conditioned on task D are kept unchanged (e.g., at
P(OP|D) = 0.659). In this figure, probabilities are indicated for instance
as PAAO0.65 that is equivalent to P(04|A) = 0.65, and each data point
shows one combination of probabilities (i.e., compliance, noncompli-
ance, and reject for task A, in that order of appearance).

As we can see from Fig. 5, with the increase of compliance proba-
bility for task A, the survivability for both methods increases. However,
the improvement for the SePTAD method is larger than for the original
method.

The noncompliance probability for task D is already at a very low
value (0.048) so to further increase compliance probability for task D is
not especially interesting.

8.3. Survival function

The SePTAD method uses the survival function of Matinrad et al.
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Fig. 4. Mean difference in survivability between the SePTAD method and the original method for different cutoff times and EMS arrival times.

Table 4
Survivability for the SePTAD method and the original method for the full
compliance case and the original case (Baseline).

Full compliance Baseline

SePTAD Original Diff** SePTAD Original Diff**
Min 0.001 0.001 —0.095 0.001 0.001 —0.024
Q1 0.058 0.022 0 0.038 0.03 0.002
Mean 0.249 0.208 0.042 0.182 0.167 0.015
Median 0.201 0.123 0.006 0.125 0.108 0.008
Q3 0.417 0.362 0.058 0.29 0.262 0.022
Max 0.733 0.733 0.349 0.672 0.664 0.113
Std* 0.208 0.208 0.068 0.167 0.162 0.018

* Standard deviation; ** Difference in survivability of methods

(2019). To investigate the effect of survival function choice on the
outcome of both methods, we use two other survival functions from the
literature by Larsen et al. (1993) and Valenzuela et al. (1997) and pre-
sent the results of these tests in Table 5. The reason for choosing these
two functions is that both of them calculate the survival chance using the
same parameters as in Matinrad et al. (2019).

As we can see in Table 5, the survival function from Valenzuela et al.
(1997) gives slightly higher survival chances than the ones in Matinrad
et al. (2019), while Larsen et al. (1993) gives values close to Matinrad
et al. (2019) but overall lower. Nevertheless, it does not seem to matter
much which survival function is used in regards of the difference be-
tween the two methods; the SePTAD method always gives a better sur-
vivability than the original method.

8.4. Travel distance

As shown in previous studies, such as Deakin et al. (2018) and Fan
et al. (2020), the walking distances might be 1.3-2.4 times longer than
the Euclidian distances, which is used in both the SePTAD method and
the original method. Obstacles such as terrain or water (Smida et al.,
2020), which would mean longer travel times for volunteers, might

10

exist. Taking this into account may affect the task allocation, wherefore
we examine the effect of these types of longer route distances. In the
analytical method, we multiply the volunteers’ Euclidian distances
(both directly and via an AED) by a factor within the range of [1.3,2.4]
(see Table 6). As we can see in Table 6, by increasing the distance factor,
the difference between the two methods decreases, but the SePTAD
method still obtains better results than the original method. Increasing
the distance factor means that the volunteers have longer travel times,
and consequently, fewer volunteers would be below the cutoff time.
Therefore, the number of cases in which volunteers eligible for task
assignment exist reduces from 663 cases in the baseline scenario (i.e.,
the distance factor equals to one) to 527 cases for which a distance factor
of 2.4 is considered. This also means that those volunteers who are
dispatched have longer response times that are closer to the cutoff time.
With longer response times, the impact of the volunteers’ responses
becomes smaller, and therefore, the difference between the two methods
decreases.

8.5. Travel time model

As already noted, the survival chance of the patient, as well as the
difference between the two methods, decreased significantly when
simulating the outcome, as compared to the analytical results, as well as
when a travel distance factor was included. One possible reason for this
is the rough travel time estimation used when making the dispatch de-
cisions with the SePTAD method. In order to investigate the effect of the
travel time model when making dispatch decisions, we simply assume
that the travel time in the simulation will be exactly the same as in the
analytical model. Then we compare the analytical and the simulated
results.

As can be seen in Table 7, for both dispatch methods, the analytical
and the simulated results are very similar (both methods and their
respective simulations have a correlation coefficient of 0.99). This
means that if it is possible to find a better travel time model, which can
be used when making the dispatch decisions, it should be possible to
achieve the improvement given by the analytical results. Such a travel
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Fig. 5. Mean survivability for the SePTAD method and the original method with changing conditional probabilities for task A.

Table 5
Survivability of the SePTAD method and the original method with different survival functions.
Larsen et al. (1993) Valenzuela et al. (1997) Matinrad et al. (2019)
SePTAD Original Diff** SePTAD Original Diff#* SePTAD Original Diff**
Min 0 0 —0.007 0.032 0.032 —-0.013 0.001 0.001 —0.024
Q1 0.043 0.016 0.001 0.091 0.084 0.002 0.038 0.03 0.002
Mean 0.128 0.117 0.011 0.193 0.183 0.011 0.182 0.167 0.015
Median 0.128 0.116 0.005 0.178 0.167 0.007 0.125 0.108 0.008
Q3 0.203 0.195 0.013 0.276 0.264 0.016 0.29 0.262 0.022
Max 0.314 0.312 0.089 0.485 0.479 0.061 0.672 0.664 0.113
Std* 0.092 0.094 0.015 0.112 0.110 0.011 0.167 0.162 0.018

* Standard deviation; ** Difference in survivability of methods

Table 6

Descriptive statistics for the difference in survivability between the SePTAD method and the original method for different distance factors.
Distance factor Min Q1 Mean Median Q3 Max Standard deviation
1 (Baseline) —0.024 0.002 0.015 0.008 0.022 0.113 0.018
1.3 -0.017 0.001 0.012 0.006 0.018 0.109 0.016
1.6 —0.022 0.000 0.011 0.005 0.015 0.089 0.015
1.9 —0.017 0.000 0.010 0.004 0.013 0.092 0.015
2.1 —0.011 0.000 0.010 0.003 0.012 0.080 0.014
2.4 —-0.011 0.000 0.009 0.003 0.012 0.072 0.014

Table 7

Analytical and simulated survivability for both dispatch methods.

SePTAD method Original method
Analytical Simulation Diff** Analytical Simulation Diff**

Min 0.001 0.001 —0.050 0.001 0.001 —0.037
Q1 0.038 0.038 —0.002 0.031 0.031 —0.002
Mean 0.182 0.182 —8.95E-05 0.167 0.168 —0.001
Median 0.125 0.124 3.128E-05 0.108 0.109 —5.3E-05
Q3 0.289 0.295 0.002 0.262 0.267 0.002
Max 0.672 0.678 0.041 0.664 0.666 0.03
Std* 0.167 0.168 0.007 0.162 0.162 0.007

* Standard deviation; ** Difference in survivability between analytical and simulated results
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time model could take into account for example the road network as well
as buildings and other infrastructures including possible barriers.

8.6. Bystander CPR

When deciding the task assignment for volunteers, we assumed that
no bystander starts performing CPR. However, as already noted, in
about 48 percent of OHCA cases, CPR is started by bystanders (Ringh
et al., 2015). To study the effect of the presence of bystanders starting
CPR prior to the arrival of volunteers and/or EMS, and how it would
have affected the outcome of both methods if we considered a bystander
in the methods when making the task assignment, we includ a dummy
volunteer in each tested case. This dummy volunteer, representing a
bystander, performs CPR with a probability of 0.48 and does nothing
with a probability of 0.52. We also consider a fixed CPR start time of one
minute for the dummy volunteer, as no data on the potential start time of
bystander CPR exists in our data. With these assumptions, we ran both
the SePTAD method and the original method to get new task assign-
ments, followed by a simulation evaluation. In each simulation repli-
cation we randomly generated a bystander with a probability of 0.48.
Moreover, data on start time of bystander CPR in literature is insuffi-
cient. Therefore, using a uniform distribution, we randomly generated a
start time, assuming that it has a lower bound of 30 s and an upper
bound equal to the direct travel time of the closest volunteer. We
decided on this range so that it accommodates both bystanders who are
trained in CPR as well as those who potentially have difficulty following
a dispatcher’s instructions when performing CPR. The results of these
tests can be seen in Table 8.

Comparing the analytical results for both methods in Table 8 and
Table 1, considering a potential bystander results in higher survival
chance for the patient, as expected. We can see from Table 8 that the
SePTAD method both analytically and in the simulated results performs
better than the original method. Comparing the simulated results with
the analytical results for each method, we can see that including a
dummy volunteer at the time of task assignment leads to an over-
estimation of the survival chance, since the analytical results give higher
values than the simulated. As we can see from the last two rows in
Table 8, the advantage of the SePTAD method over the original method
is almost identical.

9. Discussion

When an OCHA case is reported to the call center, the SMS lifesavers
system is activated to notify the volunteers and dispatch a set of avail-
able ones. The number of available volunteers varies, and the system can
work with any available number of volunteers. Of course, in some cases,
no volunteers might be available at all. However, the goal with projects
such as SMS lifesavers is helping the main emergency response system
with achieving better survivability for patients, and not replacing the
main system. On the other hand, it might be argued that dispatch of
many volunteers to an OHCA case can be problematic on the scene of the
event. This is handled by restricting the number of volunteers that the

Table 8
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first notification is sent to, and because of the compliance uncertainties
(including possible mission aborts), in practice the number of volunteers
at the event site seldom becomes very large.

Some points regarding AED and OHCA cases are worth noting. While
each OHCA case would require one working AED, more than one
volunteer can be dispatched to pick up specific AEDs, or even the same
AED. Therefore, in a hypothetical scenario, more than one AED can be
brought to the patient, or a volunteer might arrive to an AED site from
where the AED has already been taken. However, because of the un-
certainties associated with compliance of volunteers, it is not possible to
know for certain whether any AED will reach the patient, which is why
multiple AED assignments are made, and why it is possible that two
volunteers get assigned to the same AED.

Detailed analytical results of the SePTAD method show that in 79
percent of dispatches, send to AED (A) is selected. There are multiple
reasons that can lead to this choice of task assignment. First, when
sending to AED, the CPR time will be set equal to the AED time, that is
s" =t", since the volunteer bringing the AED also can start CPR. Second,
the probabilities state that even if dispatched to AED, the chance is
almost as high that the volunteer will go directly to patient instead.
Thus, more volunteers must be sent to AEDs in order to increase the final
probability of AED delivery.

When comparing the simulation and analytical results, we observe a
drop in performance dominance of the SePTAD method in simulation
results, but in most cases the SePTAD method performs better. In the
best case, this has led to a survivability increase of 0.09 compared to the
original method, which can result in potential life savings.

It is a relevant question whether the use of the SePTAD method
instead of the original method would be meaningful in reality, when the
calculated improvement in survivability seems rather small (see Table 1
and Table 2). If we consider the mean of difference in survivability (see
Table 1), the additional number of people that could be expected to
survive an OHCA, using the SePTAD method instead of the original
method, would be 10, for the 663 studied cases. Given that the 663 cases
were for a period of about four months, this would translate to 30 more
saved lives per year in Sweden using a non-static dispatch method.
Calculating the same numbers for simulated results (see Table 2), this
number would be 5 for the 663 studied cases and period of almost four
months, which corresponds to 15 more saved lives per year in Sweden
using a non-static method. However, these numbers are as estimated by
the survival function (2). Thus, it does not prove that it would improve
the survivability for real patients, if implemented in the ongoing SMS
lifesavers project. In order to test that, a randomized trial would have to
be performed, with volunteers being dispatched to real cases using the
original method in 50 percent of the cases and the SePTAD method in the
others. However, since the survival function is developed to estimate
OHCA survivability, and the improvement occurs, it is highly likely that
the SePTAD method would improve the average survival chance also in
a practical implementation. Moreover, as we have excluded potential
initiation of CPR by bystanders from the model and task assignment
methods, the analytical results obtained from both dispatch methods can
to some extent be considered as worst-case scenarios for the patients’

Analytical and simulated survivability for both dispatch methods considering bystanders.

Min Q1 Mean Median Q3 Max Standard deviation
SePTAD method Analytical 0.070 0.115 0.259 0.231 0.368 0.674 0.154
Simulation 0.020 0.104 0.252 0.218 0.374 0.673 0.164
Diff* —0.054 —0.007 0.007 0.005 0.020 0.063 0.020
Original method Analytical 0.070 0.111 0.246 0.214 0.352 0.666 0.149
Simulation 0.019 0.099 0.240 0.207 0.357 0.679 0.159
Diff* —0.062 —0.007 0.006 0.005 0.019 0.063 0.019
AnalDiff** —0.030 0.002 0.013 0.008 0.019 0.095 0.016
SimDiff*** —0.053 0.001 0.013 0.009 0.020 0.103 0.020
* Difference in survivability between analytical and simulated results; ** Difference between both methods in analytical survivability; *** Difference between both

methods in simulated survivability
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survival chance.
10. Conclusion and future research

To investigate whether dynamic modeling of dispatch of volunteers
can improve the survivability of OHCA patients, we develop a sequen-
tial, probabilistic method. We incorporate a survivability function and
consider uncertainty in volunteer task compliance in this method.
Compared to the dispatch method used in the SMS lifesavers project in
Sweden, we show that the new method performs better in most cases.
Considering the relatively small difference when the method performs
worse, and the significant improvement when the method performs
better, we can conclude that using a non-static dispatch method most
likely would provide OHCA patients a better overall survival chance.
The proposed method can also be used as a component in emergency
resource management systems to dynamically handle volunteers.

In the proposed method we consider one type of uncertainty, asso-
ciated with the task compliance of the volunteers. However, more un-
certain elements related to this problem exist. In this paper, we consider
some of those uncertain elements, such as travel times of volunteers,
pickup time for AEDs, functionality of AEDs, and AEDs availability, as
deterministic. Thus, a step forward in continuation of this study can be
to include these uncertainties in the dispatch modeling. Also, if enough
data exists, the performance of individual volunteers in previous mis-
sions (i.e., the likelihood of each volunteer complying with the assigned
task over time and different cases), as well as their capabilities, can be
measured, and they can be ranked accordingly. Consideration of these
rankings in the task assignment and dispatch decisions can then be
another future step.

It is reasonable to consider that there is correlation between the
distance of a volunteer to the patient and the probability to abort.
Consequently, besides the types of the task assigned to volunteers, the
distances can have an impact on the probabilities of compliance,
noncompliance, and abort. Therefore, modeling of compliance,
noncompliance, and abort probabilities depending on the distances of
volunteers and patients and volunteers via an AED, in addition to the
types of assigned task, can be another future step.

To include estimates of the EMS arrival time in the dispatch method,
for example based on historical response or ambulance station locations,
or even real time ambulance dispatches is another possibility for further
improvement of the dispatch methods. It is important to note though
that these estimates also are uncertain (especially the ones based on
historical data).

We show that some of the possible benefits of having an optimized
dispatch method is lost if the real travel times for the volunteers differ
from the estimates used when making the dispatch decision. Thus, the
travel time estimation should be improved, if possible. One way to do
this is to include more information (e.g. about the road network, the
volunteer’s position and altitude, the possibility to use a vehicle, barriers
or obstacles, etc.) in the travel time modeling.

There is a possibility that more than one OHCA case might occur
around the same time and geographical location. The way volunteers
would be dispatched to these cases would be on a first-come-first-served
base; volunteers would be notified and dispatched to the first case that
arrived at the call center, and then possibly to the second case. Here,
there is room for further research, on how to dispatch volunteers when
there are multiple active cases.

CRediT authorship contribution statement

Niki Matinrad: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Project administration, Software, Valida-
tion, Visualization, Writing - original draft, Writing - review & editing.
Tobias Andersson Granberg: Conceptualization, Funding acquisition,
Methodology, Resources, Supervision, Validation, Writing - original
draft, Writing - review & editing. Vangelis Angelakis:

13

Computers & Industrial Engineering 159 (2021) 107515

Conceptualization, Methodology, Resources, Writing - original draft,
Writing - review & editing.

Data availability statement

The authors do not have permission to share the data.

Funding details

This work was funded by the Swedish civil contingencies agency
(MSB), through the research program Managing the incident site of the
future (MIST), which is managed by the Center for advanced research in
emergency response (CARER, n.d.).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors kindly thank Mattias Ringh, Ellinor Berglund, Martin
Jonsson, and the rest of the staff involved in the project SMS lifesavers
(in Swedish: SMSlivraddare) for kindly sharing knowledge and data. The
authors are grateful to the editor-in-chief of the journal and the anon-
ymous reviewers for their valuable comments.

References

Andelius, L., Malta Hansen, C., Lippert, F. K., Karlsson, L., Torp-Pedersen, C., Kjar
Ersbgll, A., Kgber, L., Collatz Christensen, H., Blomberg, S. N., Gislason, G. H., &
Folke, F. (2020). Smartphone Activation of Citizen Responders to Facilitate
Defibrillation in Out-of-Hospital Cardiac Arrest. Journal of the American College of
Cardiology, 76(1), 43-53. https://doi.org/10.1016/j.jacc.2020.04.073

Andelius, L., Oving, L., Folke, F., de Graaf, C., Stieglis, R., Kjoelbye, J. S., Hansen, C. M.,
Koster, R. W., L Tan, H., & Blom, M. T. (2021). Management of first responder
programmes for out-of-hospital cardiac arrest during the COVID-19 pandemic in
Europe. Resuscitation Plus, 5(November), 100075. https://doi.org/10.1016/j.
resplu.2020.100075.

Andersson, T., & Varbrand, P. (2007). Decision support tools for ambulance dispatch and
relocation. Journal of the Operational Research Society, 58(2), 195-201. https://doi.
org/10.1057/palgrave.jors.2602174

Auferbauer, D., Ganhor, R., Tellioglu, H., & Pielorz, J. (2016). Crowdtasking: Field Study
on a Crowdsourcing Solution for Practitioners in Crisis Management. Proceedings of
the ISCRAM 2016 Conference.

Berglund, E., Claesson, A., Nordberg, P., Djarv, T., Lundgren, P., Folke, F., Forsberg, S.,
Riva, G., & Ringh, M. (2018). A smartphone application for dispatch of lay
responders to out-of-hospital cardiac arrests. Resuscitation, 126(January), 160-165.
https://doi.org/10.1016/j.resuscitation.2018.01.039

Bonnet, B., Gama Dessavre, D., Kraus, K., & Ramirez-Marquez, J. E. (2015). Optimal
placement of public-access AEDs in urban environments. Computers and Industrial
Engineering, 90, 269-280. https://doi.org/10.1016/j.cie.2015.09.012

Capucci, A., Aschieri, D., Guerra, F., Pelizzoni, V., Nani, S., Villani, G. Q., & Bardy, G. H.
(2016). Community-based automated external defibrillator only resuscitation for
out-of-hospital cardiac arrest patients. American Heart Journal, 172, 192-200.
https://doi.org/10.1016/j.ahj.2015.10.018

Caputo, M. L., Muschietti, S., Burkart, R., Benvenuti, C., Conte, G., Regoli, F., Mauri, R.,
Klersy, C., Moccetti, T., & Auricchio, A. (2017). Lay persons alerted by mobile
application system initiate earlier cardio-pulmonary resuscitation: A comparison
with SMS-based system notification. Resuscitation, 114, 73-78. https://doi.org/
10.1016/j.resuscitation.2017.03.003

CARER. (n.d.). Retrieved April 22, 2020, from www.liu.se/forskning/carer.

Chan, T. C. Y., Demirtas, D., & Kwon, R. H. (2016). Optimizing the deployment of public
access defibrillators. Management Science, 62(12), 3617-3635. https://doi.org/
10.1287/mnsc.2015.2312

Culley, L. L., Rea, T. D., Murray, J. A., Welles, B., Fahrenbruch, C. E., Olsufka, M.,
Eisenberg, M. S., & Copass, M. K. (2004). Public Access Defibrillation in Out-of-
Hospital Cardiac Arrest: A Community-Based Study. Circulation, 109(15),
1859-1863. https://doi.org/10.1161/01.CIR.0000124721.83385.B2

Cummins, R., Ornato, J. P., Thies, W. H., Pepe, P. E., Billi, J. E., Seidel, J., Jaffe, A. S.,
Flint, L. S., Goldstein, S., Abramson, N. S., Brown, C., Chandra, N. C., Gonzalez, E. R.,
Newell, L., Stults, K. R., & Membrino, G. E. (1991). AIL4 Medical / Scientific
Statement Improving Survival From Sudden Cardiac Arrest : The “ Chain of Survival
” Concept of SURVIVAL. Circulation, 83, 1832-1847. https://doi.org/10.1161/01.
CIR.83.5.1832


https://doi.org/10.1016/j.jacc.2020.04.073
https://doi.org/10.1057/palgrave.jors.2602174
https://doi.org/10.1057/palgrave.jors.2602174
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0020
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0020
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0020
https://doi.org/10.1016/j.resuscitation.2018.01.039
https://doi.org/10.1016/j.cie.2015.09.012
https://doi.org/10.1016/j.ahj.2015.10.018
https://doi.org/10.1016/j.resuscitation.2017.03.003
https://doi.org/10.1016/j.resuscitation.2017.03.003
https://doi.org/10.1287/mnsc.2015.2312
https://doi.org/10.1287/mnsc.2015.2312
https://doi.org/10.1161/01.CIR.0000124721.83385.B2
https://doi.org/10.1161/01.CIR.83.5.1832
https://doi.org/10.1161/01.CIR.83.5.1832

N. Matinrad et al.

Daniel, W. W. (1995). Biostatistics : a foundation for analysis in the health sciences. (6.
ed.). Wiley. https://login.e.bibl.liu.se/login?url=https://search.ebscohost.com/
login.aspx?direct=true&AuthType=ip,
uid&db=cat00115a&AN=lkp.228209&lang=sv&site=eds-live&scope=site.

Deakin, C. D., Anfield, S., & Hodgetts, G. A. (2018). Underutilisation of public access
defibrillation is related to retrieval distance and time-dependent availability. Heart,
104(16), 1339-1343. https://doi.org/10.1136/heartjnl-2018-312998

Earl, C. P., Parker, E. A., & Capra, M. F. (2005). Volunteers in public health and
emergency management at outdoor music festivals (Part 2): A European study.
Australian Journal of Emergency Management, 20(1), 31-37.

Earl, C., Stoneham, M., & Capra, M. (2003). Volunteers in Emergency Management at
Outdoor Music Festivals. The Australian Journal of Emergency Management, 18(4),
18-24.

Enayati, S., Ozaltin, O. Y., Mayorga, M. E., & Saydam, C. (2018). Ambulance
redeployment and dispatching under uncertainty with personnel workload
limitations. IISE Transactions, 50(9), 777-788. https://doi.org/10.1080/
24725854.2018.1446105

Erkut, E., Ingolfsson, A., & Erdogan, G. (2008). Ambulance Location for Maximum
Survival. Naval Research Logistics, 55(1), 42-58. https://doi.org/10.1002/nav

Falasca, M., & Zobel, C. (2012). An optimization model for volunteer assignments in
humanitarian organizations. Socio-Economic Planning Sciences, 46(4), 250-260.
https://doi.org/10.1016/j.seps.2012.07.003

Fan, M., Fan, K. L., & Leung, L. P. (2020). Walking Route-Based Calculation is
Recommended for Optimizing Deployment of Publicly Accessible Defibrillators in
Urban Cities. Journal of the American Heart Association, 9(2), 1-6. https://doi.org/
10.1161/JAHA.119.014398

Groeneveld, P. W., & Owens, D. K. (2005). Cost-effectiveness of training unselected
laypersons in cardiopulmonary resuscitation and defibrillation. American Journal of
Medicine, 118(1), 58-67. https://doi.org/10.1016/j.amjmed.2004.08.014

Groh, W. J., Birnbaum, A., Barry, A., Anton, A., Mann, N. C., Peberdy, M. A.,
Vijayaraghavan, K., Powell, J., & Mosesso, V. N. (2007). Characteristics of volunteers
responding to emergencies in the Public Access Defibrillation Trial. Resuscitation, 72
(2), 193-199. https://doi.org/10.1016/j.resuscitation.2006.06.036

Hall, P. (1995). The bootstrap and Edgeworth expansion. ([New ed.]). Springer. https://
login.e.bibl.liu.se/login?url=https://search.ebscohost.com/login.aspx?
direct=true&AuthType=ip,
uid&db=cat00115a&AN=Ilkp.229680&lang=sv&site=eds-live&scope=site.

Havlik, D., Pielorz, J., & Widera, A. (2016). “Interaction with citizens” Experiments:
From context-aware alerting to crowdtasking. Proceedings of the International
ISCRAM Conference.

Herlitz, J., Ekstrom, L., Wennerblom, B., Axelsson, A., Bang, A., & Holmberg, S. (1994).
Effect of bystander initiated cardiopulmonary resuscitation on ventricular
fibrillation and survival after witnessed cardiac arrest outside hospital. British Heart
Journal, 72(5), 408-412.

Hoad, K., Robinson, S., & Davies, R. (2010). Automated selection of the number of
replications for a discrete-event simulation. Journal of the Operational Research
Society, 61(11), 1632-1644. https://doi.org/10.1057/jors.2009.121

Jaeger, P. T., Shneiderman, B., Fleischmann, K. R., Preece, J., Qu, Y., & Fei Wu, P.
(2007). Community response grids: E-government, social networks, and effective
emergency management. Telecommunications Policy, 31(10-11), 592-604. https://
doi.org/10.1016/j.telpol.2007.07.008.

Jagtenberg, C. J., van den Berg, P. L., & van der Mei, R. D. (2017). Benchmarking online
dispatch algorithms for Emergency Medical Services. European Journal of Operational
Research, 258(2), 715-725. https://doi.org/10.1016/j.ejor.2016.08.061

Khalemsky, M., & Schwartz, D. G. (2017). Emergency Response Community
Effectiveness: A simulation modeler for comparing Emergency Medical Services with
smartphone-based Samaritan response. Decision Support Systems, 102, 57-68.
https://doi.org/10.1016/j.dss.2017.07.003

Larsen, M. P., Eisenberg, M. S., Cummins, R. O., & Hallstrom, A. P. (1993). Predicting
survival from out-of-hospital cardiac arrest: A graphic model. Annals of Emergency
Medicine, 22(11), 1652-1658.

Lassiter, K., Khademi, A., & Taaffe, K. M. (2015). A robust optimization approach to
volunteer management in humanitarian crises. International Journal of Production
Economics, 163, 97-111. https://doi.org/10.1016/].ijpe.2015.02.018

Lee, C. T., Lee, Y. C., & Chen, A. Y. (2019). In-building automated external defibrillator
location planning and assessment through building information models. Automation
in Construction, 106(June), Article 102883. https://doi.org/10.1016/j.
autcon.2019.102883

Liu, S. B. (2014). Crisis Crowdsourcing Framework: Designing Strategic Configurations of
Crowdsourcing for the Emergency Management Domain. Computer Supported
Cooperative Work: CSCW: An International Journal, 23(4-6), 389-443. https://doi.
org/10.1007/510606-014-9204-3

Lurie, K. G., Nemergut, E. C., Yannopoulos, D., & Sweeney, M. (2016). The Physiology of
Cardiopulmonary Resuscitation. Anesthesia & Analgesia, 122(3), 767-783. https://
doi.org/10.1213/ANE.0000000000000926

Matinrad, N., Granberg, T. A., Ennab Vogel, N., & Angelakis, V. (2019). Optimal Dispatch
of Volunteers to Out-of-hospital Cardiac Arrest Patients. Proceedings of the Annual
Hawaii International Conference on System Sciences, 6, 4088-4097. https://doi.org/
10.24251/HICSS.2019.496

Mclay, L. A., & Mayorga, M. E. (2013). A model for optimally dispatching ambulances to
emergency calls with classification errors in patient priorities. IIE Transactions, 45
(1), 1-24. https://doi.org/10.1080/0740817X.2012.665200

McLennan, B., Whittaker, J., & Handmer, J. (2016). The changing landscape of disaster
volunteering: Opportunities, responses and gaps in Australia. Natural Hazards, 84(3),
2031-2048. https://doi.org/10.1007/s11069-016-2532-5

14

Computers & Industrial Engineering 159 (2021) 107515

Metelmann, C., Metelmann, B., Kohnen, D., Brinkrolf, P., Andelius, L., Bottiger, B. W.,
Burkart, R., Hahnenkamp, K., Krammel, M., Marks, T., Miiller, M. P., Prasse, S.,
Stieglis, R., Strickmann, B., & Thies, K. C. (2021). Smartphone-based dispatch of
community first responders to out-of-hospital cardiac arrest - statements from an
international consensus conference. Scandinavian Journal of Trauma, Resuscitation
and Emergency Medicine, 29(1), 1-9. https://doi.org/10.1186/513049-021-00841-1

Missing People Sweden. (n.d.). Retrieved March 12, 2020, from http://missingpeople.se/

Moore, D. S., & McCabe, G. P. (1999). Introduction to the Practice of Statistics. Freeman and
Company: In W. H.

Nehme, Z., Andrew, E., Bernard, S., Haskins, B., & Smith, K. (2019). Trends in survival
from out-of-hospital cardiac arrests defibrillated by paramedics, first responders and
bystanders. Resuscitation, 143, 85-91.

Neubauer, G., Nowak, A., Jager, B., Kloyber, C., Flachberger, C., Foitik, G., & Schimak, G.
(2013). Crowdtasking - A New Concept for Volunteer Management in Disaster Relief.
IFIP Advances in Information and Communication Technology, 413, 345-356. https://
doi.org/10.1007/978-3-642-41151-9_33

Nolan, J. P., Maconochie, I., Soar, J., Olasveengen, T. M., Greif, R., Wyckoff, M. H.,
Singletary, E. M., Aickin, R., Berg, K. M., Mancini, M. E., Bhanji, F., Wyllie, J.,
Zideman, D., Neumar, R. W., Perkins, G. D., Castrén, M., Morley, P. T., Montgomery,
W. H., Nadkarni, V. M., ... Hazinski, M. F. (2020). Executive Summary: 2020
International Consensus on Cardiopulmonary Resuscitation and Emergency
Cardiovascular Care Science With Treatment Recommendations. Circulation, 142
(16 1), S2-S27. https://doi.org/10.1161/CIR.0000000000000890.

Oving, 1., Masterson, S., Tjelmeland, I. B. M., Jonsson, M., Semeraro, F., Ringh, M.,
Truhlar, A., Cimpoesu, D., Folke, F., Beesems, S. G., et al. (2019). First-response
treatment after out-of-hospital cardiac arrest: A survey of current practices across 29
countries in Europe. Scandinavian Journal of Trauma, Resuscitation and Emergency
Medicine, 27(1), 112.

Pijls, R. W. M., Nelemans, P. J., Rahel, B. M., & Gorgels, A. P. M. (2016). A text message
alert system for trained volunteers improves out-of-hospital cardiac arrest survival.
Resuscitation, 105, 182-187. https://doi.org/10.1016/j.resuscitation.2016.06.006

Ramsell, E., Pilemalm, S., & Granberg, T. A. (2017). Using Volunteers for Emergency
Response in Rural Areas — Network Collaboration Factors and IT support in the Case
of Enhanced Neighbors. 14th International Conference on Information Systems for
Crisis Response and Management (ISCRAM 2017), 985-995.

Ringh, M., Fredman, D., Nordberg, P., Stark, T., & Hollenberg, J. (2011). Mobile phone
technology identifies and recruits trained citizens to perform CPR on out-of-hospital
cardiac arrest victims prior to ambulance arrival. Resuscitation, 82(12), 1514-1518.
https://doi.org/10.1016/j.resuscitation.2011.07.033

Ringh, M., Rosenqvist, M., Hollenberg, J., Jonsson, M., Fredman, D., Nordberg, P.,
Jarnbert-Pettersson, H., Hasselqvist-Ax, 1., Riva, G., & Svensson, L. (2015). Mobile-
Phone Dispatch of Laypersons for CPR in Out-of-Hospital Cardiac Arrest. New
England Journal of Medicine, 372(24), 2316-2325. https://doi.org/10.1056/
NEJMoal406038

Romano, M., Onorati, T., Diaz, P., & Aedo, I. (2014). Improving emergency response:
Citizens performing actions. In ISCRAM 2014 Conference Proceedings - 11th
International Conference on Information Systems for Crisis Response and Management
(pp. 170-174).

Schonbock, J., Raab, M., Altmann, J., Kapsammer, E., Kusel, A., Proll, B.,
Retschitzegger, W., & Schwinger, W. (2016). A survey on volunteer management
systems. In Proceedings of the Annual Hawaii International Conference on System
Sciences. https://doi.org/10.1109/HICSS.2016.100

Scquizzato, T., Pallanch, O., Belletti, A., Frontera, A., Cabrini, L., Zangrillo, A., &
Landoni, G. (2020). Enhancing citizens response to out-of-hospital cardiac arrest: A
systematic review of mobile-phone systems to alert citizens as first responders.
Resuscitation, 152(May), 16-25. https://doi.org/10.1016/j.
resuscitation.2020.05.006

Semeraro, F., Greif, R., Bottiger, B. W., Burkart, R., Cimpoesu, D., Georgiou, M., Yeung,
J., Lippert, F., S Lockey, A., Olasveengen, T. M., Ristagno, G., Schlieber, J.,
Schnaubelt, S., Scapigliati, A., & G Monsieurs, K. (2021). European Resuscitation
Council Guidelines 2021: Systems saving lives. Resuscitation, 161, 80-97. https://
doi.org/10.1016/j.resuscitation.2021.02.008.

Smida, T., Willson, C., Salerno, J., Weiss, L., & Salcido, D. D. (2020). Can you get there
from here ? An analysis of walkability among PulsePoint CPR alert dispatches.
Resuscitation, 148(December 2019), 135-139. https://doi.org/10.1016/j.
resuscitation.2019.12.038.

SMS lifesavers. (n.d.). Retrieved March 15, 2020, from https://www.smslivraddare.se/.

Stroop, R., Kerner, T., Strickmann, B., & Hensel, M. (2020). Mobile phone-based alerting
of CPR-trained volunteers simultaneously with the ambulance can reduce the
resuscitation-free interval and improve outcome after out-of-hospital cardiac arrest:
A German, population-based cohort study. Resuscitation, 147(March 2019), 57-64.
https://doi.org/10.1016/j.resuscitation.2019.12.012.

Sun, J. H., & Wallis, L. A. (2012). The emergency first aid responder system model: Using
community members to assist life-threatening emergencies in violent, developing
areas of need. Emergency Medicine Journal, 29(8), 673-678. https://doi.org/
10.1136/emermed-2011-200271

Tsai, Y. S., Ko, P. C. I, Huang, C. Y., & Wen, T. H. (2012). Optimizing locations for the
installation of automated external defibrillators (AEDs) in urban public streets
through the use of spatial and temporal weighting schemes. Applied Geography, 35
(1-2), 394-404. https://doi.org/10.1016/j.apgeog.2012.09.002

Valenzuela, T. D., Roe, D. J., Cretin, S., Spaite, D. W., & Larsen, M. P. (1997). Estimating
effectiveness of cardiac arrest interventions: A logistic regression survival model.
Circulation, 96(10), 3308-3313.

Valenzuela, T. D., Roe, D. J., Nichol, G., Clark, L. L., Spaite, D. W., & Hardman, R. G.
(2000). Outcomes of Rapid Defibrillation by Security Officers after Cardiac Arrest in


https://doi.org/10.1136/heartjnl-2018-312998
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0075
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0075
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0075
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0080
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0080
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0080
https://doi.org/10.1080/24725854.2018.1446105
https://doi.org/10.1080/24725854.2018.1446105
https://doi.org/10.1002/nav
https://doi.org/10.1016/j.seps.2012.07.003
https://doi.org/10.1161/JAHA.119.014398
https://doi.org/10.1161/JAHA.119.014398
https://doi.org/10.1016/j.amjmed.2004.08.014
https://doi.org/10.1016/j.resuscitation.2006.06.036
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0120
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0120
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0120
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0125
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0125
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0125
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0125
https://doi.org/10.1057/jors.2009.121
https://doi.org/10.1016/j.ejor.2016.08.061
https://doi.org/10.1016/j.dss.2017.07.003
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0150
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0150
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0150
https://doi.org/10.1016/j.ijpe.2015.02.018
https://doi.org/10.1016/j.autcon.2019.102883
https://doi.org/10.1016/j.autcon.2019.102883
https://doi.org/10.1007/s10606-014-9204-3
https://doi.org/10.1007/s10606-014-9204-3
https://doi.org/10.1213/ANE.0000000000000926
https://doi.org/10.1213/ANE.0000000000000926
https://doi.org/10.24251/HICSS.2019.496
https://doi.org/10.24251/HICSS.2019.496
https://doi.org/10.1080/0740817X.2012.665200
https://doi.org/10.1007/s11069-016-2532-5
https://doi.org/10.1186/s13049-021-00841-1
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0200
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0200
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0205
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0205
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0205
https://doi.org/10.1007/978-3-642-41151-9_33
https://doi.org/10.1007/978-3-642-41151-9_33
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0220
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0220
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0220
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0220
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0220
https://doi.org/10.1016/j.resuscitation.2016.06.006
https://doi.org/10.1016/j.resuscitation.2011.07.033
https://doi.org/10.1056/NEJMoa1406038
https://doi.org/10.1056/NEJMoa1406038
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0245
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0245
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0245
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0245
https://doi.org/10.1109/HICSS.2016.100
https://doi.org/10.1016/j.resuscitation.2020.05.006
https://doi.org/10.1016/j.resuscitation.2020.05.006
https://doi.org/10.1136/emermed-2011-200271
https://doi.org/10.1136/emermed-2011-200271
https://doi.org/10.1016/j.apgeog.2012.09.002
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0290
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0290
http://refhub.elsevier.com/S0360-8352(21)00419-8/h0290

N. Matinrad et al.

Casinos. New England Journal of Medicine, 343(17), 1206-1209. https://doi.org/
10.1056/NEJM200010263431701

Waalewijn, R. A., De Vos, R., Tijssen, J. G. P., & Koster, R. W. (2001). Survival models for
out-of-hospital cardiopulmonary resuscitation from the perspectives of the
bystander, the first responder, and the paramedic. Resuscitation, 51(2), 113-122.
https://doi.org/10.1016/50300-9572(01)00407-5

Yousefi Mojir, K., & Pilemalm, S. (2016). Actor-centred emergency response systems: A
framework for needs analysis and information systems development. International
Journal of Emergency Management, 12(4), 403-434. https://doi.org/10.1504/
1JEM.2016.079844

15

Computers & Industrial Engineering 159 (2021) 107515

Yu, L., Yang, H., Miao, L., & Zhang, C. (2019). Rollout algorithms for resource allocation
in humanitarian logistics. IISE Transactions, 51(8), 887-909. https://doi.org/
10.1080/24725854.2017.1417655

Zijlstra, J. A., Beesems, S. G., De Haan, R. J., & Koster, R. W. (2015). Psychological
impact on dispatched local lay rescuers performing bystander cardiopulmonary
resuscitation. Resuscitation, 92, 115-121. https://doi.org/10.1016/j.
resuscitation.2015.04.028

Zijlstra, J. A., Stieglis, R., Riedijk, F., Smeekes, M., van der Worp, W. E., & Koster, R. W.
(2014). Local lay rescuers with AEDs, alerted by text messages, contribute to early
defibrillation in a Dutch out-of-hospital cardiac arrest dispatch system. Resuscitation,
85(11), 1444-1449. https://doi.org/10.1016/j.resuscitation.2014.07.020


https://doi.org/10.1056/NEJM200010263431701
https://doi.org/10.1056/NEJM200010263431701
https://doi.org/10.1016/S0300-9572(01)00407-5
https://doi.org/10.1504/IJEM.2016.079844
https://doi.org/10.1504/IJEM.2016.079844
https://doi.org/10.1080/24725854.2017.1417655
https://doi.org/10.1080/24725854.2017.1417655
https://doi.org/10.1016/j.resuscitation.2015.04.028
https://doi.org/10.1016/j.resuscitation.2015.04.028
https://doi.org/10.1016/j.resuscitation.2014.07.020

	Modeling uncertain task compliance in dispatch of volunteers to out-of-hospital cardiac arrest patients
	1 Introduction
	2 Related work
	3 Problem description
	3.1 Problem assumptions and statement
	3.2 Problem notation and preliminaries

	4 Sequential probabilistic task assignment and dispatch method
	5 Simulation evaluation
	5.1 Main simulation model
	5.2 Travel time simulation

	6 Input data
	6.1 Travel times
	6.2 Task compliance probabilities
	6.3 Determining the number of replications for the simulation

	7 Computational results
	7.1 Analytical results
	7.2 Simulation results

	8 Sensitivity analysis
	8.1 EMS arrival time
	8.2 Probabilities
	8.3 Survival function
	8.4 Travel distance
	8.5 Travel time model
	8.6 Bystander CPR

	9 Discussion
	10 Conclusion and future research
	CRediT authorship contribution statement
	Data availability statement
	Funding details
	Declaration of Competing Interest
	Acknowledgements
	References


