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Abstract

The study aims to improve average emergency vehicle (EV) response times by proactively
avoiding pre-emption conflicts by integrating emergency vehicle signal pre-emption (EVSP)
and route selection. Pre-emption in this work means to anticipate an emergency vehicle
approaching a signalled intersection, and attempting to ensure it is provided with right of
way. While literature highlights the success of EVSP strategies, particularly when integrated
with route selection, few strategies consider pre-emption conflicts that can cause delays to
EVs. An EVSP and route selection strategy capable of proactively avoiding pre-emption
conflicts was subsequently proposed in this study. Using simulation modelling, the two
strategies were compared in a series of carefully constructed experimental runs. To test
the robustness of the proposed strategy, each experimental run was configured according
to a unique combination of variables. It was empirically observed that, while not robust
against these variables, the proposed strategy could perform equally well or better than the
reference strategy (when considering average EV response times) in most instances. This
indicates that an EVSP and route selection strategy capable of proactively anticipating and
attempting to avoid pre-emption conflicts is a promising approach to reducing the response
times of EVs.
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1 Introduction

An increasing number of individuals are moving to urban areas around the world, with
more than 6.3 billion people expected to live in urban areas by 2050 ([1]; [2]). While
urbanisation has numerous benefits, it comes with drawbacks [1]. According to the Orga-
nization for Economic Cooperation and Development (OECD) and European Commission
[3], Lawrence [4], Kodire et al. [5], and Shelke et al. [6], one particular drawback is the
fact that urbanisation typically causes overwhelming of road infrastructure, due to large
numbers of vehicles present in cities. This, in turn, leads to traffic congestion and delays on
urban roads. These congested roads could hinder the ability of emergency vehicles (EVs),
such as ambulances, police cars, and fire trucks, to reach their destinations as quickly
as possible. Bieker-Walz & Behrisch [7], Mu et al. [8] and Su et al. [9] state that the
presence of traffic congestion makes it challenging for EVs to arrive at their destinations
in a fast and safe manner. Oza & Chantem [10] agree with this statement, mentioning
that it negatively impacts the “timely deployment of emergency response systems”.

EVs must have minimal response times, as this enhances the possibility of saving lives
([11]; [6]) and property ([12]; [13]; [14]). While EVs typically use sirens and light bars to
notify non-emergency vehicles (non-EVs) that they are approaching and on their way to
an emergency [14], this does not guarantee that the path of an EV remains unobstructed.
Qin & Khan [15] mention that non-EVs sometimes cannot move out of the way to allow
an approaching EV to pass. This can occur at signalled intersections in some urban areas,
where street-side parking limits the space available to non-EVs when attempting to let
an EV pass. According to Shelke et al. [6] and Wang et al. [16], long stagnant vehicular
queues are common on urban roads. When waiting at a red traffic light, these stagnant
queues can block approaching EVs ([7]; [6]), preventing them from traversing the signalled
intersection in the shortest time possible. In cases where an EV can pass a queue of non-
EVs ahead of a signalled intersection, the EV still faces the risk of being involved in an
accident when running the red light. According to Bieker-Walz & Behrisch [7], EVs are
eight times more likely to be involved in accidents than non-EVs. Both [7] and Petrica et
al. [17] state that the majority of EV-related accidents occur when EVs run red lights,
even though their light bars and sirens are activated.

EVSP strategies are used to address EV delays at signalled intersections ([19]; [20]; [8]) —
being some of the most successful approaches in doing so [17]. EVSP strategies provide
EVs with right-of-way at signalled intersections by switching the signal green in their
favour [18]. Doing so ensures that an EV has a green wave en route to the scene of an
emergency [20], which ensures safe and rapid intersection traversal. Route selection is
another approach used to reduce EV delays and shorten response times, which involves
routing an EV along the fastest route to its destination. Shaaban et al. recommend
using route selection in conjunction with EVSP. Both Su et al. [9] and Kamble & Kounte
[14] agree, mentioning that a variety of studies propose strategies aimed at reducing EV
response times by using both traffic signal pre-emption and route selection. Integrating
EVSP and route selection is effective, as route selection ensures that EVs follow the
quickest route to the scene of an emergency, while EVSP ensures that an EV can traverse
signalled intersections rapidly and safely along the way ([13]; [21]; [15]).

The paper is structured as follows: Some related work is discussed next to show the
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research gap, followed by a description of the methodology applied to develop strategies for
proactive pre-emption of traffic intersections. The strategies were modelled and compared
with 152 experimental scenarios. Finally, conclusions are presented, as well as suggestions
for future work.

2 Related work

Emergency vehicle signal pre-emption (EVSP) has been well-researched since being pro-
posed in 1929 [8]. This section reviews existing EVSP strategies to show the research

gap.

Humagain et al. [13] conducted a systematic review of route optimisation and pre-emption
methods for EVs, in which they analysed 72 research articles related to EVSP by multiple
authors. These articles proposed various strategies for enabling EVSP and route selection.
Humagain et al. [13] identified some aspects of EVSP that have not received sufficient
research. One of these aspects is that existing EVSP strategies are typically unable to con-
sider/address cases in which two or more EVs are required to traverse the same signalled
intersection from conflicting directions, causing pre-emption conflicts. As the systematic
review of Humagain et al. [13] did not consider EVSP-related research articles published
after 2018, newer articles were also reviewed to establish whether this perceived research
gap still exists. In doing so, a literature survey by Kamble & Kounte [14] was studied.
After surveying a variety of existing EVSP strategies, they found that most existing ones
are not designed to serve multiple EVs simultaneously. They subsequently stated that it
is vital to extend existing pre-emption strategies to make them capable of doing so.

A literature review was conducted to identify existing EVSP strategies that consider cases
where multiple EVs require conflicting pre-emption at a given signalled intersection. It was
found that both Bieker-Walz & Behrisch [7] and Cao et al. [22] propose EVSP strategies
that can address conflicting pre-emption phases among EVs. The strategy proposed by
Bieker-Walz & Behrisch [7] does this by establishing the order in which pre-emption is
awarded to each affected EV. In contrast, the strategy by Cao et al. [22] aims to minimise
EV delays by optimising the timing of the respective signal phases. These strategies are
thus able to manage pre-emption conflicts reactively, potentially reducing delays caused
to EVs by these conflicts. While reactively managing pre-emption conflicts can reduce
delays to affected EVs, they will continue to be hindered by the conflicts (as they will still
exist); it might just be less severe.

After considering the literature surveys conducted by Humagain et al. [13] and Kamble
& Kounte [14], as well as analysing the works by Bieker-Walz & Behrisch [7] and Cao
et al. [22], it was found that the majority of existing EVSP strategies do not consider
the eventuality of pre-emption conflicts. While some do consider these conflicts, they do
so reactively, and it is deduced that there does not appear to be an EVSP strategy that
attempts to avoid the occurrence of pre-emption conflicts in a proactive manner. The
study presented in this paper investigated whether pre-emption conflicts can be avoided
proactively by integrating EVSP and route selection.
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3 Methodology

Two EVSP and route selection strategies were developed — one having the novel func-
tionality of attempting to avoid pre-emption conflicts proactively — and the other being
a reference strategy without the novel functionality. These two strategies were then com-
pared in a series of simulation-based experiments to determine if the proposed strategy
results in shorter EV response times. The proposed and reference strategies are described
in the following subsection, with the simulation models used during the experimentation
being described after that.

Some assumptions were needed for the strategies: It was assumed that technology that
reports the state of the traffic network is available. This includes the phases of traffic
signals at the various intersections and the lengths of vehicular queues waiting at the stop
lines of red traffic signals. It was assumed that each intersection in a road network is
a signalled intersection capable of executing pre-emption. The worst case was assumed
regarding EVs passing non-EVs, i.e., non-EVs not making way for approaching EVs. It
was further assumed that the traffic network is in a steady state. Lastly, the study assumed
left-hand drive and that EVs have an operating speed of 70 km/h.

3.1 Descriptions of developed strategies

The first strategy (referred to as the proposed strategy) is described, followed by the ref-
erence strategy.

3.1.1 Proposed strategy

In its simplest form, the proposed strategy can (1) route EVs to their destinations accord-
ing to the most desirable route and (2) pre-empt traffic signals along the travelled route.
The proposed strategy was developed to satisfy seven design requirements:

1. Route selection must be based on the anticipated travel time along a given route
rather than travel distance.

2. Anticipated pre-emption conflicts along a given EV route must be considered to
determine whether or not the route should be reviewed.

3. EV routes must be repeatedly reviewed and possibly updated while EVs travel
through a road network.

4. All signalled intersections along a selected route need to be pre-empted for EV
traversal.

5. When pre-empting at a given signalled intersection, the moment at which pre-
emption should start must be based on the length of the vehicular queue blocking
an approaching EV (instead of using a fixed pre-emption distance).

6. The adverse effect of pre-emption on non-EVs must be considered and reduced where
possible.
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7. When anticipated pre-emption conflicts are unavoidable, the conflict should be man-
aged reactively.

The proposed strategy is encapsulated by a single primary algorithm called proposed-
Strategy(). This algorithm uses four secondary algorithms, which are dijkstralnit(), pre-
emptTiming(), simTrav(), and digkstraRev(). Both dijkstralnit() and dijkstraRev() use a
tertiary algorithm called calcCriteria(). The execution order of these algorithms is shown
in Figure 1.

proposedStrategy
Routes EVs to their destinations and
pre-empts all intersections en route

dijkstralnit dijkstraRev ;
DeteEr\r/'nine? initial : preemptTlmlng T simTrav . Revie\g\s/andtupdates
routes : : . : : : routes
; : ScheQuIes pre . ; Addre§ses ' :
: i emptionalong : overlapping pre- '
f i .. [foutes __emption phases _: :
@ o [ caicCriteria 1 ! i 1 calcCriteria
i i Calculates scoring | i Calculates scoring !
: criteria for b b criteria for
: neighbours HE Did EV route P ’]‘?19[“’_‘?‘_’_’_5_...:
""""""""""" : Yes :
i _ change?
No

Figure 1: The execution order among the algorithms used within the proposed strategy.

The primary algorithm of the proposed strategy, proposedStrategy(), takes a road network
as input, which it views as a graph (representing intersections as nodes and roads as
links). (We describe the algorithm assuming more than one EV, but it applies to a single
vehicle as well.) The positions of the EVs are initiated, and their starting and target
nodes are retrieved, after which algorithm dijkstralnit() is called to calculate the initial
routes of each EV. This algorithm (as well as dijkstraRev()) uses the classic Dijkstra-
algorithm [23] — which was slightly modified — to assign initial routes to the EV(s). This
initial assignment is based only on the distance-related travel time to EV destinations.
An iterative route review process is triggered once initial routes are assigned to the EVs.
Firstly, preemptTiming() determines the pre-emption timing for each EV at the nodes
along their assigned route. Recall from Design requirement 5 that pre-emption should
be timed based on the vehicular queue ahead of an approaching EV instead of using a
fixed pre-emption distance. To do so, the proposed strategy needs to know when an EV
will arrive at a given intersection, how long it is expected to require pre-emption at said
intersection, and when this pre-emption phase should commence. According to Obrusnik
et al. [24], the time until pre-emption should be triggered (7) can be calculated using

Tp :TA_tp'ry (1)

where T4 refers to the time until an EV is expected to arrive at the stop line of a signalled
intersection, and t,, refers to the required duration of the pre-emption phase. It should be
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noted that this equation assumes that pre-emption is required until an EV arrives at the
intersection. In some cases, pre-emption is permitted to terminate prior to this moment.
In such cases, (1) is changed to

TP = TprEnd - tpT') (2)

where T}, gnq refers to the time until pre-emption is permitted to end. When determining
the required duration of the pre-emption phase (t,,), Shaaban et al. [20] and Qin & Khan
[15] state that the relationship

tor > tso 4 tg + ST (3)

must be obeyed where t,, refers to the time lost due to a signalled intersection having to
switch its phase, tg refers to the time required to discharge the vehicular queue ahead of
an EV, and SI refers to an optional safety time interval. While the switchover time of
the signalled intersection can be easily determined, calculating the time required for the
queue to discharge is far more complex. A variety of approaches to doing so exist, but the
approach proposed by Obrusnik et al. [24] is chosen for use in the proposed strategy. Their
approach was chosen, as it was analysed, tested using simulation and subjected to field
experimentation in real traffic. The authors concluded that the results of their approach
were promising. To see how t, is calculated in the proposed strategy, refer to Obrusnik et
al. [24], as well as Akeelik et al. [25] and Akcelik & Besley [26].

After determining the pre-emption timings for all active EVs along their respective routes,
the proposed strategy identifies nodes that two or more EVs will traverse, as these nodes
are potential areas where pre-emption conflicts can occur. Nodes that multiple EVs will
traverse are then passed to simTrav(), along with the pre-emption timing of each EV
at these nodes. The simTrav() algorithm reviews the pre-emption timing parameters
for all EVs that will pass through a given node. This involves attempting to assign a
pre-emption phase capable of serving as many EVs as possible and adjusting the pre-
emption timing of one or more EVs to award pre-emption on a first come, first served
basis. Any anticipated delays caused to one or more EVs by the pre-emption of another
are subsequently calculated. These delays are then used to review the route of each active
EV. New routes are calculated for each EV using dijkstraRev(), potentially identifying a
detour faster than remaining on the current route, given the expected delays caused by
pre-emption conflicts. Once an acceptable detour is identified, the iterative route review
process repeats until no route improvements can be found. In doing so, EVs that would
initially have been involved in pre-emption conflict can be routed away from the conflict
if a faster route presents itself.

As previously mentioned, both djkstralnit() and djkstraRev() use calcCriteria, which es-
timates the cost of visiting a given node in the road network. This cost is based on two
criteria: the distance-related travel time to a given neighbouring node and the anticipated
delay to an EV when visiting said node. These two criteria describe the total time an EV
will take to traverse a given neighbouring node. The delay criterion is initialised to zero
seconds and is updated when calcCriteria is called by djkstraRev(), indicating a review
of the initial route of an EV. Re-routing an EV must be done cautiously, as only nodes
along the initial route have been subjected to potential pre-emption. When considering
re-routing an EV to a new node, the algorithm checks if there is sufficient time to pre-empt
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and clear the vehicular queue at that node. If not, the anticipated delay caused by the
EV arriving at the uncleared queue is considered when calculating the cost of visiting a
neighbouring node.

3.1.2 Reference strategy

The reference strategy developed is similar to the proposed strategy. Both strategies
use the same algorithms that were previously discussed. The main difference is that the
proposed strategy dynamically reviews and updates the routes assigned to EVs after pre-
emption timing has been established to reduce expected delays caused by pre-emption
conflicts. Another notable difference between these strategies is how pre-emption phases
are selected. The proposed strategy prioritises pre-emption phases that allow the most
traffic movements. This is done to enhance the vehicular flow through a given intersection
during pre-emption. The reference strategy, on the other hand, allocates all-green pre-
emption phases to approaching EVs, similar to some existing EVSP strategies, such as
that proposed by Obrusnik et al. [24]. By ensuring that the reference strategy is similar
to the proposed strategy — with only the novel functionality being different between them
— any performance differences can be attributed to this functionality.

3.2 Modelling the strategies

Three simulation models were constructed to investigate whether integrating EVSP and
route selection can enable the proactive avoidance of pre-emption conflicts. These models
were used to compare the proposed strategy to the reference strategy in a series of ex-
perimental runs. PTV VISSIM 2023 (a traffic simulation software) was selected for use
in the study due to its ability to mimic traffic flow realistically and its component object
model (COM) interface. The COM interface enables control over model agents based on
the logic governed by the proposed or reference strategy. The proposed and reference
strategies were implemented in MATLAB R2022b, from where they could be executed
within PTV VISSIM through the COM interface. The way the COM interface links the
PTV VISSIM and MATLAB components of the simulation models is illustrated in Figure
2.

Current System

State
Y
PTV VISSIM 2023 MATLAB R2022b
Executes and PTV VISSIM COM Interface Runs strategy and
updates simulation sends instructions
A
System
Instructions

Figure 2: How the COM interface facilitates communication between PTV VISSIM and
MATLAB.

Modelling road networks can typically be done by modelling an existing real-world road
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Figure 3: Example of a four-way intersection used in the simulation models.

network or by constructing hypothetical experimental road networks, as this study did.
A 0.86 km x 0.7 km road network (referred to as Network 0) was modelled in VISSIM
according to a grid layout, as this can be found in many urban areas. The road network
has 14 edge nodes that serve as origin and destination locations. It also has 11 signalled
intersections. An example of a four-way intersection used in the simulation models can be
seen in Figure 3.

Each road link in the network has a speed limit of 60 km/h (with EVs being permitted
to travel at their previously mentioned operating speed of 70 km/h) and consists of single
lanes, except near an intersection approach where a right turn bay is included. A schematic
plan view of Network 0 is shown in Figure 4. Network 0 was intended to be used as a simple
base network from which progressively more complex networks were built. To compare
the proposed and reference strategies in networks where roads have multiple lanes (which
is expected to simplify overtaking), Network 0 was duplicated to become Network 1 (see
Figure 5), in which each road has two lanes, except near an intersection approach where
a right turn bay is included.

To investigate the robustness of the proposed strategy when subjected to road networks of
different sizes, a 1.8 km x 0.79 km network (called Network 2) was modelled. Network 2,
seen in Figure 6, is roughly double the size of Network 1, having 22 signalled intersections
and 21 edge nodes. A fourth network (Network 3) was also modelled, roughly four times
the size of Network 1 (1.77 km x 1.43 km). It has 44 signalled intersections and 27 edge
nodes. Network 3 is shown in Figure 7. Networks 2 and 3 have the same grid layout
used in Networks 0 and 1, the same speed limit, and two-lane roads. Most signalled
intersections in the four road network models are four-way intersections, with Networks
2 and 3 having occasional three-way intersections. Every four-way intersection has 12
signal heads (except in Network 0, where it has four), while every three-way intersection
has eight. A signal head refers to the part of a traffic signal that typically displays three
coloured lights, specifically red, amber, and green. Each signalled intersection has its own
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signal controller that controls its signal heads.

ORIGIN

=

Figure 4: Network 0 containing 11 signalled intersections and single lane roads, with an
example of origin and destination nodes used by an EV during a simulation run.

Figure 6: Network 2 containing 22 signalled intersections and double lane roads.
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Figure 7: Network 3 containing 44 signalled intersections and double lane roads.

4 Experimentation and results

This section outlines the procedure to compare the proposed strategy to the reference
strategy across the four road network models. The comparative experiments deployed
varying numbers of EVs in each network, ranging from one to five. This enabled the
robustness of the proposed strategy to be tested when the number of active EVs was
varied. To ensure that EVs traversed each road network in various configurations, the
edge nodes of each road network were divided into eight zones, each grouped according to
four orientations along which EVs can traverse the network. This encompassed horizontal
(H), vertical (V), and diagonal (D1 and D2) directions. An example of these zones is
illustrated for Network 3 in Figure 8. The zone in the top left of the network, labled D1,
consists of four possible start nodes, while the zone at the bottom right (also labled D1)
is the corresponding destination set of nodes. An EV can thus start at a node in zone
D1, top, left, and travel through the network to an assigned node in the bottom right.
Travelling is not restricted to the general direction of left-to-right and top-to-bottom — an
EV can, for example, start in the top right (D2) and travel to the bottom left of D2. The
hatched regions indicate the associated start and end nodes of the four orientations.
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Figure 8: Network 3 experiment layout zones.

Table 1 served as a framework for structuring the allocation of layout zones to EVs.
Consider four EVs being deployed in a network, with Combination 2 being allocated to
these EVs. This means that two EVs need to traverse the network horizontally while the
remaining two need to traverse it vertically. Note that none of the EVs can have the same
pair of origin and destination nodes.

Table 1: Combinations of layout zones used in each road network for varying numbers of
EVs.

Number of EVs Combination 1 Combination 2 Combination 3 Combination 4

1 H A% D1 D2

2 H-V D1-D2 H-D1 V-D2

3 H-V-D1 H-V-D2 D1-D2-H D1-D2-V

4 H-V-D1-D2 H-H-V-V D1-D1-D2-D2 -

) H-H-V-D1-D2 H-V-V-D1-D2 H-V-D1-D1-D2 H-V-D1-D2-D2

It follows from Table 1 that 19 unique layout combinations exist for each of the four
road networks. Each layout combination was executed twice per road network for both
the proposed and reference strategies — first when the network was close to its maximum
capacity and then when it was at around 50% of its maximum capacity. This resulted in
38 comparative instances between the two strategies for each network (19 of which have
high traffic levels, and the remaining 19 have relatively low levels). For each comparative
instance, the response times of each EV (in this case, the time it took an EV to travel from
its origin node to its destination node) were recorded and averaged, and these times allowed
the reference and proposed strategies to be compared based on average EV response time.
Note that each experimental run was first subjected to a warm-up period to ensure that
the traffic conditions in the road network reached a steady state. The experiment runs
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(a) Proactive avoidance attempted. (b) Proactive avoidance not attempted.

Figure 9: Response time improvement for all instances in Network 1 when at maximum
network capacity.

were executed on a 12-core Ryzen 9 5900X with 32GB 2133MHz RAM. After completing
152 comparative instances (38 per network), the results were analysed to determine how
the proposed strategy compared to the reference strategy regarding average EV response
time. The analysis reviewed how the results varied depending on specific variables, such
as network size, network capacity, and the number of EVs that required service.

4.1 Varying network size at different network capacities

The results of the proposed strategy and reference strategy were first analysed to determine
how they compare across Networks 0, 1, 2, and 3 (each having different sizes) when being at
near-maximum capacity and then at 50% capacity. For each comparative instance between
the proposed and reference strategies, the proposed strategy either re-routed one or more
EVs to attempt proactive pre-emption conflict avoidance or maintained their initial routes.
Distinguishing between instances in which the proposed strategy attempted to proactively
avoid pre-emption conflicts and those where it did not provide insights into the proposed
strategy’s proactive and reactive conflict management capabilities. To analyse comparative
instances, the response times of EVs in each instance were averaged for both the proposed
strategy and reference strategy, after which the average response times could be compared.
The goal was to empirically determine how often the proposed strategy resulted in average
response time improvements and whether the joint improvements outweighed any delays.

To aid the analysis of results, the experimental results were plotted as bar graphs. An
example is provided in Figure 9. Of the 19 comparative instances conducted in Network 1
when at near-maximum network capacity, the proposed strategy attempted to proactively
avoid pre-emption conflicts in 10 instances (Figure 9a), while not doing so in nine instances
(Figure 9b). Of the instances in which proactive pre-emption avoidance was attempted, the
proposed strategy improved average EV response times in eight instances, with only two
instances resulting in delays. When comparing the magnitude of the improved instances
versus the delayed instances, the improvements were notably more significant than the
delays. For the instances in which proactive pre-emption conflict avoidance was not at-
tempted (but managed reactively), the proposed strategy improved average EV response
times in four instances, with a single instance being delayed. Four instances resulted in
the same average response time as the reference strategy. The magnitude of the improved
instances is again larger than that of the delayed instances.

The remainder of the results (19 instances) are not presented in bar graph format but
are instead condensed in table format to save space. Table 2 reports the results when
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comparing the two strategies in each road network at near-maximum capacity. For each
network, the 19 comparative instances were categorised according to whether or not the
proposed strategy proactively attempted to avoid pre-emption conflicts. For each case,
the number of instances in which the proposed strategy improved average EV response
times and the number of instances in which it caused response time delays are noted. It
is also specified whether the magnitude of the improvements is larger than, smaller than,
or almost equal to that of the delays.

Table 2: Results when comparing strategies with regard to varying network size at near-
maximum capacity.

Proactive Avoidance Reactive Management
Improve- Improve-
Network Total Imperri\;e- Delays m];:}lfa;s Total Inrg)erri‘;e_ Delays m];zzlta;zs
Magnitude Magnitude
0 8 8 0 > 11 1 2 >
1 10 8 2 > 9 4 1 >
2 7 3 4 > 12 5 4 ~
3 10 7 3 > 9 2 6 <

In instances where the proposed strategy proactively attempted to avoid one or more pre-
emption conflicts, the average response time of EVs was visibly improved for Networks 0,
1 and 3 in most instances. However, the performance in Network 2 was worse, with longer
average response times — rather than response time improvements — being recorded in
more instances. Despite recording slightly more instances with response time delays, the
magnitudes of the improved instances were notably larger than those of delayed instances.

For the instances in which the proposed strategy did not attempt to avoid pre-emption
conflicts proactively, Network 0 recorded more delays than improvements. However, the
improvement was much larger than the delays. While Network 1 had visible response
time improvements, Network 2 suffered from response time delays almost as much as it
experienced response time improvements, with their magnitudes being relatively similar.
Network 3 had visibly poor response time results, with most instances being delays.

The response time delays reported here are likely caused by the fact that the proposed
strategy does not allow all-green signal phases but rather those that allow the most move-
ments. Because the networks are at maximum capacity, the likelihood of vehicles blocking
the EV increased in the absence of an all-green signal. This could be observed in cases
where vehicles wished to enter a right turn bay, blocking one of the two lanes of the
through movement, restricting vehicular flow along the required movement of an EV, and
causing an unforeseen delay. The comparative results for when the networks were at 50%
capacity are reported next.
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Table 3: Results when comparing strategies with regards to varying network size at 50%
capacity.

Proactive Avoidance Reactive Management
Improve- Improve-
Network Total Imir;)tvs « Delays m];:fa;s Total IH;E;?:S < Delays m];:fa;}s
Magnitude Magnitude
0 10 6 3 > 9 1 0 >
1 9 5 4 > 10 4 0 >
2 5 1 3 < 14 7 4 >
3 7 4 3 < 12 7 3 >

When the networks were at half capacity, the proactive avoidance of pre-emption conflicts
was attempted less often than when the networks were at maximum capacity. This is
likely because shorter queues are expected to form ahead of an EV, meaning a route
detour would be less appealing than if the queue had been longer. Networks 0 and 1 had
visible response time improvements, while Networks 2 and 3 experienced more instances
of response time delays than improvements.

Of instances in which proactive pre-emption conflict avoidance was not attempted, all
three networks mostly showed response time improvements. Networks 0 and 1 had no
response time delays, while a few delayed instances were present in the larger Networks
2 and 3. The delays that occurred under half-saturated conditions were fewer and less
severe than unsaturated conditions. This is likely because there were fewer cases in which
one of the lanes of a given road was blocked, allowing improved vehicular flow.

4.2 Varying network capacity regardless of network size

This subsection determines how the proposed strategy’s ability to avoid pre-emption con-
flicts proactively is affected when considering different network capacities across all four
modelled networks (regardless of their size and configuration). The average EV response
time improvement results for both maximum network capacity and half network capacity
are presented in Table 4.

Table 4: Results for all instances where proactive avoidance of pre-emption conflicts was
attempted, based on network capacity.

Improvement wvs

Capacity Total Improvements Delays Delay Magnitude
Near-maximum 35 26 9 >
Half 31 16 13 ~

When considering all instances where pre-emption avoidance was attempted and analysing
the response time improvements under different network capacities, changing routes to
avoid pre-emption conflicts is more effective when networks are occupied at higher levels.
As previously described, this is likely because vehicular queues are longer under near full
capacity conditions. Longer queues lead to pre-emption conflicts, causing longer delays to
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EVs. Avoiding these conflicts ensures better response time improvements than in networks
at half capacity.

4.3 Varying number of emergency vehicles that require service

This subsection presents an analysis of how the proposed strategy compared to the refer-
ence strategy in all instances where the proposed strategy attempted to proactively avoid
pre-emption conflicts (by re-routing one or more affected EVs) based on the number of
EVs that required service. Because pre-emption conflicts can only occur when two or
more EVs are present in each network, instances involving only one EV are excluded from
this analysis. For each number of EVs, the analysis is first concerned with the number of
instances in which proactive pre-emption avoidance was attempted and the response time
improvements brought about after doing so. Table 5 reports the total number of instances
where proactive pre-emption conflict avoidance was attempted by the proposed strategy
for various EV numbers and how average EV response times were affected.

Table 5: Results when comparing strategies with regards to varying number of EVs that
require service.

Nur};ﬂ\o}(;r of Total Improvements Delays ];I;I;;Oﬁgngi?zu?e
2 13 11 1 >
3 14 9 5 >
4 11 8 3 >
5 28 14 13 ~

The number of instances in which an attempt was made to avoid pre-emption conflicts
proactively is relatively constant for two, three, and four EVs. However, there is a no-
ticeable increase in these instances when five EVs are present. This is due to the higher
probability of pre-emption conflicts occurring with a greater number of EVs, resulting in
more EVs being involved in such conflicts. The proposed strategy successfully avoids pre-
emption conflicts when only two EVs are present in a network. It also performs well with
three and four EVs, showing a similar number of instances with improved response times.
In the case of five EVs, there are approximately equal instances of response time delays
and improvements. This suggests that the proposed strategy is more effective when deal-
ing with fewer than five EVs, possibly because fewer pre-emption conflicts occur. With
more EVs, re-routing one EV away from an expected pre-emption conflict is more likely
to create a new conflict elsewhere, diminishing the strategy’s effectiveness.

4.4 Statistical analysis of overall results

Thus far, the results of comparing the proposed strategy to the reference strategy have
been analysed regarding various factors, such as network size, network capacity, and num-
ber of EVs active in a network. The results of all 152 instances across all factors were
jointly considered and statistically analysed to gain an overall picture of the ability of the
proposed strategy to improve average EV response times. The results are presented in
this subsection.
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The proposed strategy attempted to avoid pre-emption conflicts in 66 instances proac-
tively. Among these, average EV response times were improved in 42 instances, remained
unchanged in two instances, and lengthened in 22 instances. This results in 44 of 66 in-
stances being considered successes (67%). Statistical analysis showed that the strategy’s
expected success rate is in the interval 55.7% to 78.3% with 95% confidence.

There were 86 instances in which the proposed strategy did not proactively avoid pre-
emption conflict. For these instances, the primary difference between the performance of
the proposed and reference strategies was the number of movements that were allowed
during each pre-emption phase. Of these instances, 35 had no change in average response
time between the strategies. These instances are excluded from this analysis, as they
represent cases where a pre-emption phase of one EV did not affect the response time
of another. Only instances in which response time variations were noted are considered,
a total of b1 instances. Of these, average EV response times improved in 31 instances
(successes), while response times were lengthened in 20 instances, resulting in a success
rate of 61%. Statistical analysis showed that the strategy’s expected success rate is in the
interval 47.6% to 74.4% with 95% confidence.

Lastly, all 152 instances in which the proposed strategy was compared to the reference
strategy are considered, providing the best overall view of the proposed strategy’s ability to
reduce average EV response times, either by proactively avoiding pre-emption conflicts or
by managing unavoidable conflicts reactively. The proposed strategy caused EV response
times to either remain unchanged or improve in 110 instances (successes), with average
response times lengthened in 42 instances. This results in a success rate of 72%. Statistical
analysis showed that the confidence interval for this proportion, the strategy’s overall
expected success rate, is in the interval 64.9% to 79.1% with 95% confidence.

4.5 Execution time of proposed strategy

Because the proposed strategy is intended for use in emergencies where every second
counts, the strategy should be able to execute in an acceptable time. If not, an EV could
be delayed when awaiting routing instructions, which would counteract that which the
proposed strategy seeks to avoid. The efficiency of the proposed strategy was therefore
prioritised to ensure that redundant or inefficient steps are avoided. To review the execu-
tion time of the strategy, a test scenario was subsequently constructed using Network 3
(the largest network) and a total of five EVs that require service. The execution time of
the proposed strategy is expected to be longer in larger networks containing multiple EVs
that require service, as opposed to when a single EV requires service in a small network.
The simulation run was executed, and it was determined that the proposed strategy could,
on average, execute within a mere 1.5 seconds.
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5 Conclusions and future work

The proposed strategy was compared to the reference strategy in various comparative
instances. The comparison involved configuring variables such as network size, network
capacity, and the number of active EVs that require service. The goal was to assess the
strategy’s robustness to changes in these variables and provide insight into its performance.
While empirical observations suggest that the proposed strategy may not be entirely robust
to the tested variables, it outperformed the reference strategy in most instances.

The proposed strategy demonstrated an ability to produce similar or shorter average
EV response times compared to the reference strategy in most instances. The strategy’s
success is attributed to its proactive approach to avoiding anticipated pre-emption conflicts
through re-routing EVs away from these conflicts and effectively managing unavoidable
conflicts.

The following key findings were identified in this study:

e Proactive pre-emption conflict avoidance is possible by integrating emergency vehicle
signal pre-emption and route selection.

e Integrating emergency vehicle signal pre-emption and route selection to proactively
avoid pre-emption conflicts typically results in improvements to EV response times,
making it a promising approach for future research.

e The emergency vehicle signal pre-emption and route selection strategy executes fast
enough to be used as a real-time decision aid when EVs are called out to the scene
of an emergency.

Recommendations that should be considered for future work include:
e Incorporating historical vehicle arrival rates in route selection and pre-emption schedul-

ing.

e Defining queue lengths for individual lanes on multi-lane roads for more accurate
queue length representation.

e Increasing the sample size by comparing the proposed strategy with the reference
strategy in more instances.

e Testing the proposed strategy on larger, real-world road networks using simulation
models.

e Integrating the proactive conflict avoidance approach of the proposed strategy into
existing EVSP and route selection strategies.

e Modifying queue discharge equations to account for additional arrivals at the back
of a queue in determining pre-emption start times.
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