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ABSTRACT

In response to China’s over 700,000 annual out-of-hospital cardiac arrests (OHCA), this paper presents
a novel simulation framework integrating Geographic Information System, event occurrence probability
models, and an agent-based model to efficiently formulate, optimize, simulate, verify, and analyze emergency
response efficiency in cities. The framework supports large-scale, long-term city-level optimization and
simulation, allowing for the evaluation of various dispatch algorithms, and deployment mechanisms. We
offer insights into emergency first responder system design in Shenzhen, highlighting the significant impact
of dispatch range, responder quantity, and skills ratio on survival rates. The experimental results indicate
the maximum effective dispatch range of current dispatch strategy is 800 meters. As number of responders
is less than 100, prioritizing an increase can significantly improve survival rates, with a maximum rise
of 148%. However, when it exceeds 100, the focus should shift to augmenting the proportion of skilled
responders, followed by the ratio of mobile responders.

1 INTRODUCTION

It is estimated that each year in China, over 700,000 people experience Out-of-hospital cardiac arrest
(OHCA), and according to surveys, the survival rate for OHCA patients in China is only about 1.2% (Zheng
et al. 2023). However, with timely treatment, the survival rate can be as high as 16% or even higher
(Nichol 2008), indicating significant room for improvement. Such emergency medical events depend
highly on timely pre-hospital interventions and effective emergency response systems (Cummins et al.
1991). Providing timely medical intervention within the first ‘golden four minutes’ of a cardiac arrest can
significantly increase the chances of patient survival.

In the existing system, professional emergency teams generally cannot reach the scene within the four
minute. This is due to the time required for preparation and the distribution density of hospitals, which
cannot guarantee arrival at any location within the city in time. Consequently, the emergency first responders
system (EFRS) concept has emerged. By training citizens to become responders, these individuals can
provide initial medical intervention when a patient experiences a sudden condition. Utilizing the city-wide
distribution of citizens significantly increases the likelihood of patients receiving aid within four minutes
(Huang et al. 2021). The system leverages volunteers, also called emergency first responders, including
highly mobile food delivery riders and flexibly moving walkers, to provide rapid medical intervention.
Through targeted training for these volunteers in AED (Automated External Defibrillator) pickup, delivery,
and operation, and CPR (Cardiopulmonary Resuscitation) operation, they are equipped to locate AEDs
rapidly, deliver them to patients in the shortest possible time, and provide immediate emergency assistance.

EFRS is designed to compensate for potential delays in emergency medical team responses. However,
the complexity of the urban road topology makes estimating rescue times imprecise. OHCA events are
highly unpredictable, complicating effective personnel scheduling and resource deployment for authorities.
For time-sensitive OHCA incidents, there is an urgent need to implement algorithmic optimizations in
dispatch strategies and deployment policies to achieve shorter response times.
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Simulation methods can overcome these challenges by modeling specific circumstances of events across
different regions and settings, depicting each responder’s characteristics in detail, repeatedly verifying
and optimizing various strategies. This study introduces a simulation framework integrating Geographic
Information System (GIS), an event occurrence probability model, and an agent-based simulation model.
The GIS module incorporates real-world building data and road network structures, making all simulated
movement patterns more closely mirror reality, thus enabling more accurate estimates of response times.
Additionally, an event occurrence probability model is designed to more accurately reproduce the locations
and timings of OHCA incidents, allowing decision-makers to pre-plan resource and personnel deployment.
Ultimately, the simulation framework can incorporate various dispatch algorithms and deployment policies,
conducting repeated experiments to validate the efficacy of the rescue.

We implement the simulation framework to comprehensively simulate and explore the operating
mechanism of the EFRS, optimizing the system’s resource deployment and allocation based on simulation
experiments and analytical results. We have collaborated with experts from the Shenzhen technology
institute of urban public safety to discuss the core logic and parameter settings of our model. These
settings have undergone rigorous review by domain experts to ensure the logical coherence and practical
applicability of our model design. The main contributions of our study can be summarized as follows:

1. We developed a novel simulation framework that comprehensively and meticulously models OHCA
by integrating a set of realistic modules. It enables a more practical and accurate simulation and
a deeper understanding and analysis of such emergency events, facilitating further optimization of
existing systems.

2. The simulation framework also boasts significant extensibility, supporting city-level large-scale,
long-term simulation analyses. Users can embed various rescue mechanisms, deployment, or
dispatch algorithms and strategies to evaluate rescue performance, providing a powerful analytical
tool for urban emergency management.

3. We provide valuable insights into EFRS design and achieve significant improvements in deployment
strategy across dispatch strategy’s effective range, the influence of responder numbers, and the ratio
on survival rates for the current system in Shenzhen.

The rest of the paper is organized as follows. Section 2 includes a literature review of the Emergency
First Responder System. Section 3 provides a thorough description of the simulation framework and agent
behavior rules. Section 4 contains a detailed introduction to the experimental design and parameter settings.
Section 5 discusses the experimental results and practical insights for EFRS design. Section 6 concludes
this work and highlights future directions.

2 LITERATURE REVIEW

OHCA events are widely scrutinized due to their distinctiveness, presenting significant challenges for
effective planning. Currently, Monte Carlo simulation methods are extensively applied to investigate details
and simulate the occurrence of events, thereby providing guidance for real system design. Wei et al. (2020)
explore strategies to improve the survival outcomes of OHCA patients under limited budget conditions
through simulation, particularly emphasizing the importance of Automated External Defibrillators (AEDs)
and bystander intervention. Van Den Berg et al. (2024) employ the Monte Carlo simulation method and
highlight the crucial influence of alert policies and volunteer responder density on emergency response
efficiency. Cairns et al. (2011) develop a Monte Carlo simulation model to simulate potential impacts
across different geographic areas. Besides using Monte Carlo simulation to analyze the emergency response
system, there are also some research using optimization methods. van den Berg et al. (2021) introduce the
use of optimization to gain optimal allocation of volunteers and provide guidance for volunteer recruitment.
Cao et al. (2023) formulate the joint scheduling problem of AEDs and multiple types of first responders
with coordination as a mixed integer programming model, aiming for reduced response times and improved
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patient outcomes. Chan et al. (2018) propose a data-driven optimization model for AED deployment
in public areas and emphasize the improvements in the accessibility of AEDs from the consideration of
uncertainty in patients’ locations.

Previous studies implement Monte Carlo simulation and optimization methods to address the intricacies
of emergency response for OHCA, with a shared goal of enhancing survival rates through improved system
design and resource distribution. Notwithstanding, to our knowledge, there has yet to be an exploration
into the utilization of agent-based simulation for this critical area. While Monte Carlo simulation is strong
for risk and uncertainty analysis and optimization methods are powerful for finding the best solutions
under certain constraints, agent-based simulation is particularly powerful for understanding the behavior
of complex adaptive systems and exploring the impact of individual-level changes on collective outcomes.
Furthermore, agent-based simulation is also well-suited for incorporating geographic information and
operating a flexible experiment environment. Therefore, this research employs an agent-based simulation
model to mimic the events of out-of-hospital cardiac arrest, detail the heterogeneity of each responder, and
reflect real-world scenarios. Such heterogeneity could be a key factor affecting the system’s effectiveness
and a critical consideration for system optimization. Moreover, the system integrates actual GIS data,
enabling a more accurate simulation of the responders’ movement trajectories during the rescue process.

3 METHODOLOGY

This study aims to explore how the behavior of responders in the EFRS and the deployment strategies of
the call center affect the effectiveness of the rescue through the proposed framework. Furthermore, we
furnish insights into the prevailing deployment strategies by experimenting with different parameters such
as dispatch range, responder density, and the ratio of responder types.

3.1 Framework Structure

The simulation framework proposed in this paper, as shown in Figure 1, integrates GIS, a probability
model of event occurrence, and an agent-based simulation model. Upon inputting the latitude and longitude
of the simulation environment, the GIS module creates simulation grids and extract relevant information
about buildings and road networks using OpenStreetMap (OSM). Subsequently, the probability model of
event occurrence will utilize these extracted data to construct a probability distribution of events occurring
within the area. After the environment setup is complete, the framework will define and generate agents
for the simulation. Finally, the effectiveness of the proposed configuration is evaluated through a series of
indicators such as patient survival rates, response time delays, and resource utilization efficiency.

Result Analysis:
(Patient Survival Rate, Response Time, Resource Utility Rate, .... }

Agent-Based Simulation Model:
« Agent attributes

» Agent behavior rules

+ Scheduling events

A — Probability Model:
- + Calculate event occurrence
S \,,\ probability
. « Define next event
GIS Module:
« Extract road network data
« Extract building data
+ Label data

Figure 1: The architecture of the simulation framework.
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(a) Partitioning Earth into identifiable grid cells. (b) Distribution of building density in the grid.

Figure 2: H3 global grid system by Uber.

3.2 GIS Module

We utilize the H3 grid system developed by Uber Technologies (2019), which employs hexagonal grids
to partition the globe into fixed regions, as illustrated in Figure 2a, to define the simulation environment.
The selection of this system is based on its three distinctive characteristics: 1) The design of hexagonal
grids ensures the uniformity of distances between grids, a feature particularly advantageous for future
cross-regional dispatch or allocation. 2) The hierarchical nature of the system, which is divided into 16
levels. Each parent grid can be subdivided into seven smaller child grids, ranging from the largest at level O
to the smallest at level 15. This structure facilitates efficient data aggregation and detailed spatial analysis
through the nesting of multiple layers of hexagonal grids within each other.

3) The system’s ease of accessing and storing is facilitated using fixed hexadecimal coding for grid
indexing.

The simulation aims to model OHCA. Hence, the scale of the simulation environment is set within a
range reachable within four minutes. Considering the average speed of electric scooters in China and the
walking speed of an average adult male, we have set the primary grid size to level seven, with each side
approximately 1.2 kilometers. Additionally, to balance the accuracy of event location and the computational
burden of the simulation process, we selected a level nine child grid to determine the locations of events.

Finally, we extract relevant OSM data based on the grid’s scope. This data includes the location,
number, and type of buildings in the area and the distribution of the road network.

3.3 Probability Model

The second step involves defining the probability model for the occurrence of events. We employ the
primary grid and the sub-grids in this stage to calculate probabilities. Faced with the challenge of acquiring
actual population distribution data, we construct a fundamental hypothesis: the population distribution
is proportional to the distribution of buildings. This implies that the sub-grids with a higher density of
buildings contain more people, and correspondingly, the higher the probability of out-of-hospital cardiac
arrest events occurring. We develop the corresponding probability model based on this hypothesis and the
geographical data extracted from the previous step. As presented in Figure 2b, with darker red indicating
higher density, correspondingly signifying a greater likelihood of OHCA occurrences.

Let N be the number of grids, and B;; be the number of buildings of type j in grid i. P; denotes the
OHCA occurrence probability in grid i, shown in Eq (4). Each type of building j contributes a value k;
to the probability. In the experiment, however, we temporarily set the parameter k; to be the same, due to
the lack of relevant data to support the correlation between building categories and population.

L;Bij k;
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