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1. Introduction

During an emergency, the efficiency of the re-
sponse is crucial to minimizing casualties and
ensuring effective large-scale evacuations. This
study explores the integration of socially aware
autonomous systems with formal verification to
enhance search and rescue (SAR) robots de-
ployed in critical situations. Building upon the
FormIDEADle [1] framework, this research re-
fines decision-making models through automata
learning and strategy synthesis, incorporating
additional strategies and factors to improve the
simulation model. The methodology leverages
Priced Timed Markov Decision Processes (PT-
MDPs) [2] and agent-based simulations in Net-
Logo to optimize SAR robots’ ability to coordi-
nate evacuations in collaboration with first re-
sponders, staff members, and zero responders,
passengers willing to assist other victims during
an emergency.

1.1. Goal and Motivations

This research aims to enhance the intelligence
and efficiency of SAR robots to improve emer-
gency response operations. By refining Al-
driven decision-making, the study introduces

new parameters and methods to optimize the
robot’s ability to analyze complex environments
and coordinate real-time rescue strategies. A
key focus is integrating citizen assistance along-
side first responders to maximize efficiency and
reduce response times. Beyond technical ad-
vancements, this work underscores the human-
itarian potential of Al and robotics, leveraging
technology as a force for good. Ultimately, the
project strengthens human-Al collaboration, en-
abling faster and more effective crisis manage-
ment to save more lives.

1.2. Technical Aspects

This study examines the SAR robot’s role
in improving evacuation efficiency. Using
sensor-based perception, the robot detects vic-
tims and coordinates assistance by engaging
both trained first responders and untrained by-
standers, known as zero responders. By assess-
ing potential rescuers based on predefined cri-
teria, the system optimizes intervention efforts,
ensuring aid is provided efficiently. This ap-
proach alleviates the burden on emergency per-
sonnel, enhances scalability, and improves re-
sponse times, ultimately increasing the number



of victims who receive timely assistance.

2. Framework Definition

This study expands upon the FormIDEAble
project to refine decision-making processes in
emergency evacuation scenarios, specifically fo-
cusing on the role of zero responders, bystanders
who may assist victims. The previous model
estimated a zero responder’s likelihood to help
based on identity factors, social relationships
and field-collected data. However, this research
introduces a fundamental enhancement by in-
corporating a data-driven methodology that dy-
namically generates decision models based on
observed behaviors rather than relying on pre-
defined assumptions.

2.1. PTMDP-Based Framework

To structure this refined decision-making pro-
cess, the study implements an extended frame-
work built around Priced Timed Markov De-
cision Processes (PTMDPs). Unlike the pre-
vious static approach, where the PTMDP was
manually defined based on domain knowledge,
this research introduces an automated learn-
ing process to infer behavioral models directly
from simulation data. The framework employs
a modular architecture, integrating two primary
PTMDP components: one representing the au-
tonomous agent responsible for decision-making
and another modeling the adversarial environ-
ment, which captures unpredictable survivor be-
haviors and external stochastic factors. This
structure enables a more adaptable interaction
between controlled actions and environment-
driven uncertainties.

2.2. Automata Learning and Data-
Driven Adaptation

A key innovation in this work is the introduction
of an automata learning process to refine the
PTMDP model. Instead of predefining transi-
tion probabilities and decision rules, the system
extracts structured behavioral traces from sim-
ulations and uses a learning mechanism to con-
struct an intermediate Stochastic Hybrid Au-
tomaton (SHA). This automaton serves as a pre-
cise representation of the decision-making states
and possible transitions, effectively encoding the
rules governing survivor behavior in a data-
driven manner.

The SHA-derived PTMDP is then used to syn-
thesize optimal strategies by incorporating both
psychological and spatial constraints. The pri-
mary factors influencing the selection of the best
action are:

e The relative positioning of the survivor, the

The sys-
tem evaluates different strategies based on
whether the zero responder moves closer to
or farther from the exit while attempting to
provide assistance.

e The number of consecutive times a specific
survivor has refused to help. This counter
serves as an indicator of the individual’s
psychological state and willingness to as-
sist others, allowing the system to adjust
its decision-making accordingly.

By integrating these factors, the model improves
predictive accuracy and enhances the adapt-
ability of emergency response strategies, ensur-
ing more efficient and context-aware decision-
making in high-stakes situations.

victim, and the nearest exit.

2.3. Impact and Contributions

The transition from a predefined PTMDP con-
struction to a learned model enhances both
the flexibility and realism of evacuation sim-
ulations. By autonomously identifying deci-
sion states, estimating action probabilities, and
adapting strategies based on real-time data, the
proposed framework enables more effective coor-
dination between autonomous systems and hu-
man responders.

This methodological advancement improves re-
source allocation, optimizes evacuation effi-
ciency, and ultimately contributes to minimiz-
ing casualties in large-scale emergency scenarios.
The integration of data-driven learning mecha-
nisms ensures that the system can dynamically
adjust to evolving conditions, making it more
robust in unpredictable environments.

Figure 1 presents the framework architecture, il-
lustrating the automated learning process and
the integration of decision-making components.

3. Methodology

The study employs a multi-step methodology
that follows the process of enhancing the sim-
ulation model, creating the optimized strategy
and then applying it to the simulation to com-



Figure 1: Enhanced Framework

pare the results with the old ones. To do so the
following steps have been addressed.

3.1. Simulation-Based Data (Genera-
tion

Building upon the NetLogo simulation model
developed within the FormIDEAble framework,
new parameters, such as mobility and voice fac-
tors, are introduced to enhance behavioral mod-
eling. These parameters are used to indicate,
respectively:

e Mobility factor: represents the physical
ability of a survivor to move, as recognized
by the SAR robot. For example, an elderly
person using a cane would have a low mo-
bility value.

e Voice factor: represents a value assigned to
the person’s voice, which can be linked to
their psychological condition [3].

The goal is to provide the SAR robot with ad-
ditional information to assess whether a sur-
vivor can assist others or not. Additionally, new
methods for managing agent positions are imple-
mented to improve data utilization in strategy
processing. The extracted data are then pro-
cessed and used to create the automaton model.

3.2. Data Processing and Formal
Modeling

Utilizing Python-based tools, the data extracted
from the simulation are parsed and transformed
into structured behavioral signals, named Sam-
pledSignals, which represent a specific character-
istic value of an agent at a given time instant.
These signals are then processed to generate a
list of events that describe the actions of the zero
responder when approached by the SAR robot,
including whether they accept to help, their po-
sitioning relative to the exit and the victim, and
other relevant factors.

The final step in this section is to use these

Figure 2: Final SHA

events to construct the Stochastic Hybrid Au-
tomata (SHA), which represents the states and
actions the system can perform. This process is
carried out using another Python-based tool, de-
veloped during the FormIDEAble project, con-
sisting of a teacher and a learner module. Based
on the survivors’ responses during the simula-
tion, this tool generates the corresponding au-
tomaton while ensuring that the necessary states
and actions are properly defined. In Figure 2 the
final obtained automata is shown.

3.3. Strategy Synthesis via Uppaal

Uppaal, a software tool used to verify real-
time systems, is adopted to create the PTMDP
framework for the automata extracted from the
simulation data. This process is carried out to
develop a model capable of incorporating the
dependency of the zero responder’s response on
their positioning relative to the victim and the
nearest exit, one of the key pieces of information
obtained from the simulations. Optimal strate-
gies for SAR operations are then derived, priori-
tizing efficiency based on the newly implemented
improvements.

3.4. Comparative Analysis

Evaluating the adaptive-support strategy

against established evacuation models, such as:

e No-support strategy: Passengers receive

no assistance and must evacuate on their
own.

e Staff-support strategy: The SAR robot



(b) Min Robot Model.

Figure 3: Minimize Strategy Model

automatically requests help from the first
responder without considering potential
nearby survivors.

e Passenger-support strategy: The SAR
robot automatically requests help from the
zero responder without considering staff
members who could assist the victim.

e FormIDEADble adaptive-support
strategy: The robot makes real-time de-
cisions based on the previously developed
strategy from the FormIDEAble project
team.

The data from the different strategies are com-
pared with those obtained in this study through
extensive simulations and statistical metrics
such as the Vargha and Delaney (VD) index [4].
Once the comparison is completed, conclusions
on the efficiency of the new strategy are drawn
to assess its overall effectiveness.

4. Considerations and

Findings
The findings shown it Table 1 reveal that while
the new adaptive-support strategy provides
some advantages in certain configurations, its
overall impact on evacuation efficiency is lim-

ited. Specifically:
e The no-support comparison indicates
marginal improvements in evacuation time,

Key

but the effect size is consistently small.

e The staff-support strategy consistently
outperforms the new approach, demon-
strating that first responders play a crucial
role in optimizing evacuations.

e When compared to the passenger-support
strategy, the new approach shows negligible
differences, suggesting that it does not pro-
vide substantial improvements.

e The comparison with the FormIDEAble
adaptive-support strategy indicates a de-
cline in performance, with longer evacua-
tion times in most scenarios.

A detailed analysis of the decision-making pro-
cess identifies a critical issue: the SAR Robot
systematically prioritizes zero responders over
first responders, even in scenarios where seek-
ing assistance from trained personnel would be
optimal. While the model theoretically allows
for transitions where staff members should be
preferred, in practice, these states are never
reached. This suggests a flaw in the strategy’s
internal logic rather than in the simulation en-
vironment itself, as both the staff-support
and FormIDEAble adaptive-support strategies
successfully refer to first responders without is-
sues under the same simulation conditions.
Further investigation indicates that the root
cause of this issue likely originates in the tran-
sition from the Stochastic Hybrid Automaton
(SHA) to the Priced Timed Markov Decision
Process (PTMDP). While the automata learn-
ing process generates structurally sound au-
tomata that accurately reflect observed behav-
iors, the conversion from SHA to PTMDP was
performed manually. The assignment of state
transitions and action priorities, such as the way
points are allocated to agents, was determined
arbitrarily due to the absence of more reliable
As a result, the PTMDP’s decision-
making process may not fully align with real-
world behavioral dynamics, leading to subopti-
mal performance.

The main takeaway from this study is that the
effectiveness of the adaptive strategy is com-
promised by an unintended bias in the model’s
decision-making process. To enhance system
performance, a revision of the state transitions
and action selection mechanisms is necessary to
ensure that the SAR Robot correctly identifies
and acts upon situations where requesting help

sources.



from staff members is the most efficient course
of action. Additionally, introducing a structured
mechanism for regulating point allocation, par-
ticularly in determining how points are assigned
based on a zero responder’s proximity to a vic-
tim and decision-making speed, would improve
the accuracy of the model.

Future refinements should focus on improving
the model’s adaptability to different emergency
scenarios by balancing the role of both trained
and untrained responders. Addressing these lim-
itations would enhance the system’s capacity
to generate more reliable evacuation strategies,
ultimately optimizing emergency response effi-
ciency.

FD ‘ No-Sup ‘ Staff-Sup ‘ Pass-Sup ‘ Adapt-Sup
30 | 0.3634 (s) | 0.7658 (1) | 0.4906 (n) | 0.7556 (1)
60 | 0.3564 (s) | 0.7450 (1) | 0.4600 (n) | 0.7308 (m)
90 | 0.3386 (s) | 0.6848 (m) | 0.4648 (n) | 0.7054 (m)
120 | 0.3562 (s) | 0.7478 (1) | 0.4744 (n) | 0.7702 (1)
150 | 0.4422 (n) | 0.5430 (n) | 0.5284 (n) | 0.4920 (n)
180 | 0.3448 (s) | 0.6968 (m) | 0.4696 (n) | 0.7254 (m)
210 | 0.3388 (s) | 0.6954 (m) | 0.4688 (n) | 0.7472 (1)
240 | 0.3326 (m) | 0.6744 (m) | 0.4714 (n) | 0.7010 (m)
270 | 0.3542 (s) | 0.6678 (m) | 0.4648 (n) | 0.7054 (m)
300 | 0.3636 (s) | 0.6746 (m) | 0.5010 (n) | 0.6666 (m)
330 | 0.3640 (s) | 0.6408 (s) | 0.4906 (n) | 0.6436 (s)
360 | 0.3500 (s) | 0.6324 (s) | 0.4790 (n) | 0.6458 (s)
300 | 0.3496 (s) | 0.6366 (s) | 0.4688 (n) | 0.6552 (s)
420 | nan (na) | 0.6346 (s) | 0.4752 (n) | 0.6716 (m)
450 | 0.3668 (s) 0.6294 (s) | 0.4868 (n) | 0.6670 (m)
480 | 0.3508 (s) | 0.6146 (s) | 0.4804 (n) | 0.6548 (s)
510 | 0.3532 (s) | 0.6140 (s) | 0.4724 (n) | 0.6350 (s)
540 | nan (na) 0.6124 (s) | 0.4760 (n) | 0.6402 (s)
570 | nan (na) nan (na) | 0.4796 (n) | nan (na)

600 | nan (na) nan (na) nan (na) nan (na)

Table 1: Comparison of evacuation times using
the VD index

5. Conclusion and Future Work

5.1. Summary of Findings

The comparative analysis between the proposed
adaptive-support strategy and existing evacua-
tion methodologies yielded several key observa-
tions:

e The new strategy did not demonstrate a
statistically significant improvement over
existing approaches, with only marginal en-
hancements in specific cases.

e The SAR robot exhibited an unintended
tendency to prioritize zero responders over

first responders, deviating from the in-
tended decision-making model.

e The staff-support strategy consistently out-
performed the adaptive-support configura-
tion, emphasizing the critical role of trained
personnel in evacuation efficiency.

e The FormIDEAble adaptive-support strat-
egy achieved better results despite modifi-
cations to the simulation model, suggesting
a need for refining the decision-making logic
of the new approach.

e A critical issue was identified in the transi-
tion from the Stochastic Hybrid Automaton
(SHA) to the Priced Timed Markov Deci-
sion Process (PTMDP). While the SHA ac-
curately captured observed behaviors, the
manual conversion process introduced arbi-
trary decision-making rules that may have
compromised strategy effectiveness.

These findings indicate that while an adaptive
evacuation strategy remains a promising con-
cept, its current implementation requires sub-
stantial improvements before surpassing existing
methodologies.

5.2. Future Directions

Several promising research directions emerge
from this study:

o Refinement of the Decision-Making Pro-
cess: The SAR robot’s logic should be re-
vised to ensure first responders are priori-
tized when their intervention is most effec-
tive.

e Automated Transition from SHA to PT-
MDP: Developing an automated mecha-
nism for converting the learned automaton
into a PTMDP would reduce manual biases
and improve model accuracy.

e Integration of Machine Learning: Future
work could implement machine learning
techniques to enable real-time adaptation
based on past evacuation scenarios.

e Real-World Validation: Conducting field
tests and case studies would provide em-
pirical evidence to support the simulation
findings.

e Enhancement of Simulation Fidelity: Incor-
porating psychological factors and environ-
mental hazards could improve the realism
and applicability of the model.



5.3. Final Remarks

This study contributes to the advancement of
evacuation optimization strategies by identify-
ing key factors influencing emergency response
efficiency. While the adaptive-support strategy
did not outperform existing methodologies in its
current form, it highlights crucial areas for im-
provement.

A key insight from the study is the necessity
of refining the transition from SHA to PTMDP.
The current manual approach introduces subjec-
tivity in defining state-action assignments, po-
tentially leading to suboptimal decision-making.
Implementing an automated, data-driven mech-
anism for this conversion would enhance the ro-
bustness of the model and improve strategy re-
liability.

Another significant takeaway is the importance
of field experiments in evaluating evacuation
strategies. However, large-scale controlled evac-
uations are impractical, reinforcing the neces-
sity of high-fidelity simulation models for refin-
ing emergency response protocols.

The ultimate goal remains the development of
an intelligent, adaptive system capable of op-
timizing evacuations in dynamic environments.
Addressing the identified limitations and inte-
grating advanced methodologies will be essential
for enhancing future evacuation strategies and
improving overall safety and resilience in emer-
gency situations.
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