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Abstract

The use of technology for disaster response and relief in the aftermath of
natural disasters is growing. To explore the opportunity afforded by emerg-
ing technologies, this work developed an experimental automated emergency
response system. Given a set of requests from the field and infrastructure in-
formation, a high-level optimization method generates a mission plan for a fleet
of autonomous vehicles, including ground vehicles, fixed-wing aircraft, and de-
livery rotorcraft. The mission plan assigns vehicles to a list of functions and
locations to be visited. Internet technology integrates the various system ele-
ments and provides a unifying environment for the physical and the modeled
world in cyberspace. Guidance and control enable the vehicles to autonomously
execute their plans. The movements of the fleet vehicles including their dynamic
behavior are illustrated in a virtual reality interface. Preliminary experiments
with a small fleet of simulated vehicles show the feasibility of such an approach.

Keywords: Cyber-Physical Systems, Operations, Virtual Integration,
Modeling, Simulation, Wireless Control, Model-Based Design, Visualization,
Humanitarian

1. Introduction

A recent report by the United Nations [1] found substantial evidence of cli-
mate change not only affecting humans but also humans affecting this change.
While much attention has been devoted to climate change itself, few humanitar-
ian nongovernmental organizations or international governmental organizations
have made much of the unequal impact that climate change will have on soci-
ety. In particular, the intensifying effects of natural disasters call for improved
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emergency management, which requires resources often beyond the availabil-
ity of poor and developing countries [2]. The presented paper studies whether
technology, with an emphasis on automated response, can serve as an equalizer
of emergency management quality following a natural disaster. The response
system enables serving each human help request from the field in a time-optimal
manner by automatically deploying a fleet of unmanned aerial and ground ve-
hicles to assist victims and emergency responders.

1.1. The Case for Emergency Management

With the change in climate, decreases in regional availability of water and
rising sea levels have led people to migrate to areas that oftentimes are more
vulnerable to natural calamities such as floods, earthquakes, heat waves, and
wildfires. [2]. Disasters that occur more frequently and with more intensity affect
the lives of people at a larger scale. More extensive humanitarian missions are
thus increasingly called for, but these are costly and challenging. Much has been
made of global warming and its potential costs and effects yet the same does not
hold for emergency management. Says Sarewitz [2]: “We know how to prepare
for disasters, but the world has not made this a high enough priority,” “reducing
emissions is important, it will not reduce vulnerability to disasters,” and “if
disaster preparation received the same political attention as global warming,
significant progress could be made.”

Technological advances hold great promise for more efficient and less costly
emergency response and relief. For example, with an annual cost of fires in
the United States of about $329 billion (in 2011) [3] the economics of improved
fire disaster management are quite compelling. Moreover, technology enables
a quality of emergency management in less developed and poor countries that
would be otherwise unattainable.

Recent advances in autonomous vehicles, ubiquitous communication net-
works, and advanced optimization can be leveraged and developed to provide
the foundation for improved emergency management. Some of the challenges
in this field recognized formerly by Microsoft [4] research activities, include sit-
uational and real-time location awareness, sharing data among organizations,
different levels of operation (e.g., strategic, tactical, and operational levels), spe-
cific requirements for information types (reports, maps, images, videos, etc.),
and unreliable network connections, to name a few. The character of emergency
management determines where and how to effectively introduce technology. Not
sure what this last sentence means or if it is needed. What is the “Character of
emergency management”?

1.2. Technology in Emergency Management

Management of emergencies can be classified into four activities: (i) mitiga-
tion, (ii) preparedness, (iii) response, and (iv) recovery [5]. The first two activ-
ities are performed prior to the emergency. The work presented here addresses
the latter two, which are performed following an emergency, with a focus on the
emergency response activity. Emergency response is of critical importance in
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saving lives and providing medical aid. Timely response must: (i) ensure public
safety, (ii) aid routing of emergency vehicle traffic, and (iii) re-establish critical
lifeline routes.

In the wake of a natural disaster, assessment of damage is crucial [6] and
“fundamental to relief and reconstruction as it triggers the beginning of for-
malized disaster relief and recovery aid, beginning with governmental disaster
declarations.” Post-disaster assessment can be categorized as [7]: (i) rapid needs
assessment (RNA) and (ii) preliminary disaster assessment (PDA). Compared
to PDA, RNA is narrower in scope and spans a shorter time line. The RNA
evaluation should be executed immediately upon the occurrence of a disaster to
obtain an understanding of the scope and impact of the event, including casu-
alties, injuries, and humanitarian needs [8]. An important goal of the RNA is
to allocate and marshal resources such as aid and additional damage evaluators
to the recovery mission [8].

Given the time-critical nature of emergency response, automation holds
much promise in improving response effectiveness. Any attempt at introduc-
ing technology into disaster response must account for the idiosyncratic nature
of emergencies, which can differ substantially from the nature of similar activity
in everyday life. Differences in needs include levels of availability, responsive-
ness, agility, transparency, and interactivity. As such, for emergency response
solutions availability is more important than utilization, while fast response
times are critically important, even in the face of changing infrastructure for
transportation and medical care (e.g., hospitals may close down when electrical
power goes out and it can be difficult to predict when emergency medical centers
will be set up and ready for operation [9]) as well as highly dynamic traffic condi-
tions and frequent aid requests. Moreover, the human component calls for broad
information dissemination and clarity about the response. Technology can help
emergency responders in the field to operate more safely and effectively. It can
provide control room operators quick access to precise situational information
extracted from reams of streaming data so as to enable insight and rapid de-
cision making. Quickly providing precise, detailed, and up-to-date information
improves the effectiveness of emergency response [7].

Recent developments in the area of cyber-physical systems [10] (CPS) are
now making an automated emergency response system a realistic vision [11].
Fundamentally, cyber-physical systems are open, which provides key qualities
for emergency response solutions. With the ability to engage machines in a con-
certed effort, cyber-physical systems provide the level of flexibility and robust-
ness necessary in disaster scenarios. Moreover, cyber-physical systems are able
to deal with uncertainty in a resilient manner while supporting a coordinated
effort between humans and machines. These are essential qualities to enable
a combination of cyber-physical system technology and operations that should
lead to quicker response with rescue tools and medical aid (e.g., to establish
lifeline routes), improved disaster assessment (e.g., to route traffic), increased
surveillance to enhance public safety, and ultimately a more informed public
(e.g., via social media).

The CPS paradigm is a natural fit for and captures the requirements of
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emergency response system as a system with close integration and interaction
between the cyber and physical worlds. The dynamic changes in system config-
uration, however, require an open and extendable design. It becomes necessary
to develop novel system engineering approaches not only when designing for dis-
aster mitigation, but in an abundance of other applications (e.g., smart cities,
collaborative energy systems, and personalized medicine).

1.3. Technological Challenges

For all its promise, cyber-physical systems as a field of study is still in its
infancy and many challenges remain [10]. Architectures for open systems to
(certifiably) meet the demanding performance constraints of hard and soft real-
time embedded operations, especially in the face of shared functionality, are
still under development. Part of the challenge is developing a platform and
communications technology stacks that are flexible and extendable to support
continuous evolution yet sufficiently rich and rigorous to enable a broad range
of features with potentially safety-critical implications.

Challenges also remain in design methods for cyber-physical systems. The
open nature implies that no one system integrator is responsible for the ultimate
behavior of the system. This is a departure from standard design approaches
in which a single original equipment manufacturer (OEM) often assumes such
responsibility. By collaborating in an open structure, the combined behavior of
each constituent system produces an emerging behavior that is not encoded a
priori as a global system behavior.

When machines collaborate, robustness in their individual as well as emerg-
ing behavior is generally both crucial and challenging. Here ”robustness” is
intended in the dictionary sense; it encompasses operating in an uncertain en-
vironment, with uncertainty in the quality of operations of a machine, envi-
ronmental effects and disturbances, and so on. Such robustness is especially
important for disaster emergency response as many adverse conditions exist in
the form of extreme environmental disturbances but also lack of infrastructural
integrity and even integrity of the machine. Achieving resiliency by restoring
operational functionalities after a loss is essential in disaster scenarios.

Another essential element of emergency response is having humans in the
loop. In many emergency situations humans are not only victims, but also
emergency responders, and even adversaries. Machines that operate in close
quarters and kinetic engagement with humans must be safe as well as behave
intuitively in mixed-initiative collaboration.

1.4. A Study

To assess the opportunity and feasibility of cyber-physical system technol-
ogy in disaster response the work presented here studies automated response to
an earthquake scenario. A preliminary implementation showed the feasibility
of (i) automatically deploying a fleet of heterogeneous autonomous vehicles to
(ii) serve a range of requests from the field (iii) across an uncertain infrastructure
in a time-optimal manner. Given a set of requests from the field and infrastruc-
ture information, a high-level optimization method generates a mission plan for
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a fleet of autonomous vehicles, including ground vehicles, fixed-wing aircraft,
and delivery rotorcraft. The mission plan assigns vehicles to a list of functions
and locations to be visited. Internet technology integrates the various system
elements and provides a unifying environment for the physical and the modeled
world in cyberspace. Guidance and control enable the vehicles to autonomously
execute their plans.

Section 2 presents the overall system, including an overview of the mission
generation approach. In Section 3 the implementation of a prototype system
is documented. Section 4 details the dynamics, guidance, and control of the
vehicles that comprise the heterogeneous fleet. In Section 5 related work is
discussed. An outlook on how to further develop and utilize the system is
presented in Section 6 along with conclusions.

2. General View of the Automated Emergency Response System

The study explores the application of an automated emergency response
system in an earthquake scenario in San Francisco, CA.

2.1. Mission Parameters Setup

Emergency response is classified by needs for: (i) damage assessment, (ii) surveil-
lance, (iii) medical aid supplies (e.g., defibrillators, masks, thermal blankets),
and (iv) search and rescue tools (e.g., CO2 analyzer, camera, thermal imaging
sensor). Needs are entered into the mission coordination system as requests
either by operators or by authorized emergency responders in the field via an
Android mobile device application. Each request is associated with a geographic
location (longitude and latitude), which can be generated automatically by the
mobile device or entered manually by the device operator. Note that the re-
quests may be for delivery or pick-up (e.g., a pick-up request may be issued once
a defibrillator becomes available again).

The most common means of assessing the situation are by [8]: (i) drive
through, (ii) aerial fly over, and (iii) site visit by foot. In the developed system,
autonomous vehicles were available that operate similarly: (i) fixed-wing aircraft
to fly reconnaissance sorties, (ii) ground vehicles to set up local deployment
stations, and (iii) quadcopter rotorcraft to deliver supplies and tools.

A fleet of autonomous vehicles is available to serve the entered set of requests.
To facilitate a broad range of capabilities, the fleet consists of vehicles of three
different types: (i) ground vehicles with large payload capability and longevity,
(ii) fixed-wing aircraft with medium payload and high speed, and (iii) rotorcraft
with a small payload and high agility.

Transportation infrastructure information is obtained from ‘shape files’ that
are maintained by the City & County of San Francisco and that include precise
information about the midpoints of the roads in San Francisco. A natural
question that must be answered in emergency response is where to deploy supply
stations in the disaster area. These stations serve as depots for the equipment
and medication, and must be positioned so that deliveries can be made upon
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Figure 1: Mission depot locations in San Francisco, CA

receiving requests conveniently and in a minimum amount of time. A mission
interface enables information to be entered about locations suitable for setting
up field depots from which rotorcraft can fly their sorties.

2.2. Time-Optimal Mission Generation

The emergency response system aims to serve aid requests from the field
in a time-optimal manner. More formally, the objective of the system is to
minimize the summation of the service time for each request, weighted by the
request priorities. This problem decomposes into two parts: (i) determining
optimal deployment locations for the ground vehicles that will serve as depots
for deliveries and (ii) solving a vehicle routing problem to determine trajecto-
ries for the delivery rotorcraft along the locations (in longitude and latitude) of
aid requests, which includes determining the cargo of each vehicle in each sor-
tie. Ideally, in order to obtain the minimum cost mission plan, these decisions
would be made via a single optimization problem. However, even for medium
sized scenarios, solving such a comprehensive optimization problem would be
prohibitive because of computational complexity. To tackle the complexity of
the optimization problem, given mission parameters, a multi-stage optimization
algorithm computes a time-optimal mission plan with locations for each of the
fleet vehicles to visit.

In the first stage, optimal deployment locations for ground vehicles that will
serve as depots for deliveries are found based on solving a p-median problem.
This problem is formulated as a mixed-integer linear programming problem[12],
with the objective to minimize the summation of the distances from each ground
vehicle location to the associated aid requests. To illustrate, in the mission
interface in Fig. 1, the Fire Department as well as two such depot locations
have been marked (the Embarcadero and City Hall).

In the second stage, optimal routes for ground vehicles from their initial lo-
cations to the destinations are determined via a Floyd-Warshall algorithm [13]
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in such a way that the total travel time is minimized. Optimal trajectories for
the delivery rotorcraft along the locations (in longitude and latitude) of aid re-
quests are determined by using a tabu search metaheuristic [14, 15]. The tabu
search aims to minimize a cost function that provides the sum of the delivery
time for each request weighted by the request priority. The search algorithm
is initialized by randomly assigning requests to rotorcraft, and then improved
by intra-route and inter-route searches. Since the search process can be paral-
lelized, the algorithm scales well even in cases with large number of requests.
As illustrated in Fig. 2, the optimization problem to solve is at the nexus of a
heterogeneous set of resources, a set of demands that is dynamically changing
based on the servicing plan, and an uncertain deployment infrastructure.

Figure 2: Optimization problem

To generate the time-optimal mission plan, the most updated road network
information with possible damages and congestion is needed for the Floyd-
Warshall algorithm. This information is obtained through reconnaissance mis-
sions of the fixed-wing aircraft. The corresponding trajectories are generated in
a third stage. The trajectories for fixed-wing aircraft are optimized for recon-
naissance to fly along the roads to be traveled by the ground vehicles or above
locations for which a flyover has been requested.

2.3. Executing a Mission

Once the mission plan has been determined, the waypoints are sent to the
respective autonomous vehicles. The waypoints serve as input to the vehicle
guidance and so enable automated deployment given the ability to operate au-
tonomously (e.g., with collision avoidance) for each of the vehicles. Control over
the sensory drones can be changed from the autonomous waypoint following to
manual control with a mobile device. By allowing an emergency responder to
seize control over the drone, it can be accurately and reliably guided in and
landed based on human sensory information and situational awareness.

During the operation, the vehicles communicate information back to the
mission command and control center. This information may include data such
as vehicle coordinates, sensor measurements (e.g., gas levels in the air), and
video streams from vehicle cameras. This information can be directly accessed
in the mission command and control center, for example, to animate the vehicle
movement on a map or display live video feeds.
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To support the design of the overall system, connecting with Google Earth
enables virtual system integration by display of the various vehicles in a photo-
realistic environment as the mission unfolds. This integration is based on real-
time simulations of the various vehicles and provides a realistic assessment of the
overall functionality of integrated system. During the design phase, the control
is applied to either dynamic models of the vehicles or the physical vehicles
directly. Combining modeled and physical vehicles enables overall integration
in a computational sense by connecting all of the vehicles and the mission system
to a Google Earth visualization. The system-level testing that is facilitated by
such computational integration is difficult to achieve in a physical sense because
of the emergency nature of the system.

2.4. The Overall System

The elements of the overall system are shown in Fig. 3. At the center is
the mission command and control center that determines the optimal mission,
serves as graphical interface, and integrates the various other elements. Shown
on the left-hand side is the fleet of vehicles, which comprises vehicles that may
be available physically or as real-time simulations. As shown at the top, the
requests are input to the mission optimization via a mobile device app. To the
right the analysis means are shown as Google Earth visualization and video
stream analysis (e.g., for face detection and recognition). Note that the system
is built in such a manner that additional elements may extend the fleet (e.g., as
sensor drones) anytime during the design phase or during deployment. The open
architecture of the overall system is illustrative of the open system paradigm of
CPS.

Figure 3: Emergency response system

Sophisticated optimization-based planning methods can operate at time scales
in the order of minutes by using powerful server farms at a possibly global net-
work level. Such computation occurs on a global scale. To move vehicles from
one location to the next, waypoints along the roads are determined. The set of
waypoints is generated in the order of seconds and is used by the vehicle guid-
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Figure 4: Planning, guidance, and control layers of the overall system

ance systems to move along a determined trajectory. A full layered planning,
guidance, and control structure for the mission is illustrated in Fig. 4

In a typical experiment, an emergency response scenario consists of three
fixed-wing aircraft, three ground vehicles, and four delivery drones. Experiment-
ing with the implementation showed the potential for automatically deploying
autonomous vehicles to serve a range of requests from the field in a time-optimal
manner. Figure 5 illustrates an automatically generated mission plan for such
a fleet. From the set of potential locations to set up depots, three optimal loca-
tions are determined. Figure 5(a) shows the optimal route for each of the three
ground vehicles to these locations. The three fixed-wing aircraft are shown in
Fig. 5(b) to fly to a number of locations (the angle points in the trajectories)
that have been entered by mission control operators. The trajectories of the four
rotorcraft shown in Fig. 5(c) start from one of the depots (including the Fire
Department location) and are such that all of the locations from which an aid
request was issued (the angle points in the trajectories) are visited. Note that
the rotorcraft may return to a depot location other than the one they departed
from. Also, because of power and load constraints, a rotorcraft may return to
a depot to recharge its battery or to pick up a new delivery before embarking
on a new sortie.
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(a) Ground vehicle routes to depot locations

(b) Fixed-wing aircraft reconnaissance sorties

(c) Rotorcraft supply and delivery trajectories

Figure 5: Illustrative mission plan

3. Implementation of the System

This section describes the implementation details of the system presented in
Section 2. First the architectural elements of the implementation are provided,
and then the communication between them is outlined.

3.1. Architecture

The overall architecture of the experimental system is presented in Fig. 6.
In dashed outline are the concurrently operating resources. At the bottom, the
overall mission control system is shown as a separate process that is executing:
(i) the mission user interface, (ii) the planning to generate a specific mission,
(iii) the visualization module of the plan as it is being generated and the final
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Figure 6: System architecture

Vehicle Model Payload Operational time Speed
Ground vehicle Ford Escape 500 kg inf 0-25 m/s
Fixed-wing aircraft FASER 2.5 kg 25 min 7-35 m/s
Delivery rotorcraft Arducopter 0.4 kg 9 min 0-14 m/s
Sensory rotorcraft AR.Drone 250 g 12 min 0-5 m/s

Table 1: Characterization of the vehicle fleet

result, and (iv) an animation of the mission progress as it is being executed. This
process is implemented in MATLAB code with the 64-bit release of R2013b [16].

The vertical stack in the center of Fig. 6 represents the process that generates
the dynamics of the various vehicles in the fleet (see Table 1). These dynamics
include the waypoint control for each of the vehicles. For the ground vehicles
and the fixed-wing aircraft, the control is applied to a model of the vehicle. For
the rotorcraft the control is either applied to a model or the physical vehicle,
the latter of which operates as a concurrent resource. In addition to state
information of the vehicles, the physical rotorcraft may provide a video stream
during operation. This process is implemented in MATLAB code with the 64-bit
release of R2013a [17].

The vehicle state information is provided to a process that executes a Google
Earth three-dimensional visualization. In addition to the state information,
the mission system provides configuration information to Google Earth such as
which vehicle viewpoint should be displayed and how this viewpoint should be
displayed (e.g., from the vehicle perspective or from a trailing camera). This
process is implemented in MATLAB code with the 32-bit release of R2013a [17].

Finally, the top left-hand corner of Fig. 6 shows a process that is executing
on a mobile Android device. An application executing on this device can provide
requests directly to the mission system. The application automatically attaches
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Figure 7: Process for acquiring control of the drone

longitude and latitude coordinates to a request.

3.2. The Network Connections

The various resources in Fig. 6 are connected by wired and wireless net-
works. Communication between the various MATLAB processes is achieved via
the UDP protocol with either UDP port objects in MATLAB or UDP blocks
in Simulink. The video stream of the physical sensory drone is communicated
to MATLAB or Simulink via a TCP connection. The Android application com-
municates with the corresponding MATLAB process through a UDP port.

The MATLAB processes and the mobile app are all connected via the Inter-
net. The physical sensory drone, however, sets up an ad hoc wireless network.
By connecting to this network with the computer that executes the correspond-
ing MATLAB process, UDP blocks in Simulink write control values to the drone
IP address and port while reading state values from the drone in a similar fash-
ion. This enables wireless control of the physical sensory drone directly from
Simulink using Real-Time Windows Target for real-time performance [17]. An
important benefit is that such wireless connectivity enables rapid implementa-
tion and validation when designing the drone guidance and control.

The process that enables an emergency responder to seize control of a sensory
drone is illustrated in Fig. 7. First, the responder uses a mobile device applica-
tion to request the drone hand over control. With the mobile device connected
to the Internet the autonomous drone control receives this request via a UDP
connection and closes the UDP connection to the drone. Now the responder can
connect to the drone with the mobile device via a UDP port and start sending
control commands. In the experimental implementation, the transfer of control
occurred while the drone was hovering. A small drop in height (approximately
50 cm, Fig. 8) would occur upon the transition of control.

4. Autonomous Fleet of Vehicles

An integrated simulation and experimental platform is developed to de-
sign and validate optimization and control algorithms for the vehicles in the
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(a) Autonomous control
to hover in place

(b) Drop when changing
control

(c) Responder control-
ling the drone

Figure 8: Acquiring control of the drone

emergency response system. The simulation environment, constructed using
MATLAB and Simulink, includes high fidelity models of the fixed-wing aircraft
and rotorcraft as well as low-dimensional models of the ground vehicles. The
testbed consists of a fleet of low-cost commercially available rotorcraft used to
validate in real-time the control, guidance, and global optimization algorithms.
It is important to highlight that details in modeling and real-time implemen-
tation are unique features of the proposed platform because high-level opti-
mization schemes can be validated in realistic scenarios and times with actual
computational resources.

Section 4.1 presents an overview of the dynamics as well as the control and
guidance strategies for the vehicles in the emergency response system. The
development of control and guidance systems for the sensory rotorcraft using
Model-Based Design is discussed in Section 4.2.

4.1. Dynamics, Control, and Guidance

High fidelity, open models of the fixed-wing aircraft, described in [18] and
validated experimentally, are used for simulation of the reconnaissance vehicles.
The baseline inner-loop controller, also described in [18], commands the elevator,
rudder, throttle, and ailerons to drive the vehicle attitude and velocity. The
height is controlled using pitch angle commands. On top of the baseline inner-
loop controller, a guidance module is implemented to track a list of waypoints
and execute the emergency response missions. The algorithm uses the reference
roll angle and heading rate to guide the vehicle to the waypoints.

The dynamics model of the sensory rotorcraft, the Parrot AR.Drone 2.0,
is derived using experimental input-output data, the structure of the vehicle
equations of motion, and system identification techniques. The AR.Drone dy-
namics are described by the transfer functions Gφ = φ

φr
, Gθ = θ

θr
, Gψ = ψ

ψ̇r
,

and Gh = h
ḣr

. Angles φ, θ, and ψ are the rotorcraft roll, pitch, and heading,

respectively. Rotorcraft height is represented by h. The reference commands
φr, θr, ψ̇r, and ḣr are for roll angle, pitch angle, heading rate, and vertical
speed, respectively.

The outer-loop controllers Ku, Kv, Kψ, and Kh, depicted in Fig. 9(a) and
9(b), are implemented to track the desired axial velocity u, lateral velocity v,
heading angle ψ, and height h, respectively. u and v are expressed in the moving
vehicle frame. The control and guidance strategies for the delivery rotorcraft
follow an approach similar to that used for the sensory rotorcraft.
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(a) Heading and height control

(b) Velocity control

(c) Waypoint control

Figure 9: Elements of AR.Drone control and guidance

A point mass model is used to model and simulate the ground vehicle. The
vehicle model is a free velocity vector moving at zero height. The inputs to the
ground vehicle model are the magnitude of the velocity vector and the heading
rate.

Although the characteristics of the fixed-wing aircraft, rotorcraft, and ground
vehicle differ, the guidance approach is similar. The objective of the guidance
systems is to minimize the distance between the vehicles and desired target
positions or waypoints. The waypoints and position measurement updates of
the ground vehicles, fixed-wing aircraft, and delivery rotorcraft are given in
geodetic coordinates (latitude, longitude, altitude) by a global positioning sys-
tem (GPS). The navigation systems transform the geodetic coordinates to an
inertial Cartesian coordinate system XY Z, also used for local navigation of the
sensory rotorcraft, for which geodetic coordinates may not be available. Fig. 10
shows a schematic of the positions, orientations, and velocity vectors for the
rotorcraft, fixed-wing aircraft, and ground vehicle in the XY plane of the local
coordinate system.

The guidance module of the rotorcraft, depicted in Fig. 9(c), commands
the reference velocity [uref , vref ]T to guide the vehicle from its current inertial
position [X,Y ]T to the desired position [Xref , Yref ]T . The relative position
between vehicle and target, expressed in the moving body frame ijk and given
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Figure 10: Coordinate frames and angles for different vehicles

by

Pτ =

[
εi
εj

]
= T

[
Xref −X
Yref − Y

]
(1)

is multiplied by a gain K to obtain the commanded axial and lateral velocities
[uref , vref ]T = KPτ . T is a coordinate transformation that brings a vector from
the inertial frame to the moving body frame.

In the case of the fixed-wing aircraft, the lateral velocity is negligible (v = 0)
and the magnitude of vector V = u is assumed as constant. Thus, the roll angle
and resulting heading rate ψ̇ are used to minimize both ψτ and the distance
|Pτ | between the vehicle position and target.

For the ground vehicles, the lateral velocity is also zero. The guidance system
of a ground vehicle uses the magnitude of the axial velocity V = u and heading
rate ψ̇ to drive the vehicle to a desired position.

4.2. Model-Based Design

The complete modeling-design-validation process is carried out for the sen-
sory rotorcraft. The mathematical model as well as the control, guidance, and
mission level algorithms are validated using the AR.Drone vehicle.

Set up. The AR.Drone vehicle, used for validation of control and guidance
strategies, is a low-cost, commercially available rotorcraft with an open ap-
plication programming interface (API) for vehicle control via Wi-Fi. The open
API and Wi-Fi control capability make the drone particularly suited for rapid
algorithm development. A Simulink interface is developed using the API to
send commands to and read data from the AR.Drone hardware. The Wi-Fi
interface makes it easy to quickly carry out system identification, control, and
guidance experiments and facilitates an almost immediate turn-around time for
control and experiment changes in the field. Vehicle state data are acquired and
commands to the AR.Drone vehicle are sent at a sampling frequency of 16 Hz.
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Figure 11: Trajectory tracking for sensory rotorcraft at 1.5 m height

Modeling. The transfer functions Gφ, Gθ, Gψ, and Gh that describe the vehicle
linear dynamics are derived via experimental input-output data of the vehicle
motion and System Identification Toolbox [19]. The mathematical model of the
vehicle dynamics is used to design the inner-loop controllers Kφ, Kθ, Kψ, and
Kh as well as the guidance module.

Design. The control and guidance laws, described in Section 4.1, and the mis-
sion level algorithms are implemented in Simulink for both simulation and real-
time Wi-Fi control of the AR.Drone vehicle. The controllers Ku, Kv, Kψ, and
Kh, used to track the vehicle velocity, heading angle, and height, are synthe-
sized such that phase and gain margins for each loop are greater than 45 deg
and 6 dB, respectively. The gain K, used to track waypoints, is selected to
achieve minimum tracking time with no oscillations around target positions.

Validation. The results from both simulations and physical trials are used to
assess the correctness of the vehicle model and the robustness of the control laws
and mission level algorithms. Generally, the physical behavior data accurately
matches the simulation results. A sample trajectory of the AR.Drone vehicle
tracking a sequence of waypoints is shown in Fig. 11, which illustrates validation
of the mathematical models of the vehicle dynamics as well as the control and
guidance schemes.

5. Related Work

Work related to what has been presented here generally takes a perspective
different from the operations approach presented in this paper. For example,
in other work [20] a cooperating receding horizon API methodology has been
employed to plan vehicle trajectories over a limited time window using a control
theoretic approach. From a computer science perspective, related work [21]
develops plans based on temporal logic constraints. Such temporal constraints
provide a rich language (e.g., ‘next’, ‘after’, ‘eventually’, ‘until’, and so on) to
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express the problem but finding the optimal solution is more complex while a
limited language is suitable as well.

The work presented in this paper requires a level of autonomy of the dis-
patched vehicles. Above and beyond navigation and collision detection, so-
phisticated local planning approaches [22] further enhance such autonomy. The
RoboEarth network has taken this a step further by enabling robots to generate,
share, and reuse data across Internet connections [23]. These methods center
around local agents with a fully distributed architecture for planning while the
work presented in this paper relies on a mission control center for full situational
awareness and time-optimal mission generation in a global sense.

Faulkner et al. [24] describe community sense and response systems in which
smartphones, tablets, and any Internet-enabled devices are leveraged as community-
owned commercial sensor hardware. Caltech Community Seismic Network (CSN)
is a prototypical example of harnessing accelerometers in smartphones and low-
cost USB-based sensors. The CSN solution is scaled up to achieve a real-time
awareness about earthquakes by collecting data from volunteers and acting upon
them properly. After an earthquake, situational geo-awareness must be cap-
tured. The levels of shaking, varying types of motion, and various degrees of
building damage can be detected with the CSN sensors. In addition, sensors
can detect the moderate P-wave shaking that precedes damaging S-wave shak-
ing, thus they are likely to report initial quake measurements immediately. [24]
These measurements can provide localized estimates of shaking intensity and
damage.

Community participation as such has been researched by others as well. For
example, evidence is provided that collective intelligence outpaces the intelli-
gence of an individual contributor [25].

In this spirit, bringing simulation to the masses constitutes a tremendous
opportunity to keep society at large (not only first responders) informed about
operations in the field. Further, using simulation as a mass-scale information
provider opens the area of actionable intelligence. That is, following the knowl-
edge that can be retrieved from the computational space, the doers and makers
may be given the tools to actually act and improve field operations whenever
such an improvement is required and desired.

Along another dimension, the use of social media for situational awareness
during emergencies has been studied in other work [26] and these results can
provide valuable augmentation of the work presented in this paper. Similarly,
results in tracking unpredictable events such as sport games [27] could provide
some enhancement as well.

Currently, much attention in robotics is directed to humanoids ranging from
frivolous tasks such as collaborated pancake baking [28] to robotic emergency
responders being developed by Honda [29] that are more pertinent in the context
of the work presented in this paper. The characterization (see Table 1) of the
vehicles that is at the core of the presented emergency response system provides
a level of openness that enables the integration of such humanoids as their
autonomy and utility reaches a sufficient level of maturity.

Along a slightly different but related axis, there has been much effort on
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combining computational models with the physical world [30]. Particular at-
tention has been devoted to gradually increasing the degree of physical func-
tionality in relation to computational functionality to support an incremental
design approach from a virtual product to its physical implementation. The
work presented in this paper makes less of an attempt at enabling different im-
plementations of such intrasystem levels of functionality but instead enables the
exchange of physical and virtual vehicles as entire systems.

Specific to unmanned autonomous vehicles (UAV), a recently launched hu-
manitarian UAV network bridges humanitarian and UAV communities inter-
nationally. The objectives of this community include providing coordination
support, facilitating information sharing, enabling safe UAV operations, and
establishing clear standards for humanitarian use [31]. As such, this effort is
complementary to the work documented in this paper.

Related work also includes developing an overall mission system focused on
a fully virtual environment, mainly for software producibility studies [32]. In
this work an underlying High-Level Architecture (HLA) based system provided
the runtime infrastructure. Models based on formalisms to capture information
such as social network interaction (colored Petri nets), communication networks
(OMNeT++), and helicopter dynamics and control (Simulink) were integrated
by automatically generating configuration data and HLA federates to support
the corresponding simulation engines. While related in the integrated mission
operations approach, the overall time-optimal optimization based on parameters
including the infrastructure, fleet configuration, vehicle characteristics, and aid
requests was not addressed.

6. Outlook and Conclusions

This paper documents an experimental automated emergency response sys-
tem. It builds on the emerging CPS paradigm by integrating autonomous ve-
hicles of various types (ground vehicles, fixed-wing aircraft, delivery rotorcraft,
and sensory rotorcraft).

6.1. Outlook

As presented, the system operates in benign circumstances. In disaster sce-
narios, however, circumstances are likely to be less conducive to operations,
more unpredictable, and even hostile in some cases.

Though the current design of the system does not account for fault accom-
modation, this will be essential in working toward a deployable system. Of
particular interest will be the fault handling at a system of systems level, while
leveraging existing approaches (e.g., [33, 34, 35, 36]) for the individual machines.
The current state of the overall system should serve as an interesting and hope-
fully valuable testbed for developing and experimenting with intricate effects of
faults in such a system of systems.

From a nominal behavior perspective, the availability of network connec-
tivity is critical so as to enable communication between mission control, the
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various subsystems, and the emergency responders as well as survivors in the
field. Two valuable technologies are promising in addressing the connectivity
challenges and preliminary attempts show promise to integrate these into the
overall system. First, recent results in ad hoc network creation [37] support
setting up wireless access points mounted on autonomous vehicles such as ro-
torcraft drones. By strategically deploying such rotorcraft in the disaster area,
network access can be provided where necessary [38]. Directed antenna tech-
nology enables long range connectivity between wireless drones as well as to the
existing communication infrastructure.

Second, new developments in mobile device technology enable opportunistic
network creation based on a peer-to-peer communication network [39]. Infor-
mation is relayed between mobile devices (e.g., via Bluetooth connectivity) that
have a supporting app installed. The information may be text messages as
well as audio or video recordings. Once a wireless access point becomes acces-
sible from a mobile device the information (e.g., specific aid requests) can be
communicated to mission control.

Aside from network connectivity, the availability of the transportation in-
frastructure is unpredictable following a disaster. Not only is damage to roads
and bridges likely to occur, but survivors may overcrowd the streets, making
them difficult if not impossible to navigate. Reconnaissance by autonomous
fixed-wing aircraft enables the emergency response system to assess the state of
the infrastructure as the mission unfolds. By combining vehicle dynamics with
mission planning the effect of such unpredictable situations can be simulated to
determine new parameters for the optimization (e.g., travel speed of the ground
vehicles) as well as the new state that serves as the starting point for solving a
new optimization problem. The value derived by combining high-level planning
with low-level dynamics of the physical system has been a motivating factor in
other domains as well (e.g., the manufacturing domain [40]).

Further benefits of combined system planning and dynamics can be derived
in improved training opportunities. With the Google Earth visualization, a
realistic representation is provided to help train mission control operators as
well as convey a sense for interacting with autonomous vehicles by emergency
responders. From another perspective, it is important to best design a system
that operates alongside humans who may have limited training or none at all.
A high level of realism facilitates an effective system to study human-machine
interaction which, in turn, enables improved system design.

6.2. Conclusions

The project illustrated the potential for vehicles to autonomously organize
and serve humans in times of crisis. The availability of the models, tools, and
APIs allows for connecting multiple technologies and devices into a collabora-
tive testbed. This testbed is extendable by any academic partner for research
purposes and any authorized crisis response organization for pilot applications.

The system is designed as a four layer structure that includes mission plan-
ning, trajectory generation, guidance, and control. At the highest level, ad-
vanced optimization methods from the operations domain enable time-optimal
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mission planning to serve a broad range of requests that come in from the field.
To enable this optimization, vehicles are characterized in terms of their mission
longevity, their speed of travel, and the payload they can carry. The vehicles are
assigned locations that they should serve, after which a trajectory of waypoints
is generated for each vehicle. While deployed, guidance and control enable the
vehicles to autonomously execute their assigned missions.

While operating under mission control, the system communicates via the In-
ternet. Emergency responders, however, may seize control locally by connecting
to an ad hoc network of a vehicle. As the mission is being executed, coordinates
(longitude, latitude, and altitude) as well as state information of each of the
deployed vehicles is communicated to mission control. While designing and
testing the system, the vehicles are included in a Google Earth interface, en-
abling control operators to monitor the mission as it develops. In addition to
being of great aid in design, such a realistic simulation environment supports
sophisticated training scenarios.

Results demonstrate the feasibility of increased emergency response automa-
tion. For 25 to 50 aid requests and a small fleet size of 4 ground vehicles, 3
fixed-wing aircraft, and 15 rotorcraft, the system produces a mission plan in
the order of minutes. Generating trajectory waypoints is facilitated by the use
of government maintained ’shape files’ that identify the midpoints of roads.
Finally, guidance and control methods support autonomous trajectory follow-
ing. By exploiting Internet technology, including for wireless control of physical
devices, complete integration of the physical and modeled worlds is achieved.

In a community sense, the project affirms the notion of a societal engineer
([41, 42]) as someone who uses engineering experience in a manner that prepares
colleagues and invokes the passion for addressing society’s challenges, improving
quality of life through innovation, and appreciating the need for organizational
missions. Because of their engineering foundation, such individuals have perhaps
the most powerful foundation one can have for orchestrating people from all
forms of disciplines to move society forward.

Increased focus on exploiting technology for emergency response not only
holds the promise of improved performance but by enabling a lean response
apparatus it may also serve as an emergency response equalizer between nations
of disparate stages of development.

MATLAB and Simulink are registered trademarks of The MathWorks, Inc. See
www.mathworks.com/trademarks for a list of additional trademarks. Other prod-
uct or brand names may be trademarks or registered trademarks of their respective
holders.
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