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1 INTRODUCTION

Sensors, mobile computing, and wireless communication
networks have witnessed dramatic advances over the past
few years. Simultaneously, on-line simulations, fed by real
time data, have been incorporated into diverse areas such
as manufacturing (Lendermann et al. 2005), supply chain
optimization (Turner, Cai, and Gan 2000), and transporta-
tion system operations, to mention a few. The increasing
presence of mobile and ubiquitous computing combined
with nearly universal communications is resulting in excit-
ing new opportunities in transportation system manage-
ment (Werner 2004a, Werner 2004b). One can envision a
distributed, adaptive, self-optimizing transportation infra-
structure that can automatically reconfigure itself to maxi-
mize efficiency and minimize the effects of unexpected
events ranging from everyday crashes to catastrophic natu-
ral or human generated disasters.

In this current effort we envision embedding on-line
distributed simulations operating within transportation
network elements (participating vehicles, roadside cabi-
nets, etc.) in an attempt to create a transportation manage-
ment and prediction system distributed across in-vehicle
computer systems, roadside computers, and traffic man-
agement centers. In this approach participating vehicles
play an active role in the monitoring and prediction of fu-
ture states of the transportation network. Throughout a ve-

hicle’s trip it obtains information from sensor networks and

other vehicles, performs real-time simulations and predic-
tive functions, and shares its projections with other vehi-
cle’s simulators to create an aggregate view of the individ-
ual vehicle’s area of interest and the transportation system
as a whole. This distributed simulation approach represents
a shift in transportation systems management, moving to
the vehicle much of the intelligence, computational power,
and responsibility for network management. Our current
focus is set on investigating whether an embedded real-
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time distributed system is capable of efficient and accurate
system monitoring and producing faster than real time fu-
ture state forecasts.

2 AD HOC DISTRIBUTED SIMULATIONS

Our current research efforts are aimed at developing an
embedded, distributed, simulation based transportation
management system, combining in-vehicle simulators with
information servers and simulations running within the
roadside infrastructure. Future efforts hope to remove the
need for the fixed infrastructure component, resulting in an
entirely vehicle based management system. We envision a
collection of in-vehicle simulations, each publishing pro-
jections of future system states, and utilizing projected
state information from other simulators, real-time embed-
ded traffic sensor data, and historical traffic behavior pat-
terns. In our current implementation each participating ve-
hicle contains a simulator that models the roadway network
in the immediate vicinity of the vehicle, illustrated in Fig-
ure 1. Thus, as the vehicle traverses the network it will be
simulating a dynamic roadway topology that must be con-
tinuously updated to reflect the current vehicle position.
An advantage of this approach is that an embedded distrib-
uted simulation operates in close proximity to real-time
data, allowing predictions to be based on detailed, up-to-
date data collected from nearby sensors. In additional, it is
anticipated that multiple vehicles will be simulating over-
lapping areas, resulting in significant redundancy, offering
greater robustness and resilience to failures.

A key aspect of this approach is that the distributed
simulation models operate in an asynchronous fashion, that
is, a vehicle’s on-board simulator is not required to operate
in synchronous lock step with other participating vehicles,
allowing for largely autonomous operation. Data and re-
sults sharing between the simulations are implemented by
an approach inspired by the Time Warp algorithm (Jeffer-
son 1985). We refer to this collection of embedded, over-
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lapping, in-vehicle and roadside based autonomous, on-line
simulations as an ad hoc distributed simulation (Fujimoto
et al. 2007, Hunter et al. 2009). It is noted that while shar-
ing similarities with a conventional distributed simulation,
an ad hoc distributed simulation possess several distin-
guishing characteristics. While a conventional distributed
simulation is partitioned into non-overlapping areas the
vehicle simulators within the ad hoc network may cover
overlapping areas, as seen in Figure 1. For instance, two or
more simulators may both cover one portion of the net-
work while other sections of the network may not be cov-
ered at all. Further, the network area modeled by a vehicle
simulator can vary over time, as the vehicle traverses the
network. Finally, the set of participating simulators is dy-
namic as new vehicles can join and existing vehicles leave
during the analysis period.
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Figure 1: In-Vehicle Simulation

To ultimately implement an embedded ad hoc distrib-
uted system several key research problems must be ad-
dressed:

e [ndividual Vehicle Simulator Self-Configuration
and Area Identification. It is necessary that as
each vehicle enters the system that it senses its
geographic area and automatically configures it-
self to simulate the appropriate region. One cen-
tral question is the size and location of the traffic
network that should be modeled by each partici-
pating vehicle.

Dynamic Simulation Topology. As a vehicle
moves, new portions of the network may have to
be incorporated in the on-board model, while
models of other portions may no longer be
needed. The capability to create dynamic, adap-
tive simulation models that automatically change
the modeled area based on vehicle movement and
incorporating new data into the simulation is
needed.

Simulation Self-calibration. The simulations must
have a means to automatically correct themselves
based on live, measured data and results for other
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simulations or data sources within the ad hoc net-
work.

System Reliability and Resilience. The ad hoc
simulation approach should offer significance re-
silience to failures due to the inherent redundancy
of the approach. However, the effects of simulator
failures and the potential to create cascading fail-
ures, either due to processor or communication
failures require investigation.

Bandwidth Reduction Techniques. Vehicle net-
works supporting ad hoc distributed simulations
will be constrained by limited bandwidth in the
foreseeable future. Techniques to reduce the
bandwidth requirements of ad hoc distributed
simulations are needed.

Aggregation of Ad Hoc Distributed Simulations.
Ad hoc simulation performance will depend on
factors such as the fraction of vehicles that are in-
strumented (penetration ratio), vehicle density,
simulated area, and accuracy of measurement
data, among other factors. A thorough evaluation
is required to evaluate the effectiveness of this
approach in realistic traffic conditions, settings,
and scenarios.

Our initial approach to implement an ad hoc distrib-
uted simulation system is a client/server architecture,
where global state objects (i.e. simulation results from par-
ticipating vehicles and sensor data) and associated compo-
sition functions (i.e. methods to aggregate data from the
distributed simulations) are implemented at the server level
(Fujimoto et al. 2007, Hunter et al. 2009). The server re-
ceives and stores state updates, compute composite values,
and disseminates this information to other simulators. The
key elements of our initial approach include Space Time
Memory, State Aggregation, and Rollback Based Synchro-
nization. Space-time Memory (STM) is used to coordinate
interactions among simulators, storing current state infor-
mation (e.g., traffic flow rates on various links) and projec-
tions of future states provided by the embedded vehicle
simulators. The STM maintains multiple, time-stamped
versions of state variables (Fujimoto 1989). State Aggrega-
tion is used to combine values provided by the multiple
vehicle simulators to form a composite value of the system
state. Finally, the pro-posed distributed simulation mecha-
nism relies on an optimistic Rollback Based Synchroniza-
tion for self-calibration when predictions are invalidated by
sensor data or unexpected events, e.g., crashes resulting in
new congestion points. When a simulator is rolled back, a
mechanism similar to Time Warp (Jefferson 1985) anti-
messages is used to retract incorrect messages sent by ve-
hicle based simulators to the STM based on rolled back
computations. This allows revised predictions to propagate
rapidly across the network as new information becomes
available. A key question to the use of a roll back mecha-
nism is the development of thresholds to be utilized to
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identify when predictions from individual vehicle simula-
tor are sufficiently in conflict with other data that they
should be rolled back.

3 INITIAL EXPERIMENTS

Our preliminary work assumed that the vehicle simulators
were already configured to model the designated scenario,
and focused on predicting the effects of changes in traffic
patterns. Initial experiments were conducted on a notional
west-to-east ten intersection arterial model of a single
roadway using a cellular automata simulator (Fujimoto et
al. 2007, Hunter et al. 2009). Ten vehicles were assigned to
simulate the west half of the corridor (i.e. the 5 west most
intersections) and ten vehicles were assigned simulate the
east half of the corridor (i.e. the 5 east most intersections).
The links at the midpoint of the corridor were modeled by
all twenty vehicles. Four experiments were undertaken,
three with constant arrival rates on the corridor (testing the
impact of differing demand levels) and one with an initial
arrival rate that is then significantly increased during run-
time. This last experiment was intended to model a sudden
influx of traffic at one end of the network to evaluate the
responsiveness of the system to sudden changes. Initial re-
sults from these experiments demonstrated that the ad hoc
distributed simulation shows good potential to predict the
behavior of transportation systems both under steady state
conditions and in the face of a rapidly changing traffic
load. Results for the increase in traffic demand showed that
the ad-hoc approach is able to capture the increase in traf-
fic and pass this information to the downstream vehicle
simulators. That is, while the vehicles simulating the
downstream intersections did not receive any field data to
indicate the likely future increase in traffic flow they are
able to capture the impact of the flow increase on future
performance with updated predicted demands from the up-
stream vehicle simulators.

These initial experiments were followed by a second
round utilizing a larger network. Specifically, a Manhattan-
style 10 x 10 grid with two-lane, two-way roads. The grid
contains 100 equally spaced intersections (1320 ft. apart)
with each intersection containing a shared through/right
turn lane and a 600 ft left turn bay. All intersections oper-
ate under a four-phase fixed-time 120 sec cycle (i.e. 20 sec
east/west left turn, 50 sec east/west through, 15 sec
north/south left turn, and a 35 sec north/south through).
Turn rates are constant at each intersection, with 85% of
the vehicles on each approach traveling through the inter-
section, 5% turning left and the remaining 10% turning
right. All vehicles are assumed to have a maximum veloc-
ity of 45 ft/sec. Four main arterials are defined that have a
significantly higher volume of traffic than other roads in
the network. These arterials occur at the horizontal and
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vertical midpoints of the network, cross the entire length of
the network.

Forty participating vehicles (i.e. vehicles with on-
board simulators) are distributed over the network at ini-
tialization, each simulating a group of intersections and
connected roads, with the arrival rate on all boundary input
roads initialized to a specified value. Each client simula-
tion area depends upon the vehicle location and the direc-
tion in which the vehicle is traveling. The simulation re-
gion for each client is defined as the 5 x 3 intersection area
in front of the vehicle assigned to it. If the network area in
front of the client is smaller than the region, then the client
only simulates the smaller extent.

Experiments were conducted to model the network
under steady state conditions (see Figure 2). Three differ-
ent volume scenarios were tested: low, medium, and high.
Each experiment was conducted for two sets of thresholds,
the first equivalent to the earlier initial experiments and a
second set of tighter thresholds, allowing for an explora-
tion of the balance between potential improved predication
capabilities and higher computational demands due to ad-
ditional roll backs. Ten replicate simulations of the entire
network were also generated to compare to the ad hoc dis-
tributed simulation performance. As expected, under low
volume conditions, the projections from the ad hoc version
correlated well with the replicated average over the course
of the simulation. These simulations required no synchro-
nization rollbacks, indicating the individual vehicles pro-
vided reasonable predictions without receiving additional
prediction data from other participating vehicles. At higher
traffic volume input rates, rollbacks do occur across the
different sets of thresholds. In the case of the medium input
rate simulations, even with an increase in rollbacks when
using a tighter threshold, the results using the two sets of
thresholds closely resemble each other over the course of
the simulation. In some cases the calculated arrival rates
exactly matched over significant periods of time in the
simulation, despite using different threshold sets.

The next set of experiments tested a case where the in-
put arrival rate changes suddenly for the same traffic net-
work used for the steady state experiments. The purpose of
this experiment was to understand how well the distributed
simulation approach captures the effect of a change in arri-
val rates. In this experiment, the network was initially set
to match the original low input rate state. At simulation
time 1200, the arrival rate of all border input roads on the
west side of the traffic network were increased to 300
cars/hr on the minor arterials and 500 cars/hr for the main
arterial. Unlike the steady state simulations described in
the previous section which experienced no rollbacks at the
low input rate settings, a distributed simulation will require
rollbacks in order to successfully simulate the increase in
traffic.
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The graph in Figure 3 focuses on a typical road seg-
ment along the east bound main artery. The set of experi-
ments at each in-put rate is represented in the figure by
three lines showing the average input rate over time of the
replicated trials, the ad hoc simulation, and a single ad hoc
distributed client (which illustrates how individual clients
are reacting to the change in the arrival rate). The ad hoc
simulation approach is able to track the unexpected change
in input rate. Measurements on a variety of points in the
network demonstrated that the ad hoc approach was able to
track this change in traffic flow at different locations
throughout the network.

4 SUMMARY

Transportation is the largest industry in the world. Our
transportation system significantly impacts every individ-
ual and the welfare of our entire nation in terms of eco-
nomics, health, and quality of life to name a few. However,
for many decades improvements to our ability to actively
manage our surface transportation system in real-time have
been stagnant. Today, wide-spread deployment of sensors,
computers, and communications in vehicles and roadways
is creating new challenges and opportunities to effectively
exploit the wealth of real-time data and information that
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Figure 2: Steady state experiments, arrival rates on internal road in eastbound main artery
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Figure 3: Input rate modification experiments, arrival rates on central intersection input road in eastbound main artery
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are becoming available. We attempt to capitalize on these
rapid technology and communications advancements using
ad hoc distributed simulations, that features dynamic col-
lections of autonomous simulations interacting with each
other and with real-time data in a continuously running,
real-time, distributed simulation environment. Initial re-
sults support the potential of this approach.
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