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Abstract— Driving simulators are a common tool to study
human responses to driver assistance algorithms interacting
with vehicle behavior. The accuracy of human responses, partic-
ularly to other vehicles, depends on the fidelity of representing
the traffic surrounding the ego-vehicle. The traffic surrounding
the ego-vehicle must also react to the ego-vehicle and be
updated at a high enough rate such that the driver can
perceive continuity. Microscopic traffic simulation tools are well
developed to simulate traffic behavior replicating the real world
over large networks. But the speed of microscopic simulations
depends on the size of the network, traffic volume, simulation’s
computational hardware, and the traffic simulation software
itself. The frequency of updating the traffic in many traffic
simulators is not frequent enough for direct use in a driving
simulator, thus causing discontinuous jumps in vehicle motion
perceived by drivers. However, these traffic simulation results
can be made continuous in perception by performing trajectory-
level smoothing and time up-sampling as a real-time process
occurring parallel to the driving simulator’s rendering software.
This ensures a realistic human perception of traffic behavior
around the ego-vehicle. However, this integration creates the
problem of synchronizing the traffic simulation dynamics with
the ego-vehicle’s dynamics within a driving simulator. This is
challenging because traffic simulations are not typically pro-
grammed to be real-time, and thus the time offsets of the traffic
simulator in relation to real-time can be time-varying. This
paper describes a model-predictive feedback control method
to synchronize a traffic simulator with a driving simulator in
real-time by projecting the ego-vehicle into the future while
adjusting time offsets via a feedback loop taking the traffic
simulator’s speed and communication delays into account.
The update rate of the traffic is enhanced using a uniform
acceleration observer that utilizes a localized simulation of the
traffic network, and thus three dynamic systems are integrated
at once: a large-scale network traffic simulation, a local real-
time reduced-order model of the traffic, and the behavior of an
ego-vehicle. This method of integrating traffic simulation with
a driving simulator is demonstrated for a high-speed vehicle
motion in a highway driving simulator, and the error analysis
shows the success of this approach.

I. INTRODUCTION

Driving is a complicated and dangerous activity requiring
training and licensing. Automotive companies have been de-
veloping vehicular systems like Advanced Driver Assistance
Systems (ADAS) and Intelligent Transportation Systems
(ITS) to assist the driver, reduce road accidents, and improve
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road safety. These systems can influence driver behavior
and reaction to traffic situations underlining the need to
consider human factors before deploying. Driving simulators
(DS) have the potential to study the impact of vehicular
systems like ADAS and ITS on driver behavior from the
early stages of the design process, as in [1]-[5]. To study
driver behavior interacting with vehicular systems and traffic,
driving simulators require a capability to generate realistic
traffic behavior around the driver’s ego-vehicle.

Simulating traffic only in the vicinity of the ego-vehicle
can cause DSs to fail to reflect the aggregate traffic behav-
ior, such as a change in traffic flows due to congestion -
particularly if the congestion is due to the driver’s behavior
in the simulator. This challenge has led the past research
to integrate a traffic simulator (TS) with a DS [6], [10]. At
the same time, microscopic traffic simulations are capable
of simulating realistic traffic behavior over large networks.
These microscopic traffic simulations’ speed depends on the
size of the network, traffic flow, hardware, and operating
system. In general, the time taken by many TSs for executing
a simulation step does not correspond to the real-time; many
TSs update at a frequency of 10 Hz maximum or slower
such that, if interacting live with a human, would cause
human drivers to identify discontinuous trajectory jumps in
the traffic. Thus, TS software is usually not suitable for
studying driver behavior to traffic within DSs, at least not
without modification.

Traffic motion predicted by a TS surrounding the ego-
vehicle within a DS should be updated at a rate that the
driver perceives as continuous, a rate that is generally 20
Hz or faster. This creates the need to up-sample the traffic
information from TS to use in a DS [6]. This up-sampling is
not difficult as traffic positions can be interpolated or extrap-
olated assuming either continuous velocity or acceleration
between two successive simulation steps.

The literature on integration of a TS with a DS focuses on
both the spatial and temporal integration requirements that
link these together. For example, [1] achieves road matching
between the TS and DS using a geographic database as a
reference for traffic network models in both. [6] proposes
a framework to synchronize a faster-than-real-time TS with
a DS. In [7], a nano traffic model in DS controls traffic
near the ego-vehicle, whereas TS manages the traffic in a
larger network. Frameworks to integrate networked DSs and
different simulators (vehicles, bikes, pedestrians) with the
TS are proposed in [8], [9]. Open-source TS (SUMO) is



integrated with a DS in [11], [12]. This past work shows a
strong and growing research interest in TS integrated with
DS software. Yet a remaining challenge is determining how
to integrate a functionally slower-than-real-time TS with a
DS.

The challenge of the time-synchronization of two pro-
cesses is a well-studied area. Perhaps the most famous exam-
ple is that of a Phase-Locked Loop (PLL) which is a feedback
system that forces one system (often a voltage-controlled
oscillator) to replicate and track both the frequency and
phase of the input when in lock [13]. The PLL literature
defines several concepts that are useful in studying TS/DS
interactions. For example, there is a master/slave behavior
where the slave clock tries to track both the frequency and
phase of the master; as well, PLLs use a negative feedback
configuration to account for phase error between master and
slave. This literature also introduces the notion of jitter: a
statistical measure of the deviation of the PLL’s slave clock
edges compared to master clock edges. Feed-forward control
is another well-studied area in PLLs where disturbances are
measured and accounted for before they affect the system
[14].

While the concepts of a PLL can assist in constructing
a feedback-based software architecture for TSs interacting
with DSs, there are also key differences. For example, the
master/slave behavior used in PLL systems is not clearly
defined with driving simulators. The DS/TS synchronization
requires real-time tracking of traffic position by the DS as
the slave to the TS as the master. However, the TS as the
slave must accept ego-vehicle motion updates from the DS
as the master. Thus, the TS/DS behaviors are more coupled
than would the typical PLL model. Further, a time-varying
TS speed can act as a disturbance to the traffic.

In this paper, a co-simulation framework is proposed to
integrate slower-than-real-time TS with a real-time DS. The
contribution of this work compared to the previous work is
to present a method that corrects for the occasional time
slip in a TS relative to a real-time DS. If this time slip is
ignored, the traffic motion predicted by the TS could exhibit
discontinuous motions within the DS. The remainder of this
paper is as follows: Section II describes the framework. Sec-
tion III shows the performance of the algorithm, and section
IV analyzes the effect of tuning parameters, particularly the
proportional gain, on the framework’s performance.

II. CO-SIMULATION FRAMEWORK

For purposes of clarity, we first define the concept of time
“slip” as follows: simulations exhibit “’slip” if the time to
execute a simulation step is more than the simulation’s step
size; the resulting time error is the slip. As shown in Fig.
a real-time simulation should run each simulation step in
time equal to the simulation’s step size. A slower-than-real-
time simulation takes more time than the simulation’s step
size causing the simulation to slip. A faster-than-real-time
simulation can execute the computations more quickly than
the simulation’s step size, thus can wait some remaining time
to perform the next step to be a real-time simulation.
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Fig. 1. A slower-than-real-time simulation takes more time per step than
the step size. A real-time simulation takes time equal to the step size. A
faster-than-real-time takes less time than the step size. Here At is the step
size, 0.1s in this case, and s is the time slip.
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Fig. 2. Time to execute a simulation step in the TS (AIMSUN) on different
computers. Simulation step size in both the trials is 0.1s. TS’s aggregate slip
ratio in the simulation on Computer 1 is 1.002, and in the simulation on
Computer-2 is 1.24.

The strategy and framework used in this work take advan-
tage of the observation that microscopic traffic simulations,
even though their update rates are low, are often close to real-
time or even real-time for long intervals with infrequent slip
events. For these situations, the microscopic traffic simula-
tion can emulate real-time behavior by artificially simulating
traffic moving at very slightly higher speeds, with the result
that they are slightly slowed, on average, due to slip down
to the average speed. This method of artificially increasing
TS speeds assumes that the TS’s slip is small and does not
violate “rules of the road” behavior, driver reaction behavior,
or any other speed-dependent traffic dynamics within the TS.
If a TS is nearly real-time, this slight speed-up of traffic can
be used to gradually recover from the periodic slip in the TS,
allowing one to estimate traffic moving at realistic speeds in
real-time. For reference, in this work it was found that the
TS speeds had to be increased by a factor of 1.002, or 0.2
percent, to account for slip events.

To prevent the infrequent TS slip events from affecting
the DS, the method used in this work was to synchronize
the TS with a faster-than-real-time reduced-order model for
local traffic around the ego-vehicle, e.g. the traffic that the
human driver can “see”. The control of time synchronization
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Fig. 3. Co-simulation framework to synchronize a slower-than-real-time traffic simulator with a real-time driving simulator

of three models — the near-real-time TS, the faster-than-real-
time reduced-order model, and the real-time DS - is the
general strategy employed in this work.

For examples of real-world slip values, Fig. [2] shows the
distribution of time taken by the TS to execute simulation
steps in two different trials. Few instances in the simulation
on Computer-1 and many instances in the simulation on
Computer-2, where the execution time is more than the
simulation step size, indicates that the simulation slips in
real-time. This non-real time behavior of the TS necessitates
a co-simulation framework, as shown in Fig. [3| to update
traffic around ego-vehicle in the DS using the TS’s traffic
information.

The co-simulation framework proposed in Fig. 3 syn-
chronizes the traffic from the TS simulating slower-than-
real-time with ego-vehicle in the DS. It uses three clocks:
1) the traffic clock, 2) the clock for the reduced-order
model, and 3) the clock for the driving simulator and ego-
vehicle. Each is explained in the section that follows. The
framework also consists of six modules: vehicle dynamics,
visual environment (Blender 2.79b), anticipated ego dynam-
ics, traffic simulator (AIMSUN NEXT 8.3), reduced-order
model of local traffic, and an up-sampler module. All the
modules except the visual environment and traffic simulator
are implemented within the Robot Operating System (ROS
Kinetic on Ubuntu 16.04).

A. Time Coordinates

The challenge of the proposed algorithm is related to
the goal to synchronize three different time coordinates
simultaneously. The first time system, the Traffic simulator
time coordinate, Tr, is a non-real time coordinate that
increases by the TS’s step size after every TS simulation step.
The second time system is the Reduced-order model time
coordinate, Tg, which is used to simulate a local, reduced-
order model of the traffic simulation. And the third time
system is the Driving simulator time coordinate, Tp, which
is the time system in which the driver is interacting with
the driving simulator. The second and third time systems,
Tx and Tp, are both real-time whereas the first, Ty, is not
— thus creating difficulty. The origin, or zero-time point, of
each coordinate (denoted T;(0)) is as follows: T7(0) is when
the first message is sent from the TS to the reduced-order
model; Tg(0) is when the first message is received by the
reduced-order model from the TS; and Tp(0) is when the
first message is sent from the vehicle dynamics module to

the predicted ego dynamics module.

The next goal is to relate individual time measurements, f;,
within each time coordinate to each other. We begin first by
relating the traffic simulator time, T7, to the reduced-order
model time, Tg. Specifically, the i’ " time in the reduced-order
model, denoted by tiR, is related to the i time in the traffic
simulator, denoted ! by equation ().
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We expect a one-to-one relation, (2)), to exist between the
reduced-order model time, T and the driving simulator time,
Tp, which is quantified as tiD . This mapping is unknown, but

given by:
(e [P 4] @

We define s, as the TS’s instantaneous slip, e.g. the dif-
ference between the time to execute a simulation step and
step size. The amount of time ego-vehicle will be projected
into the future to compensate for the TS’s slip is si+, and
to account for the delay between the ego-vehicle and traffic
time coordinates is d;".

We now define the aggregate slip-ratio, 7(;_y)_;, as the
ratio of the cumulative time in T necessary to receive the
data from the last N simulation steps in the TS divided by
N times the TS’s step size, Az, as in equation (3).
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N is chosen to be a large enough value to capture infrequent
intervals of slip and thus act similar to a low-pass filter; for
this work N = 100. In comparison, the TS’s instantaneous
slip-ratio, r;, is calculated from the time in Ty for executing
a simulation step in the TS divided by the TS’s step size, as
in equation (@).
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B. Modules

The vehicle dynamics module receives the human driver’s
inputs to convert them into the ego-vehicle pose using vehicle
dynamics. In this study, a bicycle model formulation with
nonlinear tire behavior is used to simulate vehicle chassis
behavior as this model is quite accurate for typical driving
situations [15], [16]. The predicted ego dynamics module
projects the ego-vehicle pose from the vehicle dynamics
module into the future to compensate for TS’s slip and
transmission delay, assuming constant velocity and yaw rate.
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Fig. 4. Reduced-Order Model of local traffic. (a) Feed-forward and feedback control to transform TS-vehicles’ states from T7 to Tg. (b) Model-based

prediction to transform TS-vehicles’ states from Tg to Tp.

The extent of projection, s;” +d;", depends on the TS’s
maximum instantaneous slip and the delay between ego-
vehicle and traffic, d;. The traffic simulator module updates
the microscopic traffic simulation with the ego-vehicle pose
from the module - predicted ego dynamics. The TS sends the
traffic’s vehicles that are close to the ego-vehicle — a 1km
radius was used in this study — to the reduced-order model
model at 10Hz in Ty. It simulates traffic without vehicle
dynamics using the car-following and lane-change model.
The traffic data need to be processed to include dynamics.
For example, the velocities can be uniformly reduced in a low
friction scenario, thereby having an appropriate deceleration
behavior. While not part of this work, more complicated
reduced-order models of each vehicle in the local traffic
could be used. The module reduced-order model of local
traffic transforms traffic states from Ty to Tp. The up-
sampler module increases the frequency of the traffic states
in Tp to 60Hz by assuming uniform acceleration, thus
matching the frequency of traffic with that of ego-vehicle.
The traffic and the ego-vehicle states from the up-sampler
are updated in the visual environment at 25Hz in real-time.
Figure [3| shows the data flow between different modules in
the co-simulation framework.

C. Reduced-Order Model

We define TS-vehicle and DS-vehicle to describe traffic
information flow from the TS to DS for clarity purposes.
A TS-vehicle is a unique vehicle within a local region of
interest in the TS. In this study, this local region moves with
the ego-vehicle and is defined as a 1km radius around the
ego-vehicle. A DS-vehicle is a vehicle model in the DS. A
DS-vehicle can represent several TS-vehicles during a co-
simulation run. A TS-vehicle is assigned to a DS-vehicle
until it leaves the local region. Typically, there are roughly
60 to 80 vehicles within this local region (including both
directions of travel) for the simulations performed in this
study on free-flow highway driving with two lanes (slow
lane and passing) on a divided highway, assuming relatively
congested conditions.

The reduced-order model applies only to the TS-vehicles.
It transforms TS-vehicles’ states from T7 to Tp, as shown

in Fig. {i] The change in TS’s speed adds disturbance to TS-
vehicles’ position in Tg. The disturbance is rejected using
feed-forward control based on TS’s slip ratios as in the
second term on the right-hand side of equation (3).
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The disturbance rejection using a feed-forward control in-
duces spatial jitter in TS-vehicles’ position. Spatial jitter is
defined here as the difference between the position in Tr
and the position in Tg; it is compensated using proportional
control, K, acting on spatial jitter, as shown in equation (3).
Equation (3)) is rearranged to estimate position of TS-vehicles

in Tg, as in equation (6).
1
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where x! is the position of a TS-vehicle in station coordinates
in Tr, xR is the position of the same vehicle in station
coordinates in Tg, and K is the proportional gain. The initial
position of a TS-vehicle in Ty, is set to be equal to its position

in T, as in equation (7).
KR

init — ITm't (7)
The velocity of a TS-vehicle in Tg is related to its velocity

in T7 by equation (8).
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where v! is the velocity of a TS-vehicle in Tz and V¥ is the
velocity of the same vehicle in Tg.

Figure b) shows the process of model-based estimation
of position, velocity, and acceleration of TS-vehicle in Tp. In
order for the time in the Tg to be mapped to the estimator’s
outputs in the Tp frame, the following constraint must apply
to the ordering of respective times:

R R R _ R R
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where the subscript i corresponds to terms in the Ty frame,
and k corresponds to terms in the Tp frame. The estimator’s
output interval is related to the TS step size, as in equation



(T0). The time in T, mapped to the estimator output, 77, is
given by equation (TT).

At =t —f (10)
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The position and velocity of TS-vehicles in Tp are esti-
mated in equation (I2)) using a uniform acceleration model
in the interval given by the equation (I0).
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where xP, vP, and a? are the position, velocity, and ac-
celeration estimate of a TS-vehicle in Tp. A and B are
time dependent. The acceleration of a TS-vehicle in Tp
is estimated from its position in Tg as in equation (13)
assuming uniform acceleration between 7 and £X.
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where C’, and D’ are time dependent. The position, velocity,
and acceleration of a TS-vehicle in Tp are initialized as in

equation (T4).
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The accuracy of the reduced-order model depends on the
radius of the local region in the TS. The minimum radius
is the radius at which ego-vehicle’s driver behavior does not
change with an increase in the radius, e.g. where the driver
can no longer perceive effects of error due to the TS. This
radius is assumed to be 1km in this study.

D. Up-sampler

The traffic data can be up-sampled » times as in equation
(T3), where n is the desired frequency ratio to the input
frequency and J is the up-sampling interval. In this study,
n = 6 to match the frequency of traffic (10 Hz) with that of

ego-vehicle simulation (60 Hz).
At =né (15)

The position, velocity, and acceleration of TS-vehicles
between the interval in equation (T0) are given by equation

(T6) assuming uniform acceleration within the interval, Ar.

1
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where xP, vP and a? are the up-sampled position, velocity,
q q, . . . . .
and acceleration of a TS-vehicle in Tp. ¢ is an integer in
the interval 0 < g <n— 1. The up-sampler also estimates the
instantaneous delay between the ego-vehicle and traffic as in

equation (T7).

dj =17 — (i +q0) (17)

ITII. RESULTS

A summary analysis of the simulation results reveals
that the overall synchronization of the DS and TS strongly
depends on the proportional feedback gain, K. The spatial
jitter and acceleration of DS-vehicles in Tp quantify the
performance of the framework. The acceleration in Tp is
useful to illustrate deviations in normal traffic behavior.
Ideally, we expect zero spatial jitter and no deviation from
natural traffic behavior. The analysis reveals that achieving
zero spatial error is impossible without largely deviating from
natural traffic behavior and vice-versa. So there is a need for
a trade-off to minimize both spatial jitter and deviation from
natural traffic behavior. The analysis also reveals that the
required artificial speed-up of traffic in the TS is negligible
because of the TS’s near-real-time nature; this is reflected in
TS’s aggregate slip ratios, which are close to one.
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As specific examples, Figures [5|(b), [|(6), and [T{b) show
the acceleration of one TS-vehicle for different proportional
gains. The spatial jitter distribution of one DS-vehicle for
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different values of proportional gain is shown in Fig. c),
|§|(c), and c). Spatial jitter can be seen to decrease with an
increase in the proportional gain. Like jitter, the acceleration
of DS-vehicles in Tp shows a similar trend among different
DS-vehicles. For brevity, Fig. [B[d), [6{d). and [7(d) shows
acceleration distribution of one of the DS-vehicles in Tp
for different values of proportional gain. The acceleration
of a DS-vehicle in Tp depicts a more natural behavior with
decreased proportional gain. We found that a gain, K = 0.02,
results in acceptable trade-offs in spatial jitter while the
corresponding acceleration in Tp depicts a more natural
traffic behavior.

To illustrate how small the artificial velocity changes
are within the TS to emulate real-time behavior, the TS’s
instantaneous slip ratio for the highway scenario mentioned
previously is shown in Fig. a). One can observe the
infrequent slips in the TS as there are relatively few instances
where the instantaneous slip ratio is greater than one. The
TS’s aggregate slip ratio shown in Fig. b) is close to one,
reflecting the near-real-time nature of the TS. The spatial
jitter of DS-vehicles shows a similar trend among different
DS-vehicles. For brevity, Fig. [8|(c) shows jitter of just one
of the DS-vehicles. Figure [8(b),(c) shows that the fall and
rise in the spatial jitter correspond to the rise and fall in
the TS’s aggregate slip ratio. This dependence is due to the
feed-forward term in equation (3).

For comparison, Fig. [5(a), [6(a), and [7{a) show the
velocity of one TS-vehicle for different proportional gains.
The velocity in Tp and T is very close to the velocity in T,
which is possible due to the near-real-time TS. The required
speed-up of traffic in the TS based on the aggregate slip
ratio is only 0.2%, which is negligible in impact on traffic
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behavior. The ego-vehicle and traffic states are synchronized
to be perceived by humans as smooth, as shown in Fig.[9] The
delay between the ego-vehicle and traffic is less than 0.05s
for most of the time. Figure [T0] shows the maximum error
in position of the ego-vehicle, showing that in the TS the
ego vehicle is typically projected roughly 6.5 meters ahead
of where it would be in the DS. This error, which is the
difference in ego-vehicle’s position in Tp and T, can affect
immediate traffic behavior around the ego vehicle, which
can cause erroneous results if very close car-following is
occurring in the TS. The source of this error is mainly the
transmission delay from the TS to DS. Fortunately, typical
TS behaviors rarely if ever have TS vehicles so near to the
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ego vehicle (e.g. within two car lengths), and thus this error
is assumed to have small impact on TS behavior. Overall, the
use of a non-real-time TS to increase fidelity of real-time DS
traffic representations will require such trade-offs; this work
is therefore presented as a guide to show algorithms and
analyses that facilitate this integration.

IV. CONCLUSIONS

In this paper, a co-simulation framework to synchronize a
slower-than-real-time TS with real-time DS is presented. The
co-simulation framework involves a reduced-order model for
local traffic to estimate position, velocity, and acceleration of
traffic by reducing spatial jitter and maintaining acceleration
behavior similar to normal road vehicles. A feedback loop,
feed-forward, and model-based prediction are used in this
work to implement the reduced-order local traffic model. The
feedback loop’s proportional gain was then tuned to balance
the goals of decreasing jitter versus reducing acceleration
behaviors in traffic. For K = 0.1, the spatial jitter is less, but
the accelerations in Tp are largely deviating from normal
traffic behavior. Spatial jitter for K = 0.02 is less than a
meter, and accelerations in Tp reflect the normal traffic
behavior; this value was found to be a suitable trade-off
for this driving simulation application. Further, there is little
impact due to the artificial speed-up of traffic in the TS as
the maximum TS’s aggregate slip ratio is less than 1.004 and
typically 1.002 or less.
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