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Abstract—Utilizing intelligent transportation infrastructures
can significantly improve the throughput of intersections of
Connected Autonomous Vehicles (CAV), where an Intersection
Manager (IM) assigns a target velocity to incoming CAVs in order
to achieve a high throughput. Since the IM calculates the assigned
velocity for a CAV based on the model of the CAV, it’s vulnerable
to model mismatches and possible external disturbances. As a
result, IM must consider a large safety buffer around all CAVs to
ensure a safe scheduling, which greatly degrades the throughput.
In addition, IM has to assign a relatively lower speed to CAVs that
intend to make a turn at the intersection to avoid rollover. This
issue reduces the throughput of the intersection even more. In this
paper, we propose a space and time-aware technique to manage
intersections of CAVs that is robust against external disturbances
and model mismatches. In our method, RIM, IM is responsible
for assigning a safe Time of Arrival (TOA) and Velocity of Arrival
(VOA) to an approaching CAV such that trajectories of CAVs
before and inside the intersection does not conflict. Accordingly,
CAVs are responsible for determining and tracking an optimal
trajectory to reach the intersection at the assigned TOA while
driving at VOA. Since CAVs track a position trajectory, the effect
of bounded model mismatch and external disturbances can be
compensated. In addition, CAVs that intend to make a turn at
the intersection do not need to drive at a slow velocity before
entering the intersection. Results from conducting experiments on
a 1/10 scale intersection of CAVs show that RIM can reduce the
position error at the expected TOA by 18X on average in presence
of up to 10% model mismatch and an external disturbance with
an amplitude of 5% of max range. In total, our technique can
achieve 2.7X better throughput on average compared to velocity
assignment techniques.

Index Terms—Connected Autonomous Vehicles, Traffic Inter-
section Management, Cyber-Physical Systems

I. INTRODUCTION

According to the US Federal Highway Administration
(FHA), around 30 percent of fatal crashes between 2010 and
2015 have happened in intersection areas, most of which,
involved human errors. Furthermore, each person in the US
spends around 42 hours stuck in the traffic per year[1]. The
advent of Connected Autonomous Vehicles (CAV) promises to
drastically reduce the traffic fatalities and improve throughputs
of transportation infrastructures. This promise has spurned
both cooperative [2], [3] and centralized [4], [5] approaches to
manage traffic intersections for CAVs. Centralized approaches
are relatively more popular due to security concerns of vehicle-
to-vehicle communication of cooperative approaches and their
need for high network bandwidth.

Existing centralized approaches to manage an intersection
of CAV are categorized as: i) Query-based Intersection Man-
agement (QB-IM), and ii) Velocity-assignment Intersection

Management (VA-IM). In QB-IM techniques [6], approaching
CAVs send a request with their estimated Velocity of Arrival
(VOA) and Time of Arrival (TOA) to the Intersection Manager
(IM) in order to reserve a time-space slot in the intersection.
Accordingly, IM either accepts and reserves the space-time for
the requesting CAV or rejects the request. If a CAV’s request is
rejected, it slows down and prepares to stop before entering the
intersection and re-requests after a waiting time. In Contrast,
in VA-IM approaches [4], [5], [7], each CAV lets the IM know
about its current position and velocity, and then, the IM assigns
a target velocity to the CAV, such that it will enter and exit
the intersection without any collision.

QB-IM techniques are unable to achieve the maximum
throughput of the intersection since when vehicles make a
request for a space-time allotment of the intersection, they
have no idea of the status at the intersection. As a result, their
requests are often rejected, and it takes them a lot of tries to
acquire a reservation. This also increases the network traffic.
On the other hand, VA-IM approaches can achieve higher
throughputs since IM can specify the arrival time of vehicles.
As a result, VA-IM approaches are more efficient and popular.

Irrespective of the management technique, IM must consider
a safety buffer around vehicles to account for errors in the
position caused by sensors (GPS, encoder, etc.). The size of
the buffer depends on the accuracy of sensors and maximum
velocity of the vehicle [6], [8]. Also, for correct operation
of the system, all units should have the same notion of time
[9], [10]. When a vehicle sends its information, IM needs to
know when the request was initiated (i.e. The time at which
the position was measured by the vehicle). Additionally, IM
processing time and network delay are not zero and late receive
of information can cause a problem. For instance, if a vehicle
receives the assigned velocity from the IM with t seconds
delay, it will maintain the assigned velocity t seconds later than
it supposed to and hence, it will enter the intersection later or
earlier that it’s expected (earlier if the vehicle was supposed
to slow down and actuates late). As a result, IM needs to
consider an extra safety buffer for each vehicle, depending
on the Worst-Case Network Delay (WCND) and Worst-Case
Execution Time (WCET) of the IM [11]. The set of IM and
vehicles can be interpreted as a distributed real-time system
where multiple processing units (vehicles) exchange real-time
data (position, velocity, etc.) with the IM.

Crossroads technique [8] solves this issue by performing
clock synchronization among all nodes and sending a fixed
actuation time (the time a vehicle begins maintaining the
assigned velocity) along with the assigned velocity to vehicles.
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Subsequently, Crossroads approach can avoid considering the
extra safety buffer and achieve higher throughputs. Crossroads
and generally all VA-IM approaches use a constant velocity
for vehicles to be tracked, which make them vulnerable to
model mismatches and external disturbances. This is because
the assigned velocity is computed based on the considered
model for the vehicle and the actual behavior of the vehicle
can be different from the expected one. Additionally, external
disturbances like wind, road slope, bumps, etc. can temporarily
degrade the velocity tracking mechanism and result in errors in
the expected TOA of vehicles. As a result, VA-IM approaches,
including Crossroads are not robust against model mismatches
and random disturbances. In addition, for vehicles that intend
to make a turn at the intersection, the assigned velocity should
be low enough to avoid rollover at the intersection, which
reduces the throughput of the intersection.

In this paper, we first investigate the effect of model
mismatches and external disturbances on the behavior of
vehicles communicating with the IM and then, we propose
a robust intersection management scheme for CAVs called
RIM. In our approach, each vehicle sends a request to the
IM containing its current position, velocity, acceleration and
the corresponding timestamp upon crossing the transmit line.
Then, IM calculates a safe TOA and VOA for the vehicle
such that there will be no conflict in the intersection and,
sends them back to the vehicle. Based on the assigned TOA
and VOA, the vehicle creates an optimal position trajectory
and tracks it. Since each vehicle tracks a reference position
trajectory instead of constant velocity, it can compensate for
the effect of external disturbances and is robust against model
mismatches. Additionally, vehicles that intend to make a turn
at the intersection can drive at higher velocities before entering
the intersection and greatly improve the throughput of the
intersection.

In order to evaluate RIM, we built a 1/10 scale intersection
of RC autonomous vehicles. We conducted two types of
experiments and measured the position error of CAVs at the
expected TOA where the position error is caused by i) model
mismatches in the parameters of the model (we added ±10%
error to values of PID controller which changes the response
time of the controller) and external disturbances (we added a
constant disturbance in form of a step function with amplitude
of 5% of the max range to the generated input for the motor).
Results from conducting experiments on our testbed indicate
that our technique, RIM, can reduce the position error by 18X
on average and 25X in the best-case in comparison with the
Crossroads technique. In addition, by managing the speed of
vehicles that intend to make a turn at the intersection, our
approach is able to increase the throughput of the intersection
by 2.7X on average in comparison with Crossroads wherein
the turn velocity limit varies from 0.4 to 1.4 m/s (9 mph to
31 mph for a real-world intersection).

II. RELATED WORK

In the literature, many researchers have focused on manag-
ing intersections of autonomous vehicles. We categorize the
previous works as centralized and cooperative techniques. In
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Fig. 1. In QB-IMs, approaching vehicles propose a time-space slot in the
intersection, and the IM replies with a yes or no. In VA-IMs, vehicles report
their position, velocity, and timestamp when they arrive, and the IM assigns
them a velocity (hence velocity assignment) at which to drive. In Crossroads,
a timestamp is used to make the system robust against network delay. In
the proposed approach RIM, vehicles report their position, velocity, and
timestamp, and the IM assigns them a VOA and TOA. It is upon the vehicle
on how to arrive at the intersection at TOA at VOA. RIM is robust against
model mismatches and external disturbances, as the vehicles can compensate
for them.

centralized approaches, a local infrastructure coordinates the
status of incoming vehicles [6]–[8] while in cooperative ones,
vehicles communicate with each other to decide on who goes
first [2], [3], [12]–[14]. Cooperative approaches are, however,
less popular due to security reasons. Centralized techniques
are categorized into QB-IM and VA-IM approaches. Figure 1
shows an abstract comparison between existing intersection
management approaches.

Autonomous Intersection Management (AIM) [6], [15]–[18]
technique is a QB-IM approach introduced by Stone et al.,
where vehicles query a safe pass from the IM. In AIM,
each vehicle sends a request to the IM upon approaching
the intersection to reserve a set of time-space tiles in the
intersection. Accordingly, IM checks a binary reservation map
and either accepts or rejects the request by sending a yes/no
response. If a request is rejected, the vehicle slows down and
prepares to stop behind the intersection line and will request
again after a set timeout. Otherwise, it will continue at its cur-
rent speed. AIM has a high communication overhead because
vehicles have to re-request when their request is rejected. In
addition, AIM cannot achieve the maximum throughput of the
intersection since vehicles have to slow down and sometimes
come to a complete stop if they cannot reserve a spot. In
AIM technique, there is a trade-off between throughput and
network overhead. Shorter timeouts for re-requesting will
result in better throughputs but higher network traffic and,
longer timeouts will result in lower network traffic but worse
throughputs. Another query-based technique was introduced
in 2012 by Jin et al. [19] where vehicles constantly send a
request to the IM until they get a reservation. Authors used
many unrealistic assumptions like no network drop, unlimited
network capacity, etc.

To overcome the communication overhead and low through-
put issues of QB-IM methods, researchers have proposed
Velocity Assignment Intersection Management (VA-IM) tech-
niques where IM coordinates the incoming vehicles by as-
signing a target velocity to them [4], [5], [7]. In VA-IM
approaches, each vehicle sends its position, velocity, and other
information to the IM, and IM computes a target velocity
based on a First-Come-First-Served (FCFS) policy or other
efficient policies like [20]–[22] such that all vehicles enter
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Fig. 2. The effect of network delay and IM processing time on the behavior
of a vehicle in VA-IM techniques. All VA-IM techniques require considering
an extra safety buffer (the brown box) to ensure the safety of vehicles.

the intersection safely and sends them back to the requesting
vehicle. However, VA-IM techniques neglect the effect of
network delay due to communication and the delay caused by
the IM when processing the request. As a result, a vehicle will
receive the target velocity with an unknown delay and the time
it starts accelerating/decelerating is delayed. We refer to the
summation of WCND in the forward and backward path and,
WCET of the IM as Worst-Case Round-trip Delay (WCRTD).
Since the value of WCRTD is not known beforehand, it cannot
be compensated by the IM. Hence, the eventual position of the
vehicle (and therefore its TOA) is erroneous. Figure 2 shows a
scenario where the assigned velocity is greater than the current
velocity of the vehicle and network delay and IM processing
time cause a late actuation. As a result, IM should consider
an extra safety buffer (the brown buffer in Figure 2) for each
vehicle to ensure their safety. The result buffer has the same
lateral size as the safety buffer while the longitudinal size is
extended relative to the WCRTD and maximum velocity of
the vehicle. The longitudinal size of the extra safety buffer
can be as large as 3X of a vehicle size [8]. Considering
such a large buffer greatly reduces the throughput of the
intersection and makes such VA-IM techniques impractical to
use. In 2017, Andert et al. proposed a velocity assignment
approach, Crossroads [8], that can skip considering an extra
buffer due to WCRTD. In this technique, all vehicles first
synchronize their local clock with the IM and, then send their
information (position, velocity, etc.) with a timestamp to the
IM. As a result, Both IM and the requesting vehicle have the
same notion of time. Accordingly, IM calculates an actuation
timestamp along with the target velocity to fix the actuation
time of the vehicle (When to start accelerating/decelerating).
Crossroads can achieve 1.6X better throughput in comparison
with regular VA-IM approaches thanks to avoiding considering
an extra safety buffer.

Despite the fact that vehicles have a deterministic behavior
in Crossroads technique, our experiment on our 1/10 scale
intersection with autonomous vehicles (explained in Section
IV) shows that accidents can happen. This is because IM
needs an accurate model of a vehicle in order to compute
a safe target velocity for the vehicle and any mismatches
between the actual model and the considered one by the IM
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Fig. 3. All VA-IM techniques and even Crossroads are vulnerable to model
mismatch and external disturbances. The top figure shows the actual and
expected position of the vehicle and the bottom one shows the actual and
expected velocity of the vehicle in presence of model mismatch and an
external disturbance.

can cause errors in the expected TOA of the vehicle and
cause accidents. Specifically, the response time of a vehicle
(acceleration or deceleration time) can be different from the
expected one, which depends on the dynamics of the vehicle
as well as the control algorithm. IM should know how long
acceleration/deceleration time of a vehicle is and how long
it takes to maintain the assigned velocity. Moreover, vehicles
track a constant velocity in VA-IM and Crossroads approaches
and not a position trajectory. Thus, external disturbances like
wind, slope, etc. can temporarily prevent them from tracking
the assigned velocity and therefore, the eventual arrival time of
the vehicle varies and can cause accidents. In order to demon-
strate this issue, we performed an experiment on our 1/10
scale model autonomous vehicle (Section IV) and measured
the position and velocity of a vehicle in presence of an external
disturbance (a step input with 0.1X amplitude was added to
the controller’s input to the motor) and model mismatches (up
to 10% in parameters of the PID controller and actuator gain).
Figure 3 shows the position and velocity trajectories of the
vehicle and the effect of model mismatches and the external
disturbance on the eventual position of the vehicle. One can
observe that the vehicle has a 0.54 m position error when it
enters the intersection, which is almost equal to the size of
the vehicle (vehicle length is 0.6m). This experiment shows
that VA-IM approaches including Crossroads should consider
an extra safety buffer due to the model mismatch and possible
disturbances to ensure the safety of vehicles.

Another practical issue of VA-IM approaches and Crossroad
is associated with the speed limit for vehicles that intend to
make a turn at the intersection. A vehicle should not make the
turn at high velocities to avoid rollover. Since in Crossroad
IM assigns a constant velocity to all vehicles to maintain
(including those that intend to make a turn) and vehicles
are supposed to keep the assigned velocity until entering the
intersection, the assigned velocity for vehicles that intend to
make a turn will be bounded by the turn speed limit. As a
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Fig. 4. Different phases of a vehicle in our technique (RIM). Phase 1)
Synchronization, Phase 2) Sending a request, Phase 3) Receiving the response,
Phase 4) Trajectory calculation and tracking

result, turning vehicles have to drive at a slow speed before
reaching the intersection and this reduces the throughput of
the intersection.

III. ROBUST INTERSECTION MANAGEMENT (RIM)
In our approach, RIM, we divide the status of an ap-

proaching vehicle into four phases: 1) when the vehicle is
within the range of the intersection and before reaching the
synchronization line, 2) after the synchronization line and
before the transmit line and 3) after sending the request and
before receiving the response, 4) after receiving the response
until entering the intersection. Figure 4 shows the status of a
vehicle at different phases.

In phase 1, all vehicles synchronize their local clock by
either communicating with the IM or receiving a reference
clock from a GPS sensor (GPS satellites broadcast very
accurate clocks). If the synchronization is successful, the
vehicle enters phase 2 and sends its position (P), velocity
(V), acceleration (a) and the corresponding timestamp (TS), as
well as the outgoing lane (LO), max/min acceleration (amax

and amin) and the ID to the IM upon crossing the transmit
line. In phase 3, IM processes the request and calculates a
feasible TOA and VOA, based on the status of the vehicle
(V-Info) and the scheduling policy (FCFS, BATCH[20], etc.).
Variety of scheduling policies are studied in the literature
[?], [20], [22]. Since the effectiveness of the scheduling
policy is not the main focus of this paper, we use an FCFS
scheduling policy for simplicity. Then, IM sends them back
to the requesting vehicle. In this phase, the vehicle maintains
its initial velocity until it receives the response. In phase 4,
the vehicle creates a reference trajectory and follows it until
it enters the intersection. We consider the following model for
the behavior of vehicles in 2D:

ẋ = vcos(φ)

ẏ = vsin(φ)

φ̇ = v
L tan(ψ)

v̇ = u(t)

u(t) = Ka

(
−Kpe−Ki

∫
e−Kdė+ d(t)

)
(1)

where x, y are longitude and latitude of the vehicle in Carte-
sian coordinates respectively, φ is the heading angle of the

Algorithm 1: Vehicle Controller

1 if Sync line is crossed then
2 result = synchronize();
3 if result is not OK then
4 if distance to transmit line is less than dmin then
5 update(Trajectory, SD); /* slow down */
6 end
7 Goto Line 3;
8 end
9 end

10 if Transmit line is crossed then
11 V-Info = [P, V, a, TS, LO, amax, amin, ID];
12 send(V-Info);
13 Wait for the response;
14 if response is timed out then
15 if distance to intersection is less than dmin then
16 update(Trajectory, SD); /* slow down */
17 end
18 Goto line 12;
19 else
20 [TOA, VOA] = getPacket(response) ;
21 [A0, B0] = calculateTrajectory(TOA, VOA);
22 update(Trajectory, [A0, B0]); /* set the Ref

Trajectory */
23 end
24 end

vehicle from the x-axis, v is the linear velocity of the vehicle,
L is vehicle’s wheelbase distance, ψ is the steering angle
of front tires and u is the control input for the motor. Kp,
Ki and Kd are PID controller gains, e,

∫
e and ė are the

error between actual velocity and target velocity, its integral
and derivative respectively and d(t) is the applied disturbance.
Ka is a constant to model actuator’s gain. The input for the
motor is u(t), which is generated as a Pulse Modulation Width
(PWM) signal. We assume that the values of the PID controller
and the actuator gain have model mismatches.

A. Vehicles

When the vehicle receives the TOA and VOA, it computes
an optimal reference position trajectory and a PID controller
is utilized to track the trajectory. Each vehicle has a specified
timeout to bound its waiting time when waiting the response.
Algorithm 1, shows a pseudocode of the vehicle’s controller.
The value of dmin is calculated based on amin and vmax,
i.e., the distance a vehicle needs for stopping. In order to
compute the reference trajectory, each vehicle stores its current
position, velocity, and the timestamp as initial position (x0),
velocity (v0) and time (t0). Additionally, final position (xf ),
velocity (vf ) and TOA (tf ) of the reference trajectory are
known (received from the IM). Any position trajectory that
satisfies the initial and final position condition (x(t0) = x0 and
x(tf ) = xf ) and its derivative (velocity trajectory) satisfies the
initial and final velocity conditions (v(t0) = v0 and v(tf ) =
vf ) can be a candidate for the reference trajectory. However,
we are looking for an optimal trajectory for the vehicle. So,
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Algorithm 2: IM’s Scheduling algorithm

1 Input: Request;
2 Outputs: [TOA, VOA];
3 while Request buffer is not empty do
4 V-Info = read(buffer[first]);
5 [TOA, VOA] = Schedule(V-Info, I-Info);
6 Result = F-Check(TOA, VOA, V-Info, I-Info);
7 if Result is OK then
8 Send(TOA,VOA,Vehicle Info);
9 update(I-Info)

10 else
11 Increase(TOA);
12 Goto Line 6;
13 end
14 end

we define a functional J to minimize the acceleration of the
trajectory:

J =

∫ tf

t0

a2dt (2)

where a is the acceleration of a vehicle. After solving
Equation (2) using the Fundamental Lemma of the Calculus
Variation [23], the solution (acceleration trajectory) is found
to be in the form of:

a(t) = A0t+B0 (3)

A0 and B0 are constant variables to be determined. Taking
integral from (3), we have:

v(t) =
1

2
A0t

2 +B0t+ v0 (4)

Taking integral from (4) results in a cubic function as:

x(t) =
1

6
A0t

3 +
1

2
B0t

2 + v0t+ x0 (5)

Without loss of generality, we assume that the initial time t0
for the reference trajectory is zero. By substituting t, x(t) and
v(t) for boundary condition values, tf , xf and vf in Equations
(4) and (5), following equations are derived:

xf =
1

6
A0t

3
f +

1

2
B0t

2
f + v0tf + x0 (6)

and
vf =

1

2
A0t

2
f +B0tf + v0 (7)

Solving Equations (6) and (7) for A0 and B0, yields:A0 =
6(2x0−2xf+tfv0+tfvf )

t3f

B0 =
−2(3x0−3xf+2tfv0+tfvf )

t2f

(8)

Each vehicle computes the value of A0 and B0 and creates
its reference trajectory according to Equation (5). If a vehicle
receives the target TOA and VOA within the worst-case delay
(due to the IM’s computation time and network delay), it’s
still able to create a feasible trajectory that meets the final
conditions (TOA and VOA).

1) Case study: To have a better understanding, we sim-
ulated position and velocity trajectories of a vehicle (Using
Equation (1)) that is 15 m away from the intersection while
driving at 3 m/s. The worst-case delay from IM to the vehicle
is 1350 ms and the assigned TOA and VOA are 4 s and 2.5 m/s
respectively. Dashed lines in Figure 5 show position and ve-
locity trajectories for the best-case round-trip delay (BCRTD)
and solid lines depict position and velocity trajectories for the
worst-case round-trip delay (WCRTD) respectively. Delay in

Trajectories for the BCRTD and WCRTD

Fig. 5. Velocity and position trajectories for the best-case and worst-case
round-trip delay (BCRTD and WCRTD) in the network.

the network or IM processing time may affect the trajectory
of the vehicle. However, no matter how much is the delay, as
long as it’s smaller than the WCET plus WCND, the arrival
time and velocity of the vehicle remains unaffected.

B. Intersection Manager

When IM receives a request, it computes a TOA and VOA
based on the status of the requesting vehicle (V-Info) and
the status of other vehicles that have already received a
TOA and VOA (I-Info). Before sending back the computed
TOA and VOA to the requesting vehicle, IM verifies the
feasibility of the computed TOA and VOA using the “F-
Check” function. Algorithm 2 shows the pseudo-code for the
IM. In order to check the feasibility of assigned TOA and
VOA, IM has to check the future trajectory of the vehicle
and verify that road specifications (V < Vmax), vehicle
specifications (a < amax) and safety specifications (No front-
back accident before entering the intersection) are not violated.
From Figure 5, one can observe that the area under the velocity
profile is the same for both best-case and worst-case RTD.
This is because the TOA and VOA are fixed. As a result, the
vehicle will experience higher/lower velocities (a higher peak/a
lower trough), as the receive time increases. Based on this
observation, we can conclude that if the worst-case trajectory
does not violate the maximum/minimum velocity threshold,
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Algorithm 3: F-Check function

1 v = calculateVelocity ; /* based on Eq.(4) */
2 a = calculateAcceleration; /* based on Eq.(3) */
3 inLane = getLane(V-Info);
4 if max(v) < vmax and min(v) < vmin then
5 if max(a) < amax then
6 For all cars ∈ I-Info s.t. V-Info.inLane = inLane
7 distance = distanceBetweenCar1andCar2;
8 if min(distance) > distance Threshold then
9 Result = OK;

10 else
11 Result = Not OK;
12 end
13 else
14 Result = Not OK;
15 end
16 else
17 Result = not OK;
18 end

the best-case trajectory never exceeds such values. This way,
we can check if requirements are being met only by verifying
the worst-case trajectory.

C. Safety Analysis

IM needs to verify that the assigned TOA and VOA are safe.
As a result, it performs a feasibility analysis for the best-case
and worst-case scenarios. F-Check function in Algorithm (2)
computes the values of A0 and B0 based on the WCND and
WCET and, checks if the max value of the worst-case delay
trajectory is smaller than road speed limit (Vmax) and the
min value is greater than a threshold Vmin > 0. Additionally,
F-Check verifies if the maximum acceleration of the worst-
case trajectory is smaller than amax. For different values
of VOA and TOA, we simulated the position and velocity
trajectories of a vehicle and depicted them in Figure 6 where
green trajectories are feasible and red ones are infeasible.
Algorithm 3 shows details of the F-Check function. Since the
extreme acceleration/deceleration cases occur only at boundary
conditions, IM can verify the feasibility of the worst-case
reference trajectories by just checking the acceleration at the
initial time. We simulated the behavior of a vehicle driving at 3
m/s for different pairs of VOA and TOA when the intersection
is 15 meters away. Figure 6 depicts the position and velocity
trajectories of the vehicle. If the velocity trajectory for the
WCRTD scenario exceeds the speed limit or its slope exceeds
the acceleration limit (amax), the trajectory is not feasible and
IM extends the TOA of the vehicle. However, if the velocity
trajectory goes under the minimum velocity, it means that the
vehicle should drive at a very slow velocity, which is not
practical. Once the vehicle calculates the values of A0 and
B0, it sends them to the IM in order to confirm that it has
received the assigned TOA and VOA and, lets the IM know
how the trajectory would be.

It’s also possible that the trajectory of a vehicle conflicts
with another vehicle in the same lane before reaching the

Fig. 6. An example of feasibility checking for a set of the VOA and TOA.
Based on the specified maximum and minimum velocity thresholds, IM rejects
a pair of TOA and VOA. Green points on the velocity Figure correspond to
feasible TOAs and VOAs.

Fig. 7. A scenario where F-Check fails. The assigned TOA and VOA cause
a front-back accident (the blue position trajectory crosses the red one). IM
then assigns another TOA (green) that is safe.

intersection. We simulated a case where two vehicles driving
in the same lane have a conflict on their position trajectory and
depicted their trajectories in Figure 7. Blue trajectories belong
to the front vehicle and the red and green ones belong to
the rear car. Red trajectories are not feasible while the green
ones are feasible. IM can find a feasible trajectory for the
rear vehicle by increasing the TOA. If the distance between
trajectories of two vehicles in the same lane is always greater
than a threshold, the value of the result is “OK”. Otherwise,
the result will be “not OK” and the IM has to increase the
TOA and verify the TOA and VOA using the F-Check function
again.
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D. Practical issues

Since vehicles and IM interact with each other, both should
follow some rule as a prerequisite to the correct functionality
of the system. For instance, the system will not work if the
processing time of the IM is very high or if a vehicle takes a
trajectory that fails to satisfy the assigned TOA and VOA.
Therefore, we discuss some of the necessary requirements
that should be met. It is challenging to find an upper bound
for the network request because the delay in the network
can be infinite. To address this issue, vehicles use a timeout
mechanism to bound the waiting time of a vehicle. This
ensures that a vehicle either receives the response within the
expected delay or it will ignore the response if it’s received
afterward. The value of the timeout can be determined by
measuring the average delay of the network and WCET of the
IM. WCET can be calculated statically using existing WCET
analysis methods [11], [24], [25]. Similarly, if a vehicle fails
to synchronize its clock with the IM or cannot get it from the
GPS before reaching the transmit line, it should slow down
and stop behind the intersection line.

As another requirement, vehicles must always retain a safe
distance from their front vehicle. Typically, the Adaptive
Cruise Control (ACC) system is responsible to maintain a
safe distance from the front vehicle by adjusting the velocity.
Based on the Responsibility-Sensitive Safety (RSS) model
[26], maintaining a minimum distance from the front vehicle
requires having a bounded response time (from sensing to
actuation). In order to guarantee the safety of the intersection,
we can express a set of requirements for vehicles and IM. One
way to formally express such safety requirements for each
processing unit is specifying them using temporal logic (like
Timestamp Temporal Logic (TTL) [27], [28]). Here’s the list
of requirement:

• WCET of the IM when responding to a request should
be less than a threshold, say tIM .

• Settling time of the PID controller should be short enough
(Settling time is referred to the time it takes for the
vehicle to reach and maintain the assigned trajectory).

• The network delay should be less than a threshold, tN .
• The response time of the ACC system should be less

than a threshold to avoid accidents before reaching the
transmit line and after exiting the intersection, tACC .

Thresholds are determined based on specification of the inter-
section (intersection size, the distance of transmit line from
the intersection, turn speed limit, wireless network, etc.),
IM (WCET), network (WCND) and vehicles (size, max/min
acceleration rate, etc.).

IV. EXPERIMENTAL TESTBED

In order to evaluate our technique, we built a 1/10 scale
model 4-way intersection (Figure 8) with 8 fully autonomous
RC vehicles that communicate with a stationary IM. The width
of each lane is 60 cm and the transmit line is located 3m away
from the edge of the intersection. All autonomous vehicles are
built on Traxxas Slash chassis. The size of each vehicle is
30 cm× 57 cm and can drive up to 5 m/s. Wheel-base size
of each vehicle is 53.5 cm and its maximum steering angle is

Fig. 8. An overview of our 1/10 scale model intersection of autonomous
vehicles. Intersection and road lines are overlayed for a better intuition.

45 degrees. Transmit line is located 3 meters away from the
vehicle’s initial position and the edge of the intersection is 6
meters away from the starting point of the vehicle.

The main microcontroller is an Arduino Mega 2560 which
performs trajectory tracking. We utilized a Bosch BNO055
absolute orientation sensor for measuring the heading angle
of the vehicle and making a turn. Each vehicle communicates
to the IM via an NRF24L01+, 2.4GHz wireless module. We
used a hall effect shaft encoder to measure the longitudinal
position of the vehicle. Encoder data are processed by another
microcontroller (Arduino Nano board) and the position data
are sent to the main microcontroller over an I2C commu-
nication. We implemented a Proportional Integral Derivative
(PID) controller for each vehicle. We measured the max-
imum acceleration/deceleration of each vehicle numerically
by performing some tests. IM station includes an Arduino
Mega 2560 and an NRF24L01+, 2.4GHz wireless module for
communication. We used Network Time Protocol (NTP) [29]
synchronization technique and the accuracy of synchronization
is 10 ms. Synchronization packet has a size of 7 bytes (1
byte for message type, 4 bytes for timestamps and 2 bytes for
ID). The size of a request packet is 30 bytes, which includes
ID, message type, velocity, position, captured timestamp, lane
out, max acceleration, max deceleration, and max speed. The
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Fig. 9. Histogram of the measured network delay in our 1/10 scale model
testbed. Based on the collected data, the selected threshold value for a
communication with a usual delay is set to be 600 ms.

response packet has a size of 16 bytes, which includes ID,
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message type, TOA, VOA and transmit line distance (the
distance of transmit line from the edge of the intersection).
The acknowledgement packet is 8 bytes and contains A0

and B0. For the experiment, vehicles are placed at arbitrary
positions and start driving with arbitrary initial velocities.
Before reaching the transmit line, vehicles synchronize their
local clock with the IM by sending a sync packet. Each vehicle
monitors its position and upon crossing the synchronization
line or transmit line, it sends a synchronization message or
a request to the IM respectively. To estimate the worst-case
delay for the IM, we need to find a reasonable value for
communication delay and estimate the WCET of the IM.
Figure 9 shows the histogram of the measured delay for the
wireless network in 50 experiments. Based on the collected
data, we set the network threshold to be 600 ms. As a result,
the value of timeout for each vehicle (discussed in Section III)
can be calculated as:

tTimeout =WCET + 2WCND

The WCET of the IM is estimated based on the maximum
capacity of the intersection, which is related to the maximum
number of vehicles that fit in the intersection and roads before
it. The estimated WCET of the IM for the microcontroller
(Atmega2560 with the clock frequency of 16 MHz) is 56 ms.
As a result, we set the timeout to be 1256 ms. Since vehicles
ignore a response after the timeout, we can claim that the
WCRTD is 1256 ms.

V. EXPERIMENTAL RESULTS

We conducted two types of experiments: i) safety-related
and ii) throughput-based experiments. The first one highlights
the effectiveness of the RIM technique in reducing the position
error and the second one shows the usefulness of the RIM
in improving the throughput of the intersection. In safety
experiments, we evaluated the impact of external disturbances
and model mismatch on the eventual position of the vehicle
in 3 different experiments:

• Effect of External Disturbances (ED) on TOA
To model the external disturbance, we added a step function
with the amplitude of up to 5% of the maximum range to
the PWM signal (generated by the controller for the motor)
and measured the position error at the expected TOA for
Crossroads approach and RIM. Figure 10 depicts the position
and velocity trajectories of a vehicle under RIM interface in
presence of an external disturbance with the amplitude of 10 %
of the max value. Despite the fact that the velocity trajectory
of the vehicle is deviated by the external disturbance, it is still
able to meet the set TOA and VOA.

• Effect of Model Mismatches (MM) on TOA
In Crossroads, IM has to account for the response time of
vehicles when computing the target velocity and actuation
time. However, the response time calculation is done based
on the considered model and can be inaccurate. To see how
much model mismatches can affect the TOA, we added up to
10% error to parameters of the PID controller (KP , KI , and
KD), which is related to the estimated actuation time by the
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Fig. 10. An external disturbance is applied to the vehicle that causes
a temporary degradation in the velocity. However, the vehicle is able to
compensate for the effect of the disturbance and meet the assigned TOA
and VOA.

IM. We measured the position error at the expected TOA for
both Crossroads and RIM techniques and reported the result
in Figure 3 and Figure 10.

• Effect of combined MM and ED on TOA
In this experiment, we modeled both the external disturbance
and model mismatch similar to the first and second exper-
iments and recorded the measured position error at the ex-
pected TOA. Then, we compared the result for the Crossroads
approach and RIM technique. We repeated each experiment 50
times for a different set of initial velocities and positions and,
the position error is reported by storing the position of vehicles
along with a timestamp on the EEPROM memory of their
microcontroller. Figure 11 shows the average and the worst-
case position error of vehicles at the expected TOA for Cross-
roads and RIM, normalized to the size of the vehicle. Results
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Fig. 11. The average and worst-case position error of vehicles at designated
TOA in presence of i) Model Mismatches (MM), ii) External Disturbances
(ED) and iii) MM and ED together.

from Figure 11 indicate that on average, RIM can reduce the
position error by 18X compared to the Crossroads technique.
Since Crossroads and generally all VA-IM techniques ignore
the effect of model mismatch and external disturbances, they



9

0

1

2

3

4

5

6

7

8

0.4 0.6 0.8 1 1.2 1.4 AVG

N
O

R
M

A
L

IZ
E

D
 T

H
R

O
U

G
H

P
U

T
 

TURN VELOCITY LIMIT (M/S)

SPEEDUP IN THROUGHPUT FOR COMMON TURN 
VELOCITY LIMITS

RIM Crossroads
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are not safe and accidents can happen. In order to safely
manage by just vehicles using a constant velocity, IM should
consider a larger safety buffer around all vehicles to avoid
accidents. Results from our experiment show that the size of
the extra safety buffer can be as large as 3.2X of the vehicle
length in the worst-case (MM and ED together). Considering
such a large buffer around each vehicle guarantees the safety
of the vehicle but is impractical since it reduces the throughput
of the intersection greatly.

• Velocity management for vehicles making a turn

In intersections with a separate road for a right turn, the turn
speed limit can be as high as 31 mph. However, for small
intersections vehicles have to make a sharp right turn and
therefore, the turn speed limit is as low as 9 mph. In this
experiment, we measured the wait time of all vehicles, from
transmit line to the departure of the intersection, by storing en-
trance and departure timestamps on the EEPROM memory of
the vehicle’s microcontroller. The maximum allowed velocity
for making a turn in our 1/10 scale model varies from 0.4 m/s
to 1.4 m/s (9 mph to 31 mph for a real intersection [30]) and,
the speed limit (for the road) is 2.5 m/s (55 mph). Figure 12
shows the throughput of RIM and Crossroads normalized to
the throughput of the Crossroads.

Results show that RIM can achieve 2.7X better throughputs
on average in comparison with Crossroads and other VA-IM
techniques and, 8X in the best-case (lowest turn speed limit).
The great difference in the throughput at low turn speeds
has two main reasons: i) the scheduling policy of the IM
and ii) induced behavior from the front vehicle. Since the
scheduling policy is FCFS, a vehicle that tends to go straight
will be slowed down if it is behind another vehicle that is
making a turn at the intersection. For other scheduling policies
like BATCH[20], the difference can be lower. Since setting
arbitrary input flow rates in real experiments is hard, we will
study the effect of considering the extra safety buffer on the
throughput of the intersection using our simulator.

Fig. 13. A view of our 3D simulator in MATLAB R©. The blue line on each
road shows the location of the transmit line.

A. Extension to Multi-lane Intersections

In order to show that our method can be easily be
scaled to multi-lane intersections, we built a 3D simulator
in MATLAB R©. The simulator considers a separate processing
unit for vehicles and the IM and all data exchanging is done
through the communication over a network. The network
has the capability of modeling a random network delay and
packet loss. Figure 13 shows a view of our simulator. In our
simulator1, we created a four-way intersection with 3 lanes per
road. Intersection size is 60 x 60 m and lane width is 10 m.
The size of simulated vehicles is 6 x 2 m with the wheelbase
of 5 m. The maximum value of acceleration is 5 m/s2 and
deceleration is -8 m/s2. We used the result of the experiment
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Fig. 14. Increase in the throughput of the intersection for different values
of input flow rate of incoming vehicles. RIM can achieve improvement in
the throughput since the extra safety buffer for model mismatch and external
disturbance is skipped.

on our 1/10 scale model autonomous vehicle to estimate the
size of the extra safety buffer for the Crossroads technique
and VA-IM approaches. Since the length of the vehicle is 6 m
and the error due to model mismatch and possible external
disturbances can be as large as 3.3X of the length of the
vehicle, the extra safety buffer size is calculated as 20m (10 m
in front of the vehicle and 10 m behind it). The transmit line is
200 m away from the intersection and the sync line is 250 m
away from the intersection. We implemented an FCFS policy
for the IM and requests are processed based on their arrival

1Available Online: https://github.com/mkhayatian/Traffic-Intersection-
Simulator-for-Autonomous-Vehicles
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time. Figure 14 shows the degradation of the throughput in
a single lane intersection and in a multi-lane intersection (3
lanes per road) due to considering an extra safety buffer around
vehicles. Results from Figure 14 show that we can improve
the throughput of the intersection by up to 8% for a multi-
lane intersection and up to 5% for a single lane intersection
when there is no need for considering an extra safety buffer
for model mismatches and external disturbances. In order to
fairly compare the throughput of the Crossroads technique
and other VA-IM techniques against RIM, we should add the
improvement result from both Figure 12 and Figure 14. This
is because RIM can increase the throughput by managing the
speed of vehicles making a turn at the intersection and avoid
considering an extra safety buffer.

VI. CONCLUSION

In this paper, we investigated the safety and performance
challenges of implementing an intersession of autonomous
vehicles. We proposed a time and space aware technique,
that is robust against model mismatches, external disturbances,
and nondeterministic delay of network and processing time
of the IM. By efficiently managing vehicle, our management
protocol, RIM, can reduce the effect of uncertainties and
greatly improve the throughput of the intersection. We built
a 1/10 scale model intersection of autonomous vehicles to
compare RIM with the existing ones. Results from our ex-
periments show that on average, RIM is able to reduce the
position error of vehicles due to model mismatch and external
disturbances by 18X on average for up to 10% error in the
parameters of the model and an external disturbance with 0.1X
amplitude. In addition, RIM is able to increase the throughput
of the intersection by managing the velocity of turning vehicles
before entering the intersection by 2.7X on average.
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