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Abstract. City governments currently make signicant eorts to design

trac-control schemes. While existing solutions try to optimize the load
of trac resources, they do not consider one important aspect: Dierent
drivers value short waiting times dierently. For instance, the valuation
of a truck driver who is part of a just-in-time production chain tends to
be higher than the one of a family on an excursion for pleasure. Traccontrol schemes that give preference to drivers with higher valuations
will increase the total utility of all drivers. In this paper we propose a
new mechanism for trac control at intersections. It is called Time-Slot
Exchange and relies on bilateral negotiations. It tries to optimize the use
of trac resources in a valuation-aware fashion. The mechanism relies
on agent-based driver-assistance systems with communication features
which negotiate the right to cross an intersection at a certain time. Using
simulations, we show that our new mechanism outperforms existing ones
regarding average valuation-weighted waiting time.

1

Introduction

Although city governments currently make signicant eorts to design traccontrol schemes, existing solutions are not sucient [1]. They try to optimize
the load of trac resources, but this is only one aspect. Motorists typically have
dierent valuations for shorter waiting times. A truck driver who is part of a
just-in-time production chain typically has a higher valuation than a family on
an excursion for pleasure. Trac-control schemes that give preference to drivers
with higher valuations will increase the total utility of all drivers. Approaches
like trac lights or main vs. side roads do not do this and do not even let drivers
communicate their valuations to others.
The specics of the trac scenario make the design of valuation-aware mechanisms dicult. Our scenario is dierent from routing in communication networks,
for various reasons: Vehicles have physical characteristics, e.g., acceleration or
?
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speed limitations. Further, vehicles approaching the intersection from the same
direction cannot overtake each other (no overtaking assumption ). A left-turning
vehicle prevents other vehicles from crossing the intersection at the same time.
Because vehicles can arrive at the intersection at any time, the mechanism envisaged is embedded in a highly dynamic environment.
This article proposes a new mechanism for trac control at intersections
called Time-Slot Exchange (TSE ). It is valuation-aware, i.e., it takes the valuations of waiting time into account. Progress in vehicle technology allows to
implement mechanisms where drivers report their valuations to other drivers or
to the infrastructure. TSE is not the rst valuation-aware trac-control mechanism  [2] has recently proposed such a mechanism called Initial Time-Slot
Auction (ITSA), which is based on auctions. While ITSA increases total utility
of drivers, it requires that all drivers use this mechanism. With TSE in turn
the drivers can decide on their own if they want to use the mechanism or not.
We deem this feature important, as it allows to counter any concerns regarding
discrimination against `poor drivers'. Fairness of such mechanisms appears to
be an important concern of potential users. Further, ITSA lacks certain other
desirable properties, as we will describe.
With TSE, vehicles can trade the right to cross an intersection for a certain
period of time, the time slot, with other vehicles. When comparing TSE to other
mechanisms, we have identied many requirements such a mechanism should
fulll, e.g., avoidance of starvation. We compare TSE to other mechanisms for
trac control based on these requirements. In particular, we compare it to the
state-of-the-art FIFO mechanism described in [3, 4]. To compare the mechanisms
regarding eciency, we use simulations. For several reasons, e.g., open liability
issues and inter-vehicle communication problems that remain to be solved, an
evaluation of such mechanisms with real trac is currently dicult to impossible.
An important result of ours is that TSE outperforms FIFO both regarding
average waiting time and average valuation-weighted waiting time. Heterogeneity
of various kinds aggravates this eect signicantly.
This paper has the following structure: In Section 2 we briey discuss related
work. Section 3 features denitions necessary to introduce the requirements on
mechanisms for trac control, as described in Section 4. After an overview of
agent-based trac control in Section 5 we describe our new mechanism in Section 6. An evaluation follows in Section 7, and we conclude in Section 8.

2

Related Work

In this section we briey discuss approaches for agent-based trac management
which are important in our context. We will compare our mechanisms to the
intersection-control system proposed by [3, 4], which lets vehicles reserve a time
slot to cross the intersection in advance. The system only considers waiting time
and is not valuation-aware.
[5] extends the reservation system by privileging emergency vehicles. The
approach of [6] allows public transport vehicles to report their arrival to trac

lights which can let them pass earlier. Both approaches prioritize only few vehicle
types and ignore the valuations of all others.
As mentioned, [2] proposes another valuation-aware mechanism using auctions. [7] is a preliminary three-page version of this paper.

3

Denitions

To facilitate a description of desired properties of valuation-aware mechanisms
for trac control, we need some denitions, and we need to clarify some assumptions. The denitions are identical to the ones in [2].
In this work we limit ourselves to single intersections of roads. To take vehicles
into account that are in the vicinity of the intersection, we dene:

Denition 1. The neighborhood of an intersection consists of the lanes of the
intersection area, the incoming and the outgoing lanes.
Denition 2. The travel time Ttj of a Vehicle j is the time from its rst appearance in the neighborhood until it leaves the neighborhood. The minimal travel
time minTtj of j is the travel time if j was the only vehicle at the intersection,
observed the speed limit and any constraints from the physical world, but ignored
all rules concerning the right of way (i.e., crosses red lights, does not stop at
stop signs, etc.). The dierence of the travel time Ttj and the minimal travel
time minTtj is the waiting time Twj = Ttj − minTtj .
We observe that the waiting time can never be negative.
P
j
Tw
Denition 3. The average waiting time is Tw = j∈V
,
|V |

of all vehicles.

where V is the set

The average waiting time is widely used to evaluate intersection-control mechanisms. But to evaluate valuation-aware mechanisms, weighting the waiting time
with the dierent valuations is more adequate.

Denition 4. The valuation vj (t) of the driver of Vehicle
driver is willing to pay if he waits t seconds less.

j

is the price the

In what follows, we restrict ourselves to linear valuation functions (linear
valuation assumption ). Having said this, the valuation per second is a constant
for each vehicle. We abbreviate it with v j (j identies the vehicle). v j does not
change over time.

Denition 5. The

weighted waiting time of Vehicle j
averageP
weighted waiting time is
j
v j ·Tw
vTw = j∈V|V |
, where V is the set of all vehicles.

is vTwj = vj · Twj . The

Note that the average weighted waiting time does not depend on the price
paid for an earlier time slot. In other words, if a `rich' driver and a `poor' driver
are both short of time to the same degree, their valuation of reduced waiting
time is the same and does not depend on the budget available to them.

Denition 6. Let bj denote the budget of the driver of Vehicle j . His utility uj
j
j
j
is uj =
Pb − vj · Tw . The total utility U is the sum of the utilities of the drivers:
U := j∈V u , where V is the set of all vehicles.
A driver cannot exceed his budget bj . But this does not mean that the utility uj of a driver cannot become negative. E.g., if its budget bj is zero, the utility
of a vehicle that must wait to cross the intersection becomes negative. Again,
note that our denition of utility presumes that all motorists have the same
valuation for money and only dier in the valuation of reduced waiting time.
We will use the sum of the budgets of drivers entering and leaving the neighborhood to assess the eects of the mechanisms on the budgets of the drivers.

Denition 7. The total entry budget Be is P
the sum of the budgets of all drivers
when they enter the neighborhood: Be := j∈V bje . V denotes the set of all
vehicles. The total leaving budget Bl isPthe sum of the budgets of all drivers
when they leave the neighborhood: Bl := j∈V bjl .

4

Desired Properties

To evaluate valuation-aware mechanisms we review various desirable properties
of such mechanisms. [2] has described them originally, in order to evaluate ITSA.
A mechanism might oer incentives to drivers to report their valuations
truthfully. This is a prerequisite for ecient allocations, i.e., a resource is assigned to the participant with the highest valuation.

Denition 8. A mechanism is incentive compatible if reporting one's valuation
truthfully is a dominant strategy, provided that all other do so as well [8].
Eciency, avoidance of starvation and zero-sum are desirable as well.

Denition 9. If a trac-control mechanism reduces the average weighted waiting time vTw compared to a rst-in rst-out scheme we call such a mechanism
ecient.
We observe that an ecient mechanism increases total utility.

Denition 10. A mechanism avoids starvation if it provides an upper bound of
waiting time of vehicles when they arrive at the intersection.
Clearly, this upper bound depends on the current number of vehicles in the
neighborhood.
Motorists are likely to dislike mechanisms which increase the overall mobility
costs, they would prefer mechanisms that are zero-sum.

Denition 11. We call a mechanism zero-sum if the dierence of the total entry
budget Be and the total leaving budget Bl is zero.
We deem avoidance of starvation and zero-sum important. The reason is that
these properties are prerequisites for a high degree of user acceptance.
A vehicle which is informed early about its time slot can adapt its speed in
advance. The vehicle can avoid unnecessary acceleration and deceleration. This
reduces fuel consumption and makes driving more comfortable. In particular,
vehicles do not have to stop and start again. Thus, it is advantageous to allocate
time slots as early as possible. We refer to this as early allocation. This property
is in conict with another desirable property: A mechanism which allocates time
slots as late as possible fullls the property late allocation. Late allocation is
useful for vehicles with high valuations which arrive late. It lets them obtain
time slots which would not be available any more otherwise. Late allocation
is given if the time between the assignment of time slots to a vehicle and the
point of time the vehicle starts to cross the intersection is minimized. Clearly,
when designing a mechanism, one must position it somewhere between the two
extremes early and late allocation.

5

Agent-Based Trac Control

We have to build valuation-aware mechanisms upon an infrastructure which lets
drivers communicate their valuations to each other. However, while driving, any
distraction of the driver must be avoided. Therefore, the infrastructure must act
autonomously (but in line with the preferences of the driver). Drivers should
be able to congure vehicle agents in advance. To accomplish this, we use agent
technology. Agents can act autonomously [9] to attain their goals, as specied by
their drivers. To build the mechanism envisaged, every vehicle must be equipped
with a platform which provides a standardized interface. One can use this interface to implement an agent-based driver-assistance system. There already
exist applications which require such a platform in vehicles, e.g., the on-board
units for trucks to collect toll on the German Autobahn (Toll Collect GmbH,
http://www.toll-collect.de).
We call the agent hosted by a driver-assistance system vehicle agent. Such
assistance systems can either instruct the driver or exert control over the vehicle.
Our approach functions independently of the degree of interference: The driverassistance system could just inform the driver when he may cross the intersection,
or it could seize control of the vehicle, e.g., accelerate, as is the case with adaptive
cruise-control systems (ACC, [10]).
An implementation of a mechanism relying solely on communication between
agents residing in a vehicle seems rather ambitious for the time being. Therefore,
our architecture (see Fig. 1) features stationary intersection-control units as well.
Because agents can only communicate with other agents, these units have to
host another agent, the intersection agent. It implements the intersection-control
mechanism. In contrast to a vehicle agent which represents the driver, the goals

Fig.1. Agent-based trac control
of an intersection agent are dened by trac planners. The intersection agent
aims to increase total utility.

6

Mechanisms

The presentation of our mechanisms is based on the generic procedure for agentbased trac control described in [2]. This procedure consists of the initial timeslot acquisition phase and the subsequent time-slot acquisition phase. In the
initial time-slot acquisition phase vehicles with no time slot request one. The
subsequent time-slot acquisition phase lets vehicle agents which already have a
time slot obtain a better one from other vehicle agents by means of negotiation
and exchange. A vehicle can trade its time slot repeatedly.
A mechanism can cover only one of the two phases, or it can be a combination
of dierent mechanisms for the two phases and hence cover both phases.
In contrast to mechanisms for the initial time-slot acquisition phase, mechanisms for the subsequent phase have the nice characteristic that vehicle agents
may, but do not have to participate. Only if the result of a negotiation increases
their utility, vehicle agents will do so. This is important, as it allows to counter
any concerns of potential users regarding discrimination against `poor drivers'.
Although discrimination could happen as part of the initial time-slot acquisition
phase, we can at least exclude it for the subsequent phase.
In the following we describe two mechanisms for intersection control. The rst
one, proposed by [3, 4], is our reference point for evaluation. We then present
our new valuation-aware Time-Slot Exchange mechanism. We study whether
and to which extent the two mechanisms meet the desired properties, except for
eciency, which we evaluate in Section 7.

6.1 FIFO
The rst mechanism uses a rst-in rst-out scheme and is therefore called FIFO.
Vehicle agents entering the neighborhood interact with the intersection agent and
request a time slot. The requests are answered in the order of arrival. Requesting
vehicle agents do not have any time slot so far. Thus, FIFO belongs to the initial
time-slot acquisition phase.

Dierent modes for the crossing of the intersection are conceivable. In contrast to [3, 4] we only distinguish three dierent modes. If no other vehicle may
cross the intersection while a vehicle already does so we speak of the mode intersection exclusive. The mode lane exclusive prevents other vehicles from using
intersection lanes which have already been assigned for the time slot in question.
For instance, vehicles from opposite directions may cross the intersection at the
same time if they both go straight. We achieve a more ne-grained granularity if
we do not block the entire lane but only the actual spots of conicts. Each spot
of conict is the intersection area of two lanes. We call this mode lane shared
all. Several vehicles can cross the intersection in parallel if and only if there is
only one vehicle per spot of conict at any time.
Depending on the mode of intersection crossing, the intersection agent conrms a requested time slot if possible. If the requested time slot cannot be
conrmed it looks for the earliest possible time slot after this and oers it to the
requesting vehicle.
Compliance with Desired Properties. FIFO is not valuation-aware. Thus, incentive compatibility is not meaningful. Because a vehicle crosses the intersection after all other vehicles which have arrived before at the latest, FIFO avoids
starvation. No vehicle pays or earns any money. This is why the budget of every vehicle does not change, i.e., FIFO is zero-sum. Because the only criterion
is order of arrival, a vehicle arriving on short notice cannot benet from late
allocation. Thus, FIFO is best implemented using early allocation.
To our knowledge, no valuation-aware mechanism for intersection control
exists so far, (except for [2] which is very recent). Thus, we will compare eciency
of our new valuation-aware mechanism to the one of valuation-unaware ones.
FIFO reduces average waiting time compared to trac lights [3]. This is why
we use FIFO as the reference point in our evaluation. We cannot use valuationaware mechanisms from other elds, like routing in communication networks,
because they are subject to dierent physical characteristics. For instance, think
of the restrictions incurred by a left-turning vehicle, in contrast to one that turns
right.
Valuation-unaware mechanisms like FIFO can be combined with mechanisms
for the next phase, the subsequent time-slot acquisition phase. If such mechanisms are valuation-aware, the combination is valuation-aware as well. We discuss
such a combination in the following.

6.2 Time-Slot Exchange
If a vehicle agent has obtained a time slot in the initial time-slot acquisition, e.g.,
using FIFO, it may not be satised with it. We therefore propose a valuationaware mechanism for the subsequent phase which can be combined with FIFO.
Idea. To increase the total utility of motorists, Time-Slot Exchange (TSE )
lets vehicle agents negotiate the conditions for an exchange of their time slots.
A vehicle agent having a late time slot may pay money to another vehicle agent
and obtain its earlier time slot in return. The other vehicle agent receives the
money and the time slot of the paying vehicle.

Example 1. If a vehicle agent oers 0.1 currency units per second of reduced
waiting time, and the exchange takes place and reduces the waiting time by 12
seconds, the vehicle agent pays 0.1 · 12 = 1.2 currency units.

Exchange Agent. To realize TSE, we have extended the reference architecture
of Fig. 1 with an exchange agent (EA). It brokers time-slot exchanges. I.e., its
goal is to accomplish as many exchanges as possible. Since this goal diers from
the goal of the intersection agent which aims to maximize total utility, we have
modeled it as a separate agent.
Initiating Exchange. An exchange-request message sent by a vehicle agent
contains the time slot currently held, the earliest time slot that is feasible, the
price the vehicle agent is willing to pay for each second of reduced waiting time
and the lane used to cross the intersection. The earliest time slot that is feasible
is needed because a vehicle cannot make use of time slots that are too early and
cannot be reached in time. The vehicle agent must specify all these parameters
every time it initiates a time-slot exchange. The time slot currently held can
permanently be subject to change. For instance, the earliest time slot feasible
depends on the current speed and the current distance to the intersection, which
may change. Even the price and the intersection lane to be used might change
(even though we currently do not take this into account in our experiments).
Intersection Agent. Having received an exchange request, the exchange agent
requests a list of exchange candidates (list of candidates ) with suitable time
slots from the intersection agent which knows all allocated time slots. At rst
sight, all time slots between the earliest time slot reported and the time slot
currently held are suitable. But the intersection agent will return only vehicles if
an exchange would not conict with other reservations. This might be the case
if the modes lane exclusive or lane shared all are used.
Contacting Vehicle Agents. The exchange agent iterates over the exchange
candidates and informs them about the oer. Each vehicle agent has its own
valuation of waiting-time reduction. Being oered a later time slot and a compensation, the potential partner now evaluates the oer. If the exchange increases
its utility, i.e., the oered price per second exceeds its valuation of waiting-time
reduction, the agent will agree to the exchange.
Conditions. Vehicles cannot overtake while waiting at the intersection. Thus,
a vehicle agent which wants to acquire another time slot has to check two further
conditions: (a) the new time slot is later than the one of the vehicle driving
directly in front, and (b) the new time slot is earlier than the one of the vehicle
driving directly behind if this vehicle already has a time slot. Otherwise, an
exchange would harm other vehicles. They could not use their time slot any
more. In our design, the exchange agent ensures these conditions for both vehicles
participating in the exchange. Figure 2 shows an example of desirable, possible
(but undesirable) and impossible exchange partners for a certain vehicle.
Execution. The list of candidates is sorted by the time slots held by the
candidates. The rst vehicle agent which agrees and which has a time slot which
can be exchanged without harming others is the vehicle agent with the earliest
suitable time slot. The exchange is executed with this vehicle.

TSE with Subsidies. [2] has shown for ITSA that subsidies, i.e., letting vehicles subsidize vehicles in front of them in their lane, increases eciency signicantly. We can transfer this idea to TSE as well: With TSE as described so
far, the best a vehicle agent can do is to negotiate the next time slot after the
time slot of the vehicle in front. This might limit eciency. Think of a driver of
a vehicle directly in front, subsequently referred to as l, with a low valuation.
He does not compete for early time slots. The driver of the vehicle behind it
with a high valuation, subsequently referred to as h, might not be satised with
this. To improve the situation, the following renement of TSE might help. The
agent of Vehicle h can now subsidize the agent of Vehicle l. The agents of l and
h would team up and request an exchange of the time slot of vehicle l. They
would oer the sum of the amounts the two are willing to pay. If the exchange
is accepted, the agent of Vehicle l would receive an earlier time slot, paid for by
both. This now allows the agent of Vehicle h to acquire an earlier time slot for
itself.
Compliance with Desired Properties. With TSE, neither the intersection
agent nor the exchange agent pay or earn any money. Thus, TSE is zero-sum.
On the other hand, pricing in TSE is not incentive-compatible. This is because a
vehicle agent might oer less than its valuation to avoid unnecessarily high payments, or it might claim more than its true valuation to increase its prot. Thus,
it might be possible that an exchange fails although both participating vehicle
agents could benet from it. However, a useful bilateral negotiation mechanism
which is both incentive compatible and zero-sum does not exist [8]. Thus, incentive compatibility can only be achieved if we waive zero-sum and vice versa.
Because a vehicle does not have to exchange time slots, TSE avoids starvation if
the mechanism used for the initial time-slot acquisition phase has this characteristic as well. In other words, if a vehicle agent does not take part in an exchange
it `inherits' the upper bound of the waiting time from the mechanism for the
initial time-slot acquisition phase. In particular, when using FIFO for this, the
combination of FIFO and TSE avoids starvation. Finally, late allocation in our
context means that the exchange agent looks for exchange candidates as long
as possible, hoping for a vehicle arriving on short notice with a suitable time
slot. Because vehicle agents initiating a request are not interested in time slots
of such vehicles, and because all vehicle agents can initiate exchanges repeatedly
on their own, late allocation does not have any advantages in our particular
setting. Thus, TSE should always implement early allocation.

7

Evaluation

An evaluation of agent-based mechanisms in real trac is not possible at the
moment, for several reasons. We therefore use simulations to assess the mechanisms with regard to eciency. This is in line with other research on intersection
control, e.g., [3, 11, 12]. Our simulation framework uses a space-continuous and
time-discrete simulation model. It simulates drivers and vehicles equipped with
agent-based driver-assistance systems at intersections. We use the Java Agent

Fig.2. Exchange partners of Vehicle 6

Fig.3. Intersection layout

DEvelopment Framework (JADE, http://jade.tilab.com/) to implement the
multi-agent system. We do not use agents for simulation, but simulate the trac
environment for agent-based driver-assistance systems. Thus agent-based simulation frameworks are not applicable.

7.1 Experimental Setup
The intersection investigated (see Figure 3) is symmetric. It consists of four
directions with two incoming (right and left) and two outgoing (right and left)
lanes for each direction. The left incoming lanes permit turning left or going
straight (both into the left outgoing lanes) and the right incoming lanes permit
turning right or going straight (both into the right outgoing lanes).
The speed limit is 50km/h in the entire neighborhood. This is the maximum
speed allowed in cities in most European countries. Both incoming and outgoing
lanes are 230m in length. 200m in front of the intersection, a virtual trac
sign informs driver-assistance systems that they approach an intersection which
uses an agent-based intersection-control mechanism. The intersection radius is
20m. The total distance to cross the intersection in straight direction therefore
is 230 + 20 + 20 + 230 = 500m. The maximum acceleration is limited to at most
3m/s2 and the maximum deceleration to at most 8m/s2 .
We simulate 40 minutes of each run. We leave aside vehicle behavior during
the rst 10 minutes to ensure that we only look at a system in steady state.
Vehicles leaving the neighborhood during the following 30 minutes are taken
into account to determine the average waiting time Tw and the average weighted
waiting time vTw .
For each incoming lane so-called demand sources generate vehicles with exponentially distributed interarrival times with mean λ1 = 36s. Thus, 100 vehicles
per hour enter the neighborhood for each incoming lane on average. To use an
exponential distribution is common practice in queuing theory and in stochastic
scheduling to describe arrival processes [13]. The intersection layout allows each
vehicle to choose between two dierent directions to cross the intersection. In
our simulations, both have the same probability. The valuation of each driver

is also modeled using an exponential distribution. Its mean is λ1 = v = 0.01.
Since there are no experiences with valuation-aware mechanisms in real trac
we could not rely on any empirical data to determine this value.
800 vehicles per hour enter the neighborhood on average. Because we use the
intersection exclusive mode for intersection crossing, only one vehicle crosses the
intersection at a time. The crossing time per vehicle in our simulations is 4s. The
total capacity of the intersection is 3600s/4s = 900 vehicles per hour.
The performance of a mechanism does not only depend on the average number of vehicles arriving at an intersection, but also on the distribution of interarrival times. A comparison of mechanisms is meaningful only if we compare equal
arrival patterns of vehicles. We execute 25 simulation runs of FIFO and of TSE
for each treatment. We use the same 25 randomly chosen numbers as seeds for
the 25 runs, to compare the ith run of FIFO to the ith run of TSE of the same
treatment. This means that a certain vehicle always has the same start time and
route in the ith simulation run.

7.2 Alternatives Evaluated
Our mechanism combines FIFO for the initial time-slot acquisition phase and
TSE for the subsequent phase. We have not implemented the variant with subsidies of TSE, which lets vehicle agents subsidize vehicles in front. In the remainder
of this section we use the term TSE for the combination of FIFO and Time-Slot
Exchange.
With our implementation of TSE, the vehicle agent trying to initiate an exchange reveals its valuations truthfully. This leads to ecient allocations. Other
strategies to determine which price to oer could be implemented as well. However, we have already mentioned that the price of an exchange does not inuence
our eciency measure. Therefore, other strategies would not be meaningful.
If the budget is too low it could happen that a vehicle agent cannot aord
to oer a price which corresponds to its true valuation. This would lead to
biased results. To avoid this we assume in our simulations that all vehicles have
unlimited budgets. In other words, all motorists have the same budget and the
same valuation of money.
As mentioned before, we expect that TSE will have greater impact on
average-weighted waiting time if there are vehicles which arrive late and have
high valuations. To verify this hypothesis, we carry out four dierent treatments,
as listed in Table 1. In each treatment we simulate both FIFO and TSE with
the same parameter settings. More specically, we examine the inuence of two
parameters: First, for each incoming lane the demand source generates vehicles
with dierent valuations of waiting time, using an exponential distribution. The
mean valuation v is the rst parameter examined. Second, a virtual trac sign
marks the position where arriving vehicles can interact with the intersection
agent for the rst time. We denote the distance of this trac sign to the beginning of the intersection as begin-of-interaction distance s. This is the second
parameter examined.

Mean Valuation v. Although the valuation for a vehicle is already randomly
distributed, initializing a subset of the demand sources with a dierent mean
valuation allows to examine the inuence of valuations which are signicantly
dierent depending on the incoming lane of a vehicle. In the simulations with
diering mean valuations the demand sources of the northern and southern incoming lanes spawn vehicles with the increased mean valuation v = 0.1, while
in all other cases the mean valuation is v = 0.01 (see also Table 1).
Begin-of-Interaction Distance s. We evaluate the relationship between the
time available for interacting with the intersection agent and the weighted waiting time by introducing vehicles arriving on short notice, i.e., vehicles which have
less time to interact with the intersection agent. These vehicles will typically receive a later time slot than vehicles which are farther away. We mimic vehicles
arriving on short notice by positioning the virtual trac sign of one direction
closer to the intersection. In the treatments with vehicles arriving on short notice
the distance of the virtual trac sign is 100m to the intersection for the North
and the South, while it is 200m in the other cases (see Table 1).
Varying these parameters allows to evaluate the inuence of heterogeneity.
Our evaluation compares a treatment where one or two parameters are equal
for every direction to one where the parameters have a dierent value for the
northern and southern incoming lanes than for the western and eastern directions. This may be realistic, e.g., if we assume that side roads have a dierent
infrastructure than main roads. We label simulations which have dierent values
for a parameter depending on the direction with the name of the parameter as
an index. Table 1 lists the treatments executed and shows the diering values
of each parameter examined. The rst value of each pair is the value of the parameter for the northern and the southern direction, and the second value is the
one for the western and eastern direction.

Table 1. Executed treatments
treatment valuation v distance s
FIFO, TSE

FIFOs , TSEs
FIFOv , TSEv
FIFOs;v , TSEs;v

0.01/0.01
0.01/0.01
0.10/0.01
0.10/0.01

200/200
100/200
200/200
100/200

7.3 Results
We compare the dierences of average waiting time Tw and of average weighted
waiting time vTw of equally initialized runs of FIFO and TSE. For all pairs of the
25 simulation runs we can compute the mean and the 95% condence interval
(CI) of such dierences. Table 2 lists the absolute and the relative dierences of
the average waiting time Tw and the average weighted waiting time vTw . The

Table 2. Absolute and relative dierences
Tw

vTw

treatment mean 0.95% CI mean 0.95% CI
absolute
dierence

FIFO

TSE

FIFOs

TSEs

FIFOv

TSEv

FIFOs,v TSEs,v

relative
dierence

FIFO

TSE

FIFOs

TSEs

FIFOv

TSEv

FIFOs,v TSEs,v

0.567
0.658
0.626
1.150
0.040
0.041
0.045
0.072

[0.431,0.703]
[0.451,0.866]
[0.439,0.814]
[0.856,1.444]
[0.028,0.052]
[0.029,0.053]
[0.031,0.058]
[0.055,0.090]

0.010
0.013
0.066
0.154
0.073
0.083
0.089
0.157

[0.008,0.012]
[0.010,0.015]
[0.050,0.082]
[0.131,0.177]
[0.056,0.091]
[0.067,0.099]
[0.067,0.112]
[0.130,0.184]

absolute dierence of Tw is computed as the dierence of TwF IF O and TwT SE . The
relative dierence is the absolute dierence divided by TwF IF O . We compute the
dierences of the average weighted waiting times analogously.
TSE reduces the average weighted waiting time vTw by 0.010 units on average compared to FIFO, i.e., by 7.3%. The 95% condence interval shows the
reliability of these results. The relative dierence is between 5.6% and 9.1% in
95% of all cases. TSE has a smaller but still positive inuence on the average
waiting times. The average waiting time is reduced by 0.567s on average, i.e.,
4.0% compared to FIFO.
Compared to the treatments with FIFO and TSE the treatments with only
one diering parameter (FIFOs and TSEs , and FIFOv and TSEv ) only yield
a slight improvement of average waiting time and of average weighted waiting
time. The improvement results from a higher number of executed exchanges
in the case of TSEs and in a higher gain by a single exchange in the case of
TSEv . This is not surprising, since TSEs increases the chance that a vehicle
receives a late time slot but could enter the intersection much earlier. With
TSEv the dierence between the valuations of exchange partners tends to be
larger. For FIFOs,v and TSEs,v in turn, i.e., the treatment both with diering
average valuation and diering begin-of-interaction distance, the improvement
is signicant. The average weighted waiting is reduced by 15.7% and the average
waiting time by 7.2% on average.
Our new mechanism reduces both average waiting time and average weighted
waiting time, even though only 7.4% of the vehicles trade their time slot in the
treatments TSE or TSEv . With the treatment TSEs , this ratio is 8.7%. But for
the treatment TSEs,v it increases to 14.2%. Our explanation is that the vehicles
arriving on short notice from the North or the South with high valuations have
a much greater chance to nd an exchange partner.
The signicant reduction of average weighted waiting time with FIFOs,v and
TSEs,v shows that the heterogeneity of the scenario inuences the expected
outcome of a valuation-aware mechanism. For Time-Slot Exchange, this is true
for vehicles arriving on short notice with high valuations in particular.
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Conclusions

Existing trac-control schemes are not valuation-aware, even though this is
expected to increase the total utility of motorists. In this paper we present the
novel mechanism Time-Slot Exchange which has this characteristic. Using the
state-of-the-art FIFO mechanism as a reference point for evaluation, Time-Slot
Exchange reduces both average waiting time and average weighted waiting time
signicantly, in particular in the presence of vehicles arriving on short notice
with high valuations.
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