Aml technology helps to sustain speed while merging
A data driven simulation study on Madrid motorway ring M30
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Abstract A considerable increase in road traf c¢ has pro-
voked a total change in the operating paradigms of vehicles,
shifting vehicle handling from just steering towards a com-
plex adaptation task. With the emergence of wireless commu-
nication technology, vehicle operation can now incorporate for
the rst time ever beside the local driver-vehicle interaction
also more signi cant information obtained from cars in the
surrounding. With this foundation it would be possible to build
collectively operating driver assistance systems, negotiating the
interests of all road participants in a certain area with the nal
goal to improve global parameters such as road throughput
or traf c¢ uidity, also having an effect on the individual car
(driver), e.g. increased travel speed, less congestions, or a
reduced level of cognitive load.

The question addressed with this paper is whether or not the

choose to change the lane or slow-down in order to create

merging gaps by their own.
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Vehicle speed vs. distance on the merging lane (w/o support of Aml technology)
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Figure 1. Merging on a motorway without (red curves) and with support
of Aml technology (green gradient).

By any means, vehicles from two traffic streams are
involved in merging and are behaving in a somehow cO-
operative mannerThis cooperative behavior has not been
indicated in traffic models to date, nor have been, e. g. by ap-
plication of wireless communication technologies, intelligent
transportation systems (ITS) introduced taken this complex
task into account. The former compromises existing models
and classifies results as incorrect, the latter substantiates the
potential of assisting the car driver in this dynamic task.

A. Safety Rules are Disregarded

It is elaborated and well known by drivers and has, for
instance, to be learned during drivers education, that vehicles
merging to a motorway via a entrance or drive-up ramp
should drive at or near the speed of flowing traffic on the
main road when reaching the point where the ramp merges
with the motorway [2]. Other safety rules, to be taken into
account when merging onto a motorway, are (i) the car
should not be stopped before merging into traffic unless
absolutely necessary, (ii ) traffic on the main road always
has right-of-way, (iii ) when merging with traffic on the main
road consider a safety gap of about four seconds (following
distance of two second for the own car and the other vehicle),
(iv) determine if there is room do merge and do not try
to squeeze into a gap that is too small; if there is a car
beside your owns, speed up or down just a little until there
is ample space to merge into, (v) watch for vehicles in
the surrounding (using rear and side mirrors) and use turn
signals to merge into, see National Highway Traffic Safety






daily high intensity of traffic flow, and due to the size of the
tunnels network, which nodes of roads may have up until
16 lanes, distributed in different levels (i. e. by-pass South).

A. ITS Controlling the M30

The motorway ring has two different parts, (i) an “open
air” road, and (ii) a “buried-tunneled” road (left image
in Fig. 2). Both parts are controlled by an Intelligent
Transport System (ITS) implemented as a four-level control
architecture. The ITS comprises (i) a main and a backup
control center at the top level, (ii ) the intermediate level of
communications, (iii ) the distributed intelligence level, and
(iv) tunnel equipment at the bottom level of the architecture.
Madrid’s main highway ring has made special emphasis
complying with the main objective of security in tunnels, as
for the installations, infrastructure and the coordination be-
tween the different agents that take part in the management
of traffic. The main functionalities and sources of traffic data
to manage the traffic flow in M30 road are listed in Table
I below. Despite M30 has characteristics of a highway, the

Characteristic OAS | TS
Variable Message Signs (VMS) 67 532
TV 36 981
Traffic Counters 106 89
Road Sections Controlled 217 127
Lanes with Traffic Detectors 556 292
License Plate Cameras - 63
Automatic Travel Times Management | Yes Yes
Automatic Level of Service Mgmt. Yes Yes
Automatic Incident Detection Yes -
Other Tunnel Devices - Yes
Table 1

MAIN ITS FUNCTIONALITIES OF OPEN AIR SECTION (OAS) AND
TUNNELED SECTION (TS) oF M30.

intensity of the traffic flow, the abundance of income and
exits to the road and the fact that great part of the route
is done under tunnels in the underground have led to the
establishment of speed limits lower than other highways of
this type, with a generic limit of 90 kilometers per hour in
the sections in surface and 70km/h in the tunnel sections.

Improvement PotentialsErom the description of the M30
road and its characteristics stated in the previous paragraphs,
some main problems that the M30 road operators have to
tackle with day by day can be easily extracted; the high av-
erage intensity of traffic, especially in rush hours, is leading
to an increasing saturation level of the capacity of the road;
despite important improvements in traffic flow management
and incident detection in the road by application of the
ITS system, there is still room for traffic flow optimization,
congestion avoidance, incidents reduction and enhancement
of driver safety and quality of service, which can be at high
extent addressed by means of the implementation of further
ambient intelligence (Aml) technologies in transportation. In
particular, much potential can be seen in driver assistance

systems operating on a group level by application and
evaluation of collective driver-vehicle co-models (CDVC) as
proposed by [13].

B. Analyzing Real Traf‘c Flow

The traffic flow analysis on this more than 2km long
segment of M30, with data from 10 sensing points (25
induction loop sensors) show some interesting results:

- The traffic flow on the main road (at PM81) is high
almost all day long with less than 1,000 vehicles/hour
only between 1AM and 5SAM (at working days) and
peak traffic of 7,920 vehicles/hour.

- The mean amount of traffic for the entire week at mea-
surement points PM41, PM45, and PMS81 calculates,
according to Krengel [14], to 2,258.37, 1,091.62, and
3,299.81 (confidence interval 95%).

- For the range of traffic with highest density (ten hours
between minute 650 and 1,250, as indicated in Fig.
4), which was also used for our simulation runs, the
mean distance between any two cars (50.94m) can be,
according to Formula 3, considered almost safe (safety
distance 52.20m), thus guaranteeing emergency brakes
without collision.

B 90km/h
" 3 lanes - 5,270 veh./h

- Traffic shape repeats on every day, with lower volume
on Saturday/Sunday.

- About two third of the traffic from the lower main road
(3 lanes) merges via a single lane (PM45) to the upper
main road (3 lanes).

- Total utilization for any workday on the upper road of
three lanes (PM&81) is approximately 87,800 vehicles
(58,800 at PM41, 29,000 at PM45).

- It can be indicated (and proven by calculation) that the
traffic flow on the measuring points PM41, PM42 and
PM45 follows the shape of the curve as measured on
induction loop sensor PMS1.

= 50.94m/veh. (D)

For both (i) calculations and (ii ) simulation traffic data
from one week (10,080 reading points) has been used as
base material; 4,30% or 433 values were identified erre-
onous or missing and have been excluded*, the remaining
9, 647 values have been processed.

C. Data Driven Simulation: Parametrization

Different parameters such as vehicle speed, average vehi-
cle distance, fluidity range, etc. of the M30 motorway are
continuously logged by the road operator for traffic flow
monitoring and control. For the current simulation studies
traffic data from one week (August 31, 2009, 00:00:00 to
September 6, 2009, 23:59:59) collected at the motorway
ring M30 in Madrid on a minute-by-minute basis has been
analyzed and used for data driven, close to reality simulation.

“Data sets have not been removed but set to 1 in order to not

compromise the time behavior of simulation.
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1) Early lane changes

Figure 6. Optimization strategy in two tiers, 1) force early lane changes and 2) managing inter-car distance.

automatically — by help of a new “Lane Change Assist”
system (LCA) — redirected to the left lane. The assistance
system will move the car until it has reached the leftmost
lane and/or according to the road/lane capacity to avoid
congestions on the left lane while all other lanes are free...

Managing inter-car distanceThe second step, which is
performed independently from the first, is to continuously
monitor the inter-car distance of vehicles within the percep-
tion range on the main road, and to notify vehicle drivers
via a vibro-tactile seat interface whenever it is suitable to
change the lane to the left (this rule also applies for drivers
on the entrance ramp). The inter-car distance is maintained
by a background intelligence available to all cars. Different
values from 50m down to 10m have been tested within
the simulation. (the safe stopping distance when driving at
90km/h is 52.20m (see Formula 3). A rounded value of
50m has been used as largest gap, followed by the half
safety distance (25m), and a 10m gap where merging would
only be possible using a fully automated merging assistance
system).

IV. CA-BASED SIMULATION
A. Studyl: Data Driven Simulation
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Figure 7. Higher throughput after merging (L16) when allowing shorter

inter-car gaps. The range of perception of a driver (100m, 500m, 1,000m)
has almost no effect on the throughput for high traffic density most-likely
due to high road occupation.

Data driven simulation runs using different model pa-
rameterizations have shown some interesting results. The
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throughput on the main road after merging is, as expected,
much higher when allowing shorter inter-car gaps. For times
of heavy traffic (thus, a lower driving speed), it can be
observed from reality that safety distances between two
cars would often not be maintained (tailgating). The safety
distance is a speed dependent value (see Formula 3, but
also incorporates a component determined by reaction time,
namely (i) the time required to perceive the need for an
action, (ii ) thoughts about the options, (iii ) decision for one
solution, (iv) initiation of motoric actions, and (V) response
of vehicles’ mechanics (combined in the safety margin ). A
large distance between two cars should, whenever possible,
be maintained even for low speed driving; however, with
increasing traffic density the only way to increase throughput
is to minimize this inter-car distance, and to apply assistance
systems (e.g. improved automatic cruise control systems)
to safely maintain lane changing even with smaller gaps.
The smallest distance simulated within this work (10m)
corresponds to a gap available for merging of 2.5m in front
and on the rear end of a car (assuming a car length of 5m).

The supposed improvement in road throughput or traffic
fluidity in the area of merging cannot be substantiated within
our simulation model, at least not for high traffic. The reason
for this might be the high occupation of lanes, which allows
no further cars to change from saying the intermediate to the
upper (outmost) lane. At least some vehicles would have
the possibility for lane changing with decreasing inter-car
distance (see Fig. 7).

When ensuring the safety distance as given in Formula 3,
which is 52.20m for 90km/h (truncation in the simulation
to 50.00m), the throughput after the point of merging is,
dependent on the allowed inter-car distance, about 6,000
vehicles per hours, which is, compared to the throughput of
5,270 vehicles observed for the simulated time interval in
reality (see paragraph II-B), an increase of ~ 14% achieved
by a optimal flow of all vehicles.

When looking on the inter-car distance, it can be assessed,
that the throughput increases with a reduction of the mini-
mum gap allowed between two vehicles for merging. When
looking on Fig. 8, it can furthermore be derived that the
variation of throughput over time declines with lower inter-
car distance, from 1,487, 1,274 to 939. This results from a
lower flexibility of vehicle moving with shorter gaps.



3,000 and 6,000veh./h. In the real data, the former corre-
sponds to an intermediate value and the later corresponds to
a higher value. As in case of real data driven simulation, we
simulated the traffic for three levels of perception ranges
(100m, 500m, and 1,000m) and inter-car lane changing
distances (50m, 25m, and 10m). As per expectations, the
early lane changes (with an increase in perception range)
do not affect the throughput after merging in case of low
traffic density (i.e. 25 vehicles per minute). However, there
is a definite increase in throughput when the traffic is more
dense (50 vehicles per minute). There is an increase of up
to 9% in throughput from lower to higher perception when
coupled with decreasing inter-car lane changing distance.

The increase in throughput is governed by forced settling
of vehicles into most appropriate lanes before merging for
both upper and lower roads. In the upper road, the innermost
lane should be as less populated as possible to welcome the
smooth influx of merging vehicles. To ensure this effect,
a forced lane change is implemented which provides an
improvement (or decrease in the number of vehicles in
the innermost lane) from lower to higher perception when
coupled with decreasing inter-car lane changing distance
(see Fig. 9; throughput just before merging on logging points
L13 (outmost), L14 (intermediate), and L15 (innermost)).
Similarly on the lower road, the vehicles directed for merg-
ing should occupy the innermost lane whereas the vehicles
heading straight should change their lane from innermost
to the outer ones. Again the forced lane change ensures
an improvement from lower to higher perception when
coupled with decreasing inter-car lane changing distance. It
is important to realize that a desired increase in perception
and decreasing the inter-car lane changing distance to a level
that a driver consider it to be safe is only possible through
an assisting ambient technology.
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Figure 10. Increased throughput for a larger range of perception,

particularly for very short inter-car gaps.
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V. CONCLUSIONS

The presented results are based on simulation runs using a
true to scale NetLogo model of a 2,030m long segment of
the Madrid motorway M30 with real traffic data provided
on a minute by minute basis for one week. Using data
driven simulation we have learnt that the application of Aml
technology can help to increase road throughput and traffic
fluidity, but not in any case and without considering data
validity — despite erroneous data sets have been removed
before simulation, numerous induction loop values remained
noisy in the data table, finally invalidating initial results to
be derived from simulation results. The control experiment
executed with artificial data on the same model showed a
considerable increase of throughput, as expected, compared
to the real data sets used in data driven simulation runs. From
the control experiment we furthermore derived successful
results with regard to our assumption of sustained speed
for the merging cars — the application of Aml technology
ensured that vehicles on the main road settled in upper
(outer) lanes, made the lower, merging lane almost free for
merging into without decreasing the speed or stopping.

Future Work

Recently, we have developed an algorithm to control
queue lengths in real congested traffic, which enables, for
instance, to predict the length of queues in time or the time
to the clearance of the queue. The algorithm has already
been applied — under congested traffic conditions — to the
M30 transfer road indicated by PM45 (as used in this
paper); however, initial results still have to be related to
and integrated into the simulation model to complement our
experimental results.

A second point to be addressed in the future is a validation
of the influence of driver’s cognitive workload/stress on the
adherence to Aml technology in on-the-road studies to make
results more credible (likewise, for the evacuation in panic
situation it has already shown that people will trust Aml
technology [23]). In merging situations drivers are often in
stress, particularly in times of high dense traffic, and it is
unclear whether or not they will always react to the provided
advice of the Aml system.
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