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Conflicting Paradigms
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regular service, “Green Waves”

continuous flow with no stopps

assignment of fixed
service capacities

reaction on spontaneous events

Public transport scheduling

demand responsive service of
variable inflows

Solution: Solution:
Treatment of special cases Flexible Self-Control
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Control Approach

Faculty of Transportation and Traffic Sciences “Friedrich List” Stefan Lämmer 5

Self-Control of Traffic Lights in Urban Road Networks www.stefanlaemmer.de



Motivation Model Anticipation Optimization Stabilization Simulation Study Field Trial Conclusion

Self-Control Principles

Short-Term Anticipation

How does the actual switching state influence future waiting times?
Lämmer, Donner, Helbing: Anticipative control of switched queueing systems.
The European Physical Journal B 63(3) 341-347 (2007)

Local Optimization

What combination of switching states minimizes cumulative delays?
Lämmer, Helbing: Self-Control of Traffic Lights and Vehicle Flows in Urban Road Networks.
Journal of Statistical Mechanics: Theory and Experiment, P04019 (2008)

Stabilization

How to ensure desired throughput and maximum red times?
Lämmer, Helbing: Self-Stabilizing Decentralized Signal Control of Realistic, Saturated
Network Traffic. Santa Fe Working Paper 10-09-019 (2010)
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Queueing model

Service process

= setup τ + green time

Queue length n(t)

n(t) = Nexp(t)− Nout(t)

Past delay w(t)

d
dtw(t) = n(t)
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Pressure-Principle

1

2
n1, n2 . . . queue lengths
q1, q2 . . . max. service rate
τ1, τ2 . . . setup times

Start serving phase 1, if . . .

total delay 1 → 2 < total delay 2 → 1

τ1(��n1 + n2) + n1

q1
(���n1/2 + n2)

+��τ2n2 +��n2
2/�

��(2q2)
<

τ2(n1 +��n2) + n2

q2
(���n2/2 + n1)

+��τ1n1 +��n1
2/�

��(2q1)

τ1n2 + n1

q1
n2 < τ2n1 + n2

q2
n1

π2 := n2
τ2 + n2/q2

< n1
τ1 + n1/q1

=: π1

It is optimal . . .

. . . to start serving phase i with highest “pressure” πi = ni
τi + ni/qi
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Anticipation model

Future delay

d

dt
ŵ(t) =

{
n̂(t), no service
0, service

Integral transformation

w(t) c s ŵ(t)

d
dt

y
y d

dt

n(t) c s n̂(t)
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Optimization

1

2
n̂1, n̂2 . . . anticipated vehicles
ĝ1, ĝ2 . . . anticipated green times
τ1, τ2 . . . setups

Start serving phase 1, if . . .

future delay 1 → 2 < future delay 2 → 1

n̂2 (τ1 + ĝ1) < n̂1 (τ2 + ĝ2)

π2 := n̂2
τ2 + ĝ2

< n̂1
τ1 + ĝ1

=: π1

It is optimal, . . .

. . . to start serving phase i with highest “pressure” πi = n̂i
τi + ĝi

Faculty of Transportation and Traffic Sciences “Friedrich List” Stefan Lämmer 13

Self-Control of Traffic Lights in Urban Road Networks www.stefanlaemmer.de



Motivation Model Anticipation Optimization Stabilization Simulation Study Field Trial Conclusion

Limit cycle
9

back, averaged over all corresponding vehicles n̂σ. Since
the penalty for switching from σ to i applies only to those
traffic flows i 6= σ not being served, we can introduce the
general penalty term τpeni,σ as follows

τpeni,σ =

{
∆ŵσ/n̂σ if i 6= σ
0 if i = σ.

(15)

With this notation we obtain the following general spec-
ification of the priority index πi:

πi =
n̂i

τpeni,σ + τi + ĝi
. (16)

This is fully compatible with the optimality crite-
rion (14). To interpret the result, the priority index πi

relates to the anticipated average service rate, i.e. the
anticipated number n̂i of vehicles expected to be served
during the time period τi+ ĝi. In contrast to conventional
priority specifications derived from the so-called µc rule
[75, 94, 99, 100], specification (16) is novel in two fun-
damental aspects. First, its dependence on the predicted
variables n̂i and ĝi allows one to anticipate future arrivals
(see Sec. III). Second, it takes into account both first-
and second-order switching losses, i.e. the setup times for
switching to another traffic flow as well as for switching
back, represented by τi and τpeni,σ , respectively.
Instead of clearing existent queues in the most efficient

way, our anticipative prioritization strategy aims at min-
imizing waiting times. This prevents queues to form and
causes green waves to emerge automatically, whenever
this saves overall waiting time at the intersection. The
underlying mechanism relates to the fact that the values
of n̂i and ĝi jump to a higher value as soon as the first
vehicle of a platoon enters the dynamic anticipation hori-
zon (see Sec. III). Whether a platoon is being served by
a green wave or not, depends, of course, on the overall
traffic situation at the local intersection. While our pre-
vious considerations applied to vehicle queues of given
length, the same prioritization rule shows a fast, expo-
nential convergence to the optimal traffic light cycle also
for continuous inflows (see Fig. 4).
However, a local optimization of each single intersec-

tion must not necessarily imply global optimality for the
entire network [57, 101–103], as dynamic instabilities can-
not be excluded (see Sec. II C). Thus, our self-organized
traffic light control must be extended by a stabilization
strategy.

D. Stabilization strategy

We call a traffic light control “stable” if the queue
lengths will always stay finite [58]. Of course, stability
requires that the traffic demand does not exceed the in-
tersection capacities. Nevertheless, the short-sightedness
of locally optimizing strategies could lead to an inefficient
use of capacity, e.g. because of too frequent switching or
too long green time extensions. Analytical examples in

(a)

Expected vehicles n̂1

E
x
p
ec
te
d
v
eh

ic
le
s
n̂
2

¬



®

¯Optimal
cycle

(b)

q

q

n̂1

n̂2

(c)

P
ri
o
ri
ty

in
d
ex

π
i

Minimum period

π1 π2

Qmax
i

q

0
¬  ® ¯ Time t

FIG. 4: (a) Convergence of the trajectories (n̂1, n̂2) to the
optimal limit cycle at (b) an intersection with two identical
traffic flows with constant inflow rate q. (c) Periodic time
series of the priority indices π1 and π2 associated with the
optimal cycle. (¬ means clearing street 1,  setup for street
2, ® clearing street 2, and ¯ setup for street 1)

Refs. [49, 60, 99] illustrate the problem (also see Fig. 1).
As a consequence, even when the traffic demand is far
from being critical, there is a risk that vehicle queues
grow longer and longer and eventually block traffic flows
at upstream intersections [27].
In order to stabilize a switched flow network, Kumar

and Seidman [60] proposed to implement local supervi-
sory mechanisms. The function of such mechanisms is to
observe the current traffic condition and to assign suffi-
ciently long green times before queues get too long. Main-
taining stability is more of a resource allocation (green
time assignment) rather than a scheduling problem.
Our proposal is to complement the prioritization rule

(16) by the following stabilization rule: We define an or-
dered priority set Ω containing the arguments i of all
those traffic flows, that have been selected by the super-
visory mechanism and, thus, need to be served soon in or-
der to maintain stability. Furthermore, the argument i of
a crowded link i joins Ω as soon as more than some crit-
ical number ncrit

i of vehicles can be served. It is removed
from the set after the queue was cleared, i.e. ni = 0, or
after a maximum allowed green time gmax

i was reached.
Elements included in the set Ω are served on a first-come-
first-serve basis. As long as Ω is not empty, the control
strategy is to always serve the traffic flow according to
the first element (head) of Ω. Otherwise, the traffic lights
follow the prioritization rule (10).

E. Combined strategy

Our new control strategy can be summarized as fol-
lows:

σ =

{
head Ω if Ω 6= ∅
argmaxi πi otherwise.

(17)

It is, therefore, a combination of two complementary
control regimes. Whereas the optimizing regime (while
Ω = ∅) aims for minimizing waiting times by serving
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Single intersection control
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Kumar-Seidman-Network

Simple scenario

Network of two intersections

two intersecting flows

deterministic inflow

Single intersection control

Clear queues one after the other

No extension of green times
(Clear-Largest-Buffer-Rule)

Properties (desired, but not achievable with fixed-time-control)

maximum service capacity

minimum cycle is a global attractor!

minimum total delays (especially with random arrivals)
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Instability

In the network, however, we observe

“optimal” controller fails

service periods become infinite

queues grow longer and longer

What is responsible?

time-delayed feedback

traffic flow transmits information

each loop in the net is a feedback-loop

positive feedback leads to instability

I Instability: Unlimited
growth of vehicle queues
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Stabilization principle
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Supervision

Principle

If optimization failed to serve the vehicles
typically arriving within T , serve them now!

Supervisor

ncrit(t)

T Tmax

Control parameters

Tmax > T > T cyc,min

Optimization:
Scheduling problem

Stabilization:
Assignment problem
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Limit cycle 12
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FIG. 7: Trajectories of the expected number of vehicles
(n̂1, n̂2) at an intersection with two identical traffic flows. The
initial state (crossed circle) corresponds to an over-saturated
traffic condition. To clear the queues as fast as possible, the
stabilizing regime (red) minimizes switching losses by serv-
ing each traffic flow exactly once within the desired service
interval T . As soon as the trajectories are below the criti-
cal threshold ncrit

i = Q̄iT defined by Eq. (20) in the limit
Tmax → ∞, the optimizing regime (green lines) is being ac-
tivated. The optimizing regime uses the available free inter-
section capacity for converging towards the fastest possible
switching sequence, which is the optimum traffic light cycle
in terms of travel time minimization.

stable fixed-time control with cycle time T . Furthermore,
both safety requirements (S1) and (S2) are fulfilled un-
der all circumstances, i.e. even for over-saturated traffic
conditions, where the eventual growth of vehicle queues
is unavoidable. In this case, the stabilizing regime serves
the ingoing traffic flows one after the other for τ0i + gmax

i

seconds each. After the traffic situation has relaxed, i.e.
as soon as all queues can be cleared again within the
desired service interval T , the control is handed over to
the optimizing regime. The optimizing regime uses the
available free intersection capacity T res after Eq. (26) for
flexible switching sequences or green time extensions, i.e.
for more frequent setups or idling periods, as long as it
helps to save waiting times. Such a scenario is illustrated
in Fig. 7: At an initially over-saturated intersection, the
stabilizing regime manages to reduce the queue lengths,
before it hands over to the optimizing regime, which lets
the queue lengths exponentially converge to the optimum
cycle associated with minimum waiting times.

V. SIMULATION OF SELF-ORGANIZED
TRAFFIC LIGHT CONTROL

We have simulated the above control strategy (17)
with the macroscopic network flow model sketched in
Sec. II, using our short-term flow anticipation algorithm
(see Sec. III). For comparisons, the same has been done
with a car-following model within the microscopic sim-
ulation tool VISSIM [115], with qualitatively the same
and quantitatively similar results, that we are not show-
ing them here as well.

QA
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QD

FIG. 8: Isolated intersection with four competing traf-
fic flows.
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FIG. 9: Flexible switching sequences for different utilization
levels u over a complete service interval of traffic flow B.

For simplicity, our simulations assume that all traffic
flows at the intersections are incompatible, i.e. only one
traffic flow can be served at a time. In the following,
we will report the corresponding results and analyze the
performance of our control strategy.

A. Operation Modes at an isolated intersection

As a first test scenario, we study an isolated intersec-
tion with four traffic flows as depicted in Fig. 8. We are
interested in the average total queue length n̄ = 〈∑i ni〉
in the steady state, i.e. over one simulation hour. Whereas
the inflow on the side-streets was set to a constant vol-
ume of QB = QD = 180 vehicles per hour, the inflow
QA = QC on the two-lane main streets was be varied.
With a saturation flow rate of 1800 vehicles per hour and
lane, we had Qmax

A = Qmax
C = 3600 vehicles per hour and

Qmax
B = Qmax

D = 1800 vehicles per hour. Furthermore,
the setup times to switch between traffic flows were set
to τ0i = 5 seconds. With the control parameters T = 120
and Tmax = 180 seconds for the desired and the maxi-
mum service interval, respectively, the sufficient stability
condition Eq. (24) was satisfied, if the utilization

u =
∑

i
Qi/Q

max
i (27)

was less than 0.83. This means that our traffic light con-
trol was stable as long as the average inflow on the main
streets QA = QC was less than 1140 vehicles per hour.
For different levels of saturation, our self-organized

traffic light control exhibits several distinct operation
regimes:
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Single intersection - deterministic
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Single intersection- stochastic
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Single intersection control
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Area of Investigation
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Network Layout

Road Network

size: 0.8 × 1.7 km

13 traffic light controlled intersections

4700 vhcl/h total inflow

68 pedestrian crossings

8 Public Transport linies (10-minute-clock)

28 Public Transport stops

Original-Control

traffic-responsive control (VS-PLUS)

cycle time 100 seconds

Green Waves in all major directions

had been optimized within same framework
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Implementation
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Simulation Video
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Simulation Video
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Vehicle Trajectories
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Pedestrian Redtimes
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Buses and Trams
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Variation of Traffic Demand
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Partners

Mobility Division Berlin

Center Traffic Management

City of Dresden

Institute of Intelligent Transportation Systems
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Test Area

2 intersections, distance 400 m

irregular traffic demands

1 tram and 2 bus lines

induction loops available

9 additional detectors to install
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Hardware Architecture
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Summary

Self-Control

flexible control on operative level

fully traffic responsive scheduling

emergent coordination

harmonic public transport prioritization

promising simulation results

Technical Requirements

2 (or more) detectors per stream and lane

inflow-detector 200 m upstream stop line

undelayed communication between detector and controller
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Parameterisation

System Parameters

number and type of
traffic streams

intergreen times

detector positions

reference demand

. . .

Control Parameters

desired service period
(e.g. 90 s, stochastic)

maximum red time
(e.g. 120 s, definite)

service capacities on saturation

weigthing of stopps
(e.g. 50 s per stop)

weighting of vehicle types
(e.g. 15 for buses and trams)

weighting of particular streams
(e.g. 1.5 for main road)
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What’s next?
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