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Abstract. Reliable benchmarking is essential for progress in intelligent traffic control
research. While microscopic traffic simulators such as SUMO enable detailed modelling
of individual vehicle interactions, many published control studies still rely on single-run
evaluations and project-specific baseline implementations, limiting reproducibility and
comparability. This paper presents sumoITScontrol, an open-source and extensible
Python framework providing a curated collection of widely used traffic controllers imple-
mented for SUMO via the TraCl interface. The framework includes established methods
for both urban and freeway traffic management, such as Max Pressure signal control,
SCOOT/SCATS-inspired adaptive strategies, and ramp metering algorithms including
ALINEA, HERO-inspired, and METALINE. Beyond providing implementations, the pa-
per emphasises methodological best-practices for controller evaluation in stochastic
microscopic environments. Through systematic calibration and replicated simulation
experiments, we demonstrate the substantial impact of stochastic variability on per-
formance metrics and highlight the necessity of variance-aware reporting and statis-
tical hypothesis testing. By combining standardised controller implementations with
reproducibility-oriented evaluation guidelines, sumoITScontrol aims to improve method-
ological transparency, enable fair benchmarking of novel approaches, and strengthen
experimental standards within the SUMO and intelligent transportation systems re-
search communities.

Source Code on project’s GitHub: https://github.com/DerKevinRiehl/sumolTScontrol/.

Keywords: intelligent transportation systems, traffic control, control theory, ITS, bench-
marking

1. Introduction

Efficient traffic management remains a central challenge in modern transportation sys-
tems. Growing travel demand, limited infrastructure capacity, and increasing societal
expectations regarding sustainability and safety require control strategies that dynami-
cally adapt to evolving traffic conditions. Intelligent Transportation Systems (ITS) [1] ad-
dress these challenges by leveraging real-time sensor data [2] and algorithmic decision-
making to dynamically adapt traffic control measures such as signal timing, perimeter
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control (urban context), and ramp metering rates and variable speed limits (freeway
context).

Over the past decades, a wide range of traffic control strategies has been devel-
oped on the basis of macroscopic traffic flow theory. Classical approaches such as the
store-and-forward model [3] for urban networks and the METANET [4], [5] and cell trans-
mission model [6] for freeway systems have provided the foundation for widely adopted
controllers. Controllers such as Max-Pressure [7], SCOOT [8], SCATS [9], ALINEA [10],
HERO [11], and METALINE [12] have demonstrated strong theoretical and practical
performance under aggregated traffic representations, and have become established
reference methods in the literature. However, macroscopic models inherently rely on
simplifying assumptions regarding traffic homogeneity, flow continuity, and equilibrium
dynamics. They abstract away individual vehicle behaviour and microscopic interac-
tions, which can significantly influence congestion formation, shock-wave propagation,
spill-back, and intersection blocking.

In parallel, microscopic traffic simulation has become an increasingly important
tool for analysing and evaluating control strategies. The open-source simulator SUMO
(Simulation of Urban MOhbility) [13] enables detailed modelling of individual vehicle be-
haviour, including car-following dynamics, lane-changing decisions, and stochastic de-
parture processes. Such microscopic representations allow researchers to assess con-
troller performance under realistic traffic interactions, heterogeneous driver behaviour,
and non-equilibrium dynamics that are difficult to capture in aggregated models.

As a consequence, a growing body of research proposes and evaluates new traffic
control strategies directly within microscopic simulation environments [14], [15]. These
include analytical extensions of classical control methods as well as learning-based
approaches such as reinforcement learning. While many studies report promising im-
provements, systematic benchmarking against established baseline controllers is often
limited [16]. In numerous cases, baseline implementations are project-specific, insuffi-
ciently documented, or not publicly available, making replication and comparison diffi-
cult. Implementing classical controllers within SUMO is non-trivial: it requires careful
translation of theoretical formulations into discrete-time, detector-based control logic us-
ing interfaces such as TraCl. Differences in detector placement, aggregation intervals,
and network modelling can further complicate fair comparisons [17].

A further challenge arises from the inherently stochastic nature of microscopic sim-
ulation. Variability in departure times, route choices, car-following behaviour, and lane-
changing decisions introduces non-negligible variance in performance metrics such as
travel time, delay, and throughput. Small reported improvements may therefore lie
within the range of stochastic fluctuations rather than reflecting statistically significant
performance gains. Nevertheless, many simulation-based studies rely on single-run
evaluations or fail to report variance measures, limiting the robustness and interpretabil-
ity of their conclusions.

These challenges highlight the need for a standardised, reproducible benchmark-
ing framework for traffic control research in SUMO [16]. Such a framework should pro-
vide: (i) transparent and well-documented implementations of established controllers,
(i) modular interfaces enabling consistent experimental design, and (iii) methodological
guidance for variance-aware calibration and statistical evaluation.

This paper introduces sumoITScontrol, an open-source and extensible Python
package implementing a curated collection of widely used traffic controllers for SUMO
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via the TraCl interface. The framework covers both urban and freeway control appli-
cations. For signalised intersections, it includes controllers such as Max Pressure and
adaptive coordinated strategies inspired by SCOOT and SCATS principles. For free-
way traffic management, it provides established ramp metering algorithms including
ALINEA, METALINE, and HERO-inspired coordinated controllers. All controllers are
implemented in a modular and configurable manner to facilitate consistent benchmark-
ing across different network scenarios.

Beyond providing software implementations, this work emphasises methodological
best-practices for simulation-based controller evaluation. Through structured calibra-
tion procedures, replicated simulation experiments, and formal statistical hypothesis
testing, we demonstrate the substantial impact of stochastic variability on controller
performance assessment. The presented case studies illustrate how parameter optimi-
sation and controller comparison can be conducted in a variance-aware and statistically
sound manner.

The primary contribution of this paper is therefore twofold: first, the provision of a
transparent and extensible controller collection for SUMO; and second, the establish-
ment of a reproducibility-oriented evaluation paradigm for microscopic traffic control re-
search. By lowering the barrier to rigorous benchmarking and encouraging statistically
robust experimentation, sumoITScontrol aims to strengthen methodological standards
and improve comparability across studies within the SUMO and ITS research commu-
nities.

The remainder of this work is organised as follows. Section 2 outlines the con-
troller implementation. Section 3 provides guidelines on simulation-design and sensor
placement. Section 4 elaborates on best-practices for stochastic controller calibration
and evaluation. Section 5 presents the results of simulation experiments with the two
provided case studies. Finally, Section 6 concludes the paper.

2. Controller Implementation
2.1 Ramp Metering

One of the most widely implemented highway traffic control strategies is ramp metering,
which regulates vehicle entry rates at highway on-ramps (with traffic lights) to ensure
an uncongested traffic on the main-road (optimizing for total travel time, or total travel
distance). First introduced in the 1960s on Chicago’s Eisenhower Expressway, ramp
metering has since become a core component of freeway traffic management in major
U.S. cities, including Los Angeles, Minneapolis, and Chicago [18].

2.1.1 Problem Statement & Notation

The highway consists of mainline lanes, and a set of on-ramps o; € O and off-ramps
x; € X. Each metered on-ramp is equipped with a traffic light, that follows a signal cycle
of duration ¢, from which the metering rate r; € [0, 1] represents the share of green
duration of t,. When the traffic lights turn green, vehicles waiting on the on-ramp can
continue to drive onto the highway, and merge with the mainline traffic in the merging
area, as shown in Figure 1.
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Figure 1. Ramp Metering Problem Statement. [17]

Depending on traffic volume and driving behaviour, this merging process can cause
congestion, and back-propagate upstream, as the merging area represents a bottle-
neck for the traffic. Other sources of congestion are blocked off-ramps or lane changes
before those, and back-propagation of stop-and-go shock-waves (known as phantom
traffic jam). There are sensors j (loop-detectors) that can measure traffic flow charac-
teristics on the mainline, namely flow f,, average vehicle speed v,, and occupancy c;,
and physical queue lengths at on-ramps [;, at regular, discrete time intervals t. Some
ramp-metering algorithms use upstream detectors, that are located in the merging ar-
eas, while others use downstream detectors, that are located downstream, after the
merging area. The control problem of ramp-metering is to adjust ramp metering rates r;
dynamically according to the traffic conditions on the highway, to achieve certain goals,
such as transportation efficiency (often measured in total travel time). Often, it can
make sense to bound metering rates to physically plausible ranges r; € [%yins hnax ), €-0-
Tmin = 0%, and r,,,, = 100%. Arguably, lower bounds can also be set above 0% to
avoid massive queues or spill-back into urban road networks that feed the highways.

2.1.2 ALINEA

A widely adopted local feedback ramp-metering strategy is ALINEA, which stands for
Asservissement Linéaire d’Entrée Autoroutiere (French for “linear feedback control of
freeway entrance”). ALINEA was originally proposed by Markos Papageorgiou [10] in
the early 1990s and has since become one of the most influential and practically im-
plemented ramp metering algorithms in freeway traffic management systems. ALINEA
is a simple integral feedback controller that regulates the ramp metering rate based
on measured mainline occupancy downstream of the merge area. The key idea is to
maintain the measured occupancy c, close to a desired target occupancy c*, which can
corresponds to the maximum flow (i.e., capacity) of the freeway. By stabilizing traffic
density near this target working point, ALINEA aims to prevent congestion formation,
maximise throughput, and also enhance traffic safety through density homogenisation.
The classical ALINEA controller uses a simple P-feedback law given by:

I =r_+ Kp(C* —cy) (1)

where K5 is a regulator gain (tuning parameter).

While the original ALINEA leveraged downstream occupancy sensors (40 - 100m
downstream), other local strategies include the usage of upstream sensors (UP-
ALINEA [19], [20]) or both upstream and downstream sensors (MALINEA [21]), flow
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Table 1. Notation for Ramp Metering.

Symbol Parameter

Indices

i ramp index

J sensor index

t discrete time index

Descriptors

X; off-ramp, part of subset X
0; on-ramp, part of subset O
X set of all off-ramps

V) set of all on-ramps

Sensing Variables

fri measured vehicle flow at ramp i at time ¢

Uy measured average vehicle speed at ramp i at time ¢
Cti measured vehicle density at ramp i at time ¢

I ; measured queue length ramp i at time ¢

Actuation Variables

r; metering rate of ramp i, share of ¢, where signal is green, bounded by r; € [huin, hnax]
Foin minimum bound for r;, typically > 0%

Foax maximum bound for r;, typically < 100%

t, signal cycle duration

Control Parameters

c* desired target occupancy

Kp regulator gain (tuning parameter)

K; integrator gain (tuning parameter)

Jact actuation threshold, critical queue length
n number of coordinated ramps

Ny ; estimated number of vehicles in queue
Nmax desired maximum queue set-point

q;’ﬁ estimated arrival flow at ramp (HERO)
g saturation discharge flow (HERO)

gt desired discharge flow (HERO)

a anticipation factor (HERO)

measurements instead off occupancy (FL-ALINEA [20]), and a Pl-control law (PI-
ALINEA [22], [23]), which is offered by our implementation as well:

hh=rna+ Kp(C* —c) + Ky(ep —¢im1) (2

where K; is an integrator gain (tuning parameter).

2.1.3 METALINE

While ALINEA is a local feedback controller that regulates each on-ramp independently,
METALINE [12] extends this concept to a coordinated, multi-ramp control framework.
METALINE can be interpreted as a multivariable generalisation of ALINEA, in which
several metered on-ramps are jointly controlled in order to account for spatial interac-
tions along the mainline.
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Consider a set of n metered on-ramps o; € O. Let the vectors of metering rates,
occupancies, and target occupancies be defined as

r, = [rt,l I’t’n]T N C, = [Ct,l Ct’n]T , c* = [c’f c:]T . (3)

In contrast to independent local feedback, METALINE introduces coupling between
ramps through gain matrices Kp € R™" and K; € R™". The coordinated Pl-type
feedback law is given by:

r=r_+Kp (C* - ct) +Kr(c,—¢iy). (4)

The off-diagonal elements of K, and K; allow upstream ramps to react to down-
stream congestion levels and vice versa, thereby capturing the spatial propagation of
traffic disturbances. This coordinated regulation can improve global traffic performance
compared to purely local control, particularly in corridors with closely spaced ramps. As
in ALINEA, the metering rates are bounded to physically admissible limits,

rt,i € [rminsrmax]’ Vie {1’ ,I’l}, (5)

in order to avoid excessive queue growth or spill-back into the surrounding urban net-
work. In the special case where Kp and K; are diagonal matrices, METALINE reduces
to a set of independent PI-ALINEA controllers.

2.1.4 HERO

HERO (Heuristic Ramp metering co-Ordination) [11] is a hierarchical coordination strat-
egy that augments local ALINEA controllers with an additional queue management layer.
The primary objective of HERO is to prevent excessive queue formation at individual
on-ramps by redistributing metering restrictions upstream. Under normal operating con-
ditions, each ramp o; € O is regulated by its local ALINEA controller. However, when
the queue length [, ; of a ramp exceeds a predefined activation threshold 1¢, a coordi-
nated control mode is triggered.

Master—slave structure: Once activated, the ramp with excessive queue length is
designated as the master ramp. Upstream ramps may be progressively recruited as
slave ramps. While the master ramp continues to operate under ALINEA, slave ramps
temporarily override their local ALINEA metering rates and apply a queue-based control
law in order to restrict inflow to the master region.

Queue-based control of slave ramps: For a slave ramp o;, the queue length I, ; (in
metres) is converted into an approximate number of vehicles using an average vehicle
spacing parameter. Let N, ; denote the estimated number of vehicles in the queue and
N"%* a desired maximum queue set-point. A simplified deadbeat-style control objective
aims to drive the queue towards N;*** within one signal cycle of duration ¢.. Denoting
by 67?3- the estimated arrival flow to the ramp and by ¢i** the saturation discharge flow,
the desired discharge flow is computed as

N[ — Ny, + g

gt = " : (6)
C

where « is an anticipation factor accounting for expected arrivals. The corresponding
metering rate is then obtained as

trl
qs,
Tt = q.isat ’ (7)
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subject to the bounds

rt,i € [Vmin’rmax]- (8)

Dissolution condition: The coordinated mode is terminated once the master queue
length falls below a release threshold "¢, with I"® < 19! in order to avoid chattering. All
ramps then revert to independent ALINEA operation. Through this hierarchical master—
slave mechanism, HERO preserves the throughput optimisation properties of ALINEA
while explicitly mitigating queue spill-back and improving robustness in heavily con-
gested scenarios.

2.1.5 Exclusion of Other Controllers

In addition to local and coordinated feedback strategies such as ALINEA, METALINE,
and HERO, large-scale adaptive ramp metering systems have been implemented in
practice, most notably the SWARM [24] and ZONE [25] algorithms deployed in the
Minneapolis-Saint Paul freeway network. These approaches operate on a corridor or
network-wide level and rely on extensive detector infrastructure, centralised optimisa-
tion routines, and complex calibration procedures based on archived ITS data. Their
control logic typically involves dynamic estimation of traffic states over extended free-
way sections and the computation of coordinated metering rates for predefined zones.

In the present work, SWARM and ZONE-based strategies are excluded for two
main reasons. First, their implementation requires a substantially higher level of system-
wide modelling, calibration effort, and data availability than is assumed in our framework,
which focuses on modular, ramp-level and corridor-level feedback control using locally
available measurements f,;, ¢,;, and l,;. Secondly, the objective of this study is to
analyse and compare structurally transparent feedback controllers with clearly inter-
pretable parameters (e.g. Kp, K;, c*), rather than large-scale adaptive systems whose
performance strongly depends on network-specific tuning and historical data process-
ing. By restricting the scope to ALINEA-type and HERO-type controllers, the analysis
remains reproducible, methodologically consistent, and transferable to different motor-
way configurations without requiring extensive re-calibration.

2.2 Signalised Intersection Management

Signalised intersection management is one of the oldest, most widespread forms of
urban traffic control and central to both efficiency and safety in cities, dating back to
the installation of the first electric traffic signal in Cleveland in 1914, and later standard-
ised with timed control systems in the mid-20th century. As cities grew denser and
vehicle ownership increased, intersections emerged as critical bottlenecks in the urban
transport network, where queue build-up and conflict between movements had to be
carefully managed. Traditional fixed-time signal plans — developed from early engineer-
ing heuristics — gradually evolved toward actuated and adaptive systems, capable of
responding to real-time traffic conditions. Nowadays, in many large metropolitan areas,
several thousands of intersections are signalised, and almost all major arterial corridors
are controlled by coordinated traffic signals [26], [27].
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(a) Exemplary Intersection (b) Cyclic Signal Plan (fixed order of phases)
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Figure 2. Signalised Intersection Management Problem Statement. [28]

2.2.1 Problem Statement & Notation

The road network is represented as a directed graph with nodes n € N, that are intersec-
tions, and links z € Z, that connected these intersections. The set of incoming links (I,,)
and outgoing links (0,,) are defined for each intersection n. A set of non-conflicting links
(approaches) z;, that can simultaneously receive right-of-way without collision, forms a
movement phase j. The signal control plan of intersection n assigns green durations
gn,j(k,) for each cycle k,,, based on a fixed set of possible movement phases j € F,.

Each green-time follows minimum and maximum permissible green time con-
straints:

8njmin < &n,j(kn) < &njmax VJ EF, 9)

The transition from one to the next phase requires a safety-critical period of yellow
and red signals. Frequent switches can support prioritizing right of way for long queues,
but come at the cost of lost transition times ¢;.

The state of each link z can be described by pressure p,(k,), which could be a
function of the number of vehicles waiting in the queue to be served. The pressure of
a movement phase j can therefore be described as:

ZEZj

The controller’s task can be summarised as to define a signal control plan with
gn,j(kn) given pj(kn)-

Figure 2 showcases cyclic and acyclic signal plans at an exemplary intersection.
The order of phases j,, j,, js, j4 IS recurring in the cyclic plan, while right of way is dy-
namically assigned to any phase in the acyclic plan.
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Table 2. Notation for Intersection Management.

Symbol Parameter

Indices

n specific intersection, part of setn € N
z specific link, part of setz € Z

J movement phase, part of set F,

Descriptors

N set of all nodes (intersections)

Z set of all edges (links connecting the intersections)
Ng coordinated group of intersections

I, set of incoming links

O, set of outgoing links

E, set of possible movement phases

k, control cycle

zj set of links served in movement phase j

Jj@® currently active phase at time ¢

Sensing Variables

pz(k,) pressure (e.g. number of vehicles waiting in a link z's queue to be served)
pj(k,) pressure (e.g. number of vehicles waiting in a phase j's queue to be served)
pj(k,) average phase pressure within one cycle

d,(k,) degree of saturation of lane z

dmax(k,) maximum degree of saturation in NN

Actuation Variables

gn,j(k,)  green duration for cycle k,,, bounded by g, j(k,) € [gn,j min>&n,j,max]
6,.(k,) signal offset of intersection n

t, signal cycle duration

Timing Parameters
8n,j,min  Minimum green phase duration
8n,jmax ~ Maximum green phase duration

tr (lost) transition time between movement phases (e.g. yellow time)
tefi effective green time per cycle

lefin effective green time at intersection n

t.(ky) cycle duration at control step k,,

temin minimum cycle duration

te max maximum cycle duration

ty adaptive waiting interval (Max-Pressure Flex)

H number of pressure measurements per cycle

Scoot/Scats Parameters

a. cycle length adaptation gain

g green split adaptation gain

a, offset adaptation gain

ipper upper saturation threshold

diower lower saturation threshold

Tnom estimated travel time between intersections
Lym connection length between intersections
Ujimit assumed progression speed

2.2.2 Max-Pressure (Introduction)

Max-Pressure is a controller that aims to release the "pressure” (analogy to vehicles
accumulated in queues) of movement phases at intersections as fast as possible. Tas-
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Siulas et al. [29] first presented the Max-Pressure algorithm for routing and schedul-
ing packet transmission in wireless networks. Variaya et al. [7] introduced the Max-
Pressure controller into the domain of signal control, and defined pressure as queue
lengths in number of vehicles. Kouvelas et al.[30] extended the Max Pressure concept,
and constrained the problem by several aspects, such as a strict cyclic phase policy
and cycle duration, and inclusion of turning-ratio knowledge. Moreover, normalised
pressure (queue lengths divided by storage capacity of the link) were considered to
address the threat of spill backs to neighbouring intersections. Further more, works
explored the use of input travel times as link pressures and consider bounded capac-
ity links [31], enforced a fixed phase order, and proposed to reduced the update fre-
guency of green phase durations [32], or included boundary conditions for the number
of switches within one cycle [33]. In addition to that, a broad variety of economic, auction
based signal controllers have been proposed, that implement non-cyclic phase policies,
describing the phase pressures as bids in an auction [34], similar to [7]. Figure 2 show-
cases cyclic and acyclic signal plans at an exemplary intersection. The order of phases
J1s J2s J3» ja IS recurring in the cyclic plan, while right of way is dynamically assigned to
any phase in the acyclic plan.

The different variants of Max-Pressure algorithms vary in:

their definition of pressure,
« their implementation of strict cyclic phase policies,
« their implementation of cycle durations, and

additional boundary conditions.

Within sumoITScontrol we implement two versions of Max-Pressure, one with a
strict fixed-order phase cycle, and one with a flexible phase assignment.

2.2.3 Max-Pressure (Fixed)

The fixed-order Max-Pressure controller implements a cyclic phase policy with a fixed
cycle duration t, and a predefined order of movement phases j € F,. Green times
are reallocated at the beginning of each cycle proportionally to the measured phase
pressures p;(k,), while the phase sequence itself remains unchanged. The fixed-order
Max-Pressure variant therefore exhibits the following properties:

» Strict cyclic phase policy.
* Fixed cycle duration ¢,.

Pressure-proportional cycle split optimisation.
» Deterministic inter-green time t; between phases.
* No dynamic reordering of phases within a cycle.
This formulation corresponds to a constrained variant of Max-Pressure control as dis-

cussed in [30], where adaptivity is restricted to the allocation of green splits while phase
order and cycle duration remain fixed.

Pressure Measurement: During each cycle k,, pressures p;(k,) are sampled peri-
odically and stored over the cycle horizon. At the end of the cycle, the average pressure
for each phase is computed as:
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i 1<
h=1

where H denotes the number of measurement intervals within one cycle. In the
current implementation, p;(k,) corresponds to the number of vehicles waiting in the
queues of all links belonging to phase j.

Cycle Split Optimisation: Given n = |E,| phases and a fixed transition time ¢; per
phase change, the total lost time per cycle is:

lioss = N - I1. (12)

The effective green time available within one cycle is therefore:

leff = Max (0, le — tloss) . (13)

Initial green splits are assigned proportionally to the measured pressures:

5.(k
© L)k oy i, pilky) > 0,
gn,j(kn) = tz:ian pi( n) (14)

%ﬁ, otherwise.

Minimum and maximum green constraints are enforced:

gn,j(kn) € [gn,j,min’ gn,j,max]- (15)

If constraint enforcement causes the total allocated green time to differ from ¢,
remaining time is redistributed iteratively among phases that can be increased or de-
creased, until the sum matches t.4. Finally, green times are rounded to integer seconds:

gnj(kn) € Zso, D, 8nj(kn) = |ten]. (16)

JEFR

Signalling: The controller signals sequentially through the fixed phase order
Jis J2» ---» o With wrap-around after the final phase:

Green(j,) — Transition — Green(j,) — --- — Green(j,) — Green(j,), a7

A full cycle is completed once all phases in F, have been served exactly once. At
this point, the controller returns to the /dle state, recomputes g, ;(k,;), and initiates the
next cycle.
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Figure 3. Max-Pressure Algorithm as Finite State Machine.

2.2.4 Max-Pressure (Flexible)

The flexible Max-Pressure controller removes the strict cyclic phase order and fixed
cycle duration assumed in the previous variant. Instead, right-of-way is dynamically as-
signed to the movement phase with the highest pressure, subject to minimum and max-
imum green constraints. The controller therefore implements an acyclic, event-driven
phase policy. This formulation more closely resembles the classical back-pressure rout-
ing logic introduced in [7], [29], where service is allocated to the queue with the highest
instantaneous pressure. However, unlike the theoretical continuous-time formulation,
the implementation explicitly incorporates safety inter-green times t;, discrete measure-
ment intervals, and bounded green durations, rendering it directly applicable within mi-
croscopic simulation environments such as SUMO. Compared to the fixed-order variant,
the flexible Max-Pressure controller exhibits:

No predefined cycle duration ¢..

No fixed phase sequence.

Event-driven switching based on instantaneous pressure comparisons.

Enforcement of minimum and maximum green constraints.

* Random tie-breaking among equally pressured phases.

Pressure Measurement: At every measurement interval, the phase pressures
pj(k,) are observed. In the present implementation, pressure corresponds to the num-
ber of vehicles waiting on the incoming links associated with phase j. Let the currently
active green phase attime ¢ be j(¢). The corresponding pressure is denoted as pj(ky).

Decision Logic: The controller enforces a minimum green time g, ; m» for each

activated phase. After this minimum duration has elapsed, the controller evaluates
whether another phase exhibits higher pressure:

max pi(kn) > pjy(kn)- (18)
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If this condition holds, the controller initiates a phase change towards one of the
phases achieving the maximum pressure. In the case of multiple maximisers, one is
selected randomly to avoid systematic bias.

If no competing phase exhibits higher pressure, the controller maintains the current
phase for an additional adaptive interval t,. This re-evaluation procedure continues until
either:

» a competing phase exhibits strictly higher pressure, or
* the maximum green duration g, ; max is reached.

Thus, green times are not pre-computed but emerge endogenously from repeated
pressure comparisons.

Finite State Machine Representation: The flexible controller is implemented as a
finite state machine (FSM) with five states, as shown in Figure 3:

» Start: a new green phase has just been activated; the controller enforces the
minimum green time g,, ; min-

» Check_Pressures: the pressure of the current phase is compared with all com-
peting phases.

» Wait: no competing phase has higher pressure; the controller waits for t, before
re-evaluating.

* Next_Phase: a new phase with maximal pressure is selected.

* Transition: safety-critical inter-green period of duration ¢;.

The state transitions can be summarised as:

Start —» Check_Pressures, (19
Next Phase, if3i: p; ;
Check_Pressures — L~ b Pio (20)
Wait, otherwise
Wait — Next_Phase, if g, ;(£) > gn,j,max 21)
Check_Pressures, otherwise
Next_Phase — Transition (22)
Transition — Start. (23)

After the transition period ¢;, the newly selected phase becomes active and the
process repeats.

2.2.5 SCOOTISCATS

In contrast to the previously described intersection-local Max-Pressure controllers, the
implemented SCOOT/SCATS-inspired controller operates on a group of coordinated
intersections and follows a hierarchical three-step optimisation procedure as outlined
in Figure 4.
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Figure 4. Scoot/Scats Controller For Coordinated Signalised Intersection Management.

1. Cycle length optimisation,
2. Green split optimisation,
3. Offset optimisation.
This structure reflects the classical philosophy of adaptive urban traffic control
systems such as SCOOT [8] and SCATS [9], where coordination across corridors

is achieved through gradual parameter adaptation rather than instantaneous phase
switching. The implemented SCOOT/SCATS variant exhibits:

» Group-based control of multiple intersections.

Shared adaptive cycle length.

Local green split optimisation driven by lane saturation.

» Corridor-level offset optimisation based on estimated travel times.

» Gradual parameter adaptation rather than event-driven switching.
Unlike the Max-Pressure controllers, which allocate right-of-way reactively based on
instantaneous pressure, the SCOOT/SCATS controller performs hierarchical optimisa-

tion at cycle boundaries, prioritising network-wide coordination and progression over
short-term queue minimisation.

Network Setting: Let N; € N denote a coordinated group of intersections. All
intersections in N, share a common cycle length ¢, while green splits and offsets are
defined individually:

* gn,j(k,): green split for phase j at intersection n,

* 6,(k,): offset of intersection n relative to the group reference,

* t.(k,): common cycle length of the group.

Measurements consist of two lane-level components, (i) queue lengths, and (ii)
degree of saturationd,(k,) per lane z. In SCOOT and SCATS, the degree of saturation

expresses how "busy” a lane, approach, or movement is relative to its usable capacity
during the signal cycle. It is usually given as a ratio or percentage, where 1.0 (or 100%)
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means demand is equal to effective capacity and the approach is operating at or very
near saturation, with values above this indicating over-saturation and growing queues.
The optimisation is triggered at the end of each cycle, and outlined in the following.

1. Cycle Length Optimisation: The first step adapts the global cycle length ¢.(k,,)
based on the maximum observed degree of saturation within the network:

dmax(k,) = maxmaxd,(k,). (24)

neNg z€I,

If the network is highly saturated,

dmax(kn) > dupper’ (25)
the cycle length is increased proportionally:

tc(kn+1) = min (tc(kn) + ac(dmax - dupper)’ tc,max) . (26)

If the network is underutilised,
0< dmax(kn) < dlowers (27)

the cycle length is decreased:

tc(kn+1) = max (tc(kn) \ o‘c(dlower - dmax)’ tc,min) . (28)

Otherwise, the current cycle length is retained. This gradual adaptation corre-
sponds to the SCOOQOT principle of maintaining operation near a target degree of sat-
uration.

2. Green Split Optimisation:

Given the updated cycle length, the effective green time at intersection n is:

lettn =t — |Fn| lp. (29)

Green splits are adapted based on the most critical (highest saturated) lane at each
intersection.

If the corresponding queue length exceeds a threshold, additional green time is
allocated to the phase serving z* = argmax,;, d,(k,). The increment s proportional to
the difference in degree of saturation between the most critical and competing phases:

gn,j*(kn+1) = gn,j*(kn) +ag - Ad, (30)

subject to upper bounds (e.g., limiting dominance to three quarters of the effective
cycle).

The remaining green time is redistributed among the other phases proportionally
or through normalisation to ensure:
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D 8nj(kni1) = Lefin- (31)

JEFR

If no lane exceeds the activation threshold, green splits are scaled proportionally to
the updated cycle length. Thus, green split optimisation is intersection-local but depen-
dent on the globally coordinated cycle length.

3. Offset Optimisation: The final step coordinates intersections along corridors by
adjusting offsets 6, to promote progression (“green waves”).

First, district-level congestion is estimated by normalising cumulative queue lengths
by total lane length within each district, as exemplified in Figure 4. The district with the
highest normalised congestion is identified as critical.

Travel times between consecutive intersections are estimated as:

L,
Thom = Z m’ (32)
Vlimit

where L,,_,,, is the total connection length and vj,,;; the assumed progression speed.

If the congestion gap between districts exceeds a predefined threshold, offsets are
adjusted sequentially along the critical corridor:

6m(kn+l) = min (en(kn) + aoTn—>ma tc) s (33)
thereby aligning downstream green onsets with upstream vehicle arrivals.

A hysteresis band is introduced to avoid oscillatory behaviour when congestion
differences are small.

2.2.6 Exclusion of Other Controllers

The two selected controllers — Max-Pressure and SCOOT/SCATS — span the principal
dimensions of signalised intersection management, and suffice for this work’s goal of
computational benchmarks:

» Decentralised, state-feedback, queue-based optimisation (Max-Pressure),
* Hierarchical, cycle-based, coordinated adaptive control (SCOOT/SCATS).

Together, these controllers represent the two dominant philosophies in urban signal
control: reactive pressure-based allocation of right-of-way and coordinated cycle-based
progression control.

Other approaches fall largely into refinements or hybridisations of these paradigms.
Fixed-time and Webster-type designs [35] do not incorporate real-time feedback and
therefore do not provide a meaningful benchmark within a dynamic simulation environ-
ment. Fully actuated controllers [36] represent threshold-based variants of local feed-
back control and are structurally subsumed by pressure-based formulations. Dynamic
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programming and model predictive control (MPC-based) approaches [37] require ex-
plicit traffic state prediction models and substantial calibration effort, which would intro-
duce additional modelling layers beyond the scope of this study. Reinforcement learn-
ing methods [38], while promising, rely on extensive training procedures and hyper-
parameter tuning, making performance comparisons highly dependent on scenario-
specific configuration rather than control structure.

By restricting the analysis to Max-Pressure and Scoot/Scats, the study captures
both decentralised optimal control and coordinated adaptive network control while main-
taining interpretability, reproducibility, and methodological consistency. Additional con-
trollers would primarily increase algorithmic diversity without expanding the underlying
control-theoretic spectrum represented in the comparison.

3. Guidelines For Simulation-Designh and Sensor Placement

In this section, we present essential guidelines for simulation design and sensor place-
ment to enhance the realism of SUMO simulations and ensure that vehicle behaviour
aligns with the intended operational objectives. While SUMO's default parameters work
well with urban networks, several specific adjustments are recommended for freeway
networks, as discussed below.

3.1 Case Study for Ramp Metering

The ramp metering case study considers a two-lane motorway section of length 4.1 km,
equipped with three metered on-ramps, each with a ramp length of approximately 200 m,
as shown in Figure 5. In order to analyse the influence of geometric design on merging
behaviour and controller performance, three distinct on-ramp configurations are inves-
tigated. In Version 1, the on-ramp consists of a single lane and is complemented by
an auxiliary merge lane on the mainline of approximately 200 m, allowing vehicles to
accelerate and merge more gradually. In Version 2, the on-ramp is also single-lane but
does not provide an additional merge lane on the motorway, requiring vehicles to merge
directly into the rightmost mainline lane. Version 3 represents a higher-capacity configu-
ration with multiple ramp lanes and an extended auxiliary merge lane of approximately
300m on the mainline. These geometric variations enable a systematic evaluation
of how merging conditions and available weaving space affect congestion formation,
gueue dynamics, and the performance of the applied ramp metering strategies.

merging area merging area
| — | —
- mainling == === == - - m oo -
7 R g
4 %
02

+«—> 200 m

Figure 5. Ramp Metering Case Study.
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3.1.1 Simulation Model Design

A dedicated warm-up period should precede the actual analysis interval. By initializing
the simulation earlier than the measurement start time, the network can reach repre-
sentative traffic conditions, preventing distortions in performance indicators caused by
unrealistically low initial traffic densities. Furthermore, the simulation time step should
be chosen sufficiently small to ensure an accurate and numerically stable represen-
tation of vehicle dynamics and interactions. A finer temporal resolution improves the
modelling of car-following, lane-changing, and merging behaviour, particularly in con-
gested or highly dynamic traffic situations.

In this case study, a total simulation duration of 4,200 s was selected to represent
one hour of analysis time (08:00-09:00 a.m.), preceded by a 10-minute warm-up period.
The simulation time step was set to 0.5,s per step. Based on our experience, this value
represents the coarsest time resolution that still provides stable and sufficiently accurate
traffic dynamics while maintaining computational efficiency.

3.1.2 Network Model Design

The design of the network model is a critical component of highway simulations in
SUMO. Particular care is required when importing motorway geometries from
OpenStreetMap, as automatically generated networks frequently contain geometric
inconsistencies, unrealistic junction configurations, or improper lane connections.

In many cases, it can be more efficient and reliable to manually construct the
motorway infrastructure using the Netedit tool (with satellite imagery as background
reference) rather than correcting numerous artefacts from imported map data. A care-
fully designed network ensures realistic merging behaviour, correct lane usage,
and stable traffic dynamics. Also speed limits should be double checked on highway
edges to ensure realistic velocity conditions.

(a) Connections & Junction (b) Lane-Change Restrictions (c) Signal Placement

Net: junction

: (d) Sensor Placement

Figure 6. Freeway Network Model Design Considerations.
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Merging operations at on-ramps are substantially affected * by (i) junction type, (ii)
connection configuration at the end of the auxiliary lane and (iii) signal and (iv) sensor
placement, which should be considered during network construction and are discussed
in the following:

Connections and Merging Geometry

All lane-to-lane connections must be explicitly verified to ensure realistic merging be-
haviour. Incorrect or overly permissive connections (such as U-turns) can lead to un-
intended lane-changing patterns or unrealistic vehicle trajectories. Special attention
should be paid to merge areas, ensuring that ramp vehicles are properly connected to
the intended mainline lanes. See Figure 6(a) as a reference.

Junction Type Configuration

The junction type at merge points strongly influences driver behaviour. For on-ramp
merging areas, unregulated junctions (i.e., priority-based merges rather than signal-
controlled or all-way regulated intersections) are typically more appropriate. If the junc-
tion is incorrectly configured as regulated, ramp vehicles may behave overly cautiously
and wait excessively for large gaps, thereby underestimating merging pressure and its
impact on mainline congestion. Proper priority settings ensure that ramp vehicles merge
assertively and realistically influence motorway traffic. See Figure 6(a) as a reference.

Mainline Lane-Change Restrictions

In scenarios with auxiliary merge lanes, it is important to restrict unrealistic lane-
changing behaviour. Specifically, mainline vehicles should be prevented from changing
into the additional merge lane that is intended exclusively for ramp traffic. Without such
restrictions (e.g., forbidding changeRight where appropriate), mainline vehicles may oc-
cupy the auxiliary lane, which rarely occurs in real-world motorway operations and can
significantly distort congestion patterns. See Figure 6(b) as a reference.

Ramp Metering Signal Infrastructure

When modelling ramp metering, the on-ramp edge should be split to create a dedicated
intersection for the traffic signal. Sufficient downstream distance must be provided be-
tween the traffic light and the physical merge point to allow vehicles to accelerate be-
fore entering the mainline. If this acceleration section is too short, vehicles will merge
at unrealistically low speeds, artificially reducing mainline capacity and exaggerating
congestion effects. See Figure 6(c) as a reference.

Sensor Placement

Accurate performance assessment and controller implementation require carefully po-
sitioned detectors. See Figure 6(d) as a reference.

IMore details can be found here: https://sumo.dIr.de/docs/Simulation/Motorways.html#motorway ramps.
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* Ramp detectors: Lane area detectors (E2) are recommended upstream of the
ramp signal to measure queue length and occupancy. A detector length of ap-
proximately 50,m has proven suitable for capturing ramp queues while maintaining
sufficient resolution for control purposes.

» Mainline detectors: Detectors should be placed on each mainline lane but never
on auxiliary merging lanes, as this would bias flow and density measurements.
Depending on the evaluation objective, detectors may be located:

- Upstream of the merge area (e.g., 10,m before the merge),
— Within the merging section (e.g., centrally located),
— Downstream of the merge (e.g., 100,m after the merge).

Both induction loop detectors (E1) and lane area detectors (E2) can be used, de-
pending on whether point-based flow measurements or spatial occupancy and
density estimates are required.

3.1.3 Demand Model Design

A carefully designed demand model is essential for obtaining realistic traffic dynamics
in highway simulations using SUMO. In particular, both fleet composition and vehicle
insertion mechanisms strongly influence congestion formation, merging behaviour, and
overall network performance.

Fleet Composition

For motorway scenarios, realistic congestion patterns require heterogeneous driving
behaviour within the vehicle population. Homogeneous driver settings often lead to
overly stable traffic flow and underestimate the formation of disturbances and capacity
drops.

Based on empirical experience, multiple (at least five), distinct driver behaviour
groups should be defined for each vehicle category (e.g., passenger cars and mo-
torcycles) and for each origin (mainline and on-ramp). Mainline vehicles should be
parametrised to behave more cooperatively, whereas ramp vehicles should be con-
figured to exhibit slightly more assertive behaviour in order to realistically represent
merging dynamics.

The demand generation process therefore includes:

Definition of routes for each origin (mainline and ramps),

» Specification of multiple driving behaviour parameter sets per vehicle type and
origin,

Equal splitting of each vehicle flow among the aggressiveness levels,

» Use of vTypeDistribution to assign behavioural probabilities.
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This structured heterogeneity enables more realistic lane-changing manoeuvrers,
merging conflicts, and shock-wave formation, particularly under high demand condi-
tions.

In this case study, we define five aggressivity levels for passenger cars and motor-
cycles (vehicle types), for each origin, as summarised in Table 3.

Table 3. Heterogeneous Driving Behaviour Parameters. Definition of aggressiveness levels for
mainline and ramp vehicles (passenger cars and motorcycles). Values shown represent systematic
trends from Level 1 (least aggressive) to Level 5 (most aggressive).

Origin Parameter Levell Level2 Level3 Leveld Level5
speedFactor 0.80 0.85 0.90 0.95 1.00
7 [s] 10.0 9.8 9.3 8.8 8.5

Mainline IcCoope.rative 1.0 1.0 1.0 1.0 1.0
IcAssertive 0.01 0.05 0.08 0.10 0.20
accel [m/s?] 0.5 0.7 0.8 1.0 1.1
decel [m/s?] 35 4.0 4.5 5.0 5.5
speedFactor 0.80 0.85 0.90 0.95 1.00
7 [s] 15 0.9 0.8 0.6 04

Ramp IcCoope_rative 0.03 0.01 0.00 0.00 0.00
IcAssertive 9.5 10.3 10.8 11.3 12.0
accel [m/s?] 4.0 4.3 4.6 4.8 5.0
decel [m/s?] 3.0 4.0 5.0 6.0 8.0

Flow Definition and Vehicle Spawning

The vehicle insertion mechanism has a substantial impact on achieved traffic flow. In
highway simulations, we strongly recommend to generate vehicles using a probabilistic
(geometrically distributed) departure process rather than fixed, periodic departure (e.qg.,
via vehsPerHour). A probabilistic spawning process better reflects real-world traffic ar-
rivals and avoids artificial platooning effects caused by equidistant vehicle insertions.

It is important to note that the configured demand in the route file does not neces-
sarily correspond to the actually realised flow in SUMO. Due to default safety checks
and insertion constraints, the number of vehicles successfully inserted into the network
can be significantly lower than specified. Therefore, flows should always be veri-
fied using detectors or via TraCl-based measurements instead of assuming that
the nominal demand equals the effective traffic flow.

To achieve realistic and sufficiently high motorway flows, the following insertion
parameters are recommended:

» probability instead of vehsPerHour (The probability value is defined per second;
probability = 1.0 corresponds to 3600 veh/h.)

* departSpeed="max" to avoid unrealistic standstill departures on highways,

» departLane="free" to allow flexible lane assignment at insertion,

* departPos="last" to distribute vehicles along the entry edge and prevent artificial
congestion at the network boundary,

e insertionChecks="none" to reduce overly restrictive insertion behaviour that can
suppress achievable flow.
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Even when applying these configurations, the effective flow is still limited by network
conditions and SUMO's internal constraints. Consequently, it is strongly recommended
to validate the realised traffic volumes through detector-based measurements or TraCl
gueries to ensure consistency between intended and simulated demand levels.

3.2 Case Study for Intersection Management

The signalised intersection management case study is taken from [28], which is a
demand-calibrated microsimulation? of an arterial network (see Figure 7), and com-
prises seven signalised intersections with more than 96 considered traffic light signals®.

X
> @‘ Source: Google Maps [48°43'56"N 9°20'14"E]

Figure 7. Signalised Intersection Management Case Study.

3.2.1 Simulation Model Design

A dedicated warm-up period should precede the actual analysis interval also in the
urban context. Furthermore, the simulation time step should be chosen sufficiently
small to ensure an accurate and numerically stable representation of vehicle dynamics
and interactions. Especially in urban context, choosing a small simulation time step
of 0.25 s per step turned out to be most suitable to capture the microscopic vehicle
dynamics.

The simulation runs on a usual work day from 09:00 am to 24:00 pm (on March 4th,
2024), and was executed at time steps of 0.25 s.

2The demand model that was calibrated using loop-detector data, and originates from a cooperation with the mu-
nicipal administration Tiefbauamt Esslingen am Neckar (Germany).
3For legal reasons, our model only covers the control of five out of the seven intersections.
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(a) Intersection & Links (b) Movement Phases

Phase 1

Phase 2

Figure 8. Urban Network Model Design Considerations.
3.2.2 Network Model Design

In addition to the aspects mentioned in context of freeway network design, a crucial
aspect in urban network design is the definition of movement phases at intersections
and sensor placement for signalised intersection management.

Intersection Design

At each signalised intersection, one needs to define all links (approaches) and combine
those to movement phases (lane-to-lane connections), as shown in Figure 8. Subfigure
(a) shows one exemplary intersection, and all ingoing links (black numbers) and outgo-
ing links (blue numbers). Subfigure (b) shows their combination to movement phases
(links that simultaneously achieve way of right.

Sensor Placement

In terms of sensor placement, each of the links require separate sensors for queue
length and density measurements. This can be achieve through placing lane area sen-
sors (E2) at each link, as shown in Subfigure (c). It is important to leave enough space
for the sensors to enable a fair qgueue measurement due to equal sensor lengths. Fur-
thermore, in the implementation of sumoITScontrol, we enable not only to use sensors
but also direct access to information from lanes themselves (list of lanes or sensors
related to a specific link). Access to the lanes themselves is simpler implementation-
wise, and could be assumed to be realised with camera sensors in practice. The queue
lengths of a movement phase corresponds to the aggregated queue length of the subset
of all links that are entering at the specific phase.
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3.2.3 Demand Model Design

Contrary to the freeway case study, no differentiation in different aggressivity classes
was necessary to reproduce urban congestion dynamics. The simulation includes
around 26,714 single vehicle trips through the network, from 24 origins to 18 desti-
nations. In addition to the vehicle trips, 11 bus lines that pass 26 bus stops (20 s stop
time each) in the arterial network and surrounding are modelled according to the time
schedule, resulting in a total of 48 additional public transport trips. Following the vehi-
cle fleet composition statistics of Germany [39] provided by the Kraftfahrt-Bundesamt
(Federal Office of Transport of Germany), 81% of all single vehicle trips are conducted
by passenger-cars, 8.2% by motorcycles, 4.6% by transporters, and 6.2% by trucks.
Moreover, 2% of the passenger-cars are considered to be electric vehicles.

4. Best-Practices for Stochastic Calibration & Evaluation
4.1 Considerations For Stochastic Optimisation

Stochasticity of Microsimulations: In contrast to analytical, macroscopic traffic flow mod-
els, microscopic traffic simulation models such as SUMO exhibit inherent stochasticity
arising from driver behaviour models, lane-changing decisions, departure processes,
and interaction effects. As a result, simulation outcomes are subject to non-negligible
variability even when model parameters remain unchanged.

Multiple Runs Required: Consequently, single-run experiments are insufficient to
derive statistically meaningful conclusions regarding controller performance. Instead,
multiple independent simulation runs with different random seeds must be conducted.
This procedure enables the estimation of central tendency (e.g., mean performance)
and dispersion (e.g., standard deviation or confidence intervals), thereby allowing ro-
bust comparison between control strategies and against an uncontrolled baseline sce-
nario. Neglecting replication may lead to overfitting controllers to specific random re-
alizations, misinterpretation of improvements, and limited reproducibility of results. A
rigorous stochastic evaluation framework is thus essential for scientifically sound con-
troller assessment. At the same time, given the computational cost of microscopic
simulations, an appropriate trade-off must be found between statistical reliability and
computational effort, as too few runs undermine validity while excessive replications
may become prohibitively expensive. We recommend at least 10-20 repetitions.

Reporting Performance AND Variance: We therefore strongly recommend per-
forming a sufficiently large number of replications for each experimental configuration.
Performance indicators should be reported together with measures of variability, and,
where appropriate, formal statistical hypothesis testing should be applied to assess
whether observed differences are statistically significant rather than artefacts of stochas-
tic fluctuations. Furthermore, beyond variance measures such as standard deviation,
it is highly recommended to report 95% confidence intervals, box-plots or distribution
visualisations, and effect sizes.

Paired Experimental Design: When comparing two controllers, it is advisable to
evaluate them under identical stochastic realizations (i.e., identical random seeds). This
paired experimental design reduces variance in the comparison and increases statisti-
cal power.
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Documentation of Computational Experiments: To ensure reproducibility and trans-
parency, computational experiments must be documented in a comprehensive and
structured manner [16]. In stochastic microscopic simulations, reproducibility depends
not only on model parameters, but also on random seeds, simulation duration, step
size, demand specifications, detector configurations, and software versions. Even mi-
nor changes in these settings may alter the results. We therefore strongly recommend
reporting all relevant simulation parameters, including the list of random seeds used for
evaluation. Given the structural complexity of microscopic traffic simulations, it is best
practice to share the complete experimental setup, including network files, demand
definitions, configuration files, and controller implementations. Providing open-source
access (e.g., via a public GitHub repository) substantially improves reproducibility, facil-
itates peer verification, and strengthens scientific credibility. Without transparent docu-
mentation, independent replication of results is often impractically difficult.

Statistical Significance Evaluation with Tests: Beyond reporting mean performance
and variance, formal statistical hypothesis testing should be conducted to assess
whether observed differences between controllers (ideally improvements) are statis-
tically significant. When performance metrics are approximately normally distributed
and paired experiments are used (i.e., identical random seeds across controllers), a
paired t-test [40], [41] provides a powerful method for detecting significant differences
in mean performance. If normality cannot be assumed, non-parametric alternatives
such as the Wilcoxon signed-rank test [42] (for paired samples) or the Mann-Whitney
U test [43] (for independent samples) may be applied. Prior to selecting a test, it is ad-
visable to examine the empirical distribution of the performance metric using normality
diagnostics or visual inspection. In addition, when comparing multiple controllers simul-
taneously, appropriate corrections for multiple hypothesis testing should be considered
to control the overall error rate. The use of formal statistical tests strengthens the valid-
ity of conclusions and prevents over-interpretation of stochastic fluctuations as genuine
performance improvements.

4.2 Control Parameter Calibration with Stochastic Optimisation

Calibrating control parameters in a stochastic microscopic simulation environment re-
quires a structured optimisation framework. In general, three key components must be
defined: (i) the parameter space, (ii) the objective (goal) function, and (iii) the stochas-
tic sampling strategy. By explicitly defining these three components, stochastic con-
troller calibration becomes a well-posed optimisation problem rather than an ad-hoc
parameter search. This structured approach improves robustness, transparency, and
reproducibility of the calibration process.

Definition of the Parameter Space: First, a set of controller parameters to be cali-
brated must be specified together with their admissible ranges. These ranges may be
derived from theoretical considerations, engineering experience, or preliminary sensi-
tivity analyses. The search space might be discrete or continuos. Clearly defining the
search space prevents unrealistic parameter configurations and ensures comparabil-
ity across experiments. Depending on the controller complexity, the parameter space
may be low-dimensional (e.g., a single gain parameter) or multi-dimensional (e.g., gains,
thresholds, cycle times). The more control parameters can be (assumed to) fixed, the
lower the computational efforts for calibrating the variable, to-be-identified parameters.
Depending on the size and continuity of the parameter space, it can make sense to
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either conduct a grid-search of optimal parameters, or to apply any other optimisation
algorithms.

Definition of the Objective Function: Second, a goal function must be formulated
to quantify controller performance. This function translates system-level performance
indicators (e.g., total time spent, delay, queue length, throughput, occupancy devia-
tions) into a scalar evaluation metric. In many practical applications, the objective func-
tion consists of a weighted combination of multiple performance measures to balance
competing objectives such as efficiency, stability, and fairness. The choice of weights
should be justified, as it directly influences the optimisation outcome.

Definition of the Stochastic Sampling Strategy: Third, the stochastic nature of mi-
croscopic simulation must be explicitly integrated into the optimisation procedure. For
each candidate parameter configuration, performance should be evaluated over a pre-
defined set of random seeds. The optimisation target is therefore not a single simulation
outcome, but the expected performance (e.g., mean objective value) across replica-
tions. Using a fixed and documented set of seeds across parameter configurations
ensures comparability and reduces evaluation noise. In this context, the optimisation
problem becomes the minimisation (or maximisation) of the expected objective value
under stochastic variability.

4.3 Exemplary Fine Tuning of ALINEA

In this section, we demonstrate the importance of stochastic evaluation by calibrating
the parameters of the ALINEA ramp metering controller within the considered case
study using stochastic, computational optimisation.

Parameter Space: To reduce complexity and focus on methodological aspects, we
assume a simplified ALINEA formulation using a proportional (P) control law only. The
proportional gain parameter Kp is optimized within a predefined search space ranging
from 5 to 50. All remaining controller parameters are kept constant throughout the
experiment, including the target occupancy, control cycle duration, and minimum and
maximum metering rates. This allows us to isolate the effect of the gain parameter on
overall system performance.

Objective Function: The objective function we want ALINEA to be optimised for is
the weighted sum of the average queue length over the whole simulation run (weight=1)
and the average occupancy violation (weight=5), where the violation refers to the
clipped difference between observed occupancy and target occupancy.

Stochastic Sampling Strategy: For each value of Kp in the search space, 20 inde-
pendent simulation runs with different random seeds are conducted. For each config-
uration (parameter set), the mean performance and standard deviation are computed.
The aggregated results are summarized in Table 4.

The results reveal a non-monotonic relationship between the proportional gain and
system performance. The lowest mean performance value is obtained for Kp = 10, with
a mean of 12.48 and a standard deviation of 2.28. However, neighbouring parameter
values (e.g., Kp = 15 or Kp = 20) exhibit similar mean performance within the range of
stochastic variability. For larger gain values (Kp > 35), both the mean performance and
the variability increase, indicating reduced robustness and potential overreaction of the
controller.
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Table 4. Stochastic Optimisation for ALINEA Calibration.

Configuration (Kp) Mean Performance Standard Deviation

5 13.041 2.438
10 12.481 2.278
15 12.894 2.368
20 12.637 2.343
25 13.355 2.580
30 13.320 2.649
35 13.758 2.694
40 13.839 2.699
45 14.166 2.697
50 13.982 2.698

Importantly, the observed differences between parameter settings are small relative
to their standard deviations. Without multiple replications, a single simulation run could
easily lead to a different ranking of parameter configurations. This example therefore
illustrates that reliable controller calibration in microscopic traffic simulation requires
replicated experiments and variance-aware evaluation, rather than relying on single-
run outcomes.

Statistical Significance Analysis:

Is the controller with configuration Kp = 10 statistically significantly better than the con-
figuration with K, = 57?

In the following analysis we are trying to answer this question by conducting a two-
sample t-test.

First, we have two averages x; = 13.041, and x;, = 12.481, two standard deviations
ss = 2.438 and s;, = 2.278, and two sample sizes ns; = 20 and n,, = 20 (as both
configurations were evaluated for 20 times each).

Second, we try to test whether the null hypothesis can be falsified or not: H, :
Uio = 4s Mmeaning there is no significant improvement of configuration 10 over 5.

Third, the t-statistic is calculated as follows:

_ A Xs—Xo
= =22l s (34)
Spr | — + —

t
ns nio

with s, being the pooled standard deviation:

5, = \/(ns — 1)s2 + (3 — 1)3%0. (35)

Ns + Ny — 2

Fourth, looking up the two-sided p-value for the given test statistic ¢ results in p =
0.46 (one-sided p = 0.23), meaning, that the improvement of configuration 10 over 5
is not statistically significant at a common significance level a = 0.05. The stochastic
variability is of similar magnitude as the performance differences between candidate
parameter settings, and therefore statistically grounded evaluation is indispensable.
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4.4 Further Readings

There is a multitude of further guidelines that can be used as a reference, and are
mentioned here for completeness, such as Hinweise zur mikroskopischen Verkehrs-
flusssimulation [44] or Traffic Analysis Toolbox Volume VI [45].

5. Conclusion

This paper introduced sumoITScontrol, an open-source and extensible Python frame-
work providing a curated collection of widely used traffic controllers implemented for
the microscopic simulation environment SUMO via the TraCI interface. In contrast to
proposing yet another novel control strategy, the primary objective of this work was to
address a methodological gap in the literature: the lack of transparent, standardised,
and reproducible baseline implementations for benchmarking traffic control algorithms
under consistent microscopic simulation settings.

The framework integrates established controllers for both freeway and urban traf-
fic management, including ramp metering approaches such as ALINEA, METALINE, and
HERQ, as well as signal control strategies such as Max-Pressure and SCO0T/SCATS. By
translating these classical, theory-driven methods into modular and well-documented
implementations, sumoITScontrol lowers the barrier to rigorous experimental compari-
son and reduces the need for repeated, project-specific re-implementation of baseline
algorithms.

Beyond software provision, this paper emphasised methodological best-practices
for simulation design, sensor placement, stochastic calibration, and statistical evalua-
tion. In microscopic traffic simulation, stochastic variability arising from driver behaviour
models, lane-changing decisions, and departure processes can substantially influence
performance metrics. Through the exemplary calibration of the ALINEA controller, we
demonstrated that performance differences between parameter configurations may be
small relative to their standard deviations, and that single-run evaluations can easily
lead to misleading conclusions. The results underline the necessity of replicated exper-
iments, variance-aware reporting, and formal statistical hypothesis testing to ensure
scientifically sound controller assessment.

The presented case studies for freeway ramp metering and urban intersection con-
trol illustrate how the framework can be employed to design reproducible experiments,
conduct structured parameter optimisation, and compare controllers under controlled
stochastic conditions. In doing so, this work contributes not only a software package,
but also a reproducibility-oriented experimental paradigm for ITS research in micro-
scopic environments.

Nevertheless, several limitations remain. First, the provided controller set, while
extensive, is not exhaustive. Emerging learning-based and connected-vehicle-oriented
strategies are not yet systematically integrated. Second, the case studies focus on rep-
resentative but specific network configurations; broader validation across diverse traffic
scenarios, demand patterns, and network topologies would further strengthen general-
isability. Third, although stochastic calibration and evaluation guidelines are provided,
automated large-scale benchmarking pipelines could further enhance usability and com-
parability.
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Future work will therefore focus on extending the controller library to variable speed
limit and perimeter control, and integrating additional adaptive and learning-based ap-
proaches, and developing automated benchmarking workflows with standardised eval-
uation protocols. Furthermore, incorporating realistic sensor noise models, communica-
tion delays, and mixed traffic compositions (including connected and electric vehicles)
would enable more comprehensive assessments of controller robustness under near-
realistic operating conditions.

In summary, sumoITScontrol establishes a transparent and reproducible founda-
tion for benchmarking traffic control strategies in SUMO. By combining open-source
implementations with methodological guidance on stochastic optimisation and statis-
tical evaluation, the framework aims to strengthen experimental standards, improve
comparability across studies, and foster more robust scientific progress within the ITS
and SUMO research communities.



Riehl et al. | SUMO Conf Proc 7 (2026)

Data availability statement

The source code, examples, and documentation can be found on the project’s GitHub
page https://github.com/DerKevinRiehl/sumolTScontrol/ and the pip/PyPi archive page
https://pypi.org/project/sumolTScontrol/.

Author contributions

» Kevin Riehl: Conceptualisation, Methodology, Software, Validation, Investigation,
Resources, Writing - Original Draft, Visualisation, Project administration, Funding
acquisition.

* Anastasios Kouvelas: Writing - Review & Editing, Supervision.

* Michail A. Makridis: Writing - Review & Editing, Supervision, Funding acquisition.

Competing interests

The authors declare that they have no competing interests.

Funding

This work has received funding from the European Union’s Horizon Europe research
and innovation programme under grant agreement No. 101203465 (project "FEDORA”"),
and from the Swiss State Secretariat for Education, Research and Innovation (SERI)
under contract No. REF-1131-52301.

Acknowledgements

This work contributes to REproducible Research In Transportation Engineering
(RERITE), advancing open science and transparency in transportation research,
and the vision of a transportation community where open science, reproducible re-
search and replicable studies are the norms, advancing scientific rigour, accelerating
innovation and fostering translation into practice.

Legal Disclosure on Commercial Traffic Controllers

The authors of this work herewith confirm and emphasize, that the implementations
of the here-mentioned controllers correspond to publicly available information as ref-
erences in this work. The authors do not claim that their implementation equals or
discloses copyrighted implementation details of their commercial counterparts, this we
explicitly state for Max-Pressure, SCOOTs, SCATS, and HERO.


https://github.com/DerKevinRiehl/sumoITScontrol/
https://pypi.org/project/sumoITScontrol/
https://www.rerite.org/

Riehl et al. | SUMO Conf Proc 7 (2026)

References

(1]

(2]

(3]
[4]

5]

(6]

[7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

G. Dimitrakopoulos and P. Demestichas, “Intelligent transportation systems,” IEEE Vehic-
ular Technology Magazine, vol. 5, no. 1, pp. 77-84, 2010. DOI: 10.1109/MVT.2009.9355
37.

J. Guerrero-lbafiez, S. Zeadally, and J. Contreras-Castillo, “Sensor technologies for intel-
ligent transportation systems,” Sensors, vol. 18, no. 4, p. 1212, 2018. DOI: 10.3390/s18
041212.

D. C. Gazis and R. B. Potts, “The oversaturated intersection,” Proceedings of the Second
International Symposium on the Theory of Traffic Flow, pp. 221-237, 1963.

M. Papageorgiou, H. Hadj-Salem, and J.-M. Blosseville, “A macroscopic modelling of traf-
fic flow on the boulevard périphérique in paris,” Transportation Research Part B: Method-
ological, vol. 24, no. 6, pp. 345-359, 1990. DOI: 10.1016/0191-2615(89)90021-0.

A. Hegyi, B. De Schutter, and H. Hellendoorn, “Model predictive control for optimal co-
ordination of ramp metering and variable speed limits,” Transportation Research Part C:
Emerging Technologies, vol. 13, no. 3, pp. 185-209, 2005. DOI: 10.1016/j.trc.2004.08.0
01.

C. F. Daganzo, “The cell transmission model: A dynamic representation of highway traffic
consistent with the hydrodynamic theory,” Transportation Research Part B: Methodologi-
cal, vol. 28, no. 4, pp. 269-287, 1994. DOI: 10.1016/0191-2615(94)90002-7.

P. Varaiya, “Max pressure control of a network of signalized intersections,” Transportation
Research Part C: Emerging Technologies, vol. 36, pp. 177-195, 2013. DOI: 10.1016/j.tr
€.2013.08.014.

P. Hunt, D. Robertson, R. Bretherton, and R. Winton, “Scoot-a traffic responsive method
of coordinating signals,” Tech. Rep., 1981. [Online]. Available: https://trid.trb.org/View/17
9439.

P. Lowrie, “Scats, sydney co-ordinated adaptive traffic system: A traffic responsive method
of controlling urban traffic,” Transportation Research Records, 1990. [Online]. Available:
https://trid.trb.org/View/488852.

M. Papageorgiou, H. Hadj-Salem, J.-M. Blosseville, et al., “Alinea: A local feedback control
law for on-ramp metering,” Transportation Research Record, vol. 1320, no. 1, pp. 58-67,
1991. [Online]. Available: https://onlinepubs.trb.org/Onlinepubs/trr/1991/1320/1320-008
.pdf.

I. Papamichail, M. Papageorgiou, V. Vong, and J. Gaffney, “Heuristic ramp-metering co-
ordination strategy implemented at monash freeway, australia,” Transportation Research
Record, vol. 2178, no. 1, pp. 10-20, 2010. DOI: 10.3141/2178-02.

M. Papageorgiou, J.-M. Blosseville, and H. Haj-Salem, “Modelling and real-time control
of traffic flow on the southern part of boulevard périphérique in paris: Part ii; Coordinated
on-ramp metering,” Transportation Research Part A: General, vol. 24, no. 5, pp. 361-370,
1990. DOI: 10.1016/0191-2607(90)90048-B.

P. A. Lopez, M. Behrisch, L. Bieker-Walz, et al., “Microscopic traffic simulation using
sumo,” in 2018 21st International Conference on Intelligent Transportation Systems
(ITSC), 2018, pp. 2575-2582. DOI: 10.1109/ITSC.2018.8569938.

Q. Yang and H. N. Koutsopoulos, “A microscopic traffic simulator for evaluation of dynamic
traffic management systems,” Transportation Research Part C: Emerging Technologies,
vol. 4, no. 3, pp. 113-129, 1996. DOI: 10.1016/S0968-090X(96)00006-X.

J. Barceld, E. Codina, J. Casas, J. L. Ferrer, and D. Garcia, “Microscopic traffic simulation:
A tool for the design, analysis and evaluation of intelligent transport systems,” Journal of
Intelligent and Robotic Systems, vol. 41, no. 2, pp. 173-203, 2005. DOI: 10.1007/s1084
6-005-3808-2.

K. Riehl, A. Kouvelas, and M. A. Makridis, “Revisiting reproducibility in transportation sim-
ulation studies,” European Transport Research Review, vol. 17, no. 1, p. 22, 2025. DOI:
10.1186/s12544-025-00718-9.


https://doi.org/10.1109/MVT.2009.935537
https://doi.org/10.1109/MVT.2009.935537
https://doi.org/10.3390/s18041212
https://doi.org/10.3390/s18041212
https://doi.org/10.1016/0191-2615(89)90021-0
https://doi.org/10.1016/j.trc.2004.08.001
https://doi.org/10.1016/j.trc.2004.08.001
https://doi.org/10.1016/0191-2615(94)90002-7
https://doi.org/10.1016/j.trc.2013.08.014
https://doi.org/10.1016/j.trc.2013.08.014
https://trid.trb.org/View/179439
https://trid.trb.org/View/179439
https://trid.trb.org/View/488852
https://onlinepubs.trb.org/Onlinepubs/trr/1991/1320/1320-008.pdf
https://onlinepubs.trb.org/Onlinepubs/trr/1991/1320/1320-008.pdf
https://doi.org/10.3141/2178-02
https://doi.org/10.1016/0191-2607(90)90048-B
https://doi.org/10.1109/ITSC.2018.8569938
https://doi.org/10.1016/S0968-090X(96)00006-X
https://doi.org/10.1007/s10846-005-3808-2
https://doi.org/10.1007/s10846-005-3808-2
https://doi.org/10.1186/s12544-025-00718-9

Riehl et al. | SUMO Conf Proc 7 (2026)

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

K. Riehl, Y. Zhan, A. Kouvelas, and M. A. Makridis, “Eg-alinea—equitable ramp metering
for sustainable metropolitan highways,” in 2025 IEEE 64th Conference on Decision and
Control (CDC), |IEEE, 2025, pp. 4970-4975. DOI: 10.1109/CDC57313.2025.11312855.
M. Papageorgiou and A. Kotsialos, “Freeway ramp metering: An overview,” IEEE Trans-
actions on Intelligent Transportation Systems, vol. 3, no. 4, pp. 271-281, 2002. DOI: 10
.1109/TITS.2002.806803.

M. Papageorgiou, E. Kosmatopoulos, |I. Papamichail, and Y. Wang, “A misapplication of
the local ramp metering strategy alinea,” IEEE Transactions on Intelligent Transportation
Systems, vol. 9, no. 2, pp. 360-365, 2008. DOI: 10.1109/TITS.2008.922975.

E. Smaragdis and M. Papageorgiou, “Series of new local ramp metering strategies,” Trans-
portation Research Record, vol. 1856, no. 1, pp. 74-86, 2003. DOI: 10.3141/1856-08.
H.-U. Oh, “Study of freeway merge bottlenecks and development of new local traffic-
responsive ramp metering strategy,” Ph.D. dissertation, Michigan State University, 2000.
[Online]. Available: https://www.progquest.com/openview/02340d088bf52539251e9fae8a
c54c29/.

C. Demiral and H. B. Celikoglu, “Application of alinea ramp control algorithm to freeway
traffic flow on approaches to bosphorus strait crossing bridges,” Procedia-Social and Be-
havioral Sciences, vol. 20, pp. 364-371, 2011. DOI: 10.1016/j.sbspro.2011.08.042.

I. M. Abuamer, M. Sadat, and C. M. Tampere, “A comparative evaluation of ramp metering
controllers alinea and pi-alinea,” in 2018 International Conference on Computational and
Characterization Techniques in Engineering & Sciences (CCTES), |IEEE, 2018, pp. 127—-
131. DOI: 10.1109/CCTES.2018.8674110.

R. L. Bertini, C. M. Monsere, O. Eshel, and S. Ahn, “Using archived its data to measure
operational benefits of a system-wide adaptive ramp metering (swarm) system,” Portland
State University. Department of Civil & Environmental Engineering, SPR 645 OTREC-RR-
08-04 2008. DOI: 10.15760/trec.152.

Y. J. Stephanedes, “Implementation of on-line zone control strategies for optimal ramp me-
tering in the minneapolis ring road,” in Proceedings of Seventh International Conference
on ‘Road Traffic Monitoring and Control’, 1994. DOI: 10.1049/cp:19940452.

R. P. Roess, E. S. Prassas, and W. R. McShane, Traffic engineering. Pearson/Prentice
Hall, 2004, ISBN: 978-0-13751-8-784.

N. J. Garber, L. A. Hoel, and R. Sarkar, Traffic and highway engineering. Cengage Learn-
ing Toronto, 2009, ISBN: 978-1-33763-1-020.

K. Riehl, A. Kouvelas, and M. A. Makridis, “Green-pressure—a weighted queue-length
approach towards sustainable intersection management,” in 2025 IEEE 64th Conference
on Decision and Control (CDC), IEEE, 2025, pp. 4964-4969. DOI: 10.1109/CDC57313.2
025.11312349.

L. Tassiulas and A. Ephremides, “Stability properties of constrained queueing systems
and scheduling policies for maximum throughput in multihop radio networks,” in 29th IEEE
Conference on Decision and Control, IEEE, 1990, pp. 2130-2132. DOI: 10.1109/CDC.1
990.204000.

A. Kouvelas, J. Lioris, S. A. Fayazi, and P. Varaiya, “Maximum pressure controller for stabi-
lizing queues in signalized arterial networks,” Transportation Research Record, vol. 2421,
no. 1, pp. 133-141, 2014. DOI: 10.3141/2421-15.

P. Mercader, W. Uwayid, and J. Haddad, “Max-pressure traffic controller based on travel
times: An experimental analysis,” Transportation Research Part C: Emerging Technolo-
gies, vol. 110, pp. 275-290, 2020. DOI: 10.1016/j.trc.2019.10.002.

L. Anderson, T. Pumir, D. Triantafyllos, and A. M. Bayen, “Stability and implementation
of a cycle-based max pressure controller for signalized traffic networks,” Networks and
Heterogeneous Media, vol. 13, no. 2, pp. 241-260, 2018. DOI: 10.3934/nhm.2018011.


https://doi.org/10.1109/CDC57313.2025.11312855
https://doi.org/10.1109/TITS.2002.806803
https://doi.org/10.1109/TITS.2002.806803
https://doi.org/10.1109/TITS.2008.922975
https://doi.org/10.3141/1856-08
https://www.proquest.com/openview/02340d088bf52539251e9fae8ac54c29/
https://www.proquest.com/openview/02340d088bf52539251e9fae8ac54c29/
https://doi.org/10.1016/j.sbspro.2011.08.042
https://doi.org/10.1109/CCTES.2018.8674110
https://doi.org/10.15760/trec.152
https://doi.org/10.1049/cp:19940452
https://doi.org/10.1109/CDC57313.2025.11312349
https://doi.org/10.1109/CDC57313.2025.11312349
https://doi.org/10.1109/CDC.1990.204000
https://doi.org/10.1109/CDC.1990.204000
https://doi.org/10.3141/2421-15
https://doi.org/10.1016/j.trc.2019.10.002
https://doi.org/10.3934/nhm.2018011

Riehl et al. | SUMO Conf Proc 7 (2026)

[33]

[34]

[35]
[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

[44]

[45]

T. Pumir, L. Anderson, D. Triantafyllos, and A. M. Bayen, “Stability of modified max pres-
sure controller with application to signalized traffic networks,” in 2015 American Control
Conference (ACC), IEEE, 2015, pp. 1879-1886. DOI: 10.1109/ACC.2015.7171007.

C. lliopoulou, K. Kepaptsoglou, and E. I. Vlahogianni, “A survey on market-inspired inter-
section control methods for connected vehicles,” IEEE Intelligent Transportation Systems
Magazine, vol. 15, no. 2, pp. 162-176, 2022. DOI: 10.1109/MITS.2022.3203573.

F. V. Webster, “Traffic signal settings,” Road Research Technical Paper, no. 39, 1958.
[Online]. Available: https://trid.trb.org/View/113579.

G. F. Newell, “Queues for a fixed-cycle traffic light,” The Annals of Mathematical Statistics,
pp. 589-597, 1960. [Online]. Available: https://www.jstor.org/stable/2237570.

B. De Schutter and B. De Moor, “Optimal traffic light control for a single intersection,”
European Journal of Control, vol. 4, no. 3, pp. 260-276, 1998. DOI: 10.1016/S0947-358
0(98)70119-0.

B. Bakker, S. Whiteson, L. Kester, and F. C. Groen, “Traffic light control by multiagent rein-
forcement learning systems,” in Interactive Collaborative Information Systems, Springer,
2010, pp. 475-510. DOI: 10.1007/978-3-642-11688-9 18.

D. BMDV DLR, “Verkehr in zahlen 2024/2025,” Statistisches Handbuch des Kraftfahrt-
Bundesamtes, 2024. [Online]. Available: https://www.bmv.de/SharedDocs/DE/Anlage
/Glverkehr-in-zahlen24-25-pdf.

Student, “The probable error of a mean,” Biometrika, vol. 6, no. 1, pp. 1-25, 1908. DOI:
10.1093/biomet/6.1.1.

S. M. Ross, Introduction to Probability and Statistics for Engineers and Scientists, 5th ed.
Academic Press, 2014, ISBN: 978-0-12394-842-7. DOI: 10.1016/C2013-0-19397-X.

F. Wilcoxon, “Individual comparisons by ranking methods,” Biometrics Bulletin, vol. 1,
no. 6, pp. 80—83, 1945. DOI: 10.2307/3001968.

H. B. Mann and D. R. Whitney, “On a test of whether one of two random variables is
stochastically larger than the other,” The Annals of Mathematical Statistics, vol. 18, no. 1,
pp. 50-60, 1947. DOI: 10.1214/aoms/1177730491.

FGSV, Hinweise zur mikroskopischen Verkehrsflussimulation - Grundlagen und Anwen-
dung. FGSV Verlag, Forschungsgesellschaft fiir Strassen- und Vekehrswesen - Arbeits-
gruppe Verkehrsfiihrung und Verkehrssicherheit, 2006, ISBN: 3-939715-11-5.

R. Dowling, “Traffic analysis toolbox volume vi: Definition, interpretation, and calculation
of traffic analysis tools measures of effectiveness,” 2007. [Online]. Available: https://rosa
p.ntl.bts.gov/view/dot/42195/dot_42195 DS1.pdf.


https://doi.org/10.1109/ACC.2015.7171007
https://doi.org/10.1109/MITS.2022.3203573
https://trid.trb.org/View/113579
https://www.jstor.org/stable/2237570
https://doi.org/10.1016/S0947-3580(98)70119-0
https://doi.org/10.1016/S0947-3580(98)70119-0
https://doi.org/10.1007/978-3-642-11688-9_18
https://www.bmv.de/SharedDocs/DE/Anlage/G/verkehr-in-zahlen24-25-pdf
https://www.bmv.de/SharedDocs/DE/Anlage/G/verkehr-in-zahlen24-25-pdf
https://doi.org/10.1093/biomet/6.1.1
https://doi.org/10.1016/C2013-0-19397-X
https://doi.org/10.2307/3001968
https://doi.org/10.1214/aoms/1177730491
https://rosap.ntl.bts.gov/view/dot/42195/dot_42195_DS1.pdf
https://rosap.ntl.bts.gov/view/dot/42195/dot_42195_DS1.pdf

Riehl et al. | SUMO Conf Proc 7 (2026)

A. Appendix: Demonstration & Results
A.1 Ramp Metering
A.1.1 ALINEA

Figure 9 shows the control actions (metering rate), measured system state (mainline
occupancy, queue length) and traffic signals. From the following parametrization, one
can see that it effectively achieves to stabilize the occupancy around 10% (its target
occupancy) once demand rises, while this causes a queue to grow on the ramp.

ramp_meter = RampMeter (

tl_id="JO",
mainline_sensors=["e2_5", "e2 4"],
queue_sensors=["e2_0"],
)
controller = ALINEA(
params={
"target_occupancy": 10,
"K_P": 30,
"K_I": 0,
"cycle_duration": 60,
"measurement_period": int(
60 / 0.5
), # int(cycle_duration / simulation.time_step)
"min_rate": 5,
"max_rate": 100,
},
ramp_meter=ramp_meter,
)
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Figure 9. Demonstration ALINEA.
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A.1.2 METALINE

Figure 10 shows the control actions (metering rates), measured system state (mainline
occupancy, queue length) and traffic signals, for three coordinated ramp meters. From
the following parametrization, one can see that keeping occupancy stable around tar-
get was not working too well for all ramps. Stronger stabilisation on some ramps (e.g.
J11) came at the cost of more instability of other ramps (JO, J12) or excessive queue
forming. METALINE was not optimised further, which explains its suboptimal behaviour.
This demonstrates the complexity of finding optimal parameters for METALINE.

ramp_meter_group = RampMeterCoordinationGroup(
ramp_meters_ordered=[

RampMeter (
£1_id="J12",
mainline_sensors=["el_13", "el_14"],
queue_sensors=["e2_1", "e2_2"],

smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
RampMeter (
tl_id="J1i1",
mainline_sensors=["el_2", "el_3"],
queue_sensors=["e2_3"],
smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
RampMeter (
tl_id="Jo",
mainline_sensors=["e2_ 5", "e2 4"],
queue_sensors=["e2_0"],
smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
1,
ramp_meter_ids=["J12", "Ji1" B "JOo"],
)
controller = METALINE(
params={
"cycle_duration": 60, # control cycle
"measurement_period": int(
60 / 0.5
), # int(cycle_duration / simulation.time_step)
"min_rate": 5,
"max_rate": 100,
},
coordination_group=ramp_meter_group,
target_occupancies=[10, 10, 10],
# Interaction gain matrix (3x3)
K_P=np.array(

[
[30, -5, 0], # ramp 1 influenced negatively by ramp 2
[-3, 25, -2], # ramp 2 influenced by neighbors
[0, -4, 20],

]

),
# Optional integral gain matrix
K_I=np.zeros(shape=(3, 3)),
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A.1.3 HERO

Figure 11 shows the control actions (metering rates), measured system state (mainline
occupancy, queue length) and traffic signals, for three coordinated ramp meters. In
addition to that (in the bottom row of plots) it demonstrates which ramp becomes a
master (red) and slave (blue) over the time of the simulation. Compared to METALINE,
HERO is able to improve the situation for ramp JO.

ramp_meter_group = RampMeterCoordinationGroup(
ramp_meters_ordered=[

RampMeter (
tl_id="J12",
mainline_sensors=["el_13", "el1_14"],
queue_sensors=["e2_1", "e2_2"],

smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
RampMeter (
tl_id="J11",
mainline_sensors=["el_ 2", "el_3"],
queue_sensors=["e2_3"],
smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
RampMeter (
tl_id="JOo",
mainline_sensors=["e2_5", "e2_4"],
queue_sensors=["e2_0"],
smoothening_factor=0.1,
saturation_flow_veh_per_sec=0.5,
),
1,
ramp_meter_ids=["J12", "J11", "JO"],
)
controller = HERO(
params={
"hero_period": 60, # similar to ALINEA cycle duration
"queue_activation_threshold_m": 15.0, # master queue trigger
"queue_release_threshold_m": 2.5, # dissolve cluster
"min_queue_setpoint_m": 5.0, # for slaves
"anticipation_factor": 1.0, # factor to obtain nonconservative ...

# ... prediction of demand to come in next control period
"avg_vehicle_spacing": 7.5, # average vehicle spacing to convert ...
# ... meters to vehicles and vice versa, from queue length measurements

s
coordination_group=ramp_meter_group,
alinea_controllers={

"J12": ALINEA(

params={
"target_occupancy": 10,
"K_P": 30,
"K_I": O,

"cycle_duration": 60,
"measurement_period": int(
60 / 0.5
), # int(cycle_duration / simulation.time_step)
"min_rate": 5,
"max_rate": 100,
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1,
ramp_meter=ramp_meter_group.ramp_meters[0],
),
"J11": ALINEA(
params={
"target_occupancy": 10,
"K_P": 30,
"K_I": 0,
"cycle_duration": 60,
"measurement_period": int(
60 / 0.5
), # int(cycle_duration / simulation.time_step)
"min_rate": 5,
"max_rate": 100,
+,
ramp_meter=ramp_meter_group.ramp_meters[1],
),
"JO": ALINEA(
params={
"target_occupancy": 10,
"K_P": 30,
"K_I": O,
"cycle_duration": 60,
"measurement_period": int(
60 / 0.5
), # int(cycle_duration / simulation.time_step)
"min_rate": 5,
"max_rate": 100,
1,
ramp_meter=ramp_meter_group.ramp_meters[2],
),
3,
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Figure 11. Demonstration HERO.

A.2 Signalised Intersection Management

A.2.1 Max-Pressure (Fixed)

Figure 12 shows the signal phase and time (SPAT) plans for all four intersections
(zoomed in for 3.5 minutes). The order of phases is fix (always starting from Phase

1, then 2, and then 3). Figure 13 shows the signal schedules over time. The

cycle

duration (sum of all phases’ green times) is constant, but the split across the phases

changes.

intersectionl = Intersection(
tl_id="intersectionl",
phases=[0, 2, 4],
links={
0: ["921020465#1_3","921020465#1_2","921020464#0_1","921020464#1_1",
"38361907_3","38361907_2","-1164287131#1_3","-1164287131#1_2", 1,
2: ["-1169441386_2","-1169441386_1","-331752492#1 2" ,"-331752492#1_1",
"-331752492#0_1","-331752492#0_2",],
4: ["-183419042#1 1" ,"26249185#30_1","26249185#30_2","26249185#1_1",
"26249185#1_2",],
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Figure 12. Demonstration Max-Pressure (Fixed) (1/2).

green_states=["GGrrGrr", "rrGGrrr", "rrrrrGG"],
yellow_states=["yyrryrr", "rryyrrr", "rrrrryy"l,
)
intersection2 = Intersection(
tl_id="intersection2",
phases=[0, 2, 4],
# links = {0:["183049933#0_1", "-38361908#1_1"],

# 2:["-38361908#1_1", "-38361908#1_2"],
# 4:["-25973410#1_1", "758088375#0_1", "758088375#0_2"]11%},
sensors={

0: ["e2_183049933#0_1", "e2_-38361908#1_1"],

2: ["e2_-38361908#1_1", "e2_-38361908#1_2"],

4: ["e2_-25973410#1", "e2_758088375#0_1", "e2_758088375#0_2"],
3,



Riehl et al. | SUMO Conf Proc 7 (2026)

green_states=["GGrrrGrr", "GGGrrrrr", "rrrGGrGG"],
yellow_states=["yyrrryrr", "yyyrrrrr", "rrryyryy"l,
)
intersection3 = Intersection(
tl_id="intersection3",
phases=[0, 2, 4],

links={
0: ["E3_1", "-758088377#1_1", "-758088377#1_2", "-E1_1", "-E1_2"],
2: ["E3_1", "E3_2"],
4: ["-758088377#1_1", "-E1_1", "-E4_1", "-E4_2"],

},

green_states=["GGGrrrr", "rrGGrrr", "GrrrGGG"],

yellow_states=["yyyrrrr", "rryyrrr", "yrrryyy"l,
)
intersection4 = Intersection(
tl_id="intersection4d",
phases=[0, 2],
links={
0: ["22889927#0_1", "758088377#2_1", "-22889927#2_1"],
2: ["-25576697#0_0"]
},
green_states=["GgrrGG", "rrGGGr"],
yellow_states=["yyrryy", "rryyyr"l,
)
intersection5 = Intersection(
tl_id="intersectionb",
phases=[0, 2, 4],
links={
0: ["E6_1", "E6_2", "E5_1", "130569446_1", "E15_1", "E15_2"],
2: ["E15_2", "E6_3", "E5_2", "130569446_2"],

4: ["E10_1", "E9_1", "1162834479#1_1", "-208691154#0_1", "-208691154#1_1"],
s
green_states=["GGrrrrGGrrrr", "rrGrrrrrGrrr", "rrrGGgrrrGGg"],
yellow_states=["yyrrrryyrrrr", "rryrrrrryrrr", "rrryyyrrryyy"l,

max_pressure_params = {

"T_L": 3, # Yellow Time

"G_T_MIN": 5, # Min Greentime (used for Max. Pressure)

"G_T_MAX": 50, # Max Greentime (used for Max. Pressure)

"measurement_period": int(1 / 0.25), # int(l / simulation.time_step)

"cycle_duration": 120,
3
controllerl = MaxPressure_Fix(params=max_pressure_params, intersection=intersectionl)
controller2 = MaxPressure_Fix(params=max_pressure_params, intersection=intersection2)
controller3 = MaxPressure_Fix(params=max_pressure_params, intersection=intersection3)
controller4d = MaxPressure_Fix(params=max_pressure_params, intersection=intersection4)
controller5 = MaxPressure_Fix(params=max_pressure_params, intersection=intersectionb)
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Figure 13. Demonstration Max-Pressure (Fixed) (2/2).

A.2.2 Max-Pressure (Flexible)

Figure 14 shows the signal phase and time (SPAT) plans for all four intersections
(zoomed in for 3.5 minutes). Contrary to the previous (fixed) version, the order of phases
here is flexible, as well as the duration.

intersectionl = Intersection(
tl_id="intersectionl",
phases=[0, 2, 4],
links={
0: ["921020465#1_3","921020465#1_2","921020464#0_1","921020464#1_1",
"38361907_3","38361907_2","-1164287131#1_3","-1164287131#1_2", 1],
2: ["-1169441386_2","-1169441386_1","-331752492#1 2" ,"-331752492#1_1",
"-331752492#0_1","-331752492#0_2",],
4: ["-183419042#1_1","26249185#30_1","26249185#30_2","26249185#1_1",
"26249185#1_2",],
s
)
intersection2 = Intersection(
tl_id="intersection2",
phases=[0, 2, 4],

# links = {0:["183049933#0_1", "-38361908#1_1"],
# 2:["-38361908#1_1", "-38361908#1_2"],
# 4:["-25973410#1_1", "758088375#0_1", "758088375#0_2"]11},

sensors={
0: ["e2_183049933#0_1", "e2_-38361908#1_1"],
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Figure 14. Demonstration Max-Pressure (Flexible).

2: ["e2_-38361908#1_1", "e2_-38361908#1_2"],
4: ["e2_-25973410#1", "e2_758088375#0_1", "e2_758088375#0_2"],
}
)
intersection3 = Intersection(
tl_id="intersection3",
phases=[0, 2, 4],
links={
0: ["E3_1", "-758088377#1_1", "-758088377#1_2", "-E1_1", "-E1_2"],
2: ["E3_1", "E3_2"],
4: ["-758088377#1_1", "-E1_1", "-E4_1", "-E4_2"],
}
)
intersection4 = Intersection(
tl_id="intersection4d",
phases=[0, 2],
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links={
0: ["22889927#0_1", "758088377#2_1", "-22889927#2 1"],
2: ["-25576697#0_0"]
}
)
intersection5 = Intersection(
tl_id="intersectionb",
phases=[0, 2, 4],
links={
0: ["E6_1", "E6_2", "E5_1", "130569446_1", "E15_1", "E15_2"],
2: ["E15_2", "E6_3", "E5_2", "130569446_2"],
4: ["E10_1", "E9_1", "1162834479#1 1", "-208691154#0_1", "-208691154#1 1"],

max_pressure_params = {
"T_A": 5,
"T_L": 3, # Yellow Time
"G_T_MIN": 5, # Min Greentime (used for Max. Pressure)
"G_T_MAX": 50, # Max Greentime (used for Max. Pressure)
"measurement_period": int(1 / 0.25), # int(l / simulation.time_step)
}
controllerl = MaxPressure_Fix(params=max_pressure_params, intersection=intersectionl)
controller2 = MaxPressure_Fix(params=max_pressure_params, intersection=intersection2)

controller3 = MaxPressure_Fix(params=max_pressure_params, intersection=intersection3)
controller4d = MaxPressure_Fix(params=max_pressure_params, intersection=intersection4)
controller5 = MaxPressure_Fix(params=max_pressure_params, intersection=intersectionb)
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A.2.3 Scoot/Scats

Figure 15 shows the signal schedules over time. Contrary to the previous fixed ver-
sion of Max-Pressure, the cycle length can change over time (not only green splits)
for Scoot/Scats. The offset optimiser was not invoked as the congestion gap did not
exceed the relevant threshold.
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Figure 15. Demonstration Scoot/Scats.

intersectionl = Intersection(
tl_id="intersectionl",
phases=[0, 2, 4],
links={
0: ["921020465#1_3","921020465#1_2","921020464#0_1","921020464#1_1",
"38361907_3","38361907_2","-1164287131#1_3","-1164287131#1_2", ],
2: ["-1169441386_2","-1169441386_1","-331752492#1_2","-331752492#1_1",
"-331752492#0_1","-331752492#0_2",],
4: ["-183419042#1_1","26249185#30_1","26249185#30_2","26249185#1_1",
"26249185#1_2",],

T,
green_states=["GGrrGrr", "rrGGrrr", "rrrrrGG"],
yellow_states=["yyrryrr", "rryyrrr", "rrrrryy"l,

)
intersection2 = Intersection(
tl_id="intersection2",
phases=[0, 2, 4],
links = {0:["183049933#0_1", "-38361908#1_1"],
2:["-38361908#1_1", "-38361908#1_2"],
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4:["-25973410#1_1", "758088375#0_1", "758088375#0_2"]1},
green_states=["GGrrrGrr", "GGGrrrrr", "rrrGGrGG"],
yellow_states=["yyrrryrr", "yyyrrrrr", "rrryyryy"l,
)
intersection3 = Intersection(
tl_id="intersection3",
phases=[0, 2, 4],
links={
0: ["E3_1", "-758088377#1_1", "-758088377#1_2", "-E1_1", "-E1_2"],
2: ["E3_1", "E3_2"],
4: ["-758088377#1_1", "-E1_1", "-E4_1", "-E4_2"],
},
green_states=["GGGrrrr", "rrGGrrr", "GrrrGGG"],
yellow_states=["yyyrrrr", "rryyrrr", "yrrryyy"l,
)
intersection4 = Intersection(
tl_id="intersection4",
phases=[0, 2],
links={
0: ["22889927#0_1", "758088377#2_1", "-22889927#2_1"],
2: ["-25576697#0_0"]
},
green_states=["GgrrGG", "rrGGGr"],
yellow_states=["yyrryy", "rryyyr"]l,
)
intersection5 = Intersection(
tl_id="intersectionb",
phases=[0, 2, 4],
links={
0: ["E6_1", "E6_2", "E5_1", "130569446_1", "E15_1", "E15_2"],
2: ["E15_2", "E6_3", "E5_2", "130569446_2"],

4: ["E10_1", "E9_1", "1162834479#1_1", "-208691154#0_1", "-208691154#1_1"],
})
green_states=["GGrrrrGGrrrr", "rrGrrrrrGrrr", "rrrGGgrrrGGg"],
yellow_states=["yyrrrryyrrrr", "rryrrrrryrrr", "rrryyyrrryyy"l,

)
districts = {
"front": ["intersectionl", "intersection2"],
"middle": ["intersection3", "intersectiond"],
"back": ["intersection5"],
}
critical_district_order = {
"front": [
"intersectionl",
"intersection2",
"intersection3",
"intersection4",
"intersectionb5",

1,

"middle": [
"intersection3",
"intersection2",
"intersection4",
"intersectionl",
"intersectionb",

1,

"back": [

"intersectionb",
"intersection4",
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"intersection3",
"intersection2",
"intersectionl",
1,
}
connection_between_intersections = {
"intersectionl": ["183049934_1", "183049933#0_1", "1164287131#0_1"], # To Int 2
"intersection2": ["38361908#1_ 1", "E3_1"], # To Int 3
"intersection3": [
"E1_1",
"758088377#1_1",
"758088377#2_1",
"22889927#0_1",
], # To Int 4
"intersectiond": [
"122889927#2_1",
"22889927#3_1",
"22889927#4_1",
"387296014#0_1",
"387296014#1_1",
"696225646#1 1",
"696225646#2_1",
"696225646#3_1",
"130569446_1",
"E5_1",
"E6_1",
], # To Int 5
}
intersection_group = IntersectionGroup(
intersections=[
intersectionl,
intersection?2,
intersection3,
intersection4,
intersectionb,
1,
districts=districts,
critical_district_order=critical_district_order,
connection_between_intersections=connection_between_intersections,
)
initial_greentimes = {
"intersectioni": [30, 30, 21],
"intersection2": [30, 30, 21],
"intersection3": [30, 30, 21],
"intersection4": [40, 30],
"intersection5": [30, 30, 21],
}
scosca_params = {
"adaptation_cycle": 30,
"adaptation_green": 10,
"green_thresh": 2,
"adaptation_offset": 1,
"offset_thresh": 0.5,
"min_cycle_length": 50,
"max_cycle_length": 180,
"ds_upper_val": 0.925,
"ds_lower_val": 0.875,
"measurement_period": int(1 / 0.25), # 1 / simulation_step_size
"travel_time_adjustments": {
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"intersectionl": ["183049934_1", 2],
"intersection3": ["E1_1", 3],
"intersectiond": ["22889927#3_ 1", 9],
},
"intersection_offset_rules": {
"intersection2": {
"base_offset_from": Nomne,
"travel_time_from": "intersection2",
},
"intersectiond": {
"base_offset_from": Nomne,

"travel_time_from": "intersection3",
1,
"intersectionl": {
"base_offset_from": "intersection2",
"travel_time_from": "intersectionl",
},
"intersection3": {
"base_offset_from": "intersection4",
"travel_time_from": "intersection4",
},
"default": {
"base_offset_from": "intersection4",
"travel_time_from": "intersection4",
},

s
by
controller = ScootScats(
scosca_params, intersection_group, initial_greentimes, initial_cycle_length=120
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