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Introduction

#,~ Hrzz » Urban environments prone to significant daily

Croatian Science

DLASIUT recurrent congestions
g omeross o Intelligent Transportation Systems (ITS) introduced

Sl to alleviate the problem

@ (&)

E :i weon  — Jackle the problem of congestion, pollution,
) e SUSEAING bility and low level of service

Confederaziun svizra

— Important service of traffic control especially for

* Signalized intersections
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Introduction

* New technologies being more and more utilized in
DLASIUT ITS service of traffic control

| DDA”‘CROSS — Online machine learning approaches like
reinforcement learning
(1 RA — Connected Autonomous Vehicles (CAVs)
9 ssssssss « — Digital Twins (DT) for preparation of training scenarios

YEHICLE-TO-VEHICLE
VEHICLE-TO-BICYCLIST
- /.
C&l Environment

VEHICLE-TO-PEDESTRIAN cC
. o
N j Rewarg g
Interpreter
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g ;
VEHICLE-TO-HOME
VYEHICLE-TO-GRID Agent

VEHICLE-TO-INFRASTRUCTURE
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DLASlUT * Reinforcement learning applied

D DATACROSS — Based on Thorndike’s law of effect — trial and error theory

* Actions that in a specific situation provide satisfactory effects
become more probable to occur again in that situation, and the

c’m responses with negative impact in a specific situation become less
\, H TRANSRORT likely to occur again in that situation

SRS — Good actions or weights are rewarded
Q) ot s — Bad actions or weights are punished

* Q-Learning algorithm
Q*(St’ a’t) = (1 _ a(strat))Q(St’ at) + a(stiat) (rt + }\rt'l'l +}\2 Zr,lgi( Q(St+2’ a”t+2))

— § - environment state

— a - action and A is a set of available actions
— A - discount factor

— o - learning rate

— t-time step

— r-reward
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f Learning based Traffic Control

DLASIUT state-action pair has to be visited enough times

D N — Complex processes have many state-action pairs
— Curse of dimensionality

({ e Complex problems can be divided into smaller
| mzz  simpler ones using multiple agents

»  AND TRAFFIC
SCIENCES

e — ONE @agent per control point required

oiedrsun s — Cooperation and coordination of agents — multiagent
systems

* Reinforcement learning can be applied for
multiagent systems also
— W-Learning algorithm
Wilse) = (1~ amdW(se) + aw(1 — ag)” (Qi(se, @) — (yea1 +ymaxQ(ses1,a))

* W value expresses how important an action is
— What happens when the agent’s suggested action is not executed
e Used combined with the Q-Learning algorithm

* Enables cooperation of agents
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f Adaptive Traffic Signal Control

Adaptive Traffic Signal Control (ATSC) applies changes to the signal
program changes according to current traffic/intersection state

DLA§|UT — Phase duration
— Phase sequence
D PATACROSS — Selecting appropriate signal program among existing ones
T  Adaptation to satisfy desired operational objective
c{. — Smooth traffic flow
1 TRANSPORT — Maximization of throughput
\” ‘_S\EIDEE?;FIC — Access equity
O i ™~ Queue management

Confederaziun svizra

 NEMA (National Electronic Manufacturer Association) signal
program standardization

— Implementation of high- (urban traffic control center) and low-level
(local intersection controller) control

Phase 5 Phase 7
> Jp0
Phase 1 / — \ Phase 2 Phase 3 / \ Phase 4
) - Ju J
| - T e A P

N\ PR /ﬁlr'/

. Points of decision —
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’ f Adaptive Traffic Signal Control urban traffic use case

- ~ *» Application of Q-Learning algorithm combined with neural

network based state-action pair complexity reduction
DLASIUT — Self-Organizing Map (SOM) — offline training
D DATACROSS  State-action pair representation reduction by grouping of similar pairs

* Trained before operation (control law training)
Growing Neural Gas (GNG) — online training

(’i OFTHE * Simultaneous state-action representation and control law training
TRANSPORT
e ot 1 104 |
ut layer
Schweizerische Eidgenossenschaft p(_l_\ y GNG
0 Confédération suisse Li(t) / 102
Confederazione Svizzera
Confederaziun svizra ]_g{t]
— g =K = o8 ¢
Queue ~ ; ;
lengths L(t) La(t —' - 'g 96 |
| T Té
. S 94
Environment Reward R(t+1) Q-Learnin “
. ewar + =
(Simulated > & 92
. . Agent :
intersection)
o0
T Action a(t) (Signal program)
88 L 1 1 Il 1 -
Miaden Mileti¢, Edouard Ivanjko, Sadko Mandzuka, Daniela 0 100 2000 300 400 200
Koltovska-Netoska, Combining Neural Gas and Reinforcement Simulation number

Learning for Adaptive Traffic Signal Control, 63rd International
Symposium ELMAR-2021, 13-15 September 2021, Zadar, Croatia
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. f Adaptive Traffic Signal Control

-l_ Hrzz ¢ Adding CAVsinto the control loop

— Moving sensors and actuators
DLASIUT — Collecting data for traffic state estimation on the microscopic (vehicle) level
_ B * Vehicle type, speed and position
“ DATACROSS oy . . .
e Speed Transition Matrix used to process vehicle data
.y

Schweizerische Eidgenossenschaft
Confédération suisse

Origin speed (%)

— Road network divided into segments
— Speed change between segments detected

moeenr ® Higher CAV penetration rate further improves ATSC training

AND TRAFFIC

SCIENCES conve rgence

Bottleneck probability

Confederazione Svizzera
Confederaziun svizra
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Majstorovié, Zeljko; Tisljarié, Leo; Ivanjko, Edouard; Cari¢, Tongi, Intersection Traffic State
Estimation using Speed Transition Matrix and Fuzzy-based Systems // Proceedings of the
19th International Conference on Informatics in Control, Automation and Robotics —
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Destination speed (%) ICINCO, Lisabon, Portugal, 2022. doi: 10.5220/0011275500003271
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Variable Speed Limit

e Variable Speed Limit (VSL) directly controls mainstream traffic
Cosnsoes flow entering bottlenecks by adjusting the speed limits posted
DLASIUT upstream of the controlled section

D oamcross © L€Ngth and position of VSL application and acceleration area are
essential for optimal VSL control

 Congestion spatially varies in time
— Static VSL zone operate suboptimally

FACULTY OF
TRANSPORT

oV o — CAVs applied as moving sensors and actuators covering large
R e it motorway segments with congestion problems

Confederazione Svizzera
Confederaziun svizra

The area under VSL is an active mainstream
artificially created “controllable” bottleneck
limiting the inflow into the congested area
to ensure that it operates near its operational

capacity

Acceleration area

2 e _. Eoe e g—1 ——
\\ /SL
Traffic flow .. S Congestnon
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Variable Speed Limit

NO-VSL
medium load

B rzz + Adjustable VSL zones according to
o the different spatial distribution of
DLASIUT congestions using multiple agents
D DATACROSS o Multi-policy optimization
— Each agent has its local policy

8 8 8 5 §

Speed [km/h]

WL-VSL
medium load
\

( (Q-Learning) ::
1 FACULTY OF — Cooperation achieved considering ol
22&;2’22“ other agent’s actions) using remote o

8

U policy ((Distributed) W-Learning)

Confédération suisse
Confederazione Svizzera
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7 D, 04 (t) l \‘ D; , D; /‘ 2

1

Ri(t) N Agent Al Agent A2 0,(t) - state observation ‘o
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-60 =
Kusi¢, Kresimir; Ivanjko, Edouard; Vrbanic¢, Filip; Greguri¢, Martin; Duspatric, lvana, Dynamic * _mg
Variable Speed Limit Zones Allocation Using Distributed Multi-Agent Reinforcement Learning . - ’

/1 2021 IEEE Intemational Intelligent Transportation Systems Conference. Institute of .
Electrical and Electronics Engineers (IEEE), 2021 doi: 10.1109/itsc48978.2021.9564739 5 e * Distance [kml
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Variable Speed Limit

* Dynamic VSL with congestion detection using CAVs
— Motorway divided into smaller segments

""ED ATACROSS * CAVs collect data for whole managed motorway

ZEACROSS
<

v Schweizerische Eidgenossenschaft . . .
Confédération suisse ® CAV p h p d I
Confederazlloneuslvizzera S I m Ose t e S e e I m It

Confederaziun svizra

— STMs used to detect congested areas
* Length and level of congestion

FACULTY OF
TRANSPORT

womme  — \/SL (de)activated according to estimated state

Collect

Actions [CD-QL-DPVSL

CAV data

Actions [CD-QL-DPVSL| States

0w

)

f—
Agent =
=
Q
w

U | petect
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Traffic flow Congested area Virtuar ‘
Virtual VMs 2% O B
I S r

Dynamic position VSL zones
ﬁ‘ﬁ Roadside unit

2= On-board unit
@D Connected autonomous vehicle
@ Human driven vehicle

Vrbanié, Filip; Tisljarié, Leo; Majstorovic, Zeljko; Ivanjko, Edouard, Reinforcement Learning-Based Dynamic
Zone Placement Variable Speed Limit Control for Mixed Traffic Flows Using Speed Transition Matrices for State

Estimation
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iy f Digital Twins in Road Traffic

A DT is a virtual instance of a physical systems (twin) that is
continuously updated with the latter’s performance,

maintenance, and health status data throughout the
physical system’s life cycle

— Madni, A.M., Madni, C.C., Lucero, S.D., 2019. Leveraging digital twin technology in model-based
systems engineering. Systems 7. doi:10.3390/systems7010007

— Simulation model connected with the physical system
— Real-time data used to improve the  Daa
right-time, real time
simulation model accuracy
during simulation

4 Insights

PHYSICAL DIGITAL s

&  ASSET WIN &>

(o g | { e
. . Jutcomes W Decisions

* Ingredients to build a DT Oucomes R /
\,\”\V\%‘—. g X_‘/‘
— Real-time data of the physical system Interventions

_ A SI mu | atO r th at can a dJ u St on th e ﬂy https://www.arup.com/expertise/services/digital/digital-twin

— A simulation model of the underlying system
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f Digital Twins in Road Traffic

-l_ Hrzz * Creating a motorway digital twin
DLAgidUmT — Open data platform mobility Switzerland  pu— p——

Open data platform mobility Switzerland

* Real-time motorway traffic data
Microscopic simulator SUMO
Geneva motorway as use case

Digital twin

(on-the-fly calibrated running microsimulation) * Measurement

station # opesyormes, g
== «  Traffic counters for -
/> each direction Gen\ev £
SUMO (lanes) = b @
Y Sy W Le
s [s( y ’\\‘%e‘n@g
\\G y P\am;)al\a»s :
e : 7 \ H | g 4, : : / ‘
;: T - A > X Gran(\nikn(l, .. Z
e onfgnon "‘L%‘ b\
= P— Federal Roads Office (FEDRO) Plandes Ouates J 758
ﬁ Traffic Data (per min) | o B lohy
Database - Traffic flow | @"' ST  nAIIN
« Local data storage « Traffic speed [ A M S :

* Vehicle types
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Digital Twins in Road Traffic

 Comparison of actual traffic and real-time simulation

Croatian Science

Foundation

DLASIUT — GEH value always <5 |
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K. Kusi¢, R. Schumann, and E. Ivanjko, “A digital twin in transportation: Real-time synergy of traffic data streams and simulation for virtualizing
motorway dynamics”, Advanced Engineering Informatics, vol. 55, 2023, doi: https://doi.org/10.1016/j.aei.2022.101858
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Conclusion

New technologies improve control of complex urban traffic

(Multi-agent) Reinforcement learning can be successfully implemented
for complex control of urban roads

— Control law obtained and refined during operation
Application of GNG for state complexity reduction in Q-Learning

improves its convergence rate enabling simultaneous training of the
state-action representation and the control law

— Open question regarding complexity of state-action representation
CAVs used as sensors and actuators enable spatiotemporal VSL control
of significantly changing motorway bottleneck areas

— Dynamic spatiotemporal VSL control with included bottleneck location and
intensity detection for larger motorway segments also enabled

— Multi-agent systems applied
Digital twins enable creation of on-line calibrated traffic simulation
models on microscopic level

— All occurring traffic scenarios and not just rush hours included

— Good foundation for traffic controller training
Open problem related to ensuring good performance of learning-
based traffic controllers for unknown traffic scenarios

— Scenarios not presented during training

— Structured training emphasizing bad performing scenarios
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