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1 ABSTRACT

In recent decades a significant increase in trafémand has occurred. This trend is especiallyeptes
dense populated areas where daily traffic congestauring rush hours occur regularly. Congestiams a
significant in road traffic where they can simubltansly reduce public transportation level of sexr\icoS)
also. As consequence, even more people are ussigcdr additionally increasing the congestion gob
Classic solution for solving the road traffic coastyen problem is infrastructure build up. Todaysnde
urban areas mostly do not allow this approach kmxaf the lack of available building space. More
advanced road traffic control solutions from thendin of intelligent transportation systems (ITS3 aeing
more and more applied to optimally use the exisiimigastructure (Papageorgiou et al., 2003.). Such
solutions include coordination between several eouve crossroads, dynamic traffic assignmenyedri
informing systems, etc. One of the ITS applicatweas is related to urban highways which presefss

of highways used as a city bypass or are just pgssidense urban are. Their main characteristlwaisthey
have a larger number of on- and off-ramps oftenquaat small distances. Due to the small distamcgyal
on-ramp influence can occur enlarging the problefitaily congestions and associated decrease bivaig
LoS. In order to prevent the appearance of traffandstill or to reduce its duration control appiees as
ramp metering and variable speed limit control (\C3lare being applied (Hegyi et al., 2010.). In regce
years, new cooperative concepts between severahmps and VSLC are used as a combined urban
highway control system (Ghods et al., 2007.). Tgaper presents a new learning based cooperativye ram
metering strategy in which several well-known rametering strategies (ALIENA, SWARM, HERO) are
used to create a learning set for an ANFIS (Grégefrial., 2013.) based control structure. Optimahpa
metering values are obtained for a wide range affierdemand on the urban highway and belonging on-
ramps. Optimal ramp metering values for specififfit demand characteristics obtained from mogabie
ramp metering strategies are integrated into only control strategy. Thus, the need of applyingessdv
ramp metering strategies and switching between tiseemoided. Additionally, cooperation between VSLC
and vehicle control by an on-board unit is descriaied a discussion about possible implementatigiven.
Proposed cooperative urban highway management agpis tested in simulations using the city of 2&gr
bypass as case study. For simulation, the macrasbaghway traffic simulator CTMsim (Kurzhanskiy et
al., 2008.) is used. Used CTMsim simulator augnetdesnable simulation of VSLC and cooperative ramp
metering approaches.

2 INTRODUCTION

Nowadays one of the most prominent problems ofrugvaas is traffic congestion. Traffic congestian be
defined as a condition on road networks that ocaarsesult of traffic demand increase and is charaed

by lower speeds, longer trip times, and increassdcular queuing. Most pronounced negative impéct o
traffic congestions are delays in goods delivenplie and personal transport, etc. Delays indugettdific
congestions cause waste of drivers and passengees and fuel. Fuel waste consequently produces
increased air pollution and transport expensegheunore, delays in public transport schedule angér

trip times cause general dissatisfaction for putthosport use. As consequence even more peoplesing
their personal vehicles additionally increasing tlumgestion problem. There are three main reasons f
creation of congestion in urban areas: increas#ticrdemand in specific interval of a day (rushuts),
large number of vehicles owned by residents anbilihato expand urban traffic network capacity.

Urban highways are planned to provide bypass olithan arterial roads by absorbing part of theiffitr
load. This solution has quickly shown as unsattsfilg due to further increases in traffic demanutda
transit traffic, which also burdens urban highwapacity. Residents of urban areas regularly usanurb
highway to avoid congestion in urban traffic netkvduring daily peak hours. Consequently, that bithav
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combined with transit traffic at the mainstream caonly causes congestions at on-ramp areas. In other
words generally high Level of Service (LoS) progetfor urban highways is significantly reduced doie
traffic overload. LoS is defined as group of qudlite measures that characterize operational dondit
within traffic flow and their perception by drivefBirective 2010/40/EU).

Nowadays traffic infrastructure cannot anymore Rrawrease in traffic demand because of the lack of
available building space. It is imperative to depeéffective highway management control methods the
urban highway traffic flows in order to mitigatengestions and restore originally planned LoS. Statdfic
management control methods are considered undetligett transportation systems (ITS). ITS is
functionally build as a superstructure of classans$portation system based on advanced optimizafion
transport processes with use of information-comigation infrastructure and devices. This paper dessr
highway control strategies including ramp meteripgohibiting lane changes and variable speed limit
control (VSLC). Additionally, paper proposes nowaoperative approach between them, along with
automatic, and semi-automatic control over vehiokesr urban highway on-ramps.

This paper is organized as follows. Second sedir@fly describes problems on urban highways reggrd
creation of congestions. Ramp metering control oethand its categorization is presented in thed thir
section. Concept of learning based cooperative rareering is given in the fourth section. Fifth tsaas
describes cooperation between highway managemaetrotmethods. Simulation results of the compagativ
analysis of implemented ramp metering algorithms ¥8LC is given in the sixth chapter. Paper ends wi
conclusion and future work description.

3 PROBLEMS OF URBAN HIGHWAYS

Despite the fact that urban highways are originglgnned to provide high LoS, almost every daysit i
possible to observe traffic congestions or at lgastic slowdowns on them. In spatial and temp@aspects
congestions are common in parts of the urban highvear on- and off-ramps during the early morning o
late afternoon (Barcelo, 2010.). These types ofestion are known as peak hours. Daily migratiomsuid
from the place of employment, education, etc.)theecause of peak hours congestions if they asmsat
and accurate enough. Periodic congestions sucleals lpours are easy to predict and therefore etsier
handle. On the other hand, various traffic accislemtevents of great public interest (sport everaagerts,
sell-outs in malls, etc.) are the sources of namepg& congestions. Non-periodic congestions uguzduse a
sudden drop in the traffic throughput of a paréculrban highway.

As mentioned earlier, problems with congestionsudsan highways are most noticeable near on-ramps.
Congestions at urban highways can have one or fiotleving indicators: traffic demand in particular
segments of highway exceeds capacity, increasedewuof accidents and incidents, queues on artexdals
that spill over into the highway or peaks in trafiemand resulting from platooned vehicle entrynfran-
ramps (Papageorgiou et al.,, 2003.). Area whereamprflow and mainstream are actually coming in
interaction is known as downstream bottleneck.itn E location of the downstream bottleneck clas¢he
on-ramp and cooperative control infrastructureréonp metering is given.

Even in case when mainstream is near maximum dgpéatan adopt one or two merging vehicle from on
ramp. However, in cases when platoons of vehidliesngt to do aggressive merging into the mainstream
this action usually leads to turbulences. Thedeutences cause mainstream break down and consbquent
congestion on highway (Treiber and Kesting, 201Burbulences in the merging zones can also conduct
various types of accidents during heavy trafficaitans.

4 RAMP METERING TRAFFIC CONTROL APPROACH

Uncontrolled platooned vehicle entry from on-ranp® mainstream can induce significant slowdowns in
mainstream and queues at on-ramps. Highway managemethod, known as ramp metering, controls
interactions between on-ramp and mainstream flaamR metering uses special traffic signals at orpsam
to control the rate or size of vehicles platoongerng mainstream traffic according to the curreaffic
conditions (Papageorgiou and Kotsialos, 2002.). rwwass of current traffic conditions for particular
highway segment (traffic flow, speed and occupdeugls, etc.) is achieved by analysing data cadlgaeh
real time by road sensors (inductive loops, cametas). Sensors are usually placed on the on-ramgon
the main road as presented in Fig. 1. Control &lgor which produces decisions about the amourtnef
ramp vehicles that are allowed to merge with madash traffic flow, is the core part of ramp metgriit is
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possible to divide ramp metering algorithms in tmajor categories or strategies: local (or isolatak)
coordinated.
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Fig. 1: lllustration of downstream bottleneck Idoatwith cooperative ramp metering architecture

4.1 Local Ramp Metering

Ramp metering algorithms categorized as local, tatkeaccount the traffic condition on particular-@amp
and nearby segment of urban highway where theppgpbed. Drawback of local ramp metering algorithms
is unawareness of overall traffic situation on¢batrolled highway segment. One of the first rarmgiaring
algorithms was Demand-Capacity algorithm. Mentiongldorithm uses the downstream occupancy
measurement data. If downstream occupancy is abosgecified critical occupancy, it is assumed that
congestion exist and metering rate is set to tremuim value. Otherwise, metering rate is set agogrtb
difference between downstream capacity and the unedsipstream traffic volume. Today, most ofterduse
local ramp metering is ALINEA. It has optimal ratietween simplicity and efficiency. Core concept of
ALINEA is to keep the downstream occupancy of theamp at a specified level by adjusting the matgri
rate (Papageorgiou et al., 1991.). Main disadvastagf ALINEA are its inability to resolve upstream
congestions of the particular ramp and problemdotate optimal detector mounting zone. Modern
approaches in local algorithm development inclugiral networks, which are using their learning
capabilities to produce metering plans. Other modgaproaches in local algorithm development aredas
on fuzzy logic and hybrid intelligent systems (Ghad al., 2007.).

4.2 Coordinated Ramp Metering

Ramp metering algorithms are categorized as coatelihif they take into account the overall highway
traffic situation (Hegyi et al., 2005.). Accordibg overall highway traffic state, metering rate éwery on-
ramp is adjusted. It is possible to divided cooatid algorithms into: cooperative, competitive and
integrated algorithms (Papageorgiou et al., 20Q@3sual procedure for cooperative algorithms is etedt
bottleneck and enrol several upstream on-rampgdate virtual on-ramp queues. HELPER as the most
prominent cooperative ramp metering algorithm isdaiaon a hierarchical structure consisting of loaaip
metering units and a cooperative unit. Cooperaitivie uses data obtained from local ramp meteririts o
monitor the completely controlled highway sectitfhcongestion or a long on-ramp queue is detedted,
declares the belonging highway section with its@mp as master. Furthermore, several upstreamropsra
are declared as slave on-ramps. Slave on-rampsthaviole to create virtual queues in order to cedu
gueue length on the congested on-ramp. Main idéa e&xploit their queues capacity in order to natey
downstream congestions at mainstream.

Competitive algorithms are based on two differemitml logics. Generally, there are locally andbgliy
based control logics. During ramp metering algonitbxecution, local and global control logics previd
appropriate solution for current traffic situatioks final ramp metering value the more restrictore is
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chosen. System-Wide Adaptive Ramp Metering (SWAR$he most efficient algorithm in this group.
SWARM contains two types of control algorithms: S®M1 and SWARM2B. SWARML1 algorithm
conducts global coordination by taking into accotraffic state on each on-ramp. SWARMZ2B is a local
algorithm and defines metering rate according ®dtiference between current and critical traffensity
for a particular on-ramp. Metering rates obtaingddzal and global algorithm are compared and small
value is selected.

Integrated algorithms are the most recent develogegh metering algorithms and are still in experitaé
phase. Most important part of integrated algorithsrtheir control module. Control module logic &ssed on
an optimization engine with defined boundaries angbal that has to be achieved during control derio
Typical representatives of these algorithms are MBNE, FHWA/BALL Space, DYNAMIC, and fuzzy
logic based algorithms (Hegyi et al., 2005.). Msgphisticated algorithms in that group are algorgtbased
on fuzzy logic. Fuzzy logic based algorithm candescribed as the one type of expert systems fop ram
metering (Papamichail et. al., 2010.).

5 LEARNING BASED COOPERATIVE RAMP METERING

Adaptive neural-fuzzy inference system (ANFIS) aiifon is used in order to create a learning based
cooperative ramp metering algorithm. ANFIS usesudificial neural network (ANN) to modify parameser
of a Takagi—-Sugeno fuzzy inference system. ANNrjzes its interconnection structure trough learning
methods and so provides optimization capabiliffeezy inference system (FIS) contains a set ofyfugzz
THEN rules that have learning capabilities to agpnate nonlinear functions (Yu-Sheng et. al., 2010)
Reasoning sub-mechanism provide inference procedlmwe the fuzzy rules and given inputs to provide
reasonable output.

First, it is necessary to define the learning s$tm&c and select appropriate procedures for acauirin
knowledge to teach the ramp metering algorithm.cdeer wide range of traffic scenarios on a paréicul
urban highway three algorithms are chosen in thjgep as teaching ramp metering. ALINEA algorithm is
chosen as local algorithm, HELPER as cooperatice S3W2WARM as competitive ramp metering algorithm.
Proposed ANFIS based ramp metering algorithm legracheme is shown in Fig. 2.

E Ramp metering algorithms |

: Bottleneck | ' ' ANFIS algorithm
E ALINEA | . Neural network
: SWARM || Datab - 5
1 algorithm |} of pairs : Vi
: I} foi inttial | i
smantepgpennsnneanifiennet ] Fuzzy ] ¥
> L) system [+ adjustment..
l (genfis1) |} ‘l’ '1'
SWheh t [ knowte. | Porameers | |
algorith YES Further T ! | dge Base of '
__| collection : |
of pairs? NO : funcrion :
main flow -+ R l ol
Final Fuzzy
€ _ﬁl SENSOrs " Inteference System
S i —

_I'-. — no
R\g | Learning |

onramp

5] | complete?
flow - Ve

Figure. 2: Scheme of ANFIS algorithm for ramp mietgicontrol.

Next step is to create a learning dataset, whichaos different types of traffic parameters acoagdo the
simulation results of all mentioned teaching aldjons. After creation of a learning dataset, bekitmm
between all solutions provided by all the simulatathp metering algorithms has to be selected. iShdsne
by using the following function:

f(r)=0.5 traveltime+0.5 delay. (1)

According to the adjusted learning data set iteisassary to select suitable inputs and outputs gunaffic
variables relevant for ramp metering. This procedsirachieved by brute force optimization (Gregetial.,
2013.), appropriate fuzzification, and defuzzifioatmethods. Presented model has two input vasaduhel
each input variable has five membership functiom @ne output in form of ramp metering rate vaker.
fuzzification combination of Gaussian and triangul&zifiers is used. The middle of maximum methed
used for defuzzification. ANFIS is commonly trainkyg a hybrid learning algorithm (Feng et al., 2011.
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Combination of feedback error propagation and lsgsaires is used as ANN learning method. During the
learning process, every element of the training d&t (only inputs) is presented to the ANN in oride
calibrate parameters of fuzzy interference syst@nedurt et al., 2013.). ANFIS returns an output in form
of metering rate prediction. Output predictions ammpared with output training data. Based on the
difference between these two values, degree ofmmagids derived in form of Root Mean Square Error.

6 COOPERATION BETWEEN RAMP METERING, VSLC AND VEHICLE S

Cooperative ramp metering implies cooperation betwadjacent on-ramps in order to perform effective
mitigation of congestion related to a particulaghvway area. At urban highways with dense traffic,
mentioned control strategy is not efficient enotighesolve congestions. To increase efficiencyragial
cooperative ramp metering several other highwayagament strategies are considered to be addethato
cooperative framwork. Generally, cooperative systean be defined to be a set of control entitiasghare
information and/or tasks to accomplish a commoouygih perhaps not singular, objective. Accordinghts
definition, other highway management strategies emties, which communicate with original ramp
metering algorithm entity in order to effective igitte congestion. Effective mitigation of congessigs the
goal of every highway management strategy regasdiksts implemented separately or as part of a
cooperative traffic control system.

Latest work in cooperative ramp metering includesperation between classic cooperative ramp meterin
framework and other highway management servicégrdnformation systems and vehicles itself (Gmégu

et al., 2013.). Proposed cooperative ramp meteaigbitecture with all mentioned highway management
strategies can be seen in Fig. 1.

6.1 Ramp Metering and VSLC

VSLC is in most cases used as standalone traffitagement system at urban highways. It uses Variable
Message Signs (VMS) to inform drivers. Main purpo§& SLC as standalone application is to homogenize
vehicle speeds. Induced reduction of speed diftmemmong vehicles and mean speed differences dretwe
lanes by VSLC provide suppression of the congestioockwaves (Hegyi et al., 2010.). Simultaneously
traffic safety is increased. Possibility of coopiena between VSLC and ramp metering with benefitsuzh
cooperation is described in (Hegyi et al., 2005.).

VSLC in cooperation with cooperative ramp meterahgorithm such as HELPER has the main function to
decrease speed of the incoming vehicles to the lzebmeen last slave on-ramp and congested highway
segment. Virtual queues provided by HELPER and &peduction in area between last slave on-ramp and
congested highway segment induced by VSLC sigmifigaeduce traffic density upstream of the congest
on-ramp. Lower upstream density of the congesterhop leaves additional mainstream capacity tozcce
vehicles, which have origin from congestion bacgamgation.

6.2 Ramp Metering and Vehicles

Additional cooperation between vehicle On-Boardt@BU) and on-ramp control computer (RMS-r2v) in
order to provide semi-automatic support can bebésked. Support is oriented to the inexperienaagkeds,
which are waiting in on-ramp queue and intend tdgoen merging with mainstream flow. Inexperienced
driver in on-ramp queue end usually turn the engifigo safe fuel or hesitate to perform merginghwi
mainstream if the driver is first in the queue. itd®n in merging and failing in turning on thegéme can
cause situations in which an inexperienced driversdnot perform merging with mainstream trafficidgr
the green light phase. Several consecutive failedhimg (on-ramp green light) phases can lead teased
number of vehicles in on-ramp queue.

To avoid that problem cooperation between vehicld eamp metering should be established when the
vehicle is stopped at the on-ramp queue and isngaior green light. The on-ramp control unit keepe
vehicle engine in running state if vehicle is thstfin on-ramp queue. When the green light ise¢dran, on-
ramp control unit obtains throttle control over fitst vehicle in queue. Engines of other vehidlegueue

are also turned on if they are not currently rugnilhe on-ramp control unit will forward all necass
merging manoeuvre data to the vehicle OBU. Typesnainstream merging manoeuvres depend on the
subsystem, which is in cooperation with the ramgeneg control system. Diagram of basic RMS-r2v
activities can be seen in Fig. 3.

Proceeding®REAL CORP 2014 Tagungsband ISBN: 978-3-9503110-6-8 (CD-ROM); ISBN: 978-3-950817-5 (Print) E
21-23 May 2014,Vienna, Austria. http://www.corp.aEditors: Manfred SCHRENK, Vasily V. POPOVICH, Pef&EILE, Pietro ELISEI



New Concepts for Urban Highways Control

Driver Vehicle RMS-r2v

Manual driving

Enter to assisted zone

N YES * NO
Accept assisted driving modej
9( Assisted driving (V21) ]

9[ RMS-r2v SLC release vehicle ]

[ Establishing V2| communication ]

Manual driving

Fig. 3: Basic activity diagram of on-Ramp Meteringt®yn based on ramp metering-to-vehicle communicatio

7 SIMULATOR CTMSIM AUGMENTATION

Working principle of cooperative ramp metering altfons can be very complex and sensitive considerin
fluctuations in traffic parameters. Because oftientioned reasons, it is imperative to conduct ktans

in order to analysis impact of cooperative rampamag on the traffic flows. In this paper, CTMSIM i
selected as an appropriate simulator for such stét is an open-source interactive simulator dase
macroscopic traffic models specifically designed Hghway traffic flows and respective control gss
simulations. It is developed and run under MATLABogram package and allows implementation and
development of user-pluggable on-ramp flow and gqueontrollers (Kurzhanskiy and Varaiya, 2008.).
Highway model is based on the Asymmetric Cell Tnaission Model (ACTM).

CTMSIM does not support direct cooperative ramp emeg features so it was necessary to develop
adequate simulation framework augmentation. Firgstgmework for the cooperation between on-ramps is
developed. This framework was used to implement PEHR cooperative ramp metering. Additionally, this
framework is then augmented in order to supporpeoation between HELPER and VSLC.

7.1 Augmentation for cooperative ramp metering

In order to simulate cooperative highway contratsyns first step in CTMSIM augmentation was to giesi
a cooperative ramp metering module. Main task isfritodule is to provide support for cooperationissn
on-ramps. As it can be seen in the bottom parigf4-the original CTMSIM simulation sequence goaly
through defined highway cells in a particular tirsep. An additional simulation step related to the
cooperative ramp metering module is added to ersfvalation of cooperative control systems as it ba
seen in the top part in Fig. 4. Cooperative modh#s access to data from all cells. This featurdlesa
computation of optimal local ramp metering rated ¥SLC values used in the next simulation timerivaé

Cooperative ramp metering module

Adjusted metering rates

Comparison of thresholds — computation -

T = g | Data colection and H Variable speed limit control
850 storage
5 C
T3 9 —
€ S % | Highway model | ) 1
%o £ O | Metering rates -
< v v Local ramp metering |
I | |
| ‘_

—_— e — — — — — —_ —_ — — —

|1_4 caii ¢ ceiz W ces W ces -

Original simulation sequence

|
| [ovramz ] onmmes )

Fig. 4: Augmented CTMSIM simulation structure.

With use of mentioned cooperative module, the HBRRHfgorithm was implemented. Cooperative ramp
metering module now monitors traffic conditionseatry on-ramp during simulation. If critical degsis
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exceeded in a current simulation time step, cemti@bitor module marks this cell's on-ramp as thestera
on-ramp. HELPER algorithm uses information abousteraon-ramps locations obtained by cooperative
module to decrease metering rate for 10 % of cutraffic demand. Three upstream cells with on-ramp
regarding the master on-ramp location are declaseslave on-ramps. Metering rate at the slave mpsa
are decreased for 40 % of current traffic demandtwlreates virtual queues on them.

Additionally, cooperative module has one more intgatr task. During every simulation interval, HELPER
firstly computes metering rates for every on-ranspoading to the local algorithm. If master on-ramp
detected, cooperative module computes new meteateg for master on-ramp and three upstream onsamp
Metering rates computed by local algorithm are negden with these new values. Override possibikity
added to the cooperative ramp metering moduleistenxce of a master on-ramp is detected.

7.2 Augmentation for VLSC
CTMSIM was upgraded with possibility to perform silation of VSLC system. Original CTMSIM traffic
fundamental diagram GUI is modified to support addihe default speed limit value for every cellte
model. This is implemented through modificatiortlué cell mean speed equation described in (Kurdians
and Varaiya, 2008.) into:

e oo gL S Umdim) Ly fF
- e -l o e} 2
v = min(y il TF i) f) v @
where parameter;[;.] denotes number of vehicle entering ¢efrom its associated on-ramp at time step
while B[] denotes split ratio for off-ramp flow. Parametetenotes on-ramp flow blending coefficient, both

from interval [0, 1]. Free flow speed value is dabby v/ “for celli, and; denotes length of cel ;"¢

denotes the current SLC value feth cell. Mainstream flow during intervalin celli is denoted by
Simulation time is divided int intervals with lengthAt where n;[] denotes number of vehicles (or
mainstream density) in cellat time stegk. Default VSLC value must be lower than free flgreed value of
the current cell. Modification to the fundament@gtam GUI to include the VSLC option is presenied
Fig. 5. VSLC enables changes in speed limit vatligsg simulation.
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Fig. 5: Fundamental diagram GUI agumentation fdiniteon of the SLC.

8 SIMULATION RESULTS

This section firstly presents results from compaeatnalysis between commonly used ramp metering
algorithms and proposed ANFIS based learning bapedoach. The simulation of the cooperation between
vehicles and ramp metering is beyond the scopéisfpgaper. Urban highway section between the nodes
Jankomir and L&éko on the Zagreb bypass is selected as the sitonlate case model. Additionally, this
section includes comparative analysis between gatipa of VSLC with the HELPER ramp metering
algorithm, representatives of different ramp meigalgorithm types and VSLC as a standalone afijgica
Analysis is conducted using the following ramp mege algorithms: ALINEA (local), SWARM
(competitive) and HELPER (cooperative).

8.1 Simulation setup

Zagreb bypass can be categorized as urban bypgssdy with prominent seasonal overloads and therefo
it is selected for use case scenario. To simpligy simulation model, section between the nodesahaink
and Lwko of the Zagreb bypass is isolated. Physical satrat model of the Zagreb bypass is designed
according to its real constructional parameter2009 the Average Annual Daily Traffic (AADT) based
traffic count data at Zagreb bypass was recordes442 [veh/h] (Stefaii¢ et. all., 2012.). The Zagreb
bypass with marked on-ramp nodes can be seen i Fig
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Fig. 6: Zagreb bypass with marked nodes.

Section between nodes Jankomir andKay and the L&ko interchange have already become part of the
Zagreb urban road network on which about 70% dfitres generated by the nearby town Zagreb (Stétan
et. all., 2012.). This section is interesting as case model also due to the combination of inece&sffic
load during whole day and prominent effect of dailigrations. On-ramps traffic demand charactegstit
the Zagreb bypass simulation model are reconstiwateording to Ljubljana bypass traffic data.

8.2 Cooperative Ramp Metering

This paper considers two cooperative ramp metedlggprithms. First of them is HELPER which is
implemented using proposed CTMSIM augmentationcimoperative ramp metering. Second cooperative
algorithm is based on proposed learned ANFIS algori Both cooperative ramp metering algorithms will
be compared with local (ALINEA) and competitive (88M) ramp metering algorithms. All mentioned
ramp metering algorithms are simulated under timeessimulation model for the sake of comparison. For
implemented ramp metering algorithms comparison hesures travel time (TT) and delay are used. TT
gives information how much time one vehicle neemgravel through observed highway segment. This
measure observe throughput of mainstream in the $mme ignoring queues at on-ramps and it is measur
in minutes. Difference between the actual time dpgn all vehicles on a congested highway and the ti
spend in case they have travelled at free flow gpeealefined as delay. Unlike TT delay consideso al
vehicles are waiting in on-ramp queues or at magast queues caused by the bottlenecks. Delay is
measured in vehicle-hours. Results of comparatiadyais can be seen in Tab. 1.

Traffic control algorithm TT (min) Delay (vehicle-hour)
None 7.06 15.87

ALINEA 3.90 36.88

SWARM 3.71 41.49

HELPER 3.40 22.63

VSLC 5.59 12.24

HELPER + VSLC 3.30 21.50

ANFIS 4.10 19.75

Table 1: Results of cooperative analysis betwedaréift traffic control algorithms.

According to the results given in Tab. 1 it is pbesto conclude that cooperation between HELPERpra
metering algorithm and VSLC provides best valuelal. Among the stand-alone ramp metering algorithms
cooperative algorithm HELPER has achieved best U€ its restrictive nature. ANFIS has achieved highe
TT value compared to the ALINEA and SWARM ramp mietg algorithms but TT value achieved by
ANFIS algorithm is a much lower compared to theatibn without ramp metering and standalone VSItC. |
can be concluded that ANFIS algorithm has learrszkssary ramp metering control knowledge based on
higher values of metering rates.

In simulation scenario without ramp metering, ompavehicles are immediately merged with mainstream
vehicles. Process is conducted only under the tondhat in a current cell maximal mainstream catyas

not exceeded. This is reason why scenario withaunprmetering provides best values of delay. HELPER
induces in both cases, standalone and in cooperaith VSLC longer queues at particular slave anga
increasing the delay, respectively. ANFIS achievebt average delay value among compared ramp
metering algorithms and its value is similar to HEELPER algorithm delay value. Such result was etque
due to the higher value of TT. Additionally, thesult confirms that ANFIS has partly adopted HELRER
ramp virtual queue control strategy during theréag process.
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8.3 Cooperation between Ramp Metering and VSLC

This section provides simulation results analysedween cooperative ramp metering algorithms and
cooperation between HELPER and VSLC. Into analyssilts with standalone VSLC application and
previously analysed ramp metering algorithms ase aicluded. VSLC as the standalone applicationiand
cooperation with HELPER is applied in the cell2nd 6. In both cases, the primarily role of VSEGo
gradually decrease speed of the upstream flow éedongestion starts. VSLC firstly reduce speed of
vehicles in mainstream at segment before congested and in segments near the place where congestio
starts to form. This action enables higher speedpstream cells compared to the congested celigitine
congestion period. Figure 7 presents results ofpewative analysis regarding TT (left part in Fiy.and
delay (right part in Fig. 7).
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Fig. 7: Results of comparative analysis accordingft@and delay.

According to Fig. 7 it is possible to conclude thabperation between HELPER ramp metering algorithm
and VSLC produces smallest TT. Zone between coedestd last slave on-ramp is affected by decreased
speed induced by VSLC what consequently decredsesraf density in that zone. Virtual queues predid

by HELPER ramp metering algorithm, which cooperatéth VSLC, additionally reduce traffic density
upstream of the congested on-ramp. Lower upstreamsity of the congested on-ramp leaves additional
mainstream capacity to accept vehicles, which waigng from congestion back-propagation.

Similar values of delay are produced by standalsBEPER and in case of cooperation between HELPER
and VSLC. In both cases reduction of metering rateghe slave on-ramps by HELPER ramp metering
algorithm is present, which is the main reasonsiarilar results regarding delay. Reduced meteraigsr
create queues at on-ramp, which increases valuatelafy. It can be concluded that VSLC has lower
influence on delay if the mainstream density isrelased by HELPER exploitation of on-ramp queues.
Standalone VSLC produces better delay results Isecalihigher value of mainstream density. Othermpram
metering algorithms produce higher values of delag to higher number of vehicles in the congested o
ramp queue. ANFIS has produced values of TT higihan other ramp metering algorithms. Its TT curve
shows similarities with the behaviour of other ramptering algorithms TT curves. This feature vesfi
ANFIS learning capabilities, which can be additibntuned in future development. ANFIS delay valaes
lower than other ramp metering algorithms whatissequence of generally higher TT values. Furthegmo
from the similarity of the ANFIS TT curve duringgtmost of the simulation to the HELPER delay curae

be concluded that ANFIS algorithm has partialyhear HELPER strategy of creating virtual queues.

9 CONCLUSION AND FUTURE WORK

In this paper a new approach to urban highway nemagt control based on cooperation is proposed.
Cooperative control concepts are introduced betwaerp metering, prohibiting lane changes, VSLC and
the vehicle itself. In order to ensure a suitalieutation platform the CTMSIM simulator is augmeshti
enable development and implementation of cooperatwmp metering approaches. With use of mentioned
CTMsim augmentation, cooperative ramp meteringrilym HELPER is implemented to verify proposed
simulator augmentation. Higher level of highwayfficacontrol systems cooperation is achieved byiagld
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VSLC into cooperation with HELPER. Additionally,learning framework based on ANFIS is designed to
provide platform for cooperation between differeamp metering algorithms. The Zagreb bypass between
nodes Ldko and Jankomir is used as test case for situdteveuation of proposed ANFIS based ramp
metering algorithm learning framework.

According to the simulation results cooperationgetn VSLC and cooperative ramp metering provides be
ratio between TT and delay values compared witkrothmp metering algorithms. Overall results aretliv
by ANFIS based approach indicate its potentiaktomn control strategies of several different rangemng
algorithms. Proposed achieved best delay, whilevdltie is still larger compared to other standal@rap
metering algorithms. Future work will include antiapzation algorithm for better cooperation between
ramp metering and VSLC. Additionally, possible atijnents of learning criterion function for ANFISSea
approach will be examined in order to achieve be#sults.
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