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Abstract— Smart transportation, an important dimension of
smart cities, includes both intelligent and “green”transportation

solutions. Cycling, as one of the most sustainableorm of

transportation, is and should be an important compaent of the
smart cities. Electric bicycles, the most popularlectric vehicles,
subscribe to this type of transportation. They haveseveral
advantages when compared to traditional bicycles,u also issues
that relate to battery limited capacity and long peiods of
charging. Consequently energy-efficient solutions of electric

bicycles are of very high research interest. Resear on vehicular
communications-based energy-efficient solutions forelectric
vehicles is still in early stages. Among electricehicles, electric
bicycles distinguish themselves as a special clags they have
different characteristics and road-related requirenents. This
paper proposes a novel vehicular communications-bad speed
advisory system for electric bicycles. The solutiomecommends
strategic riding (i.e. the appropriate speed) wherbicycles are
approaching a signaled intersection to avoid high qwer
consumption scenarios. The proposed approach incled a Fuzzy
Logic-based wind-aware speed adaptation policy, asmong all
the other vehicles, bicycles are mostly affected bthe wind.

Experimental results based on a real test-bed andxtensive
simulations-based testing demonstrate that by usinthe proposed
solution significant energy savings are recorded.nl addition, an
analysis on comfort-related metrics shows that theproposed
solution can also contribute to improving the cyclig experience.

Keywords-component; vehicular communications, electric bicycles,
energy efficiency, speed advisory, green transportation

l. INTRODUCTION

Smart cities, as a hot research topic for both exvéa and
industry refer to making use of city facilities {loings,
infrastructure, transportation, energy, etc.) idesrto improve
people’s quality of life and creating a sustainadigironment.
Smart transportation, as a fundamental dimensiorsnoért
cities, relates to both intelligent and “green”nisportation
solutions. Cycling is considered to be one of thesm
sustainable and green forms of transportationatt be the
answer to many problems of the nowadays’ societjuding
large amounts of greenhouse gas emissions, tafigestion,
limited parking, etc.
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Therefore, it is not surprising that cycling ocagian
important place among smart transportation initegi in
particular and smart cities initiatives in genefar instance,
promoting cycling is listed as main objective bg tBuropean
Initiative on Smart Cities [1].

Lately, a modern form of cycling which uses electri
bicycles has gained popularity. Research reportsvsthat
there is and there will be a worldwide increaseet#ctric
bicycles in the next years [2], [3]. Electric bitgs have many
benefits. Like traditional bicycles, electric bitgs are
environmentally friendly and are associated withyMew gas
emissions when compared to other vehicles. Accgrdina
study performed in 34 major cities in China [4]e tK€O2
emissions of electric bicycles are between 14-Zfg/p
(passenger kilometre), about 10 times less wherpeaoed to
conventional vehicles and 9 times less when condp&oe
electric cars. In a top of 7 greenest vehicleslectric bicycles
are situated second with 5-30g CO2e/km dependinghen
type of fuel used for the electricity, after theaditional
bicycles that have also associated CO2 emissiortbeif
production is considered. Electric bicycles improtiee
traditional riding experience, especially for treople who are
not so fit, in hilly terrain or in bad weather cdtiwhs (e.g.
riding against the wind). In comparison with othgreen
vehicles, electric bicycles have lower energy qastdistance
travelled [5] and avoid other additional costs (ggrking,
insurance, registration, etc.). Consequently, it net a
surprising fact that electric bicycles are the mpspular
among all electric vehicles and their popularitjnisreasing.

Electric bicycles have also disadvantages. Somthede
are well-known disadvantages of cycling in genevaather
conditions are affecting the cyclists the most agntive traffic
participants, and cyclists and pedestrians are mhest
vulnerable category in traffic. Moreover, electicycles have
a weak point related to the same aspect that mties
capable of providing some of the already mentioned
advantages to the cyclists: the battery. Becauskeobattery,
electric bicycles are in general heavier than tiaaal
bicycles, a varying extra-weight of 2 to 5kg thasually
corresponds to the battery weight being added.hEurtore,
the battery has a relative short autonomy, moshefelectric
bicycles claiming to have an autonomy range fallingthe
16km-50km interval (range that is affected in tifog the
number of charges) and battery charging cycle betvw&and
6 hours [5]. This is a relative long period and e®mk
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performing research to find power-saving solutiforselectric
bicycles of very high interest. Some efforts haeerbfocused
on the battery technologies themselves, namely witdibg
batteries with lower recharging times or on “inyuile”
solutions, including using controllers that helpesanergy [6].
Vehicular networking is considered to play a crupide in
supporting the creation of smarter cities. It isdzhon “smart”
inter-vehicle communications and with the infrastuwe via
so called V2X communications (i.e. V2V — vehiclevehicle
and V2l/12V vehicle-to-infrastructure/infrastruce-to-
vehicle).
potential when designing not only intelligent trpogation
solutions [7], [8], [9], [10] and traffic managentesystems
[11], but also green transportation solutions [12]B]. The
latter category was mostly focused on V2X commuioos-
based solutions aiming to reduce fuel consumptioth gas
emissions. With the increased popularity of electrehicles

represented in the literature and a large pletlodrsolutions

have been proposed. V2X communications capabilities

allowed for advanced dynamic and real-time rousotytions
based on more accurate information regarding reed-traffic
conditions and events or road characteristics amdlitions.
Such solutions are proposed in [15], [16], [17] aack
dedicated to internal combustion engine-poweredicleh
The authors show how they reduce fuel consumptiwhgas
emissions. The best route decision is taken in faged on
three factors: travel time of the road, the estadafuel

V2X communications demonstrated their eénug consumption and road congestion, while in [16] tilmenot

considered in taking the best route decision, dhly road
characteristics and road congestion. In both amhes
vehicular communications are employed in data cte.
The solution proposed in [17] has a different apptoand can
be said that is an event-driven eco-routing sofutidhe
vehicle is following its regular route until an eewarning

(EV), the focus has been recently moved on how V2Xmessage (e.g. accident, congested road ahead)eisee via

communications can help electric vehicles savegner
In this paper, a novel vehicular communicationsebas

Speed Alvisory system for_[ectric biCycles (SAECYy) is
proposed. The solution exploits the 12V communaagi
namely the communication between traffic light .(ithe
infrastructure) and bicycle, in order to reduce #wergy
consumption of the electric bicycle and to impraweling
experience. The solution recommends strategicgidiie. the
appropriate speed) when bicycles are approaching
intersection to avoid, if possible, stopping arartstg due to
red traffic light signals, which are high power samption
scenarios. The proposed approach includes a FumgycL
based speed adaptation policy independent of #fgcttight

vehicular communications. Based on this informatitbre
vehicle is re-routed in order to avoid congestibattmay
determine increased fuel consumption and gas emissi
Vehicular communications-based eco-routing sohgio
dedicated to EVs are in early exploration. Howegetutions
have been proposed for EVs too, such as the osemes in
[18]. In this solution, machine learning techniquese
employed in the computation of the most energycieffit
aoute that integrates static map information andaluse
information containing previous driving experiencead
conditions and characteristics, traffic conditioasd charging
stations. The data collection process is done viaXV
communications. It is expected that the solutiorgppsed for

phases which is wind-aware as among all the vedhicleinternal combustion engine-powered vehicles to beugdht

bicycles are the most affected by the wind [14hisTpolicy
provides a better speed adaptation to the wind itiond
leading to increased savings in energy. Real difing shows
that an electric bicycle equipped with the propospeed
advisory system achieves significant energy savimgs
compared to a non-equipped bicycle. Moreover, esiten
simulations-based testing demonstrates considerabézgy
savings obtained by the proposed solution in coisparwith
both a non-equipped bicycle and other similar apphes
proposed in the literature. In addition, in ternfsgeneral
comfort-related metrics the proposed solution alsotributes
to improving the cycling experience.

Vehicular communications are the core of some ssfaé
designs of both intelligent and green transpontasolutions
[12], [13]. Two main classes of green transportagolutions
based on vehicular communications can be identifesmb-
routing and eco-driving solutions.

RELATED WORK

A. Vehicular Communications-based Eco-routing Soligion

These approaches subscribe to the major classhitlee
routing solutions. Vehicle routing aims to find thmost
convenient path from start to destination basedcertain
criteria. In eco-routing the criteria is less gasssions, fuel or
energy consumption. Vehicle routing problem

and studied in the context of EVs as basically sexternal
factors that influence fuel consumption and gasssions,
also affect the energy consumption in case of EVs.

B. Vehicular Communications-based Eco-driving Soligion

Solutions in this class advise on how to drive ides to
reduce fuel consumption, gas emissions or
consumption. This class includes many solution gypgenong
these, a representative type comprises solutiopkigxg the
communications between traffic light and vehiclesnbined
or not with V2V communications. Some of these dohs
[19], [20] adapt the traffic light phases to thewi of vehicles
approaching the intersection. When employing
approaches, the waiting times and the number ofcle=h
stopped at the intersection are reduced and coesdytthe
fuel consumption and gas emissions also decreaséoth
cited approaches the information regarding the itden$ the
vehicles approaching the intersection is gatheried {2V
communications and is further transmitted to thit light.

However, most approaches adapt the speed of thelegh
to the traffic light phases by exploiting the tiaffight — to —
vehicle communication (12V communications) in order
avoid stopping to the signaled intersections orehaadequate
speeds and maneuvers that are leading to incréasiéehergy
consumption and/or gas emissions. These solutiomsalso

is wellknown in the literature as Green Light Optimal Spee

energy

these



Advisory (GLOSA) solutions.
presented in [21], [22], [23], [24], [25], and adedicated to
internal combustion engine-powered vehicles.

In [21] the focus is not on the mechanisms behimel t
speed advisory system, but on studying the fadtditgencing
the reduction of the fuel consumption and gas @omisswhen
such a GLOSA system is employed. The main resilthe
study reveal two such important factors: the gdarice and
the distance from the traffic light where the messa
containing the information from the traffic lighg freceived by
the vehicles. For fuel
measurements, the authors employ the Passengeanchr

GLOSA approaches arecharacteristics as compared to internal combuséingine-

powered vehicles.

Although electric bicycles subscribe to the EV slahey
have different characteristics as compared to rtecars, and
different power consumption models. Therefore, dsigid
solutions need to be designed for electric bicyskeshat this
class of vehicles benefit from the communicatiorthwihe
traffic light. The potential of GLOSA applicationselping
electric bicycles save energy has been studieth&first time
in [30] and [31]. The bicycles are able to receimessages

consumption and gas emissiofrom the traffic lights through the cyclist smartpte that can

be mounted on the handlebar. The IEEE 802.11p

Heavy duty Emissions Model (PHEM), developed at thecommunication interface, the main enabling techgylof

Institute  of  Internal Combustion Engines and
Thermodynamics of Graz University of Technology ethis
highly used in various R&D projects [26], [27].

In [22], [23], [24] and [25] the focus is on the el
advisory algorithm of GLOSA systems: finding the
appropriate speed that will prevent stopping atitersection
if possible and minimize the fuel consumption ands g
emissions. The approaches proposed in [23] and da5hot
consider

vehicular communications, is made now available tioe
smartphones as well [33]. The results of the stidie
demonstrate that electric bicycles can benefit fiGIKOSA
systems as well, resulting in energy savings. Hanen these
approaches the studies are performed using a single
intersection and important factors influencing loieg
specifically among the other vehicles, such as wiate
neglected.

in computing the appropriate speed anyl fue
consumption or gas emissions model, and employethes

[ll.  THE SPEEDADVISORY SYSTEM (SAECY)

models when evaluating the performance of the GLOSA\ Overview

systems proposed only. These solutions considevehiele’'s
different maneuvers only (e.g. acceleration/deeglan), and
from this point of view, the approach presented2 is the
most complex in the literature so far, as it coessdall
possible maneuvers. It also includes complex tgstthe
performance of GLOSA system being evaluated again
penetration rate variations and using an almostistiza
scenario. In [22] and [24] the authors do considefuel
consumption and emission model when computing th
appropriate speed, namely the Virginia Tech Micopst
(VT-Micro) model. The goal is to find the optimunpesed,
especially in [24] where a very complex algorithra
employed for finding this optimum. Specific to [2#lhen
compared to the other presented GLOSA approachéseis
fact that V2V communication is also employed indiag the
traffic light phasing messages in a multi-hop aextture in
addition to 12V (traffic light-to-vehicle communitian). In the
GLOSA solutions presented, the benefits in termsfue
savings and gas emissions reduction vary in a raf@o -
22%, the higher ranges being associated with sirtggdtng
scenarios that consider a single intersection. RKewethe
lower range can be even lowered at small penetratites as
shown in [25].

Reference [29] reports a study performed in order t
demonstrate that similar GLOSA systems proposed f
reducing fuel consumption and gas emissions camni@oyed
for reducing energy consumption of electric caise Tocus is
not on computing the appropriate speed, simplecigslibeing
implemented in computation, based on the stratagses for
internal combustion engine-powered vehicles. lsteghile
showing benefits in terms of energy consumptiorucédn,
the authors of the study underline the need for GRO
systems for EVs to take into consideration EV dipeci

S

This section presents the overview of the propcseskd
advisory system (Figure 1), the main inputs ofghstem and
its functions. The main function of SAECy is to seamend
the cyclist the appropriate speed when approachisignalled
iptersection in order to avoid stopping at theftcdfght. This
IS the main function of any GLOSA system designed f
vehicles in general. In addition to this main fuoot a
secondary function is included that increases theefits in
ferms of energy efficiency. This secondary functien
provided by a Fuzzy Logic-based wind-aware speed
adaptation policy, is weather dependent only, aodsdnot
relate to the traffic light phasing. Its aim isgmovide a better
adaptation of the bicycle speed to the wind coodgiwith the
purpose of reducing the energy consumption. Amdhgha
vehicles, the bicycles are mostly affected by thadw14].
This second functionality of the system is provigien extra
recommendation to the cyclist: the advised speed
communicated in terms of maximum speed, and thdistyc
should not exceed the indicated speed limit in otdéncrease
the energy savings.

SAECYy can be deployed on the cyclist smartphonectia
be easily mounted on the handlebar. The smartphsne
considered to be configured as a vehicle on boaitdand has
the IEEE 801.11p Wireless Access Vehicular Envirentm

is

0(WAVE) support [33]. This configuration enables the

smartphone receive messages from the Road Side (R#U)
associated to the traffic lights via IEEE 802.11p
communication interface. These messages are dgedeby
the Traffic Light Controllercomponent that is associated to
each traffic light. The Traffic Light Controller onsidered to
have a SPaT (Signal Phase and Timing) interfaces, dlble to
generate and transmit the standardized SPaT andr oth



associated messages such as GID (Geographicahiation
Data) messages [34], [35].

Traffic Light
Controller with SPaT
interface

message

%

o
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Figure 1. SAECYy - Overview

B. Architecture

This section presents the architecture of SAECyhEaf
the architectural components, illustrated in Figue is
detailed next.

1) Data Collector and Processor

This component collects the local information thelates
to the bicycle and the network information receiwea 12V
communications. The local information comprises ltiwy/cle
current speed and location. The network informatisn
represented by a message that encapsulates SpBTartll
wind information. The Data Collector and Processor
component extracts the following informatiaimeToChange,
signalState ntersection location coordinates and wind speed
and direction i, D,). Based on the intersection location and
the bicycle current location coordinates the congmbn
computes the distance till the intersectidn,This parameter
together withtimeToChange, signalStatéicycle speed\),
direction Dg), andv,, are fed as input for the Computation and
Recommendation Module component.

2) Computation and Recommendation Module

This is the core component of SAECYy, its inputsgethe
aforementioned parameters fed by the Data Colleatut
Processor, while the output is the advised speethpDtation
and Recommendation Module has 4 internal components
Advised Speed Computation component, a Fuzzy Logic

Moreover in vehicular networking, the infrastrueusuch  System (FLS),

as traffic lights, is used to disseminate updated eelevant

weather information as they are local-based andoeaeasily these 4 components.

obtained from local weather stations or through V2I
communications [36]. In this approach the Traffiéght
Controller is also in charge with providing windonmation.
Traffic Light Controller encapsulates all the infwation,
SPaT, GID and wind information, into a single messa

The main fields of interest from SPaT message hee t
following ones:

- timeToChangetime until the current traffic light colour

changes

- signalState indicating the current traffic light phase

These message fields are stated for each lane aasibfe
direction that can be taken at the intersectione T&ID
message provides the coordinates of the positionthef
intersection. Thus, the speed advisory systencieviang from
Traffic Light Controller via 12V communications the
necessary information related to the traffic ligitasing and
the position of the intersection.

From theTelematics PeripheralSAECYy is receiving the
coordinates of the current position of the bicythe current
speed, direction and the road gradidmlematics Peripherals
can be an external device (e.g. speedometer, gyclin
computer) or it can be an application on the snhame (e.g.
the integrated GPS). In the first case the comnatioio of the
information can be ensured through the IEEE 802.15.
interface.

Local data:
Bicycle Speed
& Location

Network data

Data Collector &
Processor

Wind speed & direction (Vw, Dw) + d +
bicycle speed & direction (Vi, Db)
+ & + time ToChange + signalState

Bicycle Bicycle

; Power 4
Dm:g;f:s y ConAsAl;md;e)lTion

)
]
ses |
Pfofa{ calls

Advised Speed
Computation Vimax

lAdvised Speed
(Va)

Computation and Recommandation Module

Advised Speed

SAECY
Figure 2. SAECYy Architecture

Bicycle Power Consumption Model and
Bicycle Dynamics Model. Next sub-sections presantetail



a) Bicycle Power Consumption Model

this can be more significant and is further disedsis section

SAECy uses the power consumption model that wa$V-

employed in computing the theoretical power congionpof
an electric bicycle in [5] and [14]. According toig model the
total power consumptiorP{,,, see eq. (1)) is the sum of three
terms: the power needed to overcome the air dPag,(see
ed. (2)), the power needed to overcome the slBpg éee eq.
(3)) and the power needed to overcome the surksistance
(Prriciion, S€€ €0. (4)). Note that in the computation ofRfg,,
the wind is considered with its both influencingrgmnents:
speed ) and direction D,).The notations employed in the
equations are explained in TABLE I.

Potai = Parag* Phint + Phriction 1)
Pirag=[0.5-C4 *D-A- (v, + v, cos(D,, — Dp))?| - v,(2)
Ri=(g-G-m)- vy (3
Priction= (g "M " Rc) " vy 4)

TABLE II. BicYCLE DYNAMICS MODEL NOTATIONS
Notation Explanation
d The distance to the intersection
t The time in which distanaeis to be travelled

Initial speed of the bicycle (current speed oftifeycle
before advised speed is recommended )
The advised speed
The time passed till the moment the bicycle spged
becomew,
The distance the bicycle is assumed to be tragediin

Vi

Xe a constant speed after reaching the recommended spe
necessary to cross the intersection without stq

te The time distancg.is travelled

a Acceleration or deceleration required so that

becoms v,

Most of the parameters used in the power consumptio

model have typical values in urban environmentstfigrefore
they can be preset in the system and allowed tohlaaged
through an user interface if whished so. The sarser u
interface can be used to set thevalue which is dependent on
the cyclist and that can be changed when the lddgalised by
another user. The variable parametersvgres, b., ViyandG.
Vg is provided by the components triggering the fiomztlity
of this model, while the rest of the parameterspaoided by
the Data Collector and Processor component.

TABLE I. POWER CONSUMPTIONMODEL NOTATIONS

Notation Explanation

Ca Drag coefficient

D Air density (kg/r)

A Frontal Area (rf)

Vg Ground speed of the bicycle (m/s)

Ds Bicycle direction (degrees)

Vi Wind speed (m/s)

Dw Wind direction (degrees)

¢} Gravitational acceleration = 9.81 (/s

G Slope grade

m The overall weight: cyclist + bicycle + additioreduipment

(kg)
Re Rolling coefficient

As any theoretical model, the model employed has

limitations: it does not best capture the powersIdsr
executing the following maneuvers: acceleratiorgetiration
and starting the bicycle. The modifications in deion
caused by these maneuvers are embedded in thestibabr

b) Bicycle Dynamics Model

Equations of motion (5) and (6) — for uniformly
accelerated/decelerated motion —, and (7) — forsteo
motion — were used to model the bicycle dynami&.[8or
hilly terrain these equations are adapted by cemnsid in
addition the gravitational acceleration.

Vg = Vit a -ty (5)
v2=vi+t2-a-(d-x;) (6)
Xe =1c" Vg (7
te+ tig =1t (8)

The equations were adapted to our solution (seelEFAB
for more detailed explanations) and further comipania were
made. From equations (5), (6), (7) and (8) the evaltw, is
deducted in equation (9).

v, ift=0

vita-t—yla-(a-t2+ 2-t-v;— 2-d)|,ift, #0
andit is accelerated motion
vi—a-t+yla-(@a-t2— 2-t-v; + 2-d)|,if 10
and it is deccelerated motion

Vg =

©)

¢) FLS and Advised Speed Computation Components
FLS is a Fuzzy Logic system that implements thezifuz
Logic-based wind-aware speed adaptation policy. Its
functionality is triggered by the Advised Speed Qaoiation
component. The FLS has a single input and a siogtput

power model via the speed factor, vg only. Howeverand makes use of the Bicycle Power Consumption Mdde

experimental results presented in section IV haweve that
decelerating is not costly at all, on the contrahg power
drops to 0 for a moment when breaking, as illusttain
Figure 4, while the cost imposed by the accelenati®
negligible. Regarding the power loss when startirggbicycle,

design of the FLS is focused on reduced computation
complexity following design principles from [37} follows a
zero-order Sugeno model known for its efficiencgduced
complexity and suitability for real-time systems3][3 The
structure of the system is classic for a FLS. Thd f



description of this structure is presented in thetisn C2), as represented bgnaxSpeedwhich is the maximum speed or the
it is intrinsically connected to its functionalityhich is  speed limit of the vehicles. In the case of theialel in
described in this section. general this is given by the road rules and reguat In the
Advised Speed Computation component is the cotbeof case of the bicycles, we choseraaxSpeea safety value of
Computation and Recommendation module. It hasmgsrall  25km/h (6.95m/s). Howevek,. is hot always equal to this
the inputs of the Computation and Recommendatiodutep  maxSpeeds in the case of the other vehicles and thisiéstd
while the output is the advised speed).(The component the special characteristics of the bicycles in ganheand
makes use of the other components of the modulecas be electric bicycles in particular. First, the wincctar is highly
seen from Figure 2 and it implements the main Idggbind  affecting the power consumption and second, evéegtric
the computation of the advised speed, namely th&CA bicycle has a power limit that can be sustainedemiding.
algorithm that is described in the next section. This power limit is associated to theaxPowerparameter in
. _ our algorithm. Thusyn. is computed based on the Bicycle
C. SAECY Al.gor|thm DeSCFIPtIOH ) . Power Consumption Model considering all these fac(in.
The algorithm employed in the computation of theised 15 - 19). Ifv,,,is not computed by taking into consideration
speed is presented in two stages. As describedAlBC$  these special characteristics of the bicyclesathésed speed
overview (section IlIA.), SAECy's complete funct@ity iS recommended in the casesignalState = “green” &&
provided by: a Green Light Optimal Speed Advisargdtion,  timeToChange< t && timeToChange> d/vmax(the advised
in general, and a Fuzzy Logic-based wind-aware dpeeprder to be sustained by the bicycles. Therefdre, Green
adaptation policy. In the first stage, the algarithlescribes | jght Optimal Speed Advisory functionality could béfected
only the Green Light Optimal Speed Advisory funntio jn 3 certain degree. Such a use case is detailéteimesults

(Algorithm 1), which can work standalone. In thiase, the gection, IV.B.4), and can be observed in Figure 19.
FLS architectural block is not employed not beiregaed,

whereas the rest of SAECy’s architecture remailes/amt. In Algorithm 1: Green Light Optimal Speed Advisory Function
the second stage, the Fuzzy Logic-based wind-aspeed INITIALIZATION PHASE.
adaptation policy is added to this function anduded in the BEGIN
description of the algorithm (Algorithm 3). The tkat maxSpeed $.95 /the maximum speed set for bicycle
represents the complete SAECYy algorithm and encesesa \;"qaj) maxSpeed
all the functionality of the proposed speed adyisystem. END
1) Green Light Optimal Speed Advisory Function

The computation of the advised speed is descrilmed i _
details in A_Igorithm .1'. .It includes an initializati phase (In. 1- 10 iEg%Ce:EDdeﬁEn a message is receifreun a traffic lightand then
6) that assigns the initial values to some of theameters and 11 triggered in the monitoring cycle while the bicydlas not crossed
the main procedure. 12 the intersection yet

After the initialization phase, as long as the isgdhas not 13 BEGIN

GREEN LIGHT OPTIMAL SPEED ADVISORY

OCoO~NOOSAWNE

; : i W 14 updatev,,
cros_sed the m_tersectlon ye.t’ the speed_ of the Cmcys 15 computePys //eq. (1), whereia replaces yin eq. (2), (3), (4)
momtgre.d continuously. Actlop is taken in two siions. 16 while (P> maxPowey
First, if signalState = “red” && timeToChange t (In. 23), a 17 Vnax =MaxSpeed- 1
new, decreased speed is recommended. SecosigndlState 18 compute Pl
= “green” && timeToChange < t && timeToChange> 19 endwhile . .

- . 20 getthe distance till intersectiod,
d/Vmax (In. 26), @ new, increased speed is recommendeel. Th ; getthe current speed of the bicyole,
parameterd and d are explained in TABLE Il. , while the 22 t=d/v
parametervy,,, represents the maximum speed that can be23 if (signalState= “red” && timeToChanges t)
recommended by the speed advisory system as thikeis 23 enggmp“te"a'eq' (9) for decelerated motion
maximum speed that can be supporj[ed b_y the bmmt 26 if (signalState= “green” && timeToChange < t &&
paragraphs include further explanations in relattonthis 27 timeToChange d/\inay)
important parameter that conditions the computatibrthe gg gFf’mpUteVai eq. (9) for accelerated motion
i H H enai

advised _speed (In. 26) The advised speed is cemifhdsed 30 /lthe computed advised speeg iy recommended to the rider
on the Bicycle Dynamics Model (eq. (9)). 31 END

Note that this algorithm, although it does not il the
Fuzzy Logic wind-aware speed adaptation policyddites
consider the wind speed, too. The algorithm is gfesi to
take into account the characteristics of the bieydh general ) L . . .
as compared to other vehicles, and as it was unddrbefore, This policy is implemented as it was previously ’F“”"Ed
the bicycles are the only class of vehicles highffiected by by the FLS. component  of the Computatu_)n and
the wind. In most of the GLOSA systems designed foﬁgcommendatlon Modulg. The FLS has a single infhe,
vehicles in general, the maximum speed considemed iWlnd speed v, —, and a single outpULnax
computation, Ve iS equal to what in our algorithm is

2) Fuzzy Logic-based Wind-aware Speed Adaptation
Policy



The structure of the FLS, include$-azzifier, anInference
Engine aDefuzzifierand aknowledge Rule Basend is typical
for a FLS.

Algorithm 2: Computing the membership function parameters

1  maxSpeed $.95 /the maximum speed set for bicycle

2 Vmax= MaxSpeed

3 Vw=0

4 vy=v, +windUnit

5 Viindmax= 10

6 i=1

7 while (Vi < Viindmay)

8 computePy, //€q. (1), wherenmay replaces yin eq. (2), (3), (4)

9 while (Pyta < maxPowey

10 V= Vy + wind_step

11 endwhile

12 Vi = Vi

13 Vmax=maxSpeed- 1

14 i++

15 endwhile
Algorithm 3: Green Light Optimal Speed Advisory Function +
Fuzzy Logic-based Wind-aware Speed Adaptation folic

1 INITIALIZATION PHASE:

2 BEGIN

3 maxSpeed €.95 /the maximum speed set for bicycle

4 Vhax= MaxSpeed

5 if (wind_info available from a weather server)

6 init vy

7 call FLS =>Vpax

8 Va= Vimax

9 /ladvise the cyclist to ride at a maximum speed of v

10 else

11 Vu=0

12 endif

13 END

14

15 GREEN LIGHT  OPTIMAL SPEED  ADVISORY

16 PROCEDURE:

17  -triggered when a message is receifretn a traffic lightand then

18 triggered in the monitoring cycle while the bicyd¢las not crossed

19 the intersection yet

20 BEGIN

21 update vy,

22 call FLS => Viax

23 getthe distance till intersectiod,

24 getthe current speed of the bicycle, v

25 t=d/ v

26 if (signalState= “red” && timeToChanget)

27 computev,: eq. (9) for decelerated motion

28 endif

29 if (signalState= “green” && timeToChange < t &&

30 timeToChange d/Nnay

31 computev,: eq. (9) for accelerated motion

32 endif

33 /lthe computed advised speeg is recommended to the rider

34 END

35

36 FINAL PHASE:

37 -intersection is crossed

38 BEGIN

39 /ladvise the cyclist to ride at a maximum speed of v

40 END

Fuzzfier takes the crisp value as inputs and gives as outp

the corresponding Fuzzy degree of membership basettie
defined membership functions.

Inference Engine maps the input fuzzified value to the
output based on the “IF-THEN” rules contained ire th
Knowledge Rule Base. The Knowledge Rule Basis the one
that also contains the membership functions.

The membership function of,, is trapezoidal and it is
described in eq. (10) and (11). Trapezoidal fumcti@as used
for the input parameter due to its suitability faral-time
systems as it has reduced computation complexitly [3

xX—a
{—, as<x <bh
b-a

1, b<x <c
Hirapezoidal = § d—x
|I—, ¢c <x <d

d—c
k 0, otherwise

U = {(a, b, ¢, d)| a, b, ¢, d are the coefficierits the
corresponding fuzzy} = {(0, 0.24 0.8\1, Vi), (0.8\y1, 0.2y,
0.8z, V), ---, (0.8 Wi, 0.2\indmax )} (11)

The membership function is parameterized and its
parameters are computed in real-time based on iteld
power consumption model. Thusy,; parameters are
dynamically computed following a very simple andstfa
iterative procedure described in Algorithm 2. Tipsocess
takes place at system initialization, when the powe
consumption model is set.

Being a zero-order Sugeno FLS, the IF-THEN ruleshas
consequents crisp values. This is the reason whypuktput was
not associated with a membership function. Thepcvislues
taken by the output,,care described in eq. (12) and they are
designed to correspond to each of the input's Fuzey
described in eq. (11). Consequently these crispegalwere
parameterized, too. An example of an “IF-THEN" ridegiven
in eq. (13).

{IVudl = windUnit, [, — windUnit ...,
windUnit} (12),

where V| represents the value of thg; rounded to the
speed measurement unit used by the speed advigignsto
present the recommendations to the cyclist, whiledUnit
represents one single unit of the same measureriémt.
choice of these outputs has been made mainly factipal
purposes.

(10)

Vwindmaa)l -

IF Vi is LOWTHEN VjpaxiS Vig - WindUnit (13)

whereLow is the Fuzzy set described 3, 0.2v,;, 0.8\,
V) in eq. (11)

Defuzzfier's rolein a FLS is to give the crisp value of the
output applying different defuzzification methods dhe
output of thelnference Engineln this case, th®efuzzifier
uses the weighted average defuzzification methat th
specific to the Sugeno fuzzy moddiowever, being a single-
input single-output controller, the defuzzifier caa bypassed
as the value of the output is given in crisp valirectly by the
Inference Engine.

The algorithm describing the full functionality 8fAECy,
the Green Light Optimal Speed Advisory function ahe

ind-aware speed adaptation policy is presenteddgorithm

. Note that in this case, the solution will make tdifferent
recommendations depending on the context: a
recommendation of the advised speed before inti#ossc



where the cyclist is recommended to ride at a tedpeed
(the advised speed — In. 33), and a second recodatien

done whenever the wind information is made avadaibiat
will recommend the cyclist a speed limit (how thevised

speed is communicated as a maximum speed — In.TB@).
Green Light Optimal Speed Advisory procedure isshme as
presented in section 1), with a single modificatithe vy,a is

now computed by the FLS (In. 7, In. 22).

IV. PERFORMANCEEVALUATION

The proposed speed advisory solution, SAECy, iessesl
both through experiments using a real-life test-bed via
simulations, using realistic scenarios. For val@apurposes,
the scenarios used for the experimental testing ase
implemented in the simulation environment used foe
simulation-based assessment. Comparable resulebtaimed,
thus leading to the validation of our simulation dab
However, in order to perform extensive testing, encomplex
scenarios are also tested via simulation.

Figure 3. Experimental Test-Bed

A. Experimental Testing. Simulation Model Validation

1) Experimental Test-Bed Description

This section presents the experimental test-bedaptured
in Figure 3, consisting of an electric bicycle embed with
additional equipment. The main components of thectat
bicycle are: a battery and an electric motor. THditeonal

The battery of the electric bicycle is a Lihium lbattery
with the following characteristics: 10Ah capacitypminal
voltage of 36V, charging time ~ 6h, full charge aeity ~
300Wh and weight of 5kg. The claimed battery ramgef
about 36-40km (20 miles), but in real life testthg range was
measured to be around 25-30km, offering an autoniontiye
1h - 1h 20 mins range.

The electric motor, mounted on the front wheel, hadgred
connection with the battery and the pedal so thatrnbotor is
engaged by applying pressure to the pedal. Thecleicy
subscribes to the category of electric bicycleshwissistance
at start [39].

A Garmin Edge 506 bike computer incorporates the
functionalities of both speedometer and GPS-baeedtibn
device. Garmin Edge 500 features a high-sensiti@GiyS
receiver that allows for accurate positioning atgb dor an
accurate output of instantaneous speed. The powtsrmwas
connected according to the requirements to thedyatéind the
electric motor. The outputs of the power meter
instantaneous power, voltage, current and the tptaver
consumption per hour (i.e. energy consumption in).Wh
video recorder is used to monitor both the funetlip of the
meter and the instantaneous power output. The dedor
values were then used in the result analysis. mgthod was
preferred, as the serial output-based logging design the
absentia of a built-in recording functionality igillsvery
sensitive to the motion.

Other variables that affect the power consumptioe a
shortly described next. The tire pressure, imponteamameter
for a better rolling, was correspondingly adaptedhte city
roads scenario and to the weight of the cycliskg8Qits value
being 100psi. The total weight of the bicycle wah the
equipment was 25 kg. Moreover, the wind speed dutie
tests was negligibley,, = Om/s, (it was checked using an
electronic anemometer) and the tests were perforarec
relative straight road with normal roughness, ircedbent
weather conditions.

2) Scenarios Description

The testing scenarios considered an electric kecifwt is
approaching a signaled intersection. If the currgpged is
maintained, the cyclist will not be able to crdss intersection
without stopping, being enforced to stop at thdfitrdight.
There are two possible scenarios in which the pego
solution takes action when a bicycle is approacharg
intersection and these are the testing scenaritsidered.

In the first scenario (Scenario 1), when the distan
between bicycle and traffic light is equal to a defned
distanced, the color of the traffic light igreen The time till
traffic light changestimeToChanggto red is 70s and the

equipment consists of a meter for measuring the epow duration ofred is 50s. This scenario corresponds to the
consumption, a speedometer, a GPS device and a videondition expressed in the speed advisory commutati

recorder for monitoring the power meter. Moreovbg test-
bed also includes the cyclist smartphone that ppsesed to
support V2X communications capabilities and haslaleml
SAECy.

algorithms (Algorithm 1 and Algorithm 3) asignalState =
green && timeToChange t.

2Garmin Systemshttps:/buy.garmin.com/en-US/US/into-sports/cydieupe-
500/prod36728.html

are



In the second scenario (Scenario 2), when the riista
between bicycle and traffic light is equal to theegefined
distanced, the color of the traffic light ised. The time till
traffic light changestimeToChanggto greenis 50s and the

200m, typical value for transmission ranges in 80@. The
rider ensures that the current speed when receitimgy
recommended speed is 10km/h for Scenariol, respécti
20km/h for Scenario 2. Power consumption is moaioon

duration ofgreenis 70s. In the tests performed, the role of thethe distancel.

traffic light is taken by a timer. This scenarior@sponds to
the condition expressed in the speed advisory ctatipn
algorithms (Algorithm 1 and Algorithm 3) asignalState =
red && timeToChange< t.

Note that as the tests have been performed in nd-wi
conditions, the Fuzzy Logic-based speed adaptgtaicy is
not triggered, thus the results obtained for Sden&rand
Scenario 2 correspond to Algorithm 1.
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Figure 5. Power consumption for non-equipped bicycle — test-b
results

Power consumption is recorded for each of the thave
scenarios in two cases: in the first case the kécgcequipped
with the speed advisory system (Figure 4), whiléhim second
case the bicycle is not equipped (Figure 5). Infils¢ case for
each testing scenario, the rider makes use of peed
advisory system and consequently avoids stoppinghat
traffic light. It is assumed that the informatie@garding traffic
light phasing and positioning is
communications when the distance between bicydettaffic

light is equal tad. The value ofl is set in the test scenarios to

received via V2X

In the second case for each testing scenario, ldetrie
bicycle is not equipped with the speed advisorytesys The
electric bicycle is in motion having the correspimigdspeed
for each of the two scenarios: 10km/h for Scendriand
20km/h for Scenario 2. This time, the rider does nezeive
any information while traveling the same distandet¢wards
the traffic light and keeps the speed constant. Wihegets at
the traffic light, the rider stops. Power consuroptiis
monitored for the same distande

3) Results Analysis. Experimental vs Simulation Result

In both testing scenarios, significant benefitsténms of
power consumption were obtained when using the queg
speed advisory system. In the first testing scen&tenario 1,
the proposed solution reduces the energy consumptith
46% when compared to the classic case of a norppedi
bicycle, while in Scenario 2 the energy consumptisn
reduced with 44%. These results were obtained usieg
previously described test-bed.

It can be seen in Figure 5 that the electric bieyeded in
the test-bed is included in the category of elechicycles
with assistance at start as power spikes are dtieevhen
starting the bicycle. The power consumption modelduin the
implementation of the speed advisory system does
consider these power spikes as it is a generic hwd&able
for all types of bicycles. However, these powekspihave no
influence in deciding the recommended speed as dpegar
only when starting the bicycle and our main goatoisavoid
when possible stopping at the traffic light.

Same scenarios were implemented in the simulatiotiein
that is next described in section B1). Howeveroider to
correspond to the real tests performed with thebed, the
communication modelling between traffic light anidylele is
removed from the simulation model for these 2 sdera
being considered that the bicycle receives the ages$rom
the traffic light exactly at distanak= 200m from traffic light.
Moreover, the starting power spikes were introduded
computation in the simulation model in order toadbta fair
comparison between the test-bed results and sionlat
results. Comparable results were obtained, beraff&% for
Scenario 1, respectively 41% for Scenario 2.

TABLE III. RESULTSSUMMARY EXPERIMENTAL VS SIMULATION

TESTING

Energy consumption

Testing reduction — equipped bicycles vs
environment non-equipped bicycles
Scenario 1 Scenario 2

Electric  Bicycle | Test-bed 46% 44%
with assistance a|

start Simulation 45% 41%
Electric  Bicycle | gt pe 24% 32%
without assistance

at start Simulation 19% 28%

no



Assuming that the electric bicycle used in the -best
would be without assistance at start, the powekespfrom
start were removed, and the simulation model wds le
unaltered (without the power spikes previously adtrced
based on the experimental results). Again comparegults
were obtained in terms of energy consumption redodior
the two testing environments, test-bed and simadadis it can
be seen in TABLE lll. that summarizes all the resuélated
to the Scenario 1 and Scenario 2.

B. Simulation-based Testing

1) Simulation Model
The simulations are performed using iTETR$8nulation
platform designed in the context of a European pRject.
The platform couples the traffic simulation capie$ of
SUMO* and the network communication capabilities ofns3
The values of the parameters used in the simulatiodel
were chosen to correspond to the realistic conbitio
-D=1.247 kg/m, A= 0.7 nf, R, = 0.004,C4 = 1 (typical
values [5]).

- m =105 kg (cyclist 80kg, bicycle 25kg — as used in the

test-bed based testing )

- vy,was varied between 0 to 10m/s.

- maxSpeee 6.95m/s

- maxPower =400W (corresponding to the test-bed, but
also this is the maximum instantaneous power whdeg
provided by most of the electric bicycles [5])

- IEEE 802.11p was used to model the communication

between the infrastructure (traffic light) and thmartphone
attached to the bicycle. The transmission rangsidered was
250m, within the range employed in other similarkgo[21].
Each Traffic Light Controller broadcasts informatio
messages every second, typical frequency valuesohalso in
[21], [25]. The message size varies depending emtimber
of possible vehicle movements at the intersectiout, is
similar to those used in the literature [25], witle exception
of 3 additional bytes used to carry wind information the
simulations performed, the message size was bet@kéntes
to 48 bytes.

2) Scenarios Description

This section presents the scenarios used to eealinat
performance of the speed advisory system. Basjdhlgyre are
three testing scenarios, each represented by eretitf route
with a different topology and different numbers taffic
lights on the way with the phases between 55 arsd Bbese
are real routes established on real map data, éipeainDublin,
Ireland. The destination of each of the routes ubld City
University (DCU, coordinates: -6.26263, 53.38508%)itacan
be seen on the maps (Figure 6, Figure 7).

First route (Route 1) starts at [-6.26263, 53.3850@s a
simple, quite straight topology and has 6 trafights on the
way (Figure 6). This is a simple scenario as thffitr lights

3ITETRIS websitewww.ict-itetris.eu
4 SUMO websitewww.sumo-sim.org
® NS3 official website: www.nsnam.org/

from a straight route tend to be synchronized, tfarsa
relative constant speed the number of stops dicttaghts are
relatively reduced.
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has the most complex topology among the three $g
including more turns and having 9 traffic lights the way
(Figure 7).

Third route (Route 3) starts a6[25725, 53.40098] and h
only 4 traffic lights on the way (Figure.6Route 1 and Roul
3 were chosen to be able to measure the benefittha
solution proposed for routes having less traffights and als
for routes with simple topologies.

3) Comparisonbased Performance Assessn

Two versions of SAECy are considered for perfornee
assessment. The first version, SAtplenents the proposed
approach having only the Greehight Optimal Speed
Advisory function only (Algorithm L)while the second, SA2,
has the Fuzzy Logic-based winadvare speed adaptation
policy added to the Green Ligtdptimal Speed dvisory
function (Algorithm 3).

In the simulation model it is also implementa classic
approach of a GLOSA system (@&-0OSA) proposed in [22].
The C-GLOSA approach was sughplemented in ord: to
correspond to the bicycle dynamics.

All these approaches are compared ag themselves and
also against the baseline which is representi the common
case when the bicycles are not equipped with apg tyf
speed advisory system (noSA).

4) Results and Analysis

The proposed speed advisory sysismvaluated in ternm
of energy consmption reduction and two comf-related
metrics: number of stopsand waiting time: at traffic lights
cumulated over each route. In addition, impact of the speed
advisory system on the total travel time is anal, known as
a highly important metric for assessing the quatitya travel
[40], [41]. These metrics are studied against the variatic
the wind speed from 0 to 10m/s.
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For the energy consumption reduction metric, twis &é
results were obtained for each oétthree routes. In the fir
set of results, the power consumption model wag
unaltered, as it is described in section Il B. sTtmodel
corresponds to an electric bicycle without assistaat start

For the second set of results, we considered tieaicycle
is with assistance at start and as the parametsed in

computation are compliant to the conditions in \khilse test:
with the testbed were perform¢, we introduced in
computation the poweaspikes experimentally determined. 1
other metrics are not affected by this modification the
power consumption model, thus they are the samethie
bicycle with or without assistance at si
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Energy consumption reduction metric evaluates
percentage of energy savings of the three apprsa€-
GLOSA, SAl and SA2 agnst the baseline noSA allowing
then for a comparison between them. Following aegal
analysis on the results of this metric (Figur-13) it can be
said that SA2 clearly outperforms the other tworapphes



C-GLOSA and SA1, for all the routes, and tlenergy
consumption reduction is more significant in theeaf the
bicycles with assistance at start. SA1 approachalso
outperforming CGLOSA. Another observation that can
made is that the energy savings are more signtficarRoute
2, as this hashe largest number of traffic lights and a m
complex topology. A higher number of traffic lightsxd &
more complex topology of the route determined ameasec
number of stops at the traffic lights along the vaayit can b
seen in Figure 14 as coamed to the other routes, Route 1 .
Route 3. Thus, for Route 2, the energy consumptadiction
for the bicycles without assistance at start catheto 15%
for SA2 and 9% for SA1, while for bicycles with atance a
start the energy consumption retlan reaches 18% for S/
and 13% for SAL.
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It can be seen that there are some fluctuatiorisemlots
that are associated with energy consumption reshtiThere
are two reasons for these fluctuations. First nease
illustrated by the first fluctuation in the SA2 ws0SA curve
correspondindo the change in wind speed from Om/s to :
(Figure 8 — 13)and represents the increase in the en
consumption reduction due to bicycle’s speed adiaptto the
wind speed. The second reason of fluctuation i®cated
with the increase/decrease of the energy consum
reduction due to the numbers of stops avoided (thg
fluctuation of SA2 vs. noSA or SA1 vs. noSA curve Figure

10). The number of stops to be avoic(Figure 14) varies due
to the fact that the averageeed of the bicycle is also varying
with the wind speed imposed by power limitationisTis
also the reason behind the waiting time curves atian
(Figure 16 — 18).
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Regarding the number of stops and waiting times, th
proposed speed advisory system implemented in fooths
SAl and SA2 reduces these to 0, respectively Ok write
exception. This exception is caused by the fadt Zheraffic
lights on the Route 2 are much closed to each @hdrthere
is not enough time to adapt the speed to avoichgtgpat the
second traffic light. However, the waiting timevsry much
limited to 3 s only (Figure 17). This situation chappen for
any type of green light optimal speed advisoryayssuch as
the classic approach represented by C-GLOSA. Itbeageen
that C-GLOSA fails in a bigger proportion in redugi
completely the number of stops at the traffic lg{figure 15)
and this is not caused by the positioning of tladfitr lights.
The failure is due to the fact that the advisededp® avoid
stopping at the traffic light does not take intmsideration the
wind speed and recommends speeds that are noteddapt
this important factor for the bicycles. Consequgnthese
speeds cannot be sustained by the bicycles anditiyeles
end up stopping at the traffic light and also mpoaver is
consumed and waiting times are introduced (Fig6ra 8).

The impact of the speed advisory systems on thal tot
travel time is proven not to be substantial in nuegtes, as it
can be seen from TABLE IV., TABLE V. and TABLE VI.
However, in few cases, SA2 causes some delaysra sond
speeds which is acceptable as it recommends a adecte
speed than the one that can be sustained by thedia order

to decrease the energy consumption. Some of trgedar
delays in the total travel time imposed by SA2farenstance
132s for Route 2 (TABLE V. ), and 87s for RouteTABLE
VI. ) when the wind speed is 9-10m/s. This meard BA2
adds approximately 2 minutes to a total travel tiofe21
minutes in the first case, and 1.5 minutes to al toavel time
of approximately 14 minutes in the second caseeas/ely.

TABLE IV. TOTAL TRAVEL TIME —ROUTE1
Wind Total travel time (s)
speed
(M's) | nosa | c-GLOSA | sAl| sA2
0 469 467 467 467
1 469 467 467 | 474
2 469 467 467 | 474
3 46¢ 467 467 | 474
4 469 467 467 | 474
5 505 505 505| 572
6 505 505 505 572
7 664 664 663 669
8 664 664 663 669
9 722 72C 72z | 78¢&
10 722 720 722| 788
TABLE V. TOTAL TRAVEL TIME —ROUTE2
Wind Total travel time (s)
speed
(M/s) | nosa | c-GLOSA | sA1| sA2
0 851 850 850 850
1 851 850 850 848
2 851 850 850 848
3 851 850 850 848
4 851 850 850 848
5 945 940 938 1011
6 945 940 938 1011
7 1020 1022 1027 1106
8 1020 1022 1027 1106
9 1278 1278 1278 1410
10 1278 1278 127§ 141D
TABLE VI. TOTAL TRAVEL TIME —ROUTE3
Wind Total travel time (s)
speed
(M's) | nosa | c-GLOSA | sAl| sA2
0 554 553 553 553
1 554 553 553 569
2 554 553 553 569
3 554 553 553 569
4 554 553 553 569
5 654 652 653 | 66¢
6 654 653 653 669
7 754 754 753 774
8 754 754 753 77§
9 857 857 856 944
10 857 857 856 944




At the end of this section, a set of results isseneed for g
all three routes that show the power consumptiorinvge and
in which the modifications in terms of bicycle sgess. time,
number of stops, waiting times and total traveleintan be
clearly noticed. All the cases discussed were densd: rider
with no advisory system, rider with C-GLOSA, rideith the
proposed speed advisory system having GLOSA fumatidy
(SA1l) and rider with the proposed speed advisorstesy T
having the complete functionality (SA2). These hssare H
displayed in Figure 19 — 21 and are meant to pewadetter i i

-
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understanding on the previously presented resuotisaabetter I 2’ a T
comparison between the non-equipped bicycles arel tt 1 - il
bicycles equipped with the different Speed advimﬂyﬂjons_ 1 48 110 180 250 320 390 460 530 600 670 740 810 860 950 1028
The wind speed considered was 7m/s. This speed wi.. time (s)
chosen due to the fact that it reflects two specéses. The Figure 20. Power vs time — Route 2

first special case is in the context of route 1 agiftects the
use case of C-GLOSA that does not take into acdabentvind
factor and consequently recommenagxSpeed= 6.95m/s
which is impossible to be maintained due to bicgclgower
limitations. Consequently, stopping at the traffght is not
avoided (Figure 19 — portion of C-GLOSA curve, aftiene
step 79, where power equals 0). Moreover the energs;
consumption also increases on the portion of rohdrevthe

unreachable recommended speed is forced (Figure-19
portion of C-GLOSA curve, around time step 37, vehpower
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The second case is in the context of route 2, wiher&A2 . "’cj' E‘, @ ¥
causes some delay to the total travel time, howduerto the 1% - -
average |OWer pOWGI’ COI’]Sumptlon over tlme, the @ner 1 34 73 117 167 217 267 317 367 417 467 517 567 617 667 717 767
consumption is still reduced. It can be seen irttadl figures e
corresponding to all three routes (Figure 19 — @B the Figure 21. Power vs time — Route 3
Fuzzy Logic-based weather aware speed adaptatitinypo
implemented in SA2 results in an energy consumption V. CONCLUSIONS
decrease on average, leading to a higher energygsavThis This paper has proposed SAECy, a novel vehicular

energy saving is more significant than that of S&1 C-  communications-based speed advisory system dedidate
GLOSA which focus on avoiding stopping at the isé&tion  electric bicycles. The solution subscribes to tHass of
only. The stops at the intersection for the nouigoed GLOSA systems based on the traffic light to vehicle
bicycle (noSA) can be easily identified in the dragvhen the  communications (I2V  communications). The proposed
power consumption is 0. It can also be seen howsfieed solution recommends strategic riding (i.e. the appate
advisory systems avoid the stops by recommending fospeed) when bicycles are approaching an intersetgi@void
instance lower speeds. The lower speeds are magkémlver  high power consumption scenarios. Moreover, thercgih
power consumption (e.g. Figure 21, the SA2 curvauld  also includes an innovative Fuzzy Logic-based wimdire
time step 317 has the power value around 100W). speed adaptation policy as among all the other cledi
oA bicycles are mostly affected by the wind. Testiaguits have

- G-GLOSA shown how this speed adaptation policy increasesetiergy
e savings of the electric bicycles.

Experimental results based on a real test-bed bhge/n
that the proposed speed advisory system is leadirmergy
savings of up to 46% vs. the baseline (non-equigpeytles)
for the electric bicycles with assistance at stad up to 32%
vs. the baseline for the electric bicycles withaasistance at
start. The test-bed was also used to validate itnelation
model further employed for extensive testing on enor
complex scenarios. Simulations performed on the esam
scenarios used for the test-bed lead to comparabléts. Due
to logistics constraints, these scenarios inclugagle traffic

o
a2
-

300
|

Power (W)
200
I

100
|

1 37 79 127 181 235 289 343 397 451 505 559 613 667
time (s)

Figure 19. Power vs time — Route 1



light and they follow the energy consumption onetative
short distance.

Therefore more extensive testing was required to

performed using the validated simulation model. Siderable
more complex scenarios were analyzed, on long rdie®
with different number of traffic lights and differetopology.
The solution was also compared against a classi©OS3L
system proposed in the literature. Energy savifiggpdo 18%
vs. the baseline have been obtained for the bisyeléh

assistance at start and up to 15% vs. the bas&inehe

bicycles without assistance at start. As compavettie classic
GLOSA solution, our speed advisory system can aszethe
energy savings with up to 7%. In addition, an asialyon
comfort-related metrics has shown that the propasddtion

can also contribute to improving the cycling expede.

In the context of improving mobility modelling and

simulations, the creation of micro-simulation madédbr
bicycles and cyclists and their integration witle tbxisting
vehicular traffic is a work in progress. Based bis twork,
new steps can then be taken in the context of tbposed
solution. Future works include the study of the pmsed
solution for multiple bicycles using cycling lanegnsidering
different factors such as: penetration rate of tdehnology,
compliance rate and other characteristics thatoeamodelled
in the context of the cyclist behaviour based oa titure
micro-simulation models for the cyclists. Furthen, athe
proposed solution can be studied for the bicyclsisgithe
same lanes as other types of vehicles.
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