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A MACROSCOPIC SINGLE-LANE ROUNDABOUT MODEL TO ACCOUNT FOR
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Abstract: Available traffic simulation tools for roundabowtee exclusively based on a
microscopic framework. This article provides a pamnious macroscopic model able to
replicate the main traffic features occurring ais thind of intersections. Especially, it
accounts for time-limited disruptions on the applodéegs due to the insertion process,
even when the entry demand does not exceed theingecgpacity. It also computes
circulating flows which are consistent with vehigbaths induced by the O-D traffic
composition. The two-step validation process ustaa collected at two different
roundabouts is convincing. Moreover, the model appéo be computer-efficient and has
few easy-to-calibrate parameters. As a resultiit loe easily linked to a traffic simulation

package in order to model a whole urban network.

1. INTRODUCTION

For few years, modelling traffic at roundabouts lesome a challenging task for
improving design, performance and environmentalyasma To the authors’ knowledge, all
existing simulation tools for this kind of intersens are based on a microscopic

representation of traffic flow. The most common misdlisted by the Federal Highway
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Administration (Robinson, 2000), VISSIM, PARAMICS\TEGRATION, CORSIM or
SIMTRAFFIC only differ in (i) gap-acceptance rulss modelling the insertion process
and (ii) car-following rules for modelling vehicleajectories on the circulatory roadway
and on the approach and departure legs. Thesesoapim models are useful for a detailed
modeling of vehicle behaviors, especially whenead#ht driving characteristics or vehicle
types should be distinguished. However, conceres odiren expressed regarding their
misuse (Akgelik and Besley, 2001). Firstly, thesedels need lots of behavioral
parameters which may be difficult to calibrate. @elly, their stochastic nature requires
several simulation runs for obtaining represenéatresults. Consequently, it is not
straightforward to incorporate microscopic roundabmodels into traffic flow simulation
packages for modelling large complex urban netwof®s the contrary, macroscopic
approaches have fewer parameters which can beg eatbrated from traffic observations
and require less extensive preliminary on-fielddsts to specify the input data. They also
reduced the burden of calculation time and compitgage which makes them well-suited
for large-scale applications. Therefore, disposmigooth microscopic and macroscopic
models for roundabouts is appealing since it allquactitioners to select the most
appropriate approach to given modelling goals ans$icaints.

Consequently, this paper will propose a model tbtlie shortage of macroscopic
simulation tools for single-lane roundabouts. Thwedel should fulfill the following
requirements:

(a) being consistent with downstream traffic coiodis,

(b) being consistent with the origin-destination@Ppatterns of entry flows,

(c) simulating accurate delays and queues causacklngle interactions at the entries

whether the roundabout is congested or not.



To agree condition (a) the single-lane roundabowodeh should satisfy the FIFO
condition at the exits as presented in the Newelk&erge model (Newell, 1993b). This
rule implies that, if a departure leg is congestéd, congestion should spill back to the
circulatory roadway. Indeed, on a one-lane roundgbwehicles wishing to join the
congested leg block the circulating ones.

One of the outcomes of (b) is that each simulatgdvelume should be proportional to
the sum of all entry flows with respect to the desdton ratios. This is the premise of
classical diverge models which split the circulgtifow at the exits according to turning
proportions. However, due to the looping natureramindabouts, the origin of exiting
vehicles also matters. Indeed, the O-D patternsiente vehicle trajectories inside the
roundabout and, therefore, modify the circulatiodume. As the circulating volume is the
main impeding factor for insertion, neglecting soofethe effects of the O-D patterns
amplifies the modelling errors. To correctly repuod vehicle paths on the circulatory
roadway, a multi-destination formulation of theffia flow model should be used. It
consists in sharing each entry flow into partiadwis according to all the possible
destinations. Then, partial flows propagate on tmeulatory roadway up to their
corresponding exit with respect to the FIFO rulacsi the roundabout has only one
circulating lane. This formulation makes the mofigly consistent with the O-D traffic
patterns at every point of the circulatory roadway.

Condition (c) depends on the choice and the caidraof the merge model. Classical
macroscopic merge models allocate the downstregmacigt amongst circulating and
entering vehicles as in Daganzo (1995), Lebacq@6§)l Buisson et al. (1996), Jin and
Zhang (2003) or Lebacque and Khoshyaran (2005).allbeation process can be adapted
to roundabout geometry thanks to analytical capafmtrmulae like the TRL linear-

regression based method (Kimber, 1980) or the gappdance based methods as the HCM



(Highway Capacity Manual, 2006) or the aaSIDRA (8lKg 2005) methods. However,
despite efforts on calibration, all existing mergedels fail to reproduce delays triggered
by the insertion process when the entry demand doesxceed the merging capacity.
Indeed, congestion only appears on a link whenrsthpply is not sufficient to satisfy the
demand. This has motivated the development of adygamic macroscopic merge model
which accounts for the average effects of the grag- rule to meet condition (c)
(Chevallier and Leclercq, 2007). This model will liged to simulate the insertion process

at each roundabout entry.

The first part of this paper will give an insight the overall algorithm. Firstly, the
multi-destination formulation for both link and érge modules will be mainlined.
Secondly, the theoretical background of the mergedeh as well as its computer
implementation will be exposed. The second seatidnpresent some simulation results.
They will be shown to be consistent with empiridata collected (i) on an entire single-
lane roundabout at two distinct day-time periodvabdate the whole roundabout model
and (ii) at one specific entry of a near-to-capaoundabout to show the relevance of the

merge model in terms of average queuing delays.

2. BASIC COMPONENTSOF THE MODEL

2.1. Overview of thealgorithm

The roundabout is split out into approach link§)( departure links D, ), circulatory
links (C,,) and intermediate circulatory links between a piapproach and departure legs
(1,,)- The number of approach (notegand departure legs (noted can be variable. This

roundabout representation allows the modelling tadte reduced to a series of merge, link

and diverge modules as presented in figure 1.
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Fig.1. Roundabout modelling and conceptual framework
The exogenous inputs of the roundabout model are:

the demand flow\, (t) at the beginning of each approach iégf1,a],
the supplyQ, (t) at the end of each departure Igg[1,d],
the O-D coefficients; (t) representing the proportion of the total circulgti
flow which enters the roundabout at en'trfy[l,a] , and has to exit at leg
jO[1d].
All modules respect Newell's theory (Newell, 1993893b) in which traffic is fully
described by a continuous functioN,(x, t), giving the cumulative vehicle count past any

point x by timet (referred adN-curves in the sequel). Note that the flguean be derived
from N by:
q=0;N 1)
Traffic sates are described by a triangular fundaaiediagram which requires only
three parameters: (i) theam densityk, (ii) the free-flow speed and (iii) thewave speeav
in congested regime. Note that these three parasnede vary for each stretch of road; we
will add a subscripta, D, C or | to lift the ambiguity. The overall roundabout mbde

includes five other parameters for calibratingrtierge model which will be detailed later.



For numerical computation, each Iirhk[]{A, D,C, I} is divided into cells of lengthx, .
The first and last cell boundarieslofire notedx,, andx , (see figure 1)N, denotes the

N-curve of linkL. It is calculated at each cell boundary of thel gt every time-stepit .
As we will see in the following section, all ti¢-curves will be updated according to
values calculated at previous time-steps but nodraing to current time values output by
other modules. As a result, the order of implem@naof the modules in the overall
algorithm does not matter. This is a convenientperty given the looping nature of
roundabouts. It allows the model to be easily irdegf into a traffic flow simulation

package of a whole network.

2.2. Single-destination link model

This module simulates traffic flow on the approacid departure legs where the multi-

destination formulation is not required. In thistsan, LD{A, D} . For all cell boundaries

except the extremitied\ is numerically computed according to the Newaetlt'sdel (1993a)
which simplifies to (2) providing a triangular fummhental diagram. This model use the
concept of demand and supply defined in Daganz85)land Lebacque (1996). It assumes
that, at a cell boundarny; it is possible to update tid-curve at timet according to (i) its
value at the upstream cell boundary at the previbose-step (thedemand term,
representing the flow willing to advance) and thg sum of its value at the downstream

cell boundary at timé—-Ax,_/w and a fixed term\x «, (thesupplyterm, representing the

remaining capacity due to downstream congestion).

N, (X t) = min NL(X—A)E,t—At),N{X-I-A{(,t—%j+Ag<KL 0 x. %} @

demand L

supply



Parameters and grid cells are chosen for having At =4, (Courant-Friedrich-Levy
condition). Note that ifu /w is an integer the numerical scheme is exact (Degan

2005a, 2005b). Otherwish, is interpolated between two known values whichuselonly
slight numerical errors. For practical issue tmeetistepAt is common to all stretches of
road; thus, the CFL condition imposes differentgell sizes depending an. At the first
and last cell boundaries, equation (2) still agpheit the demand and supply are given by
either the exogenous demand (respectively supplyipeabeginning (respectively at the

end) of the link or the merge and diverge moduteg table 1).

cell
boundary Xo.A X0 XA Xip
from the
demand | N,(% . t=At)+A(t)At | diverge equation (2)
module
from the
supply equation (2) merge | Np(X,. t-AD)+Q(t)At
model

Tab. 1. Demand and supply for link extremities

2.3. Multi-destination for mulation

As discussed in the introduction, the single-desitim model does not account for all
the effects of the O-D patterns of entry flows. sSThas motivated the development of the

multi-destination link and diverge modules.

2.3.1. Multi-destination link model

The entering flow from linkA; computed by the merge model is immediately split o
into partial streamg according tg;(t). The multi-destination link module is then used t
update the partiaN-curves notedNc; and N;; at any points of the link except the
extremities. The basic principle of this modelhatt on one-lane links, the trip travel time

between two cell boundaries should be the samedohn partial stream because the delay



suffered by a vehicle is independent of its detina(FIFO condition). The algorithm is

presented for th€-type links but is exactly the same for thig/pe links.

Step 1: updating N ()g t) DXD{ %.c )gyc} according to the single-destination model (2)

with L=C.

Step 2: computing the effective travel tinTgt) of the total flow.

We have to search for the instant at which theevaluthedemand curve at the previous
cell boundaryNc(X-Axc,:) is equal to the target valudc(xt), see figure 2. The
difference betweehand this instant represent the travel tififg between the two cell
boundariex-Axc andx .

Step 3: updating the partidl-curves ak from their values at-Axc, considering that the

travel time is the same for all destinations (sgeré 2):

Ne, (%) =N, (x-Ax, t= T(}) D)D{ X ;C}

: | jl N C(x—AxC )
: | | NC(X’t)
/ Nc, j(x—AxC )
|

J/

T

N (veh)

|
|
|
A |

|
|
|
=2 At t-At

|
|

|

1 t(s)
Fig.2. Computation of thetravel time

2.3.2. Multi-destination diverge model

When partial flows reach the end ofCatype link they should be shared amongst the
departure and intermediate links in order to feethlthe single-destination and multi-

destination modules. This is the aim of the divengadel. Theoretical background was



introduced by Newell (1993b) but we attempt, hece,provide a comprehensive and
efficient algorithm. We notesD[l, d] the partial flow which should exit at linb as

depicted in figure 3.

c N jOLdNs

—T>
Xl,C XO,I

NS X Xoﬁ\

D

Fig.3. Notationsfor the diverge model

Step 1. specifying the partial streamjsD[l,d] \{ s} which have to drive towards the
intermediate link. The partial strearashould exit at linkD.
Step 2: calculating ND(><O’D,t) and N, (><O’|,t) without accounting for the FIFO

condition. The demand term fddc in equation (2) is divided according to the two
possible destinationd r D). Equation (2) is then applied two times with a&dfc

supply term for each movement:

ND(xOYD,t):min{ Neo(Xe=B%, A1 ND( % o+ D X%, t_AXDjJrA )ISKD:|

Wp

N (%, ,t)=min{ 5

AX
N (%e —A%, t=A1); N{ %, +A X, t——'j+A X }
jd1d]{s W,

|
Step 3: computing the expected travel time of exiting icks at timet, T, (t), for
which the demand curve ibl. (X . —AX.:) and the target value il (X, ,,t) (see

section 2.3.1).




Step 4: computing the expected travel time of all throwgthicles,T, (t) for which the

demand curve is z Nc (% c —AX:,:) and the target value i, (x;, , ) (see section
jd1d]\g

2.3.1).
Step 5: computing the effective travel timEt) of vehicles crossing the diverge. As

each partial stream should have the same travel tim
T =maxT, t);T (t)]

Step 6: the movement having the shortest computed trawed at steps 3 or 4 should
experience the same travel time as the other mavetodulfill the FIFO condition. To

simplify the algorithm, we choose to update b&f andN,. The updating process is

similar to section 2.3.1:

Np (XO,D't) = N(ﬁ( Xc—AX, t= T( D)

N, (Xo,| ’t):jm[l‘zd]‘,\{s} N, (ch A%, =T D)

Step 7: updating the partid-curves of linkC for streams towards linkfollowing the

same process as in step 6:
Ne s (% t)= Nej(%e 2%, = T(0) DA[L Y }
Step 8: updating the other parti&l-curves of linksC andl by remarking thatx, ,, X, ,

and x, . represent the same geometrical position:

Ny ()= N () DIo[Ld { $

Step 9: updating the total-curve of linkC as the sum of the partidicurves:

10



2.4. Merge model

Substantially, the only missing values to implemtet algorithm are the entering flow,
ga, and the circulating flowg,, given by the merge model from the demand leygknd/,

just upstream the conflict point (see figure 4adotations). Then, according to equation
(1), N, (%,.1), Ny(%1) and Ne(%,c.t) can be directly updated. The merge model is

based on two flow allocation schemes providing dioginstream cell of the circulatory
link, C, is congested or not. These schemes are summarnzédure 4b and 4c and

detailed below.

g, (veh/s) a, (vehls)
Aq O | == capacity line during green
zone 4 | — capacity line during red

l/tf steady-state capacity over a signal cyc

|
|
/ I
SYVEN Uy — — = oNC — — — — !
Y- — — — =
A ¢ |
zone 3 _ —
(priority to A) - l i l
A T |

q (veh/s) q, (veh/s)

qI Y w(; qm qI

(shared priority)

a: notations b: in congested regime c: in free-flow regime

Fig.4. Principles of thetwo flow allocation schemes
2.4.1. Model in congested regime on the circulatory roagwa

If a congestion appears on the circulatory roadwatgjcles on the upstream lihkends
to be bunched and drivers on the approachAewill not respect the give-way rule
anymore. Instead, it could be assumed that queabitles from linksA and| enter the
merge in some nearly fixecongested priority ratiopnotedy, independent of the merge
outflow as observed by Cassidy and Ahn (2005) eevitlay on-ramps. Moreover, the lost

times due to the give-way rule at the entry becaragligible compared to the delays

11



induced by congestion. Therefore, the allocatiotheftotal restricted supply of the merge,

oc, can be done with the Daganzo’s merge model (1888¢h simulates accurate delay

estimates when the initial demad, , 1,) lies above the capacity curve. In this model, we

assume that the maximum entering flow from lkls equal to the inverse of ti@low-up
time, t, which represents the time span between the depast one entering vehicle and
the departure of the next, under a condition oftiooilwus queuing on the approach leg.

Because of acceleration or visibility constraintsinlg the insertion proces$/t, can be
lower than theeirculating roadway capacityg,. The capacity curve, giving, in terms of
g,, is linear since vehicles on both roads are ebggeto optimize the allocation aifc . It

can be truncated by/t, if 1/t, <. as in figure 4b.

Flow allocation in congested regime
The main asset of the Daganzo’s model is to acclmurthe congested priority ratio

The line of slopey, coming from the origin, intercepts the capacityve at point

(G ,.0a,)- Then, four different allocation rules of thetiai demand(A4,,4,) are
specified to find(q,, g,) (see arrows in figure 4b):

- when(4,,4,)Ozone 1, both demand flows are satisfieq:, g, ) =(4,,4,),

- when (/1I ,)IA) Ozone 2,q, = A, and the remaining capacity is allocated to knk

- when (/1I ,)IA) Ozone 3,q, =4, and the remaining capacity is allocated to link

- when(A ,4,)0zone 4,0, =q , andq, =q,,.

12



2.4.2. Model in free-flow condition on the circulatory aay

The Daganzo’s model is not able to reproduce theyddriggered by the give-way rule

when the initial demand poi(vn,,)lA) lies below the capacity curve. As these delays

prevail in uncongested regime, this can be a seriimitation to assess, for instance, the
impacts of re-routing policies or of signal coomtion schemes in the vicinities of the
roundabout. This has motivated the development néw merge model which is fully

described in Chevallier and Leclercq (2007). Wd wist summarize its key components

below.

The basic principle of the merge model in uncoregkstonditions is to express the
average effects of the stochastic interactions éetwcirculating and entering vehicles in
terms of a deterministic fictive traffic light ome approach leg. To this end, the signal
timing calculation is derived from classical asstions about the gap-acceptance process:

a deterministic insertion rule with a critical gggonstant over time and common
to all vehicles,

a given density probability distribution of the ®Bmintervals between two
consecutive vehicles on the circulating roadwaytnepsn of the conflict point
(termed headwayjy,.

Green and red period$&(and R) are calculated to represent the average length an
frequency of available and busy time periods fasention (usually termed gaps and

blocks).

The second key feature of this merge model is toaat for the potential influence of
entering vehicles over the circulating traffic bigtthguishing two priority modes in the

flow allocation process. The first one is ti@solute priority modén which manoeuvres of

13



entering vehicles do not affect drivers on the dabout. The other mode is thmited
priority mode initially introduced by Troutbeck and Kako (1998) which the circulating
vehicles were sometimes forced to slow-down to exnodate gap-forcing entering

vehicles. Thusfy is slightly modified when computing andR.

In Chevallier and Leclercq (2007) the results aesented for both priority modes and a
shifted exponential distribution of the headwaythvocation parametey,. This parameter
represents theninimum headwayndis assumed to perfectly match the inversegqf
Resulting green and red periods are depicted imrdigs for t=4.5s andt,=2s.

Reassuringly, whichever the priority mod2andR only depends on theeverage impeding
flow upstream the merge note_p. Note that, for a merge, the impeding traffic esponds

to the traffic on the major road whereas, at a dalpout entry, it could encompass both the
circulating traffic and a part of the exiting flofidagring, 2001) (Mereszczak et al., 2006).
It is worth keeping in mind that the fictive trafflight has no physical existence. It is just
introduced to mimic the average effects of stogbasghicle interactions at a roundabout
entry. We will see in the validation part of thigger that it allows for simulating non-zero
delays when the entry demand is lower than the imgrcapacity, which is consistent with

observations.

14



time (s)

80 G
60
40

20

0 7, (veh/s)

Fig. 5. Green and red periodsfor a shifted exponential distribution of the headways
with location parameter t,=2s and t.=4.5s

Flow allocation in free-flow regime

Contrary to the merge model in congestion, the fidlocation process varies with the
signal colour (see arrows in figure 4c):

(i) during green periods the flowg andq, are calculated according to the Daganzo’s
principle. Instead of introduced in the congested regime we udeee-flow priority

ratio, u. The couple ¢, ,,d,,) is defined similarly to ¢, ,,q,,) in the Daganzo’s

model but with a capacity line calibrated for roahduts:

R S
qA___th_

f f

~—

In the absolute priority modg is assumed equal tg-ty,; in the limited priority mode it
linearly decreases up to

Note that the switch between the absolute priaitg the limited priority modes occurs
when g, exceedsq, ,. Thus,u should be calibrate accordingly and may be noaktu
Y-

(i) during red periodg, =0 and the total outflow is allocated to lihk

15



It should be noted that when flows are aggregates @ fictive cycle length the
obtained capacity curve (referred as siteady-state capacity cuives perfectly relevant
with classical capacity formulae. This can be cleelak figure 6 which compares it with:

a classical analytical formula (see Wu , 2001 fog\aew):

o (et
_g¢e "
qA - q
1_ e 1-qt,

the Aasidra standard (Akcelik and Besley, 2004)

1 - _ql (tc_tm)
0= o (1-t,0,+0.5t,4q,) "
f

where the O-D factofg, and the proportion of unbunched vehicles on the

circulatory roadwayyp, are set equal to 1.

d, (vehl/s)
Y —— simulated steady-state curv
analytical
04 — - Aasidra
0.3
0.2
0.1

\ q, (veh/s)
0 q, |

0 01 02 03 04

Fig. 6. Comparison of the steady-state capacity curve with standards
The performance of the merging model compared taydand queue-length HCM

standards can be found in Chevallier and Lecle26§7).

2.4.3. Time-scale and update of the signal-timing caldalat

An important requirement for the merge model isb® consistent with demand

fluctuations on the circulatory roadway. This cetency is related to two issues in the

signal timing calculation (i) at which aggregatiscale should be computeﬂ to derive

16



the signal timing (referred to as treference periogdand (ii) how can be updated the green

and red periods at each time-step.

a. Reference period

Extensive simulation studies were conducted to timel most appropriate reference
period. It should be sufficiently long to smoothiadku demand fluctuations on the
circulatory roadway which are not representative avkrage traffic flow conditions.
Conversely, it should be relatively short to ensameoptimum responsiveness of the merge
model to non-trivial demand variations. After baleng these two conditions on different

tested scenarios, we opted for a fixed referencegef 90s.

b. Signal timing update scheme

The signal timing update scheme also plays a roléneé responsiveness of the merge
model. Imagine thatTI approachesy,, at the current time-step. The predicted red period

then approaches infinity. If at the next time-stBpsas not updated, the traffic signal color
would remain red whatever the traffic demand flaaviations are. To avoid this issue, we
chose a signal timing update plan in which greesh ral periods are re-calculated at each
time-step without any memory of what happened leefdhis seems to be relevant with the
consistency and independency assumptions regaitaindrivers’ insertion choice process.
Moreover, only two variables should be stored: slgmal color of the traffic light at the
previous time-step and the period for which thiboces set. Suppose that at tirhat the
signal colour was red for a periadA timet, the signal colour switches to green only if:

R(t) -7 <At.
Some errors can appear Whan varies sincés andR may be truncated by the update

scheme. Yet, these errors are bounded and usuakdeven over a simulation period.

17



Note that the model can handle other signal timipglate schemes keeping track of

previousG andR values in order to limit the truncating errors.

2.4.4. Algorithm implementation

The previous comments on both the theoretical brackgl and the practical
implementation of the merge model are summarizéombanto a detailed algorithm. The
merge model has finally five easy-to-calibrate pagters:

the probability density functiorfy, of the headways in the circulating flow,
the minimum headwayy,

the follow-up timef,

the free-flow priority ratiog,

the congested priority ratig,

The outputs of the model are the total and pakialrves at the entry of link& andl
which feed the multi-destination and the singletidesion models. They are computed

according to the following steps.

Step 1. computing the average impeding flcﬂy as the mean of flowg, (and possibly
a part of exiting flows)p ) over the last 90s-period

Step 2: determining the prevailing priority mode by conipg q_I andq, ,

Step 3: calculating new values of green and red at tin&t) andR(t), from q_I

Step 4: updating the signal timing according to the withmemory scheme exposed in
section 2.4.3.

Step 5: computing the entry demand flow, (t) and the circulating demand flow (t)

at the conflict point according to the outputs bé tsingle-destination and multiple-

destination link modules at previous time-steps. d&fined by Daganzo (1995) or

18



Lebacque (1996)A, (t) (LO{I, A) is the minimum between the maximum flow and

the flow crossing boundary, , at timet.

N t) =N  t=At
From equation (1), this flow is equal to- (Xl’L ) AtL( A ) .

Moreover, in free-flow conditiondN, (XLL,t) =N, ( X, —AX, t—Aﬂ from equation (2)

SO:

A= min{N' [ —x,t2009- N (4, a9 ;qm}

At

IROE min! N, (=%, t_itt)_ N0 008 :qm}

Step 6: computing the flowsy, and g, according to the flow allocation scheme in free-
flow regime (see section 2.4.2).

Step 7: computing the downstream supplsg. (t) This is the minimum between the

maximum flow and the flow crossing boundary,. at timet.

N ,t)= N , 1At
From equation (1), this flow is equal to ()%’C ) AtC( b ) .

Moreover, in congested conditiors. (xoc,t) = NC( % ctAX, t—A—XCJ+A XK - from
’ ' W,

C
equation (2)
so:

A
Nc(xo,c +AX, t_v\):cj"'A)ﬂ:Kc_ Nc( %, c t_Ag

C

At

@ (t) = min O

Step 8: checking the traffic state on the circulatorydway
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If g +0,>«., q andq, are re-calculated according to the flow allocascheme in
congested regime (see section 2.4.1).
Step 9: updating theN-curves of linkd, A andC using equation (1):

N (%)= N (%, =80+ qAt

NA(Xl,A' t) = NA( X A t_At)"' CIL\At

Ne (%c 1) = Ne( %co t=A1+( g+ q)A T
Step 10: updating the partidil-curves of linkC

The conservation law is applied at boundagy = x| = X,

’\lc,j(xo,c't)= Nc,j(%,c’t_At)"’Xu(t) QA t+ N,J( X )_ NJ( b t'A) 0 p[Ld

additional number additional number
of vehicles fromA of vehicles from

3. MODEL VALIDATION

In this section, the roundabout model is appliedoiofield situations. In order to
validate the overall algorithm, data were colleadeda single-lane roundabout in Toulouse
urban area (France) (see figure 7a). It will bewshthat the model is consistent with the
O-D patterns of entry flows. However, the entry airdulating flows are often too low for
a complete assessment of the delays predicted doyntrge model. Hence, the merge
model validation was completed thanks to data ctabk at one conflict zone of a large
roundabout in the Lyon surrounding area (Franaejt to a diamond exchange zone with a
freeway (see figure 7b). The selected approachdepdrture legs are one-lane width. The
roundabout has normally two circulating lanes ek@dpthe studied conflict zone where
there is only one because of the presence of ragdnpent in front of the splitter island.
Therefore, the experimental site meets the geooaétrequirements to apply the merge

model.
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= Vehicle counts

a: on a whole roundabout for the overall model validation b: at a single entry for the merge model validation

Fig.7. Data collection process

3.1. Overall model validation
3.1.1. Data collection

The overall algorithm validation consists in compgrthe simulated circulating and
exiting flows to observations in order to check tekevance of the roundabout model. Data
were collected at the single-lane roundabout #aistl in figure 7a during a two-hour
period in the morning (8:00am to 10:00am) and altwor period in the afternoon (4:30pm
to 6:30pm). A video camera was placed to record valhicle movements on the
roundabout. An image processing software (calledT@SCOPE) was used to extract
passing times and vehicle identities (ID) at ninffetent locations on the circulatory
roadway (notedC; to Cg) and at about 4m before each entky (o A;) and after each exit
(D1 to Dy). For the approach leg 1 two additional positisrese analysed at respectively

30m and 60m from the yield-linédo, Aso, Ss0, S0)-

3.1.2. Parameters values and inputs

Model parameters were fit to physical values obsgiat the studied site:

a shifted exponential distribution of the headwaithh minimum headway,=2s,
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an impeding flow corresponding to the circulatirigwf without including a
proportion of the exiting flow,

t=3s,

1=0.33 (see Chevallier and Leclercq, 2007),

y is not used since there is no congestion in tloelleitory roadway,

Ka= kp= k1= kc=0.21veh/m,

Ua=Up=12.4m/s andi=uc=5.3m/s,

WaA=Wp=wW,=Wc=4.17 m/s.

Inputs were calculated as follows

3.1.3.

Ai(t) are aggregated flows over 90s-intervals calcdldtem vehicle counts at

Aso, Az, Az andAy,

Q,(t) :tiDj O[1,d] (no congestion in the vicinity of the roundabout),

xii(t) are aggregated coefficients over 90s-intervdisutated from vehicle ID and

vehicle counts at each entrgnd exit].

Simulation results

In the multi-destination model, all vehicles drigseound the central island only once.

Hence, the model does not account for extra tutmsnwdrivers hesitate in choosing their

exit. In the remaining, all observed extra moveraewgre released from the vehicle counts

database (about 1% of total counts). SimulatedadservedN-curves during the morning

period are shown in figure 8 for nine differentdtions. Curves are depicted in an oblique

coordinate system to magnify their vertical displaents expressed in vehicles (see

Munoz and Daganzo, 2002).
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Fig.8. Consistency of the overall model with O-D patterns at different locations
The discrepancy between curves never exceeds BleghD.2% of the total entering

vehicles). Note that similar conclusions can bewdréor the evening period. These results
show evidence of the good general behaviour ofdnedabout model and particularly its

relevance with the O-D patterns of entry flows.
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3.2. Merge model validation
3.2.1. Data collection

To complete the model validation, it is worth stundyin more details the merge model
which plays a crucial role in the overall algorithfhhe flow allocation scheme in
uncongested regime is the main contribution ofrtieege model. Hence, we will study the
relevance of simulated entering flows with empiridata when the circulatory roadway is
uncongested. Data were collected at the conflictezlustrated in figure 7b during a
30mn-period. People with pocket laptop computersewia charge to record vehicle
number plates and passing times 1200m upstreanyi¢tekline (positionA) and at the
entry (positionB). Again, the combination of video tapes with thd TFOSCOPE software
was used to extract circulating and exit vehiclents at location® (right lane),L (left

lane) and (departure).

3.2.2. Computation oi?I for the traffic signal timing
Although the conflict zone has only one circulatlage as explained above, in practice,

a non-zero, yet moderated flow is observe® étepresenting 17% of the total circulating
flow). The issue of how computing the mean impediow q_I used in the signal timing

calculation should therefore be raised.

As expressed in Hagring (2000), circulating velsade both lanes should be considered
as impeding traffic, the strength of the impedimaging expressed by different sizes of the
critical gap according to the target lane. Theicaitgap is generally larger for the right
lane (between 4.3 and 4.6s) than for the left [etween 4s and 4.4s). For simplification,
we neglect this aspect by taking the same critgzgd of 4.45s for both lanes. From
Hagring’s work (1998) we can derive the global clative headway distribution for a

two-lane road when headways on both lanes follehitied exponential distribution with a
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commont, and mean flows (right lane) andy_ (left lane). With the observed unbalanced
flows atR andL, this distribution is very close to a shifted empotial distribution with
parameters$, and mean flowgr+ q.. Hence, the circulatory roadway can be modeled as
one-lane link in which the flow iggt+ qL.

Moreover, several studies (Hagring, 2001) (Mereskaz al., 2006) have demonstrated
the need to compute the impeding flow as the suthetirculating flow and a proportion
of the exiting flow. For two-way-stop-controlledt@nsections Kyte et al. (1996) concluded

that the capacity prediction improved by includiagleast 50% of exiting vehicles. We

chose a proportion of 60% in our study to finakb;rmuteq_lz

g =mear g+ g+0.6 g]

90s

3.2.3. Parameters values and inputs

The parameters values were calibrated as follows:
a shifted exponential distribution for the headwesth location parametdy=2s
and impeding flowgr+ q.+0.6 Op,
t=2.45s,
1©=0.33,
y is not used since there is no congestion in tleellating roadway,
ka= kp=0.18veh/m and,= xc=0.36veh/m,
Ua=Up=18.8m/s andi=uc=10m/s,

Wa=Wp=3.26m/s andav,=wc=3.84m/s.

The approach leg was directly fed by vehicle coants The downstream supply of the

departure and circulating links was fixed tt,Xho congestion).
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3.2.4. Simulation results

In figure 9a we compare the simulafsdeturve with the observeld-curve at positiorB
in an oblique coordinate system. One can noticettleasimulated entering flow correctly
fits the experimental data. The maximum discrepanetween theN-curves is about 5
vehicles (over 258 observed).

Observed and simulated average delays on the R3@ni of the approach leg are
depicted in figure 9b for an aggregation periodwin. Simulated delays accurately follow
the time evolution of observations. Notice thattlas average queue length over a gap-
block cycle is obtained from the product of therage delay and the arriving flow rate, the
model also gives accurate average queue lengtimass. During the first 15 minutes of
the measurement period, flows are relatively highe simulated average delay is closed to
the observed one (17.9s against 17.2s, i.e. a \@¥estimation). For the remaining 15mn
period, traffic intensity decreases on both apgnoaad circulating roads. The simulated
average delay drops to 9.1s against 10.8s thab isay a 16% underestimation. This
underestimation of delays can be explained by dlbethat the model calculates the fictive
signal timing independently of the arrivals on #pproach leg. However, worse-off traffic
situations in which approaching and circulatingt@das arrive simultaneously can occur
(Chevallier and Leclercq, 2006). This phenomenomas necessary reproduced in the
model if the traffic light is green when the approiag flow is high. It is all the more
sensitive as the traffic intensity is low. Moreoviee impacts of the continuous assumption
in traffic flow modelling could be pointed out. bead of delaying an entire number of
vehicles, the red colour signal may only affecba-mteger part of them, thus reducing the
delays. Anyway, it should be highlighted that aylsli underestimation of delays when
traffic intensity is low does not really matter @gnpractitioners worry about roundabout

performances under higher traffic flows. For thraqgtical need, our model seems very
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efficient compared to classical macroscopic mergeets which do not predict any delay

when the entry demand is lower than the mergingciap

N — 4.t (veh)
30 observed 40

— simulated
J"\ simulate 35t — simulated delay

") /J\\ |
o

10

observed delay

' ' ' £(s) 0 ' ' ' ‘1 (s)
0 500 1000 1500 0 500 1000 1500 2000

a: Inserting flow b: Average delay of entering vehicles

Fig.9. Merge model validation

4. CONCLUSION

To fill the shortage of parsimonious simulationlgg@ dynamic macroscopic model for
single-lane roundabouts was proposed. New speaiigorithms were developed to
overcome the main limitations of classical comborabof aggregated merge, diverge and
link models. Particularly, the model is able (i) dapture the effects of O-D patterns of
entry flows thanks to a multi-destination formutatiand (ii) to simulate the delays and
queues triggered by the give way rule at the enthanks to a fictive traffic light. It was
shown that the simulated results for entry, cirtntaand exit flows were consistent with
empirical data collected at two different roundaiscand at different day-time periods. As
a result, the roundabout model can be fully integtanto a traffic flow simulation package

to assess the local impacts of transport or enmigrial policies.

Further research should be conducted to checketingtivity of the merge parameters to

geometric layout, especially the priority ratiosdathe amount of exiting vehicles in the
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impeding traffic. Additional experimental data skbbe collected to complete the model
validation in terms of average delays but also amms of other traffic performance
variables like the geometric delay, the back ofdgheue location or some percentile of the
gueue length distribution. It could also be wortkteading this model to multi-lane
roundabouts. For this, two criteria should be aoted for: (i) modelling the insertion
process in a lane-by-lane framework as in the aR8Iodel thanks to one fictive traffic
signal per lane and (ii) accounting for lane chagdlLaval and Daganzo, 2006) and for the

effects of unequal lane utilisation.
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