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Service Rates of Mixed Traffic on the $w @ d I,s
A 5 JFar Left Lane of an Approach . @e 2-

$b %O I

wtLU AM fl Mc5HANE AND f DWARD 8. Lif BIRMAN j.2)

The eNect ellefi tweene vehicios on 6ppeeerh eapaciev as teen eteereed end the lanes. This interdependence of servPe rates andn

stud.ed. tst e somssete snodet hes twee lectorg As part of tho development tne 14tetal distribution of vehicles on an aFproach
et the iR AF L0 eimuistion nwied tee the Federal H sheev Adrma.siestion. she greates a feedbaca that can t;e adaressed try the
capac=ty of a penannd entermtion woeoech ni madetet The meei co'"' folicwang iteeative conputations.
pden sempenent of anis sacuity mads 4. that for leit turn lanes,6s e neuned.
Three bee.s types et entmais see the se%cle d che,ge proce .,. . dent, vied, . Assuming that all vehicles in the outermost
and the probatieten of each see teund. Espem no ter e.pected veh.cs. d.s- lanes turn, the service rates of these lanes can t>e
eherse per evele and ter serwetion fiem estei per houv ef green e.o reported. C C*pu t ed from appropelate models to t.eg i n the
ponenatde resulti bese twen etite. net

Frocedute.2. Based on these service tates, the principle of
delvers optteising their individual travel tLee is

The problem of a lettaturn lane that serves both applied in order to coepute the tep1ted percentageturning and through vehicles has teen addressed in f turns in each 1sne that serves staed (i.e..
vertous ways, as has the problem of lanes that serve througn and turning) traffic.,

I tctners only (1-l). The 196) Nighway capacity Manual 3. !! the lane percentages differ from the
| (1) provides some empiric assessment of left-turn assumed values, the initial computation is repeated

capacity without special phasing other treatments but the latest lane percentage is used.
j include equivalencies for left turners facing

opfosing traffic (ll. But none of the entsting g g
tasatments provides the level of internation and discussed and justified in a paper ty Liebersan
d tall necessary for inclusion in the TRAftD model elsewhere in this Record. It has been shown thati

estrently t,stng develol# for the Federal Hig hway convergence as obtained ano that few iterations are
. Administration (FNWA). *
{ The TRAfta sodel tr.cludes a determination of is restatcted to the snodet of the laneT apet

s; vice rates on app.coches to a signalised intera that contains through and left*tutning ventcles. as
section. (It also includes approp Late treatments of sequtted an the statement ' computed from approptsato

Junsignalited i nt e r sect tr>ns . but these are not sm els' in step 1 atove. The c o*Ple a t ty of the
treated in this presentation.) The discharge service ]'

i

r:tes of vehicles on the individual lanes are tne tormulation m atned is teth comatete and !

etsongly 1&nted to the mechanism by which the ' ' 'C ' ' N ' ' I" I' ''''''"'*T "N ' M 'd I* O' !

original purpose--inclusion in the TMILO mcdel**and |through vehtcles distribute themselves among the
1&nes in a self-optsatsing f ashion. Cosrputationally. genegalcould potentially te a conwnent in .
the setytco rates et the mised testlic lanes (i.e.. procedure f or estimating intersectim caracty.
those that contain tusning and through vehicles) are

|
,

' f unctions of the percentage of turning venscles in

fM MI10214 97jjo3
-
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N**' l N AgArt.tygy.1Aht MOCEL

CTJe s - ('
The far left lane at an intersection generally in9 7 I

Wcontains aimed traffic, of which a fraction n
Ttrens left and a tsaction (1 . ) goes through. I' kThe activity during a particular green phase is J

handled by three out'models
#?

1. An A model, which hanoles the discharge of the I

subject lane while an opposing queue is discharging ?
Icr a coherent oncoming platoon is dischargingt [. ,

2. A b model. which handles the discharge of L Qi

v:htClos on the subject lane during unstructured [ f
'

U ,

'
CpWeing arrivals, usually atter the A modelt and '

3. A C mujele which hand le s the discharge from N | !,

the subject lane by a numoet of left-turn taggers at N f
"

the eut of the green phase and a * jumper * at the ,

LMinning of the phase. |
R C

'

tach vehicle in the subject lane is assigned a g
probability h of being a left turner, except as

,,,,,[ [_._ E _ciplicitly noted. Caps in the opWsing flow are
a:sumed to be esponenttal dering the a model. This G///////gf/ gjh [_, f

Crgen-A / Trajectory Ics veption is reasonable and has two important N

fog,,ggon7 *Y'
\adv:ntagess (a) If each gap in each opposing Lane is

/(hpposing Approach
og w

N \ciponen t i a l . It can be shown by order statistics Queued veMcle on j
that the resu'. tant gaps are also esponential and (b) g\ /
in the 8 model, truncated gaps and conditioned gaps V
picy an important role. Note that the distribution
cf the conditioned gaps of an esponentially

'
dnststbuted sequence of gaps is also exponential.

for the purgses of the work presented in this How many vehicles can be discharged from the
papete we assume that discharges from both the subject lano during the A duration? Only leading

g

sc)ect Lane and the oppostng queue (if any) are through venicles ;an discharge, since the !!*st left ;

det:rministic at specified rates. An endless supply turner must wait until the opposing queue is
Of vehicles is assumed in the subject lane, for it discharged. The mastmum number of through vehicles

is the capacity value that is of interest in this that can discharge (M') is

|work. Clearly, if the necessary d ema nd is lacting, a

the actual output can te less than the levels that M' a l Adel (2) '

r esult f rom the coeputations.

It must t,e r ecW ni t ed that the model presented where t is the mean discharge headway for a .o
h:te was developed to be both IWical and coeplete through vehicle in the lane of interest (s/ vehicle).
cnd to yield known sensitivities that are not Consider the situation of K t h v oug h vehicles
trpresented in previous formulations and at the same preceding the first turner. The probability of there
time to senatn tractable and coeputationally t.e i ng a through vehicles preceding the first left i

f:ssible. Some refinements are poestble but were turner is

judged unnecessary for the precision with thsch the
model would be used. For instance, duration for the ll 1b, t<M'pp , ,) , gy
A model is actually a random variable, but a sirple I I - 1)" s * M'
d terministic coeputation is done to estimate its
Curation. Ltheetse, a weighted average headway is and the exFected value of x is 'l

ussi in the B so$el to sirplify the f ormulation and i
,

th0 coeputations. S g * E|X| = Y a P.(Xen) (4)w
.e

A Mcdel or

hr simplicity, completely randca (i.e., exponen-
NA * I(l ' A b il - I(I ' 1)"** %) (5)tic 11y distributed) opposing ar rivals are assumed in

the A model. As rigure 1 shows, a queue forms on the
ID' ***ll %* th' 88Y'Pt0'IC f088 NA *

opWalng approach. The queue discharges durin1 the M'll - (M' + 1)n/2) is used to avoid numeric prob.
SA period'. effectively tsloc k ing any discharge of less with the division by a as it approaches sero.
1:ft turners on the subject approach during this It is necessary to compute the g ap-dist r ibut ion
time. parameter e for the 8 eM e l . This value is t,a s ed

The A duratico is given ty on the total ci palng flow minus that portion that
is discharged during the A duration.

A * 0,,,( R e 1)/t 5 0.,,) il) Let he equal the number of vehicles discharged
f rom the cppcsing approach during the B duration en

te,,,
one cycle

(vehicles /h), Ns * (Q.,,G JtW) { l . (t R e AL Cl | * Q,,,B Wu (6)Q,h*totalenosingflow
e

r ed-phase dur ation (s),
L * trial Jtart-up lo1t ttse for dischstging where C is the cycle length in seconds. The rate of

queue (s), and flow during the a duration is therefore
8 * total opW eing saturation finv

(vehtsaes/h). N o 8 ' Q,,,, .W (7)
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a rtd , ce sequently, e = Qopp/3600 vehicles /s. Feewee 2. Tore types of caps m the statt of the 8 mteriel d
. * . r

*f-*''* ..,,kD Mel f ttig ,e y ,

Th; a model. which is relatively coeples, is b
pt:sented an two parts: the ' start' operation and
the 'notaal* oposation. *p,

e :>
St:st operation 1

: t

'l lAt the besinning of the 5 interval, there is a,

probability P, that the first vehicle is a left ''8 08"'i>**'** 'I ':8''

''''h *'' ''* ***'Itrener (this is the *1 eft turner first* ( LTr) i

situation): g.fi
g , , , g

,

i.u..i

fa* [ ( 3 - A N' * 1 * I l - AU'''' jt*1 4

set

This left turnet must wait through N gaps in the
opposing flow that are too small, followed by a gap i )

that is at least the minimum site. The probability I

that a gap is too small is t
,

|(b) Otstributton of capap1. g g ,,-erg g
at least %fficientiv
Large

there e is the parameter for the opposin9 flow gap
distributton (1/s) a nd T is the gap required by the
first left turner th a given gap (s). The espected
value of the waiting time through the succession of
such gaps is y ,,,,, y %g,,, ,g ,,h g ,, geg,,,'Ma ted sa a gae.j

E f3'l * h.e ..i r 'l lP,) * pi rie ll.ri) aloi
.

Lwh:re ut is the sean of the re3ected gap, as t

h/shown in Figure 2a p
. /

r/ < " ,,!

,

fi <

,

[il ttidt a lt el- T(t r 'r,) etteca s i s

e T TeH TeJH Te3H

! fg!*.*.'After this, there le a gap that is big enough. The L| fI'd f (f,.! f he
.

C:n of this acceptable gap. denoted as 'a l , is Through - o 1) g t.13 . . .
i

given by

raa lf e t tleil (12)

ehich refleets the plcrerties c. f the exponential F ,vre s. An theev,h eeh.cses eecharged dwnag a eap m the eppoe+g stream,
distribution (see Figare 2b).

This sare gap bay also service other vehicles. If ,gg,,,,-*t
th) following vehicle is another turner, it tames ss.4 ,4 ,,,, . gt,g g3
H a to discharge. If it is a through vehicle, ito , , , , , .e g ,
tttes t a to discharge. To make the snielingo s,

,

it;ctable, it is assumed that both take the same i
i

g
time M. a weighted averaget I, 24, Jt,

t . , t>e . . e e r . . , e >.,,ee. i . u , I
n.m e n . An one e

m

3"-***--** |The nuitter of vehicles that can be a cconocx$a t ed - - *

I13 this gap is shown in Figure 3. It can be shown .....

that the espected huseers of left-turn and through |
vehicles in this gap are as follows:

' **

|

1(LT) * [1. (I - AlWi - l') (14) '. a '6, as,
t . r s

<>> n, the eer av israin eentelee p e ee

f(TilPE) * (I 1)UJt i . lf) ilH
e, e= u ei.. ... in .ee ;

f(10T AL) * l t i - L9 (1866 * 41 38"
1

where U * e -a H . Note that these are the enrected (l*38 *
; g j

cuat+r of vehicles to t4 discharged in the time Da

i
Del Flen (lh L. . . .

e

0; fined t' y the LTF situation that begins the B 'e 8', h
e

l' tieval. (e) The probabilta, et a seeeervalve Drush eeticles

+
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IA special case artses when the B dwtation is less p r ot a bt i t t y ot the gap *passnnd* only through

2 tse the tabected number of vehicles fthan the acceptable gap it.o., D > D). vehicles and h
passed unven that all are through vehicles). It [Mal a is the prob. )Moreal Cteration should be noted that (1 -

ability strang of enactly M t hr oug h vehicles tol- |
After the time described above, other gaps occur. le.ed by cwtoft and s, the p r oba ta i l t t y that a gap {

Th;se can be referred to as normal 9ars (i.e., not will "see* only threw 1h vehicles, is equal to y

creclel, as the start situation was). Two distinct eMto. I
po: sib!!ities occur t (a) All vehicles processed are Tigere 4 sum ar6:es the seqwence for en artt-

through vehicles, or (b) only the tarst M vehicles trarily selected gap saae It the gap t ails between }
it can Fass M = 2 throwah vehicles [ces through vehncies. These two Ecs s a b t i t t n e s wall 2ty'and sto,

M considered here individwelly. tte p r otea bi l t t y that there are t.o corsecwtive )
'

in the first case, note that the rFtosing gap is t r.c odg h sehicles is (1 - aid. Saesang over all

'used' by through vehicles only Ln the sense that p ssib411tnes. P2 = the psobablitty og M conheca-

thiy occup't the same tiee and preckw1e its use b/ ttv, thrown vehicles t ime s the pr ot,ab n i n t y t%at the
others ti.e., left turners). L4 t p2 to the gap is smaller. Thus.

.

I
1

i
Fegvee 5 Summary et seinitwo m es;h phase et the model

e.

*a* iwTrevat tm runs trest nestentn, >
.

v

N vehicles tall N e flLtj + t(TNDU) vehteles
;

f
a #through) in a in first gare devoted to

s e ce,ws e clearant trie sitwatten ,

,

e Duratten t [w] * w,
.

O
I

j>+ put c.ars

e i th ,r ea,in t y ,, . ui. .a ee h.r,ene . r> ,e o ,ehitie.

enly are tastedi N of thea. Owratten (Mgt,) ,
g

Tt PM!$ AT1388
!e WLt> Pretarttity 1, a *tJFT TveMs Fle57 eitwattom with

F a c e J hs=pe t e and [ stattatace ateve
e!sia ,ere i. seeende

et ttee studied e wLth Fre,artttty (1=%-t p . a case wit % tre s e eses with
se native g ecrattin taes and cl.ar a.teristtee es follwei

' bith Pretiattitty Pg pass N3 through la eu seg.
g7 g ,

dus gere s ate a "LtFT TCPMR FIP5t* sit wat te n q. ps M
Mt t-n aw . _L . t { y

with Frotattitty (1.P l Fass N3 + c lLil * t |TWMN)2 et M *
gp,g g4

i e is seeenis

. i.,3 Y ,

<

.

F'evee s veh.sies et the ead of the a -_

IncAtt ! 2 3
.

1.
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StMKARY Of MODEL AND TIMS ALIDCATION f
*.

j Pee [ (t .1)"*(t . f*) * H . A). (VO .16 ]l .$0. b]} (Isl -

c..e Figese 5 summarises the activity in each of the key
intervals of the phase. However, this does netOne een similarly develop an espression for N *

2 provide en estimate of how many eveats happen in thefor the second possibility..that only the first M
phase, froe which the productivity can be computed.sgh131 e are throwgh vehicles-+these are three

Assume that there are n events in the B -isubcascos (al Me 0, (bl N*0 and tre first left
interval, not including the initial LTF situation.

h{
ternst cannot be passed, or (c) M 0 and tne Figure 7 shows the seqwence in which these eventsfirst left turner can be passed. In the interests of ,eggg,bravity, a dotatted development is not presenteo There are 11 e he * (1 * A =PSPpl l

I ber3.
LTF situations in a green phase, which leaves the jrigwee 5 shows a summary of these and othe8 feito.ing time tin seconds) for other situations: '

subessss. The celative frequency of the dif ferent
subcasts, ad how one begets the other, are- g.gp, ,x.,,g ,x.ppp,,g{tgw p ,,) en)Cuanartsee later in this paper. Clearly, if M * 0,
the first vehicle is a turner and ehe situation is There' are (1 - A)9 other~ situations from the |12cntical to all Lir situations, as in the case of

illustration ats.v e , each of which averages i ;the a model.
seconds. rson rigwte S, I can be computed as follows:

! C wxlel I' IPaMatel' H * h * PalPa lu @ #ale '
! * H . A. P:MI- P l|He/Al e a ]} /(P * (1. A. Palp fi s g sLet there de J 1ef t-turn "juspers' or *1aggers' per ,

jcy:13. One must find an espsession for J. , g ,3, pg , p 4 gg ,
*

iAt the end of the cycle, several configurations further steplification is possible, but not4! left turners may ' push' themselves through, as
n,cessary, given the anticipated numeric solution.shown in rigere 6. It is s>1ausible to assume that no Thus, the situations use (1 + 1)f n seconds.more than 2 lef t-turn leggers/ cycle will push across The following equality,the stop line. rios rigure s, it can be estimated -

,

thtt these ate ip * P4) eMFected leggets at the
H .1Mg * B. [Pa t W + 0 .h.Py P,9|lt|Dl+pg) CDi end of the cycle, where p is tee probability that

the vthicle og vehicles indicated in rigure 6 are .

leads to1 tit twinets.
Note that the prot,abatter p is not the typical q. In. itsw3. lPalitH . k)lh e ti .1.PairJ]1is)* nil) i:nprobability or a left ternet. 4 It depends on the

! fact that the configurations in rigere 6 are created Enowing n, one can obtain empressions for theey the a interval activity. The value of p is espected' number of through vehicles (THAU) and
Jdiscussed in the summary of so$el and time

cllocStion. g,gg.tvan vehicles (LErt) in a phases
Ithe 'No' in Figure 6 also gives insight into th*

THRU a Na o r,N t e ttillRUl(Pe + (t . Pg Ml e N gH . k. P ) (|4)i 3 3piopaillity of a lef t turnet leading the A intervals
Ipd . Based on o%aetvations made in hashington,

W T *A*1 RTMPa ' 6 *PaWI NNO.C., the probabi!&ty of that vehicio jusfing is '

ttsen as 1/3. Thus, a reasonable estimate of the Civen these, s&sple multiplication. by 0600/ greennumber of jumpers and leggers per cycle is time) will yield the components of the saturation J
8 flow for the lane, in vehicles per hour of green.' f o r(1 + 1 *ik th! 09 Figure 5 and the separation of cases illustrated

,

'
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Fetwee 8. AppesecA capeety and laae detotxeben M e 2$00 - These Lanea tIach Daaeetien) i
funsteen of possentage of lef t tumest end opposeng flee. c.sp, c.40
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I
for the n events can also be used as the basis for we, the authors, are solely sesponsible for the
estimating the p of the previous sections accuracy of tte model reporeed.

The right-tu.n oudel cited in the test was
p * P, e hi * ti k. PelP n Pa * 9 1.'Ni createo by Charles fie r g e t cf S-erry Systers %F

Management. who also participated in the TRAFW
USE AND LFFE71VLhE55 0F THE MODEL rodel work. Galdo Padelat is the Flin A Froject

|,
manager.

The detailed model f ormalated here is well suited to
a computational model sach a s T FA F LO. It en M ses the REF nL C S
basic eierents of left-lane use, identifies t .s e

probability of each case, a nd is entremely useful in 1. D. ns. f asoro, C. J. Messer, and D. A. Andersen.
considering sensitivities and interactions. Fo' Lattmation of U3rotected Lart-Turn Capacity at

signalised Intersections. TRB. Transportation ksaturation conditions i r, the far left l a r. e . our
ccsaputations have resulted in flow ratas that are mesearch becoro 444, 1977, pp. 113-119. (,

within 5 percent of values otsurved in a data t ase ;. 6. Fellin,hauer and c. s. Berry. Lifects of f
} collected by other researchers f or FWA. W Wsing Flow on Left-Turn keduction factors at t

f| Tigure a shows the effect of the subject model. A Two-rhase Signalised Intersections. UB . Trans-
j sis-Asne arterial is considered, with a cycle lenith portation eesearch Eecord 489, 1974 Fr. 13*18. L

of 80 e and a green phase of 40 a facJrg the 3. A. J. Mt11er. Wignaltaed Intersections Capacity
approach. The fairly raptd fall off of the a*ischarge Guide. Austratten koad Research board. Vermont
capacity with increasing tures replicates patterns South, Vtetoria. >ept. 79. A ril 1978. 26 pp. ,1F

observed in ac*ual data better than etternative 4. kngtway Capacity Manual. Hrdt , Special Aept. 47, ;

i models. The sensntivity to the copos i t e-di r ec t ion 1965.
f") flow is interesting. Of particular interest is the S. m. L. Carstens. Some Traffic Paraseters at

j fact that throeih ve hic le s quickly avoid the far signa 1& sed Intersections. Traffic ingineering,
Ileft lane as the opposing flow or the number of'

Aug, ggtg, pp, 33 3s.
turners increases.

| T'o r simplicity, F19wre e does not s hc=w the i

j interaction effect of right turners on t t.e far left i

l ar.e and vice versa. The conriete TPATW approach I'

'
; acm$e l doe s ha ve a r i g h t -t u r n ccapone n t sod e l .
|

'

] ACat4NL.EDALNT

! Th. ora reporied in ibis p.per was conductw er sto m a e w - ,c - n., e o n..nen ,o
Associates, Inc., under contract to FWA. Dwevere OeWif.3*s
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