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Gap-acceptance modelling
hy traffic signal analo$y

by RahmiAkgelik, Chief Research Scientist, Australian Road Research Board Ltd

INTRODUCTION
This paper presents new analytical models of
capacity and trafflc perfbrmance (delay,
queue length, proportion queued and queue
move-up rate) fbr approach lanes controlled
by road priority signs (stop and give-
way/yield).

The derivation of performance models and
the calibration of arrival headway distribu-
tions are described in more detail, and fbrmu-
lae for flxed-time (pre-timed) isolated
signals are given, in recent papers by Akgelik
and Chungl 2. Related work on actuated
signals is described in Akgeliks'4. This paper
discusses the new capacity model for
unsignalised intersections in some detail and
compares it with existing gap-acceptance
based capacity models.

The models for unsignalised intersections
were derived by treating bbck and unblock
periods in a priority (major) stream (as
defined in the traditional gap-acceptance
modelling) as red and green periods in a way
similar to the modell ing of signal-control led
traffic streams. This enables the modelling
of the arerage back-of-queue. proport ion
queued and queue move-up rate fbr the entry
(minor) stream in a manner consistent with
models fbr traffic signals. This also presents a
methodological advantage in that the same
conceptual framework is employed in
models for different types of intersection.

The models presented here represent a new
development to fill the gap in modelling
queue length, proportion queued and stop
rate (major stops and queue move-ups
separately) in the context of gap-acceptance
modelling. The traditional gap-acceptance
and queueing theory models do not give
sufficient infbrmation fbr intersection design
purposes since they predict average cycle-
based queue lengths rather than the back of
queue, and models for predicting stop rates
do not exist other than recent work by Trout-
beck5.

The capacity and performance models
presented in this paper were developed using
the bunched exponential model of arrival
headway distribution for all types ofintersec-
tionr. This model is more realistic than the
commonly-used simple exponential and
shifted exponential models. However, the
models are also applicable to simple negative
exponential and shifted negative exponential
distributions.

The calibration of performance models
was carried out using data generated by the
microscopic simulation program MODELC6'7.
The program was modified to incorporate the
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ARRIVAL HEADWAY DISTRIBUTIONS

The estimation of arrival headways is f unda- headways (up to about 12 seconds), which is
mental to the modelling of gap acceptance important for most urban traffic analysis
processes for estimating capacities of sign- applications.
controlled traffic streams, roundabout entry The cumulative distribution function F(l),
streams and fllter turns at signalised inter- for the bunched exponential distribution of
sections (e.g. Akgeliks,e. AkEelik and Trout- arrival headways, representing the probabil-
beckto, Jloutfsck5. t  t- to. i ty of a headway less than I seconds, is:

Reprinted from Traffic Engineering and Control, 35 (9), pp. 498-506, 7994.

New capacity and performance models are presented for unsignalised inter-
sections. The new models were developed by converting the block and unblock
periods in traditional gap-acceptance modell ing to effective red and green periods
by analogy to traffic signal operations. This enabled the modell ing of performance
statistics (delay, queue length, proportion queued and queue move-up rate) in a
manner consistent with models for signalised intersections. The models are based
on the bunched exponential model of arrival headway distributions for all traffic
streams, and are also applicable to simple negative exponential and shifted
negative exponential distributions. The new capacity model is compared with
various existing formulae based on gap-acceptance modell ing.

total traffic demand in all lanes of the circu-
lating stream or major stream is adopted with
diflerent values of minimum headway and
bunching parameters fbr single-lane and
multi-lane cases. When there are several
conflicting (higher priority) streams at sign-
control led and signal ised intersections, al l
conflicting streams are combined as one
stream and treated using appropriate multi-
lane stream parameters.

calibrated arrival headway distribution
modelt and generate data required fbr the
calibration of the new capacity and perfor-
mance models.

For capacity and performance modelling, a
lane-by-lane method is adopted generally,
and therefore the arrival headway distribu-
tion in a single lane of the approach road is
considered. However, in modelling capacity
of entry streams, the headway distribution of

This paper considers a class ofexponential
arrival headway distribution models known
as negative exponential (Ml), shifted
negative exponential (M2) and bunched
exponential (M3). The bunched exponential
distribution of arrival headways (M3) was
proposed by Cowantr and used extensively
by  Trou tbeck : .  r r - r6  fo r  es t imat ing  capac i ty
and performance of roundabouts and other
unsignalised intersections. A special case of
the model was previously used by Tannerr 8. re

fbr unsignalised intersection analysis. A
detailed discussion of the M3 model and the
results of its calibration using real-life data
for single-lane traffic Streams and simulation
data  fo r  mu l t i - lane  s t reams are  g iven in
Akqelik and Chungr. Also see a recent paper
by Sullivan and Troutbeck:r.

The negative and shifted negative ex-
ponential distributions are extensively
discussed and used in the literature as models
of random arcivals. On the other hand, the
bunched exponential distribution is rela-
tively new, and while more realistic, its use is
less common. In particular, the bunched
exponential distribution offers improved ac-
curacv in the prediction of small arrival

1 i  r  r '
F ( r ) =  l - , p e - / ' t t - L ) 1 o r t > L  . . . r  l t

=  0  f o r t < A .
where: A = intra-bunch (minimum) head

way (sec.),

e =proportion of free (unbunched)
vehicles. and

), = a model parameter calculated as:

"  a a
L  =  

; + d  
s u b j e c t  t o t i < 0  9 8 / A . . . 1  l u t

where q is the total arrival f'low (veh/sec.).
According to the model, the traffic stream

consists of:
(i) bunched vehicles with constant intra-
bunch headways equal to A (the propor-
tion ofbunched vehicles equals I - g); and
(ii) free vehicles with headways greater
than the intra-bunch (minimum) headway,
A (thus, the proportion of free vehicles, q,
represents the unbunched vehicles with
randomly di stributed headways).

The Ml and M2 models can be derived
as special cases of the M3 model through
simplifying assumptions about the
bunching characteristics of the arrival
stream:
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Ne gative exponential ( M I ) model:
A  =0  and g  =  I  ( there fbrc ) \=  q )  . . . (2a)

Sh(led ne gative exponentiol ( M2 ) model:
tp = I ( therefbrsTy= ql( l  L ql) . . .(2b' l

Thus. models Ml and M2 assume no bunch-
ing fbr all levels of arrival flows. On the other
hand. model M3 can be used either with a
known (measured) value of <p. or more
general ly, with a value of g estimated as
a function of the arrival f'low rate. Note that
the shif ted negative exponential model
(M2) is normally used fbr single-lane tratf ic
only.

The fbl lowing relat ionship was derived as
a general formula fbr estimating the propor-
tion of fiee vehicles in the traffic stream (q)
by general ising the bunching implied by the

11mple 
negative exponential model (Akgelik

-bLu
Q  = c

. . ( 3 )

where D is a bunching f 'actor. A is the intra-
bunch headway. and 4 is the arr ival f low rate
(veh/sec.).  The M3 rnodel with estimates of <p
obtained from Equation (3) wi l lbe ref 'erred to
as the M3A model.

An empir ical relat ionship of a similar fbrm
was previously used by Bri lonrl) based on
orevious work bv Jacobsrr:

major stream vehicles
(

-  h > o

entry s l ream vehic les

Fig l. Sig,nal operations utalog,1'.for gap-atceptcuu:a modeIIing.

maior
stream

entry
stream

headway, and (b) there cannot be any
departures during the last (a - B) seconds
( ) l  thc  ucceptub le  heudway.  Parameter  B
represents the tbllow-up (saturation) head-
way.

The equivalent green t ime,9,, includes the
first B seconds of the acceptable headway (or
unblock period). However, i t  is shorter than
the unbiock period by an amount called losr
time ( l,) which cannot be use d for any vehicle
departures. This is because the number of
vehicles (n,) that can depart during an
acceptable headway is assumed to be an inte-
ger: g/ - n, B. Therefbre , S;-- t , i+ F - Li= hi- (a
-b - 1,. The average value of the lost time is /
= 0.50 (this was confirmed by simulation
results).

Similarly, the equivalent red time ts re-
lated to the lth block period through r, = r'

B + 1,. The equivalent c r-cle time is the sum of
the red and green times, and is also equal to
the sum of block and unblock periods: c i = r i +
g i=  tb i+  tu i .

The average capacity per cycle is obtained
as sg = g/B where g is the average equivalent
green time and B is considered to be a satura-
tion headway (s = l/B in veh/sec., or .r =

36()0/B in veh/h). The entry stream capacity
based on the gap-acceptance process can then
be expressed as O* - sg/c as in the case of
si gnal ised intersections.

The estimates of the average values of
block and unblock periods (t,,, 1,,), the equiva-
lent red, green and cycle times (r, g, r:), and
the corresponding capacity can be calculated
using Equations (5) to (9). Al l  capacity and
perfbrmance calculations are carried out
for individual lanes of entry (minor) move-
ments, but traffic in all lanes of the major
(conflicting) movement is treated together as
one stream. When there are several conflict-
ing  t  h igher  p r io r i t y  )  s t reams a t  s ign-
controlled and signalised intersections, all
conflicting streams are combined as one
stream.

overf low

back of queue

UNSIGNALISED INTERSECTION ANALYSIS
BY SIGNAL OPERATIONS ANALOGY-b'q

Q  = e

where b' = 6
relat ionship has
Troutbeck22.

The following linear model of the propor-
t ion of f iee vehicles was used by TannerrE re:

I = l-Aq . ( 4 )

The M3 model with estimates of <p obtained
fiom Equation (4) will be ref'erred to as the
M3T model ( in this case. ),  = 4). More general
forms of the linear <p - 4 model can be consid-
ered fbr calibrating real-lif'e data. The
AUSTROADS roundabout guide uses a
l inear modell0 rr ' r3 r1 which has been general-
i sed  in  S IDRA 4 .07  as  e  =a  ( l  -Aq)  wherea
is a constant2a 25.

Both the M3A and M3T models assume
that the proportion of fiee vehicles decreases
(the proport ion of bunched vehicles in-
creases) with increasing arrival flow rate.
They predict zero bunching (q = 1.0) at very
large f lows. While the M3T model assumes
g = 0 at a = 1 lL, the M3A model yields non-
zero values of <p at high flows.

The parameters fbr the M3A model
calibrated for uni nterrupted f1ow conditi ons
and for roundabout circulating streamsr are
:ummar ised in  Tuh lc  I .

.  .  . (3a)

to 9. The same empir ical
been used by Sull ivan and

A method fbr treating the traditional gap-
acceptance modelling used for roundabouts
and sign-control led intersections by analogy
to trafflc signal operations was conceived by
Akgelik:4. The underlying assumptions are
shown in Fig I which depicts an entry
(minor) stream at an unsignalised intersec-
tion giving way to an uninterrupted major
(priority) stream.

The method presented here derives erTai u-
alent uverage red, green ancl ct'cLe times (r, g,
r:) for the gap-acceptance process consider-
ing average durations of hlot:k and unblock
periods (tt,, t,,) in major streams as used in

lll?.,:11*,'"""1 sap-acceptance modelling

Block periods correspond to continuous
periods ofno acceptable gap, i .e. consecutive
major stream headways less than the
mean critical gap (c). Unblock periods
correspond to headways equal to or greater
than the critical gap, hi> cr, where /2, is the ith
acceptable headway (gap) in the major
stream. In accordance with the deflnition
used in the traditional gap-acceptance
theory, the duration of the unblock period
ts t , , ,  = h,- o (where hi> a). This relat ion-
ship can be explained by assuming that
(a) the first minor stream vehicle departs

B seconds after the start of the acceptable

Table L Summary of parameter values for the bunched exponential arrival headway distribution model
M3A-

Number of
lanesr

Uninterrupted .
traffic streamsrr

b

Roundabouts
circulat ing streams

Dq

0.6
0.5
0.8

1
z

>2

1 . 5
0.5
0 .5

eo 9q

e-0.25q
eo 4q

1
2.5 e5 os
2.5 e2 5q

Same as the 2-lane case

.  F o r t h e M 3 T m o d e l ,  u s e  q =  1  - A q w i t h s a m e A v a l u e s a s m o d e l M 3 A
T Total number of lanes available to the traffic stream
tt Use for all traffic at sign-controlled and signalised Intersections; and for approach roads (entry

streams) only at roundabouts
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. l' r l

. nL(o L,,,\ I
l ' ,  =  - -

" Q,,, q,,, /'

,.).tcr-A,,,,( '  =  / , , +1 ,=  / ' * t  =  
* * "

g  =  t u + 3 - 1 = 1 + $ - 1' ) "

.,),(cx-A r '
t '  =  (  C = t , ,  B + l = '  " ' - '  - B + 1'  Q" q " '  t r  . . . t6c t

t  = o.-58 . . ( 1  )

u =,q lc=( \F- t )q, , ,  q , , , " - ) ' (a  A, , , ) . . .13"1

= ( | -L,,,q,,,+0 5p<p,,, q,,) e-L(cx-A,,,)

\. = q.,ls=pq,.

ss = g/B

Q = mux(Qc,Q^)

O = .t ,q _-l  6(X)rr _
cB

<-l*B-ll "-r(u-4"'l

= 
#, 

I -A,,,r/,,,+0. -s pe,,, t1,, 1 e-L(.u.- L,,,)

. . . ( 5 a )

. . .(sb)

. . ( 6 a )

(6b)

. . (8b)

. . (  l J c )

. . . (e)

. . (9a)

. (9b)

where
/r,,/,/ = average durations of the block and

unblock periods in the nrajor traffic
stream (sec.)

(.  = equivalent average cycle t ime cor-
responding to the block and unblock
periods in the major trafllc stream
(( =r+,9/ (sec.)

g,r = equivalent average green and red
times corresponding to the r.rnblock
and block periods in the major trafllc
stream (sec.)

1 = equivalent lost t ime that corresponds
to the unused portion of the unblock
period (sec.)

&,,r = equivalent green time ratio and f'low
ratio fbr the entry stream

.rg = equivalent capacity per cycle fbr the
entry stream, i .e. the maxrmum num-
ber of vehicles that can discharge
during the averagc unblock period
(vch), where s is in veh/sec.

.r = saturation f low (s=3 6(X)/B) (veh/h)
o,F = rnean cri t ical gap and tbl low-up

(saturation) headway for the entry
stream (sec.)

O = capacity ofthe entry stream (veh/h)

Q, = capacity est imate using the gap-
acceptance method (veh/h)

McDonald and Armitage2? used the concept
of saturation JIow (q) and lost time (L) for
estimating roundabout capacities with a
degree of traffic signal analogy. However,
they did not equate the saturation flow with
3 600/B), and their lost time definition (L) is
rather different from the lost time 1/) used in
this paper. The practical method they used for
measuring the lost time and saturation flow
(Fig I in McDonald and Armitage2T) gives a
saturation flow close to (3 600/B) and the lost
time they measure (L) is identicaltothe zero-
gap (t,,) parameter used by Siegloch28.

The measurement method bv Siesloch

o. = 3 q00 ( l-A,,q,,+0.-5B q,,,r-hs"'4^1r-r" tu-f,")
tJ

For the M3T model (using tp,, from Equation (4):

O, = 
# 

(1-A,,a-+0.5B q,,,) r-X(cr-A"')

Qu, = minimum capacity (veh/h)
n,, = minimum number of entry stream

vehicles that can depart under heavy
major stream tlow conditions
(veh/min.)

4, = arrival flow ofthe entry lane (veh/h)

Q,, = total arrival flow of the major stream
(veh/sec. or veh/h; expressed in
pcu/sec. or pcu/h if adjusted fbr
heavy vehicle etfbcts using the pas-
senger car equivalents method)

1,9,,,A,,, are as in Equations ( I ) to (4) fbr the
major stream.

When there are several conflicting (higher
priority) streams, the total major stream flow
(27,,,)  is calculated as the sum of al l  confl ict ing
stream flows, and parameters A,,, e,, are de-
termined accordingly. Equations (5) to (9)
should be used fbr r7,,, > 0 (fbr t1,, = O, 1. = Q.
8  =  t "  u  =  1 .0 ,  Q l=  3  600/B) .

An example o1'equivalent red, green and
cycle t imes is given in Fig 2 fbr the case of
a simple gap-acceptance situation with a
single-lane major stream (A,, = 1.5 f ioni
Table I) with cx = 4 sec.. p = 2 sec. Figure 3
shows a comparison of the capacit ies pre-
dicted by Equation (9a) with those simulated
by MODELCT.

. (  l 0 a )

. ( l 0c )

Q,,, = min(q",60n,,,)

COMPARISON WITH EXISTING CAPACITY MODELS

The gap-acceptance based capacity formula given here (Equation 9a) can be compared with
various exist ing capacity fbrmulae. First ly, Equation (9a) wil l  be rewrit ten for dif ' ferent arr ival
headway distr ibutions. For the M3A model (bunched exponential distr ibution using <p,,,  f iom
Equation (3):

o , = ( l-A,,q,,,)( I +0 .5pq ̂'1 e- 4,,1c-'\ ' , '1 . (  10b )

For the shifted negative exponential model (M2), setting q ̂ = 1 and)"= q-/(l-L.n,q,,'1as in Equa-
t ion (2b):

3 600
R
Y

For the simple negative exponential model (M I ), using A. = 0, e_ = l and ), = q,,,asin Equation
(2a):

o . = (1+0.5$q*)  e q ' 'a
. . . ( 1 0 d )

(see Fig 3 in Brilon and Grossman2e) obtains

B as to a saturation headway explicitly, and
produces a zero-gap parameter which is
stated to be related to the critical gap through
t,,  = a - 0.5B. Putt ing / = 0.5p as in Equa-
tion (7), the Siegloch/McDonald-Armitage
method of measurement can be related to the
method described in this paper through:

t n =  u -  I . .  ( 1  t )
where I is the lost time as def ined in this paper
(Fig I andEquation (7)).

The relationship between the critical gap
and zero-gap parameters (cx and t,,) is
depicted in Fig 4.

3 600
p
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Siegloch's capacity formula, which is used
in the German guidel inesr{)re, assumes l
negative exponential model of arrival head-
w a y s  ( M  I  t .  u n d  i s  g i r  e n  a s :

Equivalent
cyc le ,  g reen
and red
t imes (sec)

o"= 3600 p-q,,,r,
p

. . ( l 2 a )

Jor q,,>o
.  . . (  l 3 a )

for q-= g

5 0 0  1 0 0 0  1 5 0 0

Malor stream flow rate (veh/h)

Fig 2. The eqttivalent retl, green and cycle times as a.function oJ the major-stream.flow' rate fttr a simple gap
acceptance example-

2000

2 0 0 0

This is seen to be similar to Equation ( l0d).
The use of q,-/ instead of cr. and omission of
the f-actor (1 + 0.5Bq,,,) tend to compensate.
and Equations ( lOd) and ( l2a) give close
values.

Putt ing 4, = 3 600/B and L = 1,, the capacity
fbrmula given by McDonald and Armitagerl
can be exoressed as:

o. ,= 17 - L,,, q,,,) e-q "'('t "-L"' )

. . . ( l 2 b )

This is similar to Equation ( l0b) based on the
M3T model, differences being similar tcr
those noted fbr the Siegloch tbrmula and
Equation ( l0d).

Final ly. a fbrmula by Jacobsrl based on a
shitted negative exponential distribution
(M2 model) as described by Bri lon20 is:

- L,,q,,,) e-x(t"-L"')
. ( 1 2 c )

This is seen to be similar to Equation ( l0c),
again, differences being similar to those
noted for the Siegloch fbrmula and Equation
( I  0d).

A more traditional capacity fbrmula based
on gap-acceptance modell ing (Tannerr8 re.

Troutbeckrrrr) can be expressed in the
fbllowing general form:

o . = 3 6oo <p.q^e-)'(s-A)

I  -e - [F

= 3 600/B

3 600
A
P

, , , _  -3600  11
B

-c

g 1s00
;
>
d 1000
o
(g
o
E
o

€ 500
o

500 2000

Fig 3. CtLmparisonof the capacitie.s predictedbl- Equation(9a)v;iththose simulatedb.v MODELC.

Number of
vehic les
en te r i ng
gap

8  9  1 A 1 1 ' 1 2 1 3 1 4 1 5 1 6 ' t 7

Gap time (s)

c[
Fig 4. The relationship between the critical gap and z.ero-gap parameters ( ct and t) con.structedJbr known
values ofaand p.

September 1 994

where 4. is the total flow fbr the major stream
in veh./sec.

Various capacity formulae found in the
l:iterature can be generated fiom Equation
(13a) by applying the special condit ions of
arrival headway models Ml, M2 and M3T
(for Tanner's capacity formula). For exam-
ple, for the simple negative exponential
mode l  (Ml ) :

u a
e " =  

J 6 t t t t q n e ' n  
. [ o r q , , > 0

l _ "  Q * F  . . . ( l 3 b )

= 3 600/9 for q ̂ = 11

1819 20  For  the  M3T mode l .  Tanner 's  fb rmulare
obtained:

6., -  3600 q.t t-L. q.) r-Q'(a 
L)

|  - " -Q^9

3 600/B

f o r q - > 0 . . . ( l 3 c )

.for q^= g

1000 1500
Simulated capacity, Q (veh/h)

v

Lt l

Continued orl pdge 503
501



E n t r y
s l r e a m
caPac i tY  1000

( v e  h / h  )

Fig 5. Cttpacin'as a.function oJ the major-strecxn.flot
gup dcceptan(e erunple as in Fig 2.

Figure 5 shows the capacities estimated from
the formulae given above fbr the same
example as in Fig 2 (single-lane major stream
wi th  4 , ,=  1 .5  sec . ,  u  =  4  sec .  F  =  2  sec ,  /=  I
s€c, t,, = 3sec). Figure 5 confirms that (a) gen-
erally there is little difference between vari-

1  0 0 0 1  5 0 0  2 0 0 0

Major stream t low rate (veh/h)

r at e e s t i m at e d.f r ct m v a r i o u s .lb nnu I tte .f o r t he .s am e

ous models fbr low major-stream flows; (b)
the differences among models which use the
same arrival headway distribution are negli-
gible; and (c) the impact of the assumption
about the arrival headway distribution is sig-
nificant at high major-stream flow levels.

PERFORMANCE MODELS
New analytical models for estimating delay.
back-of'-queue and cycle-average queue
length (average, 90th, 95th and 98th per-
centi le values for both queue definit ions),
proportion queued (major stops) and queue
move-up rate fbr unsignalised intersections
are given below. The fbrmula fbr stop rate
involves the use of Equivalent Stop Value
(ESV) factors for major stops and queue
move-ups. A detai led descript ion ofthe new
performance models is presented, and the
ESV factor and stop rate fbrmulae are given
in Akqelik and Chungr. Similar formulae fbr
flxed-time signals are also given in the same
paper.

The new fbrmulae are based on the theo-
retical framework previously developed for
modelling delay. queue length and stop rate
in an integrated manner (AkEeliks.e 10-32.

AkEelik and Rouphailrr'ra). Overflow queue
formulation is central to the modelling
of deiay, queue length and queue move-
ups. This provides a convenient l ink
between stead\'-state anrJ time-dependent
fbrmulations, thus allowing for easy
model cal ibrat ion using f ield or simulat ion
data.

The perfbrmance models fbr unsignalised
intersections are developed by traffic signal
analogy (see Fig I and Equations (5) to (9)).
The traditional two-term model structure is
used by introducing a separate calibration
factor for each term of each perfbrmance sta-
tistic. The flrst-term adjustment factors help
to ul low lor the el ' l 'ect ol variut ions in oueue
clearance t imes under lor.r- lo medium-flow

0  5 0 0

Eqn 12a (Siegloch)

E q n  1 3 b  ( M 1 )

Eqn 10d (M1)

Eqn 12b (McD&Arm)

Eqn 10b (M3T)

Eqn 13a (MsA)

Eqn 10a (M3A)
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conditions (when there are no overflow queues), and any additional delays, etc., due to overflow
queues are included in the second (overflow) terms.

Expressions for average delay in seconds per vehicle (d), average back-of-queue (Nn), cycle-
average queue length (N, ), proportion que ued 1 p I and the queue move-up rate (hr.) are givenin
Equat ions  (  l4  )  to  {2  I  } .  The fo rmulae  fo r  de lay .  queue length  and queue move-up ra te  a re  t  ime-
dependent expressions. Delays and queue move-up rates are average values fbr all vehicles
queued and unqueued.

|  _ , ,
po = 0.75tp, t.'rl" 'n 

pf subject to p., -< I .0

8k,, 1x - r,,.t . ,.

QT'
otherwise

8k,,,, 1r - x,,.1 . .+ l  lor r  >r ,
or,

otherwise

)'L,,) -2L, + 2L,,g.
2 ()"L,,,+ g^)

.  ( l 5 b )

.  ( 1 6 )

. .  ( 1 7 )

. . .  ( l S a )

. . . ( t 8 b )

.  .  .  ( 18c )

.  .  .  (18d)

. . .  ( 1 8 e )

. . .  ( 1 8 0

O = entry stream capacity in vehicles per
hour (or per second) estimated from
Equation (9)

r = degree of saturation of the entry
stream (ratio of arrival flow rate to
capacrty)

-  - -  I

Tr = flow (analysis) period in hours, and
QTr= throughput, i.e. the maximum
number of vehicles that can be dis-
charged during the flow period, and

dr,_,=,, and Nlr r.,=r) are the values of delay and
queue length at x= I (so that the first terms are
constant for oversaturated conditions, x > l).

For q,n- 0 in the above equations, set r = 0,
u = 1.0 and d^ = 0 (therefbre, zero delay,
queue length, etc.,  wi l l  result).

The duration of the flow oeriod affects the
es t imutes  o f  per lb rmance s ta t i s t i cs  s ign i f i -
cantly. Larger delays, queue lengths and
queue move-up rates will result from longer
flow periods for a given demand level. I, =
0 .25  h  i s  bu i l t  in to  the  U.S.  H ig l ru  a r
Capaci6, Manual delay formula fbr sig-
nalised intersections36 whereas the models
given here allow I to be variable.

Estimation of queue length
The traditional gap-acceptance and queueing
theory models do not give sufflcient informa-
t ion lor intersection design purposes since
they predict average cycle-based queue
lengths rather than the back-of-queue. The
commonly-us ed ave rage cy' c le - bas e d qtete
length is the average queue length consider-
ing al l  instances during the cycle including
the zero-queue states. The average back-of'-
queue (Nr), estimated from Equation (15),
represents the maximum extent of queue in
an average cycle as shown in Fig l .  The back-
of-queue is a more useful statistic since it is
relevant to the design of appropriate queue-
ing space (e.g. fbr short lane design).

The commonly-used formula to calculate
the cycle-average queue (N,.) is:

N,=  d  q" (  19 )

where d is the average delay fiom Equation
(14) and q" is the average flow rate fbr the
entry stream. Thus, the cycle-average queue
is equivalent to lhe total dela,-, or delav- rate
(strictly speaking, this relationship applies to
undersaturated condit ions,.r < l ,  only).

The 90th, 95th and 98th percentile values
of the back-of-queue (N1,,,r,) and the cycle-
average queue (N.r,,2.) can be expressed as
a function of the average value (N, or N,.):

N t,r'o = Jor* N t,

N,l,+ =.f, pq N ,

where Jo,, and .f,.,,* are the factors for pth
percentile queue calculated from:

fwoq,= 1.9 + 0.1 , -N'J8

.fwsr, = 2'5 + 0.1 e 
-N t'18

.fagv/,=3'0+0.1 e-N/8

J,goq =2.0+ 0.6 e 
-N'/8

f,,)sq, = 2.5+ 0.7 e 
-N'l8

f,ssr, = 3'2 + l .0 e-N' 12

Figure 6 shows the average, 90th, 95th and
98th percentile back-of-queue values as a
function of the entry lane degree of saturation
for a major stream f'low rate of 720 veh/h for
the same sample as in Figs 2 and 5 (duration
of the f low period is Tr=0.5 h). For the same
sample, the proportion queued as a function
of the entry-lane degree of saturation is
shown for major-stream flow rates of 360,
720 and I 080 veh/h (to represent low,
medium and high flow levels) in Fig 7. A
comparison of average back-of-queue and
cycle-average queue values simulated using
MODELC with various gap-acceptance
parameters is shown in Fig 8.

t l  =  d t + d z

)
d , =  I  + 0 . 3  1 ' o 2 o )  " " '  f b r x < 1 . 0

. ( 1 4 )

( l 4a )

-  ( r / , , - 1 ,

/ - = g O O T l t - +

= 0

fo r r>  1 .0

_.  ,8k1Q r , , ' )
( , - f -

QT'
I fbr -r > -t,,

otherwise

. . .  ( 1 4 b )

. . . ( 1 5 )

. . .  ( l 5 a )

Nu=  No ,+  Nr -

N r ,=  1 .2  q !8 ! " r
r  - )

- r Y r l ( r = l )

Nn=Q.25QTr lk .+
= 0

for.r <

for-r >

1 . 0

1 . 0

where:

-r(, = 0. l4 (,rg)0 ss subject to -r,, < 0.95

kd =  0 .11  q . (sg) ' * "y { to (d , ,Q)

kt, = 0.45 q" ( sg)t,u yu'u (d,, ,Q)

k,t, , ,= 7. 1 g. (sg)t ro y" 'u (cl , , ,Q)

.  0 .25 0T, .
I l, t,,, 

= ----------1 | | : +
q(

= 0

) r ^  I  '
pt \ \  v-am I I

d , ,  u  ^ -+( D q  A

. t  = 0 / O

. . (20a)

. . (20b)

. . (2ra)

. .  ( 2 rb )

. .  ( 2 1 c )

. .  ( 2 t d )

. . (2le)

. . ( 2 l f )

and:
rt g, c = equivaient average red, green and

cycle t imes in seconds estimated
from Equations (6a) to (6c)

,'r', ,1, .sg = flow ratio, green time ratio and
capacity per cycle (vehicles) est i-
mated fiom Equations (8a) to (8c)

Q" = arrival (demand) flow rate fbr the
entry stream during the specified
flow period in vehicles per hour (or
per second)

Q" = the proportion ofunbunched traffic
in the entry stream estimated from
Equation (3) and Table I fbr single-
lane condit ions

d,,, = minimum delay experienced by the
entry-stream vehicles (sec.) (see
Cowan26'rs, Troutbecks. I  l .  I  3.15)'
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CONCLUDING REMARKS
The modelling of unsignalised intersections
by analogy to traffic signal operations en-
abled the development of a consistent model-
ling fiamework for the comparison of dittbr-
ent types of intersections. The average back-
of'-queue, proportion queued and queue
move-up rates can now be predicted in a
manner consistent with models fbr signalised
intersections. The models have been struc-
tured in a fbrm appropriate fbr developing
perfbrmance models for vehicle-actuated
signals (AkEelik3a). The models were cal i-
brated using a microscopic simulation pro-
gram (MODELC). Further work to calibrate
the performance models using real-life data
would be valuable.

The recommended method for the treat-
ment of conflicting stream t'lows is to treat
traffic in all lanes of all major (conflicting)
movements together as one stream. This
method is simple and gives results close to
the method that treats conflicting movements
lane by lane in calculating the parameters
necessary for capacity and perfbrmance
caiculat ions.

On the other hand, the lane-by-lane
method fbr the use of performance fbrmulae
is recommended, although the fbrmulae
could also be used on a lane gror4r basis. The
lane-by-lane method as used in the SIDRA
sofiware packaggo:s 'r: is preferred due tcr
better accuracies that can be achieved. espe-
cial ly in the predict ion ofqueue length.

Equations to predict the 90th, 95th and
9tlth percentile queues will provide valuable
infbrmation to practitioners for the design of
queueing space. Efl-ective stop rates pre-
dicted in equivalent stop values (ESVs) (see
Akqelik and Chung2) can be used in simple
methods for estimating fuel consumption,
pollutant emissions, operating cost and simi-
lar statistics (e.g. using excess fuel consump-
tion rate per major stop). Separate prediction.
of major stops and queue move-up rates is
useful fbr more accurate estimation of such
statistics (e.g. using the fbur-mode elemental
model in SIDRA - see Bowyer. AkEelik and
Biggs3T).

Through the use of the bunched exponen-
tial model of anival headways for all trafllc
streams, the performance models now take
into account the ef'tect of bunching in
approach (entry) flows as well as major
(opposing or circulat ing) f lows.

Comparison of various fbrms of the new
capacity model presented in this paper and
those found in the literature conflms that
there is little difference between models fbr
low major-stream flows, the difTerences
among models which use the same arrival
headway distribution are negligible, and the
impact of the assumption about the arrival
headway distribution is significant at high
major-stream f'low levels.

The choice of appropriate gap-acceptance
parameter values (cr and $) is outside the
scope of this paper. The Australian method
fbr roundabosfql0 l3 23.2'l uses a compre-
hensive method to estimate variable gap-
acceptance parameter values. The German
and American rnethods Dresent tables and
gruphs f 'or the choice i) l 'gi . lp- i lcceptance
parameter values for various movements ilt
si gn-controlled i ntersections2![6.
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The efI'ects of heavy vehicles in the major
stream and the entry stream can be taken into
account either by adjusting gap-acceptance
p i l rumeters  o r  us ing  passenger  car  equ iva-
lents (Troutbeck'( ' ) .  The use of passenger car
equivalents to convert major-stream arrival
l low ra tes  und en t r l -s t ream crpuc i t ies  us
used in the SIDRA software package is
described in AkEelikra. Further research is
recommcnded on the efTects of heavy vehi-
cles on arrival headway distributions and
gap-acceptance parameters. Sirnilarly, ad-
justment of the saturation headway (0) or the
use of an increased lost time (/) to allow for
the eff-ects ofpedestrians at roundabouts and
unsignal ised intersections couid be consid-
ered.

The capacity model given in this paper is
relevant to a basic gap-acceptance situation
where an entry (minor) stream gives way tcr
a single uninterrupted opposing (major)
stream. The German and U.S. Highu-ay
Capucity'  Manual 11sdelqrO2e16 adjust the
basic gap-acceptance capacity using imped-
a t i l  (  fn<  to t ' . s  to  u l lon  lo r  in te rac t i0n \  umong
various conflicting movements subject tct
several levels of priori ty. A cri t ical examina-
t ion of this method is currently being under-
taken.

Traditionally, roundabouts are analysed as
a series of T-junctions, i .e. as a basic gap-
acceptance process where an entry stream
gives way to a circulat ing stream. This
rnethod has been firund to overestimate
capacit ies especial ly under heavy circulat ing
flow condit ions. A model developed by the
author to adjust basic gap-acceptance capa-
cities at roundabouts to allow fbr the efl-ects
of origin-destination patterns and the amount
of queueing of entry streams wil l  be
described in a future paper.

The new arrival headway distribution,
capacity and perfbrmance models described
in this paper were being incorporated into the
SIDRA sofiware package at the time of the
writing of this paper.
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