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Gap-acceptance modelling
by traffic signal analogy

by Rahmi Akgelik, Chief Research Scientist, Australian Road Research Board Ltd

INTRODUCTION
This paper presents new analytical models of
capacity and traffic performance (delay,
queue length, proportion queued and queue
move-up rate) for 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 formu-
lae for fixed-time (pre-timed) isolated
signals are given, in recent papers by Akgelik
and Chung! 2. Related work on actuated
signals is described in Akgelik™#. 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 hlock 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 modelling of signal-controlled
traffic streams. This enables the modelling
of the average back-of-queue, proportion
queued and queue move-up rate for the entry
(minor) stream in a manner consistent with
models for traffic signals. This also presents a
methodological advantage in that the same
conceptual framework 1is 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 information for 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-
beck?’.

The capacity and performance models
presented in this paper were developed using
the bunched exponential model of arrival
headway distribution for all types of intersec-
tion'. 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 MODELCS”.
The program was modified to incorporate the
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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 modelling to effective red and green periods
by analogy to traffic signal operations. This enabled the modelling 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 modelling.

calibrated arrival headway distribution
model! and generate data required for 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

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

ARRIVAL HEADWAY DISTRIBUTIONS

The estimation of arrival headways is funda-
mental to the modelling of gap acceptance
processes for estimating capacities of sign-
controlled traffic streams, roundabout entry
streams and filter turns at signalised inter-
sections (e.g. Akgeliks.?. Akeelik and Trout-
beck!9, Troutbecks- 11-16,

This paper considers a class of exponential
arrival headway distribution models known
as negative exponential (M), shifted
negative exponential (M2) and bunched
exponential (M3). The bunched exponential
distribution of arrival headways (M3) was
proposed by Cowan!” and used extensively
by Troutbecks. -6 for estimating capacity
and performance of roundabouts and other
unsignalised intersections. A special case of
the model was previously used by Tanner!8. 19
for 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 for multi-lane streams are given in
Akcelik and Chung!. Also see a recent paper
by Sullivan and Troutbeck33.

The negative and shifted negative ex-
ponential  distributions are extensively
discussed and used in the literature as models
of random arrivals. 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-
curacy in the prediction of small arrival

headways (up to about 12 seconds), which is
important for most urban traffic analysis
applications.

The cumulative distribution function F(t),
for the bunched exponential distribution of
arrival headways, representing the probabil-
ity of a headway less than 7 seconds, is:

Fity= 1-pe M= poris A1)
=0 fort< A
where: A =intra-bunch (minimum) head
way (sec.),
¢ =proportion of free (unbunched)
vehicles, and
A =amodel parameter calculated as:

A = 1% subject to ¢ < 0.98/A ...(1a)
where ¢ is the total arrival flow (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 of bunched vehicles equals 1 — @); and
(ii) free vehicles with headways greater
than the intra-bunch (minimum) headway,
A (thus, the proportion of free vehicles, @,
represents the unbunched vehicles with
randomly distributed headways).
The M1 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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Negative exponential (M1) model:

A =0and @ = 1 (therefore L = g) ...(2a)

Shifted negative exponential (M2) model:

¢ =1 (therefore A = g/(1 — A g)) ...(2b)
Thus, models M1 and M2 assume no bunch-
ing for all levels of arrival flows. On the other
hand, model M3 can be used either with a
known (measured) value of ¢, or more
generally, with a value of @ estimated as
a function of the arrival flow rate. Note that
the shifted negative exponential model
(M2) is normally used for single-lane tratfic
only.

The following relationship was derived as
a general formula for estimating the propor-
tion of free vehicles in the traffic stream (@)
by generalising the bunching implied by the
simple negative exponential model (Akgelik
}4):

—bAy .(3)

Q =e
where b is a bunching factor, A is the intra-
bunch headway, and ¢ is the arrival flow rate
(veh/sec.). The M3 model with estimates of @
obtained from Equation (3) will be referred to
as the M3A model.

An empirical relationship of a similar form
was previously used by Brilon® based on
previous work by Jacobs®!:

¢ =4

where »° = 6 to 9. The same empirical
relationship has been used by Sullivan and
Troutbeck??.

The following linear model of the propor-
tion of free vehicles was used by Tanner'®1%:

-4

...(3a)

¢ =1-Ag

The M3 model with estimates of ¢ obtained
from Equation (4) will be referred to as the
M3T model (in this case, A = ¢). More general
forms of the linear @ — g model can be consid-
ered for calibrating real-life data. The
AUSTROADS roundabout guide uses a
linear model'*-13-232% which has been general-
isedin SIDRA 4.07as@=a(l -Ag) wherea
is a constant®->,

Both the M3A and M3T models assume
that the proportion of free vehicles decreases
(the proportion of bunched vehicles in-
creases) with increasing arrival flow rate.
They predict zero bunching (¢ = 1.0) at very
large flows. While the M3T model assumes
¢ =0 at g = 1/A, the M3A model yields non-
zero values of ¢ at high flows.

The parameters for the M3A model
calibrated for uninterrupted flow conditions
and for roundabout circulating streams! are
summarised in Table 1.

major stream vehicles
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Fig 1. Signal operations analogy for gap-acceptance modelling.

UNSIGNALISED INTERSECTION ANALYSIS
BY SIGNAL OPERATIONS ANALOGY

A method for treating the traditional gap-
acceptance modelling used for roundabouts
and sign-controlled intersections by analogy
to traffic signal operations was conceived by
Akgelik?*, The underlying assumptions are
shown in Fig | which depicts an entry
(minor) stream at an unsignalised intersec-
tion giving way to an uninterrupted major
(priority) stream.

The method presented here derives equiv-
alentaverage red, green and cycle times (1, g,
¢) for the gap-acceptance process consider-
ing average durations of block and unblock
periods (7, t,) in major streams as used in
the traditional gap-acceptance modelling
10-16,18,19.26

Block periods correspond to continuous
periods of no acceptable gap, i.e. consecutive
major stream headways less than the
mean critical gap (o). Unblock periods
correspond to headways equal to or greater
than the critical gap, ;> o., where h, is the ith
acceptable headway (gap) in the major
stream. In accordance with the definition
used in the traditional gap-acceptance
theory, the duration of the unblock period
is t,; = h; — o (where h; > o). This relation-
ship can be explained by assuming that
(a) the first minor stream vehicle departs
B seconds after the start of the acceptable

Table I. Summary of parameter values for the bunched exponential arrival headway distribution model

M3A*
Number of Uninterrupted Roundabouts
lanest traffic streamst’ circulating streams
A b [0} A b 0]
1 1.5 0.6 e09q 2.5 e50g
2 0.5 0.5 e0.259 1 2.5 e2.5q
>2 0.5 0.8 e04q Same as the 2-lane case

*

For the M3T model, use =1 - A gwith same A values as model M3A

t  Total number of lanes available to the traffic stream
1 Use for all traffic at sign-controlled and signalised intersections; and for approach roads (entry

streams) only at roundabouts
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headway, and (b) there cannot be any
departures during the last (o — B) seconds
of the acceptable headway. Parameter B
represents the follow-up (saturation) head-
way.

The equivalent green time, g, includes the
first B seconds of the acceptable headway (or
unblock period). However, it is shorter than
the unblock period by an amount called lost
time (1) which cannot be used 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; 3. Therefore, g,=t,,+ -1, = h;— (.
—[B)—1I,. The average value of the lost time is /
= 0.5B (this was confirmed by simulation
results).

Similarly, the equivalent red time is re-
lated to the ith block period through r, = #,, —
B + /.. The equivalent cycle time is the sum of
the red and green times, and is also equal to
the sum of block and unblock periods: ¢;= r; +
8=yt 1,

The average capacity per cycle is obtained
as sg = g/P where g is the average equivalent
green time and {3 is considered to be a satura-
tion headway (s = 1/B in veh/sec., or s =
3600/ in veh/h). The entry stream capacity
based on the gap-acceptance process can then
be expressed as Q, = sg/c as in the case of
signalised intersections.

The estimates of the average values of
block and unblock periods (¢, ¢,), the equiva-
lent red, green and cycle times (r, g, ¢), and
the corresponding capacity can be calculated
using Equations (5) to (9). All capacity and
performance 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 (higher priority) streams at sign-
controlled and signalised intersections, all
conflicting streams are combined as one
stream.
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f = ek(o‘*Am) _ ..(5a) where Q. = minimum capacity (veh/h)
b (W7 A 1,1, = average durations of the block and 1, = minimum number of entry stream
unblock periods in the major traffic vehicles that can depart under heavy
;= 1 ..(5b) stream (sec.) major stream flow conditions
LY ¢ = equivalent average cycle time cor- (veh/min.)
responding to the block and unblock g. = arrival flow of the entry lane (veh/h)
¢ = tal=rige ()X(CX—AW) (62) periods in the major traffic stream g» = total arrival flow of the major stream
LA ‘ G, (c=r+g)(sec.) (veh/sec. or veh/h; expressed in
g r = equivalent average green and red pcu/sec. or peu/h if adjusted for
= ey _y .(6b) times corresponding to the unblock heavy vehicle effects using the pas-
§=1+p —I+ B and block periods in the major traffic senger car equivalents method)
stream (sec.) @A, are as in Equations (1) to (4) for the
i i ek(a_A,,,) 1 / = equivalent lost time that corresponds major stream.
1= cgslfl= 0 _x P (6¢) to the unused portion of the unblock
e period (sec.) When there are several conflicting (higher
[ = 03B A7) u,y = equivalent green time ratio and flow priority) streams, the total major stream flow
ratio for the entry stream {q,,) is calculated as the sum of all conflicting
(O sg = equivalent capacity per cycle for the stream flows, and parameters A,,, @,, are de-
u = (2/C=(i+ﬁ_/)¢z); G € MO . (82) entry stream, i.e. the maximumnum-  termined accordingly. Equations ?5) to (9)
ber of vehicles that can discharge should be used for ¢,, > 0 (for ¢,, = 0. r = 0,
(O during the average unblock period g=c, u=1.0,Q«=3600/B).
= (1-A,4,+0.5B9,,9,,)¢ Mo-4,) (veh), where s is in veh/sec. An example of equivalent red, green and
v = q/s=Pq. ..(8b) s = saturation flow (s=3600/B) (veh/h) cycle times is given in Fig 2 for the case of
’ o, =mean critical gap and follow-up a simple gap-acceptance situation with a
sg = ¢lp (8¢) (saturation) headway for the entry single-lane major stream (A, = 1.5 from
stream (sec.) Table I) with oo = 4 sec., B = 2 sec. Figure 3
0 = max(Q,.0,) (9) Q = capacity of the entry stream (veh/h) shows a comparison of the capacities pre-
‘ Q, = capacity estimate using the gap- dicted by Equation (9a) with those simulated
0.= %8 ~3600u _ ..(92) acceptance method (veh/h) by MODELC=.
«c B

— 3 600(9/;1 dm (_1+B_]) e-)&(a—A,,,)
A

P COMPARISON WITH EXISTING CAPACITY MODELS

The gap-acceptance based capacity formula given here (Equation 9a) can be compared with
various existing capacity formulae. Firstly, Equation (9a) will be rewritten for different arrival
headway distributions. For the M3A model (bunched exponential distribution using ¢,, from
Equation (3):

3600

= ‘_B ( 1 —A,,,f/,,,+0.5 B(‘p”! 4, )(”_}\’(a'_Am)

Q. = min(q,,60n,,) ...(9b)

...(10a)

Qc= 3000 (124, 4, 40,58, ¢ Dm0
B

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

QS’ = : 6BOO ( I_Amqm)( 1 +05qu) e~ Yo (Q—A"’) . ( IOb)

For the shifted negative exponential model (M2), setting ¢,,= 1 and A= g,,/(1-A,, ¢,,) as in Equa-
tion (2b):

A (0-A,,)

O« = % (1-A,,4,+0.5Bg,,) e ..(100)

For the simple negative exponential model (M1), using A, = 0, ¢,,= 1 and A = ¢,, as in Equation

500

(2a):

Q= 3600 ‘[’300 (1+0.58q,) e n”

McDonald and Armitage?” used the concept
of saturation flow (gs) and lost time (L) for
estimating roundabout capacities with a
degree of traffic signal analogy. However,
they did not equate the saturation flow with
3600/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 1 in McDonald and Armitage?’) gives a
saturation flow close to (3 600/B) and the lost
time they measure (L) is identical to the zero-
gap (1,) parameter used by Siegloch?.

The measurement method by Siegloch

...(10d)

(see Fig 3 in Brilon and Grossman??) 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, = oo — 0.5B. Putting / = 0.58 as in Equa-
tion (7), the Siegloch/McDonald-Armitage
method of measurement can be related to the
method described in this paper through:

t,=a-1 (1)
where [is the lost time as defined in this paper
(Fig 1 and Equation (7)).

The relationship between the critical gap
and zero-gap parameters (o0 and t) is
depicted in Fig 4.

TRAFFIC ENGINEERING + CONTROL
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Fig 2. The equivalent red, green and cycle times as a function of the major-stream flow rate for a simple gap

acceptance example.
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Fig 3. Comparison of the capacities predicted by Equation (9a) with those simulated by MODELC.
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Siegloch’s capacity formula, which is used
in the German guidelines®**’, assumes a
negative exponential model of arrival head-
ways (M1), and is given as:

Q\E{ — 3600 F_qmtu .. ( 123.)
p

This is seen to be similar to Equation (10d).
The use of o~/ instead of o, and omission of
the factor (1 + 0.5B¢,,) tend to compensate,
and Equations (10d) and (12a) give close
values.

Putting ¢,= 3600/B and L = 1,, the capacity
formula given by McDonald and Armitage?’
can be expressed as:

Oc= 3600 (1A gy dnllmBn)
~..(12b)

This is similar to Equation (10b) based on the
M3T model, differences being similar to
those noted for the Siegloch formula and
Equation (10d).

Finally, a formula by Jacobs®' based on a
shifted negative exponential distribution
(M2 model) as described by Brilon?is:

_7\’( t()_Am )

Q\g = w (1 - Am qm) €

p .(12¢)
This is seen to be similar to Equation (10c),
again, differences being similar to those
noted for the Siegloch formula and Equation
(10d).

A more traditional capacity formula based
on gap-acceptance modelling (Tanner'®!°,
Troutbeck'!?) can be expressed in the
following general form:

Ou= 3600 Qugne MO

forgq,, >0
1_eB ...(13a)
= 3600/B forg,=0

where g, 1s the total flow for the major stream
in veh/sec.

Various capacity formulae found in the
literature can be generated from Equation
(13a) by applying the special conditions of
arrival headway models M1, M2 and M3T
(for Tanner’s capacity formula). For exam-
ple, for the simple negative exponential
model (M1):

Oi=  3600gne I

forq,>0
j—e 4B .(13b)
= 3600/B forg,=0

For the M3T model, Tanner’s formula'® is
obtained:

Qp= 3600 Gn(1-Angn)e —gn(0—A)

]—e_qu
forq,>0 ...(13c)

= 36008 forq,=0
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Fig 5. Capacity as a function of the major-stream flow rate estimated from various formulae for the same

gap acceptance example as in Fig 2.

Figure 5 shows the capacities estimated from
the formulae given above for the same
example as in Fig 2 (single-lane major stream
with A, =1.5sec., =4 sec. f=2sec, /=1
sec, t,=3sec). Figure 5 confirms that (a) gen-
erally there is little difference between vari-

ous models for 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-
centile values for both queue definitions),
proportion queued (major stops) and queue
move-up rate for unsignalised intersections
are given below. The formula for stop rate
involves the use of Equivalent Stop Value
(ESV) factors for major stops and queue
move-ups. A detailed description of the new
performance models is presented, and the
ESV factor and stop rate formulae are given
in Akgelik and Chung?. Similar formulae for
fixed-time signals are also given in the same
paper.

The new formulae are based on the theo-
retical framework previously developed for
modelling delay, queue length and stop rate
in an integrated manner (Akgelik®?3%-32
Akeelik and Rouphail****). Overflow queue
formulation is central to the modelling
of delay, queue length and queue move-
ups. This provides a convenient link
between steady-state and time-dependent
formulations, thus allowing for easy
model calibration using field or simulation
data.

The performance models for unsignalised
intersections are developed by traffic signal
analogy (see Fig 1 and Equations (5) to (9)).
The traditional two-term model structure is
used by introducing a separate calibration
factor for each term of each performance sta-
tistic. The first-term adjustment factors help
to allow for the effect of variations in queue
clearance times under low- to medium-flow

September 1994
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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 (N,), cycle-
average queue length (N, ), proportion queued (p,) and the queue move-up rate (h,,) are givenin
Equations (14) to (21). The formulae for delay, queue length and queue move-up rate are time-
dependent expressions. Delays and queue move-up rates are average values for all vehicles

queued and unqueued.

d =d,+d, .. (14
dﬂl -
d, = (1+0.3)"’-2")l—t0rx£1.0 .. (14a)
-y
=d., forx>1.0
dy = 900T,~[(z+’\/ 2 SR o .. (14b)
‘ QT
=0 otherwise
N,= Ny + Ny, ... (15)
forx<1.
Ny=12godd  Toreslo - (150)
=Ny=y forx>1.0
Np=0250T, [ (z+\[ 2 + Bk, (x—x,) forx>x,
) QT ..(15b)
=0 otherwise
1-
p, = 0.75¢, (sg)** l—usubjectto p, <10 ...(16)
-y
= 0.25 07, [(z+1\ ’ 2+ M ]forx>x,
gc QT . (017
=0 otherwise
where:
x, = 0.14(sg)055 subjectto x,<0.95 ..(18a)
k, =0.17¢,(sg)! 0y 94 (¢d Q) .. (18b)
ky, = 0.45¢,(sg)!7y"*(d, Q) .. (18¢)
kyn=1.1¢,(sg)10y""(d, Q) .- (18d)
. Mo=A,) oL A28, 404, (80
" - (pVﬂ q??] }\' 2 (kAm + (pm) N
x =q/0 ... (180)
and:
r, g ¢ =equivalent average red, green and (0] = entry stream capacity in vehicles per
cycle times in seconds estimated hour (or per second) estimated from
from Equations (6a) to (6¢) Equation (9)
¥ u, sg =flow ratio, green time ratio and  x =degree of saturation of the entry
capacity per cycle (vehicles) esti- stream (ratio of arrival flow rate to
mated from Equations (8a) to (8¢) capacity)
q, = arrival (demand) flow rate for the z =x-1
entry stream during the specified T; = flow (analysis) period in hours, and

flow period in vehicles per hour (or
per second)

0, = the proportion of unbunched traffic
in the entry stream estimated from
Equation (3) and Table T for single-
lane conditions

d, = minimum delay experienced by the
entry-stream vehicles (sec.) (see
Cowan?*%, Troutbeck>!!-1315);

504

QT; = throughput, i.e. the maximum

number of vehicles that can be dis-

charged during the flow period, and

dy.1, and Nbi =1 are the values of delay and

queue length at x=1 (so that the first terms are

constant for oversaturated conditions, x> 1).

For g,,=0in the above equations, set r =0,

u = 1.0 and d,, = 0 (therefore, zero delay,
queue length, etc., will result).

The duration of the flow period affects the
estimates of performance statistics signifi-
cantly. Larger delays, queue lengths and
queue move-up rates will result from longer
flow periods for a given demand level. T, =
0.25 h is built into the U.S. Highway
Capacity Manual delay formula for sig-
nalised intersections’ whereas the models
given here allow T} to be variable.

Estimation of queue length

The traditional gap-acceptance and queueing
theory models do not give sufficient informa-
tion for intersection design purposes since
they predict average cycle-based queue
lengths rather than the back-of-queue. The
commonly-used average cycle-based queue
length is the average queue length consider-
ing all instances during the cycle including
the zero-queue states. The average back-of-
queue (N,), estimated from Equation (15),
represents the maximum extent of queue in
an average cycle as shown in Fig 1. The back-
of-queue is a more useful statistic since it is
relevant to the design of appropriate queue-
ing space (e.g. for short lane design).

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

N =dg, ... (19)
where d is the average delay from Equation
(14) and g, is the average flow rate for the
entry stream. Thus, the cycle-average queue
is equivalent to the total delay, or delay rate
(strictly speaking, this relationship applies to
undersaturated conditions, x < 1, only).

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

N/?p% =f;)]1‘7r Nb ca (ZOa)
pr‘/( :frp‘% N(' e (20b)

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

Frooa=1.9+0.7e N8 .. (2la)
Frosn=2.5+0.7 ¢ /8 ..(21b)
Fros=3.040.7 ¢ /8 .. (2lo)
Fops =2.0+0.6¢ Ne/8 .(21d)
Fose=2.5+0.7e N/8 ..(2le)
fogr=3.2+1.0e N2 ..21D

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 flow rate of 720 veh/h for
the same sample as in Figs 2 and 5 (duration
of the flow period is T¢= 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 1080 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.
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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 framework for the comparison of differ-
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 for signalised
intersections. The models have been struc-
tured in a form appropriate for developing
performance models for vehicle-actuated
signals (Akgelik*#). The models were cali-
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 flows 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 performance
calculations.

On the other hand, the lane-by-lane
method for the use of performance formulae
is recommended, although the formulae
could also be used on a lane group basis. The
lane-by-lane method as used in the SIDRA
software package®?*? is preferred due to
better accuracies that can be achieved, espe-
cially in the prediction of queue length.

Equations to predict the 90th, 95th and
98th percentile queues will provide valuable
information to practitioners for the design of
queueing space. Effective stop rates pre-
dicted in equivalent stop values (ESVs) (see
Akeelik and Chung?) 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 for more accurate estimation of such
statistics (e.g. using the four-mode elemental
model in SIDRA — see Bowyer, Akgelik and
Biggs®).

Through the use of the bunched exponen-
tial model of arrival headways for all traffic
streams, the performance models now take
into account the effect of bunching in
approach (entry) flows as well as major
(opposing or circulating) flows.

Comparison of various forms of the new
capacity model presented in this paper and
those found in the literature confirms that
there is little difference between models for
low major-stream flows, the differences
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 flow levels.

The choice of appropriate gap-acceptance
parameter values (o and PB) is outside the
scope of this paper. The Australian method
for roundabouts'®!*?*2 uses a compre-
hensive method to estimate variable gap-
acceptance parameter values. The German
and American methods present tables and
graphs for the choice of gap-acceptance
parameter values for various movements at
sign-controlled intersections®-%,
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The effects of heavy vehicles in the major
stream and the entry stream can be taken into
account either by adjusting gap-acceptance
parameters or using passenger car equiva-
lents (Troutbeck!?). The use of passenger car
equivalents to convert major-stream arrival
flow rates and entry-stream capacities as
used in the SIDRA software package is
described in Akcelik™. Further research is
recommended on the effects of heavy vehi-
cles on arrival headway distributions and
gap-acceptance parameters. Similarly, ad-
justment of the saturation headway (3) or the
use of an increased lost time (1) to allow for
the effects of pedestrians at roundabouts and
unsignalised intersections could 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 to
a single uninterrupted opposing (major)
stream. The German and U.S. Highway
Capacity Manual models® 2% adjust the
basic gap-acceptance capacity using imped-
ance factors to allow for interactions among
various conflicting movements subject to
several levels of priority. A critical examina-
tion 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 circulating stream. This
method has been found to overestimate
capacities especially under heavy circulating
flow conditions. A model developed by the
author to adjust basic gap-acceptance capa-
cities at roundabouts to allow for the effects
of origin-destination patterns and the amount
of queueing of entry streams will be
described in a future paper.

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