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This report presents findings of a study of fundamental traffic characteristics at signalised
intersections based on surveys of queue discharge headways and speeds for individual vehicles and
jam spacings at eighteen intersections in Sydney and Melbourne. Exponential queue discharge
flow, headway and speed madels are given. Other traffic parameters considered are spacing, gap
length, density, gap time, occupancy time, space time, occupancy ratios, gueue clearance wave
speed, departure response time, saturation flow rate, start loss and end gain times. The report
presents basic material on fundamental trafficflow relationships, describes the survey methodology,
survey site characteristics, data processing, analysis method, calibration method, and presents
calibration results. Results on uninterrupted flow models and downstream queue interference at
paired intersections are presented. Implications of findings on capacity and performance modelling
and adaptive signat control practice are discussed. Relationships for use in practice are given.
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Fundamental relationships for traffic flows at signalised intersections

Executive Summary

Background

This research report presents findings of a comprehensive study of fundamental traffic
characteristics at signalised intersections. The emphasis of the study is on queue
discharge characteristics of traffic at the signal stop line.

The research was carried out in two stages during the period 1991-1999. The first
stage of the study was carried out under several ARRB TR research projects on Paired
Intersections. The second stage of the study was funded by the Roads and Traffic
Authority of New South Wales (ARRB TR research project RC 7057 Fundamental
Relationships for Adaptive Control; RTANSW project 6352 1/8). The survey methodology
established during the first stage of the study was employed and further refined during
this stage to establish queue discharge characteristics at five intersection sites in Sydney
and six intersection sites in Metbourne. The revised method was also applied to data
collected at seven intersections in Melbourne during the first stage of the study, including
paired {closely-spaced) intersection sites.

The results given in earlier reports are brought together in this research report.
All previous reports produced during this study are superseded by this report.

Information given in this report is useful in modelling of actuated signal timing and
performance.

Related work carried out under the Paired Intersections projects induded modelling of
platooned arrivals generated by coordinated signals, modelling of queue interaction
at paired intersections, and explanation of the relationship between interrupted and
uninterrupted traffic flow characteristics. The results of this work are also included in
this report.

During 1998-1999, an associated study of the fundamental characteristics of freeway
traffic flows was also undertaken. The study was funded by AUSTROADS (ARRB TR
research project RC 7082 Reassessment of Fundamental Speed-Flow Relationships for
Freeway Traffic Control; AUSTROADS project NRUM 9712). The results of the project
are presented in Research Report ARR 341.

Research Context

The traditional queue discharge model for traffic signals uses a constant saturation
flow rate and associated start loss and end gain times. The displayed green time is
converted to an effective green time using these parameters. Capacity and performance
{delay, queue length) models are based on the use of effective green time and saturation
flow rate. This report presents an exponential queue discharge flow rate {or headway)
mode] that represents queue discharge behaviour of traffic directly, i.e. without resorting
to various simplifying assumptions needed to derive saturation flows and effective
green times. However, the exponential model can be used to derive the traditional
saturation flow rate, start loss and end gain parameters.

1
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Executive Summary continued

Fundamental relationships for traffic flows at signalised intersections

An exponential queue discharge speed model associated with the queue discharge
headway model is also presented. The queue discharge headway and speed models
can be used together to derive traffic parameters such as vehicle spacing, gap (space)
length, density, time and space occupancy ratios, gap time, occupancy time and
space time. Thus, a complete set of fundamental relationships for queue discharge
behaviour at traffic signals can be obtained. These relationships are useful for adaptive
control purposes.

Calibration results are presented for exponential queue discharge flow rate and speed
models based on data from all survey sites. The gqueue discharge model parameters
given for individuat sites include maximum queue discharge flow rate and speed,
minimum qgueue discharge headway, vehicle spacing and space time at maximum
gueue discharge flow, jam spacing, queue clearance wave speed, and departure
response time for the next vehicle in the queue to start moving.

Average values of queue discharge modet parameters determined for through {isolated),
through (paired intersection) and fully-controlled right turn {isolated) sites are also
given. The term /sofated used in this context means a single intersection site with a
reasonably long distance to the downstream intersection as opposed to a paired (or
closely-spaced) intersection site, and does not relate to the signal control method
used at the site.

The data collection method involved the measurement of queue discharge headways
and speeds for individual vehicles crossing the signal stop fine using the VDAS traffic
detection equipment developed by ARRB TR. The survey method also involved
measurement of average spacings of vehicles in the queue {jam spacings). Exponential
gueue discharge speed and flow models were calibrated to determine model
parameters using data with light vehicles {cars) only. The method is applied on a
lane-by-lane basis.

This report

The report describes the survey methodology, survey site characteristics and data
processing, and presents basic material on fundamental traffic flow relationships.
Issues involved in data analysis are discussed and queue discharge models are described.
The model calibration method is discussed and the calibration results for queue discharge
models are given. Results on uninterrupted flow models and paired intersections
from the first stage of the study are also given.

Implications of findings on queue discharge characteristics for capacity and performance
analysis (saturation flows and lost times} and adaptive signal control practice (SCATS
control parameters, optimum detector loop length, and gap setting) are discussed.
Graphs showing queue discharge characteristics and the relationships between
fundamental traffic variables at the signal stop fine are given for an example.

Useful relationships for use in practice based on the findings of this study, including
survey methods to measure saturation flow and saturation speed, simple regression
equations to estimate queue discharge characteristics and determine optimum loop
length and signal gap setting, and recommendations for further research are given.

Appendices present intersection geometry and phasing diagrams, and figures showing
measured and predicted queue discharge speeds, headways, flow rates, spacings
and space time - speed - detection zone length relationships for Sydney and Melbourne
1998 Survey Sites. Notations and Basic Relationships are given at the start of the
report.

vi
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Executive Summary continued

Fundamental relationships for traffic flows at signalised intersections

Summary of Findings

The results of detailed analysis of queue discharge characteristics at signalised
intersections show that the characteristics of through and right-turn movements differ
significantly, and there are also significant differences between through lanes at isolated
sites and paired (closely spaced) intersection sites.

Maximum gueue discharge flow rates for right-turn sites are found to be simifar to
those for isolated through sites. Lower jam spacing and lower departure response
time (higher queue clearance speed} at right-turn sites help to achieve low queue
discharge headways, therefore high maximum flow rates. Parameters for through
movements at paired intersection sites are between the through (isolated) and right
turn {isolated}) site values although lower maximum flow rates are observed at these
sites.

The exponential queue discharge flow (headway) and speed models presented in this
report are found satisfactory in view of;

{(iy  ability to derive a complete set of fundamental relationships for queue discharge
behaviour at traffic signals, useful for general traffic analysis as well as adaptive
control purposes;

{iiy  reasonableness {compared with current knowledge and overseas data) of
predicted queue discharge parameters, namely speed, flow rate, headway,
spacing, gap (space) length, density, time and space occupancy ratios, gap
time, vehicle passage time, occupancy time and space time, as well as implied
optimum loop length;

(i)  consistency of relative values of model parameters for through (isolated), through
(paired intersection) and fully-controlled right turn (isolated) sites;

{iv}  consistency of saturation flow rate, start loss and end gain values derived from
the exponential queue discharge flow model with those used in traditional
signal analysis; and

{v) areasonable match between the SCATS parameters MF (maximum flow), HW
(headway at maximum flow), KP {(occupancy time at maximum flow) and the
space time {(HW — KP), and the corresponding analytical estimates, as well as
the ability to relate the SCATS DS parameter to the traditional degree of saturation
parameter.

It is often stated in the literature that saturation flow rate may decrease with time,
especially in the case of long green times. The survey results presented in this report
do not support this except in the case of downstream queue interference.

Additional analysis for uninterrupted flow conditions at signalised intersections, as
refevant to conditions after queue clearance (Unsaturated part of the green period),
indicates that speed - flow - density models for these conditions are consistent with
generat models for uninterrupted conditions. Alternative models were assessed, and
Akgelik’s speed-flow model was recommended for this purpose. This model
complements the expoenential qgueue discharge models for saturated conditions, thus
allowing for a complete analysis of traffic flow conditions at signalised intersections.
This is demonstrated through an example. The findings also support the general
expianation of the relationship between speed-flow functions for interrupted and
uninterrupted flow conditions presented in the report.

vii
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Executive Summary continued

Fundamental relationships for traffic flows at signalised intersections

Queue discharge model parameters for paired {closely-spaced) intersection sites
were derived using data points not affected by gqueue interference. The model
parameters for these sites are found to be significantly different from those for isolated
through traffic sites. In summary, maximum queue departure flow rates, speeds at
maximum flow and spacings at maximum flow are lower, and gqueue discharge flow
and speed mode! parameters m_and m, are higher indicating quicker acceleration to
the maximum speed and achievement of the maximum flow rate sooner.

Although based on a small number of paired intersection sites, analysis of conditions
with downstream queue interference indicate that the downstream queue interference
occurs only when the distance to the back of queue is very small. For all practical
purposes, it is concluded that queue interaction occurs when the downstream queue
storage space is fully occupied.

Analyses of cycle-by-cycle variations in minimum queue discharge headway, cycle
capacities and space time at maximum flow at a given site {carried out for five sites)
indicated that distributions of these parameters varied considerably from site to site.
For example, the 98 percentile space time at maximum flow can be as high as twice
the average value, as observed at site 335 (right turn movement with short green
time), and as low as 13 per cent higher than the average value, as observed at the site
511 ({through movement with very long green time).

Of particular interest is the variance to mean ratio of cycle capacity which is important
in modelling the effect of randomness in departure flows for predicting traffic
performance {delay, queue length and queus move-up rate} for signalised intersections,
Although this parameter is inciuded in basic theoretical treatment of delay modeliing,
it has not been used explicitly in most delay models used in practice. Some coordinated
signal delay models allow for filtering/metering of departure flows for saturated cycles
at the upstream intersection, thus reducing the amount of randomness (e.qg. see the
US Highway Capacity Manual and the SIDRA User Guide). This may lead to the
prediction of zero delays at the downstream intersection when the upstream intersection
is oversaturated since the effect of variations in cycle capacity is ignored.

Analysis results for the five survey sites show that the variance to mean ratio of cycle
capacity was in the range 0.08 to 0.34. It appears that 0.10 is a typical value for
isolated sites. Interestingly, a high value of 0.34 was observed at the CBD site 413,
suggesting that further attention needs to be paid to this parameter for coordinated
signal modelling.

During this research, extensive effort has gone into fine-tuning the data analysis and
calibration methods to improve the headway and speed predictions at low speeds.
This is due to the fack of data at very low speeds and low flow rates related to the
measurement of speed and headway for the first few vehicles in the queue at the start
of the green period. Although the queue discharge models were generally satisfactory,
there were several cases where the predicted headway and flow rate values for low
speeds were not entirely satisfactory. This was particularly observed for the sites with
low values of maximum queue discharge speed, which applied to most right-turn
sites.

The data collection method and queue discharge models were investigated in detail,
developing afternative calibration methods to derive queue discharge model
parameters using different values of headway and speed variables obtained from raw
detector data. The use of measured jam spacing vs the jam spacing estimated using
model parameters from headway regression was considered. The start response time

vifi
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Executive Summary continued

Fundamental relationships for traffic flows at signalised intersections

was introduced into the exponential queue discharge headway and speed models as
a result of this effort. Alternative calibration methods were applied to data from three
sites, namely Site 335 (Melbourne), Site 610 (Sydney) and Site 511 (Sydney). The
following conclusions are drawn from the analysis:

(i  The headway regression method results in estimated jam spacing values that
are significantly greater than the measured values. Correct prediction of this
parameter is very important for the space time - speed relationships and the
optimumi loop length as discussed in Section 74. Therefore this method is not
preferred, thus confirming the calibration procedure that employs the measured
jam spacing.

(i)  Determining the start response time parameter freely from speed model
regression gave acceptable results for the right-turn fane sites (335 and 610),
but gave a negative value for the through lane site (511). The use of a specified
value of 1.0 s appeared to be reasonable.

(ifiy  Alternative methods using different speed and headway variables derived from
raw detector data using the standard calibration method {with the measured
jam spacing} gave close results although some improvements were obtained in
queue discharge speed, headway and flow rate predictions. For a given site,
the ratio m /mq, which is the parameter in the speed-flow model, does not vary
significantly for alternative calibration methods that use the measured jam
spacing. This is a satisfactory resuit, in that the speed - flow and space time -
speed relationships and the optimum loop length values indicate fow sensitivity
to the method used {assuming the calibration procedure using the measured
jam spacing).

{iv)  Although alternative calibration methods using measured jam spacings give
similar results in terms of the resulting speed - flow and space time - speed
relationships and the optimum loop length values, it is recommended that
calibration method 13 is used in future data analyses. This method uses the
standard calibration procedure with a specified start response time of 1.0 s,
and employs the speed based on the leading end of the vehicle and headways
measured at the downstream detector. This method improves the queue
discharge headway prediction at low speeds, particularly for right-turn sites
where the queue discharge speeds are low.

Diagrams showing space time - speed - detection zone length relationships for
individual sites, and for average through (isofated and paired intersection) and average
right turn (isolated) sites are given in the report. These relationships are used for
determining optimum loop (detection zone) length for adaptive control purposes.

For the dual purpose of counting vehicles and measuring space time, the optimum
length for a loop is one that is as short as possible but not so short as to result in a
double valued space-time relationship. Vehicle counts and space times are both used
by the SCATS control system, and the space time measurement is relevant to traditional
actuated control. To determine the optimum loop length, a limiting (low) speed value
that gives zero space time can be chosen. Three limiting speeds are considered for
this purpose, namely 0, 5 and 10 kmvh. It is shown that the optimum loop length
equals the gap length at the limiting speed. Choosing a speed above zero provides an
increased loop length so to alfow for increased jam gap length under adverse driving
conditions (e.g. wet weather}. Tables summarising queue discharge model parameters
and presenting the optimum toop length results for individual sites and for "average”
right-turn and through traffic sites are given in the report.

ix
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Fundamental relationships for traffic flows at signalised intersections

The following conclusions are drawn regarding optimum loop length for adaptive
control:

{i

(i)

(i)

(iv)

The optimum detection zone length appears to be independent of the maximum
queue discharge speed, the maximum flow rate and the spacing at maximum
flow. There seems to be a linear decreasing relationship between the optimum
loop length and the speed-flow model parameter m /m.
The maximum queue discharge speed and the spacing at maximum flow may
have some effect on the optimum loop length for right-turn fanes, butit is not
possible to establish this due to the small number of right-turn sites surveyed.

The optimum detection zone fength is clearly related to jam gap length. Heavy
vehicles increase vehicle spacings due to fonger vehicle length but the gap
lengths are not increased as dramatically. Although it is possible that heavy
vehicles have some impact on the jam gap length and gap length values at low
speeds, the overall impact on these parameters, therefore on the optimum
loop length, would be minimal with fow heavy vehicle percentages. If the
overall jam gap length increases significantly due to a large percentage of
heavy vehicies in the traffic stream, then the optimum loop length could be
increased proportionately. However, further research is recommended on the
effect of heavy vehicles on jam gap length.

it appears that it is possible to reduce the current loop length of 4.5 m used
with the SCATS system to about 3.5 m for through traffic lanes and 3.0 m
right-turn lanes under green arrow control. This is based on a chosen {imiting
speed of 5 km/h. On this basis, the range of optimum loop fength for through
traffic fanes is 3.0 to 3.8 m, with an average value of 3.4 m, considering all
through traffic sites. There was no obvious difference hetween through sites in
Sydney and Melbourne although the number of sites in Sydney is too smalt to
arrive at a firm conclusion regarding this.

Considering all right-turn traffic sites, the range of optimum loop length is 2.2 to
3.1 m, with an average value of 2.6 m. The optimum toop length is shorter for
the two right-turn sites in Sydney (2.2 and 2.3 m) and larger for the two right-
turn sites in Melbourne (2.9 and 3.1 m). This is in line with the corresponding
jam spacing values observed at the two Sydney sites (5.9 and 6.0 m) and at the
two Melbourne sites (6.6 and 6.9 m).

Further data from a larger number of sites would be useful to arrive at a more
conclusive result about the appropriate level of safety margin in determining
the optimum loop tength.

Optimum loop length values obtained using queue discharge speed and flow
models based on alternative calibration methods are essentially the same.
This is valid for the methods that use the standard calibration procedure that
employs the measured jam spacing value. The methods that estimate the jam
spacing using parameters from headway model regression are not appropriate
since they overestimate the jam spacing significantly.

The results given in the report are based on the definition of headway and spacing
parameters from the front of the leading vehicle to the front of the following vehicle.
Alternatively, headway and spacing parameters may be measured from the back of
the leading vehicle to the back of the following vehicle. Limited analysis of parameters
using the latter method indicated that the difference between the two methods would
not affect the conclusions of the report.

X
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Executive Summary continued

Fundamental relationships for traffic flows at signalised intersections

Recommendations for future research

Based on the findings of this study, the following are the recommendations for further
research.

(i)

The database for queue discharge models and optimum loop length results has
relatively few points, particularly for right-turn and paired intersection sites.
Therefore, further surveys are recommended at paired (closely-spaced)
intersection and CBD type intersection sites.

Right-turn traffic lanes surveyed in this study included single right-turn lanes
only. Surveys at dual right-turn lane sites are recommended with a view to
establishing differences in queue discharge parameters of the inside and outside
lanes. This should include the consideration of separation distance from the
right-turn movement from opposite direction under "diamond” turn
arrangements. The effect of signal phasing (leading vs fagging turn arrow),
turn radius, and angle of turn on queue discharge model parameters could also
be investigated.

An investigation of the effect of the distance to the downstream intersection on
queue discharge model parameters (without the effect of downstream queue
interference) is recommended for paired intersection and CBD type intersection
sites. '

Surveys described in this report were carried out mostly during morning and
afternoon peak periods. it would be useful to conduct surveys during day off-
peak (business) periods at selected sites where morning and afternoon peak
period surveys were carried out. The purpose of these additional surveys would
be to investigate differences between peak and off-peak traffic characteristics.

Similarly, conducting surveys at the same site under adverse light and weather
conditions {dark, rainy) would be useful in order to determine impact of such
adverse conditions on queue discharge parameters. These surveys could be
limited to the assessment of effects on jam spacing {or jam gap length}) since
this parameter is the main factor in optimum loop length determination.

The survey method used during this study is very comprehensive and costly.
Simple survey methods to measure saturation flow and saturation speed described
in the report could be used to extend the data base,

Regression equations given for use in practice can be improved by extending
the data base through further surveys.

Heavy vehicle effects should be analysed, particularly with a view to the effect
on jam spacing and jam gap length.

A simple procedure for use in practice can be developed to enable traffic
engineers to determine optimum loop length for through and right-turn lanes.
The procedure should require collection of minimal amount of data. For this
purpose regression equations could be developed for use when a parameter is
not known. The simplest method would be the use of reliable regression
equations {based on a large database and structured to cover different site
characteristics) to determine the optimum loop length from jam gap length (or
jam spacing).

Cycle-by-cycle variations of the minimum queue discharge headway, the cycle
capacity, and the space time at maximum queue discharge flow should be
investigated further. In particular, investigation of the variance to mean ratio of

Xi
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Executive Summary continued

cycle capacity is recommended since this is important in modelling traffic
performance (delay, queue Jength and queue move-up rate) for signalised
intersections, especially for coordinated signals.

(vi)  The exponential queue discharge speed model implies a non-linear decreasing
acceleration model with the maximum acceleration rate at the start of the
acceleration manoeuvre. The acceleration time {time to accelerate to the
maximum queue discharge headway) implied by the model is large because of
the exponential nature of the model. Adjusting the model parameter m, to
obtain decreased acceleration times results in too sharp an increase compared
with measured speed - time data. Further research on acceleration characteristics
at the signal stop line would be useful considering an S-shaped speed - time
model. However, the exponential queue discharge speed model is simpler to
use and appears to be adequate for the purpose of this study.

Xii
ARRB Transport Research Ltd




Xiii

Research Report ARR 340

NOTATIONS AND BASIC RELATIONSHIPS

am

as

DS

eh

€s

fe

fe
frv

vaV

Opbs

Os

Qu

Acceleration rate (m/s2)

Maximum acceleration rate (m/s?)

Acceleration rate during queue discharge (m/s?)
Average cycle time (seconds)

cC=r+g

Average displayed cycle time (seconds)
C=R+G+t

SCATS DS parameter (original definition analogous to degree of
saturation)

Actuated signal gap setting as a headway time value (seconds)
eh =6+ oy

Gap setting as a space time value for actuated signals (headway time less
occupancy time) as used with presence detection (seconds)

es = en— tou

A traffic composition factor for saturation flow estimation (pcu/veh)
fo=1+pnuv (fav - 1)

A factor used for determining an appropriate gap time setting
Saturation flow factor for heavy vehicles (pcu/veh), typically 1.5 to 2.0
Speed factor for heavy vehicles

A factor in the formula for estimating the queue clearance time
Average effective green time (seconds)

g=G-ts+te—ty

Effective green time for SCATS DS purposes (seconds)

Ops =G+ It

Average queue clearance time, or duration of the saturated part of the
effective green period (seconds)

0s=g

Duration of the unsaturated part of the effective green period (seconds)
(during this uninterrupted flow period after the queue clearance, the
vehicles depart as they arrive at the arrival flow rate, gy = Jag)

Qu=0-0s
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Gmax
Gs

Gy

ha

hm

hn

hs

Average displayed green time (seconds)
Maximum green time setting for actuated signals (seconds)

Duration of the saturated part of the displayed green period (average
queue clearance time) (seconds)

Gs:gs+t3+tbSG

Duration of the unsaturated part of the displayed green period (average
queue clearance time) (seconds)

Gu=G-Gs=gu—te

Headway, or headway time: the time between passage of the front ends of
two successive vehicles at an observation point (seconds/veh)
(alternatively, this can be defined as the time measured between passage
of the rear ends of two successive vehicles; with both definitions,
headway is associated with the following vehicle)

h=1/q=Ln/Vv=t,+t;=ty+t, (qinveh/s,vinm/s)
h=3600/q (qinveh/h)

Average arrival headway (seconds/veh) measured at a point upstream of
the back of queue at the arrival flow rate g, (veh/h)

ha = 3600/ qa

Average arrival headway (seconds/veh) measured at a point upstream of
the back of queue at the arrival flow rate gy (veh/h) during the green
period

Nag = 3600 / lag

Average arrival headway (seconds/veh) measured at a point upstream of
the back of queue at the arrival flow rate g, (veh/h) during the red period

Nar = 3600 / Qar

Average headway of all vehicles departing during the green period
including both saturated and unsaturated intervals (seconds/veh)

hag = 1/ qug = 9/Nvg (Qag iN Veh/s)

Minimum headway (seconds/pcu) corresponding to the maximum queue
discharge flow rate with passenger car units only, gm (pcu/h)

Minimum headway (seconds/veh) corresponding to the maximum queue
discharge flow rate, g, (veh/h)

Departure headway during queue discharge (seconds/veh)
hs = 3600 / gs = tos + tss (Qs in veh/h)
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HW

Kn

KP
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Average queue discharge headway during the saturated part of the green
period, or the saturation headway (seconds/veh)

he=3600/s (s in veh/h)

Average departure headway during unsaturated portion of the green
period (seconds/veh): this occurs during gy, and corresponds to the
departure flow rate for the actual traffic mix, which is equal to the arrival
flow rate during the unsaturated portion of the green period, q, = a
(veh/h)

SCATS headway time (seconds/pcu) corresponding to the Maximum
Flow (MF) parameter

HW = 3600/ MF (MF in pcu/h)

Intergreen time (clearance time consisting of yellow and all-red times)
(seconds)

I=ty+tar

Starting intergreen time (intergreen time that precedes the current green
period) (seconds)

Terminating intergreen time (intergreen time that follows the current
green period) (seconds)

Density (concentration): number of vehicles per unit distance
k=q/v=1 Lyinveh/m, or k=1000 /Ly in veh/km

Jam density: number of vehicles per unit distance at zero speed, i.e.
for a stationary queue

kj = 1/ Ly; in veh/m, or k; = 1000 / Ls; in veh/km

Density (veh/km) corresponding to the maximum queue discharge flow
rate

Kn=10Qn/ Vs (qninveh/hand v, in km/h)

SCATS occupancy time (seconds/pcu) corresponding to the Maximum
Flow (MF) parameter

Lost time for a traffic movement (the sum of starting intergreen time plus
start loss plus blocked green time less end gain) (seconds)

|:|3+ts_te+tb

Distance from the upstream stop line to the back of downstream queue

(m)
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Ln

th

LhjHv

LhjLv

I—hm

L sj

Spacing (m/veh): the headway distance as measured between the front
ends of two successive vehicles (sum of space length and vehicle length)
(alternatively, this can be defined as the distance measured between the
rear ends of two successive vehicles; with both definitions, spacing is
associated with the following vehicle)

Lh=vh=v/qg=Ls+Ly(qinveh/s,vinm/s)

Average jam spacing (m/veh), which is the sum of vehicle length and
average space (gap) length for vehicles in a stationary queue

Lnj = Lsj + Lv
Average jam spacing for heavy vehicles (m/veh)

Average jam spacing for light vehicles, or passenger car units (m/LV or
m/pcu)

Average spacing (m/pcu) the maximum queue discharge flow rate with
passenger car units only, qm

Average spacing (m/veh) at the maximum queue discharge flow rate of
the actual traffic mix, g,

Lin = Vi hn=vn/ gn = Lsn + Ly (Qn in veh/s, v, in m/s)

Spacing (m/veh) during queue discharge (i.e. for vehicles during the
saturated part of the green period)

Average spacing (m/veh) for the actual traffic mix under uninterrupted
flow conditions (as observed at the signal stop line during the unsaturated
part of the green period)

Effective detection zone length (m) (typically within + 0.5 m of the
detector loop length)

Optimum loop length based on zero speed (ts = 0 at v, = 0) (M)
Lpo = L

Optimum loop length based on 5 km/h (t; = 0 at v, = 5) (m)
Optimum loop length based on 10 km/h (t; = 0 at v, = 10) (M)

Space (gap) length (m/veh): the following distance between two
successive vehicles as measured between the back end of the leading
vehicle and the front end of the following vehicle

5:Lh—LV:Vtg

Average jam space (gap) length for vehicles (average distance between
vehicles in a stationary queue) (m)
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Space (gap) length (m/veh) at the maximum queue discharge flow rate
with passenger car units only, gm

Space (gap) length (m/veh) corresponding to the maximum queue
discharge flow rate of the actual traffic mix, g,

Space (gap) length (m/veh) during queue discharge (i.e. for vehicles
during the saturated part of the green period)

Average space (gap) length (m/veh) for uninterrupted flow conditions (as
observed at the signal stop line during the unsaturated part of the green
period)

Average vehicle length (m/veh) for the actual traffic mix
Lv = (1 =prv ) Lum* Prv Lvnv
Average vehicle length for heavy vehicles (m/HV)

Average vehicle length for light vehicles, or passenger car units (m/LV or
m/pcu)

Distance between two detectors (m)

A parameter in the queue discharge flow rate (or headway) model
representing the rate of increase of the flow rate as a function of the time
since the start of the green period

A parameter in the queue discharge speed model representing the rate of
increase of the speed as a function of the time since the start of the green
period

SCATS Maximum Flow (MF) parameter (pcu/h)
MF = 3600 / HW (HW in seconds/pcu)

Number of signal cycles during an observation period
Number of fully-saturated signal cycles during an observation period

Number of vehicles that depart after the end of the green period,
i.e. during the terminating intergreen time (yellow and all-red intervals)

Residual queue: the number of vehicles in the queue at the start of the
effective red period (vehicles)

Cumulative queue discharge flow rate since the start of the green period
(vehicles)

Number of vehicles that depart during the green period: (nygs O Nygu):
Nvg = Nys + Nyy When the green period is not fully saturated (Gs < G)
Nvg = Nys + Ne during a fully saturated green period (Gs = G)
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Nyi

r-IVS

Nyt

r]VU

Os

O

pcu

Prv

PLv

Pc

Pr

Oa

Number of vehicles that depart from the queue during the initial part of
the green period (0 to t;) for saturation flow calculation purposes

Number of vehicles that depart during queue clearance, i.e during the
saturated part of the green period (G); this is the number of queued
vehicles

Number of vehicles that depart from the queue during the interval t; to t,
after the start of the green period and before the end of the saturated part
of the green period (t, <t; <t, < Gg)

Number of vehicles that depart after queue clearance (during the
unsaturated part of the green period); this is the number of unqueued
vehicles

Nw = Gu gu/ 3600 (qy in veh/h)

Space occupancy ratio: the proportion of road space (length) covered by
vehicles

Osszthszv

Time occupancy ratio: the proportion of time in an analysis period when
the detector at a given point along the road is occupied by vehicles

Ot=to/h=(Ly +Lp)/ Ln(with presence detection)
Passenger car units (used to allow for the effect of heavy vehicles)

Proportion of heavy vehicles (HVSs) in the stream, e.g. pnv = 0.05 means
5% HVs and 95 % LVs (light vehicles, or pcus)

Proportion of light vehicles in the traffic stream

Platoon arrival ratio for coordinated signals: the ratio of the average
arrival flow rate during the green period to the average arrival flow rate
during the signal cycle (R, in HCM notation)

PA=0ag/ Qac =Pc /U

Proportion of traffic arriving during the green period (P in HCM notation)
Pc=0ag 9/ Gac C=PauU

Proportion of traffic arriving during the red period
PR=0arr/QacC=1-Pg=1-Pau

Flow rate (veh/s or veh/h): number of vehicles per unit time passing
(arriving or departing) a given reference point

Arrival (demand) flow rate (veh/s or veh/h): the average number of
vehicles per unit time as measured at a point upstream of the back of
queue (0a = gac = (Gar I + Gag 9) / € for platooned arrivals)
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Average arrival (demand) flow rate during the cycle (veh/s or veh/h) (for
platooned arrivals: Qac = qa)

Oac = (Gar F + Gag 9) / C
Number of arrivals (veh) per cycle as measured at the back of the queue
(for platooned arrivals: 0fa C = Qac € = Qar ' + Cag 9)

Arrival flow rate (veh/s or veh/h) during the green period (for non-
platooned arrivals: gag = ga)

Oag = Pa 0,

Arrival flow rate (veh/s or veh/h) during the red period (for non-
platooned arrivals: Qar = Qa)

Jar=0a (C—=PaQ)/r=0a(1-Pau)/(1-u)

Departure flow rate (veh/s or veh/h): the number of vehicles per unit time
measured at the signal stop line:

Jd = Qs during the saturated part of the green period
=y during the unsaturated part of the green period

Average departure flow rate during the signal cycle (veh/s)
Qde = (SQs + gu 9u) / (3600 c) = nyg/c (s and qy in veh/h)
Average departure flow rate during the green period (veh/s)
Qdg = (S Qs+ qugu) / (3600 g) = nyg /g (s and gy in veh/h)

Maximum queue discharge flow rate (pcu/h) for light vehicles, or
passenger car units (maximum departure flow rate observed at the signal
stop line without any downstream queue interference)

Maximum queue discharge flow rate for the actual traffic mix (veh/h)
(for uninterrupted traffic, this is the maximum flow rate, or capacity)

Qn:qm/fc

Queue discharge flow rate (veh/h or veh/s): departure flow rate during the
saturated part of the green period

Average queue discharge flow rate during the saturated part of the green
period (veh/h); gsa = s approximately

gsa = 3600 nys / G

Flow rate (veh/h) during the unsaturated part of the green period
(Qu = ga: departure flow rate = arrival flow rate)

Capacity of a lane (veh/h): maximum arrival flow rate that can be
serviced under prevailing flow conditions

Qe =sg/c forinterrupted traffic (where s is in veh/h)
Qe = qn for uninterrupted traffic

ARRB Transport Research Ltd



XX

Research Report ARR 340

Sm

SMF

So

sg

te

tem

Average effective red time (seconds)

r=c-g=R+ts—-te+t,+1

Average displayed red time (seconds)

R=C-G-ty

Average saturation flow rate during the effective green period (veh/h) for
the actual traffic mix without any downstream queue interference
S=5Sm/fc

Average saturation flow rate for a traffic stream consisting of passenger
car units only (or light vehicles) without any downstream queue
interference (pcu/h)

Saturation flow calculated using the principle of the SCATS Maximum
Flow (MF) parameter (pcu/h)

Saturation flow based on zero start loss and zero end gain definition
(ts = te = 0, therefore g = G) (veh/h)

Cycle capacity (veh) (s in veh/s, g in seconds)

Time (seconds) (in queue discharge models, this is the time since the start
of the displayed green period)

Acceleration time (seconds)
All-red time (seconds)

Blocked green time: duration of blockage due to downstream queue
interference, opposing vehicles or pedestrians (seconds)

End gain for a traffic movement, which is associated with the effective
use of terminating intergreen time (yellow and all-red intervals) (duration
of the interval between the end of displayed green period and the end of
effective green period) (seconds)

te = 3600 ne /s (s inveh/h)

End gain based on the maximum queue discharge flow rate (seconds)
tem = 3600 ne / qm (qm in veh/h)

Gap time (seconds/veh): the time between the passage of the back end of
leading vehicle and the front end of the following vehicle as measured at
a given point along the road, e.g. at a passage detector, or at the leading
edge of a presence detector loop; this is the time taken to travel the space

(gap) length, Ls
ty=Ls/v=h-t, (vinm/s)
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Duration of the initial part of the green period for saturation flow
calculation purposes (seconds) (ti = 10 seconds in ARR 123 (Akcelik
1981))

Detector occupancy time (seconds/veh): duration of the period when the
detection zone is occupied by a vehicle (sum of the vehicle passage time
and the time to travel the detection zone length) at speed v (m/s)

to=h-t; =ty +L,/v=(L,+Lp) /v

Average occupancy time of all vehicles departing during the green period
including both saturated and unsaturated intervals (seconds/pcu)

tog = Nus tosa + Nvu Tou

Occupancy time (seconds/pcu) at the maximum queue discharge flow
rate, gm, and the maximum queue discharge speed, vi,

Occupancy time (seconds/veh) corresponding to the maximum gqueue
discharge flow rate, g,, and the maximum queue discharge speed, v,

Occupancy time (seconds/veh) during queue discharge (i.e. for vehicles
departing during the saturated part of the green period) at speed v;

Average occupancy time (seconds/veh) during queue discharge

Occupancy time (seconds/veh) for uninterrupted flow conditions (as
observed at the signal stop line during the unsaturated part of the green
period, i.e. after queue clearance, for vehicles arriving and departing at
speed, Vy = Vgc)

tOU = 36 (L\/ + Lp) /Vac

Start response time in the queue discharge model representing average
driver response time for the first vehicle to start moving at the start of the
displayed green period (seconds)

Start loss time for a traffic movement, which is associated with driver
reaction time and acceleration delays until the steady saturation flow rate
is reached (duration of the interval between the start of displayed green
period and the start of effective green period) (seconds)

Space time (seconds/veh): the duration of the time between the detection
of two consecutive vehicles when the presence detector loop is not
occupied (this is equivalent to the gap time less the time taken to travel
the effective detection zone length, L) at speed v (m/s)

ts=h-to=tg—Lp/v=(Ls—Lp) /v

Average space time of all vehicles departing during the green period
including both saturated and unsaturated intervals (seconds/pcu)

tsg = Nus tssa + Nuy sy
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tsm

tSI’]

tssa

tSU

ty

t

Th

TL

To

Ts

Tr

Space time (seconds/pcu) corresponding to the maximum queue
discharge flow rate, gm

Space time (seconds/veh) corresponding to the maximum queue
discharge flow rate, gy

tsn = hp — ton

Space time (seconds/veh) during queue discharge (i.e. for vehicles
departing during the saturated part of the green period)

tss = hs — tog

Average space time (seconds/veh) during queue discharge

Space time (seconds/veh) for uninterrupted flow conditions (as observed
at the signal stop line during the unsaturated part of the green period)

Vehicle passage time (seconds/veh): time it takes for the vehicle length
(from front end to back end) to pass a given point at speed v (m/s) (this
can be considered to be the occupancy time, t, = t,, when the detection
zone length is negligible, L, = 0).

t,=L,/Vv

Average departure response time: average driver response time for the
next vehicle in the queue to start moving (seconds)

Yellow time (duration of yellow interval) (seconds)

Total headway time for vehicles departing during the green and
intergreen periods (seconds)

Th=nwhsa+nyhy=g

Travel time between two VDAS passage detectors for the leading end of
a vehicle (seconds)

Total occupancy time for vehicles departing during the green and
intergreen periods (seconds)

To = Nys tosa + Ny tou + 1o

Total space time for vehicles departing during the green and intergreen
periods (seconds)

Ts = Nys tssa + Nyy ty

Travel time between two VDAS passage detectors for the trailing end of a
vehicle (seconds)

Green time ratio

u=g/c

ARRB Transport Research Ltd




Va

Vac

Vd

\'i

Vim

VL

Vm

Vn

Vof

Vq

XXiii

Research Report ARR 340

Speed (m/s or km/h): distance travelled per unit time
V:Lh/h:CILh:C]/k
Average speed (m/s or km/h)

Average approach cruise speed (km/h) for the actual traffic mix as
measured at a point upstream of the back of queue under uninterrupted
conditions: this is the average cruise speed of the arrival stream at arrival
flow rate g,

Average speed for interrupted traffic including the effect of delays at
traffic interruptions (km/h)

Free-flow (zero-flow) speed in the uninterrupted speed-flow model for
the actual traffic mix (average speed under near-zero flow conditions)
(km/h)

Free-flow (zero-flow) speed in the uninterrupted speed-flow model for
passenger car units, or light vehicles (average speed under near-zero flow
conditions) (km/h)

Speed based on time measurements for the leading end of the vehicle
(km/h)

Maximum queue discharge speed for passenger car units, or light vehicles
(km/h)

Maximum queue discharge speed for the actual traffic mix (km/h)
corresponding to the maximum queue discharge flow rate, q, (for
uninterrupted traffic, this is the average uninterrupted travel speed at
maximum flow)

Limiting speed value that gives a zero space time value (t; = 0) used for
the purpose of determining optimum loop length (km/h)

Free-flow (zero-flow) speed for interrupted traffic (average speed under
near-zero flow conditions) (km/h)

Average travel speed when the demand flow rate equals the capacity for
interrupted traffic (km/h)

Queue discharge speed reduced due to downstream queue interference at
paired intersections (veh/h)

Queue discharge speed for the actual traffic mix (km/h): departure speed
across the signal stop line during the saturated part of the green period (in
terms of uninterrupted flows, this is the speed under congested conditions
observed at a reference point along the road)

Average departure speed during queue discharge (corresponding to the
average queue discharge flow rate, (s,)
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Vsm

VT

Vu

Vum

Vx

Xa

Queue discharge speed for light vehicles, or passenger car units (km/h)

Speed based on time measurements for the trailing end of the vehicle
(km/h)

vr=3.6 Ly /tT

Average uninterrupted travel speed (km/h or m/s) (at the signal stop line,
this is the average speed during the unsaturated part of the green period)

(Vu = Vac)

Uninterrupted flow speed for light vehicles, or passenger car units (km/h
or m/s)

Average departure wave speed (km/h or m/s)
Average arrival wave speed (km/h or m/s)

Degree of saturation: the ratio of arrival (demand) flow rate to capacity,
equivalent to the ratio of arrivals per cycle (gs. C vehicles) to the
maximum number of vehicles that can depart per cycle (sg vehicles)

X =0ac/ Qe = (dac €) / (sg) (for non-platooned arrivals, X = g, / Qe)

Acceleration distance (m)

Flow ratio: the ratio of arrival (demand) flow rate to the saturation flow
rate

Y =0,/ S (for non-platooned arrivals, y = q,/ s)
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1 INTRODUCTION

Background

This research report presents findings of a comprehensive study of fundamental traffic
characteristics at signalised intersections. The emphasis of the study is on queue
discharge characteristics of traffic at the signal stop line.

The research was carried out in two stages during the period 1991-1999. The first stage
of the study was carried out under several ARRB TR research projects on “Paired
Intersections”. The findings of the first stage on fundamental traffic characteristics at
signals were described in the working document WD R 96/043 (Akgelik and Besley
1996), and a related paper (Akgelik 1997). The working document presented results of
surveys of traffic streams crossing the signal stop-line at seven intersections in
Melbourne, including paired intersection sites.

The second stage of the study was funded by the Roads and Traffic Authority of New
South Wales (ARRB TR research project RC 7057 Fundamental Relationships for
Adaptive Control; RTA NSW project 63521/8). The survey methodology established
during the first stage of the study was employed and further refined during this stage to
establish queue discharge characteristics at five intersection sites in Sydney and six
intersection sites in Melbourne. The findings of the second stage were described in
working documents WD R 98/015 (Akgelik and Roper 1998), WD R 98/041 (Akcelik,
Roper and Besley 1998) and contract report RC 7057 (Akgelik, Roper and Besley
1999a).

The results given in earlier reports are brought together in this research report.
All previous reports produced during this study are superseded by this report.

Information given in this report is useful in modelling of actuated signal timing and
performance (Akcelik 1995a).

Related work carried out under the Paired Intersections projects included modelling of
platooned arrivals generated by coordinated signals (Akgelik [995b), modelling of
queue interaction at paired intersections (Rouphail and Akgelik 1991, 1992; Johnson
and Akcgelik 1992; Akcelik 1998), and explanation of the relationship between
interrupted and uninterrupted traffic flow characteristics (Akgelik 1996). The results of
this work are also included in this report.

During 1998-1999, an associated study of the fundamental characteristics of freeway
traffic flows was also undertaken. The study was funded by AUSTROADS (ARRB TR
research project RC 7082 Reassessment of Fundamental Speed-Flow Relationships for
Freeway Traffic Control; AUSTROADS project NRUM 9712). The results of the
project are presented in Research Report ARR 341 (Akgelik, Roper and Besley 1999b).

Research Context

The traditional queue discharge model for traffic signals (Webster and Cobbe 1966,
Akgelik 1981, TRB 1998) uses a constant saturation flow rate and associated start 10ss
and end gain times. The displayed green time is converted to an effective green time
using these parameters. Capacity and performance (delay, queue length) models are
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based on the use of effective green time and saturation flow rate. This report presents an
exponential queue discharge flow rate (or headway) model that represents queue
discharge behaviour of traffic directly, i.e. without resorting to various simplifying
assumptions needed to derive saturation flows and effective green times. However, the
exponential model can be used to derive the traditional saturation flow rate, start loss
and end gain parameters.

An exponential queue discharge speed model associated with the queue discharge
headway model is also presented. The queue discharge headway and speed models can
be used together to derive traffic parameters such as vehicle spacing, gap (space) length,
density, time and space occupancy ratios, gap time, occupancy time and space time.
Thus, a complete set of fundamental relationships for queue discharge behaviour at
traffic signals can be obtained. These relationships are useful for adaptive control
purposes.

Calibration results are presented for exponential quene discharge flow rate and speed
models based on data from all survey sites. The queue discharge model parameters
given for individual sites include:

» maximum queue discharge flow rate,

» minimum queue discharge headway,

maximum queune discharge speed,

vehicle spacing at maximum queue discharge flow,

space time at maximum queue discharge flow,

jam spacing,

queue clearance wave speed, and

» response time for the next vehicle in the queue to start moving.

Average values of queue discharge model parameters determined for through (isolated),
through (paired intersection) and fully-controlled right turn (isolated) sites are also
given, The term isolated used in this context means a single intersection site with a
reasonably long distance to the downstream intersection, and does not relate to the
signal control method used at the site.

The data collection method involved the measurement of queue discharge headways and
speeds for individual vehicles crossing the signal stop line using the VDAS traffic
detection equipment developed by ARRB TR (Leschinski and Roper 1993). The survey
method also involved measurement of average spacings of vehicles in the queue (jam
spacings). Exponential queve discharge speed and flow models were calibrated to
determine model parameters using data with light vehicles (cars) only. The method is
applied on a lane by lane basis.

This report

The report describes the survey methodology, survey site characteristics and data
processing (Sections 2, 3 and 4), and presents basic material on fundamental traffic flow
relationships (Section 5). More complicated issues involved in data analysis are
discussed in Section 6, and queue discharge models are described in Section 7. The
model calibration method is discussed in Section 8, and the calibration results are given
in Section 9. Results on uninterrupted flow models and paired intersections from the
first stage of the study are given in Sections /0 and 11. The effect of the downstream
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queue length on upstream departure speeds and flow rates at paired intersection sites is
discussed in Section 11.

Implications of findings on queue discharge characteristics for capacity and performance
analysis (saturation flows and lost times) and adaptive signal control practice (SCATS
control parameters, optimum detector loop length, and gap setting) are discussed in
Sections 12 to 14.

Graphs showing queue discharge characteristics and the relationships between
fundamental traffic variables at the signal stop line are given for an example in
Section 15.

Useful relationships for use in practice based on the findings of this study,
including survey methods to measure saturation flow and saturation speed, simple
regression equations to estimate queue discharge characteristics, and determine
optimum loop length and signal gap setting are summarised in Section I6.

Section 17 presents conclusions and recommendations for further research.

Appendices A to C present SCATS intersection geometry and phasing diagrams, and
figures showing measured and predicted queue discharge speeds, headways, flow rates,
spacings and space time - speed - detection zone length relationships for Sydney and
Meibourne 1998 Survey Sites.

Notations and Basic Relationships are given at the start of the report.
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SURVEY METHOD

The survey method involves the collection of the following data for each lane measured:

()

(if)

(i)

Queue discharge headway and speed data for individual vehicles crossing the
signal stop line collected using the VDAS detector equipment. The VDAS treadle
switch (passage) detectors are placed over the signal detector loop as shown in
Figure 2.1. In earlier paired intersection surveys, VDAS detector strips were
placed immediately downstream of the signal stop line as seen in Figure 2.2.
VDAS equipment and detector placement is further discussed in this section.

The times when the third through seventh queued vehicles cross the VDAS
detectors recorded by an observer manually by pressing a hand held button
connected to a laptop computer.

The time when the last vehicle from the back of queue crosses the VDAS detector
in an undersaturated signal cycle recorded by an observer who presses a second
button connected to the laptop computer via a long cable (Figures 2.1, 2.2 and
2.3). In the case of an oversaturated signal cycle, this is not recorded since the /ast
departing queued vehicle is determined automatically (Figure 2.4).

fgnore first two vehicles Vehicles 3 fo 7 marked by For AT lanes, last vehicle in
in measured lana Observer 2 queue must fit in lane.

[N \

VDAS
treadle /

switch — | » L sravradenr Signal

detectors « detector
/ founs loans

Signal Leads _
stop Last vehicle in queue

line marked by Observer 1
VDAS 1 Upstream detector

data 2 Downstream detector
logger

VDAS deiector spacing
approximately 3m

Figure 2.1 — Passage detection system using two VDAS detectors located centred over

the traffic signal loop detector
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VDAS

detectors
Downsfream queue Upsiream queus

/ Observer

Light recording

the last
sensors \ queued

vehicle
VDAS f passage
units time

SENsSOfs

Laptop
computer

Figure 2.2 — Paired intersection survey method (in these early surveys, detectors were
located immediately downstream of the signal loop detecfor)

(iv) The number of vehicles in a given distance from the signal stop-line, e.g. 90 m, for
the purpose of determining the jam spacing (see Figures 2.3 and 2.4).

(v) Signal change times recorded automatically using two temporary light sensors
placed on the green and yellow signal lanterns and linked to a second VDAS unit
(see Figure 2.5).

(vi) For paired intersections, distance to the back of downstream queue recorded using
a laser gun activated at the start of the green period at the upstream signal, and at
various intervals during the green period. The laser gun was connected to the
laptop computer as seen in Figure 2.2. Paired intersection surveys are discussed
in more detail later in this section.

The timings of the laptop computer and the VDAS units are synchronised.

At the first few sites during earlier paired intersection surveys, the start and end times of
the green periods were recorded by one of the observers who pressed the keys on the
laptop computer. The accuracy of this method was found to be not satisfactory in
relation to the first few vehicles departing from the queue. Subsequently, the light
sensors were devised and used in the surveys.
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Saturation
Vehicle headways
deparlurﬁs
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detectors

Vehicle
stopping

“Last queued
vehicle” erossing
the upstream

Jam VDAS detector

spacing

Vehicle { Backot
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arrivals \u
i nqueued
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only

Figure 2.3 — Back of queue and last queued vehicle definition (using idealised
speed-time trajectories); Undersaturated cycle

Saturation
Vehicle headways
departures

il
o/

S

Stop line —y
5 \

VDAS 4
detectors

T2 Overflow
Jam vehicles

spacing Last departing
queued vehicie
crossing the
upstream VDAS
detector

Vehicle “Last queued
stopping vehicle” in current
signal cycle

Vehicle

P .Back of
arrivals queue

Slow-down
onty

Figure 2.4 — Back of quene and last queued vehicle definition (using idealised
speed-time trajectories): Oversaturated cycle
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VDAS Equipment

VDAS is a traffic classifier developed by ARRB TR (Leschinski and Roper 1993).
It offers options to produce a variety of vehicle classification and speed data formats.
The VDAS 3000 model was used in these surveys. The VDAS system is easy to use,
comprising a single printed cpu card housed in a weatherproof enclosure (see
Figure 2.6). VDAS records data from treadle (switch) detectors or road tubes. Two
treadle detectors were used in the surveys.

The two VDAS detector strips installed centred over the signal detector loop forms a
passage detection system for data collection at signal stop line (Figure 2.1). With the
4.5 m signal detector loop, one of the detectors is located 0.75 m from the downstream
edge of the loop and the other detector is located further upstream at a spacing of
approximately 3.0 m. The latter will be referred to as the first (upstream) detector.
Treadle switch positions and loop positions relative to the stop line are noted in the
survey forms. Figure 2.7 shows the VDAS setup used at the signal stop-line location.

In earlier surveys (sites Mell to Mel6 in 1996 surveys as described in Section 3}, VDAS
detector strips were placed immediately downstream of the signal stop line (Figure 2.2).
The first VDAS detector was placed about 0.5 to 1.0 m downstream of the stop line and
the second VDAS detector was placed further downstream at a spacing of about 3 m.
After the analysis of data from these six sites, a different detector position was used.
The detectors were centred over the signal detector loop so that data collected
corresponds to loop data more closely. This method was used at site Mel7 in the 1996
surveys. In this case, the two VDAS detectors were placed over the signal loop, the first
detector placed 1.5 m upstream of the stop line and the second detector placed further
upstream at a spacing of 4.5 m.

Communication with VDAS is via an IBM compatible laptop computer. Normally, a
software package called VCOM is used providing a menu-driven set of options for data
collection and analysis. In the surveys described in this report, a special program
written by Ron Roper (SIGCLASS) was used to analyse the raw survey data and
produce data including time, class, number of axles, speed, headway and wheel base for
individual vehicles crossing the stop line.

VDAS measures the headway and speed with reference to the times when the front
(leading) and rear (trailing) axles of two consecutive vehicles cross the first (upstream)
and second (downstream) detectors, This information is used to determine leading and
trailing headways at the first and second detectors, and to calculate speeds based on time
measurements for the leading and trailing ends of the vehicle, as well as an acceleration
rate based on the assumption of constant acceleration over a short distance. The method
used to determine these variables is described in detail in Section 6.

ARAB Transport Aesearch Ltd
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Figure 2.5 — Light sensors to record signal change times

Figure 2.6 — The use of VDAS unit at the signal stop-line location
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Figure 2.7 — The use of VDAS treadle switch detectors at the signal stop-line location
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Observer Tasks

There are three tasks that are performed by three individual observers during each
survey. Observers 1 and 2 must be physically located in the same area since the hand
held buttons used to record movements are connected to the same laptop computer. The
position chosen is selected to give as clear a view as possible of the traffic building at
the back of queue of the measured lane and a clear view of the position of the treadle
detectors. The opposite side of the road is often better than the near side.

Tasks 1 and 2 are performed for every cycle during the survey period. It is not necessary
to perform Task 3 for every cycle.

General conditions of the survey site are recorded in the form shown in Figure 2.8.

Task 1 (Observer 1)

Observer 1 is required to identify and monitor the movement of the Jast queuned vehicle
in the measured lane. Once identified, the observer must then track, and press a hand
held button attached to the laptop computer as the front of the vehicle crosses the first
(upstream) treadle detector. 'The button used by Observer 1 has a long lead which
allows free movement to assist in observing long queues.

Identifying the last queued vehicle is not an easy task in practice. As shown in
Figure 2.3 for the case of an undersaturated cycle, the queue building from the
beginning of each red phase is observed and the last vehicle which either stops or is
slowed noticeably by the queue in front is defined as the last queued vehicle. This is the
same as the last vehicle at the back of queue. If the observer is uncertain whether a
vehicle has slowed or not, the previous vehicle should be selected as the last queued
vehicle.

In oversaturated signal cycles where the last queued vehicle cannot pass through the
intersection during the current green phase (becomes an overflow vehicle as shown in
Figure 2.4), the button should NOT be pressed. In analysing data, this will indicate an
oversaturated cycle.

Special considerations apply to short lanes as in the case of dedicated right turn lanes.
If the short lane is not full, i.e. the back of gueue is contained within the short lane
space, the normal method for identifying the last queued vehicle applies. If the short
lane is full, the last queued vehicle is recorded as the last vehicle in the short lane space
which is not queuing into the adjacent lane (provided it crosses the upstream VDAS
detector in the current cycle).

Task 2 (Observer 2)

Observer 2 monitors the movements of the first few vehicles departing from the queue
at the start of each green period. The first two vehicles in the queue are ignored as it is
most likely that one or both of these vehicles has already crossed the treadle detectors or
is stationary over the top of them. For the next five vehicles in the queue, the observer
presses a hand held button as the front of the vehicle crosses the first (upstream) treadle
detector. This task is necessary, as these early vehicles are difficult to identify
automatically due to their low speed and acceleration,

ARRAB Transport Research Lid
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Task 3 (Observer 3)

Observer 3 records manually on a clipboard information about the number of vehicles
and the type of vehicles in the queue using forms shown in Figures 2.9 and 2.10.

For full-length lanes, the number of vehicles from the stop line out to 90 metres is
recorded. For short lanes as in the case of dedicated right-turn lanes, the number of
vehicles to the end of the short lane space or 90 metres, whichever is shorter, is counted.

In each of the above cases the type of vehicle is also noted, e.g. car, car towing, bus,
rigid truck, articulated truck, and so on.

Where the lane is a shared lane, the proportion of turning vehicles and those going
straight ahead is recorded.

ARRB Transport Research Lid
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Signalised Intersection Queue Discharge Flow and Speed Survey Form

Site No.: Date: Time:
Measured road: Cross street:
Suburb: State:
Intersection leg: Lane No.: - Movement (T/L/R):
Weather: Short Lane Length {m):
Daylight conditions: Map reference:
. . i . R Speed limit
Yellow time {s}): B All-red time {s): tk/h):
Treadle Detectors
Upst. Downst.
Distances {m) channel No.: I:l D D I:l
Stop Line to Downstream Datector: ] VDAS No:
Downstream io Upstream Detector: | Fite name:
To Upstream intersection: _ Clock corraction:
To Downstream Intersection:
Signal Sensors Clocks synchronised: D
Left Turn Through Right Turn
Phases
monitored: R Y G R Y G R Y G
woe:| (] O] OO0 OO OO
VDAS No:
File name:
Clock corrections:

Observations

Q
Q

Back of queue:

Queue count & mix:

Front of queue:

PG log file name:

Traftic Conditions
SCATS report requested: Yes

Description of intersection:

Q

No

Downstream restrictions:

Adjacent lane restrictions:

Unusual events:

Comments / Photos / Diagrams

Figure 2.8 —

Queune discharge flow and speed survey form
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Vehicle Queue Spacing Survey Form

Site No: Date:

Measured road:

Sheet

Intersection leg:

Lane No.: Movement (T / L/ R):

Start of RED time (h:m:s)

Vehicle

-2

-t

= I v = B S Ko I 4 N - I o]

s
<

iy
—y

—t
[a%]

-~
w

s
>~

-
(53]

—
[2]

b
~J

oy
o

—
@0

20

Space filted D D

Q

Q Q Q

Tick boxes if short lane space, or if 90 m space Is filled,

u

Instructions

For car category, mark with a tick, dash or C.
For other vehicle types use codes below or define new codes as needed
Record motorcycles only if they are occupying lane space.

Stop recording vehicles when short lane space or 90 m space is filled.

Vehicle Codes
v -G Car, 4WD, light van
CT Cartowing
M  Motor Cycle

ST
LT
AT

Smalf rigid truck
Large rigid truck
Articulated truck
Bus

Figure 2.9 — Vehicle queue spacing survey form
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Vehicle Queue Discharge Movement Survey Form
For Shared Lanes Only

Site No: Date:

Measured road:

Sheet of

intersection leg:

Lane No.:

Movement (T/L/R):

Start of RED fime (h:ms)

Vehicle Veh | Mov | Veh | Mov

Veh i Mov | Veh

Mov | Veh | Mov { Veh | Mov { Veh | Mov

1

O |0 [~ ;o iR [ e

—
o]

—
—

—
vl

sy
co

oy
B

wh
[5,]

e
o

—a
~J

pury
[o]

-
[i+]

fas]
L]

Instructions

For car category: leave vehicle type blank, just record the movement type, e.g. car turning right (R}
For other vehicies: record vehicle and movement types, e.g. large truck {L.T) going straight through (T}

Vehicte Codes

{btank) Car, 4WD, light van ST
CT Cartowing LT

M Motor Gycle AT

B

Small rigid truck
Large rigid truck
Arliculated truck
Bus

Movement Codes
T Through
L Left Tumn
R Right Tumn

Figure 2.10 — Survey form for shared lanes
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Paired Intersection surveys

At the start of the first stage of this study, a significant amount of research effort went
into establishing a survey method that produced data relevant to the paired intersection
situation. This required covering a large area of traffic operations simultaneously since
data about the back of upstream and downstream queues needed to be recorded.

The methods considered included the ARRB TR CAMDAS system for video-picture
recording and subsequent laboratory analysis. This system is used with a trailer that can
provide 10 m camera height, The use of several cameras with precise synchronisation
would have been required. Wireless techniques including infra-red data and UHF radio
links were considered for data transmission. Some of these techniques required some
developmental work before they could be employed for the surveys. Considering the
costs involved, these possibilities were discarded.

Single-camera techniques considered and trialed included video recording of the traffic
operations at selected paired intersection using a helicopter (with a person filming
manually) and a remote controlled model plane with a camera attached. These methods
were not found feasible for technical, practical and cost reasons, and abandoned. The
use of satellite, light aircraft, model helicopter and balloon were also considered but
found not feasible from technical and cost viewpoints.

Finally, a relatively simple and practical survey method was designed which involved
the use of laser gun to measure the distance to the back of downstream queue as well as
the speed at the back of downstream queue, used in conjunction with the VDAS
equipment (Figure 2.2). At the upstream stop line, the two VDAS detectors and two
light sensors installed on the green and yellow signal lanterns were linked to VDAS
units.

The laser gun was linked to the laptop computer and the readings were recorded
automatically when an observer pressed the trigger. A second observer pressed a button
connected to the laptop via a long cable to record the time at which the last queued
vehicle crossed the stop line. Various comments were also entered directly into the
laptop computer by a third observer who also had a supervisory role. Two additional
light sensors installed on the green and yellow signal lanterns at the downstream stop
line were linked to a third VIDAS unit. The timings of the laptop computer and the
VDAS units were synchronised.

ARRB Transport Research Lid
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Figure 2.11 — Photo showing the upstream queue and the laser gun aimed in the
downstream direction at a paired intersection site (Site Mel5 in Melbourne)
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3 SURVEY SITES

The survey sites consist of two main groups:

(i) 1998 Sydney and Melbourne Sites (five sites in Sydney and six sites in
Melbourne), and

(ii) 1996 Melbourne sites (seven sites).

All sites in group (i) are isolated intersection sites although one site has CBD
intersection characteristics (Site 413 in Sydney). These include through and right-turn
traffic lanes (one site in Melbourne is a shared through and left-turn traffic lane). The
term isolated used in this context means a single intersection site with a reasonably long
distance to the downstream intersection as opposed to a paired {(or closely-spaced)
intersection site, and does not relate to the signal control method used at the site.

Group (ii) includes isolated and paired intersection sites, located in the eastern suburbs
of Melbourne. They are all through traffic lanes except one site which is a shared
through and left-turn traffic lane. These surveys were actually carried out during late
1993 to mid-1994, but are referred to by the year of the original report (Akgelik and
Besley 1996). The calibration results given for these sites (Section 9) differ from those
given in the original report due to the revised calibration method.

For all sites, queue discharge data relates to a single lane of traffic with negligible effect
of slip lane or short lane traffic on through traffic lanes. All sites are controlled by
vehicle-actuated signals.

Survey site characteristics for Sydney and Melbourne 1998 sites are summarised in
Tables 3.1 and 3.2. These survey sites are labelled using their SCATS intersection
numbers. Data collected during AM and PM peak pericds at Site 163 in Sydney
were combined together in calibrating the queue discharge models for this site.
Heavy vehicle percentages for Sydney and Melbourne 1998 sites are given in Tables 9.1
and 9.2 in Section 9 which summarises queue discharge model calibration results.

Site characteristics for Melbourne 1996 sites are summarised in Tables 3.3. Site Mell
in Table 3.3 is the same as Site 456 in Table 3.1. This provides an opportunity to
compare results from surveys carried out at two different dates (although the survey
method used in 1998 was more refined).

In Tables 3.1 to 3.3, lane numbers indicated are based on lane counting from kerb side
towards the middle of the road looking towards the downstream direction.

For all Sydney and Melbourne 1998 sites:

(i)  the photos from each site are shown in Figures 3.1 o 3.11 given at the end of this
section, and

(i) SCATS intersection geometry and phasing diagrams are shown in Appendix A.

An effort was made to select survey sites in Sydney and Melbourne with similar
characteristics although analysis in terms of comparing traffic in different cities may not
be meaningful due to many factors affecting traffic behaviour.

ARRB Transpornt Research Lid



20
Research Report ARR 340

Table 3.1

Sydney 1998 Survey Sife Characteristics

Site no. Intersection Lane Speed Pericd
limit
{km/h)
TCS163 | Pacific Hwy and Mowbray Rd. | Lane 4: Right turn lane on 60 6.30 - 9.00 am
AM in Chatswood. Pacific Hwy. Short lane. .
3 through lanes, 1 right turn South approach {against Sunrise
lane. Major divided urban heavy through traffic on 6.34 am
arterial with intersecting North approach}.
collector road.
Lane width: 2.8 m
Lane fength: 69 m
Downstream dist: 350 m
TCSi63 | Asfor TCS163 AM As for 163 AM except right 60 4.00 - 6.00 pm
PM turn lane now carrying
heavier traffic and through Sunset
traftic on North approach is 5.09 pm
lighter.
TCS610 | Military Rd. and Murdoch St Lane 3: Right furn fane on 60 4,00 - 6.00 pm
in Cremorme, Military Rd. Short lane.
2 through lanes, 1 right turn West approach carrying Sunset
tane. Narrow divided urban evening peak. 5.09 pm
arterial with intersecling
collector road. Lane width: 2.9 m
Lane length; 52 m
Downstream dist: 400 m
TCS1081 | Lilytield Rd. and James St. in | Lane 2 on Lilytield Rd 60 6.40 - B.40 am
Lilytield. {Through traffic). Northwest
2 through lanes. Collector approach carrying morning Sunrise
with 9% grade on approach, peak traffic o Southeast. 7.01 am
flat after intersection.
Intersecting collector. Lane width: 3.2 m
Downstream dist: 1000 m
TCS413 | Broadway and City Rd. in Lane 3 on Broadway 60 4.00 - 6.00 pm
Broadway. (Through traffic).
3 through lanes, 1 left tum East approach carrying Sunset
lane. Inner urban divided evening peak. 4.55 pm
arterial with intersecting
arterial on left. Lane width: 3.0 m
Downstream dist: 140 m
TCS511 General Holmes Dve and Lane 2 on General Holmes 70 6.30 - 9.00 am
Bestic St. in Kyeemagh Dve (Through traftic}. South
3 through lanes. Urban approach carrying morning Sunrise
divided arterial with peak. 7.01 am
intersecting collector on left.
Lane width: 3.4 m
Downstream dist: 2700 m
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Table 3.2

Melbourne 1998 Survey Site Characteristics

Site no. Intersection Lane Speed Period
limit
(km/h}
TC3121 Maroondah Hwy and Mitcham | Lane 4: Right turn fane on 70 4.00 - 6.00 pm
Rd in Mitcham. Maroondah Hwy, East
3 through tanes, 1 right turn approach,. Sunset
lane. Major divided urban 6.30 pm
arterial with intersecting Lane width: 2.85 m
undivided arterial. Lane length: 110 m
Downstream dist: 160 m
TCS335 | Doncaster Rd and Blackbum | Lane 4: Right turn fane on 70 4.00 - 6.00 pm
Rd in East Doncaster. Doncaster Rd. East
3 through lanes, 1 right turn approach. Sunset
iane, Divided urban arterial 6.35 pm
with intersecting divided Lane width: 3.0 m
collector Lane fength: 110 m
Downstream dist: 780 m
TCS3186 | Middieborough Rd and Lane 1:; Through and left turn 60 4,00 - 6.00 pm
Highbury Rd in East Burwood. | lane on Middieborough Rd.
1 through & left, 1 through & North approach. No slip Sunset
right lane. Undivided artertal lane. 6.35 pm
with intersecting coltector
road. Lane width: 3.16 m
Downstream dist: 1400 m
TCS4273 | Toorak Rd and Tooronga Rd Lane 2 on Toorak Rd 60 4.30 - 6.30 pm
in Hawthorn East. {Through traffic). West
2 through fanes, right turn approach. Sunset
lane. Narrow undivided 6.24 pm
arteriat with uphill grade on Lane width: 28 m
approach {approx. 6 %), Downstream dist: 900 m
reduced grade after
intersection.
Inlersecting collector road.
TCS849 | Canterbury Rd and Mitcham Lane 2 on Canterbury Rd 70 4.00 - 6.00 pm
Rd in Vermont. (Through traffic). West
i through & left, 2 through, 2 approach. Sunset
right turn lanes. Narrow 6.37 pm
divided arterial with Lane width: 3.06m
intersecting collector. Downstream dist: 1600 m
TCS456 | Ferntree Guily Rd and Stud Lane 4 on Femntree Gully Rd 80 4,00 - 6.00 pm
Rd in Scoresby. {Through traffic). West
1 through & left, 3 through, 2 approach. Sunset
right turn lanes. Wide major 6.30 pm
divided arterial with Lane width: 3.5 m
intersecting divided arterial. Downstream dist: 1000 m
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Table 3.3

Melbourne 1996 Survey Site Characteristics

Site no. Intersection Lane Speed Period
limit
(km/h})
Meli Ferntree Gully Road and Stud | Lane 4 of 4 through lanes on 80 4,00 - 6.00 pm
Road in Scoresby. Ferntree Gully Road West
isolated intersection site. approach.
Mel2 Kooyong Road and Lane 1 of 2 through fanes on 60 4.00 - 6.00 pm
Dandenong Road in Kooyong Road North
Armadale. approach {shared through
Paired intersection site and left-turn lane).
(a wide-median intersection
with the median storage area
downstream of the lane
surveyed}.
Mel3 South Eastern Arterial and Lane 3 of 3 through lanes on 80 4.00 - 6.00 pm
Burke Road in Glen Iis. South Eastern Arteriat West
Isolated intersection site. approach.
Grade-separated since the
surveys.
Meid Canterbury Road and Lane 1 of 2 through lanes on 60 4,00 - 6.00 pm
Middleborough Road in Box Canterbury Road West
Hill. approach (shared through
Isolated intersection site. and left-turn slip lane).
Mel5 Pedestrian Crossing on Lane 1 of 2 through lanes on 60 8.00 - 9.00 am
Canterbury Road in East Canterbury Road East
Camberwell. approach.
Paired intersection site
(upstream of two closely-
spaced pedestrian crossings}.
Mel6 Boronia Road and Wantima Lane 2 of 3 through lanes on 80 4.20-6.20 pm
Road in Wantirna. Boronia Road West
Paired intersection site approach.
{upstream of the intersection
of Boronia Road and
Mountain Highway).
Mel7 Ferniree Gully Road and Lane 3 of 3 through lanes on 80 4.00 - 6.00 pm

Scoresby Road in Knoxtield.
Isolated intersection site.

Femntree Gully Road West
approach.
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Surveys were carried out mostly during morning and afternoon peak periods. Mormning
peak surveys were conducted typically from 7.00 am to 9.00 am. Afternoon peak
surveys were conducted for a maximum of about two and half hours each, typically from
4.00 pm to 6.30 pm. At the Melbourne 1996 survey site Mel5, queue interaction effects
were observed during the period 8.00 am to 9.00 am.

Isolated intersection sites were selected to ensure that there were no downstream queue
interference to the departures of vehicles from the subject approach lane. For this
purpose, the distance to the nearest upstream and downstream intersections were
recorded and any downstream and upstream interference (interruption to the flow of
traffic) were recorded in the survey form (Figure 2.8).

Paired intersection sites included in group (ii) are closely spaced relative to a
downstream signalised intersection which affects the queue discharge characteristics at
the survey site. However, signal cycles with any downstream queue interference (speed
reduction or blockage due to the downstreamn queue at the survey lane) were not
included in the calibration of the basic queue discharge speed and flow rate models for
the paired intersection sites (Mel2, Mel5 and Mel6). Thus, the queue discharge model
parameters represent the geometric and environmental conditions only rather than direct
queue interference which is a function of demand levels and signal timing parameters.
Downstream queue interference at paired intersection sites is considered separately. The
results are discussed in Section 11.

In selecting the survey sites, the aim was to cover different lane types at intersections of
different size, including the following:

(1) through traffic Iane at a high design intersection (large intersection on a major
arterial road, open-feel environment, wide lanes clearway, minimal or no friction},

(ii) through traffic lane at a low design intersection (small intersection on an arterial
road with a restricted-feel environment, narrow lanes, but with clearway conditions
and minimal or no friction),

(iii) through traffic lane on an approach road with significant uphill grade prior to stop

line,

(iv) shared through and left-turn lane (both movements subject to signal control, i.e. not
slip lane sites),

(v) fully-controlled right-turn lane (short lane or full-length lane), with short and long
green times.

Right-turn traffic lanes surveyed included single right-turn lane sites only. All right-turn
movements were fully controlled (i.e. subject to green and red arrow signals).

For all 1998 survey sites, SCATS control parameters MF (maximum flow) and KP
(occupancy time at maximum flow) were obtained from road traffic authorities in
Sydney and Melbourne (see Sections 4 and 13).

Various comments on observed site conditions are given below.
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Observed Site Conditions at SYDNEY 1998 Sites

The following notes on observed site conditions provide a qualitative assessment of the
conditions that prevailed at the time the surveys were conducted. Weather conditions
during all the surveys were fine with dry roads and good visibility. The surveys were
conducted during May and June hence part of each survey was conducted either before
sunrise or after sunset.

Site 163

During the morning survey when traffic in the right turn lane was opposing peak city-
bound traffic, green times were very short with only a handful of vehicles getting
through each cycle. Close following behaviour and red arrow running were quite
noticeable during this survey. Many vehicles were in the queue for several cycles before
getting through. The afternoon survey at this site showed less frantic behaviour with the
longer green times. Drivers also seemed less inclined to run the red arrow at the end of
the phase.

Site 610

This site appeared to be operating in a similar fashion to the afternoon survey at
Site 163. The only abnormal behaviour noticed was occasional drivers who ignored the
red arrow well after the end of the turn phase and continued into the intersection to
complete a filtered right turn. This behaviour was probably due to the absence of the
permitted filtered right-turn which normally operates at this site during afternoon peak
periods. This phase was disabled for the duration of the survey to ensure that a fully
controlled right-turn phase was operating.

Site 413

This site appeared to have a greater number of vehicles changing lanes prior to passing
through the intersection than was observed at other sites. This had the effect of leaving
occasional larger headways between vehicles than would otherwise have been the case.
Observation of the end of the queue was difficult at this site due to obscured vision from
adjacent lane traffic.

Site 1081

This site operated at saturated conditions for most of the survey period. It was noted
that the majority of heavy vehicles chose to travel in the left lane rather than the right
lane under observation in this study. The signal controller developed a technical fault
before the end of the planned survey period, no SCATS data was available from this site
due to this technical problem.

Site 511

This very busy site was running at saturation for the entire survey period with very long
green times. Traffic appeared to be very consistent during each cycle and very little lane
changing was observed. This survey ended earlier than planned due to the VDAS
detectors being ripped up by a street sweeper.
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Observed Site Conditions at MELBOURNE 1998 Sites
Site 121

The right turn lane at this site operated at saturation for much of the survey period. The
lane is over 100m in length and quite narrow at 2.85 m. Several instances of
downstream blockage were observed which caused a delay in the departure of the right
turn traffic. Signal cycles with this effect were not included in the data analysed.

Site 335

The length of the right turn lane at this site is similar to Site 121 however the width is
slightly wider at 3 m. Traffic here is generally less congested than Site 121 both in the
measured lane and the through lanes. Cross traffic was also much lighter with no
downsiream obstructions observed. At this site and Site 121, vehicles performing
U-turns were observed on several occasions, reducing the speed of the following
vehicle. Signal cycles with this effect were not included in the data analysed.

Site 3196

Traffic on Middleborough Road became very heavy during the survey period. Queues
extended from Burwood Hwy to Highbury Rd in both directions for much of the survey
period. The flow of through traffic was affected by the left turning traffic (15 per cent)
in the measured lane.

Site 4273

Toorak Road carries evening peak traffic exiting the Southeastern Freeway from the city
towards the Eastern suburbs. The approach to the intersection has an uphill grade of
around 6% flattening out significantly on the downstream side. A relatively high
proportion of large vehicle spacings in the stationary queue (jam spacings) were
observed at this site, presumably influenced by the steep grade.

Site 849

The lanes at this site are quite narrow on the approach to the intersection due to the
addition of two right turn lanes. Geometrically, this site appears similar to Site 413 in
Sydney as it has a slight uphill grade on the approach with narrow lanes.

Site 456

This large intersection carries high traffic volumes in all directions during evening peak.
The end of queue was marked prematurely in many instances due to traffic leaving the
measured lane and entering the two right-turn lanes. A brief rain and wind squall during
the survey did not appear to interfere with traffic flow although the sensors attached to
the signals failed to record some cycles during this period. Signal cycles with this effect
were not included in the data analysed (except in the analysis of jam spacing).
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Melbourne 1996 Survey Sifes

At the early stages of this study, the emphasis was on paired intersections with
downstream queue interference. Difficulty was experienced finding paired intersection
sites that gave adequate data for this purpose, and the effort for finding sites that gave
useful data was not entirely successful. The reason was that most paired intersection
sites had good signal phasing design that solved the queue interaction problem, or queue
interaction occurred only in a limited number of ways providing few data points per site.
The latter was the main reason for discarding full surveys at the intersection of Ferntree
Gully Road with Springvale Road and Brandon Park Drive, and the intersection of
Warrigal Road with Highbury Road and Burwood Highway.

Sites Mell to Mel4 and Mel7 provide data without downstream queue effects. Sites
Mel5 and Mel6 are paired intersection sites selected to analyse queue interaction effects.
The distances between the upstream and downstream stop lines at Sites MelS and Mel6
were about 190 m and 170 m, respectively.

Site Mel2 is a wide-median intersection, where the median storage area was downstream
of the through lane surveyed. The signal phasing arrangement at Site Mel2 resulted in
no queue interaction effects. The queue discharge characteristics of this lane are also
affected by the left-turn traffic in the lane.
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Photographs showing
Sydney and Melbourne 1998 Survey Sites
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Figure 3.1 — Intersection 163: Pacific Highway - Mowbray Road (Chatswood,
Sydney). Lane 4 on Pacific Highway, South approach, right-turn traffic
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Figure 3.2 — Intersection 610: Military Road - Murdoch Street (Cremorne, Sydney).
Lane 3 on Military Road, West approach, right-turn traffic
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Figure 3.3 — Intersection 1081: Lilyfield Road - James Street (Lilyfield, Sydney).
Lane 2 on Lilyfield Road, Northwest approach, through traffic, 9% uphill grade
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Figure 3.4 — Intersection 413: Broadway - City Road (Ultimo, Sydney).
Lane 3 on Broadway, East approach, through traffic
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Figure 3.5 — Intersection 511: General Holmes Drive and Bestic Street (Kyeemagh,
Sydney). Lane 2 on General Holmes Drive, South approach, through lane
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Figure 3.6 — Intersection 121: Maroondah Highway and Mitcham Road (Mitcham,
Melbourne). Lane 4 on Maroondah Highway, East approach, right turn lane
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Figure 3.7 — Intersection 335: Doncaster Road and Blackburn Road (East Doncaster,
Melbourne). Lane 4 on Doncaster Road, East approach, right turn lane
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Figure 3.8 — Intersection 3196: Middleborough Road and Highbury Road
(East Burwood, Melbourne). Lane 1 on Middleborough Road, North approach,
shared through and left-turn lane
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Figure 3.9 — Intersection 4273: Toorak Road and Tooronga Road (Hawthorn East,
Melbourne). Lane 2 on Toorak Road, West approach, through lane, 6% uphill grade
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Figure 3.10 — Intersection 849: Canterbury Road and Mitcham Road (Vermont,
Melbourne). Lane 2 on Canterbury Road, West approach, through lane
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Figure 3.11 — Intersection 456: Ferntree Gully Road and Stud Road (Scoresby,
Melbourne). Lane 4 on Ferntree Gully Road, West approach, through lane

ARRB Transport Research Ltd



39
Research Report ARR 340

4 DATA PROCESSING

Initial Data Processing

Careful processing of raw data collected by VDAS equipment was carried out to
maximise the useful vehicle data, especially for those vehicles departing during the
initial part of each green period. For this purpose, the data files were processed to
identify vehicles which had not been correctly classified by VDAS automatically. This
involved merging the unclassified axle detections with the classified vehicles, signal
detections and observer comments into one chronological file for each site. Each file
was then closely examined for either incorrectly classified vehicles or unclassified
detections, and where errors existed, manual classification and adjustment of headways
enabled virtually all vehicles to be accounted for.

Preparation of the data files for the regression analyses required the exclusion of some
vehicles from the traffic stream during each cycle. The following criteria were used to
exclude these vehicles:

o All vehicles recorded after the yellow signal in each cycle.

s All vehicles recorded after the manually recorded end of queue signal.

o All AUSTROADS (1988) class 2 vehicles and larger (“heavy vehicles”).

o The first vehicle following an AUSTROADS (1988) class 2 vehicle or larger.

e Vehicles that had clearly been unduly delayed by a vehicle ahead which was either
significantly slower than the vehicle in front of it or very slow to begin moving.

e Vehicles at the front of the queue where a valid headway or speed could not be
determined.

The first vehicle in the queue was usually stationary over the detectors prior to the green
signal and therefore neither a valid speed nor headway could be determined. The
second vehicle was usually stationary behind the detectors, therefore a valid speed could
be determined, but a headway could not be calculated due to the first axle of the vehicle
ahead having crossed the detectors prior to the green signal.

In some instances, it was evident from the data that a slow moving vehicle had fully
crossed the detectors during the red phase and had stopped at some point beyond the
detectors. Taking into account the relative position of the next vehicle in the queue in
relation to the detectors and the measured distance from the stop line to the detectors, it
was possible to make a judgment about whether the first vehicle was actually in the
queue or not. In cases where it was apparent that the first vehicle had stopped
downstream of the stop line, that vehicle was not considered to be part of the queue.

The initial processing of VDAS data produced a file with time, vehicle class, number of
axles, wheelbase, speed, headway, queue position and time since start of green for each
vehicle, and markers for signal change times, vehicles 3-7 and the last vehicle from the
back of queue. These files were imported into Excel spreadsheets for further analysis.
Figure 4.1 shows an example of the processed survey data file. In the case of earlier
paired intersection surveys for downstream queue effects, additional data were entered
into the processed file including the distance to the back of downstream queue and the
corresponding speed. An example is given in Figure 4.2.
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Time
Time in Vehicle No. of Queue  since
Time Seconds Comment class axles Speed Headway Wheelbase position green
15:56:34.885 57394.895 GREEN
15:56:37.588 57397.588 1 2
15:56:38.662 57398.662 1 2 15.74 2478
15:56:40.394 57400.334 VEHICLES 3-7 1 2 22.41 1.73 2668
15:56:42.367 57402.367 VEHICLES 3-7 < 1 Markers for 24.86 1.97 2506
15:56:44,195 57404.195 VEHICLES 3-7 1 3rdto7th 2857 183 2385
15:56:45,202 57405.202 VEHICLES 3-7 1 vehicles 30,13 1.0t 2354
15:56:47,058 57407.058 VEHICLES 3-7 1 34,23 1.86 2528
15:56:49.212 57409.212 1 ar.7t 2.15 2589
15:56:50.354 57410.354 1 41.07 1.14 2438
15:56:51.591 57411.591 1 34.73 1.24 2800
15:56:52.840 57412.840 1 36.99 1.25 2505
15:56:54.533 57414.533 1 41.07 1.69 2524
|15:56:57.194 57417.194 EOQ 1 56.82 2.66 2646
15:56:59.660 57419.660 \ 3 34.84 2.47 3233
1
1
1
1
1
1
1
2

3.767
5.499
7.472
9.300
10.307
12.163
14.317
15.459
16.696
17.945
18.638
22.288
24,765
26.684
29,299
31.848
32.895
34.133
35,581
37.691
39.564

[+

[ RN S N NN

-
[

-
w

TGy
oo

15:57:01.579 57421.579 37.76 1.92 2770
15:57:04,194 57424.194 37.57 2.62 2730
15:57:06.544 57426.544 40,53 2,35 2429
15:57:07.790 57427.7%0 41.15 1.25 2886
15:57.09.028 57429.028 41.54 1.24 2806
15:57:10.476 57430.476 43.99 1.45 2319
15:57:12.586 57432.586 45.57 211 2672
15:57:14.459 57434.459 52.09 1.87 5682
15:57:15.773 57435.773 YELLOW <
15:58:41.955 57521.955 GREEN
15:58:43.816 57523.816

15:58:45.116 57525.116

15:58:48.610 57528.610 VEHICLES 3-7
15:58:50.237 57530.237 VEHICLES 3-7
15:58:52.140 57532.140 VEHICLES 3-7
15:58:53.843 57533.843 VEHICLES 3-7
15:58:55.835 57535.8356 VEHICLES 3-7
15:58:57.214 57537.214

15:58:58.801 57538.801

15:59;00.090 57540.020

15:59:03.236 57543.236

15:59;04.444 57544.444

15:59:06.117 57546.117

15:59:08,644 57548.544

15:59:11.013 57551.013

15:59:12.514 57552514

15:59:14.174 57554.174

15:59:16.035 57556.035

15:50:18.844 57558.844

15:59:20.185 57560.195 ECQ
15:59:24.968 57564.968

15:60:25.746 57565.746 YELLOW
15:59:;27.210 57567.210 2617
16:59:29.026 57569,026 2231
16:00:42.942 57642 942 GREEN

DR RMNMRORRRODRLODDLDDRNRDR
B R ok sk ki
- 0 W0 o~ d

w
[\t]
3t

— Signal Markers Manually identified vehicle

2483
2284
2569
2952
2539
2332
2614
2436
2393
2516
2858
2935
2934
2713
2728
2578
2673
2815
2585
2584

h ok ek ok wad wh md ok mh b ek ek ek ok b ek b ok ek ek ek
MRPRRRRRRDRORORR NN DR RORODRD RO
RN MR NPPRONROROMRD NN MNDNONNOMNDMNRDRD

Figure 4.1 — An example of processed survey data file
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Vehicle Number

Hour Min Sec class ofaxles Speed Headway Wheelbase

8 22 419 UPSTREAM GREEN
22 425 -15 98.9
22 448 1 2 18.24 2.7 2665
22 470 1 2 22.18 2.4 2753
22 50.4 DOWNSTREAM GREEN <——  Signal marker
22 516 1 20.85 4.66 2397
22 538 23.68 2,16 2749
22 557 27.98 1.88 2440
22 574 25.65 1.77 2529
22 595 24.6 2.09 2521
23 1.4 27.84 1.87 2690
23 3.2 Speed of vehicle at back of downstream
23 36 28.88 2.22 2743 queue
23 57 26.6 2.06 2519
23 6.9 4= Distance to back of downstream queue
23 84 25.17 2.68 2811
23 11.0 25.23 2.66 2411
23 113
23 138
23 159
23 177
23 19.7
23 242
23 275
23 295
23 320
23 343
23 36.2
23 405
23 M7
23 436
23 453
23 473
23 492
23 495
23 516
23 536
23 544
23 552
24 127
24 17.2

g~

NSN3 oRMORD N
~

ik
o

20.34 2,75 2960
17.91 2.16 2298
10.47 1.74 2375

ot .

t
—t
—
w2

14.4 6.5 2663
15.93 3.29 2752
17.14 2.08 2704

22 2.48 2450
24.05 2.25 2759

26.8 1.95 2047
34.29 4.26 2619
35.76 i.21 2602
36.86 1.93 2447
33.13 1.67 2530
34.39 2.01 2042

NMNONRMRNMRRNRNNRNODO RN D

b ok owsk sk wek sk sk ek b ek ek

[a*]
[ +]

33.64 217 2043
25.69 2.12 2744
22.04 1.99 2687

[{s]

20.26 1.64 2780
6 17.49 1812
6.52 4,51 2840
24 222 14.15 4.99 2504
24 234 14.15 1.25 2495
24 24.4 UPSTREAM YELLOW <— Signal marker
24 284 1 2 20.45 4.93 2670
24 2886 -17 13.7
24 299 DOWNSTREAM YELLOW
24 51.8 UPSTREAM GREEN

N RN NN RN

8
8
8
8
8
B
B
8
8
B
B
B
8
8
8
B
8
8
8
B
B
B
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8
8

Figure 4.2 — An example of processed data file for paired intersection surveys
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Jam Spacing

During the red phase of each cycle, an observer recorded the number and type of
stationary vehicles in the first 90 m of the queue for through lanes or in the case of the
right turn lane sites, the vehicles in the short Jane space. This data enabled average jam
spacing to be calculated for the actual mix of traffic in the queues, for light vehicles
only and for heavy vehicles only as follows.

The average jam spacing considering all vehicles is given by:

Lii = (1 — puv) LyjLy + puv Lyuy 4.1)
where
Ly = average jam spacing for all traffic in queue,
Lyiv = average jam spacing for light vehicles,
Lyuv = average jam spacing for heavy vehicles, and
pav = proportion of heavy vehicles in queue.

The method is applied as follows:
(i) Ly is calculated using data from all the observed queues,

(i) Lpyy is calculated using data from queues where no heavy vehicles were present,
and

(iit) Lpyuy is then calculated from:
Liguv = [Laj — (1 = puv) Lyev] / pav 4.2)
The resulting average jam spacing values for each site are listed in Section 9.

Non-linear regression analyses were carried out to calibrate the queue discharge speed
model using the SPSS package (Norusis and SPSS 1993). The measured light vehicle
jam spacing values (LyjLy) were used in calibrating the queue discharge flow rate model.
The model calibration procedure is described in Section 8, and calibration results are
given in Section 9.

SCATS Control Parameters

The SCATS control parameters MF (maximum flow), HW (headway time at maximum
flow) and KP (occupancy time at maximum flow) for each site as reported by road
traffic authorities are presented in Tables 4.1 and 4.2 for the Sydney and Melbourne
1998 sites. These values were reported by the SCATS system on the day prior to the
survey for Sydney sites, and on the day following the survey for Melbourne sites.

These parameters are further discussed in Section 13.
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Table 4.1

SCATS Parameters for Measured Lanes at SYDNEY Sites

Right-turn lane sites Through lane sites
Parameter TCS183 TCS610 TCS1081 TCS413 TCS511
MF (pcu/h) 1895 1579 1818 1714 2156
HW (seconds/pcu) 1.90 2.28 1.98 2.10 1.67
KP (seconds/pcu) 1.27 1.54 0.96 1.19 0.75

Table 4.2

SCATS Parameters for Measured Lanes at MELBOURNE Sites

Right-turn lane sites Through lane sites
Parameter TCS121 TCS335 | TCS3196 TCS4273  TCS849 TCS456
MF (pcu/h) 1925 1915 1905 1827 2034 2236
HW {seconds/pcu) 1.87 1.88 1.89 1.97 1.77 1.61
KP {seconds/pcu) 1.26 1.24 0.91 na 0.76 0.76

na: not available

Measured Green and Cycle Times

Tables 4.3 and 4.4 summarise measured green times and cycle times for the Sydney and
Melbourne 1998 sites. Measured green and cycle times for the Melbourne 1996 sites
are given in Table 4.5.

From Table 4.3 it can be seen that the average length of the right turn green phase at
Site 163 was considerably longer during the evening peak than during the morning peak.
Table 4.3 also highlights the consistently long green phase observed at Site 511 in
comparison with the other through lane sites.

Measured Intergreen Times

At most sites, the intergreen time was 6.0 s, consisting of 4.0 s yellow time and 2.0 s
ali-red time. Exceptions were:

Site 413: Intergreen time = 6.5 s (yellow time = 4.0 s, all-red time = 2.5 s)
Site 511: Intergreen time = 6.5 s (yellow time = 4.5 s, all-red time = 2.0 5)
Sites 121 and 335 Intergreen time = 5.0 s (yellow time = 3.0 s, all-red time = 2.0 s)
Site 456: Intergreen time = 7.0 s (yellow time = 4.5 s, all-red time = 2.5 5)

ARRB Transport Research Ltd



44
Research Report ARR 340

Table 4.3

Measured Green Times and Cycle Times (seconds) from Signal Defectors at
SYDNEY 1998 Sites

Right-turn lane sites Through lane sites

TCS163 PM TCS163AM  TCS610 TCS1081 TCS 413 TCS5MN

Green Times

Minimum 8 6 11 51 35 111

Average 19 7 13 64 60 120

Maximum 30 20 20 81 82 125
Cycle Times

Minimum 114 74 130 110 118 148

Average 148 139 149 131 140 160

Maximum 177 154 162 163 165 172
Table 4.4

Measured Green Times and Cycle Times (seconds) from Signal Detectorg af
MELBOURNE 1998 Sites

Right-turn lane sites Through lane sites
TCS121 TC8335 TCS3196  TCS4273 TCSB49 TCS456

Green Times

Minimum 12 12 18 31 41 25

Average 20 23 32 43 52 36

Maximum 40 29 43 66 59 55
Cycle Times

Minimum 114 98 109 80 121 118

Average 139 112 120 109 130 140

Maximum 159 125 142 129 138 168
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Table 4.5

Measured Green Times and Cycle Times (seconds) from Signal Detectors at
MELBOURNE 1996 Sites

Isolated intersection sites Paired intersection sites
Mel 1 Mel 3 Mel 4 Mel 7 Mel 2 Mel 5 Mel 6
Green Times
Minimum 31 31 58 11 21 39 31
Average 43 59 87 35 33 102 42
Maximum 58 8z 80 59 45 148 54
Cycle Times
Minimum 129 94 118 40 115 61 103
Average 158 131 130 75 138 129 121
Maximum 195 186 142 101 159 175 136

Cumulative Queue Discharge Flow Rates

To visualise the relative mean queue discharge rates of each intersection, the mean time
since start of green (¢) was calculated using queue position as the aggregation variable.
The results are presented graphically in Figure 4.3 for the right-turn lane sites and
Figure 4.4 for the through lane sites in Sydney. It can be seen from Figure 4.3 that the
morning survey at Site 163 showed a noticeably higher flow rate than either of the other
two right-turn lane surveys (due to very short green time). This is consistent with the
observed behaviour during the survey where short headways were evident. Site 163
during the afternoon survey and Site 610 produced very similar traces.

From Figure 4.4, the consistent heavy flow at Site 511 can be seen to extend right
through until the end of the very long green phase at this site. The traces for Site 413
and Site 1081 show a slight flattening near the end of the green phase indicating under-
saturated conditions.
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Figure 4.3 — Mean cumulative queue discharge flows - Right turn lane sites
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Figure 4.4 - Mean cumulative queue discharge flows - Through lane sites
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Comparison of SCATS and VDAS Vehicle Counts

At Sites 511 and 610, SCATS vehicle counts for the survey period were obtained to
permit a comparison with vehicle counts obtained from the VDAS system on a cycle by
cycle basis. The number of vehicle departures per cycle as measured during the phase
time (green plus terminating intergreen time, G + 1)) is used for this purpose. For
undersaturated cycles, this represents the number of vehicles arriving during the signal
cycle, i.e. the total demand (“qa ¢” in signal analysis as discussed in Section 7). For
oversaturated cycles, this represents the capacity per cycle (“s g7 in signal analysis as
discussed in Section 7).

The two sites are very different in that site 610 is a right turn lane with a short green
time, and Site 511 is a through Jane with a very long green time. Only two heavy
vehicles were observed at the right turn lane site (less than 1%) while at the through lane
site approximately 7 % were heavy vehicles.

SCATS reports two volume count parameters, VO and VK. The VO parameter is the
direct volume count based on detector actuations. The VK parameter is the volume
count derived from the measured DS and phase time (G + I,) values for the cycle and the
current value of the MF (maximum flow in pewh) parameter, thus representing an
estimate of demand in passenger car units:

VK = (DS /100) (G + Ip MF/ 3600 (4.3)

The DS value reported by SCATS includes an adjustment for short greens (for timing
purposes), and the effect of this is included in the reported VK value. The adjustment
factor is (G + I, + 2) / (G + ). Therefore, for comparison with the VDAS count, the VK
value reported by SCATS needs to be adjusted down by the factor (G + 1) / (G + L + 2).

Furthermore, for DS values above 100 %, the VK count needs to be adjusted by a factor
100 / DS so that a departure volume count (capacity per cycle) is used for comparison
with VDAS counts rather than using the demand volume estimate. In some cycles,
SCATS reported VK < VO which may be associated with the MF value being less than
the saturation flow rate in the cycle. In such cases, VK = VO needs to be used.

Thus, to allow for the factors mentioned above, an adjusted value of the VK parameter
(VK") was caiculated as follows:

DS'

min [100, DS (G + 1)/ (G + 1 + 2)] 4.4)
VK' = max [VO, VK (DS'/DS)] (4.5)

Furthermore, VDAS counts need to be adjusted for heavy vehicles for the purpose of
comparison with the adjusted VK' values. A passenger car equivalent of 1.65 was used
for both through (Site 511) and right-turning traffic (Site 610). The selected factor is the
default value used in the SIDRA package (Akgelik and Besley 1999). No additjonal
adjustment was applied for right-turning traffic since SCATS counts mnclude the effect
of the turning manoeuvre.
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Tables 4.6 and 4.7 list the DS, VO and VK parameters reported by the SCATS system,
the adjusted DS’ and VK' values, and the unadjusted and adjusted VDAS counts for the
two sites.

Only two heavy vehicles were observed at Site 610 (right-turn lane), representing less
than 1 % of total traffic. Therefore the unadjusted and adjusted VDAS counts are the
same for all but two cycles at Site 610. On the other hand, heavy vehicles represent
approximately 7 % of total traffic at Site 511 (through lane), and adjusted and
unadjusted VDAS counts are different for most cycles.

The Time column in Tables 4.6 and 4.7 is the SCATS report time of each cycle. This
time is generally several minutes after the actual time of the cycle being reported.
Therefore, to ensure that comparisons were made between the same cycles from each
system, the pattern of green times over the duration of the survey from both the SCATS
system and the VDAS system were compared by plotting the two sets of green times
against time of day. An example plot is shown for Site 511 in Figure 4.5. Tt is seen that
the VDAS and SCATS phase times (green plus intergreen times) are almost identical,

For the purposes of counting the vehicles recorded by the VDAS system on a cycle by
cycle basis, each cycle is considered to start at the end of the intergreen period after the
green phase. Hence any vehicles crossing the detectors during the latter part of the red
phase are counted with the vehicles in the next green phase.

140 . g e e

135 S

VA

—ae— SCATS Phase Time
105 —a— VDAS Phase Time

120

Phase time {s)

100 1 t
6:48 6:56 7:04 7:12 7:20 7:28 7:36 7:44 7:52

Time of day

Figure 4.5 — SCATS and VDAS phase times measured at Site 511
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Figures 4.6 and 4.7 show the comparison between the SCATS VO values and the
unadjusted VDAS counts for Site 610 and Site 511, respectively. Figures 4.8 and 4.9
show the comparison between the adjusted VK' parameter and the adjusted VDAS count
for Site 610 and Site 511, respectively. The trendlines, i.e. linear regression lines for the
SCATS counts vs VDDAS counts (forced through the origin) are also given as an
indication of how well the volume counts compare.

As seen in Figure 4.7, the counts are very close (SCATS VO count is 2 % less than the
VDAS count) at site 511 (through traffic with long green time). The difference is larger
(SCATS VO count is 14 % less than the VDAS count) at site 610 (right-turn traffic with
short green time) as seen in Figure 4.6. This is as expected since the direct SCATS
count from the detector loop is likely to undercount the first few vehicle departures at
low speed (due to overlapping of detector occupancy times), and the effect of this
undercounting is larger for a short green time. There were also difficulties with the
VDAS counts during the early part of the green period although accuracy levels are
higher with VDAS. TFurthermore, VDAS counts were checked manually using data
from the manual records of the passage times of 2nd to 7th vehicles from the queue.

From Figure 4.8, it can be seen that at the right turn lane Site 610, the adjusted VK’
counts are very close to the adjusted VDAS counts (about 2 per cent difference).

At the through lane Site 511 (Figure 4.9), the adjusted VK' counts are about 5 per cent
lower than the adjusted VDAS counts.

ARRB Transporl Research Lid



50

Research Report ARR 340

Table 4.6

Comparison of cycle by cycle vehicle counts from SCATS and VDAS for Site 610

SCATS parameters Adjusted SCATS VDAS counis
parameters
Tima G+t+h D5 VO VK DS’ VK Unadjusted  Adjusted for
HVs
16:21 18 68 4 6 61 5 5 5
16:24 19 74 4 6 67 5 6 6
16:26 18 98 6 8 88 7 7 7
16:29 18 109 4 9 98 8 7 7
16:31 18 81 5 7 73 6 5 5
16:34 19 73 & 6 66 6 6 6
16:36 18 111 6 9 100 8 9 9
16:39 18 97 7 8 87 7 7 7
16:41 18 71 5 6 64 5 5 5
16:44 18 123 7 10 100 8 8 8
16:46 18 123 9 10 100 9 9 9
16:49 18 63 4 5 57 4 5 5
16:51 18 0 6 7 81 6 7 7
16:54 18 104 6 9 94 8 8 8
16:56 18 140 4 12 100 9 7 7
16:59 22 124 8 12 100 10 10 10
17:01 22 78 5 8 72 7 5 5
17:04 22 84 7 8 77 7 7 7
17:08 18 130 8 11 100 8 9 9
17:09 18 140 8 12 100 9 8 8
17:11 22 78 6 8 72 7 8 8
i7:14 18 73 6 6 66 6 5 5
17:16 19 57 2 5 52 5 5 5
17:19 20 57 3 5 52 5 5 5
17:21 22 a8 7 10 90 9 8 9
17:24 18 59 4 5 53 4 4 4
17:26 22 140 9 14 100 10 10 10
17:29 22 128 7 13 100 10 8 8
17:31 26 77 8 9 71 8 8 8
17:34 22 57 6 5 52 6 8 8
17:36 17 35 4 3 3t 4 3 3
17:39 17 38 3 3 34 3 5 5
17:41 18 91 4 8 82 7 8 8
17:44 18 91 7 8 a2 7 7 7
17:46 18 109 8 9 98 8 7 8
17:49 18 144 7 13 100 9 8 8
17:51 26 91 10 11 84 10 10 10
17:54 19 46 4 4 42 4 5 5
17:56 24 68 7 7 63 7 7 7
17:59 22 62 7 6 57 7 6 6
Totat 238 324 282 275 277
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Table 4.7

Comparison of cycle by cycle vehicle counts from SCATS and VDAS for Site 511

SCATS parameters Adjusted SCATS VDAS counts
parameters
Time G+h DS VO VK Ds! VK Unadjusted Adjusted for
HVs

6:48 126 94 73 72 93 73 72 74
8:51 129 82 61 64 a1 63 61 €6
6:54 129 92 85 72 91 71 71 76
6:56 129 92 69 72 41 71 71 73
6:59 131 92 73 73 91 73 73 76
7.02 117 93 63 66 91 65 64 67
7:04 129 85 61 66 84 65 62 67
7:07 129 85 65 66 84 65 65 72
7:10 129 103 79 80 100 79 83 a6
7:12 131 89 69 7t 88 70 71 77
7:15 117 100 65 71 98 70 66 69
7:18 129 90 69 70 | 89 69 71 75
7:20 120 90 63 66 a9 65 65 68
7:23 118 102 73 70 100 73 75 77
7:26 129 101 77 79 g9 78 79 ao
7:28 129 85 69 66 84 69 70 7t
7:31 131 96 75 76 g5 75 76 a0
7:34 129 86 61 67 85 66 62 67
7:36 129 96 75 75 95 75 76 77
7:39 127 a7 59 67 86 66 61 68
7:42 129 86 65 67 85 66 65 68
7:44 129 89 67 69 88 €8 68 71
7:47 120 86 61 83 85 62 61 66
7:50 118 98 87 70 96 69 72 73
7:52 120 88 63 64 87 63 63 66
7:55 130 94 71 74 93 73 75 76
Total 1758 1816 1801 1798 1886
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Figure 4.6 - Comparison of vehicle counts during green plus intergreen time:
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Figure 4.7 — Comparison of vehicle counts during green plus intergreen time:

SCATS (VO) vs VDAS (vehicles) for Site 511
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Figure 4.8 ~ Comparison of vehicle counts during green plus intergreen:
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Figure 4.9 — Comparison of vehicle counts during green plus infergreen:
SCATS (VK') vs VDAS (equivalent cars) for Site 511
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5 FUNDAMENTAL TRAFFIC FLOW RELATIONSHIPS

Fundamental traffic flow parameters are discussed in this section before more
complicated cases involved in measurement of these parameters are discussed in
Section 6.

Fundamental traffic flow parameters include flow rate, speed, density, headway,
detector occupancy and space times, vehicle gap and passage times, spacing, space (gap)
Jength, vehicle length, and time and space occupancy ratios (Akgelik 1998). These can
be grouped as follows:

(i) time-based traffic flow parameters: headway (h), occupancy time ((,), space time
(ts), gap time (1), vehicle passage time (t,);

(i) distance-based traffic flow parameters spacing (Ly), space (gap) length (L),
vehicle length (Iy); and

(iii) other traffic flow parameters that relate the time-based and distance-based
parameters or are derived from them: speed (v), flow rate (q), density (k), time
occupancy ratio (Oy), and space occupancy ratio (Os).

The reader should be aware of differences between the terminology used here and that
used in the literature, and should note the lack of uniformity in the use of terminology in
the literature. In particular, note that:

~ headway in this report is the "headway time", but the term headway is sometimes
used to mean "headway distance" (the term spacing in this report means headway
distance),

— space headway is sometimes used to mean "spacing” (e.g. Drew 1968),

— gap is sometimes used to mean "headway time" (e.g. "gaps in a traffic stream” as
referred to in the gap-acceptance theory),

~ gap and headway settings used in actuated signal control terminology have very
different meanings (see Akgelik 1995a),

— spacing is sometimes used to mean "gap length” (e.g. AUSTROADS 1993),
— concentration 1s often used to mean "density",

— occupancy is often used to mean time occupancy ratio (e.g Lowrie 1996), and
sometimes to mean space occupancy rafio,

~ the terms used in the US Highway Capacity Manual (TRB 1998, Chapter 2) for
fime occupancy ratio and space occupancy ratio are occupancy in fime and
occupancy in space, respectively.

The relationships among fundamentai traffic flow parameters described in this report
apply to a single lane of traffic. The time-based, distance-based and related traffic flow
parameters can be depicted by means of time-distance diagrams as seen in Figures 5.1
to 5.4. Constant and equal vehicle speeds are shown in these figures for the purpose of
simplicity. More complicated cases that involve vehicle accelerations and different
speeds for the leading and following vehicles are discussed in Section 6.
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Figure 5.1 — Time-distance diagram showing the relationships between basic
traffic flow parameters

Figure 5.1 shows the time-distance (races of front and rear ends of two vehicles, and
explains how traffic flow parameters headway, spacing and speed can be defined in
relation to observations:

(a) at a point along the road length (e.g. by means of a passage detector such as a
VDAS strip), and

(b) atan instant in time (e.g. by means of aerial photography).

Headway (h) is the time between passage of the front (leading) ends of two successive
vehicles, and spacing (L) is the distance corresponding to the headway time, i.e. the
distance between the front ends of two successive vehicles. While these definitions are
used in this report, it is also possible to define and measure the headway and spacing
parameters with reference to the rear (trailing) ends of two successive vehicles.

Space (gap) length (L) is the following distance between two successive vehicles as

measured between the rear end of one vehicle and the front end of the next vehicle
(spacing less vehicle length, L,).

ARRB Transport Research Lid



57
Research Report ARR 340

Distance
F

Passage
detector

Direction
of travel

Figure 5.2 - Time-distance diagram explaining the observation of
traffic flow parameters with passage detection (constant speeds)
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In Figure 5.1, the headway time at an observation point along the road is measured as:
h = fis—1{La (5 1)

where t; 4 and (p are the passage times of the front (leading) ends of vehicles A and B at
the observation point.

The positions of vehicles A and B at time ty g are shown on the left-side of Figure 5.1.
Spacing (L) is observed as the distance between the front ends of vehicles A and B at
time {LB.

Speed is the distance travelled per unit time. In a time-distance diagram, the slope of
the time-distance trace of a vehicle is its speed. In Figure 5.1, the speed (km/h) is seen
to be given by (constant speed shown):

Va = 36Ly/h (5.2)

In practice, speed is measured using an instrumented car, or externally by measuring the
time to travel a fixed distance. Measuring speed using two VDAS passage detectors
(treadle switches) placed at 3 m distance used for surveys to determine queue discharge
characteristics at traffic signals is discussed in Section 6. For freeway surveys, two
presence loops of size 2 x 2 m placed at 5 m distance between the trailing edges of the
two loops were used (Akgelik, Roper and Besley 1999b).

Figure 5.2 depicts observation of headway, vehicle passage time and gap time with
passage detection at a point along the road. The term passage detection used here
should be understood as a form of presence detector with a very short detection zone
length, L, = O (a detector strip such as the VDAS detector).

Vehicle passage time (t,) is the time between the passage of the front and back ends of a
vehicle from a given point along the road (at the passage detector in Figure 5.2).

Gap fime (1) is the time between the passage of the rear end of one vehicle and the front
end of the next vehicle, measured at a given point along the road, and is equivalent to
headway time less vehicle passage time.

In Figure 5.2, the vehicle passage times for vehicles A and B, and the gap time between
vehicles A and B are measured as:

tya = tra—lLa (5.3)
tv = trg— B (5.4)
tg = s —[TAZh'"- tva (55)

where t;4 and tra are the passage times of the front (leading) and rear (trailing) ends of
vehicle A, and t;g and trp are the passage times of the front (leading) and rear (trailing)
ends of vehicle B.

The headway between vehicles A (leading) and B (following) is associated with the
following vehicle, i.e. considered to be in front of vehicle B (h = hg). From Figure 5.2,
it is seen that this consists of the gap time in front of vehicle B (t, = t,p) and the passage
time of vehicle A (t, = tya). From Equation (5.5):

h = fyat th (56)
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Figure 5.3 — Time-distance diagram explaining the observation of
traffic flow parameters with presence detection (constant speeds)
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Similarly, spacing is associated with vehicle B (i.e. in front of vehicle B). From
Figure 5.2, it is seen that the spacing measured at time typ consists of the space (gap)
length in front of vehicle B (Ls = Lsg) and the length of vehicle A (Ly = Lya):

Ly = Lya+Ls (5.7)

These relationships are consistent in terms of the use of speed associated with vehicle A
(v4 in kmv/h from Equation 5.2) to calculate the passage time of vehicle A (tya) and the
gap time in front of vehicle B (tzr):

ta = 3.6La/va (5.8)
tg = 3.6Lg/va (5.9
From Equations (5.2), (5.7) and (5.8):
h = 36(Ly/va)=3.6Lya+Ls)/va (5.10)
= tya+m

which is consistent with Equation (5.6).

While vehicle passage time (t,) and gap time (t;) are measured with passage detection,
the corresponding parameters measured with presence detection are occupancy time (to)
and space time (t;). Figure 5.3 depicts observation of headway, occupancy time and
space time with presence detection using a detector loop at a point along the roadway.

Occupancy time (t,) starts when the front of a vehicle enters the detection zone and
finishes when the back of the vehicle exits the detection zone. Thus, it is the duration of
the period when the detection zone is occupied by a vehicle, and is equivalent to the
sum of the vehicle passage time and the time to travel the effective detection zone
length.

Space time (1) is the duration of the time between the detection of two consecutive
vehicles when the presence detection zone is not occupied. It is equivalent to gap time
less the time taken to travel the effective detection zone length, L,

In Figure 5.3, the vehicle occupancy times for vehicles A and B (fpa, toB), and the space
time between vehicles A and B, considered to be in front of vehicle B (t;) are:

toa = tra—fLa (5.11)
s = tre—tiB (5.12)
ts = tig—tta=h—top (5.13)

where t; 4 is the time when the front (leading) edge of vehicle A enters the detection
zone, tra is the time when the rear (trailing) end of vehicle A exits the detection zone,
typ is the time when the front (leading) edge of vehicle B enters the detection zone, and
trg is the time when the rear (trailing) end of vehicle B exits the detection zone.

As in the case of passage detection, it is considered that headway between vehicles A
(leading) and B (following) is in front of vehicle B (h = hg). From Figure 5.3, it is seen
that this consists of the space time in front of vehicle B (t; = t;3) and the occupancy time
of vehicle A (t, = toa).
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From Equation (5.13):

h = toa T LB (5.14)
Equation (5.7) for spacing applies in this case as well (Ly = Lg, Lv = Liya and
Ly =Lya + Lsp).

The occupancy time of vehicle A (t,4) and the space time in front of vehicle B () are
calculated using the speed of vehicle A (va in km/h from Equation 5.2):

foa = 3.6(Lp+Lia)/va (5.15)
tsp = 3.6(Le—-Lp)/va (5.16)
From Equations (5.2), (5.7) and (5.15):
h = 3.6(Ly/va)=3.6Lya+Lp)/va (5.17)
= (Lp+Lva)/va+(Lss—Lp)/ va
= teat+

which is consistent with Equation (5.14).

to={Ls-Lp)/ v

Figure 5.4 — Simple diagram showing the relationships among basic traffic flow
puarameters
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Figure 5.4 is given as a simple diagram that summarises the relationships among basic
traffic flow parameters with passage and presence detection without reference to
individual vehicles. In Figure 5.4, all time-based parameters are in seconds, distance
based parameters are in metres, and speed is in m/s. Using speed in km/h, the basic
relationships can be summarised as follows:

v = 36Ly/h=36L/t (5.18)
= 36Ly/v=360+L}/v=ty+lg=1to+is (5.19)

ty = 36L//v (5.20)
ty = h-ty=h-36L,/v=36L/v (5.21)
ts = h-ty=t,—3.6L,/v=36(L-Lp)/v (5.22)
to = h-ti=t,+3.6L,/v=360,+L)/v (5.23)
I, = Li+Li=hv/36 (5.24)
L; = Ly—Ly= tv/3.6=1,+tv/3.6 (5.25)

where

v = vehicle speed (km/h)

h = headway (seconds),

t, = vehicle passage time (seconds),

t, = gap time (seconds),

t, = occupancy time (seconds),

t = space time (seconds),

L, = vehiclelength (m),

L, = spacing (m),

Ls = space (gap) length (m), and

L, = detection zone length (m).

Figure 5.5 presents another summary of the basic concepts and parameters in presence
and passage detection. It was developed from Figure 7.1 of AUSTROADS (1993).

Figure 5.5 is based on the definition of headway and spacing from the front of the
leading vehicle to the front of the following vehicle. For completeness, F igure 5.0 is
given to show the relationships when headway and spacing are defined and measured
from the back of the leading vehicle to the back of the following vehicle.

In this report headway and spacing parameters are defined and measured in accordance
with the method summarised in Figure 5.5. Limited analysis of parameters based on the
method shown in Figure 5.6 indicated that the difference between the two methods
would not affect the conclusions of this report.

A discussion of the aggregation of individual vehicle headway, occupancy time, space
time, gap time, vehicle passage time, spacing, space (gap) length, and speed parameters
to represent average values for a continuous traffic stream is given in Akgelik, Roper
and Besley (1999b).

ARRB Transport Research Lid



ﬁ@ap) vehicle
Vehicie positions at time tg (IS" " length

Vehicle positions at iime {

0CCUpAnGY.
" tme {ty)

PRESENCE
DETECTION

fa
Leading (front) end
of vehicle A enters
the detection zone

e————— headway ()%

63
Research Report ARR 340

spaging (Lp)
Ly}

=
//

effective detection DETECTOR
LOOF zane length (Lp) SENSOR

l<——space time {tg}—»

s
{
Leading (front) end
of vehicle B enters
the detection zone

Figure 5.5 ~ Traffic flow parameters and basic relationships in presence and passage
detection: headway and spacing defined from the front of the leading vehicle to the
Jront of the following vehicle
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Figure 5.6 — Traffic flow parameters and basic relationships in presence and passage
detection: headway and spacing defined from the back of the leading vehicle to the
back of the following vehicle
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Vehicle Length

In the calculations relating to average traffic conditions, the vehicle length should
represent the actual traffic composition. Where the traffic stream is represented as a
mixture of light vehicles (LLVs) and heavy vehicles (HVs), the average vehicle length
can be calculated as:

L. = (1-puav)Lwv+pnv Ly (5.26)
where
puv = proportion of heavy vehicles in the traffic stream,

L.av = average vehicle length for light vehicles (passenger car units) (m/LV or m/pcu),
and

L.yv = average vehicle length for heavy vehicles (m/HV).

Typical average vehicle lengths of Lym = 4.4 m and Lyyv = 9.0 m can be used where
information is not available. For example, with 10 % heavy vehicles (puv = 0.05), the
average vehicle length is found as L.y, =0.90x 4.4 + 0.10x9.0 =49 m.

Detection Zone Length

For traffic signals, the typical stop-line presence loop length used in Australia is 4.5 m.
This is a single loop that does not measure the speed.

The effective detection zone length for presence detection is not necessarily the same as
the detector loop length. Morris, Dean and Hulscher (1984) suggest that due to the
spill-over sensitivity at the ends of the loop, the effective length of a loop is usually
greater than its physical length. Figure 3 of Morris, et al. (1984) shows that excess of
effective over physical length is about 0.5 m for the commonly-used symmetripole loops
with high sensitivity (Leschinski 1994). Thus, for a loop length of 4.5 m, the effective
detection zone length is L, = 5.0 m. On the other hand, RTA NSW (1991) suggests that
for a loop length of 4.5 m, the effective detection zone length is L, = 4.0 m. On the
basis of this information, the effective detection zone length may be considered to be in
the range from (loop length — 0.5 m) to (loop length + 0.5 m).

For general analysis purposes where specific loop sensitivity information is not
available, the effective detection zone length may be considered to be equal to the
physical loop length as used in this report.

Average flow rate, density and occupancy ratios

Flow rate (q) is the number of vehicles per unit time passing (arriving or departing) a
given reference point along the road. With queuing at interrupted traffic facilities,
demand flow rate can be measured as the arrival flow rate at the back of the queue.

Flow rate (veh/h) can be calculated from the headway, h (seconds):
q = 3600/h (5.27)

Thus, using the flow rate, q (veh/h) from Equation (5.27) and speed, v (km/h) from
Equation (5.18), the average spacing, Ly (m) is given by:
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Ly = 1000 v/ q (528)

Density (k) is the number of vehicles per unit distance along the road as measured at an
instant in time. It is recommended that density (veh/km) is calculated using the average
spacing, Ly, (m) from Equation (2.2.7):

k = 1000/Ls (5.29)

From Equations (5.28) and (5.29), flow rate (veh/h), density (veh/km) and speed (km/h)
for a traffic stream are related through:

g = vk (5.30)

Time occupancy ratio (Oy) is the proportion of time in an analysis period when the
passage or occupancy detector at a point along the road is occupied by vehicles. Time
occupancy ratio as a percentage value can be estimated as follows.

For presence detection:

O

100,/ h =100 (L, + L) / Ly, (5.3D
subject to Oy < 100 %

For passage detection:

O, 100t,/h=100L, /14 (5.32)

where t,, ty, and h are the occupancy time, vehicle passage time and headway parameters
(in seconds), and Ly, L, are the average spacing and average vehicle length (m), and L
is the detection zone length (m).

If the average time occupancy ratio and headway are known, the average occupancy
time and vehicle passage time can be estimated from:

]!

to O;h/ 100 with presence detection (5.33)

ty O,h/ 100 with passage detection (5.34)

If the time occupancy ratio, spacing and effective detection zone length (loop length) are
known, the average vehicle length can be estimated from:

L, = OyLy/100-L, with presence detection (5.35)
= O¢Ly/ 100 with passage detection (5.36)

Space occupancy ratio (O;) is the proportion of a road section (distance) occupied by
vehicles at an instant in time. The space occupancy ratio as percentage value can be
estimated from:

O, = 100L,/Ly (5.37)
where L; and L, are the average spacing and average vehicle length (m).

From Egquations (5.32) and (5.37), it is seen that space occupancy and time occupancy
ratios are equivalent with passage detection, O; = Oy,
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From Eguations (5.28), (5.30) and (5.37), space occupancy ratio (percentage), flow rate
(veh/h), density (veh/km) and speed (km/h) for a traffic stream are related through:

O;=Lyq/(10v)=L,k/10 (5.38)
where L, is the average vehicle length (m).

Other relationships which may be useful when the time occupancy ratio is known rather
than the occupancy time are given below:

ts = (1 — O/100) h (5.39)
L, = (v/3.6) (O/100) h - L, (5.40)
Jam Spacing, Jam Gap Length and Jam Density

The jam spacing, Ly; (or spacing in queue) equals the vehicle length, Ly plus the average
gap length in queue (or jam gap length), Ly measured from the back of the leading
vehicle to the front of the following vehicle. Thus, the jam spacing and gap length can
be calculated from:

Ly = Lg+L (5.41a)
Ly = Ly-L, (5.41b)

The density that corresponds to the jam spacing is called the jam density (i.e. the
number of vehicles per unit distance in a stationary queue) in veh/km:

ki = 1000/Ly= 1000/ (L, +Lg) (5.42)

For a jam space length of Ly = 2.6 m, and typical average vehicle lengths of Ly, = 4.4 m
and Lyyy = 9.0 m, the jam spacing is Ly; = 7.0 m per pcu (car or light vehicle) and
11.6 m per heavy vehicle. With 5 % heavy vehicles, the average vehicle length is L, =
0.95 x 4.4 + 0.05 x 9.0 = 4.6 m, and the average jam spacing is Ly = 4.6 + 2.6 = 7.2 m
per vehicle. The corresponding jam densities are k; = 1000 / 7.0 = 143 pcu/km and k; =
1000 /7.2 = 139 veh/km.

The time occupancy and space occupancy ratios at jam density are:

O; = 1000 +Ly /Ly with presence detection (5.43a)
subject to Oy <100 %

O = 100L,/Ly with passage detection (5.43b)

O = 100L,/Ly (5.44)

In the above example (Ly = 4.6 m, Ly; = 7.2 m) for presence detection with a loop length
of Ly =4.5m, Oy = 100 % and Oy = 64 % are found.

It is seen that the space occupancy ratio at jam density is always less than one
(O < 100 %) since Ly < Ly (or Ly; > 0). On the other hand, the space occupancy ratio at
jam density can reach 100 % when the detection zone length is increased: Oy = 100 %
when (Ly + Lp) = Ly or L, = L. In fact, Oy = 100 % can result even when v > 0. The
condition for this is L, > Ly or Ly, < (L + Ly). This also corresponds to zero space time
condition as seen from Equation (5.22).
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Maximum Flow Rate, Capacity and Free-Flow Speed

As vehicles speed up from a stationary queue, the gap length between vehicles increases
gradually, and therefore the spacing increases and the density decreases. The
corresponding flow rate increases to a maximum flow rate (q,) and then decreases as
the speed increases towards the free flow speed (vy).

Capacity is the maximum flow rate that can be sustained during a reasonably long
period of time. The US Highway Capacity Manual (TRB 1998) uses a flow period of 15
min for defining the capacity. Traffic flow conditions with demand flow rates below
and above capacity are referred to as undersaturated and oversaturated conditions,
respectively. This is further discussed in this section.

The parameter values corresponding to the maximum flow rate (indicated by subscript
1) can be calculated from:

hp = 3600/ qn (5.45)
= 3.6Lpn/ vn=3.6 (Ly + L) / va =ty + tgn = ton + ten
ton = hy—tn=tw+Lp/vi=(p+Ly)/ Vq (5.46)
tyn = 3.6L./v, (5.47)
tgn = hy—typ=h-3.6L/v,=36Lsu/ v, (5.48)
thy = hi—ton=tgm—3.6Ly/va=3.6Len—Lp)/ vy (5.49)
Lon = 1000 vy/qn=vahy/3.6 (5.50)
Lo = Lim—Ly (5.51)
kq = 1000/Lpn=qn/Vvn (5.52)
Om = 100t /hy (5.53)
Om = 100L,/L (5.54)

where h, is the minimum headway (seconds), v, is the speed (km/h), ton, tsy, tyn, tga are
the occupancy time, space time, vehicle passage time and gap time values (seconds), Lia
and L, are the spacing and gap length values (m), ky is the density (veh/km), Oy and
Oqn are the time and space occupancy ratios.

The free-flow speed is obtained at near-zero flow rates under very light traffic
conditions. The free-flow speeds and the ratio of the speed at maximum flow to the
free-flow speed (vo/vy) increase as the facility type improves, e.g. freeways have higher
values than signalised arterials. As a rough guide where information is not available,
the speed ratio can be estimated from vy/ve = 0.008 v¢ + 0.05 where the free-flow speed
vt is in km/h (e.g. ve = 100-120 km/h for freeways, 60-90 km/h for arterials, 40-50 km/h
for sub-arterials).
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Speed-Flow Relationships for Uninterrupted
and Interrupted Conditions

The relationship between speed, density and flow (Equation 5.30) is known as the
fundamental relationship in traffic flow theory. This relationship is often discussed in
the context of uninterrupted flows, e.g. as observed on freeways and rural roads, but is
also valid for departures across the stop line of a signalised intersection as observed
during the saturated and unsaturated parts of the green period.

A vast amount of literature exists on the fundamental speed - density - flow models of
traffic theory (e.g. Drew 1968, May 1990, TRB 1975, 1998) and various travel time
(cost) - flow models used for transport planning and demand management purposes (¢.g.
Akgelik 1991). There is often confusion about how these two groups of models are
related, especially in terms of congested traffic conditions.

The speed-flow relationships observed at a point along the road and the speed-flow
relationships determined by travel time surveys through congested arcas are different.
For undersaturated conditions (q < gp), the two types of speeds coincide. A clear
understanding of the difference between the two types of speed-flow relationships is
necessary for an improved understanding of speed-flow relationships and the capacity
concept for uninterrupted and interrupted traffic facilities, e.g. freeways and traffic
signals, respectively (see Akgelik 1996, BTCE 1996).

An explanation of the relationships between speed, density, flow and travel time models
for uninterrupted and interrupted traffic flows was discussed by Akeelik (1996). In this
context, the difference between arrival flows measured upstream of a queuing section,
and departure flows measured at a reference point along the road is emphasised. The
former is related to demand while the latter is related to capacity. The difference is of
particular importance in oversaturated (congested) conditions where demand exceeds
capacity.

The speed measured at a reference point along the road under congested conditions can
be better understood as a queue discharge, queue formation or moving queue speed.
This speed is associated with departure flow which cannot exceed the capacity flow. On
the other hand, the average speed based on travel time through a road section including
the travel distance upstream of the queuing section is associated with the demand flow
rate that can exceed the capacity.

The reader is also referred to an earlier paper by Fehon and Moore (1982) who discussed
the relation between the speed - flow - concentration variables and the SCATS DS
parameter.

Figures 5.7 and 5.8 show the speed-flow relationships for uninterrupted and interrupted
traffic facilities, respectively. These are discussed below.
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Figure 5.7 — Speed as a function of flow rate:
uninterrupted flow conditions
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Figure 5.8 — Speed as a function of flow rate:
interrupted flow conditions
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Uninterrupted traffic facilities

As seen in Figure 5.7, capacity for uninterrupted traffic facilities is the maximum flow
rate (Q. = qn). Region A represents arrival (demand) flow rates below capacity (qa < qn)
that are associated with uninterrupted flow speeds (v,) between the speed at maximum
flow (v,) and the free-flow speed (ve): vq < vy < V. Region B represents the saturated
conditions behind a bottleneck point with flow rates below the capacity rate (gs < qn)
and the saturated flow speeds below the speed at capacity flow (0 < vy < vp).
In Region B, the flow rate is not the arrival (demand) flow rate. It is the flow rate based
on the number of vehicles passing an observation point along the road (passage or
presence detection).

Changes in conditions from Region A to Region B through the maximum flow point
represent queue formation, and changes in condition from region B to Region A
represent queue discharge conditions. The point on the speed-flow curve would depend
on the position of the observation point relative to the bottleneck point.

While Region B represents spot speeds and flow rates under saturated conditions as
observed at a point along the road, Region C represents travel speeds and demand flow
rates under oversaturated conditions. For region C, the flow rate is the demand flow rate
that exceeds the capacity value (g, > ¢,) as measured upstream of the queues that
develop at the capacity point, and the speed is based on the travel time through the road
section from a point upstream of the queuing area to a point past the bottleneck point.
The speeds for Region C can only be measured by means of instrumented car surveys,
i.e. by travelling through the congested section of road, starting beyond the point where
the queues develop.

Model 4 given in Section 10 is a time-dependent speed-flow relationship model that
applies to both undersaturated and oversaturated conditions (Regions A and C).

The relationship between headway and flow rate (Equation 5.27) is not applicable for
flow rates above the maximum flow rate. If applied, such flow rates would imply
headways below the minimum headway (h,) that corresponds to the maximum flow rate.
Since headway is related to vehicles passing a point, headways cannot be lower than the
minimum value. In fact, when the demand flow rate exceeds the capacity, the flow rate
passing a point upstream of the bottleneck point drops below the maximum flow rate.
This is associated with the density increasing above the density corresponding to the
maximum flow rate (k > k). This corresponds to the average vehicle spacing dropping
below the spacing at the maximum flow rate (Ly < Ly,). For safe driving reasons, this
results in lower speeds, and therefore increased headways.

Refer to Akgelik, Roper and Besley (1999b) for a detailed discussion of fundamental
flow relationships for uninterrupted flows (also see Section 10).

Interrupted traffic facilities

It is seen in Figure 5.8 for interrupted facilities that the capacity is obtained by reducing
the maximum flow rate (or saturation flow rate, s = q,) by the proportion of time
available (u). Thus, the capacity is Q = u s (at traffic signals, u = gfc where g is the
effective green time and c is the cycle time),
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Average travel speeds with interruption (control) delays (vq) in Regions A' and C are
seen to be reduced from the uninterrupted flow speeds (v,) in Regions A and C due to
delays experienced at the interruption point, e.g. traffic signals (vq < v,). The zero-flow
speed for interrupted traffic (vor) includes the free-flow travel time for uninterrupted
travel (at vg) plus the minimum delay time at the traffic interruption. The average
interrupted travel speed at capacity is vq.

The flow rate for the congested region (B) at a signalised intersection stop line is the
queue discharge flow rate (Section 7). This flow rate during the green period increases
to a maximum flow rate (q,). This consideration helps to explain the speed-flow models
for uninterrupted flows as well: the flow rate measured for saturated conditions
represents a reduced capacity (departure) flow rate, not an arrival flow rate. This is a
result of vehicles (or moving queues) in the fraffic stream interfering in the same way as
the downstream queue interferes with the departure rate at the signal stop line, resulting
in reduced vehicle spacings, speeds and flow rates. Wardrop's (1965) study of speed-
flow relationships based on traffic in a circular track is interesting in this respect.
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6 DATA ANALYSIS METHOD

In Section 5, traffic flow parameters are explained using time-distance diagrams with the
assumption of constant and equal vehicle speeds for the purpose of simplicity (Figures
5.1 to 54). Queue discharge characteristics at the signal stop line present more
complicated cases that involve vehicle accelerations and different speeds for the leading
and following vehicles.

The data collection method used in this study is based on two VDAS detector strips.
This will be referred to as a passage detection system. Figure 6.1 shows the two VDAS
detectors (upstream and downstream) installed centred over the traffic signal detector
loops. With the 4.5 m signal detector loop, one of the VDAS detectors is located 0.75 m
from the downstream edge of the loop and the other VDAS detector is located further
upstream at a spacing of approximately 3.0 m. This system differs from the two-loop
presence detection system used for recent freeway surveys (Akgelik, Roper and Besley
1999b), although the analysis methods used for these two systems have much in
common.

As the vehicles accelerate at the start of the green period and as the time since the start
of green period increases, the queue discharge headways measured at the VDAS
detectors (hy) reduce and the queue discharge speeds (v;) increase. Eventually, vehicle
speeds and headways measured at the two VDAS detector locations become steady and
equal, approaching vy and h, (also see Figure 7.2 in Section 7). As a result of this, the
headways and speeds measured at the two VDAS detectors differ until steady departure
flow is achieved.

VDAS sl A4 —
lreadle /

switch —"] VST NV, N I Signal

detectors t H H deteclor
/ loops

Signal
stop
line

VDAS 1 Upstream detector

Idata 2 Downstream detector
ogger

P

VDAS detector spacing
approximately 3m

Figure 6.1 — Passage detection system using two VDAS detectors located centred over
the traffic signal loop detector
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Another difficulty experienced in the calibration of queue discharge models is lack of
data at low speeds which is a result of difficulty in collecting headway and speed data
for the first three vehicles. For a given vehicle, headway is the difference between the
times of passage of the front of the previous vehicle and the front of the subject vehicle
at a given detector location. For this reason headway is not defined for the first vehicle.
Furthermore, positioning of the first vehicle makes it difficult to determine the headway
for the second vehicle as well.

A detailed description of how the raw data collected by the VDAS system are converted
to individual vehicle headway and speed information used in calibrating queue
discharge models is presented below.

The method used for deriving headway and speed data for individual vehicle parameters
can be explained with the help of Figures 6.2 and 6.3. These figures give time-distance
diagrams explaining the observation of traffic flow parameters with two passage
detectors. Figure 6.2 shows the simple case of vehicles with constant speeds (during the
later part of the green period), and Figure 6.3 shows the more complicated case of
vehicles accelerating (during the earlier part of the green period).

The constant speed case shown in Figure 6.2 does not present any difficulty as the
headways between vehicles remain constant, and as a result, the headways measured at
the first and second detector tend to be equal (h; = hy).

A good understanding of the acceleration case is important in relation to the problem of
improved accuracy of headways and speeds measured for vehicles departing from the
queue during the earlier part of the green period. As seen in Figure 6.3, the headways
and speeds measured at the two detectors may vary considerably for vehicles in
acceleration.

In Figures 6.2 and 6.3, vehicles A and B are the leading and following vehicles,
respectively. The parameters related to the passage detection system and vehicles are as
follows:

L, : distance between the two detectors (m)
Lva : length of vehicle A (m)
Lvs : length of vehicle B (m)

As indicated in Figure 6.1, Ly = 3.0 was used in the surveys.

The raw data recorded by the VDAS detection system are the base actuation times (in
seconds) shown on the time axis at the bottom of Figures 6.2 and 6.3. These are:

tja @ the time when the leading (front) end of vehicle A crosses Detector 1
tita : the time when the frailing (rear) end of vehicle A crosses Detector 1
taa : the time when the leading end of vehicle A crosses Detector 2

tora :  the time when the frailing end of vehicle A crosses Detector 2

tyg : the time when the leading end of vehicle B crosses Detector 1

tytg : the time when the trailing end of vehicle B crosses Detector 1

torg :  the time when the leading end of vehicle B crosses Detector 2

tzrg : the time when the frailing end of vehicle B crosses Defector 2
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Figure 6.2 — Time-distance diagram explaining the observation of traffic flow
parameters with two passage detectors: vehicles with constant speeds
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Figure 6.3 — Time-distance diagram explaining the measurement of
traffic flow parameters with the two passage detectors: vehicles in accelerafion
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Using the raw data collected by the VDAS passage detection system, the following
quantities are calculated (see Figures 6.2 and 6.3):

Tis : travel time between Detectors 1 and 2 for the leading end of vehicle A

Tra = toa—tia (6.1)
Tra : travel time between Detectors 1 and 2 for the trailing end of vehicle A

Tra = tara—liTa (6.2)
Tip : travel time between Detectors 1 and 2 for the leading end of vehicle B

Tig = tas—tus (6.3)
T : travel time between Detectors 1 and 2 for the trailing end of vehicle B

Tte = tore—tire (6.4)

The speeds (kimv/h) based on time measurements for the leading and trailing ends of the
vehicle are calculated from (given for vehicle A):

VT = 3.6Ly/TTA (66)

Headways (h), vehicle passage times (ty)} and gap times (ty) for individual vehicles as
measured at detectors 1 and 2 are calculated as follows:

hie =t —tiLa (6.7)
hay = tas—toa (6.8)
tyia = tita—lLa (6.9)
tvaa = tora—laLa (6.10)
tey = ts—lta (6.11)
tgp = tus—l21A (6.12)

Average headway, vehicle passage time, gap time and speed values are calculated as
follows:

h = 0.5 (h+hy) (6.13)
te = 0.5 (tya+tya) (6.14)
;= 0.5t +1tg) (6.15)
va = 05(vL+vD) (6.16)

As seenin Figure 6.3, hiL=1tyia + te1, hzp = tyaa + tg2, andh=t, + tg.

As discussed in Section 5, the headway and gap time parameters given by
Equations (6.13) and (6.15) belong to the following vehicle (i.e. in front of vehicle B)
since these parameters are observed when vehicle B arrives at the detection system.
Therefore, these parameters are used in association with vehicle B in data analysis.
However, the vehicle passage time from Equation (6.14) is associated with the leading
vehicle (vehicle A) as it depends on the speed of vehicle A (v, vr, va as shown in
Figures 6.2 and 6.3).
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Note that an arithmetic mean of the leading and trailing speeds is used. Assuming a
constant acceleration rate during that part of the acceleration manoeuvre of the vehicle
over the two-detector system, the average speed v, represents the speed at mid-point in
time between where speed vy, occurs (at time tja + 0.5 Tra) and speed vy occurs (at
time tira + 0.5 Tta).

An acceleration rate based on the assumption of constant acceleration can be estimated
using the basic data as follows:
a = (vr—vu/ty (6.17)

where t, is the average vehicle passage time from Equation (6.14)}, and vi and vt are the
leading and trailing speeds from Equations (6.5) and (6.6).

The constant acceleration rate estimate from Eguation (6.17) could be used to obtain
speeds viL, VoL, ViT, Vor for the front of the vehicle at base times tj1a, tora, tiTa, tora 88
shown in Figure 6.3:

vip = vp—05aTya {6.18a)
vo, = vp+05aTia (6.18b)
vitr = vr—05aTrs (6.18c)
vor = vL+0.5aTra (6.18d)

Therefore, vi, = 0.5 (viL+ vo1) and vr = 0.5 (Vi1 + vor) represent average speeds at mid-
points of Ty and Tta times (however, the corresponding distances are not at the mid-
point of the travel distance).

The two-detector passage detection system is thus used to measure individual vehicle
headways and speeds. The system cannot measure vehicle spacings (Li), i.e. the
distance (m) between vehicles A and B, directly. As the headway and speed change
while the two vehicles accelerate, the spacing between them also changes.

In Figures 6.2 and 6.3, spacing is seen to be measured in front of vehicle B (i.e. Ly; and
Ly as measured at times t; g and ty s belong to vehicle B), but this is related to the
speed of the leading edge of vehicle A. As seen in Figure 6.3, the spacing values Ly,
and Ly, correspond to headways at detectors 1 and 2 (hyi, har), and the average spacing
Ly corresponds to the average headway (h), respectively. The corresponding speeds
(vehicle A) are vyra, Vara and vi.

The spacings can be estimated using the constant acceleration assumption:

Ly = vmhi=(viL+05ahy)hy (6.19a)
Lnz = viehap=(voL+0.5ahy) hy. (6.19b)
Liy = vih=(vp+05ah)h (6.19¢)

From Eguations (6.18a) and (6.18b), spacings at detectors 1 and 2 can also be expressed
as:

1]

Lh 1
Li2

(VL ~-05aTa+05a h;]_,) h[L (620&)
(VL +05a TLA +05a th) har (620b)
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7 QUEUE DISCHARGE MODELS

Various models to represent queue discharge characteristics at a signalised intersection
as depicted in Figure 7.1 were investigated during this research and exponential
functions of queue discharge flow rate and speed were found to provide the most useful
model. Bonneson (1992a,b) developed queue discharge headway and speed models
which calculated the departure headway and speed as a function of the vehicle position
in queue. Bonneson's headway model was not of particular use for the purpose of this
study, but his model for speed as a function of the queued vehicle position provided a
good exponential form.

Instead of using the vehicle position in queue, the queue discharge flow rate (headway)
and speed models are expressed as a function of the time since the start of green. This
provides simple yet powerful analytical models for the investigation of queue discharge
characteristics at signalised intersections.

Saturated b Unsaturateclr
Maximum queue inferval interval Queued
dischasge flow rate vehicles (MNys}

Saturation (@)

flow rate (s) /

— ]

v
Arrival — /
: e : {

Unused
capacity

(demand) Departure flow rate

flow rate Unqueued

vehicles(Nyy}

(qa) G = s {1)

$G=0Gu=Ta

Displayed
green, yellow
and red times

Time since
P start of green

by-t

Effective
green, and red
timas

Figure 7.1 — Departures during the saturated and unsaturated portions of the green
period with the exponential queue discharge model and saturation flow
approximation shown
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The readers interested in alternative model forms are referred to Akeelik, Roper and
Besley (1999b) for a study of models for saturated freeway flows. Some of these
models were found to give reasonable estimates for queue discharge flows at the signal
stop line. However, comprehensive analyses were not carried out on alternative models
since the exponential model was found to be more useful and satisfactory.

The exponential queue discharge speed and flow rate models are expressed as follows:

vi = va(1-em =1y (7.1)
G = q(-eal=0) (72)
where

t = time since the start of the displayed green period (seconds),

f, = start response time (a constant value) related to an average driver response time
for the first vehicle to start moving at the start of the displayed green period
(seconds),

vy = queue discharge speed at time t (km/h),

ve = maximum queue discharge speed (km/h),

m, = aparameter in the queue discharge speed model,

qs = queue discharge flow rate at time t (veh/h),

s = maximum queue discharge flow rate (veh/h), and

mq = aparameter in the queue discharge flow rate model.

In Equations (7.1) and (7.2), qu and v, are the parameters for the actual traffic mix
including heavy vehicles although calibration results are for light vehicles (mainly cars)
only. In Figure 7.1, q, and qq represent the arrival and departure flow rates,
respectively. The departure flow rate is qq = qg (t) during the saturated part of the green
period, and qq = qu = qa during the unsaturated part of the green period.

The queue discharge headway at time t (hg in seconds) and the cumulative queue
discharge flow at time t (n in vehicles) models that correspond to Equation (7.2) are:

he, = hy/(1-eMqt=-1)y (7.3)
t (7.4)
ng = s |4 CE> T
t-[ (3600] Gor £>1.)
= dn 1- e—mq(t—r,)
0 (t—t,)—————
3600 mg

where h,, is the minimum queue discharge headway (seconds) and g, is the maximum
queue discharge flow rate (veh/h).
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The headway and flow rate parameters are related through:
h = 3600/q (7.5a)
where q is the flow rate in veh/h and h is the headway in seconds.

Thus:
h, 3600 / g (7.5b)

hy 3600/ qa (7.5¢)

H

The following queue discharge speed-flow and flow-speed relationships can be derived
from Equations (7.1) and (7.2).

m,/m,

Vs = vyl -(1- qslqn) ] (763)

my/m,
]

Qs = o [1=(1~vs/vp) (7.6b)

The vehicle spacing at time t during the queue discharge, Lys (m/veh) can be calculated
using the general relationship:

Lis = vshg/3.6 =1000 v/ qs (7.7
where v (km/h), g5 (vel/h) and hg (s) are from Equations (7.1) fo (7.3).

Applying the boundary condition that speed is zero (v; = 0) when the vehicle spacing
during queue discharge equals the jam spacing (Lys = Lyy), the parameters my and mg are
related through:

Lhn Vn
mg = my Lh': 1000 my, (7.8)
j

Qpn Loy

where Ly; is the average jam spacing (m/veh), and Ly, is the average spacing (m/veh) at
the minimum queue discharge headway, or maximum queue discharge flow rate (Lp, =
Vp hy / 3.6 = 1000 v, / qu). Average jam spacing is the sum of average gap (space)
length and average vehicle length for vehicles in a stationary queue (Ly; = Ly + Ly).

Signal Timing Relatfionships

Relationships between displayed and effective red, green and cycle times are shown in
Figure 7.1, and the formulae are given below.

g = G-ti+t—t (7.9)
r = R+Kt+ty—to+1 (7.10)
C = R+G+ty (7.11)
c = r+g=C (7.12)
Gy = g+bh+1h | (7.13)
Gy = G-Gy=g,—1, (7.14)
g = g+gu=G—L-l+G+l=G-t—1fp+1, (7.15)
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where r, g, ¢ are the effective red, green and cycle times; R, G, C are the displayed red,
green and cycle times; gs, gy are the durations of the saturated and unsaturated intervals
of the effective green period; Gy, Gy are the corresponding displayed green values; ty is
the yellow time; &, 1. are the start loss and end gain times; and f; is the blocked green
time, i.e. that part of the green period during which no vehicles can depart due to
downstream queue interference, opposing vehicles, pedestrians, and so on (not shown in
Figure 7.1).

Start and Departure Response Times, Queue Clearance and Arrival Wave Speeds,
Start Loss and Acceleration Delay

Figure 7.2 shows vehicles accelerating from the queue at the start of the green period.
This is an idealised diagram in that all vehicles accelerate in the same way with average
acceleration characteristics assigned to each vehicle. Relationships among queue
clearance wave speed, start and departure response times, start loss and acceleration
delay parameters can be explained with the help of this diagram.

It is seen in Figure 7.2 that, as the vehicles accelerate at the start of the green period and
as the time since the start of the green period increases, the queue discharge headways
measured at the VIDAS detectors (hy) reduce and the queue discharge speeds (Vi)
increase. Eventually, vehicle speeds and headways measured at the two VDAS detector
locations become steady and equal (approaching v, and hy,).

As indicated in Figure 7.2, traditional traffic modelling simplifies this behaviour by
projecting vehicle trajectories to the signal stop line, in effect, assuming instantaneous
accelerations to the maximum queue departure speed (vn) and departures at the
maximum flow rate (q,) (saturation flow rate, s), or with minimum departure headways
(h,). In this process, the first vehicle departing from the queue is also assigned the
minimum headway, and the earlier part of the green period is considered to be a start
loss (#,). This can be explained through the following relationship between start loss,
acceleration delay and the start response parameter () used in the exponential queue
discharge models:

[r = f_;'l'hn—dﬂ (7.16)
where d, is the average acceleration delay calculated from:
d, = t-36x,/v (7.17)

where t, is the acceleration time (s), i.e. time it takes to accelerate from zero speed to the
maximum queue discharge speed, v, (km/h), x, is the corresponding acceleration
distance (m). Acceleration time and distance models given in the SIDRA user guide can
be used to estimate these parameters (Akgelik and Besley 1999).

The queue clearance wave speed, vx (km/h) corresponding to the minimum queue
discharge headway (h,) and the maximum queue discharge speed (vi) as shown in
Figures 7.2 and 7.3 is given by:

Vi = o/ (Lpn/Lyj—1)=3.6Ly / (ha— 3.6 Lag/ vy) (7.18)

where Ly, = vy hy / 3.6 is the vehicle spacing (m) at the minimum queue discharge
headway, and Ly; is the jam spacing (m).
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Figure 7.2 — Start and departure response times, queue clearance wave speed,
start loss and acceleration delay
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The queue departure response time (ty) for the next vehicle in the queue to start moving
is related to the clearance wave speed:

by = 3.6 Lh}'/\’x"—"hn"—?).ﬁ th/Vn (7.19)
where ty and h, are in seconds, Ly; is in metres and v, is in km/h.

It is interesting to observe from Equation (7.19) that the minimum queue discharge
headway can be expressed as a function of the response time, jam spacing and
maximum queue discharge speed:

hy, = t+3.6Ly/ vy (7.20)
or the maximum queue discharge flow rate can be expressed as:
Gn = 3600/ (tx+3.6 Ly / vy) (7.21)

Another useful parameter is the average arrival wave speed, or the speed of queue
formation (km/h) shown in Figure 7.3. This can be calculated from:

Vg = 3.6Ly/ (ha—3.6 Lyy/ vi) (7.22)

where h, = 3600 / q, is the arrival headway, q, is the average arrival flow rate (veh/h)
and v, is the uninterrupted flow speed of the vehicles arriving at the back of queue (see
Figures 5.7 and 5.8 in Section 5). For platooned arivals, two different arrival wave
speeds for the red and green periods can be calculated from Equation (7.22) using the
arrival headways for the red and green periods, h, and h,, instead of h, (hy = 3600 / qac
and h,g = 3600 / qgz where gu and g are the arrival flow rates during the red and green
periods).

Stop line

Ly

Ly

s}
by

wave speed Queue clearance
wava speed

Arrivat (queue formation)

Figure 7.3 — Arrival and departure wave speed relationships
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Departure Flows at the Signal Stop Line

To understand the difference between congested and uncongested traffic operations, it 18
important to distinguish between the arrival (demand) flow rate and the departure flow
rate for a given traffic facility. As seen in Figure 7.1, the departure flow rate {(qq)
measured at the signal stop line can be:

(i)  the departure flow rate (qq = qs) during the saturated part of green period (Gg or
gs), or

(ii) the departure flow rate (qq = qu = qa) during the unsaturated part of green period
(Gy or gu).

The departure flow rate during the saturated part of green period (gs) is the queue
discharge flow rate. This rate is seen to increase exponentially from zero at the start of
the green period (after the start response time, £} to a maximum flow rate (gy). Thus, g
is a function of the time after the start of green, qs {t), as shown in Figure 7.1, and
expressed by Equation (7.2).

The departure flow rate after queue clearance (for unqueued vehicles) corresponds to the
arrival (demand) flow rate measured under uninterrupted conditions at a point upstream
of the back of queue, qq = qu = qu. Figure 7.1 depicts a constant (average) arrival flow
rate (q,) throughout the signal cycle. This represents the isolated intersection
assumption in signal analysis methods.

A simple platooned arrivals model used in signal timing and performance analyses
assumes two different arrival rates during the red and green periods (qur, Qag). This can
be specified using a known platoon arrival ratio, Po = Qag / quc Where gy is the arrival
flow rate during the signal cycle. In the case of platooned arrivals, the departure flow
rate during the unsaturated part of green period is qq = qu = qug = Pa Qae.  With non-
platooned arrivals, PA = 1.0 and Qo = gag = Qar = ga.  The reader 1s referred to
Akcelik (1995b) for a detailed discussion of this subject.

Traditional methods of traffic signal analysis and control (Webster and Cobbe 1966,
Akcelik 1981, AUSTROADS 1993, TRB 1998) approximate the queue discharge flow
using a constant safuration flow rate, s, and the associated start loss and end gain time
parameters (f5, fp), which are shown in Figure 7.1. These parameters are used to replace
the displayed green, yellow and red times (G, ty, R) with effective green and red times
(g, r). The saturation flow approximation is based on obtaining the same number of
(cumulative) vehicle departures from the queue as the area under the gs(t) curve for the
period f, to G;. The average saturation flow rate (s) is very close to the maximum queue
discharge flow rate (q,) if the green period duration is sufficiently long. The derivation
of average saturation flow, start loss and end gain parameters from the exponential
queue discharge model using various definitions of saturation flow is discussed in
Section 12.

While the well-established traditional methods are simpler to use, the use of the more
realistic exponential queue discharge model is feasible using iterative methods through
computer modelling. This would be beneficial in traffic signal analysis and control
since the cycle capacity becomes more sensitive to the duration of the green period
(i.e. capacity loss in short green perieds would be better predicted).
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The characteristic of the function representing the queue departure flow rate will change
when there is downstream queue interference, i.e. when a downstream queue results in
insufficient space for the departing vehicles to accelerate to full saturation speed. This
could be represented by a reduced queue discharge flow rate and speed. This 18
discussed in Section 11.

In this report, the symbols q, and s for maximum flow rate and saturation flow rate are
used for the actual traffic mix including heavy vehicles. For a stream consisting of
passenger car units (or light vehicles) only, the corresponding rates will be denoted by
gm and s, However, notations g, and s are used in presenting the model calibration
results (Section 9) and elsewhere in this report although the model calibration was
conducted for conditions with light vehicles only.

Various relationships describing queue discharge characteristics at signalised
intersections are given below.

Quene Clearance Time

The duration of the saturated part of the effective green period (queue clearance time)
can be estimated from:

f, yr

gs = 1q_ y subjectto gs <g (7.23)
where
f; = a factor that allows for (i) cycle-by-cycle variations in the value of the queue
clearance time and (ii) effect of platooned arrivals,
y = flow ratio, i.e. the ratio of the arrival flow rate to saturation flow rate,
y = (g / s (for non-piatooned arrivals, y = q, / s), and
r = effective red time (seconds).

The factor fy can be calculated using the SIDRA equations (Akgelik and Besley 1999):

fq, = PR for fixed-time signals  (7.24a)
fy = PR (1.08-0.1 (G/Gmm()2 ) for actuated signals (7.24b)
subject to (1.08 - 0.1 ( G/G,,,m)z }=21.0
where
PF, = a progression factor for platooned arrivals generated by coordinated signals
(PF; = 1.0 for random arrivals) (see Akgelik 1995b, Akgelik and Besley 1999),
G = displayed green time (seconds), and

G = maximum green time setting for actuated signals (seconds).

The duration of the unsaturated part of the effective green period (time after queue
clearance time) can be calculated from:

g, = E-& (7.25)

The durations of the saturated and unsaturated parts of the green period (Gs, Gy) can be
obtained using Equations (7.13) and (7.14).
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Number of Vehicles Departing During the Green Period

The following equation is a more general form of Equation (7.4) to calculate the number
of vehicles that depart from the queue during the interval t; to t; (ny1):

t 7.26
ng = jtlz (q, /3600)dt (7.26)
—mg {t;—t,) =11, {ta—1t;}
I g, -y : —e ° fort, <t <t <G,
= 3600 m

q

This equation applies for an interval after the start of the green period and before the end
of the saturated part of the green period as indicated by the condition #, < t; < t5 < Gs.
More specific forms of this equation are given below.

The number of vehicles that depart from the queue during an initial interval 0 to t;, or
effectively from #, to t; (ny;), obtained from Equation (7.26) putting t; = f, and t; = t;:

l 7.27
Ny; = L (q, /3600)dt (7.27)
g {t;—1,)
dn_ (t-—r.)—L Jort, <5 <G,
= 3600 ' m,

Considering an unsaturated green period (Gs < G), the number of vehicles that depart
from the queue during the saturated part of the green period, i.e. during the interval O
to G, or effectively from f, to G; (nys), obtained from Equation (7.26) putting t; = f, and
tr = GSI

G
ne = ] (gs/3600)d (7.28)
~mg (Gg—1,
i (G _r.)_l'" mq( )
= 36000 7 m

This is the number of queued vehicles during the green period.

Finding nys from Equation (7.28) requires an iterative method since Gy depends on the
saturation flow as seen from FEguation (7.23). The basis of Equation (7.23) is the
relationship ny = n; + gar R + qag Gs where n, is the residual queue left over from the
previous green time (n, = 0 in Equation 7.23), qq is the arrival flow rate during the red
period, and g, is the arrival flow rate during the green period. Eguation (7.23) is
obtained by using the saturation flow approximation:

ny = 8g /3600 (7.28a)

where g; = Gy — ; from Equation (7.13). It is shown in Section 12 that the values of
average saturation flow and start loss depend on the duration of G;. As a result
Equations (7.28) and (7.23) need to be solved together using an iterative method.
When G is sufficiently long, s = gy is obtained. This can be used to determine G from
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Eguation (7.23) without iterations, or this value of G, can be used as an initial value in
the iterative method.

The number of unqueued vehicles that depart during the unsaturated part of the green
period is given by:

Ny = Qu /3600 (7.29
where q, is the flow rate (veh/h) during the unsaturated part of the green period (qu = Qg

for platooned arrivals, or q, = q, for random arrivals), and g, is the unsaturated part of
the green period from Equation (7.25).

The total number of vehicles that depart during greem period (n,) is calculated
differently for an unsaturated green period, i.e when the green period is not fully
saturated (G < G), and for a fully saturated green period (G = Gy):

Ny = DNyt Ny Jor Go < G (7.30)
= Ny, forGi=G

where ny, and ny, are calculated from Equations (7.28) and (7.29), and n, is the number
of vehicles departing after the end of green period (during yellow and all-red clearance
intervals).

When the saturation flow approximation is used, the number of vehicles that depart
during a fully saturated effective green period (gs = g) is given by:

ny = sg/3600 (7.31)

The average departure flow rates (veh/h) during the during the green period, qqe and the
signal cycle, g4 can be calculated from:

36000, /g (7.32)
3600 nyg /¢ (7.33)

i

Qg
Qdc

where c is the cycle time (s) and g is the effective green time.

The average departure headway during the green period allowing for different
departure headways during the saturated and unsaturated parts of the green period is
given by:

heg = 3600/qeg=g/ny (7.34)

The capacity, Q (veh/h) is obtained as an average departure flow rate per cycle
considering fully saturated green periods (Q = qgc for Gy=G and G, =0, or g, = g and
gu=0). From Equation (7.33):

Q = 3600ny/c (7.35)
With the saturation flow approximation, using n.s from Equation (7.31):
Q = sglc (7.36)

The unused (spare) capacity considering an undersaturated green period (G < G) as
shown in Figure 7.1 is nyg ~ (ys + Ny) Where ny, is for Gy = G. Using the saturation
flow approximation, the unused capacity is sg — (S g5 + qu &) = (S — qu ) &u-
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8 MODEL CALIBRATION METHOD

A key criterion in the calibration of the exponential queue discharge speed and flow
models is the best prediction ability for low speed and low flow rate conditions. In
particular, the decision regarding optimum loop length depends on these conditions (see
Section 14). On the other hand, the calibration method is affected by lack of data at very
low speeds and low flow rates. This is a result of the difficulty in measuring speed and
headway for the first few vehicles in the queue. As a result, alternative calibration
methods were developed during this research.

The calibration method described in this report differs from the iterative method used in
the earlier stages of the study for calibrating the queue discharge flow rate model. Thus,
the calibration results given in Section 9 supersede the results given in the earlier report
WD R 96/043 (Akgelik and Besley 1996). Instead, an inverse frequency weighted
average value of the minimum headway (h,) is determined. This parameter is then used
in determining parameter m, using jam spacings (Ly;) measured for each site as
discussed in Sections 2 and 4.

As discussed by Messer and Bonneson (1997), higher frequency of headway
observations at lower queue positions (with larger headways) may introduce a bias in
determining the minimum queue departure headway (h,). The method used here
employs headways weighted by inverse frequency of the headways by queue position in
order to avoid this bias.

Minimum departure headway and maximum departure flow rate parameters obtained
using the calibration method with and without weighting are also given in Section 9.

All calibration results given in this report are for conditions with light vehicles (mainly
cars) only. Data points for heavy vehicles as well as those with headways affected by
heavy vehicles were removed from each data set for this purpose,

Standard Calibration Procedure

The standard calibration procedure used in this report is described below.
The procedure is repeated in Figure 8.1 due to its importance.

(i)  The average jam spacing value for light vehicles (Lyyv) measured for each site is
used.

(ii) Non-linear regression analyses are carried out to determine parameters v, and m,
in the queue discharge speed model (Equation 7.1).

(i1i) The minimum queue discharge headway (h,) is determined as the average
headway for vehicles excluding the headways of the first five queue positions.
Headways are weighted by inverse frequency of the headways by queue position
in order to avoid the bias due to the higher frequency of headways at lower queue
positions. Thus, the weighting factor for each queue position is determined as the
total number of data points for all queue positions divided by the number of data
points for the given queue position.
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(iv) Parameters q, and mg in the queue discharge flow rate model (Equation 7.2) are
calculated from:

g = 3600/h, 8.1)

where h,, is from step (iii), v, and m, are from step (i), and Ly; = Lyjy is from
step (i), and Ly, is the vehicle spacing at minimum queue discharge headway
calculated from:

Lin = vnahy/3.0 (8.3)

The speed and headway data used for the main set of calibration results given in
Section 9 were v,, i.e. average of leading and trailing speeds from Equation (6.16), and
hy, i.e. the headway measured at Detector | from Equation (6.7). The start response
time was t, = 0 for all sites. This is calibration method 1 in Table 8.1 which summarises
the alternative calibration methods discussed below.

Non-linear regression analyses were carried out using the SPSS package (Norusis and
SPSS 1993).

Alternative Calibration Methods

Alternative calibration methods are investigated using different headway and speed data
derived from raw detector data (see Section 6) and different values of the start response
time, ¢, in the queue discharge model (from regression or a specified value).

Alternative calibration methods are applied to data from three sites only, namely
sites 335 (Melbourne), 610 (Sydney) and 511 (Sydney). Sites 335 and 610 are right-turn
traffic lanes with short green times, and Site 511 is a major through traffic lane with
very long green time.

Alternative calibration methods tested using data for these sites are summarised in
Table 8.1. TFor all methods listed in Table 8.1, spacing data were calculated using
Equations (6.19a to 6.19c), and the estimated spacings were calculated from
Equation (7.7).

In most cases, the standard calibration procedure described in Figure 8.1 is used.
However, methods 5, 7, 10, 12 and 14 differ from the procedure significantly. These
methods are indicated by an asterisk in Table 8.1. For these methods:

(i)  the headway (flow rate) model parameters are determined from regression, and
(ii) the jam spacing is estimated using parameters from regression.

The model parameters obtained through alternative calibration methods are given in
Section 9. Figures showing measured and predicted queue discharge speeds, headways,
flow rates and spacings for alternative calibration method 13 are given in Appendix B.
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Step 1

Use the average jam spacing value measured for each site. In this study, average
jam spacing for light vehicles (L = Lyv) was used since model calibration was
carried out for conditions with light vehicles {mainly cars) only.

Step 2

Carry out non-linear regression analyses to determine parameters v,, and m, in the
queue discharge speed model:

Vg = Vp(1=- g M (t- t’))

Step 3

Determine the minimum queue discharge headway {h,) as the average headway
for vehicles excluding the headways of the first five queue positions.
Use weighting by inverse frequency of the headways by gueue position in order to
avoid the bias due to the higher frequency of headways at lower queue positions.
Calculate the weighting factor for each queue position from:

weighting factor =

total number of data points for all gueue positions
the number of data points for the given queue position

Step 4

To determine parameters g, and mj, in the queue discharge flow rate moedel:

Qs Gn (1 - g M = tr))

calculate:
tn 3600/ h,

where h, is from Step 3, v, and m, are from Step 2, and Ly, is from Step 1, and
Li, is the vehicle spacing at minimum gueue discharge headway caicutated from:

Lin = Vahy/3.6

Figure 8.1 — Standard procedure used for the calibration of exponential queue
discharge speed and flow rafe models
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Table 8.1
Alternative methods for queue discharge model calibration
Calibration | Speed | Headway |Start respoansa Jam Speed Headway Headway
method data, data time spacing madel madel (flow) model
number \Y h t L parameters parameter parameter
My, ¥n hn my
1 Va hiL =0 Measured Speed Woeighted Calculated
specified  |value specified model average for frommy =
regression jgueus pos.> 5} myLwn/ Ly
2 VL h =0 Measured Speed Weighted Calculated
specified |value specified model average for frommqg=
regression  jqueue pos. > 5| My bea/ by
3 ViL hic =0 Measured Speed Waeighted Calculated
specified  |value specified model average for frommg=
regression |queue pos. > 5| my Lha/ Ly
4 Vi hiL From speed Measured Speed Weighted Calculated
model value specified madej average for from mgq =
regression regression [queue pos. > 5 my Ly / Ly
5* Vi hu From speed Caloufated Speed Headway Headway
model from Ly = modef modef modef
regression | {my /mg}Lps | regression regression regression
6 viL hiL =10 Measured Speed Weighted Calculated
specified  |value specified model average for from mg =
regression |queue pos. > 5 my Lo/ Ly
7* viL hy I = 1.0 Calculated Speed Headway Headway
specified from Ly = model modef rmodel
(my /mg) Lin | regression regression regression
g NOT USED
VL ha F=0 Measured Speed Weighted Calculated
specified  |value specified modet average for from myg =
regression  {queue pos.> 5] my L/ by
w0* Vi ha. fr=0 Calculated Speed Headway Heagway
specified from Ly = mode! mode! model
{m. /mg) Lun | regression regression regression
11 VL haL From speed Measured Speed Weighted Calcutated
modef value specified medel average for frommg =
regression regression |queue pos. > 5] my Lnn/ Ly
12 * 7 ha From speed Calculated Spoaad Headway Headway
mode! from Ly = model model modal!
regression (m, /my} Lun | regression regression regression
13 v ha, t=1.0 Measured Speed Weighted Calculated
specified  |value specified model average for from myg =
regression |queus pos. > 5] my Lnn/ by
14 * v hat t=1.0 Calculated Speed Headway Headway
specified from Ly = mods! modsf mods!
{(my /mg} Lpn | regression regression regression

* Methods 5, 7, 10, 12, 14 does not use the standard calibration procedure

va = average of leading and trailing speeds from Equation (6.16}
v = leading speed, v from Equation (6.5)
viL = projected speed at Detector 1 from Equation (6.18a)
hiL = headway measured at Detector 1 from Eguation (6.7}
hz = headway measured at Detector 2 from Equation (6.8)
h = average headway from Equation (6.13)
vn = maximum quaue discharge speed

hn = minimum queue discharge headway
n = queue discharge maximum flow rate (calculated as qn = 3600/hy}
my = paramater in the queue discharge speed model

mq = parameter in the queue discharge headway (flow rate} model
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Data Aggregation

Initial investigation of speed and headway data for vehicles crossing the signal stop line
involved all vehicles quened and unqueued. Data were analysed by combining data
points combined across all signal cycles, aggregated on the basis of time after the start
of green period (in 1-second intervals), This method has the shortcoming of combining
saturated and unsaturated data points around the transition (end of queue) region since
the saturation (queue clearance) time varies from cycle to cycle.

The queue discharge speed and flow relationships obtained using this method were
mentioned briefly in Akgelik (1996). However, the maximum queue discharge flow
rates ((s) obtained fromn this method appeared to be too high, and the quality of the
regressions for queue discharge flow rates appeared to be not as good as the quality of
regressions for queue discharge speeds. This method was abandoned since better results
were obtained using non-aggregated data, ensuring that queue discharge speed and flow
rates for saturated green periods only are used in model calibration.

Figure 8.2 shows the aggregated speed and flow data as a function of the time since the
start of the green period for Site Mell (Ferntree Gully Road and Stud Road). Figure 83
shows speed as a function of the flow rate for the same site. Mixed speed and flow data
points in Figures 8.2 and 8.3 denote the points which, in the process of aggregation,
included data from different cycles some with queued vehicles and some with unqueued
vehicles.

4000 80
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aLe®® o ¢
3000 e : " “!A.,\,,...... . ,... | B0
£ o A, |add —
= a el Tt - 50 €
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Figure 8.2 — Aggregated departure speed and flow data (1-sec averages)
as a function of the fime since the start of the green period for Site Mell
(Ferntree Gully Rd and Stud Rd)
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Figure 8.3 — Speed as a function of the departure flow rate for Site 1
(using the data shown in Figure 8.2)

Figures 8.2 and 8.3 are useful in showing the characteristics of departure flows at the
signal stop line when both saturated and unsaturated portions of the green period are
considered together. Calibration results for queue discharge (saturated flow) models are
given in Section 9 while models representing unqueued (unsaturated) traffic flows are
discussed in Section 10.
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9 MODEL CALIBRATION RESULTS

Calibration Results for Queue Discharge Models
For Sydney and Melbourne 1998 Sites

Sydney and Melbourne 1998 survey site characteristics are summarised in Tables 3.1
and 3.2 in Section 3. Calibration results obtained using the procedure described in
Section 8 for Sydney and Melbourne 1998 survey sites are presented in Tables 9.1
and 9.2,

In addition to parameters vy, my, hq, qn, and mg, Tables 9.1 and 9.2 give the speed limit
that can be used as a free-flow speed (vy), the ratio (vi/vy,), jam spacing values for light
and heavy vehicles (Ly; = Lyjiv, Lujuv), spacing at maximum queue discharge flow speed
(Lin), ratio my/mg, jam space (gap) length (L), queue clearance wave speed (vy), and the
departure response time (ty) for each site.

Confidence intervals of parameters v,, m, and q, for each site are also given in
Tables 9.1 and 9.2.

Tables 9.3 and 9.4 give the minimum departure headway and maximum departure flow
rate parameters obtained using the standard calibration method described in Section 8
with and without weighting.

Measured and predicted queue discharge speeds, flow rates, vehicle spacings and
headways for all 1998 Sydney and Melbourne sites are shown in figures given in
Appendix B. Spacing data seen in graphs given in Appendix B were calculated using
Equation (5.24), and the estimated spacings were calculated from Equation (7.7).
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Table 9.1

Parameters for the Queue Discharge Speed and Flow Models for

SYDNLEY 1998 Sites
Site 163 610 1081 413 511
Prop. HV in traffic stream 0.033 0.007 0.028 0.050 0.071
Prop. HV in jam queues 0.017 0.015 0.044 0.047 0.091
Measured Ly {All veh.) 6.1 59 6.9 7.0 7.1
Measured Lyjv (Cars oniy) 6.0 5.9 6.8 6.8 6.6
Calculated Lupv {HV only) 8.6 7.9 8.7 11.0 11.9
Sample size (Sat. periods) 452 188 1061 748 1615
Speed model
R 0.53 0.48 0.61 0.38 0.63
Vo (km/h} 24.7 21.7 39,5 33.2 52.8
Vo 95% Confidence interval 243 - 21.1 - 39.1 - 32.6- 52.5-
251 22.3 39.9 33.7 53.2
My 0.317 0.373 0.103 0.2 0.078
my 95% Confidence Interval 0.295 - 0.327 - 0.098 - 0.182 - 0.075 -
0.339 0.420 0.108 0.217 0.081
Headway and flow rate models
hn (s} 1.716 1.831 2.011 1.999 1.577
qn {veh/h) 2098 1966 1790 1801 2283
an 95% Confidence Interval 2081 - 1934 - 1784 - 1792 - 2278 -
2114 2000 1797 1810 2289
Mg 0.621 0.698 0.324 0.542 0.273
Free-flow speed as the speed limit
vi (km/h) 60 60 60 60 70
vn/vi 0.41 0.36 0.66 0.55 0.75
Calculated parameters
Lhn (m/fveh) 11.8 11.0 2241 18.4 231
my/mg 0.510 0.535 0.308 0.369 0.285
Lnj (m/veh) 6.0 5.9 6.8 6.8 6.6
Ls (mveh) + 1.6 1.5 2.4 2.4 2.2
V= Vo ! (Lin / Ly - 1) {(kmv/h) 25.7 24.9 17.6 19.4 21.1
tx = 3.6 L/ v (8} 0.84 0.85 1.39 1.26 1.13

1 Ls=Ln=-LvusingLy=4.4m.

ARRB Transport Research Lid




Table 9.2

97
Research Report ARR 340

Parameters for the Queue Discharge Speed and Flow Models for

MELBOURNE 1998 Sites
Site 121 335 3196 4273 849 456
Prop. HV in traffic stream 0.050 0.031 0.073 0.014 0.152 0.033
Prop. HV in jam gueues 0.058 0.036 0.061 0.015 0.041 0.024
Measured Ly (All veh.) 6.9 7.0 7.4 7.4 7.0 71
Measured Lpjy {Cars only) 6.6 6.9 7.0 7.3 6.9 7.0
Calcutated Lruv (HY only} 12.1 10.1 13.1 13.6 8.7 12,2
Sample size (Sat. periods} 309 588 635 632 972 626
Speed model
R’ 0.43 0.5 0.44 0.67 0.76 0.83
Va (km/h} 24.4 27.1 3.7 36.4 46.4 53.8
vn 95% Confidence Interval 23.8 - 26.6 - 30.9- 35.7 - 45.9 - 53.0 -
25.1 27.6 324 37.1 47.0 54.7
my 0.287 0.252 0.15 0.135 0.102 0.118
my 95% Confidence Interval 0.252 - 0.232 - 0.136 - 0.127 - 0.098 - 0.112 -
0.322 0.272 0.165 0.144 0.106 0.123
Headway and flow rate models
hn (s) 1.848 1.687 1.903 1.857 1.801 1.486
qn {veh/h) 1948 2133 1892 1938 1999 2422
qn 95% Confidence Interval 1931 - 2121 - iB82 - 1927 - 1990 - 2410 -
1965 2146 1902 1949 2008 2434
Mgq 0.545 0.464 0.359 0.347 0.343 0.374
Free-flow speed as the speed limit
v {km/h}) 70 70 60 60 70 80
Vn/Vt 0.35 0.39 0.53 0.61 0.66 0.67
Calculated paramelers
Lhn (mfveh) i2.5 12.7 16.8 18.8 23.2 22.2
m/my 0.527 0.543 0.418 0.389 0.297 0.315
Ly {miveh) 6.6 6.9 7.0 7.3 6.9 7.0
Ls (mfveh) t 2.2 25 2.6 2.9 2.5 2.6
V= Va ! {Lin / Lnj- 1) (kmvh) 27.2 32.2 22.8 23.1 19.6 24.8
te= 3.6 Lnj/ vk (8) 0.87 0.77 1.1 1.14 1.27 1.02

1t Lg=Lmy=LyusinglLy=4.4m,
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Table 9.3

Parameters for the Queue Discharge Headway and Flow Models
with and without headway weighting - SYDNEY 1998 Sites

Site 163 610 1081 413 511
Without weighling

Hn 1.719 1.848 2.044 2,001 1.621
On 2094 1948 1761 1799 2221
hn - 95% Confidence Interval 1.664- 1.715- 1.996-  1.942- 1.588 -

1.775 1.981 2.093 2.060 1.654

With inverse frequency weighting by queue position

hn 1.716 1.831 2.011 1.999 1.577

Qn 2098 1966 1790 1801 2283

hn - 96% Contidence Interval 1.703 - 1.800 - 2.003 - 1.989 - 1.573 -
1.730 1.862 2.018 2.009 1.580

No. of cases 155 35 906 573 1525

(queue position 6 and higher)

Total sample size (all headways) 375 151 1022 705 1596

Table 9.4

Parameters for the Queue Discharge Headway and Flow Models
with and without headway weighting - MELBOURNE 1998 Sites

Site 121 335 3196 4273 849 456
Without weighting

hy 1.778 1.704 1.875 1.961 1.789 1.517
Qn 2025 2113 1920 1836 2013 2373
hn - 95% CGonfidence interval 1.708-  1.664- 1.830- 1.900- 1.749- 1477 -

1.847 1.744 1.919 2.022 1.828 1.557

With inverse frequency weighting by queue position

hn 1.848 1.687 1.903 1.857 1.801 1.486

gn 1948 2133 1892 1938 1999 2422

hn - 95% Confidence Interval 1.832 - 1.677 - 1.892 - 1.847 - 1.793 - 1.479 -
1.864 1.698 1.913 1.868 1.809 1.494

No. of cases 149 368 447 387 763 478

{queue position 6 and higher)

Total sample size (all headways) 271 526 591 566 920 588

ARRB Transport Research Ltd




99
Research Report ARR 340

Calibration Results for Melbourne 1996 Sites

The queue discharge model parameters for “Melbourne 1996” sites given in report
WD R 96/043 (Akgelik and Besley 1996) were revised due to the improved calibration
method applied to the Sydney and Melbourne 1998 data. Melbourne 1996 survey site
characteristics are summarised in Table 3.3 in Section 3. The surveys were actually
carried out during late 1993 to mid-1994, but are referred to by the year of the report.

The calibration results for Melbourne 1996 sites are given in Table 9.5. Note that Site
Mell in Table 9.5 is the same as Site 456 in Table 9.2. This provides an opportunity to
compare results from surveys carried out at two different dates (although the survey
method used in 1998 was more refined).

Melbourne 1996 sites are qualified as isolated intersection and paired intersection sites.
Paired intersection sites are closely spaced relative to a downstream signalised
intersection which affects the queue discharge characteristics at the survey site.
However, signal cycles with any downstream queue interference (speed reduction or
blockage due to the downstream queue at the survey lane) were not included in the
calibration of models for the paired intersection sites (Mel2, Mel5 and Mel6). Thus, the
model parameters represent the geometric and environmental conditions only rather than
direct queue interference which is a function of demand levels and signal timing
parameters. The effect of downstream queue interference is discussed in Section 11.

These results given in Table 9.5 were obtained using a jam spacing of Lyjpy = 7.0 m
specified for all sites as in WD R 96/043 although Lyjry = 7.2 m was measured at site
Mel7 during the initial stage of the study. Note that the value Lpjry = 7.0 m was
measured at Sites 456 and 3196, and Ly v values for other through lanes were 6.9 for
Site 849 and 7.3 for Site 4273 (Table 9.2). The latter is likely to be due to the uphill
grade. Therefore, Ly = 7.0 m is seen to be a good value for the through lanes
included in Melbourne 1996 surveys.

In addition to the calibration parameters v,, my, hy, gy, and mg, Table 9.5 gives the speed
limit that can be used as a free-flow speed (vy), the ratio (vi/vy), jam spacing values for
light and heavy vehicles (Ly; = LyjLv, Lyuv), spacing at maximum queue discharge flow
speed (Lyy), ratio my/my, jam space (gap) length (Ly;), queue clearance wave speed (vy),
and the departure response time (t,) for each site.

Confidence intervals of parameters v,, m, and g, for each site are also given in
Table 9.5.
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Table 9.5

Parameters for the Queue Discharge Speed and Flow Models for

MELBOURNE 1996 Sites

Site Mel1 Mel3 Mel4 Mel7 Mel2 Mels Mel6

Is_.{olated or paired intersection Isolaled Isolated  isolated  isolated Paired Paired Paired

site

Lipv (Cars only) used in 7.0 7.0 7.0 7.0 7.0 7.0 7.0

calibration

Sample size {Sat. periods} 605 779 426 1025 337 200 262

Speed model

R? 0.73 0.596 0.707 0.754 0.232 0.154 0.416

vn (km/h) 56.1 46.2 47.9 52,4 30.8 271 34.6

vn 95% Confidence Interval 55.0 - 45.6 - 46.5 - 51.7 - 30.1 - 26.4 - 33.6 -
57.1 46.9 492 53.1 316 27.8 35.7

my 0.104 0.126 0.089 0.087 0.233 0.310 0.190

my 95% Confidence interval 0.099 0.120 - 0.082 - 0.093 - 0.202 - 0.254 - 0.168 -

- 0.110 0.133 0.095 0101 0.265 0.367 0.211

Headway and flow rate models

ha (s} 1.407 1.485 1.624 1.830 1.816 1.995 1.705

gn (veh/h) 2558 2423 2217 1968 1982 1804 2112

gn 95% Confidence Interval 2543 - 2414 - 2200 - 1958 - 1965 - 1790 - 2096 -
2573 2433 2233 1977 1999 1819 2128

Mg 0.326 0.343 0.275 0.369 0.519 0.665 0.445

Free-flow speed as the speed limit

vi (km/h) 80 80 60 80 60 60 80

vnfvi 0.70 0.58 0.80 0.66 0.52 0.45 0.43

Calculated parameters

Lpn {m/veh) 21.9 19.1 21.6 26.6 15.6 15.0 16.4

my/mg 0.319 0.367 0.324 0.263 0.449 0.466 0.427

Lpj (m/veh} 7.0* 7.0* 7.0* 7.0* 7.0* 7.0* 70*

Lsj {m/veh) 1

Vi = Vo / (Lon / Leg - 1) {km/h}) 26.3 26.8 23.0 18.7 25.2 23.7 25.8

tx=3.6 Lo/ vx {8) 0.96 0.94 1.10 1.35 1.00 1.07 0.98

* Nominal values (jam spacing was not measured during these early surveys except at
Mel7 site where Ly = 7.2 m was measured).

1 Lsj= Lp— Ly using Ly = 4.4 m.
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Combined Sydney and Melbourne Results

Tables 9.6 and 9.7 present calibration results for all Sydney and Melbourne sites
together, combining results for through lanes at isolated and paired intersection sites,
and fully-controlled right-turn lanes at isolated sites. Average values of all parameters
are also given for right-turn isolated, through isolated, through paired intersection, and
all through sites.

The symbols used in Tables 9.6 and 9.7 are:

Va maximum queue discharge speed (km/h)

On maximum queue discharge flow rate (veh/h)

my parameter in the queue discharge speed model

mg parameter in the queue discharge flow rate model

my/mq : ratio of myto mgy

hy minimum queue discharge headway (s)

\Ji free-flow speéd {knv/h)

A ratio of the maximum queue discharge speed to the free-flow speed

LajLv jam spacing for light vehicles (m)

Lijnv jam spacing for heavy vehicles (m)

ton gap time (s) at maximum queue discharge flow speed

tsn space time (s) at maximum queue discharge flow speed

Lin spacing (m) at maximum queue discharge flow speed

Ly; same as LyLy

Lg jam space (gap) length calculated from Lg = Ly; — L, using an average light
vehicle length of Ly = 4.4 m

Vx average queue clearance wave speed (km/h)

tx average departure response time (response time for the next vehicle in the

queue to start moving (s)

"Average site" values of parameters for right-turn isolated, through isolated, through
paired intersection, and all through sites are calculated as follows:

0
(i)

(iii)

(iv)

calculate statistical averages for vy, my, hy, Lyjv, Lyjav, Vs,
calculate q, = 3600 / h, where h, is the average site value from (i), and calculate
Ly, from Equation (5.50),

calculate parameter m, from Eguation (7.8) using the parameter values from (i)
and (ii),

calculate parameters tg and ts, from Equations (5.48) and (5.49), and calculate
from Equations (7.18) and (7.19).
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Table 9.6

Summary of queue discharge model parameters for all survey sites

Site Vn an my My my/mg fin Vi ViV LhjLv Ly
(km/h) | {veh/h) (s} {km/h) {m} (m}

Average values
Right-turn 24.5 2033 0.307 0.582 0.528 1.771 65 0.38 6.4 9.7
{isolated) sites
Through 451 2086 0.118 0.369 0.321 1.725 69 0.65 6.9 1.3
{isolated) sites
Through {paired 309 1958 0.244 0.550 0.444 1.839 67 0.46 7.0*
int.} sites
Aill Through sites 42.1 2057 0.145 0.427 0.340 i.750 69 0.61 7.0 11.3

Right-turn (isolated) sites

TCS163 (1) 24.7 2098 0.317 0.621 0.510 1.716 60 0.41 6.0 B.6
TCS610 217 1966 0.373 0.698 0.534 1.831 60 0.36 5.9 7.9
TCS121 24.4 1948 0.287 0.545 0.527 1.848 70 0.35 6.6 12.1
TC8Aa3s 274 2133 0.252 0.464 0.543 1.687 70 0.39 6.9 10.1

Through {isolated) sites

TCS1081 (2) 39.5 1790 0.103 0.334 0.308 2.011 60 0.66 6.8 B.7
TCS413 33.2 1801 0.200 0.542 0.369 1.999 60 0.55 6.8 11.0
TCS511 52.8 2283 0.078 0.273 0.286 1.577 70 0.75 6.6 11.9
TCS3196 (3) 31.7 1892 0.150 0.359 0.418 1.903 60 0.53 7.0 13.1
TCS4273 (4) 36.4 1938 0.135 0.347 0.389 1.857 60 0.61 7.3 13.6
TCS849 46.4 1999 0.102 0.343 0.297 1.801 70 0.66 6.9 8.7
TCE458 53.8 2422 0.118 0.374 0.316 1.486 BO 0.67 70* 12.2
Melt 56.1 2558 0.104 0.326 0.319 1.407 80 0.70 7.07
Mel3 46.2 2423 0.126 0.343 0.367 1.485 BO 0.58 7.0*
Mel4 47.9 2217 0.089 0.275 0.324 1.624 60 0.80 7.0*
Mel7 52.4 1968 0.097 0.369 0.263 1.830 80 0.66 7.0*

Through (paired intersection) sites

Mel2 30.9 1982 0.233 0.519 0.449 1.816 60 0.52 7.0*
Mels 27.1 1804 0.310 0.665 0.466 1.995 60 0.45 7.0*
Mel6 34.6 2112 0.190 0.445 0.427 1.705 BO 0.43 7.0*

*  Nominal values {jam spacing was nol measured during these early surveys excep! at Mel7 site where
Lyt = 7.2 m was measured).

(1} Data for AM and PM peak petiods combined

(2) 9 per cent uphill grade

(3) Shared through and teft turn {15 per cant ieft turn)
(4) 6 percent uphilt grade
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Table 9.7

Further queue discharge model parameters for all survey sites

Site Vi Un m/mg ha tan T tnt Lhn Lny Ly Vy i
(km/h} | (veh/h) (s) {s) (s) m) 1 m) | (m) |km/h)| (s}
Average values
Right-turn 245 2033 | 0.528 | 1.771 112 0.46 12.0 6.4 2.0 27.3 0.84
(isolated) sites
Through 45.1 2086 | 0.321 | 1.725 | 1.37 1.02 21.6 6.9 25 21.3 1.17

{isolated) sites

Through {paired | 30.9 1958 | 0.444 | 1.839 | 1.33 0.80 158 § 7.0* 2.6 24.7 1.02
int.) sites

All Through sites | 42.1 2057 | 0.340 | 1.750 | 1.37 0.99 20.4 7.0 2.6 217 1.15

Right-turn (isolated) sites

TC5163 (1) 24,7 | 2098 | 0.510 | L.716 | 1.07 0.42 11.8 6.0 1.6 257 0.84
TCS610 21.7 | 1966 | 0.534 | 1.831 | 1.10 0.35 11.0 5.9 1.5 24.9 0.85
TC&121 244 | 1948 | 0.527 | 1.848 | 1.20 0.53 12.5 6.6 2.2 27.2 0.87
TCE335 27.1 2133 | 0.543 | 1.687 | 1.10 0.51 12.7 6.9 25 3a2.2 0.77

Through {isolated) sites

TCS1081 (2) 39.5 | 1790 | 0.308 | 2.011 | 1.61 1.20 22.1 6.8 2.4 17.6 1.39
TCS413 33.2 1801 § 0369 | 1.999 | 1.52 1.03 18.4 6.8 2.4 19.4 1.26
TC&511 52.8 | 2283 { 0.286 | 1.577 | 1.28 0.97 23.1 6.6 2.2 211 1.13
TCS3196 (3) 31,7 | 1892 |1 0.418 | 1.903 | 140 0.89 16.8 7.0 2.6 22.7 1.11
TC54273 (4) 36.4 | 1938 { 0.389 | 1.857 | 142 0.98 18.8 7.3 2.9 23.1 1.14
TCSB49 46.4 1999 | 0.297 | 1.801 } 1.46 1.11 23.2 6.9 25 19.6 1.27
TCS456 53.8 | 2422 | 0.316 | 1.486 | 1.19 0.89 222 | 7.0" 2.6 24.8 1.02
Melt 56.1 2558 | 0.315 | 1.407 | 1.12 0.84 219 | 7.0" 2.6 26.3 0.96
Meld 46.2 | 2423 | 0.367 | 1.485 | 1.14 0.79 19.1 70" 2.6 26.8 0.94
Metd 47.9 | 2217 | 0.324 } 1624 | 1.29 0.95 216 | 7.0* 2.6 23.0 1.10
Mel7 52.4 1968 | 0.263 | 1.830 | 1.B3 1.22 266 | 7.0* 2.6 18.7 1.35

Through (paired intersection) sites

Mef2 30.9 | 1982 | 0449 } 1.816 | 1.30 0.78 156 | 7.0* 2.6 25.2 1.00
Meib 271 1804 | 0.466 | 1.995 | 1.41% 0.81 15.0 } 7.0° 2.6 23.6 1.07
Mel6 346 | 2112 | 0427 | 1.705 ] 1.25 0.78 164 | 7.0* 2.6 25.8 0.98

*  Nominal values (jam spacing was not measured during these early surveys except at Mel7 site where
Ly = 7.2 m was measured).

T For tgn, tsn, and Lg;: Detection zone lengthis L, = 4.5 m, and average vehicle lengthis Ly = 44 m
All parameters in this table are for light vehicles (cars) only.

(1) Data for AM and PM peak periods combined

(2) 9 per cent uphill grade

{3) Shared through and left tumn (15 per cent left turn)
(4) 6 per cent uphill grade
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The results show that queue discharge characteristics for through and right-turn
movements differ significantly, and there are also significant differences between
through lanes at isolated sites and paired intersection sites. Considering average values
of parameters for all through and right-turn sites, maximum queune discharge flow rates
for right-turn sites are similar to those for isolated through sites,

Lower Ly, Lia, L, Va, vo/ve, tx parameters, and higher m,, mq , my/my and vy are
observed for right-turn sites. Lower jam spacing and lower departure response time
(higher queue clearance speed) at right-turn sites help to achieve low queue discharge
headways, therefore high maximum flow rates. Higher m, / mq (= k; / k;) means that
the maximum flow rate in the speed-density curve is achieved later.

Parameters for through movements at paired intersection sites are between the through
(isolated) and right turn (isolated) site values although lower maximum flow rates are
observed at these sites (see Section 11 for further discussion on paired intersection
sites).

Although sites 413 and 3196 are isolated through sites, their queue discharge
characteristics appear to be closer to the paired intersection sites (e.g. low vy, high m,).
This is related to site 413 having a CBD character and site 3196 being a shared left-turn
and through traffic lane at a small intersection in a suburban shopping centre
environment, In particular, it is noted that short downstream distance (140 m) for site
413 is consistent with this result.

It is often stated in the literature that saturation flow rate may decrease with time,
especially in the case of long green times (e.g. Teply and Jones 1991, Teply, et al. 1995).
There was no sign of this at any site as evident from figures given in Appendix B. In
particular, no drop in saturation flow rate or saturation speed is observed at site 511
where the average green time is 120 s (average cycle time 160 s). Only at site 610
(right-turn with short green time), the queue discharge flow rate is observed to peak
around 10 s after the start of the green period, and then drops slightly.

For comparison with the results given in Tables 9.6 and 9.7, Bonneson (1992a) reported
a jam spacing of Lyj = 7.9 m/veh measured under US conditions. This is about 1.0 m
larger than the Australian values found in this study. Niittyméki and Pursula (1997)
reported gap times at maximum queue discharge flow rate (or at saturation headway), tg,
in the range 1.1 and 1.3 s, start response times in the range 0.9 to 1.0 s, and queue
discharge headways in the range 1.7 and 2.0 s observed in Finland. These parameter
values are consistent with the values seen in Tables 9.6 and 9.7.

It is seen from Table 9.7 that vy is in the range 18 to 32 km/h and ty is in the range 0.8 to
1.4 s. These values are consistent with the response times of 1.0 to 1.3 s and a response
wave speed of 28.5 km/h reported by Bonneson (1992a).

Relationships between various queue discharge model parameters are shown in
Figures 9.1 to 9.3 including linear trendline and associated regression equations that
may be useful for practical purposes (see Section 16 for further discussion).
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Results for Alternative Calibration Methods

Alternative calibration methods were also investigated using different headway and
speed data derived from raw detector data and different values of the start response time,
t, as discussed in Section 8.

Alternative calibration methods were applied to 1998 data from three sites only, namely
sites 335 (Melbourne), 610 and 511 (Sydney). Sites 335 and 610 are right-turn traffic
lanes with short green times, and Site 511 is a major through traffic lane with very long
green time. For these sites, data were further processed to eliminate a few outliers (data
points with very high or very low headway or speed values). Therefore, the results for
the "original calibration method (method 1)" differ slightly from those reported above
(summarised in Tables 9.6 and 9.7).

Tables 9.8 to 9.10 summarise model parameters obtained from alternative calibration
methods for sites 335, 610 and 511 allowing for comparison of model parameters
obtained from alternative methods.

Figures showing measured and predicted queue discharge speeds, headways, flow rates
and spacings for alternative calibration method 13 are given in Appendix B.
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The following conclusions are drawn from the findings summarised in Tables 9.8
to 9.10.

(1)

(ii)

(iii)

(iv)

The headway regression method used to determine the headway (flow rate) model
parameters results in estimated jam spacing (Ly;) values that are significantly
greater than the measured values. Correct prediction of this parameter is very
important for model accuracy, and particularly in its implications for the optimum
loop length as discussed in Section I4. Therefore this method is not preferred,
thus confirming the standard calibration procedure that employs the measured jam
spacing (Iigure 8.1).

Determining the start response time parameter of the queue discharge model freely
from speed model regression gave acceptable results (in the range 0.7 to 1.6 s) for
the right-turn lane sites (335 and 610), but gave a negative value for the through
lane site (511). It is difficult to estimate this parameter from regressions reliably
due to lack of data at low speeds at the start of the green period. The use of a
specified value of 7, = 1.0 s appears to be reasonable.

Alternative methods using different speed and headway variables derived from
raw detector data using the standard calibration method (using the measured jam
spacing) gave close results although some improvements were obtained in queue
discharge speed, headway and flow rate predictions. For a given site, the ratio
my/mg, which is the parameter in the speed-flow model, does not vary significantly
for alternative calibration methods that use the measured jam spacing. This is a
satisfactory result, in that the speed — flow and space time — speed relationships
and the optimum loop length values indicate low sensitivity to the method used
(assuming the calibration procedure using the measured jam spacing). This is
further discussed in Section 14.

Although alternative calibration methods using measured jam spacings give
similar results in terms of the resulting speed - flow and space time - speed
relationships and the optimum loop length values, it is recommended that
calibration method 13 is used in future data analyses. This method uses the
standard calibration procedure with a specified start response time value of
fr = 1.0 s, and employs the speed based on the leading end of the vehicle (vi) and
headways measured at Detector 2 (hy). This method improves the queue
discharge headway prediction at low speeds, particularly for right-turn sites where
the queue discharge speeds are low.

The calibration results given in this section are based on the definition of headway and
spacing parameters from the front of the leading vehicle to the front of the following
vehicle. Alternatively, headway and spacing parameters may be measured from the
back of the leading vehicle to the back of the following vehicle (see Figures 5.5 and 5.6
in Section 5). Limited analysis of parameters using the latter method indicated that the
difference between the two methods would not affect the conclusions of this report,

ARRB Transporl Research Lid



108

Research Report ARR 340

Table 9.8

Model parameters obtained from alternative calibration methods for Site 335

(right-turn traffic lane: Doncaster Rd and Blackburn Rd, Melbourne)

Caiibration Jam Start Max. queue Speed Min. queus | Max. queue | Headway | Parameter
method spacing lag discharge model discharge | discharge |{flow)model| for speed —
number speed parameter | headway flowrate | parameter | flow model

Lhi 1, ¥n My hn Qn My m.,./ Mg
1 6.9 0 27.39 0.2434 1.6528 2178 0.4435 0.549
2 B.9 0 28.80 0.1845 1.6473 2185 0.3523 0.524
3 6.9 0 28.92 0.1808 1.6528 2178 0.3479 0.520
4 6.9 0.68 28.35 0.2141 1.6528 2178 0.4039 0.530
5* 12.5 0.68 28.35 02141 1.6099 2236 0.2179 0.982
6 6.9 1.0 28.10 0.2339 1.6528 2178 0.4373 0.535
7* i2.5 1.0 28.10 0.2339 1.6237 2217 0.2365 0.989
8 NOT USED
9 6.9 0 29,43 0.1596 1.6416 2183 0.3104 0.514
10* 8.8 0 29.43 0.1596 1.6144 2230 0.2149 0.743
11 6.9 1.62 28.11 0.2356 1.6416 2193 0.4377 0.538
2% 9.8 1.62 28.11 0.2356 1.6601 2168 0.3117 0.756
13 6.9 1.0 28.61 0.1997 1.6416 2193 0.3776 0.529
1q4* 9.8 1.0 28.61 0.1997 1.6417 2193 0.2655 0752

*Methods 5, 7, 10, 12, 14 does not use the standard calibration procedure
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Model parameters obtained from alternative calibration methods for Site 610
(right-turn traffic lane: Military Rd and Murdoch St, Sydney)

Calibration Jam Stant Max. queue Speed Min. queue | Max. queue | Headway | Parameter
method spacing lag discharge madel discharge | discharge |{flow} model| for speed —
number speed parameter | headway flow rate | parameter | flow model

Ly I Vn my hn €n Mg my / Mg
1 5.9 & 21.33 0.3868 1.8642 1931 0.7241 0.534
2 59 0 22.58 0.2985 1.8562 1939 0.5892 0.507
3 5.9 0 24.20 0.2291 1.8642 1931 0.4865 0.471
4 59 112 22.69 (.3547 1.8642 1931 0.7063 0.502
5" 11.4 1.12 22.69 0.3547 1.8292 1968 0.3575 0.892
6 5.9 1.0 22.84 0.3365 1.8642 1931 0.6744 0.499
7™ 11.2 1.0 22,84 0.3365 1.8245 1973 0.3462 0.972
8 NOT USED
9 5.9 0 23.31 0.2389 1.8483 1948 0.4844 0.493
10* 7.5 0 23.31 0.2389 1.8517 1944 0.3837 0.622
11 59 1.37 22.13 0.3717 1.8483 1948 0.7159 0.519
127 8.2 1.37 22,13 0.3717 1.8704 1925 0.5208 0.714
13 5.9 1.0 22.44 0.3244 1.8483 1948 0.6335 0.512
14 * 7.9 1.0 22,44 0.3244 1.8650 1930 0.4747 0.683

* Methods 5, 7, 10, 12, 14 does not use the standard calibration procedtre
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Table 9,10

Model parameters obtained from alternative calibration methods for Site 511
(through traffic lane: General Holmes Drive and Bestic St, Sydney)

Calibration Jam Start Max. queue Speed Min. queue | Max. queue } Headway ; Parameter
method spacing tag discharge model discharge | discharge j(ilow) model| for speed -
number speed parameter | headway flow rate | parameter | flow model

L I Vn My Fn n mgq my / My
1 6.6 0 52.80 0.0778 1.6115 2234 0.2788 0.279
2 6.6 0 52.87 0.0753 1.6097 2236 0.2696 0.279
3 6.6 0 52.94 0.0724 1.6115 2234 0.2599 0.278
4 6.6 -3.70 53.63 0.0564 1.6115 2234 0.2050 0.275
5* 2.3 -3.70 53.63 0.0564 1.6040 2244 0.1444 0.380
6 6.6 1.0 52.75 0.0786 1.6115 2234 0.2811 0.280
7* 7.1 1.0 52.76 0.0786 1.6126 2232 0.2828 0.299
8 NOT USED
9 6.6 0 52.94 0.0732 1.6080 2239 0.2622 0.279
10" 7.0 0 52.94 0.0732 1.6084 2237 0.2464 0287
i1 6.6 -4.61 53.76 0.0542 1.6080 2239 0.1973 0.275
12* 8.7 -4.61 53.76 0.0542 1.6037 2245 0.1498 0.382
13 6.6 1.0 52.76 0.0794 1.6080 2239 0.2835 0.280
14* 6.4 1.0 52,76 0.0794 1.6111 2234 0.2934 0.271

* Methods 5, 7, 10, 12, 14 doss not use the standard calibration procedure
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10 UNINTERRUPTED FLOW MODELS
FOR SIGNALISED INTERSECTIONS

Various speed-flow-density models considered for the uninterrupted flow region that
applies to the unsaturated part of the green period are described below. These models
apply to all uninterrupted flow conditions, e.g. as observed on freeways and mid-block
sections of arterial roads.

Alternative model forms described in Akgelik, Roper and Besley (1999b) for
unsaturated freeway flows are also suitable for unsaturated flows (after queue clearance)
at the signal stop line. However, a comprehensive study of the application of these
models to unsaturated flows at signalised intersections was not undertaken due to data
limitations and because this was not the main objective of this research. The main
limitation was the quantity of data since the unsaturated part of the green period
represented a small portion of time at the survey sites. This is because efficient signal
control avoids prolonged intervals after queue clearance. There was also a lack of data
for flow rates below about 500 veh/h (corresponding to headways above 7 s).

A limited study of four models was undertaken during the early stage of this research
using data from site Mel7. With reference to Figure 5.8 in Section 5, Models 1 and 2
apply to region A, Model 3 applies to both regions A and B (v = vy or vi), and Model 4
applies to regions A and C. These models are identical to those used for the freeway
study (Akgelik, Roper and Besley 1999b).

The heavy vehicle data (including the following vehicle data) were eliminated as in the
case of queue discharge flow data. Various methods of data aggregation were tried.
The best method appeared to be using non-aggregated flow rates and speeds using data
for vehicles that depart during the period from 6 seconds after the last queued vehicle
departs to the start of the red period. Furthermore, data representing flow rates above
the upper 95th percentile value of the maximum queue discharge flow rate were
eliminated considering that these represented bunched vehicles in the uninterrupted
traffic stream. This method differs significantly from most speed-flow studies that
aggregate data into 5 to 15-minute intervals.

The models are described below. In all models, v, (km/h) is the uninterrupted speed, 1.¢.
the speed during the unsaturated part of the green period (after queue clearance) as
observed at the signal stop line (km/h), and q, is the associated flow rate (veh/h). For
further discussion on these models, refer to (Akgelik, Roper and Besley 1999b).

Model 1:

va = vi+bs(qe/ 1000)7 (10.1)
subject to p; > 0 and by < 0

where v, (km/h) is the speed, g, (veh/h) is the flow rate, v; (km/h) is the free-flow speed,
and by, p; are constants related through:

bi = —(vi—vn)/ (qy/1000)" (10.2)

where v, (km/h) is the speed at maximum flow rate, q, {(veh/h) is the maximum flow
rate.
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The model can be expressed in the following form for calibration purposes:

p
Vo = vi— (Ve— Vo) (0/Q) (10.3)
subjectto p; > 0
Model 2:
P2
Qu = Q[ =((Vu=Vva)/ (vi—vn)) ] (10.4)

subject top; > 0

where q, (veh/h) is the flow rate, g, (veh/h) is the maximum flow rate, v, (km/h) is the
speed, v, (km/h) is the speed at maximum flow rate, vi (km/h) is the free-flow speed,
and p; is a constant:

The speed-flow function corresponding to Equation (10.4) is:

Yp2
vo = Vall+(viva—1)(1-qu/qn) 1] (10.5)
subject to p; > 0

Model 3:

This model covers both unsaturated and saturated conditions as a single model.

qQu = 1000 v/[Ly+prva/(l —Vu/Vf)pz] (10.6)
subject to p; > Oand p; > 0

where q, (veh/h) is the flow rate, v, (km/h) is the speed, v; (km/h) is the free-flow speed,
Ly (m/veh) is the jam density, and py, p; are constants related through:

pro=  [(Lin—La) (1 =va/ VD 1/ Va (10.7)

where v, (km/h) is the speed at maximum flow rate, Ly, (m/veh) is the spacing at
maximum flow rate calculated from:

thl = 1000 Vn / qn (10. 8)
where q, (veh/h) is the maximum flow rate.

From Equation (10.7), jam spacing is:

Ly = Lin=[piVa/(1=va/vp) | (10.9)

The model can be expressed in the following form for calibration purposes:

Qu= 1000/[ (Lp/ vy) + 1000/ qn—Lpg/ vo) (L =vp /v / (1 = vy / Vf))pz] (10.10)
subject to p2 > 0

A useful method to derive the fundamental speed-flow-density relationships is to start
by modelling vehicle spacing as a function of speed as discussed in detail by Lay (1979,
1985) who showed that this approach is well related to driver behaviour (reaction times,
stopping distances, out-of-lane factors, and so on). Lay (1979) proposed a polynomial
spacing-speed model which produced all desirable characteristics of a speed-flow
relationship except one condition: speeds exceeded the free-flow speed as the flows
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approached zero in Region A in Figure 5.8 in Section 5 (v, > vf when q =0). Model 3
given here is based on the following spacing-speed relationship that satisfies this
condition:

Lo = Ly+piva/(I=v/v9 (10.11)
subjecttop; > Oand p; > 0

In Model 3, parameter p; is related to driver reaction times (including out-of-lane
effects) and determines the extra spacing required under low to medium flow conditions
in Region A. Parameter p; is important in determining the characteristics of the speed-
flow model for conditions around the maximum flow rate and in Region B.

Model 4:

This is based on a function described by Akgelik (1991), and is used in the SIDRA
software package for uninterrupted traffic flows (Akgelik and Besley 1999). It can be
used as a general travel time (cost) function for all types of interrupted and uninterrupted
traffic facilities for traffic planning purposes. In a recent study, the model was found to
give desirable characteristics for traffic assignment purposes, and was found to give
satisfactory estimates of travel speeds under US conditions (Dowling, Singh and Cheng
1998).

Model 4 is a general time-dependent model that applies to both unsaturated and
oversaturated conditions (applies to regions A and C in Figure 5.8 in Section 5). For
oversaturated conditions (demand flow rate larger than the maximum flow rate), it
requires demand flow rates rather than flow rates measured by detectors. Therefore, for
calibration purposes under this project, this model was applied to unsaturated conditions
only (speed less than the speed at maximum flow rate).

The model is expressed as:
va = ve/ {1+0.25v T [z +sgrt (z° +me x/ (gn T} (10.12)

where v (km/h) is the speed, v¢ (kin/h) is the free-flow speed, Ty (h) is the duration of the
analysis period, m is a constant and

z = x-1 (10.13a)
X = Qu/Ga (10.13b)

where q, (vel/h) is the flow rate, g, (veh/h) is the maximum flow rate.
Parameter m, is related to other parameters through:
me = 16 qn (vifva— 1)*/ (vf Tp) (10.14)
where v, (km/h) is the speed at maximum flow rate.
The spacing at maximum flow rate, Ly, (m/veh) is calculated from:

Lyy = 1000v,/qs (10.15)
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The model can be expressed in the following form for calibration purposes:

va= vi/ {1 +0.25 ve T [z + sqrt (2% + ( 16 (qu/qw) (vitve — 1?7 (v TD? )1}
(10.16)

where z = (qu/qa) —1.

Calibration Results for Unsaturated Flows

The calibration results for Models 1, 2, 3 and 4 for Site 7 are given in Table 10.1.
The preferred parameter values for each model are shown in bold italic, and the
corresponding model predictions and speed-flow data are shown in Figures 10.1 to 10.4.
For this site, the maximum queue discharge flow rate, q, = 2038 veh/h and the
corresponding speed, v, = 52.2 km/h were used (as determined during the earlier stage
of the study) as a condition for the speed-flow relationship for unsaturated flows.

For Model 1, after analysing the results of initial regressions using SPSS (Norusis and
SPSS 1993), parameter p, = 3 was set and two different methods were used to estimate
parameters vf and by as shown in Table 10.1.

For Model 2, cases with v, < v, need to be excluded from regression analysis. The
model did not produce a satisfactory method of estimating vy. Exclusion of low speed
cases (vy < vy) biased the v¢ estimate. Parameter p; was estimated by specifying a value
of vias seen in Tablel0.1.

For Model 3, cases with v, > v¢ need to be excluded from the regression analyses. As a
result, it is not possible to use this model to estimate ve. Table 10.1 gives the regression
and calculated results obtained by specifying vi = 70 km/h and Ly = 7.0 m/veh.

For Model 4, several methods were used for regression analyses to determine
appropriate values of parameters v, m and Ty as seen in Table 10.1.

Generally, it was found that all models tended to imply lower free-flow speeds than the
speed limit (about 5 to 15 km/h smaller). It is emphasised that the free-flow speed is
simply a model parameter estimated for best fit for the overall speed-flow relationship
rather than the best estimate of a free-flow speed.

ARRB Transport Research Lid



115
Research Report ARR 340

Table 10.1

Calibration results for speed-flow models 1, 2, 3 and 4 for unsaturated flows
(Site Mel7: Ferntree Gully Road and Scoresby Road)

MODEL 1
vt bs P2 R? 95% confid. Va Vol Wt
{km/h}) interval of v
Estimate v, by, pz 75.7 -9.11 1.1 0.26 57.3-94.0 55.8 0.74
Specify p2 = 3.0, 69.0 -1.82 3.0 0.23 66.6 -71.5 53.6 0.78
estimate v, by
Specify p2 = 3.0, 69.4 -2.03 3.0 0.22 67.2-71.7 52.2% 0.75
estimate v, calculate by
MODEL 2
vy pz R 95% confid. Vi vnd v
{km/h}) intervai of v
Estimate v, pz 142.9 0.45 0.23 61.1-2247 52.2* 0.37
Specify v = 70.0, 70.0 0.62 NS NA 52.2* 0.75
estimate pz
Specify v = 75.0, 75.0 1.30 NS NA 52.2* 0.70
estimate pz
MODEL 3
vi P p2 R 95% confid. Vi Vol vt
{km/h) interval of v
Specify v = 70.0, 70.0 0.39 0.21 0.25 NA 43.2 0.62
estimate p1, pz
Specity v = 70.0, 70.0 0.30 0.13 0.25 NA 52.2* 0.75
calculate p1, p2
MODEL 4
Vi mg Ts R? 95% confid. Vn vnlw
{km/h) interval of v
Specify Tr=1.0h, 65.6 1.15 1.0 0.04 63.4-67.8 47.2 0.72
estimate v, m,
Specify Tr= 1.0 h, 65.2 0.48 1.0 0.04 63.1-67.3 52.2* 0.80
estimate v, calculate mg
Specify Ti = 0.25 h, 67.8 2,53 0.25 0.13 65.3-70.4 52.2* 0.77
estimate v, calcutate me
Estimate vy, Ty, 69.9 5.98 0.13 0.14 66.5-73.2 52.2* 0.75
calculate mg

* From the exponential queue discharge model: v, = 52.2 km/h, qn = 2038 veh/h.
For Modei 3, Ly = 7.0 m/veh.
NA: Not applicable, NS: Not significant
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Figure 10.1 — Unsaturated speed-flow data and Model 1 predictions for Site 7
(Ferntree Gully Road and Scoresby Road)

90
<

£ 3 F——
£ A -
O
@
@
o

20 +

10 " e

0

o 500 1000 1500 2000 2500
Fiow rate (veh/h)

Figure 10.2 — Unsaturated speed-flow data and Model 2 predictions for Site 7
(Ferntree Gully Road and Scoresby Road)
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Figure 10.3 — Unsaturated speed-flow data and Model 3 predictions for Site 7
(Ferntree Gully Road and Scoresby Road)
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Figure 10.4 — Unsaturated speed-flow dafa and Model 4 predictions for Site 7
(Ferntree Gully Road and Scoresby Road)
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11 DOWNSTREAM QUEUE INTERFERENCE AT
PAIRED INTERSECTIONS

The term paired infersection is used for closely spaced intersections with queuing
within the intersection area (on internal approaches). Examples of paired intersections
include diamond interchanges, closely-spaced intersections, staggered T junctions, and
large intersections with internal queuing, e.g. due to a wide median. The intersection
pair is either regulated from a single traffic signal controller on a common cycle length
using built-in offsets achieved through special phasing arrangements, or from two
separate controllers which are coordinated as part of a wider signal coordination system.

An important issue in modelling paired intersections is the queue interaction effects
between the two intersections since, in many instances, the presence of a downstream
gueue may inhibit the normal saturation flow rate at the upstream intersection (Rouphail
and Akcelik 1991, 1992; Johnson and Akeelik 1992).

As seen in Tables 9.5 to 9.7 in Section 9 summarising calibration results for the
exponential queue discharge flow rate and speed models, sites Mel2, Mel5 and Mel6 are
paired intersections. The model parameters for these sites are significantly different
from those for isolated through traffic sites:

(i) maximum queue departure flow rates, speeds at maximum flow and spacings at
maximum flow (qn, vn, Lin) are lower,

(i) parameters mg, and m, are higher indicating quicker acceleration to the maximum
speed and achievement of the maximum flow rate sooner,
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Figure 11.1 — Reduction in queue discharge flow rate and speed
as a result of downstream queue interference at site Mel5
(Pedestrian Crossing on Canterbury Road)
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(iif) maximum flow rate in the speed-density curve is achieved later (k,/ k; = m,/ mq =
average value of 0.45 against 0.33 for isolated through traffic sites), and

(iv) the ratio of maximum queue discharge speed to the free-flow speed is smaller {(an
average value of 0.44 against 0.60 for isolated through traffic sites).

Queue discharge model parameters for paired intersection sites were derived using data
points not affected by queue interference. This was determined both visually and by
calculating the standard deviations of speed and headway and choosing the points up to
a time when the standard deviations increased markedly.

Conditions that provided sufficient data for queue interference analysis were observed
only at site Mel5 (Pedestrian Crossing on Canterbury Road, East Camberwell).
Figure 11,1 shows the reduction in queue discharge flow rate and speed after about 25
seconds since the start of green at this site. The downstream queues were formed by the
vehicles departing from the upstream signal stopped by downstream pedestrian signals
actuated by heavy pedestrian flows. This provided good data for analysing queue
interaction.

To examine the effects of downstream queue interference on queue discharge speed,
distance to the back of the downstream queue (L) was determined for each data point.
The ratio of the observed speed (v,) to the speed predicted by the exponential queue
discharge speed model (vg) was calculated. The speed (vg) calculated from Equation 7.1
using the calibration parameters for site Mel5 in Tables 9.5 to 9.7 represented the
expected speeds without downstream queue interference.

As seen in Figures 11.2 and 11.3, the speeds were affected when the distance to the
back of queue became less then about 30 to 40 m. The ratios v, / v > 1 observed in
Figure 11.2 could be explained partly by speeding up of vehicles in order to make it into
the downstream section before speed reductions due to the downstream queue
interference take effect, and partly because v, is a measured speed with statistical
variations whereas v; is a predicted average speed. No attempt was made to model the
observed cases of v,/ vy > 1.0.

The following model provided a reasonable general relationship between the ratio v,/ v
and the distance to the back of queue (Ly,) for site Mel5:
vilve = 1—g 009 Lu (11.1)

where v, is the queue discharge speeds reduced due to downstream queue interaction,
and Ly, is in metres., The model was calibrated using non-linear regression method.
The values of v, / v, predicted using Equation (11.1) are plotted in Figures 11.2
and 11.3. The model predicts v, / v, = 0.97 at Lyq =40 m.

Thus, the reduced queue discharge speed at time t since the start of the green period (v)
can be calculated from:

v = vi(l—e 009 Lagy (11.2)

where v, is the queue discharge speed at time t since the start of the green period without
any downstream queue effect as given by Equation (7.1).
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The corresponding reduced flow rate, q, can then be calculated using the following
equation based on Eguation (7.6D):

q = qn[l—(l—vr/vn)m‘*’m"] (11.3)

In the case of site Mel6, the distances to the back of the downstream queue were
generally greater than 60 m, and no queue interference effects were observed. There
was insufficient data for detailed modelling of queue interaction effects at this site,

Although based on a small number of sites, the results indicate that the downstream
queue interference occurs only when the distance to the back of queue is very small. For
all practical purposes, it could be concluded that queue interaction occurs only when the
downstream queue storage space is fully occupied.

The finding that the downstream queue interference occurs only when the distance to the
back of queue is very small is supported by the fact that the distance to the back of
downstream queue includes the intersection negotiation distance which can be of the
order of 15 m at a small intersection (4 lanes across the intersection). Our preliminary
observations at other sites were consistent with this finding. Similar results have been
reported by Prosser and Dunne (1994) based on surveys in Sydney.

ARRB Transport Research Lid



123
Research Report ARR 340

12 SATURATION FLOW, START LOSS AND END GAIN

The traditional queue discharge models for traffic signals (Webster and Cobbe 1966,
Akcelik 1981, Teply, et al. 1995, TRB 1998) use a constant queue discharge flow rate
called saturation flow rate and the associated start loss and end gain times to convert
the displayed green time to an effective green time. Capacity and performance (delay,
queue length) models are based on the use of effective green time and saturation flow
rate.

Relationships between effective and displayed green times (g, G), start loss and end gain
times (%, .), and durations of the saturated and unsaturated parts of the green period as
effective and displayed green times (gs, gu; Gs, Gu) are given in Section 7.

In this section, the derivation of the saturation flow (s), start loss (#) and end gain time
(t.) parameters from the exponential queue discharge flow model is discussed. Different
"measurement methods” (or "“definitions") to derive the saturation flow and the
associated start loss and gain parameters are discussed. The dependence of the start loss
and end gain times on the saturation flow definition is emphasised. For further
discussion on different methods of determining the saturation flow, the reader is referred
to Teply and Jones (1991).

Average saturation speeds consistent with the method to determine the saturation flow
can also be derived from the exponential queue discharge speed model (see Section 13).

General equations for determining the saturation flow rate, start loss and end gain times
are,

3600(1 s —Ny;)

s = 12.1
G-, (12.1)
001
o= -0 (12.2)
5
. = 600m (12.3)

s

where ny is the total number of vehicles departing from the queue during the saturated
part of the green period (f, to Gg), ny; is the number of vehicles departing from the queue
during an initial interval (0 to t;), and n, is the number of vehicles that depart after the
end of the green period, i.e. during the terminating intergreen time (yellow and all-red
intervals).

Using the exponential queue discharge flow model, values of nys and ny; can be
calculated from Equations (7.28) and (7.27), respectively.
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The following methods for determining saturation flows and the associated start loss and
end gain values are considered:

(i-a) HCM method (TRB 1998, Chapter 9, Appendix IV): average queue departure
flow rate during the saturated part of green period excluding the first 4 vehicles
(ny; =4).

(i-b) A variation to the HCM method: average queue departure flow rate during the
saturated part of green period excluding the first 5 vehicles (ny; = 5).

(i)  ARR 123 method (Akgelik 1981, Appendix E): average queue departure flow
rate during the saturated part of the green period excluding the vehicles departing
during the first 10 seconds (t; = 10).

(iii)  Zero start loss and end gain method (¢ = 0, f, = 0): average queue departure flow
rate during the saturated part of the green period including all vehicles that
depart at the start of the green period but excluding any vehicles that depart after
the end of the green period.

(iv-a) SCATS MF method: average queue departure flow rate during a fully-saturated
green period including all vehicles that depart during the green period and after
the green period but averaging over the green time plus terminating intergreen
time (zero start loss, and end gain time = intergreen time, £, =0, fo = L = ty + ty;).

(iv-b) A variation to the SCATS MF method: as for (iv-a) but averaging over the green
time plus yellow time (zero start loss, and end gain time = yellow time, #; = 0,

fo = 1y).

Data for the analysis of saturation flow, start loss and end gain times for all sites are
given in Table 12.1. The values of s, #; and £, calculated for different methods using
Equations (12.1) to (12.3) are given in Tables 12.2 and 12.3.

The saturation flow (s) obtained from Method (i-b) corresponds to the maximum queue
discharge flow rate (q,) obtained from model calibration in using ny; = 5 vehicles in the
initial period. However, the value of s calculated using Method (i-b) differs slightly
from q since it is derived analytically using the queue discharge flow model.

In Methods (i-a) and (i-b), the values of t; that give ny; = 4.0 and n,; = 5.0 are found by
trial and error using Equation (7.27), and 1y is calculated for the interval t; to G; using
Equation (7.28). The values of t; and nys (G = G) are given in Table 12.1.

It should also be noted that the g, parameter for the exponential model was calculated
from the minimum departure headway (h,) which was obtained as the average headway
with weighting based on inverse frequency of the headways by queue position (see
Section 8). Generally, saturation flow measurement methods do not use headway
weighting, and as a result are biased due to the higher frequency of headways at lower
queue positions (the HCM method is affected by this bias). The saturation flow rate
measured without any weighting by queue position would be lower than the queue
discharge flow rate obtained using headway weighting by queue position. Comparison
of Method (i-a) and Method (i-b) is useful for investigating the sensitivity to the number
of vehicles excluded (four vs five).
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Data for the analysis of saturation flow rates, start loss and end gain times
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Site Ly | & Vo Gn Mq c G | Gmax t |0l =nus {Gs =|Ms {Gs =
{m) | {s) |{km/h)i{veh/h) (s} | (s) (s) I {nu=4){(nw=5)| 10s) G} Gmax)
Average values
Right-turn 64 [0B4]| 245 | 2033 | 0.582 | 136 | 17 30 8.8 10.6 4.7 8.8 15.8
{isolated) sites :
Through 6.9 | 1.17| 45.1 1 2086 | 0.369 | 129 | 56 72 9.5 11.3 4.3 30.6 40.1
{isolated) sites
Through (paired |7.0*| 1.02| 309 | 1958 | 0.550| 128 | 59 B2 9.2 11.0 4.5 31.1 43.8
int.) sites
All Through sites | 7.0 | 1.15| 42.1 | 2057 | 0.427 | 129 | 56 74 9.4 111 4.4 30.8 41.0
Right-turn (isolated) sites
TCS163 (1) 6.0 (0B84 | 247 | 2098 | 0.621 | 144 | 13 30 8.5 10.2 4.9 6.6 18.5
TCS610 59 (0.85]| 21.7 | 1966 | 0698 | 149 | 13 | 20 8.8 10.6 | 47 6.3 10.1
TCS121 6.6 087 | 24.4 | 1948 | 0.645| 139 | 20 40 9.2 111 4.4 9.8 20.7
TCS335 6.9 077 27.1 | 2133 | 0464 | 112 ] 23 29 8.9 10.6 4.7 124 15.9
Through (isolated) sites
TCS1081 (2) 6.8 [1.39] 39.5 | 1790 | 0,334 | 131 | 64 B1 11.0 13.0 3.5 30.3 ae.8
TCS413 6.8 [1.26] 33.2 { 1801 | 0.542 | 140 | 60 82 9.8 11.8 4.1 29.1 40.1
TCS511 6.6 [1.13] 52,8 | 2283 | 0.273 | 160 { 120 125 9.7 11.4 4.2 73.8 76.9
TCS83196 (3) 7.0 |1.119 31.7 § 1892 | 0.358 | 120 | 32 43 10.3 12.3 3.8 15.4 21.1
TCS4273 {4) 7.3 |1.14] 364 | 1938 | 0.347 | 109 | 43 66 10.2 121 3.9 21.6 34.0
TCS849 6.9 |1.27] 464 | 1993 | 0.343 | 130 | 52 59 10.0 11.9 4.0 27.3 311
TCS456 7.0*|1.02] 53.8 | 2422 | 0.374{ 140 | 36 85 8.5 10.0 5.0 224 36.2
MeH 7.0*1096| 56,1 | 2558 | 0.326 | 158 | 43 58 8.5 10.0 5.0 28.4 38.0
Mel3 7.0*1094] 46.2 | 2423 | 0.343{ 131 | 59 B2 8.7 10.3 4.8 37.7 583.2
Mel4 7.0*11101 47.9 | 2217 | 0275 ] 130 | 67 BO 9.9 11.6 4.1 39.0 47.0
Met7 7.0%{1.35] 52.4 | 1968 | 0.369 ] 75 35 59 10.0 11.8 4.0 17.7 30.8
Through (paired intersection) sites
Mel2 7.0 1.00| 309 | 1982 | 0.519 ] 138 § 33 45 9.2 11.0 4.5 171 23.7
Mal5 7.0 1.07| 27.1 | 1804 §0.665{ 129 | 102 | 148 8.5 1.5 4.3 50.4 73.4
Mel6 7.0%1098) 346 | 2112 ;0445 | 121 | 42 54 8.0 10.8 4.6 23.3 30.4

*  Nominal values {jam spacing was not measured during these early surveys except at Mel7 site where
Ly = 7.2 m was measured).

All parameters in this table are for light vehicles (cars) only.

{1} Data for AM and PM peak periods combined. G is average of green times observed during AM and PM peak

periods, Gmax is observed during the PM peak period.

{2) 9 per cent uphill grade
(3) Shared through and left turn {15 per cent left turn}
{4) 6 per cent uphill grade
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For the ARR 123 method, the value of ny; is calculated with t; = 10 in Equation (7.27),
and ny is calculated for the interval t; to G, using Equation (7.28). The values of ny; (t; =
10 s) and ny (Gs = G) are given in Table 12.1. Tt is seen that the value of t; = 10 s
represents a good choice as a value that gives ny; between 4 and 5 vehicles.

Method (iii) further simplifies the saturation flow measurement by eliminating the start
loss and end gain times. This gives a saturation flow based on zero start loss and zero
end gain definition, s, (#; = t, = 0, therefore g = G). This is derived using t; = 0 and ny; =
0, ny is calculated using Equation (7.28), effectively for the interval ¢, to G;, and n, is
included in the saturation flow calculation:

5 _ 3600(ny +n,) (12.4)

G

5
1— e_mq (Gs—1,)

Al (G4 —1,) +3600n,

GS

For Methods (i) to (iii), saturation flows are calculated using average values of green
time observed at each site as fully saturated green time (G = G). On the other hand, Gg
= G 18 used for Methods (iv-a) and (iv-b) using the values of maximum green time
observed at each site.

Table 12.1 gives the average green and cycle times and maximum green times (G, c,
Guax) Observed at each site (also see Tables 4.3 to 4.5 in Section 4), the average site
values of G, ¢, Gma for the right-turn, through (isolated) and through (paired
intersection) sites, and the values of ny calculated using G; = G and G = Gax.

For site 163, queue discharge flow and speed models were calibrated using data for AM
and PM peak periods combined. Therefore, for the analysis presented here, G and ¢ in
Table 12.1 are the average green and cycle times observed during AM and PM peak
periods, and Gy is the higher value observed during the PM peak period.

The saturation flow (syr) from Method (iv-a) corresponds to the SCATS maximum
flow (MF) parameter in terms of its definition. It is emphasised that the SCATS system
uses complicated filtering algorithms to measure MF on line, and therefore caution
should be used when comparing syr with MF values measured by SCATS.
See Section 13 for further discussion on this parameter,

For Method (iv-a), t; = 0 and ny; = 0 are used as in Method (iii), therefore t; = 0, and ny,
is calculated using Equation (7.28), effectively for the interval ¢, to G,. For this method
G, = Gmax is used, and sy is calculated to include the effect of ne:

3600(n, +1,)

SMF = (125)
Gmax + lt
1_e_mq(Gmax“’r)
Am| (Gpax — 1) — = +3600n,
) G +1;
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where gy, is the maximum queue discharge flow rate for a traffic stream consisting of
passenger car units (light vehicles) only.

Since smr includes the effect of ne, the end gain time equals the terminating intergreen
time, 7, = I; = ty + t, 50 that the effective green time is calculated correctly (gmax = Gmax +
I; and SpF Emax / 3600 = nys + ne).

Method (iv-b) provides a variation to the syr method by obtaining the average saturation
flow over Guax + ty rather than Gy + I:

3600(n,. +
SME = (ys 1) (12.6)
Gmax‘“y

In this case, the end gain time equals the yellow time, . =ty so that the effective green
time is calculated correctly (8max = Guax + ty and SMF 8max / 3600 = ny + ne).

In the study presented in this section, t, =05, =65, ty; =4 s, and n. = 1.5 veh were
used for all cases.

It is seen from the results given in Tables 12.2 and [2.3 and comparisons shown in
Figures 12.1 to 12.6 that Methods (i-a), (i-b) and (ii) produce saturation flows that are
very close to the maximum queue discharge flow rate (Figure 12.1). Method (iii)
saturation flows are reasonably close to the maximum queue discharge flow rate but this
is seen to be a less precise method (Figure 12.2). In particular, this method gives higher
saturation flows for right turn sites.

Methods (iv-a) and (iv-b) give lower saturation flows (about 10 % and 7 % respectively)
as seen in Figures 12.3 and 12.4. However, cycle capacities calculated using maximum
green times (S gmax whete guux = Gax — & + £.) are almost identical for all saturation flow
methods since differences in saturation flows are compensated by differences in start
loss and end gain times. This is seen clearly from Figure 12.5 for the ARR 123 method,
and Figure 12.6 for the sy method.

The saturation flow rate in cumulative average format used by the Canadian capacity
guide for signalised intersections (Teply, et al. 1995) presents a further alternative for
saturation flow measurement. This can be calculated as (ng / t) using n; from
Equation (7.4) in Section 7. The value of (ng / t) is less than the queue discharge flow
rate qs from Eguation (7.2) for any finite value of t. The cumulative saturation flow
format used by the Canadian capacity guide implies a zero-start loss value (&, = 0)
although Figure 1-28 of the guide indicates a shift at the start of the effective green
period relative to the displayed green period.

Alternative saturation flow methods discussed in this section emphasise the importance
of start loss and end gain times as an integral part of the saturation flow definition.
Therefore, saturation flows must be used with start loss and end gain times defined and
measured consistently.

It is also important to note that start loss and end gain times are significantly different
for different site types. In particular for the controlled right-turn and paired intersection
through sites, start loss values are about 1.0 s shorter, consistent with lower jam spacing
and departure response times (Table 12.2).
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Table 12.2

Saturation flow rates, start loss and end gain times obtained using various methods to
determine saturation flow: HCM and ARR 123 Methods

HCM Method (n. = 4) HCM Method {n,; = 5} ARR 123 Method {t; = 10}
Site On 5 ts fe 5 ts te s ts ts
(veh/h) | {veh/h}  (s) {s) | (veh/h)  (s) (s} | {veh/h} (s {s)

Average values

Right-turn 2033 2029 1.7 2.7 2029 1.7 2.7 2032 1.7 27
{Isolated) sites

Through 2086 2083 2.6 2.6 2084 2.6 2.6 2083 2.6 2.6
{isolated) sites

Through {paired 1958 1957 1.8 2.8 1957 1.8 2.8 1958 1.8 2.8
ini.) sites

All Through sites {2057 2059 2.4 2.6 2060 2.4 2.6 2056 2.3 2.6
Right-turn {isolated) sites

TCS163 (1) 2098 2094 1.6 2.6 2096 1.6 2.6 2096 1.6 2.6
TCSE10 1966 1965 1.4 2.7 1965 1.4 2.7 1965 14 2.7
TCS121 1948 1946 1.8 2.8 1947 1.8 2.8 1946 1.8 2.8
TCS335 2133 2128 21 2.5 2130 2.1 2.5 2130 21 2.5
Through {isolated) sites

TCS1081 (2} 1790 1787 2.9 3.0 1788 29 3.0 1786 29 3.0
TCS413 1801 1801 1.8 3.0 1801 1.8 3.0 1801 1.8 3.0
TCS511 2283 2278 3.4 2.4 2280 3.5 2.4 2278 3.4 2.4
TCS3196 (3} 1892 1886 2.7 29 1889 2.7 2.9 1885 2.7 2.9
TCS4273 (4} 1938 1933 2.8 2.8 1935 28 2.8 1933 2.8 2.8
TCSB49 1999 1995 2.8 2.7 1997 2.9 2.7 1995 2.8 27
TCS456 2422 2412 2.5 2.2 2416 2.6 2.2 2416 2.6 2.2
Meli 2558 2544 2.8 2.1 2549 2.9 2.1 2549 2.9 2.1
Meil3 2423 2416 2.8 2.2 2419 2.8 2.2 2418 2.8 2.2
Meld 2217 2208 3.4 2.4 2211 3.5 2.4 2208 3.4 2.4
Mel? 1968 1963 2.6 2.8 1965 27 2.7 1963 2.6 2.8
Through (paired intersection) sites

Mel2 1982 1981 1.9 27 1981 1.9 2.7 1981 1.9 2.7
Melb 1804 1804 1.5 3.0 1804 1.5 3.0 1804 1.5 3.0
Mel6 2112 2109 2.2 2.6 2111 2.2 2.6 2110 2.2 2.6

All parameters in this table are for light vehicles {cars} only.

{1} Data for AM and PM peak pariods combined. G is average of green times observed during AM and PM peak
periods. Gmax is observed during the PM peak period.

(2} 9 per cent uphill grade

(3) Shared through and feft tum {15 per cent left turn)

(4y 6 per cent uphill grade
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Table 12.3

Saturation flow rates, start loss and end gain times obtained using various methods to
determine saturation flow: zero start loss and end gain, and SCATS MF methods

Zero Start Loss and End | SCATS MF Method (f. = I,) | SCATS MF Method (f, =t}
Gain Method {variation)
Site Qn s ts fe s I te 5 ts te
{veh/h} | (veh/h) (s} (s} | (vehm) (s} (s} | (vehh} (s} (s)
Average vaiues
Right-turn 2033 2144 Q Q 1745 0 6.0 1849 0 4.0
(Isolated) sites
Through 2086 2082 0 4] 1922 Q 6.0 1973 0 4.0
{isclated) sites
Through (paired 1958 1989 0 0 1846 4] 6.0 1889 0 4.0
int.) sites
All Through sites | 2057 2068 0 0 1911 0 6.0 1960 0 4.0
Right-turn {isolated) sites
TCS163 (1) 2098 2254 4] Q 1804 4] 6.0 1911 0 4.0
TCS610 1966 2165 4] 4] 1612 Q 6.0 1746 4] 4.0
TCS121 1948 2039 4] 4] 1734 Q 6.0 182 4] 4.0
TCS335 2133 2168 Q 0 1780 0 6.0 1899 4] 4.0
Through ({isolated) sites
TCS1081 (2) 1790 179 0 4] 1667 0 6.0 1706 4] 4.0
TCS413 1801 1836 0 0 1702 4] 6.0 1741 0 4.0
TCS511 2283 2258 0 0 2156 0 6.0 2189 0 4.0
TCS3196 (3) 1892 1896 0 0 1663 0 6.0 1734 4] 4.0
TCS4273 (4) 1938 1934 0 0 1774 0 6.0 1825 0 4.0
TCSB49 1999 1991 0 0 1808 0 6.0 1865 0 4.0
TCS456 2422 2392 0 0 2166 0 6.0 2240 0 4.0
Meit 2558 2501 0 0 2280 0 6.0 2354 0 4.0
Mel3 2423 2395 0 0 2239 0 6.0 2291 0 4.0
Mel4 2217 2177 0 0 203t 0 6.0 2080 0 4.0
Mel7 1968 1870 0 0 1787 0 6.0 1844 0 4.0
Through (paired intersection) sites
Mel2 1982 2030 0 0 1780 4] 6.0 1852 0 4.0
Mel5 1804 1830 0 0 1751 4] 6.0 1774 0 4.0
Melé 2112 2128 4] 0 1912 Q 6.0 1978 0 4.0

All parameters in this table are for light vehicles (cars) only.

(1} Data for AM and PM peak periods combined. G is average of green times observed during AM and PM peak
periods. Gmax is Observed during the PM peak period.

(2) 9 per cent uphiil grade

{(3) Shared through and [eft turn (15 per cent left turn)

{4) 6 per cent uphill grade
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Figure 12.1 — Comparison of saturation flow, s (t; = 10 s) using Method (ii)
(ARR 123 method) with the maximum queue discharge flow rate, q,
(similar results are observed for the HCM method)
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Figure 12.2 — Comparison of saturation flow, s, (zero start loss and end gain method)
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Figure 12.3 - Comparison of saturation flow, syr (SCATS MF definition)
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Figure 12.4 — Comparison of saturation flow, syr (a variation to the SCATS MF
definition) with the maximum queue discharge flow rate, q,
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Heavy Vehicle Effect on Saturation Flows

The results of saturation flow analysis given in this section and the queue discharge
model calibration results given in Section 9 gave saturation flows (s = sp,) and maximum
queue discharge flow rates (qu = qm) for light vehicles (mainly passenger cars). Strictly
speaking, symbols g, are s are used for the overall traffic stream including light and
heavy vehicles, and the corresponding symbols for light vehicles are qu and sy, (peuw/h).

The maximum queuve discharge flow rates for the actual traffic mix and passenger cars
only (Qu, qa), and the saturation flow rates for the actual traffic mix and for passenger
cars only (s, s;) are related through:

On = qufc (12.7
S = Sp/fs (12.8)

where f. is the traffic composition factor given by:
fc =1+ PHv (fHV— 1) (129)

where fyv is a heavy vehicle factor for saturation flow purposes, and puv is the
proportion of heavy vehicles in the traffic stream.

The heavy vehicle factor, fyy is typically in the range 1.5 to 2.0 veh/pcu. The SIDRA
software package uses fuy = 1.65 for through traffic (see Akgelik and Besley 1999).

Variations in Saturation Flows and Start Loss Values af a Given Site

Limited analysis of cycle-by-cycle variations in minimum queue discharge headway
(hy), cycle capacities (8 gma) and space time (ts) at a given site were carried out. For this
purpose, the required variables were calculated for each cycle as follows (subscript |
indicates the jth signal cycle). This analysis was carried out for signal cycles with light
vehicles only.

The minimum queue discharge headway for each cycle (hy;) was calculated as the
average headway between vehicles departing from the queue after the first five vehicles.
Time for the first 5 vehicles to depart (t;) was determined for each cycle for calculating
the start loss time. The maximum queue discharge speed (vy;) was determined using
non-linear regression for the exponential queue discharge model. The largest value of G
observed at the site was used as the maximum green time (Gyax). For detector space
time calculations, a detection zone length of L, = 4.5 m and an average vehicle length of
L, = 4.4 m were used for all cycles at all sites.

Saturation flow (veh/h):

8 = 3600/ hy (12.10)
Start loss:

tsi = t;— 5 hy (12.11)
End gain:

tj = 3600 n./s; (12.12)
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Maximum cycle capacity:
Sj Bmaxj = Sj (Gmax — Ly + fef) (12,13)

Detector space time at maximum queue discharge flow (see Section 5):

3.6(L,+L
tsnj = hnj—M (12.14)
vnj
Of particular interest is the variance to mean ratio of cycle capacity:
Lsg = var (S Gmaxj) / mean (i Bmaxj) (12.15)

The variance to mean ratio of cycle capacity is relevant to modelling the effect of
randomness in departure flows for predicting traffic performance (delay, queue length
and queuc move-up rate) for signalised intersections. Although this parameter is
included in basic theoretical treatment of delay modelling (Tarko and Rajaraman 1998),
it has not been used explicitly in most delay models used in practice. Some coordinated
signal delay models allow for filtering/metering of departure flows for saturated cycles
at the upstream intersection, thus reducing the amount of randomness. For example, see
the US Highway Capacity Manual (TRB 1998) and the SIDRA User Guide (Akgelik and
Besley 1999). This may lead to the prediction of zero delays at the downstream
intersection when the upstream intersection is oversaturated since the effect of
variations in cycle capacity is ignored. An understanding of the values of this parameter
at real-life intersections helps with improved modelling of the coordinated signal
performance in particular.

Cycle-by-cycle variance analysis was carried out for sites 335 (Melbourne), 413
(Sydney), 511 (Sydney), 3196 (Melbourne), and 849 (Melbourne). The results are
summarised in Table 12.4. Note that average values of minimum queue discharge
headway (h,) and detector space time at minimum queue discharge headway (Ls) differ
from the average values given in Section 9 (see Table 9.7) particularly because of the
way headway is calculated using headway weighting by queue position in the standard
calibration procedure (Section 8).

Distributions of hpj, 8j Zmaxj and tsy; varied considerably from site to site. Distributions
for sites 335 (right turn movement with short green time) and 511 (through movement
with very long green time) are given in Figures 12.7 to 12.12.

It is seen from Table 12.4 that the variance to mean ratio of cycle capacity (I} for the
five survey sites is in the range 0.08 to 0.34. It appears that 0.10 is a typical value for
isolated sites. Interestingly, a high value of 0.34 was observed at the CBD site 413,
suggesting that further attention needs to be paid to this parameter for coordinated signal
modelling.

ARRB Transport Research Lid



135
Research Report ARR 340

Table 12.4

Analysis of cycle by cycle variations in minimum queue discharge headway (h,),
cycle capacity (guax), detector space time at minimum queue discharge headway (i),
and other parameters

hn s ] fs fe Gs G S Grmax Vi tsn
{s} (vehh) (s} (s) {s) {s) (s) {veh)  (km/h} (s}

Site 335

Mean 1.70 2133 9.44 0.92 2.55 19.1 23.9 17 29.5 0.57 0.08
Std Dev. 0.167 206 0.94 1.35 0.25 4.5 3.1 1.2 8.0 0.26
Variance 0.028 42308 0.88 1.82 0.06 20.2 9.5 1.4 63.5 0.07

85th percentile 1.88 2290 1039 229 2.82 23 27 19 33.4 0.79

98th percentile 2.03 2599 1164 3.65 3.05 26 29 21 414 1.16

Site 413 0.34
Mean 2.02 1805 9.88 -0.21 3.03 34.4 58.5 41 35.6 1.09

Std Dev. 0.224 194 1.35 1.69 0.34 4.8 9.2 3.7 6.0 0.30
Variance 0.050 37494  1.83 2.87 0.11 2196 848 14.0 36.1 0.09

85th percentile 2.23 2026 1130 143 3.35 53 70 45 41.7 1.36

98th percentile 2.549 2175 12.88 3.74 3.82 63 75 47 48.3 1.76

Site 511 0.10
Mean 1.62 2226 10.05 1.95 2.43 35.5 120.4 78 52.9 1.01

Std Dev. 0.07 9N 1.30 141 0.10 22.9 4.7 2.9 2.9 0.08
Variance 0.00 B250 1.70 200 001 5241 216 8.1 8.2 0.0%

85th percentile 1.71 2315 11.58 3.49 2.57 65 124 81 55.3 1.07

98th percentile 1.73 2324 12.61 4.64 2.59 79 125 81 57.0 1.14

Site 3196 0.10
Mean 1.93 1885 10.89 1.27 2.89 26.0 31.4 23 33.8 0.94

Std Dev. 0.177 166 1.39 1.82 0.27 5.7 4.3 1.5 7.1 0.25
Variance 0.031 27713 1.92 3.30 0.07 32.6 183 2.2 50.7 0.06

85th percentile 2,08 2063 1230 274 3.12 30 35 25 35.0 1.18

98th percentile 2.28 2139 13.87 5.27 3.41 37 42 25 53.1 1.50

Site 849 012
Mean 1.78 2028 1033 1.4 2.68 2.7 51.8 33 46.6 1.08

Std Dev. 0.136 149 0.79 1.05 0.20 12.6 26 2.0 6.9 0.15
Variance 0,019 22124 0.62 1.10 0.04 1583 6.6 4.0 472 0.02

85th percentile 1.91 2197 11.27 230 2.86 49 53 35 52.0 1.23

98th percentile 217 2280  11.71 2.83 3.25 51 56 36 60.9 1.34

ARRB Transpont Research Lid



136
Research Report ARR 340

35%

30% -

25%

20%

15%

10%

5% -

1.3 i.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3

Minimum queue discharge headway, hy, (s)

Figure 12.7 — Distribution of cycle-by-cycle values of the minimum queue discharge
headway, h,; at Site 335 (right turn movemen!t with short green fime)
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Figure 12.8 — Distribution of cycle-by-cycle values of the maximum cycle capacity,
S Emayxj at Site 335 (right turn movement with short green time)
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Figure 12.9 — Distribution of cycle-by-cycle values of the space time at maximum
queue discharge flow, t,; at Site 335 (right turn movement with short green time)
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Figure 12.10 - Distribution of cycle-by-cycle values of the minimum queue discharge
headway, I, at Site 511 (through movement with very long green time)
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Figure 12.11 - Distribution of cycle-by-cycle values of the maximum cycle capacity,
$j Bmaxj at Site 511 (through movement with very long green lime)
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Figure 12.12 — Distribution of cycle-by-cycle values of the space time at maximum
queue discharge flow, t,,; at Site 511 (through movement with very long green time)
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13 SCATS CONTROL PARAMETERS

In this section, SCATS control parameters MF (maximum flow), HW (headway time at
maximum flow), KP (occupancy time at maximum flow) and DS (degree of saturation)
are compared with their analytical counterparts derived from queue discharge models
presented in previous sections.

The purpose is to demonstrate the validity of fundamental relationships with reference
to established control parameters used in practice. This information would be useful in
understanding the SCATS system, and in the validation of analytical and simulation
models used for the analysis of SCATS operation (Lowrie 1982, 1984, 1990; Fehon and
Moore 1982).

The SCATS method determines the MF, HW, KP and DS parameters from on-line
measurements using a complicated procedure. This includes a filtering process to
determine the maximum flow and occupancy (MF and KP), and the corresponding space
time is then used in determining DS on a cycle by cycle basis. The analytical
parameters corresponding to these SCATS control parameters are syr (saturation flow
estimate based on the SCATS MF method as discussed in Section 12), topmr (Occupancy
time corresponding to smr), and x (degree of saturation), respectively. The analytical
parameter corresponding to the space time at SCATS maximum flow is tawp. These
estimates can be compared with the SCATS-reported MF, HW, KP and DS parameters
to assess how well these parameters correspond to each other.

It is emphasised that such a comparison does not represent a one to one correspondence
between the SCATS-reported and analytical parameters, This is because the SCATS
on-line feedback system applies a complex set of rules to determine these parameters by
considering values measured cycle by cycle whereas the corresponding analytical
parameters are average values obtained for limited survey periods. Nevertheless, such a
comparison is useful to determine if the calibrated models have reasonable prediction
abilities.

MF, HW and KP Paramefers

The SCATS parameters MF (maximum flow), HW (headway time at maximum flow)
and KP (occupancy time at maximum flow) reported by the SCATS systein for the
survey days at Sydney and Melbourne 1998 sites are given Tables 4.1 and 4.2 in
Section 4.

Formulae for calculating analytical parameters corresponding to the SCATS parameters
MF, HW, KP and the space time (HW - KP) are given below. These parameters are
calculated for traffic conditions that generate maximum queue departure flow. Thus,
they are derived assuming light vehicles (cars) only, and using a fully saturated
maximum green time (Gs = Gmax).
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From (Equation 12.5) in Section 12, the analytical parameter corresponding to the MF
parameter (Sm) i given by:

- =iy (G 1)

e
Ul (Gpax—1,) —— [+3600n,

my

SMF = ( 13,1 )
Gmax +Ii

where qy, is the maximum queue discharge flow rate (per hour) for a traffic stream
consisting of passenger car units (light vehicles) only, G is the maximum green time,
I; is the terminating intergreen time, and n. is the number of vehicles that depart during
the terminating intergreen period.
The headway at maximum flow is:

hMF = 3600/ SMF (132)
The analytical parameter corresponding to the KP parameter, average detector
occupancy time (towr) at smr and the related detector space time (tovr) can be calculated
from:

tovg = 3.6 (Lm+ Lp) ! vr subject 10 Fopr = hprr (133)

ttmr = hnvp—tomF subject to tagp =0 (13.4)
where L., is the average vehicle length for passenger car units (m/pcu), L, is the

effective detection zone length (m), and vy is the average speed corresponding to smr:

1 _ e’"mq(Gmax +lum— ‘rr)

Yim (Gmax +om — 1y )
I'ﬂq

VME = 13.5
" Gmﬂx + fem ( )

where vy, is the maximum queue discharge speed for a traffic stream consisting of
passenger car units (tight vehicles) only, and #,,, is the end gain based on the maximum
queue discharge flow rate for a traffic stream consisting of passenger car units (light
vehicles) only:

tom = 3600n./qm (13.6)

The average speed vy used for occupancy time calculation is obtained by averaging
over the interval O to Guax + fem. This allows for occupancy times during intervals
0 to £, and Gyx t0 (Ginax + fem). The latter allows for the departure of n. vehicles at the
queue discharge speed predicted by the exponential model at that time. Since there are
no vehicles departing during (Guux + fem) 10 (Gpax + L), this interval is not included in
the calculation of occupancy time, implying no occupancy (i.e. I — £, = space time)
through the use of Equation (13.4).
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Table 13.1

SCATS parameters MF, HW, KP and (HW — KP) and the corresponding Analytical
Parameters Based on Calibrated Models for Sydney and Melbourne 1998 Sites

Reporied by SCATS Analytical parameters
Site MF HW KP HW SuF hue Gmax + VHE tomr tsmr
KP fern

Right-turn (isolated) sites
163 Syd 1835 1.90 1.27 0.63 1804 2.00 32.6 22.3 1.44 0.56
610 Syd 1578 2.28 1.54 0.74 1612 2.23 22.7 18.1 1.67 0.56
121 Met 1825 1.87 1.26 0.61 1734 2.08 42.8 224 1.43 0.65
a3s Met 1815 1.88 1.24 0.64 1780 2.01 31.5 23.7 1.35 0.66

Through (isolated) sites

1081 Syd 1818 1.88 0.96 1.02 1667 2,16 84.0 34.9 0.92 1.24
413 Syd 1714 2.10 1.19 0.81 1702 2.12 86.0 31.2 1.03 1.08
511 Syd 2156 1.67 0.75 0.92 2156 1.67 127.4 47.5 0.67 1.00
3196 Mel 1805 1.88 0.51 0.98 1663 2.16 46.9 27.4 1.18 0.98
4273  Mel 1827 1.97 na na 1774 2.03 68.8 32.5 0.89 1.04
849 Mel 2034 1.77 0.76 1.01 1808 1.98 61.7 35.0 0.82 1.17
456 Mel 2236 1.61 0.76 0.85 2166 1.66 57.2 45.8 0.70 0.86

na: not available

The SCATS parameters MF, HW, KP and (HW — KP) as well as the analytically derived
parameters smr, hyr, tomp, and tour, respectively, are given in Table 13.1. The values
given in the table were calculated using measured Gpmay values given in Tables 4.3 and
4.4 for each site, with I; = 6 s, n, = 1.5 veh, Ly, = 4.4 m, and L, = 4.5 m. Note that ail
calibration results are for light vehicles (cars) only, and therefore vy = vy, qm = gn are
used in Equations (13.1) to (13.6) for results in Table 13.1.

Figures 13.1 to 13.3 show the correspondence between SCATS-reported parameters
MF, KP and space time (HW — KP) and the analytical parameters Smg, tomr and tavr With
linear trendlines indicating good correspondence given basic differences between the
measurement and estimation methods.
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DS Parameter

The SCATS DS parameter is the basic strategic control parameter in the operation of the
SCATS dynamic signal control system including the control of an isolated intersection.
The DS parameter is defined as "the ratio of the effectively used green time to the total
available green time", and is formulated in terms of presence loop occupancy and
volume data measured by the system. Lowrie (1982, 1990) qualifies the SCATS DS
parameter as "analogous to degree of saturation”. In this section, an estimate of the DS
parameter is calculated using the saturation flow and saturation speed estimates derived
from the exponential queue discharge flow and speed models. This allows a discussion
of the DS parameter in relation to the degree of saturation used in the traditional traffic
signal analysis methods (Akgelik 1981, TRB 1998, Webster and Cobbe 1966).

The SCATS method determines the DS parameter from cycle by cycle measurements.
The DS estimate given here is an analytical construct as an average value that does not
directly relate to the DS parameter measured by SCATS. The emphasis in the
discussion presented here is the on meaning of the DS parameter rather than the
measured DS parameter and its role on actual SCATS operations which is outside the
scope of this report. The SCATS method also applies various adjustments to the basic
DS parameter for use in its signal timing algorithms. These adjustments will be ignored
in discussing the basic meaning of the DS parameter as a performance measure.

The definition of the SCATS DS parameter as the ratio of the effectively used green
time to the total available green time (Lowric 1982, 1990) can be expressed as:

DS = (gDS - Ts + Nyg tsMF) / ZDns (137)

where

gps = effective green time for the purpose of estimating SCATS DS, which is the
sum of the displayed green time and the terminating intergreen time (G + I):

T = total space time during the green period including both saturated and
unsaturated intervals (T = sum {tsi) where tg is the space time of the ith
vehicle that departs during the green period,

Nyg = number of vehicles that depart during the green period calculated from
Equation (7.30), and

taqr = average space time at SCATS MF calculated from Equation (13.4)

The total space time, Ts, can be calculated using the average space times during queue
clearance (ty,) and after queue clearance (tg,):

Ts = Ty lggp + Ny Lo (13.8)
where nys and ny, are the numbers of vehicles that depart during the saturated and
unsaturated parts of the green period calculated from Eguations (7.28) and (7.29), and

tssa and tg, are the average space times during the saturated and unsaturated parts of the
green period calculated from:

tesa = hgy — toea subject to ty, =0 (13.9)
3.6 (Ly +Lp)/ vy stbject 10 tyq < by, (13.10)

tOSEl
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- -mg (G; —1,)
Vol (G —1,.)—
q

Vsa = 13.11

G, ( )
tsu = hy -ty subject to ty, =0 (13.12)
tou = 36(L.+Ly) /vy subject to t,, <h, (13.13)
hga = 3600/ Qs (13.14)
(sa = ny/Gs (13.15)
hy = 3600/qq (13.16)

where

tosa and tgs, are the average occupancy and space times during the saturated part of the
green period,

tew and tg, are the average occupancy and space times during the unsaturated part of the
green period,

L, + L is the sum of vehicle and detection zone lengths,

Vs, 18 the average speed during the saturated part of the green period,

G; is the duration of the saturated part of the green period,

1, is the start response time,

v, is the average speed during the unsaturated part of the green period, which can be
calculated from Equation (10.12),

hg, and h, are the average departure headways during the saturated and unsaturated parts
of the green period,

Qsa i the average flow rate during the saturated part of the green period determined
using ny (total number of vehicle departures during the saturated part of the green
period) from Equation (7.28), or for simpler analysis, the saturation flow rate can be
used for this purpose (qs = §),

qu is the average departure flow rate during the unsaturated part of the green period
determined as q, = q, (the average arrival flow rate), or with platooned arrivals, g, is the
average arrival flow rate during the green period (qu = qag).

Parameters in Equations (13.8) to (13.16) are calculated for the actual traffic mix. The
maximum queue discharge speed for the actual traffic mix can be calculated from:

va = Vm{l—(1~fmv) pav] (13.17)

where vy, is the maximum queue discharge speed for a traffic stream consisting of
passenger car units only (km/h), fyyy is a speed factor for heavy vehicles (fuuv < 1 so
that the heavy vehicle speed is less than the passenger car speed) and puv is the
proportion of heavy vehicles in the traffic stream.
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For the effect of heavy vehicles on queue discharge flow rates, see Equations (12.7) to
(12.9) in Section 12.

For improved estimates of the average space time during the saturated part of the green
time (ts), and therefore the total space time (Ts) for use in calculating DS, it may be
desirable to allow for zero space times due to low speeds at the start of the green period.
For this purpose, the first 5 to 10 seconds of the displayed green period could be
ignored. If this method is adopted, it should also be applied to the estimation of the
average space time at SCATS Maximum Flow (tavr).

For comparison with the SCATS DS estimate, the traditional degree of saturation
parameter (Akgelik 1981, TRB 1998, Webster and Cobbe 1966) is calculated from:

X = q/Q=qsc/sg (13.18)

where q, is the demand (arrival) flow rate (veh/s), Q is the capacity from Equation
(7.36), g is the effective green time (s), c is the cycle time (s), and s is the saturation
flow rate (veh/s) calculated from Equation (12.1).

The percentage difference between the DS estimate from Equation (13.7) and the degree
of saturation from Equation (13.18) can be calculated from:

DIF% = 100 (DS/x) -1 (13.19)

It is emphasised that DS in Equations (13.7) and (13.19) is an estimate of the basic DS
parameter, not the DS value measured by the real-life SCATS system.

Example for Comparison of SCATS DS and Traditional Degree of Saturation

An example is given in Table 13.2 comparing the SCATS DS estimate with the
traditional degree of saturation (x) using the queue discharge characteristics and signal
timing data for the average through (isolated) site (data given in Tables 9.6, 9.7 and 12.1
to 12.3; also see Table 15.1 in Section 15).

The traffic stream is assumed to consist of light vehicles only. The average vehicle
length is Ly = 4.4 m, and the detection zone length is L, = 4.5 m. Actuated signal

control method is assumed {affects the calculation of the queue clearance time).

The arrival (demand) flow rate is varied to obtain low x, medium x, high x and
oversaturated (x > 1) conditions. Arrival flow rates (q,), flow ratios (y = q, / s), and the
saturated and unsaturated parts of the green period (g, gu) calculated from Eguations
(7.13), (7.14) and (7.23) to (7.25) are given in Table 13.2.

The data for this example are as follows:

Queue discharge parameters: v, = 45.1 (km/h), q, = 2086 (veh/h), m, = 0.118, mg =
0.369, h, = 1.725 (s), ve = 69 (km/h).

s Signal timings: G = 56, Gyax = 72 s, ¢ = 129 s (Table 12.1). Intergreen, yellow and
all-red times: =65, ty =45, t;y =2.0 5. Therefore gps = 62 5.

e Number of vehicles departing after the green period, n. = 1.5 veh.

e Saturation flow, start loss and end gain times calculated using the ARR 123 method:
s =2083, t, = 2.6, f, = 2.6 s (see Method (ii) results in Table 12.2).
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Using the start loss and end gain values above, effective green time is g = 56 — 2.6 +
2.6 = 56.0 s, the effective maximum green time is gmax = 72 — 2.6 + 2.6 = 72.0 s,
effective red time is r = 129 - 56 =73 .

The analytical parameters corresponding to SCATS MF and KP parameters
calculated from Equations (13.1) to (13.6): smp = 1923 pcu/h, hyr = 1.872 5, Gipax +
tan = 74.6 5, tomr = 0.80 s, and tgyr = 1.07 s. For this example, the uninterrupted
travel speed, vy is kept constant at v, = vy = 69 km/h. Therefore, the corresponding
occupancy time is constant, to, = 0.46 s. The space time for uninterrupted flow
varies with the varying demand flow rate (given in Table 13.2).

The green time ratio isu=g/c =56/ 129 = 0.434.
Since isolated signals, P, = 1.0.

Since actuated signals, the factor in the queue clearance formula, fq = 1.08 — 0.1 x
(56 /72)° = 1.02.

Capacity from Equation (7.36): Q = 2083 x 56 / 129 = 904 veh/h.

The results given in Table 13.2 indicate that the correspondence between the SCATS
DS estimate and the traditional degree of saturation is reasonably good. The difference
decreases as the DS and x values increase towards the capacity value. Larger
differences at low degrees of saturation are less important since the rate of change in
traffic performance (delay, queue length, etc) is much less at low to medium degrees of
saturation. Generally higher differences were found for the average right-turn site.

Table 13.2

SCATS DS estimate and traditional degree of saturation using queue discharge
characteristics for the average through site with varying demand flow rafes

Case UJa Os Qu Vsa Qza tssa tsu Ts Nvg DS X DiF%

Low X 542 262 298 323 1830 0.91 617 415 19.6 0.670 0600 11.6%

Mediumx 678 36.0 200 353 1940 095 485 38.0 246 0811 0750 82%

High x 813 477 83 376 1974 0.97 396 342 295 0958 0800 B.4%

Oversat. 922 56.0 0 38.3 1985 098 344 317 324 1.049 1.020 29%
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14 DETECTION ZONE LENGTH AND GAP SETTING

14.1 Optimum Detection Zone Length

An optimum detection zone length (Lp) is sought in terms of the best ability to detect
traffic variables relevant to adaptive control. For the purpose of this discussion, the
effective detection zone length will be considered to be approximately the same as the
detector loop length (see Section 5 for a discussion on detection zone length).

Lowrie (1984) discussed the choice of loop length considering the relationships between
vehicle speed, gap length and space time (v, Ly and t;). AUSTROADS (1993) Guide to
Traffic Signals discusses the relationship between density and space time as a function
of the detection zone length (k, t;, Ly) for selecting an appropriate loop length. The
results presented here update the relationships given in AUSTROADS (1993) with
current data.

For SCATS control, vehicle counts (n,g) and space time (ts) are used in deriving the
SCATS DS (degree of saturation) parameter as discussed in Section 13. Space time also
corresponds to the "gap setting” or "unit extension time setting" in traditional actuated
signal control that uses presence detection (Akgelik 1995a). It will be shown that the
corresponding distance-based parameter gap (space) length (Ls) is an important
parameter in determining the optimum loop length.

As discussed in Section 5, space time is the duration of the time between the detection
of two consecutive vehicles when the presence detection zone is not occupied. Gap
length is the distance between two consecutive vehicles measured from the back end of
the leading vehicle to the front end of the following vehicle.

Space time - speed relationships for detection zone lengths in the range L, = 0.5 m to
6.0 m for average right-turn (isolated), through (isolated) and through (paired
intersection) sites, as well as the corresponding gap length - speed and spacing - speed
relationships are shown in Figures 14.1 to 14.6. Note that spacing equals gap length
plus vehicle length (Ly = Lg + Ly).

Desired characteristics of the space time variable for determining optimum loop length
can be explained in terms of space time - speed relationship:

(i) non-zero space time values should be obtained at low speeds, and at the same
time,

(ii) asingle speed value should be obtained for each given space time.

These can be observed from the space time - speed graphs (Figures 4.1, 14.3 and 14.5,
and the figures in Appendix C).

Thus, the optimum length for a Joop is one that is as short as possible but not so short as
to result in a double valued space-time relationship. To determine the optimum loop
length, a limiting (low) speed value (v,) that gives zero space time (t; = 0) can be
chosen. The limiting speed must be as low as possible so that the range of speeds
0 to v, is as small as possible. A detection zone length above the optimum value
(Lp > Lyo) increases this range. On the other hand, a detection zone length below the
optimum value (L, < Ly,) may give two speed values for a given space time as seen
from the space time - speed graphs.
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The limiting speed (v,) needs to be selected conservatively since, if v, is too low, the
loop length may be too short under adverse driving conditions (e.g. wet weather or
darkness). This is because the gap lengths (I;) may increase and speeds decrease under
adverse conditions, resulting in a sharp increase in space time at low speeds (see
Equation 5.22 in Section 5), and therefore leading to a double valued speed — space time
relationship. This is also supported by the possibility of higher space times considering
the cycle by cycle variations in queue discharge characteristics as discussed in
Section 12.

On the other hand, the condition when zero space time (t; = 0) occurs is caused by the
gap length being less than the effective detection zone length, or loop length being too
fong (Ls < L;) as seen in Figure 14.7. As a result, the "bridging” effect occurs, ie. the
time when the front end of the following vehicle (B) enters the detection zone occurs
before the time when the rear end of the leading vehicle (A) exits the detection zone
(tig < tta). It is seen that this leads to overlapping of detector occupancy times for
vehicles A and B (shown as teap), and hence zero space time (t; = 0). A shorter loop
length is selected to minimise this condition, in contrast with the choice of a longer loop
considering adverse conditions. Other advantages of a shorter loop length are lower
cost and better sensitivity.

The space time - speed and gap length - speed relationships for Figures 14.1 to 14.6,
and the figures in Appendix C were derived as follows.

From Equations (5.22) and (5.23), the space time - speed relationship is:

3.6(L,+L,
ts = hwtoz%oo— Ly +Lv) (14.1)

q v

where h is the headway (s), q is the flow rate (veh/h), v is the speed (km/h), L, is the
detection zone length (m) and L, is the average vehicle length (m).
From Equation (5.24), the gap length is:

1000v

q

where L, is the spacing (m), q is the flow rate (veh/h), v is the speed (km/h), and L, is
the average vehicle length (m).

Ly = Lwi-Lv= ~ Ly (14.2)

A two-piece speed-flow model is used similar to the models used in the recent freeway
traffic flow study (Akgelik, Roper and Besley 1999b). The model is implemented in an
Excel application. The flow rate is varied and the corresponding speed values are
calculated using:

(i) for speeds below the maximum queue discharge speed (v < wv,), the queue
discharge speed - flow relationship given by Equation (7.6a) in Section 7 (using
parameters from calibration results), and

(i) for speeds above the maximum queue discharge speed (v > vy), Akgelik's time-
dependent speed - flow model for uninterrupted flow conditions (Model 4 in
Section 10).

Then, using the calculated speed values, the space time and gap length are determined
from Equations (14.1) and (14.2).
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For the analysis of optimum detection zone length, the queue discharge model is the
relevant one, and the speed - flow model for uninterrupted conditions does not have any
effect on the optimal value.

For the space time - speed and gap length - speed graphs given in this section and
Appendix C, an average vehicle length of L, = 4.4 m was used. This was found in a
recent freeway study (Akgelik, Roper and Besley 1998b). Examples of actual cars with
a length close to this average value (in the range 4.2 to 4.5 m) are Ford Laser, Holden
Nova, Hyundai Lantra, Mazda 323, Mercedes-Benz C240, Nissan Coupe, Subaru
Impreza, Toyota Corolla and Volvo V40, also Jeep Cherokee. In the time-dependent
speed-flow model, an analysis period of Tr= 1 h was used.

For optimum detection zone length for a chosen limiting speed (L;,0) at 1= 0, it is seen
from Equation (3.1.4) that vehicle spacing must satisfy the condition Ly = Lpe + L.
This means that the optimum loop length must satisfy L, = Ly, — Ly. Since Ly — Ly = L,
is the gap length, the optimum loop length (L) at the limiting speed (v,) equals the gap
length at that speed (Lgy,):

Lpo = Ly, (14.3)

As an absolute limit from an analytical perspective, an optimum loop length for zero
speed (jam) conditions (Lo at v, = 0) is considered. Under these conditions, the
minimum value of gap length, i.e. the jam gap length, s = Ly; is relevant:

Lo = Lg=Ly~-L, (14.4)
where Ly; is the jam spacing and L is the average vehicle length.

Jam spacing for survey sites (cars only) are in the range Ly; = 5.9 to 7.3 m. Using an
average car length of L, = 4.4 m, this means that Ly = 1.5 to 2.9 m is found as an
absolute limit for the optimum loop length.

This shows the importance of the use of correct value of jam spacing (L) for the
purpose of optimum detection zone length. The model calibration procedure based on
the use of measured jam spacing values rather than the values predicted from regression
is used for this reason (see Section 8).

JTam gap length may increase under adverse driving conditions. Therefore, the limiting
speed for determining the optimum detection zone length should not be too low as this
would result in a double valued speed - space time relationship. In view of this, two
speed values (v, = 5 knmv/h and 10 km/h) are chosen for the analysis presented here.
Optimum loop lengths based on these speeds are given by:

Lps = L= Lys—-Ly (14.5)
Lpio = Isio = Luo-Ly (14.6)

where L, is the average vehicle length, Ls and L, are the optimum loop lengths,
Lss and Lo are the gap lengths, and Lys and Ly are the spacings at the chosen speeds
of 5 and 10 kmv/h.,
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presence detection (constant speeds)

ARRB Transpont Research Ltd



154
Research Report ARR 340

Table 14.] summarises various queue discharge model parameters for individual sites
and for various “average sites”. The parameters in Table [4.1 are: maximum queue
discharge speed (v,), maximum queue discharge flow rate (q,), minimum queue
discharge headway (h,), space time at maximum flow ((s), spacing at maximum flow
(Lio), queue discharge speed-flow model parameter (m,/m,), measured jam spacing
(Lyy), and the predicted spacings at v, = 5 and 10 km/h (Lgs and Lygjo). Spacings (Lys,
Lio) were calculated from Equation (5.24) using the model parameters for each site.

Table 14.2 gives the optimum detection zone lengths for chosen limiting speed values of
vo =0, 5 and 10 kim/h (Lo, Lps and Lyo) for individual survey sites as well as average
right turn and through traffic sites. These are calculated from Equations (14.4) to (14.6)
using Ly = 4.4 m.

Results for three sites (610, 335 and 511) obtained using queue discharge model
parameters from alternative calibration methods are given in Table 14.3. Alternative
methods for queue discharge model calibration are described in Section 8.

Figures 14.8 to 14.11 show the relationships between the optimum detection zone
length based on the chosen limiting speed of v, = 10 km/h (Ipio) and queue discharge
model paramelers vp, qn, Lyn and my/mg.  Similar results are obtained for the limiting
speed of vy = 5 km/h (Lps).

Figures 14.12 and 14.13 show the relationships between the optimum detection zone
lengths (Lys and Lyi0) and the jam gap length, Ly. Figures 14.14 and 14.15 show the
relationships between the optimum detection zone lengths (Lys and L0) and the jam
spacing, Ly,. Figures 14.12 to 14.15 include exponential trendlines indicating strong
relationships between the optimum detection zone lengths (I,s and I;10) and the jam gap
length (L) and jam spacing (Ly;) parameters.

The following conclusions are drawn from the results given in Tables 14.2 and 14.3 and
Figures 14.8 1o 14.15.

(i) The optimum detection zone length appears to be independent of the maximum
queue discharge speed (vin), the maximum flow rate (q,) and the spacing at
maximum flow (L;,). There seems to be a linear decreasing relationship between
the optimum loop length and the speed-flow model parameter my/img. The
maximum queue discharge speed and the spacing at maximum flow may have
some affect on the optimum loop length for right-turn lanes, but it is not possible
to establish this due to the small number of right-turn sites surveyed.

(ii) The optimum detection zone length is clearly related to jam gap length
(Ls; = Ly - L) as expected from the relationships discussed above. The following
exponential regression models (see Figures 14.12 and 14.13) can be used to
determine the optimum loop length when more detailed analysis is not possible:

Lps = 3¢
Lp;() = 19e

0.39 Lsj (1477)

0.33 Lgj (14.8)
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Table 14.1

Queue discharge model parameters including measured jam spacings and
the predicted vehicle spacings at the queue discharge speeds of 5 and 10 km/h

Site Vn an hn tsn T Lnn m,/mgq L Lhs Lhio
{km/) | (vehm) | (s} (s} (m) my | (m | {m

Average values

Right-turn (isclated) sites 24.5 2036 1.77 .46 12.0 0.527 6.4 7.0 7.8
Through {isolatad) sites 451 2117 1.70 0.99 213 0.334 6.9 7.8 8.8
Through {paired Int.) sites 3089 1966 1.83 0.79 15.7 0.449 7.0 7.8 B.7

All Through sites 421 2085 1.73 0.97 20.2 0.368 7.0 7.8 B.8

Right-turn (isolated) sites

TCS163 247 2098 1.72 0.42 11.8 0.510 6.0 6.7 7.5
TCS610 21.7 1966 1.83 0.35 11.0 0.534 5.9 6.6 7.4
TCS121% 24,4 1948 1.85 0.53 12.5 0.527 6.6 7.3 8.1
TCS335 27.1 2133 1.69 0.51 12.7 0.543 6.9 7.5 B.2

Through (isotated) sites

TCS1081 395 1790 2.01 1.20 221 0.308 6.8 7.9 9.1
TCS413 as.z 1801 2.00 1.03 18.4 0.369 6.8 7.8 8.9
TCS511 52.8 2283 1.58 0.97 231 0.286 6.6 7.4 B.4
TCS3196 N7 1892 1.90 0.89 i6.8 0.418 7.0 7.8 B9
TCS4273 36.4 1938 1.86 0.98 i8.8 0.389 7.3 8.2 9.2
TCSB49 46.4 1999 1.80 1.11 23,2 0.297 6.9 7.9 9.0
TCS456 53.8 2422 1.49 0.89 22.2 0.316 7.0 7.8 B.6
Malt 56.1 2558 1.41 0.84 21.9 0.319 7.0 7.7 B.5
Mel3 46.2 2423 1.49 0.79 191 0.367 70" 7.7 8.5
Mel4 47.9 2217 1.62 0.95 216 0.324 7.0* 7.8 8.8
Mei7 52.4 1968 1.83 1.22 26.6 0.263 7.0 8.0 9.2

Through (paired intersectlon) sites

Mel2 30.9 1982 1.82 0.78 0.449 0.449 7.0* 7.8 8.7
Mei5 27.1 1804 2.00 0.81 0.466 0.466 7.0" 7.8 8.8
Mels 346 2112 1.70 0.78 0.427 0.427 70" 7.7 8.6

*  Nominal vaiues {jam spacing was not measured during thase early surveys except at Mef7 site).

1t tsnis for a detection zone length of Ly = 4.5 m.
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Table 14.2

Optimum detection zone length (loop length) values based on the chosen
speeds of 0, 5 and 10 km/h

Site Site description City Lpo Lps Lpto
based on based on based on
Vo=0kmMh | vo=5kmh | vo=10km/h

Average values
Right-turn (isolated) sites 2.0 2.6 3.4
Through (isolated) sites 2.5 3.4 4.4
Through (paired intersection) sites 2.6 3.4 4.3
All Through sites 2.6 3.4 4.4
Right-turn (isolated) sites

TCS163 Pacific Hwy and Mowbray Rd in Chatswood. Sydney 1.6 2.3 3.1

TCS610 Military Rd and Murdoch Stin Cremorne. Sydney 15 2.2 3.0

TCS121 Maroondah Hwy and Mitcham Rd in Mitcham. | Melbourne 2.2 2.9 3.7

TGS335 Doncaster Rd and Blackbum Rd in East Melbourne 2.5 341 3.8
Doncaster.
Through {isolated) sites

TCS1081 Lilyfietd Rd and James Stin Lilyfield. 9% uphillj Sydney 2.4 3.5 4.7
grade.

TCS413 Broadway and City Rd. in Broadway. Sydney 2.4 3.4 4.5

TCS511 General Holmes Dve and Bestic Stin Sydney 2.2 3.0 4.0
Kyeemagh.

TCS3196 Middieborough Rd and Highbury Rd in East Melbourne 2.6 34 4.5
Burwood. Shared through plus feft-turn lane.

TCS4273 Toorak Rd and Tooronga Rd in Hawthorn East.| Mefbourne 2.9 3.8 4.8
6% uphiff grade.

TCSB849 Canterbury Rd and Mitcham Rd in Vermont. Melbourne 2.5 3.5 4.6

TCS456 Ferntree Gully Rd and Siud Rd in Scoresby. Melbourne 2.6 3.4 4.2

Mel1 Ferntree Gully Rd and Stud Rd in Scoresby. Melbourne 2.6 3.3 4.1

Mei3 'Slouth Eastern Arterial and Burke Rd in Glen Metbourne 2.6 3.3 4.1
ris.

Mel4 g%nterbury Rd and Middleborough Rd in Box Melbourne 2.6 3.4 4.4

i,

Mel7 Ferntree Gully Rd and Scoresby Rd in Metboume 2.6 3.6 4.8
Knoxfield.
Through {paired intersection) sites

Mel2 Kooyeng Rd and Dandenong Rd in Armadale. | Melbourne 2.6 3.4 4.3

Mels Pedestrian Crossing on Canterbury Rd in East | Melbourne 2.6 3.4 4.4
Camberwell.

Mel6 Boronia Rd and Wantirna Rd in Wantirna. Melbourne 2.6 3.3 4.2

Lpo(o) = sz = th - Lv
Lpogsy = Lsisy= Lysy — Ly

Lyoitey = Lsgioy = Lingioy ~ Ly
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As discussed at the start of this section, the jam gap length may increase under
adverse traffic conditions (e.g. rain). Equations (14.7) and (14.8) indicate that the
optimum loop length should be increased with this in mind. For example, if the
jam gap length is increased from 2.5 m to 3.0 m, L;s increases from 3.4 m to
4.2 m.

Ideally jam gap length should be measured in real-life situations. However it is
easier to measure the jam spacing as in the surveys reported under this project. In
this case, the jam gap length can be calculated from L = Ly — Ly assuming an
average vehicle length. Tt is important that the average vehicle length used to
calculate the jam gap length represents the population of vehicles in the survey.
Using cars (or light vehicles) only helps to determine the jam gap length (gap
length between vehicles in queue during the red signal). This is useful since the
jam gap length (Lg) and the gap length values at low speeds (Lss, Lsio) are fairly
independent of the vehicle size.

Heavy vehicles increase vehicle spacings due to longer vehicle length but the gap
lengths are not increased as dramatically. Although it is possible that heavy
vehicles have some impact on the jam gap length and gap length values at low
speeds (Lg, Lss, Lsio), the overall impact on these parameters, therefore on the
optimum loop length, would be minimal with low heavy vehicle percentages. If
the overall jam gap length increases significantly due to a large percentage of
heavy vehicles in the traffic stream, then the optimum loop length could be
increased proportionately. However, further research is recommended on the
effect of heavy vehicles on jam gap length.

It appears that it is possible to reduce the current loop length of 4.5 m used with
the SCATS system to about 3.5 m for threugh traffic lanes and 3.0 m right-turn
lanes under green arrow control. This is based on a chosen limiting speed of
5 km/h. On this basis, the range of optimum loop length for through traffic lanes
is 3.0 to 3.8 m, with an average value of 3.4 m, considering all through traffic
sites. There was no obvious difference between through sites in Sydney and
Melbourne although the number of sites in Sydney is too small to arrive at a firm
conclusion regarding this.

Considering all right-turn traffic sites, the range of optimum loop length is 2.2 to
3.1 m, with an average value of 2.6 m. The optimum loop length is shorter for the
two right-turn sites in Sydney (2.2 and 2.3 m) and larger for the two right-turn
sites in Melbourne (2.9 and 3.1 m). This is in line with the corresponding jam
spacing values observed at the two Sydney sites (5.9 and 6.0 m) and at the two
Melbourne sites (6.6 and 6.9 m).

Further data from a larger number of sites would be useful to arrive at a more
conclusive result about the appropriate level of safety margin in determining the
optimum loop length.
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(iv) From Table 14.3, it is seen that optimum loop length values obtained using queue
discharge speed and flow models based on alfernative calibration methods
(Section 8) are essentially the same. This is valid for the calibration methods that
use the standard calibration procedure that employs the measured jam spacing
value. The methods that estimate the jam spacing using parameters from headway
model regression (calibration methods 5, 7, 10, 12, 14 in Sections 8 and 9) are not
appropriate since they overestimate the jam spacing significantly.

Table 14.3

Optimum detection zone length (loop length) values based on the chosen speeds of
0, 5 and 10 kan/h using alternative calibration methods for three sites

Site description and calibration method Lpo Lps Lpio
based on based on based on
vo=O0km/h | vo=5km/h | vo=10km/h

Right-turn (isolated) site TCS610;
Military Rd and Murdoch St in Cremorne, Sydney

Calibration Method 1 {main results) 1.5 2.2 3.0
Alternative Calibration Method 9: v, hai, to = 0 1.5 2.2 3.2
Alternative Calibration Method 13; v, ha, to = 1.0 1.5 2.2 3.1

Right-turn (isofated) site TC5335:
Doncaster Rd and Blackburn Rd in East Doncaster,

Melbourne
Calibration Method 1 (main results} 25 3.1 3.8
Alternative Calibration Method 9: vi, hat, 1, =0 2.5 3.9 3.8
Alternative Calibration Method 13; v, har, ta= 1.0 2.5 3.1 3.8

Through (isolated) site: TCS511
General Holmes Dve and Bestic St in Kyeemagh, Sydney

Calibration Method 1 {main results} 2.2 3.0 4.0
Alternative Calibration Method 9: v, ha, to =0 22 3.1 4.1
Alternative Calibration Method 13: v, hzy, to = 1.0 2.2 3.1 4.9
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14.2 Gap Setting

Information about the space time — speed — detection zone length relationships can be
used to develop guidance for appropriate gap seffing (unit extension time setting) values
for traditional vehicle-actuated control as well as SCATS control. A survey of
Australian vehicle-actuated control practice showed that gap settings (es) used in
practice were in the range 2.5 to 4.0 s for through traffic and 2.0 to 4.0 s for right-turn
traffic (Akgelik 1995a). These settings were associated with a loop length of 4.0 or
4.5 m used generally except in Queensland where loop lengths of 1.8 — 3.0 m (gap
setting in the range 3.0 — 4.0 s) were used.

For efficient control with small cycle times, the gap setting should be as small as
possible while ensuring that gap change (green period termination due to measured
space time exceeding the gap setting) does not occur during the saturated part of the
green period. Therefore, the gap setting can be related to the space time at maximum
queue discharge (saturation) flow, ti,. The results of surveys in Sydney and Melbourne
summarised in Table 14.1 show that space times at maximum queue discharge flow (ts)
are much lower than the gap settings used in practice (calculated for a detection zone
length of 4.5 m), Values of ty, are in the range 0.78 to 1.22 s for through sites (average
1.0s), and in the range 0.35 to 0.53 s for right-turn sites (average 0.5 s). This is
consistent with the low minimum queue discharge headways (h,) and high saturation
flow rates {q,) for both right-turn and through traffic lanes.

However, considering the cycle-by-cycle variation of queue discharge parameters at a
given site, a factor should be applied to the ty, value to determine an appropriate gap
setting value. For example:

=) = fpt (149)

where ¢ is the gap seiting as a space time value (s), and ty, is the space time at
maximum queue discharge flow (s), and f; is the variational factor.

Results given in Table 12.4 in Section 12 show that the 08™ percentile space time at
maximum flow (ty,) can be as high as twice the average value as observed at the right-
turn site 335, and as low as 13 per cent higher than the average value as observed at the
through traffic site 511. An appropriate value of f. chosen conservatively could be in
the range 1.5 to 2.0.

Table 14.4 gives ts, values for detection zone lengths of 2.0 m, 3.0 m, 4.0 m, 4.5 m and
6.0 m, and the corresponding gap setting values based on Eguation (14.9) using a
conservative factor value of f. = 2.0. The results are given for individual survey sites as
well as average right-turn and through traffic sites. For through traffic sites, e; = 1.6 to
2.4 s (average 2.0 s), and for right-turn sites, e; = 0.8 to 1.1 s (average 0.9 s) are obtained
with a loop length of 4.5 m. The results indicate that shorter gap settings could be used
compared with the current practice, especially for fully controlled right-turn phases.
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Table 14.4

Space time (t,,) at maximum queue discharge [flow for selected detection zone length
values (Lp), and the corresponding gap settings (e;)

Space time, ts, (s} for Gap setting, es (s)
detection zone length, Ly (m) for detection zone length, Ly (M)

Lp=] 2.0 3.0 4.0 4,5 6.0 2.0 3.0 4.0 4.5 6.0

Average values

Right-turn {isofated) sites 0.83 0.68 0.53 0.46 0.24 1.66 1.36 1.07 0.92 0.48
Througn (isolated) sites 1.21 1.14 1.06 1.02 0.90 2.43 2.27 2.1 2.03 1.79
Through (paired Int.) sites .09 | 098 | 0.B6 0.80 | 063 | 2.18 1.95 1.72 1.60 1.25
All Through sites 1.20 112 1.03 0.89 0.86 2.40 223 2.06 1.98 1.72

Right-turn {isolated) sites

TC5163 0.78 0.64 0.49 0.42 0.20 1.57 1.27 0.98 0.84 0.40
TCS610 0.77 0.60 0.44 0.35 0.11 1.54 1.21 0.87 0.71 0.21
TCS1214 0.90 0.76 0.61 0.53 0.31 1.81 1.51 1.22 1.07 0.63
TCS335 0.84 0.70 0.57 0,50 0.31 1.67 1.41 1.14 1.0% 0.6t

Through (isolated) sites

TCS1081 1.43 1.34 1.25 1.20 1.06 286 2.67 2.49 2.40 2,13
TCS413 1.31 1.20 1.09 1.03 0.87 2.61 2.3% 2.18 2,07 1.74
TCS511 t.14 1.07 1.00 0.97 0.87 2.28 2.14 2.0% 1.94 1.74
TCS3196 1.18 1.06 0.95 0.89 0.72 2.35 2.13 1.90 1.78 1.44
TCS4273 1.22 1.13 1.03 0.98 0.83 2.45 2.25 2.05 1.95 1.66
TC5849 1.30 1.23 1.156 111 0.9% 2.61 2.45 2.30 2,22 1.8
TCS456 1.06 0.99 0.92 0.89 0.79 2.12 1.98 1.85 1.78 1.58
Meld 1.00 0.93 0.87 0.84 0.74 1.99 1.86 1.74 1.67 1.48
Mel3 0.99 0.91 0.83 0.79 0.67 1.97 1.82 1.66 1.58 1.35
Meld 1.14 1.07 0.99 0.86 0.84 2,29 2.14 1.99 1.91 1.68
Mel7 1.39 1.32 1.25 1.22 1.12 2.78 2.64 2.51 2.44 2.23

Through (paired intersection) sites

Mel2 1.07 0.95 0.84 0.78 0.60 2.14 1.9 1.67 1.66 1.21
Mel5 t.14 1.01 0.88 0.81 0.61 2.29 2.02 1.76 1.63 1.23
Mel6 1.04 0.94 0.83 0.78 0.62 2.08 1.87 1.66 1.56 1.25

Space times (isn) are based on average vehicle fength of Ly =4.4 m

Gap seltings are calculated from es = 2.0 tn
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These results are based on parameters obtained for traffic in a single lane assuming
separate detection of traffic in each lane. For a traffic stream consisting of several lanes,
the analysis should be applied to the critical lane for the movement. If vehicles in
several lanes are detected together, the space times will be shorter due to the
overlapping of vehicle entry and exit times in and out of the detection zone that covers a
number of lanes. Therefore, the suggestion of using shorter gap settings for efficient
operation is still valid in this case.

On the other hand, there are other reasons for using longer gap settings in practice.
For example, a larger gap setting may be preferred for minor actuated movements at an
intersection controlled by coordinated actuated signals. This would help to avoid undue
gapping out of minor signal phases in order to preserve signal offsets that achieve best
traffic progression.

ARRB Transport Research Lid



165
Research Report ARR 340

15 FUNDAMENTAL RELATIONSHIPS AT THE
SIGNAL STOP LINE — AN EXAMPLE

In this section, the following figures are given for an example case:

(i)  the predicted flow rate, headway, speed, vehicle spacing and gap length, detector
occupancy time and space time values as a function of the time since the start of
the green period (Figures 15.1 to 15.6), and

(ii) the relationships between traffic flow variables flow rate, headway, speed, vehicle
spacing and gap length, detector occupancy time and space time, density, and
time and space occupancy ratios (Figures 15.7 to 15.20).

All figures use the exponential queue discharge model parameters for the average
through (isolated). The parameters are summarised in Table 15.1 (from Tables 9.6 and
9.7 given in Section 9).

For the uninterrupted travel conditions, Model 4 described in Section 10 is used with
parameters Ty=0.50 h and m. = 4.2.

Traffic stream is assumed to consist of cars only (Ly = 4.4 m /veh). Detection zone
length is Ly =4.5 m.

Table 15.1

Queue discharge model parameters used for the examples given in this section
(data for the average through isolated site described in Section 9)

Vn Qn m, Mg my/mg hn v vV Oin
{km/h) {veh/h} (s) (km/h)
45,1 2086 0.118 0.369 0.321 1.725 69 0.65 41.2%
tgn * ten ™ Lin Ly Ls;* Kn Kj kn/Kj Osn Qg
(s} {s) (m) {m) {m) {vel/km} | {veh/km)
1.35 0.99 21.3 8.9 2.5 47 150 0.324 20.4 % 63.4%

For tgn, tsn, and Lsj: Detection zone ength is Ly = 4.5 m, and average vehicle length is Ly = 4.4 m
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For the figures in group (i), the saturated and unsaturated parts of the green period were
determined assuming the following values of signal timing and traffic parameters.
Actuated signal control method is assumed.

Signal timings observed for the average through isolated site: G = 56, Guax = 72 5,
c=129s (Table 12.1).

Intergreen, yellow and all-red times: L= 6s,ty =4 s, [,y = 2.0 .
Number of vehicles departing after the green period, n, = 1.5 veh.

Saturation flow, start loss and end gain times calculated using the ARR 123 method:
s =2083, 1, =2.6, t, = 2.6 s (see Method (ii) results in Table 12.2).

Using the start loss and end gain values above, effective green time is g = 56 — 2.6 +
2.6 = 56.0 s, the effective maximum green time is gpax = 72 — 2.6 + 2.6 = 72.0 s,
effective red time is 1 = 129 - 56 =73 s.

The green time ratio isu=g/c =56/ 129 = 0.434.
Arrival flow rate is g, = 720 veh/h

The flow ratio is y = 720 / 2083 = 0.3456

Since isolated signals, PF, = 1.0.

Since actuated signals, the factor in the queue clearance formula, f, = 1.08 — 0.1 x
(56 /72)* = 1.02.

The saturated part of green period from Equation (7.23) is gs = 1.02 x 0.3456 x 73 /
(1 —0.3456) = 39.3 s, and the unsaturated part of the green period is g, = 56.0 - 39.3
= 16.7 s. From Equations (7.13) and (7.14), G; =393 + 2.6 =419 5, G, = 16.7 -
2.6=14.1s.

Capacity from Equation (7.36): Q = 2083 x 56/ 129 = 904 veh/h.
Degree of saturation: X =q, / Q = 720 /904 = 0.796.
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Figure 15.1 — Departure flow rates for saturated and unsaturated parts of the green
period (an example using average through isolated site parameters)
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Figure 15.2 — Departure headways for saturated and unsaturated parts of the green
period (an exammple using average through isolated site parameters)
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Figure 15.3 — Departure speeds for saturated and unsatfurated parts of the green
period (an example using average through isolated site parameters)
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of the green period (an example using average through isolated site parameters)
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Figure 15.5 — Occupancy time for saturated and unsaturated parts of the green period
(an example using average through isolated site parameters)
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Figure 15.6 — Space time for saturated and unsaturated parts of the green period
(an example using average through isolated site parameters)
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Figure 15.8 — Spacing and gap length as a function of speed
(an example using average through isolated site parameters)
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Figure 15.10 — Speed as a function of density
(an example using average through isolated site parameters)
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Figure 15.11 - Flow rate as a function of density
(an example using average through isolated site parameters)
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Figure 15.12 — Headway and gap time as a function of speed
(an example using average through isolated site parameters)
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Figure 15.13 — Occupancy and space time as a function of speed
(an example using average through isolated site parameters)
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Figure 15.14 — Time occupancy ratio as a function of speed
(an example using average through isolated site parameters)
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Figure 15.15 — Time occupancy ratio as a function of flow rate
(an example using average through isolated site parameters)
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Figure 15.16 ~ Space occupancy ratio as a function of speed
(an example using average through isolated site parameters)
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Figure 15.17 — Space occupancy ratio as « function of flow rate
(an example using average through isolated site parameters)
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Figure 15.18 — The relationship between space time and speed as a function of the
detection zone length (an example using average through isolated site parameters)
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Figure 15.19 — The relationship between space time and density as a function of the
detection zone length (an example using average through isolated site parameters)
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Figure 15.20 ~ The relationship between density and space time as a function of the
detection zone length (an example using average through isolated site parameters)

ARRE Transport Research Lid



177
Research Report ARR 340

16 USEFUL RELATIONSHIPS FOR PRACTICE

This section presents various relationships for use in applying the findings of this
research in practice. These relationships are based on the material presented in previous
sections.

Equations are presented for determining queue discharge model parameters. Ideally, all
relevant traffic parameters should be measured in the field. However, when this is not
possible, the required parameters can be estimated using the relationships given below.

Simple equations are given to determine optimum loop length and gap setting values.

In this section, the maximum queue discharge flow rate parameter will be treated as
equivalent to the saturation flow rate (g, = s) as this is appropriate for practical
purposes. The terms "maximum queue discharge flow rate” and "saturation flow rate”,
as well as "maximum queue discharge speed” and "saturation speed" will be used
interchangeably.

Maximum Queue Discharge Speed

The maximum queue discharge speed, or saturation speed (v,)} can be measured by
driving through the intersection or estimated using a known saturation flow rate.

The saturation speed can be measured by driving through the intersection in the lane of
interest, and recording the queue discharge speed when crossing the signal stop line.
For this purpose, departure must be from the queue after stopping behind vehicles that
have already queued in the lane of interest. The queue position must be at least the sixth
vehicle position, but around the tenth and following queue positions are preferred.

When saturation flow rate is known either through field surveys, or through an
established estimation method (e.g. Akgelik 1981, TRB 1998), the saturation speed can
be estimated using the following regression equations based on model calibration results
given in Section 9 (see Figure 9.1).

For through (isolated) movements:

vi = 00255 -69 (16.1)
For through (paired intersection) movements:

v, = 0.024s-168 (16.2)
For right-turn (isolated) movements:

vp, = 0.018s-124 (16.3)

where v, is the saturation speed in kim/h, s is the saturation flow rate in veh/h.
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Estimating the Saturation Flow Rate by Measuring the Saturation Speed

When resources are not available to measure the saturation flow rate through field
surveys, a simple method can be used to obtain a rough estimate of saturation flow rate
by measuring the maximum queuc discharge speed (vn) as described above. The
following regression equations based on model calibration results given in Section 9 are
used for this purpose (see Figure 9.2).

For through movements at isolated intersections:

s = 1012+24.5v, (16.4)

For through movements at paired (closely spaced) intersections, or intersections in
CBD-type areas:

S = T02+41.0v, (16.5)
For right-turn movements at isolated intersections:

8 = 12494322 v, (16.6)

where s is the saturation flow rate (or maximum queue discharge flow rate, g, = s) in
veh/h, and v, is the saturation speed in km/h.

Measuring the Saturation Flow Rate, Start Loss and End Gain

The saturation flow rate, as an approximation to the maximum queue discharge flow
rate (s = q), can be measured using one of the two established survey methods, namely
the ARR 123 method (Akgelik 1981), or the HCM method (TRB 1998). These methods
were described in detail in Section 12. The following modified version of the HCM
method is recommended for use in practice. An example for the application of the
method is shown in Figure 16.1.

In each signal cycle (jth cycle), starting with the green period, record the time when the
fifth vehicle crosses the stop line (t;;) and the last vehicle from the queue crosses the stop
line (Ggj). Thus, t; is the duration of the initial interval and Gy is the duration of the
saturated part of the green period in the jth cycle, This method excludes the first five
vehicles departing from the queue (ny; = 5) unlike the HCM method which excludes the
first four vehicles. The last vehicle departing from the queue may have joined the queue
during the green period as shown in Figures 2.3 and 2.4 in Section 2 (the HCM method
uses the last vehicle in queue when the signals turn green).

Count the number of vehicles departing from the queue during the saturated part of the
green period (nyg) starting when the signals turn green and stopping when the last
vehicle from the queue departs. Thus, ny; vehicles depart in Gy seconds, ny = 5
vehicles depart during the initial interval, ty, and (ny; - nyi) vehicles depart in (Gg; - t;;)
seconds.

If the green period is fully saturated (Gg; = Gy), the last vehicle from the queue departs at
the end of the green period (when signals change to yellow). Count the number of
vehicles departing during the yellow and all-red clearance period only during fully
saturated green periods (ny).
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Figure 16.1 —~ Measurement of saturation flow rate, start loss and end gain times
(an examnple)

For a given (jth) signal cycle, calculate the average saturation headway in s/veh (hgy)
and the corresponding saturation flow rate in veh/h (s;) from:

by = (Gg—ti) / (Nesy — Ni) (16.7a)
3600 / hyy (16.7b)

8

where ny; = 5 (ny; = 4 in the original HCM method).
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Considering all signal cycles observed, calculate the average saturation headway (hg,)
and the corresponding saturation flow rate (s) from:

ha = (Gs—t)/ (Bys — Dvi) (16.82)
S = 3600/ h;, (16.8b)

where the average values of the saturated part of the green period (Gs), vehicles
departing during G, and duration of the initial interval (t;) are calculated from:

Gy = &Gy /n (16.8c)
t; = (Zty) /ng (16.8d)
N = (Engg)/ne (16.8¢)

where n, is the number of signal cycles observed and summations are over all signal
cycles observed.

It is recommended that only signal cycles with n.; = 9 veh are used in determining the
average saturation headway and the saturation flow rate using above equations. Thus,
the minimum required number of vehicles departing after the initial interval (during
Gy — ti) is 4 vehicles. HCM recommends at least 15 signal cycles for a statistically
significant value of saturation flow rate.

Note that the saturation flow rate obtained from Equation (16.8b) differs slightly from
the HCM (TRB 1998) method of finding a statistical average of saturation flow rates for
individual cycles:

s = (Zs)/n. (16.9)

where n, is the number of signal cycles and s; is the saturation flow rate in the jrh cycle
from Equation (16.7h).

Equation (16.8b) is recommended over Eguation (76.9) for consistency between
saturation flow, start loss and end gain parameters.

For a given (jth) signal cycle, the start loss and end gain parameters can be calculated
from:
Isi = tij — TNy hsaj (16 10)

3600 nej / Sj = hsaj nej (16.1 1)

Tej

where n,; = 5 veh, hy; is calculated from Equation (16.7a) and n.; is the number of
vehicles departing during the yellow and all-red clearance interval. The end gain
parameter is calculated for fully saturated cycles only.

Considering all signal cycles:
t, = t-nyhg (16.12)
3600 n./s =hgne (16.13)

where ny; = 5 veh, hg, is the average saturation headway from Equation (16.8a), t; is the
average value of the initial interval from Equation (16.8d), n. is the average number of
vehicles departing during the yellow and all-red clearance period calculated from:

H

le
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ne = (Zng)/ N (16.14)

where D is the number of fully saturated signal cycles.

Exponential Queue Discharge Speed Model Parameter m,

This parameter can be estimated from the following regression equations based on
model calibration results given in Section 9 (see Figure 9.3).

For through (isolated) movements:
my = 0.25-0.003 v, (16.15)

For through (paired intersection) movements:
my = 0.74-0.016v, (16.16)

For right-turn (isolated) movements:
m, = 0.85-0022v, (16.17)

where v, is the maximum queue discharge speed in km/h.

Exponential Queue Discharge Flow Model Parameter m,

Calculate the mq parameter from:
mg = 1000 my v,/ (qy L) (16.18)

where v, is the maximum queue discharge speed in km/h, g, is maximum queue
discharge flow rate (saturation flow rate, s = gy) in veh/h and Ly; is the jam density in
metres.

Jam Spacing and Gap Length (Ly;, Lg):

Jam density (L) and jam gap length (L) are important parameters that should be
measured in the field wherever possible. For this purpose, record the number and type
of stationary (queued) vehicles in a given distance from the signal stop-line, e.g. 90 m.
For short lanes, count the number of vehicles in the short lane space. Use the vehicle
queue spacing survey form given in Section 2 (Figure 2.9).

Determine the jam spacing for light vehicles (LyjLv) using data from queues where no
heavy vehicles are present. Calculate the jam spacing for heavy vehicles (Lynv) from:

Lyjuv = [Lyj — (1 — pav) Lajvl / pav (16.19)
where Ly is the average jam spacing for all traffic in queue, and pyy is the proportion of
heavy vehicles in queue.

If it is not possible to measure the jam spacing, use the following values (default values
based on average jam spacings given in Table 9.6 in Section 9):

Through traffic lanes: 7.0 m per light vehicle, 11.5 m per heavy vehicle.
Right-turn traffic lanes: 6.5 m per light vehicle, 11.0 m per heavy vehicle.
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Assuming average vehicle lengths of 4.4 m and 8.8 m per light vehicle and heavy
vehicle, respectively, the above jam density values imply jam gap lengths of Ly = 2.5 m
for through traffic lanes and Ly = 2.0 m for fully-controlled right-turn traffic lanes.

Other Parameters

Once parameters h,, Qu, Vi, Ly, my and mg are established, a complete set of
fundamental relationships for queue discharge behaviour at traffic signals can be
obtained, useful for general traffic analysis as well as adaptive control purposes.

Additional parameters at maximum queue discharge flow and at jam conditions
including spacing, gap length, density, time and space occupancy ratios, gap time,
vehicle passage time, occupancy time and space time (Lsj, Lsn, ki, kny Oy, O, Oy, Ogn,
tens tvns tons tsn) Can be calculated using Equations (5.41) to (5.54) in Section 5.

Saturation Headway, Departure Response time and Start Loss

The following relationships from Section 7 (see Figures 7.2 and 7.3) are useful in
explaining the basic parameters that determine the minimum queue discharge headway
(h, in seconds), therefore the maximum queue discharge flow rate or saturation flow rate

(gn = s in veh/h):
hy ty +3.6 Ly / va (16.20)

3600/ (tx + 3.6 Ly / vy) (16.21)

nl

Qn

where t, is the queue departure response time for the next vehicle in the queue to start
moving (s), vy, is the maximum queue discharge speed (km/h) and Li; is the jam spacing

(m).

Equation (16.20) indicates that the minimum queue discharge headway, or saturation
headway, is the sum of queue departure response time and the time to travel the jam
spacing distance at the maximum queue discharge speed.

Thus, when hy, v, and Ly are known, parameter t; can be determined from:
ty = h,-3.6 th /vy (16.22)
where t, and h, are in seconds, Ly is in meters and v, is in km/h.

The queue clearance wave speed (v in km/h) can be calculated using the gueue
departure response time:

Ve = 3.6Ly/te=3.6Ly/ (ha—3.6Ly;/ V) (16.23)

Survey results summarised in Table 9.7 in Section 9 indicate that ty is in the range 0.8 to
0.9 for right-turn traffic sites and 0.9 to 1.4 s for through traffic sites, and vx is in the
range 25 to 32 km/h for right-turn traffic sites and 18 to 27 km/h for through traffic
sites.

Equation (7.22) given in Section 7 can be used for determining the arrival (queue
formation) wave speed (vy) which varies with the arrival flow rate.
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The start loss time used to convert displayed green time to effective green time is
explained through the following relationship (see Figures 7.2 and 7.3 in Section 7):

ty, = t+d,—hy (16.24)

where 1, is the start response time, hy is the minimum queue discharge headway, and d,
is the average acceleration delay calculated from:

di = G-3.6%X/vs (16.25)

where t, is the acceleration time (s), i.e. time it takes to accelerate from zero speed to the
maximum queue discharge speed, vy (km/h), and x, is the corresponding acceleration
distance (m). Acceleration time and distance models given in the SIDRA user guide can
be used to estimate these parameters (Akgelik and Besley 1999).

Since the start loss can be determined in association with the saturation flow
measurement method, and the acceleration delay can be calculated from Equation
(16.25), the start response time can be calculated from:

ty = t+hy—-d, (16.26)

However, there are difficulties in determining #, due to uncertainties in acceleration
model characteristics. Further research is needed on this subject.

Optimum Loop Length

An optimum detection zone length, approximately equal to the loop length (Ly), is
sought in terms of the best ability to detect traffic variables relevant to adaptive control.
For this purpose, the relationship between space time (t;) and speed (vs) as a function of
the loop length can be used.

The optimum detection zone length can be determined as the length at which the space
time equals zero (t; = 0) at a selected low (limiting) speed value (vo). The limiting speed
must be as low as possible so that the range of speeds 0 to v, is as small as possible.
The detection zone length above the optimum value (L, > L) increases this range. On
the other hand, the detection zone length below the optimum value (L, < Lp,) may give
two speed values for a given space time as seen from the space time - speed graphs.

The limiting speed (v,) needs to be selected conservatively since, if v, is too low, the
loop length may be too short under adverse traffic conditions (e.g. driving in rain and
darkness). On the other hand, the condition when zero space time (t; = 0) occurs is
caused by the gap length being less than the effective detection zone length, or loop
length being too long (Ls < L;).

As a result, the "bridging" effect occurs, i.¢. the time when the front end of the following
vehicle enters the detection zone occurs before the time when the rear end of the leading
vehicle exits the detection zone. A shorter loop length is selected to minimise this
condition, in contrast with the choice of a longer loop considering adverse conditions.
Other advantages of a shorter loop length are lower cost and better sensitivity.

As discussed in Section 14, the optimum detection zone length is clearly related to the
jam gap length (L = Ly; — L, where Ly; is the jam spacing and L, is the average vehicle
length). The following regression equations (see Figures 14.12 and 14.13) can be used
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to determine the optimum loop length when more detailed analysis using space time -
speed - loop length relationships is not possible:

0,385 Lsj

Ls = l26e (16.27)

0328 Lsj (16.28)

pr = 187¢

Ideally jam gap length should be measured in real-life situations. However, it is easier
to measure the jam spacing. In this case, the jam gap length can be calculated from
L = Ly ~ Ly assuming an average vehicle length.

As discussed above, the jam gap length may increase under adverse driving conditions
(e.g. rain). Equations (16.27) and (16.28) indicate that the optimum loop length should
be increased with this in mind. For example, if the jam gap length is increased from
2.5 m to 3.0 m, Lys increases from 3.4 m to 4.2 m.

Gap Setfing

Information about the space time - speed - detection zone length relationships can be
used to develop guidance for appropriate gap setting (unit extension time setting) values
for traditional vehicle-actuated control as well as SCATS control (see Section 14 for a
detailed discussion). Gap settings (e,) in the range 2.5 to 4.0 s for through traffic and
2.0 to 4.0 s for right-turn traffic are used in Australian practice (Akgelik 1995a).

For efficient control with small cycle times, the gap setting should be as small as
possible. Therefore, the gap setting can be related to the space time at maximum queue
discharge (saturation) flow, ti, Considering the cycle-by cycle variation of queue
discharge parameters at a given site, a factor should be applied to the ty, value to
determine an appropriate gap setting value:

Cs = fetsy (1 629)

where e is the gap setting as a space time value (s), fe is the variational factor, and tg, is
the space time at maximum queue discharge flow (g, = s):

ta = hy—(Lp+L)/ v, (16.30)

where h, = 3600 / g, is the minimum queue discharge headway (seconds), v, is the
minimum queue discharge speed (km/h), L, and L, are the detection zone length and
vehicle length (m).

Considering cycle-by-cycle variations in space time values (Section 12), an appropriate
.value of f, chosen conservatively could be in the range 1.5 to 2.0.

Using a conservative value of f, = 2.0, gap setting values of e; = 1.6 to 2.4 s (average
2.0 5) for through traffic sites, e; = 0.8 to 1.1 s (average 0.9 s) for right-turn sites are
obtained with a loop length of 4.5 m. The results indicate that shorter gap settings could
be used compared with the current Australian practice, especially for fully controlled
right-turn phases.

On the other hand, there are other reasons for using longer gap settings in practice.
For example, a larger gap setting may be preferred for minor actuated movements at an
intersection controlled by coordinated actuated signals in order to preserve signal offsets
that achieve best traffic progression.
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17 CONCLUSION

Useful relationships for use in practice based on the findings of this study,
including survey methods to measure saturation flow and saturation speed, simple
regression equations to estimate queue discharge characteristics and determine optimum
loop length and signal gap setting are given in Section 16.

General findings about queue discharge models are summarised and recommendations
for further work are given in this section.

The results of detailed analysis of gqueue discharge characteristics at signalised
intersections show that the characteristics of through and right-turn movements differ
significantly, and there are also significant differences between through lanes at isolated
sites and paired (closely spaced) intersection sites.

Maximum queue discharge flow rates for right-turn sites are found to be similar to those
for isolated through sites. Lower jam spacing and lower departure response time (higher
queue clearance speed) at right-turn sites help to achieve low queue discharge headways,
therefore high maximum flow rates. Parameters for through movements at paired
intersection sites are between the through (isolated) and right turn (isolated) site values
although lower maximum flow rates are observed at these sites.

The exponential queue discharge flow (headway) and speed models presented in this
report are found satisfactory in view of:

(i)  ability to derive a complete set of fundamental relationships for queue discharge
behaviour at traffic signals, useful for general traffic analysis as well as adaptive
control purposes (Section 7);

(ii) reasonableness (compared with current knowledge and overseas data) of predicted
queue discharge parameters, namely speed, flow rate, headway, spacing, gap
(space) length, density, time and space occupancy ratios, gap time, vehicle passage
time, occupancy time and space time, as well as implied optimum loop length
(Sections 9, 12, 14);

(iii) consistency of relative values of model parameters for through (isolated), through
(paired intersection) and fully-controlled right turn (isolated) sites;

(iv) consistency of saturation flow rate, start loss and end gain values derived from the
exponential queue discharge flow model with those used in traditional signal
analysis (Section 12); and

(v) a reasonable match between the SCATS parameters MF (maximum flow), HW
(hcadway at maximum flow), KP (occupancy time at maximum flow) and the
space time (HW — KP), and the corresponding analytical estimates, as well as the
ability to relate the SCATS DS parameter to the traditional degree of saturation
parameter (Section 13).

It is often stated in the literature that saturation flow rate may decrease with time,
especially in the case of long green times (e.g. Teply and Jones 1991, Teply, et al. 1995).
The survey results presented in this report do not support this except in the case of
downstream queue interference as evident from figures given in Appendix B.
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Additional analysis for uninterrupted flow conditions at signalised intersections, as
relevant to conditions after queue clearance (unsaturated part of the green period),
indicates that speed — flow - density models for these conditions are consistent with
general models for uninterrupted conditions (Section 10). Alternative models were
assessed, and Akeelik's (1991) speed-flow model was recommended for this purpose.
This model complements the exponential queue discharge models for saturated
conditions, thus allowing for a complete analysis of traffic flow conditions at signalised
intersections. This is demonstrated through the example given in Section 15. The
findings also support the general explanation of the relationship between speed-flow
functions for interrupted and uninterrupted flow conditions presented in Section 3.

Queue discharge model parameters for paired (closely-spaced) intersection sites were
derived using data points not affected by queue interference. The model parameters for
these sites are found to be significantly different from those for isolated through traffic
sites (Section 9). In summary, maximum queue departure flow rates, speeds at
maximum flow and spacings at maximum flow are lower, and queue discharge flow and
speed model parameters my and m, are higher indicating quicker acceleration to the
maximum speed and achieving the maximum flow rate sooner.

Although based on a small number of paired intersection sites, analysis of conditions
with downstream queue interference indicate that the downstream queue interference
occurs only when the distance to the back of queue is very small (Section 11}. For all
practical purposes, it is concluded that queue interaction occurs when the downstream
queue storage space is fully occupied. If required, equations given in Section 11 can be
used to calculate reduced queuve discharge speed and flow rate as a function of the
distance to the back of queue. Effectively, the equations reduce the queue discharge
speed and flow rate only for distances below 30 to 40 m.

Analyses of cycle-by-cycle variations in minimum queue discharge headway, cycle
capacities and space time at maximum flow at a given site (carried out for five sites)
indicated that distributions of these parameters varied considerably from site to site
(Section 12). For example, the 08™ percentile space time at maximum flow can be as
high as twice the average value, as observed at site 335 (right turn movement with short
green time), and as low as 13 per cent higher than the average value, as observed at the
site 511 (through movement with very long green time).

Of particular interest is the variance to mean ratio of cycle capacity which is important
in modelling the effect of randomness in departure flows for predicting traffic
performance (delay, queuc length and queue move-up rate) for signalised intersections.
Although this parameter is included in basic theoretical treatment of delay modelling, it
has not been used explicitly in most delay models used in practice. Some coordinated
signal delay models allow for filtering/metering of departure flows for saturated cycles
at the upstream intersection, thus reducing the amount of randomness. For example, see
the US Highway Capacity Manual (TRB 1998) and the SIDRA User Guide (Akgelik and
Besley 1999). This may lead to the prediction of zero delays at the downstream
intersection when the upstream intersection is oversaturated since the effect of
variations in cycle capacity is ignored.
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Analysis results for the five survey sites show that the variance to mean ratio of cycle
capacity was in the range 0.08 to 0.34. Tt appears that 0.10 is a typical value for isolated
sites. Interestingly, a high value of 0.34 was observed at the CBD site 413, suggesting
that further attention needs to be paid to this parameter for coordinated signal modelling.

During this research, extensive effort has gone into fine-tuning the data analysis and
calibration methods to improve the headway and speed predictions at low speeds. This
is due to the lack of data at very low speeds and low flow rates related to the
measurement of speed and headway for the first few vehicles in the queue at the start of
the green period. Although the queue discharge models were generally satisfactory,
there were several cases where the predicted headway and flow rate values for low
speeds were not entirely satisfactory. This was particularly observed for the sites with
low values of maximum queue discharge speed, which applied to most right-turn sites.

The data collection method and queue discharge models were investigated in detail,
developing alternative calibration methods to derive queue discharge model parameters
using different values of headway and speed variables obtained from raw detector data
(Section 8). The use of measured jam spacing vs the jam spacing estimated using model
parameters from headway regression was considered. The start response time was
introduced into the exponential queue discharge headway and speed models as a result
of this effort (Section 7). Alternative calibration methods were applied to data from
three sites, namely Site 335 (Melbourne), Site 610 (Sydney) and Site 511 (Sydney). The
following conclusions are drawn from the findings given in Section 9.

(i) The headway regression method results in estimated jam spacing values that are
significantly greater than the measured values. Correct prediction of this
paramefer is very important for the space time - speed relationships and the
optimum loop length as discussed in Section 14. Therefore this method is not
preferred, thus confirming the calibration procedure that employs the measured
jam spacing (Section 8).

(if) Determining the start response time parameter freely from speed model regression
gave acceptable results for the right-turn lane sites (335 and 610), but gave a
negative value for the through lane site (511). The use of a specified value of
1.0 s appeared to be reasonable.

(i) Alternative methods using different speed and headway variables derived from
raw detector data using the standard calibration method (with the measured jam
spacing) gave close results although some improvements were obtained in queue
discharge speed, headway and flow rate predictions. For a given site, the ratio
m, /mg, which is the parameter in the speed-flow model, does not vary
significantly for alternative calibration methods that use the measured jam
spacing. This is a satisfactory result, in that the speed - flow and space time -
speed relationships and the optimum loop length values indicate low sensitivity to
the method used (assuming the calibration procedure using the measured jam
spacing).

(iv) Although alternative calibration methods using measured jam spacings give
similar results in terms of the resulting speed - flow and space time - speed
relationships and the optimum loop length values, it is recommended that
calibration method 13 is used in future data analyses.
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Method 13 uses the standard calibration procedure with a specified start response
time of 1.0 s, and employs the speed based on the leading end of the vehicle and
headways measured at the downstream detector. This method improves the queue
discharge headway prediction at low speeds, particularly for right-turn sites where
the queue discharge speeds are low.

Diagrams showing space fime - speed ~ detection zone length relationships for average
through (isolated and paired intersection) and average right turn (isolated) sites are given
in Section 14, and diagrams showing the relationships for individual sites are given in
Appendix C. These relationships are used for determining opfimum loop (detection
zone) length for adaptive control purposes,

For the dual purpose of counting vehicles and measuring space time, the optimum
length for a loop is one that is as short as possible but not so short as to result in a
double valued space-time relationship. Vehicle counts and space times are both used by
the SCATS control system, and the space time measurement is relevant to traditional
actuated control. To determine the optimum loop length, a limiting (low) speed value
that gives zero space time can be chosen. Three limiting speeds are considered for this
purpose, namely 0, 5 and 10 km/h. It is shown that the optimum loop length equals the
gap length at the limiting speed. Choosing a speed above zero provides an increased
loop length so to allow for increased jam gap length under adverse driving conditions
(e.g. wet weather). Tables summarising queue discharge model parameters and
presenting the optimum loop length results for individual sites and for "average" right-
turn and through traffic sites are given in Section 14.

The following conclusions are drawn regarding optimum loop length for adaptive
control.

(i)  The optimum detection zone length appears to be independent of the maximum
queue discharge speed, the maximum flow rate and the spacing at maximum flow,
There seems to be a linear decreasing relationship between the optimum loop
length and the speed-flow model parameter m,/mq. The maximum queue
discharge speed and the spacing at maximum flow may have some effect on the
optimum loop length for right-turn lanes, but it is not possible to establish this due
to the small number of right-turn sites surveyed.

(i) The optimum detection zone length is clearly related to jam gap length as
summarised in Secfion 16. Heavy vehicles increase vehicle spacings due to longer
vehicle length but the gap lengths are not increased as dramatically. Although it is
possible that heavy vehicles have some impact on the jam gap length and gap
length values at low speeds, the overall impact on these parameters, therefore on
the optimum loop length, would be minimal with low heavy vehicle percentages.
If the overall jam gap length increases significantly due to a large percentage of
heavy vehicles in the traffic stream, then the optimum loop length could be
increased proportionately. However, further research is recommended on the
effect of heavy vehicles on jam gap length,

(iti) It appears that it is possible to reduce the current loop length of 4.5 m used with
the SCATS system to about 3.5 m for through traffic lanes and 3.0 m right-turn
Ianes under green arrow control. This is based on a chosen limiting speed of
5 km/h. On this basis, the range of optimum loop length for through traffic lanes
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is 3.0 to 3.8 m, with an average value of 3.4 m, considering all through traffic
sites. There was no obvious difference between through sites in Sydney and
Melbourne although the number of sites in Sydney is too small to arrive at a firm
conclusion regarding this.

Considering all right-turn traffic sites, the range of optimum loop length is 2.2 to
3.1 m, with an average value of 2.6 m. The optimum loop length is shorter for the
two right-turn sites in Sydney (2.2 and 2.3 m) and larger for the two right-turn
sites in Melbourne (2.9 and 3.1 m). This is in line with the corresponding jam
spacing values observed at the two Sydney sites (5.9 and 6.0 m) and at the two
Melbourne sites (6.6 and 6.9 m).

Further data from a larger number of sites would be useful to arrive at a more
conclusive result about the appropriate level of safety margin in determining the
optimum loop length.

Optimum loop length values obtained using queue discharge speed and flow
models based on alternative calibration methods are essentially the same. This is
valid for the methods that use the standard calibration procedure that employs the
measured jam spacing value. The methods that estimate the jam spacing using
parameters from headway model regression are not appropriate since they
overestimate the jam spacing significantly.

The results given in this report are based on the definition of headway and spacing
parameters from the fronf of the leading vehicle to the front of the following vehicle.
Alternatively, headway and spacing parameters may be measured from the back of the
leading vehicle to the back of the following vehicle (see Figures 5.5 and 5.6 in
Section 5). Limited analysis of parameters using the latter method indicated that the
difference between the two methods would not affect the conclusions of this report.

Recommendations for future research

Based on the findings of this study, the following are the recommendations for further
research.

(1

The database for queue discharge models and optimum loop length results has
relatively few points, particularly for right-turn and paired intersection sites.
Therefore, further surveys are recommended at paired (closely-spaced)
intersection and CBD type intersection sites.

Right-turn traffic lanes surveyed in this study included single right-turn lanes only.
Surveys at dual right-turn lane sites are recommended with a view to establishing
differences in queue discharge parameters of the inside and outside lanes. This
should include the consideration of separation distance from the right-turn
movement from opposite direction under "diamond" turn arrangements. The
effect of signal phasing (leading vs lagging turn arrow), turn radius, and angle of
turn on queue discharge model parameters could also be investigated.

An investigation of the effect of the distance to the downstream intersection
on queue discharge model parameters (without the effect of downstream
queuc interference) is recommended for paired intersection and CBD type
intersection sites.
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(i)

(iii)

(iv)

()

(vi)

Surveys described in this report were carried out mostly during morning and
afternoon peak periods. It would be useful to conduct surveys during day off-peak
(business) periods at selected sites where morning and afternoon peak period
surveys were carried out. The purpose of these additional surveys would be to
investigate differences between peak and off-peak traffic characteristics.

Similarly, conducting surveys at the same site under adverse light and weather
conditions (dark, rainy) would be useful in order to determine impact of such
adverse conditions on queue discharge parameters. These surveys could be
limited to the assessment of effects on jam spacing (or jam gap length) since this
parameter is the main factor in optimum loop length determination.

The survey method used during this study is very comprehensive and costly.
Simple survey methods to measure saturation flow and saturation speed described
in Section 16 could be used to extend the data base.

Regression equations given in Section 16 for use in practice can be improved by
extending the data base through further surveys.

Heavy vehicle effects should be analysed, particularly with a view to the effect on
jam spacing and jam gap length.

A simple procedure for use in practice can be developed to enable traffic engineers
to determine optimum loop length for through and right-turn lanes. The procedure
should require collection of minimal amount of data. For this purpose regression
equations could be developed for use when a parameter is not known. The
simplest method would be the use of reliable regression equations (based on a
large database and structured to cover different site characteristics) to determine
the optimum loop length from jam gap length (or jam spacing), similar to the
method summarised in Section 16.

Cycle-by-cycle variations of the minimum queue discharge headway, the cycle
capacity, and the space time at maximum queue discharge flow should be
investigated further. In particular, investigation of the variance to mean ratio of
cycle capacity is recommended since this is important in modelling traffic
performance (delay, queue length and queue move-up rate) for signalised
intersections, especially for coordinated signals.

The exponential queue discharge speed model implies a non-linear decreasing
acceleration model with the maximum acceleration rate at the start of the
acceleration manoeuvre. The acceleration time (time to accelerate to the
maximum queue discharge headway) implied by the model is large because of the
exponential nature of the model. Adjusting the model parameter my to obtain
decreased acceleration times results in too sharp an increase compared with
measured speed - time data. Further research on acceleration characteristics at the
signal stop line would be useful considering an S-shaped speed - time model such
as the model described by Akgelik and Biggs (1987). However, the exponential
queue discharge speed model is simpler to use and appears to be adequate for the
purpose of this study.
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APPENDIX A

SCATS Intersection Geometry and Phasing Diagrams for
Sydney and Melbourne 1998 Survey Sites
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Figure A.1 - SCATS intersection geomeltry and phasing diagrams for Site 163:
Pacific Highway - Mowbray Rd (Chatswood, Sydney) -
right-turn lane (Lane 4) on Pacific Highway South approach
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Figure A.2 — SCATS intersection geomeltry and phasing diagrams for Site 610:
Military Road - Murdoch Street (Cremorne, Sydney) -
right-turn lane (Lane 3) on Military Road West approach
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TCS 1081
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Figure A.3 — SCATS intersection geometry and phasing diagrams for Site 1081:
Lilyfield Road - Mary Street - James Street (Lilyfield, Sydney) -
through lane (Lane 2) on Lilyfield Road Northwest approach
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Figure A.4 — SCATS intersection geometry and phasing diagrams for Site 413:
Broadway - City Road (Ultimo, Sydney) -
through lane (Lane 3) on Broadway East approach
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TCS 511
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Figure A.5 - SCATS intersection geomeltry and phasing diagrams for Site 511:
General Holmes Drive - Bestic Streef (Kyeemagh, Sydney) -
through lane (Lane 2) on General Holmes Drive South approach
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Figure A.6 — SCATS intersection geometry and phasing diagrams for Site 121:
Maroondah Highway - Mitcham Road (Mitcham, Melbourne) -
right-turn lane (Lane 4) on Maroondah Highway East approaclt
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Figure A.7 - SCATS intersection geometry and phasing diagrams for Site 335:
Doncaster Road - Blackburn Road (East Doncaster, Melbourne) -
right-turn lane (Lane 4) on Doncaster Road East approach
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Figure A.8 — SCATS intersection geometry and phasing diagrams for Site 3196:
Middleborough Road - Highbury Road (East Burwood, Melbourne) -
through and left-turn lane (Lane 1) on Middleborough Road North approach
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Figure A.9 — SCATS intersection geometry and phasing diagrams for Site 4273:
Toorak Road - Tooronga Road (Hawthorn East, Melbourne) -
through lane (Lane 2) on Toorak Road West approach
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Figure A.10 - SCATS intersection geometry and phasing diagrams for Site 849:
Canterbury Road - Mitcham Road (Vermont, Melbourne) -
through lane (Lane 2) on Canterbury Road West approach
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Figure A.11 — SCATS intersection geometry and phasing diagrams for Site 456:
Ferntree Gully Road - Stud Road (Scoresby, Melbourne) -
through lane (Lane 4) on Ferntree Gully Road West approach
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APPENDIX B

Figures Showing Measured and Predicted Queue Discharge
Speeds, Headways, Spacings and Flow Rates
for Sydney and Melbourne 1998 Survey Sites
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Site 163: Pacific Hwy and Mowbray Rd in Chatswood, Sydney
(Right-Turn Isolated)
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Figure B.1a — Measured and predicted queue discharge speeds for Site 163
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Figure B.1b — Measured and predicted queue discharge flow rates for Site 163
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Site 163: Pacific Hwy and Mowbray Rd in Chatswood, Sydney
(Right-Turn Isolated)
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Figure B.1c - Vehicle spacing as a function of queue discharge speed for Sife 163
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Figure B.1d — Measured and predicted queue discharge headways for Site 163
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Site 610: Military Rd. and Murdoch St. in Cremorne, Sydney
(Right-Turn Isolated)

Speed, vs (km/h)

Flow rate, gs (veh/h)

30 +
o
[+) < o o oo
i o
25 o 00, °oi§: o o:
o o
o o] oog 6)%0% AO & A@ o Ay &
20 | o o S T2 %0 3 o
o TR T T (00 Qo0 6 i °° o
02° ae © oo & o
°
15 4 A I $ ° o °
4 <
< 30 ©
104
5 <+
0 } 1 t } + + 1 } }
0 2 4 6 8 10 12 14 16 18

Time since start of green period, t (s}

Figure B.2a — Measured and predicted queue discharge speeds for Site 610
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Figure B.2b — Measured and predicted queue discharge flow rates for Site 610
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Site 610: Military Rd. and Murdoch St. in Cremorne, Sydney

(Right-Turn Isolated)
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Figure B.2¢c — Vehicle spacing as a function of queue discharge speed for Site 610
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Figure B.2d — Measured and predicted queue discharge headways for Site 610
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Site 1081: Lilyfield Rd. and James St. in Lilyfield, Sydney

(Through Isolated)
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Figure B.3a — Measured and predicted queue discharge speeds for Site 1081
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Figure B.3b — Measured and predicted queue discharge flow rates for Site 1081
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Site 1081: Lilyfield Rd. and James St. in Lilyfield, Sydney
(Through Isolated)
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Figure B.3c — Vehicle spacing as a function of queue discharge speed for Site 1081
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Figure B.3d — Measured and predicted queue discharge hreadways Jor Site 1081
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Site 413: Broadway and City Rd. in Broadway, Sydney
(Through Isolated)
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Figure B.4a — Measured and predicted queue discharge speeds for Site 413
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Figure B.4b — Measured and predicted queue discharge flow rates for Site 413
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Site 413: Broadway and City Rd. in Broadway, Sydney
(Through Isolated)
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Figure B.4c — Vehicle spacing as a function of queue discharge speed for Site 413
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Figure B.4d — Measured and predicted queue discharge headways for Site 413
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Site 511: General Holmes Dve and Bestic St. in Kyeemagh, Sydney
(Through Isolated)
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Figure B.5a — Measured and predicted queue discharge speeds for Site 511
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Figure B.5b — Measured and predicted queue discharge flow rates for Site 511
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Site 511: General Holmes Dve and Bestic St. in Kyeemagh, Sydney
(Through Isolated)
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Figure B.5¢ — Vehicle spacing as a function of queue discharge speed for Site 511
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Figure B.5d — Measured and predicted queue discharge headways for Site 511
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Site 121: Maroondah Hwy and Mitcham Rd in Mitcham, Melbourne
(Right-Turn Isolated)
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Figure B.6a — Measured and predicted queue discharge speeds for Site 121

4000 +
¢
3500 + °
e ©
° %
8000 + o °© o o0 © o
= o, ° © ¢y o
= 8 ° © o
@ 2500 + o o &° cO o° o ©
= ‘%0 o o ¢ Foo o
2000 | ° %@’“’ % g‘ﬁ% o oo 0 0%
2 2 oc? [ o °
3] oo%o g 9 A 6'2> ogg o &,ooo 190 < °
3 1500 + O%é, P5%68 §<> ¢ o 3 o
o o W0 8 & o o [
1000 + A o ° o
500 +
0 } } } } ]
0 5 10 15 20 25

Time since start of green period, t (s)

Figure B.6b — Measured and predicted queue discharge flow rates for Site 121
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Site 121: Maroondah Hwy and Mitcham Rd in Mitcham, Melbourne
(Right-Turn Isolated}
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Figure B.6c — Vehicle spacing as a function of queue discharge speed for Site 121
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Figure B.6d — Measured and predicted queue discharge headways for Site 121
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Site 335: Doncaster Rd and Blackburn Rd in East Doncaster, Melbourne
(Right-Turn Isolated)
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Figure B.7a — Measured and predicted queue discharge speeds for Site 335
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Figure B.7bh — Measured and predicted queue discharge flow rates for Site 335
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Site 335: Doncaster Rd and Blackburn Rd in East Doncaster, Melbourne
(Right-Turn Isolated)
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Figure B.7c - Vehicle spacing as a function of queue discharge speed for Site 335
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Figure B.7d — Measured and predicted queue discharge headways for Sife 335
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Site 3196: Middleborough Rd and Highbury Rd in East Burwood, Melbourne
(Through Isolated)
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Figure B.8a — Measured and predicted queue discharge speeds for Site 3196
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Figure B.8b — Measured and predicted queue discharge flow rates for Site 3196
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Site 3196: Middleborough Rd and Highbury Rd in East Burwood, Melbourne
(Through Isolated)
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Figure B.8c — Vehicle spacing as a function of queue discharge speed for Site 3196
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Figure B.8d — Measured and predicted queue discharge headways for Site 3196
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Site 4273: Toorak Rd and Tooronga Rd in Hawthorn East, Melbourne
(Through Isolated)
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Figure B.9a — Measured and predicted queue discharge speeds for Site 4273
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Figure B.9b ~ Measured and predicted queue discharge flow rates for Site 4273
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Site 4273: Toorak Rd and Tooronga Rd in Hawthorn East, Melbourne
(Through Isolated)
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Figure B.9c — Vehicle spacing as a function of queue discharge speed for Site 4273
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Figure B.9d — Measured and predicted queue discharge headways for Site 4273
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Site 849: Canterbury Rd and Mitcham Rd in Vermont, Melbourne
(Through Isolated)
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Figure B.10a — Measured and predicted queue discharge speeds for Site 849
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Figure B.10b — Measured and predicted quene discharge flow rates for Site 849
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Site §49: Canterbury Rd and Mitcham Rd in Vermont, Melbourne
(Through Isolated)

Spacing, Lns {m)

Speed, v; (km/h})

Figure B.10c — Vehicle spacing as a function of queue discharge speed for Site 849
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Figure B.10d — Measured and predicted queue discharge headways for Site 849

ARRB Transport Research Ltd



B.22

Research Report ARR 340

Site 456: Ferntree Gully Rd and Stud Rd in Scoresby, Melbourne
{Through Isolated)
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Figure B.11a — Measured and predicted queue discharge speeds for Site 456
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Figure B.11b — Measured and predicted queue discharge flow rates for Site 456
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Site 456: Ferntree Gully Rd and Stud Rd in Scoresby, Melbourne
(Through Isolated)
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Figure B.11c — Vehicle spacing as a function of queue discharge speed for Site 456
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Figure B.11d — Measured and predicted queue discharge headways for Site 456
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Site 335: Doncaster Rd and Blackburn Rd, Melbourne
(Right-Turn Isolated)

Speed, v (km/h)

' £ ] £ i ] 1
» F ¥ ¥ 3 3 3 1

0 5 10 15 20 25 30 35

Time since start of green period, t (s}

Figure B.12a — Measured and predicted queue discharge speeds for Site 335:
Alternative Calibration Method 13: vy, hap, £, = 1.0
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Figure B.12b — Measured and predicted queue discharge flow rates for Site 335:
Alternative Calibration Method 13: vy, by, t, = 1.0
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Site 335: Doncaster Rd and Blackburn Rd, Melbourne
(Right-Turn Isolated)
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Figure B.12¢ — Vehicle spacing as a function of queue discharge speed for Site 335:
Alternative Calibration Method 13: vi, Iz, £r= 1.0
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Figure B.12d —~ Measured and predicted queue discharge headways for Site 335:
Alternative Calibration Method 13: vy, hyy, £ = 1.0
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Site 610: Military Rd and Murdoch St, Sydney
(Right-Turn Isolated)
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Figure B.13a — Measured and predicted queue discharge speeds for Site 610:
Alternative Calibration Method 13: vy, hap, - = 1.0
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Figure B.13b — Measured and predicted queue discharge flow rates for Site 610:
Alternative Calibration Method 13: vy, hay, tr= 1.0
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Site 610: Military Rd and Murdoch St, Sydney
(Right-Turn Isolated)
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Figure B.13c - Vehicle spacing as a function of queue discharge speed for Site 610:
Alternative Calibration Method 13: vy, Iy, t.= 1.0
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Figure B.13d — Measured and predicted queue discharge headways for Site 610:
Alternative Calibration Method 13: vy, hyy, £, = 1.0
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Site 511: General Holmes Dve and Bestic St, Sydney
(Through Isolated)

Speed, w (km/h}

0 - } | f ; f f !
0 20 40 60 80 100 120 140

Time since start of green period, t {s)

Figure B.14a — Measured and predicted queue discharge speeds for Site 511:
Alternative Calibration Method 13: vi, hop, t, = 1.0
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Figure B.14b — Measured and predicted queue discharge flow rates for Site 511:
Alternative Calibration Method 13: vi, ha, t, = 1.0
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Site 511: General Holmes Dve and Bestic St, Sydney
(Through Isolated)
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Figure B.14c — Vehicle spacing as a function of queue discharge speed for Site 511:
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Figure B.14d — Measured and predicted queue discharge headways for Site 511:

Alternative Calibration Method 13: vy, hop, t,= 1.0
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APPENDIX C

Diagrams Showing Space Time - Speed - Detection Zone
Length Relationships for Sydney and Melbourne 1998
Survey Sites
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Figure C.I ~ Space time - speed - detection zone length relationships for Site 163:

Pacific Highway - Mowbray Rd (Chatswood, Sydney) «

right-turn lane (Lane 4) on Pacific Highway South approach
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Figure C.2 - Space time - speed - detection zone length relationships for Site 610:

Military Road - Murdoch Street (Cremorne, Sydney) -
right-turn lane (Lane 3) on Military Road West approach
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Figure C.3 — Space time - speed - detection zone length relationships for Site 1081:
Lilyfield Road - Mary Street - James Street (Lilyfield, Sydney) -
through lane (Lane 2) on Lilyfield Road Northwest approach
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Figure C.4 — Space time - speed - detection zone length relationships for Site 413:
Broadway - City Road (Ultimo, Sydney) -
through lane (Lane 3) on Broadway East approach
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Figure C.5 - Space time - speed - detection zone length relationships for
General Holmes Drive - Bestic Street (Kyeemagh, Sydney) -
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Figure C.6 ~ Space fime - speed - defection zone length relationships for Site 121:

Maroondah Highway - Mitcham Road (Mifcham, Melbourne) -

right-turn lane (Lane 4) on Maroondah Highway East approach
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Figure C.7 — Space time - speed - detection zone length relationships for Site 335:
Doncaster Road - Blackburn Road (East Doncaster, Melbourne) -
right-turn lane (Lane 4) on Doncaster Road East approach
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Figure C.8 - Space time - speed - detection zone length relationships for Site 3196
Middleborough Road - Highbury Road (East Burwood, Melbourne) -
through and left-turn lane (Lane 1) on Middleborough Road North approach
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Figure C.9 — Space time - speed - detection zone length relationships for Site 4273:
Toorak Road - Tooronga Road (Hawthorn East, Melbourne) -
through lane (Lane 2) on Toorak Road West approach
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Figure C.10 — Space time - speed - detection zone length relationships for Site 849:
Canterbury Road - Mitcham Road (Vermont, Melbourne) -
through lane (Lane 2) on Canterbury Road West approach
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Figure C.11 ~ Space time - speed - detection zZone length relationships for Site 456:
Ferntree Gully Road - Stud Road (Scoresby, Melbourne) -
through lane (Lane 4) on Ferntree Gully Road West approach
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Figure C.12 - Space time - speed - detection zone length relationships for Site Mell:

Ferntree Gully Road - Stud Road (Scoresby, Melbourne) -
through lane (Lane 4) on Ferntree Gully Road West approach
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Figure C.13 - Space time - speed - detection zone length relationships for Site Mel2:
Kooyong Road - Dandenong Road (Armadale, Melbourne) -
through lane (Lane 1) on Kooyong Road North approach
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Figure C.14 — Space time - speed - detection zone length relationships for Site Mel3:
South Eastern Arterial - Burke Road (Glen Iris, Melbourne) -
through lane (Lane 3) on South Eastern Arterial West approach
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Figure C.15 — Space time - speed - defection zone length relationships for Site Meld:
Canterbury Road - Middleborough Road (Box Hill, Melbourne) -
through lane (Lane 1) on Canterbury Road West approach
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Figure C.16 — Space time - speed - detection zone length relationships for Site Mel5:
Pedestrian Crossing on Canterbury Road (East Camberwell, Melbourne) -
through lane (Lane 1) on Canterbury Road East approach
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Figure C.17 — Space time - speed - detection zone length relationships for Site Mel6:
Boronia Road - Wantirna Road (Wantirna, Melbourne) -
through lane (Lane 2) on Boronia Road West approach
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Figure C.18 — Space time - speed - detection zone length relationships for Site Mel7:
Ferntree Gully Road - Scoresby Road (Knoxfield, Melbourne) -
through lane (Lane 3) on Ferntree Gully Road West approach
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Figure C.19 — Space time - speed - detection zone length relationships for Site 335:
Doncaster Road - Blackburn Road (East Doncaster, Melbourne) -
right-turn lane (Lane 4) on Doncaster Road East approach
Alternative Calibration Method 13: vy, har, t,= 1.0

2.0

Detection i

zone i

tength, g

E 154 e s e Lp (m) g

y |
Q —¥— 1.0
E1.0 —4—20
8 —0—25
g —o—3.0
w —3— 3.5
0.5 —0— 4.0
—0—4.5
vf = 60.0 —_— 6.0

0 10 20 30 40 50 60 70

Speed, v (km/h)

Figure C.20 — Space time - speed - detection zone length relationships for Site 610:
Military Road - Murdoch Street (Cremorne, Sydney) -
right-turn lane (Lane 3) on Military Road West approach
Alternative Calibration Method 13: v, hayp, tr = 1.0
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Figure C.21 — Space time - speed - defection zone length relationships for Site 511:
General Holmes Drive - Bestic Street (Kyeemagh, Sydney) -
through lane (Lane 2) on General Holmes Drive South approach
Alfernative Calibration Method 13: vy, hap, £ = 1.0
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