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Fundamental relationships for freeway traffic flows

Executive Summary

This research report presents findings of a study of fundamental characteristics of
freeway traffic flows. The study was carried out under the ARRB TR research project
RC 7082 Reassessment of Fundamental Speed-Flow Relaticnships for Freeway Traffic
Control funded by AUSTROADS (Project NRUM 9712). The results given in earlier
reports WD R 98/044, WD R 98/045 and Contract Report RC 7082 produced under this
project are superseded by this research report.

The aim of the project was to carry out field measurements of freeway traffic flow
characteristics under both free-flowing (unsaturated} and congested {saturated)
conditions, and to develop improved analytical models to describe the relationships
between the traffic flow parameters. The results of the report are usefui for practical
applications including:

(i) design of freeway facilities with adequate capacity and level of service, and
(i}  development of improved methods for the purposes of

* incident detection,

* ramp metering,

* traffic monitoring, and

» driver information.

A related ARRB TR research project RC 7057 Fundarnental Relationships for Adaptive
Controf funded by the Roads and Traffic Authority of New South Wales (RTA NSW
Project No. 6352 1/8) focused on traffic flow relationships at traffic signais, described
in full in Research Report ARR 340 “Fundamental Relationships for Traffic Flows at
Signalised intersections”. The two projects for freeways and traffic signals represent
uninterrupted and interrupted flow conditions, respectively. They have much in common
in terms of establishing data collection and analysis methodology for fundamental
traffic flow relationships and developing analytical models.

Information on freeway traffic flow characteristics has been largely based on overseas
work, and mainly US publications, e.g. the Highway Capacity Manual. The aim of
the ARRB TR freeway research project was to study the applicability of overseas data
and models to Australian conditions, and to extend the work on fundamentat
relationships for traffic flow at traffic signals to better understand current traffic flow
characteristics on freeways.

The report presents an introduction to the fundamental traffic flow parameters and
their relationships. The traffic flow parameters considered include flow rate, speed,
density, headway, occupancy time, space time, gap time, vehicte passage time, spacing,
space (gap) length, vehicle length, and time and space occupancy ratios. The relation
between fundamentat parameters for interrupted and uninterrupted traffic flows is
explained.

The basis of the work was the measurement of headway and speed for individual
vehicles at a point on the freeway. Other traffic parameters such as flow rate, density,

v
ARRB Transport Research Ltd




Executive Summary continued
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spacing and occupancy ratios were derived from these parameters. The method used
for collecting data on the Eastern Freeway in Melbourne is described, and issues
related to data coflection and analysis are discussed in detail.

A permanent VicRoads two-loop presence detection system was linked to VDAS traffic
counters for the purpose of this research. The detection system and the characteristics
of the freeway survey site are described. Data covered the full range of traffic conditions
from free-flowing to congested traffic (individual vehicle speeds were in the range 10
- 132 km/h, and average speeds for 5-min intervals were in the range 36 - 103 krmvh).
Travel speeds were also measured during the survey period using an instrumented car.
Comparison of speed data from the two survey methods indicated that data collected
by the two-loop detection system was generally acceptable.

To obtain parameters describing the characteristics of freeway traffic streams, data for
individual vehicles were aggregated for periods of 20's, 1 min, 2 min, 5 min and 15
min. Aggregate data were always derived from individual vehicle data, not from the
aggregate data for a shorter period. The data aggregation method used in this study
aimed to achieve consistency between speed and all time-based and distance-based
parameters, The report recommends that the data collection and analysis method
described should be employed for future analysis of freeway traffic flows.

There is a vast amount of literature on fundamental traffic relationships for uninterrupted
traffic flow offering empiricat as well as theoretical models based on car-following,
hydrodynamic and kinetic theories of traffic flow. However, these models fail to
provide a complete description of the speed, flow and density characteristics observed
in practice for a full range of flow conditions.

The report presents six analytical traffic flow models including single-regime and two-
regime models. A single-regime model is a single function that applies to both saturated
and unsaturated flow conditions. A two-regime model consists of two functions that
apply to saturated and unsaturated flow conditions separately. The models are presented
as speed - flow rate relationships from which other relationships such as speed -
density, space time - speed and occupancy ratio - flow rate can be derived.

Model calibration results are given for the Eastern Freeway site. A constrained non-
linear regression analysis method was used for mode! calibration. Regression analyses
were carried out using data aggregated for 5-min intervals. This interval was chosen
as the most appropriate interval for the purpose of evaluating aiternative models.
Several regression options were tried for each model with different model parameters
specified. Results for all models and alf regression options are presented.

By inspecting the graphs of predicted traffic flow parameters against measured values
for all models, it was found that Models 4 and 5 together as a two-regime model
("Model 4+5") provided the best estimates of traffic characteristics for the survey site.

In addition to giving best predictions overall, Model 4+5 combination was preferred
because:

(i Model 4 is applicable for both undersaturated and oversaturated conditions,
including alfowance for initial queued demand at the start of the analysis period,

(i}  Model 4 has more general applicability as it has been used to model uninterrupted
movements in the SIDRA software package, and a US study has shown that it
has desirable characteristics for traffic assignment purposes, and
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(i in Research Report ARR 340, Model 4 is shown to be applicable to uninterrupted
flows at traffic signats and Model 5 is shown to be applicable to gueue discharge
flows at traffic signals, thus both Models 4 and 5 apply to both uninterrupted
and interrupted facitities.

Graphs showing fundamental relationships for all traffic flow parameters with measured
data and model predictions are presented for Modei 4+5.

The data used for the results given in the report include some heavy vehicle data
{about 3 per cent). The effect of this is expected be minimal due to the low percentage
of heavy vehicles. The report recommends further work on the effect of heavy vehicles
on fundamental relationships. Sites with a high percentage of heavy vehicles are
needed for this purpose.

This study used data from a single survey site with the purpose of in-depth assessment
of data collection and analysis methods, and evaluation of alternative models. The
report recommends that the method established in this study should be applied to
collect and analyse data at a large number of sites to establish the range of traffic
parameters possible on Australian freeways. The VicRoads driver information system
routinely collects large amounts of data that could be used for this purpose.

Using a database that includes a large number of freeway sites, methods could be
developed to predict traffic flow parameters from freeway geometric and traffic
characteristics, e.g. taking into account factors such as number of lanes, lane width,
lateral clearance, grade, driver behaviour, and proportion of heavy vehicles in the
streamn, simifar to the method used in the US Highway Capacity Manual. Research
into lane utifisation on different freeway segments (basic segment, ramp junctions
and weaving areas) is recommended to take into account different flow rates in different
lanes on a given section of freeway.

The report recommends further research on saturated traffic flows on freeways covering
a wide range of low speed conditions. A data coltection method with higher accuracy
levels than the two-loop presence system is needed for this purpose. Accuracy of loop
data is not sufficient for refining data under saturated conditions to allow for
accelerations and decelerations. VDAS treadle detectors were not considered to be
strong enough to endure the high speed, high volume traffic conditions on freeways.
It may be possible to overcome such problems using new detector technologies.

A summary of traffic flow parameters for the survey site on the Eastern Freeway are
given helow (based on 5-min aggregation period):

Free-flow speed, v, (km/h) 101
Speed at maximum flow rate, v_ (km/h) 90
Maximum flow rate, g_{veh/h) 2500
Average headway corresponding to maximum flow rate, h_(s) 1.44
Spacing at maximum flow rate, L (m/veh) 36.0
Density at maximum flow rate, k_(vehvkm}) 27.8
Occupancy time at max. flow rate, t__ (s) 0.25
Space time at maximum flow rate, t_ (s) 1.19
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Average jam spacing (m/veh), which is the sum of vehicle length and
average space (gap) length for vehicles in a stationary queue

Lnj =Ly + Ly

Average jam spacing for light vehicles (m/veh)
Average jam spacing for heavy vehicles (m/veh)
Average spacing (m/veh) at the maximum flow rate, qn
Liy = Vo hp = Vo / qu = Lsy + Ly (qn in veh/s, vy, in m/s)

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

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

Ls=Lh_Lv:Vtg

Average jam space (gap) length for vehicles (average distance between
vehicles in a stationary queue) (m)

Space (gap) length (m/veh) corresponding to the maximum flow rate, qn
Average vehicle length (m/veh) for the actual traffic mix

L, =(1 - pav ) Lun+ puv Lynv

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)

Delay parameter in Model 4

Parameters in Model 5

Number of vehicles observed in a road section of length L,

Tnitial queued demand as observed at the start of a flow period used in the
extended form of Model 4 (vehicles)

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

OS:L\'/Lh"_"kI-fV

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

O, =t/ h=(L, +L;) /L, (with presence detection)
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Passenger car units (used to allow for the effect of heavy vehicles)

Proportion of heavy vehicles (HVs) in the stream, e.g. pav = 0.05 means
5 % HVs and 95 % 1.Vs (light vehicles, or pcus)

Proportion of light vehicles in the traffic stream

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 arriving at a point upstream of the back of queue
Departure flow rate (veh/s or veh/h)

Maximum flow rate (veh/h) (for uninterrupted traffic, this is the capacity)
Departure flow rate (veh/h) under saturated conditions

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

Q. =sg /¢ forinterrupted traffic (where s is in veh/h)
Q. = g for uninterrupted traffic
Average effective red time at traffic signals(seconds)

Saturation flow rate at interrupted traffic facilities (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 wehicle 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, Lg

tg=Ls/v=h—t, (vinm/s)
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})

tb=h—ty=t,+I,/v=(Ly+Ly) /v

Occupancy time (seconds/veh) corresponding to the maximum flow
rate, qn

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)

tt=h~te=t,—Lp/v=(Li~ L) /v
Space time (seconds/veh) corresponding to the maximum flow rate, qn

tsn = Ny — ton

ARRB Transport Research Lid




Xii

Research Report ARR 341

ty

TL

Tr

Vg

Vr

VL

Vorf

vQ

VT

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).

ty=Ly /v
Duration of a demand flow (analysis) period (hours}

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

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

Green time ratio for interrupted traffic facilities
u=g/c

Speed (m/s or km/h}: distance travelled per unit time
v=Lp/h=qlh=qg/k

Average speed (m/s or km/h)

Average approach cruise speed (km/h) 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
(average speed under near-zero flow conditions) (km/h)

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

vL=3.6 Ly /L
Speed at the maximum flow rate, q, (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)

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

vr=3.6 Ly tr
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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)

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

X = q / qq for uninterrupted traffic (Qe = qn)
X = q, / Q. for interrupted traffic

A parameter used in Model 4
z=x-1+2N;/(q, Ty
(z=x~1forN;=0)
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1 INTRODUCTION

This research report presents findings of a study of fundamental characteristics of
freeway traffic flows. The study was carried out under the ARRB TR research project
RC 7082 Reassessment of Fundamental Speed-Flow Relationships for Freeway Traffic
Control funded by AUSTROADS (Project NRUM 9712).

The results given in earlier réports WD R 98/044 (Akgelik 1998), WD R 98/045
(Akgelik, Roper and Besley 1998) and Contract Report RC 7082 (Akgelik, Roper and
Besley 1999) are superseded by this research report.

The aim of the project was to carry out field measurements of freeway traffic flow
characteristics under both free-flowing (unsaturated) and congested (saturated)
conditions, and to develop improved analytical models to describe the relationships
between the traffic flow parameters. Such analytical models of freeway traffic flow are
useful for practical applications including:

()  design of freeway facilities with adequate capacity and level of service, and

(ii) development of improved methods for the purposes of
. incident detection,
» ramp metering,
. traffic monitoring, and
« driver information.

ARRB TR research project RC 7057 Fundamental Relationships for Adaptive Control
funded by the Roads and Traffic Authority of New South Wales (RTA NSW Project No.
63521/8) focused on traffic flow relationships at traffic signals, described in full in
Research Report ARR 340 "Fundamental Relationships for Traffic Flows at Signalised
Intersections” (Akgelik, Besley and Roper 1999). The two projects for freeways and
traffic signals represent uninterrupted and interrupted flow conditions, respectively.
They have much in common in terms of establishing data collection and analysis
methodology for fundamental traffic flow relationships and developing analytical
models.

Information on freeway traffic flow characteristics has been largely based on overseas
work, and mainly US publications, e.g. the Highway Capacity Manual (TRB 1998).
The aim of the ARRB TR freeway rescarch project was to study the applicability of
overseas data and models to Australian conditions, and to extend the work on
fundamental relationships for traffic flow at traffic signals to better understand current
traffic flow characteristics on freeways.

An introduction to the fundamental traffic flow parameters and their relationships is
presented in Section 2. The traffic flow parameters considered include flow rate, speed,
density, headway, occupancy time, space time, gap time, vehicle passage time, spacing,
gap (space) length, vehicle length, and time and space occupancy ratios. The relation
between fundamenta] parameters for interrupted and uninterrupted traffic flows is
explained.
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A detailed discussion of the data collection and analysis methods is presented in
Section 3. The basis of the work was the measurement of headway and speed for
individual vehicles at a point on the freeway. Other traffic parameters such as flow rate,
density, spacing and occupancy ratios were derived from these parameters using the
equations given in Section 2. The method used for collecting data on the Eastern
Freeway in Melbourne is described, and issues related to data collection and analysis are
discussed in detail.

A permanent VicRoads two-loop presence detection system was linked to VDAS traffic
counters for the purpose of this research. Travel speeds were also measured during the
survey period using an instrumented car. Comparison of speed data from the two survey
methods is presented.

To obtain parameters describing the characteristics of freeway traffic streams, VDAS
data for individual vehicles were aggregated using the method described in Section 2 for
periods of 20 s, 1 min, 2 min, 5 min and 15 min. Aggregate data were always derived
from individual vehicle data, not from the aggregate data for a shorter period. The data
aggregation method used in this study aimed to achieve consistency between speed and
all time-based and distance-based parameters.

There is a vast amount of literature on fundamental traffic relationships for
uninterrupted traffic flow offering empirical as well as theoretical models based on car-
following, hydrodynamic and kinetic theories of traffic flow. However, these models
fail to provide a complete description of the speed, flow and density characteristics
observed in practice for a full range of flow conditions.

Section 4 presents six analytical traffic flow models including single-regime and two-
regime models. A single-regime mode] is a single function that applies to both saturated
and unsaturated flow conditions. A two-regime model consists of two functions that
apply to saturated and unsaturated flow conditions separately. The models are presented
as speed - flow rate relationships from which other relationships such as speed - density,
space time - speed and occupancy ratio - flow rate can be derived using the fundamental
relationships given in Section 2.

Mode! calibration results for the Eastern Freeway site are given in Section 5.
A constrained non-linear regression analysis method was used for model calibration.
Regression analyses were carried out using data aggregated for 5-min intervals. This
interval was chosen as the most appropriate interval for the purpose of evaluating
alternative models. Several regression options were tried for each model with different
model parameters specified. Results for all models and all regression options are
presented. Graphs showing fundamental relationships for all traffic flow parameters
with measured data and model predictions are presented for Model 4+5 (combination of
Mode! 4 for unsaturated conditions and Model 5 for saturated conditions).

Section 6 summarises the main findings of the study, and recommends further research
on various aspects of the results presented in this report.
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2 TRAFFIC FLOW PARAMETERS AND RELATIONSHIPS

A general discussion of fundamental traffic flow parameters and their relationships is
presented in this section. The traffic flow parameters considered include flow rate,
speed, density, headway, occupancy time, space time, gap time, vehicle passage time,
spacing, gap (space) length, vehicle length, and time and space occupancy ratios.

In Section 2.1, headway, occupancy time, space time, gap time, vehicle passage time,
spacing, gap length, vehicle length and speed are discussed as parameters describing
individual vehicle movements. This is the same material included in Research Report
ARR 340 for fundamental traffic variables at the signal stop line (Akgelik, Besley and
Roper 1999, Section 5).

The use of the individual vehicle parameters as aggregate (average) traffic stream
parameters, and flow rate, density, time occupancy ratio and space occupancy ratio
parameters are discussed in Section 2.2.

The relationships between the basic traffic flow parameters are discussed in Section 2.3.
The relation between speed-flow models for interrupted and uninterrupted traffic flows
is also explained in Section 2.3.

2.1 Basic Parameters Describing Individual Vehicle Movements

The following parameters can be used to describe road traffic flow characteristics:

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

(i) Distance-based traffic flow parameters spacing (Ly), space or gap length (L),
vehicle length (L,); 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 (Oy).

In this report, the following units of measurement will be used:
(i)  all time-based traffic flow parameters in seconds (s),
(ii) all distance-based traffic flow parameters in metres (m),

(iii) speed in kilometres per hour or metres per second (km/h or m/s), flow rate in
vehicles per hour or vehicles per second (veh/h or veh/s), density in vehicles per
kilometre (veh/km), occupancy ratios as percentage values.

Other distance parameters such as the length of a road section (L,) can be measured in
kilometres or metres (km or m), and the duration of an analysis period (T¢) can be
measured in hours or seconds (h or s).

ARRB Transport Research Ltd
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The reader should be aware of differences between the terminology used here and those
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",
—  headway is sometimes used to mean "headway distance”, i.e. spacing in this report,
—  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 1997),

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

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

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

Parameters flow rate, density and occupancy ratios are discussed in Section 2.2 as
aggregate traffic stream parameters. All other parameters are discussed in this section as
measured in relation to individual vehicles, and their use as aggregate (average) traffic
stream parameters is discussed in Section 2.2. The relationships described in this report
apply to a single lane of traffic. Their extension to multi-lane traffic streams requires
due attention to unequal lane utilisation.

The time-based, distance-based and related traffic flow parameters can be depicted by
means of time-distance diagrams as seen in Figures 2.1.1 to 2.1.4. 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 3.

Figure 2.1.1 shows the time-distance traces 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 treadle (switch) detectors (Leschinski and Roper 1993; Akgelik, Besley
and Roper 1999), and

(b) at an instant in time, e.g. by means of aerial photography.

Headway (h) is the time between passage of the front ends of two successive vehicles,
and spacing (Ly) is the distance corresponding to the headway time, i.e. the distance
between the front ends of two successive vehicles. Space (gap) length (Ly) 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, Ly).
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Distance Vehicies A A
A and B at
time s

~_Front end of
vehicle A

i
F ~—~_Rear end of
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Figure 2.1.1 - Time-distance diagram showing the relationships between basic
traffic flow parameters

In Figure 2.1.1, the headway time at an observation point along the road is measured as:
h = ftip—tra 2.1.1)

where .4 and t;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 t, 5 are shown on the left-side of Figure 2.1.1.
Spacing (Ly,) is observed as the distance between the front ends of vehicles A and B at
time I1g.
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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 2.1.1, the speed (km/h) is
seen to be given by (constant speed shown):

va = 36Li/h (2.1.2)

In practice, speed is measured using an instrumented car, or externally by measuring the
time to travel a fixed distance using two detectors placed at a chosen distance between
them. Two passage detectors (treadle switches) placed at 3 m distance were used for
surveys to determine queue discharge characteristics at traffic signals (Akgelik, Besley
and Roper 1999). 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. This is discussed in
detail in Section 3.

Figure 2.1.2 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, = 0 (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 2.1.2).

Gap time (t;) 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 2.1.2, the vehicle passage times for vehicles A and B, and the gap time
between vehicles A and B are measured as:

tba = tra—lra (2.1.3)
tb = fr3—1lB 2.1.4)
te = te—tra=h—ty (2.1.5)

where tia and tra are the passage times of the front (leading) and rear (trailing) ends of
vehicle A, and t g and trg 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 2.1.2, it is seen that this consists of the gap time in front of vehicle B (t; = tg)
and the passage time of vehicle A (ty = tya). From Equation (2.1.5):

h = th + th (2.1 .6)

Similarly, spacing is associated with vehicle B (i.e. in front of vehicle B). From
Figure 2.1.2, it is seen that the spacing measured at time tig consists of the space (gap)
length in front of vehicle B (Ls = Leg) and the length of vehicle A (L, =Lya):

Ly = Lwa+Le 2.1.7
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Distance
A

Passage
detecior

Direction
of travel

Detector

Figure 2.1.2 - Time-distance diagram explaining the observation of
traffic flow parameters with passage detection (constant speeds)
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These relationships are consistent in terms of the use of speed associated with vehicle A
(va in km/h from Equation 5.2) to calculate the passage time of vehicle A (tya) and the
gap time in front of vehicle B (tgp):

tbva = 3.6Lya/lva (2.1.8)
teg = 3.6Lsp/va (2.1.9)
From Equations (2.1.2), (2.1.7) and (2.1.8):
h = 3.6(0y/va)=3.6{La+Li)/va (2.1.10)
= tvatlgm

which is consistent with Equation (2.1.6).

While vehicle passage time (t,) and gap time (ty) are measured with passage detection,
the corresponding parameters measured with presence detection are occupancy time (to)
and space time (t;). Figure 2.1.3 depicts observation of headway, occupancy time and
space time with presence defection 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 (t;) 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 2.1.3, the vehicle occupancy times for vehicles A and B (toa, toB), and the
space time between vehicles A and B, considered to be in front of vehicle B (t;) are:

oa = ftra—lua 2.1.11)
ts = trp—IlB (2.1.12)
ts = tip—lra=h—toa (2.1.13)

where t; 4 is the time when the front (Ieading) edge of vehicle A enters the detection
zone, ta 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 eadway between vehicles A
(leading) and B (following) is in front of vehicle B (h = hp). From Figure 2.1.3, it is
seen that this consists of the space time in front of vehicle B (t; = tsp) and the occupancy
time of vehicle A (L, = toa).

From Equation (2.1.13):
h = tatlp (2.1.14)

Equation (2.1.7) for spacing applies in this case as well (Iy = Lsp, Lv = L.s and
Lth'\'A+LsB)'
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Figure 2.1.3 - Time-distance diagram explaining the observation of
traffic flow parameters with presence detection (constant speeds)
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The occupancy time of vehicle A (t,4) and the space time in front of vehicle B (t) are
calculated using the speed of vehicle A (v4 in km/h from Equation 2.1.2):

tea = 3.6, +Lwa)/va (2.1.15)
tsB = 36(Lg- Lp) [ va (2.1.16)
From Equations (2.1.2), (2.1.7) and (2.1.15):
h = 3.6(Ly/va)=36(Ls+L)/va (2.1.17)
= (Lp+LVA)/VA+(LSB—Lp)fVA
=  loa+4n

which is consistent with Equation (2.1.14).

Figure 2.1.4 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 2.1.4, 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 = 36L,/h=36L/t (2.1.18)
h = 36L,/v=36(0L+L)/v=ty+tg=t+1 (2.1.19)
ty = 36L//v (2.1.20)
tg = h-ty=h-36L,/v=36L/v (2.1.21)
ts = h-t=1t-36L,/v=36(L-Ly)/v (2.1.22)
to = h-ty= t,+36L,/v=36(L,+L)/v (2.1.23)
L, = IL,+Li=hv/36 (2.1.24)
Ls = Lp—-Ly=tv/3.6=L,+1t;v/3.6 (2.1.25)

where

v = vehicle speed (km/h)

h = headway (seconds),

t, = vehicle passage time (seconds),

ty = gap time (seconds),

t, = occupancy time (seconds),

ts = space time (seconds),

I, = vehicle length (m),

Ly = spacing (m),

L; = space (gap) length (m), and

L, = detection zone length (m).
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Figure 2.1.4 - Simple diagram showing the relationships among basic traffic flow
paramelers

Figure 2.1.5 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 2.1.5 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, Figure 2.1.61s
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 2.1.5.

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 Secrion 2.2.
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Figure 2.1.5 - Traffic flow parameters and basic relationships in presence and
passage detection: headway and spacing defined from the front of the leading vehicle
to the front of the following vehicle
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Figure 2.1.6 - 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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2.2 Basic Parameters Describing Traffic Stream Characteristics

Headway (h), occupancy time (t,), space time (t), gap time (ty), vehicle passage time
(ty), spacing (Ly), gap length (L), vehicle length (L) and speed (v) as individual vehicle
parameters have been discussed in Section 2.1. Their use as aggregate (average) traffic
stream parameters is discussed in this section. Parameters flow rate, density and
occupancy ratios are introduced as aggregate traffic stream parameters, and their
relation to other parameters is discussed.

Parameter values measured for individual vehicles need to be aggregated for use as
average values representing a traffic stream during a specified analysis period (duration
T¢ in hours) or in a specified section of road (length L, in km). Simple arithmetic
averages cannot be used for this purpose in all cases. Furthermore, summation of some
parameter values for all vehicles observed during an analysis period or in a road section
may not correspond to the duration of the analysis period or the length of the road
section. This is more important when the analysis period is short. The aggregation
method must produce average values of time-based and distance-based parameters and
speed that match. It is also necessary to consider the issue of vehicle mix (different
vehicle types).

The following method is recommended for aggregating parameters measured for
individual vehicles in order to obtain average values of parameters for traffic stream.
The method aims to achieve consistency between all parameters involved so that
meaningful relationships are obtained between traffic stream parameters.

Average Headway, Occupancy and Space Times, Vehicle Passage and Gap Times
Calculate the average headway for the traffic stream as a simple arithmetic mean from
h = Zh)/(n-1) (2.2.1)

where h; is the headway measured for jth vehicle, n is the number of vehicles observed
during the analysis period, and summation is for (n-1) vehicles since a headway is not
measured for the first vehicle (in other words, (n-1) is the number of headways).

The sum of individual vehicle headways is less than the duration of the analysis period,
T hj < Tf because (i) the headway for the first vehicle in the analysis period is not
defined and (ii) the last vehicle arrives sometime before the end of the analysis period.
Furthermore, the difference may increase if some headway values are eliminated as bad
data without reducing the number of vehicles observed (i.e. n should be decreased
according to the number of data points eliminated). This is further discussed in relation
to the calculation of the flow rate parameter.

Average values of occupancy time, space time, vehicle passage time and gap time
should be used for (n-1) vehicles used in the calculation of the average headway from

Equation (2.2.1). For presence detection:
to (Zte)) / (n~ 1) (2.2.2)

(Ztg) / (n—1) (2.2.3)

Ls
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For passage detection:

ty

(Zty) / (0~ 1) (2.2.4)
(Ztg) / (n~ 1) (2.2.5)

te

Note that the average values of headway, occupancy time, space time, vehicle passage
time and gap time satisfy the basic relationships given in Section 2.1, i.e. h =t, + t; =
ty + tg.

Average Speed

Average speed for the traffic stream should be calculated as a space-mean speed:
v = (n- 17X (1) (2.2.6)

where v; is the average speed measured for jth vehicle, n is the number of vehicles
observed during the analysis period, and summation is for (n—1) vehicles used in
determining the average headway and related traffic stream parameters using Equations
(2.2.1) to (2.2.5).

Equation (2.2.6) is based on measuring the travel time t;j (s) over a fixed travel distance
L, (m) to measure the speed (km/h) for individual vehicles:
vi = 36L./¢§ (2.2.6a)

Space-mean speed is calculated by using the total travel time and distance for (n-1)
vehicles:

<
1l

36(n-DL /2 (2.2.6b)
336(n-DHL/Z@BO6L/v)y=m—1)/Z(1/vy)

Average Spacing, Gap Length, Vehicle Length

If spacings for individual vehicles have been measured, the average spacing for the
traffic stream could be calculated as a simple arithmetic mean as for the average
headway from Eguation (2.2.1). However, if the spacing is estimated from measured
headway and speed values for each vehicle, then a simple arithmetic mean of those
values should not be used. In that case, the average spacing (m) for the traffic stream
should be estimated from:

Ly = hv/36 (2.2.7)

where h (s) is the average headway for the traffic stream calculated from
Eguation (2.2.1) and v (km/h) is the average speed for the traffic stream calculated from
Equation (2.2.6).

Similar considerations apply to gap length and vehicle length parameters. Using the
average values of headway (h), occupancy time (t,), space time (1), vehicle passage time
(t,), gap time (ty), speed (v) and spacing (Ly) calculated from Eguations (2.2.1) to
(2.2.7), average gap length (L) and average vehicle length (L,) can be estimated using
the following equations.

ARRB Transport Research Ltd



16
Research Report ARR 341

For presence detection:

Ly = Ly+tv/3.6=L,+h-1)v/3.6 (2.2.8)

Ly = t,v/3.6-1,; (2.2.9)
For passage detection:

Ly = t;v/3.6=(h-t)v/36 (2.2.10)

L, = tv/36 (2.2.11)

In Equations (2.2.8) to (2.2.11), L, is the detection zone length (m), the average speed is
in km/h, time-based parameters (h, t;, L. t;, t,) are in seconds and distance hased
parameters (Ly, Ls, Ly) are in metres.

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 a bottleneck on freeways or at
interrupted traffic facilities, demand flow rate can be measured as the arrival flow rate at
the back of the queue.

It is recommended that flow rate (veh/h) as a traffic stream parameter is calculated using
the average headway, h (s) from Equation (2.2.1):

q = 3600/h (2.2.12)

Flow rate (veh/h) based on the vehicle count during an analysis period is:

4 = n/Te (2.2.13a)

where n is the number of vehicles passing the observation point during the analysis
period, and Ty is the duration of the analysis period in hours.

An average headway could be used from the flow rate based on vehicle count when
individual vehicle headways are not measured directly, i.e. using:

h = 3600/q= 3600T:/n (2.2.13b)

The headways calculated from Equations (2.1.1) and (2.2.13b) differ because the sum of
individual vehicle headways is less than the duration of the analysis period (Z h; < 3600
Ty as discussed in relation to headway calculation. Similarly, the flow rates from
Equations (2.2.12) and (2.2.13a) differ since Tr >n h / 3600.

Using the average headway calculated from Eguation (2.2.13b) may cause problems
when relating the headway to other basic traffic flow parameters (speed and spacing),
especially when a very short analysis (aggregation) period is used. For example,
consider n = 8 vehicles with a total headway of 14.0 s measured during an aggregation
period of Tr= 20 seconds. There are n - 1 = 7 headways, therefore the average headway
is h = 2.0 s. The flow rate from Equation (2.2.12) is q = 3600 / 2.0 = 1800 veh/h
(7 vehicles arriving in 14 seconds). The flow rate from Eguation (2.2.13a) is g =
8 /(20 / 3600) = 1440 veh/h, and the corresponding headway from Equation (2.2.13b) is
h =3600/ 1440 = 20/ 8 = 2.5 s. Differences are reduced when longer periods are used.
For example, consider n = 148 vehicles with a total headway of 294.0 s measured during
an aggregation period of Tr = 300 seconds. There are n -~ 1 = 147 headways, therefore
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the average headway is h = 2.0 s. The flow rate from Equation (2.2.12) is ¢ = 3600/ 2.0
= 1800 veh/h (147 vehicles arriving in 294 seconds). The flow rate from Egquation
(2.2.13a) is q = 148 / (300 / 3600) = 1776 veh/h, and the corresponding headway from
Equation (2.2.13b) ish=3600/ 1776 =300/ 148 =2.03 s.

Thus, using the flow rate, q (velvh) from Equation (2.2.12) and speed, v (km/h) from
Equation (2.2.6), the average spacing, Ly (m) equivalent to the value calculated from
Equation (2.2.7) is given by:

Ly = 1000v/q (2.2.14)

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/Ly (2.2.15)

Density (veh/km) based on the number of vehicles (n,) observed in a road section of
length L, (m} at an instant in time is:

k = 1000n,/L, (2.2.15a)

Density values from Equations (2.2.15) and (2.2.15a) would be identical if L, = n, Ly
where Ly, is the average vehicle spacing (m), and (n, Ly} represents the sum of individual
vehicle spacings. Because Ly is an estimated value based on summations for (n-1)
vehicles observed at a point along the roadside, density values from Equations (2.2.15)
and (2.2.15a) will differ. Density calculated from Equation (2.2.15) is preferred as an
estimated value that matches other traffic stream parameters.

From Equations (2.2.1), (2.2.14) and (2.2.15), flow rate (veh/h), density (vel/km) and
speed (km/h) for a traffic stream are related through:

qg = vk (2.2.16)
Time occupancy ratio (O} 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 from:

O; = 100t,/h=100(L,+L;)/ Ly with presence detection  (2.2.17)
subjectto O, <100 %

0O, 100t, /h=100L, /Ly with passage detection (2.2.18)

where t,, t, and h are the average occupancy time, vehicle passage time and headway for
the analysis period (in seconds) calculated from Eguations (2.2.1), (2.2.2) and (2.2.4),
and L, L, are the average spacing and average vehicle length (m) estimated from
Equations (2.2.7), (2.2.9) and (2.2.11), and L,, is the detection zone length (m}.

With presence detection, time occupancy ratio ("occupancy”) based on measured
occupancy times of individual vehicles during an analysis period, Ty (h) is usually
calculated as:

O = 100Xt/ (3600 Ty) (2.2.19a)

where 1y is the occupancy time for jth vehicle and the summation is for n vehicles
detected during the analysis period.
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The occupancy ratios from FEquations (2.2.17) and (2.2.19a) differ since the average
occupancy time and headway values used in Equation (2.2.17) are based on summations
for (n-1) vehicles. In other words, Equation (2.2.17) is based on:

O, = 100(n~ Dt/ [(n—-1)h] (2.2.19b)
If the average time occupancy ratio and headway are known, the average occupancy
time and vehicle passage time can be estimated from:

t, = O;h/100 with presence detection (2.2.20)

ty, = O¢h/100 with passage detection (2.2.21)

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

L, O Ly /100 - L, with presence detection (2.2.22)
= O;L,/100 with passage detection (2.2.23)

H

Space occupancy ratio (Oy) 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,/L, (2.2.24)

where L and L, are the average spacing and average vehicle length (m) estimated from
Equations (2.2.7), (2.2.9) and (2.2.11).

From Eguations (2.2.18) and (2.2.24), it is seen that space occupancy and time
occupancy ratios are equivalent with passage detection, Os = Oy,

Space occupancy ratio based on the number of vehicles (ns) observed in a road section
of length L, (in) at an instant in time:

Qs = 100n;L,/L, (2.2.25)
where L, is the average vehicle length for the road section (in metres).

Space occupancy ratios from Equations (2.2.24) and (2.2.25) would be identical if
L, = n, Ly, where Ly, is the average vehicle spacing (m), and (ns Ly) represents the sum of
individual vehicle spacings. Because Ly is an estimated value based on summations for
(n-1) vehicles observed at a point along the roadside, occupancy ratios values from
Equations (2.2.24) and (2.2.25) will differ. Space occupancy ratio calculated from
Equation (2.2.24) is preferred as an estimated value that matches other traffic stream
parameters.

From Egquations (2.2.14), (2.2.16) and (2.2.24), 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)=1,k/10 (2.2.26)

where L, is the average vehicle length (m).
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Other relationships which may be useful when the time occupancy ratio is known rather
than the occupancy time are given below:

te=(1 -0/ 100) h (2.2.27)
Ly = (v/3.6) (O,/100) h — L (2.2.28)

Detection Zone Length

For freeways, two 2-m loops with a distance of 3.0 m between them were used for
measuring speeds, headways, occupancy times and space times (see Section 3). 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 I, = 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.

Different Vehicle Types

The effect of different vehicle types on traffic stream parameters can be allowed for by
calculating passenger car equivalents (pce). A simple method is to classify vehicles as
light vehicles (LV) and heavy vehicles (HV). The use of passenger car equivalents is a
well-known method for minimum queue departure headway (or saturation flow rate)
purposes. Importantly, pce values determined for a particular traffic parameter should
not be used for another parameter. For example, if the average minimum queue
departure headways for light and heavy vehicles are 2.0 s and 3.5 s, respectively, then
the pce value for headway purposes is 3.5 /2.0 = 1.75. On the other hand, if the average
spacings in queue for light and heavy vehicles are 7.0 m and 14.0 m, respectively, then
the pce value for spacing purposes is 14.0 /7.0 = 2.0,

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 (ILVs) and heavy vehicles (HVs), the average vehicle length
(m/veh) can be calculated as:

Ly = (I-pnuv)Lyy+pav Lway (2.2.29)

where pyy is the proportion of heavy vehicles in the traffic stream, Lypv is the average
vehicle length for light vehicles (m/LV), and Lyyy is the average vehicle length for
heavy vehicles (m/HV).
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2.3 Fundamental Relationships

In the literature, speed — flow rate, speed — density and flow rate — density relationships
are often discussed as the fundamental relationships of traffic flow. Tt is useful to
consider relationships between other traffic stream parameters discussed in previous
sections in order to understand the characteristics of traffic flows for the purpose of
traffic management including traffic monitoring, driver information, ramp metering and
incident detection systems.

Figures 2.3.1 to 2.3.12 present the following relationships for a freeway example:

- speed - flow rate

— spacing - speed and gap length - speed

— flow rate - density

-~ speed - density

— headway - speed and speed-headway

-~ occupancy time - speed and space time - speed
— vehicle passage time - speed and gap time - speed
— time occupancy ratio - flow rate

— time occupancy ratio - speed

- space occupancy ratio - flow rate

— space occupancy ratio - speed

The following parameters are used in the above relationships as limiting values:
(1)  maximum flow rate q, obtained at a traffic stream speed of vy,

(i) free-flow speed v; obtained at near-zero flow rates under very light traffic
conditions, and

(iif) jam spacing (or spacing in queue) Ly; obtained at the limit of saturated conditions
when the average traffic stream speed approaches zero and the corresponding flow
rate also approaches zero.

Maximum flow rate corresponds to the capacity concept. Maximum flow rate tends to
be larger as the duration of the analysis (aggregation) period is decreased (see
Section 3). 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
Tr = 15 min for defining the capacity, The selection of the aggregation period is
therefore very important in relation to design and evaluation of traffic facilities. 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
Section 2.4.

The jam spacing, Ly; equals the vehicle length, L, and the average gap length in queue
(or jam gap length), Lg:
th = L, + sz (231)

It is seen from the figures that, as vehicles speed up from a stationary queue, the gap
length between vehicles increases gradually, and therefore the spacing increases and the
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density decreases. The corresponding flow rate increases to a maximum saturation flow
value and then decreases as the speed increases towards the free flow speed.

The density that corresponds to the jam spacing is called the jam density:

ki = 1000/Ly= 1000/ (Ly +Ls) (2.3.2)
The time occupancy and space occupancy ratios at jam density are:
Oy = 100 Ly +Ly) / Ly with presence detection (2.3.3)
subject to O <100 %
04 = 100L,/ Ly with passage detection 2.3.4)
Oy = 100L,/Ly (2.3.5)

It is seen that the space occupancy ratio at jam density is always less than one
(Og < 100 %) since Ly < Ly;. On the other hand, the time occupancy ratio at jam density
can reach 100 % when the detection zone length is increased: Oy = 100 % when
(Lv+ L) =Ly or Ly =Ly ~ Ly = Ly Infact, Oy = 100 % can result even when v > 0.
The condition for this is I, > (L, — Ly) or Ly < (I, + Ly). This also corresponds to zero
space time condition as seen from Equation (2.1.4).

The free-flow speed (v¢) and the ratio of the speed at maximum flow to the free-flow
speed (v, / vp) 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:

vo/vi = 0.0540.008 v¢ (2.3.6)

where the free-flow speed ve is in km/h (e.g. vy = 100-120 km/h for freeways, 60-90
kmvh for arterials, 40-50 km/h for sub-arterials).

The parameter values corresponding to the maximum flow rate can be calculated from:

hp = 3600/q, (2.3.7)
= 36 L/ va=3.6(Ly+Ls)/ va=tyn+tgn=lon+te
ton = hp—tgm= f:vn+Lp/vnm(LP+LV)/\/n (2.3.8)
tm = 3.6Ly/vy (2.3.9)
ter = ho—ty= hy=3.6Ly/vy=3.6Len/ vy (2.3.10)
tm = ho—ton=tmn—3.6Lp/Vy= 3.6 (Lsn—Lp)/ vy (2.3.11)
Ly = 1000 v,/ dn= hy vo/3.6 = Ly + Ly (2.3.12)
kn = 1000/Ly,= 1000/ (I + L) (2.3.13)
Oy = 100t/ hy (2.3.14)
Og = 10014/ Ly, (2.3.15)

where h, is the minimum headway (seconds), vy 18 the speed (km/h), ton, tsn, tyn, tey are
the occupancy time, space time, vehicle passage time and gap time values (seconds), L,
and L, are the spacing and gap length values (m), k, is the density (veh/km), O and
O, are the time and space occupancy ratios.
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Example:

Figures 2.3.1 to 2.3.12 present the graphs depicting fundamental relationships for a
freeway traffic stream using Models 4 and 5 described in Sections 4.4 and 4.5.
The graphs are based on the following example:

ve= 100 km/h, v, = 80 km/h (v, / vf = 0.80),
Qn = 2300 veh/h
detection zone length for presence detection, L, =2.0 m

average vehicle length, L, =4.5 m
jam spacing, Ly; = 10.0 m/veh (jam density, k; = 1000 / 10.0 = 100 veh/km).

Other parameters for the maximum flow point calculated from Equations (2.3.7) to
(2.3.15) are as follows:

headway: h, = 3600 / q, = 3600 / 2300 = 1.565 s

occupancy time: ton=3.6 (Ly +Lp) /v =3.6x (4.5 +2.0)/80=0.293 s
space time: teg, = hy ~ top = 1.565-0.293 =1.273 s

vehicle passage time: ty, =3.6 L, /v, = 3.6 x4.5/80=0.203 s

gap time: tg = hy — tyy = 1.565 - 0.203 =1.363 s

spacing: Ly, = 1000 x 80/ 2300 = 34.8 m/veh (Ly; / Lyn = 10.0/ 34.8 = 0.29)
density: k, = 1000/ 34.8 = 28.7 veh/km (k, / k; = 28.7 / 100 = 0.29)

gap length: Ly, = Ly, — Ly = 34.8 — 4.5 =30.3 m/veh

time occupancy ratio: O = 100x0.293/1.565 =187 %

space occupancy ratio: Oy, = 100x4.5/34.8 =12.9 %.

At the jam density, the space occupancy ratio is Og = 100 x 4.5/ 10.0 = 45 %, and the
time occupancy ratio is Og = 100 x (4.5 + 2.0)/ 10.0 = 65 %.

Model parameters (see Sections 4.4 and 4.5):

For Model 4, Tr = 0.25 h (15-min analysis period), and from Equation (4.4.2):
m, = 0.92. For Model 5, from Equation (4.5.4). m¢/mgy = 0.29,

Note that, in this example, space time is always greater than zero (t; > 0) since
Ln > (Lp + Ly) at all speeds, and the time occupancy ratio at jam density is less than
100 % since L, < Ly; — L.
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2.4 Speed-Flow Relationships for Uninterrupted
and Interrupted Conditions

In Figure 2.3.1 in Section 2.3, the speed-flow curve extension (dotted line) for flow
rates above the maximum flow rate (capacity) represents travel speeds for oversaturated
(congested) conditions as predicted by Model 4 (see Section 4.4). The flow rates above
the maximum flow rate (q > qn) are the demand flow rates which are different from the
flow rates measured at a point of observation (passage or presence detection). They can
only be measured at the back of the queue that develops at a bottleneck point, and the
corresponding speeds can only be measured by means of instrumented car surveys, ie.
by travelling through the congested section of road, starting beyond the point where the
queues develop.

The relationship between headway and flow rate (Equation 2.2.12) is not applicable for
flow rates above the maximum flow rate. If applied, such flow rates would imply
headways below the minimum headway (hy) 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 > ky). 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. This is shown in
Figure 2.4.1 using parameter values for the example given in Section 2.3 (Figures 2.3.1
to 2.3.12).

For the example in Figure 2.4.1, ve= 100 km/h, v, = 80 km/h (v, / vi = 0.80), qu = 2300
veh/h, hy = 1.565 s, Ly = 10.0 m/veh, and Ly, = 34.8 m/veh. For a flow rate of g = 1500
veh/h, h = 2.40 s and two speeds are calculated. For unsaturated conditions, v, = 99.1
km/h (close to vg), and for saturated conditions, vs = 20.9 kmv/h. Corresponding vehicle
spacings are Ly, = 66.0 m and Ly, = 14.0 m. These parameters are shown in Figure
2.4.1 based on basic relationships given in Figure 2.1.1. The speed-flow diagram
showing these parameter values is given in Figure 2.4.2.

From Equation (2.2.4), spacing is represented by the slope of the line that connects a
point on the speed-flow rate curve to the origin (Ly = 1000 v / q). This is shown in
Figure 2.4.2 for the data points used in Figure 2.4.1.

Thus, there is a difference between the speed-flow relationships observed at a point
along the road and the speed-flow relationships determined by travel time surveys
through congested areas. For undersaturated conditions (q < qy), the two types of speeds
coincide. The difference between the two types of speed-flow relationships has not
always been understood clearly (see Akgelik 1996, BTCE 1996). This is also necessary
for an improved understanding of speed-flow relationships and the capacity concept for
uninterrupted and interrupted traffic facilitics (e.g. freeways and traffic signals,
respectively).

Figures 2.4.3 and 2.4.4 show the speed-flow relationships for uninterrupted and
interrupted traffic facilities, respectively.
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Uninterrupted Traffic Facilities

As seen in Figure 2.4.3, capacity for uninterrupted traffic facilities is the maximum flow
rate (Q. = q,). 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 (vp) and the free-flow speed (vg): v, < vy < vr. Region B represents the saturated
conditions behind a bottleneck point with flow rates below the capacity rate (qs < qn)
and the saturated flow speeds below the speed at capacity flow (0 < vs < vp)
In Region B, the flow rate is not the arrival (demand) flow rate. Tt is the flow rate based
on the number of vehicles passing an observation point along the road.

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 fravel speeds and demand flow
rates under oversaturated conditions. For region C, the flow rate js the demand flow rate
that exceeds the capacity value (q, > qq) as measured upstream of the gueues 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 queuning area to a point past the bottleneck point.
The speeds for Region C can only be measured by means of instrumented car surveys,
i.c. by travelling through the congested section of road, starting beyond the point where
the queues develop.

Model 4 given in Section 4.4 is a time-dependent speed-flow relationship model that
applies to both undersaturated and oversaturated conditions (Regions A and C).

Flow rate, q

Figure 2.4.3 - Speed as a function of flow rate:
uninterrupted flow conditions
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Interrupted Traffic Facilities

It is seen in Figure 2.4.4 for interrupted facilities that the capacity is obtained by
reducing the saturation flow rate, s by the proportion of time available for departure
from the quene, u. The saturation flow is used to approximate the maximum flow rate,
s = q, Different definitions of saturation flow to approximate the maximum flow rate
are used by different methods as discussed in Research Report ARR 340 (Akgelik,
Besley and Roper 1999, Section 12). Thus, the capacity is Q. = u s (at traffic signals, u
= g/ ¢ is the green time ratio where g is the effective green time and ¢ is the cycle time).

Average travel speeds with interruption (control) delays (vg) 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 < vy). The zero-flow
speed for interrupted traffic (Vo) includes the free-flow travel time for uninterrupted
travel (at vy) 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 (Akgelik, Besley and Roper 1999). This flow rate during the
green period increases to a maximum flow rate (qq). 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 traffic 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.

Speed reduction
due fo delay at Uninterrupted
traffic interruption traffic flow

Speed, v

Vi

Vy ] A: Qa‘-Qn

interrupted
traffic flow

Vd
Vi

C. ga>an
Va

C: ga> Qe

Flow rate, q

Figure 2.4.4 - Speed as a function of flow rate:
interrupted flow condifions
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3 DATA COLLECTION and ANALYSIS

This section discusses the method used for collecting data on the Eastern Freeway in
Melbourne. Issues related to data collection and analysis are discussed in detail.
The data collection method used in this study is based on measurement of headways,
speeds, occupancy and space times, and speeds for individual vehicles at a point on the
freeway. Other traffic parameters such as flow rate, density, spacing and occupancy
ratios were derived from these parameters using the equations given in Section 2.

A permanent VicRoads two-loop presence detection system linked to VDAS traffic
counters was used for data collection. The detection system and the characteristics of
the freeway survey site are described in Section 3.1. Data covered the full range of
traffic conditions from free-flowing to congested traffic (individual vehicle speeds were
in the range 10 - 132 km/h, and average speeds for 5-min intervals were in the range
36 - 103 km/h).

Travel speeds were also measured during the survey period using an instrumented car.
Comparison of speed data from the two survey methods is presented in Section 3.1.

A detailed discussion of the data analysis method using the two-loop presence detection
systern is presented in Section 3.2.

3.1 Data Collection

The measurement site was located in the Melbourne suburb of Kew on the Eastern
Freeway (F83) between Burke Road and Chandler Highway interchanges. A permanent
VicRoads detection site is located approximately half way between Burke Road and
Chandler Highway. Two inductive loops are installed in each lane of both carriageways
at this site. At this location the freeway consists of four traffic lanes in each direction.
During the morning peak survey period, the Westbound lanes have the following traffic
allocations:

(1) lanes one, two and three are general traffic lanes,
(ii) the left emergency lane may be used by buses, taxis and hire cars, and

(iii) lane 4 adjacent to the centre median operates as a transit (high occupancy vehicle)
lane for vehicles with two or more occupants.

The traffic at this location regularly becomes congested during the morning peak period.
The next intersection downstream from the survey site is Hoddle Street, which is a
signalised intersection some 3.2 km beyond Chandler Hwy. Table 3.1.1 shows the
relative distances around the survey site.

The two-loop presence detection system is shown in Figure 3.1.1. VDAS traffic
counters (Leschinski and Roper 1993; Akcelik, Besley and Roper 1999) were used to
record individual loop actuations continuously. Data collection was carried out between
6:30 am and 10:30 am on 3 September 1998 in lane 2 of each carriageway. Data
collected at this site were later processed to produce detailed information on an
individual vehicle basis and on a time aggregated basis (see Section 3.2).

ARRB Transport Research Ltd






35
Research Report ARR 341

Data was also collected using the ARRB TR developed Gipsitrac survey vehicle
travelling in the traffic stream. This vehicle completed twenty-four circuits of the
measurement section during the survey period.

The vehicle was driven in a manner intended to be as close as possible to the average
behaviour of the surrounding traffic. The relatively short length of the measurement
section did not allow the full floating car technique to be employed. This technique
would require the survey vehicle to balance the number of overtaking manoeuvres with
the number of vehicles which overtake it. On each circuit, the driver attempted to enter
the measured lane as soon as possible after entering the freeway and then adjust speed
and location to be approximately half way between the vehicle in front and the vehicle
behind. Whenever possible, the speed was adjusted to be as close as possible to the
vehicle in front.

The Gipsitrac vehicle records a range of road geometry and vehicle performance data
parameters continuously. After processing, the reported data is provided for every ten
metres of distance travelled. The primary data items used in this analysis were speed,
distance and reference point entries. Reference points were entered into the data file
during each circuit at the following locations.

o Atthe beginning of the section.

e As the vehicle entered the measured lane
¢ At the inductive loops.

¢ As the vehicle exited the measured lane.

s At the end of the section.

Eastern Fwy, Burke Rd to Chandler Hwy.
City bound.

Starl Burke Bd

Enter Lane 2

Exit Lane 2

End Chandler Hwy Loops

I |
-12
EAST {km)

Figure 3.1.2 - Part of map generated by the Gipsitrac vehicle showing
measurement site ( marked as '"Loops'’)
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During most of the circuits, the survey vehicle was able to enter lane 2 approximately
1000 m upstream of the loops and did not leave lane 2 until approximately 700 m
downstream of the loops. This allowed ample time for the vehicle to adjust correctly to
the behaviour of the surrounding traffic and thus provide at least 500 m of useable data
either side of the loops.

Figure 3.1.2 is an extract of part of the mapping information produced by the Gipsitrac
vehicle. The point where references were entered are clearly marked. Each scale
marker along the vehicle route represents 200 m while the kilometre markers represent
total travelled distance for the current file.

Weather conditions during the survey were fine and clear. Traffic conditions during the
survey period were considered "normal” (including regular congestion) for this section
of freeway. No unusual incidents were observed during the survey that would render the
data abnormal. The survey began before the height of the peak period and continued
until after the peak had dissipated. The congestion levels increased steadily during the
carly part of the survey to a point where at times the traffic briefly stopped. The extent
of congestion could be observed from the survey vehicle as it returned to the start of the
section along the opposite side of the freeway. It could be seen that the points where the
traffic was coming to a halt varied considerably along the measured section. In most
cases the heavily congested sections were surrounded by sections of more freely moving
traffic both upstream and downstream of the observed congestion. The speed - distance
profile produced using Gipsitrac travel speed data for the survey section (the first nine
runs) shown in Figure 3.1.3 indicates acceleration and deceleration manoguvres
involved in travelling through the survey section.

120

loops
—+—T7:02:39

—c— Ti08:52
—a— 711544
—a— Ti23:29
—u—T:31:20
——T:48:26
— 8:07:03

Speod (km/h}

o 100 200 300 400 500 600 700 800 800 1000
Distance {m)

Figure 3.1.3 - Speed - distance profile produced using Gipsitrac travel speed data
for the survey section on the Eastern Freeway between Burke Road and
Chandler Higlway
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3.2 Data Analysis Using the Two-Loop Presence Detection System

The two two-loop presence detection system used for data collection on the Eastern
Freeway is shown in Figure 3.1.1 in Section 3.1. The method used for measuring
individual vechicle parameters can be explained with the help of Figure 3.2.1. The
reader is referred to Figure 2.1.4 in Section 2.1 for a simpler diagram and discussion
that explains the basis of the diagram for the two-loop system.

Data for Individual Vehicles

In Figure 3.2.1, vehicles A and B (leading and following vehicles, respectively) are
shown during acceleration rather than constant speeds over the section with loops.
Acceleration and deceleration manoeuvres under saturated conditions, as seen in Figure
3.1.3 in Section 3.1, result in complications in data collection. This needs to be
understood in relation to the accuracy expected from data under these conditions.

The parameters related to the loop system are as follows:

Lot : detection zone length for detection zone 1
Ly . detection zone length for detection zone 2
Ly . djstance between the two detection zones (between the trailing edge of

detection zone 1 and the leading edge of detection zone 2)
Lpi+ Ly ¢ travel distance between the leading edges of the two detection zones
Ly+ Ly travel distance between the trailing edges of the two detection zones

For the two-loop system used on the Eastern freeway, detector loop sizes are the same (2
x 2 m inductive loops) with the distance between them L, = 3.0 m. Assuming that
effective detection zone length is the same as the foop length as discussed in Section 2.2,
detection zone lengths are equal: Ly = Ly = Lyz = 2.0 m. Thus, travel distances for the
Jeading and trailing edges are also equal: Ly + Ly = 5.0 m. These values have been used
in data analysis.

The raw data recorded by the VDAS unit are the base actuation times shown on the time
axis at the bottom of Figure 3.2,1. These are:

tja © the time when the leading (front) end of vehicle A enters detection zone 1
tira @ the time when the trailing (rear) end of vehicle B exits detection zone I
tara :  the time when the leading end of vehicle A enfers detection zone 2

trya : the time when the trailing end of vehicle A exits detection zone 2

g : the time when the leading end of vehicle B enters derection zone 1

tyrg : the time when the #railing (end of vehicle B exits detection zone 1

tyg : the time when the leading end of vehicle B enters detection zone 2

tb;rg ¢ the time when the trailing end of vehicle B exits detection zone 2

Using the raw data, the following quantities are calculated (see Figure 3.2.1y:

TLs : travel time between the leading edges of detection zones I and 2 for vehicle A

Tia = taa—tia (3.2.1)
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Trs : travel time between the trailing edges of detection zones I and 2 for vehicle A
Tra = tara—tTa (3.2.2)

Ty : travel time between the leading edges of detection zones 1 and 2 for vehicle B
Tig = tas—tis (3.2.3)

Trg : travel time between the frailing edges of detection zones 1 and 2 for vehicle B
TTB = t2TB et tlTB (324)

The speeds based on the leading edge and trailing edge mecasurements are calculated
from (given for vehicle A):

VL 3.6 Ly +Ly) / Tea=18/Tra (3.2.5)
v = 3.6({Ly+Ly2)/ Tra=18/Tra (3.2.6)

Headways, occupancy times and space times for individual vehicles as measured at the
leading edges of detection zones 1 and 2 are calculated as follows:

hie = tis—tiLa (3.2.7)
ho = tas - tora (3.2.8)
toran = Uira—tiLa (3.2.9)
toza = tota —l2ia (3.2.10)
tg = tis—tita (3.2.11)
te = tas—lara (3.2.12)

For increased data accuracy considering possible sampling errors involved in the
recording of loop data by the VDAS system, average headway, occupancy time, space
time and speed values are calculated as follows:

h = 0.5y +hy) (3.2.13)
e = 0.5 (tora + ta2a) (3.2.14)
te = 0.5(tg +ts2) (3.2.15)
va = 0.5(vp+vy) (3.2.16)

As seen in Figure 3.2.1, hi = tora + by, har = teoa + b, and h =, + t;.

As discussed in Section 2.1, the headway and space time parameters given by
Equations (3.2.13) and (3.2.15) 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. However, the occupancy time from Equation ( 3.2.14) is associated with the
leading vehicle (vehicle A) as it depends on the speed of vehicle A (vi, vr, Va as shown
in Figure 3.2.1).

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 loop system, the average speed v, represents the speed at mid-peint in time
between where speed v, occurs (at time tiLa + 0.5 Tpa) and speed v occurs (at time
tira + 0.5 Tra). In aggregating data, space-mean speed values of leading and trailing
speeds are obtained first, and the average speed is than found using Equation (3.2.16).
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Figure 3.2.1 - Time-distance diagram explaining the measurement of
traffic flow parameters with the two-loop presence detection system
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An acceleration rate based on the assumption of constant acceleration can be estimated
using the basic data as follows:

d = (VT - VL) / 1y (32 17)

where t, is the average occupancy time from Eguation (3.2.14), and vy, and vt are the
leading and trailing speeds from Eguations (3.2.5) and (3.2.6).

Similarly, the acceleration rate estimate with passage detection is:
a = (vpr—vp)/t, (3.2.17a)

This is relevant to the passage detection system used for collecting queue discharge
headways and speeds at signal stop line (Akgelik, Besley and Roper 1999).

For freeway data, the constant acceleration rate estimate from Eguation (3.2.17) could
be used to obtain speeds viLa, VaLa, ViTa, V2Ta fOr the front of the vehicle at base times
tiLa, T20A, tiTA, t2TA @S shown in Figure 3.2.1:

viza= vp~0.5aTpa (3.2.18a)
vaa= vo+05aTia (3.2.18b)
vita= vr—0.5aTra (3.2.18¢)
vora= VL+0.5aTrs (3.2.18d)

Therefore, vp = 0.5 (viL+vzr) and vr = 0.5 (vyr+var), and v, and vy represent average
speeds at mid-points of Ty, and Tt, times (however, the corresponding distances are not
at the mid-point of the travel distance).

However, preliminary analysis of data indicated that the acceleration rate estimates for
freeway data were not reliable due to the insufficient accuracy level of the speed and
occupancy time data obtained from the two-loop system. As a result, the headway,
occupancy time and space time values measured at the two loops are averaged for
improved accuracy levels. Similarly, the leading and trailing speeds based on the two
loops are averaged. The method presented here matches the average values of relevant
parameters. Importantly:

(1) Average speed from Equation (3.2.16) matches the average occupancy from
Equation (3.2.14) so that the basic relationship between speed and occupancy time
holds:

tb = h-t;=360,+L,)/v (3.2.19)

(i) The occupancy time for the leading vehicle is a component of the leading
headway. Therefore the average speed for the leading vehicle is used in
association with the leading headway and occupancy.

The average speed from Equation (3.2.16) differs from the following space-mean speed
used by VicRoads:

v, = 3.6 (L-p; + Lp2 +2 Ly ) / (TLA + Tra) = (3220)
2/(1/ve+1/vy)
36/ (Tra + Tra) for the two-loop system used for surveys

Il
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Figure 3.2.2 - Space-mean speed vs arithmetic mean using the space-mean
values of the leading and trailing speeds for the Eastern Freeway data
(average values for 5-min intervals)

The average speeds from Equation (3.2.20) and Equation (3.2.16) are very close as seen
from the comparison of the two speeds for the Eastern Freeway 5-min aggregate data in
Figure 3.2.2.

Data Aggregation to Determine Traffic Stream Parameters

Headway, occupancy time, space time and speed data for individual vehicles are
aggregated using the general principles presented in Section 2.2 in order to obtain
average values of vehicle parameters describing the characteristics of freeway traffic
flows. Other vehicle parameters such as spacing, vehicle length, etc. are not measured
directly as individual vehicle parameters. These and other traffic stream parameters
such as flow rate, density and occupancy ratios are calculated as average values using
average headway, occupancy time, space time and speed data.

Data for aggregation periods of 20 s, 1 min, 2 min, 5 min and 15 min were calculated.
Importantly, aggregate data (average parameter values) were always obtained from the
original individual vehicle data set, not from an aggregate data set for a shorter period
(e.g. 1-min averages are not obtained from 20-s averages). The method used for data
aggregation is described below.

Using individual vehicle data, calculate the average headway, occupancy time and space
time values for the analysis (aggregation) period as a simple arithmetic mean from:

h = Eh)/(-1) (3.2.21)
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tt = (Ety/@-1) (3.222)
t = (Sty)/@-1) (3.2.23)

where h; , t,;, t5; are the headway, occupancy time and space time values measured for jth
vehicle (from Equations (3.2.13) to (3.2.15)), n is the number of vehicles observed
during the analysis period, and summation is for (n — 1) vehicles.

The average values from Equations (3.2.21) to (3.2.23) should satisfy the general
relationship h = t, + t.

To calculate the average speed for the analysis period, use average values of travel times
between the leading edges of detection zones I and 2 (Tra) and between the trailing
edges of detection zones I and 2 (Tra):

Tia = (ETia)/ (1) (3.2.24)
Tra = (ETra)/(n—1) (3.2.25)

il

where Tpaj, Tra; are the values for the jth vehicle (from Equations (3.2.1) and (3.2.2)), n
is the number of vehicles observed during the analysis period, and summation is for
(n - 1) vehicles.

Calculate the average leading and trailing speeds from:
3.6 (Lpl + Ly) fTLa (3226)
3.6 (Ly+Lp)/ Tra (3.2.27)

VL

t

VT

where Ty and Tra are the average values for the analysis period, and Ty + Ly = Ly +
Lrpz =50m.

Note that v and vp from Egquations (3.2.26) and (3.2.27) are space-mean speeds
equivalent to:

VL (n—1)/% (1/vy) (3.2.28)

(n—D/Z (I/vy) (3.2.29)

vr

where v, vrj are the speed values measured for jth vehicle, n is the number of vehicles
observed during the analysis period, and summation is for (n - 1) vehicles.

Using the same formula as for the individual vehicles, calculate the average speed for
the traffic stream from:

va = 05(vp+vr) (3.2.30)

where vi, and vy are the average leading and trailing speed values (space-mean speeds)
for the analysis period.

Calculate average values of other traffic stream parameters for the analysis period from
the following equations using the average values of headway, occupancy time, space
time and speed calculated using equations given above. These equations are based on
presence detection. For the corresponding equations for passage detection, see
Section 2.2.
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Average spacing, Ly (m), gap length, Ly (m), vehicle length, L, (m):

Ly = hv,/3.6 (3.2.31)
Ly = Ly+tv/3.6=Ly+(h—t)va/3.6 (3.2.32)
L, = t,va/3.6-L, (3.2.33)

Average flow rate, q (veh/h), density, k (veh/km) and time and space occupancy ratios,
O, and O, (percentage):

q = 3600/h (3.2.34)
L, = 1000v/q (3.2.35)
k = 1000/Ly (3.2.36)
O = 100t,/h=100(L,+Ly) /Ly (3.2.37)
subject to O, <100 %
O, = 100L,/Ly (3.2.38)
where Ly, = 2.0 m.

Figure 3.2.3 shows comparison of flow rates calculaied from headway data
(Equation 3.2.34) and using the number of detector actuations (averages for 5-min
intervals). It is seen that flow rates from the number of detector actuations gave about 3
per cent higher values.
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Flow rate from average headway {veh/m)

Figure 3.2.3 - Comparison of flow rates calculated from headway data and detector
actuations (averages for 5-min intervals)
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Speed-Flow Data for Various Aggregation Periods

Speed-flow data for individual vehicles and for aggregation periods of 20 s, 1 min,
2 min, 5 min and 15 min are given in Figures 3.2.4 fo 3.2.10. Individual vehicle data
are given in two parts due to the maximum number of data points that can be handled by
the Excel spreadsheet application. The low speed points observed with individual
vehicle data are seen to be lost in data aggregation.

Comparison of In-Veliicle vs Loop Data

Speed - flow data using travel speeds obtained from the Gipsitrac vehicle are given in
Figures 3.2.11 to 3.2.16. These include results with travel speeds at the loop, over
100 m around the loop and over 400 m around the loop, each with flow rates measured
at the two-loop detection system and aggregated for I-minute and 5-minute periods. It
is seen that the speed - flow relationships are consistent independent of the flow rate
aggregation period and speed measurement distance. They are also comparable to the
speed-flow relationships obtained using the two-loop system.

Figures 3.2.17 to 3.2.22 show travel speed data from the Gipsitrac vehicle measured at
the loop, over 100 m around the loop and over 400 m around the loop, each against the
speed measured by the loop detectors (1-minute and 5-minute aggregation). Generally,
the two methods appear to compare reasonably well.

Figure 3.2.23 shows travel speed data from the Gipsitrac vehicle measured at the loop
vs speed measured by the loop detectors for Eastbound traffic (individual vehicles).
Figure 3.2.24 shows speed data measured using VDAS treadle switches vs speed data
from loop detection (from an earlier study).

These comparisons indicate that data collected by the two-loop system is generally
acceptable.

Frequency of Individual Vehicle Headways

Figures 3.2.4 and 3.2.5 indicate that a high frequency of small headways are observed
for individual vehicles at the survey site. Figures 3.2.25 and 3.2.26 show the
distribution of individual vehicle headways for speeds above 80 km/h (in 0.2 s
intervals). It is seen that, for example, the frequency of headways equal to or less than
1.60 s (instantaneous flow rates equal to or higher than 2250 veh/h) is 52 per cent, and
the frequency of headways equal to or less than 1.00 s (instantaneous flow rates equal to
or higher than 3600 veh/h) is 28 per cent. The minimum individual vehicle headways
observed are around 0.4 s, and individual vehicle spacings at this minimum headway are
around 11 m (see Figures 3.2.27 and 3.2.28). Also see the discussion on jam spacing in
Section 5.7.

As seen from Figures 3.2.6 to 3.2.10, the maximum flow rate is decreased with
increased aggregation periods due to the process of averaging. This issue is important in
defining the capacity of freeways. The US Highway Capacity Manual (TRB 1998)
defines capacity as the maximum flow rate that can be sustained during a reasonably
long period of time, and uses T¢ = 15 min for this purpose. For this period, the
maximum flow rate (capacity) is around 2300 veh/h (as seen from Figure 3.2.10), and
the corresponding average headway is 1.565 s. Figures 3.2.25 and 3.2.26 indicate that
about 50 per cent of individual vehicle headways are below this value.
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Figure 3.2.4 - Speed - flow data using individual vehicle data (6.30 - 8.20 am)
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Figure 3.2.5 - Speed - flow data using individual vehicle data (8.20 — 10.40 am)
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Figure 3.2.6 - Speed - flow data using 20-second aggregation period
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Figure 3.2.7 - Speed - flow data using I-minute aggregation period

ARRB Transport Research Lid



Speed (km/h)

Speed (km/)

47

Research Report ARR 341

120
& $ <,
; g 5 R, 0489
100 B8 B oaRES, S & %%
o o ° ° °
Q
60 b o0 —
<
o $00
o] o @
40 P <>§’>
¢ ° ° %@ 8
20 e
0
0 500 1000 1500 2000 2600 3000
Flow rate {veh/h}
Figure 3.2.8 - Speed - flow data using 2-minute aggregation period
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Figure 3.2.9 - Speed - flow data using 5-minute aggregation period
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Figure 3.2.11 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured at the loop and flow rates from the loop detectors (I-minute aggregation)
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Figure 3.2.12 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured at the loop and flow rates from the loop detectors (5-minute aggregation)
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Figure 3.2.13 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured over 100 m around the loop and flow rates from the loop detectors
(1-minute aggregation)
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Figure 3.2.14 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured over 100 m around the loop and flow rates from the loop detectors
(5-minute aggregation)
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Figure 3.2.15 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured over 400 m around the loop and flow rates from the loop detectors
(I-minute aggregation)
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Figure 3.2.16 - Speed - flow data using travel speeds from the Gipsitrac vehicle
measured over 400 m around the loop and flow rates from the loop detectors
(5-minute aggregation)
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Figure 3.2.17 - Speed data from the Gipsitrac vehicle at the loop vs
speed measured by the loop detectors (I-minute aggregation)
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Figure 3.2.18 - Speed data from the Gipsitrac vehicle at the loop vs
speed measured by the loop detectors (5-minute aggregation)
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Figure 3.2.19 - Speed data from the Gipsitrac vehicle over 100 m around the loop vs
speed measured by the loop detectors (1-minute aggregation)
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Figure 3.2.20 - Speed data from the Gipsitrac vehicle over 100 m around the loop vs
speed measured by the loop detectors (5-minute aggregation)
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Figure 3.2.21 - Speed data from the Gipsitrac vehicle over 400 m around the loop vs
speed measured by the loop detectors (I-minute aggregation)
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Figure 3.2.22 - Speed data from the Gipsitrac vehicle over 400 m around the loop vs
speed measured by the loop detectors (5-minufte aggregation)
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Figure 3.2.24 - Speed data measured using VDAS treadle switches vs
speed data from loop detection
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Figure 3.2.26 - Cumulative frequency distribution of individual vehicle headways
for speeds above 80 km/h
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Figure 3.2.27 - Individual vehicle speeds and headways for

speeds above 80 km/lt and headways below 1.6 s
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Figure 3.2.28 - Individual vehicle headways and spacings for

speeds above 80 km/h and headways below 1.6 s
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4 SIX ANALYTICAL TRAFFIC FLOW MODELS

There is a vast amount of literature on fundamental traffic relationships for
uninterrupted traffic flow offering empirical as well as theoretical models based on
car-following, hydrodynamic and kinetic theoties of traffic flow (e.g. Drew 1968, May
1990, TRB 1975, 1998). However, these models fail to provide a compiete description
of the speed, flow and density characteristics observed in practice for a full range of
flow conditions.

In this section, six analytical traffic flow models are presented including single-regime
and two-regime models. A single-regime model is a single function that applies to both
saturated and unsaturated flow conditions. A two-regime model consists of two
functions that apply to saturated and unsaturated flow conditions separately.

Models 3 and 6 are single-regime models. All other models are two-regime models.
Other combinations of two-regime models could be obtained by using Models 1, 2, 4
and 5 together, e.g. Models 4 and 2B. The two functions used for a two-regime model
must have the same values of maximum flow rate and the speed at maximum flow rate.

The models are presented as speed - flow rate relationships from which other
relationships such as speed - density, space time - speed and occupancy ratio - flow rate
can be derived using the fundamental relationships given in Section 2.

Calibration options and results obtained for these models are presented in Section 5.
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41 Model 1 Description

This is a two-piece model with two separate functions for unsaturated and saturated
regions of flow (Models 1A and IB, respectively). The two functions are used together
as one model with the same values of maximum flow rate and speed at maximum flow
(g, Vn) used for both functions.

Model 1A: Unsaturated Condifions

v = ve+byi(q/1000) @.1.1)
subject to p; > 0 and by < 0

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

b = —(vi—vn)/ (qu/ 1000)" 4.1.2)

where v, (km/h) is the speed at maximum flow rate, qq (veh/h) is the maximum flow
rate.

The model is expressed in the following form for calibration purposes using by from
Equation (4.1.2) in Equation (4.1.1).

p2
v = vi-(vi—va)(g/dn) (4.1.3)
subject to pa > 0

This model is identical to Model 1 used in ARR 340 (Akgelik, Besley and Roper 1999,
Section 10) for uninterrupted flows at signalised intersections.

Model 1B: Saturated Conditions

v = Ly(g/1000)+a (q/1000) (4.1.4)
subject to p; > 0 and a; > 0

where v (km/h) is the speed, g (veh/h) is the flow rate, Ly (m/veh) is jam spacing, and
ay, p1 are constants related through:

a2 =  (wm—Lu/ (Gl 1000 (4.1.5)

where q, (veb/h) is the maximum flow rate, and Ly, (m/veh) is the spacing at maximum
flow rate calculated from:

Liw = 1000 v,/qn (4.1.6)
where v, (km/h) is the speed at maximum flow rate.
From Egquation (4.1.5), jam spacing is:

Ly = Lun—ai(qu/ 1000y @.1.7)

The model is expressed in the following form for calibration purposes using a; from
Equation (4.1.5) with Ly, from Equation (4.1.6) in Equation (4.1.4):

v = Ly (q/1000)+ (vy— L Qa/ 1000) (q / qn)pE (4.1.8)
subject top; > 0
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4.2 WModel 2 Description

This is a two-piece model with two separate functions for unsaturated and saturated
regions of flow (Models 2A and 2B, respectively). The two functions are used together
as one model with the same values of maximum flow rate and speed at maximum flow
(qn, va) used for both functions.

Model 2A: Unsaturated Conditions

P
§ = Qull-(v=va)/(Ve=va) ] 4.2.1)
subject to p2 > 0

where q (veh/h) is the fiow rate, Qq (veh/h) is the maximum flow rate, v (km/h) is the
speed, vy (km/h) is the speed at maximum flow rate, v¢ (kmv/h) is the free-flow speed,
and p; is a constant:

The speed-flow function corresponding to Equation (4.2.1) is:

i
v = v+l va-DA-a/gq) ] (4.2.2)
subject to p2 > 0

This model is identical to Mode] 2 used in ARR 340 (Akgelik, Besley and Roper 1999,
Section 10) for uninterrupted flows at signalised intersections.

Model 2B: Saturated Conditions

P1
q = q@l-(-vim] (4.2.3)
subject to py > 0

where ¢ (veh/h) is the flow rate, gn (veh/h) is the maximum flow rate, v (km/h) is the
speed, v, (kivh) is the speed at maximum flow rate, and py is a constant.

The speed-flow function corresponding to Equation (4.2.3) is:

tpy
v = vy[1-(1-q/qn ] (4.2.4)
subject to p; > 0
Parameter p; can be determined from the constraint dv/dq = Ly; at v="0. This gives:

p1 = Lu/Ly (4.2.5)

This indicates that Model 2B is equivalent to Model 5 (Section 4.5) through
pi = Mg/ My.

From Equation (4.2.5), jam spacing is:
Ly = Lwn/p1 (4.2.6)
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4.3 Model 3 Description

This model covers both unsaturated and saturated conditions as a single model.
It is expressed as:

q = 1000v/[Ly+piv/(1=v/v) ] (4.3.1)
subject to p; > 0 and p; > 0

where g (veh/h) is the flow rate, v (kmvh) is the speed, v¢ (km/h) is the free-flow speed,
Ly (m/veh) is the jam density, and p;, p2 are constants related through:

ot = [Lim—La) A =val v 1/ va (4.3.2)

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

Lin = 1000 vy/qn (4.3.3)
where g, (veh/h) is the maximum flow rate.

From Eguation (4.3.2), jam spacing is:

Ly = Lin—[pve/(L=va/vd ) (4.3.4)

The model is expressed in the following form for calibration purposes using p; from
Equation (4.3.2) with Ly, from Equation (4.3.3) in Equation (4.3.1)

q = 1000/ (Lg/v)+(1000/qy — L /v (A =vu /v (L =V / Vf))pz] (4.3.5)
subject to py > 0

This model is identical to Model 3 used in ARR 340 (Akgelik, Besley and Roper 1999,
Section 10) for uninterrupted flows at signalised intersections.

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
approached zero in Region A (v > vt when g = 0). Model 3 given here is based on the
following spacing-speed relationship that satisfies this condition:

L = Ly+pv/(-v/v) (4.3.6)
subject to p; > O and 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.
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4.4 Model 4 Description

This model 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).
This model is identical to Model 4 used in ARR 340 (Akgelik, Besley and Roper 1999,
Section 10) for uninterrupted flows at signalised intersections.

This model can be used as a general travel time (cost) function for all types of
interrupted and uninterrupted traffic facilities for traffic planning purposes. A study in
the USA (Dowling, Singh and Cheng 1998) showed the validity of this model, and
emphasised its advantage in giving short computing times for iterative traffic
assignment purposes.

Model 4 is a general time-dependent model that applies to both unsaturated and
oversaturated conditions (see Section 2.4 for a general discussion on this subject). The
basis of the model is a queuing model that predicts delays to vehicles as additional
travel time above the zero-flow speed. For undersaturated conditions at uninterrupfed
traffic facilitics such as freeways (qa < Qo, V§ > Vu = v,), this delay is related to speed
reductions due to interactions between vehicles. Such delays are negligible for high-
type freeway facilities until flow rates approach capacity (high x values).

For oversaturated conditions when the demand flow rate exceeds the capacity (qa > qn),
significant quening delays occur upstream of the bottleneck point. For such conditions,
the model 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.

The model] is expressed as:

v = v/ {1+025vTs[z+sgrt @ +mex/ (ga T (4.4.1)
where v (km/h) is the speed, vi (km/h) is the free-flow speed, Ty (h) is the duration of the
analysis period, m is a constant and

z = x-1 (4.4.1a)
X ga/ Qn (4.4.1b)

where g, (veh/h) is the arrival (demand) flow rate, and qn (veh/h) is the maximum flow
rate.

H

Parameter m. is related to other parameters through:

m, = 16qn(ve/ va— 1/ (vf To) (4.4.2)
where v, (km/h) is the speed at maximum flow rate.
The spacing at maximum flow rate, Ly, (m/veh) can be calculated from:

Lyn = 1000 vy / (4.4.3)

The model is expressed in the following form for calibration purposes using mc from
Equation (4.4.2) in Equation (4.4.1):

v = ve/ {1+0.25veTelz+sqre @ + (16 (q/ qn) (Ve/ V= 1?7 (ve T NI
(4.4.4)
where z =(q/ qn) —1.
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Model 4 can also be used to represent Regions A’ and C for interrupted traffic facilities
(see Section 2.4). For this purpose, In the equations given above, free-flow speed (vy) is
replaced by zero-flow speed (Vof), and maximum flow rate (q.) is replaced by interrupted
traffic capacity (Qg). Values of parameter mc for interrupted traffic calculated from
Equation (4.4.2) differ significantly from the values of m. for uninterrupted traffic.

Model 4 with Initial Queued Demand

The following extended version of Model 4 has recently been described in Akgelik
(1999). Equation (4.4.1) assumes that the previous flow period is undersaturated, and
therefore there is no initial queued demand at the start of the current analysis period.
Thus, the initial queued demand is the residual queued demand at the end of the
previous oversaturated flow period as shown in Figure 4.4.1.

The following equation can be used to allow for the effect of initial queued demand for
uninterrupted traffic facilities:

v = vi/ {1 +025 v Ty [z + sqrt (2* + me x/ (g T + 2 me Ni/ (g Tf)z)]}
(4.4.5)

where vi, Tr, Me, X, Qn are as in Equation (4.4.1), and N; is the initial queued demand
observed at the start of the analysis period (vehicles), and parameter z is given by:

z = X-1+2N;/(gnTp (4.4.5a)
The model given by Equation (4.4.1) is obtained by putting N; = 0 in Equation (4.4.5).

Cumulative
arrivals and
departures

Duration of
ovarsaturation

Arrivals {Qa)
Area represents
delay to vehicles
arriving during T
Residual

Initial
queued

queued

demand, N; demand

Departures
(@)

Duration of current
flow period, T

Figure 4.4.1 - Deterministic queuing analysis with initial queued demand for the
extended form of Model 4
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4.5 Model! 5 Description

This is based on the exponential queue discharge speed and flow models for signalised
intersections given in ARR 340 (Akgelik, Besley and Roper 1999). For its application
to freeway traffic, it is considered as a model for saturated conditions only. The model
is expressed as:
\,'II
v o= vall=(-g/g) 9 4.5.1)

where v (kn/h) is the speed, v, (km/h) is the speed at maximum flow rate, q (veh/h) is
the flow rate, q, (veh/h) is the maximum flow rate, and m,, mg are constants related
through:

my = mq (Ltj/Lan) (4.5.2)

where Ly (m/veh) is the jam spacing, and Ly, (m/veh) is the spacing at maximum flow
rate:

Ly, = 1000 v,/ qn (4.5.3)
Therefore:

The flow rate - speed function corresponding to Eguation (4.5.1) is:

¢ = qull—(-v/w)" ™ 4.5.5)
From Egquation (4.5.4), jam spacing is:
Ly = 1000 v, (my/mg)/qn (4.5.6)

The model is expressed in the following form for calibration purposes using m./mgq from
Equation (4.5.4) in Equation (4.5.1):

v o= vall=(1—g/ gyt aoem 4.5.7)

Mode! 5 is equivalent to Model 2A (Section 4.2) through m,/mq = 1/p; when py in
Model 2A is set to satisfy the constraint dv/dq = Ly; at v = 0.
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4.6 WModel 6 Description

This is based on a model given in Akgelik (1974). As in the case of Model 3, this model
covers both unsaturated and saturated conditions as a single model. The model is
expressed as:

q = 1000v/[Ly(l-(v/v) ) ] @.6.1)

subjectto O < p; < 1.0and-1.0<ps < 0

where g (veh/h) is the flow rate, v (km/h) is the speed, vr (km/h) is the free-flow speed,
Ly; (m/veh)is the jam spacing, and pi, pz are constants related through:

1/pg
Pi 1/ pa(1— Lo/ Liw) )] (4.6.2)

;o= [1-(/va) 1/pi 4.6.22)

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

Lhn = 1000 Vn / qn (4.6.3)
where g, (veh/h) is maximum flow rate.

Thus, model parameters p; and pz together determine the following values of the ratio of
speed at maximum flow to free-flow speed, and the ratio of the spacing at maximum
flow to jam spacing:

[1=1/(ipD] (4.6.3)
13
1/(1—-pip2) . (4.6.3b)

Lpn/ Ly

]

v,/ Ve

This model is based on the following vehicle spacing-speed relationship:

Lo = Lyli-@/v) 17 (4.6.4)
Therefore, spacing at maximum flow is given by:

L= Lyl l=(/v) 1 4.6.5)
From Egquation (4.6.5), jam spacing 1s:

Ly= Lml[l= (va/v) 1 (4.6.6)

The model is expressed in the following form for calibration purposes using Ly; from
Equation (4.6.6) and Ly, from Equation (4.6.3) in Equation (4.6.1).

p p P
q = 0o (/v [(1=(vmd v Y (1= ) 1 (4.6.7)
sibject to 0 < py < 1.0and -1.0 < p; < 0
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Derivation of Model 6

Model 6 is derived from the following differential equation based on car-following
theory:

dvidk = -cv" k™ (4.6.8)

where v is speed, k is density, ! and m are model parameters (constants), and ¢ is a
parameter that is determined according to the values of [ and m. The speed-density
model is determined by integrating Equation (4.6.8) and applying various boundary
conditions.

1. v=vefork=0(alsoq=0)
v=0fork=kj(alsoq=0, Ly =Lg)

dg/dk = 0 for k = kq (where v=vy, q =(n, Ln = Lin)
dg/dk = v¢fork =0

dg/dk = 0 for k = k; (also q =0, Ly = L)

dv/dk =0 for k=0

dv/dk = 0 for k = k;{also q =0, L = L)

W Ny L kW

dv/dq = Ly for v=0 (alsoq=0,k=Xky)

Different models can be derived by selecting different values of parameters [ and m.
For conditions 1 to 4, the range of parameters are limited to 1.0 > m 2 0 and / > 1.0.
To satisfy all conditions, the range of parameters would be limited to 1.0 > m > 0
and [ > 2.0.

It is best to test the boundary conditions using models with speed, v in m/s, flow rate,
q in veh/s and density, k in veh/m so thatq =v k and Ly, = 1/k relationships apply with
correct units.

Model 6 given by Equation (4.6.1) 1s obtained by using parameters:

pr=1-m (4.6.9)
pp=-1/(-1)

Therefore the following constraints apply to these parameters:
10 > pp > O (4.6.10)

0 > p2 > -1.0

Table 4.6.] summarises parameter values and implied vu/ Ve Lin/Ly and
kn/kj = Lyj/ Lin ratios for several traditional models that can be derived from the
general form of Model 6.
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Table 4.6.1

Deriving various models given in the literature from the general form of Model 6

Model ! mo {pr=1-m pa=-1U(L-1}] Vv Lyw/L kn/Ki

Parabolic (Drew 1965, 1965-66) 1.5 0 1.00 -2.000 0.333 2.250 0.444
Linear (Greenshields 1934) 2.0 0 1.00 -1.000 0.500 2.000 0.500
Parabolic (Pipes 1967) 3.0 0 1.00 -0.500 0.667 1.732 0.577
Parabolic (Pipes 1967} 2.0 0.5 0.50 -1.000 0.444 3.000 0.333
Polynomial (Akcelik 1974) 25 0.5 0.50 -0.667 0.563 2520 0.397
Polynomial for freeway traffic 2.8 0.8 0.20 -0.556 0.590 3.504 0.278
(May and Keller 1967, 1968)

Poiynomial for tunnet traffic 2.1 0.6 0.40 -0.909 0.461 3,325 0301
(May and Keller 1967, 1968)
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5 MODEL CALIBRATION RESULTS

Six analytical flow models for freeways described in Section 4 include various single-
regime and two-regime models. A single-regime model is a single function that applies
to both saturated and unsaturated flow conditions. A two-regime model consists of two
functions that apply to saturated and unsaturated flow conditions separately.

This section presents the model calibration results for the Eastern Freeway site.
A constrained non-linear regression analysis method was used for model calibration.
Regression analyses were carried out using data aggregated for S-min intervals. This
interval was chosen as the most appropriate interval for the purpose of evaluating
alternative models.

Several regression options are tried for each model with different model parameters
specified. Results for Models 1 to 6 are presented in Sections 5.1 to 5.6. A discussion
of the calibration results is given in Section 5.7.

Tn Section 5.8, graphs showing fundamental relationships with measured data and model
predictions are presented for Model 4+5 (combination of Medel 4 for unsaturated
conditions and Model 5 for saturated conditions).

Free-Flow Speed

Before regression analysis, the free flow speed (v¢) was estimated by means of a simple
trendline analysis using Excel, For this purpose, high speed data with average vehicle
spacing over 60 m were selected. This coincided with flow rates below about 1600
veh/h in the unsaturated flow region. Trendline equation is vp = 101.08 - 0.0005 q,
predicting ve values in the range 101.0 to 101.4 km/h. Thus, speeds for low to medium
flow rates in unsaturated conditions are fairly constant. This is in line with the method
recommended in the US Highway Capacity Manual which defines the free-flow speed
as the "mean speed of passenger cars measured under low to moderate flows up to 1300
passenger car unit per hour per lane" (Schoen, et al. 1995; TRB 1998). The results
obtained here included some heavy vehicle data but the effect is expected be minimal
due to the low percentage of heavy vehicles in the stream (3 %).

Average vehicle length for the Eastern Freeway data was estimated to be Ly = 4.4 m.
This also indicates the dominance of light vehicles.

In most cases, vi = 101 km/h was specified as input in the regression analyses. When
not specified, v¢ in the range 96 to 102 km/h were found by regression analyses for
different models (v¢ = 100.5 km/h by Model 2A and vr = 100.3 km/h by Model 4
provided the best predictions). Thus, the free-flow speed is found to be very close to the
speed limit of 100 km/h for this freeway.
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Regression Method

Speed-flow regressions were performed using the SPSS for Windows package (Norusis
and SPSS Inc. 1993). SPSS Version 8.0 (1997) was used for the analyses. The
Constrained Non-Linear Regression (CNLR) procedure was used for all options of all
models. This procedure allows constraints for each of the estimated parameters to be
defined to ensure that only estimates within a reasonable range of values are returned.
No data weighting was used in the analyses.

Regression results indicated that, in most cases, confidence intervals span very large
ranges. Norusis (1993, p. 221) explains that it is not possible to obtain exact confidence
intervals with non-linear regression. More importantly, small number of data points in
the aggregated data set is likely to have caused this problem.

With the non-linear regression method employed, it was found necessary to provide
realistic starting values for the estimated parameters prior to the regression analysis,
otherwise the regression tended to return an invalid result.

Parameter Constraints

The following constraints were applied in regression analyses based on the preliminary
analysis of this data set:

(1) Estimate of the free-flow speed (vy) was restricted to the range 90 < vi < 110

km/h.

(i1) Estimate of the speed at maximum flow (v,) was restricted to the range 60 < v, <
90 km/h.

(iii)  Estimate of the maximum flow (qn) was restricted to the range 2200 < g, < 2800
veh/h.

(iv)  Bstimate of the jam spacing (Ly) was restricted to the range Ly > 6 m/veh
(equivalent to a jam density of 167 veh/km).

(v)  Model | parameters were restricted to py > 0 and p > 0.
(vi) Model 2 parameters were restricted to p; > 0, and p > 0.
(vii) Model 3 parameters were restricted to p; >0, and p2 > 0.

(viii) Model 5 parameter was restricted to my/m, > O (results from other parameters
estimated).

(ix) Model 6 parameters were restricted to 0 < py < 1.0, and -1.0 < p2 < 0.
In Model 4, parameter m > O results from the other parameters estimated.

In the case of the two-piece models 1 and 2, simultancous regressions were performed
on both sections of the model. This is possible by combining the mode! equation with a
logical expression that defines which cases should be used for each section of the
model. In this case, the actual speed variable (v,) was used to select which cases fo use
with each section based on the starting value of vy, usually 85.

When v¢ was specified, data points with v > v¢ were eliminated from regression.
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Model Details

The speed - flow equation used for regression purposes is given for each model. Refer
to Section 4 for detailed description of each model. The spacing at maximum flow was
always calculated from the general relationship Lin = 1000 vu / qn. The symbols used
for traffic parameters in Sections 5.1 fo 5.6 are:

vy free-flow speed (km/h)

v, : speed at maximum flow rate (km/h)

an . maximum flow rate (veh/h)

Ly : jamspacing (m/veh)

I, : spacingat maximum flow rate (m/veh)

Tr : duration of the analysis (data aggregation) period (h) used in Model 4 only.

In Tables 5.1 ro 5.6, 95% Confidence Intervals (C.1.) are given for all estimated
parameters, except when they are too large to display.
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5.1 Model 1 Calibration Resulis

Model 1 consists of Model 1A for unsaturated conditions and Model 1B for saturated
conditions which are calibrated together as one model (the same value of v, and gn

apply).
Model 1A:
v = vi—(vi—Vn) (q/qn)pz (5.1.1)
subject to pz > 0
Model 1B:

v = Ly(g/1000)+ (vy— Liqn/ 1000) G/ G) (5.1.2)
subjecttop; > 0

The following calibration options were tested:

h.

Specify: none. Estimate v¢, Vi, qn, Ly, p1, p2. Calculate ay, by, Lhn.

Specify vs = 101 km/h. Estimate vy, qu, L, P1, p2. Calculate ay, bi, Ly

Specify v, = 85 km/h. Estimate vy, Qu, Lnj, P1s P2. Calculate a;, by, L.

Specify g, = 2500 veh/h. vg, vy, Ltj, P1> P2- Calculate ag, by, Ly

Specify ve= 101 km/h, v, = 85 km/h. Estimate Ly, gn, P, P2- Calculate a;, by, Ly,

Specify v, = 85 km/h, g, = 2500 veh/h (therefore Ly, = 34.0 m). Estimate vg, Lij P1s
p2. Calculate ag, by, Lin.

Specify vi = 101 km/h, g, = 2500 veh/h. Estimate vy, Ly, p1, p2. Calculate aj, b,
Lhn.

Specify v¢ = 101 km/h, vy = 85 km/h, q, = 2500 veh/h (therefore Lin = 34.0 m),
Estimate Ly, p1, p2- Calculate ag, by, Lyn.

Specify v, = 85 km/h, gn = 2500 veh/h (therefore Ly = 34.0 m), Ly; = 7.5 m/veh.
Estimate vy, p1, p2. Calculate ay, by, Lan.

Specify v¢= 101 km/h, v, = 85 km/h, q, = 2500 veh/h (therefore Ly, = 34.0 m), Ly =
7.5 m/veh. Estimate py, pz. Calculate ay, by, Lin.

The results are presented in Table 5.1.
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Option Vi Vn dn Ly P P2 ay by Lin
a 99.7 73.0 2588 12.3 2.55 26.9 3.65 -2.1E-10 28.2
95% C.I. | 983- 50.7 - 2429 - -87 - -11.8- -27.8- - -
101.0 95.2 2478 i12 16.9 81.6
Estimated Estimated Estimated Estimated Estimated Estimated Cafeulated Calculated Calculated
b 101 74.7 2620 12.2 2.55 16.3 3.67 -4E-06 28.5
95% C.L - 51.5- 2441 - -92.7 - -i2.5-  0.576- - - .
97.8 2799 117.2 17.6 32.0
Specified Estimated Estimated Estimated Estimated Estimated Calculated Calculated Calculated
c 89.7 85 2550 20.5 8.37 21.4 0.0130 -3E-08 33.3
95% C.|. 98.3 - - 2342 - 14.3 - -8.4 - -12.0- - - -
1011 2758 26.6 25.1 54.7
Estimated Specifled Estimated Estimated Estimated Estimated Calculated Calculated Calculated
d 899.7 88.3 2500 21.3 12.3 25.3 0.0005 -1E-08 35.3
95% C.l. | 983- 65.4 - - i7.9- -8.28 - -18.9 - - - -
101.1 11141 24.8 328 69.4
Estimated Estimated Specified Estimated Estimated Estimated Calculated Calculated Calculated
e 101 85 2575 201 7.4 13.4 0.0284 -5E-05 33.0
85% C.1. - - 2097 - 12.1- .956-  -0.187 - . - -
2853 28.1 24.4 27.0
Specitied Specified Estimated Estimated Estimated Estimated Calculated Calculated Calculated
f 98.7 85 2500 21.1 10.8 22.8 0.0016 -1.2E-08 34.0
95% C.L. | 98.3- - - 16.9 - -8.29 - 3.7 - . - -
101.1 25.2 29.9 49.3
Estimated Specified Specified Estimated Estimated Eslimated Calcutated Cafculated Calculated
g 101 87.9 2500 21.3 12.1 16.7 0.0005 -2.9E-06 3541
895% C.L - 67.5 - - 17.7-250 -9.2- 0.758 - - - -
107.9 33.4 3.7
Specified Estimated Specitied Estimated Esiimated Estimated Calcufated Calculated Calculated
h 101 85 2500 21.1 10.8 17.6 0.0016 -1.6E-06 34.0
95% C.I. - - - 16.7 - -9.1- 3.1- - - -
25.4 30.7 32.1
Specified Specified Specified Estimated Estimated Estimated Calculated Calculated Calculated
i 93.8 85 2500 7.5 3.42 22.8 288 -1.2E-08 34.0
95% C.l. | 98.1- - . - -4.38 - 74 - - - .
101.4 112 52.7
Estimated Specifled Specified Specified Eslimated Estimated Calculated Calculated Calculated
j 101 85 2500 7.5 3.42 17.6 2.88 -1.6E-06 34.0
85% C.I. - - - - -4.6- 1.35 - - - -
11.5 339
Specified Specified Specified Specified Estimated Estimated Calcufated Calcutated Calculated
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5.2 Model 2 Calibration Resuits

Model 2 consists of Model 2A for unsaturated conditions and Model 2B for saturated
conditions which are calibrated together as one mode! (the same value of v, and Qn

apply).
Maodel 2A:

P2
q = Ql-v-va)/(vi=va)) | (5.2.1)
subject to p; > 0

Model 2B:

q = qull-(-v/v) (5.2.2)
subject top; > 0

The following calibration options were tested:

a. Specify: none. Estimate v, Vn, Gn, P1: P2- Calculate Lyq, Lp;.

b. Specify v¢= 101 km/h. Estimate vy, qu, P1, p2. Calculate Ly, |

c. Specify vq =85 km/h. Estimate v, gn, P1, p2. Calculate Ly, Ly

d. Specify qn = 2500 veh/h. Estimate vg, vy, p1, p2. Calculate Lia, L.

e. Specify vg= 101 km/h, v, = 85 km/h. Estimate qn, pi1, P2 Calculate Liy, L.

f.  Specify vi = 101 km/h, g, = 2500 veh/h. Estimate v, p1, P2 Calculate L, Ly
g. Specify v, =85 km/h, g, = 2500 veh/h. Estimate vy, p1, p2. Calculate Lin, Ly

h. Specify v = 101 km/h, vy = 85 km/h, g, = 2500 veh/h (therefore Ly, = 34.0 m).
Estimate py, p2. Calculate Lin, Luj.

The results are presented in Table 5.2.
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Option Vs Vi Un ™ Pa Ly Lhn
a 100.5 83.4 2513 2.01 215 16.5 33.2
95% C.1. 96.6 - 269 - 118 - 5.7 - -557 - - -
104.3 436 5144 9.7 600
Estimated Estimated Estimated Estimated Estimated Calculated  Calfculated
b 101 84.0 2513 2.03 12.8 16.5 33.4
95% C.I. - 218 - at4 - 4.7 - -290 - - -
386 4711 8.7 316
Specified Estimated Estimated Estimated Estimated  Calculated  Catculated
c 100.2 85 2513 2.07 291 16.4 33.8
95% C.l. 96.9 - . -150 - -6.5 - -886 - - -
103.4 5175 10.6 944
Estimated Specified Estimated Estimated  Estimated  Calculated  Calculated
d 100.3 81.8 2500 1.97 26.3 16.6 32.7
95% C.l. 96.8 - 245 - - 5.3 - -590 - - -
103.4 409 9.2 643
Estimated Estimated Specified Estimated Estimated Calculated Calculated
e 101 85 2513 2.06 12.7 16.5 33.8
95% C.1. - 320 - 4.9 - 314 - - -
4705 9.0 339
Specified Specified Estimated Estimated Estimated  Calculated  Calcutaled
f 101 82.1 2500 1.99 15.4 16.6 32.8
95% C.I. - 207 - - 4.4 - -305 - - -
371 8.4 336
Specified Estimated Specified Estimated Estimated  Calculated  Calculated
g 100.4 85 2500 2.1 21.3 16.2 34.0
95% C.I. 96.7 - - - 58- -583 - - -
104.0 10.0 626
Estimated Specified Specified Estimated Estimated  Calculated  Calculated
h 101 85 2500 2.1 12.9 16.2 34.0
95% C.1. - - - -4.8 - -301 - - -
9.0 327
Specified Specified Specified Estimated Estimated Calculated  Calculated
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5.3 Model 3 Calibration Results

Model 3 is a single regime model that covers both unsaturated and saturated conditions:

q = 1000/[ @y/v)+ (1000 / gn — L / va) (L = vy / ve) /(1 —V/Vf))pz] (5.3.1)
subject to p; > 0

The following calibration options were tested with Model 3:

a. Specify: none. Estimate vr, Vu, qn, Lty P2 Calculate py, Luon.

=3

Specify vi= 101 km/h. Estimate vn, qn, Ly, p2. Calculate py, Lin.
c. Specify vi= 101 km/h, v, = 85 km/h. Estimate gn, Lj, P2. Calculate p1, Lin.
d. Specify vi= 101 knv/h, g, = 2500 veh/h. Estimate vy, L, pz- Calculate pi, Lin.

e. Specify ve = 101 km/h, v, = 85 km/h, g, = 2500 veh/h (therefore Ly, = 34.0 m).
Estimate Ly, p2. Calculate py.

f. Specify v, = 85 km/h @n = 2500 veh/h (therefore Ly, = 34.0 m) and Ly = 7.5 m.
Estimate p; and v. Calcuiate pr.

g. Specify: vy = 101 km/h, v, = 85 km/h, g, = 2500 veh/h (therefore Ly, = 34.0 m) and
Ly =7.5m. No estimation. Calculate p; and pa.

The results are presented in Table 5.3. With Option g, p; = 0.279 and p; = 0.060 were
found. These parameters did not produce good predictions for saturated conditions due
to the low value of jam spacing specified (Lyj = 7.5 m). With v¢= 101 km/h, v, = 85
km/h, gn.= 2500 veh/h (therefore Lin = 34.0 m) and Ly; =12.0 m specified, p; = 0.215
and p; = 0.100 were found to give improved estimates.
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Table 5.3

Parameters for Model 3 (saturated and unsaturated conditions)
with various calibration options

Option Vi Vo Qn Ly Pa P1 Lin
a 971 65.8 2226 10.3 0.155 0.246 29.6
95% C.1. -3 - * * 6.4 - 18- - -
277 27.0 2.1
Estimated Estimated Estimated  Estimated  Estimated Calculated  Caiculated
b 101 801 2212 10.5 0.186 0.239 36.2
95% C.L - - . 27- 0.044 - .
18.3 0.329
Specified Estimated Estimated  Estimated Estimated  Calculaled  Calculated
c 101 85 2200 114 0.197 0.226 39.6
95% C.l. - - * 3.5- 0.05 - - -
18.6 0.344
Specified  Specified  Estimated Estimated  Estimated  Calculated  Calculated
d 101 761 2500 14.2 0.287 0.143 30.4
95% C.L - . - 8.0- 0.106 - - -
20.4 0.468
Specified  Estimated  Specified  Estimated Estimated  Calculated  Calculated
e 101 85 2500 15.4 0.314 0.123 34.0
95% C.\. - - - 9.3- 0.110 - - .
21.5 0517
Specified  Specified  Specified Estimated  Estimated  Calculated  Calculated
f 101 66.5 2500 7.5 0.204 0.231 26.6
95% C.I. - * - - 0.057 - - -
0.351
Specified Estimated Specified Specitied Estimated Calculated Calculated
g 101 85 2500 7.5 0.279 0.060 34.0
95% C.\. . - - . - - .
Specitied Specified Specitied Specified Calculated  Calculated Calculated

Note: 95% C.!. values marked with an asterisk are too large to display.
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5.4 WModel 4 Calibration Resulits

Although Model 4 is a general time-dependent model that applies to both unsaturated
and oversaturated conditions (demand flow rate larger than the maximum flow rate},
calibration was carried out for unsaturated conditions only (speed less than the speed at
maximum flow rate) due to the nature of data available. The simple form of the model
with no initial queued demand was used as relevant to unsaturated conditions.

v = vi/ {1 +025viTi [z + sqrt (z* + (16 (q/ qu} (Ve/ Vo — )/ (Vfo)2 N}
(5.4.1)

where z = (q/ gn) —1.
The following calibration options were tested with Model 4:

a. Specify: T¢ = 0.0833 h (5-min analysis period). Estimate vy, Vo, Q. Calculate mg,
Lhn-

b. Specify Tr=0.0833 h, v¢= 101 kmv/h. Estimate vy, qq. Calculate mg, Lin.
c. Specify Tr=0.0833 h, vi= 101 knv/h, v, = 85 km/h. Estimate gp. Calculate me, Lyn-

d. Specify T¢= 0.0833 h, v¢ = 101 km/h, g, = 2500 veh/h. Estimate v, Calculate m,
Lhn‘

e. Specify v¢ = 101 kmv/h, v, = 85 km/h, q, = 2500 veh/h (therefore Lin = 34.0 m).
Estimate vi. Calculate mc.

f. Specify Tr = 0.0833 h, v, = 85 kin/h, ¢, = 2500 veh/h (therefore Ly, = 34.0 m).
Estimate v¢. Calculate mc,

g. Specify Ty = 0.0833 h, v§ = 101 km/h, v, = 90 km/h, qp = 2500 veh/h, No
estimation. Calculate mg, L.

The results are presented in Table 5.4.

Calibration of the Following Steady-State Form of Model 4

Calibration of the following steady-state form of Model 4 was also undertaken in order
to estimate parameter m, independently of the flow period (Tp):

v = vi/[L+ vime/ (8 qa (qn/ q— 1))] (5.4.2)
subject to g/ qn < 0.95

This method requires elimination of data points with flow rates greater than 95 per cent
of the maximum flow rate. When q, is not specified (i.c. to be estimated from
regression), an iterative process is performed where an initial estimate of gx is provided.

The steady-state form of Model 4 assumes that the demand flow period lasts for an
infinite period of time. As a result, the function is defined only for conditions below the
maximum flow rate. This requires the calculation of the speed at maximum flow rate,
v, (km/h) from the time-dependent form:

v, = vi/ (14025 vesqrt(meTe/qn)) (5.4.3)
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The following calibration results were obtained for the steady-state form of Model 4
(T = 0.0833 h was used for calculating v, for all calibration options listed).

(i) With no parameters specified, ve = 100.2 km/h, g, = 2500 veh/h, m. = 0.70 were
estimated, and v, = 89.1 km/h and Ly, = 35.7 m were calculated. This supported
calibration results using the time-dependent form of the model.

(ify With v¢ = 101 kmv/h specified, q, = 2800 veh/h, m, = 2.50 were estimated, and
v, = 82.9 km/h and Li, = 29.6 m were calculated. The capacity estimate was too
high in this case.

(iii) With g, = 2500 veh/h specified, ve = 99.9 km/h, m, = 0.21 were estimated, and
vy, = 93.6 km/h and Ly, = 37.5 m were calculated.

(iv) With v¢ = 101 km/h, g, = 2500 veh/h specified, m; = 0.64 was estimated, and
v, = 90.4 kmv/h and Ly, = 36.2 m were calculated.

Generally, these results support the calibration results obtained using the time-dependent
form of Model 4 (given in Table 5.4) although the use of the steady-state form of the
mode! suffered from the lack of reduced speed values as the flow rate approached
capacity (resulting from the constraint q / g, < 0.95).
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Table 5.4

Parameters for Model 4 (unsaturated conditions)
with various calibration options

Option v Vn On T; mg Lhn
a 100.3 90.0 2491 ¢.0833 0.625 361
95% C.I. 97.3 - -65 - 48 - - - -
103.3 245 4933
Estimated Estimated Estimated Specified  Calculated  Calculated
b 101 90.0 2487 0.0833 0.70 36.2
95% C.1. - 51 - 254 - - - -
231 4721
Specitied Estimated Estimated Specified  Calculated  Calcutated
c 101 85 2629 0.0833 1.754 32.3
95% C.L. - - -1000 - - - -
6259
Specified  Specitied  Estimated Specified  Calculated  Calculated
d 101 89.5 2500 0.0833 0.777 35.8
95% C.I. - -63 - - - - -
242
Specified Estimated  Specified Specifled  Calculated  Calculated
e 101 85 2500 0.1763 0.788 34.0
95% C.1L. - - - -4.8 - - -
5.24
Specified Specified Specified Estimated  Calculated  Calculated
f 101.3 85 2500 0.0833 1.717 34.0
95% C.I. 97.% - - - - -
105.5
Estimated Specified Specified Specifled  Calculated  Caiculated
g 101 90 2500 0.0833 0.703 36.0
95% C.I. . . - - -
Specified  Specified  Specified  Specified  Calculated Calculated
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5.5 Model 5 Calibration Results

This model applies for saturated conditions only. The model is expressed as:

Vo= vall-(1-g/gn® a0 (55.1)
The following calibration options wete tested with Model 5:

a. Specify: none. Estimate: vy, Qu, Lyj. Calculate Lin, m,/mg.

o

Specify v, = 85 km/h. Estimate gy, Lyj. Calculate Lin, my/my.
c. Specify v, =83 km/h, gn.= 2500 vehvh. Estimate Ly;. Calculate m,/mg.

d. Specify: vq = 85 km/h, qu.= 2500 veh/h (therefore Ly, = 34.0 m), Estimate L.
Calculate my/my.

e. Specify: vq =85 km/h, Ly = 7.5 m. Estimate q,. Calculate Ly, my/my.

f. Specify v, = 90 km/h, gn = 2500 veh/h (therefore Ly, = 36.0 m) and Ly = 15.0 m.
No estimation. Calculate Lyy,, my/mg.

An additional option was also tested:

dl. Specify: v, = 90 km/h, g, = 2500 veh/h (therefore Lin = 34.0 m). Estimate Ly;.
Calculate my/my.

The results are presented in Table 5.5.
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Table 5.5

Parameters for Model 5 (saturated conditions)

with various calibration options

Option Vn On Ly my/My Lin
a 90.0 2570 16.5 0.470 35.0
95% C.I. -993 - -4B58 - 9.9- - -
1174 9999 42.8
Estimated  Estimated Estimated  Caiculated  Calculated
b 85 2538 16.6 0.496 33.5
95% C.. - -3982 - -B.5 - - -
9057 41.7
Specified Estimated Estimated Calculated Calculated
c 81.7 2500 16.6 0.507 32.7
95% C.I. -58.9 - - 6.4 - - -
75.2 395
Estimated Specified Estimated  Calculated  Calculated
d 85 2500 16.2 0.477 34.0
95% C.l. - - -5.9- - -
39.5
Specified  Specified  Estimated Calculated  Calcutated
d1 a0 2500 18.0 0.499 34.0
95% C.L - - -40.0 — - -
28.3
Specified  Specliied  Estimated Calculated  Calculated
e 85 2200 7.5 0.194 38.6
95% C.L - 1891 - - .
2508
Specified Estimated  Specified Calculated  Calculated
f a0 2500 15.0 0.417 36.0
895% C.1. - - - - -
Specified Specified Specified Calculated  Caleulated
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5.6 Model 6 Calibration Results

Like Model 3, this is a single regime model that covers both unsaturated and saturated
conditions:

p P1 P
g = GO (=l v Y (L= /v 1 (5.6.1)
subjectto 0 < p; < 1.0 and -1.0 < p2 <0
using "
2
po= 1/0p2 (1 -/ Lim) )] (5.6.2)

The following calibration options were tested with Model 6:

a. Specify: none. Estimate: ¥i, Vu, gn, Pi> P2- Calculate Lig, Ly

b. Specify vi= 101 km/h. Estimate: vy, qn, Pi, p2- Calculate Ly, Ly

c. Specify v¢= 101 km/h, v, = 85 km/h. Estimate gy, p1, p2- Calculate Lig, L.
d. Specify v¢ = 101 kmv/h, qn = 2500 veh/h. Estimate vn, p1, p2. Calculate Ly, Ly

e. Specify ve = 101 km/h, v, = 85 km/h, ¢a = 2500 veh/h (therefore Ly, = 34.0 m).
Estimate p,, p2. Calculate Ly;.

f. Specify vi = 101 km/h, g, = 2500 veh/h and Ly = 7.5 m. Estimate p; and vr.
Calculate py.

g. Specify: ve= 101 km/h, v, = 85 km/h, gq = 2500 veh/h (therefore Ly, = 34.0 m) and
Ly =7.5m. No estimation, Calculate p; and pa.

The results are presented in Table 5.6. With Option g, pi =0.0009 and p2 = -0.172 were
found. These parameters did not produce good predictions for saturated conditions.
This could be improved using a lower value of v,. With v¢ = 101 km/h, v, = 80 km/h,
gn = 2500 veh/h (therefore Ly, = 32.0 m) and Ly; =7.5 m specified, p; = 0.0087 and
pa = -0.234 were found (o give improved estimates.
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Table 5.6

Parameters for Model 6 (satur
with various calibration options

-ated and unsaturated conditions)

Option Vi Vn n o pa L Lin
a 102.0 75.1 2461 0.014 -0.298 6.0 305
95% C.l. 99.% - * - -4.9 - -0.55 - - -
104.9 4.9 -0.042
Estimated Estimated  Estimated Estimated Estimated  Calcutated Calculated
b 101 83.6 2485 0.005 -0.248 8.0 33.7
95% C.l. - - * -4.25 - -0.372 - - .
4.26 -0.124
Specified Estimated Estimated  Estimated Estimated  Calculated  Caleulated
c 101 85 2470 0.005 -0.248 6.0 34.4
95% C.l. - - * -4.26 - -0.368 - - -
4.27 -0.127
Specified Specified  Estimated Estimaled  Estimated  Calculated Calculated
d 101 81.4 2500 0.005 -0.248 6.0 32.6
85% C.l. - * - -4.15 - -0.365 - - -
4.16 0,131
Specified  Estimated Specified  Estimated Estimated  Calcuiated  Calcutated
e 101 85 2500 0.0056 -0.250 6.0 34.0
95% C.. - - -4.33 - -0.374 - - -
4.34 -0.126
Specified  Specified Specified  Estimated Estimated  Calfculated  Calculated
f 101 76.1 2500 0.0125 -0.248 7.5
85% C.l. - * - -4.19 - -0.366 - - -
4.22 -0.130
Specified  Estimated Specified  Estmated  Estimated Specified  Calculated
g 101 85 2500 0.0009 -0.172 7.5 34.0
95% C.1. - - - - . -
Specified  Specified Specified  Calculated Calculated  Specified  Calculated

Note: 95% C.l. values marked with an asterisk are 100 large to display.
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5.7 Discussion of Calibration Results

Calibration results for six analytical models presented in Sections 5.1 to 5.6 for the
survey site on the Eastern Freeway in Melbourne on the basis of average traffic stream
data using 5-min aggregation period are summarised in Table 5.7. The results are given
for the case when the free-flow speed of ve= 101 km/h is specified and other parameters
are estimated using the constrained non-linear regression method (Calibration Option b
for each model). The free-flow specified is based on direct estimation of this parameter
using high-speed data with average vehicle spacing over 60 m.

Although all models gave generally satisfactory results, two-regime models provided
more flexibility in calibration against saturated and unsaturated conditions, especially
when some parameters were specified. It was noted that Models 3 and 6 were “lazy” in
terms of flow rates calculated when speed approaches the free-flow speed. For example,
Model 6 gives q = 1600 veh/h for v / vi = 0.999. Because of this feature, the use of
Models 3 and 6 could be limited to the saturated region only as a component of two-
regime models.

By inspecting the graphs of predicted traffic flow parameters against measured values
(see Section 5.8), it was found that Models 4 and 5 together as a two-regime model
("Model 445") provided the best estimates of traffic characteristics for this site.
The parameter values selected as representing traffic at the survey site, based on the use
of Model 445, are given in Table 5.7.

Table 5.7

Summary of parameters for Models 1 to 6 for Calibration Opfion b
with the free-flow speed specified as vg = 101 km/h (Ty= 0.0833 h for Model 4)

Option \' Vi v, [ vy Qn Lhi Lin
Model 1 101 75 0.74 2620 12.2 28.2
Specified Estimated  Calculated  Estimated Estimated  Calculated
Model 2 101 84 0.83 2513 16.5 334
Specified Estimated Calculated  Estimated Calculated  Calculated
Model 3 101 80 0.79 2212 10.5 36.2
Specified Estimated Calculaled  Estimated Calculated  Calculatad
Model 4 101 a0 0.89 2487 - 36.2
Specified Estimated  Calculated  Estimated Calcuiated
Mode! 5 - 90 - 2570 16.5 35.0
Estimated Estimated Estimated  Calculated
Model & 101 84 0.83 2485 6.0
Specified Estimated  Calculated  Estimated Calculated  Calculated
Selected 101 90 0.89 2500 15.0 36.0
{(Model 445) | Specified Specified  Calcutated  Specified Specified  Calculated
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In addition to giving best predictions overall, Model 4+5 combination was preferred

because:

(i) Model 4 is applicable for both undersaturated and oversaturated conditions,
including allowance for initial queued demand at the start of the analysis period
(see Sections 2.4 and 4.4 for detailed discussions on this aspect of Model 4),

(i) Model 4 has more general applicability as it has been used to model uninterrupted
movements in the SIDRA software package (Akgelik and Besley 1999), and a US
study has shown that it has desirable characteristics for traffic assignment
purposes (Dowling, Singh and Cheng 1998),

(iii) in Research Report ARR 340 (Akgelik, Besley and Roper 1999), Model 4 1s
shown to be applicable to uninterrupted flows at traffic signals and Model 5 is
shown to be applicable to queue discharge flows at traffic signals, thus both
Models 4 and 5 apply to both uninterrupted and interrupted facilities.

A summary of traffic flow parameters for the survey site on the Eastern Freeway are
given below (based on 5-min aggregation period):

Free-flow speed, vi (km/h) 101
Speed at maximum flow rate, vn (km/h) 90
The ratio of speed at max. flow rate to free-flow speed, vy / v¢ 0.89
Maximum flow rate, q, (veh/h) 2500
Average headway corresponding to maximum flow rate, hy (s) 1.440
Spacing at maximum flow rate, Ly, (m/veh) 36.0
Jam spacing, Ly; (m/veh) 15.0
The ratio of jam spacing to spacing at max. flow rate, Ly; / Lin 0.42
The ratio of spacing at max. flow rate to jam spacing, Lyn / Ly 2.4
Density at maximum flow rate, k, (veh/km) 27.8
Jam density, k; (veh/km) 66.7
The ratio of densities, k;, / k; 042
Vehicle length, L, (m/veh) 4.4
The ratio of spacing at max. flow rate to vehicle length, Ly, / Ly 8.2
Occupancy time at max. flow rate, ton (s) 0.254
Space time at maximum flow rate, te (s) 1.186
Time occupancy ratio at max. flow rate, O 18 %
Time occupancy ratio at jam density, Oy 42 9o

The ratio of vehicle spacing at maximum flow rate to vehicle length, Lin / L, indicates
that the average vehicle spacing at capacity is about 8 car lengths. The ratio Lyn / Ly;
indicates that the average jam spacing is 2.4 car lengths.

The US Highway Capacity Manual (TRB 1998, Chapter 3) specifies a capacity of 2300
veh/h (passenger cars) for freeways with a free-flow speed of 60 mph (about 100 km/h).
The HCM capacities are based on 15-min aggregation period. Figures 3.2.9and 3.2.10
in Section 3 indicate maximum flow rates of 2500 veh/h based on 5-min aggregation
period and around 2300 veh/h based on 15-min aggregation period. Thus, the lane
capacity of the Eastern Freeway site is in line with the HCM value.
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Frequency distributions for individual vehicle headways given in Section 3 indicate that
there is a high proportion of small headways at this site, for example, the frequency of
headways equal to or less than 1.00 s is 28 per cent. It was also observed that about
50 per cent of individual vehicle headways were below the headway corresponding to
the 15-min capacity value of 2300 veh/h.

Hughes (1998) reported that, based on 5-min aggregation period, "high flow rates of the
order of 2500 veh/h” were observed at three sites on a congested section of the Southern
Motorway in Auckland, New Zealand. This is also in line with the results for the
Eastern Frecway site.

The time occupancy ratio at maximum flow rate (18 %) is consistent with the value
indicated by Lowrie (1996, Figure 1) for US freeways.

Jam Spacing

Table 5.7 indicates that the jam spacing (Ly;) estimated (or calculated) for different
models were in the range 6 m to 17 m. Excepting Model 6, the jam spacing was high
compared with a jam spacing of 7.0 m per light vehicle observed at signalised
intersections (Akgelik, Besley and Roper 1999). Model 6 tended to give the minimum
value allowed in regression (constraint of minimum Lg; = 6.0 m).

An inspection of individual vehicle data for speeds up to 60 km/h given in Figure 5.7.1
indicates that a lower-bound value of jam spacing for freeway traffic flows is probably
10 m/veh. In Figure 5.7.1, a linear trendline equation implies a jam spacing of 9.3 m.
An exponential trendline indicated a jam spacing of 12.2 m. The minimum spacings
around 11 m corresponding to minimum headways around 0.4 s are also observed for
individual vehicles under high speed conditions as shown in Figure 5.7.2 (for speeds
above 80 kim/h and headways below 1.6 s).

Using jam spacing of 10 m/veh instead of 15 m/veh stated above, jam density is 100
veh/km, the ratio Ly; / Ly = kn / kj = 0.28, and the time occupancy ratio at jam density
for a 2.0 m detection zone is 64 %.

Estimation of jam spacing is important for finding a single valued space time - speed
function which is of interest in relation to adaptive control (Akgelik, Besley and Roper
1999). A single valued space time - speed function requires an effective detection zone
of L, > L, where Ly = Ly — Ly is the gap length (distance between vehicles). Using a
spacing value of 10 m at very low speed conditions, and an average vehicle length of
44m, I, = 56 m is found. Therefore, a single valued space time - speed function
would require L, > 5.6 m (with a higher value of 15 m, L > 10.6 m would be required).
However, loop lengths much longer than the jam gap length need to be avoided as they
result in zero space time values for a large range of speed values. Refer to Research
Report ARR 340 (Akgelik, Besley and Roper 1999, Section 14) for detailed discussion
on this topic.

Further investigation of the prediction of jam spacing is recommended.
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5.8 Comparison of Data and Predicted Relationships
for Model 4+5

Figures 5.8.1 to 5.8.10 present fundamental relationships with measured data and mode]
predictions for Model 4+5. This is a combination of Model 4 for unsaturated conditions
and Model 5 for saturated conditions. The predictions were obtained with the
parameters considered to be representative of the Eastern Freeway site (Table 5.7). In
summary, the model parameters are as follows:

vi = 101 km/h

vy, = 90km/h (vp/ve=0.89)
g = 2500 veh/h

Lin = 36.0 m/veh

k, = 27.8 veh/km

th = 15.0 m/veh

ki = 66.7 veh/kim

T; = 0.0833 h (5 minutes)
m. = 0.703

my/mq = 0.417 (= Lij/ Ljn=kn/ k)

As discussed in detail in Sections 2.4 and 4.4, Model 4 is applicable for both
unsaturated and oversaturated conditions. In this section, it is applied to unsaturated
conditions only.

In Figures 5.8.1 to 5.8.4, broken lines are for saturated conditions (Model 5) obtained
using the lower-bound jam spacing value of Lyj = 10 m. Related parameters are jam
density, k; = 100 veh/km, and the ratio Ly / Lin = kn/ kj = m,/ mg=0.278.
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6 CONCLUSION

Most studies to date have concentrated on traffic stream parameters speed, flow rate,
density and occupancy. This study used traffic parameters measured for individual
vehicles including speed, headway, occupancy time, space time, gap time, vehicle
passage time, spacing, gap length and vehicle length. Individual vehicle parameters
were aggregated to determine traffic stream characteristics including average speed,
flow rate, density as well as time and space occupancy ratios. Analytical models
describing the relationships among these parameters are useful for practical applications
including the design of freeway facilities with adequate capacity and level of service,
and development of improved methods for the purposes of incident detection, ramp
metering, traffic monitoring, and driver information.

Section 2 presented an introduction to the fundamental traffic flow parameters and their
relationships. Section 3 discussed the method used for data collection on the Eastern
Freeway in Melbourne, and described the analysis method used to establish fundamental
relationships for freeway traffic flows.

A permanent VicRoads two-loop presence detection system was linked to VDAS traffic
counters for the purpose of this research. Data covered the full range of traffic
conditions from free-flowing to congested traffic (individual vehicle speeds were in the
range 10 - 132 km/h, and average speeds for 5-min intervals were in the range 36 - 103
km/h). Travel speeds were also measured during the survey period using an
instrumented car. Comparison of speed data from the two survey methods indicated that
data collected by the two-loop detection system was generally acceptable.

To obtain parameters describing the characteristics of freeway traffic streams, data for
individual vehicles were aggregated using the method described in Section 2 for periods
of 20 s, 1 min, 2 min, 5 min and 15 min. Aggregate data were always derived from
individual vehicle data, not from the aggregate data for a shorter period. The data
aggregation method used in this study aimed to achieve consistency between speed and
all time-based and distance-based parameters. The method recognises that summation
of some parameter values for all vehicles observed during an analysis period or in a road
section may not correspond to the duration of the analysis period or the length of the
road section. This is more important when the analysis period or the road length is
short.

It is recommended that the data collection and analysis method described in this report
is employed for future analysis of freeway traffic flows. For research purposes, basic
headway, occupancy and speed data should be stored in the database for individual
vehicles, and any aggregation should be conducted according to the method described 1n
this report. In summary:

(i)  calculate the average headway for the traffic stream as a simple arithmetic mean of
(n — 1) headways observed between n vehicles, excluding headway values
eliminated for any reason,

(ii) calculate average values of occupancy time, space time, vehicle passage time and
gap time for (n — 1) vehicles consistent with the calculation of the average
headway,
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(iti) calculate the average speed as the space mean speed for (n — 1) vehicles used in
determining the average headway and related traffic stream parameters in
(i) and (ii),

(iv) if spacings for individual vehicles have been measured, caljculate the average
spacing for the traffic stream as a simple arithmetic mean for (n — 1) vehicles as in
(i) and (ii), otherwise calculate it using the average headway and speed values for
the traffic stream from (i) and (iii),

(v) similarly, if the gap length and vehicle length are not measured for individual
vehicles, calculate them using the average headway, average occupancy or space
time, average gap time or vehicle passage time and average speed values for the
traffic stream from (i) to (iii),

(vi) calculate the average flow rate using the average headway for the traffic stream
from (i),

(vii) calculate the average density using the average spacing for the traffic stream from
(iv),

(viii) calculate the time occupancy ratio using the average headway and average
occupancy or vehicle passage time values for the traffic stream from (i) and (i1),

(ix) calculate the space occupancy ratio using the average spacing and vehicle length
values for the traffic stream from (iii) and (v).

Equations for the aggregation method summarised in (i) to (ix) are given in Section 2.2,

Six analytical traffic flow models including single-regime and two-regime models are
described in Section 4. The models are presented as speed - flow rate relationships from
which other relationships such as speed - density, space time - speed and occupancy
ratio - flow rate can be derived using the fundamental relationships given in Section 2.

Section 5 presents the model calibration results for the Eastern Freeway site.
A constrained non-linear regression analysis method was used for model calibration.
Regression analyses were carried out using data aggregated for 5-min intervals. This
interval was chosen as the most appropriate interval for the purpose of evaluating
alternative models. Several regression options were tried for each model with different
model parameters specified. Results for all models and all regression options are
presented. The calibration results indicate that strong relationships can be identified
among fundamental traffic parameters for freeway flows.

By inspecting the graphs of predicted traffic flow parameters against measured values
for all models, it was found that Models 4 and 5 together as a two-regime model
("Model 4+5") provided the best estimates of traffic characteristics for the survey site.
In addition to giving best predictions overall, Model 4+5 combination was preferred
because:

(i) Model 4 is applicable for both undersaturated and oversaturated conditions,
including allowance for initial queued demand at the start of the analysis period,

(ii) Model 4 has more general applicability as it has been used to model uninterrupted
movements in the SIDRA software package (Akgelik and Besley 1999), and a US
study has shown that it has desirable characteristics for traffic assignment
purposes (Dowling, Singh and Cheng 1998), and
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(ii1) in Research Report ARR 340 (Akgelik, Besley and Roper 1999), Model 4 is
shown to be applicable to uninterrupted flows at traffic signals and Model 5 is
shown to be applicable to queue discharge flows at traffic signals, thus both
Models 4 and 5 apply to both uninterrupted and interrupted facilities.

Graphs showing fundamental relationships for all traffic flow parameters with measured
data and model predictions are presented for Model 4+5.

The data used for the results given in this report include some heavy vehicle data (about
3 per cent). The effect of this is expected be minimal due to the low percentage of
heavy vehicles. Further work is recommended on the effect of heavy wehicles on
fundamental relationships. Sites with a high percentage of heavy vehicles are needed
for this purpose.

This study used data from a single survey site with the purpose of in-depth assessment
of data collection and analysis methods, and evaluation of alternative models. It is
recommended that the method established in this study should be applied to collect and
analyse data at a large number of sites to establish the range of traffic parameters
possible on Australian freeways. The VicRoads driver information system routinely
collects large amounts of data that could be used for this purpose. An example is given
in Figures 6.1 and 6.2 that show speed-flow rate and time occupancy rate - tflow rate
data for two lanes at the same site on the Westgate Freeway in Melbourne. The
maximum flow rates for the two lanes are lower than the Eastern Freeway site, and the
characteristics of the two lanes are seen to be rather different.

Using a database that includes a large number of freeway sites, methods could be
developed to predict traffic flow parameters from freeway geometric and traffic
characteristics, e.g. taking into account factors such as number of lanes, lane width,
lateral clearance, grade, driver behaviour, and proportion of heavy vehicles in the
stream, similar to the method used in the US Highway Capacity Manual (TRB 1998,
Chapter 3).

Research into lane utilisation on different freeway segments (basic segment, ramp
junctions and weaving areas) is recommended to take into account different flow rates in
different lanes on a given section of freeway.

Further research is recommended on saturated tratfic flows on freeways covering a wide
range of low speed conditions. A data collection method with higher accuracy levels
than the two-loop presence system is needed for this purpose. Accuracy of loop data is
not sufficient for refining data under saturated conditions to allow for accelerations and
decelerations. VDAS treadle detectors were not considered to be strong enough to
endure the high speed, high volume traffic conditions on freeways. It may be possible to
overcome such problems using new detector technologies.

A summary of traffic flow parameters for the survey site on the Eastern Freeway are
given below (based on 5-min aggregation period):

Free-flow speed, v¢ (km/h) 101
Speed at maximum flow rate, v, (km/h) 90
The ratio of speed at max. flow rate to free-flow speed, vn / ¢ 0.89
Maximum flow rate, g, (veh/h) 2500
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Average headway corresponding to maximum flow rate, h;, (s) 1.440
Spacing at maximum flow rate, Ly, (m/veh) 36.0
Jam spacing, Ly; (m/veh) 15.0
The ratio of jam spacing to spacing at max. flow rate, Ly; / Lyg 0.42
The ratio of spacing at max. flow rate to jam spacing, Lng / L 2.4
Density at maximum flow rate, k, (veh/km) 278
Jam density, k; (veh/km) 66.7
The ratio of densities, k, / k; 0.42
Vehicle length, L, (m/veh) 4.4
The ratio of spacing at max. flow rate to vehicle length, Ly, / Ly 8.2
Occupancy time at max. flow rate, to, (s) 0.254
Space time at maximum flow rate, tg, (8) 1.186
Time occupancy ratio at max. flow rate, O 18 %
Time occupancy ratio at jam density, Oy 42 %

The ratio of vehicle spacing at maximum flow rate to vehicle length, Ly, / Ly indicates
that the average vehicle spacing at capacity is about 8 car lengths. The ratio Ly, / L
indicates that the average jam spacing (average spacing between vehicles in a stationary
queue) is 2.4 car lengths.

Frequency distributions for individual vehicle headways at this site indicated that there
was a high proportion of small headways, for example, the frequency of headways equal
to or less than 1.0 s was 28 per cent.

The capacity characteristics observed at the Eastern Freeway site appear to be in line
with those specified in the US Highway Capacity Manual (TRB 1998, Chapter 3) and
found in recent studies in New Zealand (Hughes 1998).

The time occupancy ratio at maximum flow rate (18 %) is consistent with the vaiue
indicated by Lowrie (1996, Figure 1} for US freeways.

The maximum flow rate for the Eastern Freeway site is 2500 veh/h based on 5-min
aggregation period and approximately 2300 veh/h based on 15-min aggregation period
as seen from Figures 3.2.9 and 3.2.10 in Section 3. While the 15-min aggregation
period is appropriate for capacity and level of service analysis, investigation of the most
appropriate aggregation period for incident detection and ramp metering purposes is
recommended.

Jam spacing and jam gap length are important parameters that determine the nature of
fundamental traffic relationships. Generally, the predicted jam spacing was high
compared with a jam spacing of 7.0 m per light vehicle observed at signalised
intersections as discussed in the accompanying Research Report ARR 340 (Akgelik,
Besley and Roper 1999). An inspection of individual vehicle data indicated that a
lower-bound value of jam spacing for freeway traffic flows is probably 10 m/veh.
Further investigation of the prediction of jam spacing is recommended.
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Figure 6.1 - Speed - flow rate data for two lanes at the same site
on Westgate freeway (VicRoads data with 5-min averages)
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Figure 6.2 - Time occupancy ratio - flow rate data Jor two lanes at the same site
on Westgate freeway (VicRoads data with 5-min averages)
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