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Implementing Perimeter Controls for the Perth CBD

Executive Summary

Ramp metering is one of the cornerstone solutions for Smart Freeway systems, which means
regulating traffic inflow at on-ramps to prevent flow breakdowns on the freeway so it can remain
reliable while delivering higher throughput. This IMOVE project investigates the possibility of
implementing perimeter control in the Perth CBD, which is based on similar principles but operates
at the zonal level to optimize the overall flow at a network level.

Perimeter control (also known as gating) works by dividing the network into zones and regulating
their flow exchange at the boundaries. It aims at load-balancing between zones across the network
to achieve a stable and optimal operation at the global level. Controllers prevent overflow of traffic
into busy zones by leveraging spare capacity in less busy zones as temporary storage space. This
is different to local congestion relief strategies that focus on individual pinch points.

Effective implementation of perimeter control requires a good understanding of the behaviour of
each zone. Macroscopic Fundamental Diagrams (MFDs) are commonly used for such a purpose.
They describe the underlying relationship between a zone’s speed, flow, and density at the
aggregate level and are believed to be stable under different traffic demands. The accurate
measurement of MFDs has become possible in recent years with the advent of ‘big data’. Our
previous iIMOVE Project 1-003 demonstrated that metropolitan Perth can be divided into zones
with well-behaved MFDs (Lester et al., 2020). It has also shown the feasibility and potential benefit
of applying perimeter control to multiple zones using an abstract mathematical model.

This work extends the MFD zoning project by testing MFD-based perimeter control on Main Roads’
more realistic Aimsun model for the Perth CBD area. The Perth CBD network was simulated from
6:45 am-11:45 am based on Main Roads’ previously validated mesoscopic simulation from 6:45
am-9:45 am. The MFDs generated did not reach a congestion threshold under the base demand
levels so they were increased by 20% to allow for experimentation on a system that could benefit
from perimeter control. The increase can be seen as future growth or daily variation — the model
reflects the traffic condition of a typical day but traffic sometimes deviates from it. When the
deviation is significant enough, the benefit of perimeter control can be realised.

The significant findings of this research are:

e The simulation data suggest that the Perth CBD can be divided into zones with well-
behaved MFDs;

o Perimeter control can be applied to reduce congestion in a protected zone with the cost of
increased delays at the gates;

o The type and strength of perimeter control can be modified to alter the balance between
reduced congestion inside and increased delays to enter;

o [f the increased flow inside the system outweighs the delay imposed at the perimeter, the
overall performance can be improved using perimeter control;

o Our results show that existing traffic lights can be used as gates if the controller can
dynamically reallocate green times;

o We recommend reconfiguring the perimeter lights to split-phases during the control period
(AM peak) but the system could also work using existing phases although it is more difficult
to set up and ongoing monitoring might be required; and

e We have found that network flow can be increased by 39% and trip completions can be
increased by 17%".

' Since we have made changes to the original model (e.g. hypothetically increased the demand and
extended the simulation period), which were necessary for the completion of the project with our limited
time and budget, these numbers are should not be used literally. However, they do indicate the potential
benefit of perimeter control.
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By keeping the whole network at a steady state, gating has the potential benefit of maximising the
total productivity and reducing the need for local capacity expansions. This provides social,
economic, and environmental benefits by improving traffic conditions for drivers using existing
infrastructure which reduces required future infrastructure spending.

This research is funded by PATREC and the iIMOVE CRC and supported by the Cooperative
Research Centres program, an Australian Government initiative. The contribution of the steering
committee throughout the project, in guiding, monitoring and review, is gratefully acknowledged.
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1. Introduction

1.1. Background

The iIMOVE project 1-038, Modelling perimeter controls based on macroscopic fundamental
diagrams, was co-funded by the following organisations:

Planning and Transport Research Centre (PATREC)
Main Roads Western Australia (Main Roads)
iMOVE CRC

The University of Western Australia (UWA)

The project steering committee consists of the following members:

e Graham Jacoby / Network Operations Analysis Manager, Main Roads (Committee Chair)

o Rafael Carvajal / Operational Modelling & Visualisation Manager, Main Roads (replacing
Hannah Saunders who has left Main Roads)

e Cory Ross / Intelligent Transport Systems Technology Manager, Main Roads

e Chao Sun/ Senior Research Fellow (Project Leader), UWA

The kick-off meeting was held on 19 January 2021. The committee met monthly with other invitees
to discuss the progress and make decisions.

1.2. Project Brief

Our previous iIMOVE Project 1-003 demonstrated that metropolitan Perth can be divided into zones
with well-behaved MFDs (Lester et al., 2020). It also showed the feasibility and potential benefit of
applying perimeter control to multiple zones using an abstract mathematical model. This work
extends it by testing a more realistic Aimsun model for the Perth CBD area. The model was
developed by Aurecon for the Department of Transport.

Our perimeter control strategy utilises so-called macroscopic fundamental diagrams (MFDs),
which describe the relationship between speed, flow and density of a given zone (Section 2). The
aim is to control the flow exchanges between different zones so that the overall performance can
be maximised.

The specific objectives are to:

o Segment the simulated Perth CBD network into multiple zones with well-defined MFDs;

o Develop perimeter control strategies for these zones; and

e Demonstrate that MFD-based perimeter control can improve the overall network
performance and driver experience in the Perth CBD area

To accomplish these objectives, the following tasks were undertaken:

e Task 1: Validation of the simulated Perth CBD network as a realistic model (Section 3.3)
o Comparing network parameters given via the associated report to current best
practices in traffic simulation
o Documentation of any changes made to the network to suit the purposes of testing
e Task 2: Zoning of the simulated Perth CBD network (Sections 3.1, 3.2)
o Creation of a data recorder during the simulation which can be used to aggregate
data at any level

o Generation of baseline data by simulating the network with no controls in place

o Application of the ‘graph-based partitioning method’ to the baseline data to find
zones with properties desirable for well-defined and usable MFDs

o Refining the zones to meet usability requirements

o Final generation of MFDs for selected zones using baseline data
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o Task 3: Development of perimeter control strategies (Section 3.4)
o Coding of a PI controller to decide whether vehicle flow to any zone should be
increased/decreased
o Creation of gating strategies to directly apply increases/decreases of vehicle flow
to each zone
e Task 4: Evaluation of the performance of MFD-based perimeter control for the Perth CBD
network (Section 4)
o Automation of testing and analysis
o Discussion of results
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2. MFD-Based Perimeter Control Overview

This section provides a brief overview of MFDs and how to use them in perimeter control, without
going into too many theoretical details. For completeness and reader convenience, some content
was taken from our previous report for IMOVE Project 1-003 (Lester et al., 2020).

2.1. Traditional Fundamental Diagrams

Since the early days of traffic engineering, Fundamental Diagrams (FDs) have been used to study
the relationships between a single road section’s speed, flow, and density. The FDs are governed
by the fundamental relationship flow = density X speed. Figure 1 presents idealised examples
thatillustrate how they relate to each other. The actual shapes of FDs for individual road segments
vary depending on multiple factors so field observations are required. Theoretically, knowing the
characteristics of FDs could help traffic engineers gauge the current traffic state and prevent it from
going beyond capacity which will result in congestion (marked by the red dashed lines in (Figure

1).

Qcap

Flow (veh/hr)

0 Kcap Kjam'
Density (veh/km)

ufree

cap 1

Speed (km/hr)
-

N

*

\ - ~
0 Kcap Kjam 0 QCGP
Density (veh/km) Flow (veh/hr)

Figure 1: Idealised Fundamental Diagrams of a single road section (adopted from Figure 5.3 & 5.4 of Mannering
et al. 2009 with modifications)*

*Notes: Ufree — free flow speed; Ucap — speed at capacity; Qcap — flow at capacity; Kcap — density at capacity,
also known as critical density; Kjam — jam density, at which traffic flow totally stops
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2.2. Macroscopic Fundamental Diagrams

Macroscopic Fundamental Diagrams (MFDs) are fundamental diagrams applied to zones with
multiple roads. They are derived for each zone by aggregating the individual road sections it
contains. Well-behaved MFDs were first demonstrated by Geroliminis & Daganzo in 2008 for the
city of Yokohama, Japan. This was possible through the advent of ‘big data’ by which the
researchers showed that the flow of entire regions is dependent upon the vehicle density if certain
assumptions are met. Our IMOVE Project 1-003 (Figure 2) demonstrated that the Perth
metropolitan network can be divided into regions with well-defined MFDs. The example in Figure
2 shows a reasonably low degree of scatter and a clear indication of critical density (beyond which
congestion is likely to occur) of the zone.
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Figure 2 An example of well-defined MFDs from our iMOVE Project 1-003 report (Lester et al., 2020)

MFDs can be used to estimate the optimal density, i.e., critical density, for a zone where flow is
maximised. Past this optimal density, significant congestion will occur so it acts as an ideal set-
point for density. A large region could be segmented into multiple zones with well-behaved MFDs
to identify the ideal density for each zone to maximize the overall flow of the system.

For this project, we use trip completion-accumulation MFDs which approximate the behaviour of
flow-density MFDs, which is commonly done by other researchers. Trip completion is simply the
number of drivers who have reached their destination and accumulation is the number of vehicles
that are currently in the zone. This is commonly used in the literature and we chose it because trip
completion is a good metric to work with and it is easier to measure in the simulation. Given the
network length does not change, accumulation and density are exchangeable.

2.3. Perimeter Control

Perimeter control is a mechanism by which the flow of vehicles into a zone can be decreased to
limit the number of vehicles contained inside. The MFD theory suggests that each zone has a
critical density past which allowing additional vehicles in will cause delays for all other vehicles
inside the zone (Keyvan-Ekbatani et al. 2012). Meanwhile, limiting the flow will cause extra delay
to those vehicles that are waiting to enter so it is a balancing act. By and large, perimeter control
will provide a net benefit to the network if the total travel time saved within the zone is more than
the additional delay outside the zone.

MFD-based perimeter control limits vehicle entry to the zone when it is above critical density. This
is an attractive concept because it provides network-wide planning without the high computational
complexity of modelling individual roads. It can be implemented to work alongside the local-level
SCATS system and the ramp metering that is currently being introduced.

Control theory can be applied to determine whether flow into a zone should be increased or
decreased. Since we can only decrease the flow using gating, a control value of 1.0 practically
represents ‘not restricting the flow’ and 0.0 represents a maximal restriction of flow. We set the
default behaviour to ‘not restricting the flow’ so the control value starts at 1.0 to allow normal traffic
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operation. The decision for how to change the control value is computed in discrete intervals (every
90 seconds) to dynamically account for the number of vehicles currently in each zone.

Pl Control is a classic controller widely used in industrial control systems. ‘P’ stands for proportional
and ‘I’ stands for integral. It is a simple, general-purpose control mechanism that is used across
many domains (cruise control, industrial control systems, robotics) due to its simplicity,
customizability, and generally good performance. Pl Control was selected over the more powerful
Model Predictive Control (MPC) used in iIMOVE project 1-003 because it was found to be more fit
for purpose in realistic microsimulation because of its simplicity. It allows for gradient control over
the control value to allow each zone to smoothly increase or decrease the acceptance of vehicles.
Unlike the MPC, it does not require accurate demand estimation of vehicle flows into each zone —
which can be a difficult task given the limitations of Main Roads existing data sources.

In our application, the PI controller attempts to maintain the accumulation of vehicles in a zone
around the desired set-point (which was set to 80% of the critical density) by changing the control
value based on the error from the goal (Babatunde Ayodeji & Willis Harmon 1994). It is calculated
based on two factors:

o ‘P’ —the direct proportion of error multiplied by a parameter K,
o ‘I'—the integral of error over time multiplied by a parameter 1;

These two factors change the control value such that the error is minimized by the following
equation:

Auk) = K, [(1+ %)e(k) — ek - 1)]

L

Where,

k is the current time interval

Au(k) is the change in control value at time interval k
e(k) is the error at time interval k

At is the time in seconds of the control interval

3. The Model

3.1. Aimsun Next and Its Programming Interface

The Perth CBD model was built by Aurecon in the Aimsun Next simulation program. It is a better
testing platform than our previously used abstract mathematical model because of its higher fidelity
to the real-world traffic system, including travel demand, driver behaviour, and signal timing etc.

Aimsun Next allows three levels of simulation (Aimsun 2020):

e Microscopic — Individual vehicles are simulated as agents and their interaction with each
other and the environment is modelled at each time step, e.g., every 0.45 seconds;

o Mesoscopic — Individual vehicles are simulated as agents but their interaction with each
other and the environment is largely simplified, and time is skipped as they pass between
queues;

e Macroscopic — Individual vehicles are not simulated. Rather, traffic is mathematically
modelled as flows.

The Perth CBD model is mesoscopic. Although microscopic simulation provides more details and
potentially better results, switching to it requires recalibration that is a significant task beyond the
scope of this project (Section 3.5). Mesoscopic simulation provides a sufficiently detailed
representation of how individual vehicles react to perimeter control and it runs more quickly than
microscopic simulation.
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Simulating perimeter control cannot be achieved by using Aimsun’s native graphical user interface
(GUI) because the control logic is not part of the standard feature set. Instead, we used its
programmable application programming interface (API) to code the PI controller using the
programming language Python. It performs the following steps every 90 seconds:

1. Checks the number of vehicles in each zone.

2. Calculates the new control value based on the error from the desired number of vehicles
in each zone.

3. Sets the appropriate perimeter control restrictions based on the new control value.

This general pattern applies to all gating strategies presented in Section 4.

Other API programs were also developed to collect simulation data that are hard to collect using
the Aimsun GUI. They write the following statistics in plain-text CSV files for each replication:

o When each vehicle was generated.

e When each vehicle entered/exited the network.

o Density, speed, flow as well as total travel time and travel distance of the average vehicle
that entered each section every 90 seconds.

o Average flow, density, speed, and control value of each zone every 90 seconds.

Additionally, these programs automated high-volume data analysis which was required to conduct
the large number of simulations we needed.

3.2. Perth CBD Model

Although the Perth CBD model was chosen as the testing platform in the proposal, we also tested
the Mitchell Freeway model as the alternative under the steering committee’s suggestion.
However, after several weeks of testing, it was determined that the latter is not suitable because
much of the area covered does not have a sufficient level of congestion that justifies perimeter
control.

The Perth CBD model covers the area shown in Figure 3. Aurecon calibrated the model against
the observations mostly collected in 2018 (Department of Transport - Western Australia & Aurecon
2019).
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Figure 3: The Perth CBD Model Coverage (Department of Transport - Western Australia & Aurecon 2019)

We made several modifications to the original model to better fit the requirements of this
investigation. Given the time limit, no calibration was carried out after the modifications, which
might affect the actual numbers we report here but we believe they do not change the direction of
our conclusions such as the feasibility of different control strategies and their relative effectiveness.

The following modifications were adopted:

Different Aimsun versions

Aimsun Next version 20 was used instead of the original version 8.2.3 because of improvements
in the API.

Increased demand

The base model does not have sufficient congestion to generate a useful MFD for optimization, so
we increased the demand by 20%, which represents future growth or daily variation —the model
reflects the traffic condition of a typical day but traffic sometimes deviates from it. When the
deviation is significant enough, the benefit of perimeter control can be realised.

Extended simulation period

The model covers AM and PM peaks and the earlier was chosen because it is dominated by flows
into the city. It is logical to start with gating the inflows instead of outflows. The original AM period
covers 06:45 - 09:45 (including warm-up and cool-down period) with a peak hour of 07:45 - 08:45.
It was not long enough to demonstrate the full extent of congestion for the base case because the
flow significantly decreased over time towards the end due to excessive accumulation. Therefore,
we extended the period by another 2 hours. The travel pattern for the extended hours was assumed
to repeat that of the original peak so the OD matrices were duplicated but with reduced volumes
(Figure 4). The research team understood that it probably does not reflect the reality, but it was
the best option in the absence of concrete data. The extended simulation showed severe
congestion in the base uncontrolled case, which allowed for the utility of the controllers to be
demonstrated.

Page 10



Implementing Perimeter Controls for the Perth CBD
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Figure 4: Traffic Demand Profile Used for Testing

Vehicles in the original model were assigned routes based on the Dynamic User Equilibrium (DUE)
process. This assumes that drivers choose their routes with minimum travel time between their
Origin and Destination (OD) pairs, under the prevailing traffic conditions around the time of
travelling. DUE requires multiple iterations until the traffic equilibrates to reach a stable condition
in which no driver can shorten his/her travel time by switching routes. We reran the DUE to ensure
the paths were still valid for the extended period.

The SRC traffic assignment

The DUE traffic assignment is designed to find the equilibrium state of the system, but it does not
fit our purpose because of its iterative nature. It is mainly because we need to explicitly simulate
how the traffic changes over time, how the controller reacts to it, and the consequences of its
actions such as queues building up outside of the gates and drivers switching routes. Gating
causes the traffic to depart from the previously established equilibrium. Consequently, a different
type of traffic assignment mechanism, Stochastic Route Choice (SRC), was used. The word
stochastic implies vehicles will stochastically select their route when they are initialized or during
the simulation, based on probabilities calculated from the travel times of the shortest routes. Most
vehicles (80%) in our SRC experiments still follow the DUE routes. This reflects that most drivers
are habitual and tend to use the same route for their daily travels. The other 20% are allowed to
select from additional shortest routes (derived from the last 15 minutes simulation) upon entering
the network. 10% of total vehicles were also set to change their route every 15 minutes during the
trip (enroute) if it is no longer the shortest. They simulate drivers with access to real-time
information (e.g. via Google Maps) and a constant urge to ‘beat the traffic’. There is no good data
about the exact percentages for different route assignment types so we used numbers that were
deemed reasonable.

3.3. Zoning

As mentioned in Section 2.2 that careful zoning is required to ensure they have well-defined MFDs.
Experiments in Section 4 use two types of zoning — single-zone and multi-zone. For both cases,
we needed to confirm the existence of a well-behaved MFD for all zones involved.

The single-zone experiments employ a single perimeter for the entire CBD. It has the possible
advantage of simplicity, which we needed to confirm using the simulation.

The multi-zone experiments divide the city into several zones and apply perimeter control to each
of them. The hope was to have a finer level of control but this comes at the cost of greater
complexity. We applied a ‘multi-objective graph partitioning’ algorithm, which was previously
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developed by our research team, to segment the CBD area. The goal was to define zones that can
achieve three objectives simultaneously:

(i) All zones must have similar sizes so that they can act as the storage space for excess
traffic from their neighbours;
(i) Each zone must have a well-defined trip completion-accumulation MFD that can

accurately model its traffic behaviour; and
(iii) Low time correlation of traffic density between neighbouring zones so they do not peak
at the same time and load balancing can be achieved between them.

The algorithm not only optimizes zone boundaries but also decides the optimal number of zones.
The base scenario was converted to a microsimulation model and run 10 times to generate data
on how each road section performs in terms of flow, density, and speed, based on which the
partitioning algorithm determined six zones shown in Figure 5.

*n.wl sodbnd

Figure 5: MFD Zones Generated using Multi-Objective Graph Partitioning Algorithm

The generated zones were refined by hand to allow perimeter control to be more easily
implemented as is shown in Figure 6. This ensures that traffic lights are more available around the
inner borders and the freeway is separated from the rest of the zones.
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Figure 6: Final Zones Overlayed on Perth CBD Aimsun Model

The base model was rerun four times to generate the data needed for MFDs, shown in Figure 7
and Figure 8. The dashed lines are the results of least square regression using a cubic function.
Their peaks (marked by dashed vertical lines) indicate the critical accumulation of each zone.

Zone Zone
Whale Network Whole Network
o eewa

Trip Completions [veh/sec]
Trip Completions [veh/sec]

5000 10001 20000 2500 5000 7500 00 15000 17500

0 15000 10000 125
Accumulation [veh] Accumulation [veh]

Figure 7: MFDs Generated for Whole Network as a Single Zone (left: all roads included; right: excluding the
freeway) with the critical accumulation as a dashed line and 80% of the critical accumulation as a dotted line
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Zone
Zone 1
Zone 2
Zone 3
Zone 4
Zone 5
Zone 6

10

Trip Completions [veh/sec]

0 1000 2000 3000 4000 5000 6000 7000
Accumulation [veh]

Figure 8: MFDs Generated for Six Zones

These MFDs were used in different control strategies to demonstrate their ability to protect each
zone from congestion. After multiple trials, 80% of the critical accumulation (dotted lines) were
used as the set-point. Compared to 100%, this gives the controller more room to work with so it
can intervene early. It is needed because traffic flows are not entirely controllable so a buffer can
reduce the chance of system failure and increase reliability. However, it does come with the cost
of not being able to achieve the full potential of perimeter control.

3.4. Gating Mechanisms

Perimeter control was implemented to limit the ability of vehicles to enter the protected zone based
on a control value. Pl Control discussed in Section 2.3 was used to select the control value which
starts at 1.0 (indicating no limiting required) and remains at this value until the actual accumulation
surpasses the set-point (80% of the critical accumulation) where it will gradually decrease/increase
in proportion to the error above/below the set-point. A lower value reduces the accumulation to
manageable levels, with a minimum of 0.0 which indicates maximum limiting of vehicles into the
zone.

Although the theory of MFD has been extensively researched in the literature, there has not been
a single successful implementation in a real-life traffic system that we could identify. A crucial
missing gap is in how gating should be applied. Many research papers use abstract mathematical
models that assume immediate flow control with no adequate consideration of how actual signals
work. To the best of our knowledge, the papers that do use simulations have not provided details
of how gating is done.

Two categories of gating methods have been tested in this project, ‘hard gating’ and ‘soft gating’.
‘Hard gating’ involves mid-block signals acting as ‘boom gates’ (Figure 9) to completely stop the
traffic from entering a zone. They were inspired by ramp meters used in Smart Freeways. Although
the practicality is questionable, at least in Australia, they serve as a benchmark to gauge the
performance of ‘soft gating’ because of the high controllability.

Page 14



Implementing Perimeter Controls for the Perth CBD

Mid-Block Signal

Figure 9: Hard Gating using Mid-Block Signals

‘Hard gating’ will set a mid-block signal to be red from 0-90% of the time depending on the control
value as is shown in Figure 10. This method of gating offers the highest level of controllability;
however, it is impractical to implement in the real world and can cause spill-back of vehicles
upstream. This was initially performed since it is the simplest type of gating to simulate and
optimise to determine if gating is a useful tool.
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e i e b o] e e e
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Green Light

"

Figure 10: Hard Gating with 90% Maximum Red Time with Control Values of 0.0, 0.5 and 1.0
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‘Soft gating’ is more realistic and practical since it works with existing traffic signals. However, it is
far more complicated because of several reasons. First, most phases include multiple movements
that can be classified as inflow, outflow, and neutral (neither in nor out). Figure 11 demonstrates
that individual phases in an intersection at the zone boundary often contain inflow and outflow
simultaneously, which makes the directionality of that phase difficult to determine. If the traffic
volumes using each movement is stable, the overall directionality for each phase can be calculated
as a weighted average. However, traffic patterns fluctuate between cycles and change over time,
so a precise calculation beforehand is not achievable. Last but not the least, the degree of change
that the controller can introduce has to be limited to a reasonable range. If a phase is held for too
long the drivers will lose patience, although hard gating also has this issue.

Three different approaches to soft gating were tested, but only the first two were successful.

Figure 11: An Existing Traffic Signal Phasing Plan for an Intersection at the Zone Boundary (Note: right turns are
banned at this intersection)

The first approach was to replace the existing phases with a split-phase (Figure 12). Split-phasing
is a particular phasing sequence that releases all movements of a single leg at a time. It is typically
used in local streets with low volumes and confined spaces because it is generally less efficient
largely due to the inability to match traffic patterns and fully utilise geometric features such as turn
pockets. Nevertheless, it is legitimate with the advantage of having clear directionality for its
phases. Contrary to the phasing plan in Figure 11, none of the phases in Figure 12 contains both
inflow and outflow at the same time. The results are presented in Section 4.2.1.

This second approach was carried out without any changes to the signal phase plan. Each phase
in the boundary intersections were manually determined whether it contributes to inflow or outflow
more. It required far more effort than the second approach due to the difficulties discussed above
and was not as successful in regulating density. The maximum change for each phase is limited
to 50% to ensure normal operation and avoid driver frustration. The results are presented in
Section 4.2.2.

The third approach was to decrease the cycle-time of boundary traffic signals to reduce their
efficiency. The signal plan in the base model reflects how SCATS operates, which we assume to
be close to optimal. When the phases are shorted, total lost time (time during which no movement
is served, which is the result of switching between different phases) becomes a larger part of the
cycle length and consequently makes the signal operation less efficient for the entire intersection.
It was hypothesised that less efficiency will reduce traffic flow into the protected zone. This was
determined to be a failure because it also reduced the efficiency of flow exiting the protected zone
which resulted in an overall decrease in network performance and no reduction in congestion.
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Protected Zone

20 30 40 50 60

Figure 12 The Split-Phase Configuration for the Example in Figure 11 (Note: right turns are banned in this
intersection)

While the original plan in Figure 11 makes it difficult to determine which phase contributed more to
the inflow or outflow of the protected zone, it is far easier with the modified split-phase plan in
Figure 12. Phases 1 and 7 are outflow and phases 3 and 5 are inflow. When the controller needs
to reduce the accumulation of vehicles inside the zone, the green time of different phases can be
reallocated to reduce inflow and favour outflow, which acts as a gating mechanism (Figure 13).

20 30 40 50 60 70 80 90 100

6s 23s 65 23s 65 16s 6s

Control Value = 1.0 ﬁ Maximum Percent Change = 50%

0 10 20 30 40 50 60 70 80 90 100

29s 65 12s 65 12s  6s 27s 6s

Figure 13: Changing Phase Durations for the Example in Figure 12

3.5. Technical Challenges

Many unexpected technical difficulties were encountered during the project. This section
documents the main ones and how we overcame them.

First, most simulations in the perimeter control literature use microscopic simulation while we
chose mesoscopic simulation. This is because the Perth CBD model was only calibrated to work
for the mesoscopic level and falls into gridlock when switched to the microscopic level. There could
be numerous reasons why this occurs. Recalibrating the microscopic model to make sure it is fit-
for-purpose would require a significant amount of time that is beyond our project scope. While
microsimulation provides more detailed modelling of vehicle interactions with better API functions,
we believe that meso-simulation is a valid approach because it still models individual vehicles, their
queueing and routing behaviour, which are the most important for this project.

Next, a peculiarity with the meso-simulation was found where congested roundabouts enter a
gridlock state even when the exits are clear as can be seen in Figure 14. This happens because
every vehicle looks to its right and the chain of vehicles could lock itself up under the right condition.
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We found that simply deleting one of the vehicles could break the gridlock by allowing other
vehicles in the roundabout to move into the now empty space. Due to the limits of the mesoscopic
API, we were unable to precisely delete vehicles only when this occurs, so we set a ‘stationary
detection limit’ inside the roundabout that deletes vehicles inside whether it is a genuine gridlock
or an artificial one. This has been found to delete up to 3% of all simulated vehicles in the base
case, compared to less than 0.3% in the perimeter control cases. The difference in numbers meant
that the latter had to cope with more vehicles so the actual results could be better than the numbers
reported here.

Figure 14: Mesoscopic Atrtificial Roundabout Gridlock Issue

Finally, it was discovered that only a single control plan could be used to control the network for
the full 5-hour period due to a limitation in the mesoscopic API. The original Perth CBD network
used four different control plans which ran at different periods in the morning to better handle the
changing traffic profile and more closely match the SCATS signal patterns. We reran the DUE path
assignment to partially address the limitation of a single control plan but the system probably still
operated at suboptimal levels with reduced network capacity. However, this occurs for all
controllers so the comparison between them is fair.
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4. Results and Discussion

This section presents the results for all successful perimeter control strategies we tested and
discusses their characteristics in-depth. All data shown are an average of 10 replications. Each
replication is a repeated experiment in Aimsun, but with a different random seed to account for
stochasticity in the real traffic. Subsection 4.3 compares all results against each other.

4.1. Hard Gating

4.1.1. Single-Zone

The ‘hard gating one-zone’ strategy treats the entire network as a single zone and uses hard gating
to block all entrances to the network via midblock signals. The zone is shown in Figure 15 which
indicates that even the freeway entrances to the network are controlled by these signals. This is of
course unrealistic but is useful to demonstrate the high controllability case where all inbound flow
can be reduced by up to 90%.

Figure 15: Aimsun Network with Single Zone Hard-Gating Perimeter Control

This strategy was found to have the best controllability over the accumulation of vehicles of all
strategies. As can be seen in Figure 16, the Pl Controller has successfully maintained the
accumulation of vehicles within the zone at the target level marked by the red horizontal line. The
network did not enter the congested state so vehicles inside could flow better.
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Figure 16: Average Number of Vehicles in Network Over Time Compared to Optimal Accumulation for Base and
PI Controller

However, this strategy resulted in many vehicles waiting at the edge of the network, which could
cause driver frustration. Nonetheless, the overall flow of the system was increased, indicating the
benefits gained were more than the cost at the exterior (Figure 17).
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Figure 17: Boxplots Showing Average Flow (left) and Percentage of Trip Completions (right) for Base and Pl
Controller
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4.1.2. Multi-Zone

Although the result of a single zone is good, localised congestion could still appear inside the
network. The ‘hard gating multi-zone’ strategy was tested to see if overall system flow can be
further improved. It uses the six zones presented in Figure 6, each of which is individually gated at
the entries.

Two levels of controllability were tested. ‘Hard gating multi-zone 90% inter-zone’ sets the upper
limit of the red phase to 90% of cycle length, and ‘Hard gating multi-zone 20% inter-zone’ lowers
it to 20% for the inter-zonal flows only. The extreme restriction of inter-zonal flows in the former
caused long queues at the boundaries (Figure 18). It can be seen in Figure 19 that the network
flow was significantly worse than the base case of no control. By contrast, ‘hard gating multi-zone
20% inter-zone’ avoided the spillback queues and performed much better than the base scenario.

Figure 18: Congestion builds up (shown as red sections) when the Hard-Gating Multi-Zone Controller is applied
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Figure 19: Boxplots Showing Average Flow (left) and Percentage of Trip Completions (right) for Baseline, Multi-
Zone and Multi-Zone Extra Controllers
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Although ‘hard gating multi-zone 20% inter-zone’ performs well overall, its controllability has some
pitfalls. Figure 20 shows that it could not control the accumulation in zone 6 since this zone mostly
gains vehicles from other zones instead of externally and interzonal flow may only be restricted by
up to 20% which greatly reduces controllability. The high level of accumulation increased the
likelihood of system collapse, although it recovered over time. This reduced controllability means
that lower target accumulation levels are required to offset the risk but it will cause lower network
flow. Further research could be done to investigate controllability higher than 20%.
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Figure 20: Vehicle Accumulation over Time for each Zone in the Multi-Zone Hard-Gating Extra Controller

It can be seen in Figure 26, ‘hard gating multi-zone 20% inter-zone’ seems to perform slightly better
than the one-zone case, with a similar average and lower variability. Nonetheless, hard gating is
still a problem since it requires additional infrastructure and is not feasible to implement without
significant push-back from drivers.

4.2. Soft Gating

Both soft-gating strategies presented here treat the CBD as a single zone. Experiments using
multiple zones were carried out, but the zones are too small with an insufficient number of
intersections that can function as gates.

Neither soft gating strategy can restrict the freeway flows into the simulation because control can
only be performed at intersections which is only possible at freeway exits. This contrasts with the
hard gating strategies which restrict freeway flow into the simulation at the perimeter using hard
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gates. This hard gating is not realistic, although it could be approximated using ramp metering and
dynamic speed changes on the freeway. We consider the move away from this less realistic gating
to be a positive since it is more feasible to only use intersections.

4.2.1. Split-Phase Single-Zone

This strategy employs the first soft gating mechanism discussed in Section 3.4. The perimeter
traffic signals (the red circled intersections in Figure 21) were all converted to split-phase. The split-
phase approach only required the outer gates, while the base-phase strategy required freeway
and inner perimeter gates (blue and green circled intersections in Figure 21).

Figure 21: Intersections Used for Single-Zone Soft Gating (red are outer perimeter gates, blue are freeway gates,
and green are inner perimeter gates)

This approach performs the best out of all control strategies (more in Section 4.3). However, it is
worth noting that there is an initial decrease in flow as the split-phases are not as efficient as the
original SCATS phases they replaced as can be seen in Figure 22. This is relevant for the case
where control is not required because the flow is lower than it needs to be. This could be solved
by programming SCATS to only run a split-phase during the control stage and fall back to its
original phase controls when the traffic is low. This research only looked at the AM peak so it is
likely that other periods such as the PM peak would require different configurations anyway.
Experts in the field need to be consulted on this matter.
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Figure 22: Average Flow Over Time for Base and Soft-Gating Split-Phase Controllers

The results demonstrate that perimeter control using existing traffic signals can be effective at
limiting vehicle entry to the protected zone without the drawbacks of ‘hard gating’. It uses existing
traffic light infrastructure so no additional hardware is required, however, there are still costs
associated with changing the phases via the controller. The changes in phases and reallocation of
green time are less obvious so drivers are less likely to oppose them than additional red-light
metering. However, it uses the less efficient split-phase timings which would require significant
reprogramming of the SCATS signals.

4.2.2. Base-Phase Single-Zone

This strategy employs the second gating mechanism discussed in Section 3.4. It performed well
though it was complicated to calibrate and had more difficulty in controlling the accumulation as
shown in Figure 23.
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Figure 23: Vehicle Accumulation over Time Compared to Optimal Accumulation for Base-Phase and Split-Phase
Soft-Gating Controllers

It is worth noting that soft gating deviates far further from the set-point than hard gating measures
but offers much more flexibility and avoids significant traffic build-up behind the gates. Both soft
gating strategies reduced the inbound phases by up to 50% of their original timing depending on
the control value and add this to the outbound phases. Interestingly this value worked for both
strategies, but the split-phase system was able to take better advantage of it due to the clearer
directionality.

4.3. Overall Comparison

All hard gating and soft gating control strategies except ‘hard gating multi-zone 90% inter-zone’
were successful in improving average network flow (Figure 24) and trip completion (Figure 25).
Trip completion is represented here as a percentage representing the total volume of trips that
were assigned which were completed.
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Figure 24: Boxplots Showing Average Flow for each Controller
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Figure 25: Trip Completions over Time for each Controller

It can be seen in Figure 26 that the hard gating strategies (except ‘hard gating multi-zone 90%
inter-zone’) are better able to keep the density of the overall network at a more manageable level
than the soft gating strategies.
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Figure 26: Network Density over Time for each Controller

However, this comes at the cost of decreased flow in the latter portion of the simulation period
(Figure 27). This may explain why the soft controllers seemed to perform better — because they
were able to take advantage of higher densities while still avoiding the congested regime.
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Figure 27: Network Flow over Time for each Controller

It is difficult to show the impact on vehicles waiting outside the network and the surrounding roads
since they were not explicitly simulated. Nevertheless, the data gathered from Aimsun ‘virtual
queues’ indicate the negative effect s limited. Aimsun holds these vehicles in a queue and releases
them into the simulation when road capacity permits. There was not a significant increase in time-
in-virtual-queue for the successful controllers (Figure 28). Meanwhile, time-in-network significantly
decreased for the successful controllers (Figure 29).
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Figure 28: Boxplot showing Total Time Vehicles Spend in Virtual Queue for each Controller
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Figure 29: Boxplot showing Total Time Vehicles Spend inside the Network for each Controller

Figure 30 shows that the total time in simulation, which is the combination of time-in-virtual-queue
and time-in-network, is significantly decreased when control is applied.
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Figure 30: Boxplot showing Total Time Vehicles Spend in the Simulation (time-in-virtual-queue plus time-in-
network) for each Controller

It can be seen in Figure 31 that the successful controllers do indeed have more vehicles waiting
and higher delay times outside the system in the virtual queue after they were first activated.
However, over time, the base case exceeds this due to the high congestion inside the protected
zone resulting in more vehicles waiting outside and for longer. Without sufficient control, the
simulation experiences extreme congestion which causes far greater delays than the perimeter
control.
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Figure 31: Number of Vehicles Waiting in a Virtual Queue over Time for each Controller

The overall results for each controller as they compare to the baseline are shown in Table 1.
Although there is no single strategy that outperforms others on all metrics, we pick ‘soft gating split-
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phase’ as the overall winner because it is more practical than hard gating but requires less work
to make it work. However, ‘soft gating’ is also a good choice since it requires no changes to the
existing phases. The labour-intensive determination of directionality only needs to be done once
during the setup stage but may require periodic review to make sure traffic patterns do not deviate
significantly over time. By comparison, once the SCATS reconfiguration is complete for ‘soft gating
split-phase’, the system does not require ongoing review.

Table 1: Comparison of Control Strategies Against the Baseline

Total Time in Virtual

Network Flow Trip Completions Queue Total Time in Network
(veh/
Strategy s) % (veh) % (h) % (h) %
Baseline 180 - 251,143 - 103,650 - 553,020 -
Hard Gating
One-Zone 227  +25.6 287,043 +14.3 111,687 +7.8 64,062 -88.4
Hard Gating
Multi-Zone
90% Inter-
Zone 119  -33.9 174,078 -30.7 268,092 +158.7 564,003 +1.9
Hard Gating
Multi-Zone
20% Inter-
Zone 228  +26.5 285,591 +13.7 111,142 +7.2 61,132 -88.9
Soft gating
Split-Phase 261 +44.6 291,695 +16.2 109,734 +5.9 56,530 -89.8
Soft-Gating 252  +39.6 294,872 +17.4 95,749 -7.6 64,017 -88.4
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5. Conclusions and Future Research

This project demonstrates that MFD-based perimeter control can be used to increase the average
flow and number of trip completions in the Perth CBD during sufficiently congested times. Both
hard gating and soft gating could work but the latter is recommended because of practicality. Hard
gating will also cost more as it requires significant traffic signal hardware improvements. We found
that ‘soft gating split-phase’ is the best option because it performs well and requires no ongoing
monitoring of the traffic patterns. Nevertheless, it does require SCATS to be reprogramed so some
costs will incur. ‘Soft gating base-phase’ is also a good choice since it requires no changes to the
existing phases. However, it needs more effort to determine inflow vs. outflow based on historical
data and may require periodic review to make sure the patterns do not deviate significantly over
time.

A key finding is that this type of control adds some delay at the perimeter when it is activated,
however, this delay may reduce more serious delays later if congestion is severe. This implies that
it may be a good fit for morning and evening peaks by diffusing congestion from the CBD area to
the rest of the road network.

A limitation of this project is that the virtual queue approximation of vehicles does not show the
spill-back effects of gating outside the examined Perth CBD region. The findings from ‘hard gating
multi-zone 90% inter-zone’ indicate that this will likely be a problem, but we are unable to address
this with the Perth CBD model since it affects roads outside the simulated area. Other literature
has shown success in remedying this with the application of queue detectors to ‘turn off gates
when queueing becomes severe. We have shown that by reducing the controllability of the gating
mechanisms, the spill-back effects can be mitigated, and we expect the same could be achieved
for those queues outside the perimeter. Due to this, we consider it a limitation but not likely a major
impediment to this area of research.

The Aimsun CBD model does not explicitly model pedestrian movements but in reality, pedestrian
crossing operations could affect the effectiveness of gating. Nonetheless, we do not think this will
have a drastic impact on our conclusions.

Leakage caused by slip lanes that are not signal controlled or filter right turns could also affect
gating. However, Aimsun explicitly models intersection geometry and signal configurations so their
effect should have been reflected in the results. The priorities for future research are:

e Ourresults suggest that it is feasible to implement perimeter control around the Perth CBD
but a detailed design stage would need to be undertaken, and controller software
modification would be necessary. Therefore, a feasibility study into the implementation of
soft gating control via existing SCATS infrastructure is recommended.

¢ Implementing queue detectors to assist the perimeter control strategies with handling
excessive spillback of vehicles outside of the perimeter. It could also be further investigated
using a model with larger coverage.

e Application to a larger model to examine the effects of the controllers on vehicles outside
the protected zone.

e Application using a smaller number of zones with boundary intersections for soft gating to
explore the concept of MFD-based perimeter control more completely.

e The selection of the density set point for zones could be more thoroughly investigated
based on their controllability.

e The scope was limited to the AM peak but theoretically the same principle could apply to
the PM peak, although further research is required because it is dominated by flows out of
the city.
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