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1.0 Introduction
Program Overview
The Colorado Department of Transportation
(CDOT) RoadX Program will deploy an Australian
Managed Motorways pilot project along
Interstate Highway 25 (I-25) northbound
between Ridge Gate Parkway and University
Boulevard. The primary goal of the SMART 25
Project is to provide for a more efficient,
productive, and reliable freeway corridor using
advanced transportation management and
coordinated ramp metering technologies,
without expanding interstate capacity.
The core of the Australian Managed Motorways
system will involve a complex coordinated ramp
metering scheme, which adjusts to real-time
traffic conditions to prevent breakdown of
corridor traffic-flow. The complexity of the
system requires a robust deployment of
advanced traffic detection and other devices to
fully understand and control for real-time
congestion conditions. Put simply, this Concept
of Operations (ConOps) articulates the
sufficient type, number, and frequency of
vehicle detectors in the right locations to
provide real-time traffic data; necessary vehicle
storage / discharge at on-ramps to
accommodate the system; and process for
managing the number of vehicles entering the
facility to prevent bottlenecks and freeway
breakdown.
The concept was pioneered on the M1 Freeway
in Melbourne, Victoria (Australia), which was
plagued with similar recurring congestion and
reliability issues as I-25. Once in place, the
managed motorways system was shown to
increase traffic flow by 25%, improve traffic
speeds by 35%, and improve overall travel time
reliability by over 150% during peak-periods.
The SMART 25 Managed Motorways Pilot
Project seeks to replicate these results and
achieve double-digit percent increases in
average speeds and traffic flow during peak

periods, while maintaining a predictable and
reliable trip throughout the day. By preventing
the formation of bottlenecks and recurring
congestion, and increasing the throughput of
the freeway, a driver would exchange a slight
increase in wait times at the entrance ramp for
a shorter more reliable overall trip.
The project delivery of SMART 25 has been
divided into four discrete activities over the life
of the project. These are summarized below:

Feasibility Study

The Colorado Managed Freeways Feasibility
Study was conducted in 2015 – 2016 and
evaluated the application of Australian
Managed Motorways concepts to Colorado
freeways. The study evaluated congested
corridors in Denver and Colorado Springs, with
a decision to concentrate efforts upon the I-25
corridor in southeast Denver. I-25 was selected
based upon various criteria including a
demonstrable recurring congestion problem for
which to resolve, lack of geometric bottlenecks,
and adequacy of on-ramp infrastructure.

Pre-Design / Design

Following the selection of I-25, CDOT initiated a
pre-design and design project. This project
involved first examining available traffic and
freeway configuration data to better
understand the specific congestion problem to
be resolved by Australian Managed Motorways
and the adequacy of storage and discharge
from available on-ramps to accommodate
corridor entering volumes. As a result of this
effort, new infrastructure was designed,
including ITS infrastructure (vehicle detection
devices and ramp controllers) and ramp
reconfigurations (widening of select on-ramps
and providing new ramp signals for freeway-tofreeway connections). The design activities are
currently underway (as of April 2017), with an
intended construction procurement in summer
2017. This ConOps is a component of the PreDesign / Design effort.
7

SMART 25 Managed Motorways Pilot Demonstration | Concept of Operations

Construction

Construction activities will include not only
improvements to select on-ramps (Lincoln, C470, E-470, Dry Creek, Arapahoe, Orchard, and
I-225), but also the installation of advanced ITS
infrastructure for vehicle detection (a
combination of TIRTL and Sensys devices, to be
described in this ConOps). These improvements
are necessary in order to replicate the
infrastructure conditions as reflected on the M1
Freeway in Melbourne.

Operations / Evaluation

Concurrent with the construction activities, the
Australian agencies which operate the M1
Freeway in Melbourne (VicRoads and Transmax,
the state departments of transportation
respectively for Victoria and Queensland) will
be engaged to interconnect the devices, ramp
signals, and the control software responsible for
managing and operating the managed
motorways concept for I-25. This includes the
use of the HERO coordinated ramp metering
algorithm in use in Melbourne (described in this
ConOps).
In addition to operations and maintenance for a
6-month pilot operation, CDOT will conduct
outreach and evaluation activities to determine
applicability of the concept not only for the I-25
corridor beyond the 6 month pilot, but also as

transportation management tool throughout
Colorado.

Systems Engineering Process
This ConOps is a formal document within the
Systems Engineering Process (SEP), whereby the
system lifecycle from planning, deployment,
management, and operations is documented.
The ConOps provides the initial documentation
towards providing system requirements used to
design the system that can be traced to
documented stakeholder needs, goals, and
objectives.
The Federal government (23 CFR Rule 940)
mandates the use of the SEP whenever Federal
funds are used for project development, or, if
the project has been designated a Project of
Division Interest, for which the Smart25 project
has been so designated.
The ConOps is identified within the Systems
Engineering “V” diagram (Figure 1-1), and
typically follows the successful feasibility study
and concept exploration stages. Given the
specific function and desire for replicability of
the Australian Management Motorways
concept, this ConOps has been developed
concurrent with pre-design and preliminary
design activities, with the completion of system
requirements feeding into detailed design.

8
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Figure 1-1: Systems Engineering V Diagram, Federal Highway Administration, 2007.

The purpose is to describe how the Australian
Managed Motorways concept will operate from
a user perspective and to set the framework for
the design and operational characteristics of the
system.
The functions of the ConOps include:
·
·
·
·

Establishing the rationale for the
Australian Managed Motorways
concept;
Identifying the goals, objectives, and
measures of effectiveness for the
system;
Providing operational scenarios which
illustrate the function of the system;
and
Articulating the expectations of
stakeholders.

The ConOps focuses broadly on benefits that
can be obtained from the deployment of the
Australian Managed Motorways concept. The
document defines CDOT’s vision of how the
system will work and informs the civil design of
the technology, such as vehicle detection
devices, on-ramp lane and merge configuration,
signalization and operations improvements, and
other technical requirements that are used to
design, develop and deliver the system.
As the first document developed as part of the
SEP, this ConOps is not intended to specify
detailed design requirements, nor unique
considerations for each point of interaction
with the system. Subsequent efforts include
the description of system requirements and
initiation of a traceability process to ensure the
deployed system is linked to the concept as
described here.

9
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scenarios, providing a general
understanding of roles for all
stakeholders.

Organization of Document
The subsequent sections of the ConOps are
organized as below:
·

Section 2: Definitions & References.
This section provides an overview of
commonly used acronyms, terminology,
and reference documents that were
used to develop the ConOps.

·

Section 3: Project Scope. This includes
a description of the project and
corridor, current conditions, goals and
objectives, and a list of agencies
engaged in the development and
operation of the system.

·

Section 4: Existing Conditions. This
section identifies the existing traffic,
safety, and infrastructure conditions
within the project corridor.

·

Section 5: User Needs. This section
identifies key user needs that govern
the development of the SMART 25 pilot
system, and will eventually serve as the
basis for technical pilot requirements.

·

Section 6: Justification for Pilot
Program. This section describes the
current conditions and factors
warranting the implementation of the
SMART 25 pilot, and provides an
overview of the desired changes
offered by the proposed pilot program,
relative to the existing condition.

·

Section 7: Pilot Concept & System
Description. This section provides a
high-level operational description of the
SMART 25 Managed Motorways system
planned for the I-25 corridor.

·

Section 8: Operational Scenarios. This
section describes how the SMART 25
Managed Motorways pilot would
operate under various operational

·

Section 9: Summary of Anticipated
Impacts. This section summarizes the
potential impacts of the SMART 25
Managed Motorways Pilot
Demonstration, including anticipated
changes to operations, traffic benefits,
and the metrics that will be used to
measures these impacts.

10
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Definitions & References
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2.0 Definitions & References
Commonly Used Acronyms
AASHTO. American Association of State
Highway and Transportation Officials
ADT. Annual Daily Traffic
ATM. Active Traffic Management
ATMS. Advanced Traffic Management System
B/C. Benefit to Cost (typically as a ratio)
CDOT. Colorado Department of Transportation
CE. Categorical Exclusion

MUTCD. Manual on Uniform Traffic Control
Devices
NCHRP. National Cooperative Highway
Research Program
OMPD. Office of Major Projects Delivery
ROW. Right of Way
RTD. Regional Transportation District
SEMP. Systems Engineering Management Plan
SEP. Systems Engineering Process

CMS. Changeable Message Sign

STIP. Statewide Transportation Improvement
Program

ConOps. Concept of Operations

TCD. Traffic Control Device

CTMC. Colorado Traffic Management Center

TSMO. Transportation System Management
and Operations

DRCOG. Denver Regional Council of
Governments
DSRC. Dedicated Short Range Communications
DSL. Dynamic Shoulder Lane
FHWA. Federal Highway Administration
FTA. Federal Transit Administration
FTE. Full Time Equivalent
HCM. Highway Capacity Manual
HPTE. High Performance Transportation
Enterprise
ICM. Integrated Corridor Management
ITS. Intelligent Transportation Systems
LOS. Level of Service
MOE. Measure of Effectiveness
MPO. Metropolitan Planning Organization

USDOT. United States Department of
Transportation

Specific Terminology
ALINEA / HERO Algorithms. Developed and
owned by the University of Crete in Greece, the
ALINEA and HERO algorithms are programmed
logic sequences within the ramp metering
system, which transforms traffic data and
operator input into traffic control commands.
Australian Managed Motorways. A freeway
concept upon which a series of operational
strategies for managing access and traffic flow
are applied across all entrance points. The
concept was pioneered on the M1 Freeway in
Melbourne, Victoria, Australia.
Colorado Traffic Management Center. Goldenbased statewide traffic management system for
monitoring and managing the operations of
Colorado’s freeway system. Major elements
include surveillance, communications, and
controls.
12
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STREAMS. Developed and owned by
TRANSMAX, a publicly owned enterprise of the
State of Queensland, Australia, STREAMS is a
comprehensive system for managing various
component of traffic services and operations.
STREAMS is currently the only commercial
system authorized to use the ALINEA and HERO
algorithms.

Australian Managed Motorways Reference
Documentation
·
·

TRANSMAX. TRANSMAX is a wholly-owned
public enterprise of the state of Queensland,
Australia.

·

VICROADS. VicRoads is the state department of
transportation for the state of Victoria,
Australia. VicRoads was the designer,
implementer, and operator of the Australian
Managed Motorways concept.

·

References
Intelligent Transportation Systems
Reference Documentation
·

·

·

·

·

·

STREAMS ITS Platform Product
Description, Transmax, November
2014.
STREAMS Managed Motorways
Product Description, Transmax,
February 2016.
Managed Freeways: Freeway Ramp
Signals Handbook, VicRoads, July 2013.
Managed Freeway Guidelines,
VicRoads, August 2014.
Guide to Smart Motorways, AustRoads
AGSM-16, December 2016.

Colorado System Design
·

Colorado Department of Transportation
– Region 6: Ramp Metering Algorithm,
Colorado Translab, CU Denver, August
2002.

Intelligent Transportation System
Architecture and Standards – Final
Rule, 23 CFR Parts 655 and 940, Federal
Register, Vol. 66, No. 5, January 2011.
ITS 2015-2019 Strategic Plan, Joint
Program Office, FHWA-JPO-14-145,
U.S. Department of Transportation,
December 2014.
Systems Engineering for Intelligent
Transportation Systems: An
Introduction for Transportation
Professionals, Federal Highway
Administration, FHWA-HOP-07-069,
U.S. Department of Transportation,
January 2007.
Systems Engineering Guidebook for
Intelligent Transportation Systems,
Version 3.0., Federal Highway
Administration, U.S. Department of
Transportation, November 2009.
Model Systems Engineering Documents
for Adaptive Signal Control Technology
(ASCT) Systems, Federal Highway
Administration, FHWA-HOP-11-027,
U.S. Department of Transportation,
August 2012.
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3.0 Project Scope
Project Overview
Colorado’s two largest job centers, Denver’s
central business district (121,000 employees)
and the Southeast Denver business corridor
(140,000), are connected by I-25 in the southcentral part of the Denver Metropolitan Area.
The billions of dollars in multimodal
investments made in this corridor over the past
two decades has allowed rapid growth of these
two job centers and made Denver one of the
top metro areas for economic and job growth in
the country. I-25 handles a heavy bi-directional
commute and significant freight traffic, as it is
the only north / south interstate for over 500
miles either east or west of Denver.
I-25 suffers from severe unreliability during
peak periods: motorists must allocate up to
three times the free-flow travel time in peak
periods to ensure on-time arrival, despite an
average travel speed of approximately 40 mph
during the same peak periods. By adopting the
Australian Managed Motorways concept from
Melbourne, Victoria (Australia), CDOT can
significantly reduce the severe travel time
uncertainty.

Australian Managed Motorways
Context
The SMART 25 project will deploy a pilot
demonstration of the Australian Managed
Motorways concept pioneered on the M1
Freeway by VicRoads (the Victoria state DOT in
Melbourne), to extend the investments FHWA,
CDOT, RTD, and other agencies have made in I25. During peak periods, the Australian
Managed Motorways concept increased traffic
flow rate up to 15%, improved average traffic
speed between 35% and 60%, and improved
overall travel time reliability between 150%
(AM peak) and over 500% (PM peak).
The performance of Australian Managed
Motorways is determined by the ability to

minimize or prevent flow breakdown, to
perform well under stress, and to recover as
soon as possible in the event of congestion
occurring. This means designing the
infrastructure and the ramp metering system to
minimize the potential for flow breakdown and
operating the system to manage flow within the
freeway’s capacity.
The general principle is to control and regulate
all traffic entering a managed motorway,
including traffic from freeway-to-freeway
ramps. The coordinated ramp signals system is
then able to best manage flow to an optimum
level along the whole route and coordinate the
operation at all ramps to balance priority,
equity of access, queues and waiting times.
The freeway ramp metering objectives support
the following desirable outcomes for the I-25
Corridor users:
·

·
·

Achieving maximum safety and
productivity from the infrastructure to
facilitate the movement of general
traffic, freight and on-road public
transport
Improving transportation outcomes for
road users in terms of travel safety,
efficiency, and reliability
Preventing the occurrence of, and
facilitating recovery from, flow
breakdown and congestion as these
have detrimental effects on the
freeway as well as the wider arterial
and local road network.

Overview of Coordinated Ramp Metering

Traffic control with Coordinated Ramp Metering
(CRM) manages freeway occupancy and traffic
flow along the freeway to optimize safety and
minimize the potential for flow breakdown
causing congestion. This is achieved by:
·

Breaking up vehicle platoons from entry
ramps to assist in merging and prevent
15

SMART 25 Managed Motorways Pilot Demonstration | Concept of Operations

·

a sudden influx of traffic into the
freeway
Optimizing occupancy and managing
traffic flow within the freeway’s
capacity by controlling demand and
access to the freeway

Where traffic demands are high, CRM are most
effective when implemented as a corridor-wide
adaptive system to provide full management of
the freeway together with control of all entry
ramps to balance queues and provide equity of
access.
The central principle of freeway management
for optimum safety, flow and travel speed, is
that traffic demand entering the freeway must
be controlled in order to prevent flow
breakdown and congestion. The traffic theory
that undergirds this principle is shown in Figure
3-1.

Figure 3-1: Traffic Flow Fundamental Diagrams

By using the Australian Managed Motorways
approach and providing ramp signals at all
ramps to control demand, the coordinated
ramp signals are able to increase freeway
capacity at the same time as preventing flow
breakdown by managing demand. Even if
demand exceeds capacity, the CRM can prevent
the freeway operation degrading to flow
breakdown and congestion outcomes.

Ramp Metering Operating Principles

Throughout the corridor, the CRM system
manages flow to an optimum level along the
whole freeway as well as localized areas near
each entry ramp. The system coordinates the
operation and cycle times at all ramps to

balance priority, equity of access, queues and
waiting times. The CRM system controls all
freeway entry ramps, as necessary, to:
·

·
·
·

Keep mainline flows within critical
occupancy (density) values, subject to
the constraints of the available ramp
storages.
Manage multiple bottlenecks occurring
at any location along the freeway.
Assist with recovery of flow to stable
conditions if unstable conditions or flow
breakdown do occur.
Respond automatically to traffic
conditions caused by incidents to
reduce traffic entering the mainline
during incidents.

Pilot Deployment
The pilot deployment will include: coordinated
and dynamic ramp metering on 14 interchanges
and predictive mainline flow management. The
I-25 traffic management system will optimize
the performance of the system and achieve
travel time savings and reliability benefits
throughout the corridor.
The SMART 25 project builds upon the
Intelligent Transportation Systems (ITS)
applications and fiber lines already present in
the I-25 corridor and at the Colorado
Transportation Management Center (CTMC).
The primary components of the SMART 25
project, described in greater depth within this
document, include:
·

Coordinated Ramp Metering. This
strategy yielded the majority of benefits
on the Australian M1 project, and CDOT
anticipates it will yield similar benefits
on I-25. Coordinated metering from one
central operations point will allow
freeway flow to be monitored and
optimized throughout the corridor. The
coordinated ramp metering system will
allow all 19 entrance ramps to I-25 in
the pilot project to be controlled as one
cohesive system, leveraging the full

16
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storage and flow management
capabilities of each ramp.
·

Extensive vehicle detection and
collection systems. CDOT will install
vehicle detection devices, spaced every
300 – 500 meters, that meet the
Australian minimum standards for
vehicle occupancy, density, speed, and
volume for each lane of travel. The
CTMC will use the vehicle metrics from
this detection for advanced incident
detection and safety analysis in the
corridor.

·

Predictive flow management. CDOT
will employ a continually refined and
predictive algorithm (the ALINEA and
HERO algorithm suite from the
University of Crete) that uses extensive
freeway occupancy, density, speed, and
volume data to optimize the flow rates
every 20 seconds. The algorithm can
predict saturated traffic conditions, and
dynamically apply the appropriate
meter rates across the system to
prevent breakdown. This type of preemptive management will be a first in
the U.S.

·

Optimizing vehicle storage. The I-25
corridor has contemporary ramp
design, based upon the reconstruction
of the corridor 10 years ago. As such,
CDOT will expand ramp vehicle storage
for coordinated ramp metering, optimal
vehicle storage, and acceleration
without reconstructing ramps. This will
reduce existing backups on intersecting
arterials and optimize the system’s
ability to manage traffic flow.

Institutional Setting &
Governance
The CDOT RoadX Program will be the lead CDOT
Division implementing the SMART 25 Project,
and will work with the additional CDOT
departments, FHWA, the Denver Regional
Council of Governments (DRCOG), RTD, local
cities and counties, emergency services, and
economic development organizations to
coordinate arterial management and other
concerns. CDOT will facilitate a Policy
Leadership Team with these stakeholders to
obtain input throughout the Project.

Colorado Department of Transportation

CDOT’s vision is to enhance the quality of life
and the environment of the citizens of Colorado
by embracing technology to its fullest possible
extent and use it to shape our future
achievements in transportation – to further
create an integrated transportation system by
offering convenient linkages among modal
choices. It accomplishes this by relying on its
core values of safety, people, respect, integrity,
customer service, and excellence. CDOT’s
mission is to provide the best multi-modal
transportation system for Colorado that most
effectively and safely moves people, goods, and
information. CDOT endeavors to accomplish
this mission on the SMART 25 Project through
its “three peak” focus areas: technology,
people, and system management.
RoadX Program
CDOT’s RoadX Program, an innovative and
streamlined division, will lead the development,
implementation, operation, and evaluation of
the SMART 25 project. The RoadX Program will
rapidly deploy solutions that integrate
transportation and technology in order to
improve the transportation experience for
travelers. RoadX is also focused on coordinating
with private entities; as CDOT has begun to

17
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fund individual technology-related model
deployment projects, the RoadX Program
ensures that each of its projects has broadindustry input for innovative solutions to
Colorado’s transportation systems.
Transportation System Management and
Operations (TSM&O) Division
The ITS features of SMART 25 means that RoadX
will be working closely with the TSM&O
Division. This division’s goals are to improve the
accuracy and timeliness of traveler information,
reducing by 5% each delays at critical
bottlenecks and incident clearance times in the
state’s highest priority corridors, and reducing
delays at work zone lane closures by 10%. The
SMART 25 Project directly contributes towards
these objectives.
Colorado Transportation Management Center
(CTMC)
The CTMC coordinates all statewide traveler
information and active transportation
management activities. Additionally, CTMC
maintains traffic cameras, ITS systems, incident
detection, weather stations, and other
operational data systems. As such, the CTMC
will serve as the primary hub for maintaining
and operating the SMART 25 Project.
Ramp Metering and Traffic Signal Operations
All ramp metering and traffic signal operations
and maintenance are performed by TSM&O
staff who will receive specific inputs and signal
responses from VicRoads and Transmax.

Figure 3-2: Jurisdictional Boundaries

operations of the Southeast Light Rail
along I-25 and park-and-ride facilities.

Local and Regional Jurisdictions

The SMART 25 project involves the following
municipalities and counties:
·

·

Denver Regional Council of
Governments (DRCOG): Denver’s
Metropolitan Planning Organization has
oversight of regional transportation
planning, including analysis of current
and projected land use patterns, traffic
volumes, and mode share goals.
Regional Transportation District (RTD):
RTD provides transit services, including

·

City and County of Denver: The City of
Denver maintains arterial network
infrastructure within the corridor,
including five intersecting routes and
two parallel arterials.

·

City of Aurora: Although Aurora does
not have an intersecting arterial, its
community is largely impacted by
services along I-25 via I-225.

18
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·

City of Greenwood Village: Greenwood
Village maintains three intersecting
arterials.

·

City of Centennial: Centennial
maintains one intersecting arterial.

·

City of Lone Tree: Lone Tree maintains
three intersecting arterials.

·

Douglas County and Arapahoe County:
Both counties provide coordination and
collaboration towards transportation
services within their jurisdictions, in
partnership with their constituent
municipalities.

Local jurisdictions are important stakeholders of
the SMART 25 pilot project. As the entities
responsible for the maintenance and operations
of the arterial roadways that intersect I-25,
their operations directly impact those of the
SMART 25 corridor and vice versa. Local
jurisdictions will play the important role of
providing arterial performance data to CDOT,
before and during pilot operations, to be
incorporated as part of pilot performance
assessments and evaluations.

Corridor Boundaries
The SMART 25 Pilot Demonstration will be
implemented on northbound I-25, extending 14
miles from the RideGate Pkwy interchange to
University Boulevard (mile marker 193-205).
The corridor connects central Denver to the
Denver Tech Center in the southeast
metropolitan area.The SMART 25 also traverses
multiple counties and individual municipalities,
described above and as shown in Figure 3-2.
The jurisdictional components include:
·

City and County of Denver: The
northern third of the corridor stretches
5.5 miles through Denver from
University Blvd to Belleview Ave. Five
intersecting arterial interchanges and
the I-225 system interchange fall within

this jurisdiction.
·

City of Greenwood Village: The
Greenwood Village jurisdiction falls
within the center portion of the SMART
25 corridor from Belleview Ave to south
of Arapahoe Road (2.5 miles), including
3 arterial interchanges.

·

City of Centennial: The SMART 25
corridor falls within Centennial for 1.5
miles, including the Dry Creek Rd
interchange.

·

City of Lone Tree: The southern 3 miles
of the corridor falls within the City of
Lone Tree, which includes three arterial
interchanges and the C-470/E-470
system interchange.

·

Arapahoe County: The SMART 25
corridor crosses through Arapahoe
County form Belleview Ave to County
Line Rd, and includes Greenwood
Village, and Centennial. Additionally,
several large areas of unincorporated
county land are located adjacent to or
in close proximity of the corridor.

·

Douglas County: The southern portion
of the SMART 25 corridor falls within
Douglas County, including the City of
Lone Tree. There are also two
unincorporated areas in close
proximity, both east and west of the
corridor.

·

Other Communities: In addition to the
jurisdictions that intersect the SMART
25 corridor, there are a number of
communities including Aurora, Cherry
Hills Village, Englewood, and others
that are located in the general vicinity
of the corridor. Although not
immediately adjacent, the SMART 25
corridor acts as a vital travel corridor for
those communities.
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Project Purpose
The primary goal of the SMART 25 project is to
provide for a more efficient, productive, and
reliable freeway system through the Denver
Metropolitan Area using advanced
transportation management technologies and
transit infrastructure, without expanding
interstate capacity.

speeds during the peak period of approximately
10 mph.

Specific objectives for the project include:

Reduced traffic-related fatalities and injuries:
A key feature of the SMART 25 Project is to
detect the predicted onset of a bottleneck
condition and prevent it from occurring.
Besides the congestion reduction benefits, this
also reduces the incidence for rear-end
collisions at the end of congestion-related
queues.

Reduced traffic congestion and improved
travel time reliability: In Melbourne, the M1
Managed Motorways project was able to
improve flow by 4.7% and 8.4% in the mornings
and evening commute (respectively), with
upwards of 45% reduction in travel time
variability. CDOT anticipates a similar result on
I-25, and expects to see an increase in average

Cost savings to transportation agencies,
businesses, and the traveling public: The
SMART 25 Project will help extend the
investment in T-REX by implementing traffic
management techniques to maximize
throughput during peak periods, while doing so.
without spending hundreds of millions of
dollars to increase capacity.
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Existing Conditions
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4.0 Existing Conditions
Roadway Configurations
The SMART 25 Corridor is a complex 14 mile
segment of the northbound I-25 freeway south
of downtown Denver (Figure 4-1). An overview
of the SMART 25 corridor geometry and lane
configurations are presented in Figure 4-2,
Figure 4-3, and Figure 4-4. As shown in the
exhibits, the corridor consists of 14 total
interchanges, 12 arterial interchanges and two
freeway-to-freeway system interchanges with
the I-225 and C-470/E-470 freeways. These
interchanges contain 19 individual entrance

ramps. Nearly all arterial entrance ramps are
two lanes wide at the location of the existing
ramp meter. The I-225 and C-470/E-470
interchanges are also two lanes wide, but do
not currently have ramp meters installed.
The northbound I-25 corridor ranges from
predominantly 3 to 5 general purpose lanes,
widening to 6 lanes in some locations in the
middle of the corridor. Additionally, the
majority of the corridor mainline contains long
auxiliary lanes downstream of entrance ramps,
which in many cases span the entire distance in
between interchanges.

Figure 4-1: SMART25 Corridor in Denver Region
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Figure 4-2: Northbound I-25 Lane Configuration, Section 1
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Figure 4-3: Northbound I-25 Lane Configuration, Section 2
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Figure 4-4: Northbound I-25 Lane Configuration, Section 3

Location of traffic values

Average Daily Average Daily
Traffic (2015 Truck Traffic
AADT)
(2015 AADT)

Average
VC ratio
2015

Average
VC ratio
2035

West of University Blvd
West of Colorado Blvd
East of Colorado Blvd
North of Yale Ave
North of Hampden Ave
North of I-225
North of Belleview Ave
South of Belleview Ave
North of Arapahoe Rd
North of Dry Creek Rd
North of County Line Rd
North of C-470
North of Lincoln Ave

206,000
214,000
210,000
216,000
224,000
244,000
245,000
260,000
246,000
224,000
224,000
178,000
167,000

0.93
0.97
0.95
0.96
0.97
1.06
1.01
1.04
0.99
0.92
0.93
0.91
1.08

1.19
1.23
1.21
1.27
1.31
1.41
1.33
1.48
1.45
1.44
1.53
1.55
1.95

13,000
13,400
12,800
11,200
11,400
12,200
12,200
13,200
15,000
14,800
15,600
12,800
10,400

Table 4-1: SMART 25 Corridor Traffic & Congestion
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Existing Corridor Performance
The I-25 freeway is the primary north / south
passenger and freight corridor in Colorado, and
the only major north / south freeway within 500
miles. The I-25 freeway connects the majority of
Front Range communities to the rest of the
state and beyond. The I-25 freeway carries
some of the highest traffic volumes in the state,
with average daily traffic exceeding 250,000
vehicles in several segments around Denver.
Table 4-1 shows traffic characteristics of the
SMART 25 Demonstration corridor, based on
available data from the CDOT Online Traffic
Information System (OTIS). As shown in the
Table, nearly the entire corridor experiences
daily traffic volumes of over 200,000, peaking at
260,000 south of Belleview Ave. Daily truck
traffic is shown to exceed 12,000 vehicles
throughout much of the corridor, reaching
15,600 north of County Line Road.

Table 4-1 also details the level of congestion
experienced in the SMART 25 corridor, due to
large traffic volumes. The entire corridor
currently experiences a poor level of service,
with average daily VC ratios of over 0.9. Several
locations, including near the I-225 interchange

and north of Lincoln Ave, currently experience
average daily VC ratios of over 1.0, further
emphasizing the level of congestion regularly
experienced within the SMART 25 corridor. By
2035, current projections estimate that nearly
the entire corridor will experience saturated
conditions, with nearly the entire corridor
expected to show an average VC ratio of over
1.2.
As one would expect, this level of recurring
congestion has a significant impact on travel
times. Average travel times for the SMART 25
corridor are shown in Figure 4-5. As illustrated,
average daily travel time increases
approximately 8 minutes during peak periods,
compared to free-flow conditions. However,
corridor reliability is a much greater concern.
Due to the extreme congestion that can set in
and cause significant travel time variability,
drivers during peak periods are forced to
allocate nearly 3 times the amount of travel
time that would be needed for the same trip
during free flow conditions. This means that a
typical driver would need to plan on an hour
travel time for an 18-minute free flow trip on I25. Reliability on the SMART 25 corridor is
further underscored through Inrix data, which
shows that commuters on I-25 incur up to 37
hours of peak period travel delay annually.
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Figure 4-5: SMART 25 Corridor Travel Time

A more detailed investigation of traffic
conditions was undertaken as part of the initial
corridor evaluation effort of the SMART 25
Managed Motorways Demonstration project.
Methodology and results of the initial corridor
analysis are documented in detail within the
SMART 25 Predesign Final Report. This analysis
was carried out in order to identify the
problematic bottleneck locations where
recurring congestion typically begins, and to
begin to gauge the ability of the managed
motorways system to improve them.
In order to locate and visualize bottleneck
locations, speed trend plots were created for
every day of a four week analysis period in
spring 2016. An example of these plots are
shown in Figure 4-6 and Figure 4-7. The vertical
axis of each plot represents the spatial location

along the northbound I-25 project corridor and
the horizontal access represents time of day.
The colors shown within each plot represent
speeds, with orange/ red indicating slow speeds
(congested conditions) and green/ teal
representing high speeds (free-flow conditions).
Peak period traffic flows and congestion
patterns during peak periods were found to
vary from day to day. However, the review and
comparison of each daily speed plot over a fourweek period brought to light several areas of
recurring congestion, where bottlenecks form
on an almost daily basis in the same specific
locations. Although traffic characteristics varied
from day to day, Wednesday April 27th, 2016
was selected to represent a typical day, because
of recurring traffic patterns and a lack of
incidents and inclement weather conditions.
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Figure 4-6: Northbound I-25 Bottleneck Identification - PM Peak Period

Figure 4-7: Northbound I-25 Bottleneck Identification - AM Peak Period
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Figure 4-7 presents speed conditions for the
SMART 25 corridor during the AM peak period.
Bottlenecks are apparent where orange-red
colors begin at a specific location and then
move in a linear pattern up the project corridor
over time. This pattern represents a bottleneck
impacting upstream traffic as congestion
shockwaves move upstream. Each recurring
bottleneck location is denoted, and includes the
following locations.
·
·
·
·
·

Yale Ave
South of Hampden Ave
I-225 Interchange
North of Arapahoe Rd
North of C-470 Interchange

In most cases, congestion from these critical
locations moved upstream to affect a significant
length of the project corridor. At the worst
bottlenecks, the congestion shockwaves moving
upstream linked up with and impacted other
locations where initial localized congestion had
formed, eventually impacting the majority of
the project corridor during the AM peak-period.
This phenomena can also be seen in the
northern portion of the corridor, where
downstream bottlenecks outside of the project
corridor (north of University Blvd) are shown to
create shockwaves that propagate into the
study area.
Traffic conditions during the PM peak period of
April 27 are shown in Figure 4-6. The bottleneck
locations identified during the PM peak period
are listed below.
·
·

Yale Ave
South of Hampden Ave

·
·

I-225 Interchange
North of Arapahoe Rd

As shown in the exhibit, many of the same
bottlenecks that occurred during the AM period
are also present during the PM commute.
However, there are noticeable differences
between the AM and PM speed plots.
The spatial analysis process indicated that flow
breakdown occurs at a number of different
locations along the project corridor. Each
location can be triggered independently of what
is happening at other bottlenecks either
upstream or downstream. Additionally, the
time of flow breakdown at each location
changes from day to day, and some critical
locations breakdown every day while others do
not. Regardless of these variations, the
bottleneck locations identified in both the AM
or PM peak periods of the typical day of April
27th represent the most critical areas within
the I-25 project corridor.
In addition to the traffic characteristics
described previously, safety is of course the
most important concern currently facing the
SMART 25 Corridor. From 2011 to 2015, over
3,000 crashes occurred on northbound I-25
between RidgeGate Pkwy and University Blvd.
Most of these incidents occurred near
interchanges, likely as a result of merge/
diverge maneuvers. Figure 4-8 shows
concentrations of crashes from 2011-2015. As
shown in the figure, the greatest number of
crashes occurred approaching the I-225
interchange, and near the University Blvd,
Hampden Ave, Arapahoe Rd, and Lincoln Ave
interchanges.
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Figure 4-8: SMART 25 Corridor Crash Density (Northbound)
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Approximately 60 percent of all crashes
between 2011 and 2015 were rear end
collisions, with 22 percent sideswipe and 13
percent fixed object. This is significant due to
the propagating waves of congestion described
previously. These moving bottlenecks are most
likely direct contributors to the high occurrence
of rear end crashes, due to the sudden and
unpredictable braking behavior they force on
typical drivers. However, as the managed
motorways system works to improve flow and
avoid recurring bottlenecks from breaking down
into congestion, the number of rear end crashes
should be reduced. A successful managed
motorways system will create more predictable
traffic flow in merge/ diverge areas, reducing
queueing and sudden stopping, and
consequently improving safety by reducing
crashes in the corridor.

Trip Generators
Recurring trip patterns and traffic
characteristics within the SMART 25 corridor
are strongly influenced by major activity
centers, which act as trip generators within and
around the project area. As shown in Figure 4-9,
the SMART 25 corridor of I-25 connects
Denver’s central business district and the
southeast Denver Tech Center. These two areas
are the two largest employment centers in
Colorado, with 121,000 and 140,000 employees
respectively. The corridor also serves secondary
employment markets in the Colorado Blvd /
Cherry Creek area and the City of Aurora.
Individual activity centers located within close
proximity of the corridor include the University
of Denver, the Highland Ranch residential area,
and the SkyRidge Medical Center. Additionally,
there are several popular commercial areas
nearby that include Park Meadows, and the
Colorado Blvd and Parker Rd shopping centers.
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Figure 4-9: SMART 25 Corridor Activity Centers
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Existing Transportation
Management Assets
ITS and Transportation
Management/Monitoring Programs

The Colorado Transportation Management
Center (CTMC), located in Golden, Colorado,
provides oversight over the region’s traffic and
incident management services. The CTMC
operates the statewide Colorado Transportation
Management System (CTMS), which provides
Advanced Transportation Management System
(ATMS) and Advanced Traveler Information
Systems (ATIS). The ATMS and ATIS systems
enable CTMC operators to monitor traffic
conditions on regional freeways and to control
various traffic management devices through a
high-level graphical user interface.
Key functions include:
·
·
·
·
·
·
·
·

Collection and processing of traffic data
from field data sensors
Access to video feeds from CCTV
cameras
Management of messages displayed on
changeable message signs
Management of messages broadcasted
on highway advisory radio stations
Operational control of ramp meters
Access to CSP’s Computer Aided
Dispatch system
Automated incident detection system
Event response decision support system

ITS Field Systems

The I-25 corridor currently features a
combination of ITS components.
Closed Circuit Television (CCTV) Cameras: The
CCTV cameras are used for monitoring travel
conditions in the corridor, such as weather
conditions, accidents and traffic congestion. The
video images are also shared with the public via
the internet (www.CoTrip.org) and television
news agencies.

Microwave Vehicle Radar Detectors (MVRD):
MVRD, also referred to as side-fire radar, are
used to measure volume, occupancy, speed,
and classification in each lane of travel. A single
unit can generally measure all lanes of travel in
both directions, unless there is significant grade
separation or obstructions. The data is used
primarily for measuring and analysis of traffic
conditions, both in real-time and for studies.
The data can be connected to other devices or
alarms to trigger an action when volumes,
occupancy, or speed extend beyond a
predefined threshold. MVRD are installed every
half mile in the I-25 corridor.
Travel Time Indicators (TTI): TTI sites are
comprised of 900MHz antennas and readers
that detect toll tag transponders in vehicles, as
used on the E-470, Northwest Parkway, and the
regional Express Lanes facilities. While MVRD
units give volume, occupancy, and speed data
at a given point, the TTI are used to track
vehicle travel times across segments spanning
from one TTI location to the next. The data is
used in a custom algorithm CDOT developed to
estimate travel time in each segment.
Communications Backbone: The existing
communication network along the I-25 corridor
consists of a 144-strand fiber-optic backbone.
Data is sent to and from field devices to the
County Line Node regeneration building, the
CTMC, and CDOT.
Ramp Metering: Ramp metering systems help
control the number of vehicles entering I-25
when the highway experiences congestion.
Ramp metering generally involves two metered
lanes per signal, simultaneously released. They
are present at all on-ramp locations except I225, C-470, and E-470.
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User Needs
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5.0 User Needs
This section identifies key user needs that
govern the development of the SMART 25
demonstration concept. User needs were
determined based on an evaluation of the
planned managed motorways system, and
feedback gleaned from corridor stakeholders
throughout the project development process.

Categories of Users
Potential users of the planned SMART 25
system are identified in Table 5-1. As shown in
the table, there are two separate types of users,
classified based on how each group would
interact with the managed motorway system:
·

System Operators: Direct users of the
managed motorway system, actively
participating in some or all of the
system components, either through
actual operation or administration.

·

End Users: Indirect users who do not
actively participate in the operation of
the system, but either travel the
corridor, have keen interest in system
performance, or are otherwise
impacted by SMART 25 operations.

System Operators (Direct Users)
Freeway Management Operators
CTMC Operators
CDOT ITS Traffic Engineers
Maintenance Staff
CDOT Managers

Basic User Needs
This section describes the key user needs that
govern the SMART 25 Managed Motorway
system. These needs were identified through
the SMART 25 planning and system
development process, or through discussions
with corridor stakeholders. These needs will
form the basis for the development of
functional requirements, needed later in the
SMART 25 development process.

System Management
·

Operating Platform: A freeway
management operating system is
needed in order to provide pilot system
operators with a central software
platform for system monitoring,
calibration, and control. The operating
platform will provide a visual
representation of the SMART 25
corridor, including mainline geometry
and ramp storage parameters, as well
as location and functionality
information for all ITS field devices
associated with the SMART 25 system.
The platform will also provide the
means by which ramp meter signal
parameters are communicated to
devices in the field, and settings can be

End Users (Indirect Users)
Colorado State Patrol (CSP)
Local Police Departments
RTD Vehicle Drivers
Local Fire Departments
CDOT Courtesy Patrol
Agency/ jurisdictional managers
Public Information Officers
Commercial Fleet Operators
Travelers

Table 5-1: SMART 25 System Users
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calibrated and adjusted during pilot
operations.
·

·

Operating Environment: An
appropriate working environment for
system operators is needed for
successful pilot operations. An ideal
operations room would include
adequate workstations and monitors,
access to internet and phone, and
existing CCTV footage. Given additional
communication needs between system
operators and CTMC staff, this
operations room may need to be
located within the CTMC building.

·

Collect & Process Entrance Ramp Data:
The SMART 25 system must monitor
and process entrance ramp
performance data in real-time. This
data will be used to inform the SMART
25 system on the number of vehicles
entering and exiting the corridor
mainline at any given time. Additionally,
this data needs to communicate the
number of vehicles waiting at every
entrance ramp meter, and the total
entrance ramp storage available
throughout the system. This
information will then provide a basis for
the system to balance ramp queues
throughout the corridor, and prevent
queues from impacting arterials,
through the continual manipulation of
ramp meter signal timings. Entrance
and exit ramp information will need to
be sourced from vehicle detectors
installed at specific locations along the
SMART 25 corridor mainline and
entrance ramps, and will also need to
provide volume and occupancy
information at a level of accuracy
required by the SMART 25 system.

·

Monitor Ramp Meter Functionality:
SMART 25 system operators need to
monitor the status and functionality of
all ramp meters in real-time. As such,
the SMART 25 system needs to provide
real-time data on the active ramp
metering rate in each location, along
with the operating status of all ramp
meters. This information will be used by
the SMART 25 system to inform needed
changes to ramp signal timing, and to
indicate any functionality issues to
system operators.

Professional Capability: The SMART 25
pilot will rely on system operators to
monitor and calibrate the freeway
management system. Operators will
need sufficient professional capabilities
to perform the daily operation of the
system. Professional capability includes
the necessary technical knowledge to
set-up and maintain the freeway
management operating system,
configure and adjust system
parameters, and monitor system
performance. In addition, operators will
need to have open communication with
CTMC staff to coordinate for incident
response or other events.

System Monitoring
·

Vehicle detection devices will also need
to provide real-time speed, volume,
occupancy, and vehicle classification at
a level of accuracy required by the
SMART 25 system.

Collect & Process Mainline Data: The
SMART 25 system must monitor and
process mainline traffic data in realtime. This information will be used to
measure traffic conditions throughout
the corridor, and adjust ramp meter
signal timings every 20 seconds to
prevent the formation of congestion.
Data will need to be provided through
vehicle detection devices installed at
specific locations and spacing
throughout the SMART 25 corridor.
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·

·

·

·

Monitor ITS Device Status: The SMART
25 system will need to monitor the
status of all critical ITS devices and
equipment utilized as part of pilot
operations. These items include ramp
meter controllers and signals, vehicle
detectors, CCTV cameras, and
associated communication network
equipment. The real-time status of all
devices and equipment will be needed
to indicate malfunctioning items to
system operators.
Reporting Capability: In order to
facilitate the provision of real-time
SMART 25 corridor and system
performance, the SMART 25 operating
platform will need to have real-time
reporting capabilities. The operating
platform needs to quickly communicate
mainline traffic performance, entrance
ramp performance, ITS device status,
and communication network
functionality. This real-time information
will be needed by the SMART 25 system
and operators for successful pilot
operations and evaluation.
CCTV Video: System operators will need
access and control of live CCTV video
feeds of the SMART 25 corridor,
currently available to CTMC staff. The
provision of live footage and camera
control is important to assist in the realtime monitoring of the corridor’s
mainline and ramp conditions, to
observe impacts to changes in system
parameters, and to assist in incident
response. CTMC operators will also
need override capability to have
ultimate control of CCTV cameras
during emergency situations.
Incident Detection: The SMART 25
system will need to assist in the
detection of traffic incidents. Through
the real-time traffic performance
monitoring of the corridor mainline and

entrance ramps, the SMART 25 system
will need to detect traffic irregularities
and indicate these anomalies to system
operators. This ability will better enable
to SMART 25 system and operators to
assist in incident detection and
response.

Ramp Metering Control
·

Ramp Meters: The SMART 25 system
will need the ability to control every
entrance ramp included along the
northbound I-25 pilot corridor through
ramp metering. In order to provide this
level of control, the installation of new
ramp meters will be needed at multiple
locations (C-470, E-470, I-225).

·

Ramp Storage: In order to enable the
SMART 25 system to respond to realtime traffic conditions, entrance ramps
within the corridor need to provide an
appropriate level of vehicle storage and
vehicle discharge capacity. Vehicle
storage is necessary to temporarily
store vehicles on entrance ramps
without impacting adjacent arterials,
while discharge capacity is needed to
quickly release vehicles when they can
be accommodated on the mainline. As
such, several ramp improvements will
be included as part of the SMART 25
program.

·

Local Ramp Signal Control: The SMART
25 system will need to incorporate
parameters that enable local control of
ramp meter signals. Local ramp signal
control should take into account realtime information on ramp queue and
downstream bottleneck conditions in
order to adjust ramp meter signal
timings. Local control of ramp signals
will better enable the SMART 25 system
to respond to real-time traffic
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conditions and prevent ramp queues
from impacting adjacent roadways.
·

·

·

Coordinated System Control: The
SMART 25 system will also need the
ability to coordinate ramp meter signals
throughout the SMART 25 corridor.
Coordinated ramp control is needed in
order to respond to real-time mainline
traffic conditions and ramp conditions
on a corridor-wide basis. Specifically,
the system will need the ability to
manage multiple bottlenecks, while
coordinating ramp meter signal timing
at each entry ramp in order to balance
ramp queues among all ramps.
Coordinated control of ramp signals will
better enable the SMART 25 system to
prevent the breakdown of corridor
traffic flow, balance ramp meter wait
times throughout the corridor, and
prevent ramp queues from impacting
adjacent roadways.
Queue Warning: In order to prevent
potential safety concerns, the SMART
25 system needs to incorporate a
means to warn drivers of upcoming
queues on corridor entrance ramps.
Queue warning should be accomplished
by a combination of static signs and
flashing electronic beacons to signal
that ramp meters are active, and
stopped traffic may be ahead. Adequate
queue warning devices are needed to
prevent potential rear-end collisions
and increase driver awareness as part
of the SMART 25 pilot.
Emergency Access: The SMART 25
system will need to accommodate
emergency vehicle access as part of
pilot operations. SMART 25 system
operators will need the ability to
temporarily override system control
and deactivate individual ramp meter
signals. This manual override ability will
be needed to assist in incident or

emergency response, by allowing
emergency vehicles to enter the I-25
mainline without waiting through a
queue during normal ramp metering. In
practice, this deactivation of individual
signals should only be implemented by
a request from CTMC staff.
·

Predictive Flow Management: As part
of coordinated ramp metering
operations, the SMART 25 system will
need to incorporate the ability to
predict potential saturated traffic
conditions and the breakdown of
corridor traffic flow. This ability will
need to be informed by real-time traffic
conditions provided from vehicle
detectors throughout the corridor, and
individual parameters built into the
system. This predicted information will
be used by the coordinated ramp
metering system to dynamically apply
appropriate metering rates throughout
the corridor, and adjust flow rates in
near real-time to prevent corridor
breakdown.

·

Parameter Flexibility: The SMART 25
coordinated ramp metering system
needs to be flexible in order to
accommodate issues that may arise
during system implementation.
Specifically, the system and system
operators must have the ability to
augment existing parameters or add
new parameters based on unforeseen
impacts, such as greater than expected
ramp queues at a particular location,
new bottleneck locations, etc. Flexibility
in parameters will better enable the
SMART 25 system to respond to realtime traffic conditions through
coordinated ramp metering.
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·

Existing CDOT System: The SMART 25
system will make changes to the ramp
metering scheme that currently exists
within the corridor. To assist in the
transition to the new system, SMART 25
will need to also incorporate a similar
ramp metering scheme to the existing
CDOT system. The need for SMART 25
to include parameters similar to the
existing CDOT practice is to allow for a
gradual introduction of new parameters
during system integration. A slow
transition from one ramp metering
scheme to another will allow drivers
time to adjust, and for system
operators to adjust or add new
parameters over time. Incorporating a
scheme similar to the existing CDOT
system will also provide a fallback, in
the event that the SMART 25 system
must be reverted to existing operations.

·

Data Reporting: The SMART 25 system
will need to have the ability to quickly
report corridor traffic and system data
when necessary. Data reporting abilities
will need to include high resolution
near-raw data, along with graphical
summaries that can quickly
communicate summary traffic
conditions from a given time period.
This reporting capability will be needed
in order to support ongoing
performance assessments,
comprehensive pilot evaluations, and
stakeholder communication.

·

Operational Guidance: One expected
outcome of the SMART 25 project is the
completion of a final report which will
include operational guidance. The
guidance report will describe system
integration, testing, parameter
adjustment protocols, and daily system
operations in general terms. In order to
support the drafting of this report,
system operators will need to
adequately document steps and
procedures during testing, operations,
and parameter adjustments. This
information will then be documented in
general terms as part of the SMART 25
final report.

·

Internal Data Communication: The
SMART 25 system needs to include an
appropriate internal communication
network in order to monitor and
respond to corridor traffic conditions in
real-time. The internal communication
network will need to include
communications between the system
operating platform, servers, vehicle
detectors, and ramp signal controllers.
For the purposes of the temporary
SMART 25 pilot, part of this network is
anticipated to be located within an
online cloud environment. A high-speed
and reliable communications network is
essential for coordinated ramp

Data Management
·

Data Archiving: The data collected by
the SMART 25 system during its daily
operations needs to be stored to
support future offline analyses and pilot
evaluations. Satisfying this need implies
that a database for historical data
storage needs to be incorporated as
part of the SMART 25 system. Archived
data should include high resolution data
from corridor traffic detectors, ramp
meter queue estimates, active ramp
metering rates, and other data
necessary for future analyses and
evaluations. Historical traffic
performance and ramp metering data
will enable the SMART 25 system to rely
on historical traffic patterns if
necessary, and will serve as the basis
for performance assessments of pilot
operations.
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metering system functionality, and
successful SMART 25 pilot operations.
·

External Data Communication: The
SMART system also needs to support a
means for the communication of traffic
performance and ramp metering data
to CDOT. This non-proprietary
information will be needed by CDOT
technical experts and leadership to
understand the general functionality of
the system. This knowledge will be
needed in order to plan for a potential
permanent implementation in the
future, and anticipate the level and type
of technical expertise needed within
CDOT.

·

Arterial Data Communication: The
operations and performance of the
arterial roadways that intersect I-25 will
have direct impact on the SMART 25
corridor and vice versa. In order to
gauge the impact of SMART 25
operations on adjacent roadways,
arterial performance data needs to be
communicated to CDOT in order to be
included as part of the SMART 25
performance evaluation. CDOT does not
collect or have access to arterial traffic
data. As such, local jurisdictions will be
responsible for providing arterial data
before and during operations.

Maintenance & Enforcement
·

Enforcement: The success of the
SMART 25 pilot is dependent on the
ability of the ramp metering system to
control and coordinate the entry of
vehicles onto the I-25 mainline. As such,
SMART 25 needs to include an
adequate amount of enforcement in
order to prevent drivers from ignoring
ramp meter signals. As ramp meters are
already installed throughout much of
the corridor, it is anticipated that the

CSP will provide enforcement, using the
existing level of patrol resources.
·

System Device Maintenance: The
successful operation of individual ITS
devices and equipment are critical to
the success of the SMART 25 pilot. The
greater the amount of time that
individual devices are malfunctioning or
otherwise unavailable, the greater the
impact on the SMART 25 system to
monitor and react to real-time traffic
conditions, and prevent the breakdown
of traffic flow. As such, the SMART 25
system needs to include adequate
maintenance resources to respond to
malfunctioning devices and equipment
within an appropriate timeframe. For
the purpose of the temporary SMART
25 pilot, this could include the need for
contracting maintenance resources to
respond to issues within 24-48 hours.

Potential Constraints
In addition to the various needs outlined in the
previous section, there are certain potential
constraints that should be considered during
SMART 25 system development. The following
items include examples of known constraints
that could impact the success of the SMART 25
Managed Motorways pilot.

Operational Constraints
·

Enforcement: As mentioned previously,
the success of the SMART 25 pilot is
dependent on the ability of the ramp
metering system to control the entry of
vehicles onto the I-25 mainline.
Although CSP officers will be tasked
with enforcement during operations, a
high amount of ramp meter violations
could degrade the ability of the overall
system to reduce recurring congestion.
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·

Weather: The SMART 25 system will
rely on numerous vehicle detectors
installed along the I-25 mainline to
monitor and respond to real-time traffic
conditions. In the event of major
snowfall and associated snow plow
operations, vehicle detector accuracy
could be significantly impacted until
maintenance resources are able to clear
snow from the detectors.

·

Traffic Volumes: Pre design analysis of
the SMART 25 corridor relied on
existing traffic data (speed, volume, and
occupancy) from existing vehicle
detectors to inform the design of the
system. Many of these vehicle
detectors have known accuracy issues,
so reliable data to confirm assumptions
may not be available until after new
devices are installed. Furthermore, the
existing traffic data represents present
day conditions, and significant
unforeseen increase in traffic volumes
during pilot operations could impact
the performance of the SMART 25
system.

·

Uncontrolled Entry: The SMART 25
system will control the entry of vehicles
from all 19 entry ramps within the
SMART 25 corridor. However, the
system will not control vehicles
entering the corridor from northbound
I-25 from south of RidgeGate Pkwy. As
with ramp entry volumes, mainline
entry to the corridor analyzed existing
volumes. If these volumes were to
increase significantly before or during
pilot operations, the SMART 25 system
would have only limited ability to
control for this volume increase.

·

Maintenance Constraints: AS
mentioned previously, the successful
operation of individual ITS devices and
equipment are critical to the success of
the SMART 25 pilot. Malfunctioning or

non-responsive equipment could have a
significant impact on SMART 25 system
performance. Therefore, the success of
the pilot system could rely on the ability
of maintenance resources to quickly
respond to problems.

Political Constraints
·

Public Acceptance: The SMART 25 pilot
will impact typical peak-period travel on
the corridor relative to the existing
condition, most notably through the
introduction of new ramp meters at
freeway to freeway interchanges.
Although these changes are expected to
improve overall travel times and delay,
these new practices may not initially be
popular among all drivers, and may
result in political challenges.
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Justification for Pilot
Program
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6.0 Justification for Pilot Program
This section will describe the current conditions
and factors warranting pilot implementation,
and an overview of the desired changes offered
by the proposed pilot program, relative to the
existing condition.

Current Conditions Warranting
Implementation
The SMART 25 corridor was selected for pilot
implementation as part of a regional feasibility
screening. This process is documented in detail
within the Colorado Managed Freeway Strategy
– Summary Report. To summarize, the SMART
25 corridor is an attractive option for a
managed motorways pilot demonstration for
two main reasons: recurring congestion
conditions which have been shown to regularly
trigger freeway flow breakdown during peak
periods; and the physical configuration of the
corridor, which can better enable successful
managed motorway operation. Additionally,

there are other operational and financial factors
that warrant implementation of the SMART 25
Demonstration Project.

Peak-Period Congestion Conditions

As described in Section 4.0, the first phase of
the SMART 25 project included a detailed
corridor evaluation that identified critical
bottleneck locations where recurring
congestion typically begins. Morning flow
characteristics for the identified bottleneck
north of Arapahoe Rd are shown in Figure 6-1.
As displayed in the exhibit, lane flow is shown
to increase gradually until it reaches a
maximum flow of 2,200 vphpl around 7:00 AM.
At that point, traffic flow breaks down, as
evidenced by the drastic drop in speed,
decreased lane flow, and increase in lane
occupancy. Both speed and lane flow are shown
to recover slightly between 7:30 and 8:00 AM,
before breaking down again. Because of this
breakdown, volumes in this location average
close to 1,600 vphpl during the AM period,

Figure 6-1: I-25 Northbound Flow Characteristics – North of Arapahoe Rd – AM
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which is approximately 600 vphpl less than the
maximum flow.

manipulated based on the presence and extent
of coordinated ramp metering.

This phenomena represents a major loss in
freeway productivity at a time when freeway
demand is at its highest. Alleviating this sort of
volatility and major flow breakdown is the
ultimate goal of the managed motorways
system. The pattern illustrated in Figure 6-1 is
not unique to the specific location or time of
day. As documented in the SMART 25 Predesign
Final Report, the pattern of freeway
breakdown, and the associated loss of
productivity, is witnessed in each identified
bottleneck during both the AM and PM peakperiods. By adjusting system parameters in realtime to prevent this type of freeway
breakdown, the managed motorways system
can be expected to greatly reduce the impact of
recurring bottlenecks, and result in greater
throughput and travel time reliability.

The flow capacity analysis process was carried
out for both the AM and PM peak periods.
Figure 6-2 shows the flow capacity results of
existing peak-hour operations, with no
coordinated ramp metering. In the exhibit, the
listed percentages represent the flow / capacity
ratio of that particular freeway segment under
existing conditions. Segments where flow
exceeds capacity are highlighted by a red box.
The red sections indicate a critical flow/
capacity location that the managed motorways
system would need to manage. In most cases,
this would involve the adjustment of metering
rates upstream of the critical location to
balance queues and mange demand throughout
the corridor.

The detailed corridor evaluation also included a
flow capacity analysis of the SMART 25 corridor.
This involved the modelling of typical corridor
flows and operational capacities using a
spreadsheet tool developed by VicRoads. This
analysis involved the assessment of typical
conditions in order to identify critical locations
for system control, and to gauge the overall
viability of coordinated ramp metering to
improve those critical locations.

As shown in the exhibit, much of the project
corridor is considered above operational
capacity in both the AM and PM peak hour.
However, there are noticeable variations in
traffic patterns between the morning and
afternoon. Most critical locations exist in the
southern portion of the corridor during the AM,
south of I-225, with the most problematic areas
south of the C-470 interchange. The afternoon
period is different, with nearly all critical
locations north of Arapahoe Rd, and the worst
areas just north of I-225.

The methodology, assumptions, and data
sources of the flow capacity analysis are
detailed in the SMART 25 Predesign Final
Report. In summary, the approach utilizes peakhour ramp volumes and operational capacity
assumptions under different scenarios. The
operational capacity values used for the analysis
are based on real-world measurements by
VicRoads, and differ from the capacity values
detailed in the Highway Capacity Manual
(HCM). In order to model different scenarios,
adjustments to operational capacities were
made for each corridor segment based on the
physical configuration of mainline and auxiliary
lanes, areas of high weaving, and changes in
grade. Additionally, operational capacity was
44
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Figure 6-2: Existing Flow-Capacity Condition
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Physical Factors

As noted previously in this section, the SMART
25 corridor was selected for pilot
implementation as part of a regional feasibility
screening. The identification of SMART 25 for a
managed motorways demonstration was due in
large part because of the presence of existing
ramp meters and the current physical
configuration of entrance ramps.
·

Existing ramp meters: Ramp meter
signals are currently installed on each
arterial entrance ramp within the
SMART 25 corridor. Because of this
condition, the installation of new
arterial ramp signals will not be
necessary for the operation of the pilot
system. Additionally, the presence of
ramp signals in the corridor indicates
drivers are used to the ramp metering
concept and should not be overly
burdened by the proposed SMART 25
system. However, ramp signals
currently do not exist at freeway to
freeway entrance ramps (I-225, C-470,
and E-470), which limits the ability of
existing arterial ramp meters to reduce
corridor congestion.

·

Existing ramp storage: The majority of
entrance ramps within the SMART 25
corridor were reconstructed roughly 10
years ago as part of the Transportation
Expansion (T-REX) Project on I-25.
These relatively recent improvements
created greater vehicle storage on
entrance ramps, making it an attractive
option for a managed motorways
demonstration relative to other
candidate corridors. However, these
improvements were still made
following contemporary ramp design
principles. Although adequate in terms
of typical freeway design, current ramp
configurations offer limited flexibility
and ramp discharge capacity for optimal
ramp metering operations.

Operational Factors

In addition to recurring traffic congestion and
physical conditions, there are a number of
operational factors that also merit the
implementation of the SMART 25 Pilot project.
·

Existing Traffic Detection: On the
SMART 25 corridor, there is currently
limited ability to monitor traffic
conditions in real-time on both the
corridor mainline as well as entrance
ramps. This is due mostly to the existing
traffic detection in the corridor. On the
I-25 mainline, traffic data is provided by
microwave radar devices, due mostly to
the nonintrusive nature of their
installation and maintenance. However,
microwave radar devices have been
shown to have issues reporting
accurate volume and occupancy data
compared to other devices (SMART 25
Vehicle Detection Device
Recommendations White Paper).
Additionally, existing vehicle detection
along the SMART 25 corridor is not
installed in enough locations to provide
a complete picture of traffic conditions
throughout the corridor.
On corridor entrance ramps, vehicle
data is provided by wireless
magnetometers installed within the
ramp pavement. Although this type of
detection has been proven accurate
enough for advanced ramp metering
systems, the placement of detectors
along entrance ramps is limited. The
current configuration does not enable
the existing monitoring system to
accurately measure the length and
behavior of ramp queues along the
corridor.

·

Existing ramp metering: The existing
ramp metering system on the I-25
corridor is controlled by a custom
algorithm, originally created for CDOT
over 20 years ago. The system utilizes
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information from a single mainline
vehicle detector upstream of the
entrance ramp, as well as vehicle
detectors on the entrance ramp near
the ramp meter and at the ramp
entrance. Mainline traffic information
and the number of vehicles on the ramp
are used to determine the ramp’s local
metering rate. However, when it is
detected that traffic is backed up along
the entire length of the ramp, the
system is able to communicate with the
ramp directly upstream to slow its
metering rate and release fewer
vehicles. If that ramp fills with vehicles,
it is then able to communicate to the
next upstream ramp to repeat the
sequence.
Although this system was considered
state-of-the-art when first introduced, it
has been shown to have limited
functionality when compared to
modern coordinated ramp metering
systems. Furthermore, the recurring
peak-period congestion and breakdown
of traffic within the corridor
underscores the inability of the ramp
metering system to address existing
traffic conditions.
·

Freeway management capability:
There is currently a limited ability to
successfully manage the I-25 corridor
due to the existing tools available to
system operators. As discussed
previously, data on existing traffic
conditions is not always reliable. System
operators currently rely on CCTV
camera feeds, reports, or
communications from law enforcement
in order to detect incidents or major
events. There is no ability for the
existing system to detect traffic
abnormalities and indicate a possible
issue to operators. Furthermore, if an
issue is detected, there is no means to
dynamically adjust the ramp metering

system in order to prevent
compounding the problem, or to assist
with the recovery of traffic flow.

Financial Factors

Several additional financial and resource
realities also reinforce the desire to
demonstrate the managed motorways concept
on I-25.
·

Limited available right-of-way: For the
most part, the T-REX project described
previously utilized most of the
remaining CDOT right-of-way along I-25.
Due to this previous project, there is
limited land available along the SMART
25 corridor for further freeway
widening. Further lane expansion would
likely require the acquisition of private
property, demolitions, and large
amounts of funding. This limited
environment underscores the need for
any further corridor improvements to
be implemented within the existing
right-of-way.

·

Limited funds for large-scale capital
infrastructure: As with many agencies,
CDOT operates with a limited budget
and has limited ability to make major
investments in infrastructure. This
reality makes it difficult for an agency to
justify new civil infrastructure projects
at the level of T-REX, and produces a
need to find solutions that can be
implemented with minimal changes to
existing infrastructure.

·

Limited maintenance resources: CDOT
currently has limited resources for the
maintenance of existing ITS equipment.
If a device malfunctions or is
unresponsive, it may be several days or
weeks until the problem is able to be
addressed in the field. Any new
equipment introduced as part of new
projects would have to compete with
other devices and priorities.
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Desired Pilot Program Changes

·

Enhanced ramp metering system:
o Improve ramp metering
through introduction of more
contemporary system
o Modernize functionality of
meters through deployment of
more powerful and
sophisticated control logic
o Provide complete coordination
of ramp meters throughout
entire system
o Better enable the ability of
central system to respond to
real-time traffic congestion and
prevent congestion

·

Dynamic freeway management:
o Improve freeway management
system to provide accurate
real-time traffic conditions to
operators
o Enable system to detect
abnormalities in traffic patterns
and indicate incidents and
other major events
o Provide dynamic response
capability to enable ramp
metering system to prevent
compounding the impacts of
incidents or events, and to
better assist in the recovery of
traffic flow

·

Dedicated maintenance:
o Improve maintenance response
time in the event that critical
equipment is malfunctioning or
unresponsive
o Make available dedicated
maintenance staff for all ITS
devices during SMART 25 pilot
operations
o Provide CDOT maintenance
staff with necessary tools and
expertise to maintain
equipment after the life of the
pilot

The SMART 25 project will introduce new
devices, tools, and management practices in the
I-25 corridor. The following summary includes a
set of components desired for inclusion as part
of the managed motorways demonstration, to
address the existing conditions and factors
described previously in this section.
·

New ramp meters:
o Install new ramp meters at
freeway to freeway
interchanges along the corridor
o Allow greater control of the
corridor through new metering
capability at the I-225, E-470,
and C-470 entrance ramps
o Enable the system to have
greater response capability to
real-time traffic conditions

·

Optimized vehicle storage:
o Modify entrance ramp
configurations where
appropriate for greater storage
and discharge capability
o Offer greater operational
flexibility to respond to realtime traffic conditions
o Better enable ramp queues to
be coordinated and balanced
throughout the corridor

·

Improved traffic detection:
o Add new traffic detection
technology along corridor to
provide more accurate data for
advanced systems
o Install traffic detection in
additional locations to provide
real-time traffic data for entire
corridor
o Better enable freeway
management and ramp
metering systems ability to
respond to real-time traffic
conditions
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·

Physical impact:
o Provide option to address
recurring peak-period traffic
conditions that can be
accommodated within current
I-25 right-of-way
o Offer solution to corridor traffic
issues that requires only
minimal changes to existing
infrastructure
o Deploy technology based tools
to address current conditions at
limited expense, relative to
major civil infrastructure
investment
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Pilot Concept & System
Description
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7.0 Pilot Concept & System Description
Smart 25 Vision
The primary goal of the SMART 25 project is to
provide for a more efficient, productive, and
reliable freeway system through the Denver
Metropolitan Area using advanced
transportation management technologies and
transit infrastructure, without expanding
interstate capacity.
The system for delivering this vision is the
Australian Managed Motorways concept from
Melbourne, Victoria in Australia. CDOT intends
to replicate the concept for testing and
suitability evaluation, the first of its kind in the
United States, as the concept suits the goals,
objectives, and needs within the I-25 corridor.
To that end, the pilot project’s system
requirements closely follow those that have
been deployed and documented in Victoria.

Operational Framework
Given the desire to replicate and pilot the
Australian Managed Motorways concepts, the
operational framework reflects that as
deployed in Melbourne on the M1 freeway.
Management of the Australian Managed
Motorways system utilizes a software platform
which provides modules to control traffic on,
through and off the freeway, powered by
algorithms specific to coordinated ramp
metering.
SMART 25’s pilot project will involve a 6-month
demonstration of the Australian Managed
Motorways system, as applied on Interstate 25,
utilizing the same control platform and
coordinated ramp metering algorithms in use in
Australia. The control platform is known as
STREAMS, a product of Transmax, which is a
commercial enterprise wholly owned by the
state government of Queensland. The
coordinated ramp metering algorithm is HERO,
a product of the University of Crete in Greece.
Transmax is currently the only authorized

distributor of HERO in the United States.
Although other coordinated ramp metering
systems are commercially available and will be
considered for application in a full
implementation, the desire for comparability
between I-25 and M1 for this 6-month
demonstration indicates the use of STREAMS
and HERO for the pilot.
Furthermore, the pilot project’s operations will
be conducted by the same staff and systems as
in use in Australia, so as to best replicate
findings. This means that although STREAMS is
being enhanced slightly for the purpose of this
pilot to allow for the specific needs of the
project (for example, USA based ramp signal
controller and driving on the right for the
algorithms), the base system will not be
modified for use beyond the 6-month pilot.
The intent of the SMART 25 project is to
demonstrate the capability of the Australian
Managed Motorways system on a temporary
basis. As such, the SMART 25 system will be
decommissioned at the conclusion of the 6month pilot period. Decommissioning will
involve reverting the pilot ramp metering
control system and algorithms back to the
existing CDOT standard. This process will
include the end of daily system operations using
the STREAMS platform, as well as physical
rewiring of ramp meter and vehicle detector
controller cabinets.
Although the proposed additional vehicle
detection and ramp improvements associated
with the pilot will add long-term value to the
SMART 25 corridor, the design of the freeway
management system and operating platform
will reflect the temporary nature of the pilot
demonstration. A permanent Managed
Motorways implementation, following the
VicRoads model, would require some level of
reorganization within CDOT. Long-term
implementation would also require substantial
training of staff, or procurement of dedicated
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resources, to equip CDOT with the skills
necessary to operate a permanent Managed
Motorways system into the future. This level of
organizational transformation will not be
possible during the 6-month life of the project.
However, the SMART 25 project will
demonstrate the ability of the Managed
Motorways concept to improve corridor
performance, and provide CDOT with an
indication of the level of investment necessary
for permanent operation.

Conceptual System Architecture

The Australian Managed Motorways system
utilizes a combination of a local production
environment (CTMC) coupled with a cloudbased production environment. Together, staff
will be located locally in Colorado as well as in
Brisbane, where the cloud function will be
managed.
Traffic sensor management is tasked with
capturing speed, volume and occupancy
information sensed by the vehicle detectors.
The measurement function captures real time
data from vehicle detector devices which meet
VicRoads standards. The vehicle detector
devices which meet VicRoads standards and
documented in the device selection reference
document include:
· Wireless magnetometers on the
entrance ramps.
· Light-spectrum detectors on the
mainline.
The ramp signal adjustment function provides
for actuation and configuration of controller
devices such as the ramp signal controller.
Ramp signal controller management facilitates
control and configuration of ramp signal
lanterns and ramp flashing sign beacons, as well
as communicating device status and various
failure conditions.

The user interface system will be located at the
CTMC. Key services conducted in this
environment include:
· infrastructure data specification and
configuration,
· control data specification scheduling
and scripting,
· data viewers (map, street directory,
spreadsheet / list, and schematic), and
· reports (real time / historical).
There are four primary services conducted in
cloud-based computing and managed remotely
from Brisbane and Colorado. These services
include:
· Support Services. Support services are
the primary interface to the CTMC
environment. These include:
· Geographic Information Systems (the
local transportation network model)
· Access control
· Application management
· Operations management (schedules,
stimulus, response)
· Scripting interpreter
· Data management
· Platform management
Finally, the system will utilize all of the above
information to measure, calculate, and instruct
field devices, passed through support and
adjustment systems. These systems include:
· Demand and capacity measurement,
· Highway network management,
· Ramp metering, and
· Coordinated ramp management.
The system architecture is illustrated in Figure
7-1.
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Figure 7-1: Conceptual Model of System Architecture

Ramp Metering System Functionality
The HERO algorithms power the coordinated
ramp metering system for the pilot project, and
provide for the following:
·

·
·
·
·

Dynamic start up and shut down
algorithms that ensure the system
and metering at each ramp only
operate when required
Apply contemporary traffic theory
for optimizing freeway flow
Control logic based on feedback
from downstream conditions in
real-time
Dynamic adjustment to signal cycle
times at each ramp (individually)
Use of occupancy from the
downstream freeway bottleneck
locations as the optimizing measure

·
·

·

·

·
·

Fully configurable parameters
Integrated operation of isolated
ramp control within a dynamic
coordinated system based on
refined operating rationale
Incorporation of modules for
adjustments to entry flow rates
based on consideration of balancing
ramp queues, as well as ramp
delays
Management of flow at freeway to
freeway interchanges as well as by
linking upstream ramps on separate
freeways
Ability to manage bottlenecks many
miles downstream from the nearest
ramp
Consideration of mainline
performance at multiple mainline
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bottleneck locations to determine
the critical bottleneck.
The HERO suite of algorithms manage the ramp
traffic flow entering the freeway by monitoring
and controlling the freeway flow at each ramp
merge as well as other downstream critical
bottlenecks. Ramp discharge flow calculations
are based on various modules providing outputs

for isolated and coordinated operation as
shown in Figure 7-2.
The central ramp metering control system
calculates the appropriate actions determined
by the algorithms and passes the adjustments
to the ramp signals. This process is continually
re-calculating every 20 seconds to prevent flow
break-down.

Figure 7-2: Hero Coordinated Ramp Metering Modules

Coordinated adaptive ramp metering relies
upon a detailed digital representation of
freeway ramps and associated devices. A
summary of key configuration activities are
presented in Table 7-1.

Vehicle Detection information exchange (via
proprietary protocols) includes: Volume / count,
Occupancy, Speed, and Length. Ramp Signal
Controller information exchange (via NTCIP
protocol) includes: Load Metering Rate and
Status Monitoring.

The data required for coordinated adaptive
ramp metering will be collected directly from
roadside devices and does not require
information exchange between STREAMS and
other centralized ITS systems.

The Ramp Signal Controller information
exchange will be a key focus of the design effort
to specify the required messages of the NTCIP
protocol to successfully integrate with USA
based Ramp Signal Controller manufacturers.

Data Collection

54

SMART 25 Managed Motorways Pilot Demonstration | Concept of Operations

Item
Maps

Ramp
Ramp metering site (From
to-scale drawings with coordinates)

Ramp signal controller
Ramp signal groups

Freeway routes

System parameters

Schedules

Vehicle Detectors

Other devices used for pilot

Required configuration data
· Raster Maps for visualization of the road network
· Geographic Information System (GIS) based vector maps
· Roadway network specification based on GIS Maps and project
design drawings
· Ramp name, type and description
· Ramp movement and associated freeway movement
· Ramp metering site name, status, and description
· Type of ramp signal controller
· Distance from the ramp stop line to the start of the freeway
movement
· X & Y coordinates
· Ramp storage capacity under normal stand-still spacing and
bumper-to-bumper spacing.
· Ramp queue smoothing constant and alarm level
· Required configuration data for the ramp signal controller
· The ramp metering site at which the signal group is located.
· A short name, hardware ID and owner of the ramp signal group
· The type of lamp technology used in the lanterns in the ramp
signal group.
· A description of where the ramp signal group is positioned on the
ramp.
· Freeway route name, description and status
· The ramp metering sites associated with the motorway route
· Other notes
· Various parameters related to RSC operation, retention periods
for logs, cycle times, communications settings, alarm levels, queue
smoothing
· Time of day schedules for freeway routes for selecting default
algorithms
· Schedules similar to existing operations to stage transition into
full operation
· X & Y Coordinates
· Chainages
· Default Speed limit
· Lane ID
· Detector length
· Required configuration of any other ITS devices
Table 7-1: Configuration Data for Ramp Management
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Standards and Specifications
Requirements for Managed Freeways are based
on two seminal guidance documents in Victoria,
Australia. The first is the VicRoads Managed
Freeways: Freeway Ramp Signals Handbook,
July 2013. Published by VicRoads as
documentation of the Managed Freeways
concept for the M1, and the second is the
VicRoads Managed Motorways Framework
(March 2017) which provides the rationale and
supporting evidence behind the active
management of Victoria’s motorways. These
documents and Victorian developmental work
and research led to the Australian Federal
guidance published by Austroads Guide to
Smart Motorways (AGSM-16, 2016). The
documents concur on the requirements for
vehicle detection and the importance of reliable
and accurate traffic data at appropriate
locations to obtain lane-level information.
Two key requirements are considered in design
and cost development:
·
·

Number and Placement of Detection
Equipment
Required Detection Accuracy

Data stations should be installed on the
mainline to cover the full length of the freeway
with detectors providing data for all lanes at
each point. This would generally include the
following locations:
1)

Near Entry Ramps
a) At the end of the ramp merge,
generally 320 m (1050 ft)
downstream of the nose for a single
lane merge. This is often the
primary mainline site for ramp
metering control where a merging
bottleneck may occur.
b) Just upstream of the ramp nose
with separate detectors for the
ramp and mainline traffic.

2)

3)

Near Exit Ramps
a) Just downstream of the exit ramp
nose, with separate detectors for
ramp and mainline traffic.
At Other Mainline Locations
a) Potential bottleneck locations
where traffic flow needs to be
managed, such as weaving areas,
just downstream of lane drops, on
steep upgrades, tight curves and
carriageway narrowing, e.g., no
shoulder, narrow lanes, or at
bridges
b) Remaining locations typically to
ensure not more than 500 m (1640
ft) spacing along the full length of
the freeway.

The VicRoads Freeway Ramp Signals Handbook
summarizes the accuracy requirements for data
collection on Managed Freeways, shown in
Table 7-2.
Traffic Data
Vehicle volume counts

Speeds between 0 and
160 km/h
Occupancy per traffic
lane
Vehicle lengths
Degree of accuracy for all
lanes (speed, volume,
occupancy, length
classification)
Transmission of all traffic
data to control systems

Accuracy
Required
± 2% over 24
hours
± 3% during peak
periods
± 3%
± 5%
± 5%
± 2%

≤ 20 second
intervals

Table 7-2: Traffic Data Accuracy Requirements

In the study corridor, microwave-based
detectors are present on the mainline of I-25,
and wireless magnetometers exist on the
ramps. Of these two devices, only the wireless
magnetometers meet the accuracy
requirements for Australian Managed
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Motorways, and it is therefore assumed that all
locations with wireless magnetometers meet
the Australian Managed Motorways accuracy
requirements. All existing detection devices
must be confirmed to be functioning, accurate
and reliable before the pilot commences.
Further, Australian Managed Motorways
require a midpoint sensor on the ramp. Sensors
in these locations do not currently exist, and
wireless magnetometers will need to be
installed in these locations. Furthermore, to
fully meet VicRoads’ Managed Freeways
requirements, it will be necessary to install
ramp detectors as well as new mainline
detection that meet the VicRoads standards of
Table 7-2 in the entire study corridor wherever
they do not currently exist or where reinstrumentation warrants to meet the
standards.

System Performance
The control system’s ramp management
reporting function will conduct the following:
·
·
·
·
·
·
·

Produce a list of freeway routes
Produce a list of freeway ramps
Produce a list of ramp metering sites
Produce a list of ramp signals
Produce a list of ramp metering
algorithms
Produce a freeway real time
performance report
Produce a freeway route performance
report

With capability to export data, CDOT and
VicRoads will review the freeway performance
historically to optimize the performance of the
algorithm by modifying its parameters.

System Execution

Granular operational monitoring and control for
the coordinated adaptive ramp metering
system will be conducted by qualified and
trained traffic management specialists to:
·

Override the current ramp metering
algorithm for a freeway route

·
·
·
·
·

Set an explicit metering rate for a ramp
metering site
Display freeway routes on a map
Fine tune algorithm parameters
Display ramp metering sites on a map
or schematic
Monitor the state of a ramp metering
site in real time

Pilot Program Operational
Perspectives
This section contains general descriptions of the
different operational viewpoints of the Smart
25 Managed Motorways Pilot Program, in terms
of how the system will function and how
benefits will be realized from a user
perspective.

System Users
Generally, system users are the same as all
current travelers along I-25, without
differentiation or distinction by mode, vehicle,
or other classification. As the concept is
designed to reduce peak-period congestion,
typical travelers may include:
·
·
·
·
·

Commuters
Through travelers
Commercial vehicles/freight
Maintenance & operations
First responders

Operators

The roles and responsibilities for entities
contributing to the operation of the pilot
system are outlined below:
CDOT
CDOT responsibilities focused on operations
during the pilot include:
·
·
·

Management and maintenance of its
infrastructure.
Incident management on infrastructure
under its control.
Ensuring no roadworks or planned
maintenance occurs during the trial
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·
·

period within or adjacent to the project
boundary.
Managing stakeholder and external
media
Managing off-ramp strategies with the
responsible agencies and systems

Management Contractors
Contractors engaged for the purpose of
managing the pilot project will be focused on
operations during the pilot include:
·

·
·

Management oversight of general
arrangements between CDOT,
Transmax, VicRoads, construction and
maintenance contractors
Performance evaluation reporting
Marketing and outreach

·
·

VicRoads
VicRoads responsibilities focused on operations
during the pilot include:
·

Transmax
Transmax responsibilities focused on operations
during the pilot include:
·

·

·

·

·

·

Setting up and maintaining the road
network GIS base in STREAMS® using
the Transport Network Specification
(TNS), including ways, intersections,
links, freeway routes, ramps, etc.
Creating devices in STREAMS®,
including field processors, flashing
beacons, detectors and detector sites,
ramp metering sites, etc.
Configuring and checking accuracy and
availability of detectors and other
devices. Configuring all data stations
correctly
Identifying all field device faults on a
daily basis and initiating rectification or
communicating problems to CDOT or
the ITS maintenance contractor as
appropriate
Supporting the VicRoads operations
resource in initiating actions when
requested by CDOT (During working
hours), e.g., changing ramp metering
mode during an incident, if necessary
Setting up of all initial ramp metering
parameter values in STREAMS®,
including default ramp properties,

algorithm configurations for ramps and
mainline, time of day defaults and
determine current ramp metering
parameters as the starting point for the
transition from existing to new sites
Provide third level technical support to
the STREAMS® software components of
the solution
In conjunction with the VicRoads
operations resource, provide local
support for the operation of ramp
signals

·

·

·

Reviewing and adjusting all default
settings of ramp metering parameter
values in STREAMS®, including ramp
properties, algorithm and
configurations for initial switch on and
progressive implementation throughout
trial for ramps and mainline, etc. This
includes multi-bottleneck arguments
and switch on and coordination
configuration
Operation of ramp signals on controlled
ramps including analysis, adjustment
and refinement of the system operation
from time to time to ensure optimum
on-going operations.
Initiating actions in emergency situation
when requested by CDOT, e.g.,
switching off/on ramp metering during
an incident or when system or device
faults occur, if available. Note: These
periods must be excluded from the
traffic performance evaluation periods.
Generally VicRoads would leave all
ramp meter switched on during
incidents as it provides a safer and
more efficient outcome
Running real-time and historical reports
to demonstrate performance of the
freeway and ramp metering operation.
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Maintenance Contractor
The Maintenance Contractor responsibilities
starting 2 months prior to the pilot
commencement include:
·

·

·

Rectify faults on a daily basis to ensure
that any faults are repaired prior to the
start of the following peak period after
the fault is identified.
Maintain the ITS device infrastructure
(commencing 2 months prior to
commencement of the trial). Review
device maintenance reports and
provide evidence of achieving
maintenance requirements.
Confirm any existing ITS infrastructure
proposed for re-use is suitable for the
duration of the trial (e.g. check battery
life on wireless magnetometers)

Interaction Framework

The channels for communication and
interaction are to be maintained at three levels
of operation:
1.

Day-to-day interaction, as necessary,
between staff at CDOT, Transmax and
VicRoads and maintenance contractor,
particularly in regard to managing
incidents, faults and planned works. This
includes:
· Communication and sharing of
intelligence relating to operations
during events (congestion and/or
incidents).
· Collaboration on the operation of ramp
metering to address traffic
management needs during events.
· Consultation and agreement regarding
planned maintenance which would
generally be outside of peak periods.
· Change management of any system
components (using an appropriate
change management framework)
2. Periodic interaction in relation to
performance monitoring and outcomes.
3. Management oversight of general
arrangements to ensure collaboration and

good working relationships, as well as
satisfactory resolution of any concerns.
E-mail addresses and contact phone numbers to
facilitate two-way communication are to be
provided for day-to-day interaction, during
incidents and/or other information sharing
situations.

Communication of Operational Status

If the operational status of a device is of
interest to the CTMC, this can be checked by
the local Transmax resource via phone call or
email.

Traffic Management Devices
The ramp metering operations use traffic
signals and a number of associated ITS devices
to manage ramp traffic flows and provide
warning for safe operations.

Traffic Signals

Traffic signals are displayed to control traffic on
the ramp. A typical layout for a two lane ramp
is shown in Figure 7-3. The signals are
supplemented with static signs indicating ‘STOP
HERE ON RED’ and ‘ONE VEHICLE PER GREEN EACH
LANE’.

Figure 7-3: Typical Ramp Metering Signals

Flashing Beacons and Warning Signs
Warning signs with a flashing beacon as shown
in Figure 7-4 are provided on each side of the
ramp near the ramp entrance to warn motorists
that the ramp metering signals are on, or
switching on.
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facilitate surveillance of the freeway and ramps
where coverage is available.

Functional requirements

Requirements for coordinated adaptive ramp
metering solution are presented below.
Field Cabinet Requirements:
·

·
Figure 7-4: Warning Sign and Flashing Beacon

As the static warning signs can be seen at all
times, they also reinforce to motorists that the
signals are present on the ramp and may
commence operation at any time.

Vehicle Detection Requirements:
·

Vehicle Detectors

The availability of good quality traffic data
(flow, speed and occupancy) in locations to suit
system operation is crucial to effective
operation of the ramp metering system.

·

Mainline Data
The mainline detectors spaced in the order of
1,500 feet to 16,000 feet along the freeway are
used for speed, flow and occupancy data.

·

The detectors are provided in all lanes at each
location with two detectors per lane to facilitate
accurate speed measurement.

·

Ramps Data
Detectors are provided at the following
locations along each entry ramp to calculate
queue lengths and to manage queues and
waiting time:
·
·
·

Stop line.
Middle of the ramp.
Ramp entry.

CCTV Cameras

CCTV camera coverage with pan, tilt, zoom
(PTZ) functionality are provided by CDOT to

Field cabinet to have sufficient space for the
installation of Field Processor and Power
Supply (if required), Network Switch (and
Power Supply), Fiber Optic Break Out Tray,
Vehicle Detection hardware and Ramp
Signal Controller.
Field cabinet to be sufficiently protected
against temperature, vermin and radiation
to support the internal ITS hardware and
relevant cabinet specification.

·

·
·

Vehicle detection meeting VicRoads
standards, located every 1,500 feet along
the freeway, are used for speed, flow and
occupancy data
Wireless magnetometers meeting VicRoads
standards required at stop line, middle of
ramp and ramp entry to calculate queue
lengths and manage queues and waiting
times
Existing Vehicle detectors to be upgraded if
not compliant with VicRoads managed
freeway accuracy requirements or
placement locations
Vehicle detectors to be installed as per
manufacturers guidelines
Wireless magnetometers installation will
require good signal strength between the
pavement devices and the access points to
ensure data is available in real-time (sub 2
seconds).
Vehicle detectors to be installed and
configured to be compliant with VicRoads
managed freeway accuracy requirements
Throughout trial a 24-hour detector audit
report will be undertaken to check and
compare detectors counts
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Ramp Signal Requirements:

Network and Data Centre requirements:

·

·

·
·

·
·
·
·
·
·

Ramp Signal Controllers to be Intelight 2070
ATC Controller with MaxTime software, as
consistent with CDOT regional standard.
Ramp Signal Controllers to be able to
communicate NTCIP 1207v02.06b
Ramp Signal Controllers to be used to
control traffic signals and advanced warning
signs via NTCIP without the need to directly
connect other peripheral ITS equipment.
Ramp Signal Controllers can control
advanced warning flashing beacons via
NTCIP.
Ramp Signal Controllers are to have only
one signal group for ramp traffic signals
At least 2 signal heads are required at the
stop bar of each ramp meter site.
Each signal head is to be wired to control all
lanes as one (i.e. no individual lane control)
Each stop bar signal post is to have static
signs stating, ‘STOP HERE ON RED’ and ‘ONE
VEHICLE PER GREEN EACH LANE’.
Warning signs with a flashing beacon are to
be provided near ramp entrance.

CCTV Surveillance Requirements:
·

·
·
·

·

·

·
·

The ITS Network must be a high bandwidth
(at least 100MB/s), resilient, low latency,
low loss rate TCP/IP network between ITS
field cabinets and the CTMC.
The Data Center (which is planned to be
cloud based) is to have a sufficient platform
to run STREAMS® and its supporting
services for the duration of the trial.
The network connection between the CTMC
and the Data Center must be a high
bandwidth (at least 40MB/s), resilient, low
latency, low loss rate, secure TCP/IP
network.
The Data Center is to be accessible
remotely from Operations and Support staff
in Australia.
If the ITS network and the data center are
on separate networks, these are to be
connected securely.

Ramp metering operational room:
·
·
·

4 Desks with 3 monitors each
The workstations are to have access to the
ITS network, Internet and a desktop phone.
Room to be lockable, private and quiet

CCTV Cameras access to view queues
building on ramps and bottleneck formation
on the mainline. Where existing CCTV
coverage of ramps is not available, manual
on-site observations may be carried out, as
necessary, during calibration and fine
tuning of algorithm operations.
CCTV Cameras are to be Pan Tilt Zoom
(where possible)
CCTV Cameras must remain operational and
in working order during the trial period.
CCTV Cameras are not proposed to be
connected to STREAMS® as a part of the
trial therefore the CDOT CCTV system must
be available and accessible to the Transmax
and VicRoads resources both in Colorado
and in Australia.
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Operational Scenarios
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8.0 Operational Scenarios
This section describes how the proposed
SMART 25 pilot system would operate under
typical scenarios. The intent of these scenario
descriptions is to clearly outline system
practices, stakeholder roles and responsibilities,
and anticipated actions under different
conditions. Operational descriptions are not
wholly comprehensive, but are meant to
illustrate what could trigger specific actions or
practices, whether the system or system
operator is responsible for the action, and what
communications are anticipated between
stakeholders.

Typical Off-Peak Operations
The default condition for the SMART 25
coordinated ramp metering system is for ramp
meter signals to be turned off. Since the intent
of the SMART 25 system is to respond to
recurring congestion, it is anticipated that ramp
meters will be inactive during off-peak times.
Off-peak times are considered as the periods in
between peak AM and PM commute periods,
both in the late evening and overnight, as well
as midday (mid-morning to mid-afternoon).
During these periods of lower traffic demand,
SMART 25 pilot operations will be limited to the
monitoring and recording of real-time traffic
conditions. Additionally, these times may be
used for system analysis and adjustment, as
well as equipment and device maintenance. If
the SMART 25 system detects the onset of
congestion earlier than expected during the
midday period, it may prompt operators to
enable typical system operations, as described
later in this section.
Specific tasks associated with SMART 25 pilot
operations during off-peak periods are
described below.

monitored and reported for later analysis.
Recorded information will include:
· Traffic volumes from corridor mainline
and entrance ramp detectors
· Lane occupancy from corridor mainline
and entrance ramp detectors
· Average speed information from
mainlined vehicle detectors
In the event that real-time monitoring indicates
the onset of congestion earlier than expected
during the midday period, this may warrant
system operators to activate ramp meters and
begin typical peak-period operations.
2. System analysis and refinement – During offpeak operations of the SMART 25 pilot system,
when ramp meters are inactive, system
operators may utilize this time to analyze
performance data from previous peak-period
operations and investigate adjustments to
system parameters. It is anticipated that these
activities would likely take place during midday,
in between the AM and PM peak periods.
Possible refinements to the system may
include, but are not limited to:
· Adjustments of control algorithms to
better prevent the formation of specific
bottlenecks
· Adjustments of control algorithms to
better anticipate the length of queues
at any given entrance ramp
3. Planned system maintenance – As described
previously, the SMART 25 system must monitor
and respond to traffic conditions in real-time.
Any non-responsive or malfunctioning
equipment would have a major impact on the

1. Monitoring and reporting of real-time
corridor conditions – During off-peak
operations of the SMART 25 pilot system, realtime corridor conditions will be automatically
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Stakeholder
Freeway Management Operators

CTMC Operators

Maintenance Staff

Roles & Responsibilities
· Monitor and record real-time corridor
traffic conditions for later analysis. It is
anticipated that this would be mainly an
automated function performed by the
SMART 25 operating system.
· Regularly analyze system performance
· Investigate augmentations to SMART 25
system parameters when needed
· Monitor corridor performance and assist in
incident response, as normal
· Supply information when requested to
system operators
· Standby to respond to issues in the field
within given timeframe
· Respond to maintenance issues/
equipment faults in the field, when
requested by CDOT or system operators

Table 8-1: Roles & Responsibilites: Typical Off-Peak Operations

functionality of the SMART 25 system, and
therefore will require readily available
maintenance resources to quickly respond to
any problems. It is anticipated that
maintenance activities will take place during
off-peak periods, in order to prevent impacts to
peak-period traffic conditions, and in
accordance with existing CDOT policy for I-25.
Table 8-1 describes the key roles and
responsibilities of individual SMART 25
stakeholders during typical off-peak operations.

Typical Peak-Period Operations

defined. However, ramp meters are anticipated
to be active roughly between 6:00 – 10 AM in
the morning, and 3:00 – 7:00 PM in the evening.
Specific tasks associated with SMART 25 pilot
operations during typical peak-period
operations are described below.
1. Monitoring and reporting of real-time
corridor conditions – During peak-period
operations of the SMART 25 pilot system, realtime corridor conditions will be automatically
monitored and reported for later analysis.
Recorded information will include:
·

The SMART 25 system will continuously monitor
corridor traffic conditions in real-time. When
the onset of congestion is detected, the SMART
25 coordinated ramp metering system will
activate and begin typical peak-period
operations. It is anticipated that peak-period
operations will occur on weekdays during the
AM and PM peak commute periods, when
congestion is known to occur. Additional
analysis of existing traffic conditions will be
necessary before peak-periods are able to be

·
·
·
·

Traffic volumes from corridor mainline
and entrance ramp detectors
Lane occupancy from corridor mainline
and entrance ramp detectors
Average speed information from
mainlined vehicle detectors
Entrance ramp queue size
Active ramp metering rate

2. Activation and start-up – The SMART 25
ramp metering system will activated by system
operators, when real-time monitoring indicates
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the onset of congestion. Activation is
anticipated to occur at the beginning of the AM
and PM peak periods, or during midday if
warranted by corridor conditions. There are
various predetermined procedures for flashing
beacons and traffic signals associated with
system activation. The control sequence for
ramp metering start-up is outlined in Figure 8-2.
3. Coordinated Ramp Metering – Once
activated, the SMART 25 system will work to
coordinate ramp meter signals at all entrance
ramps along the SMART 25 corridor. All
entrance ramps will work together in order to
share and address operational needs. The ramp
metering system will operate using the same
automated principles whether traffic is light,
moderate, or heavy. In all conditions, the
system will work to optimize mainline and ramp
performance outcomes. The anticipated
progression of SMART 25 ramp metering is
outlined below and illustrated in Figure 8-1:

·

Ramp signals will first activate at
individual ramps due to mainline
conditions immediately downstream.
This may or may not cause other ramp
signals within the system to activate.

·

If conditions warrant other ramps to be
activated, the first ramp would become
the ‘master’ and other ramps would
become ‘slaves.’ Additional ramps are
incorporated in this manner in order to
better manage the freeway as a whole,
and to balance ramp queues
throughout the corridor, using a policy
of priority and/or equity of access.

·

If necessary, the SMART 25 system will
coordinate all ramps to share the load
and balance ramp queues, best manage
multiple bottlenecks along the corridor,
and to prevent and minimize the
potential for flow breakdown.

Figure 8-1: Coordinated Ramp Management
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Time

Flashing Beacon

Traffic Signals

Off

Off

Flashing

Flashing Yellow

Flashing

Steady Yellow

Flashing

Steady Red

Flashing

Green-Red cycle

Prior to ‘Start Up’
Signals and Flashing
Beacon are off

‘Start up’ Period
(10 seconds)
Activate a flashing
yellow at traffic signals.
Activate the Flashing
Beacon.
‘Start up’ Period
(next 4 seconds)
Activate a steady yellow
at traffic signals.
Continue the Flashing
Beacon.
‘Start up’ Period
(next 6 seconds)
Activate a steady red at
traffic signals.
Continue the Flashing
Beacon.
Signals Metering Traffic
Signals cycle to control
traffic.
Continue the Flashing
Beacon.
Figure 8-2: Start-Up Control Sequence
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4. Entry Ramp Queue Management – The
management of entry ramp queues is
considered as an essential component of
SMART 25. As part of the ramp metering
system, queue length of each ramp will be
estimated and managed every 20 seconds, in
parallel with calculations associated with
mainline performance. The automated system
will consider the following items when
determining ramp signal cycle times:
·
·
·
·

Rate of queue development;
Balancing of queues between
coordinated ramps along the corridor;
Queue length as it reaches the ramp
entrance; and
Waiting time for vehicles in the queue.

The operational intent for ramp metering under
typical circumstances is to manage queues
within known storage parameters. In this way,
every effort will be made to manage queues
within the ramp footprint, and to avoid any
queue from impacting the traffic flow on an
arterial road, upstream freeway mainline or
other ramp connections within an interchange.
During a queue override situation, when a long
ramp queue is detected near the entrance of a
ramp, the cycle time will be reduced by the
system to increase the ramp flow and clear
waiting vehicles. However, this will only occur
to the extent that it will not trigger flow
breakdown on the mainline. As VicRoads has
learned through operations in Melbourne, a
breakdown of the mainline will always result in
longer queues on ramps, more network delay
for customers, and longer overall wait times.
5. Freeway-to-Freeway Ramp Metering – The
SMART 25 coordinated ramp metering system
will include metering of freeway-to-freeway
entrance ramps. Control of these ramps is an
essential component of the overall managed
motorways system. However, It is recognized
that freeway-to-freeway metering will require a
degree of operational priority, relative to
arterial entrance ramps. Under typical peakperiod operations, as congestion increases to

the point of warranting freeway-to-freeway
ramp metering, the following principles will
govern the operation of all system interchange
ramps (C-470, E-470, I-225):
·
·
·

·
·

Freeway-to-Freeway ramps will only
activate when necessary to prevent the
breakdown of corridor traffic flow
When active, freeway-to-Freeway
ramps will operate with lower delays
(wait times), relative to arterial ramps
The system will work to avoid freewayto-Freeway ramp queues from
extending back to interfere with traffic
on upstream freeway lanes
The system will avoid ramp queues
extending back to interfere with
through traffic on the arterial roads
Entry ramps will be managed to prevent
flow breakdown on the mainline as a
priority, over the extent of queuing on
controlled entry ramps. In the case of
arterial ramps, queuing into a dedicated
turning lane is generally acceptable.

If flow breakdown occurs, freeway-to-freeway
ramp queues recognized as excessive, or there
is other excessive queuing within the overall
system, the following policy for increased
control intervention will be followed:
·
·
·

Further reduce inflows from upstream
arterial entry ramps
Further reduce inflows from
downstream arterial entry ramps
associated with the relevant bottleneck
Further reduce inflows from upstream
freeway-to-freeway ramps

Beyond this point, the entry ramp
management system would act to severely
restrict ramp entry flows.
6. Signal Cycle Times – The SMART 25 ramp
metering system will dynamically operate the
cycle times at each entrance ramp to manage
the freeway mainline, traffic demand, and ramp
queues. Ramp signals will be adjusted every 20
seconds, as determined by the system. Ramp

67

SMART 25 Managed Motorways Pilot Demonstration | Concept of Operations

cycle timing generally ranges from 5 seconds
minimum, or 4 seconds if traffic enters the
freeway in an added lane, to 16 seconds
maximum (equivalent to hourly metering rates
of between 900 vphpl and 225 vphpl for each
lane provided at the ramp meter). The signal
times within each cycle based on one vehicle
per green per lane are:
·
·

Red: Variable - typically within the
range 2 to 14 seconds
Green: 1.3 seconds

7. System Shut-down – The SMART 25 ramp
metering system will automatically deactivate,
when real-time monitoring indicates reduced
traffic flows at the conclusion of typical peakperiods. There are various predetermined
procedures for flashing beacons and traffic
signals associated with system deactivation. The
control sequence for ramp metering start-up is
outlined in Figure 8-3.
8. Initial System Activation – It is important to
note that full SMART 25 system operations will
be preceded by an initial system activation
process. This process is anticipated to take
place during the five months prior to full SMART
25 system operations, and is expected to have
slightly different tasks compared to typical
peak-period operations. The activation process
will include:
·

·

The activation of new ramp meter
signals on freeway-to-freeway ramps
will take place prior to the start of
comprehensive SMART 25 system
operations. This is intended as a means
to introduce this concept to drivers, in
order for them to become conditioned
to stopping and starting at new
locations, prior to incorporating
dynamic cycle times.

·

The initial activation of coordinated
ramp metering will be phased in
incrementally, in order slowly allow
drivers to adjust to new signal timings
and system parameters. This process is
anticipated to take place during the first
2 months of SMART 25 operations. This
process will be monitored via field
observations and CCTV footage, and will
allow an opportunity to adjust
parameters as necessary.

Table 8-2 describes the key roles and
responsibilities of individual SMART 25
stakeholders during typical peak-period
operations.

A 12 week data collection period
utilizing new mainline and existing and
new ramp vehicle detectors. This
process will take place prior to
activation of the SMART 25 ramp
metering system.

68

SMART 25 Managed Motorways Pilot Demonstration | Concept of Operations

Time

Flashing Beacon

Traffic Signals

Flashing

Green-Red cycle

Flashing

Green

Off

Off

Signals Metering Traffic
Signals cycle to control
traffic.
Flashing Beacon.

‘Shut-down’
Commences
(10 seconds)
Activate steady green at
traffic signals.
Continue the Flashing
Beacon.
Shut-down complete
Switch off Signals and
Flashing Beacon

Figure 8-3: Shut-Down Control Sequence

Stakeholder
Freeway Management Operators

CTMC Operators

Colorado State Patrol (CSP)

Roles & Responsibilities
· Monitor and record real-time corridor
traffic conditions
· Regularly analyze system performance
· Investigate augmentations to SMART 25
system parameters when needed
· Monitor corridor performance and assist in
incident response, as normal
· Supply information when requested to
system operators
· Patrol SMART 25 corridor, as normal
· Enforce ramp meter signal violations, as
normal

Table 8-2: Roles & Responsibilites: Typical Peak-Period Operations
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Incident Event
As part of typical SMART 25 operations, it is
anticipated that there will be occasional
abnormal events that are generally outside of
the control of CDOT or SMART 25 system
operators. These situations are considered
those that are caused by an event or
combination of events, which prevents the
coordinated ramp metering system to manage
the freeway mainline or ramp queues as
normal. These events can include, but are not
limited to:
·
·
·

Traffic incidents or crashes
Other incents such as debris on
roadway, oil spill, inclement weather,
etc
Unplanned maintenance

It is anticipated that incident events will be
unique, and will vary based on location,
severity, and other circumstances. Therefore
the following tasks related to incident events
are intended to reflect general principles and
response actions, which may vary depending on
the situation. In all incident events CDOT, CTMC
staff, and emergency agencies will have
ultimate control over incident response.
1. Monitoring and reporting of real-time
corridor conditions – As during peak-period
operations, the SMART 25 system will monitor
and record real-time corridor conditions.
Through regular system monitoring, it is
anticipated that incidents may be able to be
detected through recorded traffic anomalies. In
this situation, SMART 25 system operators
would alert CTMC staff of the issue in order to
assist in incident detection and response.
Recorded traffic anomalies may include:
·
·

2. Incident on Freeway Mainline – In certain
incident situations, the SMART 25 ramp
metering system may be used to assist in
managing traffic demand during incident events
in order to assist in flow recovery. Therefore,
system operators will continue dynamic
coordinated ramp metering during incident
events, unless directly instructed to deactivate
the system at the request of CDOT, CTMC staff,
or emergency response representatives. If
necessary, deactivation would include a system
operator overriding default or automated
system operation in order to disable individual
or multiple ramps in order to assist with
emergency access and response.
3. Incident on Controlled Ramp – As with an
incident on the freeway mainline, the SMART
25 system may be able to mitigate the impact of
an incident on a controlled ramp by continuing
regular metering operations at that location.
However, if requested by CDOT, CTMC staff, of
emergency agencies, ramp metering can be
disabled by system operators in individual
locations.
4. Emergency Vehicle Access – At times when
agencies require emergency vehicle access to
the freeway during regular metering
operations, agencies will be able to coordinate
with the CTMC to arrange clearing of ramp
queues that may obstruct emergency response.
When notified by CTMC staff, system operators
would immediately override normal operations
and shut down ramp metering in the requested
location. After the entry of emergency response
vehicles, the operator would then remove the
override so that dynamic metering could
continue.

Indication of stopped traffic on the
mainline, in either individual or multiple
travel lanes
Excessive ramp queue that would not
be anticipated to exist relative to
known ramp volumes or metering rates
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Table 8-3 describes the key roles and
responsibilities of individual SMART 25
stakeholders during an incident event.
Stakeholder
Freeway Management Operators

CTMC Operators

Colorado State Patrol (CSP)

First Responders

Roles & Responsibilities
· Monitor and record real-time corridor
traffic conditions
· Notify CTMC staff if real-time traffic
conditions indicate an incident
· Disable individual ramp meters to clear
ramp queues, when requested by the
CTMC
· Monitor corridor performance and assist in
incident response, as normal
· Notify system operators when a request to
disable individual ramp meters is received
· Patrol SMART 25 corridor, as normal
· Assist with incident response, as normal
· Notify CTMC if individual ramp meters
should be disabled for emergency vehicle
access
· Assist with incident response, as normal
· Notify CTMC if individual ramp meters
should be disabled for emergency vehicle
access

Table 8-3: Roles & Responsibilites: Incident Condition
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Anticipated Impacts
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9.0 Anticipated Impacts
This section summarizes the potential impacts
of the SMART 25 Managed Motorways Pilot
Demonstration. Specific elements include a
summary of anticipated changes to the corridor
and operations, and anticipated traffic benefits.
This section also includes a discussion of metrics
that will be used to gauge the performance of
the proposed SMART 25 system.

·

Traffic Detection: Additional traffic
detection technology will be installed
throughout the corridor to provide
more accurate information on real-time
traffic conditions. New detector devices
will be installed in greater frequency
along the corridor mainline
(approximately every 1,500 ft) and
entrance ramps, in order to provide a
clear picture of traffic conditions
throughout the entire corridor at any
given time.

·

Coordinated Ramp Metering: A new
coordinated ramp metering system will
be deployed on all 19 individual
entrance ramps within the corridor.
Coordination between all meters will
allow freeway mainline and ramp flow
to be monitored and optimized in realtime throughout the entire corridor.

·

Dynamic Freeway Management:
During pilot operations, a dynamic
freeway management tool will be used
to provide system operators a platform
to observe and respond to real-time
traffic conditions. The platform will use
traffic data to detect abnormalities in
corridor traffic behavior, and indicate
incidents or other events. The
management system will also include a
dynamic response capability, to enable
the ramp metering system to prevent
compounding the impacts of incidents
or events, and to better assist in the
recovery of traffic flow.

·

Dedicated Maintenance: Operations of
the SMART 25 Pilot Demonstration will
include the provision of dedicated
maintenance staff. Staff will be
available to respond within 24 hours in
order to address malfunctioning or
unresponsive equipment.

Summary of Operational &
Physical Impacts
The previous sections of this document have
described the concept and components of
managed motorways, which will be deployed as
part of the SMART 25 Pilot Demonstration. The
following summary briefly describes the
operational impacts anticipated as part of the
SMART 25 project. The items listed include both
physical changes to the corridor, along with
changes to operational tools and capabilities
provided by the pilot managed motorways
program.
·

Ramp Meter Signals: New ramp meter
signals will be installed along the
SMART 25 corridor at the I-225, E-470,
and C-470 entrance ramps. This will
enable SMART 25 a greater degree of
control over the corridor, and better
enable the system to respond to realtime traffic conditions.

·

Ramp Modifications: The lane striping
configuration of a select set of entrance
ramps along the SMART 25 corridor will
be augmented as part of the pilot
demonstration. These ramp
modifications will offer greater vehicle
storage and ramp discharge capacity
along the corridor, which in turn will
provide greater operational flexibility to
balance ramp queues and respond to
real-time traffic conditions.
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·

Corridor Environment: All physical
improvements included as part of the
SMART 25 pilot demonstration will
occur within the existing I-25 footprint
and within CDOT rights-of-way.

Anticipated Traffic Impacts
This section describes the mobility impacts that
can be anticipated as part of the SMART 25
Demonstration Project. Content includes
documented results from previous Australian
managed motorway implementations,
anticipated flow capacity conditions, and the
associated mobility benefits that can be
expected as a result of SMART 25.

Melbourne Results

The initial implementation of managed
motorways occurred on a 9 ½ mile segment of
the M1 Motorway east of downtown
Melbourne, Australia. The corridor was selected
based on pre-existing ramp storage and the
existing placement of highly accurate traffic
vehicle detection. As part of a temporary one
year pilot project, six existing ramp meters were
upgraded from a fixed-time system to a fully
coordinated dynamic metering system using the
ALINEA and HERO algorithms. As a result of the
pilot managed motorways system, VicRoads
reported the following performance results
during peak-periods:
·

Increase in average traffic flow (vphpl):
o +4.7% during AM Peak
o +8.4% during PM Peak

·

Increase in average travel speed (mph):
o +34.9% during AM Peak
o +58.7% during PM Peak

·

Increase in travel time reliability:
o +148.7% during AM Peak
o +516.4% during PM Peak

Flow-Capacity Findings

As discussed in section 6.0, a flow capacity
analysis of the corridor was conducted in order
to model typical corridor flows and operational

capacities to identify critical locations. This was
carried out in order to gauge the impact of
coordinated ramp metering under various
scenarios. Adjustments to operational
capacities were made for each corridor segment
based on the physical configuration of mainline
and auxiliary lanes, areas of high weaving, and
changes in grade. Additionally, operational
capacity was manipulated based on the
presence and extent of coordinated ramp
metering.
Figure 9-1 shows the results of this analysis
under a scenario where coordinated ramp
metering is assumed at all arterial interchanges,
but no metering exists at the C-470 or I-225
interchanges. As indicated, there is some
improvement in critical locations when
compared to existing operations shown in
Figure 6-2. However, large portions of the
corridor would still be considered over capacity
during the AM and PM peak hours. The most
problematic locations remain south of I-225
during the morning, especially near C-470, and
in the vicinity of I-225 during the afternoon.
However, the scenario proposed as part of the
SMART 25 project, which assumes that all
entrance ramps will be metered and
coordinated throughout the corridor, is shown
in Figure 9-2. When compared to existing
operations, there are notable reductions in
critical locations in both the morning and
afternoon. During the AM, there are still critical
segments south of C-470. Further investigation
indicated that this is due to the southern limits
of the project corridor. Specifically, this
bottleneck location is too close to the beginning
of the corridor to provide the most benefit,
since there are an insufficient number of
upstream ramps to share the traffic load and
balance demand. Despite this limitation,
analysis indicates that the time of recurring flow
breakdown in this location should be delayed
compared to existing conditions. Therefore,
coordinated ramp metering can still be
expected to improve the bottleneck and
increase throughput. There are also a limited
number of critical locations during the PM,
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most notably near Belleview Ave, Hampden Rd,
and Yale Ave (Figure 9-2). However, analysis
indicates that there is excess capacity upstream
of I-225 which could be utilized to balance ramp
queues and provide the necessary operational
flexibility to address this area.
These results suggest that the proposed SMART
25 system, which will include a coordinated
ramp metering system at every corridor entry
ramp, has the potential to greatly reduce critical
locations along the SMART 25 corridor during
peak periods. By drastically reducing or
completely eliminating multiple recurring
bottlenecks, improvement in recurring peakperiod traffic conditions should be anticipated.

Associated Mobility Benefits

Based on the documented results of the
managed motorways pilot implementation on
the M1 Motorway in Melbourne, and the
results of the flow capacity analysis of I-25,
significant improvements in mobility are
expected as part of the SMART 25
Demonstration Project. The following benefits
are anticipated as part of the managed
motorways implementation during peak
periods:

·

Vehicle Throughput: Increases in traffic
flow of 5-8% during peak periods are
expected, similar to the results of the
initial M1 Managed Motorway pilot
implementation.

·

Average Speed: Peak-period average
speed is also expected to increase close
to 35%, or roughly 10 mph.

·

Travel Time Reliability: Due to the
drastic reduction in recurring
bottlenecks, travel time variability is
expected to be reduced by up to 45%
during peak-periods.

·

Vehicle Crashes: An additional benefit
of the reduction in recurring
bottlenecks is the associated reduction
in rear-end collisions. As such,
improvement in total peak-period
crashes can also be expected.
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Figure 9-1: Flow-Capacity Condition - Arterial Entrance Ramps Metered (Not C-470 & I-225)
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Figure 9-2: Flow-Capacity Condition - All Entrance Ramps Metered (Both Arterial & Freeway)
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Associated Performance
Measures
The ability of the SMART 25 Managed
Motorways Demonstration to produce corridor
improvements satisfying all stakeholders will
depend on the metrics used to assess corridor
operations. The following list of measures were
selected to gauge the effectiveness of the
SMART 25 demonstration to improve existing
deficiencies, and to deliver benefits to system
users and stakeholders. These measures will be
used as part of a before and after analysis of the
SMART 25 demonstration.
This analysis will utilize high-resolution data
from new vehicle detectors planned for
installation along the corridor mainline, as well
as existing and new vehicle detectors installed
on corridor entrance ramps. Data from these
devices will be used to assess both existing
traffic conditions and conditions during pilot
operations, in order to provide an appropriate
comparison. Additionally, most measures will
assess before and after performance during
peak-periods, when the SMART 25 coordinated
ramp metering system is anticipated to be
active. An initial review of performance data
from new traffic detectors will be necessary
before the extent of the AM and PM peak
periods can be defined for further analysis.
·

Travel Time Index (TTI): A comparison
of actual travel time during peakperiods (weekdays AM/PM) to free-flow
travel time, indicating the level of travel
delay.

·

Planning Time Index (PTI): A calculation
of the 95th percentile travel time during
peak-periods (weekdays AM/PM),
divided by the free-flow travel time.
This value is an important measure of
travel time reliability, one of the most
significant anticipated benefits of the
SMART 25 demonstration.

·

Traffic Flow: Recorded values during
peak-periods (weekdays AM/PM),
reported as volume per hour (vph). This
measure is an indication of the
efficiency of the freeway corridor. The
measure will be used to assess corridor
wide efficiency. However, particular
attention will be paid to the change in
volumes downstream of existing
bottleneck locations.

·

Average Speed: Recorded speed values
during peak-periods (weekdays
AM/PM), weighted by individual lane
volumes to gauge the harmonic speeds
of vehicles passing individual points
over a period of time. In application,
these values will be represented
through heat-plots, similar to those
shown in Figure 4-6 and Figure 4-7. This
process will offer a visual indication on
the impact of the system on specific
bottleneck locations.

·

Crashes: Number of total crashes
(including serious injuries, fatalities, and
property damage only) reported during
the 6 month SMART 25 pilot operation.
This total value, and reported locations,
will then be compared to the same 6
month period from the previous year
for comparison. This method will avoid
issues with seasonal changes in travel
patterns. Although the number of
crashes will be reported as part of the
SMART 25 performance assessment.
CDOT recognizes that it will be difficult
to draw statistically relevant
conclusions based on this limited
sample of data, as crashes are typically
reported over 3 to 5 year periods.

·

Productivity: An illustration of the
relationship between speed and traffic
flow during peak-periods (weekdays
AM/PM). The measure is calculated by
multiplying average speed by hourly
lane flow, in order to gauge the level of
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freeway optimization offered by the
managed motorways system. In
practice, the system may seek to
optimize for speed early in the peakperiod, while peak flow at a slightly
lesser speed will be optimized during
the worst of the peak-period.
In addition to these individual measures,
outputs from these metrics will be used to
conduct a Benefit Cost Analysis (BCA) of the
pilot system at the conclusion of the trial. This
calculation is important to gauge the high-level
economic impact of the SMART 25 program,
relative to capital and operations costs. This
information will be a critical tool to
communicate the level of benefit the managed
motorways system can offer to corridor
stakeholders.
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