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1.1 INTRODUCTION

Highway engineering is a subset of transportation engineering, which itself
is typically a component of civil engineering. The presence of more than 4
million miles of public roads in the United States (BTS, 2014) serving
widely varying traffic volumes and trip purposes, emphasizes the need for
qualified and capable professionals to address problems and improve
the system. Two primary metrics of quality of highways are efficiency
(measured by delay, travel time, speed, or other operational characteristics)
and safety (measured by collisions or fatalities). An inefficient highway can
have detrimental effects on local and regional economies and drivers, by
burdening the movement of goods and people with additional costs and
loss of productivity. The continual improvement of highways is also essen-
tial to reduce deaths resulting from collisions on roadways, which, in the
United States, totaled 33,561 fatalities in 2012 (NHTSA, 2014).

All users and modes on the transportation system play important roles
in the efficient and effective movement of goods and people. This book
focuses on highway infrastructure and the operations of that system, and
documents the methodologies and analysis practices for the design, opera-
tional analysis, and safety assessment of the system. A fundamental consid-
eration in highway engineering is the human element. There is a need
for meeting drivers’ expectations or effectively communicating any dis-
ruptions to their expectations. This is illustrated throughout highway
engineering, as violations to a driver’s expectation without proper notifi-
cation results in operational inefficiency or safety concerns.

Highway engineering is a multidisciplinary field with interconnected
subdisciplines that include planning, safety, operations, design, and related
fields such as structural, hydraulic, and geotechnical engineering. This
book presents thematic topics within highway engineering and the holis-
tic system required to develop a highway from initial planning through
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the full design process and operations. Ultimately, to meet overall effi-
ciency and effectiveness goals, highway engineers must understand how
their role fits into the larger process, and apply flexibility with the imple-
mentation of standard practice to maximize the overall final product.
Decisions made throughout the design process must consider impacts on
safety and operations. For instance, in the alignment of a highway, an
engineer should attempt tangential and perpendicular crossings of water
features or overpasses to minimize the complexity and cost of structural
elements. Similarly, operational treatments may affect design decisions.
Figure 1.1 shows a roadway setup with reversible lanes, allowing for peak
direction traffic to have additional lanes during peak travel times.
Reversible lanes are particularly useful in areas with very unbalanced traf-
fic flows, such as during entertainment or sporting events or into and out
of a central business district. This simple example illustrates how the
design and operations of a roadway are closely interrelated and how
clearly communicating those principles to the driver—the human
element—is critical to assure safe operations.

Figure 1.1 Reversible lanes.
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There are several questions that might be asked about the topic of
highway engineering, and these are addressed in the following parts of
this book.

* How do we know when we need to build a new highway or make
improvements to an existing highway?

* How do we know that a highway is functioning as designed (from an
efficiency and safety perspective)?

*  What geometric components are necessary to produce an efficient and
safe highway?

* How does an individual highway engineer’s role fit into the overall
completion of a highway project?

*  What other engineering is needed in a highway project?

*  What aspects related to those areas should highway engineers consider
in their efforts?

REFERENCES

National Highway Traffic Safety Administration (NHTSA), 2014. Fatality Analysis Reporting
System (FARS) Encyclopedia. National Highway Traffic Safety Administration.

Bureau of Transportation Statistics (BTS), 2014. Table 1-1: System mileage within the
United States. Bureau of Transportation Statistics. Office of the Assistant Secretary for
Research and Technology. United States Department of Transportation.

1.2 ORGANIZATION OF THE BOOK

This book is organized into nine parts, each addressing one aspect of the
field of highway engineering. Each part presents a standalone overview of
a component of highway engineering, details analysis methodologies,
defines key concepts, and presents applications and examples. However,
all nine parts interrelate; for example, design decisions can impact safety,
or the forecast of traffic demands through transportation planning is
closely tied to the expected operations of an intersection or facility. These
correlations and interactions will be discussed throughout each part.

1.2.1 Part 2: Transportation Planning

Highway engineers need to be able to recognize when a highway has
reached its service life and which improvements and modifications should be
made to that facility, or if a new facility is needed. Part 2 describes the long-
term planning and forecasting process and presents the methodologies used
to predict when and where transportation improvements are needed. Many
planning applications are closely tied to new developments on a local or
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regional scale that are expected to impact traffic patterns. The planning
methods are used to predict how many trips a new development generates,
where those drivers are expected to go, what facilities or routes they are
expected to take, and even what mode of transportation they are likely to
choose. This part of the book presents and discusses the use of planning tools
in the four key steps of trip generation, trip distribution, traffic assignment,
and modal split, and advises the engineer on making informed decisions.

1.2.2 Part 3: Horizontal and Vertical Alignment

Part 3 describes the decisions related to choosing an optimal highway
alignment given substantial environmental and design considerations,
including: corridor selection, traverses, sight distance, horizontal align-
ment, and vertical alignment. Corridor selection follows transportation
planning, which identifies the broader transportation needs of a commu-
nity. Corridor selection is comprised of the broad task of choosing a
highway location through decisions relating to minimizing costs and
impacts to the human and natural environment. The engineering compu-
tations of such corridors are derived from consideration of the highway
segments as a traverse. The horizontal and vertical components each affect
the highway location and require an iterative process to balance the various
quantitative measures and tradeoffs of a particular alternative, as well as
including feedback gathered from stakeholders in the public involvement
process. At any point along a highway drivers should be able to perceive an
obstruction or change in alignment and react by changing their speed,
direction, or path. The distance required to perform this maneuver—the
sight distance—is an integral part of highway alignment.

1.2.3 Part 4: Highway Geometric Design

Part 4 details the process of choosing appropriate geometric features for a
highway. Design controls govern key aspects of highway design and are
essential for safety and efficiency. The geometric features considered in
this section include the basic components that guide horizontal and verti-
cal alignment, including curvature and grades, and elements that form the
cross section of the highway, including lanes, shoulders, and medians.
Intersections and interchanges are important in highway design due to
their significant impact on safety performance and operational efficiency.
Designers need to be able to work with transportation planners and
operations staft to determine which locations and designs work best consid-
ering all tradeoffs. Designers must be able to translate a vision or concept
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into a horizontal and vertical design with appropriate geometric propor-
tions given various field constraints, while considering all stakeholders
(i.e., transportation system users, adjacent land uses, people affected by the
roadway, and the effect on other aspects of the community).

1.2.4 Part 5: Traffic Operations

Highway engineers need to clearly understand the basic functions of all
facility types and apply those concepts to real-world designs. Part 5 provides
details of uninterrupted flow facilities on freeways or rural highways, and
interrupted flow facilities, which include the analysis of traffic signals,
roundabouts, stop signs, and yield signs. These features interrupt or control
the flow of two or more intersecting traffic streams to assure a safe and
efficient operation of the highway junction point or intersection. This part
presents the tools for evaluating those facility types and methods for
measuring the impact of these facilities for all users, including nonmotor-
ized travelers. The methods are used to predict delay, travel time, and other
operational performance measures, and are often summarized in a level-of-
service (LOS) score for a movement, approach, or overall intersection.

1.2.5 Part 6: Traffic Safety

Safety is a primary focus area of transportation agencies, as traffic colli-
sions are a primary contributor to injuries and deaths for citizens in most
countries. The availability of analysis techniques allows for predictive
analysis of crash problems for a location, as well as reactive analysis of
newly emerging crash and safety patterns across a region. Part 6 of this
book provides guidance on safety analysis tools that can be used during
the preliminary stages of design (e.g., countermeasure selection, site
selection, etc.), basic safety tools for analyzing designs or treatments after
implementation, and supplemental tools that can be used for safety
analysis. The safety performance of an intersection or roadway can be
closely tied to its design and alignment, as well as its operations in terms
of the volume or speed of traffic traversing it. As such, highway design,
traffic operations, and safety interrelate, and are tied together by the
human element, the driver traveling on a roadway.

1.2.6 Part 7: Geotechnical

Coordination with other engineers should be considered throughout the
entire project. The last three parts of the book provides a basic
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understanding of other engineering fields as they apply to the field of trans-
portation. These aspects will influence the design of the highway or vice
versa (i.e., geotechnical concerns might influence the selection of the corri-
dor, while highway alignment needs to account for structural design when
a water crossing is necessary), which provides an overview of these related
field to expose the reader to these important additional considerations in
the design and operation of a transportation facility. Part 7 details the geo-
technical field and its relationship with highway engineering. Settlement is
a primary concern of geotechnical analysis which requires adequate soil
sampling, classification, testing, and estimation of settlement rates.

1.2.7 Part 8: Structures

As part of the final three parts of the book, Part 8 focuses on bridge
structures due to their importance and prevalence in highway networks.
The topic is presented from a top down approach, starting with the
bridge superstructure dominated by the roadway down to the design of
the support footing.

1.2.8 Part 9: Hydraulics

Part 9 completes the book and the discussion of transportation-related engi-
neering fields. This part focuses on hydraulics — primarily the prediction,
collection, and direction of storm water runoff from highway facilities.

1.3 FUNCTIONAL CLASSIFICATIONS OF HIGHWAY

Highways can be classified by their function, which generally relates to
the amount of mobility and access they provide. Mobility and access are
competing objectives of highways. On a highway that prioritizes mobility,
impediments to the flow of traffic should be minimized, while highways
with a purpose of providing access to adjacent land uses allow for more
frequent access points. The tradeoffs between mobility and access impact
the operation and safety of the highway and should be planned carefully
to fit the context of the overall highway network. Highways with a
mobility focus generally sustain higher traffic volumes and comprise
a small portion of the overall mileage of the system. Each type of highway
is essential for a well-operating and efficient overall network that facilitates
higher-speed, long-distance travel and lower-speed, short-distance trips.
When classified by mobility, arterials offer the highest level of mobility,
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Figure 1.2 Relationship between mobility and access.

while collectors provide more balance between access and mobility, and
local roads favor access over mobility. Figure 1.2 shows the relationship of
access and mobility based on the type of roadway.

1.3.1 Arterials

Arterials focus primarily on mobility with an emphasis on providing
high-speed, uninterrupted flow. Long-distance trips are most practical on
arterials. As a subset of arterials, freeways are the highest functional classi-
fication of highways and carry a significant portion of traffic volumes,
based on lane-miles of road. Freeways are an essential part of the highway
network, particularly for travel that occurs between cities, regions, and
states. Well-designed freeways have the ability to support economic devel-
opment through the safe and efficient travel of goods and people. The
characteristics of freeways can vary tremendously depending on their
setting. Figure 1.3 shows an interstate in a suburban location with six
lanes and wide shoulders on the outside and inside edges of pavement.
Figure 1.4 shows a depressed interstate, which reduces noise effects and
allows for crossroads to occur at street level, in an urban environment.
Figure 1.5 shows an urban arterial that serves traffic from suburban zones
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into the central business district. Figure 1.6 shows a rural two-lane high-
way that is a primary route for commerce and recreation in a rural area.

1.3.2 Collectors

Collectors have a blended objective of maintaining mobility and access.
Collectors facilitate travel between local roads and arterials by collecting
traffic and distributing it to local roads or to higher mobility arterials.
Collectors cover a wide spectrum of needs and vary depending on the
type and quantity of access that is provided to adjacent land uses and
potential future land uses (Figure 1.7).

1.3.3 Local Streets

Local streets provide direct connectivity to businesses, residences, and
other land uses. Local streets can be designed to provide access while
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Figure 1.7 Collector roadway.
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Figure 1.8 Local street.

minimizing speeds. A prevalence of turning movements and nonmotor-
ized usage on local streets accentuates the need for controlling speeds.
Figure 1.8 shows a developed area with a pedestrian crossing and on-
street parking on a local street.

1.4 TYPES OF INTERSECTIONS

Similar to the classification and groupings of highways and highway seg-
ments, different intersection types are distinguished. Intersections are nodes
in the transportation network, the point at which two roads meet to form
an at-grade junction. The traffic control type of the intersection governs
the rules for how the traffic streams from these two roads interact. General
intersection forms include yield-controlled intersections, stop-controlled
intersections, signalized intersections, and modern roundabouts.

The type of intersection control impacts most, if not all, aspects of
highway engineering described in this book, including planning for the
adequate size of the intersection, geometric design and appropriate align-
ment of the intersection and its approaches, operational characteristics
and capacity of the intersection, safety performance of the intersection,
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and other engineering considerations such as geotechnical and hydraulics
aspects. These considerations interact and impact one another in roadway
design and should be considered jointly in intersection design as well.

1.4.1 Unsignalized Intersections

Unsignalized intersections are controlled by either yield or stop signs, and
often represent relatively low-volume junctions. The example intersection
in Figure 1.9 shows an all-way stop-controlled (AWSC) intersection on a
university campus. Stop signs are also used to control minor, low-volume
approaches at two-way stop-controlled (TWSC) intersections, although
major roads or arterials in this case often carry considerably higher volumes.

Other unsignalized intersections are controlled by yield signs, which
differ from stop-controlled intersections in that drivers do not have to
come to a full stop (but still have to yield the right of way to one or more
conflicting approaches). Yield-controlled intersections are more common
in other countries than in the United States, where stop signs are used
more prevalently. Although stop signs in the United States may be consid-

ered the standard control treatment at many minor and unsignalized

Figure 1.9 Stop controlled intersection.
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Figure 1.10 Modern roundabout.

intersections, stop signs in many other countries are limited to approaches
that have sight distance restrictions. The stop sign therefore primarily
serves as a safety treatment.

Yield control is also commonly used at modern roundabout intersec-
tions, which are circular intersections that feature generally low design
speeds and yield control at entry. An example of a two-lane roundabout
is shown in Figure 1.10. Roundabouts are very common intersection
treatments in many countries, including the United States.

Roundabouts are a very attractive intersection form due to their
impressive safety record and low rate of serious injury and fatal crashes
compared to signalized intersections or two-way stop-controlled intersec-
tions. The positive safety record of roundabouts is due in large part to the
low design speed, and to the fact that vehicle conflict types are reduced
to merge conflicts at entry and potential rear-end conflicts, both of which
occur at low speeds. Modern roundabouts eliminate the potential for
high-speed angle and T-bone crashes, which tend to be the most severe
type of crash at other intersection forms.

Roundabouts are fundamentally different from traffic circles, which
were a common intersection form built in the middle of the twentieth
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century in the United States, and are still prevalent in some parts of the
country (and internationally in some locations). Traffic circles, such as the
ones found in the northeastern United States, typically feature a much larger
footprint than a modern roundabout, and this leads to higher speeds and, in
some cases, more frequent and more severe collisions. Traffic circles also
tend to be controlled by a merge or weaving maneuver on entry, as opposed
to the low-speed, unambiguous yield control of a roundabout. The weaving
maneuver at entry is another contributor to the poor safety (and operational
performance) of many traffic circles, and further can lead to driver confusion
and low public opinion of this particular intersection type.

Finally, some unsignalized intersections can be unsigned, or entirely
uncontrolled. Unsigned intersections exist in some European countries in
low-speed, low-volume neighborhood environments and are governed by
a “right before left” rule (in countries where traffic travels on the right
side of the road). Other countries feature entirely uncontrolled intersec-
tions, where driver courtesy and interpersonal communication between
all road users (including pedestrians and cyclists) governs the operations of
the intersections.

1.4.2 Signalized Intersections

For intersections with elevated traffic volumes, traffic signals are com-
monly used to control the interaction and order of movements from dif-
ferent approaches. The traffic signal, and its alternating red-yellow-green
indication to conflicting approaches, controls which movement is allowed
in what order. An example of a signalized intersection is shown in
Figure 1.11.

Signalized intersections come in a wide range of sizes and configura-
tions, and the study of different control and timing strategies consumes
entire books and manuals. The study of signalized intersections includes a
range of topics, including estimating the capacity of each approach, opti-
mizing the signal timing for an intersection to balance the needs of differ-
ent phases, optimizing the signal timing in the context of a corridor to
coordinate movements from one intersection to the next, and a host of
topics including location and configuration of signal displays themselves.

1.4.3 Alternative Intersections

A special category of intersections is referred to as alternative intersec-
tions, or sometimes unconventional or innovative intersections.



16 Highway Engineering

Figure 1.11 Signalized intersection.

Alternative intersections typically aim to enhance the safety and opera-
tions of an intersection in ways that don’t require extensive construction
or right-of-way costs (i.e., from building a grade-separated interchange).
Alternative intersection types often gain operational efficiency over
“traditional” intersections by removing the number of phases or reducing
the number of conflicting movements. For example, several alternative
intersection forms gain capacity by moving or modifying the way left
turns are progressed through the intersection, or in some cases by elimi-
nating through movements (e.g., from a minor approach).

The most common alternative intersection forms include the restricted
crossing U-turn (RCUT) or “superstreet,” the median U-turn intersection
(MUT), the displaced left-turn intersection (DLT), and the quadrant road-
way. There are also several forms of alternative interchanges (essentially
grade-separated intersections at a freeway junction), with the diverging
diamond interchange (DDI), also known as the double crossover diamond
(DCD), being the most popular form in the United States today.
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2.1 INTRODUCTION

Planning can be defined as the activity or process that examines the potential
of future actions to guide a situation or system toward a desired direction.
Transportation planning, which encompasses all modes of transportation, is a
very important function of the state Departments of Transportation (DOTs),
as well as planning organization at the metropolitan or regional levels.

This part describes the basic process of transportation planning.
Transportation professionals use these planning methods to forecast how
much traffic is expected in future-year analyses, where that traffic is
expected to go, what routes that traffic is expected to take, and what
modes of transportation travelers are most likely to choose. These meth-
ods aim to predict and estimate how travelers, the human element in any
transportation problem, are likely to behave and act based on prior obser-
vations and historic trends. As such, planning methods borrow principles
from other disciplines, ranging from psychology and sociology, to opera-
tions research and network optimization, to estimated behavioral patterns
by travelers across a localized area or broader region.

The text presents critical planning concepts and terms and then intro-
duces the reader to the four-step forecasting process used in transportation
planning: trip generation, trip distribution, mode choice, and traffic
assignment. The discussion includes data needs and sources for planning
analyses, as well as mathematical models used to complete various steps in
the forecasting process. The part concludes with a discussion of planning
applications and software use, as well as practice problems to further
explore and apply the concepts presented in the text.

2.1.1 Purpose of Transportation Planning

The most important aspect of planning is that it is oriented toward the
future. Although planning may increase the likelihood that a recommended
action will take place, it does not guarantee that it will. Transportation
planning relies on the use of models and forecasts, which are often wrong,
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because even the best models can, at best, only approximate future condi-
tions. As such, transportation planning is as much an art form as it is sci-
ence, placing a constant burden on the analyst to properly interpret model
results and apply good professional judgment to any analysis.

State transportation planning organizations are responsible for con-
ducting long-range transportation planning, also known as systems planning,
for all areas of the state, including metropolitan areas, small urban areas,
counties, and multicounty regions. The metropolitan areas and regions in
turn have their own planning organizations that offer a more detailed and in-
depth look at transportation plans under their jurisdiction. Ideally, state and
metropolitan planning organizations (MPOs) work jointly and in concert to
develop robust future-year forecasts based on their combined expertise.

A typical long-range planning study involves several steps, including:

* Initial meetings with the local area citizens, staff, and elected officials
* Data collection and analysis

*  Discussions of findings with the local area

* Development of several alternative future scenarios

* Public information workshops and public hearings

* Selection of a preferred plan

The Federal Highway Administration (FHWA) identifies eight critical
factors in the transportation planning process, as outlined in Figure 2.1.
The FHWA publication emphasizes early on that transportation planning
is a collaborative process between all systems of the users. Stakeholders in
transportation problems include the business community, the residential
community, environmental groups, the traveling public, freight operators,
and the general public. As such, the process in Figure 2.1 emphasizes
feedback and public input throughout the planning process. Similarly,
the reality of fiscal constraints, as well as recognition of sensitive environ-
mental, historic, or socioeconomic areas, make transportation planning a
continually evolving and dynamic process.

To accommodate diverse interests and stakeholder groups, planning
organizations at the state, regional, and municipal levels often collaborate
and exchange data and predictions to arrive at a more accurate and compre-
hensive final transportation plan to benefit all stakeholders. By first deter-
mining the transportation deficiencies, the process attempts to determine
the 20—30-year long-range transportation needs for each area at the state
level, with shorter planning horizons at the regional and metropolitan level.
Table 2.1 illustrates typical responsibilities, time horizons, content, and
update requirements in the planning process for different public entities.
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Figure 2.1 The transportation planning process. Source: FHWA, http://www.planning.
dot.gov/documents/briefingbook/bbook.htm.

Metropolitan Planning Organization

A metropolitan planning organization (MPO) may include the urbanized
area (UA), areas expected to become urbanized within the next 20 years,
and additional areas determined by political boundaries (e.g., a county) or
geographic boundaries (e.g., an air basin). A UA is an area that contains
a city of 50,000 or more in population, plus the incorporated surround-
ing areas meeting size or density criteria as defined by the U.S. Census
Bureau. The formation of an MPO is required for any UA, based on
federal legislation passed in the 1970s. That legislation emphasizes the
“3-C” planning process, assuring that the process used to program and
allocate funds for transportation improvements was continuous, cooperative,
and comprehensive.


http://www.planning.dot.gov/documents/briefingbook/bbook.htm
http://www.planning.dot.gov/documents/briefingbook/bbook.htm

Table 2.1 Key planning products

Planning document or product Who Who Time Content Update
develops? approves? horizon requirements
Unified Planning Work MPO MPO 1 or 2 years | Planning Annually
Program (UPWP) studies
and tasks
Metropolitan Transportation MPO MPO 20 years Future goals, Every 5 years
Plan (MTP) strategies, (4 years for
and projects nonattainment and
maintenance
areas)
Transportation Improvement MPO MPO/governor 4 years Transportation | Every 4 years
Program (TIP) investments
Long-Range Statewide State DOT | State DOT 20 years Future goals, Not specified
Transportation Plan (LRSTP) strategies,
and projects
Statewide Transportation State DOT [ U.S. DOT 4 years Transportation | Every 4 years
Improvement investments

Program (STIP)

Adapted from FHWA, http://www.planning.dot.gov/documents/briefingbook/bbook.htm.
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The MPO is responsible for five core functions including:

1. Establishing a setting for effective decision making in planning in a
metropolitan area

2. Identifying and evaluating alternative transportation investment
options in a Unified Planning Work Program (UPWP)

3. Preparing and maintaining a Metropolitan Transportation Plan (MTP)

e

Developing a Transportation Improvement Program (TIP)
5. Involving the public and other stakeholders in the previous four areas

State Department of Transportation Planning Organization
Each U.S. state is required to have an agency or department that is tasked
with planning, programming, and project implementation for transporta-
tion improvements at the state level. This state Department of
Transportation (DOT) interacts with the MPOs and other entities to pro-
vide a comprehensive, cooperative, and continuous planning process in
the state. Specific to the planning process, each state DOT has three key
responsibilities:
1. Prepare and maintain a long-range statewide transportation plan
(LRSTP)
2. Develop a Statewide Transportation Improvement Program (STIP)
3. Involve the public and other stakeholders in both the LRSTP and
STIP for a transparent planning process
Different state DOTs will vary on the level of detail of the LRSTP,
ranging from broad policy documents to providing a specific list of pro-
jects. The STIP is generally more specific, providing a prioritized list of
projects that are targeted to serve the state’s key transportation goals and
address areas of critical transportation needs. The STIP is fiscally
anchored, taking into consideration available spending and financial
resources in the project prioritization and programming. The STIP
should incorporate the TIPs developed by the MPOs across the state.

Regional Transportation Planning Organization
In rural states and areas, a regional transportation planning organization
(RTPO) may be formed to serve a similar function as an MPO. The
RTPO is an association of local governments within a county or contigu-
ous counties. RTPO members may include counties, (small) cities, trans-
portation service providers, tribal government, and others.

Similar to MPOs, RTPOs are tasked with developing a regional trans-
portation plan and to assure that local or county policies are consistent
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with that broader regional plan. The plan is typically developed for a spec-
ified period (e.g., six years) and is updated and evaluated at regular inter-
vals. Overal, RTPOs and MPOs serve very similar transportation
planning functions, including the development of a long-range plan, coor-
dinating within a region, and preparing a Transportation Improvement
Program that prioritizes funding and investment in the region.

RTPOs are different from MPOs in that they are often created
through state legislation, while MPOs are federally mandated. RTPOs are
also different in that they cover both urban and rural areas, and therefore
serve somewhat expanded functions than MPOs. The stakeholders for an
RTPO are therefore also likely to be more diverse, and include rural
interests in addition to the urban focus.

Prioritizing Transportation Investments

Because many MPOs rely on state and federal funding for critical trans-
portation infrastructure improvements, the prioritization and funding for-
mula can become a sensitive political issue across a state. For example,
state prioritization formulas may tend to favor urbanized areas or regions
that require high levels of mobility and reliability of transportation to
serve the broader economic interests of the state. As such, routes connect-
ing ports, airports, and large urbanized areas may be looked on favorably
by prioritization formulas.

But these urbanized areas also tend to be the regions in a state with
the highest population densities and therefore the highest tax base. In
other words, these urbanized areas also tend to have a larger internal
funding level for transportation investments. Urban areas also often have
the ability to pass bond measures for specific transportation projects or
packages (e.g., a bond to improve multimodal transportation connectiv-
ity), or to levy additional taxes to support strategic investments (e.g., a
citywide sales tax increase to fund public transportation infrastructure).

Because rural areas can be at a disadvantage when it comes to passing
transportation bonds or tax measures, state prioritization formulas often
include an equity component, to where even rural, nonmobility focus
areas receive a share of the state transportation dollars. So while these
rural areas may not experience the same level of traffic or congestion as
facilities in urbanized areas, they nonetheless require funding for mainte-
nance, bridge replacement, or for strategic investments that may spur
future development.



Transportation Planning 25

Rural areas may also be key contributors to the tourism industry of a
state, whether it be coastal regions, state parks, mountain resorts, or other
features that attract visitors (and their money). Planning organizations
may therefore consider additional factors in their prioritization formulas
to support tourism and seasonal traffic, even if these roads score lower in
terms of total traffic demand or volume-to-capacity ratio.

Emphasizing Agency Coordination

Each transportation plan is mutually adopted by the state and the local
area or region to serve as a guide in the development of an area transpor-
tation system. A state-level plan can then be used by the local area or
region to develop their requests for project funding in the Transportation
Improvement Program (TIP). The TIP documents the schedule and
funding sources of transportation projects that are expected to be funded
over the near future. At the same time, the state takes the MPO TIPs
into consideration in developing and streamlining statewide goals.

The cooperation and coordination of the different entities is critical as
no single agency has responsibility for and jurisdiction over the entire
transportation system. Roads that are part of the Interstate Highway
System (IHS) are usually maintained by state DOTs and are subject to
federal standards and requirements. Some DOTs further own and main-
tain a significant portion of the secondary road system, while in other
states, county or local municipalities are responsible for design, operation,
and maintenance of vast portions of the transportation system. Often,
urban transportation projects involve intersections of a state road with a
municipal road. Traffic signal system operation and maintenance are also
often under municipal authority, even if the roads themselves are owned
by the state. Transit systems are often under the control of an entirely sep-
arate entity. In short, cooperation and coordination between these agen-
cies is a critical aspect of transportation planning.

Together, these various agencies continuously analyze the transporta-
tion system to identify deficiencies and determine the future transporta-
tion needs for either new construction projects or to enhance existing
transportation facilities. These enhancements vary from nonconstruction
alternatives, such as improvements to an area’s traffic signal system, to
construction alternatives, such as widening a road or highway or the crea-
tion of a new interchange.

Many transportation plans also include a distinct multimodal compo-
nent, as agencies look to nonauto modes to support the long-term
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sustainability of the transportation system, especially in an urban environ-
ment. As such, transportation master plans often feature aspects of transit
provisions, as well as nonmotorized transportation. In addition, specific
plans for other modes of transportation may be developed to supplement
an overall strategic plan. These include pedestrian master plans, bicycle
master plans, or public transportation plans, which, depending on the
state, may be a requirement for MPOs.

Planning Applications and Topics
FHWA provides guidance on a wide range of planning topics and consid-
erations, which go well beyond the impact of traffic growth on road con-
gestion'. A comprehensive planning process encompasses a range of
considerations and integrates them in the overall planning process. The
following is a list of additional considerations and topics in planning
applications:
* Air quality
* Congestion management process (CMP)
* Financial planning and programming
* Freight movement
* Land use and transportation
* Performance measures
* Planning and environment linkages
* Public involvement
» Safety
* Security
* System management and operations (M&O)
» Technology applications for planning: models, geographic information

system (GIS), and visualization
» Title VI/environmental justice (EJ)
* Transportation asset management

Each of these topics is described in detail in guidance put forth by
FHWA, which is available online'. The same resource provides defini-
tions of planning terms and includes fact sheets with key planning-related
topics. Additional guidance on transportation planning topics and best

2

practices is available through the American Planning Association (APA)

! http://www.planning.dot.gov/documents/briefingbook/bbook.htm
2 .
https://www.planning.org/
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2.1.2 Accuracy and Error in Forecasting

Transportation planning looks toward the future, and as such is a process
that by definition is unverifiable. Transportation planners rely on historical
data, model predictions, comparable studies, and many assumptions to
make estimates about future conditions and predictions about future
transportation needs. Each of these components, from historical data to
model predictions, has internal errors; and the combination of multiple
models and data sources introduces more error and variability.

It is not uncommon to hear phrases such as “All models are wrong,
but some are useful,” and “Planning is as much an art as it is a science.” It
is the job of a transportation planner to carefully weigh and scrutinize
these potential sources of errors and apply engineering judgment to any
final planning recommendations.

Calibration and validation techniques exist to assist the transportation
planner in evaluating the performance of forecasting models. Following a
well-defined planning process helps bring consistency in planning predic-
tions across MPOs and other agencies. It is equally important to docu-
ment assumptions and data sources, and strive for a clear and transparent
planning process. Ideally, that process should include feedback from stake-
holder groups throughout, as well as an assessment of prior planning pre-
dictions against actual observations, to help inform and refine the
planning process in future TIP iterations.

2.2 PLANNING CONCEPTS AND FOUR-STEP PROCESS
OVERVIEW

This section introduces the planning process, consisting of four basic
methodological steps. Each of these is then described in greater detail in
the following sections.

2.2.1 Regional and Statewide Planning Process

Transportation planning at a citywide, regional, or statewide level involves

a large transportation network, many diverse stakeholder groups, a full

spectrum of land uses and their impacts, and a very elaborate planning

process. Generally, we think of transportation planning at those levels in

terms of the traditional four-step transportation planning process:

1. Trip generation: An estimate of future trips generated based on land use
type, land use size, and travel patterns.
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2. Tiip distribution: Distributing the estimated trips to traffic analysis zones
(TAZs) and distinguishing trip productions and attractions in each
zone 1in various trip categories (e.g., home-to-work trips).

3. Mode choice: Determining the preference of people within zones to
make a trip by personal vehicle, public transportation, carpooling,
bicycling, walking, etc., and dividing the total trips among those modes.

4. Trip assignment: Assigning all the trips to the transportation system to
identify actual routes taken, consider capacity constraints on the network,
and to ultimately determine the impact to the transportation network.
Conceptually, trip generation forecasts how many trips an analysis

zone generates; trip distribution predicts where those trips end up; mode

choice estimates how those trips are completed (car, transit, bike, walking,
etc.); and traffic assignments project what specific roads or sequence of
roads those trips are assigned to.

These steps are completed within a transportation planning model, tradi-
tionally referred to as a travel demand forecasting model, or a travel demand model
(TDM). Each of these steps will be described in detail in later sections.

Some of the planning steps are very complex and cover large metro-
politan areas and surrounding communities. Planners use them to help deter-
mine and evaluate long range transportation plans (LRTP) or comprehensive
transportation plans (CTP), which can test various transportation system
alternatives to accommodate the future travel demand. The most sophisti-
cated models cover all modes of transportation, including toll facilities, high
occupancy vehicle (HOV) lanes, high occupancy toll (HOT) lanes, and so
on. However, depending on funding and staft availability, and political will
(or lack thereof), many models are much simpler and often autocentric.

The study area for a planning study is divided into traffic analysis
zones (or TAZs). Within these planning models several inventories and
population demographics are associated with each TAZ. Some common
inventories include:

* Population (number of residents)

* Land use (type of development)

*  Economic activity (retail, office, medical, education, manufacturing, etc.)

* Transportation systems (road network, transit routes, multiuse paths, etc.)

* Travel patterns

* Laws and ordinances (e.g., speed limits, zoning restrictions)

* Financial resources

*  Community values
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Figure 2.2 Example planning network with TAZs. Figure by Joe Huegy, ITRE — used
with permission.

These inventories are periodically updated and new models calibrated
and validated for new base conditions and then used for forecasting future
travel demand. An example of a planning network with TAZs is shown
in Figure 2.2.

The figure shows a number of TAZs representing urban and rural areas.
Note that highly populated urban areas are more likely to have smaller
TAZs, while suburban or rural areas are likely to have larger TAZs in terms
of geographic area. But these larger TAZs may still be smaller in terms of
the number of trips generated, due to lower population density and/or
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commercial and employment centers contained therein. In the figure it is
evident (just from the small size of the TAZs) that there are two small
towns toward the northern side of the figure, with more rural development
to the south of the figure around a large lake.

2.2.2 Traffic Impact Analyses

In addition to citywide, regional, or statewide planning efforts, almost all
jurisdictions that control land use require a traffic impact study (or traftic
impact analysis, TIA) when land is being developed. These can be
thought of as smaller-scale planning studies, where the impacts are
focused on the portion of the road network surrounding a particular
development site. TIAs can be limited to a few intersections, but can also
cover a large portion of the city transportation network, depending on
the size of the land use under study. For example, a new grocery store or
big-box retail store is likely to require a larger-scale TIA than a new gas
station or isolated restaurant. But in general, a TIA is much reduced in
scale and effort from the more comprehensive planning studies described
in the previous subsection.

TIAs can be for development that fits within the current zoning, as
well as for development that will require a change in the zoning. Based
on the outcome of the TIA, the developer of a site may be required to
mitigate the impacts from the new development on the surrounding road
network. The controlling agency has leverage in the development process
because it must approve any rezoning request, special use permit request,
site plan, driveway access permit request, request for any changes to the
road network, and implement any impact fee ordinance.

Typically the developer hires a consultant (private engineer or engi-
neering firm) to create the TIA, which is then reviewed by the control-
ling agency. A traffic impact study takes the planned development (at “full
build out”) and generates future traftic. The traffic is assigned to the high-
way network using what can amount to significant judgment for large
developments. In some cases, all intersections and interchanges within the
local influence area of the development may need to be analyzed. But it
is rare to go beyond a one-mile radius from a development, even for large
projects. The adjacent street system, or area network, is analyzed for
capacity impacts using methodologies described in Part 5 of this book.
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Most agencies do not want to see any degradation on the highway system
and will require the developer to mitigate estimated impacts before issu-
ing a construction or development permit. If the project involves staged
development, then intermediate impact analyses are also performed for
their individual impacts.

Traditionally, TIAs have been performed in an isolated fashion,
meaning that a TIA for any one development is reviewed by itself, with-
out explicitly considering other developments in the vicinity that are
planned or proposed. But more recently, agencies have started to look at
the cumulative impact of various TIAs and associated development propo-
sals. Facilitated by the use of planning software, a new development may
be evaluated not only relative to existing conditions and background
traffic growth, but also under consideration of specific other develop-
ments in the vicinity of the proposed site. This form of cumulative TIA
is likely to assure better coordination between projects, and help miti-
gate potentially confounding traffic impacts of parallel development
applications.

Scope

TIAs are generally required for larger projects and development, such as a
160 + unit single-family subdivision, 220 + unit multifamily complexes,
and most commercial or industrial sites. Some small projects, such as a
fast-food restaurant, will need a TIA depending on agency practice. The
planning horizon for a TIA is generally short term, with a lookout period
of 2—5 years, or until build out.

For most TIAs, the analysis is usually confined to peak periods (am
peak hour, pm peak hour, lunch peak hour, or weekend peak hour). The
geographic focus includes the site plus surrounding major intersections or
interchanges, with agency practices dictating the study area and geograph-
ical extent. In most cases the analysis is almost always limited to traffic
operational measures and level of service using Highway Capacity Manual
(HCM) methodologies (TRB, 2010), or their equivalent. Safety impacts
are usually not quantified, although some agencies are starting to embrace
user perception—based quality-of-service metrics in the TIA process. The
specific operational analysis methodologies from the HCM are detailed in
Part 5 of this book.
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Process
Agency practices and requirements for traffic impact analyses (TIAs) dif-

fer, and analysts should always consult specific guidelines for the area or

region they are working in. But a typical TIA often involves the follow-

ing

10-step process, which is intended here as a sample illustration of

potential agency practices.

1.

Establish scope: Decide on the timeframe of analysis (typically 2—5
years), analysis area (road network surrounding study site, up to a
one-mile radius), etc.

Data collection: Gather current traffic counts and roadway geometric
data. If no current traffic data are available, driveway counts and
intersection turning movement counts may need to be conducted
before proceeding.

Tiip  generation: Using references such as the Institute of
Transportation Engineers (ITE) Tiip Generation Manual, estimate trips
generated by proposed development. The ITE manual provides esti-
mates by land use classification abd time of day, as well as guidance
for mixed-use development as discussed in further detail in following
sections.

Trip distribution: The analyst distributes trips generated from proposed
development to adjacent zones or directions. This may involve the
use of planning models, as described later. For small developments,
the analyst may sometimes assume that new trips are distributed pro-
portionally to existing trips in terms of their origins and destinations.
Background trafficc. The new development is evaluated not relative to
existing traffic, but considers growth in background traffic in the
local area over the planning horizon (2—5 years). The analyst esti-
mates the volumes of background traftic in forecast year by applying
growth rates. Growth rates typically range from zero to 5% per year,
and are dictated by local agency practice. Growth rates are applied
using a standard compound interest formula, where future traffic, E
is estimated from present year traffic, P, the annual growth rate, 4,
and the number of years in the forecast, n.

F=P(1+i)"

Traffic assignment: Trips are then assigned to routes, which places
them on the links and segments in the surrounding network.
Usually all trips are assumed to use the quickest possible route (see
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shortest path assignment, Section 2.6.2), but may utilize more
advanced assignment algorithms depending on the scale of the
study. The result of the traffic assignment is a future-year set of
driveway counts and turning movement volumes at all intersections
in the study area.

7. Background impacts: Using methods in the Highway Capacity Manual
(see Part 5 of the book), the analyst computes levels of service at key
points in the forecast year for background traffic only. This will be
the reference against which the development impacts are evaluated.

8. Development impacts: Compute levels of service at key points in the
forecast year for background plus the new site traffic estimated in the
TIA. This development impact is compared to the background
impacts to evaluate the changes in levels of service due to the pro-
posed development.

9. Reexamine assignment: Depending on the results in step 8, the assign-
ment of site traffic may be reexamined to potentially avoid resulting
bottlenecks and congestion points. If necessary, reassign traftic and
recompute levels of service, although the assumptions for this new
assignment have to be well documented and justified.

10. Mitigation strategies: Depending on the evaluation results for the future
year, the analyst may propose a series of mitigation strategies to assure
that an adequate level of service is maintained even with the addition
of the proposed site to the network. The analyst recomputes level of
service with these mitigation strategies, and shows satistactory perfor-
mance. Several options for mitigation may be considered, both in
terms of traffic impacts as well as cost. The cost for mitigation is typ-
ically carried by the developer, and the agency may require mitiga-
tion before a permit is issued.

Agencies may require variations of the 10 steps mentioned, or may
require additional or fewer steps. Further, the specific methodologies
used to apply each step, as well as any default assumptions (e.g., the
growth factor used for background traffic in step 5), are based on agency
practice.

Typical Mitigation Strategies

At the completion of the estimation of traffic impacts, a TIA typically
generates one or more mitigation strategies to help offset the predicted
traffic impacts. Common mitigation strategies include adding exclusive
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left-turn/right-turn lanes (for unsignalized and/or signalized intersec-
tions), widening the roadway (e.g., two-lane to five-lane with two-way
left turn lanes (TWLTL) or four-lane divided cross section), installing or
upgrading signals at major intersections, and considering alternative inter-
section and interchange treatments. Alternative intersections and inter-
changes include modern roundabouts, restricted crossing U-turns
(RCUT) or superstreets, diverging diamond interchanges (DDI), median
U-turns (MUT), displaced left-turn intersections (DLT), quadrant left-
turn intersections, and others. Specific guidance for the design and appli-
cation of these applications can be found elsewhere (FHWA, 2014).

2.2.3 Highway Functional Classification System

Functional classification is a process by which streets and highways are
grouped into classes, or systems, according to the character or service
they are intended to provide. Individual roads and streets do not serve tra-
velers independently in any major way; rather, travel involves a network
of roads. Functional classification defines the roles that any road, street, or
highway should serve in the network.

Rural and urban areas have different characteristics as to the density
and types of land use, density of street and highway networks, nature of
travel patterns, and the way in which all these elements are related in
terms of highway function. Figure 2.3 exhibits the hierarchy of the
Highway Functional Classification system for U.S. roads.

All U.S. roads

I ] | | ]
lCoIIectorsI I Local l lArteriaIsI |Co|lectorsl I Local I

IPrincipaII IMinor I | Major] I Minor I

IPrincipaII l Minor I

Interstate
Other principal arterial Interstate
Other freeway and expressway

Other principal arterial

Figure 2.3 Highway functional classification system. http://www.fthwa.dot.gov/policy/
2006¢cpr/chap2.htm
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Arterials provide the highest level of mobility, at the highest speed, for

long, uninterrupted travel. The Interstate Highway System is an arterial

network. Arterials generally have higher design standards than other

roads, often with multiple lanes and some degree of access control. The

arterial network provides interstate and intercounty service so that all

developed areas are within a reasonable distance of an arterial highway.

This network is further broken down into principal and minor arterials:

Principal arterials: For rural locations, this system is a connected net-
work of continuous routes that serve corridor movements having sub-
stantial statewide or interstate travel characteristics, such as long trip
lengths and travel times and relatively high densities. For urban sys-
tems, principal arterials are the key arteries that carry traffic to and
from major residential and commercial centers.

Minor arterials: This system forms a network that links cities, larger
towns, and other major traffic generators such as large resorts. The
rural minor arterial system generally serves intrastate and intercounty
travel, and travel corridors with trip lengths and travel densities some-
what less than the principal arterial system. In an urban system, minor
arterials serve key mobility needs between traffic attractors and genera-
tors, but at a slightly reduced scale than a principal arterial.

Collectors provide a lower degree of mobility than arterials. They are

designed for travel at lower speeds and for shorter distances. Collectors

are typically two-lane roads that collect and distribute traffic from the

arterial system. The collector road system is further classified into major

and minor collector roads:

Major collector roads: In rural locations, these roads provide service to
the larger towns not directly served by the higher systems. They also
provide service to other traffic generators of equivalent importance,
such as schools, shipping points, county parks, and important indus-
trial, agricultural, or cultural areas. Major collector roads also link
these places to routes of higher classification and serve the more
important intracounty travel corridors. In urban settings, collector
roads can connect neighborhoods or provide access to local businesses.
Minor collector roads: Rural minor collectors are spaced at intervals,
consistent with population density, to collect traffic from local roads
and to insure that all urbanized areas are within a reasonable distance
of a collector road. Urban minor connectors are found within neigh-
borhoods and business districts to provide access to residential com-
munities and employment centers.
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Local roads are all roads that are not on a higher system. Local resi-
dential subdivision streets and residential collector streets are elements of
the local road system. Local residential streets are either cul-de-sacs, loop
streets less than 2500 ft (762.2 m) in length, or streets less than one mile
(1.6 km) 1in length. They do not connect thoroughfares, serve major traf-
fic generators, or collect traffic from areas with more than 100 dwelling
units. Residential collectors serve as the connecting street system between
local residential streets and the thoroughfare system.

An example of an urban street network is shown in Figure 2.4, with
different functional classes represented with different line weights. In a
network representation, higher functional classes such as primary arterials
are represented as thicker lines, and local collector streets are shown as
thin lines.

In a network model representation or in a travel demand model, the
analyst generally starts with the higher functional classes and then con-
tinues to add detail. It is generally impractical to represent all roads in an
area in the modeled network. Local roads and those without significant
traffic volumes can thus be excluded to facilitate network coding and pro-
cessing. As a rule of thumb, the sum of all omitted links should carry less
than 10% of all trips in the network.
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Figure 2.4 lllustration of a street network in an urban area. http://www.fhwa.dot.gov/
planning/processes/statewide/related/highway_functional_classifications/section03.cfm
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Figure 2.5 Relationship of functionally classified highway systems in serving traffic
mobility and land access. Source: Adapted from FHWA, http://www.fhwa.dot.gov/
environment/publications/flexibility/ch03.cfm

All roads serve a dual purpose: (1) mobility, to allow traffic to travel
between zones and destinations, and (2) land access, to allow traffic to
enter neighborhoods and access businesses. In the classic diagram on the
tradeoffs between land access and mobility in Figure 2.5, it is evident the
higher functional classes such as arterials generally serve a predominant
mobility purpose, local roads predominately serve a land-access purpose,
and collectors tend to balance the two.

2.2.4 Planning Data and Data Sources

The first step in transportation planning is the collection and analysis of
transportation-related data. Transportation models are created that use
data such as traffic counts, population, housing, employment, and vehicle
ownership to simulate existing (base-year) and future (design-year) travel.
Anticipating future demands for travel is accomplished by projecting cur-
rent travel levels and demands into the future using traffic-growth factors.
These factors are based on various sources of information.

First, the planner must be familiar with the local land use plan and
the existing and future development in the area. Historic traffic trends,
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such as the average daily traffic volumes (ADT) must also be known.
These traffic count volumes are typically recorded by state DOTs for
many years, and they are a source for determining the historic (and the
future) traffic trends.

Also, transportation models are used to simulate travel patterns in an
area. The planner will create an existing (base-year) model of the area and
then project the model into the future (design-year). These models may
use traffic-growth factors from mathematical equations or may borrow
factors from other similar transportation models.

Traffic Counts

Traffic counts are part of the factual information that can be collected
prior to the design process. Existing and projected traftic volumes affect
the geometric features of design such as the lane widths, alignments, and
grades. Traffic volumes are the loads placed on a street network. A road-
way design process that did not include traffic volumes would be as sense-
less as the design of a bridge without the proposed vehicle weights.

State agencies typically collect traffic volume data at numerous loca-
tions throughout the state. These data include variations due to different
times of the year, different times of the day, and the distribution of vehicle
types or weights. Either a temporary counter or a permanent counter can
record these counts. A temporary counter (traditionally a rubber road
tube, more recently microwave or video detectors) is located with the
intention of studying a particular area or street. For the most accurate
results, the counters are usually put down during a time period when the
travel for the area is average. For instance, at the coast and in tourist desti-
nations, a major holiday weekend would be avoided, because the travel is
unusually high then (unless, of course, the focus of such study is on peak
seasonal loads).

Permanent control stations are also located throughout all states at key
locations, collecting data 365 days a year. These permanent count stations
are used to generate adjustment factors to account for seasonality, month-
by-month variation, and time-of-day patterns for other, more short-term
counts.

Traffic engineers use these count data along with future land use pro-
posals to estimate future traffic volumes. The design year used for the
planning process is usually either 10 or 20 years beyond the beginning of
construction. Whenever a project is delayed, the traffic forecasts need to
be updated at the beginning of the preliminary design.
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Average Daily Traffic
The most commonly used measure of traffic 1s the average daily traffic (ADT)
volume. Theoretically, this is the volume of traftic moving in both directions
on a highway for the most average traffic day in the year for 24 hours (h).
It can be visualized as if there were an individual counting the number of
vehicles passing a given point 24 h a day for 365 days a year, and then dividing
the sum of all counts by 365. This would then be the ADT of that highway.
ADTs can be calculated from any sample of repeated daily counts of traffic
volumes, with duration as short as one week. Because that short-duration
count may be subject to seasonal fluctuation or other sources of bias, ADTs
are often annualized by applying adjustment factors from nearby permanent
count stations. The resulting average annual daily traffic (AADT) is often used
to describe traffic volume characteristics of a roadway in a planning context.
AADT:s can be calculated from continuous count stations using federal
guidance (FHWA, 2013). The FHWA formula for estimating AADT
from a long-term or whole-year traffic count is:

7 12
1

1 IR

where
IVOL = daily traffic for day k, of day of the week i, and month j
i = day of the week
j=month of the year
k = the occurrence order number of day of the week
n = the number of days of that day of the week during that month

The aforementioned AADT estimation method can overcome isolated
days of missing traffic data resulting from the use of an automatic traffic
data collection environment.

AADT data are also published in an annual report by recording
volumes for each studied roadway on a county or city map book. An
example of an AADT map is shown in Figure 2.6.

Many agencies are also migrating AADT data to online mapping tools
with a linked database, to provide ready access for analysts. The traffic
volumes can be easily found and compared with previous years’ volumes.
Although AADT is important, it is typically not used for geometric
design because it does not reflect the variations of traffic over the months
of the year, days of the week, or hours of the day. Therefore, the design
of most major highways is based on the design hourly volume (DHV).
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Figure 2.6 Sample AADT map for Raleigh, North Carolina. Source: NCDOT http.//www.
ncdot.gov/travel/statemapping/trafficvolumemaps/urban/

Design Hourly Volume and Directional Design Hourly Volume
Traffic volumes are a major factor in selecting design criteria. Most
design criteria are based on a design hourly volume (DHV) factor
and more specifically, the directional design hourly volume (DDHV).
The DHV is based on the 30th highest hourly volume out of
365 counts (i.e., just over the 90% level). This essentially means that
a road with a design based on this DHV will be able to handle tra-
ffic demand 90% of the time. DHV is determined by multiplying the
ADT by the design hourly volume factor, also known as the K factor.
If the DHV is not given, then an assumed 10% (use the decimal
form, 0.10 for problems), K factor can be applied to the ADT to deter-
mine DHV.

Directional design hourly volume (DDHYV) is calculated by
multiplying the DHV by the directional movement factor (D). The D
factor tells you the maximum percentage of the DHV that is moving


http://www.ncdot.gov/travel/statemapping/trafficvolumemaps/urban/
http://www.ncdot.gov/travel/statemapping/trafficvolumemaps/urban/
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in one direction during the day. If the directional movement is not
given, the student should assume 60% (use the decimal form, 0.60 for
problems).

The following equations are given for the conversion between the
various traffic count metrics, followed by several examples illustrating

their use.
DHV =ADT XK
DDHV =DHV X D
or
DDHV =ADT XK XD
where

DHYV = design hourly volume

DDHYV = directional design hourly volume (vehicles per hour, veh/h)
ADT =average daily traffic (vehicles per day, veh/d)

K = design hourly volume factor (0.10 typically)

D = directional movement factor (0.60 typically)

EXAMPLE 2.1
The following traffic counts were taken along an urban freeway:
Day 1: 1900 vehicles
Day 2: 2150 vehicles, D = 55%
Day 3: 2300 vehicles, K = 12%
Day 4: 1950 vehicles
Day 5: 2000 vehicles

Find the ADT, DHV, and DDHV.
Solution

1900 + 2150 + 2300 + 1950 + 2000
5

ADT =

ADT = 2060 veh/d
DHV =ADT X K
DHV = 2060 veh/d X 0.12 = 247 veh/h
DDHV =DHV XD
DDHV = 247 veh/h X 0.55
DDHV = 136 veh/h in the peak direction
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EXAMPLE 2.2
Compute the DDHV for each movement shown based on the ADT for
the intersection shown here; K = 10%.

Southbound : Z’L
179 |
583 i L} ‘ | Westbound
e HGSO
| ]|
s T T 242
| ] 1
0% | | 5ljci)srthbound
Eastbound | |

Solution
As directions are given on the drawing, we do not need to multiply the
direction factor into the DDHV equation.

DDHV = ADT X K

Westbound lane:

680 X 0.10 = 68 veh/h
Northbound straight:

525 X 0.10 = 52.5 veh /h

= 53 (because we cannot have 0.5 veh/h)
Northbound right:

242 X 0.10 = 25 veh/h
Eastbound straight:

638 X 0.10 = 64 veh/h
Eastbound left:

259 X 0.10 = 26 veh/h
Southbound straight:

583 X 0.10 = 59 veh/h

Southbound left:
179 X 0.10 = 18 veh/h
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Peak Hour Volume

When performing traffic analyses, as well as in the design of highways,
it is common to use the peak hour volume because this volume places
the highest demand on the roadway. The peak hour volume is simply
the highest hourly volume on the roadway for a given day. Sometimes
separate am and pm (and perhaps noon) peak hour volumes are
determined.

Traffic is typically not uniform over the entire peak hour; this means
that the rate of flow during the peak 15 minutes (min) of the peak hour
will typically be higher than the rate flow based on the entire hour. A
Highway Capacity Manual (HCM) analysis therefore applies a peak hour
factor (PHF) to convert the maximum 15-min volume into an hourly
flow rate. The PHF is found by dividing the peak hour volume by the
product of 4 times the peak 15-min volume.

peak hour volume
PHF =

4 X highest 15-min volume

Dividing the peak hourly volume by the peak hour factor results in an
hourly flow rate based on the peak 15-min volume. A high PHF value
(1.0 is the highest possible value) represents relatively constant flow
throughout the peak hour, while a low PHF (0.25 is the lowest possible
value) indicates that most of the traffic occurs during a peak period
within the hour. On freeways, typical PHFs range from 0.80 to 0.95.
Lower PHFs usually characterize rural freeways, and higher PHFs are typ-
ical of urban and suburban peak-hour conditions.

A PHF is only used when design hourly volumes (DHV) are the only
available data source. If 15-min traftic volume data are available, the anal-
ysis volume can be estimated directly by multiplying the peak 15-min
volume by a factor of 4. But the PHF is needed in most planning applica-
tions, as 15-min data are generally not available and the analyst thus has
to rely on (estimated) DHV values for the traffic analysis.

The following pair of examples illustrate the two extreme values of
PHFs.

In summary, the higher the PHF is, the more evenly spread out the
traffic is over the peak hour; and the lower the PHF is, the more “peaked”
the traffic is at a certain 15-min time period within the peak hour. Here
is another example illustrating how to find the PHF if 15-min counts are
provided.
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EXAMPLE 2.3

One Hour of Traffic Data

15-min segment  Number of vehicles

per hour (vph)

7:00—7:15 am 250

7:15—7:30 am 250

7:30—7:45 am 250

7:45—8:00 am 250

Peak hour volume = 250 + 250 + 250 + 250 = 1000 vph

peak hour volume _ >~ 15-min vol

PHF = = - = ; :
4 X highest 15-min volume 4 X highest 15-min vol

(250 + 250 + 250 + 250)

=1.00
(4 X 250)

Note that if the flow for an entire hour is constant, the PHF is 1.00,
which is the highest PHF value possible.

EXAMPLE 2.4

One Hour of Traffic Data

15-min segment  Number of vehicles
per hour (vph)

7:00—7:15 am 1000

7:15—7:30 am 0
7:30—7:45 am 0
7:45—8:00 am 0

Peak hour volume = 1000 + 0 + 0 + 0 = 1000 vph
Note that the peak hour volume is the same as in Example 2.3.

S 15-minvol (1000 + 0+ 0+ 0)
4 X highest 15-min vol (4 X 1000)

PHF = =0.25

Note that if all flow during an hour occurs in one 15-min period,
the PHF is 0.25, which is the lowest PHF value possible.
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EXAMPLE 2.5

One Hour of Traffic Data

15-min segment  Number of vehicles per hour (vph)
7:00—7:15 am 240

7:15—7:30 am 310

7:30—7:45 am 270

7:45—8:00 am 180

Peak hour volume = 240 + 310 + 270 + 180 = 1000 vph
Note that the peak hour volume is the same as in Examples 2.3 and 2.4.

S 15-minvol (240 + 310 + 270 + 180)

PHF = =
4 X highest 15-min vol (4 X 310)

=0.81

2.3.1 Planning Definitions and Terms

A list of commonly used transportation planning terms is given in the fol-

lowing, which was taken from FHWA guidance (FHWA, 2007).
Capacity: A transportation facility’s ability to accommodate a moving
stream of people or vehicles in a given time period.
Capital program funds: Financial assistance from the major capital program
of 49 US.C. Section 5309. This program enables the Secretary of
Transportation to make discretionary capital grants and loans to finance
public transportation projects divided among fixed guideway (rail) mod-
ernization; construction of new fixed guideway systems and extensions
to fixed guideway systems; and replacement, rehabilitation, and purchase
of buses and rented equipment, and construction of bus-related facilities.
Congestion management process (CMP): A systematic approach required
in transportation management areas (TMAs) that provides for effective
management and operation, based on a cooperatively developed and
implemented metropolitan-wide strategy of new and existing transpor-
tation facilities eligible for funding under title 23 U.S.C. and title 49
US.C. through the use of operational management strategies.
Provides information on transportation system performance and finds
alternative ways to alleviate congestion and enhance the mobility of
people and goods, to levels that meet state and local needs.
Department of Tiansportation (DOT): When used alone, indicates the
U.S. Department of Transportation. In conjunction with a place
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name, indicates state, city, or county transportation agency (e.g.,
[linois DOT, Los Angeles DOT).

Federal Highway Administration (FHWA): A branch of the U.S.
Department of Transportation that administers the federal-aid highway
program, providing financial assistance to states to construct and
improve highways, urban and rural roads, and bridges. FHWA also
administers the Federal Lands Highway Program, including survey,
design, and construction of forest highway system roads, parkways and
park roads, Indian reservation roads, defense access roads, and other
tederal lands roads.

Federal Tiansit Administration (FTA): A branch of the U.S. Department
of Transportation that administers federal funding to transportation
authorities, local governments, and states to support a variety of locally
planned, constructed, and operated public transportation systems
throughout the United States, including buses, subways, light rail,
commuter rail, streetcars, monorail, passenger ferry boats, inclined
railways, and people movers.

Financial plan: The documentation required to be included with an
MTP and TIP (optional for the long-range statewide transportation
plan and STIP) that demonstrates the consistency between reasonably
available and projected sources of federal, state, local, and private rev-
enues and the costs of implementing the proposed transportation sys-
tem improvements.

Financial programming: A short-term commitment of funds to specific
projects identified in both the regional and the Statewide
Transportation Improvement Program.

Fiscal constraint: Making sure that a given program or project can reason-
ably expect to receive funding within the time allotted for its imple-
mentation. The MTP, TIP, and STIP must include sufficient financial
information for demonstrating that projects in the MTP, TIP, and STIP
can be implemented using committed, available, or reasonably available
revenue sources, with reasonable assurance that that the federally sup-
ported transportation system is being adequately operated and main-
tained. For the TIP and the STIP, financial constraint/fiscal constraint
applies to each program year. Additionally, projects in air quality nonat-
tainment and maintenance areas can be included in the first two years
of the TIP and STIP only if funds are “available” or “committed.”
High-occupancy vehicle (HOV)): Vehicles carrying two or more people.
The number that constitutes an HOV for the purposes of HOV
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highway lanes may be designated differently by different transportation
agencies.

Intelligent transportation systems (ITS): Electronics, photonics, communi-
cations, or information processing used singly or in combination to
improve the efficiency or safety of a surface transportation system.
The National ITS Architecture is a blueprint for the coordinated
development of ITS technologies in the United States, providing a
systems framework to guide the planning and deployment of ITS
infrastructure.

Intermodal: The ability to connect, and connections between, differing
modes of transportation.

Interstate Highway System (IHS): The specially designated system of
highways, begun in 1956, that connects the principal metropolitan
areas, cities, and industrial centers of the United States. Also connects
the United States to internationally significant routes in Canada and
Mexico.

Land use: Refers to the manner in which portions of land or the
structures on them are used (or designated for use in a plan), such as
commercial, residential, retail, industrial, etc.

Long-range statewide transportation plan (LRSTP): The official, statewide,
multimodal transportation plan covering no less than 20 years devel-
oped through the statewide transportation planning processes.
Long-range transportation plan (LRTP): A document resulting from
regional or statewide collaboration and consensus on a region’s or
state’s transportation system, and serving as the defining vision for the
region’s or state’s transportation systems and services. In metropolitan
areas, this is the official multimodal transportation plan addressing no
less than a 20-year planning horizon that is developed, adopted, and
updated by the MPO through the metropolitan transportation plan-
ning process.

Metropolitan planning area: The geographic area determined by agree-
ment between the metropolitan planning organization (MPO) for the
area and the governor, in which the metropolitan transportation plan-
ning process is carried out.

Metropolitan planning organization (MPO): The policy board of an orga-
nization created and designed to carry out the metropolitan transpor-
tation planning process for urbanized areas with populations greater
than 50,000, and designated by local officials and the governor of the
state.
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Metropolitan transportation plan (MTP): The official multimodal trans-
portation plan addressing no less than a 20-year planning horizon that
is developed, adopted, and updated by the MPO through the metro-
politan transportation planning process.

Mode: A specific form of transportation, such as automobile, subway,
bus, rail, air, bicycle, or foot.

Performance measures: Indicators of how well the transportation system
is performing with regard to such measures as average speed, reliability
of travel, and accident rates. Used as feedback in the decision-making
process.

Stakeholders: Individuals and organizations involved in or affected by
the transportation planning process. Include federal/state/local offi-
cials, MPOs, transit operators, freight companies, shippers, users of the
transportation infrastructure, and the general public.

Statewide Transportation Improvement Program (STIP): A statewide priori-
tized listing/program of transportation projects covering a period of 4
years that is consistent with the long-range statewide transportation
plan (LRSTP), metropolitan transportation plans (MTPs), and
Transportation Improvement Programs (TIPs), and is required for
projects to be eligible for funding under title 23 U.S.C. and title
49 U.S.C. Chapter 53.

Surface Transportation Program (STP): Federal-aid highway funding pro-
gram that supports a broad range of surface transportation capital
needs, including many roads, transit, sea and airport access, vanpool,
bike, and pedestrian facilities.

Transportation demand management (TDM): Programs designed to reduce
demand for transportation through various means, such as the use of
public transit and of alternative work hours.

Transportation Improvement Program (TIP): A prioritized listing/program
of transportation projects covering a period of 4 years that is devel-
oped by an MPO as part of the metropolitan transportation planning
process, consistent with the metropolitan transportation plan (MTP),
and required for projects to be eligible for funding under title 23 U.S.
C. and title 49 U.S.C. Chapter 53.

Transportation management area (TMA): An urbanized area with a popu-
lation of 200,000 or more, as defined by the U.S. Bureau of the
Census and designated by the Secretary of Transportation, or any
additional area where TMA designation is requested by the governor
and the MPO and designated by the U.S. Secretary of Transportation.
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Unified Planning Work Program (UPWP): A statement of work identify-
ing the planning priorities and activities to be carried out within a
metropolitan planning area. At a minimum, a UPWP includes a
description of the planning work and resulting products, who will
perform the work, time frames for completing the work, the cost of
the work, and the source(s) of funds.

2.3 TRIP GENERATION

Trip generation is the first step in the four-step transportation planning
process. Trip generation estimates the number of trips generated for a
given land use, based on prior data of traffic generators in the same land
use category. The number of trips are typically a function of the type of
land use, as well as its size. The size of a land use is most commonly
defined in terms of a readily measurable dimension, such as square foot-
age for a commercial development, number of units for a residential
development, number of fueling stations for a gas station, number of seats
for a restaurant, number of spaces for a parking deck, and so on.

Trip generation rates and characteristics in the United States are col-
lected and distributed in the ITE Tiip Generation Manual, and its various
companion documents. The Tiip Generation Manual is updated every three
to five years with new data as applicable (ITE, 2012). Various software
implementations of the Trip Generation Manual are available to help analysts
derive trip generation estimates and integrate them into a planning process.

The Trip Generation Manual is primarily focused on uniform land
use types. In travel demand modeling applications, each traffic analysis
zone or TAZ contains multiple land use categories. These are then
aggregated to arrive at an overall trip generation estimate for each
zone. The ITE Trip Generation Manual further accounts for internal-
capture effects of land uses, which are especially important for mixed-
use developments, where some home-to-work trips, for example, may
happen internal to the land use. At the same time, the manual accounts
for pass-by trips, which are spur-of-the-moment trips attracted to a land
use. For example, drivers may stop at a gas station or convenience store
while en route for another trip purpose. Both pass-by trips and
internal-capture trips represent trips that are subtracted from the overall
trip generation rate, as they are no-net additions to the total number of
trips on the network.
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2.3.1 Land Use Types

The Trip Generation Manual contains data for a total of 172 land use types,
based on a sample of more than 5500 sites across the United States
(ITE, 2012). Common land use types featured in the manual include:

* Port and terminal: 6 land uses, including waterports, airports, transit
stations, etc.

* Industrial: 9 land uses, including general light and heavy industrial,
manufacturing, warehousing, etc.

* Residential: 19 land uses, including single-family homes, various types
of apartments, senior living, mobile home parks, etc.

* Lodging: 5 land uses, including hotels, motels, resorts, etc.

* Recreational: 35 land uses, including various parks, fitness facilities,
movie theaters, racetracks, etc.

* Institutional: 17 land uses, including schools, churches, military facili-
ties, museums, libraries, etc.

* Medical: 4 land uses—hospital, nursing home, clinic, and animal
hospital

* Office: 11 land uses, including general office, medical offices, govern-
ment offices, post office, etc.

* Retail: 43 land uses, including various supply stores, convenience
stores, supermarkets, sporting goods stores, apparel stores, pet stores,
etc.

*  Services: 24 land uses, including restaurants, fast food, coffee shops,
gas stations, banks, etc.

In recent versions of the Trip Generation Manual, new land use codes
have been added to reflect the changing needs of the user community,
including construction equipment rental store, data center, medical
equipment store, mosque, museum, recreational vehicle sales, snow ski
area, tractor supply store, truck stop, and variety store.

A key type of land use addressed by the manual is mixed-used develop-
ments, which are developments that offer a mix of residential, commer-
cial, employment, and retail land uses. Mixed-used developments are
also referred to sometimes as new urban developments, or neo-traditional
neighborhood designs. Through the mix of land uses within those develop-
ments, a significant portion of trips can be captured internally to the
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development, as residents can, for example, travel to work or shopping
destinations without being on the public road or transit system outside
of the development.

2.3.2 Estimating Generated Trips

Trip generation is the first and most important analysis step in travel fore-
casting, for both short and long term planning analyses. Trip generation
estimates how many trips are demanded to or from a site or zone, which
depends on the land use(s) in the site or zone. The two main methods for
estimating generated trips are to (1) use the ITE Trip Generation Manual,
or (2) develop a customized equation (e.g., planning model). The first
approach is generally preferred, as the development of custom equations
is very time and labor intensive.

The ITE manual applies to single land use, homogeneous sites or
zones and covers significantly more than 100 land uses, as previously
described. Each land use has a compilation of one to several hundred
studies conducted in the United States over the past 40 years.

The general process in using the ITE manual begins with choosing
your land use, analysis period, and independent variable very carefully.
The analyst should take great care as most pages have entering and exiting
percentages listed separately. The I'TE manual also accounts for estimates
for pass-by trips (driver is already on adjacent road and decides to enter
site), and assumes minimal transit usage or carpooling. Effects of transit
and use of other modes of transportation is part of the later mode-
choice-analysis step in the four-step planning process.

For each land use, the ITE manual generally gives a regression equa-
tion (R?) to estimate the number of trips as a function of an independent
variable (e.g., square footage of retail). The manual further provides an
average of the generated trip rate. The general guidelines for use of the
ITE manual are as follows:

+ Use equation first, if the model statistical fit defined through the R>
metric is greater than 0.75. This suggests an acceptable statistical fit to
the data used to derive the equation.

* Use average rate next, if standard deviation is less than 1.1 times the
average rate.

* Make sure your site or zone is within the calibration limits on the
independent variable.
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EXAMPLE 2.6

A 500-acre site is being developed to support 400 single-family detached
houses and a swimming pool with a clubhouse. Estimate the number of

trips (T) exiting the subdivision during a typical am peak hour.

Single-family detached housing
(210)

Average vehicle trip ends vs: Dwelling units
On a: Weekday, peak hour of adjacent street
traffic, one hour between 7 and 9 am

Number of studies: 286
Avg. number of dwelling units: 194
Directional distribution: 25% entering, 75% exiting

Trip generation per dwelling unit

[ Average rate Range of rates Standard deviation

[ 0.75 0.33-2.27 0.90

Data plot and equation

3000 7 —
‘
i

2000

average vehicle trip ends

|
1000 +
|

T=

x2S
. B
x ﬁ«"w
, ﬁ
0

x Actual data points

1000 2000 3000

x = number of dwelling units

Fitted curve ~ -eeee- Average rate

Fitted curve equation: T = 0.70(x) + 9.74 R?=0.89

Solution

1. Note that our site with 400 units is within the range of units for the
study sites, with the bulk of the study sites having less than 1000 units.
2. R?=10.89. Because this is >0.75, we can use the fitted curve equa-

tion to solve for the answer versus looking at the average rate.

3. T=0.70 (X) + 9.74, where X is the number of dwelling units.

T=0.70 (400) +9.74
T =290 total trips

Now, T.; = 0.75 (290) = 218 trips exiting during the am peak hour.
The 0.75 comes from the chart in that 75% are exiting and 25% are

entering during the am peak hour.
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You have been hired to conduct a TIA for a new fast-food restaurant

with a drive-through window. Which of the following statements repre-

sents the best choice for estimating the number of trips into and out of

the restaurant during the am peak?

a. Can’t estimate the trips because there is no equation.

b.
c.
acceptable limits.

d.

Can'’t estimate the trips because the standard deviation is too high.
Can use the average rate because the standard deviation is in

Can use the average rate but should add a factor of safety to it.

Fast-food restaurant with drive-through window

Number of studies:
Average 1000 sq. feet GFA:
Directional distribution:

(934)

Average vehicle trip ends vs:
On a:

1000 sq. feet gross floor area
Weekday, peak hour of adjacent street
traffic, one hour between 7 and 9 am

65
4
51% entering, 49% exiting

Trip generation per 1000 sq. feet gross floor area

Average rate

;

Range of rates

__Standard deviation

49.35 1.02-163.33 28.30
Data plot and equation
500 —— E — ]
x
400 ~ S S R
(2]
° x
[ x .
o % X x -7 |
E 300 1 < % - 23 |
8 X x x
g =T B 4 x |
S 5 X x DoxA X
g 200 ~ et TX .
3 ¥ % % x
I xé(,’ x "
= | ",",: e x
100 4 - s gele x:x ¥
[ x X
X ox % x
x x J
x)(
. x
0 | — T T -T T s —
1 2 3 4 5 6 7 8 9 10
x = 1000 sq. feet gross floor area
x Actual data points ~ eeeee Average rate
Fitted curve equation: Not given R2 = e

(Continued)
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EXAMPLE 2.7 (Continued)

Solution

As no equation is given for this land use code, it clearly is not an
option for estimating trips. The scatter of the data further supports
why the development of an equation was not appropriate for this
example.

The land use code does contain an average rate of 49.35 trips per
1000 ft of gross floor area, and the standard deviation of the estimate is
28.30 trips. As this is less than 1.1 times the average, it is acceptable to
use the average rate. The correct answer is (c).

2.4.1 Sample Network Application of Trip Generation

Regardless of the method used for trip generation, or the level of detail
used in the estimation process, the trip generation step results in a list
of trips estimated to enter and exit a given land use or TAZ within the
analysis period. Figure 2.7 introduces a hypothetical planning network
with a series of TAZs and various links, which will be used throughout
this section to illustrate the application of the four-step process. The
figure shows a sample network with eight internal TAZs (part of the
study area) and four external TAZs (not explicitly being studied, but
contribute to trips in and out of study area). The figure further shows a
roadway network with classification into principal arterials/freeway,
principal arterial/surface street, and minor arterials. Collector streets
and local roads are omitted from the network in a planning context in
this example, but can be included if they carry significant amounts of
traffic. As a rule of thumb, the total traffic on nonmodeled links should
be less than 10% of the total traffic in the network.

Sample results from the trip generation step are shown in Table 2.2.
For each zone, the table gives the total trips produced, and the percentage
of exiting trips. These two columns are then used to calculate the esti-
mated entering trips and exiting trips, which will be used as attractions
and productions in the trip distribution step, respectively.

2.4 TRIP DISTRIBUTION

Trip distribution is the second step in the travel forecasting process. This
step determines where the generated trips are going to and coming from.
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Legend

== Principal arterial-

freeway

—— Principal arterial-

surface

—— Minor arterial

@ Internal traffic analysis

zone (TAZ)

External traffic

analysis zone (TAZ)

Figure 2.7 Sample network: trip generation step.

Table 2.2 Sample result of trip generation step

Zone Type Total Percent Entering Exiting
number trips exiting trips trips
1 Internal 1000 75 250 750
2 Internal 750 60 300 450
3 Internal 300 50 150 150
4 Internal 1400 40 840 560
5 Internal 600 40 360 240
6 Internal 900 45 495 405
7 Internal 1100 60 440 660
8 Internal 850 55 382 468
9 Internal 500 30 350 150
10 Internal 950 45 522 428
11 External 1200 30 840 360
12 External 1800 20 1440 360
13 External 3000 15 2550 450
14 External 1600 25 1200 400
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Trip generation determines the total number of trips generated from each
site (entering and exiting), and aggregates those trips to the level of a traf-
fic analysis zone as applicable. Put another way, trip distribution estab-
lishes the desire lines between those zones and connects the trips from any
one zone to all other zones.

The final product of the trip distribution step is what is known as an
origin—destination matrix, or O/D matrix. The O/D matrix is a large
table or spreadsheet that lists all origins as rows and all destinations as col-
umns. The table entries then refer to the number of trips estimated
between each zonal pair. It is important to emphasize that trip distribu-
tion makes no assignment of how traffic is expected to get from one zone
to the other (i.e., which roads do people choose to get from A to B), but
rather estimates the total expected flow between A and B, independent of
travel path.

In the distribution step, the trips originating from and destined to a
zone are generally referred to as productions and attractions, or Ps and As.
In large travel demand models, the result of the trip distribution step is
also referred to as a frip table, which essentially contains the O/D matrix,
as opposed to a path table, which is the result of traffic assignment and
physically assigns trips to links and paths on the roadway network.

The trip distribution step is applicable to small planning studies, or
traffic impact analyses (TIAs), as well as long-term planning studies using
travel demand models (TDMs). For a TIA, trip distribution estimates the
trips from the site under study to or from each exit from the study area.
For a TDM, trip distributions estimates the trips between each zone and
every other zone.

Trip distribution data (O/D patterns) can be estimated from field data
collection, synthesized from existing turning movement counts, or esti-
mated through analytical approaches. The most common of those
approaches is called the gravity model, which is discussed in detail next.

2.4.1 Gravity Model

The gravity model is an analytical methodology to estimate the produc-
tions and attractions between each zonal pair in the trip distribution step.
It is most applicable for larger studies and networks, and can be quite data
intensive to complete. The underlying concept for the gravity model
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mirrors principles in physics, where two masses attract one another, and
where the magnitude of that attraction is proportional to the size of the
mass. In other words, larger zones (or more precisely, zones with more
activity or higher development density) attract more trips than smaller
zones (less activity and a lower development density). That physics-based
gravity model is further calibrated by the relative travel time between
zones and socioeconomic characteristics.

Specifically, the gravity model estimates the number of trips between
each origin zone, i, and each destination zone, j, as a function of the fol-
lowing characteristics:

* The number of trips produced in each zone, P;

* The number of trips attracted to each zone, 4;

* A friction factor for each ij zonal pair that is a function of the travel
time between those zones, Fj;

* A socioeconomic factor for each ij zonal pair that can be used to cali-
brate the desire of travelers to travel between those zones, Kj;

The general form of the gravity model is shown in the following

equation, followed by an example.

Aj X Fy X Kjj

Qi = (P) 7
21:(1‘1,/ X Fy X Kj)

where
Qy; = trips from zone i to zone j
P; = trips produced
Aj = trips attracted
F;; = friction factor (typically the inverse of distance or travel time)
K;; = socioeconomic factor (calibrated)

The gravity model has to be applied in an iterative fashion for
both the total attractions and productions for each zone to match
with the entered data. In the first iteration, the productions for each
zone will be balanced, but the attractions will likely differ from the
entered trip generation data. In repeated iterations, the results of one
iteration are fed as input to the next iteration, until a desirable match
is obtained.
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EXAMPLE 2.8
A new office park is expected to generate 1500 homebound trips in the
pm peak hour. Analysts expect the trips to terminate in four residential

zZones.

Zone Travel time Number of trips Socioeconomic

number from office attracted during a factor from office
park (min) typical pm peak hour park to zone i

1 10 3000 1.2

2 15 2000 0.8

3 25 1800 1.0

4 30 4000 1.5

Using a gravity model, estimate the number of trips to go from the
office park to zone 3 during the pm peak hour.

Solution

This problem is best solved by setting up a table to calculate the trips
from the office park to each zone. In this example, P; is equal to 1500 for
all rows in the table. The table shows attractions for each destination
zone, estimates friction factors as the inverse of travel time, and gives the
socioeconomic factor. Those three terms are used to estimate the
A X FX K product for each destination zone, which are then used to get
the estimate of the number of trips for each zonal pair.

Zonej A/ F," K," AXF XK % QU

1 3000 1/10=0.100 1.2 360 0.4885 733
2 2000 1/15=0.067 0.8 107 0.1452 218
3 1800 1/25=0.040 1.0 72 0.0977 146
4 4000 1/30=0.033 1.5 198 0.2686 403
% = = — 737 1.0000 1500

The total number of trips estimated from the office park to zone 3 is
146 trips.

2.4.2 Use of Data and Calibration

Trip distribution data (origin/destination or O/D patterns) can be esti-
mated from field data collection, although the data collection effort can
be extensive. Traditional O/D survey methods include license plate
matching surveys and market analysis surveys. License-plate matching sur-
veys can be performed manually (noting the last three digits of a plate is
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often sufficient) or can be automated using automated license plate recog-
nition (ALPR) technology. Modern Bluetooth reader technology can also
be used to estimate O/D patterns by recording (anonymous) Bluetooth
MAC signatures of mobile devices (cell phones, tablets, etc.) in one loca-
tion and matching them with readings at other locations.

Bluetooth studies and license plate studies are generally sample based,
meaning that only a subset of all traffic is observed to get O/D percentages,
which are then extrapolated to the full O/D matrix by scaling the matrix
with actual traffic counts. O/D studies are very time consuming and labor
intensive, as the data collection units (ALPR, cameras, Bluetooth) need to
be deployed simultaneously at all major entry and exit points to the net-
work, as well as at whatever internal zones are desired. In practice, these
O/D surveys are therefore often limited to key origin—destination pairs or
used as a tool to calibrate an estimated O/D table.

For small networks, the O/D matrix can also be synthesized from
existing intersection turning movement counts (% left, % through,
% right) by assuming proportionality. For a corridor study, this process
may start at a downstream intersection. If we assume an east-to-west cor-
ridor, the turning percentages at the eastbound approach at the eastern-
most intersection can be assumed to be proportionally fed by all trip
origins at the next upstream intersection (in this case eastbound through,
northbound right, and southbound left). Figure 2.8 illustrates this concept
for a one-way street in the eastbound direction.

In part (a), the figure shows turning movement counts. The gray
highlighted cells for southbound right (120 veh/h), eastbound through
(450 veh/h), and northbound right (60 veh/h) form the combined traftic
stream of 630 veh/h traveling toward intersection 2. The contribution of
the three streams to that 630 veh/h are 19%, 71%, and 10%, respectively.
At intersection 2, the eastbound approach shows left-turn, through, and
right-turn volumes of 85, 500, and 45 veh/h, respectively. Because the
network is balanced, this also adds up to 630 veh/h.

To estimate the origin—destination pattern, the (destination) turning
movement counts at intersection 2 are multiplied by the three origin per-
centages from intersection 1. For example, the 85 left-turning vehicles at
intersection 2 are divided into 19% from intersection 1 north approach
(16 veh/h), 71% from intersection 1 west approach (51 veh/h), and 10%
from intersection 1 south approach (8 veh/h). The same process is applied
for the other movements and the results are shown in part (b) of the
figure.
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Figure 2.8 O/D synthesis for a corridor study.

Finally, the origins at intersection 1 and the destination 2 are summed
internally, to make sure that all the calculations yield consistent volumes with
the original turning movement counts. For a longer corridor, this process
starts at the most downstream end (e.g., intersection 5 for a five-intersection
corridor) and then works its way upstream toward intersection 1.

2.4.3 Sample Network Application of Trip Distribution

Figure 2.9 shows a sample network with eight internal TAZs (part of the
study area) and four external TAZs (not explicitly being studied, but con-
tribute to trip in and out of study area). The figure further shows a road-
way network with classification into principal arterials/freeway, principal
arterial/surface street, and minor arterials. Collector streets and local roads
are omitted from the network in a planning context in this example, but
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Figure 2.9 Sample network: trip distribution step.

can be included if they carry significant amounts of traffic. As a rule of
thumb, the total traffic on nonmodeled links should be less than 10% of
the total traffic in the network.

The figure shows estimated trips between zone 1 and all other zones
as weighted desire lines, with the weight of each line being proportional
to the magnitude of forecasted traffic between each zonal pair.

Sample results from the trip distribution step are shown in Table 2.3
for zone 1. These results would be repeated for all other zones in a plan-
ning study. For each zone, the table gives the total trips attracted by the
remaining 13 zones from the trip generation step. It then shows the travel
times between zones (in minutes), which are converted into friction fac-
tors between zones by taking the inverse. The table then shows the esti-
mated socioeconomic factors, assigning larger weights for pairs of zones
with more interzonal trips. The table then shows the sum of attractions,
friction factors, and socioeconomic factors for each destination zone,
which are summed at the bottom of the table. The second to last column
divided each “A X FX K” product by the total sum. In the last column,
this product is multiplied by the total trips produced in zone 1 (750 trips,
see Table 2.2) to estimate the total trips between zone 1 and the remain-
ing 13 zones.
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Table 2.3 Sample result of trip distribution step

Zone1 A T, F; K;, AXFXK % Q;
1 — — — — — — —
2 450 5 0200 |1 90 0.072 109
3 150 | 10 0.100 |1 15 0.012 18
4 560 8 0125 |1 70 0.056 84
5 240 6 0167 |2 80 0.064 97
6 405 7 0.143 |1 58 0.047 70
7 660 8 0125 |1 83 0.066 100
8 715 5 0200 |2 286 0.230 345
9 240 | 10 0.100 |2 48 0.039 58
10 405 7 0.143 |2 116 0.093 140
11 360 |18 0.056 |3 60 0.048 72
12 360 | 10 0.100 |3 108 0.087 130
13 450 | 12 0.083 |4 150 0.121 181
14 400 | 15 0.067 |3 80 0.064 97
) — — | = — | 1243 1.000 1500

The results of the trip distribution step are used as a visualization aid
in Figure 2.9, where the line weight of the thick bars connecting each
zonal pair is proportional to the number of trips between these zones.

The trip distribution step is repeated for the remaining 13 zones, to
arrive at a similar table of trips between zones 2 through 14 and the
remaining zones. The results of the overall trip distribution step are often
displayed in the form of an origin—destination matrix (O/D matrix),
which is also referred to as a trip table. The resulting O/D matrix for the
example described after one iteration of the gravity model is shown in
Table 2.4.

At this point it is again emphasized that multiple iterations of the gravity
model are needed to arrive at a balanced O/D matrix or trip table. This is
very evident in Table 2.4, in which the row totals from the trip distribution
(column “row sum”) match the input data from the trip generation step.
In other words, each zone produces the correct number of trips as was
estimated in that prior step. However, the column totals for each desti-
nation zone do not necessarily match, with most destination zone totals
(“col sum”) being significantly less than the field data.

Consequently, additional iterations of trip distribution are needed,
where the results of iteration 1 are used as inputs for iteration 2, and so
forth. Sometimes, many iterations are needed for both the row and



Table 2.4 Origin—destination matrix after one iteration of gravity model

Destination
Origin 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Row Data
Sum
1 — 109 18 84 97 70 100 345 58 140 72 130 181 97 1501 1500
2 17 — 9 37 21 12 10 23 28 82 44 71 60 37 451 450
3 3 11 — 8 5 3 2 6 7 21 23 36 16 8 149 150
4 9 38 14 — 39 56 8 20 24 72 76 123 53 28 560 560
5 4 16 6 36 — 5 4 8 10 31 33 53 22 12 240 240
6 7 26 9 58 27 — 6 14 17 49 53 84 36 19 405 405
7 10 39 14 88 40 58 — 20 25 74 79 127 54 29 657 660
8 10 41 15 91 42 60 55 — 26 77 82 131 56 30 716 715
9 3 14 5 31 14 20 19 7 — 26 28 44 19 10 240 240
10 6 25 9 56 26 37 34 13 16 — 50 81 34 19 406 405
11 5 18 6 40 19 27 25 34 33 57 — 58 25 13 360 360
12 7 28 10 62 28 41 38 52 18 52 56 — 38 21 451 450
13 8 31 11 69 32 46 42 57 56 97 87 142 — 23 701 700
14 6 25 9 56 26 37 34 47 16 47 51 90 35 — 479 480
Col Sum 95 421 135 716 416 472 377 646 334 825 734 1170 629 346 — —
Data 500 300 150 840 360 495 440 585 560 945 840 1350 1300 1120 — —
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column totals to converge, which is especially the case for large networks.
Automation of this step in computer models is therefore desirable, to
more efficiently conduct these very repetitive computations.

2.5 MODE CHOICE

Mode choice is the third step in the traditional travel-demand forecasting
process. This step aims at predicting a distribution of traffic across differ-
ent modes of transportation. In its most basic form, the mode choice step
predicts a diversion rate or percentage to other modes, which results in a
reduction in net auto trips. For example, a mode choice model may pre-
dict that 15% of trips in a region are expected to occur by transit, reduc-
ing the total estimated load of auto trips to 85% of its original estimate.
But more complicated (and more realistic) mode choice models predict
the relative ratio of different modes directly through advanced modeling
techniques, and under consideration of a range of behavioral attributes of
travelers and trips.

Fundamentally, mode choice models are divided into frip end models
and trip interchange models, with the latter being the more advanced and
more common mode-choice approach in modern travel demand models.
Both are discussed in more detail in the following.

A third, highly simplified, mode choice modeling approach is the direct
generation of a transit, biking, or walking trip. This approach essentially
assumes that trips made by car, transit, or other mode are independent
and simply a function of land use intensity or other metric. However,
standard trip generation practice (and other steps in the four-step process)
are not compatible with this approach and there generally doesn’t exist
much data for predicting the number of nonauto trips. Instead, the com-
mon approaches focus on the estimation of person trips, which are then
distributed and divided among modes. Therefore, the direct generation
approach to mode choice is not discussed in further detail here.

2.5.1 Trip End Models

Trip end models rest on the assumption that the decision to use transit or
an alternate mode of transportation (walking, biking, etc.) is primarily a
function of socioeconomic ability, or more precisely, a lack thereof. In
other words, trip end models assume that individuals take transit because
they have to, not because they choose to. Transit riders, for example, are
assumed to be captive in these models, in that they don’t have the means
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to travel by an alternate type of transportation, for example, they cannot
afford to buy and operate a car.

Trip end models may be appropriate in areas and countries in which
car ownership is frequent, parking is plentiful, and congestion is at low-
enough levels to where there are no clear travel time benefits to using
transit. The application of trip end models therefore may hold true for
medium-sized U.S. cities without a well-developed transit infrastructure.
Trip end models may also be appropriate in developing countries, where
transit use is due to necessity, but where individuals are likely switch to
cars as soon as they can afford to do so. In that case, it is assumed that
once an individual can afford a car, they will use it, and they will not go
back to using transit.

A clear advantage of a trip end model is that it is very easy to apply.
The percentage of transit trips is simply estimated as a function of land
use intensity, or other characteristic of the area under study. For example,
the percentage of transit may be a function of the population density or
average car ownership in an area, or a combination.

One key consideration in trip end models is that they are applied prior
to trip distribution, as opposed to trip interchange models, which are
applied after trip distribution, following the standard four-step process. As
such, trip end models simply deduct a certain percentage of the generated
trips and convert them to transit. Because the modal split occurs prior to
distribution, the split is not sensitive to any information about travel time
between zones or other characteristics (i.e., the socioeconomic calibration
factors described in the trip distribution section).

2.5.2 Trip Interchange Models

Trip interchange models are applied after the trip distribution step, once
the productions and attractions between zones are known, and once an
origin—destination matrix for all zonal pairs has been developed. A trip
interchange model is then used to estimate the distribution of trips for
each zonal pair across modes. The trip interchange model can take the
travel time between zones obtained from the trip distribution step, and a
host of other variables or cost functions, into consideration when dividing
trips across modes. Trip interchange models take into account the imped-
ance of travel between zones by mode.

In modern mode choice application, this impedance is often expressed
as the utility of travel between zones for each mode, giving a more
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positive slant on the same concept. The higher the utility for a mode and
a given zonal pair (or the lower the impedance), the greater is the likeli-
hood that travelers will make a choice to select that mode for the particu-
lar interzonal trip.

The terms choice and likelihood are critical concepts in the application
of these models. Choice implies that travelers make a conscious and delib-
erate decision in favor of a particular mode, which is in stark contrast to
the previously mentioned trip end models that assume that travel by tran-
sit, for example, is out of necessity (e.g., due to lack of socioeconomic
status). Likelihood implies that the decision to use a particular mode for a
given interzonal trip is not deterministic, but rather a probability that is a
function of a host of variables and factors. For example, even if the auto
mode is the most desirable way to travel from zone A to B, that doesn’t
mean that some travelers will not choose other modes (transit, walking, or
bicycling) for the same trip, or that there is some likelihood of using tran-
sit, even if the auto mode is preferred.

The mathematical models used to estimate the likelihood of travel
using a specific mode are typically probit or logit models, with logit models
(or more precisely logistic regression) being the most common approach.
But before presenting these model forms, the following section first intro-
duces the types of variables and behavioral attributes that may impact
mode choice.

Variables Impacting Mode Choice
The attributes that impact mode choice, and thus the independent vari-
ables that are used in mode choice models, can be divided into four prin-
cipal categories:
1. Attributes related to the traveler or person making the trip
2. Attributes related to the mode or transportation alternative
3. Attributes related to the trip context or reason for the trip
4. Attributes describing the interaction of traveler, mode, and trip

In the first category, the attributes related to the person making the
trip include age, gender, income, household size, number of vehicles in
the household, and others. This category also includes potential combina-
tions of these variables, such as the number of vehicles per member of the
household.

In the second category, the attributes related to the specific transporta-
tion alternative include travel cost, travel time, travel time spent in-
vehicle versus waiting for service, headways between transit vehicles,
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number of transfers, or variables describing the general level of comfort
of a particular mode.

In the third category, attributes related to trip context include the trip
purpose (e.g., home-to-work versus recreational or discretionary trips),
surrounding area type (suburban, central business district, etc.), employ-
ment and population densities at the trip origin and destination, or the
availability of parking in the destination zone.

Finally, the fourth category captures interaction eftects of these vari-
ables, which consider, for example, differences in the value the travelers
of varying ages or socioeconomic status place on travel time. A resulting
variable may then become travel time by income category or by age
group. Another example would be the cost of the trip divided by the
household income, where the cost of the trip can include gas prices, tran-
sit fees, tolls, parking fees, and vehicle operating costs.

These attributes or variables are typically collected through household
travel surveys conducted as part of the census, or a standalone survey
instrument. Often, these surveys include travel diaries, which further give
important insights into other aspects of the four-step process. The deci-
sion of which specific variables are of interest or statistical significance in
predicting mode split is a function of the geographic region and commu-
nity context the model is applied in. As such, modeling agencies often
spend significant time and resources collecting customized travel surveys,
analyzing the resulting travel data, and calibrating region-specific mode
choice models that capture the unique attributes and characteristics of the
study area and its residents.

In the application of mode choice models in a travel demand model,
the attributes are typically obtained from the underlying transportation
network and attribute database through a process called skimming. For
each zonal pair, the model skims the attributes of two zones, and their
relative locations, and thereby makes the skimmed data available for use
in the mode choice algorithm. Skimming is also used in the traffic assign-
ment step, and is described in more detail in Section 2.6.

Utility Models

The mathematical formulation used to estimate the mode choice distribu-
tion is most commonly in the form of a logistic regression, or logit,
model. Just like linear regression, a dependent variable is predicted as a
function of one or more independent variables. The difference is that the
dependent variable in this case is a discrete choice, for example, between
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using auto or transit. As such, the more common linear or multilinear
regression approach is not statistically correct, and as such the logit func-
tion is used. But while the mathematical formulation may seem more dif-
ficult (and in fact the algorithms to estimate the logit function are more
complex), the underlying concept is the same. A dependent or response
variable (e.g., likelihood of using transit) is predicted as a function of vari-
ous independent variables (e.g., travel time, cost, socioeconomic status,
etc.), as listed in the previous section.

The utility of using a particular mode, U,, can then be expressed as a
function of these various attributes, A;, each multiplied by a regression
coefficient b;.

U, = Zﬂ; biA;

where

U, = utility of transportation mode x (e.g., auto, bus, etc.)

n = number of variables used in mode choice models

A; = attribute impacting mode choice (e.g., travel time, travel cost, etc.)

b; = coefhicient of attribute A; determined through regression

In the logit model estimation, the probability of choosing mode x, P
(x), can further be expressed by solving the utility expression, which
yields the following function:

eU'*
> =g eV

In the case of estimating the simple choice between two modes (auto

P(x) =

and transit), the probability of choosing the transit mode then becomes:

o Uiansi
Plx)= ——
( ) eUTmnxir + eUAum

Where all variables are as defined previously.

The probability equation is used to estimate the likelihood of using
transit as a function of various attributes, which can range between zero
and 1. Due to the nature of the logit function, the probability of using
transit increases or decreases between the value of 0 and 1, depending on
the sign of the coefficient. Figure 2.10 illustrates the probability of using
transit as a function of changing independent variables.
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Figure 2.10 lllustration of probability of transit use from logit function. Source: Urban
Mass Transportation Administration, 1977.

Types of Logit Models

There are several types of logit models; the most common ones for mode
choice analysis are the multinomial logit and the nested logit formulation.
More detailed discussion on these logit forms can be found in statistical
textbooks or advanced planning texts.

The multinomial logit (MNL, 2006) model assumes a parallel hierar-
chy of various modal alternative choices. For example, the model may
predict the likelihood of using auto, bus, or train, as three parallel choices.
The likelihood of using each of these modes may not be the same (auto
may be much more likely than others), but the MNL assumes that the
decision between these three choices is made at the same time. A special
case of the MNL model is the binary logit model, where only two alter-
nate decisions are used.

In contrast, a nested logit (NL) model introduces a hierarchy in deci-
sion making. In our example, the traveler may first decide on whether to
use auto or transit, and then (once the traveler selected the transit mode)
whether to use bus or train. In this NL example, the auto-versus-transit
decision occurs on the first level of the nesting structure, while the bus-
versus-train decision is modeled to occur on the second (lower) level.
This basic example and the difference between MNL and NL formula-
tions are shown in Figure 2.11.

In a real-world mode choice model, the nesting structure can be quite
a bit more complicated and can include multiple parallel choices in each
nesting level. Figure 2.12 shows one example of a mode choice model
used by the Capital Area Metropolitan Planning Organization (CAMPO)
in Texas.
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Figure 2.11 Logit model form illustration.

2.6 TRAFFIC ASSIGNMENT

Traffic assignment, the final step in the four-step travel demand forecast-
ing process, estimates the specific routes on the network travelers take to
get from one zone to another. This step uses the total trips in the
origin—destination (O/D) matrix from the trip distribution step, which
may have been divided among modes, and assigns them to physical
routes. In a travel demand model application, the input to the traffic
assignment step is a trip table (essentially the O/D matrix), while the result
of the assignment is a path table. The path table represents each zone-to-
zone trip pair through a chained series of link or segment numbers. Each
interzonal pair could have as little as one path assigned, or could have a
number of alternative paths, each carrying a fraction of the total trips.

2.6.1 Network, Paths, and Skimming

The previous three steps in the four-step process primarily used the data
for different traffic analysis zones (TAZs) in the transportation system to
be analyzed. These zones are interconnected by links, which represent
the physical characteristics of the road segments and facilities of the trans-
portation network. The traffic assignment step uses the characteristics of
all links when determining which paths are most desirable for travelers,
and therefore are expected to carry the highest traffic loads. A path is
then represented through a series of links, each with its own set of
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Figure 2.12 Mode choice example nesting structure. PNR, park and ride; KNR, kiss and ride. http://www.fhwa.dot.gov/planning/tmip/
resources/peer_review_program/campo/
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Figure 2.13 Simple network for assignment illustration.

attributes and characteristics. These attributes can include length, speed
limit, travel time, capacity, functional classification, and a host of other
variables used to describe the characteristics and expected performance of
the link.

The link attributes are translated to the path through a process called
skimming. Conceptually, all the links along a path between two zones are
skimmed for their specific characteristics, which are then aggregated to
result in path characteristics. Take, for example, the simplified 10-zone
network in Figure 2.13. If evaluating a trip with origin in zone 1 and
destination in zone 4, the path is represented by link 1—4 that connects
the two zones. All attributes of link 1—4 are translated to the path for
analysis.

But while link 1—4 has a clear direct path, other zonal pairs have multiple
paths. For example, take the O/D pair for links 1 and 7. In this case, one
potential path is “1—4—4—7" But several alternate paths exist in this case,
including “1-5—-5-7 “1-2—-2-5-5-7 or “1-4—-4—6—->6-7"
Therefore, the decision of which path drivers will take becomes a function of
the attributes of each path, which, in turn, are estimated from the aggregated
attributes of each link sequence.

In fact, going back to the earlier example of the path from zone 1 to 4,
there technically are other potential paths, including “1-3—-3—4)
“1—=5—>5—4" or “1—2—>2—4) oreven “1—2—>2—5—>5—4" These alter-
nate paths may seem undesirable compared to the direct path “1—4,” but not
knowing any characteristics of the network in Figure 2.13, we can’t disregard
that route. What if link 1—4 is a one-way street that doesn’t allow travel in
the desired direction? What if it is a neighborhood street with traffic calm-
ing? What if it is a drawbridge that opens for 15 minutes every hour
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Figure 2.14 Simple assignment network with link travel times.

resulting in a long queue, and so on? In short, we need additional attributes
for each path, which are obtained from the attributes of each link along the
path through skimming. Figure 2.14 amends the previous example by adding
link travel times (in minutes) for each zone-to-zone connection.

Applying our previous example, it appears that link 1—4 is indeed the
shortest travel time between zones 1 and 4 at 2 min. The alternate path
travel times are 3 min for “1—-3—>3—4 4 min for “1—5—->5—4 6 min
for “1—2—-2—4 and 7 min for “1—-2—>2—5—->5—4" So while several
paths exist, path “1 —4" clearly has the lowest travel time.

For the second zonal pair example, the path travel times are 5 min for
“1—4—>4-—7 4 min for “1-5—>5—7 7 min for “1-2—>52-5—-55-7
and 6 min for “1—4—-4—6—-6—7" So in this case, path “1-5—-5-7"
produces the lowest travel time at 4 min.

In this simplified example, the skimming process strictly focused on
link travel times. But a host of other variables may be of interest in a traf-
fic assignment step, including cost of travel for each link (through tolls for
example) or functional classification with, for example, freeway travel
being more desirable and reliable than arterial traffic, even at the same
base travel time. These variables can equally be obtained by skimming the
path in question. Later in this section, we will briefly introduce dynamic
assignment approaches, which further take into account time-of-day
specific travel time and congestion.

2.6.2 Shortest Path Assignment

The simplest assignment algorithm is one based on the shortest path
between zones. Shortest path, in this case, can refer to shortest physical
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Figure 2.15 Shortest path selection network for zone 1.

distance, but also other variables, such as shortest travel time or lowest
cost. Often, only a single variable 1s used to predict “the best” path or
route between two zones based on this method. More importantly even,
the assignment at its most basic form is done as an all-or-nothing assign-
ment. In other words, all trips between a zonal pair will be assigned to
that shortest path. That assumption is further evaluated and refined in
advanced assignment algorithms.

Referring back to the simple network in Figure 2.14, the provided link
travel times can be used to determine the shortest path assignment. The
assignment process evaluates the cumulative link travel time for each path
between zones and eliminates those route options with higher travel time.
In demand modeling language, each path is skimmed for the total travel
time and compared to other paths for that zone-to-zone connection. Of
course, this skimming process can involve other variables or multiple
factors.

Figure 2.15 shows the shortest path selection process for the simple
example network we have been using. The link travel times have been
replaced with the cumulative travel times to get to a particular zone. The
example focuses on trips from zone 1 to all other zones, but would even-
tually be repeated for all other origin zones as well.

Starting with link 1—4, the cumulative travel time from zone 1 to
zone 4 is a simple 2 min. For an alternate path from zone 1 to 4, the anal-
ysis sums the travel time from zone 1 to 3 (1 min) and the travel time
from zone 3 to 4 (2 min) for a cumulative travel time of 3 min. Because
that cumulative travel time of 3 min is greater than the link 1—4 connec-
tion, link 3—4 is eliminated from the shortest path analysis for zone 1
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Figure 2.16 Minimum path tree for zone 1.

(to be sure, one could check the possible connections between zones 1
and 3 and arrive at the conclusion that the trip on link 1—3 with 1 min
travel time outperforms the trip on link sequence 1—4 plus 4—3 at a total
travel time of 3 min). Using the same procedure, link sequence 1—2 to
2—4 (cumulative travel time of 6 min) and sequence 1—5 to 5—4 (4 min)
are eliminated, leaving link 1—4 as the shortest path connection between
zones 1 and 4.

This process is repeated for all subsequent paths to additional zones,
but is simplified because links that were previously eliminated no longer
need to be considered. As such, link 1—3 directly gives the shortest path
between zones 1 and 3, for example. Using similar processes, link 1—2 is
the shortest zone 1 to 2 connection, and link 1—5 is the shortest path
from zone 1 to zone 5. Moving on to zone 6, it is evident that the path
“1=3—-3—6" (3 min) outperforms the path “1—4—4—6" (4 min) and
the path “1—5—-5—6" (5 min). As a result, links 4—6 and 5—6 are elimi-
nated from further consideration.

This process 1s repeated until all zones in the network have been con-
nected through a shortest path from zone 1. Figure 2.16 shows the result-
ing shortest path diagram from zone 1 to all other zones.

From the minimum path tree in Figure 2.16 the total load on each
link can be estimated by assigning the forecasted trips between zones
from the trip distribution step, which is illustrated in Example 2.9. Note
that we have only covered trips originating from zone 1 at this point. In a
full travel demand modeling application, this series of steps would have to
be repeated for the remaining nine origin zones. Even for this simple net-
work, it is evident that this process can be quite cumbersome and chal-
lenging to complete.
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EXAMPLE 2.9

The traffic assignment for the sample network in Figure 2.14 resulted in
the minimum path tree for trips from zone 1 as shown in Figure 2.16.
The following table lists the number of trips (from the trip distribution
step) for all destination zones, as well as a listing of impacted links.

Origin Destination Number of trips Sequence of links
zone zone estimated
1 2 30 1-2
3 50 1-3
4 40 1—4
5 30 1-5
6 30 1-3,3—6
7 20 1-5,5-7
8 60 1-3, 3-8
9 10 1-3, 3-8, 8—9
10 100 1-3, 3-8, 8—10

Using this shortest path and all-or-nothing assignment, estimate the
total number of zone 1 origin trips on each of the links in the network.

Solution

This problem is solved by summing up the trips for each link using all
zonal combinations from zone 1. Note that links 2—4, 2—5, 3—4, 3—9,
4-5, 4—6, 4—7, 5—6, 6—7, 6—8, 6—9, 7-9, 7—10, and 9—10 were
eliminated from the shortest path assignment due to high cumulative
travel times. These are not shown in the table, as the resulting number of
trips (originating in zone 1) is zero. The result is shown in the following
table.

Link Estimated trips Total trips
1-2 30 30

1=3 50 + 30 + 60 + 10 + 100 250

1—4 40 40

1-5 30 + 20 50

3—6 30 30

3-8 60 + 10 + 100 170

5—7. 20 20

8—9 10 10

9—10 100 100
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2.7.1 Capacity-Constrained Assignment

There are several problems with the shortest path and all-or-nothing
assignment presented in Figure 2.15 and Figure 2.16. For example, the
assignment doesn’t take into account that the total traffic demand assigned
to a particular link may result in increases in travel time on that link,
thereby increasing link travel time and decreasing its desirability in the
assignment. In extreme cases, of course, the demand may actually exceed
the capacity of a link, making it impossible to process the full demand
from all zones. A capacity-constrained assignment takes these travel time
increases and link capacity constraints into consideration.

A capacity constrained assignment applies a relationship between the
volume-to-capacity ratio (v/c) on a link and the resulting travel time to
each link. The higher the v/c ratio estimated, the higher is the resulting
effect on link travel time. The most commonly used relationship was
developed by the U.S. Bureau of Public Roads and is referred to as the
BPR function. The BPR formula for estimating link travel time under
capacity constraint is as follows:

4
fori = fo; X |1+ 0.15 % <3>

Gi

where

tcr,; = capacity restrained travel time of link i (min)

to.; = free-flow travel time of link i (min)

v; = demand volume forecast for link i (veh/h)

¢; = capacity of time of link i (veh/h)

The form of the equation results in an increase in the estimated link
travel time as a function of link capacity and v/c ratio. The link travel
time is equal to 1.15 times the free-flow travel time at capacity (v/c =1)
and increases exponentially past the capacity. A sample application for a
link with free-flow travel time of 5 min and capacity of 2000 veh/h is
shown in Figure 2.17.

Note that there are ways to calibrate the BPR function. For example,
changing the 1.15 coefficient to a higher value increases the initial slope
of the travel time curve for low v/c ratios. Similarly, increasing the v/c
exponent of 4 to a higher value will drastically increase the slope beyond
the capacity value.

[t is important to point out that this assignment method will continue
to assign flows to a link even if the demand exceeds capacity. In a travel
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Figure 2.17 Sample application of BPR function for capacity-constrained assignment.

demand application this is important to assure that the model continues
to be able to perform calculations and doesn’t “lock up.” In other words,
the BPR function creates additional link impedance at high v/c ratios,
but doesn’t actually cap the link volume to the capacity.

The application of the capacity-constrained assignment is iterative.
After an initial (shortest path) assignment, the link travel times are
updated based on the BPR function or another impedance curve. The
assignment is then repeated with the updated link travel times until an
equilibrium is reached. Equilibrium in this case means that the assigned
flows and link sequences no longer change, and travel times on all links
are thus stable between successive assignments.

2.7.2 Dynamic Traffic Assignment and Other Advanced
Algorithms
The previous assignment methods are useful to illustrate the basic con-
cepts of traffic assignment, and form the basis for more advanced assign-
ment algorithms. But in practice, an all-or-nothing shortest path
assignment, or even a capacity-restrained assignment, are often not repre-
sentative of the assignment algorithms used in travel demand models.
These algorithms generally use more advanced functions that are
applied in an automated fashion to search for potential assignment solu-
tions in a software implementation. A common challenge, for example,
with the simpler algorithms is that they may not result in an equilibrium
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solution. For example, in a large network with several thousand zones, an
all-or-nothing assignment may result in overloading of key links to a
point, where even repeated iterations cannot find sufficient alternate
paths. Travel demand model—based assignments therefore sometimes
begin with a reduced trip distribution table (e.g., 10% of trips), run an
initial assignment, and then gradually add traffic in successive assignment
iterations until the full O/D table is assigned and equilibrium is reached.
A detailed discussion of these advanced assignment algorithms is beyond
the scope of this text, and is available in customized planning references.

A special category of assignment algorithms is referred to as dynamic
traffic ~assignment (DTA) algorithms (Patriksson, 2015; Meyer, 2015;
Weiner, 2012). These are commonly found in simulation models that are
applied to a transportation network, and may interact with the travel
demand model. Simulation tools are further classified as microscopic or
mesoscopic simulation, which are concepts discussed in more detail in Part 5
of this book. These simulation tools differ in the level of complexity of
the algorithms used to model individual vehicles, and both types can
contain DTA logic. Both tools model the movement of individual vehi-
cles between zones on the network and are able to estimate congestion
and bottleneck points in the network as a function of the actual traffic
loads and the underlying capacity (more concepts discussed in Part 5).

A dynamic assignment uses the actual measured travel times from these
vehicles to inform successive assignment iterations. So, rather than
approximating travel times based on BPR functions and the skimming pro-
cess, DTA algorithms use the actual vehicle travel times. DTA models are
therefore often believed to be more accurate, and are increasingly used to
estimate network-wide diversion impacts as a result of major work zones,
bridge closures, or emergency evacuation events. A more detailed discus-
sion of DTA tools is found in the literature (DTA, 2011).

2.7.3 Sample Network Application for Traffic Assignment

Turning back to the sample network introduced in the trip generation and
trip distribution steps, the traffic assignment now assigns the origin—
destination matrix to the physical paths taken by the trips between zones.
Figure 2.18 shows a sample network with eight internal TAZs (part of
the study area) and four external TAZs (not explicitly being studied, but
contribute to trips in and out of study area). The figure further shows a
roadway network with classification into principal arterials/freeway,
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Figure 2.18 Sample network: traffic assignment step.

principal arterial/surface street, and minor arterials. Collector streets and
local roads are omitted from the network in a planning context in this
example, but can be included if they carry significant amounts of traffic.
As before, we will focus on the trips originating from zone 1.

The figure shows the estimated flow between zone 1 and the 13
remaining zones, with the line thickness. Notice that in this example sev-
eral zone-to-zone trips use the same links, such as for trips to zones 6, 7,
and 13. Trips originating from other zones are not shown, but those
would ultimately all add to the estimated load of trips on each link in the
network by superimposing them on the zone 1 trips.

If this example illustrates the results of an all-or-nothing assignment,
the analyst may now introduce a capacity constraint, which may further
distribute those trips. Other advanced assignment algorithms can also
help to distribute the trips for each zonal pair across multiple links.

2.7 TRAVEL DEMAND MODEL APPLICATIONS

This section provides an overview of some additional planning topics,
including scoping a planning study, an overview of planning software, and
a high-level discussion of specialized planning applications, including
activity-based models, forecasting nonmotorized travel, and freight models.
References to additional reading on these topics are provided throughout.
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2.7.1 Scoping a Planning Study

The planning concepts introduced in this part are intended to provide an
overview of the basic four-step process, and the basic analysis principles
involved in each step. Clearly, many more details are available to fully
understand each of these steps, and transportation planners (or teams of
planners) often work on a planning study for several weeks or months.
Furthermore, large regional travel demand networks often are maintained
continuously by a highly trained staff involving multiple people and close
interaction of the various stakeholders in the planning region. A report
by the National Cooperative Highway Research Program (NCHRUP,
2012) provides a good overview of modern demand modeling applica-
tions and techniques.

The scope of a planning study depends on the problem statement at
hand, the geographic coverage of the planning network, the size of the
network (in terms of number of links, number of zones, number of trips,
etc.), the planning horizon (3 years vs. 10 years, vs. 20 years, etc.), data
availability, and various other factors.

As such, a three- to five-year traffic forecast of trips generated by
a new gas station is a problem of a very different magnitude from
forecasting 20-year traffic for a large regional network with a popula-
tion of several million people. While the first may be completed by a
single analyst within a few days (depending on how much data col-
lection 1s needed), the latter involves a team of analysts who work on
a regional travel demand model continuously and full time. Such a
regional travel demand model may cover multiple municipalities, met-
ropolitan planning organizations, transit agencies, and state agencies that
all collaborate on developing, calibrating, and continuously updating
one integrated model.

2.7.2 Travel Demand Modeling Software

Travel demand modeling software is often an essential part of the planning
process, and numerous such software tools exist on the market today.
Each tool has its own unique approach to graphical interface, automation
of data entry, and so on. But at the heart, all of these tools integrate the
basic four-step process, as well as potentially many advanced features.

The goals and benefits of such software are clear. With the computa-
tions for trip generation, trip distribution, mode split, and traffic assign-
ment being complex and time consuming, software provides a way to
introduce great efficiency in the planning process and automate many
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calculations. In the examples in this part, even those using simplified net-
works with few zones and even though examples were often condensed
to select representative zones, several pages of calculations and tables were
needed to illustrate the concepts. For larger networks, any calculations by
hand are futile.

But software also brings limitations and challenges. For example, the
analyst has to rely on the validity and computational accuracy of the algo-
rithms that were implemented by the developers, and often has little con-
trol over modifying these algorithms. Clearly, software developers will do
their best to assure the validity of their product, but it is still outside of
the control of the analyst. Moreover, the analyst has to be trained in the
particular software product at hand, which requires time and resources.
As such, the analyst needs to have a deep understanding of planning
methods and concepts, but also needs to learn software interface and the
way these algorithms are implemented.

Another potential danger of software is relying on automated results
without including the close scrutiny and assessment that should be
applied. Engineering and professional judgment are needed in all planning
steps, and the analyst needs to closely check assumptions, interim results,
and the final planning estimates based on his or her professional expertise.

2.7.3 Activity-Based Models

The traditional four-step process is limited by the assumption that the
desire of a traveler to complete a trip is fixed and that the main objectives
of a planning model are to figure out where that trip will end up, what
mode the traveler chooses, and what route is ultimately selected.

An alternate approach to travel forecasting is given by activity-based mod-
els. These models center around predicting the types of activities individuals
choose to perform (e.g., go to work, go shopping, etc.) and what trips are
necessary to complete those activities. The trip thereby becomes a means
to an end to support other activities, as opposed to being an end in itself.
The focus of an activity-based forecasting model is to predict when and
where individuals want to perform what activities, and travel then becomes
just one part of the broader activity decision model for that person.

Activity-based models are generally believed to be able to better
model nonwork and nonpeak period trips, which are often more discre-
tionary. Decisions about which household member will do the shopping,
whether that shopping trip happens before or after work, and what other



Transportation Planning 83

activities can be combined with the shopping trip are difficult to account
for in the traditional four-step process. An activity-based model can take
these decisions into account, consider tradeoffs of different decisions, and
take into account nontraditional performance measures that go beyond
travel time and cost. For example, activity-based models can weigh the
environmental impacts of different transportation choices or health effects
in mode choice decisions. As such, the models can more directly illustrate
these nontraditional factors, as well as individual responses to changing
conditions.

Activity-based models are generally very complex and are integrated
in travel demand modeling software. They take into account that deci-
sions about trips can vary in how constrained they are in space and time.
Some decisions are constrained in space (e.g., work location) while others
are more flexible (e.g., where to shop). Similarly, decisions can be con-
strained in time (e.g., school start time) or can have flexibility (e.g., flexi-
ble work hours).

Additional details on activity-based modeling are given in other,
planning-specific works in the literature (Meyer, 2015; Weiner, 2012).

2.7.4 Forecasting Nonmotorized Travel

Most travel demand models do not explicitly forecast nonmotorized
travel, but focus instead on auto and, to some extent, transit modes. But
the fraction of nonmotorized travel can be significant in urban and down-
town areas, university campus environments, or even technology cam-
puses. For some cities in the United States, and even more so
internationally, nonmotorized commuting options can represent a signifi-
cant portion of home-to-work trips, for example.

One of the biggest challenges in predicting nonmotorized travel is
that travel choices for pedestrians and cyclists are highly sensitive to fac-
tors not generally part of the four-step process. Specifically, weather and
climate, as well as the quality of service and safety of various links in the
transportation network, must be considered. Nonmotorized travel can be
incorporated in various stages of the four-step process, or become an
independent prediction process in an activity-based model.

In trip generation, exclusive pedestrian and bicycle trips for recrea-
tional or exercise purposes can be estimated. These trips are intrinsically
generated as a nonmotorized trip and would not have existed otherwise.
Alternativ