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Nationwide, there is a growing realization that there are valuable benefits to using the existing roadway facilities to their full potential
rather than expanding capacity in a traditional way. Currently, state DOTs are looking for cost-effective transportation solutions
to mitigate the growing congestion and increasing funding gaps. Innovative road space management strategies like narrowing of
multiple lanes (three or more) and shoulder width to add a lane enhance the utilization while eliminating the costs associated with
constructing new lanes. Although this strategy (among many) generally leads to better mobility, identifying optimal corridors is
a challenge and may affect the benefits. Further, there is a likelihood that added capacity may provide localized benefits, at the
expense of system level performance measures (travel time and crashes) because of the relocation of traffic operational bottlenecks.
This paper develops a novel transportation programming and investment decision method to identify optimal corridors for adding
capacity in the network by leveraging lane widths.Themethodology explicitly takes into consideration the system level benefits and
safety. The programming compares two conflicting objectives of system travel time and safety benefits to find an optimal solution.

1. Introduction

According to a recent report travel delays due to traffic
congestion caused drivers towastemore than 3 billion gallons
of fuel and kept travelers stuck in their cars for nearly 7
billion extra hours [1] while forty-two percent of America’s
major urban highways remain congested [2], thus costing the
economy an estimated $160 billion or $960 per commuter in
wasted time and fuel annually. This demonstrates the direct
impact of roadway congestion on economic productivity and
competitiveness. Rising congestion levels increase costs to
businesses while reducing the quality of travel for road users.
While infusing capital in a roadway expansion and/or capac-
ity addition are possible solutions to reducing congestion,
there are two key factors to be considered beforemetropolitan
planning organizations (MPOs) and state departments of
transportation (DOTs) plan for the future. First, the studies
show a growing annual funding gap to meet the financial
needs of transportation projects at the federal and state levels
[3–5]. Second, there is an increasing realization nationwide
that there are valuable benefits to using the existing roadway

facilities to their full potential in alleviating the congestion
problems through innovative road space management strate-
gies.

Cost-effective road space management strategies as alter-
natives to the construction of new road infrastructure ensures
the enhanced utilization of existing roadways while reducing
or eliminating the costs associated with building new ones. A
typical capacity expansion process (adding lanes) is expensive
as it involves acquiring additional right-of-way, widening the
existing roadbed, and regrading roadside areas. Hence, lim-
ited availability of funding for roadway expansion and capac-
ity addition, in conjunction with the growing congestion on
the roadways, necessitates the consideration of innovative
road space management strategies in the near future.

One such solution is reduced lane and shoulder widths
in three or more lane roads to create a new lane and added
capacity. The reduced lane widths can range from 9 to 12 feet
(ft) [6]. The term “reduced lane width” in this paper implies
a change in lane width, shoulder width, the number of lanes,
and traffic capacity. In the past, several highway agencies have
implemented projects inwhich an additional travel lane on an
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urban freeway is added by restriping the traveled way with
narrower lanes, converting all or part of the shoulder to a
travel lane, or using a combination of both [7]. The newly
reconfigured lanes on a freeway can be used either as general-
purpose lanes or as High Occupancy Vehicle (HOV) lanes.
The usage of the lanes subsequently influences safety differ-
ently depending on the traffic and geometric characteristics.
Another practical example of lane width reduction that is
not being addressed in this paper is reducing lane widths in
urban arterials to provide space for other roadway features
(e.g., parking) and roadside features (e.g., bicycle lanes) [8].
Further, reallocating lane and shoulder width for a fixed total
paved width can be a cost-effective treatment for reducing
crashes on rural, two-lane, undivided roadways [9].

Although this approach appears to be relatively simple
it has two conflicting and competing objectives that need
careful analysis before identifying a corridor for lane width
reduction.The first objective is to increase the mobility of the
road network by adding capacity, whereas at the same time
the narrow lane width location should not contribute to an
increase in crash rates (second objective).

Before performing the operational level analysis, an
obvious research question was to analyze impacts of such
measures at the system level, since the planning decisions
like additional lanes may affect the travel patterns over the
wider part of the network. As the pattern of trips on the
network changes, the collective mobility and safety effects on
the network will change. For example, it is not necessary that
an increase in capacity of a particular corridor by introducing
a new lane will overall improve the mobility of the network
or the system level benefits. There is a well-documented case
of Braess Paradox in literature [10] that shows at times an
increase in capacity (supply); for example, addition of a lane
or a ramp may lead to a decrease in overall system travel
time or other objectives; that is, “in unfavorable situations
an extension of the road network may lead to increased travel
times.” [10].

Further, narrowing of lanes may lead to an increase in
crash rates and bottlenecks upstream or downstream. Hence,
before identifying the site for lane width reduction and per-
forming operational level studies it is critical to understand
the system level implications from a planning perspective.

2. Background Literature

2.1. Lane and Shoulder Width Standards. The accepted stan-
dard guide for geometric design in theUS, AASHTO’s “Green
Book” [11], recommends lane widths of 12 ft (3.6m), for
urban freeway corridors with two lanes in each direction.
For corridors with three or more lanes in each direction 10 ft
(3.0m) is recommended but 12 ft is preferred. Throughout
the US, freeway design standards generally comply with
the Green Book in terms of lane width, but the shoulder
width usage/recommendation varies from state to state. For
instance, in California, the paved shoulder width is defined
as the minimum continuous usable width and wider values
are encouraged.Thiswidth varies from5up to 10 ftdepending
on location and roadway cross-section. In Texas, although the
state Roadway Design Manual guidelines are consistent with

the Green Book values, the recommendation for shoulder
widths varies. Often a shoulder width may be narrowed
so that additional travel lanes can be constructed within a
fixed width roadway section. The Highway Capacity Manual
(HCM) also indicates that median-side lateral clearances that
are greater than or equal to 2 ft have little influence on freeway
operations [12].

Similarly, for urban arterials, the recommended lane
width of the divided arterials is 12 ft; however, there are
circumstances when lanes less than 12 ft should be used [11].
For example in urban areas where the use of pedestrian
crossing, right-of-way, or existing development becomes an
issue, lanes less than 12 ft should be used. Also, 10 ft lanes
are acceptable in low-speed facilities and 9 ft lanes in low-
volume residential areas [11]. In addition, there is a provision
of multilane urban facilities in urban areas, where narrower
inside lanes may be utilized for other road side features
(e.g., bicycle lanes). In this type of situation 10-11 ft lanes are
common on inside lanes with 12-13 ft utilized in outside lanes.

2.2. Traffic Operations Studies on Modifying Lane and Shoul-
der Width. An in-depth literature review shows the earliest
studies on leveraging lane and shoulder width date back to
the 1970s in California and Texas [13–15]. The first available
resource from the archive is the study in Texas that examined
operational and safety effects of reducing lane and shoulder
width to add a lane [15]. This study examined conversion of
a four-lane freeway (12 ft lanes) in Houston, Texas, into five
lanes with widths of 10.5 feet by restriping and encroaching
into the right shoulder. The study identified major opera-
tional benefits (28 : 1 as a benefit cost ratio) and concluded
that reconfigured sections of freeway did not produce a
significant change in the number of severe accidents during
the study period after modifications.

Between 1980s−1990s most of the research documented
lane width reductions specifically for work zone applications.
Dudek and Richards, 1982, found lane width reduction in
work zones at major freeways in San Antonio and Houston
does not have a significant effect on traffic speed. Further,
the number of fatality and injury rates lowered compared to
historic records [16]. In contrast another study by Richards
et al., 1985, evaluated speed reduction effects of reducing
lane widths to 11.5 and to 12.5 ft (i.e., 0–16%) and found a 5–
10mph speed reduction in urban freeways and a 10–20mph
reduction in urban arterials [17]. Rouphail et al., 1988, also
found similar results in the Chicago area expressway system
[18].

Benekohal et al., 1992, summarized the literature on the
effectiveness of narrow lane widths to reduce speeds in work
zones and concluded based on the previous studies that
lane width reduction does not have consistent beneficial
effects on speed. The study also found that the effective-
ness of lane width reduction treatments seems to depend
upon the method of reducing the lane width and length of
narrow section [19]. Choueiri Elias et al., 1994, established
an opposite relationship between accidents and road width;
that is, accidents decrease with increasing road width up to
about 25 ft or 7.5m [20]. Further, Gattis, 1999, established an
inconsistent relationship between speed and lane width [21].
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Bauer et al., 2004, studied the safety implications of
reducing lane and shoulder width to increase urban freeway
capacity in California. The research concluded that widening
the number of lanes from four to five did have an impact on
the number of crashes equivalent to an increase of approxi-
mately 11 percent in fatal and nonfatal crashes [22]. However,
it was noted that the observed increase in accident frequency
cannot be completely attributed to the use of a narrower lane
or the conversion of a shoulder to a travel lane.The use of the
added lanes as HOV lanes, which may introduce a difference
in speed between adjacent lanes, may be another explanation
for the increase in accidents [22]. Similar results were seen in
another study where new HOV lanes were implemented by
reducing lane width and converting the inside shoulder into
HOV lanes [23]. The increase in crashes occurred primarily
in the HOV lane and the adjacent lane.

In a driver simulator study with 20 volunteer drivers
to evaluate the influence of shoulder width and guardrail
placement on traffic operations observed for narrow roads
with narrow shoulders, the drivers tended to position their
vehicles toward the left edge of the active travel lane [24].
As the shoulder width became wider, the drivers shifted the
vehicle position to the center of the lane. Finally, at locations
where a guardrail was not present, the drivers positioned the
vehicle toward the right edge of the travel lane for all observed
shoulder widths.

In literature, the number of studies that address the issue
of narrowing the lanes and shoulder width of a freeway are
limited, compared to studies with nonfreeway road types.
Further, the research related to the speed, safety, and oper-
ational effects of reduced lane widths provides inconsistent
results, indicating that the relationships are complex and
difficult to evaluate without considering other elements of
the intersection or roadway environment [6]. For example,
an increase in crash frequency due to reduced lane width
frequency may be the result of accident migration caused by
relocation of traffic operational bottlenecks.

2.3. Crash Modification Factor for Reduced Lane and Shoulder
Width. Crash modification factor (CMF) is a multiplicative
factor used to compute or predict the expected number
of crashes after implementing a given countermeasure at
a specific site. In Texas, subsequent research studies [25,
26] developed the CMFs, for rural and urban freeways for
multiple types of corridors, lane widths, and shoulders using
the base condition lane width as 12 ft (i.e., CMF equal to one).
Another independent study [27] verified these results and
both studies concluded thatwider lanes, shoulders, and paved
surface on rural two-lane highways lead to reduction in the
number of crashes.

Highway Safety Manual [28] also provides CMFs to
evaluate potential crash effects of adding lanes by narrowing
existing lanes and shoulders for urban freeways equipped
with median barriers. These values are based on an earlier
study by Bauer et al., 2004 [7]. However, these CMF are
exclusively for conversion of only 12 ft lanes into 11 ft lanes and
only for two types of conversion, that is, four to five lanes and
five to six lanes. Recently, Bonneson et al. (2012) developed
a generic prediction methodology for freeways using crash

and road data from California, Maine, and Washington. This
study developed a lanewidthCMF for fatal and injury crashes
and presented most updated CMFs for any lane width and
conversion. The proposed CMF equation can be applied for
lane widths ranging from 10 ft up to 13 ft; lane widths greater
than or equal to 13 ft have a constant CMF value of 0.963 [29].

3. Motivation

While literature hasmade a contribution towards operational
impacts of reducing lane and shoulder width and increasing
capacity by adding a lane, rarely any study attempts to
understand the network or system level impacts. Moreover,
identifying an optimal location for lane and shoulder width
reduction before performing operations study is critical to the
planning process.

Literature shows that an increase in network capacity
(either by adding a lane or managing traffic flow) may lead
to detrimental effects on the overall network [10]. From a
more general perspective, this phenomenon underscores the
importance of a careful and systematic analysis of investment
in the corridors and networks. Not every addition in capacity
can bring about all anticipated benefits and, in some cases, the
situationmay be worsened. In fact, traffic engineers have long
known that restrictions of travel choices and the reduction in
capacity may lead to better overall flow distribution patterns.
This, for instance, is the underlying principle behind many
traffic control schemes, such as ramp metering on freeway
entrances.

Literature also shows that although reduced lane width
and added lanes may provide localized benefits, this can
subsequently lead to a decrease in network or safety per-
formance because of the relocation of traffic operational
bottlenecks [6, 22, 23]. According to the Highway Safety
Manual (HSM), planning decisions may affect travel patterns
over the network that subsequently leads to changes in the
collective mobility and safety effects on the network [28].
Making improvements to a network without constraining the
traffic flow pattern to be in accord with the user’s behavior
may lead to situations where congestion is increased by
improving the capacity of a given link [10].

More interestingly, while capacity increase due to the lane
addition leads to improved mobility, the narrow lanes have
the potential to contribute towards an increase in predicted
crashes. Choosing the corridor for lane width reduction
without considering the system level impacts may lead to
suboptimal solutions in terms of predicted crashes or overall
network mobility [30]. The question posed in this paper is:

“How to decide corridors for narrowing lane and
shoulder widths to add an additional lane without
negatively influencing network performance mea-
sures and maximizing benefits?”

3.1. Motivational Example. Recently, there was discussion on
exploring the feasibility of a similar option in some corridors
of the Interstate Loop 410 in San Antonio, Texas, USA (Fig-
ure 1(a)). Figure 1(a) illustrates the San Antonio City network
with major freeways (I-37, I-35, and I-10) and loops (Loop
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Figure 1: San Antonio City network and example network for conceptual explanation.

410) around the city.The figure also shows the city’s congested
corridors in red overlapping lines and fatalities on each road
network are shownwith the green points. Figure 1(b) is a sim-
ple representation of the network that consists of five road-
links or corridors and four nodes (origin or destinations).
This example network used for conceptual explanation of the
problem is derived from the San Antonio City network. The
nodes represent the origin or destination and links represent
the corridors that are being considered for reducing lane and
shoulder width for added capacity in terms of a new lane. For
simplicity, we have considered only one-directional links and
reported results are for this example network. It may be noted
that a realistic network is solved later in this paper.

Table 1 shows the basic network parameters. The average
free flow speed for the corridors is assumed as posted speeds;
however, the effects of merging, diverging, and curvature on

the speed are ignored in this example but will be considered
in the real case study (in Case Study). The lane capacity is
derived based on free flow speed as in HCM [12]. The origin-
destination demand is assumed 16,000 veh/hr from El-Paso
& Laredo to Austin/Houston and 8,000 veh/hr to Corpus
Christi.

3.2. Discussion on Possible Solution. Table 2 illustrates the
results of solving the example network at different corridor
improvement levels by narrowing lane and shoulder widths.
The first column presents three cases: the first case is the
base-case, that is, no improvement in the network, the second
case is narrowing all of the road-links/corridors and adding
lanes without considering budget and network level impacts,
and the third case is the most conservative (in terms of
expenditure) and chooses the shortest congested corridor
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Table 1: Example network parameters.

Corridor/link Free flow speed (mph) Capacity (vph/lane) Fatal crashes Nonfatal crashes
Loop 410 NW 65 2350 10 40
Loop 410 SW 70 2400 7 30
I-37/US 281 60 2300 10 50
Loop 410 NE 65 2350 10 50
Loop 410 SE 70 2400 8 40

Table 2: Result of analysis of example network.

Case (1)
Link/corridor level performance measures (2) System level performance measures (3)

Corridor Corridor selection Travel time (min) Av. speed (mph) Performance measure Value [% change from
base-case]

Base-case: no
improvements

Loop 410
NW No 18 44 TSTT

(veh-min)
749,146

Loop 410
SW No 23 51

I-37/US
281 No 6 52

TSCC ($)
$80,019,000

Loop 410
NE No 14 52

Loop 410
SE No 8 52 Improvement cost $0

Improving all
the links

Loop 410
NW Yes 14 55 [25%] TSTT

(veh-min)
625,476 +[17%]

Loop 410
SW Yes 19 62 [22%]

I-37/US
281 Yes 5 57 [10%]

TSCC ($)
$81,856,150
–[2.3%]

Loop 410
NE Yes 12 59 [13%]

Loop 410
SE Yes 7 61 [17%] Improvement cost $100,575

Suboptimal
improvements

Loop 410
NW No 18 44 [0%]

TSTT
(veh-min)

744,275 +[0.6%]
Loop 410

SW No 23 52 [2%]

I-37/US
281 Yes 5 57 [10%]

TSCC ($)
$81,428,031
–[1.8%]

Loop 410
NE No 14 52 [0%]

Loop 410
SE No 8 50 [−4%] Improvement cost $6,000

+ sign next to the value means positive outcome relative to the base-case.
− sign means a negative outcome compared to the base-case.

for improvement and the last case is based on the model
proposed in this paper.

The second column represents the road-link/corridor
level performance measures. In the column (corridor selec-
tion), the Yes or No represents a selection of a corridor for
improvement; if the value is Yes, the corridor is selected for
adding a lane by narrowing the shoulder and lanes; otherwise

it is not. The performance measures are the result of this
implementation and shown in terms of travel time and aver-
age speed on the corridor.The value in square brackets shows
the percentage improvement in the performance measures
compared to the base-case. Although it is easy to comprehend
changes in mobility (individual performance measure), the
changes in crashes (fatal and nonfatal) may appear to be
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minor and unrealistic for this example. Hence, it has been
shown in terms of total cost of crashes in the next column,
as part of planner’s objectives.

The third column shows the system level performance
measures. The first measure total system travel time (TSTT)
is the overall time spent by traffic in the network. The TSTT
is computed as vehicles in the corridor during peak hour
multiplied by travel time in the corridor, summed across all
the corridors.

The secondmeasure total system crash cost (TSCC) is the
cost of fatal or nonfatal crashes multiplied by the predicted
number of crashes after implementation of the project,
summed across all the corridors. National Safety Council
(NSC) estimates the average costs of fatal and nonfatal
crashes as $1,420,000/death and $78,700/accident. We use
these costs to normalize the objective function by providing
weight to predicted fatal and nonfatal crashes and convert it
into a single objective (TSCC). The individual crashes (fatal
and nonfatal) cannot be simply added to form an objective
function because the number of nonfatal crashes could be
high compared to the fatal crashes. In addition, the higher
weight (cost) to fatal crashes ensures that the algorithm
treats them differently. The last performance measure among
system performance measures (column 3) is the expenditure
for narrowing the lanes and shoulder width.

The base-case shows the current travel conditions (i.e.,
speed, travel time) and system level performance of the
network. In Table 2 (row 2), reducing lane and shoulder
width of all the corridors and adding a lane improve the
speed between 10 and 25 percent compared to the base-case
(column 2). At the system level (column 3) the reduction in
TSTT is 17 percent and shows the increase in systemmobility.
However, there is a slight increase in the system crash cost
(TSCC) because of increase in predicted fatal and nonfatal
crashes due to narrowing of the lanes. In reality, narrowing
all lanes does not make sense and most state DOTs do not
have budget to improve all major corridors.

The next case (suboptimal improvements) is a solution
where planners try to minimize expenditure and impact by
reducing the width and adding a lane only in the shortest
congested corridor. This option does not improve the other
corridor speeds except the selected corridor (10% increase in
the speed). Further, it deteriorates the safety of the network.
The next section of the paper formulates this problem and
presents the solution methodology that provides an optimal
solution for the example network followed by realistic case
studies.

4. Proposed Model

The nature of the presented problem in this paper involves
two players: the first player is a planner who sets a road space
management policy (i.e., narrowing lanes and adding a lane)
and the second set of players is road users who respond to this
policy in the form of traffic flow and speed on the road.This is
a classic case of a problem that can be formulated as a bilevel
programming (BLP) and expressed as follows: the planner
wishes to determine an optimal policy as a function of control
variables 𝑦 ∈ R𝑛 (i.e., lane addition and narrow lanes) and

the users response to these controls 𝑥 ∈ R𝑚, generally in the
form of a network flow or traffic, that is, 𝑥 = 𝑥𝑖 for 𝑖 ∈ 𝐴,
where 𝐴 is the set of road-links or corridors in the network.
This type of formulation prevents Braess Paradox [10] by
anticipating the road user’s reaction to the policy (lane addi-
tion and narrow lanes) and selecting themost optimal option.

In the proposed problem, the planner tries to minimize
two competing objectives by adding capacity and narrowing
the lane width. The first objective is to increase network
mobility by minimizing total system travel time (TSTT).
The second objective is total system crash cost, which is
the product of the predicted number of crashes after lane
modification, and cost of each type of crash. Crash costs
normalize the objective function by providing weight to
predicted fatal and nonfatal crashes. The higher cost of fatal
crashes ensures that algorithm treats them differently. The
smaller the number of predicted crashes in the network, the
lower the value of total system crash cost. The formulation
notations and the formulation follow:

Planner:

min
𝑥∈𝑅𝑛,𝑦∈𝑅𝑚

TSCC = ∑
𝑖∈𝐼

(𝑦𝑖 [𝑐𝑓𝛿𝑊𝑙𝑓𝑖 + 𝑐𝑛𝛿𝑊𝑙𝑛𝑖]) (1)

min
𝑥∈𝑅𝑛,𝑦∈𝑅𝑚

TSTT = ∑
𝑖∈𝐼

(𝑥𝑖𝑡𝑖 (𝑥𝑖, 𝑦𝑖)) (2)

such that

∑
𝑖∈𝐼

𝑔𝑖 (𝑏𝑖) ≤ 𝐵 (3)

𝛿𝑊𝑙 = {
{
{
𝑒−0.0376(𝑊𝑙−12), 𝑊𝑙 < 13ft
0.963, 𝑊𝑙 ≥ 13ft (4)

𝑦𝑖 = {0, 1} : ∀𝑖∈𝐼. (5)

Road user:

𝑥𝑖 = argmin
𝑥𝑖

∑
𝑖∈𝐼

∫
𝑥𝑖

0
𝑡𝑖 (𝑥𝑖, 𝑦𝑖) 𝑑𝑥

such that 𝑞𝑟𝑠 = ∑
𝑘∈𝑘𝑟𝑠

𝑓𝑟𝑠𝑘 ∀ (𝑟, 𝑠) ∈ 𝑅𝑆

𝑥𝑖 = ∑
(𝑟,𝑠)∈𝑅𝑆

∑
𝑘∈𝐾𝑟𝑠

𝛿𝑟𝑠𝑎𝑘𝑓𝑟𝑠𝑘 , ∀𝑖 ∈ 𝐼

𝑓𝑟𝑠𝑘 ≥ 0, ∀𝑘 ∈ 𝑘𝑟𝑠, ∀ (𝑟, 𝑠) ∈ 𝑅𝑆,
𝑞𝑟𝑠 ≥ 0, ∀ (𝑟, 𝑠) ∈ 𝑅𝑆.

(6)

Equations (1)–(5) are the planner’s perspective, that is,
minimizing total crash cost (TSCC) and total system travel
time (TSTT) simultaneously by determining a set of road-
links/corridors to implement narrow lane and shoulder
widths and adding a new lane. TSCC given by (1) is a product
of the cost of each fatal or nonfatal crash (𝑐𝑓 or 𝑐𝑛) multiplied
by crash modification factor (𝛿𝑊𝑙) for a lane width 𝑊𝑙
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multiplied by the expected number of fatal or nonfatal
crashes on that link (𝑓𝑖 or 𝑛𝑖). This is added across all
road-links/corridors in the network that are selected for
modification. Equation (2) shows the planner’s objective
to minimize TSTT is given by the sum of the product of
traffic flow “𝑥𝑖” on the link “𝑖” and travel time 𝑡𝑖(⋅) as a
function of traffic flow and added capacity on the link “𝑖”; (3)
represents budget constraints; that is, total cost of restriping
the lanes should be less than budget allocated, and (4) is
the crash modification factor (CMF) as a function of lane
width. For example, the CMF value for a 13 ft lane is 0.963
which translates to a 4 percent crash reduction from the base
condition of 12 ft whereas a reduction from 12.5 ft to 11.5 ft
lane leads to increase in CMF or crashes by 2 percent (CMF
= 1.02). 𝑦𝑖 is a binary decision variable whose value is equal
to one which represents implementation of narrow lanes on
link “𝑖” and an increase in capacity of the link by one lane.
This research uses the CMF equation, that is, a function of
lane width, and implicitly considers traffic and geometric
characteristics; however, this equation can be replaced by any
CMF equation that is an exclusive function of traffic volume,
lane width, and other road geometrics.

Equations (6) represent the road user’s behavioral reac-
tion towards the planner’s policy decisions (narrowing the
roads and added lanes) subject to the classical determin-
istic user equilibrium conditions. The deterministic user
equilibrium is well known as static traffic assignment and
is commonly used to model the road user behavior in
transportation planning. This principle is based on the fact
that individuals choose a route so as to minimize their travel
time or travel cost, and such a behavior on the individual
level creates equilibrium at the system (or network) level over
a long period of time. More than 90 percent of the large
MPOs and planners apply the user equilibrium assignment
method to assign highway traffic or road network traffic
[31].

5. Solution Approach

5.1. Solution Methodology. Figure 2 illustrates the generic
solutionmethodology.The first level of the problem (i.e., (1)–
(5)) employs genetic algorithm since its efficacy in solving
bilevel problems of a large real-sized network is proven in the
literature, which is our final objective to make the proposed
solution methodology realistic and applicable. The second
level is solved by using a traditional Frank-Wolfe algorithm;
the detailed algorithm is available in Sheffi, 1985 [32].

The algorithm starts by reading all inputs: network
details, demand matrix, budget, travel time function, and
investment function. The investment function is the defined
cost of restriping the road-link/corridors per unit mile per
lane. A population of link binary decision vectors (that
decides if road-link is chosen for reducing lane width) is
created and randomly initialized. These trial link vectors are
then translated into the current road-link capacity vector.The
lower level algorithm is then invoked with the current road-
link capacity vector where the origin-destination demand
matrix is assigned to the network using the formulation given
by (6). It is solved using Frank-Wolfe algorithm.

The output of the lower level is in the form of road-
link/corridor traffic flows and lanewidth that are further used
to predict crashes on the corridor, the travel time, and average
speeds. Next, the total system travel time is computed as the
sum of the product of the link travel time and link flows in
the network. Similarly, total system crash cost is computed
by multiplying the predicted number of crashes by the cost
of each type of crashes for the whole network. Thus, the total
system travel time and the total system crash cost computed
will form the two objective function values of the current
generation. If the algorithm is satisfied with the solution (i.e.,
the minimum value of the objective function is obtained
within budget), the process is terminated. Otherwise, a new
set of binary decision variables is generated in the algorithm
and all the above-mentioned steps are repeated.

The optimal solutions are reported in the form of total
system travel time, total system crash cost, vector identifying
road-links/corridors that are selected, travel times, average
speeds, and total expenditure. Since we have two competing
objectives we normally get multiple sets of solutions that
satisfy either of the objectives but rarely both simultaneously,
that is, no single solution that results in the least total system
travel time and system crash cost.

5.2. Comparison of Results of Example Network. Table 3
shows the solution of the example network (described in
the earlier section) using the system level transportation
programming methodology developed and described in this
paper. The solution obtained in this case is efficient in terms
of corridor level performance measures, that is, increase in
speeds by 8–10% and improved system level mobility (17%).
Compared to improving all the links (Table 2), this is the
most cost-effective solution (expenditure $60,600) that not
only increases speed andmobility but will also result in lesser
system crash cost and hence a number of crashes. Compared
to suboptimal solution this solution not only improves the
system travel time but also identifies corridors that will not
contribute to increase in crashes.

In this small example, we showed how the optimal choice
of a corridor not only provides a substantial increase in
mobility in a cost-effective way but also increases the safety
of a given transportation network.

6. Case Studies and Results

6.1. Data. Theefficacy of the proposed solutionmethodology
was tested on a small size city network and a large city
network. The large network is the San Antonio city network.
The data for the San Antonio city network was obtained
and converted into a node-link network. The free flow
speed, lane width, and capacity were obtained for eleven
different road functional classes including urban and rural
principal arterials. The San Antonio city network has 3063
road-links and around 3000 nodes (either junctions or
origin/destinations). The free flow speed, lane width, and
capacity were obtained for eleven different road functional
classes including urban and rural principal arterials The
peak hour origin-destination demand for the current year
was not available before publication of this paper; hence
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Figure 2: Flowchart illustrating solution methodology.

Table 3: Result of analysis of example network.

Case (1) Link/corridor level performance measures (2) System level performance measures (3)
Corridor Corridor selection Travel time (min) Av. speed (mph) Performance measure Value [% change from

base-case]

Optimal
improvements∗

Loop 410
NW No 16 50 [14%] TSTT

(veh-min)
669,742 +[15%]

Loop 410
SW Yes 21 58 [14%]

I-37/US 281 No 5 58 [12%]
TSCC ($)

$79,566,231
+[0.5%]Loop 410

NE Yes 13 57 [10%]

Loop 410
SE No 8 56 [8%] Improvement cost $60,600

∗Solution obtained by the proposed method in this paper.

the author used a synthetically generated demand matrix to
present the case study. In this study, we consider only those
locations whereminimum lanewidth is 12.5 ft and there is the
possibility of reducing lane width and incorporating reduced
shoulder width to provide an extra lane.

The small sized city network used in this study is com-
prised of 17 intersections and 56 bidirection road-links. Var-
ious traffic flows, network parameters, OD demand matrix,
and link characteristics for this network are in Sharma et
al., 2011 [33]. The annualized cost of restriping including
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Figure 3: Small city network.

personnel, material, storage, and equipment cost obtained
from Texas Department of Transportation (TxDOT) was
around $665/mile/lane. For the case study paper assumes
the cost of restriping $800/mile/lane to incorporate all the
miscellaneous costs. It may be noted that the developed
methodology is not dependent on this cost assumption and
any other cost can act as input into the model.

6.2. Case Study. In the case study of the small sized city net-
work, we use a budget of $20,000 to improve the network by
reducing lane and shoulder width and converting them into
narrow lanes. The road network is shown in Figure 3, with
the road-links/corridor selected for improvement marked in
red color. The lighter color suggests only one direction was
chosen for lane width reduction and the addition of a lane.

The results of the model in terms of system level perfor-
mance measures are in Table 4. Two cases are shown, the first
case is no improvement case, that is, the base-case, and the
second case shows solutions for minimum system travel time
amongmany other solutions.The result is compared with the
base-case; the numbers in the square bracket showpercentage
improvement in each objective function value and speed.

Compared to the base-case, the improvement in system travel
time is 32 percent in the network, whereas at an average the
corridor speeds improve by 19 percent with spending around
$10,500. However, there is an increase in the total system
crash cost compared to the base-case.This shows that narrow
lanes have increased the possibility of crashes by 2 percent.

Since the presented model has two objectives, that is,
minimizing crash cost TSCC and minimizing system travel
cost TSTT with the conflicting nature, there is no single
solution (set of corridors for lane width reduction) that
simultaneously results in minimum TSTT and TSCC. This
means that there can be a solution with least value of TSTT
but not TSCC and vice versa. In addition, in multiobjective
problems, there is a spectrum of solutions that result in
different values of each of these objectives as shown in
Figure 4. Each of the points in Figure 4 represents a solution
with a set of corridors/links chosen for improvement and
resulting values of TSCC and TSTT objectives. This means
that planner has not only one solution (as mentioned in
second row of Table 4) but also many other solutions to
choose from. For example, the planner has another solution
(with different corridors for lanewidth reduction) that results
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Table 4: Solution for the small city network.

Case System level performance measures
Performance measure Value

Base-case: no improvements

TSTT (veh-min) 389,365
Average link speed 26mph

TSCC ($) $357,771,000
Improvement cost $0

Optimal solution (from multiple solutions)

TSTT (veh-min) 262,952 +[32%]
Average link speed 31mph +[19%]

TSCC ($) $365,726,685 –[2%]
Improvement cost $10,578

Budget $20,000
+ sign next to the value means positive outcome relative to the base-case.
− sign means a negative outcome compared to the base-case.
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Figure 4: Multiple solutions from solving for two objectives (total
system crash cost versus total system travel time).

in a 12 percent decrease in total system travel time and an 8
percent increase in average speed while there is no increase in
predicted crashes or total system crash cost. The expenditure
to implement that strategy is around $14,000.

Figure 5 shows the San Antonio City network with nodes
(as junctions) and road-links/corridors.This image illustrates
selected corridors using ArcGIS for adding another lane
while reducing lane and shoulder width in red color in
Figure 5. However, these were not the only road segments
that are an optimal candidate for lane and shoulder width
reduction, rather they were a corridor of interest. If some
smaller sections are selected planner can ignore or combine
them for operational analysis. Also, the planner can ignore
those road segments where the geometric configurations at
ramps may not align with implementing new lane widths
system-wide. These results are based on the synthetic OD
demand matrix due to unavailable OD matrix for the year
2015. Nevertheless, the resulting selection of the corridors
demonstrates the efficacy and applicability of the proposed
model at a large network level.

7. Conclusion

While literature contributed towards operational impacts of
reducing lane and shoulder width to add a new lane, there

rarely seems to be a study that attempts to understand the
network or system level impacts. Past studies indicate a
likelihood that reduced lane width may provide localized
benefits, at the expense of system level performancemeasures
(average travel time and crashes) because of the relocation of
traffic bottlenecks. Moreover, identifying an optimal location
for lane and shoulder width reduction before performing
traffic operations study is critical to the planning process. As
the pattern of trips on the network changes, the collective
mobility and safety effects on the network may change.

This research acts as a stepping-stone in leveraging trans-
portation programming in identifying the optimal location
for reduction of lanes and shoulder width without negatively
influencing the network performance measures. The pro-
posed methodology has the following contribution towards
investment decision-making in road space management
strategies. First, the model provides planners system level
improvement options to increase mobility significantly while
minimizing crashes within a limited budget. Second, the
model provides planners multiple solutions in terms of a set
of road-links/corridors that need improvement and system
level improvements upon implementation of each strategy.
Third, the proposed methodology is scalable and generic and
can be modified and employed for any transportation net-
work and any number of improvement options.Themethod-
ology is also independent of any CMF and cost assumptions.

It should be noted that this study is not a replacement
for operational level analysis but serves as a first step in
identifying optimal locations for lanes and shoulder width
reduction before performing the operational level analysis.
The proposed model being a mathematical model suffers
from some limitations, as it does not map the reality as it is,
and is based on assumptions such as the following: (a) users
choose roads with minimum travel time and have perfect
knowledge of travel time; (b) capacity is affected linearly with
reduced lane width and speeds; (c) crashes predicted using
crash modification factors are within acceptable probability;
(d) different impacts of different type of crashes are ignored
(including heavy vehicles). Another limitation is that the
study ignores that the geometric configurations at rampsmay
not align with implementing new lane widths system-wide.
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Figure 5: Corridors selected by proposed method for reducing lane and shoulder width (marked in red in zoomed-in parts) in San Antonio
city network.

In the future, the developed framework will be refined
to consider more sophisticated crash prediction methods,
integration with simulation models, add lane-use purpose
(general or HOV), investigate safety implications at off-peak,
and perform a case study with new updated data.

Notations

𝐵: Allocated budget for restriping and
narrowing lanes and shoulder ($)

𝑏𝑖: Expenditure for restriping the lanes in
road 𝑖

𝑐𝑓: Cost of single fatal crash (𝑓)
𝑐𝑛: Cost of single nonfatal crash (𝑛)
𝛿𝑊𝑙 : Crash modification factor for lane width

𝑊𝑙𝑓𝑖: Number of fatal crashes on road 𝑖
𝑛𝑖: Number of nonfatal crashes on road 𝑖
𝑦𝑖: A binary decision variable equal to 1 if

lane and shoulder width are reduced and a
lane is added

𝑥𝑖: Traffic flow on road 𝑖
𝑡𝑖(𝑥𝑖, 𝑦𝑖): Travel time as a function of traffic flow 𝑥𝑖

on road network and capacity change 𝑦𝑖𝑓𝑟𝑠𝑘 : Traffic flow on path 𝑘 between OD pair 𝑟-𝑠
𝛿𝑟𝑠𝑖,𝑘: 1 if route 𝑘 between OD pair 𝑟-𝑠 uses road

𝑖 and 0 otherwise.
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