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ABSTRACT

Braess’ paradox demonstrates that adding a new link to a traffic network may actually reduce the
network’s overall efficiency in terms of total system travel time. This phenomenon has been
researched thoroughly, but total system travel time is not the only measure that can be used to
evaluate the performance of a network. An analogue of the Braess paradox related to traffic noise is
less well known, but is also worth exploring. For traffic assignments in situations of non-cooperative
behavior, some network improvements or traffic control strategies can cause the total amount of
excessive noise (and its cost) to increase. This study demonstrates the existence of such an excessive
noise paradox using examples drawn from several small networks. The simultaneous and
asynchronous occurrences among the excessive noise paradox, the emission paradox and the Braess
paradox are also examined. The study finds that the excessive noise paradox can be triggered by
network control strategies such as demand change, link addition or speed limit implementation. These
findings indicate the inadequacy of designing road networks solely to mitigate congestion, as such
designs may cause increased emissions or excessive noise.
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1. INTRODUCTION

Braess (1968) pointed out the counterintuitive phenomenon whereby the expansion of a road network
may cause longer individual running times. This problem, known as the Braess paradox of traffic flow,
has received a great deal of attention. Such paradoxical phenomena are not only theoretically
interesting, but are also of vital practical significance. Infrastructure project investments are very
expensive, but budgets are limited, so designers should be very cautious about improving rather than
aggravating transportation systems.

In addition to Braess’ paradox, other paradoxes associated with transportation networks have been

discussed in the literature. The following are some examples.

. Pigou (1920), Knight (1924) and Downs (1962) illustrated the Pigou-Knight-Downs
Paradox—an increase in road capacity may not decrease total travel time, because the
improvement may attract travel demand on the road.

. Downs (1962) and Thomson (1977) introduced the Downs-Thomson Paradox—an increase in
the road capacity of a network that has both road traffic and transit may increase the total
travel time, because more users may be attracted to travel on the road, and waiting times for
transit services may be higher after the improvement.

. Smith (1978) showed that, counterintuitively, a reduction in total journey time may be
achieved by increasing the travel time along a particular uncongested link.
o Fisk (1979) constructed a single-mode Wardrop equilibrium problem to demonstrate that an

increase in input flows may lead to decreased costs of both origin-destination (O-D) travel
and total travel. Fisk also showed that in an equilibrium assignment problem with auto and
transit modes, an increase in auto input flows may lead to a decrease in transit O-D costs.

. Dafermos and Nagurney (1984) showed that an increase in the travel demand for a particular



O-D pair can result in a decrease in the travelers’ costs between other O-D pairs.

o Sheffi and Daganzo (1978) introduced a counterintuitive phenomenon similar to Braess’
paradox. This phenomenon arises in the context of stochastic network loading models: the
total travel time in the system may increase with an addition of a link to the network. Sheffi
also discussed the stochastic assignment paradox in which the total travel cost increases when
an inferior travel alternative is marginally improved.

. Steinberg and Stone (1988) presented a new paradox that contrasts with Braess’ paradox. This
new paradox indicates that in a congested transportation network, a sufficiently high increase
in the congestion effect along a route can result in the abandonment of a different route
having the same origin and destination, while the original route continues to be used.

o Cohen and Kelly (1990) provided an example of a simple queuing network in which added
capacity leads to an increase in the mean transit time for every network user.
. Arnott et al. (1993) showed that a paradox may result when travel modes, origins,

destinations and routes are fixed, but the users are free to choose when to travel. Specifically,
a capacity expansion can increase travel costs (which consist of the sum of travel time and
schedule delay costs). For a corridor with two groups of drivers, Arnott et al. showed that
expanding the capacity of an upstream bottleneck raises travel costs when the reduction in
congestion upstream is more than offset by increased congestion downstream.

° Daganzo (1996) depicted an interesting capacity paradox example: in a queuing network with
equilibrium traffic flow, the expansion of the capacity of a bottleneck may reduce the total
maximum throughput of the network due to the spillover effect of vehicular queues.

° Yang and Bell (1998) demonstrated another capacity paradox whereby creating a new link in
a road network may actually reduce network capacity.
° Akamatsu (2000) identified a capacity-increasing paradox with dynamic flows on two

symmetrical networks: an “evening-rush-hour” network with a one-to-many O-D pattern and
a “morning-rush-hour” network with a many-to-one O-D pattern. This problem was a
dynamic version of Braess’ paradox. Using a point queue assumption, Akamatsu showed that
improving the capacity of a certain link on a network worsens the total travel cost over the
network. He found that the conditions for the occurrence of this paradox in the two model
networks were different.

° Zhang et al. (2008) discovered some new dynamic phenomena related to Braess’ paradox in a
transportation network, where both the departure times and route choices are considered
simultaneously. These new Braess’ paradoxes with dynamic user response were identified
with respect to both the point queue and physical queue assumptions. Zhang et al. presented a
numerical example in which a paradox may occur in a network when a physical queue
assumption is made, but that paradox may not be found in the network if the point queue
assumption is adopted.

o Lin and Lo (2009) analyzed a dynamic extension of Braess’ paradox by using the original
five-link Braess paradox network and a point queue assumption. They found that the
“surprising result” reported in previous studies with link performance functions (that a system
can spontaneously grow out of Braess’ paradox if the demand is sufficiently high), does not
occur with time-dependent queues.

° Szeto et al. (2009) provided specific examples demonstrating the existence of a reliability
paradox—that if one adds a road to a network, then all of the users may be worse off in terms
of total expected network cost or travel time reliability.

. Szeto and Jiang (2014) pointed out that providing new lines to a transit network, or increasing
the frequency of an existing line, may not improve the system performance in terms of
expected total system travel cost.

. Yao and Chen (2014) examined the stochastic assignment paradox by which the total travel
cost increases when an inferior travel alternative is marginally improved. Unlike Sheffi and
Daganzo (1978), Yao and Chen extended this consideration to a weibit route choice model
and to a hybrid model that considers both weibit and logit models.

The above paradox studies can roughly be classified into five types. The first type is mostly focused



on “travel time” (or more generally, “travel cost”) at the O-D or system levels, and considers the flow-
dependent travel time/cost function and Wardropian travel behavior. As long as the travel time is flow
dependent, the Wardropian selfish travel behavior (that considers travel time at a personal level) leads
to flow patterns that are not optimal in terms of O-D or system efficiency, and hence lead to various
travel time- or cost-related “paradoxes” at the O-D or system levels. These paradoxes arise because
travelers make decisions without taking into account their effects on the system or the O-D pair costs.
Capacity is another characteristic of a link or network. Hence, the second type of study (e.g., Yang &
Bell, 1998; Daganzo, 1996) focuses on “capacity” or network throughput under the Wardropian
selfish travel behavior assumption. Due to this assumption, the capacities of different critical links are
sometimes independent and sometimes interdependent. The closure of a particular link can make the
capacities of two critical links independent in some cases, increasing the network throughput. The
third type of study is concerned with the reality that travel time may vary considerably due to supply
or demand uncertainty. Thus, the third type of study extends the consideration to travel cost reliability
(e.g., Szeto et al., 2009). The travelers are still assumed to follow Wardrop’s first principle, and the
performance measure is the expected total system cost, which is a reasonable generalization of total
system travel time under uncertainty. The fourth type of study extends consideration to a dynamic
version of the Wardropian first principle (e.g., Akamatsu, 2000; Zhang et al., 2008; Lin & Lo, 2009),
but total system travel time or cost is still the main consideration. The fifth type of study considers the
stochastic extension (e.g., Sheffi & Daganzo, 1978 and Yao & Chen, 2014), but it is assumed that the
main cause of the paradox is the randomness of perceived travel time, rather than unawareness
concerning the effect of route choices on system or O-D costs.

In addition to the issues of total system travel time (and its cost) and the throughput as described
above, the by-products of vehicular traffic, including emissions and noise, are also worthy of
consideration. In recent years, as the discussion on sustainability has developed, the relationship
between environment and transportation has increasingly become a hot topic of concern. The review
by Szeto et al. (2012) pointed out that environmental sustainability is closely related to road
transportation, because motor vehicles traveling on roads emit emissions and noise. Vehicle emissions
have been closely associated with adverse effects on humans and the environment. For example,
carbon monoxide (CO), hydrocarbons (HC), nitrogen oxides (NO,) and fine particular matter (PMy)
cause severe health problems, such as reducing lung function or inducing and aggravating asthma
(Cappiello, 2002). Other environmental costs include damage to plants and reduction of crop yields
(Mayeres et al., 1996). The adverse effects of “invisible” traffic noise have also been considered in
some studies. A number of studies have shown that noise exposure can induce hearing impairment,
hypertension, ischemic heart disease, annoyance, sleep disturbance and decreased school performance
(Passchier-Vermeer & Passchier, 2000). Motor vehicles are usually the primary source of noise
disturbance in the home. Levinson et al. (1996) pointed out that the damages caused by noise are hard
to quantify, but such damage is associated with particular places, and it is commonly viewed as a
cause for decreases in property values. Delucchi and Hsu (1996) have indicated that noise is a
sufficiently prominent problem that it measurably affects the value of homes. These researchers found
that the cost of external damage directly caused by motor vehicle noise could reach as high as $40
billion per year (1990 data, 1991 dollars). Hence, it is profoundly important to incorporate
considerations for environmental sustainability into transportation network design.

Nagurney (2000a, 2000b) was the first to identify the paradoxical phenomena linked to the total
emissions associated with congested urban transportation network design. She indicated that some
“so-called improvements” to the network (e.g., an addition of a link) may result in an increase of total
emissions generated. Szeto et al. (2008) investigated the simultaneous occurrence of this emission
paradox and Braess’ paradox. They concluded that the Braess and emission paradoxes do not always
occur at the same time. There are certain circumstances where the emission paradox occurs, but the
Braess paradox does not. This finding implies that the two paradoxes are different phenomena, and
that deficiencies in the design of models for mitigating congestion alone may actually cause increases
in vehicular emissions. However, in existing studies on the emission paradox, the vehicle emissions
are calculated as a product of the corresponding emission factor and the link flow, with the emission
factor of each link assumed to be constant. In actuality, emission factors should depend not only on



the distance traveled, but also on a number of other factors including vehicle type and age mix,
vehicle speed, operating mode, and time of day of travel, as was pointed out by DeCorla-Souza et al.
(1994). Moreover, the emission factors are convex functions of speed in general (Oneyama et al.,
2001; Patil et al., 2009). That makes it obvious that emission paradox and Braess’ paradox are not
supposed to occur simultaneously, because Braess’ paradox is strongly correlated to nonincreasing
cost functions (Roughgarden, 2005), differing from the non-monotone function of speed in emission
estimation. Hence, it is critical to have an accurate estimation of vehicular emissions for the
development of transportation network design with emission consideration (Sharma & Mathew, 2007),
and some progress should be made in emission paradox research. More importantly, although noise is
also a by-product of vehicular traffic and is harmful to humans and the environment, to the best of our
knowledge no research has been conducted to analyze the existence of paradoxical phenomena in the
relation between noise and congested urban transportation network design.

This study explores an analogue to the previously observed paradoxes, namely an excessive noise
paradox. This counterintuitive phenomenon can be defined as follows: in a static traffic assignment
with non-cooperative behavior of travelers, some traffic control strategies or network improvements
can cause the total amount of excessive noise (and its cost) to increase. We carry out sensitivity
analyses to demonstrate the occurrence of an excessive noise paradox arising from travel demand, link
function parameters and speed limits. In addition, the simultaneous occurrences among the excessive
noise paradox, the emission paradox, and the Braess paradox are identified and examined.

The main contribution of this study is its introduction and examination of the newly identified
excessive noise paradox. In particular, this analysis illustrates that excessive noise, emissions and
Braess paradoxes may occur either together or separately. This finding implies the need for a more
comprehensive approach to network design that considers noise, emissions, and total travel time
simultaneously. This study also contributes to the literature on the existence of emission paradoxes by
offering more accurate emission estimates through the use of macroscopic emission models, rather
than through calculations of constant emission factors.

The remainder of this study is organized as follows. Section 2 briefly introduces vehicle emission and
general noise-cost models, which are foundational for discovering the existence of the emission and
excessive noise paradoxes. Section 3 defines the excessive noise paradox. Section 4 depicts three
counterintuitive phenomena with respect to excessive traffic noise. The existence of these phenomena
is illustrated and briefly explained using examples from several small networks. In examining these
networks, the potential for simultaneous occurrences among the excessive noise paradox, the emission
paradox and the Braess paradox is demonstrated. Finally, Section 5 offers a number of practical
insights for solving future transportation problems.

2. VEHICLE EMISSION AND NOISE MODELS

This section introduces the vehicle emission model developed by Penic and Upchurch (1992) and a
general noise—cost model developed by Delucchi and Hsu (1996). These models serve as foundations
for the identification of paradoxical phenomena in Section 3.

2.1 Vehicle emission model

The effort to specify levels of automobile emissions can be traced back to the 1960s (Soltau &
Campbell, 1968; Jackson et al., 1969). Since that time, researchers have been industriously
contributing to the development of models for estimating vehicle emissions. These models can be
roughly divided into a) macroscopic and microscopic models (depending on how vehicular activities
are aggregated over space and time (Nie & Li, 2013)), or b) aggregated, static, and dynamic emission
models (according to their ways of considering congestion (Smit et al., 2008; Szeto et al., 2012)). In
this study, the link travel speed is an important consideration in estimating the amount of emissions.



Penic and Upchurch (1992) proposed a macroscopic average-speed model, based on fuel consumption
and calibrated from empirical data. In their model, the rate of production (ROP, g/veh-feet) of
pollutant p on link a varies nonlinearly with the link average travel speed v, (ft/sec):

Apepra
ROP, = Y ,Va, p, 1)

a

where A°, B” and CP are constant coefficients for pollutant p. To illustrate how ROP changes with
speed, the following plot is provided:
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Figure 1 ROP versus travel speed

It is worth noticing that there is an optimum speed at which the rate of production of certain pollutant
reaches the minimum (e.g. approximately 70 ft/s for CO). Then, the hourly emission Q} (g/hr) for
pollutant p on link a is calculated by multiplying its emission rate ROP by the link traffic flow X,
(veh/hr) and the distance traveled, which is equal to the length of the link I, (ft) in a network:

QP =ROP/ -1, -x,,Va, p, 2

The hourly total emission cost associated with the transportation network, denoted by TEC, is then
computed by multiplying Q! and its monetary value ¢" ($/g). That is,

TEC=)>"QP-¢". ®)
a p

Note that average speed models provide more accurate emission estimations than constant emission
factor models, and they interface with transportation models conveniently. However, average speed
models do not consider accelerations or decelerations, which also have effects on emissions.
Nevertheless, owing to their merits of being computationally tractable and scalable, these models are
commonly used in transportation planning studies (e.g., Benedek & Rilett, 1998; Yin &
Lawphongpanich, 2006; Nagurney et al., 2010; Li et al., 2012).

In this study, carbon monoxide (CO) and hydrocarbons (HC) are chosen as examples for emission
cost estimation. The parameters for CO and HC are obtained from Penic and Upchurch (1992) and are



listed in Table 1. The monetary valuation factors ¢° are excerpted from Matthews (1999) and are
converted to U.S. currency at its 1991 value.

Table 1 Coefficients and monetary valuations of different pollutants

CcO HC
A 3.3963 | 2.7843
B 0.014561 | 0.015062
C 1000 | 10000

#° (1991 $/gram) | 0.00051 | 0.00136

2.2 General noise-cost model

The estimations of noise levels and the damage costs caused by noise in terms of monetary values (i.e.,
noise cost) are both fundamental for modeling the economic damage of traffic noise pollution. Many
studies have been carried out to develop a predictive traffic noise model (TNM), and there are some
commonly used TNMs, such as the U.S. FHWA (Federal Highway Administration) highway traffic
noise prediction model, the FHWA TNM version 1.0, the British CoORTN procedure (Calculation of
Road Traffic Noise) (Department of Transport, 1988) and the German RLS 90 (Richtlinien fur den
Larmschutz an StraRen) TNM. All of these models distinguish between different vehicle types. Most
of them use simple traffic streams as noise sources, and then adopt the equivalent sound level L, as
the acoustic energy descriptor. These models differ slightly in aspects such as input data, type of
mapping between the noise source and receptor and consideration of noise propagation. The main
features, peculiarities and detailed formulations of each TNM are explained in the thorough reviews
conducted by Steele (2001) and by Quartieri et al. (2009). Meanwhile, there has been a continuous
effort by researchers to monetize the damage that has been caused by traffic noise over the years (e.g.,
Bagby, 1980; Nelson, 1982; Modra & Bennett, 1985; Delucchi & Hsu, 1996; Haling & Cohen, 1996;
FHWA, 1997; Forkenbrock, 1999; Bateman et al., 2001; Maibach et al., 2008). Most of these studies
have used hedonic pricing methods to relate noise reduction to the increase of residential property
value, or vice versa. Some of the studies express this relationship as a ratio of reduction in property
value per (excess) noise level, which is referred to as a property depreciation index.

However, the research on developing integrated noise models (which seeks to combine noise level
estimation and noise cost models (e.g., Fuller et al., 1983; Levinson et al., 1996; Delucchi & Hsu,
1996)) remains insufficient. The integrated noise model is complex, and it requires the combination of
a number of equations (Levinson et al., 1996). Fuller et al. (1983) proposed a general noise-cost
model for calculating the cost of traffic noise as a product of the housing units in each noise band,
each level of excessive noise and the property depreciation index. The core of this general noise-cost
model is the calculation of area-noise levels. The model adopts a 1970s-vintage noise generation
function for noise level estimation, and delineates three noise bands. The average noise level for each
band is used for calculating total noise levels along the road. It is reported that the results of the 1983
study by Fuller et al. have been cited in virtually every review on the social costs of transportation in
the U.S. (Delucchi & Hsu, 1996). Hence, an improved, expanded and updated version of the Fuller et
al. (1983) model, as developed by Delucchi and Hsu (1996), is adopted as the foundation for
identifying the excessive noise paradox.

One may argue that there is no well-accepted noise cost model that functions like the Bureau of Public
Roads (BPR) model for traffic assignment, and that the exact occurrence of an excessive noise
paradox depends on the functional form and values of its parameters. However, the main purpose of
this study is to introduce and establish the existence of an excessive noise paradox. The exact
functional form and its parameter values are of less importance. So long as the noise model used for
illustration can produce correct trends of the noise levels/costs that follow when the essential noise-
contributing factors (e.g., speed or traffic mix) increase their values, the conclusions of this study are
still valid. Moreover, the method of analysis is still applicable if other noise models (including those



that capture the costs of noise for wildlife) are used. Note also that similar arguments apply to the
emission paradox.

The general noise-cost model proposed by Delucchi and Hsu (1996) adopts the TNM as used in the
FHWA'’s developed speed-based TNM. This approach is recognized as one of the most commonly
used noise prediction models in the review by Steele (2001). The accuracy of area-noise level
estimation is improved by integrating the updated noise-generation equation over the area exposed to
excessive noise with infinite noise bands. With this integrated model, the effects of excessive traffic
noise (above a certain threshold) can be measured in terms of how much each additional decibel of
noise reduces the residential property values. To simplify the application of this model to our network
scenario, it is assumed that the road type and the noise barrier height are homogeneous within the
tested urbanized network.

The total cost of damage from excessive traffic noise (TNC) that comes directly from motor vehicles
is formulated as follows:

TNC=(ZANaj-M -F>-HV-T°T+Ti , 4)

where M (units/mi®) is the density of housing units exposed to the excessive noise, P ($/unit) is the
median annualized value of housing units exposed to the excessive noise, and HV is the percentage of
housing value diminution per excessive decibel of noise. This parameter is really valid only over the
range of noise problems experienced in those housing areas studied in the original hedonic-price
analyses (Delucchi & Hsu, 1996). Therefore, if an area experiences significantly different noise
problems from those found in the residential areas, the function might not give an accurate assessment
of the noise cost in that area. Delucchi and Hsu (1996) recognize this limitation of the model, and
state that they lack of the data to adjust it. Nevertheless, a trivial total cost (less than $10 million in

their base case) is estimated for the noise damage in non-urbanized areas. T, (min) is the average

time spent in or around one’s home, and T, is the average time away from one’s home in places
where motor-vehicle noise can be a problem.

AN, (dBA-mi®) in Equation (4) is the excessive traffic “area-noise level” associated with link a,
which can be obtained as follows:

I i Qixn
AN, =—2—. L.. (w)dw |- ANB. |,Va, 5
® 5280 [U =g, (W) } J ®)

where Ly, (d,) denotes the “equivalent sound level” for vehicle noise associated with link a, which is
a function of distance d,. ANB, (dBA-ft) is the “area-noise” level below the noise-damage threshold

t" (dBA). Ia' (mi) is the length of link a. d, , is the distance to the closest housing unit from link a.

d.. . is the distance from link a (where the noise level drops off) to the threshold level. The approach

to calculating AN, is as follows: first, integrate L,, (dBA) with respect to the distance d, (ft) to
obtain the total noise level over the entire affected area. Then subtract ANB, from this integration to

obtain the excess noise level over this affected area. Finally, multiply the result by the total length 1.".

AN, (i.e., dBA-mi®) can be interpreted as the area of land subject to some true average noise level
(Delucchi & Hsu, 1996).



Figure 2 shows the definitions of AN, and Leq,(d,) in a more intuitive way. AN, is the shaded
volume, indicated in the figure. It can be seen that the function for integration (i.e., Leq,(d,)) is a
function of distance d,, which decreases from the road center until it finally drops off to the threshold

level t* at some point. It is presumed that the noise level below this threshold causes zero damage
(Delucchi & Hsu, 1996). Hence, the integral volume is evaluated from the distance of the closest
housing unit (the point d, ,) to the distance at which the noise falls below the threshold level (the

point d. ), and ANB, is equal to t*-(dt*a —d,,) . For each road with its own vehicle flow and

average vehicle speed, dt*,a (ft) can be obtained by solving L, (dt*’a) =t

Noise as a function of distance (Leq,(d,))
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N
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Figure 2 Area-noise level and equivalent sound level associated with link a (modified from Delucchi
& Hsu, 1996)

The equivalent sound level function in (5) is a simplified version of the FHWA TNM with an addition
of a noise barrier reduction term B, by Delucchi and Hsu (1996), which is defined as

d

, l+a
L., (d,)=10-log,, [0.0296-1%- X, -K, [@j ]— B,,Va, (6)
where ¢’ is the equivalent subtending angle used to model the decrease in the noise level caused by
incomplete obstructions. X, (veh/hr) is the traffic flow on link a. & is a unitless ground-cover
coefficient. B, (dBA) is the reduction in noise level provided by a noise barrier, if there is any on link
a. K, is the total noise-energy emissions associated with link a, depending on the different vehicle

types and the average vehicle speed v, (mph):

K =

a

(w7207 +10% ), va. @

<o

The above equation and exponents are drawn from the FHWA’s transportation noise model. The
fraction F, in Equation (7) is the proportion of the vehicle type considered in the main traffic stream
of link a. For simplicity, this study assumes that all of the vehicles considered are light-duty



automobiles, and hence F, equals one. The exponent G, is the parameter that accounts for the
fractions of vehicles cruising and accelerating on link a.

It can be seen from Equations (6) and (7) that this general noise-cost model interfaces with the traffic
model, whereby traffic flow and average speed are required as inputs. Given the traffic flow on each
link, the average speed is determined by dividing the length of the link by the travel time. A widely
used link performance function developed by the BPR is adopted to evaluate the travel time on the
link in this study, which is stated as follows:

td&#@'{“ﬂ'(?)”] ®)

where ta(Xa), t;, and x,, are respectively the average travel time, the free flow travel time, and the

flow on link a; C, denotes the practical capacity of link a, and equals 0.75 of actual capacity (Khisty,
2003). B and n are calibration parameters, whose default values are 0.15 and 4, respectively. The

free flow travel time is equal to |, divided by its free flow travel speed v; :

I
=2 9

Equations (6)-(9) express the relation between the equivalent noise level and travel speed. Figure 3 is
provided to illustrate how the equivalent noise level changes with average speed on a link ranging
from optimal speed (where link flow equals to actual capacity) and free flow speed (60km/hr, i.e.,
37.28 mph, assumed in this study). The relationship between link flow and average link speed is
embodied within this plot, with the default values of g and n being used. The speed range is also
consistent with the modeling assumption of classical static traffic assignment that travel time is
monotonically increasing with link flow.

It can be observed from Figure 3 that L., firstly increases gradually and then decreases with link

average speed within this region. When the speed starts from optimal speed, where link flow saturates
the actual link capacity, L, is relatively low. When the speed further increases, the corresponding link

flow decreases at the same time, which both are prominent parameters in the L., calculation. The

sharp drop in the end is resulted by extremely small link flow when the speed is close to free-flow
speed.
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Figure 3 Noise level versus travel speed (light-duty automobiles only)

In the study by Delucchi and Hsu (1996), the TNC is calculated for each of six different types of road
in each of 377 urbanized areas, based on detailed data for housing values, housing density, roadway
mileage and roadway traffic in each area. Due to the lack of detailed data for rural areas, a trivial total
cost (less than $10 million) is calculated for one aggregated rural area. For this reason, this model
appears to underestimate the noise cost in rural areas.

All of the parameter values involved in this study can be seen in Table 2 below. The econometric
parameters are extracted from the 1990-1991 data from Sioux Falls, South Dakota, USA, which is a
network frequently used in analyses of transportation problems.

Table 2 Values of parameters selected from Delucchi and Hsu (1996)

Symbol o | G a B de, | HV T, T M p

a a (o]

Unit deg | Nil Nil | dBA ft | dBA | Nil min | min | units/mi® | $/unit

Value(s) 59 | 51 [ 0375 | 84 | 335 | 55 |0.0085 |921.1|250.6 | 1290.8 | 59100

The parameters in the general-noise cost model do not involve demographic or driving behavior
parameters. The parameters involved can be divided into two groups: housing-related parameters
(such as housing density M, housing values P, depreciation index HV and threshold t*) and traffic or
environs-related parameters (equivalent subtending angle ¢’ , noise reduction by barriers B, ,
ground-cover coefficient &, and the parameter that accounts for the proportions of vehicles cruising
or accelerating G, ).

For the first group of parameters, the original report by Delucchi and Hsu (1996) stated that “Ideally,
one would estimate annualized housing value just as one would estimate housing density, as a
function of proximity to and traffic flow of each type of road in each urbanized area. However, there
are no data on annualized housing values along specific types of roads.” Hence, the values for the
parameters are assumed to be uniform within a city. The estimated values are available from the
Bureau of the Census (1990a, 1990b) and are provided in the separate Appendix to the report
(Delucchi & Hsu, 1996). The data on Sioux Falls is adopted to illustrate the estimation of excessive
noise damage corresponding to a selected network. Nevertheless, these data can be replaced by any
other city’s data without affecting the conclusion.

For the second group of parameters associated with roadway topology or traffic, their influences on
the noise costs are shown in the sensitivity analysis in the study by Delucchi and Hsu (1996) (Table
14-8, p. 58). It is reported that the total costs are not sensitive to changes in these parameters (i.e.,
most of the parameters change the total cost by less than 10%, except for the parameters of subtending
angle ¢ (36.2%) and ground-cover coefficient & (21.6%)). In this study, these parameters are

assigned with appropriate calibrated values from the research by Delucchi and Hsu (1996).

Note that housing density has nothing to do with the transportation network, but the noise cost also
depends on noise levels, which in turn depend on traffic conditions such as speed (which in turn
depends on travel time), traffic mix and network characteristics such as gradient, length and road
surface type. In other words, the existence of the excessive noise paradox as introduced in the next
section is related to the transportation network and its characteristics.

3. EXCESSIVE NOISE PARADOX

In this section, the occurrence of the counterintuitive excessive noise paradox and the simultaneous
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occurrences among the emission paradox, Braess’ paradox and excessive noise paradox are
demonstrated by using three small network examples. The excessive noise paradox is defined as
follows: in traffic assignment with non-cooperative behavior of travelers, some traffic control
strategies or network improvements can cause the total amount of excessive noise (and its cost) to
increase. The three examples given are associated with demand control, new link addition and speed
limit implementation under a fixed demand assumption. Travelers are also assumed to select routes
according to the user equilibrium (UE) principle. Hence, the link flows in each example are obtained
by solving the corresponding UE traffic assignment problem.

3.1 Paradox 1: A decrease in travel demand may result in an increase in total excessive
noise (and its cost)

As depicted in Figure 4, the example network includes three links and three nodes. The link cost
function (BPR function) and the practical link capacity are shown in Table 3. Free flow travel time
can be calculated by the free flow travel speed and the length of the link. There are two origin-
destination (O-D) pairs: from node 1 to node 3 with fixed demand D, ;, and from node 1 to node 2
with a demand of D, ,. Note that the two paths, p, = (d, b) and p, = (c), connect O-D pair (1, 3), but

there is only one path for O-D pair (1, 2).

Figure 4 Network topology for Paradox 1

Table 3 Input data to the example for Paradox 1

Link
d | b | c
Link free flow travel speed 37.28 mph (60 km/hr)

. 1.864 miles 1.243 miles 3.418 miles
Link length (3000 m) (2000 m) (5500 m)
Link practical capacity (veh/hr) 1500 2500 2500
Link cost function parameters £=015n=4

Originally, the travel demands are D,, =500 veh/hr and D,, = 1500 veh/hr, respectively. The traffic

equilibrium link flow pattern is x; = 1530 veh/hr, x, = 1030 veh/hr, and x = 470 veh/hr. The total

amount of excessive noise generated is 0.00031 dBA-mi?, resulting in a damage cost of $255.704 to
house values. It is noticed that the excessive traffic noise (and its cost) is mainly attributable to link b,
because: firstly, the average travel speed on link d is relatively low at this point, resulting in little
amount of excessive noise damage. Secondly, the noise level below a certain threshold causes zero
damage to the surrounding living environment (Delucchi & Hsu, 1996). The traffic flow on link c is
relatively small, leading to low equivalent noise levels and no excessive noise damage.

Now, if D,, falls to 100 veh/hr and all of the other settings remain the same, the new traffic

equilibrium link flow pattern is x; = 1513 veh/hr, x; = 1413 veh/hr, and x_ = 87 veh/hr. The total
amount of excessive noise generated becomes 0.00369 dBA-mi® The total damage cost also rises, to
$3041.86, which is increased by more than 10 times. If D,, begins to decrease but D, , remains the




12

same, the link travel time cost of link d is reduced, because there is less traffic flow on this link, and
the path travel time cost (calculated as p, = (d, b)) is reduced as well. To reach a new traffic

equilibrium, a portion of the traffic flow of O-D pair (1, 3) is diverted from p, onto p,. This diversion
slightly helps to alleviate the traffic condition on link ¢ and reduces the noise amount/cost, but it
induces much higher traffic flow and a much larger amount of noise cost associated with link b.
Meanwhile, link c still gives zero excessive noise cost due to even lower link flow. As a result, the
amount of excessive traffic noise generated on link b increases and overweighs the decreased amount
by link d, and the total damage cost of excessive noise rises.

To gain an idea of the excessive noise generated by the system optimal traffic flow, the corresponding
link flow pattern with D, ,= 100 veh/hr is calculated: x; = 1040 veh/hr, x; = 940 veh/hr, and x; =

560 veh/hr. The total amount of excessive noise generated is zero dBA-mi®, which is less than
0.00369 dBA-mi” under UE.

To illustrate the occurrence of this paradox in a real large road network, the frequently used Sioux
Falls network is selected. The detailed configuration, together with the demand matrix, can be found
on the website provided by Bar-Gera (2012). The network topology is provided in Figure 5 below.
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Figure 5 Sioux Falls network topology for Paradox 1

To start with, the O-D traffic demands are loaded onto the network with a few changes (D, =0,
D16 =0, Dy, =0, Dy, =0, and D, ,; =0). The travel demand for the O-D pair (17, 10) is 3900

veh/hour initially. At UE, the total amount of excessive noise generated is 14.787 dBA-mi?, which
equals a damage cost of $12192421.43 (in terms of property values). Now if the travel demand of O-
D pair (17, 10) falls to zero and the whole network traffic achieves a new equilibrium link flow
pattern, the total amount of excessive noise generated increases to 14.892 dBA-mi°. The total damage
cost also rises to $12278997.76.
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3.2 Paradox 2: The implementation of a speed limit on a certain link may result in increases
in total excessive noise (and its cost) and in emissions (and their costs)

In this study, it is assumed that all vehicles travel at their allowable maximum speeds. Consider the
network discussed in Paradox 1, with all of the settings remaining the same. By assigning D, , = 500

veh/hr and D, ; = 1500 veh/hr into the network again, we have the same traffic equilibrium link flow

pattern, with the total noise generated being 0.00031 dBA-mi® and the damage cost being $255.704.
The weights of CO and HC emissions from the network are 4256.248 g and 357.915 g, respectively,
which correspondingly cause hourly damage costs of $2.171 and $0.487.

If a speed limit of 40 km/hr is implemented on link ¢, and the free flow travel speed on all other links
remains at 60 km/hr, then the free flow travel time on link c is raised. The new traffic equilibrium link

flow pattern is obtained as follows: x; = 2000 veh/hr, x; = 1500, and X; = 0 veh/hr. The total amount

of excessive noise generated increases to 0.00454 dBA-mi’, and the damage cost increases to
$3746.07. The emitted CO and HC also increase to 4454.119 g and 372.946 g, respectively, which
brings larger hourly costs of $2.271 and $0.507. The paradoxes of excessive noise and emissions
occur simultaneously.

The explanation for this excessive noise paradox is similar to that for Paradox 1. When link ¢ has a
speed limit, the free flow travel time increases, and the travel time cost through the link increases.
This again leads to the traffic flow being redirected from link c onto route p, = (d, b). If we recall that

at this point the excessive noise is produced mostly by link b, the link flow increment of link b results
in the excessive noise increase, and the paradox occurs.

3.3 Paradox 3: With a fixed demand, the addition of a link may result in increases of total
excessive noise (and its cost) and of system travel time cost.

Recall the classic Braess network (see Figure 6). The modified link cost function parameters are
shown in Table 4. There is only one O-D pair: OD pair (1, 4). Three routes are available after the new
link addition, namely route 1 (1-2-4), route 2 (1-3-4) and route 3 (1-2-3-4). Before link (2, 3) is added,
the demand is equally loaded onto routes 1 and 2, because the network is symmetric.

Figure 6 The Braess network

Figure 7 depicts the change in equilibrium path flows when total demand increases. It can be seen that
initially, only route 3 (the dashed line) containing the new link carries the traffic flow. As the total
demand increases (i.e., larger than 2543 veh/hr), all routes begin to share traffic flows. Finally, the
demand is too large, and only routes 1 and 2 carry traffic, which results in no contribution from the
new link addition.
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Table 4 Input data to the example for Paradox 3

Link
b | ¢ | d | e f

Link free flow travel speed 37.28 mph (60 km/hr)

1.243 3.355 3.355 1.243 3.355
Link length miles miles miles miles miles

(2000 m) (5400 m) (5400 m) (2000 m) (5400 m)

Link practical capacity 2000 5000 5000 2000 2200
(veh/hr)
Link cost function parameters p=015n=4
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Figure 7 Equilibrium route flows on the 5-link network
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Figure 8 Total amount of excessive noise before/after link (2, 3) is added

The amount of total excessive noise is shown in Figure 8. The solid and dashed lines represent the




15

total amounts of excessive noise produced by the 5-link and the 4-link networks, respectively. There
is one range in which the total excessive noise is larger than that of the 4-link network, which means
that after the new link is added, the total amount of excessive noise counterintuitively increases. In
other words, the excessive noise paradox occurs. The main reason for such occurrence is that different
equilibrium patterns are achieved by the selfish routing behavior of travelers: the new route is the only
or main route in use within this demand range in the 5-link network. When only route 3 carries traffic
flow (less than the demand of 2543 veh/hr), the faster increase of flow on each link of route 3 results
in sooner production of excessive noise, while the link flows in the 4-link network is insufficient to
cause any excessive noise or only sufficient to cause small excessive noise, leading to the occurrence
of excessive noise paradox. When routes 1 and 2 carry traffic flow in the 5-link network in the early
stage (i.e., when the demand is slightly large than 2543 veh/hr), the total amount of excessive noise
produced decreases but remains larger than that of the 4-link network, which is shown as the drop in
Figure 8 within the range for the occurrence of this paradox.

3.4 Simultaneous occurrences of excessive noise and Braess’ paradoxes, as well as emissions
and Braess’ paradoxes

In this section, the simultaneous occurrences among the CO and HC emission paradoxes, Braess’
paradox, and excessive noise paradox are investigated. The network setting in Section 3.3 is used.
The ranges of demand for their occurrences are shown in Figure 9, Figure 10, and Figure 11,
respectively. Comparing them with Figure 8, it can be noticed that the demand range for the
occurrence of the Braess paradox overlaps both the ranges for the occurrences of excessive noise
paradox and emission paradoxes. The simultaneous occurrences of Braess’ paradox and the excessive
noise paradox, as well as Braess’ paradox and the emission paradox are demonstrated. However,
when the demand is low, only the excessive noise paradox occurs and the other two paradoxes do not.
This result implies that a network design that considers only total emissions and total system travel
cost cannot avoid the occurrence of an excessive noise paradox.
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Another observation is that the range of demand for the occurrence of Braess’ paradox, as shown in
Figure 11, is consistent with the view presented by Pas and Principio (1997), who pointed out that
Braess’ paradox will not occur when the demand for travel is either too high or too low. However, a
similar conclusion cannot be drawn concerning the effect of demand on the excessive noise paradox
when a link addition is considered. As shown in Figure 8, the excessive noise paradox occurs with
relatively low demand.

4. SENSITIVITY ANALYSES ON OCCURRENCE OF THE EXCESSIVE NOISE
PARADOX

Pas and Principio (1997) showed that the occurrence of Braess’ paradox depends on the link
performance function parameters and the demand for travel. In Szeto et al. (2008), similar conclusions
were drawn for the occurrence of the emission paradox. In this section, four sensitivity analyses are
conducted on factors influencing the occurrence of the excessive noise paradox. First, the influence of
demand for travel is investigated, followed by the calibration parameters for the BPR link
performance functions, including the coefficient 8 and power n. Then, practical link capacity is

examined. Finally, free flow travel time, another link attribute to the link performance functions, is
also worth investigating. In this study, we convert the free flow travel time into the speed limit, which
affects the free flow travel speed directly. The conclusion regarding speed limits is of higher
application value and provides better insights for network design problems.

4.1 Sensitivity analysis of demand for travel

We study the influence of demand on the occurrence of the excessive noise paradox, again using the
example network for Paradox 1 (Figure 4) with the same fixed D, ;. Figure 12 provides a clearer

picture of how the total amount of excessive noise changes under variations inD, , .
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Figure 14 Changes in the link flows

Figure 12 shows that as D, increases, the total amount of excessive noise decreases at first, and

increases rapidly sharply and reaches a smooth-out. The decreasing portion represents the occurrence
of the excessive noise paradox. The excessive noise paradox due to the change in demand can be
interpreted in one of two ways. Either the total amount of excessive noise decreases when the demand
for travel increases, or the total amount of excessive noise increases with a decrease in the demand for
travel.

The paradox was illustrated as Paradox 1 and is explained in Section 3. This paradox occurs when
D, , is relatively low. At this early stage, the excessive noise produced by ¢ equals zero, because of
relatively low link flow, which leads to low equivalent noise levels and no excessive noise damage on

the link. In the meantime, the excessive noise produced by d is nearly negligible, since the link flow is
close to the actual capacity leading to low travel speed. Hence, the excessive noise cost is mainly

attributable to link b, as can be seen in Figure 13. Moreover, as D, ,changes, the link flow on link b
always changes in the reverse direction to reach a new equilibrium flow pattern. As a result, when
D, , increases, the traffic flow on link b decreases, and hence the amount of excessive traffic noise

generated on link b decreases. Therefore, the total damage cost of excessive noise falls, and the
paradox occurs.

4.2 Sensitivity analysis of link performance function parameters

The link performance function represents the relationship between traffic flow and average travel time
for any given link in the road network. Linear link cost functions are usually used to simplify the
analysis and to provide an analytical solution for the equilibrium condition (e.g., Fisk, 1979;
Nagurney, 2000a; and Szeto et al., 2008). Szeto et al. (2008) concluded that the occurrence of the
emission paradox depends on the parameters of the link performance functions. In this section, a
widely used link performance function developed by the BPR is adopted, as in the last section.

This function has two calibration parameters, £ and n, whose values are commonly set as 0.15 and 4,
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respectively. To study their effects on the occurrence of excessive noise paradox, the example for
Paradox 1 is selected for illustration purposes. First, the value of £ is fixed as 0.15, and four values

of power n are tested. Figure 15 shows the results, indicating how the total amounts of excessive noise
(with different values of n) change with demand. As we can see, all curves decrease first as D,

increases, which suggests that Paradox 1 can always occur under the four tested values of power n. In
addition, the magnitude of change in the total amount of excessive noise is larger if n is larger.

The influence of the parameter S is examined in the same way, and the results are shown in Figure

16. These findings lead to the same qualitative conclusions, namely that the excessive noise paradox
always happens under these different values of £, and only the ranges of demand for the occurrence

are influenced. The larger value of g, the sooner the excessive noise paradox occurs as D,
increases from zero.
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Figure 15 Sensitivity analysis of the power n in the BPR functions
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4.3 Sensitivity analysis of practical link capacity

This example demonstrates how the practical link capacity affects the occurrence of the excessive
noise paradox. The example for Paradox 1 is considered, but for the practical capacity of link b, four
tested scenarios are considered. The total amount of excessive noise produced in each scenario is
given in Figure 17. According to this figure, we can make three observations. First, the excessive
noise paradox occurs among all four tested scenarios. Second, the value of capacity influences the
occurrence of the excessive noise paradox, because the value influences the analytical traffic
equilibrium solution. Third, we observe that a larger capacity of link b results in more excessive noise
produced by the network (and vice versa) when the demand is low. This capacity increment can be
considered a variation of Paradox 3, in which adding a new link can be viewed as increasing the
capacity from zero to a positive number.
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Figure 17 Sensitivity analysis of the practical capacity of link b in the example for Paradox 1
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4.4 Sensitivity analysis of speed limit

Paradox 2 in Section 3 has demonstrated that the total amount of excessive noise produced by the
network traffic can increase after a speed limit is implemented on a certain link. To investigate the
influence of speed limits on the whole network, three speed limit values are tested on the Braess link
addition example for Paradox 3. The ranges of demand for the occurrence of the excessive noise
paradox (NP), Braess’ paradox (BP), and the emission paradoxes (EP) (both CO and HC) due to the
addition of the new link under the different speed limits are summarized in Figure 18, Figure 19, and
Figure 20.

It can be seen from the comparison that as the free flow travel speed (i.e., the speed limit) decreases,
the range of demand for the occurrence of the emission paradoxes increases and the range of demand
for the occurrence of the excessive noise paradox shifts to the higher demand direction. Moreover, for
a given demand, reducing the speed limit from 70 to 60 (or even 50) km/hr leads to the occurrence of
the excessive noise paradox (e.g., 2500 veh/hr), as well as the emission paradox (e.g., 4500 veh/hr).
This result shows that implementing a relatively low speed limit scheme may not help to reduce the
excessive noise or emissions in this network for a given demand. It also can be observed that the
excessive noise and Braess paradox can happen simultaneously with relatively low demand, while the
excessive noise and Braess paradox can take place together with high demand.
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Figure 18 Occurrences of paradoxes (Network speed limit = 70 km/hr or 43.50 mph)
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Figure 19 Occurrences of paradoxes (Network speed limit = 60 km/hr or 37.28 mph)
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Figure 20 Occurrences of paradoxes (Network speed limit = 50 km/hr or 31.07 mph)

5. CONCLUSIONS

The existence of an excessive noise paradox is demonstrated in this study through tests involving
several hypothetical small networks. Although these networks have simple structures, large networks
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commonly include variations of similar structures. Moreover, we have also illustrated the existence of

paradoxes by using the Sioux Falls network. We summarize the key findings as follows.

(@) Our results indicate that some traffic control strategies, or so-called network improvements, may
not always improve the transportation system in terms of the excessive noise and emissions
produced.

(b) A decrease in travel demand may result in an increase in total excessive noise (and its cost). The
occurrence of an excessive noise paradox depends on the demand for travel, and thus does not
always occur.

(c) The implementation of a speed limit on a certain link or on the whole network may result in an
increase in total excessive noise (and its cost). A network speed limit scheme with a relatively
low value may not help to reduce the excessive noise or the emissions in the network.

(d) With a fixed demand, the addition of a link may result in increases to total excessive noise (and
its cost), and system travel time (and its cost). An increase in link capacity may also result in an
increase in total excessive noise (and its cost).

(e) Braess’ paradox and the excessive noise paradox can occur simultaneously, but do not always
occur at the same time. A similar conclusion can be drawn to Braess’ paradox and the emission
paradox.

(f) Under certain conditions, the excessive noise paradox occurs when Braess’ paradox does not,
which implies that road network improvements designed solely to alleviate congestion may fail
to mitigate the increased external damage cost of excessive noise.

(9) Upon the use of BPR functions, the excessive noise paradox always happens under all tested /£

and n values, but the range of demand for this occurrence is affected.

The paradoxical phenomena explored in this study offer new insights for transportation studies
associated with environmental sustainability. Especially the non-simultaneous occurrences of the
excessive noise paradox, Braess’ paradox and the emission paradox indicate that a transportation
network design that only aims to mitigate traffic congestion may result in unwanted environmental
deterioration, or vice versa. A more comprehensive approach to sustainable road network design is
necessary, i.e., an approach that considers environmental sustainability and congestion simultaneously.
Although some research (e.g., Li et al., 2014; Long et al., 2014; Jiang & Szeto, 2015; Miandoabchi et
al., 2015; Szeto et al., 2015) has been performed along this line, further studies should be conducted
to develop an effective, accurate, and efficient methodology for sustainable road network design.
Extending global optimization techniques (e.g., Liu and Wang, 2015; Riemann et al., 2015; Wang et
al., 2015; 2016) to solve sustainable road network design problems is one possible direction.
Moreover, a future study should be conducted to identify the emission and excessive noise paradoxes
in an existing network, with the aim of eliminating these issues. Several other paradoxes mentioned in
the introduction are not considered in this study, and need to be examined in the future. Another
possible direction for research can involve comparing some of these paradoxes, e.g., the capacity
paradox, with each of the three paradoxes considered in this study, to examine the conditions for the
simultaneous occurrence of all paradoxes concerned. Finally, this study only adopts a static traffic
assignment approach to demonstrate the existence of excessive noise paradox. This approach can well
capture the traffic behavior under the uncongested or free flow traffic regime. Hence, our example
setting is only limited to uncongested scenarios. To examine the existence of excessive noise paradox
and the impact of noise under the congested regime, a dynamic traffic assignment modeling approach
(e.g., Long et al., 2015; 2016) with the use of fundamental diagram (e.g., Chow et al., 2015) should
be used. This is one of our future studies.
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