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Abstract: Traffic congestion is a perpetual problem for the sustainability of transportation development.
Traffic congestion causes delays, inconvenience, and economic losses to drivers, as well as air
pollution. Identification and quantification of traffic congestion are crucial for decision-makers to
initiate mitigation strategies to improve the overall transportation system’s sustainability. In this
paper, the currently available measures are detailed and compared by implementing them on a daily
and weekly traffic historical dataset. The results showed each measure showed significant variations
in congestion states while indicating a similar congestion trend. The advantages and disadvantages
of each measure are identified from the data analysis. This study summarizes the current road traffic
congestion measures and provides a constructive insight into the development of a sustainable and
resilient traffic management system.
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1. Introduction

Traffic congestion is an extensive global phenomenon resulting from high population density,
growth of motor vehicles and their infrastructure, and proliferation of rideshare and delivery services [1].
Researchers have defined congestion from different perspectives. The most common definition of
congestion in the state of traffic flow is when the travel demand exceeds road capacity [2]. From the
delay-travel time perspective, congestion occurs when the normal flow of traffic is interrupted by
a high density of vehicles resulting in excess travel time [3]. Congestion can also be defined by the
increment of the road user’s cost due to the disruption of normal traffic flow [4]. A variety of reasons
are responsible for creating congestion in most urban areas. Depending on these different reasons,
congestion can be classified into recurring and nonrecurring congestion. Recurring congestion occurs
regularly, mostly due to the excessive number of vehicles during peak hours [5]. On the other hand,
unpredictable events—such as weather, work zones, incidents, and special events—are the causes of
nonrecurring congestion [6-8]. According to the United States Department of Transportation Federal
Highway Administration (DOT-FHWA), nonrecurring congestion contributes to more than 50% of all
traffic congestion, where 40% of congestion is caused by recurring congestion [3].

The social, economic, and environmental impacts of traffic congestion in recent years are quite
significant [9-11]. Especially in the densely populated areas, the extensive amount of delay and cost due
to congestion affects the urban transportation system considerably [11-13]. In 2014, traffic congestion
cost people in the United States (US) a total of $160 billion from 6.9 billion extra hours traveled and
3.1 billion addjitional gallons of fuel purchased [14,15]. This happens because the existing roadways
cannot accommodate the increasing number of automobiles. According to the INRIX Roadway
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Analytics in 2017, over the next 10 years, the most congested 25 cities of the U.S. are estimated to
cost the drivers $480 billion due to lost time, wasted fuel, and carbon emitted during congestion [16].
This loss is also affecting the global economy to a great extent. In 2018, it was found that the total cost
of lost productivity in the U.S. caused by congestion is $87 billion [17].

Aging physical transportation infrastructure—such as the conditions of roads, highways,
or bridges—are often blamed as one of the inherent causes of traffic congestion [18,19].
However, congestion is also partly responsible for accelerating the physical degradation of
transportation infrastructure, and consequently for reducing the transportation network performance.
Although several recovery strategies have been developed to improve the damaged network
performance [20], most of these strategies are not sufficient or even might not be applicable for
congested road traffic conditions.

In order to ensure a sustainable and resilient transportation system, multi-disciplinary mitigation
actions on combating road traffic congestions are necessary [21]. For many years, multifold attempts
from the government, public, and private sector policy-makers, researchers, and practitioners have
been implemented to minimize losses due to congestion [22-24]. It is observed that proper monitoring
of the traffic condition is the first step to building an effective traffic control management system [25-28].
By doing so, the congestion levels can be quantified promptly, and preventive actions can be initiated
before the peak of the congestion hours. Measuring probable congestion can also be beneficial while
planning for traffic management during special events [29].

Policy-makers, researchers, and transportation experts have been working for many years to
develop different measurement approaches to estimate traffic congestion accurately. Currently, a variety
of traffic congestion measures are available depending on various performance criteria, such as speed,
travel time, delay, level of services, or other indices. However, there is no fixed universal method of
measuring traffic conditions at present [30,31]. In different countries, even in different states of a country,
different measures are adopted. For example, the Texas Transportation Institute used the Roadway
Congestion Index in the 1994 urban mobility report [32], and the Washington State Transportation
Department used the average peak travel time in the 2006 congestion report [33]. The Highway
Capacity Manual (HCM) [30] is one of the few first manuals to suggest using the level of service (LoS)
as an evaluation index of road performance in 1985. The LoS is classified into six classes in the U.S.,
whereas LoS is organized into three levels in Japan. The U.S. Department of Transportation (DOT) had
been using congestion hours, travel time index, and planning time index in their 20162018 yearly
congestion trend reports [34-36]. The Ministry of Public Security in China selected the average travel
speed of a city road to demonstrate congestion conditions [30]. Finding the most suitable measure to
be employed in a road traffic analysis from this wide variety of measures can be challenging.

Traffic congestion is a global issue that challenges the development of a resilient and sustainable
transportation system. The long-term goal of this research paper is to contribute to the development
of a sustainable and resilient transportation management system that aims to minimize the negative
socio-economic-environmental impact of congestion. Prior to the implementation stage, a multitude
of road traffic analyses from different perspectives must be conducted. Monitoring the traffic flow
in an area is one of the initial steps in establishing a proper traffic management system or mitigating
congestion. Since there are various congestion measures available, considering multiple congestion
measures can be complicated in a road traffic analysis. Thus, this paper reviews various traffic
congestion measures by comparing each measure in a small-scale case study. Evaluating the available
measures in order to find the appropriate congestion measures to be employed in road traffic analysis is
crucial. In addition to exclusively listing various available congestion measures, this paper also aims to
aid decision-makers with a preliminary evaluation of comparing each measure through data analysis.

This review paper aims to elaborate on the state of the art in road traffic congestion measures as a
building block towards the development of resilient and sustainable transportation system. Based on
the challenges mentioned above, the motivation and objectives of this paper are as follows. (1) provide
the state of the art of the currently available traffic congestion measures; (2) evaluate the effectiveness
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and discrepancies of the measures in monitoring traffic conditions; (3) analyze the merits and demerits
of each measure; and (4) identify some prospective future research directions in the greater interest of
mitigating traffic congestion towards the development of a sustainable and resilient transportation
management system. Figure 1 layouts the literature review process, the evaluation, as well as the
potential future direction. n denotes the number of research articles and transportation-related project
reports reviewed and considered during the literature review process.
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Figure 1. Literature review flowchart and the structure of this review paper.

The rest of the paper is organized as follows. Section 2 illustrates the different causes of traffic
congestion. Section 3 categories the currently available congestion measures and details their equations
or computation methods in general. Section 4 discusses the implementation of these measures in
traffic dataset and their results. Section 5 identified the advantages and disadvantages of each measure.
Finally, Section 6 summarizes the key findings with the conclusion.

2. Root Causes of Congestions

Congestion in urban or metropolitan areas may occur due to various reasons, such as excess
demand, signal, incidents, work zones, weather-related, or special events. Depending on various
root causes, generally, road traffic congestions can be classified into two categories: (1) recurring
congestions and (2) nonrecurring congestions [37].
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2.1. Recurring Congestion

In most metropolitan cities, travelers experience congestion every day during daily peak hours.
According to FHWA, roughly half of the congestion experienced by traffic users is recurring [5].
The common reasons for recurring congestion are:

e  Bottlenecks and capacity: The most common cause of congestion is due to blockages, as shown
in Figure 2. Bottlenecks generally occur during peak flow hours, where the number of lanes
converging on a roadway, bridge, or tunnel exceeds the number of lanes these facilities have [38—40].
It may also occur when the demand exceeds the capacity of a road. The capacity of any road
indicates the maximum amount of traffic that can be handled. Capacity can be determined by the
number and width of lanes, merging length at interchanges, and roadway alignment.

Figure 2. Bottlenecks in a highway [41].

e Insufficient infrastructure: Insufficient infrastructure is one of the most significant reasons for
congestion, especially in highly populated areas. Because of the higher population rate, the number
of vehicles also increases with it. When the existing number of infrastructures fails to occupy this
increasing number of cars, congestion occurs [42].

e  Variation in traffic flow: The variability in day-to-day traffic demands results in higher volumes
in some days compared to others. When these variable demands do not match with the fixed
capacity, a delay may occur [37].

e Inadequate traffic controllers: Poorly timed signals or designs of traffic controllers such as
traffic lights, stop signs, speed reductions, or railroad crossings can disrupt a regular traffic flow,
which leads to congestion and travel time fluctuation [37].

2.2. Nonrecurring Congestions

Nonrecurring congestions generally occurred due to unpredictable events, such as traffic incidents,
work zones, weather, or other particular circumstances [6,37]. Nonrecurring congestion can initiate
new congestion in the off-peak periods, as well as can increase the delay due to recurring congestion.
Some common examples of nonrecurring congestion are:

e  Traffic incidents/accidents: The most common form of incidents is vehicular crashes, breakdowns,
and debris in travel lanes. These events disrupt the normal flow of traffic, usually by blocking the
travel lanes, which further results in capacity reduction [43,44].
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e  Work zones: Work zones refer to the construction activities on the roadway by making physical
changes to the highway environment. These changes lead to a reduction in the number or width
of travel lanes, lane ‘shifts’, lane diversions, reduction or elimination of shoulders, and temporary
roadway closures.

e  Weather: Changes in environmental conditions or weather can affect traffic flow and driver
behavior. These may also modify the traffic control systems, such as signals and railway crossing,
as well as road conditions. Due to bad weather induced road conditions, about 28% of all highway
crashes and 19% of all fatalities take place [45]. Besides, both vehicle speed and volume can be
affected by high wind-gust, heavy rains, or snow.

e  Other special events: Demand variations of traffic flow about a particular event that generally
differ from the usual flow pattern. These events include sports events (game day), concerts,
or other social events. A sudden spike in traffic demand during special occasions can overwhelm
the system and create congestion.

3. Current Approaches to Measure Congestion

To quantify the congestion level, numerous congestion measures have been developed considering
different performance criteria. Depending on these criteria, the congestion measures can be categorized
into five categories: (i) speed, (ii) travel time, (iii) delay, (iv) level of services (LoS), and (v) congestion
indices, as shown in Figure 3. Moreover, some measures are used by the DOT-FHWA to quantify the
congestion level annually. These federal congestion measures are listed in Section 3.6. The congestion
measures employed in other countries may differ from the ones discussed in this paper will be discussed
briefly in Section 3.7. Note that the measures presented in this paper are not exhaustive.

Speed Travel Time Delay Level of Congestion Federal
b Services Indices
Speed ( 1| ) ( 1 ) Congested
reduction Delay Ratio Hours
i . Relative —————
index (SRI) ) Volume to Congestion Travel Tine
Travel rate — Capacity Index Index (TTI)
Speed ratio (V/C) (RCD) ——————
performance Delay Rate Planning
index (SPI) Time Index
\ J \ ) \ J A J (PTD

Figure 3. Congestion measures in different categories.

3.1. Speed

3.1.1. Speed Reduction Index (SRI)

SRl is the ratio of the relative speed change between congested and free-flow conditions, as shown
in Equation (1) [30,31]. The SRI ratio is multiplied by 10 to keep the value of SRI in the range
of 0 to 10. Congestion occurs when the index value exceeds 4 to 5. Values less than 4 indicate a
non-congested condition.

SRI = (1 — vac/vg) X 10, 1)

where SRI denotes the speed reduction index, v,. indicates the actual travel speed, and Uf means the
free-flow speed.

The free-flow speed generally refers to the average speed of the off-peak period. In practice,
the posted speed limit can also be considered as the free-flow speed. In the FHWA'’s Urban Congestion
Report of 2019 [46], the 85th percentile of the off-peak speed is considered as the free-flow speed.
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According to the same report [46], the off-peak period is Monday through Friday, 9:00 a.m. to 4:00 p.m.
and 7:00 p.m. to 10:00 p.m., and Saturday and Sunday 6:00 a.m. to 10:00 p.m.

3.1.2. Speed Performance Index (SPI)

SPlis developed to evaluate urban road traffic conditions [30]. The value of SPI (ranging from 0 to

100) can be defined by the ratio between vehicle speed and the maximum permissible speed, as shown

in Equation (2). To measure the traffic state on the road with this index, the traffic state level can be

classified with three threshold values (25, 50, and 75). The classification criterion of the urban road
traffic state is shown in Table 1.

SPI = (vavg/vmax) x 100, )

where SPI denotes the speed performance index, v,y indicates the average travel speed, and vyax
denotes the maximum permissible road speed.

Table 1. Speed performance index with traffic state

Speed Performance Index Traffic State Level Description of Traffic State
(0,25) Heavy congestion Low average speed, poor road traffic state
(25,50) Mild congestion Lower average speed, road traffic state bit weak
(50,75) Smooth Higher the average speed, road traffic state better
(75,100) Very smooth High average speed, road traffic state good

3.2. Travel Rate

Travel rate refers to the rate of motion for a particular roadway segment or trip that can be
represented by the ratio of the segment travel time by the segment length [47], as shown in Equation (3).
The inverse of speed can also be employed to quantify the travel rate.

Try = Ty/Ls, 3)
where, Tr, denotes the travel rate, T; is the travel time, and L, indicates the segment length.
3.3. Delay

3.3.1. Delay Rate

The delay rate is the rate of time loss for vehicles operating during congestion for a specific
roadway segment or trip [2,47]. It can be calculated by the difference between the actual travel rate
and the acceptable travel rate as

Dy = Trgc - Trap, 4)

where, D, is the delay rate, Tr, is the actual travel rate, and Tryy, is the acceptable travel rate.

3.3.2. Delay Ratio

The delay ratio can be calculated by the ratio of delay rate and the actual travel rate as Equation (6).
It is used to compare the relative congestion levels on different roadways [2,47].

D = D,/Trg, 5)

where D denotes the delay ratio, D, is the delay rate, and Tr, is the actual travel rate.
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3.4. Level of Services (LoS)

The Highway Capacity Manual (HCM) adopts the LoS approach [48]. Because of the simplicity,
LoS has become extremely popular in practice [49,50]. The LoS can be determined by various traffic
quantities, such as density, speed, volume to capacity ratio, and maximum service flow rate. The LoS
of a roadway can be determined by the scale intervals of the volume-to-capacity ratio (V/C), as shown
in Table 2. The V/C ratio can be calculated by

V/C = Nv/NmaXr (6)

where, N, is the spatial mean volume, and N,y denotes the maximum number of vehicles that a
segment is able to contain as the capacity [49,50]. It can be further quantified as

Ninax = (Ls/Lv) X Nl s (7)

where L; is the spatial segment length, L is the average vehicle length occupancy, and N is the number
of lanes. L, includes vehicle length and safety distance. In general, it is assumed that vehicle length is
about 14 ft. (approximately 4.27 m), and safety distance is about 15 ft. (approximately 4.57 m) [50].

Table 2. Level of service (LoS) based on the corresponding V/C ratio and operating conditions

LoS Class Traffic State and Condition V/C Ratio
A Free flow 0-0.60
B Stable flow with unaffected speed 0.61-0.70
C Stable flow but speed is affected 0.71-0.80
D High-density but the stable flow 0.81-0.90
E Traffic volume near or at capacity level with low speed 0.91-1.00
F Breakdown flow >1.00

3.5. Congestion Indices

3.5.1. Relative Congestion Index (RCI)

RCl is the ratio of delay time and free-flow travel time (Ty) [49,50]. The RCI of 0 denotes a very
low congestion level, and the values greater than two (> 2) show a significant congestion level. RCI can
be calculated by

RCI = (o = T)/ Ty ®)

where T, is the actual travel time, which is further quantified with the ratio of spatial length and
spatial mean speed. The free-flow travel time (Tf) can be calculated with the ratio of spatial length and
free-flow speed.

3.5.2. Road Segment Congestion Index (R;)

The degree of road segment congestion, denoted by R;, can be measured by using the normal
road segment state and the duration of the non-congestion state in the observation period [30].
The non-congestion state includes the traffic state where the speed performance index (SPI) is higher
than 50. The R; index value ranges between 0 and 1, and the smaller the value of R;, the more congested
the road segment is.

Ri= (SPIng/loo) X Rnc, )

Rnc = tnchtt, (10)
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where R; is the road segment congestion index, SPIyy, is the average of the speed performance index.
Rnc and tync denotes the proportion of non-congested state and the duration of the non-congested
state, respectively. #; is the length of the observation period.

3.6. Federal Congestion Measures

In the reports of annual urban congestion trends from 2016 to 2018, published by the DOT-FHWA,
congested hours, travel time index, and planning time index were used as congestion measures.
These measures are described as follows.

3.6.1. Congested Hours

The congested hours represent the average number of hours during specified periods in which
road sections are crowded. Speeds less than 90% of the free-flow speed for weekdays (6:00 a.m. to
10:00 p.m.) is considered as the congested state [34-36,46]. For example, if most vehicles travel on a
54 mph average when the free-flow speed is 60 mph, it is considered as the congested state.

3.6.2. Travel Time Index (TTI)

TTI is proposed in the 2005 Urban Mobility Report [31,32,46]. This index is quantified by
comparing travel time in the free-flow condition and the travel time in peak hours as

TTI = Tpp/Tﬁ = Uﬁc/vpp, (11)

where Tj, is the peak period travel time, Tﬁc is the free-flow travel time, vfis the free-flow travel speed,
and vy, is the peak period travel speed.

3.6.3. Planning Time Index (PTI)

PTI demonstrates the ratio of the 95th percentile travel time of the free-flow travel time. It is
computed during the a.m. (6:00 a.m. to 9:00 a.m.) and p.m. (4:00 p.m. to 7:00 p.m.) peak periods on
weekdays. A PTI of 1.60 means that travelers should anticipate an additional 60% of travel time above
the free-flow travel time to ensure on-time arrival 95% of the time (or most of the time) [34-36,46].

3.7. Approaches in Different Countries

Different countries adopt different congestion measures to determine the congestion level.
The Korea Highway Corporation (KHC) considers traffic congestion when the average vehicle speed
is lesser than 19 mph for more than 2 h in a day and 10 days in a month [31]. In Japan, the speed
threshold values are used to identify the congested areas. For examples, if the freeway travel speed
falls below 25 mph, or there are frequent ‘stop-and-go’ flows for more than half a mile, or continues for
more than 15 min, the state is called traffic congestion [31]. Since approaches in different countries are
not the focus of this paper, this section is kept concise and will not be further elaborated in detail.

4. Evaluation of Current Approaches

The measures, as mentioned above, were analyzed using real-time traffic datasets to evaluate
the practicality and the consistency of each measure in capturing the traffic condition. In this section,
the data analysis performed for the assessment of congestion measures is described, along with the
results found.

4.1. Dataset Description

The evaluation of congestion measures was performed with an open-source dataset from the
Chicago traffic tracker [51]. This dataset consists of the historical estimated congestion data for over
1,000 traffic segments, starting in approximately March 2018. Traffic congestion on Chicago’s arterial
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streets (non-freeway streets) in real-time can be estimated by continuously monitoring and analyzing
GPS (Global Positioning System) traces received from Chicago Transit Authority (CTA) buses dataset.
This dataset contains, speed, vehicle count, and segment length data for every 10 mins for seven
consecutive days. For this paper, an entire week of data from 14 March 2018, to 20 March 2018, of one
segment (from Michigan to Lake Shore Dr.) was considered. The specific road segment of the collected
traffic data is shown in Figure 4a by using Open Street Map in both off-peak (Figure 4b) and peak
hours conditions (Figure 4c,d). The traffic condition in Figure 4 was captured at the time of manuscript
preparation on 18 December 2019. It is shown in Figure 4 that during an off-peak time, a driver
typically needs only two minutes to travel through the road segment. However, during peak hours,
a driver is estimated to need three to four minutes to travel through the road segment, depending on
the congestion level.
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Figure 4. Traffic conditions in the segment from Michigan to Lake Shore Drive on 18 December 2019.
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4.2. Data Analysis

All the congestion measures from Section 3 were implemented on the described dataset to analyze
both daily and weekly traffic state at different times. The data for selected daily analysis was collected
on 14 March 2018, and the weekly analysis was collected from 14 March 2018, to 20 March 2018.

4.2.1. Daily Data Analysis

For understanding the traffic congestion at different times of a day, SRI, SP], travel rate, delay rate,
delay ratio, V/C ratio, and RCI were employed to capture traffic conditions on 19 March 2018.
The behavior of each measure at different times can be found in Figure 5, where the x-axis represents
the time of each day for the day, and the y-axis indicates the congestion index obtained based on
different congestion measures. The y-axis in all sub-figures in Figure 5, do not have units as they
represent the congestion index. As shown in Figure 5, each sub-figure has a different range of
congestion index. The different range of congestion indices complicates the process of comparing
various congestion measures.
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Figure 5. Cont.
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Figure 5. Congestion Measures: (a) SRI, (b) SPI, (c) travel rate, (d) delay rate, (e) delay ratio, (f) V/C,
and (g) RCI for a day (19 March 2018).

For each measure, the peak points of different congestion measures for the daily data analysis
are summarized in Table 3. It can be summarized that except for the V/C ratio, all the other measures
show a similar trend and the peak point at 5:31 PM. For the V/C ratio, the peak point is at 8:31 AM.
In addition, it was found that based on these particular days, the road segment index value is 0.45,
which indicates less congestion. The average congested hours for the day are 5 h, and the travel time
index (TTI) and the planning time index (PTI) values are 1.44 and 1.08, respectively. These numbers
imply that the 44% additional travel time is needed compared to free-flow travel time, and the traveler
might have to plan for 8% more time while traveling through this road.

Table 3. Peak points of different congestion measures on weekdays.

Day Monday Tuesday Wednesday Thursday Friday
Congestion Measures am. pm am. pm am pm. am pm. am. p.m.
SRI - 5:31 - 5:21 - 2:10 - 5:31 - 4:11
SPI - 5:31 - 5:21 - 2:10 - 5:31 - 4:11
Travel rate = 5:31 = 5:21 = 2:10 = 5:31 = 4:11
Delay rate - 5:31 - 5:21 - 2:10 - 5:31 - 4:11
Delay ratio - 5:31 - 5:21 - 2:10 - 5:31 - 4:11
v/C 8:31 - 8:51 - - 4:50  8:50 - 8:40 -
RCI = 5:31 = 5:21 2:10 = 5:31 = 4:11

4.2.2. Weekly Data Analysis

The weekly trend of the seven congestion measures is shown in Figure 6, where the x-axis
represents the time of each day for an entire week, and the y-axis indicates the congestion index
obtained based on different congestion measures. The y-axes in Figure 6 do not have a unit as they
represent the congestion index from various congestion measures. It can be noted that each congestion
measure has different ranges of congestion index. From Figure 6, it is observed that the trend of
measurement values for each day is almost consistent for SRI, SPI, travel rate, delay rate, delay ratio,
and RCI, except for the V/C ratio. This is because the SRI, SPI, travel rate, delay rate, delay ratio,
and RCI are fundamentally calculated based on the travel speed and time. However, the V/C ratio
shows a different perspective of congestion as it compares the volume of vehicles with the roadway
capacity. It is also observed that the V/C ratio on Thursday, Saturday, and Sunday is significantly lower
than that of the other four days.



Sustainability 2020, 12, 4660

@

(©

| W W ) m I M Il

(d)

| rhx w Wl v I l !.w

W __ Dalay Ratlo ®
l |
4 i 1
sl \ }
M N ll ” i}

|
\. \W L) \HW ‘h h “ ) wes

Wed  Thu

Figure 6. A one-week trend of different congestion measures

rate, (e) delay ratio, (f) V/C, and (g) RCIL.

. SRI T T T (b) 120

12 0f 23

L

T

i) w# * *’ 'l | i

rch 14, 2018
mms March 15, 2018
mmsm March 16, 2018
mmm=  March 17, 2018
mmm=  March 18, 2018
mm==  March 19, 2018

March 20, 2018

. (a) SRI, (b) SPI, (c) travel rate, (d) delay



Sustainability 2020, 12, 4660 13 of 23

The weekly peak point trend of these measures is also determined, which can be found in Table 3
for weekdays (Monday to Friday) and Table 4 for weekends (Saturday and Sunday). On weekdays
Monday to Friday, congestion is observed mostly between peak hours, 6:00 a.m. to 9:00 a.m. and
4:00 p.m. to 7:00 p.m. The peak value for the most measure is found at 5:31 p.m., 5:21 p.m., 2:10 p.m.,
5:31 p.m., and at 4:11 p.m. on Monday, Tuesday, Wednesday, Thursday, and Friday, respectively.
However, the peak value is found to be different at weekends at 12:10 a.m. and 12:50 p.m. on Sunday,
and 10:20 p.m. on Saturday:.

Table 4. Peak points of different congestion measures on weekends.

Day Saturday Sunday
Congestion Measures am. p-m. am. p-m.
SRI - 10:20 12:10 12:50
SPI - 10:20 12:10 12:50
Travel rate - 10:20 12:10 12:50
Delay rate - 10:20 12:10 12:50
Delay ratio - 10:20 12:10 12:50
v/C 8:50 - - 2:40
RCI - 10:20 12:10 12:50

When analyzing the congestion trend, a different type of trend is observed for the V/C ratio
if compared to other measures. For the weekdays, on Monday, Tuesday, Wednesday, Thursday,
and Friday, the peak point is at 8:31 a.m., 8:51 a.m., 4:50 p.m., 8:50 a.m., and 8:40 a.m., respectively.
Further, on the weekends, the peak point based on the V/C ratio is observed at 8:50 a.m. on Saturday
and at 2:40 p.m. on Sunday. The variation in congestion during weekdays and weekends could occur
because of the high rate of flow and volume of vehicles on the road on weekdays, which is not typically
observed on the weekends.

While measuring congestion with different measures, sometimes negative values may occur for
delay rate and delay ratio. This is because the difference between the actual and acceptable travel time
can be negative when the actual travel time is less than the acceptable travel time. It typically happens
especially at midnight, when fewer vehicles are traveling, and the average vehicle speed is quite high.
During this time, no congestion occurs as most cars take lesser time than average travel time. In all the
subfigures, the value of zero does not indicate if there is no congestion. Instead, it means that there is
no vehicle on the road. From this analysis, it is observed that different congestion measures may have
a different numerical value, but they also indicate a consistent congestion level within the range of
each measure.

Assuming the daily and weekly data used in the data analysis is the typical (recurring) congestions,
the monthly and yearly recurring congestion trend may be similar to the weekly congestion trend in
Figure 6. Slight variations of recurring congestions behavior from week to week in a year are expected
due to variations in traffic flow, weather conditions, and season changes. In addition, nonrecurring
congestions are expected in some days or weeks as well. However, to analyze the nonrecurring
condition, additional information on nonrecurring congestions events is required.

4.2.3. Case Study Discussion

Different congestion measures may have an impact on a decision, for example, whether the current
traffic condition should be classified as congested or not, and how bad the congestion level is. From all
the seven measures employed in data analysis, some of the discussed measures have a cutoff value
for the congestion state, for example, SRI indicates a congestion state when its value exceeds 4 to 5,
and for RCI, the congestion state starts from 2. Apart from the congestion state, some measures offer a
range of value to different levels of congestions. The SPI and V/C measures provide a set of values to
indicate various levels of congestion, as shown in Tables 1 and 2, respectively. The range of value is
often useful in a detailed daily congestion analysis.
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Comparing SRI that has a range of 0-10 and SPI that has a scale of 0-100, Table 5 summarized the
congested conditions and congestion counts found at different times for each day in a whole week.
It can be seen that SPI shows more congested points compared to SRI, although some of these time
instants are similar. The reason may be the range of values for SPI is more significant than that of
SRI. Thus, SPI shows more instances of the congested period in a day or a week compared to the SRI
measure. Based on the data analysis, SPI shows a total of 114 counts of congestion incidents, while SRI
showed a total of 57 congestion incidents in a week.

Table 5. Congestion on each day of a week based on SRI and SPI

Day SRI Count SPI Count
a.m. 12:10, 8:20 2 12:10, 6:40, 8:01, 8:20, 11:20 5
Sunday o Zgi ng(l)’ fig’ ; 12:50,1:40, 2:10-2:31, 3:31, 4:01, 1
p-m. R o B 4:31, 4:50, 5:40, 7:01, 7:31, 9:40
12:50
i 12:20, 1:20, 7:31, 4:51, 10:40, 6
a.m. 11:50
Monday m 2:10, 3:01, 3:40, 6 1:21, 2:10, 3:01-4:10, 4:40, 7
p-m. 4:40, 5:31, 10:20 5:31-5:50, 6:31-6:40, 10:20
6:01, 6:21,7:10,7:21, 7:40, 7:51,
a.m. 6:21,7:21, 10:50 3 10550, 11:01 8
Tuesday 12:31, 2:31, 2:50, 12:31, 1:10, 2:31, 3:01,
p-m. 3:31-3:50, 6 3:31-4:01, 5:01-5:31, 6:10, 7:50, 12
5:01-5:31, 7:50 8:01, 8:20, 8:40, 11:50
a.m. - -
Wednesday o 2:10, 4:01-4:40, 5 1:10, 2:10-2:21, 3:01, 4:01-4:40, 5
p-m. 5:10, 5:40, 6:31 5:10, 5:21, 5:40, 6:31
o 4:118’5%3111_, %140’ 5 7:31, 7:40, 8:31, 8:40, 10:01, o
a-m. A 10:50, 11:01, 11:40
11:40
Thursday
1:01, 3:10-3:21, 12:21, 1:01, 1:40, 3:10, 3:21, 3:50,
p-m. 4:31, 5:31, 6:10, 7 4:31, 5:10, 5:31, 5:50-6:10, 7:50, 13
7:50, 9:01 9:01, 9:10
5:40, 6:40, 6:50, 7:21, 7:51, 8:11,
. a.m. 4:01, 6:40-6:50 2 901, 9:21. 10:10 9
Friday
o 3:01, 3:30, 4:11, 5 12:01, 2:31, 3:01, 3:30, 4:11, 5:30, "
p-m. 6:50, 7:50 5:40, 6:40, 6:50, 7:50, 9:20, 11:40
6:40, 8:01, 5:20, 6:40, 8:01, 10:20, 11:01,
a.m. 4 7
11:01,11:10 11:10 11:40
Saturday
. 3:10, 3:40, 6:10, 5 2:01, 3:10, 3:40, 5:31, 6:10, 9:01, 5
p-m. 9:01, 10:20 10:20, 11:31
Total Count SRI 57 SPI 114

While SPI and SRI may indicate congestion incidents and counts in a period, there are other
measures, such as V/C and RCI, that do not indicate any congested period. For RCI, the cutoff value
for the congested state is 2, which is not found in Figure 6. Similarly, all values of V/C are less than 0.5,
which indicates the normal traffic state. With these measures, the information on the congestion count
cannot be directly measured or obtained.

Travel rate, delay rate, relay ratio, road segment index (R;), and the federal measures do
not explicitly provide a range of value, but only a point value, for congested traffic conditions.
Nonetheless, the point value may also be handy when comparing daily, weekly, or monthly traffic
conditions. The comparison of the road segment congestion index (R;) and the three federal measures
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(congested hours, travel time index (TTI), and planning time index (PTI)) for the entire week can be
found in Table 6 and Figure 7. In Figure 7, the x-axis represents the time of each day for a total week,
and the y-axis indicates the congestion index. The y-axes in Figure 7 do not have units, as each of
the y-axis in each sub-figure represents the congestion index. Similar to Figures 5 and 6, all of these
measures in Figure 7 also show a higher value for weekdays than weekends, which further indicate a
comparatively higher congestion level on the weekdays compared to the weekends.

Table 6. Road segment index (R;) and federal measures

Day R; Congested Hours TTI PTI
Sunday 0.42 3.5 1.17 0.91
Monday 041 43 1.31 0.98
Tuesday 0.44 5 1.35 1
Wednesday 0.45 5 1.44 1.08
Thursday 0.48 5.16 1.32 0.94
Friday 0.44 5.16 1.33 1.01
Saturday 0.46 3.33 1.15 0.88
(a) R; (b) Congested Hours (hr)
05 , 6 4
0.45 “/_/\/. ]
0.4 4
0.35 3
03 L1 L } » 5 | | ! | | | N
Sun Mon Tue Wed Thu Fri Sat ' ' ' ' .
Sun Mon Tue Wed Thu Fri Sat
(©) TTI (d) PTI
15 , 15
14 13
13 1.1
L 0 -/.___./'\/.\
11 0.7
1 ey 05 —_—
Sun Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat

Figure 7. Weekly trends of (a) R;, (b) congested hours, (c) TTI, and (d) PTI.

5. Discussion

In this section, further discussion on the characteristics of each congestion measures based on the
data analysis conducted is deliberated. From the analysis of the attributes of the currently available
congestion measures, the criteria of a good congestion measure are also described. At the end of the
section, some of the potential future research scopes towards a sustainable and resilient transportation
management system are identified.

5.1. Advantages and Disadvantages of Congestion Measures

The characteristics of the currently available congestion measures were analyzed based on the
found results from the data analysis of Section 4. The deviation of the current performance from the
non-congested performance can be easily comprehensible from these measures. Additionally, it should
be noted that the applicability of the measures differs from each other. For instance, speed-related
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measures and travel time index are less suitable for nonrecurring congestion scenarios. The advantages
and disadvantages of various measures discussed in the data analysis section are compiled in Table 7.

Table 7. Advantages and disadvantages of various congestion measures [2,32,52-54].

Measurement . .
Category Approach Congestion Range Advantages Disadvantages
Spged reduction >4 Easily comprehensible Does not consider
Speed index (SRT) Provides information about nonrecurring
Speed performance Different range relative vehicle speed in normal conditions
index (SPI) levels and congested condition
Travel time Travel rate No range available Both time and space are Cap acity 1s not
accounted for included

Delay

Delay rate

No range available

Can be used to estimate system
performance and choose
efficient travel method

Delay ratio

No range available

Compares relative congestion
levels in different types of roads

Limited for a specific
road type
No suggested
congestion range

Level of

Volume to capacity

Different range

Comprehensible by

Cannot provide
continuous
congestion value

services (LoS) ratio levels non-technical users No information on
speed and time are
considered
Relative congestion Spatial-mean performance of Limited to particular
. index (RCI) >2 traffic is represented road type
Congestion m p YP
indi . .
tndiees Road segment . Appropriate to represent Only apphcablne.to
.o No range available e measure specific
congestion index segment condition i
segment conditions.
Congested Hours  No range available Provides an est.lmatlon. of the Only depends on the
congested time period speed
S Accounts for recurring Value could vary due
Travel time index No range available congestion to different peak
Federal (TTI) & Both time and space are . 1 pear
. period consideration
considered

Planning time
index (PTI)

No range available

Describes travel time reliability
to planners as well as network
users

Planning for
additional travel
time might not
always be reliable

5.2. Criteria of a Good Congestion Measure

Measuring the congestion level is crucial for improving traffic management and control.
The following decision-making steps towards a sustainable transportation system are highly dependent
on the actual road traffic conditions. Thus, the measurement approach to quantify the congestion
severity should be practical enough for the decision-makers to implement necessary steps to mitigate
congestion promptly to achieve a sustainable and resilient transportation system. Transportation
experts have suggested a range of attributes that are often desired in a congestion measure [2,53,55-57];
a good congestion measure should:

1.  be well-defined, easily comprehensible, and uncomplicated for non-technical users to interpret
the results easily,

AR

provide a continuous range of values,

reflect the real level of service for any road types,
consider different system performances, such as travel time and speed,

be able to be used in predictive and statistical analysis purposes,
offer comparable values to different road types, and



Sustainability 2020, 12, 4660 17 of 23

7. be widely applicable for different road types

5.3. Current Mitigation Approaches

Traffic congestion has always been a constant global challenge. Although there is no guarantee
that congestion can be entirely dismissed due to the growing global population, transportation experts
from different countries have been working on mitigating congestion to a great extent [3,58—-60]. Most of
the implemented mitigation approaches, such as effective transportation management plans (TMPs)
developed by the DOT, are successful in reducing the percentage of congestion for a while. Some of the
most applied congestion mitigation approaches for both recurring and nonrecurring congestion are:

e Add more base capacity. The capacity of road infrastructure can be improved by increasing the
number and size of highways, providing more transit and freight rail service, adding additional
lanes, and building new highways [3,58-60]. However, this approach typically demands a
substantial amount of implementation costs.

e  Operate the existing infrastructures efficiently. The existing infrastructures can be utilized more
efficiently by redesigning mitigation routes for specific bottlenecks, such as in the interchanges
and intersections, to increase their function or their baseline capacity [3].

e  Various-sector traffic management. For incident management, identifying accidents quickly,
improving response times, and managing accidents or other incident scenes more effectively can
help in reducing the event induced congestions [44,61]. For the work zone, managing traffic in a
work zone area is necessary to reduce congestion, particularly at peak hours. Thus, the work zone
should be planned cautiously [62,63]. Planning for special events ahead of time and coordinate
with the traffic control plans may ease congestion [6,64]. Controlling traffic signals, ramp meters,
and manage lane usage with a computerized system are often found to a practical approach
in reducing congestion during peak hours [3]. Different management protocols, such as travel
demand management (TDM), non-automotive travel modes, and land use management, can be
followed [65].

e  Weather and traveler information. Predicting weather conditions in specific areas and roadways
would be beneficial for travelers to be prepared for congestions [66,67]. Suggesting alternative
routes for travelers ahead of the congestion period and area may reduce the volume-to-capacity
ratio in the congestion area [3]. Value pricing strategies. The dynamicity of traffic demand can be
adjusted with the capacity by imposing tolls [3,58]. This strategy may discourage travelers from
traveling during the congestion period.

5.4. Potential Future Research Directions

From the analysis of different congestion measures, it is evident that there are considerable scopes
for improvement in this field towards the development of a sustainable and resilient transportation
system. Some of the potential future research scopes to reduce congestion, improve resilience,
and ensure sustainability towards a more outstanding urban transportation system are discussed as
follows. Please note that the research directions are not exhaustive and may require multi-disciplinary
research approaches.

e Resilient traffic management system. Resilient often defines as how fast an entity can recover
from its disrupted states [68-70]. Since the recurring congestion is a cyclical scenario, the analysis
of how quickly traffic congestion can return to its normal operating state without congestion will
be beneficial in developing a resilient transportation management system [49,50,71]. Additionally,
a resilience-based congestion measure for both recurring and nonrecurring congestions is an area
that has a potential research scope. Several resilience-oriented congestion measures have been
proposed for recurring congestion [49,50]. However, resilience-based measures for nonrecurring
congestion is still underexplored.
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e  Analysis of nonrecurring congestion. A sustainable and resilient transportation system should be
able to offer interrupted functionality during unexpected events. Due to the increased intensity and
frequency of the natural-related disasters, nonrecurring congestion is a field of study that should
be explored extensively in terms of measurement approach, predictive analysis, and uncertainty
investigation [7,15,72-74]. The probability of occurring congestion varies for different types
of events, where some events are completely unpredictable, such as incidents from vehicles
crashes unexpected weather changes, and evacuation due to disasters [7,8,75,76]. The pattern and
probability occurrence of the root cause events for nonrecurring congestion are often uncertain.
Thus, it is relatively difficult to control and manage the traffic accurately while the event is
happening [21]. Especially during disasters, when an evacuation is needed, traffic congestion is
commonly encountered, which excessively slows down the evacuation process. Several efforts have
been made to analyze the impact of congestion on evacuation and increase efficiency can be found
in Refs. [8,43,77]. The pattern detection methods for nonrecurring congestion during evacuation
for predictive analysis can be investigated further to reduce evacuation-related congestion.

e  Smart traffic management system. The development of a sustainable and resilient transportation
system may be achieved with the aid of technological advancements. As computational
technologies advance rapidly, the conventional traffic management systems have evolved to
become more intelligent with the help of IoT (Internet of Things). IoT-based traffic management
systems and congestion mitigation techniques are often developed for smart urban areas [27,78,79].
Different data-driven approaches are employed to predict the time, probability, and the level of
congestion [29,80-82]. However, congestion can still occur in many cases due to the deviation
of prediction with implementation, or the improper usage of predicted features. In the future,
these issues should be addressed. The research on smart traffic management can also be leveraged
to include the nonrecurring congestion scenario, for example, in predicting the most effective time
of implementing evacuation or other mitigation approaches [8,77]. In addition to smart traffic
management systems, the retrofit process of current infrastructures, for example, to accommodate
the rapidly increasing charging stations and electric vehicles on roads, is another prospective
future research area towards the development of a sustainable transportation system [83].

e  Social-environmental effects of congestion. The irreversible environmental impacts on congestion
are constantly increasing day-by-day. Different advanced sustainability approaches have been
developed to reduce fuel consumption and greenhouse gas emission due to congestion [25,84,85].
Various strategies that fall under the intelligent transport system (ITS) categories, such as adaptive
traffic light control systems [86,87], have been proposed but sparsely implemented. The impacts
of such methods are believed to be able to reduce the negative environmental effects as well as
provide pollution-free air by reducing congestion significantly. Over recent years, electric vehicles
have become a popular potential option to combat carbon emissions. However, there are also
other environmental impacts imposed by batteries from electric vehicles [88,89]. Thus, proper
recycling procedures should be researched further [90-92].

e  Socioeconomic effects of congestion. Traffic congestion significantly affects urban life from both
social and economic aspects [9,93]. The causes and consequences of urban traffic congestion
have been considerably explored [13]. The overall productivity of society reduces due to traffic
congestion, which, in result, affects the economy as well [13,58]. The socioeconomic aspects should
be incorporated in the congestion mitigation research so that the negative socioeconomic impacts
of congestion can be reduced.

6. Conclusions

Traffic congestion is a global challenge in the development of sustainable and resilient traffic
management systems. In this paper, an overview of the causes of road traffic congestion is presented
for both recurring and nonrecurring congestion. In addition to this, the currently available traffic
congestion measures are categorized into seven different categories: (i) speed, (ii) travel time, (iii) delay,
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(iv) level of services (LoS), (v) congestion indices, (vi) federal approaches, and (vii) a brief discussion
on the strategies employed in different countries. For each category, congestion measures are described
with their corresponding equations and quantitative ranges for various congestion levels. A real-time
traffic tracker dataset was used to compare seven congestion measures. Daily and weekly analysis of
congestion were performed for a road segment. From the daily analysis, a similar peak congestion period
was observed for different congestion measures. Additionally, the weekly analysis showed a slight
difference of peak congestion period from day-to-day. Moreover, the advantages and disadvantages of
each measure are identified, along with the criteria of a good congestion measure.

Although there is no guarantee that traffic congestion can be resolved entirely, some of the
widely used mitigation approaches are listed in this study. Considering the available measurement
and mitigation approaches, a wide variety of potential future research directions were discussed.
This review paper mainly consists of non-probabilistic congestion measures. For immediate future
work, various probabilistic congestion measures will be evaluated as they are more appropriate to be
employed in congestion prediction and mitigation plans. In addition, more in-depth data analysis will
be conducted by considering various locations (or road segments), different traffic conditions, and the
complexity of the road structures. Overall, this study determines current challenges in traffic congestion
measurement approaches and provides a new insight towards the development of a sustainable and
resilient traffic management system in the long run.
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