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Abstract: Roughness is widely used as a primary measure of pavement condition. It is also the key
indicator of the riding quality and serviceability of roads. The high demand for roughness data has
bolstered the evolution of roughness measurement techniques. This study systematically investigated
the various trends in pavement roughness measurement techniques within the industry and research
community in the past five decades. In this study, the Scopus and TRID databases were utilized.
In industry, it was revealed that laser inertial profilers prevailed over response-type methods that
were popular until the 1990s. Three-dimensional triangulation is increasingly used in the automated
systems developed and used by major vendors in the USA, Canada, and Australia. Among the
research community, a boom of research focusing on roughness measurement has been evident in
the past few years. The increasing interest in exploring new measurement methods has been fueled
by crowdsourcing, the effort to develop cheaper techniques, and the growing demand for collecting
roughness data by new industries. The use of crowdsourcing tools, unmanned aerial vehicles (UAVs),
and synthetic aperture radar (SAR) images is expected to receive increasing attention from the research
community. However, the use of 3D systems is likely to continue gaining momentum in the industry.

Keywords: road monitoring and maintenance; roughness; IRI (international roughness index);
profiler; 3D imaging systems; satellite; review; industry practice

1. Introduction

For several decades, pavement condition surveys have been conducted by highway
agencies to collect a variety of pavement condition data. However, roughness (sometimes
identified as smoothness, rideability, or riding comfort) has been the most commonly
measured, particularly at the network level [1,2]. Pierce and Stolte [2] found that virtually
100% of agencies in the United States (USA) collect roughness data at the network level.
Roughness is used as one of the primary indicators of pavement conditions [3]. Additionally,
it is utilized by many agencies to select the treatment type of pavement sections [4-8].

Pavement roughness is particularly crucial due to its direct linkage with riding comfort
and user costs [9]. It also has a substantial impact on vehicle dynamics. Pavement roads of
higher roughness increase users’ operational costs, fuel consumption, and tire wear, and
reduce vehicle durability [9-11]. Lui and Al-Qadi [12] found that increasing pavement
roughness corresponds to an increase in the impact of dynamic loading on fuel consumption.
Robbins and Tran [13] reported that lowering the International Roughness Index (IRI) from
4 m/km to 3 m/km reduces vehicle maintenance costs by about 10%. Additionally, reducing
1 m/km in IRI can save USD 340 million in tire wear costs for passenger cars [13]. Moreover,
the impact of roughness on accident rates was remarked by different studies [14-16]. Thus,
it is usually used to capture commuters” experience on roads.

Pavement roughness is typically categorized into three scales based on functional con-
siderations, such as safety and riding quality. The three scales of pavement roughness are
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roughness, macrotexture, and microtextured. This paper focuses on the pavement roughness
of the largest scale, which is defined as the deviation of pavement surface from the true
planner surface. Roughness refers to surface irregularities with characteristics wavelength
ranging between 0.1 and 100 m and amplitudes ranging from 1 to 100 mm [17,18]. It is typi-
cally measured in the wheel path area [9]. It primarily impacts vehicle dynamics, vehicle wear,
road hold, and riding comfort [9,17,18]. In this study, the terms “pavement roughness” and
“roughness” are used interchangeably to refer to the highest-scale pavement roughness.

Traditionally, ride quality was measured by a group of raters traveling the road and
subjectively giving verbal or quantitative rates, such as in the Pavement Serviceability
Rating (PSR) [19]. Over time, various measures were used to evaluate roughness, including
IRI, Profile Index (PI), Ride Quality Index (RQI), and Half-car Roughness Index (HRI) [20].
Power spectral density (PSD) is also widely used for pavement roughness evaluation and
constitutes the basis for ISO road profile classification [21]. In the 1980s, IRI and HRI were
the most used measures of roughness in the USA [22]. However, the Federal Highway
Agency’s (FHWA) efforts to standardize the roughness measurement brought IRI to be
universally accepted in the USA and elsewhere [23]. IR is a statistical method to report the
roughness of pavement. It is mathematically computed from a single longitudinal profile
by applying a reference quarter car simulation shown in Figure 1. IRI was initiated based
on extensive research conducted by the World Bank. It is reported in units of inches per
mile or meters per kilometer [23].
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Figure 1. Quarter car model [24].
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Roughness data collection techniques have experienced the fastest pace of automation
and technology maturity [25-27]. However, developing new roughness measurement
techniques continues to capture the attention of many researchers due to a variety of factors.
One crucial driver was the need to create efficient, easy-to-integrate, and highly automated
data collection means. Some researchers have focused on improving the accuracy and
precision of the collected data. Additionally, several research efforts have prioritized the
development of cost-effective and low-cost techniques.

Moreover, the growing demand for roughness measurement by new industries has
brought forward unique needs. Highway agencies are no longer the sole party interested in
collecting and using roughness data. Measuring and using roughness data are increasingly
becoming an interest of the automotive industry and normal road users. Autonomous
vehicles are expected to have the capacity to measure pavement roughness to ensure safety
and improve riding comfort. Additionally, roughness data are increasingly becoming
important for developing more efficient navigation systems. Thus, new techniques are
required to fulfill the needs of more diverse industries.
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Several publications have reviewed the research efforts related to various aspects of
pavement roughness. Nguyen et al. [28] reviewed the use of response-type methods for
evaluating pavement surface anomalies. The review covered 130 studies on the use of
response-type methods for surveying pavement defects published between 2006 and 2019.
The authors reported a significant focus on using smartphones, connected vehicles, and
machine learning for pavement profile and roughness estimation. Robbins and Tran [10]
and Zaabar and Chatti [11] reviewed the impact of pavement roughness on vehicles
operating costs. Pavement roughness was concluded to have a measurable increase in fuel
consumption and maintenance costs [10,11]. Hettiarachchi et al. [29] reviewed roughness
indices used in different countries around the world and indicated the prevalence of using
IRI. In a recent study, Yu et al. [30] examined the use of smartphones in measuring pavement
roughness and other surface anomalies.

However, there is a lack of literature devoted to understanding the evolution of
pavement measurement techniques in industry practice and research. Additionally, it is
vital to recognize the current trends and needs for pavement roughness measurement to
better direct future research. Thus, this study tracked the changes over the past five decades
to analyze the evolution of pavement roughness measurement techniques in academia
and industry practice. The evolution of pavement roughness technologies was reviewed
primarily in North America, using the TRID library, as a resemblance to the industry
advancements worldwide. The state of practice was also analyzed by reviewing dozens of
pieces of equipment in eleven countries in North America, Europe, and Australia. Research
trends were analyzed using the Scopus database.

’

2. Research Methodology

The methodology of the current study is outlined in Figure 2. The publications used
for conducting the analysis were identified in two subsequent stages. In the first stage,
Scopus and TRID Library databases were searched to identify relevant publications. The
Scopus database is selected to retrieve relevant research articles. Scopus is recognized to be
the largest and most comprehensive literature database [31,32]. The search in the TRID was
restricted to the TRB (Transportation Research Board) Online Bookstore. The TRB Library
was founded in 1946 as the primary archive of the Transportation Research Board, Highway
Research Board, Strategic Highway Research Program, and the Marine Board. The library
has a vast collection of research articles as well as technical reports and monographs [33].
The Scopus database was primarily used to retrieve relevant academic research articles,
whereas the TRID library was used to retrieve syntheses describing industry practices.

As shown in Figure 2, the search query of “(pavement* OR asphalt OR road* OR
street*) AND (roughness OR IRI OR profile OR profiler* OR profilometer*)” was utilized to
retrieve the relevant literature in the Scopus database. The asterisk “*” was used to account
for the different variants of the keywords (e.g., the plural form). The search fields were
limited to article titles and keywords to obtain the most relevant publications. To obtain
syntheses describing the industry practices, the search was conducted using the TRID [34].
The keyword “pavement” was used as a search query to retrieve relevant publications. All
publications with “pavement” in their titles were retrieved. As a result, 3236 and 192 items
were retrieved from Scopus and TRID, respectively.

In the second stage, the obtained research results were refined. In the Scopus database,
the refining process included three steps. Firstly, search results were filtered to only include
original journal articles focused on engineering and written in English. This refinement
resulted in eliminating more than 60% of the original search results. Then, the articles
were investigated in two steps to only include articles focused on developing, improving,
or testing new techniques for pavement roughness measurement. A total of 126 articles
were identified, and four more were included during the analysis, bringing the number of
considered articles to 130.



Remote Sens. 2023, 15, 2941

4 of 44

Scopus: Query: “(pavement* OR asphalt OR
;\ Scopus database TRID database road* OR street*) AND (roughness OR IRI OR
B profile OR profiler* OR profilometer®)”;
5 Search fields: article title & keywords.
] TRB Online Bookstore: Query: Pavement;
(;)3 G513t 192 items Search fields: article title.

1188 items s Scopus: Subject area: all excluded except for
Engineering, computer science, mathematics,
and decision making; Document Type: Article;
Source type: Journal; Language: English.

il TRB Online Bookstore: Category: Highway
g (NCHRP).
E’ 358 items Scopus: skimming the titles and abstracts.
130 items 7 items Scopus and TRID: skimming the content of the
items.
7 2 i : Systemic analy- - Summarize main results of the scientometric
EN Scientometric using Shiny : :
< N sis and trends analysis.
Z s review - Analyze trends through systematic review.

Figure 2. Research methodology.

In the TRID Library (TRB Online Bookstore), the search was limited to the Highway
(NCHRP) category. The National Cooperative Highway Research Program (NCHRP) is
an objective national highway research program launched in 1962 in the United States of
America. It focuses on conducting research to help improve the way national highways
are designed, built, operated, and maintained. Syntheses of Highway Practice are used to
complement the original research efforts by documenting the state of practice regarding
a given topic. Synthesis reports are often based on literature reviews and comprehensive
surveys of activities and initiatives. NCHRP has published more than 400 synthesis
reports covering various aspects of highways [35]. Limiting the search to the documents
categorized as Highway (NCHRP) resulted in the elimination of over 60% of the original
search output. After skimming the remaining publications’ content, only six items were
selected to conduct the analysis.

In the final stage, the obtained results were analyzed to identify trends in both industry
and academic research over the previous half-century. Temporal analysis revealed that
retrieved publications covered a period of approximately fifty years. The trends were
analyzed over four time periods spanning between 1971 and 2022. The periods were
segmented based on the availability of syntheses of practice. A bibliometric analysis was
first conducted for Scopus literature using the Shiny R package [36]. Then, both the Scopus
and TRID Library-based publications were analyzed to identify the trends in pavement
roughness measurement techniques over the last half-century. In this study, pavement
roughness techniques were analyzed in terms of their directness of measuring pavement
roughness, accuracy, cost-effectiveness and level of automation.
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3. Scientometric Analysis
3.1. Syntheses of Practice

This study makes use of seven NCHRP syntheses of practice published between 1981
and 2022, as presented in Table 1. These provided valuable insights into the shifts in
pavement roughness data collection over the previous five decades in North America.
Information related to the collection of roughness data was extracted to provide a com-
prehensive picture of the evolution of pavement roughness measurement in the past few
decades. The extracted information covers the popularity of pavement roughness data
collection as well as the used techniques, as presented in Table 1.

Table 1. Summary of the analyzed NCHRP Synthesis of Highway Practice.

Roughness Data Collection Roughness
Synthesis Year Spatial Temporal Reporting Measurement
Coverage Coverage Unit Techniques
NCHRP 76: Collection and Use of
Pavement Condition Data [19] 1981 4 4 B v
NCHRP 126: Equipment for
Obtaining Pavement Condition and 1986 Vv - - Vv
Traffic Loading Data [25]
NCHRP 203: Current Practices in
Determining Pavement 1994 v Vv Vv Vv
Condition [27]
NCHRP 334: Automated Pavement
Distress Collection Techniques [23] 2004 4 v v v
NCHRP 401: Quality Management
of Pavement Condition Data 2009 vV v Vv v
Collection [37]
NCHRP 589: Automated Data
Collection and Quality
Management for Pavement 2017 v % 4 %
Condition Reporting [26]
NCHRP 589: Automated Data
Collection and Quality 2022 . " Y Y

Management for Pavement

Condition Reporting [2]

/ Information was included; - Information was missing; * All agencies in the USA were assumed to be entitled to
PM2 [38] reporting requirements.

The syntheses are based on extensive surveys designed to capture the practices in
pavement data collection and management in the USA and Canada. The number of agencies
surveyed in the seven utilized syntheses is shown in Figure 3.

Considering the available information regarding the industry practices, four study
periods were segmented to analyze trends in the industry and academic research. The first
study period extends to 1986, during which two syntheses were identified. The second
study period extends from 1987 to 1994. Information regarding industry practice in this
period is analyzed using the third synthesis. The third study period spans from 1995 to
2009. Two syntheses are available to provide insights regarding industry practices in this
period, published in 2004 and 2009. The last study period also includes two syntheses and
covers a span of 13 years, from 2010 to 2022.
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m Total mUSA m Canada

NCHRP NCHRP NCHRP NCHRP NCHRP NCHRP NCHRP
76 126 203 334 401 531 589

Syntheis

Number of surveyed agencies
— (3% [+ o L (=)}
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o

Figure 3. Number of surveyed agencies in the used seven syntheses.

3.2. Journal Articles

This study makes use of 130 original articles. The retrieved articles were published
over a time period of about half a century (1971-2022). The annual growth is about 6.2%,
whereas the documents’ average age is about 12 years. Figure 4 presents the number of
articles published in the four segmented study periods. The vast majority (77%) of the
articles were published in the fourth period (2010-2022), with a yearly production rate of
about eight articles. The lowest number of articles was retrieved from the third period
(2004-2009), with an annual research output of 0.4 articles.
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Figure 4. Periodic and cumulative number of publications.

3.2.1. Most Relevant Sources

The retrieved articles were analyzed using the Shiny R package [36] to identify the
most relevant sources. The analysis revealed 67 different sources; most of them (76%)
circulated a single article. The top nine sources of at least three articles are presented in
Table 2. As presented in Table 2, the “Transportation Research Record” and “International
Journal of Pavement Engineering” circulated the highest number of articles. In total, they
circulated about a quarter of the retrieved articles.
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Table 2. Most relevant sources.
Source No. Articles Core Collection
Transportation Research Record 17 Civil Engineering; Transportation Science & Technology
. . . Civil Engineering; Materials Science, Characterization,
International Journal of Pavement Engineering 15 Testing; Construction & Building Technology
Instruments & Instrumentation; Electrical & Electronic
Sensors 8 . .
Engineering
Journal of Transportation Engineering Part B: Pavements 6 Civil Engineering; Transportation Science & Technology
Journal of Computing in Civil Engineering 5 Civil Engineering; Compu‘ter $C1ence, Interdisciplinary
Applications
Journal of Infrastructure Systems 4 Civil Engineering
Vehicle System Dynamics 4 Mechanical Engineering
Automation in Construction 3 Civil Engineering; Construction & Building Technology
Journal of Testing and Evaluation 3 Materials Science, Characterization & Testing

The core collection of the most relevant journals according to the Science Citation
Index Expanded (SCIE) is also presented in Table 2. Analysis of the core collection subject
categories of the most relevant sources based on the SCIE revealed some diversity. Most of
the relevant sources are specialized in civil and engineering, transportation science, and
technology. However, the core collection of top sources contains other subject categories
such as construction and building technology, sensing, instrumentation, computer science,
and mechanical engineering.

3.2.2. Top Relevant Authors’ Affiliations

The authors’ affiliations are analyzed to evaluate the spread of relevant research. In
total, 114 affiliations were identified for the 130 analyzed articles. Table 3 presents the eight
top relevant authors’ affiliations. About 60% of the identified affiliations are associated
with one article, whereas about 12% are associated with at least five articles. Top authors’
affiliations constitute universities in the USA, China, and Ireland. North Dakota State
University and Tongji University are the most affiliated institutions among the relevant
authors. Table 3 indicates that all of the articles affiliated with the Pennsylvania State
University (USA) were published in the second period. In contrast, all the articles affiliated
with Chinese universities have been published in the past few years.

Table 3. Top relevant authors’ affiliations.

Cum. No. of Articles over the Four Studied Periods

Affiliations Country

I II III v

North Dakota State University USA 0 0 0 16
Tongji University China 0 0 0 15
Pennsylvania State University USA 1 10 10 10
University College Dublin Ireland 0 0 4 8
Jiangsu University China 0 0 0 7
Beihang University China 0 0 0 7

Civil Aviation University of China China 0 0 0 7
Microwaves and Radar Institute Germany 0 0 0 7
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3.2.3. Corresponding Author’s Countries

Figure 5 shows the corresponding author’s country. Additionally, it shows the num-
ber of single-country publications (SCP), which include only intra-country collaboration,
and the multiple-country publications (MCP), which include inter-country collaboration.
Figure 5 indicates that most of the articles corresponded to authors from the USA (37) and
China (22). Moreover, it is remarkable that most of the articles are SCP, indicating limited
inter-country collaboration. In fact, just about 16% of the articles involve intra-country
collaboration. The collaborations were mainly found between researchers from the USA
and China on the one hand, and other countries, including Poland, the United Kingdom,
Iran, and Jordan, on the other.

South Africa
India

Germany

Country

Iran

China

USA

0 10 20 30
Number of articles

Figure 5. Number of publications for the top affiliated countries considering the corresponding
author’s country.

3.2.4. Top Cited Papers

Table 4 presents details of the most cited articles among the retrieved documents.
“The use of vehicle acceleration measurements to estimate road roughness” [39] is by
far the most cited article, with 200 citations. The article explored using vehicles’ built-in
sensors for pavement roughness estimation. This indicates the surge in research focusing
on equipping vehicles, particularly highly automated and autonomous vehicles, with
pavement roughness measurement capabilities. Other highly cited papers focused on
using accelerometers, smartphones, and vehicles’ built-in sensors to build systems for
pavement roughness estimation. It is worth noting that five of the seven most cited articles
were published in journals with an SCIE core collection coverage of mechanics, electronics,
sensing, automation, and technology rather than transportation and civil engineering.
This indicates a growing interest in measuring pavement roughness by researchers from
disciplines outside the classical axis of civil engineering and transportation.

Table 4. Top cited articles.

Article Year Technology Experiment Type Source Total Citations
[39] 2008 Vehicles’ built-in sensors Simulation Vehicle System Dynamics 200
[40] 2014 Accelerometers-based system Field Transportation Modeling and 74

Management
[41] 2018 Smartphone-based system Field Sensors 68
In-pavement strain sensors . .
[42] 2020 (optical fiber) Field Journal of Lightwave Technology 67
[43] 2010 Simulation, accelerometers-based Simulation Journal of Sound and Vibration 62
system
Simulation using IEEE Transactions on Control
[44] 2015 Accelerometers-based system testbed Systems Technology 57
[45] 2021 Vehicles’ built-in sensors Field and simulation Transportation Research Part C: 57

Emerging Technologies
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3.2.5. Keywords Analysis

Table 5 presents the fifteen author keywords with the most occurrence and total link
strength. Additionally, a word cloud is generated to visualize the occurrence of author
keywords, as shown in Figure 6. To derive a better characterization of the retrieved articles,
synonym keywords were combined. For example, “smartphone” and “smartphones” were
grouped as one keyword. Similarly, “roughness”, “road roughness”, “street roughness”,
and “pavement roughness” were also considered as a single keyword. A complete list
of the synonym keywords is presented in the Appendix A. As presented in Table 5 and
illustrated in Figure 6, “pavement roughness” and “international roughness index” are by
far the most used keywords by authors. The first keyword makes a general indication of
the research field. The second keyword indicates the popularity of using IRI to measure
pavement roughness. The keywords “Smartphones”, “accelerometers”, “connected vehi-
cles”, and “crowdsourcing” appear as the fourth, fifth, tenth, and eleventh most frequently
occurring keywords. They represent a contemporary research trend in pavement roughness

VA7 VZa7i

evaluation. Other keywords such as “Pavement management”, “ride quality”, “pavement
profiles”, “pavement condition assessment”, and “Road Roughness Estimation” constitute
the main objectives of measuring pavement roughness. “Power spectrum density” is widely
used by researchers focused on studying pavement roughness in combination with car ride
quality and vehicle suspension. The presence of “Machine Learning” and “Artificial Neural
Network” (ANN) among the most frequently used keywords implies the importance of

using machine learning for pavement roughness evaluation.

Table 5. Most occurred author keywords.

Keyword Occurrence Total Link Strength
Pavement Roughness 46 209
International Roughness Index 35 158
Pavement Management 12 56
Smartphones 10 45
Accelerometers 9 45
Artificial Neural Network 8 42
Power Spectral Density 8 40
Ride Quality 8 33
Connected Vehicles 7 37
Pavement Profiles 7 28
Crowdsourcing 6 25
Pavement Condition Assessment 6 29
Machine Learning 5 30
Road Roughness Estimation 5 22
Vehicle Responses 5 18

road roughness classification .
bioyeie-mounted smartshone S10DAI DOSItioning system (gps) f:l.m;;mzlfm teconstructing

amerssieoisio lynanic response USN1ICIE AYNAMICS road surface
autonomonsvehicle ClasSification “ehlcle 'esllunse roa lmpacl actor

... Yoad engineeringDOWEL SPECIral dENSITY ;s soming
Goianride llllalI_Wal}liﬂlBrllIIIGIBI'Scrnwﬂsoullclngmm....m,

_.international roughness index
~mEzzliayement roughness-====..

e emavGMent management systemsarmce
“““"""‘"""""]{ll%rr}igllnllmﬁlersmarlﬂhﬂnescﬂnnecled vehicles

quamr.carsimm:{i‘.!’n’ﬁrtiliﬂal neuraweeemnr Py

roughness index Kalman filter Il.;ﬂe en arning vehicle vibration
— Pmue\{aluauun machine learning road heallt’!'lh Monitoring
automated pavement dala collection IIIIE'“!IGII‘ l]'lllsllﬂl'lﬂ“ﬂl'l s'ste"'s accelen n root-mean-square index (ar!
structural health monitoring
adaboost backward propasation alsorithm

Figure 6. Word cloud of the most frequently occurring author keywords.
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4. Trends of Pavement Roughness Measurement Equipment

The collection of roughness data has experienced different gradual shifts in the last
few decades. Figure 7 attributes the data collection practices over the last five decades.
Roughness has been widely evaluated qualitatively since at least the end of the 1970s. The
collection of roughness data has been continuously popular among highway agencies.
However, the collection of roughness data at the network level was less practiced during
the 1980s. Due to the availability of equipment that enables the collection of roughness data
at the traffic level, sampling was rarely practiced. Additionally, the frequency of roughness
data collection increased over the years to peak on an annual and biannual basis. The use
of IRI for reporting roughness has gradually been mainstreamed and became prevalent
during the third and fourth periods.

Popularity

Attribute

PeriodI  Period I  Period Il Period IV

Quantitative evaluation

Colletion (any level)

Colletion (network level)

Collection covergage (% sampling)

Collection Frequency

Reporting roughness using IRI

Meh N Low

Figure 7. Popularity of roughness data collection.

4.1. Roughness Data Collection

The popularity of different types of roughness measurement equipment in North
America over the last five decades is summarized in Figure 8. The use of subjective
evaluation was rare even in the 1980s. Multiple agencies used profilographs and contact
profilers in the first period. Some types of contact profilers continue throughout the second
period before being phased out during the third period. Response-type methods were the
primary equipment for measuring roughness during the first and second periods. However,
they were gradually replaced by non-contact profilers. During the third study period,
response-type methods were entirely replaced by the non-contact profilers. Non-contact
profilers of infrared and ultrasonic sensors were quite popular during the second period.
However, they were gradually replaced with equipment that comprises laser sensors. The
use of 3D imagining systems started garnering attention about two decades ago. Today,
many agencies utilize such systems for pavement roughness measurements.

Popularity
Period1 PeriodII Period Il Period IV

Equipment type

Subjective evaluation
Profilographs [

Response type methods

Contact profilers

Non-contact profilers (infrared)

Non-contact profilers (ultrasonic)
Non-contact profilers (laser)

3D imaging systems (laser)

Heh [ JLow

Figure 8. Popularity of roughness data collection technologies in industry practice.
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Period I: Until 1986

Before the 1950s, roughness data were seldom collected at the network level [23].
However, the collection of roughness data has gradually become more common in re-
cent decades. In the early 1980s, roughness was among the data collected as part of
network-wide surveys conducted by some agencies in North America. Although the 1981
synthesis [19] was limited to surveying nine agencies, the findings give indications of the
increasing trend of wide-scale collection of condition data, including roughness. In the
1981 synthesis [19], eight of the nine surveyed agencies (89%) reported collecting quanti-
tative roughness data. Differently, one agency (Ontario) reported subjective ride quality
measures. The majority of the surveyed agencies (67%) collected roughness data for 100%
of the network every one or two years. Only USA Air Force did not adopt programmed
roughness data collection campaigns [19].

The collection of pavement condition data experienced a remarkable boost in the first
half of the 1980s, as reported in the 1986 synthesis [25]. The 1986 synthesis captured a
significant surge in the number of agencies collecting condition data on a large scale [25].
Roughness data were among the most frequently gathered by agencies. Out of the 44
responses collected from highway agencies in the USA and Canada, 40 agencies confirmed
the collection of roughness data [25]. However, only 27 agencies (61%) collected roughness
data for pavement management purposes at the network level. Seven other agencies
(16%) reported occasional use of such data for pavement management at the network level.
Some agencies used the collected data for other multiple functions, including research,
planning, and pavement management at the project level [25]. However, no information
was provided on the frequency and coverage of the roughness data collection surveys.

Period II: 1987-1994

The collection of roughness data experienced a dramatic boost in the late 1980s and
early 1990s. This remarkable surge can be largely attributed to the 1987 update of the
HPMS (Highway Performance Monitoring System) field manual [46]. The 1987 update of
the HPMS field manual required a collection of pavement roughness data at least every
two years [46]. The effect of this landmark requirement was vivid in the survey results
published in the 1994 synthesis [27]. Fifty-nine agencies (98%) reported collecting roughness
data at the network level for at least part of their network. Tennessee in the USA was the
only agency that did not report conducting roughness surveys. Thirty-eight (64%) agencies
reported collecting roughness data on the entire network system. Anther ten agencies
stated collecting roughness data on the part of their networks (e.g., interstate, primary
roads, secondary roads).

Additionally, the use of sampling for collecting roughness data was minimal, with only
one agency reporting adopting some sort of sampling. The frequency of collecting pavement
roughness data was also notable. Twenty-two (37%) and thirteen (22%) agencies were collecting
roughness data for the entire system every one or two years, respectively [27]. A more
significant portion of surveyed agencies (68%) collect roughness data on the interstate network.

Furthermore, all agencies were required to report roughness using IRI for the HPMS [46].
The requirement of submitting the roughness data in the standardized form of IRT had a
great benefit that allowed for the comparison of roughness data between different highway
agencies. Forty-one (68%) agencies measured or converted the roughness measurement to
IRI. Other units include ride number (RN), riding comfort index (RCI), root-mean-square
vertical acceleration (RMSVA), and road roughness index (RRI) [22,47].

Period III: 1995-2009

The popularity of roughness data collection reached a new peak by the 2004 synthe-
sis [23] when all surveyed agencies started collecting roughness data from at least part
of their network system. Twenty-six (46%) agencies collected roughness data annually,
whereas twenty-four (43%) agencies collected roughness data every two to three years.
Some agencies reported higher collection frequency on interstate networks compared to
other parts of the network. For example, Oregon, Ohio, and Alabama reported collecting
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roughness data on interstate networks annually, whereas the data was collected for other
parts of the network every two years. No sampling was employed for collecting pavement
roughness data. Instead, the total length of the surveyed evaluation road lane was surveyed.
Fifty-two (93%) agencies reported using automated tools. Another remarkable finding was
the adoption of IRI as a standardized form of the roughness data by all of the agencies that
responded [23]. The HPMS necessitated reporting pavement roughness using IRI for the
entire National Highway System road network every two years [23].

Similarly, the 2009 synthesis [37] reported that about 95% of the surveyed agencies
in the USA and Canada collected roughness data at the network level. Thirty-two (58%)
agencies were found to collect roughness data for the highway system every year. Another
seventeen (31%) agencies reported collecting roughness data on the highway system every
two to three years. Remarkably, the collected distress data including roughness, have
increasingly utilized to calibrate mechanistic-empirical pavement design using pavement
models based on the mechanics of material [48]. The frequency of collecting roughness
data kept rising primarily due to the requirement of HPMS Reassessment 2010+ [49]. The
HPMS Reassessment 2010+ required submitting roughness data for the National Highway
System each year [37]. The synthesis reiterates the widespread use of IRI for measuring
pavement roughness [37].

Period I'V: 2010-2022

The 2019 and 2022 syntheses [2,26] reported that virtually all agencies were collecting
roughness data for the entire network on a yearly basis. Furthermore, IRI continued
to be used as a standardized measure of pavement roughness in North America [2,26].
The increase in the popularity of pavement roughness data collection has primarily been
fueled by Federal regulations [23 CFR 490 National Performance Management Measures
(PM2)] [38]. The PM2 requires state highway agencies in the USA to collect and report IR,
rutting, faulting, and crack percentage for the Interstate Highway System and the Non-
Interstate National Highway System [38]. The PM2 requires reporting pavement condition
data every one and two years for the interstate and non-interstate national highway system
(NHS) systems, respectively.

4.2. Roughness Measurement Technologies
4.2.1. Popular Equipment

Various techniques have been used to evaluate pavement roughness over time. In
the early days, simple straightedges were used as the sole means to evaluate pavement
roughness. Over time, enormous efforts and extensive research were focused on developing
more sophisticated equipment to measure roughness. In the first half of the twentieth
century, different pieces of equipment with varying levels of sophistication were designed.
Initially, the developed equipment was primarily mechanical with elaborated multi-wheel
support systems, usually referred to as profilographs. With time, advanced technologies
were employed to develop devices that incorporate mechanical systems, electrical circuits,
electronics, accelerometers, infrared, ultrasonics, and lasers [50].

Pavement roughness equipment can be categorized based on different considerations.
However, roughness measurement equipment can broadly be classified into two main
groups based on their application principle. The first category constitutes equipment that
is used for direct measurement of pavement profile. As shown in Figure 9, such equipment
type includes profilographs, laser profilers, and 3D imaging systems (e.g., laser-based
imaging systems and depth cameras). The longitudinal profile is evaluated using the col-
lected data to ultimately calculate the roughness index, usually expressed as an IRI value.
The second category includes equipment that indirectly measures the pavement profile.
Alternatively, they measure vehicle response to pavement profile irregularities. Figure 10
presents some acceleration-based equipment: conventional response-type equipment (e.g.,
Mays meter), smartphones, mounted accelerometers, and vehicles’ built-in sensors. The
collected acceleration signals are double-integrated to obtain the displacement that is used
for evaluating the longitudinal profile [51]. The calculated roughness index is correlated
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with the corresponding values measured using high-accuracy equipment such as laser pro-
filers [52]. In this study, the latter type of equipment is tagged as response-type equipment.
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World Bank classification is another widely used categorization of pavement roughness
measurement equipment [52]. The different types of equipment were classified considering
their precision measurement of IRI. Class I constitutes precision profilers with the highest
roughness measurement accuracy. However, Class II profilers are of a lower accuracy than
those of Class I. Class III includes mechanical or electronic equipment to evaluate the pavement
roughness indirectly. These devices are calibrated by correlating their measures with standard-
ized roughness values. Class IV includes subjective evaluation of pavement roughness via
visual inspection or by driving over the pavement section. Class IV represents a qualitative
assessment based on guidance and personal experience. A brief description of some of the
previously and currently popular roughness techniques in North America is presented.

Profilographs

Profilographs consist of a beam or frame carried by a system of wheels in addition
to a profile wheel to measure pavement roughness. The supported wheels, which vary in
number according to the profilograph type, carried the beam or the frame to establish a
datum from which the vertical deviation of the pavement is measured. The pavement’s
vertical deviation is measured using a profile wheel, usually located at the midpoint of
the profilograph [50]. California and Reinhart profilographs are the most popular types
in North America [50]. The use of profilographs to collect data at the network level is not
popular [47,50].

Response-type equipment

Response-type equipment includes mechanical or electronic devices to evaluate pave-
ment roughness indirectly. These equipment pieces are calibrated by correlating the mea-
sured values with standardized roughness measures. They quantify the vehicle response
either mechanically (bump integrator) or using accelerometers [52]. Response-type equip-
ment was the primary technology for evaluating pavement roughness in the 1970s and
1980s [18,19,25].

Instead of measuring the actual road profile, response-type equipment measures the
vehicle response to the pavement roughness. Thus, this type of equipment is prone to
various sources of bias and uncertainties, including changes in vehicle dynamics and
equipment sensitivity. However, multiple benefits brought on by response-type equipment
made them the most popular roughness measurement equipment for several decades. The
advantages of the response-type equipment include low cost, ease of use, operation at high
speed, ability to collect large amounts of data, and the ease of correlating their measures
with PSI and standardized roughness values [19]. However, they are adversely criticized
because reproducibility is challenging to achieve, as the measurements are susceptible to
many factors, as mentioned before. Thus, frequent and rigorous calibration was required to
achieve any consistency in the collected data [19]. Conventional response-type equipment
such as Mays and Cox meters have been gradually phased out and replaced with more
precise and accurate measurement technologies.

Recently, this type of technology has been revived by utilizing smartphones, vehicles
with built-in sensors, and cheap accelerometers. Their application for measuring pavement
roughness has been the focus of enormous research efforts [54-61].

Inertial profilers

Inertial profilers, or simply profilers, are used to measure the actual pavement profile
and do not require a comparison with other equipment for calibrating the results. Instead,
it is necessary to calibrate the equipment’s sensors and associated electronics and ensure
the proper functioning of the computing hardware and software [50]. Inertial profilers are
essentially composed of accelerometers, height sensors, distance sensors, and computing
hardware and software [50]. Accelerometers are used to establish a reference plane from
which the vertical deviation of the vehicle is measured [50]. In the early generation of
pavement roughness measurement equipment with inertial referencing systems, the road
profile was defined using a wheel in contact with the pavement surface [62]. However, in
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the latter generations, road profile has been established as the distance between the vehicle
and the pavement surface using non-contact height sensors, which can be ultrasonic,
infrared, or laser. The obtained road profile is adjusted by accounting for the vertical
movement of the vehicle captured using accelerometers. The true relative profile is then
used to calculate IRI by applying the quarter car simulation [10,63].

Inertial profilers with non-contact height sensors have become increasingly prevalent
since the 1990s [23,27]. Among other types, laser sensors have become the primary choice
in inertial profilers [23,26]. ASTM E950/E950M-09 [64] classified methods for measuring
pavement roughness using inertial profilers into four classes based on resolution and
precision. It is worth noting that the latest version of the ASTM E950/E950M-22 [65] did
not discuss such a classification.

However, laser-based inertial profilers have some limitations, including high initial
costs. Laser-based inertial profilers’ prices are much higher than response-type equipment
and manually operated profilers [52]. Moreover, they are typically inefficient at low
speeds [26,52]. Thus, highway agencies usually set a low-speed provision for operating
inertial profilers. For example, the Saskatchewan Ministry of Highways and Infrastructure
(MHI) requires a minimum collection speed of 25 km/h. Similarly, North Carolina and
Virginia DOT require data collection speeds greater than 24 km/h [26].

Three-dimensional imaging systems

Technology advancements in imaging systems have led to the development of auto-
mated tools capable of collecting different types of pavement condition data. The use of 3D
imaging techniques instead of 2D imaging constituted a colossal leap in the development
of automated systems. Three-dimensional imaging systems enable the efficient and highly
accurate collection of pavement condition data. Such technology can capture as-built
physical data in digital format to construct highly accurate 3D profiles of pavement [66]. Its
advantages include facilitating the evaluation of roughness at any track on the paved road.
Additionally, it facilitates surveying for various pavement condition data, including rough-
ness, rutting, cracking, and raveling [26]. In the early 2000s, several companies developed
3D imaging systems to evaluate pavement conditions, primarily roughness and rutting.
The developed systems utilized scanning lasers and reflectors to measure the reflection
times across the pavement surface to establish the 3D pavement profiles [23]. In the follow-
ing years, 3D imaging systems have been integrated into automated systems developed by
major vendors, including ARRB Systems (Rowville, Australia), Mandli Communications
(Fitchburg, WI, USA), and Pathway Services Inc. (Broken Arrow, OK, USA).

Different 3D imaging systems were explored for a variety of motivations. Several
studies [67-69] explored using low-cost depth cameras instead of the relatively expensive
laser profilers to evaluate pavement roughness. The use of 3D systems to construct the
road profile for evaluating road roughness is proposed to overcome the limitations of the
laser profiler at evaluating roughness at low and varying speeds [70]. Additionally, 3D data
can be used to assess other pavement condition aspects, including cracking, potholes, and
patching [68]. Additionally, such systems can be mounted on unmanned aerial vehicles
(UAVs) to reduce the time, costs, and efforts for roughness data collection [71].

Three-dimensional data can be obtained via different means, including stereography,
time-of-flight measurement, and triangulation. Stereography uses 2D pictures from a
moving camera or different cameras to construct 3D pavement profiles [72]. Stereography
is used in the Intel depth camera (D435i) [69]. Time-of-flight is used in Lidars as well
as Microsoft Kinect One depth camera [67]. Triangulation is widely used in commercial
profiling systems [9].

4.2.2. Roughness Measurement Technologies in Industry Practice
Period I: Until 1986

The state of the practice of pavement roughness measurement technologies is con-
cluded using two syntheses of Hicks and Mahoney [19] and Epps and Monismith [25].
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The two syntheses reported the use of different pavement roughness equipment, includ-
ing various response-type equipment, profilographs, contact profilers, and non-contact
profilers. The number of pavement roughness measurement equipment pieces owned by
surveyed agencies, as reported in the 1986 synthesis [25], is shown in Figure 11. However,
response-type equipment was, by far, the most popular means for collecting roughness
data in the mid-1980s. Equipment that performs direct profile measurement was less
widespread. However, non-contact profilers were receiving considerable attention by the
mid-1980s.

25
22
20t H Mays mPCA
2 BPR Profilograph
a 15 m Ultrasonic Profilers ~ m Contact Profilers
<
[
°
8 10 8
E
) 5
N 4 4
0 .
Equipment Type

Figure 11. Numbers of roughness measurement equipment pieces owned by surveyed agencies as
reported in the 1986 synthesis [25].

Hicks and Mahoney [19] reported that seven out of the nine surveyed agencies used
response-type equipment. Five years later, Epps and Monismith [25] reported that such
equipment was still the primary means of collecting pavement roughness data. As shown
in Figure 11, the majority of the agencies (22) were using the Mays meter. Other response-
based equipment, such as BPR and PCA-type meters, was used by at least nine agencies.

Figure 11 shows that using profilographs and contact profilers was limited for large-
scale roughness data collection surveys [25]. The use of subjective evaluation of road
roughness was seldom. Only Ontario was reported to evaluate road roughness by raters
traveling over the pavement to give a subjective rating on a 0-10 scale [25].

Hicks and Mahoney [19] found that only the USA Army Construction Engineering
Research Laboratory (CERL) used a laser profiler to evaluate the pavement roughness [19].
However, the range and resolution of the early laser profilers were very limited. The laser
profiler used by CERL was operated at a slow speed of about 5 km/h [25]. Remarkably,
Epps and Monismith [25] reported that some agencies were already using ultrasonic
profilers (5), including Cox Ultrasonic and South Dakota Profiler (SDP). The study revealed
an increased interest in developing sensor-based non-contact profilers.

The study revealed that several companies, including K. . Law Engineers (Ypsilanti,
MlI, USA), Cox and Sons (Colfax, CA, USA), PASCO Corporation (Tokyo, Japan), and
Dynatest Consulting (Ballerup, Denmark), have developed non-contact profilers. These
profilers utilize accelerometers and microprocessors, as well as ultrasonic or laser sensors.
One of the significant hurdles to the widespread use of profilometers was their high price
compared to conventional response-type methods. The former was reported to cost about
fifteen times more than the latter [23].

Period II: 1987-1994

Figure 12 displays the number of pavement roughness measurement equipment pieces
owned by surveyed agencies, as reported in the 1994 synthesis [27]. The response-type
equipment was still quite popular. A remarkable finding of the 1994 synthesis [27] was the
surge in using non-contact profilers.
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Figure 12. Numbers of roughness measurement equipment pieces owned by surveyed agencies as
reported in the 1994 synthesis [27].

As shown in Figure 12, Mays, PCA, and Cox ride meters were used by twenty-two
agencies. Additionally, ten agencies were using ARAN response-type equipment. The use
of contact profilers was limited. Only three agencies were found to use the early contact
profiler of GMR. Although the synthesis did not indicate the use of profilographs for the
large-scale collection of roughness data, it was noted that many agencies owned and used
them for calibration and project-level data collection [27,50].

As shown in Figure 12, twenty-five agencies used SDP. SDP was developed in the
early eighties by the South Dakota Department of Transportation. It consists of three
subsystems to collect vehicle displacement using accelerometers, vehicle height using
ultrasonic sensors, and vehicle distance [63]. Other non-contact profilers included K. J. Law
8300 and Cox CS 8000 Ultrasonic. Ultrasonic-based profilers were the most common in the
eighties and early nineties. K. J. Law Model 8300 profiler was among the newer generation
equipment where optical sensors replaced ultrasonic sensors.

The era of non-contact profilers was evident, with many agencies transitioning from
response-type equipment to non-contact profilers. Up to ten agencies reported using more
than one type of equipment. For example, Pennsylvania, Oklahoma, and South Carolina
were using SDP in addition to the Mays ride meter. Similarly, West Virginia and Ohio were
using the K.J. Law non-contact profilers alongside the Mays profiler [27].

Period III: 1995-2009

The 2004 synthesis indicated that all the surveyed agencies had transitioned to non-
contact profiling equipment. The equipment utilized one of three types of height sensors:
lasers, acoustics, or infrared. Of the 51 agencies that reported the type of technology used
in their profilers, the majority (86%) used laser-based profilers. Laser sensors enable data
collection at intervals of 25 mm or less, at speeds of approximately 96 km /h [23]. Other
sensors of acoustics and infrared were less popular, with only three agencies reporting
using acoustic sensors, and four reporting using infrared sensors. This shift in sensor
technology is significant compared to the previous synthesis [27], conducted ten years
earlier, where most non-contact profilers comprised acoustic sensors. Laser-based profilers
continued to gain popularity, while the use of acoustics and infrared sensors was entirely
marginalized by the 2009 synthesis [37].

The development of 3D imaging systems capable of measuring pavement roughness
was noted in the 2004 synthesis [23]. At least two companies (Phoenix Scientific Inc. (San
Marcos, CA, USA) and GIE Technologies Inc. (New York, NY, USA)) have reported the
development of laser-based 3D imaging systems for collecting pavement roughness and
rutting data [23]. The interest in 3D profiling systems experienced a continuous rise in the
following years.
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Period IV: 2010-2022

The use of laser-based systems to collect roughness data has been increasingly preva-
lent in North America and other parts of the world. Pierce and Weitzel [26] and Pierce and
Stolte [2] indicated the popularity of laser-based systems for collecting roughness data. The
systems used include point laser profilers and 3D profiling systems. The latter systems
were hailed for collecting high-resolution continuous profiles to construct the pavement
profile. They can obtain 2D data by capturing the intensity of reflected light and 3D data
by capturing the range or depth [26]. The 3D profiling systems are increasingly used to
develop fully automated pavement inspection systems. They facilitate surveying for multi-
ple pavement condition data, including roughness, rutting, cracking, and faulting [2,26].
However, Pierce and Weitzel [26] concluded that additional research efforts are necessary
to validate the accuracy and repeatability of the 3D profiling systems for measuring road
roughness. The synthesis marked the need for a standardized method for calculating IRI
using 3D profiling systems.

4.2.3. Roughness Measurement Technologies in Journal Articles

Different technologies have been explored for pavement roughness measurement in
the last few decades. Figure 13 shows the popularity of different roughness measurement
technologies among the research community throughout the four studied periods. During
the 1980s and the early 1990s, most of the research efforts focused on conventional response-
type methods. During the following decades, more diverse technologies were investigated.
Research exploring response-type techniques was revived, but using new sensing tools,
i.e., smartphones, vehicles’ built-in sensors, and cheap mounted sensors. Laser-based
profiling equipment was continually explored, though not as a leading research direction.
Three-dimensional imaging systems have been explored during the third period. However,
they have only become a trending research topic in recent years. Recently, tire-mounted
sensors as well as satellite and airborne synthetic aperture radar (SAR) images have been
increasingly investigated.

Popularity
PeriodI  PeriodII Period III Period IV

Response type methods (conventional) _

Response type methods (new)

Equipment type

Non-contact profilers (laser)

3D imaging systems
SAR (satellite and airborne)

Tire mounted sensors

Teh I |Low

Figure 13. Popularity of major roughness data collection technologies in the research community.

Period I: Until 1986

A total of fourteen articles published between 1971 and 1986 focused on studying,
developing, calibrating, and comparing different ride quality and roughness measurement
methods were analyzed. Eleven of the fourteen retrieved articles were published between
1983 and 1986, indicating a noticeable interest in pavement roughness measurement by the
research community in the mid-1980s. Table 6 presents the used roughness measurement
methods. As explained in Table 6, most studies (10) focused on response-based equipment,
particularly the Mays meter. The same trend of using response-type equipment (Mays
meter and a fifth wheel bump integrator) was also vivid in the industry. Some studies
experimented with non-contact profilers [73,74].
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Table 6. Roughness measurement approaches used in articles published in study period L.

Roughness Measurement Approach Number of Studies *
Vehicle response 10
Panel rating 4
Contact profiler 2
Non-contact profiler 3

* Some studies made use of multiple approaches.

Period II: 1987-1994:

Ten research articles were retrieved in the period that extends between the two synthe-
ses of [25,27]. Eight of the ten articles were published between 1987 and 1989. This indicates
a relatively high interest in developing, calibrating, and correlating different equipment
and approaches for measuring pavement roughness in the 1980s compared to the early
1990s. Table 7 summarizes the used roughness measurement approach in articles published
in study period IL

Table 7. Roughness measurement approach used in articles published in study period II.

Roughness Measurement Approach Number of Studies *

Response-type equipment

Panel rating 3
Profilographs 1
Non-contact profilometer 3

* Some studies made use of multiple approaches.

Reflecting the industry’s state of the practice at the time, most articles (6) focused
on response-type equipment. About a third of the articles addressed the calibration of
response-type equipment. Two articles reviewed the non-contact profilers of SDP [63] and
PRORUT [75]. The correlation of profilographs [76] and Mays meter [77] measurements with
ride quality was also addressed. The use of non-contact profilers, including the K.J. Law
profiler, to calibrate the Mays meter was also investigated [78]. Only one study suggested a
new hardware development by developing a response-type equipment using a transducer
only to simplify the device [79]. Noticeably, Huft et al. [63] reported a study of testing and
improving the SDP in collaboration with the South Dakota Department of Transportation.

Period III: 1995-2009

Little research output (six articles) was retrieved on investigating, development, and
correlation of pavement roughness equipment between 1995 and 2009. Table 8 presents the
various roughness measurement approaches explored in the analyzed articles. Three articles
were published between 1995 and 2004. Lenngren [80] reported the successful experience
of The Royal Swedish Fortifications Administration in using a laser-based system called
Laser Road Surface Tester (LRST) to measure the roughness of airfield pavement. Another
study investigated a response-type system named DYNVIA [81]. Ahlin et al. [82] compared
the pavement roughness measured using a laser-based profiler, which measured based on
truck wheel vibration using accelerometers [82].

Table 8. Roughness measurement approach used in articles published in study period III

Roughness Measurement Approach Number of Studies *
3D laser scanner 1
Laser profiler 4
Vehicle response 3

* Some studies made use of multiple approaches.
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Technology

Vehicle response (vehicles’ built-in sensors)
Vehicle response (simulation)
Vehicle response (mounted sensors)

Vehicle response (smartphones)

Between 2006 and 2008, three articles were also retrieved. Chang et al. [66] conducted
their investigation using a 3D laser scanner for obtaining road profiles. The new approach
was compared with an inertial profiler (Multiple Laser Profiler), as well as rod and level.
Roughness measures obtained based on the 3D laser scanner and the multiple laser profiler
were found to be highly correlated. Chen et al. [83] studied the harmonization of an inertial
profiler and a three-meter straight edge. Gonzadlez et al. [39] attached an accelerometer to
a vehicle to evaluate pavement roughness. The use of attached accelerometers or those
available in vehicles and smartphones will significantly surge in the following years.

Period I'V: 2010-2022

There has been a remarkable surge in research exploring alternative pavement rough-
ness measurement approaches in the past few years. Of the 130 retrieved articles, 100
were published between 2010 and 2022. These articles mainly focused on developing
new approaches to increase cost-effectiveness, meet the growing demand for collecting
roughness data from new industries, and leverage technological advancements and trends,
such as crowdsourcing. Figure 14 shows the various approaches explored for measuring
pavement roughness. As depicted in the figure, researchers have explored a diverse range
of technologies for this purpose. However, utilizing measured vehicle response through
smartphones, vehicles’ built-in sensors, and mounted sensors has emerged as the most
prominent trend. These techniques are comparable to the conventional World Bank Class
III roughness measurement equipment [84].

Mechanical systems
Ultrasonic sensors
Microphones

Infrared sensors

In pavement sensors

Tire attached sensors

Laser profiler

3D imaging (stereography)
3D imaging (depth camera)
3D imaging (laser scanning)
SAR (satellite and airborne)

0 10 20 30
Number of Articles

Figure 14. Roughness measurement approach used in articles published in study period IV.

Acceleration-Based Response-type Approaches

The central theme of research in this period is the use of accelerometers to measure
vehicle response for pavement roughness evaluation. The acceleration signals are collected
using smartphones, mounted sensors, and vehicles’ built-in sensors or simulated using
special software. Most of the studies utilized four-wheeled vehicles to collect smartphone
acceleration data. The most commonly used vehicles are passenger vehicles (PV), such as
sedans, compact cars, sport utility vehicles, and pick-up trucks [56,84-87]. Some studies
considered buses [88], whereas other studies used a combination of PV and buses [89] as
well as PV and heavy-duty trucks (HDT) [90,91]. Only a few studies considered using
two-wheeled vehicles of cycles [41] and motorcycles [57].

Smartphones have been increasingly explored as a cost-effective tool for evaluating
pavement roughness. The capabilities of smartphones and their widespread use make
them an attractive solution. Smartphones are equipped with a variety of sensors, including
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GPS and accelerometers. The smartphones’ built-in sensors can be leveraged to collect
data required for pavement roughness evaluation. Additionally, smartphones support the
transference of the collected data readily through Wi-Fi or mobile data. Furthermore, the
use of smartphones for data collection is handy and does not require specialized personnel.

Smartphones measure roughness based on the vehicle response rather than the direct
pavement profile. Thus, multiple variables can affect the collected data, including the
smartphone type, vehicle model, driving velocity, mounting arrangement, and sampling
frequency. Table 9 lists the studies that explored the effect of the main factors affecting
pavement roughness evaluation using smartphones.

Table 9. Major studied attributes affecting pavement roughness evaluation using smartphones.

Attributes Articles
Smartphone type [56,85,90,92-95]
Vehicle type [85,89-91,94,96,97]
Mounting arrangement [55,89,90,94,95,97]
Speed [55,89,90,94,95,97-99]
Sampling rate [55,100,101]

Smartphones measure acceleration using the embedded micro-electromechanical
systems inertial motion unit (MEMS IMU). Thus, the measured acceleration is expected to
vary depending on the embedded MEMS IMU. Different smartphones have MEMS IMU
with distinct hardware, antenna size, and installation location. For example, variation in
the embedded accelerometers can affect the reliability of the data and bias the measured
roughness. Accelerometers with a resolution of 10 mm/s? introduce double the inherent
noise compared to that having a resolution of 1 mm/s? [56]. The effects of smartphone type
on pavement roughness measurement have been widely studied, with multiple studies
reporting a significant impact [56,85,90,93-95]. For example, Zhang et al. [92] reported a
relative error of up to 11%, which they considered tolerable.

Variations in the vehicles” dynamic systems lead to differences in the filtering of
vibration caused by road roughness [95]. Most studies reported a significant impact
of vehicle model variation on the measured pavement roughness [85,89,90,94-96]. For
example, Hanson et al. [94] reported that the difference between the measured IRI and the
reference value varied from 5.4% to —11.9% when measured using a compact car (2001
Pontiac Sunfire) and a sport utility vehicle (2011 Nissan Rogue), respectively. However,
Botshekan et al. [97] indicated that well-trained machine learning models could be used
for different types of vehicles. Additionally, Jeong et al. [102] suggested that the use of
gyration (i.e., angular velocity) can minimize the effect of vehicle model variation.

Vehicle speed was reported to have a remarkable effect in the majority of the
studies [55,89,90,95,98,99]. It was remarked that higher speed results in an increased excita-
tion in the vehicle suspension. Thus greater amplitude and acceleration are observed [95].
For example, Bisconsini et al. [95] experimented with speeds of 40, 60, and 80 km /h as well
as a speed varying between 30 and 120 km/h. The study reported the lowest correlation
between the smartphone-based and reference roughness measures (R? = 0.65) at varying
speeds. The highest correlation (R? = 0.86) was found at a 60 km/h speed. However, it is
crucial to indicate that effect of the speed variation depends on several factors, including
the range of speed variation, the types of wavelengths present in the pavement profile, and
the vehicle’s dynamic system [94,95]. However, Hanson et al. [94] reported a limited impact
of speed change from 50 to 80 km/h in their study. Additionally, Botshekan et al. [97]
reported a lower impact of speed variation for larger-scale surveys.

The ideal scenario is to collect the chassis response directly. However, this is not
practical when using smartphones. Moreover, the mounting arrangement may differ sig-
nificantly under normal usage conditions when using smartphones as a crowdsourcing
tool. The mounting arrangement was found to have a considerable effect on the measured
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roughness [55,89,90,94]. For example, Hanson et al. [94] found that the vent mounting
arrangement increased the relative error of the measured roughness to about 86% compared
to 1% for the best performing arrangement of windshield mounting. However, Biscon-
sini et al. [95] concluded a limited impact of the mounting arrangement. In general, a
rigid mounting arrangement is preferable to acquire the chassis vibration as accurately as
possible [95,97].

The sampling frequency is another important factor that can affect the evaluation
of pavement roughness. A higher sampling frequency is better for improving the signal
quality as well as the consistency and reliability of the results [56,93,101]. Some studies
used sampling rates as high as 400 Hz [56], whereas others explored sampling rates as
low as 16 Hz [57]. Multiple studies used a sampling frequency of 100 Hz [41,99,102].
Alatoom and Obaidat [55] investigated four sampling rates of 25, 50, 100, and 200 Hz.
The best performance was reported as the highest sampling rate of 200 Hz. Additionally,
Zeng et al. [101] indicated that fewer runs are required to achieve results at a tolerance
error rate of 10% at an acceptance confidence level of 95% at a higher sampling rate.
Bridgelall [100] reported a similar trend after comparing eight sampling rates.

Results inconsistency in using smartphones is a major limitation [92]. To improve
the accuracy and consistency of the results, Opara et al. [103] and Zhang [92] suggested
averaging the IRI values calculated using different smartphones. Moreover, it was fre-
quently reported that increasing the number of samples helps overcome this limitation.
Bisconsini et al. [95] illustrated that increasing the number of traversals from five to ten
reduced the coefficient of variation from 10-20% to 4-9%. Bridgelall [88] reported that
using 30 traversals from 18 buses reduced the margin of error to less than 6%. Similarly,
Ahmed et al. [93] suggested having 24 and 35 traversals for paved and unpaved roads,
respectively. Medina et al. [90] indicated the need for 50 to 60 traversals. Improving consis-
tency can be achieved by utilizing smartphones as a crowdsourcing tool. In fact, several
articles promoted the use of smartphones as crowdsourcing tools and suggested analyzing
a combination of data from different sources [57,90,91].

Two articles developed ML models to predict road roughness using signals obtained
using smartphones. Jeong et al. [102] developed a CNN model to calculate IRI using images
representing the raw time-history measurement of the vehicle response. Gamage [104]
developed an extreme gradient boosting to calculate IRI using features describing the
obtained signal: the mean, maximum, and standard deviation of acceleration signals, the
number of spikes in x, y, and z directions, as well as the average speed of the vehicle.

Mounted accelerometers that constitute a more similar approach to the early response-
type methods have been investigated in combination with different types of sensors. Many
studies have explored using accelerometers mounted to vehicles to measure pavement
roughness. Attached accelerometers can better acquire the vibrations of vehicles” chassis
by reducing the variability caused due to smartphone mounting. However, compared to
smartphones, their use is more challenging due to the need for additional sensors such as
GPS and special arrangements to collect, store and transfer the data.

Nineteen articles published during the fourth study period were analyzed. Most
studies used field tests for data collection and validation, whereas only two used testbeds.
Some studies used simulated data alongside real field testing [105-107]. Additionally, most
of the studies explored the effect of vehicle speed, whereas only a few articles investigated
the impact of vehicle type, mounting arrangement, and sampling rate on the measured
roughness, as presented in Table 10.

Similar to the discussion made for smartphones, speed was reported to have a signifi-
cant impact on the measured pavement roughness [44,61,106-110]. It was noted that the
higher the speed, the greater the excitation of the vehicle’s suspension, resulting in signal
amplification [61]. For example, Chen and Xue [107] developed a road roughness level
identification model based on the BiGRU network. The model’s overall accuracy dropped
drastically from about 95% to less than 30% when tested on data collected at speeds of 20
and 80 km/h, respectively. However, Li et al. [111] utilized the inverse pseudo-excitation
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method (IPEM) to calculate IRI by measuring vehicle suspension. Li et al. [111] reported
limited variation of measured roughness due to speed variation (40-120 km/h) using his
model. Moreover, some publications suggested corrections of the measured acceleration or
roughness considering the variation in speed [51,112].

Lietal. [111] reported a significant impact of the vehicle type on measured roughness.
Mounting arrangement and sampling rates were reported to impact the measured roughness
as well. Li et al. [108] reported a significant increase when lowering the sampling frequency.
The absolute error doubled when the sampling frequency was downgraded from 200 to
25 Hz. The use of sampling rates lower than 100 Hz was discouraged to avoid unreliable
results [108]. Chou et al. [61] found that placing the sensor on the dashboard gave better
results compared to the floor of the passenger seat and the floor of the central seat.

Table 10. Major studied attributes affecting pavement roughness evaluation using attached accelerometers.

Attributes Articles
Vehicle Type [111]
Mounting arrangement [61]
Speed [44,61,106,107,109-111,113]
Sampling rate [108]

Chen and Xue [107] developed an ML model using a bidirectional gated recurrent unit
(BiGRU) network. The model used the acceleration of the vehicle as well as the wheel to
classify the roughness level of the road. Liu et al. [105] developed an improved restricted
Boltzmann machine deep neural network algorithm based on the Adaboost Backward
Propagation algorithm. The input of the model was the vehicle acceleration and pitch
acceleration, whereas the output was the road roughness class.

Built-in sensors available in connected cars are one of the promising approaches to eval-
uating pavement roughness [114]. It offers an alternative to using specially equipped vehicles
and skilled technicians. Compared to smartphones, it minimizes the number of variables
affecting the collected signal, particularly eliminating the variability of smartphone type and
mounting arrangement. In addition, it allows for the utilization the known information of
the vehicle type. Six studies explored the possibility of using vehicles” built-in sensors for
pavement roughness measurement [45,54,58,59,115,116]. Most studies used simulated data in
addition to the data collected from vehicles’ built-in sensors [45,58,59,115]. Mahlberg et al. [54]
explored the pertinence of using crowdsourced data from connected vehicles for pavement
roughness evaluation. Moreover, Liu et al. [45] demonstrated the applicability of using
crowdsourcing and semi-supervised learning to evaluate pavement roughness.

Nitsche et al. [115] developed three models using ANN, SVM, and random forests
to predict road roughness. Thirty-five features derived utilizing the output of the vehicle
response simulation were used to calculate the weighted longitudinal profile. The random
forests model was reported to demonstrate the best performance. Interestingly, Liu et al. [45]
developed a semi-supervised learning model to work with data coming from vehicles of
known types. The model utilizes a set of data obtained for roads of known roughness and
unknown vehicle type and a smaller set of data from known vehicles passing over roads of
known roughness. The model can work to predict both the vehicle parameters for vehicles
of unknown type and the roughness.

Simulated acceleration data representing vehicle vibration due to surface irregular-
ities that has been investigated to assess pavement roughness. Thirteen studies used
simulated acceleration data exclusively to develop and test road roughness evaluation.
Multiple studies used specialized simulation software, including ADAMS software (2) and
CarSim (1). They were used to simulate the interaction between pavement and vehicles.
Most studies (9) implemented their models using MATLAB software. Studies developed
simulation models of different degrees of freedom (DOF), including two (6), three, six, and
nine (1), four (3), and seven (3).
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Seven articles used ML algorithms in their studies. Types, input, and output of the
used ML models are shown in Table 11. As presented in Table 11, different variations
of the neural network were used in the seven studies. Wang et al. [117] found that the
performance of ANN was comparable to the random forest and better than that of the
decision regression tree. Most of the articles developed supervised ML regression models.
Five articles developed ML models to predict quantitative values of pavement roughness.
One article developed an ML model to classify pavement roughness, considering five
roughness classes. Additionally, one study developed both classification and regression
ML models. Inputs of the different ML include features describing vehicle suspension,
including vertical acceleration. Wang et al. [117] demonstrated the importance of including
additional features, including vehicle type and speed, to boost the models’ performance.

Table 11. ML models developed using simulated data.

Study ML Input Output
[14] ANN 76 features (acceleration signal) IRT
ANN 9 features (acceleration signal) Roughness class (1-5)
[118] ANN ADV (accelerghor} d1v1d'ed by .Veloc1ty in a time Roughness class (1-5)
series considering a time window of 7.5 s)
Acceleration of a vehicle, delayed version of the
[119] ANN vehicle acceleration and the road profiles Pavement roughness (mm)
- . Grms (RMS body acceleration), speed, suspension
[117] Decision regression tree, stiffness, suspension damping, tire pressure, sprung IRI
Random forest, ANN s SUSP ping, » 5P
mass (number of people)
general regression neural Vertical acceleration and the pitching angle
[120] network (GRNN) acceleration of the vehicle mass center Pavement roughness (mm)
3D Imaging Systems

Multiple studies have used 3D imaging systems for pavement roughness measurement.
Different 3D imaging systems were explored considering one of the three main motives:
cost reduction, operation at varying speeds, and development of integrated systems to
collect various condition data in addition to roughness. Several studies [35,36,113] explored
using low-cost depth cameras instead of the relatively expensive laser profilers to evaluate
pavement roughness. The use of 3D systems to construct the road profile for evaluating road
roughness is proposed to overcome the limitations of laser profiler at evaluating roughness
atlow and varying speeds [114]. Additionally, 3D data can be used to assess other pavement
condition aspects, including cracking, potholes, and patching [113]. Additionally, such
systems can be mounted on unmanned aerial vehicles (UAVs) to reduce the time, costs,
and efforts required for roughness data collection [115].

Depth cameras were used in three studies published between 2015 and 2022 for assess-
ing pavement roughness. Specifications of the used depth cameras are presented in Table 12.
As presented in Table 12, the Intel depth camera (D435i) utilizes stereoscopic technology
using imagers, whereas the Microsoft Kinect One utilizes time-of-flight technology using
an infrared sensor and a camera. Aleadelat et al. [69] utilized a low-cost Intel depth camera
(D435i (Intel RealSense, California, USA)) to evaluate pavement roughness. After scanning
road pavement, a depth stream was extracted. Subsequently, the depth stream was filtered
to generate the road profile to ultimately evaluate pavement roughness as IRI values. The
proposed approach successfully classified 76% of the tested road segments into the correct
road performance category as per the FHWA IRI threshold. Mahmoudzadeh et al. [68]
and Khalifeh et al. [67] used RGB-D sensors (Microsoft Kinect One (Microsoft Corporation,
Redmond, WA, USA)) to capture 3D images. The developed technology was reported
cost-effectively with good precision and accuracy. However, the vertical measurement reso-
lution of both camera cameras is larger than 0.01 mm [69,121]. Thus, both are comparable
to class 4 profilers, according to ASTM E1950-2018 [64,69].
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Table 12. Specifications of the used depth cameras.

Brand Number of Infrared Depth Vertical Res.olt.mon Manufacturer
Imagers Technology (Lower Limit)
Depth Camera D435i 2 No Stereoscopic 0.2in Intel RealSense
Kinect One (v2) 1 Yes Time-of-Flight 0.04 in Microsoft

Laser-based 3D imaging systems were also used for pavement roughness measure-
ment. Tran and Taweep [122] and Kumar et al. [123] used mobile laser scanner (MLS)
systems to construct 3D point-cloud data along the road. The main components of the
GT—4 and XP-1 systems used by Tran and Taweep [122] and Kumar et al. [123], respectively,
are presented in Table 13. GT-4 MLS system was developed by Aero Asahi Corporation
(Tokyo, Japan), whereas the XP-1 MLS system was produced at the National University of
Ireland Maynooth (NUIM) [122,123]. Both systems include laser scanners, GPS units, and
cameras. The systems can be mounted on vehicles and support data collection at different
speeds. Tran and Taweep [122] reported collecting data at an average 50 km/h speed. The
developed approaches were reported to be able to evaluate pavement roughness with high
accuracy. It can also be used to calculate the roughness at any track on the road. However,
this approach is more data-intensive compared to conventional point laser profilers.

Table 13. Specifications of GT-4 and XP-1 mobile laser scanning system.

Article Brand 3D Laser Scanner GPS Camera
Laser scanners RIEGL .
[122] GT—4 system VQ450 (2 sets) GNSS/IMU unit 360-degree camera
[123] XP-1 system [124] Riegl VQ-250 IXEA LandINS GPS/INS unit 6 Progressive scan cameras

Additionally, stationary laser scanners were used to obtain 3D point cloud to evaluate
pavement roughness. Alhasan et al. [125] used a Trimble CX 3D STLS system to assess the
pavement roughness of two pavement sections of only 105 m. Although both studies illus-
trated the ability of stationary laser scanners to accurately evaluate pavement roughness,
their use is not practical for large-scale data collection programs.

Other studies used line laser sensors to develop 3D imaging of pavement surfaces
for roughness evaluation. Lee et al. [126] and Guo et al. [70] developed line laser-based
systems to obtain the 3D profile of pavement surface to measure road roughness. Both
systems include two laser scanners. Other sensors and tools are used, including cameras
and DMI units (for spatial referencing). The proposed systems were claimed to support
roughness measurement at low and varying speeds with high accuracy. Lee et al. [126]
reported that the system is reliable for unpaved roads.

Abohamer et al. [127] evaluated pavement roughness by employing ANN and multi-
nomial logistic (MNL) regression models and classified pavement sections into different
roughness categories based on 3D images. Additionally, a convolutional neural network
(CNN) was used to predict IRI. The study used 3D images obtained from Louisiana Dot
and Development (LaDOTD) pavement management system (PMS) inventory. Compared
with IRI values from the inertial profiler, the CNN model predicted IRI with a coefficient of
determination (R?) of 0.985 and an average error of 5.9%.

Stereography was used by multiple studies to generate 3D images of pavement
profiles for roughness evaluation using 2D cameras. Botha and Schalk [128] used two
low-cost cameras and an inexpensive inertial navigation system (SPAN-CPT) to construct
road profiles for roughness evaluation. Prosser-Contreras et al. [71] developed a system
that constitutes a camera and GPS unit mounted on a UAV to evaluate pavement roughness.
The method was found to be cost and time efficient. However, it suffers from multiple
limitations that necessitate further research. One limitation is the requirement to have the
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road be traffic-free. Another limitation is the vulnerability of the data quality to the weather
and lighting quality.

Synthetic Aperture Radar

The use of SAR technology for evaluating pavement roughness has been the focus
of multiple studies [24,129-135]. SAR data from X-band [132-135], L-band [24,131], and
C-band [130] was investigated for pavement roughness estimation. The data were collected
using various satellites such as Sentinel-1 [24,130], Sentinel-2 [132], Cosmo-SkyMed [129],
and Advanced Land Observing Satellite (ALOS) [131]. Moreover, different ML algorithms
were utilized to evaluate pavement roughness. Fiorentini [24] explored various ML models
to evaluate roughness and concluded the superiority of SVM. Bashar and Torres-Machi [130]
applied deep learning to estimate the IRI. The developed model predicted IRI values with
a mean absolute error of about 0.23 m/km (14.6 in/mile). Karimzadeh and Matsuoka [134]
used the SAR backscattering values to assess IRI. The study reported a loose correlation
with the reference values obtained using BumpRecorder software (BumpRecorder Co.,
Ltd., Tokyo, Japan) and a smartphone. However, multiple studies developed models to
classify the roads based on their roughness. Karimzadeh and Matsuoka [132] suggested a
qualitative assessment instead of quantifying pavement roughness due to insufficient image
resolution. Karimzadeh and Matsuoka [132], Suanpaga et al. [131], and Meyer et al. [129]
classified roads into two classes; roads with good and bad roughness.

Satellite data offer wide-scale coverage, which can minimize the time and cost required
for pavement roughness evaluation. However, the applicability of using satellite data for
pavement roughness evaluation is still debatable at the current stage. Thus, more research is
required before assuming the robustness of this technology with the low-resolution publicly
available satellite images. Alternatively, Babu et al. [133] and Rischioni et al. [135] used
high-resolution airborne polarimetric SAR images to evaluate pavement roughness. The
two studies utilized DLR’s airborne radar sensor F-SAR to acquire fully polarimetric X-band
datasets. The estimated roughness was highly correlated with reference values obtained
using a handheld laser scanner. The proposed method sounds more robust compared to
satellite SAR-based approaches.

Tire Pressure Sensors

Few studies explored attaching sensors to vehicle tires to measure pavement roughness.
(Zeng et al. [136] estimated the IRI using a tire pressure sensor. The study employed a
combination of ideal gas low and elastic contact models to derive a nonlinear relationship
between tire pressure and contact force. The results indicate reliable IRI values, especially at
low vehicle speeds, can be obtained. Zhao et al. [137] and Zhao and Wang [138] developed
a new method based on dynamic pressure sensors and axle accelerometers to evaluate
pavement roughness. The measured IRI values were comparable with those obtained using
a laser profiler. Differently, Yang et al. [139] employed machine learning algorithms to
classify road roughness levels based on data collected using an intelligent tire system with
a piezoelectric cable. The layout of the piezoelectric cable was optimized using a finite
element model.

Other Technologies

Other technologies have been explored for measuring pavement roughness, such as
mechanical profilers [140] and directional microphones (acoustic-based method). Becker
and Els [140] developed a mechanical profiler called Can-Can Profilometer that was sug-
gested to be useful for obtaining 3D data for research purposes. Additionally, Zhao et al. [141]
developed an acoustic-based method that utilizes five directional microphones mounted
on a vehicle to evaluate road roughness. The study developed an algorithm to assess
pavement roughness based on the principle that higher sound pressure is associated with
higher pavement roughness. However, the robustness of the model is questionable as the
used algorithm was built using roughness data less than 2 m/km.
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In-pavement strain sensors (optical fiber sensors) have been explored on a limited
scope through laboratory and limited field experiments for pavement monitoring [142],
including roughness evaluation [42,143]. While the technology has shown considerable
potential, its practicality remains questionable due to the need for optical fiber infras-
tructures. The implementation of such infrastructures can be costly, and it may not be
practical for many pavement monitoring applications, especially in remote or hard-to-
reach areas. Nonetheless, the technology remains a promising avenue for future research
and development, and ongoing efforts are being made to improve its practicality and
cost-effectiveness.

Infrared sensors and ultrasonic sensors are cost-effective methods that hold potential
for small agencies with limited resources. These sensors have shown promise in various
pavement monitoring applications, including roughness evaluation, and can offer an
affordable alternative to more expensive measurement technologies. While they may not
provide the same level of accuracy as higher-end sensors, they can still offer valuable
insights into pavement condition and can be a useful tool for smaller agencies looking to
prioritize maintenance and rehabilitation efforts.

5. Current Trends, Research Gaps, and Future Directions
5.1. Industry Practices

The techniques used in practice for pavement roughness measurement have been
evolving over the years. The most apparent trend is the increasing popularity of laser-based
technologies. Laser-based inertial profilers have gained significant momentum in the last
three decades. Moreover, 3D imaging systems are increasingly used for pavement condition
surveys to collect different types of data, including roughness.

Thirty-four pieces of equipment from over twenty vendors across various countries
were reviewed to identify the state of the practice for pavement roughness measurement.
Details of the reviewed pieces of equipment are presented in Table 14. As revealed in
Table 14, half of the reviewed equipment (17) are profilers of one or more point laser sensors.
Two-point laser sensors constitute the minimum requirement to measure roughness in
both vehicle wheel tracks. However, a larger number of point laser sensors are commonly
used to acquire additional data, including rutting and geometric measurements. Line laser
scanning sensors are used in three pieces of equipment. Moreover, two vendors offer to
provide line laser sensors in place of the point laser sensors. Such equipment can provide
additional condition data, including rutting and geometrics.

The use of cost-effective technologies continues to secure a niche market, especially for
low-volume and urban roads. Six pieces of equipment used accelerometers to evaluate the
pavement roughness. Four of them are walking profilometers where the equipment is rolled
along at walking speed. The other two can be mounted on vehicles to collect roughness
data more efficiently, although with lower accuracy. Additionally, the use of smartphones
for roughness measurement is facilitated by the commercial of BumpRecorder [144].

The use of laser triangulation technology to develop 3D imaging is used by the
Canadian company of Pavemetrics to develop the Laser Crack Measurement System
(LCMS®-2). LCMS-2 can be used to virtually collect all pavement surface condition data.
The use of 3D imaging has been gaining significant momentum in the last few years [2].
LCMS-2 is integrated into multiple commercial systems, including Hawkeye 2000 [145],
Mandli collection system [146], IrisGO Pave [147], and IrisPRO Pave [148]. Other 3D
laser imaging systems include PaveVision3D Ultra [149] and ZOYON-RTM [150]. Three-
dimensional imaging systems are expected to achieve multiple benefits, including accuracy
enhancement. Additionally, such systems facilitate the collection of different condition
data, including roughness, rutting, cracking, faulting, spalling, and potholes [2].
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Table 14. Details of the commercially available systems for measuring pavement roughness.

Equipment Vendor Country 2 Type Technology Reference
BumpRecorder BumpRecorder Co., Ltd. Japan I Smartphone [144]
Roadmasterl\I/I{é)tsﬁ Roughness AL-Engineering Oy Finland 1 Accelerometer [151]
Roughometer 4 ARRB Group Australia III Accelerometer [152]
Walking Profiler G3 ARRB Group Australia I Accelerometer [153]
. . Zhuozhou Tianpeng Instrument .
DAPPES-3 (Walking profiler) Manufacturing Co., Ltd. China 1 Accelerometer [154]
SurPRO International Cybernetics USA I Accelerometer [155]
(CS8800 Walking Profiler Surface Systems & Instruments USA I Accelerometer [156]
Road Surface Profiler MK IIT Dynatest Denmark 1 Point laser (up to 21) [157]
Road Surface Profiler IV Dynatest Denmark I Point laser (1-2) [158]
. Nanjing T-Bota Scietech . . B -
Road Surface Profiler Instruments & Equipment Co., Ltd. China I Point laser (1-17) [159]
PaveProf V2.0 PaveTesting Ltd. UK 1 Point laser (up to 40) [160]
Digital Laser Profiler ARRB Group Australia 1 Point laser (3) [161]
LaserProf Greenwood Engineering Denmark I Point laser (2) [162]
Greenwood Profiler Greenwood Engineering Denmark 1 Point laser (48) [163]
IrisGO Portable Profiler International Cybernetics USA I Point laser (1-3) [164]
IrisPRO Inertial Profiler International Cybernetics USA I Point laser (1-5) [165]
ARAN inertial profiler Fugro Roadware Canada I Point laser (2) [166]
CS9550 Portable Survey Profiler Surface Systems & Instruments USA ! Point laser (2-6) [167]
CS8600 Ultra-Light Profiler Surface Systems & Instruments USA I Point laser (1) [168]
ROMDAS Laser Profilometer Data Collection Ltd. New Zealand I Point laser (1-2) [169]
APTech’s EDGE Applied Pavement Technology Inc. USA 1 Point laser (2) [170]
RoadSTAR Austrian Institute of Technology Austria I Point laser (21) [171]
8300 High-Sp ee.d Inertial Road Ames Engineering USA I Line/Point laser (1-2) [172]
Profiler
6300 Lightweight Profiler Ames Engineering USA I Line/Point laser (1-2) [173]
Pathway inertial profiler Pathway services USA 1 Line laser [174]
PPS-Plus Fraunhofer IPM Germany I Line laser [175]
Gocator 2342 LMI Technologies Canada I Line laser [176]
LCMS®-2 Pavemetrics Canada I 3D laser imaging [177]
system
. 3D laser imaging
Hawkeye 2000 ARRB Group Australia 1 system [LCMS®-2] [145]
. . . A 3D laser imaging )
Mandli collection system Mandli Communications USA system [LCMS®-2] [146]
. . . 3D laser imaging /,
IrisGO Pave International Cybernetics USA I system [LCMS®-2] [147]
. . . 3D laser imaging
IrisPRO Pave International Cybernetics USA I system [L CMS®-2] [148]
PaveVision3D Ultra WayLink Systems Co. USA I 3D laser imaging [149]
system
ZOYON-RTM Wuhan Optics Valley Zoyon Science China I 3D laser imaging [150]

and Technology Co., Ltd.

system

1 Vertical resolution < 0.01 in; 2 Headquarter location.

Figure 15 illustrates the anticipated drivers and future trends in the industry practice
of pavement roughness measurement. As depicted in Figure 15, laser profilers and 3D
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Drivers

Cost-effectiveness

laser imaging systems are expected to maintain their prevalence, especially for high-volume
roads, due to their unmatched efficiency, accuracy, and precision. Additionally, they are
highly automated techniques. In particular, 3D laser imaging systems provide additional
advantages, including the ability to survey multiple pavement condition data at varying
speeds. The commercialization of smartphones and vehicles’ built-in sensors for roughness
measurement is also projected to increase. This trend is driven by their cost-effectiveness and
applicability in various industries, as shown in Figure 15. Highway agencies are expected to
increasingly adopt these techniques, particularly for urban and low-volume roads.

Technologies Applications

Laser profilers

High-volume roads

3D laser imaging systems

Urban roads

Vehicle response
(smartphone)

Vehicle response (built-
in sensors)

Figure 15. Anticipated future trends in industry practice for pavement roughness measurement.

It is worth noting that the analysis of journal article sponsorships indicates a lack of
industry support for the academic research community, with only one article sponsored by
a commercial company. This highlights a low level of coordination between industry and
academia, which can result in a waste of resources. Given the increasing interest in rough-
ness measurement research, the industry can leverage exhausted efforts by collaborating
with the research community. One way to achieve this is through establishing partnerships
between industry and academia to work together on research projects. Such partnerships
can involve joint funding, resource and expertise sharing, and co-authoring of publications.
Furthermore, government funding agencies can provide incentives for industry-academia
collaborations by offering funding opportunities for joint projects, encouraging partner-
ships, and prioritizing proposals that involve collaborations.

5.2. Research Community

The developed approaches for measuring pavement roughness differ in their work
principle, costs, accuracy, practicality for large-scale data collection, and soundness as
crowdsourcing tools, as presented in Table 15. Most of the investigated technologies are
low-cost and applicable for data collection at the network level, as presented in Table 15.
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Table 15. Comparison of the developed approaches for measuring pavement roughness.

Technology Type Cost Accuracy Network Level Crowdsourcing
Smartphones Indirect L L Yes Yes
Attached accelerometers Indirect L L Yes No
Vehicles’ built-in sensors Indirect L L Yes Yes
Vehicle telematics Indirect L L Yes Yes
Piezoelectric cable on a tire Indirect L L Yes No
Tire pressure sensors Indirect L L Yes No
3D imaging systems (laser) Direct H H Yes No
3D imaging systems (low-cost depth camera) Direct L L-M Yes No
3D imaging systems (stereography) Direct L-M L-H Yes No
Ultrasonic sensors (low-cost) Direct L L Yes No
Infrared sensors (low-cost) Direct L L Yes No
In pavement sensors Indirect - M No No
Microphones Indirect M L Yes No
SAR (satellite and airborne) Indirect L L Yes No
Laser-based equipment Direct H H Yes No
Can-Can (mechanical) Direct M H No No

L: low; M: medium; H: high.

Most investigated approaches utilize sensors mounted or available in standard passen-
ger cars, where data can be collected at traffic speed. Remarkably, smartphones, mounted
accelerometers, and vehicles’ built-in sensors are cost-effective techniques for roughness
evaluation. However, their indirect approach to evaluating roughness and the high vari-
ability that can be introduced by multiple factors, including the type of vehicle, may lead
the accuracy to be questionable. For example, Wang et al. [117] indicated that the accuracy
of a smartphone-based approach could be comparable to a World Bank Class 3 device if the
mounting is rigid and the speed is considered. Without consideration for the vehicle type
and speed, the accuracy was reported to be similar to World Bank Class 4 approach (visual
inspection). As an alternative to calibration, smartphones and vehicles’ built-in sensors are
the obvious options for crowdsourcing.

Some of the technologies can be considered premature for widespread deployment,
such as piezoelectric cable on a tire and tire pressure sensors. They hold potential for
applications in highly autonomous vehicles. As technology continues to evolve, these
emerging technologies could become increasingly relevant in the near future.

Laser profilers still generally offer a reasonable option for roughness measurement.
However, their limitation in urban roads and considerable cost urge researchers to consider
alternatives. Three-dimensional imaging systems hold more significant potential as a multi-
purpose approach for evaluating a variety of pavement defects, including roughness. Their
versatility in terms of technology type, accuracy, and cost offers a range of options for dif-
ferent applications. For less important roads or smaller agencies with limited resources, the
use of low-cost depth cameras or stereography with low-cost cameras may be appropriate
and offer a viable option. Alternatively, 3D laser imaging systems provide the highest level
of accuracy and efficiency and can be used in a range of different circumstances. However,
their significant cost remains a hurdle for agencies with limited resources.

Remote sensing technologies, such as airborne and satellite synthetic aperture radar
(SAR) images, offer significant potential for various pavement inspection applications,
including roughness evaluation. While satellite imagery is generally more cost-effective,
airborne SAR images can offer higher resolution and greater accuracy. However, challenges
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Research gaps/ drivers

Calibration difficulties

The growing demand of

different industries

High-cost of current
equipment

Standardization of
equipment testing

Lack of
comprehensiveness

such as the presence of vehicles on the road, tree coverage, and processing difficulties,
including segmentation challenges, can limit the effectiveness of this approach in spe-
cific scenarios, particularly on urban roads [134,135]. Additionally, it was reported by
Fiorentini et al. [178] that roughness resulting from endogenous factors, such as traffic flow
and pavement materials, may not be detectable using SAR technology. As a result, the use
of remote sensing technologies for pavement inspection may need to be carefully evaluated
on a case-by-case basis.

Figure 16 shows the current research gaps and the anticipated future research themes
regarding the measurement of pavement roughness. Precision issues and calibration diffi-
culties associated with using smartphones and connected vehicles are expected to intensify
the use of crowdsourcing and machine learning. The growing demand for roughness mea-
surement from new industries will boost the exploration of using smartphones and vehicles’
built-in sensors. Developing efficient and cost-effective approaches is also expected to
continue gaining attention from researchers. Three-dimensional laser imaging systems are
expected to draw more attention as a technology capable of acquiring different pavement
condition data. The problem of lack of standardization in testing new methods in academia
requires further focus. The next discussion lays out the anticipated future research directions
and their associations with the identified research gaps and different technologies.

Future research themes Technologies
Crowdsourcing
Vehicle response
(smartphone)
Applications of different
Ll Vehicle response (built-
in sensors)

Low-cost technologies

SAR images

Machine learning

Other low-cost
technologies

3D laser imaging systems
Integrated & comprehensive

condition assessment tools

Figure 16. Anticipated future trends among the research community regarding pavement
roughness measurement.

5.2.1. Crowdsourcing

The use of acceleration data, particularly from smartphones and vehicles’ built-in
sensors, for roughness pavement inspection is performed following either the calibration or
crowdsourcing schemes. The first scheme entails calibrating the measures with roughness
values collected by a World Bank Class 1 profiler. However, as discussed before, this
approach has a major limitation regarding the limited consistency of the acceleration data.
Additionally, it requires data collection by driving the complete network using the same
arrangement used for calibration, including vehicle type and speed. The other scheme
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offers a more practical alternative by involving road users to cheaply collect large volumes
of data. Crowdsourcing in this regard is facilitated by the public for monitoring pavement
conditions. Larger datasets were reported to marginalize the effect of the individual
factors on the measured roughness, including vehicle type, smartphone model, mounting
arrangement, and driving speed [91,104]. Roughness measured via crowdsourcing can
help users choose the best route considering the ride quality and users’” expenses.

Table 16 presents details of some studies that used acceleration data collected using smart-
phones and connected vehicles as a crowdsourcing tool to evaluate road roughness. Table 16
shows that most studies used smartphones as a crowdsourcing tool [57,85,90,97,99,104]. This
is predictable as road users widely use smartphones, and customized software can be easily
installed to collect and analyze the data. Among the developed software are iRoads X [104]
and RoadSR [41]. However, two studies explored using connected vehicles as crowdsourcing
tools to evaluate roughness data [45,54]. Additionally, the use of crowdsourcing is usually
coupled with ML [45,97,104]. The majority of the studies presented colored maps to indicate
the roughness level of road sections [57]. As presented in Table 16, the scale of some studies
was large enough to include data collected for hundreds of kilometers collected using tens of
cars and smartphones. SmartRoadSense database covers about 24,000 km of roads collected
using 432 different vehicles and 147 different types of smartphones.

Table 16. Crowdsourcing approaches for measuring pavement roughness.

Article Used Technology Smartphone Types Vehicle Types Database Size (km) Application
[99] Smartphone 147 432 24,000 SmartRoadSense
[104] smartphone 2 3 56 iRoads X
[41] Smartphone 1 1 (bicycle) 13.456 RoadSR
[57] Smartphone 5 10 100 Unnamed
[85] Smartphone 2 3 0.35 Server-based system
[90] Smartphone 33 45 32 NA
[97] Smartphone 2 15 47 NA
[54] Built-in sensors - NA 32 NA
[45] Built-in sensors - 1 200 NA

Crowdsourcing is a promising alternative that is cheap and easy to deploy for pave-
ment roughness measurement. A growing interest in this research theme is expected to
persist and foster in the coming years. Moreover, anomaly detection techniques [179] and
blockchain technology [180-182] can be explored to enhance the reliability of the collected
data and address privacy issues.

5.2.2. Low-Cost Solutions

Many researchers have devoted their work to developing low-cost solutions for evalu-
ating pavement roughness [51,67,69,94,109,183,184]. Table 17 presents some of the low-cost
approaches investigated by multiple studies. As presented in Table 17, Aleadelat et al. [69] and
Khalifeh et al. [67] used depth cameras as cheap as USD 200 to evaluate pavement roughness.
Arbabpour Bidgoli et al. [109] developed an attached accelerometer-based system with an
estimated cost of USD 50. A USD 47 system consisting of an infrared-based sensor and an
accelerometer was developed by Kheirati and Golroo [184]. Some studies explored develop-
ing systems as cheap as USD 20 (Behera et al. [183]) and USD 29 (Mirtabar et al. [51]) using
attached accelerometers and ultrasonic sensors, respectively. However, the majority of these
approaches require rigorous calibration that necessitates Word Bank Class I profilers.
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Table 17. Low-cost approaches for measuring pavement roughness.

Article Technology Cost (USD)
[67] Depth camera 200
[69] Depth camera 200
[86] Smartphone 100
[109] Attached Sensors 50
[184] Infrared sensors 47
[51] Attached Sensors 29
[183] Ultrasonic sensors 20

The use of drones and satellites can provide another opportunity to reduce the cost
of pavement inspection [71,130]. Alternatively, multiple studies explored using available
devices to calculate pavement roughness. Many studies used smartphones that are avail-
able to road users [56,99,104]. Other studies used vehicle telematic [185] and vehicles’
built-in sensors [54,116]. As an alternative to calibration, several studies explored using
smartphones and vehicles’ built-in sensors as crowdsourcing tools [85,104].

In fact, the measurement of road roughness does not conceptually present an extremely
challenging problem. On the other hand, measuring equipment costs are significant [79].
In a study published in 2007, Word Bank Class I laser-based profilers were reported to
cost between USD 25,000 and USD 50,000 [52]. The authors asked several vendors to
provide quotations to evaluate the current prices of laser profiler systems. The prices of
such equipment are not lower nowadays based on four quotes collected by the authors
from multiple companies in Asia, Australia, and North America. Small municipalities and
highway agencies with limited resources may be unable to afford advanced laser profilers,
especially in low-income countries. Thus, this research theme is expected to continue in the
coming years.

5.2.3. Machine Learning

The use of machine learning for roughness measurement has experienced a remark-
able increase in the last few years. Table 18 presents the used machine learning and the
associated data collection technology. As shown in Table 18, many ML models were used to
evaluate roughness using acceleration signals obtained using smartphones [102,104], vehi-
cles’ built-in sensors [45,115], mounted sensors [105,107], and simulated data [114,117-120].
Additionally, Abohamer et al. [127] developed different ML models to evaluate pavement
roughness using 3D data.

Table 18. ML models used for pavement roughness evaluation.

Article ML Technology
[102] CNN .
Vehicle response (smartphones)
[104] Extreme Gradient Boosting
[115] ANN, SVM, and Random Forests
Vehicle response (vehicles’ built-in sensors)
[45] Self-supervised Learning
[105] Deep Neural Network
Vehicle response (mounted sensors)
[107] BiGRU
[114,118,119] ANN
[117] Decision Regression Tree, Random Forest, ANN Vehicle response (simulated data)
[120] General Regression Neural Network (GRNN)
[127] ANN, MNL, CNN 3D imaging systems
[24,130] SVM, Deep Learning SAR images
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As presented in Table 18, ANN and deep learning and frequently used to evaluate
roughness data. The use of models other than supervised learning may provide a tool to
advance the use of crowdsourcing tools and overcome challenges such as incomplete data.
The use of ML is expected to keep increasing in the coming years.

Machine learning momentum is expected to be fostered by the increasing use of crowd-
sourcing as an alternative to calibration for vehicle response methods. In this regard,
machine learning can facilitate the development of cheap and more robust roughness evalu-
ation methods. Additionally, the use of machine learning models coupled with computer
vision algorithms is expected to rise with the growing interest in 3D laser imaging systems.

5.2.4. Growing Demand for Roughness Data Measurement by Different Industries

Information about pavement roughness is no longer the sole interest of highway
agencies. Instead, road users are becoming increasingly interested in understanding the
road’s condition. As discussed before, roughness is considered a major indicator of riding
quality and significantly impacts users’ comfort and expenses. Recently, an increasing
number of studies have been exploring tools to help users collect, visualize, and share
information on road roughness. With the availability of cheap sensors, smartphones, and
connected cars, many studies have started exploring crowdsourcing to derive and provide
road users with the required knowledge about road roughness [57,85,104,186]. Many of
these studies used maps to help users perceive road quality. Crowdsourcing tools can
help users share the measured road roughness and their experienced ride quality and fuel
consumption at different speeds. These pieces of information can help users compare their
route choices, adjust their driving speed, and better plan their trips [112].

Another roughness-measurement-demanding industry is the automotive industry.
Roughness has long been a matter of interest for the automotive industry due to its effects
on vehicle suspension systems. However, two developments in the automotive industry
have fueled the interest in road roughness measurement. The first significant development
is the evolution of vehicle suspension systems from passive to semi-active and active
control. This change makes the knowledge of road roughness of great importance to
improve ride quality. The other development is the pursuit of increasing the level of driving
automation to develop autonomous vehicles. Thus, enhancing vehicles’ ability to evaluate
road profiles has recently been a focus of a tremendous amount of research [45,54,187-189].
Equipping vehicles with the ability to evaluate road roughness is essential to facilitate
effective road-preview-based suspension control systems in future vehicles. In such systems,
the dynamic characteristics of the vehicle suspension system are adjusted to improve the
vehicle chassis performance and ride quality in real-time by utilizing roughness information
of the road ahead [190,191]. Thus, the automotive industry aims to equip vehicles with
pavement roughness technologies, which is essential to facilitate effective road-preview-
based suspension control systems in future vehicles.

Therefore, cars are expected to collect and share condition data using built-in sensors
and software. Several researchers have explored evaluating pavement roughness using
vehicles’ built-in sensors [45,54,58,59,115,116]. This approach is relatively more reliable
than smartphones due to eliminating the impact of some variables, namely the smartphone
type and mounting arrangement. Additionally, data from similar vehicles can be used
collectively to evaluate pavement roughness. Moreover, connected cars can be used as a
crowdsourcing tool to collect large amounts of data cheaply and easily [45,54].

5.2.5. Integrated and Comprehensive Condition Assessment Tools

The use of laser-based 3D imaging systems has been gaining increasing popularity in
recent years due to multiple factors, including high accuracy and precision, independence
from natural light, and applicability to urban roads. Additionally, it facilitates surveying for
various pavement condition data, including roughness, rutting, cracking, and raveling [26].
However, Pierce and Weitzel [26] implied that further research is required to fully validate
the accuracy and the repeatability of the 3D profiling systems to measure pavement rough-
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ness. Additionally, it is necessary to develop a standardized method for calculating IRI
with 3D profiling systems [26]. Thus, this technology is expected to gain more attention to
achieve higher maturity.

5.2.6. Standardization of Equipment Testing

The reported accuracy of the different techniques may not help compare their perfor-
mance due to the absence of standardization in the evaluation process. Many variables
may render the obtained results unrepresentable or make the comparison unfair. First, the
reference roughness measures were obtained differently using rod and level [67,68], laser
profilers [60,61,130], World Bank Class 3 Roughmeter [98], and World Bank Class 3 bump in-
tegrator [84]. Second, there was variability in the roughness reporting measures. Although
the majority of the studies reported roughness data using IRI [41,67,84,112,114,130,192],
some studies reported roughness data using other measures, including PSD [119,126,193],
and RIF [60,100,116]. Third, the scale of the validation case studies varied significantly. For
example, Kumar et al. [57] used data collected from a case study of about 100 km, whereas
Alhasan et al. [125] used two pavement sections of 105 m in total. Thus, it is essential to
standardize the testing of new roughness measurement approaches.

6. Conclusions

Pavement roughness serves as a crucial metric to evaluate the condition of paved
roads and is widely regarded as a primary measure of rideability and serviceability. As a
result, roughness data is in high demand across different industries, including highway
agencies and the automotive industry. Therefore, it is critical to develop techniques that
fulfill the requirement of efficiency, accuracy, and cost-effectiveness that align with the
various applications. Subsequently, the evolution of pavement roughness measurement
techniques has undergone significant changes over the years. The current study utilized
the Scopus database and the TRB library to investigate trends in roughness measurement
techniques among both industry practice and research community over the past five
decades. It also identified the state of the art and the state of the practice in roughness
measurement techniques. Moreover, the study identified current research gaps and industry
needs and anticipated future directions. The study primarily focused on the evolution of
roughness measurement techniques in North America. However, the study supplemented
the discussion by analyzing the worldwide state of the practice via surveying thirty-four
pieces of equipment from eleven countries, including the USA, Canada, Denmark, Germany,
China, Japan, and Australia.

In industry, the use of response-type methods gradually declined over time and
was largely phased out in the 1990s. Non-contact profilers started gaining popularity
in the 1980s and eventually prevailed in the 1990s and 2000s. While ultrasonic sensors
were widely used in non-contact inertial profilers in the 1980s, their usage gradually
decreased, and they were completely replaced by laser sensors from major vendors during
the first decade of this century. Today, laser-based equipment, including laser point and 3D
laser imaging systems, is the most commonly used technology for pavement roughness
measurement. Three-dimensional laser imaging systems based on laser triangulation
technology are increasingly used in commercial systems developed by major vendors due
to their advantages in acquiring multi-use data with high accuracy and efficiency. However,
the anticipated spread of highly autonomous cars and the need for cost-effective techniques
for roughness measurement is expected to increase the potential of using smartphones
and built-in sensors in connected cars, especially in combination with crowdsourcing and
machine learning.

The research community has been increasingly putting significant efforts into inves-
tigating various roughness measurement techniques, particularly in the last few years.
Most research efforts were devoted to evaluating, calibrating, and reviewing response-type
equipment in the 1970s, 1980s and 1990s. However, an increasing number of technologies
have been investigated in recent years. Most of the published studies explored the use
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of acceleration signals describing the suspension response of vehicles obtained via smart-
phones, mounted sensors, and vehicles’ built-in sensors. Other studies investigated a wide
range of technologies, including satellite and airborne SAR images, infrared, acoustics,
3D imaging systems, pressure sensors, and pavement-embedded sensors. Developing
low-cost techniques was the focus of multiple studies. Crowdsourcing was also explored
as an alternative approach to using expensive equipment and experienced technicians for
data collection and calibration. Additionally, the study indicates that more research has
been directed toward benefiting parties other than highway agencies. Pavement roughness
evaluation is becoming increasingly important to the automotive industry and navigation.
Although an increasing number of techniques have been investigated in academia,
their robustness in real applications remains dubious due to the lack of standardization
in the evaluation process. Therefore, it is necessary to standardize the evaluation of the
developed technologies. This review indicated little collaboration between industry and
academia in developing new techniques for measuring pavement roughness. Thus, it is
critical to increase cooperation between industry and academia to maximize the benefit
of research efforts in academia. Partnerships can include joint funding, resource sharing,
and co-authoring publications. Government funding agencies can provide incentives for
collaborations by offering funding opportunities and prioritizing joint proposals.
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Appendix A

Table Al. Keyword synonyms.

Label Replace With
Accelerometer Accelerometers
Neural network, neural networks Artificial neural network
Bus lane Bus lanes
Connected vehicle Connected vehicles
Crowdsourced data Crowdsourcing
Dynamic tire pressure sensor (DTPS) Dynamic tire pressure
Frequency response function (FRF) Frequency response function
Global positioning system (GPS), GPS Global positioning system
Laser scanning profilometer Inertial laser profiler
International Roughness Index (IRI), IRI International roughness index
Inverse problem Inverse problems
Kalman filter Kalman filtering
Laser sensor Laser sensors
Longitudinal profile of road, longitudinal road profile Longitudinal profile

Low-cost device Low cost
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Table Al. Cont.

Label

Replace With

Kinect, Kinect V2, Microsoft Kinect One (V2)

Microsoft Kinect

Pavement evaluation, road condition evaluation, road disturbance estimation, road anomaly

detection

Pavement condition assessment

Road health monitoring, road surface monitoring

Pavement monitoring

Pavement profiler, profiler, profilers, profile, road profile

Pavement profilers

Pavement smoothness, road roughness, road roughness identification, road surface, road surface

roughness, roughness, smoothness

Pavement roughness

Pothole detection

Potholes

Power spectrum

Power spectral density

Probe vehicle

Probe vehicles

Response-type road roughness measuring system (RTRRMS)

Response-type device

Riding quality

Ride quality

Keywords road profiler

Road profiler

Road profile measurement, Roughness assessment, Road Roughness Detection

Road roughness estimation

Smartroadsense

Smart road sense

Smartphone sensor

Smartphone sensors

Smartphone

Smartphones

Unmanned aerial vehicles (UAVs)

Unmanned aerial vehicles

Vehicle response

Vehicle responses

Youla-Kucera (YK) parametrization

Youla—Kucera parametrization
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