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ABSTRACT

Turbulence in traffic is a commonly known phenomenout the exact characteristics of this
phenomenon are not yet clear. It reflects individirnges in speed, headways, and lanes in
the traffic stream. The currently used freeway glegjuidelines prescribe different measures
for handling turbulence, such as sufficient ramacapy, and spacing between road disconti-
nuities. In situations where the available spadevéen discontinuities is scarce, it might be
necessary to make a trade-off between costs aetly&aderation. For a valid trade off more
insight is needed on the safety and operationstsfighen one deviates from the guidelines.
A lot of research was done on the different caw$égrbulence and their effect on safety and
operation. This paper proposes a theoretical frasnevior turbulence phenomenon that fa-
cilitates the comparison of the available methodigle that can be used to evaluate a freeway
design on the matter of turbulence and its impactraffic operations and safety. The main
finding of this review is that the currently av&ila methodologies lack the ability to evaluate
the impact of freeway turbulence on operations saféty simultaneously. Different recom-
mendations to overcome limitations of current mdtiogies and further research possibili-
ties to improve these methodologies are given.

Keywords traffic safety; operations; turbulence; surrogsdéety measures; freeway design

INTRODUCTION

Entering and exiting traffic from ramps and weavargas will affect the traffic density on the

freeway. Especially on the right lane. This chaimgdensity may cause freeway traffic to re-
act, for example: changing lanes to a lane witbveel traffic density. Other reactions can be
decelerating or accelerating in order to increasdearease the headway with the vehicle in
front (1). This phenomena is called ‘turbulence’ and iisntioned several times in literature

(2-6) and in guidelinesl( 7; 8).

The concept of turbulence is used consistently thisdsuggests a clear definition of turbu-
lence. But neither the existing guidelines nor literature define exactly what turbulence is.
There is however a general agreement in literatarewo main characteristics regarding tur-
bulence: turbulence is a common phenomenon infiicteaream (), and will have a higher
magnitude around freeway discontinuities, such rasamps 4), off-ramps, weaving areas,
left side lane reductions, etc.. Also turbulencstated to have a negative impact on traffic
safety and traffic operation-3; 6).

According to design guidelines turbulence has taalen into account for ramp spacirig (

7; 9) and the spacing of discontinuitiek (0). To do this guidelines prescribe certain lengths,
but the scientific justification is lacking. The AXTO for example uses a set of values for
minimum ramps terminals spacing).( The Dutch freeway guidelined@) prescribe turbu-
lence lengths for the spacing of discontinuitiesndne of the guidelines the origin of the pre-
scribed lengths is referenced.

In densely populated areas, such as the Netherl#ém@space for new freeways is scarce. In
some freeway design cases it was decided to dewatethe guidelines in order to be able to

realize the desired interchange connections. I sases it is tempting to accept a shorter
length than prescribed. However, the implicatiomstfaffic safety and operations of deviat-

ing from the guidelines are not fully understoodthArough understanding of turbulence, and
its influence on traffic safety and traffic opecats is critical in order to be able to make the
right trade-off for the design choices in thesaatibns.
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The main aim of this paper is to review the culseavailable methodologies to assess the
impact of turbulence in freeway traffic on trafSafety and traffic operations. The different
methodologies are described and compared. Reconatiens! are given on how to use a
wide range of different existing methods, and howdmbine methods when assessing de-
signs on operations and safety at the same timen¥din focus of this review is turbulence in
freeway traffic around on-ramps, off-ramps and viegareas.

This review starts with a background on the turbaéephenomenon and its influence on traf-
fic safety and traffic operations. The second garés an overview of the available methods
to quantify turbulence. The available methodolodmesassessing the impact of turbulence on
operations and safety are described and compar#tkithird and fourth part. This review
ends with conclusions and gives recommendatiofuftiner research.

BACKGROUND

In freeway design the use of guidelines, manuatsséandards in the design process is com-
mon. Documents such as the Highway Capacity Ma(td@M) and the ‘AASHTO Green
Book’ in the USA, 1), the ‘Richtlinien fir die Anlage von AutobahneRAA)’ (9) in Ger-
many, the ‘Design Manual for Roads and Bridg8p in Great Britain and ‘Nieuwe On-
twerprichtlijnen voor Autosnelwegen (NOA)'(new dgsiguidelines for freeways)LQ) in
The Netherlands are prescribed in order to mairgaisistency in road geometry and to pro-
vide safe freeways with sufficient level of servi{d4).

One of the important geometric elements in freewsyamp spacing and the length of weav-
ing areas. The basic principle in the design o$¢helements is that there should be sufficient
spacing between succeeding ramps in order to capewrbulence in the traffic stream.
Different approaches for dealing with turbulence ased in the different guidelines. For ex-
ample: the AASHTO Green Book uses a set of mininuahuies for ramp spacing and the
Dutch guidelines use a criteria called Turbulers®gth, which is the required length between
succeeding discontinuities. The prescribed lendiffisr per type of discontinuity and also per
guideline. For example, table 1 shows the diffepescribed distances between an on-ramp
followed by an off-ramp (measured from nose to hose

TABLE 1 Distance between On-Ramp and Off-Ramp Prescribed in Different Guidelines

Country Distance Design criteria

The NetherlandslQ) 750 m design speed

Germany 9) 1100 m* minimum value for isolated intersectidaming
600 m** road category: freeway

USA (7)
480 m*** road category: freeway

UK (8), Vol.6, Sec. 2, Cpt 4.7 450 m**** 3.75V, wheve= design speed = 120 km/h

* 250 m acceleration lane + 600 m between accéberaind deceleration lane + 250 m deceleration lane
** system to service interchange (weaving)

*** sarvice to service interchange (weaving)

**** may be increased to the minimum requiremerds éffective signing and motorway signaling

Despite the differences between the different agghves, the general concept behind ramp
spacing and weaving areas in all the above guiglelis that the traffic stream will encounter
a raised level of turbulence around freeway disoaittes. Turbulence will intensify when
the available road length for lane changing becosthester. This should be taken into ac-
count by applying sufficient ramp spacing. This @&pt is supported by literaturgé?; 13.
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In literature and guidelines turbulence is mentéibbat no explicit definition for turbulence is

given. These are some examples in which turbuleneentioned:

“Weaving segments require intense lane-changingemaers as drivers must access lanes
appropriate to their desired exit leg. Thereforaffic in a weaving segment is subject to

lane-changing turbulence in excess of that normalgsent on basic freeway segments.
This additional turbulence presents operationablgras and design requirements);(

- “Ramp-freeway junctions create turbulence in thegimg or diverging traffic stream. In
general, the turbulence is the result of high leln@aging rates. The action of individual
merging vehicles entering the traffic stream createbulence in the vicinity of the ramp.
Approaching freeway vehicles move toward the leftavoid the turbulence. Thus, the
ramp influence area experiences a higher ratenefthanging than is normally present on
ramp-free portions of freewayl);

- turbulence can be captured by four variables:vét)ation in speeds in the left and interi-
or lanes, (2) variation in speed in the right 1(3¢ variation in flow in the left and interior
lanes, and (4) variation in flow in the right lan(&).

- “Turbulence is (among other things) defined by heagdchanges and a changed distribu-
tion of traffic over the different freeway lanesor@sponding aspects of driving behavior
are for example deceleration, evasive actionsrmrigipating) lane changes1().

Since there is no explicit definition for turbulenavailable, a definition is still to be suggest-
ed. A non-turbulent traffic state can be consideasd state in which all vehicles on a road
maintain the same relative distance and speech&robver a certain length of a road section
and for a period of time. A turbulent traffic stai@n then be considered as the state in which
speed, headway and the lateral position changetwrner due to driver actions such as accel-
eration, deceleration and lane-change. Since aetele, deceleration and lane-changes are
common driver actions, turbulence can be considasedlways present in the traffic stream
(1). Therefore, a more specific definition of turlbnde in the vicinity of discontinuities (such
as ramps) is proposed in this paper as following:
- Turbulence:
O individual changes in speed, headways, and lareslgdne-changes) in a certain road
segment, regardless the cause of the change;
- Level of Turbulence:
0 the frequency and intensity of individual changaesspeed, headways and lane-
changes in a certain road segment, over a cergaiodoof time;

Theoretical Structurefor Turbulence

The Level of Turbulencés expected to increase before (upstream of) andetrease after
(downstream of) a ramp or a weaving area. This @mema is described by Hovendat)
who found that turbulence starts more or less ab00tmeter upstream and ends more or less
about 800 downstream from an on-ramp nose. Korahdi Elefteriadous) found that turbu-
lence due to merging maneuvers initiates 110 nregst of the nose. According to the HCM
(1) the merge influence area will occur about 460 B(Q ft.) upstream and 460 m down-
stream of the nose. To the best of our knowledberditerature that describes the start or the
end of a raised level of turbulent traffic is neadable.

Based on this concept a raised level of turbulénéer this study divided in three parts:
1) Upstream of (before) the ramp;

2) At the ramp;

3) Downstream of (after) the ramp.
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At ramps and weaving areas drivers will executer thgeategic route navigation decisions,
which will lead to mandatory lane changes, in orlebe able to enter or exit the freeway
(15). These lane changes make other drivers rdactvhich results in turbulent trafficl).
Figure 1 depicts the proposed structure for turmdewith consideration of the three parts.

Driving manouevres Microscopic behavior Macroscopic effects

turbulence preallocation

before discontinuity

Lateral behavior:
- lane change
- gap acceptance

cooperative merging density per lane
cooperative lane changing
at disconinuity speed (difference)

merging/diverging Longitudinal behavior:

. -acceleration
- deceleration
- do nothing

after discontinuity keeping right headway

Il

Relaxation

FIGURE 1 Theoretical structurefor turbulence.

Lane changes upstream of a ramp are considered fedallocating behavior, where the
driver choses a lane in a tactical sense beforeati@, or cooperative behavior. Cooperative
merging is behavior where an on-ramp a driver ce®®s change lanes to the left to give way
to the entering traffic; 16) or decelerate in order to enlarge the headwaly thi2 vehicle in
front after a new vehicle has merged 17)( Or drivers might increase their headway to give
way to entering traffic. This phenomena is calletbaperative lane chang&7( 18 or cour-
tesy yielding 19). Downstream of a ramp lane changes may occutaltige right side rule,
which prescribes that drivers should change lanékd right when possible. Downstream of
a ramp drivers might decelerate to increase theviia to their leading vehicle. This phe-
nomena is called relaxatiohq; 20).

The different manoeuvers can be clustered in diffetypes of microscopic behavior: lateral
or longitudinal. The first considered lateral belbavs lane change, which can be classified as
free, forced or cooperativd 7). Lane changing and merging are closely relatedaip ac-
ceptance and tactical lane choice. These can lsdsad as integrated behavigd). Longi-
tudinal behavior is classified as acceleration,etbgation, or do-nothing2@). Lateral and
longitudinal behavior can be integrated in ordegéd a complete description of merging be-
havior 23; 24).

Microscopic behavior results in macroscopic effeEty example a lane changes will result in
a changed density per lane and a changed headstapuation. Acceleration and deceleration
might also result in a changed headway distribytibarn result also in changing speed differ-
ences between different vehicles as illustrateture 1.

Impact of turbulence

The general hypothesis for the research on turbalenthat the level of turbulence is affected
by certain conditions, such as road design, traffiaracteristicsl)), environmental aspects
(such as weather and daylight), and drivers’ pdmnacharacteristics. These conditions af-
fect driving behavior. The resulting manoeuvervehs take affect traffic safety and opera-
tions (L-3; 6). This principle is shown graphically in figure 2.
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FIGURE 2 General concept of the effects of turbulence.

Figure 2 shows that certain conditions (road dedigific and environment) affect (micro-
scopic and macroscopic characteristics reflectiegults of) driver behavior (such as the
choice of driving speed, headway, gap acceptanb&hwn turn effects the freeway opera-
tions and safety. In reverse, some effects mayenite driving behavior. For example, if the
traffic stream becomes more turbulent, drivers rtesyl to drive more cautiously and lower
their driving speeds. At the same time a low |lefedafety and operations might move the re-
spective authorities to invest in improving thesfrays’ infrastructure by reconstructing some
geometric design elements or adopt some new traificagement measures.

Problem definition

It is clear that turbulence is a complex phenomenibh different causes and impacts. To the
best of our knowledge no literature is availablaohhassesses all the causes of turbulence,
the influence of road design and traffic conditi@msturbulence and its impact on operations
and safety. Therefore, it is argued that there liack of knowledge with respect to under-
standing the interaction of the causes and thguaothon turbulence. This creates a twofold
problem: (1) It is unknown if the current desigridglines lead to an optimal design; (2) It is
unknown what the implication of deviating from tipgidelines is and what impact this has on
safety and operation.

Therefore, there is a need for a method to askesgekpected) level of turbulence for a de-
sign (only existing on paper), or an existing ditug and to evaluate the implications of de-
sign decisions on traffic safety and traffic opienag. This method should take into account
both the geometrical road design elements as \getha traffic and driver behavioral ele-
ments.

METHODOLOGIESTO COLLECT DATA RELATED TO TURBULENCE

This section is dedicated to the different methodsollect data that could be used to quantify
turbulence in freeway traffic. We will consider fmdetectors, video cameras, driving simula-
tor and instrumented vehicles.

L oop detectors

Macroscopic traffic state variables such as densjpged and headway distributions can be
measured using loop detecto2by(26). Loop detector data represents vehicle passagks a
depending on the type of loop detector, informasanh as speed and vehicle length. The da-
ta is usually aggregated to a fixed time periodarggles of chosen time periods are 30 sec-
onds 27-30, 1 min L4; 31). The advantage of using loop detector data iagtessibility.
Loop detector data from Dutch freeway for examma be accessed real time online. The
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disadvantage of using loop detector data is thttildd data of individual manoeuvers, such
as lane change, acceleration and decelerationptaercollected.

Video cameras

Video footage can be used to generate trajectam, @dhich gives detailed time/space infor-
mation of individual vehicles. From this data tudmnce related driver maneuvers such as
merging, overtaking and acceleration can be stuthea detailed way. Three examples of
studies on Dutch freeways are given. Daamen, Lodtloogendoornl@) studied merging
behavior at two Dutch on-ramps and compared thdrarapresults to applied theories in ex-
isting microscopic simulation models. They foundttthat gap acceptance theories using a
certain critical gap are not able to represent timserved behavior. Hoogendoorn,
Hoogendoorn and DaameB2) used the same data d¥)(to propose a new approach to
model and simulate car-following behavior. MarczBlgamen and Buissor3%) combined
the Dutch data with data from Grenoble (Francesttaly gap acceptance. They observed dif-
ferences in the driver's behavior on the two lamadi the merging drivers in Grenoble
(France) tend to be more aggressive, i.e. acceptimaler gaps than in Bodegraven (Nether-
lands).

Cameras can be mounted on a high observation padht as a helicopte84), a drone 35) or

a building/structure3p6).

The advantage of trajectory data is that it givesght in the actual movements of vehicles.
But it doesn’t give any information about the ungeg psychological driver behavior, it is
relatively expensive to collect, and the data psso® is time consuming. Thus, most studies
that used trajectory data included limited numiesites.

Driving simulators

A driving simulator consists of a vehicle mock-ughnva functional steering wheel, indica-
tors, pedals and a shift stick. The simulator gpsnto emulate a real driving environment.
Behavioral aspects can be researched using dateardriving simulator. Two examples are
given of freeway turbulence related studies. Winaamd Heino 87) studied time-headway
during car-following and braking response. De Wad@igksterhuis and Brookhuis38) stud-

ied the impact of proportion of HGVs, length of theceleration lane and the speed of the
driver ahead on the workload of elderly driversd d@ine benefits of in-car support systems,
when merging into freeway traffic.

The driving simulator has several advantages: iléyato test a wide variety of different ex-
isting and non-existing road design layouts, cdrdafahe intervening variables and it is a safe
environment. One of the disadvantages of drivimgusators is that its measurements are tak-
en from a simulated environment and does not reflagers’ behavior exactly as in reality,
since drivers do not face a real risk of a colhisishich might bias the observed behavior
(39). There is therefore a need to validate the redulim the simulator with real life data.
Furthermore, the other vehicles designed in a mlgigcenario although designed to behave
“intelligently” do not represent real behavior afrhans.

Instrumented vehicle and naturalistic driving

Driver behavior data from a real life traffic eratiment can be acquired by the use of an in-
strumented vehicle. An instrumented vehicle is pped with sensors and radars that can rec-
ord data relevant to the vehicle itself and aldatinee speeds and distances from other vehi-
cles @0). All the behavioral aspects of the driver, susltdaving speed, acceleration, deceler-

ation, steering action, longitudinal and lateratigon, can be measured comparable to the
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driver simulator. Such a vehicle was assembledusaed by TRG Southamptoadl(; 42 for
studying car following on UK motorways. Anotherdyus conducted in Germany, where tra-
jectory data from a radar equipped vehicle was tsedlibrate car following modeld3).

A drawback of using an instrumented vehicle isgkperimental and non-naturalistic setting
in which the data is gathered. This might have f&cteon the behavior of the participants
and as a result bias the data.

As opposed to the experimental approach using strumented vehicle, naturalistic driving
can be measured by drivers who operate daily ugieg own vehicles that have been
equipped with specialized sensors, and recordingpegent. Drivers operate their vehicle
during normal driving routines while data is cotlt continuously. Olson et al44) and
Blanco et al. 45) studied driver distraction in commercial motor wéd operations and the
impact of time-on-task on the risk of safety-catievents in the ‘100-car Naturalistic Driving
Study’. Chong et al.4©) used data from naturalistic driving to propose @at to simulate
driver behavior in terms of longitudinal and lateaations in two driving situations, namely
car-following situation and safety critical evenégiother example is the Strategic Highway
Research Program (SHRP2) Naturalistic Driving St(MPS) project 47). The NDS data-
base contains comprehensive video and vehicle selasa collected from drivers and their
vehicles over a three year period in six locatiaoss the United States. The database con-
tains data from 5.4 million trips taken by 3,14 Twrdeer drivers for between 4 and 24 months
each nearly 50 million miles of driving®). The advantage of naturalistic driving is thag th
resulting data is reliable and comes in large gtiest The disadvantage is that vehicles need
to be equipped and operated. This requires avelatbig organizational effort. However, the
rapid advancement in sensing and communicatiomtdogies is expected to facilitate these
studies in the future.

METHODOLOGIESTO ASSESS TRAFFIC OPERATIONS

Turbulent traffic has a negative effect on roadacay (1). Numerous studies, for example
(26; 49-5), have focused on explaining the mechanisms efrdyiin turbulent traffic and are
based on traffic data such as loop detector datiairagividual vehicle trajectories. Traffic
flow theories are derived from traffic data. Théseories are used to describe traffic behavior
in a mathematical sense by developing models. Thes#els try to emulate the lateral and
longitudinal behavior of drivers. A review of thetéral behavior models (lane change and gap
acceptance) was made B2), while a review on longitudinal behavior modelasamade by
(53). Integrated models were also developed wherealaéad longitudinal models are com-
bined @4). These models can be used in microscopic sinematiodels, which simulate driv-
ing behavior for certain situations.

Following is a summary of the two most common mddiogies for analyzing the impact of
turbulence on traffic operations: (ex-post) dataleation and (ex-ante) Microscopic simula-
tion models.

Traffic data evaluation

The most direct way to study traffic operationdysstudying traffic data. Several examples
of studies are available in the literature. Coifmidnshnamurthy and Wand4) used trajec-
tory data to study the impact of lane change maversuon congestion. Laval and Leclercq
(55) used trajectory data collected from a freewaytwo\s driver behavior to explain the for-
mation and propagation of stop-and-go waves in estegl freeway traffic. They found that
difference in driving behavior, ranging from aggige to timid, seems a more appropriate
cause for traffic oscillations than seeking lanarge opportunities or acceleration and decel-
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eration characteristics. This conclusion is alamtbin a follow-up study in which more tra-
jectory data from multiple locations is uséby;

Zheng et al.§7) found that lane changing is a possible triggertifier deceleration waves in
traffic at bottlenecks. They applied the Waveleiaform method on Next Generation Simu-
lation (NGSIM) empirical trajectory data. In a f@i-up study in which the same method was
used on a larger trajectory dataset, comparablelesions were drawrbg).

Treiber, Hennecke and Helbing€g) used loop detector data from multiple German fisgesw
to study congestion characteristics. Their datagesis that the congested states depend not
only on the traffic situation but also on the sfieanfrastructure. Coifman, Krishnamurthy
and Wang %4) used loop detector data to study traffic flow euseristics at bottle necks. In
this study and a follow-up stud$X) they found that the road capacity downstream lobta
tleneck is reduced due to lane changing traffic.

Microscopic simulation models

The HCM suggests that traffic simulation can beduseassess the traffic operations perfor-
mance of roadslj. A few examples of micro simulation software pagi&s mentioned in lit-
erature are: CORSIMBQ), VISSIM (60), PARAMICS 61), AIMSUN (62), ARTEMIS (17),
TRITONE(@®3) and FOSIM 64). FOSIM is the prescribed microsimulation packéwyefree-
way assessments in The Netherlands.

The use of microscopic simulation software for eaihg a design is part of the regular free-
way design process. Most of these applications atoresult in scientific papers. However
some examples of design evaluations, related ewfigs, are found in the literature. Garber
and Fontainegb) used CORSIM to evaluate the performance of diffemneterchange types
under different magnitudes of traffic. Based orstheesults guidelines for intersections were
developed. Wang, Hadiuzzaman and @6){used VISSIM for estimating the capacity of a
weaving segment. They calibrated VISSIM with a cityaaccuracy of about 90%, using 5
minute aggregated data recorded by videos andfdataloop detectors. Martinez, Garcia
and Moreno §7) used VISSIM to elaborate recommendations aboutbdst freeway exit
ramp layout. They calibrated VISSIM for speed dsttions gained from video recordings.
Sharma and Chatterje68) used VISSIM to compare two alternative interchadgsigns: di-
verging diamond and conventional diamond interckaghelp in providing guidelines to the
decision makers for selecting the best alternative.

In the above mentioned studies microscopic simuigtrograms have proven to be powerful
methodologies for assessing and comparing diffedtesigns on the matter of operations. Es-
pecially macroscopic features are captured welkréi microscopic simulation programs
however are not suitable for studying microscopmbdvior and the effect of more detailed
road geometry aspects, such as alignment, shoudersuper elevation. Most — if not all —
microscopic models have problems in terms of tpesdictive validity. Research has shown
that microscopic behavior, such as gap accept@oet simulated accuratel$9). It is how-
ever possible to calibrate a program, but evemrr aftboration the results may vary up to 10%
from measured dat&®).

METHODOLOGIESTO ASSESS TRAFFIC SAFETY

In recent years a lot of research was done tomaie understanding about the factors that af-
fect traffic safety by combining traffic flow chareristics, road characteristics and crash sta-
tistics. This has resulted in multiple methodolsdigat can be used to assess traffic safety.
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Crash prediction models

Crash prediction models are used to study the fathat affect the number of crashes occur-
ring on a specific (stretch of) road over some Bggekctime period (week, month, year, num-
ber of years). In general, the most basic crash damsist of crash location; date and time;
crash severity; collision type; and basic inforrmatabout the roadway, vehicles, and people
involved. The HSM §9) Part C provides detailed steps for applying a iptee method for
estimating expected average crash frequency oftwonle facility, or individual site. The
types of roads considered range from suburbanasgeo rural multilane highways.

The use of crash statistics has a number of drawgbag only available for existing roads and
existing situationsgl); 2) crash data are not always sufficient duentalssample sizes lead-
ing to inconclusive results, and the lack of detéal improve our understanding of crash fail-
ure mechanism and especially the driver crash anoiel behavior7Q; 71); 3) accidents are
rare events, making it troublesome to base trafii@ty analyses at individual sites on acci-
dents only 71); 4) not all crashes are reported and the leveinoerreporting depends on the
accident’s severity and types of road users invb7d4.-73 and 5) the lack of details to im-
prove our understanding of crash failure mechar@athespecially the driver crash avoidance
behavior 70).

For the description of the relationship betweeriedént elements many different types of
models were develope®9). A good overview on the available models, usei dad their
advantages and disadvantages is made by Lord anddviag 74). Different data issues are
mentioned. For a detailed description of these tstzes and the modelling methods which
were developed the reader is referred to the oeerbly Lord and Mannering 4).

All models are developed using crash statistics taaffic volumes, but the use of detailed
traffic data and road geometry data depends orothes of the research. There are some ex-
amples of studies that focus on estimating safietyral freeway ramps and interchangEs; (
13; 75. The use of large datasets with many aspects snalgossible to examine the rela-
tionships between many different variables. Fomgxa Garber and Ehrharf§) examined
44 variable combinations. To avoid circumstanti@irelation only evidential differing varia-
bles can be chosen. This is a problem when moriesudiriations, such as a slight reduction
in ramp spacing, need to be investigated. The elkdevel of statistical validation requires
sufficient data. When it comes to road geometrenants it is quite often difficult to get suf-
ficient data on this13; 75. Other models were developed to predict the ctésfihood
based on real-time traffic flow variables measuiredn loop detectors. These studies used
matched case-control methodology for the model ldpweent 8; 77; 79.

Surrogate safety measures

Because of the stated drawbacks of using crasktgtatand the desire to take behavior of in-
dividual drivers into account, researchers studied possibility to replace and complement
the traditional crash statistics with a surrogat@; (71). The surrogate was found in traffic
safety indicators, which increase the possibilityld evaluating traffic safety changes more
efficiently and in a shorter time; 2) elaboratiig trelation between design elements and risk
3) more thoroughly understanding the relationsbhigisveen behavior and risk and 4) a better
understanding of the processes characterizingdhmal traffic and critical situations includ-
ing crashes and near crashes.

In order to do so, researchers tried to find meddaraspects in the traffic stream by which
traffic safety can be quantified. The most freqlyensed measure is the Time To Collision
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(TTC) value at an instamts defined as'the time that remains until a collision betweerotw
vehicles would have occurred if the collision ceuamd speed difference are

maintained’{15). Minderhoud and Bovylb) proposed two additional safety indicators based
on the TTC: the TET (Time Exposed Time-to-colligiamd the TIT (Time Integrated Time-
to-collision). The duration of exposition to safetytical time-to-collision values over speci-
fied time duration is used here as a safety indicdthe TET is a summation of all moments
(over the considered time period) that a driveragphes a front vehicle with a TTC-value
below a certain threshold value. The TIT is thegnal of the time-to-collision profile. Alt-
hough explicit thresholds are not mentioned, a ggmale is applicable: the higher a TTC-
value, the more safe the situation15;(79.

In the case where the leading vehicle is fastemn tha following vehicle, TTC index cannot
be estimated in a finite number. This is a prattieak point of TTC index because the situa-
tion in which two subsequent vehicles following leaxther at a very close distance, can be
considered as unsafe. Even if the leading vehidleesl at a slightly higher speefl(). To
counter this weak point the Potential Index forliSmn with Urgent Deceleration (PICUD)
was proposed. This measures evaluates the pagsibidit two consecutive vehicles might
collide, defined as the distance between the twucles considered when they completely

stop 80; 81).

A further variation of the Time-to-Collision condep Post-Encroachment Time (PET). This
measure is used to measure situations in whichroad-users that are not on a collision
course, pass over a common spatial point or ardaaviemporal difference that is below a
predetermined threshol@3). One study is found in which the PET is calcuddit® a freeway
(82). The PET was calculated for lane changing traffisis research concludes that the ap-
plication of extreme value theory over PETs dutange change manoeuvers provides a prom-
ising approach for freeway safety evaluation.

Two other indicators related to braking were introed: Individual Braking Time Risk
(IBTR) and Platoon Braking Time Risk (PBTR) or Juea(79). IBTR stands for the likeli-
hood of a rear-end crash if the leading vehiclpstd®BTR stands for the accumulated risk of
collision for each vehicle inside a platoon.

Surrogate safety measures can be derived fronctoajedata. For the validation of these

measures crash statistics can be used. Also a chethich does not require crash statistics is
developed §2; 83. The most accurate way to derive surrogate safegsures is to use em-

pirical trajectory data743; 84). Also data from loop detectors can be usgs), (but this kind

of data gives less information than trajectory d#&ta alternative is to generate trajectories
with micro simulation model$6B; 79. This method however has a major drawback: the cu
rently available micro simulation programs are suitable for safety study purpos@9)

Assessment of recorded crashes on video

When video recordings of a crash are available aflaseful information can be gained from
these recordings6; 87). Especially more insights in the conditions pceaog the crash. Vid-
eo footage of crashes can be used to generatedadiwehicle trajectories on which micro-
scopic analysis can be performed, such as dersunggate safety measur&$j88; 89.

The SHRP2 NDS study provided event files for appnaely 700 crashes and 7,000 near-
crashes. These files contain video footage, astripmary and other data coded manually,
such as driver distraction and cell phone 4. But finding footage of specific locations
will still take a lot of effort and will result ionly a few number of crashes per facility.
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COMPARISON

The different methods to collect data related tbulence and the methods that assess the im-
pact of turbulence on traffic operations and traffafety, as detailed above are compared in
Table 2. The table is organized based on the difteaspects described in Figure 1 and 2, i.e.
conditions and behavior.

Three different signs are used with the followingerpretations: ‘+' means that the specified
method is suitable to take the considered funclignato account, ‘-* means that the speci-
fied method isnot suitable to take the considered functionality iatwount and ‘+-* means
that the specified method can take the considenectibnality into account but with a lack of
accuracy.

Loop detectors are very useful to acquire empincatroscopic traffic data from which tur-
bulence related aspects can be studied. Howeves dedailed information, such as driving
maneuvers and microscopic behavior cannot be medslinectly. Video cameras can be used
to derive empirical trajectory data which givesailetd information on driver maneuvers and
macroscopic effects. Because of the level of defaihe collected information, the effects of
the road geometry on turbulence can as well beestudrajectory data are not suitable for
explaining the drivers’ decisions leading to mares\and turbulence. This can be studied us-
ing a driver simulator or an instrumented vehidlee advantage of the driver simulator is the
controlled environment in which also new designs ba studied. The advantage of an in-
strumented vehicle is that it can study actual iagation with actual traffic. Both the simu-
lator and the instrumented vehicle consider ordyngle vehicle and its surrounding vehicles,
while loop detectors and video cameras consideredlicles. Therefore, data from loop detec-
tors and video cameras are more suitable to be fosexiudying the macroscopic effects on
turbulence, compared to data from a driver simulat@n instrumented vehicle.

When it comes to assessing the impact of turbulendeaffic operation, analyzing empirical
traffic data is a good method for this purpose,eeslly when empirical trajectory data is
available. For non-existing situations, such as esigns, microscopic simulation models
can be used. These types of models however canvde¢lrall aspects of the roads’ geometry
and therefore cannot simulate microscopic behasaealistically as desired.

Crash prediction models can be used as a methasstss the impact of turbulence on traffic
safety. The drawback of this method is that largangties of data are required to develop a
model which can cope with a large set of variabléds is required when studying the effect
of road and traffic characteristics on turbuleno@ &s impact on traffic safety. Surrogate
safety measures and video assessments give mffre $edety information on an individual
vehicle level. Video recordings of crashes can gietiled insights on individual crashes that
occurred in the past but give less insight on nsicopic traffic conditions and preceding be-
havior and maneuvers. Surrogate safety measuretakarihe microscopic traffic conditions
into account, but lack the capacity of explainirehévior. Also information regarding road
geometry and environment cannot be directly extcftom these methods.
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Methodol ogies to collect datar el ated to tur bulence

Methodol ogies to assess the impact of turbulence

Loop detector s

Video camer as
(vehicle
trajectories)

New design

Existing situation

Conditionsto take into account

Road Geometry

Number of lanes

Shoulder width

Length of acc./dec. lane

Interchange spacing

Horizontal alignment

Vertical alignment

Driver simulator

Instrumented
vehicle/
naturalistic
studies

Traffic operations

Traffic safety

Traffic data Simulation
analysis models

Super elevation

Traffic

Average daily traffic

Speed / speed differenc

Density per lane

Environment

Weather conditions

Behavior

Driving manoeuvers

Microscopic behavior

Macroscopic effects

crash prediction | Surr ogate safety

Crash video
assessment
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CONCLUSIONS AND RECOMMENDATIONS

Turbulence covers different elements of microscaaitfic characteristics such as lane
changing, variation in speeds and headways arisesult of a complex combination of dif-
ferent driving manoeuvers. Literature and freewasigh guidelines agree that the level, or
magnitude, of turbulence is influenced by road glesiraffic volume and driver behavior, and
that turbulence has an effect on traffic operatimg safety. Although there seems to be an
agreement on what turbulence is, there is no defmfound which covers all causes and ef-
fects of turbulence. Since turbulence is a commpndgent in the traffic stream, two defini-
tions are proposed:
- Turbulence:
O individual changes in speed, headways, and lareslgdne-changes) in a certain road

segment, regardless the cause of the change;
- Level of Turbulence:

the frequency and intensity of individual changespeed, headways and lane-

changes in a certain road segment, over a cergaiodpof time.

The level of turbulence is expected to be higheuad discontinuities (on freeways) com-
pared to continuous road stretches. Although rebeard design guidelines agree on the con-
cept of turbulence, a gap can be observed betwaderlmes and research: where guidelines
frequently rely on unreferenced assumptions aresraf thumb, research tries to assess the
impacts of different elements of turbulence onficafafety and traffic operations and the in-
fluence of design characteristics on these imp&ettthermore, the results of research do not
seem to fully find their way into the freeway desmguidelines. One of the reasons for this
may be that the currently available methodologresnat able to combine the effects of road
design on turbulence with its impact on both tagiafety and traffic operations.

Several methods to assess traffic operations affectsafety exist today, such as the use of
microscopic simulation programs, surrogate safesgsuares, crash prediction models and
driver simulators. However, each of the methodsitsaswvn strengths and weaknesses. Con-
sidering these strengths and weaknesses, comidiifagent methods might be a potential
solution for this problem, that is worth researchim the future. The overview in Table 2
suggests that combining microscopic simulationvearfé with surrogate safety measure
methodologies is the most promising way forward.dding that, road characteristics, traffic
characteristics and microscopic behavior can bent@hkto account to evaluate the safety and
capacity of a certain freeway segment. There aneshier a few challenges that need to be
overcome.

The first challenge is that the currently availaflieroscopic simulation programs are not de-
signed for traffic safety studieg9). These programs also do not simulate merging\weha

as accurately as desired. This makes them unseit@abgenerating trajectory data from
which surrogate safety measures can be derit@d90). Also surrogate safety measures
seem to be in a theoretical stage, where valighuld values need still to be set.

For the improvement of the existing microscopicudation models a more realistic, mathe-
matical description of merging behavior is need&ekpite the huge improvements in micro-
scopic simulation models’ appearance and visuaizathe advancement in its traffic behav-
ior performance is at a much slower pace. For exantipe most recent car following model
in VISSIM dates from 1999 and AIMSUN uses a calef@ing model based on the model
developed by Gipps (1981).
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The most important improvements should be the mgrgehavior in itself by using gap se-
lection instead of gap acceptance theory. Othexstyyp behavior such as pre allocation, cour-
tesy yielding and relaxation phenomena should laésmtegrated more realistically. But also
unsafe situations should be possible to occur idetsoin order to be able to generate realistic
trajectories to derive surrogate safety measurésalso important to develop mathematical
models that take into account, for example, difiediving styles and behaviors of drivers
and account for drivers’ heterogeneity. Also erigtor maybe new models should be cali-
brated and validated by the use of empirical ttajgcdata. The behavioral aspects can be
studied by using driver simulator, instrumentedieiehor a naturalistic driver study.

A second challenge is that good quality empiricagectory data is scarce. The available tra-
jectory data focusses mainly on the merging at8a33; 3§ and not so much on the areas
upstream and downstream of the discontinuity. Tloeeenew data is needed.

A third challenge is that not all the design eletsaran be taken into account by available mi-
croscopic simulation models. Elements such as deowidth, horizontal alignment, vertical
alignment and super elevation, can either not beethed at all, using the existing simulation
programs, or do not affect the simulated drivingdaeor realistically. The impacts of the dif-
ferent design elements on driving behavior rel&eirbulence need to be studied more in
order to be able to show if and how design elemleae an impact on driving behavior.
Suitable methodologies for this research are tlkeeofis driver simulator, instrumented vehi-
cle and/or a naturalistic driver study. It is recoanded to include these methodologies in fur-
ther research on turbulence and the effects orysaifel operation.
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