CHAPTER 8. SYSTEM SIMULATION

8.1 Introduction

Simulation isavery powerful and widdy used technique for andysis and study of complex systems.
The systems which have numerous and stochastic parameters with complex reaionships, it is very
hard to come up with andyticad models that would provide optimized solutions. Attemptsto use
andytica modelsfor such sysems usudly require so many asmplifications that the solutions are
likely to beinferior or inadequate for implementation.

Thelevd of complexity that surrounds the violation problem under study in terms of the numbers of
factors and parameters that would shape the outcome of every violation, and the random nature of
alot of these parameters and their changing values over time necessitate the need to use smulation.
The dominant reasons for use of Smulation are:
1- Undergtand better the violation problem and its happening, and what are the main factors
affecting crash occurrences.
2- Get some estimation on how the system would perform under severa scenario conditions,
which could not be redlized in the red world.
3- After vdidation, “what if “ tests could be used to assess the sengtivity of the outcome due

to some limited modification of one or more parameter.

Actudly, those three reasons combined would be very helpful in providing early answers about the
system evduation, which might instead require a prolonged period of field observation mainly
because of the rdlatively low occurrences of the violations (less than 3 per day). However, that
does not diminate or diminish the necessity or importance of conducting such field survelllance,
because it could verify the results of the smulation analys's and its conclusions, and on the other
hand cdibrate, modify and add some parametersin order to upgrade and reinforce the smulation
mode as a powerful tool in hand.
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It isworth noting that no smulation packages in the current market have the cagpabilitiesto smulate
centerline violations with limited passing sight distance on vertical curves. Therefore, a specia code
iswritten to perform such task through creating a microscopic, stochastic and period scanning

smulation todl.

8.2 Code Structure

Simulation code was written in MATLAB of The MathWorks. MATLAB is apowerful modeling
tool that integrates computation, graphics, and programming in a flexible open environment. The
gructure of the program is displayed in figure 8-1.
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Figure 8-1: Smulation Code Structure

The smulation code conssts of many program files that could be grouped into the following:
1- Input Module it containsdl input parameters that are going to be used by other program
files either violations generation or in violation follow up subroutines or in the crash anayss.
2- Violaion Generator: it generates randomly potentia violations that would be picked up and
initiated based on certain criteria or thresholds concerning relative speed difference and

165



relative position between the violating vehicle (labeled A) and the vehicle being passed
(Iabeled B), the absence of line of sight at t=0 between violating vehicles A and the vehicle
oncoming from the opposite direction (labeled C), the characteristics of the vehicles,
vehicle A driver’s conditions, etc.

3- Road Profile Module: conssts mainly of roadway profile characteristics by direction put in
look-up table format and expressed in terms of abscissa, elevation and grade for every 50-
feet point dong the roadway.

4- Main Andyss programs. conds of the programs that Smulate the violations generated,
follow up the progression of takeover maneuvers and update data every 0.1-second step
throughout the smulation period. These programs andyze dl violations for "with” and
“without” the system, and for different probable actions that the violator might take.

5- Support Analysis Modules. are specific programs that tackle certain functions routingly
required by the andysis such as updating the grade and dtitude of vehicles A and C,
determining eye eevations of drivers, identifying whether aline of sght is established
between vehicles A and C, calculating time lags, etc.

6- Crash Outcome andysis. congsts of files that analyze the possible crashes observed when
andyzing different casesin terms of number of occurrences, time of occurrences, crash
Speeds, etc.

7- Report Module: arefiles generated as text files and summarize the crashes outcomes for
every run. A run here could represent violations committed in one year (asin our case) or

in any period of time. Violation progress could aso be displayed graphicaly.

8.3 Defining the Input Parameters

The amulation will dlow the variation of many system parameters and study their impacts on the
cregtion of accidents in a no-passing zone in atwo-lane rurd road. Actudly, the system parameters
may be classfied into three groups, which are related to the three transportation system
components:

1- Roadway-related parameters. horizonta layout, vertica profile, and lane configuration. ..
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2- Vehide-rdated parameters. location, speed, acceleration and deceleration, of the different
vehicle dassesinvolved in the incident.

3- Driver-rdated parameters: reflecting driver behavior and psychologicd conditions such as
tendency to violate, perception time, reaction time and degree of being a risk-taker or risk
averse.

Eventualy, a brge number of smulation runs could result from the combination of these above
parameters. However, different scenarios based on certain assumptions are made in order to
digtinguish the impact of certain parameters on the system performance, and how that would
consequently reduce the severity of the problem at hand.

8.3.1 Roadway Related Parameters

Road profile: Aswas described earlier, the road link under study includes a set of vertical curves
with varying dope, except the 425-feet Sraight segment on the west side of the hill.
Table 8-1: Road Profile and Grade by 50-Feet Step

Curve coordinates Curve coordinates Curve coordinates
X Z Grade X Z Grade X Z Grade
115.50 | 2019.00 123.00 | 2035.80 0.7

116.00 | 2019.08 0.2 123.50 | 2035.98 0.4 130.50 | 2015.50 -4.2
116.50 | 2019.44 0.7 124.00 | 2035.80 -0.4 131.00 | 2013.40 4.2

117.00 | 2020.12 1.4 124.50 | 2035.45 -0.7 131.50 | 2011.30 -4.2

117.50 | 2021.12 2.0 125.00 | 2034.85 -1.2 132.00 | 2009.20 -4.2

118.00 | 2022.43 2.6 125.50 | 2033.98 -1.7 132.50 | 2007.21 -4.0
118.50 | 2024.06 3.3 126.00 | 2032.88 -2.2 133.00 | 2005.43 -3.6

119.00 | 2026.00 3.9 126.50 | 2031.52 -2.7 133.50 | 2003.86 -3.1

119.25 | 2027.05 4.2 127.00 | 2029.92 -3.2 134.00 | 2002.50 2.7

119.50 | 2028.07 4.1 127.50 | 2028.07 -3.7 134.50 | 2001.36 -2.3

120.00 | 2029.92 3.7 127.75 | 2027.05 4.1 135.00 | 2000.32 2.1

120.50 | 2031.52 3.2 128.00 | 2026.00 -4.2 135.50 | 1999.70 -1.2

121.00 | 2032.88 2.7 128.50 | 2023.90 -4.2 136.00 | 1999.20 -1.0

121.50 | 2033.98 2.2 129.00 | 2021.80 -4.2 136.50 | 1998.90 -0.6

122.00 | 2034.85 1.7 129.50 | 2019.70 -4.2 137.00 | 1998.72 -0.4

122.50 | 2035.45 1.2 130.00 | 2017.60 -4.2 137.50 | 1998.96

The road profile is expressed as a series of 50-feet segments based on the coordinates and
elevation readings of the road centerline as provided by VDOT plans. Table 8-1 exhibits the mile-
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point of those readings (X) and their repective eevations (Z), from where we can calculate the
average grade of those segments. The grades will be introduced in the kinematicdl andysis of the
vehide movement in the Smulaion as they affect in decreasing or increasing the speed of the
vehicles

Figure 8-2 depictsthe X and Z readings, and a plan profile showing the 2-lane configuration of the
road. The roadway profile in Figure 8-1 suggests that the actud distance “d” is greater than 2100
feet, which isthe horizonta projection, because of the grade and curvature of the road surface.

The exact caculation of the actud curve length would give about 2101 feet. So, we are going to
ignore the additiona 1-foot and consder it as a negligible error.

The two traffic directions will be separatdly treated in the kinematicd andlysis. Therefore, the exact
location of every vehicle going eastbound or westbound & a certain moment of time “t” will be
referred to asthe origin point of the vehicle direction (see Figure 8-1). For example:

XvehA(t) & vehA sp(t) = Abstissaand velocity of vehicle A going westbound et timet.

XvehB(t) & vehB_sp(t) = Abscissaand velocity of vehicle B going westbound at time t. XvehC(t)
& vehC_sp(t) = Abscissaand velocity of vehicle C going eastbound at timet.
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Figure 8-2: Road Plan and Profile

Based on the above, we may conclude that the abscissa vaues of the three vehicles will range from
Oto“d". During the course of an illegd passing, a crash physicaly occurs when disgance AC is
zero, which could be expressed asfollows:

distance AC=0->d- (Xa+Xc)=0-> XA . Xc=d.
The road profile and the location of vehicles play mgor rolesin determining whether aline of vison
could be established between vehicles A and C. Being able to see each other at a certain point of
time, the process of next drivers action arts. Thisissue will be discussed in acoming section in
further detail.
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8.3.2 Vehicle-Related Parameters

The figure above shows a sketch of the roadway geometry and the three vehicles contributing in
the accident scenes. The vehicles are defined as follow:

1- A isthe passng vehicle violator who triesto passillegdly vehicle B ahead,

2- B isthe passed vehicle, and

3- Cisthevehicle coming in the opposing direction
Violator vehicle A could belong ether to light or to medium classes as we have seen in the violation
survey, whereas B and C will belong to either category of the 3 vehicle dlasses. Such differentiation
is established because each vehicle class hasits own characterigtics in terms of range of speed and
accderdtion capabilities. The vehicle classes shares out of the totd traffic mix, were determined
based on afidd traffic classfication survey conducted during two representative weeks of
September 2000.The vehicle classes and shares considered are:

1- Passenger cars (83%)

2- Medium vehicles (14%)

3- Heavy vehicles (3%)
A random uniform digtribution will be used when assgning vehidesin violation amulations
8.3.2.1 Vehiclelength
The standard length for passenger car =19 feet and 30 feet for SU (AASHTO). Medium vehicles
lengthwill be 24 feet. This parameter should isimportant in order to determine the minimum
distance between A and B to start a passing maneuve.
8.3.2.2 Vehicle height
A recent study was conducted by Fitzpatrick et a. (1998) reviewed the driver eye and vehicle
heights for use in geometric design. The research was based on afield study of 875 passenger
cars, 629 multipurpose vehicles (light truck and SUV) and 163 heavy vehicles. Table 8-2 depicts
the recommended va ues, which present the 10" percentiles or 90% of the drivers eye and
vehicles height digtribution. These vaues are adopted in the smulation that is presented in this
chapter for determining the visibility and blind spots for the vehicles A and C approaching one

another.
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Table 8-2: Driver’s Eyeand Vehicle Heights

EYE HEIGHT VEHICLE HEIGHT
Millimeters Feet Millimeters Fect
AASHTO 1070 35 1295 4.25
Passenger car
Passenger Car 1082 3.6 1315 4.3
(LV)
Multipurpose 1306 4.3 1564 51
Vehicles(MV)
Heavy Vehicles 2329 7.6 2719 8.9
(HV)

8.3.2.3 Vehicle Location

Each of the three vehicles involved need to be located initidly as smulation sarts a time = 0. After
that, kinematic laws and vehicles parameters (acceleration, decderation and speed) drive the
determination of vehicle locations.

Theinitid time (time=0) will be conddered as the moment when vehicle B enters the detection area
followed by vehicle A. vehicle C coming in the opposite direction could be indde or outsde the
detection area, as shown in Figure 8-3.

= S

Detection area

Figure 8-3: Initial locations of vehicles

Location of vehicle A: Referring to the field surveys conducted, violations were associated with

arange of flow and speed digtributions in both directions. It was found that violations were
taking place during low traffic flow (modtly a leve of service C or better). At time=0the
volume and speeds are selected randomly from their distributions. Therefore, we can determine

the mean of desired spacing between vehicles A and B using the basic traffic flow modd:
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uB

q

Where q = traffic volume per unit time
Ug = The vehicle speed

q=kus ® dd:%: = Mean desired spacing

k = traffic dengty (inverse of spacing)
However, vehicle A driver, as apotentid violator, seeksto narrow the distance with vehicle B
before he/she sarts their passing maneuver. This distance between the two vehicles should be
greater than or equa to the minimum spacing determined by the Ritts car-following model
(Haati 1996):
d,s =L+10+ku, +bk(ug - u,)* (Infest)
Where:
d 5 = oace headway between the lead vehicle B and the follower A.(from front bumper to
front bumper)
L = lead vehide (B) length.
u, & uy= speed of vehiclesA and B.

b= cdlibration constant defined as 0.1 (when u, > u) or O otherwise.

k = driver sengtivity factor for the follower vehicle A that can range from 1.6 for timid driver to
0.3 for aggressive drivers.

Having dl parameters a time = 0, aminimum distance daemin could be then calculated for the
aggressive violator:

d g, =L +10+0.3u, +0.03(ug - u,)?

Asaconcuson, theviolating vehicle A location at time = 0 is randomly sdlected between the
mean desired spacing dd and the minimum headway dagmin.

Loceation of vehide C:. Smilarly for vehicle C, amean desired spacing was caculated based on

random headway based on the density-flow rationship for the traffic flow in the opposite
direction. Since vehicle C could be located either ingde or outside the detection ares, the
gpacing segment was equally extended between ingde and outside the detection area. The
location of vehicle C was randomly selected aong that segment.

Based on above, the assumptions result in the following chain of implications:
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1- Attime=0, vehicles A and C drivers cannot see each other. If not, vehicle A driver, the
potentia violator, would see vehicle C coming from the other direction, hence, he/she
would not gart higher illegd maneuver.

2- Consequently, the two vehicles A and C would be initidly located on the two sides of the
vertical curve.

3- Violaions smulated are for those taking place in the upgrade side of the detection area.
The system has no impact on the passing maneuvers taking place before vehicle B reaches
the detection areawhere A in that case has enough sight distance to decide whether or not

pass vehicle B.

= >

(@)

l— b« diy ——»

(b)
Figure 8-4: Initial L ocations Determination of VehiclesA &C

Figure 8-4, aand b illugtrate the range of locations for vehicle A and C at time zero.
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8.3.2.4 Vehicle speed
Thevehicleinitid speed was computed based on the observed speed distribution for every
vehicle class. However, we may visudize the development of speed of the three vehicles while
smulating the passing maneuver as follow:
- Vehicle B speed remains congtant throughout the entire.
- Vehicle C speed remains congtant with one exception that when vehicles C and A
arerevealed to each other, it isassumed in this case that the driver of vehicle C
would intuitively try to reduce hisher speed to avoid a probable collison with A.
- Vehicle A speed varies depending on the acceleration or deceleration rates
introduced during the passing course.
Initid speed (at t = 0, x = 0) for each vehicleis randomly distributed following the normal
probability dengty function as presented in table 8-3. Initia speed distribution depends on the
vehicle class and direction aswell, smulating what have been observed during field surveys.

Table 8-3: Normal PDF of Initial Speeds
VehideClass | LightVehides | Medium Vehides Heavy Vehicles

Direction East West East West East West
Mean - 54 52 54 51 53 50
S Dev.-s 5 5 5 5 5 5

However, as vehicles A and B are running in the same directions with the assumption that B has
lower speed than the potential violator A, two arrangements have been made:
1- The mean of the speed didtribution of vehicle B was assumed 5 mi/h |ess than the mean of
vehicle A for the same vehicle type, and
2- A speed variance threshold between vehicles A and B was st for taking over to gart. This
threshold is assumed randomly distributed from 5 to 10 miles per hour.
Figure 8-5 illustrates the concept of the assumed speed distributions and the speed variance
threshold of vehicles A and B.
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Figure 8-5: Speed Distribution and Threshold of VehiclesA & B

8.3.2.5 Acceleration rate
Accderation is consdered for the violating vehicle A only. This variable depends on three
parameters:

1- Thevehicle dass (light vehicle or medium vehicdle only),

2- The vehide dynamics, and

3- Theroad grade.
Overtaking and Passing (Acceleration) Performance
Drivers overtake and pass a accelerations in the sub-maxima range in mogt Stuations. The
maximum acceleration capabilities of passenger vehicles typicaly range from amost 3 m/sec? to
less than 2 m/ sec? from O to highway speed.
Research has demondtrated that overtaking acceleration is typicaly 65 percent of the maximum
acceleration for avehicle under “unhurried” circumstances (ITE 1992). However, because of the
illegd nature of the maneuver that is being consdered, it is assumed that the driver of vehidle A is
“hurried” and thus accelerates at the maximum accel eration rate while overtaking vehicle B.
The same source above provides an gpproximate equation for acceleration on a grade:

GxG

— ]
gy =y -

100
Where,

175



a., = Max acceleration rate on grade

a,, =Max acceleration rate on level

G = gradient

Gg = acceleration of gravity (9.8m/sec?=32.2 ft/ sec?)

To establish models for the relationship between the maximum acceleration at level grade and
speed for light and medium vehicles, we have applied the proposed modd vaidated through a
paper issued by (Rakha et d., 2001) which presents a smple vehicle dynamics modd for
edimating maximum vehicle accderation levels based on a vehicles tractive effort and
aerodynamic, rolling, and grade resistance forces.

In addition, typicd mode input parameters for light and medium vehicles such as engine power,
vehicle mass, vehicle dtitude and frontal area, have been introduced and typica maximum
accel eration —gpeed relationship were established and depicted in figure 8-6 for both vehicle types.
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Figure 8-6: Maximum Acceler ation-Speed Relation At Level Grade

The curves obtained show that maximum acceleration at rest is dightly grester than 3m/ sec? for
light vehides and around 2.8m/ sec? for medium vehicles, and decreases dightly till acertain point
of speed after which the rate decreases at a higher rate to become less than 1/ sec? for speeds
above 80 mph. Based on above, we may approximate the curves shown in Figure 8-6 that relate
maximum acceleration to speed at level grade into broken linear curves expressed by the following

linear modds:
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a, =3.281(3.1- 0.0069u ,)...when:u, £ 43.5mph

For light vehidles
d a, =3.281(4.9- 0.0483u,)...when:u, > 43.5mph

a, =3.281(2.8- 0.0076u,)...when:u, £52.8mph

For medium vehicles
a, =3.281(5.23- 0.0536u,)...when:u, >52.8ph

Where:

a, =Maximum acceleration for vehidle A (in ft/ sec?)

u, =Vehicle A speed (mph)
8.3.2.6 Deceleration
Decdleration is congtant. It consists also of two factors:

1- The braking friction forces.

2- The gravity component pardld to the road due to road grade.
Braking (Deceleration) Performance
A research conducted by Fambro et a.(1994) provides some controlled braking performance data
of direct application to performance modeling. "Steady state” gpproximations or fits to these data
show wide variaions among drivers, ranging from -0.46 g to -0.70 g. Table 8-4 provides some
steady-tate derivations from empirica data collected by Fambro et d. These were dl responses
to an unexpected obstacle or object encountered on a closed course, in the driver's own (but
insrumented) car. Table 8-4 provides aso the same derivations from data collected on driversin
their own vehicle in which the braking maneuver was anticipated.

Table 8-4: Percentile Estimates of Steady-State Deceleration

Unexpected Expected
Mean -0.55 -0.45
Standard Deviation 0.07 0.09
75" percentile -0.43 -0.36
90™ percentile -0.37 -0.31
95" percentile -0.32 -0.27
99" percentile -0.24 -0.21

The driver knows that he or she would be braking, but during the run were unsure when the sgnd
(e.g. ared light inside the car) would come. The ratio of unexpected to expected closed-loop
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braking effort was estimated by Fambro et . to be about 1.22 under the same pavement
conditions.

The means and standard deviations shown above were adopted to Ssmulate the braking
decderation for vehicle A (i.e. expected deceleration) and C (i.e. unexpected deceleration)
regardless of the vehicle class.

8.3.3 Driver-Rdated Parameters

8.3.3.1 Violating passing rate
Violating passing rates depends on three mgjor conditions:

A- The objective Stuation factors, which may dtogether, create the incentive to make
apasswhen it islegaly permitted. These factors are those traditionaly considered
in passing rates estimation models such as

1- Differentid gpeed between vehiclesA & B

2- Trdfic volume

3- Rdative postionsof A and B on the road

B- The driver tendency (or willingness) to commit an illegd action thet is violating the
“No Passng” regulation.
C- Where the driver’ s position is as a risk-taker when deciding to make a passng
maneuver.
The last two conditions are purely human factors that require specid study that is beyond the scope

of this research.

Anyway, violating takeoversin this study is based on fidd observationsin which illegal takeovers
were committed with short passing sight distance in both directions. The field observation resulted
in 3.4 violations per 10,000 vehicles in the eastbound direction and 0.8 violations per 10,000
vehiclesin the westbound direction. These violation rates correspond approximately about 720 and
170 violations committed with no enough passing Sght distance per year in the eastbound and
westbound directions, respectively.
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8.3.3.2 Visihility between vehicles A and C

Due to the road profile, vighility between the two vehicles A and C cannot take place unless the
two vehicles are positioned at gppropriate points of location that dlow aline of sght to be
etablished between the eye of the driver of one vehicle and the top of the second vehicle coming
in the opposite direction.

Here a question could be posed about which vehicle driver might see the other first: vehicle A or
C?

2040 7 __—Wr vehicle heiaht
2035 1
f 2030 1 f eye height
L 2025 1
E 2020 1 Light
E 2015 T f Vehicle
'*E: 2010 1 Heavy
% 2005 1 Vehicle
2000 T
1995

112 114 116 118 120 122 124 126 128 130 132 134 136
station Point (1unit=100 ft)

Figure 8-7: Lines-of-Sight Between Typical Heavy And Light Vehicles

Actudly asfigure 8-7 shows, there are small differences between the distances between the

driver’ s eye and the top of the vehicle for the different types of vehicles (rangesfrom 0.7 t0 1.3
feet). These distancesin turn are very small when compared to the distance separating A and C
(the verticd scdeis magnified 100 times the horizontd scal€). Hence, the time difference between
the events of seeing each other isa smdl fraction of a second. Therefore, it is assumed that vehicles
establish visud contact a the same instant of time.

Now the process which determines whether a clear line-of-vison is established between the two

cars, is based on the fact that, no physica obstacle should interrupt the line of sight between the
eye of one vehicle driver and the top of the other vehicle.
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The process adopted to establish whether vehicles can observe one another consists of the
following steps (see Figure 8-8):

Case2: top of
2040 . Clear line-of-sight B vehicle
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L ooos1{ F B }\
= .
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Fi
gure 8-8: Line-Of- Sight Verification

1- Assessthe horizontd location of vehicle A and C at time't

2- Using theroad vertica profile data, estimate the devation of vehicles A and C using
interpolation.

3- Knowing the type of both vehicles, determine the dtitude of the eye of vehicle A driver
(Et), and the top of vehicle C (Tt).

4- Egablishthe line-of-gght between Eand T.

5- Alongtheline ET, locate a series of points at 50-feet increment starting from E towards T.

6- Determinethe devations of the series of pointsidentified in step 5, (dotted linesin the
figure) dong the line of sight between points Et and Tt.

7- Referring to the road profile, compute the roadway e evations adong the series of points
identified in step 5.

8- Compare the dtitude of the points aong the line-of-sight, and the dltitude of the road
having same vertica projection.

9- A dear line-of-sght will be established at timeingtant t, if the dtitudes of all the points,
aong theline of 9ght ET, are higher than those of the road profile, which have the same
vertica projection.



10- In the case that the condition of step 9 is not satisfied by at least in one point, it is assumed
that vehicles A and C cannot establish avisud contact at time ingtant t.
11- Repest the entire process in the subsequent time step t +1 (next deci- second).

Figure 8-7 represents two cases of line -of- sight: Interrupted in case 1 and clear in case 2.

8.3.3.3 The human factor parameters assessments

In microscopic smulaion, the driver of the vehicle is governed by a complex environment created
by the numerous andytica factors intervening in shaping the overal performance of the road-
driver-vehicle sysem.

In this section we are going to focus on the human behavior when performing the driving task and
we will try to determine some human factors that would pertain our problem especiadly the
perception-reaction time, control movement time, (steering, braking and speed control), and
responses to the presentation of traffic control devices.

The examination of such human performance requires - like any other human behavior —
condderation of individud differencesi.e. inter- and intra- driver variability. For instance, when
measuring braking response, two drivers could react differently under identical environmental
conditions, and the same driver could act differently under different environmenta conditions as
well (normd driving versus intoxicated driving conditions).

The following description of this section is based on the revised version of “Traffic Flow
Theory*(1996), namely the “Human Factors’ chapter written by Rodger J. Koppa.

8.3.3.4 The Driving Task

Lunenfeld and Alexander (1990) consider the driving task to be a hierarchica process, with three
levels: (1) Contral, (2) Guidance, and (3) Navigation. The control leve of performance comprises
al those activities that involve second- by-second exchange of information and control inputs
between the driver and the vehicle. Most control activities, as pointed out, are performed
"automaticaly" with little conscious effort. In short, the control level of performance is skill based.
Thenext levd of human performance isthe rules-based guidance levd. Thedriver'sman
activities "involve the maintenance of a safe speed and proper path relative to roadway and traffic
elements. Guidance leve inputs to the system are dynamic speed and path responses to roadway
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geometrics, hazards, traffic, and the physica environment. Information presented to the driver-
vehicle system from traffic control devices, ddlinestion, traffic and other festures of the
environment, is continualy changing as the vehicle moves aong the highway.

Thethird (and highest) leve in which the driver acts as a supervisor is navigation. Route planning
and guidance while en-route, for example, correlating directions from a map with guide Sgnagein a
corridor, characterize the navigation level of driver performance.

Somewould cdl thislevel knowl edge-based behavior.

Thefirg two leves of driving tasks- control and guidance- are of paramount concern to modeling a
potential accident on a highway facility.

8.3.3.5 Perception-Reaction Time (PRT)

Perception-reaction time is the lag in time between detection of an input (stimulus) and the Sart of

initiation of a control or other response.

Simulus
A A
Perception
v
A Perception
Recognition /Reaction
Time
v Response
Judgment A Time
Foot X M ov:ment
Replacement Time (MT)
v v v
Brake response
(Mechanical
delay)

Figure 8-9: Reaction/Response Time
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If the time for the response itsdlf is dso included, then the tota lag time is termed the "response
time" Often, the terms "reaction time" and "response time" are used interchangeably, but one the
reection time is dways a part of the other response time as illustrated in Figure 8-9. Therefore, a
driver's braking response could be viewed as composed of two parts, prior to the actua braking of
the vehicle: the perception-reaction time (PRT) and immediately following, movement time (MT).
Severd PRT modes have been chaining individua components of the time lag thet are
presumably orthogona or uncorrelated with one another. Hooper and McGee (1983) postulated a
very typicd and plausible mode with such components for braking response time (including
movement time MT), illugtrated in Table 8-5.
Figure 8-10 depicts the actua shape of probability distribution of the PRT.

Table 8-5: Breakdown of PRT (85" Per centiles)

Component Time(sec) | Cumuldive
Time (se0)
1) Perception
Latency 0.31 0.31
Eye Movement 0.09 04
Fixation 0.2 1
Recognition 0.5 15
2) Initiating Brake Application 1.24 2.74
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Figure 8-10: Probability Distribution Function of PRT



Each component of the PRT dementsis derived from empirica data, and the data shows the 85th
percentile estimate for that agpect of time lag. Because it is doubtful that any driver would produce
85th percentile vaues for each of theindividual elements, 1.5 seconds probably represents an
extremne upper limit for adriver's perceptiontreaction time. Thisis an estimate for the Smplest kind
of reaction time, with little or no decison-making. The driver reacts to the input by lifting his or her
foot from the acceerator and placing it on the brake pedal. But a number of authors, for example
Neuman (1989), have proposed perception-reaction times (PRT) for different types of roadways,
ranging from 1.5 seconds for low-volume roadways to 3.0 seconds for urban freeways. There are
more things happening, and more decisions to be made per unit block of time on abusy urban
facility than on arurd county road. Each of these added factors increases the PRT.

8.3.3.6 Surprised vs. expected PRT
A literature review by Lerner et a. (1995) includes asummary of brake PRT (including brake
onsgt) from awide variety of studies. Two types of response situations were summarized:

1- Thedriver does not know when or even if the simulus for braking will occur, i.e., he or she

is surprised, which represents a real-world occurrence on aroadway; and

2- Thedriver isaware that the sgnd to brake will occur, and the only question is when.
The composite data of sixteen studies of braking PRT were converted to alog-normd
transformation to produce the accompanying Table 8-6. Note that the 95th percentile value for a
"surprise’ PRT (2.45 seconds) is very close to the AASHTO edtimate of 2.5 secondswhichiis
used for dl highway Stuations in estimating both stopping sight distance and other kinds of sght
distance (Lerner et al. 1995).

Based on the above, this research adopts the perception/reaction times that are summarized in the
Lerner review. Furthermore, the reaction/response time in the smulation is considered as a random

normaly distributed parameter with mean and standard deviation as summarized in Table 8-6.



Table 8-6: Brake PRT Comparison (in seconds)

“Surprised” “ Expected”
Mean 1.31 0.54
Standard Deviation 0.61 0.1
50" Percertile 1.18 0.53
85" Percertile 1.87 0.64
95" Percertile 2.45 0.72
99" Percertile 331 0.82

The PRT of theviolating vehicle ‘A’ is considered “ expected” as the violator committing theillegd
passis aware of the risky consequences, where as the PRT of vehicle‘C’ traveling in the opposing
direction istaken as “surprised” because the driver is unaware of the vehicle violation.

8.3.3.7 Reading Time Allowance

For ggnsthat cannot be comprehended in one glance, i.e., word message signs, alowance must be
mede for reading the information and then deciding whét to do, before adriver in traffic will begin
to maneuver in response to the information.

Reading speed is affected by ahogt of factors (Boff and Lincoln 1988) such as the type of text,
number of words, sentence structure, information order, purpose of reading, the method of
presentation, and whatever ese the driver is doing. For purposes of traffic flow modeling,

however, agenerd rule of thumb may suffice. This can be found in Dudek (1990): "Research...has
indicated that a minimum expaosure time of one second per short word (four to eight characters)
(exclusive of prepositions and other similar connectors) or two seconds per unit of information,
whichever islargest, should be used for unfamiliar drivers. On asign having 12 to 16 characters

per ling, this minimum exposure time will be two seconds per line”

"Exposure time’ can aso be interpreted as "reading time" and so used in estimating how long
driverswill take to read and comprehend a sign with a given message. For example, asign that is
displayed below would require a minimum of 8 or up to 12 secondsiif the driver is not familiar with

the sign ("worst case," but able to read the sign).
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Traffic Conditions
Next 2 Miles
Disabled Vehicleon |-77

Use |-77 Bypass Next Exit
\ P J

In Dudek's study (1990), 85 percent of drivers familiar with amilar sgnsreed this 13-word
message (excluding prepositions) with 6 message unitsin 6.7 seconds (about 0.5 second per word

or 1.1 second per message unit). However, the formulasin the literature tend to be conservative.

Based on the above, the short word sign “DO NOT PASS’ proposed asawarning Sgnin this
study, congsts of two short words and one message unit, would require unfamiliar drivers from 2
to 4 seconds to be read and comprehend. However, Route 114 isaloca road that serves local
commuters, therefore we may consider the road commuters as familiar drivers, which could —
according to Dudek’ s study- read and comprehend the Sgnin 1 to 1.1 seconds. Consequently, an
average of one-second reading time is assumed in Smulating the time lag as illudtrated in the
following section.

8.3.3.8 Time lag Components
A time lag accounts for the period of time gtarting from the moment when the vehicle crosses the
double yellow line. Thistime lag could vary depending on the following two cases:
Case 1: theviolating car perceives the warning message before an opposing vehicleis seen. In
this case the time lag accounts for:
1- Vaeification process, that is the time required to verify aviolation, and
2- Digplaying warning message, that is the time required displaying the message.
The camera detection system needs at least three consecutive images to compare and verify
pixel changes before the wrong way occurrence is confirmed. Therefore, for avideo and
transmission speed of 30 images per second, the central processor would require 0.1 seconds

to recaive the images for andysis. If avidlation is verified, the system promptly closesthe



circuit and activates the warning message virtudly at a zero time lag. However, to be
consarvative we may account for another 0.1 second for image andysis and the warning
display time lag. Consequently, the total time lag amounts for 0.2 seconds for the two time lag
components (1+2) described above.

The other time lags to congder are:

3- Reading: atime lag of one second is assumed asillugtrated in previous section.

4- Perception/ Reaction time lag

5- Movementtimelag

Aswe have discussed earlier, the fourth and fifth time lag components combined atogether are
considered randomly distributed with a mean and standard deviation of 1.31 and 0.61 seconds
respectively for the “surprised” vehicle C, and 0.54 and 0.1 second for the “expected” vehicle
A.

Case 2: The opposing vehicle is seen before reading stage. The time lag in this case accounts for
the response time only. That is, we are going to consider time lag components 4 and 5 only.

8.3.3.9 Driver’s conditions
VehideA driver's condition is an influentid factor that affects driver’s behavior when
acting/reacting in many Stuations. In our case, driving under influence DUI playsamgor rolein
determining the value of some parameters such as the time lag components described above.
The amulation will take into consideration two types of drivers:
1- Regular driving conditions.
2- Driving under influence (DUI).
The population of each type and the impact of drinking on the reaction levels will be taken from
studies conducted on those issues, in addition to other sources related directly to our Situation
such as police accident reports.
Drugs - Alcohol abusein isolation and combination with other drugs, legd or otherwise, hasa
generdly ddeterious effect on performance (Hulbert 1988; Smiley 1974). Performance differences
vary consderably for any given driver. In generd, dcohol lengthens driver reaction times and
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cognitive processing times. The only drug incidence which is sufficiently large to merit consideration
in traffic flow theory is dcohal.

Although incidence of dcohoal involvement in accidents has been researched for many years, and
has been found to be subgtantid, very little is known about incidence and levels of impairment in
the driving population, other than it must dso be substantial. Because these drivers are impaired,
they are over-represented in accidents. Price (1988) cites estimates that 92 percent of the adult
populations of the U.S. use acohol, and perhaps 11 percent of the total adult population (20-70
years of age) has dcohol abuse problems. The Nationd Highway Traffic Safety Adminigration
edimates that acohol was involved in 39 percent of fatal crashesand in 7 percent of al crashesin
1997.

Recently, NHTSA issued in August 2000 aresearch entitled * Driver Characteristics and
Impairment a Various BAC”. The research conducted experiments on 168 acoholic drivers of
different gender (mae and females), age group (4 groups from 19 to 70 years old) and drinking
practice (light, moderate and heavy).

The purpose of these experiments was to determine the magnitude of acohol impairment of driving
skills as blood dcohol content, BACs, varied from zero to 0.10%. Using adriving Smulator and a
divided attention task, 168 subjects were examined at BACs of up to 0.10% for moderate and
heavy drinkers and up to 0.08% for light drinkers.

It was found that acohol significantly impaired performance on some messures for al examined
BACsfrom 0.02% to 0.10% (see table 8-7). The magnitude of the impairment increased with
increasing BAC. Also, it was found that differencesin the magnitude of acohol impairment
between categories of age, gender, and drinking practices were smal, incongstent in direction, and
did not reach gtatistical sgnificance. It is possible that sgnificant differences would have emerged if
awider range of subject characteritics and BACs had been examined.



Table 8-7: Performance Under Alcohol Influence

Blood Alcohol Content (BAC) %
Test Pre-test 0.10 0.08 0.06 0.04 0.02 0.00
Reaction Time  (sec) 35 4.1 4.1 4.1 38 3.6 34
Correct Responses
(no.) 47 41 42 44 45 46 46
# Of Collisions 4 9 9 8 6 4
Times Over Speed (no.) 4 12 11 11 9 8

Because no data were available on the alcohol levels of drivers driving aong the study section of
Route 114, a number of assumptions were made, as follow:
1- Twenty percent of the violators were assumed to drive under the alcohol influence. This

assumption is based on the accidents data, which showed that 20% of the crashesinvolved
acohol.

2- When smulating violations, drivers of vehicles B and C were assumed to operate under
normal conditions, athough they could be impaired to some degree by acohoal.

3- For impaired drivers, 0.5 second was added to the driver’ slag timein terms of reading and
PRT.

8.4 Smulation M ethodology

The smulation is a powerful tool that enables the user to:
A- verify the system functioning and performance, and
B- conduct evauation of the system effectiveness in reducing collison risks.

The smulaion isvdidated by comparing the rate of collisons obtained from smulation to that
of the red world differentiated for both cases:

1- “Without* the warning system (base case), and
2- “With” the warning system (improvement case)

Figures 8-11 and 8-12 depict the logic behind the smulation of the systemn functions without and

with the proposed detection and warning system. The logic conssts of tracking the three vehicles,
asfollows



Direction 1: deds mainly with vehicle A sequence of events attempting to Sart and complete
the takeover maneuver. Vehicle B is assumed to be unaware of vehicle A’s act, hence, the
vehicle continues to trave at the same speed throughout the entire smulation.

Direction 2: dedswith vehicle C, the vehicle gpproaching in the opposing direction and the
second potentid victim of the head-on collison. Smilar to vehicle A, the location of vehicle C
istracked mainly to assess when its driver will see vehicle A. At the moment the driver of
vehicle C driver establishes avisua contact with vehicle A, the driver takes necessary action to
avoid acollison.

Time: This dependent variable will be introduced in every kinematic equation describing the
location, speed and acceleration of the various vehicles. The periodic scanning method will be
used in the smulation, where dl time dependent variables are updated at 0.1 seconds
increments.

As the flowcharts aso show, the outcome of the takeover maneuver could be either asafe
passing or an unavoidable crash depending on vehicle A driver’s reaction and action decision.
8.4.1“Without” warning system case

“Without” is the base case on which we are going to vaidate the effectiveness of the smulation.
Actudly, the kind of parameters introduced in the simulation and the sequence of processes should
explain to large extent what is hgppening in redlity. Therefore, we expect that the smulation
outcome of the “without” case should reflect the current Situation to an acceptable degree of

rediam.

Figure 8-11 depicts the smulation flowchart for passng “without” the warning system. After
we generaing randomly the speeds and the locations of the three vehicles, we examine the passing
threshold. A loop was created representing the process of continuous monitoring of the opposite
direction that the violating driver performs, as long as the driver of vehicle A isin the passing phase.
Thisloop updates the different parameters every 0.1 second until an opposing vehicle C is seen or

the passing maneuver is completed.
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Once the vehicles see each other, random PRT time lag periods for both vehicles sart, after
which vehicle C decelerates whereas vehicle A could accelerate or decelerate depending on the
action that the violator would take. Different scenarios of those possible actions will be discussed in
detailed in a coming section.

8.4.2“With” warning system case

Generdly, the “ with warning sysem” case follows the same logic as the “without casg’.

However, it is more complicated because the drivers would act differently depending on which
event might occur firgt: vehicles A and C see each other or the violation is detected.

For thefirgt stuation when A and C see each other, both gtart their PRT time lag at the same
moment similar to the without case.

For the second Situation when the system detects the violation and warns the driver of vehicle A,
only vehicle A sartsitstime lag period. This period consists of reading time in addition to the PRT.
Meanwhile, vehicle C is unaware of the violation. It will keep its gpeedy motion until it sees vehicle
A dfter which it gartsits PRT followed by the deceleration action.

Whether aline of sght is established or warning is displayed, vehicle A could brake or accelerate
depending on the action taken by the violator. Similar to the “without” case, different action
scenarios of the possible actions will be analyzed.

Figure 8- 12 depicts the smulation flowchart for passng “with” warning system case.
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Figure8-11: Passing Violation Without the Warning System
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Figure 8-12: Passing Violation with Warning System
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8.4.3 Post Per ception Action

Based on the above, two perception situations could be specified and exposed to driver A

whilein the left lane violating the solid yelow line

1- Either percaiving the fact that a car C is coming in the opposite direction, and he must do
something to avoid collison. Or,

2- Perceiving the fact that he was “caught” by the detection system and he must obey and go
back to theright lane.

While the firg Stuation might teke place in the both “with” and “without” warning system cases,

the second could happen only when the sysem isingaled and put in service, thet isin the

“with” case.

Here we should have alittle pose to visudize what kind of decison or action the driver A may
take in either Stuation. An unlimited number of “logica” actions may occur, arisng principaly
from the uncertainty in human behavior. Different individuas would perform different actions
when exposed to different physical and psychologica conditions (surprise, fear, anxiety,
drinking problem, life pressures, etc). And this per se could be avast and interesting field for
human factor researchers to examine and study such human behavior during accident

occurrence.

Anyway, for the sake of amplifying such complex Stuation, we will assume in our Smulaion
the following scenarios:
Vehicle B will remain in itslane at constant speed. Here, we assume that vehicle
B driver will stay neutrd towardstheillega passng maneuver of A, and avoid taking
actions such as accelerating (to tease the driver of vehicle A or forbid him to takeover)
or decderating (to help driver A complete a safe pass and merge action). Or smply,

we can assume that driver B is unaware of what is happening around him.

Driver C will decelerate when Vehicles A and C arerevealed to each other

without leaving the lane. This assumption is partidly vaid in our case because of the
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lack of shoulder. Some drivers, however, may unconscioudy prefer to run out the road
away from a perceived crash. Anyway, that could also mean that a crash in away has
occurred, but it would be classified under a crash type other than a head-on accident.

For driver A action, we may distinguish two situations:

Situation 1: The two opposing vehicles A& C see each other: Thisevent could take
place in both the “with” and “without” case andlyss Driver A could choose to make one
of three assumed actions, perceived by him as the gppropriate one, to avoid apossible
collison with C. These three actions are:

1- Makeacomplete stop. Driver A will decelerate assuming that afull stop would
be most likely achievable before he collides with C. In this case the conditions to
avoid acrash are:

disance AC>0-> d—(Xat . Xcy>0  atimetwhen
uat=0and Uct=0.

Where: Xat Xct =thelocationsof vehiclesA and C a timet

Uat, Uct =theveocitiesof vehidesA and C at timet
d =thelength of the road link under detection

2- Set back and moveto theright lane. Here driver A assumesthat he/she has
enough time to start decd erating while making alane change to the right behind
vehicle B in order to avoid collison with vehicle C. To observe such a happy
outcome, the following conditions must be fulfilled:

XAt < XBt- Es @ timet when
XAt .« Xct=d
Where: Es = emer gency headway that vehicle A needs to have behind vehicle B to
avoid callison withiit.
Referring to the Microscopic Traffic SIMulator (MITSIM) developed by Y ang and
Koutsopoulos (1996), under the “emergency regime”’, the following vehicle A uses
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gppropriate deceleration rate to avoid collison with B. The modd suggested to fulfill
such requirement is
a, =min{a,;a, - 0.5(U, - Us)>/g } U, >U, Where

a,,ay = Acceerdtion (deceleration when negative) rates of vehiclesA&B

a,= Normd decderdtion rate of vehicle A

U,, U = Speed of vehicles A and B

g = Clearing distance separating vehicles A and B

Figure 8- 13 depicts the pogtions of the three vehicles a timet when A and C are
about to collide.

0 XAI — XB d

<9 5 -ley

Figure 8-13: Vehicle A Merging Under Emergency Regime Behind B

AsB isrunning at constant speed, it has zero accderation. Congdering the emergency
braking that would result in a more aggressive deceleration, we may conclude:

a, =-05(u,-uy)’/g

- g=-05(u, - u;)*/a, =-1.076(Du)*/a, (ginfeet, uinmph)
The case described above fits when vehicles A and C see each other after A startsthe
violation a a higher speed than B, but before it overtakes B.
Another case could happen when vehicles A and C see each other after A sartsthe
violation and overtakes B. In this case A should decelerates to a speed less than B
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then try to merge behind B before it hits vehicle C. Here we are going to assume that
can take place when at the moment of merging, the speed of A isless at least by Smph
than B and the minimum emergency distance g is 10 feet.

Findly, Es the headway required to avoid crash between A and B isgiven by
Es=g+Ls where LB = length of vehidle B.

3- Continuethe passng maneuver in an attempt to avoid collison with vehicle
C. Driver A will indgt to overpass B by continuing accderating under the
assumption that he/she is capable to complete a safe passing before he collides
with the decelerating vehicle C. In order to accomplish that, driver A will overtake
vehicle B by aminimum emergency distance Er before he/she makes higher fast
lane change to the right ahead of vehicle B (seefigure 8-14). Also to observe such
ascenaio, the following conditions are to be fulfilled:

Xat> XBt+Er  atimetwhen
XAt . Xct=d
Where:
Er = the minimum headway that A needs to have ahead of B to make safe lane

change.
D d=21000 ~mTTTTT s >
XC
d 0
A

0 X8 i_gnin—i_lA _‘ XA d

< B>

Figure 8-14: Vehicle A Merging Under Emergency Regime Ahead of B
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Asthe speed of vehicle A is higher than that of B, Er could be estimated by the following
smple equetion:

ET = gmin + LA

where:

gmin = minimum distance set for A to make safe merging ahead of B, taken equd to 10 feet.
LA =length of vehide A.

Situation 2: Driver A perceivesthat hig’her violation was detected by the system.
This situation could happen only in the “With” case. The driver can teke aso any of the three
actions described above. However, we will suppose that dl drivers under the influence of the
disolaying warning message, will mostly obey and respond immediately after percaiving the
warning by decderaing and resuming their right lane (action 2). This action actudly could be —
to alarge extent — redidtic, taking into congderation the psychologicd effect of theflashing
lights and the impact of the strong warning message.

Anyway, the other actions will be andyzed too, in order to compare their outcomes with that
of the supposed action.
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8.4.4 Initialized and generated variables

The variables to be to be included in the smulation could be classified into two types:

1- Initidized variables (or input variables) that need to be quantified before being inserted.
They are Ste and case specific variables that differ from one project analysis to another.
Such variables could characterize the road geometry (grade, road length) or the traffic
(average headway, initid speed, violation rate, ..€tc).

2- Generated variables that are produced during the analysis runs. They could be of
intermediate or trandtory nature like the acceleration and the location of the vehicles, or of
find (or output) variables nature like number of crashes by type of action and vehicle speed

a collison moment.
Tables 8-8, 8-9, and 8-10 illudrate the types of some main variables introduced in ether

“with” or “without” smulation cases or both, with their symbols. They are arranged as vehicle-

related, driver-rdated and road-rdlated variables.
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Table 8-8: Vehicle- Related Variables

Variable Symbol Variable Description Case Analysis Variable Type
With Without Input | Generated
VehicleID A B C Thethree vehiclesinvolved in X X X
the collision occurrence.
Vehicle Class LV Type of vehicle that impliesits X X X
W characteristicsin terms of X X X
HV vehicle length, speed and X X X
accel eration ranges.
Vehicle Length LV_l ength Specifies the length of vehicle X X X
W_| ength depending on its class. X X X
Driver'seyeHeight | LV_eye Specifies the vehicle driver's X X X
W_eye eyeheight depending on its X X X
class.
Top VehicleHeight | LV_hei ght Specifies the vehicle top X X X
MV_hei ght height depending on itsclass.. X X X
HV_hei ght X X X
Vehicle Location Xvehi The abscissa of vehiclei X X X
Vehicle Speed Vehi _sim sp | Speedof vehiclei at timet X X X
vehi _ini _sp | Theinitial speed of thetrial. X X X
vehA Max s Speed limit of vehicle A X X X
Vehicle vehA_acc (t) The acceleration of vehicle A X X X
Acceleration at momentt .
Vehicle vehi _decel (t) | Thedeceleration of vehiclei at X X X
Deceleration moment t.
Speed Thresholds | min_sp_threshold [ minimum ,maximum and X X X
max_sp_threshold | generated speed difference X X X
sp_threshold threshol ds between A and B. X X X
Traffic Volume gvehA The traffic flow volumes (vph) X X X
gvehC for direction of vehicle A and X X X
C.
Minimum m n_di st At oB The minimum distance X X X
dispatching between AandB att=0
distance before A startsits violation
Distance from AtoB | dist_AB Distance separating the two X X X
Distance from AtoC | dist_ AC vehiclesat timet X X X
Safe Merging emerg_overtake | Minimum distance for A to X X X
distances emerg_sethack | make safe merging ahead of B X X X
or behind it




Table 8-9: Driver- Related Variables

Variable Symbal Variable Description Case Analysis Variable Type
With Without Input | Generated
Violation rate East_viol The annual number of violation X X X
West_viol | committed by A X X X
TimelLag timelag_attrib | Timelag components X X X
(verification, reading, | Utes
perception and ) Time lag to verify violation X X X
reaction) t!me:aggié Time lag that driver needs for X X X
timelag reading and PRT
Driver's Braking brake_attribu | Determine drivers A and C X X X
Behavior tes braking behavior when they want
to decelerates
PRT of C t C_prt_in | Thetimeindex when driver C ends X X
dex his PRT timelag (casewhen A
after it detected.
Driving Under DUI_perc The percent of violating drivers X X X
Influence under influence of alcohol.
DUI 0 or 1 to indicate whether or not X X X
violator isaDUI case
Table 8-10: Roadway- Related Variables
Variable Symbal Variable Description Case Analysis Variable Type
With Without Input | Generated
Road profile X_E, x W | Horizontal projection of the road X X X
; z E,zW | Vertical projection of the road X X X
Attri
tiributes gr_E, gr_W | Grade of road sub-segments X X X
Road Length d The length of theroad link curve X X X
put under detection.
Grade at Vehicle A grade_A The grade of road at the point X X X
Location where A islocated at timet
Violation Detection t_detect_i | Thetimeindex when the violation X X
ndex is detected by the system before
A and C see each other
Visihility (withcase) [ t_C_see_i | Thetimeindex when driver C sees X X
ndex A after it was detected
Visihility (without t_see_index | Thetimeindex when drivers of A X X
case) and C see each other. X X
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8.5 Smulation Runs Output

Every violation in any smulation run output condsts of a series of matrices describing the time-
dependent parameters while the violation process is progressing. Some of the main parameters are
the locations and speeds of the three vehicles A, B and C, the acceleration and deceleration of
vehicdles A and C, and the vishility and detection status for vehicles A and C.

All these parameters (and others of less important role) are updated every 0.1 second throughout
the smulation period of one violation consdered here of 25 seconds. Knowing that one run
gamulaes 890 violations, which are the red-world estimated annud number of violations having
short passing distance in both directions. Since we have 3 action scenarios to apply in the "with"
and "without" cases, we come up finaly with 2x3x890x251 data fields to show for every time-
dependent parameter. The resulting output would be 52 megabytes in Sze for each one year run
output file.

One practica way to follow up the progress of violations could be by presenting the data in form of
curves that exhibit the various varying parameters. The examination of these curves dlows usto
understand the development of the violation process. It dso dlows verifying the impact of the
detection and warning system on the final outcome, as well as the effect of changing one input
parameter during the sengtivity andyss.

8.5.1 Presenting the Results of a Violation

The reaults of aviolation could be described by four superimposing figures. These figures are;

1- Thetimewhen avishility between vehicles A and C is established, and when the violating
car A isdetected, whichever comesfirst.

2- Theaccderation (or deceleration) curves of vehicles A and C.

3- The speed curvesof vehiclesA, B and C.

4- The locations curves of the three vehicles and the curve showing the distance between
vehiclesA and C.
Thesefiguresshould beread from bottom to top. They offer conssent information in

describing the various steps in the development of aviolation. First we can see the point of

time a which the line of sight is established between A and C drivers (in the “without the
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system” case) or verify whether a detection was established by the system before that (in
the “with the syssem” case). Then we can verify the perception-reaction time lag before the
vehicle C garts decdaration. Also we can verify the development of vehicle A action (1
out of 3) on thefind outcome of the violation, whether a head-on collison is going to occur
or not.
The next pages show asample of different violations with different conditions, attributes
and outcomes:
Figure 8- 15 exhibits the progression of aviolation taken from the “without system”
andysis, where A performed action 1 (attempt to make full stop) that ended
unsuccesstully by colliding with C.
Figure 8- 16 exhibits the progression of aviolation taken from the “with system”
andysis, where A performed action 1 as it percelved the early warning, and ended
up successfully where callison with C was avoided.
Figure 8-17 exhibits the progresson of aviolation taken from the “without system”
andyss, where A performed action 2 (set back behind B) that ended successfully
with no collison with C.
Figure 8-18 exhibits the progression of a violation taken from the “with sysem”
andysis, where A performed action 2 even before vehicle C driver’s noticed what
happened.
Figure 8-19 presents the progression of a violation taken from the “without
gysem” analyss, where A performed action 3 (insst to take over B) that ended up

with acollison with C.



Example: 1
System Analysis Case: ”Without”

Vehicle A Driver’sAction: Actionl

(N.B. Read the figures upward)

Location graph: Vehicle A wasjust taking over B
when it saw C. a that moment distance AC was 4000
around 550 fest, adistance that was not enough
for both vehicles to make safe full stop. The
maneuver ended up with acollison (dis AC
curve reached zero)

2000

5\
\\

Location (ft)
&

-2000
0

Speed graph: Vehicle A increased speed up to 100
the maximum limit (65mph), and continued &
constant speed like vehicles B and C. Speeds of
A and C darted decreasing at the moment when
they exercised brake action. When the collison
occurred both speeds dropped to zero. 0 5 10 15 20 25

— veh A
— veh C
50 b veh B | |

Speed (mph)

Accedleration graph: After PRT periods for both
vehicles A and C drivers, both vehicles
decelerated to make full stop. (PRT of Cis

longer than A’s, that is, C response was dower
than A). 0 5 10 15 20 25

10 — vehA
— veh C
N

Acceleration (ft/sec2)

Simulus grgph: A line of Sght is established
between vehicles A and C at around 12.5
second.

— visibility
detection
I

Visibility-Detection
o
(&)}

0 5 10 15 20 25
Time (sec)

Figure 8-15: Sample Of a Smulation Output (Without/Actionl)



Example: 2
System Analysis Case: "With”

Vehicle A Driver’s Action: Actionl

Locetion graph: Vehicle A was not able to take
over B because of the warning. At that moment
distance AC was long enough for both vehicles
to make full stop without collison (dis AC
curve is above zero)

Speed graph: Vehicle A raised speed up to the
65 mph maximum limit, then continued at
constant speed. Both A and C started
decreasing their speed at the moment when
they exercised brake action, while B continued
at constant speed.

Accderaion graph: After its PRT period,
vehicle A started deceleration to make full stop.
C drivers started the same action ashe
percelved vehicle A coming in the opposite
direction.

Simulus graph: The system detected and
warned A at around 8" second earlier than
vehicles A and C saw each other at 11 second.

NB. In caseswhere vehicles A and C see each
other before the system warning is launched,
drivers behavior will be smilar to that shown in
example 1.

4000

= dist.AC
~ veh B
< 2000 .
] 0 L ven T
(8]
o
- Ve A
-2000
0 5 10 15 20 25
100 T
= — veh A
g —— veh C
S 50 . veh B H
(0]
8 x
%)
0 AN
5 10 15 20 25
N
o 20
(0]
2
)
~ 0
5
£ 2 l / — veh A
I 1
g 20 —— veh C
8 I
2 -40
5 10 15 20 25
§ 1!
©
[0]
©
Q05
=) — Visibility
.-% Detection
2 T
S ot . -
0 5 10 15 20 25
Time (sec)

Figure 8-16. Sample Of a Smulation Output (With/Actionl)




Example: 3
System Analysis Case: ”"Without”

Vehicle A Driver’s Action: Action2

Location graph: Vehicle A dmost taking
over B whenit saw C. driver A dowed 4000
and sethack behind vehicle A - dist AC
successfully at 15™ second with no = 2000 veh-B
collision (dist AC curveisabovezeroat | £ I B=== veh G
thet moment). s A

-2000
Speed graph: Vehicle A raised speed up 0 5 10 15 20 25
to the maximum speed to Start passing 100 I
maneuver, then continued at constant < —— veh C
speed. A started decreasing itsspeed till | £ N veh B
it became again behind B a a distance g \\
enough to make merging into the right Z
lane. After that it continue at constant 00 5 10 15 20 o5

. N

speed g o S—
Acceleration graph After its PRT period, z o
vehicle A started deceleration to setback | g ——
behind B and that took around 5 2 | —— vehC
seconds. Vehicle C driver decelerated 8 -20 !
as he perceived vehicle A coming in the 0 5 10 15 20 25
opposite direction and made full stop. § 1

(8]

]
Simulus graph: Vehicles A and C saw 805
each other around the 9" second. After a £ — Visibility
PRT period A will try to setback behind B Detection
B while C will decelerate and make full > Od 5 10 15 20 o5
stop. Time (sec)

Figure 8-17: Sample Of a Smulation Output (Without/Action2)



Example: 4
System Analysis Case: "With”

Vehicle A Driver’s Action: Action2

Location graph: Vehide A wastrying to
minimize the disance with B but it
couldn’t because of the warning. AsA 4000
set back behind B the distance between — dist AC
them started to increase again. At the % 2000 vehC
moment when distance AC reached the S >§L’l~ﬂ~iﬂ
zero value (around 16" second), vehide | S8 © — =]
A by that time hed already been setback | = T
and resumed its position behind B (at 0 5 10 15 20 5
moment 8.7 seconds) 70

. — veh A
Speed graph VehideA raised speed up | 60 [\ s
to the maximum limit considered to =] \
perform the passing maneuver, then @ 50 \
continued at constant speed. Asdriver A @ 40
perceived the warning, he dowed down 0 5 10 15 20 25
to a gpeed less than that of vehicle B and N 10
merged to the right. As driver C didn’t é I
notice vehicle A action, he/she continued = 0
a the original speed -% 0 —_ whA

o ] — vehC [ ]
Acceleration graph After its PRT period, 3 20 I
vehicdle A started decelerationtosetback | < 0 5 10 15 20 25
behind B at constant speed. that had s 1
been accomplished in less than 3 seconds B
even before C could noticed what 2
happened. In this case C continued its D'>05 —
path at constant speed (acceleration = — Visibility

B Detection
equd to zero). S o | ; A

0 5 10 15 20 25

Stimulus graph: The system detected and Time (sec)
warned A at around 5™ second earlier
than vehicles A and C saw each other

around the 10" second.

Figure 8-18:. Sample Of a Smulation Output (With/Action2)
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Example: 5
System Analysis Case: "With”

Vehicle A Driver’s Action: Action3

Location graph: Vehide A wastrying to
take over B when it received warning a
the 6™ second. At that moment distance 4000
AC was around 1500 feet, a distance = dist AC
that was not enough for vehicle A to = 2000 — veh-B—]
continue and make safe passing before it -% 0 I I A
hit vehicle C. Unfortunately, vehicde A § I——
continued the maneuver and ended up 2000 veh A
with acollison (dist AC curve reached 0 5 10 15 20 25
zero) a 17" second. 100
= — veh A
Speed graph: Vehicle A increased speed g |- — xg:: g
up to the maximum limit (65mph), and ;&: 50 ;
continued at the same speed even after Q \
the driver perceived the warning n o
message. Vehicle C driver started 0 5 10 15 20 o5
decreasing speed after he perceived the S 10
oncoming vehicle A and made full stop a I D e
around 16™ second. When the collision 2 |
occurred the speed of A dropped to S
8 10 — veh A | |
Zero. o — veh C
. . § -20 i
Acgel eratloq qraph: After PRT perlqd < 5 10 15 20 o5
vehicle A driver did not take any action
. c 1
to dow down. In the contrary, he insisted S
to continue hisillegd passing at the @
maximum speed while vehicle C driver 805
decelerated to make full stop. 2 — Vvisibility
% detection
. . S ok i I .
Simulus graph: The s;ihstem detectet_j and 0 5 10 15 20 o5
warned A at around 6" second earlier Time (sec)
than vehicles A and C saw each other
around the 11™ second.

Figure 8-19: Sample Of a Smulation Output (With/Action3)



Having examined the examples above, we may note the following:

1- Thedope of the gpeed curves shown in the speed plots reflect the acceleration rate
depicted in the acceleration plot just below, taking into consderation that the speed of A
can not pass a certain maximum limit that was determined based on the fidld data
observed.

2- Thelow accderation variation of vehicle A reflects the changes in grades and speed when
the latter is below the maximum speed limit.

3- Vehicle C driver's behavior is affected only by the simulus of visibility, whereas the driver
of vehicle A is afected ether by the vishility once established or by the detection and
warning simulus, whichever comesfird.

4- The sysem has no influence on the violation progresson when vehicles A and C drivers
see ech other. In this case, smilar to the “without case”, both drivers start their actions
following that gimulus.

5- Findly, the sysem dso has no influence on the outcome of the violation aslong asthe

driver does not obey the warning Sgn and insgsts on continuing the maneuver.

The subsequent chapter provides ain-depth sengtivity andysis of the system performance.



