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Srinivas Jillella

Abstract

Weaving is defined as the crossing of two or more traffic streams traveling in the same
direction dong a dgnificant length of the highway without the ad of traffic control
devices. The traditiond methods used for the design and operationa andyss of a
highway is the Highway Capacity Manud (HCM). These traditiond methods in the
manua use road geometry and traffic volumes as input and provide an edimate of the
gpeed as an output. TRANSIMS is a new computer Smulation package in transportation
that can be used as an andyss as wdl as a planning tool. The Microsmulaor in
TRANSIMS deds with the actua smulatiion of traffic on roadways. The intent of this
research is to evduate TRANSIMS Microsmulator and compare it with the traditiona
Highway Cgpacity Manud in modding the weaving sections on a freeway and make
recommendations. This research will dso compare the modeing Strategy and provide
andysis of the output.
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Chapter 1: Introduction

1.1 Background

Weaving is defined as the crossng of two streams traveling in the same direction dong a
ggnificant length of the highway without the aid of traffic control devices. Weaving aress
are formed when a merge area is closgly followed by a diverge area, or when an on ramp
is closdly followed by an off ramp and the two are joined by an auxiliary lane. Weaving
aress require intense lane changing maneuvers, as drivers must access lanes appropriate
to their desired exit point.

As a reault, traffic in a weaving area is subject to turbulence in excess of that normdly
present on the basc highway sections. Capacity is reduced in these weaving aress
because drivers from two upstream lanes compete for space and merge into a single lane
and then diverge into two different upsream lanes As lane changing is criticd
component of the weaving aress, configuration (number of entry lanes and exit lanes and
relaive placement) is one of the important geometric factors that need to be considered.
Some of the other factors are speed, levd of service, volume didribution etc. The
turbulence created by the “weaving” of vehicles often presents operationa problems and
gpecid design requirements. Transportation Research Record, Washington D.C., 1997.

1.2 Problem Statement

The Highway Cepacity Manud (HCM) has been traditionaly used for desgn and
operational andyss of a highway. The methodologies and procedures described in the
manua having evolved from empiricd dudies for over four decades starting as early as
the 1960's. The manua addresses various issues like operational andyss, design and
planning. It addresses different aspects of network andysds such as weaving, ramp
andyss on freeway, LOS at intersections (Sgndized and unsgnaized) eic.

The traditiond weaving methods in the highway capacity modd use the traffic conditions
and the roadway geometry as inputs in andyss of the weaving sections and estimates the
gpeeds as an output. Further this estimated speed is used in finding the Leve of Service
of the weaving aea. A brief methodology of how HCM conducts the andyss of a



weaving area is presented further in this chapter and later a detailled explanation is listed
later.

Though the Highway Capacity Manud adopts a traditiond approach, it has severd
shortcomings. It can be argued that the choice of speed for accessng capacity and Leve
of Service for weaving area is not very good. Furthermore, the manua does not address
complicated issues like the driver characteritics and lane changes etc.

Another modern approach in traffic engineering is the use of computer smulation. The
traffic sydem amulated on a computer usng some smulaion modd dlows for the
andyss, prediction of the effects of traffic control, geometry change etc, and
trangportation system management on the systems operational performance as expressed
in terms of average vehicle speed, vehicle stops, delays etc.

Although smulation is a powerful tool for the for traffic andyss and easy to build and
inexpengve to use, it does suffer from some drawbacks Firgly the smulation modd
heavily relies on data avalability, knowledge of the modd and often requires various
cdibration and validation issues have to be addressed.

The TRangportation ANayss SIMulaion Sysem (TRANSIMS) is a set of new
trangportation and air quaity andyss and forecasting procedures developed to meet the
Clean Air Act, the Intermodal Surface Transportation Efficiency Act, Transportation
Equity Act for the 21st Century, and other regulations. It consgsts of mutudly supporting
gmulations, models, and databases that employ advanced computationa and anaytica
techniques to create an integrated regiona trangportation system andyds environment.
By applying advanced technologies and methods, it Smulates the dynamic details that
contribute to the complexity inherent in transportation issues. The integrated results from
the detaled smulations helping support trangportation planners, engineers, decison
makers, and others who must address environmenta pollution, energy consumption,
traffic congestion, land use planning, traffic safety, intdligent vehide efficdences and
the transportation infragtructure effect on the qudity of life, productivity, and economy.
(TRANSIMS website). The research will compare the modding drategy and provide
andysis of the output.

This section will further look at the factors that affect the andyds of weaving areas and
ligts them. This comprehensve ligt is specified as defined in the HCM.



Although weaving aress can exig on any type of fadlity: freeways, multilane highways,
two-lane highways or arterids this paper will only focus on the weaving areas on
freeways. The factors that affect the cepacity of such sections are briefly discussed
below. Transportation Research Record, Washington D.C., 1997

Weaving length:

Weaving length is measured from the merge gore area a a point where the right edge of
the freeway shoulder lane and the left edge of the merging lang(s) are 2 ft apart to a point
a the diverge gore area where the two edges are 12 ft gpart. The length of the weaving
area condrains the time and space in which the drivers have to make the necessary and
the required lane changes. As the length of the weaving area decreases, other factors
remaning a condant, the intendty of the lane changing as wdl as the turbulence
increases in the weaving area. The average speed of the vehicles in the weaving area dso
reduces.

Configuration:

Configuration of a weaving area refers to the rdative placement and the number of entry
lanes and exit lanes for the section. The Configuration directly impacts the amount of
lane changing that tekes place in the section and is a critical operationa festure of
weaving areas and affects its performance.

According to the Highway Capacity Manud the weaving sections are categorized into
three primary types referred to as Type A, Type B and Type C. The types of
configuration defined in terms of the minimum number of lane changes tha must be
made by weaving vehicles as they traverse the section.

Type A Weaving Areas

These types of weaving aress require each weaving vehicle to make one lane change in
order to execute the desred movement. The Figure 1 shows two types of Type A
weaving areas. Shown in Figure la is an onramp followed by an off-ramp, with a
continuous auxiliary lane between the ramps. In this configuraion dl on ramp vehides
mus peform one lane change out of the auxiliary lane into the shoulder lane of the
freeway, and dl off-ramp vehicles must make a lane change from the shoulder lane of the
freeway to the auxiliary lane.



(a) (b)

Figure la & b: Type A Weaving Sections (Source HCM)
These sections that are formed by onramp/off-ramp sequences joined by continuous
axiliary lanes are referred to as ramp-weave sections. The Figure 1(b) shows a maor
weaving section characterized by three or more entry and exit roadways having multiple
lanes. All weaving vehicles in this scenario too need to make a least one lane change to
get into their desired lanes.
This type of weaving configurétion is characterized by the presence of a crown line (the
line connecting the nose of the entrance gore area to the nose of the exit gore areq). Every
weaving vehicle makes a lane change and crosses over this crown line. The primary
difference between the two scenarios shown in the figure is the impact of ramp
geometrics on speed, the ramp weave modd having its vehicle to accelerate or decelerate
as they move from the on to the off-ramp.
Since the weaving vehicles in this type of configuraion cross the crown line they ae
usudly confined to the two lanes adjacent to the crown line in the weaving section. A
sgnificant effect of this configuration on operaions is the maximum number of lanes that
weaving vehicles occupy while traversng the section.
Type B Weaving Areas.
Type B configuration weaving aress involve multilane entry legs or exit legs or both.
Two characteridics that distinguish Type B with others are tha one weaving movement
would not require any lane change while the other would require a most one lane change
for this configuration.
Figure 2 a, b and ¢ shows three such weaving areas. As can be seen the movement B-C
would not require any lane changes while A-D would require one lane change. In Figure
2(a) it can be seen that this is achieved by lane baancing, while in b this is achieved by a

lanein Leg A merging with alane from leg B & the entrance gore area.
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Figure 2: Type B Weaving Sections (Source HCM)

It has been found that this kind of a weaving configuration are efficient in carrying large
weaving volumes much étributed to the provison of a through lane from one weaving
movement. This configuration dlows for the weaving vehicles to occupy a subdantid
number of lanes in the weaving section and not redricted as in Type A configuration
sections.

Type C Weaving Areas:

Type C configuration Weaving Areas ae very smilar to those of Type B. They ae
gmilar in the fact that one weaving movement can be accomplished by no lane change
i.e, one or more through lanes are provided for one of the weaving movements. The
dissmilarity lies in the number of lane changes necessay for the other weaving
movement. A Type C weaving aea is characterized by the fact that one weaving
movement can be accomplished without a lane change whilst the other weaving
movement requiring two or more lane changes. An example of this type of weaving
sectionisillugrated in the Figure 3.

It can be seen in the figure that the movement B-C does not require any lane change
while the movement A-D requires two lane changes which qudifies the section into a

Type C configuration weaving area.



Figure 3. Type C Weaving Sections (Source HCM)
Another Type C configuration weaving area is show in Figure 3, which is a two-sided
weaving areg, formed by a right-hand on-ramp followed by a left sde off-ramp. The
through volume of the freeway, functiondly a weaving movement, does not require a
lane change. The other movement, the ramp-to-ramp flow, on the other sde would
require vehicles to change lanes three times. The table 1 shown bedow identifies the
configuration type based on lane changing characteristics

],

MINIMUM NUMBER MINIMUM NUMBER OF REQ D LANE
CHANGES FOR
WEAVING MVT. A 0 1 >1
0 TypeB TypeB TypeC
1 TypeB TypeA
>1 TypeC

Table 1. Configuration Type versus Minimum Number of Required Lane Changes

Weaving Width And Type of Operation:

Another important geometric characterigic with a sgnificant impact on the weaving area
operations is the width of the weaving area, measured as the number of lanes in the
section. More than the number of lanes in the weaving section, the proportiond use of the
lanes by weaving and nonweaving vehicles affects the weaving area operations. The
nature of the weaving movements creates traffic stream turbulence and results in the
consumption of more of the avalable roadway space by a weaving vehicle than a
nonweaving vehicle. The exact naure of the relative space use depending on the reative

weaving and nonweaving volumes usng the weaving aea and the number of lane
changes that weaving vehicles must make.



The impact of configuration is fdt most in Type A sections where dl weaving vehicles
must cross a crown line and is the least severe in Type B sections. It is dso observed that
vehides in the weaving area will make use of the avalable lanes in a way such that dl
component flows achieve approximately the same average running speeds, with weaving
flows somewhat dower than nonweaving flows. Sometimes, the configuration type limits
the ability of weaving vehicles to occupy the proportion of avalable lanes required to
achieve this equivdent or balanced operation. Weaving vehicles in such cases occupy a
sndler proportion of the avalable lanes than desired, and nonweaving vehicles occupy a
larger proportion of lanes than for balanced operation. When this occurs, the operation of
the weaving area is clasdfied as condrained by the configuration. The result of the
condrained operdtion is that nonweaving vehicles will operate a dSgnificantly higher
gpeeds than nonweaving vehicles.

Weaving Area Parameters

Table 2, shown bdow summarizes the parameters tha may affect the operation of the
weaving areas and defines symbols that used to depict them.

Symbal Definition
L Length of the Weaving area, in ft
Ly Length of the Weaving area, in hundreds of ft.
N Total number of lanesin the weaving area.
Nw Number of lanes used by weaving vehiclesin weaving area.
Niw Number of lanes used by nonweaving vehiclesin weaving area.
\V/ Total flow rate in weaving area, in passenger car equivalents, in pcph.
Vi Total weaving flow rate in the weaving area, in passenger car equivalents, in pcph.
Vol Weaving flow rate for the larger of the two flow rates, in passenger car equivalents, in pcph.
Vg Weaving flow rate for the smaller of the two flow rates, in passenger car equivalents, in pcph.
Viw Total nonweaving flow rate in the weaving area, in passenger car equivalents, in pcph.
VR Volumeratio vy/v .
R Weaving ratio Vy,,/Vy,.
Sy Average (space mean) speed of weaving vehiclesin the weaving area, in mph.
Sw Average (space mean) speed of nonweaving vehiclesin the weaving area, in mph.

Table 2: Parameters Affecting Weaving Area Operation



1.3 Objective

The HCM has been developed on empiricd data with certan assumptions while
TRANSIMS takes a different perspective to deding with the handling of movements of
vehicles on the network. The objective of this study is to compare the TRANSIMS
weaving movements and results to that of HCM results.  Scenarios adready exigting in the
HCM ae modeed usng TRANSIMS. Type A Weaving areas are only tested in both
cases as they are the most common type facilities found on freeways. The factors that
affect the peed of the vehicles in the weaving section and thus the dendty are identified.
A compardive sudy of the two models in accessng the freeway sections is conducted.
The limitations of each modd ae described and findly possble recommendations are
made to both TRANSIM S for future research.

1.4 Organization of the Thesis

In Chapter 2, a literature review is presented on al the past research conducted in this
area. Ongoing research in this area is aso discussed here. Chapter 2 aso discusses the
vaious ways in which vehicular traffic theory has been modded highlighting the
advantages and the drawbacks of each theory.

Chapter 3 describes the methodologies used by HCM and TRANSIMS. Procedure for
goplication is dso given for the HCM. A brief discusson of TRANSIMS package
highlighting the Microasmulator is presented.

This is followed by the description of the proposed research in Chapter 4. The scenarios
that are compared, andyzed and modeled are described. The modding strategies adopted
to model these scenarios are also discussed.

The comparison and sengtivity andyss of results are presented in Chepter 5. Also
included in the chapter are the recommendations for future research.

The data used for andyss and vdidation form the Appendix A. Appendix B contains the
data used for plotting various graphsin this paper.



Chapter 2: Literature Review

2.1 Introduction

In this chapter, the literature behind weaving andysis is discussed. Since the scope of this
research is to provide a comparative analyss between HCM and TRANSIMS for
weaving highway sections, various factors such as speed, capecity of the freeway etc.
affecting weaving operation is briefly outlined. Snce TRANSIMS is essentidly a paticle
hopping cdlular automata mode. This type of modd is described here. Further for the
better understanding of the various ways of representing vehicular traffic in a Smulation
modeling environment, the various approaches such as fluid mechanicd modes and car
following models are described too. The various andyticd models, which led to the
development of the current verson of the smulaion modd are discussed. This chapter
aso taks about the advantages and disadvantages of usng a computer modd versus an
andytica modd.

2.2 Past Research Related to Freeway Weaving Analysis

The methodology adopted in the comparaive andyss is to modd a paticular weaving
scenario usng both HCM and TRANSIMS. To adjust the smulation modd, various
factors such as capacity of the weaving section, speed, driver characteristics etc needs to
be studied. As the scope of my research is to identify various parameters, which affect the
result of smulation and methods to improve them, the next few paragraphs talk about
some earlier research done on some of the various parameters, which might affect the
cdibration of the modd and their resulting conclusons. Suresh Ramachandran et al.

A dudy on capacity and level of service a ramp freeway junctions by Roger P. Roess
and Jose M. Ulerio found that if some parameters such as volume digtribution, speed
variance can be improved, its use could augment field data and dlow more consstent and
thorough cdibration of regressor/amulaion modds The importance of the driver
population to the freeway traffic operation analyss aso should not be neglected. In
andyzing freeway capecity, one of the most important factors is speed because service
flow rate can be obtaned from the vaue of densty multiplied by the vaue of average
goeed. Mogt traditional weaving andyss methods use roadway geometry and traffic



volumes as inputs and provide an edtimate of speed as an output. The use of speed for
assessing the capacity and leve of service for weaving has proved to be a poor choice.
One reason is that speed is not very sendtive to flow a sauration leve. A study
conducted by Haati et a has shown that the concept of a stable relationship between
speed and flow is fundamentdly flawved. As flow nears capacity, it begins a series of fast
and ungtable jumps from the smooth flow to an ungtable one. With this approach, traffic
only flows a capacity speed while trangtioning from fast sub capacity flow to a dow
congested flow. In effect, capacity speed is ephemerd and can be quantified in averages.

Since speed has been identified as one of the important factors that might affect the
cdibration of the modd, the variance of speed in the output results needs to be studied.
The next few paragraphs talk about the impact of speed limit on a freeway. A sudy
conducted by Jack D. Jernigan and Cheryl W. Lynn on impact of speed limit on freeway
showed that the speed limit has influence on average speed, percentile speed and Speed
variation. According to their sudy for Virginids rurd interstete highway, they indicated
that the average speed of Virginias rurd interstate was 56.3 mph when the speed limit
was 55 mph and the percentile speed was 62mph. One year after the speed limit was
increased to 65mph the average speed was 63.5mph and the percentile speed was 70mph.
In another study, Harkey, David L., Robertson, Douglas, and Davis, Scott E., found that
an increase of 4mph occurred in percentile speed of the passenger vehicles dong the rurd
interstate highways in lllinois &fter the change of the 65mph speed limit from 55 mph
gpeed limit. Nicholas J. Garber and Ravi Gadijaru conducted a study on factors affecting
gpeed variance. They found that the difference between the design speed and the posted
goeed limit had a datidicdly dgnificant effect on speed variance. Furthermore they
found that drivers tend to drive at increasing speeds as the roadway geometrics improved,
regardless of the posted speed limits.

Another study was conducted by Adolph D. May, to determine the congestion causes in
weaving areas. One of the important observations that came out from this research was
that vehicdes tend to reduce speed in weaving aeas depending upon the merging
characteridtics of the driver, number of lanes and volume digribution. These observations
were made were based on severd factors such as interrdationships between volume,

occupancy and speed, the measurement of the effect of congestion on traffic flow and
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travel time and a comparison of traffic characteristics just before and after congestion
Essam Radwan and Sylvester A. F. Kdevela conducted an investigation of the effect of
change in vehicular characteridtics on the highway capacity. The results from andyzing
traffic flow models and time headway's showed that despite the change in vehicular
characterigtics there has not been a discernible corresponding change in  highway
parameters. This research clearly shows that by dtering various vehicular parameters,

there has been no influence on highway parameters.

2.3 Vehicular Traffic Theory

Vehicular traffic theory has traditiondly been modded in different ways, which can
broadly be classfied into three groups Traffic flow modd, car-following modd and
particle hopping modd.

Particle Hopping Models

Another gpproach for modding traffic is the use of particle hopping modd. In generd dl
particle-hopping models are defined on a lattice. The lattice being made up of a certain
number of dtes, each of which an ether is empty or occupied by a particle. Another
characterigtic of the modd is that only one particle can occupy each ste and dl the
movement of these particles is to be in one direction. This modd adheres to the laws of
conservation of tota mass, which daes that the totd partices in the sysem ae
conserved except at boundaries where particles can either enter or exit. In traffic modds
the road segments are generdly thought of as a lattice and each vehicle represents
particles. (Nagel, K. et al, LA-UR 96-659)

The Stochastic Traffic Cdlular Automaton (STCA)

The characteridics of the Stochastic Traffic Cdlular Automaton are defined below. Each
paticle (in traffic sense referring to a vehicle) has a velocity that is ether O or an integer.
The speed condrained by a maximum of Vma. This means that every vehide can only
take integer vaues of velocity between O and vmax. The configuration of timestep t+1 is
computed from the <ored configuration of timestep t, usng ether padld or
synchronous updates. The decisons for the timestep t+1 entirdy depend on the
configuration at timestep t. Briefed below are the update procedures executed by every
paticleivehiclein pardld. (Nagel K. et al, LA-UR 95-2098)
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The gap ahead of the particle/vehicle is computed
If the velocity of the particleis greeter than the gap,
a need for dowing down the particle is observed and its velocity changed
S0 it equals the gap ahead.
Else if there is enough headway in front of the vehide and the vehicle is not
moving & the maximum speed dlowed then
its veocity is incremeted so as to represent and acceleration. This
acceleration is however gradua so asto represent daily behavior.
To capture the redidic behavior of traffic, some randomness is introduced. This
modds the idea of particlesivehicles dowing down without reason, fluctuations a
maximum speed, overreactions at bresking and noisy acceeraions. For such a
condition to occur, the velocity of the particle should clearly be postive and non
zero. With a probability p, the velocity of such a particleis thus reduced by one.
Once these decisons have been taken the particle/vehicle is moved ahead
depending on the velocity computed as listed above.
It is interesting to note in this modd if the maximum velocity is st to one, i.e, Vhax =1,
then the modd behaves very differently from what it would when the maximum velocity
is greater than two. All the conditions dtated above reduce to a sngular statement that
dates a particle to move ahead to the next cell with a probability of p, should it be free.
The andyss for STCA/2 (STCA with a>=2) shows tha there is a very dynamic and a
different flow regime that does not have an exact solution. Inspection of the space-time
plots visudly confirmed that the dynamics of this modd was very smilar to STCA-CC/2
(which is discussed later) more than to the ASEP (discussed later). It was observed that
multiple jams could exig smultaneoudy. Jams in such a modds gat smultaneoudy and
independently of other jams attributed to the velocity fluctuations & maximum speed and
depended on the parameter pree (NOt equal to zero).

2311  TheCruise Control Limit of STCA (STCA-CC)

This model is very amilar to the one described previoudy. The difference being in the
way fluctuations occur a free driving speeds i.e, & maximum speed and undisturbed by

other cars. The fluctuations at these cruise oeeds ae st to zero. All the rules for
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particlesivehicles not traveling a maximum gspeeds remain the same as that of STCA
discussed in the previous subsection. (Nagel K. et al, LA-UR 95-2098)
A new st of rulesthat dl particles/vehides do in pardld islisted below.
Should a vehide be travding @ maximum vdocty Vmax and there be free
headway i.e, gap greater than or equa to Vma, then the vehide mantans its
velocity.
Else (i.e, vehicle not a maximum velocity or no free headway) the standard rules
1-3 of Stochastic Traffic Cdlular Automaton are applied.
The andyss of STCA-CC/1 dealy shows that the maximum flow occurs with al cars a
maximum speed and having ahead of them a gap grester than or equa to the maximum
velocity. When the dengty of flow is less than the dengty of the maximum flow of the
determinisic modd. r = 1/ ( vinax + 1), the flow is smooth. It is also seen that above a
certain dendty r¢; the flow becomes ungtable to local perturbations. When a perturbed
ca dows down and eventudly re-acceerates to the maximum veocity, the following car
might have come too close to it and has to bresk/dow down. This may initiate a chan
reaction and thus an emergent traffic jam.
The STCA-CC/2 with a maximum velocity greater than or equa to two is seen not to
have changed the critical behavior described above but add a complication. Jam clusters
are seen to branch, with large jam-free holes between branches of jams. The space-time
graphs of such flows appear to show fracta properties.

23.1.2  TheDeeminigic Limit of the STCA (CA-184)

The determinigic limit of the STCA modes unprobabilisic nature of the STCA i.e,
taking the randomness out of the randomness step. This is, when the maximum velocity
equa to one, equivaent to cdlular automaton rule 184 in wolfram's notation. (Nagel K.
et al, LA-UR 95-2098) It is interesting to note tha mogt Cedlular Automaton Traffic
models are based on this modd!.
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2.3.1.3  TheCruise Control version of CA-184 (CA-184-CC)

This is a different CA modd tha is equivdent to the determinigtic cruise control Situation
for the CA-184/1. If the maximum velocity conddered is Vimax = 1, the rules are smple
and short and are described below.
All partidesfollow this set of rulesin pardld

If velocity is equa to one and the Ste ahead is free or the gap is greater than one

then the particle/vehicle is moved onto the next cell

If the velocity of the particle is zero or in other words the paticle is at rest then it

cannot move until the gap ahead is greater than or equd to two cells.
Although the rule sat has been detailed for a maximum velocity of one, generdizations to
this modd where the maximum velocities are gregter than one are Sraightforward.
2.3.1.4  The Asymmetric Stochastic Exclusion Process (ASEP)
The Asymmetric Excluson Process or ASEP for short is probably the most investigated
paticle-hopping modd. The ASEP modds behavior that can be generdized by two
sample rules stated below

Sdlection of arandom particle/vehicle;
Movement of the particle to the right should the space on that Ste be empty.

The ASEP modd is closdly related to the STCA and CA models that were discussed
earlier. The ASEP modd behaves just the same way that STCA/1 and CA-184/1 do. This
is because in rule two of ASEP, particles are only updated to the next site and not further.
The basic difference though between them would be the way in which the particles are
updated.
STCA/1 and CA-184/1 particles are al updated once and synchronoudy while ASEP
does random updates of particles in a sense that these updates are a random serid
sequence. However comparisons can be made between these modds after defining the
quantity timestep for the ASEP modd. The definition of a timestep is cear and
understood for the STCA and the CA-184 modds as being the time between two
successive updates of particles. In ASEP a an average a particle is updated after n single-
particle updates, atimestep is thus completed after N single-particle updates.
It can dso be observed that the randomness in the updates of the particles can be reduced
i.e, reduction in the noise by techniques discussed by Wolf and Kertesz. They stated that
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using a counter associated with every particle could condderably reduce the noise if the
updates are only made after k trids. It can aso be seen that as k increases to a very large
vaue the ASEP modd dowly tends to behave as a CA-184. (Nagel K. et al, LA-UR 95-
2098)

2.3.2 Traffic Flow Theory — (Fluid Dynamical Models)

This kind of a modding typicaly involves the identification of reaions between the
three fundamentd variables of traffic flow namey veocity (v), dengty (r) and flow (j).
Of the three variables, two are consdered independent and the following relaion exigs
among the three; j=r n. The possble units for the three variables being [n] = km/hr, |r]=
veh/km and [j]= vehv/hr.

The type of an approach originated from the conventiond fluid-dynamicd models. The
theory being developed from the standard fluid-dynamica conservation equations for
mass and momentum as a beginning point, which are stated below.

fir +9x(rn)=0 (equation of continuity) cen(2)
dv/dt = Tin +n. Tx n = Fm ( momentum equetion) ce(2.2)
Where

r isthedensity;

n isthe velocity;

d/dt istheindividua derivative (Lagrangian);

F isthe force acting on amass m.

The firs equation cgpturing the mass consarvation while the second equation describes
the fact that momentum of mass m changes only due to a force F. The force F in traffic
terms would include vehicle and individud driving dynamics. (Nagel K. et al, LA-UR 95-
4018)

Described below are the improvements and additions to the basic continuity equation or
other approaches developed from these basic equations Each of them is highlighted
below and described in brief (Nagel K. et al, LA-UR 95-2908), but in enough detail to
give continuity and meaning to the following chapters.
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2321  Huctudions

Fluctuations being modeled into the above continuity equeation to modd more redigic
behavior. The fluid-dynamic approach is extended a bit further to assume that n and r

fluctuate around average values<n> and <r > i.e,,

n=<n>+Vv;<v>=0 e (23)

r=<r>+r’;<r'>=0 wr.(2.4)

and that these average vadues <n> and <r> fluctuate dowly in space and time
Subdtituting these relaions in the prior equations and averaging over the whole equations
yield

i <r>+Nx<r><n>+9x<r'n>=0and ....(2.5)

i <n>_ + <n> Ty <n>_ + 0.5 Yy <n’'n’> = <F/m> ....(2.6)

Parameterization of these averaged fluctuations by the corresponding gradient yieds the
equations shown below. (The averaging brackets have been omitted).

Ter + T (rn)=D Tr (27

fn+nfn=vT%n+Fm ...(2.8)

Where v and D represent the kinematic viscogty and the diffuson coefficient, both of
which are assumed to be independent of x and t.

2.3.2.2  Lighthill-Whitman-theory and Kinematic waves

The assumption that the velocity being only a function of the dendty i.e, n = f (r), makes
the momentum eguation that we darted off with no longer necessary. Further this
condition represents a condition of indantaneous adaptation where vehicles/particles
change thelr state depending on the condition prevdent. In other words this corresponds
to the particles carrying no memory i.e, previous sate of the system has no effect on the
current velocity which only changesladapts to the current dendty. This can be
mathematically represented by j(r) = r n(r) where | represents the current/flow. Using
this andogy in the prior equation and setting the diffuson coefficient to O, the equation
modifiesinto the form

Ter +§(r) Tkr =0 e (2.9)
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Where j =dj/or (2.10)
The equation solved by the ansatiz r (x,t) = r (x- ct) with c=j’(r) dlows for the solution of
the characteridics (a draght line in the time-gpace resulting from a region with densty r
traveing with a veocity of c’(r) ). Depending on the property of the function j(r) i.e,
either convex or concave, the characteristics separate from each other or move closer to
each other.

2.3.2.3  Lighthill-Whitham with dissipation

This agpproach an extenson to the previous mahemaicd mode adds disspation to
equation so as to convert it to the one shown below

Ter +i'(r) Tr =D 14 ....(2.12)
The solution of which is just like the equation in the previous subsection a non-dispersve
wave with phase and group vedocity of j’. The difference lies in the fact that the new
solution introduces a dissipation of the wave whose amplitude decays as €P'%. The new
term added to the eguation thus reflects the effect of traffic jams tending to dissolve
under homogenous and stationary conditions.

2.3.2.4  Thenonlinear diffuson (Burgers) equetion

Since the prime interest often centered on sudying the behavior of traffic near maximum
throughput a smple mathematica form representing such a behavior is used. This is the
Greenshiddds modd in traffic science terms and is shown below.

J(r) =Vmax r (1-1) ....(212)
where Vimax IS the maximum average velocity.

The term in the parenthesis in the equation above could be replaced by (1- (r /r max)) SO as
to bring it closer to the equations being used by traffic scientists. It can be dso seen that
the maximum j max occursa when r (j max)=1/2.

Subdtituting thisin the Lighthill-Whitham with dissipation equation leads to

Tr +Nmax Tx - 2Nmax T Tx T - 2Nmax F xr =D T2 r ....(2.13)
This equation trandforms into the deterministic Burgers equation (the smplest non-linear
diffuson equation) upon introduction of some linear trandformations of its variables.

for + 2nmaxt T 1 =D T (1) ....(2.14)
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The dationary solution being the uniform dendty r (x, t) = congtant. A single disturbance
from this dae evolves over time into a chaacteridic triangular dtructure with an
amplitude, width and bent to the right such that the right Sde of the disurbance is
discontinuous and moving to the right with avelocity j'.

2325  Momentum Incluson

All of the above equations described thus far do not ded with issue of the effect of
momentum which dates that no body can accelerate or decderate ingantaneoudy to a
desired speed. The equations hence do not explain the spontaneous phase separation into
relatively dense regions of vehicles as obsarved in red traffic. To modd this behavior the
force teem F/m has to be introduced. Two properties that are usudly incorporated are the

relaxation term and the interaction term.

tl(V(r )-n) represents a first order gpproximation for the relaxation term where V(r)

represents the average desired speed as a function of density and t being the rdaxation
term. This choice leads to an exponentid relaxation towards the desred speed. The
function V(r ) isfed into the equation externdly and is usualy based on field data.

2
-C—O‘ﬂxr is generdly used for the interaction term, which modes the behavior of
r

vehicles to reduce speed when dendty increases even though the local dengty is quite
consigtent with the current speed.

Summing up these terms to the origind momentum equetion yieds
_ G 1 2
ftn+nfn=-—=9.,r +t—0/(r)-n)+v‘ﬂxn ....(2.15)
r

As two new terms have been added to the origind momentum equation, the equation of
continuity is aso required to close the system of equations.
fir + 9 (rn)=D Tr ....(2.16)

Discussion of Fluid Dynamical Models

The fluid dynamic models have been used in trangportation for modding traffic for a very
long time and have been quite successful and reliable. Some of the key aspects where this
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theory does not perform well are liged below. The liging is though not comprehensve
provides enough ingght and identifies key areas where the model does not do well.

One of the mgor unsettling issues associated theory is that the relation between two of
the variables has to be fed into the modd i.e, the relation between speed or flow and
dengty. This means the theory developed might eventudly be different for different
interpretations of these relaions and would differ fundamentaly. The fact that there is no
common dandpoint on the functiond form of the <speed-dengty rdation further
complicates the issue.

Ancther problem aea lies in the fact tha the fluid dynamicd modds ded with
fluidsgases where an increase in the temperature would result in the incresse in the
random fluctugtions of particles aout ther mean. This implies that for gasses the
fluctuations and temperature increase with dendty, while in our case granular media i.e,
vehicular traffic these fluctuations are observed to decrease with dengty (insde a jam)
and this inverse temperature effect is clamed to be responsble for clustering. (Nagel K.
et al, LA-UR 95-4018)

Another point of contention voiced by some is the clam that al second-order fluid
dynamical models produce unredigic behavior (such as backwards moving vehides
caused by the diffusion term) making it unsuitable for modeling of traffic Sreams.

2.3.3 Car Following Model

The car following modd for studying traffic behavior modes traffic based on individua
ca reactions. This type of modding treffic is classfied as microscopic because of its
naiure of handling the movements of vehicles and resolution. Every vehide makes a
decison depending on parameters of the leading vehicle and its own characterigtics. It
should be noted that the macroscopic characteristics such as the flow, dengty etc., are dl
aggregated from these individud vehicle interactions. This type of an andyds of the
sysem dlows for the dose ingpection of individua behavior of vehicles or dlows for the
rules to be written so as to modd individud behavior rather than a wholigic view of the
system variables in the form of equations as done by the macroscopic variables.

This subsection will focus on the various car-following modes that are in use and briefly
explan some dgorithms developed over the years. A characteristic about the car
following gpproach is the way in which dl of the modds modd the behavior of each
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vehicle in relation to the vehicdle ahead. It should adso kept in mind that this theory is
mainly accurate for sngle lane dtuations where in redity every driver reects only to the
vehide in front of him/her. Mogt of the car following models use the equation of the form
given beow for interaction between the vehicle and the leading car. (Suresh
Ramachandran et al.)

vt
[Dx®)]'

at+T)a Dv(t) ..(2.17)

Where

a represents the acceleration of the car under consideration;

Vv represents the velocity of the car under consideration;

Dx represents distance of the two vehicles; (car under observation and leading vehicle)

Dv isthe velocity difference between the car under observation and the leading vehicle;

T represents the delay time between stimulus and the response time; and

m and | being congtants.

Other forms of the equation dso are in use to modd car following but generaly having
an equation that relates the acceleration of the vehicle under observation to the veocity
difference and the space between the vehicles. Mathematicaly, parts of this theory are
very amilar to the treetment of atomic movements in crysas, and gives results aout the
dability of chans of cas (“plaoons’) in following-the-leader gtuation. These car
following models were successful in a way tha they could modd the datic flow-densty
relations that were observed to some extent.

For use in digitd micro amulations, the andytica car-following modes described above
are seen to have two drawbacks, firstly they are developed for a continuous rather than
discrete time parameter and secondly no single model would be appropriate to al traffic
conditions. As aresult traffic smulation modes have been devel oped and deployed.

Fail safe models is a process of determining a vehicles speed and position given that its
leader has a speed and postion that has dready been cdculated, for the current ime span.
Such a type of moded has two eements, 1) there is a car-following modd which

cdculates the followers behavior based on some prescribed following distance and 2) the
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modd has an overriding collison factor which prevents the following vehide to avoid
collison when the leader undergoes extreme deceleration pattern. Three Algorithms are
consdered here and looked into in detall.

2.3.3.1 The UTCS-1 Algorithm:

This modd consds of a spacing dgorithm, which provides for collison avoidance when
the leading vehicle decderates suddenly to a stop. There is no specific car-following
dgorithm gpat from the criticd headway caculations. The output of the dgorithm, is
given by

A=[7(X-y-VT-L)+(2u?-3V2)/6]/(v+3) ....(2.18)

where

a= acceleration of the follower
X = position of the leader

y = position of the follower

u = speed of the Leader

v = speed of the follower

L = length of the leader

T = simulation scanning interval.

2.3.3.2 The Aerospace Algorithm

This modd uses the May-Kdler cdibraion of the conventiond andyticd car-following
model

A=l y(u-v)/(x-y)? ....(2.19)
where| isthe driver sengtivity factor.

When (uV) is poditive or close to zero, the above formulais inoperative and

norma acceleration patterns are followed subject to safe spacing limitations.

2333 ThePITT Algorithm:

The PITT dgorithm was developed by the universty of PBittsourgh. This modd is
founded on a combination of the Northwestern car following and the UTCS collison
avoidance features. The primary car following rdaionship is that a following vehice
atempts to maintain a space headway of L+kv+10+bk(u-v)? feet. The senstivity factor,
“k”, which is a function of driver type, regulates maximum lane capecity. The car
following formulais
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A=2[x-y-L-10-(k+ T)v — bk(u-v)?]/(T? + 2kT) ....(2.20)

where

b = constant for high relative closing speed

A lag, ¢, is introduced into this formula after ‘a has been cdculated. The lag is applied to
the speed and new speed is calculated as follows

vy = v+ a(T-C) ....(2.21)
Overriding this car following modd is a collison avoidance set of equations that prevent
callisons when vehicles are undertaking maximum emergency decderation.

These codllison avoidance equations are condraints, which determine the follower
vehides accderation, which must be maintained in order to saisfy emergency non —
callison conditions. The emergency condraint is dso usad in lane changing mechanism
where vehicles may not be in a safe position rdative to each other.

2.4 Simulation

Smulaion modding is a tool often used for andyzing a wide variety of dynamicd
problems, which are not amenadble to study by other means. Such problems, usudly
asociated with complex processes, cannot be readily described in andyticd terms. They
ae generdly characterized by the interaction of many syslem components or entities.
The behavior of each entity and the interaction of a limited number of entities, being well
understood and which can be rdigbly represented logicdly and mathematicaly with
acceptable confidence. However, the complex, smultaneous interactions of many system
components cannot be adequately described in mathematica or logicd forms.

Smulation modds are desgned to "mimic" the behavior of such sysems. The smulation
modds integrate these separate entity behaviors and interactions to produce a detailed,
Quantitative  description  of  sysem  peformances.  The sSmulaion modds ae
mathematica/logica representations (or abstractions) of red-world systems, which take
the form of software executed on a digitd computer in an experimenta fashion. The
results usualy numeric provide the andyst with detailed quantitative descriptions of what
is likdy to heppen in such a red world scenario. The graphicd and animated
representations of the system functions provide insights so that the trained observer can
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gan an underganding of why the system is behaving this way. The proper interpretation
of the reaults from the wedth of information provided by the modd helps in gaining an
understanding of cause-and- effect relationships.
Almog dl traffic amulation modes describe dynamical systems where time is dways the
basc independent varigble. This section further highlights the categories into which
smulation modds are classified.
Continuous dmuation models describe how the dements of a sysem change state
continuoudy over time in response to continuous simuli whereas Discrete smulaion
models represent real-world systems (that are ether continuous or discrete) by asserting
that their states change abruptly a points in time. There are generdly two types of
discrete models: @) Discrete time and b) Discrete event. The firdt, segments time into a
successon of known time intervas Within each such interva, the Smulation modd
computes the activities, which change the states of sdected sysem eements. This
goproach is andogous to representing an initid-vaue differentid equation in the form of
afinite-difference expression with the independent variable, t.
Some systems are characterized by entities that are "idl€' much of the time. For such
sysems of limited sSze or those representing entities whose States change infrequently,
discrete event amulations are more appropriate than are discrete time smulation models,
and are far more economica in execution time. However, for sysems where most entities
experience a continuous change in date (e.g., a traffic environment) and where the mode
objectives require very detailed descriptions, the discrete time model is a better choice.
Smulation models may adso be classfied according to the level of detall with which they
represent the system to be studied:

Microscopic (high fiddlity)

Mesoscopic (mixed fiddity)

Macroscopic (low fiddity)
A microscopic mode describes both the system entities and their interactions a a high
level of detal. A mesoscopic mode generdly represents most entities at a high leve of
detail but describes their activities and interactions @ a much lower leve of detal than
would a microscopic model. A macroscopic modd describes entities and their activities

and interactions at alow leve of detail.
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High-fidelity microscopic modds, and the resulting software, are costly to deveop,
execute and to maintain, reldive to the lower fiddity modds While these detaled
models possess the potential to be more accurate than their less detailed counterparts, this
potentidd may not dways be redized due to the complexity of their logic and the larger
number of parameters that need to be caibrated.
Lower-fiddity modds are esser and less codly to deveop, execute and to mantan.
They cary a risk that their representation of the red-world system may be less accurate,
less vdid or perhaps, inadequate. Use of lower-fiddity smulationsis gppropriateif:

Thereaults are not senditive to microscopic detalls.

The scale of the gpplication cannot accommodate the higher execution time of the

microscopic modd.

The available modd development time and resources are limited.
Ancther cdassfication of the smulaion modds which addresses the processes,
represented by the mode: (1) Deterministic and (2) Stochastic.
Deterministic models have no random variables, al entity interactions are defined by
exact rdationships (mathemdticd, datisicd or logicd). Sochastic modes have
processes, which include probability functions. For example, a car-following modd can
be formulated ether as a determinidic or gochadtic reationship by defining the driver's
reaction time as a congtant value or as arandom variable, respectivey.
Snce smulaion modds describe a dynamicd process in daigtical and pictorid formats,
they can be used to andyze a wide range of applications ranging from queuing problems
to scheduling tasks to optimal shipping strategies to wherever

Mathematica treatment of a problem isinfeasible or inadequate due to its tempora

or spatia scae, and/or the complexity of the traffic flow process.

The assumptions underlying a mathematical formulation (e.g., alinear program) or a

heurigtic procedure (e.g., those in the Highway Capacity Manual) cast some doubt on

the accuracy or applicability of the results.

The mathematica formulation represents the dynamic traffic/control environment as

asgmpler quas steady-state system.

Thereisaneed to view vehicle anmation digplaysto gain an understanding of how

the system is behaving in order to explain why the resulting statistics were produced.
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Congested conditions persst over asgnificant time.
It must be emphasized tha traffic smulation, by itsdf, canot be used in place of
optimization modds, capacity edtimation procedures, demand modding activities and
desgn practices. Simulation can be used to support such undertekings, either as
embedded submodes or as an auxiliary tool to evauae and extend the results provided
by other procedures.
2.4.1 CORSIM (Microscopic) Vs TRANSIMS (Mesoscopic)
Before discussng the different methodologies adopted by TRANSIMS and Highway
Capacity Manud a brief summary of the differences between two exising smulation
models is pesented here. The reason for the choice of CORSIM (Corridor Simulation) is
its popularity in traffic Smulaion communities
The firdg and the foremost driking difference is in basc nature of the modes itsdf,
CORSIM represents a microscopic model where each vehide is modded individudly
and whereas TRANSIMS is a mesoscopic smulation model with a trade-off between the
resolution and fiddity. Although the degree of detail in TRANSIMS is a sngle vehicle,
the location and speed of the vehicle suffers from some error. Although TRANSIMS
Microamulator is a kind of car following modd as vehicle movements occur based on
the gap ahead and the current velocity, it is not a true car-following modd as the leader
cars veocity isnot used in the caculations of the follower.
With reference to weaving sections the comparisons can be highlighted in the lane
changing logic. There are more microscopic parameters captured in the CORSIM mode

in terms of maneuver time, percentage of co-operative drivers etc.
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Chapter 3: Methodologies TRANSIMS and HCM

In this Chapter a detaled outline of how each of the modds, HCM and TRANSIMS,
treets weaving modds is outlined. Firsly the procedures in the Highway Capecity
Manud are discussed, following which the TRANSIMS procedures are shown. As
TRANSIMS has no separate logic in the handling of weaving maneuvers, the agorithm
of lane changing and movement  of vehides is discussed. The inputs to the

Microsmulator are also presented.

3.1 HCM Methodology

The four importat deps in the anayss of weaving sections identified by the HCM
include the prediction of the weaving and nonweaving Speeds, determination about the
type of weaving operaion, a check to see if the andyds is within the limiting vaues
defined in the HCM and findly the edimation of the Levd of Savice after the
cdculaion of the average dendty of the weaving area. Transportation Research Record,
Washington D.C., 1997
Prediction of Weaving and Nonweaving Speeds:
A very important step in the andyss of weaving aress is the prediction of speeds and
dengty of vehicles within the weaving area. As can be understood, the speeds of weaving
and nonweaving vehicles can vary largdy and hence are predicted separately. Findly an
average speed and density is etimated for dl the vehicles, the leve of service determined
based on the dengity.
Shown below is an dgorithm used in the prediction of weaving and nonweaving speeds
dated in generd terms.

-S_
S=S. +w (3)
Where
S = speed of weaving (i=w) or nhonweaving (i=nw) vehicles (mph),
Smin = minimum speed expected in the section (mph),
Smax= maximum speed expected in the section (mph), and

W = weaving intensity factor.
The minimum speed is generdly taken as 15 mph and the maximum speed is tken to be
5 mph more than the average of the free-flow gpeeds of the freaway segments entering
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and leaving the section. The addition of the 5 mph accounts for the underpredicton of
high speeds. The new equation would then be represented as

S =15+% Where, (32)

S-F = average free flow speed of the freeway segments entering and | eaving the weaving area
The weaving intendty factor W, a messure of weaving activity and its intendty is
computed as shown below

w

= a(1+VR):(V/N)C Where, (33

VR = volume ration vy/v; v = total flow rate in weaving area (equivalent pcph);
vy, = weaving flow rate in weaving area (equivalent pcph);

N = number of lanesintheweaving area; and L = length of the weaving area.

The congtants a, b, ¢ and d are read from table 3 and are primarily determined depending
on whether the weaving speed S, or the nonweaving speed S, is being predicted, on
whether the configuration type of the weaving area is A, B or C and whether the type of

operation is congtrained or uncongtrained.

GENERAL FORM
a(l+VR)°(v/N)®
W = Ld
CONSTANTSFOR CONSTANTSFOR
WEAVING NONWEAVING
TYPEOF SPEED, S, SPEED, S,
CONFIGURATION A b c q a b c

TYPEA

Unconstrained 0.226 2.2 1.00 0.90 0.020 40 1.30 1.00
Constrained 0.280 2.2 1.00 0.90 0.020 40 0.88 0.60
TYPEB

Unconstrained 0.100 12 0.77 0.50 0.020 20 142 0.95
Constrained 0.160 12 0.77 0.50 0.015 20 1.30 0.90
TYPEC

Unconstrained 0.100 18 0.80 0.50 0.015 18 1.10 0.50
Constrained 0.100 20 0.85 050 0.013 16 1.00 0.50

Table 3: Type of Configuration Vs Constant Values
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Determination of Type of Operation:

The type of operation for a weaving section whether condtrained or uncondrained is
based on the number of lanes that must be used by weaving vehicles in order to achieve
baanced or uncongrained operation and the maximum number of lanes that may be used
by weaving vehides for a given configuration. Sometimes the lane requirements for
weaving vehicles have a fractiond vadue because of lanes being shared by weaving and
nonweaving vehicles.

The type of operation is consdered as uncongrained if Ny < Ny (max). This can be
explaned, as there are no impediments to weaving vehicles using the required number of
lanes. When Ny> N, (max) the operation is condrained as the configuration congrains
weaving vehicles to a smdler number of lanes that are required for balanced operation. In
the condrained operdions the average nonweaving vehide speeds are dSgnificantly
higher than the average waving vehicle speeds.

The vdues N, and N,, (max) are computed by equetions given in table 4, each varying
with the type of configuration. The vaues of Ny, (max) in the table are values based on
observations reported by Pignantaro et d., Roess et d., and Rellly et d.

From the data and equations shown in table 4 it can be seen that the most redtrictive in
terms of the maximum number of lanes that can be used by weaving vehicles is the Type
A sections. Type B and Type C sections do not generdly restrict weaving vehicles in the
use of available lanes. It can dso be seen that in Type A sections, more lanes are required
by weaving vehicles for baanced operations as length increases which is dtributed to the

substantial segregation of weaving and nonweaving flows in such sections.

TYPEOF NO. OF LANESREQ' D FOR UNCONSTRAINED MAX. NO. OF WEAVING
CONFIGURATION OPERATION, N LANES, N, (max)
TypeA 2.19 N VR 571 9234 0438 14
TypeB N [ 0.085 + 0.703 VR + (234.8/L) — 0.018 (Sow — Su)] 35
TypeC N[ 0.761— 0.011Ly — 0.005 (S — Sw) + 0047 VR] 3.0°

& For two-sided weavi ng areas, all freeway lanes may be used as weaving lanes.
Table 4: Criteria For Unconstrained Versus Constrained Operation Of Weaving Areas
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Limits on Weaving Area Operations:

Ceatan limitations exist on the gpplication of this methodology that are not obvious from
the lane use equaions or the speed equations such as the weaving capacity, maximum
flow rate per lane, and maximum volume and weaving rétios a which the various
configuration types generdly operate, as wel as the limits on the length beyond which
the merge and diverge areas act as operating independently.

Given bdow in table 5 are these limitations. The interpretations of these limiting vaues
ae quire vaied as the limit vaues on volume raio and weaving ratio are values beyond
which weaving operations are generdly not observed. The length limitations represent
the range of the calibration database.

WEAVING MAXIMUM
CAPACITY MAXIMUM MAXIMUM WEAVING
Vi (max) 2 WIN} VRC MAXIMUM LENGTH
CONFIGURATION pcph pcphl N VR LEft
TypeA 2000 100 2 1.00 0.50 2000
3 045
4 035
5 022
TypeB 3500 200 0.80 050 2500
TypeC 3000 200 0.50 0.40 2500

Table 5: Configuration Constraint Values
LOSC Criteria:
This methodology relates the Level of Service to the average dendity of dl vehicles in the
section. The average dendgty in the weaving area being computed by finding the average
(space mean) speed of dl vehicles in the weaving section and the dengty estimated & the
total flow divided by the average (space mean) speed.

..(34)

nw

W 4 _nW
Sy Sw

Where,

S= average (space mean) speed of all vehiclesin the weaving section in miles per hour.

The dengty isfound using the equation stated below:
D= v/N
S

Where, D= density in passenger cars per mile per lane.

....(3.5)
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The level of service is read out of table 6 corresponding to the density in the weaving
aea The table specifies the LOS for both freeways as well as multilane highways and
collector-digributor (C-D) roadways.

MAXIMUM DENSITY (PC/MI/LN)

LEVEL OF FREEWAY MULTILANE AND C-D
SERVICE WEAVING AREA WEAVING AREAS

A 10 12

B 20 24

C 28 32

D 35 36

E <=43 <=40

F >43 >40

Table 6: LOS Criteria for Weaving Areas
3.1.1 Procedure For Application

This section highlights procedurd <steps for the andysds of smple weaving aess.
Computations are performed in operationd anadyss mode i.e. a known or projected
savice is andyzed for the probable levd of sarvice All the roadway and traffic
conditions must be specified beforehand. A weaving diagram depicting the weaving and
nonweaving flows in a weaving area is condructed. It is seen that the rdaive placement
of entry and exit points (A, B, C, and D) in the diagran matches the actud sSte to ensure
the proper placement of weaving and nonweaving flows reative to esch other.
Evduations of the level of service in an exiding or projected weaving aea is then
accomplished using the following steps:

Step 1. Establish roadway and traffic conditions:

All exiging roadway and traffic conditions are fird¢ noted and collected. Roadway
conditions include the length, number of lanes and the type of configuration for the
weaving aea under dudy. Traffic conditions include the digtribution of vehide types in
the traffic stream as well as peak hour factor. The weaving area is then andyzed on the
basis of peak flow ratesfor a 15-minintervd.
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Step 2. Convert all traffic volumesto peak flow rates
As the speed and lane use agorithms are based on pesk flow rates, al component flows
must be converted to flow rate for pesk 15 min, by using following equation:

. \Y%
PHFXf,,, xf, xf,

....(3.6)

Where,

v=flow rate for peak 15 min under ideal conditions (pcph);
V=hourly volume under prevailing conditions(veh/hr);
PHF= peak-hour Factor;

fyv=heavy-vehicle adjustment factor;

fo=driver population adjustment factor.

Step 3. Construction of Weaving Diagram

It is necessary and helpful to condruct a weaving diagram that shows dl flows indicated
at peak flow rates under ided conditions in passenger cars per hour.

Step 4. Computation of Unconstrained Weaving and Nonweaving Speeds

In this ep it is assumed that the operaion is uncongrained. The weaving intengty factor
for the appropriate configuration is read from table 3. The average (space mean) speed is
then computed for the weaving and nonweaving vehicles.

Step 5. Check for Constrained oper ation

Using the speeds computed in the previous sep, an estimate of the number of lanes used
by weaving vehicles to achieve uncondrained operaion is made usng the equations
gpecified in the table 4. This computed vaue of N, is then compared with N, (max) (read
from table 4).

If Nw (max) is less than or equa to Ny then the operation is congtrained as per definition
and hence the assumption that this is an uncondrained operdion is accurate. If the
condition is not satisfied then the operation is condrained and the vaues of the weaving
and nonweaving speeds are recomputed using the condrained weaving intendty factor
for the appropriate configuration.

Step 6. Computation of Average (Space Mean) Speed and Density in Weaving Area
The equation dtated earlier in the methodology is used to compute the average (Space
mean) speed of Al vehicles in the weaving section. Then this average speed (Space mean)
is used in the equation to compute the dendty of the weaving area.
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Step 7. Check for Weaving Area Limitations

As a find check to see if the whole andyss is acceptable the table specifying the
limitations on the weaving sections is consulted and is made sure that none of the
parameters have exceeded their limits specified by the table.

Step 8. Determination of Level of Service

The estimated value of dendty, D, in the weaving area is compared with the criteria in the
table 6 to determine the prevailing Leve of Service.

3.2 TRANSIMS Methodology

TRANSIMS condsts of mutudly supporting smulaions, models, and databases that
employ advanced computational and andyticad techniques to creste an integrated regiond
trangportation system andyss environment. By applying advanced technologies and
methods, it smulates the dynamic detals that contribute to the complexity inherent in
transportation issues.  The integrated results from the detalled smulations help address
environmental  pollution, energy consumption, traffic congestion, land use planning,
traffic safety, intdligent vehicle efficiencies, and the transportation infrasiructure effect
on the qudlity of life, productivity, and economy. (TRANS MS website)

TRANSIMS is a five-module software package; each module dedling with a specific
tak. The modules ae Population Syntheszer, Activity Generaior, Route Panner,
Microamulator and a Sdlector. Another module is the Emissons Estimator, which as the
name suggests caculaes the amount of emissons for the region in andyds udng the
outputs of the above-mentioned previous five modules An interaction among the
modules is depicted in Figure 4.

A vey brief description of what each module does is presented next darting with the
Population Synthesizer. This module of TRANSIMS uses the PUMS data and the STF-
3A data provided by the Census to create synthetic populaion having the same aggregate
characterigics to those in the census data This module aso locates this synthetic
population on trangportation network using a suitable agorithm.

The Activity Generator then assgns activities to these synthetic population based on the
activity survey data depending on the household and demographic characteristics using
the CART dgorithm. Once the synthetic population is in place with therr respective
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activities the Route Planner designates to each traveer his travel plans, i.e, how he/she
goes about doing higher activities. Should the activity of synthetic household include
adtivities that require travel on the trangportation network, the Route Planner finds the
shortest path usng various shortest path agorithms and assigns the traveler his exact
itinerary detailing the links and nodes he travels on to reach his destination.

On having these plans and the trangportation network, the Microasmulator smulates the
plans for al travelers on the network, their movements being governed by some smple
rues. The Microamulator uses a cdlular automata approach for smulating vehicles on
the network. Traffic behavior that the andyst wants to study is collected as the smulation
progresses.

The sdector module provides the feedback for the whole process so that any unredistic
data such as an infeasible plan or an unlocatable household can be dedt by redoing his
plan or relocating him with changed household characteritics or demographics.

As this ressarch mainly deds with andyzing weaving aess, it is noted tha the
Microamulator is the only module that affects it. For this reason the following section
discussesin detail about its working, logic and rationde for vehicle movements.

3.2.1 Microsimulator Introduction

The TRANSIMS Microamulator module smulates the movement and the interactions of
travelers in the trangportation sysem of the study area In this module every traveler tries
to execute hisher travd movements according to plan. These movements and interactions
produce key daa that is output from the Microsmulator, bringing about more
macroscopic  quantities  like volume, flow etc by aggregaion of these individud
interactions. The Microamulator imitates redidic traffic behavior in decisons about lane
changes, passing dow vehicles and evauating interactions with other vehicles.

A coarse amulation gpproach entitled “Cedlular Automata’ (CA) is used to keep up with
a fag computationad speed necessry to sSmulate very large region. TRANSIMS
Microamulator aso provides the capability of usng multiple CPUs to support a large

number of travelers and a consderable sze trangportation network.
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Figure 4: TRANSIMS Framework
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The Cdlular Automata gpproach divides every link on the network into a finite number
of cdls. At every timestep each of these “cels’ is scanned for a vehicle presence. If a
vehicle is present, the vehicle postion is advanced to another cdl usng a smple rule set.
Reducing the sze of the “cdl”, expanding the rule sat and adding vehicle attributes
increases the fiddity of the Microamulaior but would greetly affect the computationa
goeed. The sze of 7.5 meters length and a traffic lane in width is chosen as a default
vauefor the“cdl” for TRANSIMS.

The input to the Microamulator asde from the travder's plans includes data about the
trangportation network, vehicles, trandt and traveler plans. The outputs from the
Microamulator include spatid, tempora summary data (eg., densties, trave times etc),
sngpshot data and traveler event data as shown in Figure 5.

MICROSIMULATOR FUNCTIONS

1
Network Data 1
: _L>’ Partition Network | —| Collect Output I |
|
: # o f I TraveDl er Event
- E . . ata
Vehidl Queue Vehicles on Vehicles Enter 1
e —:—) parking places g Intersections I
= |
: # - f ! Snapshot Data
Trangt Data I = Place Travelerson 2 Vehicles Leave ——P
Network EIS Intersections I
I # \
I <4 > ; Summary Data
Traveler Plans 1 Update Signals | Migrate Vehicles | —:—’ v
: v K ]
I Perform Lane VehiclesEnter | ] == == === ===
——————————— Changes Parking
INPUT { £ OUTPUT
Servicing Transit Stop Perl\fllo(;\rln er\'r/1$ltde
L Vehicles Exit
r Parking

Figure 5: Overview Of Microsimulator
A brief explanation of the Microsmulator is aso presented in Figure 5 and is explained
in detall in the following sections.

35



3.2.2 Input Data

Network Data

Nodes

Links

Lane Use And Connectivity
Intersections (signals & signs)
Activity Locations

Parking

Transit Stops

Vehicles

Micros mulator

Transt Data
Route Paths in Network
Schedule of Stops
Driver Plans
Vehicle Properties (e.g. Starting
L ocation)

Traveler Plans

Figure 6: Major Inputs To The Microsimulator

This section highlights the various inputs to the Microamulator. These inputs can be
grouped into four different categories, each providing information critica to the operation
of the Microsmulator.

The inputs to the Microamulator include the Network Data files, the Vehicle files, the
Transit Data files and the Traveler Plans. These data files provide sifficent information
for the Microamulator to smulate the movements and the interactions of the traveers in
the trangportation study area The detal of the information input dso influences the
coaseness of the Microsmulator output. Some dudies may require highly detailed
information about the network while some others may require jus the minimum to
construct a network.
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Network Data Files
A TRANSIMS network can be thought of as a high-fiddity representation of the
transportation infrastructure  within an urban area. It represents the configuration of
dreets and highways, the dgnage and the dgnas controlling traffic, and many other
features such as parking, barriers, etc. These entities are modeled into TRANSIMS by the
use of data files each d which depict a certain object like links, nodes etc. This section
of the chapter describes the various input files that represent the transportation network.
The Network Data files include information about the network i.e, (Nodes, Links, Lane
use and Connectivity, Activity locations, Paking and Trandt Stops). The minimum
network information that should be provided to the TRANSIMS Microamulator includes
the location of sreets and intersections, the number of lanes on the dreets, the way the
lanes are connected and parking locations on streets and a collection of activity locations.
However some sudies may require or benefit from more detailed information about the
network like turn pockets and merge lanes, lane use redtrictions (HOV lanes), turn
prohibitions and speed limits.
Table 7 shows the 18 data tables that describe the TRANSIMS road network. It aso
shows how the tables depend on one another. The units of measurement in al these tables
are S units and the geographic co-ordinates are specified in UTM system.

Table Tables on which it depends
Link Node

Speed Node, Link, Pocket Lane

Pocket Lane Node, Link

LaneUse Node, Link, Pocket Lane

Parking Node, Link

Barrier Node, Link, Pocket Lane

Transit Stop Node, Link

Lane Connectivity Node, Link, Pocket Lane

Turn Prohibition Node, Link, Pocket Lane
Unsignalized Node | Node, Link, Pocket Lane

Signalized Node Node, Timing Plan

Phasing Plan Node, Link, Pocket Lane, Timing Plan
Detector Node, Link, Pocket Lane

Signal Coordinator Node, Signalized Node

Activity Location Node, Link

Process Link Parking, Transit Stop, Activity Location
Study ArealLink Link

Table 7: Interdependencies Between Network Data Tables
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Vehicle Datafiles
The Microsmulator aso reads in the vehicle data files, which affects vehicle usage (eg.,
trangt, private auto, taxi etc) referred to as vehide spedfication file and vehide
characterigtics (length, acceleration, profile, etc.) referred to as the vehicle prototype file.
The TRANSIMS Population Synthesizer generaes and assgns private vehicles to
households and the Activity Generator assigns a possible set of vehicles to each member

of a household. Freight and trandt vehicles, though generated by separate utilities, are
included in the vehicle database. Every freight and trangt vehicle has aunique ID.

Trangt Data Files
The Trangt Data required by the TRANSIMS Microamulator dedls with the route paths
of trangt vehicles in the network, the schedule of stops, the trangt drivers plans, and the
vehicle properties each specified to TRANSIMS through a separate file such as the
Trangt route file, Trangt schedulefile,

Traveler Plans
The other input to the Microasmulator are the travelers plans that are typicdly generated
by the Route Planner. The Microamulator executes these plans for individud travelers
and the interactions of which on the transportation network provide the traffic patterns
and behavior.
3.2.3 TRANSIMS Microsimulator Logic
This section highlights how the Microsmulator conducts the movements of the travelers
encompassing vehicle movements, lane changes, traversd across intersections, trangt
scheduling, entry and exit from parking places etc.
At the beginning of the smulation, the Microsmulator reads in the transportation
network files followed location of every vehicle on the network and the traveler’s plans.
The travelers are then placed on the network and dlowed to move from their origins to
their detinations. For non-smulated modes, such as movement from a trangt stop to a
paking place- a travder is removed from the buffer in one activity (trangt stop) and
placed in the buffer on another activity (parking place), with a new departure time
reflecting the estimated duration of the trip in the process link. Vehicles (Smulated mode)
are moved from one grid cdl to another using the rules embedded in the CA approach, to
be described next, with modifications to support lane changing and plan following until
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they reach the end of the grid. There they wait for an acceptable gap in the traffic or for
protection a a sgnd before moving through the intersection onto the next grid. This
continues until each vehicle reaches its destination, where it is removed from the grid.

In carying out the movements of travelers and vehicles on the transportation network,
the Microsmulator invokes severa procedures categorized as follows:

Placing Travelers and Vehicles on the Network,
Updeting the locetion of each Traveler and Vehicle,
Preparing for a Timestep,
Cleaning up after a Timestep, and
Supporting Pardld Compuitation.

The following sections address these five procedures.

Placing Travelers and Vehicles On Network

The placement of the travelers and the vehicles on the network takes place at the Start of
the smulation. In this initidization sep, dl the input information required to run the
Microamulator is read from the vehicle, the plan, the trangt route, and the network files.
The vehicle and the plan files are accessed through an index, which are generated from an
appropricte file. A list of Vehicle IDs located a each parking accessory is initidlized from
the vehidesfile

The Microsmulator reads in the traveler plans (i.e, legs of a plan) usng the index sorted
by expected depature time, until dl the plans depating before or on the current
gamulation time ae read. In addition, the ID’s of the hibernating traveers (those who
have dready executed one leg of ther plan and are waiting to depart on another) are
popped off the queue of Arrived Travder lig. The next leg of plan for each of the arrived
travelersisread usng an index that is sorted according to the traveler ID.

For a travler to get onto the transportation network, the corresponding plan needs to be:
a) locd; originaing in an accessory (trandt stop or parking place) that is a part of the
network under the control of the CPU and b) should be active (expected arrival time
before the smulation art time and departure time before the smulation end time). The
trangportation network is partitioned into severd CPUs to fadlitate the running of the

dmulation.
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At the dat of the smulation, if the read plan is active, locd, and cdls for a non
smulated mode of travd (wak, bicyce, and activity), the travder is placed into the
arived traveler queue at the destination accessory with a new departure time reflecting
the time taken to reach the dedtination accessory (transt stop or parking place) as
specified by the plan. If the destination accessory is not locd, the travdler must migrate to
another CPU, where hefshe will be placed into the arrived traveler queue for that CPU as
explaned in the flowchat shown in Figure 7. However if the travder uses a smulaed
mode of travel involving a vehicle and higher plan is not in progress (i.e, the departure
timeis after the smulation start time), he/sheis placed in a queue a the origin accessory.

All the vehides whose drivers plans ae in progress (departure time before the
samulation gart time and the ariva time after the smulation gart time) are placed on he
roadway links based on the prediction of their locations & the start of the smulation time.
This is made possble by edimating the plan’s geometric length and by sdecting the link
adong the leg path using interpolation based on the duration of the leg in comparison to
the dart time of the smulation. However if the whole leg of the plan is not locd to one
CPU, the determination of the length is difficult. Hence the initid conditions vary
depending on the number of CPU’s.

The traveler is placed randomly on a sdected cdl of the link. However if the sdected cell
is occupied, a new cdl is searched on the upstream of the grid. In the case that al the
upstream cdlls be occupied, a cdl downstream is searched. If dl the downstream cells on
the link are occupied, a warning message is generated and the vehicle is deleted. No
attempt is made to find an available cdll on the adjacent link.

Trangt vehicles are placed on the network by interpolating their location a the beginning
of the amulaion dart time. Trandt passengers a the dart of the smulaion are placed
directly at their destinations.

If the interpolation scheme does not run satisfactorily, the user should dart the smulation
a an exrlier time,
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Update Travelers Locations

After reading and placing travelers, the smulation executes their plans one step a a time.
A sngle timestep is broken down into severd events as shown in Figure 8.

Initialization Step
Tt
1
! Partition Network i — Collect Output
1 1
| v 3 4
1 1
i | QueueVehicleson | ! ‘8 Vehicles Enter
! parking places ! = Intersections
1 | Rpu—
: v = 4
1
| | Place Travelerson E 2 Vehicles L eave
! Network 1 é I ntersections
1 1 Z
. # ! f
<+ : :
| Update Signals | | Migrate Vehicles |
Perform Lane Vehicles Enter
Changes Parking
Service Transit Stop Perform Vehicle
Movement
N Vehicles Exit |
Parking

Figure 8: Microsimulator Steps In Each Timestep Update
To accomplish a dmulaion update of the vehide movements involved in carying out
each traveler plan, the following steps are executed:
a) Peform lane changes for passng and lane following
b) Service Trandt stop
c) Exitvehidesfrom parking places
d) Movevehidesin the samelane
€) Enter vehiclesto parking places
f) Perform movements at Intersections: divided into
i) Unsgndized Intersections
ii) Signdized Intersections
g Mark vehicles off-plan
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Although the sequence for the timestep update of vehicle movements is as dtated above,
the presentation of the maerid is given in a dightly different sequence in order to
facilitate the understanding of the materid by the reader.
General Movement In The Same Lane

Vehicles in the TRANSIMS network follow smple rules that govern ther movements.
These rules are intentiondly kept smple to enhance the computation speed considering
the millions of interactions taking place in the sysem. At the core, the rules for a vehicle
movement in the same lane could be put smply as “Accderation whenever possble,
Decderation only if necessary and sometimes for no reason’”.

The decison by a vehicle to accelerate or decelerate depends on its current speed, and the
gap between it and the immediate vehicle ahead in the same lane. Another factor that
influences the movement of a vehicle is the decderation probability (Py), which can be
thought of as the probability of a vehicle decderating in the timestep. All the vehides in
the TRANSIMS network are condrained by a maximum attainable speed that is specified
(VGlobamax, Which is 5 cdllstimestep or about 80 mph).

Congder a vehicle traveling at a certain speed & a given timestep. Now if the vehicde
peed is greater than the gap ahead, the vehicle needs to reduce its speed to avoid a
collison. The amount of decderation being subject to, depends on how large or smdl the
current gap (Gc) is compared to the current speed. To mode aggressive bresking an
dement of randomness in the form of Py is used. If the probability of decderating is
gregter than a certain threshold vaue (Pnoise), the speed of the vehicle is further reduced
than what can be actudly attainable based on gap (G).

Congdering the scenario where the gep ahead of the vehicle is larger than its current
goeed, then the vehicle can possbly accderate. The magnitude of acceerdaion is
specified differently for each type of vehicle For autos, the maximum acceleration Ay, is
specified in the vehicle prototype file. For trucks and other vehicles, the grade of the road
plays an important role in determining the magnitude of accderation. All veocty and
accderation changes are integer values based on the number of celsg/second or
cells/second/second respectively. In case cdculated A; is fractiond then it is randomly
increased to a full number (60% of the time) and decreased to a full number (40% of the

43



time). For example an accderation of 1.6 cels'second/second is implemented as 2
cdlls/second/second (for 60% of the time) and 1 cell/second/second (for 40% of the time).

In the case that the vehidle is travding a maximum dlowable speed and having enough
gap ahead to accelerate, the vehicle stays a maximum speed. As explained ealier the
probability for deceleration is randomly activated and the vehicles speed may be reduced
by 1 cdl/sscond. A flowchat, illusrating the logic for the vehicdes movement in the
samelane, isoutlined in Figure 11.

To illudrate the aove rules for generd movement in a lane, the folowing pictorid
examples on speeds are provided including their calculations.

)] >

Car 2; W

t@ﬁ Gap|= 4 @B Gap = 1@
Car 1; v=3 m

Fig 9: In-Lane Movement Of Car 1 Based On Gaps At T=t
Consider the movement of car 1 shown in Figure 9. The gap ahead of it is 4 cdls, and its

Il
(5]

current speed is 3 cells per timestep or second. Since the gap ahead is more than the
speed of the vehicle, acceleration is attempted. A random number is generated and for the
sake of this example assume that this number is greater than the deceleration probability.
Hence, the vehicle (car 1) will not maintain its speed. Now, the speed of car 1 in the next
timestep would be equd to the gap ahead, which is 4 cdlls per timestep. Car 1 would aso
move by an amount of the speed computed in the direction of motion i.e, by 4 céls as
shown in Figure 10.

1 @p

Car 2; V=1

Gar 1; V¥4

Figure 10: Position And Speed Of Car 1 Based On Gaps At T=t+1



The andysis for in-lane movements of car 1 and car 2 is ds0 presented in an dgorithmic

manner to provide a better understanding of the rules.

For Car 1: Current Ve ocity, V(t)=3 cells per timestep.

Compute gap ahead
Generate random number
If Vi >=gap
If random number <=Phise
Then Vi = gap-1
Else Vi = gap
Else If Vi < Vinax
If random number <=P,gise
Then Vt+1 = Vt
Elseif Vi = Vit A
Elself (( Vi = Vi) and (V; < gap))
If random number <=P,ice
Then Vit =Viex— 1
Else Vi1 = Vi

Gap ahead =4 cells
Random number = 0.78 ; Pyoise = 0.05 (assumed)
V; = 3 cellg/timestep and gap ahead = 4 cells

Since (V; < gap) AND (Vi < Ve AND random
number > Prgise
Vi1=Vi+A; (At isassumed to be 1 for thisvehicle)

Vi1 = 3+ 1=4celg/timestep

Location at timet+1 = current cell + Vi1
=current cell + 4 cells

For Car 2: Current Ve ocity, V(t)=2 cdlls per timestep

Compute gap
Generate random number
If Vi >=gap
If random number <=Pise
Then Vi1 = gap-1
Else Vi =gap
Else If Vi < Vinax
If random number <=Pygice
Then Vt+1 = Vt
Elseif Virp = Vit Ay
Else If (( Vi = Vimad and (V; < gap))
If random number <=Phise
Then Vir1 =Vipax— 1
Else Vi = Vmax

Gap=1cdl

Random number = 0.57; Ppise = 0.05

Vi = 2 cdl/timestep

Since (V; >= gap) and random number > P gise

Vi+1 = gap = 1 cell/timestep

Location at timet+1 = current cell + Vi1
= current cell + 1 cell

The pogitions and the speeds of car 1 and car 2 a the timestep t+1 are shown in Fgure

10.

45




( Start of Timestep )

A 4

Compute Gap
Ahead Of Vehicle

y

Generate Random
Number

is V(t) >= gap?

No
Is Random
Yes Number <= Yes
r P(noise)?
V(t+1)=V(1)
No No

v

®

V(t+1)= V(t) + A

®

is Random
Number <=
P(noise)?

V(t+1)=Vmax

(A y—

4
New Location of

Vehicle = Old
Location + V(t+1)

End of Timestep

is Random

Yes Number <=

Yes
i /

P(noise)?

V(t+1)=gap -1

V(t+1)=gap

V(t+1)= Vmax -1

* Proise IS User defined.

**-for Autos, A; — max.
acceleration as specified in the
vehicle prototypefile.

-for other vehicles, A; is
dependent on grade and velocity.
A= Amax/(V-g SnQ), where

g =grade

Figure11: Flowchart For General Movement Of Vehicles In The Same Lane
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Performing Lane Changes
The lane-changing maneuver of a vehicle in TRANSIMS Microsmulator occurs to pass a
dower vehide immediatdy ahead or to make turns a intersections following its current

plan. The decisons for lane changes take place before the in-lane movement of the

vehidles on the links occur. This enaures that the in-lane movement of the vehicles takes

into account the effect of lane changes.

Lane changes into the left lane and into the right lane are treated by the Microsmulator
on dternding timesteps. The left lane changes are made on even timesteps while the right
ones are made on odd timesteps. Multilane roadways are processed from left to the right
during left lane changing and from the right to the left during right lane changing
procedures. It should be noted that these lane change procedures are only explored if the
cell on the adjacent lane in which the vehideis trying to change into is vecant.

The above mentioned lane changing procedures are discussed in detall below under two
separate categories. One category is for lane changing based purely on passng a dower
vehicle, and the other oneis based on making turns at intersections to follow plan.

Lane changes based on passing slower vehicles:

The lane changes based on this criterion occur only if the speed of the vehide under
congderation is more than or equd to the gap ahead of it in the current lane (Gc). Another
important condderation is the magnitude of the gaps in the adjacent lane to which the
vehicle is atempting a lane change into. The gap ahead of the vehicle in the new adjacent
lane (G;) should be larger than the one in the current lane (Gc). The vehicle, before
making the necessary lane change, should dso congder if the vehicle behind it in the new
laneis sufficiently far awvay (Gy) to avoid any kind of collison.

The above ideas are captured into the TRANSIMS Microsmulator using three variables
Weightl, Weight2 and Weight 3. The vaues of these weights are computed as shown in
Table 8. For a vehicle to make a lane change the following three criterions should be
satisfied: Weightl be greater than zero; Weightl be greater than Weight2, and Weigtl be
greater than Weight 3.
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Parameter Description Equation

An integer value based on the gap in the

: current vehicle, the potential speed of the : -
Weight 1 vehicle in this timestep, and the gap forward in Weight1= (V+1>G) AND (G > Gy)

the new lane

: An integer value based on the gap forward in : —\/_
Weignt 2 the new lane and the speed of the vehicle Waght2=V-G

_ An integer value based on the gap backward )
Weight 3 | and the maximum speed of a vehicle in the | Weght3= Vgiopamax - Go
simulation

Table 8: Computation Of Weights For Lane Changes For Passing Sower Vehicles

l i Gr =4 |m
on B <

| @k

Figure 12: Left Lane Change Considerations For Car 1 At T=t

An example on the lane changing procedures based on passing dower vehicles is shown
in Figure 12. The example shows car 1 moving a a speed of 2 cdls per timestep.
Consgder a timestep when |eft lane changes are done first. As shown in Figure 39, the gap
ahead in the current lane or G is 1 cel, the gap forward or G in the adjacent lane into
which the vehicle is congdering lane chenge into is 4 cdls. Usng this information
Weight 1 is caculated to be 1. Weight 2 is computed as (V-Gf) = 24 = -2. The gap
backward or G, in the new lane is 2 cdls. Weight 3 is computed as 52 (Vgiobamax — Gb) =
3. Conddering the three Weights, a check is made to see if car 1 will make the left lane
change.

Condition 1: Weight 1 > 0 (TRUE)

Condition 2: Weight 1 > Weight 2 (TRUE)

Condition 3: Weight 1 > Weight 3 (FALSE)

Since dl the three conditions are not satidfied, car 1 cannot make a lane change into the
left lane. The same andlyss is presented next for car 1 attempting to make a lane change
into the right lane in the next timestep, as shown in Figure 13. Thee cdculdions ae
done in an agorithmic manner and provided in atabular form below.
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Figure 13: Right Lane Change For Carl

The results show that Car 1 is alowed to make the right lane change.

Lane change to get into the left lane for Car 1

If neighboring position in adjacent lane is empty Neighboring position in adjacent lane empty
Calculate gap in current lane G, Gc.=1cdl
Calculate gap forward in new lane G; Gi=4cdls
Calculate gap backward in new lane G, Gp=2cdls

Using G, Gy, Gy caculate Weightl=1 = ((2+1> 1) AND (4>1))
Weightl= (V+1>G;) AND (G; > Gy) Weight2 = -2 = (2-4)
Weight2= V-G; Weight3=3 = (5-2)

Weight3= Vgiobamax - Gb
Weight1 =1 (TRUE)

If weight 1> 0 Weight1 > Weight 2 (TRUE)

And weight1> weight2 and Weight1> weight3 Weight 1 > Weight 3 (FALSE)

And lane change probability is affirmative

And lane change not merge, turn or next link Since the three conditions are not satisfied, lane change
Move vehicle to new lane into the left lane is not all owed.

Lane change to get into the right lane for Car 1

If neighboring position in adjacent lane is empty Neighboring position in adjacent lane empty
Calculate gap in current lane G, G.=1lcdl
Calculate gap forward in new lane G G;=3cdls
Calculate gap backward in new lane G, Gp = 7 célls (not shown clearly in figure)
Using G, Gy, Gy, caculate Weightl=1 = ((2+1>1) AND (3>1))
Weightl= (V+1>G;) AND (G; > G) Weight2= -1= (2-3)
Weight2= V-G Weight3= -2 = (5-7)

Weight3= Vgiobamax - Gp
Weightl =1 (TRUE)

If weight 1> 0 Weightl > Weight 2 (TRUE)

And weight1> weight2 and Weight1> weight3 Weight 1 > Weight 3 (TRUE)

And lane change probability is affirmative Lane change probability affirmative and

And lane change is not a merge, turn or next link Laneisnot amerge or turn or next link one.

Move vehicle to new lane Hence lane change into the right lane is allowed based on

passing a slower vehicle.

Performing Lane changes based on plan following:

As a vehicle enters a link, acceptable lanes for trandtion to the next link in its plan are
determined. From this, a particular lane is chosen to be the preferred destination lane. The
preferred dedtination lane is generdly the current lane if adlowed onto the next link. In the
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event that the current lane is not being acceptable, a preferred dedtination lane is chosen
at random from the alowable set of lanes.
Lane changes based on plan following are triggered only when the vehicle is within a st
disgance from the intersection. This distance is specified by Dy, the point on the link
where a vehicle dats to consder lane changes to follow its plan. It can be easly
undergtood that the urgency for a lane change to get into the desred lane based on plan
following increases with the vehicle getting coser and closer to the intersection. It can
a0 be understood that this urgency aso increases with the number of lanes between the
current lane and the preferred lane. Microsmulator uses these two factors in modeling a
parameter (Weight 4) which represents the bias to make a lane change based on plan
folowing. This is shown bdow in the foom of a mahemdicad eguatiion thet the
Microsmulator uses.
(Vo - D* D,

n* D
Where, Vinax is the max speed attainable by vehicle
D; isthe digtance of the vehicle from the intersection

Weight 4=V, - o n(3.7)

Dy isthe set distance from intersection where a vehicle Sarts to consider lane changesto

follow its plan (specified in configuration file).
N is the number of lanes changes necessary to get into the preferred lane.
It can be seen from the above equation that, as D; goes from n.Dy to O, the vaues of
Weight4 goes from 1 to Vmax indicating that it should dways be a pogtive vdue
Weight4 is initidly st to 0. However if it is st to —1, it will prevent any passng lane
changes based on gaps. As discussed earlier, left and right lane changes occur on
aternating timesteps even for lane changes based on plan following.
The ovedl decison to change lane condders both plan following and ggps The
parameters are adjusted to reflect these conditions.
Weightl = Weight1 (based on Gaps) + Weight 4.
The overdl conditions for lane change remain the same as those based on passng dower
vehidesi.e, weightl >0; Weight 1> Weight 2 and Weight 1 > Weight 3.
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Figure 14: Example For Lane Change Based On Plan Following

An illudration a of lane change based on plan following is shown in Fgure 14 above. In
this example, the andysis for lane change is presented for Car 1, which is moving with a
velocity of 2 cels per timestep. Let us assume at this point that this vehicle needs to
make a left turn at the intersection, and hence needs to get into the left pocket lane. To
get into the left pocket lane, two left lane changes need to occur i.e, n=2. It can dso be
clearly seen that @& 1 is 4 cdls away from the intersection or D = 4. For this particular
example let us dso condder that the lane change for plan following in consdered when a
vehicle is within 7 cdls from the intersection i.e, Dyt = 7 cells. Taking into consderation
al these factors, Weight 4 is caculated using the equation defined earlier.

_ *
Weight4=V__ - M ....(38)
n*D,

=5 (5-1)*4/(2*7) =5 1.14 = 3.87

Usng Weight 4, Weight 1 is caculated as Weightl = Weight 1 + Weight 4; The andyss
then continues exactly as that for lane change based on gaps. For Example;
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Weight 1 = 1+3.87 = 4.87

Weght2=2-3 =-1

Weight3=5-5 =0

Since Weight 1>0, and Weight 1> Weight 2, and Weight 1 > Weight 3, then the lane
change into the adjacent lane is gpproved. It is important to note that a car making 2 lane
changes to reach its dedred plan following lane, it needs to caculae again Weight 4 and
the other three weights at timestep t+1, after the in-lane movement in the adjacent lane is
caried in this timestep. For this example, the car needs to execute a turn pocket lane
change at time t+1.

Merge Lanes:

Merging is handled by usng the same lane-change logic as described above. Vehicles in
the merge lanes are forced to make lane changes in the direction of the merge. In an
event where a lane has a merge pocket and a turn pocket further down towards the
intersection, vehicles are prohibited from entering the turn pocket lane until past the end
point of the merge pocket.

Turn Pocket Lanes:

Vehicles atempting a lane change to enter a turn pocket lane from an adjacent lane are
subjected to speed redtrictions, which prevent movement of the vehicles past the gart of
the turn pocket. This may cause the vehicles to queue on the adjacent lane until a lane
change is feasble into the turn pocket lane.
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Figure 15: Queue Formation At A Turn Pocket

A typicd case of queue formation on the lane adjacent to the turn pocket is shown in
Figure 15. The firg of the three figures shows the date of the smulation a timestep t
when Car 1 is travding with a speed of 3cdlgtimestep. Since the vehicle will pass the
dart point of the turn pocket if it continues with the same speed, the vehicle decelerates
and in the next timestep (t+1) reaches the start of the turn pocket. The speed now is 2
cdlgtimestep. In the next timestep (t+2), snce car 1 is dready at the dart of the turn
pocket and the turn pocket is full, car 1 does not move any further and its speed drops to
0 cdldtimestep. Its speed will be condrained to zero until a lane change into the turn
pocket is possible.

Look Ahead Across Links:

Some vehicles may be unable to make the required lane changes into acceptable approach
lanes on short multilane links with multiple lane connectivity a the intersections. Thus
looking ahead across links increases the time that a vehicle has to make a plan following
lane change.
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The acceptable approach lanes are determined based on a plan look ahead distance. The
distance is used to determine how many links in the plan will be consdered when
determining the approach lanes on the current link. A distance of 262.5 meters (35 grid
cdl9) is the default vdue. A vaue of 0.0 implies approach lanes are being determined by
consdering the next link only.
A flowchart depicting thelogic for al cases of lane changing in shown in Figure 16.

Off-Plan Vehicles
Any vehicle becomes off-plan if it is not in the acceptable gpproach lane while entering a
link or an intersection and thus cannot follow its assgned plan. Also, vehicles attempting
to enter an intersection are marked off-plan if they have not moved for the duration of
time gspecified by the configuration key CA_MAX_WAITING_SECONDS. The number of
vehicles that become off-plan can be captured during the smulation output and are
referred to aslost vehicles.
TRANSIMS Microamulator dedls with the off-plan vehides by kegping the vehide in
gmulaion until a time agan pecified by the CA_OFF PLAN_EXIT_TIME configuration
key is reached, after which the vehicle exits a the nearest parking location. In order to
keep the off-plan vehide in smulaion, new dedinaion link is sdected from the links
that are connected to the vehicles current lane. This method of choosing random links
occurs until the exit time for the vehicleis reached.

Exit Travelersand Vehicles from Parking Places
A paking place accessory has a list of IDs for the vehicles that are present (either
because they begin the smulaion there or they have arived during the course of the
amulation). It dso has a queue of travelers and their associated plans.  This procedure
handles each traveler in the traveler queue whose departure time has arrived.
If the traveler is waiting for a vehicle, he or she cannot leave till the assgned vehide with
appropriate ID is present. If the vehicle is not there, the traveler's departure time is
incremented and he or she is replaced in the queue. A vehicle whose ID is on the list will
have been indantiated in the amulation only if it has arived here from somewhere dse.
Otherwise, a new vehice with this ID must be crested usng the type implied by the

traveler’s plan.
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Figure 16: A Flowchart Representing The Lane Change Procedures
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The traveler is added to the vehicle as a driver or passenger, depending on the traveler’s
plan. If the driver has not yet been added to the vehicle, the next traveler is not popped
off the queue and continues waiting. Otherwise, the driver checks to see how many
passengers are anticipated.  (This information is contained in the driver’s plan, dong with
the IDs of the expected passengers). If any passenger is missng, the driver is placed
back in the queue so that the vehidle will try to leave again on the next timestep. If the
driver and al passengers are present, the vehicle attempts to find a place on the grid in
the locd CPU in any lane, traveling at the speed limit.
The gppropriate grid for the planned direction of travel is determined, and the grid is
searched upstream for a distance of Vax Cdls If avehicle is found to occupy that cdl in
a lane, tha lane and adjacent lanes are diminated from consderation. All lanes are
searched and if a lane is avalable, the vehicle is placed on the lane a the cdl
corresponding to he parking place location. If there is no room on the grid, the driver is
returned to the traveler queue.

Enter Vehiclesinto Parking Places
Vehicles are removed from the roadway at destination parking places by checking dl of
the cdls in dl lanes downstream from a parking place for a distance of Vgjopaimax Cals. If
a vehicde is found on the last gep of the current leg of its plan and with this parking place
as its dedtination, the vehicle is removed from the roadway. Its ID is placed onto the list
of vehicles present at that parking place.
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Chapter 4: Description of the Ramp-Weave Model

4.1 Introduction

The deveoped modd in this research uses the TRANSIMS smulaion modd. A
sequentid  process is used for the development of the smulation modd as illudrated in
figure 17. The principd am was to modd and compare the results for particular weaving
scenarios using the smulation model and HCM.

The following section discusses the various assumptions made in TRANSIMS, Next the
modeling methodology adopted is listed. The two different scenarios used are described
adong with their geometric characteristics as given my HCM. The chapter concludes with
a table liging the various vaues used in TRANSIMS to modd a smilar scenario and
their corresponding configuration keys.

4.2 Assumptions

To modd a smilar type of weaving scenario as the one conducted in HCM, the following
assumptions are made in TRANSIMS
All vehicles adhere to the specifications, shape and performance as specified by the
vehicle prototypefile.
Each vehide follows a particular behaviord pattern which is quantifiable
The pogtion of a vehide is given by a cell location that specifies a region of 7.5
meterson alane.
All gandard assumptions such as the freeway speed limits and ramp Speed limits are
used for each scenario.
The whole modd is smulated for 15 minutes. A 15-minute Smulaion run only
represents one point of the data sample while HCM method may represent an average
vaue of samples. More than one run has smulated as necessary for a datidicaly
meaningful comparison presented in chapter 5.
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Figure 17: Methodology Adopted in the Research
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4.3 The Modeling Concept

The traditiond modds in HCM predict volumes immediady upsream of the ramp
junction. This prediction is based upon full hour volumes and is done in mixed vehicles
per hour (vph). These modds, while smple and draightforward in prediction of volume
become complex when applied to capacity andysis.
In the context of the proposed modd construct, several changes have been made to
incorporate asmilar mode exising in HCM.
Traditiond HCM models focus on volume as input and get speed as an output for the
entire weaving section.
The HCM s basad upon andyss of flow rates within 15-minutes periods of time. To
conform to other methodologies in HCM, 15-minute data periods were used in dl the
models studied.
The cdibrations for scenario 1 were made in passenger car equivaents (pce's), while
Scenario 2 used mixed traffic for andys's purpose.
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4.4 Modeling in TRANSIMS
4.4.1 Assumptions made in TRANSIMS

Some of the standard assumptions madein TRANSIMS
Thelink isdivided into 7.5-meter cdls.
The vehicles moving on the links are of the types specified by the vehicle prototype
file. They comprise of autos that occupy one cell or trucks thet occupy two cells. The
file dso Sates thelir maximum acceleration and speeds possible.
The HCM manud specifies the weaving speed and nonweaving speed per vehicle
and dl the result that is output from the Microamulator is the sngpshot data This
snapshot datais interpreted to get dl other results.
4.4.2 General Modeling Strategy used in TRANSIMS
To develop a smilar scenario as the highway capacity manud, dl the necessary tables in
the network were coded manualy. The network was plit into a combination of nodes
and links with parking at each entry and exit point of the links from where vehicles are
generated and absorbed. Travel plans for each, weaving and nonweaving movements are
generated for the necessary volume to be smulated. The lane, which comects the o+
ramp and the off-ramp on each lane of the weaving link, is modeed as a full-length
axiliay lane. The raes a& which vehides ae generated a the entry links follow a

random normal distribution.
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4.5 Description of Models

A description of the models used in the comparative andyss of HCM and TRANSIMS is
outlined below.

Scenario 1;
Moddl Description: Analysis of ramp weave section
Geometric characterigics in HCM: Lane widths are 12 ft and the section is located in a

levd tearan. There are no lateral obsructions. For conveniences, al traffic flow
conditions are given in terms of pesk flow rates for ided conditions, expressed in
passenger cars per hour. This is a Type A configuration, because both weaving
movements are required to make one lane change.

L =1000 FT
« >

—_— —_—
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—_— —_—

4000

600 300
100

Figure 18: Analysis of Ramp-Weave section
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Modeling Concept in TRANSIMS:

Scenario 1 was modeled in TRANSIMS as a series of links and nodes. Figure 19 shows
the exact configuration of the network coded into TRANSIMS. The reason for
representing the network such a way is to dlow for the vehicles to come to equilibrium
with each other s0 as to behave as freeway traffic. More so the vehicles coming out of
parking dso might introduce some unwanted noise, which is filtered out by the time the
vehicles reach the section under sudy. The input data used in coding the network is

attached in the gppendix.

Parameters Value

Smulation Time 15 minutes
Geometric Characteristics:
Weaving Link Length 1000 ft
On Ramp Link Length 1500 ft
Off Ramp Link Length 1500 ft
Number of Mainline Lanes 3
Number of Off Ramp Lanes 1
Number of On Ramp Lanes 1
Number of Auxiliary Lanes 1
Type of Auxiliary Lane Full Length
Lane Width 12t
Traffic Characterigtics:
Main Line Volume 4000 vph
On Ramp Volume 600 vph
Off Ramp Volume 300 vph
Ramp-Ramp Volume 100 vph

Table 9: Network configuration for Scenario 1
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Figure 19: Node Representation of Scenario 1
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Scenario 2;

Model Description: A constrained operation of Ramp Weave Section.

Geometric Characteristics in HCM: The Ramp Weave section shown in Figure 20
serves demand volumes as indicated by the weaving diagram below it. All geometric
conditions are ideal with 12 ft lanes and no lateral obsiructions. The section is located in
a generdly rolling terrain. Also tenpercent trucks are reported in this section, which is

comprised of daily commuters.
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Figure 20: A constrained operation of a ramp weave section



Modeling Concept in TRANSIMS:

Scenario 2 was modeed in TRANSIMS as a series of links and nodes. Figure 21 shows
coded into TRANSIMS. The reason for

the exact configuration of the network
representing the network such a way is to

with each other s0 as to behave as freeway traffic. More so the vehicles coming out of

parking dso might introduce some unwanted noise, which is filtered out by the time the

vehicles reach the section under study.

dlow for the vehicles to come to equilibrium

‘ Parameters ‘ Value
Smuléion Time 15 minutes
Geometric Characteristics:

Weaving Link Length 1000 ft
On Ramp Link Length 1500 ft
Off Ramp Link Length 1500 ft
Number of Mainline Lanes 3
Number of Off Ramp Lanes 1
Number of On Ramp Lanes 1
Number of Auxiliary Lanes 1
Type of Auxiliary Lane Full Length
Lane Width 121
Truck Percentage 10%
Traffic Characterigtics:
Main Line Volume 1490 vph
On Ramp Volume 794 vph
Off Ramp Volume 993 vph
Ramp-Ramp Volume Ovph
Freeway freeflow speed 65 mph
Ramp freeflow speed 45 mph

Table 10: Network configuration for Scenario 1
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Figure 21: Node Representation of Scenario 2
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Chapter 5: Comparing HCM Vs TRANSIMS Results

For the comparison of results between HCM and TRANSIMS it is important to first
creste a common data set that could be agpplied to both models and then results of each
examined and compared to one another.

An important factor for comparison between both the models would be to keep the traffic
conditions smilar just before the section under study. HCM does not provide a guideine
to predict the speed and volume of upstream of a ramp. However it can be identified that
this would depend on several parameters such as the type of ramp, tota upstream freeway
volume, ramp volume, length, of acceeration lane, anticipatory warning sgn distance,
advanced warning sgn digance, time to change lanes and freeway flow speed of the
ramp.

A sengtivity andyss is conducted on different parameters to assess the gpplicability of
TRANSIMS to the exiging modd in HCM. The following section discusses about these

parameters and the default values used for the scenarios.

5.1 Model Calibration

As there was no fidd data avalable to cdibrate the smulation modd, the HCM reaults
were used as a basdine for the cdibration of TRANSIMS. Although not recommended,
this was done only for the modd validetion of this experimenta sudy. The following
subsections identify the key parameters or configuration keys and the results of the
sengtivity andysis on them.

5.1.1 Deceleration Probability

The configuration key CA_DECELERATION_PROBABILITY defines the probability of a
driver to decderate for no reason. This enhances the traffic variation as each automobile
driver randomly decides whether to decelerate for no apparent reason at each timestep.
Since the configuration key defines the probability of a quantity the acceptable values
that can be used for it lie between 0.0 and 1.0.

If the configuration key is s&t to O, it would mean that a driver would never decelerate
without a reason. The only time he/she would decelerate would be when the gap ahead of
him/her is less than the velocity a which he/she is driving. If this key is st to 1 it would
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imply that a driver wodd aways decdlerate at every timestep where the gap ahead of
him/her is more than the velocity.

The configuration key is important as it replicates human behavior and tendency to not
accelerate dl the time. As dated earlier for a modd to depict redlity, it is very important
to capture such kind of data and cdibrate the modd. For the sake of this study, snce no
red world data on weaving sections was present. The model was cdibrated to that of a
default vaue of 0.2. This implies that one-fifth of the time a driver would decelerate for
no apparent reason. This vaue is ds0 judified as the default vdue was arived a in
TRANSIMS based on lot of studies conducted by the research team headed by Kai
Nagd.

5.1.2 Lane Change Probability

The configuration key that controls a lane chaging manewver is the
CA_LANE_CHANGE PROBABILTIY. Should dl the conditions be satisfied for a driver to
lane change into the adjacent lane, this configuration key specifies the probability of the
driver to lane change i.e, should a dower vehicle be ahead of a vehicle whose gap ahead
is less than the velocity a which it is traveling and the gap ahead in the adjacent lane is
more than in the current lane while the gap behind in the new lane is more than the
Vaiobamax, then dl the conditions are satisfied for a lane change. It should aso be noted
that right and left lane changes occur on dternate timesteps. Having dl the condition
stisfied for a lane change a driver would Hill only lane change with a probability given
by this configuration key.

This configuration key is quite crucid for the smulation to be close to redity. An
example to emphasize the importance of this key would be to condder a two lane
roadway with al the vehicles in one lane next to each other. This would mean that every
vehicle would have its conditions for lane change based on gaps fulfilled. So in the next
time sep each of the vehices would move into the adjacent lane. This continues a every
timestep and would result in very unredigtic scenario. Introducing this configuration key
helps gabilize this.

As the configuration key suggedts, it represents the probability and so the permissble
vaues lie between 0 and 1. A default vaue of 099 was arived a after a lot of
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experimentad dudies a the Los Alamos National Laboratories and was used in this
research too.

5.1.3 Planning ahead for a lane change

For this study it is important that drivers plan ahead for a lane change as the drivers are
condrained by time and disance to get into the right lanes. The configurations keys
discussed in this subsection could be thought of as off-ramp warning sgns for drivers that
have to go off-ramp.

TRANSIMS Microsmulator uses two configuration keys for modeling this behavior. The
fira of which is the CA_PLAN_FOLLOWING CELLS. This configuration key specifies the
count of the number of cdls preceding the intersection within which a vehicde will make
a lane change to get into the gppropriate lane and thus trangtion into the next link in its
plan. Beyond this distance any lane changes are based only on vehicle speed and gaps in
the traffic. Within this distance, the lane required by vehid€s plan is dso taken into
account. As the vehicle nears the intersection, the bias to be in the lane required to Stay
on plan is increesed. The vaid vdues for this configuration key are pogtive vaues or
zero.

The second of the configuration keys that helps in planning ahead for a lane change is the
CA_LOOK_AHEAD_CELLS. To undergand the dgnificance of this configuration key it
should be noted that the preferred lane for a vehicle to be in as it goproaches an
intersection depends on the connectivity from the current link to the next link in the plan.
In certain cases it would be advantageous for the driver to look beyond the next link to
the subsequent links in the plan when deciding the preferred lane. This configuration key
controls how far ahead the driver will look beyond the next link. A postive vaue st for
the configuration key indicates that the driver would look & etleast one additiona step
beyond the next step in the plan. The number of additiond links consdered is determined
by the lengths of the subsequent links.

These configuration keys again have to be cdibrated for the study. Since the sudy area
configuration of the network is known, sengtivity anayds on these configuration keys is
performed.
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5.2 Calibration Tests and Sensitivity Analysis

The following section describes the sengtivity tesdts performed and ther results. As
described in the methodology the first scenario of the ramp-weave section is used for
modd cdibration and sengtivity anadyss. After which, the modd with cdibrated
parameters that best describes the scenario are chosen and the second scenario simulated
in TRANSIMS.

The key configuration parameters altered other than the RANDOM_SEED n that only have

an dfect on the internd random number generation in TRANSIMS includes, the

CA_PLAN_FOLLOWING _CELLS and CA_LOOK_AHEAD_CELLS.

A sies of tet amulations were conducted changing each of the two parameters and

dudying the results and interpreting how they affect the modd. Since a sSmulation

gpproach was being used for every case more than ten smulation runs were consdered so
as to average out the error or bring them closer to the true expected values.

The firgd tet incdluded usng a CA_PLAN_FOLLOWING CELLS of 70 cdls i.e, 70x7.5 mts
or 525 mts or 1725 ft. The CA_LOOK_AHEAD_CELLS was et to O implying that the
preferred lane is determined only with respect to the set of acceptable lanes for
trandtion into the next link.

The second test included keeping the CA_PLAN_FOLLOWING CELLS a 70 cdls i.e,
70x7.5 mts or 525 mts or 1725 ft. The CA_LOOK_AHEAD_CELLS was et to 40 cdls
implying that the preferred lane is determined consdering a look ahead distance of
40x7.5 mts or 300 mts.

The third tes included keeping the CA_PLAN FOLLOWING CELLS a 100 cdls i.e,
100x7.5 mts or 750 mts or 2460 ft while the CA_LOOK_AHEAD CELLS was set to 40
cdls.

The fourth test included keeping the CA_PLAN_FOLLOWING CELLS at 30 cdls i.e, 30x7.5
mts or 225 mts or 740 ft. The CA_LOOK_AHEAD_CELLS was st to 40 implying that
the preferred lane is determined only with respect to the set of acceptable lanes for
trandtion into the next link.

The fifth cdibration test used a vaue of 50 cdls for CA PLAN_FOLLOWING CELLS. The
CA_LOOK_AHEAD_CELLS was st to 40 implying tha the preferred lane is determined

only with respect to the set of acceptable lanes for trangtion into the next link.
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Having described the tests performed on scenario 1 the results are presented below but
grouped in a way S0 as to dlow for comparison. Briefly the datistics collected over these
tests incdude the veocity profiles of the weaving movements as well as the nonweaving
movements, the lane-usage ddtidics, the average veocities of weaving and nonweaving
vehicles and the average dendties given by each of the scenarios.

Firdly the velocity profiles of each of the movement i.e, onramp, offramp, through and
ramp-ramp is shown. The daa for which the graphs are drawn ae in given in the
Appendix.

Velocity Profilesfor each movement type for

CA_LOOK_AHEAD_CELLS: 0
CA_PLAN_FOLLOWING_CELLS: 70

This cdibration test represents the case where the lane changes are only based on the
dlowable lanes to trandtion to the next link. That is the vehicles do not lane change prior
to entering the weaving area. The 70 cdls of plan following only imply that the lane
change based on plan following occurs just as the vehicle is 70 cdls before it hits the
intersection.  This means that as soon as the vehicles enter the weaving areg, their lane
change is influenced s0 as to get into the correct lane to move ahead onto the next link.
However the urgency here is quite high as there are only 40 cdls ahead and the plan
falowing cdls is 70. The veocty profiles for the weaving movement shows this, as
vehicles try to make lane changes quickly before they hit the intersection and there is a

consderable drop in their velocities.

Off-Ramp Velocity Profile OnRamp Velocity Profile

w
(8]

w

o
w
a1

s)
o
3]

[
o

Velocity (m/:
Velocity

ol
s s

=
o

o o

0 50 100 150 200 250 300

0 % 10 pistdn% (m) 200 250 300 Distance

Figure 22: Velocity Profiles of Weaving Vehicles for Test Case 1.
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For the nonweaving flows i.e, the through traveling vehicles and the ramp-ramp flows,
they should not be much affected because their current lane is a good and an acceptable
lane. The velocities tend to lower near the beginning because of the weaving flows trying
to get into ther right lanes. Figure 23 bedow shows the ramp-ramp and the through
vehides vdocity profiles.

Thru Velocity Profile RampRamp Velocity Profile
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Figure 23: Velocity Profiles of Nonweaving Vehicles for Test Case 1.
Veoacity Profilesfor each movement type for

CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING_CELLS: 70

This cdibration test exactly the same as the one described above, the only difference
being that the lane changes are now aso done looking a the dlowable lanes the vehicle
has to be to trangtion from the next link onto the next. Figure 24 shows the weaving
vehicles veocity profiles, which are not very different from the one above, but the
average vehicle velocities are a bit higher at each distance.

OffRamp Velocity Profile OnRamp Velocity Profile
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Figure 24: Velocity Profiles of Weaving Vehicles for Test Case 2.
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The nontweaving vehicles veocity profiles shown in figure 25 are too not different from
the ones discussed prior except that their velocities are much higher (for the through).
This can be understood as now the weaving vehicles are not occupying the lanes 1 and 2
and hence the through traveing vehicles can go unobstructed. The ramp-ramp flows
however do not change much as dill there are weaving vehicles ill obgructing ther
flows.

Thru Velocity Profile Ramp-Ramp Velocity Profile
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Figure 25:Velocity Profile of Nonweaving Vehicle for Test Case 2.

Velocity Profilesfor each movement typefor
CA_LOOK_AHEAD_CELLS 40
CA_PLAN_FOLLOWING_CELLS: 30

This cdibration test assumes that there is looking ahead across links but lane change
based on plan is only active 30 cdls before the intersection. The length of the weaving
section is gpproximatdy 41 cels or 1000ft. This would mean that vehicles just before
entering the weaving section would try to be in their acceptable lanes to trandtion into
next links but once they reach the weaving area do no make any lane changes based on
plan following until they move 10 cdlls ahead or 30 cdlls before the offramp.

This would suggest that the vehides initidly have a high veocity a the beginning of the
weaving area and then would dow down due to weaving. The veocity profiles of the
weaving flows surdy depict this The vedocities are higher than the firsd case because

now there is less weaving as mogt vehicles are in their correct lanes.
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OnRamp Velocity Profile OffRamp Velocity Profiles
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Figure 26: Velocity Profile of a Weaving Vehicle for Test Case 3.
The velocity profiles of the nonweaving flows are shown in figure 27 bedow. As in the
second case described the through velocities are higher a the entrance and stay dmost
the same as there B no weaving traffic in the firs two lanes. The ramp-ramp flows show

the same characterigtic as weaving flows gill obstruct their path.
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Figure 27: Velocity Profile of a Nonweaving Vehicle for Test Case 3.

Velocity Profilesfor each movement type for
CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING_CELLS 100

The veocity profiles for each movement type are shown in the figures 28 and 29 below.
In this cdibration test the look ahead distance is 40 cdlls or one link and vehicles consder
lane change based on plan when they are as far as 100 cdls from the intersection. This
only implies that the urgency to make a lane change to get into the acceptable lane is

quite high as and when a weaving vehicle enters the weaving area. This accounts for the
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low veocities as vehicles try to weave and get into the correct lanes a the beginning of

the weaving area.
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Figure 28: Velocity Profile of a Weaving Vehicle for Test Case 4.

Since dl the weaving vehicles are in the appropriate lanes by the time the vehicles enter

the weaving aea the through bound vehicles occupying the lanes 1 and 2 are not
obstructed but the vehicles in lane three going through ae obstructed by weaving

vehides, which is shown in the figures below. The ramp to ramp flow shows a smilar

characteristic as the ones before and can be consdered in genera as true for any
cdibration test as there will dways be vehicles obdructing their flow ether onramp or

offramp.
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Figure 29: Velocity Profile of a Nonweaving Vehicle for Test Case 4.
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Time-Space diagramsfor atypical vehicle by movement type:
Having looked at the velocity profiles for the different vehicles, a better understanding of
the particle hopping theory as well as the actua movements of the vehicles could be

understood with time-space figures. The time-space diagrams for the four test scenarios

are presented below and since the distance of vehicle movements is closdy related to the

velocity, a plot of the velocity on the same figure is shown. The data for which these

figures are plotted are attached in the Appendix B.
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Figure 30: Time-Space Diagrams for a single Ramp-Ramp moving vehicle

The figures shown above depict a single vehicles path as it traverses the weaving section.

The x-axis on these graphs represents the time. It is assumed that the time a which the
vehicle enters the weaving section is 0 and the trgectory is presented till the time it

moves off the weaving section. The data are shown in points in accordance with the
cdlular automata and particle hopping theory.
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Figure 32: Time-Space Diagrams for a single Offramp vehicle.
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The figures aove show the time-space diagrams for offramp and through vehicles.
Veocity is dso plotted on the same graph as it is very closdy related to the vehicle
movement. As discussed earlier in the Microamulator logic of TRANSIMS, it can be
observed that the velocity is aways in discrete steps of 7.5 n/s.
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Figure 33: Time-Space Diagrams for a single Onramp vehicle.

Smilar time-gpace plots for a single onramp vehicle are presented in the figure above. A
close examination of these plots suggest that the velocities of the vehicles generdly tend
to get lower as they reach a point when lane change decisons are affected by plan
following. This is very clear when we consder the onramp vehicle in tet 3. This was
found to be true for most vehicles studied.

Although looking & a dngle vehicle one cannot make a concluson, the statement about
the velocity dip was arived at after careful observation of the vehicles in the smulation.
Another point that becomes very evident about the Microsmulator theory is about the
coaseness of the amulation. Though TRANSIMS is a microscopic smulétion, it is dso

coarse owing to the trade off between it and resolution.
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Lane Usage in the weaving ar ea:

Before the lane usage datigtics are presented for the weaving area under consideration, it
is worth mentioning that the offramp and the though vehides were generated a the
parking so as to be uniformly spread over the three lanes. This was ensured by placing a
vehicle as soon as it is created on one lane and making the next vehicle go into the next
lane and s0 on. This means that the lane usage upstream of the weaving section (at the
parking) for offramp and through vehicles was 33.33% for the three lanes.

By All Vehicles:

Another key area for which the different tests could be compared is the lane usage. The

lane usage consdered here refers to the usage of lanes by dl the vehicles. Figure 34
below shows the datistics collected for five different tests. The data for the graph is was

aggregated and averaged out.
Test Lane 1 Lane 2 Lane 3 Lane 4
0 70 23.69% 27.86% | 37.65% 10.69%
40_30 25.31% 27.06% | 35.55% 11.97%
40 _50 24.93% 27.30% | 36.67% 10.99%
40 70 24.51% 27.30% | 37.29% 10.79%
40_100 24.42% 27.21% | 36.98% 11.27%

Table 11:Lane Usage Satistics (by all vehicles) for different Test Cases.

Lane Usage by All Vehicles Vs Scenario
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Figure 34: Lane Usage Satistics (by all vehicles) for different Test Cases.
It can be observed from the greph that there is not much difference in the percentage of

usage of lanes if dl the vehicles are conddered. On an average the vehides were
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digributed in a way that the first two lanes had 25% of treffic the third lane (the one just
next to the full length auxiliary lane) had a usage of 35% and the full-length auxiliary
lane had 15% lane usage of the tota vehicles,

Lane Usage by Movement Type:

Having looked a the lane usage by dl vehicles for a better understanding of the

amulation software, a lane usage by movement type for four tests studied is presented
below. Table 12 shown below indicates the percentage of lane usage by each vehicle
movement for four tests. A graphica representation of this data is shown in the following

page in figure 35.

Offramp Onramp |Ramp-Ramp Thru
Lanel 7.56% 0.07% 0.00% 30.52%
Lane2 20.54% 2.65% 0.00% 34.15% 0 70
Lane3 19.05% 65.32% 0.00% 35.22%
Lane4 52.71% 31.85% 99.61% 0.00%
Lanel 0.00% 0.03% 0.00% 32.02%
Lane2 0.60% 2.58% 0.00% 35.05% 40 70
Lane3 25.56% 70.42% 0.00% 32.82%
Lane4 73.67% 26.86% 99.60% 0.00%
Lanel 0.00% 0.06% 0.00% 32.17%
Lane2 0.24% 2.94% 0.00% 35.23% 40 100
Lane3 27.36% 69.58% 0.00% 32.48% -
Lane4 72.25% 27.30% 99.59% 0.00%
Lanel 0.00% 0.02% 0.00% 32.76%
Lane2 1.04% 1.83% 0.00% 34.66% 40 30
Lane3 45.21% 51.39% 0.00% 32.47% -
Lane4 53.58% 46.64% 99.59% 0.00%

Table 12: Lane Usage Statistics by Movement Type for different Test Cases.

It can be observed form the data that when there is no look ahead across links there are
vehides tha have to go off-ramp sill occupying lanes 1 and 2 for a consderable time.
This means that these vehicles did not get into lane 3 before they came into the weaving
area. As for the other tests where there was a look ahead of 40 cdls, no offramp vehicle
was in the lane 1 and a very minute fraction (almost negligible) occupied lane 2. The
graph plotted for the above data clearly indicates these characterigtics. Agan the lane
usage for lane 4 is reativey less for the offramp vehicles in the test 40 30 as offramp
vehicles only lane change nto lane 4 when they hit the 10 cdl offset from the dart of the
weaving section.
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Figure 35: Lane Usage Statistics by Movement Type for different Test Cases.

Number of Lost Vehicles: (off-plan vehicles)

Satidics about how many vehicles are missng exits or not being ale to merge into the
freeway were ds0 collected from the smulation runs and is presented here. It is intuitive
that the number of vehides that will be “log” in the smulation would be directly
dependant on how long before reaching the next link they condder lane change to get
into appropriate lane. The results obtained echo this as the average number of vehicles
logt for a smulation time of 900 seconds or 15 minutes is 2.17 for plan following of 50
cdls and 3.17 for a plan following of 30 cels The vehides log bdong only to the
weaving type of movement. The results of these are presented below table 13 and as a

graph in figure 36 for eeser understanding.

Test Lost Vehicles
0 70 0.00 . ]
40_30 3.17 -
40 50 2.17
40 70 0.00 ‘
40_100 0.00 2
Table 13: Number of Lost Vehicles
for different Test Cases.

Figure 36: Number of Lost Vehicles for different Test Cases.
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Another st of tests was performed for to see how, for a given vaue of the configuration
keys, changing the volume of traffic on this scenario would compare. These results were
adso compared to those of HCM. All the parameters of the scenario remain the same
expect the ones outlined below.

Test 6:

CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING_CELLS: 70

OnRamp Volume: 800 vph Through Volume: 5000 vph
OffRamp Volume: 450 vph Ramp-Ramp Volume: 100 vph
Test 7:

CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING CELLS: 70

OnRamp Volume: 1000 vph Through VVolume: 6000 vph
OffRamp Volume: 600 vph Ramp-Ramp Volume: 100 vph
Test 8:

CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING_CELLS: 70

OnRamp Volume: 1200 vph Through Volume: 6000 vph
OffRamp Volume: 800 vph Ramp-Ramp Volume: 300 vph
Test O

CA_LOOK_AHEAD_CELLS: 40
CA_PLAN_FOLLOWING_CELLS: 70

OnRamp Volume: 1800 vph Through Volume: 4500 vph
OffRamp Volume: 1200 vph Ramp-Ramp Volume: 300 vph
Weaving Velocity Comparison
Weaving Weaving 60.00
Velocity Velocity 50,00
(TRANSIMS) (HCM) £ 4000
Test 6 38.52 49.50 > 30.00
Test 7 34.26 38.75 S 20,00 1
= 10.00 4
Test 8 31.24 37.14 o
Test 9 3002 3203 . Test 6 I Test 7 I Test8 I Test9
Table 14: Comparison of Velocities (Weaving) e VAo RS |
@ Weaving Velocity (HCM)

for different Test Casesin HCM and TRANSIMS, _ N ]
Figure 37: Comparison of Velocities (Weaving) for

different Test Casesin HCM and TRANSMS
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- - NonWeaving Velocity Comparison
NonWeaving [NonWeaving
) . 60.00
Velocity Velocity |
(TRANSIMS) (HCM) ;jggz
Test 6 53.84 41.66 230.00_
Test 7 51.35 45.69 520001
Test 8 50.35 43.05 2 10,00 1
0.00
Test9 52.58 43.72 Test 6 Test 7 Test 8 Test9

Table 15: Comparison of Velocities (Nonweaving)  axomweaing veiody TRANSIVS] | Test No
for different Test Casesin HCM and TRANSIMS [ ENonWeaving Velociy (HCV)
Figure 38. Comparison of Velocities (Nonweaving)
for different Test Casesin HCM and TRANSMS
The results of these tests on scenario 1 with changing volumes collected is presented in

the form of Tables 14, 15 and 16 with the corresponding graphs (Figures 37, 38 and 39).

Examining of the reaults, it is found that weaving velocities in generd are over predicted
by HCM while the Nonweaving velocities underpredicted.

Test 6 shows a condgderable difference in the weaving and nonweaving speeds while the
other two tests (Test 7, 8 and 9) too show a marked difference. Comparing the dengties
of the two models (Tables 16 and Figure 39), it is seen that the smulaion mode gives
out a lesser vaue of to that of HCM. The vadues vary a large quantity for Tex 8 and 9, a
considerable amount for Test 7 and Test 6.

It is observed that Tests 6, 7, 8 and 9 are designed such that the type of operation of the
weaving area turns into a condrained operation from an uncongrained. Comparing these
results with the ones above it is seen that TRANSIMS does well in weaving areas of the

unconsirained type and not so well for the constrained operations.

Test Vs Density
60.00
Density Density 50,00
(TRANSIMS) (HCM) E
E 40.00
Test 6 27.72 33.26 £ 3000
Test 7 31.13 43.69 2 2000
Test 8 34.05 48.89 8 1000 -
Test 9 35.82 50.86 0.00
.. L. Test 6 Test7 Test8 Test 9
Table 16: Comparision of Densities for GDensity (TRANSIMS) Test No
different Test Casesin HCM and TRANSIMS @ Denely 9

Figure 39: Comparison of Densities for different
Test Casesin HCM and TRANSMS
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5.3 Results of TRANSIMS and HCM

This section compares HCM and TRANSIMS for the various tests conducted on scenario
1 and further on how well the calibrated modd behaves on scenario 2.

Two key areas for comparison are the weaving, nonweaving speeds and the average
density of the section. For the calibration tests performed for scenario 1, the speeds for
each movement were aggregated. Further snce HCM does not predict the veocities
based on the individud movement type, dtaidtics of speeds for weaving and nonweaving
vehicles is collected. Table 17 show the results tabulated. Figure 40 shows these
quantitiesin agraphica format.

Avg Vel by Movement type

30.00

40 100[40 70|40 30| 0 70 200 1 —
Ramp-Ramp| 24.76 | 25.59 | 26.38 | 24.26 2000 13 —

Thru 26.21 | 26.34 | 26.95 | 23.47 @
Off Ramp | 21.52 | 22.34 | 24.75 | 17.45 1000 L] || aor
On Ramp | 1916 |19.62 | 20.92 | 17.51

Table 17: Comparison of Velocities by Movement | ... L
Type for different Test Casesin TRANSMS " e

340_100

15.00 1+ —

Velocity (m/s)

Figure 40: Comparison of Velocities by Movement Type for
different Test Casesin TRANSMS
Although HCM does not predict the individud movements average velocities over the
weaving section it is presented here to better understand the smulation modd. It can be
seen from the above greph that the veocities of dl the movements for the test case 0 70
are least and the velocities increase if the plan following cdls are increased keeping the
look ahead distance the same.

Velocity (Weaving & NonWeaving) Vs Scenario
NonWeaving Weaving 70.00

Test Velocity Velocity 60.00

0_70 48.72 37.06 000
40 30 59.22 47.89 & oo '
40_50 58.17 45.57 % 30.00
40 70 57.50 44.31 s
40 100 56.89 42.48 o

HCM 53.96 45.37 12:2
Table 18: Comparison of Velocities for T M O

different Test Casesin TRANSMSand HCM Figure 41; Comparison of Velocities for
different Test Casesin TRANS MSand HCM



A more interesting gatistic that dlows for the direct comparison between both the modds
deds with the weaving and the nonweaving speeds. The Table 18 shows this data
collected from the smulation model as well as that predicted by HCM.

When there was no look ahead across links alowed, both the weaving and the
nonweaving speeds predicted by the smulation mode were less than that predicted by
HCM. Both the vaues were more than 5 mph less.

However if the look ahead across links was set s0 as to consder the next link, there was
found to be condderable difference than when not dlowed. The average nonweaving
velocity shot up by as much as 10 mph for the same plan following cells or 40 70. The
generd trend observed by incressing the plan following cells keeping the look ahead
distance the same is that the nonweaving and the weaving speeds reduced. For dl the test
cases conddered the nonweaving peeds were higher in the smulaion than those
predicted by HCM while the weaving speeds were | ess than those predicted by HCM.

The second common point where the smulation modd can be compared are the average
dengties as HCM predicts the average dendty of the weaving section. The same
information was gathered from the smulation runs. The results aggregated from the
amulation runs and the vaue predicted by HCM s tabulated below. Figure 42 shows the
same data in a gragphical manner for easier and clearer understanding.

Average Density vs Scenario

30.00

\[Average Density 2500 1] —
0_70 26.60 220 2
40_30 21.53 5 5o L] || ]
40 50 21.79 L 1
40_70 22.19 0
40_100 22.88 1 B
HCM 23.96 P —
0_70 40_30 40_50 40_70 40_100 HCM

Scenario

Table 19: Comparison of Densities for

Test Cases in TRANSMSand HCM . Figure 42: Compgrison of Dengities for
different Test Casesin TRANSMS and HCM

The average density for the firg cdibraion test (0 _70) had the highest dengty among al
the tests. The value was found to be higher than the one predicted by HCM. For the rest
of the tests with look ahead distance being one link more than the current link the average
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vaues seemed to increase with the increase of the plan following cells configuration key.
However, dl of the average dendty vaues from the smulaion were lower than that
predicted by HCM, though not by avery large margin.

Next pat of the study involved testing the cdibrated smulation mode with a different
scenario and further comparison with HCM. It was seen that the best-cdibrated mode
would be the test case where the configuration keys CA LOOK_AHEAD_CELLS was 40
cdls and CA_PLAN_FOLLOWING_CELLS was 70 cells. But before comparisons were made
on scenario 2.

The comparison of the results for Scenario 2 is presented below in a tabulated as well as a
grephicad manner (Table 20 and Figure 43). The results are not very surprisng as this
scenario represents a congtrained type of operation and as discussed earlier the smulation
mode is not very accurate in predicting the speeds or the dendty. The dendity predicted
by TRANSIMS is a lot lower than that of HCM, while the weaving and the nonweaving
velocities are found to be higher than those predicted by HCM by alarge quantity.

. . NonWeaving Weaving
Scenario 2 Density Velocity Velocity
TRANSIMS 15.34 59.17 47.95

HCM 27.60 44.50 36.20

Table 20: Comparison of density and velocitiesin TRANSMS and HCM for scenario2

Scenario 2 Result Comparison

70.00
60.00
50.00
40.00 ] @ TRANSIMS
30.00 EHCM
20.00
10.00 T—
0.00 T T
Density NonWeaving  Weaving Velocity
Velocity

Density -> pc/mi/hr Velocity -> mi/hr

Figure 43: Comparison of density and velocitiesin TRANSMS and HCM for scenario2.
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Chapter 6: Conclusions

The fundamentd difference between HCM and TRANSIMS is tha HCM is a
deterministic modd in which the results are based on traditional data collected in the
1960's and revised while TRANSIMS is a stochastic smulation modd, which can mode
results based on several driver behavior parameters. A 15-minute Smulaion run only
represents one point of the data sample while HCM may represent an average vaue of
samples. Although a series of twelve smulation runs were peformed for every test and
scenario and an average collected for TRANSIMS, it only reduces the average error and
gets the results closer to the true convergence vaue of the smulation.

This research evduates how wel TRANSIMS ability to replicate complex-weaving
patterns in short distances. The previous chapters have outlined the comparaive andysis
and results of weaving areas between TRANSIMS and HCM. In generd, the following
conclusions cold be drawn from the badis of the analysis

1) TRANSIMS is not sendtive to various geomelric factors such as lane widith,
length of acceleration lane, length of decderation lane etc.

2) It was dso found that TRANSIMS results compared farly wdl with HCM for
Type A weaving areas under an uncondrained operation but the results did not
match closaly with HCM under a constrained operation.

3) The Microsmulator being a microscopic yet a coarse modd did not predict the
veocities of individud vehides dong the weaving section very accurady.
Vehicles were found to siop dong the weaving section for a second or two, which
isvery unlike redigtic scenario.

HCM on the other hand was not very useful in predicting the lane usage datigtics unlike
most smulation models by which such data could be aggregated. Another key area was
in the prediction of veocities dong the section. There was no way of predicting the
velocities across the section for different movement types which can again be collected
from most Smulation models.
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Scope for future research

This research mainly concentrated on comparison of Type A weaving aress, further study
could be conducted on how different the smulation results would be for other types of
configurations. Further research could try to compare a microscopic Smulation mode to
TRANSIMS and see how the results compare.

Another point of interest is that TRANSIMS does not have logic for deceeration and
accderation auxiliay lanes. This could be very criticd for the condderation of vehicle
emissons. Again, the deding of TRANSIMS in the decderation and accderation of a
vehicle controlled by the configuration keys, does not dlow for a change in behavior
depending on the functiond class of the road i.e., the same deceeration and acceleration
patters are used for both arterids and freeways. The effectiveness of such an approach or
its deficiencies could be studied.
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APPENDIX-A



Scenario 1-Test (1,2,3,4,5): HCM calculations

Establish Roadway and Traffic Conditions
All the treffic conditions are pecified in the calculation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 4000 pcph

A-D =300 pcph A 4000

B-C =600 pcph

B-D =100 pcph 600 300
B 100

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Criticd ratios may be computed as
follows

V= 600+300 = 900 pcph

V = 900+4000+100= 5000 pcph

VR =900/5000 = 0.18

R =300/900 = 0.33

Compute Unconstrained Weaving and Nonweaving Speeds

Weaving intensity factors are computed from Table 3.
For assumed unconstrained conditions on a Type A weaving section:
W = a(1+VR)(v/N)4/LY
W, = 0.226(1+0.18)%%(5000/4)*%/1000°° = 0.8110
W= 0.02(1+0.18)*°(5000/4)*3/1000*° = 0.4117
Then, on the basis of afree-flow speed, Ser , of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S+-10)/(1+W)
S, = 15+ (65-10)/(1+0.8110) = 45.37 mph
Saw =15 + (65-10)/(1+0.4117) = 53.96 mph



Check for Constrained Operation

Nw =2 19N RO.571LHO.234/SNO.438

Ny = 2.19(4)(0.18%°7%)(10%23%)/45.37°4%8 = 1.06 lanes

Asthisislesser than N,y (max) of 1.4 lanesfor a Type A weaving section, the section

operatesin an unconstrained mode.

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vaw)/(Vi/Sw + V! Snw)
S = (900+4100)/(900/45.37+4100/53.96) = 52.18 mph
D= (VIN)/S
D= (5000/4)/52.18 = 23.95 pc/hr/In
After consultation with Table 6 the LOS C.

Check Weaving Area Limitations
None of the limitationsindicated in Table 5 have been violated, and the results seem to

be appropriate.



Scenario 1- Test 6: HCM calculations

Establish Roadway and Traffic Conditions
All the traffic conditions are pecified in the cal culation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 5000 pcph

A-D =450 pcph A 5000

B-C =800 pcph

B-D =100 pcph 800 450
5 100

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Criticd ratios may be computed as
follows

V= 450+800 = 1250 pcph

V = 1250+5000+100= 6350 pcph

VR =900/5000 = 0.197

R =300/900 = 0.36

Compute Unconstrained Weaving and Nonweaving Speeds

Weaving intengity factors are computed from Table 3.
For assumed uncongtrained conditions on a Type A weaving section:
W = a(1+VR)(V/N)LY
W= 0.226(1+0.197)%%(6350/4)*°/1000%° = 1.063
W= 0.02(1+0.197)*°(6350/4)*3/1000"° = 0.594
Then, on the basis of afree-flow speed, Se , of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S -10)/(1+W)
Sw = 15+ (65-10)/(1+0.8110) = 41.66 mph
S =15 + (65-10)/(1+0.4117) = 49.50 mph



Check for Constrained Operation

Nw =2 19N RO.571LHO.234/SNO.438

Nw = 2.19(4)(0.197%°7%)(10°%*%)/41.66*%® = 1.16 lanes

Asthisislesser than N,y (max) of 1.4 lanesfor a Type A weaving section, the section

operaesin an unconstrained mode.

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vaw)/(Vi/Sw + V! Snw)
S = (1250+5100)/(1250/41.66+5100/49.50) = 47.73 mph
D= (VIN)/S
D= (6350/4)/47.73 = 33.26 pc/hr/In
After consultation with Table 6 the LOS C.

Check Weaving Area Limitations
None of the limitationsindicated in Table 5 have been violated, and the results seem to

be appropriate.



Scenario 1- Test 7: HCM calculations

Establish Roadway and Traffic Conditions
All the traffic conditions are pecified in the cal culation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 6000 pcph

A-D = 600 pcph A 6000

B-C = 1000 pcph

B-D =100 pcph 1000 600
B 100

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Criticd ratios may be computed as
follows

V= 1000+600 = 1600 pcph

V = 1600+6000+100= 7700 pcph

VR = 1600/7700 = 0.208

R = 600/1600 = 0.375

Compute Unconstrained Weaving and Nonweaving Soeeds
Weaving intengty factors are computed from Table 3.
For assumed uncongtrained conditions on a Type A weaving section:
W = a(1+VR)(V/N)LY
W,= 0.226(1+0.208)%%(7700/4)*°/1000%° = 1.315
W= 0.02(1+0.208)*°(7700/4)*3/2000'° = 0.792
Then, on the basis of afree-flow speed, Se , of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S -10)/(1+W)
S, = 15+ (65-10)/(1+1.315) = 38.76 mph
Shw =15 + (65-10)/(1+0.792) = 45.69 mph




Check for Constrained Operation

Nw =2 19N R0.571LHO.234/SN0.438

Ny = 2.19(4)(0.375>°"1)(10°234)/38.76*4% = 1.23 |anes

Asthisislesser than N,y (max) of 1.4 lanesfor a Type A weaving section, the section

operatesin an unconstrained mode.

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vaw)/(Vi/Sw + V! Snw)
S = (1600+6100)/(1600/38.76+6100/45.69) = 44.05 mph
D= (VIN)/S
D= (7700/4)/44.05 = 43.69 pc/hr/In
After consultation with Table 6 the LOS C.

Check Weaving Area Limitations
None of the limitations indicated in Table 5 have been violated, and the results seem to
be appropriate.




Scenario 1- Test 8: HCM calculations

Establish Roadway and Traffic Conditions
All the traffic conditions are specified in the caculation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 6000 pcph

A-D =800 pcph A 6000

B-C = 1200 pcph

B-D =100 pcph 1200 800
B 100

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Criticd ratios may be computed as
follows

V= 1200+800 = 2000 pcph

V = 2000+6000+100= 8100 pcph

VR =2000/8100 = 0.247

R =800/2000 = 0.4

Compute Unconstrained Weaving and Nonweaving Speeds

Weaving intengity factors are computed from Table 3.
For assumed unconstrained conditions on a Type A weaving section:
W = a(1+VR)(V/N)LY
W= 0.226(1+0.247)%%(8100/4)*%/1000°° = 1.484
Wow= 0.02(1+0.247)*°(8100/4)*3/1000"° = 0.961
Then, on the basis of afree-flow speed, Se , of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S -10)/(1+W)
Sy = 15+ (65-10)/(1+1.484) = 37.14 mph
Saw =15 + (65-10)/(1+0.961) = 43.05 mph



Check for Constrained Operation

Nw =2 19N RO.571LHO.234/SNO.438

Nw = 2.19(4)(0.4°°"1)(10°234)/37.14°4%® = 1.386 |anes

Asthisislesser than N,y (max) of 1.4 lanesfor a Type A weaving section, the section

operatesin an unconstrained mode.

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vaw)/(Vi/Sw + V! Snw)
S = (2000+6100)/(2000/37.14+6100/43.05) = 41.42 mph
D= (VIN)/S
D= (8100/4)/41.42 = 48.89 pc/hr/In
After consultation with Table 6 the LOS C.

Check Weaving Area Limitations
None of the limitationsindicated in Table 5 have been violated, and the results seem to

be appropriate.



Scenario 1- Test 9: HCM calculations

Establish Roadway and Traffic Conditions
All the traffic conditions are pecified in the cal culation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 4500 pcph

A-D = 1200 pcph A 4500

B-C = 1800 pcph

B-D = 300 pcph 180 1200
5 300

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Criticd ratios may be computed as
follows

V= 1200+1800 = 3000 pcph

V = 3000+4500+300 = 7800 pcph

VR =3000/7800 = 0.3846

R =1200/3000 = 0.4

Compute Unconstrained Weaving and Nonweaving Speeds

Weaving intengity factors are computed from Table 3.
For assumed uncongtrained conditions on a Type A weaving section:
W = a(1+VR)(V/N)LY
W,= 0.226(1+0.3846)>2(7800/4)*°/1000°° = 1.7991
W= 0.02(1+0.3846)*°(7800/4)*3/1000° = 1.3912
Then, on the basis of afree-flow speed, Se , of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S -10)/(1+W)
Sw = 15+ (65-10)/(1+1.7991) = 34.65 mph
Saw =15 + (65-10)/(1+1.3912) = 38.00 mph



Check for Constrained Operation

Nw =2 19N RO.571LHO.234/SNO.438

Nw = 2.19(4)(0.4°°"1)(10°2%4)/34.65>4*® = 1.84 lanes

Asthisis greater than N, (max) of 1.4 lanesfor a Type A weaving section, the section

operates in a congrained mode. The weaving intengity factors and speeds must therefore
be recomputed for the constrained case:

W,= 0.28(1+0.3846)%%(7800/4)*%/1000%° = 2.23

W= 0.02(1+0.3846)*°(7800/4)°-88/1000°¢ = 0.915
And

Sy = 15+ (65-10)/(1+2.23) = 32.03 mph

Shw =15 + (65-10)/(1+0.915) = 43.72 mph

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vaw)/(Vi/Sw + V i/ Snw)
S = (3000+4800)/(3000/32.03+4800/43.72) = 38.34ph
D= (VIN)/S
D= (7800/4)/39.6 = 50.86 pc/hr/In

Check Weaving Area Limitations
None of the limitationsindicated in Table 5 have been violated, and the results seem to
be appropriate.




Scenario 2;: HCM calculations

Establish Roadway and Traffic Conditions
All the traffic conditions are pecified in the calculation description and Figure below

Convert All Traffic Volumes to Peak Flow Rates Under Ideal Conditions
A-C = 1490 pcph

A-D =993 pcph A 1490

B-C =794 pcph

B-D =0 pcph 794 993
5 0

Construct Weaving Diagram

The weaving diagram is shown in Figure above. Critica ratios may be computed as
follows

V= 993+794 = 1787 pcph

V =1787+1490 = 3277 pcph

VR =1787/3277 = 0.55

R =794/1787 = 0.44

Compute Unconstrained Weaving and Nonweaving Speeds

Weaving intengity factors are computed from Table 3.
For assumed uncongtrained conditions on a Type A weaving section:
W = a(1+VR)(V/N)LY
W= 0.226(1+0.55)*2(3277/3)1%/1000°° = 1.292
W= 0.02(1+0.55)*°(3277/3)*%/1000"° = 1.028
Then, on the basis of afree-flow speed, S |, of 65 mph, the weaving and nonweaving
vehicle speeds can be estimated:
S =15+ (S -10)/(1+W)
Sy = 15+ (65-10)/(1+1.292) = 40.0 mph
Shw =15 + (65-10)/(1+1.028) = 42.1 mph



Check for Constrained Operation

Nw =2 19N RO.571LHO.234/SNO.438

Ny = 2.19(3)(0.55%>"1)(10°2%4)/40.0°4%® = 1.6 lanes

Asthisis greater than Ny, (max) of 1.4 lanesfor a Type A weaving section, the section

operates in a congrained mode. The weaving intengity factors and speeds must therefore
be recomputed for the constrained case:

W,= 0.28(1+0.55)%?(3277/3)*°/1000°° = 1.600

W= 0.02(1+0.55)*°(3277/3)°¢8/1000°° = 0.863
And

Sy = 15+ (65-10)/(1+1.60) = 36.2 mph

Sow =15 + (65-10)/(1+0.863) = 44.5 mph

Compute Average (Space Mean) Speed and Density of All Vehiclesin Weaving Area
S= (Vv + Vi) (V/Sw + Vil Snw)
S = (1787+1490)/(1787/36.2+1490/44.5) = 39.6 mph
D= (VIN)/S
D= (3277/3)/39.6 = 27.6 pc/hr/In
After consultation with Table 6 the LOS C, though barely.

Check Weaving Area Limitations
None of the limitations indicated in Table 5 have been violated, and the results seem to
be appropriate.




APPENDIX-B



Test 1: OnRamp Velocity Profile data

DISTANCE| Run1l Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 Avg
7.50 16.93 18.25 19.86 19.43 16.20 19.84 17.64 16.48 15.21 12.73 15.61 16.56 17.06
15.00 14.40 13.25 16.90 1357 13.29 15.12 13.88 12,68 12.84 1044 13.74 12.69 13.57
22.50 10.19 10.77 11.03 10.58 9.59 12.21 10.00 9.17 10.76 8.37 10.21 10.28 10.26
30.00 8.04 7.96 7.85 845 7.26 8.50 8.28 8.13 759 6.69 7.55 7.26 7.80
37.50 10.27 9.23 12.88 9.04 8.68 12.05 9.70 8.65 9.45 9.24 8.74 8.79 9.73
45.00 747 6.88 9.00 6.88 6.79 7.62 7.94 6.66 7.89 7.15 7.55 7.73 7.46
52.50 8.80 8.22 9.49 7.93 7.22 8.87 8.30 7.24 7.81 8.22 7.72 8.17 8.17
60.00 10.53 8.09 9.77 9.49 7.97 9.45 9.72 821 9.18 8.27 8.76 8.99 9.03
67.50 11.63 9.35 12.92 1143 8.88 10.88 11.01 9.52 10.31 10.17 10.30 941 10.48
75.00 12.93 9.14 13.17 11.35 953 11.20 12.59 9.46 11.50 1141 9.86 11.89 11.17
82.50 13.70 10.69 12.20 13.88 10.83 14.05 13.99 10.02 12.25 1341 12.12 13.10 12.52
90.00 14.81 12.32 13.95 15.82 11.02 15.68 14.68 11.63 13.21 13.50 13.72 14.35 13.72
97.50 16.25 12.47 17.34 15.92 13.58 15.38 14.89 13.59 13.38 15.67 14.58 15.42 14.87
105.00 17.31 12.62 17.59 16.55 12.65 18.28 16.15 13.60 13.20 15.73 14.53 14.69 15.24
11250 18.40 15.75 15.70 17.41 14.25 18.62 17.92 14.88 16.30 17.50 16.23 18.32 16.77
120.00 19.18 15.61 19.44 19.47 15.52 19.18 19.64 15.83 17.61 17.45 16.20 18.40 17.79
12750 17.59 12.86 19.69 20.66 14.48 22.08 18.30 17.20 1743 18.58 16.77 21.70 18.11
135.00 18.79 13.27 17.05 18.58 15.88 20.94 19.67 15.55 17.78 19.24 16.93 20.56 17.85
142.50 19.38 16.13 17.36 21.83 16.22 22.08 20.27 16.64 19.62 19.95 15.30 20.91 18.81
150.00 22.12 15.53 2352 21.14 17.79 2333 18.88 20.39 20.85 21.48 18.32 20.15 20.29
157.50 2317 16.65 24.24 25.63 18.68 2372 21.86 19.80 2141 24.95 17.18 22.65 21.66
165.00 23.06 20.13 26.03 2392 19.09 24.38 21.68 20.56 24.60 2547 20.53 23.08 22.71
172.50 24.60 21.12 26.26 25.15 21.20 27.63 21.67 21.08 24.80 25.78 21.11 23.92 23.69
180.00 26.15 20.73 26.49 26.39 2332 26.79 21.65 23.40 25.00 26.08 21.70 24.77 24.37
187.50 26.77 21.31 26.46 27.90 25.00 27.04 23.23 23.50 25.63 27.30 21.18 25.85 25.10
195.00 26.94 21.98 2741 27.89 24.84 27.66 25.78 2411 25.69 28.30 2355 26.63 25.90
202.50 28.31 24.19 25.40 29.56 26.81 28.22 25.69 26.44 27.14 26.64 24.00 27.21 26.63
210.00 27.00 24.75 2821 27.66 26.59 2843 25.50 26.17 2712 27.07 2547 27.31 26.77
21750 28.22 24.71 29.25 29.04 26.83 27.88 25.63 26.15 26.94 28.54 25.54 28.95 27.31
225.00 28.35 2553 28.13 27.86 27.50 2758 27.07 27.04 28.18 27.86 26.71 27.07 27.40
232.50 27.98 26.35 2743 27.64 27.88 28.33 25.06 26.79 28.04 28.06 26.52 27.19 27.27
240.00 2842 26.64 28.08 27.13 28.39 2857 2643 27.72 27.99 2856 27.50 27.14 27.72
24750 27.93 27.73 28.06 29.58 27.66 2854 25.21 26.92 27.55 28.04 27.75 26.96 27.66
255.00 27.92 28.35 27.75 28.31 28.33 27.27 25.00 2824 2757 28.59 27.19 27.77 27.69
262.50 28.08 28.13 28.22 28.75 27.93 2824 25.77 27.78 27.19 27.89 27.97 27.00 27.75
270.00 28.77 27.27 2838 27.19 27.61 28.39 26.52 28.69 2832 27.93 28381 2858 2804
27750 27.89 27.50 28.06 26.44 28.37 28.62 27.10 27.44 2850 28.21 2843 26.91 27.79
285.00 27.00 26.81 27.13 27.35 27.07 271.77 26.54 28.00 27.03 28.13 28.17 28.99 27.50
29250 27.95 26.81 27.83 2801 27.95 27.16 2561 2850 26.64 27.00 29.25 26.67 27.45




Test 1: RampRamp Velocity Profile data

DISTANCE| Run1l Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 Avg
15.00 18.41 13.25 21.00 21.88 15.00 22.50 22.50 14.17 22.50 22.14 24.06 17.28 19.56
22.50 1417 10.77 2250 16.50 10.83 18.21 18.33 12.75 15.00 11.25 15.83 9.81 14.66
30.00 8.04 7.96 15.00 10.71 9.38 750 6.00 5.89 11.79 10.50 10.00 11.67 9.54
37.50 1544 9.23 19.29 18.75 12.50 18.75 19.69 14.25 19.69 5.25 14.25 16.25 15.28
45.00 17.70 6.88 24.00 25.00 12.79 2654 24.64 15.00 2214 18.93 21.35 16.50 19.29
52.50 16.07 8.22 2333 15.00 11.25 21.00 2333 12,69 18.75 10.96 10.50 17.31 15.70
60.00 13.39 8.09 13.50 13.13 11.59 17.50 15.00 11.25 18.75 12.86 8.75 12.86 13.05
67.50 21.96 9.35 2250 22.50 16.41 2318 22.50 16.25 19.00 18.75 2333 22.50 19.85
75.00 18.95 9.14 2550 23.25 13.27 2375 23.75 13.93 2531 23.00 21.85 18.00 19.97
82.50 22.06 10.69 2250 2357 16.25 2143 24.00 20.36 21.00 20.00 15.00 20.63 19.79
90.00 18.75 12.32 30.00 22.50 17.73 16.50 11.25 16.88 21.00 16.25 13.33 18.75 17.94
97.50 21.25 12.47 26.67 23.75 21.14 28.13 23.25 23.44 25.71 18.75 24.55 23.25 22.70
105.00 21.07 12.62 27.50 27.19 22.50 25.00 27.50 30.00 2833 26.25 25.96 26.25 25.01
112.50 23.08 15.75 27.50 26.25 22.00 26.25 24.75 2531 26.25 25.50 24.00 24.64 24.27
120.00 24.00 15.61 26.25 25.00 16.88 30.00 20.63 25.00 22.50 24.38 22.50 25.00 2314
127.50 23.00 12.86 27.50 16.50 22.50 27.75 30.00 25.71 29.32 24.75 21.00 27.86 24.06
135.00 25.96 13.27 27.86 20.00 20.00 27.00 2417 2125 26.67 27.19 27.75 2571 2390
142.50 25.18 16.13 30.00 15.00 25.23 28.50 27.00 2357 2571 27.00 22.50 28.75 24.55
150.00 23.25 15,53 25.00 2344 25.50 24.00 26.25 15.00 22.50 21.56 17.31 28.50 22.32
157.50 25.63 16.65 27.86 17.25 24.64 30.00 25.50 2143 27.75 27.86 23.33 28.93 24.74
165.00 27.75 20.13 30.00 2583 27.00 2875 2813 2571 26.79 27.00 2417 25.00 26.35
17250 26.72 21.12 27.00 25.83 28.33 27.50 29.06 25.00 25.83 27.86 26.25 25.00 26.29
180.00 26.25 20.73 30.00 25.83 26.25 2813 30.00 22.50 26.79 27.19 28.33 30.00 26.83
187.50 27.50 21.31 30.00 26.25 27.19 28.75 28.75 2531 27.50 27.50 26.25 28.13 27.04
195.00 26.25 21.98 30.00 26.25 27.75 27.86 30.00 2550 26.25 28.13 2571 30.00 2714
202.50 28.93 24.19 28.75 30.00 28.93 30.00 30.00 30.00 27.86 28.13 28.13 28.75 28.64
210.00 25.38 24.75 30.00 28.50 30.00 30.00 20.45 24.38 27.86 30.00 27.00 26.25 27.05
217.50 27.86 24.71 27.27 28.50 30.00 30.00 22.50 27.86 29.06 28.93 27.19 27.86 27.64
225.00 27.75 25.53 24.38 30.00 29.32 29.06 25.71 22.50 30.00 27.00 26.25 28.75 27.19
23250 29.46 26.35 30.00 25.71 30.00 30.00 27.50 22.50 29.06 28.93 27.19 30.00 28.06
240.00 30.00 26.64 28.13 28.93 28.13 28.50 26.25 28.50 28.13 28.75 27.27 28.93 28.18
24750 27.12 27.73 2932 28.50 26.88 30.00 27.50 27.19 2893 2893 27.00 2893 2817
255.00 27.86 28.35 30.00 28.93 28.13 29.17 22.50 30.00 28.93 28.50 28.93 30.00 28.44
262.50 28.50 2813 28.13 28.75 28.50 26.25 2344 24.38 30.00 30.00 2813 28.75 27.74
270.00 29.17 27.27 26.25 27.86 27.00 27.00 27.19 30.00 29.17 28.93 28.64 30.00 28.21
27750 30.00 27.50 27.75 2531 30.00 30.00 5.00 30.00 2750 27.00 2813 30.00 26.52
285.00 27.27 26.81 30.00 25.31 30.00 2813 25.50 27.00 30.00 25.00 28.13 28.75 27.66
292.50 28.39 26.81 30.00 25.00 28.75 26.25 26.67 30.00 2833 28.50 27.50 30.00 28.02
15.00 1841 13.25 21.00 21.88 15.00 2250 22,50 14.17 2250 2214 24.06 17.28 19.56




Test 1: Through Velocity Profile data

DISTANCE| Run1l Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 Avg
7.50 13.79 9.15 18.05 12.26 7.71 12.48 13.64 9.77 9.21 11.57 14.42 10.81 11.90
15.00 15.22 10.79 18.38 1345 8.00 14.50 14.38 1047 10.64 12.49 14.84 12.08 12.94
22.50 14.43 11.75 18.33 13.71 10.32 15.91 15.60 11.55 11.92 13.96 14.46 12.76 13.73
30.00 15.02 11.22 18.03 14.13 10.48 16.40 15.52 11.84 11.68 13.65 13.97 12.25 13.68
37.50 14.79 12.04 16.51 15.15 11.35 16.53 15.91 12.17 12.42 14.75 15.10 12.46 14.10
45.00 17.58 1457 18.98 17.44 14.11 18.17 16.57 12.77 13.76 16.56 16.49 14.88 15.99
52.50 18.27 15.31 20.61 18.74 14.52 19.69 18.57 14.74 14.61 17.36 17.27 15.67 17.11
60.00 18.67 16.12 20.47 19.53 15.03 20.19 19.44 15.34 15.30 18.35 17.69 16.45 17.71
67.50 20.18 16.81 2144 20.77 15.72 20.13 20.12 16.58 16.86 20.03 18.73 17.54 18.74
75.00 21.70 19.55 2212 22.57 18.90 22.03 20.68 18.04 18.82 21.79 20.49 20.12 20.57
82.50 22,51 19.22 22.96 22.87 19.00 2322 21.64 19.13 19.06 21.76 21.27 21.24 21.16
90.00 22.44 20.48 2323 23.73 19.26 23.96 22.26 19.62 20.38 2241 22.31 21.76 21.82
97.50 23.70 21.01 2334 24.75 20.50 24.78 23.05 20.67 2171 2325 21.94 22.85 22.63
105.00 24.72 21.98 24.77 24.97 21.85 24.76 24.34 21.09 23.02 25.02 2347 23.88 23.66
11250 2444 21.20 25.07 24.98 21.80 25.90 25.15 22.52 22.72 25.14 2319 24.79 2391
120.00 25.40 21.77 25.77 25.94 22.57 25.52 25.08 23.37 24.14 25.13 23.97 25.69 24.53
12750 25.15 2324 25.79 26.20 23.80 2532 25.60 24.04 2472 2587 24.06 2553 24.94
135.00 26.06 24.73 26.28 26.64 24.68 25.90 26.09 24.65 2561 25.78 24.75 26.22 25.62
142.50 2591 24.62 27.05 26.47 2511 26.30 25.75 2553 2539 26.17 25.40 26.61 25.86
150.00 26.37 24.99 26.73 27.61 2543 27.05 25.59 2534 26.39 27.38 24.69 27.03 26.22
157.50 26.75 25.06 27.07 27.25 26.07 26.98 2581 26.28 26.85 27.13 2592 27.50 26.56
165.00 27.18 25.90 27.44 27.77 26.54 27.60 25.21 2593 26.82 27.58 2544 28.06 26.79
172.50 27.21 26.33 27.55 27.70 26.90 27.84 25.84 26.02 26.73 27.52 25.85 27.90 26.95
180.00 27.24 26.77 27.66 28.11 27.25 2791 2647 26.12 26.65 27.47 26.26 27.74 27.14
187.50 27.65 27.17 2751 27.96 26.92 27.79 27.06 26.63 26.81 27.80 26.88 27.83 27.33
195.00 28.15 27.37 27.62 28.28 27.42 27.92 26.45 27.52 27.58 27.74 26.42 28.03 27.54
202.50 28.13 26.92 27.69 27.50 26.99 28.06 27.27 27.68 27.33 27.77 27.05 27.76 2751
210.00 28.18 27.61 27.93 28.23 27.05 27.99 26.83 27.49 27.79 27.88 26.81 28.00 27.65
217.50 28.33 27.96 27.53 28.01 27.68 28.05 26.68 27.63 2752 2791 2742 28.05 27.73
225.00 28.13 27.50 27.78 27.73 27.10 28.08 27.35 27.21 27.65 28.15 27.70 28.18 27.71
232.50 27.93 27.78 27.78 28.29 27.31 28.05 27.65 27.95 27.65 27.58 27.28 28.04 27.78
240.00 28.13 27.82 28.07 27.68 27.45 2792 27.37 27.61 27.66 28.04 27.79 28.00 27.80
24750 27.91 27.77 28.09 28.26 27.66 27.44 27.62 27.73 28.02 28.03 27.62 27.87 27.83
255.00 28.03 28.18 2834 2853 27.67 28.18 27.42 27.77 27.56 27.89 27.80 28.05 27.95
262.50 27.99 28.35 28.07 27.96 27.32 27.76 27.30 27.92 27.88 27.96 28.15 27.68 27.86
270.00 27.85 27.79 27.84 27.72 27.80 28.04 27.06 27.44 2837 27.85 2811 27.39 21.77
27750 28.15 27.77 28.06 27.77 27.64 27.97 27.51 27.76 28.02 28.23 28.32 28.00 27.93
285.00 27.73 28.10 28.13 27.60 27.41 27.79 27.19 27.78 28.02 27.91 28.03 27.73 27.78
29250 27.80 27.50 28.00 27.73 27.25 28.03 27.15 27.61 2767 28.04 27.90 27.90 27.72




Test 1: Offramp Velocity Profile data

DISTANCE| Run1l Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Run 12 Avg
7.50 11.84 8.18 16.41 13.79 7.87 13.83 16.07 8.31 9.25 10.82 14.25 8.68 11.61
15.00 13.78 7.60 16.10 12.94 7.50 16.15 14.62 10.04 10.46 9.75 11.75 10.56 11.77
22.50 12.03 8.87 14.67 10.63 757 9.89 11.77 941 6.93 11.55 13.91 9.67 10.57
30.00 9.28 8.13 10.52 8.71 6.92 8.98 9.66 8.06 7.14 9.89 11.01 8.01 8.86
37.50 7.95 7.65 8.47 9.15 5.77 9.43 8.08 5.93 7.58 8.67 8.80 741 791
45.00 775 6.70 7.00 717 6.72 7.93 8.20 7.68 759 5.60 7.38 7.23 7.25
52.50 8.11 741 9.51 750 7.59 7.95 7.29 7.40 8.28 8.80 8.06 7.15 7.92
60.00 8.71 851 9.34 10.50 8.28 9.18 8.90 8.63 8.85 9.52 8.86 8.38 8.97
67.50 10.41 9.07 11.67 9.57 8.86 10.53 12.45 8.51 10.16 9.55 9.71 9.12 9.97
75.00 10.68 947 11.79 11.59 9.83 12.63 10.67 943 10.00 11.09 8.69 792 10.32
82.50 10.38 12.39 14.53 13.59 10.90 13.90 11.25 11.18 9.40 12.00 10.77 10.16 11.70
90.00 13.54 11.88 16.42 15.54 12.03 13.79 15.19 12.00 11.91 17.06 13.27 12.05 13.72
97.50 14.13 12.23 15.78 1346 11.18 17.58 1547 11.72 12.86 12.95 15.00 15.75 14.01
105.00 17.50 14.82 17.28 14.74 14.84 19.69 15.24 12.68 15.63 17.68 14.32 1741 15.99
11250 18.13 15.21 21.39 16.07 14.09 22.50 16.63 15.77 15.91 19.20 16.94 19.29 17.59
120.00 19.17 17.14 19.85 19.35 16.35 22.86 22.03 16.07 18.52 24.46 19.63 20.83 19.69
12750 19.39 19.14 22.06 15.75 16.62 2330 2292 18.75 16.10 20.63 19.58 20.83 19.59
135.00 19.90 16.92 22.14 1741 17.96 23.75 22.20 16.54 17.77 25.10 16.43 20.11 19.69
142.50 21.89 13.50 2563 18.87 15.91 25.66 18.17 16.40 18.09 25.76 18.64 24.38 20.24
150.00 21.03 18.75 26.25 20.81 17.95 2393 22.50 19.69 21.82 26.07 19.62 25.94 22.03
157.50 23.37 2147 2542 19.89 22.50 2761 21.48 20.36 20.74 27.08 15.39 24.83 2251
165.00 25.07 22.00 25.83 21.79 24.29 24.20 2217 21.39 2556 27.07 19.89 2318 2354
172.50 25.93 23.39 27.38 24.11 24.38 26.57 20.77 24.25 26.43 26.95 24.52 24.94 24.97
180.00 26.57 24.78 2844 2643 2531 28.93 21.92 25.00 25.00 26.83 2357 26.70 25.79
187.50 2743 2545 26.84 25.00 28.39 27.60 24.17 26.70 2594 26.54 22.03 28.98 26.26
195.00 27.16 25.50 29.42 26.79 27.39 2824 26.25 25.65 26.74 28.88 21.20 27.69 26.74
202.50 27.42 27.27 28.13 28.44 27.27 28.75 25.91 2591 25.94 29.25 23.75 28.42 27.20
210.00 28.06 26.88 28.37 27.19 27.95 27.66 2643 26.70 28.30 29.42 2531 28.50 27.56
217.50 28.42 27.39 29.50 28.24 28.66 28.27 20.45 26.70 2741 28.85 2321 29.21 27.19
225.00 28.71 27.61 28.13 27.32 27.81 28.00 20.10 26.25 29.06 28.13 2357 29.38 27.01
232.50 27.92 27.86 28.50 27.98 29.12 28.68 25.80 24.75 28.56 28.03 26.07 28.93 27.68
240.00 28.80 2875 2864 2857 27.67 2792 25.66 27.90 28.88 29.64 27.69 2819 2819
24750 29.21 27.30 29.38 27.92 27.59 29.66 25.13 28.75 28.97 27.08 28.24 28.50 28.14
255.00 28.78 27.75 29.12 28.13 2842 28.03 24.08 28.36 27.79 27.98 27.86 27.00 27.77
262.50 30.00 27.38 28.25 28.25 28.24 28.50 26.93 28.13 29.06 28.00 29.50 28.42 28.39
270.00 28.01 28.70 2875 29.50 2875 2842 23.70 27.78 28.88 27.81 29.42 29.44 28.26
27750 29.09 2844 27.00 29.21 28.89 28.64 22.92 28.37 29.22 27.66 28.82 28.59 28.07
285.00 28.85 28.04 27.08 26.67 27.75 29.12 20.83 29.22 27.07 28.56 28.93 27.50 2747
29250 27.36 29.46 29.40 29.38 27.63 27.92 24.64 2714 2813 27.19 2893 28.24 27.95




Test 2: OnRamp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Avg
7.50 20.06 19.26 18.24 19.95 18.75 19.01 17.87 16.05 17.18 18.75 15.09 18.20
15.00 13.50 13.81 13.52 15.30 14.70 15.26 13.03 13.02 14.68 16.18 12.38 14.12
22.50 10.98 11.90 10.91 11.25 12.40 10.54 9.47 9.58 9.79 11.91 10.08 10.80
30.00 941 9.18 745 8.96 9.87 8.84 8.32 8.02 8.24 8.40 9.08 8.71
37.50 13.16 12.90 10.10 11.56 10.95 11.19 11.03 9.55 1112 9.96 12.14 11.24
45.00 8.95 8.99 8.52 8.60 8.68 9.77 9.32 9.17 8.50 8.23 8.33 8.82
52.50 12.36 10.80 9.81 10.23 10.82 10.05 11.29 9.27 9.66 9.63 9.10 10.28
60.00 12.69 12.03 11.15 1167 12.33 11.79 1054 11.82 12.05 12.00 11.65 11.79
67.50 15.21 14.18 15.72 15.32 14.55 13.85 12.26 12.78 12.71 13.94 12.70 13.93
75.00 14.86 14.80 14.06 14.18 15.00 14.35 13.99 14.35 13.06 14.88 13.10 14.24
82.50 16.62 15.54 16.70 15.58 18.10 16.53 13.56 15.58 14.49 16.39 13.54 15.69
90.00 18.14 17.10 18.68 16.97 18.98 17.58 14.21 16.41 15.61 17.33 18.20 17.20
97.50 20.80 19.11 19.91 19.50 18.33 18.15 17.65 18.93 16.14 20.66 19.30 18.95
105.00 21.00 18.62 19.71 19.02 19.23 18.03 18.81 18.82 16.25 19.22 18.93 18.88
11250 22.35 19.39 2321 19.53 19.50 19.55 18.27 18.87 18.75 20.05 18.75 19.84
120.00 2443 2342 2362 19.74 24.46 21.38 19.10 20.38 20.63 23.01 19.42 21.78
127.50 23.81 23.75 24.50 19.74 23.85 19.90 22.64 19.80 18.38 24.29 2053 21.93
135.00 2368 22.66 2372 20.66 2250 21.00 2147 19.05 20.45 2250 20.25 21.63
142.50 25.54 2441 24.56 21.36 25.76 2342 23.69 2154 21.93 22.67 22.20 23.37
150.00 2542 2542 26.47 20.56 2757 24.46 22.50 22.50 22.07 25.06 2218 24.02
157.50 25.83 26.63 27.07 23.78 26.88 25.57 24.30 24.75 24.00 24.30 24.96 25.28
165.00 26.85 25.69 28.75 24.15 27.32 26.02 2355 26.76 25.69 2577 24.67 2593
172.50 26.76 27.68 27.94 23.06 27.84 27.00 24.34 25.31 25.53 26.05 25.76 26.12
180.00 26.67 28.32 27.63 26.43 28.36 26.86 2523 27.07 27.97 26.34 26.45 27.03
187.50 26.34 27.17 2792 26.63 28.79 28.01 27.03 27.62 26.05 27.69 2732 27.33
195.00 25.50 28.17 2743 25.95 27.50 26.96 26.96 28.01 28.00 27.50 27.00 27.18
202.50 27.83 27.80 2744 27.00 2821 28.04 27.55 27.36 27.61 2757 28.27 27.70
210.00 28.24 2891 28.07 27.75 2831 28.17 27.56 27.44 26.44 28.69 27.56 27.92
21750 29.57 29.06 28.59 2854 28.06 27.35 27.56 27.95 27.64 27.56 2856 2822
225.00 27.75 28.67 28.39 28.13 2745 27.88 27.50 28.65 27.35 28.38 2841 28.05
23250 27.86 27.45 28.08 28.64 2824 27.86 28.39 28.71 27.38 27.73 2850 28.07
240.00 27.75 28.57 27.36 29.19 28.45 28.42 28.35 28.50 28.01 27.99 2797 28.23
24750 27.86 27.73 27.16 28.46 2855 27.64 27.72 27.19 2813 2850 29.15 28.01
255.00 27.66 28.17 28.21 28.18 2891 26.93 27.57 28.47 28.91 28.58 27.69 28.11
262.50 2817 2817 2813 2512 28.46 2846 2813 27.71 28.26 2763 28.27 27.86
270.00 27.19 28.39 28.07 26.81 28.61 27.91 28.65 28.57 28.93 27.88 27.68 28.06
27750 28.25 27.95 27.86 27.32 27.92 26.88 28.40 27.29 28.50 28.17 27.56 27.83
285.00 28.18 27.93 26.91 27.61 2856 28.78 27.75 27.33 2859 28.07 24.89 27.69
292.50 29.04 28.39 28.65 27.75 28.55 28.13 27.00 27.05 28.93 27.94 26.34 27.98




Test 2: Ramp-Ramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run11 Avg
15.00 21.79 20.25 21.30 23.21 24.11 21.67 23.18 20.63 18.38 22.50 22.16 21.74
22.50 17.50 20.00 17.73 1350 18.21 17.50 12.19 16.73 15.00 17.05 15.58 16.45
30.00 11.25 12.86 10.50 9.00 15.00 11.25 11.25 11.25 9.38 857 9.38 10.88
37.50 20.00 15.63 22.50 12.86 20.00 18.33 857 15.00 1333 13.13 15.58 15.90
45.00 26.54 17.14 26.25 27.66 30.00 23.08 20.63 23.86 25.38 19.38 18.95 2353
52.50 22.50 17.31 19.09 22.50 2875 30.00 2357 20.25 18.00 18.75 16.50 2157
60.00 18.75 9.38 13.93 19.50 22.50 19.29 15.00 12.95 10.00 15.00 13.75 15.46
67.50 27.86 21.56 23.86 22.50 22.50 24.17 22.50 17.34 17.14 21.56 21.00 22.00
75.00 28.27 20.63 26.00 26.00 30.00 26.79 27.86 17.81 25.18 2523 25.63 2540
82.50 30.00 21.00 2344 25.50 28.50 21.25 27.50 19.82 2250 24.64 24.64 24.44
90.00 25.00 17.14 18.00 21.00 24.64 24.64 15.00 17.50 20.00 21.25 25.00 20.83
97.50 27.19 27.00 24.23 22.50 26.25 28.93 20.00 23.75 24.00 23.33 25.00 24.74
105.00 29.32 23.00 27.69 29.25 22.50 26.79 28.75 25.00 29.38 27.50 29.17 27.12
112.50 30.00 28.13 25.50 27.00 27.50 20.00 2571 23.25 21.25 2357 25.71 25.24
120.00 27.00 16.36 25.00 27.00 27.86 25.00 9.38 27.00 30.00 28.13 27.50 2457
127.50 28.93 26.25 27.00 24.55 28.50 27.19 20.00 25.18 22.50 23.75 25.31 25.38
135.00 29.32 2813 2750 27.86 30.00 2571 26.79 28.33 22.50 2417 2325 26.69
142.50 30.00 24.64 26.25 25.50 29.06 30.00 27.00 30.00 22.50 25.00 25.00 26.81
150.00 27.86 24.64 26.79 28.13 30.00 28.75 26.25 26.25 22.50 26.25 29.17 26.96
157.50 26.25 2591 27.00 22.50 22.50 27.27 25.00 30.00 27.19 27.95 27.86 26.31
165.00 30.00 26.67 28.85 2550 30.00 26.25 27.86 20.17 2813 26.67 2917 28.02
17250 28.75 27.58 27.76 2454 30.00 28.13 30.00 29.58 26.25 26.25 29.58 28.04
180.00 27.50 28.50 26.67 2357 30.00 27.50 30.00 30.00 26.25 26.25 30.00 27.84
187.50 29.06 29.32 26.59 28.64 30.00 28.64 2813 28.64 27.50 27.27 26.67 28.22
195.00 28.75 2850 2850 24.00 26.25 30.00 2813 30.00 30.00 27.86 2833 2821
202.50 26.25 27.50 2750 28.13 27.19 28.50 26.25 29.17 28.50 26.25 28.75 27.63
210.00 29.17 26.79 29.17 25.83 28.75 30.00 25.00 28.13 25.71 28.50 27.19 27.66
217.50 30.00 28.50 29.32 29.17 30.00 28.85 26.25 30.00 28.75 29.32 28.93 29.01
225.00 2893 2850 30.00 2813 26.25 22.50 30.00 27.75 2850 2813 2850 27.93
23250 26.25 30.00 26.25 27.00 30.00 26.25 30.00 28.13 28.50 27.50 28.50 28.03
240.00 27.95 28.33 28.93 27.27 28.93 26.79 30.00 26.67 30.00 27.50 30.00 28.40
24750 28.50 2917 29.32 28.75 26.25 2850 2750 27.75 2893 30.00 29.06 2852
255.00 28.93 30.00 30.00 28.13 26.25 26.25 30.00 28.13 30.00 30.00 28.13 28.71
262.50 26.25 27.50 30.00 26.79 28.50 30.00 26.25 27.50 28.75 27.00 24.38 2754
270.00 29.32 28.33 27.75 29.17 28.93 28.33 30.00 27.50 27.86 27.50 28.93 2851
27750 27.50 29.06 2917 30.00 27.00 30.00 2893 29.06 30.00 2833 26.25 28.66
285.00 30.00 29.17 27.75 27.50 26.25 2550 2813 28.33 28.50 27.19 29.25 27.96
292.50 26.25 28.75 28.13 27.86 26.25 26.25 30.00 29.06 27.86 26.79 30.00 27.93




Test 2: Through Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Avg
7.50 19.05 21.12 18.84 17.88 22.14 18.20 18.08 15.03 16.55 18.82 17.33 18.46
15.00 20.52 2241 19.56 19.70 23.50 20.35 18.34 17.35 2047 20.25 19.24 20.15
2250 21.19 2244 19.73 20.29 2242 2041 18.77 17.59 2048 19.80 19.46 20.24
30.00 20.98 2153 20.24 19.59 2331 19.92 19.44 18.37 20.60 20.79 20.65 20.49
37.50 21.78 2221 2113 19.74 2257 20.17 20.32 19.75 19.51 20.13 20.01 20.67
45.00 23.16 24.06 23.03 21.71 23.88 22.58 20.91 2157 21.65 22.16 21.54 22.39
52.50 2393 24,64 2397 2232 24.69 2361 21.70 2274 2361 2361 21.92 2334
60.00 2443 2455 23.68 2214 2487 23.60 2248 23.62 23.92 23.70 22.83 23.62
67.50 25.13 24.30 24.36 22.93 24.81 24.76 22.70 2379 2358 2356 2354 2395
75.00 26.22 2533 2583 2511 25.84 26.16 2345 25.03 24.27 25.02 24.89 2519
82.50 26.05 2513 25.94 2518 26.65 25.89 24.12 24.98 25.12 26.20 2517 2549
90.00 26.12 2575 26.52 25.68 2647 25.78 2414 2593 2514 25.20 24.89 25.60
97.50 26.50 26.42 26.86 2557 26.17 25.61 24.56 25.95 24.69 25.87 24.92 25.74
105.00 27.30 26.78 27.08 26.95 26.74 26.29 2524 26.10 25.72 26.19 26.48 26.44
112.50 27.18 27.38 27.24 26.38 27.15 26.17 26.08 25.95 25.70 26.42 26.31 26.54
120.00 26.73 2745 27.20 2642 27.40 25.80 26.29 2556 26.37 26.26 26.37 2653
127.50 2742 27.60 2761 26.27 2750 2647 25.89 26.07 25.66 26.28 2641 26.65
135.00 27.69 2812 2811 27.19 27.64 27.37 26.69 26.79 26.98 26.58 27.10 2729
142.50 27.70 27.73 27.79 27.20 28.04 27.27 26.63 27.29 27.20 26.90 26.97 27.34
150.00 27.79 28.02 27.85 26.70 27.80 27.85 26.73 28.01 26.77 26.82 27.36 2743
157.50 27.55 27.53 27.80 26.55 27.98 27.38 26.25 27.64 26.91 27.43 27.33 27.30
165.00 28.22 28.16 27.96 26.84 28.10 27.56 26.97 27.89 27.35 27.78 27.82 27.70
17250 27.92 28.19 28.02 26.82 27.95 27.63 27.28 27.73 27.36 27.96 2791 27.70
180.00 27.61 28.22 28.08 26.80 27.79 27.70 27.59 27157 27.36 27.72 27.99 27.68
187.50 28.03 2843 2742 26.92 28.10 27.35 27.40 2824 2748 27.30 27.85 2768
195.00 27.63 28.19 27.70 27.92 28.15 28.12 27.93 28.28 27.53 28.06 28.37 27.99
202.50 27.56 2841 27.61 27.82 28.03 27.61 27.72 27.90 27.80 27.99 2825 27.88
210.00 28.06 2781 27.71 27.70 28.11 28.10 28.17 28.25 27.38 27.89 2794 27.92
21750 27.79 27.76 28.23 27.56 28.10 28.04 27.89 28.30 27.04 28.21 27.71 27.88
225.00 27.85 2834 28.22 28.27 28.31 27.97 27.90 27.95 27.65 27.74 28.06 28.02
23250 27.64 28.25 28.24 28.29 28.21 27.94 28.02 28.22 28.14 28.31 2841 28.15
240.00 28.04 2818 28.27 28.35 28.02 27.84 27.95 28.08 2821 28.14 27.93 28.09
247.50 27.90 28.14 27.83 28.03 28.25 27.98 27.84 28.14 28.19 28.04 27.89 28.02
255.00 28.60 28.07 28.02 27.95 27.84 28.20 28.03 27.87 27.95 28.08 27.94 28.05
262.50 28.32 28.36 2751 27.74 27.79 28.17 27.88 28.22 28.18 28.07 26.96 2793
270.00 28.26 28.17 28.05 27.90 28.14 27.74 27.75 27.81 27.48 27.74 26.73 27.80
27750 28.40 27.95 28.08 27.88 2761 27.80 27.95 27.95 28.05 27.67 26.64 27.82
285.00 28.23 27.82 27.73 28.01 27.82 28.15 28.10 27.96 27.33 27.82 27.72 27.88
292.50 27.96 28.10 27.93 28.29 28.22 27.71 28.15 27.45 28.03 28.04 27.04 27.90




Test 2: Offramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 17.05 15.66 10.04 9.89 13.71 13.04 11.58 7.19 1043 13.55 11.34 12.13
15.00 14.23 15.61 12.21 13.91 18.55 10.50 12.14 10.00 13.50 14.34 11.61 13.33
22.50 15.48 15.48 10.36 13.75 14.36 13.72 13.91 11.51 11.25 12.66 11.14 13.06
30.00 13.28 15.85 12.38 12.59 15.77 15.23 12.93 9.87 10.40 13.78 11.88 13.09
37.50 13.95 14.44 11.25 13.50 15.23 14.36 15.00 10.00 14.14 12.03 14.34 1348
45.00 13.60 13.16 13.21 13.13 15.23 12.41 13.38 12.07 14.00 11.55 16.20 13.45
52.50 14.13 13.64 16.46 14.74 16.39 15.50 17.34 13.29 14.81 15.00 15.52 15.16
60.00 15.75 16.36 14.69 16.45 17.33 17.02 17.05 14.81 14.58 13.50 15.50 15.73
67.50 17.74 16.82 15.83 17.56 15.58 19.09 16.82 16.03 17.50 15.00 18.52 16.95
75.00 18.39 18.88 20.10 16.18 20.71 18.75 17.68 16.50 21.33 18.21 17.61 18.58
82.50 20.45 18.63 20.95 18.89 20.94 2375 18.57 22.08 19.58 18.30 2250 20.42
90.00 22.81 22.30 20.16 19.55 2559 2352 22.76 21.70 19.69 18.16 22.89 2174
97.50 24.00 20.70 21.00 2411 2375 20.25 24.30 24.38 2391 21.90 27.24 2323
105.00 23.86 22.73 2557 20.63 2654 22.50 25.26 20.77 25.65 21.25 2850 23.93
112.50 24.55 20.89 26.09 20.63 27.75 24.38 24.55 26.10 23.57 24.55 25.50 2441
120.00 2457 24.38 26.25 2523 26.25 2048 25.96 26.25 22.50 25.63 28.27 25.07
127.50 2750 20.71 24.06 23.95 30.00 23.82 24.06 27.78 2313 25.94 2917 2547
135.00 24.60 24.44 25.15 24.00 27.08 26.67 24.87 27.86 25.20 24.00 29.00 25.72
142.50 26.63 25.34 24.81 23.68 27.61 25.71 24.78 28.80 16.36 25.88 28.59 25.29
150.00 25.28 27.59 27.12 24.23 29.06 26.93 27.30 28.21 17.25 25.18 28.27 26.04
157.50 2750 25.50 28.03 2550 2813 26.25 28.75 29.66 22.78 27.00 2842 27.05
165.00 2821 27.39 26.47 20.80 28.33 27.08 2824 25.96 27.00 27.24 28.85 26.87
172.50 28.04 28.19 27.81 21.65 28.70 25.78 28.98 27.39 26.63 27.79 29.06 271.27
180.00 27.86 27.98 27.00 22.50 29.06 28.13 2793 28.82 26.25 26.72 27.08 2721
187.50 28.37 27.79 28.03 2411 29.50 2654 26.00 27.69 28.13 28.13 2850 2753
195.00 2821 28.75 27.00 19.74 29.21 28.59 28.68 26.25 27.92 27.79 28.75 27.35
202.50 27.86 28.31 28.50 27.27 29.21 27.08 26.79 28.75 27.95 29.00 28.68 28.13
210.00 28.39 29.29 27.50 25.80 2833 2842 29.02 27.50 27.32 29.46 29.12 28.20
217.50 27.60 2842 27.95 27.72 28.85 26.79 27.86 28.64 28.80 27.78 29.00 28.13
225.00 27.24 28.75 29.06 26.59 28.88 27.86 27.63 30.00 29.00 29.25 28.27 2841
232.50 27.81 29.00 30.00 27.81 28.21 28.68 28.19 28.13 27.32 28.33 28.68 28.38
240.00 28.75 28.98 27.69 2837 28.59 29.56 2850 28.13 27.69 28.27 27.75 28.39
24750 29.35 2842 28.93 29.25 28.27 2824 27.86 29.56 28.80 29.42 28.13 28.75
255.00 28.04 27.67 28.24 27.69 28.88 28.75 2842 26.72 27.66 27.12 27.19 27.85
262.50 28.93 29.06 28.68 2850 28.64 29.12 2855 28.30 28.64 27.79 28.00 2856
270.00 28.56 28.98 28.75 28.64 29.00 2842 29.06 28.93 28.27 27.86 28.82 28.66
27750 28.37 28.21 28.98 29.17 27.08 29.46 26.25 28.68 28.33 28.70 27.69 28.27
285.00 27.90 28.71 27.92 26.45 27.38 28.00 26.03 27.92 29.42 27.50 2850 27.79
292.50 27.50 28.44 29.06 27.69 28.13 28.24 28.55 28.88 27.00 29.46 27.79 28.25




Test 3: OnRamp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 18.15 16.96 15.85 17.18 16.44 15.00 14.90 16.27 16.81 16.82 19.39 16.71
15.00 13.54 12.70 14.28 13.67 14.57 12.34 12.70 12.33 14.49 13.75 15.21 13.60
22.50 10.06 11.12 10.11 10.61 11.50 10.29 10.72 10.41 10.55 9.76 11.42 10.59
30.00 8.14 8.66 7.90 894 9.30 8.65 8.71 9.23 8.85 8.11 851 8.64
37.50 8.99 12.03 9.78 10.14 11.50 11.00 9.43 10.06 12.13 11.66 11.86 10.78
45.00 8.32 8.28 8.28 8.13 8.86 8.79 8.40 8.55 7.86 8.64 7.98 8.37
52.50 8.24 9.65 8.26 8.59 9.55 10.70 7.78 8.97 7.74 8.82 852 8.80
60.00 9.82 10.62 9.38 8.16 9.45 9.16 9.28 8.79 9.25 9.76 9.82 941
67.50 10.88 9.76 9.75 9.90 11.48 11.75 10.42 9.52 951 12.00 10.75 10.52
75.00 11.79 11.98 12.33 12.73 12.73 14.58 11.61 10.26 10.66 11.84 10.52 11.91
82.50 14.41 13.02 13.29 11.90 12.74 14.56 15.18 11.82 14.29 13.94 12.54 13.43
90.00 12.99 14.63 14.40 13.00 16.78 17.32 14.78 15.22 13.94 15.92 16.90 15.08
97.50 19.44 1321 17.08 17.14 19.39 19.91 18.40 17.03 14.13 17.93 17.93 17.42
105.00 21.23 17.02 21.25 19.24 20.40 20.39 20.47 18.19 16.34 20.76 19.43 19.52
112.50 24.23 18.81 21.50 19.94 21.21 19.82 23.15 21.45 20.65 22.31 21.56 21.33
120.00 23.05 19.69 23.96 2154 2337 2143 21.39 21.80 19.71 24,51 2332 22.16
127.50 2571 21.98 2521 2342 2535 24.15 2325 22.36 22.50 26.25 2357 23.98
135.00 26.18 22.20 26.71 25.29 22.50 2373 24.89 24.46 24.78 25.71 2317 2451
142.50 27.16 22.76 27.77 24.79 25.23 25.21 26.47 24.95 26.56 27.43 25.74 25.82
150.00 2731 23.75 27.24 2641 25.86 26.63 26.94 24.21 24.84 28.75 25.69 26.15
157.50 27.39 2328 26.96 26.81 2813 26.61 26.74 26.58 26.96 27.91 26.14 26.68
165.00 28.04 24.42 28.50 26.25 28.29 27.50 2713 25.50 27.50 27.00 26.64 26.98
180.00 27.19 26.00 27.35 26.69 27.38 27.88 27.50 26.25 27.57 28.23 26.64 27.15
187.50 2821 27.56 27.88 27.45 28.17 27.68 2797 27.56 26.92 28.65 27.82 27.81
195.00 29.27 26.16 27.50 27.65 2824 28.08 27.75 27.93 29.41 27.92 2757 27.95
202.50 2859 28.13 28.65 26.57 27.83 27.38 27.39 27.56 28.21 27.86 27.61 27.80
210.00 27.88 27.56 28.64 28.13 27.62 27.95 27.80 27.89 28.18 29.10 27.25 28.00
217.50 28.17 27.75 28.26 26.49 2833 2833 2824 27.77 28.33 27.55 2714 27.85
225.00 28.27 28.27 28.06 25.16 2859 28.00 28.20 29.01 28.75 2743 2648 27.84
23250 2743 27.34 28.58 24.47 27.78 27.86 28.04 28.44 28.64 27.44 28.08 27.65
240.00 28.90 26.92 27.75 24.72 27.94 27.86 28.18 26.96 28.03 28.75 26.76 2752
24750 2843 28.08 28.75 26.94 27.36 28.03 27.86 27.99 28.68 2847 28.68 2811
255.00 2842 27.12 28.36 26.96 2833 27.93 27.83 28.13 28.71 28.68 27.95 28.04
262.50 29.25 28.09 28.27 28.45 28.56 27.75 28.30 28.53 28.40 28.57 27.86 28.37
270.00 28.32 26.67 28.21 27.50 26.81 28.21 27.38 28.17 28.58 28.27 28.18 27.85
27750 28.65 27.80 28.18 28.78 27.82 27.88 2859 28.22 27.07 27.39 28.18 28.05
285.00 2831 2547 27.95 2813 2578 2847 28.05 26.81 2742 27.82 27.56 2743
292.50 26.91 27.60 28.75 27.82 26.85 27.44 28.99 28.26 27.66 27.39 27.56 27.75




Test 3: Ramp-Ramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
15.00 20.36 23.86 17.10 18.75 21.82 2214 16.43 18.26 19.69 19.38 18.90 19.70
22.50 15.58 10.83 9.00 17.50 22.50 15.00 10.31 15.00 17.50 15.00 15.00 14.84
30.00 6.56 11.25 8.08 10.50 15.00 12.50 9.00 7.03 15.00 11.25 5.63 10.16
37.50 15.54 1313 13.93 16.88 22.50 22.50 16.73 8.25 17.88 19.29 16.88 16.68
45.00 26.25 28.50 16.88 21.00 21.00 28.27 16.50 16.88 17.34 20.77 2411 2159
52.50 18.00 20.63 15.00 12.00 17.50 18.75 21.00 18.75 9.17 9.38 12.86 15.73
60.00 17.81 15.00 11.25 16.50 11.25 15.00 17.50 11.25 10.83 11.67 12.27 13.67
67.50 2318 20.83 21.14 16.88 2550 20.00 22.50 13.13 15.00 18.13 15.44 19.25
75.00 26.25 2350 20.00 2250 26.67 25.83 2357 2591 21.14 2318 12.08 2278
82.50 20.25 20.63 21.25 15.00 26.25 24.64 22.50 18.46 10.71 15.00 18.13 19.35
90.00 22.50 24.38 20.83 15.00 18.75 16.88 26.25 17.14 17.14 19.29 17.25 19.58
97.50 2375 25.00 2333 25.00 27.00 26.79 24.64 15.00 2344 23.75 19.77 2341
105.00 27.27 26.88 25.00 27.27 30.00 28.13 27.50 25.00 20.77 24.64 16.67 2537
112.50 2550 18.75 25.00 22.50 27.50 27.86 27.50 2143 18.75 18.75 22.50 2328
120.00 30.00 25.00 25.23 30.00 30.00 24.38 26.25 15.00 25.50 2333 22.50 25.20
127.50 27.19 28.33 25.00 2523 27.86 26.25 28.75 20.63 25.50 28.13 2156 25.86
135.00 2712 27.95 25.00 28.93 2850 26.25 27.50 20.50 27.86 27.50 17.50 25.87
142.50 28.75 22.50 24.64 26.25 30.00 28.75 25.00 18.75 22.50 26.25 24.75 25.29
150.00 28.75 27.00 27.50 22.50 25.00 25.71 30.00 21.56 27.50 27.75 25.83 26.28
157.50 2833 27.27 22.50 28.64 28.75 30.00 28.13 24.38 27.27 27.86 26.25 2722
165.00 30.00 30.00 28.50 28.75 30.00 2850 30.00 29.17 25.71 30.00 25.83 28.77
17250 28.59 27.50 28.42 26.88 27.50 30.00 29.38 29.05 27.50 29.63 27.19 28.33
180.00 27.19 27.50 28.33 25.00 27.50 28.33 28.75 28.93 24.38 29.25 24.75 27.26
187.50 2750 29.25 25.00 29.25 30.00 2850 29.06 27.19 29.25 30.00 28.13 2847
195.00 30.00 28.93 25.00 28.75 2850 2850 2813 29.17 28.75 27.50 28.93 28.38
202.50 28.33 27.50 28.50 26.25 27.50 30.00 27.00 27.50 25.50 25.00 26.25 27.21
210.00 2813 30.00 28.93 2550 26.25 30.00 2850 28.13 30.00 27.75 2550 28.06
217.50 2833 29.32 25.50 2833 27.00 27.86 30.00 28.93 28.75 28.75 27.00 28.16
225.00 28.93 28.93 28.13 30.00 2813 2813 30.00 30.00 27.50 28.50 26.25 2859
23250 29.17 27.50 30.00 30.00 27.50 27.00 28.75 27.00 30.00 24.64 28.75 2821
240.00 30.00 26.79 30.00 26.67 2813 29.06 28.50 27.00 24.38 27.19 28.13 27.80
24750 29.25 28.50 30.00 27.86 30.00 30.00 28.75 27.00 30.00 26.25 2850 28.74
255.00 26.59 28.75 27.50 26.25 30.00 27.50 2813 30.00 30.00 30.00 28.33 28.46
262.50 27.50 27.50 29.06 22.50 2813 28.13 27.86 27.86 30.00 29.06 28.75 27.85
270.00 26.67 27.50 28.93 29.06 2813 28.33 30.00 30.00 28.50 29.06 27.50 2852
27750 28.13 28.33 27.50 26.67 27.00 27.50 28.93 27.86 28.50 28.75 2850 2797
285.00 28.64 28.50 30.00 30.00 26.25 2850 27.00 30.00 28.50 24.38 27.95 28.16
292.50 25.83 27.50 30.00 22.50 27.50 28.13 28.75 30.00 27.50 30.00 28.64 27.85




Test 3: Through Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 19.16 19.44 16.82 16.91 22.89 17.81 14.75 15.99 18.87 17.33 18.87 18.08
15.00 2052 20.07 18.61 18.80 22.84 18.42 17.37 17.97 20.78 20.40 19.70 19.59
22.50 19.52 20.04 18.36 18.73 22.15 19.31 17.26 17.82 20.71 19.77 19.46 19.38
30.00 20.67 20.61 18.94 18.82 2223 20.27 17.78 18.46 20.65 19.94 19.44 19.80
37.50 2045 21.07 19.14 19.55 22.26 19.98 19.15 18.16 19.91 20.74 19.15 19.96
45.00 2181 21.63 19.91 21.03 23.09 21.05 2114 19.61 20.60 2221 2134 21.22
52.50 21.85 22.01 21.43 22.14 24.03 23.37 20.61 20.29 20.97 22.72 21.80 2193
60.00 22.40 21.37 21.37 2311 24.16 24.02 20.71 21.11 20.70 22.86 2194 22.16
67.50 2345 22.77 2329 23.60 2528 23.68 22.79 21.78 21.50 2346 23.16 23.16
75.00 2452 24.44 24.13 24.74 2541 24.64 24.47 24.08 23.51 24.61 23.73 24.39
82.50 25.10 25.13 25.25 25.09 25.99 25.68 25.35 24.75 24.35 24.75 24.71 25.10
90.00 2567 24.71 2540 2545 2597 2594 2591 24.98 24.77 25.52 2532 2542
97.50 26.29 25.65 26.11 26.12 26.12 2550 26.60 25.26 25.08 25.94 2556 2584
105.00 26.74 26.51 26.37 27.33 27.20 26.34 26.77 26.50 26.53 26.57 26.61 26.68
112.50 27.24 26.54 27.43 27.46 26.95 26.70 26.74 26.25 26.49 27.14 27.43 26.94
120.00 2747 26.98 27.33 26.87 27.03 27.59 2734 26.57 26.51 27.45 2744 2714
127.50 27.99 26.56 27.59 27.35 26.90 26.81 27.16 26.92 27.33 27.41 26.91 2717
135.00 27.97 27.34 27.98 28.10 27.56 27.37 27.89 26.86 27.85 27.99 27.60 27.68
142.50 27.77 27.45 27.94 27.89 27.80 27.74 27.66 27.36 27.58 28.16 27.30 27.70
150.00 27.89 26.65 27.78 27.90 27.72 27.56 27.77 26.77 27.56 27.98 27.88 2759
157.50 27.72 26.97 28.15 27.66 27.77 27.50 27.84 27.38 2742 27.86 27.64 27.63
165.00 28.16 28.10 27.97 2818 27.77 27.99 27.85 27.83 27.61 27.79 27.77 2791
180.00 28.09 27.57 28.13 2757 28.00 28.36 27.81 27.85 27.71 28.28 27.85 27.93
187.50 2811 27.89 28.01 2797 27.99 27.91 27.83 28.10 28.11 28.60 2824 28.07
195.00 2824 28.06 27.98 27.92 28.07 27.92 2813 28.23 27.96 28.28 27.83 28.06
202.50 28.32 28.66 27.95 27.66 27.75 28.15 27.90 28.22 28.19 28.62 27.44 28.08
210.00 27.78 28.08 28.04 27.36 28.36 28.05 27.85 28.16 27.92 27.90 28.13 2797
217.50 28.20 28.30 27.88 27.79 27.92 2822 28.01 28.17 27.77 28.27 28.16 28.06
225.00 28.03 28.25 27.70 27.69 28.40 28.29 28.20 28.31 27.96 27.95 28.18 28.09
23250 27.94 28.53 28.01 27.90 28.42 28.07 27.59 2847 28.49 27.73 28.23 2813
240.00 28.14 28.14 28.01 27.50 28.00 28.26 28.10 28.39 28.21 28.22 28.25 28.11
24750 28.39 27.82 2841 27.65 28.18 27.99 28.00 27.93 28.07 28.18 28.36 28.09
255.00 2858 28.09 28.23 27.65 27.68 2745 28.07 27.98 28.36 28.19 2821 28.04
262.50 28.29 27.96 28.13 27.93 28.02 27.68 27.97 27.85 28.24 28.04 27.99 28.01
270.00 28.15 27.77 28.20 27.97 28.16 27.81 28.11 27.77 28.39 28.04 28.40 28.07
27750 28.27 27.54 2813 28.10 27.94 2741 27.65 27.68 28.31 28.18 27.99 2793
285.00 28.09 28.03 28.08 27.71 27.65 28.08 28.04 27.55 28.18 28.07 28.08 27.96
292.50 28.40 27.82 27.98 28.05 27.59 27.87 27.90 27.62 27.76 27.47 27.60 27.82




Test 3: Offramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 10.24 10.20 10.17 7.04 14.30 10.11 8.86 10.33 10.61 10.00 11.34 10.29
15.00 13.13 14.30 12.86 13.97 18.45 10.81 12.00 15.87 16.88 13.04 15.19 14.23
22.50 12.93 12.97 12.00 11.55 14.71 14.17 8.42 12.06 17.17 15.47 12.94 13.12
30.00 12.80 11.65 12.78 11.68 13.56 13.24 13.31 11.76 12.50 1353 15.31 12.92
37.50 11.45 1347 10.57 11.50 12.81 15.21 11.86 12.27 10.10 12.73 10.88 12.08
45.00 10.34 11.90 13.93 10.23 12.45 12.31 12.31 11.70 10.60 13.33 13.78 12.08
52.50 13.03 11.54 13.88 11.81 10.63 13.95 12.24 12.24 11.33 13.95 10.83 12.31
60.00 14.63 14.46 13.89 13.75 11.55 1141 10.92 13.21 11.65 9.34 12.40 12.47
67.50 13.56 12.64 15.00 15.20 9.94 13.36 13.39 13.65 11.63 12.61 12.77 13.07
75.00 16.59 14.50 18.30 14.48 15.15 14.52 14.34 16.36 12.50 16.58 13.68 15.18
82.50 20.83 17.75 20.10 17.60 15.90 21.40 17.37 16.41 16.14 19.00 12.66 17.74
90.00 21.39 20.89 20.80 19.00 17.66 18.21 19.38 16.50 1441 20.22 20.56 19.00
97.50 2250 19.29 2214 2357 20.89 16.07 22.76 19.66 16.07 23.61 18.52 20.46
105.00 24.64 24.08 22.84 21.90 22.26 17.50 19.75 21.39 16.21 24.57 20.45 2142
112.50 2542 25.11 25.15 23.25 22.86 21.62 24.89 19.72 18.33 26.05 18.00 22.76
120.00 26.84 26.25 25.36 22.50 19.69 21.82 2571 19.90 21.63 26.45 2121 23.40
127.50 27.00 2333 26.25 26.74 22.74 2357 26.52 20.19 22.16 27.98 21.30 2434
135.00 27.50 26.25 27.24 26.40 26.88 26.07 28.50 22.50 24.26 28.80 21.32 25.97
142.50 27.79 26.94 25.31 26.45 2511 26.83 27.61 21.20 25.91 28.42 23.44 2591
150.00 28.03 27.39 27.75 26.63 27.50 27.35 27.39 20.69 25.63 28.33 25.10 2653
157.50 29.12 27.69 27.75 27.14 2648 27.75 28.20 22.16 28.39 28.61 24.38 27.06
165.00 28.75 27.50 27.14 28.37 27.39 26.88 27.50 26.70 25.94 29.64 24.26 27.28
172.50 27.75 27.86 27.00 28.64 26.07 27.79 27.78 27.81 28.00 28.13 26.93 27.61
180.00 2824 26.54 27.79 2857 26.72 27.27 2837 27.35 28.30 26.79 26.72 2751
187.50 2859 27.66 28.50 28.98 27.86 27.95 28.75 2844 27.66 28.37 26.84 28.14
195.00 2813 28.45 29.17 28.59 27.81 28.50 27.50 27.35 28.93 27.72 2813 2821
202.50 28.75 29.56 27.63 28.70 27.63 28.59 28.44 29.61 28.50 28.88 27.00 28.48
210.00 30.00 28.39 28.39 2857 27.50 28.98 28.64 20.17 28.70 27.90 2712 28.49
217.50 2917 26.93 28.88 29.25 29.13 28.70 28.03 29.10 27.79 2842 27.27 2842
225.00 2813 28.50 28.75 27.92 28.33 29.17 28.98 28.68 28.82 28.70 2813 2855
232.50 29.42 29.42 29.56 28.70 27.79 26.88 29.06 30.00 27.24 27.95 29.66 28.70
240.00 29.00 28.59 28.59 28.93 27.50 27.50 28.70 29.25 28.50 28.98 27.08 2842
24750 2761 2844 28.88 27.95 28.20 2857 28.75 28.89 27.63 27.50 28.30 28.25
255.00 28.98 29.64 28.13 28.93 28.80 28.33 28.70 29.00 28.24 28.13 27.19 2855
262.50 28.64 28.93 27.79 28.50 28.13 28.75 28.27 28.33 28.13 27.81 27.50 28.25
270.00 27.24 28.03 27.35 2821 2821 27.38 2813 20.17 2842 2842 28.75 28.12
27750 29.21 2844 27.75 28.88 27.59 28.30 27.50 29.20 29.53 27.86 2850 2843
285.00 28.70 28.50 27.27 27.66 28.50 27.24 28.30 27.79 28.50 27.79 28.00 28.02
292.50 26.25 26.84 28.13 28.06 27.50 27.22 27.75 27.63 27.95 28.98 29.02 27.76




Test 4: OnRamp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 20.80 21.00 19.47 19.71 18.93 20.11 20.89 20.49 20.33 20.80 19.67 20.20
15.00 2051 20.70 19.17 19.00 20.20 20.24 19.50 20.00 20.08 20.00 19.71 19.92
22.50 21.79 21.92 21.56 21.14 21.16 22.20 21.67 22.50 21.76 22.32 21.79 21.80
30.00 2118 22.14 20.63 19.66 19.90 21.30 2053 20.94 20.10 21.62 20.71 20.79
37.50 27.32 26.56 2531 2457 2455 26.08 26.00 25.94 25.85 26.46 26.33 2591
45.00 28.27 28.33 27.88 27.44 26.31 27.92 27.26 28.08 27.29 26.67 26.44 27.44
52.50 29.06 27.69 28.00 27.10 28.62 2850 28.65 29.13 28.78 28.83 28.50 28.44
60.00 2591 26.25 25.68 2641 27.00 27.07 2563 28.13 26.94 2643 27.08 26.59
67.50 28.65 28.99 28.17 2855 2797 28.81 2843 2841 27.90 28.61 28.06 2841
75.00 28.27 28.69 27.45 2516 28.86 27.50 27.73 27.86 28.88 28.59 26.35 27.76
82.50 26.08 24.46 24.55 26.25 25.54 27.68 28.79 27.09 26.55 24.43 26.09 26.14
90.00 20.07 17.72 18.87 18.89 18.44 18.91 20.58 16.88 17.89 19.95 18.46 18.79
97.50 19.30 18.18 19.12 17.78 18.98 19.12 20.65 20.93 16.58 1843 18.19 18.84
105.00 18.66 15.68 17.48 16.94 18.28 16.17 16.77 15.87 17.09 16.78 18.00 17.06
112.50 12.59 11.20 12.02 14.78 11.25 11.34 12.54 10.25 12.18 13.01 11.58 12.07
120.00 1541 14.39 12.68 14.56 12.85 12.93 15.28 1341 14.09 13.83 13.70 13.92
127.50 17.50 13.05 13.74 18.21 14.16 14.78 13.66 14.15 14.18 15.86 15.62 14.99
135.00 15.88 13.98 14.16 17.06 14.12 14.89 14.27 13.31 15.64 17.42 15.73 15.13
142.50 17.50 17.46 15.10 17.11 15.19 15.38 17.45 13.97 16.90 17.88 17.14 16.46
150.00 18.38 16.84 16.17 17.77 15.38 17.65 1841 15.40 18.49 18.21 19.15 17.44
157.50 19.53 16.78 15.72 17.62 15.48 16.88 18.60 15.10 15.68 16.47 18.10 16.91
165.00 18.45 16.76 16.16 19.13 15.09 15.80 15.78 16.06 17.12 19.10 17.37 16.98
172.50 18.30 17.43 14.89 17.42 16.35 18.69 17.28 18.62 14.89 17.78 18.36 17.27
180.00 17.60 17.63 16.41 14.35 16.60 19.86 17.14 18.28 18.21 18.32 17.23 17.42
187.50 18.53 16.15 19.35 15.99 19.19 19.59 18.82 19.21 18.86 18.11 19.66 18.50
195.00 20.33 18.55 18.42 12,61 18.62 2158 18.35 20.55 21.15 18.27 18.21 18.79
202.50 21.12 19.61 22.19 14.06 19.07 21.73 20.41 21.18 18.05 19.65 19.31 19.67
210.00 21.76 21.63 21.14 18.96 19.05 22.81 2191 21.79 20.38 20.66 16.70 20.62
217.50 2053 20.67 23.77 2114 20.63 20.36 21.20 22.65 22.36 19.46 18.36 21.01
225.00 20.70 22.37 23.75 16.78 20.36 24.55 2217 21.13 19.80 21.63 23.30 2150
232.50 20.80 20.05 25.47 17.26 22.76 24.46 21.69 19.26 21.95 22.03 20.63 21.49
240.00 21.79 21.90 2531 17.85 2349 2541 2394 22.50 23.20 24.89 2293 23.02
24750 19.53 22.67 26.76 18.53 2322 2559 2325 22.50 24.71 24.77 2397 2323
255.00 24.94 24.85 25.19 2143 23.46 26.33 2554 24.86 23.80 25.46 2457 2458
262.50 23.39 24.15 26.11 18.88 24.60 25.66 2357 23.81 26.71 26.34 25.36 24.42
270.00 25.88 25.13 26.25 24.69 24.45 27.72 26.65 25.76 24.69 26.76 25.00 2572
27750 25.00 26.73 25.60 2591 26.76 25.07 25.00 25.29 27.86 27.66 27.00 26.17
285.00 25.25 26.53 25.37 24.23 25.06 27.30 25.96 26.41 27.26 26.25 27.32 26.09
292.50 26.44 26.59 25.77 27.31 26.46 24.77 26.02 2441 25.96 2742 27.14 26.21




Test 4. Ramp-Ramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
15.00 22.06 24.50 20.74 19.82 2318 22.50 2125 2447 20.83 2313 2053 22.09
22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50
30.00 22.50 15.00 22.50 15.00 12.00 15.00 15.00 15.00 22.50 22.50 15.00 1457
37.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50 22.50
45.00 29.00 27.95 27.50 26.67 2833 29.25 26.88 28.93 30.00 27.19 27.69 2813
52.50 30.00 25.00 30.00 2813 27.75 27.50 28.33 28.75 30.00 30.00 26.79 28.39
60.00 20.00 22.50 22.50 22.50 22.50 22.50 22.50 22.50 20.63 22.50 26.94 22.06
67.50 26.25 25.50 29.32 26.25 24.64 2850 27.50 26.79 27.00 28.93 27.19 27.08
75.00 2942 30.00 30.00 28.93 29.46 30.00 28.27 29.38 25.63 30.00 30.00 29.19
82.50 27.50 28.75 26.59 27.00 29.25 30.00 30.00 30.00 27.19 30.00 30.00 28.75
90.00 26.25 16.07 22.50 22.50 20.63 22.50 27.86 19.69 30.00 30.00 22.50 23.68
97.50 27.00 1313 28.50 30.00 2318 26.25 26.25 19.69 25.31 27.27 27.27 24.90
105.00 28.39 2417 26.25 27.86 26.59 30.00 27.50 27.27 27.50 25.71 2750 27.16
112.50 24.38 24.64 22.50 30.00 26.25 29.17 28.50 21.56 2357 30.00 30.00 26.42
120.00 22.50 20.00 19.50 30.00 15.00 25.00 28.75 20.63 17.50 22.50 24.00 2231
127.50 24.38 27.00 25.00 27.19 26.67 28.13 2833 27.00 26.67 20.32 29.06 27.16
135.00 30.00 26.25 22.50 2850 2591 2531 29.32 24.00 23.65 30.00 2917 26.78
142.50 2550 27.86 21.82 30.00 25.63 30.00 26.25 30.00 26.25 23.75 30.00 27.00
150.00 25.50 15.00 15.94 27.50 18.00 2357 22.50 25.71 22.50 25.50 27.19 22.63
157.50 2750 27.19 24.64 30.00 2417 2850 28.13 24.17 25.23 25.83 2531 2642
165.00 2850 28.50 13.50 28.75 25.96 27.86 27.75 22.50 26.67 30.00 29.06 26.28
17250 2850 25.50 15.61 28.44 22.00 26.67 26.06 25.00 20.36 25.00 27.66 24.62
180.00 28.50 22.50 17.73 28.13 15.00 26.79 24.38 27.50 22.50 27.86 26.25 24.28
187.50 27.86 28.13 2325 27.50 20.63 20.00 25.96 23.08 27.69 24.38 25.00 24.86
195.00 2850 28.13 20.00 30.00 26.00 24.38 30.00 22.50 27.50 2357 2531 25.99
202.50 30.00 26.25 26.25 30.00 24.38 27.50 26.67 25.71 30.00 2357 2550 26.89
210.00 28.75 30.00 25.83 2850 22.50 24.75 20.83 27.50 30.00 20.63 23.86 25.74
217.50 28.13 28.13 28.75 2850 22.50 27.50 23.86 27.50 29.00 30.00 2813 2745
225.00 2917 25.00 25.83 2250 29.38 27.19 2417 28.13 25.50 26.25 30.00 26.65
23250 25.00 28.50 27.19 24.38 2455 27.50 2531 27.86 25.31 28.13 26.25 26.36
240.00 28.50 25.00 27.50 24.00 21.00 29.06 21.00 25.23 19.29 26.25 26.25 24.83
24750 30.00 28.13 2813 25.96 2531 19.50 23.08 30.00 24.81 26.25 24.38 25.96
255.00 28.64 28.50 28.50 2571 26.25 26.67 19.69 28.50 2357 30.00 27.86 26.72
262.50 25.00 28.50 28.93 2531 30.00 30.00 23.86 30.00 23.75 30.00 26.59 27.45
270.00 26.25 30.00 27.75 28.13 26.25 27.75 20.00 29.38 27.19 26.79 28.50 27.09
27750 2850 29.17 27.00 30.00 28.93 2550 27.00 26.79 27.50 27.86 24.00 2748
285.00 28.75 27.50 30.00 2250 27.66 30.00 20.25 25.00 27.86 30.00 27.86 27.03
292.50 26.25 30.00 27.75 30.00 2813 26.79 25.00 28.93 27.00 27.50 30.00 27.94




Test 4: Through Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 27.85 27.59 27.76 27.27 2717 27.76 27.36 27.52 2741 27.58 2753 2753
15.00 27.78 27.77 27.53 27.38 27.46 27.83 27.18 27.43 27.58 27.73 27.36 2755
22.50 27.38 27.05 26.85 26.77 26.74 27.15 26.91 26.67 26.92 27.05 26.90 26.95
30.00 28.22 28.16 28.11 28.08 2742 2822 28.19 27.73 28.21 28.38 27.86 28.05
37.50 2751 27.75 27.52 27.33 27.22 28.14 27.80 27.36 27.08 27.82 2743 2754
45.00 28.22 27.62 27.70 27.55 27.47 27.85 27.84 28.09 27.94 28.17 27.60 27.82
52.50 28.44 27.81 28.22 28.13 28.05 28.33 28.47 28.17 28.42 28.18 28.25 28.22
60.00 27.83 27.07 27.69 27.86 27.18 27.70 28.40 27.78 28.04 28.13 27.40 27.73
67.50 27.72 26.96 26.76 27.05 2691 27.64 28.09 27.49 27.34 27.80 2714 27.35
75.00 27.33 26.66 26.68 27.03 26.53 26.97 27.63 26.79 26.47 27.09 2691 26.92
82.50 26.79 25.81 26.50 26.43 25.98 26.27 28.05 26.24 26.43 27.11 26.08 26.52
90.00 27.01 24.13 25.07 2452 24.87 24.79 26.13 24.00 25.95 25.50 2517 2519
97.50 26.81 23.60 24.82 24.69 2545 24.72 26.31 23.65 24.93 2546 24.70 25.01
105.00 26.98 24.43 24.88 25.69 24.59 25.23 26.79 23.35 24.84 26.00 24.93 25.25
112.50 26.20 25.32 25.50 25.15 25.39 25.61 25.86 25.09 25.80 26.89 25.20 25.64
120.00 26.04 25.14 24.20 2525 25.00 2558 25.16 22.22 24.76 25.71 24.89 2491
127.50 26.21 25.36 24.55 25.66 2553 26.13 2657 22.88 25.34 25.99 2540 2542
135.00 26.21 25.19 25.14 25.69 25.36 26.20 26.14 24.15 25.06 26.69 2558 2558
142.50 25.86 25.51 24.44 25.43 24.69 25.90 26.34 24.91 25.51 27.12 25.48 25.56
150.00 26.58 25.28 24.93 2513 2332 2555 2547 23.79 24.96 26.39 25.25 2515
157.50 2643 2532 24.77 24.99 23.66 26.21 24.66 24.31 24.31 26.14 26.03 2517
165.00 26.68 25.73 25.34 24.93 25.04 26.29 2531 2548 24.78 26.01 25.95 2559
180.00 26.64 25.63 25.28 25.25 24.71 27.02 25.05 24.72 24.87 25.20 25.71 25.46
187.50 26.71 26.56 2531 2542 24.82 26.08 25.29 25.45 25.70 25.64 26.61 25.78
195.00 2712 26.67 25.97 2536 2493 26.92 25.70 26.39 26.11 26.21 26.75 26.20
202.50 26.86 26.73 26.03 25.27 25.28 26.61 26.15 26.38 26.42 25.97 26.05 26.16
210.00 26.67 26.81 25.96 25.44 25.52 26.49 26.69 26.39 25.77 26.09 26.20 26.18
217.50 26.94 26.75 26.49 2513 2574 26.58 2754 26.41 26.86 26.68 26.89 26.55
225.00 26.24 26.94 26.95 26.29 26.46 27.31 27.02 26.60 26.76 27.18 26.28 26.73
23250 26.98 26.74 27.29 25.20 26.11 26.53 27.46 26.64 27.43 27.23 26.85 26.77
240.00 26.87 27.00 27.72 25.72 26.00 26.81 26.80 26.64 27.08 27.69 27.10 26.86
24750 2754 27.17 27.60 26.33 26.00 27.22 27.75 26.91 27.75 27.91 2719 2721
255.00 27.56 27.61 2744 26.60 26.38 27.30 2754 27.14 27.56 27.83 27.29 27.29
262.50 27.75 27.43 27.74 27.04 26.11 27.49 27.60 27.25 27.48 27.63 27.61 27.38
270.00 27.24 27.61 27.72 2747 26.55 26.88 27.69 27.13 28.07 27.50 27.76 2742
27750 2741 27.83 27.84 27.67 26.22 26.50 27.73 27.50 27.95 28.02 27.23 2744
285.00 28.05 27.75 27.49 27.95 26.86 2591 27.87 27.24 2840 27.83 27.28 2751
292.50 27.87 27.82 27.99 27.98 26.88 25.95 27.96 27.25 28.12 27.50 27.35 2752

bb




Test 4: Offramp Velocity Profile data

Distance Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 | Run 11 Avg
7.50 2513 26.03 27.50 27.50 26.07 2643 26.25 26.05 26.59 25.78 2647 26.35
15.00 26.35 26.84 26.25 28.50 2545 26.05 27.50 26.90 24.06 25.50 26.50 26.35
22.50 26.09 26.88 26.36 26.25 26.88 25.66 27.32 26.54 26.25 27.50 2557 26.48
30.00 27.27 26.59 28.85 28.93 29.00 28.00 26.47 26.47 27.30 26.25 2842 27.60
37.50 26.70 29.06 26.25 28.30 26.64 2821 26.25 25.56 27.75 27.66 27.08 27.22
45.00 27.89 27.95 27.72 26.63 25.80 28.33 2813 26.41 27.81 29.00 27.86 27.59
52.50 28.21 28.64 29.27 28.21 23.65 28.42 28.39 28.13 26.25 26.72 26.74 27.51
60.00 2761 28.33 28.64 27.27 24.64 26.91 27.66 28.03 27.60 29.00 26.25 2745
67.50 27.16 28.33 2511 2850 27.25 2571 27.32 26.61 26.05 28.24 23.86 26.74
75.00 28.06 26.39 26.70 28.33 25.80 25.10 27.60 26.25 23.60 2393 2313 25.90
82.50 28.04 27.63 25.40 26.13 26.45 24.71 28.56 24.13 19.09 23.25 26.47 25.44
90.00 2452 23.86 21.25 24.46 23.06 24.46 28.93 24.75 22.28 21.38 2143 2367
97.50 20.90 26.56 22.74 2363 24.38 2325 23.06 21.32 19.75 20.80 23.10 22.68
105.00 2231 24.32 2214 23.75 21.36 2318 2271 21.18 20.56 23.37 22.84 2252
112.50 21.63 2143 14.44 22.50 18.88 20.92 22.22 17.14 20.19 20.00 21.82 20.11
120.00 20.96 20.70 1841 20.87 2121 18.33 19.29 21.04 20.50 20.25 22.50 20.37
127.50 22.50 21.82 18.00 2111 21.00 19.29 2194 18.36 18.25 21.71 2375 20.70
135.00 24.38 24.20 20.63 22.00 2143 22.50 23.80 18.17 17.59 23.25 24.64 22.05
142.50 24.00 22.13 20.77 22.17 21.00 23.21 23.57 18.43 22.50 22.50 24.78 22.28
150.00 25.00 2318 21.67 21.16 20.68 2315 2292 18.83 22.50 24.38 24.46 2254
157.50 23.00 2321 21.48 22.80 19.07 22.88 2361 17.81 2313 24.17 2357 2225
165.00 23.82 21.90 23.28 20.32 15.00 22.16 20.16 16.81 2340 25.26 2214 21.30
180.00 21.67 19.89 22.81 18.75 20.97 21.70 18.50 19.93 21.88 21.75 2313 21.00
187.50 2163 2393 22.50 15.77 2135 22.50 20.28 21.62 23.75 18.75 22.50 2132
195.00 24.26 22.20 22.50 20.74 17.73 24.46 2048 20.40 23.00 17.50 2125 2132
202.50 2411 25.18 25.80 20.00 2313 24.87 2143 20.92 22.50 22.50 2217 22.96
210.00 25.20 24.20 24.64 19.57 26.37 24.55 20.83 23.64 23.93 22.92 24.17 23.64
217.50 24.30 26.25 23.10 21.29 2567 25.96 24.00 25.40 27.14 23.86 2518 24.74
225.00 2578 26.07 25.00 22.00 2375 2641 21.00 23.18 20.77 20.63 2411 2352
23250 27.40 24.64 24.17 20.80 2225 27.00 20.83 21.56 20.92 26.79 25.66 23.82
240.00 26.41 27.24 2143 19.80 24.57 27.50 19.14 24.11 24.46 25.00 21.90 23.78
24750 2545 27.63 25.80 21.09 23.65 24.75 15.58 26.25 24.29 27.92 2361 24.18
255.00 26.90 27.86 25.00 2250 2337 2413 20.77 26.79 23.71 25.38 2143 2435
262.50 27.00 27.50 25.10 21.25 23.08 26.43 2341 24.44 24.38 27.92 24.64 25.01
270.00 27.14 29.12 22.50 23.70 26.94 26.25 19.90 25.63 22.21 27.50 26.43 2521
27750 28.70 28.88 2325 24.19 2523 2833 20.36 25.71 22.86 28.59 26.40 25.68
285.00 27.08 29.25 20.00 2250 25.83 27.75 25.00 2647 27.61 27.86 2712 26.04
292.50 27.61 28.27 24.44 20.63 2571 28.82 2534 27.81 26.70 28.33 26.05 26.34
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Single Ramp-Ramp Vehicle Snapshot Data

Test 1 Test 2 Test 3 Test 4
Time [Distance| Speed | | Time | Distance| Speed | |Time| Distance | Speed| |Time |Distance| Speed
0 15 22.5 0 15 15 0 15 22.5 0 15 30
1 37.5 22.5 1 30 15 1 45 30 1 45 30
2 52.5 15 2 30 2 75 30 2 75 30
3 60 7.5 3 30 3 105 30 3 105 30
4 67.5 7.5 4 30 0 4 135 30 4 135 30
5 75 7.5 5 37.5 7.5 5 157.5 22.5 5 165 30
6 75 0 6 45 7.5 6 187.5 30 6 195 30
7 82.5 7.5 7 60 15 7 217.5 30 7 225 30
8 97.5 15 8 82.5 22.5 8 247.5 30 8 255 30
9 105 7.5 9 105 22.5 9 270 22.5 9 285 30
10 120 15 10 105 0 10 300 30
11 142.5 22.5 11 112.5 7.5
12 172.5 30 12 127.5 15
13 | 2025 30 13 135 7.5
14 232.5 30 14 142.5 7.5
15 262.5 30 15 150 7.5
16 285 22.5 16 165 15
17 187.5 22.5
18 217.5 30
19 247.5 30
20 277.5 30
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Single Through Vehicle Snapshot Data

Test 1 Test 2 Test 3 Test 4
Time [Distance| Speed Time | Distance | Speed Time |Distance|Speed| [Time | Distance | Speed
0 15 22.5 0 15 15 0 15 22.5 0 15 30
1 37.5 22.5 1 30 15 1 45 30 1 45 30
2 52.5 15 2 30 2 75 30 2 75 30
3 60 7.5 3 30 3 105 30 3 105 30
4 67.5 7.5 4 30 4 135 30 4 135 30
5 75 7.5 5 37.5 7.5 5 1575 | 22.5 5 165 30
6 75 0 6 45 7.5 6 187.5 30 6 195 30
7 82.5 7.5 7 60 15 7 217.5 30 7 225 30
8 97.5 15 8 82.5 22.5 8 247.5 30 8 255 30
9 105 7.5 9 105 22.5 9 270 22.5 9 285 30
10 120 15 10 105 0 10 300 30
11 | 1425 22.5 11 112.5 7.5
12 | 172.5 30 12 127.5 15
13 | 202.5 30 13 135 7.5
14 | 232.5 30 14 142.5 7.5
15 | 262.5 30 15 150 7.5
16 285 22.5 16 165 15
17 1875 | 22.5
18 217.5 30
19 247.5 30
20 277.5 30




Single Offramp Vehicle Snapshot Data

Test 1 Test 2 Test 3 Test 4

Time | Distance | Speed| |Time|Distance|Speed| |Time|Distance|Speed| |Time|Distance|Speed
1 7.5 30 1 15 15 1 7.5 30 1 7.5 7.5
2 37.5 30 2 22.5 7.5 2 37.5 30 2 15 7.5

3 45 7.5 3 22.5 3 60 22.5 3 15 0
4 45 0 4 22.5 4 75 15 4 22.5 7.5
5 52.5 7.5 5 30 7.5 5 90 15 5 30 7.5
6 67.5 15 6 45 15 6 97.5 7.5 6 37.5 7.5
7 82.5 15 7 67.5 | 225 7 97.5 0 7 52.5 15

8 97.5 15 8 97.5 30 8 97.5 0 8 52.5
9 105 7.5 9 120 22.5 9 97.5 0 9 52.5

10 120 15 10 | 1425 | 225 10 97.5 0 10 60 7.5
11 1425 | 22.5 11 | 1725 30 11 97.5 0 11 67.5 7.5
12 165 22.5 12 195 22.5 12 105 7.5 12 75 7.5
13 1875 | 22.5 13 225 30 13 120 15 13 82.5 7.5
14 217.5 30 14 255 30 14 | 1425 | 225 14 90 7.5
15 247.5 30 15 285 30 15 | 1725 30 15 97.5 7.5
16 277.5 30 16 195 22.5 16 | 112.5 15
17 225 30 17 135 22.5

18 255 30 18 165 30

19 195 30

20 225 30

21 255 30




Single Onramp Vehicle Snapshot Data

Test 1 Test 2 Test 3 Test 4
Time | Distance| Speed Time | Distance | Speed | |Time | Distance| Speed | | Time | Distance | Speed
1 22.5 22.5 1 7.5 7.5 1 22.5 22.5 1 22.5 22.5
2 30 7.5 2 22.5 15 2 52.5 30 2 30 7.5
3 37.5 7.5 3 22.5 0 3 82.5 30 3 45 15
4 45 7.5 4 30 7.5 4 105 22.5 4 60 15
5 52.5 7.5 5 37.5 7.5 5 127.5 22.5 5 67.5 7.5
6 60 7.5 6 45 7.5 6 150 225 6 75 7.5
7 60 0 7 52.5 7.5 7 172.5 22.5 7 75 0
8 67.5 7.5 8 52.5 0 8 180 7.5 8 82.5 7.5
9 75 7.5 9 60 7.5 9 195 15 9 90 7.5
10 82.5 7.5 10 75 15 10 210 15 10 105 15
11 82.5 0 11 97.5 22.5 11 225 15 11 127.5 22.5
12 90 7.5 12 127.5 30 12 247.5 22.5 12 157.5 30
13 105 15 13 157.5 30 13 277.5 30 13 187.5 30
14 127.5 22.5 14 187.5 30 14 217.5 30
15 157.5 30 15 217.5 30 15 247.5 30
16 180 22.5 16 240 22.5 16 277.5 30
17 2025 | 225 17 | 2625 22.5 17 300 22.5
18 2325 30 18 285 22.5
19 262.5 30
20 292.5 30




Vita

Srinivas Jllella was born on January 18, 1978 in Hyderabad, India He graduated with a
Bachdor in Technology degree in Civil Enginesring from Indian Inditute of Technology,
Bombay, India in 1999. He darted his work towards his Magters Degree in Civil
Engineering a Virginia Polytechnic Inditute and State Universty in the fdl of 1999.
Srinivasis currently working with Exeter at Cambridge, Massachusetts since July 2001.



