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Executive Summary

Connected Vehicle Technology (CVT) has the potential to become very relevant and crucial for
multimodal transportation, which involves a synchronized operation of two or more modes of
freight (such as trucks, rail, air cargo and ports) responsible faféraof essential goods and
commodities on a large scale. However, very little is known about the influence of reliability of
CVT network on the freight industry. Therefore, this research will aim to understand the
implications of CVT implementation for ntimodal freight operations in determining efficient
routes for mobility and resilience with conne
CVT using vehicleto-vehicle (V2V) and vehiclkdo-infrastructure (V2I) communications on
routing of the feight vehicles in the multimodal operations becomes critical for commercial trucks,
which, unlike freight rail, have some flexibility in detouring and deviating in order to access other
links and nodes of the highway network to complete a trip. Thustrdicks, reliability of
communication network of CVT for proper route guidance becomes paramount. A perfectly
reliable communication network would be a network in which all freight vehicles constituting the
multimodal freight system exhibit CVT and commeate with each other during transport
operations.

The theoretical indicatorf®r mobility and resiliencelevelopedn this researclare time
sensitive and vary between 0 and 1. This assists in easy interpretation in the multimodal context.
Thus, an indictor value of 0 denotes poor or low mobility/resilience and a value of 1 denotes high
mobility/resilience of a route/path being examined. The tonnage values for each of the links
constituting the 11 to Xhile length are obtained from the year 2012 Freigtalysis Framework
(FAF) data which help in estimating parameter values used in the indicators. The parameter value
is found to be in the range of 5 to 12 for the routes4dfs, 5, I-10 and 4710. Theseénterstates
connect one or more intermodal témads and ports in the Southern California Regibis also
noted that for the length of the segments selected for the rout@sgdpears to the be worst in
terms of the mobility indicator, while ranks better than all the routes in terms of thenesilie
indicator. +710 appears to be having much better mobility as compared to rest of the routes. This
could be due to high truck volumes experience on the interstate resulting in large total tonnage
value. Thus, hese values of mobility and indicatortaimed here can be used in future as elements



to design Connected Vehicle Technology or Intelligent Transportation System where rerouting of
vehicles will be necessary to produce an efficient freight network.

In this researcha probabilistic model for reliability of the communication netwask
developedandit relates it to travel time changes for mobility as well as (during disruptions) for
resilience. The modeling for network reliability is being carried out as a percgtatioess which
is known to mimic failures in links/nodes quite precisely in a network of any givenrsiadings
in this research indicate thdecreasinghe value of micrelevel reliability, the macrdevel
reliability will tend to decrease as well. iSican be further corroborated with the fact that a low
micro-level reliability among individual vehicles of a cluster on an average will lead to low macro
level reliability of the group of clusters

Further, it is observed th#te ratio of theoretical maber of vehicles with sensors to total
number of vehicles on highway is almost 1 when the optimum radius of transmission range is
greater than 1500 feet for traffic densities lower than 9 veh/mile (under sparse traffic conditions).
This optimum radius fotransmission range is higher than 55 feet for traffic densities lower than
100 veh/mile with dense traffic conditianisrespective of the density of the freight vehicles
around an intermodal terminal, port or airport (i.e. congested or uncongested higittvay
trucks), the expression for the average distance to the closest freight truck does notAhange
the length of the highway segmeicreases, there is linear increase in the average size of
connectedk-component (i.ek trucks). However, there is exponential increase in the average size
of the connecte&-component (trucks) with increase in density of vehicles and/or with increase
in sensor transmissions radius. This information is useful in determination of optimw®s o&di
sensor radius when freight vehicles are moving in a platoon.

Cost estimation of routes o105, +5, I-10 and 4710 show that there are savings in fuel costs
per hour for the Owith CVTO6 as compared to
s gnificant i ncrease in total tonnage transpoc

Owit hout CVTO6 case for al | the four routes an



Introduction and Background

Commercial trucks, freight rails, seaports and airport, which are part of rodéinfreight
transportation, are indispensable to a nation
Fi xing Americabs Surface Transportation Act (
the importance of investment in transportation, paldirly for sustained economic growth of

freight industry in the United States. The Fast Act will address conditions and performance of
multimodal freight transportation system for mobility.

The FAST Act includes provisions for establishing a Nationaltishaldal Freight Policy
which wil |l Afaddress the conditions and perfor
strategies and best practices to improve intermodal connectivity and performance of the national
f r ei ght[l].sThesd peomisions expssed in the FAST Act regarding multimodal freight
are concurrent with several -going research programs that the United States Department of
Transportation (USDOT) supports which will improve safety, mobility and environment through
connected vehicle thnology (CVT)in the area of Intelligent Transportation Systems (ITS) for
freight [2].

Concurrent to the impetus received through the FAST Act is the United States Department of
Transportat i ofdng progtadd The OS Ftrategic Plan 2@DE9 of USDOT
prioritizes design, testing, and planning for deployment of connected vehicles across the nation.
Realizing connected vehicle implementation and advancing automation in the freight industry will
be crucial in the success of ITS Strategic P&amce freight contributes by connecting various
industry sectors to the international gateways of the country through a system of multimodal
freight network. Thus, within the context of multimodal freight, connected vehicles will command
special significaoe in boosting economic mobility and resilience of freight operations.

The USDOTOs k aeption of autoenatiemsldted technolagies reflected in its
preamble of ITS Strategic Plan, has spurred several private freight manufacturing corspahies,
as the Volvo Group, to roll out their next generation fleet of freight vehicles, especially commercial
trucks, to be integrated with ITS and connected vehicle technology (CVT) features.

The current transformation that the freight industry is unalaggwith regard to integration of
CVT into its next generation fleet of vehicles, it is expected that all modes constituting a
mul ti modal freight transportation system wil/l

their surrounding traffic conddns leading to efficient freight operations. While safety, mobility

5



and environmental benefits are clearly accrued and anticipated from ubiquitous CVT exhibited by
a freight vehicle at the micro level, the role of the technology in mobility and resilbenicéeng

of multimodal freight operations is currently unknown or at least needs an initial
probeinvestigation at the macro level for freight planning purposes.

CVT has the potential to become very relevant and crucial for multimodal transportation,
which involves a synchronized operation of two or more modes of freight (such as trucks, rail, air
cargo and ports) responsible for transfer of essential goods and commodities on a large scale.
However, very little is known about the influence of reliapiltf CVT network on the freight
industry. Therefore, this research aito understand the implications of CVT implementation fo
multimodal freight operations consisting of ports, intermodal terminals and airports.

In order to make this research useful dolarger audience consisting of engineers, planners
and practitioners associated with the multimodal freight industry, data related to freight operations
from the Southern California regiambeng used for demonstration purposes.

Several states in theation have initiated and/or have adopted pilot programs to further the
efforts of the USDOT in CVT research. For exal
embodies the principles identified in the California Transportation Plan 2040 is aloe&thg
at CVT applicatiorcentric approach, both technically and scientifically, in creating a sustainable
and interconnected transportation system in CalifdBjia

Private automobile companies, such as the Volvo Group, are also showing keen imterest
leveraging this governmeied initiatives and programs to modernize their next generation freight
fleet with connected vehicle technologies [4]. This will enable freight trucks to communicate with
the infrastructure as well as with other vehicles gmesn the transportation network through
Intelligent Transportation Systems (ITS) applications.

Therefore, with the high level of patronage that the CVT is receiving both from the public and
private stakeholders in freight, it is expected that in coming years a large nhumber of commercial
trucks and other freight vehicles within a multimodal frameweitk exhibit increased vehicle
to-vehicle (V2V) and vehicko-infrastructure (V2I) communication capabilities.

Connected vehicle initiatives for freight industry from the USDOT is relatively new. Out of
the three recently announced pilot programsieydSDOT for next generation connected vehicle
technologies implementation, Wyoming is the only state which is focusing on evaluating

efficiency and safety of freight movement e80 corridor by using V2V and V2l communication



technologies [5]. Corridors1 other states might soon become testbeds for such pilot program
implementations of CVT. This will naturally augment the National Multimodal Freight Policy
set up by the FAST Act to address performance of multimodal freight operations. As CVT begins
to get integrated with the freight movements for better operations, the reliability of the CVT
communication network itself would become very crucial.

With high reliability exhibited by CViinduced communication network, freight vehicles from
various modes (such as trucks, rail, air cargo and ports) would be assisted dynamically in route
guidance. The guidance will involve avoiding congested and/orpdestuinks and nodes on a
physical multimodal network system consisting of highways, rail tracks, sea routes etc. leading to
an increased mobility and resilience of the multimodal freight operations. Currently, there are no
literatures or studies that attdour knowledge or understandingeafsily computing ankbcating
high impact freight routes or areas where implementation of connected vehicle technologies
would benefit economic mobility and resilience of multimodal freight operations. This is what
this research will explore and evaludieth at the theoretical levéleating both mobility and
resilience of multimodal freight network as surrogates to multimodal freight performance.
Reliability of V2V and V2l communication network exhibited by individér@ight modes on a
macro level will serve as input to assessing economic components of mobility and resilience of
the multimodal freight operations.

CVT in this researcls defined as the sensor transmisdiased interaction of information
among multimodl transportation entities (such as freight vehicles, intermodal terminals etc.) on

mobility, safety and location of vehicles in an area of analysis.

Literature Review

Mul ti modal Transportation has been defentned as
transportation modes are linked eieeend in order to move freight and/or people from point
origin to poi(sél [7])o fBy usiagseithemnaultimmodah shipping or intermodal

shipping various modes of transportation will be able teaedome of the negative factors of

dealing with only one mode of transportation. Both intermodal and multimodal shipping have the
potential to optimize travel times, reducing inventory cost, reducing freight transportation cost,

andoverallimproving freght operationg[8], [9], [10]). The recent enactment of FAST Act into



law in December 2015 recognizes the importance of investment in transportation, particularly for
sustained economic growth of freight industry in the United Sfafds

Furthermore, Hrough the FAST Act a National Multimodal Freight Policy that includes
national goals to guide decistiomaking will also be established. The National Multimodal Freight
Policy that will address the conditions and performance of the multimodal freighinsyeitee
identifying strategies and best practices to improve intermodal connectivity and performance of
the national freight systeid2]. This will be accomplished in hopes of alleviating the impacts of
freight movement on communitiesnd thus, with theotential to improvenobility and resilience
of multimodal freight transportation.

Travel time is vital m freight operation$or a sustained growth of busind48]. This is due
several modes of transportations being used to transport containers frémeadioa to another
[14]. Fora transport system to functipnoperly and even optimallgachof its modenust operate
in tandemunder certain predicted travel time rangesdase minimatielayto any other part of
the system andbe ablearrive at theirdestinationsn time. The importance gbunctuality in
arriving to the terminals is due to these terminals being either the point of origin, termination,
interchange, or of transfer. Therefore, delayed arrivals to these terminals cause latgpgick
delayed deliveries, or delays for the other modes of transportation wéstinige freight, which

in turn resultsn high transportatiorcosts([15], [16]).
Measures of Mobility

Numerous literatures define mobility as measure for performance in the cantergestion for
various freight modes. A compilation of these measures has been presented in Table 1:

Table 1: Compilation of mobility/congestion measures in literatures

Definition/Explanation Source (S)
Mobility Scorecard (Yearly delay per autommuter (hours); Travel Time
: ) , 2015 Urban

Il ndex; Pl anning Time | ndex (FreeMObilit
commuter (gallons); Congestion cost per auto commuter (2014 $); Trav y

: . ) ~ .| Scorecard
del ay (billion hours); AWastedo (2015)[17]
(billions of 2014 dollars); Congestion cost (billions of 2014 dollars)

Bontekoning

The shipment of cargo and the movement of people involving more thaj (2004 [18];
mode of transportation during a single, seamless journey Joneq2000)
[19]




Movement in which two or more different transportation modes are linke
endto-end in order to move freight and/or people from point to origin to
point of destination

Southworth
(2000)[20]

Transport of goods in containers that b@aimoved on land by rail or truck

and on water by ship or barge. In addition, intermodal freight usually is

understood to include bulk commodity shipments that involve transfer a
air freight (truck air)

TRB (1998)
[21]

The movement of goods in one ahd same loading unit or vehicle, which
uses successively several modes of transport without handling the goot

Tsamboulas

themselves in changing modes (European Commission, 1997) (2000)[22]
The movement of goods in one and the same loading wnthicle, which

uses successively several modes of transport without handling the goo( Van Duin
themselves in changing modes (European Conference of Ministers of | (1998)[23]
Transport, 1993)

Personal mobility is interpreted to mean the abilityndividuals to move

from place to place: this depends principally upon the availability of Morris (1979)
different modes of transportation, including walking (see Hillman ef al. | [24]

1973, 1976). When defined in this sense, mobility is conceptually distin
from actual travie

Congestion analysis
Congestion detection is performed by calculating the Mahalanobis dists
between real time data and the corresponding time slot in the traffic mo
If the distance calculated is greater than a specified tHoedhbigh, it

signals a certain incident causing congestion in the area of analysis.

Mahalanobis distance between vedireal time vehicle data) from a grot

of values with meafp (calculated from historical data) is calculated using BZ%altZaCZhsrya
expression (1) below: (2014)[25]

Q &b ® Y & b

Q Bhip

Intermodality

According to Mahoney (1986), 0606I

via two or moralissimilar modes of transportation. Hayuth (1987) defing
as the movement of cargo from shipper to consignee by at least two dif]
modes of transport under a single rate, threbiing, and through liability.
In general, research in the area aérmodal transport systems not only

assists in developing effective transport networks, but also contributes {
reducing negative impact on environment and energy consumption. In
developing countries such a system will drastically improve the utilizatic
transport resources and services, leading to better scheduling and deliv

with lower logistics costs and higher levels of efficiency.

Bhattacharya
(2014)[24];
Hayuth(1987)
[27];
Mahoney
(1986)[28]
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Measures of Resilience

Resilience (and also vulnerability) have been used quite widely in transportation litefi@difes (
[35], [36], [37]). However, in most of the literaturessilience strategies and prin@plare not

very well tied with multimodal freight performance mestids a recent report by Hughes and
Healy (2014)38] points out, this is mainly because resilience principles differ in their definition
and application Added to the complexity are the uncertainties in types, magnitudes and
frequencies ofcausesand failure modes fofreight operations The National Infrastructure
Advisory Council (NIAC) developed a set of recommendations for establishing critical
infrastructure resilience goals under four broad categdrie$ robustness, resourcefulness,
rapidity and adaptability (NIAC 201(39].

Robustness is the ability to absorb shocks with continuous operations, resourcefulness is the
management of disruption as unfolds rapidity deals with the ability to revert to normal
conditions as quickly as possible and adaptability allows absorbing new lessons learned after a
disaster. Although the four principles together serve as good performance criteria for yesilienc
for any general incident response planning purpose, not sufficiently thouigéidgtit Critical to
acarri er 0s needsdre aldo thprpdenddansy aspeitemfht operationshat should be
appropriately incorporated within the selected seesiliency principles.

The freight tansportation networik California is large and complelowever, with such
a vast and complicated network issues concern timing and unforeseen accidents can cause delays
and sometimes result in segments of a network needing to wait for the other parts of the network
to improvedue to being unable to restartepations after incidents occur. Therefore, a possible
method for optimizing the freight transportation network is integr&iiig in multimodal freight
operationsCVT might be usetb improve the resilience of a multimodal transportation network.
By usingCVT, it would be possible to become informed of any issue that can result in delays and
could even guide users in a direction that can help minimizeftbet of anyunforeseen eant
may have had on the systgda0]. Furthermore, seeing as how the m#&joaf surface freight
transport occurs on roads it is vital that the technology used focusesrantérymprove that
section of freight operation. This can be accomplish improving the communication that occurs

between other vehicles to avoid situatidmat tcould worsen traffic condition due to the presence
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of freight trucks and in the same time cause delays throughout the freight transportation network.
Additionally, improving the communication occurring between not only freight trucks but also
involving the other mode of transportation involved allow decisiaking to also become
optimized due to the ability to now take into account all delays in every mode involved in the
process and thereby plan for situations in which operation may be affecteeiricndinimize

its effect on the system.

While a mobility indicatorrepresentshe level of congestion on the link/node, a resilience
indicator will signify ability of the link/node to absorb shocks or disruptions and continue to assist
in multimodal freght operationsSeveral literature address network resilience in conjunction with
network vulnerabilityf41]. For example, Chen and Milkétooks (2012]42] provide an indicator
for resilience that quantifies the ability of an intermodal freight netwotk wonsideration to
negative consequences of disruptions resulting from topological and operational attributes.
Variables used in the indicator consist of number of shipments transportsdtahdandidate
recovery activities. Resilience is also closélgd to reduced failure probabilities, reduced
consequences from failures and reduced time to recpA@fyWadali et al. (2015[44] note that
network disruptions used for truck routes can be approximated by several performance metrics
such as travel timmeasures, percent of population receiving essential services and/or economic
costs. And resilience has been describedhasability of the network to internalizeninor
perturbationsGoods and freight movement is primarily controlled by the private sector market
while infrastructure facilities and maintenance is mainly the prerogative of the public agencies.
Disruptions to critical networks and nodmshavepotentialimpacsto overall freight movement
and have repercussions on the commerce aretdm®my.Thus, he indicator of resiliencghould
be comprehensive anbe able tocapture all of four components that underline resilieihce
robustness (ability to absorb shocks and keperating), redundancy (bacip resources to
sustain operations), resourcefulness (able to manage disruption as it unfolds), and rapidity

(quickly getback to normal operationg)5].
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Methodology

This research evalusd mobility and resilience of multindal freight operations integrated with
the concepts from CVT. The methodology baenspread across four broad components (called

Research Emphasis) of multimodal freight operatiorectmmplish théollowing threegoak:

1. Understanding constituents/facdo for mobility and resilience of multimodal freight
operations

2. Determining efficient routes for mobility a
reliability, and

3. Estimating economic costs for CMiiduced route guidance for mobility and resilienc
And the four research emphasis areas are:

RESEARCH EMPHASIS Developing mobility and resilience indicators of links and nodes in a
multimodal freight network, and further extending the indicators to generate path mobility and

resilience.

RESEARCH EMHASIS 2Dev el oping connected vehiclesd net
guidance and further insights into multimodal freight operatiand

RESEARCH EMPHASIS Beveloping route mobility attributes connecting multimodal freight

entities

RESEARCHEMPHASIS 4 Estimating economic costs for CMmduced route guidance for

mobility and resilience

RESEARCH EMPHASIS 1: Mobility and Resilience Indicators

The information compiled iffable2 providesthe background necessary for developmgbility
and redience indicatorsWith the information supplied, mobility and resilience indicators are

developed.

Formulation Set-up
Consider the continuous freight movement along the route segmBréhdwn in Fig. 1, with

exits (or route options for freight vehicle, rail etc.) as marked along the segment. One or more of

13



links contribute to the continuity of this freight movement.Ha sketch of Fig. In number of

individual links andn number of nodes at each exit point diverging away from the freight
movement make up the lengthBr\of the segment. Every link has a beginning and an ending node.
The ending node of one link serves as the beginning node of its immediate following ligk alon

thetraffic direction as shown using arrows in the sketch.

14



Table 2: Factors for mobility and resilience indicators for links and nodes of multimodal freight network

Commercial Trucks Freight Ralil Seaports Airport
Network
infrastructure Link Link Node Node
element

Mobility factors

Connectivity and accessibility to seaport,
airport and rail line; link speed; link truck
tonnage

Connectivity and accessibility to
truck routes, airport and seaport
speed of the rail; volume of ralil
freight tonnagen the link

Connectivity and
accessibility to truck routeg
airport and rail line; speed
of ship travel; volume of
empty/full containers
handled at the port

Connectivity and
accessibility to truck
routes, seaports and rg
line; speed of travel; ai
cargovolume handled
at the airport

Resilience factors

Number of lanes; shoulder lane widths for
emergency parking; duration of congestion;
crash frequency; age of infrastructure, num
of bridges; presence of railroad crossings a
traffic signals;neighboring links and nodes
exhibiting similar infrastructure features;
crash frequency; proximity to traffic
management services; proximity to parking
spaces for trucks; accessibility to ramp
exits/entrances; earmarked evacuation rouf
presence of froaige/access/service roads;
actuated traffic signals; ramp metering for

freeways etc.

Length of parallel tracks with
interchanges; crash data at
railroad crossings; age of rail
tracks and bridges; intermodal
stations; presence of rail crossin
and bridgespresence of staging
yards; signal types on lines;
number of intermodal terminals;
yard capacity; distance between
freight stations; parking facility
for rail; accessibility to yards;
freight stations; presence of dua
or parallel tracks etf46]

Channel épth; waterfront;
presence of sufficient
number of ordock rail and
near dock rail; landide
connections to seaports;
efficient intermodal
connectors; proximity
neighboring ports; number
of shipping terminals;
extent of waterfront;
multiple ondock rail;near
dock rail; maritime area etq

[47]

Space for cargo
facilities at airport;
number of gate
available; number of
nearby airports
handling air cargo; and
other factors.

15



Mobility Indicator Formulation

In this research, mobility of a link/node is assumed to be dependent on two fagjdmnage
carried via the link/node due to the freight movement, and (ii) the travel time of the freight vehicle
on the link to reach its ending node. Each lirdn the roadway facilitates movement of freight

tonnage value, denoted By , for freight typek and the travel time incurred in the movement at

timet being denoted by, , .

| (Xek f14k) (Xok 200 [ (Koo Entnd <
I 21 = I =l

Figure 1: Sketch of roadway segment with ramp exits.

Thus, the |Ilj(t)kfordreigmdypek (whethgr highway, rail line etc.) and
under Oobserved®d t r a-fldwjcongestednticdisitionadeics), isdefimed dsd b e
follows:

X
e (1) =5 (1)

where,

Xik = tonnage on link, for freight typek
l, ., = the travel timenthe link at timet, for freight typek

b is the decay parameter (needs to be calibrated for the link or the segment)

Under o6ideal 6 -fcloomdittri aofnfsi co f mofvreeneeln {t), t he

carrying similar tonnage value is defined as follows:
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L (1) )

where, G, , is the free flow travel time along the link at titp@nd other parameters are as defined
under O6observedod traffic conditions.

Therefore, the mobility indicator for the linky, , , can be expressed as the ratio of the

mobility under 6observed6é traffic conditions
Xk
b
m, = Ii’k (t) _(ri,t,k) (3)
'tk Li'k (t) )g,k

A node is considered to be the end point and thus, part of the link. Therefore, the mobility

of a node is same as that of its link of which it is considered to be the end node. This makes the

mobility indicator of the node to have the same formula as shogqgn. (3).

It is often useful to derive mobility of a cluster of links or the entire path such as the segment

A-B, especially applicable for long haul freight movements that involve encountering numerous

links and nodes. Thus, the mobility of the roagt A-B at timet, m,, (1), under o6observe

situation, can be expressed as

_a X%
m.()=8 —* (@)
i=1 (l‘i’t’k)
where,n = number of links on the path from limk= 1 to linki = n and other factors as defined in
linknodemd i | ity equations ear | i e-flow)tr&fic situdticns, they ,

mobility of the link for freight movements at timeM, , (t) , can be expressed as,

a 5 (5)
i=1 (Gt’k)
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where, G, being the free flow travel time along the link at timeTherefore, the mobility
indicator for the segmeiftom A to B, as shown in Fig. 1 at timeq, ,, can be expressed as the

ratio of tlyeumpatehdédomsleirviedd traffic conditio

segment and can be written as:

(0,) o

where, the parameters in Eqn. (6) are as defined in earlier formulations.

Resilience Indicator Formulation

The formulation of resilience indicator for link/node is deribgcdissuminghatnode B in sketch

of Fig. 1 is a congested point or a crash location. The aim of the freight vehicle is then to use one
of the exit locations and avoid node@nsidering itd be the point where all vehicles are stagnant
with no movement due to the jaWhile a mobility indicator developed earlier reflects the level

of congestion on the link/node, a resilience indicator will signify ability of the link/node to absorb
shocks odisruptions and continue to assist in multimodal freight operations. The four components
of resilience- robustness (ability to absorb shocks and keep operating), redundancyugback
resources to sustain operations), resourcefulness (able to managgatisaegt unfolds), and
rapidityi areinherent in the ability of freight vehicle to be able to escape or avoid locations on its
route segment that are congested or could potentially cause delay or further disruption in the
movement. Thus, it is vital thaexit points(as exit ramps in case of freeways}route to
destination are available at strategic locations along the freight movement path. Further, resilience
of the freight movement is ensured by the time consumed in trying to circumvent the abngeste
location on its preselected path that is supposedly going to be abandoned or revised. Therefore
the resilience of a node/link should depend on the travel time incurred in reaching out to the nearest

exit on the segment-B in Fig. 1. This should be cpled with the choice of the exit chosen. With
this understanding, the resilience of the limk,(t), under o6observedd traff
expressed as:
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(7)

where,
Uis the parameter controllingsgiersion in choice of the exit, ahd, = the travel timenthe link

at timet, for freight typek.

o

a

The termgnexlo(_ 2l ’k)

? exp(- a {t’k)

that has the travel timg, . The higher the travel time on a link, the lesser the probability of it

in Eqg. (7)represents therobability ofchoice of thdink with anexit

being selected for travel, implying a low resilience.
The exit nodes on the segment can also be used for accessing traffic management services,

ramp exit/entrance points, parking space locations etc.

The equation for resilience of liniR, (), for oOideal 0 ttiermab:f i ¢ s

a
1 :; exp(-a @)
(G|,t,k) %;_ eXp(‘ a Qk)
GCi=1

R« (t) = (8)

where, G, is the free flow travel time along the link at tiheThe resilience indicator for the
link, ..., 1 s the ratio of theffliomkcoredagitliemcevérmo

condition and is expressed as:
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The resilienceqd,, , of theentiresegmenfrom A to B consisting of links, shown in Fig. 1 for

t he Oobservedod acumaldtifeiexpressionramdgisenbg ns, i s

d, =4 (-4 fu) (10)

=1 (fi,t,k)b : exp( a {"")

i=1

3§ & o
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Similarly, the resilience of the segmdérim AtoB under o6éi deal &6 traffic c

a
v 1 Zexp(-aGy) 1)

where, G, is the free flow travel time along the link at tih& he resilience indicatoy; , , for

the segment /B, therefore, is the ratio af,, over D, and is given by,

ga xo(-a G)
=1 (G.,t,k) %GXP( a Gy )

& (
-alj. 1 ze ( a (tk) 2
y i=1 (fi,t,k) % ( a {tyk) E
ylkt_Dltk i} % - -
itk
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Optimizing Mobility and Resilience for General Routes

The mobility of a link/node is assumed to be dependent on two féadiptennage carried via the
link/node due to the freight movement, and (ii) the travel time of the freight vehicle on the link to
reach its ending node. Resilience is dependent amithe choice aimed to avoid disruptions. The
sketch in Fig. 2 illustrates the locationrofamps on a simplified freeway segment when trucks
travel from A to B. The purpose of the sketch is to derive an optimal number of nantipat

could potentially mgimize mobility of the trucks. The area around the freeway is called as freight
service zones in this analysis. Thime service area is divided imi@ervice zones each with width

W and a constant spacing af between two ramps. The freeway has a lergjti and the

theoretically simplifiedsetup isshown in the sketch of Fig. 2

| (Xl,k1 fl,’[,k) N (XZ,k1 t2,t,k) N | (Xn,ky [n,t,k) N
I A1 A1 I =

d/2
-
........ -
d = constant spacing
AL O O O O O | :
0 1 e s et n W2
L O Exit Ramp Location

Figure2: Freeway segment with ramp locations
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Both the mobility and resilience for a route are optimized for the givempsas shown in Fig. 2.
The optimization is carried out with respect to number of ramps in theTdrese are deriveid
detail in Agoendixfor different range oimpedance decay factdn (values Table3 summarizes

these anatical findingsand the corresponding mobility wittariousnumber of exit ramp@).

Table 3: Mobilityand optimah (i.e. n*) estimation withdecay factorfg).

Impedance
Decay RouteMobility n*
Factor (b)
rwd
00b < | gand o V4 «d f’_%n ) NA
| 7@ U E
ié@ - y =
rwd
b =1 éand g V& +d & 1) Infinite
| 2
|(§% - -
rwd
o *d ~ -|-d b . b 2aW+d Vé.
oo1 | S BV (M g Fa O VE
ic = y/= (b-1)
(Maximized)

NA= NotApplicable

Table 4: Resiliencand optimah (i.e. n*) estimation withdecay factorfg).

Impedance
Decay Route Resilience n*
Factor (b)
1
For a éand g W +d b[ Any n>0
Y U
ic - @ y
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Optimizing Mobility and Resilience for CVT-induced Routes

With an example of freight routes, it is expected that a truck would avoid a congested point on a
route by utilizing CVFbased information. Thus, the volume on the given link of congestion should
decrease minimizing thatndardBaréad af Public Roads|(BPR)i me
type function[48]:

t, =t 8 ©0.15Q 1y)* (13)

where,ta denotes the average travel time of the study road segméjdenotes the freélow

traveltime, andQ, y are the aggregated traffic flow and road capacipeissenger car usifThus,
with decrease iQ or the freight truck flow, there will be observed increase in route mobility and

resilience due to lowering in travel times.

Summary of Findings andimplications

RouteContext Thetheoreticalindicatorsdeveloped and presented above in Eq. (6) andafE2)
time-sersitive and vary between 0 and 1. This assisteasy interpretation in the multimodal
context Thus an indicator value of O denotes pawrlow mobility/resilience and a value of 1
denotes highmobility/resilience of a route/patheing examined. Alternatively, a mobility
indicator value of 0 would signify a highly congestedteand a value of 1 would indicate free
flow conditions prevding along the routéor a given time of the day.

Link/Node Context A resilience indicator value of 0 would mean an extremely vulnerable
link/node and a resilience value of 1 would indicate a highly resilient link/node of the multimodal
freight network Due to indicators being tirmgensitive, both the mobility and the resilience

indicators would vary temporally during the day.
For simplicity, in this report, the formulations are developed to cause the indicators to vary

between 0 and 1, and henceaetdr of 100 can be multiplied to all the equations of mobility and

resilience indicators between 0 and 100.

23



The decay parametds, and the parametdd, controlling dispersion in choice of the exit
are estimate based on the travel time data collecteabfmoximately 1Xo 15mile continuous
stretchof various interstates in the Southern California Region. These interstate$0&elD,
710 and {10 (see map in FigB).
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Figure 3: Multimodal infrastructure used for the applicatiomobility and resilience indicators.
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The tonnage values for eachtloe links constituting the 11 to 4&ile length are obtained
from the year 2012 Freight Analysis Framew(fRAF) data[49].

The travel time data along with tonnage information for the links are used for estimating
the value of parametér The travel time information is obtained from 2015 travel demand model
data provided by the Southern California Association of Governme@&G¥$and corroborated
with data from the Google Maps. For simplicity, the data are doceaémt the time period
between 6:00 am t6:00 pm which includes the peak period of traffic for truckhese are
provided in detail under Appendix.

Based on theatibration using these data, preliminary results for paramatees are being

shown in Tablé.

Table5: Estimates for parametes)(

Interstate b-value
[-405 5.896
-5 11.11
[-10 7.5
[-710 12

Irrespective of the highway analyzed, the valueavbmetetd can be assumed to be 1. A
more accurate value bf howevergcan only be obtained using data on route detours and deviations
using a simulation model, which will be part of future work.

The mobility and the resilience indicators will differfo t he &éwi t h CVT6 and
case only due to changes in vol ume. 't I s exy
reroute their paths to avoid congested points of a highway, thus reducing volumes on perpetually
congested links. Reductionyvnho |l umes f or these | inks would al s
travel time, as evident from the BRP function of E®)(1

Thus, the mobility and the resilience indicators shown in Tébdgstematically improve
for the oOowith CVMW tchadged ewhbewi tchomparCeVdir 6 case f
volumes experienced at individual links of the routes-d09, 5, I-10 and 4710. The truck
volume data are obtaindor the year 201%om Caltrans GIS Data Libraf0]. The value ofJ

is assumed to be equallo
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However, for dense traffic conditions these indicators actually do not change much with
the influence of CVT. This could be due to limited route options for trucks to deviate during

situations when the traffic is dense.

Table6a: Compilation of CVFinduced routes on some popular freeways in Southern California

Region
Freeway Mobility Indicators (in Resiliencelndicators
Without With CVT Without With CVT
CVT (Trucks sharing lanewith CVvT (Trucks sharing lane with
general traffic) general traffic)
% VolumeReduction w.r.t. % VolumeReduction w.r.t.
Without CVT Without CVT
10 20 30 10 20 30
1-405 0.031 0.033 0.040 0.049 0.000 | 0.042 | 0.0062 0.006
-5 0.002 0.003 0.0041 | 0.0047| 0.0002 | 0.0003| 0.00@9 | 0.00(47
[-10 0.001 0.001L6 0.0®2 | 0.0®8 0.0947 | 0.097 0.102 0.2
[-710 0.041 0.062 0.065 0.071 0.01& 0.023 0.036 0.042

Table 6b Percentage change in the mobility and resilience indicators

Mobility Indicator Changes (%) Resilience Indicator Changes (%
(6wi t hé6 VITIBout CY (O6withowNVITBout (
Owithout CVT oOwithout CV
[-405 6 29 58 1-405 5 30 50
[-5 50 105 135 -5 50 95 135
1-10 60 120 200 [-10 2 8 111
[-710 27 59 73 [-710 42 122 159

Based on the information compiled in Tabke Bis noted thathe indicator values do not
change much for the change in percentage volume of traffic (comprising both passenger and freight
truck) and also do not capture angag or nonpeak hourof travd on the routes selected for
analysis. However, slighhcreasen the mobility and resilience indicators are noted for drop in
volumeof traffic which helps freight trucks navigate on the respective routes.

It is also noted that for the length of the meyts selected fdahe routes,-IL0 appears to
be worst in terms of the mobility indicatawhile ranks better than all the routes in terms of the

resilience indicator.lI-710 appears to be having much better mobility as compared to rest of the
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routes.This could be due to high truck volumes experience on the interstate resulting in large total
tonnage valueNote that all these interstates connect one or more intermodal terminals and ports
in the Southern California Regiodowever, in general, most tife interstates appear to be having
overall low valuef mobility and resilience as reflected in low values of the indicators in Table
6a. However, Table 6lshows that-10 is expected to experience the largest percentage increase
in mobility and 710 waild have the largest percentage increase in resilience with the
implementation of CVT.

These values of mobility and indicator obtained here can be used in future as elements to
design Connected Vehicle Technology or Intelligent Transportation Systene wdreuting of

vehicles will be necessary to produce an efficient freight network.

RESEARCH EMPHASIS 2: Reliability Modeling

The network reliability model and analysis is based on concepts borrowed from percolation theory.
Percolation is theolymerization process of molecules that lead to large network formations
through chemically connectdmbnds [51] In literature, the classical percolation theory is related

to bond percolation and site percolation problds®]( [53]). The bond percolatio problem
consists of bonds being occupied with certain probability which would ultimately provide
connectivity across a given media. A connection is established between two sites if a bond exists
between them and the site is said to be an occupied bdémaever, if a bond is occupied, it is

quite likely that the adjacent bonds which are immediate neighbors have an increased chance of
being occupied as well. When several such connections are established collectively among a group
of bonds surrounded byemmpy or unoccupied bonds, it is call/l
completely random. The image in F&shows the bond cluster formation in a 25x25 square lattice
during a 2D percolation process. The bonds are occupied with probabil@y335 inFig. 4(a)

andp = 0.525 in Fig.4(b) (Source: Albert and Barabagb4]). Thus, a bond describes the
connectivity between sites and the bond percolation, therefore, can be considered as the reliability

of the connectivity among sites.
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Figure4: Bond cluster formation in 2D. Nodes places in a 25x25 square lattice and two nodes
connected by a bond with probabily(a)p = 0.335 (b)p = 0.525.

In literature, the study of percolation is generally subdivided into discrete and continuum
models. The discrete percolation model investigates any cluster of infinite size with probability 1
if p >cUfor Uc being the critical density) and fgr <c[ithis probability is zero [55] For a
multimodal transportation, the network reliability resultifrgm percolation is analogous to
probability of communication between individual freight vehicles interacting with other freight
vehicles, ports, railroad infrastructure and the intermodal stations. In this research, we use the
concept of continuum moddlas an extension of discrete percolation model) to construct
connectivity among series of freight trucks, rail, ship, air cargo, ports and intermodal facilities
through wireless sensor networks in a-4shmensional percolation problem.

The model presente by Talebpour et al. (2017)56] on correlation between
communication range and connected vehicles density (shown i®)Fgy.extended to develop
connected component along a highway segment of lebhgtbr freight trucks, instead of cars. A
theoretich framework is first established for the continuum percolation model. The reason for
adopting a continuum model is that individual communicating trucks are connected through a
series of circular overlapping sensor transmission range of r&jite, eachfreight vehicle in a
multimodal transportation operation. For the purpose of simplicity, each vehicle, having a sensor,
is assumed to have a diskaped transmission range surrounding its location at a givert.time,
general, as the transmission rangaf one vehicle overlaps with the transmission range of another

vehicle, continuity of communication occurs.
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Figure5: Connected component along a highway segittsmirce: Talebpouet. al
(2017) [56)

The analysis is carried out for C\Evaluation among multimodal freight vehicles which
are neighbors in the area and t he elxewaln@.e DWoO
freight vehicles are considered 6éneighborsdo i
analyss, and are interacting with each other by intersecting circular discs of radii equal to the
sensor transmission range of each vehicle. Thus, only a limited number of vehicles which are

neighbors are of focus at the midewvel analysis.

When the analysisicarried out for CVT evaluation among negighboring multimodal
freight vehicles, this iIis conceptudleiveed.ad hiur
at a macrdevel, the CVFbased information exchange can span interactions among mutimod
freight entities across the entire stretch of a given freeway or among vehicles belonging to different
clusters. Macrdevel analysis involves focusing on interactions among much larger number of

vehicles than at the micilevel.

At critical density,S ., an unbroken chain of information exchange occurs among vehicles

for the first time in the network havigvehicles. The information exchange could be on mobility
and resilience of transportation networ kos I

Interpreted in mathematical ternrg®nnectivity of information in the network is nemistence for
number ofvehicles (having no sensor transmissions) equa(No Ns.). with (Ns_+1)
minimum number ofvehiclesconnectedhrough communication of semstransmissions in the
cluster and subsequentiire networkreliability at macrelevel R, (t) at timet, based oreritical

percolation is given by:
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ACR

y %:N rgﬁ(t)i (& (1) (14)

1)

where, . (t) is the network reliability within a given cluster from at the miteel at timet.

Physically, this is illustrated using cluster interactions at micro and recgbof Fig.6. The

formula for the macrdevel reliability expressed in Eqg.4)lis basean the model of voting system
[57].

_‘K LR -1 a Cluster 1
\._\
(I = =

Cluster 2
Reliability at Micro-level (r;,) =—e = E
Reliability at Macro-level (Ry) «~— — ; ﬁ ‘ -

Figure6: lllustration of reliability athe micro and macro level.

The reliability, r,, (t), of communication at micrtevel within a cluster of freight trucks

communicating with each other can be considered to have varying sensor transmission probability
distributions, know as lifetime distributions. Li et al[57] used three different lifetime
distributions for micreevel, reliability as shown below:

1. Exponential distributionr,,(t) =exp( /t), where_is the scale parameter.

-t
2. Uniform distribution r,, (t) :ﬁ, wherea, b are the lower and upper limits of the

interval, respectively.
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a =
3. Weibull distributions r | (t) = exp§-%£ 5 ,» Where_, k are the scale parameter and shape
¢

O
Jo:of

parameter, respectively.

Summary of Findings andmplications

Although the findings can be explained only at a theoretical level at this point, the idea is-simple

as the reliability at the micrlevel among a cluster of vehicle increases so does the overall
reliability of commumi@ac¢clhont@ameong several oém
For example, consider thricro-level reliability, 1, (t), of communication within a cluster will

be a probability varying between 0 and 1. Thus, the reliabﬂ,\i,;)(,t), at the macrdevel using
thereliability, 1, (t), of communication at the micilevel for any of the three lifetime distributions

mentioned above will vary as shown in the charts of Fig.

The graphs in Fig7 have been developed for the exponential distribution, (t)with
values ofr, (t) = 0.90, 0.87, 0.85, 0.83 and 0.81, in the decreasing order as marked T Fig.

Thus, for decreasing values of midevel reliability (r,, (t)) the macrdevel reliability (R, (t))

will tend to decrease as well. This can be further corroborated with the fact that a loviewitro

reliability among individual vehicles of a cluster on an average will lead to low Aeceb
reliability of the goup of clusters. Alternatively, as also evident in Bjgow values 01(N$C +l)

and fixedN (total number of vehicles in the group of clusters) make the riaceb reliability

vary diminish with decrease in critical density,. Lower the critical densitys ., higher the
reliability, R, (t) . This indicates that higher maeievel reliability,R, (), occurs at a bigger size

cluster of communicating vehicles due to low critical denssty,

In relation to multimodal freight, a higher value of mat@eel communication network
reliability will be ensured if vehickto-vehicle @mmunication at the micrevel is strong and

with low value of critical density.
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Figure7. Macralevel reliability variation with minimum number of vehicles connected in a
cluster
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RESEARCH EMPHASIS 3: Multimodal Route Attributes for Connectivity

As a first step in this research emphasis, a simplified model is developed with a group of freight
trucks interacting/communication through sensor transmissions with a range of infilesmaed
by a disc of radiusR, for each freight truck. Similar, communications can be established among
intermodal terminals, ports and/or airports in a multimodal freight operation, assuming that each
individual entity in a multimodal system is equippeith a sensor device as expected in a EVT
setting.

In probability theory, for random uniform distributiometinstantaneous gafy between
any two vehicles forsparse traffic conditionguncongestedis assumed to follow a Poisson
distribution [58] while underdensetraffic conditions(congestefithe gap between successive
vehicles is assumed to follow Gaussian UritBnsemble (GUE) distribution [59These two
distributions are used to derive the expected closest between two freight vehicles omagy high

segment with the setp shown in Fig8.

Simplified sketch with shaded
rectangular region as area of influence

the sensor
[ RN [ DR

R = transmission range of sensor
x = distance range for safety around a vehicl
y = width of the lane

Figure8: Setup for expected closest distance between two freight vehicles for establishing
connectivity in communication with safety against collision

The connectivity of communication between two vehicles is established if the transmission
range (denote blR) of the censors of the two vehicles overlap (or at least touch tangentially). An
assumed distance &f( ®) units ensures the closest a truck can be to another truck for safety
against collisionThe sketch in Fig. 6 shows the simplified version of serssensor interaction

for information exchange with just two lanes of the freeway. This is a valid assumption because
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as observed certain states such like in California and Texas, most of the freight truck routes are

required by law to use only the twightmost lanes of a freewd§0].

Expected Distance between Vehicles under Uncongested Conditions

As mentioned earlier with reference to Fgthe spatiallyandomuniform distributionof trucks
(with densityl) on a highwaysegment can be expressedadoisson proces$he expressionf

probability defined as the number of vehicles (shy,within the rectangular ar@ay ¢, for a

random distancé as,

) 25 -2syd
P =b) 4 yﬁfe 19

Thus, the probability thdahere is naensor transmission influenaéthin a distance range

from x to R around the freight truck with any other vehigieghe same lane (as shown in Fay.
is given by P(j =0) =7°, Therefore, the expected distan&ed between two freight trucks

such that the connectivity of communication is established with overlapping sensor transmission

discs of radiuR is given by,

R : R 2sy d l— ¥X
S«=H PU/ 0)dd =g d d—zgy( & é-%) (16)

Expected Distance between Vehicles under Congested Conditions

Under dense traffic situations, the GaussiandniEnsemble (GUE) distributias givenby [59],

3 42 4y ¢
f (0’) :32>10—62]’§e p (17)
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Note that the GUE distribution is a continuous probability distribution and with the density

of multimodal freigh components being, the expected spatial distand® g between the two

freight trucks using GUE distribution is given by ,

R R 3q° & Ay S R 2
D =Raf( 0 ¢ H L6 » d &'cfda;
! X p X
3~3 2.2
where, C:32y_25 andv:4ys
p p
2 s vk
Assumek=c® Ydk 2 d ,Y Dw:df oke ™ ik
Therefore,

D :Eé, wa vk 1- 6 :Eé, vRZé" Rvd 06 e ¥v 1-
%R de gev—z o zge gev—z g _8%2_
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Expected Distance between Intermodal Statioand First Closest Freight Vehiclei Sparse

Traffic Condition

An intermodal transfer station is assumed to be connected with its surrounding infrastructure and
senses any freight vehicle (truck, rail, ship or air cargo) that is within a tddiugind tle terminal
centroidas shown irnthe lefthand side image dfig. 9. The distribution of vehicles follows a

Poisson process witheexpected value A, , wherell is the spatial density of the distribution of

freight vehicles (such as trucks) aAd is the area approximated as a rectangle surrounding the
intermodal terminal. The variabk¢in the righthand side image of Fi§.is the distance between
the terminal and the boundary touching the area of influence of the sensor transmitted from the

closest freight truck. Thusy, = 2YH.

Intermodal Terminal

Figure9: Setup for derivation of expected closéstween intermodal terminal teearest
vehicle

The probability of findingc number of freight vehicle within an al(e%p /2) towards the freeway

lane to the right is,

i
[ (?DOZCr
" “

S A,
P(c=b) £ 2

(20)

b!
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where, = density of freight vehicle arad= 0 , 1, 2, e

The average closesistance( E[H]) between the terminal and a freight vehicle can be

obtained fob=0, whereY is the total width of tharea surrounding therminalthatis a rectangular

coverage of the sensor as it advances towards the lanes to the right

o] _ﬂ o]
E[H]=f¢ 2 dH = ¢§"'dH ;17 (21)
0 0

Expected Distance between Intermodal Station and First Freight Vehiclé Dense Traffic

Condition

For the dense traffic condition, we use fBaussian Unitary Ensemble (GUE) distributias

shown in Eq.17). Theaverage closeslistancg E[G]) between the terminal and a freight vehicle

can be obtaineds follows:

o °3ZY3 3 3 AN .
E[G]=f af( ¢d ¢ e d & CHed d;

3o3 2.2
where,c:32Y2s andv=4YS
P P
- VK
Assume,K =¢® YdK 2d ,Y E[G]zﬁCKe dK
Therefore,
Cé WA VK 1-6 gC _ 32¥s® 1
E[K]_EéeVKae Vi & o % oy (22)
€ ¢ KL ,adY’s? 0 S
P e 6
¢ P =
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Average cluster size for communication connectivity

Consider cluster size of connectedomponentgor, k number of freight trucksyith identical
sensor transmission range of eaocmponenequal toR. The probability that there is exactly one
connectedk-component in the length of highway segment equél having density of vehicles

with sensor transmissions equalitas derived by Talebpour et §#6] as:

P(N=K) —gS(LLZR) @e'sL (23

Extending the findings in Eq. (23jhe averagesize M) of the connecte#-component can be

obtained usinghe following expression,

E[M] :'a,\". kéS(L+2R) kge—sL

o (24)
For very largeN, almost equal to infinity, Eq28) can be modified as,
k
6 (L+2R) g
EIM[° g —F——~—
[M] a (k- 1)! y
= g (L+2R) g
=s(L ®R)e’" e
( ) 9:1 (k- 12)!
. 0 1
e 0 1!
¢
; L+2R
k=0 :
=(L _QR)esL (L+2R)
=(L ®”R)e&°® (25)
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Summary of Findings andimplications

Optimum Sensor Transmission Radius

The application of the communication connectivity is demonstrated using assumed values for
density of freight vehicle on a ifdile highway segment. In this example, density below 50
veh/mile/lane is assumeid be sparse and density above 50 veh/mile/lane is assumed to be
congested #&ffic conditions [61]

In order to obtain optimum sensor transmission range, connectivity of transmission across all
vehicles on a given highway segment should be establisihed, The number of vehicles with
sensors sharing information should be able to cover the entire segment length of the highway being
studied. Based on the expected distance between two freigbkegetbtained in EqL6andEq.

19 and using range of veheldensities assumed for the highway, optimum radii of sensor
transmission range are obtained. This is illustrated using the charts @0Bigd Fig.11 for Eq.
16and Eq19, respectively. The charts are constructed assuming freight vehicles use daheone
of the highway.

As noted inFig. 10, the ratio of theoretical number of vehicles with sensors to total number of
vehicles on highway is almost 1 when the optimum radius of transmission range is greater than
1500 feet for traffic densities lower th@&weh/mile (under sparse traffic conditions). This optimum
radius for transmission range is higher than 55 feet for traffic densities lower than 100 veh/mile

with dense traffic conditions, as shown in Fid.
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Estimating Optimum Sensor Transmission Radius for
Sparse Traffic Conditions

—@-Density = 1 veh/mile
=@=Density = 3 veh/mile
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Figurel0: Estimating optimum sensor tremission radius for sparse traffic conditions

Estimating Optimum Sensor Transmission Radius for
Dense Traffic Conditions
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Figurell: Estimating optimum sensor transmission radius for dense traffic conditions.
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There are twmtherfindings from this research emphasis:

1. Irrespective of the density of the freight vehicles aroandntermodal terminal, port or
airport (i.e. congested or uncongested highway with trucks), the expression for the average
distance to the closest freight truck does not change. This is evident from the final

expressions obtained in Egs. (21) and (22).

2. Based on Eq.23), the average or the expected size of the conn&eatethponent is equal
to (L+2R) &R - which meanghat as the length of the highway segméntincreases,
there islinear increase in the average size of connedtemmponent(i.e. k trucks).
However there is exponential increase in the average size of the conkemtetponent

(trucks)with increase in density of vehicla® @nd/omwith increase irsensor transmissions
radius R).

42



RESEARCH EMPHASIS 4: Costs withCVT -induced Routes

Motorcarriero st esti mati ons were carried out for s
t he Owi t h The Youtés are aedeeted such that they connect intermodal terminals to
ports/airports and vice versBhese were maiglcomputed for the operational cqsigvided into

two general categorids(i) vehiclebasedand (ii) driverbased The vehiclebased motor carried
operationatosts were further subdivided into fuelck/trailer lease or purchase payments, repair

and maintenance, truck insurance premiums, permits and special licenses, and tolls. The driver
based operational costs involved wages and benefits. The data for the marginal costs were obtained
for the year2016 from the American Transportation Research Institute (AT&i)l have been

compiled in Tablé&’ for motor carrier costs per mile and motor carrier costs per hour

Table7: Motor carrier costs fatheyear 2016 (Source: ATRI, 201[52]

Motor CarrierCosts Average Margina| Average Margina
Costs per Mile | Costs per Hour
(Year 2016) (Year 2016)
Vehiclebased
Fuel Costs $0.336 $13.45
Truck/Trailer Lease or Purchase $0.255 $10.20
Payments
Repair & Maintenance $0.166 $6.65
Truck Insurance Premiums $0.075 $3.00
Permits and Licenses $0.022 $0.88
Tires $0.035 $1.41
Tolls $0.024 $0.97
Driver-based
Driver Wages $0.523 $20.91
Driver Benefits $0.155 $6.18
TOTAL $1.592 $63.66

The marginal costs displayedTiable7 is based on thmean vehiclespeed of 39.98 mile
per hour and thaverage cost per mile for all sectofsmotor carriers, namelytruckload (TL),
lessthantruckload (LTL), and specialized fleets.

While computing the costs for routdbe operational costs per mile would not beaotpd

o

-whet her for Owit hout CVTO6 or 6with CVTO6 case.

would occur if freight trucks are moving in a platoon over a dedicated truck lane that is not

impacted by interference from passenger cars.
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Summary of Findings and Implications

Motor carrier costsare evaluatedcross the four chosen routes for analysi#3, +5, I-10 and 4

10. For freight trucks using these routes, shared with passengert eardetermined that travel

times for sparse traffic whout CVT and with CVT are approximately the safarther, he data

uses the difference in travel time for three categories: sparse traffic without CVT, dense traffic
without CVT, and with CVT. The speed of trucks traveling during sparse traffic is tiearfiyee

flow speed. When using CVT, the goal is to have trucks move at this speed, whether there is sparse
or dense traffic.

Tonnage is observed in relation to truck volume. By averaging the current data for tonnage
and truck volume without CVT for eadhterstate, the ratio of kilotons per truck per year is
calculated. Once the truck volume with CVT is estimated, by using the ratio from current data, the
tonnage in relation to CVs alsocalculated Note that he tonnage in relation to truck volume
with CVT is only an estimate to match the current ratio.

Motor Carrier Operational Costs fedD5, I5, I-10 and 41710

Table 8 presents the data for volumes, travel distance and travel time for the individual routes that
connect from one or more interneod  t er mi nal s, ports and airport
CV T 6 ,echofdahe routes reach the capacity with freight tmodkmesi this is deduced from

the expressions for expected distaobtainedrom Eq. (16), Eq. (19), Eq. (21) and Eg2]1 for

sparse traffic conditions (5 veh/mile) and émngested traffic conditions (50 veh/mil@pable 8

al so shows that i rrespective of the traffic
O6without CVTG6 case is identical . isdyhchreaizeh$é so me :

in aplatoon in dedicated lanes, without any integfece from passenger vehicles on other lanes.
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Table 8:Compiled freight data for routes

Freeway Average Distance (miles) Travel Time (minutes)
Volume/Day/Section
Without With Without With Without CVT With CVT
CVvT CVvT CVvT CVvT
Sparse| Dense | Sparse| Dense
Traffic | Traffic | Traffic | Traffic
[-405 9943 21264 30 30 33 44 33 33
[-5 8253 16104 18 18 19 30 19 19
1-10 15952 20316 28 28 30 45 30 30
[-710 16650 25164 19 19 20 25 20 20

The chart in Figs. 1215 shows that the average marginal cost value for the routes for the
thout CVTO
carrier cost. However, for the same costs the range is appreijrbatween $ 400 to $11,000 for
t he

Owi case i s approximately in the rar
60 wi t h Thosy there iscappsogimately a 37% increase for motor carrier operational
t he CVTO

total truck volume for the twoases for peak hours of travel. The variation in the average marginal

costs for owith c a s dheaasts areoconppateddod t o

costs per mile for total trucks is higher for

This is because, although the travel distance on routes do not change, a higherofdreiggt
are obtained which near to
CVTO The

under high freight density scenario obtained gsinE q .

vehicles
t hout

ar e capac.

Owi case. @5 rguitensande the wuskivelumasr e t h

(19) and Eq. (22) f
gives the largest number of freight vehicles.
Total motor carrier costs per hour per truck shown in Figs. i%indicate that the values
t he thout CVT®O tsrianfifl
because the travel times incurred for the two cases are identical, as noted in Table 8. However,
the o6with C
CVT®O

truck as

for O Wi c as e QuvnlTdde rc asspea rasree

for
t hout

reduction in costs

t he

there is a
isduetoanincreaseintrdve t i me f or oOwi
t he
CVT®H
experience ues with
highest for the-d 0 5 CVvT

be occupy the route for the given segment lengththefreeway used in the analysis.

case.

fuel costs per hour savi

eviide8&nt
hi gh

rout e

per
Diure HRKiog sh.i ghr
tonnage
t he

ngs

case vol umegesf or t |

val respect t

for Owi th casedod, due
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Total Marginal Costs per Hour per Truck for 1-405
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Average Fuel Costs per Hour per Truck for I-405
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Concluding Remarks

This research aisito understand the implications of CVT implementation for multimodal freight
operations in determining efficient routes fc
network reliability and stimating economic costs for CMfiduced route guidanceif mobility

and resilience. The influence of CVT using vehiderehicle (V2V) and vehicléo-infrastructure

(V21) communications on routing of the freight vehicles in the multimodal operations becomes
critical for commercial trucks, which, unlike freigrdil, have some flexibility in detouring and

deviating in order to access other links and nodes of timeviaig network to complete a trip.

The theoretical indicatorf®r mobility and resiliencelevelopedn this researclare time
sensitive and vary beeen 0 and 1. This assists in easy interpretation in the multimodal context.
Thus, an indicator value of 0 denotes poor or low mobility/resilience and a value of 1 denotes high
mobility/resilience of a route/path being examined. The tonnage values fook#uh links
constituting the 11 to thile length are obtained from the year 2012 Freight Analysis Framework
(FAF) data which help in estimating parameter values used in the indicators. The parameter value
is found to be in the range of 5 to 12 for thates of 1405, 5, I-10 and 4710. Thesénterstates
connect one or more intermodal terminals and ports in the Southern California.Reigi@hso
noted that for the length of the segments selected for the rout@sgdpears to the be worst in
terms of the mobility indicator, while ranks better than all the routes in terms of the resilience
indicator. +710 appears to be having much better mobility as compared to rest of the routes. This
could be due to high truck volumes experience on thestate resulting in large total tonnage
value. Thus, hese values of mobility and indicator obtained here can be used in future as elements
to design Connected Vehicle Technology or Intelligent Transportation System where rerouting of
vehicles will be neessary to produce an efficient freight network.

Findings in this research also indicate thietreasinghe value of micrelevel reliability,
the macreevel reliability will tend to decrease as well. This can be further corroborated with the
fact that dow micro-level reliability among individual vehicles of a cluster on an average will
lead to low macrdevel reliability of the group of clusters

Further, it is observed th#te ratio of theoretical number of vehicles with sensors to total
number of veltles on highway is almost 1 when the optimum radius of transmission range is

greater than 1500 feet for traffic densities lower than 9 veh/mile (under sparse traffic conditions).
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This optimum radius for transmission range is higher than 55 feet foc tdeffisities lower than
100 veh/mile with dense traffic conditiangespective of the density of the freight vehicles around
an intermodal terminal, port or airport (i.e. congested or uncongested highway with trucks), the
expression for the average distarto the closest freight truck does not chargethelength of
the highway segmenncreases, there is linear increase in the average size of conkected
component (i.ek trucks). However, there is exponential increase in the average size of the
connetedk-component (trucks) with increase in density of vehicles and/or with inaressesor
transmissions radius. This information is useful in determination of optimum radius of sensor
radius when freight vehicles are moving in a platoon.

Cost estimatio of routes on-#05, +5, I-10 and 4710 show that there are savings in fuel

costs per hour for the oOwith CVT®6 as comparec

significant increase in total tonntaoge hter adrmsi ptohr
CVT6 case for all the four routes analyzed.
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Appendix
Al: Travel time variation for select interstates from the Southern California Region

Table Al:The travel time data fdr405segmentn Southern California.

Travel time in minutes
Distance | Node | Node | 6:00 7:00 | 800 | 9:00 | 10:00 | 11:00 | 12:00 | 1:00 | 2:00 | 3:00 | 4:00 | 5:00 | 6:00
(miles) Begin End AM AM AM AM AM AM PM PM PM PM PM PM PM
1.7 4 5 2 2 3 3 2 2 2 2 2 2 3 2 2
1.3 5 7 2 2 2 2 2 2 2 2 2 2 2 2 2
2.2 7 9B 2 3 3 3 3 3 3 3 3 3 3 3 4.5
3.7 9B 12 4 4 4 4 4 4 4 4 4 8.5 13 17 15.5
2.1 12 15 2 2 2 2 2 2 2 2 3 4.5 6 6.5 6.5
15 15 16 2 2 2 2 2 2 2 2 2 2 3 3 3
15 16 18 2 2 2 2 2 2 2 2 2 2 3 3 3
2.6 18 21B 3 3 3 3 3 3 3 3 3 3 4 4 3
2.1 21B 22 2 3 2 2 2 2 2 2 2 2 3 3 3
0.6 22 23 1 1 1 1 1 1 1 1 1 1 1 1 1
19.3
Table A2:The travel time data fdr5 segmentn Southern California.
Travel time in minutes
Distance Node Node 6:00 7:00 | 8:00 | 9:00 10:00 11:00 12:00 | 1:.00 | 2:00 | 3:00 | 4:00 | 5:00 | 6:00
(miles) Begin End AM AM AM AM AM AM PM PM PM PM PM PM PM
14 105A 106 | 2 2 2 2 2 2 2 2 3 3 3 4 4
1.3 106 107C | 2 2 2 2 2 2 2 2 2 2 2 4 4
0.9 107C 109 |1 1 1 1 1 1 1 1 1 1 2 4 4
14 109 110 | 2 2 2 2 2 2 2 2 2 2 3 4.5 3
2 110 112 | 2 2 2 2 2 2 2 2 2 2 3 3 3
2.5 112 114 | 3 3 3 3 3 3 3 3 3 3 3 3 3
1.6 114 116 | 2 2 2 2 2 2 2 2 2 2 2 2 2
2 116 118 | 2 55 4 2 3 4 3 2 3 4.5 5.5 55 4.5
2.2 118 120A | 3 5 8.5 5 4 4.5 4 3 4 6 6.5 6 4.5
15.3
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Table A3:The travel time data fdr10 segmentn Southern California.

Travel timein minutes
Distance | Node | Node | 6:00 | 7:00 | 8:00 | 9:00 | 10:00 | 11:00 | 12:00 | 1:00 | 2:00 | 3:00 | 4:00 | 5:00 | 6:00
(miles) Begin End AM AM AM AM AM AM PM PM PM PM PM PM PM
1.2 19 20A 2 2 2 2 2 2 2 2 2 2 2 45 45
0.5 20A 21 1 1 1 1 1 1 1 1 1 1 2 2 2
1.6 21 22 2 2 2 2 2 2 2 2 2 4 5.5 55 6
1 22 23A 1 1 1 1 1 1 1 2 2 2 2 2 2
0.6 23A 23B 1 1 1 1 1 1 1 1 1 2 2 2 2
0.8 23B 24 1 1 1 1 1 1 1 1 2 2 2 2 2
0.5 24 26A 2 2 3 2 2 2 2 2 3 3 3 3 3
1.7 26A 27 2 2 3 2 2 2 2 2 2 2 2 3 2
1.1 27 28 2 2 2 2 2 2 2 2 2 2 2 2 2
0.9 28 29A 1 1 1 1 1 1 1 1 1 1 2 2 1
1.9 29A 30 2 2 2 2 2 2 2 2 2 3 8 9 8
11.8

Table A4:The travel time data fdr710segmentn Southern California.

Travel time in minutes

Distance | Node | Node 6:00 7:00 8:00 | 9:00 | 10:00 | 11:00 | 12:00 | 1:00 2:00 3:00 4:00 5:00 6:00

(miles) Begin End AM AM AM AM AM AM PM PM PM PM PM PM PM
1.5 1A 3A 2 2 4 3 2 2 3 2 3 5.5 5 7 2
1.5 3A 4 2 2 3 2 2 2 3 2 3 3 3 3 2
1.8 4 6B 2 2 2 2 2 2 2 2 2 2 3 3 2
0.9 6B 7 1 1 1 1 1 1 1 1 1 1 1 2 2
1.1 7 8B 1 1 2 2 2 2 2 2 2 2 2 3 3
0.9 8B 9 1 1 1 1 1 1 1 1 1 1 2 2 1
0.9 9 10 1 1 1 1 1 1 1 1 1 2 2 2 1
0.9 10 11 1 1 1 1 1 1 1 1 1 1 1 1 1
1.6 11 12 2 11 10 7 2 2 2 2 3 55 5.5 4.5 4
11.1
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A2: Derivation of Optimal Mobility andResilience Indicators
For a fixed timet, and for the freight truck mode, individual segment travel times are assumed to

o

. _— d .
be constant with the sep shown in Fig.1Thus, £, :% and letTy (=n7d) denote the time
¢

taken by theruck to travel from the beginning of the freeway ramp at A to exit ramp location B,
and encompassingramps. The expected travel tinE[t] , from A to B can be expressed as

1 82LW g Tn 2 1 B 2 2LVg 3TE
B[y = wW&n-1 gn ) LW%1 g-?ﬁvm (' n

L1 &2LW ¢n- 1)Tn
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=

R Jary o

With n >> 1, E[t]© ge;\—(j

The expected travel timeE[Dn] , fromramp location A to a spatially average delivery location
in zonen via ramp located at B is,

do oy
E[D,] =E[{ %LS;%\ T (1

Mobility Optimization

It can be noted from Eq. X1hat as the number of ramps on the freeway increases, there is an
increase in the average truck travel tiaoeoss the freight service aréksing the expression in
Eq. (1) and with the uniforrapatial distributiorof tonnagedelivery across the area bg, the

mobility expression an bewritten as:
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-1 - 1) r,Wd
Mobility = m, = aé[\/t\)/ci _éomgn )7, _ fwd
a

1 U
ad aw+d
where, h, = 3%7 andh, = aeT The maximum mobility occurs at
aW+dg VA
n* = b . This is derived below.
€an 5 6
I @thz {
Assume R, = L& (n.- 1 Yin Eq. (2), thus,
) g1 ) b
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& | U
d°R, _ 2" i hy
2 o ~
dn azh, +1 8
g -
AaW+d § Va+d /v & ©6 ,aW Hg va
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Maximum or minimum oR> should yield the respective minimum and maximumrfpr

aw +d V4
Thus, using theritical value oh =t =% (-7

minimum value oR results in maximunmobility value in Eq. (2 Note that ab= 1, the

dR

(2)

e Vae
~ Y€ R, is minimum for anyb

expression fm(TN <0which makes thenobility expression in Eq. Zamonotonically
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increasing function with respectmo This implies that greater the numbereaft rams greater
the accessibility &b = 1.

ResilienceOptimization

Similar to the travel time simplification between two ramps in the mobility expressmilience
(rn) for the entire freeway stretch AB withramps, can be expressed as,

a 4)
rzé 1 gexp(-a(’t‘k) g— ! S
CR()” Bex(-ar,) Jeand g vard Do epa ol
= W Qlmy 8 g Uo b Neho

Thus,Ry increases for any positiveimplying that the resilience, decreases accordingly.
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