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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 for transfer of 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 multimodal freight operations in determining efficient
routes for mobility and resilience with connected vehicles’ network reliability. The influence of
CVT using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications on
routing of the freight 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. Thus, for trucks, 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 communicate with each other during transport
operations.

The theoretical indicators for mobility and resilience developed in this research are time-
sensitive and vary between 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 for each of the links
constituting the 11 to 15-mile 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 the routes of [-405, I-5, I-10 and I-710. These interstates
connect one or more intermodal terminals and ports in the Southern California Region. It is also
noted that for the length of the segments selected for the routes, I-10 appears to the be worst in
terms of the mobility indicator, while ranks better than all the routes in terms of the resilience
indicator. 1-710 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, these 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 necessary to produce an efficient freight network.

In this research, a probabilistic model for reliability of the communication network is
developed and it 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 percolation process which
is known to mimic failures in links/nodes quite precisely in a network of any given size. Findings
in this research indicate that decreasing the value of micro-level reliability, the macro-level
reliability will tend to decrease as well. This can 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 that 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 than 9 veh/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. Irrespective 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 distance to the closest freight truck does not change. As
the length of the highway segment increases, there is linear increase in the average size of
connected k-component (i.e. k trucks). However, there is exponential increase in the average size
of the connected k~component (trucks) with increase in density of vehicles and/or with increase
in sensor transmissions radius. This information is useful in determination of optimum radius of
sensor radius when freight vehicles are moving in a platoon.

Cost estimation of routes on 1-405, 1-5, I-10 and 1-710 show that there are savings in fuel costs
per hour for the ‘with CVT’ as compared to the ‘without CVT’ case. In addition, there is
significant increase in total tonnage transported under ‘with CVT’ case as compared to the

‘without CVT”’ case for all the four routes analyzed.



Introduction and Background

Commercial trucks, freight rails, seaports and airport, which are part of multimodal freight
transportation, are indispensable to a nation’s economic competitiveness. The recent enactment of
Fixing America’s Surface Transportation Act (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 States. The Fast Act will address conditions and performance of
multimodal freight transportation system for mobility.

The FAST Act includes provisions for establishing a National Multimodal Freight Policy
which will “address the conditions and performance of the multimodal freight system, identify
strategies and best practices to improve intermodal connectivity and performance of the national
freight system” [1]. These provisions expressed in the FAST Act regarding multimodal freight
are concurrent with several on-going research programs that the United States Department of
Transportation (USDOT) supports which will improve safety, mobility and environment through
connected vehicle technology (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
Transportation’s (USDOT’s) on-going programs. The ITS Strategic Plan 2015-2019 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 Plan, since 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 significance in boosting economic mobility and resilience of freight operations.

The USDOT’s keen interest in adoption of automation-related technologies reflected in its
preamble of ITS Strategic Plan, has spurred several private freight manufacturing companies, such
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 undergoing with regard to integration of
CVT into its next generation fleet of vehicles, it is expected that all modes constituting a
multimodal freight transportation system will “talk to each other” and will adapt to changes in

their surrounding traffic conditions leading to efficient freight operations. While safety, mobility
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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 resilience building
of multimodal freight operations is currently unknown or at least needs an initial
probe/investigation 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 reliability of CVT network on the freight
industry. Therefore, this research aims to understand the implications of CVT implementation for
multimodal freight operations consisting of ports, intermodal terminals and airports.

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

Several states in the nation have initiated and/or have adopted pilot programs to further the
efforts of the USDOT in CVT research. For example, the proposal, called “One California,” which
embodies the principles identified in the California Transportation Plan 2040 is already looking
at CVT application-centric approach, both technically and scientifically, in creating a sustainable
and interconnected transportation system in California [3].

Private automobile companies, such as the Volvo Group, are also showing keen interest in
leveraging this government-led 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 present in 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 number of commercial
trucks and other freight vehicles within a multimodal framework will exhibit increased vehicle-
to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communication capabilities.

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

efficiency and safety of freight movement on [-80 corridor by using V2V and V2I communication



technologies [5]. Corridors in 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 CVT-induced 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/or disrupted links 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 add to our knowledge or understanding of easily computing and locating
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 evaluate both at the theoretical level treating both mobility and
resilience of multimodal freight network as surrogates to multimodal freight performance.
Reliability of V2V and V2I communication network exhibited by individual freight 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 research is defined as the sensor transmission-based interaction of information
among multimodal transportation entities (such as freight vehicles, intermodal terminals etc.) on

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

Literature Review

Multimodal Transportation has been defined as the “movement in which two or more different
transportation modes are linked end-to-end in order to move freight and/or people from point of
origin to point of destination” ([6], [7]). By using either multimodal shipping or intermodal
shipping various modes of transportation will be able to reduce some 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,

and overall improving freight operations ([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 States [11].

Furthermore, through the FAST Act a National Multimodal Freight Policy that includes
national goals to guide decision-making will also be established. The National Multimodal Freight
Policy that will address the conditions and performance of the multimodal freight system, while
identifying strategies and best practices to improve intermodal connectivity and performance of
the national freight system [12]. This will be accomplished in hopes of alleviating the impacts of
freight movement on communities and thus, with the potential to improve mobility and resilience
of multimodal freight transportation.

Travel time is vital in freight operations for a sustained growth of business [13]. This is due
several modes of transportations being used to transport containers from one location to another
[14]. For a transport system to function properly and even optimally, each of its mode must operate
in tandem under certain predicted travel time ranges to cause minimal delay to any other part of
the system and be able arrive at their destinations in time. The importance of punctuality 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 late pick- ups,
delayed deliveries, or delays for the other modes of transportation waiting for the freight, which

in turn results in high transportation costs ([15], [16]).
Measures of Mobility

Numerous literatures define mobility as measure for performance in the context of congestion 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 auto commuter (hours); Travel Time

Index; Planning Time Index (Freeway only) ; “Wasted" fuel per auto 2015. Urban
. Mobility
commuter (gallons); Congestion cost per auto commuter (2014 $); Travel Scorecard

delay (billion hours); “Wasted” fuel (billion gallons); Truck congestion cost

(billions of 2014 dollars); Congestion cost (billions of 2014 dollars) (2015) [17]

Bontekoning
The shipment of cargo and the movement of people involving more than one | (2004) [18];
mode of transportation during a single, seamless journey Jones (2000)

[19]




Movement in which two or more different transportation modes are linked
end-to-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 can be moved on land by rail or truck

and on water by ship or barge. In addition, intermodal freight usually is 3?]3 (1998)
understood to include bulk commodity shipments that involve transfer and
air freight (truck—air)
The movement of goods in one and the same loading unit or vehicle, which
Tsamboulas

uses successively several modes of transport without handling the goods
themselves in changing modes (European Commission, 1997)

(2000) [22]

The movement of goods in one and the same loading unit or vehicle, which
uses successively several modes of transport without handling the goods
themselves in changing modes (European Conference of Ministers of
Transport, 1993)

Van Duin
(1998) [23]

Personal mobility is interpreted to mean the ability of individuals to move
from place to place: this depends principally upon the availability of
different modes of transportation, including walking (see Hillman ef al.
1973, 1976). When defined in this sense, mobility is conceptually distinct
from actual travel

Morris (1979)
[24]

Congestion analysis

Congestion detection is performed by calculating the Mahalanobis distance
between real time data and the corresponding time slot in the traffic model.
If the distance calculated is greater than a specified threshold d_high, it
signals a certain incident causing congestion in the area of analysis.
Mahalanobis distance between vector X (real time vehicle data) from a group
of values with mean [i (calculated from historical data) is calculated using
expression (1) below:

a®i)= (&~ D)5 ()

d()_(), ﬁ)N szl—l

Bhattacharya
(2014) [25]

Intermodality

According to Mahoney (1986), ‘‘Intermodality’’ is the movement of freight
via two or more dissimilar modes of transportation. Hayuth (1987) defines it
as the movement of cargo from shipper to consignee by at least two different
modes of transport under a single rate, through-billing, and through liability.
In general, research in the area of intermodal transport systems not only
assists in developing effective transport networks, but also contributes to
reducing negative impact on environment and energy consumption. In
developing countries such a system will drastically improve the utilization of
transport resources and services, leading to better scheduling and delivery
with lower logistics costs and higher levels of efficiency.

Bhattacharya
(2014) [24];
Hayuth (1987)
[27];
Mahoney
(1986) [28]
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Congestion Index
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Congestion Index

[(Fwypymr X Fwypyy) + (Artpyyr X Artpyy)]

RCI =
13,000 X Fwypuy + 5,000 X ATty

RCI: Roadway Congestion Index

Fwy: Freeway (assumed capacity 13,000 DVMT)

Art: arterial roadway (assumed capacity 5,000 DVMT)
DVMT: Daily Vehicle Miles per Lane — Mile

DVM: Daily Vehicle Miles

Hamad (2002)
[30]; Schrank
(1990) [31]

Congestion Index

Congestion Index

Travel Rate in. + Travel Rate i
Actual for Section (%) Acceptable (%)
Travel Rate min

Acceptable (W)

Taylor (1992)
[32];
D'Este (1999)
[33]
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Measures of Resilience

Resilience (and also vulnerability) have been used quite widely in transportation literatures ([34],
[35], [36], [37]). However, in most of the literatures resilience strategies and principles are not
very well tied with multimodal freight performance metrics. As 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 of causes and failure modes for freight operations. The National Infrastructure
Advisory Council (NIAC) developed a set of recommendations for establishing critical
infrastructure resilience goals under four broad categories — of robustness, resourcefulness,
rapidity and adaptability (NIAC 2010) [39].

Robustness is the ability to absorb shocks with continuous operations, resourcefulness is the
management of disruption as it 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 resiliency
for any general incident response planning purpose, not sufficiently though for freight. Critical to
a carrier’s and shipper’s needs are also the redundancy aspect of freight operations that should be
appropriately incorporated within the selected set of resiliency principles.

The freight transportation network in California is large and complex. However, 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 improve due to being unable to restart operations after incidents occur. Therefore, a possible
method for optimizing the freight transportation network is integrating CVT in multimodal freight
operations. CVT might be used to improve the resilience of a multimodal transportation network.
By using CVT, 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 minimize the effect of any unforeseen event
may have had on the system [40]. Furthermore, seeing as how the majority of surface freight
transport occurs on roads it is vital that the technology used focuses on trying to improve that
section of freight operation. This can be accomplish improving the communication that occurs

between other vehicles to avoid situations that could worsen traffic condition due to the presence

11



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 decision-making 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 affected in order to minimize
its effect on the system.

While a mobility indicator represents the 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 freight operations. Several literature address network resilience in conjunction with
network vulnerability [41]. For example, Chen and Miller-Hooks (2012) [42] provide an indicator
for resilience that quantifies the ability of an intermodal freight network with consideration to
negative consequences of disruptions resulting from topological and operational attributes.
Variables used in the indicator consist of number of shipments transported and set of candidate
recovery activities. Resilience is also closely tied to reduced failure probabilities, reduced
consequences from failures and reduced time to recovery [43]. Vadali et al. (2015) [44] note that
network disruptions used for truck routes can be approximated by several performance metrics
such as travel time measures, percent of population receiving essential services and/or economic
costs. And resilience has been described as the ability of the network to internalize minor
perturbations. Goods 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 nodes can have potential impacts to overall freight movement
and have repercussions on the commerce and the economy. Thus, the indicator of resilience should
be comprehensive and be able to capture all of four components that underline resilience —
robustness (ability to absorb shocks and keep operating), redundancy (back-up resources to
sustain operations), resourcefulness (able to manage disruption as it unfolds), and rapidity

(quickly get back to normal operations) [45].
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Methodology

This research evaluates mobility and resilience of multimodal freight operations integrated with
the concepts from CVT. The methodology has been spread across four broad components (called

Research Emphasis) of multimodal freight operations to accomplish the following three goals:

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

2. Determining efficient routes for mobility and resilience with connected vehicles’ network
reliability, and

3. Estimating economic costs for CVT-induced route guidance for mobility and resilience
And the four research emphasis areas are:

RESEARCH EMPHASIS I: 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 EMPHASIS 2: Developing connected vehicles’ network reliability model for route

guidance and further insights into multimodal freight operations, and

RESEARCH EMPHASIS 3: Developing route mobility attributes connecting multimodal freight

entities

RESEARCH EMPHASIS 4: Estimating economic costs for CVT-induced route guidance for

mobility and resilience.

RESEARCH EMPHASIS 1: Mobility and Resilience Indicators

The information compiled in Table 2 provides the background necessary for developing mobility
and resilience indicators. With the information supplied, mobility and resilience indicators are

developed.

Formulation Set-up
Consider the continuous freight movement along the route segment A-B shown in Fig. 1, with

exits (or route options for freight vehicle, rail etc.) as marked along the segment. One or more of
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links contribute to the continuity of this freight movement. In the sketch of Fig. 1, » number of
individual links and » number of nodes at each exit point diverging away from the freight
movement make up the length A-B 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 link along

the traffic direction as shown using arrows in the sketch.
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Table 2: Factors for mobility and resilience indicators for links and nodes of multimodal freight network

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

Connectivity and Connectivity and
. - Connectivity and accessibility to | accessibility to truck routes, | accessibility to truck

Connectivity and accessibility to seaport, truck routes, airport and seaport; airport and rail line; speed | rout rts and rail

Mobility factors airport and rail line; link speed; link truck - a1p POTY, P - SP utes, seaporis anc ra

tonnage

speed of the rail; volume of rail
freight tonnage on the link

of ship travel; volume of
empty/full containers
handled at the port

line; speed of travel; air
cargo volume handled
at the airport

Resilience factors

Number of lanes; shoulder lane widths for
emergency parking; duration of congestion;
crash frequency; age of infrastructure, number
of bridges; presence of railroad crossings and
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 routes;
presence of frontage/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 crossings
and bridges; presence 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 dual
or parallel tracks etc. [46]

Channel depth; waterfront;
presence of sufficient
number of on-dock rail and
near dock rail; land-side
connections to seaports;
efficient intermodal
connectors; proximity
neighboring ports; number
of shipping terminals;
extent of waterfront;
multiple on-dock rail; near
dock rail; maritime area etc.
[47]

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

In this research, mobility of a link/node is assumed to be dependent on two factors — (i) tonnage
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 link i on the roadway facilitates movement of freight

tonnage value, denoted by x;x , for freight type k and the travel time incurred in the movement at

time ¢ being denoted by 7, , .

[ 1k Trk) X2k Touk) I (nte Tusk) -
I 1 el | 1

SR N

Figure 1: Sketch of roadway segment with ramp exits.

Thus, the link’s mobility, /;, (t), for freight type k& (whether highway, rail line etc.) and

under ‘observed’ traffic conditions (could be free-flow, congested, transitional etc.), is defined as

follows:

L (1)=— (1)

where,

xix = tonnage on link i, for freight type &

7., = the travel time on the link at time ¢, for freight type k

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

Under ‘ideal’ conditions of free-flow traffic movement, the link’s mobility, L., (¢),

carrying similar tonnage value is defined as follows:
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Ly(t)=— 2)

where, I';,, is the free flow travel time along the link at time #, and other parameters are as defined

under ‘observed’ traffic conditions.

Therefore, the mobility indicator for the link, £;,,, can be expressed as the ratio of the

mobility under ‘observed’ traffic conditions over the mobility under ‘ideal’ traffic conditions:

Xik
() _ ()
/ui,z,k - Ll-’k (t) - xi,k (3)
(ri,z,k )ﬁ

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 shown in Eqn. (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 roadway A-B at time ¢, m,, (t) , under ‘observed’ traffic

situation, can be expressed as

m, . (t) = il (Txi,k)ﬂ 4)
= itk

where, n = number of links on the path from link i = 1 to link i = n and other factors as defined in

link/node mobility equations earlier. Similarly, for the ‘ideal’ (or free-flow) traffic situations, the

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

7 (5)
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where, I';,, being the free flow travel time along the link at time ¢. Therefore, the mobility

indicator for the segment from A to B, as shown in Fig. 1 attime ¢, ® ,, can be expressed as the

nk 2
ratio of the path’s mobility under ‘observed’ traffic conditions over ‘ideal’ traffic conditions of the

segment and can be written as:

- (6)

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

Resilience Indicator Formulation

The formulation of resilience indicator for link/node is derived by assuming that node 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 B considering it to be the point where all vehicles are stagnant
with no movement due to the jam. While 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 or disruptions and continue to assist in multimodal freight operations. The four components
of resilience - robustness (ability to absorb shocks and keep operating), redundancy (back-up
resources to sustain operations), resourcefulness (able to manage disruption as it unfolds), and
rapidity — are inherent 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 that exit points (as exit ramps in case of freeways) en-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 congested
location on its pre-selected 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 A-B in Fig. 1. This should be coupled with the choice of the exit chosen. With
this understanding, the resilience of the link, 7, (l), under ‘observed’ traffic conditions can be
expressed as:
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_ 1 exp(-ar,,,)

X
p n
(Fa) | D exp(-ar,,)
i=1

Tk (t) (7)

where,

a 1s the parameter controlling dispersion in choice of the exit, and 7, , = the travel time on the link

at time ¢, for freight type k.

exp(-a7,..)

n
> exp(-ar,..
i=1

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

The term in Eq. (7) represents the probability of choice of the link with an exit

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 link, R, , (t ) , for ‘ideal’ traffic situation can be written as:

B (1) = 22 ®)

(Fi,t,k )ﬁ i exp (—afm’k )
i=1

where, ', is the free flow travel time along the link at time ¢. The resilience indicator for the
link, Wi is the ratio of the link resilience for ‘observed’ traffic condition over ‘ideal’ traffic

condition and is expressed as:
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|| ew(ar,)
i) n
- (t) (Ti,t,k) ;exp(—afi,,,k)
Vi =R ©)
1| ep(-aly,)
(F itk )ﬂ i exp (—al"m, i )
i=1

The resilience, J,,, , of the entire segment from A to B consisting of n links, shown in Fig. 1 for

1

the ‘observed’ traffic conditions, is a cumulative expression and is given by

=

P 1 y exp(—armk) (10)

B n
F(r) | Yexp(-ar,,)
i=1

Similarly, the resilience of the segment from A to B under ‘ideal’ traffic conditions is:

B
f—
o
>~
o
—_
{
=
-
~——

A= x i (11)

where, T, , is the free flow travel time along the link at time ¢. The resilience indicator, ¥, , ,, for

the segment A-B, therefore, is the ratio of J;,, over A,,, and is given by,

$ ! exp(-az,,, )
T | Sl
Ll p( On-i,t,k)
i=1

0. :
Viks == (12)
exp (—al“l.,,’k )

i1 (Fi,t,k )ﬂ i exp (_ari,t,k )
i=1

=
[
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Optimizing Mobility and Resilience for General Routes

The mobility of a link/node is assumed to be dependent on two factors — (i) tonnage 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 on the ramp choice aimed to avoid disruptions. The

sketch in Fig. 2 illustrates the location of n ramps on a simplified freeway segment when trucks

travel from A to B. The purpose of the sketch is to derive an optimal number of ramps, 7, that

could potentially maximize mobility of the trucks. The area around the freeway is called as freight

service zones in this analysis. Thus, the service area is divided into » service zones each with width

W and a constant spacing of d between two ramps. The freeway has a length of L and the

theoretically simplified set-up is shown in the sketch of Fig. 2.

wy/2

- W/2

| (Xik Tiok) (26 Touk) | (Xnk Tnik) -
I A1 A1 I =
[ —— —_— —_— - - e
|
d/2
Il ............
0 1 T e T EE e n
i
L O Exit Ramp Location

Figure 2: Freeway segment with ramp locations
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Both the mobility and resilience for a route are optimized for the given set-up as shown in Fig. 2.
The optimization is carried out with respect to number of ramps in the area. These are derived in
detail in Appendix for different range of impedance decay factor (f) values. Table 3 summarizes

these analytical findings and the corresponding mobility with various number of exit ramps (7).

Table 3: Mobility and optimal # (i.e. n*) estimation with decay factor (5).

e e

Impedance
Decay Route Mobility n*
Factor (f§)
pWd
B
0<p<1 nd}_ W+d (n-1) NA
2V 4v
pvd
Infinite

pWd

e )

(Maximized)

NA= Not Applicable

Table 4: Resilience and optimal z (i.e. n*) estimation with decay factor (5).

Impedance
Decay Route Resilience n*
Factor ()
1
For any {(na’j_{W+dj}ﬁ Any n>0
2V 4v
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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 CVT-based information. Thus, the volume on the given link of congestion should
decrease minimizing that link’s travel time based on the standard Bureau of Public Roads (BPR)-

type function [48]:
ta=tg[1+0.15(Q/y)4} (13)

where, #, denotes the average travel time of the study road segment a, ¢’ denotes the free-flow

travel time, and Q, y are the aggregated traffic flow and road capacity in passenger car units. Thus,
with decrease in Q or the freight truck flow, there will be observed increase in route mobility and

resilience due to lowering in travel times.

Summary of Findings and Implications

Route Context: The theoretical indicators developed and presented above in Eq. (6) and (12) are
time-sensitive and vary between 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. Alternatively, a mobility
indicator value of 0 would signify a highly congested route and a value of 1 would indicate free-

flow conditions prevailing along the route for 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 time-sensitive, 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 hence, a factor of 100 can be multiplied to all the equations of mobility and

resilience indicators between 0 and 100.
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The decay parameter, S, and the parameter, o, controlling dispersion in choice of the exit
are estimate based on the travel time data collected for approximately 11 to 15-mile continuous
stretch of various interstates in the Southern California Region. These interstates are 1-405, 10, I-

710 and I-10 (see map in Fig. 3).
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Figure 3: Multimodal infrastructure used for the application of mobility and resilience indicators.
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The tonnage values for each of the links constituting the 11 to 15-mile length are obtained
from the year 2012 Freight Analysis Framework (FAF) data [49].

The travel time data along with tonnage information for the links are used for estimating
the value of parameter f. The travel time information is obtained from 2015 travel demand model
data provided by the Southern California Association of Governments (SCAG) and corroborated
with data from the Google Maps. For simplicity, the data are documented for the time period
between 6:00 am to 6:00 pm- which includes the peak period of traffic for trucks. These are
provided in detail under Appendix.

Based on the calibration using these data, preliminary results for parameter values are being

shown in Table 5.

Table 5: Estimates for parameter (/)

Interstate f-value
1-405 5.896
1-5 11.11
I-10 7.5
1-710 12

Irrespective of the highway analyzed, the value of parameter o can be assumed to be 1. A
more accurate value of o, however, can 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 differ for the ‘with CVT’ and ‘without CVT’
case only due to changes in volume. It is expected that vehicles ‘with CVT’ will reschedule or
reroute their paths to avoid congested points of a highway, thus reducing volumes on perpetually
congested links. Reduction in volumes for these links would also lead to reduction in each link’s
travel time, as evident from the BRP function of Eq. (13).

Thus, the mobility and the resilience indicators shown in Table 6, systematically improve
for the ‘with CVT’ case when compared with the ‘without CVT’ case for percentage reductions in
volumes experienced at individual links of the routes on 1-405, I-5, I-10 and 1-710. The truck
volume data are obtained for the year 2015 from Caltrans GIS Data Library [50]. The value of a

is assumed to be equal to 1.
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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.

Table 6a: Compilation of CVT-induced routes on some popular freeways in Southern California

Region
Freeway Mobility Indicators (in Resilience Indicators
Without With CVT Without With CVT
CvVT (Trucks sharing lane with CvT (Trucks sharing lane with
general traffic) general traffic)
% Volume Reduction w.r.t. % Volume Reduction w.r.t.
Without CVT Without CVT

10 20 30 10 20 30
1-405 0.031 0.033 0.040 0.049 0.0040 0.0042 | 0.0052 0.006
I-5 0.002 0.003 0.0041 | 0.0047 | 0.0002 0.0003 | 0.00039 | 0.00047

I-10 0.001 0.0016 0.0022 0.003 0.0947 0.097 0.102 0.2
1-710 0.041 0.052 0.065 0.071 0.0162 0.023 0.036 0.042

Table 6b: Percentage change in the mobility and resilience indicators

Mobility Indicator Changes (%) Resilience Indicator Changes (%)
(‘with CVT’ - ‘without CVT’)*100/ (‘with CVT’ - ‘without CVT’)*100/
‘without CVT’ ‘without CVT’

1-405 6 29 58 1-405 5 30 50

I-5 50 105 135 I-5 50 95 135
I-10 60 120 200 I-10 2 8 111
1-710 27 59 73 1-710 42 122 159

Based on the information compiled in Table 6a, it is noted that the 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 any peak or non-peak hours of travel on the routes selected for
analysis. However, slight increase in the mobility and resilience indicators are noted for drop in
volume of traffic which helps freight trucks navigate on the respective routes.

It is also noted that for the length of the segments selected for the routes, I-10 appears to
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
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routes. This could be due to high truck volumes experience on the interstate resulting in large total
tonnage value. Note that all these interstates connect one or more intermodal terminals and ports
in the Southern California Region. However, in general, most of the interstates appear to be having
overall low values of mobility and resilience as reflected in low values of the indicators in Table
6a. However, Table 6b shows that I-10 is expected to experience the largest percentage increase
in mobility and 1-710 would 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 System where rerouting 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 the polymerization process of molecules that lead to large network formations
through chemically connected bonds [51]. In literature, the classical percolation theory is related
to bond percolation and site percolation problem ([52], [53]). The bond percolation 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 bond. However, 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 by empty or unoccupied bonds, it is called a ‘cluster’. A cluster formation is
completely random. The image in Fig. 3 shows the bond cluster formation in a 25%25 square lattice
during a 2D percolation process. The bonds are occupied with probability p= 0.335 in Fig. 4(a)
and p = 0.525 in Fig. 4(b) (Source: Albert and Barabasi, [54]). 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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Figure 4: Bond cluster formation in 2D. Nodes places in a 25%25 square lattice and two nodes
connected by a bond with probability p, (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>o. (for o being the critical density) and for p<a., this probability is zero [55]. For a
multimodal transportation, the network reliability resulting from 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 model (as 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 two-dimensional percolation problem.

The model presented by Talebpour et al. (2017) [56] on correlation between
communication range and connected vehicles density (shown in Fig. 5) is extended to develop
connected component along a highway segment of length, L, for freight trucks, instead of cars. A
theoretical 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 radius, R, for each freight vehicle in a
multimodal transportation operation. For the purpose of simplicity, each vehicle, having a sensor,
is assumed to have a disk-shaped transmission range surrounding its location at a given time, ¢. In
general, as the transmission range from one vehicle overlaps with the transmission range of another

vehicle, continuity of communication occurs.
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Figure 5: Connected component along a highway segment (Source: Talebpour et. al
(2017) [56])

The analysis is carried out for CVT evaluation among multimodal freight vehicles which
are neighbors in the area and the exchange of information is said to occur at the ‘micro-level’. Two
freight vehicles are considered ‘neighbors’ if they belong to the same cluster as determined for
analysis, 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 micro-level analysis.

When the analysis is carried out for CVT evaluation among non-neighboring multimodal
freight vehicles, this is conceptualized as information exchange occurring at a ‘macro-level’. Thus,
at a macro-level, the CVT-based information exchange can span interactions among multimodal
freight entities across the entire stretch of a given freeway or among vehicles belonging to different
clusters. Macro-level analysis involves focusing on interactions among much larger number of

vehicles than at the micro-level.

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

for the first time in the network having N vehicles. The information exchange could be on mobility
and resilience of transportation network’s links (and nodes) through sensor transmissions.

Interpreted in mathematical terms, connectivity of information in the network is non-existence for
number of vehicles (having no sensor transmissions) equal to (N —NGC). With (NO'C +1)
minimum number of vehicles connected through communication of sensor transmissions in the

cluster and subsequently, the network reliability at macro-level R, ( t) at time ¢, based on critical

percolation is given by:
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R,(1)= Y (?V}m(t)i(l—rm(t))“ (14)

where, 7, (t) is the network reliability within a given cluster from at the micro-level at time .

Physically, this is illustrated using cluster interactions at micro and macro-level of Fig. 6. The
formula for the macro-level reliability expressed in Eq. (14) is based on the model of voting system

[57].

_E\ LR -1 a Cluster 1
\

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

Figure 6: Illustration of reliability at the micro and macro level.

The reliability, 7, (t), of communication at micro-level within a cluster of freight trucks

communicating with each other can be considered to have varying sensor transmission probability
distributions, known as lifetime distributions. Li et al. [57] used three different lifetime

distributions for micro-level, reliability as shown below:

1. Exponential distribution: 7, (t) = exp(—/It) , Where A is the scale parameter.

(b-1)
(b-a)

2. Uniform distribution: r, (1) = , where a, b are the lower and upper limits of the

interval, respectively.
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k
3. Weibull distributions: r, (t) = exp[—(%j } where A, k are the scale parameter and shape

parameter, respectively.

Summary of Findings and Implications

Although the findings can be explained only at a theoretical level at this point, the idea is simple -
as the reliability at the micro-level among a cluster of vehicle increases so does the overall

reliability of communication among several ‘mini’ clusters.

For example, consider the micro-level reliability, 7, (t) , of communication within a cluster will
be a probability varying between 0 and 1. Thus, the reliability, R,, (t) , at the macro-level using

the reliability, 7, (t) , of communication at the micro-level for any of the three lifetime distributions

mentioned above will vary as shown in the charts of Fig. 7.

The graphs in Fig. 7 have been developed for the exponential distribution of 7, (t)with
values of 7, (t) = 0.90, 0.87, 0.85, 0.83 and 0.81, in the decreasing order as marked in Fig. 7.

Thus, for decreasing values of micro-level reliability (7, (t)) the macro-level reliability ( R,, ( t) )
will tend to decrease as well. This can 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. Alternatively, as also evident in Fig. 5, low values of (N o,+ l)
and fixed N (total number of vehicles in the group of clusters) make the macro-level reliability

vary diminish with decrease in critical density, o,. Lower the critical density, o, higher the

c

reliability, R,, (t) . This indicates that higher macro-level reliability, R,, (t) , occurs at a bigger size

cluster of communicating vehicles due to low critical density, o .

In relation to multimodal freight, a higher value of macro-level communication network
reliability will be ensured if vehicle-to-vehicle communication at the micro-level is strong and

with low value of critical density.
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Figure 7. Macro-level 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 influence, denoted
by a disc of radius, R, 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 equipped with a sensor device as expected in a CVT-
setting.

In probability theory, for random uniform distribution, the instantaneous gap, J, between
any two vehicles for sparse traffic conditions (uncongested) is assumed to follow a Poisson
distribution [58] while under dense traffic conditions (congested) the gap between successive
vehicles is assumed to follow Gaussian Unitary Ensemble (GUE) distribution [59]. These two
distributions are used to derive the expected closest between two freight vehicles on a highway

segment with the set-up shown in Fig. 8.

Simplified sketch with shaded
rectangular region as area of influence of

the sensor
[ RN [ DR

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

Figure 8: Set-up 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 by R) of the censors of the two vehicles overlap (or at least touch tangentially). An
assumed distance of x (< R) units ensures the closest a truck can be to another truck for safety
against collision. The sketch in Fig. 6 shows the simplified version of sensor to sensor 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 two-rightmost lanes of a freeway [60].

Expected Distance between Vehicles under Uncongested Conditions

As mentioned earlier with reference to Fig. 8, the spatially random uniform distribution of trucks
(with density o) on a highway segment can be expressed as a Poisson process. The expression of

probability defined as the number of vehicles (say, b), within the rectangular area2cyo , for a

random distance ¢ as,

(20y5)b e 2o

Plo=b)="—=,

(15)

Thus, the probability that there is no sensor transmission influence within a distance range

from x to R around the freight truck with any other vehicle in the same lane (as shown in Fig. 8),

-20y6

is given by P (go = 0) =e . Therefore, the expected distance (Syz) between two freight trucks

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

discs of radius R is given by,

SX,R = J'XRP(gp = 0)d5 — J'xR e*ZGyb‘dé‘ _ i(ehnvx _e—zcryR) (16)

Expected Distance between Vehicles under Congested Conditions

Under dense traffic situations, the Gaussian Unitary Ensemble (GUE) distribution is given by [59],

32)°5%° W
f(6)="5"e - a7

T
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Note that the GUE distribution is a continuous probability distribution and with the density
of multimodal freight components being o, the expected spatial distance (Dy r) between the two

freight trucks using GUE distribution is given by,

2 303 3 _4y3520_z ,
jaf )dS = j%e g d§=ch53e-v5d5; (18)
3 3 2_2
where, C:32y 20- and v:4y g
T T
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Therefore,
RZ
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Expected Distance between Intermodal Station and First Closest Freight Vehicle — 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 radius H around the terminal
centroid as shown in the left-hand side image of Fig. 9. The distribution of vehicles follows a

Poisson process with the expected value o 4,, , where o is the spatial density of the distribution of

freight vehicles (such as trucks) and Ay is the area approximated as a rectangle surrounding the
intermodal terminal. The variable H in the right-hand side image of Fig. 9 is the distance between
the terminal and the boundary touching the area of influence of the sensor transmitted from the

closest freight truck. Thus, 4, =2YH .

»

Intermodal Terminal

\/

Figure 9: Set-up for derivation of expected closest between intermodal terminal to nearest
vehicle

The probability of finding ¢ number of freight vehicle within an area(AH / 2) towards the freeway

lane to the right is,

]
P(c=b)= 2 (20)
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where, o = density of freight vehicleand »=0, 1, 2, ...

The average closest distance ( £ [H ]) between the terminal and a freight vehicle can be

obtained for /=0, where Y is the total width of the area surrounding the terminal that is a rectangular
coverage of the sensor as it advances towards the lanes to the right.
o _ody 1

E[H]=[¢ 2 dH=[e""dn -1
[H]=]e {e —~ 1)

Expected Distance between Intermodal Station and First Freight Vehicle — Dense Traffic

Condition

For the dense traffic condition, we use the Gaussian Unitary Ensemble (GUE) distribution as

shown in Eq. (17). The average closest distance ( £ [G]) between the terminal and a freight vehicle

can be obtained as follows:

17W3Sio3 4y35%62 - ,
E[G]=[ o/ (5)ds = J‘ie ©ds=[ Cse"ds;
3 3 2 2
where, C = 32¥ o and 7 = Yo
V4 T

Assume, K =5” = dK =25d5, = E[G]=[ CKe ™ ik
Therefore,
cl (-vk-1\]" ¢ 327" 1
E[K]:_eVK( 2 j = 2= 2 o (22)
2 V . 2V 4752 oY
27
T
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Average cluster size for communication connectivity

Consider cluster size of connected k-components (or, kK number of freight trucks) with identical
sensor transmission range of each component equal to R. The probability that there is exactly one
connected k-component in the length of highway segment equal to L having density of vehicles
with sensor transmissions equal to o, is derived by Talebpour et al. [56] as:

[o(L+2R) ]

PN =k)=tme e (23)

Extending the findings in Eq. (23), the average size (M) of the connected k-component can be

obtained using the following expression,

ﬁ M e_O'L (24)

k=0

For very large N, almost equal to infinity, Eq. (24) can be modified as,

o (L+2R)e [[U(“ZR)]O Lot2R)]
0! 1!
| o L+2R
=(L+2R)e_” kz(;[ ( x )]
=(L+2R)e e’
=(L+2R)e" (25)
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Summary of Findings and Implications

Optimum Sensor Transmission Radius

The application of the communication connectivity is demonstrated using assumed values for
density of freight vehicle on a 10-mile highway segment. In this example, density below 50
veh/mile/lane is assumed to be sparse and density above 50 veh/mile/lane is assumed to be
congested traffic conditions [61].

In order to obtain optimum sensor transmission range, connectivity of transmission across all
vehicles on a given highway segment should be established. Thus, 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 freight vehicles obtained in Eq. 16 and Eq.
19 and using range of vehicle densities assumed for the highway, optimum radii of sensor
transmission range are obtained. This is illustrated using the charts of Fig. 10 and Fig. 11 for Eq.
16 and Eq. 19, respectively. The charts are constructed assuming freight vehicles use only one lane
of the highway.

As noted in Fig. 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 than 9 veh/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 Fig. 11.
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Estimating Optimum Sensor Transmission Radius for
Sparse Traffic Conditions

=@ Density = 1 veh/mile
=@ Density = 3 veh/mile
==@=Density = 5 veh/mile

Density = 7 veh/mile
=@ Density = 9 veh/mile

—_
(=]

Ratio of Theoretical Number of Vehicles with
Sensors to Total Number of Vehicles on
Highway
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Figure 10: Estimating optimum sensor transmission radius for sparse traffic conditions

Estimating Optimum Sensor Transmission Radius for
Dense Traffic Conditions
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Figure 11: Estimating optimum sensor transmission radius for dense traffic conditions.
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There are two other findings from this research emphasis:

1.

Irrespective 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
distance to the closest freight truck does not change. This is evident from the final

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

Based on Eq. (23), the average or the expected size of the connected k-component is equal
to (L + 2R)ez‘7R - which means that as the length of the highway segment, L, increases,
there is linear increase in the average size of connected k-component (i.e. k trucks).
However, there is exponential increase in the average size of the connected k-component

(trucks) with increase in density of vehicles (o) and/or with increase in sensor transmissions

radius (R).
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RESEARCH EMPHASIS 4: Costs with CVT-induced Routes

Motor carrier cost estimations were carried out for some sample routes for the ‘without CVT’ and
the ‘with CVT’ case. The routes are selected such that they connect intermodal terminals to
ports/airports and vice versa. These were mainly computed for the operational costs, divided into
two general categories — (i) vehicle-based, and (ii) driver-based. The vehicle-based motor carried
operational costs were further subdivided into fuel, truck/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 year 2016 from the American Transportation Research Institute (ATRI) and have been

compiled in Table 7 for motor carrier costs per mile and motor carrier costs per hour:

Table 7: Motor carrier costs for the year 2016 (Source: ATRI, 2017) [62]

Motor Carrier Costs Average Marginal | Average Marginal
Costs per Mile Costs per Hour
(Year 2016) (Year 2016)
Vehicle-based
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 displayed in Table 7 is based on the mean vehicle speed of 39.98 mile
per hour and the average cost per mile for all sectors of motor carriers, namely - truckload (TL),
less-than-truckload (LTL), and specialized fleets.

While computing the costs for routes, the operational costs per mile would not be impacted
- whether for ‘without CVT’ or ‘with CVT’ case. However, savings in operational costs per hour
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 costs are evaluated across the four chosen routes for analysis: 1-405, I-5, I-10 and I-
10. For freight trucks using these routes, shared with passenger cars, it is determined that travel
times for sparse traffic without CVT and with CVT are approximately the same. Further, the 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 nearly the free-
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 each interstate, 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 CVT is also calculated. Note that the tonnage in relation to truck volume

with CVT is only an estimate to match the current ratio.

Motor Carrier Operational Costs for 1-405, 1-5, I-10 and 1-710

Table 8 presents the data for volumes, travel distance and travel time for the individual routes that
connect from one or more intermodal terminals, ports and airports. It is noticed that for the ‘with
CVT’ case, each of the routes reach the capacity with freight truck volumes — this is deduced from
the expressions for expected distance obtained from Eq. (16), Eq. (19), Eq. (21) and Eq. (22) — for
sparse traffic conditions (5 veh/mile) and for congested traffic conditions (50 veh/mile). Table 8
also shows that irrespective of the traffic density, the travel time for the ‘with CVT’ case and
‘without CVT’ case is identical. This also means that freight vehicle movement is synchronized as

in a platoon in dedicated lanes, without any interference 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 CvT CVT CvVT
Sparse | Dense | Sparse | Dense
Traffic | Traffic | Traffic | Traffic
1-405 9943 21264 30 30 33 44 33 33
I-5 8253 16104 18 18 19 30 19 19
I-10 15952 20316 28 28 30 45 30 30
1-710 16650 25164 19 19 20 25 20 20

The chart in Figs. 12 -15 shows that the average marginal cost value for the routes for the
‘without CVT’ case is approximately in the range of $300 to $8,000 across for the individual motor
carrier cost. However, for the same costs the range is approximately between $ 400 to $11,000 for
the ‘with CVT’ case. Thus, there is approximately a 37% increase for motor carrier operational
costs for the ‘with CVT’ case as compared to the ‘without CVT’ case. The costs are computed for
total truck volume for the two cases for peak hours of travel. The variation in the average marginal
costs per mile for total trucks is higher for the ‘with CVT’ case than for the ‘without CVT’ case.
This is because, although the travel distance on routes do not change, a higher number of freight
vehicles are obtained which are near to capacity of each route for the ‘with CVT’ case than for the
‘without CVT’ case. The marginal costs are the largest for 1-405 route, since the truck volumes
under high freight density scenario obtained using Eq. (19) and Eq. (22) for the ‘with CVT’ case
gives the largest number of freight vehicles.

Total motor carrier costs per hour per truck shown in Figs. 16 — 19 indicate that the values
for the ‘without CVT’ case under sparse traffic and for the ‘with CVT’ case are similar. This is
because the travel times incurred for the two cases are identical, as noted in Table 8. However,
there is a reduction in costs for the ‘with CVT’ case as compared to the ‘without CVT’ case. This
is due to an increase in travel time for the ‘without CVT’ case. Similar observations are made for
the fuel costs per hour per truck as savings for the ‘with CVT’ case as compared to the ‘without
CVT’ case evident in Figs. 20 — 23. Due to higher volumes for the ‘with CVT’ case, the routes
experience high tonnage values with respect to the ‘without CVT’ case. The tonnage value is the
highest for the 1-405 route for the ‘with CVT case’, due to large number of freight trucks that can

be occupy the route for the given segment lengths of the freeway used in the analysis.
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Figure 12: Comparison for marginal motor carrier operational
costs for [-405 for the ‘without CVT’ and the ‘with CVT’
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Figure 14: Comparison for marginal motor carrier operational
costs for I-10 for the ‘without CVT’ and the ‘with CVT’
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Figure 13: Comparison for marginal motor carrier operational
costs for I-5 for the ‘without CVT’ and the ‘with CVT’
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Figure 15: Comparison for marginal motor carrier operational
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Total Marginal Costs per Hour per Truck for 1-405
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Figure 16: Comparison for total operational costs per hour for
1-405 for the ‘without CVT’ and the ‘with CVT’
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Figure 18: Comparison for total operational costs per hour for
I-10 for the ‘without CVT’ and the ‘with CVT’
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Figure 17: Comparison for total operational costs per hour for I-5
for the ‘without CVT’ and the ‘with CVT’
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Figure 20: Comparison for fuel operational costs per hour for I-
405 for the ‘without CVT’ and the ‘with CVT’
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Figure 22: Comparison for fuel operational costs per hour for I-
10 for the ‘without CVT” and the ‘with CVT’
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Figure 21: Comparison for fuel operational costs per hour for I-5

for the ‘without CVT’ and the ‘with CVT’
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Figure 23: Comparison for fuel operational costs per hour for I-710
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Figure 25: Comparison for total tonnage for I-5 for the ‘without
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Concluding Remarks

This research aims to understand the implications of CVT implementation for multimodal freight
operations in determining efficient routes for mobility and resilience with connected vehicles’
network reliability, and estimating economic costs for CVT-induced route guidance for mobility
and resilience. The influence of CVT using vehicle-to-vehicle (V2V) and vehicle-to-infrastructure
(V2I) communications on routing of the freight 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.

The theoretical indicators for mobility and resilience developed in this research are time-
sensitive and vary between 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 for each of the links
constituting the 11 to 15-mile 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 the routes of [-405, I-5, I-10 and I-710. These interstates
connect one or more intermodal terminals and ports in the Southern California Region. It is also
noted that for the length of the segments selected for the routes, I-10 appears to the be worst in
terms of the mobility indicator, while ranks better than all the routes in terms of the resilience
indicator. 1-710 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, these 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 necessary to produce an efficient freight network.

Findings in this research also indicate that decreasing the value of micro-level reliability,
the macro-level reliability will tend to decrease as well. This can 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 that 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 than 9 veh/mile (under sparse traffic conditions).
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This optimum radius for transmission range is higher than 55 feet for traffic densities lower than
100 veh/mile with dense traffic conditions. Irrespective 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 distance to the closest freight truck does not change. As the length of
the highway segment increases, there is linear increase in the average size of connected k-
component (i.e. k£ trucks). However, there is exponential increase in the average size of the
connected k-component (trucks) with increase in density of vehicles and/or with increase in sensor
transmissions radius. This information is useful in determination of optimum radius of sensor
radius when freight vehicles are moving in a platoon.

Cost estimation of routes on 1-405, I-5, I-10 and I-710 show that there are savings in fuel
costs per hour for the ‘with CVT’ as compared to the ‘without CVT’ case. In addition, there is
significant increase in total tonnage transported under ‘with CVT’ case as compared to the ‘without

CVT’ 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 for [-405 segment in 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
1.7 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
1.5 15 16 2 2 2 2 2 2 2 2 2 2 3 3 3
1.5 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 for I-5 segment in 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
1.4 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
1.4 109 110 | 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 5.5 4 2 3 4 3 2 3 4.5 5.5 5.5 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 for I-10 segment in 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

1.2 19 20A 2 2 2 2 2 2 2 2 2 2 2 4.5 4.5
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 5.5 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 for I-710 segment in 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 5.5 5.5 4.5 4

11.1
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A2: Derivation of Optimal Mobility and Resilience Indicators

For a fixed time, ¢, and for the freight truck mode, individual segment travel times are assumed to
. S d .
be constant with the set-up shown in Fig.1. Thus, 7,,, = [;] and let T, (=% ) denote the time

taken by the truck to travel from the beginning of the freeway ramp at A to exit ramp location B,

and encompassing n ramps. The expected travel time, £ [t] , from A to B can be expressed as

et (2 B (2 o 2

1+2+3+_“+n}
(n-1) (n-1) (n-1) (n—-1)

2nd
2n—1

- 2:{1 {;((’;tll))}

Withn>> 1, E[t]~ (%)

The expected travel time, £ [An] , from ramp location A to a spatially average delivery location

in zone » via ramp located at B is,
W+d nd W+d
E|A |=E|t|+ =|— |+
(4] [](4v)(2,,j(4vj (M

Mobility Optimization

It can be noted from Eq. (1) that as the number of ramps, n, on the freeway increases, there is an
increase in the average truck travel time across the freight service area. Using the expression in

Eq. (1) and with the uniform spatial distribution of tonnage delivery across the area be p, , the

mobility expression can be written as:
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n-1 _1 Wd
Mobility = m, =5 274 _ (n=1)p, _ pWd o
T E[A

n ] nd W+d / n /
— — h -1
{(2Vj+( 4 j (2)“+'2 (n=1)
d W+d
where, hl = ; and h2 = . The maximum mobility occurs at

L)

. This is derived below.

A1 -1
p
{(;)hl+hz}
Assume, R, = ( 1) in Eq. (2), thus,
n—
-1 B
ﬂh‘{(njhl+h2} {(”jmhz}
ar, 2 |\2 e -
dn (n—l) (n—l)
%sz ,5+%
n=nk=—2 = i
Bh b g1
2 2
-2
d*R ;ﬂ(ﬂ_l)zh‘ﬂ{“zhhz}
dn22: (2112 j
—=+1
hl
W+d W+d v W+d v
) ) s %)
B B-1 Bl B-1

Maximum or minimum of R> should yield the respective minimum and maximum for m, .

ral))
= r , R> 1s minimum for any f >1. The

minimum value of R results in maximum mobility value in Eq. (2). Note that at =1, the

Thus, using the critical value ofn = n* =

expression for % < 0 which makes the mobility expression in Eq. (2) a monotonically
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increasing function with respect to n. This implies that greater the number of exit ramps greater
the accessibility at f = 1.

Resilience Optimization

Similar to the travel time simplification between two ramps in the mobility expression, resilience
(7n) for the entire freeway stretch AB with n ramps, can be expressed as,

=

1 exp(—az'[,,,k ) 1 1

v o= X = =

=) R TR O g [N

Thus, R; increases for any positive n implying that the resilience 7, decreases accordingly.
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