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Abstract

Truck platooning and related autonomous vehicle coordination concepts have been proposed as sustainable ways to increase
profits and improve service quality. Recently the concept of truck caravanning, a hybrid truck platooning with only one truck
driver required per platoon, has been proposed in the literature. This paper describes the research effort in developing a
model that can estimate the cost savings of truck caravanning. The motivation of the proposed model is to investigate if sub-
stantial monetary savings exist to justify the initial capital investment (both in equipment and infrastructure) required for the
implementation of the truck caravanning concept. A linear programming model is developed and used to evaluate different
size networks. Results from numerical experiments indicate that a caravan size of four trucks or greater is needed for signifi-

cant cost savings to be achieved and that driver compensation is the most critical factor dictating profitability.
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The freight transportation system in the United States is
one of the cornerstones of economic prosperity and relies
heavily on efficient transport by road. Long-term eco-
nomic growth, as well as the nation’s dramatic shift to e-
commerce, is expected to result in even greater demand
for truck-based freight transportation. In 2019, trucks
moved 11.84billion tons of freight or 71.4% of the
nation’s tonnage, with trucking revenues accounting for
80.4% of the nation’s freight bill (/). The latest version
of the Freight Analysis Framework projects that, by
2045, truck traffic in the U.S. will increase 30% by ton-
nage and 60% by value. Transportation in the U.S.
accounted for the largest portion (29%) of total green-
house gas emissions in 2017 with light, medium, and
heavy duty trucks contributing 82% of this portion (2).
In recent years, the concept of truck platooning (3-5)
has gained interest among researchers and practitioners
as an approach that can reduce fuel consumption and
emissions while increasing safety and driver retention
(among other benefits such as traffic flow stability). A
truck platoon is a set of trucks that travel in the same
direction within sufficient proximity to reduce

aerodynamic drag and discourage other (passenger) vehi-
cles from interrupting the platoon. This means that only
the leading truck is responsible for the navigation of the
platoon. All following trucks are connected to the leader
and receive information automatically about steering,
acceleration, and deceleration.

The concept of truck platooning has been around
since the late 1990s. However, there are issues with realiz-
ing the true savings envisioned, along with the potential
issue of trailing driver inattention which is just as danger-
ous as driver distraction. Preliminary research results on
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truck platooning suggest aerodynamic drag reductions of
approximately 10% (6) for the trailing vehicles, which
translates into a reduction of fuel consumption (with esti-
mates ranging from 3% to 21%) (7—10) depending on
spacing, vehicle speed, vehicle position, and vehicle mass.
These fuel savings have been debated, as revealed by an
extensive literature review by Zhang et al. (//), as they
do not take into consideration a variety of factors that
affect the final fuel consumption.

As Bhoopalam et al. (12) observed, “truck platooning
constitutes a first step toward automated freight trans-
portation.” Based on the rapid advances in autonomous
vehicle technology, the development of hybrid truck pla-
toons or truck caravans where either only the lead truck
has a driver, or no driver is required (/3—15) could con-
stitute the second step in this direction. In the U.S. for
example, the State of Georgia is moving forward with a
truck only highway (known as a dedicated truck corri-
dor) that would support safe implementation of the truck
caravanning concept (/6). In addition to automation,
truck caravanning may have significant monetary savings
stemming largely from reductions in driver compensation
costs. To the best of the authors’ knowledge, no study
exists that quantifies these benefits. Although not consid-
ered in this paper, the concept of a Caravanning
Autonomous Vehicle System (CAVS) could also result in
fuel savings as it includes the concept of energy storage
within each unit of the CAVS, with the possibility of the
lead truck generating power from fuel and sharing it with
other trucks.

In this research, we propose a mathematical model to
quantify the monetary benefits of truck caravanning
from the need for fewer truck drivers (i.e., only the lead-
ing truck requires a driver) under the assumption that
technological advances will allow implementation. In the
problem studied here, trucks start from different origins,
couple in caravans at pre-designated locations, travel in
convoys to decoupling stations, and then traverse to their
destination individually. The goal of this paper is not to
support or validate the technological feasibility of truck
caravanning or hybrid truck platooning but rather to
propose a model that can estimate cost savings if such a
concept is technologically feasible. The rational for
establishing this model is to identify if substantial mone-
tary savings exist to justify the high capital investment
(both in equipment and infrastructure) that would be
required for the truck caravanning concept to be imple-
mented. In this paper, and unlike research published on
truck platooning to date, the cost savings considered are
easily verifiable as they only consider driver compensa-
tion savings (i.e., a reduction of drivers needed for the
caravans). Any cost savings from fuel or emissions reduc-
tions are not considered, though they could be easily
incorporated into the proposed model if reliable data or

models became available. The rest of the paper is struc-
tured as follows: the next section provides a summary of
the related literature followed by a section on the model
description and mathematical formulation. The subse-
quent section presents results from numerical experi-
ments followed by conclusions.

Literature Review

In this section, we will review research on simulations of
truck platooning coordination, with one operator for
each truck. The fundamental classification of operational
research studies for truck platooning coordination is
based on the availability of trip announcements (/2) and
is divided into three different categories: (i) scheduled
platoon planning, where a centralized authority knows in
advance the departure time of trucks; (ii) real-time pla-
tooning, where all the trip information is announced just
before or during the trip; and (iii)) opportunistic (i.e.,
spontancous or on-the-fly) planning where trucks in the
vicinity of a locality act opportunistically to reap the ben-
efits from existing traveling convoys. Most research pub-
lished to date has focused on the first two platooning
categories. Next, we present a brief discussion of the pub-
lished literature in each one of the three categories.

Scheduled Platoon Planning

Larsson et al. (/7), proved that scheduled truck platoon-
ing routing problems without deadlines at the destination
points and with similar starting points in a planar net-
work graph is NP-hard. An integer linear formulation
was proposed that resulted in a maximum of 9% in fuel
savings for the instance of a system of 200 trucks. This
work was extended by Larson et al. (/8) who proposed a
mixed-integer problem that produced an optimal solu-
tion for routing and platoon scheduling with up to 25
trucks. Fuel savings up to 8% were obtained when trucks
were willing to wait at coupling points. Larson et al. (19,
20) proposed a formulation where a local controller,
based on a road network junction, determines whether
fuel costs from speed adjustments of trucks to merge in a
platoon was profitable when compared with the conven-
tional individual truck routing. Results from simulation-
based analysis showed fuel reductions close to 9% with
problem instances of more than 7,000 trucks. Larsen
et al. (27) studied a hub-based platooning schedule with
fixed hub locations and truck routes. Results showed
that total profits fluctuated between 4% and 5% for
instances up to 500 trucks, when the ability of drivers to
rest when they participate in platoons, fuel reduction,
and waiting costs are the objectives.

Adler et al. (22) formulated the platooning schedule
problem between two fixed hubs. The main purpose of
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their model was the evaluation of the energy-delay trade-
offs between idle time and energy savings in platooning
policy. They concluded that efficient platoon sizes vary
between five and seven trucks, but the consideration of
only one origination point and one destination point lim-
its the generalization of their results to real world
applications.

Boysen et al. (23) considered an identical-path truck
platooning problem to evaluate the impacts of: (i) pla-
tooning technology dissemination; (il) maximum number
of trucks in every platoon; and (iii) willingness of trucks
to wait to merge in platoons. Results showed that 91%
of total cost savings (i.e., energy and reduced wage sav-
ings) were derived from unmanned follower trucks and
that platoons with more than six trucks are not cost ben-
eficial because of high truck waiting times to form the
platoon. This was the first published study to quantify
cost savings from truck drivers’ compensation and
proved that it could be substantial enough to justify
investment costs. Nourmohammadzadeh and Hartmann
(24), proposed a genetic algorithm-based heuristic to
solve the platoon scheduling problem. Results showed a
5% fuel reduction for instances of 50 trucks. An exten-
sion of this work was presented by the same authors (25)
with the implementation of a metaheuristic algorithm,
inspired by an ant colony optimization (ACO). The pro-
posed metaheuristic could handle problem instances of
up to 500 trucks with fuel savings around 7%.

Meisen and Seidl (26) proposed an algorithm to detect
beneficial platooning throughout a database of routes.
They used random departure times from zip codes that
showed an exponential increase of platoon formation as
the number of routes increased, with a maximum of
5,000 routes. A game theoretic framework based on the
Nash equilibrium was proposed by Farokhi and
Johansson (27) to explore the trade-off between road
traffic congestion and truck platooning incentives. They
introduced an atomic congestion game with two types of
agents. The first agent type consists of trucks and cars
without platooning equipment, and the second of trucks
motivated to participate in platooning to decrease fuel
consumption. A joint strategy fictitious play to derive a
pure strategy Nash equilibrium game was applied. A lin-
ear relationship between the velocity of commuting and
the number of trucks which travel on the road at the
same time was observed. Luo and Larson (28) proposed
a repeated route-then-schedule heuristic method to deal
with the complexity of truck platoon scheduling. The
results indicated fuel reductions of 4.5% for a problem
instance with 150 trucks. Abdolmaleki et al. (29) formu-
lated the itinerary truck platoon planning as a network
flow problem with time discretization. Fuel consumption
savings fluctuated between 2% and 8% depending on
the number of trucks. Sun et al. (30) provided a robust

insight into the energy saving potential of truck platoon-
ing, using real truck demand data for 363,570 trucks
over a simplified U.S. highway freight network. They
formulated the itinerary planning problem to minimize
the total energy consumption. The results of the approxi-
mation algorithm indicate gas consumption savings
between 5% and 8% depending mainly on platoon size
and scheduling flexibility.

Real-time Platooning

Hoef et al. (31) proposed a pairwise catch-up platooning
formulation (i.e., acceleration of following truck to
merge into a platoon). The leading truck of each platoon
was selected by a clustering method based on pairwise
fuel-optimal speed profiles. After the leaders have been
selected, all pairs were composed into an overall coordi-
nation. As an alternative to catch-up (i.e., acceleration of
following trucks), the leading trucks can decelerate to
allow merging with following trucks. In either case, the
existence of extra cost is inevitable, as there exists an
increase in fuel consumption during acceleration and
penalties for late arrival during deceleration. Fuel reduc-
tions between 6% and 8% were estimated. To avoid the
use of a central authority decision maker, Saeednia et al.
(32) proposed a consensus-based algorithm for real-time
platooning. In every iteration of the algorithm, trucks
try to reach a consensus on the common characteristic of
speed, which allows all the members to participate in
beneficial platoons. Trucks with intervehicle distance up
to 3km require approximately 14 min to merge in a pla-
toon. However, a real-life implementation of any pla-
tooning formation may differ from theoretical models.
The dynamic nature of road traffic with a platoon
structure has been described by Li (33, 34). In the former,
a stochastic dynamic model for truck platooning was
proposed. They used a Markov regime-switching method
to deal with the dynamic nature of platoon-to-platoon
transition and a space-state model to detect the dynamic
motions of individual trucks in platoons. The latter took
into consideration platoon size, within-platoon headway,
between-platoon headway, and platoon speed. Under
this coordination scheme, the optimal platoon size was
1.08 and 1.58 trucks for lower and higher velocity models
respectively. This appears to contradict most of the litera-
ture on optimal platoon size (i.e., from two to 10 trucks).
However, studies about aerodynamic evaluation of truck
platooning (already mentioned in the introduction) dis-
sented about the fuel reduction, it was a common obser-
vation that the first truck in a convoy has almost no or
the least benefit. If only a single truck benefits, the pla-
tooning concept cannot be profitable. The uncertainty of
travel time was taken into consideration by van de Hoef
et al. (35) in a stochastic dynamic problem formulated to
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maximize the probability of two different trucks being in
the vicinity to merge in a platoon. Notably, the merging
probability using optimal control under reliable type seg-
ments was 52%.

Opportunistic Planning

Liang et al. (36) compared the results of opportunistic
platooning coordination and real-time coordination
where a vehicle’s departure can be adjusted. The fuel sav-
ings from the latter were almost three times greater com-
pared with the opportunistic case and platooning rate
increased substantially when trucks were willing to adjust
their departure time. Liang et al. (37) extended their
research (29) by formulating the optimal fuel-speed prob-
lem for two trucks. Fuel savings from this opportunistic
planning were less than 5% and depended on the vehi-
cles’ weight. Under opportunistic planning, platooning is
fuel-beneficial if the distance to the destination of the fol-
lowing truck is 16.5 times longer than the intervehicle
distance the following truck must cover to catch the lead-
ing truck (38). The potential of opportunistic platooning
scheduling was studied by Noruzoliaee et al. (39) through
a system-level equilibrium model. This constitutes one of
the very few examples of large-scale network research
into truck platooning. A multiclass network equilibrium
model integrates the relationship between platoon forma-
tion time, fuel saving, and increase in effective road
capacity. Despite the substantial—almost 8% —fuel sav-
ings, platooning could lead to an increase in road capac-
ity of up to 60% on rural interstate road networks.

Literature Review Summary

Table 1 summarizes the examined literature on truck pla-
tooning. Most of the objectives considered focused on fuel
savings and delays. Despite the plethora of publications
on truck platoon scheduling, to the best of the authors’
knowledge, no published research exists that deals with
the truck caravanning problem, as was defined above by
the authors, and is discussed in more detail below.

Problem Description and Mathematical
Models

The problem studied in this paper is the typical transpor-
tation problem with intermediate nodes where truck car-
avans are (de)coupled. An example caravanning network
(CN) is shown in Figure 1. In the model proposed here,
trucks start from several predefined origins at different
times to cover demand at various destinations. Drivers
release trucks at coupling points (i.e., node set K;), where
a truck caravanning provider is responsible for the cou-
pling operations. All trucks travel in caravans between

coupling and decoupling points (i.e., node set K5), where
a truck caravanning provider is responsible for the
decoupling operations. In this paper we assume that can-
didate locations to serve as possible (de)coupling nodes
have already been selected based on network connectiv-
ity and proximity to the origin and destination nodes.
The proposed mathematical model (presented next) will
decide which nodes should be used. In our formulation
we do not consider costs associated with creating the
facility as these would be a one-time expense and should
not be considered when calculating long-term benefits
from the proposed concept.

We likewise assume that drivers at the decoupling
nodes are available to drive the individual trucks to their
destinations. The objective of the proposed model is to
minimize labor usage and the total costs for the entire
network. Labor savings are derived from using fewer
drivers while costs can increase as a result of late delivery
times caused by delays at the coupling nodes and longer
paths to accommodate the formation of caravans. Driver
compensation from/to the coupling/decoupling nodes
(either bobtail or deadheading which depends heavily on
the continent) is also considered and set equal to the reg-
ular truck driver compensation rate. In this paper we do
not consider the cases of reverse logistics where a load is
available at nodes K; or where a truck driver delivers a
load at node K, destined to be returned to the origin,
since both will reduce the total cost of the proposed con-
cept. Travel times between every node in the network are
known and deterministic and the maximum internode
travel time is limited to time allowed by the U.S. hours of
service (HOS) regulation (40). Each truck departs from
its origin at a predetermined release time, can join any
available caravan at any coupling node, and can satisfy
the demand at any destination point. Consequently, sup-
ply and demand are expressed in whole truck fractions.
Finally, the caravan size is predetermined, and each
demand point has a delivery deadline. Next, we present
the nomenclature used throughout the paper, followed
by the mathematical model (from now on referred to as
the Caravanning Network Model [CNM]).

In this paper we also introduce a second model (from
now on referred to as the base network [BN] problem)
where trucks traverse directly from the origins to the des-
tinations following the shortest (in time) possible route.
The Base Network Model (BNM) interprets the tradi-
tional transportation way, and it is used comparative
with the proposed concept (CNM) for the cost savings
calculation. Next, we present additional nomenclature
and the BN model formulation (BNM).

Nomenclature

For the numerical experiments in the paper, we assumed
that the total supply is equal to the total demand (i.e.,



(panunuod)

uoneziwndo Auojod

jue Aq paJidsul poylaw
uonn|os d13s.NaYeIa)y|

pajuswa|dwi o)

ay1 Ajuo spnay gz ueyd
aJow Jo saduelsul Jo4

$3S0D AJDAI[p 3E| JO
Aj4es pue ‘sa8em JaALIp
‘s1S0D [9N} dJ€ SISOD Y |
ased yoes
Jo} paJojdxa aJe saAINd
Kejpp-A3uaua [ewndo
ay3 pue sapijod jewndo
-019.ed “>2BQPa3)
(1 pue (3)qe3vWn)
dooj uado (1 :sapijod
(350 se uojIesapISUOD
ojul udel aJe
sAejap) uoneiuawsa|dwi
53s1IN3Y YdJess [0

uone|nwis aeds-a8Je

saduelsu| 9|eds-a34e| 0y

UORINPO.IIUI JUIBIISUOD
pue uajaweaed AJelixny

sadueIsul

9|eds-a3.e| Joj WII03[e

onsLinay juswaAoadwil
U2Je3s [e20] pue d1ISIINdH

$Pna1 00§ 40}
uonlN|os 213slINdYEIDW
Aq %97 £ pue (Ui og
SI UONIPUOD UOHEBUIWLIS
ay3 se pauonusW
j0u si de3 Ayjewndo)
uonn|os 17exs

Aq s8uiAes [9n} %497°€

VO 4Aq sypna
0§ 40} uondNpau [on} %4
2o1d |esalp
pue sa3eMm SISALIp UO
Buipuadap %56 01 %08
WOJ) SI9ALIP JO Jaquinu
pasnpaJ wouJy Ajuo SuiAeg

SN2 / PUB G U99MIS]
az|s uoole|d uadIy]

$2n3 009 ©3 001 404
uondNpaJ [an} %G 01 %
$PN43 000°6
uey) ssa| Joj s3uiaes
[9N} %6 PUE SHPNIY
00§ -0} uononpau
[9N} % UBY) SSaT]
suooaeld ul
9342w 03 31em 03 SuljIm
aJe A3yl usym spnay
G 10} uononpaJ [an} %8

(s>Pna3 e 4oy 3uiod
SunJeas swes) PN
00¢ -0} uonsnpa. [an} %6

wylio3e dn/uan)

wyllio3e d1/uan)

2nsIINBH

Asepunoq |ewndo-ole.ey

21ISLIN3H pue uoneNWIS

$49]|0J3U0D YdJEaS [8D07]

punoq pue yduelig

punoq pue ydueig

diW

diW

diW-d1

AKioays 3uisnand

diW

poylsw paanquisiq

diW

d1

350D 9N} “Ully

150D [any “Ull

1502 Suluooae|d ‘uily

sAejop pue
uondwnsuod A8Jaua "uily

uooyeld

ul 3ulAlIp jo syoud “Xel

uondwnsuod [any ‘Uil

sAejop pue
uondwnsuod [any Uil

uondwnsuod [on} ‘Uil

S

(§7) uuewnaeH pue
SPEZPRWWEYOW.INON|

($7) uuewnaeH pue
SpEZPRWWEYOW.INON|

(£2) "Ie 3@ uaskog

(22) ‘e 30 J3pY

(12) e 39 ussJe

(0z “61) "Ie 3 uos.e]

(8]) "Ie 32 uosue

(£1) '[e 19 uossue

S)lJeway

synsay

wiypiode uonnjos

uone|nw.o4

2An22[q0

Buiuueld
3uluooje|g

Joyiny

94MJEJIIT PAUIWEXT JO MIIAIBAQ °| d|qeL

82



(panunuod)

uonenwis ydnoaya
UONEN[BAD S,|9PO|]

(87) sonsw=deIRYD

uoone|d [e1dNUD 91BN[BAD

01 s|apow uonnqLisip
[ed11s1ElS 340}

swyio3e

paseq-snsuasuod

pue paseq-uoneziwpdo
usam1aq uosiredwor

SUONE|INWIS SO|JBT) SIUO|

Buisiwoud

Aa9A Buuooreld

2w pjnod sdulAes 3s0d
-10qE| JO UonRINpoJIUI BY |

S$HJOMIBU 3|eds-33.e| IO}

pajuswa|dwi oistINay
Suiwwesdoud-oiweudqg

uoneusws|dw

sanifenbaul pijea

pUE poylaw d13s1INdY
a|npayds-usyir-aanoy

saAnuadul uluooleld

pue uonsaduod diye.an
peO. U99MIIq Jjo-dpel]

spna

Jo Jaquinu uj aseaudul

Yyam Aj[enusuodxs
pasea.dul aJe suoole|d

syuawas

9dA3 s|qeifa. Jopun

josauod jewndo Suisn
%S Auliqeqoad Suidialy

(wnwndo

e go’| azis uooed

a8eJaAe) suooje|d w.o}

01 30U pUE SUO[E [9AR.}

01 pus1 N1 [9pow
AIDOJA JaMO| A 1Y

suonIpuod

oujed 3uidueyd

Japun wyiliogje paseq
-snsuasuod jo Aioriadng

$2N43 000°L 404
uondNpaJ [N} %8 01 %9

(Apqixay ajnpayps

ulw Qg pue sypnay

USASs azis uooae|d)

Spnaa 4ad ¥%gy'g Jo
uononpaJ A81aud adeJaAy

ans1INaYy Aq $pnaa

0000 40} uondNpaul
[N} %6 UBY) SO

SN 0G|
Joj uondnpadJ [an} %Gy

awi3 swes ay)

7€ PeO.J 9Y) UO [9AB.I) DB

Y21ym $3dnJ3 Jo Jaquuinu

ay3 pue Supnwwod

J0 A31D0J9A a3 UsaMIDq
diysuonejpu Jeaur

PN
43d 643 01 dn 3yyouy

UoISINdaJ pJemddeg

si01y
Uo)|lWeH pue ueweY|

10eX3

paads

uo paseq 3uluaisn|d
uond9|as Jopea

10ex3

YoJess [ed0| pue
s3nd uonewixoidde 4aanQ

punoq pue ydueig

uonenwig

ussined
[ennuanbas uooleld >pnay

SuiwwreaSoud
J1weuAp Ja3a3u|

|opow adeds 21815

diW

diW

dTINIW

dINIW

dTIW

wnuqunby yseN

aAnesadood-uoN

soouanbas
juanbauy Sululyy

suooje|d |nyssa0ns
Jo Ajiqeqoud “xepy

Swin |9Ae.) pue paadg

sAejop pue
uondwnsuod [any Uil

s3ulAes |any “xe}|

(9ousnbas spd1yaA pue
paads uoojed [ewndo)
uoozeld ay jo AN “Xep

s3ulAes [any "Xel

s3ulAes |any "xe}|

uondeIAIUL
saAuadUl Sujuooreld
PNJ3 pue diyed Jed)

uoosed
ur SulALIp jo sayoud "Xel

(5€) ‘e 30 yooH

(e €N

(z€) '1e 3@ riupasEg

(1€) e 39 yooH

(0€) wiA Busyex

pue ung 3uojoery

(62) 'Te 32 plR[RWIOPQY

(87) uosueq pue an

(£7) uossueyof pue 1yjoieq

(92) Ip1eS pue uasialy

S)leway

synsay

wylio3e uonnjog

uolre|NW.I04

aAnRIqO

Joyiny

(penunuod) *| a|qeL

83



‘Buiwwie.3o.d JeauljuopN| Ja8aul-paxily = dTNIW
‘Buiwwreadoud Jeaur J498aul-paxil = d7IIW ‘Bulwweadodd 49391ul-paxi|y = d|IW ‘Sulwwe.doud Jesur Ja891u| = d7] WNWIXBW = "Xel ‘WNWIUiW = ‘ully dnsiuniioddo = O ewn-jead = Y {pa|npayds =S 910N

aduels|p
SPna3-ua3ul Suisesudsp

Aq paseaJdap s| pue
azis uooie|d Suisea.uoul

%6°£ 01 dn Buiaes [any

wyiio3e

Ayoeded peod aAndays
ul aseaJdul pue ‘SuiAes
[9Nn} ‘SwIl uonew.Io)
uooje|d ‘usamiaq

Aq paseauoul si ulAes |ang yoeaJ p|nod Suluooield paseg-ysnq s,eiq dIN diysuonejau Suppojaaiy] o (6€) Ie 10 @9®I0ZNION
sydwane
dn-yoied Z3ENEAS A393E435 UOIBUIPIOOD
0} padnpo.iul si 4012k} dn-yo3ed> yum
9A1URdU| Sujuooleld uononpaJ [any %/ 01 dn sisA[eue paseq OLIBUIIS uonenwig s3ulAes [any "Xel o (8¢) Ie 19 Buenry
y3ivm >pnay
uone|nwis ysnoJya uo 3uipuadap uononpau (qemaely
UoIIEN[eAS S [9PO| [9N} %8'€ 01 % /"1 u1 uoduiwy) aujod Jolusau) dINIW s3ulAes |any "Xel lo) (£€) e 19 Bueny
(uoziioy uoneuipaood
wn| 07) UoneuIpIood
dn-yo1ed yum uononpau
Sulnes [any [9N} %TT 0 Pue
3uisiwoud smoys awn uoneulpIood aJnliedap CRTENEN]
auniedap jo A[IqIXal4  YIm uondnpad [Py %09°0 -yed pue 3ulymew-del uonenwig s3ulAes [any "Xel o (9¢) '[e 39 Buen
SBWY s)nsay wyllio3e uonnjog uonenw.io4 2An23Iq0 Buiuueld Joyany
3uluooie|g

(penunuod) *| s|qeL

84



Liatsos et al

85

Sets

9o

ATPTARRX
' A

Set of all nodes

Set of origins

Set of destinations

Set of coupling nodes

Set of decoupling nodes

Set of caravans from K, to K,
Set of trucks

Note that: ONK, = J,0NKy, =, OND =, K\ NKy, =, K, ﬁD=@, KynD =, OUK,UKyUD =1

Input parameters

t; €R: travel time (in hours) between nodes i,j € |

dm, e N : demand at destination m € D, Zm dmpep = C

cse€{2, 4,5, 10}: fixed number of trucks needed to form a caravan, i.e., caravan size
0. €{0, 1}: | if truck ¢ € C is located at origini € O

adnc € R : arrival deadline at destination m € D for truck c € C

nt.eR: release time of truck c € C

Rﬁ( e{0, I}: | if caravan p € P can be formed between nodes j € Ki and k € K3, >, R}i =1, vpeP
DC, € {25} : regular truck driver compensation ($/hour)

DG, € {50, 75} : caravan truck driver compensation ($/hour)

DAP = $500 : delayed arrival penalty ($/day)

>omepdMm = > ccc Oic = €). Supply and demand  Caravanning Network Model (CNM)

are allocated with a uniform distribution along all origin
(i.e., node set O) and destination (i.e., node set D) points
respectively. The departure time of every truck from the
origin (rt;) is chosen by a uniform distribution U [2, 9].
This reflects that all trucks are released between 2a.m.
and 9a.m. The regular truck driver compensation is
defined as 25 $/h. The caravan truck driver will be com-
pensated by the double and the triple of the regular truck
driver wages. The rationale behind those two case selec-
tions, as the selection of travel time and arrival deadline,
is explicitly described in the next section. If any truck
reaches its destination after the deadline, it will be pena-
lized by 500 $/day or 20.8 $/h.

CNM Decision variables

The caravanning problem can be formulated as follows
(Equations 1 through 14):

CNM :
min > 2DCy (x5, ty + 25 tim)
i€0,jeK,, k€K,
me DceC
+ > (DCy + DC)Y b + > dhDAP
j€K|,k€K21 ceC
peP

x5 € {0, 1} I if truck ¢ € C traverses from origin node i € O to coupling node j € K and zero otherwise

yﬁf e{0,1} | if truck c € C is assigned to caravan p € P from coupling node j € K; to decoupling node k € K; and zero otherwise
z,, € {0, 1} | if truck c € C traverses from decoupling node k € K; to destinationnode m € D and zero otherwise

ﬂf € {0, 1} | if caravan p € P is formed from node j € K, to k € K; and zero otherwise

dt, € R departure time of caravan p € P from coupling node K;

at. € R arrival time of truck ¢ € C at its destination

tt. e R total travel time of truck c € C

dh. € R hours of delayed arrival at destination for truck c € C
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Subject to:
Supply/demand constraints
> X <0c.Vic0. ceC (2)
JEK
>z, =dmy, VmeD (3)
keky, ceC

Conservation of flow constraints

P DY

i€0,ceC keK,,peP, ceC

Z yjc]I{) = Z ZZm’ v k e K2 (5)

j€ Ky, peP, ceC meD, ceC
z,=1VeceC (6)
keK,meD,
Caravan size constraint
Y ¥l =fiesVjeki, keKyupeP (7)

ceC

A truck can be assigned to only one caravan

> W =1VcecC (8)

J€ Ky, k€eKr, peP

Caravan departure time estimation

diy=rte + > x5 t;Rh—

i€0,jeK,, kek,

M(1- > y)VceC peP (9)

JjeK, kek,

Arrival time of trucks at destination estimation

Z ZL/ky/clf + Z Zim tkem—

JjeK, keks kekK,, meD

M<1— > y;,f>,vcec,pep (10)
jEK],kEKz

at. =dt, +

Truck travel time estimation (from origin to destination)
tt. =at. —rt,,¥ceC (11)
Hours of late arrival estimation

dh, = at, — 2% ady,VceC  (12)

ke Ky,me D

Waiting time at coupling points estimation

wte = tte — ( > oG+ > i+
i€e0je K, Jj€ Ky, kek,, peP
Zolin )V ¢ € C (13)
keK,, meD
Caravan formation constraints
£§$Rfk, VjekK, kekKy,, peP (14)
y;stj.’k, ViekK, keKy,ceC,peP (15)

To better understand the mathematical model for the
CNM we underline the importance of the binary decision
variable jﬁ along with parameter R/,. The latter is equal
to 1 if a caravan can be formed between a coupling and a
decoupling node. We chose to include this parameter to
reduce the models’ complexity. The alternative would be
the introduction of a decision variable to assign caravans
between the coupling and decoupling nodes which would
significantly increase the columns of the constraint
matrix. For instance, if the total demand is 100 trucks
and the caravan size is 5 then a maximum of 20 caravans
can be formed between each K; and K, node pair (i.e.,
> e PRj.’k =20, Vj €Ki, k € K;). Consequently, at this
case the total member of available caravans will be
D ieK,. keKy.pe p Ry = 20%[K;[¥[Ks|. The decision vari-
able f} decides which of these available caravans will be
used. Note that future research could introduce a decision
variable that assigns caravans between the (de)coupling
nodes, a formulation that would support the develop-
ment of a column generation-based heuristic (or Bender’s
decomposition for the dual) to solve the resulting model.

The first two components of the objective function
(Equation 1) calculate the total driver cost (bobtail/dead-
heading driver compensation is included by doubling the
one-way driver cost) while the third component calcu-
lates the cost from delayed arrivals at the destinations.
Constraints sets 2 through 6 are the supply and demand
constraints, and conservation of flow constraints at the
(de)coupling nodes respectively. Constraints set 7, sets
the number of trucks that join a caravan (if that caravan
is formed) equal to a predetermined number. Constraints
set 8 assigns each truck to only one caravan. Constraints
set 9 estimates the departure time of a caravan, while
constraints set 10 estimates the arrival time of a truck at
the destination. Constraints set 11 estimates the travel
time of a truck while constraints set 12 estimates the
hours of late arrival. Constraints set 13 calculates the
individual truck waiting (idle) time at the coupling
points. Constraints sets 14 and 15 set the values of vari-
ables y and fequal to 0 for the (de)coupling nodes where
a caravan is not defined.
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The Base Network Model (BNM)

The Base Network Model (BNM) Decision Variables

x5, €{0,1} | if truck ¢ € C traverses from node
i € O to node m € D and zero otherwise
at. € R arrival time of truck ¢ € C at its destination
tt. € R total travel time of truck c € C
dh. e R hours of delayed arrival at destination
for truck c € C

BNM:

min » " 24,DCy + Y dh,DAP (16)

ceC ceC

Subject to:

Supply/demand constraints

fomgoic,ViEO, ceC (17)
meD

Z xl?m :dmma VmeD (18)
i€0, ceC

Estimation of truck arrival time at destination

at. =rt, +

> XtmVceC (19)

i€ O,meD

Truck travel time estimation (from origin to destination)

tt. = at. —rt.,,¥ c e C (20)

— Individual Truck
——» Caravan of Trucks

Figure I. Caravanning network (CN).

Estimation of truck late arrivals (in hours)

dhe=at. — »  x5,ady.V ceC (1)

i€ O,meD

The objective function of the BNM (Equation 16) con-
tains two components: the driver cost (bobtail driver
compensation is included by doubling the one-way driver
cost) and the cost of late arrivals at the destination.
Constraints sets 17 and 18 are the supply and demand
constraints. Constraints set 19 estimates the arrival time
of a truck at the destination point while constraints set
20 and 21 calculate the truck travel time and hours of
delayed arrival.

Numerical Experiments

Various numbers of origin, destination, and (de)coupling
nodes, and demand were used to develop 36 test net-
works to explore the potential cost savings from the pro-
posed truck caravanning freight operations concept.
From problem instances 1 to 18 and 9 to 36 the demand
is 100 and 200 trucks respectively. In this paper we
assume that the supply is equal to the demand (truck
units). Table 2 summarizes these data for each problem
instance. Next, we discuss the selection for the values of
the CNM and BNM parameters (i.e., travel times, driver
compensation, caravan size, and arrival time deadlines at
the destination nodes).

Travel Times

Travel times between all possible origin—destination pairs
in the CN were generated using two uniform probability
distributions. For the CN links that connect the origins
to the coupling nodes and the decoupling to the destina-
tion nodes, travel times were generated based on a uni-
form distribution of U [2,3] in hours while travel times
between caravanning nodes (K; and K,) were based on a
uniform distribution of U [9,11] in hours. The uniform
distribution ranges between caravanning nodes were
selected to comply with the HOS regulations (40). These
predetermined travel time ranges result in trucks enga-
ging in caravans between 60% and 73% of their total
travel time (excluding any delays at the (de)coupling
nodes). The BN travel times between an origin—
destination (O-D) pair were calculated as a percentage of
the shortest path travel time in the CN. For each prob-
lem instance in Table 2 we considered two cases, where
travel times between the O-D pairs in the BN, are
reduced by 20% and 40% respectively, as compared with
the shortest paths in the CN.

For example, if the shortest path between origin node
1 and destination node 2 in the CN is 14 h then the travel
time in the BN between origin node 1 and destination
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Table 2. Test Network Instances

Network instance  Demand (trucks)  Origin nodes (O)

Coupling nodes (K,)

Decoupling nodes (K;)  Destination nodes (D)

1719 100/200 4
2/20 100/200 6
3/10 100/200 8
4/22 100/200 4
5/23 100/200 6
6/24 100/200 8
7125 100/200 2
8/26 100/200 2
9127 100/200 2
10/28 100/200 2
11729 100/200 2
12/30 100/200 2
13/31 100/200 4
14/32 100/200 6
15/33 100/200 8
16/34 100/200 4
17/35 100/200 6
18/36 100/200 8

WWWPNONNNWWWNODNNWWWNONNDN
WWWNPNOMNNWWWNONNONNWWWNONON
NNONNMNNNNOOO -AOO -AO0O A O N

node 2 would be 11.2 and 8.4h for case 1 and 2, respec-
tively. We also considered three different Arrival Time
Deadlines (ATD) for the trucks at their destinations. For
each O-D pair we calculated the shortest path in the
BNM network. We then set the ATD to be a multiple of
that shortest path travel time based on three uniform dis-
tributions of U [1, 1.5], U [1.5, 2], U [2, 2.5]. For exam-
ple, assume that the shortest path travel time between an
origin and a destination is 12 h. We consider three ATD
cases where in the first case the deadline at this specific
destination would be between 12h and 18 h; in the sec-
ond case between 18h and 24h; and in the third case
between 24 h and 30 h, respectively.

Truck Driver Compensation

The caravanning concept is based on the idea that trained
caravan drivers will take responsibility for a convoy of
trucks between nodes K; and K». In this paper we con-
sider two cases with respect to the truck caravan driver
compensation where the hourly compensation is set to
two (DCZ/DC1 = 2) and .three times (DCZ/DCI = 3) higher
than that of a truck driver (from now on referred to as
the Driver Compensation Ratio or DCR).

Caravanning Size

Another parameter that will affect the profitability of the
proposed concept is the number of trucks that partici-
pate in a caravan (i.e., cs parameter value in the CNM).
In this paper we considered four different caravan sizes
of 2, 4, 5, and 10 trucks with the rational that cs values

of 2 and 10 represent the extreme cases (worst- and best-
case scenarios) while values for cs of 4 and 5 are more
realistic. This assumption is in line with what has been
presented in the literature (22, 23, 41). Additionally, big
caravan sizes could create issues of traffic disruption
(e.g., at on-ramp/off-ramp areas), traffic safety (e.g.,
moving bottleneck), and pavement damage especially if
the vehicles do not have a lateral offset between them
(42, 43). At this point we underline the importance of
truck allocation in every caravan/platoon. Sun and Yin
(44) proposed a cooperative platooning game theory
model to identify behavioral instability and reallocate
the benefit among platoon members to incentivize driv-
ers to form and maintain the optimal platoon formation.
Future research should focus on developing a mathemat-
ical model with variable caravan sizes (with a preset
upper bound).

Input Data Summary

In total, 1,728 different network instances (i.c., different
combination of network size, travel times, arrival dead-
lines, cs, and DCR values) were evaluated. We grouped
the various networks into six sets based on the arrival
deadline, BN to CN travel times, network size and
demand, caravan size, and DCR values. Table 3 sum-
marizes the values and ranges of these parameters for
every one of the six sets. CPLEX/GAMS (version 25.1.3)
state of the art dual simplex algorithm (45) was used to
solve all optimization problems on an Intel(R) Core
(TM) 17-8700 CPU @ 3.20 GHz and 16 GB of memory,
with CPU times averaging 33 min for the CNM and 1s
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Table 3. Test Network Instances

Set |

Set 2 Set 3 Set 4 Set 5 Set 6

Arrival time deadline (ATD)

Travel time reduction (BN versus CN) (%)
Network instance

Caravan size (cs)

Driver compensation ratio (DCR)

[1-1.5]

[1.5-2]
20

[2-2.5] [1-1.5] [1.5-2] [2-2.5]
40
1-36

[2,4.5,10]

[2.3]

Note: BN = base network; CN = caravanning network.

for the BNM. Both models are solved with an optimality
gap of less than 1%. Next, we present and discuss the
results from the numerical experiments. The CNM
requires significantly higher CPU times mainly as a
result of the introduction of variables yjclf and £} and the
additional constraints required to form the caravans and
estimate the hours of delayed arrivals.

Overall Cost Savings. In this subsection we present and dis-
cuss the results (summarized in Table 4) on the mean,
median, and standard deviation of cost savings between
the CN and BN. As expected, cost savings reduce with
the increase of the DCR and the shortest path travel times
difference between the CN and BN. In the case where the
BN shortest path travel time is 40% less than the CN
(Sets 4, 5, and 6), a caravan of 10 trucks is required to
achieve any substantial cost saving. We observe signifi-
cant losses for the CN when the caravan size is limited to
two trucks (cs =2) which is to be expected given the delays
at (de)coupling nodes. However, for the more realistic
cases where the cs values are either 4 or 5, the DCR value
is 2, and the travel time reduction between the BN and
CN is 20%, the average cost savings, when using the CN,
range between 9% and 33%.

When the caravan size is 10, average cost savings
range between 24% and 46%. As a sidenote, it is unlikely
that caravan sizes larger than 5 will be feasible (as a
result of safety and operational efficiency of the high-
ways) unless dedicated truck corridors are in place. In
North America, standard lengths of semi-trailers range
from 28ft to 53ft which means that a caravan of 10
trucks could stretch back from the lead tractor by
between 280 ft and 530ft. Additionally, as the caravan
size increases over five trucks there is a diminishing trend
of cost savings because of the increased waiting time at
coupling points. Median and mean cost values are rela-
tively similar with a low standard deviation (that also
decreases with the increase of cost savings) across all sets
which points to a low dispersion and more robust savings
as the caravan size increases. More specifically, no prob-
lem instance of any set differs more than 18% from the

mean value which renders a clear tendency of clustered
cost savings around central values (mean and median).
Consequently, the results are robust whatever the net-
work size and parameter values (e.g., demand, travel
time, ATD, etc.).

Cost Savings and Arrival Time Deadlines

ATD is a crucial parameter as it affects the profitability
of the caravan concept and has significant implications
on the models’ complexity (i.e., when ATD is increased
computational times reduce significantly). Results in
Table 4 highlighted the importance of ATD to cost sav-
ings being realized by the CN as sets with higher ATDs
showed improved cost saving between sets (i.e., sets 1, 2,
and 3, and sets 4, 5, and 6) ranging from 2% to 17% for
the mean and 0% to 17% for the median. For the stan-
dard deviation, we observe the same patterns to the over-
all cost savings (discussed in the previous subsection)
albeit with a smaller range between 0% and 6%.

Cost Savings and Travel Time

In this subsection, we discuss the effects of travel time
to cost savings based on the results from the numerical
experiments. Table 5 reports the average, median, and
standard deviation cost savings difference for each one
of the two shortest path travel time cases where we
compare cost savings between sets 1 and 4, 2 and 5,
and 3 and 6. For these pairs of sets the only difference
is the shortest path travel time (i.e., the BN shortest
path travel time is 20% lower for sets 1, 2, and 3, and
40% lower for sets 4, 5, and 6 for the CN). Results for
all cases illustrate that although higher travel times (in
the CN when compared with the BN) reduce cost sav-
ings (as expected), the CN still provides significant sav-
ings ranging between 25% and 64%. As in previous
results, average and median cost savings are similar,
and the standard deviation is low, which provides con-
fidence that the results are not affected by the para-
meter values.
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Table 4. Caravanning Network (CN) Average, Median, and Standard Deviation of Cost Savings

Average cost difference

DCR=2 DCR=3
Sets cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
I 22 9 16 30 —41 -1 8 24
2 -12 21 27 42 -33 9 19 38
3 -8 26 33 46 -30 I5 24 42
4 -73 =35 27 -9 -99 —49 -38 -14
5 —69 —24 -13 4 -97 =37 -25 -1
6 -52 -8 | 21 -8l -22 -12 16
Median cost difference
DCR=2 DCR=3
cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
I -6 12 20 30 =37 4 12 27
2 -9 22 29 42 =31 12 20 38
3 -7 27 33 47 -29 I5 24 42
4 —65 =27 -20 —6 91 -39 -29 -10
5 —62 -19 -10 5 91 -33 =22 I
6 —49 -5 4 22 =77 21 -9 17
Standard deviation cost difference
DCR=2 DCR=3
cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
I 12 10 9 4 12 I I 7
2 7 4 5 2 9 8 6 2
3 5 3 3 2 5 3 3 2
4 16 15 14 10 I8 I5 I5 I
5 16 12 9 7 16 12 I 6
6 I 10 8 5 I 7 9 2

Note: DCR = driver compensation ratio; cs = cost saving.

Table 5. Travel Time Effects: Average, Median, and Standard Deviation of Cost Savings

DCR=2 DCR=3
cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)

Set | versus 4

Average 50 44 44 38 58 48 46 39

Median 48 4] 4] 36 53 44 42 37

SD 10 10 10 8 15 Il Il 9
Set 2 versus 5

Average 57 45 41 38 64 46 45 38

Median 50 41 39 37 58 44 42 38

SD 15 12 9 7 16 12 13 6
Set 3 versus 6

Average 44 35 32 25 51 37 35 26

Median 44 33 31 24 51 37 35 26

SD | | 9 5 12 8 11 2

Note: DCR = driver compensation ratio; SD = standard deviation; cs = cost saving.
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Table 6. Demand Effects (200 versus 100 Trucks): Average, Median, and Standard Deviation of Cost Savings
Average savings: 200 versus 100 trucks

DCR=2 DCR=3
Sets cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
| 18 13 10 4 16 13 12 8
2 5 3 3 I 5 5 2 I
3 -l -l 0 0 0 0 0 0
4 24 22 20 I 25 24 23 12
5 19 17 12 8 22 16 12 7
6 10 7 7 3 5 5 7 I

Median savings: 200 versus 100 trucks
DCR=2 DCR=3
cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
| 16 9 5 4 12 6 4 5
2 3 0 | 0 3 | | 0
3 0 0 | 0 0 0 -l I
4 23 22 25 8 20 27 26 7
5 15 14 10 5 17 12 8 6
6 6 4 4 2 -l 2 3 I
Savings standard deviation: 200 versus 100 trucks
DCR=2 DCR=3
cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)

I I 10 I 5 12 13 13 8
2 7 6 6 2 I I 8 3
3 8 3 4 4 4 3 4 3
4 14 13 12 10 17 13 13 13
5 18 I 9 7 16 12 I 7
6 14 13 I 7 15 9 12 3

Note: DCR = driver compensation ratio; cs = cost saving.

Cost Savings and Demand. In this subsection, we analyze
the impact on demand to cost savings with results
reported in Table 6. Increasing the number of trucks
should reduce arrival time delays at the destination as it
increases the opportunity for caravan formation (and in
turn reduces waiting times at the coupling nodes K;).
One would thus expect higher cost savings as demand
increases. However, as Nourmohammadzadeh and
Hartmann (25) observed, “when a larger number of
trucks are released on the road network, the platooning
potential has already been used, and as a result, the posi-
tive influence of more trucks is reduced.” This positive
influence could be translated as fuel cost reduction but,
in this case, it is labor cost reduction.

The results shown in Table 6 do not support either
assumption (i.e., both statements are partially true). The
parameter which emerges to affect cost savings the most
is the ATD at the destination. When the ATD value is
high, the caravanning scheduling is more flexible as the
cost from arrival time deadline violations is minimized.

In these cases (sets 3 and 6) the increase in demand (from
100 to 200 trucks) does not result in significant cost sav-
ings and, in some cases, results in a cost increase (set 3,
cs of 2 and 4, DCR of 2). On the other hand, when the
ATD value is small (i.e., sets 1 and 4) demand plays a
key role to profitability with cost savings differences
ranging from 4% (for a caravan size of 10) to 25% (for a
caravan size of 2). Based on the latter observation, the
authors suggest that networks with higher demand be
tested to provide more robust insight into a possible con-
nection between demand and cost savings. To perform
this analysis a heuristic or hybrid solution algorithm
would need to be developed since the CNM cannot be
solved efficiently for a demand of 300 trucks and above.

Cost Savings, Caravan Size, and Driver Compensation

In this subsection, the analysis is focused on the effects of
caravan size to cost savings and results are summarized
in Tables 7 to 9. We observe significant cost saving
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Table 7. Cost Savings Differences Between Caravan Sizes

Cost savings difference DCR: 2

Set  cs: 2 versus 4 (%) cs: 2 versus 5 (%)

cs: 4 versus 5 (%)

cs: 2 versus 10 (%) cs: 4 versus 10 (%) cs: 5 versus 10 (%)

I 31 39 8
2 38 45 8
3 33 39 6
4 45 56 I
5 34 41 7
6 44 54 9

52 21 13
64 26 19
54 21 15
73 28 17
54 20 14
73 29 20

Cost savings difference DCR: 3

Set  cs: 2 versus 4 (%) cs: 2 versus 5 (%)

cs: 4 versus 5 (%)

cs: 2 versus 10 (%) cs: 4 versus 10 (%) cs: 5 versus 10 (%)

I 41 49 8
2 42 52 10
3 45 54 9
4 51 6l 10
5 60 72 12
6 59 69 10

66 25 17
71 29 19
72 27 18
85 34 24
96 36 25
97 38 28

Note: DCR = driver compensation ratio; cs = cost saving.

Table 8. DCR Effects: Average, Median, and Standard Deviation of Cost Savings Differences

Average cost difference

Median cost difference

DCR =2 versus 3

DCR =2 versus 3

Sets cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%) cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
| 16 Il Il 8 17 Il Il 7
2 15 10 9 5 15 10 8 5
3 20 16 12 8 19 14 12 8
4 17 Il Il 5 18 12 10 5
5 21 15 14 9 20 15 13 8
6 19 13 13 7 18 14 13 8
Standard deviation cost difference
DCR =2 versus 3
Sets cs=2 (%) cs=4 (%) cs=5 (%) cs=10 (%)
| 0 0 | 0
2 0 0 0 0
3 | 2 | 0
4 | | 0 0
5 0 0 0 0
6 0 0 0 0

Note: DCR = driver compensation ratio; cs = cost saving.

differences between or within each set when we vary the
values of DCR, with the highest cost savings between
caravans of size 2 and 10 (as expected), and declining
cost saving differences as caravan size increases (e.g.,
from 4 to 5 trucks) (Table 7). For example, when the car-
avan size doubles from 5 to 10 (100% increase in caravan

size) the cost savings increase ranges from 14% to 28%.
We also observe a significant reduction in profits when
DCR increases from 2 to 3 (Table 8) but an insignificant
change in the average hours of delayed arrivals per truck
between and within each set when we vary either cs or
DCR (Table 9). The combined results from Tables 7-9
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Table 9. Average, Median, and Standard Deviation of Delayed Arrivals (in Hours Per Truck)

Average delayed arrivals

DCR=2 DCR=3
Sets cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 6.07 6.15 5.85 571 5.94 6.00 5.96 5.96 2.69
2 1.54 1.69 1.73 1.43 1.53 1.85 1.66 1.46 0.05
3 0.05 0.04 0.05 0.05 0.06 0.05 0.05 0.05 0.00
4 9.84 10.21 10.32 10.02 9.86 10.27 10.38 10.05 3.70
5 5.56 551 5.34 5.37 5.53 5.36 5.38 5.21 0.48
6 2.10 2.20 2.02 2.55 2.13 2.20 229 1.61 0.00

Median delayed arrivals

DCR=2 DCR=3
Sets cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 5.38 5.66 5.39 5.54 5.70 5.35 5.18 5.58 2.58
2 1.47 1.63 1.65 1.45 1.49 1.51 1.50 1.51 0.02
3 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.03 0.00
4 9.23 9.48 9.73 9.64 9.56 9.66 9.67 9.63 3.41
5 5.20 491 4.82 5.18 5.25 483 5.06 4.83 0.45
6 2.02 1.94 1.82 222 2.00 2.11 2.06 1.58 0.00

Standard deviation delayed arrivals

DCR=2 DCR=3
Sets cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 1.78 1.77 1.76 1.00 1.61 1.90 1.92 1.42 1.10
2 0.74 0.62 0.62 0.25 0.87 1.07 0.73 0.24 0.06
3 0.10 0.06 0.07 0.05 0.06 0.06 0.07 0.06 0.00
4 1.63 1.90 1.88 1.37 1.62 1.93 1.98 1.56 1.31
5 1.60 1.52 1.37 1.06 1.49 1.53 1.42 1.03 0.30
6 0.83 0.93 0.87 1.47 0.78 0.66 0.89 0.17 0.00

Note: DCR = driver compensation ratio; SD = standard deviation; BN = base network; cs = cost saving.

lead to the conclusion that driver compensation is the
most critical component affecting profitably of the cara-
vanning concept although its influence decreases signifi-
cantly with the caravan size.

Truck Travel Times

In this subsection, we present results and discuss the
truck travel times between the two networks for the vari-
ous sets. Table 10 reports the average, median, and stan-
dard deviation truck travel time (in hours) between the
origin and the destination for both the CN and BN.
Table 11 provides the average, median, and standard
deviation of waiting time (in hours) at the coupling nodes
K;. The average total travel time (Table 10) fluctuated
between 15h and 18 h depending on the case for the CN.
This means an increase in truck travel times (when com-
pared with the shortest path in the BN) anywhere
between 4h and 9h (Table 10). For sets 1, 2, and 3, the

mean or median truck travel time in the CN increases by
between 38% and 66% when compared with the BN.
For sets 4, 5, and 6, the mean or median truck travel time
in the CN increases by between 85% and 104% when
compared with the BN. These data can be used in the
selection of commodities/shippers that can be shipped
using the caravan network, as some commodities/ship-
pers may not be able to accept such travel time increases.
Depending on the case, trucks wait to form a caravan,
on average, anywhere between 1 h and 4 h (Table 11). The
waiting times at the coupling nodes are between 6% and
22% of the total travel times in the CN. This means that
better coordination to form caravans and reduce wait
times may not result in significant increase of savings.

Conclusions and Future Research

In supply chain management, we typically categorize com-
panies based on their roles as suppliers, manufacturers,
wholesalers, distributors, or retailers. This study investigates
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Table 10. Average, Median, and Standard Deviation of Total Travel Time from Origin to Destination (in hours per truck)

Average total travel time

DCR=2 DCR=3
Sets cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 15.61 15.86 15.77 15.67 15.67 15.91 15.82 15.61 11.30
2 15.83 16.37 16.47 17.11 15.85 16.37 16.62 17.04 11.06
3 16.29 17.04 17.38 17.82 16.29 17.27 17.30 17.97 11.12
4 15.46 15.98 16.15 16.26 15.34 15.90 15.92 16.26 8.30
5 15.37 15.42 15.33 15.34 15.43 15.76 15.41 15.34 8.25
6 15.99 16.37 16.64 16.92 15.96 16.47 16.61 17.03 8.34
Median total travel time
DCR=2 DCR=3
cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 15.38 15.58 15.48 15.48 15.43 15.83 15.41 15.31 10.98
2 15.74 16.27 16.51 17.10 15.74 16.37 16.59 17.02 11.02
3 16.40 17.32 17.67 18.27 16.40 17.43 17.67 18.27 11.00
4 15.38 15.72 15.73 16.34 15.23 15.57 15.65 15.88 8.27
5 15.12 15.16 15.12 15.05 15.20 15.64 15.05 15.17 8.16
6 16.27 16.26 16.51 16.74 16.25 16.21 16.38 16.85 8.25
Standard deviation total travel time
DCR=2 DCR=3
cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10 BN
| 0.88 1.02 0.94 0.90 0.95 0.99 1.04 0.87 0.72
2 0.94 0.94 0.8l 0.8l 0.92 1.02 0.94 0.84 0.50
3 0.78 1.05 0.95 1.18 0.78 0.8l I.15 0.99 0.53
4 1.15 1.39 1.42 1.26 1.09 1.40 1.37 1.40 0.37
5 0.85 0.96 0.89 0.74 0.8l 0.97 0.99 0.79 0.35
6 0.94 0.84 0.90 0.84 091 0.92 0.90 0.83 0.40

Note: DCR = driver compensation ratio; BN = base network; cs = cost saving.

the equally important role of transporters. Among its theo-
retical contributions, this research investigated an important
gap in our transportation knowledge and proposed an alter-
native to truck platooning known as truck caravanning
where only a single driver is needed for each platoon (or
caravan) of trucks. The motivation for introducing and
evaluating the concept came from claims in the literature
that truck platooning does not provide significant enough
fuel savings to justify its relatively costly application. Truck
caravanning on the other hand, as showcased by this
research, potentially produces significant cost savings (stem-
ming from less labor needs), especially in networks where
the (de)coupling nodes are strategically placed so that they
do not increase travel time significantly when compared
with the base network (i.e., network with direct connections
from the origins to the destinations). Results from this
research also show that caravans with two trucks provide
negative cost savings and that as the caravan size increases
a diminishing rate of cost saving is observed. Results

indicate that truck caravan driver compensation and arrival
time deadlines are the most critical parameters affecting the
concept’s profitability.

Future Research Directions

In this research, fuel savings from the formation of cara-
vans or costs and savings from the introduction of elec-
tric trucks were not considered. The proposed model is
capturing the operational aspects of trucking, (de)cou-
pling nodes are predetermined, and opening/maintain-
ing/operating costs of these facilities are not considered.
The rationale is that the model proposed in this manu-
script can be used to quantify monetary benefits from
truck caravanning that can be used in a cost benefit anal-
ysis for the selection of the number and location of the
facilities. As a next step, the development of a bilevel net-
work design model (Stackelberg or hierarchical) is war-
ranted to capture both the tactical and operational levels.
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Table 11. Waiting Time at Coupling Points K| (in hours per truck)

Average waiting time

DCR=2 DCR=3
Sets cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10
| 1.14 1.45 1.26 1.34 .16 1.50 1.30 1.28
2 1.29 2.18 241 3.04 1.30 2.16 2.44 3.02
3 3.06 3.42 3.62 3.86 3.06 3.51 3.54 3.93
4 0.96 1.52 1.72 1.98 0.99 1.46 1.57 1.82
5 1.08 1.32 1.31 1.38 1.21 1.65 1.39 1.35
6 1.30 2.17 2.43 2.96 1.30 222 2.40 3.00
Median waiting time
DCR=2 DCR=3
cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10
| 1.22 1.44 1.23 1.23 1.27 1.52 1.25 1.09
2 1.30 2.17 2.44 3.07 1.31 2.28 2.47 3.02
3 3.02 3.52 3.64 3.92 3.02 3.53 3.64 3.95
4 0.98 1.43 1.57 1.55 1.03 1.52 1.38 1.54
5 1.14 1.14 1.17 .12 1.24 1.52 1.23 1.19
6 1.32 222 2.53 3.03 1.33 2.23 2.45 3.08
Standard deviation waiting time
DCR=2 DCR=3
cs=2 cs=4 cs=5 cs=10 cs=2 cs=4 cs=5 cs=10
| 0.30 0.68 0.84 0.90 0.30 0.65 0.82 091
2 0.13 0.26 0.27 0.30 0.12 0.38 0.27 0.34
3 0.22 0.38 0.25 0.35 0.22 0.18 0.46 0.23
4 0.38 0.72 0.88 0.96 0.35 0.75 0.79 0.87
5 0.27 0.48 0.63 0.63 0.19 0.43 0.53 0.56
6 0.17 0.28 0.34 0.32 0.19 0.27 0.35 0.39

Note: DCR = driver compensation ratio; cs = cost saving.

Future research should also focus on evaluating more
complex networks (e.g., the size of each caravan can be
variable, higher supply and demand, larger networks,
etc.), relax some assumptions (e.g., a subset of trucks
may be able to travel directly to the destination without

The tactical level (upper) would consider costs for open-
ing/maintaining/operating the facilities at the (de)cou-
pling nodes and the cost of purchasing electric trucks
while the operational level (lower) would capture the
vehicle routing costs (similar to the model proposed in

this manuscript).

Another research direction that would provide more
insight into the feasibility of the caravan concept would
be variations of the empty backhaul trips. In this
paper, we did not consider the cases of reverse logistics
and the model assumes that all return trips (i.e., back-
hauls) are empty (both for the CNM and BNM) and
the drivers are compensated. A study completed by
Florida Department of Transportation (46) found that
empty backhaul trips varied by origin—destination and
by route from approximately 11% to 67%. Future
research should introduce various levels of full to
empty backhaul trip ratios (in both models) to estimate
cost savings.

joining a caravan), introduce longer caravan travel times
with two or more alternating drivers (to comply with
HOS regulations), fully autonomous trucks (SAE Level
5), and development of hybrid solution algorithms to
handle large problem instances within acceptable compu-
tational times and optimality gaps.
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