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Abstract. This paper addresses the problem of horizontal collaboration between carriers at the tactical
planning level of the supply chain distribution. The study focuses on the relationship between a shipper and
many carriers used to serve the transport requests of several geographically distributed customers. A profit
sharing mechanism based on game theory is proposed in order to implement win-win collaboration between
the carriers. The Shapley value is used to fairly share the profit of the grand coalition between the carriers.
The collaboration is supported by mixed-integer linear programming model for the transport planning of all
possible coalitions of carriers.
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1. Introduction

The majority of companies nowadays agree that an optimized supply chain is necessary to increase profit
and market share. Among the supply chain functions, the transport plays a central role in seamless supply
chain operations. This function clearly appears as a crucial element to get an efficient global performance of
this supply chain. The key decision levels that need to be addressed for efficient transport range from short-
term to long-term decisions. Notice that two close terms "distribution" and "transport" are commonly used in
this domain. In their literature review, [1] deepen the meaning of as follows. Distribution is defined as a
planning function implemented at the tactical level defining the quantities to be moved per time period from
shippers to customers along a time horizon; this horizon can be one month, a few days or one day. Transport
planning is an operational function defining and rationalizing itineraries to ensure the best service quality for
the customers.

In this context, the logistics providers have taken an increasingly important place in the organization of
the transport and distribution function. These stake holders also called "party logistics" (from 2PL to SPL)
are in charge of executing a more or less significant part of logistics activities. Using their services generally
provides means for companies to subcontract storage and transport activities. Additionally some decisions
regarding the subcontracting desired for each transport order have to be taken by these logistics providers.

The scope of this paper focus on the first two levels of logistics providers (1PL and 2PL); it could be
however extended to take into account the upper levels (3PL up 5PL) of logistics providers. The main
objective of this work aims to develop a new approach based on game theory to solve the problem
distribution collaboration between carriers. The collaboration is supported by mathematical models
implemented with mixed integer linear programming which simulate the planning process.

2. LITERATURE REVIEW

The problem of collaboration in transport and distribution has received a growing interest in research and
targets many different domains. For instance, [2] proposed an allocation mechanism to share benefits based
on alliance formation among carriers in the maritime field and [3] studied the strategic alliances in freight
consolidation. In addition, the collaboration inside supply chain is also a topical subject which has been
addressed for many years. The overall objective is to promote win-win opportunities between partners with
an appropriate benefit sharing model. Most emphasis has been placed on vertical cooperation between
suppliers and customers. Some approaches were developed to manage the collaboration between suppliers
and customers such as Vendor Managed Inventory [4] and Collaborative Planning Forecasting and
Replenishment [5].
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This paper focuses on the horizontal collaboration in transport and distribution, which aims at increasing
the profit of transport partners (i.e. carriers). On this topic, a review about horizontal collaboration in
transport and logistics was carried out by [6] discussing the main opportunities and impediments in this area.
Reference [7] discussed the concepts, the benefits, and some of the environmental challenges of horizontal
collaboration in freight transport. According to the studies some authors focused on the profit allocation
problem, as [8] [9] [10]. In the field of long distance freight, [11] proposed some formal properties so that
coalitions can share gains while avoiding empty kilometers. As far as the methodologies used to support the
collaboration are concerned, [12] mentioned that most of the studies use sharing principles based on
cooperative game theory.

It appears that little work has been carried out on the tactical collaboration planning for freight
distribution which is addressed in this paper. Furthermore there are few studies using the Shapley value for
the problem of the planning cooperation between freight carriers. Hence the Shapley value principle is
chosen. Most studies using Shapley value in transport and distribution focus on routing problems [13]. These
problems are different from the planning problem studied in this paper. The planning model described in this
paper is a multi-period model which encompasses a whole planning horizon and which makes it possible
among different properties to manage the early and late delivery quantities.

3. PROBLEM DEFINITION
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Fig. 1: Problem context

The general context of this study is represented in Fig. 1. It refers to the relationship between a shipper
(e.g. manufacturer) and multiple transport operators (so-called carriers). The shipper, which is the client of
transport services, has different goods to deliver in order to satisfy the demands of many customers. Each
carrier manages a fleet of trucks that have to pick up goods from the shipper and deliver them to the final
customers before returning to their initial location. Furthermore, we focus on the carrier’s activities by
considering that the shipper planning activity is outside the scope of the study. This external partner sends
delivery requests to the carriers. When the carriers work alone, they plan their own activities and try to
maximize their profit independently from each other’s. On the other hand, in the collaborative situation, the
global profit of a pool of carriers is optimized while taking into account the whole set of resources of this
pool.

This study is based on the following hypothesis:

o Carriers

Each carrier has a limited number of resources (i.e. trucks). Due to this limitation, we set the following
assumption: each carrier is allowed to discard part of the shipper demand, without incurring financial
penalties for it. This assumption ensures that the carrier is not forced to commit in a non-profitable
transaction.

The carrier might use subcontracting when the customer demand requires more than its own current
capacity which obviously reduces its profit margin.

In order to optimize its profit, the carrier can propose a pickup and transport plan with slight deviations
(late or early delivery) from the request of the shipper. Any variation generates penalties to be paid by the
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carrier to the shipper affected by this change; those penalties are fixed in a specific agreement between
carriers and shipper.

The transport service offered by the carriers is addressed on a general point of view. This service
includes all activities related to the freight moves (i.e., dispatching, consolidation, warehousing, and
handling). These activities are characterized as a whole, by a round-trip duration defined as the time elapsed
between the departure of the truck at the depot and the return time to the depot after having successively
visited the shipper and the customer.

e Pool of carriers

Carriers can organize themselves by forming pools in which they group together in order to serve the
shipper. The goal of these pools aims to improve the profit of each carrier while obtaining a better
distribution of the workload between them. Notice that the size of a pool is from one up to many carriers, the
maximum being the total number of carriers.

o Shipper

The planning activity of the shipper is outside the scope of our study but has some impact on the problem
studied. The shipper may split the whole demand (deliveries request) into many parts which are assigned to
different pools of carriers. Notice that the sum of the demands assigned to all carriers must be equal to the
total demand of the shipper. This splitting problem of the workload is not addressed in the paper. It can be
based for instance on the operating history of these companies, or based on the relative magnitude of the
transport costs of the carriers, or their estimated capacities by the shipper, etc.

In this context, it is proposed that a profit sharing mechanism in order to implement win-win cooperation
between the carriers. This requires simulating the planning activities and implementing sharing mechanism.
The current study is indeed supported by a numerical simulation, based on a mixed-integer linear
programming approach, and an experimental approach.

4. COOPERATIVE FRAMEWORK

The cooperation framework proposed consists of two parts: the transport planning model and the profit
sharing mechanism.

4.1. Planning model
Below, we introduce the main modeling hypothesis, the notations, and then the mathematical
formulation of our model is described.

Two main assumptions are made:

1) The round-trip time is the duration of moving a truck starting from its depot and returning back to
the same depot, after having visited the shipper and a customer. This time includes the transfer lead-
time which is the time elapsed from the depot to the shipper, as Fig. 2.
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Fig. 2: Transport lead-times

2) The vehicle capacity is defined in terms of weight of the goods.

Let us introduce below the notations used to formulate the mathematical models.

e Set
T Set of periods
P Set of goods
J Sets of customers
N Sets of carriers
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e Indices

t Index of planning period
p Index of goods

Jj Index of customers

k Index of carriers

e Parameters

Ly ke

Y

Djnk

—

Dy

e Variables

Ap,j .kt

’
qP,j,k,t

Zyp,jt

Demands of goods p from customer j to carrier k , at time period t
Scalar representing the unitary weight of goods p

Round-trip time (i.e. number of periods) needed to serve customer j by carrier k

Transfer lead-time (i.e. number of periods) of carrier k between the depot and the
shipper

Load capacity of trucks owned by carrier k

Load capacity of extra trucks rented by carrier k
Number of trucks owned by the carrier k

Number of extra trucks that can be used by carrier k
Large number

Preferences between the different components of the objective function
Unitary penalty cost of goods p demanded by customer j, picked up early by
carrier k

Unitary penalty cost of goods p demanded by customer j picked up late by carrier
k

Fixed transport cost of carrier k using one of its own resources during one time
period to serve customer j

Variable cost per unit of goods p to be deliver to customer j by the trucks owned
by carrier k

Fixed transport cost of carrier k using one of the extra resources to serve customer

J
Variable cost per unit of goods p to be deliver to customer j by the extra trucks
rented by carrier k

Transport price per unit of goods p to be deliver to customer j by carrier k

Administrative cost of carrier k

Quantity of goods p picked up at time period t by own trucks of the carrier k to
be delivered from the manufacturer to the customer j

Quantity of goods p picked up at time period t by extra trucks of carrier k to be
delivered from the manufacturer to the customer j

Quantity of goods p discarded at time period t which is not be delivered to
customer j
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Quantity of goods p requested by customer j and picked up early at time period

tpit )

tf,_ e Quantity of goods p requested by customer j and picked up late at time period t
Mg ¢ Number of owned trucks used by carrier k at time period t to serve customer j
m}_k,t Number of extra trucks used by carrier k at time period t to serve customer |

ng Equal to 1 if the carrier is used, 0 otherwise

The objective function (1) is a utility additive function of two terms. The first term "ps" is the profit of
the carriers (1A) to be maximized. The profit is the difference between the revenue (la) and the total
transport costs calculated as the sum of:

1))
2)

3)

an administrative cost, which is assigned to any carrier, each time one truck (or more) is required to

deliver goods (1b);

a fixed cost related to the exploitation of any owned or subcontracted trucks, added with a variable

cost that depends on the distance travelled to serve the customers, (1c) and (1d);

the cost incurred by the quantities delivered in advance or late (1e).

The second term "sp", to be minimized, expresses the service quality deviation as the gap between
pickup and ordered (i.e. demands) quantities, added with the total quantity discarded by the carrier along the
entire time horizon (1B). Indeed, each carrier can refuse any quantity exceeding its capacity to serve his
customers. This behavior prevents the carrier from having to respond to all requests with a negative profit
induced by the various penalties (i.e. early and late).

e Objective function

max (a * pr — b * sp)

with

profit: pr =1p —c¥ — (cp + cp) — ép

Revenue: rr = Lpep Ljes Srer 2eer(@p,jie T pjre) * Cpjk

Administrative cost: e = Yier CR +my

Transport cost: cr = Xjej Xkek Lrer Myt * ijk *Dj + Xpep Ljej Xkek 2eer dp,j ke * C;;,j,k
Extra cost: cr = Zjej Ykek teT m},k,f * CJ{;; + ZPEP Zje] Ykek uteT Q;;-,j,k,r * C;,ii,k
Penalty cost:  Cr = Ypep Xjej Lrek Dter t;,j,t * C;,j,k + Ypep Ljej Lkek Dter t;ly,j,c * C;-.j.k
Service deviation: Sp = Xpep Ljej Leer(tpje + tf,_j_t) + Ypep Lje] Lter Zp jt

e Constraints

r l 1
Yrex(@pjke + Apjke) T Zpje — tpje + tpjc = 2kex Lpjke — tp -1+ toic—1

Vp EP,VjEJVtET

(W jee + Gpjre) < Lpjke Vp EP,YjEJ VK EKVLET
Yiper 2kex Vo * Qpjice < Lkek Mjke * Qk ViEJVLET

Yoper Lkek Vo * Qp ik < Lkek Mg * Qk ViEJVLET
ZjejZ?:kl Mjee—i+ Zje]Z:-J:’f’f_ukmj,k,Hiq < Ry vk eK,VteT
Zje;Z?fl M+ ZjE]Z:'J:jf_Ukm;,k,Hi—l <Ry vk eK,VteT
When Y je; Xeer(mjre + mjp,) 2 1, ny = 1, otherwise ny = 0 vk € K
Apjts Dy jts Zpjies gt Lot Mot M jer = 0 Vp EPVjE] VkEKVLET
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This model is generic since it can be used to plan the transport activity of one or more carriers according
to the cardinality of set N. It thus makes it possible to plan each pool of carriers regardless of its size.

Equation (2) expresses the gap between the delivery quantities Ly, ;i » requested by the shipper and the
total pickup quantities Yxe k(@p, et q;_ jk,t)- Note that in a given time period, the pickup quantities can be
more or less than the delivery requests. Note also that some quantities z, ;- can be discarded when the

number of available trucks in insufficient to fulfill the whole demand. Equation (3) ensures that pickup
quantities which are delivered to each customer at each time period do not exceed the corresponding demand
of goods. Equations (4) - (7) make sure that the limited capacities of the carriers are not exceeded. Equations
(4) and (5) respectively define the number of owned and extra vehicles required to serve the pickup
quantities (labelled gy, ; k- and q;,, j k¢) according to the weight of each goods and according to the capacity
of each truck. Equations (6) and (7) verify that the required trucks are available along the time periods
corresponding to the transfer lead-times and part of the round-trip. Equation (8) use a binary variable
(labelled n;) equals to one if carrier k is used to serve the customers, which results in a fixed administrative
cost in the objective function. This equation is then linearized in the model implemented in the solver.
Equation (9) ensures that all the variables in the model are not negative.

4.2. Sharing mechanism
In this section, we recall the basic definition of the Shapley value. First, let us define a cooperative game

with transferable utility as a pair (N, v), where:

- N is a finite set of players, indexed by i;

-v:2Y » R, is the function assigning a real valued payoff v(S) to each coalition S € N with
v(@) = 0.

- Let |S| be the number of members in coalition S and N\{k} be the set N except element k.
Notice that the “grand coalition” is the name given to the coalition made up of all the players of set N.

In a coalition game, an imputation (labelled x) is a vector of players’ outcomes. Each element x; of this
vector denotes the share of the grand coalition” s payoff that a playeri € N receives. From a negotiation
perspective, the set of imputations can be seen as the set of feasible agreements between the players. In a
coalition game (N, v) the pre-imputation set, labelled p, is defined as: {x € R™|Yyen xx = v(N)}. Based
on set p, the imputation set, is defined as: {x € p|vk € N, x;, = v(k)}.

As regard a cooperative game (N, v) the Shapley value of player k is defined as follows:
G (N,v) = %ZSEN\{k}lS“ (NI =S| =D [w(SU{K}) — v(S)] (10)

Let us also recall the super-additivity property of a game G = (N, v) : for all coalitions S, M c N,
ifS N M=gthen v(§ U M) =v(5)+ v(M). Note that in a super-additive game, the grand coalition
gives the highest payoff.

The implementation of the cooperative game proposed in the context of supply chain distribution is
based on the following statements: (i) the players of the game are the carriers (i.e. set N) and a coalition of
carriers corresponds to a pool containing many carriers; (ii) the evaluation of a coalition is provided by the
value of the objective function of the planning model associated to this coalition; (iii) the property of super-
additivity has to be verified to decide if the game is cooperative, and therefore the Shapley value is valid.
Otherwise, collaboration between carriers cannot be achieved.

5. Conclusion

This paper deals with the collaboration of carriers in charge of planning their activities in order to serve a
set of customers, from a shipper. It is proposed a collaborative approach based on the Shapley value in order
to fairly share the profit of the grand coalition between all the carriers. It is proposed a mixed-integer linear
programming model for the transport planning of all possible coalitions of carriers, which supports the
collaboration mechanism in this work.
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The numerical cases are not presented in this paper. Hence, the real data will be used to assess the model

in the next step.
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