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Strategic analysis of the dairy transportation problem
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The dairy transportation problem (DTP) consists of determining the best routes to be performed for collecting milk
from farms and delivering it to processing plants. We study the particular case of the province of Quebec, where the
Fédération des producteurs de lait du Québec is responsible for negotiating the transportation costs on behalf of
producers. Several issues are highlighted in the actual process of designing contracts such as using historical data.
We propose an approach based on scenario analysis that consists of revising both the steps and the information
used to construct the routes. We develop a generalized tabu search algorithm that integrates the different char-

acteristics of the DTP.
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1. Introduction

The Canadian dairy sector is supply management based, that is,
it is based on planned domestic production, regulated prices on
production and controlled dairy-product imports. Such system
applies in Canada for milk, cheese, poultry and eggs. These
industries are very important in the agricultural sector in most
countries. In 2010, the dairy industry ranked third in the
Canadian agricultural sector in terms of value (Canadian Dairy
Industry Centre, 2011). The importance of the province of
Quebec in this sector is indisputable: about 49% of Canada’s
dairy farms are located in the province, and the average milk
production per farm is about 4500 hectoliters. Three major dairy
enterprises (Saputo, Agropur and Parmalat) process 75% of the
milk produced in Canada. About 50% of the dairy establish-
ments are located in Quebec.

The transport of milk from farms to processing plants and
then to consumers is centrally regulated by government and
industry partners in Canadacas well as in other developed
countries such as New Zealand. Such system also applies to
other agricultural sectors such. as livestock in Norway. In
Quebec, the Fédération des producteurs de lait du Québec
(FPLQ), a coalition of dairy farmers founded in 1983, is
responsible for managing and centrally negotiating the costs,
quotas, fares, and transportation of the milk that is produced in
the province. The budget of transportation is more than $70
million annually and more than 28 million kilometers are
travelled. The transport of milk from farms to processing plants
is fundamental in the supply chain of milk and is the focus of
this study.
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The problem of transporting the milk from origin to destina-
tion at a minimal cost.is a vehicle routing problem (VRP) for
which the details will be discussed in Section 4. It is referred to
as the dairy transportation problem (DTP) in the remaining for
simplicity purposes. It is a complex exercise. First, the territory
covered is huge: almost 600 000 sq. mi. Figure 1 illustrates the
distribution of dairy farms and processing plants in Quebec.

Second, the FPLQ is responsible for negotiating, on behalf of
the dairy farmers, annual transportation contracts with the
transporters. The cost of transportation falls under the milk
transportation agreement, which provides a rating formula. This
formula is complex and nonlinear, and includes among other
things the number of dairy farms to be visited on a route, the
volume of milk collected, and the distance travelled. The
average cost of transportation is about $2.40/hl (Fédération des
Producteurs de Lait du Québec, 2009). Third, the stakeholders,
especially the farmers and the transporters, have conflicting
objectives; this makes the problem challenging. The regulations
are strict, and various union restrictions have to be factored in
the decisions made in the process of constructing the best
routes. A negotiation takes place through the FPLQ to discuss
and determine the cost, and contracts then formalize the
agreement. In 2009, there were more than 90 contracts. Each
contract with a transporter involves multiple routes, which
consists of an origin (the vehicle depot), a collection sequence
(of farms), a destination (the enterprise that processes the milk),
and a day of service. About 575 routes are designed each year.
Good routes are essential to maintain efficient operations.
The approach used by the FPLQ to construct the milk routes is
mainly based on historical data. The FPLQ keeps the set of
producers to be collected in each route fixed, but determines
the right sequence of collecting whenever negotiations with
transporters occur.
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Figure 1 Distribution of supply and demand in the province of Quebec.

The contribution made in this paper is in the study of the
decisional process associated with the DTP considered and in
the proposed strategies aimed at improving the overall solution
approach that is used. Our objectives are threefold. First, we
study the process for designing the contracts to determine the
transportation cost from an operational research point of view,
which is based on the optimization of routes. Second;  we
consider the DTP as a whole and take into account the supply,
demand, and transportation; existing methods in the literature
do not consider all of these characteristics, and particularly the
demand. Usually only one plant is considered (thus receiving
the complete collection of milk). The. demand in our case might
come from different plants and each of them has a specific
requisition with the allowed buffer.in delivery. Finally, we
provide a scenario analysis so that the FPLQ has information to
support the cost negotiation with the transporters. The scenario
analysis consists of revising both the steps and the information
used to construct the routes. We analyse how the producers are
assigned to transporters, how the processing plant is chosen and
finally how the collection sequence is constructed. We use a
metaheuristic consisting of a generalized version of unified tabu
search (UTS) (Cordeau et al, 2001) that integrates the different
characteristics of the problem. More specifically, we include the
delivery destination at the end of routes, different capacities for
the vehicles, different numbers of vehicles at each depot and
multiple depots and periods at the same time. This algorithm is
general and flexible (different scenarios can be tested) and can
solve the VRP with multiple characteristics. Indeed, the algo-
rithm solves different variants of the VRP such as the Periodic

VRP, the multi-depot VRP, the multi-depot periodic VRP
(MDPVRP) and the DTP.

The paper is organized as follows. Section 2 describes the
DTP in detail and Section 3 presents the related literature.
Section 4 presents our generalized approach and the different
scenarios that we consider. Section 5 discusses our methodol-
ogy, Section 6 presents the results, and Section 7 provides
concluding remarks.

2. The dairy transportation problem

To present the DTP we differentiate between the theoretical
transportation plan and the daily transportation plan. The
theoretical plan is the basis for creating the contracts with
transporters and determining the cost, while the daily plan
accounts for day-to-day operations and includes any unex-
pected events or supply-demand adjustments.

2.1. The theoretical DTP

The aim of the theoretical plan is to establish the transportation
cost to be paid by each producer as a cost per hectoliter.

Each transporter owns Y. ,m, vehicles that are not necessarily
based in one depot. Because of the size of the territory, a
transporter might use different depots for its vehicles. Since all
the vehicles in one depot are owned by the same transporter,
henceforth we will refer to depots rather than transporters. To
determine the transportation cost to be paid by each producer,
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the FPLQ generates routes ensuring that every farm’s milk is
collected and all the plants receive a delivery. Figure 2 shows an
illustration of a typical route. Each route consists of a depot d, a
sequence of collection points fi, /5, ..., f,,, and a delivery point p.
The vehicle always returns to the depot. Figure 2 shows the
route of vehicle 1 originating from depot 1 for days 1 and 2.

The total cost of the route is split among the producers, and
the resulting cost must be paid by each producer to his assigned
transporter. To determine the routes, the FPLQ uses a process
mainly based on historical data indicating the service day, the
route (the vehicle), and the plant for each producer. This process
will be presented in Section 4. Software is then used to
construct the collection sequence. Thus, the theoretical DTP is
in practice solved in two phases, and the first is fixed and never
reconsidered. In the case of unpredicted events, the routes are
adjusted. The contracts between producers and transporters
cover changes related to the delivery destination (change in
demand, cleaning, breakdown, etc); these changes may require
aroute to be diverted to another plant. To specify the cost of the
diversion, a complete list of costs is generated for each plant,
with the same collection sequence. The FPLQ uses an a priori
strategy rather than dynamically setting the cost. Figure 3
illustrates the process. The route presented initially delivered to
plant p;, but it has been rerouted to plant p, without a
reoptimization of the collection sequence. Clearly the route
should have been reoptimized given the new destination.

The current regulations are particularly strict and do not
allow the production of different products at the same farm.
Thus, only one product is available at each location, either
regular, organic, kosher, etc, and each vehicle contains only one
product type. The problem can therefore be solved for each
product type independently.

Figure 3 Illustration of diversion of route to alternative plant.

The determination of an optimal theoretical plan is challen-
ging. First, the problem is large. For example, in 2009, there
were 6452 operational farms, 90 transporters covered the
territory using 265 vehicles, 90 plants transformed the milk
collected, and a total of 575 routes and approximately 77 000
costs were generated (Fédération des Producteurs de Lait du
Québec, 2009). Second, the problem is NP-hard and is complex
to solve since it is based on the VRP (Golden er al, 2002).
Third, while constructed routes must balance the interests of the
producers (who wish to minimize the transportation cost) and
the transporters (who provide the service), the FPLQ is the go-
between in the negotiations and needs the best informations (ie,
routes) in the negotiations rounds.

To summarize, the solution of the theoretical DTP deter-
mines (1) the routes to be performed (assignment of producers
to routes (depot, vehicle, day, plant) and the sequence of visits),
and (2) the transportation cost to be paid by each producer.

2.2. The daily DTP

As mentioned in the introduction, the dairy sector is supply-
management-based..Each producer has a quota, which implies
that the monthly production is known in advance, but unex-
pected events. (poor milk quality, breakdowns at the farm,
livestock sickness, vehicle unavailability, road inaccessibility,
etc) or normal variation (day-to-day variation in production)
may occur.

Because of these variations, each week the FPLQ estimates
the supply based on the cycle of milk production and the
available quota for each producer, and matches it to the
requisitions received from the plants. The milk classification
system (direct consumption, used to produce cheese, etc) is
used to determine how to fulfil the demand on each day: milk
for direct consumption is the priority, and the remainder is fairly
distributed.

It is clear that the theoretical routes constructed to design the
contracts are not followed in practice because of the variations.
New routes are regularly generated. These routes are con-
structed to be as similar as possible to the theoretical routes
given that the transportation cost is already calculated and thus
fixed by contract. The cost is adjusted whenever there is an
increase observed, otherwise the cost to be paid is that
appearing in the contract. An audit process is put in place by
the FPLQ to monitor the alterations to the transportation plan
and to determine how the cost is billed. Such a process is
necessary to ensure that all involved parties are treated fairly
and to control the gap between the contractual cost and that
actually invoiced by the transporters.

2.3. Discussion

Every year contracts have to be negotiated between the
transporters and the FPLQ. Using the theoretical routes to
determine the cost to pay, an agreement is reached by both
parties. In fact, the FPLQ estimates that these theoretical routes
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and therefore the contractual costs are reliable because the
routes are performed in practice in most cases. Thus, focusing
on the theoretical DTP to best establish the contracts is
fundamental.

To solve the DTP in practice, the FPLQ uses historical data.
Each farm is historically assigned to a transporter, to a route and
a service day, and finally to a processing plant. The plant assigned
to each route is its ‘usual’ plant (the plant used 75-80%
of the time). When these assignments have been determined,
the routes are constructed using an optimization tool.

Several issues arise regarding the use of historical data and
hierarchical assignments when designing these contracts:

1. the territory is clustered and divided among transporters
without minimizing the total transportation cost;

2. the assignment of a producer to a particular service day is not

optimized;

. producers are first clustered and then assigned to routes;

4. each route is assigned to a specific plant based on historical
deliveries;

5. new farms (not in previous contracts) are simply added to
the closest route;

6. when deliveries are diverted to an alternative plant, the
collection sequence should be reoptimized.

(98]

We propose to address these issues simultaneously by solving
the contract-design problem without relying on historical data.
More formally, for the FPLQ, the problem consists of determin-
ing the minimal cost for transporting milk from farms to plants
subject to constraints on the capacity of the vehicles. The
solution should specify the service day for each farm, the
collection sequence for each vehicle, and the plant to which
each vehicle is assigned.

Formally, the DTP consists of solving a particular case of the
MDPVRP with pick-up and delivery. In terms of both theory
and application, this is a challenging problem with multiple
characteristics. As highlighted in Butler et al (1997), the milk
problem is much more complex than other collection problems,
even those that concern perishable food (Tarantilis and
Kiranoudis, 2001; Golden et~al, 2002; Tarantilis and
Kiranoudis, 2007). We will use an approach based on scenario
analysis to evaluate the impact on each of the stakeholders of
changes to the process for determining the best routes. Next
section focuses on related studies on the DTP.

3. Literature review

The literature on the DTP is scarce. Most papers focus on the
milk supply-and-demand market (Montes de Oca et al, 2003),
the delivery of finished products from plants to consumers
(Adenso-Diaz et al, 1998) or a specific aspect of the problem
(only a subset of constraints) as detailed below. The milk
transportation problem is used in the literature (Du et al, 2007;
Sadjadi et al, 2009) to illustrate both the challenges of VRPs
with multiple constraints and those of supply chain

management where one aims to find the best logistic strategy.
Briefly, in the solution of the theoretical DTP, complications
arise from the size of the problem, the need to account for the
plants and their demands, and the constraints related to the work
rules agreed with the transporters.

The delivery of products from plants to clients is considered
in Adenso-Diaz et al (1998), where a five-level hierarchical
distribution structure is used to service customers. The custo-
mers are assigned to individual routes (clustering of the
territory), and the problem for each vehicle reduces to a
travelling salesman problem. There is a clear parallel between
this approach and that currently used by the FPLQ, where the
decisions (assignment of farms to routes and assignment of
routes to plants) are made in advance and the only remaining
problem is the sequencing of the collection. However, this
approach is inadequate when a large territory and numerous
plants and customers are involved. The same travelling sales-
man approach is used in Butler ez al (1997).

Most research concentrates on the transportation of the milk
with a focus on developing decision support systems (DSS) that
include only some of the characteristics of the problem. In
Butler et al (2005) for example, because of the complexity of
the problem and the importance of social constraints that are
hard to model, the DSS aims to help the scheduler rather than to
replace him.

A simpler version of the DTP considers only one delivery
plant. In Sankaran and Ubgade (1994), the length of the routes
is the complicating constraint, and the time between pickup and
delivery must not exceed a specified limit. A DSS is developed
and it provides better routes. In Basnet ef al (1999), the context
is rural areas where, once again, only one processing plant
receives all the deliveries. A hard constraint on the number of
pumps available at the plant modifies the objective of the
problem. The problem is now to schedule vehicles such that
on delivery they can be emptied as soon as possible. Therefore,
the objective is to minimize the total operation time including
idle time (while waiting to be emptied) and collection time.

In Caramia and Guerriero (2010), the multiplicity of the
products is highlighted. Thus, the routing must consider how to
fill the different truck compartments. Compatibility constraints
between the vehicles and the facilities at the farms also need to
be considered. The objective here is to minimize the number of
trucks and the tour lengths, and a local search is used to solve
the problem. Another research (Dooley et al, 2005) relates to
the specificity of the product in New Zealand. The problem
tackled consists of on-farm milk segregation to keep milk with
high value properties separate from bulk milk. Only the
collecting part of the problem is analysed and a genetic
algorithm is used to determine the best collecting sequence.

The periodicity aspect of the transportation problem is
addressed in Claassen and Hendriks (2007). One of the
objectives in the goat-milk collection problem is to ensure a
uniform distribution of the product even if the demand is not
smooth. The practical case studied in this paper arises in the
Netherlands where the milk quotation system and the
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cooperative associations overlook the distribution of milk. The
transportation problem is modelled as a periodic VRP and
solved using a special ordered sets approach (SOS I). Another
model for the milk collection problem is proposed in Hoff and
Lokketangen (2007) for the Norwegian milk transportation
problem. The problem is a truck and trailer routing problem,
and it is solved via tabu search.

Finally, only Foulds and Wilson (1997) have considered the
DTP as defined in our project: it involves the allocation of the
vehicles to processing plants with defined requests for milk.
Two heuristics are defined to determine how to assign each
vehicle to a plant. The routing of vehicles is not considered.

This literature review shows that there is a great opportunity
to explore the DTP with all the constraints specific to routing as
well as the demand requisitions of the processing plants. The
present paper contributes to both the methodological aspect of
solving the DTP as a whole and the application to a practical
case in the Quebec dairy industry. The formal definition of the
DTP is stated in the next section.

4. Problem statement and model

As highlighted earlier, establishing the transportation contracts
is crucial for the efficient management of milk transportation.
These contracts specify the milk transportation cost for each
producer. To generate these costs, routes are constructed to
determine the collection of milk from producers and the
delivery to plants. Figure 4 displays all the route types that a
vehicle might perform.

When a vehicle leaves the depot, it starts a collection
sequence that may be interrupted by a delivery. Route (a) is

the most basic: the collection sequence is completed before a
delivery is made to a single plant. Route (d) is the same route
but with partial deliveries, that is, consecutive deliveries are
made to two (or more) plants. This situation usually occurs
when the first plant has a smaller demand. Both (b) and (c) are
examples of routes with collection sequences alternating with
deliveries (to the same or different plants).

Even if all these routes are performed in practice, it is
important to note that only route (a) is used to generate the
transportation cost. To generate the cost of routes of type (b)
and (c), the route is split into two. The first route starts at the
depot and returns to the depot after the first plant p; (thus
creating an arc between p, and d), and the second starts at the
depot and goes directly to farm f;, 1. The cost for routes of type
(d) is generated by considering a single delivery to the more
distant plant. The total cost is then divided among the
producers. Since routes of type (b), (c), and (d) are transformed
into routes of type (a), we will consider only type (a) in the
remainder of the paper.

The problem of determining the cost of transporting the milk
from the producers to the plants may be formally represented as
a heterogeneous capacitated MDPVRP with collection and
delivery, a problem with a wide variety of constraints and
characteristics. We use the notation introduced in Vidal et al
(2012) and extend the formulation of the MDPVRP introduced
in that paper to account for the specific constraints of the DTP.

Lét G =(V,A) be a graph where V = VP uV* uV? and
% represents the set of depots, V7 the set of farms, and V7 the
set of plants. | V |=d+n+r, where d =| VP |,n=| V" |,
and r = | V" |. Each depot o € V" hosts a different number of
vehicles m,. In this application, all the vehicles have two
compartments. However, in the current context no mixing of

P2

Figure 4 Tllustration of all possible route types for milk collection and delivery.
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products is allowed (farms produce different milk types such
as regular, organic, and kosher), so the number of compart-
ments is not a constraint in practice. The capacity of the
vehicles is the only relevant characteristic. Let Oy, be the
physical capacity of vehicle k in depot o. Typically the
vehicles are not fully utilized, and the utilization limit p is
introduced to bound the capacity. The final vehicle-related
constraint concerns the duration of the routes. Duration of
routes should not exceed 7 hours over two days.

Each vertex v; € V7 represents a farm requiring the collec-
tion of g; units of milk of a defined type. Each farm requires f;
visits during the period of ¢ days. In the general problem, each
farm should specity a list L; of possible visit-combinations. Let
the binary constants a,,; be equal to 1 if day / belongs to visit-
combination p, and 0 otherwise. z; is the time required to collect
the milk at each farm; this time is proportional to the volume of
milk collected.

The vertices V7 represent the plants. Each plant i € V” has a
limited capacity and specifies an estimated demand. Let Q; and
D; be these values. Since the milk market is balanced, the
demand at each plant is expressed as a percentage of the total
quantity available. Each plant accepts a certain variation
between the demand and the quantity received. Let 5] and &;
be the acceptable surplus and shortage respectively, with the
acceptable variation being non-decreasing in plant size.

Arc a;; € A represents a direct link from vertex i to vertex j,
taking into account the specifications of the road network and
the following restrictions:

1. an empty vehicle leaving the depot cannot travel directly to
aplant (i € VP and j € V7 then a; ¢ A);

2. avehicle must make a delivery before returning to the depot
(i € V' andj € VP then a;¢ A);

3. alternation between collection and delivery is prohibited
(i€ VP andj € V7 then a;j¢ A).

Arc ay; is assigned a cost ¢;; representing the cost of transporta-
tion. The set .A takes into account that farms prefer collection
early in the day (there are no additional specifications for
individual farms) while plants prefer delivery later in the day.
For example, no collecting is allowed after a delivery. We use
two functions to estimate the transportation cost: the total
distance in kilometers, (and. the total travelling time using
real data.

Table 1 summarizes the notation of the characteristics
associated to each of the classes of nodes and arcs introduced.

The goal is to design a set of vehicle routes that service all the
customers (farms and plants) over all periods from the most
appropriate depot, such that the vehicle capacity, the route
duration, and the customer demand are respected, and the total
cost is minimized. We now introduce the DTP flow formulation.

Three sets of binary variables are defined:

® Foreveryv; € V' ,peL,andv, € VD,yi,w equals 1 if farm i
is assigned to visit-combination p and depot o and 0
otherwise;

Table 1 Notation of nodes and arcs characteristics

Set Notation Definition

Depots d Set of depots
m, Number of vehicles for depot o € VP
Oro Capacity of vehicle k=1, ..., m, for depot 0 € VP
(in thousands of liters)
P Recommended utilization
T Maximum duration for each route
Farms s; Frequency of service, i € V'
qi Quantity of milk to collect at farm i € 1%
T; Service time for collection at farm i € V*
L; List of possible visit-combinations for farm
ieV”
Ay Binary constant equal to 1 if day / belongs to visit-
combination p and 0 otherwise
Plants P Set of plants
0O; Capacity of each plant i € V¥
D; Demand of each plant i € V¥
0; Buffer of each plant i € V¥
Arcs G Distance for arc (i,j) € A
C; Traveling time for arc (i,j) € A

® For every v, € VP k=1...m,I=1...t and v; € V', ;s
equals 1 if vehicle k coming from depot o on day / is assigned
to processing plant i and O otherwise;

® For (i,j) € A k=1..m,l=1...t, and v, € V", xju,
equals 1 if vehicle k£ coming from depot o on day [ visits v;
immediately after v; and O otherwise.

m, t

Minimize Z Z Z Z Z CiiXijklo (1)

i€V jeV k=11=1 e\

v, € VW )

subject to Z Z Yipo =1,

pELiy,eV?

e

Z injklo - Z AplYipo = 0,

viEVk=1 PEL;

vieViv, eVPil=1..1 (3)

Vo €VPik=1...myl=1...t (4

Z xqjklo< 17

v;eV uvP
E Xijkto = 0,
veV uvP

v € VD;V(, S VD;V,,;év,-;kz 1...myl=1...

t (5)
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E Xjiklo = E Xijkio = 0,

VeV VeV

v,-EV;v(,GVD;kz l...myl=1...¢

Z Z qiXijklo g/) X ka

vieVPuyF ey

Vo €VPik=1...my;l=1...t

DO e+ mi)xiuo<T,

vieVvey

Vo €EVPik=1...myl=1...1¢

mq

Z Z Z qiXijio<Qj,

vieVPuV” k=1 oe)P

v eVil=1..1

m t
Z i: Z Z qixUklo>Dj+§i_7 v € PP
veVP Vs k=1 I=1 o)
mq t
Z Z Z Z qiXijo<Dj + 6}, v eV

veVPuVF k=1 I=1 oe)P

k=1...m,l= 1...t;v(,€VD

Z Zik]n< 1 ’

vieV?
Z Xijido — Zjklo = Oa
vieVPuv”
v € VPik=1...mil=1..tv, €V’

ZZMJ’/(/US | N | _la

V€S v;eS

SeViuVP |S|22v, eVPik=1...mg;l=1...t

Xijklo € {03 1}7
vie Vv € Viv, € VD;k: l..myl=1...t
yipu S {07 1}7 Vi S va S Li;v() S VD

Zito € {0, 1},

vieV; v e Vv, EVD;k: 1l..mil=1...t

(6)

©

(10)

(I

(12

(17)

Constraints (2) ensure that each farm is assigned to exactly
one depot and one visit-combination. Constraints (3) guarantee
that visits to farms occur only in the periods for the assigned
visit-combination and the assigned depot. Constraints (4)
ensure that the vehicles are used only once, while constraints
(5) enforce compatibility issues between the route start and end
points. Flow conservation constraints are imposed by (6), and
the capacity of the vehicles and the duration of the routes are
limited by (7) and (8). Constraints (9) ensure that the capacity of
the plants is respected, while constraints (10) and (11) ensure
that each plant receives its demand given the specified toler-
ances. Constraints (12) ensure that each vehicle is assigned to at
most one plant, and constraints (13) specify these assignments.
Finally, subtours are eliminated through (14). Since this
problem is NP-hard, we propose a heuristic solution method,
which will be described in the next section.

5. Methodology

Although the dairy industry is highly constrained given its
coalitions and regulations, the determination of the optimal
transportation plan’ will benefit both the producers and the
transporters. To'provide the FPLQ with the best methodology
for designing routes, we used a scenario-analysis methodology.
This methodology involves revising both the steps and the
information used to construct the routes. Specifically, we
analyse (1) how the producers are assigned to transporters
(or depots) and then to routes, (2) how the service day is fixed
for each farm, (3) how the processing plant is chosen, and
finally (4) how the collection sequence is constructed.

5.1. Scenario definition

5.1.1. Assignment of farms to transporters. The territory of
the province of Quebec is divided among the transporters, and
each covers all the farms in the assigned area. This clustering is
not an annual exercise and is not redone during the negotiations,
but we believe that finding the optimal clustering is essential.
The first element to analyse is the assignment of farms to trans-
porters, and the second is the assignment of farms to depots and
routes. Each transporter covers a large area and owns multiple
depots. Assigning a farm to the right depot and the right route is
a complex exercise: in practice, more than 500 routes are gen-
erated. Choosing the best carrier, depot, and route rather than
the ‘usual’ one for each farm is the core of this scenario. This
analysis will simultaneously address the fifth issue highlighted
in Section 2.3, that is, the process for including new farms and
removing existing ones. This scenario assumes that both farms
and transporters are independent of the territory. The optimiza-
tion of the transportation cost is based only on cost reduction.
Thus, farms can easily be added or removed.

5.1.2. Day of service. Historically, milk is collected every
second day at each farm. Milk is produced every day, and it
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should be stored at the farm for at most two days. Therefore,
the farms are divided into those to be collected on day one and
those to be collected on day two. The service day is deter-
mined a priori and based on the historical assighment. We
propose to relax this and to determine the best service day
while optimizing the routing cost.

5.1.3. Assignment to processing plant. Before the routing of
each vehicle, the ‘usual’ plant is determined. This plant is con-
sidered to be theoretically the best assignment if 75% (or more)
of the deliveries of this vehicle are directed to it. The plant is the
last stop on each route and should be chosen by considering its
demand and the vehicle’s volume. We propose to analyse the
assignment of routes to plants by simultaneously considering all
the vehicles and the demand of each plant.

5.1.4. Routing of vehicles. The final step is to route the
vehicles when the day, the set of farms, and the destination are
known. This is a narrowly defined exercise when all the deci-
sions have been made earlier in the process. We aim to evalu-
ate the impact of modifications to each of the previous
decisions on the design of the routes and the total cost. The
second issue, as highlighted in Section 2.3, concerns the daily
operations when a vehicle is routed to a plant other than the
usual one. The collection sequence is never reoptimized for
different destinations. To capture this variability, we should
design the routes according to all the potential delivery points.
Therefore, we will analyse the effect on the costs and routes
when vehicles have to change their delivery destinations.

5.2. Solution method

The DTP is solved as a special case of a heterogencous
MDPVRP with capacity and duration constraints where a set
of collecting points and delivery destinations are defined, using
a modified version of the UTS algorithm (Cordeau er al, 2001).
As highlighted in Gendreau and Tarantilis Christos (2010), the
need in such contexts of large and realistic problems is to
develop intelligent algorithms capable of producing solutions of
high quality in a reasonable computing time. They identify the
ingredients of success of such. methods and show that simplicity
and flexibility are key components for real-life applications.
From the simplicity point of view, the choice of UTS resides in
its ease of implementation and the number of parameters
incorporated. All parameters are self-adjusted and do not
require further experimentation. From the flexibility point of
view, it is one of the most efficient and flexible algorithms in the
literature for solving both the MDVRP and the PVRP. When
compared with state-of-the art algorithms (Vidal et al, 2012), it
does perform very consistently. The quality of the solutions is
very high on both the PVRP and the MDVRP. Moreover, it also
incorporates constraints such as time windows and do include
the features of the DTP with additional extensions. See Cordeau
et al (2001) for details of UTS; a brief description is presented

in Algorithm 1. The algorithm is based on tabu search, a
metaheuristic that explores the solution space of a problem by
iteratively moving from the current solution s to s € N(s),
where N(s) is the neighbourhood of solution s. The local search
continues until the stopping criterion is satisfied.

One of the important features of UTS is that it can explore
infeasible solutions, that is, even solutions that violate the
duration and capacity constraints are considered. The objective
function includes dynamically adjusted penalty parameters that
can encourage searching in an infeasible subspace or alterna-
tively restore the capacity and duration constraints. The search
is continuously diversified to better explore the solution space
by including a penalizing factor (proportional to the frequency
of the attributes of a solution) and a scaling factor (which
accounts for the total solution cost and the size of the problem).
In this case, an attribute is defined to be the pair (i,k) where
customer i is assigned to vehicle k. A movement thus consists
of replacing this pair by (i,k"), where customer i is transferred
to another route k' in either the same or a different visit-
combination. A tabu list ensures that cycling back to the
previous attribute (i,k) is forbidden for € iterations, this value
being set at the beginning of the algorithm as a function of the
size of the problem. On the other hand, the aspiration criterion
ensures that better solutions that contain a tabu attribute will not
be missed;in this situation, the tabu status is revoked.

Algorithm 1 Outline of Unified Tabu Search Algorithm

To construct an initial solution
(1) Randomly assign a visit-combination (or depot) to
customer 1.
(2) For each day (or depot) [=1 ... t, randomly choose a
customer j among those closest to the depot.
(3) Start with the first route k=1 and use the customer
sequence j, j+1,...,n,1,...,j—1, where n is the number of
customers.
For every customer i scheduled to receive a visit on day /, if
inserting customer i into route k violates the capacity or
duration constraints, go to the following vehicle unless k=m;
otherwise insert i using the GENI heuristic (Gendreau et al,
1992). This insertion procedure allows to insert a customer
between any given pair of customers.
while maximum number of iterations not reached do
(1) For each customer i, for each vehicle k, for each day (or
depot) I: remove i from route k on day (or at depot) / and
either insert into route k' or change visit-combination with
best assignment to a vehicle.
(2) Implement best non-tabu movement unless aspiration
criterion is met.
(3) Adjust penalty parameters to allow for basic
diversification.
(4) Update the tabu list, the frequency of the attributes, and
the best-movement list.
end while
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As mentioned earlier, this algorithm is designed to solve the
PVRP and the MDVRP, and it can handle time windows. To
adapt this algorithm to the DTP, we have included:

® multiple depots and periods;

® 3 variable number of vehicles at each depot;
® two types of vehicles; and

® delivery destinations at the end of the routes.

Changes to the implementation of the algorithm and the
addition of one movement are needed to allow for multiple
depots, multiple periods, and the heterogeneity of the vehi-
cles. If we consider either multiple depots or multiple periods
but not both, only one movement that modifies the depot
assignment (or visit-combination assignment) is needed.
However, in the current situation we need both multiple
depots and multiple periods. For each depot, we add the
flexibility of variable number of vehicles available and the
capacity of each.

To address the destination issue, we add one step to the
algorithm. The algorithm can be stated as follows. First, for
each vehicle assign a plant for the delivery; the number of
possible combinations is relatively small. In fact, plants usually
receive a specific number of deliveries, and do not allow split
deliveries. It is thus possible to enumerate the potential
combinations of assignments of vehicles to plants. We do not
implement a heuristic to determine the best assignment to a
plant mainly because this assignment is not related to the
relative distance to a plant or the volume. The milk travels from
east to west, so all deliveries are made to the west. Let C be the
set of possible combinations to be tested. Finally, the objective
function is modified to consider demand violation for each
plant. This generalized version of UTS is called generalized
unified tabu search (GUTS). The outline of algorithm is
presented in Algorithm 2.

Algorithm 2 Outline of Generalized Unified Tabu Search
Algorithm

while all combinations € C not tested do
Construct an initial solution
(1) Randomly assign a visit-combination and depot to
customer i.
(2) For each day /=1 ...t and each depot 0=1 ...d,
randomly choose a customer j among those closest to the

depot.

(3) Start with the first route k=1 and use the customer
sequence j,j+1,...,n,1,...,j—1, where n is the number of
customers.

For every customer i scheduled to receive a visit on day /,
if inserting customer i into route k violates the capacity or
duration constraints, go to the following vehicle unless
k= m; otherwise insert i using the GENI heuristic
(Gendreau et al, 1992). This insertion procedure allows to
insert a customer between any given pair of customers.

while maximum number of iterations not reached do
(1) For each customer i, for each day [, for each depot o,
for each vehicle k: remove i from route k on day / from
depot o and either insert into route k’ or change
assignment to depot or change visit-combination with
best assignment to a vehicle.
(2) Implement best non-tabu movement unless
aspiration criterion is met.
(3) Adjust penalty parameters to allow for basic
diversification.
(4) Update the tabu list, the frequency of the attributes,
and the best-movement list.

end while

end while

This general algorithm is sufficiently flexible for all the
proposed scenarios, solving both the TSP and the DTP. It is
used directly for the latter, but some steps are skipped for the
former. The details are as follows:

® [f the assignments are fixed, and the problem is to solve the
TSP, we use GENIUS (Gendreau et al, 1992) to determine
the sequence of the route.

® If the farms have a fixed assignment to plants, farms cannot
move between vehicles unless the destination is unchanged.

® [f the vehicles have a fixed assignment to plants, the first
phase of assigning the vehicles is skipped.

® [f no assignment is fixed, GUTS is used as described.

® Next section presents the results obtained with GUTS when
compared with the current method in use.

6. Experimentation

The experimentation is based on two practical instances of
different sizes. Table 2 gives the parameters for each instance.
Each farm has a volume ¢; to be collected, and the total
volume is the total supply on the market. The capacity of the
plants is not specified because Vi € 1% , Di+6; <Q;. Since
collection typically occurs every two days, the data on the
volumes to be collected and the plant demands are given for
these two days. All collection points have a frequency of service
equal to one. Limits are specified on the demand and capacity

Table 2 Instances obtained from FPLQ for two different
transporters
Inst, Inst,
n 73 226
d 1 4
m; (3] [1,1,5,1]
(o [31,35, 35] [31;35; 35, 35, 35, 35, 35; 35]
p 1 3
D; [5%, 10%, 85%] [5%, 10%, 85%]
o; [16%, 20%, 2%] [16%, 20%, 2%]
t 2 2
(0] 184 992 493 875
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but not the deliveries. For the first transporter Inst;, only one
depot hosts all three vehicles, while for the second Inst, four
different depots host eight vehicles.

The experimentation is as follows. We compare the results of
each of the chosen scenarios with the current routes. The
scenarios question each of the decisions made: which depot to
assign to farms, which vehicle to assign to farms, which service
day to assign to farms, how to design the set of farms and their
sequence in each route, and finally which plant to assign to a
route. To compare the solutions, we proceed as follows:

® For the transporters and depots, we evaluate the composition
of the routes: length, utilization of vehicles, and cost (total
distance or total duration). These indicators are also classified
by depot to indicate how each transporter is affected by
changes to the routes.

® For the farms, we compare the service-day assignment and
the assignment to the depot.

® For the plants, we evaluate the volume received versus the
demand.

GUTS is implemented in C++ and experiments are run on an
AMD opteron 250 with 2.4 Ghz clock. The stopping criteria for
all experiments is set to 1 h, which is very reasonable consider-
ing that solving the DTP is a strategic exercise and is only
executed once per year. However, and as mentioned in the
results in the following, best solutions are always obtained
within 8 min of CPU times for the larger instance.

Table 3 gives the Inst; and Inst, solutions currently imple-
mented at the FPLQ. The solution of Inst, has the special

feature that it does not use the vehicle in depot 1 every day. In
both solutions the vehicle utilization is almost always less than
97%. In practice, the utilization in Inst, of vehicle 2 on day 1 is
97.55%, which violates the capacity constraint. The average
utilization is 95%. All vehicles in Inst; have only plant 1 as a
destination, while in Inst,, plant 1 receives one delivery, plant 2
receives two deliveries and plant 3 the remaining deliveries.
Total travel distance is 401 km in Inst; (or 234 min if we use the
estimated travel time) and 4761 km in Inst,.

6.1. Collection sequence

In this first scenario, we aim to determine whether or not, with
all decisions fixed, the collection sequence is optimal. The
construction of the route when the depot, the vehicle, the day,
the plant, and the set of farms are fixed is modelled as the
travelling salesman problem. We used the GENIUS algorithm
to solve this problem.

Table 4 shows that very small improvements (less than 0.5%)
can be made in all cases, even when the assignments are not
modified. All the elements of the routes are fixed except the
collection sequence«We present only the total distance and time
since no changes were made.

6.2. Milk'to plants

Scenario M2P ensures that all plants receive the same amount
of milk from the same farms as in the FPLQ solution. This
scenario is particularly relevant when the milk has specific

Table 3 Detailed solutions for Inst; and Inst,

Instance Depot Vehicle Day Length of route Volume P Distance Travelling time Plant
(1) (%) (km) (min)
Inst, 1 1 1 10 21765 62.2 65 39 1
2 10 28416 81.2 64.8 37.3 1
2 1 9 34141 97.6 69.8 39.1 1
2 14 33554 95.9 70 41.5 1
3 1 16 33832 96.7 66.6 394 1
2 14 33284 95.1 65.1 38.3 1
Total 73 184992 401.2 234.4
Inst, 1 1 1 16 29791 96.10 158.6 115 1
2 1 1 11 33808 96.59 507 296.5 3
2 16 33747 96.42 385.2 229 3
3 1 1 11 33364 95.33 3334 182 2
2 15 28720 92.65 331.3 208 3
2 1 9 33240 94.97 234.6 141 3
2 20 33341 95.26 3374 220 3
3 1 14 33264 95.04 373.2 207 3
2 15 33302 95.15 248.5 156 3
4 1 17 33403 95.44 246.1 147 3
2 18 33356 95.30 251.3 155.5 3
5 1 15 33693 96.27 244.8 151 2
2 20 33774 96.50 260.4 194.5 3
4 1 1 13 33879 96.80 446.7 259 3
2 16 33193 94.84 402.8 236.5 3
Total 226 493875 4761.3 2898
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properties or the plant prefers specific farms. Therefore, the
problem is to determine for each (farm, plant) pair the assign-
ment to depots, vehicles, and days. Since the set of farms is
clustered, that is, only those with deliveries to the same plant
can be collected by the same vehicle, we modify the cost
structure.

To make the best use of the algorithm, we modified the cost
structure of the arcs: the distances (and travel times) between
producers in different clusters are increased to infinity. There-
fore, the problem can be modelled as an MDPVRP. Since d=1
for Inst,, the problem reduces to the PVRP, which can also be
handled by the algorithm.

Table 5 gives the results for these instances. The capacity of
the vehicle is Q;; for vehicle i in depot j, but the utilization of the
vehicles is restricted to 97% of the total capacity.

Table 4 Optimization of collection sequence

Instance Scenario Distance Travelling time
(km) (min)

Inst FPLQ 401.2 2344
Scenario TSP 400 2335
Improvement in % -0.30 -0.38

Inst, FPLQ 4761.3 2898
Scenario TSP 4733.6 286
Improvement in % -0.58 -1.04

Table 5 Cost of reassigning farms/plants to vehicles

The results show that simply by redistributing the farms
among the vehicles available at the same depot, we can reduce
the cost of collecting and delivering milk. In terms of the
distance travelled in kilometers, the improvement is over 2%
which represents a few hundred thousand dollars of savings.

The results in Table 5 show that the vehicle utilization is
always less than 97%, which is another positive feature of this
solution.

Even if all depots and vehicles in each instance are owned by
the same transporter, we extend the analysis to the case where
the depots are owned by different transporters. From the
transporter’s point of view, Table 6 shows that the composition
of the routes is almost identical. The indicators used to evaluate
the solutions are per depot: number of customers, total volume
collected, distance travelled, and travel time. For example,
depot 1 serves the exact same number of customers with the
exact same volume to collect but with a reduced distance of 0.5
km or 1 min. Depot 2 serves one less customer but collects 133
hectoliters more milk. The total distance is also reduced by 83.7
km and so on. All variations of volume are in the range
[—2.15%, +0.54%]. As required, each plant receives exactly
the same volume as<n the FPLQ solution.

6.3. Vehicles to plants

This<scenario specifies that the transporters (vehicles) are
assigned to specific plants. When we build the contracts, the
vehicles-are already assigned to their usual plants, and the set of
farms is fixed. We propose in this scenario to determine the best
set-of farms to collect given that each vehicle has a preferred
delivery destination. The problem involves solving an
MDPVRP where each vehicle in each depot is already assigned

Instance Scenario Distance Travelling time A 3 -
(km) (niin) a destination. We use GUTS to solve Inst,. This scenario
analysis is not relevant for Inst; since only one plant is
Insty FPLQ 401.2 234.4 considered
Scenario M2P 398.3 231.6 Table 7 .h that thi i introd ‘ . It
Improvement in % 071 20.96 able 7 shows that this scenario introduces greater savings.
provides greater flexibility in the assignment of farms to
Inst, FPLQ 4761.3 2898 vehicles (and depots). If all the depots belong to the same
Scenario M2P 4663.2 2846.5 transporter, it should be possible to implement this solution
Improvement in % 5206 -1.78 without any further negotiation for a gain of 3.46% in terms of
Table 6 Variation (in units) for the different stakeholders for M2P
Inst,, km Inst,, min
Stakeholder Number of customers ~ Volume collected — Travelling cost ~ Number of customers  Volume collected  Travelling cost
Depot 1 — — -0.5 — — -1
2 -1 +133 —-83.7 +6 -64 -36.5
3 — —494 -37 -6 +1503 -15
4 +1 +361 +23.1 — -1439 -125
Plant — —

W N =
|
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distance or 3.19% in terms of total duration. Table 8 shows that
the indicators for each stakeholder are stable. Each depot notes
a decrease in terms of travelling cost (either minutes or
kilometers) and a reverse relation between the increase of
number of stops (producers collected) and volume. All varia-
tions of volume are in the range [—1.45%, +0.70%]. The
service-day for each farm is difficult to analyse as each farm can
be easily switched from one day to another. The number of
producers per day is very comparable (120 and 106 in the FPLQ
solution and 119 and 107 in V2P). Finally, for the plants, the
service day is equivalent and the gap between the demand and
the volume received is also very small and within the limits
provided by the FPLQ. To decrease the cost one can observe
that plant 2 receives about 2.65 and 2.74% more milk than
expected when compared with the FPLQ solution.

6.4. DTP

In this scenario, we do not use any historical information to
construct the routes; this is the most flexible scenario. This
problem involves solving the MDPVRP and simultaneously
determining which plant to assign to each route. This scenario
involves solving the DTP with no a priori decisions. Table 9
shows the results.

The improvement is clearly superior to that for all the
previous scenarios, which relax one decision at a time. From
the point of view of the transporters, there are again two cases to
consider. If all the depots belong to the same transporter, then
the FPLQ should be able to implement the solution directly.
Otherwise, it will have to negotiate the territory changes with

Table 7 Cost of reassigning farms to pair of vehicles/plants

the transporters. The following analysis shows how each
stakeholder is affected by these changes.

Table 10 shows that for all depots, variations of volume are
small except for the first plant. It receives less than its demand
(-8.63%) in instance Inst,,min, and the surplus for the other
plants ranges from 0 to 3%. This scenario shows that greatest
changes in terms of volume collected by depots and deliveries
to plants. Finally, when evaluating the service-day assignment,
plants in both Inst,,km and Inst,,min have same day of service,
but it is once again very difficult to evaluate the change in
service-day assignment for the producers.

7. Conclusion

In this paper we have investigated a practical DTP in the
province of Quebec. A dedicated federation negotiates the
transportation plan as well as the transportation cost to be
paid to the transporters. To solve this problem in a highly
constrained environment (regulations and unions), the FPLQ
usually uses the previous assignments to transporters, days,
plants, and farms to'determine each year how the milk will be
routed. Each route' specifies the depot, the vehicle, the day,
the set of farms, the order in which the collection should be
performed; and the processing plant. Using the historical data
results in the fixing of all the assignments; only the optimization
of the collection sequence is performed each year.

We have relaxed each of these assignments and analysed the
impact on the transportation cost. Each change has an impact on
the transporters, the farms, and the plants. We have determined
whether each transporter is assigned the right set of farms,

Table 9 Cost of solving the DTP

Instance Scenario Distance Travelling time Instance Scenario Distance Travelling time
(km) (min) (km) (min)
Inst, FPLQ 4761.3 2898 Inst, FPLQ 4761.3 2898
Scenario V2P 4596.5 2805.5 Scenario DTP 4573 2794
Improvement in % -3.46 -3.19 Improvement in % -3.95 -3.59
Table 8 Variation (in units) for the different stakeholders for V2P
Inst,, km Inst,, min
Stakeholder Number of customers — Volume collected — Travelling cost ~ Number of customers — Volume collected  Travelling cost
Depot 1 -1 +216 -134 -1 + 180 =25
2 +5 -393 -120.7 +5 -215 -33
3 -7 +493 -94 -5 + 1008 -28
4 +3 -316 -21.2 +1 -973 -8
Plant 1 +216 +180
2 - 1747 —1689
3 +1531 +1509
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Table 10 Variation (in units) for the different stakeholders for DTP

Stakeholder Inst,, km Inst,, min
Number of customers  Volume collected — Travelling cost  Number of customers  Volume collected — Travelling cost

Depot 1 -2 —-240 -14 -2 -2571 -245

2 +3 +70 -132.7 +1 -399 -42

3 -3 +505 -584 — +3278 -28

4 +2 -335 +16.8 +1 -308 -95
Plant 1 —-240 -2571

2 +178 +633

3 +62 +1938

whether each farm is assigned the right service day, and
whether the farms are on the right routes. The results show that
small improvements may be achieved by simply changing
the routing of the vehicles which has the smaller impact on all
stakeholders. To summarize, the improvements range from
0.5% to approximately 4% in terms of distance. In the later
case, where improvements are more important, stakeholders
note higher changes, which will probably require more
negotiations.

Solving the theoretical DTP is essential to determine the
transportation costs for the contracts. In this paper we analyse
the DTP for one transporter at a time, but show the potential
impact if all transporters in the territory are considered simulta-
neously. An interesting area for future research would be to
analyse how the routes are modified if all contracts are
negotiated at the same time.
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