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Abstract

In this paper, we present an optimization model for a transportation planning problem with
multiple transportation modes, highly perishable products, demand and supply dynamics, and
management of the reusable transport units (RTIs). Such a problem arises in the European hor-
ticultural chain, for example. As a result of geographic dispersion of production and market, a
reliable transportation solutions ensures long-term success in the European market. The model is
an extension to the network flow problem. We integrate dynamic allocation, flow, and repositioning
of the RTIs in order to find the trade-off between quality requirements and operational considera-
tions and costs. We also present detailed computational results and analysis.

Keywords: Multimodal transportation, Mixed-Integer Program, reusable transport unit, Per-
ishability

1 Introduction

Perishable supply chains around Europe are continent-wide businesses. An example is the horticultural
sector of the Netherlands which is the largest exporter of fresh products in Europe. Everyday hundreds
of perishable product types (fruit, dairy, flower, etc.) with their own characteristics and preservation
requirements are transported throughout Europe. These products have short shelf-lives, and they
travel for long and in different climates. The temperature fluctuation and long handling time have
direct influence in their deterioration. It is difficult to manage timely transportation that not only
ensures the freshness of products, but also offers a competitive price. Minimizing transportation costs
is one of the key drivers of global success in such highly price-sensitive industries.

In a transportation system as described above, a smooth and synchronized flow with minimum
waiting and handling is needed. This is highly dependent on the availability of Reusable Transport
Items (RTI). A RTI is an empty transport loading unit which can have different sizes ranging from
a small box to a large 45-feet container (Figure 1). In the horticultural chain for instance, flowers
and bouquets are loaded in the small RTIs (e.g. boxes and buckets) and then medium RTIs (e.g.
cages and trolleys) at the origin locations, and are unloaded at the destination locations. For the long
haul part of the transportation, these filled RTIs are further loaded in the big ones (e.g. a cooled
45-feet container), in order to use the opportunities that multimodal transportation offers. By the
next decade, it is expected that truck transport will decrease in favour of deep sea and short sea
ships, barge and train transportation. However, the number of all RTIs is limited. Returning or
repositioning these units is costly for carriers and does not bring any direct profit to them. As a
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Figure 1: Resource allocation structure in a long-haul transportation system

result, solutions integrating the forward flow of filled RTIs with the backward flow of empty ones are
needed to minimize the system-wide costs while preserving the quality of products.

In this research, we study this integrated flow planning, present a model and analyze the behavior
of the solutions against changing the parameters. The outline of this paper is as follows. Section
2 gives an overview on the literature of perishability and asset management issues in multimodal
transportation planning. Sections 3 and 4 respectively describe the designed model and the proposed
formulation. In Section 5, the mathematical formulation is tested and the results are analyzed, and
finally, in Section 6, we give some concluding remarks and future works.

2 Literature Review

Transportation of perishable products demands quality preservation conditions which should be re-
spected in the planning. Figure 2 provides an overview on perishability in different planning problems
in the literature. We can group the problems into three main groups: long-haul transportation, last-
mile transportation, and other problems. Transportation considerations in the body of supply chain
design and production-distribution planning problems have been fairly studied. However, the number
of research studying multimodal systems is few. The examples are Ahumada and Villalobos [2011],
and Yu and Nagurney [2013]. Ahumada and Villalobos [2011] model the production-distribution of
perishable products and consider the perishability both as a loss function in the objective function,
and as a constraint on product storage. Yu and Nagurney [2013] propose a model for competitive
supply chain design problem including multiple transportation modes. They introduce arc multipliers
to incorporate food deterioration and add costs of spoiled food to their objective function.

Last-mile distribution of products is modeled as Vehicle Routing Problems with Time Windows
(VRPTW) and the goal is to find the optimal load, delivery routes, and departure times of the
fleet of vehicles. Doerner et al. [2008] study the pickup and delivery problem of blood products
where the pickup plan is inter-related to the dispatching policy. There are strict time windows and
after a certain time, the product is completely spoiled. They model this problem and design three
heuristics to solve it. Hsu et al. [2007] model a food distribution planning problem with stochastic
and time-dependent travel times, and time-varying temperature. They also account for the penalty of
violating time windows in the objective function. In order to solve this problem, they modified and
applied the time-oriented nearest-neighbor heuristic in the literature. Osvald and Stirn [2008] address
distribution of fresh vegetables with time-dependent travel times, and propose a Tabu Search algorithm
to solve it. They add a loss of quality term to their objective function which is a linear function of
quality degradation based on time. Tarantilis and Kiranoudis [2001] develop an adaptive threshold
accepting algorithm for the distribution of fresh milk with a heterogeneous fixed fleet, and Tarantilis
and Kiranoudis [2002] develop a list-based threshold accepting algorithm for the distribution of fresh
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Long-haul
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Distribution

VRPTW [Doerner et al., 2008, Hsu et al., 2007, Hu et al., 2009, Osvald
and Stirn, 2008, Tarantilis and Kiranoudis, 2001, 2002]

VRP with compartments [Derigs et al., 2011, Mendoza et al., 2011]

Other
Problems

Production-Distribution [Bilgen and Gunther, 2010, Chen et al., 2009,
Farahani et al., 2012]

Supply Chain Design [Ahumada and Villalobos, 2011, Yu and Nagurney, 2013]

Figure 2: OR literature on different planning problems with perishable products

meat in a multi-depot network. However, neither of them exclusively contemplate the perishability of
products.

In addition to the perishability, in some distribution systems, the products are incompatible and
they cannot be loaded in the same truck or unit. Planning for such products separated, and allocating
separate trucks, while customers order them simultaneously, result in excessive transportation costs.
One solution is to divide the truck space into compartments and load each compartment with a unique
product type. The examples in the literature are Derigs et al. [2011] and Mendoza et al. [2011]. Derigs
et al. [2011] study such a distribution planning problem for food and petrol. They model it as a VRP
with flexible compartments and propose a Large Neighborhood Search (LNS) algorithm to solve this
problem. Mendoza et al. [2011] study another VRP with compartment and stochastic demand, and
design three heuristics based on stochastic programming.

We could not find any research on long-haul transportation of perishable products, while interna-
tional perishable supply chains might need tailored policies and solutions which the literature does
not offer.

An optimal transportation planning is equivalent to the optimal utilization of the assets. Assets
can be RTIs, vehicles, crews, power units, engines, etc [SteadieSeifi et al., 2014]. Positioning, balancing,
allocating, repositioning, and rotation of assets are the subject of asset management. An optimal asset
management ensures a smooth transportation which is critical in perishable product supply chains.
Figure 3 gives an overview on the different approaches in the literature, studying asset management
in multimodal transportation problems. We can divide them into tactical and operational planning
problems. Tactical and operational planning deal with optimally utilizing a given infrastructure and
the available assets by choosing services and associated transportation modes, allocating their capac-
ities to orders, allocating other resources to the orders, and planning the itineraries and frequency.
The only difference is that in operational planning we need to answer to the real-time requirements of
all multimodal operators, carriers and shippers [SteadieSeifi et al., 2014]. Overall, on both planning
levels, repositioning of vehicles has been mostly investigated, and the number of papers managing RTI

Asset
Management
in Multimodal
Transportation

Tactical
Planning

Cyclic SND [Agarwal and Ergun, 2008, Andersen et al., 2009a,b, 2011,
Moccia et al., 2011, Pedersen et al., 2009, Zhu et al., 2011]

SND including empty orders [Braekers et al., 2013]

NFP with pre-defined empty orders [Meng and Wang, 2011]

NFP only for empty orders [Choong et al., 2002]

Operational
Planning

Approximate dynamic programming [Topaloglu, 2006, 2007, Topaloglu
and Powell, 2005, 2006, 2007]

NFP with empty allocation and repositioning [Erera et al., 2005, Song
and Dong, 2012]

Figure 3: OR literature of asset management in multimodal transportation
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fleets is few. Since the operational planning is out of our scope, we refer the interested reader to the
references.

On tactical level of multimodal transportation planning, Network Flow Planning (NFP) problems
relate to the flow planning decisions addressing the movement of orders (commodities) throughout
the network. Service Network Design (SND) problems in comparison involve the service planning
decisions including all decisions on choosing the transportation services and modes to move those
commodities.

SND problems with cyclic service design account for returning of empty vehicles to their service
starting location. Agarwal and Ergun [2008] study a liner shipping network design with transshipment
at the hubs, and present three heuristics, namely a greedy, a column generation based, and a Benders’
decomposition heuristic algorithm. Pedersen et al. [2009], Andersen et al. [2009a], Andersen et al.
[2009b], and Andersen et al. [2011] present comprehensive study on formulating SND problems with
vehicle repositioning and their computational differences. Moccia et al. [2011] propose a column
generation heuristic for a rail and road transportation system with both consolidated and dedicated
services. They transform the physical network such that for each shipment (O/D pair) they have a
virtual digraph where nodes represent time windows of using transportation modes. Pedersen et al.
[2009] solve their SND problem by means of a Tabu search algorithm, and show the power of the Tabu
search compared to a MIP solver.

Braekers et al. [2013] and Meng and Wang [2011] are the two examples we found where empty
container repositioning is included into liner shipping service design. Braekers et al. [2013] show
that shipping lines may reduce costs by simultaneously planning barge services and empty container
repositioning movements instead of planning empty container repositioning movements in a post-
optimization phase. Meng and Wang [2011] also compare the solutions with and without simultaneous
empty repositioning planning, and see cost reductions up to 15%. However, in both papers, the
repositioning orders are given and pre-defined, and can be treated as additional orders besides the usual
product orders. Choong et al. [2002] model the flow of owned and leased empty containers on barges,
investigate 15-day and 30-day planning horizons, and conclude that a longer planning horizon is more
desirable in their case. Longer planning horizon also result in utilization of cheaper transportation
modes. Choong et al. [2002] however do not study the integration of empty repositioning and forward
flow of products.

Zhu et al. [2011] is the only example we found on simultaneous planning of multiple type of assets
in SND problems. They study a rail system with car classification, car blocking, and train makeup,
and model it as a three-layered network (for service, block, and car). They solve this problem by means
of a hybrid metaheuristic algorithm combining slope scaling, enhanced by long-term memory-based
perturbation strategies and ellipsoidal search method.

This paper is the first to study the long-haul transportation of perishable products by carriers. In
this regard, we include a quality preservation measure and integrate the forward flow of filled RTIs
with the backward flow of empty ones. We assume to have one product type and we only focus on
a single-RTI (e.g. cages) transportation system. Therefore, we leave the flow of smaller or bigger
RTIs and the last-mile distribution of products out of scope. The reason is the high complexity of
such transportation system which makes it difficult and intractable to be modeled at once. Moreover,
detailed planning of the operations inside the locations is also out of our scope. We address them only
as aggregated time, costs, etc.

To summarize, we build upon the literature, and model this problem as a multimodal network flow
problem with quality preservation, transshipment, and asset management. Moreover, the objective of
this problem is to minimize total system costs. This research adds to the literature of NFP problems
by studying the trade-off between the critical delivery requirements of this industry and its operational
costs. Figure 4 illustrates the conceptual model for tactical planning of this transportation system. In
the rest of this paper, we describe and formulate this tactical planning problem in Sections 3 and 4.
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Figure 4: The tactical planning model for a perishable transportation system

3 Problem Definition and Modeling Approach

In this section, we provide definitions and assumptions which will be later used for mathematical
formulation. Table 8 in the Appendix provides a summary of all notations used. Note that the usage
of Prime signs might look strange at the beginning, but we use them in the way to avoid a messy and
confusing mathematical formulation.

The physical transportation network is characterized by nodes i′ representing the N locations,
and the arcs (i′, i′′) representing different routes connecting these locations. Between each location
pair, at least one service m′ can operate. A service is the transportation job operated by the related
transportation modes, characterized by its origin, destination, its route, and price. Services also have
departure and arrival schedules (which represent their frequency during a particular time horizon). A
mode is characterized by its capacity, speed, and temperature regime. Truck, train, barge, deep-sea
and short-sea ship, and airplane are the main modes.

We have a fleet of M services. Each of these services has its own capacity capm
′
, travel time rm

′
it

and temperature lm
′

it , variable transportation cost Cm′
full per full RTI per time period, and variable

repositioning cost Cm′
empty per empty RTI per time period. In addition, we assume a maximum number

of vehicles for each service type as |Fm|.
Demand is defined by the arrival of orders for RTIs at the origin terminals in different time period.

An order p is characterized by the number wp of RTIs requested at an origin terminal O(p) to be
transported to a destination terminal D(p). This order can be picked up at earliest at time PT (p)
and should be delivered to the destination, while preserving the requested Time Temperature Sum
(TTS) of Lp and respecting the deadline DT (p). TTS is a measure in some fresh produce industries
representing the total time that products can be transported in different temperature regimes. For
instance, if a filled RTI is moved on a train for 3 days, and the temperature inside the train is 10
degree celcius, the TTS of this travel is 30, and for each order the summation of these TTS’s should
be less than Lp (say 200 Days×Degree).

In order to include all dynamics such as transshipment, we transform the physical network into
a mode-space-time representation. First, we divide the time horizon T (e.g. a season) into smaller
time periods t′ (e.g. days), and map the physical network in both time and space. Each node in
this network represents a location at a time period. Then, the space-time mapping is furthermore
multiplied by M. Figure 5 gives an illustration of a simple mode-space-time network with 3 terminal
locations, 15 time periods, and 2 modes. In this example, a feasible flow itinerary for an order from
location 1 to location 3 with PT of 4 and DT of 11 is shown. All empty RTIs are kept at location 2,
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Figure 5: An example of the mode-space-time representation of a flow network problem

and at the end of planning horizon, these empty RTIs should be returned to this location. For this
order, the number of needed empty RTIs is moved from location 2 by service type 2. Then the full
RTIs are loaded at location 1 and moved to location 2 on service type 1. Then after waiting for one
period at location 2, the full RTIs are transshipped to service type 2 which also takes one period.
After waiting for another period, the full RTIs are delivered and unloaded at location 3 by the time
11. In the end, the emptied RTIs are returned to location 2 by service type 1.

In this mode-space-time network, an arc (i, t, g) can represent three types of operations: (i) a
service arc for the travel between locations (i′, i′′), leaving at time t′ and arriving at time t′′, by
service type m′ (Figure 6a), (ii) a transshipment arc for the transshipment of orders at location i′

between services m′ and m′′ starting at time t′ and finishing at time t′′, and (iii) a waiting/holding
arc for the stop of service m′ (e.g. for switching rail tracks at borders, or custom clearance) at i′ at
time t′, or holding empty RTIs. Since the last two operations occur at locations, the arcs representing
them are called location arcs (Figure 6b).

The waiting/holding arcs have the length of one period, while the other two types of arcs depending
on the location and service can take more than one period. The terminal operations can have different
natures such as waiting of a service, consolidation, transshipment, loading and unloading, and holding.
We believe that the transshipment and waiting arcs (Figure 6b) cover all these terminal operations in
our scope. As an example, in some transportation systems, the loading and unloading jobs are a part
of the service contract, therefore, we assume that the time and costs of these jobs have already been

(a) Service arcs connecting different nodes (b) Location arcs representing terminal operations

Figure 6: An illustration of different arcs in the model
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included in the service time and cost parameters.
The location arcs all have their own operation time ri′t, temperature li′t, and cost CT

i′ per location
for transshipment. We assume that locations are uncapacitated regarding the number of operations
they can do, the number of RTIs they can hold, or the number of vehicles they can accommodate.

Note that not all services are feasible for each location pair, therefore, the locations cannot accom-
modate all kinds of services. Moreover, not all locations have a storage facility available. As a result,
the network is not a complete or even a dense graph.

In this problem, xgitp, x̄
g
it, and ygit are the decision variables representing the flow of full RTIs per

order p, flow of empty RTIs, and the number of vehicles engaged on an arc respectively. In order
to capture the need for empty RTIs, two extra variables Ui′t′p and Ūi′t′p are added to the model to
track the in-flow and out-flow of full and empty RTIs at origins, destinations, and intermediate nodes.
These variables are used to calculate the flow of empty RTIs throughout the network. The auxiliary
binary variables bgitp are also added to help calculating TTS.

We assume that the location and the number of RTIs per location is fixed at the beginning of the
planning horizon. Therefore, for each location, Si′ number of RTIs are available at the beginning of
the time horizon. Since this is a single-horizon model, meaning that we only plan for one planning
horizon (e.g. one season), we assume that the RTIs should return to their initial locations, so the
number of available RTIs at each location at the end of horizon should equal to Si′ .

4 Mathematical Model

In this section, we present the mathematical formulation for our single-RTI, single-product, multimodal
network flow problem with quality preservation and transshipment. Table 8 in the Appendix gives a
summary of all notations used. The objective function (1) is in the form of minimizing total system
costs. The first term represent total flow costs of the full and empty RTIs, the second term is the total
transshipment costs, and the third term contemplates all administrative costs and taxes of using the
services.

min
∑
g∈G

T×T∑
t=1

∑
i∈A(V×V)−A(i′,i′)

rm
′

it [
P∑

p=1

(Cm′
full × xgitp) + (Cm′

empty × x̄git)]

+
∑
g∈GT

T×T∑
t=1

∑
i∈A(i′,i′)

CT
i′ × ri′t(

P∑
p=1

xgitp + x̄git) +
∑
g∈G

T×T∑
t=1

∑
i∈A(V×V)−A(i′,i′)

Cm′ygit (1)

Constraints (2)-(5) are flow conservation constraints. Constraint (2) defines U as the flow of full
RTIs (for each order) at each location and time period.

Ui′t′p =
∑

g∈G−GT

∑
t∈N+(t′)

∑
i∈N+(i′)

xgitp −
∑

g∈G−GT

∑
t∈N−(t′)

∑
i∈N−(i′)

xgitp

∀i′ ∈ V,
t′ = 1, . . . , T
p = 1, . . .P

(2)

Constraint (3) enforces the flow of full RTIs (orders) between the origin and destination locations.

Ui′t′p =


wp i = O(p), t = PT (p)
−wp i = D(p), t = DT (p)
0 o.w.

∀i′ ∈ V,
t′ = 1, . . . , T
p = 1, . . .P

(3)

Constraint (4) and (5) determines the number of RTIs that should be repositioned in order to be
able to respond to future demands. Constraint (5) emphasizes that the outbound flows of empty RTIs
at the beginning of planning horizon, and the inbound flows of empty RTIs at the end of the horizon
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should be equal to their available number Si′ that is given to this model. For the rest of network,
there is a balance constraint ensuring the flow of empty RTIs are related to the flow of orders.

Ūi′t′ =
∑

g∈G−GT

∑
t∈N+(t′)

∑
i∈N+(i′)

x̄git −
∑

g∈G−GT

∑
t∈N−(t′)

∑
i∈N−(i′)

x̄git
∀i′ ∈ V,
t′ = 1, . . . , T

(4)

Ūi′t′ =


Si′ −

∑P
p=1 Ui′t′p t′ = 1

−
∑P

p=1 Ui′t′p 1 < t′ < T

− Si′ −
∑P

p=1 Ui′t′p t′ = T

∀i′ ∈ V,
t′ = 1, . . . , T

(5)

Constraints (6) and (7) are logical constraints used to calculate the TTS of orders.

xgitp ≥ bgitp ∀i ∈ A(V × V), t ∈ A(T × T ), p = 1, . . .P, g ∈ G (6)

xgitp ≤Mbgitp ∀i ∈ A(V × V), t ∈ A(T × T ), p = 1, . . .P, g ∈ G (7)

Based on the Constraints (6) and (7), Constraint (8) states that for each order, the total days ×
temperature of moving and handling that order must be less than the total desired TTS of the order.

∑
g∈G

T×T∑
t=1

∑
i∈A(V×V)−A(i′,i′)

lm
′

it ×rgit× bgitp +
∑
g∈G

T×T∑
t=1

∑
i∈A(i′,i′)

li′t×ri′t× bgitp ≤ Lp ∀p = 1, . . .P (8)

Constraint (9) forces the capacity of a chosen service on the total number of RTIs (empty or full)
that is moved by that service.

P∑
p=1

xgitp + x̄git ≤ ygit × capm
′ ∀i ∈ A(V × V), t ∈ A(T × T ), g ∈ G (9)

Constraint (10) states that the total number of services in operation and services engaged in
handling jobs in each time period is limited.

∑
g∈Gm′

∑
t∈A(t̃≤t′,t̂≥t′)

V×V∑
i=1

ygit ≤ |F
m′ | ∀t′ = 1, . . . , T, m′ = 1, . . . ,M (10)

And finally, Constraints (11) and (12) define the nature of the model variables.

xgitp ≥ 0, bgitp ∈ {0, 1} ∀i ∈ A(V × V), t ∈ A(T × T ), p = 1, . . .P, g ∈ G (11)

x̄git ≥ 0, ygit ∈ N ∀i ∈ A(V × V), t ∈ A(T × T ), g ∈ G (12)

In the next section, we test this formulation on a number of instances and analyze its sensitivity
to its parameter settings.

5 Numerical Experiments

In this section, we verify the proposed formulation presented in Section 4 on different instances. We
explain the tactics used to strengthen and speed up the computation, and give some practical insight.
We solve all instances with Gurobi solver 5.5.0 on a Core2Duo CPU 2.93 GHz with 4.00 GB RAM.
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Table 1: Service inputs

Fm′
capm

′
li′t freqm

′
Speedm

′
Cm′

full Cm′
empty

Truck services 100 2 12 1 56 50.78 22.58
Train services 25 91 12 3 32 290.41 129.16
Barge services 25 500 12 4 14 64.5 28.68

5.1 Instance Sets

We could not find any instances in the literature for this type of problems. Therefore, we generated
a set of instances with 8, 10, 11, and 13 locations, 2 and 3 transportation services (truck and train,
or truck, train and barge) with their own feasible service routes, 50, 75, and 90 time periods, and
10, 20, 30, 40, 50 orders. The instance sets are generated in such a way that they are structurally
similar to a real chain. The instances are named as “nAmBtCoD” where value of A shows the number
of locations, value of B is the number of service types, value of C is the planning horizon, and value
of D stands for the number of orders.

In base case, the parameter settings given in Tables 1 are used for services. These numbers have
been inspired by the horticultural supply chain, but they were adjusted to the structure of the network
in our instances.

Locations in our instances can be supply nodes (origins), demand nodes (destinations), and inter-
modal terminals (hubs). We assume a temperature li′t of 3 for hub locations and a temperature of 12
for other locations. Moreover, not all hubs have an RTI inventory Si′ , so we assume in all instances
a total number of 500 RTIs. We equally distribute this number among the two hubs closest to the
supply nodes.

We assume that if feasible, a truck-train or a truck-barge transshipment takes 1 time period, and
a train-barge transshipment takes 2 time periods. Transshipment costs are in this order 37.86, 40.17,
and 54.62 respectively. Moreover, we assume that between a hub locations and a non-hub location,
only truck service is available, and the other service types are available on the interhub part of the
network. For the interhub part, we test a few forms including a complete network of all service types
and a directed shuttle service network (e.g. Figure 7). In the base case, the interhub is a complete
network of all assigned services.

Finally, in order to generate the set of orders, we designed an algorithm that first randomly picks
an origin, a destination, and the order volume. Then, it randomly chooses the pickup and delivery
time of the order by looking at the distances, travel times of different services available, the TTS,
and the time that it takes to procure the needed empty RTIs and transport them to the origin, and

Figure 7: An example of a shuttle service on the inter-hub network among locations 3,4,5, and 6 in a
11-location instance
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the time needed to reposition them. In the following sections, we give the computational results and
provide some sensitivity analysis.

5.2 Computational Strengthening

The model presented in this paper can be reduced to the multi-commodity capacitated Service Network
Design (SND) problems. SND problem is NP-hard [Magnanti and Wong, 1986], therefore, our model
is at least as hard as an SND, and the number of variable and constraints can be more than one million
in small instances. Keeping all the matrices can cost a huge amount of memory, therefore, we follow
a couple of extra steps to decrease the memory consumption and speed up Gurobi.

For the first step, in the mode-space-network, we only generate the edges that are feasible based
on the availability and the frequency of a service. In practice, not all services are available between
pairs of locations and if they are, they do not operate every time period. Hence, we ignore all the
other edges that never come in a solution.

Still, we deal with huge matrices of the parameters and variables which are extremely sparse. So,
we use the so-called “colt”1 library to replace the standard matrix format with a sparse one. After
these modifications, we are able to solve relatively large instances.

5.3 Base Results

Tables 2, 3, and 4 shows the results for the base case. The columns of the tables present the total
system costs (objective function), the optimality gap after one hour time limit, total number of edges
used to transport full RTIs, total number of edges used for empty RTIs, number of used services
(trucks, trains, barges) and computational time respectively.

Modifying the data structure, it is clear that the algorithm is fast. In 53% of all instance, we were
able to find the optimal solution in less than 15 minutes and closed the optimality gap to less than
0.1% in an equal time. Despite replacing sparse matrices with the ordinary ones, in 10 instances out of
105, we ran out of memory. In smaller instance, we were able to solve instances with up to 70 orders,
but in bigger instances, especially the ones with 3 service types, we cannot solve instances with 40 or
50 orders. Overall, the computational time depends not only on the number of orders, but also on the
structure of the network and its density regarding the service arcs available. In addition, increasing
the planning horizon alone does not bring any extra burden in the computational time.

Despite seeing consolidation of flows into trains and barges, since the delivery deadlines are tight
and lateness is not allowed, trucks seem to be the most favorable means of transport. Even though
the other service types are much cheaper, the solutions tend to deploy faster options.

Figure 8 shows that on average 58% of the time truck are used and their utilization is on average
97%. In contrast, trains and barges are used 29% and 25% of the time. However, their utilization is
on average 35% and 5% respectively.

5.4 Practical Analysis

In this section, we test the sensitivity of the model to the change in parameters. In this regard,
we manipulate the most important parameters like speed of services, costs of transshipment, and
temperature of services. We also investigate the difference between a network with a shuttle interhub
network and a complete interhub network. In order to keep the length of this section reasonable, we
only implement the analysis on a sample of instances. These samples are n11m2t50oX, n11m3t50oX,
n13m2t50oX, and n13m3t50oX. The reason is that their networks are big, but their interhub networks
have different structures. Hence, we can examine how much assigned services change and whether the
network structure influences this change or not.

1http://acs.lbl.gov/software/colt/
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Table 2: Results for small-sized instance with truck and train service types

Obj.
Func.

Gap
(%)

Total
full
flow

Total
empty
flow

No.
of
Trucks

No.
of
Trains

Comp.
Time
(seconds)

n8 m2 t50 o10 9765.831 0.01 211 10 56 5 one hour
n8 m2 t50 o20 21021.58 - 425 17 128 8 436.73
n8 m2 t50 o30 35138.21 - 692 15 209 9 93.05
n8 m2 t50 o40 43245.79 - 892 16 267 10 144.24
n8 m2 t50 o50 54039.10 - 1079 16 335 10 331.46
n8 m2 t75 o10 11439.74 - 211 12 64 10 176.44
n8 m2 t75 o20 24937.97 0.01 457 13 140 13 one hour
n8 m2 t75 o30 39562.33 - 668 20 216 15 897.89
n8 m2 t75 o40 50141.72 - 846 26 272 14 293.61
n8 m2 t75 o50 62131.40 - 1138 31 339 16 486.57
n8 m2 t90 o10 11522.70 0.03 226 14 69 10 one hour
n8 m2 t90 o20 28640.08 0.02 426 21 162 13 one hour
n8 m2 t90 o30 43994.63 - 707 18 240 16 837.69
n8 m2 t90 o40 60214.48 0.01 978 22 332 17 one hour
n8 m2 t90 o50 74944.44 0.01 1279 29 413 20 one hour

n10 m2 t50 o10 9532.80 0.01 209 13 56 6 one hour
n10 m2 t50 o20 20714.09 0.01 412 16 128 9 one hour
n10 m2 t50 o30 34532.86 - 659 22 209 10 141.67
n10 m2 t50 o40 42431.53 - 889 20 267 10 297.59
n10 m2 t50 o50 52978.18 - 1139 19 335 10 256.55
n10 m2 t75 o10 11156.38 0.02 180 14 64 11 one hour
n10 m2 t75 o20 24463.13 0.02 468 18 14 14 one hour
n10 m2 t75 o30 38779.44 0.01 708 23 216 16 one hour
n10 m2 t75 o40 49198.27 - 910 35 272 15 289.20
n10 m2 t75 o50 61156.03 - 1195 32 339 17 800.11
n10 m2 t90 o10 11292.08 0.03 230 14 69 11 one hour
n10 m2 t90 o20 28303.09 0.02 460 25 162 14 one hour
n10 m2 t90 o30 43550.26 0.01 700 20 240 16 one hour
n10 m2 t90 o40 59727.60 0.01 941 22 332 17 one hour
n10 m2 t90 o50 74351.14 0.01 1281 21 413 21 one hour
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Table 3: Results for medium-sized instance with truck and train service types

Obj.
Func.

Gap
(%)

Total
full
flow

Total
empty
flow

No.
of
Trucks

No.
of
Trains

Comp.
Time
(seconds)

n11 m2 t50 o10 16880.53 0.02 217 10 112 6 one hour
n11 m2 t50 o20 38587.51 - 517 16 248 7 674.19
n11 m2 t50 o30 60372.26 - 774 18 381 10 639.54
n11 m2 t50 o40 79492.43 0.02 962 23 499 12 one hour
n11 m2 t50 o50 97735.58 0.01 1195 28 614 13 one hour
n11 m2 t75 o10 17064.17 0.02 247 14 112 8 one hour
n11 m2 t75 o20 38310.47 0.02 535 20 248 11 one hour
n11 m2 t75 o30 59446.85 0.03 675 15 384 15 one hour
n11 m2 t75 o40 77790.85 0.03 1034 20 503 17 one hour
n11 m2 t75 o50 96059.38 0.02 1292 18 613 18 one hour
n11 m2 t90 o10 16966.72 0.02 258 14 116 9 one hour
n11 m2 t90 o20 38022.08 0.03 498 15 253 13 one hour
n11 m2 t90 o30 59178.72 0.04 738 17 386 16 one hour
n11 m2 t90 o40 78060.13 0.03 1007 18 501 18 one hour
n11 m2 t90 o50 - - - - - - out of memory

n13 m2 t50 o10 16886.53 - 206 14 113 11 363.46
n13 m2 t50 o20 38592.51 - 512 23 248 12 548.22
n13 m2 t50 o30 60379.26 0.02 741 25 381 17 one hour
n13 m2 t50 o40 79499.43 0.01 932 33 499 20 one hour
n13 m2 t50 o50 97743.58 0.02 1059 32 615 20 one hour
n13 m2 t75 o10 17070.17 0.03 238 18 112 14 one hour
n13 m2 t75 o20 38321.44 0.03 500 15 248 20 one hour
n13 m2 t75 o30 59457.85 0.02 709 20 384 25 one hour
n13 m2 t75 o40 77810.85 0.05 975 28 503 34 one hour
n13 m2 t75 o50 - - - - - - out of memory
n13 m2 t90 o10 16972.72 0.02 211 14 116 15 one hour
n13 m2 t90 o20 38034.08 0.03 518 15 254 23 one hour
n13 m2 t90 o30 59198.72 0.04 714 23 388 31 one hour
n13 m2 t90 o40 - - - - - - out of memory
n13 m2 t90 o50 - - - - - - out of memory

12



Table 4: Results for instance with truck, train, and barge service types

Obj.
Func.

Gap
(%)

Total
full
flow

Total
empty
flow

No.
of
Trucks

No.
of
Trains

No.
of
Barges

Comp.
Time
(seconds)

n10 m3 t50 o10 8078.36 - 180 16 56 1 7 247.15
n10 m3 t50 o20 18169.16 - 400 22 128 1 10 554.19
n10 m3 t50 o30 30972.63 - 565 32 209 2 11 180.52
n10 m3 t50 o40 38615.95 - 805 24 267 2 12 134.81
n10 m3 t50 o50 48204.14 - 1045 26 336 2 13 202.81
n10 m3 t75 o10 9357.98 - 146 14 66 0 13 685.95
n10 m3 t75 o20 20453.73 - 301 19 141 0 19 432.22
n10 m3 t75 o30 32568.07 - 483 29 218 1 21 522.72
n10 m3 t75 o40 41568.95 - 648 33 274 1 24 196.04
n10 m3 t75 o50 52485.26 - 853 41 342 1 26 403.07
n10 m3 t90 o10 9560.84 0.04 177 20 69 1 11 one hour
n10 m3 t90 o20 24470.02 - 372 25 162 1 18 777.25
n10 m3 t90 o30 37830.25 0.01 571 29 240 1 19 one hour
n10 m3 t90 o40 - - - - - - - out of memory
n10 m3 t90 o50 - - - - - - - out of memory

n11 m3 t50 o10 14365.55 - 150 16 114 0 7 120.04
n11 m3 t50 o20 32970.05 0.01 344 18 250 0 10 one hour
n11 m3 t50 o30 51337.18 - 480 19 382 0 12 72.34
n11 m3 t50 o40 67705.44 - 648 30 499 0 14 100.03
n11 m3 t50 o50 83361.91 - 919 38 614 1 13 129.92
n11 m3 t75 o10 14461.48 0.02 136 17 114 0 11 one hour
n11 m3 t75 o20 32389.36 - 303 19 252 1 15 303.15
n11 m3 t75 o30 50244.11 - 470 25 387 2 19 541.03
n11 m3 t75 o40 65955.44 - 641 36 507 2 22 642.98
n11 m3 t75 o50 81259.00 - 737 39 616 2 23 276.43
n11 m3 t90 o10 14422.16 0.01 145 15 118 0 11 one hour
n11 m3 t90 o20 32223.96 - 328 25 254 0 18 653.14
n11 m3 t90 o30 50140.08 - 523 22 388 1 21 685.42
n11 m3 t90 o40 66271.47 - 748 29 504 1 24 819.601
n11 m3 t90 o50 - - - - - - - out of memory

n13 m3 t50 o10 15247.85 - 136 15 114 6 6 43.44
n13 m3 t50 o20 35009.04 - 328 22 250 9 10 108.81
n13 m3 t50 o30 54650.09 - 484 25 384 13 13 101
n13 m3 t50 o40 71996.07 - 652 29 502 16 15 156.37
n13 m3 t50 o50 88693.52 - 844 33 616 16 16 196.40
n13 m3 t75 o10 15334.79 0.01 159 21 114 9 11 one hour
n13 m3 t75 o20 34367.26 - 306 23 253 11 15 169.21
n13 m3 t75 o30 53502.55 - 455 33 387 18 22 314.57
n13 m3 t75 o40 70296.59 0.01 596 31 507 21 26 one hour
n13 m3 t75 o50 - - - - - - - out of memory
n13 m3 t90 o10 15301.33 - 179 22 118 10 12 170.79
n13 m3 t90 o20 34249.27 - 355 23 255 14 18 275.343
n13 m3 t90 o30 53344.31 - 492 37 390 18 22 511.94
n13 m3 t90 o40 - - - - - - - out of memory
n13 m3 t90 o50 - - - - - - - out of memory
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Figure 8: A comparison between the utilization of the services and the percentage of their deployment

Change of Speed of the Services

For the first sensitivity analysis, we change the speed of the services from (56, 32, 14) to (32, 32, 32).
This means that trucks now have lower speed and barges have higher speed compared to the base
case. Table 5 shows the changes in the results of this test compared to the base case.

First of all, it is clear that because of the tight deadline some of the generated orders had and the
fact that no service is as fast as before, we see infeasibility happen.

The new results show around 50% increase in the costs, while the number of service vehicles have
slightly decreased, even in barge services which in this test have higher speed. We can conclude that
the increase cost is the result of the increase in the truck service times and the change of some routes.

Change of Transshipment Costs

There is a critical relationship between the travel costs and the transshipment costs. We changed the
transshipment cost set from (37.86, 40.17, 54.62) to (67.86, 80.17, 94.62) to see the changes specifically
in the arrangement of the fleet. Table 6 shows the results of this test.

We only see a reaction in instance n11m3t50oX. The results show about 16% increase in the costs
which is due to the increase in the truck and barge services. In order to avoid transshipment, more
transports occur. In addition, barges are more used because the cost of transporting by barges is still
justifiable compared to transshipment costs.

The Shuttle Interhub Network

The base case has a complete network. In this section, we analyze the results on the networks with
less accessibility. The new network contains a shuttle train service (Figure 9), the hub locations are
no longer connected by truck services, and the non-hub locations have limited access to the other
locations. The results are show in Table 7.

It is clear that the costs have increased because of lack of full access via truck services, and the
increase in the travel time via train services. The number of trucks have not changed a lot since the
non-hub locations can only access the hub nodes via truck services. The number of train and barge
services in the three instance sets have increased, except the instances with 13 locations and 3 service
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Table 5: A comparison of the results between the new speed regime and the base regime

Change in Obj.
Func. (%)

Change in No.
of Trucks

Change in No.
of Trains

Change in No.
of Barges

n11 m2 t50 o10 49.06 1 0 N/A
n11 m2 t50 o20 49.64 0 0 N/A
n11 m2 t50 o30 49.35 0 1 N/A
n11 m2 t50 o40 infeasible - - N/A
n11 m2 t50 o50 infeasible - - N/A
n11 m3 t50 o10 56.56 -1 0 -1
n11 m3 t50 o20 57.04 -2 0 -3
n11 m3 t50 o30 56.97 0 0 -3
n11 m3 t50 o40 infeasible - - -
n11 m3 t50 o50 infeasible - - -

n13 m2 t50 o10 49.03 0 -1 N/A
n13 m2 t50 o20 49.63 1 0 N/A
n13 m2 t50 o30 49.35 1 0 N/A
n13 m2 t50 o40 infeasible - - N/A
n13 m2 t50 o50 infeasible - - N/A
n13 m3 t50 o10 53.56 -1 0 1
n13 m3 t50 o20 53.74 -2 -3 -1
n13 m3 t50 o30 53.28 0 -6 -4
n13 m3 t50 o40 infeasible - - -
n13 m3 t50 o50 infeasible - - -

Table 6: A comparison of the results between the new transshipment costs and the base costs

Change in Obj.
Func. (%)

Change in No.
of Trucks

Change in No.
of Trains

Change in No.
of Barges

n11 m2 t50 o10 0.00 0 0 N/A
n11 m2 t50 o20 0.00 0 0 N/A
n11 m2 t50 o30 0.00 0 0 N/A
n11 m2 t50 o40 0.00 0 0 N/A
n11 m2 t50 o50 0.00 0 0 N/A
n11 m3 t50 o10 16.53 0 0 1
n11 m3 t50 o20 15.87 1 0 2
n11 m3 t50 o30 16.15 4 0 3
n11 m3 t50 o40 15.96 4 0 4
n11 m3 t50 o50 15.86 2 0 5

n13 m2 t50 o10 0.00 0 0 N/A
n13 m2 t50 o20 0.00 0 0 N/A
n13 m2 t50 o30 0.00 0 0 N/A
n13 m2 t50 o40 0.00 0 0 N/A
n13 m2 t50 o50 out of memory - - N/A
n13 m3 t50 o10 0.00 0 0 0
n13 m3 t50 o20 0.00 0 0 0
n13 m3 t50 o30 0.00 0 0 0
n13 m3 t50 o40 0.00 0 0 0
n13 m3 t50 o50 0.00 0 0 0
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Figure 9: A comparison between the train and barge shuttle services of the four tested sets (full lines:
train services, dashed lines: barge services)

Table 7: A comparison of the results between a shuttle service network with limited access to the hubs
and the base case

Change in Obj.
Func. (%)

Change in No.
of Trucks

Change in No.
of Trains

Change in No.
of Barges

n11 m2 t50 o10 2.89 1 2 N/A
n11 m2 t50 o20 3.41 0 2 N/A
n11 m2 t50 o30 3.14 0 1 N/A
n11 m2 t50 o40 3.03 -1 2 N/A
n11 m2 t50 o50 3.21 0 2 N/A
n11 m3 t50 o10 1.71 0 3 3
n11 m3 t50 o20 4.28 0 6 4
n11 m3 t50 o30 3.29 2 7 2
n11 m3 t50 o40 2.91 4 7 2
n11 m3 t50 o50 3.28 2 6 5

n13 m2 t50 o10 2.88 1 0 N/A
n13 m2 t50 o20 3.40 0 1 N/A
n13 m2 t50 o30 3.14 -1 0 N/A
n13 m2 t50 o40 3.03 0 0 N/A
n13 m2 t50 o50 3.21 -1 3 N/A
n13 m3 t50 o10 2.60 2 0 2
n13 m3 t50 o20 9.08 1 -1 -1
n13 m3 t50 o30 8.44 3 -4 -3
n13 m3 t50 o40 8.17 3 -5 -4
n13 m3 t50 o50 out of memory - - -
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types which have different train and barge shuttle services. Since the direct connections have been
removed, the optimal solution contains the routes that fits the shuttle schedules of both trains and
barges.

6 Conclusions

In this paper, inspired by the horticultural supply chain of the Netherlands, we developed a multimodal
network flow problem for a perishable transportation system, taking quality preservation, transship-
ment, and asset management into account. This is the first research studying long-haul transportation
of perishable products which contemplate the role of RTI allocation and repositioning in the optimal
flow of products.

We tested our model on 105 different instances with different network size and structure, 2 or 3
service types and up to 50 randomly generated order sets. The computational tactics we used helped
to decrease the time and memory issues with the huge matrices in the model. Despite the higher
solving speed, the memory problem still exists and on a normal PC solving instances with 50 orders
is almost impossible.

We also analyzed a few different scenarios to check the sensitivity of the results to the cost structure,
speed and temperature of the services, and a new network structure with shuttle services. These
analyses show that the solutions of such a multimodal network flow problem are notably dependent
to its parameter setting.

In this paper, we assumed to have one RTI type, and we only plan for transportation of one
product type. A future extension to this model is to include multiple type of RTI and their nesting
relations. Another future extension is to plan for multiple product type, because some products
are incompatible and need to be transported in compartments with different temperature regime.
Furthermore, compared to reality with all the complexity involved, Gurobi is able to solve small to
relatively medium instance sizes with simple structures. A fast and efficient heuristic is needed to
solve more realistic sizes of instances with various constraints and factors. These research works are
ongoing.
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Table 8: Summary of notations used in the first model

Indexes
i′, i′′ Index for locations 1, . . . ,N

t′, t′′, t̃, t̂ Index for time periods 1, . . . , T
m′,m′′ Index for transportation service 1, . . . ,M

i Index representing the physical arc between terminal locations i′ and i′′

t Index representing the time interval between t′ and t′′

g Index representing the service operations (travel on one mode, if m′ equals m′′, and trans-
shipment if not)

p Index for order 1, . . . ,P

Sets
V Set of all locations

N−(i′) Set of all feasible service arcs entering location i′

N+(i′) Set of all feasible service arcs exiting location i′

N−(t′) Set of all feasible service arcs arriving at time t′

N+(t′) Set of all feasible service arcs leaving at time t′

G Set of all services, G = A(M×M)

Gm′ Set of all services operated by service m′

GT Set of all transshipments, GT = AT (M×M)

Model Inputs (Parameters)
T Total number of time periods during the planning horizon (e.g. 90 days in a season)
P Total number of orders
M Number of services

|Fm′ | maximum number of vehicles for each service m′

Si′ Initial number of available empty RTIs at location i′

Cm Fixed (administrative) cost of operating service m (per service, per hour service, or per Km
service)

Cm′

full Variable cost of moving full RTIs by service m′ per time period

Cm′

empty Variable cost of repositioning empty RTIs by service m′ per time period

CT
i′ Variable cost of transshipment between two services at location i′

capm
′

Capacity of service m′

wp Demand (number of requested RTIs) for order p

O(p) Origin terminal for order p

D(p) Destination terminal for order p

PT (p) The time that order p is available for pickup at O(p)

DT (p) The latest delivery time for order p at terminal D(p)

Lp Vaselife of order p (days× temperature)

lm
′

it Temperature of service m′ for traveling on physical arc i in time interval t

li′t Temperature inside location i′ in time interval t

sm
′

it Speed of service m′ for traveling on physical arc i in time interval t

disti Geographical length of arc i

rm
′

it Travel time of service m′ for traveling on physical arc i in time interval t

ri′t Operation time inside location i′ in time interval t

Variables
xg
itp Nonnegative variable representing flow of full RTIs for order p, on service g on physical arc

i in time interval t
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x̄g
it Nonnegative variable representing flow of empty RTIs on service g on physical arc i in time

interval t
bgitp Binary variable equal to 1, if flow of full RTIs for order p is traversed between locations i

and j, by service g departing at time t, and 0, if not
Ui′t′p Real variable representing the demand (supply, if negative) of order p at location i′ at time

point t′

Ūi′t′ Real variable representing the demand (supply, if negative) for empty RTIs at location i′ at
time point t′

ygit Binary variable equal to 1, if physical arc i in time interval t is traversed by service g, and
0, if not
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