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Abstract

The amount of perishable products transported via the existing intermodal freight
networks has significantly increased over the last years. Perishable products tend to
decay due to a wide range of external factors. Supply chain operations mismanage-
ment causes waste of substantial volumes of perishable products every year. The he-
retofore proposed mathematical models optimize certain supply chain processes and
reduce decay of perishable products, but primarily deal with local production, in-
ventory, distribution, and retailing of perishable products. However, significant
quantities of perishable products are delivered from different continents, which shall
increase the total transportation time and decay potential of perishable products as
compared to local deliveries. This paper proposes a novel optimization model to de-
sign the intermodal freight network for both local and long-haul deliveries of pe-
rishable products. The objective of the model aims to minimize the total cost asso-
ciated with transportation and decay of perishable products. A set of piecewise ap-
proximations are applied to linearize the non-linear decay function for each perisha-
ble product type. CPLEX is used to solve the problem. Comprehensive numerical
experiments are conducted using the intermodal freight network for import of the
seafood perishable products to the United States to draw important managerial in-
sights. Results demonstrate that increasing product decay cost may significantly
change the design of intermodal freight network for transport of perishable products,
cause modal shifts and affect the total transportation time and associated costs.
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1. Introduction

Many of products transported via intermodal freight networks are perishable in their
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nature. Perishable products (such as agricultural products, meat, fish, shellfish, phar-
maceutical products, etc.) are sensitive to a wide range of different factors, which in-
clude but are not limited to temperature, barometric pressure, humidity, air composi-
tion and transportation time [1] [2] [3]. The demand for perishable products has been
continuously growing. According to National Oceanic and Atmospheric Administra-
tion (NOAA), the total volume of seafood perishable products, which have been im-
ported to the United States (US), increased by 7.6% over the last five years and reached
2.7 million tons in 2015 [4]. Furthermore, the value of seafood perishable products,
which have been delivered to the US, increased by 13.2% over the last five years and
reached $19.2 billion in 2015 [4]. Peeled frozen shrimp, frozen tilapia fillet, and fresh
Atlantic farm raised salmon are the top three seafood perishable products, which are
imported to the US mainly from India, China, and Chile respectively [4].

Refrigerated containers (a.k.a., “reefers”) are generally used for transport of perisha-
ble food products. Reefers are able to maintain a certain temperature and decrease phy-
siological, microbiological, and physical changes in the perishable product [5]. Reefers
allow slowing down decay of perishable products, but do not completely eliminate it.
Due to temperature deviations within the containers perishable products may continue
ripening. For example, the daily ripening rate of bananas may increase up to ~75%
from increasing the temperature inside a given container from 15°C to 20°C [5]. Each
perishable product must be delivered via the freight transportation network to the cus-
tomer before the end of its “shelf life”, which represents the number of remaining days
for a given perishable product to be of an acceptable quality for consumption. To ob-
tain the information regarding the perishable product quality throughout the transpor-
tation process, many freight carries rely on the advanced information technologies. Ra-
dio-Frequency Identification (RFID) is one of the most frequently used technologies for
traceability of perishable products within containers [3] [5] [6].

Implementation of refrigerated containers and RFID technology for transporting pe-
rishable products and tracking their quality allows decreasing waste of perishable
products, but does not completely eliminate it. Mismanagement of operations within
supply chains may cause from 20% to 60% of wasted agricultural products in a given
country [7]. Furthermore, Rodrigue [8] reports that approximately 25% of perishable
products are spoilt during their transportation process every year due to variations in
temperature and other factors, which can further speed up the product deterioration.
According to the World Trade Organization (WTO), the total value of food exports
reached $1486 billion in 2014 [9]. Hence, the cost associated with decay of perishable
products is extremely high. A large number of studies have been conducted in the past
aiming to optimize certain supply chain processes and reduce decay of perishable
products. However, those studies mostly focused on local production, inventory, dis-
tribution (by one transportation mode-trucks), and retailing of perishable products [1]
[2] [3] [10]-[18]. Nevertheless, substantial quantities of perishable products are deli-
vered from different continents, which shall increase the total transportation time as

compared to local deliveries. Furthermore, the decay potential of perishable products in
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case of operations mismanagement is significantly higher for long-haul deliveries and
compared to local deliveries.

Therefore, there is a need for more comprehensive models to design the intermodal
freight network that would allow selection of the appropriate transportation routes and
transportation modes for shipments with perishable products. This paper aims to fill
the existing gap in the state-of-the-art and proposes a novel optimization model for ef-
ficient management of supply chains with perishable products that can be used for both
local and long-haul deliveries. The objective of the model aims to minimize the total
cost associated with transportation and decay of perishable products. A set of piecewise
approximations are applied to linearize the non-linear decay function for each perisha-
ble product type, and the resulting mixed integer linear problem is solved using CPLEX.
Numerical experiments are performed using the intermodal freight network for import
of the seafood perishable products to the US. The rest of the manuscript is organized as
follows. The next section provides a detailed problem description, while the third sec-
tion presents the mathematical model and the solution methodology. The fourth sec-
tion describes a set of numerical experiments conducted to evaluate performance of the
adopted solution methodology and reveal important managerial insights using the de-
veloped mathematical model. The last section summarizes the study findings and pro-

poses directions for the future research.

2. Problem Description

This section of the paper focuses on description of the main problem features, includ-
ing the following: 1) network elements; 2) cargo transfer within intermodal terminals; 3)

perishability modeling; 4) shelf life of perishable shipments; and 5) decisions.

2.1. Network Elements

An example of the intermodal freight network is presented in Figure 1. Let P = {l, e k}

be a set of perishable shipments. Each perishable shipment is assumed to have an origin
terminal and a destination terminal (see Figure 1). The origin and destination termin-
als of the perishable shipments are connected with a set of transportation routes
R={1,---,m}. Each route is divided in a set of route segments S ={1,---,0}. At each
segment the shipping company is able to select a transportation mode (Ze, sea, air, rail,
truck, etc.) out of the set of modes M = {l,-~~,W}. It is assumed that availability of
modes varies from one route segment to another (e.g., at route segments passing
through sea the shipping company can transport the perishable shipment either by sea
or air, while at land route segments the shipping company can transport the perishable
shipment either by air or rail or truck). The transportation time t;sm, peP,seSmeM

T peP,seS,meM (measured in USD)

(measured in hours) and associated cost C,,

of a given perishable shipment at each route segment are assumed to vary depending on
the transportation mode selected. For example, the transportation time of a given pe-
rishable shipment by air will be shorter as compared to truck, but it will incur a higher

cost for the shipping company.
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Notations

|:| - land

e -route segment

O - origin terminal
I:I - intermodal terminal

U - destination terminal

Figure 1. Intermodal freight network example.

2.2. Cargo Transfer within Intermodal Terminals

A transfer of perishable shipments from one mode to another occurs within the inter-

H

modal terminals (see Figure 1). The handling time at the intermodal terminal t,,,

peP,seS,meM (measured in hours) and associated cost Cgsm, peP,seSmeM
(measured in USD) are assumed to vary depending on the type of a perishable ship-
ment (captured by index p ), route segment (captured by index S ), and mode selected
for transport at a given route segment (captured by index m). The latter allows tack-
ling the change in handling time and cost of a given perishable shipment due to its size
(e.g., increasing size of shipments will increase the handing time), mode availability
depending on the route segment selected, and required resources for transfer of a cargo

from one mode to the other.

2.3. Perishability Modeling

The quality of perishable products within each shipment is assumed to deteriorate over
time. Increase in the total transportation time (which includes the total transportation
time along the route segments of the selected route and the total handling time at the
intermodal terminals) negatively affects freshness of products in each shipment. Each
perishable shipment is assumed to be homogenous (Ze., each shipment is composed of
perishable products of the same nature, which deteriorate at the same rate over time).
Based on the available literature, the quality of a perishable product in shipment p at

agiven time T can be estimated based on the following equation [2], [3], [16], [17]:
0.—@pT
Q,=Qpe ™*vpeP (1)

where:

Q; —is the quality of a perishable product in shipment p attime T (Ze, once it
is unloaded at the destination terminal-%);

Qg —is the quality of a perishable product in shipment p attime 0 (Ze., once it
is loaded at the origin terminal-%);

¢, —is the decay rate of a perishable product in shipment p (hour™);
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T, —is the total transportation time of perishable shipment p from the origin ter-
minal to the destination terminal (hours).

The decay rate ¢, depends on the nature of a perishable product in shipment p.
For example, a typical decay rate for the meat product is ¢, =0.0067 hour™, while
a fresh vegetable product typically decays at a rate ¢,,, =0.0216 hour™ [2]. Based on
Equation (1) the decay of a perishable product in shipment p (Dp, peP —%) can be
further computed as:

_ —@pT
P QS _OQ’T) = QS _QEe - = Qg (l_oe § p) =1—6'prpr eP 2)
Q Q% Q

Note that decay function D, is non-linear and can be linearized using its piecewise

D

linear approximation D,. Figure 2 demonstrates examples of piecewise linear ap-
proximations for a non-linear product decay function D, =1- e %™ The decay rate
of a perishable product, transported in refrigerated containers was assumed to be
@, =0.0012 hour™ (ie, =15 + 20% of the decay rate, when the product is transported
in a regular container [2]). The total transportation time was assumed to be up to 700
hours (ie, Tp <700 hours = 30 days). We observe that increasing number of linear
segments in the piecewise linear approximation improves accuracy of D, function,
but may incur an increasing computational time (due to increase in the number of va-
riables in the optimization model). A tradeoff between the approximation accuracy vs.
computational time will be analyzed in the numerical experiments section.

Let L, = {1,~-~,hp}, peP be a set of linear segments in piecewise linear approxi-

mation D;. Let g, =1 if linear segment | is selected to approximate the decay
n pePlel, and TV,
peP,leL, be the transportation time value of a perishable product in shipment p
o P E P,1le Lp

peP,leL, be the slope and the intercept of linear segment | for the de-

function for a perishable product in shipment p.Let TV

at the beginning and the end of linear segment | respectively. Let SL
and IN,
cay function of a perishable product in shipment p respectively. Let M, be a large
positive number. Then the approximated decay of a perishable product in shipment p

can be estimated using the following set of equations:

0.6, ! 06
1 Linear segment

5 Linear segments

0.5
04

o3
Q
0.2

0.1

0¢ " : " . . . H : :
0 100 200 300400 500 600 700 800 GO 100 200 300 400 500 600 700 800
T T

Figure 2. Piecewise linear approximations for the product decay function.
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9, =lvpeP (3)
i,
TVag, <T,VpePlel, (4)
TV +M,(1-g,)=T,vpeP,leL, (5)
D, 2SL,T,+IN, -M,(1-g,)vpeP,lel, (6)

Constraints set (3) indicates that only one segment of the piecewise function should
be selected for approximation of the decay function for a perishable product in a given
shipment. Constraints sets (4) and (5) define the range of the total transportation time
values, when a given linear segment should be used to approximate the decay function
for a perishable product in a given shipment. Constraints set (6) computes the ap-
proximated decay of a perishable product in a given shipment at the destination ter-

minal.

2.4. Shelf Life of Perishable Shipments

As discussed in the introduction section of the paper, perishable products should be de-
livered to their destinations before the end of their shelf lives in order to be of an ac-
ceptable quality for the consumers. This study captures the latter operational aspect by

imposing the following constraints set for each perishable shipment p:
T, <T™VpeP (7)

where: T™ —is the shelf life of a perishable product in shipment p (hours).
Constraints set (7) ensures that each perishable shipment will be delivered to its des-
tination before the end of its shelf life.

2.5. Decisions

In this problem, the shipping company needs to make the following two major deci-
sions: a) select a route for transportation of each perishable shipment; and b) choose a
transportation mode at each segment of the selected route for each perishable shipment.
Both decisions should account for a number of factors such as: 1) transportation mode
availability at a given route segment; 2) increasing transportation cost for selection of
faster transportation mode (e.g., transportation time by air will be smaller than by sea,
but will incur higher transportation costs); 3) handling time at the intermodal terminals
depending on selected mode (e.g., loading containers on a vessel may take longer as
compared to loading containers on a train); 4) increasing product decay costs due to
increasing total transportation time; 5) decay rate of a perishable product in a given
shipment (e.g., higher decay rate will require the shipping company to select faster
transportation modes at route segments to ensure that the products will be delivered to

their destination terminal before the end of their shelf life).

3. Mathematical Model

This section presents notations that will be further used throughout the paper and a
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mixed integer mathematical model for the intermodal freight network design problem

with perishable products.

3.1. Notations

Sets
P={L-k}
R={1--,m}
S={L--,0}
M ={1-,w}

Set of perishable shipments

Set of available routes

Set of route segments

Set of available transportation modes

Set of linear segments in the piecewise
decay function for perishable shipment p

Decision variables

Yo PEP,TeR

X pam s peP,seS,meM

=1 ifroute r is selected for transportation of perishable shipment
p (=0 otherwise)

=1 if transportation mode m is selected at route segment S
for transportation of perishable shipment p (=0 otherwise)

Auxiliary variables

T, peP
g, pePlel,

ij,pep

Total transportation time of perishable shipment p (hours)

=1 iflinear segment | is selected to approximate the decay
function for a perishable product in shipment p (=0 otherwise)

Approximated decay of a perishable product in shipment p (%)

Parameters

h,peP

T
psm?

c. ,peP,seSmeM

C;M,DGP,SGS,mGM

CE,peP

Number of perishable shipments (shipments)
Number of available routes (routes)

Number of route segments (segments)

Number of available transportation modes (modes)

Number of linear segments in the piecewise decay function for
perishable shipment p (segments)

Transportation cost of perishable shipment p at route segment $
by mode m (USD)

Handling cost of perishable shipment p to be transported at
route segment S by mode m (USD)

Decay cost for a perishable product in shipment p (USD)

126
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Continued

' pePscSmeM Transportation time of perishable shipment p at route segment $
,peP,seS,me
o by mode m (hours)

t.pePseSmeM Handling time of perishable shipment p to be transported
at route segment S by mode m (hours)

T, peP Shelf life of a perishable product in shipment p (hours)
g, peP Quantity of perishable products in shipment p (products)
.peP Quality of a perishable product in shipment p at time 0 (%)

=1 if route segment S belongs to route I for transport of
Zprs,pGP,FER,SGS . : .
perishable shipment p (= 0 otherwise)

RA,.peP.reR =1l ifroute I isavailable for transport of perishable shipment p
(= 0 otherwise)

=1 if mode m is available at route segment S for transport
MA .. . peP,seS,meM K . K
" of perishable shipment p (=0 otherwise)

Transportation time value for a perishable product in

TV, PleL
wPeRlEh, shipment p at the beginning of linear segment | (hours)
. Transportation time value for a perishable product in
TV,.pePlel . :
? ’ shipment p at the end of linear segment | (hours)
Slope of linear segment | for the decay function of a
SL,,peP,lel . s
’ ’ perishable product in shipment p
Intercept of linear segment | for the decay function of a
IN,,peP,lel,

perishable product in shipment p

M, Large positive number

3.2. Model Formulation

The mixed integer mathematical model for the intermodal freight network design
problem with perishable products (ZFNDP) can be formulated as follows:
IFNDP:

min| Y % (C-I;;sm +c§sm)xp5m +>c2q,Q0D, (8)

pePseSmeM peP
Subject to:
DY =1lvpeP 9)
reR
Yor SRA,VPeP,reR (10)
Xoum = 2 YorZps VP € P,5€S,me M (11)
reR
Xom SMAVPeP,seS,meM (12)
Ty =2 2 (the +thn ) Xpm VP € P (13)
seSmeM
T, <T™VpeP (14)
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.9, =lvpeP (15)
leLp
Va0, <T,VpePlel, (16)
TV +M,(1-g,)=T,VpeP,lel, (17)
D, 2SL,T,+IN, -M,(1-g,)vpeP.lel, (18)

Yor» Xpsms Oprs Zprs RA L MA €{01}vpeP,reR,seS,meM,le L, (19)

k,m,o,w,h ,d, eNVpeP (20)
T, Dy Coamr Chns Cp st toam s To Q0. TV TV, SL  IN M, eR'VpeP,seSmeM,lel, (21)

In IFNDP, the objective function (8) aims to minimize the total cost associated with
transportation of perishable shipments, handling of perishable shipments at the inter-
modal terminals, and decay of perishable shipments throughout the transportation
process. Constraints set (9) ensures that only one route should be selected for transport
of a given perishable shipment. Constraints set (10) indicates that the route for trans-
port of a given perishable shipment should be selected only from the routes available
for transport of that particular shipment. Constraints set (11) ensures that a given pe-
rishable shipment should be transported along all the segments of the selected route.
Constraints set (12) ensures that the mode for transport of a given perishable shipment
should be selected only from the modes available for transport of that particular ship-
ment at a given route segment. Constraints set (13) estimates the total transportation
time of a given perishable shipment. Constraints set (14) ensures that each perishable
shipment will be delivered to its destination before the end of its shelf life. Constraints
set (15) indicates that only one segment of the piecewise function should be selected for
approximation of the decay function for a perishable product in a given shipment.
Constraints sets (16) and (17) define the range of the total transportation time values,
when a given linear segment should be used to approximate the decay function for a
perishable product in a given shipment. Constraints set (18) computes the approx-
imated decay of a perishable product in a given shipment at the destination terminal.
Constraints sets (19)-(21) define the nature of JEFNDPvariables and parameters.

3.3. Solution Methodology

Application of the piecewise linear approximations for the product decay functions al-
lows formulating JFNDP as a mixed integer linear mathematical model, which can be
solved using commercial optimization solvers (e.g., CPLEX) within an acceptable
computational time even for large size problem instances (as will be discussed in the

numerical experiments section).

4. Numerical Experiments

This section of the paper describes a set of numerical experiments that were performed
to assess efficiency of the proposed solution methodology and reveal important mana-

gerial insights using the developed mathematical model.
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4.1. Input Data Generation

The numerical data for computational experiments were generated based on the aca-
demic literature and publicly available resources [19]-[30]. A total of top ten seafood
perishable product types, based on the overall volumes imported to the US, were con-
sidered in this study. The top origin country and the top five US destinations (based on
the overall volumes) for each perishable product type were retrieved using the data
provided by NOAA [4] and are presented in Table 1.

The intermodal freight network for transport of perishable products (see Figure 3)
included 5 marine terminals, 40 rail terminals, and 50 destination depots. Locations of
the intermodal terminals were retrieved using the data provided by the Intermodal As-
sociation of North America [19]. Each shipment was assumed to originate at one of the
marine terminals of the top exporting country. A total of 50 possible routes were con-
sidered for each origin-destination pair. The intermodal freight network was composed

of 350 route segments. Since seafood perishable products are rarely transported

-
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Figure 3. Intermodal freight network modeled.
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Table 1. Origins and destinations by product type.

Top Exporting

ala Product Top US Destinations
Country
EW YORK, NY; LOS ANGELES, CA; MIAMLI, FL;
1 SHRIMP WARM-WATER PEELED FROZEN INDIA NEW YORK, N OS ANG .
SAVANNAH, GA; HOUSTON-GALVESTON, TX
BALTIMORE, MD; BOSTON, MA; BUFFALO, NY;
2 TILAPIA (OREOCHROMIS SPP.) FILLET FROZEN CHINA © OSTO v ©
CHARLESTON, SC; CHICAGO, IL
MIAML, FL; LOS ANGELES, CA; NEW YORK, NY;
3 SALMON ATLANTIC FILLET FRESH FARMED CHILE OS ANG S, CA; NEW YORK, N
HOUSTON-GALVESTON, TX; DALLAS-FORT WORTH, TX
4 CATFISH (PANGASIUS) FILLET FROZEN VIET NAM BALTIMORE, MD; BOSTON, MA; CHARLESTON, SC;
CHICAGO, IL; CLEVELAND, OH
SEATTLE, WA; PORTLAND, OR; DETROIT, MI;
5 SALMON ATLANTIC FRESH FARMED CANADA
BUFFALO, NY; OGDENSBURG, NY
6 TUNA ALBACORE IN ATC (OTHER) THAILAND BALTIMORE, MD; BOSTON, MA; CHARLESTON, SC;
NOT IN OIL OVER QUOTA CHICAGO, IL; DALLAS-FORT WORTH, TX
LOS ANGELES, CA; TAMPA, FL; NEW YORK, NY;
7 SHRIMP FROZEN OTHER PREPARATIONS THAILAND OS ANG 5C NEW YORK, N
SAVANNAH, GA; NORFOLK, VA
PORTLAND, OR; DETROIT, MI; SAINT ALBANS, VT;
8 CRAB SNOW FROZEN CANADA
OGDENSBURG, NY; BUFFALO, NY
NORFOLK, VA; BOSTON, MA; SEATTLE, WA;
9 GROUNDFISH COD NSPF FILLET FROZEN CHINA
NEW YORK, NY; LOS ANGELES, CA
LOS ANGELES, CA; TAMPA, FL; MIAMLI, FL;
10 SHRIMP BREADED FROZEN CHINA
NEW YORK, NY; NORFOLK, VA
by air, a total of three transportation modes were considered: 1) road; 2) rail; and 3) sea
(i.e., a set of modesis M = {road; rail;sea} ). The latter does not limit generality of the
proposed model, and the air mode can be included when modeling transport of other
perishable products (e.g., pharmaceutical products, human specimens, organs, etc.).
The transportation cost of a perishable shipment was assigned based on the unit
transportation cost by mode (uc,, USD per mile) and length of a route segment (d_,
miles) as follows: C;sm =uc, d, (1+U [0.3; O.2])Vp eP,seS,;meM (USD), where
U —is a notation used for uniformly distributed pseudorandom numbers. The han-
dling cost of a perishable shipment was generated based on the average handling cost
by mode (ac,, USD) as follows: ¢, =ac, (1+U[0.50.2])VpeP,seS,meM
(USD). The transportation time along route segments of a perishable shipment was
calculated based on the route segment length and the average speed by mode (v,
d .
mph) as follows: t' = s VpeP,seS,meM (hours). The handling
*T v, (1+U[0.50.2])
time of a perishable shipment at the intermodal terminals was computed based on the
average handling time by mode (at , hours) as follows:
t;'sm =at! (1+U [0.1 0.2])Vp eP,seS,meM (hours). Note that the random terms
(assigned using the uniform distribution) in CTpsm , C;m , t;sm , and t;'sm formulas
were introduced to capture changes in the transportation and handling costs/times de-
pending on the perishable shipment type, route segment selected, and transportation
mode used. The decay cost for a perishable product in a given shipment was assigned as
K2
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Table 2. Numerical data.

CE =U [40; 60]Vp € P (USD). The shelf life of a perishable product in a given ship-
ment was generated as T, =U [840;960]|Vp € P (hours). The quantity of perishable
products in each shipment was set to ¢, =U [1000; ZOOO]Vp € P (products). The
quality of products in each perishable shipment at the origin terminal was assumed to
be 100% (ie., Qg =100%Vp € P ). The decay rate of a perishable product in a given
perishable shipment was assigned as: ¢, =U [0.0008;0.0012]Vp e P (hour™). Values
of the parameters used for the input data generation are presented in Table 2.

All numerical experiments were conducted on a Dell Intel(R) Core™ i7 Processor
with 32 GB of RAM. IFNDP mathematical model was coded in General Algebraic
Modeling System (GAMS, [31]) and solved using CPLEX. Piecewise linear approxima-
tions for product decay functions were developed using MATLAB 2016a [32].

4.2. Solution Methodology Evaluation

As discussed in section 2.3 of the paper, increasing number of segments in the piece-
wise approximation increases accuracy of estimating the product decay values and the
objective function itself, but may increase the computational time required to solve
IFNDP mathematical model. A total of 25 problem instances were generated using the
retrieved data, described in section 4.1, to analyze the latter tradeoff by changing the
number of perishable shipments to be transported (from 2 to 10 shipments) and the
number of linear segments in the piecewise approximation (from 10 to 100 segments).
Detailed information regarding each shipment is provided in Table 3, including the
following data: 1) shipment number; 2) perishable product type; 3) origin country; 4)
US destination (randomly selected out of top five US destinations for a given product
type); and 5) quantity of perishable products shipped. For example, the first shipment
includes 1294 units/packages of shrimp warm-water peeled frozen and is imported
from India to New York (NY).

IFNDP was solved for each one of the developed problem instances, and results are

presented in Table 4, including the following information: 1) instance number; 2)

Parameter Value References
Unit transportation cost by mode— uc] (USD/mile) [3.05 2.0; 0.5] [20], [21]

Average handling cost by mode— ac!' (USD) [400; 450; 500] [23] [24] [25]

Average speed by mode— v (mph) [60; 40; 20] [8], [26], [27]
Average handling time by mode— at/' (hours) [0.8;0.9; 1.0] [24]
Decay cost for a perishable product in a given shipment— ¢} (USD) U [40;60] N/A
Shelf life of a perishable product— T, (hours) U [840;960] N/A
Quantity of perishable products— ¢, p e P (products) U [1000; 2000] N/A

Decay rate of a perishable product— ¢, (hour™) U [0.0008;0.0012] (2]
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Table 3. Shipment characteristics.

Shipment Product Type Origin Destination Quantity
#1 SHRIMP WARM-WATER PEELED FROZEN INDIA NEW YORK, NY 1294
#2 TILAPIA (OREOCHROMIS SPP.) FILLET FROZEN CHINA BOSTON, MA 1012
#3 SALMON ATLANTIC FILLET FRESH FARMED CHILE MIAMI, FL 1253
#4 CATFISH (PANGASIUS) FILLET FROZEN VIET NAM BALTIMORE, MD 1470
#5 SALMON ATLANTIC FRESH FARMED CANADA DETROIT, MI 1694
#6 TUNA ALBACORE IN ATC (OTHER) NOT IN OIL OVER QUOTA THAILAND CHARLESTON, SC 1352
#7 SHRIMP FROZEN OTHER PREPARATIONS THAILAND TAMPA, FL 1329
#8 CRAB SNOW FROZEN CANADA BUFFALO, NY 1640
#9 GROUNDFISH COD NSPF FILLET FROZEN CHINA SEATTLE, WA 1498
#10 SHRIMP BREADED FROZEN CHINA NORFOLK, VA 1922

Table 4. Solution methodology performance.

Instance  #Shipments #Segments #Variables AD AD* Aap TC,10°USD  TC*, 10° USD Are CPU, sec
1 10 2228 39.5733 4.61E-04 6.6377 2.52E-04 0.170
2 30 2268 39.5587 9.02E-05 6.6364 5.02E-05 0.172
3 1-2 50 2308 39.5571  39.5551 5.04E-05 6.6362 6.6360 2.76E-05 0.183
4 70 2348 39.5557 1.61E-05 6.6361 9.40E-06 0.197
5 100 2408 39.5556 1.28E-05 6.6361 6.99E-06 0.198
6 10 3340 39.6599 4.75E-04 10.8365 2.49E-04 0.199
7 30 3400 39.6432 5.34E-05 10.8341 2.81E-05 0.221
8 1-3 50 3460 39.6423  39.6411 3.01E-05 10.8340 10.8338 1.38E-05 0.224
9 70 3520 39.6417 1.57E-05 10.8339 8.34E-06 0.225
10 100 3610 39.6411 6.04E-07 10.8338 6.31E-08 0.242
11 10 5564 40.8238 4.80E-04 19.5961 2.45E-04 0.287
12 30 5664 40.8056 3.56E-05 19.5916 1.70E-05 0.308
13 1-5 50 5764 40.8052  40.8042  2.47E-05 19.5915 19.5912 1.18E-05 0.342
14 70 5864 40.8047 1.38E-05 19.5914 6.85E-06 0.358
15 100 6014 40.8046 9.37E-06 19.5913 4.50E-06 0.371
16 10 7788 42.6822 4.43E-04 29.4200 2.31E-04 0.390
17 30 7928 42.6642 2.04E-05 29.4136 1.02E-05 0.393
18 1-7 50 8068 42.6640  42.6633 1.63E-05 29.4135 29.4133 7.45E-06 0.396
19 70 8208 42.6639 1.32E-05 29.4135 6.74E-06 0.417

20 100 8418 42.6639 1.23E-05 29.4135 6.59E-06 0.418
21 10 11,124 42.2643 3.81E-04 429171 1.92E-04 0.440
22 30 11,324 42.2489 1.62E-05 42.9092 7.64E-06 0.463
23 1-10 50 11,524 42.2489  42.2482 1.55E-05 42.9092 42.9089 6.99E-06 0.473
24 70 11,724 42.2486 9.33E-06 42,9091 5.07E-06  0.486
25 100 12,024 42.2482 2.11E-07 42.9089 6.58E-07 0.490
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number of shipments; 3) number of linear segments in the piecewise approximations; 4)
total number of variables in ZJFNDP mathematical model; 5) average over all shipments
product decay estimated based on piecewise approximations— AD; 6) true average
product decay estimated based on the non-linear product decay functions— AD"; 7)
AD" - AD

*

average product decay gap— A,y = ; 8) objective function value estimated

based on piecewise approximations—TC ; 9) true objective function value estimated
based on the non-linear product decay functions at the solution provided by JEFNDP—
TC*-TC

TC"; 10) objective function gap— A, = <

;and 11) computation time.

We observe that increasing the number of segments in the piecewise function from
10 to 100 segments on average reduces the product decay and objective function gaps
by 98.46% and increases the computational time only by 17.24%. Furthermore, the
computational time over all the generated problem instances did not exceed 0.49 sec.
The latter results demonstrate efficiency of the proposed solution approach, consider-
ing the fact that relatively large size problem instances were analyzed with up to 12,024
variables. The computational time may increase for larger intermodal freight networks.
Application of the developed mathematical model for larger intermodal freight net-
works can be one of the future research directions of this study. Piecewise approxima-

tions with 100 segments will be further adopted for analysis of the managerial insights.

4.3. Managerial Insights

This section of the paper demonstrates how the developed optimization model can be
used to draw important managerial insights. A total of 10 scenarios were developed for
the problem instance with 10 perishable shipments by increasing the product decay cost
as follows: cp,, =ciU[1.12.5]VpeP (USD), where i —is the scenario number.
The generated product decay cost values for each perishable shipment and scenario are
presented in Table 5. IFNDP was solved for each one of the generated product decay
cost scenarios. Next this section elaborates on how increasing product decay cost af-
fected the total miles traveled by each mode, total transportation time, decay of perish-

able products, and associated transportation and product decay costs.

4.3.1. Total Miles Traveled by Mode

The total miles traveled (TMT) by each mode were calculated for each one of the con-
sidered product decay cost scenarios, and results are presented in Figure 4. It can be
noticed that increasing product decay cost reduces the TMT by rail and increases the
TMT by road. The latter finding can be explained by the fact that the shipping company
was required to use trucks for inland transport rather than trains in cases with high
product decay costs, as trucks provide faster delivery of perishable products to the des-
tination terminals and decrease the total product decay. Furthermore, the numerical
experiments demonstrate that the TMT by sea was reduced with increasing product
decay cost, which can be justified by selection of shorter sea routes to decrease the

transportation time in sea.

KD
+%%, Scientific Research Publishing

133



M. A. Dulebenets et al.

=== road
36000
> i i A
8 27000
£
= 18000 - -
=
-
9000
0 & i r \
1 2 3 4 5 6 7 8 9 10
Scenario
== rail
36000 -
E. 18000
[
=
= 9000
0 T T T L i i
1 2 3 4 5 6 7 8 9 10
Scenario
—4-—sea
101780
» 101680 %
E_ 101580
'_
= \
= 101480 % ~ o = o o o o o
101380 T T
2 3 4 5 6 7 8 9 10
Scenario
Figure 4. Total miles traveled by mode and scenario.
Table 5. Product decay cost by shipment and scenario (USD).

Shipment\Scenario 1 2 3 4 5 6 7 8 9 10
Shipment #1 55 127 203 271 340 410 482 545 613 682
Shipment #2 56 124 198 262 333 412 472 541 613 689
Shipment #3 54 134 194 265 333 402 475 550 611 688
Shipment #4 54 123 198 266 344 401 473 554 619 691
Shipment #5 53 132 203 272 338 408 478 542 621 682
Shipment #6 63 120 203 260 334 408 479 542 617 685
Shipment #7 62 125 197 272 344 407 474 553 610 682
Shipment #8 56 130 196 264 343 400 481 547 624 692
Shipment #9 57 129 194 264 333 410 481 552 617 685
Shipment #10 58 122 191 267 330 413 481 551 615 684

Average 57 127 198 266 338 406 477 547 616 686
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4.3.2. Total Transportation Time and Product Decay

Throughout the numerical experiments the average total transportation time (AT)
and the average product decay (AD) over all perishable shipments were retrieved for
each one of the product decay cost scenarios. Results are illustrated in Figure 5, where
we observe that increasing the product decay cost from 57 USD to 686 USD on average
decreases the total transportation time of perishable shipments by 1.15 days. As dis-
cussed in Section 4.3.1, decrease in the total transportation time was achieved by se-
lecting a faster transportation mode for inland transport of perishable shipments (Ze.,
shipments were loaded on trucks instead of trains). Reduction in total transportation

time yielded decrease in the average product decay by =1.5%.

4.3.3. Cost Analysis
The scope of numerical experiments also included a detailed analysis of JFNDP cost
components. The objective function and its components were estimated using the pro-
posed mathematical model for each one the generated product decay cost scenarios.
Results are presented in Figure 6, including the following cost components: 1) the total
cost (Le., objective function value)—TC ; 2) the total cost of transporting perishable
shipments along the route segments—TTC ; 3) the total cost of handling perishable
shipments at the intermodal terminals— THC ; and 4) the total cost associated with de-
cay of perishable products throughout the transportation process— TDC . It can be no-
ticed that the total transportation cost increases with increasing product decay cost.
The latter finding can be explained by the fact that the shipping company was required
to select primarily trucks for inland transportation of perishable shipments to reduce
the associated product decay, which incurred additional costs (as the unit transporta-
tion cost by road was assigned to be higher as compared to the unit transportation cost
by rail). Decrease in the total handling cost from selection of trucks can be justified by
lower average handling costs that were assigned for handling perishable shipments
from trucks than from trains at the intermodal terminals (400 USD/shipment vs. 450
USD/shipment respectively).

Furthermore, numerical experiments show that the total decay cost is still increasing

from one scenario to the other despite decrease in the actual decay of perishable pro-
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Figure 5. Average transportation time and product decay by scenario.
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Figure 6. Objective function components by scenario.

ducts (see Section 4.3.2 for more details). The latter can be explained by marginal in-
crease in the unit decay cost for each product (e.g., decrease of the product decay by
10% and increase of the unit product decay cost by 30% will still increase the total de-
cay cost). It was found that the total cost associated with both transportation and decay
of perishable products may be significantly affected with the product decay cost. Hence,
decisions that have to be made by the shipping company will be substantially influ-
enced depending on how the shipping company perceives the value of perishable
products to be transported. In conclusion, the proposed mathematical model and solu-
tion methodology can serve as efficient practical tool in design of the intermodal freight
network for both local and long-haul deliveries of perishable products and under-

standing of important tradeoffs.
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5. Conclusions and Future Research

The amount of perishable products transported via the existing intermodal freight
networks significantly increased over the last decade. Due to operations mismanage-
ment within supply chains with perishable products drastic losses associated with the
product decay have been reported. Moreover, published to date mathematical models
primarily optimize supply chain processes that deal with local production, inventory,
distribution, and retailing of perishable products. Nevertheless, many perishable prod-
uct types are imported from different continents, which increases the total transporta-
tion time and decay potential as compared to local deliveries. Unlike previous models
in the literature, this paper proposed a novel mathematical model to design the inter-
modal freight network for both local and long-haul deliveries of perishable products.
The objective aimed to minimize the total cost associated with transport and decay of
perishable products. A set of piecewise approximations were adopted to linearize the
non-linear decay function for each perishable product type. CPLEX was used to solve
the problem. Numerical experiments, conducted using the intermodal freight network
for import of the seafood perishable products to the United States, demonstrated effi-
ciency of the adopted solution methodology in terms of solution quality and computa-
tional time. Furthermore, it was found that decisions that have to be made by the ship-
ping company in design of the intermodal freight network were significantly dependent
on how the value of perishable products was perceived. The developed mathematical
model can serve as an efficient practical tool to manage both local and long-haul deli-
veries of perishable products.

The scope of future research may include the following extensions: 1) apply the pro-
posed mathematical model for larger intermodal freight networks; 2) consider different
types of perishable products (e.g., agricultural products, meat, pharmaceutical products,
human specimens, etc.); 3) model decay of perishable products due to other factors
(e.g., temperature, humidity, barometric pressure, air composition); 4) deployment of
alternative cost functions for inland transport of perishable products (e.g., which cap-
ture changes in the unit transportation cost for a given mode depending on the distance
traveled and shipment weight); 5) account for uncertainty in product decay throughout
the transportation process; 6) quantify reliability associated with transportation of pe-
rishable products by a given mode; 7) consider the effects of economies of scale; and 8)

consider the effect of real-time delay and congestion.
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