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ABSTRACT Traditional hub location problems are usually based on deterministic circumstances. However,
many uncertain factors can cause demand to vary in the long run, which increases the difficulty of strategic
hub location planning. The hub location problem for fresh agricultural products is studied considering
the perishability of the products and the uncertainty of customer demands. An uncertain demand variable
is described by an affine function of the nominal mean and several independent uncertainty sources
and is further adjusted by the deterioration rate. An uncapacitated robust hub location model for fresh
agricultural products with uncertain demand is first established and solved using the Lagrangian relaxation
approach. Then, a robust optimization model for the corresponding capacitated hub location problem is
given. A numerical study based on the Australian Post data set (AP20) shows that the deterioration rate of
fresh agricultural products, the uncertainty of demand and the degree of conservatism of decision makers all
have significant impacts on the total transportation profit. Furthermore, the capacitated model yields more
profit than the uncapacitated model because it allows the effects of the deterioration rate and uncertainty
to be moderated through flow reallocation. The proposed models are useful for helping decision makers
determine the locations and capacities of hubs for fresh agricultural products in accordance with different
risk preferences.

INDEX TERMS Hub location, uncertain demand, capacity constraint, fresh agricultural products, robust
optimization.

I. INTRODUCTION
With the improvement of living standards, people’s require-
ment for a higher quality of fresh agricultural products is
growing, and the demand for timely and efficient transporta-
tion of fresh agricultural products is also markedly increas-
ing. The Food and Agricultural Organization (FAO) reported
that approximately half of fruits and vegetables are lost or
wasted across the global supply chain [1], and the loss of
fresh agricultural products during transportation in China is
approximately 20% to 30% [2]. To overcome traffic obstruc-
tions and allow agricultural products to be distributed outside
of their villages of origin, hub-and-spoke network design
is applied in the agricultural product transportation system,
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and determining the optimal hub locations for fresh agri-
cultural products has become an important issue for realiz-
ing efficient transportation and guaranteeing people’s daily
supplies [3]–[5].

Fresh agricultural products usually have a short shelf life,
and the quality and freshness of the products depend on
the delivery process and environmental temperature [6]–[8].
Hence, it is critical to consider the effect of product
perishability in the network planning process [9]–[11].
De Keizer et al. [12] proposed a new mixed-integer linear
programming model for the heterogeneity of quality attenua-
tion of vulnerable products. Chen et al. [13] proposed a new
transportation model for fresh products that have different
vulnerability values. Vorst et al. [14] proposed a new mixed-
integer linear programming model and a mixed optimization
simulation method for a variety of consumable products from
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different places of departure, and they designed a logis-
tics network in accordance with the quality requirements of
consumable products. Orjuela-Castro et al. [15] proposed a
mixed-integer linear programming model based on multi-
product and multigradient transportation systems to design
a transportation network for vulnerable food in mountainous
areas of developing countries.

For the sake of time savings, quite a few studies on trans-
portation for fresh products have explored the application
of straight-through networks to achieve efficient distribu-
tion within cities. However, for areas where transportation
is inconvenient, a straight-through network is not suitable
because of the high distribution cost. In addition, with the
deepening of research on ‘‘first- and last-mile delivery’’ in
recent years, hub networks have been found to be more
advantageous in terms of integration and economics of scale
[16]–[20]. Therefore, it is of great research value to design a
hub-and-spoke transportation network for fresh agricultural
products. In previous related research, the location strategy
has always been the core of network design. Traditional hub
location models have been studied in depth for more than
30 years due to their wide range of application [21], [22].
Macioszek et al. [23] introduced methods of determining
the locations of logistics centres in transport networks, and
more complete reviews of hub location strategies have been
presented by Alumur et al. [24] and Campbel et al. [25].

However, the application of traditional deterministic mod-
els may lead to dramatic cost growth in certain cases with
high uncertainty. The demand for fresh agricultural products
is difficult to predict because it is related to not only the
time-varying freshness of the products [26] but also changes
in the economy, policy, population, competition, seasonal
disturbances, etc. Therefore, the uncertainty that exists in a
hub network for fresh agricultural products should be fully
considered. The most widely used methods for solving the
hub location problem with uncertain demand are stochastic
programming and robust optimization. Stochastic program-
ming, first proposed byWilson [27], can adjust the solution in
accordance with various parameter changes when the distri-
butions of the uncertain parameters are known. Thus, decision
makers can minimize the total expected cost and obtain the
optimal solution within the operational range. Marufuzzaman
[28] established a two-stage stochastic programming model
for the design and management of biodiesel supply chains.
Yang [29] introduced a stochastic programming model to
address hub location and flight route planning under sea-
sonal demand variations in the Taiwanese air freight market.
Yeh [30] presented a bilevel mathematical program to solve
the problem of timberland supply chain network design and
considered parametric uncertainty in the two-stage model.
Rostami [31] considered the single-allocation hub location
problem under demand uncertainty and proposed a challeng-
ing variable-allocation case in which the allocation of spokes
to hubs can be altered after uncertainty is realized.

Robust optimization is a supplement to stochastic opti-
mization when it is difficult to obtain reliable probability

distributions of the uncertain parameters. It uses uncertain-
but-bounded data to treat uncertainty in real situations and
aims to solve the minmax cost or regret optimization prob-
lem in the worst case [32], [33]. Since the robust solution
remains applicable to the long-term hub location problem
as demands vary over time, robust optimization has aroused
the interest of many researchers. Nikoofal and Sadjai [34]
proposed a robust optimization approach to obtain a robust
linear model for the p-median network design problem with
uncertain edge lengths, where uncertainty is characterized by
given intervals. Bertsimas and Sim [35] andMerakl et al. [36]
established a robust optimization model for the intermodal
hub location problem under polyhedral demand uncertainty.
Shan et al. [37] performed similar work in which a depot
location problem for an inland transportation system was
investigated considering uncertain demand, and they also
adopted a robust price approach to obtain a robust coun-
terpart. Yin et al. [38] developed a novel distributionally
robust optimization model with an ambiguous chance con-
straint to solve the uncapacitated single-allocation p-hub
median problem and discussed the safe approximation of
the ambiguous chance constraint in two types of com-
putable ambiguity sets. Boukani et al. [39] used a robust
optimization method to solve the capacitated single- and
multiple-allocation location problems with fixed setup cost
and capacity uncertainty. Gabrel et al. [40] applied a 2-stage
robust formulation to solve the location transportation prob-
lem with uncertain demand, and they presented the first
extensive computational analysis of a particular recourse
problem for the location transportation problem. Peng et al.
[41] integrated two independent multiplicative uncertainties
of demand and transportation cost and introduced two uncer-
tainty budget parameters to formulate a robust facility loca-
tion model. According to this study, the demand uncertainty
has a stronger impact on the total cost than the transportation
cost uncertainty does.

In addition to considering the uncertainty of demand, the
limited capacity of the hubs is also an important factor
worth considering when making strategic decisions regarding
hub locations. The capacity limitations of the hubs affect
flow in the traffic network, thus causing changes in the
original transport paths and total cost, which makes the
problem more complicated. Yeh and Rostami [30], [42]
assumed the capacity to be infinite, thereby avoiding the
influence of capacity limitations. Turgut [43] presented a
branch-and-bound algorithm and a heuristic procedure for
partitioning the set of solutions on the basis of the hub
locations to solve the capacitated hub-and-spoke network
design problem. Ghazaleh, Ambrosino et al. [44] presented
a mixed-integer linear programming model for a capaci-
tated multiple-hub location problem and illustrated the appli-
cation prospects of this kind of model. Ahmadi, Puerto
and Serper [13], [14], [45] considered capacity constraints
and demand uncertainty simultaneously. Meraklı et al. [46]
included capacity constraints in their model and devised
two different Benders decomposition algorithms to solve the
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capacitated multiple-allocation hub location problem with
hose demand uncertainty. Tapia-Ubeda et al. [47] proposed
a novel generalized Benders-decomposition-based solution
approach to solve a joint inventory location problem with a
stochastic inventory capacity constraint, and their new solu-
tion approach ensured good global optimality. Hu et al. [42]
established a stochastic programming model to account for
the uncertainty in the single distribution hub location problem
and then extended this model to a second-order mixed-
integer cone programming model that took capacity con-
straints into consideration. To realize the proposed model,
they used piecewise tangent approximation and piecewise
linear approximation techniques and obtained a near-optimal
solution.

In summary, to the best of our knowledge, there is still a
lack of literature on fresh agricultural product transportation
that concurrently addresses the issues of location, uncertainty,
and hub capacity. This paper focuses on the location problem
for fresh agricultural products, takes demand uncertainties
and capacity constraints into consideration, and establishes
a robust location optimization model for fresh agricultural
product hubs.

The main contributions of this paper can be summarized as
follows: 1) Research on the application of hub-and-spoke net-
works in the transportation of fresh food is further expanded.
2) A new robust hub location model for fresh agricultural
products with capacity limitations is established, and the
perishability aspect of fresh agricultural products is fully
considered. 3) An uncertainty budget is introduced to control
the changes in random variables, which can be beneficial for
helping decisionmakers establish trade-offs between network
robustness and cost during the planning process.

This paper is organized as follows. The problem
is described, and mathematical models are provided,
in Section II. In Section III, a numerical experiment is pro-
posed, and the applications of the two models are presented
and compared. Some discussions are presented to illustrate
the main results and managerial implications of this work
in Section IV. Finally, conclusions and future research are
discussed in Section V.

II. PROBLEM DESCRIPTION AND MODEL DESIGN
The hub network studied in this paper is a complete graph
composed of hub nodes and nonhub nodes, and there is no
direct connection between any two nonhub nodes. Each hub
collects fresh agricultural products from other nodes and
transports them to the next hub. In this way, the network
can achieve economies of scale. In the following proposed
model, the total profit depends on the unit price, the quantity
of products that can be sold, and the variable and fixed costs
of transportation. The notations for the main parameters and
variables are shown in Table 1.

The freshness of and the final profit from fresh agricultural
products are directly related to the transportation time. Under
the assumption that the temperature and transportation speed

TABLE 1. Definitions of parameters.

are constant, the functional relationship between freshness
and time can be transformed into a functional relationship
between freshness and transportation distance. Referring to
reference [48], the deterioration rate θ is introduced, and the
product freshness after transportation can be expressed as
(1− θ )Lijkl ; thus, the final unit value of the delivered product
is pi(1− θ)Lijkl .
Considering the economic situation, policy changes,

technical improvements, weather conditions and even com-
petition among enterprises domestically and abroad, many
uncertain factors may affect transportation demands. Follow-
ing reference [48], each uncertain demand flow is assumed
to consist of a known mean value and several independent
random variables and is accordingly expressed as an affine
function as follows:

f̃ij = f ij +
M∑
m=1

bijmũm, ∀i, j ∈ N (1)

In this function, f ij represents themean flow from i to j, and
bijm represents the weight of them-th random variable ũm. ũm
is an initial random variable that is independent and obeys a
symmetrical distribution, and it satisfies the following three
assumptions:

i. E (ũm) = 0, ∀m;
ii. ‖̃um‖∞ = max{|̃u1| , |̃u2| , · · · , |̃um|} ≤ 1;
iii. the ũm, ∀m, are independent of each other.
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A. ROBUST LOCATIONS OF FRESH AGRICULTURAL
PRODUCT HUBS WITHOUT CAPACITY CONSTRAINTS
UNDER UNCERTAIN DEMAND
Taking the total profit as the objective function, a single-
allocation-based hub location model without capacity con-
straints is defined as follows:

Max
∑
i

∑
j

∑
k

∑
l

pĩfij(1− θ )
Lijkl

−

∑
i

∑
j

∑
k

∑
l

cijkl f̃ijxijkl −
∑
k

Fkzkk (2)

s.t.
∑
k

zik = 1, ∀i (3)

zik ≤ zkk , ∀i, k (4)∑
k

xijkl = zjl, ∀i, j, l (5)∑
l

xijkl = zik , ∀i, j, k (6)

Lijkl = dikzik + dklzkl + djlzjl (7)

zik , xijkl ∈ {0, 1} (8)

Objective function (2) maximizes the total profit, which is
the price of the products minus the sum of the transportation
costs and fixed costs. The model is constructed in accor-
dance with the single-allocation mode of the hub location
problem, and accordingly, constraint (3) ensures that each
nonhub node is directly connected to only one hub node.
Constraint (4) indicates that a hub needs to be selected and
established before a nonhub node can be assigned to that
hub node for transportation. Constraints (5) and (6) indicate
that a transportation path from i to j through hubs k and l
must exist when nonhub node i is assigned to hub node k
and nonhub node j is assigned to hub node l. Constraint (7)
indicates that the distance from i to j is determined by the
intermediate nodes the path between them passes through.
Constraint (8) restricts the decision variables to binary
variables.

The random variables of uncertain demand appear only
in the objective function, and the constraints do not con-
tain expressions involving random variables, so the objective
function of the robust location problem can be expressed as
the following minimization problem:

max
x,z

min
‖̃u‖2≤�

{

∑
i

∑
j

∑
k

∑
l

pi(f ij +
∑
m

bijmũm)(1− θ )
Lijkl

−

∑
i

∑
j

∑
k

∑
l

cijklxijkl(f ij +
∑
m

bijmũm)−
∑
k

Fkzkk}

(9)

or

max
x,z
{

∑
i

∑
j

∑
k

∑
l

pi f̄ij(1− θ )Lijkl

−

∑
i

∑
j

∑
k

∑
l

cijklxijkl f̄ij −
∑
k

Fkzkk

+ min
‖ū‖2≤�

{

∑
i

∑
j

∑
k

∑
l

∑
m

pi(1− θ )Lijklbijmũm

−

∑
i

∑
j

∑
k

∑
l

∑
m

cijklxijklbijmũm}} (10)

By introducing the robust optimization strategy, a robust
optimal solution can be obtained for the worst case. Conse-
quently, the obtained solution might be overly conservative.
To avoid this situation, the random variables are assumed to
belong to an ellipsoid set U = {ũm, ‖ũ‖2 ≤ �}, where � is
called the uncertainty budget. By adjusting the value of the
uncertainty budget, the decision maker can change the degree
of conservatism of the robust optimal solution. Accordingly,
the relationship between the probability of uncertainty pro-
tection (pr) and the uncertainty budget can be described by
the following function [49]:

pr = 1− exp(−�2/2) (11)

The degree of conservatism of the solution increases with
an increase in the uncertainty budget. However, the maximum
value of the uncertainty budget is still far less than that in the
worst case, which is represented by

√
m.

To transform the model into a solvable form, the minimiza-
tion problem in the objective function must be considered
separately. Let the minimization part be represented by S,
which can be expressed as follows:

S = min
||ũ||2≤�

{

∑
i

∑
j

∑
k

∑
l

∑
m

pi(1− θ )Lijklbijmũm

−

∑
i

∑
j

∑
k

∑
l

∑
m

cijklxijklbijmũm} (12)

Furthermore, let Z = pi(1− θ )Lijkl − cijklxijkl ; then,

S =
∑
i

∑
j

∑
k

∑
l

∑
m

Zbijmũm (13)

The Lagrange relaxation method is used to solve the min-
imization problem. Once the optimal values of the random
variables ũm have been obtained, the robust programming
problem can be rewritten as a quadratic conic programming
problem [48]. With δ denoting the Lagrange multiplier and
‖ũ‖2 ≤ �, we can obtain the following form of Lagrange’s
function:

L (̃um, δ) =
∑
i

∑
j

∑
k

∑
l

∑
m

Zbijmũm − δ(�− ‖̃u‖2)

(14)

The gradient of the above formula is then obtained as
follows:

∂L
∂ ũm
=

∑
i

∑
j

∑
k

∑
l

Zbijm − δ(
ũm
‖̃u‖2

) = 0 (15)

∂L
∂δ
= �− ‖̃u‖2 = 0 (16)

According to formulas (15) and (16), if the Lagrange mul-
tiplier δ is positive, then the optimal value of the uncertainty
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budget � is

� = ‖̃u‖2 (17)

Correspondingly, the optimal value of the random variable
ũm and its length can be expressed as

ũm =
‖̃u‖2
δ

∑
i

∑
j

∑
k

∑
l

Zbijm (18)

‖̃u‖2 =
�

δ

√∑
m

(
∑
i

∑
j

∑
k

∑
l

Zbijm)
2

(19)

Thus, the optimal value of the Lagrange multiplier is

δ =

√∑
m

(
∑
i

∑
j

∑
k

∑
l

Zbijm)
2

(20)

After integrating formulas (18)–(20), the optimal value of
the random variable ũm can be expressed as follows:

ũm = �

∑
i

∑
j

∑
k

∑
l
Z√∑

m
(
∑
i

∑
j

∑
k

∑
l
Z )2

(21)

Therefore, the objective function can be determined by
formula (22):

S = �

√∑
m

(
∑
i

∑
j

∑
k

∑
l

Z )
2

(22)

By substituting the determined form of the minimization
problem into the external maximization problem, the uncer-
tain objective function given in (9) can be expressed as the
following counterpart:

max{
∑
i

∑
j

∑
k

∑
l

pif ij(1− θ )
Lijkl

−

∑
i

∑
j

∑
k

∑
l

cijklxijkl f ij

+�

√∑
m

(
∑
i

∑
j

∑
k

∑
l

Z )2 −
∑
k

Fkzkk} (23)

B. ROBUST LOCATION PROBLEM FOR FRESH
AGRICULTURAL PRODUCT HUBS WITH CAPACITY
CONSTRAINTS UNDER UNCERTAIN DEMAND
When fresh agricultural products are transported through
hubs, the capacity constraints of the cold chain warehouses
will directly affect the hub locations. To address this scenario,
Qk is taken to represent the capacity of hub k , and additional
capacity constraints are added as follows:∑

i

∑
j

zik f̃ij ≤ Qkzkk , ∀k (24)

There are several uncertain variables in these constraint;
however, the method proposed above for dealing with the
uncertain parameters in the objective function is not suitable
for uncertain variables in constraints. Therefore, this section

refers to the research of Bertsimas and Sim [35] and uses
parameters to control the probability of violating a capacity
constraint caused by changes in the random variables. Thus,
the uncertain model is transformed into a deterministic model
that is easy to solve in order to analyse the influence of
different levels of uncertain demand on the locations of the
hubs:

min cx (25)

s.t. Ax ≤ b (26)

1 ≤ x ≤ u (27)

Under the assumption that the matrix A contains uncertain
data, the following equation describes an uncertain data set:

U = {A ∈ Rm∗n|aij ∈ [aij − âij, aij

+̂aij]∀i, j,
∑
(i,j)∈J

|aij − aij|
âij

≤ 0} (28)

As indicated above, for each i and j, every element aij in
matrix A varies in an interval centred at aij with radius âij.
The parameter 0 is called the robust price, which is used to
weigh the possibility of violating a constraint and its effect
on the objective function. The value of the robust price 0
determines the variable ranges of the uncertain parameters.
For example, when 0 = 0, the random variables cannot
deviate at all from their means, corresponding to the planning
problem in a deterministic environment. Therefore, the uncer-
tain linear programming problem addressed in this paper can
be reformulated into a robust linear programming problem of
the following form:

min cx (29)

s.t.
∑
i

aijxj + ui0i +
∑
j∈Ji

gij ≤ bi,∀i (30)

ui + gij ≥ âijyj, ∀i, j (31)

− y ≤ x ≤ y (32)

l ≤ x ≤ u (33)

g ≥ 0, u ≥ 0, y ≥ 0 (34)

g and u are both double variable vectors.
Considering that the robust price 0 controls the possibility

of constraint violation, we can modify the level of immunity
of the robust optimization model to adjust the robust price,
that is, to ensure that an uncertain parameter change will not
violate a constraint. In the uncertain data set U , solutions
obtained from the robust linear model have a high proba-
bility of being feasible solutions, which can be illustrated as
follows.

If ηij =

∣∣∣∣aij−−aij∣∣∣∣
∧
aij

(i = 1, 2, . . . ,m; j = 1, 2, . . . , n) are

independent of each other and symmetrically distributed in
the interval [-1,1], then when 0 ≤ γij ≤ 1,

p{
n∑
j=1

γijηij ≥ 0i} ≤ B(n, 0i) (35)
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and

B(n, 0i) =
1
2n
{(1− µ)

n∑
l=bvc

(
n
l

)
+ µ

n∑
l=bvc+1

(
n
l

)
}

=
1
2n
{(1− µ)

(
n
l

)
+ µ

n∑
l=bvc+1

(
n
l

)
} (36)

v =
0i + n

2
, µ = v− bvc (37)

Therefore, the robust price can be used to control the
variation range of the uncertain demand, and the planning
problem can be transformed into a problem of analysing the
robust location strategy under different robust prices.

To ensure that any given vector x∗ satisfies the constraints
under uncertain demands, the maximum protection value
βk (x∗, 0k ) should be set on the left side of the constraint for-
mula. When 0 = 0, no random variable should deviate from
its mean value, so the maximum protection value βk (x∗, 0k )
is 0. At this time, all uncertain constraints can be restrained,
and the robustness of the system is weak. Once the protection
value has been established, the linear programming problem
can be obtained by solving the following linear programming
problem:

βk
(
z∗, 0k

)
= max

∑
i

∑
j

z∗ik f̃ vijk (38)

s.t.
∑
i

∑
j

∑
k

vijk ≤ 0k , ∀k (39)

0 ≤ vijk ≤ 1, ∀i, j, k (40)

0k is the robust cost corresponding to the k-th constraint. This
shows that the |N |2 coefficients fij include b0kc coefficients
within their variable ranges, and there is a coefficient fktk that
changes to (0k − b0kc)f̂kt .

The dual problem of (38)–(40) for the linear programming
problem is

min
∑
i∈N

∑
j∈N

gijk + 0kuk (41)

s.t. uk + gijk ≥ z∗ik
∑
m

bijm, ∀i, j, k (42)

gijk ≥ 0, ∀i, j, k (43)

uk ≥ 0, ∀k (44)

Therefore, solving for the maximum protection value
βk (x∗, 0k ) is equal to solving the dual problem given
by (41)–(44).

Constraint (24) is equivalent to constraints (45) and (46).∑
i

∑
j

zik f ij +
∑
i

∑
j

gijk + 0kuk ≤ Qkzkk , ∀k (45)

uk + gijk ≥ z∗ik
∑
m

bijm, ∀i, j, k (46)

gijk ≥ 0, ∀i, j, k (47)

uk ≥ 0, ∀k (48)

III. NUMERICAL EXPERIMENT
As a numerical example, 20 postal subsets (denoted by AP20)
were generated from the Australian Post data set (AP200) by
integration to be used for analysis. The setup cost of every
selected node in the subset can be obtained from OR-Library,
and the transportation distance and demand flow between
each pair of nodes can be obtained through the data integra-
tion process. And the derived data of AP20 does not corre-
spond to the actual currency or distance. The transportation
costs per unit distance and per unit flow during the processes
of collection and distribution are assumed to be 3 and 2,
respectively, that is, χ = 3, and δ= 2. The unit transportation
cost in the transshipment stage is set to α = 1. For the uncer-
tainty of the demand, it is assumed that the demand is affected
by four independent random variables, with corresponding
weights bijm. To reduce the calculation time, we assume that
the weights can be expressed as bijm = bm f̄ij, where bm is
a constant coefficient in the range [0,1]. For high, medium
and low demand uncertainty levels, bm ∈ {0.3, 0.6, 0.9} and
bijm ∈

{
0.3f̄ij, 0.6f̄ij, 0.9f̄ij

}
, respectively. In this paper, � is

set to 0, 0.5, and 1 for example analysis, and the range of the
robust prices is set to [0, 100].
In contrast to the deterministic strategy, the robust opti-

mal location strategy always considers the worst case when
analysing relevant parameters. Therefore, the traffic flows
in the hub network are exaggerated. To make the obtained
network more stable, more hubs are always chosen to be
established under the robust optimal strategy to achieve traffic
balance to the greatest extent possible, and the total cost
increases correspondingly. In this case, the uncertainty budget
and the robust price influence the uncertain transportation
demands for products with different deterioration rates. For
further analysis, the number of hubs is set to a fixed value
of 5, and the research is conducted under two situations: with
capacity restrictions and without capacity restrictions.

A. WITHOUT CAPACITY RESTRICTIONS
For three levels of demand uncertainty, low, medium and
high, CPLEX is used for numerical experiments, and the
results for the robust locations of the hubs under different
demands are obtained as shown in Table 2.

Table 2 shows that regardless of the level of demand
uncertainty, the location strategy for the hub nodes is the
same when � = 0. This is because � = 0 means that the
decision makers do not consider the demand uncertainty in
the transportation system and the optimal locations thus will
not be affected by external demand fluctuations. In addition,
different robust location strategies yield the same location
results. For example, under low demand uncertainty and a
deterioration rate of θ = 0.005, the optimal locations are
2, 3, 4, 11, and 18 whether the given uncertainty budget
is � = 0.5 or � = 0. Similarly, under medium demand
uncertainty, the optimal locations are 3, 4, 7, 11, and 18
whether the uncertainty budget is � = 0.5 or � = 1. This is
because the flow changes caused by different robust control
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TABLE 2. Hub location results and profits for different demand situations under an uncertainty budget.

strategies are relatively small at the middle and low demand
uncertainty levels and may not be sufficient to change the
optimal locations of the hubs. If the robustness of the hub
network is good, a slight change in traffic will not affect
the final locations of the hubs, and a small adjustment in
the transportation paths can also lead to the optimal results.
Moreover, when � = 0.5, the optimal locations under the
medium and high demand uncertainty levels are the same,
that is, 3, 4, 7, 11, and 18, which shows that the robust location
strategy with � = 0.5 exhibits good stability under medium
and high demand uncertainty.

On the other hand, the demand uncertainty and the robust
strategy have a considerable impact on the profit of the hub
network, as shown in Fig. 1. When the demand is determin-
istic, the location model does not need to consider the risk
of increasing demand. Thus, when the uncertainty budget �
is 0, the hub network obtained based on the deterministic
model can always yield more profit than that obtained based
on the robust model, which considers uncertain demand.
In other words, in the case that uncertain demand is consid-
ered, the profit is reduced. Moreover, with an increase in the
uncertainty budget �, the profit of the hub network further
decreases. This is caused by the nature of the robust strategy,
which requires an additional payoff to address the fluctuation
in demand. Decision makers can achieve a certain degree of
robustness by controlling the degree of conservatism of the
robust optimal solution by adjusting the uncertainty budget.
If the decision makers cannot afford a higher demand risk,
they can adopt a higher uncertainty budget to realize a more
stable robust location strategy; then, the hub network will bet-
ter be able to bear demand fluctuations. Nevertheless, when
the decision makers choose a specific robust strategy, the
optimal performance of this strategy will be different under
different demand fluctuations, and the profit under relatively
low demand uncertainty will be higher. This is because the
fluctuation in demand is an uncontrollable external factor, and
specific robust strategies differ in different demand realiza-
tion environments.

Notably, the deterioration rate of fresh agricultural prod-
ucts is another important factor in determining the hub loca-
tions. The perishable nature of fresh agricultural products
results in high timeliness requirements for the hub network,
with an effect equivalent to that of increasing demand. There-
fore, under a certain level of demand uncertainty and a certain
robust strategy, as the deterioration rate increases, the profit
will decrease substantially. For example, under low demand
uncertainty and an uncertainty budget of � = 0.5, as the
deterioration rate rises from 0.005 to 0.006 to 0.007, the profit
will drop from 48,423 to 3,095 to -19,750, respectively.

B. WITH CAPACITY RESTRICTIONS
The above research shows that the uncertainty of demand
has a considerable impact on the hub locations of the fresh
agricultural product network. In fact, demand uncertainty
not only affects the final location results but also makes the
traffic flows in the network uncertain. Additionally, in reality,
the traffic flow through a hub is limited by the capacity
of that hub. If the influence of such capacity limitations is
incorporated into the hub location problem when the flows
are already uncertain, the uncertainty in the network will be
further enlarged, and the locations and traffic allocation of the
hubs will, in turn, be affected.

An increase in the deterioration rate will sharply decrease
the profit of the hub network. When θ = 0.007, the profit
cannot reach a positive value, even under certain demand.
Therefore, this paper takes θ = 0.005 and θ = 0.006
as examples to discuss the influence of robust prices under
capacity constraints on the robust locations of fresh agricul-
tural product hubs under uncertain demand.

When the deterioration rate is θ = 0.005, the results for the
robust locations of the fresh agricultural product hubs under
the dual effects of an uncertainty budget and a robust price
are as shown in Table 3. Similar to the case of the location
model without capacity restrictions, the robust optimal loca-
tion strategy changes in response to an increase in demand
uncertainty, and the profit decreases with increasing demand
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FIGURE 1. Sensitivity analysis of the profit of the robust locations determined without capacity restrictions
based on the deterioration rate under different levels of demand uncertainty.

uncertainty, while the optimal location results and the profit
remain unchanged under certain demand (� = 0). When
capacity constraints are taken into consideration, to ensure
that the traffic flow increase caused by uncertain demand does
not exceed the capacity limit of any hub with a certain proba-
bility, additional costs must be paid tomaintain the robustness
of the hub network. A relatively large robust price 0 makes
it less likely that the flow through a hub will violate the
corresponding constraint. Thus, a greater payoff is needed,
which may lead to decreased profit. For example, in the case
of low demand uncertainty, when � = 0.5, the robust price
increases from 25 to 50; the optimal locations are adjusted
from 2, 4, 6, 11, and 19 to 2, 4, 5, 10, and 18; and the profit
decreases from 63,496 to 48,567. However, as the robust price
continues to be adjusted higher, the optimal location scheme
and its profit do not change further because the robust price
appears only in the constraints in this model. Once the robust
price has increased to a sufficient extent, most of the 0kuk
values in the constraints become zero; therefore, the result
and the hub network do not change further. For the case of
medium demand uncertainty, the optimal locations and the
profit in Table 3 never change because the robust price has
not increased sufficiently.

If the deterioration rate θ is further increased to 0.006,
although the profit of the obtained hub network becomes neg-
ative in most cases of medium and high demand uncertainty,
the trends of variation are basically the same, as shown in
Fig. 2.

Furthermore, a comparison of the results for the robust hub
locations with and without capacity constraints indicates that
adding capacity constraints can reduce the extra cost incurred

to ensure the robustness of the system. Taking the robust
location strategy with an uncertainty budget of� = 0.5 as an
example, the profit of the hub network without capacity con-
straints is compared with that of the hub network with capac-
ity constraints under a robust price of 0 = 100. As shown
in Fig. 3, when the deterioration rate is 0.005 or 0.006, the
profit with capacity constraints is higher than that without
capacity constraints. When the level of demand uncertainty
increases from low to medium and high, the profits of the
robust hub network decrease by 59% and 79%, respectively,
in the case of θ= 0.005 without capacity constraints. Under
the condition with capacity constraints, the profits decrease
by only 39% and 63%, respectively, because the capacity
restrictions affect the flow distribution for fresh agricultural
product transportation and the utilization rates of the hubs
are adjusted through reasonable route planning. Therefore,
the profit is increased compared with that predicted without
capacity constraints.

However, the deterioration rate of perishable fresh agri-
cultural products also has a substantial impact on the profit
of the hub network, somewhat weakening the effective-
ness of the capacity constraints. For example, when θ =
0.006 and the level of demand uncertainty changes from
medium to high, the profit of the hub network without
capacity restrictions drops by 131%. With capacity restric-
tions, the profit decreases by approximately 140%, a slightly
greater decrease than that without capacity restrictions. This
shows that the effect of adjusting the flows via capac-
ity restrictions under uncertain demand is limited, illustrat-
ing why it is necessary to comprehensively consider both
the deterioration rate of fresh agricultural products and the
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TABLE 3. Location selection schemes and corresponding profits for different demand situations under the influence of an uncertainty budget and a
robust price.

FIGURE 2. Comparison of transshipment profits for fresh agricultural products with and without capacity
constraints under uncertain demand (0 = 100).

uncertainty of demand when determining a robust control
strategy.

IV. RESULTS AND DISCUSSION
In this work, a hub-and-spoke network designed for the
transportation of fresh agricultural products was proposed,
and the influence of uncertain parameters on network hub
locations was explored. In addition, because the capacities of
the network hubs directly affect the robustness of the system

and the choice of transportation routes, this paper presented
the construction of robust location models for fresh agricul-
tural product hubs with and without capacity constraints and
compared and analysed the results obtained using the two
models. Some discussions of the main results and managerial
implications of this work are as follows:

First, in the traditional design of transportation net-
works for fresh agricultural products, decision makers
usually apply straight-through transportation networks to
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FIGURE 3. Sensitivity analysis of profit of robust hub locations with capacity restrictions based on a robust price under different levels of
demand uncertainty.

reduce transshipment times [50], [51]. However, for covering
transportation demands from scattered rural areas, a hub loca-
tion strategy can provide more convenient transportation and
enable the realization of economies of scale for agricultural
products leaving villages and entering cities. To this end, this
paper established a hub location model for a transportation
network for fresh agricultural products in order to contribute
to the literature on the application of hub-and-spoke networks
in the transportation of goods with time requirements.

Second, the demands for fresh agricultural products will
fluctuate with changes in weather, the season and other fac-
tors, so the demand uncertainty needs to be fully considered
and discussed [11]. This paper used an uncertainty budget to
control the changes in random variables and then analysed
the influence of the uncertainty budget on the optimal hub
locations in the network. The results show that a robust con-
trol strategy for the hub locations is beneficial to improve the
robustness of the network. However, if the decision makers
are overly conservative, the control cost may be too high to
make a profit. In such a case, the decision makers should
improve the accuracy of their demand forecasts or increase
their tolerance to demand risk to reduce the uncertainty bud-
get and obtain a higher profit.

Third, since the flow through a hub will be affected by
the hub capacity in real life, this paper introduced capac-
ity restrictions and further explored the resultant amplified
uncertainty in fresh agricultural product transportation. The
results showed that adding capacity restrictions can reduce
the extra cost incurred to ensure the robustness of the sys-
tem to a certain extent, but the effect is limited because the
perishable characteristics of fresh agricultural products will
simultaneously weaken the effect of the capacity restrictions
to a certain extent. Therefore, decision makers need to con-
sider these effects comprehensively and adopt suitable robust
control strategies.

From the above analysis, we can extract the following
managerial implications: 1) Hub-and-spoke networks can be
applied for the transportation of fresh agricultural products,

and for scattered areas such as rural areas, decision makers
should consider using hub-and-spoke networks instead of
traditional straight-through networks to achieve economies of
scale. 2) Setting a reasonable uncertainty budget is of great
importance for network hub location optimization. A higher
budget is beneficial to improve the robustness of the network,
but decision makers also need to consider the cost and seek
a suitable trade-off between a more stable network and suf-
ficient profit. 3) Adding capacity constraints to the hubs in a
fresh agricultural product transportation network will influ-
ence the flow distribution for transportation but is beneficial
for rational route planning and the improvement of hub uti-
lization; consequently, the profit will often be increased com-
pared with the case without capacity constraints. 4) Whether
or not capacity constraints are imposed, the decay rate of fresh
agricultural products will have a great influence on the profit
of the transportation network, so reducing and controlling the
product decay rate should be one of the priority issues of
concern for decision makers.

V. CONCLUSION
The increased consumption of fresh agricultural products
presents new challenges for the hub location problem. In view
of the perishability of fresh agricultural products and the
uncertainty of their demand, this paper established robust
hub location optimization models with and without capac-
ity constraints, which are helpful for improving the level
of logistics network design, especially with respect to fresh
agricultural product transportation. In addition, the Lagrange
relaxation method was used to solve the problem, and a
numerical experiment based on an Australian data set showed
that the deterioration rate of fresh agricultural products and
the uncertainty of demand both greatly affect the profit of
fresh agricultural product transportation.

In addition, several directions of research should be
explored in the future. Intelligent algorithms and other opti-
mization methods should be considered to solve large-scale
real-world problemswith improved computational efficiency.
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Moreover, in the real transportation process for fresh food,
the loading capacity limitations of different vehicle types,
the integrated transportation of multicategory products with
different deterioration rates, and cooperative hub selection for
multiple fresh agricultural product enterprises are also topics
worth studying.
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