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Cuttings transport problem has long been recognized as one of the key difficulties in drilling horizontal wells, and the models in
cuttings transport research are usually formulated with highly nonlinear equations set. When using Newton methods to solve real
engineering problemswith nonlinear equations set, the problems of result dependence on initial values, Jacobianmatrix singularity,
and variable outflow of its definition domain in iterations are three of the often-encountered difficulties. In this paper, the ant colony
algorithm is applied to solve the two-layer cuttings transport model with highly nonlinear equations set. The solution-searching
process of solving nonlinear equations set is transformed into an optimization process of searching the minimum value of an
objective function by applying ant colony algorithm. Analyzing the results of the example, it can be concluded that ant colony
algorithm can be used to solve the highly nonlinear cuttings transport model with good solution accuracy; transforming the
solution-searching process of solving nonlinear equations set into an optimization process of searching the minimum value of
the objective function is necessary; the real engineering problem should be simplified as much as possible to decrease the number
of unknown variables and facilitate the use of ant colony algorithm.

1. Introduction

Cuttings transport problem has long been recognized as
one of the key difficulties in drilling horizontal wells. Over
the past 30 years, considerable effort has been expended
on solving cuttings transport problem in drilling horizontal
wells. Many researchers developed various models [1–10] to
investigate this problem, amongwhich the two-layermodel is
one of the analytical research models and is formulated with
highly nonlinear equations set.

Nevertheless, solving the complicated highly nonlinear
model to get a reasonable and stable solution has long been
a challenge to researchers. Usually, the Newton methods,
including the Newton iteration method, Discrete Newton
method, and Newton Downhill method, are used in solving
nonlinear equations set. However, the result solved by using
theNewtonmethods is highly dependent on the initial values,
and finding proper initial values for nonlinear equations

set is not an easy job. Meanwhile, since the gradient or
the Jacobian matrix has to be calculated and updated in
the iteration, singularity problem of Jacobian matrix often
occurs in the computation, and this problem will probably
make the iteration prematurely terminated. In addition,
when these Newton methods are applied to solve real engi-
neering problems in which the variables usually have to
fall within their specific definition domain, the solution-
searching process often causes the variable outflow of its
definition domain, which often leads to failure of getting
reasonable results. Obviously, the result dependence on initial
values, Jacobian matrix singularity, and variable outflow of
its definition domain in iterations are three of the often-
encountered difficultieswhen usingNewtonmethods to solve
real engineering problems.

Recently, some researchers [11–19] used artificial intel-
ligence algorithms, such as Genetic Algorithm, Simulated
Annealing Algorithm, and Artificial Fish-Swarm Algorithm,
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Figure 1: Schematic of cuttings condition under two-layer model [1].

to solve nonlinear equations set and obtained satisfactory
results. The artificial intelligence algorithms search solutions
in the whole definition domain and the result does not
depend on the initial values. Moreover, the artificial intel-
ligence algorithm does not need to calculate the Jacobian
matrix and the variable definition domain can be artificially
preset according to real problems requirements. Therefore,
the initial values sensitivity problem, the singularity problem
in calculating Jacobian matrix, and the variable outflow of
its definition domain problem can be effectively avoided
when using artificial intelligence algorithms to solve prob-
lems with nonlinear equations set. Ant colony algorithm is
one of the artificial intelligence algorithms and has been
widely used in optimizing engineering problems. Since solv-
ing real engineering problems needs much more work on
model formulation, model simplification, variable definition
domain determination, model solution, and so on, it is much
more complicated than solving pure mathematical nonlinear
equations set. Some researchers [18, 19] tried to solve pure
mathematical nonlinear equations set with ant colony algo-
rithm, but few applications of ant colony algorithm in solving
real engineering problems with nonlinear equations set have
been reported.

The objective of this paper is to apply the ant colony
algorithm to solve the cuttings transport problemwith highly
nonlinear equations set so as to simplify the process of solving
cutting transport model and provide a new way to solve
nonlinear engineering problems.

2. Formulation of Cuttings Transport Problem

2.1. Model Formulation. In order to formulate the model of
cuttings transport problem,material andmomentumbalance
analysis are needed. In the formulation of material and
momentum balance equations, 𝐴, 𝐶, V, 𝑆, and 𝜏 refer to
area, cuttings concentration, velocity, wetted perimeter, and
shear stress, respectively. The subscripts, 𝑠, 𝑏, 𝑖, and 𝑡, refer to
suspension layer, cuttings bed, suspension-bed interface, and
total quantity, respectively.

Under steady flow conditions, assuming no slip between
the liquid and solid phases, the material balances can be
expressed as follows.

For solid phase [1],

𝐴 𝑠𝐶𝑠V𝑠 + 𝐴𝑏𝐶𝑏V𝑏 = 𝐴𝑎𝐶𝑡V𝑡. (1)

For liquid phase,

𝐴 𝑠 (1 − 𝐶𝑠) V𝑠 + 𝐴𝑏 (1 − 𝐶𝑏) V𝑏 = 𝐴𝑎 (1 − 𝐶𝑡) V𝑡, (2)

where 𝐴𝑎 is the annular area. In Figure 1, 𝐷 is the hole
diameter and 𝑑 is the drill pipe diameter. SI units are adopted
if units are not specially indicated.

Under steady flow conditions, the forces acting on the
cuttings bed and suspension layermust equal zero.Therefore,
the momentum balances can be written as follows.

For cuttings bed,

−𝐴𝑏 (Δ𝑝𝐿 ) − 𝜏𝑏𝑆𝑏 + 𝜏𝑖𝑆𝑖 − 𝐺𝑏 − 𝐹𝑏 = 0. (3)

For suspension layer,

−𝐴 𝑠 (Δ𝑝𝐿 ) − 𝜏𝑠𝑆𝑠 − 𝜏𝑖𝑆𝑖 − 𝐺𝑠 = 0, (4)

where Δ𝑝 is the pressure loss, 𝐿 is the length for one
particular section, 𝐺𝑏 and 𝐺𝑠 are the gravitational forces
on the cuttings bed and the suspension layer in the flow
direction, respectively, and 𝐹𝑏 is the frictional force on the
cuttings bed at the wellbore-bed interface.

The cuttings concentration in the suspension layer is
assumed to submit to the diffusion law, which can be
expressed as follows:

𝐶𝑠𝐶𝑏 =
1
𝐴 𝑠 ∫𝐴𝑠 exp(

Vhin sin𝛼𝜀𝑝 (𝑦 − ℎ𝑏)) 𝑑𝐴, (5)

where Vhin is the hindered cutting falling velocity due to
cuttings collision in the suspension layer, 𝛼 is the well
inclination angle, ℎ𝑏 is the cuttings bed height, and 𝜀𝑝 is the
diffusion coefficient of cuttings in the suspension layer.

In (1)–(5), ℎ𝑏, V𝑠, V𝑏, 𝐶𝑠, and Δ𝑝/𝐿 are the unknown
variables. Once these unknowns are determined, all the other
variables can be calculated. The detailed derivations of the
model equations are documented in [1].

2.2. Model Simplification. From Figure 1, it can be seen that
the values of 𝐴 𝑠, 𝐴𝑏, 𝑆𝑠, 𝑆𝑏, and 𝑆𝑖 are all dependent on the
cuttings bed ℎ𝑏 (see reference [20]). For the other variables,
the shear stresses 𝜏𝑠, 𝜏𝑖, and 𝜏𝑏 are functions of variables V𝑠 or
V𝑏. The gravitational forces𝐺𝑠 and𝐺𝑏 are functions of𝐴 𝑠 and
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𝐴𝑏, respectively, and hence they are functions of ℎ𝑏. Cuttings
hindered falling velocity Vhin and diffusion coefficient 𝜀𝑝 are
functions of V𝑠.

The analysis above shows that (1)–(5) are highly non-
linear. The main challenge in solving this cuttings transport
problem is to solve this set of highly nonlinear equations
and obtain a stable and reliable solution. In solving nonlinear
equations set, it is much better to simplify the equations set
and reduce the number of unknown variables.Therefore, this
set of nonlinear equations in cuttings transport problem will
be analyzed to reduce the number of equations in order to
decrease the solution difficulty.

When solving the cuttings transport problem in horizon-
tal section (i.e., 𝛼 = 90∘), the cuttings bed does not move at
the lower side of the wellbore and thus V𝑏 = 0. Equation (3)
can be eliminated for it is meaningless to analyze the force
balance on a static cuttings bed.

Adding (1) and (2) gives

𝐴 𝑠V𝑠 = 𝐴𝑎V𝑡 (6)

which is

𝐴 𝑠V𝑠 = 𝑄, (7)

where 𝑄 is the flow rate, which is a known variable.
Comparing (6) with the simplified (1), we can get

𝐶𝑠 = 𝐶𝑡 (8)

in which 𝐶𝑡 is the cuttings supply concentration, which can
be determined by the rate of penetration.

The pressure loss per unit length Δ𝑝/𝐿 is only shown in
(4), so it can be obtained using the value of other variables
after the other equations are solved. Therefore, the nonlinear
equations’ set to be solved only consists of (7) and (5).

Through the analysis above, it can be seen that solving the
five nonlinear equations set can be simplified into two steps.

First, solve the equations set of (7) and (5) to get the value
of V𝑠 and ℎ𝑏, and then substitute the values of V𝑠 and ℎ𝑏 to (4)
to get the value of Δ𝑝/𝐿.
2.3. Formulation of the Objective Function. In order to apply
the ant colony algorithm to the cuttings transport problem,
an objective function has to be formulated before the calcu-
lation. Transforming (7) and (5), define the objective function𝐹 as

𝐹 = 𝐴 𝑠V𝑠 − 𝑄
+ 𝐶𝑠 −

𝐶𝑏𝐴 𝑠 ∫𝐴𝑠 exp(
Vhin sin𝛼𝜀𝑝 (𝑦 − ℎ𝑏)) 𝑑𝐴 .

(9)

If 𝐹 reaches its minimum value (i.e., close to zero), the values
of V𝑠 and ℎ𝑏 can be recognized as the solution of (7) and (5).

3. Two-Dimensional Continuous-Domains
Ant Colony Algorithm

3.1. Ant Colony AlgorithmMechanism. Ant colony algorithm
(ACA) is a heuristic algorithm initially proposed by Marco

Dorigo in 1992 and has been widely used in many areas
[21–32], such as fuzzy predictive control, behavior learning
and reproduction by robots, and mobile ad hoc network
optimization.The general idea ofACA is tomimic the process
of ants seeking an optimum path between their colony and
a source of food. The ants will leave pheromones on the
path when they are searching food. There are the most
pheromones accumulated on the shortest path. The ants
exchange information through the pheromones on the path
and finally all the ants seek food along the shortest path.This
is a path optimization process.

The initial design of ant colony algorithm is only appli-
cable to discrete domains, such as in TSP problems. When
the algorithm is applied in continuous domains, it should be
modified. For example, the selection probability is calculated
by the fitness value which is related to the objective function
value rather than the distance between two discrete cities in
the TSP problem.

In this paper, 𝐹 is set as the optimization objective, and2 − 𝐹 is used as the pheromone accumulation value (i.e.,
fitness value), and the selection probability of one ant for one
particular path in one generation is defined as

prob =

𝜏𝑝best − 𝜏𝑝𝑖
𝜏𝑝best

 . (10)

The pheromone update rule is calculated as

𝜏𝑝𝑖 = (1 − Rho) ∗ 𝜏𝑝−1𝑖 + 𝑇𝑝𝑖 , (11)

where 𝜏𝑝best is the largest value of pheromone accumulation
among all ants in the 𝑝th generation, 𝜏𝑝𝑖 is the value
of pheromone accumulation for the 𝑖th ant in the 𝑝th
generation, 𝜏𝑝−1𝑖 is the value of pheromone accumulation
for the 𝑖th ant in the (𝑝 − 1)th generation, Rho is the
pheromone evaporation coefficient, and 𝑇𝑝𝑖 is the newly
added pheromone value, that is, the function value for the 𝑖th
ant in the 𝑝th generation.

For the formulation of the fitness value of each ant, choose
arbitrary values within their definition domain (e.g., 1.53m/s,
0.059m) and then calculate the value of 𝐹 (e.g., 0.0171). The
fitness value can be set as 2 − 𝐹 in order to get a higher
value as the objective function 𝐹 goes lower. The fitness
value represents the pheromone accumulation, and all the
ants are designed to move towards the position where the
accumulated pheromone is the largest. The ants will select
moving paths according to the selection probability calcu-
lated based on the fitness value. After sufficient generations,
all the ants will gather at the position where the pheromone
accumulation (i.e., fitness value) is the largest.

3.2. Problem Description. Objective function:

min𝐹
= 𝐴 𝑠V𝑠 − 𝑄

+ 𝐶𝑠 −
𝐶𝑏𝐴 𝑠 ∫𝐴𝑠 exp(

Vhin sin𝛼𝜀𝑝 (𝑦 − ℎ𝑏)) 𝑑𝐴 .
(12)
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Figure 2: Flow loop of equation solving with ant colony algorithm.

Fitness value: 2 − 𝐹.
Variables: V𝑠, ℎ𝑏.
Definition domain: V𝑠 > 0, ℎ𝑏 ∈ (0, 𝐷).

3.3. Solution-Searching Procedure. The solution-searching
procedure with ant colony algorithm is shown in Figure 2.
The ant colony algorithm is solved by Matlab programming
and the detailed process of solving the problem is as follows.

(1) Set the numbers of ants and iteration generations.
In the ant colony algorithm, the ants will search solutions

within the preset generations. If the ants could not find
solution with the preset generations, probably, more ants and
generations are necessary. The quantity of ants and iteration
generations can be adjusted by doing tests for different
problems. Generally, 6–10 ants and 300–700 generations are
sufficient for a common optimization.

(2) Set the scopes of optimization parameters, which are
the cuttings bed height and the suspension layer velocity.

When using the ant colony algorithm to solve the cuttings
transport model, it only needs setting the scopes of optimiza-
tion parameters, which are the cuttings bed height and the
suspension layer velocity, rather than providing accuracy-
sensitive initial values.The two parameters will changewithin
the preset scope, and the ant will find solution within
their preset scope. This successfully avoids the difficulty of
providing the result-sensitive initial value selection problem.
The scopes of optimization parameters can be set according
to common drilling experiences.

(3) Conduct the optimization and obtain the optimum
cuttings bed height and suspension layer velocity.

The detailed solution-searching process with ant colony
algorithm is as follows.

First, the ant colony algorithm randomly assigns posi-
tions (i.e., cuttings bed height and suspension layer velocity)
within the two preset optimization scopes for each ant to
initiate the ant positions. After doing this, each ant has
an initial position with two parameters (i.e., cuttings bed
height and suspension layer velocity). Then, these chosen
parameters for each ant are sent to evaluate the objective
function (i.e., (12)) and the fitness value (i.e., the pheromone
accumulation in (11)). In the whole optimization process,
the ants tend to find the position with the largest fitness
value, which mathematically means the smallest error for
solving the nonlinear equations set (i.e., the smallest objective
function value in (12)). Next, use the fitness value to calculate
the selection probability by (10). The selection probability
represents the distance between each ant position and the
optimum ant position (i.e., ant position with the largest
fitness value). The ants with higher selection probability,
which means they are comparatively farer from the ant
with the largest fitness value, are designed to move faster
towards the ant with the largest fitness value. According to
the value of selection probability for each ant, all the ants
will be accordingly assigned a temporary position at each
generation. If the fitness value at the temporary position is
higher than the fitness value at the previous position, those
ants will take the temporary positions as their new positions.
The ant positons (i.e., cuttings bed height and suspension
layer velocity), at which their fitness values do not increase,
are sent to reset their values randomly. At each generation, all
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Table 1: Parameters used in the model.

Parameters Values
Hole size, m 0.127
Drill pipe size, m 0.04826
Consistency coefficient, Pa. s𝑛 0.295
Flow index 0.698
Drilling fluid density, kg/m3 1.102 × 103

Well inclination angle 90∘
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Figure 3: Initial distribution of ants.

the ants tend to move towards the position where the fitness
value is the largest, and the fitness values (i.e., pheromones)
are updated by (11). Therefore, it can be expected that after
certain generations, all the ants will gather at the position
with the largest fitness value, and the optimum ant position
(i.e., the optimum cuttings bed height and suspension layer
velocity) is obtained.

4. Example

4.1. Example Data. The parameters used in the cuttings
transport model are shown in Table 1.

The ant population size, maximum generations, and the
pheromones evaporation coefficient are taken as 10, 700, and
0.8, respectively.

4.2. Result and Discussion. Figures 3–5 demonstrate the pro-
cess of how the ants find the solution at flow rate 0.014m3/s.
First, the ants dispersed randomly in the scopes of suspension
layer velocity V𝑠 and cuttings bed height ℎ𝑏 as shown in
Figure 3. After 55 generations shown in Figure 4, it can be
apparently seen that the ants tend to gather towards the
positions where the fitness value is higher. When the 550
generations pass, shown in Figure 5, all the ants stay at
around (1.3303m/s, 0.0070m), where the fitness value is the
highest (i.e., 1.9999). The highest fitness value means that
objective function value reaches the lowest, very close to zero
(i.e., 0.000063), which mathematically corresponds to the
solution of the nonlinear equations set. Therefore, the value

0 0.5 1 1.5 2 2.5

0
0.02

0.04
0.06

0.08
0

1

2

3

4

Suspension layer velocity (m/s)

Cuttings bed height (m)

Fi
tn

es
s v

al
ue

Figure 4: Distribution of ants at generation = 55.
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Figure 5: Final distribution of ants at generation = 550.

(1.3303m/s, 0.0070m) can be taken as the solution for V𝑠 andℎ𝑏.
The relationship between the average objective function

value and iteration generations is shown in Figure 6. It can be
seen fromFigure 6 that the objective function value decreases
quickly as the generation increases. At generation 550, the
objective function value is very close to zero (0.000063), and
the values of V𝑠 and ℎ𝑏 (1.3303m/s, 0.0070m) in Figure 5 can
be used as the solution of the nonlinear equations set.

The cuttings transport problem is also solved with Dis-
creteNewtonmethod.When usingDiscreteNewtonmethod,
one should be very careful with dealing with the singularity
problem of the Jacobian matrix and try to keep the variation
of variables in the reasonable scope in the iteration. If the
values of variables go beyond the reasonable scope, it can
lead to obtain unreasonable results or possibly failure to
converge. However, when using ant colony algorithm, there
is no need to calculate the gradient and Jacobian matrix, so
the singularity problem of the Jacobian matrix is avoided.
Moreover, the scope of variable variation can be artificially
set within the reasonable scope. For instance, the cuttings bed
height should vary within the limit of hole diameter, so the
variation range of cuttings bed height can be artificially set
within the scope (0, 0.127m), so the variable outflow of its
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Table 2: Comparison of results calculated by Discrete Newton method and ant colony algorithm.

Flow rate, m3/s Variables Discrete Newton method Ant colony algorithm Error

Q = 0.010 V𝑠, m/s 1.0282 1.0270 0.12%
ℎ𝑏, m 0.0178 0.0179 0.56%

Q = 0.012 V𝑠, m/s 1.1688 1.1663 0.21%
ℎ𝑏, m 0.0111 0.0110 0.90%

Q = 0.014 V𝑠, m/s 1.3285 1.3303 0.14%
ℎ𝑏, m 0.0070 0.0070 0.00%

Table 3: The values of all the variables at flow rate 0.014m3/s.

Flow rates, m3/s Suspension layer
velocity, m/s

Cuttings bed height,
m

Pressure loss per unit
length, Pa/m

Cuttings concentration
in suspension layer

Velocity of cuttings
bed, m/s

0.014 1.3303 0.007 756.23 0.0025 0
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Figure 6: Relationship between the average objective function
values and generations.

definition domain problem is avoided. Meanwhile, since the
ant colony algorithm initiates values of variables randomly
in the optimization domain, the optimization result has no
dependence on the initial values. Therefore, using ant colony
algorithm can avoid the result dependence on initial values
problem, Jacobian matrix singularity problem, and variable
outflow of its definition domain problem.The solution result
comparison between the Discrete Newton method and ant
colony algorithm is presented in Table 2. As can be seen from
Table 2, the error between these two methods is below 1%,
which proves the effectiveness of using ant colony algorithm
to solve the cuttings transport problem.

The values of pressure loss per unit length Δ𝑝/𝐿 can be
calculated after the values of V𝑠 and ℎ𝑏 are obtained. One
group of values for 5 unknown variables in the cuttings
transport model is presented in Table 3.

4.3. Advances of Using the New Method. The cuttings trans-
port model is formulated with nonlinear equations set, and
traditionally it is solved by the Newton methods. When the
Newton methods are used to solve the nonlinear equations

set, the result dependence on initial values, Jacobian matrix
singularity, and variable outflow of its definition domain are
three of the often-encountered difficulties. These problems
will lead to the failure of getting reasonable results when
Newtonmethods are used to solve real engineering problems.

Compared to the Newton methods, the ant colony algo-
rithm method does not need the selection of result-sensitive
initial values but only needs a comparatively large solution-
included scope, which greatly decreases the difficulty of pro-
viding result-sensitive initial values. Since there is no Jacobian
matrix in the ant colony algorithm, the new method avoids
the Jacobian matrix singularity problem which often occurs
when using Newton methods. The ant colony algorithm
searches solution in the preset scope, so there is no problem
such as variable outflow of its definition domain. Therefore,
compared to Newton methods, using ant colony algorithm
makes solving the nonlinear cuttings transport model easier
and more stable and provides a new way of solving cuttings
transport problem.

The present study mainly focuses on proposing a new
method of using ant colony algorithm to solve the cuttings
transport model. The new method effectively avoids the
initial values selection, the singularity problem of Jacobian
matrix, and the variable outflow of its definition domain
problem in solving the model and meanwhile does not
decrease the accuracy, which greatly simplifies the process
of solving the nonlinear equations model. The application of
using the ant colony algorithm to solve the cuttings transport
problem in the field will be further explored in the future
research.

5. Conclusions

(1) The ant colony algorithm can be used to solve cuttings
transport model with highly nonlinear equations set,
and the solutions solved by ant colony algorithm and
Discrete Newton method show good agreement with
each other.

(2) Transforming the solution-searching process of solv-
ing nonlinear equations set into an optimization pro-
cess of searching the minimum value of the objective
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function is necessary in applying the ant colony
algorithm to real nonlinear engineering problems.

(3) The real engineering problem should be simplified
according to its physical characteristics as much as
possible in order to decrease the number of unknown
variables and facilitate the use of ant colony algo-
rithm.
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[28] B. Fonooni, A. Jevtić, T. Hellström, and L.-E. Janlert, “Applying
ant colony optimization algorithms for high-level behavior
learning and reproduction from demonstrations,” Robotics and
Autonomous Systems, vol. 65, pp. 24–39, 2015.

[29] Q. Ni, H. Xing, Z. Zhang, and alet., “Ant colony algorithm and
its applications: review and progress,” in Computer applications
and software, vol. 25, pp. 12–16, 6 edition, 2008.

[30] Y. Hajizadeh, M. A. Christie, and V. Demyanov, “Ant Colony
Optimization Algorithm for History Matching,” in Proceedings
of the EUROPEC/EAGEConference andExhibition, Amsterdam,
The Netherlands, 2009.

[31] J. Yang, Research of Ant Colony Algorithm and Its Applications ,
[Ph.D. thesis], Zhejiang University, Hangzhou, 2007.

[32] H. Duan, D. Wang, and X. Yu, “Ant colony algorithm: survey
and prospect,” Engieering science, vol. 9, no. 2, pp. 98–102, 2007.



Submit your manuscripts at
https://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Problems 
in Engineering

Hindawi Publishing Corporation
http://www.hindawi.com

Differential Equations
International Journal of

Volume 2014

Applied Mathematics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Probability and Statistics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Mathematical Physics
Advances in

Complex Analysis
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Optimization
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Combinatorics
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Operations Research
Advances in

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Function Spaces

Abstract and 
Applied Analysis
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International 
Journal of 
Mathematics and 
Mathematical 
Sciences

Hindawi Publishing Corporation
http://www.hindawi.com Volume 201

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Algebra

Discrete Dynamics in 
Nature and Society

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Decision Sciences
Advances in

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014 Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Stochastic Analysis
International Journal of


