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ABSTRACT The computer-aided design optimization and vibration analysis, especially avoiding resonance
are fundamental challenge to piping system design of complex products. Conventional pipe design methods
commonly focus on either automatic geometry layout or vibration analysis, which usually leads to repeated
modifications between both disciplines. In this paper, a multi-objective pipe routing algorithm considering
vibration performance for aero-engine is presented based on Kriging model and non-dominated sorting
genetic algorithm-II (NSGA-II), where pipe length, smoothness, and natural frequency are taken into
account. Pipe node positions are optimized by using NSGA-II subject to several constraints. In order
to improve computational efficiency, a Kriging model reflecting the relationship between the pipe node
position and natural frequency is constructed, and then is applied instead of computer-aided engineering
analysis program to evaluate the individual fitness during evolutionary computations. Several numerical
computations are performed on a simplified piping model, and the results show that the constructed Kriging
model can guarantee high modeling accuracy and the presented routing algorithm is able to obtain a set of
non-dominated solutions of pipe layouts, in particular, the natural frequency of pipes are far from engine
excitation frequency, which guarantees to avoid possible resonance.

INDEX TERMS Multi-objective optimization, pipe routing, Kriging model, vibration analysis.

I. INTRODUCTION
As an important channel of energy transmission and medium
transmission, pipe system has an important impact on the
safety, reliability and cost of mechanical equipment. In the
process of mechanical equipment work, mechanical vibration
often causes vibration failure of the pipe system and then
affects normal operation of equipment. Thus, computer aided
design (CAD) optimization and vibration analysis especially
avoiding resonance of pipe system are very important for
complex product developments. As a classic multi-objective
optimization problem, pipe layout design not only involves
many optimization objectives, but also needs to consider the
space and engineering constraints, which makes pipe lay-
out design be a fundamental challenge to complex product
developments.

In order to realize the automation and intelligence design
of pipe layout, some automatic routing algorithms have
been developed during the past decades, most of which
can be classified into cell-based routing algorithms [1]–[4],

heuristic routing algorithms [5], [6], and graph-based rout-
ing algorithms [7]–[10]. With the development of artificial
intelligence (AI), pipe routing approaches based on intel-
ligent optimization techniques have been widely presented
in recent years, such as GA-based, e.g., [2], [4], [11], [12],
ACO-based, e.g., [10], [13], and PSO-based routing meth-
ods [14]. A commonly used technique of these methods is
to aggregate multiple routing objectives into single objective
by using linear weighting method. Reference [15] applied
maze algorithm, NSGA-II [16] and coevolutionary strategy
to solve ship pipe layout problems. Reference [17] applied
an improved NSGA-II to solve multi-objective pipe routing
problem of aero-engine, where pipe length and angles of
bends are taken into account as the optimal objectives. Refer-
ence [18] proposed a pipe routing method based on octree
modeling and modified max-min ant system optimization
algorithmwhile considering pipe length and number of bends
by using linear weighting method, and the natural frequency
of pipe is calculated only if need. In addition, some other
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routing algorithms such as fuzzy logic-based decision support
system [19], cell-generation method [20], and Answer Set
Programming (ASP)-based [21] are also presented to solve
various industrial pipe routing problems.

Even though existing routing algorithms could solve some
academic and engineering problems, there are at least two
aspects that need to be further studied. 1) Most existing
routing algorithms focus on automatic geometry layout and
belong to CAD areas, where pipe length and the num-
ber of bends are most commonly considered as routing
objectives. Even though pipe vibration analysis such as Com-
puter Aided Engineering (CAE) analysis has been widely
studied (e.g. [22], [23]), it is basically studied as an inde-
pendent discipline of CAD optimization. This often causes
repeated modifications between CAD and CAE disciplines.
2) Routing algorithms based on intelligent optimization are
able to handle multiple routing objectives, however, most
of which aggregate multiple objectives into single objective
by linear weighting method. In recent years, multi-objective
routing has become a frontier and a few studies (e.g. [17])
have been conducted. However, cost-effective pipe routing
algorithms that enable automatic generation of Pareto solu-
tions with respect to multiple objectives still remain an open
area of research.

In this paper, a multi-objective pipe routing method con-
sidering vibration performance for aero-engine is presented
based on Kriging model and NSGA-II, where pipe length,
smoothness and natural frequency are taken into account.
To improve computation efficiency, a Kriging model is
constructed and is applied instead of CAE analysis pro-
gram to evaluate the individual fitness during evolution-
ary computation. The reminder of this paper is arranged
as follow. Section II gives space modeling and problem
description; Section III gives overall design of the proposed
method; Section IV gives the process of constructing Kriging
model; Section V gives the details of pipe routing method,
where the fitness computation, constraint processing, and
algorithm flow are given; Section VI performs some rout-
ing numerical computations on a simplified piping model;
Section VII finally concludes this paper.

FIGURE 1. CAD model and its routing space. (a) CAD model. (b) Routing
model in MATLAB.

II. SPACE MODELING AND PROBLEM DESCRIPTION
Without loss of generality, aero-engine jacket contours can be
described by rotational surfaces, as shown in Fig.1(a). Prior to
pipe route design, geometrical information of routing model

needs to be obtained. To this end, the coordinate information
of sampling points (xi, yi, zi) on a meridian of rotational
surface is extracted by using Siemens NX/GRIP, and the
cylindrical coordinates (zi, ρi) of these points can be further

obtained, where ρi =
√
x2i + y

2
i . Then, the meridians of rota-

tional surfaces can be approximately formulated by the least
square method over discrete points. In addition, the edges
of aero-engine obstacles can be represented by meridians
and parallels instead of the straight lines. Fig.1(b) shows the
constructed model in MATLAB.

FIGURE 2. Schematic diagram of pipe path.

In general, pipe path can be determined by a series
of path nodes. As shown in Fig. 2, the node sequence
{P1(x1, y1, z1), · · ·Pi(xi, yi, zi), · · · ,PK (xK , yK , zK )} deter-
mines a pipe path, which can be further optimized by adjust-
ing node coordinates. Thus, these coordinates can be encoded
as an individual which can be further optimized by using
optimization algorithms such as NSGA-II. The encode can
be denoted as follows:

p = {Ps(xs, ys, zs),P1(x1, y1, z1), · · ·Pi(xi, yi, zi), · · · ,

PK (xK , yK , zK ),Pt (xt , yt , zt )}

where Pi(xi, yi, zi) denotes ith node of pipe path; Ps(xs, ys, zs)
denotes the starting point; Pt (xt , yt , zt ) denotes the ending
point; K denotes the number of nodes.
The goal of pipe routing is to seek the optimal layouts with

respect to several conflicting and trade-off routing objectives
while considering a number of engineering rules in a con-
strained space. In general, the routing constraints for aero-
engine consist of the following ones:

1) Avoid obstacles, where the obstacles refer to
accessories, electrical components and restrained
regions reserved for operational inspections and
maintenance;

2) Bending angle of pipe should be no less than 90 degrees
to meet the machinability constraints;

3) Pipes should be paved closer to the inner surface of
engines, which tends to increase system reliability and
stability.

In addition, the natural frequency of pipe should be
adjusted to outside 20% of engine excitation frequency for
avoiding possible resonance. In particular, the first order nat-
ural frequency has a remarkable influence on pipe vibration
performance. With respect to optimization algorithm design,
this constraint can be also transformed into an optimization
objective. In this paper, the first order natural frequency of
pipe is taken into account for example and is further opti-
mized as an objective to avoid resonance.
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Thus, aero-engine pipe routing problem is formulated
by (1).

min F(p) = (f1(p), f2(p), f3(p))T

s.t. h(p) = 0, g(p) = 0, p ∈ � (1)

where f1(p) denotes pipe length;
f2(p) denotes smoothness of pipe, i.e., bending angle;
f3(p) denotes the negative of difference value between the

first order natural frequency of pipe and the excitation fre-
quency of engine, details of which will be given in section V;
h(p) denotes obstacle-avoidance constraint, where h(p) 6=

0 if the path p overlaps with some obstacles, and h(p) = 0 if
p is a collision-free path;
g(p) denotes the constraint of bending angle of p, where

g(p) 6= 0 if bending angle of p is less than 90 degrees, and
g(p) = 0 if bending angle of p is no less than 90 degrees;
� denotes the routing space. As to an aero-engine

development, it denotes a rotational surface.

FIGURE 3. Overall design.

III. OVERALL DESIGN
Besides pipe length and smoothness, the vibration perfor-
mance such as the natural frequency also have an important
effect on pipe system. In this paper, pipe vibration perfor-
mance is considered into pipe routing algorithm. To improve
computation efficiency, a Kriging model which is commonly
used as surrogate model in structure optimization areas is
constructed, and then is applied instead of CAE analysis
program to evaluate the individual fitness during evolutionary
computation. The overall design of the presented method is
shown in Fig.3, which mainly contains the following steps.
Step 1: Generate the initial sample points of node position

by a preprocessing method based on Latin hypercube, details
of which will be given in section IV;
Step 2: Calculate the response value (natural frequency) of

sample points using ANSYS software;
Step 3: Construct Kriging model according to the sample

points and response values;
Step 4: Perform multi-objective pipe routing optimization

using NSGA-II, where pipe length is chosen as objective
function 1, smoothness is chosen as objective function 2 and
FM (frequency modulation) is chosen as objective function 3,
details of which will be given in section V;
Step 5: Compare vibration performance in Pareto Set P∗

with CAE response value, if accuracy reach the requirements,

then output pipe routing scheme; otherwise addP∗ into the set
of sample points and go to step1.

IV. CONSTRUCTION OF KRIGING MODEL
The construction of the Kriging model is a key step of
the proposed routing method, which mainly includes three
parts: 1) Preprocessing based on Latin hypercube to improve
the distributions of sample points; 2) Calculation of actual
response value using CAE software; 3) Construction of the
Kriging model.

A. PREPROCESSING BASED ON LATIN HYPERCUBE
Latin hypercube sampling is a commonly used method to
generate sample points. However, due to the particularity of
the pipe routing problem, there will be a large number of
individuals intersecting with the obstacles in the samples by
Latin hypercube, which will not only make CAE analysis
process meaningless, but also affect the accuracy of Kriging
model.

Therefore, this paper uses a preprocessing method to
improve distributions of sample points, so that individuals in
the sample can avoid obstacles. More specifically, the pre-
processing method uses Latin hypercube method to generate
initial samples. Then, initial sample is optimized by using
the pipe routing method based on NSGA-II, where obstacle-
avoidance constraint is considered, and only pipe length f1
and smoothness f2 are chosen as objective functions. The
maximum number of allowable iterations is set as T1. Finally,
the obtained Pareto solution set P∗ is saved as the updated
sample data which will be used to construct Kriging model.
The preprocessing method works as follows:
Step 1: Set sample population SP = φ and the maximum

number of SP;
Step 2: Generate an initial population p1, . . . , pN using

Latin hypercube and set f ij = fj(pi), for each i = 1, . . . ,N
and j = 1, 2, where fj by (3) and (4);
Step 3: Pareto solution setP∗ is obtained bymulti-objective

layout optimization method based on NSGA-II, where the
maximum number of allowable iterations is T1 and objective
functions are f1 and f2;
Step 4: Remove the individuals intersecting with the obsta-

cles from P∗ and then add P∗ to SP;
Step 5: Remove the repeated individuals from SP;
Step 6: If the individual number of SP reached the max-

imum number of SP, then stop and output SP. Otherwise,
go to Step2.

B. CALCULATION OF RESPONSE VALUE
USING CAE ANALYSIS PROGRAM
Considering that Siemens NX software is commonly used
in aero-engine pipe design area, this paper uses Siemens
NX software to perform CAD modeling. Then the ANSYS
software is used to obtain pipe vibration performance. The
main steps of pipe CAE analysis are as follows:
Step 1: Solve pipe routing results by the above preprocess-

ing method with MATLAB. Fig.4(a) shows one of the results
which is further stored as TXT text file.
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FIGURE 4. Schematic diagram of CAE analysis. (a) Piping model in
MATLAB. (b) Piping model in Siemens NX. (c) Piping model in ANSYS.
(d) Calculation result by ANSYS.

Step 2: Load the TXT text in Siemens NX and build the
pipe CAD model using NX/GRIP, as shown in Fig.4(b).
Step 3: Import the pipe CAD model into the ANSYS,

as shown in Fig.4(c), and perform the CAE analysis program,
i.e., modal analysis. Then the analysis results, e.g., the first-
order natural frequency of the pipe, can be obtained shown
in Fig.4(d).

C. THE BASIC PRINCIPLE OF KRIGING MODEL
As a commonly used approximate model, Kriging model was
first used by [24] in the field of computer experiment design
and analysis. The basic principle [25] of the Kriging model
can be briefly described as follows:

y(x) = F(β, x)+ Z (x) (2)

where y(x) is the unknown polynomial function of x,
F(β, x) is a known polynomial function of the dimensional-
variable x, β is a regression parameter and Z (x) is the real-
ization of a normally distributed stochastic process.

In this paper, the method in [26] is used to optimize the
correlation parameter by using the Particle Swarm Optimiza-
tion (PSO) algorithm. Once the Kriging model is constructed,
it can be used to evaluate individual fitness values instead of
the CAE analysis program during evolution computations.
More details of Kriging model can be found in [24]–[26],
which are not described here.

V. MULTI-OBJECTIVE PIPE RROUYING
A. FITNESS COMPUTATION AND
CONSTRAINT PROCESSING
Given a sequence of nodes {P1(x1, y1, z1), · · ·Pi(xi, yi, zi),
· · · ,PK (xK , yK , zK )}, the routing objectives and constraints
mentioned in section II can be formulated respectively as
follows:

f1 = l(p)+ δ · h(p) · g(p) (3)

f2 = s(p)+ δ · h(p) · g(p) (4)

f3 = e(p)+ δ · h(p) · g(p) (5)

where l(p) denotes the pipe length, which can be formulated
by (6) in Euclidean space.

l(p) =
K−1∑
i=1

√
(xi+1 − xi)2 + (yi+1 − yi)2 + (zi+1 − zi)2 (6)

s(p) denotes pipe smoothness. For convenience of
computation, bending angle is used in this paper, which can
be formulated by (7).

s(p) =
K−2∑
i=1

βi =

K−2∑
i=1

arccos(ai · bi/(|ai| · |bi|)) (7)

where ai = (xi+1 − xi, yi+1 − yi, zi+1 − zi), bi = (xi+2 −
xi+1, yi+2−yi+1, zi+2−zi+1). Note that, βi is the supplemen-
tary angle of ith angle between the path p, which translates
the problem of solving the maximum value into the one of
solving the minimum value.

e(p) denotes the negative of difference value between
pipe natural frequency and aero-engine excitation frequency,
which can be formulated by (8).

e(p) = −|w1 − we| (8)

where w1 denotes the first order natural frequency of pipe,
which can be obtained from the approximation function of the
constructed Kriging model; we denotes the engine excitation
frequency.
h(p) and g(p) denote the ‘‘penalty value’’, which can be

formulated by (9) and (10), respectively.

h(p) =

{
1 if path p overlaps with obstacles
0 otherwise

(9)

g(p) =

{
1 if bending angle of p less than 90 degrees
0 otherwise

(10)

δ denotes a large positive constant.
In addition, as mentioned in section II, pipes need be

paved closer to the inner surface of engines. Thus, the pre-
sented routing method can be extended to rotational surface
by replacing straight lines with geodesic line. Given two
points A(ρA, θA, zA) and B(ρB, θB, zB) on a rotational surface,
a geodesic line can be approximately formulated in cylindri-
cal coordinate system by (11) [5].
xi = fM(zA + (zB − zA) · (θi − θA)/(θB − θA)) · cos(θi)
yi = fM(zA + (zB − zA) · (θi − θA)/(θB − θA)) · sin(θi)
zi = zA + (zB − zA) · (θi − θA)/(θB − θA)

(11)

where ρ = fM(z) denotes meridian equation, which can be
formulated by the least square method on discrete points
extracted from aero-engine jacket contours.
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B. FLOWCHART OF THE ROUTING METHOD
The pipe routing system is constructed by customized devel-
opments of MATLAB (Matrix Laboratory), Siemens NX and
ANSYS, where data are transferred among MATLAB and
Siemens NX systems via plain data files. Note that, as men-
tioned in section II, Kriging model is constructed based on
the sample obtained from the preprocessing method, and
the individuals thus obtained are feasible solutions that do
not intersect with the obstacle. Therefore, it is necessary to
perform a similar pre-optimization in initial stage, in order
that the individuals in the population are collision-free paths
when considering f3.

FIGURE 5. Flowchart of the presented pipe routing method.

Thus, the presented pipe routing algorithm based on
Kriging model and NSGA-II can be divided into two steps:
1) pre-optimization: when the current number of iterations
T < T1, only pipe length f1 and smoothness f2 are chosen
as objective functions, which complete the pre-optimization;
2) when T1 ≤ T ≤ T2, pipe length f1, smoothness f2 and
FM f3 are chosen as objective functions. The flowchart of
the presented multi-objective pipe routing algorithm is given
in Fig.5.

VI. NUMERICAL COMPUTATIONS
To demonstrate the effectiveness of the proposed method,
numerical computations on a simplified aero-engine piping
model given in Fig.1(a) are performed. The computations are
performed on a PC (Intel(R) Core(TM) i5-4460 @3.20GHz,
4 GB RAM). The software used is MATLAB 2010a, Siemens
NX 10.0 and ANSYS 15.0.

A. MULTI-OBJECTIVE PIPE ROUTING ON
AERO-ENGINE ROTATIONAL SURFACE
The parameters of the routing algorithm are set as follows: the
population size N = 100, the engine excitation frequency we
is set as 200Hz for example, the number of iterations T1 = 5,
the maximum number of allowable iterations T2 = 40,
crossover probabilityFi = 0.9,mutation probabilityBi = 0.1
and the ‘‘penalty coefficient’’ δ = 1000.

FIGURE 6. Non-dominated solutions in objective space.

TABLE 1. Some non-dominated solutions obtained by NSGA-II.

The presented routing algorithm runs several times, and a
Pareto set containing 10 non-dominated solutions is obtained.
Fig.6 gives the distributions of these solutions in objective
space. Due to limitation of paper length, Table 1 gives only
several typical solutions. Fig.7 and Fig.8 gives pipe layouts
and pipe CAE analysis results of these solutions, respectively.

B. RESULT DISCUSSIONS
The above results show that, the presented routingmethod can
obtain a set of several non-dominated solutions with different
trade-offs, which offer more options for users to satisfy pref-
erence and experience in engineering practice. In particular,
the first order natural frequency of these solutions locate
outside 20% of engine excitation frequency and are far from
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FIGURE 7. Pipe layouts of non-dominated solutions. (a) Non-dominated
solution 1. (b) Non-dominated solution 2. (c) Non-dominated solution 3.

FIGURE 8. CAE analysis results of several typical individuals in the Pareto
solution set. (a) CAE analysis results of non-dominated solution 1. (b) CAE
analysis results of non-dominated solution 2. (c) CAE analysis results of
non-dominated solution 3.

engine excitation frequency, which improves reliability and
guarantees to avoids possible resonance.

TABLE 2. Error analysis of calculation results.

Table 2 gives the error analysis of calculation results, where
w1 denotes the first order natural frequency of pipe, which are
solved by Kriging model, we denotes the engine excitation
frequency,w′1 denotes the first order natural frequency of pipe
by CAE analysis, and γ denotes the relative error between
w1 and w′1.

As shown in Table 2, the results computed by Kriging
model are compared with the ones obtained by ANSYS
software, the range of relative error γ is [0.18%, 0.63%]. The
error basically meets requirements, which further demon-
strates the high accuracy of the constructed Kriging model.

In addition, the presented routing method can signifi-
cantly improve optimization efficiency. The total running
time for constructing the Kriging model is approximately
90 minutes, which includes generating sample using pre-
processing method (the preprocessing method takes about
4 seconds each time), calculating the actual response value
of sample points by CAE analysis (CAE analysis of one pipe
takes about 60 seconds each time) and test of the accuracy
of the model. The running time for solving Pareto solutions
by using NSGA-II and Kriging model (the population size
is 100, the maximum number of allowable iterations is 40)
is averagely about 20 seconds. Therefore, the routing opti-
mization method takes about 90.33 min in total. Otherwise,
if the CAE analysis is used to calculate the fitness value for
each individual during the evolution computations, it will take
(100 × 40) × 1min = 4000min at least, which is very
time-consuming. Obviously, the presented routing method
improves the optimization efficiency remarkably because of
applying the Kriging model.

VII. CONCLUSIONS
In this paper, a multi-objective pipe routing algorithm consid-
ering vibration performance is proposed based on NSGA-II
and Kriging model, which is further studied in context of an
aero-engine development. The obtained solutions are satis-
factory in terms of each objective, which offer more options
for users to satisfy preference and experience. In particular,
the natural frequency of pipes is far from engine excitation
frequency, which guarantees to avoid possible resonance.

In particular, the Kriging model reflecting the relation-
ship between pipe node position and natural frequency is
constructed, and the accuracy of which is improved by using
a preprocessing method. The proposed multi-objective pipe
routing method significantly reduces the calculation cost by
applying Kriging model to evaluate the individual fitness
values during the optimization process, instead of using a
time-consuming CAE analysis program.

The reasons causing pipe vibration of aero-engine are very
complex, which include but not limited to engine excitation
vibration, fluid fluctuation and possible resonance. In this
paper, besides pipe length and smoothness, only the reso-
nance factor is considered. Further study should be on inte-
grating more vibration analysis and optimization into pipe
routing algorithms.

REFERENCES
[1] C. Y. Lee, ‘‘An algorithm for path connections and its applications,’’ IRE

Trans. Electron. Comput., vol. 10, no. 3, pp. 346–365, Oct. 1961.
[2] T. Ito, ‘‘A genetic algorithm approach to piping route path planning,’’

J. Intell. Manuf., vol. 10, no. 1, pp. 103–114, Mar. 1999.
[3] J. Park, ‘‘Pipe-routing algorithm development for a ship engine

room design,’’ Ph.D. dissertation, Dept. Ind. Eng., Univ. Washington,
Seattle, WA, USA, 2002.

VOLUME 6, 2018 6291



Q. Liu, G. Jiao: Pipe Routing Method Considering Vibration for Aero-Engine

[4] T. Ren et al., ‘‘A new pipe routingmethod for aero-engines based on genetic
algorithm,’’ Proc. Inst. Mech. Eng. G, J. Aerosp. Eng., vol. 228, no. 3,
pp. 424–434, Feb. 2014.

[5] C. Wang and Q. Liu, ‘‘Projection and geodesic-based pipe routing algo-
rithm,’’ IEEE Trans. Autom. Sci. Eng., vol. 8, no. 3, pp. 641–645, Jul. 2011.

[6] C. van der Velden, C. Bil, X. Yu, and A. Smith, ‘‘An intelligent system
for automatic layout routing in aerospace design,’’ Innov. Syst. Softw. Eng.,
vol. 3, no. 2, pp. 117–128, Jun. 2007.

[7] R. Guirardello and R. Swaney, ‘‘Optimization of process plant layout with
pipe routing,’’ Comput. Chem. Eng., vol. 30, pp. 99–114, Nov. 2005.

[8] S.-H. Kim,W.-S. Ruy, and B. S. Jang, ‘‘The development of a practical pipe
auto-routing system in a shipbuilding CAD environment using network
optimization,’’ Int. J. Naval Archit. Ocean Eng., vol. 5, no. 3, pp. 468–477,
Sep. 2003.

[9] Q. Liu and C. Wang, ‘‘A graph-based pipe routing algorithm in aero-
engine rotational space,’’ J. Intell. Manuf., vol. 26, no. 6, pp. 1077–1083,
Dec. 2015.

[10] Y. Qu, D. Jiang, and Q. Yang, ‘‘Branch pipe routing based on
3D connection graph and concurrent ant colony optimization algo-
rithm,’’ J. Intell. Manuf., pp. 1–11, Feb. 2016. [Online]. Available:
https://doi.org/10.1007/s10845-016-1203-4

[11] H. Sui and W. Niu, ‘‘Branch-pipe-routing approach for ships using
improved genetic algorithm,’’ Front. Mech. Eng., vol. 11, no. 3,
pp. 316–323, May 2016.

[12] Z. R. Dong and Y. Lin, ‘‘Ship pipe routing method based on genetic
algorithm and cooperative coevolution,’’ J. Ship Prod. Des., vol. 33, no. 2,
pp. 122–134, 2017.

[13] W.-Y. Jiang, Y. Lin, M. Chen, and Y.-Y. Yu, ‘‘A co-evolutionary improved
multi-ant colony optimization for ship multiple and branch pipe route
design,’’ Ocean Eng., vol. 102, pp. 63–70, Jul. 2015.

[14] Z.-R. Dong and Y. Lin, ‘‘A particle swarm optimization based approach
for ship pipe route design,’’ Int. Shipbuilding Prog., vol. 63, nos. 1–2,
pp. 59–84, Jan. 2017.

[15] W.Niu, H. Sui, Y. Niu, K. Cai, andW.Gao, ‘‘Ship pipe routing design using
NSGA-II and coevolutionary algorithm,’’Math. Problems Eng., vol. 2016,
Jan. 2016, Art. no. 7912863.

[16] K. Deb, A. Pratap, S. Agarval, and T. A. Meyarivan, ‘‘A fast and elitist
multiobjective genetic algorithm: NSGA-II,’’ IEEE Trans. Evol. Comput.,
vol. 6, no. 2, pp. 182–197, Apr. 2002.

[17] Q. Liu and G. S. Jiao, ‘‘Multi-objective pipe layout for aero-
engine based on improved NSGA-II,’’ (in chinese), Comput. Integra.
Manuf. Syst., Jun. 2017. [Online]. Available: http://kns.cnki.net/kcms/
detail/11.3619.TP.20170616.1029.014.html

[18] Y. Qu, D. Jiang, and X.-L. Zhang, ‘‘A new pipe routing approach for
aero-engines by octree modeling and modified max-min ant system opti-
mization algorithm,’’ J. Mech., pp. 1–9, Sep. 2016. [Online]. Available:
https://doi.org/10.1017/jmech.2016.86

[19] A. Balogun, A. N. Matori, and A. I. Hamid-Mosaku, ‘‘A fuzzy multi-
criteria decision support system for evaluating subsea oil pipeline routing
criteria in East Malaysia,’’ Environ. Earth Sci., vol. 74, pp. 4875–4884,
Sep. 2015.

[20] J.-H. Park and R. L. Storch, ‘‘Pipe-routing algorithm development: Case
study of a ship engine room design,’’ Expert Syst. Appl, vol. 23, no. 3,
pp. 299–309, Oct. 2002.

[21] B. X. Zhao and J. H. Liu, ‘‘Research onASP-based pipe routing assessment
and diagnosis approach,’’ Int. J. Comput. Appl. Technol., vol. 53, no. 2,
pp. 164–171, Jan. 2016.

[22] X. P. Ouyang, F. Gao, H. Y. Yang, and H. X. Wang, ‘‘Two-dimensional
stress analysis of the aircraft hydraulic system pipeline,’’ Proc. Inst. Mech.
Eng. G, J. Aerosp. Eng., vol. 226, no. 5, pp. 532–539, Apr. 2011.

[23] C. An and J. Su, ‘‘Dynamic behavior of pipes conveying gas–liquid two-
phase flow,’’ Nucl. Eng. Des., vol. 292, pp. 204–212, oct. 2015.

[24] J. Sacks, W. J. Welch, T. J. Mitchell, and H. P. Wynn, ‘‘Design and analysis
of computer experiments,’’ Stat. Sci., vol. 4, no. 4, pp. 409–423, 1989.

[25] X. G. Li, J. Cheng, and Z. Y. Liu, ‘‘Robust optimization for dynamic
characteristics of mechanical structures based on double renewal Kriging
model,’’ (in Chinese), J. Mech. Eng., vol. 50, no. 3, pp. 165–173, Jan. 2014.

[26] Q. Liu and C. Wang, ‘‘Kriging model-based routing sequence planning for
complex products by particle swarm optimization,’’ (in Chinese), J. Mech.
Eng., vol. 47, no. 13, pp. 140–146, Jul. 2011.

QIANG LIU was born in Tieling, China, in 1982.
He received the Ph.D. degree in system engineer-
ing from Northeastern University, China, in 2011.
He is currently an Associate Professor with
Liaoning Shihua University, China. His research
interests include pipe routing for aero-engine,
product assembly planning, and multi-objective
optimization. He has been in charge of four aca-
demic and industrial projects in related areas. He
has over 20 publications.

GUOSHUAI JIAO was born in Lvliang, China,
in 1993. He is currently pursuing the master’s
degree with the Department of Automation,
Liaoning Shihua University, Fushun, China.
His research interest is multi-objective optimiza-
tion and application.

6292 VOLUME 6, 2018


	INTRODUCTION
	SPACE MODELING AND PROBLEM DESCRIPTION
	OVERALL DESIGN
	CONSTRUCTION OF KRIGING MODEL
	PREPROCESSING BASED ON LATIN HYPERCUBE
	CALCULATION OF RESPONSE VALUE USING CAE ANALYSIS PROGRAM
	THE BASIC PRINCIPLE OF KRIGING MODEL

	MULTI-OBJECTIVE PIPE RROUYING
	FITNESS COMPUTATION AND CONSTRAINT PROCESSING
	FLOWCHART OF THE ROUTING METHOD

	NUMERICAL COMPUTATIONS
	MULTI-OBJECTIVE PIPE ROUTING ON AERO-ENGINE ROTATIONAL SURFACE
	RESULT DISCUSSIONS

	CONCLUSIONS
	REFERENCES
	Biographies
	QIANG LIU
	GUOSHUAI JIAO


