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Abstract:    With the advance of automation technology, the scale of industrial communication networks at field level is growing. 
Guaranteeing real-time performance of these networks is therefore becoming an increasingly difficult task. This paper addresses 
the optimization of device allocation in industrial Ethernet networks with real-time constraints (DAIEN-RC). Considering the 
inherent diversity of real-time requirements of typical industrial applications, a novel optimization criterion based on relative delay 
is proposed. A hybrid genetic algorithm incorporating a reduced variable neighborhood search (GA-rVNS) is developed for 
DAIEN-RC. Experimental results show that the proposed novel scheme achieves a superior performance compared to existing 
schemes, especially for large scale industrial networks. 
 
Key words:  Optimization, Real-time, Industrial Ethernet, Device allocation, Steady-state genetic algorithm, Variable neighbor-

hood search 
doi:10.1631/jzus.C1100045                      Document code:  A                      CLC number:  TP393.11 
 
 

1  Introduction 
 

Industrial automation systems rely on the ex-
change of control and feedback messages between 
devices through a local communication network. In 
recent years industrial Ethernet has become an at-
tractive candidate for such industrial networks as an 
alternative or complement to traditional fieldbuses, 
e.g., Controller Area Network (CAN) and Profibus. A 
considerable number of Ethernet based industrial 
communication standards, e.g., Ethernet for Plant 
Automation (EPA), Ethernet IP, and Profinet, have 
been defined in IEC 61784-2 (2005). 

An important design target for industrial net-

works is to satisfy the timing requirements of the field 
devices, e.g., programmable logic controllers (PLCs), 
PC based controllers, sensors, and actuators. As the 
device number for factory automation systems is 
steadily growing and can range into tens of thousands, 
industrial networks are becoming more and more 
complex (Felser, 2005; Kjellsson et al., 2009). 
Guaranteeing real-time performance of these net-
works is therefore becoming an increasingly difficult 
task in the design process. 

Nowadays network design is mostly done 
manually by experienced engineers. However, with 
increasing network complexity, engineering rules 
based on experience gained from smaller projects will 
not always lead to a cost-efficient solution for such 
large-scale projects. Identifying possible performance 
bottlenecks in manually planned networks is also a 
challenging task. Therefore, the development of 
suitable optimization algorithms and software tools to 
assist the design of industrial Ethernet networks is an 
increasingly important topic. 
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The design of an industrial Ethernet network can 
be performed in two steps, designing a network to-
pology and subsequently allocating devices to the 
individual switches (Elbaum and Sidi, 1996; Gen et 
al., 2008). Although network switches currently 
available for industrial Ethernet provide basic quality 
of service (QoS) capabilities, such as priority based 
scheduling (IEEE 802.1Q, 2003), they do not support 
more complex mechanisms, like dynamic QoS-based 
routing. Thus, careful optimization of network design 
at a physical level provides a static method to achieve 
a good real-time performance of the network without 
extra cost. However, in industrial applications the 
network topology typically cannot be chosen freely 
but is subject to many practical constraints such as 
cost and reliability considerations. In this case, the 
real-time performance of an industrial Ethernet net-
work depends strongly on the way the devices are 
allocated to the individual switches in the network. 
Therefore, the problem of device allocation in indus-
trial Ethernet networks with real-time constraints 
(DAIEN-RC) remains an important topic. 

To obtain the best performance of DAIEN-RC, it 
is important to jointly consider the optimization cri-
teria suitable for industrial applications and the op-
timization algorithm operating on them. Recently 
numerous publications have addressed the DAIEN- 
RC problem based on this holistic consideration. The 
DAIEN problem was mathematically modeled as a 
k-way graph partitioning problem in Krommenacker 
et al. (2002). This problem was further analyzed and 
formulated as a bi-objective optimization problem in 
Zhang and Zhang (2007). Pure genetic algorithms 
(pGA) were applied in Krommenacker et al. (2002) 
and Zhang and Zhang (2007). A switch-device en-
coding was proposed in Carro-Calvo et al. (2010) to 
improve the efficiency of pGA. A graph partitioning 
strategy was developed in Li et al. (2007) for the 
problem. The objective of the aforementioned refer-
ences was to minimize the traffic between sub- 
networks and cause the traffic to be evenly distributed 
in the network, which could implicitly improve the 
average delay of the overall network. However, this 
approach cannot adequately deal with the stringent 
and diverse real-time requirements of typical indus-
trial applications. Instead of globally optimizing av-
erage delay, it is more meaningful in industrial ap-
plications to consider the potentially different real- 

time requirements of the individual connections be-
tween the devices. Towards this aim, Georges et al. 
(2006) developed a delay model to determine delay 
bounds in switched networks, and evaluated if 
end-to-end delays were below their real-time re-
quirements in the objective function. The optimiza-
tion was performed using a pGA. 

It must be pointed out that explicit optimization 
of the end-to-end delay distribution greatly increases 
the difficulty of optimization as compared to the 
traffic optimization discussed in Krommenacker et al. 
(2002), Georges et al. (2006), Li et al. (2007), Zhang 
and Zhang (2007), and Carro-Calvo et al. (2010). 
Algorithms known from graph partitioning as de-
scribed in Li et al. (2007) are no longer applicable 
since the computation of the end-to-end delay of any 
communication pair requires knowledge of the com-
plete device allocation plan.  

pGAs as in Krommenacker et al. (2002), Geor-
ges et al. (2006), Zhang and Zhang (2007), and Carro- 
Calvo et al. (2010), on the other hand, have their 
limitations if the search space becomes very large. As 
mentioned before, the size of industrial communica-
tion networks increases, and thus the search space for 
DAIEN-RC can become very large. The difficulty of 
pGA in dealing with such large scale problems pro-
vides the motivation to propose a new approach par-
ticularly suitable for dealing with large scale networks. 

In this paper, a novel scheme is proposed for 
explicitly optimizing the end-to-end delay distribu-
tion in large scale Ethernet networks. First an im-
proved objective function representing the optimiza-
tion criterion is proposed that describes the real-time 
requirements of typical industrial applications. Sec-
ond, a hybrid genetic algorithm with reduced variable 
neighborhood search (GA-rVNS) is developed with 
the aim to find a good device allocation within a 
reasonable computation time. A steady state GA 
(ssGA) is used to explore the entire search space and 
to find promising areas, whereas rVNS exploits a 
given search region. A novel strategy for guiding the 
search is applied to increase the efficiency of rVNS.  
 
 
2  Problem statement 
 

Real-time requirements of industrial automation 
applications are characterized by the maximal  
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tolerable delays of all traffic flows between devices. 
The goal of DAIEN-RC is to guarantee that the 
end-to-end delays of all traffic flows stay below their 
maximal tolerable limits by optimizing the allocations 
of devices in the network. An example of optimizing 
DAIEN-RC is shown in Fig. 1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
N devices are assumed to be connected to M 

switches in an industrial Ethernet network. The traffic 
flows between the devices are denoted by an N×N 
matrix C as  
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where the element cij represents a traffic flow from 
device i to j. cij can be described by the average data 
rate rij and maximum frame size bij. For each traffic 
stream cij, let Tij be the maximal tolerable delay, and

 
dij be an upper bound of the actual end-to-end delay. 
This upper bound can be derived from delay models 
based on the known or assumed behavior of switches 
using such mathematical tools as queuing theory and 
network calculus. Delay modeling for switched 
Ethernet with a given input traffic has been addressed 

in many works (Song et al., 2002; Wang et al., 2002). 
Here dij for each traffic flow is obtained from the 
delay model derived in our previous work (Zhang and 
Wang, 2010) using network calculus. The goal of 
DAIEN-RC is to guarantee that dij<Tij, (i, j)|cij≠0 by 
optimizing the allocations of the N devices to the M 
switches arranged in a given topology.  

Note that the maximal tolerable delays for dif-
ferent communication pairs within a network may be 
different whereas for any given pair the tolerable 
delay typically does not change over time. Tolerable 
delays in industrial networks can generally range 
from milliseconds to minutes. In most practical net-
works, the delay requirements cover only part of that 
huge range, but nevertheless can vary considerably 
among the communication pairs. This variety of 
real-time requirements within the network is a notable 
difference between industrial applications and other 
real-time applications such as multimedia streaming. 
This should be considered in modeling the problem.  

To account for this diversity of real-time re-
quirements, ‘relative delay’ is introduced as 

 
rel , 0/ ( , ) | .ijij ij ijd = d T i j c              (2) 

 

Relative delay normalizes the end-to-end delay 
of a given communication pair according to its spe-
cific real-time requirement. Based on relative delay, 
an objective function of DAIEN-RC can be formu-
lated as 
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This objective function aims at minimizing the 

average relative delay in the whole network. βij is a 
penalty coefficient, which introduces penalties for 
those communication links where messages cannot be 
delivered within the required transmission deadline, 
in the following denoted as ‘bad links’. A larger con-
stant βp puts a higher weight on avoiding violations of 
the real-time requirements.  

In practical applications the following con-
straints need to be considered: 

1. Each device must be allocated to exactly one 
switch. 

2. The number of devices assigned to each 
switch must not exceed its number of available ports. 
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Fig. 1  An illustrative example of optimizing device allo-
cation in industrial Ethernet networks with real-time 
constraints (DAIEN-RC) 
Nine devices are connected to three switches arranged in a 
linear topology. The set {delay, maximal tolerable delay} is 
used to represent the real-time performance and requirement 
of each traffic flow. With a random device allocation three 
highlighted traffic flows violate their delay limits, while no 
violation is found after the optimization 
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3. The traffic flowing to/from each switch port 
must not exceed the wire speed of the switch. 

To formulate the constraints above, the follow-
ing notations are given. Let matrix S as given in Eq. (4) 
specify which device is assigned to which switch: if 
device i is connected to switch k, sik=1; otherwise, 
sik=0.  
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Denote with pk the number of ports available for de-
vices in switch k. Let A be the set of all the ports of all 
switches. Qa denotes the maximum supported data 
rate on a given port aA. Let matrices Wa and Va as 
given in Eqs. (5) and (6) describe which traffic flows 

to/from port a. If traffic cij flows to port a, 1;a
ijw   

otherwise, 0.a
ijw   If traffic cij flows from port a, 

1;a
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The constraints can then be formulated as 
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3  Steady state genetic algorithm 
 
An ssGA is used in the proposed hybrid heuristic 

algorithm. It is a variant of GA that generates only one 
offspring in each generation. 

3.1  Representation and decoding 

The potential solutions to a problem are encoded 
with strings of numbers called chromosomes. As 
opposed to the integer encoding for DAIEN-RC 
proposed in Krommenacker et al. (2002), Georges et 
al. (2006), and Zhang and Zhang (2007), the chro-
mosome representation in this paper is based on 
random keys. More details of random key represen-
tation can be found in Bean (1994). Each device with 
index i is assigned a random real value xi[0, 1], i{1, 
2, …, N}, and the real string x1, x2, …, xN forms the 
chromosome.  

The decoding of a chromosome into a device 
assignment scheme can be accomplished as follows. 
Devices are sorted in ascending order of the values in 
the real string and then divided into M coherent 
groups. Each group corresponds to a switch, and the 
size of each group equals the number of ports P of 
each switch. Finally the M groups of devices are as-
signed to the M switches. Fig. 2 shows an example.  
 
 
 
 
 
 
 
 
 

 
 
 

 
As opposed to integer encoding, the advantage 

of random keys is that any random key vector can be 
interpreted as a feasible solution, i.e., a solution that 
meets all constraints. By elimination of nonfeasible 
solutions, the size of the search space is decreased 
from MN for integer representation to N!/[(P!)M−1(N− 
(M−1)P)!] for random key based representation. 
Therefore, random key representation can dramati-
cally increase the efficiency of the search. 

3.2  Genetic operators 

In an ssGA, a population is maintained con-
taining a fixed number of individuals represented by 
different chromosomes. The individuals representing 
better solutions to the given problem have a larger 

Fig. 2  An illustration of random key representation and 
decoding 
Devices 1–9 are assigned to switches 1–3. Assuming each 
switch has P=3 ports, the given chromosome corresponds to 
an assignment of devices {1, 3, 8} to switch 1, devices {4, 5, 
7} to switch 2, and devices {2, 6, 9} to switch 3 

0.173 0.952 0.033 0.252 0.423 0.779 0.255 0.176 0.648

1 2 3 4 5 6 7 8 9 

0.033 0.173 0.176 0.252 0.255 0.423 0.648 0.779 0.952

3 1 8 4 7 5 9 6 2 

1 1 1 2 2 2 3 3 3 

3 1 8 4 7 5 9 6 2 

Sorted 

Assignment 

Representation 

Random keys 

Device index 

Switch index 



Zhang et al. / J Zhejiang Univ-Sci C (Comput & Electron)   2011 12(12):965-975 969

chance to survive and contribute to the next genera-
tion. The quality of each chromosome is evaluated by 
a fitness function. We simply use the objective func-
tion in Eq. (3) as the fitness function. For each newly 
generated individual, determining its fitness value 
requires the recalculation of end-to-end delays dij of 
all traffic flows. 

In each generation exactly one offspring is cre-
ated by selection, crossover, and mutation operations. 
Two parents are selected with the selection mecha-
nism described in Tang and Yao (2007). One parent is 
selected by wheel selection (Gen and Cheng, 1997), 
and the other is selected randomly from the popula-
tion. A child is created from the parents’ chromo-
somes by uniform crossover (Michalewicz, 1994), 
possibly followed by swap mutation (Krommenacker 
et al., 2002). 

In an ssGA a replacement strategy is necessary to 
decide which member of the population will be re-
placed by the child. In this study, the child replaces 
the worst individual in the population. Thus, the next 
generation is formed, differing from the previous 
generation by only one individual. 

 
 

4  Reduced variable neighborhood search 
 

In our hybrid GA-rVNS, rVNS is used to 
strengthen the search ability of ssGA. ssGA is used to 
globally explore the entire search space, while rVNS 
exploits the promising regions more thoroughly. 

rVNS proposed by Mladenovic and Hansen 
(2001) is a simplified version of variable neighbor-
hood search (VNS) (Mladenovic and Hansen, 1997). 
Starting from a given potential solution of a problem, 
rVNS further optimizes the solution by exploring 
different neighborhoods in a stochastic way rather 
than exhaustively searching the neighborhoods. rVNS 
is quite suitable for DAIEN-RC, since comprehensive 
local search for this problem is computationally ex-
pensive. Especially for large scale networks, the size 
of neighborhoods is typically very large, and the cost 
for evaluating the correspondingly large number of 
fitness values in an exhaustive local search scheme 
would be prohibitively large. 

In adopting the rVNS for the hybrid GA-rVNS, 
we propose a novel scheme for guiding the search in 
rVNS. The generation of a neighborhood is no longer 
done exclusively at random, but restricted to a subset 

of the solution space. This helps to keep the compu-
tational effort low. In the following subsections, we 
will introduce the proposed neighborhood structures, 
the control scheme of generating neighbors, and the 
framework of the proposed rVNS. 

4.1  Neighborhood structures  

The neighborhood of a solution is the set of all 
solutions that can be derived from a given solution by 
executing a specific type of operation on the chro-
mosome. Let us denote with Nk (k=1, 2, ..., kmax) a set 
of neighborhood structures, each defined by a dif-
ferent type of operation, and with Nk(x) the set of 
solutions in the kth neighborhood of x. In the fol-
lowing, two alternative operations (kmax=2) are pre-
sented for defining the neighborhood: 

‘Device swap’ swaps two devices connected to 
different switches. It is frequently used in a local 
move in combinatorial optimization problems. The 
time complexity of a complete search within a 
neighborhood defined by device swap is O((N−P)2/2). 

‘Switch swap’ swaps the placements of two 
switches together with the connected devices. Switch 
swap is a group operation that exchanges the positions 
of two groups of devices at one time. The complexity 
of a complete search within a neighborhood defined 
by switch swap is O((M−1)2/2). 

4.2  Control scheme for neighbor generation 

Before presenting the control scheme for 
neighbor generation, we first introduce the notion of 
‘swap distance’. For a solution x and a neighbor so-
lution x′ generated from x by a single device swap 
operation, the swap distance ds(x, x′) denotes the 
number of switches that a message has to pass 
through between the two exchanged devices. Corre-
spondingly, for switch swap operation, swap distance 
ds(x, x′) denotes the number of switches between the 
swapped switches. For example, in Fig. 3 the swap 
distance of swapping devices 1 and 2 is 5. 
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Fig. 3  An illustration of swap distance 
The swap distance of swapping devices 1 and 2 is 5 
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The potential impact of a swap operation on 
network performance is not identical for all swap 
pairs, but is related to the relative placement of the 
devices to be swapped. The transmission delay of any 
message passing through any switch along the path 
between the swapped devices may be influenced. A 
swap operation with a larger swap distance therefore 
generally impacts a larger number of end-to-end de-
lays of messages.  

As concluded in Hansen and Mladenovic (2001), 
for many problems local minima are relatively close 
to each other with respect to one or several 
neighborhoods. This implies different swap distances 
are preferred in different phases of evolution. At the 
very beginning of evolution, moves with larger swap 
distances will be acceptable since a larger improve-
ment of network performance may be obtained within 
one move. When the search has proceeded closer to a 
local optimum, the search should focus more on the 
vicinity of the current solution, and therefore smaller 
swap distances are preferred. 

A neighbor x′ of solution x is generated by 
choosing x′ randomly from the set {x0|ds(x0, x)=dλ, 
x0Nk(x)}, where the swap distance dλ is generated 
randomly according to the probability function 
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where D is the maximum possible swap distance. 
According to this probability function, swap pairs 
with longer distances generally have lower probabil-
ity to be generated. The described adjustment of the 
swap distance distribution with progressing evolution 
is achieved by varying  according to 
 

1

, e ,
ln

1 , e ,

f
f

f










    
   

                (11) 

 

where ε1 is a very small positive value, Δf(ti−1, ti)= 
(f(ti−1)−f(ti))/f(ti−1) is the observed improvement of the 
fitness value over a fixed time window [ti−1, ti], and 
α(−∞, 0) defines a threshold of the control scheme. 
Fig. 4 illustrates the neighbor generation scheme with 
α=−2, D=10. Since Δf converges to zero as evolution 
proceeds to convergence,  will gradually become 
reduced as soon as Δf falls below the given threshold, 
thus increasingly giving preference to smaller swap 
distances.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.3  Framework of rVNS 

In GA-rVNS, rVNS is terminated when the im-
provement Δf becomes smaller than a pre-defined 
value ε1. The framework of rVNS is shown in Fig. 5. 

 

 

4.4  Summary of GA-rVNS 

An initial population is randomly generated. 
Then GA-rVNS repeatedly improves the population 
by alternately applying the GA operators and the 
rVNS scheme described above until a predefined time 
limit has been reached. Fig. 6 shows the framework of 
the proposed hybrid heuristic. 

Fig. 5  Framework of the proposed rVNS 

Fig. 4  An illustration of the neighbor generation scheme 
with α=−2, D=10 
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Input: initial x. 
Output: optimized x. 
1   t0←0; i←0; Δf(t0, t1)←1; 

2   while Δf>ε2 do 
3     k←1;  

4     while k≤kmax do 
5       Generate swap distance dλ according to Eqs. (10)  

and (11); 
6       Choose x′ randomly from {x0|ds(x0, x)=dλ, x0Nk(x)};
7       Calculate all end-to-end delays dij for solution x′; 
8       if f(x′)<f(x) then  
9            x←x′; 
10     end if 
11     k←k+1; 
12    end while 
13    if running time t=ti then 
14       Update Δf(ti−1, ti)←(f(ti−1)−f(ti))/f(ti−1); 
15       i←i+1; ti←ti−1+Δt; 
16    end if 
17  end while 
18  return x 
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5  Computational results 
 

Test cases are generated considering different 
application scenarios. The test results are analyzed to 
empirically study the performance of the proposed 
approach. All algorithms are implemented in Matlab. 

5.1  Test cases 

5.1.1  Network model 

It is assumed in the test scenarios that the 
switches in the network are arranged in a linear to-
pology. This network structure is common at field 
level for its cost efficiency and convenience of engi-
neering and installation. Although linear topology is 
the main focus throughout this paper, the proposed 
approach is suitable for arbitrary topologies. 

The wire speed of each switch is 100 Mb/s full 
duplex. A maximum of four end devices can be con-
nected to each switch. 

5.1.2  Traffic model 

Communication relationships between pairs of 
devices in this study are based on the cyclic exchange 
of messages (Jasperneite et al., 2002). The maximal 
tolerable delay normally equals the cycle time of 
message exchange between pairs of devices. The 

traffic for the individual traffic flows is randomly 
generated following the principle given in Zhang and 
Zhang (2007). The cycle time is chosen randomly in 
the interval [10, 100] ms, the frame length is fixed at 
100 bytes, and the average data rates per traffic flow 
are uniformly distributed in the interval [8, 80] kb/s. 
Although frame length does affect the end-to-end 
delays and thus the network performance, the quali-
tative result of the algorithm comparison is not af-
fected by the frame length, so a detailed analysis for 
different frame lengths is not given here. 

Two basic kinds of communication structures 
typical in industrial applications are considered: cen-
tralized communication between a controller device 
(e.g., a PLC) and a number of I/O devices and 
peer-to-peer communication between pairs of con-
troller devices or I/O devices. Fig. 7 is an illustration 
of these two communication structures.  
 
 
 
 
 
 
 
 
 

Based on these basic types of communication, 
two sets of tests are generated: 

Test set 1: These tests assume only peer-to-peer 
traffic with each device communicating with an av-
erage of four other devices.  

Test set 2: A mix of centralized and peer-to-peer 
traffic is assumed. This is a model for more compli-
cated traffic scenarios in industrial communication 
networks.  

For both test sets, the device number is varied 
from 40 to 250. Table 1 provides an overview of all 
generated test cases in this study. 

 
 
 
 
 
 
 
 
 

Wanted optimized assignment 
 

… 
 M switches

 N devices

 Centralized traffic Peer-to-peer traffic

 P ports

… 

Fig. 7  Illustration of two communication structures

Input: the communication traffic matrix. 
Output: the final solution of DAIEN-RC. 
1  t←0; 
2  Initialize population P(0) randomly with size psize; 
3  Evaluate P(0) by fitness function f; 
4  while a preset computation time has not been reached 

do 
5     t←t+1; 
6     Select parent P1 by wheel selection, and P2  

randomly from P(t−1); 
7     Generate a child C(t) by mating parents with  

uniform crossover; 
8     Apply swap mutation on C(t) with a probability 

pmutation; 
9     Optimize C(t) with the rVNS method; 
10   Update P(t) by deleting the worst individual in 

P(t−1) and inserting C(t) into P(t−1); 
11 end while 
12 return the best individual in population P(t) as the 

final solution of DAIEN-RC 

Fig. 6  Framework of the proposed hybrid GA-rVNS

Table 1  Generated test cases 

Number of traffic streamsTest 
case

Number of 
devices, N

Number of 
switches, M Test set 1 Test set 2

1   48 12 192   240 

2 100 25 400   500 

3 148 37 592   740 

4 200 50 800 1000 

5 248 62 992 1240 
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5.2  Methods and parameter settings 

The performance of the following algorithms 
will be compared in this subsection. 

pGA: The genetic algorithm in Georges et al. 
(2006) is implemented as a baseline for comparative 
evaluation of other algorithms. The parameters are 
chosen as follows: population size=15; integer 
chromosome representation; two-point crossover 
with probability pcrossover=0.6; swap mutation with 
probability pmutation=0.2.  

rVNS: Pure rVNS is implemented for compari-
son with hybrid GA-rVNS. Pure rVNS is terminated 
when a predefined time limit has been reached. The 
parameters are α=−0.5 and ε1=10−3. 

GA-rVNS: The parameters for the ssGA part are: 
population size=20; pmutation=0.1, βp=100. For the 
rVNS part, the parameter α=−0.5, and ε1, ε2=10−3. 

Each algorithm is executed 20 times for each test 
case for a fair comparison of the average performance. 
Besides the average, the best and worst out of the 20 
results are recorded to assess the scattering of the 
results among individual optimization runs. 

The complexity of the considered algorithms is 
determined largely by the number of fitness evalua-
tions. Therefore, the fixed number of function 
evaluations, neval, is used as the termination condition 
for comparing all the algorithms based on approxi-
mately equal computational effort (Hart et al., 2000). 
The number of required fitness evaluations is related 
to the problem scale. For each test case all the algo-
rithms are terminated after the same number of func-
tion evaluations. 

5.3  Performance of the proposed optimization 
criterion 

To show the effectiveness of the proposed opti-
mization criterion, the objective function f is com-
pared with the objective function 

 

 * max ij ijf d T                    (12) 

 
applied in Georges et al. (2006) for DAIEN-RC.  

Real-time performance under different objective 
functions is measured by two metrics: average rela-

tive delay ( rd ) and the number of bad links. Fig. 8 

shows the results of pGA with objective functions f 
and f* on test set 1. In addition to the average results, 

the best and worst results obtained from the 20 opti-
mization runs are indicated as error bars in the plots. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As can be seen in Fig. 8, pGA with the proposed 

objective function f consistently leads to better per-
formance than with f*. For the test case with N≤148, 
optimized device allocation based on either objective 
function can guarantee zero bad link. When the net-
work scale gets larger, pGA with f can guarantee 
real-time performance, while pGA with f* cannot. 
When network traffic becomes too large, neither of 
the objective functions can ensure that all delays are 
below their respective tolerable limits. However, pGA 
with the proposed f can lead to many fewer bad links 
than that with f*.  

Any improvement or degradation of relative 
delay on any link will have an impact on the proposed 
f during evolution, whereas a search algorithm oper-
ating on f* will base its actions at any time only on the 
consideration of the links still violating the maximal 
tolerable delays, and ignore the other links. Regarding 
the convergence of the search algorithm, it is prefer-
able to include quantitative information about all 
links in the objective function rather than having the 
objective value depend only on a varying subset of all 
links.  

5.4 Effectiveness of the control scheme for 
neighbor generation 

To show the effectiveness of the proposed con-
trol scheme for rVNS, three variants of GA-rVNS are 
implemented (Table 2). The GA-rVNS with a uni-
formly random neighbor generation serves as the 
baseline of comparison. For the second GA-rVNS 
variant, an optimized but fixed value of  is chosen in 
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Fig. 8  Average relative delay (a) and the number of bad 
links (b) of pGA with objective functions f and f* on test 
set 1 
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Eq. (10), giving preference to smaller swap distances 
in the neighbor generation. The third variant imple-
ments the dynamic adaptation of  over the evolution 
process. 
 
 
 
 
 
 
 

 
Fig. 9 shows the results of the three versions of 

GA-rVNS when applied to test set 1. Shaping the 
distribution of the swap distances with a fixed  gives 
a significant advantage over the uniformly distributed 
neighbor selection. The proposed strategy of gradu-
ally changing from a uniform distribution of swap 
distances towards increasingly smaller values of  as 
the evolution proceeds leads to a further performance 
improvement, especially for large networks. As the 
search starts to converge and the observed fitness 
improvements per time are gradually becoming smaller, 
the decreasing  will put an increasing weight on 
neighbors with small swap distances. The search is 
thereby focused on the vicinity of the current solution. 
The results obtained show that this adaptive strategy 
is clearly superior to the non-adaptive schemes and 
can thus be considered a very effective means to im-
prove the efficiency of the rVNS. 
 
 
 
 
 
 
 
 
 
 
 

5.5  Comparative analysis of algorithms 

The quality of the algorithms can be evaluated 

by the average relative delay rd  and the number of 

bad links when the network becomes overloaded. Figs. 
10 and 11 summarize the results of pGA, rVNS, and 
GA-rVNS with the proposed f for each of the two test 

cases. The following observations can be made: 
1. pGA results always have the largest (i.e., 

worst) fitness value. As the network scale increases, 
the performance of pGA degrades so much that some 
control messages cannot be delivered within the re-
quired cycle times.  

2. GA-rVNS yields significantly better solutions 
than pGA in all the tests. Fig. 12 depicts the conver-
gence of the 20 trials for pGA and GA-rVNS with 
device number N=100 in test set 1, showing that the 
evolutionary search behavior of the proposed 
GA-rVNS is better than that of pGA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Three versions of GA-rVNS 

GA-rVNS  
variant 

Neighbor generation  

1 Uniformly random  

2 Proposed guiding strategy Eq. (10) 0.5 

3 Proposed guiding strategy Eq. (10) Adaptive*

* According to Eq. (11) 

Fig. 10  Average relative delay (a) and the number of bad 
links (b) of different algorithms on test set 1 
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Fig. 11  Average relative delay (a) and the number of bad 
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Fig. 9  Effectiveness of the proposed scheme for neighbor 
generation on test set 1 

Fig. 12  Convergence behavior of pGA and GA-rVNS on 
test set 1 with N=100 
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3. In both test sets, compared with a pure rVNS, 
the improvement of GA-rVNS becomes more sig-
nificant as the network size increases. 

4. Lower average relative delay is obtained by 
GA-rVNS than by other algorithms, which means 
GA-rVNS yields a network that has more ‘reserves’ 
than the solutions found using other algorithms. 
Therefore, the robustness of the designed system is 
increased with respect to sudden changes in input 
traffic or unforeseen addition of devices. 

5. The capability of GA-rVNS for optimizing 
larger scale problems is superior to that of pGA. Even 
for very large network sizes, GA-rVNS can guarantee 
the required real-time performance, while the other 
algorithms generate solutions with a significant 
number of bad links. 
 
 
6  Conclusions 
 

We propose a hybrid genetic algorithm incor-
porating a reduced variable neighborhood search 
(GA-rVNS) algorithm for finding an optimized de-
vice allocation in industrial Ethernet networks with 
regard to the guarantee of real-time performance. The 
objective of minimizing average relative delay ex-
plicitly considers the real-time performance on the 
individual data connections, which suits the inherent 
diversity of real-time requirements in industrial ap-
plications. The results for various test cases reflecting 
different network sizes and traffic types show that the 
proposed scheme achieves a better performance than 
the existing scheme without increasing the computa-
tional complexity. The proposed combination of an 
objective function based on relative delay and the 
hybrid GA-rVNS algorithm has proven particularly 
suitable for large size problems.  

Issues to be further investigated include alterna-
tive neighborhood structures for the rVNS part and 
alternative schemes for dynamically adapting the 
parameter . 
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JZUS (A/B/C) latest trends and developments 

 JZUS-A wins the “China Government Award for Publishing” for Journals 

This prize is the highest award for the publishing industry in China. It has been award to journals for the 
first time, and only 20 journals in China won the prize, 10 science and technology journals and 10 social sci- 
ence journals. 

 In 2010 & 2011, we opened a few active columns on the website http://www.zju.edu.cn/jzus 

 Articles in Press 
 Top 10 cited papers in parts A, B, C 
 Newest cited papers in parts A, B, C 
 Top 10 DOIs monthly 
 Newest 10 comments (Open peer review: Debate/Discuss/Question/Opinions) 

 As mentioned in correspondence published in Nature Vol. 467: p.167; p.789; 2010, respectively: 

JZUS (A/B/C) are international journals with a pool of more than 7600 referees from more than 67 coun-
tries (http://www.zju.edu.cn/jzus/reviewer.php). On average, 64.4% of their contributions come from outside 
Zhejiang University (Hangzhou, China), of which 50% are from more than 46 countries and regions. 

The publication, designated as a key academic journal by the National Natural Science Foundation of 
China, was the first in China to sign up for CrossRef’s plagiarism screening service CrossCheck.  

 

 JZUS (A/B/C) have developed rapidly in specialized scientific and technological areas. 

 JZUS-A (Applied Physics & Engineering) split from JZUS and launched in 2005, indexed by 
SCI-E, Ei, INSPEC, JST, etc. (>20 databases) 

 JZUS-B (Biomedicine & Biotechnology) split from JZUS and launched in 2005, indexed by 
SCI-E, MEDLINE, PMC, JST, BIOSIS, etc. (>20) 

 JZUS-C (Computers & Electronics) split from JZUS-A and launched in 2010, indexed by 
SCI-E, Ei, DBLP, Scopus, JST, etc. (>10) 

 In 2010 JCR of Thomson Reuters, the impact factors:  

JZUS-A 0.322; JZUS-B 1.027 


