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a  b  s  t r  a  c  t

The  social  influence  maximization  problem  is  an  important  research  topic  for  many  years  since  it  has  a
tremendous  impact  on  society.  As  social  influence  can  be  maximized  for many  purposes,  such  as  market-
ing, politics,  spreading  innovations,  there  are  many  stakeholders  interested  in  progress  in this  area.  As  it
has  been  shown,  for most  settings  finding  an  optimal  seed  set is  an  NP-hard  problem,  this  is  why various
heuristics  started  to  emerge  since  the  statement  of the  problem.  In this  work,  we  explore  the  applica-
bility  of evolutionary  algorithm  for influence  maximization.  The  experiments  conducted  using  real  and
artificial social  networks  and the  linear  threshold  influence  model  show  that  this  approach  offers  not
only speed  and  accuracy.  Also,  some  other  interesting  features  have  been  found,  such  as  the transferabil-
nfluence maximization
eed selection
enetic algorithms
volutionary algorithm

ity  of its  parameters  to  other  datasets.  Summarizing  the  results,  it was  observed  that  the evolutionary
algorithm  does  not  lose  its  performance  when  limiting  its time  by  the  factor  of  two  and  for  most  datasets,
we  obtained  a high  correlation  of  ranked  parameters’  sets  used  for the  evolutionary  algorithm,  typically
around 0.9.  Overall,  these  features  combined  make  this  approach  an interesting  research  direction  for
influence  maximization.

©  2019  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license
. Introduction

As the online social networks are not treated anymore as some-
hing separate from our daily life, but rather are now an important
art of our life, their role and impact increased significantly over
he last decade. From the space in which we  seek for escape
rom daily routines, online social networks became the space that
or many of us is the center of activity. The examples include:
stablishing or maintaining relationships, information or news cre-
tion, and retrieval or social activism. At the same time, online
ocial networks are a platform that is extensively used for mar-
eting of any kind, such as for promoting products and services,
olitical campaigns or, more controversially, disinformation. Inde-
endently of the purpose and characteristics of those activities,
heir mechanics is always the same. Namely, given a limited budget
or influencing individuals, the outcome of the process should be

aximized, and this can relate to a number of (dis)informed indi-
iduals, number of voters supporting a given candidate in elections,

ales of a promoted product etc. Since this problem, called influence
aximization problem, can be formally stated, researchers try to

ropose the best solutions to tackle it. As it is shown in this work,
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a significant contribution in terms of efficient heuristics comes
from the area of computational intelligence. In this work, we show
that the use of genetic algorithms, namely evolutionary algorithm,
brings promising results, both in terms of quality and efficiency.
These two factors – quality and efficiency – should be considered as
equally important nowadays, since online social networks are con-
stantly evolving, this is why  the influence maximization algorithms
should provide their results within reasonable time constraints.
Formerly used assumption about the static nature of networks does
not hold anymore and this imposes new challenges for influence
maximization algorithms nowadays.

The purpose of this work is to show how the use of evolutionary
algorithms improves the quality of results in the influence maxi-
mization problem by also providing significant progress in terms
of reducing the computational time. Additionally, we  demonstrate
that the power of evolutionary algorithms lies also in their flexi-
bility understood as the ability to use the algorithm’s parameters
learned in one network for another network by still providing good
results. This shows the transfer learning capabilities of evolutionary
algorithms.

In order to achieve the above, this paper raises the question
of whether the evolutionary algorithm is a good mean to find a

seed set for social influence maximization problem. To answer this
question, we  conduct a set of experiments using real-world and
artificial social networks. For those experiments, we did evaluate

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
The overview of methods for seed selection in social networks.

Method Short description Reference

Greedy Iterative approach building the seed set by
picking the nodes that together with
already chosen ones provide maximum
spread

[1,35]

Greedy
optimization

Focus on optimizing the greedy algorithm
by taking advantage of the submodulatity
and monotonicity properties

[5,36,4]

Data-driven Combining information about structural
properties of nodes and past propagations

[36,37]

Structural Taking into account the structural
properties of nodes and links

[38,39,6]

Sequential seeding Distributing the seeding over iterations in
order to benefit from natural activations of
nodes

[40–42]
8 M.  Weskida, R. Michalski / Journal o

early 250 evolutionary algorithm model parameters and we have
een looking at a number of properties of the approach: (i) how well
he evolutionary algorithm performs in the influence maximization
roblem, (ii) what is the dependency between the quality of results
nd time given to perform the method, (iii) how transferable are the
arameters to other networks.

To sum up the contributions of this paper, these are the follow-
ng:

we computationally demonstrate that the evolutionary algorithm
is a way to overcome the limitations of the greedy algorithm that
builds the seed set iteratively,
by evaluating the impact of the reduction of time given to evolu-
tionary algorithm on the results, we show that it is able to perform
well for situations in which its time for finding seed set is highly
reduced, e.g., for real-time decision making,
the comparison showing how good are the results in the case
of transferring the parameters from one network to another, we
demonstrate that the power of evolutionary algorithm lies in the
possibility of learning the model on one network and running on
another if their network models belong to similar families.

This manuscript is organized as follows. Section 2 describes the
elated work in the area of influence maximization also mention-
ng early works on the use of genetic algorithms for tackling this
roblem. Section 3 presents the experimental setup for the exper-

mental part of the work, covering the datasets, influence model
ettings, evolutionary algorithm’s parameters, and the results’ eval-
ation methods. The next section, Section 4, introduces the results
nd contains the discussion on them, while Section 5 summarizes
he article and investigates future work directions.

. Related work

The influence maximization problem in social networks is stud-
ed for over a decade now. As it was already proven [1], in most cases
t is an NP-hard problem, so finding its analytic solution is not possi-
le in a polynomial time. Yet, for small networks and static graphs,

t is still possible to find the optimal solution by iterating through all
he seed sets and computing their spreading performance. Unfor-
unately, for larger graphs, this approach is computationally too
emanding, but there are first attempts to overcome the network
ize limitations when seeking for exact solution [2].

As it was shown in [1], one of the most intuitive heuristics
 computationally demanding greedy method – can achieve at

east 1 − 1/e − � spread compared to the optimal solution, as the
esearchers took the advantage of the theory of submodular func-
ions. Since then, the research on influence maximization problem
as two-fold. Firstly, researchers tried to optimize the greedy algo-

ithm in order to reduce its running time [3,4], but another line of
esearch focused on finding alternative methods for tackling the
roblem [5–7] – these two directions have been summarized in
8]. Moreover, in Table 1 we present the overview of approaches
or tackling the influence maximization problem.

Following the latter of the above-mentioned research direc-
ions, recently another line of research in this area is starting to
e explored, as genetic algorithms shown their efficiency in mul-
iple application areas already, such as: scheduling[9], engineering
10,11], path planning [12,13], data mining [14], management [15],
oan portfolio optimization [16,17], biochar yield prediction [18,19]
r wireless sensor networks lifetime extension [20,21]. The com-

arison of different evolutionary-based optimization algorithm can
e found in [22,23]. Recently these are also being considered as
rospective candidates in social network analysis as well. Some of
he examples of their applications in online social networks anal-
Evolutionary Early attempts of using genetic algorithm
for influence maximization

[28,30]

Temporal seeding Seed selection for time-varying networks [43,44]

ysis include community detection [24,25] or link prediction [26].
Recently, genetic algorithms are also starting to show their exten-
sive capabilities in diffusion processes, yet the work so far can be
considered in its early days and these initial attempts of their use
in the area of influence maximization are described below.

One of the first works that considered the use of genetic algo-
rithms in the area of diffusion processes was not specifically
designed for influence maximization, but for modeling the diffu-
sion processes [27]. In this work, authors showed that it is possible
to build a model of the diffusion process based on the evolution-
ary algorithm that can adequately represent this process found in
the real world. The way  of tackling the problem of influence maxi-
mization by using genetic algorithm was presented as a concept in
[28]. Next, in [29] an approach for combining the greedy method
with genetic algorithm in such a way that the modified greedy
method improves the local search for the optimal solution for each
crossover operation. Another approach, presented in [30] investi-
gates how much gain can be achieved when the computations take
place in GPGPU environment when comparing the evolutionary and
greedy algorithms. The GPGPU approach is a one that belongs to the
SIMD (single instruction multiple data) class in Flynn’s computer
architectures’ taxonomy [31]. This means that in a single cycle one
instruction is executed on multiple data. In the case of GPUs, the
instructions are being executed on matrices, as previously this was
the basic approach for filling the shapes with textures, light etc. in
the case of computer graphics. Some years ago the GPUs started to
be used for computations since many problems can be represented
as operations on matrices. And, in the case of complex networks,
matrices are also widely used as a way of representing the adja-
cency, allowing to increase the speed of computations compared
to SISD or MIMD  typical for single or multi-core CPUs as multi-
ple matrices can be computed at once by thousands of GPU cores
[32,33].

The results presented in [30] show a superiority of the evo-
lutionary algorithm, both in terms of time and quality, yet some
limitations were also identified, e.g., the maximum size of the
network that can be processed. An interesting approach for con-
sidering how to generate the initial population and how to mutate
samples was presented in [34] as G2A approach. Here, the degree
of the nodes is a non-varying indicator of spreading potential of
vertices that can be taken into account in the genetic algorithm.

This work can be considered as a significant extension of the
above-mentioned works in a couple of directions. Firstly, as the

evolutionary algorithm method used in [30] imposed the limits on
network size, here it is shown that these limits may  be overcome by
modifying the representation of the network. Secondly, and more
importantly, in this work, an extensive investigation of the influ-
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Fig. 1. Visualizations of the arti

nce of genetic algorithm parameters on the results was  performed,
specially for transfer learning purposes. This leads to indications
ow volatile the results can be when applying the parameters for

 genetic algorithm that were not computed based on a destina-
ion network. Since it has already been shown in [30], this work
oes not cover the comparison between evolutionary algorithm
nd other heuristics, but it focuses on an in-depth investigation of
he performance of the evolutionary algorithm.

. Experimental setup

The experiments were performed with both the real world and
rtificial networks using three networks models. Many parameters
ets for the evolutionary algorithm were tested, and each test case
as repeated and its results averaged. Finally, some credibility tests
ere conducted in order to check the results cohesion over different
atasets. This section presents details of conducted experiments.

.1. Datasets

For the experimental part, the real world datasets were cho-
en for obtaining representative results that can provide general
onclusions being free of any dataset-specific overfitting. For that
atter experiments were performed using both: the real life and
andomly generated social networks following popular network
odels. The size of all of them was limited, in a way  described later

n, in order to reliably test as many parameters sets as possible
ithin a reasonable time frame.
etworks used for experiments.

3.1.1. Real world networks
In order to provide reality consistent results, three of the real

world social networks were used:

• Enron [45];
• Digg [46];
• Facebook wall posts [47].

Both Enron and Digg datasets contain the log files of messages
being sent among employees of the Enron company and Digg social
news website users, respectively. First of them contains 87,273 ver-
tices (users) and 1,148,072 edges (messages), whilst the second –
30,398 vertices (users) and 87,627 edges (messages).

Facebook wall posts dataset is a subset of messages published on
users’ mutual profile pages, so-called walls. This set includes 46,952
vertices (users) and 876,993 edges (wall posts).

3.1.2. Artificial networks
Apart from the use of real world networks, three social networks

models were used to create artificial undirected networks. The pur-
pose of their use is to show that the results generalize on artificial
networks following some standardized models, namely:

• Barabási-Albert (BA) model [48];
• Watts-Strogatz (WS) model [49];
• Erdős-Rényi (ER) model [50].
For each model, there were ten instances of artificial networks
created. Each model introduces different parameters important in
terms of the form of the network. The parameters were as follows:
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Table 2
Evolutionary algorithm’s parameters values tested.

Group size Nr of
individuals

Crossover
ratio

Mutation
potency

Mutation ratio

10 N/12 0.6 0.001 0.7
0 M.  Weskida, R. Michalski / Journal o

for the Barabási-Albert model the probability of attachment
equals 1;
for the Watts-Strogatz model the rewiring probability equals
0.001;
for the Erdős-Rényi model the probability equals 0.05.

The visualizations of all artificial networks used for experiments
re presented in Fig. 1.

.2. Computation limitations

One of the disadvantages of the authors’ previous approach
30] was the data representation. There, theN by N matrix needed
o be created in order to represent the influence values amongN
odes. That approach resulted in exponentially growing require-
ents regarding both RAM and the graphics card’s memory when

ncreasing the size of the network. This time authors decided to use
he sparse matrix representation as shown in [51]. This approach
ed to increasing the maximum network size that can be handled
y the setup used at the time from 1400 nodes to over 10,000. Fur-
her memory management improvements allowed networks of up
o 23,000 nodes to be analyzed. Given that the implementation
equired a separate thread for each node of each individual, and
he thread number limits of CUDA, the 23,000 was maximum possi-
le forN/8  (maximum tested) number of individuals. When setting
he number of individuals to one, the next limit reached was the
mount of RAM memory used. At 40,000 nodes it peaked at 5.5GB
hich was close enough to the amount mounted (6GB) to call it

 safe maximum for that setup. When testing full Enron network
over 87,000 nodes) and allowing the process to take over the swap

emory it peaked at 29,4GB of total RAM memory and only 147
B of the GPU memory, which is the equivalence of 1.3% total GPU
emory of the card mounted. Nevertheless, the sizes of the net-
orks tested needed to be limited to sizes far from those limits due

o the fact that when increasing the network size, the computation
ime emerges rapidly. In order to perform as many parameters sets
overing tests as possible in a reasonable time, it was inevitable to
imit those networks’ sizes. In the case of this experimental setup,
he limit for the number of nodes was arbitrarily set to 1000 for all
atasets.

.3. Social influence model and influence maximization

The model chosen as a model for social influence was linear
hreshold model developed by Mark Granovetter in late 1970s [52].
his model assumes that surrounding individuals impose influence
n a person that can be quantified and represented as influence
eights. Moreover, the considered individual has its own  threshold

hat, when exceeded by those summed influence of its influenced
eighbors, also makes that individual influenced. The process is run

teratively in the network until no further activations are possible.
n this setting, a seed set is a set of initially influenced individuals
n the network that result in a given total number of influenced
ndividuals at the end of this process. The influence weights in our
ettings were set accordingly to the following equation:

ij =
∑

aij∑
aj

, (1)

here wij is the influence weight from node i to node j,
∑

aij is
he number of all actions (messages, wall posts, etc.) from node i
o node j and

∑
aj is the total number of interactions of all node j’s
eighbors with node j. This can be interpreted in the way that the
ore interactions a given node has with another node, the higher

ts influence on that node is. The influence threshold of all nodes has
een uniformly set to 0.5 meaning that in order to influence a node
20  N/10 0.7 0.01 0.8
30  N/8 0.8 0.1 0.9

the weighted sum of its incoming edges has to exceed that value.
The number of seeds in all experiments was set to be equal to 50 –
an equivalence of 5% of the network. Additional experiments were
performed in order to establish the correlation between results
obtained for different sized seed sets. Please also note that despite
the networks were imported as undirected, the influence weights
following this definition already impose directions.

As it was  shown in Section 2, many different approaches to find-
ing best seed set exist, since the analytic solution is an NP-hard
problem. In this work, we  focus on the evolutionary algorithm as
a mean for finding prospective candidate seed sets evaluating also
the influence of that algorithm’s parameters on the outcome of the
process.

3.4. Evolutionary algorithm

One of the main parts of this work was to examine whether one
can say that some parameters sets of the evolutionary algorithm
are generally better than others giving consistently higher results
on the number of influenced nodes over many datasets. There are
a couple of important parts that the evolutionary algorithm con-
sists of: the initial population generation, selection, crossover, and
mutation. Each part relies on some parameters and has different
possible implementations. Initially, the population is generated
based on the number of individuals parameter. Each individual cre-
ated contains a randomized seed set (being 5% of the network in
this study) – see Algorithm 2. Next, the evolutionary part begins,
where selection, crossover, and mutation phases are executed in a
loop (called generation) until some limit is reached – here, 6 s for
real-world networks and 1.5 s for those that have been generated.
When the limit is reached, the best individual’s spreading capability
(number of activated nodes) is saved – see Algorithm 1.

There are many possible selection phase approaches. Based
on previous experience authors decided to use the tournament
approach, in which there are groups of individuals randomized and
their members are competing to advance to the next generation.
Authors decided to advance only the best (most influential) individ-
ual out of the group to the next generation, for details see Algorithm
3. In the crossover procedure, individuals are exchanging part of
their “genetic code” within the population. Here, those have been
exchanging 50% of their nodes. The crossover procedure depends
on the crossover ratio parameter, which determines the chance of
the crossover between individuals taking place. This procedure has
been described in Algorithm 4. During the mutation phase, some
of the individuals are mutating – changing their “genetic code”.
The mutation potency is a parameter describing a fraction of the
individual being swapped with randomly chosen nodes, and the
mutation ratio is a chance of it happening – see Algorithm 5.

Authors decided to use three values for each of the afore-
mentioned parameters and conducted tests over all possible
combinations (243) of those values (presented in Table 2). The
values itself were based on the results obtained previously [30]
(marked as bold). It was a natural continuation into the best param-

eters values determination for the given problem.

As far as the algorithm’s computation time is concerned, it was
arbitrarily set to 6 s for real-world datasets and 1.5 s for generated
networks. The difference in the computation time provided even
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in the approach used by the authors is presented in Figs. 2 and 3 .
Clearly, high results are being obtained early in the process, which is
one of the characteristics typical for genetic algorithms. Then, the
M.  Weskida, R. Michalski / Journal o

ore diverse environments in which the parameters sets could
e tested and their transferability showed. In those time spans,
he number of generations occurred ranged between 30 and 300
depending on the dataset being used and the parameters tested),
ee Section 4.1 for details.

lgorithm 1. Evolutionary algorithm

: procedure Algorithm's body
: for all possible combinations of parameters values (243) do
:  for all tests (10) do
: procedure Population initialization
:  while Time limit not reached do
:  procedure Selection
:  procedure Crossover
:  procedure Mutation
:  Average the results of 10 tests
0: Save the final result of the given parameters set

lgorithm 2. Population initialization

: procedure Initial population randomization
:  Create empty population P
:  while size of P < numberOfIndividuals do
:  Create empty individual I
: while size of I < seedSetSize (50) do
: Assign randomized node id to individual I

end while
: Add individual I to population P

lgorithm 3. Selection

: procedure Selection
: for all individuals in population do
: Calculate the influence spreading capabilities (effect of

activating nodes defined by the individual) on GPU]]
:  Create empty population P2
:  while Size of P2 =/= size of P do
:  Randomize groupSize individuals
:  Choose the best one (biggest influence) individual and

add it to P2
: Replace P’s individuals with P2’s individuals

lgorithm 4. Crossover

: procedure Crossover
: for all individuals in population do
: Randomize a number between 0 and 1
: if Randomized number < crossoverRatio then
:  if Any individual in the waiting list then
:  Divide current individual in half
: Divide awaiting individual in half
:  Swap first halves (50% of nodes) of those individuals
: Clear the waiting list
0: else
1: Add individual to the waiting list

lgorithm 5. Mutation

: procedure Mutation
: for all individuals in population do
: Randomize a number between 0 and 1
:  if Randomized number < mutationRatio then
:  while Nr. of mutations < mutationPotency * seedSetSize(50) do
: Randomize a node within the individual to be replaced
:  Randomize replacement node
: Exchange the node with the replacement

.5. Results averaging

For each network, there have been 243 test cases, which equals
he number of possible parameters’ combinations. For each test
ase, there have been ten independent runs of the genetic algo-
ithm performed in which the best possible individual (seed set)
as looked for. The influential capabilities of an individual were
nterpreted as the total number of activated nodes in the influ-
nce spread process. After running the process of the influence
pread the best performing individuals were saved. As a result, each
ataset provided data containing 2430 values used to evaluate each
utational Science 31 (2019) 77–85 81

of the parameters sets by averaging over ten entries each. The sets
of 243 results have later on been used for both: (i) establishing the
best performing parameters sets among all networks, (ii) to calcu-
late the correlation coefficients between them, further described in
detail. It needs to be underlined that in the case of generated net-
works, there were actually ten instances created for each model and
the results presented later on are averaged over those ten instances’
final results.

3.6. Results credibility and cohesion tests

It was  decided to use some measurements in order to ensure
the cohesion of results over all of the datasets. For that matter, the
Pearson’s correlation coefficient was  calculated [53] comparing the
vectors containing all 243 final results for each pair of the datasets
tested. Then, those averaged results were also used to create unique
parameters sets ranks for each dataset. Then, the Spearman’s cor-
relation coefficient [54] was  calculated to obtain the dependency
of those rankings.

3.7. Hardware and software

As the computation performed relies on the GPU computation,
the CUDA-capable GPU was  used. The main hardware and software
components of the workstation used for experiments are listed
below:

• NVIDIA 1080 Ti (11GB GDDR5, 3584 CUDA cores)
• 2 x Intel Xeon Processor E5640 (12M Cache, 2.66 GHz, 5.86 GT/s)
• 6 GB of RAM
• Ubuntu Linux with kernel 4.4.0-137-generic
• NVIDIA CUDA runtime and drivers version 10.0

In order to provide other researchers with the ability to repro-
duce the results or conduct similar experiments based on the
introduced approach, we  published the source code used for the
experimental part on the GitHub platform.1

4. Results and discussion

This section presents all performed experiments as well as an
interpretation of the values obtained. Moreover, the way that the
results were changing over time is being taken into consideration.
Also, the measuring methods for the data coherency were used and
described below. Finally, the standard deviation over multiple tests
was investigated.

4.1. Result over time

One of the aspects of the way that the evolutionary algorithm
performs that has been intended to be tested by the authors is the
change in the result obtained over time. This is also one of the main
advances when compared to other approaches, like the greedy algo-
rithm, that in this case the result may be presented in any moment
during the simulation, just probably not very high for the short time
given. The result is then going to be better and better over time
and the researcher is not constrained with any minimal time limit
needed to find a solution. The way that the result changes over time
maximal influence value is increasing over the next generations

1 https://github.com/Mhal007/evolutionaryinfluencespreadsparse.

https://github.com/Mhal007/evolutionaryinfluencespreadsparse
https://github.com/Mhal007/evolutionaryinfluencespreadsparse
https://github.com/Mhal007/evolutionaryinfluencespreadsparse
https://github.com/Mhal007/evolutionaryinfluencespreadsparse
https://github.com/Mhal007/evolutionaryinfluencespreadsparse
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Fig. 2. The dependency between the execution time of the evolutionary algorithm and the capabilities of the best individual found – over one of the real-world networks –
Facebook. Computation time in case of those networks was  limited to 6 s.
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of this experiment, the mutation potency values of 0.01 and 0.001
influenced the mutation phase in the same way, namely, mutating
exactly one node of the individual. Overall, the combination of high
mutation ratio with low mutation potency provides multiple minor

Table 3
Best parameters combinations among all datasets.

Group size Nr. of indiv. Cross. ratio Mut. ratio Mut. potency Avg position

30 83 0.6 0.9 0.01 10
30  100 0.8 0.9 0.01 10
30  100 0.7 0.9 0.001 13
30  100 0.6 0.9 0.001 14
30  83 0.8 0.9 0.001 14
30  83 0.8 0.9 0.01 14
ig. 3. The dependency between the execution time of the evolutionary algorithm
A.  Computation time in case of those networks was limited to 1.5 s.

hen it reaches its peak in less than 10 s. No further optimiza-
ion was achieved in this trial. That kind of analysis was conducted
efore starting the experimental phase of the research in order limit
he test cases in a moment that seems reasonable, namely, when a
igh result is already reached but it is still far from being an optimal
olution. Authors’ intention was to discover those parameters sets
hat provide satisfactory results in a relatively, to the nature and
omplexity of the problem, short time. Based on this preliminary
omputation, the limit has been set to 6 s for real-world datasets
nd to 1.5 s for generated networks.

.2. Best parameters sets

The methodology of finding best parameters combinations was
o calculate the average position of results obtained when using

 given set of parameters over all datasets, then creating a rank-
ng where the higher average position the better. Those findings

ere presented in Fig. 3 . The last column presents the afore-
entioned average position obtained. Clearly, the best group size,

mong values tested, seems to be equal to 30. No other value of this
arameter is present in the top results. Two most efficient number
f individuals were 1/10th and 1/12th of the network size, here
00 and 83 individuals, respectively (after rounding). Generally

peaking, it would seem like the more individuals the better the
esult, however, increasing number of individuals influences the
omputation time per generation, resulting in fewer generations
erformed overall in a given time frame. In this case, the maximum
e capabilities of the best individual found – over one of the generated networks –

value was  not really the most efficient one. As for the crossover
ratio, it is often recommended to use a value of this parameter
close to 0.7. These results show that all of the three values tested
are able to provide satisfactory results, although the best parame-
ters set contains 0.6 as its value. Contradictory, the mutation ratio
values stay uniform across best results at 0.9, only one set contain-
ing 0.8. Quite remarkable, that such high mutation ratio is giving
the best results when it is often recommended to keep this value
relatively small. The reason behind it is the use of the additional
parameter - mutation potency - with very small values. In the case
30  100 0.6 0.9 0.01 14
30  83 0.7 0.9 0.001 15
30  100 0.7 0.9 0.01 20
30  100 0.7 0.8 0.001 21
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Table  4
Pearson’s correlation coefficient for the values obtained among different datasets.

Digg Enron Facebook BA ER WS

Digg – 0.335 0.970 0.983 0.981 0.973
Enron 0.335 – 0.440 0.362 0.369 0.239
Facebook 0.970 0.440 – 0.981 0.983 0.941
BA  0.983 0.362 0.981 – 0.998 0.982
ER  0.981 0.369 0.983 0.998 – 0.977
WS  0.973 0.239 0.941 0.982 0.977 –

Table 5
Spearman’s correlation coefficient for the ranks obtained among different datasets.

Digg Enron Facebook BA ER WS

Digg – 0.127 0.830 0.929 0.933 0.941
Enron 0.127 – 0.212 0.116 0.102 0.078
Facebook 0.830 0.212 – 0.859 0.858 0.842
BA  0.929 0.116 0.859 – 0.981 0.975
ER  0.933 0.102 0.858 0.981 – 0.965
WS  0.941 0.078 0.842 0.975 0.965 –

Table 6
Pearson’s correlation coefficient among different number of seeds.

Faceboook 3% seeds 5% seeds 7% seeds

3% seeds – 0.977 0.977
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Table 7
Spearman’s correlation coefficient among different number of seeds.

Facebook 3% seeds 5% seeds 7% seeds

3% seeds – 0.776 0.774
5%  seeds 0.776 – 0.859
7%  seeds 0.774 0.859 –

Table 8
The mean value and standard deviation of the number of influenced nodes for a
chosen combination of evaluated parameters (Digg network).

Parameter Value

Group size 30
Number of individuals 83
Crossover ratio 0.6
Mutation potency 0.01
Mutation ratio 0.9

obtain any result at all. Here, the evolutionary approach achieves
5%  seeds 0.977 – 0.993
7%  seeds 0.977 0.993 –

utations which seems to be the best combination for obtaining
he best overall results.

.3. Results coherency

In order to ensure that the obtained results are reliable across all
atasets, authors calculated the Pearson’s and Spearman’s correla-
ion coefficients presented in Tables 4 and 5 , respectively. Usually,
he value above 0.4 is interpreted as proof of a statistically signif-
cant correlation between results. This value was  easily obtained
n most cases. The only dataset struggling with transcending this
hreshold was the Enron dataset. The highly probable reason for
ow results between Enron and other datasets is the fact that for this
articular network the results obtained were really high – ranging
etween 917 and 947, where 950 is the maximum possible result.
preading the influence within this network seems to have been so
rivial task to solve, that the advantages of certain parameters sets
f the evolutionary algorithm did not have a chance to show their
otential. Apart from this dataset, the correlation values are very
igh, ranging from 94.1% all the way up to 99.8% for the Pearson’s
oefficient and 83% to 98.1% in case of the Spearman’s coefficient.

The highest correlation occurred between the BA and ER net-
orks for both approaches. All in all, the results obtained in the

earson’s test were consistent with those obtained with the use
f the Spearman’s coefficient. Some differences were present due
o the slightly different approach between the two, but they were

ostly consistent.
An additional study was performed in order to find if different

ized seed sets can meaningfully influence the results obtained. For
hat matter there were tests covering all 243 parameters sets car-
ied out, with ten runs for each set averaged, to obtain final results.
his experiment was repeated for three seed set sizes – 3%, 5% and
% of the network size. In all cases, the Facebook network have been
sed. As can be seen in Tables 6 and 7 , the results were uniformly

ighly correlated with each other (over 97% for Pearson’s and 77%

or Spearman’s coefficients), meaning the results obtained in this
tudy are also transferable to studies based on other seed set sizes.
Mean number of influenced nodes 385.6
Standard deviation 8.027

4.4. Results standard deviation

As mentioned before, each parameters’ set was tested with ten
trials over a given dataset. Those results were then averaged for
the purpose of further calculations. Apart from the final, averaged
value, it seems worth mentioning how those results were spread
amongst all trials. And that highly depends on the parameters set
being tested and the dataset that the test is being performed on.
An example of the values obtained and their standard deviation is
presented in Table 8. In most cases the standard deviation was not
particularly significant, however, the repeated tests were needed
in order to obtain more reliable results due to the fact that the
evolutionary algorithm is non-deterministic.

5. Conclusions and future work

In this work, we investigated the influence of the evolution-
ary algorithm parameters on the result measured as the number
of influenced nodes. Combined with our earlier work on the topic
in which we compared greedy algorithm against this evolutionary
approach, the results clearly prove that the evolutionary method
holds an important position being fast and accurate, especially
when compared to the greedy approach. In terms of searching the
parameters’ space, the best found parameters sets were presented
that can be used in the future. Furthermore, the Pearson’s and
Spearman’s correlation coefficients’ values proved that these sets
performed well across all of the datasets that have been tested. The
main conclusion is not that those particular sets are generally the
best, surely a followup paper examining a wider set of parameters,
with the use of more powerful equipment and longer lasting exper-
iments could lead to finding some other, better performing sets. The
main point is that it is surely doable to obtain the parameters’ values
that are constantly giving better results, even for datasets with var-
ious sizes, complexity, a model they are based on, or computation
time restraint. Also, the sparse data representation implementation
opened up a possibility of performing simulations on significantly
bigger datasets. Furthermore, the analysis of the results’ change
over time has shown that the evolutionary approach may  be the
best choice in case of dynamic networks, or when the result is
needed quickly, as it provides quality results in no time, when
compared to the standard non-heuristic analysis, where working
with big datasets requires a huge amount of computation time to
high results very fast and the more time is spent the better result is
obtained while allowing to provide results at any time and to stop
the computation at any particular moment.
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In the future, the main focus should be pointed towards investi-
ating whether some heuristics can be used in order to test a wider
arameters space allowing to determine better parameters values
ets maximizing the influence spread even further. Apart from that,
n interesting research direction arises in which a streaming graph
cenario would be considered. This will allow the proposed method
o be even more suitable for time evolving online social networks.
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