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Abstract In this paper, we consider the modified epidemiological model for computer
viruses (SAIR) proposed by Piqueira and Araujo (Appl Math Comput 2(213):355-360, 2009).
The multi-step homotopy analysis method (MHAM) is employed to compute an approxima-
tion to the solution of the model of fractional order. The fractional derivatives are described in
the Caputo sense. Figurative comparisons between the MHAM and the classical fourth-order
Runge-Kutta method reveal that this method is very effective. The solutions obtained are also
presented graphically.
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1 Introduction

Computer viruses have cost billions of dollars since their invention in the 1980s. Actual
figures are somewhat speculative, but have been reported to be $12.1 billion in 1999, $17.1
billion in 2000 and $10.7 billion for the first three quarters of 2001 [1]. Thus, methods to
analyze, track, model, and protect against viruses are of considerable interest. Similar to
the biological virus, there are two ways to study this problem: microscopic and macroscopic
models. Following a macroscopic approach, since [10, 11] took the first step towards modeling
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the spread behavior of computer virus, much effort has been done in the area of developing
a mathematical model for the computer virus propagation [3,8,19,22,24].

Epidemic models for computer virus spread have been investigated since at least 1988.
Murray [17] appears to be the first to suggest the relationship between epidemiology and
computer viruses. Although he did not propose any specific models, he pointed out analogies
to some public health epidemiological defense strategies. Gleissner [7] examined a model of
computer virus spread on a multi-user system, but no allowance was made for the detection
and removal of viruses or alerting other users to the presence of viruses. More recently, a group
at IBM Watson Research Center [9-12] has investigated susceptible-infected- susceptible
(SIS) models for computer virus spread. In [10], they formulated a directed random graph
model and studied its behavior via deterministic approximation, stochastic approximation,
and simulation. Piqueira and Araujo [19] suggested a modified epidemiological model for
computer viruses.

Nowadays several researchers work on the fractional order differential equations because
of best presentation of many phenomena. Fractional calculus has been used to model physical
and engineering processes, which are found to be best described by fractional differential
equations. It is worth noting that the standard mathematical models of integer-order deriv-
atives, including nonlinear models, do not work adequately in many cases. In the recent
years, fractional calculus has played a very important role in various fields such as mechan-
ics, electricity, chemistry, biology, economics, notably control theory, and signal and image
processing see for example [6, 15, 16]. In this paper, we investigate the applicability and effec-
tiveness of the homotopy analysis method (HAM) when treated as an algorithm in a sequence
of intervals (i.e. time step) for finding accurate approximate solutions to the epidemiological
model for computer viruses. This modified method is named as the multi-step homotopy
analysis method. It can be found that the corresponding numerical solutions obtained by
using HAM are valid only for a short time. While the ones obtained by using multi-step
homotopy analysis method (MHAM) are more valid and accurate during a long time [2].
In this paper, we intend to obtain the approximate solution of the fractional-order Model
for computer viruses via the multi-step homotopy analysis method. Finally we compare our
numerical results with fourth-order Runge-Kutta method.

2 Model description

In this paper, we consider the model presented by Piqueira and Araujo [19]. In this model,
they considered that the total population T is divided into four groups: S of non-infected
computers subjected to possible infection; A of noninfected computers equipped with anti-
virus; I of infected computers; and R of removed ones due to infection or not. The influx
and mortality parameters of the model are defined as:

N': influx rate, representing the incorporation of new computers to the network;

oz proportion coefficient for the mortality rate, not due to the virus.

The susceptible population S is infected with a rate that is related to the probability of
susceptible computers to establish effective communications with infected ones. Therefore,
this rate is proportional to the product S, with proportion factor represented by . Conversion
of susceptible into antidotal is proportional do the product SA and is controlled by a4,
that is an operational parameter defined by the anti-virus distribution strategy of the network
administration. Infected computers can be fixed by using anti-virus programs being converted
into antidotal ones with a rate proportional to A, with a proportion factor given by a4,
or become useless and removed with a rate controlled by §. Removed computers can be
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restored and converted into susceptible with a proportion factor o. This model represents
the dynamics of the propagation of the infection of a known virus and, consequently, the
conversion of antidotal into infected is not considered. Therefore, by using this model, a
vaccination strategy can be defined, providing an economical use of the anti-virus programs.
Considering these facts, the model can be described by:
ds
o =N —asaSA—BSI —uS+oR,

dl
o = BST —ajp Al — 81 — pl,

dt

R 81 R R ey
= s8I —cR— .

dt "

dA
ar =asASA+aja Al — nA.

Here the influx rate is considered to be N = 0, representing that there are no incorporation
of new computers in the network during the propagation of the considered virus, because its
action is faster than the network expansion. The same reason justifies the choice of u = 0,
considering that the machines obsolescence time is larger than the time of the virus action.

Consequently, the equation system (2.1) is simplified to:

ds

— = —asaSA — BSI +oR,

dt

dl

L = BSI —aya Al — 81,

dt 22)
dR (2.
— =06l —oR,

dt

dA

Z =O{sASA+(X[AAI.

with S(0) = So, 1(0) = Iy, R(0) = Ro, A(0) = Ayp.
Here the total population of the network 7' = § 4 I + R 4 A remains constant.

3 Fractional calculus

In this section, we give some basic definitions and properties of the fractional calculus theory
which are used further in this paper.

Definition 3.1 A function f(x) (x > 0) is said to be in the space C, (@ € R) if it can be
written as f(x) = x? fi(x) for some p > a where fi(x) is continuous in [0, c0), and it is
said to be in the space CJ if f(’") € Cy, meN.

Definition 3.2 The Riemann-Liouville integral operator of order & with a > 0 is defined as
1 X
(Jg NHx) = N /(x -0V fyd, x>a, (3.1
a

J2f)x) = fx). 3.2)

Properties of the operator can be found in [14,16,18,20,23]. We only need here the
following: For f € Cy, @, 8 > 0,a >0, c € R, y > —1, we have
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GEIE Y ) = TPIZ ) () = JETP £) (0, (3.3)
« oy xVte )
Jg XV = ) Bra(a.y +1), (3.4)

where B;(«, y + 1) is the incomplete beta function which is defined as

T

Br(a,y + 1) =/z“—1(1 —1)7dt, (3.5)
0
bper _ ey _ e 5 L=l
T = ¢%“(x — a) kgor(wrk“). (3.6)

The Riemann—Liouville derivative has certain disadvantages when trying to model real-
world phenomena with fractional differential equations. Therefore, we shall introduce a
modified fractional differential operator DY proposed by Caputo in his work on the theory
of viscoelasticity.

Definition 3.3 The Caputo fractional derivative of f(x) of order « > 0 witha > 0 is
defined as

£ @)
(m—a) (x — p)atl-m dt, 3.7

(D2 f)(x) = (I f™) (x) = -

form—1<a<mmeN, x>a, feC".
The Caputo fractional derivative was investigated by many authors, form — 1 < o < m,
f(x) e CJl anda > —1, we have
m — 1 L ()C - ll)k
DG ) ) =1"D" o) = f) = > fP @) T (3.8)
k=0 ’
For mathematical properties of fractional derivatives and integrals one can consult the
mentioned references.

4 Multi-step homotopy analysis method

The HAM is used to provide approximate solutions for a wide class of nonlinear problems
in terms of convergent series with easily computable components, it has some drawbacks:
the series solution always converges in a very small region and it has slow convergent rate in
the wider region [2,4,13,21,25,26]. To overcome the shortcoming, we present the multi-step
homotopy analysis method that we have developed for the numerical solution of the system
of fractional differential equations

D*'S(1) = —asa SOAQW) — B SMOI(1) + 0 R(),

DI (t) = BSOI(t) —aya ADI() —81(1),

D% R(t) = 81(t) — o R(1),

D™ A(1) = asa SOAWD +ara ADI (). @.1)

It is only a simple modification of the standard HAM and can ensure the validity of the

approximate solutions for large time. Although the MHAM is used to provide approximate

@ Springer



The multi-step homotopy analysis method 589

solutions for nonlinear problem in terms of convergent series with easily computable compo-
nents, it has been shown that the approximated solution obtained are not valid for large t. To
extend this solution over the interval [0, ¢], we divide the interval [0, ¢] into n -subintervals
of equal length At, [to, t1), [t1,12), [t2,13), ..., [tu—1, 1] With 29 = O, t, = t. Let t*be
the initial value for each subintervals and let S;, /;, R; and A; be approximate solutions in
each subinterval [t;_1,¢;], j = 1,2, ..., n, with initial guesses
S1t*) =3,8 ;0% =s;(tj—1) =sj-1(tj=1),
L(t") =95,1;(t") =ij(tj—1) =ij-1(tj-1),
Ri(t") =1, R ;(t") =rjtji—) =rj_1(tj—1), j=23,..,n
At =1,A;(t") =a;tj—1) =aj_1(tj-1).
Now, we can construct the so-called zeroth-order deformation equations of the system
(4.1) by
(1= q)Llg1,j(t; q) — S;j(t™)] = qh[D* ¢y j(t; q) + asadb,j(t; @)pa,j(t; q)
+B¢1.;(t; @), (t; q) — o3, (15 q)],
(1 = q)LI2.j(t; ) — 1;(t")] = gh[D® 2, j(t; ) — 1. (t; Q)2 (15 q)
Fajadn, it q)pa j(t; q) + 8¢ ;(t; q)],
(1 —q)Llg3,j(t; ) — R;j(t")] = gh[D%¢3 j(t; q) — 8¢2.;(t;9) + 093 j(t; )], (4.3)
(1 —q)LI¢a j(t; q) — Aj(t™)] = qh[D™ ¢4 j(t; q) — aasagr j(t; q) ¢4, j(t; q)
—arad2,j(t; @)a,j(t; ¢)],
j=12,..n,

4.2)

where g € [0, 1] is an embedding parameter, L is an auxiliary linear operator, 4 # 0 is an
auxiliary parameter and ¢; ;(t;q), i =1,2,3,4, j=1,2,..., n, are unknown functions.
Obviously, when ¢ = 0, we have

61,1(;0) =3, ¢1,;(:0) =8;-1(tj-1),
$2,1(2;0) =95, ¢, (t;0) =1;_1(tj—1),
$3,1(8:0) =1, ¢3(:0)=R;_1(tj—1), J=23,..n,
G41(1;0) =1, ¢4 j(t:0) =A;_1(tj—1),

and when ¢ = 1, we have

¢, 1) = S;@),
¢2,j(t; 1) = I;(2),
@3, (t; 1) = R; (1), j=2,3,..,n,
Gaj(t;1) = Aj (@),

Expanding ¢; j(t;q),i =1,2,3,4, j=1,2,...,n,in Taylor series with respect to g, we
get

¢t q) = S;(t)+ D Sjm)g",

m=1

$2.j(t:9) = 1;(*) + D 1im(Dg",

m=1
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[e.¢]
$3.j(t:q) = Rj(t") + D Rjm()q", j=1,2,..,n, (4.4)

m=1

$aj(t:q) = Aj() + D Ajm(Dg",

m=1
where
1 "¢yt q)
Sim@) = %TL]:O’
1 0" ;(1; q)
Ijsm(t) = ! |q=05
m! ag™ .5)
R _10"¢3(t;q) 1o '
j,m(l)—%aqimbzog J=1L24..,n,
1 0" ¢a ;(t; q)
Ajm(@) = ET'II:O’

If the initial guesses S;(t*), I;(t*), R;(t*), A;(t*), the auxiliary linear operator L and
the nonzero auxiliary parameter & are properly chosen so that the power series (4.4) converges
atg = 1, one has

Si(t) =1t 1) = S;) + D Sjm®),

m=1

L) = o j(t: 1) = ;) + D Tjm (1),

m=1

- (4.6)
Rj(t) =3 j(t: 1) = R;(t") + D Rjm(t), =12, ..n,

m=1
i) = a1 1) = A1) + D Ajm ().

m=1

Define the vectors

S ) = (80000, S0 (1), -, S (D)),
T jm®) = L0, 110, - (),
R jm(®) = {Rj0(), Rj1(0), ... Rj (D)),
A i) = (A0, Aj (D). Ajm(D)).

Differentiating the zero-order deformation Eq. (4.3) m times with respective to ¢, then
setting ¢ = 0 and dividing them by m!, finally using (4.5), we have the so-called high-order
deformation equations

%

LISjm(®) = xmSjm—1 Ol =h R}, (S jm_1(0),
—

LU (@) = X Ljm1 (D] = h RS, (T jm—1(1)),
! —

LIRjm(®) = XmRjm—1(D] =" %3, (R jm—1(1)),

LIA (@) = XA jn—1 1 = 00, (K 1 (1),

4.7)
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subject to the initial conditions

Sim©) =10 =Rjm©) =A;n0) =0, j=1,2,....n, m=12,..

where
N m—1
R (S 1) = DU Sj 1 (t) +asa D Sji(OAjm—i-1(1)
i=0
m—1
+BD SO i1 (t) = O Rjm1(2),
i=0
N m—1
N2 (1 jm1(0) = DL (6) = B S jm—i—1 (D)
i=0
m—1
tara DA i1 (t) + 811 (1),
i=0
3 = o3
N3 (R jm1(6) = D Rj 1 (t) = 81;m 1 (t) + 0 R 1 (1), (4.8)
N m—1
5}’1"},,,1(1‘\j,mfl(t)) =D"Ajpu—1(t) —asa Z Sii(Ajm—i—1(t)
i=0
m—1
—asa z AjiDjm—i—1(t)  j=12,...,n,
i=0
and
0, m<l1

Select the auxiliary linear operator L = D% ,i = 1,2, 3, 4, then the mth-order deformation
Eq. (4.7) can be written in the form

Sin(®) = xnSjm—1 (O +h TR (S j 1 ()],
L@ = o Ljm—1 @) + b T2, (T et O],
Rim(®) = X Rjm—1 (1) + b TSR, (R juo1 ()],
Ajn(®) = Yo At (O + 1 TR (A 1 ()],

The solutions of system (4.1) in each subinterval [¢;_1,¢;], j = 1,2, ..., n, has the form

(4.10)

Sj([) = Z Sj,m(t - tj71)7

m=0
B0 =D Lim —1j-1),

=0 (4.11)
P =D Rjmt —tj-1),

m=0

o0
aj)= D Ajmt—ti1),  j=12..n

m=0
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and the solution of system (4.1) for [0, T'] is given by

S() =D xrsj(0),

j=1

1) =" xij),
":1 (4.12)
R(t) =" xrrj (1),

j=1

n
A =D xeaj(),  i=12....m
j=1

where

L teltjo,ty]
=00, ¢l

5 Numerical results

In this work, we carefully propose the MHAM, a reliable modification of the HAM, that
improves the convergence of the series solution. The method provides immediate and visible
symbolic terms of analytic solutions, as well as numerical approximate solutions to both
linear and nonlinear differential equations. We apply the proposed algorithm on the interval
[0, 25]. We choose the auxiliary parameter 4 = —1 and divide the interval [0, 25] into
subintervals with time step At = 0.1, and we get HAM series solution of order k = 6 at each
subinterval. So in this case we have to satisfy the initial condition at each of the subintervals.

We consider the set of parameters values as as4 = 0.025, 74 = 0.25,8 =0.1,0 = 0.8,
8 = 9. From the graphical results in Fig. 1, it can be seen the results obtained using the
MHAM match the results of the RK4 very well. Figure 1 shows non-infected computers,
infected computers and removed ones due to infection or not are vanish, while the noninfected
computers equipped with anti-virus, in the long term, is in a good operational state. Figures
2 and 3 show the phase portrait for the classical SAIR models using the MHAM and the
fourth-order RK4, which implies that the MHAM can predict the behavior of these variables
accurately for the region under consideration. Figures 4 and 5 show the phase portrait for
the fractional SAIR models of modified epidemiological system using the MHAM. From
the numerical results in Figs. 4 and 5, it is clear that the approximate solutions depend
continuously on the time-fractional derivative «;, i = 1, 2, 3, 4.The effective dimension
of the system (4.1) is defined as the sum of orders «1 + @2 + &3 + ¢4 = >_ . Also we can
see that the chaos exists in the fractional-order modified SAIR models of epidemics system
with order as low as 3.8.

6 Conclusions

The analytical approximations to the solutions of the modified epidemiological model for
computer viruses are reliable and confirm the power and ability of the MHAM as an easy
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Fig. 1 The displacement for modified epidemiological model for computer viruses when oy = ap = @3 =
aq = 1 solid line RK4 method solution, dotted line MHAM solution

Fig.2 Phase plotof S(z), I (t) and R(¢) versus time, with ] = ap = @3 = ag = 1. Left MHAM, right RK4

device for computing the solution of nonlinear problems. In this paper, a fractional order
differential SAIR model is studied and its approximate solution is presented using a MHAM.
The approximate solutions obtained by MHAM are highly accurate and valid for a long
time. The reliability of the method and the reduction in the size of computational domain
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Fig. 4 Left phase plot of S(7), I(t) and R(¢) versus time, with «l = a2 = &3 = a4 = 0.97; right phase
plot of S(7), 1(¢) and A(¢) versus time, with ¢l = @2 = «3 = a4 = 0.97
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Fig.5 Left phase plot of S(7), I (¢) and R(¢) versus time, with @1 = 0.95, ap = 0.96, 3 = 0.95, g = 0.94;
right phase plot of S(), I(t) and A(t) versus time, with &1 = 0.95, ap = 0.96, @3 = 0.95, gy = 0.94

give this method a wider applicability. Finally, the recent appearance of nonlinear fractional
differential equations as models in some fields such as models in science and engineering
makes it is necessary to investigate the method of solutions for such equations. and we hope
that this work is a step in this direction.
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