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1. Introduction

Nonlinear phenomena play a crucial role in applied mathematics and science. Therefore, over the last ten years or so many
mathematical methods that are aimed at obtaining approximate analytical solutions of non-linear differential equations
arising in various fields of science and engineering have appeared in the research literature [1-7]. However, most of them
require a tedious analysis or a large computer memory to handle these problems.

The main aim of this paper is to present applications of He’s homotopy perturbation method (HPM) to four non-linear
biological problems. The first problem is a logistic growth model in a population whereas the second one is a prey-predator
model: Lotka-Volterra system. The third problem is a simple 2-species Lotka-Volterra competition model, and the fourth
one is a prey-predator model with limit cycle periodic behavior.

HPM was proposed by Ji-Huan He [3] in 1999. According to this method the solution is obtained as the summation of an
infinite series, which converges to exact solution. Using the homotopy technique from topology, a homotopy is constructed
with an imbedding parameter p € [0, 1], which is considered as a “small parameter”. The approximations obtained by the
HPM are uniformly valid not only for small parameters, but also for very large parameters.

First, we consider the logistic growth in a population as a single species model to be governed by [8]

dN

5 =NA=N/K), (1)

where r and K are positive constants. Here N = N(t) represents the population of the species at time t, and r(1 — N/K) is
the per capita growth rate, and K is the carrying capacity of the environment. We non-dimensionalize Eq. (1) by setting

_NO

u(r) = , T =rt,
(7) %
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and it becomes
du
i =u(l—u). (2)
If N(0) = Ny, then u(0) = No/K. Therefore, the analytical solution of Eq. (2) is easily obtained
1
T 1+ K/No— e’

For numerical purposes we take Ny = 2 and K = 1, therefore the last equation reads

u(t)

u(r) =

(3)

2—e T

Second, we consider the Predator-Prey Models: Lotka-Volterra systems as an interacting species model to be governed
by [8]

CLN—N(a bP)

dt — ’

dp

— =P(cN—d 4
dt (c ); (4)

where a, b, c and d are constants. Here N = N(t) is the prey population and P = P(t) that of the predator at time t. We
non-dimensionalize the system (4) [8] by setting

N(t bP(t
u(r) = ‘ d( ), v(t) = L, T=at, o=d/a,
and it becomes
du u(1 )
- _ — ),
dr
dv
— =av(u—1), (5)
dr

where we take o = 1 for our computations below.

Third, we consider the simple 2-species Lotka-Volterra competition model with each species Ny and N, having logistic
growth in the absence of the other. Inclusion of logistic growth in the Lotka-Volterra systems makes them much more
realistic but to highlight the principle we consider the simpler model which nevertheless reflects many of the properties of
more complicated models, particularly as regards stability. We thus consider the system [8]

dt K Ky
dN, N, Ny
—— =Ny | 1= — —by— |, 6)
dt K> K3

where 11, K1, 12, K>, b12 and b, are all positive constants and the r’s are the linear birth rates and the K’s are the carrying
capacities. The by, and b,; measure the competitive effect of N, on N; and N; on N, respectively: they are generally not
equal. If we non-dimensionalize this model by writing [8]

N] N2 Ib) Kz Kl
u=_—, V=, T =r1it, o= a=bp—, b = by1—,
K, K; r K; K,
the system given by Eq. (6) becomes
du (1 )
— =u(l—u—av),
dr
dv
— = pv(1 —v —bu), (7)
dr

where we takea = 1, b = 0.8, p = 1 for our computations.
Last, we consider a prey-predator model with limit cycle periodic behavior [8]:

dN N kP
—=N|r{1-=)-—-],
de [( K) N+D]
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where r, K, k, D, s and h are all positive constants. We non-dimensionalize this model by writing [8]

N hP k s D
u= —, v=—, T =rt, a=—, b= -, d=—,
K K hr r K
and the system in Eq. (8) becomes
du auv
— =u(l—u) — ,
dr u+d
d
l:bv(1—3), 9)
dr u

where we takea = 1, d = 10, b = 5 for our computations.

2. The idea of HPM

The basic idea of the HPM can be illustrated as follows [3,4]: we consider the nonlinear differential equation
Aw) —f(r) =0, res, (10)
with boundary conditions
B(u, du/dn) =0, rel, (11)

where A is a general differential operator, B is a boundary operator, f (r) is a known analytic function, I" is the boundary of
the domain £2.

In general, one divides the operator A into two parts L and N, where L is linear, while N is nonlinear. Therefore, Eq. (10)
is written as follows

L(u) + N(u) — f(r) = 0. (12)
By the homotopy technique [3], one constructs a homotopy v(r, p) : £2 x [0, 1] — R which satisfies
H(v,p) = (1 = p)[L(v) — L(uo)] + pl[A(v) —f(1)] =0, pe[0,1],re 2, (13)
or
H(v, p) = L(v) — L(uo) + pL(uo) + pIN(v) — f(r)] =0, (14)

where p € [0, 1] is an imbedding parameter, ug is an initial approximation of Eq. (10), which satisfies the boundary
conditions. It is clear that

H(v,0) = L(v) — L(uo) =0,
and
H(v, 1) = A(v) — f(r) =0,

the changing process of p from zero to unity is just that of v(r, p) from uy(r) to u(r).
According to the HPM, we can first use the imbedding parameter p as a “small parameter”, and assume that the solution
of Eqs. (13) and (14) can be written as a power series in p:

v=1vg+pvr +pPua+ -, (15)
Setting p = 1 results in the approximate solution of Eq. (10):

u=lim]v=vo—|—v1+v2+---. (16)
p—

The combination of the perturbation method and the homotopy method is called the homotopy perturbation method,
which has eliminated limitations of the traditional perturbation methods.

The series in Eq. (16) is convergent for most cases, however, the convergent rate depends on the nonlinear operator A(v)
(the following opinions are suggested by Ji-Huan He [3,4]):

(1) The second derivative of N(v) with respect to v must be small because the parameter may be relatively large,
ie,p— 1.

(2) The norm of L~ !N /dv must be smaller than one so that the series converges.
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3. Applications of HPM

Example 1. We solve Eq. (2) using HPM with the initial condition u(0) = 2 [9]. We rewrite Eq. (2) in the form

du_ 1—-uw
ar Y W,
u(0) = 2, (17)

where p € [0, 1] is an imbedding parameter. As in He's HPM, it is clear that when p = 0, the initial value problem in
Eq. (17) becomes linear; when p = 1, it becomes the original nonlinear one. We consider the imbedding parameter p as a
“small parameter”. We assume the solution of the problem given by Eq. (17) is expressed as a power series given in Eq. (15).
Substituting Eq. (15) into Eq. (17), and equating coefficients of like p, we obtain the following differential equations:

P’ {ug =0, wo(0) =2,

v =vo— v, v1(0) =0,

—

N

t{vy = v1 — 2vpv1, 12(0) =0,

w

vy = vy — v? — 2vvy,  v3(0) =0,

S

:{vy = v3 — 2v9v3 — 2v1v2, v4(0) =0,

v

{vl = vg — v3 — 2v1v3 — 2vpvs, vs(0) =0,

2]

: {vg = vs — 2usvp — 2V1V4 — 2v203,  V(0) = 0,

~

{v) = vg — V3 — 20U — 201Vs — 2v204,  v7(0) = 0,

=T~ e = S = S = e = e = NS~ |

3]

s {vg = v7 — 2v7v9 — 2V1V6 — 2V2v5 — 2V304, V5(0) = 0,

where “primes” denote differentiation with respect to 7. Thus, solving the equations above yields

Vo = 23
v, = —21,
_ 2
vy = 317,
v3 = —13/37°,
vy = 25/4t%,

vs = —541/607°,

vg = 1561/1207°,

v; = —47293/25207,
vg = 36389/134418,

Substituting these in Eq. (15) gives
v = 2 —2pt + 3p*c? — 13/3p°c3 + 25/4p*t* — 541/60p°¢> + 1561/120p°¢°
—47293/2520p" 7 4 36389/1344p® 7% —
Hence, by Eq. (16) one has

u=2-—2t+31%—13/37c° + 25/4t* — 541/607° + 1561/1207° — 47293/25207" 4 36389/13447% — ..., (18)
which is the expansion of
u= 2 . (19)
2—e7

This solution is exactly the same as in Eq. (3).

Example 2. We now solve the system in Eq. (5) using HPM with « = 1, u(0) = 1.3, v(0) = 0.6 [9]. Therefore, we rewrite
it in the form

du ( )
— =pu(l —v),
dr b
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dv

P pv(u — 1),

u(0) = 1.3, v(0) = 0.6, (20)
where p € [0, 1] is an embedding parameter. We assume the solutions of Eq. (20), (u, v) are expressed as power series

U=t +piy+p’ip + -+, (21)

v =10 +pvi +pva+---, (22)

respectively. Substituting Eqs. (21) and (22) into the system in Eq. (20), and equating coefficients of like p, we obtain the
following systems of differential equations:

uy =0,

p’: v, =0,

up(0) = 1.3, v9(0) = 0.6,

uy = uo(1 —vo),

p' vy =vo(up — 1),

u1(0) =0, v1(0) =0,

Uy = ug — (Uov1 + Uyvp),

p: U; = Ugv1 + U1V — V1,

u2(0) = 0, v2(0) =0,

Uy = uy — (Ugvz + Ugv1 + Uavp),

p: U; = UgV2 + UV + UpVg — V3,

u3(0) = 0, v3(0) =0,

uy = us3 — (Upv3 + Uvz + Upvy + Usvy),
p: U:; = UgV3 + UV + UV + U3Vg — V3,
u4(0) = 0, v4(0) =0,

where “primes” denote differentiation with respect to t. Thus, solving the above systems of equations yield
ug = 1.3, vg = 0.6,
u; = 0.52t, v; = 0.187,
u; = —0.0137%, v, = 0.18372,
u3 = —0.112273,  v3 = 0.04697°,
ug = —0.04977%,  v4 = 0.00997%,

Substituting these u,, v, ,n > 0into Eqs. (21) and (22), respectively we have
u=1.3+0.52pt — 0.013p*t* — 0.1122p>c> — 0.0497p"t* — - - -,
v = 0.6 + 0.18p7 + 0.183p%t% + 0.0469p°z> + 0.0099p*z* + - - -.
Letting p — 1 one obtains
u=134052r —0.01372 — 0.11227% — 0.04977* — - . -, (23)
v = 0.6+ 0.187 + 0.1837% + 0.04697> + 0.00997* + - - - (24)

Example 3. In this example we solve the system in Eq. (7) using HPM with u(0) = 1, v(0) = 1. Therefore, we rewrite it in
the form

du u(l —u—av)
- _ —u—av),
dr b

dv

— =ppv(l —v — bu),
dr

u(0) =1, v(0) =1, (25)
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where a, p, b are some positive constants, and p € [0, 1] is an embedding parameter. We assume the solutions of Eq. (25),
(u, v) are expressed as power series given by Egs. (21)-(22) respectively. Substituting Eqs. (21)-(22) into the system in Eq.
(25), and equating coefficients of like p, we obtain the following systems of differential equations:

uy =0,

p’:{v, =0,

up(0) =1, vo(0) =1,

U} = up — uj — augvy,

p' (v = p(vy — vy — bugp),

u;(0) =0, v1(0) =0,

u/z = uy; — 2Uglq — a(u0v1 + U]Uo),

p® 3 vy = p(v1 — 2vv1 — b(upvy + urvp)),

ux(0) =0, v2(0) =0,

u/3 = Uy — 2Ugly — u% — a(uov2 + uqvg + UZU()),

p” Vs = p(v2 — 2v0v2 — V3 — b(Uovy + U1vy + Uzvp)),

u3(0) =0, v3(0) =0,

Uy = us — 2uquy — 2upus — a(Upvs + Uqva + Uz g + Uzvg),

p* vy = p(vs — 2v1v2 — 209v3 — b(Uovs + U1v2 + Uzv1 + Usly)),

us(0) =0, v4(0) =0,

where “primes” denote differentiation with respect to t. We take a = 1, p = 1and b = 0.8 for numerical purposes. Thus,
solving the above systems of equations yield

Ug = 1, Vo = 1,
u = —1, v = —0.87,
U = 1.41%, vy, = 11272,

u3 = —1.90677°3, v3 = —1.47207°3,
uy = 2.581474, vy = 1.93977%,

Substituting these u,, v,, n > 0 into Eqs. (21) and (22), respectively we have

u=1-pr+ 1.4p>c*> — 1.9067p’t> + 2.5814p*c* — ..
v=1-0.8pt + 1.12p*t% — 1.4720p°¢> 4 1.9397p*c* + - - ..

Letting p — 1 one obtains

u=1-—1+ 147> — 1.90677> + 2.58147% — . .. (26)
v=1-—0.87 + 1.127% — 1.47207> + 1.93977%* + . . .. (27)

Example 4. We finally solve the system in Eq. (9) using HPM with u(0) = 1.3, v(0) = 1.2. Therefore, we rewrite it in the
form

du a ) auv
—=plu(1—-u) — ,
ac P u+d
dv

v
dr = pbv (1 B E)
u(0) = 1.3, v(0) = 1.2, (28)

where a, d, b are some positive constants, and p € [0, 1] is an embedding parameter. We assume the solutions of Eq. (28),
(u, v) are expressed as power series given by Eqs. (21)-(22) respectively. Substituting Eqs. (21)-(22) into the system in
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Eq. (28), and equating coefficients of like p, we obtain the following systems of differential equations:

uy =0,

P iyy, =0,

up(0) = 1.3, vo(0) = 1.2,

u) =ug— ué — augvy/(d + up),

p U; = bvo(l — Uo/uO),

u;(0) =0, v1(0) =0,

ll,2 = 2”1 — 4”0”1 — 2(1(”11}0 + uovl)/(d + uo) + Zauovgul/(d + UO)z,

P" 1 Y v) = 2bv; — 4bvgv, /ug + 2bviu; /u},

uz(0) =0, v2(0) =0,

Uy = 6uy — 6u? — 12uguy — 6a(uav + urvy + Uvy)/(d + to)

3. + 6a(uvo + Uov1uy + Uovottz) /(d 4 Ug)* — Bauguouy/(d + up)*,

" | v = 6bvy — 6b(v] + 2vpva) /ug + 6b(vEuy + 2veviuy) /U — bVl Jug,

u3(0) =0, v3(0) =0,

llil = 24”3 — 48”1”2 — 481101,!3 — 24(1(”31)0 —+ v +uqvy + lloU_v,)/(d + Uo)
+ 24a(2uyvouy + Ujvy + Uovaly + UgvrUz + Ugvols)/(d + ug)®

4 . — 24(1(1.[?1)0 + UQU]U% + 2u0v0u1u2)/(d + UO)3 + 24(11,[01}0!1?/((1 + U0)4,

) Uz/l = 24bU3 — 48b(v0v3 + U11)2)/Ll0 + 24b(U%U1 + U3U3 + 2UOU2U] + 2v0v1u2)/u(2)
— 48b(utvovy + viuuy) /uy + 24bvius Jug,

uy(0) = 0, v4(0) =0,

where “primes” denote differentiation with respect to 7. We takea = 1, b = 5 and d = 10 for numerical purposes. Thus,
solving the above systems of equations yield

up = 1.3, v = 1.2,

u; = —0.52817, v1 = 0.46157,

u; = 0.84157%, v, = —4.20247°,

u3 = —2.39907%,  v; = 35.80167°,

us = 3.7396t*, vy = —760.4937%,

Substituting these u,, v,, n > 0 into Eqs. (21) and (22), respectively we have

u=1.3—0.5281pt + 0.8415p*7% — 2.3990p°r> + 3.7396p"r* — - - -,
v = 1.2 + 0.4615pt — 4.2024p*t% + 35.8016p°t> — 760.493p*t* + - - -.

Letting p — 1 one obtains

u=13—0.52817 + 0.8415t% — 2.39907> + 3.73967% — - - -, (29)
v =1.240.46157 — 4.20247% + 35.80167> — 760.4937* + - - - (30)

4. Conclusion and results

In this paper we obtain the approximate analytical solutions of continuous population models for single and interacting
species using He’s homotopy perturbation method. Fig. 1 shows a very good approximation to the analytical solution of
logistic growth model in the time interval [0, 0.4] by using only 9 terms of the series given by Eq. (16), which indicates that
the speed of convergence of HPM is very fast. In addition, a better approximation to the exact solution for ¢ > 0.375 can be
achieved by adding new terms to this series.

Figs. 2 and 3 show the comparison between the five-term HPM solutions of the system in Eq. (5) and the numerical
solutions with @ = 1, u(0) = 1.3, v(0) = 0.6. We obtain these numerical solutions using ode23, an ordinary differential
equation solver found in the Matlab package. It is clear from both of the figures that there is a very close agreement between
the solutions for u (prey population) and v (predator population) in the time interval [0, 1.1]. As mentioned above for the
logistic growth model, a very good approximation to the approximate analytical solution for ¢ > 1.1 can be achieved by
adding new terms to the series in Eq. (16).
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19 L nine—term HPM sol. 4
l"analytical

1.8 - B

u(t)

1.7 - B

1.6 - B

15 1

14 L L L L L L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 1. Comparison between the nine-term HPM solution of the logistic growth model in Eq. (2) and the analytical solution with u(0) = 2.

1.7

1.65 - Bl

16+ =

Unumerical

five—term HPM sol.
1.55 B

13 . . . . . .

Fig. 2. Comparison between the five-term HPM solution of the system in Eq. (5) and the numerical solution with @ = 1, u(0) = 1.3, v(0) = 0.6.

11

Vnumerical
five—term HPM sol.

V(1)

0.5 L L L L L L

Fig. 3. Comparison between the five-term HPM solution of the system in Eq. (5) and the numerical solution with @ = 1, u(0) = 1.3, v(0) = 0.6.

Figs. 4 and 5 show the comparison between the five-term HPM solutions of the system in Eq. (7) and the numerical
solutions witha = 1, p = 1,b = 0.8, u(0) = 1, v(0) = 1. It seems that the solutions for u and v look almost identical
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1 T T

— Unumerical
five-term HPM sol.
0.95- N
0.9+ B
=
=1
0.851- N
0.8 i
I I I I I I
0'750 0.05 0.1 0.15 0.2 0.25 0.3 0.35

T

Fig. 4. Comparison between the five-term HPM solution of the system in Eq. (7) and the numerical solution witha = 1,p = 1,b = 0.8,u(0) = 1,
v(0) = 1.

1 T

Vnumerical
0.98 - five~term HPM sol. ]

0.94 - bl

V(1)

0.9 4

0.88 - bl

0.86 - 4

0.84 - h

0.82 .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

T

Fig. 5. Comparison between the five-term HPM solution of the system in Eq. (7) and the numerical solution witha = 1,p = 1,b = 0.8,u(0) = 1,
v(0)=1.

in the time interval [0, 0.25]. One can obtain a better approximation to the numerical solutions by adding new terms to the
series in Eq. (16).

Figs. 6 and 7 show the comparison between the five-term HPM solutions of the system in Eq. (9) and the numerical
solutions witha = 1,d = 10, b = 5, u(0) = 1.3, v(0) = 1.2. It is again clear that the two figures for the solutions (u, v)
look identical in the time interval [0, 0.01]. Each equation in Eq. (9) is strongly non-linear. That’s why we had to solve it
in such a small time interval to obtain a five-term HPM solution. A better approximation for larger time interval can be
achieved by adding new terms to the series in Eq. (16).

On the other hand, in [5] we have solved the problems we present in Examples 1 and 2 using Adomian decomposition
method (ADM) [10,11], an iterative method which provides approximate analytical solutions in the form of an infinite power
series for nonlinear equations. Also, ADM is used by many scientists, e.g., [6,7,9,12,13]. Although HPM and ADM give the same
results for both of the problems (as the authors of Ref. [10] have faced for their problems), the HPM needs not to calculate
Adomian polynomials, and it is very straightforward, and the solution procedure is very simple [14,15].

Even though the examples in this paper are non-linear ordinary differential equations, HPM is, of course, applicable to
non-linear partial differential equations (as stated in [2]). One of the major lack of ADM is that it could not always satisfy all
the boundary conditions of the nonlinear problems, leading to an error at the boundary of the domain in which the problem
is solved [1].

Therefore, one clearly can conclude that HPM and He polynomials can completely replace the Adomian method and
Adomian polynomials.
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1.301

u,

1.3 numerical
: five—term HPM sol.

1.299 -

1.298 -

1.297 -

u(t)

1.296 |-

1.295

1.294 -

1.293 -

1.292 - .
0 0.005 0.01 0.015

Fig. 6. Comparison between the five-term HPM solution of the system in Eq. (9) and the numerical solution witha = 1,d = 10,b = 5, u(0) = 1.3,
v(0) = 1.2

1.207

v )
L numerical <
1.206 five-term HPM sol.

1.205 - bl

1.204 - 4

V(1)

1.203 |- bl

1.202 - 4

1.201 - 4

. .
0 0.005 0.01 0.015

Fig. 7. Comparison between the five-term HPM solution of the system in Eq. (9) and the numerical solution witha = 1,d = 10,b = 5, u(0) = 1.3,
v(0) = 1.2
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