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Abstract This article is concerned with theoretic analysis and numerical
approximation of solutions to a hierarchical age-structured population model,
in which the vital rates of an individual depend more on the number of older
individuals. The well-posedness of the model is rigorously treated by means of
fixed point principle, and an algorithm and convergence analysis are presented.
An example is used to show the effectiveness of the numerical method.
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1. Introduction

The hierarchy of dominance ranks of individuals is in common and can be observed
in many biological populations (e.g., see survey article [9] and references therein).
Although hierarchical models for species are realistic, their theoretic analyses and
numerical approximations are often challenging tasks, because of the high nonlin-
earities resulted in the rank structure. Generally speaking, hierarchical models are
more difficult to treat than age- and size-structured models incorporating no hier-
archy.

Lomnicki proposed the first mathematical model in [16] to describe the rela-
tion between resources partition and individuals’ rank, he thinks that the resource
partition within a population is not even and the competition among individuals
is contest. Gurney and Nisbet considered a predator-prey model in which preda-
tors are rank-structured [11]. They analyzed the model by stochastic techniques
and showed that rank difference was helpful in sustaining stability. Cushing in [5]
studied the long-term behaviors of a hierarchical age-structured model, which was
reduced to a system of ordinary differential equations. When the vital parameters
were determined by energy, produced by food or cannibalism, Cushing and Li’s
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investigation displayed that the cannibalism based on ranks was the direct cause
to periodic oscillations [7]. In [12] Henson and Cushing examined the effects of the
form of competition (contest or scramble) on population evolution via a hierarchical
age-structured model. For a kind of nonlinear hierarchical model with parameters
partially influenced by the “environment” [6], Calsina and Saldana treated the ex-
istence and uniqueness of solutions and asymptotical behaviors, while this task was
completed by Kraev for a forest model [15], where a tree’s rank was given by its
height. Compared with continuous models, research works on discrete models are
much less. Jang and Cushing considered [14] a discrete vision of the model in [12]
, and the conclusion is also similar to that in [12] . Ackleh, Deng and Hu obtained
the existence and uniqueness of nonnegative solutions for age- and size-structured
hierarchical models in [1,4] by means of upper and lower solutions technique. One
cannot expect to have analytical solutions to these complicated models, Shen, Shu
and Zhang proposed a higher order numerical method for a hierarchical model [18],
its performance was effective and non-oscillating. For a very general model, Calsina
and Saldana established existence and uniqueness of solutions by means of char-
acteristic curves and theory in evolution equations [8]. Recently, in [17] Liu and
He proved the well-posedness for a kind of size-structured hierarchical population
system.

Besides the challenges in theoretic analysis, research on numerical method of
hierarchical models is rather rare. In the present paper, we study a hierarchical
age-structured model with finite expectancy and human harvest. We pay attention
both to the rigorous analysis for existence and uniqueness of solutions, and to an
algorithm of approximating them. The convergence analysis and a numerical ex-
ample are also presented.

The article is organised as follows. The next section presents the model descrip-
tion and basic assumptions, and section 3 is for existence, uniqueness and continuous
dependence of solutions on initial distributions. The section 4 contains the numeri-
cal algorithm, its convergence analysis and simulation, while some remarks is in the
final section.

2. The Model Description

We consider the following infinite dimensional system governing the evolution of an
age-specific population with hierarchy and harvesting:

&+ P et B o, )p(a0) —wplast), (@) € D,

A
p(0,6) = | Blat, E(p)(a,t))pla,t)da,  0<t<T, (2.1)
p(a’O)ZPO(a)? OSG<A7

where D = (0, A) x (0,7"), and A > 0 is the maximum age of individuals and 7" > 0
the control horizon. So called “environment” F(p) is defined as

a A
E(p)(a,t) = a/o p(r, t)dr +/ p(r,t)dr, 0 <a<1. (2.2)

Here the constant a shows the weight of individuals with age smaller than a. Func-
tions p and B are mortality and fertility, respectively. The form of u and 3 indicates
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that, apart from age and time, the vital rates of an individual of age a depend more

on the number of individuals with age equal to or larger than a. The positive con-

stant u stands for the human harvesting efforts. Finally, po(a) gives the initial age

distribution of the individuals.

Throughout this paper, we make the following assumptions:

(Anl) p(a,t,z) >0, B(a,t,x) >0, V (a,t,z) € DxR;y.Foranyx € Ry, B(-,-,x) €
L>(D), and for (t,z) € (0,T) x Ry, p(-,t,x) € L}, [0, A); fOA w(a, t,z)da =
+00.

(An2) S and p are locally Lipschitz functions w.r.t. the third variable, that is,
YV M > 0, there exists L(M) > 0, such that

‘ ﬁ(aﬂtu‘rl) _6(a7t,$2) |S L(M) | Ty — T2 |7
| nla,t, 1) — pla,t,@2) |[< L(M) [ 21 — 2 |
for all z1, xo with |z;| < M, i=1,2.

(An3) For given (a,t) € D, f(a,t,-) is nonincreasing and pu(a, t,-) is nondecreasing.

(An4) There is a positive constant pg, such that 0 < pg(a) < pg, V a € [0, 4].

3. Well-posedness of the model

For A = 400, u = 0, the existence and uniqueness of solutions to (2.1)-(2.2) was
treated in [1] via upper and lower solutions method. The approach we employed in
this section is Banach fixed point theorem.

Firstly, we deal with the existence of unique solutions to the model (2.1)-(2.2).
Then we state a continuity result.

Let q(a,t) € L>(0,T; L*(0, A)) be arbitrary but fixed, so is the function

a A
E(q)(a,t) :a/o q(r,t)dr—i—/ q(r,t)dr.

We consider the linear system
dp  Op
o " 9a
A
p(0,1) = / Bla.t, B(q)(a, t))pla, t)da, 0<t<T,
0

p(a,0) =po(a), 0<a <A,

_/-L* (a’ t? E(Q)(av t))p(a, t)v (a7 t) € D,

(3.1)

where p* := p + u. It is well-known that (3.1) has a unique non-negative solution,
which is of the form (see [2]):

po(a - t)H(a7 tv ta )7 a2 ta
pla,t;q) = (3.2)
b(t - a;q)H(aatva;q)v a <t,

where b(t; ¢) := p(0,t; q), and

II(a,t,s;q) := exp{— /OS p(a—1,t—71,E(q)(a—T1,t—71))dr}. (3.3)



Theory and approximation of solutions ... 1329

Using (3.2) and the second equation in (3.1), we claim that b(t; ¢) satisfies

b(t:q) = Flt:q) + /Ot K(t,5;:q)b(t — s;:q)ds, t € (0,T), (3.4)
with

K(t,s1q) = (s, 1, B(q)) (s, 1, 5:9), (3-5)

F(t;q) = /0 " Blat 1., B(@)pol@)I(a + 1,1, q))da. (3.6)

One may extend the values of pg, 8, and II outside their domains to 0 if necessary.
In this section, we assume T > A. Otherwise the process is similar.
Define
My = max{[|F(:;0)|| = (o,mye” POl ® ipg | 110,40},
H :={v e L>(0,T,L'(0,A)) : v(a,t) >0, (a,t)€ D; lv(-, )21 (0,4) < M7},
H:={he L>0,T): 0<h<Mp, te(0,T)}.

Lemma 3.1. There are My, Map > 0, depending on T only, such that for¥ q1,qs €
H, t>0,

| F(t;q1) — F(t;q2) |

ngQEmuuw—Ewg«wmwm@+Anmug—qx»nyumw)
(3.7)
and
0 <b(t;q) < Mar;
0(t; 1) — b(t; g2)| < Moz ([[E(q1)(- 1) — E(g2) (-, )| o> (0,4)
+Anmu$—@m@mmmmy

Proof. When t € [A,T), B(a+t,t,E(q)) = 0, then F(¢;q) = 0. Clearly (3.7)
holds.
When t € (0, A), by (3.3), (3.6) and (Anl)-(An4), we have

|F(t;q1) — F(t; g2)|

S/0 |/8(a +1,t, E(‘h)) - 6(0“ + t,t,E(qg))|p0(a)H(a +t,t,1; Q1)da

(3.8)

+/mﬁw+ntE@ﬁmdwmw+muum)—ﬂw+tumwww
0
<LOM)E@) (1) — @)l =y [pollz20n
A t
+Lwh0/ Mmummwy/ufm—nt—nE@nm—ﬂt—ﬂ>
0 0

—p(a—7,t—T1,E(q2)(a —7,t —T))|drda
<L(Mr7)||E(q1)(-,t) — E(q2)(-,t)llz>~(0,4) [lPollz1(0,4)

A t
+ LMy /O B(a,t,0)po(a) /O [B(q1)(a — 7t — 7) — E(ga)(a — .t — 7)|drda.
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Notice that:

/Ot |E(q)(a— 7.t —7) — E(g2)(a — 7.t — 7)|dr
:/t

<2 / la1(8) — a2+ )l 21 0.4y, (3.9)

a—T A
a/ [q1(r,t —T) —qg(r,t—T)]dr—i—/ [q1(ryt — T) — qa(r,t — 7)]dr| dT
0 a

-T

it suffices for (3.7) to take Myp = L(Mr)l[pollr10,4)(1 +2[B(-, -, 0)|| L (D))-
By a standard approach, it is not difficult to show that b(¢;¢) > 0 for ¢ > 0. On
the other hand, (3.4) derives that

b(t:q) <I| F(-0) oo + / | BC.-0) || bt — s:q)ds
Bellman’s inequality tells us that
b(t;q) < ||F('70)||L°°(0,T)€T||B(""0)”L°°(D) =: Myr. (3.10)
From the assumptions and (3.4)-(3.6), it follows that
b(t; q1) — b(t; q2)]
<IF(tq)) — F(t; )] + / K (6.t — sq1)) — K (61— 5302))[b(s: 1) s
/ K(t,t - 502))[b(s; 1) — b(s: go)|ds
t
<Mt (|E(Q1)(',t) — E(q2) (- )| oo (0,4) +/ | q1(-,s) —aq2(-,8) |l d5>
0
+ Mor(L(M7)T||E(q1) (-, ) — E(g2) (-, )| 1= (0,4)
t
+ L(M2)T||B(, - 0)[| oo (1) / |E(q1)(a —7,t —7) — E(g2)(a — 7, — 7)|dr)
0
t
BC0)m) / Ib(rs 1) — b(; 42)
<My (|E<q1><-,t> B(ga) (s )l o) + / (s 8) — aa(- >|L1<0,A>ds)
F1BC0) ) / Ib(rs 1) — b(r; g2)dr,
0

where M3p is a constant depending on 7" only. Gronwall’s inequality enables us to
obtain (3.8). O
Define the mapping

T: H— L®(0,T;L'(0,A)), (Tq)(a,t) =p(a,t;q), q € H,

where p(a, t; q) is the solution to (3.1) and given by (3.2).
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Lemma 3.2. 7 maps H into itself, and there exists constant M > 0 (depending
on T only), such that forVqi, g2 € H,

t
1(Ta)(,t) = (Ta2) (-, )l 22 (0,4) < M/ lai(s ) = a2(,9)ll L1, ayds.  (3.11)
0
Proof. When t € (0, A), by Lemma 3.1, we have
1(Ta1) (1) = (Ta2)(, 1)l

=llp(a,t;q1) — pla, t; q2)ll L1 (0,4)

t
S/ |b(t — a;q1) — b(t — a; q2)|1(a, t,a; q1)da
0
t
b(t — a; q2|1(a, t,a; 1) — (a, t, a; g2)|da

OA
+ / pola — OT(a,t,t;q1) — T(a,t,t: go)|da
/ Mor (JE(@) (-t — a) — B(g) (-t — )]l 1~ 0.0
/ a1 (- 5) — g >|L1<0,A>ds) da
+M2TL(MT)/O/O |E(q1)(a —71,t —7) — E(q2)(a — 7,t — 7)|drda
A t
+L(MT)/t po(a—t)/O |E(q1)(a —T1,t —7) — E(g2)(a — 7,t — 7)|drda
<Myr / IE(@1)(t — a) — B(ga) (-t — @)l 0.y da
0
+ My T / l1( ) — gaes )12 0.0 s

t
4 OMyL(My)T / l1( ) — gaes )l c0.n s
0
t
+ 2L(M7) [pol 2 (0.0 / la1(8) — a2+ )l 23 0.4y s,
0
in which
t
/ IE(@1)(+t — a) — E(g) (-t — a)| p=0.4da
0
t . A
- / ||a/ [g1(r, £ — @) — qa(ryt — a))dr+ / [91(rs £ — @)= ga(ry £ — @))dr| L= (0.0, da
0 0 .
t A
g// (= a) — go(r t — a)|drda
0 0
t
=/ ln(t— @) — go(st — a) |10,y da

/||(11 ) = @2(, )21 (0,4)ds. (3.12)
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This completes the proof. O

Theorem 3.1. The model (2.1)-(2.2) has a unique solution, which is nonnegative
and bounded.

Proof. Choose constant A >M, and define the equivalent norm on L>(0,7; L'(0, A)):

llg|l« = Ess sup ){e_’\th(-,t)||L1(0,A)}, Vqce LOO(O,T;Ll(O,A)).
t

)

Using Lemma 3.2, we obtain

ITq1 — Taqell« = Ess supyeom{e M (Ta) (1) = (Tq2) (-, t)|L10,4)}
< MEss supcory{e™ Jy lai(+) = a2( 5l 00,4 ds}
< MEss sup;e(o.r)fe ™ Jo e lla1 (-, s) = aa(-, 8)ll 11 0,4y ds}
< @qu — q2]|«-
According to Banach fixed point theorem, the mapping 7 has only one fixed point
q*, which is the solution of (2.1)-(2.2).

Since b(t) > 0, ¢ € [0,T], relation (3.2) implies that p(a,t) > 0, V(a,t) € D.
Finally, let p®(a,t) be the bounded solution to the following linear system

dp  Op
ot T ag = et 0p(at) —up(a,t). (at) € D,

A
MQﬂ:/wﬁ@ummmﬂm,O<t<ﬂ
0

p(a,0) =po(a), 0<a<A.

(3.13)

By the monotonicity (An3) of u, /3, and the comparison principle, we claim that
p(a,t) < p°(a,t), ¥ (a,t) € D.

O
Next, we state a result to describe the continuous dependence of solutions upon
the initial distributions. Since the proof is similar to that in the well-posedness, we
omit the details.
Let p;, i = 1,2, be the solution of the following
o, o0 _
ot  Oa

A
p(0,t) = /0 Bla,t, E(p)(a,t))p(a,t)da, 0<t<T,

p(a,0) =ppi(a), 0<a< A; i=1,2.

—[1,(&, t7 E(p) (a7 t))p(a, t) - up(a, t)v (a’ t) € D7

(3.14)

Theorem 3.2. There is a constant M > 0, such that

lp1 — p2llLe(py < M||por — po2|lL=(0,4)-
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4. Algorithm and Its Convergence

In this section, we follow the spirits in [3] and develop a numerical scheme to
approximate the solution of (2.1)-(2.2).
We need some additional assumptions:

(1) B € C2(0, 4] x [0, 7)), and u* € C2([0, A) x 0, T));
(H2) 30 < A* < A, such that p* € L>[0, A*], and fA* (a,t, E(p)(a,t))da = +o0;
(H3) po € C?[0, A) and lim,_, 4 po(s) exp (f; p*(a,t, E(p)(a,t))da) < +oo.

Under the above assumptions, one can show that the solution to the model
satisfies (similar to Theorem 4.2 in Chapter I, [13])

p € C([0,A] x [0,T)), p(a,t) >0, for¥ a € [0,A),t>0; p(A,t)=0. (4.1)

Along characteristic lines a — ¢t = ¢, ¢ is a constant, the equation (2.1) can be
rewritten as

dt p(t+ect)=—p* (t+ct, E(p)(t+ct))p(t+c,t).

For each (ag,tg) € D, there is h > 0, such that (ag + h,tp + h) € D, and

h
plag + h,to + h) = plag, to) exp <—/ w(ag + 7,t0 + 7, E(p)(ap + 7, to + T))dT) )
0

(4.2)
We introduce the following notations:

(1) = [4. 1 (r,t, E(p)(r,t))dr, f(A,t) = +oo. For a given A*, let the step
size h = A*/J*, where J* is a positive integer. The total number of steps is
J =[A/h].

(2) aj=jh, 0<j<J (aj- =A% a; < A);
(3) t, = nh, tn+%:tn—i—%,()gngN;N:[T/h];

(4) P" =[P, PP, ..., P}], where P is the numerical approximation of p(a;,ty),
0<j<J 1<n<N;

(5) Denote the grid values of the initial distribution by P° = [P, PY, ..., PJ]; P} =
Po (a]) 0<j<J.

For 0 <n < N — 1, we approximate p(0,t,) and the other grid values of solutions
at (aj,tn) via midpoint and trapezoidal quadrature rules, respectively. Define the
following recursive algorithm

I = Plexp{—hiat 4y by i (P2 D} 0S50 =1, (43)

P = Pl exp{f(aj,t) = f(agen,t)}, J7<j<T -1, (4.4)

Pt = gu(B(PH P, (45)
where B(P")P" = (3(PP)PY,--+ B(PY)P}), B(PY) = Blag,tu gi" (P})), 1<) <
J, 1<n<N;

J-1
h
gh(Un):hU}lJFZ (U + U1 (4.6)

i=1
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J—2
h n hon
—OéZh +1+ 1—05 25 Z+1+U )+2U]+] (47)
i=j
J—-1 h
gZ*(U}L)Zagh(U")+(1—a)Z§(U"+ ); (4.8)
=3
41 n+i _nti 41
Pty = [Pyt Py L P (4.9)
2 2 2
Pn+1 Pn h n . * .
+1 - exp{_flu (a]a ny 9 (P ))}a 0 S.] < J _11 (410)
P;ff = Plexp{f(aj,tn) — flazy1.t)},  J*<j<J—1. (4.11)

In the remainder of this section, we establish the convergence of above algorithm.
Let H* = {A*/J*, J* € N}. For Vh € H*, we define the space X, = (R7+1)N+1,
Here R7*1is used to consider the approximation of the theoretical solution at each
point. And we define the space Y3, = R7H1 x RN x (R7)¥ which is used to consider
errors due to initial values, approximation of boundary points, and approximation
of other points.
To describe the errors, we define

1]l 00,q = 1r£1?<><q |zi|, for x = (z1,x2, ..., z4) € RY;

J
1Ul1,741 = Zh|Ui|, for U = (U, Uy, ...,Uy) € RJ+17
=0

and B 4(zn,7) denotes the open ball with center x;, and radius r, defined by the
norm || - [Joc,g-

For (U°, U, ..., UN) € Xp,, let [|(U°,UY,...,UN)|x, = 01<na<xN||U loo.s1; and
fOI‘ (Q07Q07Q17“'7QN) c Y}“ let

N
Q% Q0, @Y, @, QM)llys, = 1Q°llos,5+1 + 1 Qollos,v + D 1Q" oo,

n=1

Let p denote the solution of the system (2.1)-(2.2). Yhe H*,p, = (p°, p',...,p™V) €
X}, where

P =g Pt )T € R P = p(aj,t,), 0<j < J,0<n < N.

For £ > 0, define the mapping ¢y, : Bx, (pn,€) C X, — Y, én (U, UL, ..., UN) =
(Q°, Qo, Q', Q%...,QN), concrete computations are given by

Q*=0U°"- P’ e R/, (4.12)
Qo =Ug —gn(B(P")P"), 1 <n <N, (4.13)

and for0<n <N —1,

1
U = U exp { =h (@ gty 0 (U7 )}
Qi = ——— i ) g<jer o ()
Urtl — Unex a;i tyn) — fla;i1,tn
Q?_?.Lll: j+1 j p{f( J ) f( j+1 )}7 J*SjSJ—L (4'15)

h
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where
qufv‘mmf “(aj,tn, gy (U)}, 0<j<J =1, (4.16)
Un-:-f _ U” exp{f(a;,tn) — f(ajJr%,tn)}, Jr<ji<J—-1 (4.17)

It is obvious that (P, P1, ..., PY) € X}, is a solution of the system (4.3)-(4.5) if
and only if ¢, (P°, P!,..., PN) = 0.

Hereafter, C' will be a positive constant, which may take different values in
different situations.

Lemma 4.1. Under assumptions (H1)-(H3), if U", W™ € By, j41(p",€),1 < n <
N — 1, then for h small enough, we have
lgn"(U") = gi" (W) < CIU™ = W1, (4.18)
lgn(BU™MU™) — gn(BOW™")W™)| < ClIU™ = W™y, (4.19)
(

|Un+2 _W]?“fﬁ\ < [Ur — WP+ Ch|U" — Wn 4.20)

wu"“>gﬁ’”m<cwnvwmﬂy (4.21)

Proof. The first two inequalities are clearly true.
When 0 < j < J* —1, by (4.16) we have

n+% n+% n n h * *k n
U, »2=W. 7(Uj *Wj )eXP{*gﬂ (aj,tn, g (Uj N}

HWit Jexpl{— 1" (a5, tn, 91" (UF))} —exp{— 1" (aj, tn, 95" (W)}
when J* < j < J —1, relation (4.17) gives
n+ 1 n+1
Uj+§ — Wj+%2 = (U}' = Wj") exp{f(aj,tn) — f(a ajysstn )}

Assumptions in the lemma implies that ||W™| 0,41 < C. So,for0<j < J-1,0<
n < N —1, we have

n+3 n+ *ok *ok
Ui = Wi Pl SIUf = Wil + Chlgy”(Uf) = g3 (W}')]
<|Uj = Wi+ ChllU™ = W"[[1 41,

which is relation (4.20).
Using (4.7) and (4.20), we have that, for 0 <n < N — 1,

+3 + +3
IﬁWﬂ@*ﬁM%;H*M(Zf*WﬁQI

< CZh|U”+2 - "+2|

J—1
<C Y R(UF = W)+ ChU™ = W1 s41)

1=0

J
< CY (U = W+ C AU = W14
=0
<(C+C?A) U™ -
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The proof is complete. O

For py, € X}, the local error of the discretization (4.3)-(4.5) is given by ¢n(pn),

and the discretization is said to be consistent if }llin%) o (pr)|ly;, = 0. Next result
—

describes the consistence of the discretization.

Lemma 4.2. Under assumptions (H1)-(H3), if h is small enough, then the lo-
cal discretization error satisfies ||¢p(pn)|lv, = IP° — P°oc,s41 + O(h), for pn =
(pO’pl’ apN) € Xh-
Proof. Let ¢5(pn)=(L°, Lo, L, L?, ..., LV). First we derive the bounds of L"*!, 0<
n<N —1.

Note that p?ill = p(@j+1,tn+t1), from assumptions, (4.14) and the standard error
bound of the mid-point quadrature rule, it follows that, for 0 < j < J* — 1,

py b
|L§Lj-_11‘ S;L{ exp (/ 2 (aj + Ty ln + T, E(p)(aj + 7, tn + 7))d7>
0

- exp(—h/;*(aj+%,tn+;7E(p)(aj+;,tn+§)))‘
+ [exp(=hu* (a1 1.t 1, E(P) (a1, ty 1))
S TR )
SO+ 1 (53 by )543 tng2)) = 0513ty 6307 )
<O (h+1B@) a3, trs) ~ G @}1)1)
On the other hand, the definitions of E(p) and g}, lead to
E@)(ay4ytary) = g0 ] < Ch,

1
where p?:f is calculated by (4.10)-(4.11), not the grid value of solution at (a;; 1,t,,1).
Similarly, we derive that, for J* < j < J —1,

g3

h
p; *
< e (= [ 00+ ot 7 B a5 + 7ot 7))
0

—exp{f(aj,tn) — fajr1,tn)} | }
<Ch.

Therefore, |L;L_tll| <Ch, 0<j<J-1,0<n<N-1.
Finally we consider the bound of Ly. For 1 <n < N,

A
g =) / B(as ts E(p) (@, t))p(a tu)da — g (BG")0")
h
< / B(as tns E(p) (@ t))p( tn)da — hB(h, b, gl (03P |

J-1 aj41
+ Z | / Bla,tn, E(p)(a, tn))p(a, tn)da

i
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h’ ok n n k% n 3
- 5[5(01‘7%7% (P )pi + Blaiyr, tn, 97" (D3 1))Pi |

<Ch,

which ends the proof. O
To establish the convergence, we still need the concept of stability.

Definition 4.1 ( [3]). The discretization mapping ¢, is stable for pj, restricted to
the thresholds ¢, if there exist positive constants hg, S, such that, for Vh € H*, h <
ho, the open ball Bx, (pn,¢) is contained in the domain of ¢y, and

”Vh - WhHXh < SH(bh(Vh) - ‘bh(Wh)‘

Lemma 4.3. Let ¢ > 0 be a fized constant. Then the discretization (4.3)-(4.5) is
stable for py, with thresholds ¢.

Proof. Let U, = (U, UL,..,UN), W), = WO, W' .. W¥) € By, (pn,c), and
Er=U"—-WreR/TL 0<n <N, ¢p(U, UL, ..,UN) = (Q° Qo,Q, Q%...,QN),
(WO WL . WN) = (R, Ry, R, R?..., RV).

For 0 < j < J* —1, by (4.14) we have

Y}La VVh, Wh 6 BX}L (ph,é‘)-

n n n n * * n+3
(Q]If - Rjj:ll)h _(U]'le1 —Uj'exp {—hﬂ (aj+%v n+%vgh(Uj+%2 ))})
n * * nJFl
= (W= Wy e (-t tae 2OV ).
Consequently,
Ejill :(Q]-tll - R]—tll)h’ + EJ €xXp {_h:u (a’j+%7 n+%7gh(U;+;))}
* * n+3
+ W]n<eXp {_hﬂ/ (aj+%7tn+%agh(Uj+§ ))}
hyt LWt e 4.22
_exp{_ K (ajJr%? n+%7gh( i+l ))} . (4.22)
By (4.15), we have, for J* < j < J -1,

B = QU — RITHh+ E} exp{f(a;,tn) — f(aj41,tn)}- (4.23)

Using relations (4.21)-(4.23) and ||W||eos+1 < C, we obtain that for 0 < j < .J —1,

n n * 3 * +3 n n
[ERH < |BP| + Chlgi (U 2) = gi (W 2)| + hlQy — R

Jit+s Jit+s Jj+1 j+1
J-1 J-1
< |7 +200] Y hU;f; =S hWZf;\ +hIQI — R
i=0 i=0
< |E}| 4 Ch|E™ |l s1 + hIQ} — Ry (4.24)
When N >n > j > 1, (4.24) implies
j—1

J
1B} < B+ CRY B i +h 3 1Q0 — RIS
=1 =0
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n—1 n

<IE+ChY NE ge1 + 0 Y NIQ" = R oo, (4.25)
=0 =1

Similarly, one derives for j > n > 1,

n n—1
B} < |BY |+ Ch S NE™ s + 0 Y 1Q1 — RIS
=1 =0
n—1 n
<O [+ Ch S st + 53 1Q = B (4.26)
=0 =1

By (4.13), we see
5 = gn(BUMU") — gn (BOVW™) + (@5 — Bf)
= gn(BUME") = gn([BU") = BW™)W™) + (QF — Rp)- (4.27)
Thus, by (4.19)

|Eg| < CIE™ |1, 741 + Clgn(BU™) — B(W™))| + |Qy — Rg|
< CIE™ 1,541 + Q6 — R

(4.28)

Using the definition of ||E™||1,7+1 and (4.24)-(4.28), we derive that, for 1 <n < N,

n—1 J
1" |l1,41 =RIEG| + Y BIE}|+ > hlE}|
j=1 j=n

<h(CIE™||1,7+1 + |Qp — Ry l)

n—1 n—1 n
+> h <|E6LJ| +CRY (B g+ R NQ - Rl|oo,J>
j=1 =0

=1

J n—1 n
3 (w;)_n O B #1310 Rllloo,J>
Jj=n

=0 =1
n—1 ) ] )
<h(CIIE™|1s41 +1Q8 = RED) + Y h(CIE" 71,541 +1Q5 7 = R 7))
j=1
n—1 n
+ CIE 1,541+ Ch Y NIE 1,041+ ChY_Q = RYlsc.s
=0 =1

<C|IE®ll1,541+ Ch Y | E 1,041
=0

+ChY Q" = Rlse.s + C > RIQL — R|.

=1 =1

By means of the discrete Gronwall inequality (see [10]), we have

[E"l1,741 <C <I|E°||1,J+1 + 3 11Q" = Rlow,s + Qo — R0||> : (4.29)

=1
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Substituting (4.29) into inequlities (4.24), and (4.27)-(4.28), we conclude that

U — Whllx, < Cllén(Un) — on(Wh)llvs,-

O
To finish the convergence analysis, we cite the following result.

Lemma 4.4 ( [3]). Assume that the discretization ¢y, is consistent and stable for
pp, with thresholds €. If ¢y, is continuous in B(pp,€),and ||én(pn)lly, = o(e)(h — 0),
then for h small enough,

(i) The discretization system has a unique solution in B(pp,€);
(ii) When h — 0, the solution of discrete system (4.3)-(4.5) converges to the
solution of the continuous system (2.1)-(2.2).
Combining the above lemma with lemmas 4.2 and 4.3, we obtain the main result
in this section:

Theorem 4.1. When h — 0, the solution obtained by the numerical method (4.3)-
(4.5) converges to the solution of original model (2.1)-(2.2).

Example 4.1. Choose the parameters in the model as follows:
A=10, A* =8.75, « = 0.5,h = 0.25, J = 40,
w* = 2(0.02a 4 0.02 * cos(t) + 0.01E(p))/(10 — a), B = 0.2(sin(a) + 1);
po(a) = 0.3(10 — a)(sin(a) + 1).

By means of the algorithm (4.3)-(4.5) and MATLAB, we compute the values of
the density and draw the following surface of population:

Figure 1. The surface of population density p(a,t).

5. Concluding Remarks

The assumptions that guarantee the well-posedness of system (2.1)-(2.2) in section
2 are biologically meaningful. Particularly, fOA wu(a,t,x)da = +o0, for arbitrarily
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fixed (t,x), is used to assure p(A,t) = 0, which is exactly what the maximum age
A means. On the other hand, the assumptions in section 4 are more restrictive
since we need the higher regularity of the solutions to establish the convergence of
the numerical scheme. A number of simulations we did show that the algorithm is
applicable and efficient.
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