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AN AGE-STRUCTURED POPULATION MODEL WITH
STATE-DEPENDENT DELAY: DERIVATION AND NUMERICAL
INTEGRATION*
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Abstract. We present an age-structured population model that accounts for complex life cycles
and competition for resources limiting the transition to maturity. Taking all of these into account
leads to a new mathematical model with a state-dependent delay that cannot be analyzed using the
established framework of functional differential equations or directly simulated by standard numerical
schemes for age-structured populations. In this paper we present the derivation of the model and a
numerical scheme to integrate the equations. Convergence of the method is proven by verifying first
consistency and then stability. The difficulties involved in this proof, as well as in the implementation
of the scheme, stem from the state-dependent delay term. The numerical scheme is shown to be of
order 2 in the given norm, and at least of order % in the supremum norm over the mesh point values.
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1. Introduction. Delay differential equations (DDEs) generate infinite dimen-
sional dynamical systems [4] and can lead to complex dynamics even in the scalar case.
Many new mathematical models that include delays usually employ constant or time-
dependent delays since those are simpler to analyze. Studies of these models have led
to much insight into the complicated dynamics of DDE systems. However, Bocharov
and Hadeler [3] opine that in some cases the delays were “unscrupulously” introduced
to the equation. In many models it certainly seems like systems are assigned constant
delays even when these should be state-dependent. We refer to Hartung et al. [6] for
examples of systems where the delays are naturally state-dependent delays.

DDEs have been used to describe age-structured population dynamics [3, 4, 7, 9].
In this paper we propose a population model in which the delay, corresponding to
the age of maturity, is carefully derived under reasonable biological assumptions. The
model accounts for complex life cycles in which there are distinct juvenile and adult
stages (e.g., the larval and adult stages of insects). The two stages are assumed
to consume different food sources, and juveniles transition to the adult stage after
consuming enough nutrition. As a result of this the age of maturity is affected by the
competition within the immature population and this leads to a system of equations
with state-dependent delay given by (2.1)—(2.5). This is a new system of equations,
and we introduced an abstract framework for analyzing such systems in the paper [10].
The state-dependence makes it difficult to predict the behavior of solutions so we need
a robust scheme to numerically experiment with the model.

We present a method to numerically integrate the model equations based on the
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method of characteristics approach by Chiu [5] and Abia and Lopez-Marcos [2]. This
technique was extended to accommodate a changing delay. At every time step the
proposed scheme first calculates the value of the population densities along character-
istics, then solves a two-dimensional system of equations for the population density
at the boundary and the value of the delay. This system is highly nonlinear due to
the state-dependence, and it involves values from the current and past time steps.
Furthermore, the propagation of discontinuities in the solution needs to be taken into
account. These issues make it nontrivial to correctly set up a numerical scheme and
provide significant challenges in the proof of convergence.

We briefly present a derivation of the model equations (2.1)-(2.5) in section 2.
Properties of the model solutions are examined in section 3 and in the supplementary
material. The numerical scheme and its suggested implementation are described in
section 4. Second order convergence in the discrete L2 norm (found in Definition 5.1),
and at least 3 order convergence in the supremum norm (defined in (5.22)) are estab-
lished in Theorem 5.18 in section 5. We summarize our results and give some final
remarks in section 6.

2. Derivation of the model. Let u (¢,a) be the density of individuals of age a
at time t. Let 7(¢) be the age of maturity at time ¢. The model equations are

Ou (t,a) n Ou (t,a)

(2.1) ot Oa

=—d(a)u(t,a), t>0,

M
(2.2) u(t,0)=B (t,/_ . B(€)u(t,§) d§> , t>0,

t do
(2.3) / o T a0 d s 0 =T, t>0,
(2.4) u(t,a) = (t,a), t <0,
(2.5) 7(t) = (1), t<0.

The constants and functions involved are required to satisfy Assumption 1, which
is discussed in the next section. Equation (2.1) is the McKendrick equation [15]
describing the evolution of the population density. The boundary condition (2.2)
at @ = 0 describes the nonlinear dependence of the number of newborns on the
population of ages ranging from the age of maturity 7(¢) to a maximum reproductive
age M € (0,00). The threshold condition (2.3) is an equation for the age of maturity
which we will derive in the next paragraph. Due to the form of (2.2) and (2.3), both
u(t,a) and 7(t) need to be initialized for t < 0. The initializations are given by
(2.4)-(2.5). The functions (¢, a) and ¢(t) are the histories of the population density
and age of maturity, respectively.

To derive the threshold condition (2.3), we consider the juvenile population at

time ¢ given by I(t) = [/ ®) u (t,a)da. Let S(t) be the concentration of the food that
the juvenile 1nd1v1duals consume at time ¢ and assume that

(2.6) S'(t) = So = I(t)S(t) — eS(t),

where Sy > 0 is the constant rate that food is recruited into the habitat, v > 0 is the
constant rate of food consumption by the immature population, and ¢ > 0 reflects
both the consumption rate by other populations and rate of decay of resources. As
in Korvasova [9], we assume that food consumption happens at a much faster time
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scale than population growth. We set S’'(t) = 0 and derive a quasi-steady state
approximation for S(t) given by S (t) = ﬁ Assuming that T* units of food
needs to be consumed to reach maturity, an individual born at time ¢ — 7(¢) becomes
mature at time ¢ if

t t
So

2.7 / S (o)do :/ ———————do =T".

&) t—7(t) () t—7(t) vI(o) +c

Substituting in I(t) = OT(t) u (t,a) da in this equation and rescaling yields the pro-
posed threshold condition (2.3). We note that (2.3) is a state-dependent threshold
condition similar to those considered in Korvasova [9] and Hbid, Louihi, and Sanchez
[7]. A comparison with these models is available in the supplementary material.

3. Properties of the model. In this section we state some of the properties of
the model and a new formulation of the equations using the differentiated form of the
threshold condition (see (3.4)-(3.8)). A more comprehensive discussion is available
in the supplementary material where we outline results on the existence, uniqueness,
boundedness, and regularity of solutions. The supplementary material also contains
a proof of the equivalence of the two formulations and an explanation of why it is not
possible to apply the method of steps to the system (and therefore it is not possible
to apply the method of steps numerically either). More analyses of the model are
available in the papers [10, 11].

By considering the evolution of (2.1) along characteristics t — a = constant we
can formally derive the formula

(3.1) u(t,a) = { ¥ (0,a —t) exp (_fza:aft d(0) d6‘) , t<a,
u(t—a,0)exp (_fezod(e) d) t>a.

Equation (3.1) shows that if ¢ > a, the solution depends on u(t — a,0), which is
given by (2.2)—(2.3). This coupling of the boundary and threshold conditions with
integration along the characteristics will also appear in our numerical scheme. The
solution will have a discontinuity at ¢t = a = 0 if the following matching conditions do
not hold:

=¢(0)

M
(3.2) $(0,0) = B (0, /5 B (a) 1 (0.) df) ,

T.

0 do
3.3 =
) /—w<0> JE (0,6 de+ C

If (3.2) is not satisfied, then the population density will have a discontinuity along
the line ¢t = a. As for the other condition (3.3), this requires the initializations to be
consistent with the threshold condition (2.3) defining the age of maturity. We can get
around the difficulty of requiring (3.3) by differentiating (2.3) and removing the need
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to give a value for T'. This leads to our new formulation of the model equations,
ou (t,a) L du(t,a)
ot da

M
(3.5) u(t,0) =B <t,/€ B(&)u(té) d§> , t>0,

(3.4)

—d(a)u(t,a), t>0,

=7(t)
JrET Oy (b= 7 (1), €) de + C

(3.6) () =1~ T e de 20 t>0,
(3'7) u(tva) = ’Q/J(t,a), t <0,
(3.8) 7(t) = ¢(t), t<0.

From (3.6) and the boundedness of solutions, we easily derive that 7/ (¢t) < 1. It
follows from this that individuals that are already mature cannot become immature
at a later time. Another property of the delay term is 7(¢) > T'C' (from (2.3) and the
positivity of solutions) so T'C' is a lower bound on the age of maturity.
For the remainder of this paper we will work with (3.4)—(3.8). We also make the
following assumptions which are discussed in the supplementary material and [10].
ASSUMPTION 1.
1. The functions 8 : [0, M] — R* and d : [0, M] — RT are bounded, differen-
tiable functions.
2. B:R xR" = Rt is bounded, smooth, and has a bounded derivative.
3. The initializations v : [—M,0] x [0, M] — R and ¢ : [-M,0] — [T'C, M] are
continuous and (3.3) holds for some T > 0.
4. There exist Ty > 0, Umax > 0, Tmax € (0, M), and a classical solution to (3.4)—
(3.8) such that w: [0,T¢] x [0, M] = [0, umax] and 7 : [0, T¢] = [T'C, Tmax)-
5. The initializations ¥ and @ are smooth enough such that the first, second,
and third order partial derivatives of u(t,a) exist and are bounded on each of
the following sets:

{t,a)|0<a< M,a<t<T¢} and {(t,a)|0<t<Tft<a<M}.
6. The first and second derivatives of T(t) exist and are continuous on [0, T¥].

4. Numerical method. In this section we describe the scheme we developed
to numerically solve the model equations (3.4)—(3.8). In section 4.1 we discuss the
implementation of the scheme, and in section 4.2 we show some sample simulations.

4.1. Implementation of the numerical scheme. Our proposed numerical
scheme is based on the method of characteristics approach that is also implemented
in Chiu [5] and Abia and Lopez-Marcos [2]. To apply this technique to (3.4)—(3.8),
we first consider integration along a characteristic (see (3. 1)) by one time step of h
which yields the equation u (t + h,a + h) = u (t,a) exp(— fo (a +0)df). Set the age
step to be the same as the time step h. Let U}' be an approximation to u (tn,aj),
and x" be one for 7(t,). A second order approxnnatlon to one-step integration along
a characteristic is given by

n n h
UJ_:rll = Uj exp(—§ (d (aj) +d (aj+1))).

The discretization scheme using the method of characteristics is illustrated in
Figure 1. The reason for using the method of characteristics instead of a finite differ-
ence scheme, such as the upwind scheme described in [1] and [12], is the possibility
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Fic. 1. The method of characteristics described in Algorithm 1. The dashed lines show the
characteristic t = a (n = j) along which discontinuities in the solution will propagate.

of discontinuities in u (¢,a) and its derivatives propagating along the line ¢ = a. The
method of characteristics guarantees that the effects of the discontinuity will also
propagate diagonally along the mesh points where n = j. In the case when the
matching condition (3.2) is not met, then we may have two values for u (¢,a) at t = a.
Thus we need to define a second value for U}" whenever n = j.

Uit = Ul exp (5 (d(as) +d(a551))), Uiy = Uy exp(— o (d(ag) +d(as10))).

where U = 1 (0,0) and U is an approximation of B(0, fazvsz(o) B(a)¥(0,a)da). In

order to determine U~ we require a quadrature formula (denoted by @) which is
given in Definition 4.2. The method of characteristics approach is summarized in
Algorithm 1.

In order to solve for the boundary conditions, at each step we need to introduce
continuous functions which approximate the values of u(t,a) and 7(¢) using interpo-
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Algorithm 1. Main program.
Require: T, M, J, ¢, ¢
he M N[22 0 [0,h,2h,...,Jh].
for j=1toJ—1do
UJO — ’lﬁ (0, CLj).
end for
Uy« B(0,Qn (B(a)¥(0,a) ,a =0, M)).
X° = (0).
forn=0to N —1do
for j=0toJ—1do
U}fll < Ul'exp (=2 (d(aj) +d(aj1))).
end for
if J < N then
UJ-JCH — U;r exp (—% (d (aj) + d(aj+1))).
end if
Solve for UJ™ and x"*! using Algorithm 2.
end for

lation on the mesh values {UJ-JF}, {U7}, and {x"}.
DEFINITION 4.1. At the (n + 1)st-step, let
t t —mh . a a—jh
m=|g) e= iz =
At the (n + 1)st-step we already have the values of ur, Ut, and 7™ form=0,...,n

and j = 0,...,J. Due to the order of the operations in Algorithm 1, just as we
get to Algorithm 2 we also have the values of U:H and UJ’-Lle for j = 1,...,J.

Define n?U) (t,a, U) to be a function that interpolates between the currently known

mesh values of U and assumes a value of U in place of USH,
1. If m <0, then n?U) (t,a, U) =1(t,a).
2. If 0 < m < n, then consider the following cases:

(i) If m #j,
_ umym 1—6
e (t,a, U :[1—9,0][ i s H “].
(U)( ) ty V1t Uj +1 UjJr—Ol—l 0,

(ii) If m=j and 0; > 0,,

o) (t,a,U) = (1= 0,) U + 0,U | + (0, — 0,) Uit
(iii) If m =5 and 0; < 0,,

My (80, U) = (1= 04) U2 + 0.U70 5 + (0 — 0:) Uity

3. If m = n, then consider the following cases:

(i) If j > 0, use the same formula as in the m = j case.

(ii) If j = 0, use the same formula as in the m = j case but replace UJm'F1 by U.
We also define C(”X) (t,X) using linear interpolation between the known mesh values of

X and substituting X in place of x"*1:
o(t) ifm <0,
C&) (t.x) = (1—0,) X™ + 0,x™ T if m <n,
(1_9t)Xn+6‘tY ifm:n'
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The definition of nFU) (t, a,U ) is derived from applying bilinear interpolation over
a square when m # j, and over a triangle when m = j [16]. By Definition 4.1,
(G (t:X) is continuous over [to,ts] and is linear over each interval [tm,tm41]. The
function 7y (t,a,U) is continuous on each set {(t,a)[0 < a < M,a <t < t;} and
{(t,a)]0 <t <ty,t < a< M} with a possible discontinuity along the characteristic
t=a.

The function 7(y; (¢, a, U) is also piecewise linear for fixed a € [0, M]. Let
J=1%). Ifj = n, then UFU) (t,a,U) is linear over each interval [tp,,tm+1]. Oth-
erwise, 7](y, (t,a,U) is linear over each interval [to,t1], ..., [t;—1,t;], [t;,a], [a,tj41],
[tir1,tjr2l, -5 [tn-1,tnl.

Also, for any fixed ¢ € [0,t,], let m = | £]. If m > J, then My (t,a,U) is linear

over each interval [a;, aj41], j = 0,...,J. Otherwise, 0, (t,a,U) is linear over each

of [ag, a1],- .-, [@m—1,am], [am,t], [t; @ams1]s [@mt1s @maals- .., [as—1,a7].
We also define a quadrature function @, such that Qn (f(t,a),a = Ay, Ay) yields

the exact value of ff:on f(t,a) da whenever f (t, a) is a function like 7{f,, (t,a,U) (ie.,
a piecewise linear function with a possible discontinuity at a = t).
. . A .
DEFINITION 4.2. Let jo = (%], gr=15) e =LE] If Ao <t < Ay,

Qn (f(t,a),a= A, Ay) = ! (ajo — Ao) f(t, Ao) + % (h+aj, — Ao) f (¢, aj,)

2
Jx—1 1 1
+hOY O f(ta)+ §(h+t_aj*)f(taaj*)+§ (t —aj.) Em* [t a)
i=jo+1 a=a;,

5= (b= a) T f(6a) + 5 (2= (¢ = a3) f (1)

a—>aj*
= 1 1
th Y fta)+g (bt Ar —aj) f(tag,) + 5 (Ar —ay,) f (£ A).
i=ja+2

Otherwise,

Qn (f(t,a),a= Ao, Ay) = : (ajo — Ao) f (¢, Ao) + % (h+aj, — Ao) f (t,aj,)

2
= 1 1
th Y f(ta)+ g (At Ay —ag) f(tag,) + 5 (Ar —aj,) f (£ Ap).
i=jo+1

Observe that @y integrates a function like n?U) (t,a) exactly. For other functions that
are at least twice differentiable everywhere except possibly at a = ¢, @y is a second
order method.

4.2. Numerical simulations. Simulations of the model system (3.4)—(3.8) are
shown in Figures 2-3. For these simulations we set 8 (a) = 1, B(t,z) = aze™?,
d(a) = 0.3, C = 10, and M = 50, where the value of « is indicated in the figures.
We use an initial population density function of ¢ (t,a) = (1 — %)2 for t < 0 and
a € [0, M]. The initial delay function ¢(t) for ¢ < 0 is assumed to be a constant
function that matches the required condition for continuity in (3.2)—(3.3). It is not

necessary to compute 7', but it can be derived from % and ¢ using (3.3). The steady
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Algorithm 2. Solving for the Ué”’l and x" 1.
Require: nELU),Q“("X) )
Using an iterative solver, find the solution (U, )Z) to

U = Qn(BEny) (ta+1,€.0) € = X, M),
— Qh("]nU (t7L+1*)767£70)7£:07Cn (tn+1*)7(;)7())+c
= + h|:1 _1 ©) x)
XA 2 Qn (Mt (b 1,6:0),6=0,x"+1 ) +C
1 Qh("]?{])(tn*Xnvgvﬁ);EZO;C(nX)(t7L*Xn7)z))+C:|
2 Qn (nfiy, (tn 6.0),6=0,x ) +C

if the iteration converged and y € [0, M] then
Ugtt <~ U and x" ! + y.
end if

state population distribution v(a) and steady state maturation delay 7 determined
by the system of equations (derived in the supplementary material) are also shown in
dashed lines.

20 40 60 80 100

2
2
5 10 V\/\Ah
g
3
3
o ) \ ! .
0 20 40 60 80 100
4 .
]
g2f
-
0
) 20 40 60 80 100
20 . . . .
s
5 10 \/\/\M’—
=
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30 40 50 0 20 40 60 80 100

a t

(c) Age profile u(t = 100, a) (d) Juvenile/Mature/Total Population versus ¢

Fia. 2. Simulation with o = 10. See section 4.2 for a full description of the simulations.
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20 40 60 80 100

t
(a) Population density u(t,a) versus t and a (b) Age of maturity 7(t) versus t
3r 40
° ‘ ‘ ‘ ‘
ol 0 20 40 60 80 100
3 0? ‘
%15 E 2k
0
1F 0 20 40 60 80 100
40
05F =
: 20W
0 : . . 0 : . : :
30 40 50 0 20 40 60 80 100
a t
(c) Age profile u(t = 100, a) (d) Juvenile/Mature/Total Population versus ¢

Fia. 3. Simulation with o = 25. In this simulation the solution has not yet settled into a steady
state by t = 100. See section 4.2 for a full description of the simulations.

5. Convergence of the numerical method. We present the proof of conver-
gence of the numerical scheme in section 5.1 and the results of numerical tests on
the order of convergence in section 5.2. The proof is based on a theorem by Lépez-
Marcos and Sanz-Serna [13], restated here as Theorem 5.4. This was also applied by
Lépez-Marcos [12] and Abia and Lépez-Marcos [2] to prove convergence of methods
for integro-partial differential equations (without delay) in population dynamics.

5.1. Proof of convergence. Let H = {h|h >0,h= %,J € N}. Let h € H be

the fixed step-size, N = L%J,J: L%J,tn:nhfornzo,...,]\f, and a; = jhfor j =

0,...,J. Define the spaces X and Yj, by Xj, = ¥j, = RNVHIx RN R7+1x (RV) M,
Let y € R, Uy e R*L Ut e R/T and U" € R’ for n =0,...,N. Then

(5.1) (x,Uo, UT,U°,U",...,UY) € Xp.
Define the mapping ®; : X, — Y}, by
(52) Py, (X7U07U+7U07U17"'7UN) = (p7P07P+7P07P17"'7PN)7

where p = (p°,p',...,pM)T € R, Py = (PO, P,...,P)T € RNVFL pt =
(P Pf, ., POT e RIFL pro= (Pr PR, . PMT € R7, and for j = 1,...,J,
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n=1,...,N, we have
P’ =x" = (0),
pn _ Xn - Xn_l 1_ lQh ( ( n Xnva) A = 07((x)(t7l - Xn)) +C
h 2 Qh (77(U) (tna a) ya =0, Xn) +C
_ lQh (77(U) (tn—l - Xn—l’a) , = OaC(x)(tn—l - Xn_l)) +C
2 Qn (n(U) (tn—lva)va = van_l) +C ’
By = Ug = B (tn, Qn (B (a) nwy (tn,a) ,a = X", M),
Py =Uy = B (to,Qn (8 (a) ¥ (0,a) , X", M)),
P U U;rlexp(—%(d(aj 1)+d(aj)))
J h ’
= UQ_¢(tOvaj)
pr_ Up —Uj, Yexp (2 (d(aj-1) +d(a;)))
Jj h :

In this section 7y and ((,) are the final n?U) and C(”X) functions in Definition 4.1, i.e.,

nwy (ta) = ngy " (ta,Ug')  and (o () = (G (6 xY) -

The numerical scheme described in section 4 is equivalent to solving for W, =
(x,Uo, UT,U°, ..., UN) € X}, such that

(5.3) @y, (W) =0 € Y.
DEFINITION 5.1. Define the norms on X, and Yy, to be
| (x, Uo, U, U UYL UMY,
= max{ |xll«, 0o lles | (@, U)" 1 @ U4) -, I (@0 1

[

[ o, P PO, P P = (Il P2+ 50 bl (PP )
where || Z||, = (Zg:0h|Z”|2)% and forn=20,..., N,

(2| = S|z L 4nizi?)* gosns
( h}Z"|) ifn > J.

DEFINITION 5.2. Let wy, = (T,up,ut,u’ ..., u") € X}, be a discrete representa-
tion of the classical solution to (3.4)—(3.8). This means

TOZ()O(O)a Tn:T(tn)a u?:’[r/)(ovaj)? u;}:u(tnaaj) fO”'j?éTL,

ugz lim w(tj,a), and u;r: lim w(t;,a).

+ —
ll‘)llj ll‘)llj

By the lower bound on 7(t), 7" > TC for n = 0,...,N. We also let 1) =
(u) Yt a,ud)) and Cr) = C(Ji;l(t,TN), the interpolation of the wy, values at the mesh
points using Definition 4.1.
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Before proving the convergence of the numerical scheme we review some concepts
in consistency, stability, and convergence of numerical methods from Loépez-Marcos
and Sanz-Serna [13].

DEFINITION 5.3 (from Lépez-Marcos [12] and Lépez-Marcos and Sanz-Serna
[13]). Define the global discretization error of the method (5.2)~(5.3) to be |wy, —
Whllx,. The method (5.2)—(5.3) is convergent if there exists hg > 0 such that if
h € (0, ho], then (5.2)—(5.3) has a solution W}, for which limp_o ||lwn, — W x, = 0.

Define the local discretization error of the method (5.2)—~(5.3) to be ||y (wp) ||y;, -
The method is consistent if there exists ho > 0 such that if h € (0, ho], then (5.2)~(5.3)
has a solution Wy, for which limy_so ||®p (wp) ||y, = 0.

For every h > 0 let K}, € (0,00]. The method is stable restricted to thresholds K},
if there exist hg > 0 and S > 0 such that if h € (0, ho] and vy, z, € B(wp, K}p,), then

lon — znllx, < S|Pn (vh) — Pn (21) ||y, -

This definition of stability was extended from a definition by Keller [8].

THEOREM 5.4 (from Lépez-Marcos and Sanz-Serna [13]). Assume that the nu-
merical scheme (5.3) is consistent and stable with threshold Ky. If @, is continuous
in the ball B (wh, Kp) and ||®y, (wh)|ly, = o (Kn) as h — 0, then the following hold:

1. For h small enough, the system (5.2)—(5.3) has a unique solution in B (wp, Kp).
2. As h — 0 the solution converges and the order of convergence is not smaller
than the order of consistency.

In the succeeding proof of convergence we refer to (3.4)—(3.8) as the initial value
problem. When we say that a constant depends on the initial value problem, we
mean that it depends on the model parameters and initializations which determine
the properties of the analytic solution to the initial value problem.

LEMMA 5.5. Suppose that Assumption 1 is satisfied. Lett € [0,Ty] and 0 < A; <
A < M. Then

|u (t,a) — N(w) (t,a)| < Cth, ‘T (t) — Q(T) (t)| < CghQ,
Ay
/ u(t,a)da — Qp (n(u) (t,a),a:Ai,Af) < Csh?,
A;
A
(a)u(t,a)da — Qpn (ﬂ (@) e (t,a) ,a = A;, Af) < C4h?,
A
where the constants C1,...,Cy depend only on the initial value problem.

Proof. The proof follows from the choice of interpolation schemes [16] and the as-
sumption that the solutions are at least second order differentiable everywhere except
possibly along the line t = a. Note that we can choose C5 = M C}. O

LEMMA 5.6. Let Ay, Az, By, By > —%. Then

A1+O_A2+C
Bi1+C By+C

|A1 — As| +|B1 — By

g4(61_'—Inax{|"41|7|"42|a|Bl|7|B2|}) 2

d

LEMMA 5.7. Suppose that Assumption 1 is satisfied. Then for small enough h,

[p"] =0 (hz) .
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Proof. Ifn=0,p°=0. If n=1,..., N,

Ip"| < L}:n_l _ (1_%f07(t"_i)u(f — 7" a)da+C
Jo u(tn,a)da+C
17wt a) da + ©
_EfoT - u(n 1,0 )da+0>
(5.4) +1 fof(tn—rn)u(tn_T”,a) da+C B fOC(T)(t"_Zn)U(tn—T",a) da+C
2 fOT u (tn,a)da+C foT U (tn,a)da+C
_'_1 foT(t*) (t*,a)da+C fC(T)(t*)u t*,a)da+ C
2| 7w (ty-1,0)da+C fo tn_1,a)da+C
i OC(T)(tn_T )U(tn—T ,a)da+ C
Jo" ultn,a)da+C

1

2

Qn (N (tn —7",0) ,a = 0,{((tn —x")) +C
Qh( (u) (tn; @), azO,T")—FC’

1 syt a)da+ C Qg (t,0) ,a=0,((t%)) + C
2 oTn_l u(tn-1,a)da+C Qh( ) (tn-1,0) ,a=0,771) + C|'

where t* = t,_; — 7"~ !. By the truncation error of the trapezoidal rule, the first term
is of order 2. By Lemma 5.5, the second term in (5.4) satisfies

(5.5)

O R N e T R
fOT" u(tn,a)+C fOTn u(tn,a)+C

umax

C
By Lemmas 5.5 and 5.6 we can bound the fourth term in (5.4) by

N

umax
|7 (tn = 7™) = iy (tn — T™)| < - Coh?.

(5.6)
SOy (=) + € Qu (i (b — 7" 0) ;a =0, (b — 7)) + c‘
fOTn u(ty,a)+ C Qn (M) (tn,a) ,a=0,7") +C
UmaxM + C
<8I T Oyh,
C2

The third and fifth terms in (5.4) can be bound in a similar manner to (5.5) and (5.6),
respectively. Using all of these bounds in (5.4) proves that [p"| = O (h?). O
LEMMA 5.8. Suppose that Assumption 1 is satisfied. For small enough h,

Bl =0 (1), [Fl=0(n), [Pf|=0(h?), [P}|=0(h?)

form=0,.... Nandj=1,...,J.

Proof. The first result follows from Lemma 5.5 and 5.7. By definition of PP,
| P?| = 0. The rest follow from integration along characteristics and truncation error
of trapezoidal rule. O

LEMMA 5.9. Suppose that Assumption 1 is satisfied. For small enough h, the
local error satisfies || ®p (wn)lly, = O (h?).
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Proof. This result follows from Lemmas 5.7 and 5.8. O
We have now proven the consistency of the numerical method in Lemma 5.9. Let
us now consider stability. Suppose vy, z, € B (wh, Kh*/ 2), where K > 0 is a constant:

o= (x, Vo, VT, VO, .. VYY) @y (vp) = (¢, Lo, LT, LY, ... LYY,

(5.7) on = (0,20, 2%,2°...,ZN), @ (z1) = (r, Ro, R, RY, ..., RN).

Denote by 7, and () the n and ¢ continuations corresponding to vy, respectively
(recall the construction in Definition 4.1). Similarly we let 7.y and () be the con-
tinuations corresponding to zj,.

LEMMA 5.10. Let v), € X}, with notation giwven in (5.7). Then fori=1,...,N,

1 n
max {[VF[L V], [V < 7 V.V H)".

max{‘VOO‘ ,...,‘VON|} < IVoll,, and max{|x0| ,...,‘XN‘} <

! L
Vi v

Furthermore, for any a1 < A; < Ay < M we have
|Qh ( U) tnaa) a = A’LaAf)| < \/MH(Va V+)n|| )
and for any 0 < A; < Ay < M, we have
n 1 n
@0 (1 () = A )| < VAT VoV + 0.
Proof. This follows from the definitions of the norms ||-||, |||, and Q4. 0

LEMMA 5.11. Suppose that the conditions of Assumption 1 are satisfied. Let
Uh,zn € B (wh,Kh3/2) be as given in (5.7). Then,

0w (8, a) = 1) (t,a)| < 2Kh,
¢ () = (o (B)] < 2KCh,
0wy (t,a) = u(t,a)] < 2Kh+ C1h?
G () = 7 (8)| < 2K R + Coh®
Also, for any t € [0,Tf] and 0 < A; < Ay < M,
Ag
/A (NG (t,a) =12y (t,a)) da| < 2K Mh,

A
‘/ (N (t,a) — u(t,a)) da| < 2K Mh+ Csh®.
Ay

Proof. Since vy, z, € B(wy,, Kh*?), then |jv, — 2| x, < 2Kh*?. By the convexity
of the interpolation and Lemma 5.10, for any ¢ € [0,7] and a € [0, M] we have

[0y (t:a) =1z (ta)| < Tma"{ max (V= 2,V =2Z)"|IVo - Zol.}

< ﬁ lon = znllx, < 2Kh.
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The proof of the second inequality is similar to this. The proof of the third and fourth
inequalities follows from the first two and Lemma 5.5. The last two inequalities follow
from the first four (or using Lemma 5.10). o

LEMMA 5.12. Suppose that the conditions of Assumption 1 are satisfied. Let
Vp,2n € B (wh,Kh3/2) be as given in (5.7). Then it is possible to choose h small
enough such that x",0™ 2 TC — Kh > h, and V", VjJr,Z]’?, Z;r >0—Kh> —% for
alln=0,...,N and j=0,...,J.

Proof. The conclusion follows from Lemma 5.10. d

To make the succeeding analysis easier, define e,, and E,, to be

(5.8) en = max hlx" — o' |?, E, =  max (V-2 VT -2z

By the convexity of the interpolation schemes, for any ¢ € [to,t,] and any a1 < A; <
Af < M we have

|Qh (77(1)) (t7 a) —(2) (t, a) ya = Aj, Af)‘
/ n(v) (t,a) — () (t,a)) da| < VME,,

by Lemma 5.10. Furthermore, for any 0 < A; < Ay < M and t < ¢, we have

1 . .
(5.10)  |Qn (new) (t,a) —ne) (ta) ,a = A, Af)| < VME, + §hi£%?<n Ve — Z| .-

LEMMA 5.13. Suppose that the conditions of Assumption 1 are satisfied. Let
Un, 2 € B (wp, KB*?) be as given in (5.7). Then

Ve 231 < Cs (Bn+ hew + 1§ — BY?)

where C5 depends only on the initial value problem.
Proof. From (5.2),

|‘/E)n - Z(?' < ’B (tanh (ﬁ (a) N(w) (tnﬂa') , = anM))
= B (tn Qn (B(a) 1) (s @) @ = 0" M) | + L = R
Without loss of generality, assume x" < ¢”. By Lemma 5.12, we can choose h to be

small enough such that h < TC — 2Kh < x". If Lip (B) is the Lipschitz constant of
B and ( is an upper bound on (3, then

Vi" = 2| < Lip (B) B(|@n (1) (tn: @) = 1(2) (0, @) @ = 0", M)
+1Qn () (tns @) = 1) (tnra) ;a = X", 0") |) +|[Lg — Rl
By (5.9) and Lemma 5.11,
Vi = 231 < Lip (B) 8 (V/MB, + 2Khx" - o"|) +| L - Ryl.
By squaring and applying zy < 222 + 142 we derive the result

Vgt = Zg* < Cs(En + W2 — 0" * + |L§ — RY|?) < Cs(En + hen + Ly — Ry|?),

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/05/15 to 130.63.174.132. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

POPULATION MODEL WITH STATE-DEPENDENT DELAY 749

where C5 depends on Lip (B), M, and K. d
LEMMA 5.14. Suppose that the conditions of Assumption 1 are satisfied. Let
vn, 2 € B(wp, Kh*?) be as given in (5.7). Then

E, < (14 Cgh)En—1+ Ch’ep1 + Ch(||(L — R, LT — R)"||> + [Lg~" — Ry '),

where Cg depends only on the initial value problem.
Proof. Assume first that n < J. The proof for n > J is similar. Since d(a) > 0
for a € [0, M], then

V= ZP| < VI = 2P 4L = RY, V,E = ZF < |V,Dy - ZF |+ hILE - R
It follows that

J
(V=2 vE—zom = Vi = Z71 bV = 2,

J
n—1 n—1
< ijl WVt — 2072 + bV,

n—1

N
ot (018 - Ry I - REP).

N
200 VIS = 20 LY - Ry 2RV - 2 |LE — Ry

= Zyal?

<NV =ZvE =22+ hlvg ™ = 25T P+ B2 (L= R, LY — RY)"|?
N
wo (Y0 Wit = 2L - B4V - 2 - R
SA+MNV -2, VE—2ZH" Y2+ (1 +h)h|(L - R, LT — RT)" 1
+ (1 + )RV = 22,

where the last line is due to the Cauchy—Schwarz inequality. By applying Lemma 5.13
and (5.8) this inequality becomes

I(V—-Z VT =Z)P<Q+h)|(V -2V —zH)" 2
+ (L +hh|(L— R, LT — R 2+ C5(1 + h)h(Ep—1 + hen—1 + [L§ — Ry~').

By the definition of F,, we can derive from this
E, < (1+ Csh)En_1 + Csh®e_1 + Coh(||(L — R, LY — RY)" M2+ |L§~ ' — Ry')?)

for some Cg independent of h (e.g., Cs = C5(1 + M)). o
LEMMA 5.15. Suppose that the conditions of Assumption 1 are satisfied. Let
zn € B (wy,, Kh'?) with notation given in (5.7). Then

(o) (t1) = (o) (t2)| < C7 [t — 1o,

Ay
/ (02 (t1,0) — Nz (t2, @) da| < Cs [t — tof
A

i

where C7 and Cg depend only on the initial value problem.
Proof. Let /... be the bound on |7’ (¢)|. Then,

n n—1 n n n n—1 n—1 n—1
_ < _ _ _
oA A I o i I e e i S U o

<Kh+71l ., h+Kh=02K+T1,.)h

max max
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Let C7 = 2K + 7/ Then =21 < C; for all n. So [(g) (t1) — (o) (2) | <
Cr|t1 — to] follows. This is the first result of the lemma.

Similarly let u, . be the bound on |%u (t,a)| everywhere where ¢t # a. Then,

max

2} — 22N < |20 —uf | + Juf — w4 ulf = 27

J
Kh+ . + Kh= (2K +ul,,.) h.

max

<
<

~ n_gn-1 ~ gt
Let Cg = 2K +u/ Then ‘2’75" < Cg for all n # j + 1. Similarly, ‘Zjihzjl <

Cs. Without loss of generality, assume t; < to. Then N0y (t1, @) — ey (t2,0) | <

Cglt1 — to] as long as sign (t; — a) = sign (t2 — a). Thus if we integrate the functions

from A; to Ay where either 0 < A; < Ay <ty <toor 0 <ty <tp <Ay < Ay, then it

follows that |f:if () (t1,@) = 12 (t2,a)) da| < MCs|ty — ta].
IngAzgtlgtngng,then

Af
|/A (n(z) (t1,a) — 0y (t2,0)) da

/ 2 (1¢z) (t1,0) = 12 (t2,0)) da

t1

+

t1
< ‘/A (77(Z) (t1,a) —nz) (tz, a)) da
Ay

+

)

/ (1) (t1,0) = 12 (t2,0)) da

ta

< Mégltl — t2| -+ max {’I](z) (t, a)} |t1 - t2| + Még|t1 - t2|,
< (2Még + Umax + 2K h + Olh2)|t1 — t2|.
The other cases can be bounded similarly. Thus we can choose Cg that depends only
on the model parameters such that the second inequality of the lemma holds. O
LEMMA 5.16. Suppose that the conditions of Assumption 1 are satisfied. Let

U, 2n € B (wh,Kh3/2) be as given in (5.7) with all components of v, and z, being
nonnegative. Also restrict X" and o™ € [0, M]. Then,

en < Coh®Ep_1 + (14 Coh) en_1 + Coh®|0™ — "> + Coh®|| Lo — Ry |2
+Coh®||(L = R, LT — RT)"711%,
where Cy depends only on the initial value problem.
Proof. We use integrals instead of @ since they are the same for 7.,y and 7):
|Xn o Un < hwn o ,r,n| + |Xn—1 o Un—l|
h fOC(X)(t"_X") New) (tn — X", a)da+C fogz)(t"_on) N (tn — 0™, a)da + C

+ )N n on
2 IOX N(w) (tna Cl) da+C fo M=) (tnv CL) da+C

(5.11)

E OC(’U)(tn_l_Xn_ ) n(v) (tn—l - Xn_l, CL) da + C
P
2 foX New) (tn—1,a)da+C

n—1
OC(Z)(t"_l_U )n(z) (th1 — 0" ',a)da+C

on—1
fO 77(z) (tn,l,a) da+C

_|_
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Consider the third term on the right-hand side of (5.11). By the bounds on (¢, a)
and Lemma 5.11, fif Nw) (t,a)da < umaxM + 4AKMh + C3h?. Let ky = %(C +
UmaxM + 4K M? + C3M?). By Lemma 5.6 we have

(5.12) OC('”)(t"_X") Nw (tn —x",a)da+C fog(z)(tn_on) Nez) (tn — 0", a) da + C‘
fOXn Nw) (tn,a)da+C fogn n0(z) (tn,a)da + C
Coy (tn—x™) Czy(tn—0")
<k / Newy (tn — X", a) da — / Ny (tn — 0", a)da
0 0

n n

X o
+ kq / N(w) (tna a) da — / N(z) (tn, a) dal .
0 0

Consider the first term on the right-hand side of (5.12). We can derive

Coy (En—x") Cizy(tn—a™)
/0 New) (tn — X", a) da — /0 Nz) (tn — 0", a)da

C(u)(tn*Xn) C(v)(tn*Xn)
/0 New) (tn — X", a) da — /0 M) (tn — X", a) da

Ceoy (tn—x") Cizy(tn—x")
+ / Nez) (tn — X", a) da — / Nz (tn — X", a) da
0 0

(5.13) <

Cz) (tn—x") Cz)(tn—0™)
+ / Nz (tn — X", a) da — / Nz (tn — X", a) da
0 0

€2y (tn—0™) Cz) (tn—0™)
+ / N(z) (tn — X", a) da — / Nz) (tn — 0", a)dal| .
0 0

Without loss of generality assume again that y™ < ¢™. Recall from Lemma 5.12 that
we can choose h to be small enough such that h < TC' —2Kh < x™ < ¢". Then
t, — o™ <t, — X" <t,—1. Using (5.10) and Lemma 5.13, we have

..... n—1|L — R§[?)

n
2

C'5677,—1

h
g <\/M+ 5 V C5> En—l +

B/
+ =5V Gl Lo — Roll»-

By Lemma 5.11, the convexity of the interpolation scheme for ¢, we derive

second term in (5.13) < aér[l(?)l\c/[] 1Ny (tn — X", @) [[(x) (En — X™) = o) (n — X™) |
< (umax + 2Kh + Cth) max;—=o,...,n—1 |Xl - Ui'

= (Umax + 2Kh 4+ C1h2)h ™ Jen 1.
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By Lemma 5.15 we can find bounds on the third and fourth terms in (5.13) so that

third term in (5.13) < (umax + 2Kh 4+ C1h%) [((2) (tn — X™) — ((z) (tn — 0™) |
< (Umax + 2Kh + C1h?) Cr|x"™ — o™,

fourth term in (5.13) < M|ne. (t, — x™) — 02y (tn — ™) |

<

MCs|x" — o).

From these terms, we get a bound for (5.13). Using simpler estimates we can bound
the second term of (5.12) (involves E,, and e,). Similar estimates bound the fourth
term of (5.11). Keeping track of leading order terms lead to

|Xn _ 0_n| < (1 4 kzh)|xn_1 _ O_n—l| 4 k2h|xn _ O,n| 4 hwn _ 7,n|
+ kah’|| Lo — Rol|« + kah\/Ep, + koh'* /e 1

for some ko independent of h. Multiplying both sides by |x™ — ¢"|, expanding using
zy < 227 + 1y, and collecting the |[x™ — o™ |? terms on the right, we get

1
<1 - kzh - 5 (1 + k2h+ h + 3k2h>> |Xn — 0_n|2

< (X" = 0" TR A — 1™+ koh?|| Lo — Rol|? + k2hEn + kaen—1).

N =

Thus we can find a constant Cy independent of h such that

|Xn _ Un|2 < (1 + C‘gh)b{nil _ 0,n71|2 + éghwn _ Tn|2
+ Coh?||Lo — Ro||? + CohE, + Coep_1.

Multiplying everything by h and using the definition of e,, yields
en < éthEn + (]. + QC'gh)enfl + égh2|£n — T‘n|2 + égh3||L0 — RQHz

Lemma 5.14, combining terms, and defining a constant Cy yields the final result. 0O
LEMMA 5.17. Suppose that the conditions of Assumption 1 are satisfied. Then
the discretization is stable with threshold K, = Kh*?>.
Proof. Let K}, = KRh>?. Let v, and z, € B (wp, Kp). By Lemmas 5.14 and 5.16,
we can pick a constant k such that

B, < (14 kh)E,_1 +kh?e,_1 + kh|/(L — R, LT — RT)"||> + kh |L} — R2|?,
en < kh*En_ + (1 + kh)en_1 + kh? [0 — r"|?

+kh*||Lo — Ro|? + kh*|[ (L — R, L* — R™)"||.
Define A, fn, gn, En, and éy as

A [ LHkh kh?
- kh  1+kh% |°
fn =kh||(L — R, LT — R")"||* + kh|L§ — R§|?,
gn = kR}0™ — 1|2 + kh?|| Lo — Ro||> + kR®||(L — R, LT — RT)™||?,
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_ N
EN N EO N— fn
5.14 _ =A + )y A .
(5:14) [ en } { ¢ ] ; 9n
By induction it is easy to show that

(515) En < EN and ey < epn.

Consider the eigenvalues of A: Ay =1+ kh(1+ h) and Ay =1+ kh(1 — h). For small

T
hy AY < AN = (14 kh(1+ h)N < (1+2kh) T < exp(2kTy). It follows that AN is
bounded for all N € Z™. Thus there exists a k such that for any N € ZT,
(5.16)

N N N N
EN<k<Eo+eo+an+Zgn>, 6N</€<E0+80+an+zgn>-
n=0 n=0 n=0 n=0

For small h, by Lemma 5.13 we obtain

||V() — Z()H* g C5(MEN + MhEN + ||L0 — ROH*)

N N

(5.17) < Cs l2kM <E0+€0+an+29n> +||Lo — Roll«] -
n=0 n=0

We also derive that

(5.18) eo = hlx? — o> = hle® =12 < [|¢ — 7|2,

(5.19) Eo=(V=2,Vt=ZH°> = |(L - R,L* — R")"|?,

N N
E:h:k<zyﬂ@—RJf—RﬂﬂF+mw_Rmﬁ’

n=0 n=0
(5.20)
N
<k YOAIL~ R, LF — RO + K| Lo — Roll%,
n=0

N N N N
S gn=kh <Z hle" ="+ " h||Lo — Ro|i> +kh*> R|(L - R, LT — RY)™|?,
n=0 n=0 n=0 n=0

(5.21)

N
<k[¢—r|? + kM| Lo — Rol|2+ k> Rh|(L—R,L* — R")"||?

n=0

for small enough %. By the definition of the X} norm we get

o = znllx, = max{ Ix = oll-, Vo = Zollo, | (V = 2,V = Z+)°]|
ATy AN NP AGEP AN

< max{\/ MeN, ||V0 — Z()”*, vV EN}
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Using this, (5.16)—(5.21), and the definition of Y}, we can pick an S that depends
only on the initial value problem such that

lvn — znllx, < S|[®(vn) — (2n)lly,. O

We are now in a position to prove the convergence of the numerical scheme. By
Theorem 5.4, the order of convergence will be the same as the order of consistency.
We would also like to find the order of convergence using the supremum norm over
the mesh point values,

(5:22) flwn = Whlloo = max{|[x = 7loo, U0 — wolloe, [UT =t loc, .-,

1U° = wlloc, 1U" = ! [los, -, JUN = u™ |}

THEOREM 5.18. The numerical scheme given by Algorithms 1-2 to solve the
system (3.4)—(3.8) is convergent with the order of convergence given by ||wp,—Wh| x, =
O (h?). Furthermore, |fwy, — Wy, is at least O (h*/?).

Proof. Using similar techniques above we can show that the mapping &, is
Lipschitz continuous close to wy. We have shown that the scheme is consistent of
order 2 in the X, norm (Lemma 5.9) and stable in B (us, Kh*/?) (Lemma 5.17).
Thus from Stetter [17], the inverse ®, ' exists in B (®p(up), £h*?) and the zero in
Y}, is in this ball. As in Theorem 5.4 (Lépez-Marcos and Sanz-Serna [13]), existence
of the numerical solution W}, and second order convergence in the X} norm follow.

As for the order of convergence with respect to the || - ||ooc norm defined in (5.22),
recall from Lemma 5.10 that

1 0
Jwn = Whleo < —=max{|[x = 7, [|[Us — uolls, || (U = uw,UT —u™)"||,...,

Vh
I = w, U =) e (U =, UF =tV

1 3
< —|Wh —wnllx, =O(R*?). O
7 Wi, = O(h%)
This last theorem shows that ||w;, — Wj /o has at least 3 order. As we will see in
the numerical tests of convergence shown in Figure 4, ||wp, — W}||s appears to also
be of order 2, which is consistent with it being at least of order %

5.2. Numerical verification of convergence order. The complicated nature
of the state-dependent delay in the system (3.4)—(3.8) makes it difficult, if not im-
possible, to derive analytic solutions to the system except in trivial cases such as at
steady state (where both the density and delay are constant in time). Since most
of the difficulty in our proof of convergence involved the state-dependent delay, it
is important to verify the convergence of the numerical scheme when the delay is
changing. A description of the test for convergence that we designed is given in the
supplementary material. A log plot of the error versus stepsize is shown in Figure 4
and displays a slope of 1.95 which supports second order convergence.

6. Conclusions and future work. We presented an age-structured popula-
tion model that describes populations in which immature individuals compete among
themselves for food sources, but not with the matured individuals. From this main
assumption we derived a new mathematical model given in (2.1)—(2.5) which is an-
alyzed in papers [10, 11]. The equations were reformulated as (3.4)—(3.8) for easier
numerical integration. This model was derived to describe complex populations such
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oo

= S
s =
| | -es
£ 95 S
: : -
1ol
-95
-105 10 In [lwy, — Wil =1.95In(h)-1.09
In flwy, = Whlly, =1.95In(h)-1.93
1 -105
-5 -4.5 -4 -3.5 -3 -25 -5 -4.5 -4 -3.5 -3 -25
In (h) In (h)
(a) Convergence in X}, norm (b) Convergence in the supremum norm

F1G. 4. Numerical verification of the second order convergence of the method in the X norm

and at least % order convergence in the supremum mnorm. The second figure indicates that the

convergence may be second order as well in the supremum norm, at least for the test problem.

as those of insect and amphibian populations, but it may also be used to describe
cellular populations with threshold dynamics.

In order to do reliable numerical experimentation with the model, we derived
a new numerical scheme and proved its convergence assuming that the conditions
given in Assumption 1 hold. This numerical scheme is based on the technique of
integrating along characteristics introduced by Chiu [5] adapted for a system with
state-dependent delay. The extension required defining continuous extensions of the
density and delay terms over the mesh, deriving at each time step a system of equations
to solve for the boundary value and delay term, and accommodating discontinuities
that may propagate. The convergence of the numerical scheme is proven in section
5 (see Theorem 5.18). The convergence is shown to be of order 2 in the X} norm
(given in Definition 5.1) and at least of order 3 in the supremum norm (defined in
(5.22)). Figure 4 shows the results of a convergence test and indicates second order
convergence in both norms.

We also presented some numerical experiments indicating that this system may
exhibit the well-known sequence of bifurcations from transcritical to Hopf described
n [14]. Some of these experiments are shown in Figures 2-3.

7. Acknowledgment. We thank the anonymous reviewers for their helpful sug-
gestions that led to a significant improvement of our original manuscript.
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