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ABSTRACT. The Escalator Boxcar Train method (EBT) is a numerical method
for structured population models of McKendrick — von Foerster type. Those
models consist of a certain class of hyperbolic partial differential equations and
describe time evolution of the distribution density of the structure variable de-
scribing a feature of individuals in the population. The method was introduced
in late eighties and widely used in theoretical biology, but its convergence was
proven only in recent years using the framework of measure-valued solutions.
Till now the EBT method was developed only for scalar equation models. In
this paper we derive a full numerical EBT scheme for age-structured, two-sex
population model (Fredrickson-Hoppensteadt model), which consists of three
coupled hyperbolic partial differential equations with nonlocal boundary con-
ditions. It is the first step towards extending the EBT method to systems of
structured population equations.

1. Introduction.

1.1. Problem formulation. The Escalator Boxcar Train (EBT) algorithm is a
numerical method for solving structured population models. It is based on repre-
senting the solution as a sum of masses localised in discrete points and tracing their
evolution due to transport and growth. The algorithm has been used in applications
for a long time [4], however convergence of the scheme was shown only recently in
ref. [1] (without the rate of the convergence), and later in ref. [6] (the rate of the
convergence) using the metric space approach proposed in ref. [7, 8]. So far the
method has been established only for single equation models. The aim of this paper
is to derive the EBT algorithm for a system of structured population equations.
We focus on the Fredrickson-Hoppensteadt model, which is a two-sex population
model with age as a structure variable. The model was originally formulated in
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ref. [5] and later developed in ref. [11]. The model consists of three population
equations with structure coupled through nonlocal boundary terms and a nonlocal
and nonlinear source term. Functions u™ (¢, z) and u/ (¢, z) describe the distribution
of males and females, while u¢(¢, z,y) is the number of couples at time ¢. Structural
variables  and y denote the age of males and females, respectively. The following
system of equations describes the dynamics of the population of males, females and
couples:

Ou™(t,x) + Opu™ (t, ) + ™ (¢, z)u™ (¢, x) =0,

T(t,0) = [ B™(t,x,y)ul(t, x, y)dxdy,
R

(0, x) =ug' (x),

ol (t,y) + 0yul (t,y) + ¢! (t, y)u! (¢, y) =0,

ul (8,0)= [ BI(t, 2, y)u’(t, z, y)dwdy,
R

u! (0,2) =uj (),

Opus(t, 2, y) + Opus(t, w,y) + Oyus(t, z,y) + c“(t, 2, y)us(t, 2, y) =T (t,2,y),
u®(t,x,0) = u(t,0,y) =0,
u®(0, z,y) =ug(z, y).

Functions ¢™, ¢/ and ¢¢ describe the rate of disappearance of individuals. In the
case of males and females disappearance equals death, while in the case of couples
it equals divorce or death of one of spouses. Functions 8™ and 5/ are birth rates
of males and females. In the general case the functions may depend nonlinearly on
ecological pressure, which is usually modelled by a nonlocal operator depending on
the distribution of males, females and couples. However, in this paper we restrict
our considerations to the case where disappearance and birth rates depend only on
time and on the structure variable.

The marriage function 7 models the number of new marriages of males and
females of age x and y, respectively, at time ¢. It depends nonlinearly on the distri-
bution of individuals. The choice of this function is a subject of ongoing discussions,
see [9], [10], [16], [13], due to the properties like heterosexuality, homogeneity, consis-
tency or competition. In this paper we follow the formulation proposed in ref. [12],
namely:

T(t,a,y) =F(t,u™(t,x), 0’ (t,2),u(t,2,y))

@(if Yh(x)g(y)U™(t,z)U7 (¢, y) (2)
’y+f0 Um(txderfO (U (t,y)dy’

Function O(z,y) describes the marriage rate of males of age x and females of age
y, while U™ (t,z) = [ fo “(t,z,y) dy} is the number of unmarried males
and U/ (t,y) = [uf(t y fo °(t,z,y)dz] is the number of unmarried females.
Function h € L*(R;) NL>®(R,) descrlbes the distribution of eligible males on the
marriage market. Function g is of the same regularity and describes the distribution
of eligible females on the marriage market.
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1.2. EBT method for a scalar equation. Before moving to the derivation of
the numerical scheme for system (1), we briefly discuss the analytical and numerical
results for a simpler model of the McKendrick - von Foerster type [14]:

Opu(t, ) + 0 (b(t, x)u(t, x)) + c(t, z)u(t,z) =0,

u(t,zp) = h B(t, x)u(t, x)dz, (3)

Zb

(0, x) =ug(x),

which is a one-sex population model with structure variable 2. The function b(t, z)
is the rate at which the individuals change their state. In particular case, when
x represents age, function b(t,z) equals one. One of the many numerical methods
applied to this problem is the Escalator Boxcar Train introduced in ref. [4].

EBT method is based on representing the solution as a sum of masses (cohorts)
localised in discrete points and tracing their spatio—temporal evolution using the
following algorithm:

dixi(t) = b(t,z;(¢)), for i=B+1,...,J,
dt 4)
ami(t) = —c(t,z;i(t))mi(t), for i=B+1,...,J,
ep(t) = { o i mp(t) >0,
Tp, otherwise,
%TI'B(t) e b(t,l‘b)mB(t) —|—axb(t,1‘b)ﬂ'3(t)
—c(t,zp)mp(t), (5)
%mg(t) = —c(t,zp)mp(t) — Ozc(t, zp)mp (%)
+ Z;{:B B(ta Il(t))mz(t)a
mB (tk) = 0,
7TB (tk) = 0.

The procedure consists in solving the system of ordinary differential equations
(ODEs) (4)-(5) on a sufficiently short time interval [tx, tx+1], iteratively with respect
to k = 0,1,.... The details of the EBT algorithm are discussed in Section 2 for
system (1) and therefore we omit them at this stage.

As mentioned before, the rate of convergence of the method for a nonlinear
version of model (3) has been recently shown in ref. [6]. The results are based on
Lipschitz semiflows in metric spaces developed in ref. [3] and applied to structured
population models in ref. [8].

Definition 1.1. Let (E, p) be a metric space. A Lipschitz semiflow is a semigroup
S :10,0] x [0,T] x E — E satisfying
p(S(t; ), S(s;:7)v) < L(p(p, v) + |t = s]),
where s,t € [0,0], 7,8+ 7,t+7€[0,T] and p,v € E.
The idea of the proof of convergence presented in ref. [6] consists in considering
the system (3) (under the assumption that b,c,3 € C*([0,7]; WH>*(R,)) as a

semiflow in a space of nonnegative Radon measures (M™ (R )) equipped with the
Lipschitz bounded distance, defined below.
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Definition 1.2. Let u,v € MT(R;). The distance function pr : M*T(Ry) x
MT(R4) — [0,00] is defined by

priwy) =sw | wdp-v)| v € C'®e), [Wlwix <1} (6)

where [[¢[lwr. = max{|[¢[|oo; [|0z]lco }-

The metric pr is a distance derived from the dual norm of W1 >, with the space
W1 equipped with its usual norm, i.e.

Vwree = max{[[v[|e, 027z},

see ref. [15] and [18].
The solution to the system (4)-(5) is interpreted as an element of the space of
nonnegative Radon measures given by the formula

J
Pt =D mi(t)d s, (1)) (7)
B(t)
which means that ;" (t) is a linear combination of Dirac deltas with masses localised
in points x;(t).
The proof of convergence of the ETB scheme is based on the following proposi-
tion, the proof of which is a modification of the proof presented in ref. [2].

Proposition 1. Let S : E x [0,0] x [0,T] — E be a Lipschitz semiflow. For every
Lipschitz continuous map [0,T] 3t — vy € (E, p) the following estimate holds:

p(ve, St 0)po) < L/ Jim inf PWerhs S5 T)e)
[0,7] h—0 h

dr, (8)

where p is a corresponding metric.

Application of Proposition 1 reduces the proof of the convergence of the measure
given by formula (7) to the solution of the model (3) to the estimate of the right
hand side of inequality (8). In ref. [6] it was proven analytically and confirmed
numerically that the method is of the first order.

1.3. Organisation of the paper. This paper is devoted to derivation of a corre-
sponding EBT method for the two-sex age-structured population model (1). The
convergence of the method follows from stability results obtained in ref. [17] and its
proof is deferred to a forthcoming paper. Section 2 is devoted to derivation of the
EBT algorithm for the two-sex population model. In Section 3, we provide well-
posedness results for the structured population model and for the EBT scheme, and
discuss a sketch of the convergence proof.

2. Derivation of the EBT algorithm for the two-sex population model.
This section is devoted to the formal derivation of the EBT scheme for system (1).
We assume that the solution u/, u™ i u® to system (1) are continuously differentiable
with respect to time and twice time continuously differentiable with respect to
the structure variables. Additionally, the solution itself and its first derivative
with respect to time and first and second derivatives with respect to the structure
variables are assumed to be bounded. The same regularity is assumed on all model
coefficients appearing in the underlying system (1).

The first step of the EBT method is grouping the initial distribution of males,
females and couples into the so-called cohorts, with the grouping performed with
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respect to the age of the individuals. While in the case of males and females the
groups form one-dimensional intervals including individuals of certain age, in the
case of couples we deal with two-dimensional intervals to take into account the age
of both partners. Each cohort is characterised by two quantities: the mass and its
location. The mass (m™(t), m7(t), m°(t)) is the number of individuals or cou-
ples within the cohort at time ¢, and its location (z™(t), y(t) and (z°(t),y°(t)),
respectively) is the average value of the structure variable over the underlying co-
hort. Cohorts are evolving in time along the characteristic lines of the underlying
problem. We wish to track how masses and locations of cohorts change in time.
Once individuals or couples are assigned to a certain cohort they remain there till
disappearance (death or split-up in case of couples). The influx of new couples is de-
scribed with marriage function, while the influx of new males and females is given
in the boundary conditions. Each time step can be treated as an internalisation
moment, where a new boundary cohort appears. In case of couples the boundary
cohorts are empty and in case of individuals the masses in boundary cohorts result
from the boundary conditions.

Following this argument, we start with introducing the initial cohorts. At time
t = 0 we impose space mesh points {I*(0) and l; (0), where ¢,j = By, ...,J in such
a way that I3} (0) = l{% (0) = 0. We define J — By initial intervals for males and
females

Q1(0) = [L7(0),11(0)) s ©141(0) = [t (0),1]41(0)) , 325 = Bos..., T~ 1,
and (J — Byp)? two-dimensional intervals for couples
Q141 (0) = Q1 (0) x QF4(0), .5 = Bo, ..., J — 1.

The above partitioning requires the condition that the supports of initial functions
ug' ug and ug, which are the initial distributions of individuals and couples, are
contained in the sums of all corresponding cohorts that is

J J
supp(ug’) € Q™(0) = ] Q'(0), supp(ug) c 1 (0) = | 2J(0),
i=Bo+1 j=Bo+1

J
supp(u) C Q°0) = | J Q50
i,j=Bo+1
Bearing in mind that the cohorts evolve in time, we write {Q;(t)}_p .1
{Qf ()} _pys1s 1951}, +1 and understand that functions 17(¢) and I/ (t) are
characteristics defined by the transport operators, thus they satisfy differential equa-

tions 417 (t) = 1 and %l;(t) = 1 and are straight lines:
() =t+1"(0), i =DBy,...,J,

Fip — ! -
U(t) =t +1(0), j=Bo,....J.

We impose a mesh on the time variable ¢ € [0,T) in such a way that ¢, = 0 and
Uszo[tn,tnﬂ) = [0,T). For 0 <t < t;, we define boundary cohorts QF () =
0,15, (1)), 65, (1) = [0, (£)) and O, g, () = QI (£) x 0, (1), Qg (1) = (1) x
ng (t), Q5,;(t) = QF (t) x Qf(t)7 where 4,7 = By + 1,J. Mesh points t,,, where
t,=1,...,N, are called internalisation moments.
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Altogether, we have J — By + 1 initial cohorts for males and females and (J —
By + 1)? initial cohorts of couples.

At each point t,,, we define B,, = Bp —n and g, (t) =t —t, for t, <t < t,q1.
Now, for ¢ € [t,,tn+1), we define internal cohorts:

QL (8) = [ (8), 172, (F), for i = Byq...,J —1
QL) = [(4), 1,1 (1)), for j = Bp_y...,J —1
Qg’iﬂ)(jﬂ)(t) = Q;?jrl( ) X Qj+1(t), fori,j=Bp_1...,J —1

and boundary cohorts:

() = 10,17 (1))

Qf (1) =1[0,15 (1))

G5, (1) = QF (t) x Qf (1)

QS (1) = Q' (t) x Qf (t), fori=By_1...,J—1

S, ;(t)=QF (1) xﬂ;f( ), for j=Bp_q...,J —1.

This means that at each internalisation moment ¢, we are adding new boundary
cohorts to account for the influx of new individuals. At the same time boundary
cohorts from the previous time interval [t,,_1, t,) became internal ones on [t,,, t,11)-
It is essential to observe that at time step ¢, we deal with J — By + n + 1 male
and female cohorts and (J — By +n + 1)? couple cohorts.
For t,, <t < t,4+1 masses and their locations are defined as follows:

mi(t) fQ (1) U m(t,x)dz, i = Bn,...,J
0if miy (t) =0,
78, = { Eﬁ," ((?), otherwise )
Br
x;n(t) = m%t)fﬂ?”(t) xum(t7x)dx, [ :Bn+177J
mf(t) = fﬂft) tydy,j—B N |
; 0 if mB (t) =0,
t = ;
an() Hf ((t)), otherwise (10)
ylt) = o IQ;"@ yul (t,y)dy, j =B +1,...,J
and
mg;(t) = ch 0 U “(t,z,y)dxdy, i,j = Bp,...,J a1
( (t)ayj(t)) = e (t) ch 0 (z,y)u(t,z,y)dzdy,i,j = By, ..., J,
where 17 me 1y Tu"(t, z)dx and Hf fo Ly I (t,y)dy.

Let us notlce that we deal with 3 unknowns thus 3 equatlons for each male and
female cohort and with 2 unknowns for each couple cohort. Knowing the amount
of cohorts explicitly we deduce that at each time step t,, we have 3(J — By +n+1)
equations for males and females and 2(J — By + n + 1)? equations for couples.
Consequently, at t, <t < t,+1 we have 8 + 2(J — By 4+ n) equations more then we
had at t,_1 <t <t,.

As our aim is to track the dynamics of the above functions describing masses and
their locations, we wish to derive the appropriate system of ordinary differential
equations. To shorten the notation, from now on, we assume that ¢ € [t,,tnt1)
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and we write B instead of B,,. Let us start with formulating ODEs for masses and
locations of male individuals and symmetric results for female individuals and then
move to the more demanding case of the couples. We start with differentiating
m(t), *(t), i = B+1,...,J, and boundary functions m(¢) and I} (¢):
d
Sonm(t
Sl ()
m d m d m
= Qu™ (t, x)dw + — 1 ()u™ (¢, 1 (1)) — —Lica ()u™ (¢, 1i-1 (1))
Qm (1) dt dt
_ / O™ (¢, ) d + ™ (&, 15 (1)) — u™ (8, i1 (£)
Q7 (t)
:/ O™ (t, x)dx + / Opu™(t, z)dx
Q7 (t) Q)

= —/ ™t x)u™ (¢, z)dx,
Q@)

d m
"B (t)
d
_ / O™ (8, ) de + Sl ()u™ (4, 15 (1)
- i
50

z/ Ou™(t, x)dx + ilB(t)um(t, I(t)) —u™(t,0) + u™(t,0)
(1) dt

:/ o™ (t, x)dx +/ Oz u™(t,x)dx + B (t, x, y)u(t, x,y)dzdy,
QE (1) QF ) R3

—— [ e tayds+ [ 67 byt o) dody
QF(t) RZ

To differentiate the location function z*(t), for i = B+ 1,...,J, we check how
the first moment Z}*(t) = fQ?“(t) xu™(t, x)dzx evolves.
d m
ZFm(t
L0

= / x@tum (t, .Z‘)dl‘ + lz (t)um (t, lz (t)) - li_l(t)um(t, li_l(t))
Q@)

:/ xatum(t,m)dx—i—/ O (zu™ (t, x))dx
Q7 (t)

Q7 (t)

:/ xatum(t,x)dx—i—/ x@mum(t,x)dx—i—/ u(t, z)dx
Qr(t) O] ()

= —/ xcm(t,x)um(t,a:)dx—F/ u™(t, x)dx.
Qr(t)

(1)

Having %E;ﬂ(t) calculated, it is easy to differentiate the location functions for
the internal cohorts:
d m
;" (¢
Sam()

d {w?(t)} _ GEm ) ap () gmi ()
[

“dt |mp(t)



130 PIOTR GWIAZDA, KAROLINA KROPIELNICKA AND ANNA MARCINIAK-CZOCHRA

-1

1
=— xc’”(t,x)um(t,x)dx—i—T/ u™(t, x)dx
mi"(t) /Q;"'(t) mi*(t) Jam

1 1 /
+ o xu(t,x)d:c/ " (t, x)u™ (t, x)dx
m; (t) m; (t) Qm(t) Q™ (t) )

K2 K2

=" (1)

1 1
= / [ (t) — a]c™ (t, )u™ (¢, x)dx + — / u™(t, z)dx.
o (t) () Jam e

mi(t) m!

We also need to differentiate the first moment, I} (¢), in the boundary cohort:
d

—IIg(t
ST()

d

_a QB(t)
- / O™ (t, 2)d + Ly ()™ (£, L (8)) — 0 - w™(£,0) + 0 - w™ (£, 0)
Qp(t)

xu™(t, x)dx

:/ x@tum(t,x)dz+/ Oy (xu™(t, x))dz,
Qg ) QF ()

:/ x@tum(t,x)dx+/ waxum(t,x)dw—l—/ u™ (t, x)dz,
Qg @) Qp () Qg (8

= —/ xc™(t, 2)u™ (t, x)dx —|—/ u™ (¢, x)dx.
Q) Q)

Because we need to obtain the closed form of the schemes, we use the following
facts that hold for i = B+1,...,J:

| @ro - otz =o, (12)
Q(t)

| s = fap @@+ 0 (s 1o -alOF), 03
Q™ (t) )

zeQm (¢
for f € C3(R,).
While the first one can be easily justified based on the definition of z!"(t)

/ [z*(t) — z]u™ (¢, z)dx :xzn(t)/ u™(t, x)dx — / xu™(t, x)dx
Q7 (t) (t) Qi (t)

Q;
e (Bl (1) — () (1) = 0,

K2

(14)

the proof of the second one requires equation (12) and the first order Taylor ap-
proximation

Q7 (1)

d

g fr ) [ O s

+/ O (|z — 2" (t)|?) W™ (t, z)dx
Q)

= f@i"(£))mi" (1)
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m t * 1 m 'O - ’ITL t 2 .
0 sy -0 (e e =T 0

Furthermore, we observe that

/ <zxfj<t> )ucaxy)dxdy:(()) "
s \ Y — vi; (1) o 0o |’
fi(z,v) ¢ B f1(xg; (1), y5; (1)) e
/“W ( fa@y) )u s ( Falay (1), 5, (1)) ) o 1o

z,y)€Q5; (1)

+0 (( max | (zg;(t) — z,yi;(t) — y)|2>

for fi, fo € C*(R%). Equality (16) holds because

fi(z,y)
u(t, z,y)dxd
/ng(t) < f2(2,y) ) () ey
fi(

_ uc , L, da:d
/ij(t) < fz(xfj(t)ayfj(t)) ) (et

ofi  9f1 c
Bx Oy x — i (t
L N A ORI S et 2, oy

+/ o <( max (27 (1) — @, 35 (t) — y)|2> ul(t, , y)dzdy
s, (¢)

x,y) Gﬂfj (t)

) ( Al 0:5(0) >msj<t>
fa(xg; (1), yi; (1))

@) C(t) —a,ys(t) — )P | - [Jullt, -, - e
+ ((x,yr)réaﬂ)%(t) |({17”( ) xz ym( ) y)| > ||u ( )HL1(QU(25))

Now we are ready to derive the system of equations for the male population:

i (18)
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1 m 2
# gyt +0 (o 2P (OF).
=1+0 ( max |z —x" (t)|2> )
z€Q™(t)
d
mi (t)
/ W)+ Bt y)dedy
Qm(t) i
/ u™(t, x)dx — / 0™ (t,0)(z — 0)u™ (¢, z)dx
Q5 (1)
+/ O (Ja|*) u™ (t,x)dx + [ ™ (t, x,y)u(t, z, y)dzdy
=
=—c"(t,0)mE(t) — 0, (¢, 0)IIE () + O ( max |z )
zeQE ()
4 z B (1,55 (1), s (£))m (1) (19)
i,j=B
c 2
n ]ZB (1 s i) © ( e ) = 250) ) )
=—c"(t,0)mF(t) — O™ (¢, 0)IIZ () + O ( max |x|2)
A0
J
i,j=B

+  max JO (( max |(@7;(t) — z,y5;(t) y)|2>

§,§=B,e.., ) €08, (t)
and finally
d
—Ig(t
L)
= —/ xcm(t,m)um(t,x)dx—l—/ u™(t,x)dx, (20)
QE (1) Qg (1)

(0 (. 0mE(0 + O o).

xeQE ()

As we mentioned before, one can easily conclude that the system of ODEs for
the female population is of similar form, namely

__ !
/ijm (t,y)u’ (¢, y)dy (21)

=~ Ity Wyml(t) +0 ( max |y~ y! (t>|2> ,
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d s
t
Y @)

Zfl(t)/m(t)[yf(t) —ylcd (t,y)u! (t,y)dy

m;
P / F(t,y)d
u'(t,y)ay
m (t) of (1)

J

1 (22)
———[y] (1) — y] (D) (¢, y] (£)m] ()
mf(t) J J J J
1 f frey(2
4+ ——mi({t)+ O | max |y—vyl(t ,
T (ym;m y—vl(®) )
=14+ 0| max |yfy;c(t)|2 ,
yeQs (1)
d
pral m(t)
/ Tt y)u tydy—l—/ﬁta:y) (t,x,y)dxdy
/ T(t,y)dy — / 0xc! (£,0)(y — 0)u’ (t, y)dy
o oL ()
+/ O (lyl?) (tydy+/ B (t, @, y)ul(t, x,y)dedy
- cf(t, O)mé(t) - 8ch(t, O)Hé(t) + 0O < max y|2>
yeQh(t)
+ Z B (1,255 (8), y5; (£))m; (1) (23)
1,j=B
J
€t -, )L e (1O € (t) —x,ys () — y)|?
+i7]gB Hu ( 5"y )”L (Qij(t)) ((m,yr)ré%?);(t) |(~Tz]( ) xayz]( ) y)| )
= — (£, 0)mL (t) — 8¢ (¢, 0)TIL (8) + O ( max y|2>
yeQL (1)
J
+ > B (), vs (1) m (1)
i,j=B
c o c _ 2
+, max O <(m,yr)ré%>§j o 1@ =2 u5(0) —y)l )
and finally
d
ané(t)
(24)
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—f f f 2
=mp() — e/ (£, O)IIL(1) + O | max |y
yeQL (t)

To obtain the system of equations for dynamics of populations of couples we need
to apply a similar treatment for masses and their locations.

d

@mfj (t)

/lf(t
°(t,z,y)dydz
dt ORI NG

/lq-, (t) d [/l}c() ‘( ) ]
= — u(t, z,y)dy | dx
o 4t

d 1) d ()
s | [ weroga) - g | [ e oo

_, (@ _, (@

17 (1) i (1)
:/ / atuc(taxvy)dy
1y (®) o)

dyfipe d
U et 2, (1) = S (et 1 1())}dsc

1) 1)
[ e oma - [ .

[0 [0

:/ atuc(t,;my)dm—&—/ uC(t,x,l‘;(t))dx—/ u®(t, a:,lj 1 (t))dx
Qs (1) Q7" (6) (1)

+ / W (4,1 (8), y)dy — / W (4,10 (1), y)dy
Qf(t) Qf ()

:/ atuc(t7:c,y)da?+/ &vuc(t,x,y)dy—k/ Oyu’(t,x,y)dx
(1) (1)

i Qg; (¢)

- / Tt 2,y) — (2, y)uc (£, 2, y)] dady.
55 (t)

As previously, to differentiate the locations function (z§;,y5)(t) = = ()
fQ_,_(t)(x,y)uc(t,x,y)d:rdy we start with its first moment, that is (z§;,f;)(t ) =
Jo, @ v)uct, =, y)dedy

d —C —C

%(xiyyij)(t)

ey (t)
/ “(t, x, y)dydx
1(t)

u(w P A0
= - /, (z,y)u(t,z,y)dy | dx
o 4t @
)

+ () [ /l;mui (1), ) (8,1 <t>,y>dy]
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()
- %l?il(t) Vl (21 (8), y)us(t, B4 (D), )dyl

[N

=/ (x,y)@tuc(t,x,y)dxdy—l—/ (x,lf(t))uc(t,x,lf(t))dx
0 (0]

- [ @O ] o)
+ /Q va(t)(lf”(t%y)uc(vzll"(t),y)dy— /Q 5(@(1;’: L), YU (1 (1), y)dy

- / ()9 (1, 2. y)ddy
¢.(t)

ij

+/ (1,0)uc(t7x,y)d$dy+/ (@, y)Opu(t, x,y)dxdy
Q¢ () Q° (1)

+ [ vty + [ ()o,uctn)dsdy
&,(0) s, ()

ij

:/ (x,y) [T (t,z,y) — (t, z, y)u(t, z,y)] dedy + / (1, Du’(t, z, y)dzdy.
Qs (1)

Qs (1)

As the derivation of the closed form for couples goes in line with reasoning for the
male and female populations, we apply equations (15) and (16). We omit details
concerning approximation of particular functions, because similar calculations were
performed in the case of male population.

For a generic marriage function 7 (¢,z,y) we are not able to obtain the closed
form, and most we can conclude is:

S0 = = (s 0,05 O 0) + [ T(ta)dady
Qg (t)

(0,95 (1) = /Q Ty

= (@55 (8), w5 ()" (&, 2 (8), yi; () m; () + (1, 1)m; (t)

Hence, in further investigations we consider a specific marriage function given in
equation (2). To obtain the desired form of ODEs describing dynamics of couples,
we need to approximate the integral of the underlying function over cohort 2f; (t):

/ F(t,u™ (b, 2), (1, 2), u (1, 2, y))dady
QF(t)

fQF ®) [G(x y)h(x)g(y)U™ (t, CC)Uf(t y)] dzdy (25)
oyt Sy h@) Ut x)ds + fo WU (ty)dy
where, as previously Um(t,z) = [ fo °(t,a,y dy] and U/ (t,y) =

[uf t,y) fo “(t,x,y dz] To obtain the approx1mat10n of the first order with
respect to the structure variables, we apply formulas (12)-(16). Observe that the de-
nominator of function F' does not depend on structure variables and hence, there is
no need of integrating it over 2, (t). Let us start with the integral of the numerator.
It consists of four parts which can be approximated separately:
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[, gt . y)dsdy
=0 (1), 5] ()G O)glo] () O] (1)

+O( max |z —2"(t)]*) + O( max |y — yjf(t)|2)
z€Q (t) yel (1)

/ O(z,y)h(x)g(y)u™(t, x) /OO u®(t, z,y)dzdzdy
5 (1) 0

= Z O (7" (1), vy () (i (£))g (i (£))mi" (E)mi; (8)+

v=B,....,J (z,y)€QE . (t)

vj

+ max O ( max - [(27;(t) — z,yy,;(t) — y)|2>
/ @(x,y)h(x)g(y)uf(t,y) /OO u®(t, x, z)dzdxdy
Q¢ (t) 0

J
= 05, (1), yl (O)h(5, () gyl (£)m] (t)yms,, (t)+
w=B

(@) sw(t) — ) fw(t) — 2
5,0 (2 650 0 =)

/ 6(z,y)h(x)g(y) / w(toa2)ds [ stz y)dedady
Qg (1) 0 0

v,w=B

- Jo( 10500 — 5,550 - 0P

v,w=B,..., (z,y)€Q¢,, (1)

To give the idea how the approximations are obtained, we present calculations
of the third part:

/ O(z, y)h(m)g(y)uf(t, ) /OO u€(t, x, z)dzdxdy
Qe (t) 0

(1) - HO
- / h(x) / (. 2)dz / Oz, y)g(y)u? (¢, y)dydz
1 (t) 0 o)

a0 o
:/ h(x) / u®(t,x, z)dz
™ (t) 0

2] (gl (0)m] (1) + 8/ (. )lga o7y - Oy — ] ()] d

[e

J 1,(t)
Z/l(t)/ o “(t,x, 2)dz
(e

) |G,y ()gw! () () + l[u? (1l s ) Oy = ] (D)) ) da
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J
= (5, (DO, (£), y! () g(y] (£)m] (B)]m, (¢)
—B
J

w

i (2 () — 206 (8) y>2)

(z,9)€0Q5, (t)

J
Z t )L af (i) Oy = wf OF) - u ()L o, o
( max (5,0~ 766 ) )

J

:Z T4, ( 2, (1), 5] (£)g(y] (£)m? (t)Jmé,, (1)

+ max O max 28, (t) — @,y (t) — 2)
<(r7y)eﬂgw(t)|( (t) Yiw () — )|

" (26)
+ Z (5, (), y] (£))h (5, (0) gy (£)m] (£)ms,, (1)

w=B

v,w=B

and observe that N;;(t) denotes the approximation of the numerator of formula
(25). We can easily conclude that N;;(t), defined below, denotes an approximation
the numerator of formula (25) multiplied by vector (z,y):

Nij ()
=(z Z”(t) vy ()0} (), yf (EDh((1)g(y] ())m (t)m] (¢)

+ Z )y () O (" (), i () (" (8))g (i (£))mi™ (E)m 5 (2)
J (27)
+ > (@5, (), ] (D)(O(5, (1), yf () h(5, (8)g(y] (1))m] (£)ms,, (1)
w=B
J
Y (@0, 55 (0O (1), iy ()R, (£) g (ys; (1)) me; (£)me, (¢).
v,w=B

The denominator of formula (25) is made up of two parts, which we approximate
separately:



138 PIOTR GWIAZDA, KAROLINA KROPIELNICKA AND ANNA MARCINIAK-CZOCHRA

/Oooh(x) [Um(t,m)—/ooouc“’x’z)dz] .

R (O)m"(t) = Y hlx;(8)ms; (1)

Y-

(2

+ max (9( max m:n(t):r|2>

i=B,...J  \@eQp (1)

i
t
<
i
@

i,j=B,... (x,y)eﬂfj(t)

/Ooo 9(y) {uf(t,y) - /000 u“(t,z,y)dz} dy

+ max JO ( max |($fj(t) - 3371/;]@) - ?/)|2>

Let us write

Dij(t)
J J
=7+ D h(@PO)mi () = Y h(f;(0)me;(t)
i—B i.j=B (28)
J J
+ D9yl (Dm0 = D aui;()mi; (@),
i=B i,j=B
and understand that D;;(t) is an approximation of the denominator of formula (25).
Now ch wF tu™(t,x),ul (¢, x), u(t, z,y))dedy is approximated by 5 N”( % while

fﬂfj(t) x,y)F( ,u™(t, ), uf (t, 1), uc(t, z, y))drdy is approximated by N”Et;

Having the approximations, we obtain equations for mass and location of couples:

%mfj(t) = — (t, a5 (1), yg; (1)ms; (1) + gj Eg ot
%(ffy (t)a?]icj (t) = [(1, 1) — (l‘fj (1), Yi; (y))c (t,x” (t), 0 (t))} ngj(t) (29)
Nij(t)
+ Dy (1) +h.o.t,

where h.o.t stands for higher order terms, which are of second order.
After neglecting higher order terms in equations (17)-(24), we are able to present
the numerical scheme for masses and locations for the males, females and couples:
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() = —&m(t, @ ()mr(t), i=B+1,...,J,
dimt) = 1,i=B+1,...,J,
Lty = —&m(t,0)mp(t) — 0.8 (1, 0)IIE (t)
) X A7 (5 (1), 55 (O (1), (30)
APt = mp(t) — (L 0)IR (),
- 0 if M (t) =0,
Tt = 537((3, otherwise,
B
Lty = &gl )mlt), j=B+1,...,J
dt'' ") c ?yj m] y J IRERER S
Lolty = 1, j=B+1,....J,
Linf(t) = —&f(t,0)mf(t) — 0y¢f (1, 0)TIE (¢)
) 30 B (45 (), 95 (0)ng; (1), (31)
ATL() = d(t) — &l (1, 0)IT5 (1),
0 if 1 (t) =0
of _ B '
gpt) = {fﬁg, otherwise,
and
L@ 050) = (1) = @500, 55 )e(t, 35,0, 55,(0)] g (6) + 322,

o 0 if 7g;(t) =0,
(@), 95;@) = (5,(0),5¢, (1))

> otherwise
m LCJ (t) ) )

(32)
where Nj;(t), Nij(t) and Dy;(t) are given by (26), (27) and (28), respectively, except
that all the locations of the cohorts and their masses are replaced with relevant
variables with hats.

Observe that the right hand side of the last but one equation, e.i. for %(f;fj (1),
ys;(t)), consists of terms only of the form 7ng; (t)G(25;(t)).

Above differential equations need to be supplemented with the initial condi-
tions at the beginning of the interval [t,,¢,+1). Let us start with ODEs for
the males and females. For equations evolving in the interval [to,¢;) the initial
conditions for our scheme #"(0), n/*(0), gj;(O), m;.“(o), for 7,j = By,...,J, are
known based on the initial conditions of the original problem, while g (0)=0
and ﬁgo(()) = 0. For the corresponding ODEs evolving in [t,,tn+1), where 0 <

n < N, we take #7(t,) = lim,,,_ &7(t), M (t,) = lim,_,,— m(t), §](tn) =
lim, - ijf(t) m{( tn) = hmtﬁt ( ), for i,j = Byp,...,J and as previously
i, (tn) = 1F (tn) = 0 and sy, () = 115, () = 0.

Tn the case of couples, equations evolving in the interval [to,t1) are supple-
mented with the following initial conditions: Mm% p (0) = mgg (0) = mg ;(0) =0,
(%CBOBO(O)ZQEOBO(O)) = (Oa0)7 (‘%cBoj(O)azjl%oj(O)) = (070)7 for j = Bo,...,J and
(i"fBo (0), Ui, (0)) = (0,0), for ¢ = By, ..., J.
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3. Well-posedness and convergence of the method.

3.1. Well-posedness of the structured population model. Existence, unique-
ness and Lipschitz continuity with respect to initial data and model parameters
of a nonlinear version of model (1) were established in ref. [17] using the frame-
work of nonnegative Radon measures (MT(Ry) x MT(Ry) x MT(R2),d), for
d = di 4+ di + do with Lipschitz bounded distance

di(p1, po) = sup {/R

It was shown in ref. [17] that, under the assumption that

@d(pr — p2) : o € CH(R';R) and |¢|lwr= < 1} , 1=1,2.

i
+

e gl 8" g € C([0, T]; WH(R4))

and
¢,0 € C([0,T]; Wh>(RY)),

a Lipschitz semigroup of solutions is generated in the sense of Definition 1.1.

3.2. Solvability of the EBT algorithm. Proof of solvability of the EBT method,
i.e. existence and uniqueness of solutions of system (30)-(31), is not straightforward,
because of the specific definition of the dynamics of the cohorts involving quotients
of the variables with denominator which is not necessarily separated from zero.
Similar problem for the EBT algorithm for a scalar structured population model
was solved in ref. [6]. The strategy proposed in ref. [6] can be applied also in our
case.

It consists in considering the problem in a restricted domain, in which the right-
hand side is locally bounded and locally Lipschitz-continuous, which yields local
in time existence and uniqueness of solutions. The main difficulty is in showing
that the solutions remain in the restricted domain locally in time, i.e. the values of

(Z5;(t),yg;(t)) remain in a cone

(0,0) < (27;(1), y5;(t)) < (Cu(t), Ca(t)) - 1 (1), (33)
for certain C;(t), ¢ = 1,2, which is equivalent to proving the following inequalities:
z6(t
o< 2l (31)
g (t)
T8 (t)
—I = < Cq(t). (35)
my; (t)

While the first inequality is obvious, the second one needs justification. Let us

remind that ¢;(t) = ;i’:((tt)) and take C;(t) =t + C, where C is a constant. Then,

the inequality (35) is equivalent to Zf;(t) —t < C.
Equation (29) yields
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:m%@)lﬁij(t) (&7 (1) = a5 () O @ (8), 7] ()R (1)g (@] ()" (Hyid (1)
J
@) = 35(0) D O (), 5, ()T (D)9 (G, (1) (1), (1)
v=B

+ Y (@5,(0) = 25,(0))(0(#5, (1), 57 (0)A(&5, (£)g(5] (1)i] (), (1)

w=B
J
Y (@, — 25005, (8), 6 ()P (@5, (£))g (95, (£))ring ; (£)rig, ()
v,w=B
Taking
T max (1) = argmax, _p &7, (t),
we obtain
O #an0) = 1) SO for 8, (1) 2 8(0) = O 1.
Note that d (Afmax(t) —t) = % (a%fmax(t) — 2™ (t)) and therefore | & ayx (t) — 27 ()| T
< |a§ max(0) —27"(0)[*. Finaly 0 < &7,(t) < C + t. For further details of the proof,

we refer to ref. [ .

3.3. Remarks on the convergence of the method. The essential step in the
proof of the convergence of the numerical method is the stability result for the Lips-
chitz semigroup presented in ref. [17], where the metric space (F, p) from Definition
1.1 is understood as (MT(Ry) x MT(Ry) x MT(R%),d), for d = dy + dy + do and

di(pi1, p2) = sup {/ ed(py — p2) + ¢ € C'(R';R) and [Jo]lwre < 1} ,i=1,2.
+

As reported above, equation (1) is associated with a Lipschitz semigroup, [17].
Therefore, due to Proposition 1, the remaining step in the proof of convergence
boils down to the estimate of the tangential condition, which is the right hand side
of the estimate (8). To identify the missing part of the proof, let us define two
continuous operators, projection and extension, in the following way:

P i (MT(Ry) x MT(Ry) x M (R2),d) — R BotntD) o R3(J—Botnt1)®
B : RAUPotntl)  RIU-BorntDt L (M (Ry) x MF(Ry) x MF(RS),d),
given by the formula
Pu™(t, ), ul (t,-),u(t, -, )
(@ (1), m" (1)), (] (0),m] (), (5 (), 95, (0), m; (1))
E((«] (1), m]" (£)), (9] (1), m] (8)). (25;(8), w5, (1), m; (1))

J J

J
= Z mzn(t)a{x;”(t)}, Z {y )y Z Z 5{37§J(t) v (0}

i=B(t) j=B(t) i=B(t) j=B(t)

One observes that P o E' = Id, while the E o P does not need to be the identity.
From the derivation of the method we obtain immediately an estimate for the tan-
gential condition between P(u™(t,-), uf (t,-),uc(t,-,-)) and (™ (t), (), (57 (1),
md (1)), (2¢; (), 95;(t),m5;(t)) in the finite dimensional space of the approximation,

)
I

?
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with the appropriate accuracy. To present the rigorous proof of the convergence
of the method we need the estimate of the condition of tangentiality between

m c J m J
(wm(t,-),uf (£, ), u(t,~ ) and (Zi:B(t) MO 03: i=p(ey ™ (D01 1y
Zij’j:B(t) mfj(t)é{m% (t),y;j(t)}) in the space of measures equipped with an appropri-

ate distance. Similar proof was carried out in ref. [6]. Due to the lengthy of technical
calculations needed in this step, a complete proof is deferred to a forthcoming paper.
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