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ABSTRACT. We introduce a new method for proving convergence and rate of
convergence of discrete Bass models on various networks to their respective
compartmental Bass models, as the population size M becomes infinite. In this
method, the master equations are reduced to a smaller system of equations,
which is closed and exact. The reduced system is embedded into an infinite
system, whose convergence to the infinite limit system is proved using standard
ODE estimates. Finally, an exact ansatz reduces the infinite limit system to
the compartmental model.

Using this method, we show that when the network is complete and homo-
geneous, the discrete Bass model converges to the original 1969 compartmental
Bass model, at the rate of 1/M. When the network is circular, the compart-
mental limit is different, and the convergence rate is exponential in M. For
a heterogeneous network that consists of K homogeneous groups, the limit is
given by a heterogeneous compartmental Bass model, and the convergence rate
is 1/M. Using this compartmental model, we show that when the heterogene-
ity in the external and internal influence parameters among the K groups is
positively monotonically related, heterogeneity slows down the diffusion.

1. Introduction. Diffusion of innovations in networks has attracted the attention
of researchers in physics, mathematics, biology, computer science, social sciences,
economics, and management science, as it concerns the spreading of “items” ranging
from diseases and computer viruses to rumors, information, opinions, technologies,
and innovations [1, 2, 17, 22, 23, 26]. In marketing, diffusion of new products plays
a key role, with applications in retail service, industrial technology, agriculture, and
in educational, pharmaceutical, and consumer-durables markets [20].

The first quantitative model of the diffusion of new products was proposed in
1969 by Bass [5]. In this model, the rate of change of the number of individuals
who adopted the product by time ¢ is

W(t)=(M=n)(p+1n),  n(0) =0, (1)
where n is the number of adopters, M is the population size, M — n are the re-
maining potential adopters, p is the rate of external influences by mass media (TV,
newspapers,...) on any nonadopter to adopt, and % is the rate of internal influ-
ences by any adopter on any nonadopter to adopt (“word of mouth”, “peer effect”).

2020 Mathematics Subject Classification. Primary: 91D30; Secondary: 34E10, 60J80, 92D25.
Key words and phrases. Stochastic models, master equations, convergence, rate of convergence,

compartmental models, diffusion in networks, ordinary differential equations, heterogeneity.
*Corresponding author: Amit Golan.

3052


http://dx.doi.org/10.3934/dcdsb.2022203
mailto:fibich@tau.ac.il
mailto:amitgolan33@gmail.com
mailto:schochet@tauex.tau.ac.il

COMP. LIMIT OF DISCRETE BASS MODELS 3053

Internal influences are additive, so that the overall rate of internal influences is
proportional to n.

The Bass model (1) is a compartmental model. Thus, the population is divided
into two compartments (groups), adopters and nonadopters, and individuals move
between these two compartments at the rate given by (1). The Bass model is one of
the most cited papers in Management Science [16]. Almost all its extensions have
also been compartmental models; given by a deterministic ODE or ODEs. The
main advantage of compartmental models is that they are easy to analyze. From
a modeling perspective, however, one should start from first principles, and model
the adoption of each individual using a stochastic “particle model”. The macro-
scopic/aggregate dynamics should then be derived from this discrete Bass model,
rather than assumed phenomenologically, which is done in compartmental Bass
models. Moreover, the discrete Bass model allows us to relax the assumption that
all individuals are connected (i.e., that the social network is a “complete graph”)
and have any network structure. The discrete Bass model also enables us to re-
lax the assumption that individuals are homogeneous, and allows for heterogeneous
individuals, which is much more realistic.

At present, the only rigorous result on the relation between discrete and compart-
mental Bass models is by Niu [21], who derived the compartmental Bass model (1)
as the M — oo limit of the discrete Bass model on a homogeneous complete net-
work. The approach in [21], however, does not extend to other types of networks,
nor does it provide the rate of convergence. Fibich and Gibori derived an explicit
expression for the macroscopic diffusion in the discrete Bass model on infinite cir-
cles [14]. They did not prove rigorously, however, that this expression is the limit
of the discrete Bass model on a circle with M nodes as M — oo, nor did they find
the rate of convergence.

In this paper, we present a novel method for proving the convergence of dis-
crete Bass models. This method can be applied to various network types, and it also
provides the convergence rate. Since real networks are finite, the convergence rate
provides an estimate for the difference between a finite network and its infinite-
population compartmental limit.

We first use our method to provide an alternative proof to the convergence of
the discrete Bass model on a homogeneous complete network, and to show that the
rate of convergence is ﬁ We then use this method to prove the convergence of the
discrete Bass model on the infinite circle, and to show that the rate of convergence
is exponential in M. Finally, we use this method to prove the convergence of a
discrete Bass model in a heterogeneous network. Specifically, we consider a hetero-
geneous population which consists of K groups, each of which is homogeneous. We
show that as M — oo, the fraction of adopters in the heterogeneous discrete model
approaches that of the compartmental model. Then, we analyze the qualitative ef-
fect of heterogeneity in the heterogeneous compartmental Bass model. In particular,
we show that when the heterogeneity is just in {p;}, just in {¢;}, or when {p;}
and {g;} are positively monotonically related, then heterogeneity slows down the
diffusion.

The main contributions of this paper are:

1. A new method for proving the convergence and the rate of convergence of
discrete Bass models as M — oo. This method is based on embedding a
system of ODEs with a varying number of equations in an infinite system.
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2. A convergence proof for the discrete Bass model on the circle, and for a het-
erogeneous network with K groups.

3. Finding the rate of convergence of the discrete Bass model on a homogeneous
complete network, a heterogeneous network with K groups, and a homoge-
neous circle.

4. An elementary proof that heterogeneity slows down the diffusion whenever the
heterogeneity is just in {p;}, just in {¢;}, or when {p;} and {g;} are positively
monotonically related.

2. Discrete Bass model. We begin by introducing the discrete Bass model for
the diffusion of new products. A new product is introduced at time ¢ = 0 to a
network with M consumers. We denote by X () the state of consumer j at time ¢,

so that
1, if 7 adopts the product by time ¢,
X;(t) .

0, otherwise.
Since all consumers are initially nonadopters,

X,;(0)=0, j=1,..., M. (2)

Once a consumer adopts the product, she remains an adopter for all time. The
underlying social network is represented by a weighted directed graph, where the
weight of the edge from node 7 to node j is ¢;; > 0, and ¢; ; = 0 if there is no
edge from i to j. We scale the weights so that if ¢ already adopted the product
and ¢; ; > 0, her rate of internal influence on consumer j to adopt is %, where
d;(M) is the number of edges leading to node j (the indegree of node j). This
scaling ensures that the maximal internal influence

Qm,'
4= D T (3)

on a nonadopter, which occurs when all her peers are adopters, will remain bounded
as M tends to infinity if the g, ; are bounded, and will equal their common value
when all the gy, ; corresponding to edges leading to j are equal. In addition, con-
sumer j experiences an external influence to adopt, at the rate of p; > 0. Hence, to
first order in At,

1, if X;(t) =1,
Prob(X;(t + At) =1 | X(t)) = Mo .
(i )=11X() pj+ zl—dj(ﬁ)Xm(t) At, if X;(t) =0,
m#j

(4)
where X(t) = (X1(¢),...,Xnm(t)) is the state of the network at time ¢.  The
quantity of most interest is the expected fraction of adopters

1
Fascrete (t: {pj} {am i}, M) = 3 EIN ()], (5)
where N(t) := Z;\il X (t) is the number of adopters at time ¢.
Let [Syyy .-y Sm,] := Prob(X,,, =0, ¢ = 1,...,n) denote the probability that

the n nodes {my,...,m,} are nonadopters, where 1 < n < M, m; € {1,...,M},
and m; # m; if ¢ # j. These probabilities satisfy the master equations:
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Lemma 2.1 ([13]). The master equations for the discrete Bass model (2,4) are

d Gl m,
(S S, meﬁ Z Z Lt ) (S S

j=n+1i=1

qu,m.b
+ Z ( )>[S,,L1,...,Smn,slj],

Jj=n+1

(6a)

for{my,...,mp} C{1,..., M}, where {l41,..., I} ={1,..., M}I\{m1,...,my},

and ; .
dt[Sl’”"SM](t):_<;pi> [S1,...ySM]s (6b)

subject to the initial conditions
[Simys--vsOm, ](0) =1, {mi,...,m,}C{1,...,M}. (6¢)
In what follows, we will use equations (6) to analyze the limit of fgiscrete as
M — oo. Indeed, since E [X;(t)] = 1 — [S}](t), then

M

1
fdiscrete =1- M Z[S]] (7)
Therefore,

M
. . 1
lim  faiscrete(, M) =1 — lim MZ[Sj](-,M).

M —o0 M— o0 2
Jj=1

2.1. Relation between discrete and compartmental Bass models. From a
modeling perspective, the discrete Bass model is more fundamental than the com-
partmental model. The latter model, however, is much easier to analyze. Indeed,
the homogeneous compartmental Bass model (1) can be rewritten as

d
/O =0=Np+af).  f0)=0, (8)
where f := 77 is the fraction of adopters. This equation can be easily solved,
yielding the Bass formula [5]
1 — e~ (P+a)t

fBass(t§pa Q) = W

The corresponding discrete network is complete and homogeneous, i.e.

p; =p, Gk =, d;j(M)=M —1, k,j=1,...,M, k#34. (10)
In that case, (4) reads
1, if X;(t) =1,

(p + ﬁN(t)) At, if X;(t) = 0. (11)

Prob(X;(t + At) =1 | X(t)) = {

The relation between the discrete Bass model on a homogeneous network and the
compartmental Bass model was established by Niu:
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Theorem 2.2 ([21]). Let p,q > 0. Then the expected fraction of adopters in the
discrete Bass model (2,11) on a homogeneous complete network approaches that of
the homogeneous compartmental Bass model (8) as M — oo, i.e.,

. mpl

lim feoR (0,4 M) = frass (0, 9)- (12)

M—o0

As far as we know, Theorem 2.2 is the only previous rigorous proof of convergence
of any discrete Bass model as M — oc.

3. Homogeneous complete network. In this section we introduce a novel method
for proving Theorem 2.2. This method also provides the rate of convergence, and
can be extended to other types of networks.

Theorem 3.1. Assume the conditions of Theorem 2.2. Then the limit (12) is
uniform in t. Moreover, the rate of convergence is ﬁ, i.e.,

.0 00) ~ fosltind) =0 (7). Moo (13)
Proof. Our starting point are the master equations (6). When the network is ho-
mogeneous and complete, see (10), then by symmetry, [Sy,, ..., Sm,]
= [Sky, ..., Sk,] for any {mq,...,m,} and {ki,...,k,} C {1,...,M}. Hence, we
can denote by [S™](t) the probability that any arbitrary subset of n nodes are non-
adopters at time ¢. Using this symmetry and (10), the master equations (6) reduce
to

%[S”](i;M) =-n (p—|— %:Tq) [S"] + n%:rfq[SnH], n=1,...,M —1,
(14a)
@15 M) = ~Mp[s™), (14b)
subject to the initial conditions
[S™](0; M) =1, n=1,...,M. (14c)
Moreover, by (7),
Smete” =1-[8], [8):=[5"] (15)
If we formally fix n and let M — oo in (14), we get that
L1520 = —n(p+ QST +nglSE), [SHIO =1, m=12,.. (16
This does not immediately imply that limps,o0[S™] = [SL], since the number of

ODEs in (14) increases with M, and becomes infinite in the limit. In Lemma 3.2
below, however, we will prove that for any n > 1,

lim [S"])(¢; M) = [SL](t), uniformly in ¢. (17a)
M —00

Moreover,

1S7](t: M) — [S™](t) = O (]\D . Mo (17b)

Therefore, we can proceed to solve the infinite system (16).
To do that, we note that substituting the ansatz

[S] = [Sw]”, n=1,2,... (18)
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into (16) transforms that system into
n—lg
dt

Dividing by n[S.o|" ™!, we find that the infinite system reduces to the single ODE
and initial condition

n[Seo] [Sec](t) = —n(p + ¢)[Seo]™ + nCI[SOO]n—Ha [Se](0) = 1.

%[Soo] =—(p+q) [Soc] + Q[SOO}Q = —[Soo](p + q(1 — [Sx]), [Se](0) = 1.
Therefore, by (8),
[Soo] =1- fBass- (19)
The results follow from (15), (18), (19), and (17a) and (17b) with n = 1. O

The O (4;) rate of convergence which is predicted in Theorem 3.1 is illustrated

. i let let
numerically in Figure 1, where fBass — oot =~ ﬁ Here, fioob ¢ was calcu-

lated from the average of 10° simulations of (2, 11).

0.08
0.04
SUP (fgqes fommner) 0,02
0.01

0.005

10 20 40 80
M

complete

FIGURE 1. Log-log plot of sup, ( [Bass = fdiscrete ) as a function

of M. The fitted solid line is logy = —0.991log M — 0.78. Here,
p=0.02 and ¢ = 0.1.

3.1. Convergence and rate of convergence. The proof of Theorem 3.1 makes
use of

Lemma 3.2. For any n € N and p,q > 0, the solution [S™](t;p,q, M) of (14)
converges, uniformly int, to the solution [SL](¢;p, q) of (16) as M — oo. Moreover,
[S™M(t; M) — [S](t) = O (55) as M — .
This lemma will be proved in Corollary 3.5 below. To simplify the notations, let
n M—n
W) =50, g0 =T
W) = S2),  n=1,2..., (20b)

Then we can rewrite the systems (14) and (16) as

q, n=1,...,M, (20a)

%uLM)(t):—n <p+q§LM)> u;M)—knq,(lM)uglj\ﬁ. uM)(0) =1, n=1,...,M,
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and

d
%Uﬁw(t) = *Tl(p + Q)UZO + nquzo-&-la u?zo(o) = 17 n= 1a 2; R (22)

respectively. Note that ODE (21) for %ug\]y) does not involve the non-existent

. (M) .
variable uy, /[, since

gy =0. (23)
For any fixed n,
Jim M) — 4. (24)
—00

Hence, it is reasonable to expect that as M — oo, solutions of (21) converge to
solutions of the limiting infinite system (22). We cannot, however, prove this by
applying the standard theorems for continuous dependence of ODE solutions on
parameters, since the number of equations increases with M and becomes infinite
in the limit, and because of the presence of the unbounded factor n on the right-
hand-sides of (21) and (22).

It is convenient for the analysis to have an infinite number of ODEs even for a
finite M, because then {uslM)} and {uS*} belong to the same space. Therefore, we
embed the finite system (21) into the infinite system

d
ﬁuflM)(t):—n <p+q,gM)) ULM)—l—nq,(lM)ug\ﬂ, uflM)(O)zl, n=12,...,

(25a)
where
M—n _
g — = n=1,...,M, (25b)
q, n:M+1,M+2,
Condition (23) ensures that the first M components {u;M)}?f:l of the solution
of (25) are also the solution of (21). In addition, uM = u® form=M+1,M +

2,..., since equations (22) and (25) for these components are identical, and are
decoupled from the first M equations. Hence, solutions of the finite system (21)
converge to solutions of the limiting infinite system (22) if and only if solutions of
the infinite system (25) converge to that limit.

The discussion so far takes for granted that solutions of the infinite systems (22)
and (25) exist. Even though those systems are linear, the existence of solutions
is not quite trivial, because the presence of the factor n on the right-hand-sides
of (25a) and (22) makes those right-hand-sides unbounded functions of the infinite
solution vectors

u® = (ui®,uy’, ), u™) .= (ugM),uéM),'u). (26)
From the proof of Theorem 3.1, however, it follows that
up® = (1 = fBass)™, n=12,...,

uM) = (1 = fpass)”, n=M+1,M+2,.... (27)

Therefore, solutions of the infinite systems (22) and (25) do exist.
The following technical results will be used in the statement and proof of Theo-
rem 3.4.

Lemma 3.3. Let p,q > 0, let quM) be given by (25b), and let

g:=In(1+2). (28)
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In addition, for every e >0 and v = (vy,va,...) € RY, define

S

qe _
0(e) := , V]e:= sup e v, v|||. :=sup ||[v(t)]]c. 29
() o vl S |vn| vl tzlgll )l (29)
Then
0(e) <1, 0<e<e. (30)

In addition, the function ||v||c is a norm on the space V. := {v||v|. < oo}, and
the function ||[v(t)||. is a norm on the space C%([0,00), V) of bounded continuous
functions on [0,00) taking values in V.

Proof. These are standard results. O

Theorem 3.4. Let p,q > 0 and 0 < € < &. Let u™ and u™) be the solutions
of (22) and (25), respectively. Then

o

520(1\14)’ M — . (31)

Proof. Since {u%M)}f‘L/Izl are probabilities, see (20a), they are bounded between 0

and 1. In addition, {U;M)}%Oz am41 are given by (27), and so are also bounded
between 0 and 1. Therefore, we have the uniform bound

[l = )
0

Both here and in the other cases presented in this paper, the slighty weaker uniform
bound H‘u(M )H| 0 S #W') can be obtained directly from relevant system, in this
case (25), by multiplying by an integrating factor, integrating, applying the ||| |||,
norm, and estimating the result, in similar fashion to the calculation below.

Subtracting (22) from (25) yields

d
— (u%M) — u;‘f’) +n(p+q) (u;M) — u;’f’)

dt
=ng (uilﬂﬂ — “?zo+1) +n (q — q,(IM)> (uﬁlM) — ugf‘ﬂ) .

Multiplying by the integrating factor e®®t9)t integrating from zero to ¢, and using

u%M)(o) = uf°(0), yields

t
WD (t) — ue (t) = ng / et (uN}(s) — us () ds
0

t
+n(g=gM) [ et (uM0(s) — ullf) (5)) ds.
’ (33)
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Let 0 < ¢ < & Multiplying both sides of the infinite system (33) by e "¢, and
taking the supremum over n,t gives

t
Wu(M) —u”||| <sup 6€nq/ e~ (pt+a)(t—s) ‘u(M) —u™||| ds
£ t,n 0 €
t
+supe "n )q - qﬁlM)‘ / e_"(p+Q)(t_s)2"‘u(M)‘)‘ ds
t,n 0 0
e(1 — —n(p+q)t
_gp 2= )’H“(M) RS
t,n p+q 3
’q . (b(zM)‘ efne(l o efn(erq)t)
20 s
0 t,n p + q
(M)| —ne
s (fo = i)

SQ(E)‘Hu(M)—uOO yo " ,
€ p+q

where in the last inequality we used (32). Since 6(g) < 1, see (30), then

2
) _ ool < (‘ _ (M)‘ —ns) 34
u u S sup ( |9 — q, e .
I S ot -ee) 39

By the definition of qELM), see (25b), for any n > 1,

’q - q(M)‘ e " <q n-l et 1 (nee™"¢) < 7 C,

" - TM-1 “e(M-1) “e(M-1)
where C := max,>o(ye™?) < co. Therefore, for any fixed € > 0,
1
_ (M)‘ —ne) o —
sup (‘q g, e ) O(M)’ M — co. (35)
Relation (31) follows from (34) and (35). O

Corollary 3.5. for any n € N, uM (t) = uX(t) uniformly int as M — oo, and

uM () —ue(t) =0 (77) as M — oo.

Proof. For any n € Nand 0 < € < €.

u (1) = ()] < e |u -] | (36)
€
see (29). Therefore, the result follows from the convergence estimate (31). O

4. Homogeneous circle. To understand the role of the network in the discrete
Bass model, it is instructive to consider the diffusion on the “opposite of a complete
network”, namely, on a circle with M nodes, where each node has only 2 edges.
Thus, we assume that

q, i=j+1 mod M, .
bi=p d;(M) =2, B = {0 otherwise ’ lsbjs M.
(37)
In this case, (4) reads
1 if X;(t)=1
Prob(X;(t+At) = 1| X(t)) = , » it XG0 =1,
(p + §Xj,1(t) + EXjJrl(t)) At, if Xj(t) =0.
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The M — oo limit of the discrete Bass model on a circle was explicitly computed
by Fibich and Gibori:

Theorem 4.1 ([14]). The expected fraction of adopters in the discrete Bass model (2, 38)
on a homogeneous circle as M — oo is

A/}li)noo f((i::;gllrectc(t’pquM) = le(t;p, q)a le(t;pv Q) =1- e—(p+q)t+q 781] .
(39)
Proof. We sketch the proof of [14]. Let [SZ .](t) denote the probability that n
adjacent nodes [Si41,...,Sk+n] are all nonadopters at time ¢t. By translation in-
variance, [Sk41,. .., Sk+n] is independent of k. Hence,
((i:ii;gieete =1- [Sclircle]'
By translation invariance and (37), the master equations (6) reduce to
d mn n mn
%[ circlc] = _(np + q) [Scirclc] + q[Sci;Tje]? n= 17 ) M — 17 (40&)
d
%[Sé\i/{rclc] = _Mp[Sé\i/{rclc]v (40b)
subject to the initial conditions
[St e (0) =1 n=1,...,M. (40c)

Fixing n and letting M — oo in (40) gives the limiting system

d n
a[sgo,circle] = _(np + q)[sgo,circle] + q[SooJ,rclircle]? [Sgo,circle](o) = 1’ n= 1’ 27 ce

(41)
The ansatz
[ go,circle] = e_(n_l)pt[soo,circle] (42)
reduces (41) into the single ODE
d —
%[Soo’drde] = _(p + q)[SOO,CiTCIE] + qe vt [Soo,circle]v [Soo,circle}(o) =1L
Hence .
[Soo circle] - e*(p+q)t+q 1_*";?

discrete
Note, however, that in [14], Fibich and Gibori did not rigorously justify that (41)
is the limit of (40) as M — oo. We will justify this limit, and thus complete the
proof of Theorem 4.1, in Section 4.1. O

Since N}im féirele. (t:p,q, M) =1 — [Seo circle), the result follows.
—00

4.1. Convergence and rate of convergence.

Theorem 4.2. Assume the conditions of Theorem 4.1. Then the limit (39) is
uniform in t. Moreover, the rate of convergence is exponential, i.e., for any 0 <
g < &, where € is given by (28),

c?{;gicete(t;pyqa M) - le(t;py q) =0 (eiME) ’ M — oco. (43)
Proof. In light of the proof of Theorem 4.1, it only remains to show that for any

n € Nand p,q > 0:
1. The solution [S%_,.](¢;p,q, M) of (40) converges, uniformly in ¢, to the solu-

circle

tion [ST, cireiel (B 5 @) of (41) as M — oo.
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2. The rate of convergence is exponential, i.e.,
[ grcle}(t; M) - [ go,circle](t) =0 (e_ME) ) M — oo.
These results are proved in Corollary 4.4 below. O

The exponential rate of convergence predicted in Theorem 4.2 is illustrated nu-

merically in Figure 2, where we observe that fip — fSicle ~ Ce 13M . Here
drele (¢ p,q, M) was calculated using the explicit expression obtained in [14, 15].

100F
circle

Supt(le_fdiscrete)

105}

1010t

0 10 20
M

FIGURE 2. Semi-log plot of sup, (le — (‘ﬂggi‘zte) as a function of
M. The fitted solid line is y = 8.8e713M. Here, p = 0.02 and

q=0.11.

The analysis that leads to Corollary 4.4 is nearly identical to that in Section 3.1,
thus illustrating the power of our method. Let

=1,...,.M -1
a0 () = [Sheael (M), g = {g RV C =1, M,
) n= )
(44a)
“Zo(t) = [ go,circle](t)ﬂ n= ]-7 27 R (44]3)

Then we can rewrite the systems (40) and (41) as

d
—u%M)(t):—<np+qr(lM)) uglM)-l—qﬁLM)u(AQ uM)(0) =1, n=1,...,M,

(45)
and
%uff(t) = —(np+ Qu,” + qupy g, usC(0) =1, n=12,..., (46)
respectively. We embed (45) into the infinite system
d
%u;M)(t):—(np—kqflM)) u;M)—kqﬁLM)u%L u;M)(O):l, n=12,...,
(47a)

where

¢, n#FM,
(M) — {0 Y (47b)
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By (42),
’U/ZO = e—(n—l)pt [Soo,circle]a n= 1; 27 ey
ulM) = e=(=VPtG ], n=M+1,M+2,.... (48)
Therefore, solutions of the infinite systems (46) and (47) do exist.

Lemma 4.3. Let p,q > 0 and 0 < & < &, where € is given by (28). Let u™ and
u™) be the solutions of (46) and (47), respectively. Then

[u0 —ux|| o), M- (49)
g

Proof. Since {u%M)}anl are probabilities, see (44a), they are bounded between 0

and 1. In addition, {U%M)}%O: a4 are given by (48), and so are also bounded
between 0 and 1. Therefore, we have the uniform bound

i )
Subtracting (46) from (45) yields
d
Z (M) o0 (M) _ 4,00
7 (un Un) ) +(np +q) (un Un )
=g () =) + (=g () —ul)).

Multiplying by the integrating factor e("?+9? integrating from zero to ¢, and using
(M) _ :
un (0) = ul®(0), yields

t
o0 —(n —8 M o)
W0 =) =g [ O () - () ds (51)

+ (- ™) /Ot e (0= (y (D (s) — uM)(s)) ds.

Let 0 < € < €. Multiplying both sides of the infinite system (51) by e~"¢, and
taking the supremum over n,t gives

ds

J -
€

t
§Supeaq/ o~ (np+a)(t—s)
0

€ t,n

‘u(M) —u™

ne

t
+supe” Q*ng)‘/ 67(”p+q)(t75)2H’u(M)’H ds
t,n 0 0
_ ,—(np+qg)t
o qes(l e (np+q) ) Hu(M)_uoo
t,n np +q €

‘q . quM) ‘ e—na(l _ e—(np-‘rq)t)

2o

t,n np +q
su (‘ _ (M)‘ 7%)
Prl|d—4n "|€
SH(E)H’u(M)fuoo +2 ,
€ p+gq

where in the last inequality we used (50). Since 0(¢) < 1, see (30), then

2
S 90 -06)

[ =

sup (‘q - q,(zM)‘ 6_"€> : (52)
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By the definition of q,(LM), see (47b),

sup (‘q—q,(lM)‘67”5> = ‘q—qj(\y)‘efME:qest. (53)
Relation (49) follows from (52) and (53). O

Corollary 4.4. For anyn € N and 0 < e < &, u;M)(t) — u2°(t) uniformly in t as

M — oo, and uglM)(t) —uP(t) =0 (e7M¢) as M — oo.

Proof. Same as Corollary 3.5, only with the convergence estimate (49). O

5. Heterogeneous network with K homogeneous groups. We now consider a
heterogeneous population that consists of K groups, each of which is homogeneous.
This situation arises, e.g., when we divide the population according to age groups,
levels of income, gender, etc.

5.1. Description of the model. The network consists of K groups. Any node in
group k has external influence p; > 0, any adopter in group m has internal influence
4k >0 on any nonadopter in group k, and the parameters {p;} and {g, ;} are
assumed to satisfy

p;i >0, ¢n; >0 for m,j e {1,--- ,K}. (54)

Group k has M, > 0 nodes, and so 22{:1 M, =M.
The discrete model (4) for node k,, in group k, where k = 1,..., K and n =
1,..., My, becomes

1, if Xp (H) =1,
Prob(Xg, (t+At) =1]| X(¢)) = K

Tro ( kn,( ) ‘ ()) (p/g-l- Z X/}n,kle(t)> At, if an(t) =0,
m=1

(55)

where N,,(t) is the number of adopters in group m. The corresponding heteroge-
neous compartmental Bass model reads, cf. (1),

d

K
() = (M —mp) (pk +Y qm]\fnm> , ne(0)=0, 1<k<K, (56)

m=1
where ny is the number of adopters in group k. Although complete consistency
with (55) would require dividing ¢, , in (56) by M — 1 rather than M, the use of
M as the denominator is traditional in Bass models, going back to Bass [5]. In any

case, the difference becomes O (ﬁ) as M — oo.

Let us assume that the following limits exist and are positive:

. My
ap ;= lim —

Jim =% k=1 K (57)

Then a; > 0 and Zszl ar = 1. Moreover, we assume that

M M

Relation (58) holds trivially when K = 1. For K > 2, it holds if, e.g., My = |axM |
for 1 <k<K—1and Mg =M — Y 1" My.

M, 1
k—ak:O() as M — oo, 1<k<K. (58)
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Let fx := 7G5 denote the fraction within the population of group-k adopters.
Then (56) can be rewritten as

K
%fk(t) = (& — fr) (pk + Z Qm,kfm> , fr(0) =0, 1<k<K. (59)

m=1

Since the number of equations in (59) remains fixed as M — oo, assumption (57),
together with standard results on the continuous dependence of solutions of systems
of ODEs on parameters and the fact that f; tends to the constant value % as
t — oo, imply that the solution of (59) tends uniformly in time as M tends to

infinity to the solution of

K

m=1

and assumption (58) implies that the rate of convergence is O(45).
When K = 1, both (59) and (60) reduce to (8). Since the solution fi of (60)
satisfies 0 < fr < ag, the maximal influence on a nonadopter from group k is,

c.f. (3),

K
qk ‘= Z AmGm. k- (61)
m=1

5.2. Convergence and rate of convergence. We can use our method to prove
the convergence and the rate of convergence of the K-groups heterogeneous discrete
Bass model to the heterogeneous compartmental Bass model.

Theorem 5.1. Let (54) and (58) hold. Then the expected fraction of adopters in the
discrete Bass model (2,55) on a heterogeneous network with K groups approaches
that of the corresponding heterogeneous compartmental Bass model (60) as M — oo,
i.e.,

i R (6 o (g (o), M) = AT (ped o) dnd) (62)
where fheter .— Zszl T, {fx} are the solutions of (60), and the limit is uniform

Bass
in t. Moreover, the rate of convergence is ﬁ, i.e.,

1
B0 - M0 =0 (5). Mo (63)
Proof. Let M := (M, ..., M), k= (ki k)T,

K
n(k) = ij, (64)
j=1
and
RM .= (k| k;€{0,...,M;}, 1<n(k)<M}.

-

Let uy(t) denote the probability that a set {m1,...,m,} of n = n(k) consumers
which contains k; members from group j for 1 < j < K, are all non-adopters at
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time ¢. The master equations (6) reduce to

. A
(M—k) o

4 _— -
Eu,g(t)z— k-p+ M1 UE-F M1 UE+€17~-~,UE+€K)QI€,
(65a)
for 1 <n(k) <M —1, and
%uﬂ(t):—<]\2~ﬁ) Uyt (65b)
subject to
u(0)=1, ke KM, (65¢)
where €; is the unit vector in the ith coordinate,
Q1 QLK A1 0
Q:(ql,]): ’ D()‘la7)‘n):
qr,1 ' QKK 0 An
If we formally fix k, let M — oo in (65), and use (57), we get that
%ugx’) =— (E -p+ &'TQE) u/%oo) +a’'D (u%ﬁf;, e ,u%O:;K) QE, u%oo)(O) =1,
(66)
where @ := (aq,. .. ,aK)T. This does not immediately imply that
; _ ()
A/}gnoo up =ug, (67)

since the number of ODEs in (65) increases with M, and becomes infinite in the
limit. In Lemma 5.2 below, however, we will prove that the limit (67) holds for any
ke K . where

K®:={k | k; €{0,1,2,...}, 1<n(k)<oo}.

Therefore, we can proceed to solve the infinite system (66).

Let
(o) T (o))
W) =TT (u570) (68a)
j=1
where
K
%ugjo)(t) =— (pj + Zaiqiﬁj (1 — ug@)) ugo), ugjo)(()) =1, j=1,...,K.
i=1
(68b)

It can be verified by direct substitution that (68) satisfies (66) for any k € K.
Let

szzaj(l—ug")), j=1,... K.
By (68b), {f; le satisfy the heterogeneous compartmental Bass model (60). Hence,

K

K
Zakuézo) = Z (ar = fr) =1~ foss (69a)
k=1

k=1
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In addition, by (5),

Mk z heter
= Z [Sk]=1-— discrete* (69b)
k=1 M=
Therefore, (62) and (63) follow from (69), (58), and Lemma 5.2. O
The O( 1) rate of convergence predicted in Theorem 5.1 is illustrated nu-
merically in Figure 3, where we observe that fheter — fheter = ME%. Here

heter (4 {pr}, {@m.k }, M) was calculated from 10° simulations of (2,55).

discrete

0.08

0.04

sup (fheter heter )
Bass dlscrete 0.02

0.01

10 20 40 80
M

FIGURE 3. Log-log plot of sup, (f5sier — fheter ) as a function of

M. The fitted solid line is logy = —0.96log M — 0.58. Here,
K = 47 {a17a27a37a4} {04 01303 02}7 {p17p27p37p4} -

{0,0.02,0.04,0.01}, and (gi,;) = (93? i 0% o

5.3. Proof of Lemma 5.2. As noted, the proof of Theorem 5.1 makes use of the
following result:

Lemma 5.2. For any ke K™, the solution ug(t) of (65) converges, uniformly
in t, to the solution u(oo)( t) of (66) as M — oco. Moreover,

() _ oL
U — U —O(M>, M — . (70)

This result is proved in Corollary 5.6 below.

Remark 5.3. In some cases, it makes sense to replace (58) with a more general

convergence rate

M, 1
_ — <k<K. 1
i ay O(MT> as M — oo, 1<k<K (71)

For example, if each person is assigned randomly to group k with probability aj then
large deviations theory together with the Borel-Cantelli lemma imply that estimate
(71) holds almost surely for any 7 < . In that case, the rate of convergence (63)
and (70) changes from 1/M to 1/M™n(L7),
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We now rigorously show that for any ke K . the solution of (65) approaches
the solution of (66) as M — oo. Similarly to the homogeneous case (Section 3.1),
we first embed the finite system (65) into the infinite system

d, (M) _ (7 = 2ovr o, ) o 7 (3 (M) r

dul™ = — (k- g+ a1 BQR) ol + a1, D (ull) -l ) QF,
us )(0):1, ke K™,
(72a)

where
N = O
QM. k)= { =1 ke KT, (72b)
al, keKOO\KM

Thus, for & € KM, the ODEs of the infinite systems (72) and (65) are identical.
The ODEs of (72) for k € KM are decoupled from those for k € I?OO\I?M, since
@(M,k)(j) = 0 when k; = M; for any 1 < j < K. In addition, the ODEs of the
infinite systems (72) and (66) for k € K=\K M are identical, and are decoupled from
the corresponding ODEs for KM Therefore ul(gM) = u](;o) fork e K °°\I? M Hence,
solutions of the finite system (65) converge to solutions of the limiting system (66)

if and only if solutions of the infinite system (72) converge to that limit.
From the proof of Theorem 5.1, it follows that

() _ Fivk; 2 oo
us _Hu_@y, ke K™,
Jj=1
— K -
uM=Ta- Zﬂ_)kj, ke K=\KM. (73)
j=1 ’

Therefore, solutions of the infinite systems (66) and (72) do exist.
The following technical results will be used in the statement and proof of Theo-
rem 5.5.
Lemma 5.4. Let {p;} and {gm,;} satisfy (54), let a(M, k) be given by (72b), and
let
A= sup max a(M, k)Qa, (74)
MENK ke, Wi >0 Z] L wi=1
where &G = (w1, ...,wk)" and Q is defined in (65). Then 0 < A < co.
Define
- Ae®
§:=In(1+ 222 0e) = —. 75
Fmm(le ), o) = A (75)
Also, for every e >0 and v = (v1,vs,...) € KV, define

Ivll- == sup e ®lugl, v, := = sup IIV( | (76)
ke K>

where n(k) is defined in (64). Then for all0 <e <&, M € NX, and k € K,

<M E)Q
5+ a(M

1;’ 5P < 0(c) < 1. (77)
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In addition, the function ||v||e is a norm on the space V¢ := {v|||v||c < oo}, and
the function ||[v(t)||. is a norm on the space C%([0,00), V) of bounded continuous
functions on [0,00) taking values in V.

Proof. These are standard results. O

Theorem 5.5. Assume the conditions of Lemma 5.4. Let u®) and u™) be the
solutions of (66) and (72), respectively. Then for 0 < e <€,

o | =0 (). Mo (79

Proof. Since {ul(;M)} are probabilities for ¥ € KM see (65), they are bounded

between 0 and 1. In addition, {u%M)} are given by (73) for k € I?OO\I?M, and so
are also bounded between 0 and 1. Therefore, we have the uniform bound

[l < )
Subtracting (66) from (72) yields
£ [l ] = —[f -+ QR T — )
4D () ol e ), ) Yk
+[a—a(*,E)]D(u§;M)—u%;;, ul™ }(j‘fk)@k

(80)
Multiplying by the integrating factor e*7+3Qk)t integrating from zero to t, and
using u’(_c,M)(O) = ul(:o)(O), yields

(M) (o0)
ur (t) — Uy () (81)
t - o _
— —(k-p+aQk)(t—s) z (M) _,(00) o
_/0 e aD (UE+€1 (s) uEJrg1 (s), , k+e (s) — ( )) des

t —~ -
+A e—(k~ﬁ+t‘iQk)(t—S)[d (M k)]D( (M)(s) (M) (5)7_,_ ’U‘E'C‘M)(s) L]\f) (s )) QEds,

since u™ and u(®) have the same initial data. Taking the ||| |||, norm with 0 <
e < € of both sides of (81), estimating on the right, and using (79) yields

D).

[[u
< suplaQ@Fje—<"® /t ¢~ EBPHIQE(E=9) = (1L4n) ||y OD) _ y@|l| g
TR 0 c
Lot . _
VR Dy —en(R) — (k- F+EQR) (t—s5) ||| 4, (1)
+sup212’ a(M,k)( a; rrilgxqmn(k)e /Oe P I[a ]|, ds
[@QKle™ 1) ol (1 _ o (E-rraaiye
= sup T 1 - o Eea
S TN (B e—en(R)
+Sup22i:l a(M,k)(zl ai ma)jw qijn(k)e (1_e(E.ﬁ+aQE)t)|Hu(A7I)|”O
R k-p+aQk

supg X215, (@M, 8)(0) — as| e

min; p;

<OE)[u™ —u|| +2maxgi,
(2%
(82)
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Since € < €, then 0(g) < 1, see (75), and so (82) implies that

K
(M) _ (o) 2max; ; i, Lo vy | —en(B)
1 =, < S ey [}izlj\am,k)(z) e I C)
Relation (78) follows from (83) and Lemma 5.7 below. O

Corollary 5.6. For any ke K>, uI%M) (t) — ul(goo)(t) uniformly in t as M — oo.
(M) (00) 4y _
Moreover, u (t) — U (t)=0(5) as M — .

Proof. By (76)

‘UZM () — u}%oo)(t)’ < eon®) ‘u(M) NCOl|| Y (84)
g
Therefore, the result follows from the rate of convergence estimate (78). O
Lemma 5.7. Let 0 < e <&. Then
K
. . . 1
sup [Z @M (M), ) (i) — a; e*m(’c)} -0 () . M—oo.  (8)
EeKeo i=1 M
Proof. By (72b),
K K Mk .
FaY ﬂ . 7£n(k):| |: i i ) 767L(k2):|
Esupoc [Z ‘a(]\J(M)7 k)(i) —a;le ﬁsqum Z T e
¢ i=1 keK i=1
K K
M; 1 P
< sup [ i a; —En(k):| + sup [ kle—en(k)}
FeRe ;M_l EekwM—lg
K
M, 1 1
< —a; 5 _”} =0(—),
—; M—1 +M—1Z§%{xe (M)
where the last equality follows from (58). O

6. Effect of heterogeneity. Despite the general agreement that individuals are
anything but homogeneous, only a few studies out of the sizeable literature on
compartmental Bass models analyzed the qualitative effect of heterogeneity in com-
partmental Bass models. Chaterjee and Eliashberg constructed a compartmental
diffusion model which allowed for heterogeneity in consumers’ initial perceptions
and price hurdles, and showed that heterogeneity can alter the qualitative behav-
ior of aggregate adoption [7]. Bulte and Joshi divided the population into two
groups: The influentials with p = p; and ¢ = ¢1, and the imitators with p = 0 and
q = q2. Their numerical results revealed that heterogeneity in p and ¢ can change
the qualitative behavior of the diffusion [6].

In this section, we analyze the qualitative effect of heterogeneity, within the
framework of the compartmental Bass model. In most of the analysis, we will
be considering a milder heterogeneity in ¢, in which {g; ;Vil are allowed to be
heterogeneous, but each individual is equally influenced by any adopter. Formula (3)
then yields

Imj =qj, ~ MFJ, (86)
and (60) becomes

GO =~ ) e+ afl), RO)=0, k=1 K (87
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Thus, we compare the fraction of adopters

£t st ai}{ag}) = fe (G {ps} {ai} {ag}) or £t {ps}, {g5} {ay}) =
beter (¢ {p;},{q;},{a;}) in the compartmental model (60), or (87), respectively,

Bass
with that in the corresponding homogeneous case f2°™ := fgp..(t; P, q), where

K K K K
D= Z Dk, q= Zaqu = Zak Z AmGm, k- (88)
k=1 k=1

k=1 m=1

We do that using the Bass Inequality Lemma:
Lemma 6.1. Let fP°t(t) satisfy the Bass inequality

Dty < (- Y+ af™),  0) =0,

Then

fhet(t) < fBass(t;pv q); 0<t<o0.
Proof. This result was proved in [14, Appendix A]. It is also a special case of
Lemma 6.2 below. 0

To apply Lemma 6.1, let

Yy = (1 _ fhct) (p_|_ qfhct) _ %fhct. (89)
Then p
CP) = (1= Pt gt (), 0<it< oo

Hence, if we can show that y(t) > 0 for 0 < ¢ < oo, then by Lemma 6.1, hetero-
geneity slows down the adoption.
In Theorem 6.3, we will show that y > 0 using the following auxiliary result:

Lemma 6.2. Let

LR <H(R),  SRM=H(R),  0<t<w,  [(0)= H0)
Assume that Ho is Lipschitz continuous. Then
fi(t) < fa(t), 0<t<oo.
Proof. See Section 8. O

We now use Lemmas 6.1 and 6.2 to analyze the case where the heterogeneity in
g is mild, and {py} and {gx} are positively monotonically related, i.e., p; <p; <
¢; < pq. Without loss of generality, we can assume that

p1<p2< - < pk, ¢1<q < <gk. (90a)

We assume that the network is not homogeneous, i.e., that
3i, j such that p; > p; or ¢; > gj. (90b)
Theorem 6.3. Let fP* and fP°™ denote the fraction of adopters in the mildly het-
erogeneous compartmental Bass model (87) and in the corresponding homogeneous

model (8) with p := Zszl agpr and q := 25:1 arqy, respectively. Assume that (90)
holds. Then

PR e ey {ar ey {aniey) < P69, 9), 0<t<oo.
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Proof. Let y be given by (89). Then by (60),

y= (-7 (p+af™) Z fr
dt

K
Z ar — fr) (P +af"") — (ak_fk) (pr + aif™")

k=1

=~
Il
—

M-

K K
(ar = f1) (P—pr+ " (@ =) = D (o — D) + VY fulax — @).
k=1

k=1 —
Thus,
K K
y=>_ frpx — I+ (Z Jrar —thet> : (91)
k=1 k=1
We claim that
y(t) >0, 0<t<oo. (92)

Therefore, the result follows from Lemma 6.1.
To prove (92), let
P Ik
fu(t) = o
denote the fraction of adopters within group &, and let

Hy(fi) == (1= fi)(px + au ™).
Then (87) reads

Hence,
d ~ ~
Hi(f) = 25 = (1= 15) i+ ais™) = (1= 1) (0 + 3£
= (1=55) (i = p) + 1" (6 = 4)) -
Let i > j be for which (90b) holds. Since f;, f** > 0 for ¢ > 0, then

(1 - fa) ((pi = ps) + " (@i — q5)) > 0,

and so J
%fj<Hi(fj), 0<t< oo

Therefore, by Lemma 6.2,

f) < fi),  0<t<oo (93)
Hence,
N NN ([ A het (,
< (fl f]) (pz p; + f (Ql QJ)) “\ 4 0 ( pi —pj+ f ( QJ))
i J

for 0 < t < co. This inequality becomes an equality whenever condition (90b) does
not hold, so that p; = p; and ¢; = ¢;. Hence,

O<ZZaza3 (Z— fJ) (pi —pj + " (@i — 7))

i=1 j=1 aj
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K K K K K K
aj =Y iy aipi— Y aipi»_ fi+ > ai ¥ fip
1 =1 j=1 =1 Jj=1 =1 Jj=1

K

K
= > fimi
=1 J

K K K K K K K K
+ fhet Zfi(hzaj - Zfizaj%‘ - Z%%‘ij +Zai2fj%'
=1 j=1 =1 j=1 =1 j=1 =1 j=1
K K
=2 (Z fipi — "'+ <Z figi — fhetQ>> =2y,

=1 =1

see (91). Therefore, we proved (92). O

This result was also derived by Fibich and Golan in [13], but their proof is much
more complicated, since they analyzed the discrete Bass model directly.

Corollary 6.4. Let {pr} and {qr} be monotonically increasing in k, see (90a).
Then the adoption level within each group in the compartmental Bass model (87) is
monotonically increasing in k, i.e.,

filt) < folt) < ... < fx(b), 0<t<oo.
Proof. This follows from relation (93). O

This result is intuitive. Indeed, let 1 < k < m < K. Then nonadopters from
group k experience both weaker external influences p; < p,, and weaker internal
influences grf < ¢ f than nonadopters from group m, see (87). Therefore, they
are slower to adopt.

In light of Theorem 6.3, it is natural to ask whether fP°* < fhom even if {p;} and
{g;} are not positively monotonically related. The following example shows that
this is not always the case.

Example 6.5. Let K = 2, a1 = ay = %, pr=0,p2 =2p, 11 =0, q12 = 0,
g2,1 = 4q, and g2 2 = 0 (see Figure 4A). Then (60) reads

1) = (3 = f1) 4qf2, J1(0)

£3(t) = (5 — f2) 2p, f2(0)
Since 2,1 # 1,1, the network is not mildly-heterogeneous in ¢. Since ¢; = 2¢ and
g2 = 0, see (61), the corresponding homogeneous model is (8) with p := p and
q:= 3 (01 +2) = q, see (88).

gf (94)

Lemma 6.6. Let f°'(t) and fP°™ denote the fraction of adopters in the heteroge-
neous model (94) and in the corresponding homogeneous model (8) with p = p and
q = q, respectively. If g > p > 0, then

) > freme),  o<t< L (95)
Proof. It is easy to verify that 4 fhet(0) = & fhom(Q) = p, %fhEt(O) = 2p(q — p),

and %fh"m(O) = p(q — p). Hence, when ¢ > p > 0, j—;fhet(()) > %fh‘)m(O)7 and
0 (95) holds. O

Figure 4B shows that indeed, when ¢ > p, then initially fhet(z) > fhom(¢). This
dominance flips, however, as t — oo.
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1

A ; B

4q 0.5 y Vi
—P /
0
0 100 200
t

FIGURE 4. Aggregate adoption in the heterogeneous (dashes) net-
work given by (94) is locally greater than in the corresponding
homogeneous (solid) network (8) for p = 0.2q.

Thus, fP* can be larger than fP°™ if the heterogeneity in ¢ is not mild. But,
can we have that fP¢* > fhom when the heterogeneity in ¢ is mild?

We now proceed to analyze a case of a mild heterogeneity in ¢, in which {p;}
and {¢;} are negatively monotonically related.

Example 6.7. Let K =2, a1 = as = %, p1 =0, ¢1 = 2q, p2 = 2p, and ¢ = 0.
Then the compartmental model (87) reads

)= (3= f1) 2a(fr + f2), f1(0) =0,
f5) = (5 — f2) 2p, £2(0) = 0.

Lemma 6.8. Let f'°'(t) and fP°™(t) denote the fraction of adopters in the het-
erogeneous model (96) and in the corresponding homogeneous model (8) with p=p
and q = q, respectively. If p > q, then fi°t(t) < fhom(t) for 0 <t < oo.

Proof. By (96), fP* := fi + f, satisfies

%fhet(t) — (1 _ fhet) (p+ qf-het) —, Y= (fl _ fz) (qfhet _p) ) (97)

Since p > ¢, then ¢f"* —p < 0 and so by (96), fo > f1 for 0 <t < co. This implies

(96)

that y(t) < 0. Therefore, by Lemma 6.1, fh¢t(¢) < fhom(t). O
1 1 1
—_— 7
- 4
d /
/ /
4 I
f0.5 A f0.5 4 B fo.5
0 0 0
0 10 20 0 5 10 0 1 2
t'=qt t'=qt t'=qt

FIGURE 5. Aggregate adoption in the heterogeneous (dashes) com-
partmental network (96) is slower than in the corresponding homo-
geneous (solid) network (8). A) p=10.1¢q. B) p=¢. C) p = 10g.
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Numerical simulations of (96) confirm that fh¢t(¢) < fhom(¢) for p > ¢ (Fig-
ure 5B-C). Moreover, they show that fhet(¢) < f2om(¢) for p < g as well (Figure 5A).
This suggests, therefore, that perhaps in the mildly-heterogeneous case (87), fh°t <
from for any {p.} and {qx}, and not just when they are positively monotonically
related. Whether this is the case, however, is currently open. A proof of Lemma 6.8
for p < g is also open.

7. Discussion. The problem of proving that solutions of a system of master equa-
tions converge, as the number of individuals tends to infinity, to solutions of a
compartmental model has been widely studied in many disciplines. The case most
relevant for the Bass model for the diffusion of new products is that of the suscepti-
ble infected (SI) model in epidemiology [24], in which susceptible individuals corre-
spond to nonadopters and infectives correspond to adopters. Some epidemiological
models also include recovered individuals which correspond to “non-contagious”
adopters, a category not included in the Bass model, but included in the Bass-SIR
model [11, 12].

The approach developed here for proving that convergence consists of three steps.

1. The full set (6) of master equations for the probabilities of the states of all
subsets of nodes is reduced to equations for a smaller set of variables, which is
sufficient in the sense that the expected fraction of adopters can be written in
terms of them, and is closed in the sense that the equations for those variables
involve only those variables. The reduced equations for the homogeneous
complete network are (14); for the homogeneous circle network are (40), and
for the heterogeneous complete network are (65).

2. The reduced equations, which are a finite system of ODEs, are embedded into
an infinite system of ODEs and the convergence of that system to the infinite
limit system is proven.

3. An ansatz, such as (18) for the homogeneous complete network, (42) for the
homogeneous circle network, and (68) for the heterogeneous complete network,
provides an exact closure of the infinite limit system, which reduces that
system to the compartmental model.

Regarding the analogous problem of proving convergence of epidemiological mod-
els to their mean field limits, there are several works with a variety of methods. To
the best of our knowledge, all of these studies only considered homogeneous com-
plete networks, and it is not clear whether their methods can be extended to other
types of networks.? In contrast, our methodology can be applied to various types
of networks, with only minor modifications.

The most similar work to ours is [24], in which Simon and Kiss used an ODE
approach to prove the convergence of the SIS model on complete networks to its
compartmental limit. The key difference between their approach and ours is that
our starting point are the master equations for the probabilities of the states of all
subsets of nodes (a bottom-up approach), whereas Simon and Kiss started from the
master equations for the probability of having k& adopters in the system at time ¢
(a top-down approach). It is not clear, however, whether a top-down approach can

IThe infinite limit system is simpler than the large but finite system of reduced master equations
that tends to it, because the infinite system no longer contains the number of individuals as a
parameter. Hence it may be easier to obtain an exact moment closure for the limit system.

2Simon and Kiss [24] also proved the convergence for n-random networks, but used an approx-
imation for the number of SI pairs to close the system, which was not rigoroudsly justified.
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be extended to other types of netowrks beyond homogeneous complete networks,
without introdcing a closure which is not rogorously justified. Other approaches for
proving convergence of epidemiological models on homogeneous complete networks
include a PDE approach [9, 24, 25], a stochastic approach [10, 18, 19, 24], and an
elementary ODE approach that only requires a finite number of ODEs [3].

We now discuss the general problem of deducing convergence of solutions of finite
systems of ODEs to those of infinite systems of ODEs. The formal limit system as
M — oo of a system of M ODEs and initial conditions is the infinite system obtained
by taking the limit of the equation and initial condition for each wuj separately, with
all components u; considered to be fixed.

Not surprisingly, if the component differential equations or initial conditions do
not converge formally, then the solutions of the finite system may not converge.
For example, if %uk =M —uy for 1 <k < M and ug(0) = 0, then for ¢ > 0
the solutions ug(t) = M(1 — e™*) of the finite system tend to infinity as M — oo.
Similarly, if the initial value of ups is chosen sufficiently large then solutions of the
finite system may tend to infinity even though the system converges formally to a
limit system. For example, let

%uk =uk+1 and uk(0) =0 (98)

for 1 <k < M-—1, andlet & up = 0 with ups(0) = (M!)2. For M > k the ODE and
initial condition for uy are (98) so the system tends formally to the infinite system
in which (98) holds for all k. However, up—1(t) = (M!)%t, up—o(t) = (M!)Q%7
and by induction ua—;(t) = (M!)2§.—]!, so setting k = M — j yields ug(t) = ((]Jv\gflzf,
which for ¢ > 0 tends to infinity with M.

Less obviously, the formal convergence of the component equations and initial
conditions does not suffice in general to yield convergence of the solutions of the fi-
nite system to a specified soluton of the infinite system obtained as the formal limit,
even when the initial data of the finite systems are bounded uniformly in M. This
shows that the result of Theorem 5.5 is nontrivial. To demonstrate this phenome-
non, consider the model system

Sy = a(k)(urs1 — up), up(0) =1 (99)

for 1 < k < M, where the parameters a(k) and the value used to replace the non-
existent component u ;41 appearing in the ODE for u); remain to be specified. For
later use, note that solving (99) with w41 considered to be a known function yields

t
up(t) = e~ 4 a(k‘)e—“(k)t/ Upy1(5)e? P ds. (100)
0

For any fixed k the rule (99) applies for all M > k + 1, so the formal limit system
consists of (99) for all 1 < k < oo, no matter what value is chosen for upsy1. For
any choice of the parameters a(k) this limit system has a solution

up(t) =1 for all k. (101)

However, we will show that for certain parameters a(k) and values used to replace
upr+1 the solutions of the finite systems do not converge to the specified solution
(101) of the limit system. Our method does not show whether the solutions converge
to a different solution of the limit system or do not converge.

Two plausible replacements for uys41 are the value

UM +1 = 1 (102)
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equal to the initial value of all components, and the value
upa1 =0 (103)

which corresponds to simply deleting the non-existent variable uys41 from the ODE
for ups. When (102) is used then (101) holds for every fixed k even when M is finite,
no matter how the parameters a(k) are chosen, because the right sides of the ODEs
in (99) are then identically zero.

When a(k) = 1 for all k and uys is determined by (103) then the solutions uy
of the finite system are not exactly equal to (101), but they converge to that value
as M — oo. To see this, solve the ODE for uy; to obtain ups(t) = e™*, then
substitute this result into (100) with K = M — 1 to obtain up—1 = (1 + t)e~*. By
induction we obtain from (100) that ua;—;(t) = P;j(t)e™", where P;(t) is the Taylor
polynomial approximation of ! whose highest term is E—J, Setting j = M — k yields
uk(t) = Py_p(t)e™t for 1 < k < M. Since Py—(t) converges to e as M — oo,
ug(t) tends to (101) in that limit.

When a(k) = 3% and wupo; is given by (103) then the solutions uy can no
longer be calculated explicitly, but we can obtain upper bounds that imply that
the solutions do not converge to (101). The solution formula (100) yields up =
e=3""t and substituting this into (100) for k = M — 1 yields up_1(t) = e=3" 't +

M—1 _qM-—-1 _aM _oqM-1 . . . _ok+1
?ﬂvﬁ_ﬁ(e 3Tt _e3 < 2e 3 ¢, Assuming by induction that ugy; < 272 ¢

and substituting that estimate into (100) yields u(t) < e3¢ %(e_gkt -
e=3""") < 273"t which confirms that the estimate uy(t) < 2e~3"* holds for all
k < M. Since 23" < 1 for t > 1:‘3172, ug(t) does not converge to 1 as M — oo.

8. Proof of Lemma 6.2.

Proof. Let g := f1 — fo. Define

E(s) == {52 §>0 (104)

0 g(t) <0
29(t)L|g(t)] g(t) >0 o)
g g _
< {O o(t) <0 =2LE(g(t)).

Hence £ e~2L*E(g(t)) < 0, which can be integrated to yield e 2“*E(g(t)) < E(g(0)) =

0 for ¢ > 0, which by the definition of E implies that
g(t) <0 fort>0. (106)

Now suppose that there exists a positive t. at which g(¢.) > 0. By (106), g(t.) = 0.
Hence, t, is a local maximum of g, and so ¢’(¢.) = 0. However, for t > 0, ¢'(t) <
Hy(fo+9)— Ha(f2), so g < 0 whenever g = 0 at a positive time. This contradiction
shows that no such ¢, exists, and hence f1(t) — f2(t) = g(t) <O forallt >0. O
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