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Abstract

We propose a model of a firm which advertises a product in a homo-
geneous market where an a constant exogenous interference is present.
Using the framework of the Nerlove and Arrow’s advertising-goodwill-
demand model, we assume that the interference acts additively on the
goodwill production term as a negative term. Hence we admit that the
firm goodwill may become negative and associate a zero demand with
negative goodwill values. For simplicity we consider a piecewise linear
demand function and we are led to formulate a nonsmooth optimal con-
trol problem with infinite horizon. We obtain that an optimal advertising
policy exists and takes one of two forms: either a positive and constant
advertising effort, or a decreasing effort, starting at a positive level and
eventually reaching the zero value at a finite exit time. In both casesa
we have explicit representations of the optimal control which are obtained
through the study of two auxiliary smooth optimal control problems. It
is interesting to observe that the fundamental choice between staying in
the market and going out of business at some time depends both on the
interference size and on the initial state (goodwill).
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1 Introduction

The use of the optimal control (and calculus of variations) to analyze the ef-
fects of advertising dates back to the seminal paper of Nerlove and Arrow [14].
This paper is the starting point for a research field which is well described in
the survey papers [17], [5]. Nowadays, Nerlove and Arrow ideas are the corner-
stone of advertising models used by practitioners and theorists. The Brandaid
model of Little [12] is a discretization of Nerlove and Arrow’s one, and it is
one of the most important references for many discrete time models used by
marketing practitioners. From a theoretical point of view the research is still
moving to make the original Nerlove and Arrow’s model more and more faithful



to reality. Without being exhaustive, the extensions which seems to us more
relevant are: the introduction of uncertainty in the model (see the very recent
paper of Marinelli [13] and the references therein), the introduction of market
segmentation ([3], [4]), and last but not least the consideration of several actors
in the market arena. The description of advertising as a differential game is so
important that it represents a field of research by itself. The most important
reference in this area is the book by Jgrgensen and Zaccour [10], but it is still an
important and growing research subject (for some recent papers see e.g. [15],
11, [8)):

In the distribution channel problem (see [9]), the strategies of the economic
agents — generally a manufacturer and a retailer — are studied assuming that
advertising efforts of both the players affect the evolution of a unique goodwill
(the stock summarizing the present and past advertising investments). There-
fore the evolution of the goodwill G is driven by the two advertising efforts
uy,ug > 0 following the linear ordinary differential equation

G =u; +us —6G. (1)

The demand of the good — distributed using this channel — is an increasing
function of its goodwill. Therefore, the manufacturer and the retailer drive
the goodwill evolution by advertising in order to maximize their own profits. In
this setting the two advertising efforts are combined additively and the goodwill
value is always positive, as in the original model.

This simple description suggests a question “What does happen when there
is a negative interference between the two advertising efforts?” It is not only a
theoretical point: if a retailer sells both a national and a store brand, then the
advertising effort for the store brand can have a negative interference with the
goodwill evolution of the national brand [1]. Here we take a slightly different
point of view: we assume that two manufacturers distribute and advertise two
substitutable products. We look at the situation with the eyes of the first
player: the goodwill (G1) evolution of his product is affected not only by his
advertising effort (u; > 0), but also, and in a negative way, by that of the
other player (us > 0). Assuming that the advertising effort of the second player
destroys part of the advertising effort of the first one we can model this situation
with an ordinary differential equation similar to the previous one (1):

Glzul—u2—5G1. (2)

Under this assumption an important feature of the original Nerlove and Arrow’s
model is lost: the goodwill value may become negative. Two questions arise
immediately: “How should we modify the demand function in order to describe
scenarios with negative goodwill values?” and “Will the profit maximization
problem be mathematically tractable as in the original case?” Actually, the aim
of this paper is to pave the way to the analysis of a differential game where
two manufacturers (the players) advertise their products and each one obtains
a positive effect on its own goodwill evolution and a negative effect on the
competitor’s goodwill evolution.



Our model is therefore an extension of the original Nerlove and Arrow’s
model, where an exogenous negative interference is introduced to affect the
goodwill evolution. The main assumptions are the following:

e the goodwill evolution is described using the same linear differential equa-
tion as proposed by Nerlove and Arrow, but an exogenous, constant, and
negative interference is added to the advertising effect (this entails that
the goodwill value may become negative);

e the demand function is linearly increasing in the goodwill value when this
is positive, and zero when the goodwill has negative values (this seems to
be the simplest way to interpret the negative goodwill phenomenon, and
to keep the possibility of results comparison with the original model in
infinite horizon, as presented in [6]);

e the advertising costs are quadratic (again a simple assumption, frequently
used in the differential games framework [10], and useful for the analytical
tractability);

e the objective of the decision maker is that of maximizing his discounted
profit in the long run.

Therefore we study an infinite horizon optimal control problem with a nons-
mooth function in the objective functional. The results of our analysis go in two
directions: on one hand we suggest how a variant of the Nerlove and Arrow’s
model can be studied when, for some reasons, the goodwill becomes negative; on
the other hand we introduce some ad hoc observations which allow us to solve
the nonsmooth optimal control problem using the solutions of some auxiliary
smooth optimal control problems.

The outline of paper is as follows. In Section 2 we introduce the model
and translate in a mathematical language the assumptions just presented. In
Section 3 we prove the existence of an optimal solution and study its basic fea-
tures. In Section 4 we characterize the optimal solutions under the assumption
that the goodwill remains always positive. Under such assumption the deci-
sion maker sees a positive demand at all times. Symmetrically to this case, in
Section 5 we characterize the optimal solutions under the assumption that the
goodwill becomes zero in a finite time. We prove that, under this hypothesis,
the optimal decision is to go out of business. In Section 6 we show that only
one of the previous strategies can be optimal and we characterize the choices
of the parameters that lead to an optimal solution with positive goodwill path
and to an optimal solution where the goodwill becomes zero. In Section 7 we
describe the results obtained and we suggest some future research directions.

2 The model: advertising and interference

Let G(t) represent the stock of goodwill of the product/service at time ¢. As
motivated in the previous Section, we refer to the definition of goodwill given by



Nerlove and Arrow [14] to describe the variable which summarises the effects of
present and past advertising on the demand; the goodwill needs an advertising
effort to increase, while it is subject to a spontaneous decay. The goodwill
value G(t) is the joint result of an advertising process, which is decided by the
manufacturer, and of a known exogenous and deterministic interference.

The manufacturer’s action is the advertising intensity u(t) > 0 (the acti-
vation level of an advertising medium) and we assume that the goodwill level
evolve in time according to the differential equation

G(t) = yu(t)—¢—6G (1), (3)
where
e ) > 0 represents the goodwill depreciation rate;

e yu > 0 represents the effect of activating the advertising medium at level
u € [0, Umax];

e ( > 0 is the constant exogenous interference.

Moreover, we assume we know the goodwill level at the initial time,
G(0) = a > 0. (4)

The dynamics of the goodwill given by the linear equation (3) is essentially the
same as the one proposed by [14]. In contrast with the more usual situation
while using the Nerlove-Arrow’s dynamics, the effective advertising intensity
in equation (3), (i.e. the term u (¢f) — ¢) may be as well negative as positive
(e.g. when u = 0). This fact may lead to negative goodwill values, which we
consider admissible here, but with 0 demand associated with them. Therefore,
we assume that the product demand rate is a piecewise linear function of its
goodwill,

D(G) = f-max{0.G} = -[G]", (5)

where § > 0 is the marginal demand with respect to the goodwill when it is
positive. The assumption (5) of a demand proportional to goodwill, as far as the
latter is positive, is the most elementary model of goodwill-demand relationship
and in fact it is rather common in the marketing literature (see e.g. [6] and the
references therein). What is new here is the definition of the demand also for
negative goodwill values: the equation (5) seems to us a rather obvious choice.
Moreover, we assume that ku?/2, k > 0, is the cost intensity associated with
the advertising intensity (i.e. advertising activation level) u, and that = > 0 is
the marginal profit of the manufacturer, gross of advertising costs. Then the
discounted profit of the manufacturer over the infinite horizon [0, +00) is

K o

+oo
M(u) = /0 e Pt [WD(G(t))—?L @] at, (6)

where p > 0 is the discount parameter.



The manufacturer wants to maximize the profit functional, which depends
on his advertising policy, u > 0.

As a consequence of the definition (5), we have that the current profit rate
of the manufacturer,

mB-[G]" = Su, (7

is a nonsmooth and convex function of G. Such features entail some special
difficulties while searching for optimal manufacturer’s behaviors.

3 Basic features of optimal solutions

Under the previous assumptions we are dealing with the following nonsmooth
optimal control problem:

ku? (t)
2

“+o0
maxu(t)e[o’umx] II (u) = /0 e_”t |:7Tﬁ [G (t)r_ — dt,

: (8)
G ()= =G 1) +u(t) = ¢,
G(0)=a.

Remark 1 We observe that there exists an optimal policy for the nonsmooth
optimal control problem (8). In fact, the set of the reachable goodwill values is
compact, because the motion equation is linear and the set [0, umax] is compact.
Therefore, we can verify that the assumption of an existence theorem (see e.g.
[16, p.237, Theorem 15]) holds.

In order to characterize an optimal control of problem (8), we should use the
suitable nonsmooth necessary conditions (see e.g. [2]), but the results described
in that paper are not easy to apply to our problem, because we cannot find the
optimal control function by a direct integration, in view of the relevant adjoint
differential inclusion. Hence, we tackle the problem from a different point of
view: using an observation on possibly optimal goodwill paths which reach
the 0 value, we transform the analysis of problem (8) into that of two smooth
optimal control problems, one with infinite horizon, the other with variable final
time.

As a first step, we prove that no “cycle” may exist around an equilibrium
point: an optimal state function cannot oscillate around 0. This result is quite
similar to the one obtained by Hartl in [7], but here we cannot use directly the
results described in that paper because we do not have a priori the uniqueness
of the solution.

It is useful to define here some notations we will use during the whole paper.
We denote by G (t;u) the value at the time ¢ of the state function associated
with the control function u (i.e. G (-;u) is the unique solution of (3), (4) when
the control function is u). Moreover, we denote by u‘[o;] the restriction of the
control function u (defined in the whole programming interval) to the subinterval
[0, 7]. Both this notations are standard in control theory.



Finally, given a function u which is defined either on an interval [0, 7], or on
[0,4+00), we denote by @, the function of [0,400) into R, defined as

= {10 1<l

ter,+o0) .

We can use this definition in two different ways mainly: if the original control
u is defined in [0, +00), then %, is an admissible control which coincides with u
in [0,7), but is 0 in [r, +00); on the other hand, if the control u is defined only
in [0, 7], then @, allows us to extend (with 0 value) the original control to the
whole programming interval.

Lemma 1 Let u be an admissible control such that for some 7,9 > 0
G(t;u) >0, telo,7),
G(t;u) <0 te(r,7+v), 9)
G(ryu) =G (t+%u)=0,

then u cannot be optimal for problem (8).

Proof. Let us assume that u is an optimal control. We notice that

I(u) = A+B+C, (10)
where
A = /OTeﬂt [wa (t;u)ngZ (t)} dt, (11)
& T+
B = _5/7 u(t)e Ptdt < 0, (12)
+oo K
= / L (w16 ()"~ S (1) > 0. (13)

The inequality B < 0 in (12) must hold, because the equality B = 0 would
imply G(7 + 9;u) < 0. Moreover, the inequality C > 0 in (13) must hold,
otherwise the control @49 would be better than u, as

I (Gry9) = A+B > A+B+C = Tl (u), (14)

and v would not be optimal. Finally, C' < +00 because the control function is
bounded, the motion equation is (3), and therefore the state function is bounded
too. Now, let us define the control

v ] ou(®), tel0,7),
u (t)_{ u(t+9), t€r,+o0), (15)
whose associate state function is
| G, tel0,7),
G(t,u)—{ G(t+Yu), t € [r,+00) . (16)



We observe that ©* is an admissible control and
IM(u)~T(u*) = B+ (1-e")C < 0. (17)
Therefore u cannot be optimal. O

Actually, this Lemma has an interesting interpretation from a practical point
of view: if the goodwill (and therefore the demand) reaches the 0 value at a time
7 > 0, then it will be negative (the demand will remain 0) for all ¢ > 7. Using
this result we can relate the original problem to a pair of smooth optimal control
problems. In particular, at the end of this Section, we will observe that, if the
goodwill reaches the 0 value at a time 7 > 0, then the optimal control is positive
and decreasing until it reaches the 0 value at the time 7, and hence it remains
0.

A further natural notation choice is useful in the following. Let w be a
control function defined on [0, +00) and let 7 > 0 be a given time, then we will

write the symbol (7, w), instead of (7’7 w|[0 ) to denote the time-control pair

with the restriction of w to the interval [0, 7] as the control component.

Lemma 2 The time-control pair (T,u) is an optimal solution of the variable
final time problem

T
maxr, ¥(T,v) = / e " {wﬂG(t;v)m}Z(t) dt ,
0
G(t;v) = —06G (L) +y(t) —C, (18)
G(O;v) = a > 0,
G(tv) =0,

if and only if the control ., the extension of u to the interval [1,+00) with 0
value, is an optimal solution of the problem (8) with G (t;u,) = 0.

Proof. (=) Let the time-control pair (7,u) be an optimal solution of the
variable final time problem (18). First of all, if G (7;u) > 0, then for sufficiently

small ¢ > 0 we have that G <T+E; ﬂ7|[ ) > 0. But this implies that

0,7+¢]
U(r,u) < ¥ (T +¢, ﬂ7|[077+61) and this contradicts the optimality of (u, ).
Therefore we must have G(7;u) = 0. We have proved that G (7;4,) = G(1;u) =
0. We notice that the control @, is an admissible solution for problem (8) and

U (r,u) = (a,). (19)

Let us assume that @, is not optimal for problem (8), and let w be an optimal
control of problem (8), which exists because of the Remark 3, then we have that
II(@,) < II (w), and therefore

U(r,u) = I(a,;) < T(w) . (20)

Now, either case may occur:



a) there exists a time ¥ > 0 such that G(9; w) = 0;
b) G(t;w) > 0 for all t € [0, 400).

Case a) implies that (7, ) is not optimal for the problem (18), because from
the inequality in (20) and Lemma 1 we obtain that ¥ (7,u) < ¥ (¢, w) = II (w):
a contradiction.

Then case b) must occur, so that we have

lim ¥ (T,w) =

T—+00

T
= lim / Pt [wG (t;w) — fuﬂ(t)} dt = T(w). (21)
T—~+oco 0 2
From this limit and the inequality (20) we obtain that there exists some 1" such
that
U (r,u) < ¥(T,w), (22)
which contradicts the optimality of (7, u) for the problem (18).

(<) Let u be an optimal solution of problem (8) with G (7;u) = 0 and let
us assume that (7,u) is not optimal for the variable final time problem (18).
Therefore there exists a control w and a time 6 € (0, +o00] such that

U(r,u) < ¥@,w). (23)
We notice that the following inequality holds
¥ (9,w) < I(wy) . (24)
Moreover, by Lemma 1 we have that
U (r,u) = O(u), (25)

because, after the time 7, the state variable remains always negative (hence the
optimal control u after 7 must be identically equal to 0). Finally, from (23),
(24), and (25) we obtain

H(u) = \I’(T,U) < (J(ﬁ’w) < H(wﬁ) ) (26)
so that w cannot be optimal for problem (8). O

The Lemma 2 allows us to conclude that, given an optimal solution of prob-
lem (8), either it has a positive goodwill at all times, or a restriction of it
solves optimally a special variable final time smooth optimal control problem.
In the following Sections we obtain the explicit forms of the solution in the two
alternative cases.

From an economic point of view the results of this section may be summa-
rized as follows: the decision maker, while using an optimal advertising policy,
either stays in the market in the long run (the goodwill path is always positive),
or goes out of the market (the goodwill becomes zero at a finite time). In the
latter case the original problem coincides (in the precise sense of Lemma 2) with
a free final time optimal control problem, which represents the optimal strategy
to go out of business.



4 Optimal positive goodwill path

From the analysis of Section 3 we have obtained that one of the strategies
candidate to be optimal could keep the goodwill value always positive. Now,
assuming that such positive optimal goodwill condition holds, we want to find
the advertising policy which determine it.

Before starting this analysis, we want to notice that the assumption on
the upper bound for the control function is essential in the issues of Section 3
(under this hypothesis the state function is always bounded and the objective
functional always converges). On the other hand, from an economic point of
view, it represents an exogenous threshold which is not justified. In order to
consider the real trade off between advertising cost and profit we assume, in this
Section, that the upper bound wumyax is high enough to admit certain constant
controls, and precisely

_mhr C}. (27)

Umax > Max , —
{(5+p)ﬁ ot

With this further assumption, we can have both the useful technical condition
u(t) € [0, umax] and the economic decision space wide as desired.
Now we can present the main result of this Section.

Theorem 1 Let u be an optimal control for problem (8), and let G(t;u) > 0
for allt > 0, then
. Ty
= = 2
w) = v = G (28)
and
yu* > (. (29)

Proof. The hypothesis implies that the value of the objective functional at the
control u coincides with the value of the functional

—+oo
O(u) = / e=rt [wﬁG (t;u) — gzﬁ(t)] dt, (30)
0

which has a smooth integrand function. Then the control-state pair (u, G (+;u))
must satisfy the optimality necessary conditions for the problem of maximizing
the objective functional (30), subject to the motion equation (3) and the initial
condition (4). Moreover, using the substitution x = G + (/J, we obtain the
equivalent formulation

T
max, / e’ [Wﬁw(t)— mz(t) dt — %,
0

i (8) = —60 (1) +7u (1) —
z(0)=a+{/0.



As a consequence of the variable substitution made, the positivity condition
G(t;u) > 0 is represented as
¢

a(t) > 3. (32)

Now, we can observe that (up to an additive constant in the objective functional)
this problem is precisely the one studied in [6]. If uyax > 767/(0 + p)k, then
from these results we can conclude that (28) is the unique optimal control under
the goodwill positivity condition.

The constant control u* is compatible with the positive goodwill path hy-
pothesis if and only if G (¢t;u*) > 0 for all ¢ € [0,+00), and this is equivalent
to yu* > ¢. On the other hand, the constant control u(t) = (/7 cannot be
optimal. In fact we have that

G (t; g) = G% % > 0 (33)
and the profit intensity is
2
TG0 — g% . (34)

This is a strictly decreasing function and it is negative for ¢ € (7, 400), where
T=0"1In (QWﬂVGO/KJC). Now, the control ., which is obtained by switching
off the advertising process u(t) = (/- at the time 7, has the same profit intensity
as u in the interval [0,7], and a 0, i.e. a strictly greater profit intensity in
(1,+400). Hence the control u(t) = ¢/~ is not optimal. O

Remark 2 Even where the special constant control (28) satisfies the inequality
(29), it may not be optimal, as one can see, at a first level, by comparing the
profit associated with it,

*\ *\ 7T,80[ 7,8 ")/U*
M(u*) = d(u*) = 5+p+(5+p)p< 5 —C), (35)

and the profit associated with the 0 control. In fact, II(u*) may be negative
in some cases, whereas II(0) > 0. Furthermore, at a second level, we observe
+2p
2(6+p)
708G (t;u*) — ku*/2 is eventually negative and therefore u* cannot be optimal.
In fact, if 7 is the first time at which the profit intensity is not positive, then
the control (u*)_ induces a greater profit that u*. The analysis developed so
far does not provide any sufficient condition for the optimality of the constant
control (28).

that, if yu* < ¢ < yu*, then the current value of the profit intensity

5 Optimal exit policy

In Section 3 we have seen that the problem (8) has an optimal solution and
the optimal goodwill path can either be positive at all times, or reach the 0

10



level only once. In Section 4 we have characterized the optimal policy under
the assumption that the goodwill is positive. In that senario the manufacturer
stays in the market forever and sees a positive demand in [0, +00). Here we
assume that the optimal goodwill path reaches the 0 level at some time. From
the results obtained in Section 3, this hypothesis implies that the manufacturer
goes out of the market: we have to study the free final time problem (18) instead
of the infinite horizon one (8).

In the following we want to obtain the explicit form of the optimal exit ad-
vertising policy and the necessary conditions for the occurrence of this scenario.
To this end we exploit the relation with the the free final time problem stated
in Lemma 2: we recall that if that variable final time problem has an optimal
solution, this is optimal, in some sense, for the problem (8) too.

Theorem 2 Let u” be an optimal control for problem (8), and let G(T;u™) =0
for some T > 0, then

+
uT(t) = ut- [1—4‘””“*”} , (36)

where the value u* is as defined in (28) and T is a solution of the exit time
equation

C - ’YLL* or ’Y’LL* or _ —(6+p)T _
<5 >(e 1)+725+p(6 e ) = a. (37)

Proof. In view of Lemma 2, any optimal control u of the original problem under
the present assumptions is related with that of the variable final time problem
(18). From Lemma 1, we obtain that G(¢t;u) < 0, t > 7, and hence u(t) =0,
for all ¢ > 7. Let us consider the optimal control problem (18) without the state
condition G (t;u) > 0. We call it the relazed variable final time problem. The
Hamiltonian is

H(Goup,t) = e [7BG = Ju?| +p(u—(-3G), (38)
which is a concave function of u and has the first partial derivative w.r.t. u
OH
e —kue "t +p. (39)

Hence there exists a unique maximum point which is characterized by the equa-
tion

u = %e”t " . (40)

As for the adjoint function p(t), it must be a solution to the linear differential
equation
p(t) = —mBe " +dp(t), (41)

and the transversality condition is

p(T) = 0. (42)

11



The direct integration of this equation gives us the adjoint function

_ 7B (1 - gt
p(t) = 5+p(1 e Jert, (43)

hence the candidate optimal control is

_ Y (=T o (1 _ G0 (—T)
u(t) = Er (1 e )7 u (1 e ) (44)

The second equality holds because of the definition (28). Moreover, the optimal
final time T must satisfy the condition

H(G(Tvu)au(T)vp(T)vT) =0,

which implies that G (T';u) = 0, because of the transversality condition (42) and
of equation (44), which gives w(T') = 0. In order to determine such a solution
completely we have to find the suitable value of T'. This can be found using the
condition G(0;u) = «, which is precisely equation (37). O

Again this result provides only necessary conditions for the optimality of the
policy (36). In order to state whether such a control is meaningful, we have to
determine the existence of the solution of the equation (37) in the variable 7.
From an economic point of view it is interesting to notice that the advertising
investments are concentrated in the first part of the programming interval. First
of all because we are analizing the discounted profit; then because the decision
maker knows that after the time 7 his product/service is out of the market.

Now we know the two different kinds of policy which are possibly compatible
with the necessary conditions, but we do not have a complete characterization
of the possibles scenarios in terms of the problem parameters. In the following
Section we want to find the conditions on the parameters which lead to a long
run solution rather than a policy with an exit time.

6 Optimal advertising policies

We know that the original problem has an optimal solution and now we know
that the there are two different analytical forms for the candidate optimal poli-
cies. We need a criterion to decide which of the two advertising policies is the
best.

Lemma 3 If the exit control u”, as defined in (36), is optimal for the original
problem and ( < yu*, then the constant control u* cannot be optimal.

Proof. Let both u™ and u* be optimal, therefore IT(u*) = II(u"). More-
over, the goodwill functions associated with these controls are lower bounded:
G (t;u*) > min{a, (yu* — ) /6} > 0 and G (t;u”) > —(/6.

For all € € [0,1], let us define the control u. as the convex combination u. =

12



(1 —e)u* +eu”. We notice that u. (t) > 0 for all t € [0,+00) if € € [0,1). The
goodwill G (t; u.) has the lower bound

G (t;ue)

(1-e)G(t;u") +eG (t;u”)
> (1-¢)min{a, (yu" - () /6} — (/6
> min{a—c(a+(/d), (yu" () /6 —eyu”/6}

so that G (t;u.) > 0, for all t > 0 and all € € [0, &), where

g=min{l - ¢/ (ba+¢),1—(/yu"}.

Now, the integrand function in the objective functional of the original problem
is stictly concave, as a function of (u, G), on the domain (0, —|—oo)2. Therefore,
for all € € (0,&) we have that

M(ue) > 1—e)I(u")+ell(u") = II(u") (45)
and this contradicts the optimality of u7. O

This simple result justifies the following algorithm to solve the original prob-
lem:

step 1 check if there exists any solution to the exit time equation (37);

step 2 if there are no solutions to the equation (37), then the optimal adver-
tising policy is the constant u*;

step 3 if 7 is a solution of this equation, then compare II (u*) with IT (u7) ;

step 4 repeat step 3 for all the solutions of the equation (37): the control
which maximizes the objective functional is the optimal one.

From a computational viewpoint, the algorithm can be implemented straight-
forwardly and it solves our original problem. Nevertheless, it does not provide
us with an economic information satisfactory enough. We wish to characterize
the optimal decision analytically, with respect to the values of the problem pa-
rameters. In most situations we are able to provide such a characterization and
some economic justification.

The first result in this direction concerns the high interference case. It is
not surprising that in this situation the optimal solution is an optimal strategy
to exit from the market.

+p
20+p
tion 7, and the control u™ is optimal for the original problem.

Theorem 3 If{ >

~yu* then the exit time equation has a unique solu-

Proof. Let us define the function

yut—¢ qut (¢ 0+p\ sr YUt (sep)T
T) = a— - - I G 4
p(T) = a 5 5 <w* 25+p>€ 25+ p° - (46)

13



so that the exit time equation (37) is equivalent to ¢ (T') = 0. We notice
that ¢ (0) = a > 0. Moreover, under the Theorem assumption, this function
is decreasing in T and limp, .o, ¢ (T) = —oco. Therefore, equation (37) has a
unique solution which we denote by 7*. Moreover, under these conditions we
can apply a sufficiency result [16, p.145, Th.13, and p.146, Note 26] for the free
final time optimal control problem (actually, the function F'(T") introduced in
the sufficient conditions is in our case 3¢ (T')). From it we can obtain that u™
is the optimal control for all problems with variable final time, constrained to
any bounded interval [0,T], T > 7*. Therefore the control " is optimal for
the variable final time problem without any constraint on the final time. Using
Lemma 2 we can conclude that ™ is optimal for the original problem (8) too.
O

On the other hand it is quite surprising that, in the low interference case
the constant control u* is not always optimal. Actually, we can prove that,
if the initial goodwill is sufficiently high, then u* is optimal. But, when the
initial goodwill is small, both kinds of solution (u* and «”) may possibly be
optimal, and in order to solve completely the problem we have to compare the
two different values of the objective functional IT (u*) and II (uT*). This fact is
described in the following two Theorems.

o+p
204+ p

yu
204+ p
problem. Otherwise, if o >

Theorem 4 If{ =

~yu* then the exit time equation has a unique solution

and the control u™ is optimal for the original

T if and only if a <
yu*
20+p

the optimal control of the original problem is u*.

, the exit time equation has no solutions and

Proof. We notice that now the function (46) is

=G W s
o(T) = a— + PIE 4
(T) 1) 20 + pe (47)

From this representation, we verify easily that ¢ is strictly decreasing, ¢ (0) =

a >0, and Tlim o(T) =a— R 67 C. Therefore, the equation (37) has a unique
solution if and only if
yut —¢ yu*
= 48
@< ) 20+p’ (48)

and we can apply a sufficiency result [16, p.145, Th.13] for the free final time
optimal control problem. On the other hand, if (48) is not satisfied, the problem
(18) has no solutions and this implies that u* must be the optimal solution of
the original control problem. O
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)
Theorem 5 If ( < 25j:_p ~yu* then the exit time equation has solutions if and
p
only if

¢ C j8+p T

S yut—¢  qu’ / +p P
< = =S T (-~ . 49
@ < oGu) ) ) ( yu* 26+p> (49)

Therefore if this inequality is not satisfied, then u* is the optimal control for the
original problem.

Proof. 'We notice that the function (46) under these assumptions is convex
because ¢ (T') > 0 for all T € [0,+0c). Therefore, this function reaches its
minimum at the time Ty, characterized by the equation ¢’ (Tinim) = 0. By a
direct computation we obtain that

1 ¢ 0+p
Toin = — In(1-— 7 50
25+pn< yu* 25+p) (50)

hence the minimum value is
@ (Tin) = a—a&((,u). (51)
The exit time equation has solutions if and only if ¢ (Tinin) < 0, which is equiv-
alent to (49). Therefore, when the inequality (49) does not hold, no control

satisfies the necessary conditions for problem (18), hence the control v* is opti-
mal for the original problem (8). 0

We observe that the function &(¢,u*), on the right hand side of inequality
(49), takes the values

(52)

6 *
a(0,u*) = 0 and (34( Rl yu*, *) —

26 +p 204+ p’
at the zero and the low level border interference points, and is strictly increasing
in ¢, in fact
9a (¢, u”)
¢

The monotonicity is not surprising: the higher the interference is, the higher
the initial goodwill value has to be for the constant control u* to be optimal.

The difficulties in the Theorem 3 come from the hypotheses of the suffi-
cient conditions for the free final time optimal control problem (see [16, p.145,
Th.13] ). Under the assumptions of Theorem 3 we cannot apply the sufficient
conditions, hence we do not know if the two controls that satisfy the necessary
conditions for problem (18) are really optimal. The analysis in Theorem 3 leaves
some uncertainy if the interference is small and the initial goodwill value is small
too, we cannot decide which policy is optimal in general, without comparing the
objective fuctional values at some special controls. On the other hand, in the
proof of Theorem 3 we have seen that the exit final time equation can have at
most two solutions, and we can reject the second as irrelevant when it exists.
Therefore in the last step of the algorithm of the previous Section we have to
compare at most two solutions, which is a very simple task from a numerical
point of view.

> 0. (53)
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7 Conclusion and directions for future research

This paper aims to be a first step in the consideration of advertising interference
phenomena in the Nerlove and Arrow’s model framework, with the assumption
that interference wipes out part of a firm advertising effort, as done also in
[1]. Such assumption introduces the possibility of negative goodwill values,
which in turn poses interpretation questions in the original model and analytical
difficulties.

Here, we propose a way to deal with this situation and we prove that, under
suitable assumptions, we can characterize the optimal advertising policies. In
our analysis, we consider only a firm and we see the actions of the other com-
petitors as a constant exogenous interference. The further step in the research
is to consider a competitive setting, where each player advertises to increase the
goodwill of his product and to decrease the goodwill of the competitors’ ones.
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