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1 Introduction

In economics the importance of space has long been recognized in the
context of location theory,! although as noted by Krugman (1998) there
has been some neglect in the systematic analysis of spatial economics,
associated mainly with difficulties in developing tractable models of im-
perfect competition which are essential in the analysis of location pat-
terns. After the early 1990s there was a renewed interest in spatial
economics, mainly in the context of new economic geography,> which
concentrates on issues such as the determinants of regional growth and
regional interactions, or the location and size of cities (e.g. Krugman,
1993).

In environmental and resource management problems the majority
of the analysis has been concentrated on taking into account the tem-
poral variation of the phenomena, and has been focused on issues such
as the transition dynamics towards a steady state, or the steady-state
stability characteristics. However, it is clear that when renewable and
especially biological resources are analyzed, the spatial variation of the
phenomenon is also important. Biological resources tend to disperse in
space under forces promoting “spreading”, or “concentrating” (Okubo,
2001); these processes along with intra and inter species interactions in-
duce the formation of spatial patterns for species. In the management of
economic-ecological problems, the importance of introducing the spatial
dimension can be associated with a few attempts to incorporate spatial
issues, such as resource management in patchy environments (Sanchirico
and Wilen, 1999, 2001; Sanchirico, 2004; Brock and Xepapadeas, 2002),
the study of control models for interacting species (Lenhart and Bhat,
1992; Lenhart et al., 1999), the control of surface contamination in water

bodies (Bhat et al. 1999), or the creation of marine reserves (Neubert,
2003).

1See for example Alfred Weber (1909), Harold Hotelling (1929), Walter Christaller
(1933), and August Locsh (1940) for early analysis.

2Krugman (1998) attributes this new research to: the ability to model monopolis-
tic competition using the well known model of Dixit and Stiglitz (1977); the proper
modeling of transaction costs; the use of evolutionary game theory; and the use of
computers for numerical examples.



In the economic-ecological context, a central issue that this paper at-
tempts to explore is under what conditions interacting processes charac-
terizing movements of biological resources, and economic variables which
reflect human actions on the resource (e.g. harvesting effort), could gen-
erate steady-state spatial patterns for the resource and the associated
economic variables. That is, a steady-state concentration of the resource
and the economic variable which is different at different points in a given
spatial domain. We will call this formation of spatial patterns spatial
heterogeneity, in contrast to spatial homogeneity which implies that the
steady state concentration of the resource and the economic variable is
the same at all points in a given spatial domain.?

As stated by Levin (2002) pattern formation and the emergence of
robust patterns as asymptotic outcomes of dynamical systems is the
first aspect of the two main processes characterizing complex adaptive
systems,® the other being evolution. A common framework for study-
ing pattern formation is the use of the concept of diffusion as central
concept in modelling the movements in space-time of populations of
species, chemicals or other state variables, which are interacting locally
and redistribute via random movements.. Diffusion is thus defined as a
process whereby the microscopic irregular movement of particles such as
cells, bacteria, chemicals, or animals results in some macroscopic regu-
lar motion of the group (Okubo and Levin, 2001; Murray, 1993, 2003).
Biological diffusion is based on random walk models, which when cou-
pled with population growth equations, lead to general reaction-diffusion
systems.” As stated by Okubo, et al. (2001, p. 348),

“In general a diffusion process in an ecosystem tends to give
rise to a uniform density of population in space, [that is spa-

tial homogeneity]. As a consequence it may be expected that

3Trivially all dynamic models where spatial characteristics and dispersal are ig-
nored lead to spatial homogeneity.

4Following Levin (1999) complex adaptive systems can be defined by three prop-
erties: (i) diversity and individuality of components; (ii) localized interactions among
those components; and (ii) an autonomous process that uses the outcomes of those
interactions to select a subset of those components for replication or enhancement.

When only one species is examined the coupling of classical diffusion with a
logistic growth function leads to the so-called Fisher-Kolmogorov equation.

3



diffusion, when it occurs, plays the general role of increasing
stability in a system of mixed populations and resources.
...However there is an important exception known as diffu-
ston induced instability, or diffusive instability. This excep-

tion might not be a rare event especially in aquatic systems.”

It was Alan Turing (1952) who suggested that under certain con-
ditions reaction-diffusion systems, which have an asymptotically stable
equilibrium in the absense of diffusion can generate spatially heteroge-
neous patterns under diffusion.This is the so-called Turing mechanism
or Turing effect for generating diffusion instability. The Turing effect
implies that an initially spatially homogeneous state can be transformed
into a stable patterned state under purturbations induced by diffusion.

Levin (2002) presents other mechanisms that can act as pattern gen-
erators, althought the Turing mechanism has a central part in his dis-
cussion. However Levin, and as far as we know other researchers in the
field, do not treat optimal management of a Turing dynamical mecha-
nism as we do this in the current paper. We use the classical problem of
optimal harvesting of a renewable resource as a leading example, but we
believe our paper will help in formulating an analytically tractible ap-
proach to the optimal management of general complex adaptive systems
as discussed by Levin.

In this context the purpose of this paper is to explore the impact of
the Turing mechanism on the emergence of diffusive instability in opti-
mal control problems in space-time using as a leading example a unified
economic/ecological model of optimal resource management. This is a
different approach to the one most commonly used to address spatial
issues, which is the use of metapopulation models in discrete patchy en-
vironments with dispersal among patches (e.g. Sanchirico and Willen,
1999; Sanchirico, 2004). The use of the Turing mechanism allows us to

analyze in detail conditions under which diffusion could produce spatial

6Tt should also be noted that the emergence of spatial homogeneity or not depends
on boundary conditions associated with the spatial domain. If there is no flux on
the boundary of the spatial domain (zero flux conditions), then spatial homogene-
ity might be expected, although as it will be shown, the Turing mechanism under
appropriate conditions can generate spatial heterogeneity with zero flux conditions.
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heterogeneity and generation of spatial patterns, or spatial homogene-
ity. Thus the Turing mechanism can be used to reveal conditions which
generate spatial heterogeneity in models where ecological variables in-
teract with economic variables. When spatial heterogeneity emerges the
concentration of variables of interest (e.g. resource stock or harvesting
effort) in a steady state, are different in different locations of a given
spatial domain.

The importance of the Turing mechanism in spatial economics has
been recognized by Fujita et al. (1999, chapter 6) in the analysis of core-
periphery models. Our analysis extends this approach mainly by explicit
introduction of diffusion processes governing interacting economic and
ecological variables in continuous time space in optimal management
models, and by developing the ideas for the emergence of spatial het-
erogeneity in an optimizing context by an appropriate modification of
Pontryagin’s maximum principle.

In particular we consider the emergence of spatial heterogeneity in
the context of an optimizing model, where the objective of a social plan-
ner is to maximize a welfare criterion subject to resource dynamics that
include a diffusion process. We present a suggestion for extending Pon-
tryagin’s maximum principle to the optimal control of diffusion. Al-
though conditions for the optimal control of partial differential equations
have been derived either in abstract settings (e.g. Lions 1971) or for spe-
cific problems,” our derivation not only makes the paper self contained,
but it is also close to the optimal control formalism used by economists,
so it can be used for analyzing other types of economic problems, where
state variables are governed by diffusion processes. Furthermore, the
Pontryagin principle developed in this paper allows for an extension of
the Turing mechanism for generation of spatial patterns, to the optimal
control of systems under diffusion.

A new - to our knowledge - characteristic of our continuous space-
time approach is that we are able to embed Turing analysis in an optimal

control recursive infinite horizon approach in a way that allows us to

"See for example Lenhart and Bhat (1992); Lenhart et al. (1999); Bhat et al.
(1999); Raymond and Zidani (1998, 1999).



locate sufficient conditions on parameters of the system (for example, the
discount rate on the future, and interaction terms in the dynamics) for
diffusive instability to emerge even in systems that are being optimally
controlled. This mathematically challenging problem becomes tractable
by exploiting the recursive structure of the utility and the dynamics in
our continuous space/time framework in contrast to the more traditional
approach of discrete patch optimizing models. This is so because the
symmetries in the spatial structure coupled with the recursivity in the
temporal structure of our framework reduce the potentially very large
number of state and costate variables to a pair of “sufficient” variables
that describe the dynamics of the whole system. We believe that our
framework will be quite easily adaptable to other applications, including
an extension of the classical Ramsey-Solow growth model to include
spatial externalities. Colin Clark’s classic volume (1990), as well as the
work of Sanchirico and Wilen (1999, 2001), is very suggestive, but they
do not contain the unification of Turing analysis with infinite horizon
temporally recursive optimal control problems that we present here.®
Here, we use our methodology to study an optimal fishery manage-
ment problem under biomass diffusion. For the fishery problem, our
results suggest that diffusion could alter the usual saddle point char-
acteristics of the spatially homogeneous steady state as defined by the
modified Hamiltonian dynamic system. In an analog to the Turing mech-
anism for an optimizing system, spatial heterogeneity in a steady state
could be the result of optimal management. In particular we locate con-
ditions for the Turing set of parameters inducing diffusive instability to
be non-empty in the case where we have, under a positive discount rate,
a saddle point steady state when diffusion is zero. On the other hand
diffusion could stabilize, in the saddle point sense, an unstable steady

state of an optimal control problem.

8We would note again that the Turing mechanism is not the only source of spa-
tial heterogeneity in resource management models. As shown by Neubert (2003), a
spatially heterogeneous steady state emerges in the temporal equilibrium of a bioeco-
nomic model of optimal harvesting and marine reserve design, where the associated
Hamiltonian function is linear in harvesting effort.



2 On the Optimal Control of Diffusion: An Exten-

sion of Pontryagin’s Principle

In this section we explicitly introduce optimization and we analyze the
effects of the optimal control of diffusion processes in the emergence of
spatial heterogeneity through diffusion driven instability.

We start by considering an optimal control problem defined in the
spatial domain z € Z = [z, 21| and the time domain ¢ € [ty,¢;]. Let
x(t,z),u(t,z) be the scalar state and control variables respectively at
time ¢ and spatial point z, taking values in compact sets X and U. Let
f(x(t, z),u(t,2)) beanet benefit function satisfying standard concavity

assumptions and consider the following optimal control problem:

max / / Flx(t,2),u(t,2))dtdz (1)

{u(t,z)
oz (t z) 9z (t,2)
st 28D 0,2) w2 + 022 E2) )
x (to, 2) given, xét 2) = W =0: zero flux (3)
zZ=2z0 z zZ=z1

x(t,20) = x(t,z1) = 0: hostile boundary, x (to,2) z € (20,21) given

(4)

In the above problem the transition equation (2) states that the rate
of change of the state variable, e.g the concentration of a biological re-
source or some other stock, at a given spatial point is determined by
a general growth function g (z (¢, 2),u (¢, z)) which reflects the kinetics
of the state variable, and by dispersion reflected by D%. In (2)
D > 0 is diffusivity or the diffusion coefficient and the basic assump-
tions regarding diffusion are those of the classical approach (or Ficksian
diffusion), stating that the flux of the resource is proportional to the gra-
dient of the resource concentration and that the movement is from high
to low concentration. The first part of (3) provides initial conditions,
while the second part is a zero flux condition. By zero flux condition

it is assumed that there is no external biomass or effort input on the



boundary of the spatial domain.® Conditions (4) are an alternative set
of boundary conditions indicating that the exterior of the spatial domain
(20, 21) is completely hostile to the resource (e.g. Murray, 2003, Vol II, p.
120; Neubert, 2003). So if 2 denotes a species, (4) imply that individuals
that cross the boundary die.

Problem (1) is an optimal control problem in fixed and finite time
and spatial domains. The zero flux terminal condition (3) corresponds
to a “free endpoint problem” for the state variable, since the terminal
value of the state variable is not a priori specified at terminal time or
terminal space. The hostile boundary condition (4) can be associated
with a type of a “fixed endpoint problem” for the state variable, since
the terminal value of the state variable is zero at terminal space for all
t. These terminal conditions will be used to specify the appropriate
transversality conditions for the problem.

Problem (1) to (4) has been analyzed in more general forms (e.g.
Lions, 1971). We however choose to present here an extension of Pon-
tryagin’s principle for this problem, because it is in the spirit of optimal
control formalism used by economists, and thus can be used for other ap-
plications, but also because it makes the whole analysis in the paper self
contained.!” Furthermore, as noted in the introduction, the use of Pon-
tryagin’s principle in continuous time space allows for a drastic reduction
in the dimensionality of the dynamic system describing the phenomenon
and makes the problem tractable. Our results are presented below, with
proofs in the Appendix.

Maximum Principle under diffusion: Necessary Conditions
- Finite time horizon (MPD-FT). Let u* = u* (t,z) be a choice of
instrument that solves problem (1) to (4) and let x* = x*(t,z) be the
associate path for the state variable. Then there exists a function X (t, z)

such that for each t and z.!

9The zero flux boundary conditions is imposed so that the organizing pattern is
self-organizing and not driven by boundary conditions (Murray 2003, Vol II, p.82).

10Similar conditions have been derived for other cases. such as the control of
parabolic equations (Raymond and Zidani, 1998, 1999), boundary control (Lenhart
et al., 1999), or distributed parameter control (Dean Carlson et al., 1991; Lenhart
and Bhat, 1992).

Tn some cases in order to simplify notation, and when no confusion arises, sub-



1. u* = u* (t, z)mazximizes the generalized Hamiltonian function

H(z(t,2),u(t,z),\(t,2)) =

%z (1,
fx(t,z),u(t,2)+ At 2) |9zt 2),u(t z)+D xa; z)
or under appropriate concavity assumptions:

ot ox 022 022

(6)
=g (x(t,2),u*(t,2)) + D% (7)

ALz OH_ poAL2) <fx FA(L2) ga + pZAt2) Z))

oz (t, 2)
ot

evaluated at u* = u* (z(t,2),A(t,2)).

3. The following transversality conditions hold

/ZI)\(tl,z):U(tl,z)dz:O, = A(t1,2) =0, z € [20,21] (8)

20

For zero flux boundary conditions (3) it also holds that

OXN(t,z1)  OA(t, 20)
oz 0z

—0 9)

The result can also be extended to infinite time horizon problems

scripts associated with functions denote partial derivatives.



with discounting. In this case the problem is:

/31 /00 e f(x(t,2),u(t,z)dtdz ,p>0 (10)
O 8x0 0%z (t, 2)

s.t 2 =Y (x(t,2),u(t, z))+ DT (11)
) oz (t,2) 0z (t,2) o

x (to, 20) given, o |._. =, . =0: zero flux (12)

x(t,2z0) = x (t,2z1) = 0 : hostile boundary,x (to, 2) , 2 € (20,21) given

(13)

Maximum Principle under diffusion: Necessary Conditions
- Infinite time horizon (MPD-IT). Let u* = u* (t,2) be a choice of
instrument that solves problem (10) to (13) and let x* = x* (t, z) be the
associate path for the state variable. Then there exists a function X (t, z)
such that for each t and z

1. u* = u* (t, z)mazimizes the generalized current value Hamiltonian
function

H(z(t,2),u,A(t,2)) =

% (t
F) 4 A (42) |g (o (t.2) e ) + DL,
or under appropriate concavity assumptions:
futA(t.2) gy =0 (14)
2.
oX(t,z) OH PPA(t,z)
g AL -G - D= = (15)
PN (t, 2)
oA (1 2) — (fm FA(h ) gt D7>
oz (t,2) 0%z (t, 2)

=g (x(t,2),u* (t,2))+ D

ot 022

evaluated at v* = u* (z (t,2), A (t,2))
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3. Transversality conditions at infinity are part of the sufficient con-

ditions given below.

It is clear that conditions (5)-(9) or (14)-(16) can characterize the
whole dynamic system in continuous time space. It is interesting to note
that (15) - (16) is a modified dynamic Hamiltonian system defined in
continuous space time. In this system the diffusion coefficient for the
costate variable is negative, and it is the opposite of the state variable’s
diffusion coefficient. Since the costate variable can be interpreted as the
shadow value of the resource stock, negative diffusion implies that the
movement in space is from low shadow values to higher shadow values.
Furthermore, the opposite signs of the diffusion coefficient for the state
and the costate variable imply that time ‘runs backward’ in the state
variable and ‘runs forward’ in the costate variable which is a forward
capitalization type variable in capital theoretic terms.

The conditions derived above are essentially necessary conditions.
Sufficiency conditions can also be derived by extending sufficiency theo-
rems of optimal control. Proofs are provided in the Appendix.

Maximum Principle under diffusion: Sufficient conditions -
Finite time horizon

Assume that functions f (x,u) and g (z,u) are concave differentiable
functions for problem (1) to (4) and suppose that functions z* (t, z) , u* (¢, 2)
and X (t,z) satisfy necessary conditions (5)-(9) for all t € [to,t1],2 €

(20, 21] and that x (t,z) and A (i, z) are continuous with
A(t,z) >0 for all tand z. (17)

Then the functions x* (t, z) ,u* (t, z) solve the problem (1) to (4). That
is, the necessary conditions (5) - (9) are also sufficient.

The result can also be extended along the lines of Arrow’s sufficiency
theorem. We state here the infinite horizon case.

Maximum Principle under diffusion: Sufficient conditions -
Infinite time horizon

Let H® denote the mazimized Hamiltonian, or H (z, \) = mng (x,u, \).

If the mazimized Hamiltonian is a concave function of x for given \, then

11



functions x* (t,z), u* (t,z) and X (t,z) that satisfy conditions (14)-(16)

for all z € [29, z1] and the transversality conditions

z1 Z1
tlim e”t/ A(t,z)dz >0, tlim e”t/ At,2)z (t,2)dz =0 (18)
00 0 —00 %o
or

lim e ™\ (¢, 2) z (t,2) =0 when (A(¢,2),2(¢t,2)) >0Vt 2z (19)

t—o0

solve the problem (10) to (13).

3 Optimal Harvesting under Biomass Diffusion

Having established the optimality conditions, we are interested in the im-
plications of diffusion on optimally controlled systems regarding mainly
the possibility of emergence of spatial heterogeneity under optimal con-
trol, but also the possibility of diffusion acting as a stabilizing force for
unstable steady states under optimal control. To illustrate our approach
we use a classical case from ecological economics, namely the optimal
harvesting of a renewable biological resource (e.g. fishery). Let z (¢, 2)
denote the concentration of the biomass of a renewable resource (e.g.
fish) at spatial point z € Z, at time ¢, with x taking non-negative values
in a compact set X', and Z a one-dimensional spatial domain such that
0 < z < a. Boundary conditions could be either zero flux at z = 0 and
Oz (t,2) dx(t,2)

z = a, that is, =5 = 7‘ = 0, or of the hostile type that

= z=a
is,  (t,0) = = (t,a) = 0, implying that fish do not survive outside the
spatial domain. Biomass grows according to a standard concave growth
function F' (x) and disperses in space with a constant diffusion coefficient

D, or
oz (t,2) 0%z (t, 2)
ot 022

Harvesting H (t, z) of the resource is determined as H (¢, z) = qx (t,2) E (¢, 2) ,

=F(x(t,2))—H(t,z)+ D

where F (t,z) denotes harvesting effort (e.g. boats) at spatial point z
and time ¢, taking non-negative values in a compact set £, and ¢ > 0 is
the catchability coefficient. The total cost of applying effort F (¢, z) at
location z is given by an increasing and convex function ¢ (E (t,z2)) in

effort. Let benefits from harvesting at each point in space be given by
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an increasing and concave function S (H (¢, z)) . The optimal harvesting

problem in space-time is then defined as:

max / / 0[S (H (1, 2)) — ¢ (E (t, 2))) d=dt (20)

oz (t,2) 92z (t,2)
x(0,z) given, and zero flux on 0, a, or (22)
z(t,0) =x(t,a) =0, 2(0,2), z € (0,a) given (23)

Following the results of the previous section, MPD-IT implies that the
optimal control maximizes the generalized current value Hamiltonian for

each location z,

H=S(H(t,z)) —c(E(t,z),2)+ (24)
Pz (t,2)

ptz) |z (t,2) (s —ra(t 2) —qo(t,2) B+ D—ps

Setting S' (H (t, z)) = p(z) > 0, necessary conditions for the MPD-IT,

omitting ¢ to simplify notation, imply

OH /

SE =00 ()~ () g () = ¢ (B (2) (25)
E°(2) =E (2 (2),u(2)), E°(2) 20, ifp(2) —p(2) 20,  (26)
%z%>0,2—iz—%<0fmaﬂz (27)

Then, the Hamiltonian system in space time becomes:

ox 821’ an

N =F(z) — qzE (z,p) + DW =Gy (2, 1) + DW (28)

o O’ Pp

o= o= F (@) +aB (o, 0)| 51— paE (@,0) - DSE = Ga (v, ) - D5
(29)

The Hamiltonian system (28) - (29) indicates that in the optimally
controlled system the resource’s biomass moves from high concentration

to low concentration, while the biomass shadow value moves in space

13



from points of low value to points of high value. The purpose of our
analysis is to examine conditions under which the optimally controlled
diffusion system (28) - (29) could either produce a spatially heteroge-
neous pattern that will persist in the steady state, in the sense that the
biomass concentration and the biomass shadow value will be different in
different points of the spatial domain, or that the system will settle to a
spatially homogeneous, or ‘flat’, state where the biomass concentration
and the biomass shadow value are the same in every point of the spatial
domain. We will explore the possibility of the Turing mechanism acting

as a driver for inducing spatial heterogeneity:.

3.1 The Turing mechanism in optimally controlled

systems

The Turing mechanism for generating diffusion instability in reaction
diffusion systems relies on the analysis of the stability of a spatially ho-
mogeneous (or ‘flat’) steady state of the associated dynamical system
under perturbations induced by diffusion. In the optimally controlled
system this implies that the Turing effect should be examined in associ-
ation with the stability of the spatially homogeneous steady state of the
Hamiltonian system (28) - (29). A “flat” steady state (z*, u*) for this
system is determined as the solution of g—f = % =0 for D = 0. Given
the nonlinear nature of (28) - (29), although it is possible to derive gen-
eral conditions for the emergence of Turing instability, it not possible to
derive closed form solutions and verify whether the conditions for the
emergence of Turing instability are satisfied in a non-empty parameter
set.

Since we feel it is important at this stage to verify the emergence
of Turing instability in an optimally controled system under diffusion,
a task which to our knowledge has not been performed, we will replace
the non-linear control problem with its linear quadratic approximation
and verify the emergence of Turing instability for the linear quadratic
model. In this way we can derive precise conditions under which Turing
instability can emerge in linear quadratic models or models that can be

formulated in terms of their linear quadratic approximations.
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We start by replacing problem (20) - (23) with its linear quadratic
approximation. In doing so we extend the method developed by Fleming
(1971), and Magill (1977)'? - by which a non-linear optimal stochastic
control problem is replaced by a simpler linear quadratic optimal sto-
chastic control problem - to the case in which a deterministic control
problem (such as a resource management problem), where the transi-
tion of the system is described by a partial differential equation with a
diffusion term, and not by an ordinary differential equation, is replaced

by a linear quadratic approximation.

Proposition 1 Let (z*,u*) be a flat steady state of the Hamiltonian
system (28) - (29) satisfying the optimality conditions (14)-(16). Let
E* be the corresponding steady-state effort, and H* = qE*x*. Then un-
der certain conditions problem (20) - (23) can be replaced by the linear
quadratic (LQ) problem:

max/ /e pt[ Q > §u2] dzdt Q,R,p>0 (30)
Oy(tz) _ %y (t,2)

s.t e Sy(t,z) — Gu(t,z)+ D 9.2 ,S,G >0 (31)

y(0,2) given, and zero flux on 0 and a, or (32)

hostile boundary y (t,0) =y (t,a) =0, y(0,2), z € (0,a) given (33)

where

(y(t,Z),’y(t,Z),p(t,Z)) = (34)
(x(t,z) —a*,E(t,z) — E*,u(t,z) — pu*)
andu(t,z)zy(t,z)—i—%y(t,z),NEO,B <0 (35)

and the initial state xo = (0, z) is close to x* for all z € Z.

For the derivation and the definitions of the parameters of the LQ
problem see Appendix.
Following the results of the previous section, MPD-IT implies that

optimal control maximizes the generalized current value Hamiltonian for

12See also Judd (1996) for a similar approach.
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the LQ problem for each location z,

R 0?
—%yQ —=u?+p(t,2) Sy — Gu+ p<Y (36)

H= 2 072

The necessary conditions for the MPD-IT, omitting ¢ to simplify nota-

tion, imply
OH _ o_ G
Ol Ru—pG=0=u = D (37)

with E=vu’+ E*—~N/B>0 (=0ifu’+E*<N/B) (38)

Then, the Hamiltonian system in space time becomes:

T TN TE R
ap(ai; z) =[p—98p(t,2)+Qx(t,z)— D% (40)

3.1.1 Existence of the Turing mechanism in optimally con-
trolled LQ system

The flat steady state for (y*,p*) for the LQ problem is determined as
the solution of g—? = % = 0 of (39) - (40) for D = 0. It is clear by the
homogeneity of the flat system (39) - (40) that the origin is the steady
state, or (y*,p*) = (0,0). The stability of this steady state depends on

the Jacobian matrix

Therefore for the flat steady state we have tr(J) = p > 0 and det J =
(p—S)S —G/R. Hence, if det J > 0 the steady state is unstable, while
if det J < 0 the steady state has the local saddle point property. In
the saddle point case there is a one-dimensional manifold such that for
any initial value of y there is an initial value for p, such that the system
converges to the origin along the manifold.

The idea behind the Turing mechanism for diffusion driven instability
and pattern formation is that an asymptotically stable, in the absence of

diffusion, spatially homogeneous steady state, can be destabilized locally
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by perturbations induced by diffusion. The result of this instability could
be the emergence of a regular stable patterned distribution of biomass
and its shadow value across the spatial domain.

To analyze the impact of diffusion consider the Jacobian of the full
Hamiltonian system (39) - (40), to obtain:

Wy = Jw+DWZZ, (41)
(y(t2) [ 0y/ot [ PPy)02° B D 0
e p(tz))’ o Op/ ot Ve T ?p/o2)"  \0-D
(42)

Following Murray (2003) we consider the time-independent solution of

the spatial eigenvalue problem
W., + k*W=0, W,=0, for 2 =0,a (43)

where k is the eigenvalue. For the one-dimensional domain (0,a) we

have solutions for (43) which are of the form

nmtz

W, (2) = A, cos (T) ,n==+1, £2,..., (44)

where A,, are arbitrary constants. Solution (44) satisfies the zero flux
condition at z = 0 and z = a.' The eigenvalue is k = nm/a, and
1/k = a/n7 is a measure of the wave-like pattern. The eigenvalue k
is called the wavenumber and 1/k is proportional to the wavelength
w:w =2m/k = 2a/n. Let Wy (z) be the eigenfunction corresponding

to the wavenumber k. We then look for solutions of (41) of the form
w(t2) =Y oWy (2) (45)
k

Substituting (45) into (41), using (43) and canceling e* we obtain for

I3Tf we are to use the hostile boundary conditions (4) then the solution would be
of the form Wy, (z) = A,, sin (";rz) ,n==41,42 ..., so that boundary conditions are
satified at 0 and a.
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each k or equivalently each n, that \W,, = JW,, — Dk?*W,,. Since we

require non-trivial solutions for Wy, A must solve

‘AI—J+DI<:2 —0

Then the eigenvalue A (k) as a function of the wavenumber is obtained

as the roots of

N —pA+h(k*)=0 (46)
h(k*) = —=D*k* + D (25 — p) k* + det J (47)

where the roots are given by:

N (1) = 5 (oo V= 10087)

It should be noted that the flat (no diffusion) case corresponds to k% = 0,
so that i (k? = 0) = det J, and A\ o = 3 (p + \/m> . We exam-
ine the implication of diffusion in the case where the spatially homoge-
neous steady state is a saddle point, that is Ay < 0 < A\; for k? = 0, and
diffusion generates spatial heterogeneity through the Turing mechanism.

In this case det J < 0. Since tr J > 0 the spatially homogeneous
system converges to the flat steady state (z*,p*) = (0,0) along the
stable manifold. On this manifold and in the neighborhood of the steady
state, for any initial value of y there is an initial value of p such that the
spatially homogeneous system converges to the flat steady state. For the
optimally-controlled system the optimal solution in the neighborhood of

the steady state is such that

0
v (t2) = Cyvye™ for all 2 (48)
p(t,2)

where (% is a constant determined by initial conditions on y and transver-
sality conditions, and v is the eigenvector corresponding to \s. In par-
ticular for the linearized system the transversality condition at infinity,
limy oo e [ p(t,2)y° (t,z) = 0 for all z, forces the constant C; as-

sociated with positive root A\; to be zero. Thus by choosing C5 such
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that initial conditions on y and transversality conditions at infinity are
satisfied, the initial conditions for p are selected such that the linearized
system ends on the stable manifold. The corresponding path for the op-
timal control u is given by u® = (—G/R) p(t, z) for all z. Solution (48)
can be used to define the stable manifold as a function p = ¢ (y), and
the associated optimal policy function u® = v (y). By choosing appro-
priate values for y in the neighborhood of the steady state, such that
yr < y* < yu, the stable manifold can be represented by the set

Ms={(y,p):p=0),y € (yr,yv)} (49)

For any point along the manifold the state-costate system converges to
the spatially homogeneous steady state.
We consider now the impact of a perturbation induced by diffusion.

Under diffusion the smallest root A, is given by

2

Ao (K2) = % (0= V7 =20 (R)) k* = n (50)

a?

Then,

o If 0 < h (k?®) < p?/4 for some k, then Ay becomes real and positive.

o If 1 (k?) > p?/4 for some k, then both roots corresponding to g

are complex with positive real parts.

In both cases above, the linearly stable steady state (y*, p*) € Mg be-
comes unstable to spatial disturbances. Therefore if h (k%) > 0 for some
k, then Ay (k*) > 0 and the optimally controlled Hamiltonian system
becomes unstable to spatial perturbations, in the neighborhood of the
flat steady state and along the stable manifold. From (47) the quadratic
function h (k?) is concave, and therefore has a maximum. Furthermore,
h(0) = detJ < 0 and A’ (0) = (25 — p). Then h (k?) has a maximum
for

FZa i B (K2a) =0, or k2 :Mx), for (25 —p) >0 (51)

max max max 2D
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Ifh(k2,) >0or —D?*ki. +D (25 — p) k2. +det J > 0, and 25—p > 0,
then there exist two positive roots k% < k2 such that h (k?) > 0 and
Ao (k?) > 0 for k* € (k?,k2). Using (51) the existence of two positive

roots k¥ < k3 requires

(25 — p)°

1 +det J >0 ,or (52)
@S=p’  _gg_ QG _p_ QG
1 +(p—-9)S = i >0 (53)

The interval (k1, ko) determines the range of the unstable modes associ-
ated with the spatial heterogeneous solution, while h (k?) is the disper-
sion relationship associated with the optimal control problem.!'* Diffu-
sion driven instability in the optimally controled system emerges if the
maximum of the dispersion relationship is in the positive quadrant along
with the negative condition on the Jacobian of the flat system. These

conditions are summarized below.

(0~ 5)§ — L2 <0 (54)
25— p>0 (55)
%—Q—RG>0 (56)

with

(28 — p) £ /(0> — 4QG/R)
>

The set of parameters for which (54)-(56) is satisfied is the Turing space.

2 _
k1,2 =

>0 (57)

It is clear that for p = 0 the Turing space is empty and diffusion driven
instability does not emerge. However for higher discount rates and for
appropriate values of ), G, S and R, the Turing space need not be empty.
This is shown in figure 1 where the Turing space is defined in the (p, R)

space for given values of @), G, S.
[Figure 1]

The inequality (54) is satisfied above line BB, the inequality (55)

HFor a detailed analysis of the dispersion relationship in problems without opti-
mization, see Murray (2003).
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is satisfied below the line 25CD, while the inequality (56) is satisfied
above the line AA. Thus the Turing space is the area DCB.

Assume that for a parameter constellation (p, S, R, @), G) the Turing
set is not empty. Then the optimal spatially heterogeneous solution,
under zero flux boundary conditions emerging from (44) and (45), is the

sum of unstable modes or

n2 n2r2
wl (t,2) ~ ZB” exp {)\2 ( "
ni

2
)| eos ™= 2= (2
a a

where A (k%) > 0 for k* € (k?,k2), n; is the smallest integer greater or
equal to aky /7 and ny is the largest integer less than or equal to aks/m,
and the wavenumbers k; and ky are such that h (k?) > 0. Since Ay (k%) >
0 for k* € (k?,k2) only these modes grow with time; all the remaining
modes for which Ay (k?) < 0 tend to zero exponentially. Assume that
the spatial domain is such that there is only one unstable wave number,
or n = 1. Then the only unstable mode is cos (7z/a), and the growing

instability is determined by

a

2
w' (t,z) ~ Biexp [)\2 (%) t] cos = (58)
a

where the vector of constants B; is determined by initial conditions.
Since the instability occurs on the stable manifold of the linearized sys-
tem (49) it would be natural to choose initial conditions for y and p on
this manifold. Take By = (€,,€,), then using the definition of w from
(42) we have that the optimal spatially heterogeneous solution evolves

approximately as:

2 nz w2

Y (t,2) ~ €, exp [)\2 (ﬁ) t} cos—, — = k? (59)
2

p(t, z) ~ €,exp [)\2 (%) t] COS% (60)

Solutions (59) - (60) indicate that diffusion causes the spatially homo-
geneous steady state to be transformed into a wave-like pattern as ¢

increases. This of course is spatial heterogeneity since the biomass and
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its shadow value will, at any given point in time, have different val-
ues in different spatial points. Then the path for optimal effort in the
neighborhood of the flat steady state will be determined as u° (¢,2) =
(—G/R)p(t, z), while the spatially heterogeneous optimal effort is de-
termined, using (34) and (35) as:
E°(t,2) = B* +° (t,z)—% = E*—%p(t,z)—%, E°(t,z) >0 (61)
Furthermore a conjecture can be stated. For the optimal paths
(y° (t,2),u° (t,2)) of the solution to the LQ problem, an analog in time-
space of a Michel-type transversality condition (Michel, 1982) is verified.
This transversality conditions implies that the maximum of the Hamil-
tonian of the LQ problem for every spatial point is zero when ¢ goes
to infinity. Following Michel (1982) the maximum of the Hamiltonian
should verify for every (t, z) that:
Q

ot [L@aar - Tueats @

p(t z) (Syo (t,z) — Gu° (t,2) + D%)]

Substituting (59) - (60) into (62), taking the limit as ¢ — oo and noting
that, by the definition of a steady state, for all z the term

p(t,2) {Syo (t,2) — Gu® (t,2) + D%] (63)
is zero as t — oo, we obtain
tlgglo H™ (t,2) = (64)
e[ o ]t (5]

since, as can be seen from (50), 2Xs < p.

The value function of the LQ problem

V(y(0,2),0,0) = Sup/ / e Pt {—QyQ — EUP} dzdt  (65)
0o Jz 2 2
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should verify that:

V (4°(0,2),0,0) = )
L [—% (1)~ 5 (u( >)}dzdt

1 [ G? TZ
_ - (2)\27p)t (2)\2 p
2/0 e /z {Qe +—= 7 pl cos <_a )dtdz (67)

which is finite since 2\ < p, indicating that the LQ problem is well

posed. These results can be summarized in the following proposition.

Proposition 2 For an optimal harvesting system of an LQ form or for
a non-linear system that can be adequately approximated by an LQ) sys-
tem, which exhibits the saddle point property at a steady state in the
absence of diffusion, it is optimal, under biomass diffusion and for a
certain set of parameter values, to have emergence of diffusive instabil-
ity, induced by the Turing mechanism. Diffusive instability leads to a
spatially heterogeneous optimal path where the biomass and its shadow
value will, at any given point in time, have different values in different

spatial points.

The significance of this proposition, which extends the concept of
the Turing mechanism to the optimal control of diffusion, is that spatial
heterogeneity and pattern formation, resulting from diffusive instability,
might be an optimal outcome under certain circumstances. For regu-
lation purposes and for the harvesting problem examined above, it is
clear that the spatially heterogeneous steady-state shadow value of the
resource stock, and the corresponding harvesting effort, can be used to
define optimal regional fees or quotas. Although the full characterization
of the spatially heterogeneous steady state is outside the purpose of this
paper, since our target is to show the existence of the Turing mechanism
in optimally controlled systems, there are some inferences that can be
heuristically made from the results obtained by the L(Q problem.

If the LQ approximation is an adequate one for the non-linear system,
it is expected that a saddle point steady state of the non-linear system

(x*, u*) will also be destabilized by perturbations caused by diffusion
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through the Turing effect.!®> With a non-empty Turing space, spatially
heterogenous solutions similar to (59) - (60) grow exponentially. This
however cannot be valid for all ¢, since then exponential growth would
imply that (z, ) — oo at t — oo. However, the kinetics of the Hamil-
tonian system (28) - (29) and the transversality conditions at infinity
(18) should bound the solution in the positive quandrant.! This im-
plies that for a subset of the spatial domain the resource stock and its
shadow value are above the flat steady-state levels and for another sub-
set they are below the flat steady-state levels, in a wave-like pattern. In
this case an ultimate steady-state spatially heterogeneous solution for
the optimally controlled system will emerge.!” This steady state can be
characterized by taking the steady state of (28) - (29) and defining the

dynamic system in the spatial domain [0, a] .

0%z 0%z
0=F () = geE (x,p) + D5 sor =G (x,p) = Do (68)
/ 82,u
0= ,o—F(m)+qE(x,u)]u—pqE(fﬁ,u)— 9.2 (69)
82
or Gy (x, ) = 8_2'/; (70)

Setting v = 22, ¢y = &

52 55, we obtain the first-order system

Gy () =D ()
v= % (72)

Gy (z,p) = D% (73)
u= % (74)

Under zero flux boundary conditions the boundary conditions for this

system are v (0) = v(a) = 0, and u(0) = u(a) = 0 from zero flux,

15Tt should be noticed that it was around this steady state that the LQ approxi-
mation was carried out.

16See Murray (2003, Vol II, pp. 93-94) for this type of argument.

1"Tn this context it may be shown (Segel and Levin, 1976) that the destabilized
spatially homogeneous pattern is replaced asymptotically by a stable spatially het-
erogeneous solution.
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while under hostile boundary conditions we have z (0) = x (a) = 0 and
1 (0) = p(a) = 0.
3.1.2 Diffusion as a stabilizer

We examine now the case where the spatially homogeneous steady state
is unstable, that is ReA;2 > 0 for £ = 0, and diffusion acts as a
stabilizing form. Since tr J > 0 , this implies that detJ > 0. Let
Ap = p* —4[det J] > 0 so that we have two positive real roots at
the flat steady state. Diffusion can stabilize the system in the sense of
producing a negative root. For the smallest root to turn negative or
Ay < 0, it is sufficient that h (k?) < 0. The quadratic function (47) is
concave, and therefore has a maximum. Furthermore h (0) = det J > 0
and if b’ (0) = (2F — p) > 0 there is a root k3 > 0, as shown in figure
2, such that for £ > k3, we have Ay < 0. The solutions for y (¢, z) and
p (t, z) will be determined by the sum of exponentials of A\; and Ay. Since
we want to stabilize the system we set the constant associated with the
positive root A\; equal to zero. Then the solution will depend on the sum

of unstable and stable modes associated with As.
[Figure 2]

Following the previous procedure the solutions for y and p will be of

y(t,2)) . & nm? nrz
(p (t, z)) Zcﬁ exp [)\2 ( ) t| cos T+
al nm? nmz
Z C, exp [)\2 ( 5 ) t} cos —, (75)
a a

the form:

where ny is the smallest integer greater or equal to ak3/m and N > nay.
Since Ay (%) < 0 for n > ng, all the modes of the second term of (75)
decay exponentially. So to converge to the steady state we need to set
C; = 0, then the spatial patterns corresponding to the second term of
(75) will die out with the passage of time and the system will converge
to the spatially homogeneous steady state (y*,p*) = (0,0).

This result can be summarized in the following proposition.

25



Proposition 3 For an optimal harvesting system of an L) form or for
a nonlinear system that can be adequately approximated by an LQ system,
with an unstable steady state in the absence of diffusion, it is optimal,
under biomass diffusion and for a certain set of parameter values, to
stabilize the steady state. Stabilization is in the form of saddle point
stability where spatial patterns decay and the system converges along one

direction to the previously unstable spatially homogeneous steady state.

The significance of this proposition is that it shows that under dif-
fusion it is optimal to stabilize a steady state which was unstable under

spatial homogeneity.

4 Concluding Remarks

The present paper seeks to provide a conceptual framework for studying
pattern formation in optimally controlled systems associated with eco-
nomic applications. Considering the Turing mechanism as the pattern
generator we develop the optimal control of a dynamical system under
diffusion by appropriately extending Pontryagin’s maximum principle.
Using as our leading example the classical problem of harvesting of a
renewable resource (fishery) we show that, when we have a saddle point
equilibrium with zero diffusion for a positive discount rate, then there
exists a non-empty parameter set such that the Turing mechanism acting
on the associated Hamiltonian Dynamic System implies that the optimal
choice of control (harvesting effort) in time-space leads to the emergence
of a spatial pattern for both the resource stock (state variable) and its
corresponding shadow value (costate variable). In the same context we
show that, when we have an unstable steady state with zero diffusion,
then the presence of diffusion in the optimal harvesting problem can, in
certain cases, stabilize an unstable spatially homogeneous steady state.

The methodological approach developed in this paper can be linked
to further research in the optimal management and the design of opti-
mal policies for general complex adaptive systems arising in economics,
where self organizing aspects reflected in notions such as ‘the invisi-
ble hand’ or Pareto optimality are complemented by policy interactions

aiming at directing the system to a desired outcome (Levin, 2002). The
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spatial and pattern formation aspect of these complex adaptive systems,
with the Turing mechanism acting as a pattern generator, when coupled
with policy interventions produce the type of optimal control problem
in space-time studied in this paper.

In more general terms the Turing mechanism is one pattern generator
that can be used in the study of socio-economic systems in the context
of developing statistical mechanics approaches aiming at exploring how
individual microscopic interactions give rise to macroscopic phenomena
(Durlauf, 1997). It should be noted that the application of pattern gener-
ators to complex socio-economic systems has yet to overcome tractability
issues, although there are some exceptions such as the Large Type Limit
concept (Brock et al., 2005) and its generalization (Diks and Vander-
weide, 2003) that provide an analytically tractable pattern generator for
stock market applications. The use of the Turing mechanism as pat-
tern generator in recursive infinite horizon optimal control developed in
this paper, apart from its usefulness in studying other economic applica-
tions and pattern formation in time-space, can also be useful as a basis
for extending the analysis to general pattern generating systems where
patterns emerge from individual agent heterogeneity into macroscopic

dynamics and macroscopic patterns.

27



Appendix

Extension of Pontryagin’s Principle: Necessary conditions

We develop a variational argument along the lines of Kamien and
Schwartz (1981, pp. 115-116). Problem (1) to (4) can be written as:

:/Z:l/t:lf(x(t,z),u(t,z))dtdz:/Z:I ) )
A(t, 2) [g(x(t,z), (t, ))+D%—%1}dtdz (76)

We integrate by parts the last two terms of (76). The A (¢, 2) % term

becomes

2 rh ox
_1)/z0 /t Mt 2) St =
o\

/ [—A(tl)x(tl) + A (to) x (to) +/t1x(t, z) Edt] dz (77)

to

The term A (¢, z) D% becomes

of [ e
D/ [ (t,21) (t,z)

_D/ wa tz)&)\éiz)dz} M

by the zero flux conditions (3) on the state variable, or by setting A (z1) =
= 0.

oz (t, z0)
0z

— )\ (t, Zo)

2 0x(t,2) ON(t, 2) B
_/Z 0z ot dz) dt =

(78)

Z=20 0

A (z0) = 0 if we use the hostile boundary conditions x (z1) = x (20)
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Integrating by parts once more we have

o[ l/ 8968(1:2)6)\5;2)@] dt =

D/ { 8“21 Vo tt, 21) + 22B20)

02
+ / 01 2 (t,2) %} d=dt (79)

Thus (76) becomes

Ia " (2 ) deds =

/Z1/tlU(m(t,z)m(t,z))+A(t,z)g<x<t72)7“(tﬂz))

O (t, 2) DN (t,2)

+/Z1 =X (tn, 2) 2 (t1, 2) + A (to, 2) 2 (to, 2)] de+

D / § {_%x(t,zﬂ + Mz(t,zo)] dt (80)

+z (t, 2)

0z

We consider a one parameter family of comparison controls u* (¢, z) +
en (t, z) , where u* (¢, z) is the optimal control, 7 (¢, z) is a fixed function
and € is a small parameter. Let y (¢, z,€), t € [to,t1], 2 € [20, 21| be the
state variable generated by (2) and (3) or (4) with control u* (¢, z) +
en(t,z), t € [to,t1], 2z € |20, 21) . We assume that y (¢, z,€) is a smooth
function of all its arguments and that € enters parametrically. For e = 0
we have the optimal path z* (¢, z); furthermore all comparison paths

must satisfy initial and zero flux or hostile boundary conditions. Thus,

y(t,2,0)=a"(t,2), y(to,z,€) = x(ty, z) fixed (81)
ayg; z) . — _8y((9tz’ ?) . =0, zero flux (82)
y (t, z1,€) =y (t, 20, €) = 0 hostile boundary (83)

When the functions v*, z*and 7 are held fixed, the value of (1) evaluated
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along the control function u* (¢, z) +e€n (¢, z) and the corresponding state

function y (t, z, €) depend only on the single parameter e. Therefore,

/ / y (b2, €) " (1, 2) + en (8, 2))] ded=

or using (80)

/ / y (2 6) (4 2) +en (¢, 2))

+A(t,2)g(y(t,z,€),u (t,2) +en(t, 2))
DA (t, 2)

oM (1
ty(t20 22 20 AL

ot
4 / A (t1,2) g (11, 2, €) + A (fo, 2) y (0, 2, )] d=

+D/t1 [_8’\ i O (20)
to

0z
Since u* is a maximizing control the function J (¢) assumes the maximum

] dtdz

)y (t,21,€) + y (¢, 2o, e)} dt (84)

when ¢ = 0. Thus d‘;—(:) or
e=0

dJ () B

de | ._g -

e OA(t,2)  O°A(t,2)
/ZO / |:<f1+)\gx+ BT +D—8z2 >y6+(fu—l—)\gu)77(t,z) dtdz+
/ tla Ye (tbz 6) +)\(t0, )yE (t0>z, 6)] dz+

" 0A(z) X (20)
/to [ 9, Ve b2+ —5 = (820, Gﬂ dt =0 (85)

e In (85) y. (to, z,€) = 0, since y (to, z,€) = x (to, z) fixed by initial

conditions. Next we impose the condition

/zl Mty 2) B (1, 2) = 0 (86)

20

for all 5 (t1, z) piecewise continuous functions in [z, z1] . It follows,
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using Athans and Falb’s (1996, p260) fundamental lemma that
A(t1,2) =0,z € [20, 2] (87)

Furthermore if we impose zero flux conditions on \, then,

O\ (t, Zl) . o\ (t, Zo)
dz 0Oz

=0 (88)

Conditions (86) or (87) and (88) can be used as transversality
conditions. Then we obtain from ((85))

O\ 02D

AR D=2

5 = (5204 D33) (59)

fu+ 26, =0 (90)

e If we use hostile boundary conditions then from (83), y (¢, z1,¢€) =
y (t, 20,€) = 0 fixed, and y. (to, 2, €) = Y (¢, 21,€) = 0 in (85). Then
(89) and (90) are obtained by imposing transversality conditions
(86) or (87).

So if we define a generalized Hamiltonian function

H=f(z,u)+ A\ {g(a:,u)vLD%}

then by (89) and (90) optimality conditions become conditions (5) - (15),
along with the appropriate transversality conditions.

The infinite horizon case with discounting is obtained by following
the same approach and using Arrow and Kurz (1970, Chapter 11.6).0]

Extension of Pontryagin’s Principle: Sufficiency

Suppose that z* (t, 2) , u* (¢, 2) , A (, z) satisfy conditions (5) and (15)
and let x (¢, z) , u (¢, z) functions satisfy (2). Let f*, g* denote functions
evaluated along (z* (t,2),u* (t,2)) and let f,g denote functions evalu-

ated along the feasible path (x (¢,2),u(t,z)). To prove sufficiency we
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need to show that

Wz/z:l/t:l (F* — f)dtdz > 0

From the concavity of f it follows that

f* - f > (I* (t> Z) -z (t,z)) f; + <U* (t,Z) - u<t>z)) f; (91)

Then

vvz/“[1waa—x@ﬂ»ﬁ+ofma—u@w»ﬁme

(92)
_ /01 [:1 {W (t,2) — 2 (L, 2)) (_8Ag;, N (t,2) g5 — D%)
(93)

,2) —u(t 2)) (=A (L, 2) g,)] didz

/ /“ 5 g~ @ ()~ 2 (62— (0 (2) — 1 2)] gz 2 0
(o1

Condition (93) follows from (92) by using conditions (5) and (15) to
substitute for f* and f;. Condition (94) is derived by integrating first by
parts the terms involving £ 5;» substituting for 3 89” from (2), and using the
transversality conditions, as has been done above then by integrating
twice the terms 1nvolv1ng 2 and using again the zero flux or the hostile
boundary conditions. The non—negat1v1ty of the integral in (94) follows
from (17) and the concavity of g.

The result can be easily extended along the lines of Arrow’s suffi-
ciency theorem (Arrow and Kurz, 1970, Chapter I1.6) with a transver-

sality condition at infinity.

zZ1 zZ1
lim e_”t/ A(t,z)dz >0, lim e_pt/ A(t,z)z (t,2) dz = 0,01(95)

t—o0 20 20
tlim e PNt 2)z (t,2) =0 when (A (t,2),z(t,2)) > 0 for all ¢, (96)
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Linear - Quadratic Approximation of the Optimal Control
Problem under Diffusion

First we derive the LQ approximation for the general problem and
then we apply it to the problem of optimal harvesting.

Consider the general optimal control problem under diffusion.

i //f (t,2) u(t, ) dtdz (97)

oz (t,2) 0z (t,2)
St~7 g(x(t 2),u(t,2 ))+D7 (98)

ox (t 2) 0z (t,2) B
x (to, z) given, 5 . =7, . =0, zero flux (99)

x(t,29) = x (t,21) = 0, hostile boundary z (to,2), z € (20,21) given
(100)
with the Hamiltonian function
0z

For problem (97) - (100) let (z*,u*, A\*) be a flat optimal steady state
associated with the Hamiltonian system (5)-(6) for D = 0. This optimal
steady state satisfies the optimality conditions (5)-(9). Our approach is
to extend the method developed by Fleming (1971) and Magill (1977),
by which a non-linear optimal stochastic control problem is replaced by a
simpler linear quadratic optimal stochastic control problem, to the case
of a deterministic control problem, such as (97) - (100) where the transi-
tion of the system is described by a PDE with a diffusion term and not by
a stochastic ODE. Assume that the diffusion process (98) starts close to
the steady state or that zo = z (0, z) starts close to z* for all z € Z, and
let (y(t,2),v(t,2),p(t,2) = (x(t,2) —z*u(t,z) —us,A(t,2) — \¥).
Perturb the control u by letting

u(t,z) =u"+e(u(t,z) —u")=u"+evy(tz) (102)
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For a control of the form (102) we adapt Athans and Falb (1966 page

261) to focus on perturbations of the form below,
x(t,z) =a" +ey(t,z)+ € (t,2) +0(%t,2) (103)

where y and £ are first and second order state perturbations respectively
and o (2,t,2) — 0 as €2 — 0 uniformly in (¢, 2).

Athans and Falb (1966, pp. 254-265) show that control perturbations
of the form (102) lead to state perturbations of the form (103) under
appropriate regularity conditions for the case where Z is one point. We
proceed heuristically here. Substituting (103) and (102) into (98), the

g (z,u) function describing the kinetic of the state variable, we obtain

g (x* +ey(t,z) +e%(t,2)+o (82, t,z) u ey (t, 2)) (104)

Ox(t,2)
ot

(103) and expanding as a Taylor series around (z*,u*), we obtain'®

Substituting also for z (¢,z) in the derivative andazgs;’z), using

y(t2) | L06(L2)

S e = g () 4 g (e 4+ 226) + g (27) + w W +
5 2
+5D% + gQD% + higher order terms (105)
w = (5y+52§,57)/7W: Gax Gzu
gux guu

where all derivatives are evaluated at the flat steady state. Divide (105)
by ¢ and then take the limit as ¢ — 0, and note that g (z*,u*) = 0
because (z*,u*) is a steady state, to obtain the linear approximation of
(98) around the flat steady state as

y (t,z2)
ot

0y (t
=+0g.y (t,2) + gu7y (t,2) + D% (106)

with y (t9, z) = 0 for all 2. (107)

If, using the equality of the e-terms in (105) we cancel these terms, divide

by €2 and then take the limit 2 — 0, we obtain a differential equation

18Subscripts denote derivatives.

34



in the second-order state perturbation

9]
fgt, ?) = g.&(t,2) +
2
Gzl (t,2) + Guuy (8, 2) + 29246 (E, 2) 7 (L, 2) + D% (108)
with £ (to, z) = 0 for all z. (109)

Write the performance functional (97) using the Hamiltonian func-
tion (101) with z (¢, 2) and u (¢, z) given by the perturbations (103) and
(102) and with A (t, z) evaluated along the optimal path A\* (¢, 2) , as

21 t1
7 (u) = / / {H (2 (£, 2) 0 (£, 2) , A" (£, 2)) — A (£, 2) ax((;;, 2)} dtd
20 to
(110)
Write the performance functional along an optimal path as
21 t1 *
J(u*) = / / {H (x* (t,2) ,u* (t,2), A" (t,2)) — A" (1, 2) W} dtdz
20 to
(111)

then

J(u) — J (u*) =
/ /t (L (2 (1, 2) (£, 2) N (1, 2)) — HL (2 (£, 2) 0t (1 2) N (£ 2))

0(z(t,z) —a*(t,2))
ot

=\ (t,2) dtdz (112)

By expanding around the optimal steady state (x*,u*, \*) we obtain,
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with derivatives evaluated at the optimal steady state,'?

J(u) — J(u*) = /Zl /t 1 [Hxsy (t,2) + Hyey (t, 2) + %V,QV

O(x(t,z) —a*(t,2))
ot

v =(ey(t,2),ev(t 2)) (114)

O(z(t,z)—x*(t,2))
ot

+o (%, t,2) + X" (¢, 2) 1 dtdz (113)

In (113) integrate by parts the term A\* (¢, 2)

obtain

as in (77) to

/Zl [=A(t1, 2) [z (t1, 2) — 2" (t1, 2)] + A (to, 2) [z (to, 2) — =™ (to, 2)]

20
h ON* (t
+ / [z (t,2) — 2" (, 2)] N2 ) g (116)
to ot
In (116) the first term in the bracket is zero by transversality conditions,
the second term is zero by initial conditions on the state perturbation,
while the third term under the integral can be written, using (103) and

the optimality conditions, as:

O (z*+ey(t,z) +e%(t,2) + o (% t,2) — a* (L, 2))

—H,
ot

(117)

Furthermore H, = 0 by the optimality conditions. Substituting into
(113) dividing by ¢ and taking limits we obtain

J(u) = J (u") = / ) / ! %V'detdz (118)

Therefore a “good approximation” of problem (97) - (100) can be ob-
tained if we replace in problem (97) - (100) the function f (z (¢, 2) ,u (, 2))
with 2v/Qv and the transition equation (98) with the linearized diffusion

equation (106).

19See Athans and Falb (1966) for such an expansion in the context of deriving
necessary conditions for standard control problems without diffusion.

36



The same substitution can be made in an infinite horizon problem
by replacing the transversality condition used to simplify (116) with
the requirement that we require controls that produce solutions for the
state variable that grow by less than discounting. This approximation is
similar to the one produced by Magill (1977) for the optimal stochastic
control problem. It should be noted that since the diffusion coefficient
D is independent of the state and the control, this term drops out from
the approximation of the objective, but enters the problem through the
linearized diffusion equation. It is clear that extra terms including the
diffusion coefficient should be added into the approximating matrix Q
in the general case where D = D (x,u).

Application to the Optimal Harvesting Problem

We apply this result to the optimal harvesting problem (20) - (23).
Let (z*, E*,1*) be the flat steady state for this problem, and define
U(z,E) = [S(H(t,2)) —c(E(t, 2))]. Following our results above we

obtain

T
1, 0 1]y AN| |y
—~VvQv=L"(y,7) == = 119
5V'Q (¥, 7) 2[’7 N B| |- (119)
1
3 [Ay2 + 2Ny~ + 872] (120)

A=Us, (2, E7) = §" (H*) (H*)* + pF" (x*)
B:UEE (‘T*,E*) _ S// (H*) (qx*)Q B C” (E*)
H*=qFE*z"

where, A < 0 by the concavity of benefit and growth functions and the
fact that the shadow value of the resource is non-negative at the steady
state, N 2 0, and B < 0 by the concavity of the benefit function and
the convexity of the cost function.

Following Brock and Malliaris (1989) we make a change in units, so

that
N

U=+ 5y (125)
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Then we have
1 N?2
Louhu)::i{(Af—jg)gﬁ%—Buﬂ (126)

Furthermore, the linearized transition equation becomes

&Ué?t) — [F’ (qj*) _ qE*} y(z,t) — qaty (Z,t) n D% :(127)
Fy(z,t)—G'y(z,t)+D%,or (128)
A (r- S yta-Gun) + 02U

where G = qz* > 0 for a positive steady state for the resource. In order
to have a well posed LQ problem with a concave net benefit function and

a transition equation with positive growth for the resource, we assume:

N2
A ) =— 1
< 5 > Q<0 (130)
B=-R<0 (131)
GN
F—— )= 132
( B ) S>0 (132)
The LQ approximation around the flat steady state of the original spatial
problem is
R,
maX — U dtdz Q,R,p >0 (133)
8y (t, 2) 02z (t,2)
s.t. g = Sy (t,z) — Gu(t, z)+DW,F,G>0 (134)
y(0,2) given, and zero flux on 0,a, or (135)
y(t,0) =y (t,a) =0, y(0,2), z € (0,a) given (136)
O

38



References

[1] ATHANS, M. AND P. FALB (1966): Optimal Control, New York:
McGraw-Hill.

[2] ARROW, K. AND M. KURZ (1970): Public Investment, the Rate
of Return, and Optimal Fiscal Policy, Baltimore: Johns Hopkins
University Press for Resources for the Future.

[3] BHAT, M., R. FISTER, AND S. LENHART (1999): “An Optimal
Control Model for the Surface Runoff Contamination of a Large
River Basin,” Fcological Applications, 3, 518-530.

[4] BROCK, W., and A. MALLIARIS (1989): Differential Equations,
Stability and Chaos in Dynamic FEconomics, Amsterdam: North-
Holland.

[5] BROCK, W. AND A. XEPAPADEAS (2002): “Optimal Ecosystem
Management when Species Compete for Limiting Resources,” Jour-
nal of Environmental Economics and Management, 44(2), 189-230.

[6] BROCK, W., C. HOMMES, AND F. WAGENER (2005): “Evolu-
tionary Dynamics in Markets with Many Traders Types,” Journal
of Mathematical Economics, 41, T7-42.

[7] CARLSON, D., A. HAURIE, AND A. LEIZAROWITZ (1991): In-
finite Horizon Optimal Control, Second Edition, Berlin: Springer-
Verlag.

[8] CHRISTALLER, W. (1933): Central Places in Southern Germany,
Fischer: Jena.

[9] CLARK, C. (1990): Mathematical Bioeconomics: The Optimal
Management Of Renewable Resources, Second Edition, New York:
Wiley.

[10] DIKS, C. AND R. VAN DER WEIDE (2003): “Heterogeneity as a
Natural Source of Randomness,” CeNDEF, University of Amster-
dam, and Tinbergen Institute.

[11] DIXIT, A. AND J. STIGLITZ (1977): “Monopolistic Competi-
tion and Optimum Product Diversity,” American Economic Review,
67(3), 297-308.

[12] DURLAUF, S. (1997): “Statistical Mechanics Approaches to So-

cioeconomic Behavior,” in The Economy as a Complex FEvolving

39



[13]
[14]
[15]

[16]

[17]

[22]

[23]

[24]

[25]

System II, ed. by W. Arthur, S. Durlauf and P. Lane, Redwood
City: Addison-Wesley.
FLEMING, W. (1971): “Stochastic Control for Small Noise Inten-
sities,” SIAM J Control, 9, 473-517.
FUJITA, M., P. KRUGMAN, AND VENABLES, A. (1999): The
Spatial Economy, Cambridge, Massachusetts: The MIT Press.
HOTELLING, H. (1929): “Stability in Competition,” Fconomic
Journal, 1929, 39, pp. 41-57.
KAMIEN, M. AND N. SCHWARTZ, (1981): Dynamic Optimiza-
tion: The Calculus of Variations and Optimal Control in Economics
and Management, Second Edition, New York, North-Holland.
JUDD, K. (1996): “Approximation, Perturbation, and Projection
Methods in Economic Analysis,” in Handbook of Computational
Economics, ed. by H. Amman, D. Kendrick, and J. Rust, Ams-
terdam: Elsevier.
KRUGMAN, P. (1993): “On the Number and Location of Cities.”
FEuropean Economic Review, 37, 293-298.

. (1998): “Space: The Final Frontier,” Journal of Eco-
nomic Perspectives, 2(2), 161-174.
LENHART, S. AND M. BHAT (1992): “Application of Distrib-
uted Parameter Control Model in Wildlife Damage Management,”
Mathematical Models and Methods in Applied Sciences, 4, 423-439.
LENHART, S., M. LIANG, AND V. PROTOPOPESCU (1999):
“Optimal Control of Boundary Habitat Hostility for Interacting
Species,” Mathematical Models in the Applied Sciences, 22, 1061-
1077.
LEVIN, S. (1999): Fragile Dominion: Complexity and the Com-
mons, Reading MA: Perseus Books.
— (2002): “Complex Adaptive Systems: Exploring the
Known the Unknown and the Unknowable,” Bulletin (New Series)
of the American Mathematical Society, 40, 3-19.
LIONS, J. - L. (1971): Optimal Control of Systems Governed by
Partial Differential Equations, New York: Springer - Verlag.
LOSCH, A. (1940): The Economics of Location, Jena: Fisher.

40



[26]

[27]

28]

[37]

MAGILL, M. (1977): “A Local Analysis of N-Sector Capital Ac-
cumulation under Uncertainty,” Journal of Economic Theory, 25,
211-219.
MICHEL, P. (1982): “On the Transversality Condition in Infinite
Horizon Optimal Problems,” Fconometrica, 50, 975-986.
MURRAY, J. (1993): Mathematical Biology, Second Edition,
Berlin: Springer.

(2003): Mathematical Biology, Third Edition, Berlin:
Springer.
NEUBERT, M. (2003): “Marine Reserves and Optimal Harvest-
ing,” FEcology Letters, 6, 843-849.
OKUBO, A. (2001): “Introduction: The Mathematics of Ecological
Diffusion,” in Diffusion and Ecological Problems: Modern Perspec-
tives, ed. by A. Okubo and S. Levin, 2nd Edition, Berlin: Springer.
OKUBO, A., HASTINGS, A., AND POWELL, T. (2001): “Pop-
ulation Dynamics in Temporal and Spatial Domains,” in Diffusion
and FEcological Problems: Modern Perspectives, ed. by A. Okubo
and S. Levin, 2nd Edition, Berlin: Springer.
OKUBO, A. AND LEVIN, S. (2001): “The Basics of Diffusion.” in
Diffusion and Ecological Problems: Modern Perspectives, ed. by A.
Okubo and S. Levin, 2nd Edition, Berlin: Springer.
RAYMOND, J.-P. AND H. ZIDANI (1998): “Pontryagin’s Princi-
ple for State-Constrained Control Problems Governed by Parabolic
Equations with Unbounded Controls,” SIAM Journal of Control
and Optimization, 36(6), 1853-1879.
(1999): “Hamiltonian Pontrya-
gin’s Principles for Control Problems Governed by Semilinear Par-
abolic Equations.” Applied Mathematics Optimization, 39 , 143-177.
SANCHIRICO, J. (2004): “Additivity Properties of Metapopula-

tion Models: Implications for the Assessment of Marine Reserves,”

Resources for the Future, Discussion Paper 02-66, Journal of Envi-
ronmental Economics and Management, In Press, Available online
21 August 2004.

SANCHIRICO, J. AND J. WILEN (1999): “Bioeconomics of

41



Spatial Exploitation in a Patchy Environment,” Journal of Envi-
ronmental Economics and Management, 37(2), 129-150.
SANCHIRICO, J. AND J. WILEN (2001): “A Bioeconomic Model
of Marine Reserve Creation,” Journal of Environmental Economics
and Management, 42(3), 257-276.

SEGEL, L.A., AND S. LEVIN (1976): “Application of Non Lin-
ear Stability Theory to the Study of the Effects of Diffusion on
Predator Prey Interactions,” in Topics in Statistical Mechanics and
Biophysics: A Memorial to Julius L. Jackson, ed. by R.A. Piccirelli,
New York: American Institute of Physics.

TURING, A. (1952): “The Chemical Basis of Morphogenesis”,
Philosophical Transactions of the Royal Society of London, 237, 37-
72.

WEBER, A. (1909): Theory of the Location of Industries, Chicago:
University of Chicago Press.

42



28

p=S+(QG/RS)

Turing Space

p = (4QG/R)"”
A

Figure 1: Turing Space
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Figure 2: Diffusion as Stabilizer
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