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Chapter 3

Agglomeration Diseconomies of Traffic Congestion and
Agglomeration Economies of Interaction in the
Infomration-oriented City
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Hiroyuki SHIBUSAWA
Toyohashi University of Technology, Hibarigaoka 1-1, Tempaku, Toyohashi {{1 JAPAN

ABSTRACT This paper presents a partial equilibrium model of land, la-
bor and transportation markets in an information-oriented city with traffic
congestion of commuting and agglomeration economies of interaction. We de-
rive the equilibria by numerical computations using specific utility, production
and congestion functions. The laissez-faire equilibrium is compared with the
optimum. Contrary to the results of most previous papers, the CBD will be-
come compact and the city will be more suburbanized than the laissez-faire
equilibrium. We also analyze the effects of the system of Pigouvian taxes and

subsidies on the spatial structure in the city.
1. INTRODUCTION

A concentration of people and economic activities in a big city has both agglom-
eration economies and diseconomies. The size of the city is determined by the trade-off
between those effects. Most previous papers on urban structure consider that the in-

teraction among firms in the CBD will generate agglomeration economies in production,



and have analyzed the configuration of firm location. On the other hand, the agglomer-
ation diseconomies of traffic congestion in the commuting rush hour is a most important
phenomenon to be analyzed in the new urban economics.

The spatial effects of congestion externalities were analyzed in previous studies
(e.g., Solow and Vickrey(1971), Mills and de Ferranti(1971), Sheshinski{1973), Livesey(1973),
Oron, Pines and Sheshinski(1973), Dixit(1973), Kanemoto(1980), and Sullivan(1983)).
They derived the market equilibrium and the optimum equilibrium. It was shown that
the optimum city is less suburbanized than the market equilibrinm. They also derived
the optimal land assignment for transportation in the city. In their papers, the decision
on the allocation of land for transportation is based on cost-benefit criterion using market
rent. In these studies, the importance of the time allocation between leisure and work is
ignored. The income which all the identical households earn and the value of time which
measures the opportunity costs of the time consumed in the congested communrity are
exogenously given. Also, in these studies, the agglomeration economies of the interaction
between the firms in the CBD are neglected.

Ogawa and I'ujita{1980) constructed an equilibrium model of a nonmonocentric
city in which agglomeration economies of interaction among the firms exists. Ota and
Fujita (1993) analyzed the impacts of telecommunication technologies on the SPatia,l-or—
ganization of office activities in the city. These studies assumed that the distributions
of the spatial interaction among the firms are of the exponential type. Higano and Or-
ishimo(1990) and Higano(1991b) took account of the impact of telecommunication devel-
opment on the labor market in the city, especially by the development of telecommuting-
work at home using telecommunication services. They also analyzed the impact of spa-
tially separated work places on urban residential location, consumption, and working-hour
allocation behavior of the coming information oriented-society when there are two pos-
sible work places (an office in the CBD and a home in the suburbs) and the wages for
office and home work are endogenously determined. Higano(1991a) and Shibusawa and

Higano (1993) analyzed the impact of telecommuting on the spatial structure in the city



with traffic congestion. They compared a city in a laissez-faire equilibrium with a city
in an optimum. These analyses were confined to the spatial structure in the suburbs.
Shibusawa(1993) analyzed the spatial configuration of firms and the land assignment for
transportation in the CBD. However, his analysis was focused on the laissez-faire equilib-
rium.

This paper presents a partial equilibrium model of the land and labor markets
in a city in which there are both agglomeration diseconomies of traffic congestion among
commuters and agglomeration economies of the interaction among firms in the CBD. The
fundamentals of the model in this paper are based on the Higano-Orishimo model(1990).
Both residential and employment locations are endogenously determined, however. We
compare a city in a laissez-faire equilibrium with the city in a Pareto optimum equilib-
rium sustained by Pigouvian taxes and subsidies which control both the agglomeration
economies and diseconomies.

The main purpose of this paper is to compare the laissez-faire equilibrium with
the social optimum of the model when there are both agglomeration economies and dis-
economies. At the laissez-faire equilibrium, transportation services are supplied based
on the principle of the marginal cost pricing and the allocation of land for transporta-
tion is determined so as to satisfy the marginal productivity condition. The focus of the
analysis is especially on the trade-off between agglomeration economies and diseconomies.
Another focus is on the spatial impact of Pigouvian prescriptions in the city.

In section 2, we present a partial equilibrium model of the closed city with ag-
glomeration economies and diseconomies. We construct a system of Pigouvian taxes and
subsidies which attain the socially efficient resource allocation in section 3. Assuming
specific utility, production, congestion and agglomeration functions, the equilibria are de-
rived by numerical computations in section 4. In section 5, a laissez-faire equilibrium is
compared with the social optimum. In the final section we discuss some implications of

the analysis,

2. THE MODEL



Basic Assumplions

A von Thiinen-Alonso type monocentric city is assumed. The city has communi-
cations and transportation network. The model is closed in the sense that the number of
households in the suburbs and the number of firms in the CBD are both fixed. Households
living in the suburbs commute to the office of the firms in the CBD by the transporta-
tion network and/or work at their own homes by the telecommunication network. We
assume two types of telecommunication services. TYPE 1 affects the labor productivity
at home and TYPE 2 affects that in the office. Instances of the former are the local area
network(LAN) of computers in the office, and the international date base network via
communication satellites. The latter are given by facsimile services, computer-networking
telecommunications, and optical fiber wide area networks{ WAN). The firms of the goods
sector are located in the CBD and maximize their profit. The prices of the composite
good, and TYPE 1 and TYPE 2 telecommunication services are determined in the open
market, and, hence, taken as given. The transportation sector meets the demand of the
commuters in both the CBD and the suburbs. It maximizes aggregate profit. It is reg-
ulated by a public authority. The regulation is based on the principle of marginal cost
pricing. The real estate sector leases land in the whole city from absentee landowners at
an agficultural land rent, and in turn, leases land back to households, firms and trans-
portation sectors at market land rent. The profits are shared equally by all the suburban
households. Losses are, if any, covered through the assessment of an equal lump sum tax
on each suburban household.

Households live in the suburbs and go to the office of the firms in the CBD. Each
household has one wage earner and maximizes utility subject to the constraints on time
and the budget. Both the monetary and time costs of commuting in the city are borne
by the commuters. All costs of the input of telecommunication services are borne by
the employers. Commuting speed depends on traffic congestion. Land rents and wage
rates for home and office work are endogenously determined by the market equilibrium.

The public authority collects taxes, and pays subsidies of the Pigouvian type in order to



correct the inefficiency of resource allocation caused by the economies and diseconomies of
the agglomeration. The tax revenue is evenly re-distributed over the suburban households
in the city in the form of a lump sum. Or, the subsidy is financed by an equal lump sum

tax charged to all households.
Behavior of Households

The household optimization behavior is formulated as follows (¢f. Higano et

al.(1990)):
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Function U(:) is a given utility function, which positively depends on the amount of land
(£), leisure time (T}), the utility-augmenting part of home work (7), commuting time
(7%), and the amount of consumption of a composite good (z). A residential location
variable 7 and an office-work location variable z both represent the distance to the CBD
center. Parameter T is the total available time spent working, commuting, or in leisure
activities per period. Variable T} is the time spent in home work. Variable T3 is the time
spent in office work. Variable 7, is the time spent in commuting between the residential
location, r{e, £ 7 £ 7), and the location of office work, 2(0 £ z < ¢.). We assume that no
cross-commuting occurs (Ogawa and Fujita 1980) and all the households residing at the
infinitesimal residential location ring r in the suburbs go to the office of the firms located

at the infinitesimal production ring z. Parameters  and 5; are the city and the CBD



boundaries, respectively, and both are determined through the market equilibrium. The
pattern of commuting is also endogenously determined.

An exogenous parameter ‘c’ is the reciprocal of the average time spent in office work
per one commuting trip. It is closely related to the flexibility of the office employment
environment., Parameter T.(z,7) is the commuting time per one commuting trip. It
depends on residential location r (e, £+ £ 5) and office-work location z (0 £ z £ &,),
and is a function of commuting velocity v(¢) at location £ (z £ ¢ < 7), that is calculated

as follows:

Te(2,7) = /: 1jw(é)dé (0L2Le. €7 L 7).

Parameter ‘b’ is a fraction which defines the utility-augmenting hours of home work.
Parameter w, is wage rate for home work. Parameter w,(2,r) is wage rate for office
work and depends on the residential location r and the office-work location z. Parameter
Tra(z,7) is the rate of the Pigouvian tax charged on the supply of office work ! . Parameter
D, 1s an equal re-distribution of the surplus of tax revenue over subsidy payments when
it is positive. Or otherwise, it is a lump sum tax in order to supplement the excess of
payments over revenues. Dividends of profits by the firms, d,(> 0), are additional sources
of household income other than wages, Supplementations of losses of firms, d,(< 0),
are lump sum taxes on the household income. Parameter p{z,7) is the commuting cost
per person one-way between the residential location r and the office-work location z.
Parameter py(r) is the land rent at location ». Parameter pg is the price of the composite
good.

The bid rent function for the land and the wage offer function for office work are

derived by the following land market arbitrage condition:
U(g[*I]’TL[*I]:Th[*l]:To[*l]r 33[*1]) = U (Ec é r g '.rf),

in which, symbol [*;] means vector of exogenous parameters and variables, [po, pe(7), 2:(2,7),
wy, wy(z, 1), Te(z,7), dy, Tra(z,r);r|. Variables with symbol [#,] represent the solutions for

the above household optimization problem, Equations (1)-{7), provided that residential



location and office-work location , » and z, are temporarily given, Variable I is the level
of the equilibrium utility of the households. At the equilibrium, all the households attain
the same level of utility irrespective of their residential location and office-work location.
The solution at a laissez-faire equilibrium is obtained when Tiry(z,7) and D, are equal to
Zero,

The first derivative of the bid rent function with respect to r, provided that office-

work location z i1s temporarily constant, is given as follows:

dpy(r) T 5 v(r) N dwy(z,7) _4 dpy(z,7)  dTra(z,7)

dr cu('r) dr “dr dr
in which v(r) = (U — Us)/A. Variable Upn(m = 2,4) is the first derivative of U(})

(e =7 <),

with respect to the m-th argument. U, and U, refer to the marginal utility of leisure
and the marginal utility of commuting fime, respectively. Variable A is the Lagrangean
multiplier associated with Equation (2) and refers to the marginal utility of income. The
first derivative of the wage offer function for office work with respect to 2z , provided that

residential location r is temporarily constant, is given as follows:

dun(z,7) v(r)  dpdz,r)  dTry(2,7)
dz d[ 2c'u(z) 2 dz dz

] Ty(r)(0 € z £ &,).

Assuming no cross-commuting, the market wage function of office work at the equilibrium

is given as follows ? :

wn(ar) = waleon) + [20tr) [ i dem(e,00) + Tralo,20)] Tl
(0<z<e, <) (8)

The first term on the right side is the wage rate of office work which is paid to workers at
city boundary n by the firm at CBD boundary €.. The second and third terms represent
the monetary cost of commuting time and the commuting cost from office-work location z
to CBD boundary e, respectively. The fourth term represents the congestion tax within
the CBD which is charged on households at location . Therefore, the latter three terms
refer to the total commuting cost within the CBD which include the externalities of

congesfion.



Equation(8) implies that the total commuting cost within the GBD is paid by the
employer since the market differentiation between the wage of the office-worker of the
firm at the CBD boundary and the wage of the office-worker of the firm at 2, closer to
the CBD center is just equal to it. Also, note that the same wage is substantially paid
for identical labor service of office work since the difference in the wage is to be canceled
by the commuting cost within the CBD. The difference in the commuting cost in the
suburbs is, of course, compensated by the difference in the land rent. Here note that the
wage of office-worker of the firm at the UBD boundary €. does not depend on where the
office-worker resides in the suburbs of the city, i.e., wa(€;, 7) = un(e,, n) for all » such that
ST

Parameters p,(7), p(2, ), wi, wa(z,7), Tra(z, ), du, D, and T,(z, ) are exogenously
given, and taken as constants by the household at its subjective optimization. They are

determined in the urban system through the market equilibrium.
Behavior of Firms

(1) Goods Sector
Assuming that a firm which produces the composite good is temporarily located

at z (0 £ z £ g,), we formulate its optimization behavior as follows {cf. Higano ,et

al.(1990));

max To(z) = pelFalfi(yr,t1), falya, ta), Lo]

{Loswa tifz}

- ipays —wyty — ['wz(z, 'r") - Sm(Z)]tg — Pt(z)ﬂc- (9)

a=1

The firm maximizes profit (ITg(z)). The profit is revenue minus production costs. The
revenue is a function of the Jabor inputs of home and office work in efficiency units, fi(-)
and f(-) respectively, and the land input for office space (£5). The labor input of home
work in efficiency units depends on the inputs of TYPE 1 communication services (y:)
and home work in hours (¢1). The labor input of office work in efficiency units depends

on TYPE 2 communication services (y;) and office work in hours (2;). Parameter Sia(z)



is the subsidy paid for the input of office work ® , Parameter p,, is the depreciation cost of
one unit of capital stock. It is the product of the depreciation rate for the capital stock
and the total price of the capital commodities which constitute the capital stock. The
capital commodities are traded in the open market where the competition is perfect. We
assume that the firms operate decreasing returns to scale and the number of firms is fixed,
which assures that the profit can be positive.

The revenue also depends on the productive factor of agglomeration economies,
I'(2), which is ezternal to the individual firm and internal to the whole composite good
sector in Marshall’s sense. We assume a locational potential for the interaction among
firms. Using polar coordinates, we specify the factor of agglomeration economies at the
location (2,6,)(0 £ 2 £ €,0 < 4, < 27), in the CBD as follows (ref. Fujita and Ogawa
1982):

€ pIw
I(z,0.) = Al‘fu ./n to(r, 6, )e(r, B, Yeordlz 000 4o g

in which, 2,(r,8,) is the employment of office work and e(r,4,) is the density of the firms
located at location (r,8,). Ar is a parameter rating productivity of the interaction benefits
among firms, and or is a parameter reflecting the rate of decay in the interaction benefits
with increasing distance. d[(z,8.),(r,6,)] is distance between the firms locating at (z,6,)
and (r,8,), and is defined as : d[(z,4,),(r,6,)] = [2* + 7 — 2zr - cos(6, — 6,)]%. It is
assumed that I'(2,8,) is independent on 4,.

The bid rent function for the land in the CBD is derived by the following land

market arbitrage condition:

Ho(w[%a], ta*al, yal*al, tal 2], bu[%2]) = T (0 £ 2 < e),

in which, symbol [#] refers to the vector of parameters, [%;] = [p1, P2, Pef ), w1, wa(z, 7),
Sia(z); z]. Variables with symbol [#,] represent the solutions for the above firm optimiza-
tion problem, Equation (9), provided that residential location and office-work location, r

and 2, are temporarily given, Variable II, is the amount of the equilibrium profit of the



firms. At the equilibrium, all the firms acquire the same amount of profits irrespective of
their work place and employment locations. The solutions at a laisses-faire equilibrium
is obtained when S;(z) is equal to zero. The first derivative of the bid rent function in
the CBD with respect to 2, provided that residential location r is constant, is given as

{ollows:

dp(z) 1 dI’ durp(z,r) dSi{z)
A L e P N

(2)Transportation Sector

(0£z<e,)

The firm of the transportation sector, which is a monopolist in the market, is
regulated by the public authority as if it were a price-taker, namely it prices transportation

services at the marginal cost. The optimization behavior is formulated as follows:

ax Il = funpa('f')Fa("")[‘Pt(?"J: ks(r)]
—{[pe(r) — See(™¥ulr) + [k — Sealr sl ).

It maximizes an aggregate profit (II;). Its output at location r, (F3(r)), is a function of
the land,(¥,(r)) and capital, (ks(7)) at location r. In the optimization behavior, there is
no constraint on the commuting velocity. Therefore, the firm of transportation sector can
not control the commuting velocity. Parameters Sg;(r) is the subsidy paid on the input of
land * . Parameter Sis(r) is the subsidy paid on capital. Parameter ps(r) is the regulated
price of transportation services at location 7. The one-way price of the transportation
service per person from residential location 7 to office-work location z is calculated as
follows: pi(z,7) = J pa(€)dE (0 S 2 S e S 7 S 7).

The solutions of the above optimization behavior, provided that location r temporarily
given, is represented by, ;(r)[*s], and ka(r){*s]. Symbol [#5] refers to the vector of param-
eters [p(r), pa(r), Sei(r), Sea(r)]. The solution at a laissez-faire equilibrium is obtained
when Sg,(v) and Sus(r) are equal to zero.

(3)Commuting Speed
The commuting speed at location 7, v(r), depends on both the infrastructure

of transportation and the number of commuting trips at location 7, and is defined as



(ref.Small 1992): v(r) = V[O(®.(r), ks(r)), M(r)] (0 £ r £ 7). ©(¥(r), ka(r)) is a
production function of the infrastructure. It depends on the inputs of land and capital
for transportation. We assume 8(1/v)/00(r) > 0 and 8(1/v)/0M(r) < 0. It is assumed
that the function of infrastructure, ©(-), is different from that of transportation services

5, F3(-) . going through the infinitesimal ring at location ». M(r) is calculated as follows:

[ 2etalsale(@rie (0 r e,
M(T) = n
2cT3[x1]e(§)dE (ec S v <),
in which variable e(r) is the number of households residing at location r in the suburbs
or the number of firms of the composite good sector located at location r in the CBD.
e{r) is calculated as follows:

efr) = {‘I’(T)/L’o[*zl (0<r<e)
B(r)/L*] (.7 <),

in which variable ¥(r) is the residential zone area of the infinitesimal ring at location 7 in
the suburbs (e, < » < 7) or the office zone area at location 7 in the CBD (0 < » < ¢.). We
define the level of traffic congestion, G{r), as G(r) = M(r)/O(Wi(r), ka(r)) (0 £ » < 7).
(4) Real Estate Sector

We assume that the leasing costs of the real estate sector are negligibly small.
The profit(Il,) is calculated as follows: Iy = f[{ps(r) ~ R4}27wrdr, in which R, is an

opportunity land rent of agricultural land use.

Equilibrium Conditions

The laissez-faire equilibrium is simulated when Tyy(z, ), Sui(7), Ska(r), Sia(r), and
Dy are equal to zero for all ». The conditions for the laissez-faire equilibrium are stated
as follows & :

(i)arbitrage conditions in the land markets

Ii
<

U(E[*l]) TL[*llaTh[*l]a Ta[*l]: m[*l]) (Ec £r< "]), (10)

To(y1[*a], 1 (%3], y2[*a], ta[*2], Lo[*2])
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(i1)equilibrium conditions in the land leasing markets

pe(r) = max{py(r) Ra} (07 =79),
Pt("i) = RA:
Uy[#:] + T(r) = 2ar (0£r <),

(it1)equilibrium conditions in the labor markets
Se 7

[ tibaletryar = [ Twle(r)dr (i=1,2),

Q0 L

z(r) »

[T tlale@)tt = [ Blule@i ©Szge <),
(iv)equilibrium condition in the markets of transportation services
M(r) = Fa(r)[¥e(r)l*a), ka(r)[*a]] (07 < 7),

(v)conditions of the closed city

"
i

/j e(r)dr,
Ny = f:c e(r)dr,

(vi)dividend of profits
4
du = (ﬁgﬁg '+' 2 HJ)/?,
=3

(vil)commuting conditions

plzr) = [Pl 02 ecsr <)
Te(z,7) = f: o(wdu (e. £ L ),
u(r) = V[O(W[*a], ka[xs)), M(r]] (0 <7 <L),
[ 2ctlnale@)ds (057 < e
M) = n
: 2cTy[x4]e(E)dE (e. = v < 9p),

e(r) = { U(r)/lo[xa} (0 <7 <)
U(r)/l[*] (e.<r <),

(12)
(13)
(14)

(15)

(16)

(17)



Equation (12) defines the market rent curve in the city. Equation (13) is a boundary
condition for the bid rent function in the suburbs. Both conditions simultaneously define
the CBD boundary €. and the outer boundary of the city n. Equation (14) means that the
total amount of the land devoted to transportation, housing, or offices has to be equated
with the amount of the land available at location r (0 £ » £ 7). In Equation (15), it is
assumed that the demand and supply conditions of home work at each location are not
influenced by the commuting pattern. This implies that the households can offer their
labor of home work to the firms of which they don’t commute. Equation(16) means that
the sum of the supply of office work by the households residing at a distance 7 from the
CBD boundary is equal to the sum of the demand for office work by the firms located at

a distance z from the CBD boundary. This means that there is no cross-commuting.

3. THE SOCIALLY EFFICIENT RESOURCE ALLOCATION

We examine the Pareto-efficient allocation of resources. To obtain the criteria for
the socially efficient resource allocation in the city, we consider the maximization of the
sum of the utility subject to the arbitrage condition and the constraints on the allocation of
time, land, population, labor, goods, and services. The socially efficient resource allocation

is attained by the following system of taxes and subsidies 7 (see Appendix 1),

Tra(z,7) = _/EZH(t) / ;) J—j)cva(u)dudt—i— [ | ;) ;%L%)EEUM(u)dudt
(0<zZe. <7 <), (18)
( 'Uq;(Z) T(Z)H .
— (t)dt (0£2 <5 e.);
Sae(r) = < 35?1)_) fa; (19)
\ W/f H(t)dt (e.£7r <),
' ":f—(a;_()? " g (0<z <6,
PO 0 Fage ses, ®
Se(r) = (I/e(r))/o‘c pOFU(t)e(t)gtI;Ei))dt (0L r £ e, (21)



D, = (1/P) [/: Tra(2z,7)Ta(r)e(r)dr — ]: Swe(r)®e(r) + Spa(r)es(r)dr
_/:c Stz(r)tg(r)e(r)dr] ) (22)

in which H(t) = v(t)2cTa(t)elt), var(u) = Sv(u)/OM(u), ve(r) = (Hu(r)/80(r))(8O(r)/ 8%, (r)),
and vg(r) = (Ov(r)/00(r))(0O(r)/Bks(r)) . Equation (18) is the congestion tax imposed
on the supply of office work by the household residing at location = (cf. Higano 1991a).
This is the sum of the incremental social costs which are caused by commuting to the
office and externalized onto the non-causing households. The first term represents those
costs which are externalized onto the households residing nearer to the CBD than the
causing households. The second are those spilling over to the households located farther
from the CBD than the causing households. Equations (19) and {20) are the congestion
subsidies paid on the inputs of land and capital in the transportation sector, respectively.
They are the incremental benefits due to increases in the inputs of land and capital in the
transportation sector at location r. Equation (21) is the subsidy paid on the employment
of office work by the composite good sector at location . This is the total benefit which

is due to an increase in the employment and externalized on all the firms of the composite

sector good in the CBD.

4. A NUMERICAL MODEL

A set of spatially consecutive infinitesimal location rings is approximated by dis-

crete location rings.

the 4-th ring = set of all the infinitesimal location rings whose ray distance to the CBD

center ranges from d;_ tod; (z =1,-++,8,8 + 1, -+, 7).

Parameters €, and 7 are the numbers of the rings representing of the boundaries of the
CBD and the city, respectively. The number of discrete rings in the CBD, &, is equal
to that of the suburbsj — &,. Variable d; (i = 1,--+,%) is the distance from the city



center and satisfies the following equations: x(d? — d}_,) = Aa(?) (: =1,---,7). Variable
Ap(d)(i = & + 1,E, + 2,---,7) is the area of each discrete ring in the suburbs and is
specified in the simulation as follows: Aa(i) = 2#(n® — €2)/(7 — €). On the other
hand, variable 45(:) (i = 1,--+,&,) is the area of each discrete ring in the CBD, and
is endogenously determined so as to satisfy Equation (16). The i-th production ring in
the CBD is endogenously associated with the (7 —i+1)-th residential ring in the suburbs
(4 =1,---,&) by the assumed absence of cross-commuting. Variable dz, is the distance
from the city center to the CBD boundary, i.e. dz, = ¢, by the definition. Hence, variable
dy satisfies that py(ds) = Ra.
We specify that the utility, labor efficiency, and production functions are all of the
constant elasticity of substitution (CES) form.
Utality Function
UL, Tr, Ty, To, ) = log{Alool™ + oy Tp? + 03Ty + a TP + agz™?]7V7}
(A, om > 0,p > —1;m =0,1,2,3,4).
Labor Efficiency Functions

Fon(Ymi tm) = BralBomyr?™ + Bumtyf 0] =1/ omos
(B Boms Bim > 0, prao, Pmos > —1;im = 1,2).
Production Functions
Folf, fanla] = Colm(fi)™™ + ya(fa) ™" + 1alp ]P0
(Co,¥m > 0, po, pos > —1;m = 1,2,3),
Fa(d)[yos, Or, ka] = Calya®, ™ + ysky #] 1P
(Ca, Y374 > 0,p3,p3, > —Lii =1, -, 7).

Agglomeration Fconomies

We specify the factor of agglomeration economies as follows:

06) = Av Y tl) LY enp{-andl(d0),(d5 20k Bl (A, By > 0; i = 1,00

6.1 k=1



in which, e(§)/0; is the number of the firms located at a lot with an area of ¥(5)/6; in the
j-th ring. Parameter 8; is the number of lots at j-th ring. Variable d[(d;,0), (d;, 27k /8;)] is
the distance between the firms locating at (d;,0) and (d;, 27k /8;) on the polar coordinates
plane, and is defined as : d[(d:,0), (d;, 2wk /8;)] = [d? + d? — 2d:d; - cos(0 — 2rk/F;)]'/°.
Commuting Speed

The function of the commuting speed is of the Vickrey (1965) type.

Bo + 0y (M(1)/©())% (60,6, > 0,8, > 1;i=1,---,7),

mt(i)&kfi(":)ez (61152 > 0;"": =1, :ﬁ)

Simulation Cases

In order to analyze the effects of Pigouvian taxes and subsidies, we define three
equilibria taking account of the feasibility of each prescription(Table 3-1). The equilibrium
of Case 1 is the laissez-faire equilibrium. Case 3 is to be the Pareto optimum. By
comparing Case 1 and Case 2, we can analyze the effects of the agglomeration diseconomies
of traffic congestion. Especially, Case 2 shows whether the office work (the home work)
increases or decreases by the congestion taxes and subsidies. Moreover, the comparison
between Case 2 and Case 3 shows the effects of the agglomeration economies of interaction

of firms clearly. The values of parameters of the simulation are listed in Appendix 2 8 .

TABLE 3-1: Simulation Cases

Trz(z,7) | Sw:r) | Sealr) | Sw(r)
Case 1: 0 0 0 0 (laissez-faire)
Case 2: | Eq.(18) | Eq.(19) | Eq.(20) 0
Case 3: | Eq.(18) | Eq.(19) | Eq.(20) | Eq.{21) | (optimum)
5. RESULTS

The results of the simulation are summarized in Figures 3-1 to 3-8, In all figures,
solid lines depict Case 1 and one dash lines depict Case 2. Double dash lines depict Case
3.

(a) [Case L vs. Case 2] The laissez-faire equilibrium is compared with the equi-

librium in which only congestion taxes and subsidies are effective. By the congestion



subsidies, the infrastructure of transportation increases everywhere (Figure 3-8). Due to
the increase in the infrastructure of transportation, the traffic congestion decreases ev-
erywhere (Figure 3-2) and the commuting time of the household decreases everywhere.
Somewhat surprisingly, the supply of office workers increases everywhere in the suburbs
although the congestion tax is charged on the supply of office workers (Figure 3-6). This is
attributable to the decreased traffic congestion. Therefore, the input of office work by the
firm also increases everywhere in the CBD. Although office work increases, leisure time
of the households increases everywhere, since the commuting time decreases everywhere.
By the increase in the input of office work, agglomeration economies increase everywhere
in the CBD (Figure 3-1). This increases the profits of the firms. Also the disposable
income of households increases everywhere in the suburbs. By the reduction in the traffic
congestion, the number of the commuting trips increases everywhere in the city and the
cost of transportation decreases everywhere in the city.

The land rent at the outer rings of the CBD is a decreasing function with distance
from the city center. On the other hand, the land rent at the inner rings in the CBD
is an increasing function. This is due to the composite effect of the decreasing total
commuting cost in the CBD which are substantially paid by the employers through the
market differentiation in the wage of office-worker (see Equation(8)) and the agglomeration
effects of interaction among the firms: locations in the middle of the CBD are closer on
average to other firms and thus the external effects are most enjoyed by the employers
located in the middle. Hence, the wage rate for office work is a decreasing function with
distance from the city center (Figure 3-1). The bid rent in the CBD with taxes and
subsidies becomes steeper than the bid rent curve in the laissez-faire equilibrium. On the
other hand, the bid rent curve in the suburbs becomes flatter. The office space decreases
at the inner rings in the CBD and increases at the outer rings in the CBD. This implies
that the firms locating near the center of the CBD move toward the city center. On the
other hand, the firms located near the CBD boundary move toward the suburbs. As a

results, the CBD boundary decreases °. The housing space increases everywhere (Figure



3-4) and the city becomes more suburbanized than the laissez-faire equilibrium. Of course,
the level of equilibrium utility increases everywhere in the suburbs.

The congestion tax imposed on the households has a tendency to reduce the supply
of office work and the city becomes less suburbanized. Conversely, the congestion subsidies
paid to the transportation sector have a tendency to increase the supply of office work, due
to the reduction in the traffic congestion, and the city becomes more suburbanized. As a
result, in Case 2, office work increases and the city becomes more suburbanized than the
laissez-faire equilibrium. The expansion of the CBD pushes the suburban area farther out.
This also means that the impact of the congestion tax on the labor supply and, hence,
on the traffic congestion is smaller than that of the congestion subsidies on the traffic
congestion and, hence, on the labor supply. Through the increase in office work in the
CBD, the agglomeration economies of the firms increase. This means that the congestion
taxes and subsidies would make a contribution to the increase in the productivity of the
whole city and, hence, the equilibrium utility level increases.

(c) [Case 1 vs. Case 3]

The laissez-faire equilibrium is compared with the optimum equilibrium which is
sustained by the Pigouvian taxes and subsidies., By the subsidies paid on the inputs of
office work, the inputs of office work increase everywhere and the inputs of home work
decrease everywhere in the CBI). The subsidies have a tendency to increase the traffic
congestion, which in turn generates increases in the congestion taxes and subsidies. By
the congestion taxes and subsidies, the land assignment for transportation increases ev-
erywhere and the traffic congestion decreases everywhere (Figures 3-2,3-7). The reduction
in the congestion generates an increase in office work and, hence, home work decreases
everywhere in the suburbs. Since agglomeration economies increase by the increase in
office work (Figure 3-1), the dividends of the firms increase and the disposable income of
the households increases. The office space decreases at the inner rings of the CBD and
increases at the outer rings of the CBD (Figure 3-4). As a result, the CBD boundary

decreases. The housing space increases everywhere(Figure 3-4) and the optimal city is



more suburbanized than the laissez-faire city. The household expends more money and
lives in more spacious housing with more consumption of goods. The level of welfare in
the city increases.

The optimal land assignment for transportation is a convex and a concave function
of the distance from the city center in the CBD and in the suburbs, respectively (Figure
3-7). This result confirms the results of Sheshinski(1973) and Livesey(1973).

To sum up, in Case 2, although office work increases everywhere in the city by
the congestion tax and subsidies, the traffic congestion decreases in the city due to the
increase in the land assignment for transportation. At the optimum equilibrium of Case
3, the subsidies paid for office work employment have a tendency to increase office work
and traffic congestion. Although office work increases, the traffic congestion decreases
by the congestion subsidies on the land assignment for transportation. Also, by the
increase in office work, the externality of agglomeration economies increases and, hence,
the productivity of the whole city increases. This implies that the trade-off between the
economies of agglomeration and the diseconomies of traffic congestion, both of which are
caused by the agglomeration of firms in the CBD, are controllable by the Pigouvian taxes
and subsidies so as Lo compatibly enjoy an easing of traffic congestion and an increase in
the productivity enhancing agglomeration economies. Hence, the level of welfare in the
city increases, The CBD becomes compact and the city is more suburbanized than the

laissez-faire equilibrium city.

6. CONCLUSION

In this paper, we constructed an information-oriented urban model with traffic
congestion and agglomeration economies of interaction. We assume that the transporta-
tion services are supplied based on the marginal cost pricing, while the analysis of most
previous papers is based on the average cost pricing. We have derived the Pigouvian taxes
and subsidies which can support the Pareto optimality of the agglomeration economies

and diseconomies in the city. By numerical computations, we have derived the laissez-



faire equilibrium and the optimum, and compared them with each other. Contrary fo
the results of most previous papers, although our model has some different specifications
from the previous one (see Table 3-2), in the optimum the CBD will become compact and
the city will be more suburbanized than the laissez-faire equilibrium. We have also ana-
lyzed the effects of the system of Pigouvian taxes and subsidies on the spatial structure of
the city. The congestion taxes and subsidies would increase office work and decrease the
traffic congestion effectively. The subsidies paid on the employment of office work which
generate the agglomeration economies would also have a tendency to increase office work
and the roads would become more congested. At the optimum equilibrium in which both
the congestion and the agglomeration prescriptions are implemented, the traffic conges-
tion decreases compared with the laissez-faire equilibrium and, on the other hand, office

work increases,

TABLE 3-2: Comparison with Monocentric Models with Traffic Congestion

our model Mills Sollow Livesey, | Oron, etc. | Dixit | Sullivan
and and Sheshinski (1973) (1873} | (1983)
Perranti | Vickrey (1973) Kanemoto
(1971) | (1971) (1980)
residential endog, endog, - endog. endog, endog. [ endog.
location
M | firm endog, - endog. - - - endog.
location
O | congestion endog,. endog. endog. endog,. endog. endog. endog.
agglomeration endog. - - - - - -
D | market solution endog. - endog. - endog. - endog.
optimum solution endog. endog. endog. endog,. endog. endog, endog.
E | transportation marginal - cost - cost cost
services cost pricing - benefit - benefit benefit
L | land for endog, endog. endog. endog, endog. endog. endog.
transportation
telecommuting endog. - - - - - -
O | CBD boundary decreases - - - - - increases
P
T | city boundary increases - decreases - decreases - decreases
I
M | road width wider - narrow - narrow - narrow
U
M —




This means that, contrary to one's first intuition, to optimise to reduce the diseconomies
of the traffic congestion and to further enjoy the agglomeration economies in the CBD
can be consistent scenarios with each other rather than mutually exclusive ones. The
productivity of the whole city increases and the level of welfare in the city increases by

the Pigouvian prescriptions.
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Appendix 1

We examine the system of taxes and subsidies which attains a socially efficient
resource allocation.
Necessary Condition for Households

Eliminating the variables, 71,7, and T,, by Equations (2)-(5) and assuming that
the residential location variable and work place variable, r and z, are temporarily constant,

we formulate the Lagrangean function for the maximization problem of household as

follows:

L = U[ﬂ, T— T] — T2 - 2CT2TE(Z,T), bT], QCTQE(Z‘, 7‘), .’B]

+AEN D+ dy +un Ty + [wa(z,7) — Traz,7) - 2p(z, 7)e] Ty — pe(r) — poz},

in which A(r) is the Lagrangean multiplier associated with the budget constraint. We
assumed that: U(-) is a regular twice continuously differentiable quasi-concave function of
¢, Ty, T, T, and 2; and the above problem, Equations (1)-(7}, has a proper maximum. The

first-order necessary condition for an interior solution is given by the following equations:

BLIBE = U, — =0, (23)
BLJOTy = —U, -+ bUs + Aw; = 0, (24)
OLIOT, = —2Ty(z,7)U, + (2¢T(z,r) — 1)U,

+A{ws(z,7) — 2epilz,7) — Tra(2,7))} = 0, (25)

8L/8z = Us— Apo =0, (26)

OLIBA = Dy+d, +unTy + (we(z,7) — 2ep(z,7) — Tra(z,7)] Ty

—pu(r)€ — poz = 0, (27)

in which U,(m = 1,2,3,4,5) is the firsl derivative of U(:) with respect to the m-th
argument, We assume an atomless household (ref. Aumann 1964). Each household
regards the impact of its decision on the commuting condition as negligibly small, i.e.,

OTe(z,7)0T5(r) = O(e. £ 7 £ ).



Necessary Condition of Firms

Assuming a proper maximum, the first-order necessary condition of the composite

good sector for an interior solution is given as follows:

0o/ Oym = pol'Fy (m-i—l)fml — P =0 (m = 1, 2)1 28

(28)
Oy /Oty = pol'Foafia —wn =0, (29)
Ollp /Bty = pol Fozfan — [walz,7) — Sea(2)] = 0, (30)

(31)

BHD/a-EO = pQFF04 — pt(Z) = 0, 31

in which Fo(m = 1,2,3,4) is the first derivative of Fo(-) with respect to its m-th ar-
gument, and fin(? = 1,2;m = 1,2) is the first derivative of f; with respect to its m-th
argument. We assume that: Fp(.) is a regular concave function of o, fi (1 = 1,2),4
and ko, and fi(+) are regular concave functions of y; and ¢; ( = 1,2). The firm can not
control the externality of agglomeration economies at its subjective optirnization, i.e.,
Ol(z)/Ota(r) = 0 (0 £ 7 £ &)

Assuming a proper maximum, the first-order necessary condition of the trans-

portation sector for an interior solution at location r is given as follows:

Olla/d¥y(r) = pa(r)Fa(r) — [pdlr) — Su:(r)] = 0, (32)
Olly/Oks(r) = pa(r)Fa(r) — [pa(r) — Ska(r)] =0, (33)

in which Fy,(m = 1,2) is the first derivative of Fy(-) with respect to its m-th argument.
We assumed that #°(-) is a regular concave function of ¥,(-) and ka(-).
Necessary Condition of Social Opiimum

We formulate the Lagrangean function for a socially efficient resource allocation

as follows 1 :

= (¢P)U

n

e

M) [U(E), T = Ta(t) — Talt) — 2eT5()T4(2, ), bT1(2), 2T5() (2, £), 2(t)) ~ U] eft)dt



+ fo  Balr) 2t — B, (1) — e(t)Lo(t)] b + f ” Be(t) [2mt — T,(2) — e(£)(t)] dt
+ [ Ba(6) (Fa(0)19e(8), Ro(8)] — M ()]

+d, [Wn - [0 e(t)dt] + dy U" e(t)dt — ﬁ] + iy Uj Ty(t)e(t)dt — fn tl(t)e(t)dt]
+ f " al2(t), £) [Ta(t)e(t) — t2(¢)e(t)) dt

o [“F“o + [T TRl (8), valt), 1 1), ta(0), o)) et)lt [ " a:(t)e(t)dt]

+EPI¢ [Pk

[ mo®rettsat] + 54 [K - [ ko(e)ae]

in which, @, (r),pl(r),pk,pa('r'),d,-,'E;,-(z = 1,2) and (i = 0,1,2) are the Lagrangean

multipliers. F;(i = 0,1,2) and K are auxiliary variables for the formulation of the La-

grangean function. The first-order necessary conditions which define the efficient resource

allocation are given as follows:

8J/04(r)
8J/8Ti(r)
8J/0T(r)

0J/8a(r)

0J/ Bym(r)
8J /0t (r)
8J [ 8ta(r)
B8/ 84o(r)

8J/6%,(r)
87 8kes(r)

= {30 - pr)}e(r) =0 (ec s 7 <),
{~A(@)Us + A(r)bUs + @1 }e(r) = 0 (e < v < 1),
{21+ 2eT) U, + A(r)2eTLUs + thaf 2, )

~2¢ [ 5u(€)d€ — Traz,1)) } efr)

0 (e <),

{30)0s~ fo} efr) =0 (e <7 <),

(BT Fogmiryfms — B} o) =0 (m= 1,20 r < &),
{Bol' Foofiz —tdn}te(r) =0 (0<r L g),

{BoT Fog fa2 — ol z,7) + Sea(r)(r)}e(r) =0 (0 < r < &),

{ﬁDI‘Fm - f’t("")} 8(7‘) =0 (O __g_ r g €,_-),

Pa(r) s — 1-’-71('?') + Sm(?‘) =0 (O £rg gc),
Pa(7)Faa — P+ Spa(r) =0 (0L r L&),

(34)
(35)



8J/de(r) =

—pe(r)t(r) — foal(r) =0 (e <7 < 7),

8J8e(r) =

-—Jl + po'(r) Foly:(?), ya(r), t:(r), tz(""):fﬂ("')]

- éﬁ,ym —yta(r) — fin(z, ) + Sa(r)alr)
—pe(r)o{r) =0 (0 £ » £ ).

Let 1/5\(7‘) =

@ Ta(r) + [ia(2,7) = 26 [ ()4 ~ Tralz,Ta(r) +

(44)

(45)

A(r), 5 = p(E = 0,1,2),9 = wi(i = 1,2), 5 = pp,Pulr) =

pe(r), Ba(r) = p:;(r),cfl = Tpand d, = d, + D,, Then, Equations (34)-(45) are guar-
anteed by Equations (23)-(33), (10),(11) and (18)-(22), respectively. This means that the

socially efficient resource allocation can be supported through a market equilibrium by

the system of tax and subsidies.

Appendix 2

Values of the parameters are as follows:

Household

a=1028, [ =0.514;
b=10.2 ¢ = 0.125;
Firm

Co = 200, 4, = 0.27T;
Fo — '—034, Pos — -*035,
B] = 10, ﬁm - 03,
By =4.0;  Boz = 0.3
Ca =60.0;, 4 =05
pa=—0.2; pa, =—0.2;
n =20 pz = 20

Commuting Speed

B, =10, 6 = 10000;

v = 0.004;
T =120,
P =0.7;
Pz = 0.7,
s = 0.5;
ar = 0.01;
Pe = 10.0;
By = 2;

§=0.002; e=0.2 p =038,
po = 10; Ra=10; P =200;
73 = 0.30;

p1o = 0.1; P1os = 0.11;

Poo = —02, Paps = —021,

Ap = 1/150000;
No=2 8 =100,

A=10;
€, =7/2 = 25;



Appendix 3
The simulation algorithm is summarized as follows:

Step 0:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Step T

Start the simulation.

Give values of exogenous parameters (e.g., P, N, po, P1, P2, Px Ra, c,etc), and
temporarily give (initial) values of endogenous variables (e.g., U, Ty, &,

Trdy, W, I, 0,(3), ®(d),v(3) (i =1,--,%) ),

Solve the optimization problem of the firm in the composite good sector
at every discrete production ring by the gradient method. Calculate the
number of firms. If it is larger or smaller than Ny, then slightly increase or
decrease the temporary equilibrium profit level, respectively.

Given the bid rent in the CBD, solve the optimization problems of the
transportation sector at every discrete ring in the CBD by the gradient
method. If the demand is equal to the supply in all the markets of land and
transportation services in the CBD, then go to Step 4. If not, equilibrate the
demand and supply in those markets by changing the (temporary) prices of
transportation services in the CBD based on the tatonnement process. Go
to Step 2.

Solve the optimization problem of the household in every discrete residential
ring by the gradient method. Calculate the population in the city. If it is
larger or smaller than P, then slightly increase or decrease the temporary
equilibrium utility level, respectively.

Given the land rent in the suburbs, solve the optimization problem of the
transportation sector in every discrete ring by the gradient method. If the
demand is equal to the supply in all the markets of land and transportation
services in the suburbs, then go to Step 6. If not, equilibrate the demand and
supply in those markets by changing the prices of transportation services in
the suburbs based on the tatonnement process. Go to Step 4.

If the demand is equal to the supply in the two labor markets, then go
to Step 7. If not, equilibrate the demand and supply in those markets by
changing the wage rates based on the tatonnement process. Go to Step 2.

If the calculated traffic congestion is equal to the temporally given traffic
congestion at every discrete ring, go to Step 8. If not, substitute the calcu-
lated congestion for the temporary traffic congestion and go to Step 2.



Step 8:

Step 9:

Step 10:

Step 11:

Step 12:

If the temporary CBD and city boundaries both satisfy the boundary con-
dition for the land rent function, then go to Step 9. If not, change the
temporary boundaries and go to Step 2.

If the calculated extent of the agglomeration economies is equal to the tem-
porary extent of the agglomeration economies, then go to Step 10. If not,
substitute the calculated for the temporary and go to Step 2.

Go to Step 12 when a laissez-faire equilibrium is simulated. Otherwise, go
to Step 11.

Calculate the taxes and subsidies. If the taxes and subsidies are equal to
the temporarily given, go to Step 12 (an optimal solution is obtained). If
not, substitute the calculated taxes and subsidies for the temporarily given
and go to Step 2.

Terminate the simulation

The computer used for the simulation was a DECstation 3000/300AXP. The program was
written in the C language, and compiled for RISC.



Endnotes

1. The commuting frequency depends on the supply of office work by the household. See
Equation (4). Therefore, the congestion tax of the Pigouvian type could be charged on
the office work as we can expect the commuting frequency is decreased by the tax. Such
tax is proved to be of the Pigouvian type in Section 3 and the Appendix.

2. In order to sustain the same equilibrium utility level when the firm location is changed,
it is necessary to adjust the transport cost and the congestion tax within CBD by the
wage rate of office work. Here, optimal commuting pattern is not derived. It is a future
subject of research.

3. Due to the agglomeration economies of interaction in the CBD, the agglomeration of
the office work in the CBD could be subsidized in order that the market equilibrium leads
to an optimum. ¢f. footnote 1.

4. The input of land decreases the level of traffic congestion since the commuting speed
depends on it. See Equation (17). Such additional effects are not paid in the laissez-faire
equilibirum. The input of capital decreases the level of congestion, too.

5. In the optimization behavior of the transportation sector, there is no condition of
commuting speed. The transportation sector doesn’t consider the commuting speed.
Note that the traffic congestion doesn’t occur when O(') is equal to Fy(-).

6. We assume that the capital and the intermediate inputs are traded in the open markets
in the CBD, and shipped out into the suburbs at no cost. So, there is no equilibrium
condition for the capital and the intermediate inputs.

7. In most previous papers, there is no congestion subsidy paid on the transportation sec-
tor. Because the decision on the allocation of land for transportation is made exogenously
based on the cost-benefit criterion using market rent. In our model, it is cause of the ex-
ternality which relieves or intensities traffic congestion that the production function of
transportation sector Fy(-) is different from the infrastructure function for transportation
services ©(+). Therefore, in order to internalize the externality on the traffic congestion,

our model needs the system of congestion tax and the subsidy in the transportation sector.



8. In the specification of the values of parameters, we assume as follows : The composite
goods services and the telecommunication services are increasing marginal cost firms.
The homogeneity of the production function of the transportation services is one. The
infrastructure function of transportation is increasing returns to scale.

9. The changes in the CBD boundary depend on the strength of the agglomeration
economies. When the effect of agglomeration economies is strong, an increase in the office
work increases the productivity of the firm. In this case, the decrease in the office space at
the inner rings is greater than the increase in the office space at the outer rings. Therefore
the CBD boundary decreases.

10, The formulation as a calculus problem assumes no cross commuting. Because the
commute flows can be adjusted independently of the residential and firm location patterns
in our model, an optimal control problem is not necessarily formulated while the usual
analysis of urban models with traffic congestion requires it. In order to determine the
commuting pattern endogenously, we need to apply the optimal control theory to the

analysis.
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Chapter 4

Cyberspace and physical space in an urban economy

Hiroyuki SHIBUSAWA
Faculty of Engineering, Toychashi University of Technology

Abstract. In this paper, we construct a general equilibrium urban mode! with
cyberspace and physical space. In cyberspace, there is a virtual production sector and it
produces virtual goods, On the other hand, in physical space, a physical production
sector is located in the CBD and it produces physical goods. The behaviors of home and
office workers are considered, A Solow and Vickrey type linear city is assumed. We
derive the market equilibrium of the city by numerical simulation using specific utility
and production functions. The land use pattern and the time allocation of the workers
are shown. We also show the spatial structure of telecommunications and transportation

networks.,

JEL classification: L.20,L.86,L.91,L.96,R14,R41
Key words: Cyberspace, virtual firm, transportation and telecommunications networks,

urban modeling

4.1 Introduction
The information network is rapidly growing throughout the world. The development of
the information network creates a new space, cyberspace. Cyberspace gives birth to new
systems, such as telecommuting, SOHO (Small Office and Home Office), virtual
factories, electronic commerce and virtual malls. Gibson (1984) proposed the idea of
cyberspace, Although it is said that cyberspace is a space (e.g., Micheal (1991)), few
attempts have been made at determining the meaning of cyberspace in spatial
£CONOMICS.

In this paper, we construct a general equilibrium urban model with cyberspace



and physical space. In cyberspace, there is a virtual production sector and it produces
virtual goods. On the other hand, in physical space, a physical production sector is
located in the CBD and it produces physical goods. The main interest is the relationship
between cyberspace and physical space in an information-oriented city. The spatial
structure of telecommunications and transportation networks in the city is also
considered. We derive the market equilibrium of the city by numerical simulation using
specific utility and production functions.

A large number of studies have been made on the information-oriented society.
Machlup (1962) and Porat (1977) defined the information and knowledge industry.
Ogawa and Fujita (1980) and Higano and Orishimo (1990) examined the impacts of
information technology on the urban spatial structure. Mokhtarian and Salomon(1994)
presented a conceptual medel of the individual choice process of telecommuting. Katz
and Shapiro (1985) analyzed the externalities of netwerks and Capello (1996) studied
the effects of the telecommunications network externalities on the spatial economy.
Schuler (1992) analyzed the economic efficiency of transportation and
telecommunications infrastructure systems. A recent survey of the transportation
economic literature in physical space by Small (1992) can be found. In this study,
cyberspace is explicitly introduced into the traditional urban model that was developed
by Alonso {1964) to investigate the spatial structure of an information-oriented city. The
main focus of this paper is to consider the relationship between cyberspace and physical
space. The dynamic knowledge accumulation that was discussed by Lucas (1988),
Romer (1990) and Zhang (1993) is an important subject. Knowledge has the
characteristics of partially public goods. However this is irrelevant to the main subject

of this paper,

4.2 Cyberspace and physical space

The essence of theoretical models in urban economics is the existence of physical space.
This paper tries to incorporate cyberspace into a monocentric urban model (Figure 4-1).
General assumptions are described as follows.

Assumption I there are two kinds of space: cyberspace and physical space.

Physical space is characterized by physical space. There is no real distance or space in
cyberspace. However, urban residences can virtually experience physical space in
cyberspace by using highly developed virtual reality technology. Cyberspace is
interpreted as some commercial part of the Internet, whereby consumers buy virtual
reality experiences on their home computer, which are produced by home production
and supplied by Internet firms. In cyberspace, the residents would be able to walk



through the streets and stop at virtual stores, or other virtual buildings,

Assumption 2: there are two kinds of networks: telecommunications and transportation
nerworks.

Qyber space Tel ecommuni cati ons Net wor k

(Capitdl)

rtual fir -

e

O“‘“\ rtual Goods

(Informati on Services)

Fhysi cal
space

FPhysical firm

Fhysi cal Gbods
(0O st ance)
Transport ation Network ( Land)

Fig. 4-1 Cyberspace and physical space

In cyberspace, labor, goods and services are transformed into electronic information and
they are traded through the telecommunications network. In physical space, those goods
are transported through the transportation network.

Assumption 3: there are two kinds of firms: virtual and physical firms.

We assume that all firms are identical and that there are constant returns to scale in both
markets. The virtual production sector exists in cyberspace. This sector produces
information goods such as software and data using information technology', The only
input is labor. The physical sector is located in physical space.

Assumption 4: there are two kinds of goods: virtual and physical goods.

In the city, the urban residents consume the physical goods (P-goods) in physical space.
They can buy them at virtual malls in cyberspace. Then P-goods are delivered to the
residences in the suburbs through the transportation. network. P-goods have length,
volume and weight. In cyberspace, the virtual goods (V-goods) imitate most of the
P-goods by using virtual reality technology.

1 Atypical example is a company that supplies database and searching functions on the
Internet,



For example, virtual goods include software, data and TV and radio programs.
In general, the virtual goods include a lot of potential goods that do not exist in the
physical world. The variety of the V-goods is greater than that of the P-goods. While it
might be easy to substitute the V-goods for the P-goods, the opposite relation might not
be easy. However, this paper doesn’t consider these characteristics. In numerical
simulation, since the Cobb-Dagulas utility function is specified, the V-goods and
P-goods are substitutes in both directions and the elasticity of substitution is one. The
relationship between these goods is an important subject.

4.3 The model

We considered a general equilibrium urban model with cyberspace and physical space.
There are seven sectors in the city: household, virtual production, physical production,
telecommunications, transportation, real estate, and absentee landowner sectors. The
households located in the suburbs work at either the virtual sector in cyberspace or the
physical sector in the CBD. The households consist of two types, home and office
workers, Each home worker who works at the virtual sector has a home production
function. The inputs are land, labor and knowledge. The production activities are
performed in their homes wusing a personal computer linked with the
telecommunications network. The costs of telecommunications are borne by the home
workers. The virtual sector produces V-goods using the home goods. The office workers
who work at the physical sector commute from their homes to the CBD. The
transportation costs for commuting are borne by the home workers.

Each worker has time, physical capital and knowledge. The knowledge of each
home worker is different from that of each office worker. This knowledge is owned by
workers and/or electronically stored in their computer systems. For simplicity, it is
assumned that the knowledge is treated as normal consumer goods and is traded in the
competitive market where the competition is perfect, Therefore, the knowledge is rival
and excludable goods. In this paper, knowledge is interpreted as software and data in the
computer systems. It is differentiated and protected by a patent system. However, this
may be a strong assumption. Most of the knowledge is public goods and re-producible
without prohibitive costs. It should be relaxed as public goods in a future study. These
goods are sold under full licensing, so that everyone pays a price which is equal to the
marginal cost of supply. Each worker maximizes its utility subject to time and budget
constraints, The utility depends on housing space, leisure, the consumption of V-goods
and P-goods. At the equilibrium, each worker attains the same equilibrium utility level
irrespective of its location,



The physical sector is located in the CBD and produces the P-goods using land,
labor and knowledge. Spatial structure of the firm’s location in the CBD hasn't been
considered in this paper. The transportation cost in the CBD is ignored. However, the
CBD boundary is endogenously determined through the equilibrium of the land market.
The virtual sector is located in cyberspace and produces V-goods using the home goods.
Each sector maximizes its profit.

The telecommunications and transportation sectors construct their networks
and provide services respectively. A public authority regulates the telecommunications
and transportation sectors. The regulation is based on the principle of marginal cost
pricing. The real estate sector leases land in the whole city from absentee landowners at
an agricultural land rent level, and in turn, leases land back to workers, firms and
transportation sectors at market land rent level. All the suburban workers share the
profits equally.

We consider a Solow and Vickrey type (1971) linear city in a one-dimensional
space (Figure 4-2), The land is homogenous and the density is one. Variables 7 and &
are the city boundary and the CBD boundary respectively. Symbol
X, ={x]-£ < x <&} represents a set of distances from each location in the CBD to
the city center. Symbol X, ={x|-p<x<~£,&<x<n} represents a set of distances
from each location in the suburbs to the city center. An open city is assumed and two
distinct (not necessarily different) equilibrium utility levels are exogenously given.

Xs

Y

Fig. 4-2 Linear city
Behavior of Workers

(1)Formulation
We consider two types of workers. All the workers in the city have identical utility



functions and time constraints, but they have different budget constraints and different
knowledge?, We formulate the optimization behavior of a home worker as follows:

max U(lm(x)’L] (x),V, (x),Z,(x)),

L{ITRI N R S R A
subject to
T "L|(X) "‘C](X) o 0,

P08, + P K +d, + poFo(ly(6),Co(x), S0 ~ P () () + Ly (1))
= (Pt pIS) = (P + p WV (X)) = (py + p(XNZ,(x) 20,

The optimization behavior of an office worker is given as follows;

max U([H?_ (x)’l'z (x),V2 (x),22 (x)),

2l /O3 ¥y 70}

subject to

T-L,(x)-C,(x)=0,
Pa(X)S, + p K +d, +(w = p,(x)C,(x)
= 2y () = (p+ p IV, () — (py + p () Z,(x) 2 0.

The utility function U(:) is a function of housing space [, (x), leisure L (x), the
amount of consumption of V-goods V,(x), and the amount of consumption of P-goods

Z,(x)(i =12), Bach worker has time T, capital K and knowledge Si(i=12). In this

paper, accumulation of knowledge is not considered. Physical capital is used for
constructing the telecommunications network. The available time consists of leisure and
labor. A worker location variable x(x e X;) represents the distance from the city
center, .

The home workers work at their homes and produce the home goods. The
home production function Fy(), depends on office space in home [,(x), labor
C,(x) , and input of knowledge S(x). We assume that each home worker contacts all the
home workers in the suburbs and gets the common amount of knowledge from the
home workers through the telecommunications network. For simplicity, it is assumed
that the demand for one unit of P-goods requires one unit of transportation services and
the demand for one unit of knowledge requires one unit of information services.
Parameter p,is the price of the home goods. Parameters p,, and p,, are the prices
of the knowledge of home and office workers. Parameters p, and p, are the prices

2 We can interpret the knowledge of the office workers as general skills and the
knowledge of home workers as special skills.



of V-goods and information services respectively. Parameters p, and p,(x) are the
prices of P-goods and transportation services respectively. Parameter p,(x) is the
transportation cost from location xe X, to the CBD boundary & per one trip.
Parameter p, is the depreciation cost of one unit of capital stock, Parameter p,(x) is
the land rent at location x. Parameter o, is an equal dividend of profits or an equal
share of the losses of the sectors.

The office worker provides the supply of labor C,(x) to the physical sector in
the CBD. Since it is assumed that one unit of labor requires one commuting trip, C,{x}

also implies commuting frequency per period. Parameter w is the wage rate of the

physical sector.  p,.p,, py P, 2 (XL P (X0 PGP Py, and d,  are parameters

in what sense the workers take them as given although they are endogenously
determined in the urban systent through the market equilibrium.

(2)Bid rent functions

The bid rent functions for the land are derived by the following land market arbitrage
conditions,

Ul (0,L;(x),V,(x),Z,(x)) =U; (xeX;,i=12),

where parameters U, and U are the levels of the equilibrium utility of all the home
workers and all the office workers in the city, At the equilibrium, all the workers of
type (i =12) attain the same level of the utility irrespective of their residential
locations, The first derivatives of the bid rent functions for the workers with respect to
X are given as

dp, (%) - 1 _Z.(9) dp,(x) +p dF,
dx L)+l 7 dx Cdx )
dp;, (. {
prz(t): 1 —C,() dp,(x) ,
dx I (x) dx

where p,(x) and p,(x) are the bid rent functions for the home and office workers.
Location zones for two types of workers are ranked by the distance from the city center
in the order of steepness of their bid rent functions.

Behavior of production sectors

(1)Virtual sector

The virtual sector produces V-goods. It has no physical substance and consists of
electronic information only. Its input is the home goods. The production activity does
not need physical office space, or the office space of the virtual sector is negligibly



small. It is assumed that the virtual sector exists on the telecommunications network in
the CBD and the location is specified at the center of the CBD. Given the location of the
sector, its optimization behavior is formulated as

I'I}ﬂxﬂl =p,F,(l)—(po+ phs
where F,() is a production function for the virtual sector. Variable 4 is the input of
the home goods that are traded through the telecommunications network. p, is the
price of the home goods and p_ is the telecommunications cost per one unit, Variable
®, i its profit.
(2)Physical sector
The physical sector produces the P-goods in the CBD. Its inputs are land, labor, and
knowledge. The P-goods are transported through the transportation network. We

formulate its optimization behavior as

max 7, = P50, 6,8) = prly —we—(py + p,)s,
{53

where F,(-) is a production function for the physical sector. Variable [, is the office
space in the CBD and variable ¢ is the input of office work. Variable s is the input of
knowledge and is carried with the office workers through the transportation network.
Therefore s is supplied and traded in the CBD through the telecommunications
network. Parameter p,, is the land rent in the CBD. Variabie £, is its profit,
(3)Telecommunications sector

This sector constructs the telecommunications network and provides information
services for workers and sectors. It has two production functions. One is information
services, F,(v), and the other is the information infrastructure, ©(k). Variables v
and k are the inputs of V-goods and capital respectively. Just as in a real
telecommunications network, the capacity of several bottlenecks in the network is
decisive. It is assumed that the capacity of the bottlenecks is proportional to the total
supply. A public authority regulates the price of information services p, based on
marginal cost pricing. The information services are supplied so as to satisfy the
aggregate demand for information services, I,. The information infrastructure is
constructed so as to satisfy the total information flow in the city, /,. The cost for
infrastructure, p,k, is borne equally by all the workers through its negative profit, We

formulate its optimization behavior as follows:

min (py +p. v+ pk subjectto F,(v)=1, and O(k)21,.
{4}

An aggregate profit z, is caleslated as 7, = p Fy(v)=(p, + p,)v— pk.



(4) Transportation sector

The public authority also regulates the transportation sector, which is a monopolist in
the market, as if it were a price-taker. Namely it prices transportation services at the
marginal cost. The transportation sector provides a supply of its services at each
location in the suburbs. The optimization behavior is formulated as follows:

min P (), (x) subjectto F,({,(x)}2M(x).
“4(-")}

Its output at location x, F,(-), is a function of the input of land £,(x). /,(x) means

the land assignment for transportation in the suburbs, Therefore, the one-way price of
the transportation services per person from location xe X to the CBD boundary &

is caleulated as

(0 = p&)E,

where p,(&) is the regulated price of transportation services at location &. An
aggregate profit z, is calculated as

7, = [, Py LG = i, (9

(5) Real estate sector and absentee landowner sector

The real estate sector intermediately leases all the land in the suburbs from the absentee
landowners at an opportunity agricultural rate, and leases it out to workers and sectors at
market rates, The leasing costs are negligibly small. Its profit 2, is calculated as

ES = lll)je + -[x,"(p.l(x) _Rﬂ)dx »

where parameter R, is the opportunity cost of land. The absentee landowners are paid

in terms of V-goods®,

4.4 Networks

Telecommunications Network

Assuming that the demands of one unit of V-goods, knowledge and home goods require
one unit of information services, the amount of the information services through
location x € X, in the suburbs, [(x), is calculated as (see Figure 4-3)

4 Tt is possible to pay in terms of P-goods. As for this model, the substance of the results
is independent from the assumption.
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The first term on the R.H.S. represents the amount of information services through x
from the left area of x. g,(x) is defined as

Cyberspace Home Goods —>

Virtual Goods ==
Knowledge

-

v

A
€

—n 0 X n

I(x):Information services
through location x

Fig.4-3 Information services

g (x) = f} e (EYIE ! L e,(E)dE .

[t means the ratio of the number of home workers at the left of x to that of all the
home workers in the city. Variable ¢,(§) is the number of the home workers at location
x. The second term on the R.H.S. represents the amount of information services
through x from the right area of x. g, (x) is defined as

8. () =[le,(E)iE! [, e,(E)dE.

It means the ratio of the number of home workers at the right of x to that of all the
home workers in the city. The third term on the R.H.S. represents the amount of
information services through x which is derived from the demands for V-goods and
home goods. On the other hand, the amount of information services through xe X . in



the CBD, is calculated as

I(x) =S+J: S(&)e, (E)df (xeX,).

The first term on the R.H.S, represents the knowledge that is used as inputs of the
physical sector in the CBD. The second term on the R.H.S. represents the information
services derived from the knowledge of the home workers through the CBD. It is
assumed that the amount of information services at each location in the CBD depends

on the input of knowledge s. Thus the total amount of information services in the city,
1, , is calculated as

I, = LA Hx)dx .

Physical Space

— Commuting

——> Physical Goods

A
A J

n -

M(x):Transportation
services through location x

Fig. 4-4 Transportation services

Transporiation Network

Assuming that one unit of office work and one unit of P-goods requires one unit of
transportation services respectively, the amount of the transportation services (trips)
through location x e X is calculated as (Figure 4-4)

M) =3 Z,E)eB) + CBre, EME  (xeXy).
i=1



Variable e,(£) is the number of the office workers at location &. Thus the total
transportation trips in the city, M, , is calculated as

M, = L.“M(x)dx.

4.5 Equilibrium conditions
The conditions of the market equilibrium are stated as follows.
(1) Land arbitrage conditions

U(lﬂj(x)iLf(x)iVi(x)a Z,(x)) = U:‘ (x G Xr-;l' = ],2)

(2) Market rent and boundary conditions

Market rent pi(x) =max{p, (x), p,(x), p;p R, (xe X),

City boundary  p,(m) =R,.
These conditions define the market land rent in the city. The market rent curve p,(x)
is the upper envelope of the equilibrium bid rent curves, p,(x), p,(x), p,., and the
agricultural rent R,. Both conditions simultaneously define the CBD boundary & and
the outer boundary of the city 7.

(3) Equilibrium conditions of labor, goods, capital and knowledge
Cyberspace

Home goods h= Lx Fo(l,(x), €, (x), S(x))e, (8)dx,
Virtual goods v+ iljx Vi(x)e,(x)dx +21KR, | p,) = F,(h),
Information services s+v+h+ Lx S(x)e, (x)+ _‘;‘V,. (x)e,(x)dx = Fy(v),
Telecommunications network T, = ®(k),
Knowledge (home worker) '[’f.\- S(x)e (x)dx = S J;ﬁ_ e, (x)dx,

Knowledge (office worker) s= §zL e,{x)dx.
Physical Space
2
Land (suburbs)  1=1,(x)Y e,(x)+p(x)e,(x) + L, (x)  (x&X,),
i=|

Land (CBD) 2e=/, (xeX,),



Labor c=JX C,(x)e, (x)dx,

2
Physical goods EL Z,(x)e(x)dy = F,(l,,c,5),
=l "4
Transportation services ~ M (x) = F,(I,(x)) (xeX;),
2
Capital % =KZL e, (x)dx.
i=) %
(4) Dividend of profits
5 2 \
d =>)nr/ e, (X)dx |
' g l (;Jxv 0 y,
The numbers of the home and office workers, E,(i=12), are calculated as
E, =_[X e,(x)dx . The above equilibrium conditions constitute a system. Since the

system is homogenous of degree zero in prices, only relative prices or prices in terms of
a chosen numeraire can be determined, provided that an equilibrium exists, Due to the
validity of Walras’ law, one market equilibrium condition is redundant. I have chosen
the rental price of capital as the numeraire,

4.6 A simulation model

A continuous space is approximated by discrete blocks. The number of blocks is
exogenously given as N, . However, the width of each block is adjusted to
endogenously determine the city boundary. We specify that the utility and production
functions are all of the Cobb-Douglas form.

' 4
Ullyr Ly Vi Z) = AR LEVIZE (A > o,zljaj =1,k =1,2),
“
3
Fy(y,C,, 8) = AJENCI2 P (4,503 B, <),
i=l
F(m=Ar" (A >0,B,5D),

3
F,(l,,c,85) = A f2 A2 sh% (4,>0,Y B,, <1,
=l

F(v)= A0 (A4, >0,8, 5D,
Fy(ly) = AJQH‘” (A4 > 0,8, 1),

Bky= AP (A >0,B;, D).



. e . 4
Based on the nonlinear optimization programming method and tatonnemen process’, we
derive the market equilibrium. The values of parameters of the simulation are given as

follows:

Uy=20,U,=20,R, =10,T =30, p, =20, A, =1.0,@, =0.2,@, =0.2, 1, =0.15,
a, =0.45,A, =3.5, B, =0.1, By, =0.45, B,, =0.45, 4, =15.0, B, =1.0,A, =8.0,
B, =04,B, =0.15,8,, =0.45,4, =20, B, =1.0,A, =400.0, 8, =1.0, A; =200.0,

B, =1.0,5=20,K =10,

A one-month model is assumed. The households work 30 days a month. The weight of
the utility function referring to changes in Z, (a,) is small as compared with those for
changes in V,(a,). Each production sector has a constant returns production function.
Thus, the elasticity of substitution of the production function is one. The weight of
distribution parameter J§,, is small as compared with that of f,;. It means that home

workers use knowledge from other workers rather than working time.

4.7 Simulation results

The main results of the simulation are depicted in Figures 4-5 to 4-13. Figure
4-5 shows the spatial allocation of land in the city. The land in the CBD is used for the
office space of the physical sector. The land in the suburbs is used for. housing space
(1,,(i =1,2)), land assignment for transportation (/,), and home office space ({,). The
land near the CBID in the suburb is used for housing space and the land assignment for
transportation. The land near the city boundary in the suburbs is used for housing space,
transportation and home office space. In Figure 4-5, v represents the location
boundary between the home and office workers. The home workers reside from % to
the city boundary #. They work at their homes and are connected with the virtual
sector through the telecommunications network. On the other hand, the office workers
reside from the CBD boundary £ to ¥ and commute from their homes to the
physical sector in the CBD.

4 The program is written in C language. It has about 2000 steps. The computer used for
the simulation is DEC Personal Workstation 500au, To get the equilibrium, we need
about 10 minutes although it depends on the initial values.
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Figure 4-6 shows the spatial structure of the infrastructure of the



telecommunications network. It consists of (a) information flows that are derived from
the knowledge of home workers, (b) information flows that are derived from V-goods,
and (c) information flows that are derived from the home production goods of home
workers and the knowledge of office workers. The telecommunications infrastructure is
a decreasing function from the city center. This means that the telecommunications
network has a large capacity near the city center. Figure 4-7 shows the time allocation of
the worker in the suburbs. The available time of the home worker consists of the home
working time and leisure and that of the office worker consists of the office working
time and leisure. The office working time is a decreasing function from the city center.

The home working time is almost constant everywhere in the suburbs.
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The following results are observed in general. The land rent is a decreasing
function from the city center and the housing space is opposite to that of the land rent
(Figure 4-8). The office work time per worker is a decreasing function and the home
work time per worker is an increasing function from the city center (Figure 4-9), The
leisure is opposite to that of the office and home working time. The consumption of
V-goods per home worker is a decreasing function and that of the office worker is an
increasing function from the city center (Figure 4-10). The consumption of physical
goods per worker is a decreasing function from the city center (Figure 4-11}. The
production of home production goods is an increasing function from the city center
(Figure 4-13). Therefore, the home office space and knowledge are also increasing with
the distance from the city center (Figure 4-12).

4.8 Conclusion
In this paper, we constructed the information-oriented city with cyberspace and physical
space. Given specific utility and production functions, the equilibrium is derived by
numerical simulation. We showed the spatial structure of the city. Giving the location of
the virtual sector, we derived the spatial structure of the telecommunications
infrastructure in cyberspace, It is shown that the infrastructure has a large capacity near
the city center.

In physical space, the production locations separate two areas, the CBD and the
suburbs (home office space). The transportation infrastructure has a large capacity near
the CBD boundary. This confirms the traditional result shown by Mills and de Ferranti



(1971).

The virtual sector in the CBD is connected with the home workers using the
home production goods through the telecommunications network. On the other hand,
each home worker in the suburb is connected with other workers using information
through the telecommunications network. Therefore, in this model, the virtual sector is
an organization that is connected with the decentralized home productions of the home
workers,

There remain many aspects to this paper which require further examination.
First, several basic assumptions should be relaxed; for example, the location of the
virtual sector, homogeneous goods and knowledge. Second, there is a project to vary the
values of parameters in order to examine the generality of the simulation results, Third,
there are interesting subjects such as network externalities vs. agglomeration economies,
information congestion vs. traffic congestion, and information pollution vs. physical
pollution that require further discussion.
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Chapter 5

A System of Cities and Cyberspace

Hiroyuki SHIBUSAWA
Toyohashi University of Technology

Abstract.

In this paper, we construct an equilibrium model of a system of cities in
cyberspace and physical space. There are two kinds of cities, physical and virtual cities.
Each type of city specializes in the production of a different traded goods. In a physical
city, a physical industry is located in the CBD and it produces physical goods. Virtual
cities dont have the CBD. The locations of virtual cities are endogenously determined.
Cyber workers work at their homes and produce the information goods through the
telecommunications network. A virtual industry produces virtual goods using the labor
of cyber workers in cyberspace. This study shows that the spatial configuration of
virtual cities by numerical simulation. We also derive the spatial distributions of the
information infrastructure in outer space and the transportation infrastructure on earth.

Key words: cyberspace, virtual industry, telecommunications network, outer space

3.1 Introduction

The human race faces an unprecedented symbiosis between physical world and
the other-dimensional worlds of cyberspace generated by information. As our modern
society becomes increasingly dependent upon the development of information
technology, we must investigate inhabitants of these simultaneous "virtual" and
"physical (actual)" worlds for their possibilities in the near future.

In this paper, we try to examine a system of cities in cyberspace and physical
space. There are two kinds of cities, physical and virtual cities. Bach type of the
physical city specializes in the production of a different traded goods. In the physical
city, physical firms are located in the CBD and they produce physical goods. Virtual



cities dont have the CBD. Cyber workers work at their homes and produce the
information goods through telecommunications network. A virtual industry produces
virtual goods using the labor of workers in cyberspace.

A large number of studies have been made on the information-oriented society.
The information and knowledge industry was defined by Machlup(1962) and
Porat(1977). The development of the information technology creates a new space,
cyberspace. Gibson(1984) proposed an idea of cyberspace. Cyberspace gradually gained
popularity. Cyberspace gives birth to a new system, For example, there are
telecommuting, SOHO (Small Office and Home Office), virtual factories, virtual malls,
virtual schools, virtual communities, virtual governments and virtual cities',

Many authors reported on the trend of social and economic activities in cyberspace

(see for example, Elkins(1997),Barnatt(1998),Franco(1998), Sui(1998) and
Hagel(1999)). Romm, et al.(1997) analyzed the individual behavior in virtual
communities.

In the field of regional science and urban economics, many urban modeis have
been developed. The models strongly depend on the mobility in physical space and the
interaction of knowledge in the CBD. Henderson(1977,1987) and others have
developed models to explain the size of each physical city in the system of cities. The
effects of transportation costs among cities on the system of cities were analyzed by
Adbel-Rahaman(1996) and Mun(1997). Most of the models of the system of cities have
assumed that the location of each city is exogenously given. Fujita at el.(1999}) have
developed a model that the endogenous formation of a hierarchical urban system occurs
in an economy. However, those models have not considered the telecommunication
systems among cities. Gaspar and Glaeser(1998) examined a model how changes in
telecommunication technology will alter the use of face-to-face interactions and the size
of cities. Sandler and Schulze(1981) and Harvey(1992) considered the efficiency of
market for satellite telecommunications network. But so far the study of
telecommunications system at the inter-city level has been superficial.

The worldwide network system was formed by the rapid development of
transportation and information technologies. The worldwide megalopolis was born.

! Planet9 has a three dimensional models of virtual cities, The models, which include sections of San
Francisco, New Orleans, Tokyo, Austin, New York and 10 other cities, have been used for advertising,
commerce, information and project development, Planet9 vice president of marketing said the firm
envisions (he cities eventually becoming true representations of real cities. For example, a visitor to the
virtual cities would be able to walk through the streets and stop at stores or other buildings (see Civil
Engineering, Yol.98(4), p.28).



Friedmann et al.(1982) proposed a concept of a world city. Sassen(1991) also defined
such a city as a global city. Hall(1997) emphasized the necessity of modelling a
post-industrial city and explained the emergence of a new kind of city: a globalized
informationlized polycentric city. He also examined a question of how we can adapt the
urban and transportation models to the post-industrial city. Schuler(1992) and
Rimmer(1998) pointed out the importance of the relationship between transportation
and telecommunication systems.

Cyberspace has become a new kind of social terrain, I tried to construct an
urban model in physical space and cyberspace and considered the role of cyberspace in
a city(Shibusawa (1997)). However, the study was focused on a monocentric city. In
this study, cyberspace is explicitly introduced into a system of cities to investigate the
formation of cities. To achieve the purpose, I consider two spaces, physical space and
cyberspace. Cyberspace is a very close imitation of physical space. They are
substitutes or complements, The characteristics of cyberspace become clear by
comparing it with physical space. As a matter fact, there is a great deal of complexity
about the relationship between two spaces. In this study, as the first step, I dissociated
two spaces, Since the problem of cyberspace is of very wide area, this paper focuses on
the physical spatial structure of virtual cities.

The organization of this paper is as follows. Section 2 explains general
characteristics of cyberspace and physical space. Section 3 describes the assumptions of
a model of a system of cities in cyberspace and physical space. Section 4 states the
equilibrium conditions of the model. Section 5 describes the simulation results. Finally,
Section6 presents the conclusion.

5.2 Cyberspace vs. physical space

Most of the theoretical urban models strongly depend on the existence of
physical space. This paper tries to incorporate cyberspace into a model of the system of
cities in physical space (Figure [ and Table 1). General assumptions are described as
follows.

Assumption 1 there are two kinds of space: cyberspace and physical space.
Physical space is characterized by physical distance. In cyberspace, there is no real
distance or space. Society has a highly developed virtual reality technology. Thus
people could virtually experience and feel physical distance and space in cyberspace.

Assumption 2: there are two kinds of networks: telecommunications and
transportation networks.

In cyberspace, the labor, goods and services are transformed into electronic information



and they are carried through the felecommunications network. On the other hand, in
physical space, those goods are transported through the transportation network.,
Assumption 3 there are two kinds of firms: virtual and physical firms.
Virtual firms exist in cyberspace. Physical firms are located in physical space.
Assumption 4: there are two kinds of goods.: virtual and physical goods.
In the economy, the urban residences consume the physical goods in physical space.
They can buy them not only at the CBD but also at the virtnal mall in cyberspace. The
physical goods are delivered to the residences through the transportation network. The
physical goods have length, volume and weight, In cyberspace, the virtual goods imitate
most of the physical goods using virtual reality technology. The virtual goods also
include a lot of potential goods, which do not exist in physical world. In general, the
variety of virtual goods is greater than that of the physical goods. While it might be easy
to substitute the virtual goods for the physical goods, the opposite relation might not be
easy (see Figure 2),
Assumption 5: there are two kinds of workers : cyber and physical workers.
Cyber workers work at virtual firms in cyberspace using the telecommunications
network. Physical workers commute to physical firms located in physical space.
In physical space, most important constraint is physical resource. In cyberspace,
that is time (see Becker (1965)). Externalities such as pollution exist in both spaces.

Table 5-1 Cyberspace vs. Physical Space

Cyberspace Physical Space
City Virtual City Physical City
Network Telecommunications Network | Transportation Network
Goods Virtual Goods ~ Knowledge Physical Goods — Capital
Firm Virtual Firm Physical Firm
Worker Cyber Worker (Home Worker) | Physical Worker (Office Worker)
Constraint Time Physical Resource
Environment Virtual Environment Ecosystem
(Information Pollution) (Physical Pollution)

Here, to clear my study area, I described the extensive assumptions. So, this
paper doesn't handle all assumptions. In the next section, the specific situation is
described. '
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5.3 The model

This is a model of a system of cities in cyberspace and physical space. An
equilibrium model of a static system of cities described where all resources are
ubiquitous and cities in the economy are situated on a flat featureless plain. It is
assumed that the economy endowments of capital and labor are fixed and they are
perfectly mobile among cities. Workers choose a city to live from existing physical
cities and potential virtual cities in the economy. In choosing a city, workers examine



the income, commuting costs, transportation costs for traded goods, and the housing
price associated with different cities,

I consider two kinds of spaces, cyberspace and physical space. Cyberspace is
formed in the telecommunication systems. It strongly depends on virtual reality
technology. In cyberspace, there are virtual firms. The virtual industry specializes in the
production of virtual goods (non-material goods). Virtual goods have no physical
substance and consist of information only. They are traded in cyberspace through
telecommunications network, Cyber workers can live everywhere in the economy
because they have no the duty of commuting. The virtual city has no physical
production activities in physical space.

In the physical space, there are physical cities and the economic activities are
linked by the transportation system. Each type of the physical city specializes in the
production of a different traded goods. A physical industry produces the specialized
physical goods in the physical city. These are traded among cities through the
transportation network. The transportation costs depend on both the physical distance
among cities and the amount of transported goods. The physical industry is located in
the CBD and produces the physical goods using labor and capital. For simplicity, the
physical firm uses no space. The CBD is treated as a point and the location is given.

Workers in the economy are assumed to have identical preferences. Each
worker is endowed with one unit of labor. Workers are perfectly mobile among physical
cities and virtual cities. It is also assumed that each worker owns an equal share of the
land rent generated in the city and profits of firms. Each worker can only reside at one
location and can choose a job that requires commuting to the CBD (physical workers)
or a job that requires communication with virtual firm through cyberspace (cyber
workers). As workers choose a job of the virtual firm, their production activities are
performed in their houses using computer systems linked with the telecommunications
network. Each worker maximizes its utility subject to the budget constraint. Physical
workers commute from their houses to the CBD of the physical city. The transportation
costs for commuting are borne by physical workers. On the other hand, cyber workers
communicate with the virtsal firm in cyberspace and the telecommunication costs are
borne by them.

The economy has two kinds of networks. As for the telecommunications
network, in general, there are two kinds of networks, wireless and cable. In this paper,
we focus on the wireless telecommunication such as a satellite communications system
in outer space. It is assumed that the telecommunications network is constructed by only
capital in outer space and the movements of the virtual goods include any costs for



information services. On the other hand, the transportation network is constructed using
only land and the movements of people and goods come with any costs. An agricultural
sector produces the agricultural goods in the farmland. The farmer carries the
agricultural goods to a physical city. The transportation costs are borne by them. In

virtual cities, farmers produce the agricultural goods using land.
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Figure 5-3 Land and Outer Space

Consider an economy of a system of cities spreading over a flat, featureless
plane. The economy has population N and capital K. Let [ » ={2,-+ 1,7} denote

i

an index set over physical cities. 7 also represents an index set over physical goods

’
because physical goods are differentiated and the city produces one kind of goods. Let
{,={2,.1,} denote an index set over virtual cities. Although the number of
physical cities 7, and the location of each city are specified exogenously, the number
of virtual cities 7, and the location of each virtual city are endogenously determined.
As shown in Figure 5-3, the locations of economic agents in the economy are
considered in the circumference of a circle with the density 1 (xe R,}. Locations of
physical cities are exogenously given as (6,6,,+.6,,) using polar coordinates. The

distance between city { and city j is defined as
( 2m, (16, - 8,1/ 2r) if16,-6,1<x
" 2w (16, -6, 1-m)/2m)  otherwise

where r, is the given radius of the circular economy. We also examine locations of



satellites in outer space. A satellite communications system in outer space lies on the
circumference of a circle with the density | (y € R,). The radius of the circle is given as
r, . The circumference is calculated as 2z .

5.3.1 Workers

All workers in the economy are assumed to have an identical utility function:

UHRAXL XA XD ZY (iel,Ul)

Inn?

where H' is the housing space and A’ is the quantity of agricultural goods at a city
i. X ; is the quantity of physical goods j produced in city je[l, and Z' is the
quantity of virtual goods of worker. The traded physical goods are transported into the
CBD from other cities. The agricultural goods are transported from rurat area around the
city. It is assumed that the physical workers purchase the traded goods when commuting
to work in the CBD. The transportation costs for the traded goods and agricultural
products don't occur in the physical city. However the transportation costs for the traded
goods among cities and the costs for commuting in the city occur, We specify the budget
constraint facing a physical worker residing at location x in a physical city ie’

Vi~td, ~HP(x)-PA-YPX,-PZ' =0 (iel,)

Jel,

Y' isthe income. P,(x) is the land rent at location x. P is the price of agricultural

&

goods, t, is the cost of commuting a unit distance, ¢, is the distance between the

&

location of worker and the CBD of city i. P, is the price of the physical goods j

including the transportation costs between a city i and acity j and is defined as

Pi=q,+p{x,x) (i, jel,).

The above equation states that when the trade occurs between physical cities e/,
and jel,, P, is equal to the price of goods, ¢;, plus the transportation cost,
2%, x.) p(x,x j) is the transportation cost between center of a city ie [ » and
that of a city je/,. The locations of physical cities are specified exogenously. Note
that p,(x,x)=0. P, is the price of virtual goods including the telecommunications
cost and is defined as
P=qg +p,.

g, is the price of virtual goods and p, is the telecommunications cost per one unit.
The worker purchases the virtual goods through the telecommunications network. We

have chosen the price of virtual goods as the numeraire.



A cyber worker faces the following budget constraint.
V! p —t,d;—H P (x)-PA - gpjxj ~-PZ'=0  (iel).
jel, ‘

Since the cyber worker has no opportunity for commuting to the CBD, it has no
transportation costs for commuting, but transportation costs for the traded physical
goods and agricultural goods occur. Cyber workers go shopping to the nearest
physical city. Or, those goods are delivered to their homes. The transportation
costs in the city is calculated as ¢,d,,. d, is the distance between the location of
cyber worker and the center of the physical city i. ¢, is the transportation cost per
distance. Labor is used as input of the virtual industry through the telecommunications
network using the virtual reality technology. Cyber workers have to pay the
telecommunications cost p, for one unit of labor supply.

There are N workers in the economy. Let N, denote the number of workers
inacity ielf,ul,. We assume that the economy has a public ownership. Workers
own equal shares of the land rent on earth and the rent of outer space., Thus the income

is given by
Y'=W, +(ALR + )}/ N, +(ASR + 7, +m,+x)IN  (iel,Ul,)

where W, is the wage rate and ALR, is the aggregate land rent in the city i. z, is
the profit of firm and it is shared equally by workers. ASR is the aggregate space rent
of outer space. z,,z, and =z, are the profits of the telecommunications,
transportation .and agricultural sectors, respectively, (7, / N) means the lump-sum
access fee of the telecommunications network. The number of workers in the city i is

calculated as

Nr.=-|'R ¢ (x)dx (lel, Vi)
where ¢'(x) is the number of workers residing at location x. R, is the a set of
locations of workers and is defined as (R, ={x e R, 1p,(x)>Py(x)> P ()i = )}
(i.je 1,01,). P,(x) is the bid rent of a city i and P, (x) is the bid rent of the

agricultural area, We can obtain the aggregate land rent and the aggregate rent of outer
space as

ALR; = [ R(xdx (el 1),

ASR = IRn p.’n(y)dy .



5.3.2 Industries
Virtual Industry

The virtual industry produces virtual goods which consists of electronic
information only. In the production process, it uses no physical space. The virtual
industry exists on the telecommunications network in the economy. However it is
difficult to observe the physical location of virtual industry. The optimization behavior
is

max T, = QVFl'(NV)F\.‘ (Nv)_Wva’

W
where F () is a production function and is a regular concave function of N,. N, is

the input of labor and is calculated as
N, =S N,.

The labor is supplied from cyber workers in virtual cities through telecommunications
network. ¢, is the price of virtual goods. I,(-} is a function which represents
agglomeration economies in cyberspace. N . is the total cyber workers in the economy.
There are positive effects so ol,(¥,)/aN, >0. Assuming a proper maximum, the

first-order necessary condition is given as
g, T (N )YOF,(N)/ON,)=W,.

Physical Industry
Physical industries produce physical goods in physical cities. The physical
goods are traded among cities through the transportation network. We formulate its

optimization behavior as

max ”r':qin(ﬁE)Fi(Ni’Ki)—(WiNi+'.K¢') (tel,),

VK )

where F,(3 is a production function of physical goods i in the city . We assume
that F,(-) is a regular concave function. N; is the input of labor. K, is the input of
capital. g, is the price of goods i. r is the rental price of capital. Note that the rental
price of capital is the same among cities since capital moves freely within the economy.
On the other hand, wages are different among cities. N, is the total local workers or
employment in the physical city ¢. T;() is a function which represents agglomeration
economies and has positive effects so ar(N,)/ 0N, > 0. Assuming a proper maximum,

the first-order necessary conditions are given as

a T (NYOF (N, K))/ ON) =W,

I



T, (N)OF (N, K )/ 9K )=r .

Agricultural Sector
The sector produces the agricultural goods using land only. The agricultural
goods are delivered to the CBD of physical cities. The behavior of the agricultural

sector is given as

max 7, =f, Bi(I=d g )F,(0,() =P, (0dx (el
{(x)i} ¢

where K, ()} is a production function of agricultural goods at location x and a regular
concave function. d, is the distance between location x and the CBD of a physical
city i. The farmer chooses the nearest physical city where the price of agricultural
goods is the highest. ¢, is the transportation cost for agricultural goods. [ (x) is the
land input at location x. The transportation costs are borne by the farmers. P} isthe
price of agricultural goods at the CBD of the physical city . Assuming that a proper

maximum, the first-order necessary condition is given as

P(1~d 3t JOF (1, (x)) /3, (x) =P, (x)  (xeR,),

X

Telecommunications Sector

Here we focus on a satellite system in outer space. All virtual goods and
telecommunications  for telecommuting are  traded through the satellite
telecommunications system. This sector constructs the telecormunications network and
provides information services. It has two production functions. One is the information
services, F (v) and the other is the telecommunications infrastructure in outer space,
O(S,(»).K,(y))(yeR,). Variable v is input of virtual goods. S,(y) and K, (y)
are inputs of space and capital in outer space, respectively. The price of information
services, p, ,is regulated by a public authority based on the marginal cost pricing.
Information services are supplied so as to satisfy to an aggregate demand of information
services in the economy, /¢. The information infrastructure is constructed so as to
satisty to total information flows at each location, I, (x). The cost for infrastructure is
equally bome by all the households through its negative profit. It means a lump-sum
access fee. The behavior of the telecommunications sector is formulated as

min Py+ [ pu(0)S,(3)+ 1K, (y)dy

{500k, 00}

subject to
Fvyz1I,



oS, (¥)K,(yN21y(y) (yeR,)
The profit is calculated as

.= LV~ (q+ p IV = [, Pu(3)S,() + 1K, ()dy.

We formulate the Lagrangian function as
L=~Pyv-[ pu(NS,(»)+rK,(y)dy
+BFEM =1+ [ B,OHOS,(3),K, ()~ 1, (»))dy’

where P, and J (y) are the Lagrangian multipliers. We assume that F,(v) and
(S, (), K,(y)) are regular concave functions, The first-order conditions are given as
p, = P.(OF (V) v),
P, (y)=P,(0)90(S, (), K, (»)/95,(y)  (yeR,),
r=p,(»)08(S,(y).K,(yD/K,(y)  (yeR).

Transportation Sector

The public authority also regulates the transportation sector, which is a
monopolist in the economy, as if it were a price-taker, namely it prices transportation
services at the marginal cost. The transportation sector provides a supply of its services
at each location in physical space. The optimization behavior is formulated as

J?}i& JRrP,(x)l,(x)dx subjectto  F,(,(x)) 2 M (x) (xeR,).

The output F.() is a function of land input [(x). /(x) represents the land
assignment for  transportation at location x in the economy. M (x) is the demand of
transportation services at location x. The profit is calculated as

7, = [ Bi(OF () =P ()] (x)dx

where J,(x) is the regulated price of transportation services at location x. We

formulate the Lagrangian function as
L= _.I-R PI (x)lf (x)dx +JR ﬁf('x) {P:,(f, (X)) — M (x) Jlx

where P,(x) is the Lagrangian multiplier. We assume that F () isa regular concave

function. The first-order condition is given as
P (x) = P, (x)OF (I, (x))/ 2 (x)) (xeR,).

The transportation cost between locations x;, and x; is calculated as



P )= [ PEdE  (x.x;€R,)

5.4. Networks
Telecommunications Network

Assuming that one unit of virtual goods and one unit of labor from cyber
worker require one unit of information services, the total amount of the information
services, [, is calculated as follows (see Figure 5-4-1):

=% _[R Z'(x)e' (x)dx + E'[Rre"(x)dx.
“ el "

iel ;ul,
The total amount of information flows in the economy, 7, is calculated as

Iy=J, Iy(de= 3, jkﬂz*‘(x)e"(x)Hf(x)dH;;Rwer(x)H;(_v) .

i, o,
The first term on the R.H.S. represents the amount of information services derived from
the consumption of virtual goods. The last term represents that of labor supplies from

cyber workers. As for the satellite communications system, the amount of demand of
infrastructure depends on the service area.
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Figure 5-4-1 Information Network



Transportation Network

Assuming that one unit of the physical goods requires one unit of the
transportation services respectively, the amount of the transportation services through
location x is calculated as follows (Figure 5-4-2):

M= ¥ [ 85xHX (&) EdE

i€l .. jel i §

where if the physical goods X j.(g) at location & passes the location x then
8;(x,&) =1, otherwise 5,(x,&)=0.

® : Physical Cities (given) — :Physical Goods
:Virtual Cities

M(x) :Transportation services
through location x

Figure 5-4-2 Transportation Network

5.5 Equilibrium Conditions
The market equilibrium of the economy is described.
Cyberspace
Virtual goods 3, j'R Zi(x)e' (xdx =T (N )F.(N,)

] £
el Ui,

Telecommunications services I, =F (v}
Telecommunications network [/, (y).= (S, (y), K, () (yeR,)
Physical Space



Physical goods Y . Xjx)e' (e =T, (N )F(N K ))

fel Ui,

Transportation services M (x) =F,(I(x)) (x€R,)

Agricultural goods JR A'(x)e' (x)dx = JR (1—t.d ) (L (xNdx (i€ 1,v 1)

@i

(R, ={xeR,|P,

(1

() > P(x)iel, Ul )

Land H'(x)e'(0)+ [ () +1(x)=1 (xeR,iel, , ul)

Labor YN, +3N,=N

ief, Jel,

Capital Y K, +IR K,(y)dy=K

;E]P

Outer Space
Space S, (M) =1({,(»)>0;yeR)).

Equilibrium location of worker is determined that they have no incentive to change the
location. The condition is represented as

UH'ALXL XA X Z) =0 (iel,ul)

where U s the equilibrium utility level. The market rent in the economy is defined as

F(x) =max[F(x),P,(x}] (xeR,).

ERVA
0.2
0.15
0.1
005 | —
0 ;
i 51 101 151 201 251
—— Physical City1 — Physical Cit —— Physical Cit
w—\firtual City —— Agriculture

Figure 5-5-1 Land Rent on Earth
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5.6 Simulation

To perform numerical simulations, utility, production and agglomeration
economies functions are specified (see Appendix). A continuous space is divided by
discrete block. A finite number of individuals reside on 300 discrete blocks. In the
simulation, the economy consists of three physical cities and unknown virtual cities.
The transpertation and telecommunications networks connect them to each other.
Though the location of each physical city is given with equal length, that of virtual city
is endogenously determined. There are three types of physical goods and one type of
virtnal goods in the economy. The values of parameters are listed in the Appendix.
Based on the nonlinear optimization programming. and tatonnement process, the

equilibrium solutions are derived.

M Physical City (housing) Virtual City( housing)
O Agriculture ® Transport

Figure 5-6-1 Land Assignment



H Physical City (housing) Virtual City{ housing)
O Agriculture | Transport

Figure 5-6-2 Land Assignment

The main results of the simulation are depicted in Figures 3-5 to 5-18. In
numerical simulations, two different patterns are derived depending on parameters. Case
1 means that there area the higher transportation costs among cities. In Case 2, the lower
transportation costs among cities are adopted into the model. In these figures, the figure
numbers with "-1"("-2") means Case 1 (Case 2). The locations of virtual cities are
transformed depending on transportation costs among cities. Figures 5-5-1 and 5-5-2
show the land rent in the economy. In Case 1, the cyber workers are located in
surroundings of physical cities. Although cyber workers work at near physical cities, the
virtual firm links their production activities through telecommunications network.

In Case 2, the isolated virtual cities appear among the physical cities. Three
isolated virtual cities appear in physical space, due to the low transportation costs for
physical goods among cities. The cyber workers can work at their homes far from the
physical cities. In Case 2, it is interesting that the land rents at the center of virtual cities
are the lowest though those of physical cities are the highest.

Figures 5-6-1 and 5-6-2 show the spatial allocation of land for hosing,
transportation, and agriculture, The spatial distributions of housing and farmland in
Case | are remarkable different that of Case 2. Figures 7-1 and 7-2 show the space rent
in outer space. The distribution strongly depends on the specification of the satellite
systems, Figures 8 and 9 show the space assignment and the spatial distribution of
information infrastructure in outer space. It is shown that the economy needs the
widespread information infrastructure in Case 2.
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Figures 5-10, 5-11, 5-12, 5-13, 5-14 and 5-15 show the spatial distributions of
the housing space, the agricultural goods, the physical goods, the virtual goods per
worker. In Case 2, in the virtual cities, the housing space is flatter than that of physical
cities. While the demands for physical goods depend on the physical location due to the
transportation cost among cities, the spatial distributions of the virtual goods and
agricultural goods are flat,
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Figure 5-10-1 Housing Space Figure 5-10-2 Housing Space
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5.7 Conclusion

In this paper, I constructed an equilibrium model of a system of cities with
cyberspace. The model determines endogenously the spatial structure of virtual cities. I
examined the formation and emergence of virtual cities. The model shows two different
spatial configurations. Equilibrium distribution of cities depends on the transportation



cost. When the transportation costs among cities are low, isolated virtual cities emerge
in physical space. Cyber workers would enjoy their life at countryside without paying
high land rent. On the other hand, when the transportation costs are high, the virtual
cities, which adhere to the physical cities, appear in physical space. Though the cyber
workers reside in the dispersed virtual cities, they can work at a virtual firm connected
through the telecommunication networks.

Cyberspace shows a tendency to increase itself, Actually, the inhabitants in
virtual cities reside in physical cities all over the world although they have not gained in
popularity yet. This situation is cormresponding to the simulation results. The
decentralization of telecommuting center or resort offices might be one of examples.

We will construct various virtual cities in cyberspace in the near future. The
inhabitants of virtual cities spread all over the world and they form organizations such
as virtual firms and virtual communities in cyberspace. However, we will be not able to
see the physical spatial structure of virtual cities. Because the inhabitants will construct
new virtual cities and will destroy old virtual cities in cyberspace one after another. The
connections of virtual cities will change rapidly. Since the model proposed here is a
static model, it only shows one side of virtual cities. To explain such a phenomenon, we
need dynamic models in which ever-changing situations can be analyzed.

There also remain many aspects to this paper. Interesting topics are the
behavior of virtual multi-firms, the congestion and pollution on spaces, the specification
of virtual goods, and the worldwide land use pattern with an ecosystem.
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Appendix
Utility, Production and Agglomeration Functions
U(I_[i, AE,X:,A ,X;M,Z'.) = (Hl')an (Af)a,1 H (Xj)aj (Zi)az

iel,

(iel, vl a, +a,+3a +a, =1)
ief,
F(N.,K)=BNPKM (iel;B >00<p, +5h, <)
F(N)Y=BNEF (B, >00<ph, <)
F.((x)=8L(x)" (B, >00<f, s
F(l(x)=BL(x)* (B,>00<h <1
F(v)y=By* (B >00<p <)
OS, (¥ K, () = BS, (0™ K, (30" (By >00< g + fo, < 1)
(Ny=N" (iel andi=v;s; >0).

Parameters

ay =0.La,=02,a,=02(=123),a, =01
B =1(i=123), 5, =0.5(=123), fi,, =0.45(i = 1,2,3),3, = 0.07(/ = 1,2,3)



g, =10,B,=1,8, =0958,=55F,=1.0,5,=1.0,B,=10,5. =1.0
By, =1.0,5, =053 =12)
t,=0.08,N =10,K =10,J
Case | f, =0.06

Case2 1, =0.002

=3,6, =27/ 3)(i =123).

i
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(hypervelocity Collision)i=# ) b D TH %, KEOSEHRA L (GAO: Government Accounting
Office) D#tE(GAO Report, 1990: Space Debris, A Potential Threat to Space Station and Shuttle)
LB L, 1988 SEDAR—ATT JORBRIEES — 2IIRTMY THhd, AR—AF7)
iy A IS B,

F6—2 AR-ATTOHOEMH (GAO,1990)

KEd H % (30 SR % (OH)
10cm LL 1 7,000 02| 2,999 x10° 99
[ ~10cm 17,500 0.5 | 1.000x10° {
fem LAF 3,500,000 993§ - ~1
HEr 3,524,500 100.0 | 3.000x10° 100

A= ZF7VE EE 1,000km BUF OGN, #REH 36000km OFfILLE LI £ { &
LTV do 1988 SED T — ¥ R VA4, EWWE 5.000m° OFHAF— 2 2 212 lem
Plbo K& SoF 7)o EETH%E, 20450 1 MEHEEL T0D A5, 20010 ED7T— ¥
RS & 250 | DRI E B b

(3=) &l

FhaLfai e

B (km)

@6 —1 WHLEHE
6. 3 EFWV

TERTR & i N B A RR IO TE b 2 ve Sandler and Schulze(198 D, 5ifi{E
Ry — 2% 797 E LTI A, Tl fF R b o E RO R EERMTo



IS b MR AR B LTV B o Macauley(1986)id Hih1k i 2L O il % iR L TV B
Macauley {4 Mills and Hamilton(1984)% 28} 3L H 00 & 51 12 350 & VT oo il A B ALE O I
i & L R L 7 W A 00 L SR 00 00 58 L JEBEMRR LTV B
Bigas(1982)E . OB LIIE ¥ AT A DS, MMSOR MK ORI B 5%
[0 TR LTV B0 Haryy(1992)1 . TS AP OB S T DN & Sl L, 178 4
= X LA O TEE: 2 HE LTV, Shibusawa(1999)id, HHART & A F & OHALAD
G, BB ORI 5 E TV OB ERA TV Do AT, Sandler and
Schulze (1981)12 & 2 7 SI0EE 70 OMBeflA % & L12, WA RILEORRLH, B
I TR, SR ST LR L ORI B A

B6 -2 i

BI6— 205 5% FmF Y HOTRKEAMAE L Bo & RILHLL & BRI i %
M BEIIZ I L 72 b DT o W12, B4R% 2, £F B M 2mz, THA HIA,
REOLIEBILEE ) 2,, 26 2, ORRTH D,

= ol TR RO £ RO £ 51D F 2 A
%o —PRILRTHY ., b~ DHBRIR AN S KA TH D, Bl 12 BT 2
ST B L 22 M IR 22 & 7% B0 MSHLNE 2 B OO MUABSMIBYE 2 HE S o — DKL 41
RO T 54 L5 BOBETS 0| b ) O REN RO ¥ 2R~ 27
T RFHET BERICEBADIBETSH 5o ML L LR A L, TR
T 5 BOYHMENE L2 T B,

RETIE, I 57— AU By 7 | A4S0 (G, TR %
BEL i — CADWA), =22 1 ARMBAREET 284, 7~ X3 i —
UADRIHEE BT W, 7 — R4 L HRY - AL HLEY — EA0FNERE %
DA, T— A5 WHMAIICET A (- YR A -3 DL ARETH D,
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6. 3. 1 EreEBY-—E2

M LT ARE R RE A BEELTVLH, 22 TIREHOTMEZE L v
P2OH—OBMBE = u(x,,%,,5) ## 2B, ZTC, uldx, >0,0u/dx, >0,0u/ds <0
EFT Bo X HIEHEI LBER - CATHD, 5 I3 LKL DR - YR TH D,
SHGIEMROEHERL A - A 77 ) 2 FR L4 5210 L 5 H0NEMEAFT, Bz
BYLMENE L BOLERMY X (b)) THAOND L4 b, ZIT, b I OREIZH
DHTHNBREENECTH 2, X MY - EARTH D, B 2 IMEHRIN BT
FETDETNE, ZOMERLEY A7 APLMB SN~ Y AR NX (b)) 25,
M 2 DBEEL 272 TH D, Z OB ICHIR B EE T 5 L RET UL, BRI
O =222/ N LFETED, S2T, NUEEE 2T AHRETHS,

RO Z ST B RR S & G SN B I — C A DERHER M A(Z) & TR
W) BRO L) ZEET 5.

2 2
B0tz Bha0ii

Z AU & — B LTV B0 A(Z) IMEIHRKIC X D RFET 2 v(2) 1 HEE
M) ThHY, BHE1IESHIETREY - AT ) T EEY, i, HEoOY-E AT
TR OVHAIEET A I L ERL TS, fROHAAE L, B 1H#4E7
D OTRERIIIEKRT 295, 20— J TEEHHEARIINT 50 MR 12T 2FEN, (&
WAL ERLCH~ X2 LA ETHIE, B L CofRY — €20
A(DX,(b) LB,

Mo bz, W BB —20OREERNOLERE X, (b)) £ T2, 22T, b, MEEwR
Cihbo X, KT & B~ CARTH Do KL 7, O EPRELE M e T i,
Ml 7, OH L Y AT AHBHET B — ¥ AL MX, (b)) &% Do L LROT AL
v, iU, EkEtiz - A2 AT 2 milid, M = E/y, DR LEREATLE L
Bh, 2T, E=2a, THY, MIORMMERT,

6. 3. 2 HAMBERT
AWM S E R0 L twEAtT %,

max U (x,, x;,8) (1)
subject to
NA(Z)X (B} = x, @
MX, (b)) 2 Xy (3)
2nz = NI 4
M)z E (5)
Mv, 2 E (6}



b2b +b, )

s =s(l) (8)
@QFRBHRIZ LA~ CAOFEREUTH D, 2 2Tl FRAEIEE I TV S,
@ L LAY~ CAOBREMTH D, Wi, W 1L 0 oA
B (RN 2ERT5, G)ONLHEL TR EEOTHAREHTH 5, (DRILH
WHEESHEETH D b IS ORMERIRRTH D, @E, MERROER &7
7)) OEREFERETA2AONMMTH L, Zhid, fE 1 N0 OZMAFE KT
L, osidl<Qt¥ 5,

6. 4 FEFIVGIT

6. 4. 1 {EREXRITHEFABEZRLLFHRY -CAOHA

w Iz DiE RSB SE I - C AR L TV RIRRE LD, 2O — AT, HiEk
il —EARMB LT A0, ROWVRHEEAMREL 2 A NN—TELWI Ed
B LD AL Ve SOLE, BB BMRHMIEN =E/v(z) ¥ B N
BOGENERAL L EE L CHRY — AR LBa I, Shbofaryitdhmy
BIHY — VAR NA(DX, (b)) &R be Z 2 CRTHEBMAMAT 2 2 &1 & BERHR
Rz Lhwbob$2 ({6 —3). Zhid, WHIHBAN T ADX, (b)) DT — ¥
AN END T LR BRT By MEREOWHRY — LRIV TH, RSz —E A
FRGELTWLLDET S, v, ZM EROWHFE TR, WEEREIIM =E/v, &
b,

XI(bl)
zZ

v A(ZYX1(b])
+ » Z
/ il
{ 1 1 ] ! ! I | | )
—

ve

16— 3 @ia &b ks o Tl

MROVN 2 £T75 £ T UL, RBLMEIRD &) Il &R bR D,



max U(xl ,xz,s(l))
Lrsadibuby

, E
subject to ——A(2) X, (b) 2 x, E‘Xz(bz) 2 X,
V(Z) v,
znz:—-E—l "b_?—b[+l)2
v(z)
555 U I

L=U(xy, %, 5L/ D) + p [ECAGY W@NX, (B) = 21+ pol(ETv,)X ,(5) — x,]
+ p[2nz—ELIv(2)] + p,[b - b, — b,]

Eleho ZITCy PyPors PPy 37 V7 Yoo Cdh Do = I°C, IS L ERE
(EHARE B, THFUR MR RN E LT O & 5 1EIRT 2,

Vil i Ux, X, s = xfxBQ 17 = xfxl1" (a+f+y=1)
HERE I X, =b X,=b,

=R R B % Ay=z7° (21

THASEEN v =72 0<d<D)

TR s(th=1/1
(TR EFBELY., 62, 6 =1/4TH D)
— B oPEL LSRG L VRO S,

pa=allx p,=pUIx, p,=20I2az) p,=Ua+B)b

x =Ebz™?  x,=(E/v)b, 1=2m""/E

b =bala+ ) b, =bBl(a+p)
NG EAMEATOL, BT T IRHEAERLZENTE S,

bE Y
= Az’ ST A= a®(BIv)P@ri EY
U(z) Z (a+ﬂ} (B/v.)"( )
O =[3(+d)—a(e+4d)]
ﬁﬁﬂﬁﬁWﬁMﬁ%ﬁb%oﬁm%ﬁ%ﬁmﬁ(ﬁﬁ)zK%LTﬁﬁT%k
dU(z)
dz

%ﬁ%c:ﬂd%%@ﬁ%ﬁﬂﬁﬁ@@ﬁ%K&ﬁT%:a%ﬁ%?&o

= (I)Zz‘p—l




i 1

11+8) ale+6)>1% b, HEDBRELHIRLBVBE 2, ThHbo

pl+dY a(e+6)=1%2 01, WROBHLMIITLETH S,

11+68) a(e+8) <126, HEORELHBIIRSBVHE,, THb,
LEEWIREEAD G, (1+8)/(+8)=5/9 THd, Zhdb, y(1+8) ale+68) =5} /9%
THhh, p<azhEdhl, HREORE IR EVEEE SRS,

#6—3 L

a |f|Y | |6 |v, |b |E |2
X +
Xy + +
/ + +
b +
b, +
Lon_ : ?

6. 4. 2 BHMBEATERT LI5S
MEMREOREIE, 77y MTBEFRZUCE L OGMMRAZED . 22Tk, #
B1RERD by OBER R SRMORAEE) &F 5, E72, ARSI ERRIZSVW TS,
VRS20 by ORENZ GHIBRAZ ) o L7222t T RS O AR — ¢ %
DEBERHIRTFLEVEOET D, 72, RALARMOWRET ). 0L X0fHEL
i %2 RO & ) 12E LT B

max U, x,s), y)

{n by by}

subject to NA(Z)X (b)) 2 x,
MX,(b,) 2 x,
2nz = Ni
b2b +b,
Y2 Nh+Mh, +y
)
ST QR ANY T 2N TH Y, Y IS OMETH A N =E/v(2),
M=Elv#ZBToL, 7750V 1R LS5,
L=U(x,x,,s(),y) + P lECA(R) v(Z) X (b)) — x,]
+p(EMv,)X, (b))~ x,]

+ p (27— ELI ()] + py (B = by ~ b )+ pIY —(E 1v(2)h, — (E/v,)h, = ]



ZZ Ty Py Pozs Pis Py pli?ﬁ’?//:hﬂlﬂ'{'fb")% ﬁﬂiﬂéﬁﬁ%‘fﬁ@m# ¥l d b,
Ulxi, %80, ) =517y (@a+f+y+6=D

L FERIC LT, Bl M’fi‘«k&b%o
pa=allx, p,=pU0Ix, p, =122

p=6UIY —Ehz® —Eh/v,) p,=Ula+pB)b
=Ebz*" x,=(E/v)b, l=2m""IE

y=( —Eh,/v,)~Ehz”’ b =balla+p)

b, =bBl(a+ p)
s 2R B RA T UL,

Uz)= A" [Y, - Ehz°)°

ZZT, D=[1(1+d)—ale+d)]

_— a+f?
- _ ¥ 0 ki b ot fi-y
A=Q2mya™(Biv,) [a+ﬁ] E

Y, =Y —Eh, /v,

f(z)

—_>0 —t
56 }

— 7
e Zops
.

5'\\ Zmin = 5“ Ehl /Yd

v

M6 —4 Sl

RO Rl VHETRD L,



dU(z) U6 o B _Uss L2 Ehz™°
dz z |68 Y,2° —~Eh, z |60 Y,-Ehz?

ZIC Y, —ERz P =y>0,E>0h>000, HBOh0E 2 HREThHL, Zh

f‘(Z)kLch;)o

Eh,
=15
f(2) v -k

EAT B oo iz,

7> zmin = {} Ehl /Yn'

Rt HEIDHL, ZIC, DOPE LT A,
{(a) OOFEHTI A0S

dU()dz>005 . z,, = 2,, CH D,

ap!
(b) OOWENYA T ADEE
—Wo&M4Ly,
-®/86 = f(z)>0
PIRNLT Do f(2) DTREIE — 4 1R, FP6HLADEHIZ, O<0DL &ICIEXK
RARE MR RT el b, ~HOFMEL D, 2o 20 THEIIE,

z _g—Eh l—-étlsi I 1+ o6
" \NY —Ehiv, o Y-Ehiv,| ae+8)-y(1+6)

7275 L BN B DRI 2, 2, DD — BISRT & D 285 — VAUEL 3 2,

® !
—ﬁ.fm %.fm -;%.ft:l
Lopt | Zopt
|
-1 \ W g QJEh[,‘Y, : Y& 1Y, :
Ty Zhih = Ly Liour Thagh [ Lhieh
(1) (2) (3)

R 6—5 B 7 WEH] & F L 2Rl S
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LarLahh, EENE, (1) (2) z,,<z
NHOT, (3) MWENLRERTCHD,
#6~4 kT2

D& - AFEL BRI & B

min

a | B |y |6 1€ |& |v.lb |E |h {h |z
X, + | - N +
X, + -
! +
Y + +
b, +
b, + +
2 + | + ? | + o+ |+

ek 2
bL, 02045 HEOREVHNIRIBVEELZ S,
bl, ®<0%5iE, HRORBREIANSHEL bD, AL, WHANLEESR
P DBARL AL B, AL b OBE, RlVHRIE, ROBEEME .

oz, /oa<0,0z

ot o /0% >0,0z,,/36>0,0z,,/dv,>0

(i) (s

9z, /0E >0,0z,,/0h >0,0dz,,/0dh, >0

o aopt o

HE, HLROEBHEARAEIT T, HREOREREIIE 25,

6. 4. 3 HWY-CAOLAKMEZRLIBE
B — ¥ RAVASIE R R A R AT Bo FEARAHE S £ T %, RBEHET
KDEIEETZENTED,
maX W = SU(xpx'sz(l)-l )’)

{3,000, }
subject to NPADX (b)) 2 Shx, (0 p, < 1)
(10)
MP X, (b)2 8%, 0<p, )
(1)
2nz = NI
Y > Nh+Mh, + Sy
bzb +b,
= e WL BC b B o W — ¥ 2OMHRA0ADRU BN T, p,(i=12) 1
W — R OWHE R8T A= 5 Thbe p =S - EANRBIETHDE S &
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FHL, 0, =0~ CANRLMTHL Z L e FE T, LE L MRRIC, DMBEK. &
RIS e L, MEETIDRORRE 2 5,

P =0W /8"y p,=pW/I§"x, P =W /(2nz)

p=6W Y - Nh — Mh,) P, =W(a+p)b

x, =b 2 (N1 S)P X, =b(N/SY" |=2nz/N
Y - Nh, - Mh,
S

a

_;_B
a+ B b =b

b =h
: a+p

N=E|7 M=Elv,
LU Eo# R & AR RAT 5,
W(z)=A, 2" (¥, - Ehz7%)°

ZIT DO =3(l+d)-ale+dp,)

a+fl
A =(Q2m)a*(B/ vﬂp’)ﬁ(—iﬁJ e Bo7 gU-ap fipy=8)
a

Y, =Y -Eh, /v,
R ORI HE 2 RKD D,

dW(z) W8 (d;  En
dz z |80 Y,7°-Eh

AN & RIS, @y <0 D& SRR AR ZHAERT I LR D,

z =4 Ehl I + 59
"N@-Eh vy ale+8p)-y(1+8)

T72, de,, /dp, <0ThAh, Lo T, ROFREE R D,

ot

i3 REMRHERT-ECAPRUTIHER, BOBEELTHT S,

FHEMD L v F 7774 A2V TIRITL L 9. BHEMO Y v Fo 75 1 A

W v -5
P =§_;; =(y12m) A2 (Y, ~ B2 ™)’

Tdb, INE L THAT 5,
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dp, _ WO D1,  Eh
g 2m | 88 Y, —Eh

P, OH & L OWEIAREET 5o REMOEHTH, ©,/50+Eh(Y,z° — Eh)=0%

WL TOSZ Db, p OMEEHE WL TAL LD, TN ROMEEHRS,
¥4 FHEWOVY FY75 4 AEE  CELTADEE R b o,

F6—5 LM

¢ [ h Y |6 € |6 |v, b |E |k b {5 ]|0]z
X, + | - . - + | +
X, + + | + +
! +
Y + | +
b, + +
b, -+ +
Lo + + ? + + + + +

6. 4. 4 MAEMEERTZHA

WO L0 b BRI OIS & I8 L7 — 2 W 5o SRR £ MS 2 KA
S b, 2OMMRU, EF b £ MLKERRTDHAEE S, L L, ZOPNEU, L
o RERLES EF Bo RALHEE KD &) RS 5o

max maxW[S,U,(xl,S(f), y|)$S?,Uz(x2!y2)]

{.t] I .l.}"| 573 .b| |b2 vS| ;Sz }

subject to NPA(DX (b)2 x5 (0<p <D
M”X,(b)2x,8" (0<p,<1)
2nz = NI
Y > Nh+Mh, + S,y + S, 9,
b2b +h,
S=58 +38,

e, WEIREA WS TH Do BB e WM AD &) R 5o
W(S,U,,S,U,) =[S0, (%4 yO1PS,U, (g yp IO
U,(x, oy ) = X007 y)

Uy(X3,9,) = Xy yf"
B & IR BRI & LA HIEKORE R B,
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_aQwe’ _a(1-QW - QW

Pa ="y P2 e, "o
_6Q+6,0-QW _[aQ+a,(-QW

Y- Nh-Mh, b
ey E Elv, 2m'e
5 =z )" %y = by(==)" ==
6,0 ‘
e , Y —EhyIv,)—Ehz°](i=12),
S arau-as, el ERIE=12)
b= & (i=12)
@Q+a,(1- Q)
S = Al -ap —6) (i=12)

T Qi-ap, -6)+(1-Q)1-a,p, -6,
PLEOfR 2 AR ATL L

W(z)= Agz™ (¥, — ERg°yA4a0-®

-;a.ﬁ.
e

O'=[3(1+6)-a,(e+ pd)IQ

A — ol-ap) oU-Q)(1-ap,) 1, Qo g (1-Q)e ¥
A = §{Hon g l-i-tpa) et 100 (77

X(le)n9' ((I_Q)gz)(l—ﬂ)ﬂz[ GIQ

Q6,4(1-08,
[ E“lﬂz*“zpz‘}’(l'f vf)“x.ﬂl
0.Q+6,(1-Q)

R OREIbEERD B,
v B —5-1
W@ _y @, 6Q+0,( Q)é_‘fhlz
dz z Y, ~ Ehz™®)

LD <ONEE, HROREBEIROLIITRT S,

" = i/ Eh, {1+ 50,0+ 6,(1 - Q)] }

}=0

(Y —EhyIv,) o, (e+dp,) —y(1+5)

RRMFE - Y AOMAB L EEF— CADMAEDILERD D,
”&: l"alpl"gl
S, 1-a,p, -6,

K5

WEAG L 2HHY - Aol i, HFEAEEOMAZ WML, gk
X AEHY — CAOLEENE L, AEMEOMAZRELT 5, MAEBIIHE
DALHAINARIE L v,

— 104 —



#6—6 g4

a, |a, |Y |6 |6, € té (v.|b |E |h (b | 5P |2
X + | - N + ]+ +
X2 + + |+ +
/ +
y + +
b, + +
b, + +
K + +
2y + |+ |+ ? |+ + |+ |+ |+

6. 4. 5 FHRICIHAEHEERT LSS
4, 3OEFNT, THRFBOH -2 ZB LRGN T 5. 22T, BN
LHLEMWR M PR LR S,
max W = SU(x,e,X,8,,5(),y)

Lo, 00 v b N MY

subject to NPA(DX,(b)257x, (0<p <D
MP™X,(b)>5"x, (0<p <D
27z = NI
Y 2 Nh+Mh, + Sy
b2b +b,

N

e, =INv()/ ET® (k, 20)
e, =[Mv, ! E]" (k, 2 0)

e,(i = 1,2) 114 — ¥ AQRMIE (F - E AL T O A N—5) 2§ T, 2 2 TORMMS,
B — C AN LIRS A S 32w 2L DHET Doe, ¢ REARBUAALT,
L3k & kR RoB L & T IR DR R Z R 5o
asSuz* psU
Pa=3nm P me

WY - S6U p, =(a+ BSU b
PN PEY Nh-mm,
e N M., 2n Y ~Nh -Mh,
X, =bz (-L-S;-)”' x2=bg("3,—)” === s
_ a —f
] :b b Zb
L a+p P a+ B
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ey
(8, +0,+0)h,
9y
(8, +6,+0)h,

O =alk +p)-1

0, = ﬁ(kz +0,)

IO RREBBUC AT S,
W(z)=A4,z"

I,

O, =9 +alko-¢)

a+fl
Eﬂ = (271-)? aaﬁﬂ( :J_ ﬁJ E*fﬂ'n-ﬂfz Na(kl+pl M ﬁ“‘z"‘ﬂﬂ(y _ Nhl _ Mh2 )3 S'"“ﬂrﬂﬂra
(44

R RO E 2T 5,
awz 9@
dz k4
LizdioT, it @, OF5OhIARTE S 5, SOk & e/ 8 ORANBHRIZIRLT

Th, TG, KOFERREL,

Fit 6
p+akd—€)>0% 6, HEOEATHIREIBVEETH S,
1+akd—€)=0% b, WMEOFR L MIIERTH 5,
y+akd—e)<0%bid, HEOFELHITHRHEVEETH 5,

LAFHIE R R B L 2 e GBI 3k =0 DRI T 5, ZoE X,
®,'=1~a¢

El Do R ATTHAIC L BB BB L V6, S 6 M To L )15 s

ha,

6 ' TREBRCHETINEBELERLEVEE
1> aekbid, HREROHOEEICLRT 2,
1= B HIE, HROGBIHIIEETHD,
1<aebid, WERRLBEVEBEILIIHT 5,
2, @, =1+akd—€)>D,'=) -t Thb, ThhbROWH:EHL,
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7
TR T 25 e BB L 2 VIRe, HEORELHIIE 2 58D 5,
MR L EERPOLERATH LR D,
K xa(k,+p,)—yh2
NiM "
Bk, +py) My
£6—7 MBS

a | 1Y 8|S v.|b|E|R|M|p|0ok|k| 2
X + + + +
X, + + |+
{ + + +
Y +
b, + +
b, +
N + + +
M + + +
Ky | + + |+ +
zwl -+ + + +
BE IR

PP, HA(1994). [HHRMEAM], +— 244
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wTE
AHIER & HTHEE

BRBMAERE B KL-EH M-%F W%

7. 1 QU

AIFROH MWL, ANWEREEBLLAER S AT LAOBT, &0 L) RERliTEg 7 &
NDO0ERETHI EiCdhb, ZOL I &)L Henderson and Black!! 24T
PO TEBRSN, WHREBERENR L2 2 00l oMk s s, —EHEHET
WA fEE LT,

ZFLTAOBDZEBLLAS, WMEHH~OWRNE AWERRS DS, WA
E@%mw k %mﬁkﬂwﬁﬂ HWWW&EN&~V%KWLTW%

5 2Fﬁif%'ﬁf“#i Henderson and Black &7l ’i‘ﬂi\‘}ﬁ L, AR W PREE oS DV T IR
WICHOPZIT A2 L2 HNET S, 7. 28 Tld Henderson-Black & 5 b {2 -0 T fif i,
ThHe 7. 3MTH., MW HEEOREN DV T OS2V TRT,

7. 2 ABRBELBETREETN

TR EDOREZE & LTRSS T hbIcfTbh, BNSresicshs it
HRLGV, FAKRFAETHET L) MM A5 AT, ARl HES S EER ¢ A —
LAY, BEMFITTTLZFOMINT 70— 3 LB LL R AHAH D,

Z 9 L7zH#, Henderson & Black ix#fiMigii% L2203, 2 208iliH» 645
VATAERREELT, TOBFHHRETY, MY 27 AN LB EZBHWT
Wk, RETIZERAAPNEN R 27 VA0 & LT, Henderson ¥ Black i- &
AIFREERAT Do TR LABETHALRIES OWMREEA/NITIOTEL L, o0
LTHBERTVWLER A TELRVFHL, SOEEAFOMRLTAIHTME 2
bDTHb,

Hendersen & Black D98I, J;Q?iiflﬁ‘#’]?’]ﬁtﬂﬁ&{f‘ﬁﬁfﬁtf‘%2: SLA 197 AR 249
B IZBWT, MBHEAT R 70t A0S 52 208 L, ZOREI Lo
AP A /L+x%%@tMO2o®TP7&mtht%®f%éommwmwXL»ﬁ
=N R L, ATEARBERINENYEEZ R T 5, 4 OB iR
AEREREMBAEN A — AL ESIORRL, AR OBusm+ 5,
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TR I T 2210 A 2 MR 2 S %, BB B B X 1T B, & I,
ED L) R ESMET M OELHHORER S bT0D, TLED L) RAHILATE
DTIGFEZ L LT oL SRk b,

Wb DEMHRFNRETNIL 2 20OBEHPSRD . 1 I3EE L A0 RIS % i
BT HHNHETH Do TORMBITT PR, HD2VIEAHEEOH L HNHBFFOW
TRPHIEEL, ENLHTH BT AMHER 7Ot ANELEL Tnd, T2 TRIED
2ODWH YA TOARDPLHEENLELL), FREFNELLBETHEL, BB
HAR, BB ANIERP LUBBEREEHE2L D, &4 710EE DRl
LTWwah, WERE% 2208 4 7ICRETAZ & LD, RENMiEEESHHE IR
B kA, HANAFMEHETACE, SRTHITHb, ZORKFEDY A 71
HRETELE, FUM R T 23 oA hidoa AL — L EENn2)D
HFEIZIHMEL, 4 72T RO SRR INERATS, ¥4 T2 MITHOEFE, TO
AR TE P ORI OEREIRIEL TV,

WA S CHIE DT A P Ohh 6 ROREY o4 T 2T 2 BET D I L
i, BECHLEHLEABITOFELZENT 2000 Mhk v, L LiERo £k
PAEECH-Th, & DBOHEHIZED MRS ORLPR RO TH D, L
EAEEICKE A EHMAEAET L ELTCH, S, i, @Ol R &AL TH DR
ORELMEEIL, AROFNLEEBE LR s TWAOTIELNA D D TOHTIRV UL
ki, HEMEOWNAMFIMERH LT L2DEVE2DTH L,

7. 2. 1 H{HEEARNER

REOIWTIRETF VIS D8 2 0WI, WHFBE e AERRRETH L, EIH
%m%mmu%mﬁﬁfammmx/n-fﬁéoﬁW%@lAl?hM—ﬁ@AMﬁ&
BMAE LT, S0 0RE g THRET 5, SIATLITRE R o T
DB e 22T, BIBPMIERO D DIREEHD 720, p>g R HET D HRLIZBWVT,
PSR 5 EORIEN c1tR 4T, AT AMRRA b v 2 & EORERIMS
5 LWODRIET D, WHIEEY A TORMIIHES O A 8-/ L, 6D
BF BESTE & 4 FVARTE L Ash, —AH7h o AERAERE & it The 2O T,
JEAN T 57 4 — % W RITATEAE L2 VIRBLO b &, P01 AMEA BRI
PEEND,

5T VT, — AR ) O ¢ 1T 2 S HAT M BE T,
ORELIMEIE RN TE SN D,

1~

nwxr[c _l}ﬁmwm’0>mp>g @1

ey Dy ¥0 |-o
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subject to  PH =ze® I +(1- z)e®I, — Pce® (2.2)

H =ze"h +(1-z)e"h, (2.3)
Hao,ﬁ+g20,ﬁ+g20 (2.4)
h, I

CDRIZBVT, AENITFOONY 4 X% 1 &g, B ¢ BT a1 Xl
ot Thh, HITINTOAWEARL ET . IR EORN, z OMEDY A7 L HEAT#CE

NBMTHN, 1227 A4 7240 bR TONDE, L & Iga)lit”u.i FhENY AT 14
TR ¥ 4 7 2MWR LT 290 E OMNE2 T, & hidls o ARERklEE
#Y,

2@ I MEY FRETH D, o AEARRE (PH) Ofifit, RIS
zeetTi+[1-zlestly & P Ol Peest DI THDB Z L RR LTS, (2.2 TE, AWEARE
¥4 L2 CEE SN, g P THBESALHRMZERLZb0E LTINS
ZEMMRE I N TV D, TS &R@ad, o ANGERILY 4 7 LM zee & & 4
722 et BB A NN O AD ANELRE M E ORINTHLZEZRLT
VA,

(2, 1) 0 SEWE T M A H R AAL IR T, ANERORBIIME SRR T % 2 D0l E & k5w
ABANTV D, FHIQORNORBOMPEIEH 201, B LOANEEL T2
L, HETHZLLTELWILEERLTW D TR LIEM AL AR~ DOLER
i, FHSICITIZLIEITERVOTH D, QOROE 2 DlfIE, ol AFIZfn:
APERAECL, MEMTANOHERZTICEBETRECHLZ LERLTVS, M
(A1 h)+g 204, HAMHMO LAY AERORRMAHD, Koo lioER
EBALZVWIEERLTVD, LAOLEDORIIRT LI, Ihboliliidyi ezl
BRWnE LAGEN S b, Z o, AMERIHTH B LUERIZENTH Y, H
A REIASEE I TER WV ET HBMN LMW E DBEENTH D,

B 20, A D X v XA R S A TR NS AW A L Bl TR,
1 A7 03 c DL R B 2200, B O TR EYE L5 ¢ s 9, % D
TL, KA OERAVIN S W) OB ~i% 2 I 58D, IEFTEO 10%IEL TWaEHE
Ehbd, FURFETS, HTHREMOMEGRBIENNENDH L0128 b b, —ik
MIZE I X 2T EWRANITEZ TR WE ) Thb,

ZOETFRELOSERILE, WO BETH ORI EMTE B, 112, MR
AW OB RBEREH 2 50 TIE 2L, B AREREHOAWERISEAMREER L,
WY i T T TV AW AR BRI OB AR EZ DT EATED, H212, Sl
NIz A=D1 AR ANQEERRA N v 7 Het b A Y — FF AR DIZENT,
WAGIEAEET Z I EATTED, BB 1OL DDA, WO ¥ 1 Tl o AR AR
0 T, ETALAZEELL, RS 2 0IRIETOSEEE 2O ¥ 4 TR S H Vi
A TE S,
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QUKD REALHBE R IR iz, WA N— 37 1 S L E ¥ 4 72T/ S
CEDTTE BYHMIE L & B2 oWT, FOMMTHHERE RO 5 LEDD L, MR
b BVVEAWERZREN A N~ DML CRFT IO LR, TRbE# T
WIZ, ETMATOLEEDTN, MATEBOREEIT I £ LTI REANERIEE~D
PERICHBE S 2D, ZORMETo2kic, WHORE & ANBIOERE O+
B IO QDADMEIIRS Z acf%o%ﬂ%m_mﬂﬁhﬂmkmﬁ$bmwmmﬁ
R & e, # L CHBT OBBSH % g 5,

FIRE 2R 0 FETR TR & 2 OB oPue 121, BTHRR2E 2 205 L HoMe L
= FAIHEL D, BT TOEE R "L ORBEORE, $ThbbEEZDS
LB OREDOL & 12H D LIET 2, BREOTIESAM LM, W o4E
W= R RENBATHILILLY, SHEEOLNE, KR EDL ) hEEESR
%##b%lT%@#,E@iﬁ?47%ﬁﬂ¢é®#,%ém WA RE DI Lo
ONWCaIazhr—arth,

Tiazg—varErFVOESLcR, AElR R ER -0 HAVIGALER
THIASRIZ L D b OXH D SEOHMN: AT ORI i, RAALGEEE
MEAENF =N Z X o THOBND, BEHZYERTRE SRS L E, Hin
ORFFLE RN 2 L2 MW AH O — AN 720 oish (&% % R BEEL) B
HEM - Fa7Ehb, WTFCHY 4 71 HliTHOEIRETAIEICLE S,

7. 2.2 B471BmE

¥ A7 THITTHONTROMHAEZL L3, ZoMHoRaRS 1 AOH@HERRALT
R, BIFHIEBVWT, HihHEoREERE L, SORELNR ANERERC
BEETIODERET L, BlE L 202 /ETH0, ANWEEAE LA —
TR O HRIZFAE L, RFENTEEL Ly, 24 7 VR CEESh I X ik,
Y47 248W RN E BBy A T LB OB SYEOEER X MAR TS50 D,

X, =Dl k' (2.5)

FLTCZORFETIIHME L AOANWEROA T EERFKELETLI NS, SEENF
DEFEHEL L L5,
W, =X, (2.6)
@5)IZBWT, m IO REREICB2RMNERE Rt i3I il o5
%@%W%&Amk$mﬁﬁ%&mmum%wMﬁﬁwv&éo&uknm®W?&é
N4, Mo I oz —YayilLARBoREET, L2 TORA
Flad s b s, frsflmgmobsm i %T6MﬂU%&LTW%QﬂﬁiLﬂ¢&
Hili O AN A OB g0 TH Y, THEHITEEROANELD AL F — 13—
MRCH D, HERBROMBENHBEZEL T D WHOBHIEC 2] Stk iRz 5 R
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TWLOT, AWEROWERELD, T LAY ANERE VA Z LIS S5,
ZOEFNTH, HRAENA S 13— D OHTRDME E B LARET B720, AN
WA UV A — 8= pl ) “EMELER" 22T b0 L b RAE5, BB LICb il
£, ey 1 S LT OHLHH OB 235 WE { ORI LIEE, B2 05E
BFOEBERTHLILERL TV A,

ETOFWE 2 FE L TIUL, BIARSNDINEEEOL LT, 7147 LIl T heh

WIS B, D& ST OREERE mXuTHY, ekt ERIILUTO L H10%
S D,
Xl — D]nll+5l hlﬂl +W (2-7)

HEHHOEAAZ BT, AWERA L F— 35— RO I, SEA il
RHEAEBEEIN TV D, S50, HEOMNBHIEEEALICH Y, ZIULZORHT
DF 7 BHEFOFEE X EE TS E L 25 85V EFEIRLTWA, BLFO%
FrCid, i~ E 5 AL LB A2 205, &< 4T AL M5B HES
A fHE L, 2t isdF bofiHIc & 20 2B 5. F U AL & i g L,
£ DK E RSB E B L L 2285100, BV S, SO EEE B oa i bisit
0, IDKELGEHEELEE LT,

7. 2. 3 #WmirEmE

HHAHOETOHEREE, FREFIRCBD)O— ST s, CBD IEYIEO S
WEDIEDEEE I, FEEHFEHE-BEooy MoRME L, CBD ILmdT 5, 20
BATEAMEL - D —ET re L, ThIES 2 7L OEREDIC LT bhbils,
ZOFETIEA v 7 I3, B, WEh &, SREBEET A0 EE I T
v, TPV ERIT L0, —Hlkrkd) 2 en d, AN MRS ERD
Wi e BilE Bvia, Tabb bmBoliiic L) S0 4820 s h, CBD
2 b REREF U A > THMAIZ R 5,

#TTE RO 0 L b HTTATDIDIKRT S LB 0 2RI 4 X, SR E
k& DB & AT LA 5 BT RFEOBAR LIS L D, HHT A CHI S B T
MEVERH RIS HE 2 1O X ) BOEN D,

W2 BETEHBEACEBRAUTTEAS50 %,

IEFR

EEHBHOBEL, FLnTy b4 DL T 22 TO{ERS, CBD 208 O
a 2B <, MY RG) &l ro O AFDR OISR D 2 LR LT 5, IR
LT o 2 O B I E W o HBER TR Raw)=0 THa700, H
LB O EFIE rm L Do #IHTRER A CIE Bdtry Ch b, TEONMETS
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DEWMAT— & b7z, WAIBIEANTELINS,
R(u)=r(u, —u) (2.8)
IRED, ZoRIBOBMLIEAR TR SRS,

J:' 2muR(1)du 2-;—1”7'1.'0[[3 (2.9)
I Ao #RmE R LT & 4 B,
", 2
_[O 2mu(ru)du =3I (2.10)
AT M A ZERBH AL m 2 W75 & 440,
n, = ru} (2.1
HoHwid,
u, =n"n" (2.12)
PLT D, TRHENEQLIIREQIDXEH 5,
FAHBIE H = bn,”? (2.13)
R = %bn?” (2.14)
b Egﬂ—nzr
3

(2. LDRBABHTITIN 3507 BRILAUHICH D, FRATI () AT &
i V2 OWAMCLERET 2, ZIUSKTREERET2 D E b4 5, (214503485
RALOKL ¥ ¥ VTR EET,

i

#R

DAL OIERE Y
H7—2—1 HHAKEEEORME

7. 2. 4 WHEARELH

y 47 UHBICIR U ¥ 1 72 ROMAHIEL, SOmattob & CaRbilidIg
ENTWD, AR & DT SN LEUES N D, WIEDHHLTO L L
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CENEBBL, RESHLEOMEANINT L vy F 1 TR L, WRIFICIEAL
SEHCRBETE 2% BITALZIET 5,

ZORFIEHEHOL  OAHAENL ) 2REG RS 55 Y, st AHi:—
DOMTOAHE 22 FO—NF B, SHIIRERIRERILTH LD, BORLEREYO
HECE-sTLBLNDL,

Henderson and Becker(19981IHHEN 5 7 71T — F 12 BT, Q. 205 I BIIEERTH AT Ht
BRI TTEENFIZ & » TR S NS “HEMEE 270 b8 oha b dRL
TWid, RWFFED &9 MR TIRIC BV, BEIEIFYE & %2 s2stAbid, SRR
FLASART & F 7o IR T B A I E AT B2 ETh B, BEOHTILEER
S DEREN, BRNLMFEBEFIZLEDERESNE,

EM AR BT, FBLHO RS LRI, FE AR e Lot 2,
TE2XWIZZ DR, ZOTFTIAEAN S AR ERDRELET A W5t E b5
T HY, SREMLNZ LWl TH ). HBIZHSEAH AR MR YLt
=N NEMET D Aoz, AWBERREERIT) L) B m bt ZRT 5,

Z 2 CHBR R 2T ) AR B N2 £ 2 By & BB A O B 2 R, fh
DD S FRFEA~OBIETI N AR LD TH B, HFRESHITHADEERD
EHDERICER LT A o, S5 MEOMK - Hl HIERGo M, oy 17
LT EEOHITE LI L < 22 WIS AHIIMT & 4 T AEL, WEOMNME R
REFTHE D, AT m ERBIEEL 712 BIRT S, SOTEHITO XS mtibsh
e

max 1, =1/2bn)"? ~Tn, (2.15)
n, T
subject to W, +T, ——;—.’)n:’2 =] (2.18)

CZTHWONTEE IS £ TIUE, @HREQOXILQINRAMEL NS,
e Do (2.17)
B LI 1 A2 DRAEHBTH Y, $3TERY 70 ORA TS X
MENBRATHL, T2 TIOMlicBE T, @133 & @I L, KBRS EKILZFOH
M CHRONLIHMN LR QIONEME, TR USAL, BNl B
LA ER~OBHBAD 7 & — 7N S =0 LH#WVT, ZOMHEREO
AR EMEEHDZ ENTE B,

FH22 AT VHNCETIERAOREBRE T L HHOBEAD 7 EUTTELS
néo

ﬂ:lb#” (2.18)
2
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n, =(8,2b7' D)2 pla (2.19)
At RA
54 71T OMERFOMEZ, mOBEE LTETILNTES,
1/2bn"* —=Tyn,=0
Tl - __l__bnlﬂ
2

IT, =%bn,‘”2 +W,n1---«-3-.‘!):1,3’2 ~In, (2.20)

1
= —2-!;111]3’2 + Dl i ——%bnf” ~1In,

=—bn}? + D> R I n,
o 2L SURAAORA Vg o T

%1:1 B —%bn:n +(8, + DD 1 =0 2.2
|
F RSB AL, SR 100

I, =~bn)* + DB ~In, =0 (2.22)
INENQR2)NERD,

~bnl™ 4 D = 2.29
I E—HORMIRATLEE,

% = “%bnl”z + (8, + DD AE™ + bn)” — Dk ™ (2.24)

1

-——;—bnl”z +8D MY =0

Ea RS E, 2195,

nl(lﬂ2r5|)t’2 - 2b*15|Dlh|0|+q’| (225)
n, = (5| zb-iDl)zfuwzs.)hlze, (2.19)
v, 6,
£ = + , =0 . (2.26)
1 ¢I 1_2(3' ¢] 1_25I

(2.18)K D | DRI~V — - Va— VFMERML TWD, BENORBIR(TIn
BT ORI 2600 N L vy & 2 TRENOFRBIEL, 55 0¥ENH5MHIZE
AT BB, B bR B0 L5 R RR AR LA AN RREED O 21k
BIHELL, #OF ¥ v 7o MTHD,

TP AL & A VIE M BUE A, #HT ORI R e EME T A 2 &, £
OWHT~NOBALMET 24 v V5 4 TOFHEE BT 5, (2.193045 2 OFG 12, 1
AR A L b 39 A — Y DM THH I LR LTWA, FRUITER, FHEhE
LAY DNEROBEHTLH D, 2WOEMN QIO NT A -2illliye =12 %
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BERLTHD, ZORFIBWTHEDO Y 4 71V HEST OIS EL SR,
213 LY, Wi DIRDFEEFA~OWIMHE 12 Thb, Q19T HEBLO Lk
S1ALATHE, W HBIIIR T2 I ERR L Twd, ¢ >12 T, FICHRTITHAEAS
WRTDHI LI LD BMRRERA, WAL VELZ L RB0T, 47 Lk
B—2khoTLE). I/, @IOADMIHNQ1E)KXO b & CHILT B L34, Al
B "HERA T AT kIR B,

MRS 471, HDWEy A4 T2l 0N T, dBAE Y A7 LEH~HH)
THILIIDHFEHLI LR TEL v, £z, UIEEHBIIOL L TEESN
Bo ORI TOCEIXDFTHRLI ENTE S,

B & AWEROBRE R A L, FH#H 1 A4720 o AMERICHT 28RO
W 261 TH D TSI AMERICHEHT LG EREEOMNTE 0 &, FEEY 7
BTV IS L CHINT 50 e 1 OB R AERAOILE 01 &N AR 2w
UZIS T, AR DS ¢ 1 £ AHBIY L DAEOFED vl - 28 DG s,

BEROERMED DI ¢ 1< L W E L 2 5, HIRORFOREE 6 2%, ik Al
O V2 ETERATHES 1 OFELAT 5, HANSIEANBERNIE 2 AL,
ROQIMNFTRAE L2, e W EFEHNS AREARKIEIZBT 5 5 2480 OG0 #ih
HThHb, A\WEFREREMLE IS, MEPLATLEDNNTH {, MRTHRB S kS
RS 5,

R CHMT 4%, Z 2 CIIHi o ER: X & [k, (2.18)20 L (2.19)30 % (2.1, & (2.5)
BRI ATAI LI LT, HH23%RDTEL,

W 2-3 21 T 1 WIS IMRBELTTEALSN B,

I =(1-28W, = QA" (2.27)
ALRA
(2.15) Dl #1218 F AL T, LT %155,
IﬁWﬁﬂ—%MV=M+%MPF%MP=MhMP (2.28)
Fl e mEUTOLIIzRH SRS,
W, =Dnd h*" (2.29)
" = (51 2b—|D|)zi(1~2s,;h|2s, — ((5'] 2b—IDI)2I(1-2é‘,) h]2!(l—25| X, + W, ) (2.30)
ZO22o0NEMAEHET, UTOXEHED,
a2 = §2p7 (D RA) (2.31)
bn)*n% = 28,W,n;® (2.32)
bn)'* =28W, (2.33)
ZhE hoFRA LT, MITEISRE S,
1, =W, —bn"* =(1-28 W, (2.84)
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EHIZAOFRELED LS,

1, = (1-26)W, = (1-28,)D,(8,2b™' D, )2 "1720 p2ed pli¥h (2.35)
CIThORIROFEFNT D,
6, +¥ 6,+¥ 6 +V
28,8, +(6,+W)=28 1 —L(1-28)t—L =t L= 2.36
O {6+ ) =20, 1-28, ( ')1—25, =25, ° .56
26, 1 1-28, 1
_ _ = -1 2.37
1-268, 1-28, 1-26, 1-28 2.87)
I hoREEIERE D,
1, =(1-28)D,(8,2b7' D))" ¥ b(28,D,)™" b (2.38)
L7280 CRANAAMIILT b,
I, =Qn (2.39)
INEDELNFDELNS, TITHTA-FQUEUTTHAS,
Q, =(8,267' D))" p(28,)(1-26,) (2.40)
INEHWCERER X 12QADR0 LI ILER SIS,
X, ={[Q, /(1-28)1"4"% D% ) (2.41)

7.2.5 SA4T28hH

y 4724, S OBHOMBEREEET S LWL TYWE, IOMILHE P
T, WAL ENTISHOL ETHEI SN, ¥4 72BN, FRFERLLAD
FRBEOATEN LTEEZ{TY, 2ORAIIATTRENS,

X,,; = Dy(ny iy Yhgix (2.42)

@.5)50 X b T RAUE, SRR B ORI (1) Th Y, ARERAENF—
N3 () Th B o b\ dHME jONER, 038 j REDY 47 L2 6 OREA L
P AYTH D, TOREOTHEUT LS,

PX,, - x, (2.43)

)
HRQADE x WL TRAEL, BT 22 L1280, ZOREOBRRNEL2.
‘/V2 - a(l —a)“""”“D;mP”“(nfz h;'z )”“hfj-m (2.44)

§ 4 7 oI 2T, BH ey b - AT ANOHERZHET S,
FEHT IS AR O 7 4 7HAEL, FEERKLT S &) L OB T e A
M ne 258410 2, BH BRSSO RBALTIIIUTO L) TH A,

max T, =1/2bn,"? - Tyn,

with respect to T, and n,

(2.45)
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subject to W, +T, —%bn;’z =1, (2.46)
HBHT NS C Rt 2 0E T UL, Q4RO W, HIE@ADK E 4 b,
hy,=h, (2.47)
L THENL ¥ 1 72850 osilidh & Wiz onTh, #1471 E6ililE & A E 8 s h
Bo ZITHMMIEA LA X OSEMIC L VL HbRAAEHET B, 471 i &
kLS, o2 J/AMLL M2=0 EBWT, (248 HELNS,

L ZRE 2T 2 L0l n, @19, @onXE R, ¥4 7 2 EH OB HH TR
WL EHMPFIS 2B LN TED,

Gl 2-4 K21 T28AECE Y BOEAOFBEE T, MHOREAD n, MARE /1, EL1
TTeEZ5H 3B,

12 = _bn2112 +a(.l_"a)(l—a).‘a PllaDzl.'ang‘z;‘ah;P,mhgjfa (253)
T, =1/2bn)? (2.48)
n, = C, P2t ple: (2.49)

AR
5 A7 240 OHEUT RS 2vEE 0 ST BN B LT, P A B MBI A LT
BTFe#sd,
1/2bny* —=Tyn, =0
T, =1/2bn,"” (2.48)

!
max I, = Ebng’z +W2n2m%bn§” ~In, (2.50)

— mbngli +a(l _a,)(l—a);‘a' PII{ID;I(In;-c)‘l.'Gh;IIIcthgj.f{l _Ignz
F 22 LB OSRMFEUT RSN D,
aHz ___3b |12+ 1+5 ,f ] (l—af).'aPl:‘aDHa S,Mhlp,.’ahezm
F n,  +{+6,/aya(l-a) ) My Y T, =0 (2.51)
2

BB AR b 0 R NS

[, = ~bny"* +a(l— )" PYDY ™ e [ op, =0 (2.52)
H2.52)% BIZOWTHWT, 053504 B4,
[2 - _bn;fz +a(1 ___a.)(l—(l’)l'a Plf{tD;n'anngﬂh;[’,fahg}fa (2.53)

INEESIZIFOFRMFICRALT, Q540 AND,
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11
aa 2 —""Ebnyz +(1+62/a)a(lha)(l—a)fa leDémnf}mh;ﬂmhg}m (254)
1,

|

+bn£u ~a(l —a)('—mmP““D;mnf*mh;p"“h;}jm ~0

L% m Al DWTIRGT, FiRINZQ49)R AR T 5,

1 S e
Ebn"l)_lz - (52 /‘a)a(l _a)(lma)m PIIQD;.’(IH:ZItlthlfahzﬂj.t’ﬂ‘ (2'55)
n;lllz-b‘,fa - némzmsg)m — 2b—162(1 _a)(l—a)laPlfaD;fah;F,mhg}/a (2.56)
nz - CzPIJ[(a.f2)~é'1)h:§‘I', +@ W[(a! -8, (2.57)
n, = CzPlI[(aIZ)—Hz)h22(W,+B,)f[cz—za?z] (2.58)
n, = C,p'1@m-op e (2.49)
1p2 62
E,=¢, + , = (2.59)
=0y ~26, & o - 26,
S HIZHIETR RIXCERD LI IZFEEENS,
I,=(@-268,))a"'W, = Q, Pyt (2.60)
RHEICAEFEOPMMFENUTOL I KT S,
x, = (1—a)Q, (@ —28,)" P pk (2.61)
C2 = [(] _a)(l-aua 62 2b-ID;!a ]ﬂl[(&'ﬂ)-é‘,] (262)
0, =[(1-a)" 8,267 D) ¥4 p(25,) (@ - 26,) (2.63)

IO, ¥4 7 1ML O LREREREROF, 6 i P
FEEFNTVWAZEREELL Y,

KA @ DO BT ARGELME S S, ANBIIE AWERBEEOELRE & 55
TAHULENHL, h & BOWENHNTHAY, ThEeRDLIENTED, TO,
FEIR oMt P% Ko, ZOBFOBREEHKOSH~LED I,

7.2. 6 BELAOBDOBERE -

@ VDROEBEOBHNEELE F 2 5, B THRTY, HHREC ORI R E VWD T,
IhErEENETToEIED, NI T YEEIIRATE IO,

cl—o "1 —{p-xi
max L =[ }
¢ 2, by H 1-0

+ A [2e¥ T P+ (1= 2)e" [P ~ce™] (2.64)

+ A, [H - ze¥ b ~ (1-2)e¥ hy ]
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Rz 912, hE OB eERTALENSL D, Q4R OMEITEETIER
Vi, #4771 oSEEORN, 5 IRHCE T M0, .18 Q5L T TE
sha,

1, =W, +T,=3/2bn"> =D (0} " b +T,-3/2bn)"* (2.66)
W, =D, (n) b ) (2.66)
Ty, m, mitlifizct > THIEERZbO L RSN, TR T 5,
% = EWy (2.67)
ahh‘ hy;
SR & & T,
h, =h, (2.68)
Th Y, Q1o 220 Hviut, BHicbwT@eDA AT S,
allf = BIII = ¢III (2.69)
oh, (1-28)h h
REEIZ Y £ 72820 Th, @I0KAY.T 5,
aIZ!' — 9212 — ¢2I2 (270)

oh,, (1-28)h, A,
e R ARE L Eftost e lwvind, @273o | o xkan L Hiok b,

—a—li_—nc“’e“f"*"' —Ae” =0 (2.71)

oc¢

oL - -t

"ég:e (A PT = LPT)Y+A,(~h +h)]=0 (2.72)

oL . Ol ' o -1 p-

-é};-;-ziize" -é)z'lh!’ A ze¥ =" A @Ik PT -A,)=0 (2.73)
oL _ A(1—2)e” %P" —A,(1=z)e” =L —)e* (A$,1,h;,' P ~2,) =0 (2.74)
ahz | ah2 2 172427 3 )

oL -

'é—H'— - —.24 - ;12 (275)
S BRI @I TR EN D,

}im[&(i)H N1=0 (2.76)

2.743 L 2.7 BT, EHHIIEBIC BT A RIS 2 BS54 2 200, Bl
AN ER 2RO B TE, S22 AGhELE, QTDAMNELNS,
111, =(¢d,1¢)h/h, 2.77
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ShIZ@IDNEQTIRIZBVT, dd A OV TIHBRWTHASLY S &, & 2-5 7575

bid,

wia2-5 A4 T 1EME LM T 2HHOANBREFRBOBRILUT TEA O,

h] |:¢I (] ¢2 :|
¢2 (l - ¢l

1—¢2
I =] —=
1 [1_¢, }
LR
Q733 £ .74 0 5, Q80N SRS,

3-:¢111h|4p_' =’12»;"1¢212}’2—1P—| :/lz
ZhE 8D INL,
5L _ ¢l
12 ¢’lh2
F .70, T L TQR.8)ANH LIS,
A, —1,)=A,(h —h,)P
Tz EFNLT, BT2#H5,
(]l _Iz):¢11|(h1 “hz)/hl
(I-1,/1y=¢,(1-h,/h)
iz @8N EAATAE, @8R Eh D,
[
(- )—¢( ————)
¢ b
:ﬂ%ﬂ%fxuf, (2.78)1\&(2.79)?&.75“5}32 Ao

h =] 90=6) ]
¢2(1‘¢1

-9
l“¢| ’

o
H

IT, ik b WEOWEMOEBHRIGERL L) STHWH S 1 710 & 515

(2.78)

2.79)

(2.80)

(2.81)

(2.82)

(2.83)
(2.84)

(2.85)

(2.78)

(2.79)

i AT

SRR 2ICLT, S 5IFERED D 0L, BRI CORMN LR 2 LTS

[l

Q
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7. 2.7 BEAOGHTIRHE

mEYATIOHEHE, mex ¥ 14 7208 E T 5. X OEMBMGRIE mX &4
Bo ¥4 T 2MBIHHEP AL LT X ME 0 2054 7 BT BAT 2, T400 ¥
A T OHFETIE, SMEERE DX Db E, LA THRARL O/ (T VAR
X, LT TRINS,

m X, = mymx, +m (bn)?) +my (bny?) (2.86)

SO EMATH DD D LIS, B EHT ¥ 4 TR EEME o kR 5.

B, LMo TEEOBIIZBWT, UTOBRXEHL,

z=mn, /N (2.87)

I—z=mun, I N (2.88)
ZIZT, MEIEHNAIITH L, WOFRB LN, 6Q89N2# 5,

m (X, —bn'*) = myn,[x, +bnl?] (2.89)
(2.18)DH A W m 5 L, THZEIXE AL TR0 %152,

X, =nW, (2.90)
ZFLTINE Y A7 VAT o PR EEISRAL T, QoD E# 5,

nl, =nW, +nT, —%bn;m =nW, —bn}? = X, ~bn"? (2.91)
EHIQBHDOTHIIME LI ICRAL T, 292X %H5,

mn I, =mn,[x +bn)? (2.92)
IRED@.IVXAEAN D,

x, +bny? _mmly (2.93)

Hi, 1,

FIRRIZ 7 4 7 2 #8077 OB S& s ios AL EERS R 0 5, Qo %5,
nyl, =n,W, +n,T, —g—bng’” =W, —bny* = X, - bn"? (2.94)
S 5224403, (2.49)5, (2.15)555 5 (2.96) A5 A B,

X +bmt =L -a)+ 28, a~268,) (2.95)
ZNLOMFEHNAEGDbYE, &1-CET AR LUTHERLNS,

mnd, = mn,1L,[(1- @) + 28, (@ —26,)™ (2.96)

d, =(1-2L[(0 ~-a)+28,(a—25,)" (2.97)

IMEQINAMEATNIE, Q8) Dk % 2 A,
.= [(1-a)+26,](1-¢,) (2.98)
[(1~a)+28,1(1—~¢) +(1 - @, Y& - 25,)

Wi g 4 7 LATET RSB E 0RO 212, M 7203 ) DK,
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R L TO —~BThH b, —HhAHIH D S THM9BEL, Moy 1 7%
FHL L) EEF Lk, BEL, WEEHEREHMILTHLEOREL, HIZHETHRE
OWEWIRI Do ¥4 T 1l L 74 T 28O m & m %, BRNADNOBEE LT
RKOBZENTED,

m, = zNn;"' (2.99)

m, =(1— z)Nn;' (2.100)

BEOBBRELTMLTWD 22 M 2 EI2EY, Wy A TOANNER Iy b bk, 1

WO~ AL NWER A OWBELTRODIENTEL, THLLRIR, LR
2.10D%#H 5,

h=He™ {2.101)
DL ET, AU ToEIIcEESNS,
h=zh +(1-2)h, (2,102)

2.78): QTN ERAT L EME 26 2174,

W26 XA VB, 44T 2HHICHY S ANERRLUTTEALOMS,

¢,
h, = Kh, 2.10
Ty (2.103)
h, =Pk (2.109)
1“¢|
H
2.3 510D EHG &35,
h=He™* (2.101)
IOk ERI0DANN LB, (2,103 2 (2. 100 E NS, .
h=zh + (1 - 2)h, (2.102)
p ===k (2.105)
P (2.106)
-z
BH@8)3 L, LT L )58 shs,
h, :V'(l_‘bz)}h“zhl (2.107)
g, (1~¢) ] 1-2
h=(1- 2k, =[¢'(l_¢2)}h2 (2,108
Z ¢ (1-¢,)

SR % .98 A LT, B L2104 & ©2.109) Ak F Do
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=2k (2.104)

1-9,

h, = ¢, Kh (2.103)
1-¢,

k< U=l - ) +26,1+(1-¢, )@ - 25,) (2.109)

¢ (l—a)+26,1+¢,(a—25,)
(2.989)RIEABH & 4 7T DM A - DEB L RV RS2 RLTWh, &6
WG H 20 DR E R RN s Tz 3 ha 2 s hd, Shl h@78),
27938, @118)x,2 5, FEEIIZB L CMa L1102 R 5,

(hih)+g=(/h)+g=(hI+g=H/H>0 (2.110)
ZORME, 2 OOMITTET AWERIEA DR T/7 LIVIZRET 2 2 Lhthh
3o WABIEOHIDEIWEDS, WO T-HHENE) < LENDH L, WFcBVTAN
HERBIGEOFER L, HEsikol X Hs0vid X)) TRETLZZLIETER2Y
F 722 HNORENZ T S Ny,
Hihls, W ODPOWEFHAGHELZ &L, 27 MEFES,

RE2-7 A T2#MATEEINZHBEUOMSRLUITTEALOND,

P = Qpta-atec2on (2.111)
Nz
(2.270 £ (2.60)5 2 52, 112) A5 b,
4 _(-24 “’K' = ”Q(:f_’lz;) 8 (2.112)
I, (a-25))a'W, Q,P Dyl
@79 Lo RERALT, UWFdHESIL,
|- 1 &
=¢ L ___ Ok (2.119)

S
] _ ¢| ]2 QZPI.’(nI—Zc)J)hzf2
S H122.1045F LA LTI EDE LIS,

£ -1
S
0, knys
|- ~ |-
9, _ -4 V=T ¢' KO RAT (2.114)
1—@ szwm—zdzn( # Kh)® P ? Qz 2
-, |—¢2/
Zhr POV TIHWTR DR EHL, 22T QR TTEfRIILD,
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“&-2d,

M g -
0
Q= ¢1 Q| B Koa

$,0; B o
i 1-¢, |

QUORI D APIRETBEE, c>e 2 THIUSHRMOMLTG PR LAY 2, +
bbb, bLoadb— VB EEET DA OANWEA T BTN, MR
WoZhe LRAEE, WEMILDEMICEL 2 Ll eciEhn,

BLEDO#H O MBI RILROBECEHZNE,

(2.115)

fEA 2-8 RFEICEIT A MAMONERIRE S, MUTOEMSEED,

(@) A 72 ) AER LR OIS hihe b I LA LRV, 20E, ¢1>(<)

¢ 2DEE, POTOHELRL h>(<)RBLV > oLy, FARHOR
B R 50 S 2T, i 15 A 7B DO AERE BN ORILE

THbo

()T I oo AR 2 1) 2 A TS5 L R R L2 6T L AR g

OWEW X Ofli PIt, e >(Qea DEEDPDZOHEIIMY, AWERETEME-

TER (FI) 5, 22C, eild & 4 7T OAMNEREE DN LM %R,

Wip B NI EAKIE TG &3, SKENE h b AP R CRL BTN Y TR,
FEHRE WM E WebRLD, IHICHHEOESEL TR EB WS, T MEC
BT RETHL, LA TUTIESRS,

W, W, =(a-28,)1-28)"a™'(1,/1,) (2.116)

Henderson(1988)i%, FZ & » T MO A TF RO EIL 100% 2 B2 ERHH T &
R L, ME LTV, EEBCREIFET 206, FENORBELTS L T4
DEAALTIE, AWBROBEEEM % LYW EEREHL, 208R &0 & 4 SR
YA4THTEHEL L, HEENDOFHE LN TEL RS,

7.2.8 IR E
EHOMET, 807 4 7TICRAENE - AN DOANERL AN L B0, &4l

Wy A 7OANNERIRBTRET H,
hilh =h,lh,=hlh (2.117)

IDEE PIIBLT, AT R AN T 2 (249030 £ A E @11 DS HLA b,
unnﬁ 2-8 '/J‘r“a-fJ‘ﬂéo
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WRE2-8 WHHRORERFILTTEAON S,
LG NG 2¢, d (2.118)
n, n h
AERA
EFAT R & T 2.
@195, n, =(8,2b7'D,) P Rl
(249)KH 5, n, = C,PCINpE
@UDR S, P =Qya oK
(24912 DN EF AL, 219K EQA4DKXOFEEINH . LITFE# 5,

logn, = 25 log(8,2b7'D,) + 2¢€, logh, (2.119)
et
|
1 =logC, + ————log P +2¢&, logh (2.120)
O0g#n, =10gL, @i2) -3, g 2 108/,
1
=logCy + ————1 +2(g, —&,)logh+2¢, logh
gCy (a!2)~620gQ (&, —&;)log » logh,
Zhe R sl LTS L, Q120 EQ 122K AHELNS,
LIRS (2.121)
f hy
L 2(g, —-.s'z)—hi+2£2E (2.122)
n, h, h
(2.108)3, & (2. 1030 5 @2 12 HE B b,
logh, = logl——%;— +logK +logh (2.123)
y h,
L=t = (2.124)
R hy h -
F L TR Q1260 E N B,
LRy (2.125)
n, n h

BABHTOBBL, 2 ¢ | X AGTRERILH (h 1 h) OB CTAWEAER LR ET 5. =
T, el y A7 LI O ABEARL VAT B ERIETH B, b LEHI K
FTRFETLH5, 1240 b Lk, 20 X128 248, RGBT
M4z AMPEAR SRR 2 ClRET . BRAWMEANIMNETZ) Mz ANz Bing
B EIZ X DB AT 6 A4 L DML, AMPEARRUIERGI s L) o
A RERE R W, RIS IE AR B RO 2 OB THET LM 2 MR+ 5 Ltk b,

i 4 70RO my b malZ DV TEE D THH ) 2o 2.98): b,
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riy lmy=(NINY~(#n,1n,) (2.126)
ST, ERATREW/NY gThh, a/n QUKL VE5LONE, Thbh
BT AL 5o ,
%z%zg—%lg (2.127)
b LEIMATTEERS AN ERERE BN & 42 £MHRBEORER L Dignie,
ARAERE & DB T 5, 12DREQ.UR LY, RKOHEZEL,
FABTH OPBNE A EABRER L WO L CHET 50 BH0 5 1 7 ORRHIREL &
PRI L T2 e ThiE, &5 4 7TOMERRIE T L Lh ), —wmof il
B & T 5o
7. 2. 9 BERE
ZOEORBEOHm L LT, MTRROMERBEHNTAHL ). ZOLDIZILRMY
Wi s e, NRAORR LR 2 LEND L. WHIZHLTE, QTN K
P2V L, (273 E QIR EMA ALY TRAE RS,

e 1
v E-Z~=g(¢11.h."'P" -0) (2.128)

A ERBERRKII2WTIE, 1 AN AWEROTEEKEE A l22onT, (2.120)81
WAL B,

_’%_ = _fi _ (2.129)

non ¢ '
L7275 T84 5 (2.130)8. %185,

ph = % =d PR R (I-DLP R —ch - ¢ (2.130)

ZhBa, Q2N @01 5EBLNS L L kB (21033 Q100X HH LN
Lk by, QILIIDAD PEAL, 1 ANLYOME L AWELAONERYPGE29 B L
Ui 2-10 L LTHLNB,

WER 2-9 HEORRERRLUTTHAS50 3,

¥ E%=-C-1;-(Ah“' - pP) (2.131)

EIRA
(2. 700521325 D,

—~ologe—-(p—gh=logh +gt (2.132)
Nl 00 3 T S R s o (A > D N A
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— ot A
2t (2.133
< p A )
ZHz 73R @R E AT D,
— oC - .ﬂ',i A‘z ~Ip-l
——p=—"=L=g hP 2.134
¢ p /li /1] ¢I 1% ( )

S 64222730, (2.103)3%, 2.1043, QIIDE{{LAL Tl %45,
_Cl _ ¢]Ilhl—lp—l _ p _ ¢| (thlé'l )hl—l(Qh(-‘.‘i—t:'zJ((t—251))—| . p

(2.135)
a g
) ¢IQ|hr-l_|h-(£,—-cz)(a—ﬁa'zl _ p B ¢|Q|¢:',—IKE‘|—lh—(q_-gz)(ri—?..?: bE =1 -p
Qo (I-¢)""'Qo
=L - py
e}
E=g[l-(a—-268,)]+e,(@-26,)>0 (2.136)
£ -l
¢IQI ¢l -1
A== K (2,137
Q (i _¢|
ARE 2-10 ARYEFRERQBLUTTEABN B,
ph = % =Bh —ch - g (2.138)
L
Ptz <72 312, A LT TAE T 5,
h_H_
nom ¢
(2.3 & Y h=Hest EE &L, 225, 2.9, @797 %{LAT S,
ph = =-g——gzp“'[z1| +(-)i,h" —ch —g (2.139)

{(ZZ@2m:, (2,109, @2.104):%, 11X E{AT D)

= P [z+(1~2) 1";" Qe —ch — g

I-¢,
=P'z+(1~-2) _Il:¢' 100 —ch™ —g

2
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_ N O 1 U
=p! [z+ (- i i 1 Kaps™ —opt —
1 ¢]Q\l—¢|) c g

£

B} - ( . ,
= Q I[Z + (I . Z) 1 _gl ]Ql lflgé K&hﬂ-]—(q—é‘z}(d-zdgl _ Chﬁl —g
2 b

I,
2+ (l—2) 1-¢, =7+ (1-¢, )@ —-24,) (1-¢,)
1-¢, (- X1-a+28,)+(1-¢, )& -25,) (1-¢,)
- (I-¢)—a+25,)+(1-¢)Na~24,)
(I-o)( - +28,)+(1-¢,)a—-25,)
(1“¢|)
- o)1 —a+28,)+(1-¢,)(a-268,)

]

(2.140)

. h H _ o
4 E=§~g=P'un+a—agm'~m'—

¢|QQl [¢|(1—C€+25 Y+ (- 28 N [ ¢‘¢ ] — K &~ parlamena-2d) _ p-l g

=Bh"' —ch™' ¢ (2.141)
E=¢[l-(a—-20,)1+£,(a~28,)>0 (2.136)
1N R R (2.137)
Q l_¢1
B=A{gll-a+28,1+¢,(a~28,))" A<B (2.142)

IOEFVORRONIL, 2208 Y 1 TOANEE ¢ 1, e 22T HEEHONGO
MO REAMITERRETH D e (BT 5, WTOMICENT e =1 OBFRED T —
AL, e<l DEFKEDr —AZXNT 5, e=s1lDE e 1HEVIEeDELL AL
IO REVD, FABWHNL EHELV,

bL, e=l RLISHHIIHFTRRIIEYT D, 22T, (A p) et T & AT
AITHE L, FRTHEIE 2« (XA o) o 1 ORTHET 2, b L e <l &b, BN
EANWBROWFFAIZIGRL, it 252 HRIELET 5.

b Le=10H @mDA@ ,emmﬁm&%mmpwak 2 Do (2,138 % T 4
T E Dy R, h OWFRER c ORI ENL D, PE PRI
WS e ThE, UTOoBRREEL,
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?“=7f=:53——— (2.143)
a

A OFH R L IR LML T 2 EORFRERANEZLEE T2,
A-p>0 (2.144)

170 4ig-L oo (2.145)
o) o ‘
PIRRR TR QUR L Y, AFHRBLLRALL 267" OHTNIET B, M4 ORI ALTD
R, ERALERR LD b/ S idfnisidsms 5,
e <l OIfHE, BFREZIRL L yimy =0 LBE, UWTHERLNRE,

A Li(1-£)

h= _) (2.146)
P,
A 1X1-£) B

5=-—w (—E—EJ (2.147)
p 4

IEOHEIZIZB p/A)g>0 LB ET B0, TNUEB>A & p>g 2TF5 LTS, HAER
N2, WHREORRERE T2 Ve 2RI AMGRERO I 120 SR &
WO NAR S BB R L D 9HHISERT 5, SN0 F R ek gilidb Db, 22T
e IUTNLEITHL,

El =¢|+[1}f| /(1_2‘52)] (2.148)

€, = ¢, +[¥, /(@ -24,)] (2.149)

NEAFIE AN A — = F3Er 2 BILL C, H MMM e X 0 & L ARIMRZE 12
R TRkE 2T,

REM LA R A D 12D HIE AL F 7 BUF IS S D by O oRie % R
L, %ﬂ#r%¢%4/i/74w#ffhu&b o, CORTHR S NS NEILE
1 by 7 4 TORER, ANYEREEROTHMESHFAET 20 I 20 bHEbh2 L0
Tliiv,

FET = TUT T AL AWEEROMEY L BN HIGFETL EHELE Y. A
MEARE, ENTHBOTRNAERETHYOND LTS, 20 L) RWTEH AT
T AT, HBHTBSE At 2 MO AE L% L DI R RETT 5. TRz 2 2
HoOMEHEIBWT, WA ZE0 L) 2ilid Cilih+ 2 AN HEE, ANER

WHPFELBEVEE EMFECHD, LoL, WL 2 AWEROEO B % (%8
SEBHIEIZEY, MEAHIZHMY ANEROVERZ I D 2 ENTE S,

AHﬁ&&Mwa%M&m%MW#ﬁfﬁéwu,9471®ﬁﬁmmmmﬁﬁéw

B ORBEANEE AT O 2 005 EMA L LN TED,
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max 1/2bm"* —T,n, — rhyn, + AD RBP4+ T, -3/ 26072 — 1)) (2.150)

Tk

max 1/ 26" =Ty + A R T, =312 <y —1,) @150

B—OWECR, MR, W5OWMEO LD b OTAE, BT T
EOHEL TR MR G, —BINTHE A LT MR BT D B (RA B A 4
A B0, RO LNLHMEMT) hbD 0, €0v—T ), H20HETH,
WHEABATOZ EERMLCOB LT 2o ThbD, WEENT M EENT 2700
(B RPTTSA S B 2D 2V R 53, IR nb OT— 2 23000
DO Dy AL T B

1P A EASTIT G % 0 L 72(2.150), Q1BDROFHFIRAH O &b b0t fik
Thy W7 —AZBWVT, Henry George EIHASBIH X (S W, = 1/2bn)"?), HiiHMIL
R LCRINREWMLT I L b, L LS, Q1500 Cla2.18)R0 1/ 260
e, BT TS 2l X W MAT 20 #0009 2 0% 90 B ATRO 01304
22k b @ISDITEHME I AMBAIH U CHBEYH D = & L4 50T BIEHK
% Nix@AN L Rk L 2 %,

INLOHHEEHT B, b LI, 2O LT b oKk HLS 2
ENRTEBL G, MBRHAWERD A LA — N 3BT PRBIEE N5, 2LT, T
S L R AT BRI & % B

7. 3 WOMEBEMEERL-ANBRLFTREES L

7. 2 Ti& Henderson and Black |2 L 27N % SEE B - X A0H, M3t BE 2o
AH, RRFEL CIBz, TS DIFIEIL AW BEAR R L LT Y AFA0HT, Yol
) HHIBEA L SNLODRRE L bOTHL, 15 ERIEEIEL L 2 208N
RS NG, —EEFEFLERE L, FLTANBREER L 20D, Wk
ORI AMBERRS D6, AR EROMASEL, BHRALOSY, HHi
DIXRNY — 22 RF LTV B,

L LIS IEHTHAMEZ L Cw b b 0o, FliMENEL Z 2 Cuhnilitisd b,
Z O#TIE Henderson and Black &7 2450 L, #8705 I BLEE 1% s L2 DT BRI L2 Y
LT hZERHMET S,

AEDETNDS 7. 2OZNEEREESERT LD, 7. 2 & OEEIILER/NRLIY
OHTHEmE DD REOETFUTHHNIE AT 1L 94 T2 129005, ¥ 1471
R 2 e L, PR E LTH A4 724N BINT By ¥ 4 7 2 BT
B AEREL, &4 72MIEWCHRINL LA, #4147 1AL BBEEh D,
ACIB L AMBEARGBHIZBENTIEL T4, WHOEFLERRLE Y, o el
WM OMMEE BT 5. FRGERMTNOERZEETETHDD, 205G, T
FTROENALDE L CHME LD, BN ATiEE & b,
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Z ORI TR EHHTTAIE T A I O EHI BRI TS 13N S e E L, M
MM OO A E LB T D, ZOIRBHIRIT — 3 — 212 aN D, Thb b &Rl
AR 3B 21T = 2%h Y, &ETOMEFD/— 2L Thdnb T 5, T
AL E) 2 A 2 2 OARHTIEAIMR AN L > TR TH R TV SIS T 5,

#hh AR , , AR
G : !
I |

ZRTHIT
! :ﬁﬁﬂgm'
! |
:«-————»:«—
LA AR
1358 !
P
| EBMISH |
| ]
| #R T EERA BEAED)]
24T 1 R EHARML BAF T EH R

®7-3—2 AMERZERBLE-MHRVAT L

ST2OoOHTHIEM N D TRESD o ZOWE, TS E T 228 LTz
by, TOWETIIHHMOROLEEL, FOHMI iceberg WHMTE LL 9, T4
bbb, MM ORI EOWE FEAwWChahd L, #AikImENE D = Wk 5 M
(I-0X100%O<t<)DMAAHE SND LD ETH, 2 OFE, LT HLOWIFH &
N EE, R TIMOWHE TR « BEIEA L, #BRE LT, Wit 1 5ok
%o fceberg MBI ZHET 2 2 12X 0, WL %% AT L AR & LCHHRT A
e, AN AREE D A ) v MBS,

ZDEFNTHRITREORBY L, ok E AWERRETHE, T TIEEE
MREORFEMEDOFI 217

7. 3.1 A4 28 P OHE

A4 7 24ATHED AL, ZORFOMBRM T EET S LML, MR P
THER IR EINTIHO b & TINGI SN2 M0 51D BABTTNICIE S50 FH 2 A
L, SOEFILTE L AN L CEfE S s, (ENSEO EERMLIG. DR TE L5
na
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X,, = Dy(ny by hlix, " 3.1

@260 Xy E B L TARIUE, MHRFICH ) SR FORENL (02 Th Y, AlvE
K (") Ch Do bl B jONWER, x, 257 EDFY 47 LIPS OBAL

72 # AN Td B, t0<e<DIE Fali L7 K 9 42 iceberg Wit ivic B 29 A — ¥
Thbd, ZOREORPEIT P xifeTE SN, TR PXy- xife ¥ x CB L TRk(ET 4
Zkizdn, RENLETOBBINEE S

Rl 31 F1 T2HMHEOARNEROBBENBIL(3 A THEL LB,

¥
WZ - a(l)l E(] )(I eyl e leapim(nazh% )”ﬂ'hez"“ (3'2)
T
ENg:
4728 ONREMEHEDOTIMIRD LIRS I LHTEL,
max 7, = PX,; —x,;/T = PD,(ny by Yhitx [ ~x,, 17 (3.3)
xlj
—EOFMIITO L H IR END,
or, _ (I-a)PD,(ny by Yh2x T =1/ T=0 (3.4)
x”-

ik by, WTFARTT 5,

xu=ﬂﬂn“P”DWMJM)m%?W§% (3.5)
IhEFEDNMAALT, GoOREHL,

W, =m, =PX,, —%xl ; (3.6)

(.0 T S BRI L TREN 2 £ 4.

1
W, =P-Dy(nj by Yhix;" ==,

I
=l a)(l @a pli- a)/anDua( nl h )lmhazm( )";

a)l.’ﬁpll’(‘!DUa(’ ‘l’ )If(!h{)fﬂ(l)ln'-l&
1

!
;a(%)l @ (lma)(lﬂa)n‘a P”“Dz”“ (ng‘zh;vz )Im h;)}fa (3.7)

Ky 47 2 OB AROFIIE oW TR L ) o KIS0 ¥
4 FENEEL, P RAIETH LI Tod e d BT 5, ZRIGTORELTEE L
’Cﬂii\fibé#Léa
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max I1, =1/2bn}"? =T, n, (3.8)
with respect to T, and n, .

subject to W, +T, —%lmiu =1, (3.9

HBTTEE TR R 2 RE 4 UL, (240D WeTlid hy=ho b 1 %o Z L THRENL ¥
A7 288 onEh & ifticonTh, ¥ 4 71T L RBCEE SRS, 22T, il
A ERRIE X OENMICE DT bhAZ LIS LTI ), WETHMNLD
RIL #RARAEL, M, =082 LI NT, =1/2bn" 2185, MHERELTI L
WKED, QIORAB LU EREC, &4 7 28 OB & TR A5
3208126 h b,

Rl 3-2 ARl PF I SO B ALITR A SN D ¥ 4 7 2 fRi O A AT,
BEUEEMNRILUT T2 55,

n, =C, P2t pl (3.10)

]
v, e

1, =—bn!"? +a(1i) a1 - gyt-wie pliepyapdiag! hi'e (3.14)
LA
¥ A7 2 AR OREHT R S A AL QR R ATENZ B L T, TEMRRE B MEER AT S
&, GLUANRLEN D,

1 3
max [T, "—"Ebn‘;"z +W2n2—§bn§’2 —I,n, (3.11)

. 1 - : .
- _bn;."z +a(;) o (l_a)“—ﬂ)f'aPIIaDzlfan;+{)1,’lrthzfﬂhf}la _ 12’12
Tz —BEOL&IDHGIR I ErN D,

dall,
on,

3 I -t \
=—=bn)" + (1 +6, /a)a(;) “(1—a)" e plapiepiiap iy~

(3.12)
RUZBARIEZEE T 2L, LT of#E&l» it o,
;
H2 — —bni”z + a{il)l a(] __a)wa)mPuaD;mn;w!mh;‘,mh;}jm _Iz”z =0 (3.13)
INE LIV THHEGCT, Zofiliodgiifgssk s 5,
I

] Jore : W
]2 = __bn;fz + a(?) o« (1 _ a.)(l—aflfa leD;mnngmhzl 2 mhfj-m (314)

SRS HIZ-FORIFIRAT TR B LR L,
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aIl,

zbn;ﬂ'2+(1+§ /a)a( ) a(l a)(i“d)lﬁpl!ﬂ,’DUtx bzfah\p Jahﬂjfa

8n2
1 I‘L @ «
+bn|.’2 a(_) “(] )U CT}ILI’PH Dlﬂ' S Jah‘l’ "ahﬁ'}.’a =0 (3‘15)
ZHIE, n, L“Db*fﬁﬂb“( 547 24T DA E B
—;:bn;z =(62/a)a(—)|_5(1 )(1 a)/aPuaDlm ozmhlvzmhe I (3.16)
T
I/ 2-3, i

1
n — n;a!Z—-é‘z Mex =2b—|52(zl)l “(1 a)(l o)/ P[Ialeah'l’lt‘(lhﬂzla (3.17)

=C Pl/[{a/u-s,)h(‘l’2 +hltal 2)-6) (3.18)
2 2 .
=C Pll[(al?.}—:)'z)hz(q"z+Bz)"[ﬂ—25:] (3.19)
=C, ; ,
Z I T, 82(‘.‘.?525:1141‘4'@ 3’55‘()_511-7“)}{5){ Y TdHhD
Ipz 92
£, =)+ ~—2— = 3.2
2 =9 a-26, & a-26, (5.20
[, =(a-268,))a"'W, =Q, P> pt (8.21)
ETMIEREOP MM HREELLTO L S IS/l ES RS,
x, =-@)0,(a—208,)" PHe2@ s (3.22)
1
Cl = [(l . a,)(l—a)m 62 (i)l o 2b-|Di.’([]aJ'[(£If2)—§2] (3-23)
T
1
1-— .
Q, =[(1-a)"™ 8, (Il) “2b7' D, 1" p(26,) " (@ —26,) (3.24)

ZhSHOENIE Y A4 T 1RO SO L AL £ R85, WA g P EEA TV
LD TH B,

Kz, QDI DWW DRGNS, FBIE & AME AR O BRI & ik 5 A
Hbo I LOWEPMMTHDNDT, TNE2RDLIEDNTEDH, ZOH, ENENTT
WAtk P % 3ke, RESROGRH~EHED I,

7. 3. 2 EBADOTEHHE
wE, mESALTLITOR, mE 547 248HioHE L XS, X ORMEDERE
mXi £l b, § 472N ATE, PERAL LT XHE X, £ 8 A 718
i HATH. ZM 7 A 7ORITCWE, ERITE X IHICX D ZHbhbRTwa,
INEBARLONT AL, @25 TEINS,
m X, =mn,x 1 T+m, (xi’;urz,;”z)-’mml,(bn"2 (3.25)

— 135 —



Sk &, BRI S & hE, ST RN 4 TICF L s
%2524, o THEOESIZBWT, UTFHEYTS,

z=mn, I N (3.26)
l—z=mun, /N (3.27)
ST, NWEEMALITHS . HEFIHELFELVIE0s, DTEH 5,
m (X, —bn}"*y=m,n,[x, /T +bn)? (3.28)
(215D Tl % o, 5L, THIZQIDEAAL TE29KEH 5,
X, =nW, (3.29)
Thaveb ERFAHAEIND
ml, =nW, +nT — %bn,-”?- =nW,—bn)* =X, ~bn}? (3.30)
N E LOFRHEEIIRA L TE3DXE DL,
mn = m,n,[x, /T+bny? (3.3
I EH@E3DEAHEND,
I
x fr+bny? =200 (3.32)
m,n,

Ll Do B 17 2 HBHTH 3 R O REALME OMiA 5, (3.3 AE AN D,

nl, =W, +n,T, —-%bn‘;” =W, —bny'* = X, —bn," (3.33)

(2.44)3%, (2493, 21505301 H6NE,

x /Trbny? =1, /t(l-aXa -268,)" +W, ~ 1,
=Lilt(l—-aXe-28,)" +I,(@-258,)"a-1, (3.34)
=Ll(l-a@)/t+258,Ka-28,)"

INHOBREAAGTDY, z& 12T THELR D,

mnd, =y, L[(1—a)/ T+ 28, ) (@ —28,) (3.36)

d, =(1-)L[(1—a)/ T+28, (¢ —-28,)" (3.36)

Zhe@78), CINANMUALTEINKOFHRE{ES,
= [(I-a)/t+28,)(a-28,)"
[(A-a)/t+25, a- 252)ﬁt +(1-¢,X1- ¢|)_I
_ [(I-a)/7+25,]1(1-¢)
[(I-a)/7+28,1-¢)+(1—¢,)a—25,)
YIRS & 4 7 LR B i o o lbE 2 1, A 72103 he)ic 13K,
REMLZBI L Th 58 CTh b, ~BEHDMHIH D HTHh - aylEE, Hilios 1 7%

(3.37)
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FEEL L) L Uav, BINLMEEHAEREH I YNCEHLEDREL, FHICHATHED
BB Do ATV E S A 72T OB m & me %, BHAON OMEE LTK
DHLIENTED, FOLEUTIRIET 5,

=zhNn," (3.38)

m, =(1-z)Nn;' (3.39)
Elpd, BROBEBIERZHMLTWS 212200 Tl I EIZED, Wiy 4 7OAER
méE %, ~AMLVFRERA Ny Y hoEBE LOROBZEATE S, 2.9 1
h=Hewt % Hi5- LT 1UE, h=zhi+(I-z)h L5, Q8 L@ THREANT D LA EH
¥

h, = IES (3.40)
1- 2

b= kn (3.41)
1"¢1

T KIZLTFCeEfRs L,

K= (I~g)[(1-e)/ T +28,]+ (1~ ¢, )& —26,) (3.492)

G [\ —a)/ T +28,+¢,(@ ~25,)
(B.3DNRUIBNT & A AW KB MHA N~ OEB) L W LE T 2R LTS, I
¥ H 20 P REBR L KERBEIIR > Tl s haZ edRENsd, T HRIR,
(2.79)3%, G4 LEFHIZE LTS LT, G4 E#H 5,

(hIh)+g=(Ilh)+g=hI+g=HIH20 (3.43)

W& A 7O TAREREFRTINT LILIKET b, BHBED AL @E S
1 70 B 6 OFBoEAT) LYV D L BRI BW TAWERIIHAOFE L ER
Bfiom X, H5vit X,) TRIETL L3 TER VW, QR0 fHIzIEHgEs
i\,
BHRIZOCODPOYFRERAFTLEL I LI LYK E RS,
P = Qptee@-2) (3.44)

a-248,

¢|Q| 1_¢l K& (3.45)

$.0, _#?i?-'__ B
L 1-¢, i

BADK LY A PMET 2L E, b L erele HITHR Y OMHHHE PILEAT S, 4
bh, dLza Al '*\*LJIH' HART O NPPE AL BT 2 R M, % BT
DFENFE DL EE, FERBILOBMICR I LRI ETERY,

o
n
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W -3 RLUSWHAMET. DRERPIRES WEVGE, 41 7 28m CORERRT
I WIEEP L, #FRR 7, 0BT 2, T LTRA T 2HAORE n 3N 5, 1 — 4,
>0fF, HEZEHAL, BHEA4 71 BHAOEHIEAS. 1 — g, <0, zEHNL
A TV HHO@EEELERD U, R T2 O@EHEMNT 3,

R DRI, G F SN EOR T EEENEORMIZSITA I LASTE D,

7.3. 3 WK ‘
FORFET, MW Z A TIZFHEIND ~ AY22 ) OAER L~V IZRE 255, 6
BiCRAZLIICHEIHT Y 4 7O ANWERIIRRCTHET 2, T4bb, LRI+ 5,

holhy=h,/h =hih (3.46)

FNLEE PIZMILCOARRBOR QD (12 2 UDC A S bED LR EBD,
B P _ge B (3.47)
n, n h
BHETHORBIL, 2006 NIWERBGHILE (A B) O TAWERLERETHET L, o0
“C, g1 ld & 4 T LBH OAGERL SVIZMT DT TH L, b LIEF AR E
T L4606, et i LIZET{ 2 LRG0, 2085 0#H 2T, $HEBHIE R
iz }\Flﬁﬁt/txf‘“hfll:*cr)21 CCIRET A, (RGNS 2) #E I AL &8T5
N N S (SRRt Y R SR WP E 0 T Amﬁ¢#&mmhML7m¥th®¢

BT wmS, W ANEROW 2ORTHET L2 KT 2 = b,
& 4 ZOERT O m & np 22V TiE EH 7259 h(3.8730H '5(3.48);&79‘ BHid,
sy fmy = (NINY~ (i, Iny) (3.48)

Eho TITEMAIRE(N/N) g THY, i /nBADREIN 52605, T4
bH LU TFAWT 5,

ﬁ=£@—xg—2£,£ (3.45)

m,  m, h
b UM ACIR S AT AR EME I &+ 5 £ HE O MEE L DBV, AWK
FERE LI OBIIIMT B0 (349K L BADND L, KOG EH 5,

W34 HEMAOREE ANERERE &AL TRET 5, B8BH 2 1 TROBEE I
BREBPHEIZHLT—ELTHhE, §2 1 TOBTRBIFTL, —EOEREEBHR
BAHMEMET 2, T LTCh MBI THRARIBEBEINZINE I LERBRLE
Lo

7. 3. 4 BERE
BT R IR DR O, BIAOERBEM Z Elid b ORI TR TS
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Bo REM L R OME & AWEROBREZIRET 20855 5, HEIZH L @705
BRI LCHMA L, @79 EQMBAEMASPHE, KX 4B,

0 1 N
¥ s§=5—(¢.f.h. 'p— p) (3.50)

AOERERRER I OWTE, A 28-S ) O NEROTFRREL 1TSS TS &,
PLFo L sicEmshs,

h H

P g (3.61)
S 61226406, @)X EHDH,

s E—E:zl,P"h" +(1~)LP'h —ch™ — g (3.52)

ZhHDA~, Q2nNREQeLY N EL %, 2103, @100RXEY A LA %,
@ADL D P2AL, 1 AMADOHEE ANWERORERONER/AZ LA TED,

Y= L l(Ah”" ~2) (3.53)

c O
h h £l -1
y a;:Bh -ch™ —g (3.54)
e=gll—(a—-28,)]+&(@—28,)>0 (3.55)
£-1

A= 2O & K& (3.56)
Q 1 _¢1

B=A{g(1-a)/ T+28,]+¢,(a~26,)}" A<B (3.57)

35 WHHHRAOTRERFTHHOM, MEEHEBORRGREL, AWEROEE
bEhD,

7. 4 BbHUWIZ

AKJf%¢13 Henderson and Black @€ F 20T RERIBME 2 A, o8z iz
Rz DTHD, ZOMRE, SO RERSSBBERELHLEEIIEELILT,
AOBERERH(HFE) OKEF THIT 3¢, 2ORBIRTNL b0 LLb, AHETII
SR BENPUELE R TO R WA, RilBREZITAE, Y ANRRRRYT 4. 2D
B SR  ARUHE LR B ORGP HFRET A 2 LR ML TS, LA TILE
EOEW O CHME S TWwa R, 208 VKN~ RETHL, 7272
L, = fei)Z BHMEIS20WTE, BN 7 7o—FERTETHY, B3I b—v
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Ao EL% B, TNOEHE AT, ERNLIGHERATHIY,

BEM
{1) Henderson, V. and Black, D, (1999), A Theory of Urban Growth, Journal of Political

Economy Vol. 107, No.2, pp.252- 284
(2) /AR - BR Bk(1996), WIEBGEMARDHNT v A 7 LA ORI RITTREICET L

fFgE, AR ML - MCHE No.13, pp.57-66
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A i

8. 1 MREA,ASELINLEHR

FEH MR AR DO HANEH T h ATTER O D HIREIR L BaaAA, Bt 4 A —2EM 3R
WL BAESIER L 2D T A, BIFETIE, 4 /18— 22— X LBEFRHIRIR Y AT A k
DRFREEBTL00FFNEWEL, Y Iab—3a il 20 eRar,

BT, ITEGWL 20§ 2B L LCOMEE, WHER S AT AL oM
P WIEIZ L 3o B L, BEINAMC B0 S (FHBBGR OB 2WTE &, iz BT
LIHIROFEM:H D WITEHRY 77 > — 0N L2ENT 5 -0 ORI B L 0., i
ORI IESREM O A2 EETE L L) 2R ), FIUIHIED 2 Wi hi o fEfo%s )
FEDMH D Z L2 %N5h A SR HHET 2 720 OB, B iGE OWER 7 firp
HEVERSEE L 26 L, BB BT AWIREN Y X7 AL EEL 5202055 I LHUR
Shiz,

HEECHL SOMIRMUC & 2 9B & RIS X 2/ 2 - 220 7
Mg L, 2 OB ® RIS 2 200 B 7 — e Hil &0t %17 72,
Koz, My 3 alb—Yarainc iy, 2HEOIEARTT 4 ARED A = XA
LR BMEWS T 5 e b, NEMEESE & L CoRid - Hilh & Al 22 Mo 5 2
DEVR AT L7 BB 2R SEGE I, A LEO SO BRMIES LD, %
SR E T B RS BORIA 2 b O B T2 Z Lich b, 2287 el g b
Fob LTWva,

BIECIE, T TEE Lt A /35— A= A LBy el o B % | KRiRR L~
TEFMELIze A N— AR—ATRREL20HAHH 0 EEE - EHEETHL N —F
¥ VRFEREEMB O I &0, RTRONRA v 7 7 RUSA > 7 7 #hik,
%Wﬁwm7w~wﬁwﬁﬁ%ﬁ@5albwyayu;h%%@uLtgmmméﬁW4y
T FIANE EBRTRIPIUI R SR WZ EPREN TV,

BRETE, HIUEO YT ERE T 2 BT EF VIR S I LI LD, N
F v ST ORSEL R 1T 2 720 H A4 /8= AR— ATITh LB A - B & L Tof/l i
W OB T aIRMTTOSH 0L WY AF AL OMMKEE Y 3 2 b=V a X0
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L7zo BB ZRMNC 4T B IR ORI & 4 73— A<= 242 BT B BURIY 2 4R ORI AE A &
Nize BT A OSMARTT L < BEAFEAT (TR 5 23— F v AT &L A8 BEAE
T 205 IR L THRET 25— F 2 VBRI D 2 = 206 h T, iy — A 2B1T5,
WHMAGH A > 77« iR A > 7 7 RUMFELOZEMFEDD ) HmEhTnd,

PBARETE, FAN— AR BT HLBERWA 7 700 L0TH 5 RBE)EE 1
YT SRR HT T, ZOREREEMEL DV T L 7z MHEHR & i Bk OIS
VAT B R SRR OM I E LT, RBRE MY & Ry R &
BRI L Ao BRIRAT B LT 7% EORIEE A S WIS E R R OO - E A 4R
i 2 MER R IL, BEHEIRETRELOMPHBLN TS, 2, Y—E ALY T (T#H
TR 12T AR R B LAl B Th, RBEE T B Z EARENRT
Vb,

BT, AWERA N v 2 LIRHTHRRE L OBEEE ST LT B, ¥4 28— AR— R
WER STAMBEAR R b oy v LT Y AT A L OBREHGEE TS & DRET L7,
AR O S 1k, KBTI R R ML S EF B9, ARBREROKIET TY
TSI LIRS T b,

8. 2 SHOMRE

BT, BELINLWLOPDEFAERWT, IT DR OEE%IH S i
LT &7 TP AR - 70— &b OB, 48— 2 -2
MO BB 2 BROREHONR LA FORBORFOYD R L o BENM:, AHHH0E
A2 77 EMHLRE 1 > 77 0% - iR, AWEER by 7 L BHER 2 HAH
IAAZBEART & A7 A ORFEEE EOBBEE, 4 08— A~ A LR HATE & o’
Mtk &, SHRINDHTGHEL LRSS h TV,

IT (fHEEHT) 25 EOL) W LWL R LT 200 BBEL RN TH
Lo HMBEMOTWE ThIEITVAME - BEVATFLOD ) AR REN L TR
Bhabhv, Ble IT ks shh@Emppos iy, MERREBM L
EoTWh, TOEMNST L, BEBEEOBRLZRMBIZESTO AT E
O IT BB, HlloMRoH ) HR20R KM eERY L B4
28R L TR CHLERHA I,
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